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Abstract

We previously characterized a H* transport pathway in medullary thick ascending limb nephron
segments that when activated stimulated the production of superoxide by NAD(P)H oxidase.
Importantly, the activity of this pathway was greater in Dahl salt-sensitive rats than salt-resistant
(SS.13BN) rats, and superoxide production was enhanced in low Na* media. The goal of this study
was to determine the molecular identity of this pathway and its relationship to Na*. We
hypothesized that the voltage-gated proton channel, HV1, was the source of superoxide-
stimulating H* currents. In order to test this hypothesis, we developed HV1~/~ null mutant rats on
the Dahl salt-sensitive rat genetic background using zinc-finger nuclease gene targeting. HV1
could be detected in medullary thick limb from wild-type rats. Intracellular acidification using an
NH4CI prepulse in 0 sodium/BaCl, containing media resulted in superoxide production in thick
limb from wild-type but not HV1~/~ rats (P<0.05), and more rapid recovery of intracellular pH in
wild-type rats (ApHi 0.005U/sec vs. 0.002U/sec, p=0.046 respectively). Superoxide production
was enhanced by low intracellular sodium (<10mM) in both thick limb and peritoneal
macrophages only when HV1 was present. When fed a high salt diet, blood pressure, outer-
medullary renal injury (tubular casts) and oxidative stress (4-Hydroxynonenal staining) were
significantly reduced in HV1~/~ rats compared to wild-type Dahl salt-sensitive rats. We conclude
that HV1 is expressed in medullary thick ascending limb and promotes superoxide production in
this segment when intracellular Na* is low. HV1 contributes to the development of hypertension
and renal disease in Dahl salt-sensitive rats.
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Introduction

The Dahl salt-sensitive (SS) rat is a naturally occurring model of salt-sensitive hypertension
that closely mimics human forms of disease observed in the African American

population 1-8. A number of previous studies indicate that oxidative stress, specifically
within the renal outer medullary region, promotes the development of hypertension and
renal injury in the SS rat model 6-8. Within this region, renal medullary thick ascending limb
tubular segments (MTAL) are thought to be the greatest source of reactive oxygen species
and much of the superoxide produced by this segment is derived from NAD(P)H oxidase °.
As we have shown superoxide production is enhanced in mTAL of SS rats compared to salt-
resistant animals 10-12 it is likely that superoxide production by this segment contributes to
the development of disease in these animals. The cellular mechanisms responsible for
augmented superoxide production in mTAL of salt-sensitive rats when fed a high salt diet
however, remain unclear.

Superoxide production in mTAL in response to cellular H* efflux was initially reported by
Li et al 13, We have since characterized a novel H* transport pathway in mTAL, that when
activated stimulated the production of superoxide by NAD(P)H oxidase 9. Importantly this
pathway was enhanced in SS rats compared to salt-resistant control animals (SS.13BN)10, A
number of indicators suggested that HV1, a voltage-gated H* channel expressed highly in
immune cells 14, could be the unidentified H* transport pathway we characterized in mTAL.
First, as charged protons cannot readily cross the plasma membrane 1° we suspected an ion
channel. Second, superoxide production was only observed in the presence of a large
outward pH gradient, not following an inward pH gradient 0. Third, proton efflux was
linked to cellular depolarization and activation of the NAD(P)H oxidase 19. HV1 fulfilled all
these criteria. HV1 is specific to protons 1°. The opening of HV1 is pH dependent with the
channel only mediating H* efflux, not influx, under physiological conditions 1% 16, Hv1
opening is voltage-dependent, opening in response to cellular depolarization, and HV1 has
been associated with NADPH oxidase 1% 17. 18,

Given the number of characteristics shared between HV1 and the unidentified H* transport
pathway we characterized in mTAL, we hypothesized that ‘HV1 is present in mTAL and
contributes to superoxide producing H* currents following cellular acidification. Further, as
high salt feeding is likely to promote both depolarization as well as acidification of mTAL
secondary to enhanced apical Na reabsorption 19 20 and increased acid delivery to this
segment 2122 (factors we predict would promote opening of HV1 in vivo) we hypothesized
that ‘activation of Hv1 contributes to the development of outer-medullary oxidative stress,
hypertension and renal injury in vivo following high salt feeding in Dahl salt-sensitive rats’.
As, specific pharmacological inhibitors of HV1 are not yet available3, we tested this
hypothesis by developing an HV1~/~ null mutant rat on the Dahl salt-sensitive rat (Medical
College of Wisconsin) genetic background.
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As our previous work indicated reactive oxygen species (ROS) production in response to H*
efflux was greatly enhanced by low extracellular Na* 19, we also investigated the
relationship between Na concentration, HV1 and NADPH oxidase activity in mTAL as
alterations in Na handling could potentially be an important regulatory feedback system for
ROS production in this segment?4-27,

Studies used adult SS rats (Medical College of Wisconsin) maintained ad libitum on water
and a standard pellet diet containing 0.4% NaCl since weaning. All studies were conducted
in accordance with the National Institutes of Health (NIH) Guide for the Care and Use of
Laboratory Animals. All of the protocols were approved in advance by the institutional
animal care committee at Georgia Regents University or the Medical college of Wisconsin.

