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Abstract

Regulation of intracellular pH (pH;) in cardiomyocytes is crucial for cardiac function; however,
currently known mechanisms for direct or indirect extrusion of acid from cardiomyocytes seem
insufficient for energetically-efficient extrusion of the massive H* loads generated under /in vivo
conditions. In cardiomyocytes, voltage-sensitive H* channel activity mediated by the HYCN1
proton channel would be a highly efficient means of disposing of H*, while avoiding Na*-loading,
as occurs during direct acid extrusion via Na*/H* exchange or indirect acid extrusion via
Na*-HCO3~ cotransport. PCR and immunoblotting demonstrated expression of HYCN1 mRNA
and protein in canine heart. Patch clamp analysis of canine ventricular myocytes revealed a
voltage-gated H* current that was highly H*-selective. The current was blocked by external

Zn2* and the HVCN1 blocker 5-chloro-2-guanidinobenzimidazole (CIGBI). Both the gating and
Zn2* blockade of the current were strongly influenced by the pH gradient across the membrane.
All characteristics of the observed current were consistent with the known hallmarks of HYCN1-
mediated H* current. Inhibition of HYCN1 and the NHE1 Na*/H* exchanger, singly and in
combination, showed that either mechanism is largely sufficient to maintain pH; in beating
cardiomyocytes, but that inhibition of both activities causes rapid acidification. These results
show that HVCNL1 is expressed in canine ventricular myocytes and provides a major H*-extrusion
activity, with a capacity similar to that of NHEL. In the beating heart /n vivo, this activity
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would allow Na*-independent extrusion of H* during each action potential and, when functionally
coupled with anion transport mechanisms, could facilitate transport-mediated CO, disposal.
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The HVCN1 proton channel is expressed in canine ventricular myocytes and contributes to H*

INTRODUCTION

Cardiac myocytes are metabolically highly active, and H* and HCO3™ are continuously
generated by hydration of CO, as it exits the mitochondria (Schroeder et al., 2013). H*-
extrusion and maintenance of intracellular pH (pH;) in cardiomyocytes are essential for
cardiac function. A decrease in pHj; leads to depression of cardiac contractility through both
inhibition of excitation-contraction coupling and a reduction in myofilament Ca2* sensitivity
(Fabiato & Fabiato, 1978; Orchard & Kentish, 1990). Acidification also affects myocyte
electrical properties and Ca2* handling, promoting the development of cardiac arrhythmias
(Orchard & Cingolani, 1994).

Na*/H* exchanger isoform 1 (NHE1) is generally viewed as the major mechanism for
H*-extrusion in cardiomyocytes (Wakabayashi et al., 2013), but an additional mechanism
seems likely. Despite the clear importance of H* extrusion, loss or inhibition of NHE1 does
not impair cardiac performance (Prasad et al., 2013b) and can be cardioprotective due to a
reduction in Na*- and Ca?*-loading (Wang et al., 2003). Further, use of Na*/H* exchange as
the only major H*-extrusion mechanism would cause an equivalent amount of Na*-loading,
which is detrimental under some conditions (Wakabayashi et al., 2013), and would require
expenditure of energy to extrude excess Na*. HCO3;™-uptake via Na*-HCO3™~ cotransport
has been proposed as an alternative mechanism of acid-disposal (Garciarena et al., 2013a),
but it also would cause Na*-loading. In addition, use of HCO3™-uptake to dispose of H*
would require that CO5 be reformed via dehydration of the imported HCO3™, followed by its
diffusion from the cell.
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An alternative mechanism of H*-extrusion that would avoid both the Na*-loading problem
and formation of additional CO, is voltage-gated H* channel activity (Capasso et al.,

2011; DeCoursey, 2013). Voltage-gated H* channels (or Hv1 channels) are a family of
H*-selective channels that are gated by both transmembrane voltage and the pH gradient
(Cherny et al., 1995; DeCoursey, 2013). In mammals the channel is encoded by the Hvenl
gene (HVCNI in human) (Ramsey et al., 2006). The HVCN1 channel has been identified in
many tissues, where its H*-extrusion activity contributes to diverse physiological functions
(Capasso et al., 2011; DeCoursey, 2013). Our previous RNA sequencing study noted that
HVCNL is expressed in heart tissues of mouse, human and other mammalian species
(\Vairamani et al., 2017). More recently, a study using quantitative 3D confocal microscopy
suggested that HYCNL1 is expressed in a variety of cardiac cells, including human
cardiomyocytes (Bkaily & Jacques, 2017). Although HVCNL has not yet been functionally
identified in cardiac myocytes, its voltage and pH sensitivities would make it ideally suited
for direct extrusion of H* during each action potential. This would allow efficient dissipation
of acid on a beat-to-beat basis while avoiding an equivalent uptake of Na* and stimulation
of Ca%*-loading, as occurs when Na*/H* exchange is activated (Wakabayashi et al., 2013).
In addition to providing a mechanism for Na*-independent acid-extrusion, the presence of
HVCNL in cardiac myocytes would support the recent proposal that H* channel activity,
operating in a functionally coupled system with CI/HCO3™ exchange, carbonic anhydrase,
and CI~ channel activity, could serve as a mechanism for energetically-efficient transport-
mediated CO, disposal (Vairamani et al., 2017). Here, we demonstrate that the HYCN1 H*
channel is expressed in canine heart and plays a major role in pH; regulation in beating
ventricular cardiomyocytes.

METHODS

Ethical approval.

Handling and usage of animals were in accordance with protocols approved by the
University of Cincinnati Institutional Animal Care and Use Committee (protocol number
18-11-26-01), and in compliance with The Journal’s ethical policies.

Animals and tissue preparation.

Adult mongrel dogs, weighing 15-20 kg, were obtained from a USDA approved vendor.
The sex of the dogs was randomly selected by the vendor, with a ratio of about 1:1.

The animals had free access to water during transport and upon arrival. The animals were
not housed onsite and were euthanized upon arrival. For euthanasia, the front leg was
shaved and prepped with betadine or nolvasan scrub and alcohol rinsed 3 times. A 18-20
gauge intravenous (1V) catheter was placed in the cephalic vein and secured with porous
tape. Euthasol was administered IV (80 mg/kg body weight) and death was confirmed

by negative heart auscultation as determined by stethoscope exanimation by a Laboratory
Animal Medical Services veterinarian staff. Hearts were excised and washed, and tissue was
collected from the hearts and either frozen in liquid nitrogen for preparation of protein or
RNA or used to isolate ventricular myocytes.
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Western blotting.

