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The importance of calcium-dependent signaling in the heart has been appreciated for decades. For example, it is well
accepted that intracellular calcium release from the sarcoplasmic reticulum (SR) is required for cardiac muscle
contraction. Indeed, with each heart beat the calcium concentration in the cytosol of cardiac myocytes is elevated
approximately 10-fold from a resting level of ∼100 nM to ∼1 μM. Presumably, a defect in signaling that prevents effective
elevation of cytosolic calcium would impair contractility as the contraction of heart muscle is directly determined by the
level of calcium elevation during systole. Similarly, a defect in the removal of calcium from the cytosol during diastole
would impair cardiac relaxation, which is critically important in that it allows the heart chambers to refill with blood in
preparation for the next beat. Calcium and heart failure Indeed, an attractive hypothesis for the mechanism underlying
cardiac muscle dysfunction during heart failure, the leading cause of mortality in the developed world, is that impaired
calcium release causes decreased muscle contraction (systolic dysfunction) and defective calcium removal hampers
relaxation (diastolic dysfunction). Given that the measurement of cellular calcium is relatively straightforward, the obvious
experiment required to address this important issue is to measure calcium in heart muscle cells from failing hearts. Such
measurements have been done in isolated cardiomyocytes and, though there is […]
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The importance of calcium-dependent
signaling in the heart has been appre-
ciated for decades. For example, it is
well accepted that intracellular calci-
um release from the sarcoplasmic
reticulum (SR) is required for cardiac
muscle contraction. Indeed, with each
heart beat the calcium concentration
in the cytosol of cardiac myocytes is
elevated approximately 10-fold from a
resting level of ∼ 100 nM to ∼ 1 µM.

Presumably, a defect in signaling that
prevents effective elevation of cytosolic
calcium would impair contractility as
the contraction of heart muscle is
directly determined by the level of cal-
cium elevation during systole. Similar-
ly, a defect in the removal of calcium
from the cytosol during diastole would

impair cardiac relaxation, which is crit-
ically important in that it allows the
heart chambers to refill with blood in
preparation for the next beat.

Calcium and heart failure
Indeed, an attractive hypothesis for
the mechanism underlying cardiac
muscle dysfunction during heart fail-
ure, the leading cause of mortality in
the developed world, is that impaired
calcium release causes decreased mus-
cle contraction (systolic dysfunction)
and defective calcium removal ham-
pers relaxation (diastolic dysfunc-
tion). Given that the measurement of
cellular calcium is relatively straight-
forward, the obvious experiment
required to address this important
issue is to measure calcium in heart
muscle cells from failing hearts. Such
measurements have been done in iso-
lated cardiomyocytes and, though
there is a fair amount of variability in
the published reports, the data tend
to support the concept of a decrease
in SR calcium release and a defect in
the termination of release. These
results imply that there are presum-
ably defects in SR calcium release in
vivo. However, there are no data show-
ing that calcium levels are chronically
elevated in heart muscle in failing
hearts. Such studies await the devel-
opment of reliable techniques using

calcium indicators with adequate sig-
nal to noise ratios and detection sys-
tems that will permit measurements
of intracellular calcium in the living
heart in intact organisms.

Calcium and cardiac hypertrophy
Another disease in which perturba-
tions of calcium signaling have been
alluded to is cardiac hypertrophy.
Indeed, calcium elevation has been
proposed as the trigger for cardiac
hypertrophic signaling via the calci-
um-activated phosphatase calcineurin.
Much attention has been focused on
this possibility as a potential thera-
peutic target. Indeed, the initial stud-
ies identifying a role for calcineurin in
hypertrophic signaling in the heart
represented a tour de force, combining
beautifully designed in vitro and in
vivo studies that clearly demonstrated
a physiologically important signaling
system (1). An intriguing question is
whether or not there are any clinical
conditions in which one would actual-
ly want to treat (i.e. prevent) cardiac
hypertrophy. Indeed, outside the car-
diology community, cardiac hypertro-
phy is often lumped together with
heart failure as though they are syn-
onymous. This approach seems to add
some excitement to the quest for a
cure for cardiac hypertrophy by link-
ing it to heart failure which, as men-
tioned above, is a leading cause of mor-
tality (over 500,000 deaths per year in
the US alone). Cardiac hypertrophy,
on the other hand, rarely kills anybody
and when it does, death is usually due
to cardiac arrhythmias, not the hyper-
trophy per se. Indeed, most deaths
linked to cardiac hypertrophy occur in
individuals with inherited forms of the
disease most often associated with
mutations in one of the contractile
proteins. These individuals exhibit
abnormal pathology, including disor-
der in the usually well-ordered arrays
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of cardiac muscle fibers, suggesting
that there may be a substrate for elec-
trical instability. However, the molec-
ular mechanisms underlying the
hypertrophy and the arrhythmias in
both the inherited and acquired forms
of cardiac hypertrophy remain to be
elucidated. Moreover, it is quite clear
that under certain circumstances some
forms of cardiac hypertrophy are an
entirely normal physiological response,
such as that seen in well-trained ath-
letes or during pregnancy. Other forms
of hypertrophy are pathologic in the
sense that they ultimately deteriorate
into heart failure, but at their initiation

