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Abstract
AIM
To investigate the hypothesis that cardiomyocyte-
specific loss of the electrogenic NBCe1 Na+-HCO3

- 
cotransporter is cardioprotective during in vivo  ischemia-
reperfusion (IR) injury.

METHODS
An NBCe1 (Slc4a4 gene) conditional knockout mouse (KO) 
model was prepared by gene targeting. Cardiovascular 
performance of wildtype (WT) and cardiac-specific 
NBCe1 KO mice was analyzed by intraventricular 
pressure measurements, and changes in cardiac gene 
expression were determined by RNA Seq analysis. 
Response to in vivo  IR injury was analyzed after 30 min 
occlusion of the left anterior descending artery followed 
by 3 h of reperfusion. 

RESULTS
Loss of NBCe1 in cardiac myocytes did not impair 
cardiac contractility or relaxation under basal conditions 
or in response to β-adrenergic stimulation, and caused 
only limited changes in gene expression patterns, such 
as those for electrical excitability. However, following 
ischemia and reperfusion, KO heart sections exhibited 
significantly fewer apoptotic nuclei than WT sections.

CONCLUSION
These studies indicate that cardiac-specific loss of 
NBCe1 does not impair cardiovascular performance, 
causes only minimal changes in gene expression 
patterns, and protects against IR injury in vivo  .

Key words: Deep sequencing; Ischemic; Apoptosis; 
Slc4a4; NBCe1 
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Core tip: The NBCe1 Na+-HCO3
- cotransporter and 

NHE1 Na+/H+ exchanger both mediate Na+-loading and 
intracellular pH regulation in cardiomyocytes. Inhibition 
of NHE1 protects against ischemia-reperfusion (IR) 
injury, and evidence suggests that loss of NBCe1 activity 
could also be cardioprotective. We have developed a 

conditional NBCe1 knockout mouse model and have 
used it to determine the effects of NBCe1 ablation in 
cardiac muscle. These studies demonstrate that loss of 
NBCe1 does not impair cardiac performance. However, 
cardiomyocyte apoptosis following IR injury in vivo  is 
much lower in hearts that lack NBCe1, thus indicating 
that loss of NBCe1 is cardioprotective.

Vairamani K, Prasad V, Wang Y, Huang W, Chen Y, Medvedovic 
M, Lorenz JN, Shull GE. NBCe1 Na+-HCO3

- cotransporter 
ablation causes reduced apoptosis following cardiac ischemia-
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INTRODUCTION 
Regulation of intracellular pH (pHi) in cardiac myocytes 
is critical for cardiac function[1-4]. Cardiomyocytes 
express a sarcolemmal Na+/H+ exchanger (NHE1), 
two Na+-HCO3

- cotransporters, and a number of Na+-
independent electroneutral Cl-/HCO3

- exchangers[1,2,5]. 
The Cl-/HCO3

- exchangers extrude HCO3
- in exchange for 

Cl- and therefore serve as acid-loading mechanisms[1,2]. 
In addition, they facilitate Na+-loading by operating 
in concert with the Na+-dependent acid extruders[6] 
and have the potential to contribute to CO2 disposal[7]. 
The sarcolemmal Na+/H+ exchanger and Na+-HCO3

- 
cotransporters are activated by intracellular acidification 
and serve to alkalinize the cell by extruding H+ or bringing 
in HCO3

-[1,2]. Because their acid-base transport activities 
are coupled with uptake of Na+, these transporters 
stimulate Ca2+-loading via effects on the Na+/Ca2+ 
exchanger[4], which in turn can affect contractility[8].

The effects of NHE1 activity on Na+- and Ca2+-
loading and on ischemia-reperfusion (IR) injury in heart, 
using both inhibitors[9-13] and a gene-targeted mouse 
model[14], are well established. The cardiac functions 
of the Na+-HCO3

- cotransporters and their relevance to 
disease processes are less understood. Two Na+/HCO3

- 

cotransporters, one electrogenic (NBCe1) and one 
electroneutral (NBCn1), are expressed in mammalian 
hearts. Based on RNA seq data[5,7], NBCe1 mRNA 
expression in mouse heart is about double that of 
NBCn1 and data available in the EMBL-EBI Expression 
Atlas (https://www.ebi.ac.uk/gxa/home) shows that 
this is also the case in the human heart. NBCe1 has 
been localized to the lateral sarcolemma, intercalated 
disc, and t-tubules of cardiomyocytes[1], and it has been 
suggested that the presence of NBCe1 in the t-tubule 
may contribute to electrical events involved in excitation-
contraction coupling[1]. Inhibition of NBCe1 has been 
shown to reduce infarct size and improve ventricular 
function during reperfusion of the isolated rodent 
heart[15,16], and the expression of NBCe1 is elevated 
in hearts of human patients with heart failure[15]. 
In a rat model of pressure overload hypertrophy, 
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both NBCe1 and NBCn1 mRNAs were elevated[17]. 
These observations suggest that increased Na+-HCO3

- 
cotransport activity may be a contributing factor during 
pathological conditions like heart failure, myocardial 
infarction, and ischemic injury.

Mice with a targeted global disruption of the Slc4a4 
gene exhibit severe metabolic acidosis, absorptive 
and secretory defects, growth retardation, hyperal-
dosteronism, splenomegaly, and abnormal dentition, 
and they die before weaning[18]. Because of the severe 
phenotype it was not possible to examine the cardiac 
functions of NBCe1 using the global KO. The studies 
performed to assess cardio-protective effects of 
inhibiting NBCe1 in the heart have been performed 
using an anti-NBCe1 antibody[15,16] or the compound 
S0859, reported to be a common inhibitor of all NBCs[16]. 
To better understand the functions of NBCe1 in heart, 
we generated cardiomyocyte-specific conditional NBCe1 
KO mice. The cardiovascular functions of WT and KO 
mice were analyzed in vivo under basal conditions and 
in response to β-adrenergic stimulation. To determine if 
the loss of NBCe1 is protective against IR injury in vivo, 
WT and NBCe1 KO mice were subjected to ligation of 
the left anterior descending artery followed by a period 
of reperfusion.

