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Abstract
The Na+/H+ exchanger (NHE-1) plays a key role in pHi recovery from acidosis and is regulated by
pHi and the ERK1/2-dependent phosphorylation pathway. Since acidosis increases the activity of
Ca2+/calmodulin-dependent protein kinase II (CaMKII) in cardiac muscle, we examined whether
CaMKII activates the exchanger by using pharmacological tools and highly specific genetic
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approaches. Adult rat cardiomyocytes, loaded with the pHi indicator SNARF-1/AM were subjected
to different protocols of intracellular acidosis. The rate of pHi recovery from the acid load (dpHi/dt),
-an index of NHE-1 activity in HEPES buffer or in NaHCO3 buffer in the presence of inhibition of
anion transporters-, was significantly decreased by the CaMKII-inhibitors KN-93 or AIP. pHi
recovery from acidosis was faster in CaMKII-overexpressing myocytes than in overexpressing β-
galactosidase myocytes, (dpHi/dt: 0.195±0.04 vs. 0.045±0.010 min-1 respectively, n=8), and slower
in myocytes from transgenic mice with chronic cardiac CaMKII inhibition (AC3-I) than in controls
(AC3-C). Inhibition of CaMKII and/or ERK1/2 indicated that stimulation of NHE-1 by CaMKII was
independent of and additive to the ERK1/2 cascade. In vitro studies with fusion proteins containing
wild-type or mutated (Ser/Ala) versions of the C-terminal domain of NHE-1, indicate that CaMKII
phosphorylates NHE-1 at residues other than the canonical phosphorylation sites for the kinase
(Ser648, Ser703 and Ser796). These results provide new mechanistic insights and unequivocally
demonstrate a role of the already multifunctional CaMKII on the regulation of the NHE-1 activity.
They also prove clinically important in multiple disorders which, like ischemia/reperfusion injury or
hypertrophy, are associated with increased NHE-1 and CaMKII.

Introduction
The control of intracellular pH (pHi) is a fundamental process common to all eukaryotic cells
required to preserve normal cell function. In cardiac myocytes as well as in other cell types,
acid and its equivalents are generated metabolically within the cell. This continuous acid
production, coupled to the fact that the negative membrane potential favors proton leakage into
the cell, would result, in the absence of the appropriate regulation, in a decrease in pHi from
its resting level of about 7.1. A number of pHi regulatory proteins exist as integral parts of the
plasma membrane to remove excess acid. One of them, the type 1 isoform of the Na+-H+

exchanger, (NHE-1), is the major mechanism of proton removal from cardiac myocytes under
conditions of marked intracellular acidosis (1]. Experimental evidence indicates that besides
its critical role in the regulation of pHi [2,3], the NHE-1 is also involved in pathological
processes, as a mediator of myocardial hypertrophy [2,3] or in the pathogenesis of tissue
damage during ischemia/reperfusion [4]. The NHE-1 consists of an N-terminal membrane
domain that functions to transport ions, and a C-terminal cytosolic regulatory domain that
regulates its activity and mediates cytoskeletal interactions. The distal region of this C-terminal
tail contains a number of serine and threonine residues that are targets for several protein
kinases. Among these, the extracellular signal-regulated kinases 1 and 2 (ERK1/2) and p90
ribosomal S6 kinase (p90rsk), seem to play a key role in the activation of NHE-1 by growth
factors [5], hormones [6-8] and stretch [9] as well as by ischemia/reperfusion injury [10] and
sustained acidosis [11-13]. Moreover, recent experiments have shown that NHE-1 is also a
novel target for protein kinase B (PKB), whose activation phosphorylates and inactivates the
exchanger [14]. Another kinase that has been reported to phosphorylate the C-terminal domain
of the NHE-1 in vitro is the Ca2+/calmodulin dependent protein-kinase (CaMKII) [15]. This
is particularly interesting in the context of evidence provided by different laboratories,
including our own, supporting a role of CaMKII activation in the mechanical recovery that
occurs following the initial decrease in contractility produced by an acid and/or ischemic insult
[16-22]. However, the putative functional role of CaMKII in the regulation of NHE-1 activity
in vivo is not completely clear and the impact of CaMKII on NHE-1 activity is still held as a
question mark in a recent review on NHE-1 regulation [3]. Using pharmacological tools, studies
from Le Prigent et al. [23] and Moor et al., [24] support a role of CaMKII on NHE-1. In contrast
results of Komukai et al, failed to show a regulation of NHE-1 by this kinase [16]. The present
experiments were undertaken to further examine whether CaMKII modulates the activity of
the NHE-1 in isolated myocytes during intracellular acidosis and, if so, to establish whether
this regulation occurs independently of the ERK1/2-p90rsk cascade, potentially through direct
phosphorylation of the exchanger by CaMKII. Since CaMKII-regulation of NHE-1 is likely
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to be physiologically and pathophysiologically important, we have used highly precise genetic
approaches (adenoviral gene transfer and transgenic mice), to more specifically manipulate
CaMKII activity.

