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A new paradigm for muscle
contraction

Walter Herzog ¥, Krysta Powers, Kaleena Johnston and Mike Duvall

Faculty of Kinesiology, Engineering, Medicine and Veterinary Medicine, University of Calgary, Calgary, AB, Canada

For the past 60 years, muscle contraction had been thought to be governed exclusively
by the contractile filaments, actin, and myosin. This thinking explained most observations
for concentric and isometric, but not for eccentric muscle contractions. Just over a
decade ago, we discovered that eccentric contractions were associated with a force
that could not be assigned to actin and myosin, but was at least in part associated with
the filamentous protein titin. Titin was found to bind calcium upon activation, thereby
increasing its structural stability, and thus its stiffness and force. Furthermore, there is
increasing evidence that the proximal part of titin binds to actin in an activation- and
force-dependent manner, thereby shortening its free length, thus increasing its stiffness
and force. Therefore, we propose that muscle contraction involves three filaments, actin,
myosin and titin, and that titin regulates force by binding calcium and by shortening its
spring length by binding to actin.

Keywords: titin, actin, myosin, crossbridge theory, muscle contraction, eccentric, muscle stretching, force
enhancement

Introduction and Background

Muscle contraction has fascinated lay people and scientists for centuries. However, a good
understanding of how muscle contraction occurs seemed only possible once microscopy techniques
had evolved to a level where basic structural features, such as the regular cross striation patterns of
fibers, could be observed in the late 19th century. In the early 20th century, a stimulated muscle
was simply considered a new elastic body (Gasser and Hill, 1924). Shortening and work production
took place with a fixed amount of energy that was stored in this body and evolved elastically
through stimulation. However, this notion was proven false when Wallace Fenn demonstrated
that muscle produced an increasing amount of total energy when increasing its mechanical work
output; an observation that was in contradiction with Hill’s elastic body theory (Fenn, 1923, 1924).
Specifically, Fenn, who worked in the laboratory of Hill and measured heat and work production
in frog muscles, found that a muscle allowed to shorten liberated more energy than a muscle held
isometrically or a muscle that was stretched. This has become known as the Fenn effect in muscle
physiology.

Prior to the 1950s, muscle contraction and force production were thought to be caused by the
folding of long protein chains visible in the middle of the sarcomere. This shortening had been
thought to be caused by lactic acid, but this theory was refuted by experiments demonstrating that
contractions could be obtained in the absence of lactic acid in muscles poisoned with iodoacetic
acid (Lundsgaard, 1930). The role of lactic acid was then replaced briefly with phosphorylcreatine
breakdown, until it was discovered that this reaction merely served to re-phosphorylate ADP into
ATP. Thereafter, filament shortening became associated with the hydrolysis of ATP into ADP and
inorganic phosphate.
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In the early 1950s, careful analysis of A-band dimensions
revealed that myosin filaments were not substantially shortening
under a variety of contractile conditions, and thus, could not
account for muscle contraction, force production and the large
length changes that muscle tissue can undergo (Huxley, 1953). In
two seminal papers, arrived at independently, Hugh Huxley and
Andrew Huxley proposed that muscle contraction occurred not
by shortening of the myosin filaments, but by the relative sliding
of two sets of filaments, actin, and myosin (Huxley and Hanson,
1954; Huxley and Niedergerke, 1954). In 1957, Andrew Huxley
proposed how this relative sliding might occur, and provided a
mathematical framework for what is now known as the cross-
bridge theory of muscle contraction (Huxley, 1957). This paper,
which has been cited over 3000 times (Google Scholar, June
2014), outlines in broad strokes how we think about muscle
contraction today. The success of this paper is insofar surprising
as Huxley never intended to publish it, and thought of the
mathematical formulation of the cross-bridge theory merely as
a preliminary idea (Huxley, personal communication, August
1999). He sent the paper to his friend and editor of Biophysics
and biophysical Chemistry, who, to Huxley’s surprise, suggested
publishing it.

Unaccounted Observations

The initial two state model of the cross-bridge theory published
in 1957 underwent several reformulations, although the basic
premise remained unchanged. Briefly, in the cross-bridge model,

contraction and force production is achieved by extensions
(cross-bridges) from the thick (myosin) filaments that interact
cyclically with the thin (actin) filaments and exert force between
these two sets of filaments to produce shortening. Each cycle of
attachment and detachment of a cross-bridge is associated with
the hydrolysis of one molecule of ATP. Therefore, the regulation
of force is governed exclusively by the contractile proteins actin
and myosin, while structural proteins provide passive forces
upon muscle elongation that are determined exclusively by their
viscoelastic properties.

In 1969, the cross-bridge theory was amended with the idea
that cross-bridges produce force and shortening through rotation
requiring multiple attached states (Huxley, 1969; Huxley and
Simmons, 1971), and in 1993, a detailed description of the
atomic structure of cross-bridges and the corresponding actin
attachment sites revealed a cross-bridge stroke that included
rotation of the cross-bridge around a fixed element of the cross-
bridge head that attached uniquely to the actin attachment site
(Figure 1) (Rayment et al., 1993).

In his original description of the cross-bridge theory, Huxley
(1957) was able to predict forces for concentric contractions
accurately. Specifically, Huxley derived a set of rate constants
for the attachment/detachment kinetics of cross-bridges that
accurately predicted “the best available data at the time,” the
concentric force-velocity relationship of striated muscles (Hill,
1938). Furthermore, the cross-bridge theory also explained
beautifully the isometric force as a function of fiber and
sarcomere lengths (Gordon et al., 1966). However, the forces

A equilibrium position
of M-site

myosin filament
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actin filament
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FIGURE 1 | Evolution of the cross-bridge model of muscle
contraction. (A) Original 2-state model proposed by Huxley (1957). (B)
Multi-state cross-bridge model with rotating head as proposed initially by
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Huxley (1969) and mathematically described by Huxley and Simmons (1971).
(C) Multi-state model based on the atomic structure of cross-bridges and
actin attachment sites as proposed by Rayment et al. (1993).
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and energetics for eccentric contractions (actively stretched
muscles), were not predicted accurately: they were much too
big (Huxley, 1957). Also, the well-known results on residual
force enhancement following active stretching of muscles (Abbott
and Aubert, 1952; Edman et al., 1982) could not be predicted
conceptually (Walcott and Herzog, 2008) or numerically (Herzog
et al.,, 2012a,b; Herzog, 2014).

Residual force enhancement is an acknowledged property of
skeletal muscle (Edman et al., 1982). It describes the increase in
steady-state isometric force following an active muscle stretch,
compared to the corresponding purely isometric force at the
same length and same activation (Figure2). Residual force
enhancement has been observed in whole muscle preparations,
activated voluntarily (Oskouei and Herzog, 2005) or through
electrical stimulation (Lee and Herzog, 2002), in single intact
and skinned fibers (Edman et al, 1978, 1982; Sugi and
Tsuchiya, 1988; Rassier et al., 2003¢; Peterson et al., 2004; Lee
and Herzog, 2008; Joumaa and Herzog, 2013), in myofibrils
(Rassier et al., 2003a; Joumaa et al, 2008) and in single,
mechanically isolated sarcomeres (Leonard et al., 2010) and half
sarcomeres (Joumaa et al., 2008). Residual force enhancement
cannot be predicted using the cross-bridge theory (Walcott
and Herzog, 2008), because the rate constants of cross-bridge
attachment/detachment do not depend on time but only on the
relative location of the cross-bridge’s equilibrium position relative
to its nearest attachment site on actin (Huxley, 1957). Therefore,
an explanation for residual force enhancement needed to be
found that would not undermine the cross-bridge theory. Thus,
for more than half a century, residual force enhancement was
explained conceptually, albeit not numerically, with the idea of
instability of sarcomeres on the descending limb of the force-
length relationship (Hill, 1953) and the associated development
of large sarcomere lengths non-uniformities (Morgan, 1990,
1994).

Explanation of Residual Force
Enhancement (Using Sarcomere Length
Non-Uniformity)

According to the sarcomere length non-uniformity theory,
sarcomeres on the descending limb of the force-length
relationship are unstable (Hill, 1953; Allinger et al, 1996;
Zahalak, 1997). This instability is thought to be caused by
a “weakening” behavior of sarcomeres (negative stiffness).
Therefore, for a perturbation, such as active stretching of
muscle on the descending limb of the force-length relationship,
sarcomeres were thought to be destabilized, causing a quick,
uncontrolled over-stretching (popping) of some sarcomeres at
the expense of others that only stretch slightly, not at all, or
might even shorten by a small amount. The popped sarcomeres
were thought to achieve force equilibrium with the short
(active) sarcomeres through passive forces that become high
at long lengths. Force enhancement was then explained with
the idea that isometric contractions on the descending limb
do not produce a sufficient perturbation to sarcomeres, thus
sarcomeres remain relatively uniform and thus produce a force
in accordance with actin-myosin filament overlap (Gordon et al.,
1966). In contrast, a muscle that is stretched actively was thought
to produce perturbations that result in instabilities and large
sarcomere length non-uniformities that give rise to two distinct
sets of sarcomere lengths. The steady-state force following active
stretch was then thought to be greater than the purely isometric
force because the active sarcomeres are shorter following active
stretch compared to the purely isometric contraction (and thus
can produce more force), and the passive sarcomeres are pulled
to such lengths that their passive forces match the forces of the
short, active sarcomeres (Figure 3).

In the following, we would like to identify predictions
that are direct outcomes of the mathematical formulation of

FIGURE 2 | Residual force enhancement in skeletal muscles. (A)
Residual force enhancement (FE) and passive force enhancement (PFE) in a
whole muscle preparation (cat soleus at 37°C). (B) Passive force
enhancement (PFE) in a single myofibril preparation (rabbit psoas at 21°C).
(C) Force enhancement (FE) and force above the isometric plateau (O-FE) in
a single sarcomere preparation (rabbit psoas at 21°C). The gray line in (A)
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represents the isometric reference contraction while the black lines represent
active stretch contractions followed by an isometric contraction. The gray line
in (B) represents passive force during myofibril stretching and the black line
the corresponding active force; deactivation occurred at about 55 s. The gray
line in (C) represents the isometric reference force while the black line
represents the experimentally enhanced force following an active stretch.
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FIGURE 3 | Force enhancement (FE) based on the sarcomere length
non-uniformity theory. Isometric contractions of muscles on the descending
limb of the force-length relationship are thought to occur with sarcomeres of
uniform lengths (black circle and gray square). However, if a muscle is
stretched from a short length (black circle) to a long length (gray square), some
sarcomeres are thought to become overstretched (popped—right black
diamond) while others are thought to be stretched only minimally (left black
diamond), thus producing an average sarcomere length the same as that of the
long isometric contraction (gray square), but producing more force because of
the more favorable position of the short sarcomeres (left black diamond) and
the passive forces of the overstretched sarcomeres (right black diamond).

the sarcomere length non-uniformity theory. We will discuss
these theoretical predictions in view of existing experimental
evidence, and then will attempt to draw conclusions about the
appropriateness of this theory.

Predictions Based on the Sarcomere
length Non-Uniformity Theory

The theoretical models of the sarcomere length non-uniformity
theory provide uniquely testable predictions (Zahalak, 1997;
Campbell, 2009). Some of the primary predictions have been
identified and discussed by proponents and opponents of this
theory (Morgan et al., 2000; Herzog and Leonard, 2006, 2013;
Herzog et al., 2006; Morgan and Proske, 2006; Edman, 2012).
However, other equally obvious predictions, have received less
attention, possibly because of the difficulties in testing them.

The primary predictions of the sarcomere length
non-uniformity theory that have been discussed in previous
works might be summarized as follows:

1. Sarcomeres are unstable on the descending limb of the force-
length relationship following active stretching (Morgan, 1990,
1994).

2. Instability of sarcomere lengths, and thus the development
of sarcomere length non-uniformities (and associated force
enhancement) can only occur on the unstable descending
limb but not the stable ascending limb of the force-length
relationship (Allinger et al., 1996; Zahalak, 1997).

3. Forces in the force enhanced state cannot exceed the purely
isometric forces at the plateau of the force-length relationship
(Edman et al., 1982; Rassier et al., 2003c).

4. Force enhancement cannot occur in a single sarcomere
preparation (Leonard et al., 2010).

Secondary predictions that follow directly from the mathematical
framework and conceptual thinking of the sarcomere length

non-uniformity theory that have received less, or no attention,
may be summarized as follows:

5. Isometric contractions on the descending limb of the
force-length relationship are associated with sarcomeres of
essentially uniform length (Morgan, 1990, 1994).

6. Sarcomere length non-uniformities increase when a muscle
is actively stretched compared to the corresponding purely
isometric contractions (Morgan, 1990, 1994; Allinger et al.,
1996).

7. Sarcomere lengths following active muscle stretching will have
two distinct values (Allinger et al., 1996; Walcott and Herzog,
2008).

The primary predictions (1-4) of the sarcomere length non-
uniformity theory have been discussed extensively (Herzog et al.,
2006, 2012a,b; Edman, 2012; Herzog, 2014) but for completeness
are summarized here briefly.

1. Instability of sarcomeres on the descending limb of
the force-length relationship: More than 30 years ago,
when first reading about sarcomere length instability on
the descending limb of the force-length relationship, I
asked myself the question: why would nature evolve a
universal motor for contraction that was unstable and
would tear itself apart, over more than half of its potential
working range? After developing a setup for single myofibril
testing, it was the first question I wanted to be answered.
Stretching of serially arranged sarcomeres onto the descending
limb of the force-length relationship did not produce
sarcomere length instabilities (Rassier et al., 2003b); i.e.,
there was no quick, uncontrolled popping of the “weakest”
sarcomeres, as predicted by the theory (Morgan, 1990,
1994). Rather, sarcomeres were perfectly stable at vastly
differing lengths on the descending limb of the force-
length relationship (Figure4A), an observation that still
needs satisfactory explanation. Frequently, sarcomeres that
were shorter compared to other sarcomeres prior to active
stretching, were longer after stretching (Figure 4B), a finding
that is incompatible with the sarcomere length non-
uniformity and cross-bridge theories.

2. Force enhancement on the ascending limb of the force-
length relationship: The ascending limb of the force-length
relationship has a positive slope, and thus strengthening
character which produces inherent sarcomere length stability
(Epstein and Herzog, 1998). Therefore, according to the
sarcomere length non-uniformity theory, there should be
no force enhancement on the ascending limb of the force-
length relationship. However, in the very first systematic
analysis of force enhancement, Abbott and Aubert (1952)
reported force enhancement on the ascending limb of isolated
muscle preparations. This initial finding was supported
by further observations on whole muscles (Morgan et al.,
2000), and single fibers (Peterson et al, 2004). However,
force enhancement on the ascending limb tends to be
small compared to the descending limb, and thus, although
consistently observed, may not always be acknowledged
(Morgan et al., 2000; Edman, 2012).
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FIGURE 4 | Sarcomere length stability on the descending limb of the
force-length relationship. (A) Sarcomere lengths as a function of time for a
six sarcomere myofibril stretched on the descending limb of the force-length
relationship. Note that none of the sarcomeres is rapidly stretched beyond
actin-myosin filament overlap (popped approximately 4.0 um), but that they
stay relatively constant in length for a 20's period following active stretching.
(B) Sarcomere lengths of two specific sarcomeres from a single myofibril.
Note, when the myofibril is stretched, the initially short sarcomere becomes
the long sarcomere and vice versa.

3. Enhanced force above the isometric plateau forces: In the
sarcomere length non-uniformity theory, the steady-state
isometric forces, independent of the history of contraction,
cannot exceed the isometric forces obtained at the plateau
of the force-length relationship. Since, the short sarcomeres
in this theory are the active force producers, and since they
must be within a region of actin-myosin filament overlap, the
maximal force they can produce is that obtained at optimal
sarcomere length represented by the plateau of the force-
length relationship (Gordon et al., 1966). However, forces
in the enhanced state exceeding those of purely isometric
contractions at optimal lengths have been observed as early as
1978 (Edman et al., 1978), although these authors later revised
their results. However, enhanced forces clearly exceeding the
isometric plateau forces were found in a series of subsequent
studies on whole muscles (Schachar et al., 2004), single fibers
(Rassier et al., 2003c; Lee and Herzog, 2008), and most

importantly, in single myofibrils and single, mechanically

isolated sarcomeres (Leonard et al., 2010) (Figure2). In
conclusion, isometric steady-state forces following active
muscle stretch can exceed the purely isometric forces at
optimal length by a substantial amount.

. Force enhancement in a single sarcomere: Obviously, if

force enhancement requires the development of sarcomere

length non-uniformities, as indicated in Figure 3, then force
enhancement should never occur in a single sarcomere. The
classic work by Tim Leonard was the first published research
on force enhancement in a mechanically isolated single
sarcomere preparation (Leonard et al., 2010). In that study,
10 single sarcomeres were isolated and stretched from optimal
length (2.4 um) to a length of 3.4 wm, and compared to the
steady-state forces obtained for purely isometric contractions.
Force enhancement was 190% on average and the enhanced
forces exceeded the purely isometric forces at optimal length
by an average of 37%. It has been suggested that these results
might have been obtained due to the development of half-
sarcomere length non-uniformities in this single sarcomere
preparation. However, if so, the question remains how a single
half-sarcomere can produce forces in excess of its isometric
force at optimal length. Needless to say that one must be
careful of results from a single study that have not been
repeated in other laboratories, but for lack of evidence to the
contrary, we accept that force enhancement is a sarcomeric
property, and can occur in the absence of multiple sarcomeres
of vastly different lengths.

The secondary predictions (5-7) of the sarcomere lengths non-
uniformity theory have received much less, or no attention in
the past, but seem equally relevant and will be discussed in the
following.

5. Uniform sarcomere lengths for isometric contractions:
For the sarcomere length non-uniformity theory to
work, specifically for it to account for the residual force
enhancement property of skeletal muscle, it is necessary
that sarcomeres are essentially uniform for isometric
contractions. Active stretching is then thought to be
the stimulus that produces sarcomere length instability
and associated length non-uniformities. There have been
extensive reports that sarcomere lengths in muscle fibers
are highly non-uniform (Huxley and Peachey, 1961), thus
requiring specialized approaches when studying sarcomere
force-length properties (Gordon et al, 1966). Sarcomere
length non-uniformities have been primarily observed as
average sarcomere length variations across single fibers, but
more recently have been demonstrated for single sarcomeres
in whole muscles (Llewellyn et al., 2008), and in single
myofibrils (Figure 4). When quantifying sarcomere lengths
in passive and active human muscles, Llewellyn et al. (2008)
noticed variations in sarcomere lengths of 20% in a radius
as small as 25 pm, while we found peak sarcomere length
non-uniformities for purely isometric contractions of 37% in
isolated myofibril preparations. Sarcomere lengths variations
have been shown to range from 1.7 to 3.5um in frog
semitendinosus fibers at rest (Huxley and Peachey, 1961).
Taken together, these results suggest that sarcomere lengths
non-uniformities are a natural occurrence of resting and
activated muscle preparations at all structural levels. Thus,
observing sarcomere length non-uniformities after stretch or
shortening contractions should not imply that the dynamics
of muscle contraction produced these non-uniformities, nor
should these non-uniformities be thought to be the cause
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of specific mechanical properties of muscle without careful
analyses.

6. Increase in sarcomere length non-uniformity with
active stretching of muscle: One of the tenets of the
sarcomere length non-uniformity theory in explaining force
enhancement is the idea that sarcomere lengths become
non-uniform during active stretching on the descending
limb of the force length relationship, while they remain
uniform with passive stretching and subsequent isometric
contraction. If sarcomere lengths are indeed more non-
uniform in the force enhanced compared to the isometric
reference state has never been tested systematically. Initial
work on this topic was done by stretching active single
fibers or whole muscle preparations, and fixing them quickly
following the stretch. These “stretched” preparations were
then compared histologically to corresponding preparations
that were activated isometrically or were allowed to actively
shorten (Julian and Morgan, 1979; Morgan et al.,, 1982).
These experiments typically showed an increased number
of overstretched (popped) sarcomeres in the actively
stretched muscles compared to those not undergoing active
lengthening. These experiments have the advantage that
they are performed in intact preparations, but have the
disadvantage that overstretching of the sarcomeres cannot
be accounted for by instability, rather than, for example,
pre-existing structural damage of the muscle, and that
only a tiny fraction of the whole muscle was analyzed

for overstretched sarcomeres, thus making generalization
difficult.

Reports of stability or sarcomere lengths non-uniformities
after active stretching suggest that, if anything at all, sarcomeres
are more stable (Edman et al., 1982), and sarcomere lengths
are more uniform following active muscle stretching compared
to the corresponding purely isometric reference contractions
(Joumaa et al., 2008). Ongoing work in our lab has focused
on measuring sarcomere length non-uniformities in isolated
myofibril preparations in the force enhanced and normal
isometric reference states. Preliminary results suggest that there
is no systematic increase in sarcomere length non-uniformity,
as quantified by the range and variance of sarcomere lengths
following eccentric contractions on the descending limb of the
force-length relationship compared to the corresponding purely
isometric reference contractions.

7. Two distinct sarcomere lengths following active muscle
stretching: In a muscle or fiber preparation, sarcomeres are
not only connected serially but also in parallel. Therefore,
force transmission by a sarcomere is not only determined
by the force it exerts, but also by the forces acting on it in
series and in parallel. However, in an idealized preparation,
as typically modeled theoretically, sarcomeres are assumed
to be perfectly in series. Such an idealization is achieved
experimentally when using single myofibril preparations,
which makes this preparation uniquely attractive to study
sarcomeric properties. According to the sarcomere length
non-uniformity theory, sarcomeres in series (in a myofibril)
should be separated into two distinct groups with two distinct

lengths when actively stretched. One group representing the
sarcomeres that were not or only slightly stretched, the
other representing the overstretched (popped) sarcomeres.
Quantification of sarcomere lengths from a variety of
published studies suggest that sarcomere lengths do not
fall into two distinct lengths categories, but rather, are
distributed over a range of lengths (e.g., Figure 4). Careful
analysis of the sarcomere lengths of twelve myofibrils did not
reveal a single one of them having two distinct sarcomere
lengths in the force enhanced state thus defying this specific
prediction.

Further Considerations

Force-Length Relationship

One of the most puzzling results of muscle physiology is the
different shapes of the descending limbs of the force-length
relationships for so-called “fixed-end” and “segment-clamped”
conditions (Figure 5). In fixed-end experiments, the two ends of
a fiber are fixed to a motor and a force transducer, respectively,
and measurements of isometric force are made as a function of
fiber lengths (Pollack, 1990). In segment-clamped experiments, a
small mid-section of a fiber with relatively uniform sarcomeres is
identified and marked, and its length is kept constant using length
feedback by carefully adjusting the entire fiber length. Isometric
forces are then expressed as a function of the sarcomere lengths
in the fixed section of the fiber. For the fixed-end contractions,
sarcomeres are allowed to take on their “normal” non-uniform
length distribution (Pollack, 1990), while in the segment-
clamped approach, sarcomere lengths are kept constant for the
clamped segment (Gordon et al., 1966). Isometric forces on the
descending limb of the force-length relationship in the fixed-
end contractions have been reported to be substantially greater
than those obtained in the corresponding segment-clamped
experiments. Therefore, it appears that allowing sarcomeres
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FIGURE 5 | Descending limb of the sarcomere force-length
relationship. Relative tension as a function of sarcomere lengths obtained
from fixed end contractions (black lines) and from segment-clamped
experiments (gray lines). Note that when the natural development of
sarcomere length non-uniformities is prevented by segment clamping, the
isometric forces are severely decreased (Pollack, 1990).
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to attain their natural non-uniform length distribution during
purely isometric contraction enhances force, while attempting
to keep sarcomere lengths artificially uniform results in a
substantial loss of isometric force. We may conclude from these
results that even during isometric contractions, sarcomere length
non-uniformities develop naturally, they do not depend on
active stretching on the descending limb of the force-length
relationship, and they, in some unknown way, contribute to
increased isometric force.

Theoretical Force-Length Relationship of Single
Sarcomeres

When it was first demonstrated that force enhancement could
be observed in a single sarcomere preparation (Leonard et al,
2010), critics were quick to point out the possibility that force
enhancement could have been caused by the development of half-
sarcomere non-uniformities. Although this argument sounds
appealing on the surface, its acceptance leads quickly to a variety
of unlikely consequences. Only one of these shall be discussed
here.

Imagine we have a single sarcomere just at the edge of
the plateau leading to the descending limb of the force-length
relationship (Figure 6) and we now stretch this sarcomere. For
the sake of argument, let’s also assume that at this initial length,
there is no passive force (or if there was, we could subtract it
from the initial considerations without affecting the following
argument). Imagine now that we stretch this sarcomere, so its
total length is 4down, then Y4down, and then at the full length
down on the descending limb of the force-length relationship.
If we now assume that one half of the sarcomere remains at its
initial short length, then the other half would have to elongate
twice the stretch magnitude of the whole sarcomere (Figure 6),
and, for force equilibrium’s sake, its force has to be equal to
that of the half sarcomere that remained at its initial length.
For this to occur, the passive force would have to start at the
beginning (left hand side) of the descending limb of the force-
length relationship, it would have to be a straight line, and its
slope would have to be the same as that of the descending limb,
except with opposite sign (positive instead of negative). Then,
when the half sarcomere loses actin-myosin filament overlap, the
passive force would have to remain constant. Needless to say,
such a passive force has never been observed, and even if it had,
it still could not explain the results by Leonard et al. (2010),
where forces in the enhanced state clearly exceeded the isometric
plateau forces in a single sarcomere preparation. This example
illustrates how one has to be careful when making a proposal,
or stating a critique, without thinking through the associated
implications.

A-Band Shifts and Force Enhancement

In a recent study, A-band shifts, which indicate the degree of half-
sarcomere length non-uniformities, were argued to “significantly
increase the level of force enhancement (Rassier, 2012).” The
argument was based on observed correlations of “stretch-
induced” A-band shifts with residual force enhancement in single
myofibril preparations (Figure 7). Here, a maximal A-band shift
of approximately 72 nm was associated with an enhanced force

Normalized force Passive

2.4 3.9 5.4
Sarcomere length [um]

FIGURE 6 | Theoretical force-length relationship of a single sarcomere.
If we assume that force enhancement in a single sarcomere, as observed in
the literature (Leonard et al., 2010), is caused by half-sarcomere length
non-uniformities, and that active force is proportional to actin-myosin filament
overlap, then the passive force would have to look as indicated in the figure
(thick black dashed line). Such a passive force has never been observed and
seems to contradict anything known about passive forces in skeletal muscles.
Therefore, the notion that substantial force enhancement in a single sarcomere
can be explained with the development of half-sarcomere length
non-uniformities seems far-fetched, not to say impossible. Full circles indicate
an entire sarcomere on the descending limb of the force-length relationship, as
expected during an isometric contraction with equal half sarcomeres.
Half-circles indicate the corresponding half-sarcomeres expected after an
active stretch in the force enhanced state of a single sarcomere. Black line =
descending limb of the active force-length relationship. Dashed black line =
passive force required for the overextended half-sarcomere to match the force
of the other, active, half sarcomere.

of about 55%. However, a 72nm shift would explain a 10%
increase in force at best, thus most of the enhanced force remains
unexplained. In a similar figure on single sarcomere experiments,
with an implied spatial resolution of less than 0.5nm, force
enhancement for a 12 nm A-band shift was approximately 20%.
A 12 nm shift explains a 1.5% increase in force leaving 92.5% of
the observed force enhancement unexplained.

Moreover, experiments with no A-band shifts were found
to have peak force enhancements of up to 16% (Figure 7).
Finally, and probably most telling, half-sarcomere length non-
uniformities for the isometric reference contractions, although
not systematically evaluated in this study, were greater (their
Figure 5C) or equal (their Figure 6C) to the non-uniformities
of the actively stretched experimental contractions, thus it is
hard to support the authors’ claim that the force enhancement
was associated with “stretch-induced” non-uniformities of half
sarcomere lengths. Albeit not systematically evaluated, in studies
where half-sarcomere length non-uniformities were compared
for isometric reference and experimental stretch contractions,
half-sarcomere lengths tended to be more uniform after stretch
compared to reference contractions (Joumaa et al., 2007).
Combined, these results provide little support that stretch-
induced half-sarcomere non-uniformities contribute to the
residual force enhancement in skeletal muscles.

Conclusions and Future Directions

Ever since the emergence of the cross-bridge theory, properties
of actively stretched muscles could not be predicted properly
(Huxley, 1957). Forces and energy consumption were much
too big compared to experimental results (Huxley, 1957), and
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FIGURE 7 | Force enhancement as a function of half-sarcomere length
non-uniformities. (A) Force enhancement as a function of A-band
displacements (equivalent to half sarcomere length non-uniformities) in single
sarcomere preparations, and (B) in single myofibril preparations with multiple
serial sarcomeres. Note that the small A-band shifts in the single sarcomere
and the single myofibril only explain approximately 7 and 18% of the total force
enhancement observed, assuming that the isometric reference contractions
have perfectly identical half- and sarcomere length. However, since the
isometric reference contractions have similar A-band shifts as the experimental
active stretch contractions, none of the enhanced forces seems explained by
stretch-induced half-sarcomere length non-uniformities from Rassier (2012)
with permission.

residual force enhancement could not be predicted conceptually,
as steady-state forces in the cross-bridge theory are independent
of the history of contraction (Huxley, 1957; Huxley and
Simmons, 1971; Walcott and Herzog, 2008). This shortcoming
of the cross-bridge theory had been addressed by assuming that
muscle segments (Hill, 1953) and sarcomeres (Morgan, 1990,
1994) were unstable on the descending limb of the force-length
relationship, and small perturbations would cause great non-
uniformities in sarcomere lengths. Active lengthening of muscles
(eccentric contraction) was thought to be such a perturbation.
It is interesting to note that the sarcomere length instability

and associated stretch-induced development of sarcomere length
non-uniformity theory has survived for such a long time, and
in many circles is still unquestionably accepted, despite lack of
direct evidence, and despite experimental results from the very
beginning that were not in agreement with the predictions of
the theory. For example, Abbott and Aubert (1952) had strong
evidence of force enhancement on the ascending and plateau
regions of the force-length relationship more than half a century
ago, predating the formulation of the cross-bridge theory itself.

The refinement of mechanical experiments on single
myofibrils (Bartoo et al, 1993; Rassier et al., 2003a; Joumaa
et al., 2008; Leonard et al., 2010; Leonard and Herzog, 2010)
and mechanically isolated sarcomeres (Leonard et al., 2010)
has allowed for direct testing of many of the predictions of the
sarcomere length non-uniformity theory. Among these rejected
predictions (see discussion above), the ones most damaging to
the non-uniformity thinking were the following:

1. The evidence that sarcomeres of vastly different length could
reside side by side on the descending limb of the force-length
relationship without appreciable length changes over periods
of 30s, thereby demonstrating stability;

2. That substantial force enhancement could occur in a single,
mechanically isolated sarcomere;

3. And that the enhanced forces in single sarcomeres could
exceed the purely isometric reference forces obtained at
optimal sarcomere length by a substantial amount.

There is no doubt that sarcomeres in the force enhanced state are
non-uniform. However, sarcomeres in muscles (Llewellyn et al.,
2008), fibers (Huxley and Peachey, 1961) and myofibrils (Rassier
et al., 2003a; Joumaa et al., 2008; Leonard and Herzog, 2010;
Leonard et al., 2010) are also non-uniform for purely isometric
contractions. Whether, or not these sarcomere length-non-
uniformities increase with stretching has not been systematically
elucidated, but pilot results, and isolated findings from unrelated
studies, suggest that, if anything at all, sarcomeres following
active muscle stretching are more stable (Edman et al., 1982) and
have equal or less sarcomere length-non-uniformity compared
to the corresponding isometric reference contractions (Joumaa
et al., 2008; Rassier, 2012).

From these results, and evidence in the literature, we propose
that sarcomere length non-uniformities are a normal associate
of muscle contraction on all structural levels. They are not
an occurrence exclusive to active muscle stretching (eccentric
contractions) on the descending limb of the force-length
relationship, and they are not a primary cause for the enhanced
forces observed in skeletal muscles after active stretching.

If not the development of stretch-induced sarcomere length
non-uniformities, how else can we explain residual force
enhancement? A little over a decade ago, we discovered the
existence of a passive component of residual force enhancement
(Herzog and Leonard, 2002). Evidence accumulated over the past
decade strongly suggests that the structural protein titin causes
this passive force enhancement (Herzog et al., 2006). The idea
was that titin, which acts as a molecular spring in the I-band
region of sarcomeres, alters its spring stiffness when a muscle is
activated. In principle, titin’s stiffness can be changed in two ways:
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(i) by changing its material properties, or (ii) by changing its free
spring length. Recent findings support the idea that both these
mechanisms are at work in actively stretched skeletal muscles

(Figure 8).

Titin is known to increase its stiffness upon muscle activation
by binding calcium to specialized sites (Labeit et al., 2003; Joumaa
et al., 2007). Labeit et al. (2003) identified the glutamate rich-
region of the so-called PEVK segment of titin as a binding site
for calcium, and Duvall et al. (2012) showed that calcium binds
to specific Immunoglobulin (Ig) domains of titin and by doing so
makes titin stiffer. There might be other calcium binding sites on

titin that have yet to be identified.

Titin is also thought to change its free spring length by
binding its proximal region to actin upon activation and muscle
force production. Leonard and Herzog (2010) demonstrated that
actively stretched sarcomeres and myofibrils produced about 3-4
times greater forces than passively stretched myofibrils in regions
where actin-myosin filament overlap had been lost, and thus
active forces were zero. Similarly, early findings on labeled titin

segments in myofibrils indicate that during passive stretching,
all I-band segments of titin elongate, as expected, while during
active stretching, some proximal segments in the I-band region
do not elongate, suggesting that they may be bound to a rigid
backbone, for example the actin filament. In mdm knockout mice,
where part of the N2A region of titin, thought to be critical for
attachment of titin to actin, is eliminated, the difference between
passive forces in actively and passively stretched myofibrils is
small (about 15%) and can readily be explained with calcium
binding to the titin segments identified above.

These results point to titin as a force regulating protein in
muscle contraction; specifically in eccentric contractions and
in the force enhanced state. Corresponding conceptual models
of such a three filament force regulating sarcomere (Figure 8)
have been discussed elsewhere in detail (Herzog et al., 2012a,b;
Herzog, 2014) and a corresponding mathematical model has been
developed and recently published (Schappacher-Tilp et al., 2015).

Independent of the ultimate explanation for residual force
enhancement in skeletal muscles, the proposed substitution of
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FIGURE 8 | (A) Titin-induced force enhancement: a half-sarcomere is
stretched passively (left) and actively (right). During passive stretching, titin
elongates according to its normal spring properties. During active
stretching, calcium binds to titin and titin’s proximal region binds to actin:
both of these events increase titin’s stiffness and thus its force when
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actively stretched compared to when passively stretched. (B) The effects
of activation on titin’s force (passive force) are illustrated schematically in
the force-length graph with a shift of the passive force to the left of the
sarcomere length scale, and an increase in stiffness at a given sarcomere
length.
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the two filament (actin and myosin) with a three filament (actin,
myosin, and titin) sarcomere model for force production has a
variety of advantages over the sarcomere length non-uniformity
theory, not the least of which is that it can explain all isometric
and concentric force properties of the traditional cross-bridge
model, but can also predict the increased force during eccentric
contractions, the efficiency of eccentric contractions and the
active and passive force enhancement following active muscle
stretching.

But not only that, the three filament model of muscle force
production has some intuitively appealing properties, including:

i. The passive structures of muscles are soft and compliant
when passively stretched but become hard and stiff during
active stretching, thus providing additional force at negligible
energetic cost.
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thereby providing a mechanism preventing damage in
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eliminated, all passive, and active force transmission across
sarcomeres is lost (Leonard and Herzog, 2010).
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Familial hypertrophic cardiomyopathy (HCM), due to point mutations in genes for
sarcomere proteins such as myosin, occurs in 1/500 people and is the most common
cause of sudden death in young individuals. Similar mutations in skeletal muscle, e.g.,
in the MYH7 gene for slow myosin found in both the cardiac ventricle and slow skeletal
muscle, may also cause severe disease but the severity and the morphological changes
are often different. In HCM, the modified protein function leads, over years to decades,
to secondary remodeling with substantial morphological changes, such as hypertrophy,
myofibrillar disarray, and extensive fibrosis associated with severe functional deterioration.
Despite intense studies, it is unclear how the moderate mutation-induced changes in
protein function cause the long-term effects. In hypertrophy of the heart due to pressure
overload (e.g., hypertension), mechanical stress in the myocyte is believed to be major
initiating stimulus for activation of relevant cell signaling cascades. Here it is considered
how expression of mutated proteins, such as myosin or regulatory proteins, could have
similar consequences through one or both of the following mechanisms: (1) contractile
instabilities within each sarcomere (with more than one stable velocity for a given load),
(2) different tension generating capacities of cells in series. These mechanisms would have
the potential to cause increased tension and/or stretch of certain cells during parts of the
cardiac cycle. Modeling studies are used to illustrate these ideas and experimental tests
are proposed. The applicability of similar ideas to skeletal muscle is also postulated, and

differences between heart and skeletal muscle are discussed.

Keywords: myopathy, striated muscle, force-velocity relationship, actomyosin, heart, skeletal muscle

INTRODUCTION
Hereditary heart diseases, cardiomyopathies, with mutations in
genes for key proteins in the muscle sarcomere (Figure 1) occur
in as many as 1/500 people and are the most common cause of
sudden death in young individuals (Harvey and Leinwand, 2011;
Teekakirikul et al., 2012). Some of the most commonly affected
proteins include ventricular f-myosin heavy chains, myosin bind-
ing protein C, troponin I, troponin T, tropomyosin, and myosin
regulatory light chains (Xu et al., 2010). While much attention has
been directed to sarcomere myopathies in the heart, the insight
into their genetic basis (Geisterfer-Lowrance et al., 1990) trig-
gered interest into related skeletal muscle diseases (Cuda et al,,
1993; Martinsson et al., 2000). The consequences of these skeletal
muscle sarcomere myopathies may be equally severe with, grave
disability, respiratory failure and death at a young age (Laing
and Nowak, 2005b; Laing, 2007; Ochala, 2008; Tajsharghi and
Oldfors, 2013). Interestingly, however, a large majority of the
myosin mutations that cause severe cardiomyopathy, only cause
mild skeletal muscle disease (Oldfors, 2007). Severe disease in
skeletal muscle is generally associated with mutations in thin fila-
ment proteins such as nebulin (not present in heart), actin, or the
regulatory troponin-tropomyosin complex (Ochala, 2008).
Importantly, both in heart and skeletal muscle, severe disease
often does not develop until adolescence or adulthood (Frey et al.,

2012). This offers a time window that should be useful for ther-
apeutic interventions. However, such options are currently ham-
pered by lack of insight into the mechanisms whereby the minor,
primary disturbances in the sarcomere proteins are transformed
into disease with appreciable morphological changes (Laing and
Nowak, 2005a; Ochala, 2008; Frey et al., 2012; Teekakirikul et al.,
2012). In the heart there is, for instance, severe hypertrophy
with increased wall thickness and cell volume (hypertrophic
cardiomyopathy-HCM) or dilation with elongated cells and larger
ventricular cavities (dilated cardiomyopathy-DCM). The changes
in HCM are associated with myofibrillar disarray and fibrosis
throughout the myocardium (Ashrafian et al., 2011; Frey et al,,
2012; Teekakirikul et al., 2012) but also with microvascular dis-
ease and defects in the mitral valves (Ashrafian et al., 2011). In
skeletal muscle, the picture in myopathies is diverse both clin-
ically and morphologically (Laing and Nowak, 2005a; Oldfors,
2007; Ochala, 2008; Marston et al., 2013; Tajsharghi and Oldfors,
2013). Here, the focus will be primarily on hereditary HCM
due to appreciably higher prevalence than hereditary DCM. The
developed ideas will also be considered in relation to hereditary
skeletal muscle diseases with mutations in sarcomeric proteins.
It is important to note that the term “HCM” will only refer to
hereditary disease. It is not used to denote acquired diseases asso-
ciated with cardiac hypertrophy, for example in pressure overload.
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FIGURE 1 | The sarcomere, the highly ordered functional unit of
striated muscle with key protein components schematically
illustrated. The resting length of the sarcomere is approximately 2.0 um in
the human heart and 2.5 um in human skeletal muscle.

One major reason why the mechanisms underlying HCM
and skeletal muscle myopathies remain elusive is the apprecia-
ble multidimensional complexity in spite of a simple primary
defect in the form of a point mutation. First of all, the time
dependent secondary changes most likely start already during
embryonic development (Olivotto et al., 2009). These changes
continue throughout life, while being modulated by a range of
environmental, genetic and epigenetic factors that may mod-
ify disease penetrance and where each is likely to vary with
time (Cooper et al, 2013). This time dependence and vari-
ability in clinical course has contributed to the difficulty of
obtaining a clear and comprehensive picture of the patho-
genesis even for a given point mutation. The picture is fur-
ther blurred by the additional dimension that the path from
a given isolated mutation to full-blown disease seems to vary
between humans and typical experimental animals, e.g., trans-
genic mice (Lowey et al., 2008, 2013; Spudich, 2014). Adding
further to the complexity, recent studies have also suggested
that the proportional expression of wild-type and mutated pro-
tein may vary between cells in the same individual (Kirschner
et al., 2005), and that there is allelic imbalances with differ-
ent proportional expression of the mutated protein in differ-
ent heterozygous individuals (Casadonte et al., 2006; Tripathi
et al., 2011; Di Domenico et al., 2012). Considering all the
above, it is not surprising that it is highly challenging to arrive
at a clear understanding of the pathogenesis of the sarcomere
myopathies. Indeed, there are even conflicting views on how a
given myosin mutation affects the actomyosin cross-bridge func-
tion and whether it leads to gain or loss of function (Wang
2003; Lowey et al., 2008, 2013; Sommese et al., 2013b)
(reviewed by Spudich, 2014). Part of the reason for the discrep-
ancies seems to be that a given myosin mutation has different
effects depending on the myosin isoform background, a prop-
erty that varies between species due to differences in dominant
ventricular isoform (Lowey et al., 2008, 2013). Recent insights
gained using expression of wild-type and mutated proteins from
both humans and key experimental animals seem to suggest
that there is a tendency (Kohler et al., 2003; Marston, 2011;
Teekakirikul et al., 2012; Bai et al., 2013; Spudich, 2014), although
with exceptions (Greenberg et al., 2010), for HCM mutations in

et al.,

myosin and regulatory proteins to cause increased rather than
reduced power output and/or increased rather than reduced
Ca-sensitivity. There is also some evidence for early hypercon-
tractility on the whole organ level (Teekakirikul et al., 2012)
although the evidence is not unequivocal (Witjas-Paalberends
et al., 2013). The association between increased diastolic pres-
sure (related to, so called, diastolic heart failure) in HCM and
an increased Ca-sensitivity (Ferrantini et al., 2009; Ashrafian
et al., 2011; Harvey and Leinwand, 2011; Marston, 2011; Frey
et al., 2012; Lovelock et al., 2012; Teekakirikul et al., 2012; Bai
et al., 2013; Memo and Marston, 2013; Witjas-Paalberends et al.,
2013; Sommese et al., 2013a; Spudich, 2014) seems to have
gained more general, although not universal (Kirschner et al.,
2005), acceptance. However, in this connection it should be men-
tioned that diastolic dysfunction can also be caused by changes
in titin function. This has been demonstrated in mouse models
where shortening of the titin spring region (Chung et al., 2013)
caused increased ventricular wall stiffness. Moreover, in clinical
studies (Borbely et al., 2009) hypophosphorylation of a specific
titin isoform increased resting tension with possible implications
for diastolic dysfunction in cardiomyocytes from failing human
myocardioum.

A majority of the secondary remodeling effects in heredi-
tary HCM are reminiscent of those in pressure overload such as
caused by hypertension and aortic stenosis. This includes hyper-
trophy and fibrosis as well as changes in gene expression profile
to a more fetal pattern (cf. Bernardo et al., 2010; Harvey and
Leinwand, 2011). A difference is the often more patchy and
regional appearance of the secondary changes in HCM due to sar-
comeric protein mutation. In cardiac hypertrophy due to pressure
overload, mechanical stimuli affecting the myocytes are believed
to be major initiators of changes in cell signaling that lead to
hypertrophy (Bernardo et al., 2010).

An important question that remains to be answered is why
similar signaling pathways as in pressure overload would be acti-
vated in HCM (Ferrantini et al., 2009; Olivotto et al., 2009;
Ashrafian et al., 2011; Harvey and Leinwand, 2011; Frey et al,,
2012; Moore et al.,, 2012; Teekakirikul et al., 2012). Here, I
hypothesize that the initiating stimuli in HCM are similar as in
pressure overload but more localized, i.e., they involve increased
mechanical stress that only affects a limited fraction of the car-
diomyocytes. I further use model studies for initial tests as to
whether this hypothesis is consistent with either or both of
the following ideas: (i) that altered kinetics of the actomyosin
interaction causes critical instabilities in the force-velocity (F-
V) relation at the sarcomere level (Julicher and Prost, 1995;
Vilfan et al., 1999; Mansson, 2010) and/or (ii) that certain cells
in the heart or segments of skeletal muscle fibers are stretched
during overall isometric/isovolumetric contraction due to non-
uniformity in force-generating capacity between cells (Kirschner
et al., 2005).

CELL SIGNALING AND PHENOTYPE IN PRESSURE

OVERLOAD AND IN HCM—SIMILARITIES AND DIFFERENCES
Stimulation of angiotensin II (AT-II) receptors appears to be
central in the signaling pathways that lead to hypertrophy, fibro-
sis etc. in HCM, as well as in pressure overload and, at least
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in, pressure overload, it seems clear that this signaling is initi-
ated by mechanical stress (Lijnen and Petrov, 1999; Lim et al,,
2001; Amedeo Modesti et al., 2002; Zou et al., 2004; Bernardo
et al., 2010; Ashrafian et al., 2011; Harvey and Leinwand, 2011;
Weeks and McMullen, 2011; Teekakirikul et al., 2012; Luo et al.,
2013). The down-stream effects are enhanced or complemented
by the action of noradrenaline and endothelin on other G-
protein coupled receptors and possibly by paracrine substances
released from non-cardiomyocyte cells (Teekakirikul et al., 2012;
Cilvik et al., 2013). These effects involve calcium dependent cal-
cium/calmodulin kinase and calcineurin as well as a range of
transcription factors ultimately leading to marked changes in pro-
tein expression (Bernardo et al., 2010; Harvey and Leinwand,
2011). Importantly, these pathologic pathways largely differ from
those in physiologic hypertrophy (“athletes heart”) which seem to
mainly involve activation of the Akt-mTOR pathway (Bernardo
et al., 2010; Weeks and McMullen, 2011).

The similarities in phenotype (hypertrophy associated with
fibrosis and similar changes in protein expression pattern)
between HCM and pressure overload as well as the involvement
of similar signaling systems in the two cases seems undisputed
on the basis of a survey of the literature. However, whereas the
mechanical stimulus that initiates such signaling seems quite
straightforward in pressure overload the initiating mechanism is
less evident in HCM. It has been suggested that reduced energy
efficiency of contraction is of importance in this regard but it is
not clear how (Jung et al., 1998; Sweeney et al., 1998; Crilley et al.,
2003; Frey et al., 2006; Luedde et al., 2009; Harvey and Leinwand,
2011; Marston, 2011; Frey et al., 2012; Teekakirikul et al., 2012).
Another possibility that has also been widely considered is that
disturbances in Ca-homeostasis, as a result of the mutations,
could be a triggering factor (Ferrantini et al., 2009; Ashrafian
et al., 2011; Harvey and Leinwand, 2011; Marston, 2011; Frey
etal., 2012; Teekakirikul et al., 2012). The latter disturbances may
be secondary to inefficient energy usage which may reduce cal-
cium pumping by the sarcoplasmic reticulum ATPase. They may
also be understood more directly for mutations that alter the Ca-
affinity of troponin (Marston, 2011) thereby not only affecting
the Ca-sensitivity of contraction but also changing the calcium
buffering capacity.

STATEMENT OF HYPOTHESIS

I propose here an alternative hypothesis with the aims of supple-
menting existing ideas (cf. above) and stimulating new experi-
ments and modeling studies. To the best of my knowledge this
hypothesis has not been considered previously, at least not explic-
itly, but it has been stimulated by recent findings (Kirschner et al.,
2005; Mansson, 2010) (see below for details).

I hypothesize that in HCM: (1) similar signaling pathways
(associated with AT-II) operate as in pressure overload, but less
homogeneously over the ventricular wall and (2) that the dom-
inant initiating stimulus that activates these pathways is similar
to that in pressure overload, i.e., increased cellular stress/stretch.
The major distinguishing feature, compared to pressure over-
load, is the idea that the mechanical effects act locally on sub-
populations of the cells, rather than globally on all ventricular
cells.

INITIATION OF PATHOLOGIC SIGNAL TRANSDUCTION IN
HCM

Two mechanisms are considered (see sub-sections below) that
may mediate mechanical initiation of pathologic signal transduc-
tion. The major components of the overall hypothesis and the two
mechanisms are summarized in Figure 2. The possible relation
to skeletal muscle myopathies is discussed in a separate section
at the end of the paper but is also considered briefly in other
sections.

INSTABILITY ON SARCOMERE LEVEL

Model studies (Julicher and Prost, 1995; Vilfan and Frey, 2005;
Mansson, 2010) have suggested that certain combinations of
parameter values that govern the actomyosin interactions may
produce mechanical instabilities. These are characterized by
anomalous load-velocity (F-V) relationships of the muscle with
more than one stable velocity for a given load. This is illustrated
in Figure 3 for a model similar to that in (Mansson, 2010). Here,
the black curve simulates a “normal” F-V relationship based on
the parameter values in Table S1 whereas the red curve simulates
a relationship with instability at loads close to the isometric (see
below and legend of Figure 3 for details).

As pointed out previously (Mansson, 2010), regions of posi-
tive or infinite derivative of velocity with respect to force dV/dF
(Figure 3) may be deleterious for normal muscle function with
unpredictable effects and potential difficulties of regulation. The
effect may be critical if sarcomeric units in series have different
force-generating capacity. This is observed physiologically (see
below) and it is proposed here, that the phenomenon is enhanced
in myopathies.

The normally low magnitude of the negative slope |dV/dF]
of the F-V relationship for lengthening and in the high-force
region for shortening is probably important in order to reduce
sarcomere-length redistribution during contractions where iso-
metric or almost isometric tension is developed (Edman et al.,
1997). This stabilizing effect follows from appreciable drop in
tension-generating capability with a small increase in shortening
velocity of the strongest fiber segments (the ones that shorten)
and a high increase in resistance to stretch of elongating segments.
Without such an inherent stabilization, the weakest segments
may become severely overstretched with potential damage to the
cell or strong local stimulation of hypertrophic signaling. The
latter would be expected because stretch of a weak cell during
activity will cause stretch of titin in this cell as well as high ten-
sion in the individual filaments and Z-lines, structures known
to be associated with tension-, and strain-sensing (Luther, 2009;
Linke and Kruger, 2010; Ottenheijm et al., 2011; Raskin et al.,
2012).

A recently reported loss of the Frank-Starling mechanism in
HCM (Sequeira et al., 2013) may also contribute to sarcomere
instability similar to that seen with an anomalous F-V rela-
tionship. Thus, in normal cardiac muscle, the Frank-Starling
mechanism immediately (Mateja and De Tombe, 2012) increases
Ca-sensitivity of contraction upon increased sarcomere length,
i.e., the strength of any weak segments that undergo stretch
is increased, counteracting excessive sarcomere redistributions.
It was suggested that the lost capacity to respond to increased
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FIGURE 2 | Major elements of proposed hypothesis for development of HCM and related diseases in skeletal muscle. The enhancement of certain
effects by specific elements is indicated by plus signs. Details are considered in the text.

filling pressure in HCM in the case of a blunted Frank-Starling
mechanism might, in itself, initiate compensatory hypertrophy
(Sequeira et al., 2013). On the other hand, the phenomenon
would clearly also contribute to the mechanism proposed here
and it may be important in pathogenesis if the Frank-Starling
mechanism is blunted not only in HCM patients but also in
healthy mutation carriers. As mentioned above, a range of
HCM mutations cause rather subtle changes in the kinetics and
mechanical properties of the actomyosin cross-bridges. In order
to investigate whether such effects may cause instabilities in
the F-V relationship, as described above, we performed a num-
ber of simulations using a model developed from recent work
(Albet-Torres et al., 2009; Mansson, 2010; Persson et al., 2013)
(Supporting Information). First, we found that isolated changes
in only a limited number of the parameter values (Tables S1, S2)
could reproduce instabilities in the F-V curve of the type illus-
trated in Figure 3, with only small simultaneous changes in
maximal tension and maximal velocity, typically seen in HCM.
Of particular interest in this connection was an isolated increase
(~40%) in cross-bridge stiffness that causes an anomalous F-
V relationship (red, Figure 3A) with regions of positive slope
and the mentioned type of instability with more than one sta-
ble velocity for a given load. This effect is due to the fact that
the cross-bridge, after attachment, has to overcome an increased
free-energy barrier (Figure S1), as result of increased stiffness, in
stretching the elastic element before entering into the main force-
generating state. This energy barrier is lowered by the reduced
cross-bridge strain during shortening which explains why force
can be as high or higher during slow shortening (red, Figure 3A)
than in isometric contraction.

NON-UNIFORMITY BETWEEN CARDIAC MUSCLE CELLS OR ALONG
SKELETAL MUSCLE FIBERS

Non-uniformity in strength of contraction between different car-
diac muscle cells in series or along a skeletal muscle fiber, for
whatever reason, will inevitably lead to shortening and elongation
of the strongest and weakest segments, respectively if the muscle
as a whole undergoes isometric contraction. The phenomenon
exists physiologically along skeletal muscle fibers where it has
been studied in appreciable detail (Gordon et al., 1966; Julian and
Morgan, 1979; Edman and Reggiani, 1984; Edman et al., 1985,
1988). It has also been studied in mammalian myofibrils from
heart and skeletal muscle (Stehle et al., 2002; Poggesi et al., 2005).
Furthermore, two populations of cells differing with respect to
certain contractile properties have been observed among porcine
cardiomyocytes (McDonald et al., 2012).

The non-uniformity in contractile properties between dif-
ferent cardiac myocytes and along a skeletal muscle fiber has
important physiological roles. This includes effects to speed up
relaxation after an isometric contraction (Edman and Flitney,
1982; Poggesi et al., 2005) and to contribute to some aspects of
the resistance to stretch (Campbell et al., 2011; Edman, 2012;
Rassier, 2012). However, excessive stretch of some muscle seg-
ments associated with non-uniformities may also be the basis of
cellular damage (Macpherson et al., 1997).

Interestingly, increased variability in calcium sensitivity
(reported as pCa) was observed (Kirschner et al., 2005) between
different skeletal muscle fibers of a given patient either affected
by an Arg723Gly, Arg719Trp, or an Ile736Thr mutation in the
pB-cardiac/slow myosin gene (MYH7). In the discussion they
(Kirschner et al., 2005) stated: “the variability in pCa(50) from
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FIGURE 3 | Simulated relationship between force and shortening
(positive) and lengthening velocity (negative). (A) Black symbols and
connecting lines: standard parameter values (Table S1; corresponding to
normal healthy fast skeletal muscle). Red symbols and connecting lines:
standard parameter values but cross-bridge stiffness increased by 40%
without further changes in parameter values. Inset: simulated force-velocity
data in the high force region shown in greater detail. (B) The force-velocity
relationship for the standard conditions in (A) re-plotted together with
simulated lengthening part of the relationship either assuming same
attachment rate as during shortening and isometric contraction (Equation
S4a; black symbols) or assuming increased attachment rate with increased
velocity of lengthening (Equation S4b; blue symbols). The latter data are
reasonably consistent with experimental data (Lombardi and Piazzesi, 1990)
whereas the former are not.

fiber to fiber is likely to cause imbalances in force generation and
be the primary cause for contractile dysfunction and development
of disarray in the myocardium.”

One factor contributing to non-uniform contractile prop-
erties between different muscle segments under physiological
conditions is differential expression of different myosin isoforms.
For instance, different myosin isoform composition has been
observed along the length of individual skeletal muscle fibers
associated with the protein expression control by different nuclei
of these multinuclear cells (Edman et al., 1988; Rosser and
Bandman, 2003).

Related to this observation, Kirschner et al. (2005) also con-
sidered whether the non-uniformities in pCa between cells may
be attributed to different content of mutated protein. Such effects
may occur in heterozygous individuals with HCM if there is dif-
ferent fractional expression of mutated and wild-type protein in
different cardiac cells or along a given skeletal muscle fiber (as
used by Kirschner et al., 2005). However, it is not straightforward
to reconcile the idea with findings (Fatkin et al., 1999; Ho et al,,
2000; Richard et al., 2000; Nanni et al., 2003) that patients and
experimental animals, who are homozygous for a given mutation,
exhibit a more severe phenotype than those who are heterozy-
gous. This finding suggests that the amount of mutated protein
per se, is the critical factor. This idea is also consistent with pos-
itive correlation (Casadonte et al., 2006; Tripathi et al., 2011; Di
Domenico et al., 2012) between the phenotype severity and the
fractional expression of mutated protein in heterozygous indi-
viduals, although other interpretations (Tripathi et al., 2011)
are possible. The increased severity with increased fraction of
mutated protein also seems to accord with recent findings that
RNA interference based inhibition of the expression of mutated
myosin prevents development of HCM upon just 25% reduction
in the level of the mutant transcripts (Jiang et al., 2013).

Of course, in spite of the above findings, one cannot exclude
the possibility that non-uniform expression of mutated and wild-
type myosin in different cells may affect disease severity in het-
erozygous individuals or that the pathogenic mechanisms differ
between the homozygous and heterozygous cases. However, if it
will be possible to conclusively demonstrate that the effect of non-
uniform expression is negligible and that it is the overall amount
of mutated protein that is important, the findings of Kirschner
et al. (Kirschner et al., 2005) of inter-cellular variability must be
explained by another mechanism. One may here consider overall
changes in cytoarchitecture that give variations in force between
cells or between cell segments, consistent with a developmental
origin (Olivotto et al., 2009). Another, basis for the effect may
be related to the myofibrillar disarray observed upon incorpo-
ration of myosin with HCM mutations into embryonic chicken
myocytes (Wang et al., 2003), or upon drug induced (instead
of mutation induced) modifications of contraction kinetics of
embryonic myocytes (Rodriguez et al., 2013). Similar myofibrillar
disarray in human cardiomyocytes during embryonic develop-
ment in the presence of HCM mutations may account for the vari-
ability if different cells or cell segments are affected by disarray to
different degree. Irrespective of the reason for variability between
cells, the weakest cells or cell segments will be stretched by the
remaining cells during isovolumetric/isometric contraction, an
effect that might be worsened by changes to the load-velocity rela-
tionship as indicated in Figure 3. Such stretch would be sensed by
tension-, and strain-sensing systems in the sarcomeres (Luther,
2009; Linke and Kruger, 2010; Ottenheijm et al., 2011) (see above)
and elsewhere, e.g., in the cell membrane (Bernardo et al., 2010)
with initiation of hypertrophic signaling. Areas with mechanical
non-uniformity and local activation of such signaling pathways
may then function as foci from which areas of hypertrophy, fibro-
sis and disarray on the myocyte level spread (Figure2). This
course of events is consistent with focal areas of abnormal strain
and fibrosis seen within the limited resolution of cardiac imag-
ing in patients with fully developed HCM (Nagakura et al., 2007;
Ghio et al., 2009; Maron et al., 2009). Of even greater interest,
regional and patchy irregularities in morphology (Germans et al.,
2006) (without hypertrophy) and ventricular wall strain during
both systole and diastole have also been observed (Cardim et al.,
2002; Yiu et al., 2012; Forsey et al., 2013) in mutation carriers.
These changes have particularly been seen in those regions of the
ventricle where hypertrophy and fibrosis is most severe late in the
course of the disease.