MATERIALS AND METHODS
Generation of a conditional NBCe1 knockout mouse 
model
Design and construction of the targeting vector, gene 
targeting of embryonic stem (ES) cells, and subsequent 
steps needed to generate mice carrying a floxed allele 
of NBCe1 were performed by the Animal Models Core 
Facility of the University of Cincinnati. The targeting 
construct was prepared with LoxP sites flanking coding 
exon 12 for transcripts ENSMUST00000148750 and 
ENSMUST00000156238 of the Slc4a4 gene, both of 
which have an upstream non-coding exon. It should be 
noted that there are multiple transcripts for the Slc4a4 
gene and that the numbering of exons differs in some 
transcripts. However, because the targeted exon is an 
essential exon in all transcripts, the model can be used 
for conditional deletion of Slc4a4 transcripts in any 
tissue. The targeted exon is 134 nucleotides in length, 
begins with the codons for the amino acid sequence 
GVLESFLGT and ends with the codons for the amino 
acid sequence FERLLFNFS. Because it also contains 
two nucleotides of the next codon, deletion of this 
exon causes any transcripts that might be produced to 
go out of frame, thus eliminating all codons following 
that for amino acid 499, which include sequences that 
encode the transmembrane domains necessary for ion 
transport.

To prepare the targeting construct, LoxP sites were 
inserted at the ends of a 1.2 kb genomic DNA fragment 
containing exon 12. The proximal LoxP site was 709 
nucleotides upstream of exon 12, and the distal LoxP 
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site was 393 nucleotides downstream of exon 12. A 
neomycin resistance gene (neo), which allowed for 
positive selection of ES cells, was inserted just inside the 
distal LoxP site and was flanked by flippase recognition 
target (FRT) sites, which allowed its removal at a later 
step. The 5’ arm of the targeting construct was a 3.4 kb 
fragment from sequences in intron 11 that immediately 
preceded the insertion site of the proximal LoxP site, 
and the 3’ arm was a 2.3 kb fragment from intron 
12 that immediately followed the insertion site of the 
distal LoxP site. Each of the genomic fragments used 
to prepare the construct were amplified by polymerase 
chain reaction (PCR) from mouse genomic DNA. A 
thymidine kinase gene was included after the 3’ arm 
in order to allow negative selection of ES cells. The 
targeting construct was electroporated into ES cells 
derived from 129/SvJ mice and targeted ES cells were 
identified by long-range PCR and used to generate 
chimeric mice. When germline transmission of the 
targeted allele was achieved, the mice were bred with 
C57Bl6 mice expressing FLP recombinase to remove 
the Neo gene. For cardiac myocyte-specific deletion 
of Slc4a4 exon 12, the mice were bred with a C57Bl6 
mouse carrying the Cre recombinase gene driven by 
the β-myosin promoter, which is an effective strategy 
for Cre-mediated recombination beginning during 
embryonic development in cardiac myocytes[19]. 

All procedures using animals conformed to gui-
delines published by the National Institutes of Health 
(Guide for the Care and Use of Laboratory Animals) and 
were approved by the Institutional Animal Care and Use 
Committee at the University of Cincinnati. Mice were 
used in this study, as it is the best mammalian model 
for preparing genetic modifications and appropriate 
techniques are available for analysis of cardiovascular 
performance and response to in vivo IR injury. All 
appropriate measures were taken to minimize pain or 
discomfort. Mice were maintained in a specific pathogen 
free, temperature controlled barrier facility, with a 12 
h light-dark cycle, and access to food and water ad 
libitum.

Genotype analysis
PCR genotyping of mice carrying the floxed allele 
was performed using DNA from tail biopsies and the 
following primers: Forward primer: 5’-TGGTGGC  
TTAAATTGCAAATGGC-3’; Reverse primer: 5’-CATAAC  
CCACTAAGTCCAGTACG-3’. These primers flank the 
proximal LoxP site and yield a 176-base pair PCR product 
for the wild-type Slc4a4 allele, and a 223-base pair PCR 
product for the floxed allele, with the increase in size 
being due to the LoxP site. An additional PCR reaction 
was performed to determine the presence or absence of 
the Cre transgene.

Quantitative PCR analysis of the degree of knockdown 
of functional NBCe1 mRNA
To determine the degree of knockdown of NBCe1 mRNA 

Vairamani K et al . Cardioprotection in NBCe1-null mice



100 September 26, 2018|Volume 10|Issue 9|WJC|www.wjgnet.com

number of genes in the top of the user’s input list or 
in the target set when appropriate, B is the total number 
of genes associated with a specific GO term, and N is the 
total number of genes. The program calculates statistical 
probabilities using the hypergeometric distribution[24]. 
In addition to a P value, the program provides an FDR q-  
value, which considers the total number of GO categories 
and corrects for the false discovery rate (FDR).

