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Cardiac disorders are the main cause of mortality in autosomal-
dominant polycystic kidney disease (ADPKD). However, how
mutated polycystins predispose patients with ADPKD to cardiac
pathologies before development of renal dysfunction is unknown.
We investigate the effect of decreased levels of polycystin 2 (PC2),
a calcium channel that interacts with the ryanodine receptor, on
myocardial function. We hypothesize that heterozygous PC2 mice
(Pkd2+/−) undergo cardiac remodeling as a result of changes in
calcium handling, separate from renal complications. We found
that Pkd2+/− cardiomyocytes have altered calcium handling, inde-
pendent of desensitized calcium-contraction coupling. Paradoxi-
cally, in Pkd2+/− mice, protein kinase A (PKA) phosphorylation of
phospholamban (PLB) was decreased, whereas PKA phosphoryla-
tion of troponin I was increased, explaining the decoupling between
calcium signaling and contractility. In silico modeling supported this
relationship. Echocardiography measurements showed that Pkd2+/−

mice have increased left ventricular ejection fraction after stimula-
tion with isoproterenol (ISO), a β-adrenergic receptor (βAR) agonist.
Blockers of βAR-1 and βAR-2 inhibited the ISO response in Pkd2+/−

mice, suggesting that the dephosphorylated state of PLB is primarily
by βAR-2 signaling. Importantly, the Pkd2+/− mice were normoten-
sive and had no evidence of renal cysts. Our results showed that
decreased PC2 levels shifted the βAR pathway balance and changed
expression of calcium handling proteins, which resulted in altered
cardiac contractility. We propose that PC2 levels in the heart may
directly contribute to cardiac remodeling in patients with ADPKD in
the absence of renal dysfunction.
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Cardiac-related deaths are the main cause of mortality in
autosomal-dominant polycystic kidney disease (ADPKD)

(1), a high-incidence genetic disorder affecting 1 in 800 in the
general population, that manifests as renal cysts. Patients with
ADPKD are born heterozygous, harboring one good copy and
one bad copy of the gene, and cysts are believed to arise when
a good copy of the genes are mutated in the kidney. In addition
to renal cysts, more than 90% of patients exhibit left ventricular
hypertrophy at death, and more than 70% have hypertension.
However, how mutations in the polycystin genes (denoted pkd1
and pkd2 in humans and Pkd1 and Pkd2 in mice) initiate cardiac
remodeling and cause cardiac dysfunction remains largely un-
explored. The current theory suggests that cystic compression
of the renal vasculature leads to an up-regulation of the renin–
angiotensin–aldosterone system (RAAS), which increases vascular
resistance, causing hypertension, and contributes to cardiac hy-
pertrophy (2–7). The RAAS pathway is the subject of clinical trials
in patients with ADPKD in the HALT study, and several studies
have demonstrated the benefits of blood-pressure control by anti-
hypertensive drugs on patients with ADPKD (8, 9). Although this
theory explains the high prevalence of hypertension, it does not
explain the evidence from several studies that demonstrates that
a significant proportion of younger normotensive ADPKD carriers

have no renal function deficit but have cardiac abnormalities (10–
15). One possible means by which patients with ADPKDmay have
a cardiac phenotype in the absence of renal dysfunction is because
the heterozygous nature of the disease is sufficient to render the
function of polycystin in the heart ineffective.
Heart function is directly linked to the calcium-dependent con-

tractile apparatus in cardiomyocytes (16), and mutations to the cal-
cium handling proteins are associated with cardiac dysfunction (17).
For example, mutations to the intracellular calcium release channel,
ryanodine receptor 2 subtype (RyR2), or to the calcium binding
protein calsequestrin, results in catecholaminergic polymorphic ven-
tricular tachycardia (CPVT). These mutations promote spontane-
ous leak of calcium from the RyR2, leading to arrhythmogenesis.
The protein product of pkd2, PC2, is also an intracellular calcium
channel (18) that interacts and acts as a brake on RyR2 (19). We
have recently demonstrated that zebrafish lacking PC2 have cal-
cium alternans (13), and that mutations to PC2 in human patients
with ADPKD (without renal dysfunction or hypertension) are
associated with a 200-fold increased risk of idiopathic dilated
cardiomyopathy compared with the general population (13).
Interestingly, previous reports suggest that mouse models of

