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Abstract
X-ROS signaling is a novel redox signaling pathway that links mechanical stress to changes in
[Ca2+]i. This pathway is activated rapidly and locally within a muscle cell under physiological
conditions, but can also contribute to Ca2+-dependent arrhythmia in heart and to the dystrophic
phenotype in heart and skeletal muscle. Upon physiologic cellular stretch, microtubules serve as
mechanotransducers to activate NADPH oxidase 2 in the transverse tubules and sarcolemmal
membranes to produce reactive oxygen species (ROS). In heart, the ROS acts locally to activate
ryanodine receptor Ca2+ release channels in the junctional sarcoplasmic reticulum, increasing the
Ca2+ spark rate and “tuning” excitation-contraction coupling. In skeletal muscle, where Ca2+

sparks are not normally observed, the X-ROS signaling process is muted. However in muscular
dystrophies, such as Duchenne Muscular Dystrophy and dysferlinopathy, X-ROS signaling
operates at a high level and contributes to myopathy. Importantly, Ca2+ permeable stretch-
activated channels are activated by X-ROS and contribute to skeletal muscle pathology. Here we
review X-ROS signaling and mechanotransduction in striated muscle, and highlight important
questions to drive future work on stretch-dependent signaling. We conclude that X-ROS provides
an exciting mechanism for the mechanical control of redox and Ca2+ signaling, but much work is
needed to establish its contribution to physiologic and pathophysiologic processes in diverse cell
systems.

Introduction
Reactive oxygen species (ROS) have long been implicated in cellular pathology, but more
recently have emerged as important physiologic signaling agents [1-6]. Much like
subcellular Ca2+ signaling in the heart, redox signaling can be tightly controlled, spatially
compartmentalized (“local”), and source specific [7]. Here we review a newly characterized
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ROS-dependent signaling cascade that exemplifies these properties and regulates Ca2+

signaling in cardiac and skeletal muscle [1, 6].

X-ROS signaling
Using new methods to stretch heart cells (Fig. 1, see below), a mechano-chemo transduction
pathway was recently found to underlie stretch-dependent Ca2+ signaling in cardiac
ventricular myocytes. Ca2+ sparks, the elementary unit of excitation-contraction coupling in
heart [8-10], occur at a low rate during diastole. If a single myocyte is stretched within the
physiologic sarcomere range, the rate of Ca2+ spark occurrence increases rapidly and
reversibly [1, 11]. Specific experiments have revealed that the underlying subcellular
process involves three necessary components: 1. a stabilized microtubule network, 2.
NADPH oxidase 2 (Nox2) derived ROS, and 3. Ca2+ release channels in the sarcoplasmic
reticulum (SR), ryanodine receptors type 2 (RyR2). In heart, cellular stretch activates local
ROS production by Nox2 in a process requiring an intact microtubule network (Fig. 2).
Local ROS directly or indirectly leads to post-translational modification of RyR2s,
increasing the sensitivity of RyR2s to [Ca2+]i and promoting the fidelity of excitation-
contraction (EC) coupling. We term this mechano-chemo signaling “X-ROS,” from the
NoX2 dependence of the ROS signaling [1, 12].

Many of the features of X-ROS signaling in heart are also found in skeletal muscle, but the
signaling involves additional molecular components [6]. One prominent component in
skeletal muscle is a mechanosensitive sarcolemmal channel whose opening is enhanced by
Nox2-derived ROS. This signaling system is an important pathological component in
Duchenne muscular dystrophy (DMD), where an increase in microtubule network density
leads to a detrimental enhancement of X-ROS signaling.

Overview
In both cardiac and skeletal muscle Nox2-derived ROS is a central component in stretch-
dependent signaling. Under physiological conditions it underlies fine adjustment of Ca2+

signaling in cardiac EC coupling. In pathological conditions, X-ROS signaling is increased
and contributes to Ca2+-dependent arrhythmogenesis in heart and to ROS-linked pathology
in dystrophic skeletal and cardiac muscle. While X-ROS is a provocative mechanical
signaling pathway, much work is still needed to establish its role in the heart and other cell
systems. Important questions will guide future work and will be addressed throughout this
review. We will place our findings in context with the current state of the field, as well as
take a critical look at the limitations of work to date and the future challenges ahead to
unravel the physiologic and pathologic roles of stretch-dependent X-ROS signaling.

