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Aims Guanylyl cyclase-B (GC-B; natriuretic peptide receptor-B, NPR-B) stimulation by C-type natriuretic peptide (CNP)
increases cGMP and causes a lusitropic and negative inotropic response in adult myocardium. These effects are not
mimicked by NPR-A (GC-A) stimulation by brain natriuretic peptide (BNP), despite similar cGMP increase. More
refined methods are needed to better understand the mechanisms of the differential cGMP signalling and compart-
mentation. The aim of this work was to measure cGMP near proteins involved in regulating contractility to under-
stand compartmentation of cGMP signalling in adult cardiomyocytes.

....................................................................................................................................................................................................
Methods
and results

We constructed several fluorescence resonance energy transfer (FRET)-based biosensors for cGMP subcellularly
targeted to phospholamban (PLB) and troponin I (TnI). CNP stimulation of adult rat cardiomyocytes increased
cGMP near PLB and TnI, whereas BNP stimulation increased cGMP near PLB, but not TnI. The phosphodiesterases
PDE2 and PDE3 constrained cGMP in both compartments. Local receptor stimulation aided by scanning ion con-
ductance microscopy (SICM) combined with FRET revealed that CNP stimulation both in the t-tubules and on the
cell crest increases cGMP similarly near both TnI and PLB. In ventricular strips, CNP stimulation, but not BNP, in-
duced a lusitropic response, enhanced by inhibition of either PDE2 or PDE3, and a negative inotropic response. In
cardiomyocytes from heart failure rats, CNP increased cGMP near PLB and TnI more pronounced than in cells
from sham-operated animals.

....................................................................................................................................................................................................
Conclusion These targeted biosensors demonstrate that CNP, but not BNP, increases cGMP near TnI in addition to PLB,

explaining how CNP, but not BNP, is able to induce lusitropic and negative inotropic responses.
� � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � �

*Corresponding author. Tel: þ47 22840237, E-mail: f.o.levy@medisin.uio.no
†Present address: Institute for Experimental Medical Research, Oslo University Hospital and University of Oslo, Oslo, Norway.
‡A.F. and D.A contributed equally to the study.
VC The Author(s) 2021. Published by Oxford University Press on behalf of the European Society of Cardiology.
This is an Open Access article distributed under the terms of the Creative Commons Attribution License (http://creativecommons.org/licenses/by/4.0/), which permits unrestricted reuse,
distribution, and reproduction in any medium, provided the original work is properly cited.

Cardiovascular Research (2022) 118, 1506–1519
doi:10.1093/cvr/cvab167

https://orcid.org/0000-0002-3802-6690
https://orcid.org/0000-0003-0689-8387
https://orcid.org/0000-0002-5931-697X
https://orcid.org/0000-0001-8269-295X
http://orcid.org/0000-0002-3524-8829
https://orcid.org/0000-0003-3277-787X
http://orcid.org/0000-0003-2593-1744
https://orcid.org/0000-0002-7529-5179
https://orcid.org/0000-0002-0934-3662
https://orcid.org/0000-0002-8041-147X
https://orcid.org/0000-0003-2564-6898
https://orcid.org/0000-0003-1094-1501
http://creativecommons.org/licenses/by/4.0/


..

..

..

..

..

..

..

..

..

..

..

..

..

..

..

..

..

..

..

..

..

..

..

..

..

..

..

..

..

..

..

..

..

..

..

..

..

..

..

.

....................................................................................................................................................................................................
Keywords NPR • Natriuretic peptide receptor • AKAP18d • Biosensor • PLN

1. Introduction

The cyclic nucleotide 3’,5’-cyclic guanosine monophosphate (cGMP) is
an intracellular second messenger with important effects in the cardio-
vascular system. In the heart, cGMP synthesis is catalysed by three types
of guanylyl cyclases (GCs): one soluble cytosolic (sGC) activated by ni-
tric oxide and the two plasma membrane bound natriuretic peptide
(NP) receptors A and B (NPR-A and -B, now termed GC-A and GC-B),
where GC-A is activated by atrial (ANP) and brain NP (BNP), and GC-B
by C-type NP (CNP).1,2 The subcellular localization, duration, and ampli-
tude of cGMP signalling are regulated not only by its production, but also
by its degradation by different phosphodiesterases (PDEs).3 In the heart,
PDE2, 3, 5, and 9 are the main cGMP-degrading PDEs.4,5

In heart failure, treatment with an angiotensin receptor–neprilysin in-
hibitor, elevating natriuretic peptide levels, improved heart failure with
reduced ejection fraction (HFrEF)6 and, in women, also heart failure with
preserved ejection fraction (HFpEF).7 Also in heart failure, myocardial
CNP levels are increased8,9 and CNP increases cGMP production in car-
diomyocytes in rodent models.10–14 In addition, CNP stimulation was re-
cently shown to reduce myocyte stiffness.15,16 We previously reported
that, in cardiomyocytes from failing hearts, CNP activates GC-B, result-
ing in cGMP-mediated phosphorylation of phospholamban (PLB) and
troponin I (TnI).11,17 This results in increased Ca2þ sequestration by the
SR [via increased sarcoplasmic reticulum Ca2þ ATPase 2 (SERCA2) ac-
tivity] and decreased myofilament Ca2þ sensitivity, causing a lusitropic
(LR) and negative inotropic response (NIR).11,17–19 In addition, we have
also shown that CNP enhances the cAMP-mediated inotropic response

of b1-adrenergic and 5-HT4 serotonin receptor stimulation through
cGMP-dependent PDE3 inhibition.11,20 It is puzzling that neither of these
effects were observed when activating the GC-A receptor with BNP de-
spite comparable increase in total cGMP levels.10,11,13 One interpreta-
tion is that GC-B, but not GC-A, increases cGMP in subcellular
compartments that yield PLB and TnI phosphorylation. However, tools
to test this hypothesis have been lacking. In this study, we therefore
wanted to elucidate the compartmentation of cGMP following GC-A
and GC-B stimulation by monitoring cGMP levels using localized
biosensors.

The development of sensitive and selective fluorescence resonance
energy transfer (FRET)-based biosensors allows for monitoring of intra-
cellular cGMP in intact living cells. Such biosensors contain a cGMP-bind-
ing domain that changes conformation upon cGMP binding, sandwiched
between two fluorescent proteins, the relative position of which deter-
mines FRET.21 In this study, we used two different FRET-based biosen-
sors: cygnet2.1 and red-cGES-DE5, which display different sensitivity for
cGMP (mM- and nM-range, respectively).22,23 These biosensors were tar-
geted to either PLB, through A-kinase anchoring protein 18d
(AKAP18d) that interacts with PLB and SERCA2,24 or TnI, to relate
changes in cGMP levels near these proteins to functional changes upon
stimulation of GC-A and GC-B. In addition, we used scanning ion con-
ductance microscopy (SICM) combined with FRET25 to determine
whether receptors in t-tubules or at the cell crest could mediate these
responses. Finally, we examined whether some of these effects were
modified in heart failure.
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..2. Methods

2.1 Materials
Cilostamide (Cil 1 lM) and sildenafil (Sfil 100 nM) were from Tocris
Bioscience (Bristol, UK). C-type natriuretic peptide (CNP 300 nM) and
brain natriuretic peptide (BNP 300 nM) were from GenScript Corp
(Piscataway, NJ) and Bachem (Bubendorf, CH). Antibodies against pTnI
(Ser23/Ser24), total TnI, and vinculin were from Cell Signaling (Beverly,
MA), and antibody against pPLB (Ser16) and total PLB were from
Badrilla (Leeds, UK). All other chemicals and medium, unless otherwise
noted, were from Sigma-Aldrich (Sigma-Aldrich, St. Louis, MO).

