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ABSTRACT

Status epilepticus (SE), seizures lasting beyond five minutes, is a medical emergency commonly treated with benzodiazepines which enhance GABA, receptor
(GABAAR) conductance. Despite widespread use, benzodiazepines fail in over one-third of patients, potentially due to seizure-induced disruption of neuronal chloride
(CI") homeostasis. Understanding these changes at a network level is crucial for improving clinical translation. Here, we address this using a large-scale spiking
neural network model incorporating Cl~ dynamics, informed by clinical EEG and experimental slice recordings. Our simulations confirm that the GABAAR reversal
potential (Egapa) dictates the pro- or anti-seizure effect of GABAAR conductance modulation, with high Egapa rendering benzodiazepines ineffective or excitatory. We
show SE-like activity and Egapa depend non-linearly on Cl™ extrusion efficacy and GABAAR conductance. Critically, cell-type specific manipulations reveal that
pyramidal cell, not interneuron, Cl~ extrusion predominantly determines the severity of SE activity and the response to simulated benzodiazepines. Leveraging these
mechanistic insights, we develop a predictive framework mapping network states to Cl™ extrusion capacity and GABAergic load, yielding a proposed decision-making
strategy to guide therapeutic interventions based on initial treatment response. This work identifies pyramidal cell CI~ handling as a key therapeutic target and
demonstrates the utility of biophysically detailed network models for optimising SE treatment protocols.

1. Introduction

Most seizures terminate within a few seconds to minutes and do so
spontaneously without the need for medical intervention. There are,
however, some cases where seizure activity persists and when this lasts
for more than 5 mins it is termed status epilepticus (SE) (Trinka et al.,
2015). SE represents a medical emergency and if seizure cessation
cannot be achieved is associated with significant morbidity and even
mortality (Boggs, 2004). Current first-line treatment for SE recommends
the use of benzodiazepines (Glauser et al., 2016). Benzodiazepines work
by increasing the conductance of chloride (Cl7) permeable y-amino-
butyric acid (GABA) type A receptors (GABApRs), which mediate the
majority of fast synaptic inhibition in the brain. The goal is to enhance
inhibitory signalling to try to stop SE. Unfortunately, benzodiazepine

therapy fails to halt seizures in over a third of patients, both adult and
paediatric (Appleton et al., 2000; Mayer et al., 2002; Chin et al., 2008),
underscoring the critical need for a deeper understanding of the mech-
anisms behind benzodiazepine resistance in order to develop improved
treatment strategies (Burman et al., 2022).

Seizures reflect excessive excitation and synchronisation within the
brain. Interneuronal populations, which release GABA and activate
GABA,Rs on their synaptic targets, are a principal mediator of inhibi-
tion, which typically acts to prevent the initiation or spread of seizures
(Trevelyan and Schevon, 2013). The effect of fast GABAergic synaptic
inhibition is dependent both on the magnitude of evoked GABAAR
conductances (ggapa) and the underlying reversal potential for
GABAARs (Egapa) (Raimondo et al., 2017). Together these parameters
control current flow through GABAsRs and consequent shifts in
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neuronal membrane potential and firing activity (Fig. 1A). Blockade of
GABA\Rs using pentylenetetrazole, penicillin, picrotoxin and bicucul-
line are classically used to induce seizures both in vitro and in vivo
(Chapman et al., 1977; Pereira de Vasconcelos et al., 1992; Nehlig and
Pereira de Vasconcelos, 1996; Pitkanen et al., 2006; Burman et al., 2019;
El Hamdi et al., 1992) demonstrating a strong pro-seizure effect of
reducing ggapa. In contrast, benzodiazepines act by enhancing the
conductance of GABAaRs following accompanying GABA binding
(Rogers et al., 1994), and under typical conditions reduce the likelihood
of seizures, demonstrating a typical anti-seizure effect of increasing
gcaBa (Browne and Penry, 1973).

As GABApRs are primarily permeable to Cl™, the transmembrane

Neurobiology of Disease 212 (2025) 106966

gradient for Cl™ sets Egapa (Farrant and Kaila, 2007). It is now well
accepted that the intracellular concentration of Cl~, and hence Egaga,
can change over multiple timescales as a function of the cumulative Cl™
fluxes through Cl™ transporters and channels (Raimondo et al., 2012;
Kaila et al., 2014). ClI” transporters, including the cation-chloride
cotransporters NKCC1 and KCC2, utilise cation gradients to import
and extrude Cl~, respectively, shifting the Cl~ gradient beyond a passive
distribution (Kaila et al., 2014). Long-term changes in Cl~ cotransporter
expression and function modifies steady-state Egapa over development
and in multiple disease states including epilepsy (Ben-Ari, 2002;
Huberfeld et al., 2007). In addition to these long-term changes, short-
term changes in Egapa can occur when Cl™ channels such as GABAARs
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Fig. 1. The GABA4R reversal potential determines the effect of GABAAR conductance manipulation on seizures. (A) Fast GABAergic synaptic inhibition is mediated
by GABAARs, which are predominantly permeable to C1™. Upon GABA binding, C1~ flows down its electrochemical gradient depending on the reversal potential for
GABARs (Egapa) and the membrane potential. Egapa is predominantly a function of the Cl~ gradient, which is modulated by the action of the Cl™ transporters KCC2
and NKCC1. (B) A table with references to experimental papers demonstrating a variable effect of GABAAR modulation on seizures depending on Egapa (Burman
et al., 2019; Sivakumaran and Maguire, 2016; Staley, 1992; Deeb et al., 2012; Deshpande et al., 2007; Codadu et al., 2019; Chapman et al., 1977; Nehlig and Pereira
de Vasconcelos, 1996; El Hamdi et al., 1992; Cheung et al., 2022; Jarvis et al., 2023). Increasing GABAAR conductance with benzodiazepines can either be pro-seizure
or anti-seizure depending on Egapa. (C) Clinical EEG recordings from a paediatric patient in status epilepticus (data from (Fedele et al., 2025)). (D) Virtual local field
potential recordings (VLFP) extracted from 21-channel EEG recordings with corresponding power spectra. Epochs consist of 500 s on either side of benzodiazepine
administration. One example shows a clear reduction in electrical activity following benzodiazepine administration (‘BZP responder’) whilst the other shows an
example of a patient in which the benzodiazepine did not modify the EEG signal (‘BZP non-responder’). (E) Schematic depicting experimental setup of gramicidin
perforated patch-clamp recordings from pyramidal cells in organotypic hippocampal brain slice cultures and accompanying somatic GABA application. (F) To
measure Egapa during seizure-like activity, the recording mode was rapidly switched from current-clamp (CC, 8 s duration) to brief periods in voltage clamp (VC, 1.5
s duration) every 10 s (data from 14). While in VC, two consecutive voltage ramps (bottom trace) were applied: the first without GABA application and the second
with GABA application (purple) directed toward the soma. The current was recorded (top trace) and a subtraction performed to calculate the GABA current and
Ecasa- (G) A representative recording from a CA1 pyramidal neuron where Egapa. measurements (dots) were made during the evolution of epileptiform activity in the
0 Mg** model (pink bar denotes the Late Recurrent Discharge phase, LRD, akin to Status Epilepticus). Dotted lines highlight different periods during the progression
of epileptiform activity: baseline, during LRD, and following termination of activity / post-LRD with TTX (50 mM). Bottom, I-V plots were used to calculate Egapa
defined as the voltage at which the GABA current equals 0. (H) Population data demonstrating a profound shift in Egapa from baseline (mean shift: 40.67 + SEM
1.38 mV, N = 7, ***P < 0.001, one-sample t-test). (For interpretation of the references to colour in this figure legend, the reader is referred to the web version of
this article.)
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are intensely activated causing Cl~ influx that overwhelms Cl~ extrusion
mechanisms (Raimondo et al., 2012). In vitro and in vivo data from
animal models has shown that this occurs during seizures and SE where
intracellular CI~ accumulation and a depolarising shift in Egaps can
reduce the inhibitory effectiveness of GABAergic interneuronal cell
populations, or even render them excitatory (Ellender et al., 2014; Sulis
Sato et al., 2017; Magloire et al., 2019).

