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To analyze the cardiac functions of AE3, we disrupted its gene
(Slc4a3) in mice. Cl�/HCO3

� exchange coupled with Na�-de-
pendent acid extrusion can mediate pH-neutral Na� uptake,
potentially affecting Ca2� handling via effects on Na�/Ca2�

exchange. AE3 null mice appeared normal, however, and AE3
ablationhadno effect on ischemia-reperfusion injury in isolated
hearts or cardiac performance in vivo. The NKCC1 Na�-K�-
2Cl� cotransporter also mediates Na� uptake, and loss of
NKCC1alonedoesnot impair contractility. To further stress the
AE3-deficient myocardium, we combined the AE3 and NKCC1
knock-outs. Double knock-outs had impaired contraction and
relaxation both in vivo and in isolated ventricular myocytes.
Ca2� transients revealed an apparent increase inCa2� clearance
in double null cells. This was unlikely to result from increased
Ca2� sequestration, since the ratio of phosphorylated phospho-
lamban to total phospholambanwas sharply reduced in all three
mutant hearts. Instead, Na�/Ca2� exchanger activity was found
to be enhanced in double null cells. Systolic Ca2� was unaltered,
however, suggestingmore direct effects on the contractile appa-
ratus of double null myocytes. Expression of the catalytic sub-
unit of protein phosphatase 1was increased in allmutant hearts.
Therewas also a dramatic reversal, between single null and dou-
ble null hearts, in the carboxymethylation and localization to
the myofibrillar fraction, of the catalytic subunit of protein
phosphatase 2A, which corresponded to the loss of normal con-
tractility in double null hearts. These data show that AE3 and
NKCC1 affect Ca2� handling, PLN regulation, and expression
and localization of major cardiac phosphatases and that their
combined loss impairs cardiac function.

At least four electroneutral Cl�/HCO3
� exchangers, termed

AE1, AE2, AE3 (Slc4a1–3), and PAT1 or CFEX (Slc26a6), are

expressed in cardiac muscle (1–6). Despite their abundance in
the heart, which exceeds that of most other tissues (1, 6, 7), and
the wealth of information about their epithelial functions, the
physiological roles of sarcolemmal Cl�/HCO3

� exchangers in
the heart remain unclear. In epithelial tissues, Cl�/HCO3

�

exchange coupled with Na�/H� exchange or Na�/HCO3
�

cotransport mediates NaCl absorption across apical mem-
branes, serves as a NaCl uptake system on basolateral mem-
branes to facilitate anion secretion, and contributes to increases
in cell volume (8–13). Because their activities are balanced, the
resulting fluxes of acid-base equivalents and electrolytes
take place with little or no change in pHi.3 Similarly, in car-
diac myocytes, Cl�/HCO3

� exchange acting alone would
acidify the cell, impairing contractility; instead, there is evi-
dence that such Cl�/HCO3

� exchange operates in concert
with Na�-coupled acid extrusion (14). Cardiac myocytes
contain an abundance of Na� transport mechanisms medi-
ating substantial levels of inward Na� flux with major phys-
iological effects (15, 16). We hypothesized that major ion
fluxes resulting from these coupled transport mechanisms
involving Cl�/HCO3

� exchange would significantly impact
Ca2� handling and cardiac contractility.
Ischemia causes pHi to decline and Cl� levels to rise in car-

diac myocytes or hearts (17). Nonspecific stilbene derivatives,
known to inhibit Cl�/HCO3

� exchange and other HCO3
� trans-

porters, reduce these changes in pHi and Cl� levels (18), sug-
gesting that Cl�/HCO3

� exchange contributes to the observed
perturbations caused by ischemia. Stilbene derivatives also lim-
ited Ca2� loading, which leads to hypercontracture injury dur-
ing reoxygenation (17), indicating that Na� loading coupled to
Cl�/HCO3

� exchange may increase [Na�]i and therefore Ca�

loading beyond what would occur as a result of Na�/H�

exchange alone. However, it is unclear whether the beneficial
effects of stilbene derivatives are due to inhibition of one or
more of the Cl�/HCO3

� exchangers or to inhibition of Na�/
HCO3

� cotransport in the heart, since stilbene derivatives also
inhibit Na�/HCO3

� cotransport, which is functionally equiva-
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lent to Na�/H� exchange and appears to be involved in ische-
mia-reperfusion injury (19).
In order to gain a better understanding of the functions of the

Cl�/HCO3
� exchangers in cardiac muscle, we developed a

mouse model in which the AE3 gene was disrupted and ana-
lyzed both the response to ischemia-reperfusion injury in iso-
lated hearts and cardiac performance in vivo. The absence of an
overt cardiac phenotype suggested the possibility that the
effects of AE3 deficiency were being masked by the activities of
the three remaining Cl�/HCO3

� exchangers, coupled with one
or more of the Na�-dependent acid extrusion systems in the
heart, and the NKCC1 Na�-K�-2Cl� cotransporter (Slc12a2).
Although loss of NKCC1 alone has shown no effect on cardiac
contractility (20), NKCC1 ablation reduced Ca2� levels in
astrocytes (21) via effects on Na�/Ca2� exchange. Thus, to fur-
ther stress the Na� loading capacity of the AE3-deficient myo-
cardium, we combined the AE3 and NKCC1 knock-outs.
We hypothesized that cardiac function would be compro-

mised in double null hearts because of effects onCa2�handling.
Our data showed that loss of AE3 and NKCC1 together
impaired cardiac contractility and altered Ca2� handling via
modulation of both NCX (Na�/Ca2� exchanger)-mediated
Ca2� transport and PLN expression and phosphorylation.
However, since these alterations did not significantly impact SR
Ca2� stores, it seemed likely that the impaired contractility in
double null hearts was the result of effects on the contractile
apparatus. Biochemical studies revealed that ablation of either
AE3 or NKCC1 had similar effects on the expression and/or
localization of the two principal phosphatases PP1 and PP2A
(protein phosphatase 1 and 2A), both of which are known to
regulate myofibrillar proteins and cardiac contractility. These
results demonstrate, for the first time, that AE3-mediated
Cl�/HCO3

� exchange and NKCC1-mediated Na�-K�-2Cl�
cotransport are intimately involved in the regulation of cardiac
contractility and suggest that they serve very similar functions.