2.2 Development of targeted biosensors
Plasmids: cygnet2.1 biosensor was previously described,26 AKAP18d
construct was a kind gift from Enno Klussmann, Max Delbrück Center,
Berlin, and TnI was provided by George Baillie, University of Glasgow,
UK. The red-cGES-DE5 biosensor23 N-terminally flanked with XbaI and
a linker A(EAAAK)5A to separate the domains of the fusion proteins and
keep their full flexibility27 were synthesized and inserted into a pUC57
vector by Genscript and transferred to pcDNA3.1. The TnI-red-cGES-
DE5 and AKAP18d-red-cGES-DE5 biosensors were constructed by
inserting NheI/XbaI inserts into NheI/XbaI opened red-cGES-DE5 bio-
sensor. The corresponding cygnet2.1 biosensors were constructed by
inserting XhoI/EcoRI cut cygnet2.1 to replace red-cGES-DE5. Cygnet2.1,
Red-cGES-DE5, TnI-red-cGES-DE5, and AKAP18d-red-cGES-DE5 were
packaged in adenovirus, amplified, and titre measured by VectorBiolabs
(Malvern, PA).

2.3 Animals
This investigation was approved by the Norwegian Food Safety
Authority (application number 4938, 6581, 8683, and 23193) and con-
forms to the research animal Directive 2010/63/EU, the Guide for the
Care and Use of Laboratory Animals (NIH publication No. 85-23, re-
vised 2011, USA), in accordance with the ARRIVE guidelines.28 Animals
were anaesthetized with isoflurane, and anaesthesia was confirmed by
abolished pain reflexes. Animals were euthanized by cervical dislocation,
and the chest was then opened to extract the heart.

2.4 Aorta banding in rats
O-rings of rubber with internal diameter of 1.2 mm (Apple rubber, USA)
were prepared by opening of the ring and placing a non-absorbable 5–0
suture through both ends of the opening cut (see Melleby et al. for illus-
tration of preparation technique).29 Male Sprague Dawley rats (�120-
140 g; Janvier, France) were anaesthetized in an anaesthesia chamber
with 5% isoflurane and 95% oxygen, before endotracheal intubation and
ventilation using a VentElite Small Animal Ventilator (Harvard
Apparatus, USA). Anaesthesia was maintained with a combination of 2%
isoflurane and 98% oxygen. Animals were placed in a supine position at a
heating pad and hair removed in the incision area. A lateral, longitudinal
incision was made at the right side of the thorax, and the pectoral
muscles were separated using blunt scissors and retracted. The third or
second intercostal muscle was pierced, and the ascending aorta was
accessed after retraction of the costae and thymus. Periaortic fat was
trimmed, and the pre-prepared O-ring was placed around the ascending
aorta proximal to the brachiocephalic trunk. The sutures in the O-ring
were tightened, the retractors were removed, and the skin was sutured
using 5-0 silk sutures. The lungs were inflated to avoid pneumothorax,

and the animals were ventilated with 100% oxygen until spontaneous
ventilation. Sham-operated rats were subjected to a similar procedure,
but without placement of an O-ring. Analgesia was maintained with pre-
surgical followed by repetitive post-operative subcutaneous injections of
buprenorphine 0.1 mg/kg 1–3x per day in the five days following surgery.
All animals were followed with at least daily inspection, and stored in
cages with three rats per cage and ad libitum supply of food and water un-
der 12/12 h light/dark cycles.

2.5 Echocardiography
Echocardiography was performed 6 weeks after aorta banding. Rats
were anesthetized in an anaesthesia chamber with a mixture of 5% iso-
flurane and 95% oxygen, and maintained by mask ventilation using a mix-
ture of 1.5% isoflurane and 98.5% oxygen. Echocardiographic
measurement of left ventricular and atrial dimensions in systole and dias-
tole was performed and blinded to animal groups, and Doppler images
of mitral, pulmonary, and aortic blood flow were performed in addition
to recordings of tissue velocities of the posterior wall of the left ventricle
in long axis. Heart and lung weights were measured after euthanasia.

2.6 Isolation of cardiomyocytes
Cardiac ventricular myocytes from 1- to 3-day-old Sprague Dawley rats
(Charles River Laboratories, Wilmington, MA) were prepared as previ-
ously described30 and transfected with TransFectin Lipid Reagent
(BioRAD, Hercules, CA) according to the manufacturer’s protocol.
Adult left-ventricular cardiomyocytes were isolated from hearts from
adult Wistar rats and Sprague Dawley rats from aorta banding by perfu-
sion (Langendorff set-up) with a Ca2þ free Joklik-MEM buffer and
digested enzymatically by using collagenase type II (90 U�mL-1)
(Worthington Biochemical Corp., Freehold, NJ, USA) and prepared as
previously described.31

2.7 Transfection of HEK293T cells and
in vitro assay
HEK293T cells were cultured in Dulbecco’s modified Eagle’s medium
(Invitrogen, Life technologies, Carlsbad, CA) with 10% foetal bovine se-
rum, penicillin (100 U/ml), and streptomycin (100lg/ml). Cells were
transiently transfected using LipofectAMINE 2000 (Invitrogen) according
to the manufacturer�s protocol, with the indicated plasmids. After trans-
fection, cells were cultured in UltraCULTURE (Lonza, Basel,
Switzerland), supplemented with L-glutamine (2 mM), penicillin (100 U/
ml), and streptomycin (100 lg/ml) for 48 h. Cells were then homoge-
nized with Ultraturrax (IKA, Staufen, DE) for 30 sec at 4�C in Buffer A
(mM): HEPES (10) pH 7.3, NaCl (137), KCl (5.4), CaCl2 (2), MgCl2 (1),
and homogenates were stimulated with increasing concentrations of
cGMP in the presence of IBMX (100 lM). The donor fluorophores CFP
and T-SapphireDC11 were excited at 430 nm or 405 nm, respectively,
and the fluorescent emission (F) of citrine/CFP (515/470 nm) or Dimer2/
T-Sapphire (535/590 nm) was measured on an EnVision (PerkinElmer,
Waltham, MA) plate reader as previously described.32 The FRET
responses were plotted in GraphPad Prism and calculated as changes in
FCFP/FCitrine and FT-Sapphire/FDimer2. Concentration–response curves (with
mean ± SEM of EC50 and maximal response) were constructed on the
basis of a previously described centile technique.33

1508 O. Manfra et al.
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2.8 Fluorescence resonance energy
transfer imaging in neonatal
cardiomyocytes
FRET experiments were performed 24–48 h after transfection. Cells
were imaged on an inverted microscope (Olympus IX81) using an oil im-
mersion objective (60 x 1.42 NA; Olympus). The microscope was
equipped with an ORCA-AG CCD camera (C4772-80-12AG,
Hamamatsu Photonics, UK) and a beam-splitter optical device (Dual-
view simultaneous imaging system, DV2 mag biosystem, Photometrics,
ET-04-EM). Images were acquired using custom-made software
(Olympus) and processed using ImageJ. FRET changes were measured as
changes in the 480/545 nm fluorescence emission intensities upon exci-
tation at 436 nm and expressed as the per cent of 480/545 nm.

