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Spontaneous, rhythmic subsarcolemmal local Ca2� releases
driven by cAMP-mediated, protein kinase A (PKA)-dependent
phosphorylation are crucial for normal pacemaker function of
sinoatrial nodal cells (SANC). Because local Ca2� releases occur
beneath the cell surface membrane, near to where adenylyl
cyclases (ACs) reside, we hypothesized that the dual Ca2� and
cAMP/PKA regulatory components of automaticity are coupled
via Ca2� activation of AC activity within membrane microdo-
mains. Here we show by quantitative reverse transcriptase PCR
that SANCexpress Ca2�-activatedAC isoforms 1 and 8, in addi-
tion to AC type 2, 5, and 6 transcripts. Immunolabeling of cell
fractions, isolated by sucrose gradient ultracentrifugation, con-
firmed that ACs localize to membrane lipid microdomains. AC
activity within these lipid microdomains is activated by Ca2�

over the entire physiological Ca2� range. In intact SANC, the
high basal AC activity produces a high level of cAMP that is
further elevated by phosphodiesterase inhibition. cAMP and
cAMP-mediatedPKA-dependent activation of ion channels and
Ca2� cycling proteins drive sarcoplasmic reticulum Ca2�

releases, which, in turn, activate ACs. This feed forward “fail
safe” system, kept in check by a high basal phosphodiesterase
activity, is central to the generation of normal rhythmic, spon-
taneous action potentials by pacemaker cells.

Numerous studies over the past decade have indicated that
intracellular Ca2� release is a key feature of normal cardiac
pacemaker cell automaticity (1).More recently it has been dem-
onstrated that the basal level of global cAMP in rabbit sinoatrial
nodal cells (SANC)3 exceeds that in ventricular myocytes (2).

The high basal cAMP in SANC mediates robust basal protein
kinase A (PKA)-dependent phosphorylation of specific surface
membrane ion channels and Ca2� cycling proteins, which reg-
ulates the periodicity and amplitude of spontaneous, sarcoplas-
mic reticulum generated, local Ca2� releases in the absence of
cell Ca2� overload (2). Local Ca2� releases emanate from ryan-
odine receptors of sarcoplasmic reticulum that lies beneath the
sarcolemma (10–15 nm), near the Na/Ca exchanger (NCX)
proteins (3). Local Ca2� releases occur mainly during the late
part of the spontaneous diastolic depolarization and activate an
inward NCX current (4–7). This imparts an exponential char-
acter to the late diastolic depolarization (5, 8, 9), facilitating the
achievement of the threshold for opening of L-type Ca2� chan-
nels, which generate the rapid upstroke of the subsequent
action potential (AP). Thus, cAMP-mediated, PKA-dependent
phosphorylation of surface membrane ion channels and SR
Ca2� cycling proteins control the SANC basal spontaneous
rhythmic firing (2).
The mechanisms that underlie a high basal cAMP in SANC

are unknown. The failure of �1 or �2 adrenergic receptor
(�-AR) inverse agonists to alter the spontaneous, basal SANC
firing rate indicates that high levels of cAMP are not due to
constitutively active �-ARs (2). Although a reduction in phos-
phodiesterase (PDE) activity could, in part, account for elevated
cAMP levels in SANC, recent evidence suggests that basal PDE
activity of SANC is not reduced, but rather, appears to be ele-
vated (10). Moreover, inhibition of basal adenylyl cyclase (AC)
activity in SANC substantially reduces cAMP and cAMP-me-
diated, PKA-dependent phosphorylation of phospholamban
(2) suggesting a high constitutive (basal) level of AC activity.
Whereas there is some evidence to indicate that SANC harbor
Ca2�-activated AC isoforms (11, 12), direct evidence for Ca2�

activation of AC activity, and the specific cell microdomains in
which this may occur, are lacking. Using multiple approaches
we show that both Ca2�-regulated ACs reside in lipidmicrodo-
mains and that Ca2� activation of AC activity occurs within
these domains.
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EXPERIMENTAL PROCEDURES

Rabbit sinoatrial nodal tissue and isolated sinoatrial single
nodal cells were prepared as reported previously (4).
q-RT-PCR Assays for AC Isoform Transcript Abundance—

