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Abstract Hvl is the only voltage-gated proton-selective
channel in mammalian cells. It contains a conserved volt-
age-sensor domain, shared by a large class of voltage-gated
ion channels, but lacks a pore domain. Its primary role is
to extrude protons from the cytoplasm upon pH reduction
and membrane depolarization. The best-known function of
Hv1 is the regulation of cytosolic pH and the nicotinamide
adenine dinucleotide phosphate oxidase-dependent produc-
tion of reactive oxygen species. Accumulating evidence
indicates that Hv1 is expressed in nervous systems, in addi-
tion to immune cells and others. Here, we summarize the
molecular properties, distribution, and physiological func-
tions of Hv1 in the peripheral and central nervous systems.
We describe the recently discovered functions of Hv1 in
various neurological diseases, including brain or spinal cord
injury, ischemic stroke, demyelinating diseases, and pain.
We also summarize the current advances in the discovery
and application of Hv1-targeted small molecules in neuro-
logical diseases. Finally, we discuss the current limitations
of our understanding of Hv1l and suggest future research
directions.
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Introduction

Ion channels play critical roles in controlling and shaping
the physiological functions of neurons and glial cells in the
nervous system [1, 2]. Dysfunctional ion channels have
been implicated in several neurological diseases [3—8]. The
voltage-gated proton channel, Hvl, is an ion channel with
high selectivity for H. Findings in the early 1980s in snail
neurons described a voltage-gated proton current for the first
time [9]. However, the identity of Hv1, encoded by the gene
HVCNI, was not determined until 2006; it was identified via
a bioinformatics approach, based on known voltage-sensing
domains and cation channels from the human and mouse
genomes [10, 11]. Regarding the nomenclature “Hv1”: H
represents transported H*, V represents voltage gating, and
isoform number 1 indicates a unique isoform. In addition,
the prefix denotes the species, such as “mHv1” stands for the
Hv1 channel of the mouse, and “hHv1” indicates the channel
in humans. The gene encoding Hvl1 is called HVCNI (hydro-
gen voltage-gated channel 1) [12]. Soon after the identi-
fication of the Hv1 channel gene, HVCNI knockout mice
(Hvenl ~ 7) were generated [13, 14]. Since then, research on
Hv1 channel function in vivo has accelerated.

The production of reactive oxygen species (ROS) and tis-
sue acidosis can damage glia and neurons, contributing to
the pathophysiology of neuroinflammatory disorders [15,
16], while Hv1 has been reported to play a critical role in
regulating nicotinamide adenine dinucleotide phosphate
(NADPH) oxidase (NOX) activity and pH in phagocytes
[14]. Therefore, in this regard, there is a mounting focus on
the potential role of Hvl in nervous system-related disor-
ders. Early research showed that Hv1 is selectively expressed
and functions in CNS-resident microglia in the mammalian
nervous system [17], and that microglial Hv1 is critical for
NOX-dependent ROS production and enhances the CNS
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damage caused by ischemic stroke [17-20], traumatic brain
injury [21], spinal cord injury [22-24], and demyelinating
lesions [25-27]. Moreover, Hv1 has been identified as con-
tributing to the pathogenesis of neuropathic pain by regulat-
ing ROS production of microglia and microglia-astrocyte
communication [28]. Recently, Hvl was determined to be
expressed not only in the microglia but also in the sensory
neurons of the dorsal root ganglion (DRG) of the mamma-
lian nervous system including mice and humans [29, 30].
In parallel, a selective Hv1 inhibitor, YHV98-4, which is
suitable for in vivo use, has been identified using a structure-
based approach, exhibiting an analgesic effect in several ani-
mals models of pain, including neuropathic pain, inflamma-
tory pain, and opioid-induced hyperalgesia [30].

In this review, we summarize the molecular properties
of the voltage-gated proton channel Hvl, and its distribu-
tion and functional expression in the central and peripheral
nervous systems, particularly the latest research progress
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Fig. 1 Schematic structure of the classical voltage-gated ion channel
and voltage-gated H' channel. A Classical voltage-gated ion channels
are composed of a tetrameric structure including four subunits (such
as Kv, Na*, and Ca>"), where the ion pathway is located at the center
axis. Each subunit consists of six transmembrane domains (S1-
S6). The S1-S4 segments harbor the voltage sensor domain (VSD),
where the gating charges are located. The S5-S6 segments form the
pore domain (PD) and the ion-selectivity filter structure. B The Hv1
channel is a homodimer involving two subunits. Each subunit corre-
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on Hvl in various diseases of the nervous system. We also
summarize the current progress in small molecule discov-
ery targeting Hv1 and their applications in various diseases.
Moreover, we discuss the current limitations of Hv1 research
and suggest directions for future research on Hvl1 in the
nervous system.

Properties of the Voltage-Gated Proton Channel
Hvl

Structure and Physiological Function of Hvl

Hvl1 belongs to a family of voltage-gated ion channels, its
structure is highly conserved among mammalian cells [31,
32], and it has some exceptional characteristics that distin-
guish it from the classic voltage-gated ion channels (Fig. 1).
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sponds to an isolated VSD with an intrinsic conduction pathway serv-
ing as the PD, lacking the S5-S6 domain. T29: phosphorylation site,
enhancement of gating, T29A is the mutation of T29 with the loss of
phosphorylation function [45]; M91T: mutation site, reduced pH sen-
sitivity [44]; D112: the functional site of the selectivity filter for H*
[37]; R205, R208, R211: the functional sites of voltage sensors [38].
On the left are the schematic topologies of the channels, and on the
right are the schematic quaternary structures of the channels.
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Being structurally unique, the Hv1 channel lacks the typi-
cal pore domains (PDs) of ordinary ion channels [10, 11].
The classic voltage-gated ion channels typically comprise
six transmembrane (TM) segments, where the TM segments
S1-S4 comprise the voltage-sensing domain (VSD) that is
critical for sensing changes in the cell membrane potential.
Within the S4 domain there are a series of positively-charged
residues that are responsible for voltage sensing, while the
TM segments S5-S6 form the ionically conductive PD
responsible for selective ion permeation, and the electrical
energy generated by the displacement of these S4 residues
during voltage activation is then transduced to the S5-S6
PD, leading to channel opening [33] (Fig. 1A). Remarkably,
the Hv1 channel only has S1-S4, which serve as both VSD
and PD, and the channel is assembled as a homodimer, with
each subunit containing its conduction pathway [34, 35].
The channel is therefore able to function without the typical
center-of-the-tetramer S5-S6 PD structure as found in other
classic voltage-gated ion channels. (Fig. 1B).