Bulk mTAL isolation

mTALs were isolated using a bulk dissection method as described previously 28 except two
sieves rather than one were used. Briefly, the kidneys were flushed with 10ml of cold saline
followed by 10ml of HEPES buffered Hanks Balanced salt solution (HBSS) containing 200
U/ml of type 11 collagenase (Worthington Biochemical). The kidneys were collected and cut
into thin slices transversely along the cortical-medullary axis. The inner stripe of the outer
medulla was isolated and incubated with collagenase solution at 37°C for 30minutes with
intermittent pipetting. Every 5 mins, the digested tissue was pipetted out and passed through
a 100um and 70 um sieve. mTAL segments were collected on the 70um sieve, and digestion
stopped by 1% BSA in pH 7.4 HBSS. We have previously demonstrated the collected tissue
contains ~95% mTAL2,

Respiratory Burst Assay

Peritoneal macrophages (M@) cells were collected as previously described 8. In brief, rats
were anesthetized with isoflurane (2-5%) and 50mL of HBSS was injected in to the
abdominal cavity followed by a small midline incision. The excess fluid was collected by
syringe. The collected fluids were centrifuged at 400 g for 10 min. Collected cell pellets
which contain predominantly M@ 8 were resuspended and aliquoted onto a clear-bottom 96-
well plate (Bioexpress) at ~1*106 cells per well. 1 mM L-012 (Wako Pharmaceuticals) was
used to determine superoxide production using a FLUOstar Omega plate reader (BMG
Labtech). Cells were maintained at 37°C and luminescence measured for 30 minutes at 2
minute intervals. Addition of 100uM of the PKC activator phorbol 12-myristate 13-acetate
(PMA) was used to stimulate the respiratory burst and maximal luminescence (arbitrary
units) recorded.

In order to set intracellular Na* concentration, cells were pre-incubated for 15min in
solutions containing; 70mM N-methyl-D-glucamine, 5.5 mM D-glucose, 1.3mM CaCl,,
1mM MgSO4, 5M HEPES at pH 7.4. NaCl levels were altered to maintain intracellular
[Na*] ([Na*], at either 5, 10, 15, 20, or 25mM and balanced to a total of 70mM with the
addition of KCI. The ionophore nystatin (135 U/mL) was prepared daily to permeablise cells
to Na* 30, In order to determine whether effects were due to differences in activity of Na/H
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exchangers (NHE), 100uM of the NHE inhibitor cariporide was added. ZnCl, (100uM) was
added to some wells to acutely inhibit HV1 activity. Maximal superoxide production rate
was normalized to solutions containing 25mM NaCl within each plate.

Transfection of Peritoneal Macrophages

Cells were obtained as above. After 2 h incubation, the cells were washed once with serum-
free medium to eliminating non-adherent lymphocytes and polymorphonuclear leukocytes
from the adherent macrophages, then cultured in 200 ul of 10% FBS DMEM supplemented
with 500 U/ml rat Granulocyte Macrophage Colony Stimulating Factor (rGM-CSF)
(GenScript, Cat# 202992-10). The primary macrophages were cultured in the presence of
rGM-CSF for 7 to 10 days prior to transfection.

hHvcn1 transfection: When the cells were reached 50-60% confluence, the medium was
removed and 100 ul of fresh no pen/strep and no FBS DMEM added. For each well of 96
well plates, we diluted 150 ng of hHvcnl (human Hvenl cDNA was cloned into pQBI125-
fC3) into 7.5 ul of Opti-MEM (Gibco, Cat# 31985-062), with 0.3 ul of PromoFectin-
Macrophage Transfection solution (PromoCell GmbH, Cat# PK-CT-2000-MAC-10). We
then added PromoFectin-Macrophage solution to the DNA solution, vortex-mixed the
solution and spun down briefly before incubating for 30 minutes at room temperature. We
then added 15 ul of this mixture drop-wise into each well. After 4 hours incubation, we add
85 ul of no pen/strep 10% FBS DMEM to each well and put in a 37C incubator. After 48
hours of hHvcn1 transfection the respiratory burst assay was performed as detailed above.

Micro dissection and imaging of mTAL

Rats were anesthetized with isoflurane (2-5%) and isolation of mTAL tissue strips
performed as described previously3L. Thin tissue strips containing mTALS were placed on a
glass coverslip coated with the tissue adhesive Cell-Tak (BD Biosciences) for fluorescence
imaging. Tissue strips containing mTALSs were loaded with either dihydroethidium DHE (50
mmol/L) or 2',7'-Bis-(2-Carboxyethyl) -5-(And-6) - carboxyfluorescein (BCECF; 6 pmol/L)
in HBSS for 1 hour at room temperature. Coverslips were placed on a heated imaging
chamber maintained at 37°C (Warner Instruments) that allowed the rapid exchange of
superfusion buffer and mounted on the stage of an inverted microscope (1X81 Olympus).
mTAL were visualized with a x40 water immersion objective lens. The signal was detected
using a high-resolution digital camera (Photometrics Evolve, Roper Scientific). Excitation
was provided by a Sutter DG-4 175W xenon arc lamp (Sutter Instruments) that allowed
high-speed excitation wavelength switching. 3 to 10 mTAL epithelial cells were selected
within each tissue strip to quantify changes in fluorescent intensity of dyes using Metafluor
imaging software (Universal Imaging). Intracellular [Na*] was set at either 5 or 30mM using
the same solutions as that used to set [Na*], in Md.

