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Abstract

Background
The precise mechanisms determining the neurodestructive or neuroprotective activation phenotypes in
microglia remain unknown. Emerging evidence suggest, however, that metabolic changes are important
for microglial phenotype determination. Metabolism, in turn, can be tightly regulated by changes in
intracellular pH. The aim of this work was to establish whether pharmacological targeting of the
microglial voltage gated proton channel 1 (Hv1), an important regulator of intracellular microglial pH, is
critical for reducing in�ammatory neurotoxicity while maintaining the neuroprotective components of
activation, as well as to describe the mechanism behind this process.

Methods
We used lipopolysaccharide/gamma interferon (LPS/IFNγ) to activate a microglial cell line and primary
microglia isolated from mouse and established the activation pro�le in the absence and presence of
pharmacological Hv1 inhibition. Additionally, we utilized co-cultures of microglia and cortical rat neurons
to assess the role of Hv1 in in�ammatory neurotoxicity and the modulation of excitotoxic injury using a
range of neuronal viability assays.

Results
Activation with LPS/IFNγ induced widespread production of proin�ammatory mediators, as well as
reactive species and phagocytic activity. The ensuing neurotoxicity was mainly attributable to the release
of tumor necrosis factor alpha (TNFα), reactive oxygen species and zinc. Strikingly, pharmacological
inhibition of Hv1 largely abrogated in�ammatory neurotoxicity not only by reducing the production of
cytotoxic mediators, but also by promoting neurotrophic molecule production and restraining phagocytic
activity. Furthermore, we demonstrate that this Hv1-mediated change from a pro-in�ammatory to a
neuroprotective phenotype is associated with metabolic microglial reprogramming. Finally, we show that
Hv1 antagonism not only reduces in�ammatory neurotoxicity, but also promotes neuroprotection against
excitotoxic injury.

Conclusions
We present a comprehensive characterization of the molecular components that are modulated by Hv1
activity during microglial activation in both a cell line and in primary microglial cells. Moreover, we show
that Hv1 antagonism retains the bene�cial aspects of microglial activation, not only by reducing
in�ammatory neurotoxicity, but also by providing neuroprotection in an in vitro model of excitotoxicity.
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Our results suggest that Hv1 blockers are likely to provide an important therapeutic tool against a wide
range of in�ammatory neurodegenerative disorders.

Background
Microglia are the immune response orchestrator cell of the nervous system1. They detect changes in the
microenvironment and produce a response that aims to recover tissue homeostasis2. These changes can
be induced by pathogens or direct damage to neurons, both by physical and chemical means, resulting in
microglia activation. This process is characterized by changes in protein expression and intermediary
metabolism3.

Microglial activation is highly regulated. Classically, the activation spectrum can be divided into two main
phenotypes, one pro-in�ammatory (M1) and the other anti-in�ammatory (M2)4, although intermediate
phenotypes can exist between these two extremes5,6. During proin�ammatory activation, microglia
increase the production of recognition membrane molecules and reactive species production, while
sustaining an elevated phagocytic activity7,8. Additionally, this response is characterized predominantly
by the release of cytotoxic cytokines9,10. Although the production of these mediators is necessary for
damage containment, sustained proin�ammatory activation can, and often does, lead to widespread
neuronal death11, a process we de�ne here as in�ammatory neurotoxicity. In contrast, anti-in�ammatory
microglial activation is characterized by moderated phagocytic activity and enzymatic reactive species
production, and, importantly, by the release of neurotrophic cytokines12,13. These effects promote
neuroprotection as well as recovery of damaged neurons and thereby, tissue function14,15. Of note,
microglial can oscillate between pro-in�ammatory and anti-in�ammatory phenotypes16,17. While a variety
of conditions and molecules associated with both neurotoxic and neuroprotective pro�les have been
ideti�ed18, the precise mechanisms that regulate and determine the characteristics of the microglial
response remain poorly de�ned.

Recently, microglial metabolism has emerged as a possible key regulator of microglial activation19,20.
Intermediary metabolism, in particular, is closely related to activation phenotype determination, as
increases in protein expression, reactive species formation, and cytokine production, increase cell energy
demand21. During proin�ammatory activation, microglia tend towards anaerobic metabolism, re�ected by
an increase in glycolytic rate, lactic acid production, and a decline in oxidative phosphorylation22,23. High
lactate production and a decrease in reduced nicotinamide adenine dinucleotide (NADH), due to
enhanced anaerobic glycolysis, can reduce the e�ciency of antioxidant systems and glutamate
reuptake24,25.

Although anti-in�ammatory activation is also characterized by cytokine production and enhanced
phagocytic activity, these processes occur to a less signi�cant degree and therefore demand fewer
changes in energy metabolism26. The energy required by anti-in�ammatory activation can be supplied by
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oxidation of other energy substrates and via oxidative phosphorylation, without a signi�cant increase in
glycolysis and therefore, from lactic acid fermentation16,27.

A common ground in which metabolic changes and microglial activation overlap is the regulation of
intracellular pH28. Indeed, recent studies have strongly suggested that protons could be key regulators of
the in�ammatory response. For instance, extracellular acidi�cation is associated with an increase in
tissue injury in models of spinal cord injury and stroke29,30. In contrast, intracellular proton concentration
has been shown to be correlated with reactive oxygen species production, phagocytic activity, as well the
release of cytokines in immune cells28,31, parameters that have a profound in�uence on the microglial
response to injury.

Microglial activation is associated with a rise in proton production32,33 due to the activity of reduced
nicotinamide adenine dinucleotide phosphate (NADPH) oxidase 2 (NOX2). This increase in NOX2 activity,
characteristic of proin�ammatory activation, is essential to maintain phagocytosis and the subsequent
respiratory burst34. Furthermore, NOX2 actively participates in the regulation of the in�ammatory
response through NFκB35. Upon activation, NOX2 transports an electron from NADPH to molecular
oxygen to produce and extrude superoxide36,37. Without compensatory proton movement, the activity of
this transmembrane electron transport would be su�cient to generate pronounced membrane
depolarization as well as intracellular acidi�cation38.

Recent evidence points to Hv1 as an essential membrane proton channel for NOX2 function and
microglial pH regulation39,40,41. This highly zinc-sensitive channel consists of two identical subunits that
gate cooperatively42–44. Each subunit contains four transmembrane helices, S1–S4, which form a
voltage sensitive domain (VSD)45. Hv1 extrude protons from activated cells to compensate for charge
and osmotic imbalances due to NOX2 activity and metabolism, normalizing intracellular pH and
regulating protein function. Although the absence of Hv1 does not signi�cantly modify the physiology of
non-activated microglia, during activation, a lack of Hv1 is associated with critical changes in the
in�ammatory response during damage to the nervous system29,41. Although these changes have largely
been associated with a neuroprotective pro�le46,47, the molecular mechanisms behind this process have
largely remained unde�ned.

The majority of evidence about the neuroprotective effect associated with Hv1 lack of function has been
obtained using knockout animal models29,48. However, selective pharmacological tools are available,
including guanidine derivatives (i.e., 2-guanidinobenzimidazole, 2GBI and 5-chloro-2-
guanidinobenzimidazole, ClGBI)49 or arginine mimetics (i.e. 3-(2-amino-5-methyl-1H-imidazol-4-yl)-1-(3,5-
di�uorophenyl) propan-1-one, HIF and 2-aminobenzimidazole, ABI)50, which have proven to be effective
inhibitors in in vitro models of canine myocytes, human chorion-derived mesenchymal stem cells and
Jurkat T cells (cells that functionally express the channel), as well as Xenopus oocytes expressing human
Hv1 channels50–53. Guanidine derivatives, speci�cally ClGBI, are effective inhibitors at low micromolar
concentrations, with low toxicity. Computational models also predict high membrane permeability 50,54.
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Of interest, their chemical properties allow them to interact with voltage-gating domains, even when the
Hv1 channel is in its closed conformation45,49.

The purpose of the experiments described here was to de�ne the molecular components of in�ammatory
microglial activation that are dependent on Hv1 function using a pharmacological blocker of the channel
in two microglial preparations. Further, we sought to explore the metabolic changes and reprogramming
characteristics induced by the pharmacological inhibition of the proton channel following activation. Our
overarching goal is to provide evidence that Hv1 block can effectively lead to changes in microglial
metabolic pro�le that result in neuroprotection, rather than only in�ammatory neurotoxicity mitigation.

