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ABSTRACT

Cellular Ca®™* signaling underlies diverse vital biological pro-
cesses, including muscle contractility, memory encoding,
fertilization, cell survival, and cell death. Despite extensive
studies, the fundamental control mechanisms that regulate
intracellular Ca®* movement remain enigmatic. We have
found recently that activation of the (Na™+K™)-ATPase
markedly potentiates intracellular Ca®* transients and con-
tractility of rat heart cells. Little is known about the pathway
responsible for the activation of the (Na*+K™)-ATPase-initi-
ated Ca®" signaling. Here, we demonstrate a novel mecha-
nism in which activation of the (Na* +K™)-ATPase is coupled
to increased L-type Ca®* channel function through a signal-

ing cascade involving Src and ERK1/2 but not well estab-
lished regulators of the channel, such as adrenergic receptor
system or activation of PKA or CaMKIl. We have also iden-
tified Ser'928, a phosphorylation site for the a1 subunit of the
L-type Ca®" channel that may participate in the activation of
the (Na*+K™)-ATPase-mediated Ca’®* signaling. The find-
ings reported here uncover a novel molecular cross-talk
between activation of the (Na*+K™")-ATPase and L-type
Ca®* channel and provide new insights into Ca®* signaling
mechanisms for deeper understanding of the nature of cel-
lular Ca®* handling in heart.

(Na™+K™")-ATPase (NKA), a key sarcolemmal membrane en-
zyme, regulates intracellular ion homeostasis by controlling
sodium/potassium active transport in animal cells (Kyte, 1981;
Shull et al., 1985; Skou, 1988; Holmgren et al., 2000). Over the
past half a century, extensive studies have demonstrated that
inhibition of NKA by digitalis and related cardiotonic steroids
increases intracellular Ca®* concentration ([Ca®*],) through an
elevated intracellular Na™ ([Na*],) and switches Na*/Ca®* ex-
changer (NCX) function to the reverse mode (Adams et al.,
1982; Allen et al., 1985; Smith, 1988; Bers, 2002; Altamirano et
al., 2006). However, little is known about functional role of
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activation of NKA in intracellular Ca®* signaling. We have
recently identified an activation site that resides within the
H7-H8 domain of the a-subunit of NKA and is distinct from the
inhibitory cardiotonic steroid binding site (Xu, 2005). The turn-
over rate of NKA is significantly augmented when the site-
specific antibody 412 (SSA412), a specific NKA activator, binds
to the activation site of the enzyme (Xu, 2005). We have further
demonstrated that activation of NKA by SSA412 increases
myocyte Ca®* transient in vitro and augments mouse heart
contraction in vivo, a finding naively at odds with the classic
understanding of how NKA affects Ca®" signaling in the heart,
without affecting intracellular [Na™] (Xu, 2005; Xu et al., 2006).
Search for the new mechanism underlying the activation of
NKA-initiated Ca®" signaling is the purpose of the current
investigation.

Materials and Methods

Materials. General reagents were purchased from Sigma Chem-
ical unless otherwise specified. Affinity-purified polyclonal antibody

ABBREVIATIONS: NKA, (Na®+K™)-ATPase or sodium and potassium ion activated adenosinetriphosphatase (EC 3.6.1.3); NCX, Na*/Ca2*
exchanger; PP1, 4-amino-5-(4-methylphenyl)-7-(t-butyl)pyrazolo[3,4-d]pyrimidine; N-[2-(4-bromocinnamylamino)ethyl]-5-isoquinoline; LTCC,
L-type Ca?* channels; BAPTA, 1,2-bis(2-aminophenoxy)ethane-N,N,N’,N'-tetraacetic acid; PD98059, 2'-amino-3'-methoxyflavone; AR, adren-
ergic receptor; PKA, protein kinase A; CaM, Ca?*/calmodulin; CaMKIl, Ca®*/calmodulin-dependent protein kinase Il; CICR, Ca?* induced Ca?*
release mechanism; PKC, protein kinase C; SSA412, site-specific antibody 412.
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SSA412, the NKA activator, was generated in New Zealand white
rabbits against the extracellular **’DVEDSYGQQWTYEQR®!! re-
gion of the rat a-subunit of NKA. Anti-Src [pTyr*'®] and PD98059
were purchased from Invitrogen (Carlsbad, CA). Anti-Src control
antibody was from Santa Cruz Biotechnology Inc. (Santa Cruz, CA)
Antibody AB5412, which specifically recognizes cardiac L-type Ca2™"
channels (LTCC), was from Chemicon (Billerica, MA). Anti-Erk1/2
(as control) and anti-Erk1/2 [p-Thr'®/Tyr'®"] were from Cell Signal-
ing Technology (Danvers, MA). Anti-phosphoro-Ser'9?® (pSer!928)
was a gift from Dr. Steven O. Marx (Columbia University College of
Physicians and Surgeons, New York, NY) (Yang et al., 2005). Inhib-
itors PP1 and H89 were from BIOMOL Research Laboratories (Ply-
mouth Meeting, PA). Western Color-developing reagent was ob-
tained from Promega Corporation (Madison, WI). Coomassie Blue
(1X) was from Bio-Rad Laboratories (Hercules, CA). Sprague-Daw-
ley rats were purchased from Charles River Laboratories, Inc. (Wil-
mington, MA). The Animal Care and Use Committees of the Univer-
sity of Maryland School of Medicine approved animal protocols.

