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Editorial on the Research Topic

Nanodomain Regulation ofMuscle Physiology and Alterations in Disease

Introduction

Cardiac, skeletal and smooth muscle are vastly different in their function and

structure. However, in all three types of muscle, calcium ions (Ca2+) serve as the

primary second messenger controlling contraction, and this function is modulated by

the autonomic nervous system. Disruption of Ca2+ signalling and muscle function are

evident in pathologies linked to both inherited and acquired conditions, including

hypertension, diabetes, muscular dystrophy, and heart disease. Evidence has shown

that remodelling of Ca2+ signalling nanodomains, as well as other signalling cascades,

contribute to these pathological changes. However, our understanding of these

mechanisms remains in its infancy. More information is needed to further our

comprehension of nanoscale cellular physiology and develop treatments to counteract

the changes that occur in disease. This Research Topic has collected 11 high-quality

papers from authors focusing on nanodomains and alterations in disease.
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The dyadic space

Early electron microscopy (EM) measurements described the

existence of a ~12–15 nm gap between the sarcolemmal (SL) and

sarcoplasmic reticulum (SR) membrane in cardiac and skeletal

myocytes called the dyad or triad, respectively (Page and

Niedergerke, 1972; Franzini-Armstrong et al., 1999). In

healthy ventricular myocytes, most of the estimated

~20,000 clusters of Ca2+ release channels (Ryanodine

Receptors, RyRs) are coupled to invaginations of the

membrane called transverse(t)-tubules. A sparser network of

t-tubules has been observed in atrial myocytes.

Dyadic remodelling in heart failure

The dyadic space is maintained by junctophilin-2 (JPH2),

which spans both SR and SL membranes, and maintains the

two membranes in functional dyads. Remodelling of the

cardiac dyad has been observed in a host of animal models

of heart disease (Heinzel et al., 2002; Quinn et al., 2003; Louch

et al., 2004; Song et al., 2006; du Sert et al., 2020) with a loss or

remodelling, resulting in an increase in non-coupled (Dries

et al., 2013) or orphaned (Song et al., 2006) RyR clusters. Non-

coupled RyRs rely on diffusion to trigger Ca2+ release resulting

in reduced efficiency of Ca2+ release. New evidence on

nanoscale organisation on JPH2 by Hou et al. shows

remodelling of the t-tubule with an increased thickening

into branched t-tubule structures called T-sheets, similar to

those seen in patient samples observed in block section EM

(Pinali et al., 2013), but with no evidence of reduced

JPH2 expression. Smaller RyR clusters and reduced RyR

expression were also observed, which may contribute to

reduced E-C coupling efficiency in heart failure

(Beuckelmann et al., 1992; Gómez et al., 2001).

A lack of consensus on correlations of JPH2 expression with

t-tubule morphology shows that more work is needed to fully

understand the role of this protein in t-tubule sustainment.

Indeed, amphiphysin-II (Bin1) is recognised as being an

important structural modulator of t-tubule formation and

maintenance. Zhou et al. showed the importance of

phosphatidylinositol-4,5-bisphosphate (PIP2) in this process.

Depletion of PIP2 caused a loss of t-tubules and a reduction

of E-C coupling. New therapies targeting these processes could

reverse changes in heart disease.

One observation that does show consistency is the loss of

t-tubules in heart failure with reduced ejection fraction.

Increasing evidence demonstrates that this subcellular

remodelling results in a larger percentage of uncoupled RyRs,

with subsequent loss of Ca2+ synchrony (Louch et al., 2006).

Further ramifications of this form of remodelling are observed

through altered regulation of orphaned RyR clusters by kinases

and reactive oxygen species (ROS) (Dries et al., 2013; Dries et al.,

2018). Indeed, in this issue, Belevych et al. show that detubulated

myocytes have a reduced response to sympathetic stimulation

upon cholinergic activity. This is the first report of this type of

regulation; further work could shed light on a new cholinergic-

sympathetic signalling nexus in the ventricular myocyte.