The modulation of ggapa is commonly used to control seizure activity
both in the clinic and the laboratory. Various data from patients and
animal models have demonstrated that the effect of ggapa modulation
on seizures depends on the underlying transmembrane Cl™ gradient and
Egapa. A reduction in ggapa, including via blockade of GABAAR using
picrotoxin or bicuculline, is typically pro-seizure causing hyperexcit-
ability regardless of Egapa (Burman et al., 2019; Miles et al., 1984;
Viitanen et al., 2010; Wenzel et al., 2017) (Fig. 1B). In contrast,
enhancing ggapa with positive allosteric modulators of GABARs, such
as benzodiazepines, can have an anti-seizure effect when intracellular
Cl™ concentration and Egapa are low (Sivakumaran and Maguire, 2016;
Cheung et al., 2022; Jarvis et al., 2023) but can have no effect, or a pro-
seizure effect when intracellular C1™ concentration and Egapa are high
(Burman et al., 2019; Sivakumaran and Maguire, 2016) (Fig. 1B). SE and
how it is affected by pharmacological perturbation is the result of
multiple dynamically interacting mechanisms between different cell-
types in brain networks, which can be difficult to predict or to study
experimentally. Computational models allow for simulations of the ef-
fects of individual parameter on neuronal dynamics and therefore are an
ideal tool to complement experiments for ascertaining the mechanistic
underpinnings of the clinically relevant phenomenon of benzodiazepine
resistant SE, and for designing improved therapeutic strategies. Previous
computational models incorporating CI~ dynamics have been success-
fully used to demonstrate the importance of Cl~ in affecting synaptic
integration and information processing by single cells (Doyon et al.,
2011; Jedlicka et al., 2011a; Currin et al., 2020; Currin et al., 2022).

Here we present a large spiking neural network model incorporating
Cl” dynamics, informed by data from human electroencephalography
(EEG) recordings of SE and experimental brain slice recordings, to better
understand and address the phenomenon of benzodiazepine resistance
in SE. By employing a large-scale network, this approach allows us to
investigate emergent, network-level dynamics and cell-type specific
contributions related to chloride homeostasis, extending beyond previ-
ous single-cell or mean-field models. Our simulations show that the
GABAQR reversal potential establishes SE-like bursting and dictates the
network’s response to GABAAR conductance modulation, aligning with
experimental observations. We further reveal that steady-state bursting
activity and Egapa depend on a non-linear interaction between GABAAR
conductance and the strength of Cl™ extrusion, but not the initial Egaga.
Critically, by separately manipulating Cl~ extrusion in different
neuronal populations, we uncover the dominant role of pyramidal cell
Cl™ extrusion in determining SE-like activity severity and the response to
simulated benzodiazepine application. Leveraging these mechanistic
insights, we demonstrate the model’s utility for conceptualising
improved therapeutic protocols, proposing a novel, mechanistically-
grounded framework based on the cell-type specific role of Cl™ extru-
sion for more rapidly terminating SE in the clinic.

2. Results

2.1. The GABA4R reversal potential determines the effect of GABAsR
conductance manipulation on seizures

To illustrate the clinical presentation of benzodiazepine-resistant SE,
we extracted example EEG recordings from paediatric patients (data
from (Fedele et al., 2025)). A unique feature of these recordings is that
they capture the pre- and post-effect of benzodiazepine application
during SE. Notably in one patient, enhancing ggapa with a benzodiaz-
epine resulted in the cessation of the EEG readout of seizure activity over
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the course of minutes (‘BZP responder’, Fig. 1C and D). However, in
another patient, benzodiazepine application had no effect on seizure
activity (‘BZP non-responder’, Fig. 1D). While it is not currently feasible
to measure intracellular CI” concentration or Egapa in human patients,
one can use animal models to study SE and use them as a proxy to gain
mechanistic insights into how GABAsR physiology changes during
persistent seizure activity. Here, we demonstrate from previous experi-
mental data (Burman et al., 2019) that withdrawing Mg2+ from the
perfusing solution of organotypic brain slice cultures can reproduce SE-
like activity. Using this in vitro model, gramicidin perforated patch-
clamp recordings are used to measure the Egapa throughout the evolu-
tion of SE-like activity without perturbing intracellular CI™~ (Fig. 1E and
F). Through this data, we can observe how the Egapa undergoes a sig-
nificant depolarising shift from baseline (mean shift: 40.67 + SEM 1.38
mV, N =7, ***P < 0.001, one-sample t-test) when it enters a period of
late recurrent discharges (LRD) that is electrographically similar to SE
(Fig. 1G and H). Stopping SE-like activity using tetrodotoxin returned
EgaBa to more negative values. This seizure-associated shift in Egapa
explains why if a benzodiazepine is applied before or at the onset of a
seizure in this model, the seizure-like activity can be prevented, delayed,
or reduced (Burman et al., 2019). However, if benzodiazepines are
applied during status epilepticus-like activity, when Egaga is elevated,
network activity may remain unaffected or exacerbated (Burman et al.,
2019).

2.2. A network model of status epilepticus is suppressed or enhanced by
increased GABAAR conductance depending on the neuronal GABAAR
reversal

To investigate the effect of Egapa on how modulation of ggapa affects
seizure activity, we built a spiking neural network model consisting of
leaky integrate-and-fire point neurons: 800 pyramidal cells (PC) and 200
interneurons (IN). These were interconnected and received a low level of
constant, external excitatory drive (Fig. 2A and Methods). Egapa was set
at the same constant, static value in all cell types. Incrementing Egapa by
4 mV every 40 s of simulation from —74 mV until —38 mV showed that
EgaBa strongly controls firing rate bursts in the network, with no
bursting being observed with Egapa less than —60 mV (Fig. 2B and C).
Egasa values above —60 mV resulted in bursting comparable to the
network bursts observed in experimental models of SE (Burman et al.,
2019) and Fig. 1G.

Analysis of the model mechanisms indicated that large NMDA con-
ductances primarily drove the peak firing during bursts (Fig. S1C), while
the depletion of finite glutamate vesicle pools was crucial for burst
termination (Fig. S1D, and see Supplementary Information S3 for details
and Fig. $3). Although NMDA activity (not blocked by Mg?") shapes the
bursts, a sufficiently depolarised Egapa is permissive for their generation
in this model (Fig. 2B, Fig. S1B). Furthermore, although Fig. 2 illustrates
findings for our default parameters, the qualitative effects of Egapa and
gGABAmax ON bursting were robust to variations in network size (Fig. S2A)
and alternative external input configurations (Fig. S2B, see Supple-
mentary Information S4 for more details).

