
Subcellular localization of the Na1/H1

exchanger NHE1 in rat myocardium

KEVIN PETRECCA,1 ROXANA ATANASIU,1 SERGIO GRINSTEIN,2
JOHN ORLOWSKI,1 AND ALVIN SHRIER1

1Department of Physiology, McGill University, Montreal, Quebec, Canada H3G 1Y6; and 2Division
of Cell Biology, Hospital for Sick Children, Toronto, Ontario, Canada M5G 1X8

Petrecca, Kevin, Roxana Atanasiu, Sergio Grinstein,
John Orlowski, and Alvin Shrier. Subcellular localization
of the Na1/H1 exchanger NHE1 in rat myocardium. Am. J.
Physiol. 276 (Heart Circ. Physiol. 45): H709–H717, 1999.—
The Na1/H1 exchanger NHE1 isoform is an integral compo-
nent of cardiac intracellular pH homeostasis that is critically
important for myocardial contractility. To gain further insight
into its physiological significance, we determined its cellular
distribution in adult rat heart by using immunohistochemis-
try and confocal microscopy. NHE1 was localized predomi-
nantly at the intercalated disk regions in close proximity to
the gap junction protein connexin 43 of atrial and ventricular
muscle cells. Significant labeling of NHE1 was also observed
along the transverse tubular systems, but not the lateral
sarcolemmal membranes, of both cell types. In contrast, the
Na1-K1-ATPase a1-subunit was readily labeled by a specific
mouse monoclonal antibody (McK1) along the entire ventricu-
lar sarcolemma and intercalated disks and, to a lesser extent,
in the transverse tubules. These results indicate that NHE1
has a distinct distribution in heart and may fulfill specialized
roles by selectively regulating the pH microenvironment of
pH-sensitive proteins at the intercalated disks (e.g., connexin
43) and near the cytosolic surface of sarcoplasmic reticulum
cisternae (e.g., ryanodine receptor), thereby influencing im-
pulse conduction and excitation-contraction coupling.

ion transporters; pH regulation; subcellular; confocal micros-
copy

THE CONTINUOUS contractile activity of the myocardium
generates metabolic acid, which must be extruded to
maintain cardiac function. This is exemplified by experi-
mentally induced decreases in intracellular pH (pHi),
which result in marked reductions in myocardial con-
tractility (41). The precise mechanism of this inotropic
effect is not well defined but is associated with reduced
myosin-ATPase activity (26), decreased ionic current
through voltage-activated Na1 and Ca21 channels (21,
51, 68), diminished binding of Ca21 to troponin C of the
contractile apparatus (4), and reductions in gap junc-
tion conductance (55). Hence, regulation of pHi is of
critical importance for normal myocardial function.

At least three different ion transporters contribute to
myocardial pHi regulation: the Cl2/HCO3

2 exchanger
(32, 60), the Na1-HCO3

2 cotransporter (30), and the
Na1/H1 exchanger (NHE) (31). Of these, NHE is the
main mechanism responsible for returning myocardial

pHi to the neutral range (pHi 7.1–7.3) after an acid load
(62). In mammals, at least six NHE isoforms (NHE1 to
NHE6) are known to exist, and they exhibit distinct
differences in their primary structures (,20–60% amino
acid identity), patterns of tissue expression, membrane
localization, functional properties, and physiological
roles (reviewed in Refs. 43 and 61). Cardiac tissue from
rats (44, 67), rabbits (58), and humans (15) expresses
predominantly the NHE1 mRNA; hence, it is the main
NHE isoform responsible for controlling myocardial
pHi. The heart also expresses NHE6, but it is localized
to the mitochondria inner membrane (40), where it
contributes primarily to matrix cation (Na1 and indi-
rectly Ca21) homeostasis (7).