ADPKD do not have the same cardiovascular abnormalities
observed in patients with ADPKD. Studies on heterozygous
Pkd2 mice (Pkd2+/−) or mice with Pkd1 knocked out in smooth
muscle (Pkd1sm−/−) have not reported cardiac deficits or changes
in blood pressure (20–22), although increased aortic contractility
was observed after phenylephrine challenge in Pkd2+/− mice, and
altered vascular pressure sensing responses were observed in
Pkd1sm−/− mice (20, 22, 23). Cardiac developmental defects have
been observed in embryonic Pkd2−/− mice (24), but, as Pkd2−/−

mice die by birth, it is impossible to properly characterize their
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cardiac function. Collectively, none of these studies provide a
suitable explanation for the increased risk for cardiac dysfunction
in patients with ADPKD.
In view of the association of RyR2 with PC2 and the incomplete

characterization of the effect of PC2 in cardiac tissue, we in-
vestigated if adult Pkd2+/− mice have a cardiac phenotype in-
dependent of a renal phenotype. We hypothesized that calcium
handling in cardiomyocytes would be impaired in Pkd2+/− mice.
Here, we report alterations in calcium handling and contraction
coupling in cardiomyocytes from Pkd2+/− mice. Intriguingly, we
identified paradoxical changes in the phosphorylation status of
phospholamban (PLB) and troponin I (TnI) that can be explained
by activation of the β-adrenergic receptor (βAR)-2 pathway. Im-
portantly, the Pkd2+/−mice did not have hypertension or renal cysts.
These data suggest that Pkd2+/− mice have a cardiac phenotype
whereby decreased PC2 levels are associated with changes that may
mimic the remodeling that induces the cardiac phenotype seen in
a subset of patients with ADPKD before onset of renal failure (13).

Results
Pkd2+/− Cardiomyocytes Have Altered Calcium Handling. To examine
if the loss of one allele of Pkd2 resulted in altered calcium ho-
meostasis, isolated cardiomyocytes from 5-mo-old WT and
Pkd2+/− male mice were characterized for contractility and cal-
cium handling. The mRNA and protein for PC2 were decreased
by ∼40% in left ventricular samples (Fig. S1). Relative diastolic
calcium levels, determined by loading cardiomyocytes with Fura-
2AM, were not significantly different between WT and Pkd2+/−

cells (Fig. 1 A and B). However, Pkd2+/− cells had a 60%
smaller response to 5 mM caffeine, which enables a bolus release
of calcium from the sarcoplasmic reticulum via the RyR2,
compared with WT cells (Fig. 1 C and D). This suggests that the

calcium load in the sarcoplasmic reticulum of Pkd2+/− cells is
lower than in WT cells, consistent with previous findings from
neonate Pkd2−/− cardiomyocytes (19). We suggest that the dis-
crepancy between release of calcium with pacing and with caf-
feine is caused not only by altered release from the RyR, but also
by differential regulation of the uptake by the sarco/endoplasmic
reticulum Ca2+-ATPase (SERCA) pump.
To determine the calcium response during electrical pacing,

mechanically unloaded cardiomyocytes were field stimulated at
1 Hz. Calcium transients were recorded for ten beats and aver-
aged (25). Under normal Tyrode conditions, Pkd2+/− cells had
39% higher magnitude of calcium release (Ca2+ Rmag, P < 0.001;
Fig. 1E) compared with WT cells. Pkd2+/− cells had 9% slower
decay constant for calcium reuptake (τCa; P < 0.001; Fig. 1F)
compared with WT cells.

