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to be explored in future studies.

Intricate regulatory networks
determine atrial function

Atrial fibrillation (AF) is the most common
sustained arrhythmia, affecting more
than three million people in the United
States (1, 2). While specific defects in atri-
al myocyte excitability and structure have
been associated with AF in a variety of
cardiac disease states (or even in normal
aging), our understanding of pathways for
regulation of atrial myocyte excitability in
normal and diseased conditions is incom-
plete (3). Given the prevalence of atrial
arrhythmias and the limitations of existing
therapies including off-target effects, pro-
cedural complications, and poor efficacy,
there clearly remains a need for a deeper
understanding of atrial myocyte excitabil-
ity and the regulatory pathways involved,
with the hope of identifying potential ther-
apeutic targets (4).

Cardiac myocytes have evolved an
elaborate web of intracellular signaling net-
works to rapidly tune cell (and ultimately
organ) function in response to stress. While
these signaling pathways show tremendous
variety with respect to constituent signal-
ing molecules, upstream effectors, down-
stream targets, and emergent function,
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these networks have several commonal-
ities, including a dependence on revers-
ible posttranslational modification as a
way to rapidly alter target protein activity
and/or localization (5). Specialized myo-
cyte membrane domains are critical for
maintaining temporal and spatial control
over intracellular signaling, and defects
in local signaling are commonly linked
to decreased function and arrhyth-
mia in cardiac disease. Among the best
characterized of these myocyte mem-
brane domains are transverse tubule
(TT) membranes, sarcolemmal mem-
brane invaginations that occur near
Z-lines and support synchronous myo-
cyte contraction (Figure 1). TT mem-
branes are home to a variety of import-
ant signaling domains, most notably the
cardiac dyad formed by close apposition
of L-type Ca?* channels in the TT mem-
brane and RyR2 sarcoplasmic reticulum
(SR) Ca? release channels. RyR2 chan-
nels themselves interact with a large
number of accessory, adapter, and reg-
ulatory proteins to form unique local
signaling domains. The adapter protein
ankyrin-B (AnkB) also localizes to the TT
membrane and coordinates the organi-
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zation of distinct macromolecular com-
plexes involving, among other proteins,
the inositol 1,4,5 trisphosphate (IP3)
receptor and protein phosphatase 2A
(PP2A) (5). Defects in AnkB have been
linked to abnormal Ca* homeostasis and
membrane excitability, as well as both
ventricular and atrial arrhythmias (5).

A “super-hub” of signaling

Compared with those in ventricular
myocytes, TTs in atrial myocytes are rel-
atively underdeveloped; however, atrial
cells have evolved unique membrane
domains to efficiently regulate myocyte
function, reflecting their unique struc-
ture and energetic demands. In this
issue, Brandenburg and colleagues use
a host of innovative imaging modalities
and markedly expand our understand-
ing of local signaling domains in atrial
myocytes (6). Brandenburg et al. pro-
pose a new model for atrial signaling
based on the concept of local “super-
hub” signaling nodes located on atrial
axial tubules (ATs). While ATs have been
previously described in atria (7-9), this
new work proposes that these domains
display unique structural, signaling, and
regulatory signatures that underlie atri-
al-specific regulation at baseline and in
disease. Specifically, Brandenburg and
colleagues report the identification of
atrial AT “super-hub” domains that are
unusually large and robust. In fact, AT
domains were found to be more abundant
in atria than in ventricles, more preva-
lent than TTs in the atria, and to display
increased width and volume/surface area
ratios compared with the atrial TTs that
connect the AT domains. Second, in line
with previous findings (10), these atrial
AT “hubs” were shown to harbor func-
tional dyads, including L-type calcium
channels (Cavl.2) and ryanodine recep-
tor 2 (RyR2) calcium-release channels,
as well as caveolin 3 (Cav3), an integral
component of the caveolae membrane.
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Figure 1. Cardiac atrial signaling “hubs” regulate local calcium signaling. (A) Schematic of the atrial myocyte TT and AT networks and the SR. In this
issue, Brandenburg et al. have described an atrial “super hub” (inset), which harbors a unique signaling platform with CRUs and regulatory proteins.

RyR2 clusters are differentially regulated at TT and AT domains, potentially due to a distinct constituency of regulatory macromolecular complexes. (B)
Schematic showing the distribution of hyperphosphorylated (red) and unphosphorylated (blue) CRUs in association with ATs and TTs at baseline, following

B-AR stimulation, and in atrial hypertrophy.