Next, we sought to simulate the experiments described in Fig. 1 by
using our spiking neural network model to computationally determine
how different neuronal Egapa values might modify the effect of ggapa
modulation on seizure-like activity (bursts of increased population firing
rate). To do so, after running the network simulation for 300 s with a
“normal” gcapa (8GABAmax) Of 50 nS, gcaamax Was altered to be either
4x smaller (e.g. modelling “picrotoxin” application, a GABAAR antag-
onist) or 4x larger (e.g. modelling “benzodiazepine” application, a
positive GABAAR conductance modulator) (Fig. 2D-H). To model the
effects of different underlying Egapa on this manipulation, the simula-
tions were repeated using Egapa of —74 mV (hyperpolarising), —60 mV
(shunting) or — 46 mV (depolarising). For hyperpolarising Egapa (—74
mV, Fig. 2D, left column), the network transitioned to occasional
bursting following simulated picrotoxin application (12.5 nS ggaAmax)



C.B. Currin et al.

Neurobiology of Disease 212 (2025) 106966

A Ext(800) B Ecasa (MV) c E::;fnt
§ OB IS8 54 50 -46 42 -38 15 . e
N g2
2% AAAAAAA 0@ /) 4% 20 Hz| -
A 40s l\ -
Population rate
PC 2% IN s \ o

D

IGABA max I
X Ya e —
= - Icrotoxin pra— |
A W & 3 o
=) | ”}}M o J b o |
[Te) [Te) ['p]
E 60's z “  60s J J 60s .
N
N I
T e L p——— | i AL A L A (IR
=y by e U
N300s 0 02505 1 2 4 8 0 02505 1 2 4 8 0 02505 1 2 4 8
JGABA modulation (x 50 nS) OJGABA modulation (x 50 nS) OGABA ey modulation (x 50 nS)
F e
gA'IO' — mean 10 - 10
Bz | sem
SE 5 W o 51 Fhsfe_ s 54 ¢
e .
E 0 00 Dpescopescotescotesssdes () . 0
Z
Gg 100+ 100 100 - ¥
= 8
iz
£ZL 50 . § 50 - ; 501 ;
g Yryv i Y v Y v
@
Burst duration
H Mt £ -l'-'-‘f'\*
"§ AO.G . b 0.6 . 0.6 1
3e n
— 044 0.4 1 0.4
2
>
@
0 02505 1 2 4 8 0 02505 1 2 4 8 0 02505 1 2 4 8

JGABA . modulation (x 50 nS)

OGABA . modulation (x 50 nS)

JGABA modulation (x 50 nS)

Fig. 2. GABA4R reversal sets epileptiform bursting in a network model and determines the response to GABAsR conductance modulation. (A) Schematic of the

spiking neural network model consisting of 800 pyramidal cells (PC) and 200 intern:

eurons (IN), with 800 low frequency (2 Hz) and low weight (2 nS gampamax,2Hz)

external inputs. The connection probabilities (in %) between and within populations are as follows: PC — PC: 2 %, PC — IN: 2 %, IN — IN: 4 %, IN — PC: 4 %. (B)
Egapa (purple scale bar) was altered at discrete time points, every 40 s, by 4 mV, from —78 mV until —38 mV. The population firing rate was monitored for bursts (C),
detected as twice the standard deviation of the mean, above 20 Hz and for at least 20 ms. (D) Average firing rate of neurons with hyperpolarising Egapa (left: —74

mV), shunting Egapa (middle: —60 mV) or depolarising Egapa (right: —46 mV). Afte
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r 300 s of normal GABAAR conductance (8gapamax = 50 nS, grey bar), gcapamax
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application silencing bursting at a shunting Egapa (middle), but exacerbating bursting when Egapa is depolarised (right). (E) Population firing rates for a range of

gcABAmax Modulations (as a proportion of 50 nS). (F) The number of bursts for each
minute. Black crosses indicate the mean values. (G) The amplitude of bursts for each
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or remained quiescent following simulated benzodiazepine application
(200 nS ggaBAmax)- At a shunting Egapa (—60 mV, Fig. 2D, middle col-
umn), the network transitioned from sporadic bursts to either contin-
uous bursting following “picrotoxin” or was silenced following
“benzodiazepine” application. Finally, at depolarising Egapa (—46 mV,
Fig. 2D, right column), the network exhibited continuous bursting at
baseline. The simulated application of picrotoxin by reducing ggapamax
did not substantially change the network behaviour. However,

ersion of this article.)

positively modulating ggapamax (simulating application of a benzodi-
azepine) not only did not reduce bursting, but instead substantially
increased it.

In addition to “benzodiazepine”, we simulated the effects of “low
dose phenobarbital”, which positively modulates ggapamax (Fig. S4B),
and “high dose phenobarbital”, which modulates ggapamax as before but
also negatively modulates maximum AMPA conductances (gaMpAmax
Fig. S4C). The additional effect of reducing gampamax caused the network
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to be silenced, even at depolarised Egapa, with the mean population
activity below baseline levels of conductances and Egaga (Fig. S4D). See
Supplementary Information S5 for details.

To examine the graded effect of ggapamax modulation, the procedure
was repeated for a range of ggapamax values from 12.5 nS to 400 nS (and
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increasing ggapa increased the amplitude and frequency of bursting
representing an exacerbation of SE-like activity. As part of the network
sensitivity analysis (Supplementary Information S4), we also assessed
how the number of bursts depends on gampamax and gnmpamax (Fig. S3),
with NMDA strongly contributing to an increased number of bursts.

0 nS, Fig. 2E). The number of bursts per min (Fig. 2F), the amplitude of
bursts (maximum firing rate minus firing rate at start of burst, Fig. 2G)
and the duration of bursts (period of time when the firing rate was above
20 Hz, Fig. 2H) were calculated. Together these simulation results
corroborate the experimental results by demonstrating that at hyper-
polarised Egapas and shunting Egapas, reducing ggapa in the network
elicits SE-like activity in the form of repeated bursting with increased
gcaBa Silencing the bursting activity. In contrast at a depolarised Egapa,

2.3. Chloride extrusion controls network bursting and the response to
GABA conductance modulation

In the previous simulations intracellular CI~ concentration, E¢j and
hence Egapa were treated as static parameters. However, it is more ac-
curate to consider these parameters as dynamic variables because
intracellular Cl™ fluctuates as a function of activity-dependent CI™ flux
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Fig. 3. Chloride extrusion controls network bursting and the response to GABAAR conductance modulation. (A) Schematic of the primary Cl~ extrusion mechanism
in adult neurons (KCC2) which is modelled as a single exponential decay to baseline (—88 mV) that depends on the time constant (txccz). Smaller values of Txcca
indicate faster extrusion rates. (B) A simulation with dynamic CI~ whereby Egapa (bottom trace) depends on txcco (60 s) and the population activity (top trace)
responds to elevated Egapa by bursting. Egapa initialised at —74 mV. Inset, zoom of traces showing ~1 mV change in Egapa in response to bursts. (C) The number of
network bursts (per min) depended on the Cl™ extrusion strength (txcce), with slower extrusion causing more bursts. (D) Reduced Cl~ extrusion (slower Txcco)
resulted in elevated steady-state Egapa. (E) Egapa did not depend on the initial Egapa (Egapao). For simulations with Egapag of either —74 mV (dark purple, dashed)
or — 51.6 mV (light purple, solid), the resulting steady-state Egapa Was the same. Inset, the traces for —74 mV and — 51.6 mV Egapao are overlapping. Note that the
same seed was used in both traces. (F) The number of bursts per min were independent of Egapao. Black bars show the standard error of the mean (SEM). (G) Egapa
traces for different values of ggapamax (25 nS: orange, 50 nS: grey, 100 nS: light blue). All simulations started at —51.6 mV. (H) Histogram of the number of bursts per
min and (I) violin plots of steady-state Egapa for different values of ggapamax and Txcco. Each coloured marker indicates the number of bursts over the last 5 min of a
10-min simulation (N = 10 simulations per condition). Violin plots include a box-and-whisker plot inside with the median value indicated as a white marker. (For
interpretation of the references to colour in this figure legend, the reader is referred to the web version of this article.)
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through GABAARs and Cl™ extrusion via the cation-chloride cotrans-
porters such as KCC2 (Fig. 3A). Therefore, in this set of simulations the
evolution of Egapa over time was modelled as a dynamic variable (see
Materials and Methods). The efficacy of Cl™ extrusion in each neuron
could be set by changing txcco, the time constant of E¢y (and hence
Egapa) recovery, with slower tgcco of 60 s or more representing reduced
Cl™ extrusion by KCC2. We found that tgccy determined the number of
bursts in the network (Fig. 3B and C) as well as the ultimate steady-state
Egaga (Fig. 3B and D). Slower tgcce values with resultant reduced Cl™
extrusion led to the network generating multiple bursts per minute
together with elevated average steady-state Egapa. Whilst Egapa was
dynamic during simulations, changing from its initial value as well as
rising and falling in response to individual network bursts (Fig. 3B,
inset), we found that the initial Egaga (Egapao) did not affect the final
steady state Egapa (Fig. 3E and F), which was instead affected by the
strength of Cl™ extrusion (tkcc2)-

