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Abstract: The central nervous system (CNS) relies on precise regulation of potassium ion (K*)
concentrations to maintain physiology. This regulation involves complex cellular and molecular
mechanisms that work in concert to regulate both intracellular and extracellular K* levels. In-
flammation, a key physiological response, encompasses a series of cell-specific events leading to
inflammasome activation. Perturbations in K*-sensitive processes can result in either chronic or
uncontrolled inflammation, highlighting the intricate relationship between K* homeostasis and
inflammatory signalling. This review explores molecular targets that influence K* homeostasis and
have been implicated in inflammatory cascades, offering potential therapeutic avenues for managing
inflammation. We examine both cell-specific and common molecular targets across different cell
types, providing a comprehensive overview of the interplay between K* regulation and inflammation
in the CNS. By elucidating these mechanisms, we identify leads for drug discovery programmes
aimed at modulating inflammatory responses. Additionally, we highlight potential consequences of
targeting individual molecular entities for therapeutic purposes, emphasizing the need for a nuanced
approach in developing anti-inflammatory strategies. This review considers current knowledge on
K*-sensitive inflammatory processes within the CNS, offering critical insights into the molecular
underpinnings of inflammation and potential therapeutic interventions. Our findings underscore the
importance of considering K* homeostasis in the development of targeted therapies for inflammatory
conditions within the CNS.

Keywords: potassium; homeostasis; inflammation; neurons; glia; neurodegeneration

1. Introduction

Potassium ions (K*) are central to cell physiology, playing an important role in cell
electrophysiology, especially in preserving resting membrane potential and in producing
action potentials in the nervous system and heart [1]. K* is actively transported into cells by
sodium potassium adenosine triphosphatase (Na, K-ATPase; Na* pump), which maintains
intracellular K* at least 30-fold greater than extracellular K*. Intracellular K* concentration
([K*]i) is normally 150 mM, while the extracellular concentration can range from 3.5 to
5.0 mM depending on the physiological setting [2].

K* is a key player in neuronal excitability and signalling, playing an essential role in
various physiological processes within the central nervous system. However, emerging
evidence suggests that disturbances in K* homeostasis can have profound implications
for inflammatory processes and contribute to the pathogenesis of neurological disorders
characterised by chronic inflammation [3,4].

Inflammation within the brain is a complex cascade of immune responses involving
distinct cellular and molecular entities [5-7]. Inflammation exists as a double-edged
sword aiming to protect against injury and infection, however dysregulated or persistent
inflammation can induce detrimental effects on neuronal function and contribute to the
development and progression of neuroinflammatory disorders.
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Studies have demonstrated the intricate interplay between K* homeostasis and inflam-
mation within the brain [8-10]. Disruptions in K™ dynamics, whether due to impaired ion
channel function, altered transporter activity, or dysregulated extracellular K* levels, have
been implicated in triggering and perpetuating inflammatory processes. Conversely, in-
flammatory mediators released during inflammation can influence potassium ion channels
and transporters, leading to imbalances in K* homeostasis.

This article aims to explore the complex relationship between potassium ion home-
ostasis and inflammation in the brain. It seeks to highlight the compendium of molecular
mechanisms proposed to underly the crosstalk between these two fundamental processes
and shed light on their implications for inflammatory disorders. By elucidating the intri-
cate regulatory cellular and molecular networks involved, it provides a comprehensive
understanding of how disruptions in brain K* homeostasis contribute to inflammation and
strategies to modify this.

In conclusion, understanding the intricate interplay between potassium ion homeosta-
sis and inflammation in the brain is pivotal for unravelling the underlying mechanisms of
inflammatory disorders. This review aims to contribute to the growing body of knowledge
surrounding the complex relationship between K* dynamics and inflammatory signalling
in the brain with the goal of identifying potential therapeutic strategies for modulating K*
homeostasis and ameliorating inflammatory cascades. To accomplish these objectives, this
research paper will critically analyse and review the existing literature, incorporating data
from in vitro and in vivo studies, animal models, and preclinical investigations. Shedding
light on this intricate relationship could open new avenues for targeted interventions in the
treatment of brain diseases, where inflammation is known to play a role.

2. Potassium Homeostasis and Brain Inflammation

K* homoeostasis is a target for therapeutic intervention for a range of diseases [11-13];
this opens up a range of molecular targets that could provide therapeutic options to restore
K* levels to physiological levels. This restoration refers to extracellular and intracellular
levels, with a growing awareness of compartment specific K* levels and their homeostatic
mechanisms. The cellular entities that make up the human brain express a repertoire of
K* permeant protein, some that are cell specific while others are expressed in multiple cell
types. There is a growing appreciation of not only cell specific variations but also regional
specific variations in protein expression and this is something to consider when contrasting
K* pathways between cell types.