The remodelling of RyR clusters themselves has been

reported in cardiac pathologies including heart failure

(Kolstad et al., 2018) and atrial fibrillation (Macquaide et al.,

2015). Indeed, new imaging information shows altered nanoscale

orientation of neighbouring RyRs during acute phosphorylation

(Asghari et al., 2020), while chronic phosphorylation during

chronic β-adrenergic stimulation leads to RyR dispersion

(Shen et al., 2022). These observations have ramifications for

heart failure, where chronic β-adrenergic stimulation and

CaMKII activation are well described (Swaminathan et al.,

2012). Interestingly, similar remodelling of RyRs was observed

in the cerebral microvasculature in Duchenne muscular

dystrophy (Pritchard et al., 2018). While Bin1 has been

implicated in the recruitment of phosphorylated RyRs to the

t-tubules during acute β-adrenergic stimulation (Fu et al., 2016),

it is unclear whether this protein plays a role in the dispersion of

RyRs during longer-term stimulation.

Similar detail is beginning to emerge regarding the plasticity

of modular arrangement on the other side of the dyad; i.e., the

positioning of L-type Ca2+ channels. Clusters of these

channels have been reported to increase by 20% in size

upon β-adrenergic stimulation (del Villar et al., 2021),

resulting in increased inter-channel cooperativity in these

“superclusters.” These exciting data appear to recapitulate

findings from human disease, where increased channel

activity and density are observed in human dilated

cardiomyopathy patients. This remodelling may be linked

to increased CaMKII expression and activity during heart

failure (Anderson et al., 2011). Interestingly, Bin1 has also

been implicated in the organisation of the L-type Ca2+ channel

in t-tubules (Hong et al., 2012), although the role of

phosphorylation in this process has not been investigated.

Na+ gradients in the dyad

The importance of dyadic Na+ ion concentration is

highlighted in the review by Skogestad and Aronsen who

explore the subcellular localisation and function of the

sodium-potassium-ATPase (NKA) in cardiomyocytes.

Specifically, they review data indicating that the presence of

the alpha-2 isoform (NKAα2) in the dyad vs. NKAα1 outside

the dyad may set up subcellular Na+ and Ca2+ gradients within

the myocyte; findings which have implications for the role of

NKAα2 in triggering cardiac hypertrophy and arrhythmia. These

processes may be important to set the scene for further dyadic

remodelling that occurs in disease and may augment the

increased NCX activity that is often observed.
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Ageing effects on cAMP
microdomains

In the sinoatrial node, pacemaker cells utilise L-type Ca2+

signalling as part of the Ca2+ clock mechanism, which regulates

heart rate. Choi et al. have presented elegant work to correlate

nanostructural alterations in aged mice, which leads to declining

β-adrenergic responsiveness. It appears that fewer β-

adrenenergic receptors colocalise with L-type Ca2+ channels in

ageing myocytes, with possible roles for caveolin-3 and

AKAP150. This observation highlights that the location of

both inside caveolae nanosignalling domains is of utmost

importance for their effective interaction.

New insights from computational
modelling and superresolution
imaging

In the current Research Topic, the nanoscale structures of ion

channel clusters, including RyR and L-type Ca2+ channel clusters,

are elegantly reviewed by Dixon, with a presented relevance to

disease and physiological β-adrenergic agonism. Interesting

future directions are highlighted, leveraging new super-

resolution imaging methods. Indeed, these new imaging

technologies have yielded unprecedented levels of structural

detail informing present and future modelling endeavours, as

reviewed by Louch et al.

Here, new paradigms with high spatial detail are explored

with ramifications in disease. The scale of modelling from sub-

sarcomere to whole organ is explored in the review by Colman

et al. This article highlights the utility and perils of spatial

computational modelling in interpreting and scaling up this

cellular information to a full organ model with realistic

anatomy. The paper by Iaparov et al. is an original model

incorporating coupled gating of realistic-sized RyR clusters to

explore how Mg2+ affects the sensitivity of RyR and how this

affects Ca2+ release events. This work may provide new

information on how drugs requiring Mg2+ for their action can

be better understood and to produce more realistic models of

RyR cluster behaviour.

Neurohormonal inputs influence
muscle nanodomains

A number of our submissions discuss the consequences of

sympathetic activity of RyR and L-type Ca2+ channel clusters and

activity. In Franzoso et al., the role of localised neurotransmitter

release from sympathetic nerves is explored in the context of a

neuro-cardiac junction akin to the neuro-muscular junction in

skeletal muscle. These nerves appear to be very densely

distributed, effectively innervating single myocytes, with some

myocytes receiving multiple inputs. Ramifications for disease are

discussed, introducing interesting new paradigms of localised

hyper-adrenergic activation increasing cellular cAMP acting as a

trigger for arrhythmic Ca2+ release.