Frozen tissue was homogenized with 1X cell lysis buffer (Cell Signaling Technology)
containing complete protease inhibitor cocktail (Roche Applied Science) and phosphatase
inhibitor cocktail sets I and I (EMD Millipore Chemicals). After centrifugation, the
supernatants were collected. Protein samples were separated by 12% SDS-PAGE and
transferred to nitrocellulose (Bio-Rad). Blots were blocked with 5% nonfat milk (0.1%
Tween in PBS) and incubated overnight with rabbit polyclonal primary antibodies anti-
HVCN1 (1:100 dilution, Santa Cruz, sc-136712) and anti-f actin (1:1000 dilution, Cell
Signaling Technology) at 4°C. Membranes were then probed with HRP-conjugated anti-
rabbit 1gG secondary antibodies (1:5000 dilution, Cell Signaling Technology) for 1 hour at
room temperature. In preliminary experiments using homogenates from dog and mouse left
and right ventricles and spleen, which expresses very high levels of HVCNL1, the antibody
identified a 32 kD band (the size of HYCNL) that was blocked by the blocking peptide (data
not shown). The protein bands were detected by the ECL Western blotting detection system
(GE Healthcare). Quantification of the band intensities were performed by AlphaEaseFC
software (Alpha Innotech). Experiments were repeated in tissues from 3 hearts.

Total RNA extraction and real-time RT-PCR.

Total RNA was extracted from frozen canine cardiac tissues using TRIzol Reagent (Life
Technologies) according to manufacturer’s instructions. After DNase | (DNA-free™,
Ambition) digestion, 1 pg total RNA was reverse transcribed using oligo dT primers
random primers and SuperScript™ IlI (Invitrogen). Real-time PCR was performed using

a StepOnePlus™ system (Applied Biosystems) with the following conditions: 2 min

hold at 50°C (uracil DNA glycosylase (UDG) incubation) and 10 min hold at 95°C

(UDG inactivation and DNA polymerase activation), followed by 40 cycles of 15 s

at 95°C and 1 min at 60°C. The following primer sets were used: HVCN1 forward:
5’-CTCCCACAGGTTTCAGGTTATC-3’, reverse: 5’-GAACACCTTGGTGGCATAGT-3;
GADPH forward: 5’-ATTCTACCCACGGCAAATTCC-3’, reverse: 5’-
TTCTCCATGGTGGTGAAGACC-3’. These primer sets generated products of 127 and 172
bp for HYCN1 and GADPH, respectively. Specificity of the PCR product was confirmed by
analysis of melting curve. All experiments were done in triplicate. The relative expression
levels of HVCN1 were normalized to GADPH and were quantified by the A ACt method.
StepOne Software version 2.3 (Applied Biosystems) was used for data analysis.

Canine cardiomyocyte isolation.

Dogs were euthanized and hearts excised. Wedge-shaped left ventricular free wall was
dissected and cannulated via a descending branch of the left circumflex artery. Ventricular
myocytes were dissociated by perfusion with a Tyrode’s solution containing 85 unit ml=1
collagenase (type 11, Worthington) at 37°C, as we have previously described (Dong et

al., 2011). Isolated myocytes were harvested and stored in a standard Tyrode’s solution
containing 0.1 mM Ca2* at room temperature or 4°C, for recordings on the same day or the
following day.
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Electrophysiological recordings.

Isolated canine left ventricular myocytes were perfused with Tyrode’s solution containing

(in mM): NaCl 140, KCI 5.4, MgCl, 1, CaCl, 1.8, HEPES 5, and glucose 10 (pH =

7.4). Whole-cell patch clamp recordings were performed with an Axopatch-200B amplifier.
Glass pipettes were filled with solution containing (in mM): tetramethylammonium (TMA)
methanesulfonate (MeSO3) 80, bis(2-hydroxyethyl)amino-tris(hydroxymethyl)methane
(Bis-Tris) 100, MgCl, 2 EGTA 1, pH adjusted to 6.5 with TMA hydroxide (TMAOH),

and had a resistance of 1.5 — 2 MQ. After the membrane was ruptured, the perfusion solution
was switched to external solution containing (in mM): TMAMeSO3 80, MgCls 2, and EGTA
1, buffered with Bis-Tris 100 (for pH, = 6.5), HEPES 100 (for pH, = 7.0 and 7.5) or
N-[Tris(hydroxymethyl)methyl] glycine (Tricine) 100 (for pH, = 8.0). pH of all external
solutions was adjusted with TMAOH. The pipette and external solutions followed previously
described recipes for H* channel recording (Cherny et al., 1995; Schilling et al., 2002;
Ramsey et al., 2006). When studying Zn?* blockade of HVCNL1 currents, EGTA was omitted
from the external solutions. Washing in of the H channel recording solution eliminated
contaminating ionic and exchanger currents, and revealed a time- and voltage-dependent
voltage gated H* current. Recording of the H* current commenced once the current became
relatively stable. The H* current continued to increase in amplitude and activation rate,
although at a slow rate, as reported in other tissues (Byerly et al., 1984; Cherny et al., 1995).
All recordings were performed at room temperature (24 - 25°C) unless noted otherwise.
Data collection and analysis were performed using pCLAMP software (Axon Instruments,
Foster City, CA). Activation of the HYCNL1 current was sigmoidal at low voltages. To
determine the activation rate, following previously described methods, the current traces
were fitted with a single exponential after a brief delay (DeCoursey & Cherny, 1995).

Myocyte pH; measurement.