2.1. Microglia

Microglia, the resident immune cells within the central nervous system (CNS), play a
crucial role in maintaining cerebral homeostasis. The expression of ion channels and recep-
tors in microglia is tightly regulated through multiple mechanisms, allowing these cells to
dynamically adjust their proteomic landscape [14,15]. This regulated adaptability enables
microglia to contribute to essential CNS functions, including immune responses, synaptic
pruning, and the development of neuronal network circuitry [16]. Notably, changes in these
functional attributes have been implicated in the onset and progression of various neuro-
logical disorders, where inflammation appears to be a central modulator [17]. Extensive
studies underscore the role of microglial inflammatory responses in CNS diseases [18,19].
For instance, considerable evidence from Alzheimer’s disease (AD) research reveals that mi-
croglial inflammation is a critical factor in disease onset and progression, thus establishing
it as a valuable target for investigating disease mechanisms [20]. As a result, the importance
of microglial ionic and inflammatory homeostasis in neurodegenerative disease, immunity,
and CNS defence mechanisms has become increasingly apparent.

The regulation of microglial inflammatory responses primarily involves protein com-
plexes known as inflammasomes [21]. These inflammasomes (Figure 1) are activated
through specialised receptors called pathogen recognition receptors, such as toll-like recep-
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tors (TLRs), which initiate signalling pathways upon binding to damage-associated and/or
pathogen-associated molecular patterns (DAMPs and PAMPs).
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Figure 1. Components of inflammasomes. Inflammasomes are comprised of the three protein
subunits to conduct assembly and activation. Sensor protein, inflammasomes are named after their
sensor protein; adopter protein, may not universally take part in every inflammasome structure
and they mainly play intermediatory role between sensor and effector (caspase-1) proteins via their
homolog domains (PYD and CARD domains). NLRP1 inflammasome consists of leucine rich (LRR)
domain, NACHT domain, FIIND domain, and CARD domain. Similarly, the NLRP3 inflammasome
contains the LRR, NACHT, and CARD domains. In contrast, the AIM2 inflammasome consists of only
two domains: the HIN and PYD domains. NLRC4 inflammasomes share similarities with NLRP1,
featuring the LRR, NACHT, and CARD domains. NLRP3 and AIM2 inflammasomes, which include
the PYD domain, require an additional component: the adaptor protein ASC. ASC, possessing both
the PYD domain for binding to the PYD domain of the sensor protein and the CARD domain for
facilitating binding to CARD domain of pro-caspase 1, complements these inflammasomes. On the
other hand, NLRP1 and NLRC4 inflammasomes possess the CARD domain, which directly interacts
with the CARD domain of pro-caspase 1. Additionally, the NLRP3 inflammasome is associated with
the kinase NEK7, which has sensitivity to intracellular K concentration, regulates conformational
changes of NLRP3 inflammasome and oligomerisation. This figure was created in Biorender.

Emerging research highlights the significant role of nucleotide-binding oligomerization
domain, leucine-rich repeat (LRR), and pyrin domain-containing protein 3 (NLRP3) in
mediating microglial inflammatory responses [22]. The NLRP3-inflammasome complex,
composed of NLRP3, apoptosis-associated speck-like protein containing a CARD (ASC),
and procaspase 1 enzyme, plays a crucial role in this process. Activation of the NLRP3
inflammasome involves the autocatalytic activity of procaspase 1, leading to its cleavage
and formation of active caspase 1 (see Figure 2) [23]. Active caspase 1, in turn, triggers
the activation of interleukin 13 and 18 (pro-IL-1f and pro-IL-18) by cleaving their inactive
zymogen forms, resulting in the production of IL-13 and IL-18. Additionally, caspase
1 cleaves gasdermin D (GSDMD), leading to the formation of an oligomeric pore from the
cleaved GSDMD molecule [24], thereby facilitating the secretion of IL-13 and IL-18 from
the cell [25].
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Figure 2. Activation mechanism of NLRP3 inflammasome. NLRP3 inflammasome activation is
triggered by molecular patterns, PAMPs (e.g., LPS, TNF-«) or DAMPS (e.g., ATP, IL1§3) via pattern
recognition receptors (PRRs, e.g., TLRs, TNFRs, IL1Rs). Binding PAMPs/DAMPs to a receptor
initiates two signalling pathways, signal 1 (priming), and signal 2 (activation/assembly). Signal 1
regulates transcriptional and translational modifications of protein components (NLRP3, caspase
1, pro-IL1B) via NFp signalling pathway. Signal 2 mainly triggers assembly and activation of the
inflammasome. Also, a kinase called NEK? takes part in the inflammasome complex structure and
regulates conformational changes of NLRP3 inflaimmasome. This binding causes oligomerisation of
the inflammasome. Activation of NLRP3 inflammasome leads to recruitment of caspase 1 through
triggering autocatalytic activity of the pro-caspase 1 and cleavage of itself. Active caspase 1 can cleave
pro-IL13 and pro-IL18 and reveals active IL1f3 and IL18. Caspase 1 also can cleave GSDRMND protein
that is able to form a pore with its revealed N-terminus and secrete IL1f3 and IL18 to extracellular
membrane. This pore formation and release of IL1f and IL18 result in an inflammation-mediated cell

death, pyroptosis. This figure was created in Biorender.
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Furthermore, the involvement of NIMA-related kinase 7 (NEK?7), a serine-threonine
kinase, has been implicated in NLRP3 inflammasome activation and oligomerization [26,27].
NEK?7 acts as an essential binding partner for the ASC adaptor protein and caspase 1. It also
appears to play a critical role downstream of K* efflux in the oligomerization and activation
of the NLRP3 inflammasome [27,28]. This underscores the significance of microglial
K* homeostasis, which relies on the coordinated regulation of diverse molecular targets
involved in facilitating K* fluxes.

