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Two AE3 transcripts, full-length (AE3fl) and cardiac (AE3c) are expressed in the heart. AE3 catalyzes electro-
neutral Cl−/HCO3

− exchange across cardiomyocyte sarcolemma. AE proteins associate with carbonic anhy-
drases (CA), including CAII and CAIV, forming a HCO3

− transport metabolon (BTM), increasing HCO3
−

fluxes
and regulating cardiomyocytes pH. CAXIV, which is also expressed in the heart's sarcolemma, is a transmem-
brane enzyme with an extracellular catalytic domain. Herein, AE3/CAXIV physical association was examined
by coimmunoprecipitation using rodent heart lysates. CAXIV immunoprecipitated with anti-AE3 antibody
and both AE3fl and AE3c were reciprocally immunoprecipitated using anti-CAXIV antibody, indicating
AE3fl–AE3c/CAXIV interaction in the myocardium. Coimmunoprecipitation experiments on heart lysates
from a mouse with targeted disruption of the ae3 gene, failed to pull down AE3 with the CAXIV antibody.
Confocal images demonstrated colocalization of CAXIV and AE3 in mouse ventricular myocytes. Functional
association of AE3fl and CAXIV was examined in isolated hypertrophic rat cardiomyocytes, using fluorescence
measurements of BCECF to monitor cytosolic pH. Hypertrophic cardiomyocytes of spontaneously hyper-
tensive rats (SHR) presented elevated myocardial AE-mediated Cl−/HCO3

− exchange activity (JHCO3−
mM.min−1) compared to normal (Wistar) rats (7.5±1.3, n=4 versus 2.9±0.1, n=6, respectively). AE3fl,
AE3c, CAII, CAIV, and CAIX protein expressions were similar in SHR and Wistar rat hearts. However, immuno-
blots revealed a twofold increase of CAXIV protein expression in the SHR myocardium compared to normal
hearts (n=11). Furthermore, the CA-inhibitor, benzolamide, neutralized the stimulatory effect of extracellu-
lar CA on AE3 transport activity (3.7±1.5, n=3), normalizing AE3-dependent HCO3

−
fluxes in SHR. CAXIV/

AE3 interaction constitutes an extracellular component of a BTM which potentiates AE3-mediated HCO3
−

transport in the heart. Increased CAXIV expression and consequent AE3/CAXIV complex formation would
render AE3 hyperactive in the SHR heart.

© 2011 Elsevier Ltd. All rights reserved.
1. Introduction

The heart is an excitable tissue that requires tight control of the in-
tracellular pH (pHi). In cardiac muscle, the regulation of pHi depends
on the balance between transporters that load cardiac muscle cells
with acid and those that have the effect of extruding acid from the
cardiomyocytes [1]. Changes in pHi directly affect cardiac contractility
and development of muscle tension, with a pronounced depression
of contractility observed during acidosis of the heart [2]. Thus, devia-
tions of normal pHi have been implicated in changes of myofilament
Ca2+ sensitivity [3,4].
th isoform 3; AE3c, Cl−/HCO3
−

family solute carrier member
A6; CAXIV, carbonic anhydrase
e carrier; pHi, intracellular pH;
, spontaneously hypertensive

rez).

rights reserved.
Members of the AE family arise from three genes: AE1, AE2, and
AE3 [5,6]. The SLC4A3 gene encodes two AE3 alternate transcripts
expressed in cardiac tissues, full length AE3 (AE3fl) and the cardiac
AE3 (AE3c) [7]. The AE3 transcripts differ in their N-terminal se-
quence and molecular mass; AE3c polypeptide is 120 kDa, while
AE3fl variant is ~160 kDa. In addition to AE3, AE1 is present in the
mouse heart localized at the sarcolemmal membrane of ventricular
myocytes [8]. Other Cl−/HCO3

− exchangers, members of the SLC26
family, namely SLC26A3 and SLC26A6, have also been detected in
the myocardium [9]. In addition, acid loading mechanisms found
in the heart involve the putative Cl−/OH− exchanger (CHE) which
acidifies by efflux of OH− [10]. AE3 catalyzes electroneutral Cl−/
HCO3

− exchange across cell membranes, hence regulating [Cl−]i,
[HCO3

−]i, pHi, and cell volume [5]. Cl−/HCO3
− exchange by AE3 has

been well documented in cardiomyocytes [11,12] and is important
during normal pH regulation [12], as well as pathological conditions
[13–15].

AE3 associates with carbonic anhydrases (CA) II (CAII), IV (CAIV),
and IX (CAIX) to form a HCO3

− transport metabolon, which increases
HCO3

−
flux across the plasma membrane [16,17]. Up to date, 16
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members of the CA family differing in their tissue distribution and
subcellular localization have been characterized in mammalian cells.
Carbonic anhydrases accelerate the reversible hydration of CO2 to
form HCO3

− and H+. Lately, CAXIV and AE3 interactions in excitable
tissues of the central nervous system (CNS) have been described
[18,19]. Both CAXIV and CAIV enhance AE3-mediated Cl−/HCO3

−

exchange in CNS hippocampal neurons [18].
CAIV, CAIX, and CAXIV are expressed in different subcellular

compartments within cardiac myocytes [20], suggesting divergent
functions of the enzymes in excitation–contraction coupling. The sim-
ilar tissue expression pattern and previously reported interaction of
AEs and CAs into a HCO3

− transport metabolon [17–19,21], suggested
that AE3 might structurally associate with CAXIV in the heart.

To examine whether AE3 and CAXIV physically associate in the
heart, co-immunoprecipitation experiments were performed using
rodent (mouse, rat) heart lysates. We found that CAXIV coimmuno-
precipitated with anti-AE3 antibody and AE3 could be coimmunopre-
cipitated using anti-CAXIV antibody.

The hypertrophic myocardium of spontaneously hypertensive rats
(SHR) presented elevated AE3-mediated Cl−/HCO3

− exchange activi-
ty, compensated by enhanced NHE1 Na+/H+ exchange activity [14].
This combined action of AE3 and NHE1 results in a net cellular Na+

loading without changes of pHi, as observed in cardiomyocytes stim-
ulated with the growth factors angiotensin II (AngII) and endothelin 1
[22,23]. Herein, we observed that the hypertrophic myocardium of
SHR presented elevated expression of CAXIV compared to normal
hearts. Consistent with this finding, cardiomyocytes from SHR dis-
played elevated Cl−/HCO3

− exchange activity compared to normal
cardiomyocytes which was normalized by the poorly membrane-
permeant CA blocker, benzolamide.