From a functional standpoint, Hv1l channels are exclu-
sively selective for H', a feature that is almost absent in
other ion channels [36]. This remarkably high selectivity
is determined by Asp112 (labeled D112 in Fig. 1B), where
neutralization of this acidic residue converts Hv1 into an
anion channel [37]. This configuration enables the Hvl
channel to efficiently transport H*. In addition, the gating
function of Hv1 is exceptional, as it senses both the pH gra-
dient and the TM voltage. Thus, a depolarizing voltage, an
acidic pH in the intracellular environment, and an alkaline
pH outside the cell favor the activation of Hvl. The Hvl S4
TM segment is voltage-dependent due to three charged Arg
residues (labeled R205, R208, and R211 in Fig. 1B), which
are analogous to the VSD of K* channels [38]. The rela-
tive H* concentrations on each side of the membrane result
in a pH gradient, which establishes the voltage range over
which Hv1 channels open. This regulation by the pH gradi-
ent under normal conditions results in Hv1 channels open-
ing only when doing so will produce an outward current.
“Countercharge” and “electrostatic” mechanisms have been
proposed to explain the production of ApH-dependent gat-
ing [39], while pH sensing does not yet have a well-defined
structural basis. Hv1 has also been found to be sensitive to
temperature [40, 41], showing temperature-dependent acti-
vation and its temperature-dependence is far greater than
that of almost any other channel [42, 43], which indicates the
requirement for temperature control in electrophysiology-
related experiments in Hv1 channel research.

A methionine-to-threonine mutation of Hv1 at site 91
(labeled M91T in Fig. 1B) produces a channel that requires
an additional 0.5 pH units of pH difference between the
intracellular and extracellular domains than wild-type (WT)
Hv1 in epithelial cells. This reduced pH sensitivity provides
both functional and molecular evidence for the mediation

of pH-regulated acid secretion in the airway epithelium by
Hv1 [44]. Furthermore, it has been found that the activation
of phagocytes by phorbol esters strikingly affects the gat-
ing properties of the Hv1 channel, by shifting the current-
voltage relationship in a positive direction. This is mediated
by phosphorylation of the Hvl protein at the Thr29 site,
as Thr29Ala or Thr29Asp substitutions (labeled T29A in
Fig. 1B) completely abolish this activation promoting effect
[45]. This provides insights that the regulation of Hv1 acti-
vation might be achieved through regulating the activity of
protein kinase C (PKC), which can phosphorylate the Thr29
site of the Hv1 channel. Exploration of the potential regu-
lation of Hv1 by other kinases, such as PKA, MAPK, and
CaMKI], is an important research direction for the field.

Cellular Mechanisms and Regulation of Hvl Activation

NOX activity and the pH difference between the intracellular
and extracellular regions are crucial stimuli for regulating
the activation of the Hv1 channel.

The Hvi Channel Mediates the NOX-dependent ROS
Signaling Pathway

NOX enzymes consist of seven members, NOX1-NOXS and
DUOX1-2, that produce ROS, including superoxide O, and
hydrogen peroxide H,0,, using O, and NADPH as substrates
[46]. These enzymes are widely expressed in a variety of
species and tissues, with different functions depending on
location and expression. In addition to contributing to the
progress of many oxidative stress-induced diseases, ROS
produced by NOX enzymes is involved in host defense and
redox-dependent signaling [46]. NOX2 is so far the most
well-characterized member of the NOX family, and a high
level of expression has been detected in neutrophils, which
are involved in the respiratory bursts that are required for
phagocytosis [47].

To date, the most studied function of Hv1 is to regulate
NOX2 activity in phagocytes [48]. During the respiratory
burst catalyzed by NOX2, NADPH provides two electrons
that are transferred across the plasma membrane, binding the
0O, molecule outside of the cell, leading to the production
of ROS and membrane depolarization; at the same time, it
generates two H* in the cytoplasm, resulting in acidifica-
tion of the cytosol (Fig. 2). Depending on the amount of
ROS produced by phagocytes, NOX activity can cause a
large enhancement of cytoplasmic acid production [49, 50].
However, the intracellular pH is not reduced and can even
be up-regulated during NOX activation [50-52], reminding
that this cytoplasmic acidification can be remedied by proton
extrusion mechanisms, and Hv1 channels may be involved in
NOX?2 activation. Furthermore, Morgan et al. demonstrated
that NOX activity in neutrophils can cause cytoplasmic pH
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Fig.2 Scheme of the cooperation between the NADPH oxidase
complex (NOX) and the Hv1 channel. The NOX produces the radi-
cal superoxide anion O, by using NADPH as an electron donor and
molecular oxygen as an electron acceptor. The activity of the NOX
results in an accumulation of protons, H*, in the cytosol and depolar-
izes the membrane. Hv1 extrudes these H* to maintain intracellular
physiological pH and repolarize the membrane. H* extruded by Hvl
is used in the reactions of converting the highly unstable reactive oxy-
gen species (ROS, O,) to more stable ROS such as hydrogen perox-
ide (H,0,). NADPH oxidases, especially NOX2, are well-recognized
sources contributing to cytosolic acidification. Nevertheless, other
sources, such as the non-oxidative breakdown of glucose in cancer
cells, might also contribute to the production of intracellular protons.

to drop by 1 unit or more when Hv1 is blocked or genetically
knocked out [53], providing evidence for the involvement
of Hvl channels in NOX2 activation. In contrast to elec-
troneutral exchangers such as Na*-H* exchangers, Hv1 has
the advantage that its electrogenic H* extrusion prevents the
massive depolarization that would otherwise result from the
electrogenic electron transport mediated by NOX activity.
In neutrophils, Henderson et al. reported that voltage-gated
H* channels have been implicated in pH homeostasis by
balancing the effects of acid production and depolarization
caused by NOX production in the phagocyte [54].