Another form of cardiovascular neurohormonal activation is

discussed in Salazar-Enciso et al. , where new research shows that

upregulation of Ca2+ signalling channels and pumps (Cav1.2 and

SERCA2) occurs in the plasmalemmal-SR nanodomain in the

vascular smooth muscle of mesenteric arteries in response to

aldosterone signalling. This increase in SERCA expression

importantly occurs in concert with an increased Cav1.

2 expression, to modulate Ca2+ cycling and prevent

vasoconstriction and enhance vasorelaxation.

Summary

In conclusion, the scientific work presented in this Research

Topic has provided intriguing new insight into structure-

function relationships within nanosignalling domains. This

understanding is expected to provide new avenues for

research in cardiovascular disease to facilitate novel, targeted

approaches. Indeed, the increasing array of druggable targets

offers new hope for tackling complex cardiovascular disease

phenotypes. Nevertheless, given the analogies described here,

caution must be taken, and an integrative approach should be

considered when coordinating the effects of these drugs across

multiple organ systems.

Author contributions

NM wrote the first draft of the manuscript. NM, WL, MN,

and NU wrote sections of the manuscript. All authors

contributed to the manuscript revision, read, and approved

the submitted version.

Conflict of interest

The authors declare that the research was conducted in the

absence of any commercial or financial relationships that could

be construed as a potential conflict of interest.

Publisher’s note

All claims expressed in this article are solely those of the

authors and do not necessarily represent those of their affiliated

organizations, or those of the publisher, the editors and the

reviewers. Any product that may be evaluated in this article, or

claim that may be made by its manufacturer, is not guaranteed or

endorsed by the publisher.

Frontiers in Physiology frontiersin.org03

Louch et al. 10.3389/fphys.2022.1092304

https://www.frontiersin.org/articles/10.3389/FPHYS.2022.805909/BIBTEX/full
https://www.frontiersin.org/articles/10.3389/FPHYS.2021.810408/BIBTEX/full
https://www.frontiersin.org/articles/10.3389/FPHYS.2022.834211/BIBTEX/full
https://www.frontiersin.org/articles/10.3389/FPHYS.2022.836622/BIBTEX/full
https://www.frontiersin.org/articles/10.3389/FPHYS.2022.836622/BIBTEX/full
https://www.frontiersin.org/articles/10.3389/FPHYS.2021.805956/BIBTEX/full
https://www.frontiersin.org/articles/10.3389/FPHYS.2022.841740/BIBTEX/full
https://www.frontiersin.org/articles/10.3389/FPHYS.2022.834220/BIBTEX/full
https://www.frontiersin.org/journals/physiology
https://www.frontiersin.org
https://doi.org/10.3389/fphys.2022.1092304


References

Anderson,M. E., Brown, J.H., andBers, D.M. (2011). CaMKII inmyocardial hypertrophy
and heart failure. J. Mol. Cell. Cardiol. 51, 468–473. doi:10.1016/j.yjmcc.2011.01.012

Asghari, P., Scriven, D. R. L., Ng, M., Panwar, P., Chou, K. C., van Petegem, F., et al.
(2020). Cardiac ryanodine receptor distribution is dynamic and changed by auxiliary
proteins and post-translational modification. Elife 9, 51602. doi:10.7554/eLife.51602

Beuckelmann, D. J., Näbauer, M., and Erdmann, E. (1992). Intracellular calcium
handling in isolated ventricular myocytes from patients with terminal heart failure.
Circulation 85, 1046–1055. doi:10.1161/01.CIR.85.3.1046

del Villar, S. G., Voelker, T. L.,Westhoff,M., Reddy, G. R., Spooner, H. C., Navedo,M. F.,
et al. (2021). β-Adrenergic control of sarcolemmal CaV1.2 abundance by small GTPase Rab
proteins. Proc. Natl. Acad. Sci. U. S. A. 118, e2017937118. doi:10.1073/pnas.2017937118

Dries, E., Bito, V., Lenaerts, I., Antoons, G., Sipido, K. R., and Macquaide, N.
(2013). Selective modulation of coupled ryanodine receptors during microdomain
activation of calcium/calmodulin-dependent kinase II in the dyadic cleft. Circ. Res.
113, 1242–1252. doi:10.1161/CIRCRESAHA.113.301896