In vivo myocardial ischemia-reperfusion injury
Surgery to induce IR injury was performed on 4-5 mo 
old male mice (n = 4 for each genotype) as described 
previously[26]. Mice were anesthetized with ketamine-
inactin and were mechanically ventilated using a rodent 
ventilator (Model 845, Harvard Apparatus) connected 
to an endotracheal tube. The heart was exposed by a 
left side limited thoracotomy and a 6-0 silk suture was 
passed beneath the left anterior descending artery (LAD) 
with a tapered needle[26]. A loose double knot was made 
with the suture and a 5 mm long piece of PE-10 tubing 
was placed through the loop. The loop was tightened 
around the artery and tubing to occlude blood flow. 
After 30 min, the knot was untied and the tubing was 
removed. The chest cavity was closed with continuous 
4-0 silk sutures and the heart was reperfused for 3 h. 
The mice were euthanized and the chest cavity was 
opened to isolate the heart. The aorta was cannulated 
and perfused initially with PBS containing Heparin (10 
units Heparin per ml) followed by a modified Krebs-
Henseleit buffer (pH 7.4) containing 110 mmol/L NaCl, 
16 mmol/L KCl, 16 mmol/L MgCl2, 1.2 mmol/L CaCl2, 
and 10 mmol/L NaHCO3. Finally, the isolated heart 
was perfused with 10% buffered formalin and left in 
10% buffered formalin for 48 h. The left ventricle was 
embedded in paraffin and sectioned, with great care 
taken to identify the exact location of the sections 
relative to the LAD occlusion site.

TUNEL assay
Cardiomyocyte death by apoptosis in hearts from mice 
subjected to IR injury (described above) was analyzed 
using the In Situ Cell Death Detection Kit, TMR red from 
Roche. Sections that were carefully oriented relative to 
the occlusion site were deparaffinized, hydrated and 
pretreated with proteinase K (20 μg/mL in 10 mmol/L 
tris/HCl, pH 7.4) for 30 min at 37 ℃. The sections 
were then incubated with the TUNEL mixture for 60 
min at 37 ℃. The sections were rinsed with PBS and 
counterstained with 1:200 dilution of α-Sarcomeric 
actin antibody (Sigma, A2172) for 60 min at 37 ℃. The 
section was then rinsed and stained with 1:200 dilution 
of Fluorescein (FITC) anti-mouse secondary antibody 
(Jackson Immunoresearch, 115-095-146) for 60 min 
at 37 ℃. The sections were mounted with ProLong gold 
antifade mountant with DAPI from Life technologies. 
Images were taken under 40 × objective on a Olympus 
BX41 microscope equipped with a digital camera and 
MagnaFireTM software. 

in KO (Slc4a4flx/flx(Cre)) relative to WT (Slc4a4flx/flx) hearts, 
quantitative reverse transcriptase-PCR analysis (qRT-
PCR) was performed using an ABI 7300 Real Time PCR 
system as described previously[7]. cDNA was prepared 
from mRNA isolated from whole heart of 4 mo old male 
mice (n = 6 for each genotype) and was PCR amplified 
using a forward primer (5’-TTCAGGCTCTCTCTGCGATT-3’) 
from coding exon 11 and reverse primer from coding 
exon 12 (5’-CTCAAGATGGTAAGCGGTTGA-3’).

Analysis of left ventricular function and blood pressure
Cardiovascular performance was determined using 
intraventricular and intra-arterial pressure measurements 
as described previously[20,21]. The mice (2-3 mo old; 
n = 4 male and 4 female Slc4a4flx/flx and 8 Slc4a4flx/

flx(Cre)) were anesthetized with a mixture of ketamine 
and inactin, surgically instrumented, and their body 
temperatures maintained using a thermally controlled 
surgical stage. A high fidelity pressure transducer (Millar 
Instruments, Houston, TX) was introduced into the left 
ventricle through the right carotid artery to measure left 
ventricular pressure, and blood pressure was recorded 
via a fluid filled catheter in the right femoral artery. A 
catheter in the right femoral vein was used for infusion 
of dobutamine, a β-adrenergic agonist.

RNA Seq analysis
Total RNA was isolated from whole hearts of 4 mo old 
male Slc4a4flx/flx and Slc4a4flx/flx(Cre) mice (n = 6 of each 
genotype). RNA Seq analysis was performed in the 
University of Cincinnati Genomics and Sequencing Core 
using the Illumina HiSeq 1000 platform, and sequence 
reads were aligned to the reference mouse genome using 
TopHat aligner[22]. Statistical analysis was performed 
using the negative-binomial model of read counts as 
carried out in the DeSeq Bioconductor package[23]. mRNA 
expression data are presented as Reads Per Kilobase 
per Million mapped reads (RPKM), which normalizes for 
the size of the mRNA and allows direct comparisons of 
transcript abundance.

Gene Ontology analysis
For Gene Ontology (GO) analyses, we used the GOrilla 
program[24] (http://cbl-gorilla.cs.technion.ac.il/). As 
discussed previously[7,25], two analysis options are 
available: (1) Two Unranked Lists, in which a target list 
of genes with a specific range of P values is compared 
against the list of all genes analyzed; and (2) a Single 
Rank List, with the entire gene set ranked according to 
P values, thereby avoiding the use of an arbitrary cutoff 
of P values. Both analyses were performed. However, 
because of the low number of genes with highly sig-
nificant changes, we relied primarily on the Two List 
analysis, in which significance and enrichment are 
calculated based on the number of genes in each GO 
category that appear in the target list and background 
list. Enrichment is defined as = (b/n)/(B/N), where 
b is the number of genes in the intersection, n is the 
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was no significant difference in the heart weight: body 
weight ratios (WT: 4.38 ± 0.15 mg/g; KO: 4.56 ± 0.11 
mg/g; n = 4 male and 4 female of each genotype at 4 
mo of age).