EXPERIMENTAL PROCEDURES

Generation of Null Mutant Mice and Genotype Analysis—A
1.9-kb SmaI fragment extending from exon 2 to exon 6 of the
mouse AE3 gene (22) and a 3.3-kb BamHI fragment extending
from intron 7 to intron 14 were inserted into the pMJKO tar-
geting vector (23). Electroporation, selection, and analysis of
129SvJ embryonic stem cells and blastocyst-mediated trans-
genesis were performed as described previously (23). The probe
used for Southern blot analysis was a 0.54-kb BamHI-SmaI
fragment extending from exon 1 to exon 2, which allowed anal-
ysis of homologous recombination at the 5�-end of the gene. To
confirm homologous recombination at the 3�-end of the gene,
the 3�-arm of the targeting construct was used as a probe. Chi-
meric male mice were bred with Black Swiss mice, and mutant
offspring were identified by Southern blot analysis.
For the I/R injury studies, the AE3 null and wild-type mice

were of the original mixed 129SvJ and Black Swiss background.
For studies of cardiovascular performance in vivo, AE3 null and
wild-type mice of both the mixed background and an inbred
FVB/N background were analyzed. For in vivo cardiovascular
studies in which the NKCC1 knock-out (24) was crossed with
the AE3 knock-out, mice of the mixed 129SvJ and Black Swiss

lines were used. AE3 nullmutant andwild-typemice used for in
vivo studies were generated by breeding AE3 heterozygous
mice. AE3/NKCC1 double null mutant and wild-type mice
were generated by breeding double heterozygous mutants.
Mutant and wild-type mice for each experiment were derived
from the same group of breeding pairs, and sibling pairs were
used as often as possible. The AE3/NKCC1 double null and
wild-type mice used for in vivo studies were obtained from the
initial double knock-out breeders; the in vitro Ca2� imaging
and myocyte mechanics studies used double KOs and WTs
derived from double heterozygous breeders from later genera-
tions of this colony.
Genotype analysis was performed by PCR using DNA from

tail biopsies and sets of three primers that simultaneously
amplify fragments from the wild-type and mutant alleles. For
AE3, the PCR contained a primer (5�-GACAATAGCAG-
GCATGCTGG-3�) derived from the 3�-end of the neoR gene,
a forward primer (5�-GATGAAGATGACAGCCCAGG-3�)
from exon 5 of the AE3 gene, and a reverse primer (5�-GAC-
TAGGTGGGGACACCCTC-3�) from the region of intron 6
preceding the heart-specific exon. These primers amplify 785-
base pair and 605-base pair products from the wild-type and
mutant alleles, respectively. For NKCC1, PCR genotyping of
wild-type and mutant alleles was performed as described pre-
viously (24).
Northern Blot Analysis—Total RNA was isolated from the

heart and brain of adult wild-type, AE3 heterozygous, and AE3
homozygousmutantmice using theTri-Reagent kit (Molecular
Research Center, Cincinnati, OH), and Northern blots were
prepared and hybridized as described previously (23) using a
1.2-kilobase AE3 probe spanning codons 124–528, which are
part of the common region present in both AE3 mRNAs.
Langendorff Heart Studies—Susceptibility of wild-type and

AE3 null hearts (n � 6 hearts/genotype) to impaired cardiac
function resulting from I/R injury was analyzed using a Lange-
ndorff apparatus as described for the Na�/H� exchanger 1
knock-out (25), except that a 30-min period of no-flow ische-
mia was used.
Analysis of in Vivo Cardiac Performance—Left ventricular

function andmean arterial blood pressure of anesthetized adult
male and female mice were analyzed using the intact closed
chest model, as described previously (26, 27). Left ventricular
pressure was recorded via a high fidelity transducer (Millar
Instruments, Houston, TX) inserted into the left ventricle, and
arterial blood pressure was recorded from a fluid-filled catheter
in the femoral artery. A femoral vein catheter was used for infu-
sion of dobutamine, a �-adrenergic agonist.
Ca2� Transient Analysis and Ventricular Myocyte Me-

chanics—Cardiomyocytes were enzymatically dissociated from
ventricles of 3–5-month-old mutant and wild-type hearts
mounted in a Langendorff perfusion apparatus (28), and Ca2�

imaging was carried out as described before (29). Analysis of
Ca2� transients elicited by application of caffeine was carried
out as previously described (30). Briefly, adult ventricular myo-
cytes were initially stimulated at a constant frequency of 0.5Hz.
10–15 s after the last stimulation, 10 mM caffeine was added to
the bath solution, and the rate and amplitude of fluorescent
changes were measured using a dual excitation fluorescence
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photomultiplier system. Ventricular myocyte mechanics were
determined using an edge detection camera that allowed simul-
taneous recordings of cell length changes.
Immunoblot Analysis—Mice were anesthetized with avertin,

and hearts were excised, rinsed in ice-cold phosphate-buffered
saline, frozen in liquid N2, and stored at �80 °C until further
use. Each heart was manually pulverized in liquid N2 and then
homogenized in Buffer H (10 mM Tris (pH 7.4), 1 mM EDTA,
0.25% Nonidet P-40, 2 mM dithiothreitol, plus protease and
phosphatase inhibitors) using a Polytron 3000 mechanical
homogenizer. Protein concentration was determined using the
Coomassie Protein Assay Reagent (Pierce). Total homogenate
was separated into soluble and myofibrillar fractions, as previ-
ously described (31), with minor variations. Briefly, 2 mg of
total homogenate was resuspended in 1 ml of 20 mM Tris (pH
7.4 plus protease and phosphatase inhibitors), homogenized
using the Polytron 3000 homogenizer, and fractionated by cen-
trifugation at 3000 � g for 10 min at 4 °C. The pellet, identified
as themyofibril-enriched fraction, was resuspended in the frac-
tionation buffer. Proteins were resolved on a discontinuous,
reducing SDS-polyacrylamide gel, transferred to nitrocellulose
or polyvinylidene difluoride membranes, and probed for spe-
cific proteins using the following antibodies: monoclonal anti-
SERCA2a (sarco(endo)plasmic reticulum isoform 2a; clone
2A7-A1; Abcam Inc., Cambridge, MA), monoclonal anti-NCX
(catalog number R3F1; Swant, Bellinzona, Switzerland), anti-
PLN (catalog number MA3-922; Affinity Bioreagents, Golden,
CO), anti-phosphoserine 16-phospholamban and anti-phos-
phothreonine 17-phospholamban (catalog numbers A010–12
and A010–13; Badrilla Ltd., Leeds, UK), anti-nonmethylated
PP2A-C (catalytic subunit of PP2A; catalog number 4957 clone
4B7; Cell Signaling Technology, Danvers, MA), anti-PP2A-C

(catalog number 05-421, clone 1D6;
Millipore, Temecula, CA), anti-
PP1-C (catalytic subunit of PP1)
antibody raised against recombi-
nant human PP1� and expected to
cross-react with PP1� and PP1� in
addition to detecting PP1� (catalog
number MAB3000, clone 319319;
R&D Systems, Minneapolis, MN),
and horseradish peroxidase-conju-
gated secondary antibodies (KPL
Inc., Gaithersburg, MD). Chemilu-
minescence was developed using
the LumiGlo chemiluminescent
substrate kit (KPL), and autoradio-
grams were developed using
BioMax Films ML and MR (East-
man Kodak Co.). Anti-PP2A-C
antibody (clone 1D6) is methyla-
tion-sensitive (32) and binds dem-
ethylated PP2A-C with greater
affinity than the methylated PP2A-C.
Demethylation of PP2A-C was
carried out by cold base treatment
of the membrane as previously
described (33).