Materials and Methods
Materials

Collagenase type B was from Worthington Biochemical Corp. (Lakewood, NJ, USA),
SNARF-1 AM from Molecular Probes Inc. (Eugene, OR, USA). KN-93, AIP and PD98059
were from Calbiochem. Antibodies used were phospho-CaMKII (Abcam), GAPDH (ABR),
phospho-ERK1/2 and ERK1/2 (Santa Cruz Biotechnology). All other chemicals were from
Sigma-Aldrich unless otherwise stated. Adenovirus expressing CaMKII and βgal were
generously given by Roger Hajjar's laboratory (Mount Sinai School of Medicine, New York).

Animals and myocyte isolation
Wistar rats (200-300 g) and transgenic mice with cardiomyocyte-delimited transgenic
expression of either a CaMKII inhibitory peptide (AC3-I) or a scrambled control peptide (AC3-
C) were used [25]. The mice, originally obtained from Mark Anderson's laboratory (University
of Iowa, USA), were reproduced and genotyped as described in Suplementary data (Figure 1).
All animals used in this study were maintained in accordance with the Guide for the Care and
Use of Laboratory Animals (NIH Publication No.85-23, revised 1996). Rat and mice myocytes
were isolated by enzymatic digestion as previously described [26] and kept in a HEPES
buffered solution at room temperature (20-22 °C), until used.

Recombinant adenoviruses and cell transfection
Two first-generation type 5 recombinant adenovirus were used. Ad.βgal carrying the β-
galactosidase and the green fluorescent protein (GFP) genes and Ad.CaMKII carrying both,
the CaMKIIδC and the GFP genes, each under separate cytomegalovirus promoters. After
isolation, cells resuspended in DMEM and plated at a density of 5×104 cells/ml, were infected
with adenoviruses at a multiplicity of infection (MOI) of 100 and cultured for 48h. The
verification of the transgene expression was monitored by GFP fluorescence at an excitation
wavelength of 480 nm and western blotting.

Intracellular pH (pHi) measurements
Myocytes were loaded with the membrane-permeable acetoxymethyl ester form of the
fluorescent H+-sensitive indicator SNARF-1/AM. pHi measurements and calibration were
performed as previously described [26].

Induction of intracellular acidosis
Intracellular acidosis was induced by different methods: 1. NH4Cl pulses (4 min) in HEPES
or NaHCO3 buffer in the presence of 100 μM of the anion blocker SITS; 2. Replacement of
HEPES buffer by NaHCO3 buffer + SITS and 3. Replacement of the NaHCO3 solution +SITS
by a similar solution in which CO2 of the gas mixture and NaHCO3 were simultaneously
increased to 20% and 80 mM, respectively to keep extracellular pH constant at 7.4 [27] (Details
of the different protocols used are provided in Supplementary data). The rate of pHi recovery
from the acid loading (dpHi/dt), estimated as previously described [28] at a fixed pHi of 6.8
and the of H+-efflux rate (JH+), calculated as the product of dpHi/dt and the intrinsic buffering
capacity [14], were used as indexes of NHE-1 activity. When CaMKII and MEK inhibitors
were used, they were added 10 min before the induction of intracellular acidosis. All
experiments were performed at room temperature.
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Western Blotting
For immunological detection of phospho-CaMKII, phospho-Thr17-PLN, phosphor-Ser16-
PLN and phospho-ERK1/2 and their respective non-phosphorylated forms, 20-50 μg of rat/
mouse homogenate proteins were separated by SDS-PAGE, transferred to PVDF membranes
(Immobilon-P, Millipore) and probed with appropriate primary antibodies. Bound antibody
was detected by labelling with horseradish peroxidase-conjugated secondary antibodies,
followed by enhanced chemiluminescence (ECL, Amersham). The signal intensity of the bands
on the film was quantified using Image J based on NIH Image.