It has been noted that either membrane depolarization
or cytosolic acidification can inhibit the activity of NOX2,
while Hv1-mediated H" extrusion from the cytoplasm is able
to reverse it, which can maintain physiological membrane
potential and rebuild normal pH [55]. Blunted Hv1 activ-
ity would lead to the suppression of H extrusion capacity,
which could lead to intracellular acidosis. For instance, a
study has found that phorbol myristate acetate (PMA) treat-
ment of Hv1-deficient neutrophils results in a more acidic
cytoplasm than in comparable WT neutrophils [48]. It has
also been reported that Hv1-deficient eosinophils produce
significantly less ROS while undergoing significantly greater
cell death following PMA stimulation than WT eosinophils,
which suggests that intracellular acidosis during respiratory
bursts might be much more severe in this kind of cell [56].
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In B cells, the key to adaptive immunity, Hv1l modulates the
signal strength of the B cell antigen receptor (BCR) [57].
ROS production is reduced in Hv1-deficient B cells, lead-
ing to impaired BCR signaling through attenuated oxidation
of the protein Src homology region 2 domain-containing
phosphatase-1 (SHP-1). In Hv1-deficient mice, activation
of the spleen tyrosine kinase and the serine/threonine kinase
Akt signaling pathways is reduced, mitochondrial respira-
tion and glycolysis are impaired, and antibody responses
are diminished [57]. In T cells, it has been reported that the
deletion of Hv1 in Jurkat T cells induces acidification, which
promotes the death of apoptotic cells [58]. In addition, the
indirect function of Hv1 in myeloid-derived suppressor cells
(MDSCs) on T cells has also been revealed recently: Alvear
et al. showed that the activation of Hv1 channel in MDSCs
increase NOX2-dependent ROS generation, which would
react with the T cell receptor complex, resulting in the abol-
ishment of antigen presentation, and blocking the immune
system from eliminating tumor cells [59]. This study also
suggested that Hv1 inhibition facilitates the attack of tumor
cells by the immune system [59]. In microglia, the func-
tion of the Hv1 channel has mostly been reported to transfer
H™ to the extracellular space as charge compensation and
to regulate the generation of NOX2-dependent ROS [17].
Nevertheless, it has also been reported that a deficiency of
Hvl1 in primary cultured microglia enhances the extracel-
lular ROS signal [20, 60], as well as in Kupffer cells [61].
This is seemingly paradoxical, considering the numerous
pieces of evidence indicating that Hv1 boosts ROS genera-
tion. On the basis that the results are reliable, these results
emphasize that the complex regulations of Hv1l may depend
on the diverse physiological states of microglia. Further, the
functional link between NOX2 expression and Hv1 chan-
nel activity may apply to all NOX isoforms. In sperm cells,
the NOXS isoform has been found to be a major source of
ROS in human spermatozoa, and a role for the Hvl chan-
nel of mediating NOX5-dependent ROS generation in the
motility of human spermatozoa has also been suggested [62,
63]. Taken together, a large body of evidence shows that
the NOX-dependent ROS signaling pathway plays a critical
modulatory role in the activity of Hv1 channels.

PH Regulation

As a proton channel, Hv1 also functions independently of
NOX in many instances. A function of Hv1 is to regulate H*
homeostasis. In the spermatozoa of humans, Hv1 is reported
to be highly expressed in the flagellum. The activation of
Hvl1 leads to intracellular alkalization and the activation of
spermatozoa [64, 65]. The important functions of sperm,
such as motility, capacitation, the interaction between sperm
and zona pellucida, the acrosome reaction, and sperm-oocyte
fusion, are likely regulated by Hv1 [63-67].
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In the airway and pulmonary epithelial cells, Hv1 plays
a role in maintaining the physiological pH levels of the
environment in the airways and lungs [44, 68—72]. In osteo-
clast cells, Hv1 acidifies the extracellular environment and
breaks down mineralized bone by conducting outward H*
ions, which promotes bone resorption [73]. In basophils,
Hv1 activation by PMA or anti-IgE incites histamine release,
associated with the ability of Hvl to stabilize the intracel-
lular pH but is not linked to NOX2, since basophils do not
express the enzyme [74]. In mast cells, the same mechanism
is exhibited to control histamine release [75].

Apart from regulating cytosolic pH, Hv1 is also respon-
sible for the regulation of phagocytic vacuole pH in neutro-
phils. In Hv1-deficient neutrophils, the phagocytic vacuolar
pH is approximately two pH units greater than that pH in
WT neutrophils, which means the vacuolar cytoplasm is
much more alkalinized while the cell cytosol is excessively
acidified, showing that Hv1 also plays an important role in
H* conduction on the phagocytic vacuolar membrane within
neutrophils [76]. Furthermore, in plasmacytoid dendritic
cells (pDCs), Hv1 deficiency delays the acidification of pDC
endosomes, decreasing the secretion of type I interferon\s
(IFN-I), consequently limiting protease activity and toll-like
receptor 9 (TLRY) signaling [77], which reveals an impor-
tant function of Hv1 for innate immune responses. In cells of
the renal medullary thick ascending limb, Hv1 modulates the
ROS production of mitochondria through complex I rather
than through NOX. This provides a novel mechanism by
which Hv1 regulates ROS production [78]. Taken together,
the involvement of Hv1 in the regulation of ROS and H* in
mammalian cells is multifaceted, and the NOX-independent
role of Hv1 is fascinating and requires further investigation.

Expression and Function of Hv1 in the Nervous System

Opver the last decades, the Hv1 channel has been found with
high expression in immune cells including basophils [74],
eosinophils [56, 79], neutrophils [76, 80-82], B cells [57,
83], T cells [58, 59, 83], monocytes [84], macrophages [61,
85], mast cells [42], and dendritic cells [77, 86], demon-
strating that the functions of Hv1 are involved in various
immunologic processes. In the nervous system, studies on
Hv1 have mostly focused on mammalian microglia [8§7-89].
Until recently, a large amount of Hv1 expression in neurons
was identified in the DRG of the peripheral nervous sys-
tem (PNS) [30]. The nervous system primarily comprises
two cell types: neurons and glial cells. The CNS primarily
comprises three main types of glial cells: microglia, astro-
cytes, and oligodendrocyte lineage cells, whereas they are
mainly Schwann cells in the PNS [90, 91]. The expression
and function of Hvl in these cells of the nervous system
are illustrated in detail below. The expression and function
of the Hv1 channel in other non-nervous system cell types

across multiple species have been systematically reviewed
in previous studies [55, 87].