2.1.1. Microglial Voltage-Gated Potassium Channels in Inflammation

Voltage-gated potassium (Kv) channels are found throughout the CNS, however
expression and functionality within microglia is often overlooked. A range of studies
have highlighted roles that Kv channels have in regulating microglial-driven inflammatory
responses [29-32].

The Kv1 subfamily has been widely reported to modulate inflammatory responses
and is now a target for drug discovery programmes. The Kv1.1 and Kv1.2 members of
the Kv1 family have been implicated at both the mRNA and protein level with in vivo
and in vitro data reporting microglia specific upregulation following lipopolysaccharide
(LPS) administration and hypoxia exposure [32,33]. Both stimuli initiated an increase in
cytokine release from microglia typical of a proinflammatory response (TNF-o and IL-13).
Pharmacological blockade of Kv1.1 and Kv1.2 channels (with dexamethasone and rTi-
tyustoxin-Ka (TsTx), respectively) was shown to suppress cytokine secretion, suggesting
that these channels exert a pivotal influence on microglia inflammatory responses.

A wealth of in vitro and in vivo evidence indicates microglia protein and gene expres-
sion of Kv1.3 [30,34-42]. These channels have been implicated in inflammatory responses
triggered by LPS. Multiple approaches using selective blockade of the Kv1.3 channel or
genetic deletion of the channel resulted in reducing microglia secretion of a panel of proin-
flammatory cytokines [29,30,43,44]. Kv1.3 channel is shown to be related and implicated in
membrane depolarization of microglia [45]. Kv1.3 channel can also impact Ca* signalling
via changing P2X4 receptor permeability to Ca?* ions by changing the driving force of
CaZt [43].

In the context of disease-associated inflammation, a range of models have been used.
AD is characterised by long-term inflammation and so there is a growing interest in
microglia physiology and their contribution to the pathological timeline of AD [46]. Kv1.3
channel functional and biophysical changes in AD-related pathology has been explored
in detail [30,47,48]. For instance, Rangaraju et al. (2015) showed upregulation of Kv1.3
protein predominantly in microglia in the frontal cortex from human AD brains, when
compared to age-matched controls [47]. Additionally, Ramesha et al. (2021) demonstrated
that Kv1.3 protein can influence the phagocytic capabilities of microglia. Using the 5xFAD
model, selective blockage of Kv1.3 resulted in a reduced amyloid burden and associated
proinflammatory markers (IL-1f3) because of dysfunctional phagocytosis [45]. Using a
similar mouse model, Maezewa et al. (2018) highlighted a disease-specific spatial expression
pattern for microglia Kv1.3. 5xFAD mice at 4, 6, and 10 months old, which showed an
increase in current density of Kv1.3 channel compared to wild type litter mates, and
this was predominantly in the proximity of the developing amyloid plaques; however,
the 15 months of age group of mice did not show difference comparing age-matched
controls [30]. Also, A3 oligomers were shown to induce Kv1.3 gene and protein expression
of Kv1.3. To explore the effects of inhibiting Kv1.3 on AD pathology, PAP1 was administered
in different models of AD and a reduction in amyloid burden was reported alongside
improved electrophysiological correlates of memory. Furthermore, blockade of the Kv1.3
channel led to a reduction in proinflammatory markers, namely TNF-« secretion and NF g
activation [30].

Ageing also contributes to a change in the inflammatory status; increases in proinflam-
matory cytokines (TNF-« and IL-6) and chemokines (CCL2 and CXCL1) are reported in
mice age-dependent brain slices [34]. Following 24 h of LPS stimulation (1 pg/mL), the
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differences in cytokine and chemokine secretion between young and aged mice were no
longer significant. This study has also linked Kv1.3 to these age-related changes. Here
selective pharmacological Kv1.3 channel inhibition of microglia caused reduction in IL-6
levels in both young (2-3 months) and old (21-24 months) preparations without affecting
the release of CCL2 and CXCL1 [21]. In addition, evidence indicated Kv1.3 control of
cytokine signalling while P2Y12 receptor signalling mediated changes in chemokines.

In two different animal models of Parkinson’s disease (PD), pharmacological inhibi-
tion of microglial Kv1.3 suppressed cytokine secretion in rodent brain slices [49]. Their
functional studies of Kv1.3 channel activity indicated that primary microglia exposed
to exogenous a-synuclein aggregates were shown to have increase channel activity, also
mRNA expression levels of Kv1.3 were elevated after exogenous «-synuclein treatment.
This Kv1.3 protein upregulation was also evident in post-mortem tissue from human PD
brains [49].

A study examining epileptic-induced inflammation indicated modulation of microglia
Kv1.3 protein expression post epilepsy induction, and that inhibition of the channel (PAP1)
suppressed microglia contribution to brain inflammation in vivo and in vitro [50]. They
also demonstrated that the inflammatory response of BV2 cells following LPS stimulation is
through downstream targeting of Ca?* /NF, g pathways. It was shown that LPS stimulation
activated NF g pathway and increased intracellular Ca?* concentration (Ca?* influx) Kv1.3
inhibition via PAP1 alleviated proinflammatory response, and suppressed NF g signalling
and Ca?* influx.