SSA412 Antibody and Western Blot Analysis. Polyclonal anti-
body SSA412 specifically recognizes the extracellular D-R region of the
a-subunit of NKA. Western blotting experiments were performed to
determine whether SSA412 interacts with LTCC or stimulates Src and
Erk1/2 activity. Rat heart cell lysates and SSA412 immunoprecipitates
were prepared as described previously (Xu, 2005). For Src and Erk1/2
activation, freshly isolated rat cardiac myocytes were incubated with or
without 2 uM SSA412 in the presence or absence of PP1 for 60 min at
room temperature. Samples were then suspended in 2X electrophoresis
sample buffer (Bio-Rad Laboratories), boiled for 5 min, and loaded on 7
or 10% SDS gels. The proteins were subsequently transferred from the
SDS gel to a nitrocellulose membrane using an electroblotting appara-
tus. The nitrocellulose membrane was blocked with BSA for 1 h and
incubated with SSA412 or other antibodies, including anti-Sre [pTyr*®]
(1:500) and anti-Erk1/2 [p-Thr'®5/Tyr®"] (1:1000) separately overnight.
The membrane was then incubated with alkaline phosphatase conju-
gated secondary antibody (1:7500) for 1 h and washed three times for 5
min each with Tris-buffered saline, 0.05% Tween 20, and once for 5 min
with Tris-buffered saline. The color was developed using a reagent
containing a mixture of NBT and BCIP (Promega) for visual analysis.

Isolation of Cardiac Myocytes. Rat ventricular myocytes were
isolated as described previously (Hall et al., 2006), and experiments
were carried out according to the guidelines of the University of
Maryland School of Medicine animal welfare committees. In brief,
adult male rats were anesthetized with pentobarbital sodium (50
mg/kg i.p.). Hearts were quickly excised, mounted on a Langendorff
apparatus, and perfused in a retrograde fashion with buffer contain-
ing type 2 collagenase (Worthington Biochemicals, Freehold, NJ) and
protease (fraction XIV; Sigma Chemical Corp., St. Louis, MO) at 37°C.
Left ventricular tissue was gently minced, filtered, and washed. Disso-
ciated cells were maintained at room temperature in HEPES-buffered
Dulbecco’s modified Eagle’s medium supplemented with heat-inacti-
vated fetal calf serum (10%) and insulin (1 unit/ml). All experiments
were carried out within 6 h of cell isolation.

Electrophysiology and Confocal Microscopy. Whole-cell
LTCC Ca®" currents were recorded using the conventional patch-
clamp technique (Hamill et al., 1981). A HEKA EPC-10 amplifier
was used with Patchmaster software (both from HEKA, Lambrecht/
Pfalz, Germany). Patch pipettes (1.5-3 MQ)) were filled with 130 mM
CsCl, 5 mM NaCl, 5 mM MgATP, 4 mM creatine phosphate, 10 mM
HEPES, 1 mM MgCl,, 20 mM tetraethylammonium chloride, and 4
mM BAPTA, pH adjusted to 7.2 with CsOH. Cells were superfused
with a solution containing 135 mM NaCl, 5 mM KCI, 0.5 mM MgClL,,
1.8 mM CaCl,, 5 mM glucose, and 10 mM HEPES, pH 7.4 at 30°C.
Current signals were acquired at 5 kHz and low-pass-filtered at 2.9
kHz. The holding potential was —40 mV. Linear components of leak
and capacitance were removed by electronic compensation and a P/4
procedure. Series resistance was compensated to 40 to 60%. For
measurements of intracellular Ca", the pipette solution contained
50 uM fluo-4 and 2 mM EGTA (no BAPTA added). Myocyte fluores-
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cence was measured with a Bio-Rad Radiance confocal scanner in
line-scan mode, attached to a microscope (IX-70; Olympus, Tokyo,
Japan). Image acquisition was synchronized to the delivery of volt-
age-clamp pulses. Analysis of current records and images was car-
ried out using custom routines written in IDL (Research Systems).