The results presented in this work indicate that the AE3/CAXIV
complex constitutes a system to dispose of high CO2 waste generated
from the continuous contractile activity of the heart and to regulate
pHi, contributing to heart function. Exacerbated AE3/CAXIV complex
in SHR could be a leading factor to elicit the hypertrophic growth of
the heart.
2. Materials and methods

2.1. Animals

Male spontaneously hypertensive rats (SHR) and age-matched
Wistar rats were used. SHR and Wistar rats were originally derived
from Charles River Breeding Farms, Wilmington, Mass. All animals
were housed under identical conditions and had free access to stan-
dard dry meal and water. ae3 knock-out mice used for this study
were produced through targeted mutagenesis, and have been previ-
ously described [24]. Protocols that involved rats were reviewed
and approved by the Animal Welfare Committee of La Plata School
of Medicine and performed in accordance with the Guide for the
Care and Use of Laboratory Animals (Argentine Republic Law
No. 14346), concerning animal protection.
2.2. Preparation of mouse heart lysates, and HEK293 cell lysates

Mice were sacrificed by an overdose of Euthanyl (sodium pento-
barbital). Hearts were rapidly explanted out and placed in 4 ml
ice-cold IPB buffer (1% Igepal, 5 mM EDTA, 0.15 M NaCl, 0.5%
Deoxycholate, 10 mM Tris–HCl, pH 7.5), containing 2 mg/ml BSA
and protease inhibitors (PI, MiniComplete Tablet, Roche). Tissue
was disrupted in a Polytron (Kinematica GMBH, Switzerland) and
kept on ice for 10 min. HEK293 cells grown on 60 mm Petri dish
were disrupted in 250 μl of IPB buffer containing PI, with a cell
scraper. Disrupted HEK293 cells were incubated on ice, 10 min.
2.3. Protein expression

Expression constructs for mouse CAXIV [25], rat AE3c [26], rat
AE3fl [26], rat AE3–HA [22,27], and human SLC26A6 [9], have been
described previously. The V159Y CAXIV mutant construct was a
generous gift from Dr. W. Sly (Saint Louis University, MO). HEK293
cells were individually transfected with CAXIV, AE3c, or AE3fl, or
AE3–HA, cDNAs, or co-transfected with AE3–HA and CAXIV, or
cotransfected with AE3–HA and the CAXIV V159Y mutant, cDNAs,
using Lipofectamin 2000™ transfection reagent (Invitrogen, Carlsbad,
CA, USA) [28]. Cells were grown at 37 °C in an air/CO2 (19:1) environ-
ment in DMEM medium, supplemented with 5% (v/v) fetal bovine
serum and 5% (v/v) calf serum.

2.4. Determination of pHi changes in HEK293 cells

Untransfected or transfected HEK293 cells were incubated with
10 μg/ml BCECF-AM dye for 20 min at 37 °C. Dye-loaded cells were
washed and resuspended in a solution containing (in mM): 5 KCl, 140
NaCl, 1 MgSO4, 1 calcium gluconate, 5 glucose, 25 NaHCO3, 10 Hepes,
2.5 NaH2PO4, pH 7.4 (Cl−-containing). Cells were placed into a cuvette
in a Cl−-free HCO3

− buffer solution containing (mM): 5 potassium glu-
conate, 140 sodium gluconate, 1 MgSO4, 1 calcium gluconate, 5 glucose,
25 NaHCO3, 10 Hepes, 2.5 NaH2PO4, pH 7.4, in the presence or absence
of the CA inhibitor, benzolamide (BZ, 10 μM). The cell suspension was
continuously stirred to prevent cells from settling out. Both buffers
were bubbled with 5% CO2 and 95% O2. Cl−/HCO3

− exchange activity
of AE3fl–HA was measured during the alkalinization induced from
exposing the cells to the Cl−-free HCO3

− buffer solution, in the presence
of 30 μM EIPA ((5-(N-ethyl-N-isopropyl) amiloride (Sigma)) to block
Na+/H+ exchanger (NHE) activity. Cell suspensions loaded with
BCECF were excited at 503 and 440 nm, and the emitted fluorescence
was collected at 535 nm. pHi was calculated in each preparation using
a high K+-nigericin solution [19]. Initial rate of pHi change upon expos-
ing the cells to Cl−-free buffer was calculated by fitting a linear regres-
sion of the first 1 min of the recorded pHi immediately after switching
the Cl−-containing buffer to Cl−-free buffer (anion exchange assay).
HCO3

− rate (JHCO3− in mM.min−1) was estimated as described previ-
ously [19]. The transport activity of sham-transfected cells was sub-
tracted from the total rate to ensure that these rates consisted only of
AE3–HA transport activity. The relationship between the ratios of
fluorescence 503 nm/440 nm and the pH value obtained in each step
was linear.

2.5. Isolation of rat heart membranes

Heart membranes were prepared from freshly isolated ventricles
of adult SHR andWistar rats (Table 1), which were separated and ho-
mogenized with a Brinkmann Homogenizer (Brinkmann Instruments,
Westbury, NY) in 4 ml of ice-cold solution, containing 0.32 M sucrose,
1 mM EGTA, 0.1 mM EDTA, 10 mM Hepes, pH 7.5 and protease inhib-
itors (Complete Mini protease inhibitor cocktail tablets, Roche,
Germany). Homogenates were centrifuged at 1440×g for 5 min in a
Beckman G5-6K centrifuge. Supernatants were removed and centri-
fuged at 66,700×g for 30 min at 4 °C in a Beckman TLA 100.4 rotor.
The resulting membrane fraction was resuspended in 300 μl of PBS
containing (mM): NaCl 140, KCl 3, Na2HPO4 6.5, KH2PO4 1.5, pH 7.5.
The Quant-iT protein assay kit (Molecular Probes/Invitrogen Labeling
and Detection, Eugene, OR, USA) was used to determine protein
concentration on a Qubit fluorometer (Invitrogen) according to the
manufacturer's instructions.

2.6. Immunodetection

Two days post-transfection, cells were washed in PBS buffer and
cell lysates were prepared by addition of 150 μl SDS-PAGE sample



Table 1
General characteristics of spontaneously hypertensive rats (SHR) and normal rats (Wistar).

SHR (n=4–12) Wistar (n=4–15)

Age (weeks) BW (g) HW (mg) HW/BW (mg/g) LVW/BW (mg/g) Age (weeks) BW (g) HW (mg) HW/BW (mg/g) LVW/BW (mg/g)

13±1 294±15 1131⁎±29 4.04⁎±0.23 3.17⁎±0.15 (n=4) 12±1 289±13 814±40 2.89±0.19 1.89±0.02 (n=4)

n = number of animals; BW = body weight; HW = heart weight; LVW = left ventricular weight. Values are mean±SEM.
⁎ pb0.05 t-test.
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buffer to 60 mm Petri dish. Heart lysates were prepared by addition of
equal volume of SDS-PAGE sample buffer to membrane fractions
(300 μl), or to supernatant fractions (2000 μl). Cell samples (50 μg
protein), or heart samples (100–250 μg) were resolved by SDS-
PAGE on 7.5–10% acrylamide gels, as indicated. Proteins were trans-
ferred to PVDF membranes, and then incubated with rabbit anti-
AE3 [29] (SA8, 1:2000 dilution), goat anti-CAXIV (N-19, Santa Cruz,
CA, USA, 1:500), mouse anti-CAIX antibody [16] (1:1000 dilution),
rabbit anti-CAII antibody (H-70, Santa Cruz, CA, USA, 1:1000 dilu-
tion), rabbit anti-CAIV antibody (H-50, Santa Cruz, CA, USA, 1:1000
dilution), mouse anti-HA antibody (16B12, Covance, CA, USA,
1:2000 dilution) [22,27], mouse anti-GAPDH antibody (MAB374,
Millipore, MA, USA, 1:1000 dilution), or rabbit polyclonal anti-
SLC26A6 antibody (1:1000 dilution). Anti-SLC26A6 antibody has
been used previously [9]. Immunoblots were then incubated with
1:1000 dilution of donkey anti-rabbit IgG (Santa Cruz, CA), or
mouse anti-goat IgG (Santa Cruz, CA, USA), or sheep anti-mouse IgG
(NA931V, Amersham Biosciences, UK), conjugated to horseradish
peroxidase. Blots were visualized and quantified using ECL reagent
and a Kodak Image Station or a Bio-Rad Image Station.