Hvl in Glia

Microglia are the resident macrophage-like immune cells of
the CNS, where they play a critical role in host defense and
tissue repair [92]. In the past two decades, a large number
of Hvl studies in the CNS have predominantly focused on
microglia [24, 87-89]. The expressions of Hv1 in microglia
in rodents, and microglia collected from human brain tissue
have been identified by electrophysiology, qPCR, western
blot, and immunohistochemistry [17, 22, 24, 93]. Also, it has
been reported that there are species differences in the level
of Hv1 expression in microglia [17, 87]. Wu et al. found that
Hv1 currents are much larger in mice than in rats by whole-
cell recording in microglia from the hippocampus, and
showed that the H" current in the rat is only 8% of that in
mice [17]. They also recorded appreciable Hv1 protein and
Hvl1 currents from cultured human microglia, while it was
pointed out that whether human microglia in situ have large
Hv1 currents is unknown. Furthermore, Wu et al. found that
activating Hv1 leads to NOX-dependent ROS production in
brain microglia. ROS production is significantly attenuated
in Hv1-deficient mice, and mice lacking Hv1 are protected
from NOX-mediated neuronal death and brain damage 24
h after stroke, as a result of reducing the amount of ROS
from the activated microglia [17]. Paradoxically, Kawai et al.
demonstrated that ROS production is drastically enhanced in
isolated Hv1-deficient microglia compared with WT micro-
glia in primary culture, and postulated that this is a result of
the alteration of actin dynamics and the change of intracel-
lular distribution of cytosolic NADPH oxidase subunit p67
in Hvenl™ microglia, although the underlying mechanisms
are still not fully understood [20]. Therefore, it seems that
the regulation of ROS by microglial Hv1 is complex, and
may be determined by the physiological states of microglia
since microglia are widely known to undergo complicated
and multifaceted physiological states dependent on the CNS
environment [94]. Kawai et al. also showed that the regula-
tion of microglial ROS production by Hv1 is age-dependent,
and that oxidative stress-responsive gene expression is dra-
matically altered with aging in Hv1- deficient mouse brains
[60]. The age-dependent Hv1 function in microglia has also
been reported by Zhang et al., who found that aged (18
months old) mice have upregulated Hvl and NOX expres-
sion compared with that in adult (2-3 months old) mice,
and that the percentage of pro-inflammatory M1 microglia
co-labeling with Hv1 is higher in aged mice after tibial frac-
ture surgery, indicating that aging alters the Hv1l-mediated
microglial polarization. This means that Hv1 upregulation in
the aged brain might shift the dynamic equilibrium of micro-
glial activation toward pro-inflammatory M1 polarization
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[95]. Considering the important role of microglia in nervous
system development and maintenance [96, 97], Wu et al.
reported a close interaction between microglia and neurons
in vivo or in situ [98], and they suggested that microglial Hv1
function may be mediated by the activation of neuronal TRP
channels [99] and acid-sensing ion channels (ASICs) [100]
in the mouse brain. The microglia-derived protons can target
neuronal ASICs and the microglia-derived ROS can target
neuronal TRP channels, revealing that protons and ROS pro-
duced by Hvl may play a pivotal role in microglia-neuron
communication [98]. As for the acid-regulatory capacity of
microglia, Ritzel et al. reported that microglia lacking Hv1
show a reduced ability to extrude protons and that Hv1-
deficient mice exhibit reduced pathological acidosis after
traumatic brain injury (TBI), suggesting that microglial Hv1
channels have an important role of exacerbating pathologi-
cal acidosis within the injury microenvironment following
head injury [21]. Hv1 also plays a role in regulating micro-
glial migratory ability. Wang et al. found that blockade of
Hv1 with an anti-Hv1 antibody in vivo promotes microglial
migration in the brain, while increased migration is also
detected in microglia with Hv1 genetic deletion in vitro
[101]. However, previous studies have shown that microglial
Hv1 is not involved in ATP-induced process chemotaxis [17,
102]. This discrepancy in Hv1 in regulating cell migration
remains unclear and requires further clarification [101]. A
large proportion of experimental data in the literature was
collected by using Hvl staining, while it should be kept in
mind that the Hv1 staining using certain antibodies appears
to be non-specific or due to channel bleed-through for the
lack of specific a Hv1 antibody for immunostaining. There-
fore, some negative controls should be applied, such as using
Hv1-deficient mice or cell types with no Hv1 expression; or
using multiple methods such as electrophysiology or qRT-
PCR to verify expression and function.

In the CNS, astrocytes play important immune-inflamma-
tory roles and support the function and survival of neurons
[103, 104]. No Hv1 current has been detected in hippocam-
pal astrocytes isolated from WT mice using electrophysiol-
ogy [17], indicating that there may be no functional expres-
sion of Hvl in astrocytes. However, it remains unclear
whether astrocytes in other brain regions express Hvl. Peng
et al. showed that the activation of astrocytes is significantly
reduced in Hv1-deficient mice after spinal nerve transection
(SNT) [28], and this is explained by the regulation of Hvl
in spinal microglia and that ROS production modulated by
Hv1 in microglia promotes spinal astrocyte activation after
SNT [28].

Oligodendrocyte lineage cells include oligodendrocytes
(OLs) and oligodendrocyte progenitor cells (OPCs). So far,
no solid evidence supports the existence of Hv1 expression
in OPCs or OLs, whereas some studies have shown that
Hv1-deficient mice show some OPC and OL dysfunctions.
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Liu et al. reported that Hv1-deficient mice are partially
protected from demyelination and motor deficits com-
pared with those in WT mice in a model of cuprizone-
induced multiple sclerosis (MS) because the inhibition of
microglial Hv1 leads to a reduction of ROS production,
the impairment of OPC proliferation is reduced, and the
number of mature OLs and remyelination is increased
[25]. Later, Yu et al. showed that Hvl deficiency in
microglia attenuates OPC apoptosis and promotes OPC
proliferation and differentiation following oxygen-glucose
deprivation-induced injury in vitro, which is mediated by
reducing ROS generation and pro-inflammatory cytokine
production in Hv1-deficient microglia [105]. Chen et al.
also found that the loss of Hv1 in microglia alleviates the
damage caused by lysophosphatidylcholine (LPC) to the
myelin sheath by decreasing ROS production, leading to
an increase in mature OLs and a reduction in demyeli-
nation [26]. Recently, Wang et al. identified a low level
of Hvl expression in OPCs and OLs by the detection of
Hvcenl mRNA in primary OPCs cultured from rat brains
through RT-qPCR, and this was confirmed by detection
of the Hv1 protein in primary cultured OPCs and OLs by
Western blotting [101]. Besides, Hv1 is also expressed in
some OLs labeled by SOX 10" in the cerebral cortex of the
mouse through immunofluorescence staining [101]. How
Hv1 in OPCs and OLs, if any, contributes to cell-type-
specific function in vivo requires further study.