Kv1.3 has also been linked to immunological responses to cancer therapy. Peng
et al. [51] demonstrated that in radiation-induced brain injury both microglia Kv1.3 mRNA
and protein expression was shown to increase following radiation therapy. Importantly,
pharmacological blockade of the channel (with ShK-170) at the time of radiation injury was
indicated to mitigate radiation-induced inflammatory response in microglia [51].

While Kv1.3 protein has been implicated, this may involve Kv1.3 homomers or
Kv1.3/Kv1.5 heteromeric channels. Kv1.5 protein has also been suggested to regulate
microglial inflammation. OX42CD11b positive microglial cells were shown to increase
Kv1.5 channel protein expression after in vivo LPS stimulation [52]. On the other hand,
they showed no changes in Kv1.3 protein expression following the stimulation in contrast
to other studies [41].

Current research is actively exploring pharmacological agents that specifically inhibit
Kv1.3 activity [53-55]. A range of clinical trials have focused on identifying effective
Kv1.3 channel blockers and assessing their potential benefits in various inflammatory and
autoimmune conditions. One notable compound, dalazatide (ShK-186), an analogue of
the toxin from the sea anemone Stichodactyla helianthus, has shown efficacy in inhibiting
Kv1.3 channels. Dalazatide’s success in managing autoimmune diseases like psoriasis has
highlighted its potential broader application in CNS disorders where inflammation is a
critical factor [56].

Dalazatide functions by selectively blocking Kv1.3 channels, thereby reducing the
activation and proliferation of inflammatory cells [56,57]. In preclinical studies, dalazatide
has been shown to downregulate microglial activation, decrease proinflammatory cytokine
release, and promote neuroprotection. These findings support the hypothesis that targeting
Kv1.3 channels could provide therapeutic benefits in diseases characterised by chronic CNS
inflammation, such as multiple sclerosis, Alzheimer’s disease, and Parkinson’s disease.
Further research into Kv1.3 inhibitors, including safety and long-term efficacy studies, is
necessary to determine their clinical utility in managing neuroinflammatory conditions
and advancing CNS disease therapeutics.

2.1.2. Microglial 2KP Channels in Inflammation

Tandem pore domain halothane-inhibited potassium channel 1 (THIK-1) has been
suggested to facilitate K* efflux in the activation of microglia NLRP3 inflammasome. Mi-
croglia with THIK-1 knocked out have a different morphology to wild type controls. These
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changes support a reduction in the ability of microglia to respond to their microenviron-
ment without functional THIK-1 channels [58]. Pharmacological blockade and genetic
modification of THIK-1 reduced the release of IL-13 post LPS and ATP stimulation in rodent
microglia from hippocampal slices [58]. Similarly, another study showed IL-13 secretion
from microglia in THIK1 KO mice and diminished activation of NLRP3 inflammasome
regarding ATP stimulation via P2X7 receptor [59]. Pharmacological inhibition of THIK-1
(selective inhibitor C101248) was also shown to restrict NLRP3-related secretion of IL-13
in adult mice microglia following LPS and ATP treatment [60]. This THIK-1 dependent
secretion was age dependent with C101248, having no effect in neonatal mouse microglia.
There is also evidence for K* independent THIK-1 activation of NLPR3 and a suggestion
that selective targeting of THIK-1 could be a human microglia specific strategy for restoring
a physiological inflammation status [60,61].

2.1.3. Microglial Calcium-Activated Potassium Channels in Inflammation

Kca3.1 is a small- and intermediate-conductance Ca?*-activated K* channel, and has
been proposed to regulate a host of microglial inflammatory responses. Studies indicate the
importance of KCa3.1 channel in cell migration and Ca?* regulation in rat microglia [62,63].
These are important cellular events/responses in microglia to suppress inflammation. Also,
Kaushal et al. showed that a selective blocker of Kca3.1, TRAM-34, was used for blocking
Kca3.1 in LPS-stimulated rodent microglia and caused a significant decrease in the inflam-
matory response, identified by inducible nitric oxide synthase (iNOS) induction and NO
release. Furthermore, Kca3.1 blocking suppressed phosphorylation of mitogen-activated
protein kinase (p38MAPK) in microglia, without influencing NF,p, which indicates a
divergence in the inflammatory response based on the potassium channels (Kv1.3 vs.
Kca3.1) [64]. This attenuation of proinflammatory signalling led to a reduction in retinal
ganglion cytotoxicity [63]. Furthermore, Kca3.1 mRNA and protein expression has been
reported to increase following LPS stimulation in primary murine microglia [65]. Another
study indicated that a cytokine, IL4, that is an important modulator of inflammation can
induce gene expression of KCNN4, which encodes for the Kca3.1 protein, and lead to an
enhancement of the Kca3.1 current in rat microglia [62].

2.1.4. Microglial Inward Rectifying Potassium Channels in Inflammation

Potassium inward rectifying K* channels (Kir) have a critical role to play in microglial
physiology. For instance, Kir2.1 channel regulates depolarisation of microglia membranes
and is responsible for Ca?* signalling through Ca?* store loading via inward rectifying
Ca?*-release-activated-Ca®*-channels, Ca?* permeable cation channels [29,66].