A simplified model (Supplementary Material) was used in
order to elucidate the effect of non-uniform contractile proper-
ties between cardiac myocytes (~100 wm long) in series or along
several cm long skeletal muscle fibers. Here we approximated
this complex arrangement by assuming that two sarcomeres with
different contractile properties act in series.

Figure 4 illustrates the effect of different force-generating
capacity of the two sarcomeres (corresponding to cells or cell-
segments) in series and the effect under these conditions of
instability in the F-V relationship (red symbols in Figure 3). In
Figure 4A, the tension and length changes of the two cells were
simulated assuming that one of the sarcomeres develops 30%
higher maximum force than the other, e.g., corresponding to
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FIGURE 4 | The effect of different force-generating capacity or calcium
sensitivity of two cells in series on simulated tension and length
response. (A) Effect of 30% higher maximum tension of one cell. Force
clamped to 70% of maximum isometric force of weaker cell. Full lines:
Force-velocity curve as black symbols in Figure 3. Dashed lines:
Force-velocity curve as red symbols in Figure 3. Blue: response of cell with
lowest tension-generating capacity. Red: response of strongest cell. Black
in length-time plot: sum of length change for both cells in series. (B) Similar
to (A), but only 10% higher maximum tension of one cell and force
clamped to 85% of maximum isometric force of weaker cell. Line formats
and color codes as in (A). Full calcium activation assumed from onset of
simulation. (C) Simulated time course including activation process with
higher calcium sensitivity of contractile system in one cell (red) but similar
maximum isometric tension in both cells. Line formats as in other panels.
(D) Dashed lines, same as dashed lines in (C). Dotted lines, same as in

(C) but velocity-dependent increase in attachment rate during stretch as
described in text.

more myofibrils in parallel or more correctly oriented myofibrils
on the cellular level. The results are shown for both cases with a
stable (black line in Figure 3) and instable (red line in Figure 3) F-
V relationship of both sarcomeres. In Figure 4B similar results are
shown as in Figure 4A but with only 10% higher force develop-
ment of one sarcomere compared to the other, and with clamping
of the force to 85% (instead of 70% in Figure 4A) of the maxi-
mum isometric force of the weakest sarcomere. It can be seen in
both Figures 4A,B that the stronger sarcomere shortens, stretch-
ing the sarcomere in series during the overall isometric phase of
contraction. It can also be seen that this effect is enhanced with
the anomalous F-V curve (red curve in Figure 3), particularly
when the load is clamped to the higher level and when the differ-
ence in maximum force-generating capacity is small (Figure 4B).

Effects of calcium-activation are included in the simulations
in Figure4C, for cases with a stable (black line in Figure 3)

and instable (red line in Figure 3) F-V relationship. As expected,
the sarcomere with highest calcium-sensitivity shortens during
the isometric phase (corresponding to isovolumetric phase in the
heart), stretching the sarcomere in series, in spite of the same
maximum isometric tension in the two sarcomeres. Here, the
instability of the F-V relationship only had a small enhancing
effect on the amount of stretch of the weak sarcomere during
the overall isometric phase of the contraction. This may be due
to reduced instability at low level of activation, due to assumed
calcium dependence of the attachment rate constant in these sim-
ulations. Importantly, not all models of activation include this
assumption (Cecchi et al., 1981).

In the simulations above, it was assumed that the rate of
myosin head attachment was not increased by stretch. If, instead,
the attachment rate was assumed to increase with lengthening
velocity, a type of effect found necessary in previous mod-
els (Lombardi and Piazzesi, 1990; Mansson, 2010) (see also
Figure 3), the sarcomere length redistribution was reduced in
amplitude as illustrated in Figure 4D.

IMPLICATIONS, LIMITATIONS, AND POTENTIALS OF MODEL
STUDIES

The present model-simulations merely aim to illustrate the type
of effects that may be seen due to sarcomere instabilities and non-
uniform contractile properties between myocardial cells, or along
a skeletal muscle fiber rather than simulating the exact behav-
ior of human muscle. This limitation in scope is largely due to
the limited availability of experimental data for full definition
of the models under physiological conditions. This particularly
applies to human cardiac muscle but also to an appreciable extent
to mammalians skeletal muscle (Supporting Information). Thus,
whereas model studies at present have certain limitations, on-
going developments are likely to increase their usefulness. In
particular, kinetic and elastic properties of both wild-type and
mutated cardiac myosins are in the process of being elucidated in
similar detail to fast skeletal muscle myosin (Deacon et al., 2012;
Bloemink et al., 2013; Sommese et al., 2013b). Similar develop-
ments are underway (Bai et al., 2013) for the contractile effects of
e.g., regulatory thin filament proteins.

Clearly, to refine the model in order to critically evaluate the
current idea that some sarcomeres are stretched by others, it will
be essential to increase of the understanding of the lengthening
part of the load-velocity relationship and establish whether car-
diomyopathy mutations might affect this part (cf. Figures 4C,D).

Better models based on more complete experimental data
should give further insights into the effect of the myopathy
mutations in otherwise normal cells, before they are affected by
remodeling. The models would allow extrapolation from single
molecule results to ensemble function and also allow the incor-
poration of effects on higher level of hierarchial organization than
that of sarcomeres and half-sarcomeres.

SUGGESTED EXPERIMENTAL TESTS

In studies of cardiomyopathies, using isolated proteins, limited
effort has, so far, been devoted to the detailed shape of the load-
velocity relationship for shortening as well as lengthening. Studies
of F-V data have mainly utilized semi-quantitative methods with
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so called loaded motility assays, where actin-binding proteins
impose a frictional load between the surface and actin filaments
(Bing et al., 2000; Sommese et al., 2013b). Whereas this technique
detects gross changes in maximum power output it seems less
likely that it will detect more subtle changes in shape of the force
velocity relationship such as exemplified in Figure 3. In order to
detect the types of instabilities considered here, high-resolution
studies will be required to obtain F-V data from small ensembles
of contractile proteins. The use of small ensembles is important
because the F-V relationship is a property of an ensemble of acto-
myosin motors (Huxley, 1957; Eisenberg and Hill, 1978; Vilfan
et al., 1999).

An interesting question, in terms of non-uniformities between
cardiomyocuytes, is whether there is allelic expression of myosin
so that some cells express the wild type and some the mutant
or whether there is variable expression of both within one cell
(Kirschner et al., 2005). However, whatever the cause of non-
uniformities between cells, it is clear from the simulations that
they would lead to increased lengthening of some cells and
shortening of others during overall isovolumetric/isometric con-
traction. One would thus expect increased non-uniformity in
strain during systole in the whole heart of healthy human muta-
tion carriers, (cf. Ghio et al., 2009). Further insight in this regard
relies on further improvements of methods for cardiac imaging.
Increased non-uniformity of sarcomere behavior during contrac-
tion should also be possible to detect in cardiac ventricular strips
from experimental animals and between segments along a skeletal
muscle fiber. Another interesting test would be if a given degree of
expression of a mutated myosin in e.g., a transfected embryonic
cardiomyocyte (Wang et al., 2003) leads to increased variability
in the degree of myofibrillar disarray indicating the possibility of
non-uniformities developing embryologically.

One may also consider attempts to probe how activation of sig-
nal transduction systems is spatially and temporally distributed
over the cardiac ventricle in experimental animals with HCM
causing mutations. Finally, it may be of interest to consider the
option to control the process in greater detail by actually induc-
ing local non-uniformities in contractile function in situ, perhaps
by localized adeno-associated virus (AAV) based transfection of
relevant genes. The animals should then be followed up with
regard to the presence of non-uniform contraction, localized
AT-II signaling and, finally, development of a HCM phenotype.

SKELETAL MUSCLE MYOPATHIES

Skeletal muscle sarcomere myopathies are due to mutations in
similar genes as cardiomyopathies but the mutations that pre-
dominantly cause severe disease differ. Whereas myosin and
myosin-binding protein C are mainly affected in HCM (see
above) it is mainly thin filament proteins such as nebulin
(not present in heart), actin, tropomyosin, troponin T and
troponin I that are affected in severe sarcomere myopathies
in skeletal muscle (Laing, 2007; Ochala, 2008). It is particu-
larly puzzling that that even malignant HCM-mutations e.g.,
in the MYH?7 gene, with modified ventricular B-myosin heavy
chain, identical to the slow skeletal muscle myosin heavy chain,
often give a mild skeletal muscle phenotype (Oldfors, 2007).
One may speculate about reasons for this, from differences

in signaling cascades that are activated by the mutation over
different loading conditions of the different muscles to dif-
ferent compensatory mechanisms, i.e., involving altered state
of phosphorylation of a range of regulatory proteins in the
heart and compensatory use of non-slow motor units in skele-
tal muscle. These are interesting questions that may teach us
lessons about the pathogenesis but they are not a major focus
here.

The most common among the rare skeletal muscle sarcomere
myopathies with bewildering morphological and clinical conse-
quences are denoted nemaline myopathy and distal arthrogrypo-
sis. These are caused by a range of mutations in the thin filament
proteins. The nemaline myopathies, in addition to being charac-
terized by specific morphological changes late in the course of the
disease, with so called nemaline bodies (Ochala, 2008), contain-
ing actin and sarcomere Z-line proteins seem to exhibit reduced
Ca-sensitivity and hypocontractility (Ochala, 2008; Ochala et al.,
2012; Memo and Marston, 2013). In contrast, distal arthrogry-
oposis is characterized by increased Ca-sensitivity and hyper-
contractility (Robinson et al., 2007; Ochala, 2008; Memo and
Marston, 2013), e.g., with contractures in distal muscles. For
other skeletal muscle diseases, the reader is referred to a num-
ber of comprehensive recent reviews (Laing and Nowak, 2005a;
Laing, 2007; Oldfors, 2007; Ochala, 2008; Wallgren-Pettersson
et al., 2011; Tajsharghi and Oldfors, 2013).

In spite of the differences from cardiomyopathies, I postulate
that the basic mechanisms for muscle destruction in several skele-
tal muscle diseases, caused by mutations in sarcomere proteins,
are similar to the hypertrophy response in heart, i.e., instabili-
ties on the sarcomere level and non-uniformities along the length
of the muscle. This is consistent with the fact that the results of
Kirschner et al. (2005), on basis of which they proposed that non-
uniformities are important in cardiomyopathies, were actually
derived using slow skeletal muscle preparations.

If there are increased differences in force-generating capability
along skeletal muscle fibers with sarcomere myopathy mutations
one would expect increased sarcomere re-distributions within the
fiber with the risk that some segments are overstretched (see
above for mechanisms). In skeletal muscle fibers it is also known
that stretch could stimulate hypertrophy (Roig et al., 2009). On
the other hand, extensive non-uniform stretch, possibly facilitated
by instabilities of the F-V relationship may lead to cell dam-
age. Indeed, cell damage, rather than hypertrophy may be even
more likely in skeletal muscle than in the heart as the Frank-
Starling mechanism, giving increased Ca-sensitivity with stretch,
may counteract the stretch in heart muscle but is not present in
skeletal muscle.

CONCLUSIONS

The present paper has analyzed a hypothesis according to which
the early compensatory changes in HCM occur due to local
stimulation of cell-signaling mechanisms similar to those in
pressure-overload. According to this hypothesis, locally increased
mechanical stress on the cardiomyocytes is of key importance as
an initiating factor and may be brought about by one or both of
two different mechanisms: (1) contractile instabilities within each
sarcomere (with more than one stable velocity for a given load)
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under certain loading conditions and (2) non-uniform mechan-
ical properties (strength) of different cells leading to a tendency
for inhomogeneous stretch of certain regions of the ventricle wall
during parts of the cardiac cycle.

One common denominator of the proposed mechanisms is
that they are not readily detected in studies using conventional
preparations such as isolated proteins or cells already affected
by secondary compensatory changes. What is required, in gen-
eral, are studies on higher organizational levels using cells,
tissues, whole hearts or sarcomere like ensembles that con-
tain mutated proteins but that are unaffected by compensatory
changes. Furthermore, for any form of mechanical studies to
detect the ensemble effects it will be critical to explore the range of
loads experienced during the cardiac cycle. The hypothesis, with
slight modifications, may also be relevant in the pathogenesis of
skeletal muscle myopathies.
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INTRODUCTION

Titin-based myofilament stiffness is largely modulated by phosphorylation of its elastic
I-band regions N2-Bus (decreases passive stiffness, PT) and PEVK (increases PT). Here,
we tested the hypothesis that acute exercise changes titin phosphorylation and modifies
myofilament stiffness. Adult rats were exercised on a treadmill for 15min, untrained
animals served as controls. Titin phosphorylation was determined by Western blot
analysis using phosphospecific antibodies to Ser4099 and Ser4010 in the N2-Bus region
(PKG and PKA-dependent. respectively), and to Ser11878 and Ser 12022 in the PEVK
region (PKCa and CaMKII3-dependent, respectively). Passive tension was determined
by step-wise stretching of isolated skinned cardiomyocytes to sarcomere length (SL)
ranging from 1.9 to 2.4um and showed a significantly increased PT from exercised
samples, compared to controls. In cardiac samples titin N2-Bus phosphorylation was
significantly decreased by 40% at Ser4099, however, no significant changes were
observed at Ser4010. PEVK phosphorylation at Ser11878 was significantly increased,
which is probably mediated by the observed exercise-induced increase in PKCa activity.
Interestingly, relative phosphorylation of Ser12022 was substantially decreased in the
exercised samples. Surprisingly, in skeletal samples from acutely exercised animals we
detected a significant decrease in PEVK phosphorylation at Ser11878 and an increase
in Ser12022 phosphorylation; however, PKCa activity remained unchanged. In summary,
our data show that a single exercise bout of 15 min affects titin domain phosphorylation
and titin-based myocyte stiffness with obviously divergent effects in cardiac and skeletal
muscle tissues. The observed changes in titin stiffness could play an important role in
adapting the passive and active properties of the myocardium and the skeletal muscle to
increased physical activity.

Keywords: passive tension, cardiac muscle, connectin, skeletal muscle, posttranslational modification, exercise

with ventricular function and it has been shown that increased

The beneficial effect of regular physical activity on the cardio-
vascular system has been generally accepted. Not only in healthy
humans, but particularly in the setting of cardiovascular diseases,
such as heart failure (HF), regular exercise training has been
shown to improve cardiac outcome (reviewed in Leosco et al.,
2013). HF or impaired cardiovascular reserves in aging subjects
are often associated with cardiac B-adrenergic receptor (8-AR)
dysfunction and over-activity of the sympathetic nervous system
(SNS) (Bristow et al., 1986). According to the current hypothe-
ses regular exercise at least partly restores the normal SNS activity
and thereby improves cardiac function (Leosco et al., 2013). In
aged subjects this exercise-induced improvement has been shown
to be mediated by an enhanced left ventricular inotropic response
to Ca?t (Ehsani et al., 1991; Spina et al., 1998).

Recent evidence suggests that changes in the passive titin-
based myofilament stiffness may also contribute to the beneficial
effects of physical training. Titin stiffness is closely associated

titin compliance improves diastolic function (reviewed in Linke
and Hamdani, 2014). In contrast, titin stiffening may support
the length-dependent activation involved in the Frank Starling
mechanism of the heart, which is responsible for the elevated car-
diac output in response to increased preload (Methawasin et al.,
2014).

The giant protein titin is expressed in all striated mus-
cles and is encoded by a single titin gene. Differential splicing
of this gene is the basis for numerous species- and muscle-
specific titin isoforms with molecular weights ranging from 3.0
to 3.7 MDa allowing the protein to span a half sarcomere from
the Z-disc to the M-line. Due to its gigantic size, its central
position in the sarcomere and its elastic I-band domains titin
is a scaffold protein important for sarcomere assembly, and
serves as a molecular spring that defines myofilament distensi-
bility (for review see Kriiger and Linke, 2011). Skeletal muscles
express an isoform type called N2A titin (3.3-3.7 MDa) with
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many muscle-specific splice variants (Freiburg et al., 2000; Prado
et al, 2005). In mammalian heart titin is expressed as two
main isoform types: the shorter and stiffer N2B isoform (3.0
MDa), and longer and more compliant N2BA isoforms (3.2—
3.7 MDa). Titin-based passive myofilament stiffness is largely
determined by the expression ratio of the N2BA and N2B titin
isoforms (Cazorla et al., 2000). In rat heart the short N2B
isoform predominates with approximately 90% of total titin,
whereas in healthy human heart the expression ratio is about
40% N2BA:60% N2B. In comparison, the different isoform com-
position results in stiffer myofilaments in rat hearts compared
to human hearts (Kriiger and Linke, 2011). More dynamically
titin stiffness is modulated via posttranslational modification
of the elastic I-band regions N2-B and PEVK. To date, more
than 28 phosphorylation sites within these regions have been
identified by in vitro kinase assays or mass spectrometry (Linke
and Hamdani, 2014). Among the characterized phosphorylation
motifs are Ser4010 (targeted by PKA and ERK1/2) and Ser4099
(targeted by PKG) in the N2-Bus (Kriiger et al., 2009; Raskin
et al.,, 2012), and Ser11878 and Ser12022 (targeted by PKCa and
CaMKII}) in the PEVK region (Hidalgo et al., 2009; Hamdani
et al.,, 2013). Importantly, phosphorylation of the cardiac spe-
cific N2-Bus by cAMP- and ¢cGMP-dependent protein kinases
PKA and PKG (Yamasaki et al., 2002; Kriiger and Linke, 2006;
Kriiger et al., 2009), and Ca”*/calmodulin-dependent protein
kinase IT 8 (CaMKII3) decreases titin-based passive myofilament
stiffness (Hamdani et al., 2013), whereas phosphorylation of the
PEVK domain by Ca?*-dependent protein kinase alpha (PKCa)
increases it (Hidalgo et al., 2009).

Changes in titin phosphorylation are a critical hallmark of
many cardiac diseases (Linke and Hamdani, 2014), and physi-
cal exercise is a promising tool to improve cardiac performance
(Brenner et al., 2001; Malfatto et al., 2009). This raises the
hypothesis that exercise might alter titin properties. In a recent
study performed on cardiac tissue from adult mice exercised
for a period of 3 weeks significant changes in the posttrans-
lational modification of the two titin domains N2-Bus and
PEVK (Hidalgo et al., 2014) were detected. These changes sug-
gest an exercise-induced increase in cardiac titin compliance,
which may help diastolic filling and thereby improve cardiac
output in the trained animals. In contrast, the changes in titin
modification detected in trained skeletal muscles suggest an
increase in titin stiffness, which may help to maintain the struc-
tural integrity of the exercised muscle tissue (Hidalgo et al.,
2014).

To understand titin’s posttranslational modifications induced
by exercise training, it is important to study titin properties
and biochemistry after acute exercise as a stimulus that activates
related signaling pathways. In our present study we therefore
investigated effects of a single acute exercise bout on posttrans-
lational modification of titin in cardiac as well as skeletal muscle,
and made a first attempt to relate the observed changes to altered
protein kinase activation. Our results indicate that acute exercise
has different effects on titin stiffness than regular exercise, as it
rapidly increases titin-based myofilament stiffness and may there-
fore support the positive inotropic response of the heart to the
elevated physical activity.

MATERIALS AND METHODS

ANIMALS AND EXERCISE REGIME

Rats were exercised as previously described (Hamann et al., 2013,
2014). Briefly, adult female Sprague Dawley rats were exercised
using a treadmill (20 m/min) for a single 15 min level running
bout. The group tested for eccentric downbhill exercise conducted
the running bout on a treadmill with an angle of —20°. All ani-
mals were euthanized directly after finishing the training bout.
The control groups were not exercised. Muscle samples were
dissected from the left ventricle of the heart and the Musculus
vastus lateralis (LAT). Samples were deep-frozen in liquid nitro-
gen immediately after preparation and stored at —80°C until
use. Previous tests from our group confirmed that this procedure
effectively preserves the phosphorylation status of titin. We tested
cardiac tissue samples from 6 control animals and 3 level running
animals of the exercised group. For the skeletal muscle samples,
10 control and 6 level running LAT tissue samples were obtained
from both groups. All animal experiments were in accordance
with the institutional and the national guidelines and regulations.
The experimental procedures were approved by the local animal
health and care unit.

ISOLATION OF RAT CARDIOMYOCYTES AND PASSIVE FORCE
MEASUREMENTS

For isolation of single rat cardiomyocytes, small samples (3—6 mg)
were obtained from the left ventricular muscle strips and trans-
ferred into relaxing solution (7.8 mM ATP, 20 mM creatine phos-
phate, 20 mM imidazole, 4 mM EGTA, 12 mM Mg-propionate,
97.6mM K-propionate, pH 7.0, freshly supplemented with
30 mM 2,3-butanedione monoxime (BDM), 1 mM dithiothreitol
(DTT), 1:100 Protease Inhibitor Cocktail (P8340, Sigma), and
1:200 Phosphatase Inhibitor Cocktail (P0044, Sigma). Samples
were then repeatedly homogenized with an ultrathurrax at
750 rpm. The myocyte suspension was then centrifuged with
1000 rpm for 3 min., resuspended and permeabilized for 3 min in
the relaxing solution additionally supplemented with 3% Triton-
X-100. Myocytes were washed in 3—5 centrifugation steps at 4°C
and 2000rpm using relaxing solution. After each centrifuga-
tion step the supernatant was discarded and the myocyte pellet
was resuspended in fresh relaxing solution without Triton-X-
100. The final myocyte suspension was kept on ice until further
experimental use.

For passive force measurements a few microliters of the car-
diomyocyte suspension were transferred to a cover slip mounted
on an inverse phase contrast microscope (Nicon eclipse Ti). One
single cell was selected and fixed between a piezoelectric motor
and a force transducer (403A, Aurora Scientific) both covered
with a mixture (ratio 2:1) of silicone glues (Dow Corning Glue
3140 and 3145-transparent). Cells were then stretched from slack
SL (average, 1.9 m) in five steps to a maximum sarcomere length
(SL) of 2.4 um. In between the stretches a 5s holding period
was performed to wait for stress relaxation. Following the last
stretch-hold, cardiomyocytes were released back to slack SL to
test for possible shifts of baseline force. During the stretch pro-
tocol SL was recorded using an IMPERX (CCD) camera (Aurora
Scientific). From the recordings we analyzed the force at the end
of each hold period (near steady-state force). Passive forces of
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each cell were calculated considering their individual length and
depth at initial SL before tightening.

SODIUM DODECYL SULFATE POLYACRYLAMIDE GEL
ELECTROPHORESIS (SDS-PAGE)

For titin analyses cardiac and skeletal muscle tissue was homog-
enized in modified Laemmli buffer (Warren et al., 2003) and
proteins were separated by agarose-strengthened 2.1% SDS PAGE
as previously described (Opitz et al., 2004; Kotter et al., 2013).
Similar protein concentrations were used for each sample and
protein bands were visualized by Coomassie stain. The gels were
scanned using a Fusion SOLO imager (Vilber) and analyzed
densitometrically with Multi Gauge V3.2 software. Average titin-
isoform composition was calculated from a minimum of n =3
bands per experimental condition. For PKCa expression level
analysis, tissue samples were homogenized in modified Laemmli
buffer. Standard 10 and 12.5% SDS-PAGE gels were performed
according to standard protocols (Kriiger et al., 2009).

WESTERN BLOT ANALYSIS AND PHOSPHOSPECIFIC ANTIBODIES
Titin isoforms were separated by agarose-strengthened 2.1% SDS-
PAGE, and were analyzed using two different protein concen-
trations (15 and 20 pg). Proteins were then transferred onto
a PVDF-membrane by semi-dry Western blot technique using
the Biorad turbo blot system (1.5A for 25min with 20V).
Transfer efficiency was checked using Coomassie-based PVDEF-
stain, and only membranes showing good transfer of titin were
used for further analysis. Titin phosphorylation status was tested
using phospho-site directed antibodies generated for pSer4010
(VRIEEGKpSLRFPC) and pSer4099 (QANLFpSEWLRNID) in
the titin N2-Bus region (peptide nomenclature refers to
human cardiac titin; UniProtKB: Q8WZ42), and pSer11878
(CEVVLKpSVLRKR) and pSer12022 (KLRPGpSGGEKP) in the
PEVK-region. Antibodies to pSer 4010, pSer4099, and Ser11878
had been generated by Eurogentech (Belgium) as previously
described (Kotter et al., 2013). Antibodies to pSer12022 were
kindly provided by Henk Granzier (University of Arizona)
(Hudson et al., 2011). Incubation of primary antibodies was per-
formed overnight at 4°C for primary and for 2 h at room temper-
ature for secondary antibodies. Goat anti-rabbit IgG conjugated
with horseradish peroxidase served as secondary antibody. Signal
intensity was analyzed densitometrically (Multi Gauge V3.2 and
Image]). To detect differences in titin phosphorylation levels we
determined, for each sample, the signal intensity of phospho-titin
and total-titin. The ratio of phospho:total titin was then used to
normalize the phosphorylation status of exercised heart samples
to that of untrained controls.

For phospho-PKCa and phospho-Phospholamban analysis,
proteins were separated by 10 and 15% SDS-PAGE. Similar
protein concentrations were used for each sample and a pre-
stained protein ladder (Page Ruler # 26616 from Thermo
Scientific) was used as a size standard. Proteins were then
transferred onto a PVDF-membrane by semi-dry Western blot
technique using the Biorad turbo blot system (1.3A for 7 min
with 20V). To determine the expression levels antibodies were
used against Phospho-PKCa (phospho-T497, Abcam), (Total-)
PKCu (Cell Signaling Technology) and Phospho-Phospholamban

(phospho-S16, Badrilla). Mouse and anti-rabbit IgG conjugated
with horseradish peroxidase served as secondary antibody. All
antibodies were diluted in standard TBST solution supplemented
with 0.5-3% BSA or 0.5-3% milk powder. Signal intensity
was analyzed densitometrically with ImageJ software. The sig-
nal intensity for phosphospecific PKCa or Phospholamban-signal
was related to the respective PKCo-total or GAPDH-signal.
Afterwards the ratio of phospho:total/ GAPDH was used to nor-
malize the status of phosphorylation of exercised muscle samples
to the control samples.

DATA ANALYSIS

Unpaired Student’s t-test and Mann-Whitney U-test was used
to test for statistically significant differences. P-values <0.05 and
Plexacty < 0.001 were taken as an indication of significant differ-
ences and, if not noted otherwise, are represented in figures by
asterisks.

RESULTS

EXERCISE ACUTELY CHANGES CARDIAC TITIN PHOSPHORYLATION

In order to characterize the effects of acute physical exercise on
cardiac passive myofilament stiffness we determined the I-band
phosphorylation status of titin using phosphosite-directed anti-
bodies to Ser4010 (PKA-targeted) and Ser4099 (PKG-targeted) in
the cardiac-specific N2-Bus region, and to Ser11878 and Ser12022
(PKCa and CaMKII3-targeted) in the ubiquitously expressed part
of the PEVK region.

As indicated by the large standard errors phosphorylation
of residue Ser4010 in the N2-Bus differed largely among the
analyzed exercise samples, and with a mean relative phospho-
rylation of 1.26 + 0.72 compared to the control group the
observed changes were not statistically significantly different
(Figure 1A). In contrast, relative phosphorylation of Ser4099
in the N2-Bus was significantly reduced in the cardiac tis-
sue of exercised animals to 0.59 £ 0.03 of the control levels
(Figure 1B).

We further tested for changes in phosphorylation at Ser11878
and Ser12022 in the PEVK region of titin. The Western blot anal-
yses demonstrated that relative phosphorylation of Ser11878 was
significantly increased in the exercised samples to 2.15 % 0.16
compared to control samples, whereas relative phosphorylation of
Ser12022 was significantly decreased to 0.62 % 0.04 of the control
levels (Figures 1C,D).

EXERCISE INCREASES PASSIVE CARDIAC MYOFILAMENT STIFFNESS
To determine the effects of altered titin phosphorylation on
the passive properties of the cardiac myofilaments we mechani-
cally isolated single cardiomyocytes and measured PT in relation
to SL. For this purpose, cardiomyocytes were stretched in five
steps to SLs ranging from 1.9 to 2.4um and passive forces
were recorded for each step. The results demonstrate that PT
was significantly higher in cardiomyocytes isolated from acutely
exercised animals, compared to controls (Figure2A). PT was
increased 2.78 + 0.35-fold at SL = 2.0 um, 1.91 + 0.10-fold
at SL = 2.2um, and 1.62 £ 0.17-fold at SL = 2.4um com-
pared to cardiomyocytes isolated from sedentary control animals
(Figure 2B).
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FIGURE 1 | Titin phosphorylation in cardiac tissue from exercised
(Exercised, n = 7) and sedentary (Control, n = 7) animals. Bar graphs
show statistical data from Western blot analysis using antibodies
recognizing (A) pSer4010, (B) pSer4099, (C) pSer11878, or (D) pSer12022.
Representative images of the Western blots are shown in the lower panel.
Graphs show mean + s.e.m. of a minimum of 3 individual experiments per
sample. Asterisks indicate statistically significant differences (P < 0.05 in
Student'’s t-test and Mann-Whitney U-test Pgxacr) = <0.001, n.s. not
significant).

EXERCISE ACUTELY MODIFIES SKELETAL TITIN PHOSPHORYLATION
We further investigated the effects of a single exercise bout on
skeletal titin phosphorylation by analyzing the relative phospho-
rylation of Ser11878 and Ser12022 in the PEVK region of titin
from the Musculus vastus lateralis (LAT). In order to determine
putative differences in the response to concentric and eccen-
tric exercise we analyzed LAT samples from animals after acute
level and downhill running, respectively. Interestingly, unlike in
cardiac tissue, Western blot analysis of the level-exercised skele-
tal muscles showed that the relative titin phosphorylation at
Ser11878 was significantly reduced to 0.13 + 0.02 compared
to sedentary controls (Figure3A). At the same time relative
phosphorylation of Ser12022 was significantly increased to 1.84
£ 0.06 of the control levels (Figure 3B). Similar results were
obtained from LAT muscles of downbhill-exercised animals, in
which relative titin phosphorylation at Ser11878 was also sig-
nificantly reduced to 0.21 £ 0.08 (Figure 3C), whereas relative
titin phosphorylation at Ser12022 was not significantly changed
(Figure 3D).

EXERCISE INCREASES PKCo: PHOSPHORYLATION AT THr497 IN
CARDIAC BUT NOT IN SKELETAL MUSCLE

It has previously been shown that threonine 497 (Thr497) is
a critical site for permissive activation of protein kinase Ca
(Cazaubon et al,, 1994). In a first attempt to investigate the
signaling cascades responsible for increased titin PEVK phospho-
rylation after acute exercise we tested for changes in PKCa activity
by determining the relative phosphorylation of Thr497 in cardiac
and skeletal samples from exercised and non-exercised animals.

In cardiac tissue relative Thr497 phosphorylation significantly
increased 3.23 + 0.43-fold in exercised animals compared to
sedentary controls (Figure 4A). To test for exercise-induced acti-
vation of PKA we determined the relative PKA-mediated phos-
phorylation of phospholamban (PLB) at position Serl6 using
Western blot, and thereby detected a significantly increased activ-
ity of PKA in the exercised samples compared to sedentary
controls (Figure 4B).

In skeletal muscle tissue relative phosphorylation of Thr497
was not significantly changed with a relative Thr497 phosphory-
lation of 1.29 4 0.10 in LAT muscles after level running exercise,
and 1.24 &£ 0.09 in LAT muscles after downhill exercise compared
to sedentary controls (Figures 4C,D).

DISCUSSION

In our present study we investigated the effects of an acute exercise
bout on titin-based myofilament stiffness in cardiac and skeletal
muscle tissue from adult rats. The main finding of our study is
the observation that in cardiac tissue 15 min. of treadmill run-
ning induces a significant increase in passive myocyte tension.
Western blot analyses of cardiac samples from acutely exercised
rats suggest that this increase is mainly caused by altered titin
modification. Our analysis revealed a significant decrease in the
relative phosphorylation of residue Ser4099 (PKG-targeted) in
the cardiac-specific N2-Bus region, and a significantly increased
phosphorylation of residue Ser11878 (PKCa-targeted) in the
PEVK-region of titin. Decreased N2-Bus phosphorylation as well
as increased PEVK phosphorylation have previously been shown
to increase titin-based myofilament stiffness (Hidalgo et al., 2009;
Kriiger et al., 2009; Kotter et al., 2013). The increased phosphory-
lation of Ser11878 in response to acute exercise is probably due
to a substantial activation of PKCa, indicated by an increased
phosphorylation of Thr497 in the activation loop of the kinase
(Cazaubon et al., 1994). In this respect, our findings are in accor-
dance with previous reports demonstrating that acute exercise
increased cardiac total phospho-PKC epsilon (pSer729), PKC
alpha (pSer657) and PKC delta (pThr507) levels (Carson and
Korzick, 2003). To date it has been demonstrated that PKCa tar-
gets the PEVK-region of titin at Ser11878 and Ser12022 (Hidalgo
et al., 2009). Interestingly, in the cardiac samples from exercised
animals we observed a significantly lower phosphorylation level
of Ser12022 compared to sedentary controls, which is in con-
trast to the concomitantly observed increase in PKCa activation.
However, previous studies suggested that based on differences
in the amino acid composition around the PKC phosphoryla-
tion motifs within the PEVK region PKCa has a lower affinity
to Ser12022 than to Ser11878 (Hidalgo et al., 2009). Since the
expression levels of PKCa were not changed within the 15 min.
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significant differences in passive tension at sarcomere lengths (SL) 2.0, 2.2,
and 2.4 um. Graphs show mean =+ s.e.m. of a minimum of 3 individual
experiments per sample. Asterisks indicate statistically significant differences
(*P < 0.05 in Student’s t-test and Mann-Whitney U-test Pgxact) = <0.001).

exercise bout the increased activity may be sufficient to increase
the phosphorylation status of the high-affinity site Ser11878, but
not that of the lower-affinity site Ser12022 (Hidalgo et al., 2014).

Importantly, Ser12022 has also been shown to be targeted
by CaMKII§, whereas CaMKII3-induced phosphorylation of
Ser11878 is still under debate (Hamdani et al., 2013; Hidalgo
etal., 2013). Hence, the adverse phosphorylation status of the two
phosphorylation sites in the PEVK-region may be caused by dif-
ferences in PKCa as well as CaMKII3 activity. Nonetheless, PT
of single cardiomyocytes was increased in acutely exercised com-
pared to sedentary animals. We therefore assume that the detected
decrease in Ser12022 phosphorylation seems to be overruled by
the altered titin modification at Ser11878 and at Ser4099 in the
N2-Bus region, which is targeted by PKG (Kotter et al., 2013). The
reduced phosphorylation of Ser4099 suggests an exercise-induced
decrease in ventricular PKG-activity. However, data on cardiac
PKG activity in response to acute exercise are not available to date.

It is generally accepted (in humans) that acute exercise is
accompanied by activation of the beta-adrenergic system, fol-
lowed by activation of cAMP-dependent protein kinase A (PKA)
(Chasiotis, 1983; Leosco et al., 2013). We therefore determined
titin phosphorylation at position Ser4010 in the N2-Bus, which
is targeted by PKA (Kotter et al., 2013). Interestingly, relative
phosphorylation of this site varied substantially among the ana-
lyzed samples and therefore remained statistically unchanged by
the 15 min. level exercise bout. To test for exercise-induced acti-
vation of PKA we determined the relative PKA-mediated phos-
phorylation of PLB at position Ser16, and thereby confirmed a
significantly increased activity of PKA in the exercised samples
compared to sedentary controls. Apparently, under the condi-
tions investigated in our study, this increase does not influence
phosphorylation of the PKA-sensitive site Ser4010.

Titin stiffness is closely associated with ventricular func-
tion and it is generally accepted that increased titin compliance

improves diastolic function (reviewed in Linke and Hamdani,
2014). However, increased titin stiffness may support the length-
dependent activation involved in the Frank Starling Mechanism
of cardiac muscle (Methawasin et al., 2014), and thus con-
tribute to improved cardiac output in response to acute exer-
cise. To address the question of titin’s phosphorylation state in
the heart after chronic training, Hidalgo et al. (2014) investi-
gated titin phosphorylation at Ser11878 and Ser12022 in ani-
mals trained for a period of 3 weeks and showed significantly
decreased Ser12022 phosphorylation, while the phosphorylation
of Ser11878 remained unchanged. Based on their results the
authors concluded that chronic exercise lowers titin-based stiff-
ness through altered PEVK phosphorylation at Ser12022 and
thus improve diastolic function of chronically trained hearts.
These data are in contrast to our findings, as we demonstrate
acute exercise to increase PEVK-Ser11878 phosphorylation, but
to lower PEVK-Ser12022 phosphorylation pointing to increased
titin stiffness. Overall, the present results and those from Hidalgo
et al. (2014) rise the hypothesis that acute and chronic exercise
interventions determine critically different titin phosphorylation
states and thus PT in cardiac muscles.

Beside cardiac titin regulation after acute exercise we also
focused on skeletal muscle titin regulation in dependence on
the primary muscle contraction mode (concentric vs. eccen-
tric). This question is of great interest, since mechanical strains
differ between concentric and eccentric muscle work with the
consequence of muscle damage specifically after eccentric mus-
cle contractions (Armstrong et al., 1983; Fridén et al., 1984;
Fridén and Lieber, 1992). In this context it is known that eccen-
tric exercise has no influence on titin isoform composition in
skeletal muscle (Ochi et al., 2007). But surprisingly and due to
its central role as an intrasarcomeric mechanosensor in skeletal
muscles (Ottenheijm et al., 2011), titin’s posttranslational modi-
fications in the PEVK region have never been studied after these
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FIGURE 3 | Exercise-induced changes in skeletal muscle (musculus
vastus lateralis) titin phosphorylation. Bar graphs show statistical data
from Western blot analysis from level exercised (Exercised, level running,
n = 7) and sedentary (Control, n = 7) animals using antibodies recognizing
(A) pSer11878 or (B) pSer12022 and from downhill exercised (Exercised,
downhill running, n = 5) and sedentary (Control, n = 5) animals using
antibodies recognizing (C) pSer11878 or (D) pSer12022 in the PEVK region
of titin. Bar graphs show mean =+ s.e.m. of a minimum of 3 individual
experiments per sample. Asterisks indicate statistically significant
differences (*P < 0.05 in Student’s t-test and Mann-Whitney U-test Piexact)
= <0.001).

two dominant contraction modes. Therefore, we addressed this
question and found that both acute concentric and acute eccentric
muscle contractions induce similar titin posttranslational modifi-
cations, specifically decreased Ser11878 levels in the PEVK region.
PKCa activation at Thr497 was unchanged in both concentri-
cally and eccentrically exercised animals compared to sedentary
controls. This finding is in contrast to previous reports demon-
strating that in skeletal muscle acute exercise bouts increase PKC
activity within few minutes after onset of exercise (Rose et al.,
2004). However, like in cardiac titin, Ser12022 in skeletal mus-
cle can be phosphorylated also by CaMKIIS, whose activity had
previously been demonstrated to be increased in skeletal mus-
cles upon acute exercise (Rose and Hargreaves, 2003). Therefore,
the substantial increase in skeletal muscle titin phosphorylation
at Ser12022 after acute running could possibly arise from altered
CaMKII3 activity in the LAT samples. We presume that compared

Control  Exercised Control  Exercised

PKCa pThr497

PKCa pThr497

PKCa Toa E

FIGURE 4 | Exercise-induced changes in kinase activity. Relative
phosphorylation of (A) PKCa at Thr497 and (B) of the PKA-target
phospholamban (pPLB S16) in cardiac muscle tissue from sedentary
(control) and exercised (exercised) animals. Relative phosphorylation of
PKCa at Thr497 in skeletal LAT muscle tissue from animals after (C) level
exercise (level running) and (D) eccentric downhill exercise (downhill
running) compared to sedentary controls (control). Bar graphs show mean
+ s.e.m. of a minimum of 3 individual experiments, representative images
of the Western blots are shown in the lower panel. Asterisks indicate
statistically significant differences (*P < 0.05 in Student’s t-test and
Mann-Whitney U-test Plexacy = <0.001, n.s., not significant).

to cardiac tissue the reduced relative phosphorylation of one
serine residue (here Ser11878) is likely overruled by the substan-
tial increase in the relative phosphorylation of another serine
residue (here Ser12022), and will result in an overall increase in
titin-based myofilament stiffness of exercised skeletal muscle tis-
sue. It was surprising to find that, although they induce divergent
mechanical strains, acute concentric and eccentric muscle con-
tractions induce similar titin phosphorylation pattern. These data
underline that central signaling pathways, such as PKCa, may
similarly be regulated by both contraction modes.

An interesting and central finding of our study is that acute
exercise induces divergent titin posttranslational modification
patterns in cardiac and skeletal muscle tissues. While acute
exercise increases titin PEVK phosphorylation at Ser11878 in
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cardiac muscle, the same intervention results in decreased titin
PEVK Ser11878 phosphorylation in skeletal muscle. Opposite
effects in cardiac and skeletal muscle could also be detected for
titin PEVK Ser12022 phosphorylation. This result could indicate
that cardiac and skeletal muscles sense exercise-induced mechan-
ical stress by means of intrasarcomeric proteins, e.g., titin, in a
different manner. Our data provide the first direct comparison
between cardiac and skeletal muscle titin phosphorylation after
a single exercise stimulation. Nonetheless these finding has to
be proven by further studies to get a clear picture about titin’s
regulation in different striated muscle tissues.

We conclude from these observations that acute exercise results
in stiffer cardiomyocytes accompanied by increased titin PEVK
phosphorylation. For skeletal muscle we postulate that the low-
ered PEVK phosphorylation leads to a decrease in titin based
stiffness. According to this hypothesis, acute exercise induces
divergent effects on titin posttranslational modifications and thus
myocytes mechanical properties. Considering that the titin spring
is a central regulator of the A-band position in the contracting sar-
comere, the observed differences in titin stiffness between cardiac
and skeletal muscles could be important to maintain their struc-
tural integrity, especially of the acutely exercised skeletal muscles
For cardiac muscle, our data lead to the assumption that a single
exercise bout induces rapid changes in titin-based myofilament
stiffness, which may help to improve cardiac output by support-
ing the Frank-Starling mechanism, possibly crucial for cardiac
functions during exercising conditions.

ACKNOWLEDGMENTS

The authors thank Sabine Bongardt for her excellent tech-
nical assistance. This work was supported by the Deutsche
Forschungsgemeinschaft (DFG) (Kr 3409/5-1 to Martina
Kriiger), and by the research committee of the Medical Faculty
of the University of Diisseldorf (grant no. 9772494 to Martina
Kriiger, and student fellowship to Philipp Lassak).

REFERENCES

Armstrong, R. B., Ogilvie, R. W., and Schwane, J. A. (1983). Eccentric exercise-
induced injury to rat skeletal muscle. J. Appl. Physiol. Respir. Environ. Exerc.
Physiol. 54, 80-93.

Brenner, D. A., Apstein, C. S., and Saupe, K. W. (2001). Exercise training attenu-
ates age-associated diastolic dysfunction in rats. Circulation 104, 221-226. doi:
10.1161/01.CIR.104.2.221

Bristow, M. R., Ginsberg, R., Umans, V., Fowler, M., Minobe, W., Rasmussen, R.,
etal. (1986). B1- and B2-Adrenergic receptor subpopulations in nonfailing and
failing human ventricular myocardium: coupling of both receptor subtypes to
muscle contraction and selective bl receptor down-regulation in heart failure.
Circ. Res. 59, 297-309. doi: 10.1161/01.RES.59.3.297

Carson, L. D., and Korzick, D. H. (2003). Dose-dependent effects of acute exercise
on PKC levels in rat heart: is PKC the heart’s prophylactic? Acta Physiol. Scand.
178, 97-106. doi: 10.1046/j.1365-201X.2003.01131.x

Cazaubon, S., Bornancin, F,, and Parker, P. J. (1994). Threonine-497 is a critical site
for permissive activation of protein kinase C alpha. Biochem. J. 301, 443-448.

Cazorla, O., Freiburg, A., Helmes, M., Centner, T., McNabb, M., Wu, Y., et al.
(2000). Differential expression of cardiac titin isoforms and modulation of
cellular stiffness. Circ. Res. 86, 59—-67. doi: 10.1161/01.RES.86.1.59

Chasiotis, D. (1983). The regulation of glycogen phosphorylase and glycogen
breakdown in human skeletal muscle. Acta Physiol. Scand. Suppl. 518, 1-68.

Ehsani, A. A., Ogawa, T., Miller, T. R., Spina, R. ], and Jilka, S. M. (1991). Exercise
training improves left ventricular systolic function in older men. Circulation 83,
96-103. doi: 10.1161/01.CIR.83.1.96

Freiburg, A., Trombitas, K., Hell, W., Cazorla, O., Fougerousse, E, Centner, T,, et al.
(2000). Series of exon-skipping events in the elastic spring region of titin as the
structural basis for myofibrillar elastic diversity. Circ. Res. 86, 1114-1121. doi:
10.1161/01.RES.86.11.1114

Fridén, J., Kjorell, U., and Thornell, L.-E. (1984). Delayed muscle soreness and
cytoskeletal alterations. An immunocytological study in man. Int. J. Sports Med.
5, 15-18. doi: 10.1055/s-2008-1025873

Fridén, J., and Lieber, R. L. (1992). The structural and mechanical basis of exercise-
induced muscle injury Med. Sci. Sport Exerc. 24, 521-530.

Hamann, N., Zaucke, F, Dayakli, M., Briiggemann, G. P, and Nichoff, A.
(2013). Growth-related structural, biochemical, and mechanical properties of
the functional bone-cartilage unit. J. Anat. 222, 248-259. doi: 10.1111/joa.
12003

Hamann, N., Zaucke, F, Heilig, J., Oberlinder, K. D., Briiggemann, G. P, and
Niehoff, A. (2014). Effect of different running modes on the morphological,
biochemical, and mechanical properties of articular cartilage. Scand. J. Med. Sci.
Sports 24, 179-188. doi: 10.1111/§.1600-0838.2012.01513.x

Hamdani, N., Krysiak, J., Kreusser, M. M., Neef, S., Dos Remedios, C. G., Maier, L.
S., etal. (2013). Crucial role for Ca2(+)/calmodulindependent protein kinase-II
in regulating diastolic stress of normal and failing hearts via titin phosphoryla-
tion. Circ. Res. 112, 664-674. doi: 10.1161/CIRCRESAHA.111.300105

Hidalgo, C. G., Chung, C. S., Saripalli, C., Methawasin, M., Hutchinson, K. R,
Tsaprailis, G., et al. (2013). The multifunctional Ca(2+)/calmodulindependent
protein kinase II delta (CaMKII3) phosphorylates cardiac titin’s spring ele-
ments. J. Mol. Cell. Cardiol. 54, 90-97. doi: 10.1016/j.yjmcc.2012.11.012

Hidalgo, C., Hudson, B., Bogomolovas, J., Zhu, Y., Anderson, B., Greaser, M.,
et al. (2009). PKC phosphorylation of titin’s PEVK element: a novel and con-
served pathway for modulating myocardial stiffness. Circ. Res. 105, 631-638.
doi: 10.1161/CIRCRESAHA.109.198465

Hidalgo, C., Saripalli, C., and Granzier, H. L. (2014). Effect of exercise training on
post-translational and post-transcriptional regulation of titin stiffness in stri-
ated muscle of wild type and IG KO mice. Arch. Biochem. Biophys. 552, 553,
100-107. doi: 10.1016/j.abb.2014.02.010

Hudson, B., Hidalgo, C., Saripalli C. and Granzier, H. (2011).
Hyperphosphorylation of mouse cardiac titin contributes to transverse
aortic constriction-induced diastolic dysfunction. Circ. Res. 109, 858-866. doi:
10.1161/CIRCRESAHA.111.246819

Kotter, S., Gout, L., von Frieling-Salewsky, M., Miiller, A. E., Helling, S., Marcus,
K., et al. (2013). Differential changes in titin domain phosphorylation increase
myofilament stiffness in failing human hearts. Cardiovasc. Res. 99, 684—656. doi:
10.1093/cvr/cvt144

Kriiger, M., Kétter, S., Griitzner, A., Lang, P., Andresen, C., Redfield, M. M.,
et al. (2009). Protein kinase G modulates human myocardial passive stiff-
ness by phosphorylation of the titin springs. Circ. Res. 104, 87-94. doi:
10.1161/CIRCRESAHA.108.184408

Kriiger, M., and Linke, W. A. (2006). Protein kinase-A phosphorylates titin in
human heart muscle and reduces myofibrillar passive tension. J. Muscle Res. Cell
Motil. 27, 435-444. doi: 10.1007/s10974-006-9090-5

Kriiger, M., and Linke, W. A. (2011). The giant protein titin: a regulatory node
that integrates myocyte signalling pathways. J. Biol. Chem. 286, 9905-9912. doi:
10.1074/jbc.R110.173260

Leosco, D., Parisi, V., Femminella, G. D., Formisano, R., Petraglia, L., Allocca, E.,
et al. (2013). Effects of exercise training on cardiovascular adrenergic system.
Front. Physiol. 4:348. doi: 10.3389/fphys.2013.00348

Linke, W. A., and Hamdani, N. (2014). Gigantic business: titin properties
and function through thick and thin. Circ. Res. 114, 1052-1068. doi:
10.1161/CIRCRESAHA.114.301286

Malfatto, G., Branzi, G., Osculati, G., Valli, P., Cuoccio, P., Ciambellotti, E, et al.
(2009). Improvement in left ventricular diastolic stiffness induced by physical
training in patients with dilated cardiomyopathy. J. Card. Fail. 15, 327-333. doi:
10.1016/j.cardfail.2008.10.032

Methawasin, M., Hutchinson, K. R., Lee, E. J., Smith, J. E. 3rd., Saripalli,
C., Hidalgo, C. G., et al. (2014). Experimentally increasing titin compli-
ance in a novel mouse model attenuates the frank-starling mechanism
but has a beneficial effect on diastole. Circulation 129, 1924-1936. doi:
10.1161/CIRCULATIONAHA.113.005610

Ochi, E., Nakazato, K., and Ishii, N. (2007). Effects of eccentric exercise on joint
stiffness and muscle connectin (titin) isoform in the rat hindlimb. J. Physiol.
Sci. 57, 1-6. doi: 10.2170/physiolsci. RP008806

www.frontiersin.org

November 2014 | Volume 5 | Article 449 | 32


http://www.frontiersin.org
http://www.frontiersin.org/Striated_Muscle_Physiology/archive

Miller et al.

Titin modification after acute exercise

Opitz, C. A., Leake, M. C., Makarenko, I., Benes, V., and Linke, W. A.
(2004). Developmentally regulated switching of titin size alters myofib-
rillar stiffness in the perinatal heart. Circ. Res. 94, 967-975. doi:
10.1161/01.RES.0000124301.48193.E1

Ottenheijm, C. A., van Hees, H. W., Heunks, L. M., and Granzier, H. (2011).
Titin-based mechanosensing and signaling: role in diaphragm atrophy dur-
ing unloading? Am. J. Physiol. Lung Cell. Mol. Physiol. 300, L161-L166. doi:
10.1152/jplung.00288.2010

Prado, L. G., Makarenko, ., Andresen, C., Kriiger, M., Opitz, C. A., and Linke, W.
A. (2005). Isoform diversity of giant proteins in relation to passive and active
contractile properties of rabbit skeletal muscles. J. Gen. Physiol. 126, 461-480.
doi: 10.1085/jgp.200509364

Raskin, A., Lange, S., Banares, K., Lyon, R. C., Zieseniss, A., Lee, L. K,, et al.
(2012). A novel mechanism involving four-and-a-half LIM domain protein-1
and extracellular signal-regulated kinase-2 regulates titin phosphorylation and
mechanics. J. Biol. Chem. 287, 29273-29284. doi: 10.1074/jbc.M112.372839

Rose, A. J., and Hargreaves, M. (2003). Exercise increases Ca2+—calmodulin-
dependent protein kinase II activity in human skeletal muscle. J. Physiol. 553,
303-309. doi: 10.1113/jphysiol.2003.054171

Rose, A. J., Michell, B. J., Kemp, B. E., and Hargreaves, M. (2004). Effect of exercise
on protein kinase C activity and localization in human skeletal muscle. J. Physiol.
561, 861-870 doi: 10.1113/jphysiol.2004.075549

Spina, R. J., Turner,M. J., and Ehsani, A. A. (1998). Beta-adrenergic-mediated
improvement in left ventricular function by exercise training in older men. Am.
J. Physiol. 274, H397-H404.

Warren, C. M., Jordan, M. C., Roos, K. P,, Krzesinski, P. R., and Greaser, M.
L. (2003). Titin isoform expression in normal and hypertensive myocardium.
Cardiovasc. Res. 59, 86—94. doi: 10.1016/S0008-6363(03)00328-6

Yamasaki, R., Wu, Y., McNabb, M., Greaser, M., Labeit, S., Granzier, H., et al.
(2002). Protein kinase A phosphorylates titin’s cardiac-specific N2B domain
and reduces passive tension in rat cardiac myocytes. Circ. Res. 90, 1181-1188.
doi: 10.1161/01.RES.0000021115.24712.99

Conflict of Interest Statement: The authors declare that the research was con-
ducted in the absence of any commercial or financial relationships that could be
construed as a potential conflict of interest.

Received: 20 June 2014; paper pending published: 20 July 2014; accepted: 03 November
2014; published online: 20 November 2014.

Citation: Miiller AE, Kreiner M, Kotter S, Lassak P, Bloch W, Suhr F and Kriiger M
(2014) Acute exercise modifies titin phosphorylation and increases cardiac myofila-
ment stiffness. Front. Physiol. 5:449. doi: 10.3389/fphys.2014.00449

This article was submitted to Striated Muscle Physiology, a section of the journal
Frontiers in Physiology.

Copyright © 2014 Miiller, Kreiner, Kétter, Lassak, Bloch, Suhr and Kriiger. This is an
open-access article distributed under the terms of the Creative Commons Attribution
License (CC BY). The use, distribution or reproduction in other forums is permitted,
provided the original author(s) or licensor are credited and that the original publica-
tion in this journal is cited, in accordance with accepted academic practice. No use,
distribution or reproduction is permitted which does not comply with these terms.

Frontiers in Physiology | Striated Muscle Physiology

November 2014 | Volume 5 | Article 449 | 33


http://dx.doi.org/10.3389/fphys.2014.00449
http://dx.doi.org/10.3389/fphys.2014.00449
http://dx.doi.org/10.3389/fphys.2014.00449
http://creativecommons.org/licenses/by/4.0/
http://creativecommons.org/licenses/by/4.0/
http://creativecommons.org/licenses/by/4.0/
http://creativecommons.org/licenses/by/4.0/
http://creativecommons.org/licenses/by/4.0/
http://www.frontiersin.org/Striated_Muscle_Physiology
http://www.frontiersin.org/Striated_Muscle_Physiology
http://www.frontiersin.org/Striated_Muscle_Physiology/archive

frontiers in
PHYSIOLOGY

ORIGINAL RESEARCH ARTICLE
published: 02 December 2014
doi: 10.3389/fphys.2014.00461

=

Length-dependent changes in contractile dynamics are
blunted due to cardiac myosin binding protein-C ablation

Ranganath Mamidi, Kenneth S. Gresham and Julian E. Stelzer *

Department of Physiology and Biophysics, School of Medicine, Case Western Reserve University, Cleveland, OH, USA

Edited by:
Julien Ochala, King's College
London, UK

Reviewed by:

Corrado Poggesi, University of
Florence, Italy

Brett Colson, University of
Minnesota, USA

*Correspondence:

Julian E. Stelzer, Department of
Physiology and Biophysics, School
of Medicine, Case Western Reserve
University, 2109 Adelbert Rd,
Robbins E522, Cleveland, OH
44106, USA

e-mail: julian.stelzer@case.edu

INTRODUCTION

Enhanced cardiac contractile function with increased sarcomere length (SL) is, in part,
mediated by a decrease in the radial distance between myosin heads and actin. The
radial disposition of myosin heads relative to actin is modulated by cardiac myosin binding
protein-C (cMyBP-C), suggesting that cMyBP-C contributes to the length-dependent
activation (LDA) in the myocardium. However, the precise roles of cMyBP-C in modulating
cardiac LDA are unclear. To determine the impact of cMyBP-C on LDA, we measured
isometric force, myofilament Ca?*t-sensitivity (pCasp) and length-dependent changes in
kinetic parameters of cross-bridge (XB) relaxation (k.), and recruitment (kqs) due to
rapid stretch, as well as the rate of force redevelopment (k) in response to a large
slack-restretch maneuver in skinned ventricular multicellular preparations isolated from
the hearts of wild-type (WT) and cMyBP-C knockout (KO) mice, at SU's 1.9 um or 2.1 um.
Our results show that maximal force was not significantly different between KO and
WT preparations but length-dependent increase in pCagg was attenuated in the KO
preparations. pCasg was not significantly different between WT and KO preparations at
long SL (6.82 £+ 0.02 in WT vs. 5.87 £ 0.02 in KO), whereas pCasp was significantly
different between WT and KO preparations at short SL (5.71 £ 0.02 in WT vs. 5.80 +
0.01 in KO; p < 0.05). The ky, measured at half-maximal CaZ*-activation, was significantly
accelerated at short SL in WT preparations (8.74 &+ 0.56 s~ at 1.9um vs. 5.71 £ 0.40
s~! at 2.1um, p < 0.05). Furthermore, k. and kg were accelerated by 32% and 50%,
respectively at short SL in WT preparations. In contrast, ki was not altered by changes in
SL in KO preparations (8.03 + 0.54 s~ at 1.9 wm vs. 8.90 &+ 0.37 s~ " at 2.1 wm). Similarly,
KO preparations did not exhibit length-dependent changes in k. and kgs. Collectively, our
data implicate cMyBP-C as an important regulator of LDA via its impact on dynamic XB
behavior due to changes in SL.

Keywords: cMyBP-C, length-dependent activation, sarcomere length, myofilament function, cross-bridge kinetics

sites are bound with Ca?* and the increased affinity of TnC to

Length-dependent activation (LDA) is the mechanism by which
force production in the heart becomes more sensitive to Ca>*
as the sarcomere length (SL) is increased (Allen and Kentish,
1985). Although it is well recognized that LDA underlies the
Frank-Starling’s Law of the heart, the cellular and molecular
mechanisms that modulate this process are still poorly under-
stood mainly because LDA involves a dynamic and complex
interplay between a multitude of thick- and thin-filament-based
mechanisms (De Tombe et al., 2010). The thick-filament-based
mechanisms involve augmentation of strong crossbridge (XB)
formation followed by enhancement in the myofilament Ca?"
sensitivity upon a reduction in the myofilament lattice spacing
and the radial distance between the thick and thin filaments
at long SL (Fuchs and Smith, 2001). The strongly-bound XBs
then cooperatively recruit additional near-neighbor XBs into the
force-bearing state (Gordon et al., 2000; Regnier et al., 2004).
The thin-filament-based mechanisms involve an increased affin-
ity of troponin C (TnC) to Ca?>* when the neighboring TnC

Ca®* is also a result of a positive feedback effect of the strongly-
bound XBs (Hannon et al., 1992; Moss et al., 2004; Li et al.,
2014). Furthermore, the cooperative effect between neighbor-
ing troponin-tropomyosin (Tn-Tm) complexes also impacts the
Ca’* binding properties of the thin-filament (Butters et al., 1997;
Farman et al., 2010) and thus influence the LDA in cardiac muscle
(for details on LDA refer to reviews by Konhilas et al., 2002; Hanft
et al., 2008; De Tombe et al., 2010; Campbell, 2011).

