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Abstract
The AE3 Cl−/HCO3

− exchanger is abundantly expressed in the sarcolemma of cardiomyocytes,
where it mediates Cl−-uptake and HCO3

−-extrusion. Inhibition of AE3-mediated Cl−/HCO3
−

exchange has been suggested to protect against cardiac hypertrophy; however, other studies
indicate that AE3 might be necessary for optimal cardiac function. To test these hypotheses we
crossed AE3-null mice, which appear phenotypically normal, with a hypertrophic cardiomyopathy
mouse model carrying a Glu180Gly mutation in α–tropomyosin (TM180). Loss of AE3 had no
effect on hypertrophy; however, survival of TM180/AE3 double mutants was sharply reduced
compared with TM180 single mutants. Analysis of cardiac performance revealed impaired cardiac
function in TM180 and TM180/AE3 mutants. TM180/AE3 double mutants were more severely
affected and exhibited little response to β-adrenergic stimulation, a likely consequence of their
more rapid progression to heart failure. Increased expression of calmodulin-dependent kinase II
and protein phosphatase 1 and differences in methylation and localization of protein phosphatase
2A were observed, but were similar in single and double mutants. Phosphorylation of
phospholamban on Ser16 was sharply increased in both single and double mutants relative to
wild-type hearts under basal conditions, leading to reduced reserve capacity for β-adrenergic
stimulation of phospholamban phosphorylation. Imaging analysis of isolated myocytes revealed
reductions in amplitude and decay of Ca2+ transients in both mutants, with greater reductions in
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TM180/AE3 mutants, consistent with the greater severity of their heart failure phenotype. Thus, in
the TM180 cardiomyopathy model, loss of AE3 had no apparent anti-hypertrophic effect and led
to more rapid decompensation and heart failure.
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1. Introduction
Anion exchanger isoform 3 (AE3, gene symbol Slc4a3) is one of at least four Cl−/HCO3

−

exchangers in cardiac myocytes. It consists of two protein variants, a longer full-length form
(AE3fl) that is expressed in brain and other tissues and a cardiac-specific form (AE3c) that is
expressed at very high levels in heart [1–3]. In addition to AE3, the heart contains moderate
levels of both AE1 (Slc4a1) and AE2 (Slc4a2) and high levels of PAT1 (Slc26a6), which
can mediate both Cl−/HCO3

− and Cl−/OH− exchange [4,5]. Why the heart requires such a
high capacity for Cl−/HCO3

− exchange is unclear; however, it contributes to regulation of
intracellular pH (pHi) [6]. In addition, by operating in concert with Na+-dependent acid
extrusion mechanisms such as Na+/H+ exchange or Na+ -HCO3

− cotransport, it can
contribute to pHi-neutral Na+ uptake [7,8].

Inhibition of Cl−/HCO3
− exchange in heart has been suggested as a possible

cardioprotective strategy in treatment of hypertrophy [9], ischemia-reperfusion (I/R) injury
[10,11], and arrhythmias [2]. There is evidence that AE3-mediated Cl−/HCO3

− exchange in
cardiac myocytes is increased during hypertrophy and that AE3 operates in concert with the
NHE1 Na+/H+ exchanger [8]. However, because of the lack of specific inhibitors and the
abundance and diversity of Cl−/HCO3

− exchangers in heart, it is unclear whether AE3 or
one or more of the other isoforms in heart is coupled with NHE1. Although NHE1 operating
by itself leads to cytosolic alkalinization, which in turn would limit its activity, extrusion of
HCO3

− by AE3 and/or other Cl−/HCO3
− exchangers would provide a balancing

acidification mechanism, potentially enhancing NHE1 activity and facilitating Na+-loading.
With both transporters operating together, uptake of Na+ and Cl− would occur with little
change in pHi, and increased subsarcolemmal Na+ could affect Ca2+ homeostasis via
modulation of Na+/Ca2+ exchange.

Loss of NHE1 activity is cardioprotective both in hypertrophy and in I/R injury [13], so if
loss of AE3-mediated Cl−/HCO3

− exchange reduces NHE1 activity it could be
cardioprotective. On the other hand, in studies of the spontaneously hypertensive rat using
an inhibitory antibody directed against AE3, no reduction in hypertrophy was observed [9].
Also, genetic ablation of AE3 in mouse had no protective effect on cardiac I/R injury as
observed in the Langendorff heart model [14] and the combined loss of AE3 and the
NKCC1 Na+-K+-2Cl− cotransporter, neither of which by itself impaired cardiac
performance, led to reduced contractility [14]. Thus, even if inhibition of Cl−/HCO3

−

exchange could serve cardioprotective functions under some conditions, the specific role of
AE3-mediated Cl−/HCO3

− exchange is unclear and it is possible that one or more of the
other Cl−/HCO3

− exchanger isoforms in heart might be responsible.

To better understand the functions and importance of AE3 in the heart and to assess whether
loss of its activity might be cardioprotective, we analyzed double mutant mice carrying null
mutations in AE3 and harboring a Glu180Gly mutation in α-tropomyosin (TM180) [15].
Previous studies indicated that loss of AE3 alone had no adverse effects on cardiac
performance [14]. The mutant α-tropomyosin transgenic mice, which serve as a model for a

Al Moamen et al. Page 2

J Mol Cell Cardiol. Author manuscript; available in PMC 2012 January 1.