2.9 Fluorescence resonance energy
transfer imaging in adult cardiomyocytes
Cardiomyocytes were attached to acid-washed and laminin-coated 24-
mm glass cover slides in an 8-well dish transduced with the indicated bio-
sensor for 48 h using a MOI of 1000–2000. One cover slide was placed
in a watertight imaging chamber (Attofluor; Life technologies) at room
temperature with buffer B (mM): MgCl2 (1), KCl (1.97), KH2PO4 (0.43),
K2HPO4 (1.5), CaCl2 (1), NaCl (144), and glucose (10). One to eleven
cells were imaged in parallel and were visualized consecutively every 4–
5 s through a motorized digital inverted fluorescent microscope (iMIC;
FEI Munich GmbH, Munich, Germany) with an air objective (10 x
0.4 NA; Olympus) or an oil immersion objective (40 x 1.3 NA;
Olympus). Cells expressing the red-cGES-DE5 biosensors were consec-
utively excited at 422 ± 15 nm and 572 ± 15 nm (excitation of T-
Sapphire and dimer2, respectively) for 20–80 ms using a monochroma-
tor (Polychrome V: FEI Munich), and emissions from T-Sapphire and di-
mer2 (537 ± 29 nm and 623 ± 25 nm, respectively) were separated using
a Dichrotome iMIC Dual Emission Module, where a 560-nm filter sepa-
rated the images from T-Sapphire and dimer2 onto a single EM-CCD
camera chip (EVOLVE 512, Photometrix, Tucson, USA). Images were
acquired by Live Acquisition browser (FEI), and FRET was calculated us-
ing Offline Analysis (FEI). Dimer2 emission was corrected for direct exci-
tations at 422 nm, and spill-over of T-Sapphire emission into the 572-nm
channel and changes in FRET were measured as changes in the ratios of
emission from T-Sapphire and dimer2 (F537/F623). Representative experi-
ments were run through a Savitzky–Golay filter using GraphPad 8.0.1 for
Windows (GraphPad Software, San Diego, CA) for clarity. Cells
expressing the cygnet2.1 biosensors were similarly excited at 436 nm
and 500 nm consecutively (CFP and Citrine, respectively), and CFP and
citrine emission (470 and 530 nm, respectively) was separated by a 515-
nm filter onto a single EM-CCD camera. Citrine emission was corrected
for direct excitations at 436 nm and spill-over of CFP emission into the
530 channel.

2.10 SICM–FRET
Adult rat cardiomyocytes were infected with adenovirus of the indicated
biosensors, and after 48 h SICM/FRET measurements were performed
as previously described25,34 using pipettes filled with buffer C (mM):
HEPES (10); pH = 7.3, NaCl (144), KCl (5.4), MgCl2 (1), and CaCl2 (1)
containing 100mM CNP or not (control and superfusion). To ensure lo-
cal stimulation of either crest or t-tubule, cells were superfused with
buffer C, and release of CNP was achieved by pressure application

through the pipette (276 kPa, 40 psi). FRET measurements were
recorded simultaneously on a Nikon Eclipse Ti-inverted fluorescence mi-
croscope; the biosensors were excited by a 400 nm pE-1000 light-emit-
ting diode (CoolLED); and a DualView beam splitter (Photometrics) was
used and equipped with a 565dcxr dichroic mirror and D520/30 and
D630/50 emission filters. Fluorescence in individual channels was
recorded by the ORCA-03G camera (Hamamatsu) using the open-
source MicroManager 1.4 software. FRET ratios were corrected for the
bleedthrough of the T-Sapphire into the Dimer2 channel and analysed
and plotted in GraphPad Prism 8.0.1.

2.11 Statistics
Statistical significance was determined using GraphPad Prism with either
one-way ANOVA with Tukey’s or Dunnett’s multiple comparisons test
or two-way ANOVA with Sidak’s or Tukey’s multiple comparisons test
or an unpaired two-sided t-test, where indicated. P < 0.05 was consid-
ered statistically significant.

2.12 Supplementary methods
Co-immunoprecipitation, western blot analysis, confocal microscopy,
preparation of rat ventricular muscle strips, and total cGMP measure-
ments are described in Supplementary material online.

3. Results

3.1 Generation, subcellular distribution,
and characterization of FRET-based cGMP
biosensors targeted to TnI and PLB
We have previously shown that activation of GC-A and GC-B increases
total cellular cGMP to similar levels,11,13 yet we and others have shown
that only GC-B increases phosphorylation of TnI and PLB.10–14,17 This is
likely responsible for its lusitropic and negative inotropic effect.17 To di-
rectly monitor intracellular changes in cells exhibiting high and low
cGMP concentrations, we selected two different FRET-based biosensors
selective for cGMP, cygnet2.1 and red-cGES-DE5, that have different af-
finities for cGMP (EC50 in the sub-lM and mid-nM range, respec-
tively).22,23 To determine how CNP regulates cGMP content close to
TnI and PLB, we generated targeted FRET-based cGMP biosensors by
fusing the N-termini of the two biosensors to TnI or AKAP18d (that
tethers PLB24). Fusing TnI (TnI-cygnet2.1 and TnI-red-cGES-DE5) or
AKAP18d (AKAP18d-cygnet2.1 and AKAP18d-red-cGES-DE5) to each
biosensor (Figure 1A) did not modify the affinity for cGMP (Figure 1B–C).
The potency of cGMP (EC50) for the untargeted, TnI- and AKAP18d-tar-
geted cygnet2.1 biosensors were 630, 537, and 870 nM, and the corre-
sponding values for the untargeted, TnI- and AKAP18d-targeted red-
cGES-DE5 biosensors were 36, 14, and 17 nM, respectively. However,
the two TnI-targeted biosensors displayed reduced efficacy compared to
untargeted biosensors (Figure 1B–C). We next examined the localization
of the targeted biosensors and found that AKAP18d-red-cGES-DE5 co-
localized with SERCA2 in adult cardiomyocytes (Figure 1D) and neonatal
cardiomyocytes (Supplementary material online, Figure S1). SERCA2 was
also co-immunoprecipitated with AKAP18d-red-cGES-DE5 (Figure 1E).
The TnI-red-cGES-DE5 biosensors co-immunoprecipitated with tropo-
nin T (TnT) and displayed a striated distribution in adult cardiomyocytes
(Figure 1D), not overlapping with SERCA2 (Figure 1D, Supplementary

CNP increases cGMP at TnI and PLB, BNP only at PLB 1509
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Figure 1 Characterization of TnI- and AKAP18d-targeted cGMP biosensors. (A) Schematic domain structures of cGMP FRET-based biosensors targeted to
TnI and AKAP18d. Cygnet2.1 includes a cGMP binding domain from a truncated version of protein kinase GI (GKI) with a T516A mutation sandwiched between
ECFP and citrine. Red-cGES-DE5 includes the GAF-A domain from PDE5 sandwiched between T-Sapphire and dimer2. TnI or AKAP18d were fused to an alpha
helix on the N-terminus of the biosensors. (B, C) HEK293T cells transfected with the indicated Cygnet 2.1 (B) or red-cGES-DE5 (C) biosensors were homoge-
nized and incubated with increasing concentrations of cGMP. ECFP or T-Sapphire were excited at 430nm or 405nm, respectively, and the fluorescent emission
(F) of ECFP/Citrine (470/515 nm) or T-Sapphire/dimer2 (590/535 nm) was measured. The FRET (FECFP/Fcitrine or FT-Sapphire/Fdimer2) was then calculated. Data
shown are concentration response curves with mean ± SEM of pEC50 and maximal response from four to nine experiments. *P < 0.05 vs. untargeted biosensors
(one-way ANOVA with Tukey’s multiple comparisons test). (D) Representative confocal images of adult cardiomyocytes expressing AKAP18d-red-cGES-DE5
or TnI-red-cGES-DE5 biosensors and immunolabelled against antibody against SERCA2 as described in ‘Methods’ section. Localization of the biosensors and
SERCA2 is shown in the overlay and in the zoom. Increased contrast is applied to zoomed images. Scale bars: 10 lm. (E) Neonatal cardiomyocytes transfected
with the indicated biosensors were lysed 24–48 h after transfection, and lysates were subjected to immunoprecipitation with anti-GFP. Direct interaction be-
tween AKAP18d-red-cGES-DE5 biosensor and SERCA2, or TnI-red-cGES-DE5 biosensor and TnT was detected by immunoblotting with anti-SERCA2 and
anti-TnT. Input is total cell lysates, and IP neg control is in the absence of anti-GFP. Shown is a representative of three independent experiments.
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.material online, Figure S1), consistent with these not being part of the
same protein complex.