Myocyte pH; was measured using the pH sensitive fluorescent dye 2°, 7’-bis-(2-
carboxyethyl)-5-(and-6)-carboxy-fluorescein - acetoxymethyl ester (BCECF-AM, Molecular
Probes). Isolated canine ventricular myocytes were incubated in 5 yM BCECF-AM in
Tyrode’s solution containing (in mM): NaCl 118, KCI 5.4, HEPES 10, NaH,PO, 0.33,
glucose 10, CaCl, 1.8 and MgCl, 2 (pH 7.4) at room temperature for 20 min, then

washed to remove the extracellular dye. Fluorescence images were recorded using a Zeiss
LSM 710 inverted confocal microscope (Carl Zeiss Microscopy, LLC, Thornwood, NY,
USA), measured at excitation wavelengths of 435 nm and 488 nm and emission at 535
nm. The collected images were analyzed and processed with ImageJ software (National
Institute of Health). The fluorescence emission ratio (488 nm/435 nm) vs. pH; relationship
was determined using solutions buffered at designated pH values and containing the

H* ionophore nigericin (Thomas et al., 1979). Myocytes were perfused with solutions
containing: 140 mM KCI, 1 mM MgCl,, 2 mM CaCly, 5 mM Glucose, 10 UM nigericin
and 20 mM buffer of HEPES, Bis-Tris or MES, pH =7.5, 7, 6.5, 6 and 5.5. The

emission ratio was measured at each pH value to determine the emission ratio vs. pH
relationship. To determine the effects of HVCN1 and/or NHE1 blockers on myocyte pH;,
myocytes were placed in a chamber containing Tyrode’s solution containing (in mM):
NaCl 118, KCI 5.4, HEPES 10, NaH,PO, 0.33, glucose 10, CaCl, 1.8 and MgCl, 2 (pH
7.4) at 37°C, and paced continuously with field stimulation (Grass S48 stimulator, Grass
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Instruments) at 1 Hz. Field stimulations were briefly paused for ~2 seconds during the
fluorescence measurement to stop myocyte contraction and allow more stable sampling.
After establishing a stable baseline measurement for at least 10 min, treatment drug as
described in specific experiments was added. After background subtraction, the fluorescence
ratio at each time point was calculated and converted to pH; values based on the emission
ratio vs. pH relationship. All measurements of myocyte pH; were performed at 37°C. All
reagents used in the study were from Sigma-Aldrich unless otherwise stated.

Estimation of Acid Production and Corresponding H* Currents in Myocytes.

Estimates of acid production and H* currents require pH; measurements, along with
estimates of buffering power, total myocyte volume (from which H* are extruded), and

the volume of intracellular free water in which acid detected by BCECF occurs. Under
conditions similar to those of the current study (nominally CO,/HCO3™-free HEPES buffer),
the increase in intracellular buffered acid in the pHi range 7.2-6.2, determined previously for
guinea-pig (Lagadic-Gossmann et al., 1992) and mouse (Nakamura et al., 2008) myocytes,
was ~26 mM. On the basis of morphometric analyses of myocytes for various mammalian
species (Bensley et al., 2016), the volume of canine left ventricular myocytes was estimated
to be ~27 pL. On the basis of data in Haworth et al (Haworth et al., 1983), Poole-Wilson &
Cameron (Poole-Wilson & Cameron, 1975), and Persson & Halle (Persson & Halle, 2008),
intracellular free water was estimated to be ~60% of cell volume (~16 pL) if mitochondrial
volume (~30% of cell volume) (Tsushima et al., 2018) was included. With mitochondrial
volume excluded, the relevant water volume would be ~11 pL. HYCN1-mediated H*
currents that would be needed to extrude this quantity of acid were estimated using the
formula: I = (mM H*/sec) x (cytosolic free water volume) x F, where F is the Faraday
constant 96500 Coulombs/Mole.

Data analysis.

RESULTS

Statistical analyses were performed using Student’s t-test or one-way ANOVA. Differences
were considered statistically significant at a value of P < 0.001. Comparison of ECsq values
for Zn2* blockade dose responses under different pH, was performed using GraphPad Prism
9.2.0. Linear regression was performed with GraphPad Prism 9.2.0 or SigmaPlot 11.0. Data
was analyzed with Microsoft Excel and are expressed as mean + standard deviation (SD). N
values indicate the number of myocytes. If n < 30, all data points are plotted in the figures; if
n > 30, data points are plotted as mean + SD and the raw datasets are provided.

HVCNL1 is present in canine ventricular myocytes.

HVCNL1 protein (Fig. 1A) and mRNA (Fig. 1B) were detected in canine left and right
ventricles and atria, and appeared to be expressed at higher levels in atria than in ventricles.
Transmural gradients across the left and right ventricles were observed at the mRNA

level, but not at the protein level. Whole-cell patch clamp recordings under conditions that
eliminate other ionic currents revealed a voltage-gated outward H* current in isolated canine
left ventricular myocytes (Fig. 1C). In response to depolarizing voltage steps, the current had
slow activation, no detectable inactivation, and relatively rapid deactivation. In addition to its
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voltage-dependence, the gating of the current depended strongly on the pH gradient across
the membrane (ApH, extracellular pH (pHy) — pH;). Increases in ApH, equivalent to relative
intracellular acidification, markedly shifted both the current-voltage curve and activation
threshold (V) to more negative voltages (Fig. 1D and E). Average Vin, Was 14.3 mV under
symmetrical pH, and was shifted to —6.7, —28.9 and -57.1 mV at ApH of 0.5, 1.0 and 1.5,
respectively (P < 0.0001). The Vi, vs ApH relationship had a slope of —47.1, agreeing with
the 40 mV shift in activation/ApH reported for HYCN1 and related proton channels (Cherny
et al., 1995). With increased ApH, the activation rate-voltage relationship was also shifted

to the left (Fig. 1F), indicating faster activation at higher pHy. These properties closely
resemble those of HVCNL1 currents in other cell types (Cherny et al., 1995; Capasso et al.,
2011).

Canine ventricular HYCN1 is H*-selective.

The reversal potential of the apparent HYCN1-mediated H* current was recorded under
conditions of varying pH,, using standard voltage-clamp protocols. An increase in ApH
markedly shifted the reversal of the tail current to negative voltages (Fig. 2A and B). A plot
of the average reversal potential (Vey) Vs ApH was fitted by a line with a slope of —56.7
mV/unit increase in ApH, agreeing well with the Nernst equation. These results show that
the HVCNZ1 channel in canine ventricular myocytes is highly H* selective. A hallmark of the
voltage-gated H* channel is a linear correlation between Vi, and Ve, that can be described
by Vinr = 0.76V,e, + 18 mV (DeCoursey & Cherny, 1997; DeCoursey, 2013). The canine
ventricular HYCNL1 current also had this feature, with a Vi Vs Viey relationship of Vi, =
0.85V/gy + 17.6 mV (Fig 2C).

Dependence of canine ventricular HYCN1 on temperature and ApH.

A signature property of the HVCN1 channel is its high Q1o, @ measure of its temperature
sensitivity (DeCoursey & Cherny, 1998; Decoursey, 2012). Increase in temperature
substantially increased the amplitude of the HYCNL current in canine ventricular myocytes
and the activation rate (Fig. 3A). The average Q19 was 2.4, which is within the range
reported for HVCN1 channel (Decoursey, 2012) and higher than most other ion channels.