Aside from its role in normal myocardial pHi regula-
tion, accumulating evidence points to NHE1 as a
contributing factor in the pathophysiology of cardiac
ischemia and reperfusion injuries. Metabolic alter-
ations that create large pH gradients across the sarco-
lemma lead to hyperactivation of NHE1 during the
early stages after ischemia and reperfusion, causing a
dramatic influx of Na1 that secondarily elevates intra-
cellular Ca21 (8, 14, 24, 47, 52). This disturbance in
Ca21 homeostasis is generally believed to contribute to
cardiac arrhythmias, necrosis, and, eventually, contrac-
tile failure. The role of NHE1 in ischemic and reperfu-
sion injuries, however, is most convincingly demon-
strated by animal studies showing that treatment with
amiloride, a relatively nonspecific inhibitor of NHE1,
significantly reduces Na1 and Ca21 overload and thus
has cardioprotective properties (23). Similar protective
effects are obtained with amiloride analogs (9, 22, 25,
36, 39, 46, 57) and new benzoyl guanidinium com-
pounds [e.g., HOE-694 (19, 38, 54, 66) and HOE-642
(cariporide) (53, 65)], which are more potent and selec-
tive antagonists of NHE1. The antiarrhythmic action of
amiloride has also been demonstrated in human clini-
cal studies, in which it suppressed inducible ventricu-
lar tachycardia (10) and spontaneous ventricular prema-
ture beats (37). These studies highlight the importance
of examining the molecular and cellular properties of
NHE1 to further understand its physiological impor-
tance in myocardial function.

NHE1 activity has been demonstrated in isolated
sarcolemmal vesicles (48), although its precise location
in cardiac tissue is unknown. Recent immunolocaliza-
tion and subcellular fractionation studies in other cell
types have provided initial indications that NHE1 is
not distributed homogeneously throughout the plasma
membrane. For example, although present throughout
the surface membrane of adherent fibroblasts, NHE1
preferentially accumulates along the border of lamelli-
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podia in close association with vinculin, talin, and
F-actin, suggesting that it can be localized to special-
ized regions by interacting with the cytoskeleton (18).
Likewise, NHE1 is restricted to the basolateral surface
of polarized epithelial cells (3, 59). In this study, we
examined the hypothesis that NHE1 is localized to
discrete regions of the myocardial membrane. An NHE1
isoform-specific polyclonal antibody was used in conjunc-
tion with confocal immunofluorescence. The data show
that NHE1 is selectively targeted to the intercalated
disks and transverse tubules, suggesting that it may
fulfill specialized physiological roles at these sites.

METHODS

Rat myocardial isolation. Adult Sprague-Dawley rats (250–
350 g) were anesthetized with CO2. A midline thoracotomy
was performed, and the heart was rapidly removed. The
preparation, containing the entire heart, was placed in a
tissue bath superfused with Tyrode solution (in mmol/l: 121
NaCl, 5 KCl, 15 NaHCO3, 1 Na2HPO4, 2.8 Na-acetate, 1
MgCl2, 2.2 CaCl2, and 5.5 glucose) and gassed with a 95%
O2-5% CO2 mixture. Temperature was maintained at 37.0°C,
and the pH was 7.4. The preparation was pinned down in its
proper orientation and then frozen in isopentane that had
been previously cooled to 240°C. The frozen preparation was
then trimmed into small blocks containing the various re-
gions under investigation. The blocks were mounted on a
cryostat tissue holder using Histo Prep (Fisher Scientific),
placed on the rapid-freeze stage of a Microm cryostat (Carl
Zeiss), and cut into 20-µm-thick sections.

Cell culture. AP-1 cells are Na1/H1 exchange-deficient
Chinese hamster ovary cells that were created by random
chemical mutagenesis and selected by the proton-suicide
technique (50). AP-1NHE1 cells were obtained by stable trans-
fection of AP-1 cells with the complete coding region of the rat
NHE1 isoform, as described in detail elsewhere (42). The
AP-1 cells were maintained in complete a-minimal essential
medium supplemented with 10% fetal bovine serum, 100
U/ml penicillin, 100 µg/ml streptomycin, and 25 mmol/l
NaHCO3 (pH 7.4) and incubated in a humidified atmosphere
of 95% air-5% CO2 at 37°C.

Primary antibodies. Isoform-specific polyclonal antibodies
to NHE1 were raised by injecting rabbits with a fusion
protein constructed with b-galactosidase of Escherichia coli
and the last 157 amino acids of the hydrophilic (COOH-
terminal) domain of the human exchanger and then affinity
purified as described (18). Gap junctions were identified using
a monoclonal antibody directed against residues 252–270 of
the COOH terminus of the rat connexin 43 molecule (Chemi-
con International). The Na1-K1-ATPase was identified with
the use of a mouse monoclonal antibody (McK1) directed
against the amino acids DKKSKK near the NH2 terminus of
the rat Na1-K1-ATPase a1-subunit (generously provided by
Dr. Kathy Sweadner, Massachusetts General Hospital, Bos-
ton, MA) (56).

