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Epilepsy in a Mouse Model of GNBI Encephalopathy Arises From Altered Potassium (GIRK) Channel
Signaling and Is Alleviated by a GIRK Inhibitor

Colombo A, Reddy HP, Petri S, Williams D}, Shalomov B, Dhindsa RS, Gelfman S, Krizay D, Bera AK, Yang M, Peng Y, Makinson
CD, Boland M), Frankel WN, Goldstein DB, Dascal N. Front Cell Neurosci. 2023;17:1175895. doi:10.3389/fncel.2023.1175895

De novo mutations in GNB/I, encoding the Gf; subunit of G proteins, cause a neurodevelopmental disorder with global
developmental delay and epilepsy, GNBI encephalopathy. Here, we show that mice carrying a pathogenic mutation, K78R,
recapitulate aspects of the disorder, including developmental delay and generalized seizures. Cultured mutant cortical neurons
also display aberrant bursting activity on multi-electrode arrays. Strikingly, the antiepileptic drug ethosuximide (ETX) restores
normal neuronal network behavior in vitro and suppresses spike-and-wave discharges (SWD) in vivo. ETX is a known blocker of
T-type voltage-gated Ca*" channels and G protein-coupled potassium (GIRK) channels. Accordingly, we present evidence that
K78R results in a gain-of-function (GoF) effect by increasing the activation of GIRK channels in cultured neurons and a het-
erologous model (Xenopus oocytes)—an effect we show can be potently inhibited by ETX. This work implicates a GoF
mechanism for GIRK channels in epilepsy, identifies a new mechanism of action for ETX in preventing seizures, and establishes

this mouse model as a pre-clinical tool for translational research with predicative value for GNB/I encephalopathy.

Commentary

Over the past decade, much progress has been made in
identifying genetic causes of epilepsy. Genetic etiologies
include genes associated with primary epilepsy and genes asso-
ciated with neurological disorders, such as developmental and
epileptic encephalopathies, in which epilepsy may be one of the
symptoms.  However, determining the variants in a gene
underlying a specific type of epilepsy or syndrome is only the
first step toward understanding the mechanisms leading to sei-
zures. Identifying the pathogenic molecular mechanism is crit-
ical for determining the best treatment options and for
developing new treatments. In an ideal case, identification of
the causal gene would reveal a clear type of dysregulation and
that dysregulation could be directly targeted by a drug. For
example, dysregulation of molecular target of rapamycin
(mTOR) signaling in genetic “mTORopathies” such as tuber-
ous sclerosis caused by variants in 7SC/ and 7SC2 may
respond well to treatment with rapamycin.? However, deter-
mining the molecular mechanisms underlying genetic epilep-
sies can be complicated with many gene variants exhibiting
multiple downstream effects. In these cases, cellular and mole-
cular experiments combined with animal models may help
researchers pinpoint mechanisms with the largest effect on
seizure pathogenesis.

In the case of GNB1 encephalopathy, this combined strategy
of molecular work and animal modeling proved useful in
determining the primary pathogenic mechanism underlying sei-
zures. Individuals with GNBI encephalopathy experience sei-
zures, developmental delay, abnormal muscle tone, and
structural brain abnormalities.” GNBI encodes the GB; subunit
of heterotrimeric Gy proteins, which mediate G protein-coupled
receptor signaling. Gy modulates activity of many downstream
targets that affect neuronal excitability, including G protein-gated
inwardly rectifying potassium channels (GIRKSs), voltage-gated
calcium channels, synaptic SNARE proteins that mediate synap-
tic vesicle release, and enzymes such as adenylyl cyclases, phos-
pholipases, and kinases. Thus, it was not immediately clear which
pathway or pathways may be most perturbed in GNBI encepha-
lopathy. Diverse experimental approaches were needed to deter-
mine which functions of GPy proteins were altered by GNBI
mutations and how these alterations lead to abnormal neuronal
excitability. Detailed in vitro molecular studies revealed altered
binding to GIRKs and changes in GIRK activity, while excluding
changes in calcium channel activity.* Thus, the investigators
chose to focus on regulation of GIRKs in GNBI encephalopathy.