Genotypes were determined by PCR analysis of tail 
DNA, which yielded a 176-base pair product for the WT 
allele and a 223-base pair product for the floxed allele 
(Figure 2A); a separate reaction was performed to 
test for the presence or absence of the Cre gene. The 
knockdown of Slc4a4 mRNA in the heart was confirmed 
by qRT-PCR analysis of whole heart mRNA using primers 
from coding exons 11 and 12. This allowed a quantitative 
assessment of the percentage of NBCe1 transcripts 
that lack coding exon 12. Loss of this exon causes the 
sequences following codon 499, which encode most 
of the transmembrane domains, to be out of frame. 
As shown in Figure 2B, the amount of NBCe1 mRNA 
containing exon 12 was reduced by approximately 70% 
in whole hearts of Slc4a4flx/flx(Cre) mice relative to those 
of Slc4a4flx/flx mice. It should be noted that expression 
of NBCe1 is not restricted to cardiac myocytes, and 
has been shown to be expressed in both vascular 
and nerve tissues[27]. Thus, the reduction in functional 
NBCe1 mRNA in cardiac myocytes is likely to be greater 
than that indicated by qRT-PCR analysis of whole heart 
mRNA. 

Cardiovascular performance in NBCe1 KO and WT mice 
under basal conditions and in response to β -adrenergic 
stimulation
Cardiovascular performance in vivo was analyzed 
under basal conditions and in response to β-adrenergic 
stimulation using dobutamine. Anesthetized and 
surgically instrumented mice were analyzed using a 
pressure transducer in the left ventricle to measure 
intraventricular pressures and a catheter in the right 
femoral artery to measure blood pressure and heart 
rate. There was no difference in heart rate (HR), 

Statistical analysis
Values are presented as means ± SEM. Individual 
comparisons were made using a two-tailed Student’s 
t-test, and a P value < 0.05 was considered significant. 
For group comparisons, a mixed factor analysis of 
variance with repeated measures on the second 
factor was used. Statistical analyses of RNA Seq data 
and GO data are described in the respective sections 
above. Statistical methods were reviewed by coau-
thor Dr. Mario Medvedovic, Director of the Division of 
Biostatistics and Bioinformatics in the Department of 
Environmental Health.

RESULTS
Generation of a mouse model with cardiomyocyte-
specific deletion of NBCe1 mRNA 
A targeting construct in which coding exon 12 of the 
Slc4a4 gene was flanked with LoxP sites was prepared 
(Figure 1) and electroporated into ES cells, which 
were then subjected to a positive-negative selection 
procedure. Cells carrying the floxed allele were injected 
into blastocyts and used to generate chimeric animals. 
After achieving germline transmission of the targeted 
allele, the neo gene was deleted by breeding the mice 
with a transgenic mouse expressing Flip recombinase.

To delete Slc4a4 in cardiac myocytes, the Slc4a4flx/flx 
mouse was crossed with a transgenic mouse expressing 
Cre recombinase driven by the β-myosin heavy chain 
(β-MHC) promoter[19] to obtain Slc4a4flx/+(Cre) and 
Slc4a4flx/+ mice. Further breeding was performed to obtain 
Slc4a4flx/flx(Cre) (KO) and Slc4a4flx/flx (WT) mice, which were 
mated to obtain experimental pairs. This allowed mice 
of both genotypes being used for experiments to be 
housed in the same cages, with sibling pairs often used 
for experiments. Male and female KO mice appeared 
normal, and WT and KO mice were indistinguishable 
in body weight, appearance, and behavior. Also, there 

Figure 1  Targeting strategy for generation of Slc4a4 cardiac myocyte conditional KO mice. The targeting construct contained the neomycin resistance gene 
(neo) to allow selection of ES cells after homologous recombination. The neo gene was flanked with flippase recognition target (FRT) sites, which allowed removal of 
neo when mice carrying the targeted allele were bred with transgenic mice expressing Flip recombinase. After confirming the deletion of neo, mice carrying the floxed 
allele were bred with mice expressing Cre recombinase controlled by the β-MHC promoter, which mediates the deletion of exon 12 of Slc4a4 in cardiac myocytes.
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myocytes, we performed RNA Seq analysis using mRNA 
from hearts of WT and KO mice. Between WT and KO 
hearts, there were 452 differentially expressed genes 
with P < 0.05. However, only a few of these genes had 
a highly significant FDR value. Many of the genes that 
fell within the range of P < 0.05 were expressed at very 
low levels or were absent in some samples. The genes 
that were expressed at low levels included sixteen 
major urinary proteins (Mups) and six cytochrome 
P450s, which were sharply induced in the KO. After 
removal of those genes with very low expression, the 
remaining 347 genes were subjected to GO analyses.

Because it has been proposed that the electrogenic 

systolic ventricular pressure, or mean arterial pressure 
(Figure 3A, 3B and 3C) between WT (Slc4a4flx/flx) and 
KO (Slc4a4flx/flx(Cre)) mice under basal conditions or in 
response to β-adrenergic stimulation. Left ventricular 
contractility (+dP/dT and +dP/dt40) and relaxation (-dP/
dt) (Figure 3D, 3E and 3F) were essentially the same in 
WT and KO mice, indicating normal cardiac function in 
NBCe1-deficient mice.

RNA sequencing of mRNA from NBCe1 KO and WT 
hearts 
To identify patterns of differential gene expression 
changes in response to the loss of NBCe1 in cardiac 

Figure 2  Polymerase chain reaction genotyping and quantitative reverse transcriptase-polymerase chain reaction of NBCe1 mRNA. A: PCR analysis of 
DNA from tail biopsies, using primers flanking the proximal LoxP site, showing bands for the alleles in Slc4a4+/+, Slc4a4flx/+ and Slc4a4flx/flx mice. The larger size of the 
band for the floxed allele is due to the presence of the LoxP site; B: Quantitative RT-PCR analysis of cDNA prepared from whole heart RNA (n = 6 for each genotype) 
showing a reduction of Slc4a4 mRNA in hearts of KO (Slc4a4flx/flx(Cre)) relative to WT (Slc4a4flx/flx without Cre) mice. PCR: Polymerase chain reaction.
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Table 1  Enriched Gene Ontology categories in NBCe1 cardiac conditional KO mice