Membrane preparations. Adult Sprague-Dawley rats were
anesthetized with CO2 and killed by cervical dislocation, and
the chest cavity was opened. The heart was transected below
the major vessels, rinsed in PBS at 4°C, and frozen at 270°C.
Rat heart membranes were prepared according to the method
of Hosey et al. (20) with minor modifications. All procedures
were performed at 4°C, and all solutions contained the
Complete protease inhibitor cocktail (Boehringer Mannheim,
Mannheim, Germany). Hearts were minced, diluted in 10
volumes of Tris-EDTA (TE) buffer (10 mmol/l Tris and 1
mmol/l EDTA, pH 7.4), and homogenized three times (10 s

each) with a Brinkman Polytron (Brinkman Instruments,
Westbury, NY) at a setting of 9. Nuclei and cell debris were
pelleted by centrifugation at 1,000 g for 10 min. The pellet
was rehomogenized in TE buffer and the centrifugation step
repeated. The supernatants from both low-speed spins were
pooled and centrifuged at 30,000 g for 30 min. To depolymer-
ize the actin, the pellet was resuspended in TE containing 0.6
mol/l KI and incubated on ice for 30 min. After centrifugation
at 30,000 g for 30 min, the resulting pellet was resuspended
in TE and washed two times to completely remove the KI. The
final pellet was solubilized by boiling in TE containing 1%
SDS, and the insoluble material was centrifuged at 13,000 g
for 30 min.

Confluent AP-1 cells were washed three times with PBS,
scraped off the plates, lysed in radioimmunoprecipitation
assay buffer (150 mmol/l NaCl, 20 mmol/l Tris ·HCl, 0.1%
SDS, 0.5% deoxycholate, and 1% Triton X-100, pH 8.0)
supplemented with protease inhibitor cocktail, and spun at
2,400 g for 5 min. The supernatant was collected as a crude
membrane fraction.

The protein concentration of all of the membrane prepara-
tions was measured using the Bio-Rad DC Protein Assay kit.
Solubilized membranes were aliquoted and stored at 270°C
until use.

SDS-PAGE and immunoblotting. Samples containing AP-1
(20 µg protein) and rat heart (40 µg protein) membranes were
resolved on 10% SDS-polyacrylamide gels and electrophoreti-
cally transferred to PolyScreen polyvinylidene difluoride
(PVDF) membranes (NEN, Boston, MA). After transfer, the
PVDF membranes were quenched in PBS containing 5%
nonfat dry milk and 0.1% wt/vol Tween 20 for 1 h. Polyclonal
NHE1 antiserum was added to a final dilution of 1:5,000, and
the incubation was allowed to proceed for another 2 h at room
temperature. The membranes were further incubated with
goat anti-rabbit IgG conjugated with horseradish peroxidase
(New England BioLabs) for 1 h at room temperature, and the
labeled proteins were detected by enhanced chemilumines-
cence using a Western blotting detection kit (Amersham).

To demonstrate the specificity of the immunoreactivity,
duplicate samples were submitted to the same protocol except
that the primary antibody was preincubated for 1 h with the
NHE1 fusion protein (1 µg/ml final concentration) used to
generate the antiserum.

Immunohistochemistry. Cryostat sections (20 µm thick)
prepared from frozen hearts were mounted onto slides and
air-dried at room temperature for 1 h. After the sections were
permeabilized and blocked with 0.2% Triton X-100–0.5% BSA
in PBS, they were incubated for 2 h at room temperature with
primary antibody diluted in 0.2% Triton X-100–0.5% BSA in
PBS. After being washed three times in PBS (pH 7.2), the
sections were incubated with secondary antibody (Texas
Red-conjugated goat anti-rabbit IgG or FITC-conjugated goat
anti-mouse IgG, Jackson Immunoresearch Laboratories) di-
luted in 0.2% Triton X-100–0.5% BSA in PBS for 1 h at room
temperature and then rinsed three times in PBS. Sections
were then mounted using Immuno Flore (ICN). Controls
include omission of the primary antibodies directed against
NHE1, connexin 43, and Na1-K1-ATPase and NHE1 anti-
body competition with the fusion protein that the antibody
was generated against.