Schwann cells (SCs) are a critical component of the PNS
and are responsible for maintaining peripheral nerve struc-
ture and function by myelinating and ensheathing nerve fib-
ers [106]. In addition, SCs play an important role in facilitat-
ing peripheral nerve regeneration by secreting neurotrophic
factors and producing extracellular matrix molecules [107].
To our knowledge, no study has reported Hv1 expression in
SCs, and this deserves further exploration.

The role of macrophages in the PNS is to some extent
similar to that of microglia in the CNS. In the PNS, Yu
et al. demonstrated that DRG macrophages contribute to
both the initiation and persistence of neuropathic pain,
with molecular cross-talk between axotomized sensory
neurons and macrophages, revealing potential peripheral
DRG targets for neuropathic pain management [108].
The Hv1 expression in macrophages of other systems has
been well-defined in previous studies [61, 85]. Kawai et
al. showed, using immunocytochemistry and electrophysi-
ology, that Hv1 is specifically expressed in Kupffer cells
(liver-resident macrophages), but not in hepatocytes, and
regulates hepatic oxidative stress in vivo [61]. We detected
low expression levels of Hvl mRNA by RNAscope tech-
nology in a small percentage of macrophages (<16%) in
the DRG of Cx3cr16F mice (the microglia/macrophage
labeled with green fluorescence), which contribute to <8%
of the total Hvenl expression in the DRG. This expression



Y. Shen et al.: Hvl in Nervous Systems

1163

is not significantly increased in the chronic inflammation
pain model constructed by the paw injection of complete
Freund’s adjuvant (CFA).

Hvl in Neurons

Voltage-gated H* currents were first recorded in snail
neurons [9]. In later studies, Diarra et al. detected an HY
current by measuring the changes in intracellular and
extracellular pH of neurons in the CA1 region of the rat
hippocampus. They believed that there may be a voltage-
gated H* channel in neurons with an unknown molecular
identity [109]. Cheng et al. [110] reported a proton current
in rat hippocampal neurons, which was insensitive to Zn?
* and not temperature-dependent [110], indicating that it
was probably not an Hv1 current. A similar H* current was
later presented in neurons from Hv1l KO mice [17], further
suggesting that non-Hv1-mediated proton efflux may be
present in neurons. Later, Li et al. found that Hvl mRNA
is almost undetectable by qPCR in primary cultured mouse
cortical neurons [24]. Taken together, these previous
studies failed to identify HvI-mediated proton currents
in mammalian neurons in the brain. The HvI-mediated
proton currents in mammalian neurons were unexpectedly
identified in the PNS. Our latest findings demonstrated
wide expression of Hvl in sensory neurons in the DRG
[30], with almost 60% of these neurons expressing Hv1
mRNA, as detected by RNAscope in situ hybridization;
these included small and medium-to-large neurons [30].
In normal human abdominal skin and scar tissue, Hv1 has
also been identified as co-localized with PGP9.5, a marker
for nerve terminals. Hvl mRNA expression in DRG neu-
rons is significantly upregulated by inflammation, NOX
activators, or nerve injury [30]. An Hv1-mediated proton
current has been isolated in DRG neurons from naive mice
using the newly-discovered inhibitor YHV98-4 or Zn>*;
this current is also significantly upregulated in inflamma-
tion and is largely reduced in Hvl KO mice or mice with
Hv1-specific knockdown in the DRG using a viral strat-
egy [30]. Notably, YHV98-4 and Zn?**-sensitive currents
display very fast activation kinetics, which is similar to
the proton currents previously reported in snail neurons,
in contrast to the slow activation rate of the Hvl current
in mammalian microglia. The mechanism underlying the
differences in the kinetics of Hv1 currents in different cells
remains incompletely understood. It has been found that
it can be regulated by intracellular/extracellular H* and
the phosphorylation state of the channel [88]. Neverthe-
less, the fast kinetics of Hv1 currents in neurons seems to
serve as an ideal mechanism for the rapid restoration of
intracellular H*, as the action potential usually produces
fast cytoplasmic acidification via Ca?>*/H* exchange.

Pathological Roles of Hv1 in the Nervous System
Traumatic Brain Injury

In patients with TBI, a common characteristic of brain dam-
age is tissue acidosis, with an acute decrease of pH in the
brain, contributing to prolonged coma, neurologic deficits,
and poor long-term outcomes [111-113]. A recent study by
Ritzel et al. demonstrated that Hv1 in the microglia plays
a key role in tissue acidosis, oxidative stress, and neuroin-
flammation in TBI [21]. Hv1-deficient mice present with
decreased levels of pathological acidosis and inflamma-
tion after TBI, leading to long-term neuroprotection and
functional recovery [21]. In a controlled cortical impact
model (CCI) of TBI, it has been shown that CCI caused
acidosis both intracellularly and extracellularly, persisting
for weeks after injury, and Hv1 expression is chronically
upregulated in the brain after TBI. In Hv1 knockout mice
however, extracellular acidosis is decreased, ROS production
is attenuated, pro-inflammatory cytokines (IL-1p, IL6, and
TNFa) are reduced, and anti-inflammatory cytokines (IL10,
TGEFp, IL4Ra, arginase 1, and SOCS3) are increased in brain
microglia during the acute period after TBI [21]. Moreover,
the attenuation of brain acidosis in the acute period in Hv1-
deficient mice also limits subsequent neurodegeneration and
long-term neurological impairment 6 months after injury,
indicating that the deficiency of Hv1 alleviates acidosis and
could be beneficial even in the chronic stages of TBI [21].
These data suggest that targeting the Hv1 channel in micro-
glia may be a novel therapeutic strategy for TBI.

However, the brain with traumatic injuries is often
accompanied by blood-brain-barrier (BBB) disruption,
concomitant with the infiltration of various blood-derived
immune cells expressing a high level of Hv1 [21, 89]. Hv1 in
blood-derived immune cells may contribute to the neuropro-
tective effect of TBI. Cell-specific Hv1 conditional knockout
animals should be useful in addressing this issue.