GO category P -value Q-value Enrichment (N, B, n, b)

GO categories dealing with ion homeostasis 
   GO:0006873 Cellular ion homeostasis 1.13E-4 5.68E-1 2.45 (21545, 579, 334, 22)
   GO:0051453 Regulation of intracellular pH 1.92E-4 5.80E-1 5.86 (21545, 77, 334, 7)
   GO:0030003 Cellular cation homeostasis 2.12E-4 4.58E-1 2.4 (21545, 564, 334, 21)
GO categories dealing with apoptosis
   GO:0043652 Engulfment of apoptotic cell 4.09E-4 4.42E-1 19.35 (21545, 10, 334, 3)
   GO:1901030 Mitochondrial membrane permeabilization 
           involved in apoptotic signaling 

4.09E-4 4.12E-1 19.35  (21545, 10, 334, 3)

GO categories dealing with membrane compartments
   GO:0005783 Endoplasmic reticulum 2.82E-6 1.06E-3 2.03 (21545, 1493, 334, 47)
   GO:0030315 T-tubule 3.45E-5 7.18E-3 7.65 (21545, 59, 334, 7)
   GO:0016529 Sarcoplasmic reticulum 3.00E-4 3.30E-2 6.56 (21545, 59, 334, 6)
   GO:0042383 Sarcolemma 4.84E-4 4.77E-2 4.41 (21545, 117, 334, 8)

GO categories were identified using the Two unranked list option of the GOrilla Gene Ontology program[24]. N is the total number of genes, B is the total 
number of genes associated with a specific GO term, n is the number of genes in the target set, b is the number of genes in the intersection. Enrichment = 
(b/n)/(B/N). Differential mRNA expression data were generated by RNA Seq analysis of hearts from 6 adult male mice for the NBCe1 KO (Slc4a4flx/flx(Cre)) 
and NBCe1 WT (Slc4a4flx/flx) genotypes.
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channel subunits are in the t-tubule. However, they are 
major components of the skeletal muscle Ca2+ channel 
and are expressed at much lower levels in heart. The 
only other gene for a Ca2+-handling protein that was 
changed was Atp2a1, the skeletal muscle sarcoplasmic 
reticulum (SR) Ca2+ pump, which is expressed at very 
low levels in heart.

Slc9a1 mRNA, encoding the NHE1 Na+/H+ exchanger, 
was slightly upregulated, and Slc9a9, an organellar 
Na+/H+ exchanger, was also upregulated. Other H+-
coupled transporters with altered expression (Table 
2) were transporters for peptides (Slc15a1, Slc15a2), 
amino acids (Slc36a1), and lactate (Slc16a3). Additional 
transporters included two amino acid transporters 
(Slc1a5 and Slc7a1), an iron transporter (Slc40a1), 
and a zinc transporter (Slc39a13). The expression of 
NBCn1 (Slc4a7), the only other Na+-HCO3

- cotransporter 
expressed in heart, was not significantly changed (RPKM 
values: 6.67 ± 0.42 in WT; 6.99 ± 0.15 in KO).

Differentially expressed genes for proteins involved 
in apoptosis are shown in Table 3. Some of these were 
identified because of their inclusion in the apoptosis GO 
categories shown in Table 1 (Xkr8, Rac3, Thbs1, Zfp13, 
Sh3glb1, and Siva1). Others were identified based on 
literature searches and a P value ≤ 0.01 (Msrb3, Xlrl, 
Ier5, Hint1, and Stmn1).

Reduced apoptosis in NBCe1 KO hearts in response to 
in vivo ischemia-reperfusion
To determine whether ablation of NBCe1 would provide 
protection against IR injury, WT and KO hearts were 
subjected to 30 min of ischemia by temporary ligation 
of the left anterior descending (LAD) artery, followed 
by 3 h of reperfusion. TUNEL staining was performed 
to detect apoptotic cell death and to quantify apoptotic 
nuclei in WT and KO heart sections. Apoptotic nuclei 
were detected primarily in the left ventricular free wall 
in both WT and KO heart sections (Figure 4A). However, 
there were significantly fewer apoptotic nuclei (Figure 

activity of NBCe1 and its expression in t-tubules is likely 
to affect electrical activity of cardiac myocytes[1], we 
anticipated that there might be changes in genes involved 
in membrane excitability and cardiac conduction. In 
addition, because it has been suggested that NBCe1 
activity can serve as a major mechanism for Na+-
loading, with subsequent effects on Ca2+-handling and 
contractility[4,8], we were interested in whether the loss 
of NBCe1 might affect expression of genes encoding 
myofibrillar proteins, Ca2+-handling proteins, and 
proteins that affect Na+-loading.

As shown in Table 1, changes in Biological Function 
GO categories for cellular ion homeostasis, including 
subcategories for intracellular pH and cation homeostasis, 
were indicated, but the changes were modest and 
their statistical significance was poor (low FDR). Two 
Biological Function GO categories relating to apoptosis 
were identified, and their statistical significance was 
poor. However, when GO analysis was run using the 
single rank option for GOrilla GO analysis (see materials 
and methods), additional genes were identified for 
GO:0043652 (Engulfment of Apoptotic Cell) and 
an acceptable FDR value for this GO category was 
attained. There were no significant Molecular Function 
GO categories, but among Cellular Component GO 
categories there were a number dealing with membrane 
compartments (Table 1). These included GO categories 
for the endoplasmic and sarcoplasmic reticulum, 
t-tubules, and sarcolemma. 