Whole cell voltage-clamp recordings

Proton currents from HV1 were recorded as previously described 32. Traces shown in Figure
1 were not corrected for liquid junction potential, and leak currents were not subtracted.
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In vivo studies

Results

Male 9 week male old WT SS and HV1 ™/~ SS rats were anesthetized (2-5% isoflurane) and
blood pressure telemeters (Data Sciences International, St Paul, MN) surgically implanted.
Following 1 week of recovery, animals were again anesthetized and the left femoral vein
catheterized for infusion of fluids. Surgically implanted catheters were then tunneled under
the skin and exposed between the shoulder blades. Catheters were protected by a light wire
spring attached to a swivel (Instech Laboratories Inc, Plymouth Meeting, PA), which allows
free 360-degree movement of the animal. Rats were individually housed and allowed to
recover for 1 week before beginning experimental measurements. Blood pressure was
recorded 24 hr daily. Rats were initially be maintained on a low Na* (0.4% NaCl diet)
before being switched to a 8% NaCl diet for 2 weeks. On day 3 of high NaCl feeding, rats
were either maintained on vehicle infusions (1% DMSO in saline i.v. at a rate of 6.9 pL/min)
of KR32568 (Sigma) added to the infusion media (2mg/Kg/day) to stimulate HV1. On day
15, rats were anesthetized and the kidneys excised for histological analysis. After
processing, histological samples were blinded to the investigator and images quantified
using Metamorph analysis software.

Confirmation of HV1 deletion in mutant rats

HV1 mutant Dahl salt-sensitive rats were generated with zinc-finger nuclease technology
(13, 16). Genomic DNA of homozygous HV1 mutant (HV1~") rats was sequenced to reveal
an 8 bp deletion, resulting in a frame-shift mutation and predicted loss of full length HVCN1
protein (Figure 1.a). Loss of HYCN1 was validated functionally using whole cell patch
(Figure 1.b). Step changes in applied voltage between —60 + 100mV induced H* currents in
7 of 7 M@ cells from three wild-type rats while no current was observed in any of 9 cells
studied from four HV1~/~ mutant rats. These data are consistent with a single gene for HV1
and confirmed complete functional ablation in HV1~/~ mutant rats. As HV1 is highly
expressed in immune cells of the spleen and its localization known, we first confirmed the
specificity of our mRNA primer and anti-HV1 antibody using whole spleen homogenates of
Wild-type and HV1~/~ mutant rats as in situ positive and negative controls, respectively.
mRNA encoding HV1 was greatly reduced in spleen of HV1~/~ mutant rats compared to
wild-type rats (Figure 1.c). Western blot detected a band representing HV1 at the predicted
molecular weight (32Kd) in the membrane fraction of spleen from wild-type but not HV1~/~
mutant rats (Figure 1.d). Immunohistochemical staining of the spleen demonstrated
numerous darkly stained cells within the spleen of wild-type rats, consistent with known
distribution of HV1 in splenic tissue (Figure 1.e). HV1 protein staining was also nearly
undetectable in whole cell homogenates of spleen from HV1~/~ mutant rats compared to
wild-type.

HV1 expression in mTAL

In order to determine whether HV1 was expressed in mTAL of SS rats, we quantified
mRNA and protein expression specifically in mTAL using the same PCR primers and
antibodies used in spleen. mTAL from mutant rats served as a negative control. HV1 mRNA
was 6 fold higher than presumed background in bulk isolated mTAL of wild-type compared
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to HV1~/~ mutant rats (please see http://hyper.ahajournals.org). We could not detect HV1 by
Western in membrane fractions of bulk isolated mTAL in either genotype (data not shown);
however, HV1 staining was identified specifically within mTAL in outer-medullary sections
(Figure 2) and this was significantly greater than background staining in mTAL from mutant
rats (4382+920AU vs 1458+709AU p=0.036, n=5). Anti-Hv1 immuno-gold staining and
transmission electron microscopy localized Hv1 staining largely to the apical membrane of
thick ascending limb (Figure 2).

H* efflux mediated superoxide production in mTAL

In order to test our hypothesis that ‘HV1 contributes to superoxide-enhancing H* currents in
mTAL’ we determined superoxide production (AEth/ADHE) in response to cellular
acidification using an NH,4CI prepulse (20mM) under the conditions in which we previously
used to characterize superoxide-stimulating H* currents 10. Consistent with our previous
work, superoxide production was stimulated following acidification in 0 Na*, BaCl,
(100uM) media in micro dissected mTAL from wild-type SS rats (Figure 3). In contrast,
under the same conditions, cellular acidification with 20mM NH,4CI did not promote
detectable changes in the rate of superoxide production in mTAL micro-dissected from
HV1~/~ mutant Dahl rats (Figure 3; Pstrain*TiMe<0.001). Consistent with our hypothesis
that H* efflux through HV1 promotes superoxide production in mTAL, intracellular pH
([pH,]) recovery rate was significantly greater (p=0.046) and plateaued at higher [pH;] in
mTAL from wild-type rats compared to HV1~/~ mutant animals (slope = 0.005U/sec &
0.002U/sec; plateau= pH 7.35+0.29 vs. 7.08+0.04, respectively).