Earlier investigations have proposed that LDA in cardiac mus-
cle is influenced by various sarcomeric proteins such as TnC
(Gulati et al., 1991), Tnl (Konhilas et al., 2003; Tachampa et al.,
2007), TnT (Chandra et al., 2006), myosin heavy chain (Korte and
McDonald, 2007), essential light chain (Michael et al., 2013), and
titin (Fukuda et al., 2003). In addition to the aforementioned sar-
comeric proteins, it is also possible that cardiac myosin binding
protein-C (cMyBP-C) may be an important modulator of cardiac
LDA because cMyBP-C is uniquely positioned in the sarcom-
ere to interact with both the thick- and thin-filaments (Squire
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et al., 2003; Shaffer et al., 2009; Previs et al., 2012; Sadayappan
and De Tombe, 2012; Mun et al., 2014), and has been shown to
be important in regulating key aspects of dynamic XB behavior
(Stelzer et al., 2006a,b; Coulton and Stelzer, 2012), and providing
structural rigidity to the myofilament lattice (Palmer et al., 2011).
Importantly, recent evidence from low-angle X-ray diffraction
experiments showed that cMyBP-C tethers the myosin XBs closer
to the thick-filament backbone and that ablation of cMyBP-C
results in the radial displacement of XBs closer to the thin-
filament (Colson et al., 2007). The role of cMyBP-C in LDA
is also underscored by the observation that length-dependent
increase in myofilament Ca’* sensitivity was blunted in car-
diac preparations from patients with cMyBP-C mutations (Van
Dijk et al., 2012; Sequeira et al., 2013). However, the precise
roles of cMyBP-C in modulating length-dependent changes in
cardiac contractile dynamics are still unknown. Therefore, to
determine the impact of cMyBP-C on length-dependent changes
in contractile dynamics, we utilized skinned myocardium from a
cMyBP-C knock-out (KO) mouse model (Harris et al., 2002), and
measured steady-state contractile parameters and we also used
stretch activation experiments to measure the kinetic parame-
ters. We measured Ca’T-activated maximal force, myofilament
Ca?t sensitivity (pCasg), rate of force redevelopment (ki ), rate
of XB relaxation (kyj), and rate of XB recruitment (kgf) at
short (1.9m) and at long (2.1 wm) SLUs. Our results show
that the length-dependent increase in pCasy was attenuated in
the KO preparations compared to wild-type (WT) preparations.
Furthermore, length-dependent changes in dynamic contractile
parameters ki, k], and kqr were blunted in KO preparations com-
pared to WT preparations, indicating that cMyBP-C plays a criti-
cal role in the myofilament-mediated response in cardiac LDA.

MATERIALS AND METHODS

ETHICAL APPROVAL AND ANIMAL TREATMENT PROTOCOLS

This study was performed according to the protocols laid out
in the Guide for the Care and Use of Laboratory Animals (NIH
Publication No. 85-23, Revised 1996), and was conducted accord-
ing to the guidelines of the Institutional Animal Care and Use
Committee at Case Western Reserve University. Mice aged 3—6
months, of both sexes, and belonging to SV/129 strain were used
for the experiments. KO mice used in this study were previously
generated and well-characterized (Harris et al., 2002). WT mice
expressing normal, full-length cMyBP-C in the myocardium were
used as controls.

ESTIMATION OF cMyBP-C CONTENT AND PHOSPHORYLATION STATUS
OF SARCOMERIC PROTEINS IN WT AND KO HEART SAMPLES

Cardiac myofibrils were isolated from frozen mouse ventricles
on the day of the experiment (Gresham et al., 2014). A piece
of the frozen tissue was thawed in a fresh relaxing solution,
homogenized, and the myofibrils were then skinned for 15 min
with 1% Triton X-100 (Cheng et al., 2013). Skinned myofib-
rils were then resuspended in fresh relaxing solution containing
protease and phosphatase inhibitors (PhosSTOP and cOmplete
ULTRA Tablets; Roche Applied Science, Indianapolis, IN, USA)
and stored on ice. To determine the ¢cMyBP-C content and
myofilament protein phosphorylation status, ventricular samples

were solubilized by adding Laemmli buffer and were heated
to 90°C for 5min. For Western blot analysis, 10 ug of cardiac
myofibrils were electrophoretically separated on 4-20% Tris-
glycine gels (Lonza Walkersville Inc., Rockland, ME, USA) at
180V for 60 min. Proteins were transferred to PVDF membranes
and incubated overnight with a primary antibody that detects
cMyBP-C (Santa Cruz Biotechnology, Santa Cruz, CA, USA) as
described previously (Cheng et al., 2013). For Pro-Q phospho-
protein analysis, 2.5 g of solubilized cardiac myofibrils were
electrophoretically separated at 180V for 85 min then fixed and
stained with Pro-Q diamond phosphoprotein stain (Invitrogen,
Carlsbad, CA, USA) to assess the phosphorylation status of sar-
comeric proteins. After imaging the Pro-Q stained gels, the gels
were counterstained with Coomassie blue to determine if there
are any changes in the isoform expression of sarcomeric proteins.
Densitometric scanning of the stained gels was done using Image J
software (U.S. National Institutes of Health, Bethesda, MD, USA)
(Gresham et al., 2014).

PREPARATION OF SKINNED VENTRICULAR MULTICELLULAR
PREPARATIONS AND Ca2+ SOLUTIONS FOR EXPERIMENTS

Skinned ventricular multicellular preparations were prepared as
described previously (Cheng et al., 2013; Gresham et al., 2014).
In brief, ventricular tissue was homogenized in a relaxing solu-
tion and skinned for 60 min using 1% Triton-X 100. Multicellular
preparations with dimensions ~100 um in width and 400 pm
in length were selected for the experiments. The composition
of various Ca®* activation solutions used for the experiments
was calculated using a computer program (Fabiato, 1988) and
known stability constants (Godt and Lindley, 1982). All solutions
contained the following (in mM): 100 N, N-bis (2-hydroxyethyl)-
2-aminoethanesulfonic acid (BES), 15 creatine phosphate, 5
dithiothreitol, 1 free Mg2+, and 4 MgATP. The maximal activating
solution (pCa 4.5; pCa = -log [Ca?* ) also contained 7 EGTA
and 7.01 CaCly; while the relaxing solution (pCa 9.0) contained 7
EGTA and 0.02 CaCl,; and the pre-activating solution contained
0.07 EGTA. The pH of the Ca®* solutions was set to 7.0 with KOH
and the ionic strength was 180 mM. A range of pCa solutions,
containing varying amounts of [Ca®* )¢, were then prepared by
mixing appropriate volumes of pCa 9.0 and 4.5 stock solutions
and the experiments were performed at 22°C.

EXPERIMENTAL APPARATUS FOR THE ESTIMATION OF ISOMETRIC
FORCE AND FORCE-pCA RELATIONSHIPS

Detergent-skinned ventricular preparations were held between
a motor arm (312C; Aurora Scientific Inc., Aurora, Ontario,
Canada) and a force transducer (403A; Aurora Scientific Inc.) as
described previously (Merkulov et al., 2012; Cheng et al., 2013).
Changes in the motor position and signals from the force trans-
ducer were sampled (16-bit resolution, DAP5216a, Microstar
Laboratories; Bellevue, WA) at 2.0kHz using SL control soft-
ware (Campbell and Moss, 2003). As previously described (Stelzer
et al., 2006a,b,c), the experimental set up was positioned on the
stage of an inverted microscope (Olympus; Tokyo, Japan) that was
fitted with a 40X objective and a closed-circuit television cam-
era (model WV-BL600; Panasonic, Tokyo, Japan). To illuminate
the multicellular preparations, we used the light emanating from
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a halogen lamp and the light was passed through a cut-off filter
(transmission >620 nm) before reaching the preparation. Bitmap
images of the preparations were captured using an AGP 4X/2X
graphics card and its associated software (ATI Technologies) to
assess the SL of our preparations during the experiment. For all
mechanical measurements, SL of the muscle preparations was set
to 1.9 or 2.1 um in a relaxing solution and submaximal force
(P) developed at each pCa was normalized to maximal force (P,,
at pCa 4.5) i.e., P/P, to construct the force-pCa relationships
(Desjardins et al., 2012; Cheng et al., 2013). SL of the prepara-
tions was initially set using a high definition video camera and
large video monitor, and was also assessed at the end of exper-
iments to make sure that SL did not deviate from the initial
SL following Ca?"-activation. We chose this specific range of
SL for our experiments because this range falls within the well-
characterized working range (~1.8-2.3 wm) of the sarcomeres in
the heart muscle (Pollack and Huntsman, 1974; Rodriguez et al.,
1992; Granzier and Irving, 1995; Hanft et al., 2008). The appar-
ent cooperativity of force development was estimated from the
steepness of a Hill plot transformation of the force-pCa relation-
ships. The force-pCa data were fit using the equation P/P, =
[Ca?t )™ j(k"H 4 [Ca2t]"H), where ny is the Hill coefficient and
k is the pCa required to produce half-maximal activation (i.e.,
pCasg) (Gresham et al., 2014).

MEASUREMENT OF THE RATE OF FORCE REDEVELOPMENT (K, )

ki was measured at 50% of maximal activation in WT and KO
muscle preparations to assess the rate of XB transitions from
weak- to strong-binding states (Brenner and Eisenberg, 1986;
Campbell, 1997). Measurement of k, in Ca®*-activated muscle
preparations was performed according to a mechanical slack-
restretch protocol described previously (Stelzer et al., 2006b;
Chen et al., 2010; Cheng et al., 2013). Skinned muscle prepara-
tions were transferred from relaxing (pCa 9.0) to an activating
Ca?* solution (pCa ranging from 6.2 to 4.5), and once the mus-
cle preparations attained steady-state isometric force, they were
rapidly slackened by 20% of their original muscle length and were
held for 10 ms using a high-speed length control device (Aurora
Scientific Inc.). The slackening was followed by the brief period
of unloaded shortening which resulted in a rapid decline in force
due to detachment of the strongly-bound XBs. The muscle prepa-
ration was then rapidly restretched back to its original length and
the time course of force redevelopment was measured. k. for each
slack-restretch maneuver was estimated by linear transformation
of the half-time of force redevelopment, i.e., ki = 0.693/t12,
as described previously (Chen et al., 2010; Cheng et al., 2013;
Gresham et al., 2014).

STRETCH ACTIVATION EXPERIMENTS TO MEASURE DYNAMIC
CONTRACTILE PARAMETERS

Stretch activation experiments were carried out as previously
described (Cheng et al., 2013; Gresham et al., 2014), except that
in this study a 2% stretch of initial muscle length perturbation
was utilized. Muscle preparations were placed in pCa solutions
that produced submaximal force (~50% of maximal force), and
were allowed to develop a steady-state force. Muscle prepara-
tions were then rapidly stretched by 2% of their initial muscle

length and were held at the increased length for 5s before being
returned back to their initial muscle length. The characteris-
tic features of the stretch activation response in cardiac muscle
have been described previously (Stelzer et al., 2006d; Ford et al.,
2010), and the stretch activation parameters measured are pre-
sented in Figure 1. In brief, a sudden 2% stretch of muscle length
elicits an instantaneous rise in force (P1) in the muscle prepa-
ration, which is due to the strain of elastic elements within the
strongly-bound XBs (Phase 1). The force then rapidly declines
because the strained XBs rapidly detach (Phase 2) and equili-
brate into a non-force producing state, with a characteristic rate
constant k. Following this phase of rapid decline, force devel-
opment occurs gradually (Phase 3), with a characteristic rate
constant kgr, which is a result of length-induced recruitment
of new XBs into the force-bearing state (Stelzer et al., 2006d;
Gresham et al., 2014). Stretch activation amplitudes were nor-
malized to prestretch Ca’*-activated force and were measured
as described previously (Desjardins et al., 2012; Gresham et al.,
2014). kye] and kqr were estimated using a linear transformation
of the half time of force decay and force redevelopment.

DATA ANALYSIS

Data were analyzed using Two-Way analysis of variance
(ANOVA). One factor in this analysis was cMyBP-C variant (WT
or KO), and the second was SL (1.9 or 2.1 wm). Therefore, we
used Two-Way ANOVA to test the hypothesis that the effect of the
SL on a given contractile parameter depended on the cMyBP-C

P1

Phase 1

Phase 2 (k)

™ Phase 3 (kg
0.0 0.2 0.4 0.6 0.8 1.0
Time (s)

FIGURE 1 | Representative stretch activation response in a WT cardiac
muscle preparation. Shown is a typical force response evoked by a
sudden 2% stretch in muscle length (ML) in an isometrically-contracting
WT muscle preparation set to a SL of 2.1 wm. Highlighted are the important
phases of the force response and various stretch activation parameters that
are derived from the response. Phase 1 represents the immediate increase
in force in response to the sudden stretch in ML. P1 is the magnitude of
the immediate force response and is measured from the pre-stretch
isometric steady-state force to the peak of phase 1. Phase 2 represents the
rapid decline in the force with a dynamic rate constant ke, an index of the
XB detachment rate. Phase 3 represents the delayed force development
with a dynamic rate constant kq, an index of the XB recruitment rate
(please see methods for additional details).
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variant (interaction effect). When the interaction effect was sig-
nificant, it showed that the effects of SL on various contractile
parameters were different in the presence or absence of cMyBP-C.
When the interaction effect was not significant, we interpreted the
main effect due to cMyBP-C variant or SL. Planned multiple pair-
wise comparisons were made using Fisher’s LSD method (Mamidi
and Chandra, 2013; Mamidi et al., 2013a,b) to test the effects of
cMyBP-C variant or SL on various contractile parameters. Values
are reported as mean =+ s.e.m. The criterion for statistical signifi-
cance was set at P < 0.05. Asterisks in figures and tables represent
statistical significance using post-hoc (Fisher’s LSD) comparisons.

RESULTS

EFFECT OF ABLATION OF cMyBP-C ON THE EXPRESSION AND
PHOSPHORYLATION LEVELS OF SARCOMERIC PROTEINS

Western blot analysis of WT and KO ventricular samples was
done using a primary antibody that detects cMyBP-C protein
(Cheng et al., 2013). As predicted, cMyBP-C is present in the WT
sample but is completely absent in the KO sample (Figure 2A).
SDS gels loaded with ventricular samples from WT and KO
hearts were stained with Coomassie blue or Pro-Q Diamond
stain to assess the effects of cMyBP-C KO on sarcomeric protein
isoform expression and phosphorylation levels (Figures 2B,C,
respectively). As reported in our recent studies (Desjardins et al.,
2012; Merkulov et al.,, 2012) the KO hearts exhibited a slight
increase (16 & 3%) in the level of B-myosin heavy chain (MHC)
expression (data not shown). Consistent with our previous stud-
ies (Desjardins et al., 2012; Merkulov et al., 2012), the expression

A B WT KO C WTKO
SR <— cMyBP-C —
WT KO
cMyBP-C 4l oy
-_—- \T o>

e «—  cInl —

e «— RLC —

FIGURE 2 | Western blot, SDS-PAGE and Pro-Q analysis to assess the
sarcomeric protein expression and phosphorylation levels in WT and
KO hearts. Ventricular myofibrils from WT and KO hearts were run on a
4-20% tris-glycine gel. (A) Western blot showing the presence of cMyBP-C
in WT but not in the KO heart sample. (B) Coomassie blue-stained SDS gel
showing the complete absence of cMyBP-C in the KO hearts. (C) Pro-Q
Diamond-stained SDS gel showing that there are no changes in the
phosphorylation status of sarcomeric proteins between WT and KO
samples. As expected, a Pro-Q band corresponding to cMyBP-C was
absent in the lane containing KO sample. WT, wild-type; KO, knock-out;
cMyBP-C, cardiac myosin binding protein-C; cTnT, cardiac troponin T, cTnl,
cardiac troponin I; RLC, regulatory light chain.

and phosphorylation levels of other regulatory contractile sar-
comeric proteins such as cardiac TnT, cardiac Tnl, and regulatory
light chain were not different between WT and KO skinned
myocardium (Figures 2B,C).

EFFECT OF cMyBP-C ON LENGTH-DEPENDENT CHANGES IN
Ca2+-ACTIVATED MAXIMAL FORCE PRODUCTION

To assess the effect of cMyBP-C on length-dependent changes
in thin-filament activation, Ca®*-activated maximal force pro-
duction (at pCa 4.5) was measured at SU’s 1.9 and 2.1 pm in
WT and KO muscle preparations (values are shown in Table 1).
Two-Way ANOVA (see Data analysis under Methods section for
details) revealed no significant interaction effect, but revealed
a significant main effect (P < 0.005) of SL on Ca?t-activated
maximal force production. To probe the determining factor for
the significant main effect, subsequent post-hoc tests were car-
ried out. These post-hoc tests using multiple planned pairwise
comparisons showed that maximal force production was not
significantly different between WT and KO groups at either
SL (Table 1). However, maximal force (Fpax) was significantly
decreased by ~34% and ~38% at short SL vs. long SL in
WT and KO groups, respectively (Table 1). Similar trends were
observed regarding the Ca?*-independent forces measured at
pCa 9.0 (Fni,) in WT and KO groups (Table 1). Collectively,
our results demonstrate that cMyBP-C does not impact the
length-dependent changes in Ca’*-activated maximal force and
Ca”*-independent force production.

EFFECT OF cMyBP-C ON LENGTH-DEPENDENT CHANGES IN
MYOFILAMENT CaZ* SENSITIVITY (pCaso) AND COOPERATIVITY OF
FORCE DEVELOPMENT (ny)

The effect of cMyBP-C on length-dependent changes in pCasg
was assessed by plotting normalized force values against a range
of pCa and constructing force-pCa relationships at SLs 1.9 and
2.1 pm in WT and KO groups. pCas, the pCa required to gener-
ate half-maximal force, was estimated by fitting the Hill equation
to the force-pCa relationships (Figures 3A,B, Table 1). Two-Way

Table 1 | Steady-state mechanical properties of WT and KO
ventricular multicellular preparations.

Group I:min I:max ny pcaSO
(mN/mm2) (mN/mm?2)

SL1.9um

WT 0.82 £0.12% 1729+ 198* 3.41+0.32* 571+ 0.02*

KO 0.90 £0.13* 14.93 +156* 2.30+0.08" 580+ 001+

SL2.1pm

WT 214+028 2632+293 247+022 582+0.02

KO 197 +025 23.98+258 249+023 587+0.02

Frin: Ca?t-independent force measured at pCa 9.0; Fmax: maximal Ca*t-
activated force measured at pCa 4.5, ny: Hill coefficient of the force-pCa
relationship; pCasg: pCa value required for the generation of half-maximal force.
Values are expressed as mean + s.e.m., from 7 to 17 multicellular preparations
and 3 to 5 hearts per each group.

*Significantly different from the corresponding group at SL 2.1 um; P < 0.05.

1 Significantly different from the corresponding WT group at SL 1.9 um, P < 0.05.
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FIGURE 3 | Effect of cMyBP-C on length-dependent changes in
myofilament Ca?* sensitivity (pCaso) and cooperativity of force
production (ny). Force-pCa relationships were constructed by plotting
normalized forces generated at a range of pCa. The Hill equation was then
fitted to force-pCa relationships to estimate pCasg and ny values in WT and
KO groups at SUs 1.9 and 2.1 um. (A) Effect of cMyBP-C on the force-pCa
relationships in WT group at Sl's 1.9 and 2.1 um. (B) Effect of cMyBP-C on
the force-pCa relationships in KO group at SU's 1.9 and 2.1 um. (C) Effect of
cMyBP-C on pCasp in WT and KO groups at SUs 1.9 and 2.1 um. (D) Effect of
cMyBP-C on ny in WT and KO groups at SU's 1.9 and 2.1 pm. Two-Way
ANOVA revealed no significant interaction effect, but revealed significant
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main effects of SL (P < 0.005) and cMyBP-C (P < 0.005) on pCasg.
Subsequent post-hoc tests revealed that pCasg was significantly higher at
2.1 wm as indicated by a leftward shift in the force-pCa relationships in both
WT and KO groups. Also, the Sl-dependent increase in pCasg(ApCasg) was
attenuated in KO group (indicated by arrows in B, C). Two-Way ANOVA
revealed a significant interaction effect (P < 0.05) on ny suggesting that
cMyBP-C influences the effect of SL on ny. Subsequent post-hoc tests
revealed that ny significantly increased at SL 1.9 um in WT but not in KO
group. Determinations were made from 7 to 10 multicellular preparations and
3 to 4 hearts per each group. Values are reported as mean + s.e.m.

*P < 0.05; **P < 0.005.

ANOVA revealed no significant interaction effect, but revealed
significant main effects of SL (P < 0.005) and cMyBP-C (P <
0.005) on pCasg. Subsequent post-hoc tests revealed that the main
effect of SL was because of the following: pCas significantly
increased upon increasing the SL from 1.9 to 2.1 pm as indi-
cated by a leftward shift in the force-pCa relationships in both
WT and KO groups (Figures 3A,B). The SL-dependent increase
in pCas (ApCasp) was attenuated in KO group when compared
to ApCasg of WT group (Figure 3B). In WT group ApCasy was
0.11 pCa units whereas in the KO group ApCasy was 0.07 pCa
units. This attenuation of pCasg can be attributed to the fact that
KO group exhibited a significantly higher pCasy at SL 1.9 um
compared to WT group (Figure 3C; Table 1), indicating that car-
diac thin-filaments are more sensitive to Ca>" activation at short
SL in the KO group. Collectively, our results demonstrate that
cMyBP-C impacts mechanisms that underlie length-dependent
increases in myofilament Ca?" sensitivity.

The effect of cMyBP-C on length-dependent changes in ny
was assessed by fitting Hill’s equation to the force-pCa rela-
tionships constructed at SUs 1.9 and 2.1 pm in WT and KO
groups (Figure 3D; Table 1). Two-Way ANOVA revealed a sig-
nificant interaction effect (P < 0.05) on ny suggesting that
cMyBP-C influenced the effect of SL on ny. Subsequent post-hoc
tests revealed that ny significantly increased by ~38% at SL

1.9um in WT group, a result that agrees with earlier studies
(Ford et al., 2012; Gollapudi et al., 2012). However, such an
increase in ny at SL 1.9 um was not observed in KO group
(Figure 3D)—suggesting that the absence of cMyBP-C impairs
length-dependent changes in cooperative mechanisms in the
sarcomere.

EFFECT OF cMyBP-C ON LENGTH-DEPENDENT CHANGES IN THE RATE
OF FORCE REDEVELOPMENT (K,)

ki is a measure of XB transition rate from a weakly- to a strongly-
bound XB state (Brenner and Eisenberg, 1986; Campbell, 1997).
We have previously shown that ablation of cMyBP-C acceler-
ates submaximal ki, at long SL (Stelzer et al., 2006b)—indicating
that KO group exhibited an accelerated rate of XB turnover from
weak- to strong-bindings states. We now sought to determine
whether such effects are also observed at short SL in the KO group.
Therefore, we measured ki, at 1.9 and 2.1 pm to gain insights into
the effect of cMyBP-C on length-dependent changes in k¢. Two-
Way ANOVA revealed a significant interaction effect (P < 0.005)
on ki suggesting that cMyBP-C influenced the effect of SL on k.
The cause of the interaction effects was assessed by post-hoc multi-
ple pairwise comparisons which showed that submaximal ki, was
accelerated in KO compared to WT group at long SL (Figure 4;
Table 2) as reported earlier (Stelzer et al., 2006b). Furthermore,

www.frontiersin.org

December 2014 | Volume 5 | Article 461 | 38


http://www.frontiersin.org
http://www.frontiersin.org/Striated_Muscle_Physiology/archive

cMyBP-C and length-dependent activation

Mamidi et al.
%%
T ! @8 SL 2.1pm
10 f ' @ SL 1.9um
B
St
&5
0+
WT KO

FIGURE 4 | Effect of cMyBP-C on length-dependent changes in the rate
of force redevelopment (k). ki was measured at 50% level of activation
in WT and KO groups at SU's 2.1 and 1.9 um using a mechanical
slack-restretch protocol (Gresham et al., 2014). Two-Way ANOVA revealed a
significant interaction effect (P < 0.005) on ki and post-hoc tests showed
that ki significantly accelerated by ~53% at short SL vs. long SL in WT
group. However, such a trend was absent in the KO group. Furthermore, ki
significantly accelerated by ~56% in KO vs. WT group at long SL.
Determinations were made from 6 to 13 multicellular preparations and 3 to
4 hearts per each group. Values are reported as mean + s.e.m.

**P < 0.005.

Table 2 | Dynamic contractile parameters of WT and KO ventricular
multicellular preparations.

Group ktr(5_1) krel(5_1) kdf(5_1) P1
SL1.9um

WT 8.74+0.56* 45.01+4.06% 12.2641.53* 0.535+0.022*
KO 8.03+054 36.96+294 9.64+0.39 0.543+0.048
SL2.1pm

WT 5714040 34214212 8174052 0.604+0.016
KO 8.90+0.377 45.76+4.01T 11.27+067T 0.528+0.026"

ke rate force redevelopment; ke : rate of force decay; kqf: rate of force devel-
opment; P;: the magnitude of peak force attained following a rapid stretch of
muscle length in an isometrically-activated muscle preparation. ke and kg were
estimated using a linear transformation of the half time of force decay and force
redevelopment. Values are expressed as mean + s.e.m., from 6 to 13 multicel-
lular preparations and 3 to 4 hearts per each group.

*Significantly different from the corresponding WT group at SL 2.1 um; P < 0.05.
fSign/ﬁcant/y different from the corresponding WT group at SL 2.7 um, P < 0.05.

ki was significantly accelerated by ~53% at short SL compared
to long SL in WT group (Figure 4; Table 2). However, an acceler-
ation of ki, at short SL was absent in KO group (Figure 4) such
that differences in ki between WT and KO groups observed at
long SL were no longer apparent at short SL. These results indi-
cate that cMyBP-C mediates the length-dependent changes in XB
turnover rate.

EFFECTS OF cMyBP-C ON LENGTH-DEPENDENT CHANGES IN THE
RATES OF STRETCH-INDUCED XB RELAXATION (K,.;) AND XB
RECRUITMENT (K )

Our data shows that cMyBP-C affects the length-dependent
changes in the XB turnoverrate, ki, (Figure 4). Because ki, is pro-
portional to the sum of f (rate of XB attachment) + g (rate of
XB detachment) according to a two-state XB model (Brenner,

1988), we sought to determine if the effect of cMyBP-C on length-
dependent changes in ki, were due to changes in either the rate of
XB detachment or the rate of XB attachment kinetics, or both.
We used stretch activation experiments (described in the meth-
ods section) to measure ko and kqr which are measures of the
rates of XB detachment and XB recruitment, respectively (Cheng
et al., 2013; Gresham et al., 2014).

Two-Way ANOVA revealed a significant interaction effect (P <
0.05) on kyel suggesting that cMyBP-C influenced the effect of SL
on the rate of XB detachment kinetics. The cause of the inter-
action effect was evident from the post-hoc multiple pairwise
comparisons which revealed that k.| was significantly accelerated
by ~32% at short SL in WT group but such an acceleration of
kyel at short SL was absent in KO group (Figure 5A; Table 2).
Furthermore, in agreement with recent studies (Stelzer et al,
2006a; Merkulov et al., 2012), our data shows that k] was signifi-
cantly accelerated by ~34% in KO group compared to WT group
at long SL (Figure 5A; Table 2).

Two-Way ANOVA revealed a significant interaction effect (P <
0.005) on kgf suggesting that cMyBP-C influenced the effect of SL
on the rate of XB recruitment into the force-bearing state. The
cause of the interaction effect was assessed using post-hoc tests
which revealed that kqr was significantly accelerated by ~50%
at short SL in WT but such an acceleration of kg at short SL
was absent in KO (Figure 5B; Table 2). Furthermore, in agree-
ment with a previous study (Stelzer et al., 2006a), our data shows
that kqr was significantly accelerated by ~38% in KO compared
to WT at long SL. Thus, our stretch activation data shows that
both k. and kg4 were accelerated at short SL in WT but such
trends were absent in the KO (Figures 5A,B). These findings sug-
gest that the absence of acceleration of ki at short SL in the
KO group (Figure 4) is due to a combined effect of the absence
in the accelerations of k. and kgr at short SL in KO group
(Figure 5). Collectively, our results suggest that cMyBP-C modu-
lates length-dependent changes in the kinetics of XB detachment
and attachment in cardiac muscle.

EFFECT OF cMyBP-C ON LENGTH-DEPENDENT CHANGES IN THE
MAGNITUDE OF STRETCH-INDUCED INCREASE IN MUSCLE FIBER
STIFFNESS (P1)

Our data shows that the XB detachment rate (k) was acceler-
ated at short SL compared to long SL in WT group (Figure 5A).
Also, ke was accelerated at long SL in KO compared to WT
group (Figure 5A). We sought to determine whether such accel-
erations in ke could have arisen from a decrease in the muscle
fiber stiffness because changes in kg can be correlated with
changes in stiffness of XBs (Stelzer et al., 2006c). We imposed
a sudden 2% stretch in muscle length in an isometrically-
contracting muscle preparation and measured the magnitude
of the elicited instantaneous increase in force (P1 in Figure1).
P1 is a result of a rapid distortion of the elastic regions of the
strongly-bound XBs (Stelzer and Moss, 2006; Ford et al., 2010;
Cheng et al,, 2013) and is an index of the muscle fiber stiffness
because both P1 and muscle fiber stiffness are well correlated
to the number of parallel and force-producing XBs that are
bound to actin prior to the imposed stretch in muscle length
(Campbell et al., 2004; Ford et al., 2010; Cheng et al., 2013).
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FIGURE 5 | Effect of cMyBP-C on length-dependent changes in the
rates of XB detachment (k) and XB recruitment (kgs).
Isometrically-activated ventricular preparations were subjected to a
sudden 2% stretch in their muscle length and the elicited force
responses were used to estimate (A) kg and (B) kgt in WT and KO
groups at Sl's 2.1 and 1.9um as described in the methods section
(Cheng et al., 2013; Gresham et al., 2014). Two-Way ANOVA revealed a
significant interaction effect (P < 0.05) on ky and post-hoc tests showed
that ke significantly accelerated by ~32% at short SL vs. long SL in WT
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group but such a trend was absent in KO group. k. significantly
accelerated by ~34% in KO vs. WT group at long SL (A). Two-Way
ANOVA revealed a significant interaction effect (P < 0.005) on kgt and
post-hoc tests showed that kg significantly accelerated by ~50% at
short SL vs. long SL in WT group but such a trend was absent in KO
group. In addition, kg significantly accelerated by ~39% in KO vs. WT
group at long SL (B). Determinations were made from 6 to 13
multicellular preparations and 3 to 4 hearts per each group. Values are
reported as mean + s.e.m. *P < 0.05; **P < 0.005.

Two-Way ANOVA revealed no significant interaction effect and
main effects on P1. Post-hoc tests showed that P1 significantly
decreased (P = 0.036) at short SL compared to long SL in WT
group (Figure 6; Table 2). However, such a decrease in P1 at
short SL was absent in KO group. Furthermore, P1 was signif-
icantly decreased (P = 0.032) at long SL in KO compared to
WT (Figure 6; Table 2). These results suggest that a decrease in
the muscle fiber stiffness contributed, at least in part, to the
acceleration of ke observed at short SL compared to long SL
in WT, and also at long SL in KO compared to long SL in
WT (Figure 5A). Decreased XB stiffness could enhance strain-
induced rates of XB detachment by increasing XB compliance
such that XB’s detach rapidly (Stelzer et al., 2006¢; Cheng et al.,
2013)—indicating that changes in P1 can be correlated with
changes in k. Thus, it is likely that the absence of differences
in P1 at long and short SUs in KO group (Figure 6) may have
contributed to the lack of differences we observed in k. at long
and short SU’s in KO group (Figure 5A). Collectively, our data
suggests that cMyBP-C modulates length-dependent changes in
the rate of XB detachment via its impact on the muscle fiber
stiffness.

DISCUSSION

Given the lack of our understanding regarding cMyBP-C’s role
in cardiac LDA, we performed a detailed investigation of differ-
ent aspects of cardiac contractile function both in the presence
and absence of cMyBP-C and at SUs 1.9 and 2.1 pm. Results
from our studies demonstrate that length-dependent changes in
contractile dynamics are significantly impacted in the absence
of cMyBP-C in the cardiac sarcomere. Novel findings from our
experiments show an attenuated length-dependent response with
respect to steady-state myofilament Ca?* sensitivity of force gen-
eration, and profoundly blunted length-dependent XB cycling
dynamics in ventricular preparations isolated from hearts lacking
cMyBP-C—suggesting that ¢cMyBP-C is a key modulator of
cardiac LDA.

0.8-
[ x \ @8 SL 2.1ym
— @ SL 1.9um
0.61
—
=™
0.4+
0.2+
WT KO

FIGURE 6 | Effect of cMyBP-C on length-dependent changes in the
magnitude of sudden-stretch induced increase in muscle fiber stiffness
(P1). P1 was calculated from the force responses elicited upon a sudden
2% stretch in muscle length imposed on isometrically-contracting
ventricular preparations (Stelzer et al., 2006c). Two-Way ANOVA revealed
no significant interaction effect and main effects on P1. Post-hoc tests
showed that P1 significantly decreased at short SL vs. long SL in WT group
but such a trend was absent in KO group. Also, P1 significantly decreased
at long SL in KO vs. WT group. Determinations were made from 6 to 13
multicellular preparations and 3 to 4 hearts per each group. Values are
reported as mean + s.e.m. *P < 0.05.

ABLATION OF cMyBP-C ATTENUATES THE LENGTH-DEPENDENT
CHANGES IN MYOFILAMENT Ca2+ SENSITIVITY

An increase in myofilament Ca?t sensitivity (pCasp) upon an
increase in SL is a hallmark of LDA (Kentish et al., 1986; Dobesh
et al.,, 2002). The effect of cMyBP-C on LDA is important to
study because it is known that LDA is depressed in human hearts
expressing cMyBP-C mutations (Van Dijk et al., 2012; Sequeira
et al, 2013). Our results show that although the absence of
cMyBP-C did not affect maximal force production (Table1l),
it did attenuate the SL-mediated increase in Ca®t sensitivity
(ApCasp) (Figures 3A—C), a result that agrees with an earlier
report (Cazorla et al., 2006). Cazorla et al reported an attenu-
ated ApCasg in the KO when compared to the WT myocardium
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(ApCasg of 0.16 pCa units in KO vs. a ApCasg of 0.23 pCa units
in WT). In this study we found a similar trend, although here the
ApCasp was 0.11pCa units in WT skinned myocardium whereas
it was 0.07 pCa units in KO skinned myocardium (Figure 3). In
our study, the attenuation of ApCasy was due to higher submaxi-
mal force production, as suggested by a higher pCasg, at short SL
in KO vs. WT group (Figure 3C). These results indicate that the
SL-based mechanisms governing myofilament Ca’* sensitivity
are altered in the KO group, and more so at short SL.

In view of the observation that the absence of cMyBP-C shifts
the juxtaposition of the myosin heads toward the thin filament
(Colson et al., 2007) thereby enhancing the probability of XB
interaction, it is likely that the increased force at submaximal
[Ca?*] at short SL in KO group could have arisen from an
increased number of XBs interacting with the thin-filament. It
is generally accepted that when SL is shortened, the distance
between the thick- and thin-filaments increases (Rome, 1968;
McDonald and Moss, 1995). It is possible that because cMyBP-
C ablation inherently reduces the relative distance between actin
and myosin XB’s (Colson et al., 2007), the length-dependent
increase in acto-myosin distance with decreased SL is diminished
in the KO group, thereby, resulting in greater XB interaction and
increased force production. It is also possible that the observed
increase in Ca®* sensitivity at short SL in the KO group may be
due to an increase in the apparent Ca?™ binding affinity of TnC
mediated by strongly-bound XBs (Pan and Solaro, 1987; Hannon
etal., 1992; Moss et al., 2004). In this context, a recent in situ time-
resolved FRET study showed that the effects of strongly-bound
XBs are transmitted allosterically to the N-terminus of TnC (N-
TnC) via changes in the interaction between tropomyosin (Tm)
and Tnl (Li et al., 2014). The net result of the feedback effect
of strongly-bound XBs is to shift the Tm to the open state and
also to stabilize the open conformation of the N-TnC, thereby
enhancing the affinity of TnC for Ca?* to cause increased force
production (Li et al., 2014). Thus, enhanced XB interaction at
short SL in the absence of cMyBP-C may indirectly increase the
Ca’* sensitivity in the KO group via a thin filament mediated
mechanism.

ABLATION OF cMyBP-C BLUNTS THE LENGTH-DEPENDENT CHANGES
IN XB CYCLING KINETICS

As demonstrated previously (Stelzer et al., 2006b), our present
data show that ki, was accelerated in KO compared to WT group
atlong SL (Figure 4). Because changes in k¢ indicate a shift in the
equilibrium in the transitions between the closed to open states
(McKillop and Geeves, 1993) of the thin-filament (Campbell,
1997), our data suggests that in the absence of cMyBP-C the thin-
filaments are shifted more toward the open state. To understand
the impact of cMyBP-C on length-dependent changes in XB tran-
sitions/cycling from weak- to strong-binding states, we measured
k¢ at short and long SUs. Our data show that k; was accelerated at
short SL compared to long SL in WT group (Figure 4) indicating
the XB cycling is accelerated at short SL. In support of this obser-
vation, an earlier study showed that loaded shortening velocity
and k¢, were significantly accelerated at short SL compared to long
SL in skinned rat cardiac myocytes (Korte and McDonald, 2007).
The mechanism for such an increase in ki, at short SL may arise

from the acceleration of XB cycling kinetics such that there are
more XBs working against a constant load because of increased
XB flexibility which allows XBs to radially extend toward the
thin-filament at short SL (Korte and McDonald, 2007). Increased
flexibility of XBs at short SL may also arise due to decreased stiff-
ness of titin (Granzier and Irving, 1995), a consequence of which
is a decreased force exerted by titin on cMyBP-C which can in turn
lead to decreased constraint imposed by cMyBP-C on the myosin
XBs (Korte and McDonald, 2007). Such increases in ki, at short SL
were also reported by Adhikari et al who attributed the increases
in ki to an increased XB detachment rate at short SL (Adhikari
et al., 2004).

Because ki, encompasses both the rates of XB attachment (f)
and detachment (g) (Brenner and Eisenberg, 1986), we deter-
mined if increased ki observed at short SL in WT was due to
increase in either f or g, or both. Using length perturbation
experiments (Gresham et al., 2014), we measured the rates of
force development (kg¢) and force decay (kye), parameters that
are analogous to f and g. Our data shows that acceleration of
ki at short SL in WT group was indeed due to a combination
of increases in both kgf and ke (Figure 5). Our data also shows
that both kg4f and k) did not increase at short SL in KO skinned
myocardium such that the values were not significantly differ-
ent from those at long SL (Figure5). A recent study (Tanner
et al., 2014) showed that XB detachment rates were accelerated
in papillary muscle isolated from KO hearts compared to WT
hearts but only under a f-MHC background at very long SL (2.2—
3.3um). Under an a-MHC background, XB detachment rates
displayed a slight non-statistically significant increase in KO pap-
illary muscles compared to WT papillary muscles, in contrast to
the larger accelerations in XB detachment we observed in KO
multicellular preparations at shorter SL (i.e., 2.1 pm), isolated
from hearts expressing predominantly a-MHC. Taken together,
our data shows that an absence of acceleration in k¢ at short SL
in KO group was due to the absence of accelerations in both kq¢
and kg at short SL (Figure 5). Thus, our study suggests that the
mechanisms influencing length-dependent changes in XB transi-
tions between weak- to strong-binding states are blunted in the
absence of cMyBP-C.

ABLATION OF cMyBP-C BLUNTS LENGTH-DEPENDENT CHANGES IN
MUSCLE FIBER STIFFNESS AND COOPERATIVE MECHANISMS

To test whether changes in XB detachment (as assessed by ki,
Figure 5) due to cMyBP-C ablation or changes in SL were related
to altered XB compliance and muscle fiber stiffness, we esti-
mated the magnitude of the instantaneous increase in force P1,
a parameter that represents the stretch-induced strain of the
strongly-bound XBs and an indicator of XB stiffness (Ford et al.,
2010; Cheng et al., 2013). Our measurements showed that P1
values were decreased in WT at short SL compared to long SL,
and also in KO at long SL when compared to WT at long SL
(Figure 6; Table 2). Because P1 can be correlated to k. (Stelzer
et al., 2006¢; Cheng et al., 2013), our results are consistent with
the idea that decreased muscle fiber stiffness contributed to the
observed acceleration in the XB detachment. Significantly, our
results demonstrate that muscle fiber stiffness decreased at short
SL compared to long SL in WT but not in KO group (Figure 6),
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suggesting that the lack of length-dependent changes in ki seen
in KO group (Figure5) may have been related to the lack of
length-dependent changes in the muscle fiber stiffness (Figure 6),
because muscle fiber stiffness in KO group is already significantly
lower than WT group at long SL.

To test whether changes in XB recruitment, (as assessed by kqf,
Figure 5) due to cMyBP-C ablation or changes in SL were related
to changes in cooperative mechanisms, we estimated the Hill
coefficient, nyy from the pCa-tension relationships. Our estimates
showed that ny values were increased in WT at short SL compared
to long SL (Figure 3D), a result that is consistent with previous
studies (Ford et al., 2012; Gollapudi et al., 2012). This suggests
that enhanced cooperative mechanisms may have accelerated the
XB recruitment rate at short SL in WT group. This increase in ny
may be a result of enhanced Ca?>* binding to Tn, near-neighbor
interactions among Tn-Tn, XB-Tn, and XB-XB (Razumova et al.,
2000; Campbell et al., 2001). Notably, such an increase in ny at
short SL was absent in KO (Figure 3D) which may have likely
contributed to the absence of length-dependent changes in k4 in
the KO group (Figure 5B). In the context of the KO model, it is
likely that depressed cooperative XB-XB (Razumova et al., 2000;
Moss et al., 2004), XB-Tn (Razumova et al., 2000; Chandra et al.,
2007) and XB-Ca?*/TnC (Li et al., 2014) interactions at short SL
may have contributed to the blunting of the increase in nyy with
decrease in SL. Therefore, our data shows that length-dependent
changes in cooperative mechanisms are depressed when cMyBP-C
is absent in the sarcomere.

CONCLUSIONS

Our study provides evidence to show that cMyBP-C plays a key
role in fine-tuning length-dependent cardiac contractile function
via its impact on myofilament responsiveness to Ca>*, XB cycling
kinetics, and muscle fiber stiffness. Taken together, our findings
suggest that impaired LDA may contribute to depressed myocar-
dial contractile function in human patients harboring mutations
in cMyBP-C that ultimately cause a significant decrease in the
amount of cMyBP-C expression in the sarcomere.
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Peripartum cardiomyopathy (PPCM) is a severe cardiac disease occurring in the last month
of pregnancy or in the first 5 months after delivery and shows many similar clinical
characteristics as dilated cardiomyopathy (DCM) such as ventricle dilation and systolic
dysfunction. While PPCM was believed to be DCM triggered by pregnancy, more and
more studies show important differences between these diseases. While it is likely they
share part of their pathogenesis such as increased oxidative stress and an impaired
microvasculature, discrepancies seen in disease progression and outcome indicate there
must be differences in pathogenesis as well. In this review, we compared studies in DCM
and PPCM to search for overlapping and deviating disease etiology, pathogenesis and
outcome in order to understand why these cardiomyopathies share similar clinical features
but have different underlying pathologies.

Keywords: dilated cardiomyopathy, peripartum cardiomyopathy, oxidative stress, prolactin, microvasculature,
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INTRODUCTION

Peripartum cardiomyopathy (PPCM) is a cardiac disease that
can have many different clinical presentations but shares simi-
lar clinical symptoms with dilated cardiomyopathy (DCM) such
as ventricle dilation, impaired systolic function and arrhythmias
(Pearson et al., 2000; Elliott et al., 2008). Therefore, PPCM is
often seen as DCM initiated during pregnancy. However, there are
some important differences between the two cardiomyopathies
which argue for separation of the two disease states. This review
aims to compare studies performed in PPCM and DCM patients
and animal models in order to better understand why these car-
diomyopathies share similar clinical features but have different
underlying pathomechanisms.

CLINICAL PRESENTATIONS

Dilated cardiomyopathy has a variety of causes such as: genetic
factors, viral infections, alcohol abuse and myocardial infarction.
Current classification of DCM excludes cases in which coronary
artery disease, loading conditions, hypertension, valvular diseases
and congenital heart diseases could have caused the observed phe-
notype (Elliott et al., 2008). The exact prevalence of idiopathic
DCM varies between studies, from 1:2700 in the original epi-
demiological study (Codd et al., 1989) to 1:250 in a recent study
(Hershberger et al., 2013). PPCM, as the name implies, develops
during the last month of pregnancy, during delivery or within the

Abbreviations: ADMA, Asymmetric dimethylarginine; BR, Bromocriptine; CD,
Cathepsin D; DCM, Dilated cardiomyopathy; EE, Ejection Fraction; HF, Heart
Failure; KO, Knock out; LMNA, Gene encoding the protein lamin-A/C; LV, Left
ventricle; MnSOD, Manganese superoxide dismutase; NOS, Nitric oxide synthase;
NOX, NADPH oxidase; PGC-1a, PPARY coactivator-1a; PPCM, Peripartum car-
diomyopathy; PRL, Prolactin; ROS, Reactive oxygen species; sFLT1, fms-like tyro-
sine kinase 1; STAT3, Signal transducer and activator of transcription 3; TTN, Gene
encoding the protein titin; UPS, Ubiquitin proteasome system; VEGF, Vascular
endothelial growth factor.

first 5 months after delivery (Pearson et al., 2000). The preva-
lence of PPCM has been established to be 1:4000 to 1:1000 live
births in the Western world (Elkayam, 2011; Kolte et al., 2014),
although there is regional variation, e.g. the prevalence of PPCM
in Haiti is 1:300 live births (Fett et al., 2005). In contrast to DCM,
which typically presents later in life (Hershberger et al., 2013),
PPCM often develops in young, previously healthy women and
is a disease which progresses quickly to cardiac dysfunction and
failure as is evident in the high mortality and transplantation rate
(Van Hoeven et al., 1993; Hilfiker-Kleiner et al., 2007; Sliwa et al.,
2010; Elkayam, 2011; Fett, 2014). As symptoms of PPCM such
as dyspnea, fatigue and exercise incapacity are similar to normal
pregnancy symptoms, the disease is often diagnosed late. If diag-
nosed and treated early, women suffering from PPCM may be
stabilized upon treatment with B-blockers, ACE inhibitors and
bromocriptine (BR) and reversal of the phenotype resulting in
favorable outcome and recovery is not uncommon (Van Hoeven
et al., 1993; Felker et al., 2000; Hilfiker-Kleiner et al., 2007; Sliwa
etal., 2010; Elkayam, 2011; Ballo et al., 2012; Haghikia et al., 2013;
Fett, 2014). This is contrary to what is often observed in DCM
which is characterized by a late onset and slow disease progres-
sion that might be stabilized but unlikely to be reversed upon
treatment (Van Hoeven et al., 1993; Fish, 2012; Hershberger et al.,
2013).

PHYSIOLOGICAL ADAPTATIONS DURING PREGNANCY

The pathogenesis of PPCM is tightly bound to the cardiac
changes that accompany normal pregnancies. It is therefore
important to understand the physiological changes that occur
during pregnancy. The increased hemodynamic load caused by
the increased blood volume results in physiological hypertrophy,
in which chamber dimensions increase, concomitant with a pro-
portional increase in wall thickness to cope with the increased
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hemodynamic load and to facilitate increased cardiac output
(Clapp and Capeless, 1997; Umar et al., 2012). This physiolog-
ical hypertrophy is different from the pathological (eccentric)
hypertrophy seen in both PPCM and DCM in which chamber
dimensions increase while wall thickness does not increase pro-
portionally in response to increased hemodynamic load (Gaasch
and Zile, 2011). According to the law of Laplace this will lead to
increased wall stress. Physiological pregnancy-related hypertro-
phy is reversible post-partum, usually within 1 year after delivery
(Clapp and Capeless, 1997). Other differences between patholog-
ical and physiological hypertrophy are the absence of fibrosis and
the absence of induction of the fetal gene program in physio-
logical hypertrophy (McMullen and Jennings, 2007; Umar et al.,
2012). In addition, angiogenic factors such as vascular endothe-
lial growth factor A (VEGF A) are secreted during pregnancy
which facilitates myocardial angiogenesis in order to increase
capillary density proportionally to cardiomyocyte size. Both cap-
illary density as well as VEGF levels return to pre-pregnancy
levels post-partum (Umar et al., 2012; Chung and Leinwand,
2014). Pregnancy is often seen as a cardiac stress model upon
which underlying cardiac dysfunction may reveal itself due to the
increased hemodynamic load on the heart and hormonal changes
during pregnancy (Chung and Leinwand, 2014). However, the
increase in hemodynamic load starts early in pregnancy (Clapp
and Capeless, 1997) while PPCM develops in the last month of
pregnancy or even post-partum. It is therefore unlikely that the
increased hemodynamic load is the sole cause of PPCM.

GENETIC PREDISPOSITION AND TITIN ISOFORM
SWITCHING

As stated before, DCM can have a genetic cause, leading to
a familial form of DCM. Many mutations have been linked
to DCM. However, many of these genes are also implicated
in hypertrophic and restrictive cardiomyopathies (Hershberger
et al., 2013). A common gene which is mutated in 6% of DCM
patients is the gene encoding for the protein lamin-A/C (LMNA)
(Parks et al., 2008). LMNA mutations show a relatively high pen-
etrance compared with mutations in other genes and patients
carrying LMNA mutations often have conduction abnormalities
(Parks et al., 2008; Hershberger et al., 2013). In addition, Herman
et al. showed a high incidence of truncated variants in the gene
encoding for the protein titin (TTN) in DCM patients (Herman
etal., 2012). In PPCM, little is known about causative pathogenic
mutations. However, the fact that multiple PPCM cases within
one family have been reported (Van Spaendonck-Zwarts et al.,
2014) suggests that gene mutations could play an important role.
Furthermore, reports about DCM and PPCM cases within fam-
ilies and the identification of mutations (Morales et al., 2010;
Van Spaendonck-Zwarts et al., 2010, 2014) strengthen the sug-
gestion of a genetic cause and overlap in etiology of PPCM and
DCM. A recent study showed a high incidence of TTN variants
in PPCM patients, and this cohort was marked by slow recov-
ery (Van Spaendonck-Zwarts et al., 2014). However, it has been
proposed that TTN mutations are not always disease causing,
but might act as disease modifiers as truncated TTN variants are
present in 3% of the general population (Herman et al., 2012).
Knowledge about pathogenic effects of gene mutations would

enable the identification of persons at risk for the development
of DCM and PPCM and thereby facilitate early diagnosis and
treatment.

The protein titin acts as a multifunctional spring that can exist
as two distinct isoforms in the adult human heart; a compliant
N2BA isoform and a stiff N2B isoform. A shift to more N2BA
titin isoform and subsequent reduced passive stiffness was shown
in DCM patients previously (Makarenko et al., 2004; Nagueh
et al., 2004). Apart from isoform shift, alterations in titin post-
translational modifications such as phosphorylation are able to
alter passive force development (Granzier and Labeit, 2002). Titin
isoform has also been suggested to play a role in the ability of the
heart to adapt contractility in response to stretch, known as the
Frank-Starling mechanism (Fukuda et al., 2003). Unfortunately,
limited data is available about the role of titin in PPCM, although
increased compliant titin isoform and lowered passive tension has
been reported in one PPCM patient with a TTN mutation (Van
Spaendonck-Zwarts et al., 2014). Titin can also be modified under
oxidizing conditions in which disulfide bridges can be formed in
titin’s N2B unique sequence possibly resulting in increased passive
stiffness (Gritzner et al., 2009). In addition, S-glutathionylation
of cysteine residues in the Ig regions of titin under the influence
of redox signaling has been suggested to lower passive stiffness
(Alegre-Cebollada et al., 2014). As oxidative stress is present in
both PPCM and DCM, as described later in this review, it is pos-
sible that this will also affect titin function although this has not
been established in vivo yet.

OXIDATIVE STRESS AND PROLACTIN: A DEADLY
COMBINATION

In both DCM and PPCM, oxidative stress is a key player in dis-
ease pathogenesis. However the exact consequences of reactive
oxygen species (ROS) production differ notably between the two
disease states as will be discussed below. In normal pregnancy,
ROS production increases during the course of pregnancy and
decreases post-partum to normal levels (Toescu et al., 2002).
In an attempt to counterbalance the detrimental ROS produc-
tion, total anti-oxidant capacity also increases during pregnancy
and remains elevated post-partum (Toescu et al., 2002). In both
PPCM animal models and human PPCM patients, oxidative
stress levels are increased compared to healthy controls (Hilfiker-
Kleiner et al., 2007). An explanation for the increased oxidative
stress in PPCM can be found in the PPCM mouse model with
cardiomyocyte restricted deletion of Signal transducer and activa-
tor of transcription 3 (STAT3) (Hilfiker-Kleiner et al., 2007). This
transcription factor regulates the expression of the superoxide
scavenger Manganese superoxide dismutase (MnSOD) (Negoro
et al., 2001). Accordingly, in the cardiac STAT3 KO mice PPCM
is accompanied by a reduced expression of MnSOD and con-
comitant oxidative stress (Hilfiker-Kleiner et al., 2007). A cru-
cial pathway in PPCM that is instigated by elevated oxidative
stress is the cleavage of the hormone prolactin (PRL) by ROS-
activated Cathepsin D (CD) (Hilfiker-Kleiner et al., 2007). Upon
ROS activation CD cleaves full-length prolactin (PRL) of 23 kDa
into a smaller 16kDa form which has detrimental effects on
cardiomyocyte metabolism and the microvasculature (Hilfiker-
Kleiner et al., 2007, 2012; Hilfiker-Kleiner and Sliwa, 2014). The
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idea that PRL plays a crucial role in PPCM is further strength-
ened by the fact that PRL levels rise at the end of pregnancy
and remain high post-partum during breast feeding which coin-
cides with the onset of PPCM (Grattan et al., 2008). Accordingly,
injection of adenoviral vectors expressing 16 kDa PRL in non-
pregnant mice led to the development of cardiac dysfunction,
dilation of the left ventricle (LV) and decreased myocardial cap-
illary density (Hilfiker-Kleiner et al., 2007). As decreased levels
of STAT3, high levels of oxidative stress, high CD activity and
16 kDa PRL have also been observed in human PPCM patients
(Hilfiker-Kleiner et al., 2007; Haghikia et al., 2013), it strength-
ens the suggestion that insufficient defense against oxidative stress
and subsequent formation of 16 kDa PRL plays an important
role in PPCM pathogenesis. The compound BR is able to inhibit
PRL release from the pituitary gland. Blockade of PRL by BR
treatment in PPCM patients has been shown to improve cardiac
function and increase survival, although only a limited number
of studies containing small patient cohorts have been performed
so far (Hilfiker-Kleiner et al., 2007; Sliwa et al., 2010; Ballo et al.,
2012; Haghikia et al., 2013). Together these results indicate that
cleavage of PRL under oxidative stress is key in the disease devel-
opment in both human PPCM as well as the cardiac STAT-3 KO
PPCM mouse-model (Hilfiker-Kleiner et al., 2007). However, not
all patients treated with BR recover (Sliwa et al., 2010; Haghikia
et al., 2013). Therefore, even though the PRL-mediated pathway
is probably a major determinant in this disease, other pathways
are likely to play a role. Since STAT3 signaling has many differ-
ent functions, it is unlikely that the repressed MnSOD expression
alone explains all observations in the STAT3 KO mouse model.
Additionally, in heterozygous MnSOD*/~ mice a reduction of
MnSOD levels of 50% causes cardiac alterations under basal con-
ditions (Remmen et al., 2001) and induces cardiac remodeling
after pregnancy (Hilfiker-Kleiner et al., 2007), but it does not lead
to the dilated PPCM phenotype often seen in PPCM patients and
the cardiac STAT3 KO mouse model. This implies that besides
MnSOD additional factors are essential for the development of
PPCM.

STATs are activated upon phosphorylation by Janus kinases
(JAK) and are multifunctional transcription factors. In cardiomy-
ocytes STAT3 is involved in survival, sarcomere integrity, cell
growth and ROS production (Haghikia et al., 2014). In the vas-
culature STAT3 promotes vascularization through stimulation
of VEGF signaling (Osugi et al., 2002). Clearly STAT3 affects
multiple cardiac processes besides generation of the 16 kDa PRL
(Haghikia et al., 2014). In the cardiac STAT3 KO model, low
STAT3 levels have been associated with the up-regulation of miR-
199 (Haghikia et al., 2011). MiR-199 down-regulates specific
ubiquitin conjugating enzymes thereby affecting the ubiquitin
proteasome system (UPS). In an in vitro model, this disturbance
of the UPS resulted in decreased protein levels of myosin heavy
chain and troponin T, thereby causing disruption of sarcom-
ere structure (Haghikia et al., 2011). Also in DCM patients, low
STATS3 levels, increased miR-199 levels and decreased levels of
ubiquitin conjugating enzymes have been observed (Haghikia
etal., 2011). Low STAT3 levels have been observed in both PPCM
(Hilfiker-Kleiner et al., 2007) and DCM patients (Podewski,
2003), indicating STAT3 may be part of the common pathway of

both diseases. However, it should be noted that MnSOD protein
levels and activity have been reported to be unchanged in DCM
patients compared to non-failing controls in the myocardium
(Dieterich et al., 2000) and a higher MnSOD activity was observed
in serum (Wojciechowska et al., 2014). This indicates decreased
STAT?3 levels might have different downstream effects in DCM
and PPCM and loss of MnSOD might form an etiology-specific
(additional) source of oxidative stress in PPCM.

Oxidative stress is observed in many forms of heart failure
(HF), including PPCM and DCM, and disturbs various pathways.
However, the high levels of PRL during the final stages of preg-
nancy combined with high oxidative stress, likely make PPCM
develop at such a high pace. As PRL levels are many fold lower
in non-pregnant and non-nursing individuals (Grattan et al,
2008), it is unlikely that PRL also plays a role in DCM patients.
Although oxidative stress has many detrimental effects in the fail-
ing heart it should be noted that ROS also fulfill a beneficial role
in physiological circumstances. For example, NADPH oxidase
(NOXs) produce ROS in a tightly regulated manner and play an
important role in stretch-induced contraction by sensitization of
the ryanodine receptor (RyR2) through oxidation (Prosser et al.,
2011). However, in DCM NOX activity is up-regulated leading
to increased ROS production (Maack et al., 2003). Amongst oth-
ers oxidative stress inactivates important ion channels such as the
L-type-calcium channel (LTCC) and the sarcoendoplasmic retic-
ulum calcium transport ATPase (SERCA2a) and, in combination
with disturbed RyR2 sensitization, may lead to Ca’* depletion
from the sarcoplasmic reticulum (Sag et al., 2013). Another gen-
eral feature of HF is elevated cytosolic Na™ levels (Despa, 2002)
that result in decreased Ca?>* uptake and consequently reduced
NADPH generation in mitochondria [28]. This disturbed balance
of ions within cardiomyocytes causes cardiac dysfunction due to
disturbed excitation-contraction coupling (Sag et al., 2013). In
turn reduced mitochondrial NADPH availability leads to reduced
generation of mitochondrial antioxidants and increased levels of
ROS (Kohlhaas et al., 2010). In addition, ROS causes NADPH
oxidation, thereby further reducing NADPH bioavailability for
the production of ROS scavenger enzymes. In addition, ROS
can reduce the bioavailability of tetrahydrobiopterin (BH4) and
thereby induce the uncoupling of nitric oxide synthase (NOS).
As a result NOS no longer produces beneficial nitric oxide (NO)
molecules, but itself becomes a producer of superoxide (Verhaar,
2004). In this way ROS production can be self-sustaining and
cause additional ROS production (Seddon et al., 2007) thereby
locking the heart in a vicious circle of oxidative stress (Kohlhaas
et al., 2010). Similarly the NOS inhibitor asymmetric dimethy-
larginine (ADMA), a factor shown to be up-regulated in both
DCM and PPCM and described later in this review, has been
suggested to stimulate NOS-uncoupling mediated ROS produc-
tion (Wilcox, 2012). However, it should be noted that ADMA
levels at expected pathological concentrations only had modest
effect on ROS production in this study (Druhan et al., 2008). The
vicious circle of ROS production amplification and Na*/Ca**
imbalance can be visualized in Figure 1. Apart from affecting
cardiomyocyte ion balance, ROS has many other detrimental
effects on cardiomyocytes such as nitration of creatine kinase,
SERCA2a, voltage gated K" channels, desmin, myosin heavy
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chain and a-actinin, induction of DNA damage, cell death and
fibrosis (Pacher et al., 2007; Seddon et al., 2007). As fibrosis can
increase myocardial stiffness and does not contribute to active
force development, increased fibrosis can influence both systolic
and diastolic function. Increased fibrosis is common in DCM
patients (Assomull et al., 2006; Herpel et al., 2006) and the car-
diac STAT3 KO mouse model of PPCM (Ricke-Hoch et al., 2014),
however, there are limited and contradictory reports about fibro-
sis in PPCM patients (Kawano et al., 2008; Mouquet et al., 2008;
Leurent et al., 2009; Ntusi and Chin, 2009).