Protein and Posttranslational Changes in Pkd2+/− Mice. To determine
a molecular mechanism for the changes in calcium handling,
Western blot analyses of the left ventricle (LV) for calcium sig-
naling proteins were conducted. RyR2 protein levels were 60%
higher in Pkd2+/− mice (P < 0.05), even though mRNA expression
levels were not significantly elevated (Fig. 2 A and B and Fig. S1).
Strikingly, RyR2 protein expression levels were elevated only in
the LV, but not the right ventricle (Fig. 2A and Fig. S2A). The
elevation in RyR2 expression was consistent with a higher mag-
nitude of calcium release in response to pacing (Fig. 1E). Dif-
ferent forces (e.g., sheer stress or pressure changes) experienced
by the two ventricles may explain the difference in RyR2 expres-
sion. There was 40% higher protein expression of SERCA2A in
Pkd2+/− mice compared with WT (P < 0.05; Fig. 2B). There was
a 70% decrease in the phosphorylation status of PLB, a protein
that inhibits SERCA, at Ser16 (phosphorylated by PKA) and
Thr17 (phosphorylated by CaMKII) in Pkd2+/− mice compared
with WT (P < 0.05; Fig. 2 A and B and Fig. S2B). The
dephosphorylated state of PLB was consistent with the slower
calcium reuptake (i.e., elevated τCa) seen in Pkd2+/− cells (Fig.
1F), as well as the higher peak of calcium release. The ex-
pression of βAR-1 and βAR-2, the G protein-coupled receptor
kinases (GRKs), and downstream transcription factor CREB
(cAMP response element-binding protein) were similar in WT and
Pkd2+/− mice (Figs. S1 and S2).

Myofilaments in Pkd2+/− Cells Have Lower Calcium Sensitivity. The
time course of sarcomere shortening was collected simultaneously
with calcium transients in electrically paced myocytes (25) (Fig. 3
A and B). Intriguingly, despite significant molecular and functional
differences in calcium handling between WT and Pkd2+/−

cells, there was no difference in the contractile properties of
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Fig. 1. Calcium handling in 5-mo-old WT and Pkd2+/− cardiomyocytes. (A)
Representative cardiomyocytes loaded with Fura-2AM. (B) Diastolic calcium is
unchanged between WT and Pkd2+/− cells. (C) Calcium transients elicited by the
addition of 5 mmol/L caffeine to activate release from the RyR-controlled sar-
coplasmic reticulum stores from WT (black trace) and Pkd2+/− cardiomyocytes
(gray trace). (D) Quantification of area under the curve (AUC) after addition of
5 mmol/L caffeine. Data are the mean ± SEM from n = 9–10 cardiomyocytes, n =
3 animals (*P < 0.05). (E) Magnitude of calcium release (Ca2+ Rmag) is lower in
WT (black) than in Pkd2+/− (gray) cardiomyocytes (n = 256 WT, n = 249 Pkd2+/−

cells, n = 4 WT, n = 3 Pkd2+/− animals per group; ****P < 0.001). (F) Tau, the
rate of calcium decay (TauCa

2+), was faster in WT (open bar) than in Pkd2+/−

(black bar) cardiomyocytes (n = 256 WT, n = 249 Pkd2+/−cells, n = 4 WT, n = 3
Pkd2+/− animals per group).
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the cardiomyocytes with electrical stimulation. Analysis of the
sarcomere length recordings demonstrated that peak sarcomere
length shortening, time to peak shortening (TP), and time to
50% relaxation (RT50) were not significantly different (Fig. 3 A
and B and Table S1). These data demonstrate that, although
there was greater calcium release in Pkd2+/− cells, there was
a similar degree of contractility in WT and Pkd2+/− cells. This is
surprising because, based on normal physiology, the larger and
longer calcium transients seen in Pkd2+/− mice (Fig. 1 E and F)
would be expected to elicit corresponding increases in peak
shortening and slower relaxation time of contractions.
We used a computational model of myocyte shortening (26,

27) to explore the mechanisms that would explain the paradox of
the cardiomyocyte calcium transient and cell shortening data.
We first constructed idealized calcium transients (Fig. 3C, Left)
that had peak concentrations and τCa values matching the mean
values measured in WT and Pkd2+/− cells. The WT transient was
then used as an input to the computational model to produce
a simulated WT sarcomere shortening event. Model parameters
were adjusted until simulated contraction properties (peak
shortening and RT50) matched mean experimental values (Fig.
3C, Center, black traces). Then, the Pkd2+/− transient was used as

input while keeping the same myofilament model parameters as
determined for the WT case (“naïve” model). The predicted
Pkd2+/− contraction (Fig. 3C, Center, gray trace) was much larger
and longer than WT, contrary to experimental measurements.
The obvious conclusion is that the properties of sarcomeric
proteins cannot be identical in the two genotypes. We hypothe-
sized that a decrease in myofilament calcium sensitivity in the
Pkd2+/− cells would reconcile the model/experiment discrepancy.
To test this, we repeated the Pkd2+/− simulation after increasing
the dissociation rate of calcium from troponin C from 0.625 per
second to 0.75 per second. This single parameter change caused
the simulated Pkd2+/− shortening to match both peak contrac-
tion and RT50 values measured experimentally (Fig. 3C, Right).
The simulations suggested a desensitization of the myofila-