Materials And Methods

Experimental model and subject details
HAPI cell line

Rat immortalized microglia (Highly Aggressive Proliferating Immortalized or HAPI) cells were generously
donated by Dr. J. Connor (Pennsylvania State University, Hershey, PA, USA). Please note that this cell line
can now be purchased from EMD Millipore (#SCC103). HAPI cells were cultured in DMEM + GlutaMAx
(Thermo�sher, #10566016) containing 10% heat-inactivated fetal bovine serum (FBS; Thermo�sher,
A4766801), 100 units/ml penicillin G and 0.1 mg/ml streptomycin in a humidi�ed 5% CO2 incubator at
37°C. After reaching approximately 80% con�uence, the cells were seeded at a density of 350,000
cells/ml and experimentally treated after 24 h55.

Rat cerebrocortical neuronal cultures

For neuronal viability experiments, cultures were prepared from embryonic day 16 (E16) Sprague–Dawley
rat cortices of either sex (Charles River Laboratories, Wilmington, MA, USA), as described previously56.
Pregnant donor rats were euthanized by CO2 inhalation. Cortices were dissociated with trypsin (0.6
mg/ml), and suspended in growth medium, composed of a v/v mixture of 80% Dulbecco's modi�ed
minimal essential medium, 10% Ham's F12-nutrients, and 10% bovine calf serum. Density was adjusted
to 350,000 cells per well and plated on poly-l-ornithine–coated glass coverslips in six-well plates. Non-
neuronal cell proliferation was inhibited after 14 days in vitro (DIV) with 2 µM cytosine arabinoside, and
growth medium was changed to one consisting of Dulbecco's modi�ed minimal essential medium and
2% bovine calf serum until cultures were utilized at 21 DIV56.

Primary microglia culture: Microglia cultures were prepared from cerebral cortices of 1-day-old C57BL/6
mice of either sex (Charles River, Laboratories, Wilmington, MA, USA). After mechanical and chemical
dissociation, cortical cells were seeded in DMEM-F12 with 10% FBS, 100 units/ml penicillin G, 0.1 mg/ml,
and microglia supplement (Cell biologics, M1286) at a density of 250,000 cells/ml (62,500 cells/cm2)
and cultured at 37°C in humidi�ed and 5% CO2. Medium was replaced every 4 days and con�uency was



Page 6/45

achieved after 12–14 DIV. Microglia were separated by a 15-min incubation with a mild trypsin solution
(0.25% trypsin, 1 mM EDTA) diluted 1:4 in DMEM-F12. Twenty-four hours after trypsinization, the isolated
cells were �xed and immunostained, showing that the majority (97–99%) were positive for the speci�c
microglial marker Iba157.

Microglial activation protocol

Twenty-four h post-seeding, both HAPI cells and primary microglia cultures were treated with a
combination of LPS (1 mg/ml; Millipore, L4516) and IFNγ (0.1 mg / ml; Millipore, IF002) for 24 h to
promote pro-in�ammatory activation58. Activation was performed in both the absence and presence of
Hv1 antagonism with ClGBI (Millipore, G11802). After 24 h of treatment, conditioned medium was
obtained or activated cells were harvested to conduct the experiments described below.

In�ammatory neurotoxicity assessment
To establish the neurotoxicity effect of soluble molecules produced following microglial activation,
coverslips from 21 DIV cortical cultures were transferred to 24-well plates and treated with 500 µl of
conditioned medium from activated microglia59. Additionally, 2,2′-[1,2-Ethanediylbis(nitrilomethylidyne)]
bis[6-methoxy-phenol manganese complex (EUK134; 100 µM; Millipore, #81065), dizocilpine hydrogen
maleate (MK801; 10 µM; Millipore, M107), 2-pyridinylmethylamino ethylamine benzenesulfonic acid
hydrate sodium salt (ZX1; 5 µM; Strem Co., #07-0350), TNF-α neutralizing antibody (nTNF-α; 10 µg/ml;
Cell signaling, mAb11969), or IL-6 neutralizing antibody (nIL-6; 5 µg/ml; Invivogen #mabg-mil6-3) were
co-administered to characterize the participation of the most widespread neurotoxic molecules of the
proin�ammatory activation. In co-culture experiments, microglia cultures were treated with LPS/IFNγ ± 
ClGBI for 24h as described above; after activation, cells were harvested (75,000 cells/ml in DMEM/F-12
medium) and plated directly on top of 21 DIV cortical cultures that had previously transfected with �re�y
luciferase-expressing plasmid for neuronal viability studies60.

Excitotoxicity
To determine the effect of Hv1 inhibition on in�ammatory neurotoxicity during excitotoxic damage, an in
vitro model of glutamate reuptake inhibition was utilized 61. Co-cultures of mixed cortical and microglia
pretreated with LPS/IFNγ ± ClGBI, were expose for 24 h to DL-threo-β-Benzyloxyaspartic acid (TBOA), a
glutamate transporter inhibitor, to induce neuronal excitotoxicity62,63.

Viability assays
MTS assay protocol: Brie�y, 20 µL of tetrazolium compound (3-(4,5-dimethylthiazol-2-yl)-5-(3-
carboxymethoxyphenyl)-2-(4-sulfophenyl)-2H-tetrazolium), inner salt solution (MTS; 5 mg/ml; Abcam,
ab223881) was added to cells in a 24-well plate and incubated at 37°C in a humidi�ed 5% CO2 incubator
for 30 min. The resulting reduction of MTS tetrazolium compound by viable cells generates a colored
formazan dye that is soluble in cell culture media64. The formazan dye was quanti�ed by measuring the
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absorbance (490–500 nm) using a microplate reader (Wallac 1420 Victor2 multilabel counter;
PerkinElmer). Differences are expressed in percent of cell death against control.

MT-Luciferase assay: After analysis by MTS65, cell viability was also evaluated in real time by using Real
Time-Glo™ MT Cell Viability Assay (Promega Italia, MI). Brie�y, cells were plated into 24-well plates,
treated with LPS/IFNγ ± ClGBI and incubated for 24 h. After treatment, cells were incubated for 10 min
with Real Time-Glo™ reagent, according to the manufacturer’s protocol. Luminescence was measured
using a microplate reader with an integration time of 0.5 s per well. In this assay, luminescent signal is
correlated with the number of metabolically active cells. Results are provided as relative luminescence
units (RLU; mean ± SEM of at least three independent experiments performed in triplicate).

LDH assay: LDH is rapidly released into the cell culture medium upon damage of the plasma membrane
60. LDH release was determined using a commercial kit (Abcam, ab102526) following the manufacturer's
instructions. Absorbance (490 nm) and background (690 nm) were measured. Results are calculated as
background-subtracted absorbance measurements and expressed as normalized values against control
(mean ± SEM of at least three independent experiments performed by triplicate or quadruplicate).

Co-culture neuronal viability assay: Neuronal cell death in neuron/microglia cocultures was measured
using a luciferase activity assay60,66. For these experiments, we transfected neurons with a �re�y
luciferase-expressing plasmid (pUHC13-3 Luciferase, gift from Dr. H. Buchard) using Lipofectamine 2000
(Thermo�sher, #11668030). Brie�y, mixed coverslips with cortical cultures were transferred to a 24-well
plate. Each well was transfected with 1.5 µg of DNA (25% �re�y luciferase-pUHC13-3 and 75% pCDNA3
vector) in optiMEM (Thermo�sher, #31985062). Twenty-four hours following transfection non-activated
or activated microglia ± ClGBI (75,000 cells/ml) were plated directly on top on neurons67. Neuronal
viability was assayed 24 h later using the Steadylite Plus Luminescence assay (PerkinElmer, #6016981).
An overnight exposure to TBOA (75 µM; Tocris biotech, #1223) in the absence of microglia was used as a
positive control for maximal neuronal cell death. Results are reported as percentage with respect to
cortical neurons without treatment as control (mean ± SEM of at least three independent experiments
performed by triplicate).