Results and Discussion
X-ROS signaling in heart

A new method to explore mechanical signaling in muscle cells—
Mechanotransduction is the conversion of mechanical stimuli, such as cell stress or strain,
into cellular responses. In the heart, stretching of heart cells during diastole and shortening
during systole triggers diverse mechanotransduction signaling pathways that have broad
impacts on cardiac patho/physiology [13-15]. While much impactful work has been done,
investigations into mechanotransduction in single heart cells have been limited by the
techniques available. Previously carbon filaments were used to attach and stretch intact cells
[11, 16, 17], but the difficulty of this technique is great, and the strength of attachment is
limited to around 2.5μN [18], which falls below the upper limit of cardiomyocyte force
generation.
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Fig. 1a shows a new method which has simplified our investigation into
mechanotransduction [1]. Single, enzymatically isolated cells are attached to glass micro-
rods coated with MyoTak™, a biological adhesive created from components of the
extracellular matrix that provides robust attachment of muscle cells to experimental
apparatus. The coated micro-rods are connected to a high sensitivity force transducer and
piezo-electric length controller, permitting evaluation of length-tension relationships in
single cells (Fig. 1B). Varying the length (and diameter) of the glass rods can render them
stiff or compliant so that isometric to isotonic contractions can be measured. The greatest
advantages of this system are the ease of use and high throughput – we have had multiple
visitors to the lab “stick” and stretch a cell on their first attempt with MyoTak, and can
conduct stretch experiments on 20 or more cells a day. However, perfecting the attachment
certainly requires practice, and while we now routinely record contractile forces in excess of
3μN (Fig. 1B), cells can detach from MyoTak coated rods at high forces.

The microtubule network underlies mechanotransduction in heart—Rather than
a static structure, the microtubule (MT) network is in dynamic equilibrium between
stabilized cylindrical polymers of α and β tubulin and un-polymerized tubulin monomers.
Our initial hypothesis that the MT network played a role in stretch-dependent
mechanotransduction came from Ingber’s provocative concept of cellular “tensegrity,” in
which he proposed that the stabilized MT network resists mechanical perturbations in cells
and in doing so acts as a mechanotransducer [19-22].

Initial evidence for the MT network mechanically influencing cardiac Ca2+ signaling came
from our group[1, 11]. where we demonstrated that MT destabilization with colchicine was
solely sufficient to abrogate the stretch-dependent activation of Ca2+ sparks. As we had
evidence from electron microscopy that microtubule filaments interdigitate with t-tubule/SR
junctions, our initial hypothesis speculated on a direct interaction of MTs with clusters of
RyR2s that somehow altered RyR2 sensitivity in a stretch-dependent fashion.

Stretch-dependent ROS production triggers Ca2+ sparks—Following these initial
investigations we considered alternative hypotheses to a direct mechano-activation of RyR2.
Here our studies focused on the possibility that a stretch-dependent diffusible messenger
acted to modulate RyR2 sensitivity. Much attention had focused on ROS as potent diffusible
messengers capable of modifying RyR2 sensitivity through redox modification.

ROS generation occurs at multiple sites in striated muscle including the mitochondria,
membrane bound Nox2, xanthine oxidase (XO) lipoxygenase (LOX), and phospholipase A2
(PLA2). Recent work by our group and others implicated Nox2 as the major source of ROS
during repetitive contraction [23] and osmotic stress [24-27] in striated muscle. Two sources
of ROS production have been linked with mechanical stress. First, membrane stress may
induce ROS production within the t-tubules [28] by activation of Nox2 [29, 30]. Second,
Nox2-derived ROS has also been linked to stretch-dependent Ca2+ entry into the
mitochondria, which may drive further mitochondrial ROS production [31, 32].

In cardiomyocytes loaded with the ROS indicator dichlorofluorescein (DCF), we showed
that there was a rapid increase in local ROS production following physiologic mechanical
stretch (Fig. 2A). As DCF is a non-specific ROS indicator, we used specific inhibitors and
genetic approaches with stretch to reveal that the microtubule network acted as a
mechanotransducer to activate NoX2 dependent ROS generation, a pathway we termed X-
ROS signaling.

A note on measuring ROS production—For real time measurements of ROS
production in living cells, there are limited options. DCF and its derivatives are commonly
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used due to cell permeability, a decent signal, and high temporal resolution, all of which are
real advantages for studies such as our own. Yet there are significant limitations to DCF,
including irreversible oxidation, time-dependent mitochondrial compartmentalization [33],
light-induced oxidation of the dye [34], unknown selectivity for ROS species, and a tricky
management of the signal-to-noise ratio. Each of these limitations can compromise
interpretation of results. A significant number of test measures must be taken to ensure that
one is working within the linear range of the dye and detecting cytosolic changes in ROS.
We have not found a suitable alternative to measure rapid changes in subcellular cytosolic
ROS. This represents a limitation of our studies, and there is a great need for an improved
indicator in the field.

Rapid stretch-dependent activation of Nox2—One of the more remarkable aspects of
X-ROS is the speed of signaling – in the heart both ROS production and Ca2+ spark rate are
elevated within seconds of stretch (Fig. 2A). This speed is undoubtedly favored by the tight
spatial organization of signaling components. Nox2 and its regulatory subunits are localized
to the t-tubule membranes in heart [1, 35] and skeletal muscle [29], closely apposed (~15
nm) to RyR2 clusters in the junctional SR membrane. As ROS are short lived species
confined to interaction within their immediate vicinity, this tight spatial organization is
paramount for rapid, controlled and spatially resolved signaling.