ment to calcium in Pkd2+/−mice under baseline conditions, which is
a known effect of TnI phosphorylation (28). Consistent with our
model, we found that the phosphorylation status of TnI at the
PKA phosphorylation site Ser22/23 in Pkd2+/− mice was 90%
higher than in WT mice (Fig. 3D). This experimental observation
begins to explain the decreased myofilament sensitivity to calcium
in the Pkd2+/− mouse, and supports the findings from our model.

AKAP and Altered βAR Subtype Signaling in Pkd2+/− Mice. The changes
in the phosphorylation status of TnI are paradoxical to the phos-
phorylation status of PLB, as both sites are phosphorylated by PKA.
In Pkd2+/− mice, the PKA site on PLB (Ser16) was less phos-
phorylated, but the PKA sites on TnI (Ser22/23) were more phos-
phorylated. Use of a PKA substrate-specific antibody demonstrated
a clear difference in the phosphorylation of a number of proteins in
Pkd2+/− mice compared with WT mice (Fig. S3), in agreement with
the phosphorylation results from PLB and TnI. These data suggest
the existence of microdomains of PKA in Pkd2+/− mice, potentially
through increased interaction with A-kinase anchoring proteins
(AKAPs). As the contractile apparatus protein TnT has been
reported to have AKAP-like binding properties (29), we looked at
the spatial localization of PKA phosphorylated proteins. From im-
munofluorescence studies, we suggest that TnI is associated with the
contractile apparatus and that this association is greater in the
Pkd2+/− tissue (Fig. 4A). This result suggests that TnI has a higher
level of phosphorylation in Pkd2+/− mice through TnT, which can
act as an AKAP to localize PKA close to the contractile apparatus.
In contrast, PLB is excluded from many regions where TnI and
PKA are localized (Fig. 4B).
Although the presence of an AKAP could promote a higher

phosphorylation status of TnI, the lower level of PLB phosphoryla-
tion suggests the presence of a protein phosphatase that actively
removes phosphorylation. Such a situation might arise from activa-
tion of βAR-2, which not only signals through Gs, but also the in-
hibitory Gi pathway, leading to downstream activation of protein
phosphatase 1, a phosphatase known to dephosphorylate
PLB. We therefore sought evidence that there were measurable
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differences in cardiac function after stimulation of the βAR
signaling pathway in vivo.

Pkd2+/− Mice Have Increased Cardiac Contractility with Isoproterenol.
Function was measured by using M-mode echocardiography
under baseline conditions and after injection with the βAR ag-
onist isoproterenol (ISO; Fig. 5A). Pkd2+/− mice at 5 mo were
compared with C57/Bl6 (i.e., WT) mice. In WT and Pkd2+/−

mice, all baseline cardiac parameters including left ventricular
ejection fraction (LVEF) were within the expected physiological
ranges (Fig. 5B and Table S3), consistent with previously published
data (20, 21). However, the inner ventricular septum (IVS) and the
left ventricular posterior wall (LVPW) were both significantly
thinner in the Pkd2+/− mice compared with WT, but the left ven-
tricular internal diameter (LVID) was unchanged (Fig. S4A). The
thinner measurements were also consistent with overall longer cell
measurements taken from isolated cardiomyocytes (Fig. S4B).
Acute administration of 0.1 mg/kg ISO increased cardiac con-

tractility in WT and Pkd2+/− mice compared with baseline mea-
surements (Fig. 5C and Fig. S5). However, the change in cardiac
contractility with ISO treatment was greater in Pkd2+/− mice com-
pared with WT controls (LVEF, P < 0.05; Fig. 5C). Pkd2+/− mice
had smaller end systolic diameter and smaller end diastolic di-
ameter upon ISO stimulation compared with WT (P < 0.05), which
constitutes evidence of greater contractility forces in response to
ISO (Fig. S5). The end systolic volume and end diastolic volumes
were also lower in the Pkd2+/− mice compared with the WT mice
after ISO application (Fig. S5). ISO administration induced an el-
evation in HR in WT and Pkd2+/− mice, with no statistical differ-
ence (Fig. S5 and Tables S3 and S4), indicating that the effect of
ISO on the sinoatrial node is similar between genotypes.
Although leak of calcium via the RyR2 is associated with