Dries, E., Santiago, D. J., Gilbert, G., Lenaerts, I., Vandenberk, B., Nagaraju, C. K., et al.
(2018). Hyperactive ryanodine receptors in human heart failure and ischaemic
cardiomyopathy reside outside of couplons. Cardiovasc. Res. 114, 1512–1524. doi:10.
1093/cvr/cvy088

du Sert, N. P., Ahluwalia, A., Alam, S., Avey, M. T., Baker, M., Browne, W. J., et al.
(2020). Reporting animal research: Explanation and elaboration for the arrive
guidelines 2.0. PLoS Biol. 18, e3000411. doi:10.1371/journal.pbio.3000411

Franzini-Armstrong, C., Protasi, F., and Ramesh, V. (1999). Shape, size, and
distribution of Ca2+ release units and couplons in skeletal and cardiac muscles.
Biophys. J. 77, 1528–1539. doi:10.1016/S0006-3495(99)77000-1

Fu, Y., Shaw, S., Naami, R., Vuong, C., Basheer,W.A., Guo, X., et al. (2016). Isoproterenol
promotes rapid ryanodine receptor movement to bridging integrator 1 (BIN1)-organized
dyads. Circulation 115, 388–397. doi:10.1161/CIRCULATIONAHA.115.018535

Gómez, A. M., Guatimosim, S., Dilly, K. W., Vassort, G., and Lederer, W. j.
(2001). Heart failure after myocardial infarction: Altered excitation-contraction
coupling. Circulation 104, 688–693. doi:10.1161/HC3201.092285

Heinzel, F. R., Bito, V., Volders, P. G. A., Antoons, G., Mubagwa, K., and Sipido,
K. R. (2002). Spatial and temporal inhomogeneities during Ca2+ release from the
sarcoplasmic reticulum in pig ventricular myocytes. Circ. Res. 91, 1023–1030.
doi:10.1161/01.RES.0000045940.67060.dd

Hong, T. T., Smyth, J. W., Chu, K. Y., Vogan, J. M., Fong, T. S., Jensen, B. C., et al.
(2012). BIN1 is reduced and Cav1.2 trafficking is impaired in human failing
cardiomyocytes. Heart rhythm. 9, 812–820. doi:10.1016/j.hrthm.2011.11.055

Kolstad, T. R., van den Brink, J., MacQuaide, N., Lunde, P. K., Frisk, M., Aronsen,
J. M., et al. (2018). Ryanodine receptor dispersion disrupts Ca 2+ release in failing
cardiac myocytes. Elife 7, e39427. doi:10.7554/eLife.39427

Louch, W. E., Bito, V., Heinzel, F. R., Macianskiene, R., Vanhaecke, J., Flameng,
W., et al. (2004). Reduced synchrony of Ca2+ release with loss of T-tubules - a
comparison to Ca2+ release in human failing cardiomyocytes. Cardiovasc. Res. 62,
63–73. doi:10.1016/j.cardiores.2003.12.031

Louch, W. E., Mørk, H. K., Sexton, J., Strømme, T. A., Laake, P., Sjaastad, I.,
et al. (2006). T-tubule disorganization and reduced synchrony of Ca2+
release in murine cardiomyocytes following myocardial infarction.
J. Physiol. 574, 519–533. doi:10.1113/JPHYSIOL.2006.107227

Macquaide, N., Tuan, H. T. M., Hotta, J.-I., Sempels, W., Lenaerts, I., Holemans,
P., et al. (2015). Ryanodine receptor cluster fragmentation and redistribution in
persistent atrial fibrillation enhance calcium release. Cardiovasc. Res. 108, 387–398.
doi:10.1093/cvr/cvv231

Page, S. G., and Niedergerke, R. (1972). Structures of physiological interest in the
frog heart ventricle. J. Cell Sci. 11, 179–203. doi:10.1242/JCS.11.1.179

Pinali, C., Bennett, H., Davenport, J. B., Trafford, A. W., and Kitmitto, A.
(2013). Three-dimensional reconstruction of cardiac sarcoplasmic reticulum
reveals a continuous network linking transverse-tubules: This organization is
perturbed in heart failure. Circ. Res. 113, 1219–1230. doi:10.1161/
CIRCRESAHA.113.301348