Immunoblotting
Cells were gently scraped off the wells on ice after being exposed to cell lysis buffer supplemented with a
protease inhibitor cocktail (Millipore, #11697498). Debris was pelleted by centrifugation for 10 min at
8,000 rpm, and the remaining lysates were used immediately or stored at − 20°C. Protein concentrations
of lysates were measured with a BCA assay (Thermo�sher, #23225). Sodium dodecyl sulphate–
polyacrylamide gel electrophoresis (SDS–PAGE) was conducted using the Mini Protean 3 System (Bio-
Rad, Hercules, CA). Prior to electrophoresis, protein samples were treated with a reducing sample buffer
and boiled at 100°C for 5 min. Samples with equal amounts of protein (30–50 µg per lane) were run on 8
or 12% SDS-PAGE gel for 2 h at 100 mV. For immunoblotting, separated protein bands were transferred
onto a 0.25 µm nitrocellulose membrane (Bio-Rad) for 30 min at 18 mV in a semidry chamber. The
membranes were then blocked with 3% fat free milk in PBS with 0.05% Tween 20 (PBST) at RT for 1 h
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and probed with anti-gp91phox(Abcam, ab129068), anti-NOS2 (Santa Cruz Bio., sc-7271), anti-Hv1
(Alomone labs. AHC-001) or anti-β-actin (Millipore, MAB1501) antibodies in PBST overnight at 4°C. After
washing with PBST, blots were incubated with goat 680RD anti-Rabbit (1:10,000; Li-Cor, AB272118) or
800CW anti-Mouse (1:10,000; Li-Cor, AB2687825) at RT for 1 h. Blots were visualized using Odyssey
Western blot detection system. Quanti�cation was performed using ImageJ software (Wayne Rasband,
NIH). Results were calculated as protein of interest/β-actin ratio and expressed as fold-change against
normalized control (mean ± SEM of four independent experiments).

DHE stain and ROS detection
The cell permeable �uorescent dye dihydroethidium (DHE; Millipore, D7008) was used to detect
intracellular ROS68. After 24h treatment of microglia with LPS/IFNγ ± ClGBI, DHE (5 µM) was added and
incubated for 30 min at 37˚C and 5% CO2. Cells were then washed and mounted on microscope slides.
Images were obtained with a Nikon Eclipse Ti epi�uorescence microscope (Nikon, Tokyo, Japan) using a
10X objective, and processed with NIS-Elements Advanced Research Imaging software (version 4.30.02,
Nikon). In a separate set of experiments, cells were washed with PBS and MHB medium was added for
direct quanti�cation. Determination of �nal point DhE �uorescence was performed using a microplate
reader at 610 nm when excited at 535 nm. Data is expressed in relative �uorescence units (RFU; mean ± 
SEM of at least three independent experiments performed by triplicate).

Immuno�uorescent staining and image analysis
Cells were �xed with ice-cold ethanol for 5 min, washed with PBS and incubated with blocking solution,
1% Bovine serum albumin (BSA) and glycine 0.5% in PBST, for 30 min at RT. Next, cells were incubated
with anti-Iba1 (1:200; Alomone, ACS-010)69 overnight at 4°C. On the following day, the cells were
incubated for 1h at RT with secondary antibody goat anti-rabbit conjugated with Alexa Fluor 488
(1:10000; Abcam, ab150077). DAPI (1:1000 in mounting solution) was used to stain the nucleus. For
negative controls, cells were stained with the secondary antibody only. Fluorescent images were obtained
at 10X and 40X magni�cation and analyzed as described above.

Microglial phagocytic activity
Phagocytic activity assay was measured according to the kit manufacturer's instructions (Abcam,
ab235900)70. Brie�y, cells were seeded in 96-well plates at a density of 250,000 cells per ml. After 24 h of
LPS/IFNγ treatment, the medium was removed, and the assay buffer was added and incubated for 4 h.
Following incubation, a quenching solution is added, and the �uorescence intensity measured in a plate
reader (Ex 490/ Em 520). Phagocytic activity was calculated according to the standard curve given by the
manufacturer after subtracting the mean relative �uorescent units (RFU) of the negative controls. The
results are expressed as normalized values with respect to the control (mean ± SEM of at least three
independent experiments performed by triplicate).

NOX activity
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Microglial NOX activity was determined by a chemo-luminescent method71. Brie�y, cells were harvested
24 h after treatments using a sterile cell scraper and 200 µL of ice-cold PBS. Subsequently, 100 µL of the
sample (in duplicate) was transferred to a white microplate and 100 µM NADPH (Millipore, #2646711)
and 100 µM lucigenin (Millipore, #2315971) were added. In parallel, 15 IU of superoxide dismutase
(Millipore, #9054891) was added to a sample duplicate to subtract the unspeci�c oxidation. Additionally,
samples were treated with DPI (100 µM; Millipore, D2926), a general inhibitor of NOX, or GSK-279 (1-100
µM; Millipore, SML2770) a speci�c inhibitor of NOX2 as negative controls. Luminescence was quanti�ed
using a plate reader. Values are expressed as relative light units (RLU) per mg protein (mean ± SEM of at
least three independent experiments performed by triplicate).

NOS activity
Microglial nitric oxide synthase (NOS) activity was determined using an activity assay kit (Abcam,
ab211083)72. Cells samples were prepared in ice-cold NOS kit assay buffer and centrifuged for 10 min at
10,000×g. Supernatants were collected, and protein concentrations determined by BCA assay. Samples
were then incubated with NOS reaction mix for 1 h at 37°C. After incubation, NOS kit assay buffer and
enhancer solution were added. This reaction mixture was incubated for 10 min at RT. For the color
reaction, Griess Reagent was added. Absorbance was measured after a 10 min incubation by a
microplate reader at 540 nm. NOS speci�c activity was then calculated from a standard curve and
expressed as mU/mg protein (mean ± SEM of at least three independent experiments performed by
triplicate).

Fluorometric pHi and pHe measurements
Intracellular pH (pHi) was measured using cell-permeant BCFL-AM (Millipore, MAK150)73. Cells were
seeded in 96 wells plates (500,000 cell per ml) and treated for 24 h. The medium was replaced with
reaction solution (BCFL-AM and 50 mM Probenecid, in Hank's Buffer with 10 mM HEPES (HHBS). After,
cells were then incubated at 37°C in an atmosphere of 5% CO2 for 30 min while protected from light.
Measurements were then performed at Ex 490 nm/ Em 535 nm in a microplate reader. The change in pH
was corroborated by the addition of NH3 (acid load) which promotes a decrease in intracellular pH and
therefore, of �uorescence, followed by a slow and progressive recovery of the signal. The RFU value was
equated to the pH scale by creating a curve of increasing concentration of BCFL-AM in HHBS, in which
the pH was directly measured using a potentiometer (LabX, Corning 240). For the determination of
extracellular pH (pHe), culture medium was removed after the treatments and BCFL-AM was added to this
solution, in the absence of cells. Medium was then incubated at 37°C in an atmosphere of 5% CO2 for 30
min (protected from light). Following incubation, measurement was performed at Ex 490 nm/ Em 535 nm
in a microplate reader. The �uorescence obtained was corroborated using a potentiometer (LabX, Corning
240) and reported as pH value mean ± SEM of at least three independent experiments performed by
triplicate.

Metabolite determination
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Lactate: Lactate production was measured by its oxidation coupled to NADH production, which, in turn,
was detected via bioluminescence using a reductase/luciferase system assay kit (Promega, J5021)74.
Brie�y, microglia were seeded at 250,000 cells per ml into a 24 well plate and treated with LPS/IFNγ ± 
ClGBI for 24h. After the treatments, medium was removed and cells were incubated for 60 min with the
reaction mix (luciferin detection reagent, NAD, lactate dehydrogenase, reductase, and reductase
substrate). At the same time, medium was collected and treated with inactivation and neutralization
solutions to inactivate the endogenous LDH and prevent NADH degradation for the extracellular
measurement. RLU obtained are directly proportional to the lactate concentration following the
production of a standard curve provided by the manufacturer. The total lactate was obtained by the sum
of the lactate concentration in the samples and in the medium. Results are expressed as �nal lactate
concentration (µM) and reported as mean ± SEM of at least three independent experiments performed by
triplicate.

NAD+/NADH ratio: NAD levels were analyzed by use of the colorimetric total NAD+/NADH assay (Abcam,
ab186032) that allows the differentiation of NAD+ and NADH75. The assay reagent consisted of a
mixture of NAD+-reducing and NADH-oxidizing enzyme causing an ampli�cation of the NAD signal. As
NAD+ but not NADH is heat labile at 60°C, total NAD is detected in the unheated sample and NADH is
detected in the heated sample. The difference between total NAD and NADH represents NAD+. One half of
the samples was heated at 60°C for 30 min, while another half was kept on ice. A total of 40 µl of the
unheated or heated samples as well as NADH (0.1–5.0 µM dissolved in PBS) were transferred to a clear
96-well microplate. After adding 40 µl of the enzyme reaction mix the color of produced formazan was
measured at 450 nm in plate reader. Pure NAD+ (Millipore, N0632) and NADH (Millipore, N8129) were
used as reference standards. NADH can be detected at 260 and 340 nm, while NAD + is detectable at 260
nm only. Results are expressed as NAD+ and NADH concentrations, normalized to control values (mean ± 
SEM of at least three independent experiments performed by triplicate).