Together, alterations induced by ROS can lead to cardiomy-
ocyte dysfunction through impaired Na* and Ca?* handling,
impaired sarcomere integrity, cardiomyocyte death and fibrosis
formation. Although 16 kDa PRL is an important contributor to
the pathophysiology of PPCM, it is likely that oxidative stress-
induced cardiac pathology in PPCM also involve other ROS

DISTURBED SARCOMERE INTEGRITY AND ANGIOGENIC
IMBALANCE

The previously described disturbance in the ubiquitin protea-
some system (UPS) system also leads to increased levels of ADMA
(Haghikia et al., 2011), a factor involved in reducing NO avail-
ability by competing with the NOS substrate L-arginine, and
increasing ROS production by endothelial cells thereby contribut-
ing to the amplification of ROS production and cardiac dysfunc-
tion shown in Figurel (Druhan et al.,, 2008). Also in human
PPCM (Haghikia et al., 2013) and DCM patients increased
levels of ADMA have been found and in DCM decreased L-
arginine/ADMA ratio was shown to be a predictor of mortality
(Anderssohn et al., 2012). The male mice of the cardiac STAT3
KO model showed age-related loss of capillary density and a
DCM-like phenotype upon aging including fibrosis and impaired
sarcomere organization (Hilfiker-Kleiner et al., 2004). Several
studies indicate that damaged microvasculature or disturbance in

induced pathways.
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FIGURE 1 | Disturbed Na*/Ca?* signaling and ROS production can be locked in a vicious circle in heart failure. Red boxes indicate down-regulated or
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pro- and anti-angiogenic factors play a significant role in PPCM
pathogenesis. A study by Patten et al. showed a high prevalence
(33%) of (pre)eclampsia in their PPCM cohort (Patten et al.,
2012), which is believed to be a risk factor for PPCM. It has been
shown that PPCM leads to capillary dissociation and endothelial
cell apoptosis (Hilfiker-Kleiner et al., 2007). Patten et al. suggested
that the anti-angiogenic state might worsen the severity of the
disease (Patten et al., 2012). In late pregnancy, anti-angiogenic
factors, such as soluble, fms-like tyrosine kinase 1 (sFLT1), are
secreted and thereby inhibit the increased VEGF signaling dur-
ing pregnancy (Chung and Leinwand, 2014). The increase in
anti-angiogenic factors is significantly higher in patients with
(pre)eclampsia which results in decreased VEGF levels (Levine
et al., 2004) and also unusually high levels of sFLT1 have been
observed in PPCM patients (Patten et al., 2012). This indicates
the anti-angiogenic state is important in both (pre)eclampsia
and PPCM pathogenesis and might explain the high prevalence
of (pre)eclampsia among PPCM patients. A common finding
in PPCM studies is a reduced capillary density in the post-
partum phase (Hilfiker-Kleiner et al., 2007; Patten et al., 2012).
Disturbed VEGF signaling and decreased capillary density have
also been observed in DCM (Abraham et al., 2000; Karch et al.,
2005; Lionetti et al., 2014). Another KO mouse model which
lacks the cardiac PPARy coactivator-la (PGC-1a), also results
in the development of PPCM (Patten et al., 2012). PGC-1a pro-
motes angiogenesis by stimulating VEGF signaling (Arany et al.,
2008; Patten et al., 2012), (cardiac) mitochondrial biogenesis and
metabolism in a tissue specific manner (Lehman et al., 2000;
Arany et al., 2005). However, also in this model PPCM develop-
ment occurs through the MnSOD, ROS and 16 kDa PRL pathway
as the phenotype could only be partly rescued by pro-angiogenic
therapy in the form of VEGF A and treatment with both VEGF
A and BR was needed to obtain full recovery of LV function.
Indeed, in PGC-1ao KO mice MnSOD was reduced and ROS
increased, which is not surprising as PGC-1a is an inducer of
MnSOD (Patten et al., 2012). Repressed levels of PGC-1a have
also been observed in PPCM patients (Patten et al., 2012). PGC-
la could also be implied in DCM as PGC-1a KO mice showed
inability to increase heart rate in response to dobutamine, had
markedly depressed levels of ATP in cardiac muscle and showed
ventricle dilation and reduced fractional shortening upon aging
(7-8 months), indicating PGC-1a deficiency can induce a DCM-
like phenotype (Arany et al., 2005). However, depressed levels
of PGC-la-regulated genes, but not expression levels of PGC-
la itself, have been reported in DCM (Sihag et al., 2009). The
extend of depression of PGC-1a regulated genes has been shown
to be correlated to LV systolic function, which indicate mito-
chondrial function as regulated by PGC-1a is impaired in HF
(Sihag et al., 2009). The 16kDa PRL increases NFkB activity
induced by miR-146 and thereby causes endothelial cell apoptosis
(Tabruyn et al., 2003; Halkein et al., 2013). In addition, 16 kDa
PRL up-regulates exosome loading with miR-146 of endothelial
cells. Uptake of these exosomes by cardiomyocytes causes miR-
146 induced impaired metabolic activity (Halkein et al., 2013).
An interesting notion is that miR-146 has been shown to be up-
regulated in PPCM but not in DCM patients (Haghikia et al.,
2013; Halkein et al., 2013). This indicates that although both

patient groups suffer from dysfunctional microvasculature, the
exact underlying pathogenesis might not be the same. Impaired
microvasculature may result in insufficient oxygen and nutrient
delivery to cardiomyocytes resulting in increased susceptibility to
apoptosis and impaired cardiac function. It is clear that PPCM
and DCM can result in similar clinical presentation even without
the presence of PRL. The cleaved form of PRL is likely to cause
an additional hit in PPCM quickly worsening disease progression
and outcome. An overview of the changes in PPCM and DCM
compared to healthy controls, grouped by downstream effect, can
be seen in Table 1.

PREGNANCY IN DCM PATIENTS AND SUBSEQUENT
PREGNANCIES IN PPCM PATIENTS

Given the similarities between PPCM and DCM, DCM patients
presenting with the wish to conceive are a complicated patient
group to counsel. Only a few studies have explored the dis-
ease alterations in DCM patients who become pregnant. The
effects of pregnancy on cardiac function in DCM patients are
contradictory as limited adverse events and recovery toward pre-
pregnancy cardiac function (Bernstein and Magriples, 2001; Blatt
et al., 2010), but also significant decreased cardiac event-free
survival compared to non-pregnant DCM patients has been
reported (Grewal et al., 2009). Adverse outcome in pregnant
DCM patients was related to high NTproBNP levels, a known
indicator for cardiac dysfunction, Blatt et al. (2010) and New
York Heart Association functional classification class III or IV
(Grewal et al., 2009). Most cardiac adverse events occurred at
the beginning of the third trimester, which coincided with an
increase in hemodynamic load on the heart (Grewal et al., 2009)

Table 1 | Altered parameters in PPCM and DCM compared to healthy
controls.

Parameter PPCM DCM
Structure Chamber dilation 4 4

Sarcomere mutations Possible Possible

Sarcomere integrity | J

Fibrosis 4 in animals, 4

unknown in human

Fetal gene program  Unknown 0

Titin N2BA/N2B ratio  Unknown 1
Oxidative stress Oxidative stress 4 0

MnSOD 1 =

16 kDa PRL 1 Unlikely

PGC-1a 1 | target gene

expression

STAT3 | i\
Vasculature Capillary density N 1

VEGF ¢ \:

miR-146 1 -

miR-199 4 0

ADMA 1 1

References for the shown parameters are indicated in the text.
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while PRL levels are still relatively low. Another case report that
showed adverse events during pregnancy in a DCM patient also
showed adverse events earlier in pregnancy than is observed in
PPCM (Gevaert et al., 2014). Therefore, most adverse events seen
in pregnant DCM patients are most likely due to the cardiac
stress during pregnancy that is being placed on an already trou-
bled heart. However, most adverse events were successfully treated
and recovery to pre-pregnancy cardiac function was often estab-
lished. A retrospective study by Bernstein et al. showed pregnancy
is well-tolerated in stable DCM patients, while maternal out-
come was significantly worse in PPCM patients (Bernstein and
Magriples, 2001). Therefore, Bernstein et al. suggest the progno-
sis of PPCM patients should not be used when a stable DCM
patient presents herself with the wish to conceive (Bernstein and
Magriples, 2001). This strengthens the suggestion that although
PPCM and DCM may share similar genetic predispositions and
some common disease pathways, PPCM should not be considered
as DCM occurring during or soon after pregnancy. However, it is
also possible that pregnant DCM patients are protected from the
fast deterioration of cardiac function seen in PPCM due to the
fact that DCM patients are already treated for heart failure prior
to and during pregnancy and are closely monitored. A small study
by Hilfiker-Kleiner et al. showed BR treatment of PPCM patients
in their subsequent pregnancy was able to improve survival and
prevent relapse compared to PPCM patients without BR treat-
ment (Hilfiker-Kleiner et al., 2007). Studies exploring subsequent
pregnancies of PPCM patients revealed a HF relapse in 20-30%
and the ability to recover was related to cardiac function after
PPCM index pregnancy and prior to the subsequent pregnancy
(Elkayam et al., 2005; Fett et al., 2010). From these studies it can
be concluded that stable DCM patients are unlikely to develop
the fast PPCM disease progression and that the outcome of the
DCM patient group is often more favorable than that of PPCM
patients. The potential uneventful previous and subsequent preg-
nancies in PPCM patients indicate we do not know all triggers
of PPCM since any predisposing mutation and PRL would also
have been present in previous and subsequent event-free preg-
nancies. As PRL is present in both pregnant DCM patients and
PPCM patients, we cannot simply state that PPCM is triggered by
the presence of PRL in combination with a weakened heart.

FUTURE PERSPECTIVES

LARGE COHORT STUDIES PPCM

At the moment there is still a lack of prospective studies explor-
ing PPCM in larger cohorts. Most studies to date are case studies
or small (often retrospective) cohort studies. A large, multicenter,
randomized controlled clinical trial to evaluate BR treatment in
60 PPCM patients is ongoing, and the results should shed light
on the effectiveness of BR treatment and outcome (US National
Library of Medicine, 2012). In addition, the EURObservational
Registry on PPCM has started to enroll patients that will be fol-
lowed in a 1-year prospective study which will help to evaluate
PPCM clinical presentations, risk factors, management and the
effects on offspring worldwide (Sliwa et al., 2014).

GENETIC PREDISPOSITIONS
Information about disease initiation and predispositions such
as pathogenic mutations is still limited in PPCM and DCM.

Therefore, more knowledge is needed on which mutations pre-
dispose people to DCM and PPCM and how these mutations
exert their pathogenic effect in disease initiation and progression.
Identification of these mutations would greatly enhance the abil-
ity to identify persons at risk to develop PPCM and DCM and by
monitoring these patients early diagnosis and treatment could be
facilitated thereby enhancing survival.

CARDIAC REMODELING

As cardiac deterioration, heart transplantations and death often
occur within a few months after diagnosis in PPCM, it is pos-
sible that the cardiac remodeling to cope with the new cardiac
state and demands in PPCM is different than in a more slow
progressive disease as DCM. For example, in heart failure it has
been shown that the fetal gene program is initiated resulting in
cardiac remodeling in order to compensate for decreased car-
diac function, although it contributes to cardiac dysfunction at
a later stage (Thum et al., 2007). The limited time for adaptation
of the heart might be detrimental in PPCM patients, as the lack
of time to mount a compensatory response causes the need for
cardiac transplantation, or lead to death soon after diagnosis. On
the other hand, full recovery of PPCM patients may be explained
by lack of permanent cardiac remodeling. However, not enough
is known about remodeling of the PPCM heart and the recom-
mendation to not use gadolinium in pregnant women has limited
the use of magnetic resonance imaging (MRI) to assess fibrosis
in PPCM patients. Therefore, other techniques to assess cardiac
remodeling such as immunohistochemical staining of biopsies or
explanted heart tissue should be explored in order to shed light
on cardiac remodeling in PPCM.

OXIDATIVE STRESS

Based on observations in the STAT3 mouse model, mitigation
of the intracellular defense mechanism against oxidative stress in
human PPCM so far mainly focused on the reduction of MnSOD
levels. Indeed reduction of MnSOD levels is an important con-
tributor to elevated ROS levels in PPCM patients. However,
to further unravel the patho-mechanism of oxidative stress in
PPCM, future studies should involve the potential contribution
of other enzymatic and non-enzymatic ROS scavengers as well as
that of potential sources of ROS. Reduced MnSOD expression and
PRL cleavage as a result of concomitant oxidative stress have been
identified as important regulators of PPCM. Still the complete
etiology of PPCM is far from completely understood.

SUMMARY AND CONCLUSION

PPCM and DCM likely share part of their pathogenesis such as
predisposing mutations, increased oxidative stress, an impaired
microvasculature and damaged sarcomere integrity. However, the
exact underlying pathways might be differently altered in PPCM
and DCM. While 16kDa PRL is likely to be a key player in
PPCM it is unlikely to play a significant role in DCM. It is
this 16 kDa PRL that might explain the faster deterioration of
cardiac function in PPCM by inducing an additional cascade
of cardiovascular impairment. However, given the observation
that pregnant DCM patients do better than PPCM patients,
this difference in PRL levels between PPCM patients and non-
pregnant DCM patients cannot explain all differences observed.
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The reports about uneventful subsequent pregnancies in PPCM
patients indicate additional causative factors, such as insuffi-
cient defense mechanisms against oxidative stress or a vulnerable
microvasculature. Therefore, despite their overlap in disease etiol-
ogy and clinical presentation, differences in underlying pathways,
disease progression and outcome argue for separation of the two
disease states.
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INTRODUCTION

Familial hypertrophic cardiomyopathy (FHC) is the most frequent inherited cardiac disease.
It has been related to numerous mutations in many sarcomeric and even some
non-sarcomeric proteins. So far, however, no common mechanism has been identified by
which the many different mutations in different sarcomeric and non-sarcomeric proteins
trigger development of the FHC phenotype. Here we show for different MYH7 mutations
variance in force pCa-relations from normal to highly abnormal as a feature common to
all mutations we studied, while direct functional effects of the different FHC-mutations,
e.g., on force generation, ATPase or calcium sensitivity of the contractile system, can be
quite different. The functional variation among individual M. soleus fibers of FHC-patients
is accompanied by large variation in mutant vs. wildtype B-MyHC-mRNA. Preliminary
results show a similar variation in mutant vs. wildtype B-MyHC-mRNA among individual
cardiomyocytes. We discuss our previously proposed concept as to how different
mutations in the B-MyHC and possibly other sarcomeric and non-sarcomeric proteins may
initiate an FHC-phenotype by functional variation among individual cardiomyocytes that
results in structural distortions within the myocardium, leading to cellular and myofibrillar
disarray. In addition, distortions can activate stretch-sensitive signaling in cardiomyocytes
and non-myocyte cells which is known to induce cardiac remodeling with interstitial
fibrosis and hypertrophy. Such a mechanism will have major implications for therapeutic
strategies to prevent FHC-development, e.g., by reducing functional imbalances among
individual cardiomyocytes or by inhibition of their triggering of signaling paths initiating
remodeling. Targeting increased or decreased contractile function would require selective
targeting of mutant or wildtype protein to reduce functional imbalances.

Keywords: MYH7-mutations, allelic imbalance, myocyte disarray, interstitial fibrosis, converter domain of myosin
head, myosin head stiffness, calcium sensitivity of muscle fibers, calcium sensitivity of cardiomyocytes

(cTnl) account for nearly 90% of all FHC-cases. About 40% of

Familial hypertrophic cardiomyopathy (FHC) is the most frequent
inherited cardiac disease and the most common cause of sudden
cardiac death in otherwise healthy young individuals and athletes
(Maron et al., 2003). FHC is characterized by asymmetric hyper-
trophy of the left ventricle, pronounced myocyte and myofibrillar
disarray, and interstitial fibrosis. These structural features together
with arrhythmias, unexplained syncopes and sudden cardiac death
are hallmarks of the FHC. The clinical phenotype of FHC is het-
erogeneous ranging from almost asymptomatic to highly malig-
nant with sudden cardiac death or development of end-stage
heart failure (Spirito et al., 1987; Maron et al., 2003). More than
300 FHC-related mutations were identified within the in the B-
myosin heavy chain (3-MyHC; Moore et al., 2012) revealing allelic
genetic heterogeneity. FHC-related mutations, however, were also
found in a large number of other sarcomeric proteins (non-allelic
genetic heterogeneity in FHC), few even in non-sarcomeric pro-
teins. Mutations in the -MyHC, cardiac myosin-binding protein
C (cMyBPC), cardiac troponin-T (¢TnT), and cardiac troponin-I

all genotyped FHC-patients carry missense mutations in MYH7,
about 30-40% in the cMyBPC gene (Richard et al., 2003; Fokstuen
et al., 2008; Ho et al., 2010). So far, however, it is still unclear how
altogether several hundred different mutations in a large number
of different sarcomeric and some non-sarcomeric proteins result
in the characteristic features of FHC.

Since FHC is a monogenic disease, the phenotype is thought
to result from the triggering of phenotype development by the
respective mutation (Ashrafian et al., 2011). This raised the ques-
tion about the trigger common to all the different mutations in
the different proteins. In vitro motility and ATPase-assays on iso-
lated sarcomeric proteins together with the analysis of mouse
models led to the hypothesis that enhanced calcium-sensitivity,
increased maximal force generation, and higher ATPase activity
are the common features of FHC-related mutations (Robinson
et al., 2002, 2007; Debold et al., 2007), resulting in impaired
energy metabolism (Spindler et al., 1998; Blair et al., 2001) and
altered calcium-handling in cardiomyocytes (Baudenbacher et al.,
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2008; Guinto et al., 2009). Several data reported about functional
effects of FHC-mutations are in conflict with this hypothesis. For
example, force generation of cardiomyocytes from tissue samples
of affected patients was reduced compared to control for f-MyHC
mutations, mutations in the cMyBPC, and for FHC-patients with
unidentified mutations (Hoskins et al., 2010; van Dijk et al., 2012;
Kraft et al., 2013). For several B-MyHC mutations calcium sensi-
tivity was found reduced, or unchanged but with residual active
forces under relaxing conditions (Kirschner et al., 2005; Kraft
etal., 2013). For only two out of four f-MyHC mutations ATPase
was enhanced but unchanged for the others (Seebohm et al., 2009;
Witjas-Paalberends et al., 2014) while two out of three B-MyHC
mutations showed higher force generation than controls while
force generation was unchanged for the third when force genera-
tion was studied in M. soleus fibers of affected patients (Seebohm
et al., 2009). Thus, the effects of quite many FHC-mutations do
not fall into the previously proposed common mechanism for
FHC-development of increased contractile functions. This could,
in part, be due to secondary effects like myofibrillar disarray
affecting some of these parameters, e.g., maximum force gener-
ation (Kraft et al., 2013). Thus, altogether no common trigger for
FHC-development has been identified so far. Knowing the trigger
and subsequent steps in the pathogenesis of FHC holds the poten-
tial to identify novel targets for novel therapeutic strategies, e.g.,
in the prevention cardiac remodeling in FHC-patients harboring
different FHC-related mutations.

Here we summarize our work on the functional characteriza-
tion of FHC-related mutations in the B-MyHC both in skeletal
and myocardial tissue samples of affected patients. Our goal was
to identify features that might be common to many if not all
FHC-related mutations and thus may be a trigger for develop-
ment of the typical FHC-phenotype by different mutations in
different sarcomeric and even non-sarcomeric proteins. We will
finally discuss a possibly common feature and how it might ini-
tiate myocyte disarray, interstitial fibrosis and hypertrophy, the
hallmarks of FHC-related cardiac remodeling.

EFFECTS OF FHC-RELATED MUTATIONS IN THE g-MyHC ON
FORCE GENERATION AND FIBER STIFFNESS

MEASUREMENTS ON ISOLATED FIBERS OF M. SOLEUS TISSUE
SAMPLES OF FHC-PATIENTS

We had focussed our earlier work on the functional effects of
missense mutations in the converter domain of the f-MyHC,
mutations R719W, R723G, and 1736T (cf. Figure 1, Rayment
et al., 1993). Our goal was to identify direct functional effects of
these mutations on muscle function that may be common to all
three mutations and common to other FHC-related mutations,
including mutations in other proteins.

Tissue samples of M. soleus were obtained by open biopsy.
The samples were immediately separated in small bundles and
fiber membranes were dissolved by incubation in skinning solu-
tion, an ATP-containing solution mimicking the intracellular
ionic milieu to which 0.5% Triton X100 was added. Fiber bun-
dles were then equilibrated with solutions containing increasing
concentrations of sucrose (maximum 2 M) as a cryoprotectant.
Fiber bundles were then rapidly frozen in liquid propane and
stored in liquid nitrogen until use. For details see Kraft et al.
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FIGURE 1 | Structural model of the myosin head domain (Rayment

et al., 1993) illustrating the locations of the converter mutations
R719W, R723G, and 1736T. Note location of mutations R719W and R723G
more in the core of the converter in a helix close to the long a-helix of the
light chain binding domain that is anchored in the converter. Mutation 1736T
is near the surface of the converter (figure prepared with RasMol).

(1995). For experiments fiber bundles were thawed, individual
fibers were isolated and mounted between a strain gage force
transducer and a motor to control muscle length or load. As
a direct measure of length and length changes of the muscle
fibers we measured sarcomere length by laser light diffraction.
For further details see Seebohm et al. (2009). The mounted indi-
vidual fibers were bathed in different experimental solutions that
mimicked the ionic composition of the intracellular medium.
Different free Ca* ™ -ion concentrations were obtained by adding
the calcium chelator EGTA and CaEGTA in appropriate propor-
tions. Free Ca™™-ion concentrations were calculated according
to Fohr et al. (1993). For measurements under rigor conditions,
fibers were incubated in solutions without MgATP that contained
3mM EDTA to quickly remove free Mg™ " -ions.

We first measured stiffness of single M. soleus muscle
fibers in rigor (Figures2A,B) and during active contraction
(Figures 2C,D, Secbohm et al., 2009). Stiffness was mea-
sured by applying small ramp-shaped length changes, stretches
(Figure 2A) or releases (Figure 2C) for stiffness in rigor or dur-
ing active contraction, respectively. During these length changes
force and change in sarcomere length were recorded. Fiber stiff-
ness was measured as the slope when force was plotted vs. change
in sarcomere length (cf. Figures 2A,C). For stiffness during active
contraction the slope over the initial 2-3 nm of length change was
determined (red line in Figure 2C) for further details of stiffness
measurements see Brenner (1998). Under rigor conditions and
during active contraction we observed an increased fiber stiffness
for mutations R723G and R719W, while stiffness of fibers with
mutation 1736T was unchanged (Figures 2B,C). The increased
stiffness in rigor, i.e., when all myosin heads are attached to actin,
immediately suggested that mutations R723G and R719W both
increase the stiffness of the myosin head domain.

QUANTITATIVE ESTIMATE OF THE CHANGE IN MYOSIN HEAD
STIFFNESS BY MUTATIONS R719W AND R723G

For a quantitative estimate of the increase in stiffness per myosin
head we had to determine the elastic distortion of the myosin
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FIGURE 2 | Effects of mutations R719W, R723G, and 1736T on stiffness of ~ mutations and control fibers. Speed of stretch ~3-5 x 10% (nm/half

soleus muscle fibers in rigor (absence of nucleotide) and during active sarcomere)s~'; T = 5°C; n = 5-10 fibers. Mean values + SE, normalized
contraction. (A) Principle of stiffness measurement in rigor. In rigor fibers control fibers, respectively. *Difference to controls statistically significant,
generate no force when put in rigor by rapid removal of free Mg?*-ions p < 0.05. (C) Principle of stiffness measurements during isometric steady
together with removal of ATP (Brenner et al., 1986). Thus, stiffness was state contraction. When fibers have reached constant isometric force a ramp
measured by applying a ramp-shaped stretch (see inset for a schematic shaped release is imposed on the fiber length. This results in a drop of
illustration). Stiffness is the slope when force change is plotted vs. applied isometric force (cf. inset for schematic illustration of length change and force
change in sarcomere length, measured in nm/half sarcomere (nm/HS). Note response). Over the initial 2-3 nm of length change the plot of force vs.

that only the dark part of the traces in the inset are included in the force vs. sarcomere length change is linear. Deviation from the linear response later in
length change plot. Noise of this plot was reduced by signal-averaging the release is due to rapid re-equilibration of myosin heads in their different
responses of several such maneuvers. (B) Fiber stiffness in rigor for the (Continued)
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FIGURE 2 | Continued

force-generating states. The slope of the initial linear part is determined by
linear regression (red line) and taken as active fiber stiffness. The intercept of
this line with the abscissa is the yp-value. This is interpreted as the elastic
extension of the actin and myosin filaments plus elastic distortion of the force
generating myosin heads (Linari et al., 2007). The plot of force vs. length
change is noisier than in (B). This is due to the fact that fewer measurements
were signal-averaged than under rigor conditions shown in (A). (D) Fiber
stiffness determined during isometric steady state contraction [speed of
release ~2-4 x 10% (nm/half-sarcomere)s']; T = 10°C to ensure structural
integrity of fibers and stability of striation pattern throughout experiments;

n = 6-14 fibers. Mean values + SE, normalized control fibers, respectively.
*Difference to controls statistically significant, p < 0.05. (E) Plot of yg, vs.
isometric force at different levels of calcium-activation. The yp-values were
measured from T-plots (cf. C) at pCa values from 4.5 t0 6.6; T = 10°C. Speed
of length release 4-5 x 102 (nm/half-sarcomere)s~". Continuous line obtained
by linear regression. Y-axis intercept of solid line is 5.67 nm/HS (HS = half
sarcomere) equals elastic extension of force generating heads (cf. double
headed arrow). Slope of solid line is filament compliance per half-sarcomere,
about 0.025 nm/kPa. Elastic extension of myofilaments at an isometric force
of 120kPa is illustrated by double arrow. Panels (B, D and E) reprinted with
modifications from Seebohm et al. (2009) with permission from Elsevier.

head vs. elastic extension of myofilaments while active force was
generated or while fibers were in rigor. This was possible from
measurements of active force and active stiffness at different
degrees of Ca™T-activation (cf. Linari et al., 2007). Figure 2E
shows these data and illustrates the separation between elastic
head distortion and elastic filament extension at different lev-
els of active force. The slope of the solid line in Figure 2E is
the compliance of the myofilaments. The intercept of this line
with the ordinate at about 5.5 nm/HS represents the elastic exten-
sion of the force-generating cross bridges. This is assumed to be
the same for all levels of Ca™ ™ -activation. The yy-value is the
amplitude of fiber release per half-sarcomere that is necessary
to drop active force to zero if no fast redistribution of cross-
bridges among their different states had occurred (intercept of
red solid line in Figure 2C with abscissa at about 8.6 nm/HS).
In this concept the yy equals the elastic extension/distortion of
the force generating cross-bridges, about 5.6 nm, plus the elas-
tic extension of the myofilaments that increases with the forces
(isometric force) that act on the myofilaments (cf. Linari et al.,
2007).

For a quantitative estimate of the changes in stiffness and in
the contribution to force generation by the individual myosin
head, caused by the converter mutations, we also had to know
how many myosin molecules actually carry the FHC-mutation.
From the autosomal dominant inheritance one may have assumed
that 50% of the myosin molecules carry the mutation while the
other 50% have the wildtype sequence. Analysis by mass spec-
trometry, however, revealed that the abundance of mutant protein
is not equal to 50% but instead is characteristic for each par-
ticular mutation (allelic imbalance; Figure 3, black bars). The
same allelic imbalance is found for different members of the
same family (cf. 1734T, R723G) and for different generations (cf.
R723G), but also in unrelated families with the same mutation
(cf. V606M, R723G). In addition, the same abundance is found in
M. soleus fibers and in left ventricular myocardium (cf. R723G).
Analysis of expression of the mutant allele at the mRNA-level
revealed very similar fractions of mutant mRNA (allelic imbal-
ance) as was found for the mutant protein (Figure 3, gray bars vs.
black bars).

The known fraction of mutant myosin in our samples
allowed us to estimate the change in head stiffness (change
in resistance to elastic distortion) from the observed increase
in fiber stiffness, i.e., of the mixture of mutant and wild-
type myosin molecules, and the known compliance of the
myofilaments (Figure 2C, Seebohm et al., 2009). This estimate

yielded an about 2.6-fold increase in head stiffness for muta-
tion R719W and about 2.9-fold increase for mutation R723G
while mutation 1736T had no such effect (Seebohm et al.,
2009).

Based on the fundamental mechanism of force generation, i.e.,
that active forces result from elastic distortion of actin attached
myosin heads caused by structural changes in the myosin head
during its working stroke (Huxley, 1957), an increased head
stiffness that corresponds to an increased resistance to elastic dis-
tortion is expected to result in increased generation of active force.
In fact the estimated increase in stiffness of the individual head
domain indicated by our stiffness measurements predicted an
increase in force generation that was very close to that observed
experimentally, about 2-fold for the head domains with mutation
R723G or R719W (Seebohm et al., 2009).

The increased head stiffness by converter mutations R719W
and R723G implies that the converter domain itself is a major
determinant of head stiffness since a point mutation in a partic-
ular domain can result in an increase in head stiffness only if the
affected domain is a compliant part of the molecule. Stiffening
of an already rigid component would not affect overall “stiff-
ness” of a molecule since overall stiffness is limited by the most
compliant element(s) of the molecule. But why should increased
head stiffness and increased contribution to force generation by
an individual myosin head cause disease?

Since mutations R719W and R723G increased myosin head
stiffness while mutation I1736T did not, we wondered whether the
first two mutations were located at particular points in the con-
verter sequence. We therefore compared the amino acid sequence
of the B-cardiac myosin heavy chain (which is also the heavy chain
of slow skeletal muscle) with the sequences of fast skeletal myosin
heavy chains. This revealed that the FHC-mutations R719W and
R723G are located at positions where the B-cardiac/slow MHC
differs from fast MyHC isoforms in the otherwise highly con-
served converter region (cf. Table 1). This raised the question,
whether fast and slow skeletal myosins may actually differ in the
head stiffness and thus the force generated by a cross-bridge in
a force-generating state. We tested this by both stiffness mea-
surements on skinned fibers of human soleus (B-cardiac/slow
skeletal MyHC) vs. rabbit psoas (fast skeletal MyHC-2D) and by
optical trapping on p-cardiac/slow skeletal myosin subfragment
1 prepared from human and rabbit slow skeletal muscle fibers
vs. fast myosin subfragment 1 from the rabbit psoas (Seebohm
et al., 2009; Brenner et al., 2012). This revealed that the fast
MyHC has >3-fold higher head stiffness than the slow/B-cardiac
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FIGURE 3 | Fractions of mutated p-cardiac/slow skeletal MyHC-mRNA
and of p-cardiac/slow skeletal MyHC protein for different FHC-mutations.
Gray bars, fractions of mutated mRNA, black bars, fractions of mutated
protein. Data for M. soleus samples of mutations V606M, G584R, 1736T,
R719W, and R723G. For mutation R723G data from ventricular myocardium
are also included (LV, left ventricle; RV, right ventricle). Note that all mutations
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significantly deviate from equal abundance of wild-type and mutated transcript
(allelic imbalance) with very similar deviations also at the protein level. Allelic
imbalance for mutated mRNA and protein were very similar in M. soleus and
myocardium (mutation R723G). Also note the essentially identical expression
of mRNA and protein both within families (I736T, R723G) and among unrelated
families (V606M, R723G). Reprinted from Tripathi et al. (2011).

Table 1 | Converter sequences and stiffness per myosin head for g-cardiac/slow skeletal and fast skeletal myosin heavy chain isoforms.

719 723 736
v v v

FPNRILYGDFRQRYRILNPAATIPEGQFIDSRKGAEKLL
FPSRILYADFKQRYKVLNASATIPEGQFIDSKKASEKLL
FPSRILYADFKQRYKVLNASATPEGQFIDSKKASEKLL

B-cardiac/slow skeletal MyHC |
skeletal MyHC 1A
skeletal MyHC 1IX/IID

MyHC isoform (source) Stiffness/Head References

FIBER STUDIES

B-cardiac/slow skeletal MyHC | (human soleus) 0.3-0.5pN/nm Seebohm et al., 2009

Fast skeletal MyHC 11D (rabbit psoas) 1.7 pN/nm Linari et al., 2007; Brenner et al., 2012
TRAPPING STUDIES

Slow skeletal MyHC | (rabbit, rat) 0.3-0.4 pN/nm Capitanio et al., 2006; Brenner et al., 2012
Fast skeletal MyHC IIA, D (rabbit back muscle, M. psoas) 2-3pN/nm Lewalle et al., 2008; Brenner et al., 2012

Yellow, fully conserved residues, unmarked, residues where B-cardiac/slow skeletal myosin heavy chain sequence differs from the fast isoforms. Note that mutations
R719W and R723G are located at positions where fast and slow isoforms differ. Mutation 1736T is located at a position where fast and slow isoforms are identical.
Stiffness per myosin head domain of fast and slow MyHC derived from stiffness measurements in muscle fibers and by optical trapping on myosin head domains

(myosin subfragment 1) isolated from muscle tissue.

MyHC (cf. Table 1). This was supported by data in the litera-
ture (cf. Table 1; Capitanio et al., 2006; Lewalle et al., 2008). So
increased head stiffness with increased contribution to force gen-
eration appears to be physiological in fast skeletal muscle fibers.
This made it even more puzzling as to why converter mutations
R719W and R723G cause disease. In addition, increased head
stiffness with increased contribution to force generation can-
not act as a common trigger for FHC-development, not even
for myosin mutations since mutation 1736T showed no such
effect.

POSSIBLE EFFECTS ON CROSS-BRIDGE CYCLING KINETICS
To test whether (additional) effects on cross-bridge cycling kinet-
ics are common to all three converter mutations and may be the
common trigger of phenotype development, we measured the
rate constant of force redevelopment (Kegey) and fiber ATPase
(Seebohm et al., 2009).

Figure 4A shows original records of measurements of the rate
constant of force redevelopment (top panel) together with the
data obtained for the three converter domain mutations (bot-
tom panel). No statistically significant effects were detectable for
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FIGURE 4 | (A) Rate constant of force redevelopment (kredey). TOp panel,
original traces, fiber length, and isometric force vs. time; control fiber,

T = 20°C. Release/restretch protocol to initiate force redevelopment
(Brenner and Eisenberg, 1986). kregev is the rate constant for the time course
of force redevelopment to the isometric steady state, assuming a single
exponential function. Isometric force is difference between force in isometric
steady state and force level during the period of unloaded shortening where
force has dropped to zero. Bottom panel, kieqey Observed for mutations
R719W, R723G, and 1736T, normalized to kyeqey Of controls; n = 7-45 fibers.
Mean values + SE. No statistically significant effects could be observed.

(B) Top panel, fiber ATPase, pen recorder trace of change in
NADH-concentration while a single M. soleus fiber was incubated in the
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ATPase chamber. At downwards pointing arrow fiber was moved from trough
with preactivating solution into ATPase chamber, at upwards pointing arrow
fiber was moved back to preactivating solution. Maximum calcium activation,
T = 20°C. ATPase is determined by the NADH-coupled enzyme assay in
which rephosphorylation of ADP by phosphoenol pyruvate is coupled to
reduction of pyruvate to lactate by NADH. Change in NADH concentration is
followed by absorbance at 360 nm, calibrated with NADH test solutions.
Bottom panel, effects of mutations R719W, R723G, and 17367, on fiber
ATPase during isometric contraction (n = 6-21 fibers). T = 20°C. Mean
values + SE normalized to ATPase of control fibers. ATPase activity is
significantly affected only by mutation R719VV, indicated by *p < 0.001
(reprinted from Seebohm et al., 2009 with permission from Elsevier).

all three mutations. Figure 4B shows an original record of fiber
ATPase measurements (top panel). These measurements revealed
a statistically significant increase in ATPase for mutation R719W
by about 20%. These ATPase measurements together with the
unchanged rate constant of force redevelopment suggested some
changes in cross-bridge cycling kinetics for the R719W muta-
tion. A quantitative estimate, however, showed that the changes
in cross-bridge cycling kinetics alone could at most account for
about 1/3 of the increased active force by the resulting higher
occupancy of force generating cross-bridge states during iso-
metric steady state contraction and required the increased head
stiffness to account for the overall increase in active force seen
with mutation R719W. The increased stiffness in rigor, however,
could not at all be accounted for by these changes in cross-bridge
turnover kinetics (Seebohm et al., 2009).

To identify possible effects of the three converter mutations
on cross-bridge kinetics under isotonic conditions we deter-
mined unloaded shortening velocity and force velocity relations
on fibers from M. soleus samples of affected patients. Unloaded

shortening velocity was determined by the slack-test experiment
(Figure 5, top panel; cf. Edman, 1979). As we had previously
shown, the time to shorten a preset distance (imposed fiber slack)
vs. slack amplitude is not a linear relation as expected for a
constant shortening velocity. Instead shortening velocity slows
down with distance of shortening (Brenner, 1986). When the nat-
ural logarithm of velocity, however, was plotted vs. sarcomere
length a linear relation was observed from which the shorten-
ing velocity at the very beginning of unloaded shortening could
be determined (cf. Brenner, 1986). Data of unloaded shortening
velocity determined from fibers of affected patients are shown in
Figure 5 (bottom panel). Only fibers from one patient showed an
increase in unloaded shortening velocity just above the signifi-
cance cut-off of p < 0.05. All other data were not different from
controls.

To test whether our FHC-mutations also significantly reduce
maximum power under loaded shortening, as previously found
for other FHC-mutations (Lankford et al., 1995), we determined
isotonic shortening velocity under different loads for controls and
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FIGURE 5 | Effect of converter mutations on maximum unloaded
shortening velocity (vimax). Top panel: sample traces of slack test
experiment, length vs. time and force vs. time (cf. Edman, 1979). This
illustrates the reconstruction of 4 points of unloaded shortening vs. time
from the time required for unloaded shortening to take up the imposed
slack, i.e., until force starts to redevelop; vmax defined as initial slope of the
shortening curve is determined by curve fitting according to Brenner (1986).
Control fiber at 20°C. Bottom panel, v for mutations R719W, R723G,
and 1736T normalized to control fibers; n = 6-11 fibers. T = 20°C; mean
values + SE. *indicates statistically significant difference to controls

(p < 0.05). Reprinted from Seebohm et al. (2009) with permission from
Elsevier.

mutations R723G and 1736T. For this test, quick releases from
isometric steady state contraction to shortening under load con-
ditions were applied (Figure 6A). Initial shortening velocity at
the different loads was determined by curve fitting according to
Brenner (1986) just as done for unloaded shortening velocity.
The velocity data were plotted vs. applied load (Figure 6B) and
the Hill equation was fitted to the data points (Figure 6B solid
line) to obtain the force-velocity relations. From the Hill equation
we determined the power at different loads (Figure 6C) to deter-
mine whether the converter mutations affect the maximum power

under isotonic conditions. As shown in Figure 6D, converter
mutations R723G and I736T had no significant effect on max-
imum power under isotonic conditions. For mutation R719W
force velocity relations could not be determined because of insuf-
ficient size of the biopsy to perform all different experiments.
Nevertheless, neither unloaded shortening velocity nor the max-
imum power output could serve as parameters in which all three
converter mutations consistently differ from controls.

FORCE GENERATION AT DIFFERENT DEGREES OF
Cat+-ACTIVATION; Ca™*-SENSITIVITY

It was previously reported that FHC-related mutations cause
an increased CatT-sensitivity of the contractile apparatus
(Robinson et al., 2002; Ashrafian et al., 2011; Marston, 2011). We
therefore measured active force-generation at different degrees
of CatT-activation and constructed the force-pCa relations. To
exclude effects of different phosphorylation levels of the regula-
tory light chain of myosin (LC2S or MLC-2 fast; Sweeney et al.,
1993) all fibers were dephosphorylated with protein phosphatase
la (Kirschner et al., 2005). The recorded force-pCa relations are
shown in Figure 7. Somewhat surprisingly we found for converter
mutations R719W and R723G a reduced Ca™ ™ -sensitivity. For
mutation 1736T Ca™ " -sensitivity was essentially unchanged but
we found residual active force generation even under relaxing
conditions (Kirschner et al., 2005).

IMPLICATIONS OF THE FUNCTIONAL EFFECTS OBSERVED WITH THE
THREE CONVERTER MUTATIONS

Converter mutations R719W and R723G, both located in the core
of the converter at positions where slow and fast myosins dif-
fer in amino acid sequence, increase head stiffness. This implies
that the converter is a main determinant of head stiffness and
thus of the contribution of a myosin head to force generation.
Mutation 1736T, located at the surface of the converter has no
such effect. The other surprising effect is that both R719W and
R723G, opposite to the expectation for FHC-related mutations
(Marston, 2011) reduce Ca™ ™ -sensitivity while mutation 1736T
has no effect on Ca™-sensitivity but causes an incomplete relax-
ation. In addition, mutation R719W showed some changes in
cross-bridge cycling kinetics. Altogether, up to this point, the
three converter mutations did not show a common direct func-
tional effect. Thus, whilst increased head stiffness is a direct
functional effect of the FHC-mutations R723G and R719W, the
FHC-phenotype cannot simply be the result of increased head
stiffness. Interestingly, higher head stiffness is in fact normal
for fast skeletal muscle myosin when compared with the slow
skeletal isoform (Table1). So how does increased head stiff-
ness in the B-myosin heavy chain (B-MyHC) cause disease in
myocardium?

HOW MAY MUTATIONS IN THE MYOSIN HEAD DOMAIN TRIGGER
DEVELOPMENT OF AN FHC-PHENOTYPE?

A possible insight into the puzzle of how FHC-related muta-
tions in the myosin head domain with different direct func-
tional effects may cause development of an FHC-phenotype was
revealed when we compared force-Ca™ ™ -relationships of indi-
vidual M. soleus fibers of FHC patients. To our surprise, in
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(A) Original length and force traces of a quick release experiment in which
the fiber was switched from isometric steady state to isotonic shortening.
Load during isotonic shortening about 10% of isometric force. Note the
curved time course of fiber length similar to the time course of unloaded
shortening by the slack test experiment (Figure 5, top panel). Initial
shortening velocity determined according to Brenner (1986).
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(B) Force-velocity relation constructed by plotting initial shortening velocity
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(B). (D) Effect of mutations R723G and 1736T on maximum power;

mean + SE, n= 12 — 14 fibers. Differences not statistically significant
(p>0.05). T=20°C.

some fibers the force-pCa relations were just like those in unaf-
fected controls while other fibers showed substantially different
force-pCa relations (cf. Figure 8, Kirschner et al., 2005).

For mutation R719W force-pCa relations of some fibers
were shifted substantially further to the right than expected
from the “average” fiber (Figure8 vs. Figure7A). Similarly,
some fibers with mutation R723G were also shifted much fur-
ther to lower Ca™T-sensitivity than the average fiber (Figure 8
vs. Figure 7B). Some fibers with mutation 1736T showed sub-
stantially increased forces at partial activation and had still
substantial active forces even at relaxing Ca™t-concentrations,
i.e., showed incomplete relaxation while other fibers of the
same tissue sample had force-pCa relations indistinguishable
from control fibers. The common feature of all three FHC-
mutations, however, is the spectrum of force-pCa relations rang-
ing from normal (control) to substantially shifted to “abnormal”
Ca™ -sensitivity or enhanced partial activation with incomplete
relaxation.

The relevance of such spectrum of different Cat ™ -sensitivities
for fibers of the same tissue sample of an individual patient
becomes most obvious when considering force generation at

partial activation. At Ca™-concentrations resulting in control
fibers in about 60% of full activation, e.g., pCa 6.1, the observed
active force generated by individual control fibers varies between
about 50% and 70% of full activation. Thus, in control fibers the
highest observed force levels observed at pCa 6.1 (70% of full
activation; Figure 8) are about 1.5 times higher than the low-
est (50% of full activation). At the same pCa value, about 6.1,
for mutations R719W and R723G the highest forces of indi-
vidual fibers in Figure 8 are at least 4- to 5-fold larger than
the lowest. For mutation 1736T the difference between fibers
with highest forces vs. fibers with lowest forces at pCa 6.1
are again in this range (Figure8). In addition, for mutation
1736T some fibers still generated substantial forces at relax-
ing Ca™-concentrations where control fibers were fully relaxed
(pCa 8.0).

Thus, the common feature for all three FHC-related mutations
in the converter is the much larger spectrum of forces generated
by individual fibers of one and the same patient at partial acti-
vation levels. In skeletal muscle such different force generation
among individual fibers at partial activation means that individ-
ual fibers contribute differently to the force generated by a whole
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FIGURE 7 | Force-pCa relations of converter mutations vs. controls.

N = 19 control fibers. pCasg of controls, 6.12 4 0.02. (A) Mutation R719W;
n = 16 fibers; ** mark data at which difference in active forces are highly
significant (p < 0.001); pCasq of fibers with mutation R719W, 5.90 + 0.03,
significantly different from control (p < 0.001) (B) Mutation R723G, n = 13
fibers; pCasg 5.98 £ 0.03, significantly different from control (p < 0.001).
(C) Mutation 1736T; n = 10 fibers; * mark data for which difference in force
generation is significant (p < 0.01); pCasg of fibers with mutation 1736T,
6.15 £ 0.04, not significantly different from control (p > 0.05). Note,
however, the incomplete relaxation even at pCa 8. All data recorded after
treatment of fibers with PP1a; modified from Kirschner et al. (2005). With
permission of The American Physiological Society.

muscle. Yet, “stronger” or “weaker” fibers are not expected to
interfere with each others function. This is because skeletal mus-
cle fibers do not form cellular networks but contribute to total
force of a muscle independently.

WHAT MAY BE THE REASON FOR THE VARIANCE FROM NORMAL TO
MUCH ALTERED Ca**-SENSITIVITY AMONG INDIVIDUAL FIBERS OF
THE SAME FHC-PATIENT?

We had previously observed that in soleus muscle samples
of FHC-patients mutant and wildtype B-cardiac/slow skeletal
MyHC were not expressed equally, different to what one may
have expected for heterozygous patients with an autosomal dom-
inant disease. Instead each mutation has a characteristic fraction
of mutant B-cardiac/slow skeletal MyHC both at the mRNA and
protein level (Figure 3, Tripathi et al., 2011). We therefore won-
dered whether the fraction of -cardiac/slow skeletal MyHC may
also vary from fiber to fiber. Because of the very small amount
of material obtainable from individual soleus fiber segments we
could only determine the fraction of mutant -cardiac/slow skele-
tal MyHC at the mRNA level. Individual M. soleus fibers of a
patient with mutation R723G showed quite different fractions
of mutant mRNA, ranging from about 10% to essentially 100%
(Figure 9). The high number of fibers with almost 100% mutant
mRNA is consistent with the observation that in soleus samples
(tissue level) the average fraction of mutated mRNA is >2/3 of
total p-cardiac/slow skeletal MyHC-mRNA (cf. Figure 3).

In tissue samples of FHC-patients we always found a close
correlation between fraction of mutant mRNA and fraction of
mutant protein, regardless of the FHC-mutation we studied
(Figure 3, Tripathi et al., 2011). Thus, the observed large vari-
ation in the fraction of mutant mRNA among individual fibers
of soleus muscle of affected patients very likely correlates with
a similar variation in the fraction of mutant protein. The large
variation in mutant mRNA and thus in mutant protein among
individual soleus fibers of affected patients could well account for
the large functional variation among individual fibers, as judged
by the force-pCa relations and the large variation in active force
at partial activation (cf. Figure 8, Kirschner et al., 2005).

Assuming that the fibers with the largest shift in force-pCa
relations have the highest abundance of mutant B-cardiac/slow
skeletal MyHC, e.g., 100% as the maximum, forces generated by
these fibers would at most be 2-fold larger than force of control
fibers. This is because force generation per head with mutations
R719W or R723G was estimated to be about 2-fold higher than
force generation by wildtype myosin heads; see above (Kirschner
et al., 2005). As a consequence, the forces at partial activation
(pCa = 6.3), as low as 1/5 of control fibers in the normalized
plots (Figure 8), would still be less than half of control in abso-
lute terms. At pCa around 5.8-5.9 fibers with mutant myosin are
expected to generate about the same amount of absolute force as
controls, at higher activation levels fibers with mutations R719W
or R723G would generate higher forces than controls, reaching
up to 2-fold higher forces at maximum activation for fibers with
100% mutant myosin. Most importantly, however, even if abso-
lute forces of individual fibers are considered, the large variation
in Ca™**-sensitivity among individual fibers remains unaffected.

IN MYOCARDIUM DIRECT FUNCTIONAL EFFECTS CAN BE MASKED OR
EVEN REVERSED BY SECONDARY EFFECTS

Characterization of functional effects of FHC-related mutations
in myocardium for comparison with the effects seen in M. soleus
fibers became possible by samples from explanted hearts of

www.frontiersin.org

October 2014 | Volume 5 | Article 392 | 62


http://www.frontiersin.org
http://www.frontiersin.org/Striated_Muscle_Physiology/archive

Brenner et al.

Pathogenesis of familial hypertrophic cardiomyopathy

Control

N
o

o 0

Force (normalized)
P £

© o o o o

N e (2] [o2) o
L 1 " n

Force (normalized
o

FIGURE 8 | Force-pCa relations of individual M. soleus fibers. Controls, 10
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continuum from relations like control fibers to force-pCa relations substantially
shifted beyond the average position of the corresponding mutation shown in
Figure 7, i.e., to the right for mutations R719W and R723G, and upwards to
incomplete relaxation for mutation 1736T. Modified from Kirschner et al.
(2005). With permission of The American Physiological Society.

patients with the myosin missense mutations, R723G, one of the
mutations that we had studied on soleus muscle samples.

Cardiomyocytes were mechanically isolated from the flash-
frozen tissue samples (van der Velden et al., 2003; Kraft et al.,
2013). After chemical permeabilization the isolated cardiomy-
ocytes were attached to a force transducer and motor such that
active and passive forces and kinetics of cross-bridge cycling
(Kredey) could be measured at different concentrations of free
Ca™"-ions. To our surprise, force-pCa relations of cardiomy-
ocytes isolated from the flash-frozen samples of explanted
myocardium of two patients with mutation R723G showed (i) no
difference in Ca™ " -sensitivity and (ii) reduced maximum active
force compared to myocytes from donor hearts (Figure 10A).
This was in total contrast to the reduced Ca™ ™ -sensitivity and
increased maximum force seen in soleus samples with the same
mutation.

Analysis of phosphorylation of contractile proteins revealed
substantially lower phosphorylation of troponin I in these
myocardial samples with mutations compared to the controls.
When the phosphorylation pattern was matched with controls by
treatment with protein kinase A (PKA) or by a combination of
dephosphorylation by protein phosphatase-1a (PP-1a) followed
by phosphorylation with PKA, the mutant samples showed a sim-
ilarly reduced Ca'™-sensitivity as the soleus fibers of patients
with the R723G-mutation (Figure 10A vs. Figure 10B).

Maximum force, however, was still substantially reduced
after matching phosphorylation of patient samples with con-
trols (Figure 10B, left panel). An explanation for the reduced
force generation in myocardium in contrast to the increased
force generation in soleus fibers with the same mutation was

revealed by electron microscopy of tissue samples of affected
patients. In myocardium of affected patients prominent intra-
cellular myofibrillar disarray and reduced packing of myofibrils
within cardiomyocytes was observed with non-myofibrillar and
non-mitochondrial material taking up substantial intracellular
volume (Kraft et al., 2013). Quantitatively, myofibrillar density
of cardiomyocytes of affected patients with mutation R723G
was reduced by about 26%. Without such reduced myofibril-
lar density within cardiomyocytes, force generation per cross-
sectional area had been essentially the same as in control samples
(Kraft et al., 2013). The additional myofibrillar disarray with
myofibrils deviating from the longitudinal axis of a cardiomy-
ocyte will add to reduced force generation in axial direction
(Friedrich et al.,, 2010) such that increased force generation is
not observed even when accounting for reduced myofibrillar
density.

Altogether, the opportunity to compare effects of the R723G
missense mutation in both soleus fibers and myocardium of
affected patients revealed that at least at stages of disease develop-
ment when myectomies were taken or when transplantation was
necessary, direct functional effects of FHC-related mutations can
be masked or even reversed by effects most likely subsequent to
the direct functional effects. This suggests that e.g., FHC-typical
cardiomyocyte and myofibrillar disarray are not direct results of
FHC-related mutations but develop subsequently as a result of
functional alterations. Functional effects of different mutations
apparently converge to a common path of changes resulting in the
FHC-phenotype. Cardiomyocyte and myofibrillar disarray may
represent the start of this common path leading to e.g., interstitial
fibrosis and hypertrophy.
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FIGURE 9 | Fraction of mutated p-cardiac/slow skeletal MyHC-mRNA
in 11 individual fibers of M. soleus of a patient with mutation R723G. A
fiber bundle of M. soleus, flash-frozen without prior skinning, was freeze
dried for isolation of individual fibers (Stienen et al., 1983) without
cross-contamination of mMRNA from fiber to fiber. For quantification of the
fraction of mutated B-cardiac/slow skeletal MyHC-mRNA, isolated
segments (2-3 mm) of individual fibers were processed as previously
described for M. soleus fiber bundles (Tripathi et al., 2011). Note the large
variation in the fraction of mutated p-cardiac/slow skeletal MyHC-mRNA
among individual fibers.

So what may be a feature common to different FHC-related
mutations that could trigger cardiomyocyte and myofibrillar dis-
array as the start on a common path to an FHC-phenotype?

HYPOTHESIS FOR DEVELOPMENT OF AN FHC-PHENOTYPE
IN MYOCARDIUM

In our previous work on FHC-related missense mutations in the
B-cardiac/slow skeletal MyHC we made three key observations.
(i) A large variation in calcium sensitivity among individual M.
soleus fibers of FHC-patients with mutations R723G, R719W, and
1736T. This variation ranged from essentially normal calcium sen-
sitivity to highly different, e.g., reduced calcium sensitivity for
mutations R719w and R723G. (ii) The ratio of mutated vs. wild-
type P-cardiac/slow skeletal MyHC is not 1:1 but characteristic
for each mutation. In addition this ratio is very similar at both
the mRNA and protein level. (iii) Among individual fibers of M.
soleus samples with the R723G mutation, the ratio of mutant vs.
wildtype mRNA varies from almost pure mutant to almost pure
wildtype. A substantial variation in the ratio of mutant vs. wild-
type protein from fiber to fiber was previously also found for the
R403Q mutation in the B-cardiac/slow skeletal MyHC (Malinchik
et al., 1997).

Based on these three observations, we proposed the follow-
ing hypothesis for a common trigger of the FHC-phenotype
development (Figure 11, Kirschner et al.,, 2005; Tripathi et al,
2011):

(i) Variation of the fraction of the mutated protein among indi-
vidual cardiomyocytes (different gray levels of schematic
cardiomyocytes in Figure 11), just as seen among individual

M. soleus fibers, results in functional imbalances, e.g.,

unequal force generation particularly at low activation levels

(cf. Figure 8) among the individual cardiomyocytes.
(ii) Since cardiomyocytes, different from skeletal muscle fibers,
are branched and form a cellular network (Figure 12A),
such variance in force generation among individual cells will
result in uneven contraction, i.e., over-contraction vs. over-
stretch of cardiomyocytes during each twitch. Such func-
tional imbalance will not only occur during force generation
(pressure development in the ventricles) but also during
shortening under load (ejection period). This is because for
cells generating higher forces the relative load during ejec-
tion period will be lower compared to cells generating lower
forces, even if vy is unaffected by a mutation. As a result,
over-contraction of some cells while others are overstretched
will distort the myocyte network at the cellular and myofib-
rillar level (Scheme in Figure 12B vs. Figure 12C, and left
panel in Figure 12D vs. right panel).
The structural disorganization, even if initially only a
transient feature during each twitch, however, will result
in progression of persisting structural disorganization over
months and years because of the triggering of secondary
changes. Structural distortion could, for example, trigger
stretch sensitive signaling, e.g., Tgf-p signaling by cardiomy-
ocytes and non-myocyte-cells (right panel in Figure 12D)
that was shown to be critical for pathologic remodeling of
the myocardium in FHC (Teekakirikul et al., 2010). Stretch
induced increase in Tgf-p was found in cell cultures both for
cardiomyocytes and non-myocyte-cells (Ruwhof et al., 2000;
van Wamel et al., 2001, 2002). In our hypothesis, structural
disorganization of the cellular network of the myocardium
because of functional imbalance among individual car-
diomyocytes initiates, via stretch-sensitive signaling paths,
cardiac remodeling (Figure 12E) with interstitial fibrosis,
cellular disarray and hypertrophy, i.e., hallmarks of the
FHC-phenotype (Ho et al, 2010). Increased collagen
synthesis in a profibrotic myocardial state (Ho et al., 2010),
supports our concept.

(iif)

Based on this concept, for prevention of FHC-phenotype devel-
opment therapeutic interventions are required that affect myocar-
dial function differentially, e.g., specifically the altered function
of the mutant protein, otherwise the functional imbalance will
not be reduced and cardiac remodeling will not be prevented.
Alternatively, inhibition of subsequent, e.g., stretch-induced sig-
naling that initiates interstitial fibrosis could be a therapeutic
target to prevent fibrosis and cardiac remodeling. This target was
recently addressed by Teekakirikul et al. (2010).

Since skeletal muscle fibers are only very rarely branched, a
similar extensive disarray is not expected and not observed in
M. soleus fibers. Central core disease, found in soleus fibers of
some FHC-patients are localized changes inside the soleus fibers
with absence of mitochondria, smaller myofibrils, some over-
contracted sarcomeres and irregular Z-discs (Fananapazir et al.,
1993). This, however, is different from the extensive disarray seen
in myocardium and may suggest unequal abundance of mutated
protein along skeletal muscle fibers. Overcontracted sarcomeres
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FIGURE 10 | Effect of mutation R723G in myocardium. (A) Isolated
cardiomyocytes, native state of phosphorylation. Left panel, maximum
active force per cross sectional area at saturating calcium-concentration
(Fmax). Fmax of MyHC723-cardiomyocytes (light gray bar) is 35% lower
than Fmax of donor cells (hatched bar; *p < 0.05). Right panel, force-pCa
relation normalized to maximum force at saturating Ca**-ion
concentration (pCa 4.5). Solid and dotted lines, fits of a modified Hill
equation yielding pCasg. Note that opposite to M. soleus fibers,
cardiomyocytes isolated from a tissue sample of an explanted heart
show a decrease in maximum active force with no shift in the force-pCa
relation. (B) Isolated cardiomyocytes after incubation with protein kinase
A (PKA) to match phosphorylation of contractile proteins, particularly of
cTnl. Left panel, Fmax after treatment with PKA *p < 0.05. Note that
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PKA-treatment does not change the difference in Fmax between
R723G-cardiomyocytes and controls. Right panel, force-pCa relations of
MyHC723-cardiomyocytes (gray filled circles, dashed line) vs. donor
cardiomyocytes (gray filled triangles, dashed-dotted line). Note the shift of
the force-pCa relation of MyHC723-cardiomyocytes vs. donor after PKA
treatment. For comparison force-pCa relations obtained before PKA
treatment are also plotted in the same graph (open circles and solid line,
MyHC723-cardiomyocytes; open triangles and dotted line, controls). Lines
are fits of modified Hill equation to data points. Note that after
PKA-treatment to match phosphorylation of e.g., cTnl, a similar reduced
Ca**-sensitivity becomes detectable for MyHC723-cardiomyocytes just
like that seen in the soleus fibers. Modified from Kraft et al. (2013). With
permission of the Journal of Molecular and Cellular Cardiology.

and irregular Z-discs may not be unexpected since skeletal muscle
fibers have multiple nuclei. Thus, variation in the expression of
mutant vs. wildtype mRNA and protein among different nuclei
may exist within skeletal muscle fibers and thus cause functional
imbalances along these fibers.

