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The best understood ‘‘fight or flight’’ mechanism for increasing
heart rate (HR) involves activation of a cyclic nucleotide-gated ion
channel (HCN4) by �-adrenergic receptor (�AR) agonist stimula-
tion. HCN4 conducts an inward ‘‘pacemaker’’ current (If) that
increases the sinoatrial nodal (SAN) cell membrane diastolic depo-
larization rate (DDR), leading to faster SAN action potential gen-
eration. Surprisingly, HCN4 knockout mice were recently shown to
retain physiological HR increases with isoproterenol (ISO), suggest-
ing that other If-independent pathways are critical to SAN fight or
flight responses. The multifunctional Ca2� and calmodulin-
dependent protein kinase II (CaMKII) is a downstream signal in the
�AR pathway that activates Ca2� homeostatic proteins in ventric-
ular myocardium. Mice with genetic, myocardial and SAN cell
CaMKII inhibition have significantly slower HRs than controls
during stress, leading us to hypothesize that CaMKII actions on
SAN Ca2� homeostasis are critical for �AR agonist responses in
SAN. Here we show that CaMKII mediates ISO HR increases by
targeting SAN cell Ca2� homeostasis. CaMKII inhibition prevents
ISO effects on SAN Ca2� uptake and release from intracellular
sarcoplasmic reticulum (SR) stores that are necessary for increasing
DDR. CaMKII inhibition has no effect on the ISO response in SAN
cells when SR Ca2� release is disabled and CaMKII inhibition is only
effective at slowing HRs during �AR stimulation. These studies
show the tightly coupled, but previously unanticipated, relation-
ship of CaMKII to the �AR pathway in fight or flight physiology and
establish CaMKII as a critical signaling molecule for physiological
HR responses to catecholamines.
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Increased heart rate (HR) is a fundamental physiological
component of the ‘‘fight or flight’’ response to �-adrenergic

receptor (�AR) stimulation. Despite the critical importance of
sinoatrial nodal (SAN) cardiac pacemaker cells to vertebrate
physiology, the signaling mechanisms underlying �AR actions in
SAN cells are not completely understood. The leading mecha-
nistic paradigm for understanding HR increases during �AR
stimulation is that increased 3�,5� cyclic adenosine monophos-
phate (cAMP) increases ‘‘pacemaker’’ current (If) in SAN cells.
However, surprising recent findings show that mice lacking the
predominant If channel gene (HCN4) exhibit physiological HR
responses to isoproterenol (ISO), despite a loss of ISO respon-
sive If (1). The unexpected dispensability of HCN4 for SAN fight
or flight responses led us to consider alternative models of SAN
response to �AR stimulation.

Intracellular Ca2� (Cai
2�) release from sarcoplasmic reticulum

(SR) stores induces myofilament crossbridge formation and
contraction in ventricular myocytes, but SAN cells that lack a
mechanical purpose also contain SR Ca2� proteins (2). Cai

2�

release from the SR may contribute to an If-independent path-
way for increasing HR during �AR stimulation (3), suggesting
the possibility that SAN cells use SR Ca2� release machinery to
regulate HR. The multifunctional Ca2� and calmodulin-

dependent protein kinase (CaMKII) is a serine-threonine kinase
that is activated during ISO stimulation in ventricular myocar-
dium (4). In ventricular myocytes, CaMKII activity is important
for increasing SR Ca2� filling and release (5) during ISO
stimulation, but the potential role of CaMKII for regulating fight
or flight SAN responses or SAN SR Ca2� is unexplored. Given
the possible importance of cellular Ca2� in SAN function, we
hypothesized that CaMKII activity is necessary for physiological
HR responses to �AR stimulation.