Transcript abundance ofAC isoforms 1–6, 8, and 9, and soluble
adenylate cyclase from rabbits were determined as previously
described (13). As only full-length mRNA sequences for rabbit
AC2, AC5 and soluble adenylate cyclase are available from
GenBankTM, primers were designed based on the most con-
served motifs from human, rat, and mouse mRNA sequences
for each AC. To find conserved motifs, mRNA sequences from
human, rat, and mouse ACs were aligned using a program that
allows local multiple alignment from Genomatix (“DiAlign”).
Numerous primers were chosen and themost conservedmotifs
of each AC identified using the Primer3 software (13).
Each primer pair was tested using human, rat, mouse, and

rabbit heart samples. Nine unique primer sets, corresponding
to an individual AC (1, 2, 3, 4, 5, 6, 8, 9, soluble adenylate
cyclase) (supplemental materials Table S1), yielded amplifica-
tion products of appropriate sizes, except AC4, which was not
analyzed further. To verify that the amplification products cor-
responded to appropriate ACs, fragments from rabbit intact
sinoatrial node (SAN) tissue were cloned into pGEM-T Easy
vector (Promega) and sequenced on ABI PRISM 310 Genetic
Analyzer (PE Applied Biosystems) using SP6 and T7 promoter
primers. Each sequence was analyzed using BLAST to verify its
homology to the appropriate adenylate cyclase mRNA from
human, rat, and mouse.
q-RT-PCR analyses were performed on AC using pre-tested

primer sets. Each group tested consisted of four samples corre-
sponding to RNA isolated from brain, SANs (n � 3) and SANC
(n � 3) of individual rabbits. For q-RT-PCR, 1 �g of total RNA,
previously treated with DNase I (Ambion Inc.), was reversed
transcribed with random hexonucleotides (PE applied Biosys-
tems). q-RT-PCR were run with an ABI PRISM 7900 Sequence
Detector System (PE Applied Biosystems) in the presence of
SYBR Green using Platinum SYBR Green qPCR SuperMix
(Invitrogen). The reaction mixture (12 �l) contained 1 �l of
cDNA, 6 �l of Platinum SYBR Green qPCR Super Mix-UDG,
0.2�l of ROX reference dye, 1�l of 10�mol of forward and 1�l
of 10 �mol of reverse primers, and 12 �l of DNase/RNase-free
water (Invitrogen). Cycling conditions were: initial denatur-
ation at 95 °C for 2min; 45 amplification cycleswere at 95 °C for
30 s, 60 °C for 30 s, and 72 °C for 30 s. Each assay was performed
in quadruplicate, and three negative controls were run for every
assay: no template (sample lacking cDNA), no reverse tran-
scriptase, and no RNA in reverse transcriptase reaction. Stand-
ard curves from cDNA dilutions of target genes and 10-fold
dilutions of endogenous references (18S rRNA (18S)) were per-
formed. The threshold cycle (Ct) of each sample was trans-
formed to the log of the dilutions and normalized. Normalized
data are presented as (1/�Ct), where�Ct� (Ct�Ct18S) value
(13).
Sucrose Density Gradient Fractionation of SAN Tissue and

Isolated SANC—Membrane microdomain extraction and sub-
sequent equilibrium centrifugation were performed as previ-
ously described, with only slight modifications (14). Approxi-

mately 1 mg of protein from isolated SANC was subjected to
disruption in a homogenizer in 500 �l total volume of TKM
buffer (50mMTris-HCl, pH 7.4, 25mMKCl, 5mMMgCl2, 1mM
EDTA) � 1% Triton X-100 and protease inhibitors (2 �g/ml of
each aprotinin, antipain, chymostatin, leupeptin, and trypsin
inhibitor (Roche)), and extracted on ice for 30 min. The mate-
rial was transferred to a SW41 centrifuge tube and mixed with
an equal volume of 80% sucrose in TKM (v/v). Extracts were
then gently overlaid with 6 ml of 38% sucrose/TKM, followed
by 4 ml of 5% sucrose/TKM for a total volume of 11 ml. Tubes
were centrifuged at 200,000� g for 18 h at 4 °C in a SW41 rotor
(Beckman, Fullerton, CA). Eleven 1-ml fractions were collected
carefully from the top of the tube and used immediately for AC
activity studies or stored at �20 °C until subsequent use. All
protein concentrations were determined by BCA protein assay
(Pierce).
cAMP Assay—Suspensions of intact isolated cells from a

given heart were divided into control and treatment groups,
consisting of 0.1 mM isobutylmethylxanthine or 1 �M isoprot-
erenol. Aliquots of cells were incubated with gentle shaking
during 5 min at 34 °C. To buffer intracellular Ca2�, the same
experiments were repeated with isolated cells pretreated with
BAPTA-AM (25 �M) for 30 min at 34 °C.