2.7. Coimmunoprecipitation

Homogenates of heart were centrifuged at 1440×g for 5 min in a
Beckman G5-6K centrifuge. Supernatants (3.5 ml) were removed
and applied to 50 μl protein G Sepharose or 50 μl protein A Sepharose
(50% slurry) for 3 h at 4 °C. After centrifugation (5 min, 8000×g),
lysates were incubated overnight with goat polyclonal anti-CAXIV
antibody (6 μl, 1.2 μg IgG), or non-immune goat serum (6 μl), or rab-
bit polyclonal anti-AE3 antibody (5 μl, 1.5 μg IgG), or rabbit anti-AE3c
antibody [26] (5 μl, 1.5 μg IgG), and 100 μl protein G Sepharose or
100 μl protein A Sepharose (at 4 °C, overnight). Resin was washed
and resuspended in an equal volume of 2× SDS/PAGE sample buffer.
Samples were electrophoresed on 7.5% or 10% acrylamide gels, as
indicated. Immunoblots were probed with anti-AE3 antibody (SA8,
1:2000 dilutions), rabbit anti-AE3c antibody (1:1000 dilutions), or
anti CAXIV antibody (1:500 dilutions).

2.8. Isolation of mouse and rat cardiomyocytes

Adult mice and rats were anesthetized with Euthanyl (100 mg/kg
I.P.). Rat or mouse hearts were rapidly removed, and ventricular
myocytes obtained by enzymatic dissociation, using standard proto-
cols [8,30].

2.9. Intracellular pH measurements of rat cardiomyocytes

pHi was measured in single myocytes with an epi-fluorescence
system (Ion Optix, Milton, MA), using the previously described
BCECF technique [31]. Briefly, myocytes were incubated at room
temperature for 30 min with 10 μM BCECF-AM followed by 30 min
washout. Dye-loaded cells were placed in a chamber on the stage of
an inverted microscope (Nikon TE 2000-U) and alternately super-
fused with a Cl−-containing solution or a Cl−-free solution, as
above, in the presence or absence of the CA inhibitor, benzolamide
(BZ, 10 μM). Both buffers were continuously bubbled with 5% CO2

and 95% O2. Dual excitation (440–495 nm) was provided by a 75 W
Xenon arc lamp and transmitted to the myocytes. Emitted fluores-
cence was collected with a photomultiplier tube equipped with a
band-pass filter centered at 535 nm. The 495-to-440 nm fluorescence
ratio was digitized at 10 kHz (ION WIZARD fluorescence analysis
software). At the end of the experiment, the fluorescence ratio was
converted to pHi by calibrations using the high K+-nigericin method
[14]. ΔpHi/dt at each pHi, obtained from an exponential fit of the alka-
linization phase (switching from Cl−-containing to Cl−-free buffer) in
myocytes fromWistar and SHR rats, was analyzed to calculate the net
H+ efflux (JH+), then JH+=βtot ΔpHi/dt, where βtot is total intracel-
lular buffering capacity. βtot was estimated in myocytes isolated from
Wistar and SHR rats, and was calculated by the sum of the intracellu-
lar buffering due to CO2 (βCO2) plus the intrinsic buffering capacity
(βi). βCO2 was calculated as, βCO2=2.3 [HCO3

−]i, where [HCO3
−]i=

[HCO3
−]o 10pHi−pHo [12,32]. βi of the myocytes was measured by

exposing cells to varying concentrations of NH4Cl in Na+-free Hepes
bathing solution. pHi was allowed to stabilize in Na+-free solution
before application of NH4Cl. βi was calculated from the equation
βi=Δ[NH4

+]i/ΔpHi and referred to the mid-point values of the mea-
sured changes in pHi. βi at different levels of pHi was estimated
from the least squares regression lines βi vs. pHi plots.

2.10. Double immunostaining of mouse cardiac myocytes

Single freshly-dissociated myocytes were plated onto 22×22-mm
laminin (25–50 μg/ml)-coated glass coverslips and incubated at 37 °C
for 30 min to allow attachment. Cells were rinsed, fixed, and permea-
bilized, as previously [8]. Myocytes were incubated with a combina-
tion of primary rabbit anti-CAXIV antibody (H-107, Santa Cruz, CA,
USA) and goat anti-vinculin antibody (N-19, Santa Cruz, CA, USA), a
combination of goat anti-CAXIV antibody and rabbit anti-α-actinin
antibody (H300, Santa Cruz, CA, USA), or a combination of goat
anti-CAXIV antibody and rabbit anti-mouse AE3 (AP3) [8]. Combined
primary antibodies were used at 1:100 dilutions. Secondary chicken
anti-rabbit conjugated to Alexa fluor 488 and chicken anti-goat con-
jugated to Alexa fluor 594 was used at 1:200 dilutions. Coverslips
were washed in PBS (3×) containing 0.2% gelatin and in PBS (2×),
mounted, and viewed with a confocal microscope.

2.11. Imaging and analysis by confocal microscopy

Immunostained isolated cardiomyocytes on coverslips were
mounted in Prolong Anti-fade solution containing Dapi for nuclei
staining (Molecular Probes, OR, USA). Cardiomyocytes on coverslips
were imaged with a Zeiss LSM 510 laser scanning confocal micro-
scope imaging system mounted on an Axiovert 100 M controller.
Images were collected using an oil immersion 63× objective (numer-
ical aperture 1.4, plan Apochromat) at a resolution of 0.5–0.7 μm field
depth. Filtering was used to integrate the signal collected over 4
frames to decrease noise (scan time=7 s/frame). Images were ana-
lyzed using the Image-Pro Plus software (colocalization tool) coloca-
lization statistics were presented as Pearson's Correlation values
(between 0 and 1), as previously [33].
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2.12. Statistics

Data are expressed as mean±SEM. Student's t-test or one-way
ANOVA followed by Newman–Keuls Multiple Comparison post-test
analysis, when appropriate, were used to compare data. pb0.05 was
considered of statistical significance.