In our hypothesis, any functional imbalance among individ-
ual cardiomyocytes, resulting from e.g., variable abundance of a
mutant protein, has the potential to induce an FHC-phenotype.
This could include not only missense mutations that affect force
output of cardiomyocytes (poison peptide principle), but also
the expression and degradation of truncated proteins, result-
ing in variable amounts of normal protein (principle of haplo-
insufficiency). In principle, non-sarcomeric proteins that affect
contractile function could also trigger FHC-phenotype develop-
ment if unequal effects are generated among individual cardiomy-
ocytes, e.g., by variation in expression of the mutant protein. In
homozygous patients, found only very rarely, functional imbal-
ance is not expected and the disease is dominated by direct
functional effects of the mutations. These are always present and

lead to the functional imbalance in the heterozygous patients
when mutant protein varies from cell to cell.

TESTING THE HYPOTHESIS

Our hypothesis is based on the assumption that among individual
cardiomyocytes a similar variation in the expression of mutant vs.
wildtype mRNA exists as shown in Figure 9 for M. soleus fibers,
and that this results in functional variation, i.e., imbalances in
force generation and shortening among neighboring cardiomy-
ocytes. Thus, quantification of mutant vs. wildtype mRNA in
individual cardiomyocytes is a critical test for our hypothesis.
First trials of such quantification of mutant vs. wildtype mRNA
in individual cardiomyocytes indicate that indeed the expression
of mutant mRNA varies among individual cardiomyocytes from
near zero to almost pure mutant mRNA (Montag et al., 2014).

IN SUMMARY

Our functional studies on tissue samples of FHC-patients showed
that missense mutations in the myosin head domain do not

Frontiers in Physiology | Striated Muscle Physiology

October 2014 | Volume 5 | Article 392 | 65


http://www.frontiersin.org/Striated_Muscle_Physiology
http://www.frontiersin.org/Striated_Muscle_Physiology
http://www.frontiersin.org/Striated_Muscle_Physiology/archive

Brenner et al.

Pathogenesis of familial hypertrophic cardiomyopathy

Wy, .

WT + Mut

WT + Mut
oo ANy - oy
[o/=/[o/o/2/ /o /o /
/[o/2/®/ /] iy £
e/ o/® /0 /@ o /e /

Identical expression
WT + Mut expressed at e.g.,
33/66 ratio in each cell

Variable expression
WT/Mut differing in different
cardiomyocytes

Functional imbalances
Overstretch / overcontraction
Activation of stretch sianalling

Disarray / Fibrosis / Hypertrophy

FIGURE 11 | Scheme illustrating the difference between equal
abundance of mutant protein in all cardiomyocytes (top left) vs.
variation in abundance among individual cardiomyocytes (top right).
Gray level illustrates abundance of mutant protein. Unequal abundance of
mutant protein in individual cardiomyocytes results in functional imbalance
that distorts the cellular network of the myocardium (bottom right).
Overstretch vs. overcontraction results in highly variable activation of e.g.,
stress/strain signaling with development of disarray, hypertrophy, and
interstitial fibrosis in the long run.

result in a direct functional effect common to all mutations
like increased force generation, increased Ca™-sensitivity, or
increased ATPase. One feature common to all mutations we
have studied is a large variation in the force-pCa-relation among
individual M. soleus fibers from normal to highly different.
As a consequence, particularly at partial activation large dif-
ferences in the generated active forces exist among individual
fibers. Quantification of mutant mRNA suggests that this func-
tional variation is due to variation in the fraction of mutant
B-cardiac/slow skeletal MyHC present in individual fibers. If such
functional imbalance among individual cells exists in a cellular
network like the myocardium, the functional imbalance will result
in distortions of cells within this network. We hypothesize that
such structural distortions result in myocyte and myofibrillar dis-
array and activate stretch-induced signaling, e.g., Tgf-p-signaling,
that initiates cardiac remodeling with interstitial fibrosis and
hypertrophy, the structural hallmarks of FHC. On this basis, any
mutation in a sarcomeric or non-sarcomeric protein that results
in similar functional imbalance among individual cardiomyocytes
has the potential to trigger development of an FHC-phenotype.
Such a mechanism as the trigger of FHC-development would
have fundamental implications for therapeutic strategies. For
such a pathomechanism either mutation-selective interventions
are needed to ameliorate functional imbalances among indi-
vidual cardiomyocytes to prevent FHC-phenotype development.
Alternatively, inhibition of stretch-induced signaling, e.g., Tgf-B-
signaling could be another target to prevent cardiac remodeling
in FHC.

FIGURE 12 | Expected response of the cellular network of myocardium
to imbalances in force generation among individual cardiomyocytes,
e.g., by mutations R719W or R723G. Orange lines and orange cells
represent extracellular connective tissue and non-myocyte cells within the
myocardium. (A) Confocal image of a longitudinal section through
myocardium (adult mouse). Intercalated discs (vertical lines and
“staircases” labeled with arrow heads) labeled with a mouse monoclonal
antibody to pan Cadherin and an Alexa 488-linked goat-anti-mouse antibody.
Horizontal lines are plasma membranes visualized by staining glycoproteins
containing B-N-acetyl-D-glucosamine with FITC-conjugated wheat germ
agglutinin (for details see Schipke et al., in press). TO-PRO®-3 lodide used
for staining nuclei (blue). By this approach, individual cardiomyocytes are
delineated. Note that individual cardiomyocytes are not arranged in
independent columns. Instead, cardiomyocytes make contact via
intercalated discs with cardiomyocytes of adjacent columns resulting in a
cellular network. Presumed non-myocyte cells are labeled with white
arrows. (B) Schematic representation of the cellular arrangement in
myocardium with branched cardiomyocytes while relaxed. The darker the
gray-level the higher the abundance of the mutant myosin. The mutation is
assumed to result in substantially lower forces at partial activation levels
despite higher force at maximum activation, as was seen for mutations
R719W and R723G (cf. Figure 8) (C) Same cellular network during
contraction (partial activation like in a twitch). For cardiomyocytes with
mutations R723G or R719W higher abundance of the mutant myosin
(darker gray levels) results in lower forces at partial activation. Thus, during
a twitch these cardiomyocytes become overstretched by those with low
abundance of the mutant protein (lighter gray levels). Due to the branching,
different parts even of individual cells will experience different forces by the
different connections with neighboring cells and will therefore shorten or be
stretched to different extent (see steps in intercalated discs, represented by
dark solid vertical lines separating adjacent cells). Due to relative movement
of cells in parallel strands, branches between the strands will be distorted
as will be the non-myocyte cells in between the strands of cardiomyocytes.
(Continued)
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FIGURE 12 | Continued

(D) Left panel, boxed part of (B) magnified to illustrate striation pattern;
right panel, boxed part of (C). Note the developing differences in sarcomere
lengths of myofibrils during contraction even within an individual cell. This is
due to the branching of the cells and the different forces acting on the
branches due to the unequal force generating capability of adjacent cells by
the different abundance of mutant protein (functional imbalance). Thus,
functional imbalance among individual cardiomyocytes together with the
cellular network of the cardiomyocytes are expected to trigger cellular and
myofibrillar disarray whenever, by variation in expression, a mutation causes
unequal force generation among individual cardiomyocytes during a twitch.
This state would represent the profibrotic state of the myocardium (Ho

et al.,, 2010) in which stretch triggers increased expression of e.g., Tgf-p (red
spheres) by cardiomyocytes and non-myocyte cells activating development
of interstitial fibrosis. Such distortion will take place during force generation
(pressure development) and will be enhanced during shortening under load
(ejection period). This will occur even if maximum shortening velocity is
unaffected by the mutation because the relative load will be lower for
“strong” cells (low abundance of mutant protein) vs. “weak" cells (high
abundance of mutant protein). Note, that if the mutant protein were
expressed equally in all cells, force generation at any time during a twitch
would be affected equally and no or only minimal changes in the
arrangement of cardiomyocytes would take place during a twitch, i.e., no or
only much smaller changes from the arrangement in (B) would be seen.
Panel (E) illustrates a later stage of phenotype development when e.g.,
stretch-sensitive signaling has triggered development of interstitial fibrosis
with increased cellular disarray. The increase in cell size by signaling paths
that trigger hypertrophy is not shown.
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INTRODUCTION

A growing line of evidence indicates a dysfunctional ubiquitin-proteasome system (UPS)
in cardiac diseases. Anti-hypertrophic effects and improved cardiac function have been
reported after treatment with proteasome inhibitors in experimental models of cardiac
hypertrophy. Here we tested whether proteasome inhibition could also reverse the
disease phenotype in a genetically-modified mouse model of hypertrophic cardiomyopathy
(HCM), which carries a mutation in Mybpc3, encoding the myofilament protein cardiac
myosin-binding protein C. At 7 weeks of age, homozygous mutant mice (Kl) have 39%
higher left ventricular mass-to-body-weight ratio and 29% lower fractional area shortening
(FAS) than wild-type (WT) mice. Both groups were treated with epoxomicin (0.5 mg/kg/day)
or vehicle for 1 week via osmotic minipumps. Epoxomicin inhibited the chymotrypsin-
like activity by ~50% in both groups. All parameters of cardiac hypertrophy (including
the fetal gene program) were not affected by epoxomicin treatment in both groups.
In contrast, FAS was 12% and 35% higher in epoxomicin-treated than vehicle-treated
WT and K| mice, respectively. To identify which genes or pathways could be involved
in this positive effect, we performed a transcriptome analysis in Kl and WT neonatal
cardiac myocytes, treated or not with the proteasome inhibitor MG132 (1 wM, 24 h). This
revealed 103 genes (fourfold difference; 5% FDR) which are commonly regulated in both
Kl and WT cardiac myocytes. Thus, even in genetically-modified mice with manifest HCM,
proteasome inhibition showed beneficial effects, at least with regard to cardiac function.
Targeting the UPS in cardiac diseases remains therefore a therapeutic option.

Keywords: cardiomyopathy, hypertrophic, Mybpc3, transgenic mice, ubiquitin-proteasome system, proteasome
inhibitors

(e.g., PS-519) and epoxyketones (e.g., epoxomicin; Kisselev et al.,

Along with the autophagy-lysosome pathway, the ubiquitin-
proteasome system (UPS) represents the major proteolytic system
of eukaryotic cells and degrades highly selectively intracellular
cytosolic, nuclear and myofibrillar proteins. A main function
of the UPS is to prevent accumulation of damaged, misfolded
and mutant proteins, but it is also involved in a variety of
biological processes such as cell proliferation, adaptation to
stress and cell death (Zolk et al., 2006). The ATP-dependent
proteolytic process involves polyubiquitination of the target
protein through a series of enzymatic reactions and the sub-
sequent degradation of the polyubiquitinated protein by the
26S proteasome (Mearini et al., 2008). The eukaryotic 26S
proteasome itself is composed of the 19S regulatory parti-
cle, which recognizes, deubiquitinates and unfolds the target
protein, and the 20S core, which degrades the target protein
through three distinct proteolytic activities (chymotrypsin-like,
trypsin-like, and caspase-like). These proteolytic activities can
be inhibited either reversibly by peptide aldehydes and pep-
tide boronates (e.g., bortezomib) or irreversibly by p-lactones

2012).

Alterations of the UPS have been reported in several human
and experimental cardiac diseases. Specifically, accumulation
of polyubiquitinated proteins was a common feature of car-
diac disorders (Kostin et al., 2003; Weekes et al., 2003; Birks
et al., 2008), whereas activities of the proteasome decreased or
increased depending on the status of the cardiac disease (Depre
et al., 2006; Tsukamoto et al., 2006; Birks et al., 2008; Predmore
et al., 2010; Schlossarek et al., 2012a). In the case of an acti-
vated UPS, partial and short-term proteasome inhibition has
shown beneficial effects in different animal models. Treatment
of mice with the irreversible proteasome inhibitor epoxomicin
prevented both left ventricular hypertrophy (LVH) and the asso-
ciated higher proteasome activity induced by short-term trans-
verse aortic constriction (TAC; Depre et al., 2006). Similarly, low
doses of the reversible proteasome inhibitor bortezomib sup-
pressed cardiac hypertrophy in Dahl salt-sensitive rats (Meiners
et al., 2008). In addition to its hypertrophy-preventing effect,
proteasome inhibition has been shown to be even capable to
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reverse preexisting hypertrophy. Administration of epoxomicin at
a stage of pronounced cardiac hypertrophy led to a stabilization
of contractile parameters and a regression of preexisting hyper-
trophy in mice (Hedhli et al., 2008). Likewise, the irreversible
proteasome inhibitor PS-519 attenuated isoprenaline-induced
hypertrophy in mice (Stansfield et al., 2008). In the present
study, we therefore aimed at evaluating whether epoxomicin may
reduce cardiac hypertrophy and improve cardiac function in a
genetically-engineered mouse model of hypertrophic cardiomy-
opathy (HCM), which carries a mutation in Mybpc3, encoding
the myofilament protein cardiac myosin-binding protein C. The
corresponding human ¢.772G>A MYBPC3 mutation is one of
the most frequent HCM mutations (found in 13% unrelated
HCM patients; Olivotto et al., 2008) and associated with a bad
prognosis (Richard et al., 2003). Homozygous KI mice develop
systolic dysfunction after postnatal day 1 and LVH at postnatal
day 3 (Gedicke-Hornung et al., 2013; Mearini et al., 2013). The
present study was performed at the age of 7 weeks, an age at
which KI mice have been shown to exhibit higher activities of the
proteasome than WT littermates (Schlossarek et al., 2012a).

MATERIALS AND METHODS

ANIMALS

Mice were housed in a controlled animal facility with free access
to water and standard animal chow. The experimental procedures
were in accordance with the German Law for the Protection of
Animals and have been approved by the Authority for Health and
Consumer Protection of the City State of Hamburg, Germany
(Nr. 07/13). Development and initial characterization of the KI
mice was previously reported (Vignier et al., 2009). Both KI and
WT mice were maintained on a Black Swiss background.

ADMINISTRATION OF EPOXOMICIN

Administration of epoxomicin (Enzo Life Sciences) was deliv-
ered to mice by subcutaneously implanted osmotic minipumps
(Alzet, model 1007D) with a dose of 0.5 mg/kg/day for 1 week.
Epoxomicin was diluted in NaCl (with 10% DMSO), control
pumps delivered vehicle alone. After filling, the pumps were incu-
bated in saline at 37°C overnight to achieve the full pumping rate
from the beginning. Animals were anesthetized with isoflurane
(1.5%, Abbott Inc.) for minipump implantation. No decrease
in body weight, no complications and/or side effects related to
treatment with epoxomicin were observed.

ECHOCARDIOGRAPHY

Transthoracic  echocardiography was performed before
minipump implantation and after 1-week treatment using
the Vevo 2100 System (VisualSonics, Toronto, Canada). Animals
were anesthetized with isoflurane (1-2%, Abbott Inc.) and fixed
to a warming platform in a supine position. Anesthetic depth was
monitored by electrocardiogram and respiration rate. B-mode
images were obtained using a MS 400 transducer with a frame
rate of 230400 frames/s. Two-dimensional short axis views were
recorded at the mid-papillary muscle level. The dimensions of the
left ventricle were measured in a short axis view in diastole and
systole. All images were recorded digitally and off-line analysis
was performed using the Vevo 2100 software.

DETERMINATION OF THE CHYMOTRYPSIN-LIKE ACTIVITY

The chymotrypsin-like activity of the proteasome was assessed in
ventricular cytosolic lysates as described previously (Schlossarek
et al.,, 2012a). For determination of the activity, 30 ug of pro-
tein were diluted in incubation buffer (20 mM HEPES, 0.5 mM
EDTA, 5mM DTT, 0.1 mg/ml ovalbumin) to a final volume of
50 . Samples were pre-incubated in this buffer for 2h at 4°C.
Following pre-incubation, the synthetic fluorogenic substrate
Suc-LLVY-AMC (Merck Biosciences) was added to the samples
at a final concentration of 60 WM. After incubation in the dark
for 1h at 37°C, the fluorescence of the released AMC reporter
was measured using the TECAN Safire’ microplate reader at an
excitation wavelength of 380 nm and an emission wavelength of
460 nm. Each sample was measured in triplicate. The mean of the
blank (incubation buffer only) was subtracted from the mean of
each sample triplicate.

WESTERN BLOT

Western blot was performed in ventricular cytosolic lysates as
described previously (Schlossarek et al., 2012b). Primary anti-
body was directed against the p5-subunit of the proteasome
(kindly given by X.J. Wang, University of South Dakota, 1:5000).
Secondary antibody was anti-rabbit (Sigma, 1:6000, peroxidase-
conjugated). Signals were revealed with SuperSignal® West Dura
extended duration substrate (Pierce) and acquired with the
Chemie Genius® Bio Imaging System.

ANALYSIS OF VENTRICULAR mRNAs

Total RNA was extracted from mouse ventricles using the SV Total
RNA Isolation Kit (Promega) according to the manufacturer’s
instructions. RT-qPCR was performed as described previously
(Schlossarek et al., 2012b). The primers used to amplify the
B5-subunit of the proteasome (Psmb5), atrial natriuretic peptide
(Nppa), a-skeletal actin (Actal), and guanine nucleotide binding
protein, alpha stimulating (Gnas) are listed in Table 1. Gnas was
used as an endogenous control to normalize the quantification
of the target mRNAs for difference in the amount of total RNA
added to each reaction.

Table 1 | PCR primer names and sequences.

Gene Target name Sequence
name
Psmb5 F  Proteasome subunit, B5 5-GAGCTTCGCAATAAGGAACG-3’
Psmb5 R Proteasome subunit, 5 5-CTGTTCCCCTCGCTGTCTAC-3’
Nppa F Atrial natriuretic peptide 5-ATCTGCCCTCTTGAAAAGCA-3’
Nppa R Atrial natriuretic peptide 5-ACACACCACAAGGGCTTAGG-3’
Actal F a-skeletal actin 5-CCCCTGAGGAGCACCCGACT-3’
Actal R a-skeletal actin 5-CGTTGTGGGTGACACCGTCCC-3’
Gnas F Guanine nucleotide 5-CAAGGCTCTGTGGGAGGAT-3
binding protein, alpha
stimulating
Gnas R Guanine nucleotide 5-CGAAGCAGGTCCTGGTCACT-3

binding protein, alpha
stimulating

Abbreviations used are: F forward primer; R, reverse primer.
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TRANSCRIPTOME ANALYSIS

Neonatal mouse cardiac myocytes were isolated from 0 to 4
day-old KI and WT pups and cultured as described previ-
ously (Vignier et al., 2009). After 3 days of plating cardiac
myocytes were either kept untreated or treated with 1pM
MG132 (Calbiochem) for 24 h. Total RNA was then extracted
from cultured cardiac myocytes using RNAzol® (WAK-Chemie),
according to the manufacturers’ instructions. RNA concentra-
tion, purity and quality were analyzed using the NanoDrop®
ND-1000 spectrophotometer (Thermo Scientific). Transcriptome
analysis of all samples was performed in triplicate using
Mlumina Beadchips (Mouse WG-6 v2.0). The wet lab meth-
ods included amplification and fragmentation of the samples,
sample hybridization to the beadchip, and washing, staining
and scanning of the beadchip. For analysis, the Illumina Mouse
WG-6 v2.0 array data were quantile normalized on probe level
(45,281 probes) without background correction using Illumina
GenomeStudio V2011.1. Data of the 12 samples (four condi-
tions, three biological replicates) have been log,-transformed
after an offset addition (16). Probes fail to underrun a detection
p-value of 0.05 in any sample have been discarded before test
statistic (25,080 probes left). Probes and samples were analyzed
on significant expression differences according to the genotype
(KI or WT) and treatment (MG132-treated or untreated) using
Two-Way ANOVA statistic followed by FDR multiple testing cor-
rections (Benjamini and Hochberg, 1995). To avoid batch effects,
the Hlumina slide was used as a cofactor in the test statistic.
Probes which undergo 5% FDR were selected as differentially
expressed. Probes, significant and more than four-fold regulated
between any of the four conditions, were clustered and heatmap
visualized. We performed hierarchical Euclidean average linkage
clustering for initial expression profile visualization (Figure 5)
using the pheatmap R package. Protein interaction of genes reg-
ulated by MG132-treatment have been further investigated by
using the String platform (Snel et al., 2000) and a high confidence
score (0.7).

STATISTICAL ANALYSIS

Data were expressed as mean =+ s.e.m. Statistical analyses were
performed by Two-Way ANOVA followed by Bonferroni’s post-
test, or by paired or unpaired Student’s ¢-test as indicated in the
figure legends. All analyses were realized using the commercial
software GraphPad Prism5 (Software Inc.). A value of P < 0.05
was considered statistically significant. For transcriptomic analy-
sis, statistics are explained in the corresponding paragraph above.

RESULTS

REDUCTION OF CHYMOTRYPSIN-LIKE ACTIVITY BY 50% WITH
EPOXOMICIN

Seven week-old KI mice presented a 39% higher left ventric-
ular mass-to-body-weight (LVM/BW) ratio and a 29% lower
fractional area shortening (FAS) than age-matched WT mice
(Figure 1). We previously reported higher proteasome activi-
ties in 7-week-old KI than WT mice (Schlossarek et al., 2012a).
Sex-matched KI and WT mice were treated for 1 week with
epoxomicin (0.5 mg/kg/day) or vehicle (NaCl in 10% DMSO)
according to Hedhli et al. (2008). Epoxomicin is a specific

A LVM/BW basal B FAS basal

6 50

5 - 40 __
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g’ 3 =T X

5 20

1 10

20 30 20 30
0] T T T T
WT basal Kl basal WT basal Kl basal

FIGURE 1 | Echocardiographic analysis in Kl vs. WT mice under basal
conditions. Echocardiographic analyses were performed in Kl (gray) and
WT (white) mice under basal conditions, i.e., before minipump
implantation. (A) Left ventricular mass-to-body-weight ratio (LVM/BW). (B)
Fractional area shortening (FAS). Data are expressed as mean + s.e.m. with
###P < 0.001 vs. WT, unpaired Student's t-test. The number of animals is
indicated in the bars.

irreversible inhibitor of the B5-subunit of the proteasome and
responsible for the chymotrypsin-like activity (Hedhli and Depre,
2010). The chymotrypsin-like activity in cytosolic protein lysates
was ~50% lower in KI and WT mice treated with epox-
omicin than in NaCl-treated mice (Figure2A). Inhibition of
the B5-subunit did not come along with changes in the Psmb5
transcript level (Figure 2B), but with the appearance of two B5-
subunit bands in Western blot (Figure 2C). This was already
previously observed (Vignier et al., 2009) and likely represents
the free (lower band) and the epoxomicin-bound (upper band)
B5-subunit.

NO REGRESSION OF LEFT VENTRICULAR HYPERTROPHY BY
PROTEASOME INHIBITION

To determine whether proteasome inhibition had an effect on
LVH, echocardiography was performed after 1 week of treat-
ment. As expected, administration of NaCl did not alter the
LVM/BW ratio in both WT and KI mice (Figure 3A, left panel).
Likewise, the LVM/BW ratio did not differ before and after epox-
omicin treatment in both groups (Figure3A, middle panel).
Finally, no difference in LVM/BW ratio was observed when
comparing the data only after treatment in both WT and
KI mice (Figure3A, right panel). The heart-weight-to-body-
weight (HW/BW) and heart-weight-to-tibia-length (HW/TL)
ratios were 41% and 28% higher in NaCl-treated KI than WT
mice, respectively. Epoxomicin treatment did not affect both
ratios in both genotypes (Figure 3B). Finally, the transcript level
of two classical hypertrophy markers Nppa and Actal were higher
in NaCl-treated KI than WT mice and were not affected by
epoxomicin treatment (Figure 3C).

SLIGHT IMPROVEMENT OF CARDIAC FUNCTION BY PROTEASOME
INHIBITION

Cardiac function was examined by echocardiography after 1 week
of treatment. FAS was not affected in WT mice, whereas it was
reduced by 19% in KI mice by NaCl treatment (Figure4A).
Conversely, FAS was increased by 15% in WT, but not affected
in KI mice by epoxomicin treatment (Figure 4B). However, when
we compared the data after treatment, FAS was 35% higher
after epoxomicin than after NaCl administration in KI mice
(Figure 4C). Although the FAS did not reach the level found in
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FIGURE 2 | Evaluation of chymotrypsin-like activity and p5-subunit
after proteasome inhibition in KI vs. WT mice. Analyses were performed
in KI (gray) and WT (white) mice treated for 1 week with epoxomicin (Epox;
stripes) or sodium chloride (NaCl; dots) via osmotic minipumps. (A)
Chymotrypsin-like activity in ventricular cytosolic protein extracts. (B)
B5-subunit MRNA level determined by RT-gPCR with SYBR Green and
normalized to Gnas. (C) Representative Western blot stained with an
anti-B5-subunit antibody. Data are expressed as mean =+ s.e.m. with

** P < 0.001 vs. corresponding NaCl-treated group, unpaired Student'’s
t-test. The number of animals is indicated in the bars.

WT mice, these data suggest that epoxomicin partially rescued the
cardiac function in KI mice.

MARKED AND SIGNIFICANT DIFFERENTIAL GENE EXPRESSION IN
CARDIAC MYOCYTES AFTER PROTEASOME INHIBITION

To assess whether specific genes or biological pathways could
be involved in the improved cardiac function, we performed a

transcriptome analysis in WT and KI neonatal cardiac myocytes,
treated or not with 1 wM of the reversible proteasome inhibitor
MG132 for 24h. Gene expression profiles were then evalu-
ated by the Illumina Beadchips. ANOVA analysis over 25,080
expressed of 45,281 total probes led to a set of 4639 differen-
tial expressed probes (5% FDR) in strain (KI vs. WT; N = 37)
or treatment (untreated vs. MG132-treated; N = 4633). No sig-
nificant strain X treatment interaction was found. According to
the pronounced treatment effects we further focused on markedly
regulated probes (5% FDR in strain or treatment and a four-
fold regulation between any pair of conditions). Hierarchical
clustering of the resulting set of 404 probes (representing 339
genes) confirmed the dominance of MGI132 treatment effects
(Figure 5A). A total of 197 genes (141 down and 56 up) and 161
genes (113 down and 48 up) were regulated by MG132 treatment
(four-fold, 5% FDR) in WT and KI cardiac myocytes, respec-
tively. Out of them, 103 genes were commonly regulated in both
groups (68 down and 35 up). Figures 5B,C show the string net-
work of interaction of most of the genes commonly >four-fold
down- or up-regulated in both KI and WT. Markedly down-
regulated genes encode for example proteins involved in the UPS
[such as ankyrin repeat and SOCS box containing 2 (ASB2) or
tripartite motif-containing 72 (TRIM?72)], myofilament function
[such as a-myosin-heavy chain (MYH6) or cardiac troponin I
(TNNI3)], or calcium handling (such as phospholamban, PLN).
Markedly up-regulated genes encode for example transcription
factors [such as paired box 2 (PAX2) or DNA-damage-inducible
transcript 3 (DD1T3)], or molecular chaperones [such as heat
shock protein 90kDa alpha (HSP90AAL1), heat shock 70kDa
protein la (HSPA1A) or F-box protein 2 (FBXO2) involved in
protein refolding]. Details for the 404 markedly and significantly
regulated probes are in the Supplemental Table 1.

DISCUSSION

In the present study we evaluated the cardiac phenotype after
1 week of proteasome inhibition in adolescent homozygous
Mybpc3-targeted KI and corresponding WT mice. At the inves-
tigated age of 7 weeks, KI mice exhibited a manifest LVH and car-
diac dysfunction. Based on previous publications (Hedhli et al.,
2008; Stansfield et al., 2008), we hypothesized that inhibition of
the UPS may be able to reduce preexisting LVH and improve car-
diac function in KI mice. The major findings of the present study
are: (1) no regression of preexisting hypertrophy in KI mice, (2)
slight improvement of cardiac function in WT mice, and (3) a
partial, but significant improvement of cardiac function in KI
mice by epoxomicin treatment. Finally, MG132 treatment of car-
diac myocytes revealed 103 genes which are commonly regulated
in KI and WT.

Elevated or impaired UPS function has been regularly reported
in experimental models of HCM and heart failure (Depre et al.,
2006; Tsukamoto et al., 2006; Schlossarek et al., 2012a), suggesting
that the regulation of the UPS belongs to important adaptations
in cardiac disease. In this context, proteasome inhibitors have
been suggested to be associated with anti-hypertrophic effects and
improved cardiac function. However, the in vivo effect of pro-
teasome inhibition was so far only investigated in animal models
with cardiac hypertrophy induced by isoprenaline, high salt diet
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under basal conditions (basal; plain) or after 1 week of treatment with
epoxomicin (Epox; stripes) or sodium chloride (NaCl; dots) via osmotic
minipumps. (A) Left ventricular mass-to-body-weight ratio (LVM/BW)
determined by echocardiography. (B) Heart-weight-to-body-weight ratio
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FIGURE 3 | Evaluation of cardiac hypertrophy after proteasome inhibition
in Kl vs. WT mice. Analyses were performed in Kl (gray) and WT (white) mice

(HW/BW) and heart-weight-to-tibia-length ratio (HW/TL). (C) mRNA levels of
hypertrophy markers determined by RT-gPCR with SYBR Green and normalized
to Gnas. Data are expressed as mean =+ s.e.m. with **P < 0.01 and

**P < 0.001 vs. WT in the same condition, Two-Way ANOVA plus Bonferroni’s
post-test. The number of animals is indicated in the bars. Abbreviations: Acta7,
a-skeletal actin; Nppa, atrial natriuretic peptide.

Kl vs. WT mice. Fractional area shortening (FAS) was determined by
echocardiography in Kl (gray) and WT (white) mice under basal conditions
(basal; plain; A, B) or after 1 week of treatment with epoxomicin (Epox;
stripes; B, C) or sodium chloride (NaCl; dots; A, C) via osmotic minipumps.
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FIGURE 4 | Evaluation of cardiac function after proteasome inhibition in

Data are expressed as mean + s.e.m. with *P < 0.01 and ***P < 0.001 vs.
WT in the same condition, Two-Way ANOVA plus Bonferroni’s

post-test, #P < 0.05 vs. corresponding basal, paired Student's t-test, and
§P < 0.05 vs. KI NaCl, unpaired Student's t-test. The number of animals is
indicated in the bars.
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FIGURE 5 | Transcriptome analysis. Cardiac myocytes were isolated from
neonatal KI and WT mice and treated with the proteasome inhibitor
MG132 (1 uM) or left untreated for 24h. RNAs were subjected to
transcriptome analysis using the lllumina Beadchips. (A) Clustering of the
fourfold and significantly (5% FDR) regulated expressed probes

(N = 404). The heatmap and the dendrograms representing the results of
the hierarchical clustering of standardized log2 signal values. (B), (C)

String networks of fourfold and significant differentially expressed (6%
FDR) genes commonly regulated in Kl and WT cardiac myocytes

[N =103, 68 down (B) and 35 up (C)l. Known and predicted protein
interactions including direct (physical) and indirect (functional) associations
are visualized in a network. The size of the connecting lines represents
the impact of the connection. Only high confidence String interactions
are shown.
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or TAC, but not in genetically-modified HCM mouse models as it
is the case in the present study. In contrast to the previous studies,
we did not observe a regression of preexisting cardiac hypertro-
phy after proteasome inhibition in KI mice. Neither LVM/BW
nor HW/BW or HW/TL changed after 1 week of treatment with
epoxomicin. Furthermore, mRNA levels of hypertrophy mark-
ers did not decrease after treatment. The discrepancy between
previous and present findings may be explained by the manifes-
tation of cardiac hypertrophy in the investigated models. In the
previous studies cardiac hypertrophy was achieved in mice by
2-week of either TAC (Hedhli et al., 2008) or isoprenaline infu-
sion (Stansfield et al., 2008). In contrast, the KI mice already
develop LVH at postnatal day 3 (Gedicke-Hornung et al., 2013)
and proteasome inhibition was performed at the age of 7 weeks.
Therefore, cardiac hypertrophy was present for a longer time
period than in previous studies and could be associated with more
remodeling of the cardiac tissue.

Analysis of the cardiac function, on the other hand, displayed
already challenging findings after 1 week of treatment. First, and
unexpectedly, KI, but not WT mice exhibited a slight, but signifi-
cant decrease in cardiac function after 1 week of NaCl administra-
tion (Figure 4A). The reason is not certain but it could be related
to the combination of stress due to minipump implantation plus
mutation in KI mice. This is in agreement with our previous data
obtained in heterozygous KI mice (Schlossarek et al., 2012b). The
stress induced by minipump implantation does not affect the WT
mice, likely because they do not have a disease phenotype. Second,
epoxomicin treatment improved cardiac function in WT, but not
at first glance in KI mice (Figure 4B). Since the WT mice are able
to cope with the stress, we directly see the effect of epoxomicin.
On the contrary, since the KI mice are not able to cope with the
stress (negative effect on FAS), the positive effect of epoxomicin
cannot be seen directly (=no change in FAS). However, directly
comparing the effects of epoxomicin and NaCl after 1 week of
treatment suggests that epoxomicin indeed had a positive effect
also in KI mice (Figure 4C).

To identify which genes or pathways could be involved in
this positive effect, transcriptome analysis was performed in KI
and WT neonatal cardiac myocytes, treated or not with the pro-
teasome inhibitor MG132. This revealed marked and significant
differentially expressed genes. Focus on the commonly regulated
genes in MG132-treated KI and WT cardiac myocytes revealed
up-regulation of genes encoding transcription factors or pro-
teins involved in protein re-folding, as well as down-regulation
of genes encoding proteins involved in the UPS or calcium han-
dling. The latter for example includes PLN, which is an inhibitor
of the sarcoplasmic reticulum calcium-ATPase, and therefore its
down-regulation could contribute to the better cardiac function
observed upon epoxomicin treatment in vivo.

Since the UPS plays a role in many fundamental biologi-
cal processes, targeting this system for therapy is complex and
particularly some conflicting data exist that argue against the
anti-hypertrophic and function-stabilizing effects of proteasome
inhibitors in chronic application (Herrmann et al., 2013). In
addition, while bortezomib (reversible proteasome inhibitor) is
generally well tolerated by patients with multiple myeloma, it has
been shown to increase the occurrence of cardiac complications

ranging from arrhythmia to congestive heart failure in elderly
patients or patients with preexisting cardiac problems (Enrico
et al., 2007; Hacihanefioglu et al., 2008; Bockorny et al., 2012).

In conclusion, whereas chronic proteasome inhibition may
give additional stress to the heart and promote transition to heart
failure, our data revealed that partial and short-term proteasome
inhibition does not suppress LVH but slightly improved cardiac
function in a mouse model of HCM. Targeting the UPS acutely
therefore remains a therapeutic option for cardiac diseases with
reduced cardiac function.
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INTRODUCTION

Cardiac hypertrophy represents one of the most important cardiovascular problems yet the
mechanisms responsible for hypertrophic remodeling of the heart are poorly understood.
In this report we aimed to explore the molecular pathways leading to two different
phenotypes of cardiac hypertrophy in transgenic mice carrying mutations in the human
ventricular myosin essential light chain (ELC). Mutation-induced alterations in the heart
structure and function were studied in two transgenic (Tg) mouse models carrying the
AB57G (alanine to glycine) substitution or lacking the N-terminal 43 amino acid residues
(A43) from the ELC sequence. The first model represents an HCM disease as the A57G
mutation was shown to cause malignant HCM outcomes in humans. The second mouse
model is lacking the region of the ELC that was shown to be important for a direct
interaction between the ELC and actin during muscle contraction. Our earlier studies
demonstrated that >7 month old Tg-A43 mice developed substantial cardiac hypertrophy
with no signs of histopathology or fibrosis. Tg mice did not show abnormal cardiac
function compared to Tg-WT expressing the full length human ventricular ELC. Previously
reported pathological morphology in Tg-Ab7G mice included extensive disorganization
of myocytes and interstitial fibrosis with no abnormal increase in heart mass observed
in >6 month-old animals. In this report we show that strenuous exercise can trigger
hypertrophy and pathologic cardiac remodeling in Tg-A57G mice as early as 3 months
of age. In contrast, no exercise-induced changes were noted for Tg-A43 hearts and the
mice maintained a non-pathological cardiac phenotype. Based on our results, we suggest
that exercise-elicited heart remodeling in Tg-Ab7G mice follows the pathological pathway
leading to HCM, while it induces no abnormal response in Tg-A43 mice.

Keywords: hypertrophic cardiomyopathy (HCM), transgenic mice, myosin essential light chain, mutation, cardiac
remodeling, histopathology

the myosin essential light chain (ELC) encoded by the MYL3 gene

In response to various types of stimuli (genetic, mechanical,
hemodynamic, hormonal, physiological, environmental factors
or their combination), the heart has the ability to adapt to
increased workloads through the hypertrophy of muscle cells
(Hunter and Chien, 1999; Lorell and Carabello, 2000). The hyper-
trophic response is considered physiological if the heart fully
adapts to the new loading condition, reaching a new steady state.
This type of hypertrophy is characterized by a normal organiza-
tion of cardiac structure (normal cardiac morphology), normal
or enhanced cardiac function and a relatively normal pattern of
gene expression (Bernardo et al., 2010). Hypertrophy can also be
developed as a response to physiological stimuli such as chronic
exercise. On the other hand, pathological hypertrophy is asso-
ciated with an altered pattern of gene expression, presence of
myofibrillar disarray, fibrosis, and contractile dysfunction and
thus can lead to heart failure and sudden cardiac death (SCD)
(Ho, 2010; Ho et al., 2010; Abel and Doenst, 2011). Most com-
monly hypertrophic cardiomyopathy (HCM) occurs in response
to genetic mutations in all major sarcomeric proteins, including

(Alcalai et al., 2008).

There are number of studies demonstrating that physiologi-
cal and pathological cardiac hypertrophy may be associated with
distinct structural and functional as well as metabolic features
(Abel and Doenst, 2011; Weeks and McMullen, 2011). It has also
been shown that both physiologic and pathologic cardiac hyper-
trophy may display distinct biochemical and molecular signaling
pathways (Iemitsu et al., 2001; Heineke and Molkentin, 20065
Bernardo et al., 2010). Pathological cardiac hypertrophy is man-
ifested by alterations in cardiac contractile proteins [a-skeletal
actin and the o- to B- myosin heavy chain (MHC) switch],
increased expression of fetal genes such as atrial natriuretic pep-
tide (ANP), B-type natriuretic peptide (BNP). The down- or
up-regulation of calcium handling proteins such as the cardiac
sarcoplasmic reticulum Ca®*-ATPase pump, SERCA2a can also
be observed. Physiological cardiac hypertrophy may be asso-
ciated with increased levels of peptide growth factors such as
insulin-like growth factor-IGF 1 and epidermal growth factor
and is often coupled to phosphatidylinositol 3-kinase (PI3K)/Akt
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pathway. It is known that many mutations in sarcomeric proteins
cause cardiomyopathy and may ultimately initiate the hyper-
trophic gene remodeling program. Studies utilizing transgenic
mouse models of hypertrophy are great tools for understanding
the molecular pathways responsible for different forms of car-
diac remodeling in vivo. Presented in this article study focuses
on one particular sarcomeric protein, the essential light chain of
myosin that is located in the neck region of the myosin cross-
bridge (Rayment et al., 1993), and was shown to be important
for myosin contractile function in health and in heart disease
(Sawicki et al., 2005; Kazmierczak et al., 2009, 2013; Muthu et al.,
2011; Cadete et al., 2012). Cardiac ventricular muscle exclusively
expresses the long ELC isoform, containing the N-terminal exten-
sion, which was found to be important for the myosin-actin
interaction during contraction and is expected to regulate heart
performance (Winstanley et al., 1977; Sutoh, 1982; Henry et al.,
1985; Trayer et al., 1987; Milligan et al., 1990; Morano et al,,
1995; Timson et al., 1998; Morano, 1999; Timson, 2003). The
structural modeling study by Morano (Aydt et al., 2007) depicts
the N-terminus of the long myosin ELC as a rod-like 91 A-long
extension that can function as a bridge between the ELC core of
the myosin head and the binding site of the ELC on the actin
filament.

In this report we have studied cardiac remodeling in two forms
of cardiac hypertrophy (pathological and non-pathological)
related to the ventricular myosin ELC using transgenic mouse
models carrying mutations in the human ventricular myosin ELC,
Tg-A57G, and Tg-A43. The A57G (Alanine replaced by Glycine)
variant of ELC was found in two unrelated Korean families and
one Japanese patient diagnosed with HCM (review in Hernandez
et al., 2007). The phenotype associated with this mutation was
manifested as a classic asymmetric septal hypertrophy and SCD
(Lee et al., 2001). In the Tg-A43 mouse model, the endogenous
mouse ventricular ELC is partially replaced with the 43-amino-
acid N-terminal truncated human ventricular ELC protein. We
previously reported that Tg-A43 mice hypertrophied with age
(>7 month-old), but the ventricles did not show any patho-
logic morphology. In support of the non-pathologic hypertrophy
phenotype, an MRI (magnetic resonance imaging) assessment of
Tg-A43 hearts demonstrated normal cardiac function compared
to age matched controls (Kazmierczak et al., 2009).

Despite intensive research in many laboratories, questions
about critical molecular mechanisms responsible for the transi-
tion from hypertrophy to heart failure still remain unanswered.
Presented here transgenic mouse models carrying either the A57G
mutation or the A43 truncation in ELC protein, generated in our
laboratory (Kazmierczak et al., 2009, 2013; Muthu et al., 2011)
represent different types of hypertrophy and therefore are valu-
able tools in understanding the pathological vs. non-pathological
remodeling of the heart. We have examined the effects of both
A57G and A43 mutations on heart remodeling before and after
strenuous exercise and characterized the functional effects of
these mutations in mice subjected to strenuous exercise by swim-
ming. The observed effects were compared to those seen in
Tg-WT (wild-type) mice expressing the full length non-mutated
human ventricular ELC. We show that remodeling of the heart
in Tg-A57G mice follows the pathological pathway leading to

HCM, while cardiac phenotype observed in Tg-A43 mice is of
non-pathological nature.

MATERIAL AND METHODS

TRANSGENIC MICE

All animal studies were conducted in accordance with institu-
tional guidelines and the protocol was reviewed and approved by
the Animal Care and Use Committee at the University of Miami
Miller School of Medicine (UMMSM). UMMSM has an Animal
Welfare Assurance (A-3224-01, effective July 11, 2007) on file
with the Office of Laboratory Animal Welfare (OLAW), National
Institutes of Health. The generation and characterization of
transgenic (Tg) mice used in this study and Tg protein expres-
sion profiles have been described earlier (Kazmierczak et al., 2009,
2013; Muthu et al., 2011). Previously produced Tg-WT lines, L1,
L3, and L4 expressing 88, 30, and 77% of WT-ELC (UniProtKB:
P08590) and Tg-A57G lines, L1, L2, and L5 expressing 80, 55, and
75% of A57G-mutant, respectively were used in this study. As for
Tg-A43, two lines were used for this study, one previously gen-
erated expressing 40% of A43 protein (L9), and the second line
expressing 55% transgene which was generated by cross breeding
of existing mice (L8 x L8) in order to increase transgenic pro-
tein expression (Kazmierczak et al., 2009). The percent of protein
expression indicates the amount of replacement of the endoge-
nous mouse cardiac ELC by human ventricular WT (UniProtKB:
P08590) or its two mutants. In all experiments Tg-A57G and Tg-
A43 mice were gender and age matched with Tg-WT controls
(Kazmierczak et al., 2009; Muthu et al., 2011; Kazmierczak et al.,
2013).

Chronic 4 week-long training by swimming of Tg-WT, Tg-
A57G, and Tg-A43 mice was performed in water at 30-32°C
(to avoid thermal stress). Initial swim time was set as 10 min,
thereafter gradually increasing until 90 min sessions were reached.
The 90-min training schedule was continued twice a day (sep-
arated by 4-5h), 7 days a week, for 4 weeks. This protocol was
demonstrated to be highly effective in promoting physiologi-
cal hypertrophy in mice (Evangelista et al., 2003; Galindo et al.,
2009).

HISTOLOGICAL EVALUATION OF THE HEARTS FROM TRANSGENIC ELC
MICE

After euthanasia, the hearts from 3 to 5-month-old Tg-A43, Tg-
A57G, and Tg-WT mice were excised, weighed and immersed in
10% buffered formalin. Slides of whole mouse hearts were pre-
pared at the Histology Laboratory (University of Miami Miller
School of Medicine, Miami FL). The paraffin-embedded longi-
tudinal sections of left ventricles (LV) of H&E (hematoxylin and
eosin) and Masson’s trichrome stained hearts were examined for
overall morphology and fibrosis using a Dialux 20 microscope,
40%/0.65 NA (numerical aperture) Leitz Wetzlar objective and an
AxioCam HRc (Zeiss) as described previously (Kazmierczak et al.,
2009, 2013; Muthu et al., 2011).

SKINNED PAPILLARY MUSCLE STRIPS FROM TRANSGENIC MICE

The papillary muscles of the left ventricles from 3 to 5 months
old Tg-A57G L1 mice, Tg-A43 (L9 and inbred cross of L8) and
Tg-WT (L1, L3, and L4) mice were isolated, dissected into small
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muscle bundles and chemically skinned in 50% glycerol and 50%
pCa 8 solution (1078 M [Ca?*], 1 mM free [Mg?*] (total MgPr
(propionate) = 3.88 mM), 7mM EGTA, 2.5mM [Mg-ATP?>~],
20 mM Mops, pH 7.0, 15 mM creatine phosphate and 15 units/ml
of phosphocreatine kinase, ionic strength = 150 mM adjusted
with KPr) containing 1% Triton X-100 for 24 h at 4°C. Then
the bundles were transferred to the same solution without Triton
X-100 and stored at —20°C for 4-6 days (Kazmierczak et al,
2012).

STEADY-STATE FORCE MEASUREMENTS

Small muscle strips ~1.4 mm in length and 100 pm in diameter
were isolated from a batch of glycerinated skinned mouse pap-
illary muscle bundles and attached by tweezer clips to the force
transducer of the Guth Muscle Research System (Heidelberg,
Germany). They were placed in a 1ml cuvette and skinned
in 1% Triton X-100 dissolved in pCa 8 buffer for 30 min, as
described in Kazmierczak et al. (2012). Then they were rinsed
in pCa 8 and their length adjusted to remove the slack. This
procedure results in sarcomere length (SL) ~2.1 wm as judged
by the first order optical diffraction pattern as described in
Muthu et al. (2011); Wang et al. (2013a,b); Huang et al. (2014).
Muscle strips were then tested for steady state force develop-
ment in pCa 4 solution (composition is the same as pCa 8
buffer except the [Ca?t] = 107* M). All experiments were car-
ried out at 21°C. Maximal steady state tension measured in
pCa 4 solution was expressed in Newtons per cross section
of the muscle strip (kN/m?). The measurement of diameter
was taken at ~3 points along the muscle strip length with
an SZ6045 Olympus microscope (zoom ratio of 6.3:1, up to
189x maximum magnification) and averaged (Muthu et al,
2012).

THE Ca?+ DEPENDENCE OF FORCE DEVELOPMENT

After the initial steady state force was determined, muscle strips
were relaxed in pCa 8 buffer and then exposed to solutions of
increasing Ca*t concentrations from pCa 8 to 4 (Dweck et al.,
2005). Steady-state force was measured in each “pCa” solution
followed by relaxation in pCa 8 solution. Data were analyzed
using the Hill equation (Hill et al., 1980) where “[Ca?T]s¢ or
pCaso” is the free Ca’t concentration which produces 50%
maximum force, and “nyg” is the Hill coefficient.

ASSESSMENT OF MYOSIN CONTENT IN SEDENTARY AND EXERCISED
ANIMALS

Mouse cardiac myofibrils were prepared according to the method
described previously (Kazmierczak et al., 2013). Briefly, after
euthanasia, the hearts from 3 to 5 months old transgenic mice
were isolated and frozen in liquid nitrogen and stored at —80°C
until processed. For the preparation of myofibrils the tissue
was thawed in the CMF (cardiac myofibril) buffer consisting
5mM NaH,; POy, 5 mM Na, HPO4(pH 7.0), 0.1 mM NaCl, 5 mM
MgCly, 0.5mM EGTA, 5mM ATP, 5nM microcystin, 0.1%
Triton X-100, 20 mM NaF (phosphatase inhibitor), 5mM DTT
and 1 pl/ml protease inhibitor cocktail (Sigma-Aldrich Corp.,
St. Louis, MO, USA). The tissue was then homogenized in a
Mixer-Mill MM301 (Retsch) until homogenous. The homogenate

was centrifuged for 4 min at 8000 g and the supernatant was
discarded. After centrifugation, the pellets were left on ice for
4 min. This step was repeated three times until the pellet turned
white. The pellets were then resuspended in the CMF buffer
and the myofibrils were subsequently dissolved in Laemmli sam-
ple buffer and loaded on 15% SDS-PAGE. The thick and thin
filament proteins were detected by Coomassie brilliant blue stain-
ing. Band intensities were measured using Image ] software
and ratios of total myosin regulatory light chain (RLC) to
tropomyosin (RLCio/Tm) and RLCio /Tnl (troponin I) were
determined.

MYOFILAMENT PROTEIN PHOSPHORYLATION IN SEDENTARY AND
EXERCISED MICE

Mouse cardiac myofibrils were used to determine sarcomeric pro-
tein phosphorylation. After separation of the samples on 15%
SDS-PAGE Pro-Q Diamond phosphoprotein gel stain reagent
(Invitrogen) was used (as described in the manufacturer’s man-
ual) to assess phosphorylation of troponin (TnT, Tnl) and myosin
RLC. The total protein was further detected in the same gel
using the Coomassie brilliant blue staining. Myofilament protein
phosphorylation ratio (ProQ) was calculated relative to the cor-
responding Coomassie brilliant blue staining (ProQ/Coomassie)
using Image J software.

ASSESSMENT OF GENE EXPRESSION CHANGES IN THE HEARTS OF
Tg-A57G AND Tg-A43 MICE

Total RNA was isolated from ventricles of sedentary and exer-
cised Tg-WT, Tg-A57G, and Tg-A43 mice and converted to
double stranded ¢cDNAs using Random Primers and a High-
Capacity cDNA Reverse Transcription Kit (Applied Biosystems)
as described earlier (Kazmierczak et al., 2009). Quantitative
PCR was conducted using SYBR Green I chemistry with gene-
specific Quantitect Primer Sets (Qiagen) for murine: ANP
(atrial natriuretic factor: NM_008725), BNP: NM_008726),
Myh6 (o-myosin heavy chain, cardiac: NM_010856), Myh7 (-
MHC: NM_080728), ColVIIIa (collagen type 8a, NM_007739),
and ATP2a2 (NM_001110140.3) which encodes two Ca®*-
transporting ATPase isoforms, SERCA2a (cardiac) and SERCA2b
(non-muscle). SERCA2a is the predominant Ca’t pump in
the myocardium (Vangheluwe et al, 2003). All reactions
were performed in triplicate and run using BIO-RAD iQ5
Multicolor Real-Time PCR Detection System with the fol-
lowing cycle parameters: cycle of 50°C (2min) followed by
95°C (10min), 40 cycles of 95°C (15s) followed by 60°C
(I min). Raw data were analyzed using the BIO-RAD CFX
Manager Software, and fold change in expression of each
gene was calculated using the relative quantification (RQ)
AACt method with the levels of GAPDH (glyceraldehyde-3-
phosphate dehydrogenase: NM_008084) as the normalizer gene
(Kazmierczak et al., 2009).

STATISTICAL ANALYSIS

All data were expressed as mean + s.e.m. Statistical compar-
isons were performed using ANOVA or independent ¢-test (Sigma
Plot 11; Systat Software, San Jose, CA). P-values <0.05 indicated
statistically significant differences.
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RESULTS
HISTOLOGICAL EVALUATION OF THE HEARTS FROM Tg-A57G AND
Tg-A43 MICE
The evaluation performed for sedentary animals shows normal
gross morphology for all tested 3—5 month-old male mice (Tg-
WT, Tg-A43, and Tg-A57G) (Figure 1A). In our earlier study
on sedentary Tg-A43 mice, we observed cardiac hypertrophy in
mice ~7 months of age while the hearts of ~2 month-old Tg-
A43 animals were indistinguishable from control Tg-WT mice
(Kazmierczak et al., 2009). As we confirmed later, the hypertro-
phy in Tg- A43 mice appeared to be age dependent and profound
hypertrophy was observed in ~12 month-old Tg- A43 mice com-
pared with age matched Tg-WT hearts (Muthu et al., 2011). Thus,
the lack of abnormal heart growth observed in 3—5 month-old
sedentary Tg-A43 mice (Figure 1A), is not surprising and sug-
gests that Tg-A43 mice have to be at least 7 months of age
to develop cardiac hypertrophy. Regarding sedentary Tg-A57G
mice, similar to what we reported earlier (Muthu et al., 2011),
no cardiac growth could be observed in 3-5 month-old mice
(Figure 1A) or the mice as old as ~12 months of age (Muthu
et al., 2011). However, exercised 3—5 month-old Tg-A57G ani-
mals do show cardiac hypertrophy while the hearts of Tg-A43
mice were comparable in size to Tg-WT controls (Figure 1B).
Histology examination of animals subjected to strenuous exer-
cise is presented in Figure 2. H&E and Masson’s trichrome stained
left ventricular (LV) sections from Tg-A43 hearts revealed that

5mm

B 5 mm

Tg-WT  Tg-A43

Tg-A57G

FIGURE 1 | Gross morphology of representative hearts from ~5
month-old sedentary (A) and ~3 month-old exercised (B) Tg-WT,
Tg-A43 and Tg-A57G male mice.

the hearts of exercised 3—5 month-old mice demonstrated no tis-
sue abnormalities, myofilament disarray or fibrosis compared to
Tg-WT controls. In contrast, the evaluation of LV heart sections
from Tg-A57G mice showed occurrences of fibrosis, especially in
the interventricular septum compartment (Figure 2). This is in
accord to previously reported pathological morphology in seden-
tary Tg-A57G mice, which included extensive disorganization of
myocytes and interstitial fibrosis (Muthu et al., 2011; Kazmierczak
et al., 2013).

SIGNALING PATHWAYS AND CHANGES IN THE GENE EXPRESSION
PROFILE IN THE HEARTS OF TWO DIFFERENT MODELS OF
HYPERTROPHY

Hypertrophic remodeling in Tg-A43 and Tg-A57G animal mod-
els was studied by looking at mutation-induced alterations in
cardiac contractile proteins (a- to B-MHC switch), expression
of the fetal genes such as ANP and BNP. We also examined
whether cardiac remodeling in these mice involved changes in
the calcium handling proteins such as SERCA2a. Studies of gene
expression using real-time PCR in mouse myocardium were per-
formed for sedentary and exercised Tg animals and the results
are presented in Figures 3, 4, respectively. For sedentary Tg-
A57G mice, the expression of sarcoplasmic ATP2a2 was higher
compared with sedentary Tg-WT (~1.6 fold). The upregulation
of mRNA SERCA2a in Tg-A57G mice (Figure3) may trans-
late to a faster relaxation of the A57G myosin cross-bridges
and potentially lower contractile force generation in Tg-A57G
mice, what is actually observed (Figure 5A). For sedentary Tg-
A43 mice the expression levels of ANP and BNP were higher
compared with sedentary Tg-WT (2- and 2.4 fold, respectively)
(Figure 3).

This upregulation of both natriuretic peptides in Tg-A43 mice
most likely manifests their protective role against excessive car-
diac remodeling and preventing uncontrolled myocardial growth
of Tg-A43 hearts (Tsuruda et al., 2002; Gardner, 2003).

To evaluate a combined effect of strenuous exercise and ELC
mutation on heart remodeling we have also studied the molecular
mechanisms and signaling pathways that change due to exercise.
Figure 4 presents the gene expression analysis using real-time
PCR in mouse myocardium performed for exercised Tg ELC
animals. In Tg-A57G mice the exercise training reactivated the
fetal gene program and upregulation in the B-MHC, ANP and
BNP was observed. Expression of ANP and BNP was respectively
1.9- and 2.1 fold higher compared with exercised Tg-WT (both
differences statistically significant P < 0.05). Additionally, upreg-
ulation of collagen VIIIa (1.9 fold change, significant P < 0.05)
and B-MHC (not significant) and downregulation of a-MHC was
observed for exercised Tg-A57G compared with exercised Tg-
WT mice (Figure 4). On the other hand, exercised Tg-A43 mice
showed a 0.6-fold lower expression level of ANP (P < 0.05) and
no change in BNP marker compared to exercised Tg-WT con-
trols (Figure 4). Changes in gene expression observed in Tg-A57G
mice in response to strenuous exercise represent a pathologic type
of remodeling occurring in the disease mouse model. In contrast,
lack of changes in expression levels of BNP, B-MHC and collagen
VIIIa in exercised Tg-A43 mice represents an adaptive response
to exercise and non-pathological remodeling in Tg-A43 animals.
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FIGURE 2 | H&E (upper panel) and Masson'’s trichrome (bottom panel) stained LV sections from exercised ~3 month-old Tg-WT, Tg-A43, and

Tg-A57G male mice.
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FIGURE 3 | QPCR data for sedentary ELC animals. Sedentary Tg-WT was used as a control sample (FC = 1); *indicates P < 0.05 compared to sedentary
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STEADY-STATE FORCE MEASUREMENTS AND Ca?+ DEPENDENCE OF
FORCE DEVELOPMENT

The data from functional measurements assessed in skinned
mouse papillary muscle strips from Tg-A43 and Tg-A57G ani-
mals are presented in Figure 5, and the values of maximal force
and pCasp are summarrized in Table 1. Different pattern of
contractile force generation and the Ca?" sensitivity of force
was observed betweenTg-A57G and Tg-A43 mice. Similar to
our earlier study (Kazmierczak et al., 2013), sedentary Tg-A57G
mice showed the lowest maximal force (~20% lower vs. seden-
tary Tg-WT) and a slightly increased Ca®* sensitivity of force
(ApCasg =0.04 vs. sedentary Tg-WT), both changes statistically
significant. As we demonstrated earlier and in this study, seden-
tary Tg-A57G animals showed reduced maximal (pCa 4) force
and increased Ca®* sensitivity following the pattern of patholog-
ical hypertrophy (Muthu et al., 2011; Kazmierczak et al., 2013)

(Figures 5, 6). Contrary, maximal force for sedentary Tg-A43
mice was similar to that of Tg-WT and the Ca?* sensitivity was
not changed (ApCasy =0.02; not statistically significant) com-
pared to Tg-WT controls. The previously reported reduction
in steady-state force in ~2 month-old and ~7 month-old Tg-
A43 mice (Kazmierczak et al., 2009) was likely associated with
a decrease in the myosin content observed in these animals vs.
the lack of changes in myosin expression seen in the current
investigation (Figure 7).

In response to exercise, all transgenic animals showed a higher
level of maximal force per cross-section of muscle strip vs. their
sedentary controls (Table 1). Similarly to the direction of changes
observed for sedentary animals, in response to swimming, the
maximal force for Tg-A43 was similar while that for Tg-A57G
was significantly reduced (~20% lower, P < 0.005) compared
to exercised Tg-WT. Additionally, for exercised Tg-A57G, the
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FIGURE 4 | QPCR data for exercised ELC animals. Exercised Tg-WT is used
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FIGURE 5 | Measurements of steady-state force in skinned papillary muscle strips from sedentary and exercised transgenic ELC male mice. (A)

B 575

=)

n

@ 570

O

i %
-é. 5.65 —L

2 2]

=

7]

g 0
o 5560

£

2

O 555-

©

(&)

5.50 T T f T e
Tg-WT Tg-A43 Tg-AS57G Tg-WT Tg-A43 Tg-A57G
n=15 n=14 n=11 n=15 n=14 n=8

SEDENTARY EXERCISED

Ca’* sensitivity of force was significantly lower compared to
sedentary Tg-A57G mice (ApCasy =0.08) (Figures 5B, 6 and
Table 1). Tendency toward desensitization of myofilaments to
Ca’* observed in Tg-A57G mice (Table 1) may represent a key
step in the signaling pathway for the pathological hypertrophic
remodeling in this animal model of HCM. As expected, there
were no significant changes in the Ca®t sensitivity of force
between exercised and sedentary Tg-WT mice. Likewise, no sig-
nificant changes in the Ca* sensitivity were present between the
exercised and sedentary Tg-A43 mice (Table 1). No changes in
the cooperativity (Hill coefficient) values for all groups of mice
(ng = 2.6 £ 0.3) were noted (Figure 6).