As Cl™ influx via activated GABAARs also affects Egapa (see Fig. 3B
inset) we next sought to determine how modulation of ggapamax (akin to
blockade or enhancement of GABAARs using picrotoxin or benzodiaze-
pines respectively), might affect seizure-like activity in the context of
dynamic Cl™ and Egapa. We first monitored Egapa in networks with the
same level of neuronal Cl™ extrusion (txcc2) but with different ggapa-
maxvalues of 25 nS, 50 nS, and 100 nS. Steady state neuronal Egapa was
substantially different between the conditions, with a difference of 9 mV
between the low and high ggapamax conditions (Fig. 3G). Next, to
determine the interaction between Cl~ extrusion, GABAsR conductance
and seizure-like activity, we systematically altered GABAAR conduc-
tance (gcaBamax) at different C1~ extrusion rates (tgcce) and counted the
number of network bursts (Fig. 3H, Fig. S5) together with measuring
steady state Egapa (Fig. 3I). In networks with enhanced Cl~ extrusion
(short tgcc2) and resultant hyperpolarised steady state Egapas, reduced
GABAAR conductance (orange) increased bursting while enhanced
GABAAR conductance (blue) silenced the networks. In contrast, in net-
works with low extrusion rates (long tgcc2) and depolarised steady state
EgaBas, reducing GABAAR conductance reduced bursting whilst
increasing GABAAR conductance (akin to benzodiazepine application)
exacerbated bursting.

2.4. Compromised chloride extrusion in the pyramidal cell population is
the major determinant of network bursting

Thus far, to determine the effects of compromised Cl™ extrusion on
SE-like activity as represented by network bursting, we have manipu-
lated Cl™ extrusion (by adjusting Tkcc2) in all neurons. To investigate
how Cl™ extrusion in specific neuronal subpopulations might affect SE-
like activity, we altered Cl~ extrusion either in the pyramidal cell (PC) or
interneuronal (IN) populations alone. With a view to understanding
potential cell-type specific modulation of Cl- extrusion to affect SE, in
these simulations Egapa was initially set at a depolarised, SE-like level of
—51.6 mV and allowed to evolve dynamically thereafter. Using a
“baseline” ggapamax Of 50 ns, it was immediately apparent that Cl™
extrusion in pyramidal cells (Tkccopc) strongly determined bursting ac-
tivity (Fig. 4A, B and D). Strong Cl™ extrusion in pyramidal cells
(tkccepe < 15 s) terminated network bursts whilst progressively weaker
Cl™ extrusion resulted in increased bursting (Fig. 4B, D). In comparison,
modulation of Cl~ extrusion exclusively in the GABAergic interneuronal
population (tgcczv) had a substantially smaller effect on bursting ac-
tivity (Fig. 4C and D).

The strength of GABAAR conductance modulated the effect of cell
type specific Cl~ extrusion on network bursting (Fig. E and F). Increasing
8GaBAmax (Fig. E) decreased the number of bursts at strong (i.e. short)
Trcczpe but increased the number of bursts substantially at weak (i.e.
slow) tgccape. This was in line with the previous results. Although
modulation of tgccoiy had much smaller effects on network bursting,
trends could be observed particularly following manipulation of ggapa-
max- At a baseline ggapamax Of 50 nS (grey), the total number of bursts
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Fig. 4. Compromised chloride extrusion in the pyramidal cell population is the
major determinant of network bursting. (A) Population firing rate traces where
Tkccz Was independently varied for the pyramidal cell (tkccopc) and inter-
neuron (Txcczv) populations respectively. For all simulations, Egapa was ini-
tialised at —51.6 mV. (B) Histograms of the number of bursts versus Tkccapc
(Trecamny = 60 8) or (C) Tkecan (Tkecepc = 60 s). Black bars indicate + SEM, N =
5 simulations. (D) Heatmap of the average number of bursts for a matrix of
Trceain and Trccope values. The average is calculated from 5 separate simula-
tions. (E) Line plots of the number of bursts versus Txccopc (Tkccan = 60 s) or
(F) txecamv (Treczpe = 60 ), for values of ggapamax (25 nS: orange, 50 nS: grey,
100 nS: light blue, 200 nS: darker blue). Shaded areas indicate SEM, N = 5
simulations. The inset shows the relation between the heatmap and the bar and
line plots. (For interpretation of the references to colour in this figure legend,
the reader is referred to the web version of this article.)

decreased with slower Tgcc2in- In contrast at a high ggapamax the number
of bursts increased with slower txccan (Fig. F). Overall, these results
highlight the importance of the PC population’s Cl~ extrusion capacity,
over that of the IN population, for managing network activity and
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preventing SE-like activity.

2.5. Interacting chloride plasticity mechanisms determine the optimal
approach for terminating network bursts

So far, we separately compared how SE-like activity in the form of
network bursting is affected by GABAAR reversal potential (Egapa),
GABAAR conductance (ggapamax) and neuronal Cl™ extrusion (txcca)-
Here, we investigated how all three of these variables interact in a way
that could help guide future strategies for medical intervention in SE
(Fig. 5). First, we used a network with static CI~ where Egaga was held
constant at different values. Positively modulating ggapamax from a
baseline of 0 nS ggapamax decreased the number of bursts when Egapa <
—52 mV but increased the number of bursts when Egaga > —52 mV
(Fig. 5A). This showed that ggapamax modulation had different trajec-
tories for different Egapas. If initial gGapamax modulation did not reduce
the rate of bursting, further ggapamax modulation only served to exac-
erbate network activity further. This suggests that in the clinic, having
EEG feedback to determine the response to initial benzodiazepine
treatment could be useful for determining next treatment steps, partic-
ularly where seizure activity is not aborted.