3. Results

3.1. AE3 Cl−/HCO3
− exchanger and CAXIV physical association

We assessed the physical interaction between AE3 and CAXIV in
the mouse heart, by coimmunoprecipitation. Mammalian hearts
express two different AE3 isoforms, AE3fl and AE3c [34]. AE3c and
AE3fl isoforms are broadly expressed across the population of ven-
tricular myocytes, but within myocytes, AE3c and AE3fl localize to
sarcolemma (SL), T-tubules, and sarcoplasmic reticulum (SR) to
some extent [8]. Lysates of mouse cardiac ventricle were immunopre-
cipitated with goat anti-CAXIV antibody, resolved by SDS/PAGE and
probed with a rabbit anti-AE3 C-terminus antibody, which recognizes
both AE3c and AE3fl isoforms on immunoblots (Fig. 1). Goat anti-
CAXIV antibody was able to precipitate AE3c and AE3fl isoforms
ae3+/+ ae3-/-
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Fig. 1. AE3 and CAXIV physical association in the heart. A, Total heart lysates (Lys) from
ae3+/+ or ae3−/− mice were immunoprecipitated (IP) with goat polyclonal antibody
directed against CAXIV (left panel). Lysates from ae3+/+mouse heart were immunopreci-
pitated with anti-CAXIV antibody, or goat preimmune serum (right panel). Samples were
electrophoresed on 7.5% acrylamide gels, transferred to a PVDF membrane, and probed
with rabbit polyclonal anti-AE3 antibody (SA8). AE3fl and AE3c isoforms are indicated
by filled and empty arrows, respectively. B, Lysates, prepared from mouse hearts (geno-
type indicated) or HEK293 cells transfected with vector (pcDNA3), or CAXIV, cDNA,
were analyzed on 10% acrylamide gels, transferred to PVDF membranes, and probed
with anti-CAXIV antibody. Position of CAXIV is shown (arrow). Samples were resolved
on the same gel. C, Lysates prepared from wild type mouse hearts were immunoprecipi-
tated (IP) with antibody directed against CAXIV. Samples were electrophoresed on 8.0%
acrylamide gels, transferred to a PVDFmembrane, and probedwith anti-Slc26a6 antibody.
Position of Slc26a6 is shown (arrow).
from wild-type mouse heart lysates (Fig. 1A), while no AE3 isoforms
were detected (anti-AE3 antibody) or immunoprecipitated (anti-
CAXIV antibody) from cardiac lysates obtained from ae3−/− null
mouse. Similarly, non-immune goat serum was ineffective in immu-
noprecipitating AE3 with CAXIV frommouse hearts (Fig. 1A), demon-
strating specificity of the AE3/CAXIV interaction. Expression of CAXIV
in ae3+/+ and ae3−/− mouse hearts was similar, as judged on immu-
noblots (Fig. 1B). Lysates obtained from HEK293 cells transfected
with empty vector (pcDNA3) and CAXIV, cDNAs, were also blotted
and used for negative and positive controls, respectively (Fig. 1B).
Similarly, AE3c and AE3fl isoforms were immunoprecipitated with
anti-CAXIV antibody from rat heart lysates (Suppl. Fig. 1).

Reciprocal AE3/CAXIV coimmunoprecipitation experiments were
conducted using mouse ventricular lysates (Fig. 2). Both, Anti-AE3
(AP3) antibody, a polyclonal antibody directed against the common
C-terminus of the AE3 variants, and cAE3-1, a polyclonal antibody
which recognizes only the AE3c variant [26] (Fig. 2A), were able
to precipitate CAXIV from wild-type mouse heart (Fig. 2B). AP3 or
cAE3-1 antibodies failed to immunoprecipitate CAXIV from cardiac
lysates obtained from ae3−/− null mice (Fig. 2B). CAXIV was equally
expressed in heart lysates of ae3+/+ and ae3−/− mouse (Fig. 2B).
AE3fl and AE3c variants were detected in heart lysates prepared
from ae3+/+ wild-type mouse, but not in lysates prepared from
ae3+/+ ae3-/-
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Fig. 2. Immunoprecipitation of AE3/CAXIV complex frommouse ventricles. A, Diagram of
the AE3fl and AE3c transcripts with the regions recognized by anti-AE3 antibodies, used
for immunoprecipitation experiments. B, Left ventricular lysates of ae3+/+ or ae3−/−

mice were immunoprecipitated (IP) with anti-AE3 antibody (AP3, AE3*), or anti-AE3c
antibody (AE3c#), or were directly loaded onto the gel with no-immunoprecipitation
(No). Samples were electrophoresed on 10% acrylamide gels, transferred to PVDF
membrane, and probed with anti-CAXIV antibodies (blot), as indicated. Lysates=50 μl
of heart lysate; IP=50 μl, corresponding to 1.75 ml of heart lysate. Position of CAXIV is
shown. C, Samples of the lysate were probed to indicate total amount of input AE3fl and
AE3c in each sample, with anti-AE3 antibody (*AP3), or anti-AE3c antibody (#AE3c).
Position of AE3fl and AE3c is indicated with open and filled arrows, respectively.
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ae3−/− null mouse, using AP3 and cAE3-1 antibodies (Fig. 2C). Hence,
CAXIV forms a complex with the two AE3 isoforms expressed in the
adult mouse heart, AE3fl and AE3c.

Additional coimmunoprecipitation experiments were repeated in
the presence of BZ, to validate the functional role of the AE3/CAXIV
interaction in the myocardium (Suppl. Fig. 2). Rat heart lysates were
incubated for 20 min in the presence of 10 μM BZ, or incubated for
20 min with vehicle. Samples were immunoprecipitated with anti-
AE3 antibody, or without antibody, and the immunoblots revealed
with anti-CAXIV antibody (Suppl. Fig. 2A). CAXIV bound AE3,
and this interaction was not reduced by 10 μM BZ; lysate/IP ratio of
0.34±0.15 pixels for CAXIV without BZ and 0.32±0.04 pixels with
Fig. 3. Localization of CAXIV and AE3 in adult mouse cardiomyocyte. A, Adult mouse cardi
antibody (red), as indicated in the panels. Immunofluorescence signals were visualized by
conjugated anti-goat IgG antibody (red). Images were collected with a Zeiss LSM 510 laser
of AE3 and CAXIV is indicated as merge and with yellow staining. Cardiomyocyte sarcolemm
DICM, Differential interference contrast microscopy. Scale bars are 30 μm. B, Scatter gram pl
to the entire cardiomyocyte merge image (A, merge). Plot diagonal (yellow) indicates coloca
vinculin, and α-actinin with CAXIV protein performed with the image analysis software Im
association of pixels of confocal images (n, number of cells analyzed).
BZ (Suppl. Fig. 2B, n=4). This confirms that the membrane imperme-
able CA inhibitor, BZ did not disrupt the AE3/CAXIV interaction.

Members of the Slc4a family (AE1, AE2 and AE3) have been
detected in cardiac tissues [8,35]. More recently, Slc26a6, a dual
Cl−/HCO3

− and Cl−/OH− exchanger and member of the Slc26a family,
was identified as the predominant anion exchanger of the mouse
myocardium [9]. Slc26a6 has a similar localization with AE3, with
ventricular myocyte labeling at the sarcolemma (SL) and the trans-
verse tubular system (T-tubule), as assessed by immunofluorescence
studies [8]. Slc26a6 was also found to interact with cytoplasmic CAII
to form a HCO3

− transport metabolon (BTM) [36], like other AEs
[17]. Due to its relevance regarding expression, localization, and
omyocyte double-stained with rabbit anti-AE3 antibody (green) and goat anti-CAXIV
an Alexa fluor 488-conjugated anti-rabbit IgG antibody (green), and Alexa fluor 594-
-scanning confocal microscope, with a ×63/1.4 oil immersion objective. Colocalization
al labeling indicates colocalization of AE3 and CAXIV in a restricted pattern (arrows).

ot indicates fluorescence intensity of both green and red channel signals corresponding
lization between AE3 (green) and CAXIV (red) signals. C, Colocalization degree of AE3,
age Pro Plus. Values represent Pearson's Correlation units (r) that reveal the degree of



B

A

α

α

Fig. 4. Expression of CAII and CAIV proteins in adult SHR and Wistar rat hearts.
A, Whole lysates (CAII), or membrane lysates (CAIV) were prepared from hypertrophic
(SHR) or normal (Wistar) adult rat heart ventricles. Protein samples (100 μg) were
subjected to SDS-PAGE analysis, transferred to PVDF membrane, and probed with
anti-CAII and anti-α-tubulin antibodies (top panel), and anti-CAIV and anti-Na+/K+

ATPase antibodies (bottom panel). Filled arrow indicates position of protein. B, Sum-
mary of the normalized protein values expressed relative to the Wistar heart protein
expression. Bracket at the bottom indicates the number of hearts analyzed.
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activity in cardiac cells, and since Slc26a6 has the ability to transport
HCO3

− ions; we explored the possible association of Slc26a6 and
CAXIV, by coimmunoprecipitation experiments. Lysates of mouse
ventricle were incubated with goat anti-CAXIV antibody, resolved
by SDS/PAGE and immunoblotted with an anti-Slc26a6 antibody
(Fig. 1C). Slc26a6 was identified as a single strong band of ~70 kDa
in mouse heart lysates. CAXIV antibody, however, failed to immuno-
precipitate Slc26a6 protein. Together these data suggest that CAXIV
and AE3 form a physical complex, but Slc26a6 does not associate
with CAXIV in heart.