To determine cyclic AMP levels in the isolated ventricular
myocytes and SANC submitted to the different treatments, ice-
cold ethanol was added to the cell suspension to have a final
suspension volume of 65% ethanol. After vigorous mixing, the
extracts were centrifuged at 10,000� g for 15min and 4 °C. The
supernatants were collected; the remaining precipitates were
washed again with ice-cold 65% ethanol and centrifuged as
before. Collected supernatants were SpeedVac dried and stored
at �20 °C or used immediately for cAMP measurements.
cAMPwasmeasured by radioimmunoassay (the cAMP [125I]

Biotrak assay system from Amersham Biosciences (RPA 509))
as described by the manufacturer. Briefly, prior to analysis,
dried extracts and standard cAMP samples were dissolved in
0.5 ml of the standard “assay buffer.” The solutions were mixed
with a reconstituted antiserum from a lyophilized rabbit anti-
succinyl cAMP and incubated 1 h at 4 °C. The tracer, adenosine
3�,5�-cyclic phosphoric acid 2�-o-succinyl-3-[125I]iodotyrosine
methyl ester, was added to every tube, and the tubes incubated
for 3more hours at 4 °C. The secondary antibody obtained from
donkey anti-rabbit serum coated onto magnetizable polymer
particles was added. The mixtures were left at room tempera-
ture for 10min, centrifuged at 2,600� g and 4 °C in a Sorvall RT
6000D for 15 min. Supernatants were discarded and the tubes
were inverted on absorbent pads for 5 min. The pellets were
counted in a � counter.
Adenylyl Cyclase Assay—To determine adenylyl cyclase cat-

alytic activity of whole cells, cell suspension containing 20–50
�g of protein was precipitated and resuspended in 350 �l of
lysis buffer containing 20 mM HEPES (pH 7.4), 0.1% Triton
X-100, 0.5 mM dithiothreitol, and 1 �l of protease inhibitor
mixture (Sigma P8340). This suspension was sonicated on ice 3
times for 30 s separated by 1 min; the sonicator setting was 3.
Forty �l of this homogenate was incubated for 20 min at 30 °C
in a final volume of 350 �l of an ATP regenerating system com-
prised of: 20 mM HEPES (pH 7.4), 0.8 mM MgCl2, 0.3 mM KCl,
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100 mM NaCl, 0.5 mM ATP, 5 mM creatine phosphate, 1 mM
EGTA, 70 units of CPK, 0.5 mM dithiothreitol, and 0.2 mM
isobutylmethylxanthine. A final [Ca2�] of 0.2 or 1 �M at pH 7.4
and 30 °C was achieved by adding to the assay buffer 0.7336 or
0.9332 mM CaCl2, respectively (15). At the end of the incuba-
tion the medium was extracted to determine the cAMP as
described above.
A similar procedure was employed to determine AC activity

in sucrose gradient-separated cell and tissue fractions. In this
case, samples were 20 �l and contained �0.8–9 �g of protein.
Immunoblots of Fractionated SANTissue and SANCExtracts—

Dot immunoassays were performed as described previously
(14), with minor modifications as outlined below. Briefly,
100-�l portions of each fractionwere serially diluted and added
to wells of a Bio-Dot apparatus (Bio-Rad), and incubated on
nitrocellulose membranes (Millipore, 0.45 �m) for 1 h at room
temperature.Gentle pressurewas applied to themembrane and
sampleswere gently suctioned, then themembranewaswashed
2 times with TBST (10 mM Tris-HCl, pH 7.5, 100 mM NaCl,
0.1%Tween 20), and allowed to air dry. Thesemembranes were
then removed from the apparatus and blocked with 5% nonfat
milk powder in TBST for 1 h at room temperature. Membrane
strips were incubated with primary antibodies in TBST, 0.5%
milk powder overnight at 4 °C and washed three times for 10
min with TBST prior to incubation with horseradish peroxi-
dase-conjugated secondary goat anti-mouse IgG (Jackson Lab-
oratories, Bar Harbor, ME) for 45 min. The strips were then
washed three times for 15min and developedwith an enhanced
chemiluminescence (ECL) assay (Amersham Biosciences)
before exposure to Hyper-Film ECL (Amersham Biosciences).
The following antibodies were used in dot immunoassays: AC1
andAC2 (rabbit, polyclonal), fromFabGennix, Frisco, TX; AC8
(goat, polyclonal) and AC5/6 and AC-pan (rabbit, polyclonal),
from Santa Cruz Biotechnology, Santa Cruz, CA; and caveo-
lin-3 (mouse, monoclonal), from Research Diagnostic, Con-
cord, MA. GM1 was detected by non-denatured cholera toxin,
B-subunit, from Calbiochem. Densitometry was performed as
previously described for Western blotting. Briefly, for blots
measured on the Typhoon 9410 (GE Healthcare), ImageQuant
5.0 (GE Healthcare) was used to circle dots and measure the
intensity. Formeasures using film (Hyperfilm, ECL, GEHealth-
care), spots were measured using the freeware ScionImage
(Frederick, MD). Raw intensity values were used to calculate
percentage of signal intensity.
Patch Clamp Experiments on Single Isolated Rabbit SANC—