Statistics—For group comparisons, amixed factor analysis of
variancewith repeatedmeasures on the second factorwas used.
Individual comparisons were performed using Student’s t test.

RESULTS

AE3�/� Mice Were Indistinguishable from Wild-type Litter-
mates and Were Fertile—The targeting strategy (Fig. 1A) was
designed to eliminate both the 1227-amino acid AE3 variant in
brain and the 1030-amino acid variant in heart. Any mRNA
transcribed from the promoter for the long form would lack
codons 209–319 and would either be disrupted by the neomy-
cin resistance gene or contain a frameshift if it were deleted.
The absence of the transcription start site and first two exons of
the heart-specific transcript ensured the loss of this mRNA.
Targeted embryonic stem cells were identified by Southern blot
analysis (Fig. 1B), and breeding of heterozygous mutants
yielded offspring of all three genotypes (Fig. 1C) in a normal
Mendelian ratio. Northern blot analysis (Fig. 1D) revealed
abundant mRNA for the long and short forms of AE3 in wild-
type brain and heart, respectively, but not in brain or heart of
AE3�/� mice.

AE3�/� mice grew normally and were indistinguishable
fromwild-typemice in both appearance and behavior, and both
male and female mutants were fertile. Heart weight/body
weight ratios for AE3�/� and wild-type mice of the original
129SvJ and Black Swiss mixed background were 5.97 � 0.17
mg/g and 6.98 � 0.39 mg/g, respectively (p � 0.034, n � 7 for
each genotype). As discussed below, however, loss of AE3 by
itself had no apparent effect on I/R injury or cardiac perform-
ance in vivo, and heart weight/body weight ratios for AE3/
NKCC1 double knock-out mice, where a defect in cardiac per-

FIGURE 1. AE3 gene targeting, genotyping, and mRNA analysis. A, targeting strategy. Top, intron-exon
organization of the wild-type allele, with filled boxes indicating exons. Middle, targeting construct, with the
neomycin resistance gene (NEO) replacing exon 6, the first exon of the heart-specific variant (exon C1), and
exon 7. The herpes simplex virus thymidine kinase gene (TK) was included for negative selection. Bottom,
structure of the targeted allele. The locations of the wild-type 4.4- and 3.3-kb BamHI fragments and the mutant
7.4-kb BamHI fragment are shown above the corresponding allele. The locations of the diagnostic probes are
indicated below the targeted allele. SmaI (S) and BamHI (B) restriction sites used for preparation of the construct
and probes are shown in each allele. B, Southern blot analysis of BamHI-digested wild-type (�/�) and targeted
(�/�) embryonic stem cell DNA using the outside probe (left) and tail DNA using the inside probe (right). C, PCR
genotyping revealed the presence of wild-type, heterozygous, and null mutant offspring (785 bp, wild-type
allele; 605 bp, mutant allele). D, RNA (10 �g/lane) from brain and heart of wild-type (�/�) and null mutant
(�/�) mice was hybridized with an AE3 cDNA probe corresponding to sequences from exons 8 –14.
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formance was observed, were not significantly different from
wild-type controls.
Loss of AE3 Did Not Affect Ischemia-Reperfusion Injury—

Loss of Na�/H� exchange or Na�/HCO3
� cotransport activity

protects against I/R injury (19, 25, 34, 35) by reducing the Na�

loading that leads to excess Ca2� loading. Because Cl�/HCO3
�

exchange can operate in concert with these acid extrusion
mechanisms, thereby enhancing their activities, and has an
opposite effect on pHi when operating alone, we analyzed the
effect of the AE3 null mutation on I/R injury (Fig. 2). Using the
Langendorff heart preparation, basal values of left ventricular
developed pressure (107.0 � 2.8 and 103.4 � 2.8 mm Hg in
AE3�/� and wild-type hearts, respectively) or left ventricular
end diastolic pressure (7.3 � 0.5 and 6.0 � 0.5 mm Hg in
AE3�/� andwild-type hearts, respectively) did not differ signif-
icantly between the two genotypes (n � 6 for each genotype).
Following 30 min of ischemia, no significant differences were
observed in either of these parameters between wild-type and
AE3�/� hearts (Fig. 2). After 20–30 min of reperfusion, left

ventricular developed pressure (69.6 � 2.8 and 64.6 � 4.6 mm
Hg in AE3�/� and wild-type hearts, respectively) and LVEDP
(25.3 � 2.9 and 27.4 � 3.8 mm Hg in AE3�/� and wild-type
hearts, respectively) were similar in both genotypes.
Cardiovascular PerformanceWas Normal in AE3�/� Mice—

Cardiovascular performance was measured in vivo using mice
of both the original 129SvJ and Black Swiss mixed background
and an FVB/N inbred background (Fig. 3). In response to �-ad-
renergic stimulation, the chronotropic effect was slightly
higher in AE3�/� mice than in wild-type mice (Fig. 3A); how-
ever, the differences were not significant, and there were no
significant differences between the two genotypes with respect
to mean arterial pressure, left ventricular systolic pressure, left
ventricular end diastolic pressure, and maximum dP/dt (Fig. 3,
B–E). There were possible background differences in MAP,
since the knock-out exhibited slightly elevated basal MAP on
the mixed background (78.5 � 6.3 and 71.6 � 4.8 mm Hg
in AE3�/� and wild-type mice, respectively) and reducedMAP
on the FVB/N background (72.6� 4.1 and 79.2� 3.5mmHg in
AE3�/� and wild-type mice, respectively). Corresponding dif-
ferences were observed in basal systolic LVP, which is consist-
ent with reduced afterload (lower basal MAP) in the FVB/N
mice. Thus, dobutamine dose-response relationships for
dP/dt40 were calculated forwild-type andAE3�/�mice on each
background separately and combined (Fig. 3F). Because dP/dt40
is determined at a specific pressure and occurs before opening
of the aortic valve, it serves as an index of contractility that

FIGURE 2. Effects of AE3 ablation on cardiac function during ischemia and
reperfusion. Hearts from WT and AE3�/� mice of the mixed 129SvJ and Black
Swiss background, retrogradely perfused in a Langendorff apparatus, were
subjected to a 25-min equilibration period (Eq), followed by a 30-min period
of no-flow ischemia (shaded boxes) and a 30-min period of reperfusion. The
hearts were paced at 400 beats/min during the initial equilibration; pacing
was terminated during ischemia and then reinitiated 3 min after the start of
the reperfusion period. Loss of AE3 did not elicit cardioprotective effects dur-
ing ischemia and reperfusion. No significant differences were observed
between wild-type and AE3 null hearts (n � 6 of each genotype), with respect
to left ventricular developed pressure (LVDP) (A) or LVEDP (B). Values are
means � S.E.