Even given the co-localization of signaling components, the onset of X-ROS signaling is
still exceptionally fast, as a stretch-dependent process must activate Nox2 within seconds.
Nox2 activation typically requires phosphorylation and recruitment of multiple cytosolic
regulatory subunits to its transmembrane catalytic subunit (gp91phox), a process which is
likely slow by comparison. The rapid nature of X-ROS signaling implies some pre-assembly
of the Nox2 complex which minimizes steps to activate ROS production. In support of this,
Nox2 subunits can tether to the membrane in hetero-multimeric complexes primed for
activation [36]. But the question remains: how is the cell stretch linked to the activation of
Nox2?

Based on our results and the work of others, we propose a model where the small GTPase
Rac1, an activating component of Nox2, is a critical part of a pre-assembled Nox2 complex
that is ready to be activated by stetch. Several lines of evidence support this theory: 1) Rac is
a required subunit for Nox2 activation and inhibition of Rac1 blocks X-ROS signaling [1];
2) Rac1 binds microtubules [37] and translocates to gp91phox separately from other
regulatory subunits [36]; 3) Microtubules have been suggested to facilitate the recruitment
of activating subunits to gp91phox in the membrane [38]; 4) destabilization of the
microtubule network inhibits Nox2 activity [38] and blocks X-ROS signaling [1, 6]. Still, a
clear demonstration of stretch-dependent Rac1 recruitment to gp91phox in a microtubule-
dependent fashion is needed to validate this model. Experiments that could reveal the spatial
organization of Nox2 components at high temporal resolution before, during, and after
stretch would be illuminating.

How does ROS affect RyR2 activity?—Once Nox2 is activated, there is strong
evidence to support a rapid effect of ROS on RyR2s to increase Ca2+ spark frequency. ROS
generation likely occurs in the t-tubule lumen, and while the immediate product of Nox2 is
superoxide (O2·-), H2O2 is also rapidly generated due to spontaneous and enzymatic
dismutation [39]. Negatively charged O2·- may pass through select membrane anion
channels to access RyR2s, but more likely uncharged H2O2 freely diffuses across the t-
tubule membrane or through water channels [40] to affect channel activity. Multiple groups
have confirmed that extracellular application of H2O2 leads to an immediate increase in
intracellular Ca2+ spark rate ([1, 41], suggesting that the time required from extracellular
H2O2 generation to modulation of RyR2 function is only diffusion-limited.
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But what are the specific ROS-dependent modifications that affect RyR2 activity? It is well
documented that oxidation and nitrosylation of RyR2 reversibly stimulates channel activity
in vitro and in vivo (for review, see [42]). Of the ~90 cysteine residues per RyR2 subunit,
approximately 20 are in a reduced state. These reactive cysteine residues are likely targets
for X-ROS signaling, as they exhibit rapid and reversible redox modifications under
physiologic conditions. However, unlike for RyR1 [43], the specific hyper-reactive cysteine
residues on RyR2 have not been identified. An alternative (or additional) possibility to
consider is that X-ROS may indirectly modify RyR2 activity through an intermediate
target(s) of oxidative modification. For example, oxidation of Ca2+/Calmodulin dependent
protein Kinase II (CaMKII) can increase its activity and stimulate RyR2 through
phosphorylation [41, 44], and oxidation of calmodulin itself can remove its tonic inhibitory
action on RyR2 [45]. To identify the specific stretch-dependent modifications that affect
RyR2 activity will require a detailed and unprecedented combination of physiology,
proteomics, and molecular biology.

Multiple effects of stretch on RyR2 activity?—Examination of the spark frequency
histogram in Fig. 2B suggests that spark rate is rapidly increased within 500ms of stretch.
Inspection of the average DCF data (Fig. 2A) suggests that the DCF signal slope (and thus
ROS production) is increased within 1 – 2 seconds of stretch, but it should be noted that due
to the small signal change of DCF recordings (see above), we can only confidently conclude
that there is a significant increase in DCF slope when measured over 10s of applied stretch.
Thus the kinetic details linking the rapid increase in ROS and Ca2+ spark rate need further
examination. When cells are treated with the ROS scavenger N-acetylcysteine (NAC), the
stretch-dependent change in spark rate is significantly blocked (Fig. 2C, [1]). However,
close inspection of the spark frequency histogram in NAC treated cells does not rule out a
minor increase in spark rate within the first seconds of stretch (Fig. 2C). Thus the possibility
of multiple stretch effects – e.g. an initial mechanical effect that slightly increases spark rate
and a secondary oxidative effect that produces the larger and longer lasting increase –
cannot be ruled out at this time.

The rapid off-rate of X-ROS signaling—The rapid off-rate of X-ROS signaling is also
a provocative topic. In our recent work we concluded that the increase in ROS production
with stretch returns to the pre-stretch level upon return to resting length [1]. In retrospect,
while ROS production and spark rate have returned towards the pre-stretch level by the post
stretch interval (Fig. 2A and B), it is unclear if this is because X-ROS “shuts off” upon
release of stretch, or if ROS production simply declined sufficiently over the prolonged
stretch duration. Recent experiments using shorter-duration high-frequency stretches suggest
that if ROS production is still high upon release of stretch, there is some delay (on the order
of seconds to 10s of seconds) between the release of stretch and the return of ROS
production and Ca2+ spark rate to pre-stretch levels (BLP unpublished observations). Thus,
while X-ROS certainly demonstrates a rapid off-rate, this may occur on a scale of seconds to
10s of seconds, and we must consider the above limitations when discussing the immediacy
of X-ROS signaling.