ASSESSMENT OF MYOSIN CONTENT IN SEDENTARY AND EXERCISED
ANIMALS

As mentioned above, the reduced level of maximal contractile
force measured in our previous study for sedentary Tg-A43
mice was most likely associated with deficiency in myosin con-
tent detected in the myocardium of Tg-A43 vs. Tg-WT mice

Table 1 | Maximal pCa 4 force and calcium sensitivity of force in
transgenic ELC skinned mouse papillary muscle strips.

System pCasg Fmax (kN/m?)
Sedentary Tg-WT 5.629 + 0.008 54.804 + 1.133
Sedentary Tg-A43 5.653 + 0.010 54.581 £ 0.399
Sedentary Tg-A57G 5.673 + 0.012 42.482 + 1.458
Exercised Tg-WT 5.657 + 0.012 57731 £ 1.273
Exercised Tg-A43 5.670 £+ 0.011 57421 £ 1.279
Exercised Tg-A57G 5.5692 + 0.016 47615 + 1.967

Data are mean + SEM of n = 8-15 individual strips for each group of mice.

(Kazmierczak et al., 2009). Therefore, myosin content in seden-
tary and exercised animals was assessed in this study and corre-
lated with the ability of the myocardium to develop contractile
force. Figure 7 presents the ratios of RLCtor /Tm and RLCyo¢ /Tnl
determined in cardiac myofibrillar preparations from sedentary
and exercised Tg-WT, Tg-A57G, and Tg-A43 mice. Compared

Frontiers in Physiology | Striated Muscle Physiology

September 2014 | Volume 5 | Article 353 | 82


http://www.frontiersin.org/Striated_Muscle_Physiology
http://www.frontiersin.org/Striated_Muscle_Physiology
http://www.frontiersin.org/Striated_Muscle_Physiology/archive

Kazmierczak et al.

Animal models of cardiac hypertrophy

to respective Tg-WT myofibrils (100%), the ratios of RLCtor./Tm
and RLCio /Tnl obtained for sedentary and exercised Tg-A57G
mice were similar to Tg-WT indicating no change in myosin
expression in all tested animals (Figure 7). Therefore, the lower
maximal force observed for the A57G mutation in this study is
not due to the lower myosin content but due to defective func-
tion of the A57G-myocardium. The values of RLCiy./Tm and
RLCtot./Tnl ratios obtained for sedentary and exercised Tg-A43
mice were also very similar to Tg-WT (~110%), indicating no
previously observed deficiency of myosin in the hearts of Tg-A43
animals (Kazmierczak et al., 2009).

MYOFILAMENT PROTEIN PHOSPHORYLATION IN SEDENTARY AND
EXERCISED MICE

The force-generating capacity of sarcomeres has been known
to be tightly regulated by sarcomeric proteins phosphorylation
(Sweeney et al., 1993; Sadayappan et al., 2009; Nixon et al., 2012).
To test whether the ELC mutation (A43 or A57G) and/or exer-
cise had any effect on phosphorylation of sarcomeric proteins,
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FIGURE 6 | The force- pCa relationship in transgenic skinned mouse
papillary muscle strips from Tg-WT, Tg-A43, and Tg-A57G male mice.

we have examined phosphorylation of myosin binding protein
C (MyBP-C), Tm, troponin (TnT and Tnl) and myosin RLC
in mouse cardiac myofibrils using the Pro-Q Diamond stain-
ing. As shown in Figure 8, no significant changes in endogenous
MyBP-C, Tm, TnT, Tnl, or RLC phosphorylation were found in
sedentary or exercised Tg-A43 or Tg-A57G animals compared to
Tg-WT mice. The lack of the effect of exercise on protein phos-
phorylation is somewhat surprising but has been observed by
other laboratories. No effect of exercise on phosphorylation of
myosin RLC in the ventricles or atria of mice was found by Fewell
etal. (1997). Likewise, no changes in phosphorylation of titin and
Tnl in mice upon exercise training were recently reported by the
Granzier group (Hidalgo et al., 2014). These results suggest no
immediate molecular contacts between the ELC protein and the
phosphorylation domains of MyBP-C, Tm, TnT, Tnl, or RLC.

DISCUSSION

Hypertrophic remodeling is a highly important phenomenon;
however, the molecular mechanisms and signaling pathways
underlying these processes have not yet been fully understood. In
particular, molecular pathways that play a causal role in the devel-
opment of pathological vs. physiological hypertrophy need to be
recognized due to the known association between cardiac hyper-
trophy and nearly all forms of heart failure (Levy et al., 1990).
Recognition of functional, structural, metabolic, and molecular
differences between pathological and non-pathological hypertro-
phy may help to develop potential therapeutic approaches to
benefit patients with HCM and heart failure.

REMODELING IN SEDENTARY MICE

Since the ELC is a highly essential element of the myosin
molecule, its structure and the interaction with the MHC and
actin play important roles in the sarcomeric assembly and force
production (Hernandez et al., 2007). This investigation was
designed to look at two different cardiac phenotypes induced
by structural alterations in the myosin ELC in mouse mod-
els of pathologic (Tg-A57G) and physiologic (Tg-A43) HCM.
The effects of both ELC mutations on heart function and car-
diac remodeling are summarized in Figure 9. Data obtained for
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sedentary and exercised Tg-A57G and Tg- A43 animals show clear
differences between these two phenotypes. Consistent with our
earlier reports, we monitored significantly compromised contrac-
tile function (lower maximal force and higher Ca?" sensitivity)
in sedentary Tg-A57G mice, which coincided with upregulation
of the calcium handling protein SERCA2a compared to seden-
tary Tg-WT animals. It has been reported that in animal models,
severe compensated hypertrophy in response to pressure overload
is accompanied by a large decrease in the mRNA and protein con-
tent of SERCA2a (Buttrick et al., 1994; Rockman et al., 1994).
However, in rats with moderate cardiac hypertrophy, the level of
SERCA2a mRNA or protein was unaltered or even upregulated
(Rockman et al., 1994; Arai et al., 1996). SERCA2a is a key protein
responsible for maintaining a balanced concentration of Ca**
during the cardiac cycle and it controls the transport of Ca’* to
the SR during relaxation. The upregulation of mRNA SERCA2a
in Tg-A57G mice (Figure 3) may translate to an increased protein
activity, which would lead to faster relaxation of the A57G myosin
cross-bridges and potentially lower contractile force generation in
Tg-A57G myocardium (Figure 5A).

These adverse effects were not present in sedentary Tg-A43
mice, the model of non-pathological cardiac phenotype. The
maximal force and Ca?* sensitivity values were similar to those
determined for sedentary Tg-W'T mice, indicating a normal heart
function in Tg-A43 animals. As we reported earlier (Kazmierczak
etal., 2009, 2013; Muthu et al., 2011) both mouse models demon-
strated cardiac hypertrophic growth, but the pathological features
were only observed in sedentary A57G animals (Kazmierczak
et al., 2009; Muthu et al., 2011; Kazmierczak et al., 2013).
Discrepancies exist regarding the lack of reduction in maximal
force observed in Tg-A43 mice in the current study (Table 1)
and the previously reported decrease in steady-state force in Tg-
A43 mice (Kazmierczak et al., 2009). The reason for a lower force
reported in Kazmierczak et al. (2009) was an approximately 30%
deficit in myosin cross-bridge content in the myocardium of Tg-
A43 mice (Kazmierczak et al., 2009). This deficit in myosin con-
tent was not observed in the current work (Figure 7), indicating

a compensatory response in transgenic Tg-A43 mice over time.
Consequently, the lack of abnormalities in myosin expression was
most likely responsible for no changes in force per cross-section
of muscle seen in Tg-A43 mice in the current investigation
(Table 1). Additionaly, recently published data utilizing the same
Tg-A43 mouse model, showed only a slight (and not signifi-
cant) decrease in maximal tension between Tg-WT and Tg-A43
(Michael et al., 2013; Wang et al., 2013a).

Sedentary Tg-A43 mice also showed an upregulation of ANP
and BNP (Figure 3). Upregulation of these transcripts is consid-
ered a highly conserved feature of ventricular hypertrophy (Lee
et al., 1988; Dagnino et al., 1992; Buttrick et al., 1994; Nakagawa
et al., 1995), but there are contradictory reports in the litera-
ture on the correlation of upregulation of natriuretic peptides
with physiological hypertrophy that can be induced by vari-
ous training programs in animals. Some publications report an
upregulation (Buttrick et al., 1994; Allen et al., 2001), while some
report no change (Azizi et al., 1995; Jin et al., 2000) or down-
regulation (Diffee et al., 2003) of ANP and/or BNP expression
in these animal models. Both natriuretic peptides were shown to
function as modulators of cardiac hypertrophy preventing uncon-
trolled myocardial growth and regulating ventricular remodeling
secondary to compensatory hypertrophy (Tsuruda et al., 2002;
Gardner, 2003). It is therefore possible that in the case of seden-
tary Tg-A43 mice, mild upregulation of ANP and BNP manifests
their protective role against excessive cardiac remodeling and
controlling the extent of cardiac hypertrophy.

There are some discrepancies between our earlier study and
current investigation on the hypertrophic growth in sedentary
Tg-A43 mice. In Kazmierczak et al. (2009), we presented the gross
morphology images of young (~2 mo-old) and adult (~7 mo-
old) Tg-A43 animals. The hypertrophy was only noted for the
older animals. The hearts of young Tg-A43 mice were indistin-
guishable from age matched control Tg-WT mice. In the current
study, the hearts of 3-5 month-old sedentary Tg-A43 mice were
not much different than those of age matched Tg-WT controls
(Figure 1A). These data suggest that hypertrophy in Tg-A43 mice

Frontiers in Physiology | Striated Muscle Physiology

September 2014 | Volume 5 | Article 353 | 84


http://www.frontiersin.org/Striated_Muscle_Physiology
http://www.frontiersin.org/Striated_Muscle_Physiology
http://www.frontiersin.org/Striated_Muscle_Physiology/archive

Kazmierczak et al.

Animal models of cardiac hypertrophy

Tg-A57G

Sedentary

Heart performance

#by echocardiography
and invasive hemodynamics

Tg-A43

Sedentary

EF NO CHANGE *
co

Exercised Exercised

Heart morphology Fibrosis 4 ‘ NO Fibrosis

Contractile
function

cal+ f
sensitivity

Force NO CHANGE

cal+
‘ Ca?*sensitivity NO CHANGE

sensitivity

Signaling pathways

ANP ANP ¥
BNP BNP BNP NO CHANGE
Collagen 8a
B-MHC
o-MHC l

FIGURE 9 | Molecular effects of A57G and A43 mutations in the
myosin ELC on heart morphology and function and expression of
hypertrophic markers in sedentary and exercised Tg ELC mice. All
data are compared with either sedentary or exercised Tg-WT ELC. The

in vivo data were published previously. LVV, LV-volume; CO, cardiac
output; SW, stroke work; LVEDV, LV-end diastolic volume; Ees, measure
of myocardial contractility defined by the slope of the end-systolic
pressure-volume relationship.

is an age dependent process and the fact that it was not present
in <5 month-old Tg-A43 animals (Figure 1A), i.e., ~2 months
before the apparent threshold when the animals reach ~7 months
of age (Kazmierczak et al., 2009) is not surprising. In line with
this, a profound hypertrophy in ~12 month-old Tg-A43 mice
was recently reported by our group (Muthu et al., 2011).

REMODELING IN EXERCISED MICE

Swimming exercise is known for its efficiency in inducing car-
diac hypertrophy and significant increases in LV end-diastolic
volumes in rats (Geenen et al., 1988). We hypothesized that
strenuous exercise applied to Tg-A43 and Tg-A57G mice would
lead to differential cardiac remodeling in these animal models
displaying two distinct phenotypes of a “healthy” (A43) vs. “dis-
eased” (A57G) heart. Our data on exercised animals confirmed
our hypothesis. For Tg-A57G animals, we observed a signifi-
cant upregulation of hypertrophic markers that were activated
upon exercise initiating pathological hypertrophic remodeling in
Tg-A57G mice (Figure 9). Upregulation of ANP and BNP tran-
scripts observed in exercised Tg-A57G mice (Figure 4) manifests
their sensitivity in monitoring ventricular hypertrophy (Lee et al.,
1988; Dagnino et al., 1992; Nakagawa et al., 1995). ANP and
BNP are released by the heart usually in response to heart fail-
ure (cardiac injury). The BNP levels in plasma have been shown
to be useful in monitoring therapy for heart failure and typically
a good response to effective treatment correlates with decreased
concentrations of BNP (Lee et al., 2002; Yoshimura et al., 2002).
Upregulation of ANP, BNP, and Collagen VIIIa was paralleled

by a visible increase in heart size in Tg-A57G mice (Figure 1B),
manifesting pathological hypertrophic remodeling in Tg-A57G
mice (Figure 9).

Force generation and the Ca’* sensitivity of force in Tg-
A57G mice were significantly reduced after strenuous excise
(Tables 1, 2) manifesting pathological hypertrophic remodeling.
Although maximal force in these animals was slightly improved
compared to sedentary mice it was still significantly lower than
that monitored for other exercised mice. It is possible that stren-
uous exercise caused activation of the B-adrenergic pathway in
Tg-A57G hearts that could lead to compromised heart perfor-
mance. Decreased Ca?t sensitivity in these animals compared
to sedentary Tg-A57G mice might be indicative of progress-
ing toward heart failure as observed in animal models of HF
(Cazorla et al., 2005; Belin et al., 2007) and in humans (Van Dijk
et al.,, 2009; Hoskins et al., 2010; Sequeira et al., 2013; Witjas-
Paalberends et al., 2013). The presence of collagen deposits in the
myocardium of Tg-A57G mice (Figure 2) indicates the propen-
sity of the heart to increase its LV stiffness that ultimately may
result in diastolic dysfunction in Tg-A57G mice (Wu et al., 2007).

A different response on the strenuous exercise was observed
for the second Tg-A43 animal model. Function of the heart
remained normal and both maximal force and the Ca** sensitiv-
ity were similar to exercised Tg-WT mice. Additionally, exercised
Tg- A43 animals showed similar pattern of gene expression to that
observed in exercised Tg-WT mice, indicating that hypertrophic
remodeling of the heart was no longer present in this animal
model. The lack of changes in expression levels of BNP, B-MHC,
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Table 2 | Statistics for measurements of steady-state force in skinned
papillary muscle strips from sedentary and exercised transgenic ELC

animals.
Statistics (P-value)
Tg-WT ELC Tg-A43 Tg-A57G

pCaso

Sedentary WT vs. mutant N/A 0.0676 0.0049
Exercised WT vs. mutant N/A 0.4212 0.0037
Sedentary vs. exercised 0.0601 0.2488 0.0008
F max

Sedentary WT vs. mutant N/A 0.8580 <0.0001
Exercised WT vs. mutant N/A 0.8648 0.0002
Sedentary vs. exercised 0.0970 0.0437 0.0466

and collagen VIIIa in exercised Tg-A43 mice represents an adap-
tive response to exercise and non-pathological remodeling in Tg-
A43 animals compared to detrimental heart remodeling observed
in exercised Tg-A57G mice.

CONCLUSIVE REMARKS

Our previous X-ray studies on sedentary Tg-A57G and Tg-A43
mice demonstrated a mutation-induced decrease in the fila-
ment lattice spacing in skinned papillary muscles of Tg-A57G
compared to Tg-WT controls (Muthu et al., 2011). These struc-
tural changes may initiate hypertrophic remodeling of the heart
triggered by mutation-induced conformational changes within
the sarcomere that lead to abnormal interaction of two major
contractile proteins, myosin and actin causing abnormalities in
contractile force production and heart performance. Pathological
ventricular remodeling and anatomical changes observed in Tg-
A57G hearts mostly develop in older animals and, as we antici-
pated, they were augmented in response to strenuous exercise. In
contrast, X-ray diffraction studies on Tg-A43 mice demonstrated
a shift of cross-bridge mass from the thick filament backbone
toward the thin filaments and no changes in the interfilament
spacing compared with Tg-WT controls (Muthu et al.,, 2011).
These data indicate that the lack of the N-terminal ELC extension
in Tg-A43 animals may lead to changes in myosin head orienta-
tion positioning it closer (at smaller angle) to the actin filaments
(Muthu et al., 2011). The important function of the N-terminal
extension of the ELC protein was also demonstrated in other
study showing that the length-dependent activation in Tg-A43
strips was blunted in Tg-A43 animals (Michael et al., 2013). This
could eventually lead to hypertrophy in Tg-A43 animals but of
the non-pathological nature.

Combined knowledge of the genetic basis of HCM with
biophysical and transcriptional analyses may help to better under-
stand the pathophysiology of heart remodeling and make pre-
dictive correlations between the specific mutations with disease
prognosis. The heart may tolerate various types of stimuli, but
compensatory/adaptive responses that aim to maintain function
may fail in case of patients with pre-existing HCM (hearts with
disease-causing mutations), resulting in a wide range of func-
tional deficits and/or cardiomyopathy. The strenuous exercise

of competitive athletes has been known to make symptoms of
HCM more apparent and because of the risk of SCD during exer-
cise, HCM patients are excluded from most competitive sports
(Michels et al., 2009). Our data confirm that it is reasonable to
caution people with diagnosed genetic HCM against intensive
exercise programs. Our previous and current studies suggest that
the A57G mutation can initiate pathologic cardiac remodeling
and drive the heart toward cardiomyopathy disease and/or heart
failure while the A43-dependent pathway displays a tendency
toward a non-pathological cardiac phenotype.
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Contraction in the mammalian heart is controlled by the intracellular Ca2* concentration
as it is in all striated muscle, but the heart has an additional signaling system that
comes into play to increase heart rate and cardiac output during exercise or stress.
B-adrenergic stimulation of heart muscle cells leads to release of cyclic-AMP and the
activation of protein kinase A which phosphorylates key proteins in the sarcolemma,
sarcoplasmic reticulum and contractile apparatus. Troponin | (Tnl) and Myosin Binding
Protein C (MyBP-C) are the prime targets in the myofilaments. Tnl phosphorylation
lowers myofibrillar Ca2t-sensitivity and increases the speed of CaZt-dissociation and
relaxation (lusitropic effect). Recent studies have shown that this relationship between
CaZ*-sensitivity and Tnl phosphorylation may be unstable. In familial cardiomyopathies,
both dilated and hypertrophic (DCM and HCM), a mutation in one of the proteins of the
thin filament often results in the loss of the relationship (uncoupling) and blunting of the
lusitropic response. For familial dilated cardiomyopathy in thin filament proteins it has been
proposed that this uncoupling is causative of the phenotype. Uncoupling has also been
found in human heart tissue from patients with hypertrophic obstructive cardiomyopathy
as a secondary effect. Recently, it has been found that Ca2*-sensitizing drugs can promote
uncoupling, whilst one Ca?*-desensitizing drug Epigallocatechin 3-Gallate (EGCG) can
reverse uncoupling. We will discuss recent findings about the role of uncoupling in the

development of cardiomyopathies and the molecular mechanism of the process.

Keywords: troponin |, phosphorylation, cardiomyopathies, Ca sensitivity, heart muscle, myofilament

INTRODUCTION
The heart has a unique system for rapidly and precisely adjusting
cardiac output to meet the demands put upon it. The rhyth-
mic contraction and relaxation of heart muscle is due to the
rise and fall of sarcoplasmic calcium ion (Ca®*) concentration
under neural control. Contraction is initiated by Ca** release
from the sarcoplasmic reticulum via the Ryanodine receptor and
is terminated by Ca?*-uptake by the ATP-powered sarcoplas-
mic Ca>* pump (SERCA). Ca?T binds to troponin C (TnC), the
Ca?" receptor of the contractile apparatus to switch on contrac-
tile interactions between actin and the myosin motor protein in
the thick filaments (Gordon et al., 2000; Macleod et al., 2010).
Independently of this Ca?* -switch, the speed and force of con-
traction is modulated in a graded way by changing the inotropic
state of muscle. The inotropic state is largely controlled by the
sympathetic system that releases B-adrenergic agonists at nerve
endings and into the circulation from the adrenal glands. These
bind to and activate B1 receptors on the cardiomyocyte surface
and initiate a cascade leading to increased intracellular cyclic
AMP concentrations which in turn activate the cyclic AMP
dependent protein kinase (PKA) (Macleod et al., 2010). PKA
phosphorylates several proteins in the sarcolemma, sarcoplas-
mic reticulum and the contractile apparatus, thus regulating

their activity. The combined result of the action of PKA is a
co-ordinated increase in cardiac output due to increased heart
rate (chronotropy) increased force of contraction (inotropy) and
increased rate of relaxation (lusitropy) (Layland et al., 2005).
PKA phosphorylates Myosin Binding Protein-C (MyBP-C)
and troponin I (Tnl) within the cardiac myofibril. Tnl is the
inhibitory component of the trimeric troponin molecule that
makes up the Ca?*-switch of the contractile apparatus. Tnl binds
to TnC when Ca?T is bound to TnC, whilst in the absence of
Ca’T, the C-terminus of Tnl is released and is able to interact with
actin and tropomyosin to inhibit the thin filament’s interaction
with the motor protein, myosin. Thus, the interactions of TnC
with TnlI and Ca?* are crucial for the Ca** control of muscle.
Early studies showed that B-adrenergic stimulation of contraction
was associated with enhanced phosphorylation of Tnl (England,
1976; Solaro et al., 1976), that Tnl was bis-phosphorylated at ser-
ines 22 and 23 in the cardiac-specific N-terminal extension by
PKA (Mittmann et al., 1990; Al-Hillawi et al., 1995; Ayaz-Guner
etal., 2009) and that the primary effect of phosphorylation of Tnl
in vitro was reduced Ca?*-sensitivity and faster dissociation of
Ca?t from TnC (Solaro et al., 1976; Robertson et al., 1982; Zhang
et al., 1995; Dong et al., 2007). This can cause an increase in the
rate of relaxation (lusitropic response) which is essential when
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heart rate is increased (Kentish et al., 2001; Layland et al., 2005).
Transgenic mouse studies have demonstrated the physiological
importance of Tnl phosphorylation since mice with unphospho-
rylatable Tnl have a blunted response to $-adrenergic stimulation
and this leads to an enhanced susceptibility to the development
of heart failure under stress (Fentzke et al., 1999; Pi et al., 2002;
Yasuda et al., 2007).

Over the last 10 years it has become evident that the modu-
lation of myofilament Ca®*-sensitivity by Tnl phosphorylation
is quite a labile system and that mutations associated with car-
diomyopathies in particular, can lead to disruption of the system.
This was first noted with mutations in Tnl that caused hyper-
trophic cardiomyopathy (HCM) (Deng et al., 2001, 2003) but
its physiological significance was uncovered by studies on dilated
cardiomyopathy (DCM) (Dyer et al., 2007, 2009; Memo et al.,
2013). DCM is a major cause of heart failure in humans and a
substantial proportion of cases of DCM are inherited. Mutations
in the thin filament proteins [actin, tropomyosin, troponin T
(TnT), Tnl, and TnC] that are associated with familial DCM
have been studied particularly closely (reviewed in Chang and
Potter, 2005; Morimoto, 2008; Marston, 2011). By studying iso-
lated thin filaments with the quantitative in vitro motility assay
(IVMA) it was found that in all of these DCM-causing muta-
tions the myofilament Ca?* -sensitivity is independent of the level
of Tnl phosphorylation. Therefore, by analogy with the S22/23A
transgenic mice, it was proposed that this uncoupling was nec-
essary and sufficient to cause the DCM phenotype (Memo et al.,
2013).

In this review we show that “uncoupling” of Tnl phospho-
rylation from changes in Ca?"-sensitivity is a widespread phe-
nomenon with significant implications for the understanding of
heart disease and its treatment.

METHODOLOGY

PHOSPHORYLATION MEASUREMENT

As there is a link between troponin (Tn) phosphorylation
and Ca?T-sensitivity in cardiac muscle, measurement of tro-
ponin I (Tnl) phosphorylation levels in situ is very important.
Quantitative methods such as Top-down mass spectrometry and
phosphate affinity SDS-PAGE has clearly established that serines
22 and 23 are the main amino acids phosphorylated in native
heart tissue in rats, mice or humans (Zabrouskov et al., 2008;
Ayaz-Guner et al., 2009; Marston and Walker, 2009; Messer et al.,
2009; Sancho Solis et al., 2009; Wang et al., 2012) (these are often
numbered 23 and 24 according to the coding sequence, however
the N terminal methionine is missing in all mature Tnl in heart
tissue). The first quantitative studies used non-equilibrium pH
gradient electrophoresis in 1 or 2D (Ardelt et al., 1998; Kobayashi
et al.,, 2005). Measurement of phosphorylation became much
easier with the introduction of specific methods to detect phos-
phoproteins using the phosphoprotein gel stain, Pro-Q Diamond
(Steinberg et al., 2003) or antibodies to phosphorylated Tn (Al-
Hillawi et al., 1998; Haworth et al., 2004). This methodology
has been widely adopted, but has its limitations, since to be
quantitative it requires the use of an external standard, which
may introduce systematic errors (Figure 1A) (Messer et al., 2007;
Zaremba et al., 2007).

Thus, to overcome this, we developed the use of phosphate
affinity SDS-PAGE which was first developed by the Kinoshita
group (Kinoshita et al., 2006). Phos-Tags are Mn*"-dependent
specific chelators of phosphoproteins, when added to standard
SDS-PAGE, phosphoproteins are retarded in proportion to the
number of phosphates per mole of protein (Messer et al., 2009).
Thus, unphosphorylated, monophosphorylated and bisphospho-
rylated species of phosphoproteins can be separated (Figure 1B).
We have used Phos-Tags in conjunction with a specific car-
diac Tnl antibody to accurately measure phosphorylation levels
in myofibrillar extracts from human heart tissue. The advan-
tage of phosphate affinity SDS-PAGE is that it permits rapid
identification and direct quantification of the mono and bis-
phosphorylated Tnl.

All the methods for measuring Ser22/23 phosphorylation in
intact tissue give similar results: flash-frozen mouse or rat heart
yield a phosphorylation level of 1-1.5 mol Pi/ mol Tnl with up to
40% of Tnl being the bis-phosphorylated species, whilst human
donor heart samples have 1.5-2 mols Pi/mol TnlI with up to 60%
of bis-phosphorylated species. These types of samples have been
widely used in the study of the role of Tnl phosphorylation
in modulating muscle regulation, however there is still contro-
versy as to whether these samples are actually representative of
the “normal” heart (Jweied et al., 2007; Marston and Detombe,
2008).

In contrast, pathological samples from hearts transplanted for
idiopathic dilated cardiomyopathy or septal myectomies from
patients with hypertrophic obstructive cardiomyopathy (HOCM)
generally have a low level of phosphorylation (0.1-0.4 mols
Pi/mol Tnl) (Van Der Velden et al., 2003; Messer et al., 2007, 2009;
Zaremba et al., 2007; Ayaz-Guner et al., 2009; Hamdani et al.,
2009; Jacques et al., 2009; Bayliss et al., 2012b).

MANIPULATION OF Tnl PHOSPHORYLATION LEVELS

To investigate the relationship between Tnl phosphorylation and
myofilament Ca%-sensitivity, the Ca?T-sensitivity needs to be
compared with phosphorylated and unphosphorylated Tn, thus
the phosphorylation levels need to be manipulated. Initial in vitro
work used Tn reconstituted from recombinant subunits expressed
in E.coli; TnI could then be readily phosphorylated with PKA cat-
alytic subunit. For transgenic mouse studies, unphosphorylatable
Tnl could be overexpressed (either slow skeletal Tnl in place of
cardiac or mutant Tnl with Ser 22/23 mutated to alanine Fentzke
et al., 1999; Pi et al.,, 2002; Yasuda et al., 2007). Phosphorylated
Tnl could be simulated with Ser 22/23 mutated to aspartic acid
(Dohet et al., 1995; Mamidi et al., 2012). The first studies of
native human heart Tn in IVMA or skinned myocyte contrac-
tility compared donor and failing human heart muscle samples,
since they had high and low levels of phosphorylation respectively
(Van Der Velden et al., 2003; Messer et al., 2007). However, it
was not certain whether differences in Ca?*-sensitivity observed
(Figure 2A) were due to the different phosphorylation levels or
other disease-related factors.

Ideally, one should be able to study the same sample at dif-
ferent phosphorylation levels. This can be done by dephospho-
rylation or phosphorylation. The phosphorylation level of Tn
isolated from heart tissue may be reduced by treatment with a
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FIGURE 1 | SDS-PAGE analysis of myofibrillar proteins and
phosphoproteins. (A) Myofibril fraction of heart muscle separated by
SDS-PAGE and stained successively with Pro-Q Diamond phosphoprotein
stain and SYPRO Ruby total protein stain. Left, NTG and ACTC E99K
mouse heart myofibrils (38 weeks male). Right, donor and ACTC E99K
heart sample 2 myofibrils (Song et al., 2011). The Tnl band is strongly
stained together with MyBP-C, TnT and MLC-2. (B) Phosphate affinity

Mouse 38 weeks

0.90+0.65 1.41+0.06
molsPi / mol Tnl

EQ9K  donor

MyBP-C

desmin

TnT

Tnl
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1.562+0.05 1.61+0.20 0.38+0.19

SDS-PAGE analysis of Tnl phospho-species. Left, comparison of Tnl
phosphorylation in 21-week-old female ACTC E99K and NTG mouse
myofibrils. Right, comparison of Tnl phosphorylation in myofibrils from
ACTC E99K sample 2, donor heart and a typical interventricular septum
sample from a patient with hypertrophic obstructive cardiomyopathy
(HOCM) (Song et al., 2011). All samples show a high level of
phosphorylation, except for the failing heart sample.

phosphatase (shrimp alkaline phosphatase has proved to be the
most reliable enzyme) or increased by PKA treatment (Bayliss
etal.,, 2012b). PKA treatment has been used successfully for many
years to increase the level of phosphorylation of isolated myocytes
or skinned muscle strips (Hamdani et al., 2009; Kooij et al., 2010)
but dephosphorylation is not usually successful, either there is
inadequate reduction in phosphorylation level or the enzyme
preparations cause degradation of the muscle. To dephospho-
rylate heart muscle in laboratory animals a different method
may be used. For instance, mice can be treated with Propranolol
(8 mg/kg) to block pl-adrenoreceptors and deactivate PKA to
reduce phosphorylation levels of PKA substrates including Tn
and MyBP-C (Bailin, 1979; Wang et al., 2011; Vikhorev et al,
2013).

NORMAL RELATIONSHIP BETWEEN Tnl PHOSPHORYLATION
AND Ca?*-REGULATION

It was established, soon after the discovery of troponin I (Tnl)
phosphorylation, that phosphorylation of troponin (Tn) modu-
lates Ca®*-regulation by Tn by reducing the Ca’*-sensitivity and
increasing the force or crossbridge turnover rate at maximally
activating Ca®t concentrations (Ray and England, 1976; Bailin,
1979; Mope et al., 1980). The magnitude of the Ca?T -sensitivity
shift has been consistently been measured in the 2—3-fold range.
It has been demonstrated that the reduced Ca?*-sensitivity is due
to an increase in the rate of Ca?"-dissociation from Tn in the
thin filaments (Robertson et al., 1982; Zhang et al., 1995; Dong
et al., 2007), thereby providing a mechanism for the lusitropic
(faster relaxation) response to P-adrenergic stimulation. Two
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FIGURE 2 | (A) Ca?*+-regulation of thin filament motility by non-failing (donor)
and failing heart troponin. Thin filament motility was measured by motility
assay over a range of [CaZ*] in paired cells. The percentage of filaments
motile is plotted as a function of [Ca2*] for a representative experiment. In
blue lines and points, non-failing thin filaments, red lines and open points,
failing thin filaments. Tnl phosphorylation levels are shown in Figure 1B. The
points £ s.e.m. are the mean of four determinations of percentage motile
measured in one motility cell. The curves are fits of the data to the Hill
equation (Messer et al., 2014). (B) Relationship between ECgq for
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Ca?*+-activation of thin filaments and Tnl bisphosphorylation. ECsg for thin
filaments containing human heart Tn was plotted against the level of Tnl
bis-phosphorylation. ECsg was measured by IVMA and bis-phosphorylation of
Tnl (approximates to phosphorylation at Ser22 and 23) was measured by
phosphate affinity SDS-PAGE. D, donor heart Tn, XI donor Tn with Tnl
exchanged, XI:D mixed donor and cTnl-exchanged donor, XI P PKA-treated
cTnl-exchanged donor, D P PKA treated donor heart Tn. The gray band
corresponds to the phosphorylation level range of human donor and
wild-type mouse Tn, see Figure 1B (Memo et al., 2013).

recent studies have directly shown the relationship between phos-
phorylation and Ca?*-sensitivity. A study by Messer et al. used
the in vitro motility assay (IVMA) with isolated human cardiac Tn
in reconstituted thin filaments. By manipulating the level of Tn
phosphorylation and then measuring the level using phosphate
affinity SDS-PAGE (Phos-Tags) (Messer et al., 2009), a consistent
relationship between phosphorylation level and Ca?™ -sensitivity
was found (Memo et al., 2013) (Figure 2B). A similar study by
Kooij et al. measured the force in individual cardiomyocytes and
found a similar relationship between Tnl phosphorylation at
Ser22/23 and Ca?*-sensitivity (Kooij et al., 2010). A reduced level
of cTnl phosphorylation has been observed in end-stage failing
hearts and this correlates with the increased Ca?* -sensitivity seen
when failing hearts were compared to donor hearts (Figure 2A)
(Wolff et al., 1995; Bodor et al., 1997; Van Der Velden et al., 2003;
Messer et al., 2007).

THE DISCOVERY OF UNCOUPLING IN FAMILIAL
CARDIOMYOPATHIES

Initial investigations into the functional consequences of car-
diomyopathy mutations did not consider the role of Tnl phos-
phorylation, but when this was investigated, uncoupling was
immediately apparent. Uncoupling was first reported in a series of
studies from Kornelia Jaquet’s laboratory. Deng et al. studied the
c¢Tnl HCM mutation R145G and compared phosphorylated and
unphosphorylated recombinant R145G mutant Tn in reconsti-
tuted thin filaments regulating actomyosin ATPase. The authors
found that the shift in pCaso due to bisphosphorylation, observed
with wild-type Tn, was not statistically significant (Deng et al.,
2001). Later, two other HCM-causing mutations in c¢Tnl, G203S,
and K206Q, were also shown to uncouple, although the effect

with G203S was only partial (Deng et al., 2003). A study on
the ¢Tnl HCM mutation R21C found that the Ca?*-sensitivity
decrease due to PKA phosphorylation was smaller when com-
pared to wild-type (Gomes et al., 2005). A similar study on the
¢TnC HCM mutation L29Q also found that the Ca**-sensitivity
(measured by both actomyosin ATPase activity and IVMA) was
not affected by PKA phosphorylation of ¢Tnl (Schmidtmann
et al., 2005). In fact, this study was the first to suggest that the
mutation hindered the transduction of the phosphorylation sig-
nal from Tnl to TnC. Dong et al. have investigated the effects of
cTnl phosphorylation on the kinetics of Ca?* regulation of Tn
both in wild-type and mutant Tn (Dong et al., 2007). The authors
not only looked at the HCM-causing L29Q mutation in TnC but
also the DCM-causing mutation TnC G159D and found that both
mutations inhibited the ability of PKA phosphorylation of ¢Tnl
to reduce Ca>* -sensitivity and speed up Ca>* dissociation (Dong
et al., 2008).

The DCM-causing TnC G159D mutation is one of the best
characterized clinically (Mogensen et al., 2004; Kaski et al,
2007) and the uncoupling phenomenon was also investigated
in two further studies. Biesiadecki et al. reported that the
¢InC G159D mutation, exchanged into skinned mouse car-
diac fibers, had no direct effect on the myofilament response
to Ca’>* but it blunted the phosphorylation-dependent change
in Ca?T sensitive tension development without altering cross-
bridge cycling rate (Biesiadecki et al., 2007). Dyer et al., inves-
tigated Tn containing the TnC G159D mutation in mutant Tn
isolated from an explanted heart muscle sample in compar-
ison with donor heart Tn using IVMA and similarly found
that, unlike donor heart, Ca?"-sensitivity and maximum sliding
speed of thin filaments containing G159D Tn were not sensitive
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to changes in Tnl phosphorylation levels (Dyer et al., 2007,
2009).

These seminal studies on uncoupling investigated mutations
in the regions of Tnl and TnC that could be directly involved
in the phosphorylation-dependent interaction that modulates
Ca’*-sensitivity. However, subsequent studies showed that muta-
tions in any protein of the thin filament can induce uncoupling,
including actin (ACTC E361G and E99K mutations) tropomyosin
(E40K, E54K, and D230N mutations) and troponin T (TnT) (4
mutations recorded to date) in addition to 5 mutations in ¢cTnC
and 5 mutations in Tnl. The currently known mutations causing
uncoupling are summarized in Table 1. Thus, uncoupling may
be induced by indirect allosteric effects of mutations anywhere
within the thin filament and uncoupling seems to be correlated
with mutations identified as causing cardiomyopathies.

UNCOUPLING AS A PRIMARY CAUSE OF FAMILIAL DILATED
CARDIOMYOPATHY

The recent study by Memo et al. (2013) investigated the uncou-
pling phenomenon in thin filaments containing a wide range
of mutations associated with familial DCM, using the IVMA
to measure myofilament Ca’*-sensitivity. It was found that
when Tnl was fully phosphorylated, the mutations had dif-
ferent effects on Ca?T-sensitivity of thin filaments compared
to non-failing; some increased Ca2+—sensitivity (cTnT R141W
and AK210, cTnI3 K36Q and o-Tropomyosin E40K), some
decreased it (a-Tropomyosin D230N, ¢cTnC G159D) whereas for
a-actin E361G and a-Tropomyosin E54K there was no change in

Ca’*-sensitivity. This confirmed that the simple hypothesis that
Ca’*-sensitivity is always reduced by DCM-causing mutations,
that we and others had proposed, is no longer tenable (Chang
and Potter, 2005; Mirza et al., 2005; Morimoto, 2008). In contrast,
when the Ca®*-sensitivity of thin filaments containing phospho-
rylated and unphosphorylated Tnl were compared, it was found
that incorporation of any of these mutations caused uncoupling
(Memo et al., 2013) (Figure 3).

Another study found uncoupling in rare TnC variants identi-
fied in DCM: ¢TnC Y5H, M1031, and 1148V either decreased or
abolished the effects of PKA phosphorylation on Ca**-sensitivity
(Pinto et al., 2011). Since all the known DCM-causing muta-
tions in thin filament proteins have now been shown to cause
uncoupling, whilst having a very variable effect on absolute Ca™ -
sensitivity and no DCM mutation has been demonstrated to have
normal coupling, there is a strong case for uncoupling to be
causative of DCM due to mutations of thin filament compo-
nents. Thus, a blunting of the heart’s response to B-adrenergic
stimulation seems to be necessary and sufficient to generate the
DCM phenotype. Mechanisms and physiological consequences of
uncoupling are discussed in detail later in this review.

UNCOUPLING IS A COMMON FEATURE OF
CARDIOMYOPATHIES

Uncoupling is widespread, not only is it observed with muta-
tions that cause familial DCM, it is also observed with muta-
tions that cause hypertrophic cardiomyopathy (HCM). The HCM
phenotype has been generally thought to be due to mutations

Table 1 | Mutations that have been reported to cause uncoupling.

Mutation Effect of mutation on Measurement Publication
Ca’t-sensitivity method

DCM

ACTC E361G No difference IVMA Song et al., 2010; Memo et al., 2013

TPM1 E54K No difference IVMA Memo et al., 2013

TPM1 E40K Decrease IVMA Memo et al., 2013

TPM1 D230N Increase IVMA Memo et al., 2013

TNNC1 G159D Increase IVMA/Ca binding Biesiadecki et al., 2007; Dong et al., 2008; Dyer et al., 2009;
Memo et al., 2013

TNNC1 Y5H Decrease Skinned fiber Pinto et al., 2011

TNNC1 M103I Decrease Skinned fiber Pinto et al., 2011

TNNC1 1148V Decrease Skinned fiber Pinto et al., 2011

TNNT2 AK210 Decrease IVMA/Skinned fiber Du et al., 2007; Inoue et al., 2013; Memo et al., 2013

TNNT2 R141W Decrease IVMA Memo et al., 2013

TNNI3 K36Q Decrease IVMA/ATPase Carballo et al., 2009; Memo et al., 2013

HCM

ACTC E99K Increase IVMA Song et al., 2011

TPM1 E180G Increase Skinned fiber Alves et al., 2014

TNNC1 L29Q Increase Ca binding/ATPase Schmidtmann et al., 2005; Dong et al., 2008; Li et al., 2013

TNNT2 K280N Increase IVMA Bayliss et al., 2012a

TNNI3 R145G Increase IVMA/ATPase Deng et al., 2001

TNNI3 R21C Increase Skinned fiber Gomes et al., 2005; Wang et al., 2011

TNNI3 G203S Increase ATPase/IVMA Deng et al., 2003

TNNI3 K206Q Increase ATPase/IVMA Deng et al., 2003

TNNT2 R92W Increase Cardiac myocytes Guinto et al., 2009
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FIGURE 3 | Demonstration of uncoupling due to DCM and HCM
mutations and secondary to HOCM. Thin filament motility was measured
by motility assay over a range of [Ca2*t] in paired cells. The percentage of
filaments motile is plotted as a function of [Ca2*] for a representative
experiment. Solid lines and points, phosphorylated thin filaments, dotted line
and open points, unphosphorylated thin filaments (obtained by phosphatase
treatment). The points & s.e.m. are the mean of four determinations of
percentage motile measured in one motility cell. The curves are fits of the
data to the Hill equation. (A) Natively phosphorylated and unphosphorylated
human donor heart Tn with DCM related a- tropomyosin D230N (100%) and

A B (o]
100 100 100
——D230NTnP _ .eccco=d ——K280N Tn P ——HOCM Tn P
----- D230N Tn unP --=--K280N Tn unP ----HOCM Tn unP
80
£ 2 £
€ o
s S z &
g 3 g
& 5 S 40
20
0 0
0.001 0.01 2(3.1 1 10 0.001 0.01 01 1 10 0.001 0.01 0.1 1 10
[ca®™), uM (Ca®], M [ca™), um
D 35
B Non-failing W DCMm W HCcM™m
3
25
5
T 2
8
(&)
w
15

WT ACTC TNNC1 TNNT2 TNNT2 TNNT2 TNNI3 TPM1
E361G G159D R141W AK210 AK210 K36Q E40K
homo het

TPM1  TPM1
ES4K  D230N

ACTC TNNT2
E99K  K280N

rabbit skeletal muscle a-actin (Memo et al., 2013). (B) Natively
phosphorylated and unphosphorylated human donor heart Tn with
exchanged recombinant HCM related TnT K280N, human heart tropomyosin
and rabbit skeletal muscle a-actin (Messer et al., 2014). (C) Thin filaments
containing Tn from a HOCM heart (0.1 mol Pi/mol Tnl) or protein kinase
A-treated HOCM heart Tn (1.6 mol Pi/mol Tnl) (Bayliss et al., 2012b). (D) ECsg
of phosphorylated Tn relative to ECsg of unphosphorylated Tn is plotted for
wild-type thin filaments and thin filaments containing DCM and HCM-causing
mutations. Error bars show s.e.m. of up to 7 replicate comparative
measurements (Vemo et al., 2013; Messer et al., 2014).

increasing myofilament Ca®*-sensitivity, but it is possible that
uncoupling is also characteristic of HCM (Marston, 2011). In
addition to the early reports of HCM-causing Tnl mutations,
described above, uncoupling has also been demonstrated in
cTnT R92W (Guinto et al., 2009), cTnT K280N (Messer et al.,
2012), a-Tropomyosin E180G (Alves et al., 2014), cardiac actin
E99K (Song et al., 2011) and ¢Tnl R21C (Wang et al., 2011)
(see Table1). The situation is less clear-cut in studies using
human heart samples; Sequeira et al. (2013) reported that some
HCM mutations were uncoupled, but others showed a par-
tial decrease in Ca’*-sensitivity when phosphorylated indicat-
ing that uncoupling is not necessarily an all-or-nothing effect
in human heart but may be graded. Relevant to these obser-
vations is the report that in human heart samples the effect
of phosphorylation on ECsy was dependent upon background

phosphorylation levels of other myofilament proteins (Kooij
et al., 2010).

Uncoupling has been demonstrated to occur as a secondary
effect unrelated to any mutation. In the obstructive variant
of HCM (HOCM) the hypertrophied interventricular septum
causes LVOTO (left ventricular outflow tract obstruction) and
pressure overload. Several abnormalities in the contractile pro-
teins in septal tissue from HOCM patients have been observed
including; low phosphorylation levels of Tnl and MyBP-C
(Messer et al., 2009; Copeland et al., 2010b), differences in
actin isoform expression (Copeland et al., 2010a) and loss of
function in myosin (Jacques et al., 2008). Most of these abnor-
malities are shared with end-stage failing heart, but the Ca>*-
sensitivity of Tn from HOCM samples, studied by IVMA, was
not as expected from its low Tnl phosphorylation level and
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this was found to be due to uncoupling of the relationship
between Ca’*-sensitivity and TnI phosphorylation (Gallon et al.,
2007; Jacques et al., 2008; Bayliss et al., 2012b). Uncoupling
was demonstrated directly by comparing HOCM Tn with PKA-
treated HOCM Tn to bring phosphorylation up to the same
level as donor heart Tn. There was no change in Ca?T -sensitivity
(Figures 3C,D). This uncoupling was independent of the muta-
tion causing HCM and was even observed when no muta-
tion was identified. Exchange experiments were carried out to
identify which component of the Tn complex was responsible
for the uncoupling and the abnormality was shown to be in
TnT, although no covalent modifications were found (Bayliss
et al.,, 2012b). This uncoupling in HOCM may be related to
the severe pressure overload that patients having myectomy
operations exhibit and therefore it is possible that the uncou-
pling is caused by the pressure overload itself. It would, for
instance, be interesting to look at aortic stenosis samples where
the patients have pressure overload but not HCM (Marston et al.,
2012).

The occurrence of uncoupling in other types of cardiomy-
opathy has not been tested; it is clear that in most cases of
idiopathic DCM, Ca?*-sensitivity is fully coupled to the level
of Tnl phosphorylation (Messer et al., 2007). On the other
hand, it is possible that mutations in sarcomeric proteins that
are not part of the contractile apparatus, such as titin or Z-
line proteins, also undergo uncoupling, since these can show
a blunted response to P-adrenergic stimulation in vitro that
is characteristic of uncoupling. Recent studies have shown a
blunted B-adrenergic response in MLP W4R and TCAP KO mice
(Knoell et al., 2010, 2011) and uncoupling could be inferred
from experiments on a mouse model with a titin mutation
(Gramlich et al., 2009).

UNCOUPLING CAN BE INDUCED BY SMALL MOLECULES
AND PHOSPHORYLATION

The key to the modulation of Ca®*-sensitivity by cTnl phos-
phorylation is the interaction of the N-terminal peptide 1-29 of
cTnl with TnC, therefore it may be possible to induce uncou-
pling with small molecules that bind to TnC and change the
Ca’*-sensitivity (Ca>* sensitizers or desensitizers). Of partic-
ular interest are the Ca’t-sensitizing drugs EMD57033 and
Bepridil (Li et al., 2008). When tested in the IVMA, with
thin filaments containing native human Tn, both these drugs
increased CaT-sensitivity by 2-3-fold and at the same time
uncoupled Ca’*-sensitivity from Tnl phosphorylation (see
Figure 4A). The effect of these drugs is therefore quite analo-
gous to the effect of many HCM-causing mutations (Table 1,
Figures 3, 4).

In contrast EGCG [(—)-Epigallocatechin 3-Gallate], is a Ca?™ -
desensitizer that binds at a site formed by the TnI-TnC complex
and it has been found to enhance the binding of the N terminal
helix1 of TnI to TnC (Robertson et al., 2009; Tadano et al., 2010;
Botten et al., 2013). When tested in the IVMA, with thin filaments
containing native human Tn, EGCG decreased Ca’"-sensitivity
both in wild-type and in DCM-mutant thin filaments and in both
phosphorylated and unphosphorylated filaments, thus preserving
coupling (Figure 4B). Most strikingly it is also capable of restor-
ing coupling to thin filaments containing mutations that induce
uncoupling (Messer et al., 2014).

Another perturbation that can induce uncoupling is phospho-
rylation of troponin subunits. A study by Nixon et al. found
that phosphorylation of cTnl at Ser 150 by AMP-activated pro-
tein kinase (AMPK) increased Ca2+—sensitivity of isolated cardiac
myofibrils. It also blunted the PKA-dependent calcium desensiti-
zation induced by phosphorylation at Ser 22/23 and uncoupled
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FIGURE 4 | Effect of Ca?*-sensitizers and desensitizers on coupling in
thin filaments. Thin filament motility was measured by motility assay over
a range of [Ca?t] in paired cells. The percentage of filaments motile is
plotted as a function of [Ca%"] for representative experiments. Solid lines
and points, phosphorylated thin filaments, dotted line and open points,
unphosphorylated thin filaments (obtained by phosphatase treatment). The
points + s.e.m. are the mean of four determinations of percentage motile
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measured in one motility cell. The curves are fits of the data to the Hill
equation. (A) The effect of the Ca®*-sensitizer EMD57033 (EMD). In dark
blue, thin filaments in the absence of EMD and in light blue are thin
filaments in the presence of 30 M EMD (Messer et al., 2014). (B) The
effect of the Ca?*-desensitizer EGCG. In dark blue, thin filaments in the
absence of EGCG and in orange, thin filaments in the presence of 100 uM
EGCG (Messer et al., 2014).
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the effects of phosphorylation from f-adrenergic stimulation
(Nixon et al., 2012).

MOLECULAR MECHANISM OF UNCOUPLING

The phosphorylation dependence of cardiac Tn Ca** regulation
is due to the interaction of a 30 amino acid N-terminal extension
of Tnl, containing the PKA-specific phosphorylation sites at Ser
22 and 23, with ¢TnC (Solaro et al., 2008).

The N-terminal segment of ¢Tnl interacts with the regulatory
Ca’*-binding loop in the N-terminal lobe of TnC in the unphos-
phorylated state. This affects the cTnC interaction with both the
regulatory Ca?* and the Tnl switch peptide (144-160) (Li et al.,
2008). When Tnl is unphosphorylated there is a weak ionic bond
between the N terminal and the regulatory Ca?*-binding EF hand
of TnC (Howarth et al., 2007). When Ser 22 and 23 are phos-
phorylated the binding is further weakened (Keane et al., 1990;
Ferrieres et al., 2000; Ward et al., 2004a,b; Baryshnikova et al.,
2008). Therefore, the unphosphorylated state of Tnl is a spe-
cial state, which is destabilized by phosphorylation, resulting in a
lower Ca?* -sensitivity and higher rate of Ca>* dissociation. Since
the initial interaction is quite weak;, the loss of the interaction pro-
duces only a 2-3-fold change in Ca®*-sensitivity and the rate of
Ca’* dissociation. This appears to be sufficient to generate the
lusitropic effect since heart rate also increases by a maximum of
2-3-fold.

We propose that the unphosphorylated state can also be dis-
rupted by mutations or other alterations in any component of
the thin filament resulting in the same destabilized state for both
phosphorylated and unphosphorylated Tn; in this way uncou-
pling could be considered as a default state in cardiomyopathies
(Liu et al., 2012; Memo et al., 2013).

Recent studies have begun to determine the structure of Tnl
in complex with TnC in the phosphorylated and unphosphory-
lated states that forms the basis of the coupling mechanism. X-ray
crystallography has defined the core structure of Tn but mobile
segments, including the N-terminus of Tnl, were not present
in the crystal structure (Takeda et al., 2003). NMR studies have
defined the structure of the missing peptides based on their binary
complexes. A best guess structure of the N-terminal peptide con-
formation in the phosphorylated and unphosphorylated states
was proposed by building these structures onto the Tn core struc-
ture (Howarth et al., 2007). Molecular dynamics simulations of
the entire Tn molecule have further refined these structures.

The molecular dynamics simulations indicate a possible struc-
ture of Tnl N-terminus interacting with TnC (Gould et al., 2014)
(Figure 5). The most striking feature is that in the presence of
Ca’", the unphosphorylated N terminus of Tnl settles in a posi-
tion looping over the N-terminus of TnC within 50 ns of the start
of simulation. The peptide is mostly very mobile and unstruc-
tured except for 2RRSS?* that was consistently close to TnC for
up to 1 s of simulation. These four amino acids also exhibited
a lower root mean square fluctuation (RMSF) than surround-
ing residues. When the Ser 22 and 23 were phosphorylated in
silico, the two serines become more mobile relative to arginines
20 and 21 suggesting a weakening of their interaction with TnC.
In addition, Ca?t becomes more exposed to solvent and the
interaction of the “switch peptide” with TnC is altered. Thus,
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FIGURE 5 | Modulation of the interaction of Tnl Ser 22 and 23 with the
N terminal lobe of TnC by phosphorylation, determined by molecular
dynamics simulations. Average structure after 700 ns simulation for
unphosphorylated Tn, left. The Tn was phosphorylated in silico after 550 ns
of simulation and the average structure after a further 200 ns is shown,
right. The N-terminal lobe of cTnC is shown as spheres with color coding
along the peptide chain as indicated by the sequence below; Ser 69 and Thr
71 are colored according to their atoms (oxygen red, hydrogen white). The
backbone of cTnl N-terminus is shown in blue; Ser 22 and 23 are shown in
yellow in stick representation. Molecular dynamics suggests that with
unphosphorylated Tn there is a close interaction of Ser 22 and 23 with
c¢TnC Ser 69 and Thr 71 which is much less prominent when
phosphorylated (Gould et al., 2014).

coupling can be accounted for by the formation of a weak ionic
complex between TnC and Tnl Ser 22 and 23 that is destabilized
by phosphorylation.

It is interesting to note that when the DCM-causing mutation
K36Q in cTnl was introduced in the presence of Ca?*, the simu-
lation showed that Ser 22 and 23 no longer interacted closely with
cTnC, in accord with our hypothesis that the Ca?*-cTnC-cTnl
N terminus interaction is unique and is destabilized directly by
phosphorylation and also allosterically by mutations and other
perturbations. Molecular dynamics simulations also show that
phosphorylation is associated with long-range conformational
changes in Tn and associated proteins that provides a mecha-
nism for mutations in TnT, tropomyosin and actin to induce
uncoupling (Manning et al., 2011). It should be noted that this
mechanism for uncoupling is the opposite to one proposed by
Biesiadecki et al. (2007) where the DCM mutation TnC G159D
was proposed to stabilize the interaction of Ser 22 and 23 with
cTnC when phosphorylated.

PHYSIOLOGICAL RELEVANCE OF UNCOUPLING
How is uncoupling of the relationship between Tnl phospho-
rylation and myofilament Ca?*-sensitivity related to the DCM
phenotype associated with such mutations? We think it is likely
that uncoupling would compromise the heart’s response to f1-
adrenergic stimulation leading to a reduced cardiac reserve.

The effects of cardiomyopathy-causing mutations on the
heart’s response to B-adrenergic agonists have not been routinely
measured. However, the studies of Song et al. on the ACTC
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mutations E361G and E99K investigated this question and clearly
showed that the response to dobutamine stimulation was blunted
(Song et al., 2010, 2011; Marston et al., 2013) (Figure 6). The
effect of adrenergic agonists was tested in several other models
of HCM and DCM (see Table 2) and they all showed blunting of
the response in at least one parameter. It is particularly interest-
ing to note the blunting effect of the muscle LIM protein (MLP)
W4R mutation associated with DCM (Knoell et al., 2010), since
this protein is a component of the Z-line and is not known to have
any function in regulating the contractile apparatus: in this case
the putative uncoupling might be a secondary effect similar to
that seen in myectomy samples. Nguyen et al. found that young,
pre-hypertrophic TNNI3 G203S HCM transgenic mice lacked
the normal physiological response to chronic intense swim-
ming exercise, compatible with a blunted response to adrenergic

stimulation independent of disease phenotype (Nguyen et al.,
2007).

This loss of cardiac reserve is likely to predispose the heart
to failure when under stress. It is notable that most mouse
models of DCM-causing mutations show little or no pheno-
type at rest (ACTC E361G, TNNT2 AK210, MYBPC3 knock-in
(KI) (see Table2) and TTN KI Gramlich et al., 2009), especially
when heterozygous like the patients with these mutations. This
is compatible with the primary defect being in the response to
B-adrenergic stimulation that is absent at rest. Several experi-
ments have addressed this question by exposing transgenic mice
with HCM or DCM-causing mutations to chronic stress by pres-
sure overload (TAC) or by chronic stimulation with isoprenaline
or angiotensin II. In general, they demonstrate that the mutant-
containing mice show earlier and more severe symptoms of
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FIGURE 6 | (A) The ACTC E361G mutation blunts the lusitropic, inotropic and cardiac reserve in ACTC E361G mice in vivo (Wilkinson, 2014). (B) The ACTC
chronotropic response to dobutamine in vivo: mice were examined using a E361G mutation predisposes TG mice to systolic heart failure under chronic
pressure volume catheter. The dobutamine-induced acceleration of relaxation stress: chronic stress was achieved using subcutaneously implanted Alzet
(peak rate of relaxation and time constant of relaxation) was significantly osmotic mini pumps to deliver a 4-week infusion of angiotensin Il
lower in ACTC E361G mice indicating a blunted lusitropic response. The (2 mg/kgBW/day, in saline). Sham controls received mini pumps carrying
inotropic response to dobutamine was also blunted in ACTC E361G mice as saline only. At the end of the 4-week infusion period the mice were examined
indicated by a blunted increase in maximum pressure and the peak rate of using a pressure volume catheter. The chronic stress treatment evoked
pressure increase. Furthermore, dobutamine-induced increase in heart rate symptoms of systolic heart failure in ACTC E361G mice, characterized by
(chronotropic effect) was also blunted. Taken together with the attenuated decreased ejection fraction, cardiac output and maximum rates of contraction
increase in cardiac output these data suggest a significantly diminished and ejection compared to NTG mice (Wilkinson, 2014).
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Table 2 | Mutations reported to blunt response to $-agonists.