Immunocytochemistry. Cells grown on coverslips were fixed
in 1% paraformaldehyde for 15 min at room temperature and
then rinsed three times in PBS (pH 7.2). Cells were then
permeabilized and blocked by incubation in 0.2% Triton
X-100–0.5% BSA in PBS for 30 min at room temperature.
Cells were subsequently rinsed in PBS and incubated with
appropriately diluted primary antibody in 0.2% Triton X-100–
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0.5%BSA in PBS for 1 h at room temperature. After being
rinsed three times in PBS, cells were incubated in secondary
antibody (Texas Red-conjugated goat anti-rabbit IgG, Jack-
son Immunoresearch Laboratories) diluted in 0.2% Triton
X-100–0.5%BSA in PBS for 1 h at room temperature and then
rinsed three times in PBS. Sections were then mounted using
Immuno Flore (ICN).

Confocal laser scanning microscopy. For confocal micros-
copy, sections from nine hearts were analyzed for immunolo-
calization of NHE1. An additional four hearts were analyzed
for localization of Na1-K1-ATPase and colocalization of NHE1
and connexin 43. All imaging was performed using a Zeiss
LSM 410 inverted confocal microscope. Texas Red-conjugated
secondary antibodies were excited with a helium/neon (543
nm) laser and were imaged on a photomultiplier after pas-
sage through FT560 and LP590 filter sets. FITC-conjugated
secondary antibodies were imaged by exciting the sample
with a 488-nm line from an argon/krypton laser, and the
resulting fluorescence was collected on a photomultiplier
after passage through FT510 and BP515–540 filter sets. All
images were printed on a Kodak XLS8300 high-resolution
(300 dpi) printer. Optical sections were taken using a 325, 0.8
NA objective (optical thickness 3.1 µm) or a 363, 1.4 NA
objective (optical thickness 1.0 µm). The imaging parameters,
including contrast and brightness and acquisition times,
were similar for all positive and negative experiments within
Figs. 2–7. The data presented in this study are identical to,
and representative of, all experiments.

RESULTS

Myocardial distribution of Na1/H1 exchangers. To
determine the cellular location of NHE1 in the intact
rat myocardium, we used confocal immunofluorescence
microscopy and an isoform-specific anti-human NHE1
antibody that has been successfully used for the detec-
tion of NHE1 by immunocytochemistry and Western
blotting (17, 18). Rat NHE1 has a high degree of
sequence similarity with human NHE1 and was there-
fore anticipated to react with the anti-human NHE1
antibody. Figure 1 shows the specificity of the antibody
as determined by immunoblotting of protein extracts
from NHE1-transfected fibroblasts and heart tissue; a
prominent immunoreactive band of ,110 kDa (fully
glycosylated form) and smaller amounts of dimerized
(,200 kDa) and nonglycosylated (,90 kDa) forms were
observed in crude cell extracts from stably transfected
AP-1 cells overexpressing rat NHE1 (AP-1NHE1, Fig. 1,
lane 1), consistent with previous reports (12, 17). In
comparison, enriched membranes isolated from rat
heart (Fig. 1, lane 2) contained smaller amounts of the
fully glycosylated NHE1 and minor amounts of the
dimerized form, but the nonglycosylated protein was
absent or below the detection sensitivity of the anti-
body. These bands could be competed off by incubation
of the primary antibody with excess soluble NHE1
fusion protein (Fig. 1, lanes 3 and 4), demonstrating the
specificity of this detection system. Other smaller,
fainter bands were also detected in extracts from
AP-1NHE1 cells and heart tissue. Some of these were
competed off by excess soluble NHE1 fusion protein,
suggesting that they may be proteolytic products of
NHE1 that arose during tissue processing. Other bands
were neither consistently observed between different

experiments nor effectively quenched by the soluble
NHE1 fusion protein and, hence, are likely of nonspe-
cific origin. Further analysis showed significant label-
ing of NHE1 throughout the cell surface and, to a lesser
extent, in the perinuclear region of transfected AP-
1NHE1 cells (Fig. 2A), whereas in nontransfected AP-1
cells, surface-associated and perinuclear immunofluo-
rescence was extremely faint and diffuse (Fig. 2B), in
agreement with an earlier report using whole cells (18).
These initial experiments suggested that the fluores-
cence pattern generated by this antibody is a valid
indicator of the distribution of NHE1 in cells and
tissues.