3.2 CNP increases cGMP near TnI and PLB
in neonatal cardiomyocytes
Cygnet2.1 was previously shown to be suitable to measure cGMP in
neonatal rat cardiomyocytes.26 Here, using the untargeted, TnI- and
AKAP18d-targeted cygnet2.1 to measure cGMP changes in neonatal
cardiomyocytes, we observed that CNP-stimulation increased cGMP
in the cytosol and near TnI and AKAP18d (Figure 2A–C). Inhibition of
PDEs by IBMX (100mM) further enhanced cGMP at all biosensors.
However, this maximal change in FRET (CNPþIBMX) was significantly
reduced with the TnI- and AKAP18d-targeted biosensors compared
to the untargeted biosensor (5.9 ± 1.1% and 5.5 ± 0.8% vs.
13.5± 1.3%) indicating reduced efficacy of the targeted biosensors. To
control for this, we therefore report all FRET responses in per cent
of maximal change observed (CNPþIBMX). However, even when tak-
ing the reduced efficacy into consideration, the CNP-stimulated
change in FRET was significantly reduced (P = 0.023) with the TnI-tar-
geted biosensor compared to the untargeted biosensor (Figure 2D),
consistent with this biosensor measuring cGMP in restricted compart-
ments. The CNP-stimulated FRET change with the AKAP18d-targeted
biosensor, on the other hand, was not significantly reduced compared
to the untargeted (P = 0.08) or significantly different from the TnI-tar-
geted biosensors (P = 0.82).

3.3 CNP increases cGMP near TnI and PLB
in adult cardiomyocytes
Next, we wanted to investigate the NP-induced cGMP responses in
adult rat cardiomyocytes and determine whether stimulating GC-A and
GC-B would increase cGMP in these compartments. Although the cyg-
net2.1 biosensor was efficient for measuring cGMP in neonatal cardio-
myocytes (Figure 2), such low affinity biosensors failed to report the low
cGMP concentrations in adult cardiomyocytes, both previously14 and in
our hands (data not shown). Therefore, adult rat cardiomyocytes were
infected with virus encoding the �20 fold more potent red-cGES-DE5
biosensor either untargeted, TnI- or AKAP18d-targeted. CNP increased
cGMP similarly across all biosensors (Figure 3A–D), thus indicating that
stimulating GC-B increases cGMP near both TnI and PLB also in adult
cardiomyocytes.

3.4 BNP increases cGMP near PLB in adult
cardiomyocytes
We have previously shown that in cardiomyocytes from failing rat hearts,
BNP increased cGMP in the bulk cytosol either significantly less than
CNP,11 or to the same extent as CNP.13 Here, using cardiomyocytes
from healthy adult rats, BNP increased total cellular levels of cGMP, al-
beit significantly less compared to CNP (Supplementary material online,
Table S1). Using an untargeted high affinity cGMP biosensor in adult car-
diomyocytes, we recently reported that BNP only increased cGMP
modestly compared to CNP.32 We therefore examined whether BNP
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Figure 2 GC-B activity in neonatal cardiomyocytes. (A–C) Representative single-cell FRET recordings from neonatal cardiomyocytes expressing the indi-
cated cygnet2.1 biosensor and stimulated with CNP (300 nM) and IBMX (100 mM) where indicated. Readouts were normalized to the maximal response
(CNP þ IBMX). (D) Quantification of FRET responses to CNP stimulation from A to C is plotted as per cent relative to maximal response. Data are
mean ± SEM from five to seven cells with each biosensor from three to four independent groups of neonatal rats. *P < 0.05 vs. untargeted cygnet2.1 (one-
way ANOVA with Tukey’s multiple comparisons test).
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increases cGMP near TnI and AKAP18d using our targeted biosensors.
BNP only modestly increased cGMP with the untargeted biosensor and
even less near TnI, and significantly less than CNP-stimulation (Figure
3D). In contrast, BNP increased cGMP significantly more in the
AKAP18d than the TnI compartment, but still significantly less than CNP
(p = 0.03). This suggests that BNP increases cGMP near PLB/SERCA2,
whereas CNP increases cGMP near both PLB/SERCA2 and TnI.

3.5 CNP increases cGMP near TnI and PLB
from both t-tubules and crest
Recently, different localization of GC-B was demonstrated in mouse car-
diomyocytes where GC-B was evenly located across the membrane,

both in t-tubules and cell crest, producing far-reaching cGMP signals.34

To determine whether localization of GC-B contributes to cGMP near
either TnI and/or AKAP18d in rats, we used scanning ion conductance
microscopy (SICM) combined with FRET to map out the surface of car-
diomyocytes and specifically stimulate with CNP inside t-tubules or on
the cell crest (Figure 4). Both inside the t-tubules and at the cell crest,
GC-B-stimulation (using a concentration of CNP that equates to
1 lM34) increased cGMP near TnI (FRET change t-tubules: 0.59± 0.11%,
crest: 0.48 ± 0.07%) and AKAP18d (FRET change t-tubules: 0.25 ±
0.08%, crest: 0.29 ± 0.10%) (Figure 4E–F). Stimulating with buffer in the
absence of CNP did not evoke increased cGMP (Supplementary material
online, Figure S2). This suggests that GC-B located in both t-tubule and
cell crest can produce cGMP that can reach both TnI and PLB microdo-
mains and supports such far-reaching cGMP as reported previously.34

3.6 PDE2 and PDE3 activities confine
cGMP signals near TnI and AKAP18d
Since several PDEs are responsible for tightly regulating cGMP levels in
cardiomyocytes,3,5 we wanted to determine which cGMP PDEs dis-
played activity close to PLB and TnI using our biosensors. First, we
assessed the regulation of basal cGMP levels. With the untargeted bio-
sensor, inhibiting PDE2 with BAY 60-7550 (50 nM) or inhibiting PDE3
with cilostamide (1mM) enhanced basal cGMP levels, whereas inhibiting
PDE5 with sildenafil (100 nM) did not (Figure 5A). In the targeted biosen-
sors, inhibiting PDE2 or PDE3 enhanced basal cGMP levels (Figure 5B–C).
Inhibiting PDE5 had a lower effect, significant only near PLB (AKAP18d-
red-cGES-DE5 biosensor).

Next, we pre-stimulated with CNP and thereafter inhibited a PDE to
determine the contribution of different PDEs to regulation of CNP-stimu-
lated cGMP levels in the different compartments. With all three biosen-
sors, cGMP levels were increased by inhibition of either PDE2 or PDE3,
whereas inhibition of PDE5 enhanced cGMP levels only with the untar-
geted biosensor (Fig. 5D-F). To assess whether pre-stimulation with CNP
enhanced the availability of cGMP for the different PDEs, the effects were
compared with the effects on basal cGMP. The effects of PDE2 and PDE3
inhibition on CNP-stimulated cGMP levels significantly superseded the
effects on basal cGMP levels only with the untargeted and TnI-targeted bio-
sensors. Thus, the contribution of PDE2 and PDE3 to regulation of CNP-
stimulated cGMP levels in the PLB compartment (AKAP18d-targeted bio-
sensor) is uncertain. Inhibition of PDE5, on the other hand, only increased
CNP-stimulated cGMP at the untargeted biosensor (0.72 ± 0.47% of maxi-
mal FRET response in the absence vs. 26.1 ± 7.6% in the presence of CNP).

We next determined whether increased cGMP from BNP or CNP stim-
ulation also increased phosphorylation of TnI and PLB. CNP stimulation
alone increased phosphorylation of both PLB and TnI (Figure 5G–H). BNP-
stimulation, on the other hand, only modestly increased PLB phosphoryla-
tion and significantly less compared to CNP stimulation (P < 0.001). BNP
stimulation did not enhance TnI phosphorylation. These results reflect
those obtained with our cGMP biosensors (Figure 3) by showing cGMP
effects near both TnI and PLB upon CNP stimulation vs. only near PLB
upon BNP stimulation. Inhibiting PDE2 or PDE3 either individually or to-
gether did not significantly enhance CNP-stimulated phosphorylation of
TnI or PLB or BNP-stimulated PLB phosphorylation (Figure 5G–H).