As we discussed above in the section about Kv1.3 channel, Maezawa et al. (2018) also
demonstrated Kir2.1 channel activity in microglia in different age group 5xFAD mice [30].
Kir2.1 exhibited a consistently high current density (pA/pF) at 4, 6, and 10 months of
age, similar to what was observed in Af3 oligomer-treated primary microglia isolated from
newborn mice. Kir2.1 was also suggested to be one promising target for neurotrophic
pain by regulating microglial proliferation and morphology [67]. Additionally, the ATP-
sensitive K+ channel Kir6.1 is also known to be highly expressed in the anti-inflammatory
phenotype of BV-2 cells and involved in altering microglial inflammatory phenotypes in
two mouse models of PD [68]. Here, genetic deficiency of Kir6.1 (Kir6.1 */~) led to an
increase in neuronal loss in the MTPT model of PD. This neuronal loss was attributed
to microglia-mediated increases in TNF-«, IL-1B, and iNOS. This indicates that targeting
of Kir6.1 channels can modulate the secretion and/or the production of a panel of proin-
flammatory mediators [69]. However, a disease-specific approach may be required with
evidence of Kir6.1 plasticity. In a cellular model of diabetes, pinacidil, a Kir6.1 opener led to
increased levels of Kir6.1 protein and attenuated the offset of the observed diabetes-induced
inflammatory responses [70]. Therefore, currently it is unclear if inhibition or activation
of Kir6.1 would be a beneficial approach to tackling inflammation, or a disease-specific
approach may be required.
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From a therapeutic perspective, SB216763 is a selective inhibitor of glycogen synthase
kinase 3 beta (GSK-33), a key enzyme involved in multiple cellular pathways, including
cell proliferation, differentiation, and apoptosis [71]. Recent studies have indicated its
therapeutic potential in cardiac contexts, particularly for enhancing the expression of
Kir2.1, known for maintaining resting membrane potential and cellular excitability in
cardiomyocytes [72-74]. In myocardial infarction models, SB216763’s upregulation of Kir2.1
has been associated with improved cellular survival and functional recovery of cardiac
tissue, suggesting a promising role for GSK-3f inhibition in heart disease management [75].
Additionally, amlodipine, a widely used antihypertensive agent, has shown efficacy in
restoring Kir2.1 channel function, an effect that may extend beyond cardiovascular health.
Specifically, research indicates that amlodipine’s modulation of Kir2.1 could be beneficial in
treating neurovascular disorders, such as vascular dementia, where dysregulated potassium
channel function contributes to disease pathology [76]. Together, these findings support
the potential of targeting Kir2.1 channels through distinct mechanisms—as with SB216763
in myocardial contexts and amlodipine in neurovascular disease—highlighting novel
therapeutic avenues for conditions involving Kir2.1 dysregulation. The impact of these
drugs on the immune system has not been fully resolved and needs to be addressed ahead
of any adoption for therapeutic purposes with a primary inflammatory component.

2.1.5. Microglial ATP-Gated Cation Channels in Inflammation

Many channel families and receptors are revealed to have a part regulatory effect
on microglial functions. Specific receptors that are stimulated by their agonists like ATP
also play a critical role in K* homeostasis in microglia during inflammation. For instance,
purinergic receptors (e.g., P2X4, P2X7) can regulate K* efflux, while in the meantime can
also induce Ca?* flux [77,78].

Given there is the fact of the importance of NLRP3 inflammasomes in inflammation,
P2X7 and P2X4 were demonstrated to be a critical mediator of NLRP3 inflammasome
activation [79-82]. Accumulated research has also suggested this critical role in microglial
inflammation. The addition of cuprizone to mouse diet for 3 and 6 weeks was shown to
cause overexpression in protein and mRNA expression of P2X7 receptors and stimulate
the proinflammatory response of microglia/macrophage [83]. Moreover, they showed an
increase in gene expression of NLRP3 inflammasome-related compounds following cupri-
zone exposure (NLRP3, ASC, IL1b), but not active caspasel and IL18 expressions. P2X4
receptors and NLRP3 inflammasomes in traumatic brain injury (TBI) and perioperative
neurocognitive disorder (PND) models were shown to have increase protein expression in
microglia [84,85]. Furthermore, inhibition of the receptor (with 5-BDBD) reduced NLRP3
inflammasome activation and secretion of cytokines (IL-1§3, IL-6, and TNF-«) [84,85]. This
research demonstrates that P2X4 and P2X7 predominantly contribute to the inflammatory
response of microglia across various pathological conditions and can be critical targets to
regulate microglial inflammation.