CaMKII-Mediated Phosphorylation of NHE-1 in vitro
In vitro kinase assays were performed with glutathione-S-transferase (GST)-NHE-1 fusion
protein comprising amino acids 625-815 of human NHE-1, wild type or with all three canonical
phosphorylation sites for CaMKII (Ser648, Ser703, and Ser796) mutated to Ala as previously
described [14], except that 100 U pre-actived CaMKII (New England Biolabs) were used.
Proteins were separated by 12% SDS-PAGE and phosphorylation assessed by autoradiography
(32P). When phosphorylating the mutated GST-NHE-1, comparison was made with an in
vitro phosphorylation, using active PKBα (PH domain deletion mutant) [14].

Statistics
Data are expressed as the means ± SE. Student's paired t test or ANOVA followed by
Bonferroni t test was used for intra-group comparison or comparison among groups,
respectively. A P value less than 0.05 was considered significant.

Results
CaMKII activity contributes to NHE-1-mediated pHi recovery from acidosis

Intracellular acidosis, a situation in which acid extruder mechanisms are fully stimulated, is
known to promote the activation of CaMKII [16,17,19,20]. To assess the potential functional
significance of CaMKII activation on NHE-1 function during an acid load, we investigated the
consequences of pharmacological inhibition of CaMKII on the rate of pHi recovery in
SNARF-1/AM loaded isolated rat adult myocytes after exposure to an NH4Cl pulse. Washout
of NH4Cl with HEPES buffer was performed either immediately (acute acidosis) or after 5
min of incubation with the NHE-1 inhibitor HOE642, to preclude NHE-1 activity (sustained
acidosis). Figure 1A shows superimposed recordings of pHi during the acute acidosis protocol.
Removal of NH4Cl produced a rapid decrease in pHi followed by its recovery, that was
prevented by HOE642. Pre-treatment of the myocytes with the CaMKII inhibitor KN-93
markedly reduced the rate of pHi recovery from the acid load when compared to myocytes
either subjected to intracellular acidosis in the absence of KN-93 (Control) or pre-treated with
the inert analogue, KN-92. KN-93 failed to affect pHi recovery in the presence of HOE642,
indicating that the effects of CaMKII on pHi recovery occurs through the regulation of NHE-1
activity (See Figure 2 of on line Supplementary data). The NHE-1-modulatory effect of
CaMKII during acute acidosis was further tested in two additional protocols: 1) Substitution
of HEPES by NaHCO3 buffer at the same pHo (7.4) (Figure 1B) and 2) Hypercapnia induced
by simultaneously increasing NaHCO3 and CO2 to keep pHo (Figure 1C). In both cases, the
initial rapid decrease in pHi was followed by a pHi recovery, which was slower in the presence
of KN-93.

The role of CaMKII was also investigated during sustained acidosis (Figure 2). In this case,
two structurally unrelated CaMKII inhibitors were used: KN-93 and the more specific AIP.
Superimposed records and overall results shown in Figure 2A and B indicate that the presence
of either KN-93 or AIP significantly decreased the rate of pHi recovery after the sustained acid
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load. In all cases NHE-1 activity was measured at an identical pHi of 6.8 to preclude any
confounding effect of allosteric regulation of the NHE-1 by pHi. Thus, it seems reasonable to
assume that the differences observed are due to the activity of the kinases explored.

To confirm the activation of CaMKII during intracellular acidosis, the phosphorylation of the
kinase and of its substrate phospholamban (PLN) was measured in isolated myocytes subjected
to an NH4Cl pulse. Acidosis promoted phosphorylation of CaMKII and of PLN at Thr17, the
specific CaMKII phosphorylation site (Figure 2C).

Taken together these results indicate that acidosis-induced increase in CaMKII activity
enhances NHE-1 function during both acute and sustained intracellular acidosis.