Measurement of Cell Contraction. Experiments were con-
ducted at room temperature on a Nikon T'S100 inverted microscope
(duBell et al., 2002), Isolated rat myocytes were suspended in buffer
containing 137 mM NaCl, 5.4 mM KCl, 15 mM dextrose, 1.3 mM
MgSO,, 1.2 mM NaH,PO,, 1 mM CacCl,, and 20 mM HEPES, pH 7.4.
Cells were stimulated at 1 Hz with 1-ms pulses with a magnitude of
1.5% threshold through platinum wires mounted at the bottom of the
experimental chamber. The motion of selected myocyte was contin-
uously monitored by StepperSwitch Myocyte System (IonOptix Cor-
poration, Milton, MA) in the presence or absence of 1 uM SSA412
with or without different inhibitors. Changes in cell length between
shortening and lengthening were analyzed using IonOptix software.
Contraction amplitude was indexed by the percentage shortening of
cell length.

Measurement of cAMP Accumulation. After rat ventricle car-
diomyocytes were treated with 3-isobutyl-1-methylxanthine (1 mM),
a phosphodiesterase inhibitor, for 30 min at room temperature, they
were incubated with either B-AR agonist isoproterenol (1 uM) for 10
min (as positive control) or SSA412 for 30 or 60 min. Cells were then
harvested by centrifugation at 500g for 1 min and resuspended with
lysis buffer (4 mM Tris-EDTA and 1 mM IBMX) at 4°C and freeze-
thawed three cycles. Cell lysates (20 ul) were taken for protein
concentration analyses. The samples were denatured in boiling wa-
ter for 5 min and then centrifuged at 10,000g for 10 min. Superna-
tant of different samples (50 ul each) were assayed using a [*H]cAMP
assay kit (Amersham, Chalfont St. Giles, Buckinghamshire, UK).
Protein concentration was measured by the Bradford method (Bio-
Rad Laboratories) with bovine serum albumin as standard (Xiao et
al., 2006).

Determination of NKA Activity. The ATPase assay proce-
dure is a modification of the method of Kyte (1971) as described
previously (Xu, 2005). The enzymatic activity is defined as the
strophanthidin- or ouabain-sensitive hydrolysis of MgATP in the
presence of 120 mM Na*' and 20 mM K* with or without signaling
protein inhibitor PP1 or PD98059. The reaction was initiated by
adding MgATP and stopped by adding 0.75 ml of quench solution
(0.5% ammonium molybdate + 0.5 M H,SO,) and 0.02 ml of
developer (25 mg/ml of the mixture of 0.2 g of 1-amino-2-naphthol-
4-sulfonic acid + 1.2 g of sodium bisulfate + 1.2 g of sodium
sulfite) after 30-min incubation. The color was allowed to develop
for 30 min at room temperature, and the phosphate was then
determined at 700 nm using a spectrophotometer.

Statistics. Data were expressed as mean = S.E.M. Student’s ¢
test and paired ¢ test were applied when appropriate. A P value less
than 0.05 was considered statistically significant.

Results

Activation of NKA Enhances L-Type Ca®* Channel
Function. Voltage dependent LTCC play a crucial role in
controlling [Ca®"], dynamic balance of cardiac cells. To ex-
plore the mechanistic pathway responsible for the NKA
activation-induced Ca®" signaling, we first determined
whether LTCC is functionally linked to and regulated by the
activation of NKA using the whole-cell patch-clamp tech-
nique. Specific binding of the activator SSA412 (1 uM) to
NKA on the surface of isolated rat cardiomyocytes resulted in
an increase of the LTCC peak currents (I,), which remained
steady for at least 15 min with a time-to-half-maximal re-
sponse of 2.4 * 0.4 min (Fig. 1A). Individual I, traces (test
pulse, 0 mV), recorded before and 7 min after adding SSA412
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antibody, showed a significant increase in the peak current
and prolongation of the time course of inactivation (Fig. 1B).
On average, SSA412-induced increase in I, was 1.6 * 0.1-
fold over baseline (n = 8 myocytes, p < 0.004; Fig. 1E).
Inactivation of I, as measured by the time constant (1) of the
decline of current after the peak and by the full duration at
half-maximum of the current transient, was significantly
increased by exposure to SSA412 (7: control, 54.7 * 7.5 ms;
SSA412,89.9 = 14.5 ms, p < 0.05; FDHM: control, 43.4 *+ 6.5
ms; SSA412,92.9 = 11.7 ms, p < 0.05). Binding of SSA412 to
NKA enhanced I, at all voltages with a slight rightward
shift of the current-voltage relationship (Fig. 1C). In con-
trast, heat-denatured SSA412 caused no increase in I, (Fig.
1D). No changes of LTCC current was detected when syn-
thetic peptides were used to adsorb out the SSA412 activity
(data not shown).