A perforated patch clamp technique as described previously
(16) with 50 �M �-escin (Sigma) added to the pipette solution
was used to measure cell capacitance and record spontaneous
APs with an Axopatch-2B patch clamp amplifier (Axon Instru-
ments, Foster City, CA). Briefly, 35–45 �l of isolated viable
rabbit SANC stored at 4 °C in KB solution were placed into the
experimental chamber (total volume of 300 �l) and perfused
(1.5 ml/min at 35 °C) with regular Tyrode buffer (composition
(in mM): NaCl, 140; KCl, 5.4; MgCl2, 1; HEPES, 5; CaCl2, 1.8;
glucose, 5.5; pH7.4). Themost viable regular rhythmically beat-
ing cells were utilized in the experiments. Standard electrodes
with the tip resistances ranging from 3 to 4.5 M� filled with the
standard solution containing (in mM): potassium gluconate,

120; NaCl, 10;MgATP, 5; HEPES, 5; KCl, 20 (pH 7.2), were used
to obtain gigaseal and record action potentials. A subset of cells
was voltage clamped to measure the hyperpolarization-acti-
vated current, If, in the presence and absence of CsCl (2 mM).

Pharmacological experiments employed the common AC
inhibitor MDL-12,330A hydrochloride (Sigma) dissolved in
water with final concentrations of 40 and 400 �M; or a specific
cell permeable peptide inhibitor of the protein kinase A, PKI
(Calbiochem) dissolved inwaterwith the final concentration 15
�M; or the fast, cell-permeable Ca2� chelator BAPTA-AM
(Molecular Probes) dissolved in the appropriate amount of
DMSOwith final concentrations of 5 and 25 �M; or continuous
superfusion of the cell with 2mMCsCl to block the If current in
spontaneously beating SANC.

RESULTS

AC mRNA Isoform Expression in SANC—AC isoforms differ
in their regulation and Ca2� sensitivity (17), with AC types 1
and 8 being specifically activated by Ca2�. q-RT-PCR was used
to determine expression levels of AC isoform RNAs in SAN
tissue as well as isolated SANC.Data were comparedwith brain
tissue in which high levels of Ca2�-activated AC types have
been reported (17). We observed that numerous AC isoform
transcripts are expressed in SAN, in isolated SANC, and in the
brain, and that relative transcript abundance for the variousAC
types differed widely among the three groups (supplemental
materials Fig. S1). Fig. 1A shows representative q-RT-PCR
amplifications of the AC1 isoform transcripts. Note the rela-
tively high abundance of AC1 in brain (threshold cycle, Ct �
26) and less abundant, but definite, expression in SAN (Ct� 30)
and SANC (Ct� 33). The average expression of all AC isoforms
measured is illustrated in supplemental materials Fig. S1. The
correct molecular weight for each transcript was observed yet
each varied in abundance depending on tissue/cell type (Fig. 1,
B and C). For example, AC type 5 is the dominant mRNA tran-
script in SAN tissue, exceeding the level in brain by 4-fold (Fig.
1C). The relative abundance of AC type 5 in isolated SANC is
markedly less than that in SAN tissue (Fig. 1C). The relative
abundance of AC types 1, 2, and 8 mRNA transcripts in SAN
tissue is substantially lower than in brain (Fig. 1C), ranging from
less than 1 to 8% of brain isoforms. (Note the difference in
calibration of y axis in the left and right panels of Fig. 1C.) The
relative mRNA abundance of types 1, 2, and 8 differ between
intact SAN tissue and isolated SANC: in isolated SANC, the
transcript abundance of AC type 1 is substantially less than that
in SAN (by 	10-fold), whereas AC type 8 transcript content is
greater in SANC than in SAN.
Localization of Different AC Isoforms in Membrane Lipid

Domains—The volume fraction of the caveolae of SANC
exceeds, by 2-fold, that in other cardiac cell types (18). Caveolae
increase the surface area of rabbit SANC external sarcolemma
by 100%, whereas in rabbit papillary muscle caveolae increase
the surface membrane area by only 17–27% (18). Numerous
signaling pathways reside within caveolae. Because of the
plasma membrane localization of ACs, the AC activity likely
varies locally among membrane microdomains. Because the
amino acid sequence of catalytic domains of AC families is
largely conserved, the broad range of individual regulation
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must be associated with the sequence diversity outside these
domains (19), which may affect their binding to other mole-
cules. Density gradient fractionation of SANC was performed
and individual fractions were immunoblotted to determine rel-
ative distribution of caveolin, GM1, another lipid raft microdo-
main marker, and AC isoform immunolabeling. Fig. 2A illus-
trates a representative gel of 1/20 of a pooled sample of
fractionated SANC isolated from five SANs. Independent frac-
tions are labeled in each lane (fractions 1–11). Note that the
buoyancy decreases as the fraction numbers increase, and that
fractions 10 and 11 are the most soluble fractions.
Fig. 2B, top panel, illustrates the raw signal intensity of dot