CPVT, and increased arrhythmogenic events are associated with
βAR activation, no arrhythmias were observed at baseline in
Pkd2+/− or WT mice. We found a similar incidence (∼10% of all
animals) of 0.1 mg/kg ISO-induced arrhythmias in WT and Pkd2+/−

mice. These arrhythmogenic events were not sustained, and there
were no more than three observances per animal during the re-
cording interval. All echocardiographic measurements for analysis
were taken during periods of regular heart rhythm.
The possibility that the heightened sensitivity to ISO in Pkd2+/−

mice was a result of factors outside the cardiac β-adrenergic sig-
naling pathway was excluded by blood pressure and histolog-
ical studies. Tail-cuff measurements of systemic blood pressure

revealed no difference in the resting value for conscious 5-mo-old
mice (∼130/90 mm Hg for both genotypes; Fig. 5D), consistent
with previous studies (21). No pathological differences in Pkd2+/−

were observed in the heart or kidneys (Fig. S6 A–C), suggesting
that the remodeling in Pkd2 mice was not a result of renal com-
pression by cyst formation (2).
As we had identified PLB and TnI phosphorylation as key differ-

ences between WT and Pkd2+/− mice under nonstimulated con-
ditions, we reassessed these parameters in LV tissue 5 min after acute
in vivo exposure to ISO. We found PLB was still less phosphorylated
in Pkd2+/− mice compared with WT mice (Fig. 6A), although there
was no longer a significant change in the phosphorylation status of
TnI (Fig. 6B). These data are consistent with our interpretation that
PLB is actively undergoing dephosphorylation, whereas TnI can still
be phosphorylated in the Pkd2+/− mice. These findings also fit with
the increase in cardiac contractility in the Pkd2+/− after ISO stimu-
lation in the intact animal, as measured with echocardiography.

βAR-Blockers Reveal β1 and β2 Signaling in Pkd2+/− Mice. Although
our mRNA and protein analysis did not point to differences in
expression of the βAR proteins (Figs. S1 and S2), our functional
studies suggested that recruitment of the βAR-1 and βAR-2
signaling pathways were required to explain our results. To de-
termine if ISO treatment activated both βAR isoforms, and thus
the Gs and the Gi downstream signaling pathways, we measured
cardiac contractility through echocardiography in mice treated
with βAR-blockers 30 min before ISO challenge. Five-month-old
mice were treated with CGP 20712 (specific βAR-1 blocker) and
ICI-118,551 (specific βAR-2 blocker) at dosages 10-fold higher
than Ki, but below the concentration for nonspecific effects to
other receptors (30, 31). There was no significant effect of the
drugs on baseline ejection fractions in WT or Pkd2+/−. Three-
way ANOVAs were performed for the factors: genotype, β-blocker,
and presence of ISO. Using LVEF as the primary measured pa-
rameter, Pkd2+/− mice responded differently to β-blockers, com-
paring the 3-min time point against baseline measurements
(interaction, F < 0.001, P = 0.034). At 3 min after ISO application,
WT mice treated with either drug showed trends toward decreased
LVEF, although not significant, although, collectively, over the
6-min time course, both CGP and ICI diminished LVEF. At 3 min
after ISO application, Pkd2+/−mice had significantly decreased LVEF
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Fig. 5. Pkd2+/− mice have enhanced contractility after ISO stimulus. (A)
Echocardiograms 3 min after ISO injection (0.1 mg/kg) demonstrate increased
LV contractility in 5-mo-old Pkd2+/− mice. (B) No difference in LVEF at baseline
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pressure measurements for 5-mo-old WT and Pkd2+/− mice (n = 5–9 animals
per group). WT is represented by open bar, Pkd2+/− by black bar (*P < 0.05).
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with β-blockers: CGP reduced LVEF (P < 0.05) and ICI reduced
LVEF (P < 0.05; Fig. 6C). This result suggests that ISO administered
to the Pkd2+/− mice activated the βAR-1 and βAR-2 pathways.
Taken together, these data suggest that Pkd2+/− mice have

adaptive mechanisms that account for changes in calcium han-
dling via a modified systolic response (increased RyR2 expres-
sion) as well as diastolic uptake response (increased SERCA2A
expression), a paradoxical phosphorylation status of PLB and
TnI that accounts for decoupling of the calcium-contractile ap-
paratus, that can be explained by microsignaling domains and by
activation of the βAR-2 signaling pathway.