Zinc measurements
FluoZin-3-Tetrapotassium salt (Thermo�sher, F24194) was used as �uorescent indicator for extracellular
Zn2 + 76. All solutions used in these experiments were prepared with Milli-Q water previously treated with
Chelex 100 (BioRad, #1422822), a chelating resin, to avoid metal cross-contamination. Brie�y, after 24
hours of treatment, 200 µL of culture medium from the microglia cultures was transferred to a 96-well
multiplate. Fluozin-3 (2µM) was immediately added to the samples and then incubated for 60 min at RT
in the dark. Finally, the �uorescence resulting from the binding of Fluozin-3 to chelatable zinc was
quanti�ed in a multiplate reader (Ex: 485nm /Em: 535nm). Results are expressed as zinc concentration in
µM, obtained from a curve of known concentrations of ZnCl2 versus �uorescence and reported as mean 
± SEM of at least three independent experiments performed by triplicate.

Hv1 knock down
HAPI cells were seeded and incubated until reaching at 50% con�uence. Next, cells were transfected with
Hv1 SMARTPool siRNA (Horizon, L-081118-02-0010) or the negative scramble control (SC; 100 nM;
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Horizon, D-001210-02-20) using DharmaFECT 4 Transfection Reagent (Horizon, T-2004-03), according to
the manufacturer’s protocol. Additionally, a siRNA concentration curve (25–125 nM) was performed, and
the effective concentration of siRNA was established (100 and 125 nM). Effective concentration was
de�ned as a decrease of more than 80% in the amount of protein 48 h after transfection. The
effectiveness of the siRNAs in suppressing Hv1 expression were determined by western blotting using
anti-Hv1 antibody as described above.

Quanti�cation and statistical analyses
Numeric values displayed represent the mean ± SEM of at least four independent experiments, each
performed in triplicate. Graphs comparing values across groups were analyzed via one-way ANOVA with
Tukey post-hoc analysis for individual comparisons. Unspeci�ed comparisons are vs. control. Unspeci�ed
comparisons in normalized controls were separately analyzed via one sample t tests vs. 1. Signi�cance is
shown as **p < 0.05, ** p < 0.01, *** p < 0.005 and **** p < 0.001.

Data availability
Any information required to reanalyze the data reported in this paper is available from the corresponding
authors upon request.

Results
Well-tolerated Hv1 pharmacologic inhibition hampers the in�ammatory activation pro�le of microglia.
Experiments were performed both on HAPI cells and primary microglia cultures, which both express Hv1
(Fig. S6). We �rst sought to characterize the main response properties of HAPI cells upon activation by
LPS/IFNγ and to determine whether any of these responses would be altered by the presence of an Hv1
antagonist. HAPI cells were �rst exposed to increasing concentrations of LPS (0.25-5 mg/ml) in the
presence of 0.1 mg/ml IFNγ for 24 hours. We note that concentrations higher than 0.5 mg/ml of LPS
(with 0.1 mg/ml IFNγ) reliably increased all in�ammatory activation parameters measured (Fig. S1),
consistent with an M1 phenotype. We next established the maximal concentration of an Hv1 antagonist
these cells could tolerate without observable cell death (Fig. S2). Cell death was quanti�ed using MTS
and LDH assays during both basal and activated conditions (1 mg/ml LPS/0.1 mg/ml IFNγ) 24 hours
after exposure to increasing concentrations (5–20 µm) of ClGBI, an Hv1 blocker. ClGBI is highly
e�cacious (~ 90% channel block) and the most potent (EC50 = 1 µM) of the guanidine-derived
antagonists of the proton channel49. We observed that 10 µM of the blocker was well-tolerated without
any observable cell death in both non-activated and activated HAPI cells (Fig. S2 A-D). Next, using the MT-
luciferase assay, we monitored the long-term viability of non-activated and activated HAPI cells that had
been exposed to vehicle or 10 µM ClGBI for 24 h. Interestingly, no apparent long-term impact of Hv1
antagonism was observed in non-activated or activated cells after 72 hours after treatment. In the next
set of experiments, we use the same approach in primary microglia cultures obtained from postnatal
mouse brain. For these studies, we �rst evaluated the sensitivity of these cells to the presence of
increasing concentrations of ClGBI, similar to the characterization performed in HAPI cells (Fig. S3). We
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found that the primary microglia cultures could withstand 10-fold less the concentration of the
antagonist when compared to our cell line, showing as clear decrease in viability when exposed to ClGBI
concentrations higher than 1 µM for 24 hours, both under basal and activated (1.0 mg/ml LPS/0.1 mg/ml
IFN) conditions (Fig. S3A-D). Additionally, we assessed the effect of treatments on the long-term viability
of microglia cultures. We found that after 4 weeks, the viability of activated microglia decreases by 50%.
Remarkably, co-administration of 1 µM ClGBI restores viability by 25% (Fig. S3E). Given these results, we
chose to utilize 1 mg/ml/0.1 mg/ml IFNγ to activate both immortalized and primary microglial cells as
well to utilize 10 µM ClGBI for HAPI cells and 1 µM ClGBI for primary microglia cultures to antagonize Hv1
in subsequent studies.

As our initial data suggested an increase in ROS production (S1B) after activation of HAPI cells, we
quanti�ed the protein expression levels of the main reactive species-producing enzymes during HAPI cell
activation, namely NOX2 (Fig. 1A and S7A) and NOS2 (Fig. 1B and S7B). We found that following HAPI
cell activation NOX2 protein was increased nearly two-fold (Fig. 1C). Importantly, the presence of ClGBI
during activation attenuated this response although incubation with ClGBI alone had a small stimulatory
effect (Fig. 1C). In the case of NOS2, activation produced a dramatic 60-fold increase in protein
expression, while Hv1 inhibition during activation reduced NOS2 expression to approximately half this
level (Fig. 1D). ROS production itself was next evaluated utilizing DhE �uorescence, which detects
superoxide and hydrogen peroxide (Fig. 1E). We observed a substantial increase in �uorescence in
activated cells, which was signi�cantly mitigated by ClGBI (Fig. 1F). Given that Hv1 antagonism reduced
the expression of both NOX2 and NOS2 in activated cells, we hypothesized that the ClGBI-mediated
decrease in reactive species production was due, in part, to a reduction in NOX and NOS2 enzymatic
activity. Indeed, quanti�cation of enzymatic activity revealed that while NOX activity increased threefold
in response to activation, Hv1 inhibition completely suppressed this response (Fig. 1G and S4A).
Additionally, activated cells showed a 20-fold increase in NOS2 activity, a phenomenon that was partially
blocked by Hv1 inhibition (Fig. 1H). We next quanti�ed phagocytic activity to establish whether this
important activation parameter could also be regulated by Hv1 antagonism. After activation, HAPI cells
more than doubled their phagocytic activity, while co-administration of ClGBI effectively limited this
increase and returned it near baseline levels (Fig. 1I and S5B). Finally, we measured the extracellular
concentration of zinc ([Zn2+]e) since macrophage response to LPS is associated with changes in zinc

homeostasis77. We observed a signi�cant increase in [Zn2+]e, secondary to the activation of HAPI cells,
which was not modi�ed by Hv1 antagonism (Fig. 1J). In sum, our data strongly suggest that HAPI
microglial cells show a complete, general in�ammatory pattern following activation. Furthermore, our
data prove that Hv1 antagonism during activation can effectively hamper the extent of reactive oxygen
and nitrogen species generated by limiting their enzymatic production. Importantly, while activation leads
to enhance phagocytic activity, Hv1 antagonism in activated microglia dampens but does not eliminate
this critical function of these cells.