they represent adaptive responses to
hypertension (most commonly) or
other causes of increased stress (after-
load) on the heart such as valve dis-
ease. In these cases, it is entirely likely
that preventing the hypertrophic re-
sponse could be deadly as the heart
would not be able to generate suffi-
cient cardiac output in the face of
increased stress.

Meaningful calcium changes
This brings us back to calcium and the
heart. In systems that are well under-
stood, calcium-dependent signals gen-
erally require a 10-fold elevation of cal-

cium to activate calcium-dependent
enzymes. A good example is that of
antigen-dependent T cell activation
mediated via the T cell receptor, which
results in intracellular calcium release
through the inositol 1,4,5-trisphos-
phate receptor. This calcium release
from the ER elevates calcium from
∼ 100 nM to ∼ 1 µM resulting in the
activation of calcineurin, which subse-
quently dephosphorylates the nuclear
factor of activated T cells (NFAT). Sub-
sequent passage of NFAT into the
nucleus activates IL-2 transcription
that is required for expansion of the T
cell population to fight off infection.
There is no solid evidence that small
elevations of calcium in the sub-100
nM range are sufficient to activate any
of the known calcium-dependent
enzymes. Therefore, it is very difficult
to understand how a calcium-activat-
ed enzyme can play a key regulatory
(i.e. on/off) role in heart muscle where
global cellular calcium is obligated to
rise 10-fold with every heart beat. In
most of us, that means a 10-fold rise of
calcium every second or so, and in
mice that would equate to one such
elevation every 100 ms given that the
mouse heart beats at a rate about 10
times higher than that of humans.

Despite these powerful arguments
against a regulatory role for calcium in
anything other than contraction in the
heart, there remains considerable inter-
est in pursuing the possibility that cal-
cium-dependent signaling pathways
are indeed controlling pathologic con-
ditions. Perhaps this interest stems
from earlier, unproven, claims that cal-
cium is elevated in heart failure and
cardiac hypertrophy. Although, as dis-
cussed earlier, no such elevation has
ever been documented, the calcium ele-
vation theory regarding heart disease
remains in the public eye and offers an
attractive therapeutic target — if ele-
vated calcium is causing disease, we’ll
just have to lower it! How one would
go about doing so in heart muscle
without disturbing other important
functions, such as contraction of the
heart muscle, remains to be explained.

Concomitant with the calcium theo-
ry of heart disease has been the apop-
tosis theory of heart failure. The two
are linked because it has been pro-
posed that the calcium problem con-
tributes to the apoptosis problem. The
apoptosis theory of heart failure is ele-
gantly simple. Something bad hap-
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Figure 1
The β1-adrenergic receptor/calcium connection. β1-adrenergic receptor (β1AR) stimulation is
known to activate cardiac excitation-contraction (EC) coupling via PKA phosphorylation of the
following: (I) the trigger for cardiac EC coupling, the voltage-gated calcium channel (VGCC); (II)
the SR calcium release channel RyR2; and (III) the calcium uptake pathway (via PKA phosphory-
lation of phospholamban, which reduces inhibition of the calcium ATPase SERCA2a). Activation
of these proteins by PKA phosphorylation increases systolic SR calcium release which causes both
increased cardiac contraction and output. This system results in a maladaptive chronic hypera-
drenergic state in heart failure because the damaged heart cannot respond adequately to the
adrenergic stimulation and the sympathetic nervous system remains in a futile activated state. This
results in PKA-hyperphosphorylated RyR2 channels that can cause a diastolic SR calcium leak (4),
which, along with reduced SERCA2a-dependent SR calcium uptake, depletes SR calcium and con-
tributes to contractile dysfunction. Zhou et al. (5) have now added an additional component to
this model based on observations that chronic β1AR stimulation can activate CaMKII (possibly via
increased calcium influx through the VGCC) and cause apoptosis.



pens to the heart and triggers pro-
grammed death pathways that result
in a loss of cardiomyoyctes in suffi-
cient numbers to cause failure of the
heart muscle to contract adequately.
While there is ample evidence that
apoptosis can contribute to cardiac
dysfunction in various animal models
of heart failure, it remains to be proven
that this process plays an important
role in causing human heart failure.