FIGURE 3. Cardiovascular performance of wild-type and AE3 null mutant
mice. Pressure measurements from the left ventricle and right femoral artery
were obtained from anesthetized adult mice of both the mixed and FVB/N
backgrounds under control conditions and in response to increasing levels of
�-adrenergic stimulation (intravenous infusion of dobutamine). Results
shown include heart rate (A), mean arterial pressure (B), systolic left ventricu-
lar pressure (C), left ventricular end-diastolic pressure (D), maximum dP/dt (E),
and dP/dt40 (F) (dP/dt calculated at an intraventricular pressure of 40 mm Hg
during the contractile phase). For each genotype, n � 6 mice of the mixed
background and 7 mice of the FVB/N background. Values shown are means �
S.E. No significant differences were observed between WT and AE3�/� mice.
Although there was a difference in the dP/dt40 values between the two
mouse strains (data not shown), there was no significant difference between
WT and AE3�/� mice in either strain. HR, heart rate.
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provides a correction for possible differences in afterload (26).
Although there was a difference in basal dP/dt40 between the
two mouse strains, with higher values in the FVB/N back-
ground than in the mixed 129SvJ and Black Swiss background
(data not shown), there were no significant differences between
wild-type and AE3�/� mice on either background, indicating
that the loss of AE3 does not impair cardiac contractility.
Impaired Cardiovascular Performance in AE3/NKCC1 Dou-

ble Null Mutant Mice—When no major differences in cardiac
function were observed between wild-type and AE3�/� mice,
we considered the possibility that robust mechanisms for elec-
trolyte homeostasis in the cardiacmyocytemightmask the phe-
notypic consequences of AE3 ablation. NKCC1, operating
alone, also provides a mechanism for Na� and Cl� entry into
the cardiac myocyte (36, 37) and frequently contributes to the
same physiological processes as Cl�/HCO3

� exchange coupled
with Na�-dependent acid extrusion (see “Discussion”). The
loss of NKCC1 was shown previously to cause a reduction in
blood pressure due to a vascular defect (20); however, a deficit
in cardiac function was not observed. Therefore, to impose a
further deficit in Na� and Cl� uptake that might exceed the
compensatory mechanisms of the myocardium, we crossed the
AE3 mutants with mice carrying a null mutation in NKCC1.
The appearance and behavior of double null mice seemed iden-
tical to that ofNKCC1-deficientmice (24); the additional loss of
AE3 caused no outwardly apparent changes in theNKCC1phe-
notype. Heart weight/body weight ratios for AE3/NKCC1 null
mice (5.22 � 0.22 mg/g, n � 13) and wild-type mice (5.11 �
0.26 mg/g, n � 11) were essentially the same (p � 0.74).

In the closed chest model, there were no significant differ-
ences between wild-type and AE3/NKCC1 double null mice
with respect to chronotropic effects or LVEDP (Fig. 4,A andD),
butMAP and systolic LVPwere significantly reduced in double

knock-out mice at all levels of �-ad-
renergic stimulation (Fig. 4, B and
C), as observed previously for the
NKCC1 knock-out (20). The abso-
lute values of both maximum and
minimum dP/dt were significantly
lower in the double knock-outs
under basal conditions and at all lev-
els of �-adrenergic stimulation,
compared with wild-type controls
(Fig. 5, A and B). The dobutamine
dose-response relationship for

dP/dt40 was also significantly reduced in the double knock-outs
(Fig. 5C). This was in contrast to the results with the single AE3
(Fig. 3) and single NKCC1 (20) knock-outs, in which cardiac
contractility was unaffected by the loss of each transporter
alone. These data show that loss of both transporters together
impairs cardiac contractility.
Reduced Basal Contraction of Adult Ventricular Myocytes

Isolated from AE3/NKCC1 Double Null Hearts—In order to
further confirm the finding of impaired contractility, we ana-
lyzed myocyte mechanics and cell shortening of adult ventric-
ular myocytes isolated from double null mutant hearts and
wild-type controls. When paced at 0.5 Hz, as shown in Fig. 6A,
fractional shortening (8.6 � 0.7% in the double null myocytes
compared with 11.2 � 0.6% in wild-type controls), maximal
rates of myocyte shortening (�dL/dt; 89.6 � 7.8 �m/s for dou-
ble null myocytes versus 151.0 � 10.4 �m/s for controls) and
relengthening (-dL/dt; 68.7� 7.6�m/s for the double nullmyo-
cytes versus 122.2 � 10.6 �m/s for controls) were significantly
decreased in cells lacking both AE3 and NKCC1, suggesting
reduced basal contraction. Furthermore, time to 80% relength-
eningwas slightly, although not significantly, increased in these
cells (data not shown). In contrast, no significant differences
were observed between wild-type and single null (AE3�/� or
NKCC1�/�) cells (Fig. 6B).
Ca2� Transient Analysis Revealed Increased Rates of Ca2�

Clearance and Normal Amplitude of Transient in Double Null
Myocytes—A possible reason for the reduction in contractility
was impaired Ca2� handling in the double null cells. We there-
fore performed analysis ofCa2� transients in isolated adult ven-
tricular myocytes. No significant reduction in the amplitude of
theCa2� transientwas observed in double nullmyocytes (Table
1). In contrast, time for 70% decay of the Ca2� transient was
significantly reduced in the double null mutants, as was the
time constant (�) of recovery to base line. These findings indi-
cated that the rate of Ca2� clearance from the cytosol was
increased in AE3/NKCC1 double null cells, although a reduc-
tion in NCX-mediated Ca2� entry in the later portion of the
Ca2� transient could contribute to a more rapid decline in the
Ca2� transient (see “Discussion”).
PLN Expression and Phosphorylation Were Altered in

Mutant Hearts—Immunoblot analysis was performed to deter-
mine if alterations in the SRCa2� sequestration complexmight
account for the increased removal of Ca2� from the cytosol in
double null myocytes. Expression of SERCA2a, the SR Ca2�-
sequestering pump, was unaltered in AE3/NKCC1 double null
(Fig. 7C) and in AE3 and NKCC1 single null hearts (Fig. 8). In

FIGURE 4. Cardiovascular performance of wild-type and AE3/NKCC1 double null mutant mice. Experi-
ments were performed as in Fig. 3, using mice of the mixed 129SvJ and Black Swiss background. Heart rate (A),
mean arterial pressure (B), left ventricular systolic pressure (C), and left ventricular end diastolic pressure (D),
were determined for wild-type and double null mice (n � 7 for each genotype) under basal conditions and in
response to increasing �-adrenergic stimulation. Values are means � S.E. *, significant group effect between
wild-type and double null mice for MAP (p � 0.007) and systolic LVP (p � 0.01). No significant differences were
observed for heart rate (HR) (p � 0.53) or LVEDP (p � 0.85).