3.2. Expression and colocalization of AE3 and CAXIV in isolated adult
mouse cardiomyocytes

To examine the role of the AE3/CAXIV complex in hearts, we per-
formed immunofluorescence and confocal microscopy analysis of
mouse cardiomyocytes (Fig. 3). An anti-AE3 antibody, which recog-
nized both full-length AE3 and cardiac variants, found AE3 localized
at SL and intracellular structures in heart sections and isolated
mouse cardiomyocytes [8]. Moreover, AE3 was specifically located
to the SL invaginations, the T-tubules and the main Ca2+ storage
compartment of cardiac cells, the SR. Interestingly, CAXIV has been
predominantly localized in the longitudinal SR and in the SL of
mouse cardiomyocytes by immunofluorescence, suggesting that
CAXIV is crucial for the EC coupling [20]. Merged images suggest ex-
tensive colocalization of AE3 and CAXIV in SL membranes of mouse
cardiomyocytes (Fig. 3A, yellow). Conversely, AE3 and CAXIV coloca-
lize weakly in intracellular structures, suggesting that AE3 and CAXIV
are specifically located in different compartments within the SR and
the T-tubule systems. Specificity of the AE3, and CAXIV signals was
shown by the absence of signal in isolated cardiomyocyte samples
treated with secondary antibody and no primary antibody (not
shown). Quantification analysis was performed in cardiomyocytes
double-labeled with anti-AE3 and anti-CAXIV antibodies. Scatter
gram image shows high degree of overlapping (yellow) between
AE3 (green) and CAXIV (red) pixels, suggesting colocalization of
both proteins (Fig. 3B). Quantification of the colocalization of green
channel pixels (AE3) with red channel pixels (CAXIV) was performed
using the Image-Pro Plus software. The degree of association of AE3
with CAXIV is depicted as a Pearson's Correlation coefficient (r)
(Fig. 3C) where the r-values between −0.3±0.3 indicate little or no
association, +0.3±0.7 weak positive association, and +0.7±1.0
strong positive association. We found that CAXIV shows a high degree
of colocalization with CAXIV (r=0.77±0.01, n=10; Fig. 3C). CAXIV/
Vinculin and CAXIV/α-actinin colocalization were also quantified in
isolated cardiomyocytes (not shown). CAXIV showed strong colocali-
zation with Vinculin (r=0.94±0.01, n=9), but weak colocalization
with α-actinin (r=0.29±0.06, n=7) (Fig. 3C). Additionally, coloca-
lization of CAXIV and the plasma membrane NHE1 Na+/H+ exchang-
er was quantified in rat cardiomyocytes (not shown), and the
Pearson's Correlation coefficient revealed a weak positive association
of the transporter and the CA (r=0.40±0.05, n=7) (Fig. 3C). We
conclude that AE3 and CAXIV strongly colocalize in cardiomyocyte
SL. Taken together, these results suggests that the AE3 Cl−/HCO3

−

exchanger and the transmembrane CAXIV are physically coupled,
forming an extracellular component of BTM in the heart. However,
the resolution of the optic system used here is not high enough to
ultimately demonstrate physical association between AE3 and CAXIV.

3.3. Expression of carbonic anhydrases in the hypertrophic myocardium

We wanted to study the expression of the different CAs to evalu-
ate whether the CA genes could be altered in the pathological heart.
To quantify the level of CA protein expression in hearts, immunoblots
were performed, which revealed the expression levels of the CAs,
namely CAII, CAIV, CAIX, and CAXIV, in hypertrophic and normal
rats. Table 1 shows values of heart mass, and heart weight-to-body
weight (HW/BW) index, and left ventricular weight-to-body weight
(LVW/BW) index of 3–3.5 month-old hypertrophic (SHR) and normal
(Wistar) rats. Hearts from SHR exhibited myocardial hypertrophy, as
shown by the elevated heart mass, and increased HW/BW and LVW/
BW ratios. Ventricles were isolated and lysates of whole ventricles
and lysates of membrane fractions prepared to evaluate the expres-
sion of intracellular CAII, and membrane-anchored CAIV, respectively.
Expression of CAII and CAIV was quantified by densitometry of the
immunoblots and was corrected for loading differences by normaliza-
tion to α-tubulin levels (CAII), or Na+/K+ ATPase levels (CAIV)
(Fig. 4A). CAII expression did not change in the hypertrophic myocar-
dium of SHR compared to normal (Fig. 6B). Additionally, CAIV expres-
sion was slightly reduced in SHR compared to Wistar (p=0.133)
(Fig. 4B). Transmembrane CAIX and CAXIV localized in different
regions along the SR cardiomyocyte membrane [20]. CAXIV also local-
ized in the SL of cardiomyocytes [20]. Expression of CAIX (not shown)
and CAXIV was examined in membrane ventricular lysates of SHR and
Wistar rats, on immunoblots (Fig. 5A). CAIX expression was compara-
ble in SHR and control rats (data not shown). Conversely, CAXIV
expression increased more than twofold in the hypertrophic hearts
(Fig. 5B). CAII, CAIV, and CAXIV protein could be clearly identified
on immunoblots with a migration position consistent with the
known molecular weight of the proteins (Figs. 4 and 5), and the

image of Fig.�4
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Fig. 5. Expression of transmembrane CAXIV protein in adult SHR and Wistar rat hearts.
A, Membrane lysates were prepared from hypertrophic (SHR), or normal (Wistar)
adult rat heart ventricles. Protein samples (200 μg) were subjected to SDS-PAGE
analysis, transferred to PVDF membrane, and probed with anti-CAXIV (top) and
anti-Na+/K+ ATPase (bottom) antibodies. Filled arrow indicates position of protein.
B, Summary of the normalized protein values expressed relative to the Wistar heart
protein expression. Bracket at the bottom indicates the number of heart analyzed.
*pb0.05, t-test.
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positive control of CAII, CAIV, and CAXIV, corresponding to HEK293
cells transfected with their respective cDNAs (not shown).

We conclude that only the expression of the CAXIV protein, which
forms a BTM complex with AE3, is increased in the hypertrophic
hearts of SHR.