Having established the in�ammatory activation pattern of immortalized microglia cells and the extent to
which Hv1 inhibition modi�es key components of this phenotype, we next aimed to establish whether
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primarily microglial cells responded similarly. We compared the expression levels of NOX2 (Fig. 2A and
S7C) and NOS2 (Fig. 2B and S7D) in primary mouse microglial cultures at rest and following activation,
both with and without Hv1 inhibition. We observed that ClGBI (1µM) alone could enhance NOX2
expression in non-activated microglia, and that activation could further enhance this process (Fig. 2C).
Strikingly, activation in the presence of the Hv1 blocker depressed NOX2 expression levels well below
control levels (Fig. 2C). Similar to the results obtained with HAPI cells, activation promoted a dramatic ~ 
40-fold increase in NOS2 expression in primary microglial cells, a phenomenon that was attenuated by
Hv1 inhibition (Fig. 2D). The changes in expression of these two proteins were paralleled by enhanced
DhE staining in activated cells, with a concomitant decrease in staining in ClGBI-treated activated cells
(Fig. 2E; quanti�ed in Fig. 2F). NOX activity, NOS activity and phagocytosis followed a similar pattern to
that observed in HAPI cells, with increased activity upon activation, as well as inhibition by Hv1
antagonism (Fig. 2G-I). Once again, activated cells retained phagocytotic capabilities near what is
normally observed by non-activated microglia in the presence of ClGBI, (Fig. 2I). Activated microglia
presented a similar increase in [Zn2+]e to that observed in HAPI cells, while of greater magnitude. Upon

activation, [Zn2+]e concentration increased nearly three-fold, and this response was not attenuated by
ClGBI treatment (Fig. 2J). Our �ndings suggest that ROS production and enhanced phagocytic activity are
dependent on Hv1 activity and that its inhibition can have an important in�uence on their regulation. On
the other hand, zinc release appears to be an activation parameter independent of Hv1 activity. Most
importantly, the activation pro�le of HAPI cells appears to robustly reproduce what is normally observed
in primary microglial cells making them a valuable tool in the study of brain in�ammatory processes.

Hv1 block prevents proton extrusion and acidi�es the intracellular pH of activated microglia. As Hv1
promotes proton extrusion in response to intracellular pH acidi�cation, we next determined the impact of
ClGBI on the intracellular (pHi) and extracellular (pHe) pH of HAPI cells, using BCFL-AM, an intracellular
�uorescent indicator. First, we evaluated different concentrations of ClGBI (Fig. S4). Interestingly, we did
not observe changes in pHi or pHe at any concentration of ClGBI tested (2.5–10 µM) on non-activated
HAPI cells (Fig. S4A, B). However, following activation, a signi�cant decrease in pHi, as well as an
increase in pHe, was observed with 7.5–10 µM ClGBI (Fig. 3A, B; Fig. S4 C, D). These results indicate that
activation leads to pronounced intracellular acidi�cation and that Hv1 inhibition intensi�es this effect.
Moreover, this activation-induced intracellular acidi�cation is associated with a decrease in proton
extrusion, which can be measured by a change in pHe. As such, both pHi and pHe can be modulated by
Hv1 inhibition in activated cells. These �ndings are consistent with the known function of the proton
channel during microglial activation31,78 and are nicely recapitulated in our HAPI cell preparation. Finally,
we con�rmed that the activation and ClGBI-mediated changes in pHi and pHe observed in the cell line
were also present in the primary microglial cells, which was indeed the case (Fig. 3C, D), further
demonstrating the utility of HAPI cells as an excellent microglial cell line model.

NOX2 activity promotes intracellular acidi�cation in activated HAPI cells. During microglial activation,
ROS production by NOX2 results in a release of protons into the intracellular space. As such protons
extrusion, particularly by Hv1, is necessary for maintaining electroneutrality. We investigated the impact
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of NOX2 activity on pHi using GSK279, a speci�c competitive inhibitor of NOX279. As previously noted,
treatment with LPS/IFNγ led to a four-fold enhancement of NOX activity in HAPI cells. In contrast,
activation in the continuous presence of GSK279 (1-100 µM) led to a concentration-dependent inhibition
of NOX activity, reverting to near control activity at the highest concentration of the inhibitor (Fig. 4A). As
NOX2 activity likely leads to the aforementioned intracellular acidi�cation following activation, we
con�rmed that GSK279 similarly led to a concentration-dependent reversal of pHi changes observed in
HAPI cells following treatment with LPS/IFNγ (Fig. 4B). Importantly, GSK279 could also effectively
abrogate the enhanced acidi�cation produced by Hv1 inhibition in activated cells (Fig. 4C). These results
suggest not only that NOX2 is largely responsible for the intracellular acidi�cation secondary to
activation but that the functional coupling between Hv1 and NOX2 governs intracellular pH during the
microglial in�ammatory response. Moreover, the enhanced intracellular acidi�cation as a result of Hv1
block in activated cells is the likely mechanism behind ClGBI-mediated inhibition of NOX2 activation80.

Pharmacological inhibition of Hv1 modi�es the activation metabolic pro�le. As intracellular acidi�cation
is associated with intermediary metabolism changes81,82, we next measured critical parameters of
metabolism under basal and activated conditions in our microglial cell line. First, we assessed
intracellular lactate (lactatei) concentrations, since proin�ammatory microglial activation is associated

with increased anaerobic glycolysis82. Intracellular lactate increased almost four-fold during activation,
compared to control, a phenomenon that was signi�cantly attenuated by ClGBI treatment (Fig. 5A).
Additionally, activation not only promoted lactate production but also its release into the extracellular
space. After 24 hours of treatment with LPS/IFNγ, the concentration of extracellular lactate (lactatee)
increased more than �fteen times baseline levels, which, again, was strongly inhibited by Hv1 block
(Fig. 5B). These changes were also re�ected by total lactate measurements (Fig. 5C). Subsequently, we
investigated whether these metabolic changes would also be present in activated primary microglia
cultures. The effects of activation and Hv1 blockade on the concentrations of lactatei, lactatee and total
lactate seen in HAPI cells were again reproduced in this system (Fig. 5G-I). This rise in lactate production
is indicative of a metabolic shift toward anaerobic glycolysis in activated cells which negatively impacts
energy production through oxidative phosphorylation83.

An accurate indicative parameter of the energy status of cells is the oxidation state of NAD. A decrease in
NAD+/NADH ratio is generally associated with oxidative stress while increases in ratios are an indicator
of metabolic stress84. Activated HAPI cells showed a moderate decrease in NAD+ compared to non-
activated cells, which could be completely prevented by Hv1 inhibition (Fig. 5D). Additionally, we found
that activation dramatically decreased the concentration of NADH when compared to non-activated cells,
an effect that was again mitigated by ClGBI (Fig. 5E). These changes in NAD+ and NADH led to a 4-fold
increase in the NAD+/NADH ration upon activation, which was signi�cantly attenuated by Hv1
antagonism (Fig. 5F). A nearly identical pattern of NAD+ and NADH changes were observed in our primary
microglia cultures (Figs. 5G-L). These results suggest that activation promotes lactate production and
NADH consumption, processes directly associated with increased anaerobic glycolysis. The fact that Hv1
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antagonism effectively prevents these metabolic changes in both cellular models indicates that inhibition
of this voltage-gated proton channel may promote the conservation of a more favorable energy status.

Hv1 inhibition promotes an anti-in�ammatory activation phenotype. As the microglial activation
phenotype can be strongly in�uenced by metabolic changes24,85, such as those promoted by Hv1
inhibition, we next characterized the secretome pro�le of both non-activated and activated HAPI cells and
primary microglia in the presence and absence of ClGBI. To do so, we quanti�ed the concentration of
cytokines in the culture medium of cells in the aforementioned conditions. Interestingly, ClGBI alone
moderately increased the production of IL-1β in non-activated HAPI cells, when compared to control. IL-1β
levels were further increased in activated cells. However, in this case, Hv1 block did not modify the
response (Fig. 6A). In contrast, ClGBI alone did not in�uence IL-1β production in non-activated primary
microglia cultures, but it did signi�cantly reverse the increased production of this cytokine in activated
cultures (Fig. 7A). Both HAPI and primary microglial cell activation produced a robust increase in IL-6
production, with ClGBI co-treatment markedly inhibiting its production (Fig. 6B and 7B). A similar pattern
was observed with TNFα production, and its inhibition by ClGBI, in both HAPI (Fig. 6C) and microglial
cells (Fig. 7C). These results con�rmed that upon activation both our models increase production of well-
known pro-in�ammatory cytokines, which are largely suppressed by Hv1 antagonism.