CaMKII overexpression increases the rate of pHi recovery from intracellular acidosis
The NHE-1 modulatory effect of CaMKII was further tested in experiments in rat isolated
myocytes overexpressing CaMKII or β-galactosidase (βgal), which serve as controls. After 48
h of incubation, 100% of rod-shaped myocytes, infected with either Ad.βgal or Ad.CaMKII
viruses, presented a robust expression of the reporter gene GFP, visualized by fluorescent
microscopy (Figure 3A). At this time, CaMKII expression was significantly increased, as
confirmed by Western blotting (Figure 3B). There were no significant differences between
infected groups in the basal pHi and the degree of intracellular acidosis achieved after NH4Cl
washout (see Table I). Figure 3C shows that CaMKII-overexpressing myocytes presented a
faster pHi recovery from acute intracellular acidosis than βgal-overexpressing myocytes. The
enhanced rate of pH recovery showed by CaMKII-overexpressing myocytes was completely
prevented by inhibition of NHE-1, a result that directly implicates NHE-1 in the effects of
CaMKII. Of note, the βgal-overexpressing myocytes presented a slightly slower rate of pHi
recovery when compared to freshly isolated, non-infected myocytes (Figure 3C versus 1A). In
spite of this, the rate of pHi recovery in CaMKII-overexpressing myocytes was even faster than
that observed in fresh myocytes subjected to an NH4Cl pulse (Figure 3C versus 1A).

These results suggest that increased CaMKII activity results in a significant increase in
sarcolemmal NHE-1 activity in response to intracellular acidosis and further confirm the role
of CaMKII activity in the pHi recovery from an acid load.

Chronic inhibition of CaMKII reduces the rate of pHi recovery from intracellular acidosis
To further determine the role of endogenous CaMKII activity in the activation of NHE-1 during
acidosis, we used cardiomyocytes from mice with chronic cardiac CaMKII inhibition by
expression of a specific CaMKII inhibitory peptide (AC3-I), as well as from a transgenic
control mouse with an inactive scrambled version of AC3-I, AC3-C. Mice carrying these
peptides were identified by PCR analysis of genomic DNA isolated from mouse tails (Figure
1 Supplementary data). The CaMKII inhibition of AC3-I mice was confirmed by the reduced
CaMKII-dependent PLN phosphorylation in AC3-I cardiac homogenates compared to AC3-
C and WT (Figure 4A), consistent with previous results [25]. Isolated AC3-I and AC3-C
myocytes as well as WT littermate cells, exhibited no alteration of basal pHi and the degree of
intracellular acidosis achieved after NH4Cl washout (Table I). However the rate of pHi recovery
after the acid load was significantly depressed in AC3-I myocytes when compared to AC3-C
myocytes (Figure 4B). Taken together, our complementary gain-of-function and loss-of-
function data indicate that CaMKII increases NHE-1 activity during intracellular acidosis in
cardiac myocytes.
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Stimulation of NHE-1 by CaMKII is independent of the mitogen-activated protein kinase
pathway

It has been previously shown that activation of the NHE-1 during sustained acidosis is
potentiated by the MAP kinase pathway (ERK1/2 and p90rsk) [11,12]. We therefore
investigated whether CaMKII modulates the activity of the exchanger during sustained acidosis
through the activation of the MAP kinase cascade or independently of this pathway. Figure 5A
shows a representative immunoblot and overall results indicating that the sustained acidosis-
induced increase in ERK1/2 phosphorylation was not modified by the CaMKII inhibitors,
KN-93 or AIP. As expected, ERK1/2 phosphorylation was undectable in the presence of 30
μM PD98059, a specific inhibitor of MEK, the upstream activator of ERK1/2, as well as by
the combination of PD98059 and KN-93. To assess the contribution of both phosphorylation
pathways to the stimulation of NHE-1, we performed experiments in isolated myocytes
subjected to sustained acidosis in the presence and absence of KN-93 and PD98059, added
either independently or simultaneously. Figure 5B and C shows superimposed typical records
and mean H+ fluxes (JH+), respectively, of these experiments. Independent inhibition of either
CaMKII or ERK1/2 pathways similarly reduced NHE-1 activity. Combination of both
inhibitors produced a further and significant decrease in pHi recovery. These results indicate
that CaMKII stimulation of NHE-1 during sustained acidosis is independent of the ERK1/2
pathway and that, when acting together, both phosphorylation cascades have additive effects.
Moreover during acute acidosis, CaMKII appears to participate as the only functional kinase
pathway stimulating NHE-1 activity, since inhibition of the MAP kinase cascade with
PD98059 had no significant effect on pHi recovery from an acute acid load, in agreement with
previous findings [11,13] (see Figure 3 of Supplementary data).