Pritchard, H. A. T., Pires, P. W., Yamasaki, E., Thakore, P., and Earley, S.
(2018). Nanoscale remodeling of ryanodine receptor cluster size
underlies cerebral microvascular dysfunction in Duchenne muscular
dystrophy. Proc. Natl. Acad. Sci. U. S. A. 115, E9745–E9752. doi:10.1073/
pnas.1804593115

Quinn, F. R., Currie, S., Duncan, A. M., Miller, S., Sayeed, R., Cobbe, S. M., et al.
(2003). Myocardial infarction causes increased expression but decreased activity of
the myocardial Na+-Ca2+ exchanger in the rabbit. J. Physiol. 553, 229–242. doi:10.
1113/jphysiol.2003.050716

Shen, X., van den Brink, J., Bergan-Dahl, A., Kolstad, T. R., Norden, E. S., Hou, Y.,
et al. (2022). Prolonged β-adrenergic stimulation disperses ryanodine receptor
clusters in cardiomyocytes and has implications for heart failure. Elife 11, e77725.
doi:10.7554/eLife.77725

Song, L. S., Sobie, E. A., McCulle, S., Lederer, W. J., Balke, C. W., and Cheng, H.
(2006). Orphaned ryanodine receptors in the failing heart. Proc. Natl. Acad. Sci. U.
S. A. 103, 4305–4310. doi:10.1073/pnas.0509324103

Swaminathan, P. D., Purohit, A., Hund, T. J., and Anderson, M. E. (2012).
Calmodulin-dependent protein kinase II: Linking heart failure and arrhythmias.
Circ. Res. 110, 1661–1677. doi:10.1161/CIRCRESAHA.111.243956

Zhou, J., Singh, N., Monnier, C., Marszalec, W., Gao, L., Jin, J., et al. (2012).
Phosphatidylinositol-4,5-Bisphosphate Binding to Amphiphysin-II Modulates T-
Tubule Remodeling: Implications for Heart Failure. Front. Physiol. 12, 2271. doi:10.
3389/FPHYS.2021.782767

Frontiers in Physiology frontiersin.org04

Louch et al. 10.3389/fphys.2022.1092304

https://doi.org/10.1016/j.yjmcc.2011.01.012
https://doi.org/10.7554/eLife.51602
https://doi.org/10.1161/01.CIR.85.3.1046
https://doi.org/10.1073/pnas.2017937118
https://doi.org/10.1161/CIRCRESAHA.113.301896
https://doi.org/10.1093/cvr/cvy088
https://doi.org/10.1093/cvr/cvy088
https://doi.org/10.1371/journal.pbio.3000411
https://doi.org/10.1016/S0006-3495(99)77000-1
https://doi.org/10.1161/CIRCULATIONAHA.115.018535
https://doi.org/10.1161/HC3201.092285
https://doi.org/10.1161/01.RES.0000045940.67060.dd
https://doi.org/10.1016/j.hrthm.2011.11.055
https://doi.org/10.7554/eLife.39427
https://doi.org/10.1016/j.cardiores.2003.12.031
https://doi.org/10.1113/JPHYSIOL.2006.107227
https://doi.org/10.1093/cvr/cvv231
https://doi.org/10.1242/JCS.11.1.179
https://doi.org/10.1161/CIRCRESAHA.113.301348
https://doi.org/10.1161/CIRCRESAHA.113.301348
https://doi.org/10.1073/pnas.1804593115
https://doi.org/10.1073/pnas.1804593115
https://doi.org/10.1113/jphysiol.2003.050716
https://doi.org/10.1113/jphysiol.2003.050716
https://doi.org/10.7554/eLife.77725
https://doi.org/10.1073/pnas.0509324103
https://doi.org/10.1161/CIRCRESAHA.111.243956
https://doi.org/10.3389/FPHYS.2021.782767
https://doi.org/10.3389/FPHYS.2021.782767
https://www.frontiersin.org/journals/physiology
https://www.frontiersin.org
https://doi.org/10.3389/fphys.2022.1092304

	Editorial: Nanodomain regulation of muscle physiology and alterations in disease
	Introduction
	The dyadic space
	Dyadic remodelling in heart failure
	Na+ gradients in the dyad
	Ageing effects on cAMP microdomains
	New insights from computational modelling and superresolution imaging
	Neurohormonal inputs influence muscle nanodomains
	Summary
	Author contributions
	Conflict of interest
	Publisher’s note
	References