Given these �ndings and our data demonstrating that Hv1 hampers in�ammatory activation (Figs. 1 and
2), we examined whether Hv1 could also promote an anti-in�ammatory phenotype. We quanti�ed three
cytokines directly associated with anti-in�ammatory responses in microglia, namely IL-4, IL-10, and TGF-
β. HAPI and microglial cell activation was accompanied by a moderate decrease of IL-4, which was
normalized to control levels by ClGBI in both cell types (Fig. 6D and 7D). In contrast to these observations,
the patterns of IL-10 production differed between HAPI (Fig. 6E) and primary microglial (Fig. 7E) cells. In
both cases, production of this neuroprotective cytokine increased upon activation. We observed a nearly
50% decrease in IL-10 levels in HAPI cells treated with ClGBI alone as well as a similar decrease in
activated cells exposed to the Hv1 antagonist. In contrast, we did not observe a decrease in IL-10 in non-
activated or activated primary microglial cells treated with ClGBI. TGF-β, a potent inducer of anti-
in�ammatory polarization86, decreased following activation in both cell types. For this cytokine, we did
not observe a signi�cant rescue in production by ClGBI in neither HAPI nor microglial cells, although there
was a trend towards recovery in the cell line model (Fig. 6F and 7F). These results suggest a complex
effect of Hv1 inhibition on anti-in�ammatory cytokine production in the cell line and primary microglia
cultures. However, the general pattern observed is one in which an anti-in�ammatory phenotype is
maintained in activated cells when Hv1 is antagonized, favoring an IL-4 (and perhaps TGF-β)-favored
neuroprotective pro�le in HAPI cells, and an IL-4/IL-10 pro�le in the mouse microglial cultures.

Finally, we examined the morphological changes associated with HAPI and microglial cell activation by
means of Iba-1 labeling (Fig. 6G and 7G). Control non-activated HAPI cells generally presented a
compact, uniform, and rounded soma, with few projections. This morphology appeared unaffected by the
presence of ClGBI alone. After treatment with LPS/IFNγ, we observed an increase in the size of the soma,
acquiring an irregular appearance. When activation occurred during Hv1 inhibition, cells exhibited both
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types of morphology, although the vast majority resembled non-activated, inactivated cells. This
morphology activation pattern suggests the acquisition of an alternative or mixed phenotype87 under
these conditions (Fig. 6G), which is consistent with their secretome pro�le. Similarly, to the cell line, ClGBI
treatment in non-activated microglial cells did not change their morphology. However, after 24 hours of
LPS/IFNγ treatment, we observed growth in the size of the soma and a reduction in the number of
processes, correlating with a classic proin�ammatory activation pro�le87. Treatment of activated
microglia with ClGBI again resulted in a morphological pro�le more akin to the non-activated state
(Fig. 7G).

Hv1 inhibition during activation reduces in�ammatory neurotoxicity. The results presented thus far
shown that Hv1 inhibition decreases the microglial production of reactive species and proin�ammatory
mediators, while promoting the release of anti-in�ammatory cytokines. To determine the functional
implications of these changes to the activation pro�le of microglia, we examined their neurotoxicity in the
presence and absence of ClGBI. Rat cortical neuron cultures were exposed to conditioned medium from
non-activated and activated HAPI and microglial cells treated with or without ClGBI. Twenty-four hours
after exposure, neuronal viability was quanti�ed by LDH and MTS assays. Cortical cultures exposed to
medium harvested from activated HAPI (Fig. 8A), and microglial (Fig. 9A) cultures resulted in a signi�cant
loss of neuronal viability as evidenced by increased LDH release (Figs. 8A and 9A). Critically, we found
that Hv1 antagonism with ClGBI during activation prevented the neurotoxicity of the conditioned medium
(Figs. 8A and 9A). These �ndings were con�rmed in the MTS assay (Fig. 8B and 9B). These data strongly
suggest that in the presence of an Hv1 blocker, the secretion of neurotoxic factors by activated microglia
is signi�cantly attenuated.

Having demonstrated that Hv1 inhibition limits neurotoxicity associated with the release of pro-
in�ammatory mediators by activated microglia, we turned our focus to identifying the diffusible
molecules that contribute to the observed neurotoxic pro�le in our models. As oxidative stress is closely
related to in�ammatory neurotoxicity88, we �rst assessed whether antioxidant exposure could increase
neuronal viability using the MTS assay. Indeed, EUK134 (100 µM), a synthetic superoxide
dismutase/catalase mimetic89, provided neuroprotection against toxicity associated with HAPI and
microglial conditioned media exposure (Figs. 8C and 9C). Given that extracellular zinc is neurotoxic to our
cortical cultures90 and that we demonstrate that activation in both HAPI cells and microglia causes an
increase in extracellular Zn2+, we evaluated whether the extracellular zinc chelator ZX191 (5 µM) could
provide some degree of neuroprotection to conditioned media exposure. Indeed, ZX1 treatment
signi�cantly increased neuronal viability in cortical cultures exposed to conditioned media from activated
microglia (Fig. 8D and 9D). Finally, we used neutralizing antibodies to block the activity of IL-692 and
TNFα93, neurotoxic cytokines released during activation in both our models. Surprisingly, neutralization of
IL-6 (5 µg/ml) was not su�cient to reverse the neurotoxicity induced by the conditioned media from either
activated HAPI (Fig. 8E) or microglial (Fig. 9E) cultures. In contrast, we found that a TNFα neutralizing
antibody (5 µg/ml) signi�cantly increases the viability in both cases (Fig. 8F and 9F). Of note, none of the
neuroprotective actions of EUK134, ZX1 or TNFα neutralization were additive with the previously noted
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protective actions of ClGBI (Fig. 8C-F and 9C-F), suggesting that Hv1 block protects neurons, in part, by
preventing su�cient pro-in�ammatory cytokine production by activated microglial cells.

Hv1 inhibition promotes neuroprotection from microglia during excitotoxic damage. In the next set of
experiments, we evaluated: i) whether co-cultures of microglia and cortical cells resulted in neurotoxicity
following activation, ii) whether inducing excitotoxicity in neurons could itself result in microglial
activation and further enhance neurotoxicity, and iii) whether Hv1 inhibition could restore neuronal
viability following microglial activation and/or excitotoxic insults. In both our HAPI/cortical and
microglia/cortical co-cultures we observed a 2-fold increase in LDH release following activation,
indicating, once again, that microglial activation results in neurotoxicity (Fig. 10A, D). Importantly, in both
cases, the presence of ClGBI abrogated the neurotoxicity (Figs. 10A, D). Since an elevated LDH could be
re�ective of the presence of both injured microglia (induced by dying neurons) and neurons, we took
advantage of a luciferase viability assay in previously transfected neurons, which exclusively re�ects
neuronal viability in co-culture or mixed culture conditions60,63. Using this assay, we con�rmed both a
decrease in neuronal viability following microglial activation, as well as neuroprotection by Hv1 block
(Fig. 10B, E).

We next explored whether microglia were protective against a canonical excitotoxic insult and whether
Hv1 antagonism modi�ed this response. We �rst exposed cortical cultures alone to the glutamate uptake
inhibitor TBOA (75 µM), noting, as expected62,63, a substantial decrease in neuronal viability, as measured
by the luciferase assay (Fig. 10C). In the absence of HAPI cells, the observed excitotoxicity was not
in�uenced by the presence of the Hv1 blocker. In contrast, when neurons were in co-culture with non-
activated HAPI or microglial cells, TBOA toxicity could be partially ameliorated by ClGBI (Figs. 10C and
10F), suggesting that neuronal excitotoxic injury, in and of itself, is su�cient to trigger microglial cell
activation, as observed in other systems37. Moreover, we observed increased TBOA toxicity when neurons
were exposed to previously activated HAPI or microglial cells, but only when ClGBI was absent during
activation. However, even under these circumstances ClGBI was protective if added during the TBOA
exposure (Figs. 10C and 10F, right two sets of bar graphs). This critically important result indicates that
Hv1 block not only prevents activated microglia neurotoxicity but also, by reprogramming these cells, Hv1
antagonism can generate an overall neuroprotective environment.

Discussion
We show that pharmacologic inhibition of Hv1 during proin�ammatory activation decreases microglial
neurotoxicity and promotes neuroprotection against excitotoxic damage. Hv1 antagonism decreases the
enzymatic production of reactive species, mostly through inhibition of NOX2. Despite ClGBI marked effect
on NOX2 activity, Hv1 antagonism only partially blocks NOS2 and phagocytic activity, which are
processes associated with neuroprotection94,95. We also observed that the secretome of activated HAPI
cells and microglia is characterized by a signi�cant increase in proin�ammatory cytokines (IL-1β, IL-6,
and TNFα) and the reduction in anti-in�ammatory cytokines (IL-4 and TGFβ). These described
characteristics of this pro�le is consistent with what has been reported in various models of



Page 18/45

proin�ammatory activation96,97. Adding to this body of work, we report that Hv1 antagonism promotes a
drastic change in the secretome, characterized by a decrease in the pro-in�ammatory cytokines IL-6 and
TNFα in both primary and immortalized microglia as well as a decrease in IL-1β in primary microglia.
Importantly, Hv1 inhibition promotes an increase in the neurotrophic cytokine IL-4 in both systems as well
as an increase in IL-10 in primary microglia. These changes to the microglia secretome following
activation indicates that ClGBI promotes the acquisition of an anti-in�ammatory phenotype by
decreasing the production of proin�ammatory factors and tilting the balance towards the release of
neurotrophic cytokines.