Regardless, based on the reversibility and reproducibility of the X-ROS effect, it is clear that
stretch does not lead to irreversible oxidative modifications of RyR2s (such as the formation
of sulfonic acids). As far as reversing the oxidative modification, a strong reducing cytosolic
environment, caused by the high concentration of reduced glutathione (GSH) and activity of
thioredoxin and glutaredoxin systems [46, 47], drives cysteine residues towards a reduced
state. Preferential local signaling of these enzymes around the CRU should be explored to
explain such rapid changes in RyR2 activity. In support of such speed in redox reversibility,
if spark rate is elevated by an acute application of low dose H2O2, spark rate can be returned
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to normal within seconds of wash out of H2O2[1]. Interestingly, this reversibility is
compromised in mdx muscle [1], which is deficient in endogenous reducing systems [48].

Modulators and downstream targets of X-ROS signaling
A seemingly overwhelming number of cardiac enzymes, kinases, phosphatases, channels,
exchangers, pumps, and transcription factors have been shown to be redox-sensitive in vitro
(Reviewed in [7, 49], blurring the potential downstream targets of X-ROS signaling.
However, a growing body of evidence suggests redox signaling is both source and
compartment specific. This, coupled with the short life span of ROS and heavily reducing
cytosolic environment suggest that the targets of X-ROS are likely limited in vivo.

EC coupling—In addition to RyR2, key EC coupling proteins including Na+/Ca2+

exchanger (NCX), the L-type Ca2+ channel (LCC), and SERCA pump are all sensitive to
oxidation [49]. In general, a small controlled amount of ROS production such as that derived
from Nox enzymes ramps up the activity of exchangers, channels and transporters. NCX and
LCC co-localize with Nox2 at the t-tubule/SR junction, and therefore spatially form
potential targets of X-ROS signaling. However it is difficult to predict (and will be equally
difficult to experimentally tease out) which of the many redox-sensitive signaling cascades
and channels may be influenced by X-ROS, particularly given the complex time and
concentration dependent effects of ROS.

Mechanosensitive channels—One intriguing target is the “slow force response” (or
SFR), an increase in Ca2+ transient amplitude and contractile force generation that occurs
after minutes of sustained stretch (also known as the “Anrep” effect) [50]. The activation of
mechanosensitive channels (MSC) that raise intracellular [Ca2+] and [Na+] has been
postulated to underlie the SFR [51], along with other potentially convergent or independent
signaling pathways [52, 53]. Interestingly, MSCs may co-localize with Nox2 in caveolae
and are modulated by ROS [54], and X-ROS has recently been demonstrated to promote
Ca2+ influx through MSCs in skeletal muscle [6]. Additionally, studies in patch-clamped
ventricular myocytes suggest that mechanosensitive currents are modulated by the
microtubule network and Nox2 activity[30, 55, 56]. Thus the possibility of X-ROS
regulation of MSCs and the SFR warrants investigation.

CaMKIIδ—In an exciting report from the Anderson lab, it was shown that Nox-derived
ROS can oxidize and activate CaMKIIδ both in vivo and in vitro [44]. ROS-dependent
oxidation of CaMKIIδ (ox-CaMKIIδ) is a key contributor to Ca2+-dependent
arrhythmogenesis and contractile dysfunction [41]. Ox-CaMKIIδ enhances the late, slowly
inactivating Na+ current (late INa), which causes Na+ to accumulate in the cell; this in turn
drives Ca2+ entry via Na+/Ca2+ exchange, leading to cellular Ca2+ “overload” and
subsequent Ca2+ dependent arrhythmia [41, 57, 58]. Importantly, Wagner et al. (2011)
showed that both ROS and Ca2+ release from the SR were critical co-factors required to
activate ox-CaMKIIδ. This identifies X-ROS signaling (where stretch generates these co-
factors) as a strong physiologic candidate to activate ox-CaMKIIδ dynamically.

Angiotensin signaling—Several studies have shown that passive stretch increases
tubulin mRNA [59, 60] in cardiac myocytes and that pressure overload increases MT
stability in the heart [61, 62]. Angiotensin signaling may be involved in this response to
stretch, as Angiotensin II (AngII) is produced and released from both neonatal cardiac
myocytes [63] and skeletal muscle myoblasts [64] following stretch, and angiotensin
signaling has been shown to induce microtubule reorganization in various cell systems (see
below, Fig. 3). These results suggest a stretch-dependent autocrine regulatory pathway that
increases MT content and stability, a key component of X-ROS signaling. However to our
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knowledge these findings have not been verified in acutely isolated adult cardiomyocytes
subjected to physiologic stretch. It is well established that blockade of the AngII type 1
receptor (AT1R) (by drugs such as losartan) provides protection from congestive heart
disease, hypertension and acute cardiac injury, and it is tempting to speculate that a portion
of this protection is due to an inhibition of X-ROS components as outlined above.