FIGURE 5. Dobutamine dose-response relationships for maximum dP/dt,
minimum dP/dt, and dP/dt40 in wild-type and AE3/NKCC1 double null
mutant mice. Data from the same experiments shown in Fig. 4 were used to
calculate maximum dP/dt (A), minimum dP/dt (B), and dP/dt at 40 mm Hg (C)
for wild-type and double null mice (n � 7 for each genotype) under basal
conditions and in response to increasing �-adrenergic stimulation. Values are
means � S.E. *, significant group effect between wild-type and double null
mice for maximum dP/dt (p � 0.004), minimum dP/dt (p � 0.005), and dP/dt40
(p � 0.03) was observed.
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contrast, PLN levels were increased 1.6-fold in double null
hearts (Fig. 7,A andD) and 1.25-fold in AE3 andNKCC1 single
null hearts (Fig. 8). Although the absolute levels of phosphoryl-
ated PLNwere not reduced in any of themutant hearts (Figs. 7B
and 8)when comparedwithwild-type controls, relative levels of
phosphorylated PLN (PS16 levels normalized to total PLN)
were reduced in AE3 null (to 70 � 10% of wild type), NKCC1
null (to 57 � 15% of wild type), and double null (to 51 � 14% of
wild type) hearts (Fig. 9).
NCX-mediatedCa2�Efflux Is IncreasedwithNoCorrespond-

ing Increase in NCX Protein Levels in AE3/NKCC1 Double Null
Myocytes—In light of the reduction in relative PLN phospho-
rylation levels in double null hearts, it was unlikely that SR-
mediated Ca2� sequestration could account for the observed
increase in the rate of decay of theCa2� transient.We therefore
explored the possibility that NCX-mediated Ca2� efflux was
increased in double nullmyocytes. NCXprotein levels were not
significantly changed (Fig. 10A). Analysis of Ca2� transients in
response to the rapid and sustained application of caffeine was
carried out. Under these conditions, SR Ca2�-stores are emp-

tied and decay of the transient occurs entirely via non-SR-re-
lated Ca2� removal mechanisms. Although the amplitude of
the Ca2� transient was not significantly altered (Fig. 10B), the
time to 70% recovery was significantly reduced (Fig. 10C), dem-
onstrating that the rate of decay of the Ca2� transient and,
therefore, NCX-mediated Ca2� efflux were increased in double
null cells.
PP1-C Expression Is Up-regulated in Mutant Hearts—PP1

accounts for much of the SR-associated phosphatase activity
(38, 39) and has been identified as the principal negative regu-
lator of PLN phosphorylation. Increased expression of PP1-C
(gene symbols Ppp1ca/b/c), the catalytic subunit of PP1, has
been shown to reduce PLN phosphorylation on Ser16 (40).
Given the reduction in relative levels of phosphorylated PLN
(on Ser16) in hearts lackingAE3, NKCC1, or both, it was impor-
tant to determine if expression of PP1 was altered in these
mutant hearts. Immunoblot analysis revealed that expression of
PP1-C was increased 1.7-fold in AE3 null hearts, 1.6-fold in
NKCC1 null hearts, and 2.2-fold in AE3/NKCC1 double null
hearts (Fig. 11).

Carboxymethylation and Local-
ization of PP2A-C Is Altered in
Mutant Hearts—Localization of the
PP2A holoenzyme is determined by
the association of PP2A-C (gene
symbols: Ppp2ca/b) with various B
subunits and is regulated by revers-
ible carboxymethylation of PP2A-C
(33, 41). Given the impaired cardiac
contractility in the double null mice
and increased expression of PP1-C
(Fig. 11) in all three mutants, we
wanted to determine whether PP2A
was also affected. Immunoblot anal-
ysis, using methylation-sensitive
antibodies that preferentially bind
nonmethylated PP2A-C, revealed a
significant decrease in nonmethyl-
ated PP2A-C in AE3 (50 � 9.5% of
wild type) andNKCC1 (39� 11% of
wild type) null hearts (Fig. 12, A, B,
and D). These data indicated that
carboxymethylation of PP2A-C was
increased in AE3 and NKCC1 sin-
gle null hearts. In contrast, levels
of nonmethylated PP2A-C were

FIGURE 6. Contractile function and mechanics in adult cardiomyocytes isolated from AE3/NKCC1 double
null, AE3 null, and NKCC1 null hearts. Ventricular myocytes isolated from adult hearts were paced at 0.5 Hz,
and cell shortening was measured. A, significant reductions were observed in fractional shortening relative to
diastolic length (p � 0.004), the maximal rates of myocyte shortening (�dL/dt, p � 0.0001), and myocyte
relengthening (�dL/dt, p � 0.001) in AE3/NKCC1 double null myocytes when compared with wild-type con-
trols, consistent with impaired contractility in vivo (Fig. 5). B, cardiomyocytes from single AE3 and NKCC1 null
mutants did not exhibit impaired mechanics, consistent with normal contractile parameters in AE3 null (Fig. 3)
and NKCC1 null (20) mice.

TABLE 1
Ca2� transients in ventricular myocytes from wild-type and AE3/NKCC1 double knock-out mice
Ca2� transients were measured in isolated myocytes loaded with Fura-2/AM and paced at 0.5 Hz. Although the amplitude of the transients was not significantly altered
between WT and AE3/NKCC1 double null myocytes, the time for 70% decay of transient (TRC 70%), and the time constant (�) of recovery to base line were significantly
reduced in the double null myocytes, indicating an increased Ca2� removal mechanism in these cells compared with WT controls.

No. of cells/No. of mice Diastolic Fura-2
ratio (base line)

Amplitude, 340/380 nm
(systolic-diastolic) TRC 70% Time constant of

recovery to base line
s s

Wild type 89/5 1.59 � 0.02 0.53 � 0.02 0.71 � 0.01 0.52 � 0.02
AE3�/�NKCC1�/� 81/5 1.55 � 0.02a 0.58 � 0.02 0.62 � 0.02b 0.42 � 0.02c

a p � 0.029.
b p � 2.68E�5.
c p � 0.000108.
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increased �15% in AE3/NKCC1 double null hearts (Fig. 12, C
and D), indicating that carboxymethylation of PP2A-C was
reduced.
Altered carboxymethylation of PP2A-C was found to be

associated with a dramatic shift in the localization of total
PP2A-C in mutant hearts. PP2A-C levels associated with the
myofibrillar fractionwere significantly reduced in both theAE3
(Fig. 13, A and D, 17 � 6.2% of wild-type) and NKCC1 (Fig. 13,
B and D, 16 � 6.9% of wild type) single null hearts. In contrast,
PP2A-Cwas found to be relocalized to themyofibrillar fraction

of AE3/NKCC1 double null hearts (Fig. 13,C andD, 79� 11.3%
of wild type).