To confirm that the gating of canine ventricular HYCN1 was dependent on ApH, not just the
absolute values of extracellular pH, the current was recorded under pH; = 7.5 and compared
to pH; = 6.5, both under pH, = 7.5 (Fig. 3B). Increasing pH; (reducing ApH) had a similar
effect on the activation kinetics as reducing pH, as shown in Fig. 1.

Canine ventricular HVCN1 H* channel is blocked by extracellular Zn2* and the HVCN1
inhibitor CIGBI.

Most known voltage-gated H* channels are blocked by external Zn2* in a pH,-dependent
manner (Cherny & DeCoursey, 1999: DeCoursey, 2013). Inhibition by Zn2* is eliminated by
mutation of His140 and His193 (Ramsey et al., 2006). Canine HVCNL1 has both histidines

at the equivalent positions. The HVCNL1 current in canine ventricular myocytes was sensitive
to Zn%*, with the sensitivity markedly increased at higher pH, (Fig. 4A and B). The I1Cs for
Zn2* blockade of HVCN1 was 57.4 pM at pH,, = 6.5, and was shifted to 10.2 pM at pH, =
7.0, and 1.4 uM at pH, = 7.5 (Fig. 4B). The I1C5q values were statistically different among
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three pH, (P < 0.0001). Zn?* also reduced the rate of activation of the HVCN1 current,
as shown in Fig. 4C. These properties closely match those reported for Zn%* blockade of
mammalian HVCN1 channels (Cherny & DeCoursey, 1999; DeCoursey, 2013).

A guanidine derivative, 5-chloro-2-guanidinobenzimidazole (CIGBI), was recently identified
as a selective blocker of HYCNL1 (Hong et al., 2014). It blocks HVCN1 at micromolar
concentrations by binding to the channel’s voltage-sensing domain from the extracellular
side. Extracellular CIGBI blocked the HVCNL1 current in canine ventricular myocytes in a
dose-dependent manner with an I1Csq of 17.3 uM (Fig. 4D and E). This is consistent with the
ICsq of 26.3 uM for CIGBI blockade of heterologously expressed human HVCNL1 (Hong et
al., 2014).

HVCNL1 contributes to acid extrusion in beating canine ventricular myocytes.

Currently, NHEZ1 is thought to be the only transport mechanism responsible for direct
H*-extrusion in cardiac myocytes (Wakabayashi et al., 2013). A potential role for HYCN1
in pH; regulation in canine ventricular myocytes was examined using the pH-sensitive

dye BCECF (Fig. 5). While fluorescence excitation at ~490 nm (A1, 488 nm used in our
experiments) was pH-dependent (shown in green, Fig. 5A), the excitation isosbestic point at
~435 nm (A, shown in red) gave an indication for any dye bleaching or changes in myocyte
condition. Ventricular myocytes were paced at 1 Hz at 37°C, and a stable baseline was
established for at least 10 min in the presence of NHE1 blockade using 1 uM ethyl-isopropyl
amiloride (EIPA). Addition of 300 uM Zn2* to the extracellular solution caused a significant
drop in pH; (Fig. 5A and D); average pH; decreased from 7.1 in control to 6.13 at 5 minutes.
This intracellular acidification was clearly visible in the merged images (Fig. 5A). Addition
of 100 uM CIGBI in the presence of EIPA caused a similar drop in pH;, from 7.16 in control
to 5.84 at 5 minutes (Fig. 5B and E). Conversely, when the experiment was performed to
examine the effect of NHE1 blockade in the presence of HVCN1 blockade, pH; dropped
from 7.15 in control to 6.13 at 5 minutes (Fig. 5C and F). In contrast, HVCN1 blockade
alone with Zn2* (Fig. 5G) or CIGBI (Fig. 5H) in the absence of EIPA, or NHE1 blockade
alone in the absence of HVCNL1 blockade (Fig. 51) did not cause significant changes in pH;.

DISCUSSION

Our data provide unambiguous evidence that HYCNL1 is expressed and active in canine
cardiac myocytes and that it plays a major role in the regulation of pH;. Whole cell patch
clamp analysis revealed a voltage- and pH-sensitive current that has all the hallmark features
of the HVCNZ1 channel (Byerly et al., 1984; Cherny et al., 1995; DeCoursey & Cherny,
1995; Cherny & DeCoursey, 1999; Schilling et al., 2002; Ramsey et al., 2006; Capasso
etal., 2011; DeCoursey, 2013). H*-selectivity of the current was demonstrated by the
agreement of its reversal potential with the Nernst potential, and the gating kinetics and
their pH-dependence closely matched results reported for HVCN1 (Cherny et al., 1995).
The current had the pharmacologic fingerprint of HVCN1, including blockade by two
structurally unrelated HVCN1 blockers, Zn?* and CIGBI (Cherny & DeCoursey, 1999;
Hong et al., 2014; Asuaje et al., 2017), and the strongly enhanced Zn?* blockade at
increased pH,. In addition, the H* current exhibited a high Q1, as demonstrated previously
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for HYCN1-mediated currents (DeCoursey & Cherny, 1998; Decoursey, 2012). Inhibition
of Na*/H* exchange or HVCNL1 separately in beating canine cardiomyocytes caused only
a minor perturbation of pH; but inhibition of both together caused a rapid and marked

drop in pH;, thus showing that both mechanisms mediate direct extrusion of H*. These
results are important because they demonstrate, for the first time, a major Na*-independent
acid-extrusion mechanism in cardiac myocytes.

The properties of HVCN1 make it well suited as a major mechanism for steady-state pH;
regulation in cardiac myocytes /in vivo. Because H* extrusion via HVCNL1 is driven by

the H* electrochemical gradient, it would appear to be an ideal mechanism for dissipation

of H* in beating myocytes. With an action potential amplitude of ~120 mV and peak
membrane potential of >20 mV in mammalian ventricular myocytes (Jost et al., 2005; Sun
& Wang, 2005; Rosati et al., 2008; Feldman et al., 2016), the rhythmic depolarizations
occurring with each beat would provide an efficient energy source for extrusion of H*

that accumulate during the interbeat interval. Because HVCNL gating is strongly regulated
by the transmembrane pH gradient, any intracellular acidification would shift the voltage-
dependent activation negatively and increase the activation rate, thereby increasing channel
activity. Thus, HVCNL1 is a powerful mechanism for pH; regulation in rhythmically
depolarizing cardiac myocytes, with an activity that would be scalable as H*-generation
increases at elevated heart rates. An important feature of HVCN1-mediated H*-extrusion is
that it is not coupled to the transport of other ions. Unlike Na*/H* exchange and Na*-HCO3~
cotransport, it does not cause Na*-loading, which has effects on cardiac function that are
unrelated to regulation of pH; and would require utilization of energy for extrusion of Na*
via the Na*,K*-ATPase. The existence of two distinct mechanisms for direct extrusion of H*
would allow flexibility in myocardial regulatory responses that involve varying degrees of
Na*-loading, which can affect both contractility and energy-utilization.