2.1.6. Microglial Transporters in Inflammation

Ionic transporters such as K*-Cl~ co-transporter (KCC) or Na*-K*-Cl™ co-transporter
NKCCT1 are also prominent contributors to microglial K* homeostasis and physiology [86,87].
Recent studies have demonstrated that NKCC1 influences microglial responses to inflamma-
tion [88,89]. Toth et al. revealed that microglial NKCC1 deletion and intracortical inhibition
via NKCC1 selective inhibitor bumetanide increased IL-1p release. On the other hand,
they also showed a reduction in IL-1{ release via systemic bumetanide administration in
mice [65]. Tessier et al. recently demonstrated that bumetanide treatment induces IL-6
release in microglia of mice [89]. There are several ongoing clinical trials of bumetanide in
neurodevelopmental disorders, such as autism spectrum disorder (ASD) [90]. Bumetanide
is shown to inhibit excitatory actions of GABAergic neurotransmitter via blocking CI~
transport in ASD brains [91]. Preclinical research using an APOE4 model of AD shows that
bumetanide is a promising therapeutic agent for neurodegenerative diseases [92,93].
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Microglia K* homeostasis is critical to regulating the dynamic responses of these
cells to a wide range of inflammatory stimuli. The impact of dysfunction of microglia K*
homeostasis is evident in a host of neurological diseases. Furthermore, there is an array of
molecular targets that influence K* flux that have been implicated as potential therapeutic
targets to attenuate microglia driven inflammation (see Figure 3).

P2X4,

THIK1 Kca3.1 Kir2.1 Kir6.1 NKCC1 P2X7 /

Ca?*

Figure 3. A schematic representation of the microglia molecular targets that have been linked to
inflammation. The strongest evidence presented relates to the Kv1 subtypes that are described within
the text. The Kir subtypes are linked through preclinical datasets and may contribute to a change in
the inflammatory status of the CNS through development stages. Limited evidence is presented for
the THIK-1 channel and NKCCI1. This figure was created in Biorender.

2.2. Neurons

Recent studies demonstrated that neurons are also capable of mounting inflammatory
response and induce NLRP1, NLRP3, and AIM?2 inflammasomes in neurodevelopment and
neurodegenerative diseases [94-99]. However, the interplay between neuronal K* home-
ostasis and brain inflammation remains to be resolved. Several studies have implicated
that neuronal potassium channels are regulated by mediators of inflammation. Here, we
will discuss how neuronal potassium channels respond to inflammatory conditions.

Neuronal K* homeostasis is regulated by a variety of channel families, and diversity
within these families supports a large compendium of molecular targets that inflammation
could modulate [100-103]. These homeostatic proteins play a pivotal role in neuronal
physiology, however their impact on inflammation is less well defined. It is evident from
in vivo and in vitro studies that LPS-induced inflammation leads to elevated neuronal
excitability [104,105]. For instance, modulation of K* permeant channels via neuronal
Kv7/M channels was demonstrated to regulate neuronal communication through the
application of LPS [106].

TWIK-related acid-sensitive K* (TASK) channels are members of the two-pore domain
potassium (K2P) channel family which are sensitive to acidosis, which is known to be a
marker of inflammation [107]. Two TASK channel subtypes, named TASK-1 and TASK-3,
have been implicated in both human and mouse models of inflammation [108]. TASK-1
and TASK-3 protein and mRNA expressions were reduced following inflammatory stimu-
lation in experimental autoimmune encephalomyelitis (EAE) rats [81]. They also showed
downregulation of TASK-1 and TASK-3 protein expression in human multiple sclerosis
(MS) patients. TASK-3 channel activation was also demonstrated to have a mitigating effect
on pain in acute and chronic pain models in mice [109]. Inflammation is also known to be a
part of acute and chronic pain. Research has indicated changes in neuronal potassium cur-
rent in different neuron types during acute and chronic inflammation-related pain [110,111],
and a reduction in pain threshold and increase in activity of nociceptive neurons [111].

As we discussed earlier, pannexin 1 (Panx1) and P2X7 were known to have a promi-
nent role in inflammation, particularly NLRP3 inflammasome activation [112-114]. These
channels are also shown to be expressed by neurons. Silvermann et al. (2019) showed
Panx1 channels and an ATP-gated cation channel type P2X7 receptor’s involvement in the
inflammatory response in rat cortical neurons [115]. According to the results, exposure
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to high extracellular potassium concentration caused NLRP1 inflammasome activation,
caspase 1 activation, and IL-1 secretion in rat cortical neurons via Panx1 through P2X7
and pharmacological inhibition of Panx1-attenuated IL-1f3 release. These results suggest
that neuronal inflammatory response is associated with Panx1-P2X7 complexes.

Growing evidence suggests that K* sensitive molecular targets can contribute to
inflammatory signalling in the brain (see Figure 4). It remains to be seen that the targeting
of these proteins may provide relief to ongoing inflammation or prevent inflammation from
becoming detrimental to brain physiology.
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Figure 4. A schematic representation of the neuronal molecular targets that have been linked to

inflammation. This figure was created in Biorender.

