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Abstract Cardiac mechanical afterload induces an intrinsic autoregulatory increase in myocyte
Ca2+ dynamics and contractility to enhance contraction (known as the Anrep effect or slow force
response). Our priorwork has implicated both nitric oxide (NO) produced byNO synthase 1 (NOS1)
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and calcium/calmodulin-dependent protein kinase II (CaMKII) activity as required mediators of
this form ofmechano-chemo-transduction. To test whether a single S-nitrosylation site on CaMKIIδ
(Cys290) mediates enhanced sarcoplasmic reticulum Ca2+ leak and afterload-induced increases in
sarcoplasmic reticulum (SR) Ca2+ uptake and release, we created a novel CRISPR-based CaMKIIδ
knock-in (KI)mouse with a Cys to Alamutation at C290. These CaMKIIδ-C290A-KImice exhibited
normal cardiac morphometry and function, as well as basal myocyte Ca2+ transients (CaTs) and
β-adrenergic responses. However, the NO donor S-nitrosoglutathione caused an acute increased
Ca2+ spark frequency in wild-type (WT)myocytes that was absent in the CaMKIIδ-C290A-KImyo-
cytes. Using our cell-in-gel system to exert multiaxial three-dimensional mechanical afterload on
myocytes during contraction, we found that WT myocytes exhibited an afterload-induced increase
in Ca2+ sparks and Ca2+ transient amplitude and rate of decline. These afterload-induced effects
were prevented in both cardiac-specific CaMKIIδ knockout and point mutant CaMKIIδ-C290A-KI
myocytes. We conclude that CaMKIIδ activation by S-nitrosylation at the C290 site is essential in
mediating the intrinsic afterload-induced enhancement of myocyte SR Ca2+ uptake, release and
Ca2+ transient amplitude (the Anrep effect). The data also indicate that NOS1 activation is upstream
of S-nitrosylation at C290 of CaMKII, and that this molecular mechano-chemo-transduction
pathway is beneficial in allowing the heart to increase contractility to limit the reduction in stroke
volume when aortic pressure (afterload) is elevated.
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Abstract figure legend CaMKII S-nitrosylation at Cys-290 mediates mechano-chemo-transduction and afterload-
induced increases in Ca2+ transient amplitude and Ca2+ sparks.

Key points
� A novel CRISPR-based CaMKIIδ knock-in mouse was created in which kinase activation by
S-nitrosylation at Cys290 (C290A) is prevented.

� How afterload affects Ca2+ signalling was measured in cardiac myocytes that were embedded in
a hydrogel that imposes a three-dimensional afterload.

� Thismechanical afterload induced an increase inCa2+ transient amplitude and decay inwild-type
myocytes, but not in cardiac-specific CaMKIIδ knockout or C290A knock-in myocytes.

� The CaMKIIδ-C290 S-nitrosylation site is essential for the afterload-induced enhancement of
Ca2+ transient amplitude and Ca2+ sparks.

Introduction

The heart exhibits two classical mechanisms of intrinsic
autoregulation to increase contractile force: 1) upon
elevated preload (high end-diastolic volume or sarcomere
length; Frank–Starling effect) and 2) upon elevated after-
load that raises the force against which the heart must
performwork to eject blood (high aortic pressure or aortic
valve resistance; Anrep effect). The Frank–Starling effect
is instantaneous and is induced by altered structure of
the myofilament lattice and myofilament Ca2+ sensitivity,
but the molecular details remain incompletely resolved
(Ait-Mou et al., 2016; Allen & Kentish, 1985; de Tombe
et al., 2010; Gordon et al., 1966; Kampourakis &

Irving, 2021). The Anrep effect or slow force response
(SFR) takes several minutes to fully develop upon
an abrupt increase in cardiac afterload or sarcomere
length, respectively, and involves intracellular signalling
and increased Ca2+ transients, but again the molecular
biochemical mechanisms are unresolved for this aspect
of mechano-chemo-transduction in the heart (Cingolani
et al., 2013; Dowrick et al., 2019). As the Anrep effect
or SFR is studied experimentally, it is hard to isolate the
effect of afterload, because the acute increase in afterload
or sarcomere length also alters preload.
To isolate afterload effects, we embed resting isolated

myocytes in a hydrogel, so that the three-dimensional
afterload is only sensed when the myocyte actively
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contracts (Hegyi et al., 2021; Jian et al., 2014; Shimkunas
et al., 2021). In this system we have demonstrated an
afterload-induced increase in Ca2+ transient amplitude
and spontaneous SR Ca2+ release events (Ca2+ sparks)
that was nitric oxide (NO) dependent, required NO
synthase 1 (NOS1) and was suppressed by inhibition of
Ca2+/calmodulin-dependent protein kinase II (CaMKII)
by KN-93 (Jian et al., 2014). It was recently shown that
increasing afterload (with preload relatively controlled)
caused an increase in left ventricular contractility that
was blunted in hearts from CaMKII-knockout mice
(Reil et al., 2020), suggesting that CaMKII activity is
directly involved in the Anrep effect. The CaMKII
signalling pathway has also been implicated in these
long-termmaladaptive processes involved in pathological
hypertrophy and heart failure (Anderson et al., 2011;
Hegyi et al., 2019).