Third and most notable, Brandenburg
and et al. report that atrial AT RyR2 pop-
ulations display unique regulatory prop-
erties. For example, canonical SR RyR2
populations juxtaposed with the periph-
eral sarcolemma were minimally phos-
phorylated under baseline conditions
(in the absence of B-adrenergic receptor
[B-AR] stimulation), whereas “super-
hub” RyR2 calcium-release units (CRUSs)
were hyperphosphorylated at both pro-
tein kinase A-dependent (PKA-depen-
dent) and Ca* calmodulin-dependent
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protein kinase II-dependent (CaM-
KII-dependent) phosphorylation sites.
Brandenburg et al. propose that hyper-
phosphorylation of AT RyR2 increases
open probability (P ), particularly in situ-
ations with an elevated SR Ca?' load, and
supports rapid Ca*-release events that
precede canonical subsarcolemmal Ca?
release. Further, the authors assert that
this chamber-specific signaling pathway,
at least in part, regulates rapid activation
of atrial myofilaments and contractility,
particularly in pathological situations
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(e.g., atrial hypertrophy). Finally, these
studies suggest that this local “super-
hub” model may be ripe for targeting in
future atrial therapies due to its unique
structure and regulatory properties.

Conclusions and future
directions

The study by Brandenburg and colleagues
(6) is an experimental tour de force that
tackles a fundamental yet understudied
area of cardiovascular biology. By inte-
grating the power of tried-and-true tech-
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nologies, such as transmission electron
microscopy, with cutting-edge approach-
es, like super-resolution light microsco-
py, this research directly addresses highly
important questions regarding the links
between atrial structure and signaling,
function, and subsequent downstream
cardiovascular phenotypes. Importantly,
this study by Brandenburg et al. adds to a
wealth of data in the field supporting the
notion that cell size is not the only differ-
entiating factor in discriminating atrial
from ventricular cells. Certainly, we now
know that, in addition to unique mem-
brane morphologies, the signature of ion
channels, transporters, signaling mole-
cules, and transcriptional regulatory pro-
grams that regulate atrial excitation-con-
traction coupling is distinct (11, 12). With
the advent of new high-resolution imag-
ing technologies and more sensitive pro-
teomic approaches, we will likely soon
witness a host of data that will define new
chamber-specific pathways that may aid
the design of more sensitive disease diag-
nostics and effective therapeutics.

As with any study that touches so
many areas of biology, there are a host
of future directions that will be criti-
cal for the field to address. First, how
has the local environment of the atrial
AT evolved to favor hyperphosphory-
lation of CRUs in the absence of B-AR
stimulation? Certainly, increased basal
cAMP and/or reduced basal phospho-
diesterase activity would push this bal-
ance toward RyR2 hyperphosphoryla-
tion. Alternatively, a reduction in local
phosphatase activities (protein phos-
phatases PP2A and PP1) would support
this model, potentially due to distinct
targeting/regulatory subunit expression
(13-15). In this regard, it is interesting
to consider the possibility that a differ-
ential phosphorylation status in atrial
RyR2 populations may stem from dif-
ferential expression of adapter/scaf-
folding proteins, such as AnkB, that
are important for the control of local
signaling, rather than from the sig-
naling molecules themselves. Second,
relevant to the data presented by Bran-
denburg et al., RyR2 hyperphosphory-
lation is tightly linked with altered SR
calcium release and AF (16); therefore,
how has this local “super-hub” envi-
ronment evolved to mimic a height-

ened adrenergic status of RyR2 with-
out becoming arrhythmogenic? Third,
what is the relationship of the axial TT
with the canonical TT in atria or ven-
tricles? Is this membrane structure bio-
chemically unique with regard to lipid
and protein organization? Further, are
there unique components of SR that are
adjacent to this membrane structure? It
will be important, going forward, to fur-
ther characterize the distinct molecular
constituents of TT and AT membranes
to: (a) better understand the mecha-
nism(s) underlying differential regula-
tion of SR Ca?' release; and (b) identify
novel therapeutic targets for the selec-
tive control of atrial excitability. Fourth,
are there other atrial ion channels in this
“super-hub” that alter local atrial sig-
naling? For example, it is interesting to
consider that a subpopulation of Na 1.5
channels that are distinct from those
that are a major component at the inter-
calated disc may regulate local signaling
at the AT. This possibility is especially
intriguing in light of recent data show-
ing that CaMKII-dependent regulation
of Na 1.5 is involved in the pathophysio-
logical response to local adrenergic sig-
naling (17-19). Finally, how do the atrial
AT network and the “super-hub” remod-
el in response to both physiological and
pathological stresses? While the study
by Brandenburg and colleagues supports
the idea that the AT network proliferates
following atrial hypertrophy (6), prior
studies indicate that transverse AT net-
works are lost in large animal models of
persistent AF (7, 20). It will be critical in
the future to extend these studies to con-
tinue to push our fundamental under-
standing of atrial biology to aid in our
discovery of new therapies for common
forms of AF.
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