Here, we show that CaMKII plays a previously unanticipated
but decisive role to increase SAN rates during �AR stimulation.
Studies in hearts from mice with SAN cell CaMKII inhibition
suggest that CaMKII activity is required for chronotropic re-
sponses to ISO. CaMKII is selectively engaged in SAN cells
during �AR stimulation and leads to coordinated enhancement
of SR Ca2� filling, greater diastolic SR Ca2� release, and an
increased diastolic depolarization rate (DDR) to increase HRs,
independent of If. In contrast, CaMKII inhibition does not slow
HRs or SAN cell action potential (AP) frequency in the absence
of �AR stimulation or when SR Ca2� release is disabled. These
studies define a novel, CaMKII-dependent cellular mechanism
for SAN fight or flight physiology.

Results
CaMKII Inhibition Reduces Fight or Flight HR Responses. AC3-I is a
peptide that mimics the CaMKII regulatory domain and acts as
a highly specific CaMKII inhibitor (6). We developed transgenic
mice with cardiomyocyte-specific AC3-I expression by placing a
minigene encoding AC3-I under control of the �-myosin heavy
chain promoter. AC3-I mice under stress imposed by physical
restraint, necessary for the purpose of echocardiography, unex-
pectedly showed significantly slower HRs compared with wild-
type (WT) or control mice with transgenic expression of an
inactive, scrambled form of AC3-I, (AC3-C) (Fig. 1A) (4). HRs
from resting, unrestrained mice with implanted ECG telemeters
were lower than for stressed mice and similar between AC3-I and
control mice (Fig. 1B). Plasma catecholamines were not signif-
icantly different between AC3-I and control mice, suggesting the
slower HRs in stressed AC3-I mice were not due to lower
catecholamine levels (Fig. S1 A). ISO injection significantly
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increased HRs in AC3-C (P � 0.001) and WT mice (P � 0.02),
but not in AC3-I mice (Fig. 1C, P � 0.1). Langendorff-perfused
hearts from WT, AC3-I, and AC3-C mice showed equivalent
HRs in the absence of ISO (Fig. 1D). SAN cells generated
spontaneous APs at similar rates (beats/min) regardless of
genotype: WT (315 � 12, n � 18), AC3-I (336 � 9, n � 24), and
AC3-C (325 � 12, n � 19) (P � 0.4), similar to ex vivo and resting
in vivo hearts. The difference in the effects of CaMKII inhibition
on in vivo HRs during stress or ISO injection compared with
HRs from resting mice, ex vivo HRs, and spontaneous AP rates
in isolated SAN cells suggested that CaMKII is important for
regulating sinus rhythm during fight or flight activation of the
�AR signaling pathway.

CaMKII Inhibition Reduces Maximal SAN Responses to ISO. To quan-
tify the contribution of CaMKII to HR increases by ISO, we
measured HR responses over a range of ISO concentrations in
Langendorff-perfused hearts from AC3-I and control mice (Fig.
1 E and F). AC3-I hearts had significantly reduced rate responses
to ISO concentrations � 10 nM compared with the control

hearts. Protein kinase A (PKA) is activated by ISO, and CaMKII
may be activated by PKA-dependent and -independent mecha-
nisms (7). We treated Langendorff-perfused hearts with H-89,
a PKA inhibitor, to test if the apparent contribution of CaMKII
to increasing HR during ISO infusion required PKA. H-89
reduced ISO responses in all genotypes to a similar level (Fig.
S1B), suggesting that CaMKII is activated ‘‘downstream’’ to PKA
in this model.

We next measured APs in SAN cells (Fig. 2A) exposed to the
same ISO concentrations used in the excised heart studies to
determine if SAN cells retain the CaMKII-mediated effects on
HR seen in response to �AR stimulation. SAN cells from AC3-I
mice showed significantly reduced AP frequencies at ISO con-
centrations �10 nM compared with SAN cells isolated from
AC3-C and WT mice (Fig. 2B). Although the absolute AP
frequencies in SAN cells (Fig. 2B) were significantly slower (P
�0.01 for all of the groups) than in Langendorff-perfused hearts
for each of the genotypes (Fig. 1D), the dynamic range of ISO
stimulated rate increases (at ISO �10 nM) is similar in ex vivo
hearts and in SAN cells (i.e., �40%). These findings showed that
ISO responses in SAN cells and in ex vivo hearts were signifi-
cantly reduced by AC3-I expression, consistent with the slower
in vivo HRs during stress or ISO injection in AC3-I mice
compared with controls.