Mutation Measurement method, agonist and Publication

(parameters blunted)

ACTC E361G Echocardiography and cine MRI
Dobutamine stimulation

(mri: EF, HR,COEcho: wall thickening
and CO)

Echocardiography

Dobutamine stimulation

(heart rate, wall thickening, and
fractional shortening)
Echocardiography

Isoprenaline stimulation (+dP/dt,
—dP/dt)

PV catheter

Isoprenaline stimulation (LVESP)
iPSC myocyte cluster contraction,
noradrenaline stimulation (beating

Song et al., 2010

ACTC E99K Song et al., 2011

TPM1 EB4K Rajan et al.,

2007
TNNT2 AK210 Du etal., 2007

TNNT2 R173W Sun et al., 2012

rate)
TNNT2 AE160 Isolated heart isovolumic pressure Moore et al.,
recording, 2013

Dobutamine stimulation (—dP/dt)

TNNT2 R92Q  Isolated heart isovolumic pressure Javadpour et al.,
recording, 2003
Dobutamine stimulation (SR +dP/dt,
—dP/dt, DevP)

TNNT2 179N Echocardiography, Knollmann et al.,
Isoprenaline stimulation (FS) 2001

MYBPC3 KI Engineered heart tissue Stohr et al., 2013
Isoprenaline stimulation (AForce)

MYBPC3 KO PV catheter Carrier et al.,
Dobutamine stimulation (dP/dt max) 2004

MLP W4R Echocardiography and PV catheter Knoell et al.,
Adrenaline stimulation (ESV.EDV and 2010

LV contractility)

dilation and heart failure than wild-type. For instance: Wilkinson
applied chronic stress by angiotensin II infusion (2 mg/KgBV/da
by osmotic minipumps). After 4 weeks ACTC E361G DCM
mice had significantly lower dP/dtmax, cardiac output and ejec-
tion fraction, compared to NTG (Wilkinson, 2014) (Figure 6).
Similarly Gramlich et al. studied a titin mutation that causes
DCM (TTN 2-bp insertion mutation (c.43628insAT)) (Gramlich
et al., 2009). The authors induced cardiac hypertrophy by a
2-week infusion with angiotensin II. Both wild-type and KI
mice developed cardiac hypertrophy after 1 week. After 2 weeks,
hypertrophy in wild-type animals was further increased, whereas
their heterozygous littermates showed left ventricular dilata-
tion with impaired systolic function and increased myocardial
fibrosis.

Whilst it is recognized that the uncoupling phenomenon pro-
vides a satisfactory molecular mechanism for thin-filament based
mutations that cause DCM, the role of uncoupling in HCM
is not as clear. Since Ca’*-sensitivity has been observed to be
increased 2—3-fold in virtually every HCM mutation investigated
(Marston, 2011), it is likely that this is the primary trigger for
the HCM phenotype and that it dominates over the uncoupling
phenomenon. It is possible that increased Ca’*-sensitivity and

uncoupling are linked properties of thin filaments since the Ca?* -
sensitizers EMD57033 and bepridil are also uncouplers and the
coupling constant is generally greatest when Ca?*-sensitivity is
lowest. It will be very interesting to investigate whether any
HCM mutations (or Ca2t-sensitizers) can be found that increase
Ca’*-sensitivity but do not uncouple.

CLINICAL RELEVANCE OF UNCOUPLING

Uncoupling inevitably leads to blunting of the response to B-
adrenergic agonists but the lack of response to dobutamine is of
course not only due to uncoupling. Heart failure is associated also
with desensitization of B-receptors, such that the activation of
PKA is attenuated, or the activity of phosphatase increased whilst
coupling is intact (Houser and Margulies, 2003; Champion, 2005;
El-Armouche et al., 2007; Messer et al., 2007).

Patient studies from the 80 and 90s using echocardiogra-
phy showed that IDCM and HCM patients could be classified
into dobutamine responders and non-responders and that the
non-responders have a poor prognosis whilst the responders can
respond to treatment (Borow et al., 1988; Dubois-Randé et al.,
1992; Naqvi et al., 1999) These studies predate the discovery
of mutations in contractile proteins that cause familial DCM
as well as the discovery of uncoupling, but given our current
understanding of FDCM we would predict that the dobutamine
non-responders correspond to those patients with FDCM muta-
tions causing uncoupling and hence presumably the dobutamine
response would be of clinical interest as a potential diagnostic to
distinguish familial DCM from acquired IDCM.

This dichotomy would suggest that different treatments would
be optimum for the two cases. Drugs are available that impact
on P-receptors but so far no drugs act positively on the
Tnl-phosphorylation-Ca?* -sensitivity coupling mechanism. Our
recent finding that EGCG is capable of recoupling in vitro,
although it has different effects in vivo (Feng et al., 2012), sug-
gests that specific modulation of the coupling process may be a
viable target for future therapy.
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The lengths of the sarcomeric thin filaments vary in a skeletal muscle-specific manner
and help specify the physiological properties of skeletal muscle. Since the extent of
overlap between the thin and thick filaments determines the amount of contractile force
that a sarcomere can actively produce, thin filament lengths are accurate predictors of
muscle-specific sarcomere length-tension relationships and sarcomere operating length
ranges. However, the striking uniformity of thin filament lengths within sarcomeres,
specified during myofibril assembly, has led to the widely held assumption that thin
filament lengths remain constant throughout an organism’s lifespan. Here, we rigorously
tested this assumption by using computational superresolution image analysis of confocal
fluorescence images to explore the effects of postnatal development and aging on thin
filament length in mice. We found that thin filaments shorten in postnatal tibialis anterior
(TA) and gastrocnemius muscles between postnatal days 7 and 21, consistent with the
developmental program of myosin heavy chain (MHC) gene expression in this interval.
By contrast, thin filament lengths in TA and extensor digitorum longus (EDL) muscles
remained constant between 2 mo and 2 yr of age, while thin filament lengths in soleus
muscle became shorter, suggestive of a slow-muscle-specific mechanism of thin filament
destabilization associated with aging. Collectively, these data are the first to show that
thin filament lengths change as part of normal skeletal muscle development and aging,
motivating future investigations into the cellular and molecular mechanisms underlying
thin filament adaptation across the lifespan.

Keywords: tropomodulin, actin, sarcomere, mouse, myofibril, myofilament

INTRODUCTION

In skeletal muscle fibers, contractile force is generated via cross-
bridge interactions between the myosin (thick) filaments and
actin (thin) filaments in the sarcomeres arranged in series along
contractile myofibrils. The capacity for a sarcomere to generate
force is best described by the sliding filament theory of muscle
contraction, which states that the extent of overlap between the
thick and thin filaments determines the number of crossbridge
interactions and, hence, the extent of active force production.
The sliding filament theory can be quantified by the sarcom-
ere length-tension relationship, which depicts a sarcomere’s force
output as a function of sarcomere length, and whose shape
can be accurately modeled from thick and thin filament lengths
(Huxley and Hanson, 1954; Edman, 1966; Gordon et al., 1966;
Walker and Schrodt, 1974; Granzier et al., 1991). While thick fil-
ament lengths are constant (~1.65pm) in all muscle types and
species examined, thin filament lengths vary widely (from 0.95
to 1.40 wm) across muscle types and species, resulting in corre-
spondingly wide variations in sarcomere length-tension relation-
ships (reviewed in Gokhin and Fowler, 2013). The best correlate
of thin filament lengths that has been identified to date is a mus-
cle’s fiber type distribution, as determined by myosin heavy chain
(MHC) isoform expression, with slow-twitch muscles expressing

predominantly type-I MHC (such as the soleus) having longer
thin filaments, and fast-twitch muscles expressing predominantly
type-II MHC:s [such as the tibialis anterior (TA)] having shorter
thin filament lengths in all mammalian species studied (Castillo
et al., 2009; Gokhin et al., 2010, 2012). However, MHC isoform
effects on thin filament length are correlative and not causative; by
contrast, perturbations in thin filament pointed-end capping by
tropomodulin (Tmod) can directly induce alterations in filament
lengths by inhibiting actin subunit dynamics in both slow- and
fast-twitch skeletal muscles (Gokhin et al., 2014).

Thin filament lengths are not fixed after their initial specifica-
tion during myofibril assembly, but, rather, can exhibit remark-
able plasticity in response to experimental perturbations. For
example, in cardiac myocytes and Drosophila indirect flight mus-
cle, thin filaments can be shortened or lengthened by increasing
or decreasing, respectively, the extent of pointed-end capping
by Tmod (Gregorio et al., 1995; Sussman et al., 1998; Littlefield
et al., 2001; Mardahl-Dumesnil and Fowler, 2001; Tsukada et al.,
2010; Bliss et al., 2014). This inverse relationship between Tmod
activity and thin filament lengths appears to extend to mam-
malian skeletal muscle as well, as it was recently shown that
proteolysis of Tmod by m-calpain can result in longer thin
filaments in mouse models of Duchenne muscular dystrophy
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Age-dependent thin filament lengths

(Gokhin et al., 2014). However, it remains unclear whether
changes in thin filament lengths might also be characteristic of
normal muscle adaptation during an organism’s lifespan (i.e.,
during postnatal development and aging). To address this ques-
tion, we used a super-resolution computational image analysis
technique (termed Distributed Deconvolution; Littlefield and
Fowler, 2002) to measure thin filament lengths in skeletal mus-
cles from mice at various stages of postnatal development, as
well as from aged mice. We found that, in postnatal TA and gas-
trocnemius (GAS) muscles, thin filaments become shorter from
postnatal days 7 to 21 (P7 to P21). This is consistent with the
known developmental shift away from embryonic and neona-
tal MHC expression toward a fast-twitch phenotype associated
with predominantly type-II MHC isoform expression (Allen and
Leinwand, 2001; Agbulut et al., 2003; Gokhin et al., 2008). By
contrast, in aged (2-yr-old) mice, thin filament lengths in TA
and extensor digitorum longus (EDL) muscles remained constant
with respect to 2-mo-old mice, while thin filament lengths in
soleus muscle became shorter, suggesting muscle-specific mech-
anisms of length modulation. Collectively, these data identify
changes in thin filament lengths as a novel feature of skeletal
muscle development and aging.

MATERIALS AND METHODS

EXPERIMENTAL ANIMALS AND TISSUES

Mice (n = 3—4 mice per time-point) were sacrificed at P7, P14,
P21, 2 months after birth, or 2 years after birth. Mice sacrificed
at P7, P14, and P21 were C57Bl/6] mice, while mice sacrificed at
2 months or 2 years after birth were BALB/cBy mice. Two differ-
ent mouse strains were used to test whether thin filament lengths
in adult skeletal muscle vary with mouse strain (i.e., C57Bl/6] at
P21 vs. BALB/cBy at 2 months). Mice were sacrificed by isoflurane
inhalation followed by cervical dislocation, in accordance with
ethics guidelines set forth by the Institutional Animal Care and
Use Committee at The Scripps Research Institute.

In experiments with P7-P21 mice, TA and GAS muscles were
examined because their larger size facilitated tissue dissection and
handling, and because EDL and soleus muscles are not read-
ily distinguishable from the surrounding musculature at P7. For
experiments with 2-mo- and 2-yr-old tissues, TA, EDL, and soleus
muscles were examined because these muscles reflect a diversity
of muscle fiber types and architectures in adult mice (Burkholder
etal, 1994; Agbulut et al., 2003). GAS muscle was not analyzed in
2-mo- and 2-yr-old mice, due to its fiber type similarity with the
TA and EDL (Burkholder et al., 1994).

IMMUNOSTAINING AND CONFOCAL IMAGING

Leg muscles were stretched in situ via ankle joint manipulation,
pinned to cork, relaxed overnight in EGTA-containing relax-
ing buffer, fixed overnight in 4% paraformaldehyde in relaxing
buffer, dissected, embedded in Optimum Cutting Temperature
compound, cryosectioned, and immunostained as previously
described (Gokhin et al., 2010). Primary antibodies were as
follows: mouse anti-a-actinin (EA53, 1:100; Sigma-Aldrich, St.
Louis, MO) to label Z-lines; affinity-purified rabbit polyclonal
anti-human Tmodl (R1749, 3.1 pg/ml) (Gokhin et al., 2010)
or rabbit polyclonal antiserum to chicken Tmod4 preadsorbed

by passage through a Tmodl Sepharose column (R3577, 1:25)
(Gokhin et al., 2010) to label thin filament pointed ends; rabbit
anti-nebulin M1IM2M3 (NEB-1, 1:100; Myomedix, Mannheim,
Germany) to label the nebulin N-terminus at the proxi-
mal/distal segment boundary of the thin filament (Gokhin and
Fowler, 2013). Secondary antibodies were Alexa-488-conjugated
goat anti-rabbit IgG (1:200; Life Technologies, Carlsbad, CA)
and Alexa-647-conjugated goat anti-mouse IgG (1:200; Life
Technologies). F-actin was stained with rhodamine-phalloidin
(1:100; Life Technologies). Single optical sections were collected
on a Bio-Rad Radiance 2100 laser-scanning confocal micro-
scope mounted on a Nikon TE2000-U microscope using a 100x
Plan-Apochromat oil-objective lens. Images were processed in
Adobe Photoshop CS5.1, and figures were constructed in Adobe
Mlustrator CS5.1.

THIN FILAMENT LENGTH MEASUREMENTS

Distributed Deconvolution analysis was used to measure
distances of fluorescently labeled peaks of Tmod and nebulin
MI1M2M3 from the Z-line as well as half the breadth of the F-actin
(phalloidin) signal across the Z-lines of adjacent half-sarcomeres
(I-Z-1 arrays), as previously described (Littlefield and Fowler,
2002; Gokhin and Fowler, 2013). Both Tmodl- and Tmod4-
stained images were used for determining Tmod distances, as
Tmodl and Tmod4 are equally faithful markers of the thin fila-
ment pointed ends in all mammalian species examined (Gokhin
etal., 2010, 2012). We used a distributed deconvolution plugin for
Image] that generates the best-fit of a model intensity distribution
function for a given thin filament component (Tmod, nebulin
MI1M2M3, or F-actin), to a background-corrected 1D myofibril
fluorescence intensity profile (line-scan) of 3-5 thin filament
arrays obtained for each fluorescent probe (anti-Tmod, anti-
nebulin M1IM2M3, or rhodamine-phalloidin). The distributed
deconvolution plugin and supporting documentation are
available for public download at http://www.scripps.edu/fowler/.

STATISTICS

Differences between two groups were determined using Student’s
t-test. Differences between three groups were determined using
One-Way ANOVA with post-hoc Fisher’s PLSD tests. Statistical
analysis was performed in Microsoft Excel. Significance was
defined as p < 0.05.

RESULTS

To examine changes in thin filament length during postna-
tal skeletal muscle development, we used confocal fluorescence
microscopy and a super-resolution computational image analy-
sis approach (Distributed Deconvolution; Littlefield and Fowler,
2002) to measure thin filament lengths in mouse skeletal mus-
cles from P7 to P21. Organized myofibrils with well-regulated
thin filament lengths were evident in all muscles examined at all
postnatal time-points, as evidenced by striated Tmod1, Tmod4,
nebulin M1M2M3, F-actin, and a-actinin staining patterns (sam-
ple images from P14 muscle shown Figure 1). In the postnatal
GAS, thin filament lengths determined by Tmodl localization
steadily decreased from 1.26 to 1.09 wm from P7 to P21 (Figure 2;
Table 1). In the postnatal TA, thin filament lengths stayed con-
stant at ~1.17 wm from P7 to P14, but decreased to 1.10 pum
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FIGURE 1 | Sample immunofluorescence images of P14 mouse muscles. Longitudinal TA cryosections were phalloidin-stained for F-actin and immunostained
for a-actinin, along with either Tmod1 or nebulin M1TM2M3, and imaged by confocal microscopy. P, thin filament pointed ends; Z, Z-line; H, H-zone. Bars, 1 pm.
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FIGURE 2 | Thin filament lengths during postnatal muscle
development in mice. Graphs depict distances of Tmod (solid circles) and
nebulin M1M2M3 (open circles) from the Z-line in GAS and TA muscles
from P7 to P21 mice. Tmod distance reflects the variable position of the
thin filament pointed end with respect to the Z-line, while nebulin
M1M2M3 distance reflects the relatively constant position of the
proximal/distal segment boundary of the thin filament with respect to the
Z-line (Gokhin and Fowler, 2013). Tmod distances reflect pooled Tmod1 and
Tmod4 distances. Error bars reflect mean 4+ SD for n > 100
myofibrils/time-point for Tmod, n > 50 myofibrils/time-point for nebulin
M1M2M3. *p < 0.01 with respect to the previous time-point.

by P21 (Figure 2; Table 1). Thin filament lengths determined by
F-actin breadth from the Z-line to the H-zone paralleled those
determined by Tmod1 localization in both neonatal GAS and
TA muscles at all time-points (Table 1). Nebulin M1M2M3 dis-
tances from the Z-line remained constant at ~0.94 wm in both
neonatal GAS and TA (Figure 2; Table 1), consistent with the
nebulin-coated proximal segment of the thin filament having a
fixed length, regardless of the length of the nebulin-free distal
segment (Gokhin and Fowler, 2013).

Table 1| Thin filament lengths determined by Distributed
Deconvolution analysis of fluorescence images.

Tmod Phalloidin Nebulin M1M2M3
GAS pP7 1.26+0.07 1.16£0.03 0.94+0.03
P14 1.15+0.06* 1.06+£0.02* 0.94+0.02
P21 1.09+0.06* 0.98 +£0.02* 0.95+0.03
TA P7 1.17+£0.06 1.104+0.02 0.934+0.02
P14 1.18+0.04 1.0940.02 0.95+0.02
P21 1.10+£0.07* 1.01+0.04* 0.95+0.03
2 mo 1.11+£0.06 1.03+0.04 0.93+0.03
2yr 1.08+0.07 1.00+0.04 0.944+0.03
EDL 2 mo 1.07+0.07 1.00+0.06 0.94+0.02
2 yr 1.09+0.06 1.03+0.05 0.94+0.02
Soleus 2 mo 1.19+£0.05 1.14+£0.1 0.96+0.03
2yr 1.11+£0.02* 1.06 +£0.05*% 0.95+0.03

Length values (all in um) correspond to the breadth of phalloidin staining and
the distances of Tmod and nebulin MT1M2M3 from the Z-line. Data are shown
mean + SD for n > 100 myofibrils/time-point for Tmod and phalloidin, n >
50 myofibrils/time-point for nebulin M1M2M3. *p < 0.01 with respect to the
previous time-point.

Next, to examine changes in thin filament length during
skeletal muscle aging, we further used confocal fluorescence
microscopy and Distributed Deconvolution analysis to compare
thin filament lengths in 2-mo-old vs. 2-yr-old mice. Aged muscles
showed no evidence of gross myofibril disorganization or dete-
rioration, as evidenced by striated Tmod1, nebulin M1M2M3,
F-actin, and a-actinin staining (data not shown). In the TA
and EDL, no statistically significant differences in thin filament
lengths were observed between 2-mo-old vs. 2-yr-old muscles
(~1.11pm in both muscles at both time points) (Figure 3;
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Table 1). However, in the soleus, thin filament length decreased
from ~1.20 pm in 2-mo-old muscles to ~1.11 pm in 2-yr-old
muscles (Figure 3; Table 1). As observed with our measurements
of thin filament lengths in neonatal muscles, thin filament lengths
determined by F-actin breadth from the Z-line to the H-zone par-
alleled those determined by Tmodl localization (Table 1), and
nebulin M1IM2M3 distances from the Z-line remained constant
at ~0.95 um (Figure 3; Table 1). Moreover, thin filament lengths
in the TA muscles of 2-mo-old BALB/cBy mice were identi-
cal to thin filament lengths in the TA muscles of P21 C57Bl/6]
mice (Table 1; also compare Figure 2 and Figure 3), indicating
that thin filament lengths do not change between P21 and 2
months of age, and that lengths are not mouse strain-dependent.
Thin filament lengths in adult mice in these strains also agree
with lengths previously reported in adult mixed-background
FVB/N:129/Sv]:C57BIl/6 mice (Gokhin et al., 2010).

DISCUSSION

This study provides the first evidence that skeletal muscle thin
filaments undergo adaptive remodeling to alter their lengths dur-
ing the mouse lifespan, implying age-dependent alterations in
sarcomere length-tension relationships and optimum sarcomere
length ranges. What molecular mechanisms might drive these
changes in thin filament lengths? When examining neonatal mus-
cles, we observed thin filament shortening between P7 and P21
in both the TA and GAS (Figure 2). These changes are mostly
associated with developmental transitions away from expression
of embryonic and neonatal MHC isoforms and toward expres-
sion of adult type-II MHC isoforms (Allen and Leinwand, 2001;

T14 1 TA 14 o EDL 4 _soleus
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FIGURE 3 | Thin filament lengths in aged mouse muscles. Graphs
depict distances of Tmod (solid circles) and nebulin M1M2M3 (open circles)
from the Z-line in TA, EDL, and soleus muscles from 2-mo-old to 2-yr-old
mice. Tmod distance reflects the variable position of the thin filament
pointed end with respect to the Z-line, indicative of variations in length,
while nebulin MTM2M3 distance reflects the relatively constant position of
the proximal/distal segment boundary of the thin filament with respect to
the Z-line (Gokhin and Fowler, 2013). Tmod distances reflect pooled Tmod1
and Tmod4 distances. Error bars reflect mean &+ SD for n > 100
myofibrils/time-point for Tmod, n > 50 myofibrils/time-point for nebulin
M1M2M3. *p < 0.01 with respect to the previous time-point.

Agbulut et al., 2003; Gokhin et al., 2008). The presence of type-II
MHC isoforms is, in turn, associated with shorter thin filament
lengths (Castillo et al., 2009; Gokhin et al., 2010, 2012). This
suggests a model in which immature mouse muscles, expressing
predominantly embryonic and neonatal MHCs, are all initially
specified with “generic” thin filament lengths during the termi-
nal stages of myofibril assembly, despite these muscles’ functional
differences in adult mice (Allen and Leinwand, 2001; Agbulut
et al., 2003; Gokhin et al., 2008). Then, as the various muscles
adopt their characteristic use profiles and MHC isoform distribu-
tions during postnatal acquisition of adult movement patterns,
thin filament lengths may gradually diversify, ultimately lead-
ing to the multitude of muscle-specific thin filament lengths
observed in adult mice (i.e., longer thin filaments characteristic
of slower fiber types and shorter filaments characteristic of faster
fiber types) (Gokhin et al., 2010, 2014). Simultaneously, post-
natal changes in tropomyosin and troponin isoform expression
(Amphlett et al., 1976; Briggs et al., 1990) may also be involved in
regulating thin filament lengths during postnatal skeletal muscle
development. Evidence supporting this possibility is the fact that
a nemaline myopathy-causing tropomyosin mutation can cause
markedly shorter thin filaments in vivo (Ochala et al., 2012), and
that both tropomyosin and troponin have been shown to enhance
actin filament pointed-end stability in vitro (Broschat et al., 1989;
Broschat, 1990; Weigt et al., 1990).

When comparing 2-mo-old and 2-yr-old muscles, we observed
no statistically significant changes in thin filament length in the
TA or EDL, but a marked decrease in thin filament length was
observed in the 2-yr-old soleus (Figure 3). The fact that thin fila-
ment shortening during aging is restricted to the soleus muscle
implies a mechanism specific to heavily recruited, slow-twitch
muscles. Such a mechanism most likely does not involve shifts
toward expression of type-II MHC isoforms during aging, unlike
the MHC isoform shifts described above for postnatal muscle
development, because studies of rat soleus have shown continued
enrichment of type-I MHC with decreases in type-II MHC dur-
ing aging (Butler-Browne and Whalen, 1984; Larsson et al., 1995).
Indeed, an increase in type-I MHC with concomitant thin fila-
ment shortening is not consistent with a causative effect of MHC
isoforms in regulating thin filament lengths. Other molecules
whose alterations might directly induce slow-muscle-specific thin
filament shortening in aging are tropomyosin (an actin side-
binding and stabilizing protein), whose o isoforms are decreased
in aged muscle (Gelfi et al., 2006; O’Connell et al., 2007), as
well as ADF/cofilin (an actin-severing protein) and profilin (an
actin monomer-sequestering protein), whose levels are increased
in degenerating muscle (Nagaoka et al., 1996). Moreover, slow-
muscle-specific changes in thin filament protein phosphorylation,
glycosylation, or other posttranslational modifications might also
contribute to slow-muscle-specific thin filament shortening in
aging. Understanding the contributions and interplay of these
molecules and pathways to thin filament shortening in aging
requires further studies.

An alternative mechanism for slow-muscle-specific thin fil-
ament shortening in aging involves preferential induction of
proteolytic pathways in slow-twitch muscles (Sultan et al., 2001),
leading to breakdown of thin filament-associated proteins and
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reduced F-actin stability. Such proteolytic pathways might be
specifically induced in old muscle, or might be ongoing in heavily
recruited muscles and begin in mid-life. A number of prote-
olytic pathways have been implicated in skeletal muscle aging
and aging-related sarcopenia, including activation of intracellu-
lar proteases (calpains and caspases), the ubiquitin-proteasome
system, the autophagy-lysosome system, and reactive oxygen
species (for reviews, see Fulle et al., 2004; Dargelos et al,
2008; Ryall et al., 2008; Combaret et al., 2009). Activation of
m-calpain can lead to Tmod proteolysis that is more widespread
in slow muscle in mouse models of Duchenne muscular dys-
trophy, but this mechanism results in actin subunit addition
onto pointed ends and resultant thin filament elongation, and
not thin filament shortening (Gokhin et al., 2014). More likely
targets whose proteolysis could lead to shorter thin filaments
are actin filament side-binding proteins such as nebulin and
tropomyosin, which stabilize thin filaments to prevent aberrant
thin filament shortening (Bang et al., 2006; Ottenheijm et al.,
2009; Pappas et al., 2010; Ochala et al., 2012). Ongoing work
seeks to understand the regulatory framework governing the
interplay between aging and pathology of skeletal muscle, alter-
ations in thin filament proteins, and regulation of thin filament
lengths.
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O-GlcNAcylation, a generally undermined atypical protein glycosylation process, is
involved in a dynamic and highly regulated interplay with phosphorylation. Akin to
phosphorylation, O-GIcNAcylation is also involved in the physiopathology of several
acquired diseases, such as muscle insulin resistance or muscle atrophy. Recent data
underline that the interplay between phosphorylation and O-GIcNAcylation acts as a
modulator of skeletal muscle contractile activity. In particular, the O-GIcNAcylation level
of the phosphoprotein myosin light chain 2 seems to be crucial in the modulation of
the calcium activation properties, and should be responsible for changes in calcium
properties observed in functional atrophy. Moreover, since several key structural proteins
are O-GIcNAc-modified, and because of the localization of the enzymes involved in the
O-GlcNAcylation/de-O-GlcNAcylation process to the nodal Z disk, a role of O-GIcNAcylation
in the modulation of the sarcomeric structure should be considered.

Keywords: O-GIcNAcylation, phosphorylation, O-GlcNAcylation/phosphorylation interplay, contractile proteins,

MLC2, contractile properties, sarcomeric structure

0-GicNAcylation, AN ATYPICAL GLYCOSYLATION

Nowadays, it is well admitted that the phosphorylation does
not act alone in the fine modulation of numerous cellular
processes, but rather, presents a dynamic and highly regu-
lated interplay with an atypical glycosylation, the O-linked N-
acetyl-glucosaminylation (termed O-GlcNAcylation), occurring
on nuclear, cytoplasmic and mitochondrial proteins (Hart et al.,
2007; Cao et al., 2013; Johnsen et al., 2013). This minire-
view is based on significant references focused on the recent
advancements concerning the link between O-GlcNAcylation,
contractile proteins and calcium affinity in skeletal muscle
(Figure 1).

The O-GlcNAcylation of proteins results from the trans-
fer of N-acetyl-B-D-glucosamine from the high energy donor
substrate UDP-GIcNAc (synthesized through the hexosamine
biosynthesis pathway) onto the hydroxyl group of serine and
threonine residues of target proteins by the uridine diphospho-N-
acetyl glucosaminyl transferase (O-GlcNAc transferase or OGT).
The PB-N-acetylglucosaminidase (O-GlcNAcase or OGA) cat-
alyzes the removal of O-GlcNAc residues from proteins (Dong
and Hart, 1994; Gao et al., 2001; Wells et al., 2002). Thus,
like phosphorylation, the addition/removal of GlcNAc moi-
eties on the proteins results from the concerted action of
two antagonist enzymes. Reversible, O-GlcNAcylation is highly
dynamic, and responds rapidly to changes in environmen-
tal conditions (Hart et al., 2007). Since OGT is coded from
only one gene (Kreppel et al, 1997), the regulation of its
activity, its localization in cell, or its specificity toward pro-
tein targets are ensured by targeting proteins, such as protein

phosphatase 1 (PP1), Milton (OIP106), p38MAP kinase, myosin
phosphatase 1 (MYPT1) or peroxisome-proliferator-activated
receptor-co-activator-lalpha (PGCla), transiently associated
with OGT through tetratricopeptide repeats (TPR domains)
at the N-termini of the transferase (Iyer and Hart, 2003; Iyer
et al.,, 2003; Wells et al., 2004; Cheung and Hart, 2008; Cheung
et al., 2008; Housley et al., 2009). In the same way, the OGA
could also be associated with other proteins like calcineurin
or heat shock proteins among others (Wells et al., 2001).
Moreover, an unusual association of the two opposing OGA/OGT
was described, forming a single O-GlcNAczyme complex
(Whisenhunt et al., 2006).

The analysis of O-GlcNAc pattern, the quantification of vari-
ation of O-GlcNAcylation on proteins and the identification of
the glycosylated sites are crucial for the understanding of the role
of this atypical glycosylation. Methodological approaches include
western blot analyses using antibodies directed against O-GlcNAc
moieties or lectins (Zachara et al., 2011), or the labeling of O-
GlcNAcylated proteins with galactosyltransferase and coupling of
different kind of substrates (Zachara et al., 2011). Moreover, the
identification and mapping of O-GlcNAc modification sites have
been at the origin of several technical developments during the 10
last years (Ma and Hart, 2014 for review).

O-GlcNAcylation has been shown to be involved in almost all
cellular processes, including signal transduction, protein degrada-
tion or regulation of gene expression (Hart et al., 2011; Bond and
Hanover, 2013). O-GlcNAcylation has been also demonstrated
to act as an inducible, cytoprotective stress response. Indeed,
increase in O-GlcNAcylation of nucleocytoplasmic proteins
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FIGURE 1 | Diagram showing various effects and implications of O-GlcNAcylation in skeletal muscle.

protects cells with an induction of heat shock proteins (Zachara
et al., 2004). In cardiomyocytes, O-GlcNAcylation can attenuate
oxidative stress through inhibition of calcium overload and ROS
generation (Ngoh et al., 2010). Studies performed with OGT and
OGA knockout mice have demonstrated that O-GlcNAc is cru-
cial for life since O-GlcNAcylation was essential for embryonic
stem cell viability and is implicated in the aging process, ele-
vation of O-GlcNAcylation being altered in different tissues of
different ages (Shafi et al., 2000; Yang et al., 2012). Moreover,
many reports demonstrate that O-GlcNAcylation might play a
role in the physiopathology of several acquired diseases, such
as cancer, cardiovascular diseases, neurodegenerative diseases,
Alzheimer or type II diabetes (Lefebvre et al., 2010; Slawson et al.,
2010; Nakamura et al., 2012; Bond and Hanover, 2013; Ma and
Hart, 2013; Ma and Vosseller, 2013; Forster et al., 2014). Indeed,
increased O-GlcNAcylation is closely linked to insulin resistance
and hyperglycemia-induced glucose toxicity.

0-GlcNAcylation, SKELETAL MUSCLE, AND
INSULIN-RESISTANCE

The concept of a role of O-GlcNAcylation in skeletal mus-
cle has emerged from studies considering muscle as one of
the crucial insulin-sensitive tissue; indeed, skeletal muscle is
responsible for more than 80% of insulin-stimulated glucose
uptake in humans. In the past decades, studies in rodents
(Hawkins et al., 1997a,b) suggested a correlation between the
development of insulin resistance and increased UDP-GlcNAc
concentrations in muscle. Thus, raising O-GlcNAc level in skele-
tal muscle has been demonstrated to induce insulin resistance
(Arias and Cartee, 2005, Figure 1), while coinfusion of insulin
and glucosamine, increasing UDP-GIcNAc, enhances the O-
GlcNAc modification on numerous unidentified skeletal muscle
proteins (Yki-Jarvinen et al., 1998). Moreover, transgenic mice

overexpressing GLUT1 in skeletal muscle was insulin resistant
and exhibit chronically increased glucose flow and increased
UDP-GIcNAc concentrations in muscle (Buse et al., 1996);
indeed, 2-5% of the glucose entering into the cell is directed
to the hexosamine biosynthesis pathway, leading to the synthesis
of UDP-GIcNAGg, the donor for O-GlcNAcylation. More recently,
it has been suggested that mitochondrial and contractile dys-
functions, observed in the development of Type 2 diabetes, were
linked to the increase in O-GlcNAcylation level (Johnsen et al.,
2013). Thus, in rats artificially selected for Low Running Capacity
(LCR rats), predisposed to becoming obese, and developing
insulin resistance and cardiovascular dysfunction, the increase
in O-GlcNAcylation on mitochondrial proteins and SERCA was
associated with mitochondrial dysfunction and changes in con-
tractile properties (Koch et al., 2012). In the LCR heart myocytes,
the cardiovascular dysfunction could be attributed to the decline
in the contractility, correlated to the impaired intracellular Ca**
handling and signaling (Koch et al., 2012). Hu et al. (2005)
demonstrated also the correlation between O-GlcNAcylation and
diabetes since they demonstrated that adenoviral transfer of OGA
into the myocardium of streptozotocin induced diabetic mice,
reversed the excessive O-GIcNAc modifications associated with
diabetes, particularly in the contractile dysfunctions and Ca®*
handling capacities (Hu et al., 2005). The decline in contractibility
could be related to the decrease in calcium affinity and sensi-
tivity reported in skinned cardiac fibers in presence of GlcNAc
(Ramirez-Correa et al., 2008) but rather involved changes in
expression of SERCA (Hu et al., 2005; Johnsen et al., 2013). This
role of O-GlcNAcylation should be considered also in skeletal
muscle since dysfunction of contractibility as well as the Ca®*
handling were also measured in skeletal muscle of rat models of
diabetes (Eshima et al., 2013), via impaired SERCA and Glut 4
(Safwat et al., 2013).
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0-GlcNAcylation/PHOSPHORYLATION INTERPLAY AND
SKELETAL MUSCLE CONTRACTILE ACTIVITY

Phosphorylation was well-admitted for a long time to regu-
late many key processes in muscle physiology. Among them,
phosphorylation is a key regulator of the intracellular signaling
pathways involved in muscle mass and phenotype adaptation to
physiological demands. Moreover, phosphorylation is involved in
myofibrillar physiology, such as muscular contraction or cellular
structuration through the modulation of protein-protein interac-
tions. Indeed, phosphorylation has been demonstrated to play a
crucial role in the regulation of the contractile properties in stri-
ated muscle, but recent reports suggested that O-GlcNAcylation
might play a role as important as phosphorylation in muscle
physiology. Thus, many proteins of muscle proteome have been
identified to be O-GlcNAc modified (Cieniewski-Bernard et al.,
2004, 2012; Hedou et al., 2007; Ramirez-Correa et al., 2008).
Among them, several key contractile proteins of striated muscle
are concerned, i.e., myosin heavy chains (slow MHCI as well as
the fast isoforms MHCIIA and MHCIIB), myosin light chains
(essential MLC or MLC1 and regulatory MLC or MLC2), actin,
both o and P isoforms of tropomyosin as well as isoforms of Tnl
and TnT. It is noteworthy that it is not known whether TnC, the
calcium-sensor, bears an O-GlcNAc moiety or not.

While contraction is triggered by calcium release, it is reg-
ulated by several myofilament proteins such as the regulatory
myosin light chain (termed MLC2). MLC2 phosphorylation is
not essential for skeletal muscle contraction but is an important
regulatory mechanism since it can produce changes in thick fil-
ament structure and enhance crossbridge attachment (Szczesna
et al., 2002). For instance, phosphorylation of MLC2, catalyzed
by a Ca**/calmodulin-dependant MLC kinase, increases the force
development at submaximal calcium concentration, conferring a
higher calcium sensitivity to the fibers (Persechini et al., 1985;
Stephenson and Stephenson, 1993; Sweeney et al., 1993; Szczesna
et al., 2002).

Our recent data highlight the key role of O-GlcNAcylation
as a modulator of skeletal muscle contractile activity, in partic-
ular on the calcium activation properties (Hedou et al., 2007;
Cieniewski-Bernard et al., 2012). Indeed, muscle skinned fibers,
when exposed to N-acetyl-D-glucosamine, present a reversible
decrease in calcium sensitivity and affinity, whereas the cooper-
ativity within the thin filament was not changed (Hedou et al,,
2007). This modulation probably involved disruption of protein-
protein interactions through O-GlcNAc moieties. Interestingly, a
similar effect was observed in rats as well as in human skinned
fibers (Cieniewski-Bernard et al., 2009) and also measured in
cardiac trabeculae (Ramirez-Correa et al., 2008).

Further experiments performed after the pharmacological
increase of O-GlcNAcylation level of contractile protein glyco-
sylation, using PUGNAc or Thiamet G, two inhibitors of OGA
(Gloster and Vocadlo, 2010), leads to an increase of calcium
affinity on slow soleus skinned fibers (Cieniewski-Bernard et al.,
2012). Several regulatory contractile proteins, predominantly fast
isoforms, presented a drastic increase in their O-GlcNAc level.
Since the only slow isoform of contractile protein (and so the
more representative isoforms in the slow skeletal muscle) pre-
senting an increase of O-GlcNAc level was the myosin regulatory

light chains MLC2, the effect of enhanced O-GlcNAcylation pat-
tern on calcium activation parameters of slow soleus fibers was
attributed to the increase of the O-GlcNAcylation of sMLC2
(Cieniewski-Bernard et al., 2012).

All these data closely linked O-GlcNAcylation to the mod-
ulation of contractile activity of skeletal muscle, a decrease in
O-GlcNAcylation being associated to a decrease in calcium affin-
ity and reciprocally (Figure 1). Moreover, analysis of the proteins
presenting changes in their O-GlcNAc level states suggests that
MLC2 could play an important role in this modulation. Since
MLC2 was identified to be O-GlcNAcylated (Hedou et al., 2007),
and because of the potential antagonism between phosphoryla-
tion and O-GlcNAcylation, i.e., the potential O-GlcNAcylated site
corresponds to the only site of phosphorylation in MLC2 located
in Ser 14 for the rat slow MLC2 isoform (Blumenthal and Stull,
1980; Ramirez-Correa et al., 2008), the O-GlcNAcylation should
be considered as a potential new mechanism that could mod-
ulate the contractile properties of skeletal muscle as well as the
phosphorylated states of MLC2.

0-GlcNAcylation/PHOSPHORYLATION INTERPLAY, AND
SKELETAL MUSCLE CONTRACTILE DYSFUNCTION IN
ATROPHIED MUSCLE

Muscle atrophy characterized skeletal muscle adaptation to a
large variety of disuse conditions (immobilization, micrograv-
ity, bed rest, or nerve injury). This atrophy results from a
reduction in fiber diameter, protein content and is associated
with slow to fast phenotype transitions accompanied by func-
tional changes such as loss in force and increased fatigability
(Baldwin et al., 1996; Fitts et al., 2000; Fluck and Hoppeler, 2003;
Mounier et al., 2009). Moreover a role of O-GlcNAcylation in the
development of muscle atrophy has been suggested (Cieniewski-
Bernard et al., 2006; Figure1). Indeed, a correlation between
variations in O-GlcNAcylation levels and the development of
atrophy after hindlimb unloading was shown, suggesting that O-
GIcNAc variations could control the muscle protein homeostasis
(Cieniewski-Bernard et al., 2006). In particular, it was suggested
that O-GlcNAcylation should be implicated in the regulation of
muscular atrophy as a protective mechanism against proteasomal
degradation (Cieniewski-Bernard et al., 2006). It was also recently
described that muscle-specific overexpression of NCOATGK, a
splice variant of O-GlcNAcase, induces skeletal muscle atrophy
(Huang et al., 2011).

We have demonstrated that the slow-to-fast transition (at
MHC and MLC2 level) concomittantly to soleus muscle atrophy
was correlated with an increase of the global level of MLC2 phos-
phorylation in rat hindlimb unloading model (Bozzo et al., 2005)
as well as in human patients who were subjected to 2-months
Bed Rest (Stevens et al., 2013). However, similar variations in
MLC2 phosphorylation have been observed when clenbuterol
was administrated to rats; in such case, muscle hypertrophy was
associated to slow-to-fast transition in rats (Bozzo et al., 2003).

Thus, the slow-to-fast MLC2 transition was associated to an
increase of phosphorylation level of the two isoforms regardless
of whether hypertrophy or atrophy develops. Moreover, although
numerous data argue that MLC2 phosphorylation lead to higher
calcium sensitivity in skeletal muscle, an increase in MLC2
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phosphorylation was measured after muscle atrophy whereas the
calcium sensitivity decreases (Bozzo et al., 2003). Similar data
were obtained from phosphoproteome analysis in human aged
muscle (Gannon et al., 2008). These data could indicate that
the decrease in calcium sensitivity occurring during hindlimb
unloading could involve another type of regulation than classical
phosphorylation. Since we demonstrated that a decrease in cal-
cium affinity was measured when O-GlcNAcylation is reduced,
and since a decrease in O-GlcNAcylation is observed in atro-
phied muscle, one hypothesis is that O-GlcNAcylation might be
involved in this alteration.

To support this hypothesis, the variation of O-GlcNAcylation
level on MLC2, as well as its interplay with phosphorylation,
was investigated in atrophied soleus muscle (Cieniewski-Bernard
et al,, in press). Interestingly, an antagonism between phospho-
rylation and O-GlcNAcylation was demonstrated on the slow
MLC2 in a rat model of hindlimb unloading, largely used to
induce functional atrophy of antigravitary muscles such as soleus
(Cieniewski-Bernard et al., in press), since a decrease in MLC2 O-
GlcNAcylation was measured in atrophied soleus associated to the
increase in phosphorylation states as previously described. More
importantly, the use of Phos-Tag acrylamide gels allowed the
authors to analyze the O-GlcNAcylation state on each phospho-
rylated form of MLC2 (Cieniewski-Bernard et al., in press). It was
demonstrated that the two post-translational modifications were
mutually exclusive, and that this interplay was closely associated
to load because of the reversibility of these processes occur-
ring during reloading. Interestingly, it was demonstrated that the
enzymes involved in the phosphorylation/dephosphorylation and
O-GlcNAcylation/de-O-GlcNAcylation processes were associated
within a multi-enzymatic complex, and were localized to the
nodal Z disk region of the sarcomere. All these results are in favor
of an interplay between phosphorylation and O-GlcNAcylation
on MLC2, probably through the same site.

This interplay between phosphorylation and O-GlcNAcylation
in the fine modulation of MLC2 activity was also observed in
humans (Stevens et al., 2013). Indeed, the post-translational
modifications of MLC2 were investigated in soleus biopsies
obtained from 60-days Bed-Rest female subjects. In this cohort,
several groups were formed: 60-days Bed Rest (BR), BR +
Exercice (combined aerobic and resistive exercises), and BR +
Nutritional protocol (leucine and valine diet). The slow-fast phe-
notype transition of MLC2 was associated to an increase of the
phosphorylation states of slow and fast isoforms MLC2 while
the global MLC2 glycosylation level was decreased. Interestingly,
aerobic and resistive exercises, which preserved muscles from
BR changes (and so slow-to-fast transition), also prevented this
antagonism.

Taken together, all these data clearly corroborated the inter-
play between phosphorylation and O-GlcNAcylation on MLC2,
in animal and in human models of functional atrophy. Indeed,
the decrease in calcium sensitivity as well as calcium affinity
measured in skinned fibers of atrophied muscle soleus cannot
be obviously explained by the increase in MLC2 phosphoryla-
tion state, as it was previously described (Bozzo et al., 2003).
Since previous experiments have demonstrated that decrease
in O-GlcNAcylation was associated to a decrease in calcium

sensitivity and affinity, whereas its phosphorylated state increased
in atrophied muscle, MLC2 O-GlcNAcylation state could be
predominantly involved in the alteration of contractile parame-
ters observed in atrophied soleus. In contrast, the MLC2 phos-
phorylation might be rather associated to phenotype transition
than to changes in contractile parameters in atrophied muscle.
Interestingly, some data support for a structural role of MLC2
phosphorylation: MLC2 phosphorylation induces stress fiber
assembly in nonmuscle cells (Katoh et al., 2001) and mediates
sarcomere organization during hypertrophic growth in cardiac
muscle (Aoki et al., 2000).

However, further functional experiments need to
be performed to demonstrate unambiguously that the
phosphorylation/O-GlcNAcylation balance of MLC2 might
be directly involved in the decrease in calcium sensitivity and
affinity observed in atrophied muscles. While recent reports
focused on MLC2, other regulatory contractile proteins have
been demonstrated to be O-GlcNAcylated such as Tropomyosin,
TnT and Tnl (Cieniewski-Bernard et al., 2012). We cannot
totally exclude that the glycosylation state of these proteins nor
that unidentified O-GlcNAc proteins (more particularly, TnC is
one of them) might play a role in the modulation of contractile
activity.

MYOFIBRILLAR PROTEINS 0-GIlcNAcylation AND
PERSPECTIVES

From the data described above, it seems very likely that
O-GlcNAcylation plays a major role in modulating the con-
tractile activity in skeletal muscle. However, the role of the O-
GlcNAcylation might also concern other mechanisms involved
in the sarcomeric structure. The preferential localization of
OGT and OGA in the sarcomere, more particularly at the Z
disk region (Cieniewski-Bernard et al., in press), argue for an
important role of O-GlcNAcylation in this nodal region that
could influence mechanisms other than the modulation of the
contractile activity. Indeed, it was demonstrated that myosin,
actin but also key proteins involved in the sarcomeric struc-
ture (desmin, actinin, aB-crystallin, and ZASP) were modified
by O-GlcNAc moieties (Cieniewski-Bernard et al., 2012; Leung
et al., 2013). Interestingly, we demonstrated that the O-GlcNAc
sites on myosin were localized in a region involved in polymer-
ization and interaction of myosin with proteins partner such as
myomesin, M-protein or titin (Hedou et al., 2009) supporting a
role for O-GlcNAcylation in the organization of the sarcomere
(Figure 1). This hypothesis is underlined by the fact that numer-
ous structural proteins are modified by O-GlcNAc: beta3 integrin
(Ahmad et al., 2006), vinculin (Laczy et al., 2010), spectrin
(Zhang and Bennett, 1996), alphaB-crystallin (Roquemore et al.,
1996), laminin (Kwak et al., 2010), or cytokeratin (Ku and Omary,
1995), and variation of O-GlcNAcylation of the intermediate
filaments has been demonstrated to lead to defective phosphory-
lated states and so to polymerization (Farah and Galileo, 2008;
Slawson et al., 2008). Moreover, O-GlcNAcylation modulates
organization and solubilization of cytokeratin (Rotty et al., 2010;
Srikanth et al., 2010). Interestingly, It has been demonstrated that
the intermediate filament proteins, vimentin and desmin, pos-
sess lectin-like properties toward O-GlcNAc moieties, supporting
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physiological interaction between GlcNAc-bearing ligands (and
so O-GlcNAc proteins) and lectinic proteins (Ise et al., 2010).
The assembly and regular arrangement of the sarcomere results
from highly regulated interactions between myofibrillar proteins
and structural proteins which are at the origin of a sarcom-
eric cytoskeleton. It’s becoming evident from recent data that a
role of O-GlcNAcylation in the organization of the sarcomere
should be considered. Since phosphorylation has been demon-
strated to be involved in protein-protein interactions, a balance
between phosphorylation and O-GlcNAcylation might modulate
the dynamics of the sarcomere structural organization. Future
investigations will be conducted with aim to determine the role of
O-GlcNAcylation in the organization and dynamic of the sarcom-
ere. This work may provide new insights in the understanding
of molecular mechanisms of diseases characterized by a disinte-
gration of myofibrils and marked disorganization of the Z band
region such as myofibrillar and congenital myopathies.
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Meera C. Viswanathan, Anna C. Blice-Baum, William Schmidt, D. Brian Foster and
Anthony Cammarato *
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In striated muscle tropomyosin (Tm) extends along the length of F-actin-containing thin
filaments. Its location governs access of myosin binding sites on actin and, hence,
force production. Intermolecular electrostatic associations are believed to mediate
critical interactions between the proteins. For example, actin residues K326, K328,
and R147 were predicted to establish contacts with E181 of Tm. Moreover, K328 also
potentially forms direct interactions with E286 of myosin when the motor is strongly
bound. Recently, LC-MS/MS analysis of the cardiac acetyl-lysine proteome revealed
K826 and K328 of actin were acetylated, a post-translational modification (PTM) that
masks the residues’ inherent positive charges. Here, we tested the hypothesis that
by removing the vital actin charges at residues 326 and 328, the PTM would perturb
Tm positioning and/or strong myosin binding as manifested by altered skeletal muscle
function and structure in the Drosophila melanogaster model system. Transgenic flies
were created that permit tissue-specific expression of K326Q, K328Q, or K326Q/K328Q
acetyl-mimetic actin and of wild-type actin via the UAS-GAL4 bipartite expression
system. Compared to wild-type actin, muscle-restricted expression of mutant actin had
a dose-dependent effect on flight ability. Moreover, excessive K328Q and K326Q/K328Q
actin overexpression induced indirect flight muscle degeneration, a phenotype consistent
with hypercontraction observed in other Drosophila myofibrillar mutants. Based on
F-actin-Tm and F-actin-Tm-myosin models and on our physiological data, we conclude
that acetylating K326 and K328 of actin alters electrostatic associations with Tm and/or
myosin and thereby augments contractile properties. Our findings highlight the utility of
Drosophila as a model that permits efficient targeted design and assessment of molecular
and tissue-specific responses to muscle protein modifications, in vivo.

Keywords: tropomyosin, myosin, acetylation, muscle contraction, post-translational modification

Introduction

Striated muscle contraction results from transient interactions between myosin-containing thick
filaments and actin-containing thin filaments. Contractile regulation is achieved by Ca®'-
dependent modulation of myosin S1 cross-bridge binding to actin by the thin filament-associated
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Actin acetylation modifies muscle performance

troponin-tropomyosin complex (reviewed in Tobacman, 1996;
Gordon et al., 2000; Brown and Cohen, 2005; Lehman and
Craig, 2008). The location of continuous troponin-tropomyosin
complexes along the surface of F-actin governs the access of
myosin binding sites and, hence, force production (Haselgrove,
1973; Huxley, 1973; Parry and Squire, 1973; McKillop and
Geeves, 1993; Lehman et al., 1994; Vibert et al., 1997). Under
conditions of low Ca?t, the troponin complex constrains
tropomyosin (Tm) in a position that occludes myosin target
sites on actin. Consequently, Tm sterically blocks and limits
myosin binding, and relaxation results. During muscle activation,
Ca?" binds to troponin and triggers movement of Tm away
from myosin binding sites. This relocation partially relieves the
structural blocking imposed by Tm. Initial myosin binding on
thin filaments further displaces Tm and exposes myosin binding
sites along F-actin, thereby contributing to the cooperative
activation of contraction.

Although the specific residues that constitute the binding
interface of actin and Tm are not completely known, it is
well accepted that the association of Tm with actin is largely
electrostatic (Lorenz et al., 1995; Brown and Cohen, 2005;
Barua et al, 2011, 2013; Li et al., 2011). Recently, models
of the conserved binding interface between actin and Tm
in various states have been proposed based on molecular
evolutionary and mutational analysis, computational chemistry,
and electron microscopy reconstructions (Barua et al., 2011,
2013; Li et al., 2011; Behrmann et al., 2012; Von Der Ecken et al.,
2015). Structural studies of F-actin-Tm and F-actin-Tm-myosin
revealed that several amino acids on actin can potentially form

distinct contacts with Tm in the absence and presence of myosin
S1 (Li et al., 2011; Behrmann et al., 2012; Von Der Ecken et al,,
2015). For example, in the absence of S1, a cluster of basic actin
residues comprised of K326, K328, and R147 appeared poised to
clasp onto E181 of Tm to establish highly favorable associations
(Figure 1) (Li et al, 2011). Interestingly, K328 also interacts
electrostatically with E286 of S1 to help define a strong contact
point between actin and rigor-bound myosin (Behrmann et al.,
2012).

Alterations to thin filament proteins affect the properties of
muscle. Missense mutations, for instance, can disrupt conserved
interfaces among cardiac thin filament subunits and initiate
diverse cardiomyopathies (Tardiff, 2011). Similar to disease-
causing mutations, post translational modifications (PTMs)
also alter the chemical nature of thin filament subunits.
Although less-well appreciated, these modifications are widely
employed in vivo, occur through enzymatic and non-enzymatic
mechanisms, and direct both physiological and pathological
processes (Terman and Kashina, 2013). PTMs add or remove a
functional group to or from specific amino acid residues, which
can induce changes in protein structure, activity, or binding
partners (van Eyk, 2011). To date, more than 400 different PTMs
have been described, although far fewer have been documented
in higher organisms (Agnetti et al., 2011). In the cardiac
subproteome, phosphorylation is by far the best-described PTM
(Sumandea et al., 2004; Agnetti et al., 2011; Solaro and Kobayashi,
2011; van Eyk, 2011). It has been observed for 80% of the
myofilamentous proteins (Agnetti et al., 2011). However, the
effects of the majority of the potential PTMs have not been fully

F-actin-Tm

F-actin-Tm-myosin

FIGURE 1 | Critical electrostatic F-actin-Tm and F-actin-Tm-myosin
interactions. (A) Molecular models showing the location of tropomyosin
(Tm) (blue) on actin (yellow and green) in the absence and presence of the
myosin head (S1) (red) bound in rigor. The F-actin-Tm and rigor
F-actin-Tm-myosin structures are based on those generated by Li et al.
(2011) and Behrmann et al. (2012) respectively. (B) Enlarged views illustrate
critical electrostatic associations between actin and Tm in the absence or

/e

F-actin-Tm F;actin-Tm-myosin

presence of S1. K328 on actin (circled) interacts with E181 of Tm in the
absence of myosin (left) and with E286 of myosin when S1 is bound in rigor
(right). Note the azimuthal movement of Tm across F-actin. (C) Projected and
enlarged views highlight vital electrostatic interactions of actin residues R147,
K326, and K328 with E181 of Tm, in the absence of myosin, and of K328 of
actin and E286 of S1 when myosin is bound in rigor. These associations are
likely critical for thin filament and muscle function.
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Act57B -DDEVAL

FIGURE 2 | Multiple sequence alignment of actin isoforms. Multiple
sequence alignment of skeletal and cardiac actin from Homo sapiens (Hs),
Cavia porcellus (Cp), and Drosophila melanogaster (Dm) reveals highly
conserved proteins. ACTA, skeletal muscle actin; ACTC, cardiac muscle actin;

Hs ACTA DEDETT ®DNGSGIAYKAGFAGDDAPRAVFPSIVGRPRHQGVMVGMGQKDSYVGDEAQSKRGILTLKYPIEHGI ITNWDDMEKIWHHTFYNELRVAPEERK
Hs ACTC DDEETT ®DNGSGIAYKAGFAGDDAPRAVFPSIVGRPRHQGVMVGMGQKDSYVGDEAQSKRGILTLKYPIEHGI ITNWDDMEKIWHHTFYNELRVAPEE R
Cp ACTA DEDETT ®DNGSGIAYKAGFAGDDAPRAVFPSIVGRPRHQGVMVGMGQKDSYVGDEAQSKRGILTLKYPIEHGI ITNWDDMEKIWHHTFYNELRVAPEE Y]
Cp ACTC DDEETT ®DNGSGIAYKAGFAGDDAPRAVFPSIVGRPRHQGVMVGMGQKDSYVGDEAQSKRGILTLKYPIEHGI ITNWDDMEKIWHHTFYNELRVAPEE R
o -Vl A:12) Ry 0)0) 0V XEA T, VINDNG SGL @KAGFAGDDAPRAVFPS IVGRPRHQGVMVGMGQKDSYVGDEAQSKRGILTLKYPIEHGI ITNWDDMEKIWHHTFYNELRVAPEE 1]
Dm [DNGSGI(®KAGFAGDDAPRAVFPSIVGRPRHQGVMVGMGQKDSYVGDEAQSKRGILTLKYPIEHGIITNWDDMEKIWHHTFYNELRVAPEE[EL]

dkkk hhkkkk: dhhkkhkhkkkkhkkhkhhhhkhkhkhhhhhhhhhhhhhhhhhhhhhhhhhhhhhhhhhhhhhhhhhhhhhhhhhhhdhdhhhkhkhkkhhhhk

Hs ACTA HNVPIYEGHALPHAIERLDLAGRDLTDYLMKILTERGYS 200
Hs ACTC WWHNVPIYE PHAIERLDLAGRDLTDYLMKILTERGYS 200
Cp ACTA WWHNVPIYE PHAI‘RLDLAGRDLTDYLMKILTERGYS 200
Cp ACTC ALPHAIRLDLAGRDLTDYLMKILTERGYSFpAJd
Dm Act88F PHAI’RLDLAGRDLTDYLMKILTERGYSFEL]
Dm Act57B LDLAGRDLTDYLMKILTERGYSFE}]
Hs ACTA 300
Hs ACTC 300
Cp ACTA TTAEREIVRDIKEKLCYVALDFENEMATAASSSSLEKSYELPDGQVITIGNERFRCPEWLFQPSFIGMESIAGIHETisYNSIMKCDiD IRKDLYAN) 300
Cp ACTC N aGIHETYNSIMKCDDIRKDLYANI 300
Dm Act88F TTAEREIVRDIKEKLCYVALDFEEEMATAA' S| 299
Dm Act57B QEMATAAH

Hs ACTA

Hs ACTC

Cp ACTA

Cp ACTC

Dm Act88F

Dm Act57B

hhkkkhkhkhkhhhhkhkhhhhk ;hhkkhk;hhhkhkhhhhkhhhhhkhhhhhhkhhhhhhhhhkhkhdhdk k hhkk hk *hkkkkkx

Act88F, Drosophila indirect flight muscle actin; Act57B, Drosophila cardiac
actin. Residues are shaded based on degree of conservation. An (*) indicates
positions that have identical residues, a (:) indicates substitution with high
structural similarity, and a (.) indicates substitution low structural similarity.

investigated, in part because of a lack of technologies needed
to target and reliably identify them. Moreover, compared to
inherited mutations, the influence of relatively few PTMs on
contractile performance have been examined in the physiological
context of muscle.

Actin is an abundant and highly conserved protein (Figure 2).
It participates in more protein-protein interactions than any
known protein and is subject to a number of PTMs (Herman,
1993; Dominguez and Holmes, 2011; Terman and Kashina,
2013). Characterizing these modifications constitutes a rapidly
expanding area within actin studies and muscle biology
(Terman and Kashina, 2013). Phosphorylation, methylation,
ADP-ribosylation, oxidation, arginylation, O-GlcNAcylation,
ubiquitylation, and acetylation are examples of major actin
modifications, many of which have now been confirmed in
sarcomeric actin. For example, K326 and K328 of actin isolated
from various cell lines were shown to be acetylated (Choudhary
etal., 2009) and, as recently described by Foster et al. (2013) these
residues were also shown to be acetylated on actin recovered from
the myofilament fraction of guinea pig hearts. Acetylation is a
reversible PTM that neutralizes the positive charge of K326 and
K328 on actin. Unlike the N-terminal acetylation, acetylation of
these residues has unknown function. Based on in vitro and in
silico structural predictions, removal of positively charged amino
acids that are potentially critical to Tm and myosin electrostatic
associations likely alters muscle performance substantially and in
diverse ways.