immunoblots for caveolin-3 and ganglioside M1 (GM1), a lipid
raft marker depicted as a representative experiment, and the
lower panel illustrates the average immunolabeling of three
combined fractions 1–3, 4–7, and 8–9 depicted as fractions
I–III, respectively, in the top panel. Note, on average 60% of
caveolin and GM1 immunolabeling are located in combined
fraction II. Combined fractions I and III each contain a substan-
tially reduced, but finite immunolabeling for the lipid raft
markers. Fig. 2C represents AC PAN and specific AC immuno-
labeling in a representative experiment in isolated SANC (top)
and averaged data (lower panel). Although the signal intensity
of most AC markers is greatest in pooled fraction II, i.e. the
fraction containing the most intensive caveolin and GM1
immunolabeling (Fig. 2, B and C, dashed line, lower panel),

immunolabeling of AC-PAN and AC8 across the fractions
appears broader thanAC 1, 2, and 5/6 antibody labeling. In new
experiments, SAN tissue,which provides a greater protein yield
than isolated SANC, was fractionated and serially diluted to
probe for caveolin, GM1, and AC isoforms. Supplemental
materials Fig. S2 illustrates the serially diluted immunoblots for
each antibody, and supplemental Table S2 lists the relative per-
cent signal intensity for each sample dilution in each fraction
for each antibody. Note the same relative distribution of immu-
nolabeling across the fractions for such antibody, regardless of
the dilution.
Correlations between caveolin and AC immunolabeling

across the fractionswere high (Fig. 2D), suggesting that theACs
reside within lipid membrane microdomains of SANC. Differ-
ences in the slope of this relation between AC-PAN, AC8, and
the other AC isoforms (Fig. 2D) reflect the broader immuno-
staining pattern of AC-PAN and AC8 (panel D).

FIGURE 1. A, representative q-RT-PCR cycle times for 18S and AC type 1 in
brain, intact SAN tissue, and isolated SANC. B, molecular weights of tran-
scripts for AC isoforms 1, 2, 5, and 8. C, abundance of SAN (n � 3 hearts) or
SANC (n � 3 hearts) AC isoform transcripts relative to brain tissues. *, signifi-
cant difference in the transcript expression levels between SAN versus the
same transcript in SANC after normalization to the brain transcript expression
level (*, p 	 0.05 (t test)).

FIGURE 2. A, representative silver-stained gel of sucrose gradient fractions of
pooled SANC from 5 isolated SAN. Buoyancy decreases as fraction numbers
increase (fraction 1, most buoyant; fractions 10 and 11 more soluble frac-
tions). B, top panels show raw data from representative immunolabeled dot
blots screening for caveolin and GM1 in gels of sucrose gradient fractions.
Sucrose gradient fractions shown in panel B have been combined into three
fractions (I--III) as depicted in top panel: fraction I is the sum of fractions 1–3;
fraction II it the sum of fractions 4 –7; and fraction III is the sum of fractions 8 –9.
Panel B, lower, shows the average distribution of immunolabeling in each of
these combined sucrose gradient fractions for caveolin-3 and GM1 in 6 exper-
iments. C, panel C, top, depicts the distribution immunolabeling of AC anti-
body labeling; lower panel show the average immunolabeling. The number of
experiments for each AC type is indicated in parentheses. D, representative
examples of least square linear regression of relative AC isoform immunola-
beling in each combined fraction, as a function of relative caveolin labeling
within each fraction. r2 and statistical significance of least squares linear
regression for each AC isoforms were: AC1, r2 � 0.99, p 	 0.001; AC2, r2 � 0.91,
p 	 0.0001; AC5/6, r2 � 0.91, p 	 0.0001; AC8, r2 � 0.46, p 	 0.02; AC pan, r2 �
0.85, p 	 0.0001. Similar results were observed in three additional
experiments.
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AC Activity and cAMP—In isolated SANC pooled from an
additional 5 hearts, total AC activity and its Ca2� dependence,
in addition to immunolabeling for Ca2�-activated ACs in each
fraction depicted in Fig. 2, B and C, was measured. Fig. 3A
indicates a marked Ca2� dependence of basal AC activity over
the physiologic intracellular Ca2� range (0.2–1 �M). Note that
most of the Ca2� activation of AC activity lies within combined
fractions II and III. Note also that in the absence of Ca2� AC
activity drops to nearly undetectable levels. Fig. 3B illustrates
the average relative distributions of Ca2�-activated AC activity
and Ca2�-activated AC isoform immunolabeling. On average,
80% of AC activity was detected in fractions II and III with 20%
in fraction I. The relative distribution of AC activity among the
three fractions generally parallels that of Ca2�-activated AC
isoform immunolabeling. The different profiles of AC1 and
AC8 immunolabeling is noteworthy: AC type 1 immunolabel-
ing tracks that of caveolin (Fig. 2C, dashed line) with 60% of it
being localized within fraction II; AC type 8 immunolabeling
has a broader distribution across the fractions with 40% being
present in fraction II and 30% found in each of the other type of
fractions, i.e.more similar to the distribution of Ca2�-activated
AC activity.
Fig. 3Cprovides direct evidence, inwhole cell lysates of intact

SANC, of Ca2�-stimulated AC activity in the absence of
sucrose density cell fractioning. Following incubation of whole
cell lysates in Ca2�-free buffer containing EGTA, AC activity
was greatly increased by incubation in the presence of Ca2� at
concentrations that occurwithin the physiologic range in intact
cells.
In intact, isolated SANC, Ca2� buffering, PDE inhibition, or

�-AR stimulation markedly affect the cAMP level (Fig. 3D).