Cardiac LTCC is heteromultimers composed of distinct «;,
B, and «,8 subunits. To validate whether SSA412 interacts
directly with LTCC subunits, we performed immunoprecipi-
tation followed by Western blot analysis (Fig. 1, F and G). In
whole-cell lysate, SSA412 specifically recognized the a-sub-
unit of NKA (Fig. 1F, a) and only AB5412 interacted with the

a;-subunit of LTCC (Fig. 1F, b). The a-subunit of NKA was
immunoprecipitated by SSA412 (Fig. 1F, c), whereas the
a,-subunit of LTCC was not detected under the same exper-
imental conditions (Fig. 1F, d). These data demonstrate that
SSA412 does not cross-react with rat al-subunit of LTCC.
When whole-cell lysate was stained with Coomassie Blue
after the electrophoresis, Fig. 1G, a, shows the entire protein
composition of rat myocytes. However, only the a-subunit of
NKA was recognized by SSA412 (Fig. 1G, b). These results
further demonstrate the specificity of SSA412 and indicate
that SSA412 does not interact with any subunits of LTCC.
Activation of NKA-Induced Increase in I, Potentiates
Intracellular Ca?* Transients. We next characterized
whether activation of NKA-provoked increase in Ca®* influx
through LTCC serves as a signal to elevate the intracellular
Ca?* transient and myocyte contractility (Berridge, 1993;
Cheng et al., 1993; Clapham, 1995; Bers and Perez-Reyes, 1999;
Bers, 2002). Using confocal line-scan imaging of fluo-4 fluores-
cence in conjunction with elevated EGTA to buffer free Ca®*,
we were able to steadily monitor intracellular Ca®* in rat ven-
tricular myocytes. SSA412 antibody exposure resulted in an
increase in intracellular Ca®" transients in addition to the
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Fig. 1. Activation of NKA by SSA412 increases I, current in rat cardiac myocytes. A, time course of I, peak amplitude during depolarization to 0
mV before and during exposure to 1 uM SSA412. The I, was monitored every 10 s before and after adding SSA412. B, individual I, records before
(control background as arrow 1 in a) and 7 min after adding SSA412 (as arrow 2 in a). C) Current-voltage relationship of I, with or without SSA412.
D, time course of I, peak amplitude before and during exposure to heat-denatured SSA412. E, mean increase of I, amplitude in the presence of 1
uM SSA412. Exposure of cells to SSA412 resulted in a 60% (159.41 + 4.95%) I, increase (n = 8, p = 0.0039). No increase in cells exposed to
heat-inactivated SSA412 (n = 8). F, SSA412 does not cross-react with rat al-subunit of LTCC. Antibody AB5412 (specifically interacting with LTCC
a1 subunit) was incubated with rat heart cell lysate and immunoprecipitates with or without SSA412, during Western blotting process. a, cell lysate
stained with SSA412; b, cell lysate stained with AB5412; ¢, immunoprecipitates stained with SSA412; d, immunoprecipitates stained with AB5412;
e, secondary antibody control in immunoprecipitates. G, SSA412 does not interact with any subunits of LTCC. a, whole-cell lysate stained with
Coomassie blue after electrophoresis; b, Western blot of cell lysate probed with SSA412.
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augmentation of the simultaneously recorded I, (Fig. 2, A and
B). Figure 2, D to F, shows the individual I.,, fluo-4 Ca®*
transients, and confocal line-scan images before and 10 min
after exposure to 1 uM SSA412. On average, the Ca®" transient
amplitude was increased by 2.0 = 0.21-fold (n = 4 cells, p <
0.003). These data suggest that activation of NKA increases
Ca®" influx through LTCC and results in SR Ca®" release via
Ca?*-induced Ca®* release (CICR) mechanism. Ryanodine (10
uM) eliminated SR Ca®" release but had no effect on the
SSA412-induced increase in peak I, (Fig. 2C). This result
suggests that increased I, is not caused by SR Ca®* release,
but a specific effect of activation of NKA on LTCC function in
the CICR mechanism.