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript



familial hypertrophic cardiomyopathy that occurs in humans [16], develop cardiac
hypertrophy and begin dying at about 4 months of age [15]. Although the degree of
hypertrophy in TM180 mutants was unaffected by the loss of AE3, double mutants exhibited
severe deficits in cardiac performance, β-adrenergic responses, and Ca2+ handling, and they
developed heart failure much more rapidly than TM180 single mutant mice. These results
show that AE3 plays an important role in maintaining cardiac function in the TM180 model
of familial hypertrophic cardiomyopathy and that ablation of its activity does not have any
apparent cardioprotective effects in this model.

2. Methods
2.1. Generation of mutant mice

Gene-targeted AE3 heterozygous mutant (AE3+/−) mice [14] and transgenic mice (line 57)
carrying a Glu180Gly mutation (TM180) in α-tropomyosin [15], both on an inbred FVB/N
genetic background, were used for the generation of mice used in these experiments. All
procedures conformed to guidelines published by the National Institutes of Health (Guide
for the Care and Use of Laboratory Animals; Publication No. 86-23, revised 1996) and were
approved by the Institutional Animal Care and Use Committee at the University of
Cincinnati.

2.2. Evaluation of cardiac function and force-frequency analysis in vivo
Analysis of cardiovascular function was performed as described previously [17,18]. Mice
were anesthetized with ketamine and inactin (50 and 100 μg/g bodyweight), the right
femoral artery was cannulated with a catheter connected to a pressure transducer for
measurement of mean arterial pressure (MAP) and the right femoral vein was cannulated for
delivery of drugs. A high fidelity pressure transducer (Millar Instruments, Houston, TX),
advanced into the left ventricle (LV) via the right carotid artery and ascending aorta, was
used to analyze LV function. A PowerLab data-acquisition system (ADInstruments,
Colorado Springs, CO) connected to a Macintosh computer was used to record and analyze
data. For force-frequency analyses, mice were anesthetized, surgically instrumented as
described above, and heart rates were electrically paced using a 1.0 F bipolar pacing wire
advanced into the right atrium via the jugular vein [19].

2.3. Immunoblot analyses
Mice were anesthetized with 2.5% Avertin (15 μl/g bodyweight) and allowed to stabilize for
10 minutes on a thermally controlled heating pad. Ventricles were collected, snap-frozen in
liquid nitrogen, and stored at −80 ºC for future processing. In studies designed to analyze
phosphorylation of phospholamban (PLN) in response to β-adrenergic stimulation,
ventricles were collected from mice that had been anesthetized with ketamine and inactin
and surgically instrumented as described in the previous section. Ventricular homogenates
were prepared in 10 mM Tris-HCl (pH 7.4) buffer containing 1 mM EDTA, 2 mM DTT,
0.25% Nonidet P-40, 0.5% Triton X-100, and both protease and phosphatase inhibitors
(Sigma). Extraction of myofibrillar fractions was performed as reported before [14]. Protein
was estimated using a modified Bradford assay (Thermo Scientific), separated by SDS-
PAGE, transferred onto nitrocellulose or PVDF membranes, incubated with primary
antibodies followed by the corresponding secondary antibodies, and protein signals were
obtained using the KPL LumiGlo chemiluminescent substrate system (KPL, Gaithersburg
MD, USA). The primary antibodies for SERCA2a, PLN, phospho-Ser16 and phospho-Thr17
of PLN, the NCX1 Na+/Ca2+ exchanger, protein phosphatase 1 catalytic subunit (PP1), and
the non-methylated form of protein phosphatase 2A catalytic subunit (PP2A) were the same
as published before [14]. Analysis of total PP2A after cold base treatment to demethylate the
C-terminus was as described before [14]. Also used were antibodies against a common
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epitope of the full-length and cardiac variants of AE3 [2], the L-type Ca2+ channel α2
subunit (catalog number MA3-921; Thermo Scientific), the ryanodine receptor (catalog
number MA3-916; Thermo Scientific), and calmodulin-dependent kinase II (CamKII) (a
pan-CamKII antibody that recognizes δ and other isoforms; catalog number 611292; BD
Transduction Laboratories).

2.4. Preparation of cardiomyocytes and analysis of Ca2+ transients
Ventricular myocytes were prepared from adult mouse hearts mounted in a Langendorff
apparatus as described previously [20]. The hearts were perfused for 5 min at 37 ºC with a
modified Krebs-Henseleit buffer solution containing (in mM): NaCl 113, KCl 4.7, KH2PO4
0.6, MgSO4.7H2O 1.2, NaHCO3 10, HEPES 10, taurine 30, 2,3-butanedione monoxime
(BDM) 10 and glucose 5.5 (pH 7.46). The perfusion buffer was then switched to buffer
containing Liberase Blendzyme IV (Roche) at 0.25 mg/mL and trypsin (Invitrogen) at 0.14
mg/mL with no BDM. After 8–12 min of perfusion, hearts became swollen and flaccid and
ventricles were dissected and dispersed by gently pipetting through a plastic pipette. Isolated
cardiomyocytes were sieved to remove debris and Ca2+ was gradually introduced to 1.2 mM
final concentration.

Cells were loaded with Fura2-AM (Molecular Probes Inc.; Eugene, OR) at a final
concentration of 2 μM for 15-20 min at room temperature in the dark, with 0.5 mM
probenecid (Molecular Probes) as an inhibitor of Fura-2AM efflux, and then washed for 20
min in perfusion buffer (containing 1.2 mM Ca2+ but not BDM). Fluorescence
measurements were obtained with a dual-beam spectrofluorophotometer (PTI International,
Birmingham, NJ) at room temperature (22 ± 1 ºC) after field stimulation at 0.5 Hz and Ca2+

transient amplitudes were obtained by calculating the fluorescence ratios at 340-to-380 nm
(R340/380). Data were acquired using Felix 3.01 acquisition software (PTI International) and
analyzed using Ionoptix Ionwizard Analysis Software (IonOptix LLC, Milton, MA).