2.3. Astrocytes

Astrocytes play key roles in synaptic homeostasis, neuronal health, blood—-brain barrier
integrity and immune response [116]. Research into their role in inflammation has high-
lighted their potent functionality of releasing inflammatory cytokines/chemokines in the
inflammatory status of the CNS [117]. Extensive research underscores the significant role
of astrocytes in inflammasome-related inflammation [118,119]. Activation of the NLRP3
inflammasome in astrocytes has been documented across various disease conditions, includ-
ing human post-mortem tissue from amyotrophic lateral sclerosis (ALS) patients, as well as
in the superoxide dismutase 1 (SOD1) mutant mouse model [120]. Additionally, NLRP3
activation in astrocytes has been observed in brain metastatic tumours [121], ischemia [122],
and in primary mouse astrocytes following exposure to inflammatory stimuli such as
lipopolysaccharide (LPS) and adenosine triphosphate (ATP) [123]. Astrocytes also express
other types of inflammasomes, including NLRP2 [124], NLRP6 [125], NLRC4 [126,127],
and AIM2 [128] across diverse pathophysiological conditions such as multiple sclerosis,
traumatic brain injury, and depression. However, the role of potassium (K*) in astrocytic
inflammasome activation remains inadequately characterised. While several studies have
examined the impact of astrocytic K* buffering on modulating astrocyte phenotype in re-
sponse to inflammatory stimuli, more research is needed to clarify the specific mechanisms
by which K* may influence inflammasome activation in astrocytes. This section discusses
the role of these potassium channels in neuroinflammation, emphasising their potential
implications in astrocytic function and pathology.

2.3.1. Astrocytic Voltage-Gated Potassium Channels in Inflammation

Voltage-gated potassium (Kv) channel family members Kv1.1 and Kv1.3, previously
identified in microglia and modulated by LPS stimulation (see above), have also been
detected in astrocytes. The expression patterns of these voltage-gated potassium channels
are region specific and dependent on the preparation use to examine astrocyte protein
expression [129]. Studies using an astroglia cell line indicated that both Kv1.1 and Kv1.3
protein expression patterns are sensitive to LPS exposure, but the semi-quantification data
are open to alternative interpretations [129]. Therefore, robust data are not available to
support LPS modulation of the channels in astrocyte subpopulations; this may highlight cell
specific differences in the modulation of Kv channels via LPS. Presence of the Kv1.3 channel
in astrocytes has been implicated in disease progression in EAE rats. In contrast to microglia
Kv1.3 protein expression, GFAP positive astrocytic protein expression developed only at
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the peak of clinical presentation in the animals. Furthermore, pharmacological blockade of
Kv1.3 in an astrocyte cell line revealed a central role in regulating the gene expression of
the proinflammatory markers TNF-« and CCL2 [130]. These studies indicate that alongside
microglia Kv1.3, regulation of the astrocyte isoform may also open therapeutic options to
suppress a proinflammatory surge.

2.3.2. Astrocytic Inward Rectifying Potassium Channels in Inflammation

Kir4.1, the inward rectifying K* channel, is predominantly expressed in astrocytes
and has been implicated in a range of pathologies linked to changes in inflammatory
status [131,132]. Human evidence implicates the channel in multiple sclerosis progression,
with autoantibodies against Kir4.1 detected in sera of a subpopulation of individuals living
with MS [133]. The relative contribution of this channel to the human condition needs
further evaluation, but preclinical research to date has furthered our understanding of the
interplay between inflammatory mediators and the Kir4.1 channel.

Studies looking at epilepsy have reported that post induction of status epilepticus in
rodents Kir4.1 channel mRNA expression is decreased compared to controls (at 24 h post
induction), but these levels are restored to baseline after 1 week. Interestingly, these changes
in Kir4.1 expression were aligned to changes in IL-13 mRNA, where an increase in IL-1f3
corresponded with a decrease in Kir4.1 mRNA and protein expressions [131]. Another
study indicated that Kir4.1 channel expression changes can regulate inflammatory response
of astrocytes via NLRP3 inflammasome activation. LPS administration induced an increase
in hippocampal levels of Kir4.1 protein 2 h after administration and this was maintained un-
til the end point of analysis (24 h after LPS injection). shRNA directed knockdown of Kir4.1
expression levels suppressed LPS-induced NLRP3 inflammasome activation, indicating
a role for astrocytic Kir4.1 in orchestrating NLPR3 responsiveness to LPS [132]. Preclin-
ical research demonstrated that in Kir4.1 channel targeting via Kir4.1 selective blocker
fluoxetine, that is also known as an antidepressant, and Kir4.1 knockdown in astrocytes,
result in an increase in mRNA and protein expression of brain-derived neurotrophic factor
(BDNF) [134]. In previous research on antidepressant agents, fluoxetine [135] and the
tricyclic antidepressant (TCA) nortriptyline have been identified as blockers of Kir4.1 chan-
nel [136] in epilepsy and depression [137-139], indicating that Kir4.1 channel is a potent
target for therapeutic interventions of CNS diseases, particularly depression.

Another member of the K* inward rectifier family, Kir6.1, has also been reported
to mediate inflammatory responses in a disease setting. In murine astrocytes from an
animal model of Parkinson’s disease, the Kir6.1 channel has been linked to a critical role
in initiating proinflammatory signalling that influences neuronal health [133]. Knock out
of the Kir6.1 channel in astrocytes led to activation of caspase 1 and proinflammatory
cytokines TNF-oc and IL-1f3 release, and resulted in degeneration of dopaminergic neurons
in a PD mouse model [133].