Additionally several lines of evidence have been put forth that reveals AT1R signaling can
be activated by stretch independent of AngII ligand binding [65]. β-arrestin biased AT1R
ligands were also shown to be cardioprotective [66, 67], and stretch or mechanical stress
activates AT1R dependent ERK signaling via β-arrestin, but not through the traditional G
protein signaling cascade. While stress-dependent ERK signaling does not require G
proteins, it also does not need AngII ligand release. Despite the overlapping activation by
stretch, it is not clear if X-ROS signaling may be linked to this process.

X-ROS signaling in cardiomyopathy
RyR2 hypersensitivity to [Ca2+]i—The impetus for investigating X-ROS in
cardiomyopathy was driven by reports of increases in MTs and Nox2 activity in failing
hearts [68-73]. Our initial studies focused on myocytes from the murine model of Duchenne
Muscular Dystrophy (DMD, the mdx mouse), where both increased Nox2 expression and
MT stability are associated with the pathogenic phenotype. In mdx cells or in cells under
Ca2+ overload, the same stretch that normally triggers a burst of Ca2+ sparks instead often
triggers a propagating “wave” of SR Ca2+ release. In both cases there is a background
elevation of RyR2 Ca2+ sensitivity [74], so that when the cells are stretched the additional
redox element creates hyperactive RyR2s that sustain the Ca2+ wave activity. The elevation
in [Ca2+]i during a wave activates a depolarizing Na+/Ca2+ exchange current that can disrupt
the electrical rhythm of the heart [75]. However, in an intact heart other factors contribute to
this process and so the linkage between Ca2+ waves and arrhythmogenesis is an area of
active investigation.

While the precise contribution of X-ROS signaling to the onset and progression of
cardiomyopathy remains to be established, mounting evidence suggests that redox
modification of RyR2 contributes to abnormal Ca2+ handling in disease. RyR2 may be redox
modulated by various sources of ROS, including nitric oxide (NO) [76], XO [77], and Nox
[1, 78], as well as indirectly modulated through phosphorylation by redox-sensitive kinases
such as PKA [79] and CaMKII [41]. Nox-derived ROS can influence NO signaling and
nitrosative stress through the conversion of NO to peroxynitrite and the reduction of
bioavailable NO. Peroxynitrite nitrosylates RyR2s, causing “leaky” (or hypersensitive)
RyR2s which have been linked to arrhythmia and dysfunction in diseased myocardium [80].

Oxidative stress—In addition to acute arrhythmogenic potential via redox modification
of RyR2s, chronically elevated X-ROS signaling may also contribute to more generalized
oxidative stress. Oxidative stress results from an imbalance between ROS and endogenous
antioxidant systems. ROS-induced oxidative stress contributes to impaired Ca2+ handling
and the progression of cardiomyopathy (including DMD) and correlates with the severity of
heart failure (HF) [81-83]. A consensus has recently emerged that chronic oxidative stress
leads to abnormal Ca2+ homeostasis and arrhythmia in the mdx heart, which exhibits a
progressive dilated cardiomyopathy [80, 84-86]. X-ROS is a likely contributor to this
oxidative stress, as we found that mdx myocytes generate excessive X-ROS with each
diastolic stretch [1]. This mechanical sensitivity is consistent with the findings of Jung et al
[87], who showed that severe mechanical stress (as osmotic shock) triggered excess Nox-
derived ROS in mdx myocytes. As mentioned above, increased microtubule stability [1, 88]
and Nox2 activity [86] in DMD may underlie the exacerbated X-ROS signaling. Extending
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these findings to broader cardiac pathology, X-ROS components are similarly upregulated in
a more generalized model of HF induced by pressure-overload (transaortic constriction,
TAC) – Nox2 expression and activity are increased [89, 90], and microtubule density shows
a similar increase and correlation with disease progression [61, 62]. Thus it is tempting to
speculate that HF myocytes may similarly generate excessive ROS upon stretch.
Furthermore, Nox2-/- mice (which lack X-ROS [1]) subjected to TAC are protected against
systolic and diastolic dysfunction at the myocyte and whole heart level [91], and Nox2-
dependent oxidation of CaMKIIδ also contributes to impaired cardiac function in disease
[44, 92]. Taken together, a growing body of evidence suggests that Nox2-derived ROS plays
an important role in the pathophysiology of heart disease [93]. We propose that in diseased
heart cells, upregulation of X-ROS signaling components may cause a normal physiologic
stretch to produce excessive X-ROS, thus contributing to oxidative stress and abnormal
Ca2+ signaling.