Enhanced LTCC Activity by Activation of NKA Is
Independent of AR/cAMP/PKA pathway or CaM/
CaMKII Positive Feedback Regulation. We have previ-
ously demonstrated that activator SSA412 specifically binds
to and interacts with the activation site of NKA and does not
cross-react with other proteins (Xu, 2005). Figure 1F pro-
vides additional evidence to show that SSA412 does not in-
teract with LTCC. The fundamental question is how activa-
tion of NKA leads to a change in I,. Xie and Askari (2002)
have reported that NKA is a signaling transducer. We hy-
pothesize that activation of NKA may also initiate a signal-
ing pathway that ultimately activates LTCC. It is well known
that - and B-adrenergic receptors (a- and B-AR) (O-Uchi et
al., 2005; Xiao et al., 2006), cAMP, protein kinase A (PKA)
(Gao et al., 1997), and Ca®*/calmodulin-dependent protein
kinase II (CaMKII) (Ziihlke et al., 1999; O-Uchi et al., 2005)
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all play important roles in the regulation of LTCC function.
We next investigated whether these well established path-
ways participate in activation of NKA-modulated modifica-
tion of LTCC function. Our results show that treatment of
cells with the a-AR blocker prazosin (Zhang et al., 2005) plus
the B-AR antagonist propranolol (Sozzani et al., 1992) (7 uM
each) do not affect the activation of NKA-induced positive
inotropy in rat myocytes, whereas the inhibitors fully pre-
vented the action of a B-AR agonist isoproterenol (Fig. 3A). In
cardiac muscle, cAMP plays a key role in regulating both
electrical and mechanical activities through the activation of
the cAMP-dependent PKA (Gao et al., 1997). With respect to
the downstream signaling events, we found that activation of
NKA by SSA412 has no effect on cAMP formation in rat
cardiac myocytes (Fig. 3B), indicating that cAMP is not in-
volved in the NKA-dependent activation of LTCC. Moreover,
a PKA inhibitor, H89 (Mueller et al., 2006), had no effect on
the enhancement of I, by SSA412 (Fig. 3F), whereas it
completely abolished isoproterenol-induced enhancement of
I, (Fig. 3, D and E). These results further confirm that the
cAMP/PKA pathway is not involved in the SSA412-evoked
activation of LTCC. We further tested whether Ca®" ion
itself would affect the cross-talk between activation of NKA
and LTCC. In the absence of Ca®" (using 1 mM BaCl, as the
extracellular charge carrier), binding of SSA412 to NKA still
increased LTCC activity 72 = 12% as shown in Fig. 3C,
suggesting that activation of NKA-induced signaling path-
way is independent of intracellular Ca®*.

+SSA412

[0 e VA e SR

50 ms

10 pA/pF
CaZ+
(Fluo-4) 1.0
AF/F
0

Fig. 2. Activation of NKA-increased I, causes increase in intracellular Ca®* transients. A and B, time course of simultaneously recorded increase in
peak Ca?" current (A) and intracellular Ca®* transient (B) before and after exposure to SSA412 (the elevation of intracellular Ca?* transient in B is
indexed by the fluo-4 fluorescence signal); C, time course of peak Ca®* current before and during exposure to SSA412 in the presence of 10 uM
ryanodine; D, voltage pulse protocol; E, individual Ca®?* current records; F, intracellular Ca®* transients; G, confocal line-scan images of fluo-4
fluorescence. D to G, left panel represents control; right panel indicates in the presence of SSA412. Arrows in A indicate the time of specific currents
recorded as shown in B. The data represent one of four independent results.
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Role of Src and Erk1/2 in Cross-Talk between NKA
and LTCC. It has been reported that tyrosine kinase Src
binds to partially inhibited NKA in the presence of ouabain
(Tian et al., 2006). We next investigated whether Src plays a
functional role in the cross-talk between activation of NKA
and LTCC. Remarkably, a specific Src inhibitor (Dubuis et
al., 2006), PP1 (10 uM), largely abolished the SSA412-in-
duced increase in I, (Fig. 4A). Furthermore, inhibition of
Erk1/2 mitogen-activated protein kinase signaling pathway
by 20 uM PD98059 (Takahashi et al., 2004) also blocked the
increase in SSA412-mediated LTCC (Fig. 4B). To ensure that
the concentration of each inhibitor used for the experiments
would not cause any nonspecific effect on NKA, PP1 and
PD98059 were incubated separately with purified rat cardiac
NKA under the same experimental concentrations. No inhib-
itory effect of 10 uM PP1 or 20 uM PD98059 on NKA activity
was detected (Fig. 4C). Both Src and Erk1/2 were activated,
as evidenced by their increased phosphorylation in response
to the SSA412 treatment (Fig. 4D). Moreover, inhibition of
Src with PP1 largely inhibited SSA412-induced activation of
Erk1/2 (Fig. 4D), suggesting that the signaling pathway un-
derlying NKA-mediated LTCC activation involves NKA, Sre,
Erk1/2, and LTCC sequentially.