3.7 Lusitropic and negative inotropic
effects of CNP and BNP
Next, we wanted to relate our findings to the lusitropic response
(LR) and negative inotropic response (NIR) to GC-A or GC-B
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Figure 3 Differential GC-A and GC-B activities in adult cardiomyo-
cytes. (A–C) Representative single-cell FRET responses from adult car-
diomyocytes expressing the indicated red-cGES-DE5 biosensor and
stimulated with CNP (300 nM) or BNP (300 nM) where indicated.
Responses were normalized to signal prior to stimulation. (D)
Quantification of FRET responses to CNP or BNP with the indicated
biosensor. Responses are shown as per cent relative to maximal FRET
(for CNP: subsequent addition of IBMX, for BNP: subsequent addition
of IBMX and CNP) for each biosensor. Data are mean ± SEM from 6 to
48 cells from 5 to 15 animals. *P < 0.05 AKAP18d-red-cGES-DE5 vs.
TnI-red-cGES-DE5 (two-way ANOVA with Sidak’s multiple compari-
son test). †P < 0.05 CNP vs. BNP with identical biosensor (two-way
ANOVA with Sidak’s multiple comparison test).
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stimulation in rat ventricular strips. Stimulating strips with a sub-satu-
rating concentration of CNP (100 nM) induced a NIR of 12± 2% (vs.
2.6 ± 1.2% in control; P < 0.01) (Figure 6A). Increasing concentrations
of CNP yielded a maximal NIR of 42 ± 6% with a pEC50 of 6.9 ± 0.1
and LR (-DRT) of 18 ± 3% with a pEC50 of 6.4 ± 0.1 (Figure 6B–C).
Stimulating GC-A receptors with BNP (100 nM), on the other hand,
did not modify NIR relative to control (Figure 6A) or LR (-DRT of
-2.2 ± 2.2 vs. 1.1 ± 0.6% in control).

We also wanted to explore whether the PDEs demonstrated to con-
strain the CNP-mediated cGMP with our biosensors would also affect
the NIR or LR to CNP. Inhibiting PDE2 or PDE3 did not modify the max-
imal NIR or sensitivity to CNP (Figure 6B). However, inhibiting PDE2 or
PDE3 both significantly enhanced and sensitized the LR to CNP (Figure

6C). Together, this suggests that simultaneous cGMP increase measured
with both TnI- and AKAP18d-localized biosensors closely matches the
lusitropic responses observed in muscle strips.

3.8 CNP responses at TnI and AKAP18d
increase in heart failure
We have previously shown that CNP induces a lusitropic and a negative
inotropic response in heart failure (HF) that was greater than in sham-
operated rats (Sham), and also that BNP does not modify lusitropic or
inotropic responses in neither HF or Sham.13,17 In addition, the total cel-
lular levels of cGMP upon stimulation with CNP were slightly increased
in cardiomyocytes from HF.35 We therefore wanted to determine
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Figure 4 CNP stimulation of either t-tubules or cell crest increases cGMP near TnI and AKAP18d. (A) Representative SICM image from a single adult car-
diomyocyte expressing a targeted red-cGES-DE5 biosensor prior to local CNP stimulation on the crest of the cell and in the t-tubule as described in
‘Methods’ section. White arrows indicate t-tubule and crest structures, and the dotted line indicates the area presented in (B) as a topographical profile.
Scale bar: 2 mm. (C, D) Representative SICM/FRET ratio traces of cells expressing the indicated biosensor with localized stimulation (crest/t-tubule) of CNP.
FRET ratio was determined in the entire cell and normalized to that prior to stimulation. (E, F) Quantification of the response to CNP is shown as per cent
relative to baseline. Data are mean ± SEM from four to seven cells from four animals.
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..whether also the localized cGMP levels were altered in HF by using
our targeted biosensors. Rats were subjected to aortic banding.
After 6 weeks, the rats had clinical signs consistent with HF, increased
heart weight, and a doubling in lung weight. In addition, echocardiogra-
phy revealed increased diastolic LV diameter and posterior wall thick-
ness and a doubling in left atrium diameter (Table 1). Together this
indicates that the rats developed HF. In cardiomyocytes isolated
from sham-operated and heart failure rats, CNP stimulation of cGMP
was significantly increased in HF vs. Sham across all biosensors (Figure
7A–C). While activation of GC-A by BNP gave a robust cGMP response
at the AKAP18d biosensor in both Sham and HF (Figure 7F), there was

little or no response at the untargeted and TnI biosensors (Figure 7D–E).
The BNP-stimulated cGMP levels did not reach statistical significance
from that of CNP stimulation in Sham at the untargeted (P = 0.06),
TnI (P = 0.09) and AKAP18d (P = 0.5) biosensors, but were
significantly lower than CNP in HF across all biosensors (P < 0.005)
(Figure 7D-F).

The increased cGMP seen in HF could be due to lower basal cGMP
levels, and we therefore determined the basal FRET ratio (Dimer2/T-
sapphire) with all biosensors. There was no change in basal FRET at the
untargeted and AKAP18d biosensors, but at the TnI-red-cGES-DE5, we
observed a slightly decreased basal FRET (Figure 7G–I). Since the red-
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Figure 5 PDE2 and PDE3 regulate cGMP near TnI- and AKAP18d-targeted red-cGES-DE5 biosensors. (A–C) Adult cardiomyocytes expressing the untar-
geted (A), TnI-red-cGES-DE5 (B), or AKAP18d-red-cGES-DE5 (C) were stimulated for 5–10 min with either PDE2 inhibitor (Bay; Bay-60-7550, 50 nM),
PDE3 inhibitor (Cil; cilostamide, 1 lM), or PDE5 inhibitor (Sfil; sildenafil, 100 nM). Responses were measured relative to maximal FRET obtained in that cell
(subsequent addition of CNP and IBMX). Data are mean ± SEM from n = 3 to 19 cells from 3 to 16 animals. *P < 0.05 vs. Sfil within that group (two-way
ANOVA with Tukey’s multiple comparisons test). (D–F): Adult cardiomyocytes expressing the untargeted (D), TnI-red-cGES-DE5 (E), or AKAP18d-red-
cGES-DE5 (F) were pre-stimulated with CNP (300 nM) for 5–10 minutes and thereafter responses to addition of the indicated PDE inhibitor were measured
similar to (A–C). †P < 0.05 vs. basal PDE inhibitor response within identical biosensor. *P < 0.05 vs. Sfil within that group (two-way ANOVA with Tukey’s
multiple comparisons test) and **P < 0.05 vs. Bay (two-way ANOVA with Tukey’s multiple comparisons test). (G, H) Adult cardiomyocytes were pretreated
with the indicated PDE inhibitor for 30 minutes and then stimulated with CNP (300 nM) or BNP (300 nM) for 10 min. Cells were lysed, subjected to SDS–
PAGE and blotted against p-Ser16-PLB (G) or p-Ser23/24-TnI (H), and blots were quantified relative to loading control (vinculin) and related to non-stimu-
lated cells not pretreated with PDE inhibitor (control). Data shown are mean ± SEM from four to seven animals. ††P < 0.001 vs. control (two-way ANOVA
with Dunnett’s multiple comparisons test). ‡P < 0.05 vs. control (one-sample Wilcoxon test).
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cGES-DE5 biosensor decreases FRET in response to increased cGMP,23

this suggests that there is a higher basal cGMP level in HF with the TnI
biosensor.