CaMKII has four main isoforms, but the predominant
isoform in cardiac myocytes is CaMKIIδ (Anderson
et al., 2011). In cardiac myocytes, CaMKII is dynamically
regulated by the periodic rises in intracellular [Ca2+]
([Ca2+]i) during each beat that couples to kinase
activation (Bers, 2002), with activation increased by
frequency and Ca2+ transient amplitude (Erickson
et al., 2011). In addition, CaMKIIδ is subject to auto-
phosphorylation (at Thr287) (Hudmon & Schulman,
2002) that is known to promote autonomous activity

or memory, even after [Ca2+]i declines. Additional
post-translational modifications (PTMs) within the same
CaMKIIδ regulatory domain (Fig. 1A) via oxidation (at
M281/M282) (Erickson et al., 2008), O-GlcNAcylation
(at S280) (Erickson et al., 2013) and S-nitrosylation at
C290 (Coultrap & Bayer, 2014; Erickson et al., 2015)
can likewise promote this autonomous CaMKII activity.
Notably, nitrosylation of C290 can promote autonomous,
pathologically sustained kinase activity (molecular
memory) leading to arrhythmogenic SR Ca2+ release,
while S-nitrosylation at C273 limits the ability of Ca–CaM
to activate CaMKII (Curran et al., 2014; Erickson et al.,
2015).
In the present study, we use wild-type (WT),

cardiac-specific CaMKIIδ ablationmice (CaMKIIδ-cKO),
aswell as novel CRISPR-basedCaMKIIδ-C290Aknock-in
(KI)mice to test the hypotheses that the afterload-induced
enhancement of Ca2+ transients in intact adult ventricular
myocytes requires the CaMKIIδ isoform specifically, and
more specifically that the single S-nitrosylation site
(C290) on CaMKIIδ is necessary. We used myocytes that
were either mechanically unloaded or embedded in the
cell-in-gel system to impose a mechanical afterload (Jian
et al., 2014), and monitored Ca2+ handling using confocal
line-scan imaging. We conclude that the CaMKIIδ-C290
S-nitrosylation site is essential for the afterload-induced
enhancement of Ca2+ transient amplitude, involving both
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Figure 1. CaMKIIδ-C290A knock-in
mouse model
A, schematic representation of a CaMKII
monomer highlighting amino acids in the
regulatory domain (Reg) that have been
shown to promote autonomous activation
via autophosphorylation (P), S-nitrosylation
(NO), oxidation (O) and O-GlcNAcylation
(O-Glc). B, homology-directed repair
knock-in schematic representation of
Cys290 to Ala mouse generation with exon
11 in yellow and PAM sequence in red. C,
PCR showing genotype results for WT, MUT
and HET (white arrow) mice. D, western
blot of CaMKII expression levels in WT and
mutant C290A mice. Nanimal = 5 and 4,
respectively. Unpaired t test.
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increased SR Ca2+ uptake and sensitization of SR Ca2+
release via ryanodine receptors (RyR).

Methods

Ethical approval

All animal handling and laboratory procedures were
conducted in compliance with the NIH guidelines for
animal research and with approval of the Institutional
Animal Care and Use Committee at the University of
California, Davis (protocol no. 21572).

CaMKIIδ C290A knock-in mouse model

CaMKIIδ-C290A-KI mice were generated via the UC
Davis Mouse Biology Program, to ablate one of the
nitrosylation sites on CaMKIIδ. To replace the WT
C290 residue codon ‘TGC’ with a ‘GCC’ Ala residue at
position 290, we used CRISPR/Cas9 homology-directed
repair to knock-in the Ala codon into the CaMKIIδ
mouse locus in place of that for Cys (Fig. 1B). We
took advantage of an offset oligo (5′-ATGACTTCTG
CTTTCAGTAGCTTTCACCTCACCAGATCAACCCTC
CAGCCCTCCCACAACAATGTCAAATTTCTTACCTT
CAGTTTCCGTCTAGCATTAAATTTCTTCAAGGCGT
CTACAGTCTCCTGCCTGTGCATCATGGAGGCAACA
GTAGAGCGTTGCTAA-3′) that is complementary to the
target strand and distal to the protospacer adjacent motif
(PAM). Additionally, we used the following sgRNAs 5′-T
GCCTCCATGATGCACAGGCAGG-3′ and 5′-TGAAGA
AATTTAATGCTAGACGG-3′, which cleaves the genome
upstream and downstream from the engineeredmutation,
knocking in via a semi-long ssODN method to ensure
highest possible success.
The mice were genotyped, and CaMKIIδ mRNA was

sequenced to confirm the amino acid substitution in the
C290A knock-in. To determine mouse genotype, poly-
merase chain reaction (PCR) was performed on genomic
DNA from 0.4 cm lengths of mouse tails obtained from
neonatal mice. All PCR reagents were from Quantabio
(Beverly,MA,USA). Thirty-five cycles were performed on
the samples using ProFlex PCR System (Thermo Fisher
Scientific,Waltham,MA, USA) as follows: denaturation at
95°C for 0.5 min, annealing at 60°C for 0.5 min, extension
at 72°C for 0.5 min, final extension cycle at 72°C for
5 min, and a soak cycle at 4°C. Reaction products were
analysed on 2% agarose gels in which the following bands
were expected: WT (+/+) allele: 137 bp; knockout (−/−)
allele: 137 bp; heterotypic (+/−) alleles: both bands.
Forward primer: CTACTGTTGCCTCCATGATGCA;
reporter 1: CTGTAGACTGCTTGAAGAAAT; reverse
primer: CTTTGCCATGACTTCTGCTTTCA; reporter
2: ACTGTAGACGCCTTGAAG.