HV1 and the Na* dependence of NAD(P)H oxidase in MJ

We next investigated the relationship between HV1, Na* concentration and NAD(P)H
oxidase activity. In order to investigate this relationship in detail, we first utilized rat
peritoneal M@. These cells can be easily collected from the peritoneal cavity in large
numbers, and express high levels of both HV1 and NAD(P)H oxidase. To determine
whether changes in intracellular Na* concentration may have a direct effect on M@
superoxide production, intracellular Na* was set between (5-25mM) using the cation
ionophore nystatin, and the NAD(P)H oxidase dependent respiratory burst was stimulated in
M@ with PMA. Responses are shown normalized to the maximal response at 25mM [Na],
(Figure 4). We found that low Na* (5-10mM) greatly enhanced superoxide production in
response to PMA (Figure 4; Pgrour*sopium=0.02). The effect was due to intracellular Na™,
as no significant relationship with Na* was observed in the absence of the ionophore
nystatin (Figure 4). Further, the effect was independent of Na/H exchange, as the
relationship was maintained in the presence of the potent Na/H exchange inhibitor
cariporide (Figure 4).

We measured superoxide production in M@ from HV1-/— mutant rats, and in M@ from WT
rats in the presence of 100uM Zn2* (which acutely inhibits HV1 activity), to determine
whether enhancement of NAD(P)H oxidase activity at low intracellular Na* is mediated by
HV1. In cells from the same WT animal at 25mM [Na*],, maximal raw signal was reduced
from 4605+2006 arbitrary units (AU) in the absence of Zn2* to 1868+837AU in the
presence of ZnZ*. In addition, no relationship between [Na*] and superoxide production was
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observed in Zn2* treated M@ (Figure 4). Consistent with these data, no relationship between
[Na*], and maximal superoxide production was observed during the respiratory burst in M@
harvested from HV1~/~ mutant rats (Figure 4; raw signal at 25mM 5091+1551AU).

To determine whether the effect of Na on NAD(P)H oxidase depended on HV1 expression
or was secondary to altered expression of other proteins during development, we transfected
M@ harvested from HV1~/~ mutant rats with human HV1. A significant relationship was
observed between intracellular [Na] and PMA stimulated superoxide production in primary
cultures of peritoneal M@ harvested from wild-type rats (Figure 5). Consistent with studies
performed in freshly isolated M@, this relationship was absent in cells from HV1~/~ mutant
rats (Figure 5). Transfection of M@ from HV1~/~ mutant rats with human HV1 increased
human HV1 expression ~2400 fold and restored the relationship between intracellular [Na]
and superoxide production observed in wilt-type M@ (Figure 5). Apocyanin treatment
(100uM) of WT cells diminished overall superoxide production (1513AU vs 126AU, for
vehicle and apocynin treated primary cultured M@ at 25mM [Na]; respectively) and
abolished the relationship between intracellular [Na] and superoxide production in wild-type
cells (Figure 5), confirming superoxide production was mediated by NAD(P)H oxidase.

Intracellular Na*, HV1 and superoxide production in mTAL

To determine whether HV1 promotes superoxide in mTAL when intracellular Na* levels are
low, we determined superoxide production (AEth/ADHE) in freshly micro-dissected live
mTAL from wild-type and HV1~~ mutant rats at both 5mM and 30mM intracellular [Na*].
In response to acidification using an NH4CI (20mM) prepulse, the rate of superoxide
production was enhanced in mTAL from wild-type rats at 5SmM but not 30mM [Na*],
(Figure 6; Psopium*croup<0.0001). Importantly, in mTAL from HV1~/~ mutant rats no
significant difference was observed in superoxide production following acidification at
either 5 or 30mM Na* (Figure 6).

24 hour mean arterial pressure measured by radio-telemetry was significantly lower in
HV1~/~ rats compared to wild-type animals following high salt feeding (8% NaCl) for 2
weeks (Pstrain=0.046). Outer-medullary tubular casts were markedly lower in HV1~/~ rats
compared to wild-type SS rats (Figure 7). Outer-medullary 4-HNE staining (oxidized lipids)
was also markedly reduced in HV1~/~ rats when compared to wild-type animals indicating
reduced outer-medullary oxidative stress. Administration of KR32568 to activate HV1 in
vivo did not alter blood pressure or outer-medullary injury markers. 4HNE staining tended to
be elevated in KR32568 treated wild-type animals compared to vehicle, but this did not
reach statistical significance (P=0.11).