AC3-I mice have myocardial CaMKII inhibition for their
entire postnatal life, suggesting the possibility that the heart and
SAN cell rate slowing effects in AC3-I hearts during ISO
stimulation could have derived from unforeseen adaptations to
chronic SAN CaMKII inhibition. To test if short-term (24 hr)
CaMKII inhibition would result in a similar reduction in SAN
rates in response to ISO, we infected WT SAN cells with
adenovirus encoding a CaMKII inhibitory peptide, CaMKIIN
(8). SAN cells infected by CaMKIIN had a significantly (P �
0.01) impaired response to ISO (1 �M) compared with WT SAN
cells infected with enhanced green fluorescent protein (eGFP)
encoding adenovirus alone (Fig. S2). We used a viral infection
approach rather than a small molecule CaMKII inhibitor (e.g.,
KN-93) because the off-target effects of these drugs on ion
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Fig. 1. HRs from AC3-I mice are slower than controls during stress in vivo, but
not during rest or ex vivo. (A) HRs recorded in unanesthetized, physically
restrained mice during echocardiography. In vivo HRs were significantly (P
�0.001) slower in AC3-I mice than in controls (n � 9–12/group). (B and C) HRs
recorded from ECG telemetered mice at rest (B) and after ISO injection (C) (0.4
mg/kg i.p.). In vivo HRs were significantly (P �0.05) slower in AC3-I mice
compared with controls (n � 4–7/group) after ISO, but not at rest (P � 0.1). (D)
Langendorff-perfused hearts from AC3-I and control mice (n � 5–6/group)
beat at equivalent rates in the absence of ISO (P � 0.318). (E) ECGs recorded
from Langendorff-perfused hearts at baseline and after 1 �M ISO. (F) ISO-HR
response relationship in Langendorff-perfused hearts (n � 5–6/group). *, P
�0.05 for AC3-I versus control hearts.
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channels potentially involved in SAN function occur at concen-
trations necessary to achieve CaMKII inhibition. Furthermore,
these ion channel antagonist actions of KN-93 are not shared by
the congener control agents (e.g., KN-92) (9, 10). We tested a
cell membrane permeant, myristoylated CaMKII inhibitory pep-
tide (M-AIP), and compared it with a myristoylated control
peptide (M-AC3-C) developed for these studies. The M-AIP and
M-AC3-C peptides caused similar depression of SAN cell auto-
maticity (Fig. S3 A and B), but AIP inhibited CaMKII Thr-287
autophosphorylation in response to ISO whereas AC3-C did not
(Fig. S3C), suggesting that rate slowing actions of M-AIP were
not due to CaMKII inhibition. Our findings to this point showed
that short-term and chronic SAN CaMKII inhibition by 2
different peptide inhibitors (AC3-I and CaMKIIN) significantly
reduced ISO responses.

CaMKII Is Activated by ISO in SAN Cells. AC3-I and AC3-C peptides
are expressed as a fusion product with eGFP in AC3-I and
AC3-C transgenic mice. SAN cells from AC3-I and AC3-C mice
showed easily detectable eGFP (Fig. 3 B and C, column 1),
indicating that the cardiomyocyte-defining �MHC promoter was
active in SAN. To determine if CaMKII was activated in SAN
during �AR stimulation, we measured Thr-287 autophosphory-
lated CaMKII (pCaMKII), a marker of CaMKII activation (11),
in SAN cells from WT, AC3-I, and AC3-C mice. pCaMKII was
readily detected after ISO in WT and AC3-C (Fig. 3 A and B),
but not in AC3-I SAN cells (Fig. 3C, column 2). pCaMKII was
enriched in a subsarcolemmal distribution after ISO in control
SAN cells, consistent with an earlier report (Fig. 3 A and B,
column 4) (12). In contrast, pCaMKII was not evident in SAN
cells from any of the mice in the absence of ISO stimulation.