Conventional echocardiography and Doppler imaging

Transthoracic echocardiography was performed in mice
anaesthetized by isoflurane inhalation (1.5%), which was
later individually adjusted (1–3%) to achieve a stable
heart rate of 400−500 beats/min to avoid fusion of the
waves. Core body temperature was carefully monitored
and maintained at 37°C during the entire procedure.
Transthoracic echocardiography was performed using a
VisualSonics Vevo 2100 system equipped with a 40 MHz
transducer (Fujifilm VisualSonics, Toronto, ON, Canada).
Systolic function (cardiac contractile function) indices
were obtained from short-axis M-mode scans at the mid-
ventricular level. Apical four-chamber viewswere assessed
for diastolic function measurements using pulsed-wave
and tissue Doppler imaging at the level of the mitral valve.
Measurements were collected at baseline conditions for
both C290A andWTmice. All parameters were measured
at least three times, and means are presented.

Cardiomyocyte isolation

Adult mice between 10 and 12 weeks old were used
including WT (The Jackson Laboratory, Bar Harbor, ME,
USA, stock no. 000664), CaMKIIδ cardiac-specific KOs,
and the novel CaMKIIδ C290A mice with a Cys to
Ala substitution at position 290. The animals were kept
at standard temperature, humidity and lighting. Food
and drinking water were provided ad libitum. For the
enzymatic isolation of left ventricular cardiomyocytes,
the perfusion system was filled with minimal essential
medium (MEM) solution and cleared of any bubbles by
fast forwarding the motor. The perfusion system water
bath was set to 37°C and a rate of ∼5 ml/min. The top
section of the perfusion system was cleared of MEM,
then filled with MEM + enzyme (50 ml MEM + 60 mg
collagenase type 2 (Worthington Biochemical Corp.,
Lakewood, NJ, USA, lot number: 41A20883) and 1.3 mg
protease (Sigma-Aldrich, St Louis, MO, USA, P5147,
CAS number: 9036-06-0)). The mice were injected sub-
cutaneously with diluted 0.3ml heparin and anaesthetized
with 5% isoflurane. After sedation, mice were moved
onto an absorbent pad with the nose/mouth in a nose
cone which continuously delivers 2% isoflurane. The
mice were taped to the absorbent pad and reactions to
noxious stimuli checked. When areflexia was achieved,
hearts were excised and cleaned in cold wash solution
(100 ml MEM + 0.1 ml heparin), with any extra tissue
or fat cut off. Mechanism of death was exsanguination
while the mice were unconscious. The entire heart was
then cannulated in cold wash solution on ice. Hearts
were retrogradely perfused on constant flow ∼5 ml/min,
37°C. When adequately digested, a cut was made below
the atria to drop the ventricles into a small dish with
stopping solution (mouse 2.25 ml 10× MEM + 250 μl
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fetal bovine serum). Ventricular myocytes were dispersed
mechanically and filtered through a nylon mesh and
allowed to sediment for ∼10 min. The sedimentation was
repeated three times using increasing [Ca2+] from0.125 to
0.25 then 0.5 mM. Finally, ventricular myocytes were kept
in Tyrode’s solution (0.5mM [Ca2+]) at room temperature
until use.

Fluorescence measurement of [Ca2+] using Fluo-4

[Ca2+]i was measured using a single wavelength calcium
indicator, Fluo-4 AM (10 μM, Thermo Fisher Scientific,
cat. no.: F14201, lot number: 2146860). Freshly isolated
cardiomyocyteswere loadedwith Fluo-4AMandPluronic
acid (0.02%, Thermo Fisher Scientific, cat. no.: P3000MP,
lot number: 1990297). The indicator was loaded for
30 min at room temperature followed by wash and
de-esterification for 30min. Supernatantwas removed and
replaced three times with normal Tyrode’s solution (NT)
containing 145 mM NaCl, 5.4 mM KCl, 1 mM MgCl2,
5.5 mM glucose, 10 mM HEPES (pH 7.4, 23°C) – while
increasing [Ca2+] with each wash to a final of 1.8 mM. All
loading was done at room temperature.

Cell-in-gel system

Elastic gel matrix was made of a polyvinyl alcohol
(PVA) hydrogel system composed of underivatized PVA
(98 kDa) and a tetravalent boronate–polyethylene glycol
cross-linker, all custom made (Onofiok et al., 2010).
Freshly isolated cardiomyocytes were loaded with Fluo-4
AM as described above and suspended in a 7% PVA
solution; then, a 7.5% cross-linker solution was added
in equal volume. Optionally, submicrometre fluorescent
beads were embedded in the gel to track displacement.
Upon incubation for 15 min at room temperature, the
boronate group cross-links the PVA hydrogel, embedding
the cell in the 3D gel matrix. The boronate group also
cross-links the cis-diols of the cell surface glycans to PVA,
thereby tethering the cell surface to the gel. The optically
transparent gel allows for Ca2+ signals to be observed
while the cell-in-gel system is perfused. This gel system
helps investigatemechano-chemo-transduction signalling
pathways by activating intrinsic mechanical mechanisms
in contracting myocytes.