CaMKII-mediated phosphorylation of NHE-1
The carboxyl-terminal regulatory domain of NHE-1 contains 3 sites that conform to the optimal
CaMKII phosphorylation motif RXXS/T [29] namely Ser648 (RLRS), Ser703 (RIGS), and
Ser796 (RCLS). Therefore, we determined whether active CaMKII could phosphorylate a
recombinant NHE-1 fusion protein (GST-NHE-1) encompassing the final 190 amino acids
(625–815) of the carboxyl-terminal regulatory domain of human NHE-1, in an in vitro kinase
assay using 32P-labeled ATP. We used the fusion protein either in wild-type (WT) form or
with all three canonical phosphorylation sites for CaMKII mutated to a non-phosphorylatable
alanine (Ser648/703/796Ala). The autoradiogram revealed CaMKII-mediated 32P
incorporation into both WT and Ser648/703/796Ala NHE-1 fusion proteins (Figure 6). Of note,
PKBα, a kinase that has been recently shown to phosphorylate NHE-1 predominantly at Ser648
but also at Ser703 and Ser796 in vitro [14], phosphorylated the WT substrate but failed to
phosphorylate the triple mutant, indicating distinct site specificity of the two NHE-1 kinases.
These pilot experiments are in agreement with previous findings obtained with a substrate
protein comprising the final 178 amino acids of rabbit NHE-1 [15] and additionally indicate
that CaMKII phosphorylates the carboxyl-terminal regulatory domain of human NHE-1 at sites
outside the canonical sequences for CaMKII phosphorylation around Ser648, Ser703 and
Ser796.

Discussion
The main findings of the present study are that activation of CaMKII during acidosis enhances
the activity of the NHE-1 and in doing so, contributes to the pHi recovery from an acid load.
By the use of highly specific genetic approaches (adenoviral gene transfer and transgenic mice)
that allow a precise manipulation of CaMKII activity, the present observations definitively
supports the regulation of NHE-1 in the heart by the multifunctional CaMKII. The results
further showed that CaMKII phosphorylates in vitro the C-terminal domain of NHE-1. This
phosphorylation occurs at sites that are distinct from the canonical consensus sites. Finally,
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our findings clearly established that this CaMKII-dependent activation of NHE-1 occurs
independently of the ERK1/2 pathway.

CaMKII-dependent activation of the NHE-1
The present experiments clearly show that pHi recovery from an acid load occurred in
association with a significant increase in CaMKII activity as reflected by an increase in the
autophosphorylation of the kinase and the phosphorylation of Thr17 site of PLN, one of the
most typical CaMKII substrates. Moreover, inhibition of CaMKII by KN-93 or by the more
specific peptide AIP, decreased the rate of pHi recovery from acute and sustained intracellular
acidosis, evoked by different approaches. Control experiments showed that CaMKII-inhibition
of pHi recovery does not occur in the presence of NHE-1 blockade. Taken together, these results
indicate that CaMKII enhances the activity of NHE-1. This conclusion is fully supported by
the complementary gain and loss-of-function experiments in which CaMKII was either
overexpressed or chronically inhibited (AC3-I mice).

Previous experiments where the possible CaMKII-mediated activation of the NHE-1 was
explored, are controversial. Experiments by Le Prigent et al., [23] described a decrease in the
acidosis-induced activity of the NHE-1 after treatment with the CaMKII-inhibitor KN-62 in a
study in diabetic rats. Moor et al., [24] could only achieve a decrease in NHE-1 activity in
neonatal myocytes with a rather high concentration of the inhibitor KN-93 (10 μM). Finally,
a CaMKII-mediated activation of NHE-1 could not be demonstrated by Komukai et al., [16].
The present data consistently show, by means of two non-related pharmacological inhibitors
as well as by gain and loss-of-function experiments, that inhibition and upregulation of CaMKII
diminished and enhanced, respectively, the activity of the NHE-1. Importantly, these results
provide new mechanistic insights and unequivocally demonstrate a role of the already
multifunctional CaMKII on the regulation of the NHE-1 activity.