Ischemia Reperfusion—While excessive X-ROS may contribute to pathology, Nox-
derived ROS may also protect the heart from hypoxia and ischemia-reperfusion injury such
that occurs during myocardial infarction and ischemic heart disease. Numerous studies
suggest that mitochondrial and Nox-derived ROS are involved in ischemic preconditioning,
a phenomenon that provides powerful protection against subsequent ischemia-reperfusion
injury [94, 95]. Sanchez et al. (2005 and 2008) demonstrated that preconditioning exercise
and tachycardia (which increase the mechanical activity of the heart) increase Nox activity,
RyR2 S-glutathionylation and SR calcium release. X-ROS provides a mechanism that may
link these effects, which significantly reduced infarct size following coronary artery
occlusion in dogs.

X-ROS in the whole heart—To better understand the patho/physiological ramifications
of X-ROS signaling, an important future challenge will be to determine how the cellular
signaling occurs in the beating heart, as recently suggested by Hidalgo and Donoso [12] in
their perspective on our work. These investigations will be complicated by the presence of
vascular and endothelial Nox enzymes, which may also produce ROS through X-ROS
signaling in response to mechanical stress (see below). Developing methods to isolate X-
ROS components in specific cell types will be critical in our attempt to unravel how X-ROS
signaling contributes to function and disease in the whole heart.

The role of microtubules as mechanotransducers of stretch-dependent signaling must also be
explored in the intact heart. MTs have previously been linked to stretch-induced
arrythmias[96] consistent with our findings in single cells [1]. However, this link is
controversial[97].and further work is needed[98].

X-ROS signaling in skeletal muscle
Muscle Stretch Tool: MuST—Progress in our understanding of stretch signaling in adult
skeletal muscle fibers has also been limited by the assays available. Recent work by Allen
and colleagues in dissected single muscle fiber preparations used stretched (i.e. eccentric)
contractions and gained valuable information on the role of ROS and Ca2+ in stretch-
induced injury [32, 99-101]. These experiments however are technically difficult and have
low throughput. Furthermore, the combination of a mechanical stretch during a tetanic
contraction (i.e., eccentric contraction) increases the number of parameters that are
uncontrolled (mechanical damage, [Ca2+]i elevation due to EC coupling, etc.), such that the
central question of “what effect does stretch have on ROS and Ca2+ signaling?” remains
unclear.
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Due to the dramatic difference in size between enzymatically isolated cardiomyocytes and
single skeletal muscle cells (flexor digitorum brevis; FDB) we needed to develop new
methods for cell attachment. We developed MuST (Muscle Stretch Tool), to make
mechanical measurements and control length in enzymatically isolated skeletal myofibers.
Fig. 1C demonstrates the components of this technology. MyoTak™ biological adhesive
provides the necessary attachment interface between the intact muscle cell and tweezer; the
tweezer is simply used to bracket the myofibers (without compression), thus providing a
large surface area for attachment to handle the larger forces of muscle fibers. As seen in Fig.
1D, MuST enables the precise manipulation of cell length (i.e., stretch) and monitoring of
sarcomere length and passive tension. Through cell electroporation we are able to
incorporate new pharmacologic and genetic techniques to over express or silence targeted
protein expression in FDB fibers [23], and we combine this with confocal imaging and
MuST to address the mechanistic basis for stretch-dependent signaling in skeletal muscle.

Acute stretch does not reveal X-ROS signaling in wild-type muscle fibers—The
key components of X-ROS signaling, (i.e., MT network and Nox2) are conserved in many
mammalian cells including skeletal muscle, and Nox2 is a major source of ROS in response
to repetitive contraction [23]. Despite these findings, we detected only a small non-
significant X-ROS signal with a small physiologic stretch (i.e., acute single stretch to 10%
of resting sarcomere length; ~1.9μm to ~2.1μm for 5 sec.). When the minimal stretch assay
is contextualized with the use of a low signal-to-noise ROS indicator, we must consider that
our mechanical stress was too brief to elicit a significant signal. This hypothesis is consistent
with a report from Palomero et al. [102], who used 10s stretch-release cycles over 10
minutes to reveal a small, but statistically significant increase in ROS production in skeletal
muscle. Our current experiments will address whether we reveal X-ROS in wild-type (WT)
fibers with repetitive stretches as in exercising muscle.

X-ROS is prominent in mdx muscle—In considering a growing body of evidence, we
hypothesized that MT-dependent X-ROS may be prominent in the skeletal muscle myopathy
associated with DMD. First, the mechanical stressing of mdx muscle fibers triggers
excessive sarcolemmal Ca2+ influx and Nox2-derived ROS [99]. Similarly, osmotic shock
resulted in aberrant Ca2+ homeostasis and Ca2+ sparks, downstream of increased ROS
production by Nox2 [25, 26, 99]. Second, in adult mdx muscle fibers α, β, and the stabilized
detyrosinated tubulin (Glu-tubulin) are all increased, and the MT network is more stabilized
and disorganized [88, 103]. Furthermore, there is a significant increase in Nox2 subunit
expression (gp91phox, p47phox, p67phox) in mdx muscle [99]. Having confirmed the increase
in Nox2 and MT expression/disorganization [6], we assayed the contribution of X-ROS in
mdx skeletal muscle.