Ser'?2® of the a,-Subunit of LTCC Is Phosphorylated
in Response to the Activation of NKA. The pore-forming
a; subunit of LTCC contains the voltage sensor and is the
major determinant of channel functional identity. Having
identified that Src and Erk1/2 are necessary for the cross-
talk between NKA and LTCC, we next determined a poten-
tial phosphorylation site on the a;-subunit of LTCC. Incuba-
tion of isolated rat myocytes with SSA412 before cell lysis led
to phosphorylation of «; Ser'®?® (Fig. 4E). Phosphorylation of
Ser'®2?® was abolished by the Src inhibitor PP1 and Erk1/2
inhibitor PD98059 (Fig. 4E), suggesting a functional link
between the Src/Erk1/2 signaling cascade and the phosphor-
ylation of the a;-subunit of LTCC.

Discussion

A New Ca®* Signaling Mechanism in Heart Muscle
Cells. The major finding reported here reveals that activa-
tion of NKA, induced by the specific activator SSA412, me-
diates cellular Ca®* signaling by enhancing LTCC function
through a Src/Erk1/2 signaling cascade and phosphorylation
of a; Ser'®2® in heart cells. Binding of activator SSA412 to
the activation site of NKA not only accelerates the enzyme
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Fig. 3. Activation of NKA-enhanced
I, is independent of Ca®?* and adren-
ergic receptors, cAMP, PKA, CaM,
and CaMKII signaling pathways. A,
a-AR inhibitor prazosin and B-AR in-
hibitor propranolol (7 puM each) did
not affect activation of NKA-induced
positive inotropy in rat myocytes,
whereas the inhibitors eliminated the
action of isoproterenol. B, activation of
NKA had no effect on cAMP formation
in rat cardiac myocytes. Formation of
cAMP was assayed using [*H]cAMP
assay kit obtained from Amersham. a,
control; b, with B-AR agonist, isoproter-
enol (1 mM) for 5 min as a positive
control; ¢ and d, cells with denatured
SSA412 for 30 or 60 min; e and f, cells
with SSA412 under same conditions as
in ¢ and d. C, LTCC current in the
presence of 1 mM BaCl, with or with-
out SSA412 (n = 4). D to F, effect of
H89 (PKA inhibitor) on I, in the pres-
ence of SSA412. Isolated rat myocytes
were incubated with 2 uM H89 for 5
min before adding SSA412. I, was
monitored with or without isoprotere-
nol or SSA412 in the presence of H89.
D, I, before and after adding 1 uM
isoproterenol. E, I, by isoproterenol in
the presence of H89. I, enhanced by
isoproterenol was abolished by H89. F,
HB89 has no effect on the enhancement
of I, induced by activation of NKA
through binding of SSA412 to the en-
zyme. The data represent either the
mean of six independent experiments
(A and B) or one of the four similar
studies (C through F).
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catalytic activity, as we reported previously (Xu, 2005), but
also initiates signaling property of NKA, leading to the pos-
itive regulation of LTCC function. Heat-denatured SSA412
caused no increase in I, (Fig. 1D), indicating that SSA412
binding to the activation site of NKA and activating of the
enzyme are essential controls for the activation of NKA-
enhanced LTCC activity (Fig. 1). Western blots reveal that
SSA412 recognizes NKA but not subunits of LTCC (Fig. 1, F
and G), demonstrating that activation of NKA-induced en-
hancement of I, is not a direct effect of SSA412 on LTCC.
The results of whole-cell patch clamp uncovered a remark-
able action that activation of NKA, induced by activator
SSA412 (Xu, 2005), influences the entire population of LTCC
function on an isolated rat myocyte (Fig. 1). These results
provide first evidence to demonstrate that activation of NKA-
initiated Ca®" signaling is functionally linked to LTCC.

In cardiac myocytes, the CICR mechanism is operated
between LTCC and SR Ca®" release channels (ryanodine
receptors, RyRs). Compelling evidences have demonstrated
that Ca®* influx via LTCC can trigger SR Ca release (Endo et
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al., 1970; Fabiato and Fabiato, 1979; Wier, 1990; Sham et al.,
1995). Ryanodine (10 uM) blocks ryanodine receptor-medi-
ated SR Ca®" release and CICR in either condition with or
without SSA412. Our results reveal that denatured SSA412
does not affect I, (Fig. 1D) and that no increase of I, was
detected in the presence of ryanodine before the administra-
tion of SSA412 (Fig. 2C) in isolated cardiac myocytes under
our experimental conditions. These data suggest that a spon-
taneous Ca®" release from SR (Fig. 2, B, F, and G) is likely to
be triggered with the increase of LTCC I,-induced by
SSA412 (Fig. 2, A and E) and is consistent with the well
established CICR principle.