We then determined whether phosphorylation of PLB and TnI was
modified in HF. CNP stimulation significantly increased both TnI and PLB
phosphorylation in both Sham and HF (Figure 7J–K). However, both basal
(control) and CNP-stimulated TnI phosphorylation in HF were almost
half of that in Sham. This was not due to reduced TnI expression in HF,
as both TnI and PLB were unaltered in HF (Figure 7L).

4. Discussion

We developed and validated targeted FRET-based biosensors to moni-
tor cGMP levels in the vicinity of TnI and PLB. We used these biosensors
to show that CNP stimulation increases cGMP near TnI and PLB in both
neonatal and adult rat cardiomyocytes, whereas BNP only increases
cGMP close to PLB. This may explain why stimulation with CNP, but not
BNP, can regulate contractility. Further, we report that GC-B in either t-
tubule or cell crest can generate this cGMP and that PDE2 and PDE3 are
involved in regulating localized CNP-stimulated cGMP levels and lusi-
tropic responses. In addition, we found that the localized cGMP from
GC-B is enhanced in HF, and that localized cGMP from GC-A is pre-
served in HF.

4.1 Real-time detection of cGMP inside
cardiomyocytes near TnI and PLB
Cygnet2.1 is an efficient biosensor for detecting cGMP in neonatal rat
cardiomyocytes, shown herein and previously.26 However, as demon-
strated here and previously,14 it was not sufficiently sensitive to measure
cGMP changes in adult rat cardiomyocytes. This could either be due to
lower concentrations of cGMP surrounding the biosensors in adult vs.
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Figure 6 Inhibiting PDE2 or PDE3 sensitizes the CNP-induced lusi-
tropic response. (A) Left ventricular muscle strips were incubated with
vehicle (control) or the indicated ligand for 20–25 minutes and maximal
inotropic response recorded and shown as per cent relative to that
prior to stimulation (basal) (n = 3 strips from three animals, CNP; 100
nM, BNP; 100 nM). (B, C) Concentration–response curves of inotropic
response (B) and lusitropic response (C) to CNP in the absence or
presence of Bay (Bay60-7550, 50 nM) or Cil (cilostamide, 1 mM). Data
are relative to basal (prior to CNP stimulation; n = 6–9). Left ventricular
strips were pre-incubated with the indicated PDE inhibitor for 45 min
before the first addition of CNP. Horizontal error bars depict SEM of
the EC50, and vertical error bars are SEM of the maximal inotropic (B)
or lusitropic (C) responses. *P < 0.05 vs. CNP alone (one-way ANOVA
with Dunnett’s multiple comparisons test).

......................................................................................................

Table 1 Characteristics of Sham and AB rats

Animal characteristics Sham AB

Body weight (BW) (g) 422 ± 5 378 ± 11*

Heart weight (g) 1.93 ± 0.11 3.33 ± 0.34*

Lung weight (g) 1.73 ± 0.06 3.46 ± 0.16*

HW/BW (g/kg) 4.1 ± 0.3 7.9 ± 0.5*

M-mode

IVSd (mm) 1.3 ± 0.0 1.8 ± 0.1*

PWd (mm) 1.4 ± 0.1 2.4 ± 0.1*

LVDd (mm) 8.1 ± 0.2 9.0 ± 0.2*

LVDs (mm) 4.8 ± 0.1 6.1 ± 0.5

FS (%) 40 ± 1 33 ± 5

LAD (mm) 3.4 ± 0.2 7.3 ± 0.4*

Doppler recordings

Peak mitral flow (m/s) 1.13 ± 0.06 1.57 ± 0.06*

Mitral deceleration (mm/s2) 3.5 ± 0.5 7.5 ± 0.6*

Peak RVOT (m/s) 0.9 ± 0.0 0.9 ± 0.1

Heart rate (bpm) 366 ± 11 308 ± 6*

Maximal tissue velocity (mm/s) 53 ± 2 35 ± 1*

Minimal tissue velocity (mm/s) 53 ± 4 45 ± 5

BW, body weight; FS, fractional shortening; HW, heart weight; IVSd, intraventric-
ular septum in diastole; LAD, left atrium diameter; LVDd/s, left ventricular diame-
ter in diastole or systole; LW, lung weight; PWd, posterior wall in diastole;
RVOT, right ventricular outlet tract.
In Sham and AB rats. *P < 0.05 vs. Sham (unpaired, two-sided t-test). n = 6 in both
groups.
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Figure 7 cGMP levels in Sham and heart failure adult cardiomyocytes. Rats were subjected to aortic banding (HF), or sham-operated (Sham), and 6 weeks
later cardiomyocytes were isolated. Cells expressing the indicated biosensor were stimulated with either CNP (300 nM) (A–C) or BNP (300 nM) (D–F), and
FRET responses were quantified relative to basal. Data are mean ± SEM from n = 5–13 cells from 5 to 6 animals. *P < 0.05 vs. Sham with identical biosensor
(two-way ANOVA with Sidak’s multiple comparison test). †P < 0.005 BNP vs. CNP with identical biosensor in the same group (two-way ANOVA with
Sidak’s multiple comparison test). (G–I): basal fluorescence intensity ratio (Dimer2/T-sapphire) in unstimulated cardiomyocytes from Sham and HF rats
expressing the indicated biosensor. Data are mean ± SEM from n = 11 to 22 cells from five animals in each group. *P < 0.05 vs. Sham (unpaired t-test). (J–L):
Cardiomyocytes from Sham or HF were stimulated with CNP (300 nM) or BNP (300 nM) for 10 min. Cells were lysed, subjected to SDS–PAGE, and blotted
against p-Ser16-PLB (J) and PLB (L), p-Ser23/24-TnI (K) or TnI (L) and loading control (vinculin). Blots were quantified relative to loading control (vinculin)
and related to non-stimulated cells in Sham. Blots are representative of three to four experiments, and data shown are mean ± SEM from three to four ani-
mals. *P < 0.05 vs. control and †P < 0.05 vs. BNP (two-way ANOVA with Tukey’s multiple comparison test).

1516 O. Manfra et al.



..

..

..

..

..

..

..

..

..

..

..

..

..

..

..

..

..

..

..

..

..

..

..

..

..

..

..

..

..

..

..

..

..

..

..

..

..

..

..

..

..

..

..

..

..

..

..

..

..

..

..

..

..

..

..

..

..

..

..

..

..

..

..

..

..

..

..

..

..

..

..

..

..

..

..

..

..

..

..

..

..

..

..

..

..

..

..

..neonatal cardiomyocytes, or due to lower GC-B receptor density.
Therefore, biosensors with higher affinity for cGMP, such as the red-
cGES-DE5 or PfPKG biosensors,32 are needed to report cGMP levels in
adult cardiomyocytes.

Targeted FRET-based biosensors are often hampered with reduced
FRET efficiency due to the targeting domain being closely attached to
one of the fluorophores and likely influencing the relative orientation
and/or distance between the FRET pairs.36–38 Despite our efforts to min-
imize such interactions, by spacing the fluorophore and targeting domain
with an alpha helical linker, our targeted biosensors still displayed re-
duced efficiency in vitro (TnI biosensors) and in cardiomyocytes (TnI and
AKAP18d biosensors). To maintain FRET efficiency in targeted biosen-
sors, a better strategy would be to use FRET-based cGMP biosensors
with an N-terminus devoid of fluorophores where a targeting domain
can be placed, such as for the CUTie cAMP biosensor.38 Unfortunately,
such cGMP biosensors with high affinity for cGMP do not exist so far.39

The targeting domains used for our cGMP biosensors are identical to
those used in the targeted CUTie cAMP biosensors,38 and subcellular lo-
calization of our cGMP biosensors was confirmed through co-immuno-
precipitation and confocal microscopy (Figure 1). Even though both
targeted biosensors gave similar CNP responses, the pattern of BNP
stimulation and PDE inhibition was different between untargeted and
targeted biosensors (Figures 2–5), further suggesting differential subcellu-
lar localization of the targeted biosensors. The untargeted biosensors
would represent the bulk cytosolic cGMP generated after CNP stimula-
tion, of which all is not compartmented around TnI and PLB.