Discussion

HV1 is a voltage-gated proton channel highly expressed in immune cells where it acts to
maintain NAD(P)H oxidase activity during the respiratory burst 14, HV1 has been found in a
number of cell types outside the immune system 23 including lung epithelial cells 3334 and
spermatozoa 3°. However, no studies have identified the presence of HV1 in the mammalian
kidney or have demonstrated a physiological link to ROS production in renal epithelial cells.
This study demonstrates that HV1 is present in mTAL and that it contributes to H* efflux-
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dependent superoxide production. Genetic deletion of HV1 in the SS rat was confirmed by
sequence analysis revealing an 8-bp deletion in a key coding region of HV1. Complete
functional knockout of the gene was confirmed by whole-cell voltage-clamp technique.
Because murine gene knockout models have revealed lack of specificity of many commonly
used antibodies 38, we first verified the specificity of a commercial antibody to HV1 in situ
in spleen, a tissue in which HV1 expression is high and its localization known. Anti-HV1
from abcam (Cat# ab117520) clearly demonstrated expression of HV1 in spleen from WT
but not from HV1~/~ rats (Figure 1). When we used this antibody for Western blots, we
found that detection depended on use of membrane fractions which are presumably enriched
in HV1. Even in these enriched samples, the band for HV1 was weak, suggesting a limited
sensitivity of this antibody for detection via Western blot. Immunohistochemical analysis of
kidney sections using this antibody also detected HV1 (primarily around the apical
membrane of thick ascending limb) in wild-type but not HV1~/~ Dahl SS. The localization
of HV1 to the apical membrane was also confirmed by transmission electron microscopy
using immuno-gold stained sections. Although we were unable to detect HV1 protein
expression in mTAL by western blot, the presence of HV1 in mTAL is supported by PCR,
immunohistochemistry and functional analysis (pH;).

Functional analysis of both superoxide production and pH, recovery following NH,4CI
prepulse under the same conditions used to characterize superoxide-stimulating H* currents
in our previous study (0 Na* media, BaCl,)10 demonstrate that HV1 is required for
superoxide production following cellular acidification in mTAL 10, Li et al first reported
that stimulating H* efflux, either by rapidly increasing the pH of the extracellular media or
by intracellular acidification using an NH4CI prepulse promoted the production of
superoxide by NAD(P)H oxidase in mTALL3. While Li et al concluded that any H* efflux
promoted NAD(P)H oxidase activity including via Na/H exchangers, our own subsequent
data did not support a direct link between Na/H exchanger activity and NAD(P)H oxidase
activation. Instead, our data indicated that, in response to intracellular acidification,
activation of a second unidentified H* transport pathway mediated superoxide production by
the oxidase in this segment 10, In both studies NADPH oxidase was confirmed as the source
of H* efflux mediated ROS production using either apocynin or diphenylene

iodonium 1013, Our current data confirm our previous conclusions and identify this
transport pathway as the voltage-gated proton channel HV1.

Another major finding of the current study is that HV1 modulates NAD(P)H oxidase activity
in response to differing levels of intracellular [Na*]. In our previous study we found that
superoxide production following cellular acidification by NH4Cl was greatly enhanced in 0
Na* media 1°. In order to elucidate the relationship between Na*, HV1 and NAD(P)H
oxidase we first performed experiments in isolated peritoneal M@ from SS rats. M@
provided an excellent platform to investigate these relationships as they express high levels
of HV1, can easily be isolated in large numbers, ROS production from NAD(P)H oxidase
can be induced by addition of PMA and phagocytes are a well-established model to study
the function of both HV1 and NAD(P)H oxidase & 37-39. We found that low intracellular
Na*, between the ranges of 5-10mM, greatly enhanced ROS production during the PMA
stimulated respiratory burst in M@ relative to 25mM [Na*];. The effect was due to
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intracellular Na* as in the absence of the ionophore nystatin, an increase in ROS production
at low Na* levels was not observed. Importantly, the effect of low intracellular Na* to
enhance maximal superoxide production in mTAL depended on the activity of HV1. In M@
from wild-type SS rats, addition of 1000mM Zn2*, which inhibits HV1, completely abolished
the relationship between Na* and superoxide production. Further, in M@ isolated from
HV1~/~ rats no relationship between intracellular Na* and maximal superoxide production
was observed unless these cells were transfected with human HV1 which restored the ‘Na
sensing’ phenotype observed in wild-type cells. We conclude that HV1 must act to ‘sense’
intracellular Na* either directly or act as a signal to modulate the activity of NAD(P)H
oxidase secondary to changes in intracellular Na*. We confirmed these relationships in
isolated mTAL from wild-type and HV1~/~ rats using a second indicator of ROS production,
dihydroethidium.

We and others have previously identified NADPH oxidase as the source of ROS following
H* efflux in mTAL and we confirmed NADPH oxidase as the source of Na-sensitive
superoxide production in M@ in the current study. Loss of ‘Na sensing’ was not due to loss
of NAD(P)H oxidase activity as significant superoxide production was still detected in the
absence of HV1. Further, expression of NADPH oxidase subunits was not altered between
mTAL from wild-type and HV1~/~ mutant rats (please see http://hyper.ahajournals.org)
indicating systemic loss of HV1 did not alter NADPH oxidase expression in TAL during
development. Our novel finding that HV1 acts to sense intracellular Na* and modulate
NAD(P)H oxidase activity has broad implications to the study of the function of NAD(P)H
oxidase activity in cells that express HV1.

Our finding that HV1 senses intracellular Na* and modulates NAD(P)H oxidase activity
may be of particular relevance to mTAL in which changes in intracellular Na* are known to
occur in response to alterations in Na* transport activity. Basal levels of intracellular Na* in
mTAL have been reported between ~10-20mM, increase with the inhibition of Na/K/
ATPase and decrease with inhibition of apical NKCC2 transporter activity 30: 40,
Importantly, based on our current data, we would predict that physiologically relevant
changes in intracellular Na* of + 5 tol0mM from rest have the potential to markedly alter
superoxide production via HV1 signaling. Given the important role of superoxide in
stimulating the activity of Na* transporters in mTAL*!, Na* sensing by HV1 and subsequent
alteration in local NAD(P)H oxidase activity may play an important role in the feedback
regulation of Na* reabsorption by this segment.