3.4. Functional role of the AE3/CAXIV complex in the SHR myocardium

Enhanced activity of the AE3 Cl−/HCO3
− exchanger has been

reported in the hypertrophic myocardium of SHR [14]. Increased ac-
tivity of AE3 was accompanied by reduced mRNA expression of the
primary AE3 heart transcript, AE3c, and increased mRNA expression
of the AE3fl splicing variant, in the hypertrophic myocardium of
SHR rats compared to WKY rats, without changes in the mRNA
expression of the other AE isoform (AE1, AE2) [37]. Therefore, the
overall AE expression in hypertrophic SHR is comparable to non-
hypertrophic rats [37]. We considered whether the increased Cl−/
HCO3

− exchange by AE3 in SHR could arise from the increased
CAXIV expression (Fig. 5) and consequent augmented AE3/CAXIV
complex formation in the hypertrophic heart. Single freshly isolated
rat cardiomyocytes of SHR and Wistar were loaded with the pH-
sensitive dye BCECF-AM and perfused alternately with Ringer buffer
containing 140 mM NaCl and Ringer buffer lacking Cl− (Fig. 6). Bicar-
bonate transport in SHR and Wistar rat cardiomyocytes was moni-
tored by measurements of pHi upon changes of the transmembrane
[Cl−] gradient (Fig. 6A). pHi values, recorded during the first minute
after Cl− removal were used to estimate the initial rate of alkaliniza-
tion induced by reversal of AE activity and fitted to a straight line.
Fluxes were estimated at similar pHi in cardiomyocytes from SHR
(7.32±0.02, n=4) and Wistar rats (7.29±0.17, n=6), and the cal-
culated buffer capacity (βtot) (see Materials and methods) was also
comparable in SHR (62±8, n=4) and Wistar (61±11, n=4). Net
HCO3

−
fluxes determined as JHCO3−=βtot ΔpHi/dt were higher in

SHR (7.5±1.3 mM.min−1, n=4) compared to Wistar (2.9±
0.1 mM.min−1, n=6) (Fig. 6B). The role of CA in determining the
rate of AE-mediated Cl−/HCO3

− exchange activity in SHR and Wistar
myocytes was studied in the absence and presence of benzolamide
(BZ, 10 μM), a CA inhibitor with reduced membrane permeability
[18,38–40]. Previously, BZ was found to decrease the AE3-mediated
CAXIV-dependent HCO3

−
fluxes in hippocampal neurons [18]. Inter-

estingly, in myocytes of SHR pre-incubated (20 min) with BZ, the
HCO3

−
fluxes were significantly reduced (3.7±1.5 mM.min−1,

n=3). Benzolamide also diminished HCO3
−
fluxes in the control myo-

cardium of Wistar rats (1.2±0.2 mM.min−1, n=4), proving the de-
pendence upon extracellular CA of Cl−/HCO3

− exchange by AE3 in
the normal myocardium (Fig. 6B). HEK293 cells express endogenous
CAII and the binding of CAII to transfected AE3 increases the HCO3

−

fluxes mediated by the AE3 Cl−/HCO3
− exchanger [19,21]. Interesting-

ly, BZ did not significantly alter the Cl−/HCO3
− exchange activity

by AE3fl–HA, 3.7±1.1 mM H+.min−1 (n=11) in the absence of BZ,
versus 2.7±0.7 mM H+.min−1 (n=7) in the presence of BZ, when
AE3fl–HA was transiently expressed in the HEK293 cell expression
system (Fig. 7). Thus, BZ did not affect the CAII–AE3fl–HA interaction
demonstrating a poor permeability of the CA inhibitor at the dose
used herein.

Since changes of AE3 protein expression could affect the AE3-
mediated HCO3

−
flux in the hypertrophic myocytes, we analyzed the

expression of AE3fl and AE3c in SHR and Wistar whole ventricular ly-
sates, by immunoblots (Figs. 6C, D). AE3c and AE3fl protein expres-
sions were quantified by densitometry of the immunoblots and
values were corrected for loading differences by normalization to gly-
ceraldheyde 3-phosphate dehydrogenase (GAPDH) levels. Each of the
proteins could be clearly identified on immunoblots with a migration
position consistent with the known molecular weight of the protein
(Fig. 6C). AE3c expression did not change significantly in SHR hearts
(93±10%, n=5), compared to normal hearts (100±21%, n=4)
(p=0.75) (Fig. 6D). In addition, AE3fl protein levels were slightly
reduced in hypertrophic (83±7%, n=5), compared to normal rat
hearts (100±11%, n=4) (p=0.34) (Fig. 6D). Total AE3 Cl−/HCO3

−

exchanger protein level (the sum of AE3c and AE3fl) was also quanti-
fied in SHR and Wistar ventricular lysates, and AE3 total did not
change significantly in hypertrophic (87±5%, n=10) compared to
normal ventricles (100±12%, n=8) (p=0.33) (Fig. 6D).

From these experiments we conclude that the increased rate of
AE-mediated Cl−/HCO3

− exchange activity observed in hypertrophic
SHR cardiomyocytes is not attributable to modification in the AE3
protein expression levels.

To further explore the effect of CAXIV on AE3-mediated Cl−/HCO3
−

exchange activity, HEK293 cells were transiently transfected with
AE3fl–HA cDNA, or cotransfected with AE3fl–HA and CAXIV, cDNAs,
and the expression of AE3fl–HA and CAXIV analyzed on immunoblots
(Fig. 7A). For functional assays transfected cells were resuspended
and maintained in a Ringer's buffer containing Cl−, placed into a
cuvette perfused with a Ringer buffer lacking Cl−. HCO3

− transport
was monitored by measurements of pHi upon changes on transmem-
brane [Cl−] gradient (Figs. 7B and C). Transport rates were corrected
for the abundance of total AE3fl–HA protein expression on immuno-
blots (not shown). Coexpression of AE3fl–HA with CAXIV significant-
ly increased AE3-mediated HCO3

− transport activity by 100% (7.4±
2.0 mM H+.min−1, n=14), compared to cells transiently expressing
AE3fl–HA alone (Fig. 7C). The role of CAXIV in determining the rate
of Cl−/HCO3

− exchange activity by AE3 was studied in the absence
and presence of BZ. CA inhibitors do not act directly on the Cl−/
HCO3

− exchanger itself, but instead mediates their effects on CA
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Fig. 6. Effect of carbonic anhydrase inhibition on cardiomyocyte Cl−/HCO3
− exchange activity, and expression of AE3fl and AE3c proteins in adult SHR and Wistar rat hearts.

A, Examples of single SHR myocyte (left panel) and Wistar rat myocyte (right panel) used for pHi measurement experiments. Cardiac myocytes were loaded with BCECF pH-
sensitive fluorescent dye to measure pHi. SHR and Wistar myocytes were perfused with either Cl−-containing (gray bar) or Cl−-free (black bar) buffer (gray traces, red
lines). Separate experiments were performed in SHR and Wistar myocytes preincubated (20 min) with the carbonic anhydrase inhibitor, benzolamide (BZ 10 μM, black traces,
blue lines) and exposed to Cl−-containing Cl−-free buffer. B, Summary of mean values of transport rates of SHR and Wistar control cardiomyocytes (no treatment, red bars),
or cardiomyocytes treated with 10 μM BZ (blue bars). *p valueb0.05, versus control group. *pb0.05 vs. SHR (control), γpb0.05 vs. Wistar (control), and φpb0.05 vs. SHR
(10 μM BZ) (ANOVA and Bonferroni's Multiple Comparison post-test analysis). Bracket at the top of the bar indicates the number of heart analyzed (2 cardiomyocytes analyzed
in each heart). C, Whole lysates were prepared from hypertrophic (SHR) or normal (Wistar) adult rat heart ventricles. Protein samples (200 μg) were subjected to SDS-PAGE
analysis, transferred to PVDF membrane, and probed with anti-AE3 (SA8) (top panel) and anti-GAPDH antibodies (bottom panel). Filled arrow indicates position of protein.
D, Summary of the normalized protein values expressed relative to the Wistar heart protein expression. Bracket at the top indicates the number of hearts analyzed.
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[16]. Enhanced Cl−/HCO3
− exchange activity in HEK293 cells co-

expressing AE3fl–HA–CAXIV was prevented by BZ (3.8±1.9 mM
H+.min−1, n=7), demonstrating a functional coupling between
AE3 and CAXIV. To further examine whether bound CAXIV is neces-
sary to maximize AE3-mediated Cl−/HCO3