To extend this idea further, we included the more realistic scenario of
dynamic Cl~ and how neuronal Cl~ extrusion complicates the relation-
ship between GABA4R conductance and synchronised bursting activity
in the network. This is important because Txccz and ggapamax together
control to what extent bursting activity raises Egapa in a positive feed-
back loop (see Fig. 3H and the equation for 4Eq- in Materials and
Methods). By plotting the number of network bursts as a function of
gGABAmax and Txccy together with Egapa, useful observations were made.
Firstly, different combinations of Txcc2 and ggapamax determine whether
a network bursts and whether increasing ggapamax Will decrease or in-
crease bursting (Fig. 5B). Given a network which is bursting (or a patient
in SE), with no other information, it is not possible to know what the
likely effect of increasing GABAR conductance (i.e. benzodiazepine
treatment) will be. However, by measuring the response (extent of
network bursting) to increasing ggapamax (“benzodiazepine treatment”,
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blue arrows), one can then determine where in the network “landscape”
one is positioned to choose the optimum next step to increase the like-
lihood of terminating seizures. We summarise this as a decision tree in
Fig. 5C. If raising ggapamax (blue arrow) reduces bursting, then the
network is in Regime 1 (magenta). §Gapamax can then be raised further. If
raising ggapamax increases bursting, then the network is in Regime 2
(orange). In this case, ggapamax should be reduced by halting further
benzodiazepine treatment. In addition, neuronal C1~ extrusion should be
increased if possible (green arrow). We note that pharmacological en-
hancers of Cl™ extrusion are not yet clinically available. Nonetheless, our
modelling results demonstrate how in the case that GABAAR conduc-
tance increases network activity in SE, an optimal strategy for sup-
pressing persistent seizures would be to reduce GABAAR conductance
together with enhancing Cl~ extrusion.

3. Discussion

In this study, we used computational models informed by clinical and
experimental data to investigate the phenomenon of benzodiazepine
resistance in status epilepticus. Here we leverage the unique capabilities
of a large-scale spiking neural network incorporating Cl~ dynamics — a
novel approach for studying SE - to demonstrate the effects of dynam-
ically shifting Cl™ gradients on network behaviour, a necessary step
given recent experimental demonstrations of profound Cl™ fluctuations
during seizures (Burman et al., 2019; Magloire et al., 2019). Our model
confirms and extends experimental evidence, showing that the neuronal
GABAQR reversal potential (Egapa) determines the impact of GABAAR
conductance (gGapamax) Mmodulation on SE-like activity. Key novel con-
tributions derived from this approach include the elucidation of the
dominant role of pyramidal cell CI~ extrusion in controlling network
bursting, and the development of a predictive framework with direct
translational potential for guiding SE treatment. Furthermore, our re-
sults indicate that considered modulation of both GABAAR conductance
and Cl™ extrusion is optimal for arresting SE-like activity.

We constructed our computational spiking neural network model to
align with the well-characterised in vitro 0 Mg>" brain slice model of
acute, convulsive SE. As during in vitro experiments, transitioning the
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Fig. 5. Interacting chloride plasticity mechanisms determine the optimal approach for terminating network bursts. (A) For simulations with static Cl, the effect of
positively modulating GABA conductance (gGapamax) 01 @ network’s bursting frequency depends on Egapa (purple lines + SEM, N = 10 simulations per condition, 60
s each). Egapa was varied from —74 mV to —42 mV in increments of 2 mV. (B) Burst frequency as a function of ggapamax and Txccz in simulations with dynamic CI-,
plotted together with average Egapa. Ecapa Was measured at either the time of a burst or after 600 s if there were no bursts. Dashed line represents Egapa = —60 mV,
with the colourmap displayed in discrete 1 mV intervals. Low ggapamax €licits bursting behaviour regardless of Txcca. Increasing ggapamax decreases bursts if Txcca is
fast enough. Application of positive ggapamax modulation (blue arrows, simulating benzodiazepine application) decreases bursting at fast (short) Txccs indicating that
the network is in Regime 1 (magenta) but increases bursting at slow (long) Tkccs, indicating that the network is in Regime 2 (orange). Recovery from bursting in
Regime 2 can be facilitated by reducing ggapamax and increasing Cl~ extrusion (green arrow). (C) Decision tree depicting the optimal strategy for terminating seizures
in SE based on the simulations in ‘B’. (For interpretation of the references to colour in this figure legend, the reader is referred to the web version of this article.)
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network to recurrent firing-rate bursts representing SE-like activity is
linked with an elevation of Egapa (i.e. raised [Cl™];). Network bursting is
affected by multiple factors including the properties of neurotransmitter
release, receptor conductances, network size and connectivity (Melamed
et al., 2008; Gerstner et al., 2014) (see also Figure S3). Nonetheless, we
could confirm that Egapa was always a principal factor in transitioning a
network from stable to bursting, SE-like behaviour.

The application of in silico pharmacological treatment to modulate
8GABAmax corroborated experimental results and highlighted the con-
trasting behaviour of increasing gcapamax, Which is anti-seizure at low,
physiological Egapa, but pro-seizure at high, pathological Egapa
(Burman et al., 2020; Wang et al., 2018). In our model, the “edge” for
transitioning between these two respective effects was an Egapa of —60
mV. Experimental data suggest that the longer seizure activity continues
unabated, the more likely it is that neurons undergo intracellular Cl™
accumulation and a positive shift in Egapa (Burman et al., 2019; Rivera
et al., 2004; Lee et al., 2011). This, together with our modelling data,
helps provide a mechanistic explanation for the clinical observation that
patients with SE who seize for longer prior to initial treatment are more
likely to be resistant to benzodiazepine treatment (Burman et al., 2022;
Burman et al., 2019; Gainza-Lein et al., 2018).

Previous work has shown that the continued seizure activity that
occurs during SE results in internalisation of GABApRs (Kapur and
Coulter, 1995; Goodkin et al., 2005), which both progressively exacer-
bates seizures and impairs the potential effectiveness of benzodiazepines
as anti-seizure agents. This is because the ability of benzodiazepines to
increase ggapamax iS compromised by a lack of GABARs with the
requisite subunits (Goodkin et al., 2008). Until recently this has been
suggested as the major mechanism underlying benzodiazepine resis-
tance in SE. Our model shows the importance of both changes in gga-
BAmax together with activity-dependent dynamics in C1~ and Egapa for
predicting the effectiveness of benzodiazepine resistance in SE.

A powerful determinant of how readily neuronal Egapa increases
following activity-dependent Cl™ influx through GABAaRs is the
strength of neuronal Cl™ extrusion via cotransporters such as KCC2.
Increasing Cl~ extrusion can increase the seizure threshold, help
terminate seizures or prevent them altogether (Wang et al., 2018;
Alfonsa et al., 2016; McMoneagle et al., 2024) while blocking KCC2 can
allow seizures to start spontaneously (Sivakumaran et al., 2015). In
agreement with this, in our simulations that accounted for Cl™ accu-
mulation through GABAsRs and Cl™ extrusion through KCC2, we found
that simulating sufficiently slow Cl~ extrusion in all neurons could cause
a network to start bursting without further external provocation.
Further, at fast Cl~ extrusion rates which resulted in low steady-state
EgaBa, increasing ggapamax reduced bursting, while at slow Cl™ extru-
sion rates, which resulted in high steady-state Egapa, enhancing ggapa-
max €xacerbated bursting. Here, the steady-state Egapa was not
dependent on initial conditions. That is, the network’s steady-state
Egapa ultimately reached the same value regardless of whether it star-
ted at physiological (—74 mV) or pathological (—51.6 mV) Egaga. This
result affirms the importance of Cl~ extrusion for affecting network
excitability. Note that the Egapa reported was an average of both PC and
IN populations (at least one neuron from each), but each population
would have a slightly different Egapa because of differences in volume
(see equation for dynamic Ec)), as similarly reported experimentally
(Burman et al., 2024).