Immunolabeling of longitudinal sections of rat ven-
tricle revealed that NHE1 accumulated preferentially
at the intercalated disk region and less intensely along
parallel lines corresponding to the transverse tubular
system (Fig. 3, A and B). In contrast, no labeling was

Fig. 1. Detection of rat Na1/H1 exchanger NHE1 protein in mem-
brane preparations from AP-1 cells and rat heart. Membrane frac-
tions were prepared from AP-1 cells stably transfected with rat
NHE1 (AP-1/NHE1) and rat hearts as described in METHODS. Proteins
were resolved by SDS-PAGE and then detected by immunoblotting.
Blots were preincubated with NHE1 antiserum (final dilution 1:5,000)
either in absence (2) or presence (1) of soluble NHE1 fusion protein
(final concentration 1 µg/ml) used to generate antiserum, followed by
incubation with goat anti-rabbit IgG conjugated with horseradish
peroxidase. Labeled proteins were detected by enhanced chemilumi-
nescence. Positions of monomeric [nonglycosylated (,90 kDa) and
fully glycosylated (,110 kDa)] and dimeric (,200 kDa) forms of
NHE1 are indicated by arrows at left; positions of prestained
molecular mass markers are indicated at right.

Fig. 2. Expression of NHE1 protein in AP-1 cells. A: immunofluores-
cence image of AP-1NHE1 cells incubated with anti-NHE1 antibody.
Arrows indicate plasma membrane labeling. B: immunofluorescence
image of nontransfected AP-1 cells incubated with anti-NHE1 anti-
body. Bar, 20 µm.
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detected along the lateral sarcolemma regardless of the
optical plane. Control sections treated with the second-
ary antibody alone (Fig. 3, C and D) or with both the
primary and Texas Red-conjugated secondary antibod-
ies in the presence of the NHE1 fusion protein used to
generate the antibody (Fig. 3, E and F) gave no signals,
confirming the specificity of the immunoreactivity. The
lack of signal in the presence of competing soluble
NHE1 antigen also indicates that the minor nonspecific
bands detected in the Western blot were not a contribut-
ing factor to the immunofluorescence signal. Similar
results were obtained for both ventricular (Fig. 4, A
and B) and atrial (Fig. 4, C and D) tissue shown at two
higher magnifications.

To establish the validity of these observations, we
examined the locations of two other previously charac-
terized proteins in cardiac tissue: connexin 43, which is
confined to gap junctions at the intercalated disks (2),
and the Na1-K1-ATPase a1-subunit, which is distrib-
uted along the surface sarcolemma and transverse
tubules (35, 56). As shown in Fig. 5 at low (Fig. 5, A
and B) and high (Fig. 5C) magnification, labeling

longitudinal sections of rat ventricular muscle with a
mouse monoclonal antibody directed against rat con-
nexin 43 revealed clusters of transversely oriented gap
junctions at the intercalated disks, in agreement with
other studies (2). Labeling was not detected in control
sections treated with the FITC-conjugated secondary
antibody alone (Fig. 5D). However, when ventricular
tissue was labeled with a specific monoclonal antibody
(McK1) raised against the rat Na1-K1-ATPase a1-
subunit, it showed a more uniform distribution along
the entire sarcolemma and intercalated disk region
(Fig. 6, A and B). Less prominent labeling is also
observed in the transverse tubules at higher magnifica-
tions (Fig. 6C). Again, control sections treated with the
secondary antibody alone (Fig. 6D) were negative.
These latter results are consistent with reports of other
studies in which the same anti-Na1-K1-ATPase a1-
antibody was used (35, 56). Dual labeling experiments
of NHE1 (Fig. 7A) and connexin 43 (Fig. 7B) confirm
that they are colocalized to the intercalated disk re-
gions (Fig. 7C), although they do not appear to occupy
the same sites.