− exchange activity, we
coexpressed a functionally deficient CAXIV mutant and AE3fl–HA in
HEK293 cells. Previously, the functionally inactive V143Y CAII failed
to increased transport activity by the AE1 Cl−/HCO3

− exchanger
[19,21]. The catalytically inactive CAXIV reduced transport activity
by AE3fl–HA in cells coexpressing AE3fl–HA and CAXIV V159Y mu-
tant (2.2±0.2 mM H+.min−1, n=5), compared to HEK cells expres-
sing AE3fl–HA alone (Fig. 7C), demonstrating that formation of the
complex is important to AE3 transport function.
Slc26a6 is the predominant Cl−/HCO3
− exchanger of the mouse

heart [9], and clearly identified in the rat heart (Fig. 1C). Although
SLC26A6 is not physically associated with CAXIV (Fig. 1) we want to
eliminate the potential functional CAXIV-mediated effect on the
Cl−/HCO3

− exchange activity by other transporters rather than AE3,
in the rat myocardium. SLC26A6 Cl−/HCO3

− exchange activity
was comparable to AE3fl–HA, when expressed in HEK cells (2.90±
0.6 mM H+.min−1, n=5). However, CAXIV failed to increase trans-
port activity by SLC26A6 in cells transiently coexpressing both
SLC26A6 and CAXIV proteins (3.2±0.6 mM H+.min−1, n=4) (data
not shown). We conclude that of the two main Cl−/HCO3

− exchangers
expressed in rodent heart, AE3 and SLC26A6, only AE3 is receptive to
the CAXIV stimulatory effect.
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Fig. 7. Effect of carbonic anhydrase inhibition on AE3 and AE3/CAXIV transport activity. A, Lysates prepared from HEK293 cells transfected with AE3–HA cDNA (lane 1), or
co-transfected with AE3fl–HA and CAXIV cDNAs (lane 2), were immunoblotted and probed for the expression of AE3fl–HA (left) or CAXIV (right). B, HEK293 cells transiently trans-
fected with AE3fl–HA cDNA, or cotransfected with AE3fl–HA and CAXIV, cDNAs, were loaded with BCECF-AM and placed into a fluorimeter to monitor pHi. Cells were maintained in
a Cl−-containing buffer placed into a cuvette and continuously perfused with a Cl−-free buffer (black bar), in the presence or absence of 10 μM Benzolamide (BZ), as indicated.
Initial rates of change of pHi during the first minute were estimated from the slope of the line fitted by least squares method (straight lines). C, Summary of transport activity
for HEK293 cells expressing AE3fl–HA, or coexpressing AE3fl–HA and CAXIV, or coexpressing AE3–HA and the catalytically inactive V159Y CAXIV mutant, as indicated. Transport
activity of cells expressing AE3fl–HA, or AE3fl–HA and CAXIV, or AE3fl–HA and CAXIV–V159Y was normalized to the amount of AE3fl–HA protein expression. Some rates represent
data collected in the presence of 10 μM Benzolamide (BZ), as indicated. Statistical significance was determined by ANOVA and Newman–Keuls Multiple Comparison post-test
analysis. *pb0.05 compared with AE3fl–HA/CAXIV. **pb0.05 compared with AE3fl–HA. Bracket on top of the bars indicates number of experiments.
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On the basis of these results, we propose that CAXIV functionally
interacts with AE3, forming an extracellular membrane protein
complex involved in the regulation of bicarbonate metabolism and
pHi in the heart. Increased CAXIV expression and consequent AE3/
CAXIV complex formation would render the AE3 hyperactive in the
hypertrophic myocardium of SHR.

4. Discussion

Bicarbonate metabolism and transport are key elements of cardi-
ac function. In the present paper we have demonstrated a role
played by the AE3 Cl−/HCO3

− exchanger and the CAXIV enzyme
interaction in the heart. CAXIV bound to and enhanced Cl−/HCO3

−

exchange activity of AE3, establishing a physical and functional cou-
pling. Coimmunoprecipitation experiments demonstrated structural
association of AE3 and CAXIV, when lysates of mouse and rat heart
muscle were immunoprecipitated with specific goat anti-CAXIV an-
tibody, and the complex formed detected with rabbit anti-AE3 anti-
body. Mice with targeted disruption of the slc4a3 gene (ae3−/−)
were devoid of the AE3–CAXIV interaction, as demonstrated by
coimmunoprecipitation experiments. Finally, both AE3 and CAXIV
proteins colocalized in isolated adult mouse cardiomyocyte and
ventricular sections, at the sarcolemma. Notably, the hypertrophic
myocardium of SHR presented elevated expression of CAXIV
with concomitant increased AE-mediated HCO3

−
fluxes, which

were normalized to normal heart HCO3
−

fluxes by the membrane-
impermeable CA inhibitor, BZ.

AE1 and AE3members of the Slc4a family have been found in adult
cardiomyocyte [8,35]. AE1 and AE3 bound to cytoplasmic (CAII) and
GPI-linked (CAIV) CA enzymes, outlining physical/functional metabo-
lon systems [41]. More recently, Slc26a6, the predominant Cl−/HCO3

−

and Cl−/OH− exchanger of themouse heart [9], was also found to bind
cytoplasmic CAII, forming a different BTM [36]. Interestingly, Slc26a6/
CAII interaction is regulated by protein kinase C (PKC). Phosphoryla-
tion of SLC26A6 by PKC decreases CAII/SLC26A6 interaction, reducing
HCO3

− transport by Slc26a6 and supporting a unique mechanism for
acute regulation ofmembrane transport [36]. Herein, we have demon-
strated a physical interaction of transmembrane CAXIV with both
AE3c and AE3fl cardiac isoforms but not Slc26a6, in the mouse ventri-
cle. In addition, PKC mediates the AE3-dependent increased anion
exchange activity in the myocardium suggesting a role for AE3 in the
development of cardiac hypertrophy [22,27].