Confocal imaging of Ca2+ signals

Ca2+ transients and diastolic Ca2+ events (sparks and
waves) were detected via line-scan imaging with a laser
scanning confocal microscope – Bio-Rad Laboratories
(Hercules, CA, USA) Radiance 2100, equipped with a
×40 oil immersion objective lens, at 6 ms/line. Fluo-4
was excited at a wavelength of 488 nm of the argon

laser, and the emitted fluorescence was collected through
a 500−530 nm bandpass emission filter. To measure
systolic Ca2+ transients, intact cardiomyocytes were
plated on laminin-coated coverslips or loaded in-gel as
described above and paced at 0.5 Hz in a field stimulation
chamber, until Ca2+ cycling reached steady state. Fluo-4
fluorescence was recorded for at least five beats during
steady state. To assess SR Ca2+ load, 20 mM caffeine in
NT was applied to activate RyRs and rapidly deplete the
SR Ca2+ content, such that the amplitude indicates the
SR Ca2+ load. The exponential decay rate constant of
the Ca2+ transient induced by rapid caffeine application
reflects Ca2+ extrusion via sodium–calcium exchange
(NCX) (Guo et al., 2007). ImageJ was used for image
processing and analysis; Ca2+ sparks (measured from
∼10 s after stimulation stopped) were detected using the
SparkMaster plugin (Picht et al., 2007) first, and then
verified by human inspection. Scanning speed (in lines
per second) and pixel size were adjusted according to the
microscope setting during image acquisition, and criteria
values were set to 3.8 as recommended (Picht et al.,
2007). Based on non-cellular fluorescent regions in the
image, the ‘background’ is determined. Images with Ca2+
waves, which can confound spark frequency measures,
were also excluded fromCa2+ spark analysis. Fluorescence
intensities were background-subtracted and normalized
to the corrected baseline.

Statistical analysis and presentation of data

Data are presented as means ± SD, as indicated.
Normality of the data was assessed by the Shapiro–Wilk
test. To determine statistical significance of differences
in normally distributed data, paired Student’s t test,
unpaired Student’s t test, or one-way ANOVA was used as
indicated. For data that were not normally distributed, a
non-parametric test was used. In cellular experiments, we
performed hierarchical statistical analyses (nested tests)
to account for inter-subject variability and dependence
between samples. The specific statistical test used is
indicated in each figure legend. GraphPad Prism 9
(GraphPad Software, San Diego, CA, USA) was used
for data analysis. P < 0.05 was considered statistically
significant.

Results

To determine the role of CaMKIIδ-C290 in mediating
mechano-chemo-transduction, we generated a C290A-KI
mouse. Figure 1A illustrates five PTM sites in the highly
conserved regulatory region of CaMKII, immediately
adjacent to the calmodulin (CaM) binding site.
These include O-GlcNAcylation (S280), oxidation
(MM281/282), autophosphorylation (T287) and

© 2022 The Authors. The Journal of Physiology published by John Wiley & Sons Ltd on behalf of The Physiological Society.
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S-nitrosylation (C290), each of which can promote
autonomous kinase activity after Ca–CaM dissociation
and memory (Coultrap & Bayer, 2014; Erickson et al.,
2008, 2013, 2015; Howe et al., 2004). S-nitrosylation at
C273 has also been shown to suppress CaMKIIδ activation
by Ca–CaM (Erickson et al., 2015).
Figure 1B shows the design of the CRISPR strategy

and PAM sites used to replace the endogenous cysteine
in CaMKIIδ with a serine. The mice were genotyped,
and CaMKIIδ mRNA was sequenced (see Methods) to
confirm the amino acid substitution in the C290A-KI.
Figure 1C shows blots for WT and C290A mutant,
allowing identification of homozygous WT and C290A
mice, as well as heterozygous mice expressing both WT
and mutant alleles. The C290A-KI mice all expressed
similar basal CaMKII protein levels (Fig. 1D).

The new CaMKIIδ-C290A mice were born at expected
Mendelian genotype ratios and exhibited normal
growth and maturation. CaMKIIδ-C290A mice vs. WT
littermates at the age we studied (10–12 weeks) exhibited
unaltered baseline heart rate and cardiac contractile
function on echocardiography (Fig. 2A and B), and
normal heart and body weights (Fig. 2C). Thus, the new
C290 nitrosylation resistant mutant mice exhibited no
obvious baseline phenotype differences from the WT
mice.