Fig. 3. Expression of NHE1 in rat heart.
A: transmitted light image of a 20-µm-
thick section of ventricle. B: immunoflu-
orescence image of ventricular section
in A (inset b) incubated with anti-
NHE1 antibody followed by Texas
Red-conjugated goat anti-rabbit IgG.
C: transmitted light image of a 20-µm-
thick section of ventricle. D: immunoflu-
orescence image of ventricular section
in C (inset d) incubated in presence of
Texas Red-conjugated goat anti-rabbit
IgG only. E: transmitted light image of
a 20-µm-thick section of ventricle.
F: immunofluorescence image of ven-
tricular section in E (inset f) incubated
in presence of anti-NHE1 antibody and
NHE1 fusion protein that primary anti-
body was generated against followed by
Texas Red-conjugated goat anti-rabbit
IgG. Magnification in A, C, and E is
identical; bar in E, 62.5 µm. Magnifica-
tion in B, D, and F is identical; bar in F,
25 µm.
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DISCUSSION

NHE1 is localized in rat cardiac myocytes at interca-
lated disks and transverse tubules. Biochemical studies
have indicated that Na1/H1 exchanger activity (i.e.,
NHE1 isoform) is present in isolated sarcolemmal
vesicles (48). By using an isoform-specific anti-NHE1
polyclonal antibody and confocal immunofluorescence
microscopy, we have shown that NHE1 is preferentially

localized at the intercalated disk regions and trans-
verse tubular system of adult rat atrial and ventricular
muscle cells. In this study, the specificity of immunola-
beling in rat heart is demonstrated by the lack of a
detectable signal in the presence of a competing soluble
form of the NHE1 antigen added during incubation
with the primary antibody and by the absence of a
signal in the presence of secondary antibody alone.

Fig. 4. Comparison of NHE1 protein
expression in ventricular and atrial
myocardium. A: immunofluorescence
image of ventricular tissue incubated
in presence of anti-NHE1 antibody.
B: high-magnification image of A.
C: immunofluorescence image of atrial
tissue incubated in presence of anti-
NHE1 antibody. D: high-magnification
image of C. Magnification in A and C is
identical; bar in C, 10 µm. Magnifica-
tion in B and D is identical; bar in D,
10 µm.

Fig. 5. Connexin 43 protein expression
in ventricular myocardium. A: transmit-
ted light image of a 20-µm-thick section
of ventricle. B: low magnification of an
immunofluorescence image of ventricu-
lar section in A incubated with anti-
connexin 43 antibody followed by Texas
Red-conjugated goat anti-mouse IgG.
C: higher magnification of an immuno-
fluorescence image of a ventricular sec-
tion incubated with anti-connexin 43
antibody followed by Texas Red-conju-
gated goat anti-mouse IgG. Bar, 10 µm.
D: immunofluorescence image of a ven-
tricular section incubated with Texas
Red-conjugated goat anti-mouse IgG
only at a magnification identical to that
in A and B; bar, 50 µm.
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Taken together, these data strongly suggest that the
observed immunolabeling represents localization of
NHE1 protein to the intercalated disks and transverse
tubules.

Immunolabeling of NHE1 at the intercalated disks
appears more intense than that of the transverse
tubular system. This could represent selective cluster-
ing and higher densities of NHE1 protein per unit area
of membrane, analogous to the preferential accumula-
tion of NHE1 along the border of lamellipodia in
fibroblasts (18). Alternatively, the intense signals may
reflect increased membrane surface area due to the
infolding of the sarcolemma at the intercalated disks
(45).

Unexpectedly, NHE1 was not observed along the
lateral sarcolemma. The possibility that this mem-
brane compartment was inaccessible to antibodies un-
der the given experimental conditions was excluded by
our ready detection of the Na1-K1-ATPase a1-subunit
in the lateral sarcolemma. Whereas the absence of
labeling of NHE1 may reflect a level of abundance that
is below the detection sensitivity of the antibody, the
data are more readily explained by the selective target-
ing of NHE1 to the intercalated disk and transverse
tubular membranes. This distribution differs some-
what from that of the Na1/Ca21 exchanger, which, like
the Na1-K1-ATPase a1-subunit, is present throughout
the sarcolemma, the transverse tubules, and the inter-
calated disks of isolated ventricular myocytes from
adult guinea pig and rat hearts (16, 27). Other pH
regulatory transporters also appear to exhibit preferen-
tial membrane targeting in heart. An antibody that
recognizes both the AE1 and AE3 isoforms of the
Cl2/HCO3

2 exchanger revealed that they accumulated

mainly at the lateral sarcolemma and transverse tu-
bules of isolated adult rat ventricular myocytes (49),
although it was not established whether these isoforms
were differentially targeted to these membrane sur-
faces. The location of the other major cardiac pH
regulatory protein, the Na1-HCO3

2 cotransporter, is
currently unknown. Thus the distribution of the NHE1
isoform in cardiac myocytes appears distinct from that
of other known exchangers and pumps. The mecha-
nisms responsible for this differential membrane local-
ization are unknown.