Discussion
Cardiovascular complications are the most common cause of
mortality in patients with ADPKD, and these dysfunctions can
arise in patients without prior evidence of renal failure or hy-
pertension. Despite the numerous ADPKD mouse models, we
are aware of no study that has described cardiac deficiencies in
adult mice. Here, we report a striking phenotype in Pkd2+/−

mice: adult Pkd2+/− mice have decoupled calcium-contraction
coupling, paradoxically caused by opposite phosphorylation states
of PLB and TnI. These effects are exacerbated with βAR signaling
stimulus and are suggestive of altered βAR signaling pathways. To
our knowledge, the present study reveals the first cardiac pheno-
type in an adult ADPKD mouse model, and provides evidence by
which cardiac remodeling may occur in the absence of renal dys-
function, elevated blood pressure, or cyst formation.
Although cardiac studies have been performed in other Pkd2

mouse models, no abnormalities were reported, and thus the Pkd2
mouse is thought to poorly mimic human ADPKD (21). We find
here that Pkd2+/− mice have normal blood pressure and cardiac
function. However, closer inspection revels that the Pkd2+/− mice
have decoupled calcium contraction coupling and an enhanced
response to ISO stimulus. We suggest that our findings represent
an important and relevant model of cardiovascular dysfunction in
ADPKD, as it reflects the loss of function from one allele of Pkd2,
similar to patients with ADPKD. Thus, the whole-body Pkd2+/−

mouse represents the nonhypertensive human ADPKD model
with cardiac abnormalities (2, 4, 10–14). As the Pkd2+/− mouse
does not have hypertension, this mouse model enables exploration
of the mechanism underlying effects of Pkd2 deficiency in the
heart before onset of hypertension and renal failure.
However, a caveat of the Pkd2+/− model we present here is

that, although some patients with ADPKD display cardiac dys-
function before hypertension or renal cysts, we cannot overlook
the possibility that endothelial dysfunction could occur in human
patients with ADPKD before the development of cardiac dys-
function (3). Although the Pkd1sm−/− mouse does not have a
hypertensive phenotype (22), we are aware of no existing studies
that conclusively rule out a role for PC1 or PC2 in the endo-
thelium. Therefore, future studies that specifically address the
effect of Pkd1 and Pkd2 in the heart, with and without contri-
bution from the renal or systemic vasculature, are needed to
conclusively demonstrate the function of PC2 in the heart. These
additional studies would provide further information into the
importance of PC2 in human patients with ADPKD.
Changes in calcium handling in cardiomyocytes have been

linked to a number of cardiac disorders (16, 32–35), including
CPVT (36, 37). We have previously demonstrated that PC2
interacts with and can regulate the RyR2 by acting as a brake on
calcium release, and that total loss of PC2 results in a slow but
uncontrolled release of calcium through the RyR2 (19). We
therefore hypothesized that decreased PC2 levels in mice may
phenocopy the CPVT phenotype. However, decreased PC2 levels
diminished sarcoplasmic reticulum calcium stores but there was no
evidence of increased arrhythmic events in the Pkd2+/− mouse
under baseline or ISO conditions.

Intriguingly, we observed changes in the duration and ampli-
tude of the calcium signal in Pkd2+/− cells suggesting that
calcium release and reuptake pathways are affected. In particu-
lar, PLB phosphorylation was decreased, which has been linked
to dilated cardiomyopathy in humans (38) and associated with
heart failure. However, the Pkd2+/− mouse did not recapitulate
phenotypes observed in mice with mutated PLB or troponin (39,
40). Thus, the findings in the Pkd2+/− mouse may reflect a com-
pensatory pathway that has enabled an adaptation to altered
calcium homeostasis without altering contractility through TnI
phosphorylation. PC2 has also been reported to interact with
TnI, but the functional significance is not known (41). A func-
tional link between PC2 and TnI may also contribute to the
decoupling of the calcium myofilament.
As the Pkd2+/− mouse has a phenotype not previously described