While our study is the first to identify HV1 in mTAL, proton currents attributed to HV1
have previously been identified in proximal tubular cells of Frog (Rana pippens)*2. In regard
to their activation however, the authors of this study concluded that ‘the role of
depolarization activated Gy (HV1) in proximal tubule is not entirely clear, since proximal
tubule cells do not normally experience drastic changes in either pH or membrane
potential’#2. This brings into question the physiological relevance of HV1 in mTAL. While
we observed functional effects attributed to HV1 in our studies, most of our experiments
were performed under somewhat contrived conditions directed toward maximal activation
and identification of the channel, including 0 Na*, bicarbonate free media and rapid cellular
acidification with NH4CI. What evidence is there then that HV1 would be activated in
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mTAL under physiological conditions? Resting membrane potential in mTAL has been
reported between —80mV to —40mV depending on transport conditions 19. The trans-
membrane voltage threshold for opening of HV1 can be described by Vinreshold = 20mV —
40ApH 33, This voltage dependence is shifted —30 to —40mV during enhanced gating
conditions associated with activation of NAD(P)H oxidase 1 18, Therefore, even under
‘enhanced gating’ conditions, in the absence of an outward pH gradient, HV1 within mTAL
would remain in the closed state. Importantly, in regards to activation of HV1 in mTAL, a
large outward pH gradient exists in this segment under normal physiological conditions.
mTAL actively reabsorb much of the NH,* secreted by the proximal tubule 4345, Due to the
more rapid uptake of NH4* across the apical membrane, and relatively slower loss of NH,*
relative to NHg across the basolateral membrane, under normal physiological conditions
where the tubular perfusate contains ~4mM NH,4*, an outward pH gradient of 0.8-0.9 units
is present 43, Such pH gradient would be predicted to result in a shift ~ 34mV toward more
negative membrane potentials, within the range observed in mTAL. Therefore, due to the
unique physiology of mTAL which results in a large outward pH gradient, we speculate that,
even under normal physiological conditions, HV1 would be poised at or near its activated
state. Differences in oxidative stress within the outer-medulla observed in vivo between
wild-type and HV1~/~ mutant rats further supports the concept HV1 in mTAL is active
under physiological conditions (Figure 7).

Our in vivo data support a role of HV1 in the development of hypertension and kidney injury
in Dahl SS rats. Blood pressure, was significantly lower in HV1~/~ rats fed a high salt diet
compared to wild-type SS rats, with HV1 accounting for about ~25% of the rise in arterial
pressure. While this reduction in blood pressure is relatively modest, it is possible that it
reflects a significant change in mTAL function. In regard to the final control of urinary Na
excretion and blood pressure regulation, Na transport in mTAL is not thought to be as
important as transport in more distal nephron segments. As evidence of this, heterozygous
deletion of ROMK, which is critical for mTAL Na reabsorption, produces a relatively mild
reduction in blood pressure in Dahl SS rats 6 similar to that observed in the current study
following Hv1 deletion. In contrast, inhibition of epithelial Na channels in more distal
nephron segments has a much greater effect 47. A significant alteration in mTAL function is
also consistent with our findings of marked reductions in outer-medullary oxidative stress
and tubular injury, which were all more than 50% lower in HV1~/~ animals and suggest an
important role of HV1 in the development of tubulo-interstitial injury. Further studies are
required to determine whether lower blood pressure in HV1™/~ mutant rats is a consequence
of altered mTAL function or related to other potential mediators of blood pressure such as
immune cells which highly express Hv1 and have been demonstrated to be important in the
development of hypertension in Dahl salt-sensitive rats*8.

Apical Na reabsorption is normally tightly coupled to basolateral NaKATPase activity,
therefore despite enhancing Na transport, it is unlikely that a high salt diet would greatly
alter intracellular [Na] in mTAL in the absence of other factors. Rather, as high NaCl
delivery to the TAL promotes cellular depolarization secondary to increased NKCC2
activity 19:20.49 \we speculate that HV1 may be activated by depolarization of the apical
membrane. High salt diet has also been shown to increase acid excretion in Dahl SS rats?!
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which has been shown to promote both intracellular acidification 43 and cellular
depolarization in mTAL secondary to low pH, inhibition of ROMK 22, Therefore increased
acid delivery to mTAL during high salt feeding may also promote opening of Hv1 in vivo.

As inhibition of Na/H exchangers has been demonstrated to activate HV1, we examined the
effect of Na/H exchanger 1 (NHE) inhibition using KR32568 on in vivo responses to high
NaCl diet in both wild-type and HV1~/~ rats. In vivo administration of KR32568 during high
NaCl feeding did not alter blood pressure or renal injury in either wild-type or HV1~~ rats
and although oxidative stress (4HNE-staining) tended to be increased in wild-type animals,
this did not reach significance. These data may suggest that either HV1 is already activated
invivo, or that greater activation of HV1 does not alter blood pressure/renal injury further.
While our data confirm a role of HV1 in the development of hypertension and renal injury in
Dahl SS rats, further studies are required to confirm whether this is mediated by mTAL HV1
expression or other sources such as circulating immune cells.