LTCC is the predominant ion channel in the heart and
plays an essential role in cardiac excitation and contraction.
It has been demonstrated that phosphorylation of the intra-
cellular domain of the cardiac LTCC is the critical mecha-
nism for modulating its current. We have identified that a;
Ser'928 of LTCC is phosphorylated in response to the activa-
tion of NKA. This experimental result provides direct evi-
dence to suggest that the «; Ser'®2® may play a unique role in
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receiving signals from the Src/Erk1/2 cascade to affect LTCC
activity. More detailed investigation on multiphosphoryla-
tion sites of LTCC during the cross-talk between NKA and
LTCC will increase our understanding of the mechanism
underlying activation of NKA-mediated Ca®?" signaling. It
has been demonstrated that LTCC «;-Ser'?® is a common
site for LTCC «;-subunit phosphorylation by PKA, PKC, and
PKG (Gao et al., 1997; Yang et al., 2005, 2007). Our experi-
mental results provide additional data indicating that acti-
vation of NKA also converges on Ser'2® of LTCC to mediate
phosphorylation-dependent regulation of Ca®* influx.

The newly discovered molecular pathway that may be po-
tentially responsible for the activation of NKA-mediated cel-
lular Ca®* movement is illustrated in Fig. 4F. First, it is
initiated by the activation of NKA through an antibody-
protein interaction at the activation site of the enzyme. Sec-
ond, activated NKA induces the signal to activate Src kinase.
Third, Src kinase transfers the signal to Erk1/2, which leads
to the phosphorylation of «; Ser'®?® and subsequently the
activation of LTCC. Fourth, Ca®* influx through activated
LTCC, which simultaneously stimulates SR Ca®" release.
Last, increased Ca®" may soon be up-taken back to SR by SR
Ca®?"-ATPase and/or transported out of the cell via NCX
standard function to reach an apparent cellular Ca®" ion
dynamic homeostasis.

In cardiac myocytes, Activation of NKA might result in a
small change of the membrane potential. However, hyperpo-
larization of the cell usually has a dual effect on the Ca®* flux
via LTCC. On one hand, shifting of the membrane potential
to the more negative values may decreases open probability
of the LTCC; on the other hand, hyperpolarization increases
driving force for calcium ions thus potentiating calcium flux.
Under the physiological conditions, hyperpolarization in-
duced by NKA activation in cardiac myocytes may be coun-
teracted by activation of the hyperpolarization-activated cy-
clic nucleotide-gated channels (Arinsburg et al., 2006). It is
noteworthy that activation of the cardiac hyperpolarization-
activated cyclic nucleotide is potentiated by Src, which is also
involved in activation of NKA-mediated signaling (Fig. 4).
Considering all the above, overall effect of the NKA activa-
tion on the membrane potential as well as the effect on
Ca®* flux via voltage-depended mechanisms is likely to be
minimal.

Mechanism of the Activation of NKA-Induced Posi-
tive Inotropy. Intracellular Ca?" movement is crucial to
cardiac contractility. In cardiac muscle cells, Ca®" entry
through LTCC stimulates SR Ca®* release channel known as
ryanodine receptor via CICR at each beat (Berridge, 1993;
Cheng et al., 1993; Clapham, 1995; Bers and Perez-Reyes,
1999; Bers, 2002). We have previously reported that activa-
tion of NKA induces positive inotropy in both isolated rat
myocytes in vitro and in mouse heart in vivo (Xu, 2005; Xu et
al., 2006). By uncovering the fact that activation of NKA
augments SR Ca®" release and intracellular Ca®" transients
via enhanced LTCC and by establishing a new mechanism
that activation of NKA-induced positive inotropic effect is
attributable to increased Ca®* influx through LTCC and the
resultant SR Ca®" release via the CICR, this study provides
direct evidence for a new understanding of fundamental prin-
ciples of NKA activation-induced positive inotropic effect. We
have found previously that activation of NKA-induced posi-
tive inotropic effect does not alter intracellular Na* ho-