By selectively altering Cl~ extrusion in each population of neurons
(pyramidal vs interneuronal cells), we determined that Cl~ extrusion in
pyramidal cells is the predominant factor for controlling SE-like activity
while CI™ extrusion in interneurons had only a minor influence. The
failure of inhibitory connections from interneurons to pyramidal cells
plays a key role in causing persistent bursting. The network was in SE-
like activity if Cl- extrusion in pyramidal cells was slow enough,
regardless of Cl™ extrusion in interneurons. This suggests that focusing
on reducing pyramidal cell CI~ accumulation is a major avenue through
which seizure activity can be arrested. This aligns with experimental
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findings where overexpression of KCC2, driven by a CaMKII promoter
primarily targeting cortical pyramidal cells, reduced the seizure-
promoting effect of excitatory interneuronal signalling (Magloire
et al., 2019), although potential expression in interneurons cannot be
fully excluded (Veres et al., 2023; Keaveney et al., 2020). This cell-type
specific insight, attainable through the targeted manipulations possible
in our computational model, highlights a potentially crucial target for
future therapeutic interventions aimed at enhancing chloride extrusion
specifically in principal neurons.

While we use a large, spiking neural network to simulate Cl~ dy-
namics, and apply this to model SE, previous computational models
have explored the relevance of ion dynamics in SE using two-cell bio-
physical or mean-field approaches (Kramer et al., 2012; Krishnan and
Bazhenov, 2011; Frohlich et al., 2005). Our findings are in line with this
work by reiterating the connection between raised intracellular Cl™
accumulation and Egapa in maintaining extended seizures. Our model
did not simulate dynamics in other ions including K*, Na*, H" and
HCOs3, which are also known to both modulate and be modulated by
seizure activity (Raimondo et al., 2015). These ions indirectly interact
with Cl™ through at least two mechanisms: co-transporters like KCC2,
which couple ClI™ transport to K, and receptors such as GABARSs,
which are permeable to both CI™ and HCO3. In addition to other ions,
further work to extend the model could include modelling NKCC1 as
well as dynamically changing the efficacy of channels and receptors as a
function of phosphorylation and ATP availability throughout a simula-
tion. Incorporating these additional biophysical details could enhance
the accuracy of our simulations. In the context of a large network model
such as this, however, it would come at a potentially prohibitive
computational cost. Modelling the dynamics of other ions could also
identify or confirm other, CI~ independent mechanisms for aborting
seizures. For example, enhancing intraneuronal H'* (acidosis) is known
to be anti-seizure via various mechanisms (Raimondo et al., 2015).
Further, raised intraneuronal Na™ has also been identified as contrib-
uting seizure termination (Krishnan and Bazhenov, 2011).

It is worth noting that our spiking neural network model was uni-
formly connected without explicitly modelling space or the propagation
of activity through different brain regions. It did not capture potential
spatial or inter-regional dynamics of activity-dependent shifts in Egapa.
Differences in neuronal Egapa between brain regions could explain why
many people with SE still respond to first-line treatment with benzodi-
azepines (Burman et al., 2022; Rahmati et al., 2021; Glykys et al., 2009;
Colombi et al., 2024). In these patients it is possible that actively seizing
networks with raised Egapa are surrounded by less-affected areas with
low Egapa where benzodiazepines still enhance inhibition. The com-
bined effect of a benzodiazepine likely depends on the extent to which
various brain areas have been recruited into a seizure. Future work
could extend our model by incorporating spatial considerations.
Furthermore, our findings suggest a novel, mechanistically-informed
strategy for optimising treatment, as depicted in our proposed deci-
sion framework (Fig. 5C). This framework offers translational potential
by suggesting how observable clinical responses (e.g., EEG changes post-
benzodiazepine) might predict the underlying state of CI~ homeostasis
and guide subsequent therapeutic choices, moving beyond purely
empirical algorithms. Despite the model’s spatial limitations, this
consideration does not affect our major conclusion here, namely that
should SE not abate following the initial delivery of a high dose of
benzodiazepines, serious consideration should be paid to not repeatedly
delivering further agents of this class. Second line treatment that also
engages other non-Cl~ linked inhibitory systems should rather be
considered. As one of multiple potential examples, this could include
phenobarbital, which in addition to its effect on GABAaRs, is also an
effective antagonist of AMPA and kainate glutamatergic receptors at
higher concentrations (Macdonald and Barker, 1978; Nardou et al.,
2011).

In summary, our simulations provide an experimentally supported
method of investigating mechanisms in SE. Our findings therefore
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predict that co-targeting of pyramidal cell extrusion with appropriate
GABAAR conductance modulation represents a powerful potential
strategy for terminating SE, an insight derived from our large-scale
network model incorporating chloride dynamics. Although pharmaco-
logical enhancers of Cl~ extrusion via increasing the activity of KCC2
have been identified (Jarvis et al., 2023; McMoneagle et al., 2024), none
have been cleared for clinical use. Regardless, this research reveals a
promising avenue for future advances in the management of benzodi-
azepine resistant SE.

4. Materials and methods
4.1. In vivo paediatric EEG

Details of clinical recordings are fully explained in previous work
(Fedele et al., 2025). In short, anonymised patient data was acquired
retrospectively and was approved by the local ethics committee (Kant-
onale Ethikkommission Ziirich, KEK-ZH PB-2020-02580). We extracted
data from paediatric patients (under 18 years) with SE who underwent
scalp EEG recordings between July 2008 and February 2020 at the
University Children’s Hospital Zurich. Clinical EEG recordings (21
electrodes, international 10-20 electrode layout, 256-Hz sampling)
were reviewed and for the purposes of this study, illustrative examples
of response to benzodiazepines were selected. To demonstrate the effect
of benzodiazepine on the EEG signal, we isolated a 1000s epoch which
included a 500 s window on either side of the administration. A virtual
local field potential (VLFP) was extracted using Statistical Parametric
Mapping (SPM12) to show the overall effect of benzodiazepine on the
patients EEG. Spectrograms were generated using Morlet wavelets from
the PyWavelets library (Lee et al., 2019).

4.2. In vitro brain slice gramicidin perforated patch clamp

Details of in vitro brain slice recordings are fully explained in pre-
vious work (Burman et al., 2019). Briefly, organotypic hippocampal
slice cultures were prepared from mice. The use of animals was
approved by the University of Cape Town Animal Ethics Committee.
Recordings were performed 6-14 days post culture, equivalent to post-
natal days 13 to 21 in mice and a paediatric age range in humans.
Gramicidin perforated patch-clamp recordings were performed from
CA1-CA3 hippocampal pyramidal cells using glass pipettes containing a
high CI™ internal solution containing (in mM): KClI (135), NaCl (8.9),
HEPES (Chapman et al., 1977) and 80 mg/ml gramicidin. The standard
artificial CSF was composed of (in mM): NaCl (120); KCI (Glauser et al.,
2016); MgCly (Boggs, 2004); CaCly (Boggs, 2004); NaHyPO4 (1.2);
NaHCOs (Ellender et al., 2014); p-glucose (Pereira de Vasconcelos et al.,
1992) with pH adjusted to be between 7.35 and 7.40 using 0.1 mM
NaOH. To elicit SE-like activity, slices were perfused with aCSF lacking
Mg2+ (Anderson et al., 1986; Dreier and Heinemann, 1991). To measure
Egapa during SE-like activity, voltage ramps in voltage-clamp mode with
and without GABA (100 uM) application directed to the cell soma were
interleaved between measurements of spontaneous activity recorded in
current-clamp mode (Burman et al., 2019; Ellender et al., 2014).