Functional implications for subcellular localization
of NHE1 in heart. The immunofluorescence data re-
vealed that NHE1 accumulates at the intercalated
disks in close proximity to the predominant cardiac gap
junction protein connexin 43, which suggests that a
functional relationship may exist between the two
proteins. It is well known that small changes in pHi
within the physiological range regulate gap junction
conductance (55, 63). The molecular basis for this
phenomenon is not fully understood, but electrophysi-
ological studies have shown that decreasing pHi re-
duces the open probability of individual cardiac gap
junction channels (5). Recent structural studies have
implicated His95 (11) and the carboxy tail (33) of
connexin 43 as critical components involved in ‘‘H1

gating’’ of the cardiac gap junction. Thus it is reason-
able to suggest that neighboring NHEs may play a role
in this regulation. Indeed, pretreatment of rat neonatal
paired cardiomyocytes with amiloride (1 mmol/l), a
nonselective inhibitor of NHE1, enhanced the inhibi-
tory effects of acidic pHi on conductance of gap junc-
tions, presumably by retarding extrusion of protons
(13). The caveat to this study is that the effects of

Fig. 6. Na1-K1-ATPase protein expres-
sion in ventricular myocardium.
A: transmitted light image of a 20-µm-
thick section of ventricle. B: immunoflu-
orescence image of ventricular section
in A (inset b) incubated with McK1
followed by Texas Red-conjugated
goat anti-mouse IgG. Vertical arrows
indicate lateral membrane labeling;
horizontal arrows indicate labeling at
intercalated disk region. C: immunoflu-
orescence image of a 20-µm-thick sec-
tion of ventricle incubated with McK1
followed by Texas Red-conjugated goat
anti-mouse IgG at higher magnifica-
tion. Bar, 10 µm. D: immunofluores-
cence image of a ventricular section
incubated with Texas Red-conjugated
goat anti-mouse IgG only. Magnifica-
tion in B and D is identical; bar in
D, 25 µm.
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amiloride could have been secondary to inhibition of
other transporters and channels (29), thus making it
difficult to firmly establish a functional link between
NHE1 activity and gap junction conductance. Neverthe-
less, the data are consistent with the hypothesis that
the high density of NHE1 in the intercalated disk
region serves to regulate the pHi environment of gap
junctions, particularly connexin 43, thereby influenc-
ing intercellular communication.

Aside from NHE1, other ion transport proteins are
also concentrated at the intercalated disk region of
cardiac myocytes, such as voltage-gated Na1 channels
(H1 subtype) (6), voltage-gated K1 channels (1, 34), and
inositol 1,4,5-trisphosphate Ca21 release channels (i.e.,
IP3 receptors) (28). Whether these ion channels are
similarly influenced by physiologically relevant changes
in pHi is unknown.

Likewise, it is attractive to speculate that the pres-
ence of NHE1 along the transverse tubules is function-
ally coupled to the rapid release of Ca21 by the sarcoplas-

mic reticulum Ca21 release channel (i.e., ryanodine
receptor), which is highly pHi-sensitive (64); a minor
cytosolic acidification decreases the rate of Ca21 re-
lease, which is directly involved in triggering the
contractile process.

In conclusion, the data show that NHE1 is specifi-
cally targeted to distinct regions of cardiac myocytes.
We speculate that NHE1 may fulfill specialized roles in
the heart by selectively regulating the pH microenviron-
ment of pH-sensitive proteins at the intercalated disks
(e.g., connexin 43) and near the cytosolic surface of
sarcoplasmic reticulum cisternae (e.g., ryanodine recep-
tor), thereby influencing impulse conduction and excita-
tion-contraction coupling.
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Fig. 7. Colocalization of NHE1 and con-
nexin 43 protein expression in ventricu-
lar myocardium. A: immunofluores-
cence image of ventricular tissue
incubated in presence of anti-NHE1
antibody. B: immunofluorescence im-
age of ventricular tissue (same region
as in A) incubated in presence of anti-
connexin 43 antibody. Magnification in
A and B is identical; bar in B, 10 µm.
C: overlay of A and B. NHE1 protein
expression is visible as red labeling;
connexin 43 protein expression is vis-
ible as green labeling. Bar, 10 µm.
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