Genes for channels, pumps, and transporters that 
exhibited differential expression are shown in Table 2. 
Among K+ channels, modest upregulation of Kcnj2 and 
Kcnj11 (both in the t-tubule GO category) was observed 
along with higher upregulation of Kcna4 (Kv1.4; 
1.50-fold increase), which is expressed in t-tubules and 
sarcolemma[28], and Kcnk2 (TREK-1; 1.65x), which is 
expressed in intercalated discs[29]. Among Ca2+ channels, 
Cacna1s (Cav1.1; L-type α1S) was upregulated and 
Cacnb1 (a beta subunit) was downregulated. Both Ca2+ 
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whether remodeling of cardiac systems occurs at the 
level of mRNA expression patterns in response to the 
loss of NBCe1.

The loss of NBCe1 did not impair cardiovascular 
performance, and heart weights did not differ 
between the two genotypes. NBCe1 mutant mice 
exhibited normal heart rates, blood pressures, and 
basal contraction and relaxation, and when they were 
treated with a β-adrenergic agonist, they exhibited 
normal increases in contraction and relaxation. The 
lack of any apparent detrimental effects supports the 
notion that inhibition of cardiac NBCe1 activity could be 
used for cardioprotection. These results also suggest 
that uptake of HCO3

- by NBCe1 is not required for the 
stimulation of contraction observed in isolated myocytes 
and hearts in the presence of HCO3

-[5,30], although it is 
possible that the high rate of HCO3

- production from 
metabolically produced CO2 in vivo prevents any deficit 
in intracellular HCO3

- levels. Alternatively, reduced HCO3
-

-efflux via Cl-/HCO3
- exchange or increased uptake via 

NBCn1 may be sufficient to maintain intracellular HCO3
- 

homeostasis in vivo when NBCe1 was ablated. Also, 

4B) in KO (40.6 ± 6.4 apoptotic nuclei per mm2) than 
in WT (142.0 ± 13.6 apoptotic nuclei per mm2) heart 
sections. 

DISCUSSION
On the basis of functional studies and expression data it 
is clear that NBCe1 serves as a major uptake mechanism 
for both Na+ and HCO3

- in cardiac myocytes[1,4]. Na+-
loading can affect both cardiac contractility and response 
to IR injury[4,8,15,16], and there is evidence that HCO3

- 
has a major effect on contractility, both in isolated 
myocytes[5] and in the isolated work-performing heart[30]. 
Also, because NBCe1 is electrogenic and expressed in 
t-tubules, lateral sarcolemma, and intercalated discs[1], 
it has the potential to affect membrane potential and 
electrical activity of the myocyte. To begin testing the 
cardiovascular functions of NBCe1 we developed a 
mouse model carrying a floxed allele for NBCe1 and 
analyzed the effects of cardiomyocyte-specific ablation 
on cardiovascular performance and in vivo IR injury. In 
addition, we performed RNA Seq analysis to determine 

Differential mRNA expression is presented as fold-changes in NBCe1-null hearts (Slc4a4flx/flx(Cre)) relative to WT (Slc4a4flx/flx) hearts. The first six genes on this 
list were identified based on inclusion in the two apoptosis GO categories identified in Table 1.

Differential mRNA expression is presented as fold-changes in NBCe1-null hearts (Slc4a4flx/flx(Cre)) relative to WT (Slc4a4flx/flx) hearts.

Table 2  Ion channel and transporter genes altered in NBCe1-null hearts

Gene symbol Description Fold change P  value

Kcnj2 Inwardly-rectifying K+ channel J2 1.18 0.02
Kcnj11 Inwardly-rectifying K+ channel J11 1.14 0.03
Kcnk2 K+ channel K2; TREK-1 1.65               0
Kcna4 K+ channel, shaker-related 4; Kv1.4 1.50 0.05
Cacna1s L type Ca2+ channel, alpha 1S subunit 1.44                0
Cacnb1 Ca2+ channel, beta 1 subunit 0.51                0
Atp2a1 Skeletal muscle SR Ca2+ pump 1.82 0.04
Slc9a1 Sarcolemmal Na+/H+ Exchanger 1.18 0.05
Slc9a9 Organellar Na+/H+ Exchanger 1.44 0.03
Slc16a3 Monocarboxylic acid transporter, 1.92 0.04
Slc1a5 Neutral amino acid transporter 0.81 0.04
Slc7a1 Cationic amino acid transporter, y+ system 1.24                0
Slc15a2 Proton/peptide transporter 1.87 0.01
Slc15a1 Oligopeptide transporter 0.56 0.03
Slc40a1 Iron transporter; ferroportin 0.86 0.02
Slc39a13 Zinc transporter 1.23 0.03
Slc36a1 Proton/amino acid symporter 0.83 0.05

Gene symbol Description Fold change P  value

Xkr8 X Kell Blood Group Precursor Related 8 0.61 0.015
Rac3 RAS-Related C3 Botulinum Substrate 3 0.36 0.016
Thbs1 Thrombospondin 1 0.79 0.020
Zfp13 Zinc Finger Protein 13 0.46 0.023
Sh3glb1 SH3-Domain GRB2-like B1 (Endophilin) 1.13 0.024
Siva1 SIVA1, Apoptosis-Inducing Factor 0.66 0.030
Msrb3 Methionine Sulfoxide Reductase B3 1.19 0.002
Xlrl Xlr-like 1.77 0.003
Ier5 Immediate Early Response 5 0.80 0.005
Hint1 Histidine Triad Nucleotide Binding Protein 1 0.84 0.010
Stmn1 Stathmin 1 1.37 0.010

Table 3  Differential expression of apoptosis genes in NBCe1-null hearts
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disease caused by other genetic defects[21,36]. However, 
AE3-null mice exhibited normal cardiac contraction 
and relaxation under both basal conditions and after 
β-adrenergic stimulation[33]. Nevertheless, RNA Seq 
analysis indicated that AE3-null hearts undergo major 
remodeling of cardiac gene expression patterns 
involved in hypoxia responses and angiogenesis, energy 
metabolism, sarcomere function, and membrane 
excitability and electrical conduction[7].