2.5. Statistics
Values are presented as means ± standard error (SE). Survival analysis was performed by
the Kaplan-Meier procedure, with statistical significance determined by log-rank analysis.
For other procedures, one-way analysis of variance (ANOVA) was used along with two-
sided Student's t-test, and a P-value of < 0.05 was considered significant.

3. Results
3.1 Effects of AE3 ablation on survival and hypertrophy in TM180 mice

AE3 heterozygous (AE3+/−) female mice were bred with AE3+/− males harboring the
TM180 mutation. Offspring of the expected genotypes, including TM180/AE3 double
mutants, were born in normal Mendelian ratios, indicating that the mutations caused no
increase in embryonic or fetal death rates. When TM180 single mutants and TM180/AE3
double mutants were aged, double mutants appeared sicker than single mutants at 2–3
months of age, as indicated by rough coats, labored breathing, and reduced activity, and
males appeared to be more severely affected than females. Survival analysis (Fig. 1A)
showed a dramatic reduction in survival of TM180/AE3 double mutants when compared
with TM180 single mutants. However, hypertrophy, as measured by heart weight/body
weight ratios, was the same in both single and double mutants (Fig. 1B) and increased
expression of the β-myosin heavy chain, a marker of hypertrophy, was the same in both
mutants (Fig. 1C). Thoracic fluid, which was negligible in wild-type (WT) mice, was
significantly greater in TM180/AE3 double mutants than in TM180 single mutants (Fig.
1D). Compared with WT controls, left lung weight/body weight ratios were elevated to the
same degree in both single and double mutants (Fig. 1E).
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3.2 Immunoblot analysis of NHE1 and AE3 levels in wild-type and mutant hearts
NHE1, which is known to be upregulated in hypertrophic hearts, was increased to the same
degree in both single and double mutants (Fig. 2A). mRNA encoding the full-length form of
AE3 was reported to be upregulated in hypertrophic hearts of the spontaneously
hypertensive rat (SHR), with a corresponding reduction in levels of the cardiac AE3 mRNA
[12]. Using an antibody that identifies both the full-length and cardiac variants of AE3, high
expression of AE3fl was observed in WT brain, with no expression of AE3c (Fig. 2B). In
contrast, high levels of AE3c but only low levels of AE3fl were expressed in ventricles of
WT and TM180 single mutant hearts. AE3 expression in ventricles of hypertrophied TM180
hearts was almost identical to that seen in WT ventricles (Fig. 2B). Similar levels were seen
in whole heart homogenates of WT mice, whereas no expression was detected in AE3-null
hearts.

To determine whether expression of any of the other cardiac Cl−/HCO3
− exchangers might

be altered in response to the loss of AE3, RT-PCR analysis was performed using RNA
samples from WT, AE3-null, TM180, and TM180/AE3 hearts (Supplementary Fig. 1).
mRNA encoding AE2, but not AE1 or Slc26a6, was significantly increased in AE3-null
relative to WT hearts. There was no significant difference in the expression of any of these
anion exchanger mRNAs between TM180 single and TM180/AE3 double mutant hearts;
however, both Slc26a6 and AE1 mRNAs were decreased in TM180 and TM180/AE3 hearts
relative to WT hearts.

3.3 Force-frequency relationships in vivo
The data in Fig. 1 suggested that loss of AE3 in TM180 mutant mice caused a worsening of
the heart failure phenotype. As heart failure is associated with a negative force-frequency
response (FFR), in vivo pacing studies were performed using WT and both single and double
mutant mice. In WT mice, an increase in heart rate from 400 to 550 beats per min (bpm) led
to the expected increase in +dP/dt (from 10189 ± 470 to 11986 ± 542 mm Hg/sec; p<0.05),
with a slight reduction occurring as heart rate was further increased to 600 bpm (Fig. 3A). In
contrast, hearts of TM180/AE3 and TM180 mice did not exhibit an increase in contractility
as heart rate was increased and could not be efficiently paced beyond 500–550 bpm.
TM180/AE3 mice appeared to be less able than TM180 single mutants to achieve or sustain
heart rates at the higher frequencies. When the differences between +dP/dt at 400 and 500
bpm were calculated, a positive FFR was apparent in WT mice, whereas both TM180 and
TM180/AE3 mutants exhibited a negative FFR (Fig. 3B). The results were essentially the
same when differences in +dP/dt at 40 mm Hg (dP/dt40) between 400 and 500 bpm were
calculated (data not shown).

3.4 Effects of AE3 ablation on cardiac performance in TM180 mice
Cardiovascular performance of anesthetized WT, TM180, and TM180/AE3 mice was
analyzed, with measurements conducted under both basal conditions and following β-
adrenergic stimulation via infusion of dobutamine (Fig. 4). Previous studies of WT and
AE3-null mice using the same protocols showed that loss of AE3 by itself caused no
significant changes in heart rate, MAP, or cardiac performance [14]. During β-adrenergic
stimulation, heart rate (Fig. 4A) was reduced in TM180/AE3 mutants compared with WT
and TM180 single mutants (TM180/AE3, 417 ± 15 bpm; TM180, 510 ± 9 bpm; WT, 563 ±
8 bpm; p<0.01), and MAP was also reduced in double mutants under both basal and
stimulated conditions (Fig. 4B). Systolic left ventricular pressure was lower in double
mutants relative to both TM180 and WT mice under basal conditions (TM180/AE3, 79.8 ±
3.2 mm Hg; TM180, 93.4 ± 3.4 mm Hg; WT, 98.8 ± 4.6 mm Hg; p<0.05) and after β-
adrenergic stimulation (Fig. 4C). β-adrenergic stimulation of contractility, as indicated by
measurements of maximum +dP/dt and +dP/dt40, and relaxation, as measured by minimum
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−dP/dt, were significantly reduced in TM180/AE3 mutants relative to both WT and TM180
mice (Fig. 4D-F). When differences between values obtained under basal conditions and
after maximum β-adrenergic stimulation were calculated, significant differences in
stimulation of heart rate, contractility, and relaxation were observed between all three
genotypes (Fig. 4G-I), with TM180/AE3 double mutants being more severely affected than
TM180 single mutants.

