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Ryanodine receptor cluster size sets the tone in

cerebral smooth muscle

Christian Soeller®’

Ryanodine receptors (RyRs) are large intracellular Ca%*
channels that provide the molecular basis of the pro-
cess termed Ca®*-induced Ca®* release (1). Ca®* sig-
naling through RyRs has been shown to be critical for
skeletal, cardiac, and smooth muscle physiology (2) as
well as for neurons (3) and secretory cells like pancre-
atic beta cells. RyRs were first seen in the electron
microscope as ~30-nm-size particles (4), and it had
been known from EM studies that they form clusters,
typically in the narrow “junctional” space between sar-
colemma and sarcoplasmic reticulum (SR) membranes.
Due to the inherent positive feedback of Ca?*-induced
Ca?" release, the size and shape of RyR clusters are
expected to affect their functional activity. Indeed, de-
tailed mathematical modeling suggests that RyR cluster-
ing is important for determining the excitability of RyR-
mediated Ca®" release (5, 6) and could, in principle, also
affect the amount of Ca?" released in microscopic re-
lease events termed Ca®" sparks (7). The experimental
study of RyR clustering has received a boost with the
advent of optical superresolution microscopy, which
has made the assessment of RyR cluster size more acces-
sible by using essentially standard immunolabeling pro-
tocols. When first applied in cardiac muscle cells, this
approach revealed a broad, approximately exponential
RyR cluster size distribution (8), which had previously not
been fully recognized. In PNAS, Pritchard et al. (9) de-
scribe changes in type 2 RyR (RyR2) clustering in smooth
muscle of cerebral arteries in the mdx mouse model of
Duchenne muscular dystrophy. The study is important
because Pritchard et al. (9) identify these nanoscale re-
ceptor clustering changes as the likely source of cerebral
muscular dysfunction in the mdx mouse.

Different from striated muscle in which RyR-mediated
Ca?* release mainly contributes to the cell-wide Ca®*
transient to activate contraction, in cerebral smooth mus-
cle, the functional role of RyR2 clusters involves the close
proximity to Ca?*-activated K* (BK) channels in the op-
posing sarcolemma (Fig. 1). Microscopic Ca" release
events from RyR clusters, seen in the confocal micro-
scope as Ca”* sparks, stimulate large transient K* out-
ward currents that hyperpolarize the cell membrane (10).
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Fig. 1. Pritchard et al. (9) find larger RyR2 clusters in cerebral SMCs from mdx
mice. These enlarged RyR2 clusters are associated with more frequent (and
slightly larger) Ca®* sparks, resulting in increased spontaneous BK activity,
which tends to hyperpolarize the cell membrane. The physiological correlate of
these changes is a reduced myogenic tone in cerebral arteries from mdx
mice—that is, a reduced vasoconstriction response to pressurizing these
vessels. Also shown are Ca?* channels (CaC) in the sarcolemmal membrane.

Pritchard et al. (9) find that, in smooth muscle cells
(SMCs) from mdx mice, the mean projected area of
RyR2 clusters—a proxy for RyR2 cluster size (the number
of RyR2s in a cluster)—was increased in superresolution
images of RyR2 labeling compared with control SMCs.
Functionally, these larger RyR2 clusters resulted in more
frequent Ca®* sparks, and these had a larger signal mass
(a measure of the amount of Ca®* released). Consistent
with the increased frequency and size of Ca®* sparks,
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spontaneous Ca”*-activated K* channel activity was elevated in
SMCs from mdx mice. The physiological role of SMCs involves the
constriction and dilation of blood vessels to regulate blood flow. The
physiological consequences of the increased K* channel activity
were explored by Pritchard et al. (9) by investigating pressure re-
sponses in cerebral arteries from mdx mice. Cerebral pial arteries
from mdx mice exhibited a reduced myogenic tone—that is, a
change in the SMC-mediated response of arteries to increased pres-
sure, which normally involves vasoconstriction at elevated pressures.
This response was blunted in SMCs from mdx mice but could be
restored to a degree via partial RyR2 blockade with tetracaine. This is
consistent with a crucial role of RyR2 cluster size in causing this
defect, as partial RyR2 blockade reduces the effective size of clusters.

Few prior studies, generally conducted with cardiac muscle cells,
have linked changes in RyR clustering to physiological changes.
Macquaide et al. (11) observed a reduced distance between RyR
clusters (but no change in mean cluster size) in persistent atrial fibril-
lation. This was correlated with higher Ca®* spark frequency and al-
tered Ca?* spark time course. Munro et al. (12) investigated an
overexpression model of the cardiac junction protein junctophilin 2
(JPH2), which was associated with increased RyR cluster size, but func-
tionally, this resulted in lower Ca** spark frequency and smaller sparks
despite a larger SR load (a measure of the Ca?* content of the SR).