CaMKIIδ-C290A myocytes exhibit normal Ca
transients and β-adrenergic receptor responses

First, we assessed the effects of CaMKII-C290A mutation
on basal myocyte Ca2+ handling. Figure 3A illustrates the
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Figure 2. CaMKIIδ-C290A knock-in mouse
model
A, representative echocardiogram of the LV in
a WT and C290A mouse. B, unaltered heart
rate and echocardiographic fractional
shortening and ejection fraction in C290A
mice. Nanimal = 4. Unpaired t test. C, normal
heart weight, body weight and their ratio in
CaMKIIδ C290A mice at baseline. Nanimal = 8.
Mann–Whitney test.
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confocal line-scan Ca2+ imaging protocol. Mouse cardio-
myocytes were paced at 0.5 Hz for 30 s, and the last
five stabilized Ca2+ transients (CaTs; Fig. 3A) used for
quantitative analysis. After pacing, myocytes were at rest
for 1 min during which spontaneous Ca2+ sparks were
recorded, and then 20 mM caffeine was rapidly applied

to release all SR Ca2+ and assess the SR Ca2+ load.
CaMKIIδ-C290Amice exhibited unaltered Ca2+ transient
amplitude, time to peak [Ca2+]i and time constant (τ ) in
comparison to their WT littermates (Fig. 3B).
Some initial WT myocyte experiments exhibited

unusually long twitch [Ca]i decline τ values, which we
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Figure 3. Ca2+ transients in novel C290A mice
A, experimental protocol and representative longitudinal line scan with pseudo-colour insets. B, mean ± SD values
of baseline Ca2+ transient (CaT) data for wild-type (WT) mice in comparison with their C290A littermates under
load-free conditions. ncell/Nanimal = 14/5, 19/5 respectively. Nested t test. C, influence of Fluo-4 loading level on tau
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suspected might be attributed to excess Fluo-4 loading
(assessed as basal resting F0; Fig. 3C and Supporting
Fig. 1C), which perforce would increase intracellular
Ca2+ buffering, slow [Ca2+]i decline and limit Ca2+
transient amplitude. All-cell data were analysed as τ vs.
baseline F0 (Supporting Fig. 1B and C), and we excluded
from Fig. 3 the group ofWTmyocytes with uniquely high
indicator loading (F0 > 40). In doing so, the mean F0 level
of indicator loading was well-matched between WT and
C290A myocytes (19.9 ± 2.2 and 19.1 ± 1.5; Fig. 3C).
The unaltered Ca2+ transients in C290A vs. WT myo-
cytes are consistent with the unaltered echocardiographic
differences (Fig. 2B).
Both C290A-KI and WT mouse myocytes showed

a classical response towards the β-adrenergic receptor
(β-AR) agonist, isoproterenol (ISO; 100 nM), which was
added 5min before pacing was restarted. ISO significantly
increased both the CaT amplitude (Fig. 3D–F) and rate
of Ca2+ transient decline. In contrast, acute exposure to
150 μM S-nitrosoglutathione (GSNO; an NO donor) for
5 min did not alter Ca2+ transient amplitude or kinetics of
[Ca2+]i decline in either WT or C290A mouse myocytes
(Fig. 3E and F).
Figure 4 shows Ca2+ spark analysis formyocytes during

the post-stimulation period indicated in the protocol
(10–60 s after stimulation was stopped). InWTmyocytes,
both ISO and GSNO treatment significantly increased
Ca2+ spark frequency, and to similar extents (Fig. 4D).
However, in C290A myocytes, GSNO failed to increase
Ca2+ spark frequency, in contrast to a similar ISO-induced
increase in Ca2+ spark frequency in C290A as in WT
myocytes (Fig. 4D and E). There was also no difference
observed in SR Ca load with these treatments across the
groups, but our ability to detect small differences in SR
Ca load may be limited because peak [Ca2+]i may be near
indicator saturation. These data from intact myocytes are
consistent withGSNO-inducedCaMKII nitrosylation and
activation with consequent RyR sensitization, and show
that this effect is abolished by the single point mutation
of a known S-nitrosylation site (C290A) in CaMKIIδ.
Collectively, our data demonstrate that the

CaMKIIδ-C290A-KI mice displayed normal physio-
logical myocyte function, similar to their WT littermates.
However, the GSNO-induced increase in arrhythmogenic
SR Ca2+ leak seen in WT myocytes was suppressed in
myocytes harbouring the point mutation in CaMKIIδ
(C290A).

Afterload-induced increase in diastolic SR calcium
leak requires CaMKIIδ S-nitrosylation

We next tested whether the myocyte-intrinsic
S-nitrosylation effect seen with GSNO was also induced
by increased mechanical afterload in WT but suppressed