in other mouse models of cardiac calcium or contractile de-
regulation, our mouse model represents a signaling pathway
whereby a cascade of changes results in altered βAR signaling. The
βAR signaling pathway is important in cardiac development, aging,
and failure (25, 42–45). Here, we demonstrate enhanced ionotropic
responses to activation of the βAR pathway in Pkd2+/− mice, with
no effect on basal cardiac function. Our finding that PLB is less
phosphorylated in Pkd2+/− mice supports the idea that βAR-2
signaling pathways are activated. In contrast to βAR-1, which is
coupled to Gs, βAR-2 is coupled to Gi and Gs pathways (46). One
possible ramification of turning on the Gi pathway is activation of
protein phosphatase 1, which can dephosphorylate PLB (47) (Fig.
S7). Thus, activation of the βAR-2 pathway in Pkd2+/− mice may
explain the reduction in phosphorylation of PLB. Interestingly, we
observed that inhibition of the βAR-2 receptor significantly di-
minished the effects of ISO stimulus on cardiac function; this is
surprising, as βAR-1 is the main isoform responsible for contrac-
tility (48). The idea that βAR-2 is contributing to the ISO response
is consistent with studies demonstrating that subtle overexpression
of βAR-2 enhanced cardiac function, although grossly high over-
expression of βAR-2 resulted in cardiomyopathy (49–51).
Although we did not observe a change in βAR-1 or βAR-2

protein expression levels, we paradoxically found that the PKA
site on PLB was less phosphorylated in Pkd2+/− mice, whereas
the PKA site on TnI had elevated phosphorylation. These results
suggest the existence of specific microsignaling domains within
the Pkd2+ /− cardiomyocytes that enables the selective phos-
phorylation of one target (TnI), while simultaneously allowing
another target (i.e., PLB) to remain dephosphorylated. In sup-
port of this idea, AKAPs such as TnT may hold PKA in place
on the contractile apparatus, thus preventing TnI from being
dephosphorylated. The level of control could also be earlier,
given that it has been demonstrated that the particular locali-
zation of βAR receptors, coupled with compartmentalization of
the downstream signaling, particularly cAMP, can have signifi-
cant ramifications in heart failure (52).
The effects of βAR blockers on Pkd2+/− mice demonstrate the

potential ramifications for the treatment of cardiovascular pa-
thologies in ADPKD. The current recommended treatment for
hypertension in patients with ADPKD are angiotensin-convert-
ing enzyme inhibitors and angiotensin receptor blockers, rather
than βAR-blockers, although the βAR-1 blocker metoprolol is
recommended after angiotensin-converting enzyme inhibitors
and ARBs in the PKD HALT trial (9). Indeed, our results are
consistent with clinical findings in which noradrenaline, an en-
dogenous ligand of βAR, was seen at significantly higher levels in
patients with ADPKD (53). Our results suggest that βAR
blockers that target βAR-1 and βAR-2 receptors may be more
efficacious for patients with ADPKD.

Conclusion
Cardiopathologic conditions are the leading cause of mortality
in patients with ADPKD, and, although the contribution from
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hypertension cannot be overlooked, there is evidence that the
cardiac phenotype may precede the vascular phenotype. The
Pkd2+/− mice have cardiac abnormalities independent of renal
pathologies that mimic the cardiac disease progression in pa-
tients with ADPKD. We find that the Pkd2+/− mouse model
represents a phenotype with a unique decoupling of the cal-
cium-contraction interaction that is highlighted by a paradox-
ical phosphorylation status of PLB and TnI that leads to aberrant
cardiac function. Therefore, these mice provide essential insight
into the mechanisms of cardiac remodeling as well as a model for
treatments to improve ADPKD patient outcomes.

Methods
Cardiomyocyte Cell Mechanics and Calcium Handling with Field Stimulus. LV
cardiomyocytes from 5-mo-old WT and Pkd2+/− male mice were isolated by
Langendorff and loaded with Fura-2AM. Calcium transients and unloaded

shortening contractions were measured under constant perfusion in 30 °C
Tyrode solution. Cells were field-stimulated at 1 Hz.

Echocardiograms. Anesthetized mice were continually monitored during
echocardiogram recordings in M-mode with short axial measurements of the
LV. After a baseline echocardiogram measurement, mice were given a single
i.p. injection of ISO at 0.1 mg/kg. An extended description of the study
methods is provided in SI Materials and Methods.
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