4.2 Concerted cGMP increase near both
TnI and AKAP18d is required for lusitropic
and negative inotropic responses
The most striking finding in the present work was that CNP stimulation
in adult cardiomyocytes increased cGMP similarly in both cytosol and
near AKAP18d and TnI, which was in sharp contrast to BNP stimulation
that increased cGMP more near AKAP18d compared to the cytosol and
TnI. However, the BNP-stimulated cGMP near AKAP18d was notably
lower than after CNP stimulation in adult cardiomyocytes.
Phosphorylation of PLB and TnI followed a similar pattern, where CNP
stimulation increased phosphorylation of both, whereas BNP stimulation
only increased PLB phosphorylation, also significantly lower than with
CNP stimulation. These findings vary somewhat from data from mouse
cardiomyocytes and rats with heart failure, where GC-A and GC-B stim-
ulation increased cGMP similarly, but only CNP increased PLB phos-
phorylation.13,14,34 In the present study, HF did not alter the effect of
BNP stimulation, but enhanced the cGMP increase upon CNP stimula-
tion across all biosensors, corresponding to the increased total cellular
cGMP levels observed with a different rat HF model.35

We have previously demonstrated that a lusitropic and a negative ino-
tropic response to CNP required phosphorylation of at least PLB.17 In
the present work, we show that BNP (at least partially) increases phos-
phorylation of PLB, but not TnI (Figure 5). However, this does not trans-
late into a lusitropic or negative inotropic response to BNP (Figure 6).
Although the CNP-stimulated TnI phosphorylation was reduced in HF
without a concomitant loss in total TnI content, CNP still increased
phosphorylation by the same percentage as in Sham due to lower basal
TnI phosphorylation (Figure 7). Since stimulating GC-B in HF also causes
a lusitropic and negative inotropic response,11–13,17 this may indicate that

the increase in phosphorylated TnI is sufficient to preserve these
responses.

The BNP-stimulated cGMP near AKAP18d and also PLB phosphoryla-
tion were lower than with CNP (Figures 3, 5, and 7). This could be due to
either i) that the lower amount of cGMP from GC-A only activates a
subset of PKG and hence achieves a lower degree of PLB phosphoryla-
tion, ii) different membranal localization of these receptors, or iii) that
GC-A-generated cGMP only has access to a limited pool of PLB. At least
less cGMP from stimulation of GC-A is likely, since BNP-stimulation
yielded lower total cellular cGMP content than CNP both herein and in
mouse cardiomyocytes.14 However, in heart failure cardiomyocytes, we
previously reported similar total cellular cGMP response to both BNP-
and CNP-stimulation.13 This may indicate that different subcellular locali-
zation of GC-A and GC-B could mediate different cellular responses and
could account for the lower BNP-stimulated cGMP near PLB and lower
PLB phosphorylation seen in this study. In terms of localization of recep-
tors at the membrane, we demonstrate that at least GC-B located either
in t-tubules or at the cell crest can increase cGMP near AKAP18d or TnI
(Figure 4). The lusitropic and negative inotropic responses obtained with
CNP would then be a result of GC-B activation on either t-tubules or
cell crest that increases both TnI and PLB phosphorylation. Although
there is evidence of different pools of PLB,40 whether GC-A only has ac-
cess to a limited pool of these, whereas GC-B has access to a larger pool
and also the importance of such different pools of PLB in regulating NIR
and LR, is unknown. Nevertheless, our present data corroborate our
previous finding that both increased TnI and PLB phosphorylation are
needed for CNP to initiate NIR and LR. We proposed a mechanism for
this, where PLB phosphorylation enhances Ca2þ sequestration into the
SR, leading to faster relaxation and, in the absence of L-type calcium
channel and ryanodine receptor phosphorylation (as opposed to the sit-
uation with cAMP from b-adrenergic stimulation), depletion of Ca2þ

available for contraction, and TnI phosphorylation increases the rate of
Ca2þ dissociation from TnC.17 Based on our present data, both are re-
quired to observe the NIR and LR. GC-A activation, on the other hand,
only leads to a partial phosphorylation of PLB (and not TnI), resulting in
no alteration of lusitropic or inotropic responses.

Increasing afterload in animal models with cardiomyocyte-specific de-
letion of GC-B resulted in increased passive tension and diastolic dys-
function compared to WT animals.16 Since the CNP-mediated
phosphorylation of PLB and TnI and subsequent faster relaxation (lusi-
tropic response) is present in both normal18 (Figure 6) and HF17 animals,
it would be of interest to explore whether these mechanisms contribute
to maintain diastolic function in models with increasing afterload.

4.3 PDE2 and PDE3 confine the cGMP
responses near TnI and PLB
We have previously shown that CNP-stimulation enhances the cAMP-
mediated inotropic response through cGMP-mediated inhibition of
PDE3,11,20,35 and that PDE3 inhibition sensitizes the potency of CNP-in-
duced NIR and positive LR in normal and failing hearts.11,12,35 Here, we
demonstrate in normal rat hearts that both PDE2 and PDE3 are impor-
tant regulators of cGMP concentrations near TnI and PLB (Figure 5) and
restrain the CNP-mediated LR (Figure 6). Our previous report in HF rats
detected an increase in CNP-stimulated global levels of cGMP by inhibit-
ing PDE2 and not PDE3,13 whereas others have reported in rat and
mouse cardiomyocytes that CNP-induced cGMP is regulated by PDE3
and not PDE2.14,34,41 Using our targeted biosensors, we demonstrate an

CNP increases cGMP at TnI and PLB, BNP only at PLB 1517
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..increased cGMP after inhibiting either PDE2 or PDE3. This suggests that
the local PDE activity important in regulating these compartments is not
necessarily detected when measuring global cGMP levels. Inhibiting
PDEs with IBMX always yielded higher CNP-stimulated levels of cGMP,
suggesting that other PDEs than PDE2 or PDE3 could also have roles in
regulating these compartments. Since PDE9 has been shown to regulate
some aspects of cGMP signalling in cardiomyocytes,4 and this is insensi-
tive to IBMX, we cannot rule out the contribution of PDE9 to regulate
cGMP from either GC-A or GC-B.

Although inhibiting either PDE2 or PDE3 increased the maximal
CNP-mediated LR (Figure 6), it did not significantly enhance phosphory-
lation of PLB or TnI (Figure 5). Such discrepancy was also observed in
HF.12 This could either be due to lower sensitivity in phosphorylation
measurements or other factors in addition to PLB and TnI phosphoryla-
tion that could be important in regulating LR.

The basal cGMP levels were highly constrained by PDE3 in the
AKAP18d compartment (Figure 5C). This is in line with studies investigat-
ing cAMP compartmentation near PLB,37 and studies directly addressing
PDE3 activity near SR,42,43 and suggests that local pools of cAMP and
cGMP exist near PLB/AKAP18d in unstimulated cardiomyocytes, but
these are constitutively dampened by the presence of PDE3.

4.4 GC-B located both in t-tubules and on
cell crest
Cardiomyocyte plasma membrane structure is highly complex. Some of
us have previously reported in mouse cardiomyocytes that GC-A is lo-
calized strictly to t-tubules, whereas GC-B is evenly dispersed both in t-
tubules and on the cell crest.34 In this report, we also find that GC-B is
localized both in t-tubules and on the cell crest and these receptors in-
crease cGMP around TnI and AKAP18d (Figure 4). Since TnI and
AKAP18d display different intracellular localization (myofilament and SR,
respectively), this suggests that cGMP propagates similarly from t-
tubules to both myofilaments and SR. Alternatively, GC-B receptors are
not homogenously distributed in t-tubules, and our method cannot sepa-
rate between GC-B located on different areas of the t-tubules.