in the C290A myocytes. We used a cell-in-gel system,
in which myocytes encounter a mechanical afterload
as they contract against a viscoelastic hydrogel (Hegyi
et al., 2021; Jian et al., 2014; Shimkunas et al., 2021).
Our group previously showed that NOS1 and CaMKII
were both involved in mediating afterload-induced
increases in intracellular CaTs and Ca2+ sparks in intact
ventricular cardiomyocytes from WT mice (Jian et al.,
2014). Figure 5A shows that WT cardiomyocytes contra-
cting in the gel (vs. load-free) displayed enhanced systolic
CaT amplitudes (Fig. 5D), faster [Ca2+]i decline (Fig. 5E),
faster time to peak [Ca2+]i (Fig. 5F), reduced fractional
shortening (Fig. 5G) and a robust increase in diastolic
Ca2+ sparks (Fig. 6). The increase in CaTs and Ca2+
sparks in cardiomyocytes under afterload in-gel are
consistent with an increase in RyR sensitivity, and
the faster CaT decay would be most consistent with
enhanced SR Ca2+ uptake. While altered myofilament
Ca2+ buffering at higher force might complicate this, that
would tend to reduce peak [Ca]i, which was not observed.
As a control, we tested whether individual gel-forming
components might alter cardiomyocyte function. We pre-
incubated cardiomyocytes with PVAor cross-linker alone,
followed by perfusion with normal Tyrode’s solution and
contraction measurements. There was no difference in
contraction measured as sarcomere length shortening for
either PVA or cross-linker treatment – without mixing
to form hydrogel (Fig. 5H). Previous in-gel studies used
NOS1 knockout mice and the useful CaMKII inhibitor
KN-93 to implicate NOS1 and CaMKII in the cell-in-gel
afterload effects on Ca2+ handling (Jian et al., 2014).
Indeed, that confirmed the role of the NOS isoform as
the NO source in the mechano-chemo-transduction
pathway, but KN-93 is an imperfectly selective inhibitor
of CaMKII.
Here, we used cardiac specific CaMKIIδ knockout

mice (cKO) to more explicitly test whether CaMKIIδ, in
particular, is required formediating the afterload-induced
effects in Ca2+ handling. Figure 5B, D and E shows
that compared to WT myocytes in the same conditions,
the afterload-induced increase in CaT amplitude and
rate of [Ca]i decline were completely prevented in the
CaMKIIδ-cKO myocytes. Moreover, in the absence of
CaMKIIδ, CaT amplitude became smaller and slower
under afterload (Fig. 5D–E). Thus, the CaMKIIδ isoform
is specifically required for this intrinsic afterload-induced
increase in Ca2+ transients.
Furthermore, the new CaMKIIδ-C290A-KI myocytes

allowed a more explicit test of whether this single cysteine
(C290) on CaMKIIδ is critical for the afterload-induced
effects on Ca2+ transients. Figure 5C–F shows that
contrary to theirWT littermates, C290Amyocytes contra-
cting in the gel (vs. load-free contractions) displayed a
decrease in CaT amplitude (Fig. 5D) and no change in
the τ of twitch [Ca]i decline (Fig. 5E). Thus, this specific
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S-nitrosylation target on CaMKIIδ-C290 is essential to
the afterload-induced increase in CaTs and accelerated SR
Ca2+ uptake.

Figure 6A–B shows that CaMKII-cKO and WT myo-
cytes exhibited mean Ca2+ spark frequencies of 0.03
and 0.1 sparks/100 μm/s, respectively (P = 0.18, nested
one-way ANOVA, multiple comparison test). Given

the activating effect of CaMKII on diastolic RyR2, a
difference might have been expected (Guo et al., 2006;
Wehrens et al., 2004), but in resting myocytes CaMKII
activation is typically low (Erickson et al., 2011). More
importantly, Fig. 6C and D exhibits a pronounced after-
load increase in Ca2+ spark frequency in WT myo-
cytes that was completely absent in the CaMKIIδ-cKO
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Figure 4. Ca2+ spark measurements in WT vs. C290A mice
A, representative spontaneous Ca2+ sparks seen in the pseudo-coloured confocal linescan images of C290A cardio-
myocytes and their wild-type (WT) littermates. B, mean± SD values of Ca2+ spark rate under load-free conditions in
C290A vs. WT cardiomyocytes. ncell/Nanimal = 15/5, 16/5, 13/5 and 16/5, respectively. Nested t test. C, representative
pseudo-coloured confocal line-scans from quiescent C290A cardiomyocytes under control conditions and with
100 nM isoproterenol (ISO, left), or with 150 μM S-nitrosoglutathione (GSNO, right). D and E, mean ± SD Ca2+
spark rate data are shown for WT (D) and C290A (E) cardiomyocytes in response to ISO (left) and GSNO (right).
ncell/Nanimal = 18/6, 11/4, 12/5 and 10/4 for WT and 22/6, 8/3, 15/4 and 6/3 for C290A, respectively. Paired t test.
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myocytes. The C290A-KI myocytes had a baseline
Ca2+ spark frequency that was roughly in-between
the WT and CaMKIIδ-cKO myocytes. But as with
the CaMKIIδ-cKO, the point-mutant C290A (Fig. 6E)
abolished the afterload-induced Ca2+ spark frequency
observed in WT myocytes. In fact, there tended to be a
slight decrease in Ca2+ spark frequency in C290A myo-
cytes, which could possibly be explained by potential
S-nitrosylation of the CaMKIIδ inhibitory S-nitrosylation
site (C273) that cannot be opposed by the activating effect
of C290 nitrosylation in the C290A mouse. In the above
Ca2+ spark frequency analysis, sweepswere excluded from
spark analysis if propagatingCa2+ waves occurred because

such waves would tend to reduce SR Ca2+ content and
hence also reduce overall probability of Ca2+ sparks. The
WT myocytes under afterload conditions exhibited many
more arrhythmogenic Ca2+ waves thanwere seen in either
CaMKIIδ-cKO or C290A-KI myocytes (Fig. 6F).
Taken together, these mechano-chemo-transduction

studies point to NOS1-mediated S-nitrosylation of
CaMKIIδ-C290 as the critical mediator of the intrinsic
afterload-induced increase in cardiac Ca2+ trans-
ient enhancement that allows the heart to contract
more strongly in response to greater circulatory
afterload. Indeed, C290 was required for not only
the afterload-induced increase in Ca2+ transient
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Figure 5. Influence of afterload on myocyte Ca2+ transients
A–C, representative confocal pseudo-coloured line scan images of systolic Ca2+ transients (left) obtained using
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amplitude and faster SR Ca2+ uptake but also for the
afterload-induced increase in arrhythmogenic Ca2+
waves. Ergo, S-nitrosylation of CaMKIIδ C290 is
necessary for the mediation of afterload-induced increase
in Ca2+ transients, but also potentially arrhythmogenic
Ca2+ sparks and waves.