DISCUSSION

AE3 null mutants were born in a normal Mendelian ratio,
were fertile, and appeared healthy at all ages, consistent with
studies of another AE3-deficient mouse model, in which null
mutants exhibited no apparent defects other than increased
susceptibility to epileptic seizures (42). In our own studies, we
analyzed the cardiac functions of AE3.
Role of Acid-Base and Electrolyte Transporters in the Heart—

Cardiac myocytes contain at least four Cl�/HCO3
� exchangers

(Fig. 14). Twoof these, AE3 (1) and PAT1 (6, 7), are expressed at
higher levels in the heart than in any other tissue, and both AE3
(3) and AE1 (1) have heart-specific variants. The remarkable
abundance and diversity of Cl�/HCO3

� exchangers in cardiac
tissue suggest that they serve important functions in the heart.
In addition to acid-loading Cl�/HCO3

� exchangers, cardiac
muscle contains NKCC1 (36, 37) and a number of Na�-de-
pendent acid extrusion proteins (Fig. 14) that serve as major
Na�-loading mechanisms (15, 36, 43–46). The functional cou-
pling of acid-loading and acid-extruding transporters is well
established in epithelial tissues, where they contribute to tran-
sepithelial NaCl and fluid transport (6–12, 47). Na�-K�-2Cl�
cotransport serves some of the same functions as those served
by the concerted activities of Cl�/HCO3

� exchangers and Na�-
dependent acid extruders (48), and there is evidence that
NKCC1 activity is rapidly increased when Cl�/HCO3

�

exchange is deficient (49).
The hypothesis that Cl�/HCO3

� exchangers and Na�-
dependent acid extrusion transporters function as coupled sys-

tems in cardiac muscle is supported
by the observation that stimulation
of Na�/H� exchange by angioten-
sin II in the cardiac myocyte, which
causes a positive inotropic response,
is not accompanied by an increase
in pHi (50). This indicated that H�

extrusion via Na�/H� exchange
was balanced by an equivalent
HCO3

� efflux mechanism. This
conclusion was supported by the
finding that Cl�/HCO3

� exchange
was increased by angiotensin II
(14, 51), thus countering the
alkalinizing effects of Na�/H�

exchange (14) and contributing to
pHi-neutral Na� and Cl� uptake.
These and other studies (52–57)
suggest that Na� loading can, via
modulation of NCX activity, affect
Ca2� handling, cardiac contractil-
ity, and heart disease.
AE3 Ablation Does Not Reduce IR

Injury—The first issue we examined
was whether loss of AE3 affected
cardiac I/R injury. Ischemia is
known to cause acidification of the

FIGURE 7. Expression of sarcoplasmic reticulum-associated Ca2�-han-
dling proteins in AE3/NKCC1 double null hearts. Proteins from whole tis-
sue homogenates of hearts from WT and AE3/NKCC1 DKO mice were
resolved by polyacrylamide gel electrophoresis, and immunoblot (A–C) and
densitometric (D) analyses were performed using antibodies specific for PLN
(A), PLN phosphorylated on Ser16 (PS16) and Thr17 (PT17) (B), and SERCA2a (C).
When compared with WT levels, PLN (#, p � 0.014) expression was signifi-
cantly increased in double null hearts. SERCA2a levels and the absolute levels
of PS16 and PT17 were not significantly different from wild-type controls.
Statistical analysis was carried out using the paired t test.

FIGURE 8. Expression of sarcoplasmic reticulum-associated Ca2�-handling proteins in AE3 and NKCC1
single null hearts. Proteins from whole tissue homogenates of AE3 KO and WT hearts (A) and from NKCC1 KO
and WT hearts (B) were resolved by polyacrylamide gel electrophoresis, and immunoblot analyses were per-
formed using antibodies specific for SERCA2a (top of A and B), PLN (middle of A and B), and PLN phosphorylated
on Ser16 (PS16) (bottom of A and B). Compared with respective WT levels, PLN was increased in AE3 (†, p � 0.03)
and NKCC1 (p � 0.1) null hearts. Statistical analysis was carried out using the paired t test.
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cardiac myocyte, and, during reperfusion, NHE1-mediated
Na�/H� exchange leads to increased intracellular Na�, which
in turn causes inhibition or reversal of Na�/Ca2� exchange
(34). The resulting Ca2� overload, along with recovery of pHi,

leads to hypercontracture injury. Inhibition (34) or genetic
ablation (25) of NHE1, which serves as a major mechanism of
Na� loading, has been shown to protect against I/R injury. Pre-
vious studies indicated that inhibition of Cl�/HCO3

� exchange
might also protect against I/R injury (17, 18). Loss of AE3, how-
ever, had no apparent effect on left ventricular developed pres-
sure or end diastolic pressure in response to ischemia and
reperfusion using Langendorff heart preparations.With at least
three other Cl�/HCO3

� exchangers in the heart, the loss of AE3
alone may not have caused a sufficient reduction in total Cl�/
HCO3

� exchange to noticeably protect cardiac function from
I/R injury. The stilbene disulfonates used in studies suggesting
that inhibition of Cl�/HCO3

� exchange protects against I/R
injury (17, 18) may act primarily on one of the other isoforms,
or, by acting on multiple isoforms, they may reduce total Cl�/
HCO3

� exchange well beyond that caused by the loss of AE3
alone. Alternatively, these stilbene derivatives could provide
protection via inhibition of Na�/HCO3

� cotransport (35). In
fact, inhibition of the NBC1 Na�/HCO3

� cotransporter, which
is sensitive to stilbene disulfonates, has been reported to protect
against I/R injury (19).
AE3 or NKCC1 Activities Are Necessary for Normal Cardiac

Performance—We anticipated that the loss of AE3 would
impair cardiac performance, secondary to effects on Ca2� han-
dling. However, loss of AE3 by itself caused no reduction in
basal contractility, and the increase in contractile parameters in
response to �-adrenergic stimulation was normal. Given the
considerations discussed above, it seemed possible that the
additional loss of NKCC1 on the AE3 null background would
further stress the myocardium and impair contractility. MAP
and systolic LVP were significantly reduced in the double
knock-outs, as observed previously in the NKCC1mutant (20).
Unlike the NKCC1 knock-out however, the double knock-outs
exhibited impaired contraction and relaxation, with absolute
values of both maximum and minimum dP/dt being signifi-
cantly lower in the mutant mice. The use of dP/dt40 as an index
of contractility provided a correction for the effects of reduced
afterload (26). Furthermore, analysis of isolated myocytes
showed that the contractile defect was intrinsic to the AE3/
NKCC1 double null cells rather than being secondary to sys-
temic effects. In contrast, no reduction in contractile parame-
ters was observed in AE3 or NKCC1 single null myocytes,
consistent with the normal cardiac performance in AE3 (Fig. 3)
and NKCC1 (20) single knock-outs in vivo. Importantly, these
results also provided a direct comparison between AE3/
NKCC1 double null and NKCC1 single null myocytes.
Loss of AE3 and NKCC1 Affects Ca2� Handling and PLN