PDE inhibition increases the basal cAMP level by 9-fold, expos-
ing a high level of AC activity (Fig. 3D, left panel). This cAMP
increase in the presence of PDE inhibition is reduced by 30% by
chelation of intracellular Ca2� with BAPTA. Fig. 3D, left panel,
shows that �-AR stimulation with isoproterenol (ISO)
increases the cAMP level, but to a markedly lesser extent than
PDE inhibition. Furthermore, the ISO-induced increase in
cAMP is not reduced by Ca2� buffering. The combination of
ISO and PDE inhibition (Fig. 3D, right panel), however,
increases cAMP to a level that substantially exceeds (by 7-fold)
that induced by ISO alone (note difference in ordinate scale in
left and right panels). This suggests that PDE activity, in addi-
tion to regulating the basal cAMP, also moderates the increas-
ing cAMP level regulated by ACs that are activated by �-ARs.
Still, unlike PDE inhibition alone, the combined ISO plus PDE-
induced increase in cAMP is not reduced by intracellular Ca2�

buffering.
Effects of Inhibition of Adenylyl Cyclase, PKA, or Ca2� Buff-

ering on Spontaneous AP Firing in Isolated SANC—Numerous
interacting subcellular mechanisms link Ca2� activation AC
activity, cAMP, cAMP-dependent phosphorylation of ion
channels, and Ca2� itself to pacemaker cell function. Fig. 4A
illustrates a schematic of the potential interplay between Ca2�,
AC, cAMP-PKA signaling, SR Ca2� cycling proteins, and ion
sarcolemmal ion channels. We employed pharmacological
measurements in an attempt to partially sort the functional
implications of some of these interactions.
The dependence of spontaneous AP generation on intracel-

lular Ca2� (Fig. 4A) is clearly demonstrated by the ability of
intracellular Ca2� chelating by BAPTA-AM to abrogate spon-
taneous AP firing (Fig. 4B). This effect of Ca2� buffering could
occur via a reduced Ca2� activation of AC (Fig. 3, C and D, left
panel), leading to a local [cAMP] reduction (Fig. 4A), as MDL,
anAC inhibitor, also abrogates spontaneousAP firing (Fig. 4C).
A change in If an ion current formed by the combination of

HCN subunits having cAMP binding elements is likely sequela
of a change in cAMP. Complete inhibition of the If current by 2
mM CsCl, however (Fig. 4D), has only a modest effect to reduce
spontaneous AP firing. A change in cAMP resulting from a
change in AC activity, also induces downstream, cAMP-medi-
ated, PKA-dependent phosphorylation of ion channels, e.g.
ICa, L, of SRCa2� cycling proteins, e.g. phosphorylation of phos-
pholamban and ryanodine receptors (Fig. 4A), that control the
cell and SR Ca2� loading and Ca2� release. Fig. 4E shows that
this distal cAMP pathway signaling is crucial to pacemaking
function, as PKI, a specific peptide inhibitor of PKA, abrogates
SANC AP firing.

DISCUSSION

Our results show that: 1) rabbit SANC express two Ca2�-
activated AC isoforms in addition to other non-Ca2�-activated
AC isoforms; 2) AC immunolabeling is largely confined to
membrane lipidmicrodomains; 3) virtually all basal AC activity
is Ca2�-activated and the majority of Ca2� activation of AC
activity occurs within lipid raft microdomains containing spe-
cific lipid raft markers caveolin and GM1; 4) the basal cAMP
level and that following �-ARs stimulation are restricted by
high basal PDE activity; 5) that the high basal cAMP levels in

FIGURE 3. A, the Ca2� dependence of AC activity among sucrose gradient
fractions of a representative experiment of isolated SANC pooled from 5 rab-
bit hearts. B, average distribution of Ca2�-activated AC isoform immunolabel-
ing (number of experiments indicated in parentheses). C, Ca2� dependence of
AC activity of whole cell lysates of intact SANC isolated from SAN (n � 6,
separate experiments, each experiment utilizing SANC from an individual
heart). D, whole cell homogenate cAMP levels of spontaneously firing SANC
following phosphodiesterase inhibition, �-AR stimulation, or a combination
of both, in the presence (�) or absence (�) of chelation of intracellular Ca2�

by BAPTA-AM. Note the change of scale of the y axis in the right versus left
panel. Cells used for each experiment were isolated from the same SAN. *, p 	
0.05 versus control; �, p 	 0.05 versus isobutylmethylxanthine (IBMX)
(�)BAPTA; #, p 	 0.05 versus IBMX or ISO alone.
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SANCare, in part, produced byCa2�-activatedACs sensitive to
intracellular Ca2� buffering, whereas the increase in cAMP fol-
lowing �-AR stimulation is not; and 6) in intact isolated spon-

taneously beating cells, intracellular Ca2� buffering or inhibi-
tion of AC activity or PKA activation preclude spontaneous AP
firing.