Fig. 8. Schematic model of the effect of CAXIV on AE3-mediated Cl−/HCO3
− exchange in

the normal and hypertrophic myocardium. CAXIV form a tight functional complex with
AE3. The mechanism by which transmembrane CAXIV with an extracellular catalytic
domain regulate pHi in cardiomyocytes, occurs through the efficient removal of
HCO3

− locally formed in the vicinity of the AE3 Cl−/HCO3
− exchanger by the CA enzy-

matic activity, providing a local change of HCO3
− gradient. In the normal myocardium,

the multi-molecular arrangement potentiates the Cl−/HCO3
− exchange activity by the

production and removal of bicarbonate from the transport site. CAII and CAXIV cooper-
ate to push bicarbonate to the transport site and then pull from the opposite side of
the membrane [19,21] (top panel). In the hypertrophic myocardium, CAXIV protein
expression increased and consequently favored the AE3/CAXIV complex formation
which would increase the AE3 activity (bottom panel). Benzolamide, a poorly
membrane-permeant CA inhibitor diminished the Cl−/HCO3

− exchange in the normal
myocardium, proving the dependence upon extracellular CA of Cl−/HCO3

− exchange
by AE3. Furthermore, BZ reduced the elevated Cl−/HCO3

− exchange activity observed
in the hypertrophic heart. Contorted arrows show free diffusive movement of CO2

across the plasma membrane of cardiomyocytes.
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The hypertrophic myocardium of SHR exhibited elevated NHE1-
mediated Na+/H+ exchange activity compensated by enhanced
AE3-mediated Cl−/HCO3

− exchange activity [14]. Combined action of
AE3 and NHE1 would likely result in net cellular NaCl loading,
without change of pHi in the SHR myocardium, and in pro-
hypertrophically-stimulated cardiomyocytes [22,23]. Moreover, the
hypertrophic SHR have higher plasma AngII levels than WKY rats
[42] that would drive the hyperactivation of AE3. Convincingly,
angiotensin-converting enzyme (ACE) inhibition normalizes the en-
hanced activity of both AE3 and NHE1 exchangers while regressing
cardiac hypertrophy, in SHR rats treated with the ACE inhibitor
enalapril [15].

Recently, we found that the activity of AE3 and NHE1 promotes
hypertrophy and the hypertrophy-programmed increases expression
of the CA enzymes in cultured rat cardiomyocytes subjected to stim-
ulation with AngII and the α-adrenergic agonist, phenylephrine
[43]. Elevation of the CAII gene has been reported in rats with sponta-
neous hypertension and failing heart [44]. Furthermore, transgenic
mice that develop AngII-mediated cardiac hypertrophy and dilated
cardiomyopathy with aging showed increased expression of CAII,
CAIV, CAVI, and CAXIV, mRNA, in addition to the inactive CA form,
CAVIII [45]. CAII and CAIV mRNA levels rise in hypertrophied and fail-
ing human hearts, supporting the notion that CAII/CAIV activation is a
component of the hypertrophic pathway (Alvarez BV et al., unpub-
lished observations). Therefore, both hormonal-stimulated culture
ventricular myocytes [43] and human hearts with signs of hypertro-
phy or failure showed amplified expression of CA genes.

The poorly membrane-permeable CA inhibitor, BZ, abolished the
increase Cl− dependant HCO3

−
fluxes mediated by anion exchangers

in the hypertrophic SHR heart. Since SHR showed elevated CAXIV
expression without alterations of the other CAs present in the myo-
cardium (Figs. 4 and 5), or without modifications of the expression
of myocardial AE3 proteins (AE3c and AE3fl, Figs. 6C, D), we speculate
that BZ blocked primarily CAXIV, preventing the Cl−/HCO3

− exchange
by AE3 (Fig. 8). Inhibition of AE-mediated Cl−/HCO3

− exchange in the
normal myocardium by BZ proved that the AE function is dependent
of the extracellular CA catalytic activity. Since AE3 associate with
CAIV and CAIX [16,41], we cannot exclude that BZ is also inhibiting
the CAIV/AE3 and CAIX/AE3 metabolons. On the other hand, BZ inhib-
ited both CAIV and CAXIV in hippocampal neurons, proving that both
CA enzymes play important roles in the regulation of intracellular pH
in the brain by facilitating AE3-mediated Cl−/HCO3

− exchange [18]. In
mouse muscle fibers, CAXIV account for almost 70% of total CA activ-
ity at the SL membrane [39], being CAIV responsible for the rest 30%
CA activity [39,46]. In contrast, CAIX, contributes only to the regis-
tered t-tubular CA-activity of skeletal muscle, but not to the SL CA-
activity [46]. In this line, maximization of the AE3-mediated HCO3

−

fluxes at the SL membrane of cardiac muscle by CAmight be primarily
due to CAXIV activity.

We propose that CAXIV form a tight functional complex with both
AE3c and AE3fl transcripts. The mechanism by which transmembrane
CAXIV regulate pHi in cardiomyocytes occurs through the efficient re-
moval of HCO3

− locally formed in the vicinity of the AE3 Cl−/HCO3
−

exchanger by the CA enzymatic activity, providing a local change of
HCO3

− gradient. In addition, other bicarbonate transporters expressed
in cardiac muscle would bind to CAXIV forming other BTM and con-
tributing to pHi regulation in the heart (Fig. 8). Additional in vivo
experiments which corroborate this hypothesis, however, have not
been explored in the present manuscript. In an attempt to address
how CAXIV mechanistically stimulates AE3 activity we coexpressed
both AE3 and CAXIV proteins in the HEK cells system. In transfected
HEK293 cells, BZ blocked the effect of CAXIV on AE3-mediated
HCO3

−
fluxes (Figs. 7B, C). However, BZ did not inhibit the effect of en-

dogenous CAII on AE3-mediated HCO3
−
fluxes. Given that CAII is intra-

cellularly distributed [43], this suggests that the poorly membrane-
permeable BZ at the concentration used in these experiments did
not disrupt intracellular CA effects (Figs. 7B, C). We are aware that
functional studies on HEK cells maintained under constant perfusion
could dissipate any extracellular CA-mediated altered extracellular
pH or gradient. However, we found that the catalytically inactive
V159Y CAXIV mutant failed to increase Cl−/HCO3

− exchanger by
AE3fl, when both proteins were transiently coexpressed in HEK cells
(Fig. 7C). Therefore, we believe that only a bound and functionally
extracellular CAXIV enzyme, which dissipates a local HCO3

− gradient
produced by the action of AE3, is the unique prerequisite for the
CA-effect on AE3.

We previously demonstrated that tethering of CAII to AE3 in-
creases the transmembrane HCO3

− gradient local to AE3, thereby acti-
vating transport rate [19]. Linkage of AE3 Cl−/HCO3

− exchanger and
CAXIV evolves as an efficient mechanism for HCO3

− homeostasis and
regulation of pH in the heart (Fig. 8). Yet, increased CAXIV expression
in the hypertrophic heart of SHR alters the AE3-mediated HCO3

−

transport, creating a feed-forward cascade that would prompt an
ionic imbalance. As speculated before, co-activation of NHE1 with
AE3 in SHR would load cardiomyocytes with Na+. The AngII-
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activated [22,27] and CAXIV-activated AE3 anion exchange activity in
SHR would compensate for the enhanced NHE1 activity, blunting
changes in the pHi [14]. However, the increased Na+i detected in
the hypertrophic myocardium of SHR [47] may still be present even
in the absence of changes of myocardial pHi [14]. Increased Na+i

would lead to a secondary increase in [Ca2+]i through the Na+/Ca2+

(NCX) exchanger mechanism. Thus, changes in Ca2+ homeostasis
which underlies NHE1/AE3 co-activation in SHR presumably through
calcineurin/NFAT pathway, is a crucial factor contributing to the
pathogenesis of the cardiac hypertrophy [48]. Interruption of the
AE3/CAXIV complex formation in SHR might be a stage to prevent
the hypertrophic growth of the heart.
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