Spinal Cord Injury

The pathophysiology of spinal cord injury (SCI) includes
two phases, primarily spinal cord tissue is disrupted by an
initial mechanical injury, followed by a secondary injury
phase that involves vascular dysfunction, excitotoxicity,
inflammation, ROS production, and cell death [114]. Upon
SCI, the release of ROS and pro-inflammatory molecules
by excessively activated microglia aggravates the secondary
damage [115]. Recent studies have demonstrated that in con-
tusion models of SCI in mice, Hv1 deficiency ameliorates
the activation of microglia, leading to reduced production of
ROS and pro-inflammatory cytokines, and attenuates tissue
acidosis, resulting in alleviated secondary damage, which
subsequently decreases neuronal loss and correlated with
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improved locomotor recovery [22-24, 116, 117]. Li et al.
revealed that Hv1 deficiency attenuates NLRP3-inflammas-
ome-mediated neuronal pyroptosis and apoptosis, facilitates
myelin-axon regeneration, and improves motor function in
mice after SCI [22]. It has been postulated that this effect
is mediated by reduced ROS generation in microglia with
Hv1 deletion. SCI induces elevated levels of ROS, whereas
Hvl1 deficiency downregulates microglial ROS generation.
Furthermore, in vitro experiments using the PC12 cell line
have shown that ROS activates the NLRP3 inflammasome
pathway and induces neuronal pyroptosis, while the addition
of a ROS scavenger reverses this effect [22]. These data indi-
cate that microglial Hv1l mediates ROS production after SCI
to regulate neuronal apoptosis and NLRP3-induced neuronal
pyroptosis. However, it should be noted that the PC12 cells
used in this study are a cell line from rat pheochromocytoma
cells used to mimic mature neurons [118], but they cannot
represent the realistic state of neurons in vivo. Li ef al. have
also shown that the absence of Hv1 reduces the OL apopto-
sis, demyelinated areas, and cavity formation induced by SCI
[116]. Murugan et al. reported similar results, showing that
mice lacking Hv1 have improved motor recovery following
contusion SCI compared to WT mice [23]. It has been shown
that deficiency of Hvl results in a decrease in the number
and soma size of spinal microglia, as well as their reduced
outward rectifier K* current density in Hvl KO mice com-
pared to WT mice, 7 days following SCI, suggesting that
microglia are both morphologically and electrophysiologi-
cally less activated in Hvl KO mice than they are in WT
mice after SCI. How Hv1 mediates these changes remains
elusive. A recent study has shown that Hv1 depletion sig-
nificantly diminishes NOX2-mediated ROS production, pro-
inflammatory cytokine production, microglial proliferation,
tissue acidosis, phagocytic oxidative bursts, and leukocyte
infiltration at 3 days post-SCI in adult female mice [24].

Overall, these data reveal an important role for Hv1 in
regulating microglial activation, NOX2-mediated ROS pro-
duction, extracellular acidosis, and functional outcomes fol-
lowing SCI, implying that Hv] may be a promising potential
therapeutic target to alleviate both primary and secondary
damage following SCI.

Ischemic Stroke

During ischemic stroke, a large amount of ROS is produced
in the brain that rapidly reacts with lipids, proteins, cofac-
tors, and DNA, in turn activating apoptotic pathways [119,
120], and excessive oxidative stress produced by neurons
and glia in ischemic area of the brain is one of the major
mechanisms leading to the severe damage of brain cells
[121, 122]. In 2012, Wu et al. first reported a detrimental
role of Hv1 in ischemic stroke, in which Hv1-deficient mice
were protected in the middle cerebral artery occlusion model
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of ischemic stroke, via the ROS production mechanism
mediated by microglial Hv1 [17]. When microglial Hv1 is
absent, NOX2 causes excessive membrane depolarization
and inhibits electron transfer by the oxidase, thus eliminat-
ing ROS production. As the brain is also invaded by blood-
borne leukocytes expressing high levels of NOX2 after
stroke [123], this study also excluded the potential effect of
peripheral Hv1 on ischemic brain damage through bone mar-
row transplantation experiments, by creating bone marrow
chimeric mice devoid of either microglial- or bone marrow-
derived Hv1 [17]. The synaptic transmission, plasticity, and
NMDA receptor function are normal in HvI ™~ mice and
Hv1-deficiency does not rescue the neuronal and microglial
death induced by NMDA in primary cultures [17]. This
denotes that the contribution of Hv1 to brain damage in the
stroke model is dependent on its function in the regulation of
microglial activity rather than its contribution to glutamate
neurotoxicity.

Tian et al. also revealed the protective effect of inhibit-
ing Hv1 by shifting microglia from pro-inflammatory-M1
toward an anti-inflammatory-M2 state in a photothrombotic
stroke model of ischemic cerebral injury [19]. Kawai et al.
reported that the regulation of microglial ROS production
by Hvl is age-dependent [20]. Compared to age-matched
WT mice, the expression levels of ROS in the cerebral cor-
tex are slightly decreased in Hvl KO mice at 1 day, 5 days,
and 3 weeks of age, but drastically increased at 6 months of
age. Besides, the aged Hvl KO mice (6 months old) show
a smaller infarct volume in brain ischemia, while the young
Hv1 KO mice (9-10 weeks old) show little difference [20].
Taken together, these findings indicate that the depletion of
Hv1 may be a promising strategy to treat ischemic stroke,
and age dependence in neuroprotection should be considered
as a factor for therapies that target Hv1 in ischemic stroke
in the future.

Demyelinating Diseases

Several CNS diseases are characterized by a pathological
endpoint of demyelination, such as MS, subacute scleros-
ing panencephalomyelitis, metachromatic leukodystrophy,
and Pelizaeus-Merzbacher disease [124]. In a cuprizone-
induced demyelination mouse model of MS, mice with Hv1-
deficiency are partially protected from demyelination and
motor deficits compared to WT mice through ameliorated
microglial activation, reduced ROS production, increased
OPC proliferation, and an increased number of mature
OLs [25]. In a model of demyelination using the two-point
injection of LPC into the corpus callosum, a study by Chen
et al. found that the myelin damage mediated by LPC is
reduced in mice lacking Hv1, with decreased ROS produc-
tion and autophagy of microglia in the demyelinated region,
leading to an increase in mature OLs and a reduction in
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demyelination [26]. The autophagic pathway inhibition after
Hv1 deficiency in microglia warrants further investigation.
Later, using a mouse brain hypoperfusion model of white
matter injury, Yu et al. found that ablation of Hv1 attenuates
the bilateral common carotid artery stenosis-induced disrup-
tion of white matter myelin integrity and cognitive impair-
ment in mice [27]. Furthermore, Wang et al. showed that the
neutralization of Hv1 with antibody in vivo promotes myelin
debris clearance by microglia/macrophages in a model of
LPC-induced focal demyelinating lesions, by enhancing the
migration of microglia/macrophages [101].