Current dogma holds that H* transport by HV1 allows NADPH to operate at a high rate by
limiting cellular acidosis and depolarization which feedback upon activation of the oxidase
to inhibit the enzyme 14. A number of indicators suggest it is unlikely that superoxide
production in mTAL would require H* efflux in order to prevent feedback inhibition of
oxidase activity. Firstly, unlike phagocytic NADPH oxidase, which generates extracellular
superoxide and requires H* efflux to balance the electron current, there is evidence epithelial
NADPH oxidase generates largely intracellular superoxide and therefore would not require
H* efflux across the cell membrane to balance charge 5% %1, Secondly, superoxide
production by NADPH oxidase in mTAL is much lower than that produced during the
respiratory burst in phagocytes and significant cellular depolarization/acidification is not
known to occur upon activation of the oxidase in these cells. An alternative explanation for
our data is that, rather than solely preventing feedback inhibition of the oxidase, HV1
activation secondary to cellular depolarization in the presence of an outward pH gradient
directly promotes the formation of superoxide by stimulating NADPH oxidase activity.
Further studies will be required to resolve these key issues.

Summary and Perspectives

In summary, we conclude that 1) HV1 is present in mTAL and contributes to superoxide
production in response to H* efflux; 2) that HV1 modulates NADPH oxidase activity in
response to the level of intracellular [Na*]. 3) That HV1 contributes to the development of
outer-medullary oxidative stress, hypertension and renal disease in high salt fed Dahl SS
rats. This is the first functional evidence for a role of HV1 in the kidney and identifies HV1
as a potential target to limit renal oxidative stress and the development of salt-sensitive
hypertension and renal injury. Our finding that HV1 regulates NAD(P)H oxidase activity in
response to intracellular Na* levels may have important implications in regard to tubular
Na* reabsorption and kidney function. This finding is also likely to have broad implications
for other organ systems where HV1 is expressed. The development and characterization of a
HV1~/~ mutant rat model is likely to provide an important tool for the study of HV1
including its potential importance to cardiovascular disease.
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Novelty and Significance: 1) What Is New 2) What Is Relevant? Summary

1. What is new? This study demonstrates that the voltage-gated proton channel
HV1 is expressed in medullary thick ascending limb, that HV1 contributes to
superoxide production in this segment, that HV1 acts to modulate superoxide
production in response to changes in intracellular [Na*] and that HV1
contributes to blood pressure regulation and renal injury in the Dahl salt-
sensitive rat model.

2. What is Relevant? Superoxide production within the renal outer medulla by
NAD(P)H oxidase is important in long-term blood pressure control and the
development of renal injury via effects on Na* transport and renal
hemodynamics and is augmented in Dahl salt-sensitive rats. We now identify
HV1 as a critical component contributing to enhanced superoxide production in
mTAL of Dahl salt-sensitive rats and a novel molecular target for the treatment
of renal oxidative stress. Demonstration of HV1 as a Na* sensor, contributes to
our understanding of the physiological stimuli that promote activation of
NAD(P)H oxidase within the kidney and in other tissues expressing HV1.

In summary, we determined HV1 as the molecular identity of a source of superoxide in
mTAL which is augmented in Dahl-salt-sensitive rats. Further, we demonstrate that HV1
acts to modulate the activity of NAD(P)H oxidase in both mTAL and M@ in response to
physiologically relevant changes in intracellular Na* and that HV1 contributes to blood
pressure regulation and renal injury in the Dahl salt-sensitive rat model. These data
indicate that HV1 is likely to play an important physiological function as a Na* sensor
and may provide a novel target for the treatment of renal oxidative stress, hypertension
and kidney injury.
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Figure 1. Confirmation of loss of HV1 expression in mutant rats
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a) Representative gel for genotyping rats demonstrating 8bp deletion in gene encoding HV1.
Lanes 1 and 5, heterozygous HV1~* mutants (Het); lanes 2 and 3, homozygous HV1~/~
Mutants (M); Lane 3, Wild-type (WT). b) A representative trace demonstrating proton
currents in response to step changes in membrane potential in single peritoneal macrophages
from wild-type (right) and mutant (left) rats. c) relative HV1 mRNA expression from spleen
homogenates from WT (open columns) and M (closed columns) rats compared to GAPDH
MRNA (n=4). d) Western blot for HV1 in membrane fraction of WT and M rats. A band
representing HV1 is shown at ~32kd. €) Immunohistochemical staining of spleen using anti-
HV1in WT and M rats (n=4). Left, representative image of anti-HV1 stained tissue from