Mechanical stretch activates ROS production and Ca2+ influx in mdx skeletal
muscle—Using a small physiologic stretch, DCF-loaded mdx muscle cells revealed a large
and nearly instantaneous burst of ROS production. This ROS was produced by Nox2, as
specific inhibition of the enzyme completely abrogated the effect. Given that skeletal muscle
does not exhibit Ca2+ sparks under physiological conditions, we could not use spark
occurrence as a downstream readout of X-ROS. As several reports indicated that
mechanosensitive channels were up regulated in mdx and co-localize with Nox2 [54], we
assayed calcium influx through MSCs as a potential downstream target for X-ROS. Passive
stretch led to amplified Ca2+ influx through MSCs in mdx fibers, and this influx could be
prevented by selective inhibition of either the MSC or Nox2.

Role of microtubule network stability in skeletal muscle X-ROS—Similar to X-
ROS activation in cardiomyocytes (see above), X-ROS in adult mdx skeletal muscle was
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abrogated by de-stabilizing the MT network with colchicine. Furthermore, cells with a less
stabilized microtubule cytoskeleton (i.e. WT or young mdx myocytes), did not display X-
ROS. A critical supportive experiment revealed that the pharmacological stabilization
(paclitaxel) of the MT cytoskeleton in WT or young mdx fibers revealed a robust ROS burst
following stretch that was not present in the naïve cell [6]. Thus, the protein components
necessary for robust X-ROS signaling (MT and Nox2) are present in WT muscle but are in a
muted configuration. These results suggest that an increase in MT network stability is
sufficient to enhance X-ROS signaling independent of increases in Nox2 content. The effect
of an increase in Nox2 content independent of altered MT stability has not yet been
explored.

Given the important role of MT stability in regulating the magnitude of X-ROS, further
studies should examine the origin of the increased MT stability in dystrophic muscle. In
mammalian cells, endogenous modulators regulate MT stability [70, 73, 104-106], however
little is known about the expression or post-translational modification of these in dystrophic
skeletal muscle. We are currently exploring these questions. As discussed above, passive
stretch increases tubulin mRNA [104, 107] and MT stability in the heart. Recent evidence
demonstrated stretch also triggers an angiotensin signaling system in skeletal muscle
myoblasts [64]. AngII has been shown to induce microtubule reorganization in endothelial
[108] and neuronal cells [109] as well as the model cell line PC12 and NG108-15 [110,
111]. Our preliminary experiments have shown that AngII increases tubulin protein content
in C2C12 cells and increases MT network density in FDB fibers after a 24h incubation (Fig.
3). Of note, AngII stimulation in vascular smooth muscle cells has been shown to activate
Nox2 in a Rac1 dependent manner [112], and the intramuscular Angiotensin system is
activated in DMD [64]. Interestingly, we have previously reported that AngII receptor
inhibition with Losartan reduced the muscle damage in the mdx mouse [113], and we now
speculate that a portion of this protection may have come from reducing X-ROS signaling.
Thus angiotensin signaling represents a prime candidate for the increased MT stability and
X-ROS signaling in diseased muscle.

X-ROS and microtubules as therapeutic targets in the dystrophies—Our novel
method and new insights in X-ROS prompted a preliminary exploration of X-ROS in
models of muscular dystrophy disparate from dystrophin deficiency. Dysferlin-/- skeletal
muscle fibers, a model of Limb girdle muscular dystrophy type 2b/Miyoshi myopathy, has a
similar, albeit milder, in vivo contraction induced injury phenotype [114, 115] as the mdx
mouse. Using identical methods to those used during X-ROS experiments in mdx fibers, we
show that in adult (6+ month old) muscle fibers, X-ROS is significantly elevated in
dysferlin-/- (A/J) FDB myofibers when compared to strain controls (A/WySnJ; n=3 fibers)
(Fig. 4A and 4B). Furthermore, assays of stretch-dependent Ca2+ influx reveal an
exaggerated mechano-sensitive influx in the dysferlin-/- muscle fibers (Fig. 4C). Finally, the
dysferlin-/- muscle presents with increased MT and Nox2 protein content, which we
hypothesize may mechanistically account for the presence of X-ROS in these mice (Fig.
4D). Ongoing studies are evaluating the stability of the MT network in fibers from each
strain. These studies warrant the investigation of X-ROS as an underlying contributor to
myopathy in the muscular dystrophies.