Additionally, we assessed the neurotoxic capacity of the activated microglia secretome in cortical
neurons and whether it was modi�ed by Hv1 antagonism. We found that conditioned media from
activated microglia was indeed neurotoxic, and this toxicity was mainly dependent on the release of
TNFα, as well as to the production of ROS and the release of extracellular zinc. Surprisingly, Hv1
inhibition does not add to the neuroprotection provided by the neutralization of TNFα nor the use of an
antioxidant or a zinc chelator, suggesting that, in fact, these are the activation changes promoted by Hv1
blockade that are associated with increased neuronal viability.

Hv1 normally extrudes protons to the extracellular space, a crucial process when metabolism and ROS
production by NOX2 activity increase during activation31,98. In non-activated microglia, the intracellular
pH does not �uctuate signi�cantly, which keeps Hv1 in a closed state99. After activation, NOX2 activity
increases, which causes a rapid increase in the intracellular proton concentration. This rise in intracellular
proton concentration promotes increased activity of Hv1 in order to maintain microglial pH and
electroneutrality39,100. We observed that ClGBI blocked proton out�ow, inducing a greater intracellular
acidi�cation, while at the same time, preventing a decrease in extracellular pH. We posit that the
decreased extracellular pH changes observed in our system after Hv1 inhibition contribute to the
observed increased neuronal viability, as extracellular acidity can be neurotoxic29. Indeed, these pH
changes are consistent with the neuroprotection observed in genetic models of Hv1 depletion41.

Microglial activation is a rapid response that depends on a very �exible metabolism to satisfy the
energetic requirements for surface marker expression and cytokine and reactive species production
83,101−103. In this study we corroborate that activation promotes an increase in lactate production, which
is most likely attributable to a boost in glycolytic rate. Increased lactate production is a common
phenomenon in pro-in�ammatory activation, and, in fact, high lactate concentration is associated with IL-
6 and TNFα production24,104,105. We found an increased NAD+/NADH ratio, which is directly associated
with an increase in lactic fermentation. This metabolic shift is associated with a decrease in
mitochondrial ATP production, and even mitochondrial dysfunction106. Importantly, Hv1 inhibition
considerably decreases lactate production, as well as signi�cant increases NADH. These changes are
associated with a lower energy state, in which glycolytic ATP production and lactic fermentation
decline107. Together, these �ndings strongly suggest that Hv1 blockage promotes microglial metabolic
reprogramming during activation, a key component of its neuroprotective phenotype. It must be noted
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that the loss of Hv1 function had previously been associated with the acquisition of anti-in�ammatory
responses associated to neuroprotection108–111, albeit by an uncharacterized process, which we de�ne
here.

Finally, in this study we evaluate the impact of microglial reprogramming during excitotoxic damage. Our
data suggest that non-activated microglia do not modify neuronal death during the excitotoxic event;
however, when the microglia are previously activated, neuronal viability decreases signi�cantly. This loss
of neuronal viability in co-culture is likely due to the summative effect of in�ammatory neurotoxicity and
excitotoxic damage. Most importantly, our data show that when activation occurs during Hv1 inhibition,
not only is in�ammatory neurotoxicity prevented, but microglia are capable of protecting neurons against
excitotoxic damage. Furthermore, Hv1 blockade in co-culture promotes neuroprotection even if the
microglia were previously activated in the absence of Hv1 block.

Limitations of this study

In addition to the pharmacological inhibition of Hv1, we examined whether Hv1 silencing would result in a
similar scenario. However, we found that although siRNA was effective in decreasing Hv1 expression in
non-activated HAPI cells, this effect was lost in activated cells (Fig. S5B,D), possibly as a result of Hv1
membrane stabilization upon activation. It must be noted that this study does not take into account the
potential role of astroglia, which are crucial intermediaries and ampli�ers of cytokines action112.
Additionally, we know that microglial metabolism is closely coupled to astrocyte and neuronal
metabolism103. Finally, this approach has all the common limitations of in vitro models, so the validation
of these results in an in vivo model is a priority of future work.

Conclusions
Our �ndings indicate that Hv1 pharmacological inhibition considerably reduces in�ammatory
neurotoxicity by promoting an anti-in�ammatory secretome. We propose that the intracellular
acidi�cation of microglia, promoted by the Hv1 antagonism, decreases the energy demand of these cells,
which, in turn, promotes changes in metabolic pathways available for obtaining energy. This metabolic
reprogramming promotes a strong neuroprotective microglial response, which is less energetically
demanding and is the result of the acquisition and maintenance of an anti-in�ammatory phenotype. In
our model, metabolic reprogramming not only prevents neurotoxicity, but also produces neuroprotection.
As such, our work establishes a solid foundation to explore the pharmacological manipulation of Hv1 as
an effective strategy for microglia reprogramming to promote neuroprotection in neurodegenerative
disorders.

Abbreviations
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2-aminobenzimidazole ABI 

2-guanidinobenzimidazole 2GBI

3-(2-amino-5-methyl-1H-imidazol-4-yl)-1-di�uorophenyl HIF

5-chloro-2-guanidinobenzimidazole ClGBI

Bovine serum albumin  BSA

Days in vitro DIV

Dizocilpine hydrogen maleate MK801

Ethanediyl bis 6-methoxy-phenol manganese complex  EUK134

Extracellular pH pHe

Extracellular lactate Lactatee

Fetal bovine serum FBS

Gamma interferon IFNγ

Hank's Buffer with HEPES solution HHBS

Highly aggressively proliferating immortalized  HAPI 

Hydrogen voltage gated channel 1 Hv1

Interleukin 1β IL-1β

Interleukin 4 IL-4

Interleukin 6 IL-6

Interleukin 10 IL-10

Intracellular Lactate Lactatei

Intracellular pH pHi

Lactate Dehydrogenase LDH

Lipopolysaccharide LPS

Neutralizing antibody of IL-10 nIL-10

Neutralizing antibody of TNF-α TNF-α nAb

Neutralizing antibody of IL-6 IL-6 nAb

Nicotinamide adenine dinucleotide phosphate reduced NADPH

Nitric oxide synthase NOS

NADPH oxidases NOX
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NADPH oxidase 2 NOX2

Nicotinamide adenine dinucleotide reduced NADH

Optical density OD

Patterns associated with damage DAMPs

Patterns associated with pathogens PAMPs

Phosphate buffered saline PBS

Phosphate buffered saline and Tween 20 PBST

Protein kinase C PKC

Reactive oxygen species ROS

Relative Fluorescence units RFU

Relative light units RLU

Threo-β-Benzyloxyaspartic acid TBOA

Tetrazolium compound inner salt MTS 

Transforming growth factor beta  TGF-β

Tumor necrosis factor alpha TNFα

Voltage sensitive domain VSD
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Figure 1

Hv1 inhibition hampers the in�ammatory activation pro�le of HAPI cells. Representative Western blot
images for NOX2 (A) and NOS2 (B); β-actin was used as a loading control. Quanti�cation of protein
bands for NOX2/β-actin (C) (n=4) and NOS2/β-actin (C) (n=4). E) ROS detection. Representative
micrographs of cells stained with DhE (red mark). Fields were randomly selected, paired based on cell
density, and the image was then captured at 10x (scale bar=100µm). F) Quanti�cation of end point DhE
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�uorescence (n=4). Data are expressed in relative �uorescence units (RFU). G) NOX activity determination
by the resulting luminescence from lucigenin oxidation after the addition of NADPH. Data are expressed
as relative light units (RLU) per mg of protein (n=4). H) Determination of NOS activity by colorimetry
linked to nitric oxide production. Data are presented as one mU per milligram of protein (n=4). I)
Determination of phagocytic activity by quantifying the �uorescence intensity of internalized pre-labeled
green E. coli (n=4). J) Determination of extracellular zinc by FluoZin3; results are expressed in µM based
on a standard concentration curve of ZnCl2 in a Chelex-treated solution (n=6). All values
displayed represent the mean ± SEM of at least four independent experiments, each performed in
triplicate. Graphs comparing values across groups were analyzed via one-way ANOVA with Tukey post-
hoc analysis for individual comparisons. Unspeci�ed comparisons in F-J are vs. control. Unspeci�ed
comparisons in C, D, and I vs. normalized controls (dashed lines) were separately analyzed via one
sample t tests vs. 1. Signi�cance is shown as *p<0.05 ** p < 0.01, *** p < 0.005 and **** p < 0.001. 
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Figure 2

Hv1 inhibition also hampers the in�ammatory activation pro�le of primary mouse microglia. See
descriptions in Fig. 1 for individual panels. Essentially a similar response pro�le is observed in both HAPI
cells and primary mouse microglial cells. All parameters measured are the same in Figs. 1 and 2. All
values displayed represent the mean ± SEM of at least four independent experiments, each performed in
triplicate. Graphs comparing values across groups were analyzed via one-way ANOVA with Tukey post-
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hoc analysis for individual comparisons. Unspeci�ed comparisons in F-J are vs. control. Unspeci�ed
comparisons in C, D, and I vs. normalized controls (dashed lines) were separately analyzed via one
sample t tests vs. 1. Signi�cance is shown as ** p < 0.01, *** p < 0.005 and **** p < 0.001.