Unlike the results of the AE3 RNA Seq study, RNA 
Seq analysis of NBCe1-null hearts revealed little evidence 
of cardiac remodeling at the mRNA level. For example, 
altered expression of genes involved in sarcomere 
function were very prominent in AE3 null-hearts[7], but 
no such changes were observed in NBCe1-null hearts, 
which is consistent with the normal contractility and 
β-adrenergic responses. Similarly, changes in energy 
metabolism genes were extensive in AE3-null hearts, 
but were not observed in NBCe1-null hearts, despite 
the known stimulatory effect of NBCe1 activity on 
glycolysis in astrocytes[32]. We also observed no changes 
in hypoxia response and angiogenesis genes, which 
were prominent in AE3-null hearts. However, there 
were several interesting changes related to membrane 
excitability.

the NHE1 Na+/H+ exchanger was slightly upregulated 
at the mRNA level and provides a powerful alternative 
mechanism of Na+-loading and pHi regulation. It should 
be noted that genetic ablation of NHE1 also caused no 
impairment of cardiovascular performance[31], and it 
had beneficial effects on cardiac energy metabolism, 
including increased glucose utilization and metabolic 
flexibility[31]. Interestingly, NBCe1 activity is involved in 
acute stimulation of glycolysis in astrocytes in response 
to membrane depolarization[32]. Thus, one could 
speculate that the increased glucose utilization observed 
in hearts of NHE1-null mice[31] might be due in part to a 
compensatory increase in NBCe1 activity. 

Because they have opposing activities with respect 
to HCO3

- fluxes, it is of interest to compare the results 
of ablating NBCe1, the predominant HCO3

--uptake 
mechanism in heart, with the results of ablating the 
AE3 (Slc4a3) Cl-/HCO3

- exchanger. Both the very high 
mRNA expression levels of AE3[7] and its predominant 
role in recovery of myocytes from an alkaline load[33] 
demonstrate that it is the predominant HCO3

--extrusion 
mechanism in the heart. In humans, heterozygous 
mutations in AE3 contribute to heart disease[34]. In 
mice, the loss of AE3 caused a mild impairment of 
force-frequency responses[35] and exacerbated heart 

Figure 4  TUNEL staining to quantify apoptosis in WT and KO heart sections after ischemia and reperfusion. Mice were subjected to 30 min of ischemia by 
occlusion of the LAD, followed by 3 h of reperfusion, and heart sections were processed to analyze apoptosis. A: Representative images from WT and KO heart 
sections, taken from a region approximately 1 mm distal to the occlusion site, showing nuclei stained with DAPI (blue), TUNEL (red) and sarcomeric actin (green). 
Yellow arrows point to apoptotic nuclei (pink); B: Quantification of apoptotic nuclei. n = 4 mice of each genotype, P ≤ 0.05.
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Previous studies have shown that apoptotic cell 
death occurs mainly during reperfusion of ischemic 
tissue[41-43]. An increase in intracellular Ca2+ results in 
opening of the mitochondrial permeability transition 
pore[44], which then leads to apoptosis. In the current 
study, after WT and KO mice were subjected to 30 min 
of LAD occlusion and 3 h of reperfusion, apoptotic cell 
death and apoptotic nuclei were detected and quantified 
in heart sections taken from just below the point of 
occlusion. The significant reduction in the numbers of 
apoptotic nuclei in NBCe1 KO hearts following cardiac 
IR injury in vivo indicates that reduced NBCe1 activity 
is cardioprotective. Thus, both the studies using 
isolated hearts[15,16] and the current studies showing 
reduced apoptosis following in vivo IR injury support 
the hypothesis that a reduction in NBCe1 activity is 
cardioprotective. Given the severe effects of global 
NBCe1 ablation[18], only partial inhibition of NBCe1 is 
likely to be acceptable as part of a treatment strategy, 
however, it is possible that an NBCe1 inhibitor could be 
used in combination with other treatments.

As discussed above, the primary mechanism of 
NBCe1-mediated cardioprotection is likely to be the 
reductions in Na+-loading, Ca2+-loading, and the rate 
of pHi recovery during reperfusion. However, because 
a genetic ablation strategy was employed, rather 
than acute inhibition of NBCe1, it is possible that the 
long-term absence of NBCe1 has elicited remodeling 
that contributes to cardioprotection. This possibility is 
supported by the observation that genetic ablation of 
NHE1 reduces oxidative stress in the heart, high-fat diet-
induced myocardial stress[31], and fatty liver disease[45], 
which are clear indications of long-term remodeling. A 
potentially interesting set of changes observed in the RNA 
Seq data were those involving genes with functions in 
apoptosis. The q-values for the apoptosis GO categories 
(Table 1) were not highly significant and these findings 
must therefore be considered with caution. Nevertheless, 
the observation provides suggestive evidence that 
ablation of the NBCe1 gene using the β-myosin promoter, 
which would be largely complete by birth, may cause 
changes in gene expression that tend to protect against 
apoptosis. For example, Siva1 (apoptosis-inducing factor) 
normally interacts with and inhibits Stathmin, thus 
promoting apoptosis[46,47]. Thus, down-regulation of Siva1 
(0.66-fold, RPKM: 4.8 ± 0.3 in WT; 3.2 ± 0.2 in KO) and 
upregulation of Stathmin (1.37-fold, RPKM: 9.6 ± 0.5 
in WT; 13.2 ± 1.2 in KO) would be expected to reduce 
apoptosis. Another interesting example is Xlrl, which was 
upregulated (1.77-fold, RPKM: 1.96 ± 0.34 in WT; 3.49 
± 0.17 in KO). Little is known about this gene, but Xlrl is 
almost identical to Xlr (95% amino acid identity and no 
gaps over their entire length of 208 amino acids), which 
protects against apoptosis[48]. Xlr was also upregulated 
(1.36-fold), but its levels of expression were lower.