These data show CaMKII is a downstream signal in the �AR
pathway in SAN cells and that AC3-I expression effectively
prevents activation of CaMKII during �AR stimulation. These
results support our physiological findings that CaMKII inhibition
selectively reduces HRs only during �AR stimulation.

We measured PKA and CaMKII activity from SAN explants
at baseline and in response to ISO at phospholamban (PLN) (13)
using site and phosphor-specific antibodies against the PLN PKA
site (Ser-16) and the PLN CaMKII site (Thr-17) (14). Basal PLN
phosphorylation at Ser-16 was similar in all genotypes and ISO
increased PLN Ser-16 phosphorylation to a similar extent in all
genotypes (Fig. S4A), suggesting that PKA activity responses to
ISO were similar in all genotypes. To test if PKA activity was also
preserved in vivo, we injected mice with ISO. PKA activity was
similar in SAN tissue excised from ISO injected mice from all
genotypes (Fig. S1C), indicating that PKA activity responses to
ISO were similar in vivo and in SAN tissue isolated from AC3-I,
AC3-C, and WT mice. In contrast, PLN Thr-17 phosphorylation
was significantly reduced in SAN explants from AC3-I compared
with WT or AC3-C mice in response to ISO. The level of PLN
phosphorylation at Thr-17 was increased by ISO in WT and
AC3-C SAN, but not in AC3-I mice (Fig. S4B). Taken together,
these data indicate that AC3-I expression selectively reduces
CaMKII activity without disrupting PKA activity responses
to ISO.

Increased Phase 4 Depolarization by ISO Requires CaMKII. An in-
crease in DDR, or so called phase 4 depolarization, is the
membrane potential mechanism for SAN cells to increase HR
(15). To test for a cellular mechanism to explain the HR slowing
effects of CaMKII inhibition in SAN cells, we first measured
DDR before and after ISO exposure. �AR stimulation increases
DDR, leading to shortened diastolic intervals and faster SAN
AP triggering (Fig. 4A). The DDR increased in step with
increasing ISO, but DDR increases were significantly less in
AC3-I compared with control SAN cells at ISO �10 nM (Fig.
4B), similar to the reduced rate responsiveness of AC3-I SAN
cells to ISO (Fig. 2B). The maximum diastolic cell membrane
potential (MDP) together with DDR determine the time nec-
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Fig. 3. Representative immunofluorescence micrographs show ISO activates
CaMKII in SAN cells isolated from WT (A) and AC3-C (B), but not from AC3-I
mice (C) with SAN CaMKII inhibition. Columns are as follows: 1, eGFP (ex-
pressed in AC3-C and AC3-I SAN cells); 2, Thr 287 autophosphorylated, acti-
vated CaMKII (pCaMKII, red); 3, merge; 4, magnified images from column 2.
(Scale bar, 10 �m.)
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essary to reach the membrane potential threshold for AP
triggering in SAN. The MDP was not different between AC3-I
and control SAN (Fig. 4C), indicating that the dramatic loss of
DDR responsiveness to ISO in AC3-I SAN was the cell mem-
brane potential mechanism for slower HRs seen in AC3-I mice
(Fig. 1) and in SAN cells isolated from AC3-I mice during ISO
stimulation (Fig. 2).

CaMKII Inhibition Reduces Diastolic Ca2� Sparks During ISO. Diastolic
SR Ca2� release contributes to ISO-mediated increases in DDR
by augmenting inward Na�/Ca2� exchanger current (INCX) (16,
17) as part of a ‘‘Ca2� clock’’ fight or flight cellular mechanism
for increasing HR (18). We simultaneously measured cell mem-
brane potential and Cai

2� in spontaneously beating SAN cells
loaded with the Ca2� indicator Rhod-2 acetoxymethyl ester
using confocal line scan imaging at baseline and with ISO (Fig.
5 A–C). The DDR (Fig. 5D) and diastolic Ca2� spark frequency
(Fig. 5E) both increased significantly with ISO in WT and
AC3-C, but ISO failed to significantly increase either of these
parameters in AC3-I SAN cells. The failure of AC3-I SAN cells
to increase Ca2� spark frequency with ISO contrasts with our
earlier findings in ventricular myocytes (4), suggesting that
CaMKII inhibition affects SR Ca2� release differently in SAN
cells and ventricular myocytes. The Ca2� spark duration and
spatial extent (Fig. S5 A and B) as well as the maximum rate of
Cai