Figure 3
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Hv1 block prevents proton extrusion and acidi�es the intracellular pH of both activated HAPI cells and
microglia. Comparison of the A) intracellular and B) extracellular pH of non-activated and activated HAPI
cells treated with 10 µM ClGBI (n=4) denoting the increase in intracellular pH as well as increased
extracellular pHe in ClGBI-treated activated cells. Fluorometric determination of C) intracellular and D)
extracellular pH of non-activated or activated microglia treated with or without 10 µM ClGBI (n=4). pH
measurements are based on calibrated BCFL-AM �uorescence. Extracellular pH was con�rmed by a
potentiometer. Data are expressed as units on the logarithmic pH scale and represented as mean ± SEM
of at least four independent experiments done in triplicate. Graphs comparing values across groups were
analyzed via one-way ANOVA with Tukey post-hoc analysis for individual comparisons. Unspeci�ed
comparisons in B-F are vs. control. Signi�cance is shown as ** p < 0.01, *** p < 0.005 and **** p < 0.001.
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Figure 4

NOX2 activity promotes intracellular acidi�cation in activated HAPI cells. A) Determination of NOX
activity in activated HAPI cells in the presence of 1-100 µM GSK-279, an NOX2 inhibitor. Activity was
obtained via quanti�cation of luminescence resulting from the oxidation of lucigenin and expressed as
relative light units (RLU) per mg of protein (n=4). B) Fluorometric determination of intracellular pH in
activated HAPI cells treated with 1-100 µM GSK-279. Values represents the detection of BCFL-AM and are
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expressed as units on the logarithmic pH scale (n=3). C) Comparation of �uorometric determination of
intracellular pH in non-activated and activated HAPI cells treated with ClGBI (10 µM) and GSK279
(100µM; n=4). Results represents the detection of BCFL-AM and expressed as units on the logarithmic pH
scale. All data are presented as Mean ± SEM of at least three independent experiments performed in
triplicate. Analysis via one-way ANOVA with Tukey post-hoc analysis for individual comparisons.
Unspeci�ed comparisons in all panels are vs. control. Signi�cance is shown as * p < 0.05, ** p < 0.01, *** p 
< 0.005 and **** p < 0.001.
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Figure 5

Pharmacological inhibition of Hv1 modi�es the activation metabolic pro�le of HAPI cells and mouse
microglial cells. Determination of intracellular, extracellular, and  total  lactate using a bioluminescence
reductase/luciferase system in non-activated and activated HAPI cells (A-C) and mouse microglia (G-I) in
the absence or presence of 10 µM ClGBI (n=4). Data are expressed as lactate concentration (µM) based
on a standard curve provided by the manufacturer. Measurement of NAD+ and NADH by a colorimetric
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assay in non-activated and activated HAPI cells (D, E) and mouse microglia (J, K) in the absence and
presence of 10 µM ClGBI, as well as the resulting NAD+/NADH ratios (F, L), which were normalized to
control ratios (dotted line) (n=4). Data in (D, E, J, K) are expressed as the concentration of NAD+ or NADH
(ng per mg of protein) based on a curve provided by the manufacturer. The results are presented as the
mean ± SEM of at least four independent experiments. Graphs comparing values across groups were
analyzed via one-way ANOVA with Tukey post-hoc analysis for individual comparisons. Unspeci�ed
comparisons in A-E and G-K are vs. control. Unspeci�ed comparisons in F and L to normalized controls
(dashed lines)  were separately analyzed via one sample t test vs. 1. Signi�cance is shown as *p < 
0.05, **p < 0.01, ***p < 0.005 and ****p < 0.001.
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Figure 6

Hv1 inhibition promotes an anti-in�ammatory HAPI cells activation phenotype. Determination of IL-1β, IL-
6, TNFα, IL-4, IL-10 and TGF-β (A-F) by ELISA immunoassay in the culture medium of non-activated and
activated HAPI cells in the presence of 10 µM ClGBI. Results are expressed as cytokine concentration per
ml (pg/ml; n=3). G) Representative images obtained by immunocytochemistry (40x) of the morphology of
non-activated (white arrow) and activated (red arrow) HAPI cells stained with Iba-1 (green) and DAPI
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(blue). Scale bar = 20 µm. Results are presented as the mean ± SEM of 3 independent experiments,
performed in triplicate. They were analyzed via one-way ANOVA with Tukey post-hoc analysis for
individual comparisons. Unspeci�ed comparisons are vs. control. Signi�cance is shown as ** p < 0.01,
*** p < 0.005 and **** p < 0.001.
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Figure 7

Hv1 inhibition also promotes an anti-in�ammatory microglial activation phenotype. See descriptions in
Fig. 6 for individual panels (A-F). Essentially a similar response pro�le is observed in both HAPI cells and
primary mouse microglial cells. All parameters measured are the same in Figs. 6 and 7. G) Representative
images obtained by immunocytochemistry (40x) of the morphology of non-activated (white arrow) and
activated (red arrow) HAPI cells stained with Iba-1 (green) and DAPI (blue). Scale bar = 20 µm. Results are
presented as the mean ± SEM of 3 independent experiments, performed in triplicate. They were analyzed
via one-way ANOVA with Tukey post-hoc analysis for individual comparisons. Unspeci�ed comparisons
are vs. control. Signi�cance is shown as * p < 0.05, ** p < 0.01, *** p < 0.005 and **** p < 0.001.
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Figure 8

Hv1 inhibition during activation reduces HAPI cells in�ammatory neurotoxicity. A) Toxicity evidenced by
the LDH release from cortical neurons treated with conditioned medium from non-activated and activated
HAPI cells in the absence and presence of 10 µM ClGBI (n=4). B) Cortical neurons viability was also
determined with, and MTS colorimetric assay of cortical cultures treated with HAPI cells conditioned
medium as in A (n=4). (C-F) Determination of speci�c neurotoxic components of the secretome trough
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MTS assay of cortical cultures treated with conditioned medium and C) an antioxidant (100 µM EUK134),
D) a membrane-permeant zinc chelator (5 µM ZX1), E) interleukin 6 neutralizing antibody (IL-6 nAb) and
F) TNF-α neutralizing antibody (TNF-α nAb; n=4). Results were normalized to baseline LDH (A) or MTS (B-
F) values from cells treated with HAPI cell medium that was never exposed to the HAPI cells themselves.
Viability improved in EUK134, ZX1 and, especially, in TNF-α neutralizing antibody treated cells. Results are
expressed as either relative LDH release (A), or percent viability as the mean ± SM of four independent
experiments, each performed in triplicate. Data were analyzed via one-way ANOVA with Tukey post-hoc
analysis for individual comparisons. Unspeci�ed comparisons in A and B were vs. control. Signi�cance is
shown as * p < 0.05, *** p < 0.005 and **** p < 0.001.
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Figure 9

Hv1 inhibition during activation also reduces microglia in�ammatory neurotoxicity. See descriptions in
Fig. 8 for individual panels (A-F). Essentially a similar response pro�le is observed in both HAPI cells and
primary microglia cultures. All parameters measured are the same in Figs. 8 and 9. Once again, viability
improved in EUK134, ZX1 and, especially, in TNF-α neutralizing antibody treated cells. Results are
expressed as either relative LDH release (A), or percent viability as the mean ± SEM of four independent
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experiments, each performed in triplicate. Data were analyzed via one-way ANOVA with Tukey post-hoc
analysis for individual comparisons. Unspeci�ed comparisons in A and B were vs. control. Signi�cance is
shown as ** p < 0.01, *** p < 0.005 and **** p < 0.001.
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