3.5. Expression of proteins involved in Ca2+ handling
Alterations in proteins involved in Ca2+ handling can have a major impact on cardiac
performance. The primary mechanisms for influx and extrusion of Ca2+ across the
sarcolemma are the L-type Ca2+ channel (LTCC) and the NCX1 Na+/Ca2+ exchanger.
Immunoblot analysis revealed increased expression of the α2 subunit of the LTCC in cardiac
homogenates of both TM180/AE3 and TM180 mice compared with those of WT mice (Fig.
5A). Relative to levels in WT hearts, expression of NCX1 was increased modestly but
significantly in TM180 hearts, but not in TM180/AE3 hearts (Fig. 5B). Expression of the
ryanodine receptor, the Ca2+ release channel of the sarcoplasmic reticulum (SR), was
reduced in both mutants (Fig. 5C).

Sarco(endo)plasmic reticulum Ca2+-ATPase isoform 2a (SERCA2a) is the SR Ca2+ pump,
and phospholamban (PLN) is the major regulator of SERCA2a activity [21]. When PLN is
in the non-phosphorylated form it inhibits SERCA2a activity, but these inhibitory effects are
alleviated when PLN is phosphorylated on Ser16 and/or Thr17 [21]. Immunoblot analysis of
cardiac homogenates from WT, TM180, or TM180/AE3 mice revealed no significant
differences in either SERCA2a (Fig. 5D) or PLN (Fig. 5E) expression. However, levels of
PLN phosphorylated on Ser16 (Fig. 5F) were sharply upregulated in TM180 and TM180/
AE3 hearts when compared to WT hearts. Slightly higher levels of phosphorylation were
observed in TM180/AE3 hearts than in TM180 hearts, but the differences between double
and single mutants were not statistically significant.

3.6. Expression or localization of CamKII and protein phosphatases 1 and 2A
Immunoblot analysis showed that CamKII, which is known to be upregulated in heart failure
[22], was increased in cardiac homogenates of both mutants, with slightly higher levels in
double mutants (Fig. 6A). The catalytic subunit of protein phosphatase 1 (PP1-C), which
plays a major role in dephosphorylation of Ser16 of PLN [23], was increased in both
mutants when compared to WT controls (Fig. 6B), with significantly higher levels in TM180
hearts than in TM180/AE3 hearts. In contrast, no differences in total levels
(carboxymethylated and nonmethylated) of the catalytic subunit of protein phosphatase 2A
(PP2A-C) in cardiac homogenates were observed between any of the genotypes (Fig. 6C).
However, the levels of nonmethylated-PP2A-C were significantly increased in cardiac
homogenates of both TM180 and TM180/AE3 hearts, with slightly higher levels in TM180/
AE3 hearts (Fig. 6D), and both total PP2A-C and nonmethylated PP2A-C were increased in
the myofibrillar fractions of TM180 and TM180/AE3 hearts (Figs. 6E and F).

3.7. Analysis of reserve capacity for β-adrenergic stimulation of PLN phosphorylation in
vivo

The studies in Fig. 5 showed that phosphorylation of PLN on Ser16, which is the major
mechanism by which β-agonists stimulate contractility [24], is increased 2.2 ± 0.2-fold in
TM180 hearts and 2.7 ± 0.4-fold in TM180/AE3 hearts under basal conditions. This
suggests that they have a reduced reserve capacity for β-adrenergic stimulation, which could
be involved in their impaired cardiac performance in response to dobutamine (Fig. 4). To
test this hypothesis, we analyzed the phosphorylation of PLN in hearts of WT mice under
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both basal and stimulated conditions and in mice of all three genotypes after maximum β
adrenergic stimulation.

In a control experiment, we first compared Ser16 phosphorylation under basal conditions in
ventricular homogenates from WT mice anesthetized as in Fig. 5 with samples prepared
using the same surgical and anesthesia conditions used in Fig. 4. Ser16 phosphorylation was
the same in hearts of avertin-treated or ketamine and inactin-treated surgically-instrumented
mice, indicating that the surgical treatment did not affect Ser16 phosphorylation (data not
shown). In surgically-instrumented WT mice, dobutamine treatment led to a 2.8-fold
increase in phosphorylation of Ser16 (Fig. 7A), but only an 18 % increase in
phosphorylation of Thr17 (Fig. 7B), indicating that Thr17 phosphorylation was near
maximum in WT mice under basal conditions. We then compared PLN phosphorylation in
WT, TM180, and TM180/AE3 mice after β-adrenergic stimulation. Phosphorylation of
Ser16 was only slightly higher in single (p < 0.05) and double (p = 0.12) mutants relative to
WT controls (Fig. 7C). Given the high levels of Ser16 phosphorylation in mutant hearts
under basal conditions (Fig. 5E), it is clear that there is a sharp reduction in reserve capacity
for Ser16 phosphorylation under maximally stimulated conditions. Phosphorylation of
Thr17 was essentially the same in WT and TM180 single mutants, but was significantly
lower in TM180/AE3 double mutants (Fig. 7D).