2� transient increase (Fig. S5C) were similar at baseline and
after ISO in SAN cells from all genotypes, suggesting that
CaMKII inhibition primarily reduced the frequency of sponta-
neous diastolic SR Ca2� release without affecting maximum SR
Ca2� f lux during systole. SAN cells from all genotypes had
similar systolic Cai

2� amplitudes (Fig. 5F) and diastolic Cai
2�, at

baseline and after ISO (Fig. 5G). We measured the time to
recovery of the Cai

2� transient, which partially reflects the rate
of SR Ca2� uptake. The Cai

2� transient recovered more slowly
in AC3-I compared with control SAN cells at baseline and after
ISO (Fig. S6). Taken together, these findings show that CaMKII
inhibition reduces DDR diastolic SR Ca2� release and slows SR
Ca2� uptake during ISO stimulation in SAN cells.

SR Ca2� Content Is Negatively Regulated by CaMKII Inhibition. In-
creases in SR Ca2� content enhance the probability of SR Ca2�

sparks in ventricular myocytes (19, 20), suggesting the hypothesis
that reduced SR Ca2� in AC3-I SAN cells could lead to the
reduced diastolic SR Ca2� release we observed during ISO
stimulation (Fig. 5). We measured SR Ca2� content in SAN cells
by integrating INCX in response to a ‘‘spritz’’ of caffeine. INCX
density was equivalent in SAN cells from AC3-I and control mice
between �80 to �40 mV (Fig. S7A), suggesting that reduced
HRs in AC3-I mice were not due to differences in INCX during
phase 4 depolarization. SR Ca2� content was significantly less in
AC3-I SAN, compared with controls, at baseline and after ISO
(Fig. 6). These findings show that CaMKII inhibition reduces or
prevents SAN SR Ca2� content increases during high �AR
stimulation, a response that paralleled the actions of CaMKII
inhibition to reduce ISO effects on the frequency of Ca2� sparks,
DDR, SAN cell AP frequencies and in vivo HRs. The finding
that SR Ca2� content was reduced in AC3-I SAN cells at
baseline, in the absence of ISO—whereas DDR was similar at
baseline in all genotypes—suggests that the differences in basal
SR Ca2� content between AC3-I and control SAN cells is
insufficient to cause detectable differences in DDR. In contrast,
the greater difference in SR Ca2� content between AC3-I and
control SAN cells after ISO was enough to cause measurable
differences in DDR. Reduced SAN SR Ca2� content in AC3-I
mice is consistent with the concept that CaMKII inhibition slows
SAN rates by affecting intracellular Ca2� homeostasis.

Ryanodine Eliminates the Effect of CaMKII Inhibition on SAN Cell ISO
Response. We reasoned that if CaMKII inhibition limited SAN
cell fight or flight physiology by slowing diastolic SR Ca2�

release, then severely reducing or eliminating SR Ca2� release
by an alternative means should significantly reduce or eliminate
the differences in ISO responses between AC3-I and control
SAN cells. Ryanodine is a selective ligand for ryanodine recep-
tors and ryanodine causes a time and concentration-dependent
slowing of SAN cell AP frequency (Fig. S8D). Ryanodine
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significantly and equivalently reduced the frequency of impulse
formation in AC3-I and control SAN cells (Fig. S8 A and B).
Interestingly, ryanodine treated SAN cells of all genotypes
showed a reduction rather than an increase in AP frequencies
after ISO, suggesting that in the absence of SR Ca2� release ISO
causes a CaMKII-independent reduction in net inward current
that inhibits DDR. There were no differences in the ISO rates
between ryanodine treated AC3-I and control SAN cells (Fig.
S8C). These data show that SR Ca2� release is critical to fight
or flight responses in SAN and that SAN slowing effects of
CaMKII inhibition are eliminated by ryanodine treatment.