It is exciting that the study by Pritchard et al. (9) provides
further support for the idea that the details of RyR2 clustering
at the nanoscale affect cell- and tissue-wide physiology. The
emerging field of nanophysiology aims to make this connection
explicit by developing robust assays of protein nanoscale distri-
bution and associated functional cell biophysics and physiology.
It should be noted that the assays that we use to measure protein
clustering are still relatively new and involve a complex set of
optical and chemical processes to obtain and then quantitatively
analyze superresolution images. Current assays often make sim-
plifying assumptions in analyzing and interpreting the data, such
as using 2D analysis of a structure that is inherently 3D or assum-
ing a protein density that is not directly measured. The latter assump-
tion is typically required because the single-molecule localizations do
not map one-to-one to receptor counts; the methodologies of
photoactivated localization microscopy (PALM), stochastic optical
reconstruction microscopy (STORM), ground-state depletion mi-
croscopy followed by individual molecule return (GDSIM), and
related localization microscopy are not per se quantitative [nor
are alternative stimulated emission depletion (STED)-based
superresolution measurements (11, 13)]. However, they can be
made more quantitative with careful calibration measurements
(14, 15), and the recent DNA-based point accumulation for imaging
in nanoscale topography (DNA-PAINT) approach directly supports a
quantitative analysis modality (16, 17). Invariably, one needs to
work quite a bit harder to make superresolution imaging fully
quantitative; however, careful calibration will increase the confi-
dence in new findings relating to RyR cluster size. In any case, it
will be an important task for future work to further test and, where
necessary, improve the robustness of superresolution-based
clustering assays, ruling out potential artifacts that may arise
from technical aspects of the broad and continuously growing
range of superresolution approaches now available.

The consequences of changes in RyR clustering for functional
behavior are not always easy to predict. On first sight, it may
seem obvious that larger RyR clusters give rise to larger Ca®*
release events, and Pritchard et al. (9) indeed observe increased
spark signal mass. However, the relationship between Ca?* spark
properties (frequency and size) and RyR cluster size is, in general,
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complicated by local ultrastructure, volume, and Ca?* content of
the terminal SR components, as well as any changes that may affect
RyR gating and open probabilities. For example,in a recent study
aiming to correlate RyR cluster size and spark amplitude in car-
diac muscle (18), the authors observed a rapidly saturating flat
relationship between the two quantities. In the JPH2 overexpres-
sion model, larger RyR clusters were associated with smaller and
less frequent sparks (12), presumably because of a net inhibitory

It is exciting that the study by Pritchard et al.
provides further support for the idea that the
details of RyR2 clustering at the nanoscale affect
cell- and tissue-wide physiology.

effect of a larger fraction of RyRs associated with JPH2. As a
bottom line, the relationship between cluster size and functional
release will have to be probed in each study and may vary widely
across models and cell types. The use of mathematical modeling
to formulate detailed mechanistic hypotheses for the underlying
complex biophysical scenarios will remain essential, as are ex-
perimental data beyond RyR cluster size—for example, for ter-
minal SR volumes, structural geometries, and, as in Pritchard et al.
(9), data on effector molecules such as the BK channel.

Given the interesting findings by Pritchard et al. (9), two questions
naturally arise: what mechanisms drive changes in RyR2 clustering
and what molecular signaling cascades are responsible for the alter-
ations observed in the mdx mouse? How lack of dystrophin, ulti-
mately the source of alterations in the mdx mouse, triggers these
changes is not clear, as Pritchard et al. (9) rightly state. They raise two
possibilities for mechanisms downstream of lack of dystrophin: (i)
increased RyR2 cross-linking as a result of oxidative modifications
and (ii) a microtubule-dependent mechanism in the face of microtu-
bule network disorganization in the mdx mouse. In general, at this
stage, we have very little direct evidence of how molecular RyR clus-
tering is controlled [although see the study by Asghari et al. (19),
which identifies an effect of phosphorylation on RyR orientation in
clusters, but not cluster size per se], and by necessity, we currently
mostly have to resort to speculation. This gap will need to be closed if
we are to make progress in achieving a deeper mechanistic under-
standing and ultimately obtain the insight needed for targeted ma-
nipulation of RyR clustering properties. Closely related is the question
of how dynamic RyR cluster arrangements are. After all, current stud-
ies of clustering have mostly used fixed preparations. Some first in-
formation on the dynamic nature of clusters has recently been
obtained using diffraction-limited imaging (20); corresponding super-
resolution imaging studies capable of resolving RyR cluster outlines in
live cells are as-yet outstanding but may be on the horizon (21).

The remarkable advances in light microscopy and related
imaging modalities over recent years are now enabling receptor
studies at the molecular scale in intact cells and tissues. There is
a distinct prospect that we will unravel currently unknown mecha-
nisms of modulating cell biology via changes in protein clustering in
health and disease, which could lead to novel treatment
strategies. The study by Pritchard et al. (9) is an important step
in this direction.
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