3.8. Effects of AE3 ablation on Ca2+ handling in isolated myocytes of TM180 mice
The above studies showed that TM180 and TM180/AE3 hearts have a reduced reserve
capacity for β-adrenergic stimulation of PLN phosphorylation. To determine whether there
are differences in Ca2+ handling among the three genotypes, ventricular myocytes were
isolated from WT, TM180, and TM180/AE3 mice and Ca2+ transients were analyzed after
loading with Fura-2AM. The amplitude of the Ca2+ transient (Fig. 8A and B) was
significantly reduced in myocytes of TM180/AE3 mutants when compared with either
TM180 or WT cells, and was modestly reduced in TM180 myocytes relative to WT
(340/380nm fluorescence ratios: WT, 0.86 ± 0.04; TM180, 0.78 ± 0.02; TM180/AE3, 0.67 ±
0.04). Moreover, time to 50% decay of the Ca2+ transient (Fig. 8C) was significantly greater
in TM180/AE3 and TM180 myocytes than in WT myocytes (0.315 ± 0.015, 0.291 ± 0.020,
and 0.230 ± 0.013 seconds, respectively). Thus, both mutants exhibit impaired Ca2+

handling, with double mutants being more severely affected.

4. Discussion
Inhibition of Cl-/HCO3

− exchange has been proposed as being potentially cardioprotective
in hypertrophy, I/R injury, and arrhythmias [2,8–10]; however, given the expression of at
least four different Cl−/HCO3

− exchangers in heart and the absence of isoform-specific
inhibitors, the role of individual isoforms is unclear. To begin addressing this issue, we
assessed the effects of AE3 ablation on cardiac function and hypertrophy in a mouse model
of familial hypertrophic cardiomyopathy [15]. As discussed below, the results indicate that
the absence of AE3, rather than providing cardioprotection, leads to more rapid
decompensation.

Previous studies indicated that AE3-null mice were healthy [14,25] and had normal
cardiovascular function [14], although they had a modest reduction in heart weight/body
weight ratios [14], consistent with the possibility that inhibition of AE3 might reduce
hypertrophy. The rationale for a cardioprotective effect is that AE3-mediated Cl−/HCO3

−

exchange has the potential to operate in concert with the NHE1 Na+/H+ exchanger [8,26].
Increased NHE1 activity is known to cause hypertrophy [27] and inhibition of NHE1 is anti-
hypertrophic [13], so loss of Cl−/HCO3

− exchange that is coupled to NHE1 might be
expected to reduce hypertrophy. However, the degree of hypertrophy was the same in
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TM180 and TM180/AE3 double mutants, and TM180/AE3 mutants progressed much more
rapidly to heart failure and death.

As in other models of cardiac hypertrophy [28], NHE1 levels were increased in both TM180
and TM180/AE3 mutant hearts, but the loss of AE3 had no effect on the levels of NHE1.
Increased Cl−/HCO3

− exchange has been observed in hypertrophied hearts of spontaneously
hypertensive rats [12,29], which also exhibited increased NHE1 activity [29], and it was
suggested that increased expression of AE3fl, the full-length variant of AE3, might provide a
balancing Cl−/HCO3

− exchange activity that might facilitate increased NHE1 activity [8].
However, mouse ventricle contains almost no AE3fl mRNA [3]. Furthermore, immunoblot
analysis showed high levels of AE3c in both WT and hypertrophied TM180 hearts but only
trace levels of AE3fl protein, and no change in expression of either AE3 variant was
observed in TM180 hearts. These data suggest that AE3fl does not play a major role in
cardiac muscle of either WT or TM180 mice and that the enhanced rate of decompensation
in TM180/AE3 double relative to TM180 single mutants is due to the loss of AE3c. Unlike
mouse heart, however, ventricle tissue from failing human heart expressed similar levels of
mRNA for both AE3fl and AE3c [2]. Thus, there are major species differences in expression
of the two AE3 variants and it is possible that coupling between NHE1 and AE3fl occurs in
human heart.

Although studies using an inhibitory antibody suggest that AE3 balances the alkalinizing
activity of NHE1 [30], the current results provide no evidence that expression of NHE1 and
AE3 are coordinately regulated in mouse heart. When isolated myocytes are analyzed in
Hepes buffer or in the presence of inhibitors of Cl−/HCO3

− exchange, NHE1-mediated Na+/
H+ exchange leads to an increase in pHi [27,29]. However, this change in pHi does not occur
if cells are maintained in the absence of inhibitors or in buffer containing CO2/HCO3

−, thus
indicating that NHE1 activity is balanced by Cl−/HCO3

− exchange [29]. Although AE3
remains a candidate to mediate this activity, one or more of the other Cl−/HCO3

−

exchangers could also be involved. AE2 is a reasonable candidate, as functional coupling of
NHE1 and AE2 on basolateral membranes of mouse colonic epithelium has been shown to
support cAMP-stimulated anion secretion [31], both NHE1 and AE2 are sensitive to pHi
[32,33] and can function in concert to regulate cell volume [34,35], and AE2 mRNA was
modestly upregulated in AE3-null hearts. On the other hand, AE2 is expressed at relatively
low levels in heart [4], so the degree to which it might compensate for loss of AE3 is
uncertain. NHE1 and AE1 are both present in intercalated discs [36,37], consistent with
possible coupling between these transporters in this location, and the very high levels of
Slc26a6 in heart [4] make it a good candidate to balance at least some of the activity of
NHE1. However, AE1 and Slc26a6 mRNA expression was reduced in TM180 and TM180/
AE3 hearts, while NHE1 expression was increased, suggesting that their expression is not
coordinately regulated with NHE1 during development of cardiac hypertrophy.