Hyperadrenergic state 
of heart failure
While these more recent models for
heart failure remain to be sorted out,
there is a much older story that has
been lurking in the background of our
understanding of heart failure for
over 40 years. This is the story about
how hyperadrenergic signaling drives
the progressive downhill course of
heart failure (2). It has been known for
over 40 years that heart failure
patients live in a continuous hypera-
drenergic state with high levels of cir-
culating catecholamines (3). Many
studies have shown that one conse-
quence of this chronic hyperadrener-
gic state is the downregulation and
desensitization of the β1-adrenergic
receptors in the heart. The data show-
ing this effect are strong and have
compelled investigators for many
years to assume that this meant that
the cardiac muscle cell was living in a
state of reduced β1-adrenergic recep-
tor–mediated stimulation. Since the
β1-adrenergic receptors are linked
downstream to activation of cAMP-
dependent protein kinase A (PKA), it
was assumed that the targets of this
kinase would be under-phosphorylat-
ed in failing hearts (Figure 1). Recent
studies have shown that this is not the
case. Indeed, it turns out that the
major SR calcium release channel in
the heart, the ryanodine receptor
(RyR2), is PKA hyperphosphorylated
in failure hearts. This results in leaky
channels that may help explain the
reduced calcium signal observed in
heart failure (possibly due to deple-
tion of SR calcium pools via the leaky
channel) (4).

Linking β1-adrenergic signaling 
to CaMKII
In this issue of the JCI, Zhu et al. (5)
now provide a novel and intriguing
possibility that could explain addition-
al adverse effects of the chronic hyper-

adrenergic state of heart failure. More-
over, their surprising findings impli-
cate that β1-adrenergic receptors medi-
ate signaling not via PKA, as would be
expected, but through another kinase
not previously thought to be down-
stream of β1-adrenergic receptors, the
Ca2+/calmodulin-dependent protein
kinase (CaMKII). What is exciting
about this study is that it links CaMKII
to β1-adrenergic receptors for the first
time. Whether or not the activation of
apoptotic pathways demonstrated in
vitro by Zhu et al. turns out to be an
important contributor to heart failure
in humans, this initial description of a
novel and unexpected connection
between two signaling pathways is a
significant addition to the continu-
ously expanding repertoire of cross-
talk between signals in biological sys-
tems. This finding represents yet
another example of why purely phar-
macologic-based studies need to be
viewed with skepticism, especially
when claims are made about drug
specificity. Indeed, even if the drugs are
specific, unrecognized cross-talk down-
stream of the receptor may confound
interpretation of the data. In the pres-
ent case, despite β1-adrenergic receptor
activation, the downstream signaling
via CaMKII is not inhibited by PKA
inhibitors! Indeed, this is not the first
example of non-PKA signaling down-
stream of β1-adrenergic receptors. Ele-
gant studies by Lefkowitz and col-
leagues have shown that β2-adrenergic
receptor complexes can participate in
nonreceptor protein tyrosine kinase
signaling (6).

The Zhu et al. (5) study proposes
that chronic stimulation of β1-adren-
ergic receptors (this would mimic
one aspect of the chronic hypera-
drenergic state that afflicts heart fail-
ure patients) results in cardiomyo-
cyte cell death due to activation of
CaMKII signaling via up regulation
of calcium. They provide support for
this hypothesis using a variety of in
vitro manipulations including phar-
macologic studies where CaMKII
inhibitors, but not PKA inhibitors,
were shown to block the induction of
apoptosis by isoproterenol, and over-
expression of the cardiac isoform of
CaMKII (CaMKII-δC) was demon-
strated to enhance the pro-apoptotic
effect of isoproterenol.

It should be clear from the first part
of this commentary that an important

unexplained question is how would
CaMKII activity be increased in vivo?
Put another way, how does CaMKII dis-
tinguish between the obligatory 10-fold
elevations of calcium required for heart
muscle contraction and the pathologic
signals elicited by the chronic hypera-
drenergic state? In this sense, the
CaMKII story proposed by Zhu et al. (5)
shares a common feature with the cal-
cineurin story alluded to earlier (1).
Both suggest that pathologic processes
— cell death in the first case and cellular
hypertrophy in the second — are trig-
gered by the same signal, increased cel-
lular calcium. It is entirely possible that
both stories are correct in identifying
novel signaling pathways in the heart
but that neither actually requires per-
turbations of calcium signaling as the
explanation for how these signals are
initiated. In the case of calcineurin, an
alternative explanation for the link
between an increase in calcineurin
activity and hypertrophic signaling is
that the levels of calcineurin are elevat-
ed as part of growth factor–stimulated
remodeling of the heart. There may also
be a reduction in the activity of a
kinase(s) paired with calcineurin. Both
of these could occur in a calcium-inde-
pendent manner.