The NHE1 Na*/H* exchanger is a major Na*-uptake system in cardiac myocytes, and

its activity is regulated by a variety of signaling mechanisms that transmit signals to
downstream targets (Lazdunski et al., 1985; Garciarena et al., 2013b; Wakabayashi et

al., 2013; Shimada-Shimizu et al., 2014; Yeves et al., 2014; Richards et al., 2019). Na*-
loading causes Ca2*-loading, which can be detrimental under pathophysiological conditions
(Karmazyn et al., 2008) but enhances contractility under normal conditions (Ennis et al.,
2013). Despite its clear role in pH; regulation and Na*-loading, inhibition or genetic loss

of NHE1 does not impair normal cardiac function (Prasad et al., 2013b; Wakabayashi et

al., 2013), suggesting that other mechanisms can compensate in part for the loss of its
activity. Na*-HCOj3~ cotransporter isoform 1 (NBCel) is the most abundant Na*-HCO3~
cotransporter in rodent heart (Table 1), and there is evidence that it contributes to Na*-
loading (Garciarena et al., 2013a; Garciarena et al., 2013b). NBCel is expressed in t-tubules
and sarcolemma, where its Na*-influx activity causes Ca2*-loading via effects on the Na*/
Ca?* exchanger (Garciarena et al., 2013b). Inhibition or genetic ablation of NHE1 or NBCel
has cardioprotective effects, including protection against ischemia-reperfusion injury in
isolated hearts (Wang et al., 2003; Fantinelli et al., 2014) and reduced apoptosis in response
to cardiac hypertrophy (Garciarena et al., 2009) or coronary artery ligation (Vairamani et
al., 2018). Conversely, transgenic overexpression of either NHE1 (Nakamura et al., 2008) or
NBCel (Chen et al., 2020) in mice causes cardiac remodeling and disease, which has been
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attributed primarily to effects on Na*- and Ca2*-loading. It has been noted that functional
coupling of the AE3 CI7/HCO3~ exchanger with NHE1 (Alvarez et al., 2007b) and/or
NBCel (Prasad et al., 2013a) could facilitate pH-neutral Na*-loading.

The differences in mMRNA expression levels for NHE1 and HVCNL1 in hearts of various
species (Table 1) suggest major species-differences in the relative importance of Na*-
dependent and Na*-independent H*-extrusion mechanisms. In mouse heart, NHE1 mRNA
expression was much greater than that of HVCN1, whereas HYCN1 mRNA expression

in human heart was greater than that of NHE1. Mice have very high heart rates and

much less cardiac reserve than humans and other large animals; mice exhibit only minimal
force-frequency relationships (Georgakopoulos & Kass, 2001) and their heart rates can
only increase ~50% vs about 200-300% in humans (Milani-Nejad & Janssen, 2014). Given
the effects of Na* on contractility and force-frequency relationships (Endoh, 2004), an
increase in Na*-loading could play a role in the utilization of cardiac reserve. If so, then
reciprocal alterations of HVCNL1 activity and Na*/H* exchange could modulate the degree
of Na*-loading while maintaining H*-extrusion activity.

There are a number of transporters besides NHE1 and HVCNZ1 that could contribute to
acid removal in cardiac myocytes, although none of them would allow Na*-independent
regulation of pH;. RNA Seq data (Brawand et al., 2011; Yu et al., 2014) have revealed
cardiac expression of mMRNAs for Na*-HCO3~ cotransporters and for an additional Na*/H*
exchanger (Table 1). mRNA for NHES8, which is expressed in endosomes and plasma
membranes (Zhang et al., 2007; Lawrence et al., 2010), was present in all species examined
and was expressed at higher levels than NHEL in rat heart (Table 1) and in FVBN mouse
heart (Vairamani et al., 2017). Single cell RNA Seq analysis of mouse heart showed that
NHES is expressed in myocytes (Han et al., 2018), raising the possibility that it could
contribute to acid extrusion. Although it was not a consideration during the design of

our experiments, the EIPA concentrations used to inhibit NHE1 would also inhibit NHES8
(Zhang et al., 2007).

The rate of acidification that occurred when both Na*/H* exchange and HVCN1 were
inhibited was quite high, indicating that under normal circumstances, large amounts of acid
are being produced and extruded from the cell. On the basis of buffering power, myocyte
volume, and the volume of accessible cell water, the accumulation of acid on a whole cell
basis was estimated to be ~2.2-3.1 mM/min, which would correspond to whole cell currents
of ~95-135 pA if HVCNL1 alone mediated the extrusion of all of this acid. Potential sources
of acid include a modest contribution from NADPH oxidase activity, for which H*-extrusion
via HVCNL1 can provide charge balance (DeCoursey et al., 2000; Musset et al., 2010), and
hydrolysis of ATP, which should be a factor only at more acidic pH; levels that impair
mitochondrial function (Gursahani & Schaefer, 2004). However, the source of most of the
acid generated, particularly at higher pHi; levels, is CO,. With glucose as the sole energy
source and efficient glucose oxidation in cardiac myocytes (Pascual & Coleman, 2016), O,
utilization would equal CO, production and CO, hydration would produce both H* and
HCO3™.
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The estimated level of acid production when both Na*/H* exchange and HVCN1 were
inhibited is well within the range of expected values based on earlier studies of O,
utilization by isolated myocytes cultured under similar conditions (Piper et al., 1982).
However, the amount of acid (and HCO3™) produced would also depend on the rate of
CO, hydration. A study using 13C-labeled pyruvate and magnetic resonance spectroscopy
showed that most of the CO, generated by mitochondrial respiration in the isolated rat
heart (Schroeder et al., 2010) is hydrated by carbonic anhydrase, and that newly formed
13C-labeled CO, and HCO3™ are equilibrated in less than 10 seconds. Furthermore, the
labeled CO, and HCO3™ declined rapidly, suggesting that newly formed HCO3™ and residual
COy are quickly eliminated. Similar studies of the rat heart /n vivo demonstrated that
carbonic anhydrase-mediated conversion of CO, to HCO3~ and H* occurs as it exits the
mitochondria, with an 11.4-fold increase in CO, hydration relative to the spontaneous
rate (Schroeder et al., 2013). The investigators also showed that inhibition of intracellular
carbonic anhydrase led to reduced phosphocreatine/ATP ratios and increased acid in the
mitochondrial matrix. Thus, hydration of CO, to H* + HCO3™ as it exits the mitochondria
is necessary for efficient energy metabolism; however, a corollary to this finding is that
extrusion of both hydration products would be needed.