In vivo force-frequency relationships were positive in WT mice, but negative in both
mutants, consistent with the negative FFR typically observed in human heart failure [38].
There was little indication of a difference in FFR between single and double mutants as
pacing frequency was increased to 500 bpm; however, TM180/AE3 double mutants had
more arrhythmic events at the higher pacing frequencies and exhibited greater failure in
achieving the desired heart rate as pacing frequencies were increased beyond 500 bpm. In
addition, maximal heart rates following β-adrenergic stimulation were substantially lower in
TM180/AE3 mutants than in TM180 and WT mice. These data suggest that the loss of AE3
leads to a general reduction in the ability of TM180 mutants to achieve or maintain elevated
heart rates, although it should be noted that loss of AE3 alone does not cause a significant
reduction in heart rate of anesthetized mice under either basal or stimulated conditions [14].
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Basal contractility was normal in 2.5-month-old single and double mutants and basal
relaxation, as indicated by −dP/dt, was similarly reduced in both mutants, but TM180/AE3
double mutants exhibited a severe reduction in β-adrenergic responses. The data for WT and
TM180 mice are consistent with a previous study using the isolated work-performing heart
[15]. In that study, hearts from 2.5-month-old TM180 mice exhibited normal +dP/dt under
basal conditions but had sharply reduced absolute values of −dP/dt compared to WT hearts,
consistent with a relaxation defect caused by the increased Ca2+-sensitivity of the TM180
contractile apparatus [15], and β-adrenergic responses were reduced to about the same
degree as in the current study. When isolated hearts from 4.5-month-old TM180 mice were
analyzed, β-adrenergic stimulation of both contraction and relaxation were lost [15], as seen
in the current study with 2.5-month-old TM180/AE3 mutants. For both single and double
mutants, loss of β-adrenergic stimulation occurs at about the age that a significant incidence
of death from heart failure begins to occur. Previous studies showed that loss of AE3 alone
or in combination with loss of NKCC1 does not affect responses to dobutamine [14]. These
and the current observations suggest that the loss of β-adrenergic responses in young
TM180/AE3 mice is due primarily to the TM180 mutation rather than to the loss of AE3 per
se, but with more rapid decompensation and heart failure occurring in TM180 mice that also
lack AE3.

Phosphatase activity is elevated in end-stage heart failure in humans [39], and cardiac-
specific over-expression of PP1 leads to impaired contractility and dilated cardiomyopathy
[23]. In AE3-null mice, which appeared outwardly normal, expression of PP1 was elevated
and methylation of PP2A was altered [14], supporting the possibility that alterations in these
phosphatases, both of which can affect β-adrenergic responses [23,40], might contribute to
the more rapid development of heart failure in TM180/AE3 double mutants. However, both
single and double mutants exhibited increases in PP1, non-methylated PP2A, and both total
and non-methylated PP2A in the myofibrillar fraction, indicating that differences in
phosphatase levels are not responsible for the worsening heart failure in TM180/AE3 mice.
Expression of CamKII, which is often upregulated and activated in heart failure [41] and
mediates some of the effects of β-adrenergic signaling [42], was also increased. CamKII
levels were slightly higher in TM180/AE3 hearts, which may contribute to the more rapid
decompensation.

Phosphorylation of PLN on Ser16, a major mechanism by which β-adrenergic signaling
stimulates cardiac performance, was sharply increased in both mutants under basal
conditions. The increased phosphorylation of PLN likely contributes to maintenance of
cardiac performance in mutant mice under basal conditions and is consistent with increased
catecholamine stimulation that occurs in heart failure. Failing hearts of muscle-LIM-protein
(MLP)-null mice exhibited a similar increase in PLN phosphorylation [43], which the
investigators noted would lead to a reduced reserve capacity for enhanced Ca2+ handling in
response to increased frequency or adrenergic stimulation. Analysis of hearts from
surgically instrumented mice revealed a 2.8-fold increase in phosphorylation of Ser16 in WT
hearts in response to β-adrenergic stimulation. Under maximally stimulated conditions,
however, similar levels of Ser16 phosphorylation were observed in all three genotypes.
Given the large differences in Ser16 phosphorylaton between WT and mutant hearts under
basal conditions (2.2-fold and 2.7-fold higher in TM180 and in TM180/AE3 hearts,
respectively), it is clear that the mutants have a reduced reserve capacity for PLN
phosphorylation on Ser16, as suggested for MLP-null mice [43].

Phosphorylation of PLN on Thr17 in WT hearts was near maximum levels under basal
conditions (with heart rates at ~350 bpm), and little additional phosphorylation occurred in
response to dobutamine (with heart rates at ~560 bpm). Thr17 phosphorylation in TM180
hearts after β-adrenergic stimulation was the same as in WT hearts and levels in TM180/
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AE3 hearts were slightly reduced. Previous studies have shown that Thr17 phosphorylation
responds to increased frequency, but not to β-adrenergic stimulation, whereas the opposite is
true for phosphorylation of Ser16 [44]. Thus, the modest reduction in phosphorylation of
Thr17 in TM180/AE3 hearts relative to WT or TM180 hearts, which might be due in part to
the reduced heart rate, is unlikely to contribute to the impaired β-adrenergic response.