CaMKII-dependent NHE-1 activation does not involve the MAPK pathway
Numerous studies in different cell types assign a key role to the ERK1/2 arm of the MAPK
cascade, in the regulation of NHE-1 activity by different stimuli, including sustained acidosis
[5-13]. In this scenario, a mandatory question is then whether CaMKII and ERK1/2 constitute
two different steps of the same pathway that regulates the NHE-1 or whether they are part of
different and independent cascades. Our results show that CaMKII and ERK1/2 pathways are
independent and when acting together, they have an additive effect. Further support to the
independence of both signaling cascades is given by the finding that during acute acidosis only
the CaMKII cascade and not the ERK1/2 pathway, has functional effects on NHE-1 activity.

CaMKII-dependent phosphorylation of NHE-1
Earlier experiments established that the NHE-1 is modulated by extracellular Ca2+, i.e.
increasing Ca2+ induces the stimulation of the exchanger [30,31]. Ca2+ regulation of the NHE-1
can be accomplished by at least two different pathways: direct binding of Ca2+/calmodulin
(Ca2+/CaM) or CaMKII-dependent phosphorylation. Both possibilities have some
experimental support. It has been reported that NHE-1 is a Ca2+/CaM binding protein in
fibroblast [30] and that direct binding of Ca2+/CaM to the NHE-1 stimulates the exchanger
[31]. Moreover, Fliegel et al. [15], demonstrated that purified CaMKII in vitro phosphorylated
a fusion protein containing the C-terminal domain of the NHE-1. It was suggested that this
phosphorylation could occur at any of the three consensus sequences for CaMKII which
correspond to amino acids Ser648, Ser703 and Ser796 [15]. However, no attempts were made
in this earlier work to identify the putative CaMKII-dependent phosphorylation sites of the
NHE-1. The present experiments clearly showed that although CaMKII phosphorylates the C
terminal domain of the NHE-1, this phosphorylation occurs at non-canonical sites. Although
there are no other residues in the C terminal domain of the NHE-1 which conform to the optimal
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target sequence of CaMKII (RXXS), this result was not entirely unexpected since different
studies have reported “non-arginine requiring” substrates for CaMKII [32]. These findings
open a wide range of possibilities to be envisaged to map the aminoacid residue(s)
phosphorylated by CaMKII. Experiments in our laboratory are currently underway to explore
this issue. In this scenario, it is important to acknowledge however that our data does not prove
that the effect of CaMKII on pHi regulation occurs in vivo through the direct phosphorylation
of NHE-1 and intermediary CaMKII substrates may be involved in NHE-1 regulation. A direct
NHE-1 phosphorylation in CaMKII-mediated regulation of NHE-1 activity, remains to be
determined.

Functional Implications
The present findings support a mechanism by which CaMKII-activation could contribute to
enhance NHE-1 activity during acidosis, playing a beneficial function in the spontaneous
mechanical recovery that occurs after lowering pHi. Moreover, since acidosis is a major
component of ischemia, our results are consistent with the possibility that CaMKII induced
NHE-1 activation participates in the overdrive of pHi regulation that occurs during reperfusion
and leads to electrical arrythmias and myocardial injury [33,34]. Furthermore, the NHE-1 is
implicated in cardiac hypertrophy and heart failure [35] where CaMKII has also been shown
to be upregulated [36,37]. Thus, our results may provide new information or a potential
involvement of CaMKII-dependent NHE-1 activation in the development of hypertrophy and
the evolution from hypertrophy to heart failure.