Similarly, an alternative hypothesis to
that of Zhu et al. (5) is that CaMKII-
dependent apoptotic signals are indeed
mediated via β1-adrenergic receptors
but they do not involve calcium. For
example, increased CaMKII-mediated
effects could reflect a downregulation
of the protein phosphatase that is
paired with CaMKII, or an increase in
CaMKII protein levels due to transcrip-
tional effects. If one accepts that it
would be incompatible with life to have
a sustained elevation of calcium in the
heart at levels sufficient to activate
CaMKII (the result would be a “stone
heart” or rigor mortis), then another
possibility is that localized signaling
complexes could be exposed to chronic
elevations of calcium (e.g. through a
“leaky” channel) that would not be
reflected in global elevations of calci-
um. Improved imaging techniques are
now capable of measuring such
microdomains of calcium (7). However,
such studies will be limited to ex vivo
measurements in isolated cardiomy-
ocytes. Another important task is to
identify the role of β1-adrenergic recep-
tor–mediated activation of CaMKII in
normal physiology.
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Notwithstanding these important
unresolved questions, the Zhu et al. (5)
study should open up a new area of
investigation as additional studies probe
the connections between β1-adrenergic
receptor–mediated signaling and
CaMKII-dependent effects. If future
studies support the proposal by Zhu et
al., that one of the consequences of
prolonged β1-adrenergic receptor stim-
ulation is cardiomyocyte cell death via
a CaMKII-mediated pathway, it will

indeed be an important contribution
to our understanding of the pathogen-
esis of heart failure that will suggest
novel therapeutic targets.
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The occurrence of seizures (eclampsia,
from the Greek “eklampsis,” sudden
flashing) has been a long-known and
feared complication of pregnancy,
often killing both mother and child.
Preeclampsia, or the condition pre-
ceding full-blown eclampsia, affects
up to 5% of pregnant women and is
diagnosed by the onset of hyperten-
sion and proteinuria in the second
trimester (1). Preeclampsia may even-
tually progress to glomerular mal-
function, thrombocytopenia, liver and
brain edema, and associated life-
threatening seizures (2) (Figure 1).
Preeclampsia has been sometimes

termed the “disease of theories,” as
several models for its pathogenesis
have been proposed. But, as of today,
no satisfactory unifying hypothesis
has emerged (1). The restricted occur-
rence of preeclampsia to humans and
primates and the lack of a suitable
animal model have hampered the
understanding of its pathogenesis (3).
In this issue of the JCI, S.E. Maynard
et al. (4) report the novel insight that
circulating levels of two angiogenic
growth factors, VEGF and placental
growth factor (PlGF), may play a more
important role than previously
believed. In particular, the authors
propose that, in pregnant women
with preeclampsia, the placenta pro-
duces elevated levels of the soluble
fms-like tyrosine kinase 1 (sFlt1)
receptor, which captures free VEGF
and PlGF. As a result, the normal vas-
culature in the kidney, brain, lungs,
and other organs is deprived of essen-
tial survival and maintenance signals
and becomes dysfunctional (Figure 1).
As the authors show in their rodent
model, this may lead to the develop-
ment of hypertension and renal dis-

ease, reminiscent of preeclampsia in
humans. In another study in this
issue, V. Eremina et al. (5) provide
additional evidence for a critical role
of VEGF in renal disease during
preeclampsia. These authors demon-
strate that mice lacking one VEGF
allele in renal podocytes develop the
typical renal pathology found in preg-
nant women with preeclampsia. These
studies therefore shed unprecedented
light on the pathogenesis of pre-
eclampsia and offer novel therapeutic
opportunities for this disease.

sFlt1: a likely candidate
preeclampsia factor
For the fetus to develop normally, it
must receive sufficient oxygen and
nutrients (6). These are supplied via the
maternal spiral arteries in the uterus.
During normal pregnancy, cytotro-
phoblasts convert from an epithelial to
an endothelial phenotype (a process
termed pseudo-vasculogenesis) and
invade maternal spiral arteries. This
vascular remodeling increases the bulk
flow and the supply of nutrients and
oxygen to the fetus by the end of the
first trimester (7, 8) (Figure 1). Vascular
factors such as VEGF, angiopoietins,
and ephrins have been implicated in
this process (7). In preeclampsia, pseu-
do-vasculogenesis is defective, and the
resultant placental ischemia has been
proposed to trigger the release of
unknown placenta-derived factors. The
latter would induce systemic endothe-
lial dysfunction and thereby contribute
to the renal, cardiovascular, and neu-
rological defects of preeclampsia (Fig-
ure 1). Despite intensive efforts, the
precise nature of the placenta-derived
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