Regulation—We explored the possibility that Ca2� handling
may be impaired in myocytes lacking both AE3 and NKCC1,
accounting for the reduced contractility observed in double
null hearts. Although the amplitude of the Ca2� transient elic-
ited in response to field stimulation at 0.5 Hz was unaltered,
decay of the transient occurred significantly faster in double
null myocytes, indicating that the rate of Ca2� clearance was
enhanced in these cells. Removal of cytosolic Ca2� is known to
occur predominantly by sequestration of Ca2� into the SR and
NCX-mediated Ca2� efflux across the sarcolemma. Enhanced
Ca2� sequestration into the SR was unlikely to account for the

FIGURE 9. Phosphorylation of phospholamban in AE3 null, NKCC1 null,
and AE3/NKCC1 double null hearts. PLN protein expression and levels of
PLN phosphorylated on Ser16 (PS16) were determined using specific antibod-
ies. PS16 levels, when normalized to PLN expression, were significantly
reduced in AE3 (*, p � 0.01), NKCC1 (*, p � 0.03), and AE3/NKCC1 (*, p � 0.001)
null hearts.

FIGURE 10. Expression of NCX in double null hearts and determination of
NCX-mediated Ca2� efflux in AE3/NKCC1 double null myocytes. A, pro-
teins from whole heart homogenates from WT and DKO mice were resolved
by polyacrylamide gel electrophoresis. Immunoblot analysis was performed
using a monoclonal antibody against NCX (R3F1). Densitometric analysis
revealed no significant alteration in NCX levels (p � 0.2). SR Ca2� content in
WT (n � 19 cells/4 mice) and double null (DKO; n � 22 cells/4 mice) ventricular
myocytes was measured by the rapid and sustained application of caffeine
(10 mM). B, fluorescent changes measured using a dual excitation fluores-
cence photomultiplier system revealed no significant reduction in total SR
Ca2� store levels (amplitude (340/380 nm) was 1.12 � 0.09 for WT and 0.90 �
0.07 for DKO). In the same experiment, the rate of decay of the caffeine-
induced transient was determined. C, time for 70% recovery of transient (TRC
70%) was significantly reduced in DKO myocytes compared with WT controls
(5.6 � 0.5 in WT versus 4.2 � 0.27 in DKO; p � 0.5).

FIGURE 11. Expression of PP1-C in AE3 null, NKCC1 null, and AE3/NKCC1
double null hearts. Proteins from whole heart homogenates from WT and
mutant mice were resolved by polyacrylamide gel electrophoresis. Expres-
sion of PP1-C was determined in AE3 null (A), NKCC1 null (B), and AE3/NKCC1
double null (C) hearts. Densitometric analyses (D) revealed that PP1-C expres-
sion was significantly increased in AE3 null (*, p � 0.02), NKCC1 null (*, p �
0.05), and double null hearts (*, p � 0.02).
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observed increase in Ca2� clearance, since expression of PLN,
the principal negative regulator of SERCA2a activity (58), was
increased 1.65-fold. Relative PLNphosphorylationwas reduced
by almost 50%, indicating a sharp increase in the ratio of inhib-
itory PLN to SERCA2a. Increased inhibitory function of PLN
has been shown to depress rates of Ca2� sequestration, prolong
decay parameters ofCa2� transients, and lowerCa2� stores and
Ca2� transients in myocytes (58–60).
NKCC1 is known to provide a substantial capacity for Na�

influx in cardiac myocytes (36), and its activity has been shown
to affectNCX-mediatedNa�/Ca2� exchange in astrocytes (21).
The combined loss of AE3 and NKCC1 is therefore likely to
reduce subsarcolemmal [Na�], providing an increased driving
force for NCX activity in the forward mode. Indeed, the rate of
decay of caffeine-induced Ca2� transients, resulting from non-
SR-related Ca2� efflux mechanisms and predominantly medi-
ated by NCX in mouse cardiac myocytes (61), was significantly
increased in double nullmyocytes. Therewas no corresponding
increase in NCX protein levels, strongly indicating that the
enhanced NCX-mediated Ca2� efflux was the result of an
increased driving force in myocytes lacking both AE3 and
NKCC1.
Studies on transgenic mice overexpressing NCX in the heart

(61–63) have shown that increasedNCX-mediated Ca2� efflux
does not reduce SR Ca2� stores. On the contrary, there is evi-
dence that, in mouse cardiac myocytes, NCX facilitates Ca2�

entry (reverse mode of activity) both at rest and in the later
relaxation phase of the Ca2� transient (61). Conditions leading
to reduced subsarcolemmal [Na�], which would increase

NCX-mediated Ca2�-efflux in dou-
ble null myocytes, would also
reduce NCX-mediated Ca2� entry.
This might explain the significant
increase in the decay of the Ca2�

transient and the more rapid recov-
ery to base line observed in double
null myocytes paced at 0.5 Hz
(Table 1).
Ablation of AE3 and/or NKCC1

Affects PP1 Expression—Despite
changes in Ca2� handling and PLN
regulation, the absence of a reduc-
tion in Ca2� transient amplitude
discounted the likelihood that
impaired contractility in double null
hearts was a result of reduced cyto-
solic Ca2� fluxes. Furthermore, the
enhanced decay of the Ca2� tran-
sient suggested that the impaired
relaxationwas not due to alterations
in Ca2� handling, but more likely
due to changes in the myofibrillar
apparatus of the mutant myocytes.
Myofibrillar proteins are key deter-
minants of cardiac function. Their
functions are, in turn, regulated by
phosphorylation and dephospho-
rylation events controlled by the

expression, localization, and activity of various kinases and
phosphatases (64). In mammalian hearts, PP1 and PP2A have
been identified as the two principal phosphatases.
PP1 serves as a negative regulator of cardiac function and is

the major phosphatase acting on PLN. Heart-specific overex-
pression of inhibitor-1 or inhibitor-2, both of which block PP1
activity, improves cardiac function (65, 66), and inhibition of
PP1 restores cardiac performance in a heart failure model (65).
Overexpression of PP1-C or ablation of a PP1-specific inhibitor
causes a reduction in PLN phosphorylation on Ser16 (40). Thus,
it is likely that the increase in PP1-C levels in AE3, NKCC1, and
AE3/NKCC1null hearts contributes to the reduction in relative
levels of phosphorylated PLN in these hearts. It may also con-
tributemore directly to impaired contractile function in double
null hearts, although amajor caveat is that the specific effects of
PP1 overexpression, other than those on PLN, remain largely
undefined. The increased levels of PP1-C in AE3 and NKCC1
single null hearts were not accompanied by alterations in car-
diac function. This suggested that additional changes had
occurred that countered the negative regulatory effects of
increased PP1-C expression in single null hearts. These could
include changes in the expression and localization of the second
major phosphatase, PP2A.
Ablation of AE3 and/or NKCC1 Affects PP2A-CMethylation

and Localization—PP2A regulates many key determinants of
cardiac contractility (67). Total PP2A-C levels were slightly
reduced in AE3 single null hearts but not in NKCC1 or AE3/
NKCC1 null hearts. PP2A activity and substrate specificity are
also regulated by the subcellular distribution of the holoen-