FIGURE 4. A, schematic illustration of the interplay of Ca2�, basal Ca2�-activated AC, cAMP, PDE activity, and PKA activity, cast in the context of sarcoplasmic
reticulum Ca2� cycling, L-type Ca2� channels, and other ion channels. Ca2� activation of NCX initiates, in turn, spontaneous SANC APs, as reported previously
(2–10). Ca2� activation of basal AC activity results in a feed forward “fail safe” system to generate cAMP and cAMP/PKA-dependent phosphorylation. Ca2�

cycling protein phosphorylation (phospholamban, ryanodine receptors, L-type Ca2� channels, and cross-talk of these) generates both local, spontaneous
submembrane Ca2� releases, and global increases in cytoplasmic Ca2� triggered by APs activate ACs. Ca2�, cAMP, or PKA-dependent phosphorylation also
modulates other ion channels. The dual basal Ca2�/cAMP-PKA “feed forward regulation” is kept in check by a high basal PDE activity, which prevents cAMP/PKA
signaling to become excessive, i.e. acts as negative feedback mechanism to prevent an excessive basal beating rate, and to ensure reserve cAMP/PKA
modulation of spontaneous beating via activation of �-ARs. Phosphatase activity likely constitutes an additional intrinsic brake on PKA signaling in SANC but
this has not yet been measured. Note that because the cAMP increase induced by �-AR stimulation is not reduced by Ca2� chelation (Fig. 3D) the ACs that
couple to �-ARs (and associated PDEs) are depicted in the scheme in a separate location from the basal Ca2�-activated ACs. B, the effects of Ca2� chelation, AC
inhibition, If blockade, or PKA inhibition on spontaneous SANC AP firing rate. Representative examples of: B, chelation of intracellular Ca2� by 25 �M cell
permeable fast Ca2� chelator BAPTA-AM (n � 6); C, AC inhibition by 400 �M MDL-12,330A (n � 5); D, If blockade by 2 mM CsCl (n � 7); E, PKA inhibition by 15
�M PKI (n � 5), a specific inhibitory peptide of PKA. F, the average maximum effect of BAPTA-AM, MDL-12330A, PKI, or CsCl on the spontaneous AP firing rate
in rabbit SANC.
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MammalianACs are comprised of a set of nine isoforms (17).
Types 5 and 6 are the major isoforms in the heart ventricle and
atria; type 5 is predominantly expressed in adult cardiac tissues
and type 6 in fetal cardiac tissues (20). Ca2�-calmodulin-acti-
vated types 1 and 8 have previously been thought to be
expressed exclusively in neuronal tissues (21). A recent report,
however, provided evidence that the AC1 isoform is expressed
in guinea pig SAN (11). Our q-RT-PCR results demonstrate
that both rabbit SAN and SANC express multiple AC isoform
mRNA transcripts, the most abundant of which is AC type 5
(supplemental materials Fig. S1). In addition, SAN and SANC
also express transcripts for Ca2�-activated AC isoforms types 1
and 8, but at levels substantially less than in brain (Fig. 1).
The present results demonstrate thatAC isoforms andCa2�-

dependent AC activity largely reside within SANC caveolin-
enriched membrane microdomains (Fig. 2). Microdomain
Ca2� levels likely regulate Ca2�-activated ACs (isoforms 1 and
8) that reside within these lipid raft microdomains. It is note-
worthy that ryanodine receptor and other Ca2� cycling pro-
teins such as NCX and L-type Ca2� channels that drive spon-
taneous beating of SANC (1) and HCN proteins that form the
channels that carry If (22) also reside in these caveolin-rich lipid
microdomains (23–27).
Numerous studies in other cell types (28–31) have demon-

strated AC localization within caveolin-rich lipid microdo-
mains. Ca2�-activated AC types have also been localized to
caveolin microdomains containing store-operated Ca2�-oper-
ated Ca2� channels (32). Although there is presently no evi-
dence for functional store-operated Ca2� channels in rabbit
SANC, recent evidence suggests that these channels are present
in mouse SAN tissue (33).
A high basal PDE activity in SANC has recently been dem-