ATP-sensitive potassium (K-ATP) channel subunit Kir6.1 was also suggested to have
a critical role regarding its subcellular localisation of the channel in mitochondria and
endoplasmic reticulum membrane and Ca?* influx [140]. In a stroke model, Kir6.1 knock
out mice were shown to induce inflammatory response (TNF-o and IL-1f3 secretion) and
endoplasmic reticulum stress [141]. Dong et al. (2016) investigated that oxygen—glucose
deprivation (OGD) can cause endoplasmic stress (ER) and inflammation in astrocytes [142].
They showed that an ATP sensitive potassium channel opener nicorandil can mitigate the
detrimental effects of OGD in astrocytes, such as reducing TNF-oc and IL-1(3 release [142].

2.3.3. Astrocytic Calcium-Activated Potassium Channels in Inflammation

Kca3.1 was shown to have critical role in astrogliosis in AD and stroke models and is
another important player in the inflammatory response of astrocytes. Bouhy et al. (2011)
showed that Kca3.1 channels can increase TNF-« and IL-1( release in active astrocytes,
and selectively blocking the channel can reduce inflammation in mice following spinal
brain injury [65]. LPS stimulation to astrocytes was also shown to trigger NF,p signalling
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linked to astrogliosis-mediated neuroinflammation in primary astrocyte cell cultures [143].
They also showed that Kca3.1 channel can regulate neuronal loss and memory deficits in a
mouse model of neuroinflammation following LPS stimulation [143].

2.3.4. Other Astrocyte K* Homeostatic Molecular Targets

Only one channel within this family has been identified by Cong et al. (2023), who
demonstrated that blocking of the TWIK-related potassium channel 1 (TREK1 channel) can
suppress activation of reactive astrocytes via NFp signalling that is a prominent pathway
for expression of many inflammatory genes, such as IL-1f3, IL-18, caspasel [144].

Silverman and his colleagues (2009) suggested that astrocyte-related inflammasome
activation is triggered via low K* concentration regulated by pannexin 1 channels [115].
They showed that pharmacological inhibition of pannexin 1 is related to suppression of
inflammasome activation and blocking the channel reduced caspase 1 recruitment.

Astrocyte control of brain K* homeostasis is cited as a key function, and there is a
repertoire of molecular targets to support efficient K* flux (see Figure 5). As a consequence,
they are uniquely placed to modulate K* levels in response to inflammatory stimuli; this
seems parallel with microglia actions to some extent. There are still unknown mechanisms
by which K* channels can modulate disease-specific responses in astrocytes, which will
open up novel avenues for drug discovery programmes.
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Figure 5. A schematic representation of the astrocytic molecular targets that have been linked to
inflammation. This figure was created in Biorender.

2.4. Oligodendrocytes

Oligodendrocytes (OLs) have been shown to contribute to inflammation and tissue
homeostasis [145,146], particularly in MS which is associated with progressive inflam-
matory demyelination. Mature OLs have also been demonstrated to be implicated in
AD pathology; NLRP3 inflammasome activation in OLs is shown to be associated with
metabolic stress in AD mice, and modulating NLRP3 inflammasome activation can alleviate
axonal degeneration and demyelination [147].

Although we have a limited amount of knowledge about the inflammatory response of
OLs, there is not enough data investigating the relation between the inflammatory response
of OLs and potassium channels of oligodendrocytes. However, recently, exposure of OLs
to inflammation has been investigated, and existing data suggest that OLs are strongly
responsive to neuroinflammation.

As we discussed previously, there is an increase in Kv1.1 and Kv1.3 channel protein
expression in astrocytes after LPS stimulation; the same study showed that oligodendro-
cytes also increase in Kv1.1 and Kv1.3 expression in cuprizone conditions in mice [148].
Cuprizone is a copper chelator agent that was previously shown to cause OLs loss and
demyelination [149]. Other study indicated that OLs are affected by neuroinflammation
heavily in rats in cuprizone conditions [150]. These data suggest that Kv channels are
sensitive to inflammation in oligodendrocytes.

Kir4.1 channels in oligodendrocytes have been previously investigated in inflamma-
tory demyelination research. Kir4.1 channel expression is shown to be downregulated
in human MS patients and mice with EAE [151]. BK channel activity in OLs was also
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discussed to be a promising therapeutic target by reducing the excitotoxic effect on oligo-
dendrocytes [152].

A comprehensive picture of oligodendrocytes contribution to K* homeostasis is emerging
and so too is there a contribution to inflammatory signalling. A range of molecular targets
have been proposed to influence inflammatory biomarkers (see Figure 6), but further research
is required to provide more robust data in this emergent area of inflammatory research.

e
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Figure 6. A schematic representation of the oligodendrocytic molecular targets that have been linked
to inflammation. This figure was created in Biorender.

3. Conclusions and Prospects

In conclusion, cell-specific changes in the CNS are widely reported in models of disease
with a known inflammatory component. This review has focussed on not only cell specific
changes, but examined the cell specific changes critical for K* homeostasis. Glia cells are
predominantly involved here, but neurons are also linked via know molecular targets. There
are common targets across all cell types, namely the Kv1 subfamily, and there is extensive
research looking at targeting channels from this family to offset inflammation in both central
and peripheral conditions. Therefore, it is likely that drug molecules will progress into clinical
trials in the near future; what remains to be resolved is the temporal profile of the modulation
of K* homeostasis and its contribution to a long-term therapeutic strategy.
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