Supplementary Material
Refer to Web version on PubMed Central for supplementary material.
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Figure 1. CaMKII-inhibition decreased the activity of NHE-1 during acute acidosis
Representative superimposed recordings of pHi and overall results of adult rat isolated
myocytes loaded with SNARF-1/AM and subjected to acute intracellular acidosis induced by:
(A) transient exposure to 20 mM NH4Cl in HEPES buffer; (B) substitution of HEPES by
NaHCO3 buffer and (C) hypercapnia at constant pHo in NaHCO3 buffer in the presence of
SITS. Protocols were performed either in the absence of drug (Control, Cont.) or in the presence
of 1 μM KN93, its inert analogue KN92 or 3 μM of HOE642 (n=5 cells per group). NHE-1
activity was estimated from the rate of change in pHi (dpHi/dt) during the recovery at an
identical pHi of 6.8. In B and C, note that after the continuous pHi recording, measurements
of pHi were performed every 2 min. In this and the following Figures overall results are
expressed as mean ± SE. * p<0.05 vs Cont.
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Figure 2. CaMKII-inhibition decreased the activity of NHE-1 during sustained acidosis
Representative superimposed recordings of pHi (A) and overall results (B) of adult rat isolated
myocytes subjected to sustained intracellular acidosis induced by exposure to 20 mM NH4Cl
followed by its washout with a Na+-free solution. Normal [Na+]o was then reintroduced to
release NHE-1 blockade and permit pHi recovery. The protocol was performed either in the
absence of drugs (Cont., n=6) or in the presence of 1 μM KN93 (n=5) or AIP (n=4). NHE-1
activity was estimated as in Figure 1. (C) Immunoblots and overall results of the effects of
acidosis on the phosphorylation of CaMKII and its substrate Thr17 of phospholamban (PLN)
(n=4-8 hearts per group). * p<0.05 vs Cont.
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Figure 3. Overexpression of CaMKII enhanced the rate of pHi recovery in isolated myocytes
submitted to an acid load
(A) After 48 h of infection, fluorescent myocytes indicated the successful expression of β-
galactosidase and CaMKIIδC genes. (B) Representative blots and overall results of phospho-
CaMKII and GAPDH confirmed the overexpression of CaMKII in Ad.CaMKII vs. Ad.βgal
infected cells (n=6 in both groups). (C) In CaMKII overexpressing cells, the recovery of pHi
was faster than in βgal overexpressing cells. Inhibition of NHE-1 by HOE, completely blocked
the pHi recovery in both, CaMKII and βgal overexpressing cells. Black and grey traces depict
CaMKII and βgal-overexpressing myocytes respectively in the absence and presence of the
NHE-1 inhibitor. Data of 6 independent experiments from 6 hearts. *p<0.05 vs. Ad.βgal.
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Figure 4. Chronic inhibition of CaMKII decreased the rate of pHi recovery from an acid load
(A) Analysis of phospholamban (PLN) expression and basal phosphorylation of Ser16 and
Thr17 sites of PLN, in AC3-I, AC3-C and WT mice. (B) Representative superimposed
recordings of pHi and overall results obtained in myocytes isolated from adult mice with
chronic cardiac CaMKII inhibition (AC3-I) and their transgenic controls AC3-C. Data from
10 and 6 cells in AC3-C and AC3-I, respectively. *p<0.05 vs. AC3-C.
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Figure 5. CaMKII-dependent activation of NHE-1 is independent of the mitogen-activated protein
kinase pathway
(A) Immunoblots and overall results of sustained acidosis-induced increase in ERK1/2
phosphorylation. ERK1/2 phosphorylation was studied in the absence and the presence of the
CaMKII inhibitors, KN93 or AIP (1 μM), MEK inhibitor PD98059 (30 μM, PD) and the
combination PD+KN93 (n=4-17 hearts per group). (B) Superimposed typical pHi records
(C) and overall results (n=4-6 cells per group) of the experiments described in (A). H+ efflux
(JH+) as an index of NHE-1 activity was calculated as product of the recovery rate (dpHi/dt)
and the intrinsic buffering capacity (βi).* p<0.05 with respect to control. # p<0.05 with to PD
or KN-93.
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Figure 6. In vitro phosphorylation of the carboxyl terminal of NHE-1
Phosphorylation of wild type (WT) GST-NHE1(625-815) fusion protein or GST-NHE1 fusion
protein in which Ser648/703/796 were replaced by Ala (triple mutant, TM) by preactivated
CaMKII or protein kinase Bα (PKBα) detected by 32P incorporation and autoradiography (top
panel). Equal protein loading was confirmed by Coomassie staining (bottom panel). Similar
results were obtained in two other experiments.

Vila-Petroff et al. Page 16

J Mol Cell Cardiol. Author manuscript; available in PMC 2011 July 1.

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript



N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript

Vila-Petroff et al. Page 17

TABLE I
Basal and minimum pHi values obtained in isolated rat myocytes used in the gain-of function
studies and in isolated mouse myocytes used in the loss-of-function studies

Basal pHi Minimal pHi

βgal-overexpressing myocytes (n=8) 7.31±0.06 6.59±0.05

CaMKII-overexpressing myocytes (n=8) 7.37±0.08 6.63±0.05

Control WT myocytes (n=8) 7.33 ±0.05 6.40 ± 0.06

AC3-C myocytes (n= 10) 7.35±0.06 6.45±0.06

AC3-I myocytes (n=6) 7.32±0.05 6.45±0.06
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