Ca2+-handling was impaired in isolated myocytes from both mutants, with reduced Ca2+

transients and prolonged decay times; however, it was more severely affected in TM180/
AE3 myocytes. These alterations may be due in part to increased myofibrillar Ca2+

sensitivity resulting from the TM180 mutation, as the sensitized myofilaments can reduce
the amplitude by providing increased Ca2+ buffering power and reduce the decay rate by
slowing the dissociation of Ca2+ [45]. Expression of the L-type Ca2+ channel was higher in
both mutants, which might be expected to increase, rather than decrease, the amplitude of
the Ca2+ transient. However, one of the most striking effects on Ca2+ handling proteins was
a reduction in levels of the ryanodine receptor, consistent with the reduced Ca2+ transient
amplitudes. Expression of SERCA2a in heart is generally decreased in both human heart
failure and in animal models of heart failure [46] and is often considered a major
contributing factor to reductions in Ca2+ transients [46,47]. However, SERCA2a levels were
not significantly reduced in either TM180 or TM180/AE3 hearts. Although the greater
deficit in Ca2+ handling in TM180/AE3 mutants undoubtedly contributes to the phenotype,
impaired Ca2+ handling occurs commonly in heart failure [48] and the changes in Ca2+

handling proteins were similar in single and double mutants.

A major unanswered question is the mechanism by which the loss of AE3 in the TM180
model leads to more rapid decompensation and heart failure. Although TM180/AE3 mice
exhibit greater impairments of β-adrenergic responses and Ca2+ handling than TM180 mice,
these changes are likely due to their more rapid progression to heart failure rather than a
direct consequence of the loss of AE3. A deficit in AE3-mediated Cl−/HCO3

− exchange
would cause a reduction in both HCO3

− efflux and Cl− uptake, but the actual effect on
cellular ion homeostasis would depend on its interactions with other transporters. For
example, several investigators have suggested that AE3 operates in concert with NHE1 to
mediate pHi-neutral Na+ uptake [8,26], and other Na+-coupled acid extruders could also
serve in this capacity. In addition, there are clear compensatory interactions between AE3
and the NKCC1 [14], consistent with functions in Na+-loading and perhaps Cl−-loading.
Given the abundance of Na+-loading mechanisms [49] and the additional Cl−/HCO3

−

exchangers in cardiac muscle, if AE3 does contribute to this activity, then it is likely to
regulate Na+ in subsarcolemmal microdomains rather than in the bulk cytosol. There is
evidence that Na+ in subsarcolemmal regions is regulated independently of cytosolic Na+

and that it affects Na+/Ca2+ exchange and contractility [50,51]. Although speculative,
changes in Na+ levels (or in pH or Cl−) in subsarcolemmal domains regulated by AE3 might
also have the potential to initiate signaling events. For example, salt inducible kinase 1
(Sik1) is expressed in myocytes [52], is involved in Na+ sensing [53], and participates in
signaling mechanisms involving PP2A [54], which is affected by the loss of AE3 [14].

In conclusion, loss of AE3 caused no lessening of hypertrophy in the TM180 heart but led to
more rapid decompensation and heart failure. This suggests that AE3 might not be a useful
target for inhibitory drug therapy, at least in cardiomyopathies that are similar to the TM180
model. Although the data do not rule out the possibility that inhibition of AE3 might be
useful in other conditions, the absence of protective effects of AE3 ablation on I/R injury in
a Langendorff heart model [14] and the negative effects of AE3 ablation on cardiac
performance in mice lacking the NKCC1 Na+-K+-2Cl− cotransporter [14] also argue against
a therapeutic value of AE3 inhibition. Finally, the reduced ability of TM180/AE3 mutants to
achieve or maintain higher heart rates during pacing suggests that it also might not be an
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appropriate target for anti-arrhythmic therapy. Rather, the data indicate that AE3-mediated
Cl−/HCO3

− exchange activity, which appears to be dispensable in a healthy heart [14],
contributes to better preservation of cardiac function during heart failure.