The importance of excessive X-ROS signaling in pathology is revealed with repetitive
contraction in the injury prone mdx muscle. Whereas normal healthy muscle is capable of
withstanding repeated and prolonged isometric and eccentric contractions, mdx muscle
displays a rapid decrease in nerve evoked muscle force or muscle injury. Acute inhibition of
X-ROS (~3 to 24h prior) by microtubule destabilization or Nox2 inhibition greatly
diminishes the contraction-induced injury [6]. Thus, pharmacological interventions targeting
X-ROS components may hold therapeutic promise in the treatment of DMD.
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Is X-ROS a conserved mechanism in different cell types?
Many cellular processes may utilize X-ROS signaling, and our findings have been
foreshadowed in recent investigations. In endothelial cells, mechanical strain stimulates
Nox-dependent ROS production, a finding with critical links to atherosclerosis [116]. Cyclic
stretch also increases ROS production and Rac1 activity in neonatal ventricular cells,
findings relevant to hypertrophic gene regulation [117]. In fact, Nox activity is enhanced by
various signaling cascades linked to hypertrophy and heart failure [118]. Several of these
pathways share overlapping links to mechanical stretch and strain, including the angiotensin
II-ROS signaling cascade [67, 119].

A role for microtubules in regulating Nox2 has also been suggested in the literature. For
example in neurons paclitaxol (a microtubule stabilizing drug used in cancer treatment)
enhances Nox activity and induces cell death [120]. A treatment related side effect for
patients on these drugs is myalgia (i.e., muscle pain and weakness) and cardiomyopathy
[121]; an effect that may be due to excessive X-ROS signaling. Devillard et al (2006)
showed that destabilizing the microtubule network reduced Nox activity in the vasculature
following ischemia-reperfusion injury and suggested that microtubules may recruit
activating subunits of Nox to the membrane, which resonates strongly with our findings in
heart and skeletal muscle. It is clear that components of X-ROS signaling are implicated and
intertwined in numerous cell systems and disease models, but the degree of signaling
conservation remains to be established. Time will tell if X-ROS signaling emerges as a
conserved mechanism providing mechanical control of redox and Ca2+ signaling in diverse
physiological and pathophysiological settings.
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Highlights

• Review of the recently characterized stretch-dependent X-ROS signaling

• New tools developed to stretch single cells

• Stretch triggers the generation of reactive oxygen species (ROS)

• ROS regulate subcellular calcium signaling in heart and skeletal muscle

• X-ROS contributes to pathology in muscular dystrophy
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Figure 1. Improved methods to study mechanotransduction in heart and skeletal muscle
A, A ventricular myocyte is attached and stretched via MyoTak-coated micro-rods
(Modified from [1]). B, This method is used to record isometric force (blue) in a ventricular
myocyte stimulated at 1Hz and subjected to step changes in cell length (red, stretch from 5 –
20% of cell length). C, A skeletal FDB muscle fiber is attached and stretched via MyoTak-
coated tweezers (Modified from [6]). D, Coated-tweezers are used to impose step changes in
length (red) of an adult FDB muscle fiber while sarcomere length (green) and passive
tension (blue) are recorded.
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Figure 2. Summary of X-ROS signaling in heart
A, Average DCF fluorescence signal (black) from ventricular myocytes stretched 8% of cell
length (n = 36 rat cells). The pre and post stretch intervals are well fit by a linear function,
while the stretched interval is better fit by a polynomial function. Taking the derivative of
these DCF fits gives the rate of ROS production (green). There is a rapid and transient
increase in the rate of ROS production upon stretch. B, Histogram of Ca2+ sparks (n = 3,233
sparks) from 52 myocytes stretched as above. There is a rapid increase in the frequency of
Ca2+ sparks (500ms bins) upon stretch. C, Histogram of Ca2+ sparks (n = 1,715 sparks)
from 29 myocytes pre-treated with 10mM of the general anti-oxidant N-acetylcysteine and
stretched as above. NAC blocks any statistically significant change in Ca2+ spark frequency;
the question mark denotes a possible initial stretch-dependent increase in spark rate that is
not blocked by NAC (Modified from [1]).

Prosser et al. Page 20

J Mol Cell Cardiol. Author manuscript; available in PMC 2014 May 01.

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript



Figure 3. Angiotensin II increases microtubule content and network stability
A, Differentiated C2C12 cell cultures were challenged with Angiotensin II (Ang II) or
vehicle for 24 hours. Lanes were loaded with equal amounts of total protein and Western
blot was conducted for α and β tubulin isoforms and Glu tubulin. B, Enzymatically isolated
FDB myofibers from WT mice were cultured with vehicle (black bars) or 3uM Angiotensin
II (red bars) for 24 hours. Fixed and permeablized myofibers were stained for α tubulin.
Confocal flat plane projections were taken and analyzed for microtubule network density as
previously described [6]. A significant increase in MT network density was seen after 24
hours of incubation with Ang II.
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Figure 4. Dysferlin null myofibers exhibit enhanced X-ROS and stretch induced Ca2+ influx
A-B, An acute 5% stretch in DCF loaded FDB muscle fibers from control (A/WySnJ) and
dysferlin-/- (A/J) mice activated X-ROS in dysferlin null fibers but not WT fibers (n = 3 per
genotype). C, Acute stretch increased Ca2+ influx in dysferlin-/- myofibers to a greater
extent than in WT. D, Western analysis of tubulin and NOX2 in dysferlin-/- and WT muscle.
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