While it is clear that HVYCNZ1, in the absence of Na*/H* exchange, can extrude the quantities
of acid generated from CO, hydration in beating cardiac myocytes /in vitro, it remains to be
determined whether it is capable of extruding the much larger quantities of acid that occur
in vivo (Endeward et al., 2010). A point to consider is that the experiments in Figs. 1-3 were
carried out using quiescent cells and highly non-physiological buffers needed to suppress
other ion currents and to isolate and characterize H* currents. While these conditions were
critical for documenting HVCNL1 activity in ventricular myocytes, the observed currents

are unlikely to represent the full magnitude of H* currents that would occur in beating

cells under physiological conditions /7 vivo. For example, the H* currents in non-beating
myocytes likely represent only the activity in surface sarcolemmal membranes, but not
activity that might be present in t-tubules. In addition, the biophysical properties of HYCN1
and some of its known regulatory mechanisms suggest that its activity under physiological
conditions /n vivo would be substantially greater than that occurring in cultured cells.

DeCoursey & Cherny (1998) have documented a high Q1 for proton conductance and an
exceptionally high Qqq of 6-9 for gating, consistent with the experiments shown in Fig. 3.
In addition, phosphorylation of Thr2® converts the channel to an enhanced gating mode, in
which it opens faster and closes more slowly, and causes a 40-mV negative shift in its H*
conductance-voltage relationship (DeCoursey et al., 2000; Musset et al., 2010). Pathak et
al. (Pathak et al., 2016) reported that membrane stretch increases the rate of activation and
shifts the activation to less depolarized potentials. They also suggested that when primed by
other stimuli, membrane stretch can render the channel hyperactive. The unique regulation
of HVCNL1 by voltage, ApH, and mechanical stretch enables it to respond dynamically as
these properties change, ensuring that acid extrusion occurs only when the electrochemical
gradient is outwards, and that H* efflux is adjusted according to the acid load and to the
electrical and mechanical conditions at each moment. Additional studies will be needed to
determine the specific properties and regulatory mechanisms that affect HYCN1 activity
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in cardiac myocytes and to assess the relative roles of Na*/H* exchange and HVCNL1 in
regulating pH; homeostasis in cardiac muscle /n vivo.

The hypothesis that HVCNL1 is expressed and active in cardiac myocytes was based on

data indicating that the AE3 CI7/HCO3~ exchanger is involved in transport-mediated CO,
disposal (Vairamani et al., 2017). A role for AE3-mediated HCO3™-extrusion in CO,
disposal had been proposed earlier for both retina and cardiac myocytes (Alvarez et al.,
2007a; Vargas & Alvarez, 2012), but a H*-extrusion mechanism that could operate in a
functionally-coupled and energetically-efficient system was not identified. Because most of
the HCO3™ in a cell is generated by CO, hydration, which also produces H*, an effective
means of CO, disposal would be extrusion of HCO3™ via CI”/HCO3™ exchange, with
Cl~-recycling via CI~ channel activity, and H*-extrusion via HYCN1 (Vairamani et al.,
2017). Na*/H* exchange can function in such a system but causes obligatory Na*-loading,
which is beneficial in some circumstances, but also increases energy utilization (Kandilci et
al., 2020). Thus, if functionally-coupled ion transport, in concert with carbonic anhydrase
activities, were to be used for CO5 disposal by cardiac myocytes, it would be useful to have
H*-extrusion mechanisms that either contribute to Na*-loading, when the benefits outweigh
the energy costs, or that are energetically-efficient and do not cause Na*-loading. HVCN1 is
the only known mechanism that would allow energetically-efficient H*-extrusion.

A possible objection to the idea of transport-mediated CO, disposal is that diffusion of CO,
through the cytoplasm and across cell membranes, either directly or via gas channels, is
very rapid (Endeward et al., 2014; Arias-Hidalgo et al., 2017) and might be no impediment
to CO, disposal (Cooper et al., 2015; Hulikova et al., 2015). However, a high level of
carbonic anhydrase activity has been reported in cardiac myocytes (Arias-Hidalgo et al.,
2017) and, as discussed above, CO,-venting from mitochondria is facilitated by carbonic
anhydrase-catalyzed conversion of CO, — HCO3™ + H* as it exits the mitochondria
(Schroeder et al., 2013). Buffering of H* by high concentrations of histidyl dipeptides and
other components (Swietach et al., 2013) helps to maintain pH; and, by sequestering one of
the hydration products, also maintains a strong driving force for CO, hydration. Thus, with
continuous O, consumption and CO, hydration, a functionally coupled ion-transport system
for extrusion of both H* and HCO3;~ would be needed. The AE3 CI7/HCO3~ exchanger is a
powerful mechanism for HCO3™-extrusion and Cl™-uptake, one or more of the CI~ channels
in myocytes (Vairamani et al., 2017) could allow Cl™-exit, and either Na*/H* exchange

or HVCNL activity could mediate H*-extrusion. HVCNL1 activity is energetically-efficient
and would provide charge balance to the process, whereas Na*/H* exchange would require
additional transport mechanisms and energy utilization to deal with the charge imbalance
and increased Na*. After H* and HCO3™ are extruded into the extracellular or t-tubular fluid
containing high concentrations of HCO3™, carbonic anhydrase activity would complete the
process by regenerating CO,. Notably, carbonic anhydrases IV and X1V both enhance the
activity of AE3 (Svichar et al., 2009). Also, Casey and colleagues ((Casey et al., 2009;
Vargas & Alvarez, 2012) showed that AE3 associates physically with carbonic anhydrase
XIV and suggested that this interaction is part of a system to dispose of CO5.