FIGURE 12. Carboxymethylation of PP2A-C in AE3 null, NKCC1 null, and AE3/NKCC1 double null hearts.
Proteins from whole heart homogenates from wild-type and mutant mice were resolved by polyacrylamide gel
electrophoresis. Immunoblot analyses were performed using monoclonal antibodies specific for unmethyl-
ated PP2A-C (clone 1D6 and clone 4B7). The PP2A-C subunits migrate either as single or double bands, varying
for the same sample between immunoblots, a pattern that has been previously reported (33). Levels of
unmethylated PP2A-C were significantly reduced in AE3 null hearts (A and D, *, p � 0.001) and NKCC1 null
hearts (B and D, *, p � 0.01). In contrast, levels of unmethylated PP2A-C were significantly increased in AE3/
NKCC1 double null hearts (C and D, *, p � 0.05). Total PP2A-C levels were determined upon cold base treatment
of nitrocellulose membranes, which results in complete demethylation of PP2A-C (32). Total PP2A-C levels
were slightly reduced in AE3 single null hearts (to 86 � 1.6% of wild type; bottom of A; p � 0.001) and was
unaltered in NKCC1 single null and double null hearts (B and C).
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zyme, which is determined by the choice of the regulatory B
subunit that associates with the core enzyme. Association
between the core enzyme, comprising the catalytic C and the
scaffold A subunits, and regulatory B subunits is regulated by
methylation of PP2A-C (33, 41, 68, 69). There is also a second
subset of B subunits whose association with the core enzyme is
independent of PP2A-Cmethylation (33). The reversiblemeth-
ylation of PP2A-Cmay therefore allow the formation of distinct
groups of PP2A holoenzymes, with different localization and
substrate specificities (70).
Levels of unmethylated PP2A-C were significantly reduced

in hearts lacking either AE3 or NKCC1, indicating that methy-
lation of PP2A-C was increased in single null hearts. In con-
trast, levels of unmethylated PP2A-C were increased in AE3/
NKCC1double null hearts.Given the probable effects of altered
PP2A-Cmethylation on PP2A holoenzyme assembly and local-
ization, it was likely that subcellular localization of PP2A-Cwas
different between the single and double null hearts. PP2A-C
was found to be dramatically excluded from the myofibrillar

fraction of single null hearts, a finding that was strikingly
reversed in the double null hearts, where PP2A-C relocalized
to the myofibrillar fraction. Localization of PP2A-C to the
myofibrillar fraction in cardiac myocytes has been associated
with reduced contractility and the anti-adrenergic effects
mediated by adenosine A1 receptors (67, 71–73). The
impaired contractility in double null hearts, associated with
the relocalization of PP2A-C to the myofibrillar fraction,
suggested that the exclusion of PP2A-C from the myofibril-
lar fraction of single null hearts served a compensatory func-
tion and was necessary for sustaining normal contractility.
Furthermore, the expression of either AE3 or NKCC1
appeared to be essential for the translocation of PP2A-C
away from the myofibrillar fraction.
Conclusions—Our studies demonstrate that the loss of AE3

and NKCC1 together impairs cardiac contractility, with
effects on 1) PLN expression and phosphorylation; 2) Ca2�

handling, as indicated by increased NCX-mediated Ca2�-
efflux; and 3) PP1-C expression and PP2A-C methylation
and localization. The effects on PP1 and PP2A-C show that
AE3 and NKCC1 activities have a major impact on these
pleiotropic signaling mechanisms. Despite the absence of
impaired cardiac function in the single mutants, a number of
significant changes, including the effects on PLN phospho-
rylation, PP1 expression, and PP2A methylation and local-
ization, occurred in both single null mutants, and the
changes were either additive (PLN and PP1) or completely
reversed (PP2A) in the double mutants. These results pro-
vide the first direct demonstration that AE3-mediated Cl�/
HCO3

� exchange and NKCC1-mediated Na�-K�-2Cl�
cotransport serve similar and important functions in the reg-
ulation of cardiac contractility and suggest that each trans-
port activity can compensate to some degree for loss of the
other activity.

FIGURE 13. Localization of PP2A-C in the myofibrillar fraction of AE3 null,
NKCC1 null, and AE3/NKCC1 double null hearts. The myofibrillar fraction
(3000 � g pellet) was generated as described under “Experimental Proce-
dures.” Proteins were resolved by polyacrylamide gel electrophoresis, and
levels of total PP2A-C were determined as described in Fig. 12, upon cold base
treatment of nitrocellulose membranes. Localization of PP2A-C to the myofi-
brillar fraction was dramatically reduced in AE3 (A and D; p � 0.0001) and
NKCC1 (B and D; p � 0.0001) single null hearts. In contrast, PP2A-C levels in the
myofibrillar fraction of AE3/NKCC1 double null hearts were comparable with
wild-type levels (C and D; p � 0.16).

FIGURE 14. Acid-base and electrolyte transporter activities have the
potential to alter intracellular Ca2� handling. The diagram shows the Cl�/
HCO3

� exchangers (AE1, AE2, AE3, and PAT1), Na�-dependent transporters
that extrude H� (Na�/H� exchanger) or take up HCO3

� (NBCn1, NBC1, and
NBC4 Na�/HCO3

� cotransporters), the NKCC1 Na�-K�-2Cl� cotransporter,
and the NCX that have been identified in heart. It should be noted that NBC4
has been identified in the human heart (45) but may not be present in the
rodent heart (46). The grouping of transporters is according to general func-
tion and is not meant to indicate a polarized distribution or specific location in
the cell. Both NKCC1 by itself and the Na�-dependent acid-base transporters,
when coupled with Cl�/HCO3

� exchangers to prevent an increase in pHi from
inhibiting their activities, have the potential to mediate sustained Na� load-
ing in cardiac myocytes. Na� loading can reduce the rate of Ca2� extrusion via
inhibition or reversal of the NCX.
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