The current study has a number of limitations. First, 
our mice were on a mixed 129/Svj and C57Bl6 back-
ground, rather than on a highly inbred background. 
The lack of a highly inbred background was likely 

One of the predictions by other investigators[1] 
was that the electrogenic activity of NBCe1 in the 
sarcolemma, t-tubules, and intercalated discs, with 
inward transport of one Na+ and two HCO3

- ions during 
depolarization, would affect membrane excitability. The 
changes in genes involved in membrane excitability 
and electrical conduction were extensive in AE3-null 
hearts, and included voltage-sensitive Na+, K+, and Ca2+ 
channels, and gap junction proteins involved in electrical 
coupling between myocytes. Few such changes were 
observed in NBCe1-null hearts. However, a number of 
K+ channel genes were upregulated. These included 
Kcna4, encoding Kv1.4, and Kcnk2, encoding TREK-1. 
Kv1.4 is co-expressed with NBCe1 in t-tubules and the 
sarcolemma[28]. It mediates transient outward currents 
during the initial phase of depolarization[37] and might 
therefore counteract the lengthening of the action 
potential expected with a reduction in NBCe1 activity[38]. 
TREK-1 is expressed in intercalated discs[29] and plays an 
important role in regulating excitability of the sinoatrial 
node[39]. Thus, increased expression and activity of 
TREK-1 has the potential to counteract the electrical 
effects of the loss of NBCe1 activity in intercalated discs.

Although there were changes in two voltagesen-
sitive Ca2+ channel subunits in t-tubules (Cacna1s, an 
α subunit expressed at low levels; Cacnb1, a β subunit, 
expressed at very low levels), both are primarily skeletal 
muscle isoforms. In contrast, Cacna1c, which encodes 
the major L-type Ca2+ channel in cardiac muscle (Cav1.2), 
was not changed (RPKM values: 26.8 ± 0.8 in WT; 26.2 
± 0.6 in KO). The only other gene for a Ca2+-handling 
protein that was changed was Atp2a1, the skeletal 
muscle sarcoplasmic reticulum Ca2+ pump. However, 
Atp2a1 is expressed at exceedingly low levels in heart 
(< 1 RPKM in WT), whereas Atp2a2, the cardiac Ca2+ 
pump was expressed at very high levels and was not 
changed (RPKM values: 2185 ± 47 in WT; 2183 ± 23 
in KO). The major Na+/Ca2+ exchanger (NCX1, Slc8a1) 
also was not significantly changed (RPKM values: 25.0 
± 0.6 in WT; 27.3 ± 0.7 in KO). These data provide little 
support for remodeling of Ca2+-handling systems at the 
mRNA level. 

A major objective was to determine whether genetic 
ablation of NBCe1 is cardioprotective during IR injury. The 
role of NHE1 in cardiac IR injury has been extensively 
studied using both inhibitors and genetic approaches[9-14], 
and it is generally accepted that the mechanism of 
protection involves reductions in Na+-loading, Ca2+-
loading, and the rate of pHi recovery during reperfusion. 
Since NBCe1, like NHE1, mediates both Na+-loading and 
recovery from an acid load[40], a number of investigators 
have noted that NBCe1 activity could potentially con-
tribute to IR injury. In fact, two groups have shown that 
inhibition of NBCe1 during reperfusion of mouse or rat 
hearts that were subjected to ischemia provides some 
protection against IR injury[15,16]. These results using 
isolated heart preparations support a role for NBCe1 in 
IR injury that is similar to that of NHE1 and indicate that 
a reduction in its activity can be cardioprotective.
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not impair cardiovascular performance and that it 
significantly reduces the incidence of apoptosis following 
in vivo IR injury. These results are consistent with the 
results of previous studies using the isolated heart[15,16] 
and support the view that inhibition of NBCe1 during 
reperfusion has the potential to serve as a component of 
a cardioprotective treatment strategy.

ARTICLE HIGHLIGHTS
Research background
There is a strong rationale for the hypothesis that inhibition of NBCe1-
mediated Na+-HCO3

- cotransport activity protects against cardiac ischemia-
reperfusion injury. This suggests that inhibition of NBCe1 could become part of 
a cardioprotective strategy.

Research motivation
Previous studies have been performed using the isolated heart, but there are 
no in vivo studies supporting the hypothesis that loss of NBCe1 activity is 
cardioprotective. Such studies are critical if NBCe1 inhibition is to be developed 
as a therapeutic strategy.

Research objectives
The objective of this study was to test whether loss of NBCe1 in the heart would 
protect against cardiac ischemia-reperfusion injury in vivo.

Research methods
Gene targeting was used to develop a conditional knockout mouse model 
in which the NBCe1 gene was ablated in cardiomyocytes. Hemodynamic 
measurements were performed to assess the effects of cardiac-specific NBCe1 
ablation on cardiovascular performance, RNA Seq analysis was used to study 
changes in the cardiac transcriptome, and histological techniques were used to 
analyze cardiomyocyte apoptosis in response to ischemia-reperfusion injury. 

Research results
NBCe1 ablation did not impair cardiovascular performance and caused only 
limited changes in the cardiac transcriptome. However, it caused a significant 
reduction in apoptosis following in vivo cardiac ischemia-reperfusion injury.

Research conclusions
Loss of NBCe1 in heart does not cause any apparent adverse effects, but does 
have a cardioprotective effect following ischemia and reperfusion in vivo. 

Research perspectives
Future studies should focus on whether NBCe1 ablation is cardioprotective 
following myocardial infarction and whether partial inhibition of NBCe1 can be 
combined with other treatments that reduce Na+ and Ca2+ loading.
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