CaMKII Inhibition Does Not Affect If During Phase 4 Depolarization
Potentials. Phase 4 depolarization is due to net inward current
during SAN cell diastole (15). The funny current (If) is an
important and well characterized inward current for increasing
DDR during �AR stimulation (21). If was equivalent in SAN
cells isolated from AC3-I and control mice at baseline and after
ISO (Fig. S7 B and C), suggesting that HR slowing actions of
CaMKII inhibition were independent of changes in If. Because
If is activated by cAMP binding (22), the equivalent ISO
responses in AC3-I and control SAN cells suggests that cAMP
activity during �AR pathway stimulation is not affected by
CaMKII inhibition, consistent with our findings that ISO-
stimulated PKA activity was not reduced in SAN tissue from
AC3-I mice compared with controls (Fig. S1C). These findings
show that CaMKII inhibition slows fight or flight SAN responses
to ISO by preventing increases in the DDR independently of If.

HR Slowing in AC3-I Mice Is Independent of ICa. L-type Ca2� current
(ICa) in SAN cells is carried by pore-forming proteins that
activate in a voltage dependent manner over phase 4 cell
membrane potentials. Thus, ICa is the immediate source of Ca2�

necessary for filling the SR. ICa is increased by ISO, cAMP, and
CaMKII (23), so these signals all have the potential to affect
DDR and HR by augmenting SAN cell ICa. We measured ICa in
SAN to determine if ICa was a downstream target for HR slowing
in AC3-I mice. ICa was not significantly different in AC3-I and
control SAN cells at baseline or after ISO (Fig. S9). These data
indicate that the proximate mechanism for reduced DDR re-
sponses to ISO in AC3-I SAN cells is independent of ICa.

Discussion
Cardiac Pacemaker Cells in Health and Disease. SAN failure is a
significant cause of morbidity and mortality worldwide. More
than $2 billion are spent annually on permanent, surgically
implanted pacemakers in the United States alone (24). Further-
more, SAN failure is a frequent finding in patients with atrial
fibrillation (25) and is associated with increased mortality in
heart failure (26). Despite the clear importance of cardiac
pacemaker cells for physiology and disease, critical knowledge
gaps remain for understanding SAN cell signaling. Our study
illustrates an unexpected role of CaMKII in regulating SAN
responses to �AR stimulation and highlights the importance of
(Cai

2�) homeostasis for the physiology of contracting and pacing
cardiomyocytes.

CaMKII Regulates SR Ca2� Content in SAN Cells and Ventricular
Myocytes. We found SR Ca2� content in SAN cells is comparable
to SR Ca2� content in ventricular myocytes when indexed to the
sarcolemmal membrane area, supporting earlier work showing
that ISO significantly increases SR Ca2� content in both SAN
cells (27) and in ventricular myocytes (4). CaMKII is activated
during catecholamine stimulation in SAN cells (Fig. 3) and in
ventricular myocytes, so CaMKII has the potential to contribute
to fight or flight responses in SAN and contracting myocardium.
However, it seems that ventricular myocytes and SAN myocytes
use CaMKII signaling differently. CaMKII does not contribute

to acute mechanical responses to ISO in ventricular myocytes,
but CaMKII is essential for maintaining mechanical perfor-
mance in ventricular myocytes during sustained (24 hr) cate-
cholamine stimulation (28). Our new findings show that CaMKII
is necessary for maximal �AR-mediated HR increases, and
suggest a threshold of �AR activity is required to engage
CaMKII for increasing HR. Excessive CaMKII activity induces
pathological phenotypes in ventricular myocytes, including hy-
pertrophy, loss of normal (Cai

2�) homeostasis, arrhythmias, and
death (29–31). It will be important to learn if excessive CaMKII
activity contributes to similar maladaptive responses in SAN.