meostasis and is independent of increasing [Na™]; (Xu et al.,
2006). Moreover, the NCX current as measured by slow volt-
age-ramp pulses (Hobai et al., 1997) was unchanged in the
presence of SSA412 (data not shown). These results suggest
that NCX is not responsible for activation of NKA-increased
intracellular [Ca®"]. However, NCX may be critically in-
volved in quickly releasing the increased intracellular Ca®*
in the presence of NKA activator SSA412 for cell-tolerated
increases in [Ca®*] and dynamic cellular Ca?* homeostasis,
because no arrhythmia was detected during the activation of
NKA-mediated cardiac contraction at the cell and animal
levels (Xu, 2005; Xu et al., 2006). In contrast, digitalis and
related cardiac glycoside-induced positive inotropic effect is
dependent on the inhibition of NKA, increasing [Na*];, and a
reversal function of NCX to increase intracellular Ca®*. This
makes a fundamental difference in mechanism between ac-
tivation and inhibition of NKA-induced positive inotropy.

Cross-Talk between NKA and LTCC Is Dependent on
Src/Erk1/2 Cascade and Independent of Ca®*. Xie and
Askari have demonstrated that partial inhibition of NKA by
digitalis induces signaling transduction process between en-
zyme and signaling proteins (Mohammadi et al., 2001; Xie
and Askari, 2002; Tian et al., 2006). It is noteworthy that our
experimental results also show that activation of NKA acti-
vates both Src and Erk1/2 (Fig. 4D), suggesting that NKA
may be able to act as a signaling transducer under either an
activation or an inhibition condition. Both the Src inhibitor
PP1 and the Erk1/2 inhibitor PD98059 significantly inhib-
ited SSA412-enhanced I, (Fig. 4, A and B), indicating that
Src and Erk1/2 are required for and essentially involved in
the molecular communication of NKA and LTCC. Further-
more, inactivation of Src by PP1 largely inhibited SSA412-
induced activation of Erk1/2, suggesting that ERK1/2 activa-
tion is mediated by Src activation. Dubuis et al. (2006) have
reported that Src has multiple binding sites on the alc sub-
unit of LTCC. Because the Erk1/2 inhibitor PD98059 signif-
icantly reduced the activation of NKA-enhanced LTCC cur-
rent (Fig. 4B), it is unlikely that Src would directly
phosphorylate LTCC in the presence of SSA412 but might do
so through activation of Erk1/2 (Fig. 4E). We anticipate that
more signaling proteins may participate in the molecular
communication between activation of NKA and LTCC. It is
noteworthy that Src and Erk1/2 also participate in the
ouabain-induced signaling pathway (Xie and Askari, 2002),
implying that activation and inhibition of NKA may share
some of the similar signaling proteins in the NKA-initiated
signaling transduction pathways to regulate different cellu-
lar mechanisms for Ca®* signaling. Le Grand et al. (1990)
reported that low concentration (<10~ M) of ouabain stim-
ulates LTCC currents in guinea pig cardiac myocytes, sug-
gesting that ouabain may have a dual effect that attributes to
different mechanisms depending on its different concentra-
tions. More detailed investigations will help to better under-
stand SSA412 and ouabain shared properties in inducing
signaling cascades through NKA.

The binding of SSA412 to NKA enhances I, when Ba®*
was used as the charge carrier (Fig. 3C), which indicates that
activation of NKA-initiated protein signaling pathway is
Ca®?"-independent. In contrast, the ouabain-induced PKC
translocation and ERK1/2 activation are dependent on the
presence of Ca®* (Mohammadi et al., 2001). This suggests a
distinct difference in principle between inhibition and acti-
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vation of NKA modulated molecular signaling processes. Be-
cause the activation of PKC, CaM, and CaMKII pathways are
Ca?"-dependent (Ziihlke et al., 1999; O-Uchi et al., 2005), it
is unlikely that PKC, CaM, and CaMKII would participate in
the molecular communication between NKA and LTCC.
Thus, adrenergic receptors, cAMP/PKA, PKC, and Ca®*/
CaM/CaMKII-mediated signaling pathways may not be es-
sential to the modulation of LTCC by activation of NKA.

The present findings demonstrate that activation of NKA
modulates LTCC function, leading to an elevated SR Ca®"
release and intracellular Ca®* transients. Our data reveal a
new mechanism to illustrate the basic principle of activation
of NKA-evoked Ca®" signaling that is fundamentally differ-
ent from the traditional understanding of the inhibition of
NKA-induced Ca®?" movement. Moreover, we have shown
that the Src/Erk1/2 signaling cascade and «; Ser'9?® are
necessary components responsible for the molecular commu-
nications between activation of NKA and LTCC. These find-
ings provide novel insights for better understanding of the
nature of cellular Ca®" signaling and bear important clinical
implications.
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