Therefore, microglial Hv1 contributes to pathological
processes in CNS demyelinating diseases via unidentified
non-cell-autonomous mechanisms. The interaction between
microglia and OPCs/OLs is intriguing and worthy of further
investigation. Another possibility is that Hv1 is functionally
present in OPCs/OLs and contributes to demyelination via a
cell-autonomous mechanism.

Pain

Using an SNT model of peripheral nerve injury, Peng et al.
reported that the function of Hv1 in spinal cord microglia is
crucial for the development of neuropathic pain [28]. In this
study, microglial Hv1 contributed to ROS production, astro-
cyte activation, IFN-y upregulation, and subsequent hyper-
algesia and allodynia following peripheral nerve injury [28].
This study highlights a microglial Hv1-astrocytic IFN-y axis
of communication in pain hypersensitivity (Fig. 3A). Inter-
estingly, spinal microglial activation is not altered in Hv1
KO mice after SNT [28], given that microglial activation is
one of the hallmarks in chronic pain.

The conventional view that Hv1 is not present in neurons
was changed by a recent study, in which Hvl was identi-
fied in peripheral primary sensory neurons and regulated
the production of neuronal ROS and pH; homeostasis in the
DRG [29, 30]. Another significant advance presented in this
study is the discovery of a series of Hv1 inhibitors for in
vivo application that preferentially bind to an intermediate
conformation of the Hv1 channel, which results in improved
specificity [30]. The selective inhibitor YHV98-4 reduces
inflammation and has analgesic effects in mice for both
inflammatory and neuropathic pain [30]. Neuronal Hv1 inhi-
bition reduces intracellular alkalization and ROS produc-
tion, recovers the imbalance in downstream SHP-1-PI3K/
pAKT signaling, and decreases the release of several pro-
inflammatory chemokines (Fig. 3B) [29, 30]. Notably, Hv1
inhibition in neurons prevents the development of morphine-
induced hyperalgesia and tolerance, two common adverse
side-effects of the repeated administration of opioids.
Mechanistically, a strong production of ROS in the DRG is
correlated with repeated chronic morphine exposure. This
study suggests that inhibiting Hv1 is a promising strategy

for reducing the occurrence of opioid-induced hyperalgesia
and tolerance (Table 1).

Inhibitors Targeting Hv1

Most currently available Hv1 inhibitors have served as use-
ful tools to identify the function of Hv1 at the cellular level.
However, selective inhibitors for Hv1 with both good selec-
tivity and in vivo pharmacokinetic profiles are still lacking.
Thus, despite the expectation that Hv1 inhibition may be
beneficial for treating many ROS-related diseases, including
immune diseases, various cancers, respiratory diseases, and
neurological disorders, the therapeutic potential of inhibit-
ing Hvl remains largely underexplored. Here, we briefly
summarize the currently available Hv1 inhibitors and their
applications are summarized in Table 2.

Zn2+

Zn>* has been applied for many years as a proton current
inhibitor for in vitro experiments, even serving as the gold
standard for identifying putative H* currents. The mecha-
nism of Hvl inhibition by Zn?" is to act as a competitor
of H* for binding to the Hv1 channel’s external surface,
which has been comprehensively reviewed [12, 125]. Of
note, though, several species have been found to lack the
histidines at key locations that bind Zn?*, probably contrib-
uting to their insensitivity to Zn?* [31, 126]. In addition,
Zn* is involved in various other physiological processes,
therefore, the utilization of Zn* as a specific blocker of the
H™ channel is restricted.

Hanatoxin

The toxin hanatoxin, extracted from the venom of the taran-
tula Grammostola spatulata, is a nonspecific Hv1 inhibitor.
A paddle motif is a modulator unit that is common to volt-
age sensors and shows high conservation among different
voltage-gated ion channels such as voltage-activated K*
channels and Hv1 [126]. Hanatoxin interacts with the pad-
dle region of Hv1 and inhibits proton currents in transfected
HEK?293 cells, while the D185A mutant efficiently elimi-
nates the inhibitory effects of this molecule [126].

Guanidine Derivatives

As open-channel blockers, 2-guanidinobenzimidazole and
5-chloro-2-guanidinobenzimidazole inhibit Hv1. The inhi-
bition by guanidine derivatives is reversible. However, the
selectivity of these compounds remains imprecisely deter-
mined. Moreover, guanidine derivatives are unable to per-
meate cytoplasmic membranes because they are too polar,
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Fig. 3 Schematic for Hvl in chronic pain. A The microglial Hvl
channel regulates neuropathic pain by promoting microglia-astrocyte
communication in the spinal cord. After peripheral nerve injury,
spinal microglia are activated and this is accompanied by Hvl-
dependent ROS production. ROS acts on both neurons and astro-
cytes, triggering IFN-y release. IFN-y in turn contributes to further
microglial activation and microglia-astrocyte interaction to maintain
pain hypersensitivity after SNT [28]. B Schematic of neuronal Hv1
channel regulation of inflammation and pain via modulation of ROS

and the inhibitory effect of guanidine derivatives has only
been reported for intracellular application [127, 128]. These
features thus prevent them from being considered Hv1 inhib-
itors suitable for most in vivo experiments.

Corza6 (C6)

Corza6 (C6) is a peptide inhibitor highly specific to hHvl1.
The polypeptide fragment of C6 is composed of 41 amino-
acids, derived from three natural parental spider toxins
[66]. The high specificity of C6 to hHv1 has been sup-
ported by the findings that there is no inhibition of CiHv1
(the proton channel from the sea squirt Ciona intestinalis),
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production and the SHP-1/AKT pathway in the DRG. Complete Fre-
und’s adjuvant and chronic morphine exposure increased the produc-
tion of Hvl-mediated ROS, inducing the downregulation of SHP-1
phosphorylation in DRG neurons, leading to activation of the PI3K/
pAkt pathway with the up-regulation of pro-nociceptive inflammatory
cytokines, contributing to the inflammatory pain and the morphine-
induced tolerance and hyperalgesia, which can be reversed by phar-
macological and genetic inhibition of Hv1.