The sites at which transport-mediated CO5 disposal might occur have not been determined
but may include the sarcolemma, t-tubules, and intercalated discs. The membrane location
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of HVCNL is not known, but the fact that H* currents could be identified in quiescent

cells indicates that at least some HVCNL is in the sarcolemma. AE3 (Alvarez et al.,

2007b) and NHE1 (Petrecca et al., 1999; Lawrence et al., 2010) have been localized to
sarcolemmal, t-tubule, and intercalated disc membranes. However, a later study reported
that NHE1 was heavily concentrated in intercalated discs, with no evidence of activity in
t-tubules (Garciarena et al., 2013a). Whether Na*/H* exchangers and/or HVCNL1 are active
in t-tubules is an important issue, as the t-tubule system provides the shortest route for
extrusion of H* from the cytosol (Gadeberg et al., 2016). Also, mechanical forces occurring
in beating cardiac myocytes cause substantial changes in t-tubular volume (McNary et al.,
2012) that could enhance HVCNL activity via mechanical stretch (Pathak et al. 2016) and
cause rapid exchange of t-tubular and extracellular fluids. Thus, when t-tubular volume is
reduced, a portion of its somewhat acidified fluid with newly generated CO, would be
expelled, and when t-tubular volume expands, fluid with normal extracellular pH and high
O, would be drawn in. Furthermore, t-tubule membranes have high levels of cholesterol,
which is reported to make membranes relatively impermeable to CO», which should prevent
significant leakage of CO, back into the cytosol. Interestingly, recent studies show that
membrane permeability of O, increases as cholesterol increases (Dotson et al., 2017; Al-
Samir et al., 2021). Thus, one can speculate that the exchange of t-tubular and extracellular
fluids, driven by mechanical forces (McNary et al., 2012 PMID: 22884710), may have the
potential to contribute not only to CO disposal but also to O, delivery.

In addition to functions in pH; regulation and transport-mediated CO5 disposal, activation
of HVCNL1 generates an outward current, and likely would also contribute to repolarization
of the membrane and influence the action potential morphology. This effect would be
more pronounced in the hearts of large animals that have a spike-and-dome cardiac action
potential morphology, where the net current flow is small during the plateau phase and even
a small current can have a notable effect on action potential duration. The time course and
size of HVCNL1 current during the action potential would be influenced by pHi;, and the
electrogenic extrusion of H* could have a small K*-sparing effect during repolarization.

In addition, by sharing the H* extrusion burden, the presence of HVCNL1 could influence
Na*/H* exchange activity, which has its own downstream electrical impacts through its
effects on Na* and Ca2* loading, and consequently, Na*-Ca2* exchanger (NCX) activity.
The contribution of NCX to cardiac action potential is complex and can either lengthen or
shorten the action potential depending on intracellular Na* concentration (Armoundas et
al., 2003). Therefore, the net influence of HVCN1 on action potential morphology likely is
complex, would depend on the physiological state, and remains to be defined.

In conclusion, HVCNZ, which uses the membrane potential and pH gradient rather than

the Na* gradient as a driving force, serves as a major H*-extrusion mechanism in canine
ventricular myocytes. Although additional studies will be needed to further dissect its
physiological functions in heart and to determine its relative importance in humans and
other species, HVCN1 appears to be an ideal mechanism for disposal of H*, generated
predominantly by CO, hydration (Schroeder et al., 2013), which far exceeds metabolic

acid generated from non-carbonic sources (Rose, 1994). HVCNL1 activity would allow pH;
homeostasis to be regulated independently of Na*-loading, thus allowing greater flexibility
in myocardial regulatory responses. In addition, when functionally coupled with CI"/HCO3~
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exchange, carbonic anhydrase activity, and CI~ channel activity, HYCNL1 could contribute to
transport-mediated CO, disposal.
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KEY POINTS SUMMARY

Intracellular pH (pH;) regulation is crucial for cardiac function, as
acidification depresses contractility and causes arrhythmias. H* ions are
generated in cardiomyocytes from metabolic processes and particularly
from CO» hydration, which has been shown to facilitate CO,-venting from
mitochondria.

Currently, the NHE1 Na*/H* exchanger is viewed as the dominant H*-
extrusion mechanism in cardiac muscle.

We show that the HVCNL1 voltage-gated proton channel is present and
functional in canine ventricular myocytes, and that HYCN1 and NHE1 both
contribute to pHj regulation.

HVCNL1 provides an energetically-efficient mechanism of H*-extrusion that
would not cause Na*-loading, which can cause pathology, and that could
contribute to transport-mediated CO» disposal.

These results provide a major advance in our understanding of pH; regulation
in cardiac muscle.

J Physiol. Author manuscript; available in PMC 2023 May 01.




1duosnuepy Joyiny 1duosnuely Joyiny 1duosnuey Joyiny

1duosnue Joyiny

Ma et al.

Page 21
2.0
A LV RV B g LV RV
Epi Mid Endo Epi Endo LA RA z 151 :
Z = L] -
HVCN1|-——-—-—-————.—-—-| %%10 . o l '
o H . *
r £ 05 ¥ *
[-actin K]
& LA RA
0.0 —
+50 +40 +40 _+10
c | 50| 70! -80] {80
|80 80 80
<
=9
o
S 1sec
f = o -
pHES ; pHT.0 -J'; pHTS --'? pH 8.0, 2
5.5 k !
G s 65) s
D . % 60, Slope = -47.1 mViapH — 08!
_ ® pHo = 40 oR'=0.86 § 05 |
&3 3”3° 65 T 0re =
i e L D e e e o 04
=2 ! £ 20 - o3
g l ' § 0 . 2 0z
al . & T g0 g
A : z E 0.1
PSS @S 98-l 2 S [T R — .
80 B0 40 20 O 20 40 60 00 05 10 15 20 60 40 20 0 20 40 60
Voltage (mV) ApH (pH,, - pH) Voltage (mV)

Fig. 1. HVCNL1 is expressed and active in canine ventricular myocytes.
(A and B) HVCNL1 protein and mRNA expression, respectively, in canine left and right

ventricular (LV and RV) and left and right atrial (LA and RA) tissues, detected using
immunoblot (representative of 3 hearts) and quantitative real-time PCR (n = 3 hearts). Epi:
epicardium; Mid: midmyocardium; Endo: endocardium. (C) HVCNL1 current recorded from
canine LV myocytes under pH; = 6.5 and indicated pH,. Insets: voltage clamp protocols;
depolarizing voltage step increment = 10 mV. (D) Current-voltage relationships of HYCN1.
Current amplitude was measured at the end of 5 s depolarizing steps (n =5 to 11 myocytes).
(E) Activation threshold-ApH relationship (n = 6 to 9). Data were fitted with a line with a
slope of —47.1 mV/unit change in ApH. (F) Activation rate-voltage relationship (n =4t0 5
myocytes). Data are plotted as individual data points and/or mean + SD.