Are Antiarrhythmic and Bradycardic Actions of CaMKII Inhibition
Similar? CaMKII inhibition is antiarrhythmic in heart failure (29)
and under conditions favoring (Cai

2�) overload (32). The anti-
arrhythmic actions of CaMKII inhibition are due, at least in part,
to protection against SR Ca2� overload and suppression of SR
Ca2� release (33) that triggers arrhythmia-initiating afterdepo-
larizations due to inward INCX (32). CaMKII control over SR
Ca2� content and release thus appear to be central to the
antiarrhythmic mechanism of CaMKII inhibition in ventricular
myocytes and for the physiologic role of CaMKII to increase
SAN cell excitability. Afterdepolarizations in ventricular myo-
cytes and the phase 4 DDR of the SAN are both triggered by SR
Ca2� release and favored by catecholamine stimulation of
CaMKII activity. CaMKII inhibition suppresses afterdepolar-
izations in ventricular myocytes (34) and slows the phase 4 DDR
in SAN cells. Our findings indicate CaMKII plays a parallel role
in coupling SR Ca2� release to membrane excitability for
proarrhythmic afterdepolarizations in contracting ventricular
myocytes and for physiological fight or flight automaticity in
SAN cells.

Physiological ISO-Mediated Chronotropy Relies on CaMKII. Our find-
ings in SAN cells and ex vivo and in vivo hearts show that a
complete chronotropic response to ISO requires SAN CaMKII
activity. In contrast to the role of CaMKII in determining HRs
in vivo during stress (induced by physical restraint or ISO
injection) and during ISO stimulation in ex vivo hearts or
isolated SAN cells, CaMKII inhibition did not result in HR
slowing at baseline. One study did show CaMKII inhibitors
prevented spontaneous impulse formation in SAN cells in the
absence of catecholamine stimulation (12). Based on our new
findings with M-AC3-C, we presume that nonspecific actions of
the CaMKII inhibitory agents available at the time of their study
contributed to the discrepancy between our new findings and this
earlier work.

Our ex vivo studies show that �50% of �AR stimulation
induced increases in HR are CaMKII independent (Fig. 1F). In
contrast, all chronotropic responses to ISO appeared to depend
on normal SR Ca2� filling and release because basal SAN
automaticity was reduced by ryanodine, and ryanodine treat-
ment caused HR slowing by ISO (Fig. S8). These findings
complement other work emphasizing the critical importance of
SR Ca2� release for HR responses to ISO (3, 34). On the other
hand, some investigators show a more modest effect of ryano-
dine treatment (35). The reasons for these differences are
uncertain, but our findings that SAN slowing by ryanodine was
both time and concentration dependent (Fig. S8D) suggest that
differences in the experimental conditions may contribute to the
discrepant experimental findings.

Our study does not preclude an important role for If in
determining HR, but our findings do suggest that HR is regu-
lated by multiple, potentially redundant mechanisms. We believe
that reduction in HR by ISO in ryanodine-treated SAN cells
indicates that diverse mechanisms of SAN automaticity are
disrupted by loss of SR Ca2� release and that If alone is
insufficient to sustain physiological chronotropic responses to
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�AR stimulation in the absence of other depolarizing currents
that require normal SR Ca2� release.

Materials and Methods
Additional procedures can be found in SI Materials and Methods.

SAN Cell Isolation, Langendorff-Perfusion, and Electrophysiology. See SI Mate-
rials and Methods for details.

Immunofluorescence and PLN Immunodetection Studies, Plasma Catecholamine,
and PKA Activity Measurements. See SI Materials and Methods for details.

SR Ca2� Content Measurements. SR Ca2� content of SAN cells was measured by
integrating the INCX (4) in response to a ‘‘spritz’’ of caffeine. See SI Materials
and Methods for details.

Statistical Methods. ANOVA was used for comparisons between 3 genotypes
or for repeated measures, such as multiple ISO concentrations, in a single
genotype. The Holm–Sidak test was used for post hoc comparison in cases
where the P value of the ANOVA was �0.05. Paired or unpaired Student’s t test
was used to test the effects of interventions on a single genotype, as appro-
priate. Statistical significance was defined as P �0.05.
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