WT and M rats at 40X. Right, quantification of anti-HV1 staining (integrated signal
(arbitrary units (AU)). * = p<0.05 using unpaired t-test. Data are mean+SE.
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Figure2. HV1 expression in mTAL
Legend does not match figure Left, representative immunohistochemical staining of renal

outer medulla using anti-HV1 in WT and M rats at 100X magnification; Right, Electron
micrograph demonstrating Hv1 localization to the apical membrane of renal medullary thick
ascending limb cells using anti-HV1 immune-gold staining. Arrows indicate clumps of gold
particles indicating HV1 expression.
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Figure 3. Superoxide production and intracellular pH recovery in mTAL following NH4CI
prepulse
(Top panel); superoxide production in isolated medullary thick ascending limb from wild-

type (WT — open circles; n=6) and HV1~/~ mutant (M — closed squares; n=7) rats loaded
with the superoxide sensitive dye, dihydrethidium. x axis, time in seconds. NH,Cl (20mM)
was removed from the bath at t=30 seconds. Y axis, superoxide production (AEth/ADHE)
normalized to 1 at t=0. (Bottom panel); Intracellular pH recovery following removal of
NH4CI from the media in isolated medullary thick ascending limb WT (n=8) and M (n=6)
rats. x axis, time in seconds following maximal acidification. y axis, change in intracellular
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pH (ApH,) from maximal acidification. Pstrain*TIME, result of a two-way repeated
measures ANOVA comparing response to WT and M rats. Media contained 0 Na*, 100mM
BaCl, (see methods). Data are mean+SE.
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Figure 4. Effect of intracellular Na* concentration on the respiratory burst in macrophages
X-axis, intracellular Na* concentration ([Na*],). Y-axis, maximal superoxide production in

freshly isolated peritoneal rat macrophages following addition of PMA (100mM)
determined by L-012 luminescence (data normalized to the response at 25mM [Na*], within
each animal). Wild-type (open columns; n=6); Wild-type + 100uM cariporide (hatched
columns; n=6); HV1 mutant (closed columns; n=8); Wild-type + 100uM ZnCl, (grey filled
columns; n=6); Wild-type without addition of Nystatin (double hatched columns; n=8). Data
were compared using 2-way ANOVA with Bonferroni post-hoc test comparing Wild-type to
all other groups. * = p<0.05 comparing Wild-type to HV1 mutant, Wild-type + ZnCl, and
Wild-type without Nystatin. Y =p<0.05 comparing Wild-type to HV1 mutant only. Data are
mean+SE.
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Figure5. Contribution of Hv1 and NAD(P)H oxidase toward Na sensing in primary cultured
macr ophages
X-axis, intracellular Na+ concentration ([Na+]l). Y-axis, maximal superoxide production in

freshly isolated peritoneal rat macrophages following addition of PMA (100mM)
determined by L-012 luminescence (data normalized to the response at 25mM [Na+]l within
each animal). HV1~/~ control (closed columns; n=5); Wild-type (WT) control (open
columns; n=5); Wild-type + apocynin 100uM (striped columns; n=5); HV1~/~ transfected
with human Hv1 (checked columns; n=5). Data were compared using 2-way ANOVA with
Bonferroni post-hoc test comparing HV1~/~ control to all other groups. * = p<0.05. Data are
mean+SE.
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Figure 6. Superoxide production in responseto H* efflux at low and high intracellular Na* in

mTAL

Superoxide production in isolated medullary thick ascending limb from wild-type (WT; left
panel; n=6) and HV1~~ mutant (M; right panel; n=7) rats loaded with the superoxide
sensitive dye, dihydrethidium. Open circles, wild type at 5mM intracellular [Na*]; open
squares, wild type at 30mM intracellular [Na*]; closed circles, mutant at 5mM intracellular
[Na*]; grey filled squares, mutant at 30mM intracellular [Na*]. x axis, time in seconds.
NH4CI (20mM) was removed from the bath at t=30 seconds. Y axis, superoxide production
(AEth/ADHE) normalized to 1 at t=0. Psopjum=*TIME, result of a two-way repeated measures
ANOVA comparing response within strain at 5 and 30mM intracellular [Na*]. N.S = not

significant. Data are mean£SE.
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Figure 7. Blood pressure, renal outer-medullary oxidative stress and tubulointer stitial injury in
wild-type and HV1 mutant Dahl salt-sensitive rats

a) average 24 hour mean arterial pressure as measured by radio-telemetry over the final 3
days of high (8%) NaCl feeding for two weeks in wild-type (WT; open columns) and
HV1~/~ mutant (M; closed columns) maintained on either vehicle (right) or given the
NHE-1 inhibitor KR32568 (2mg/kg/day) from day 4 of high salt feeding (left). b) 24 hour
daily mean arterial blood pressures (mmHg) as measured by radio-telemetry during 0.4%
NaCl control (C) and 8% high salt (HS) feeding for 14 days (D). Open circles, wild type
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(n=12); closed circles, HV1™~ mutant (n=12). All animals received only vehicle infusions
until day 3 of high salt feeding (D3-HS). Drug or vehicle infusions were maintained until
day 14 of high salt feeding (D14-HS). c) outer-medullary oxidative stress as determined by
anti-4-HNE staining of the outer-medullary region. Shown are representative images of
anti-4HNE staining in the outer-medulla and papilla of vehicle treated wild-type (left) and
HV1~~ mutant rats (right) demonstrating more intense membrane staining of mTAL in
wild-type animals. d) outer-medullary protein casts (% outer-medullary area). Shown are
representative trichrome stained images of the outer-medulla vehicle treated wild-type (left)
and HV1 ™~ mutant rats (right) demonstrating greater % area containing of brightly colored
protein casts in wild-type animals. All histological measurements were assessed at the end
of the study after 14 days of high salt feeding. Data are mean+SE. All data were compared
with 2-way ANOVA.
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