Supplementary Material
Refer to Web version on PubMed Central for supplementary material.
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Fig. 1.
TM180/AE3 mutant mice exhibit reduced survival but no change in hypertrophy compared
to TM180 single mutants. (A) Survival curves of transgenic TM180 mice (TG) and TG mice
with AE3 knocked out (TG/KO); n = 26 TG and 38 TG/KO male mice; p < 0.0001 by
Kaplan-Meier log-rank analysis. (B) Heart weight/body weight ratios for 2.5-month-old
male and female wild-type (WT), TG, and TG/KO mice showed similar hypertrophy in TG
(6.84 ± 0.02 mg/g) and TG/KO (6.91 ± 0.01) compared with WT (4.97 ± 0.04); n = 20 WT,
22 TG, and 23 TG/KO mice; *p < 0.001 vs WT. (C) Immunoblot analysis showed
upregulation of β-myosin heavy chain (β-MHC) in ventricles of 2.5- or 3-month-old TG and
TG/KO mice; n = 6 males of each genotype; *p < 0.01 vs WT. (D) Accumulation of thoracic
fluid was higher in 2.5-month-old TG/KO than in TG mice; n = 17 TG and 14 TG/KO male
and female mice; †p < 0.05 vs TG. (E) Left lung weight/body weight ratios (LLW/BW in
mg/g) were similarly elevated in 2.5-month-old male and female TG and TG/KO mice; n =
9 WT, 8 TG and 10 TG/KO; *p < 0.01 vs WT.
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Fig. 2.
NHE1 and AE3 protein expression in ventricles of mutant and wild-type mice. (A)
Immunoblot analysis revealed increased expression of NHE1 in ventricles of 3-month-old
TM180 transgenic (TG) and TM180/AE3 double mutant (TG/KO) mice; n = 6 male mice of
each genotype; *p < 0.001 vs WT. (B) Immunoblotting using an AE3 antibody that identifies
both full length (AE3fl) and cardiac (AE3c) forms of AE3 revealed no significant change in
ventricles of TM180 single mutant (TG) vs. WT male mice. Note high expression of AE3fl
and AE3c in WT brain and whole heart, respectively, and absence of these variants in KO
brain and whole heart.
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Fig. 3.
TM180 (TG) and TM180/AE3 (TG/KO) mutants exhibit a negative force-frequency
response. Hearts of anesthetized surgically-instrumented 3-month-old mice were subjected
to atrial pacing beginning at 400 beats per minute (bpm) and contractile parameters were
measured. n = 5 WT, 4 TG, and 5 TG/KO mice, with 2 males and either 2 or 3 females of
each genotype. WT mice could be paced to 550 and 600 bpm but some TG and TG/KO mice
could not. If fewer than 3 mice could achieve a given frequency, such as TG/KO at 550
bpm, the data were not plotted. (A) A positive FFR with respect to maximum +dP/dt (mm
Hg/sec) was observed in WT mice but not in TG and TG/KO mice. (B) Difference in +dP/dt
at 400 bpm and 500 bpm revealed a negative FFR in TG and TG/KO mice. *p < 0.02 vs WT.
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Fig. 4.
β-adrenergic stimulation of cardiovascular performance is severely reduced in TM180/AE3
double mutants. Pressure measurements were recorded using transducers in the left ventricle
and right femoral artery of anesthetized 2.5-month-old WT, TM180 (TG), or TM180/AE3
(TG/KO) mice of each genotype under basal conditions and in response to β-adrenergic
stimulation (intravenous infusion of increasing doses of dobutamine). Heart rate (A), mean
arterial pressure (B), systolic left ventricular pressure (C), maximum +dP/dt in mm Hg/sec
(D), +dP/dt at 40 mm Hg (E), and minimum −dP/dt in mm Hg/sec (F) are shown for WT,
TG, and TG/KO mice. Differences between basal and maximum values during β-adrenergic
stimulation are shown for heart rate (G), +dP/dt (H), and -dP/dt (I). n = 7 WT (4 female, 3
male), 9 TG (5 female, 4 male), and 6 TG/KO (4 female, 2 male) mice. *p < 0.05 vs WT, †p
< 0.05 vs TG.

Al Moamen et al. Page 18

J Mol Cell Cardiol. Author manuscript; available in PMC 2012 January 1.

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript



Fig. 5.
Expression of proteins involved in Ca2+ handling. Immunoblot analysis was performed
using homogenates of ventricles from 2.5- or 3-month-old male WT, TM180 (TG), and
TM180/AE3 (TG/KO) mice. Representative immunoblots and relative expression levels are
shown for the L-type Ca channel, (A), NCX1 Na+/Ca2+ exchanger (B), ryanodine receptor
(C), SERCA2a Ca2+ pump (D), phospholamban (E), and PLN phosphorylated on Ser16
(PS16) (F). n = at least 6 mice of each genotype, except for panel E, in which n = 3 of each
genotype; *p < 0.05 vs WT.
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Fig. 6.
Expression of Ca2+-calmodulin-dependent protein kinase II (CaMKII) and catalytic subunits
of protein phosphatases PP1 and PP2A (PP1-C and PP2A-C). Immunoblot analysis was
performed using homogenates of ventricles (A-D) or myofibrillar fractions (E,F) from 2.5-
month-old male WT, TM180 (TG), and TM180/AE3 (TG/KO) mice. Representative
immunoblots and relative expression levels are shown for (A) CamKII, (B) PP1-C, (C) total
PP2A-C (non-methylated and methylated), (D) non-methylated form of PP2A-C, (E) total
(non-methylated and methylated) PP2A-C associated with the myofribrillar fraction, (F)
non-methylated PP2A-C associated with the myofribrillar fraction. n = at least 6 male mice
of each genotype. *p < 0.05 vs WT; †p < 0.05 vs TG.
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Fig. 7.
Effects of β-adrenergic stimulation in vivo on phosphorylation of phospholamban in WT and
mutant mice. Mice were anesthetized and surgically-instrumented as in Fig. 3. Ventricles
were collected under basal conditions or after maximum stimulation with dobutamine, and
immunoblot analysis of homogenates was performed using antibodies that recognize
phosphoserine 16 (PS16) or phosphothreonine 17 (PT17) of PLN, with P and M designating
pentameric and monomeric forms. (A) PS16 and (B) PT17 levels in WT ventricles under
both basal (− dobutamine) and stimulated (+ dobutamine) conditions; *p < 0.05 vs control.
(C) PS16 and (D) PT17 levels in WT, TM180 (TG), and TM180/AE3 (TG/KO) ventricles
following maximum β-adrenergic stimulation; *p < 0.05 vs WT; †p < 0.05 vs TG. n = 4 (A
and B) or 3 (C and D) 2.5-month-old male mice of each genotype.
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Fig. 8.
Analysis of Ca2+ transients in cardiac myocytes from WT and mutant mice. Myocytes were
isolated from 3-month-old WT, TM180 (TG), and TM180/AE3 (TG/KO) mice and loaded
with Fura-2AM. Ca2+ transients were analyzed during stimulation at 0.5 Hz. (A)
Representative tracings of Ca2+ transients for the three genotypes, determined as
fluorescence ratios at 340/380 nm. (B) Amplitudes of Ca2+ transients (systolic - diastolic
values) for all three genotypes. (C) Time to 50% recovery of the Ca2+ transient (TRC 50%)
for all three genotypes. For all three genotypes, n = 6 mice (4 females and 2 males) with 9–
16 cells for each mouse. *p < 0.03 vs WT; †p < 0.05 vs TG.
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