4.3. In silico model of status epilepticus

While the model is broadly informed by the clinical presentation of
SE and experimental findings, key parameters were chosen to be quan-
titatively consistent with experimental observations. For instance, the
simulated range of Egapa values reflects experimentally measured shifts
during SE-like activity (Fig. 1), and the magnitude of simulated GABA,R
conductance modulations aligns with known pharmacological effects
(“Modeling Pharmacological Modulation of GABA, Receptors” section
below).
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4.4. Spiking neural network population structure

We constructed a network of 1000 leaky integrate-and-fire point
neurons with 20 % as the GABAergic interneuron (IN) population and
80 % as the glutamatergic pyramidal cell (PC) population (Brunel,
2000). Populations differed by their membrane capacitance, refractory
period, and volume (see Table 1). The network had 2 % connectivity
from the PC population, including recurrent connections, and 4 %
connectivity from the IN population, also including recurrent connec-
tions, and 800 low frequency (2 Hz) Poisson inputs for sustained activity
(Gerstner et al., 2014; Vogels et al., 2011).

4.5. Neuronal dynamics

Change in the neuronal membrane potential (Vy,) was governed by

dvy,
Cm? = 7gleak(vm(t) - Eleak ) - Isyn (t)

where gjeak (20 nS) and Ejeax (—70 mV) are the conductance and reversal
potential for the passive membrane channels respectively, Cy, is the
membrane capacitance (PC: 0.55 nF, IN: 0.45 nF) and Iy, is the synaptic
current. Once threshold (—50 mV) was reached, a neuron would spike
and reset (—65 mV) with a refractory period (PC: 2 ms, IN: 1 ms) during
which a neuron could not spike again. Several mechanisms can enable a
network to have bursts that occur over hundreds of milliseconds and
seconds, including NMDA (Parga and Abbott, 2007; Wolf et al., 2005;
Sanders et al., 2013) and short term synaptic plasticity (Melamed et al.,
2008; Timofeev et al., 2000; Tsodyks and Markram, 1997), which were
both incorporated.

4.6. Synaptic input currents and reversal potentials

Each neuron received synaptic input currents from AMPA, NMDA,
and GABA, receptors, as well as low frequency (2 Hz) background
AMPA input, modelled according to

Iyn(t) = Lampa (t) + Inmpa (t) + Icasa (t) + Iampag,, (t)

) = 8w (t) (Vin(t) — Enmpa )
= 2+]¢~0.062 Vim

Inmpa (t 1

357
Tampa (t) = gampa(t) (Vin(t) — Eampa )
Igaa(t) = 8eaa(t) (Vim(t) — Ecasa(t) )

where Egy, is the reversal potential for that synapse, gen is the
conductance for that synapse, and [Mg?*] is the magnesium block which
was set to 0 mM within 5 s to mimic the in vitro experiments. The
reversal potentials were Exypa = 0 mV, Epxypa = 0 mV, and

Egaa(t) = PaEci(t) + PucosEncos

The chord conductance formulation for the GABAR reversal po-
tential was used for its computational efficiency when modelling dy-
namic Eg. The chord conductance equation is a good first
approximation for calculating the reversal potential of channels with
multiple ions, simply following Kirchhoff’s Current Law, albeit less ac-
curate than the Goldman-Hodgkin-Katz equation. This formulation was
chosen for its computational efficiency, which is advantageous for
simulations within spiking neural networks, while still providing a
reasonable approximation for Egapa. The equation was derived as
follows:

The total ionic current through the GABA4 receptor is the sum of the
currents carried by the permeant ions:

Icapa = Ici + Incos

The current for each ion (I}) is approximated using its chord



C.B. Currin et al.

Table 1
Symbols, Constants, and Parameters.
Description
Symbols
AMPA

AMPA receptor
Benzodiazepine

cr
[crl;
Esyn

8syn
GABA

GABAAR
Glutamate

HCO3
Ia
Tncos
IN

K+
KCC2
Mg+
Na™
NMDA

NMDA receptor

PC
T

Constants
F

R

T

Parameters
AMPA,y,
[ClTo

Cm

At

Eleak
Eampa
Ecgioo
Encos
Enmpa
8AMPAmax

8AMPAmax,2Hz
8GABAmax
8leak
8NMDAmax

[Mg?*]

Pq
Prcos

Refractory
period
TAMPA

TGABAdecay
TKeez

a-amino-3-hydroxy-5-methyl-4-isoxazolepropionic acid, which
selectively activates the AMPA receptor

Mediator of fast excitatory synaptic transmission when glutamate
is bound

A class of drugs that positively modulate the conductance of
GABA4Rs

Chloride ions

Intracellular chloride concentration

Reversal potential, the value of which there is no net flow of
current for that transmembrane channel or ion species
Conductance for a synapse

y-aminobutyric acid, the neurotransmitter released by
interneurons

GABA type A receptor, which mediates fast inhibitory synaptic
transmission when GABA is bound

Primary neurotransmitter released by pyramidal cells in cortex
and hippocampus

Bicarbonate ions

Chloride ion current through a channel

Bicarbonate ion current through a channel

Interneurons

Potassium ion

Potassium chloride cotransporter type 2

Magnesium ion

Sodium ion

N-methyl-p-aspartate, which selectively activates the NMDA
receptor

Mediator of slow excitatory synaptic transmission when
glutamate is bound

Pyramidal cell

Time constant, the time taken for the system to respond to change

and reach either ~ 63.2 % (1 - l/e) , for a step increase, or 36.8

% (1/e>, for a step decrease, of its final steady-state value

Value
Faraday’s constant (approximate) 96,485

s-A-mol !
Ideal gas constant (approximate) 8.3145

J-K 'mol !
Absolute temperature (= 37 °C) 310.15K

Default Value
Background AMPA input 2Hz
Extracellular chloride concentration 135 mM
Membrane capacitance PC: 0.55 nF

IN: 0.45 nF
Time step 100 ps
Reversal potential for the leak channel —70 mV
Reversal potential for an AMPA receptor 0 mV
Target reversal potential for chloride —-88 mV
Reversal potential for bicarbonate ions —-18 mV
Reversal potential for a NMDA receptor 0 mV
Maximum conductance for an AMPA 5nS
receptor
Maximum conductance for background 2nS
AMPA input
Maximum conductance for a GABAp 50 nS
receptor
Conductance for the leak current 20 nS
Maximum conductance for a NMDA receptor 5 nS
Magnesium concentration for a NMDA 0 mM

receptor

GABAR permeability ratio for chloride ions 0.8
GABAR permeability ratio for bicarbonate 0.2
ions

Time during which no spikes can be elicited ~ PC: 2 ms
IN: 1 ms

Decay time constant for AMPA receptor ( 2 ms

Ramaswamy et al., 2012)

Decay time constant for GABA, receptor 10 ms

Time constant of Cl~ extrusion 30s
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Description
TKCC2IN Decay time constant of Cl~ extrusion for IN 30s
TKCC2PC Decay time constant of Cl~ extrusion for PC 30 s
TNMDAdecay Decay time constant for NMDA receptor ( 100 ms
Rhodes, 2006)
TNMDArise Rise time constant for NMDA receptor ( 2 ms
Rhodes, 2006)
Tq Time constant for synaptic depression 10s
TF Time constant for synaptic facilitation 0.5s
Uo Step increase of release probability (us) per 0.01
spike
A Volume of neuronal compartment PC: 220.9 pm®
IN: 147.3 pm®
Viyeset The voltage to which a neuron would reset —65 mV
after the refractory period
Vihresh The voltage threshold for a neuron to spike —50 mV
A Relative time weight of NMDA's rise time 0.5ms™!
Variables Initial Value
Eq Reversal potential for chloride ions —88 mV
Egasa Reversal potential for a GABAAR —74 mV
Igapa Total current through GABAAR 0 mA
Us Synaptic release probability 0.01
v Firing rate of a neuron 2Hz
Vi Membrane potential —60 £ 10 mV
Wij Connection strength to neuron i from neuron 0.0002
j
X Fraction of available neurotransmitters 0.02

conductance (g;) and the driving force (V, - E;), where Vy, is the
membrane potential and E; is the Nernst equilibrium potential for that
ion so:

It = ga1(Vi — Ec1)

Incos = grco3(Vim — Encos)

By definition, the reversal potential (Egapa) is the membrane po-
tential (V) at which the net current through the channel is zero (Igapa
= 0). Substituting the ionic currents and setting Vy, = Egapa:

0 = gai(Ecaa — Ect) + 8ucos (Ecasa — Encos)
Rearranging the equation to solve for Egapa yields:

Eoaps — ( 8l ) Eq+ ( 8rcos ) Ercos
8ct + 8Hcos 8ct + 8Hcos

P¢ and Pycos represent the fractional conductances for ClI™ and
HCOs™, respectively

8l
Pog=—"-"—"
8ct + &Hcos
8Hco3
Prcoz3 = ————
8ct + 8Heos

and represent the relative contribution of each ion’s conductance to the
total channel conductance (g¢1 + gucos) and sum to unity. We used
channel permeability ratios P¢j: Pgcos = 0.8: 0.2 (Bormann et al., 1987).
Where Ec; = —88 mV (for static Cl~ simulations) and Eycos = —18 mV,
Egasa was —74 mV. Previous work of ours has focused on accurately
modelling dynamic Egaps and Ecj in dendrites using the Goldman-
Hodgkin-Katz and Nernst equations, respectively (Currin and Rai-
mondo, 2022).

4.7. Dynamic GABA and chloride reversal potentials

For dynamic Cl™ simulations (Figs. 3, 4, and 5), E¢) was modelled
according to
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d B _ Ia(t)
di @~ Bexp(BEq(t))FV[CL ],

influx

_ Ea(t) — EZ

Tkee2

extrusion
with
Iai(t) = oara(t) Par (Vin(t) —Ea(t) )

gy F

T

where R is the ideal gas constant, T is the temperature in Kelvin, F is
Faraday’s constant, V is the neuronal volume (PC: 220.9 pm®, IN: 147.3
pm3), [CI7], is the external ClI~ concentration, Ig is the Cl™ current
through a GABAR, Ecjoo is the target reversal potential for Cl~ (—88
mV) and tgcce is the time constant for KCC2. See Supplementary In-
formation for derivation details of influx, and extrusion was modelled
akin to (Jedlicka et al., 2011Db).

4.8. Synaptic conductances with short-term plasticity

The change in synaptic conductance was modelled as a single- or
double-exponential curve. AMPA and GABA, synapses were modelled as

d oy (£)

"=,

where Ty, is the decay time constant (tTampa = 2 ms, Tgapa = 10 ms).
NMDA conductance was modelled as

d t

qiSnmpa = *gNMDiA()JrWt r(t) (1 — gummal(t) )
t Tdecay

d  r(

d_tr - Trise

where Tgecay is the decay time constant for NMDA (100 ms), Trise is the
rise time constant for NMDA (2 ms), r is the exponential rise component
of the conductance, and w is its relative time weight (0.5 ms™ D).
Incoming synaptic conductances were calculated according to

t
8on(®) = [ gom w0 3(e - t)
t—At

where gsynmax is the max synaptic conductance (gampamax,2Hz = 2 1S,
gAMPAmax = 5 NS, gNMDAmax = 5 NS, gGABAmax = 50 nS), wy; is the
connection strength (‘weight’) for neuron i from neuron j (see details
below), & is the Dirac delta function, ty is the spike time of the pre-
synaptic neuron, and At is the integration time window (100 ps).

4.9. The connection strength of a synapse (w;;) was modelled using short-
term plasticity (STP) (Melamed et al., 2008) and defined according to

wyi(t) = us(t) x(t)

where u is facilitation — the release probability of neurotransmitters —
and x; is depression — the amount of neurotransmitter available. These
variables obeyed the following dynamics:

dug,  u(o) de; (1 -x(t)

&y +U0(1—us(t))v(t)E: o

— X (t) u(t) o(t.)

where Uy is the step increase in us per spike (0.01), T is the time
constant for facilitation (0.5 s), T4 is the time constant for depression (10
s), and v is the firing rate of presynaptic neuron j for a given time
window (At = 100 ps) and calculated as

1 ot
“uil

v(t) 8(t — tyi) dt.
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4.10. Modelling pharmacological modulation of GABA4 receptors

To simulate the effects of pharmacological agents targeting GABA
receptors, the maximal GABAAR conductance (ggapamax) Was modulated
to a range of values including 0, 0.25 0.5, 1, 2, 4 and 8 times the baseline
(50 nS). For simulating the effect of benzodiazepines or barbiturates,
which act as positive allosteric modulators, ggapamax Was typically
increased up to 2 or 4-fold. This factor was chosen because experimental
studies show that potentiation saturates, typically resulting in a 2- to 3-
fold increase in GABA-evoked currents or conductance, making a 2 or 4-
fold increase a reasonable upper bound for the maximal effect (Burman
et al., 2019; Rogers et al., 1994; Macdonald and Barker, 1978; Nardou
et al., 2011; Birnir et al., 2000). To simulate the effect of high-dose
phenobarbital, in addition to a 4-fold increase in ggapAmax» §AMPAmax
was reduced to 87.5 % of baseline (Nardou et al., 2011). To simulate the
effect of picrotoxin, a non-competitive GABAAR antagonist, GaBAmax
was decreased 2 or 4-fold (representing 50 % or 75 % inhibition). This
reflects the concentration-dependent and often partial block observed
experimentally, where significant inhibition (e.g., 60-90 %) occurs at
commonly used micromolar concentrations (e.g., 10-30 pM) (Twyman
et al., 1989), and aligns with kinetic studies suggesting picrotoxin de-
creases the channel-opening equilibrium constant by approximately 4-
fold (Ramakrishnan and Hess, 2005).

4.11. Simulation details

Simulations were carried out using the Brian2 Python package
(Stimberg et al., 2019), with C++ standalone code generation. Brian2’s
default time step of 100 ps and the default numerical integration method
of forward Euler were used. Egapa was averaged over simulations (n > 5)
from at least one PC and IN per simulation. Network bursting activity
was quantified based on the population firing rate, calculated using a
sliding time window. A burst was detected if the population firing rate
exceeded 20 Hz and was simultaneously more than two standard de-
viations above the baseline firing rate (calculated during a non-bursting
period) for a minimum duration of 20 ms. For each detected burst, the
duration was measured as the continuous period of time during which
the population firing rate remained above the 20 Hz threshold. The
amplitude of the burst was calculated as the difference between the peak
population firing rate achieved during the burst and the population
firing rate recorded at the onset time of the burst (i.e., the time point
when the detection criteria were first met). Burst frequency (number of
bursts per unit time, e.g., per minute) was calculated over specific
simulation epochs as indicated in the relevant figure legends.

All model source code (available online at https://github.com/Chr
isCurrin/goldilocks-GABA) was written in Python with data processing
performed using NumPy (Harris et al., 2020), SciPy (Virtanen et al.,
2020), and Pandas (McKinney, 2010). Results were plotted using the
Matplotlib and Seaborn libraries (Hunter, 2007; Waskom, 2020).
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