J Physiol. Author manuscript; available in PMC 2023 May 01.



1duosnuepy Joyiny 1duosnuely Joyiny 1duosnuey Joyiny

1duosnue Joyiny

Ma et al.

Page 22
30 mv
—
E 0 Slope = —56.?2mVMpH
s 20 | - R®=0.945
=
L -40
2
= -G0
g -804
@
o« -100 7 . ) . i
0.0 05 10 15 20 -100 -80 -60 -40 -20 0 20
ApH (pH, - pH) Reversal potential (mV)

Fig. 2. Canine ventricular HVCN1 is H*-selective.
(A) Representative tail currents at indicated intra and extracellular pH. Inset: voltage clamp

protocol. Currents were activated by 3 s depolarizing steps, followed by hyperpolarizing
steps in =10 mV increments, until clear reversal of the tail current was observed. Holding
potential was =70, =70 and —80 mV, and activation step was +40, +40 and +30 mV for the
left, middle and right panel, respectively. Arrows: tail currents closest to reversal and the
corresponding voltages. (B) V ey-ApH relationship (n = 4 to 8 myocytes). Fitted line had a
slope of —=56.7 mV/unit change in ApH. C, Vi~V ey relationship. Data were fitted with Vi,
= 0.85V/gy + 17.5 mV (solid line). Dash line: Vipy = 0.76V e, + 18 mV reported for HYCN1
channel (DeCoursey & Cherny, 1997). Data are plotted as individual data points or mean +
SD.
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Fig. 3. Dependence of canine ventricular HYCNL1 on temperature and internal pH.
(A) HVCNZ1 current recorded at 25°C, 30°C and 35°C, from the same myocyte. Holding

potentials were =70 mV and activation steps were —60 to +30 mV, in 10 mV increment.
Similar results were found in 3 cells with an average fold increase in current amplitude per
10 °C (Qq) of 2.4. (B) HVCNL current recorded under pH; = 7.5 and 6.5 and pH, = 7.5.

(C) Current-voltage relationships of HYCN1 under pH; = 7.5 and 6.5 and pH, = 7.5. Current
amplitude was measured at the end of 5 s depolarizing steps (n = 4 and 11 myocytes). Data
are expressed as mean + SD.
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Fig. 4. pHy-dependent blockade of canine ventricular HVCNL1 by external Zn2* and HVCN1
blockade by CIGBI.

(A) Representative current at pH; = 6.5 and indicated pH,, and under control and indicated
concentrations of extracellular Zn%*. Data in each row were from the same myocyte

and recorded using identical voltage clamp protocol. (B) Dose-response curves for Zn*
blockade of HVCN1 expressed as the ratio of current with to without Zn2* at the end of

5 s pulses (n= 3 to 6 myocytes). Data are mean + SD and were fitted with a standard Hill
equation with Hill coefficient of 1.0 and 1C5p = 1.37, 10.25 and 57.36 uM at pH, = 7.5,

7.0 and 6.5, respectively. (C) Current traces at +30 mV from the same families of currents
shown in (A) at pHg = 7.5, scaled to the same amplitude and overlaid. (D) Representative
current at pH; = 6.5 and pH,= 7.5, and under control and indicated concentrations of
extracellular CIGBI. The currents were from the same myocyte and recorded using identical
voltage clamp protocol. (E) Dose-response curves for CIGBI blockade of HVCN1 expressed
as the ratio of current with to without CIGBI at the end of 5 s pulses (n= 3 to 6 myocytes).
Data points were fitted with a standard Hill equation with Hill coefficient of 1.0 and I1C5q =
17.3 uM at pH; = 6.5 and pHy= 7.5.
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Fig. 5. HVCNL1 contributes to acid extrusion in beating canine ventricular myocytes.
(A) Representative fluorescent images at excitations of 488 and 435 nm, and merged,

recorded in the presence of EIPA (open bar) at steady state and subsequently with Zn2*
(closed bar) added. (B) Representative fluorescent images merged from recordings at
excitations of 488 and 435 nm, in the presence of EIPA at steady state (at least 10 min
after EIPA was added) and subsequently with CIGBI added. (C) Representative fluorescent
images merged from recordings at excitations of 488 and 435 nm, in the presence of CIGBI
at steady state (at least 10 min after CIGBI was added) and subsequently with EIPA added.
(D to I) Average pH; under indicated combined or single blockers (n = 12 to 16 myocytes).
Drug concentrations were 1 uM for EIPA, 100 uM for CIGBI, and 300 uM for Zn2*. Data
are mean + SD. *: P < 0.001 vs the last point in control in a unpaired t-test.
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mMRNA expression for major H* and HCO3™ transporters in heart.

Table 1.

Gene Protein | Human l\ﬁgﬁiisy %ZE;S Opossum | Rat
Hvenl HVCN1 9 5 1 1 1
Slc9al NHE1 5 17 8 7 25
Slc9a8 NHES8 2 4 4 3 6.5
Slcdal AE1 0.3 0.5 0.1 2 2
Slcda2 AE2 7 23 7 16 35
Slc4a3 AE3 178 7 47 45 25
Sicdad NBCel 0.5 0.5 4 4 55
Slcdab NBCe2 0 0.1 0 2 0
Slcda7 NBCn1l 1 0.4 2 2 35
Slc26a6 PAT1 3 6 4 0 35

Page 26

RPKM (Reads Per Kilobase of transcript per Million mapped reads) values for mRNA expression in Human, Rhesus monkey, Mouse and Opossum
heart is from Brawand ef a/. (Brawand et al., 2011). Data were normalized in this study, allowing approximate cross-species comparisons of
individual transporters. Data for rat heart are an average of values for male and female Fischer rats (Yu et al., 2014). These data indicate that

HVCNL1 is expressed in heart of all species listed and that AE3 is the most abundantly expressed CI"/HCO3™ exchanger.
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