5. Conclusion

To conclude, CNP increases cGMP near both TnI and PLB and causes a
lusitropic response, which is regulated by PDE2 and PDE3, as well as a
negative inotropic response. Using targeted FRET biosensors, we report
that receptors in both cell crest and t-tubules are responsible for these
effects. Stimulation with BNP, on the other hand, increases cGMP near
PLB which alone does not regulate inotropic and lusitropic responses. In
heart failure, CNP stimulation of cGMP levels is enhanced.

Supplementary material

Supplementary material is available at Cardiovascular Research online.

Authors’ contributions

O.M., G.C., V.O.N., M.Z., F.O.L., and K.W.A. designed the research.
O.M., G.C., A.F., D.A., N.C.S., S.M., A.O.M., M.A., J.M.A., L.R.M., and
K.W.A. performed the research. All authors analysed the data. O.M.,

F.O.L., and K.W.A. wrote the paper. All authors revised and approved
the manuscript.

Funding
This work was supported by the South-Eastern Norway Regional Health
Authority (grants 2011025 and 2019051), the Norwegian Council on
Cardiovascular Diseases, The Research Council of Norway (grants 205167
and 303490), The Anders Jahre Foundation for the Promotion of Science,
The Family Blix Foundation, The Simon Fougner Hartmann Family
Foundation, grants from the University of Oslo, and grants from British
Heart Foundation (Programme Grant RG/17/6/32944) to M.Z.

Conflict of interest:None declared.

Acknowledgements
The authors wish to thank Iwona Gutowska Schiander (University of
Oslo) for excellent technical assistance and Marcella Brescia (University
of Oxford) for assistance in studies with neonatal cardiomyocytes.

Data availability

The data underlying this article are available in the article and in its
Supplementary material online.

References
1. Tsai EJ, Kass DA. Cyclic GMP signaling in cardiovascular pathophysiology and thera-

peutics. Pharmacol Ther 2009;122:216–238.
2. Alexander SP, Kelly E, Marrion NV, Peters JA, Faccenda E, Harding SD, Pawson AJ,

Sharman JL, Southan C, Buneman OP, Cidlowski JA, Christopoulos A, Davenport AP,
Fabbro D, Spedding M, Striessnig J, Davies JA, Collaborators C, CGTP Collaborators.
The concise guide to pharmacology 2017/18: overview. Br J Pharmacol 2017;174

(Suppl. 1):S1–S16.
3. Zaccolo M, Movsesian MA. cAMP and cGMP signaling cross-talk: role of phosphodies-

terases and implications for cardiac pathophysiology. Circ Res 2007;100:1569–1578.
4. Lee DI, Zhu G, Sasaki T, Cho GS, Hamdani N, Holewinski R, Jo SH, Danner T, Zhang

M, Rainer PP, Bedja D, Kirk JA, Ranek MJ, Dostmann WR, Kwon C, Margulies KB,
Van Eyk JE, Paulus WJ, Takimoto E, Kass DA. Phosphodiesterase 9A controls nitric-
oxide-independent cGMP and hypertrophic heart disease. Nature 2015;519:472–476.

5. Moltzau LR, Meier S, Andressen KW, Levy FO. Compartmentation of natriuretic
peptide signalling in cardiac myocytes: effects on cardiac contractility and hypertro-
phy. In V Nikolaev, M Zaccolo (eds). Microdomains in the Cardiovascular System. Cham:
Springer International Publishing; 2017. p245–271.

6. McMurray JJ, Packer M, Desai AS, Gong J, Lefkowitz MP, Rizkala AR, Rouleau JL, Shi
VC, Solomon SD, Swedberg K, Zile MR, for the PARADIGM-HF Investigators and
Committees. Angiotensin-neprilysin inhibition versus enalapril in heart failure. N Engl
J Med 2014;371:993–1004.

7. McMurray JJV, Jackson AM, Lam CSP, Redfield MM, Anand IS, Ge J, Lefkowitz MP,
Maggioni AP, Martinez F, Packer M, Pfeffer MA, Pieske B, Rizkala AR, Sabarwal SV,
Shah AM, Shah SJ, Shi VC, van Veldhuisen DJ, Zannad F, Zile MR, Cikes M,
Goncalvesova E, Katova T, Kosztin A, Lelonek M, Sweitzer N, Vardeny O, Claggett
B, Jhund PS, Solomon SD. Effects of sacubitril-valsartan versus valsartan in women
compared with men with heart failure and preserved ejection fraction: insights From
PARAGON-HF. Circulation 2020;141:338–351.

8. Del Ry S, Passino C, Maltinti M, Emdin M, Giannessi D. C-type natriuretic peptide
plasma levels increase in patients with chronic heart failure as a function of clinical se-
verity. Eur J Heart Fail 2005;7:1145–1148.

9. Kalra PR, Clague JR, Bolger AP, Anker SD, Poole-Wilson PA, Struthers AD, Coats
AJ. Myocardial production of C-type natriuretic peptide in chronic heart failure.
Circulation 2003;107:571–573.

10. Pierkes M, Gambaryan S, Boknik P, Lohmann SM, Schmitz W, Potthast R, Holtwick
R, Kuhn M. Increased effects of C-type natriuretic peptide on cardiac ventricular con-
tractility and relaxation in guanylyl cyclase A-deficient mice. Cardiovasc Res 2002;53:
852–861.

11. Qvigstad E, Moltzau LR, Aronsen JM, Nguyen CH, Hougen K, Sjaastad I, Levy FO,
Skomedal T, Osnes JB. Natriuretic peptides increase b1-adrenoceptor signalling in
failing hearts through phosphodiesterase 3 inhibition. Cardiovasc Res 2010;85:
763–772.

1518 O. Manfra et al.

https://academic.oup.com/cardiovascres/article-lookup/doi/10.1093/cvr/cvab167#supplementary-data
https://academic.oup.com/cardiovascres/article-lookup/doi/10.1093/cvr/cvab167#supplementary-data


..

..

..

..

..

..

..

..

..

..

..

..

..

..

..

..

..

..

..

..

..

..

..

..

..

..

..

..

..

..

..

..

..

..

..

..

..

..

..

..

..

..

..

..

..

..

..

..

..

..

..

..

..

..

..

..

..

..

..

..

..

.12. Moltzau LR, Meier S, Aronsen JM, Afzal F, Sjaastad I, Skomedal T, Osnes JB, Levy FO,
Qvigstad E. Differential regulation of C-type natriuretic peptide-induced cGMP and
functional responses by PDE2 and PDE3 in failing myocardium. Naunyn Schmiedebergs
Arch Pharmacol 2014;387:407–417.

13. Moltzau LR, Aronsen JM, Meier S, Skogestad J, Orstavik O, Lothe GB, Sjaastad I,
Skomedal T, Osnes JB, Levy FO, Qvigstad E. Different compartmentation of
responses to brain natriuretic peptide and C-type natriuretic peptide in failing rat
ventricle. J Pharmacol Exp Ther 2014;350:681–690.
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Translational Perspective
Although best known as heart failure biomarkers, natriuretic peptides (ANP, BNP, and CNP) are important signalling molecules in the heart and
other organs through increasing cyclic GMP (cGMP). Treatment preventing their degradation improves heart failure prognosis. To better under-
stand their cardiac signalling, we employed fluorescent cGMP biosensors targeted to troponin I and phospholamban and found that BNP and CNP
increase cGMP differently around these proteins in both normal and failing cardiomyocytes. This may explain the different effects of BNP and CNP
on cardiac contractility and relaxation, with possible implications for understanding and treatment of heart failure.

CNP increases cGMP at TnI and PLB, BNP only at PLB 1519
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