onstrated (10). The present results show that both Ca2�-acti-
vated AC activity (Fig. 3C) within lipid rafts (Fig. 3B), and PDE
activity (Fig. 3D) regulate basal cAMP levels in SANC. A high
basal AC activity coupled to high PDE activity creates continu-
ous cAMP synthesis and degradation. It has been proposed that
restricting such continuous cAMPproduction and degradation
to subcellular components would be an energetically efficient
way to allow a system (e.g. light adapted photoreceptor cells (34)
or cyclic nucleotide-gated channels (35)) to respond rapidly to a
stimulus. The ability to effect rapid changes in heart rate con-
fers a distinct survival and cardiovascular homeostatic benefit.
If PDEswere localized to the vicinity of ACswithin SANC rapid
local cAMP production and degradation would continuously
occur. This would permit rapid changes in the beating rate in
response to changes in basal Ca2�, which regulates the AC arm
of the AC-PDE dual control (Fig. 4A). In this regard it is note-
worthy that overexpression of AC type 8 inmice results in both
a constitutively active, Ca2�-calmodulin AC type 8 activity (36)
and increased activity of the Ca2�-calmodulin-activated type 1
PDE toward cAMP (37) which, in turn, leads to an elevated
basal heart rate in the absence of vagal tone (38).

�-ARs are known to activate the 5/6 AC isoforms. Interest-
ingly, our results (Fig. 3D) show that the cAMP increase follow-
ing �-AR stimulation by ISO is not reduced by Ca2� chelation,
suggesting that �-AR AC activation occurs in a microdomain
that is distinct from Ca2�-activated ACs that regulate basal

cAMP. Furthermore, one ormore PDE isoformsmay localize to
the �-AR-AC 5/6microdomain, because PDE inhibitionmark-
edly elevates the ISO-induced cAMP elevation (Fig. 3D). The
dual Ca2� “feed forward” regulation of cAMP, kept in check by
a high basal PDE activity (Fig. 4A), i.e. a negative feedback
mechanism, to prevent an excessively high basal cAMP, and to
ensure reserve function in response to activation of �-AR
stimulation.
The basal cAMP level is crucial to spontaneous AP firing of

SANC because AC inhibition can abrogate spontaneous firing
(Fig. 4C) (2, 11). The effect of MDL appears to be largely attrib-
utable to inhibition of Ca2�-activated adenylyl cyclases (Fig.
4A) as prior intracellular Ca2� buffering markedly reduces the
effectiveness ofMDL to inhibit the cAMP-dependent ionic cur-
rent (11). There are numerous specific links between basal
cAMP regulation and spontaneous AP firing by SANC. cAMP
modulation of the hyperpolarization activated current If is one
such potential mechanism. A most obvious target of cAMP is
the HCN4 ion channel subunits that predominantly generate If
current in pacemaker cells (Fig. 4A). It is well documented, in
fact, that cAMP binding to If channels shifts If activation I–V
curve enabling an increased current at a given voltage (39).
Although cAMP-modulated gating of If causes a statistically
significant reduction in the spontaneous firing rate in isolated
rabbit pacemaker cells, this effect isminor (Fig. 4D). In hearts of
embryonic lethal (40) HCN4 knock-outmice the beating rate is
reduced by 25–50%, and conditional knock-out of HCN4 at a
later age results in an irregular heart rhythm (41). Pharmaco-
logic If blockade (42, 43), rather than ionic blockade, results in
slowed or dysrhythmic AP firing in wild type mouse cells (44).
The effects of either intracellular Ca2� chelation (Fig. 4B) or

AC inhibition by MDL (Fig. 4C) to abrogate spontaneous AP
firing could be attributable, in part at least, to a reduction in
PKA-dependent phosphorylation modulation of surface mem-
brane ion channels or to reduced PKA-dependent phosphoryl-
ation in SR Ca2� cycling proteins (Fig. 4A). Indeed, a specific
PKApeptide inhibitor blocks spontaneous firing (Fig. 4E). Prior
studies have shown that PKI orMDL each inhibit phospholam-
ban phosphorylation in a dose-dependent manner (2) that cor-
relates with their dose-dependent effects to reduce spontane-
ous AP firing of SANC.
In summary, SANC express bothCa2�-activated and other AC

isoforms, and exhibit a high Ca2�-dependent basal activation of
ACs that occurs largely within membrane lipid microdomains.
Given the profile of the effects of pharmacologic interventions to
reduce or abrogate spontaneous firing we favor the interpretation
that the local basal Ca2� cycling regulates AC-driven, cAMP-me-
diated, PKA-dependent phosphorylation of Ca2� cycling proteins
that results in rhythmic local Ca2� releases that drive the genera-
tion of rhythmic action potentials. At the present time, however,
there is no evidence that localCa2�oscillations also produce local,
beat to beat oscillations in cAMP (45), or that beat to beat changes
in cAMP-mediated PKA-dependent phosphorylation within
SANC are crucial to the pacemaker function.
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