To determine whether altered GIRK activity was indeed
the pathogenic mechanism underlying GNBI epileptic ence-
phalopathy, the authors of the highlighted study developed a

Creative Commons Non Commercial CC BY-NC: This article is distributed under the terms of the Creative Commons Attribution-NonCommercial 4.0 License
(https://creativecommons.org/licenses/by-nc/4.0/) which permits non-commercial use, reproduction and distribution of the work without further permission
BY _NC

provided the original work is attributed as specified on the SAGE and Open Access pages (https://us.sagepub.com/en-us/nam/open-access-at-sage).


https://doi.org/10.3389/fncel.2023.1175895
https://sagepub.com/journals-permissions
https://doi.org/10.1177/15357597231202859
http://journals.sagepub.com/home/epi
https://creativecommons.org/licenses/by-nc/4.0/
https://us.sagepub.com/en-us/nam/open-access-at-sage

382

Epilepsy Currents 23(6)

mouse model harboring the pathogenic p.Lys78Arg (K78R)
mutation in GNBI.> Heterozygous GnbI*"®*®"*" mice exhibit
similar aspects of GNBI encephalopathy, including develop-
mental delay, motor and cognitive impairment, and experience
absence-like generalized seizures. GnbI®"*®'* mice also
exhibited a lower electroconvulsive seizure threshold com-
pared to wild-type littermates. Multi-electrode arrays measur-
ing local field potentials of neurons cultured from cortical
tissue revealed abnormal bursting of GnbI®*"*®'" neurons.
Having established the GnbI*"*®* mouse as a viable model
of GNBI encephalopathy, the investigators studied GIRK
channel activity in the mutant mice to determine whether there
was aberrant activity of GIRK channels in GnbI*"*®* neu-
rons. The amplitude of evoked currents was larger in inhibitory
cortical and hippocampal neurons in GnbI*"*** mice com-
pared to wildtype. Expression of the GnbI®"®® mutation
together with GIRK channels in Xenopus oocytes demonstrated
that the K78R mutation modulated activity of the GIRK chan-
nels. Interestingly, lower amounts of K78R activated GIRKs
whereas high expression of K78R inhibited GIRKs.

Ethosuximide rescued aberrant neuronal bursting, and acute
treatment of Gnb1*"*®'* mice with ethosuximide abolished the
spike-wave discharges observed by electroencephalogram dur-
ing absence seizures. Ethosuximide is thought to primarily act
by inhibiting voltage-activated T-type calcium channels.®
However, ethosuximide has also been shown to inhibit GIRK
channels in vitro.” The research team used their Xenopus sys-
tem to demonstrate that Gbg-evoked GIRK1/2 currents were
inhibited in a dose-dependent manner by ethosuximide. Thus,
inhibition of GIRK activity by ethosuximide or other com-
pounds may be a beneficial therapeutic strategy for GNBI
encephalopathy.

This study brings together the available genetic and
molecular data to investigate pathogenic mechanisms of a com-
plex epileptic encephalopathy in an animal model. Though
Gy can modulate many pathways that regulate neuronal excit-
ability, the initial data pointed to altered interactions of mutant
GPy with GIRK channels. In this study, the researchers were
able to expand and test the specific hypothesis that GNBI
mutations result in aberrant regulation of GIRK channels lead-
ing to neuronal hyperexcitability and seizures in GNB! ence-
phalopathy. Their results demonstrated that altered GIRK
activity is a major contributor to the disease phenotype.
Furthermore, treatment with ethosuximide could rescue the
altered GIRK activity, the neuronal bursting, and the absence
seizures. Thus, this study serves as a nice example of how
researchers dissect disease pathology in a genetic epilepsy with
complex pathology.

Elucidating the cellular and molecular mechanisms
underlying genetic epilepsies is a challenge for basic and clin-
ical research. Approximately 70% to 80% of epilepsy cases are
thought to have a genetic cause.® With the increased utilization
of next-generation sequencing techniques, such as whole
exome sequencing and whole genome sequencing, hundreds
of new genetic variants have been identified. These include
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single genes as well as copy number variants, which add to the
complexity of identifying pathogenic molecular mechanisms.
Researchers will need to integrate multiple modes of investi-
gation to parse the underlying pathology in genetic epilepsies,
including informatics to screen the genetic contributions and
identify pathogenic variants, computation methods such as
modeling of neurons and neural networks, in vitro experimen-
tation in heterologous expression systems and neuronal cul-
tures, and finally animal models to assess biological
relevance of identified cellular and molecular dysregulation.
Animal models also serve as important tools for preclinical
development and testing of new treatment strategies. With
emerging technologies and interdisciplinary teamwork, the
future is bright for investigators interested in unraveling the
underlying causes of complex genetic epilepsy syndromes.
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