Kv2.1, and Nav1.4 with 1 pmol/L C6 [66]. C6 was iden-
tified by a phage-display strategy [66, 131]. The phage-
display library was constructed by 1 million novel pep-
tides with inhibitor cysteine knots that were synthesized
by combining natural toxin elements, and C6-expressing
phagemids were selected on the basis of their ability to
bind to the purified hHv1 protein. Inhibition of channel
function is contributed by two C6 peptides binding to the
two VSDs in hHv1. The inhibitory effect of C6 decreases
when cell membranes depolarize, resulting in partial inhi-
bition [66]. Later, guided by a C6-hHv1 complex struc-
tural model, Zhao et al. designed a bivalent C6 peptide
(named C6,), which inhibits hHv1 current with picomolar
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Table 1 Summary of cell types expressing Hv1 in the nervous system of mammals

Nervous system

Cell type Cell Location Hv1 expression? Cell functions regulated by Hv1
Microglia CNS brain Yes e ROS production
CNS spinal cord Yes e Activation, shifting polarization
(toward M1)
® e Regulating migration
o Extruding protons, extracellular
acidosis
Astrocyte CNS brain No e No
CNS spinal cord No
Oligodendrocyte progenitor cell CNS brain No solid evidence e Unknown
‘ CNS spinal cord Unknown
Oligodendrocyte CNS brain No solid evidence e Unknown
= =) CNS spinal cord Unknown
o &
Schwann cell PNS Unknown e Unknown
©
Neuron CNS brain No e No
CNS spinal cord No
PNS DRG Yes e ROS production
e Regulating pH;
e Regulating cell pathway: SHP-1-
PI3K/pAkt

CNS: Central Nervous System; PNS: Peripheral Nervous System; ROS: Reactive Oxygen Species

affinity by binding simultaneously to both subunits [129].
C6, can fully inhibit hHv1 at depolarized voltages, and
its affinity is ~50-fold better than C6 at +40 mV [129].
However, the inhibitory effects of C6 and C6, have only
been evaluated in cultured cells including spermatozoa
and neutrophils [66, 129]; so far, there is no evidence to
support their effectiveness in vivo.

YHV98-4

YHV98-4 was identified using a structure-based approach.
Zhang et al. showed that YHV98-4 binds to an intermediate
conformational state of Hv1, a transitional state between
the resting and activated states. This may explain the high
selectivity of YHV98-4 against other VSD-containing chan-
nels, including hERG, KCNQ2, BK, Nav1.7, TRP channels,
and the Volume-Regulated Anion Channel, in which this
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Table 2 Applications of common compounds inhibiting the Hv1 channel

Hvl1 Inhibitors Selectivity Mechanism Cell types/Animal models References
Zn** Low-specificity Competes with H" for binding to the exter-  Rat alveolar epithelial cell [12, 146,
nal surface of the proton channel 147]
Mouse microglia [17]
Mouse DRG neurons [30]
Human polymorphonuclear leukocytes [147]
Human granulocyte-like cell line PLB985  [147]
Human colorectal cancer cell lines (SW620, [140]
HT29, LS174T and Colo205 cells)
Human glioma cell SHG-44 [141]
Human glioblastoma multiforme cell line [142]
T98G
Human Jurkat T cells [58]
Hanatoxin Non-specific Interacts with paddle motifs and interferes ~ Human Hv1-transgenic HEK293 cells [126]
with voltage-sensor activation
Guanidine derivatives Non-specific Open channel blockers Human Hv1 channel expressed in Xenopus  [128]
oocytes
Tumorigenic human-breast cell lines (MCF- [138]
10A, MCF-7, and MDA-MB-231 cells )
Human Jurkat T cells [58]
Corzab (C6) High-specificity Binds to the two VSDs in hHv1, shifts the =~ Human HvI-transgenic HEK293 cells [66, 129]
activation voltage of Hvl into a more Human spermatozoa Human WBCs
positive range, slows the opening of the
channel, and speeds up its closure
YHV98-4 High-specificity Binds to an intermediate conformational Mouse DRG neurons [30]
state of Hv1 (a transitional state between
the resting and activated states)
Mouse pain models: 1. Formalin 2. CFA [30]

3. SNI 4. Opioid-induced tolerance and
hyperalgesia

particular intermediate conformation state may be absent.
YHVO98-4 inhibits the Hvl channel with an ICs, of <1
pmol/L and a maximal inhibition rate of ~50%. Importantly,
YHV98-4 is able to cross the BBB and achieves a relatively
high concentration in the plasma with a half-life of 1.75 h,
making it suitable for in vivo applications. YHV98-4 has
been shown to be effective in alleviating chronic pain and
opioid-induced hyperalgesia and tolerance in mice [29, 30].

Other Pharmacological Modulators of Hvl

Several proton current inhibitors indirectly affect Hv1 func-
tion, presumably by increasing intracellular pH. These
include 4-aminopyridine, amantadine, imipramine, rimanta-
dine, nicardipine, chlorpromazine, clozapine, amiloride, and
haloperidol [55, 130-132]. In addition, the Hv1 antibody
has been used as a blocker to neutralize Hv1 by injecting it
into the mouse cerebral cortex [101]. This blocking effect
might be further validated using Hv1-deficient mice. Zhao et
al. reported that human albumin (Alb) can activate hHv1 in
sperm [65]. In hHv1, one Alb binds both VSDs, shifting the
activation of hHv1 to more negative potentials and speeding
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channel activation, resulting in an increase of proton current.
Using a computational model of the Alb-hHv1 complex,
they identified two VSD-interacting sites in Alb domain II,
proposing a modification mechanism based on electrostatic
gating that favors the active "up" sensor configuration [65].
The activators targeting Hv1l may hold promise for the treat-
ment of male infertility.

Conclusions and Outlook

In the nervous system, the evidence thus far supports the
conclusion that Hv1 is mostly expressed in the microglia in
the CNS and the sensory neurons in the PNS. The expression
and function of Hv1 in OLs/OPCs require further clarifica-
tion. Hv1 has been shown to perform important functions in
neurological disorders including TBI, SCI, ischemic stroke,
and pain. Because of the evidence that microglia are highly
involved in neurodegenerative diseases, such as Alzheimer’s
disease, Parkinson’s disease, and amyotrophic lateral scle-
rosis [133, 134], it would not be surprising if Hv1 played
a role in these diseases. This is an important direction for
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future research. The newly-discovered inhibitor YHV98-4
is BBB-penetrable and should be useful for exploring the
therapeutic potential of inhibiting Hv1 in CNS-related dis-
eases. As far as chronic pain is concerned, an important
direction would be exploring the function of Hv1 in cancer
pain, as YHV98-4 shows remarkable effects in inhibiting
morphine-induced tolerance and hyperalgesia, two prevail-
ing adverse side effects of pain management in cancer. Given
its strong expression in immune cells [135], cancer cells [58,
59, 136-145], and sensory neurons, inhibiting Hv1l may have
dual beneficial effects on pain and tumors [29], which is an
exciting avenue for future research.
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