Discussion

The mechanisms by which mechanical stress
feeds back on contraction itself, Ca2+ cycling
and electrophysiology involve complex systems of
mechano-chemo-transduction that have been gaining
more attention in the cardiovascular field as inter-
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actions among these individual fields have become better
appreciated (Cingolani et al., 2013; Dowrick et al., 2019;
Hegyi et al., 2021; Izu et al., 2020; Jian et al., 2014;
Kampourakis & Irving, 2021; Petroff et al., 2001; Prosser
et al., 2011; Reil et al., 2020; Shimkunas et al., 2021; Shin
et al., 2010; Toischer et al., 2008, 2010). Here we focus
on how mechanical afterload enhances Ca2+ transients,
mediating amyocyte-intrinsic form of autoregulation that
can boost contraction (Shimkunas et al., 2021) and help
the heart pump against an elevated afterload in the Anrep
effect. Our cell-in-gel system mimics in vivo mechanical
conditions in two ways. First, it imposes multiaxial
3D mechanical stress selectively during contraction
(afterload), and it also tethers cell surface proteins to
the gel and thereby engages endogenous cell-surface
signalling system responses to both normal and shear
stress. In WT mice and a genetic mouse model of familial
hypertrophic cardiomyopathy, selective inhibition of
either NOS1 or CaMKII prevented the afterload-induced
rise in spontaneous Ca2+ activities (Jian et al., 2014),
highlighting the involvement of both nitrosylation and
CaMKII in this form of mechano-chemo-transduction.
We also know from previous studies that CaMKII can
be S-nitrosylated at C290 (in CaMKIIδ), and that this
promotes autonomous CaMKII activation (Coultrap &
Bayer, 2014; Erickson et al., 2015; Pereira et al., 2017)
that can enhance RyR sensitivity and SR Ca2+ uptake,
and other contractile, electrophysiological and nuclear
signalling processes (Anderson et al., 2011; Hegyi et al.,
2019).
Our new CRISPR-based knock-in mouse, which

selectively prevents S-nitrosylation at a single amino
acid on CaMKIIδ (C290A), enables molecular dissection
of afterload-induced enhancement of Ca2+ signalling
in adult ventricular myocytes with otherwise normal
CaMKIIδ function. These mice exhibit no overt
phenotype (vs. WT littermates) but show suppressed
ability of the exogenous NO-donor GSNO to promote
myocyte RyR opening in the formof spontaneous diastolic
SR Ca2+ release events (Ca2+ sparks). Moreover, with
only endogenous NOS signalling available, this single
amino acid substitution in CaMKIIδ in C290A mice
abolished the afterload-induced enhancement of such
Ca2+ sparks (Fig. 6A and E). Previous work had attributed
afterload-induced Ca2+ sparks to NOS1-induced NO
production using NOS1 knockout mice and CaMKII
activity using the imperfect CaMKII inhibitor KN-93
(Jian et al., 2014). Our results here highlight that the
afterload-induced enhancement of Ca2+ sparks requires
cardiac myocyte CaMKIIδ and specifically amino acid
C290 therein, based on results in CaMKIIδ-cKO and
-C290A, respectively. Moreover, we conclude that this
process involves NOS1-dependent S-nitrosylation of
CaMKIIδ at C290 to enhance CaMKII activity, which is
known to promote SR Ca2+ release channel activity

via phosphorylation at RyR2-S2814 and enhanced
Ca2+ sensitivity of the RyR channel (Guo et al., 2006;
Uchinoumi et al., 2016; van Oort et al., 2010; Wehrens
et al., 2004). Notably, this RyR sensitization would also
increase fractional SR Ca2+ release, but that effect would
diminish over several beats as the larger Ca2+ trans-
ient would drive higher Ca2+ efflux from the myocyte,
resulting in reduced SR Ca content that can substantially
limit steady state enhancement of Ca2+ transients (Ai
et al., 2005; Diaz et al., 2005). In addition, this RyR
sensitization can be proarrhythmic by increasing the
propensity for Ca2+ waves that can induce triggered
beats. Thus, the higher RyR Ca2+ sensitivity by itself is
likely insufficient to explain themarked afterload-induced
increase in steady state Ca2+ transients.
Mechanical afterload also induced a robust acceleration

of SR Ca2+ uptake rate, based on the kinetics of Ca2+
transient decline, which would enhance SR Ca2+ content
and better sustain the enhancedCa2+ transient amplitudes
as observed in Fig. 5D. Consistent with the Ca2+ spark
results, the acceleration of twitch [Ca2+]i decline and
larger Ca2+ transient amplitudes were also prevented in
both the CaMKIIδ-cKO and C290A KI myocytes (Fig. 5D
and E). This suggests that CaMKIIδ S-nitrosylation at
C290 is a critical mediator of at least these two SR targets
that synergize and contribute to the afterload-induced
increase in Ca2+ transient amplitude and decay kinetics.
The RyR effects via the NOS1–CaMKII–RyR pathway

have now been well-studied and may be critical in
mediating β-AR effects at the RyR (Curran et al., 2014;
Gutierrez et al., 2013; Pereira et al., 2013, 2017). CaMKIIδ
also phosphorylates phospholamban (PLN) at Thr17 and
enhances SERCA2 function, akin to β-AR activation
and PKA-dependent phosphorylation of PLN at Ser16,
which is quantitatively dominant in acuteβ-AR responses.
Higher myocyte pacing rates gradually increase PLN
phosphorylation at the Thr17 CaMKII site over several
minutes (Hagemann et al., 2000; Huke & Bers, 2007),
but the time course and quantitative extent of that
phosphorylation do not match well with the observed
frequency-dependent acceleration of SR Ca2+ uptake
(Huke & Bers, 2007). Thus, while CaMKIIδ C290 is
critical for the afterload enhanced SR Ca2+ uptake rate,
the detailedmolecular mechanismmay require additional
study. In a parallel initial electrophysiological study in
rabbit ventricularmyocytes in the same cell-in-gel system,
we found that afterload induced an increase in both
L-type Ca2+ current (ICa) and action potential duration
(Hegyi et al., 2021). Both of those effects would enhance
myocyte Ca2+ loading and contribute to the enhanced
Ca transient amplitude observed, which can intrinsically
accelerate the τ of [Ca2+]i decline (Bers & Berlin,
1995). The involvement of CaMKIIδ or C290 in these
afterload-induced electrophysiological changes has not
yet been tested, but sinceCaMKII alters the gating ofCa2+,
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Na+ and K+ currents (Anderson et al., 2011; Hegyi et al.,
2019), follow-up studies may clarify whether CaMKIIδ
andC290 are essential for some of those afterload-induced
electrophysiological effects.

CaMKIIδ has two known sites for nitrosylation,
C290 and C273. While S-nitrosylation of C290 on
CaMKIIδ promotes autonomous kinase activity,
S-nitrosylation of C273 suppresses activation by
Ca–CaM (Erickson et al., 2015). Given the role of
nitrosylation in mechano-chemo-transduction, the
differential effect of nitrosylation at these two sites
suggests an added layer of complexity, as activating the
inhibitory C273 site could complicate the physiological
mechano-chemo-transduction process. Additionally,
we cannot rule out other possible post-translational
modifications at these S-nitrosylation sites, including
glutathionylation and oxidation. We also have not
addressed the upstream afterload-induced signal trans-
duction mechanism, which has not yet been elucidated,
but candidates could include integrin and dystrophin
linked signalling.

An increase in afterload (higher gel stiffness; up
to10 kPa) leads to progressively increasing myocyte
Ca2+ transient amplitude, which limits the reduction of
fractional shortening as afterload increases (Shimkunas
et al., 2021). This would translate to a relatively pre-
served stroke volume with increased afterload that is
suppressed by genetic ablation of NOS1 (Jian et al.,
2014), CaMKIIδ or the replacement of WT CaMKIIδ
with CaMKIIδ-C290A-KI (Fig. 5). It would be of inter-
est to test whether cardiac output decreases more in
C290A mice than in WT in response to acute or chronic
pressure-overload, as reported for CaMKIIδ-KO mice
(Reil et al., 2020). Mechanical preload has also been
shown to promote increases in Ca2+ spark frequency,
involving NADPH oxidase (NOX2) that produces
reactive oxygen species (ROS) (Prosser et al., 2011),
so it is possible that there are somewhat separate
but interacting signalling pathways in mediating
intrinsic afterload- and preload-induced changes in
myocyte Ca2+ handling. NOX2 can be activated by
NO signalling or CaMKII activation (Girouard et al.,
2009; Lu et al., 2020), suggesting a complex interplay
between these two pathways that merits further study
regarding the specific role of CaMKII oxidation in
mechano-chemo-transduction.

Post-translational modifications in CaMKIIδ’s critical
regulatory domain by autophosphorylation (T287),
O-GlcNAcylation (S280), oxidation (MM281/282) and
S-nitrosylation (C290) each promotes autonomous
or chronic CaMKII activity that has heretofore been
implicated in pathological consequences in many
pathways (Anderson et al., 2011; Coultrap & Bayer,
2014; Erickson et al., 2008, 2013, 2015; Hegyi et al., 2019).
Here, we have identified a potentially important beneficial

adaptive effect of S-nitrosylation at CaMKIIδ-C290
that may critically mediate the intrinsic autoregulation
mechanism known as the Anrep effect (or slow force
response) which boosts the heart’s ability to contract
when it encounters a mechanical afterload such as
elevated arterial pressure or aortic valvular resistance
that is independent of neuronal input. Furthermore,
this S-nitrosylation of CaMKIIδ-C290 may represent
a novel therapeutic strategy to enhance myocardial
function.
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