Here, we aimed to investigate the in vivo physiological
and morphological consequences of acetylating actin residues
K326 and K328 on muscle. We chose the indirect flight

muscle (IFM) of D. melanogaster as our primary experimental
vehicle. Drosophila IFMs are highly amenable to mechanical and
structural analyses, are not required for viability, exhibit a stretch
activation response that is similar to that of cardiac muscle, and
provide ample material that is easily isolated for biochemical and
biophysical experimentation (Bing et al., 1998; Razzaq et al., 1999;
Cammarato et al., 2004; Vikhorev et al., 2010; Swank, 2012). The
vast array of genetic tools available to manipulate the fly’s genome
also provides unique opportunities to examine how thin filament
modifications affect muscle structure and performance. The
GAL4-UAS system simplifies tissue-specific expression of mutant
transgenes (Brand and Perrimon, 1993). However, previous
studies suggested that IFM myofibril assembly and flight ability
are highly sensitive to the stoichiometry of muscle proteins
(Beall and Fyrberg, 1991; Bernstein et al., 1993), and therefore,
the utility of this bipartite expression system for investigating
major contractile components has been questioned. For example,
despite normal sarcomere appearance, overexpression of several
UAS-GFP-actin alleles was shown to exclusively affect IFM
function, leading to flightless adults that were otherwise healthy
(Roper et al., 2005). The effects of non-GFP fusion constructs on
IFM performance were not tested. Therefore, to determine if the
IFM can serve as a viable, conditional model system for probing
the effects of PTMs on myofibrillar components, we tested
the hypotheses that (1) GAL4-UAS-mediated overexpression
of a Drosophila cardiac actin isoform in the IFM would not
perturb gross morphology or flight performance as determined
by standard metrics and that (2) expression of K326Q, K328Q,
or K326Q/K328Q acetyl-mimetic cardiac actin disrupts vital
electrostatic interactions required for Tm positioning and/or
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strong myosin binding, in vivo, as manifested by perturbed IFM
structure and function. Using four muscle-specific GAL4 drivers
we found that expressing wild-type Drosophila cardiac actin had
no effect on flight or gross muscle organization. Relatively high
expression levels of K326Q cardiac actin mildly affected flight
ability, whereas excessive amounts of K328Q and K326Q/K328Q
cardiac actin eliminated flight and triggered IFM destruction.
Based on F-actin-Tm and F-actin-Tm-myosin models and on
our physiological data, we propose that acetylating K326 and
K328 of actin alters crucial electrostatic associations with Tm
and/or myosin and thereby promotes actomyosin associations
and modulates muscle performance. Our findings highlight the
utility of Drosophila as a model that permits efficient targeted
design and assessment of tissue-specific responses to muscle
protein modifications, in vivo.

Materials and Methods

Structural Modeling

Models of the F-actin-Tm (Li et al., 2011; Orzechowski et al,,
2014) and the rigor F-actin-Tm-myosin (PDB ID: 4A7F)
(Behrmann et al., 2012) binding interfaces were generated using
the molecular modeling program, Chimera version 1.9 (Pettersen
et al., 2004).

Multiple Sequence Alignment

Sequence comparison of skeletal and cardiac actin isoforms
from Homo sapiens, Cavia porcellus, and D. melanogaster
was performed using the Clustal Omega multiple sequence
alignment program. Residues were shaded based on degree of
conservation.

Fly Stocks

All flies were raised at 25°C on a standard cornmeal-yeast-
sucrose-agar medium. The w!!!® strain was obtained from
Genetic Services Inc. (Sudbury, MA) and the Mef2-GAL4 driver
line (y! w*; P{GAL4-Mef2.R}3) from the Bloomington Drosophila
Stock Center (Bloomington, IN). The MHC-GAL4 (MHC-
GAL4%) line described by Marek et al. (2000) was obtained from
Dr. Rolf Bodmer (Sanford Burnham Medical Research Institute,
La, Jolla, CA). The UH3-GAL4 (Singh et al., 2014) and the
Act88F-GAL4 (88F2) (Bryantsev et al., 2012) lines were gifts from
Dr. Upendra Nongthomba (Indian Institute of Science, Banglore,
India) and Dr. Richard M. Cripps (University of New Mexico,
Albuquerque, NM) respectively. The Mhc'® (w; Mhc'®/Mhc';
TM2/MKRS) IFM-specific myosin null line was acquired from
Dr. Sanford I. Bernstein (San Diego State University, San
Diego, CA). Mef2-GAL4> UAS-Act57B""; Mhc'%/+ and UAS-
Act57B%328Q; Mhcl0/+ Drosophila were generated by standard
mating procedures.

Construction of UAS-Actin Transgenes

The N-terminally-labeled GFP-actin construct
(pUASp.Act57BCTPWT) was generously provided by Dr. Katja
Roper (MRC- Laboratory of Molecular Biology, Cambridge,
UK). The Act57BSFPWT and Act57BWT cDNA sequences were
subsequently inserted into the pUASTattB vector (obtained

from Dr. Christopher Potter, Johns Hopkins University) using
the Kpnl and Xbal and the NotI and Xbal restriction sites
respectively. The pUASTattB vector includes the Drosophila
miniwhite (w") gene as a selectable eye color marker. The
Act57B actin acetyl-mimetic mutations, K326Q, K328Q, and
K326Q/K328Q, were generated by site-directed mutagenesis
using specific primer pairs and the QuikChange Site-directed
mutagenesis kit (Agilent Technologies).
List of primers for site-directed mutagenesis:
Act57BK320Q (1) primer 5" CCATCCACCATCCAGA

TCAAGATCATT 3’
Act57BK326Q (—) primer 5" AATGATCTTGATCTGG
ATGGTGGATGG 3’
Act57BK328Q (1) primer 5 ACCATCAAGATCCAGA
TCATTGCTCCC 3’
Act57BK328Q () primer 5 GGGAGCAATGATCTGG
ATCTTGATGGT 3/
Act57BK326Q/K328Q (1) primer 5 TCCACCATCCAGATCC
AGATCATTGCT 3/
Act57BK320Q/K328Q () primer 5 AGCAATGATCTGGAT
CTGGATGGTGGA 3’

Generation of Transgenic Drosophila

The pUASTattB constructs were injected into attp40 Drosophila
embryos for PhiC31 integrase mediated site-specific transgenesis
(transgene landing site cytolocation 25C7) by Genetic Services,
Inc. Injected adults were crossed to w!!!® flies and the progeny
screened for pigmented eye color, which reflects the presence
of the miniwhite (wt) marker and the transgene, an indicator
of successful transformation. Each transformant fly was then
crossed into the w!!!8 background to generate stable transgenic
lines.

Verification of Transgene Expression

Transgenic actin expression was verified by isolating total RNA
from bisected thoraces or dissected IFMs of 10 Mef2-GAL4>
UAS-Act57BWT, UAS-Act57BX32Q, UAS-Act57B%328Q, or UAS-
Act57BK326QK328Q flies using the Quick-RNA microprep kit
(Zymo Research Corp). Contaminating DNA was removed
with RNase free DNase I (Zymo Research Corp). One
step RT-PCR was carried out with the Qiagen QuantiTect
Reverse Transcription Kit (Qiagen Inc) and 10 ng RNA
per reaction. The c¢cDNA was amplified using an Act57B
primer pair (5% CCCTGTACGCCTCCGGTCGTA 3’ and 5
TTAGAAGCACTTGCGGTGGAC 3') and the amplified product
was sequenced at the Johns Hopkins Synthesis and Sequencing
facility.

Transgenic muscle-restricted protein expression was
confirmed using the UAS-Act57BSFPWT reporter line in
conjunction with either the MHC-GAL4 or Mef2-GAL4 drivers.
Two-day-old adult progeny were imaged using a Leica M165FC
fluorescent stereo microscope and a Leica EC3 digital camera.

Protein Quantification

Virgin MHC-, Mef2-, UH3-, and Act88F-GAL4 female flies
were crossed with male flies harboring the UAS-Act57BCFP-WT
transgene. To quantitate the amount of Act57BSF>"WT transgenic
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actin driven by each muscle-specific driver, two whole thoraces
of, or IFMs from three resulting progeny were dissected and
homogenized in Laemmli Sample Buffer (Bio-Rad Laboratories).
Each biological sample was then incubated briefly at 100°C
and increasing amounts of protein from each sample were
loaded on a 4-15% SDS-PAGE gel (Bio-Rad Laboratories),
electrophoresed, and blotted onto a nitrocellulose membrane
using the Trans-Blot® TurboTM Transfer system (Bio-Rad
Laboratories). Membranes were blocked with gentle shaking in
PBS odyssey blocking buffer (LI-COR Biosciences) for one hour,
and incubated with primary rabbit anti-actin (Proteintech), goat
anti-GFP (R&D), and goat anti-GAPDH (Genscript) antibodies
overnight at 4°C. The membranes were rinsed three-four
times, 10-15min each in 1x TBST (1X TBS with 0.1% tween-
20) and then probed with Donkey anti-rabbit and Donkey
anti-goat IRDye secondary antibodies (LI-COR Biosciences)
for 60-90min at room temperature. The membranes were
rinsed again two-three times, 10-15min each with 1X TBST
followed by a final rinse in 1X TBS. The membranes were
subsequently scanned using an Odyssey Infrared Imager (LI-
COR Biosciences) (A = 700 and 800nm) and analyzed using
Odyssey Application Software (v3.030, LI-COR Biosciences).
Thoracic and IFM protein quantification was performed on
five or eight independent biological samples respectively, with
six or four technical replicates each. Mean values (+ SEM)
of actin and GFP intensities normalized to respective GAPDH
intensities were determined. Significance was assessed via One-
Way ANOVA with a Bonferroni’s multiple comparison test for
thoracic, and via the Mann-Whitney test for IFM samples using
GraphPad Prism5.

Flight Testing

Flight tests were performed as described by Drummond et al.
(1991). Newly eclosed male and female flies were aged for two
days at 25°C. Each fly was released into the center of a plexiglass
chamber with a light source positioned at the top at 23°C and
assigned a flight index of six for upward flight, four for horizontal,
two for downward, or zero for no flight. The average flight index
from 100-300 flies was calculated for each genotype. Flight assays
for Act88F-GAL4-expressing flies were conducted exclusively on
females as males consistently displayed severe flight impairment.
Values represent mean 4= SEM. Significance was assessed using a
Kruskal-Wallis One-Way ANOVA.

Climbing Assay

Climbing tests were conducted on two-day-old flies at room
temperature. Small groups of ~20 flies were placed in covered,
cylindrical vials (2.5cm diameter x 20cm high), which were
aligned with one centimeter markings to measure the height each
fly climbed in five seconds. The test was repeated 10 times for
each set of flies. The average climbing distance for each fly was
recorded for 30-160 flies per genotype. Values represent mean +
SEM. Significance was assessed using a Kruskal-Wallis One-Way
ANOVA.

Imaging of Indirect Flight Muscles
Polarized light microscopy of hemi-thoraces to examine the
gross morphology of two-day-old Mef2-GAL4> UAS-Act57B"T,

UAS-Act57BX326Q, UAS-Act57BX328Q, or UAS-Act57BK326Q/K328Q
adult Drosophila IFM was performed as described previously
(Nongthomba and Ramachandra, 1999). Briefly, flies were
anesthetized, and heads and abdomens removed. Thoraces
were fixed overnight in 4% formaldehyde at 4°C and rinsed
in PBS the following day. The specimens were laid supine
on a glass slide and snap frozen in liquid nitrogen for 10s.
Frozen thoraces were immediately bisected down the midsagittal
plane using a razor blade and IFMs were visualized using
a Leica DM5000B microscope at 10X magnification with
polarizing filters. Images were taken with a Hamamatsu digital
camera.

Fluorescent microscopy was employed to improve
pathohistological ~characterization of IFMs from young
(< four hour old) and two-day-old adult Act88F-GAL4>
UAS-Act57BWT,  UAS-Act57BK3%°Q,  UAS-Act57BK3%8Q,  and
UAS-Act57BK326UK328Q  Drosophila. Thoraces were prepared
and bisected as described above, followed by staining with
1:100 Alexa-594 Phalloidin in PBST overnight at 4°C. Samples
were rinsed with PBS before imaging with the EVOS® FL Cell
Imaging System (Life Technologies) at 4X magnification.

Results

Actin Sequence Analysis

The genomes of human, guinea pig, and fly contain six highly
conserved actin genes. As found in vertebrates, D. melanogaster
expresses specific isoforms of actin in adult skeletal and cardiac
muscle. The Actin88F (Act88F) gene encodes all sarcomeric actin
of Drosophila ITFM (Fyrberg et al., 1983; Hiromi and Hotta,
1985; Nongthomba et al., 2001) while Actin57B (Act57B) is one
of two genes encoding sarcomeric actin in the adult fly heart
(Cammarato et al,, 2011; Shah et al., 2011). The skeletal and
cardiac actin isoforms differ in only a few amino acids within and
between species (Figure 2).

Generation of Transgenic Drosophila and
Confirmation of Muscle-Restricted Transgene
Expression

To determine the consequences of masking the inherent charge
of actin residues K326 and K328 in vivo, we generated multiple
transgenic acetyl-mimetic lines that permitted muscle targeted
gene expression. Use of the PhiC31 integrase system ensured
all UAS-Act57B transgenes were integrated at an identical,
predetermined genomic location (Groth et al., 2004). Thus,
our results were directly comparable and any phenotypic
differences in control vs. mutant flies could be directly attributed
to neutralized lysine charges on the ectopically expressed
actin.

To confirm transcription of transgenic actin, flies with
constructs consisting of an upstream activating sequence (UAS)
followed by a downstream Act57BWT, Act57BK326Q, Act57BK328Q,
or Act57BK326Q/K328Q transgene were crossed with flies carrying
the GAL4 transactivation gene under the control of the Mef2-
promoter (Ranganayakulu et al, 1996). The progeny inherit
both genes and express the UAS-Act57B transgenes exclusively
in musculature. Total RNA was isolated from the thoraces of
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young (< two days old) flies of each genotype. First-strand
cDNA was synthesized followed by Act57B cDNA amplification.
The amplified cDNA contained nucleotide sequences unique
to the Act57B alleles, confirming transcription of the WT,
K326Q, K328Q, or the K326Q/K328Q Act57B cardiac actin
transgene (Figure 3). To rule out the possibility of contaminating
endogenous Act57B cDNA originating from non-IFM thoracic
musculature, amplified cDNA from the dissected IFMs of Mef2-
GAL4> UAS-Act57B"T flies was also sequenced, which verified
the presence and transcription of Act57B"T in Act88F-exclusive
musculature (not shown).

To visualize muscle-restricted expression of UAS-Act57B
transgenes, in vivo, flies carrying the UAS-Act57BCFP-WT
construct were crossed with flies harboring either the MHC-
or Mef2-GAL4 muscle-specific drivers. MHC-GAL4-driven
transgenic Act57BST*WT ywas readily observed in the thoracic
musculature, which is predominantly comprised of 13 pairs
of relatively large IFM fibers (Figure 4). Mef2-GAL4-driven
Act57BCSFPWT "however, was detected far more extensively, in
most somatic musculature.

Relative to MHC-GAL4, Mef2-GAL4 Drives
Elevated Expression Levels of Transgenic Actin
The PhiC31 integrase system for transgenic fly production limits
transgene expression variability and, when used in conjunction
with the GAL4-UAS system, permits the onset and magnitude
of expression to be manipulated via distinct drivers (Brand
and Perrimon, 1993; Groth et al, 2004; Goentoro et al.,
2006). To quantify differences in transgenic protein abundance,
dissected thoraces from flies expressing Act57BSFP"WT actin by
either MHC- or Mef2-GAL4 drivers, as well as from control
“non-driven” flies, were subjected to SDS-PAGE, transferred to
nitrocellulose, and probed for actin and for GFP (Figure 5A).
The resulting signal intensities from GFP and actin were

measured and normalized to that from GAPDH (Figures 5B,C).
As expected very little GFP was distinguished among the various
controls. Thoracic muscles from MHC- and Mef2-GAL4> UAS-
Act57BFPWT flies, however, exhibited detectable amounts of
GFP-actin. Mef2-GAL4 induced significantly higher expression
levels of the GFP-tagged actin in the thoracic musculature
compared to MHC-GAL4. The resulting normalized signal
was greater than two-fold higher than that determined for
MHC-GAL4> UAS-Act57B°FPWT flies (1.66 + 0.41 vs. 0.69 &
0.07). These findings were corroborated using dissected IFMs,
which displayed a normalized Act57BSFPWT signal that was
roughly three-fold higher for Mef2-GAL4> UAS-Act57BCFP-WT
compared to MHC-GAL4> UAS-Act57BFPWT fibers (6.04 =+
1.85vs. 1.73 £ 0.37). The thoracic or IFM actin/GAPDH ratio did
not differ significantly among the genotypes tested (Figure 5C).
Estimation of signal intensities from the protein bands, detected
exclusively with the anti-actin antibody, suggested that Mef2-
GAL4> Act57BSFPWT comprises ~10-20% of total thoracic
actin (not shown).

GFP-labeled and Acetyl-Mimetic Cardiac Actin
Depress Drosophila Flight Ability and Climbing
Performance

Flight tests were performed on two-day-old MHC- and Mef2-
GAL4> UAS-Act57BP-WT  UAS-Act57BWT, UAS-Act57BK326Q,
UAS-Act57B328Q or  UAS-Act57BK326Q/K328Q  transgenic
Drosophila lines to determine if expression of wildtype or acetyl-
mimetic cardiac actin can support IFM function. The driver
lines, and the progeny of each driver line crossed to w!!!8 flies,
served as additional controls. MHC- and Mef2-GAL4 Drosophila
by themselves, and the offspring of the driver lines crossed to
w18 showed normal flight indices (FI = 5.69-5.83) in accord
with published values calculated for wildtype flies (Figure 6A)
(Drummond et al., 1991; Swank et al., 2003; Suggs et al., 2007;

CACCATCAAGATCAAGATCATT
K K

FIGURE 3 | Confirmation of transgenic actin transcription.
Sequence chromatograms of an amplified stretch of Act578 cDNA
revealed transcription of the UAS-Act57B transgenes in the thoracic
musculature of Mef2-GAL4> UAS-Act57B transgenic flies. The

CACCATCCAGATCAAGATCATT

Q |,

- >

LA A
K326Q/
chromatograms also confirmed the presence and expression of K326Q,
K328Q, or K326Q/K328Q actin mutations (identified by the AAG —

CAG nucleotide transversion) in the sequenced Act57B cDNA
fragments.
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MHC-GAL4

FIGURE 4 | Confirmation of muscle-restricted gene expression. Virgin
female flies expressing either the muscle-specific MHC-GAL4 or the
Mef2-GAL4 driver were mated with male flies carrying the
UAS-Acts7BGFPWT construct. Background fluorescence coming from the

UAS-Act57BCPWT — e MHC-GAL4>UAS-Act57BCFPWT

UAS-Act57BCFPWT g Mef2-GAL4>UAS-Act57BCFPWT

d

musculature of the parental lines was minimal. However, fluorescence
emitted from the musculature of progeny, which inherit both a GAL4 driver
and the UAS-construct, was readily observed in both genotypes, confirming
tissue-specific expression of transgenic Act57B actin.

Cammarato et al., 2008; Wang et al., 2012). “Low dose” ectopic
expression of all UAS-Act57B actin constructs by MHC-GAL4
had no effect on flight ability. All lines performed equally well
(FI = 5.46-5.78). Thus, MHC-GAL4-driven GFP-tagged,
wildtype, or acetyl-mimetic Act57B actin supported flight.

Similar to previous results (Roper et al., 2005), Mef2-GAL4>
Act57BOFP-WT expression eliminated flight ability (FI = 0.03 +
0.01) (Figure 6A). Interestingly, relatively “high dose” expression
of Act57B cardiac actin that lacked the GFP fusion tag had
no observable effect on flight as Mef2-GAL4> UAS-Act57BWT
Drosophila demonstrated wildtype-like flight ability (FI = 5.62
4 0.04). Unlike what was found in combination with MHC-
GAL4, expression of UAS-Act57BK326Q by Mef2-GAL4 had a
slight, but significant effect on the average flight value (FI = 4.99
+ 0.09) whereas UAS-Act57BX328Q and UAS -Act57BK326Q/K328Q
expression abolished IFM function (FI = 0.11 £ 0.02 and
0.08 + 0.04, respectively). Notably, Mef2-GAL4-driven UAS-
Act57BR326QK328Q actin expression predominantly resulted in
pupal lethality with relatively few adult flies emerging from their
puparia. Thus, Mef2-GAL4-driven GFP-tagged or acetyl-mimetic
Act57B actin impaired flight and muscle performance.

To assess if expression of acetyl-mimetic cardiac actin
affected additional somatic musculature, the climbing ability
of w18, Mef2-GAL4> UAS-Act57BWT, UAS-Act57BX326Q, UAS-
Act57BF328Q and  UAS-Act57BK326QK328Q flies was examined
(Figure 6B). Expression of UAS-Act57B"T actin had no
significant effect on climbing distance (8.33 £ 0.54 cm) relative
to w!!8 controls (8.85 + 0.49 cm). All acetyl-mimetic actin-
expressing flies, however, exhibited climbing defects compared
to w8 and to Mef2-GAL4> UAS-Act57B"T Drosophila.

Flies expressing UAS-Act57BK326Q had a small but significant
reduction in climbing ability (6.14 £ 0.50cm), while flies
expressing UAS-Act57BX328Q or UAS-Act57BK326Q/K328Q had
strikingly reduced climbing capabilities (4.22 & 0.30 cm and 0.93
=+ 0.24 cm respectively) compared to controls. Furthermore, flies
expressing UAS-Act57BK320Q/K328Q actin performed significantly
worse than those expressing UAS-Act57BX328Q actin.

Mef2-GAL4> UAS-Act57BK325Q and
UAS-Act57BK326Q/K328Q | a¢k of Flight is
Associated with Loss of IFM Fibers

In addition to inducing a lack of flight, Mef2-GAL4>
Act57BF328Q and  Act57BK326Q/K328Q  jcetyl-mimetic cardiac
actin expression also resulted in a “wings up” phenotype. This
phenotype is commonly associated with “hypercontracted”
and damaged IFM that occurs due to mutations in Drosophila
muscle proteins (Fyrberg et al., 1990; Beall and Fyrberg, 1991;
Kronert et al, 1995 An and Mogami, 1996; Reedy et al,
2000; Nongthomba et al, 2003). Polarized light microscopy
was employed to investigate disturbances in gross IFM
morphology (Figure 6C). Mef2-GAL4> UAS-Act57BYT and
UAS-Act57BX%326Q - Drosophila displayed similar IFM fiber
structure. Both perpendicularly-oriented sets of fibers were
continuous and straight, spanning the entire thorax in each
line. However, Mef2-GAL4> UAS-Act57BK3%8Q and UAS-
Act57BK326QK328Q Drosophila were characterized by the absence
of continuous IFM fibers. Only occasionally was light observed
emerging from birefringent material closely associated with the
thoracic cuticle, which we assumed were IFM fiber remnants.
Interestingly, ~Mef2-GAL4>  UAS-Act57B%328Q;  Mhc!0/+
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FIGURE 5 | Mef2-GAL4 drives higher expression levels of transgenic
actin relative to MHC-GAL4. Quantitative western blot analysis of
steady-state Act57BSFP-WT and total actin was performed on thoraces and
IFMs of Mef2-GAL4> UAS-Act57BGFPWT and MHC-GAL4>
UAS-Act57BCFPWT flies and of control flies two days after eclosion. (A)
Representative western blots showing elevated thoracic (left) and IFM (right)
levels of Acts57BGFP-WT (probed with an anti-GFP primary antibody) when
driven by Mef2-GAL4 compared to MHC-GAL4. Actin and GAPDH (probed
with anti-actin and anti-GAPDH antibodies) abundance appeared relatively
consistent among genotypes. The GFP (B) and actin (C) intensities were
measured, normalized to that of GAPDH for five thoracic samples with six
technical replicates each and for eight IFM samples with four technical
replicates each, and averaged for each genotype. Mef2-GAL4 drove
significantly higher amounts of transgenic actin relative to MHC-GAL4

(*P < 0.05).

Drosophila displayed a greater abundance of thoracic material
and birefringent musculature consistent with previous studies
that demonstrated a reduced number of myosin motors can
suppress mutant fiber destruction (Beall and Fyrberg, 1991;
Nongthomba et al., 2003). However, the extent of suppression
was incomplete as IFMs were still largely absent.

Relative to UH3-GAL4, Act88F-GAL4 Drives
Elevated Expression Levels of IFM-Restricted
Transgenic Actin

IFM-specific GAL4 drivers provide an additional resource to
further characterize the effects of pseudo-acetylated cardiac
actin on flight muscle function and morphology. To quantify
differences in transgenic protein abundance exclusively in IFMs,

dissected fibers from flies expressing Act57B°FP"WT driven by

either UH3- or Act88F-GAL4, as well as fibers from control “non-
driven” flies, were subjected to quantitative western blot analysis
(Figure 7A). The signal intensities from the GFP and actin bands
were measured and normalized to that from GAPDH. As found
in whole thoraces, GFP signals in IFMs from all control lines
were negligible (not shown), while IFMs from UH3- and Act88F-
GAL4> UAS-Act57BFPWT flies showed detectable amounts of
GFP-actin. Act88F-GAL4 induced significantly higher expression
levels of GFP-actin in the IFMs compared to UH3-GAL4
(10.31 £ 2.94 vs. 1.57 £ 0.52). No differences in the relative
abundance of non GFP-labeled, endogenous IFM actin were
identified (not shown).

IFM-Specific Expression of GFP-labeled or
Acetyl-Mimetic Actin Decreases Flight Ability in a
Dose-Dependent Manner

Flight tests were performed on two-day-old UH3- and Act88F-
GAL4 driver lines and on the progeny of each driver line
crossed to w!!18 control, UAS-Act57BFPWT | UAS-Act57BWT,
UAS-Act57BK326Q, UAS-Act57BX3%8Q, or UAS-Act57BK326Q/K325Q
transgenic Drosophila (Figure 7B). The UH3-GAL4 line, and the
progeny of UH3-GAL4 crossed to w!!!8 displayed unperturbed
flight ability (FI = 5.88 £ 0.03 and 5.72 % 0.05, respectively).
“Low dose” expression of all UAS-Act57B actin constructs using
the UH3-GAL4 driver had no effect on flight ability. All
lines displayed flight indices similar to controls (FI = 5.42 -
5.61). Therefore, UH3-GAL4-driven GFP-tagged, wildtype, or
acetyl-mimetic Act57B permitted flight.

Act88F-GAL4 (88F2) Drosophila displayed markedly reduced
flight ability (FI = 1.31 % 0.12) (Figure7B). This was
consistent with impaired flight phenotypes observed with
publicly available Act88F-GAL4 lines (w*; P{Act88F-GAL4.1.3}3
and w*; P{Act88FGAL4.1.3}81B, P{Act88F:GFP}2/ SM6b) (not
shown). When crossed to w!!!8 control flies however, female
progeny harboring a single Act88F-GAL4 (88F2) gene exhibited
wildtype-like flight performance (FI = 5.52 £ 0.07). In contrast,
no progeny from the two publicly available Act88F-GAL4 lines,
when crossed to w!!!8 control flies, regained flight ability (not
shown). Therefore, we exclusively tested and compared flight
performance of the female offspring of Act88F-GAL4 (88F2)
Drosophila crossed to each UAS-Act57B actin transgenic line.

“High dose” Act88F-GAL4> UAS-Act57BSFPWT expression
eradicated flight (FI = 0.04 £ 0.02) (Figure 7B). Notably,
Act88F-GAL4> UAS-Act57B"T flies demonstrated wildtype-
like flight ability (FI = 5.25 £ 0.09). As with Mef2-
GAL4, expression of UAS-Act57BK32°Q via Act88F-GAL4 slightly
depressed flight ability, which closely approached statistical
significance. However, Act88F-GAL4-mediated expression of
UAS-Act57BK328Q and UAS-Act57BK320Q@K328Q caused a complete
loss of flight (FI = 0.04 = 0.01 and 0.03 & 0.01, respectively).

The Act88F-GAL4> UAS-Act57BX325Q and
UAS-Act57BK326Q/K328Q Flightless Phenotype is
Associated with Hypercontracted IFM

Fluorescent microscopy was employed to inspect the IFM
histopathology in the acetyl-mimetic relative to control flies

Frontiers in Physiology | www.frontiersin.org

April 2015 | Volume 6 | Article 116 | 122


http://www.frontiersin.org/Physiology
http://www.frontiersin.org
http://www.frontiersin.org/Physiology/archive

Viswanathan et al.

Actin acetylation modifies muscle performance

Mef2>Act57BWT

. »

¥

e
Mef2>Act57B™328Q

FIGURE 6 | Excessive expression levels of GFP-tagged or
acetyl-mimetic actin disrupt muscle function and structure. (A) Flight
indices of control and of MHC-GAL4> or Mef2-GAL4> UAS-Act57B8GFP-WT
UAS-Act57BYT | UAS-Act57BK326Q | UAS-Act578K328Q  or
UAS-Act57BK3260/K328Q transgenic Drosophila. MHC-GAL4
“low-dose”-driven UAS-Act57B constructs did not affect flight ability in any
transgenic line. “High-dose” expression of UAS-Acts57B8GFP-WT by
Mef2-GAL4 abolished flight whereas UAS-Act5 7BWT transgene expression
had no effect on flight performance. Mef2-GAL4-driven expression of
UAS-Act57BK326Q caused a slight but significant reduction in flight ability
(*P < 0.05 compared to controls), while expression of UAS-Act578K328Q or
UAS-Act57BK3260/K328Q completely eliminated flight (**P < 0.001
compared to controls). (B) Effects of pseudo-acetylation on climbing ability.
Pseudo-acetylated K326Q actin showed the least and K326Q/K328Q actin
the most damaging effects, which illustrates the PTM can also influence
performance of non-fibrillar muscle (*P < 0.05, **P < 0.001 compared to
controls; #P < 0.01 compared to Mef2-GAL4> UAS-Act578K328Q) (C)
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Polarized light micrographs of IFM from Mef2-GAL4> UAS-Actb 7BWT,
UAS-Act57BK326Q | UAS-Act57BK528Q | or UAS-Act57BK326Q/K328Q fligs,
Mef2-GAL4> UAS-Act578K326Q |FM appeared indistinguishable from
Mef2-GAL4> UAS-Act57BWT control. Mef2-GAL4-mediated expression of
UAS-Act57BK328Q and UAS-Act57BK826Q/K328Q however, resulted in a
phenotype consistent with severe hypercontraction. Minor traces of
birefringent material, assumed to be IFM remnants (red arrowheads), were
occasionally observed. A single copy of Mhc0, the IFM-specific myosin null
allele, had no influence on gross muscle morphology in Mef2-GAL4>
UAS-Act57BYT; Mhc?0/+ thoraces. Mef2-GAL4> UAS-Act57B8K328Q;
Mhc0/+ Drosophila displayed increased abundance of birefringent thoracic
musculature (red arrowhead) relative to Mef2-GAL4> UAS-Act578K328Q
flies. The blue arrowhead indicates the tergal depressor of trochanter (jump)
muscle. These findings are consistent with previous studies that
demonstrated reduced MHC partially suppresses fiber destruction and they
suggest that IFM expressing Mef2-GAL4-driven UAS-Act57B8K328Q requires
relatively little myosin to hypercontract.

(Figure 7C). Two-day-old Act88F-GAL4> UAS-Act57BK326Q
Drosophila did not show obvious differences in fiber morphology
compared to Act88F-GAL4> UAS-Act57BWT. Similarly-aged
Act88F-GAL4> UAS-Act57B%3%5Q and UAS-Act57B*3260/K328Q
Drosophila, in contrast, showed prominently hypercontracted
IFM fibers, characterized by separation and accumulation of fiber
material at one or both attachment sites as previously observed
in other Drosophila muscle mutants (Fyrberg et al., 1990;
Nongthomba et al., 2003). IEMs in very young UAS-Act57BK328Q
expressing adults (< four hour old) had a substantially less severe
phenotype (Figure 7C). Most fibers could be distinctly visualized
with minimal thinning and separation. The results indicated that

the hypercontracted phenotype associated with Act57BX328Q, and
potentially with Act57BK326Q/K328Q acetyl-mimetic actin, was
progressive and deteriorates with age and/or use.

Discussion

Post-translational modifications represent a means to reversibly
or irreversibly alter the physical and chemical nature of
proteins. PTMs thereby modulate the molecules’ properties
and dramatically increase the complexity of biological systems.
For example, even a single protein can exist as a diverse
mixture of many modified forms (Agnetti et al., 2011). Specific
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FIGURE 7 | Disproportionately high expression of UAS-Act57BK328Q
via the Act88F-GAL4 IFM-specific driver induces hypercontraction.
(A) Quantitative western blot analysis of Act57BEP-WT abundance driven by
UH3-GAL4 vs. Act88F-GAL4. GFP intensities were normalized to that of
GAPDH and averaged for eight IFM samples with four technical replicates
each. Act88F-GAL4 drove significantly higher amounts of transgenic actin
relative to UH3-GAL4 (**P < 0.01). (B) Flight indices of UH3-GAL4> and
ACt88F-GAL4> UAS-Act57BCFP-WT UAS-Act57BWT , UAS-Act578K326Q
UAS-Act57BK328Q  and UAS-Acts57BK326Q/K328Q transgenic Drosophila.
UH3-GAL4, and “low dose” expression of all UAS-Act57B actin constructs
by the driver, had no effect on flight. Act88F-GAL4 Drosophila exhibited
significantly reduced flight performance relative to female progeny of
ACt88F-GAL4 x w178 (#P < 0.001). The latter demonstrated wild-type-like
flight ability. “High-dose” expression of UAS-Act57BGFPWT by Act88F-GAL4

Flight Index

eliminated flight whereas UAS-Act5 7BWT transgene expression had no
effect on flight performance. “High dose” expression of UAS-Acts57BK326Q
reduced flight ability, an effect which approached statistical significance.
ACt88F-GAL4> UAS-Act57B8K325Q and UAS-Act57BK326Q/K328Q
Drosophila were flightless (**P < 0.001). (C) Fluorescent images of dorsal
longitudinal IFMs from two-day-old Act88F-GAL4> UAS-Act5 7BWT
UAS-Act57B526Q | JAS-Act578K328Q, and UAS-Act57BK326Q/K325Q e,
ACt88F-GAL4> UAS-Act57BK326Q |FMs were indistinguishable from
ACt88F-GAL4> UAS-Act57B"T control IFMs. Act88F-GAL4>
UAS-Act57BK328Q and UAS-Act578K3260/K328Q prosophila, however,
displayed hypercontracted IFM with separated and bunched fibers (red
arrowheads) at attachment sites. IFMs from young (four hour old)
UAS-Act57BK328Q_gxpressing flies had a considerably less severe
phenotype with minimal thinning and separation of the fibers.

measurements of a number of PTMs have revealed that several
residues of a particular protein can be modified. Moreover,
different PTMs may compete with each other for access to a
single residue on the same protein. Based on an annotated human
database, 62% of cardiac proteins have at least one PTM with
phosphorylation dominating, whereas 25% have multiple types
of modifications (van Eyk, 2011).

The cardiac thin filament is subject to a host of PTMs that
markedly influence the properties of the constituent subunits and
can directly affect contractile regulation and muscle performance
(Metzger and Westfall, 2004; Sumandea et al., 2004; Agnetti et al.,
2011; Solaro and Kobayashi, 2011; van Eyk, 2011). However,

the modified status of these proteins is infrequently accounted
for in in silico and in vitro experiments. As investigation and
discovery of myocardial protein PTMs intensify, determining the
in vivo consequences of modifying amino acid residues that lie
at highly conserved and at potentially critical locations becomes
increasingly important. Establishing model systems that limit
genetic diversity and benefit from robust and relatively efficient
transgenic tools for organism development and high throughput
physiological assessment is imperative.

Here we provide novel data pertaining to recently identified
PTMs using Drosophila that express pseudo-acetylated K326Q,
K328Q, or K326Q/K328Q cardiac actin in a muscle-restricted
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manner. Transgenic actin expression was confirmed via thoracic
and IFM-specific cDNA analysis and by GFP-based reporter
imaging. As previously found with similar GFP-tagged constructs
(Roper et al., 2005; Perkins and Tanentzapf, 2014), we observed
restricted and repetitive incorporation of transgenic GFP-actin
along IFM myofibrils, which, as evaluated by phalloidin labeling,
were indistinguishable from wild-type myofibrils (not shown).
Roper et al. reported that the IFM was the only muscle in which
function was affected by overexpression of GFP-labeled actin
(Roper et al.,, 2005). Muscle-restricted expression of muscle or
cytoplasmic GFP-actins using the UAS-GAL4 system was shown
to yield flightless adults that were otherwise healthy and fertile.
Consistent with earlier studies, it was postulated that impaired
IEM function, and in some cases the disrupted flight muscle
structure, resulted from an imbalance in the relative amounts of
actin and myosin (Beall et al., 1989; Bernstein et al., 1993; Roper
et al., 2005; Vigoreaux, 2006). Furthermore, Fyrberg et al. (1998)
showed that Drosophila exclusively expressing chimeric actin,
consisting of part of Act57B fused with the remaining portion
of Act88F in their IFM, exhibited decreased flight ability. Thus,
in addition to actin and myosin stoichiometric discrepancies
that potentially influence performance, these findings suggest
functional non-equivalence of actin isoforms and that the IFM
is also exquisitely sensitive to actin sequence variation. However,
we observed that “low dose” expression of GFP-actin using
the MHC- or UH3-GAL4 driver did not impair flight and
that expression of non-GFP-tagged wildtype Act57B actin via
MHC-, Mef2-, UH3-, or Act88F-GAL4 muscle-specific drivers
had no influence on Drosophila flight ability. Therefore, despite
differences in 9 amino acid residues between Act88F and Act57B
actin isoforms (Figure 2), incorporation of non-mutant cardiac
actin into IFM myofibrils appeared to support flight at expression
levels dictated by each GAL4 driver. These results imply that
the GFP moiety of excessively overexpressed GFP-fused actins
directly impairs flight. This may be due, in part, to perturbed Tm
movement or myosin crossbridge binding in the IFM consistent
with the N-terminal fluorescent protein tag located proximal
to Tm and myosin binding sites on actin. Importantly, our
findings illustrate that GAL4-mediated transgene expression can
be employed to investigate the effects of non-GFP tagged cardiac
actin modifications on the readily measurable index of flight.
Compared to UAS-Act57B"T cardiac actin expression,
expression of mutant acetyl-mimetic cardiac actin had a
dose-dependent effect on flight ability. Moreover, robust
expression of UAS-Act57BK328Q and UAS-Act57BK326Q/K328Q
via Mef2- or Act88F-GAL4 induced a greater reduction in
flight performance relative to UAS-Act57BK326Q. Mef2- or
Act88F-GAL4-driven Act57BX326Q also had no resolvable effect
on gross IFM morphology. It is conceivable that, rather
than a direct effect of K—Q substitution on contraction,
the milder phenotype associated with Act57BX326Q might be
attributable to reduced actin monomer incorporation, owing
to a decrease in protein stability or increase in protease
accessibility caused by the mutation. Though difficult to rule
out confounding effects on protein stability, the preponderance
of buttressing evidence suggests that Act57BK326Q exerts
direct yet modest effects on contractile function. Namely,

in addition to slightly depressing flight ability, Mef2-GAL4>
UAS-Act57B5326Q flies exhibited significantly reduced climbing
ability. Moreover, Mef2-GAL4> UAS-Act57BK326QK328Q  fljeq
displayed impaired climbing relative to Mef2-GAL4> UAS-
Act57B%328Q flies. The latter results also highlight an influence
of pseudo-acetylated actin on non-fibrillar adult somatic
muscles.

The absence of flight in Act57BK328Q and Act57BK326Q/K328Q.
expressing flies was associated with a “wings up” phenotype and
a loss of IFM fibers. Mutations in Drosophila muscle proteins
frequently produce a phenotype referred to as hypercontraction
(Fyrberg et al., 1990; Beall and Fyrberg, 1991; Kronert et al., 1995;
An and Mogami, 1996; Reedy et al., 2000; Nongthomba et al.,
2003). This degenerative syndrome is characterized by muscles
that begin to develop normally, and then auto-destruct in an
apparently myosin-dependent manner. The IFM of the troponin
I and T mutants, hdp? and up!?!, respectively, initially develop
normally and begin to show signs of degeneration 78h after
puparium formation, concomitant with initial muscle twitching
in the developing imago (Naimi et al., 2001; Nongthomba et al.,
2003). By the second day of adult life very few sarcomeres remain
(Beall and Fyrberg, 1991). The onset of hypercontraction suggests
that it is a result of muscle activation, and is not due to abnormal
development (Nongthomba et al., 2003).

Both hdp? and up'®’ thin filaments exhibit aberrantly
positioned Tm in the absence of Ca’*, which results in
exposed myosin binding sites at rest (Cammarato et al., 2004;
Viswanathan et al., 2014). Consequently, IFM hypercontraction
is believed to result from excessive actomyosin interaction
and unregulated force production. Models of the F-actin-Tm
interface reveal K326 and K328 of actin participate in vital
intermolecular electrostatic associations with Tm to establish an
energetically favorable conformation (Brown and Cohen, 2005;
Li et al, 2011; Barua et al.,, 2012, 2013; Lehman et al., 2013).
Here, Tm is located in an azimuthal location that occludes
myosin binding sites on F-actin. Moreover, a recent model of
the F-actin-Tm-myosin interface reveals K328 on actin can also
directly interact with strongly bound myosin heads (Behrmann
et al,, 2012). Our data suggest that sufficiently high acetylation
of these actin residues can weaken actin-Tm interaction and
disrupt the ability of Tm to properly block crossbridge formation
and force transmission to the thin filament. Therefore, as with
the aforementioned troponin mutations, the acetyl-mimetic actin
may similarly trigger hypercontraction. Interestingly, the effect of
modifying K328 triggered more severe defects relative to K326,
which indicates K328 may be most essential for proper relaxation,
in vivo. Moreover, since K328Q actin may also impair strong S1
binding, which is predicted to oppose hypercontraction, our data
imply the effects of potentially weakening S1-actin association
are less harmful than those that influence Tm positioning, as the
muscles still hypercontract.

The importance of these actin residues in thin filament
regulation, and the effects associated with potential loss of charge,
are further underscored by naturally occurring mutations. For
example, the K326N nemaline myopathy actin mutation, which
differs from the K326Q acetyl-mimetic isoform investigated
here by a single methylene bridge, was reported in patients
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with stiff muscles and spontaneous contractures, suggesting a
hypercontractile phenotype (Jain et al., 2012). Computation of
the energy landscape for this mutant revealed reduced actin-Tm
interaction energy, which would facilitate a shift of Tm away
from myosin binding sites, and would explain the increased
Ca?*-sensitivity and hypercontractility of affected muscles (Jain
et al., 2012; Orzechowski et al., 2014). Considering the severity
of the effects accompanied by high expression of the K328Q
mutation observed in the current study, similar charge loss at
K328 may not be well-tolerated in higher organisms.

Based on F-actin-Tm, F-actin-Tm-myosin models, and our
physiological data, we believe that acetylation of K326 and K328
of actin alters electrostatic associations with Tm and/or myosin,
destabilizes Tm’s inhibitory position, and thereby enhances
actomyosin associations and promotes IFM hypercontraction
and muscle destruction. However, our approach does not
preclude possible alternative contributors to muscle pathology.
For example, the amino acid substitutions may compromise
the folding efficiency, thermal stability, and/or polymerization
properties of actin filaments as recently observed for particular
cardiomyopathy-causing lesions (Mundia et al.,, 2012; Miiller
et al, 2012). Thus, increased F-actin and thin filament
lability may promote myofilament and sarcomeric degeneration.
Additionally, though our data suggest that sufficiently high doses
of actyl-mimetic actins are required to elicit dysfunction, we
cannot rule out a potential contribution from early transgene
activation via the Mef2-GAL4 driver, relative to the others,
that disrupts muscle development (Markstein et al, 2008).
Thus, the most severe IFM phenotype, which was observed
in Mef2-GAL4> UAS-Act57BK328Q and UAS-Act57BK326Q/K328Q
Drosophila, may be due to both abundant quantities and
premature activation times of transgene expression. If K326
and K328 of actin are required for proper thin filament
regulation, excessive myosin binding and force production
during early muscle development may alter the core building
blocks required for proper IFM formation and irreversibly
disrupt myofibrillogenesis. This is not unreasonable since during
development actomyosin associations appear compulsory for
well-ordered and properly functioning IFM (Cripps et al., 1999).
However, we detected a greater abundance of birefringent
IFM material in Mef2-GAL4> UAS-Act57BX3?8Q thoraces when
myosin was reduced. Moreover, relative to Mef2-GAL4> UAS-
Act57BF328Q, delayed expression of UAS-Act57BK328Q actin via
Act88F-GAL4 led to a less severe phenotype characterized by
post-eclosion progressive separation and accumulation of fiber
material to IFM attachment sites. Thus, we interpret these
results as consistent with the previously described myosin-
dependent, degenerative hypercontraction syndrome and not
with a complete lack of IFM development (Nongthomba et al,,
2003).

Here we provide in vivo confirmation of a requirement
for positively charged lysine residues at amino acid positions
326 and 328 on actin for proper thin filament function. We
demonstrate how PTMs that sufficiently mask these vital charges
can have dramatic consequences on muscle performance and

structure. While LC-MS/MS analysis of myofilament enriched
subfractions of guinea pig hearts revealed lysines 326 and 328
were acetylated, stoichiometry was not assessed (Foster et al.,
2013). Our current data suggest Mef2-GAL4-driven transgenic
actin comprises approximately 10-20% of total actin (not
shown), while MHC-GAL4 drives significantly less. Therefore,
minor changes in a potentially small acetylated myofilamentous
actin pool may have substantial repercussions on muscle
properties. Masking the charges at K326 and K328 apparently
increases muscle function by potentially lowering actin-Tm
interaction energy, altering Tm positioning, and perpetually
promoting myosin crossbridge formation and contraction.
Disproportionately excessive amounts of K326 and K328
acetylation and hypercontractile activity in vertebrate hearts may
be deleterious as observed here. Nonetheless, small populations
of acetylated K326 and K328 could have beneficial effects
under normal conditions that act to augment the contractile
properties of muscle. In disease however, particularly afflictions
characterized by nutrient excess such as diabetes, elevated acetyl-
CoA levels may lead to increased acetylation of these critical actin
residues and possibly exacerbate pathology.

Investigating the effects of myofilament protein modifications
on distinct Drosophila muscles will facilitate our effort to
understand the molecular basis of contractile regulation and,
importantly, of potentially tempering myopathic responses.
Biochemical, biophysical, and structural studies frequently
neglect to account for PTMs of myofilamentous proteins,
which can greatly modulate contractile behavior. Thus, to
truly comprehend muscle performance in health and disease,
consideration needs to be given to these dynamic protein
modifications. Drosophila facilitates genetic manipulation of thin
filament components and evaluation of the consequences of
perturbation. Moreover, since abundant quantities of native IFM
thin filaments and actin can be isolated for in vitro studies (Bing
etal,, 1998; Razzaq et al., 1999; Cammarato et al., 2004; Vikhorev
et al, 2010), the models permit hierarchical investigation
of the effects of such PTMs on contractile machinery from
the molecular through the tissue level. Overall, our findings
emphasize the utility of Drosophila as a model system that allows
for control of genetic modifiers and environmental factors and
that enables efficient targeted design and assessment of molecular
and tissue-specific responses to protein modifications in the
physiological context of muscle.
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Skeletal muscle contractile function declines with aging, disease, and disuse. /n vivo
muscle contractile function depends on a variety of factors, but force, contractile
velocity and power generating capacity ultimately derive from the summed contribution
of single muscle fibers. The contractile performance of these fibers are, in turn,
dependent upon the isoform and function of myofilament proteins they express, with
myosin protein expression and its mechanical and kinetic characteristics playing a
predominant role. Alterations in myofilament protein biology, therefore, may contribute
to the development of functional limitations and disability in these conditions. Recent
studies suggest that these conditions are associated with altered single fiber performance
due to decreased expression of myofilament proteins and/or changes in myosin-actin
cross-bridge interactions. Furthermore, cellular and myofilament-level adaptations are
related to diminished whole muscle and whole body performance. Notably, the effect
of these various conditions on myofilament and single fiber function tends to be
larger in older women compared to older men, which may partially contribute to their
higher rates of disability. To maintain functionality and provide the most appropriate and
effective countermeasures to aging, disease, and disuse in both sexes, a more thorough
understanding is needed of the contribution of myofilament adaptations to functional
disability in older men and women and their contribution to tissue level function and
mobility impairment.

Keywords: myosin, actin, cross-bridge kinetics, single fiber, isometric tension, contractile velocity, sex differences,

physical activity

INTRODUCTION

Aging, disease, and disuse decrease whole skeletal muscle con-
tractile performance, which reduces an individual’s ability to
accomplish tasks associated with daily living, eventually leading
to physical disability (Guralnik et al., 1995; Janssen et al., 2002;
Kortebein et al., 2008). Knowledge of the mechanisms underlying
the loss of skeletal muscle performance will aid in the develop-
ment of suitable exercise and pharmacological countermeasures
to forestall or counteract these detrimental changes.

Whole muscle contractile performance has been identified
as an important determinant of functional limitations in older
adults (Reid and Fielding, 2012). As whole muscle performance is
dependent upon the functional character of single muscle fibers
(Harridge et al., 1996; ID’Antona et al., 2006), which are, in turn,
largely determined by the type of myofilament proteins they
express and their function (Bottinelli, 2001), alterations in myofil-
ament protein biology may contribute to the development of
disability in these conditions. Unfortunately, myofilament prop-
erties cannot be discerned from measurements performed at the
whole muscle level due to methodological limitations (e.g., esti-
mation of muscle size, muscle architecture), subjective factors

(e.g., volitional effort) and the interceding effects of other physio-
logical systems that regulate whole muscle function (e.g., neural,
excitation-contraction coupling, connective tissue properties).
That is, because myofilaments are the end effectors of muscle
contraction, the interceding effects of higher order regulatory
factors (i.e., at the cellular, tissue or organ/tissue systems level)
can mask variation in myofilament function. Thus, to reliably
assess the effects of aging, disease, and disuse on skeletal mus-
cle myofilament biology, a reductionist approach is required,
where measurements are obtained at the cellular and molecular
levels.

This review will focus on human studies that have examined
skeletal muscle myofilament structure and function at the cel-
lular and/or molecular levels. As aging, disease, and disuse may
alter muscle structure or function by changing muscle quantity
[i.e., cross-sectional area (CSA) and/or amount of mass per unit
muscle size] or quality (i.e., performance per unit muscle size),
we will specifically address these variables in each condition. The
review is organized based upon a continuum of whole muscle per-
formance we have observed in our laboratories, which indicates
that aging reduces whole muscle performance, both isometric and
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isokinetic, with progressively larger reductions associated with
decreasing activity level, the presence of acute or chronic disease
and finally profound, protracted muscle disuse (Figure 1). The
reader is referred to several recent reviews of other important
aspects of the neuromuscular system that undoubtedly conspire
with myofilament adaptations to contribute to functional impair-
ments with aging, disease, and disuse (Raj et al., 2010; Rehn et al.,
2012; Reid and Fielding, 2012; Russ et al., 2012; Calvani et al.,
2013).

MYOSIN-ACTIN CROSS-BRIDGE (XB) INTERACTIONS

The formation of the myosin-actin XB is the end effector of
muscle contraction. This interaction of two myofilament pro-
teins, myosin and actin, dictate single fiber force and contractile
velocity, which can be summarized into simple equations by
making several assumptions about the myosin-actin interaction:
(1) myosin is either strongly bound to actin producing force or
detached from actin producing no force and (2) the XB behaves
as a Hookian spring, as detailed (Palmer et al., 2007). In brief,
the amount of force that can be produced by a half-sarcomere
during isometric contraction can be represented as the num-
ber of strongly-bound XBs multiplied by the force generated
per XB (Fyni) (Huxley, 1957; Brenner, 1988). The number of
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FIGURE 1 | Whole leg muscle contractile performance changes with
aging, disease, and disuse. Young (open bars) and older (closed bars) are
arranged such that whole muscle performance progressively decreases to
the right along the x-axis. Volunteers identified as “Young” and “Mod
active” are from Miller et al. (2013), "Active” and “Disuse” are from
Callahan et al. (2014b), “Inactive” and “Heart” are from Toth et al. (2012),
and “Cancer” are from Toth et al. (2013). Isokinetic torque measurements
were collected at 60°/s. Mod, moderately; Heart, Heart failure.

strongly-bound XBs at any point in time is a function of the total
number of functional myosin heads (N) multiplied by the fraction
of time a strongly-bound XB is formed (top) as a function of total
myosin cycle time (ton + toff), Where to, is the amount of time
myosin is strongly bound to actin and t.¢ is the amount of time
myosin is detached from actin. Accordingly, the amount of force
that can be produced by the half-sarcomere during isometric ten-
sion can be written as: N (ton/(ton + toff)) Funi. Notably, ton/(ton +
toff) is commonly called the myosin duty ratio and, although dif-
ficult to measure, may be altered under various circumstances,
with this effect perhaps best exemplified by differences between
the myosin isoforms found in human skeletal muscle (Linari et al.,
2004). The force generated per XB may also be altered and can
be represented as the elastic stiffness of the XB (ki) multi-
plied by the unitary displacement of the myosin power stroke
(dyni)- Contractile velocity is represented most simply as dyp;
divided by top, in agreement with single fiber findings showing
faster velocities with shorter to, (i.e., higher myosin detachment
rate) (Piazzesi et al., 2007). Although controversial, recent exper-
imental and modeling work indicates that velocity is also faster
with shorter tof (i.e., higher myosin attachment rate) (Hooft
et al., 2007; Walcott et al., 2012), potentially via mechanisms that
ultimately shorten to, (Walcott et al., 2012). Considered in this
context, aging, disease, and/or disuse could alter skeletal mus-
cle force production or velocity by altering the interaction of
myosin and actin, which would ultimately affect whole muscle
performance and functional capabilities.

What is the relative importance of XB kinetics (e.g., ton
and tof) vs. XB mechanical properties (e.g., Funi and dypi) in
determining single fiber function? Single myosin molecule stud-
ies comparing myosin heavy chain (MHC) isoforms between
[smooth from turkey vs. skeletal from chicken (Guilford et al.,
1997)] and within [a vs. B cardiac in rabbit (Palmiter et al., 1999)
and rat (Sugiura et al., 1998)] species have shown no differences
in Fypj or dypi, indicating that isoform differences in force and
velocity are due primarily to alterations in XB kinetics. In support
of XB kinetics being the primary determinants of fiber func-
tion, frog single fiber experiments within a single isoform show
that Fypi and dypj remain consistent over a range of velocities
(Piazzesi et al., 2007). In contrast, when looking across fiber types,
human single fiber experiments indicate that both XB kinetics
and Fy;; are responsible for the higher forces generated by faster
contracting MHC isoforms (Linari et al., 2004). Similarly, single
fiber (Brenner et al., 2012) and single molecule (Capitanio et al.,
2006) measurements comparing slow isoforms from one species
to fast isoforms from another species indicate faster MHC iso-
forms have higher XB stiffness (kgfr), most likely resulting in a
higher Fy;i. However, these isoform differences may potentially be
due to normal sequence variations as isolated myosin from animal
species varying in body size contract at distinctly different veloci-
ties (Pellegrino et al., 2003). Overall, these results indicate that XB
kinetics play an important role in setting both force and velocity
in single muscle fibers, while the role of XB mechanical prop-
erties is not clearly defined. Thus, the evaluation of XB kinetics
and mechanics as mediators of cellular and tissue level contractile
function remains an important area of future study, especially in
humans.
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Alterations in single fiber force and velocity can also occur
via changes in muscle quantity and/or structure. Human skele-
tal muscle fibers contains three different isoforms (I, IIA, or I1IX),
with individual fibers expressing either one or multiple isoforms
leading to six different fiber types (I, I/IIA, IIA, IA/IIX, IIX,
I/ITA/IIX), with pure MHC I and IIA being the two most preva-
lent. Parenthetically, an additional embryonic isoform of myosin
may be expressed in some physiological/pathophysiological con-
ditions (D’Antona et al., 2003, 2006). A simple shift in the type
of MHC isoform expressed in the fiber will produce different
tissue level velocity and tension (force per CSA) characteris-
tics, as faster contracting MHCs (I < ITA < IIX) produce more
tension (D’Antona et al., 2003, 2006; Pansarasa et al., 2009;
Krivickas et al., 2011). Thus, this myofilament variation can alter
whole muscle performance (Thorstensson et al., 1977; Ryushi and
Fukunaga, 1986; Harridge et al., 1996). In addition to changes
in MHC isoform, reducing the amount of myofilament proteins
by having smaller fiber CSA, reduced myofibrillar fractional area
(e.g., less myofibril area due to an increase in inter-myofibrillar
space or other non-contractile elements), or the removal of thick
(myosin containing) or thin (actin containing) filaments would
decrease single fiber force production. Myofilament ultrastruc-
ture plays an important role in setting contractile performance
by providing the framework for XB interactions. For instance, at
the fiber level, the amount of isometric force produced is equal
to the total number of heads interacting in each half-sarcomere
(each half-sarcomere must produce identical forces or the sar-
comere will change its length). Thus, removal of myosin heads,
either from the ends of the thick filament or randomly through-
out the thick filament, or a reduction in the number of thin
filaments would reduce the number of heads able to interact in
a half-sarcomere and result in lower force production. Although
fiber CSA is commonly measured in healthy adults as well as
during aging, disuse, and disease, changes in myofilament pro-
tein content and ultrastructure have not been routinely examined,
especially in combination with contractile measurements.

AGING

Aging reduces whole muscle contractile performance, in part due
to a loss of skeletal muscle mass, but also due to reduced mus-
cle quality (Jubrias et al., 1997; Lindle et al., 1997; Lynch et al,,
1999; Morse et al., 2005; Delmonico et al., 2009). This age-related
diminution in muscle contraction tends to affect dynamic more
than isometric function (Lanza et al., 2003; Callahan and Kent-
Braun, 2011; Miller et al., 2013), which suggests skeletal muscle
properties are altered in a manner that maintains higher forces
at slower speeds of movement. Identification of interventions to
halt or reverse age-related alterations in skeletal muscle quantity
and quality, therefore, can help to maintain physical function and
independent living in older adults.

MUSCLE QUALITY

Multiple human studies have examined whether aging alters con-
tractile performance at the single fiber and myofilament levels
with differing results. Findings are generally concordant across
fiber types within an individual study, but age-related adapta-
tions in MHC I and IIA fiber contractile performance (isometric

tension and velocity) vary widely across studies, with some show-
ing decreases (Larsson et al., 1997; Frontera et al., 2000, 2008;
Krivickas et al., 2001; D’Antona et al., 2003; Ochala et al., 2007; Yu
etal., 2007) and others showing that function remains unchanged
or even increases (Frontera et al., 2003; Trappe et al., 2003;
Korhonen et al., 2006; Reid et al., 2012, 2014; Miller et al., 2013).
Notably, longitudinal studies show that single fiber tension and
velocity either increase or remain constant (Frontera et al., 2008;
Reid etal., 2014), suggesting that older adults do not show contin-
ued loss of contractile performance and may, in fact, experience
improved myofilament function as a compensatory mechanism
to offset whole muscle functional decline.

Although single fiber performance results vary widely, myosin
protein function appears to decrease from early (e.g., 20-35
year age range) to the older adult (e.g., 60 years and older).
In single fibers, and especially in MHC IIA fibers, aging low-
ers ATPase (Larsson et al., 1997), slows the time response to
changes in fiber length (Ochala et al., 2006, 2007), as well as
lengthening to, and potentially tog (Miller et al., 2013), indi-
cating slowing of XB kinetics with age. Using isolated myosin,
in vitro motility studies show that MHC I actin sliding veloc-
ity is decreased (Hook et al., 2001; D’Antona et al., 2003) or
unchanged (Canepari et al., 2005) with age, while these same
studies agree that MHC IIA actin sliding velocity is unchanged
(Hook et al., 2001; D’Antona et al., 2003; Canepari et al., 2005).
Thus, in contrast to single fibers, results from studies of isolated
myosin suggest that MHC I has the larger aging response of slow-
ing XB kinetics (as slower velocity is indicative of a longer ton
and/or tof), while MHC IIA is unaffected. These divergent results
between these two assays may be related to their experimental
conditions as single fiber experiments are performed with their
native regulatory protein content and three-dimensional struc-
ture using solutions similar to physiologic conditions, while, in
order to specifically determine myosin’s role in contractile per-
formance, isolated myosin studies remove the myosin from its
fiber structure and are typically performed with unregulated actin
(Hook et al., 2001; D’Antona et al., 2003; Canepari et al., 2005).
Our laboratory (Okada et al., 2008; Miller et al., 2010) and oth-
ers (Thedinga et al., 1999; D’Antona et al., 2003) have similarly
found divergent results when examining myofilament function in
isolated myofilaments preparations vs. chemically-skinned single
fiber preparations, including when examining genetically-altered
animal models (Palmiter et al., 1999; Wang et al., 2013). Based on
this evidence, caution must be exercised when interpreting results
from these different experimental preparations. Nonetheless, with
this caveat in mind, these results collectively suggest that aging
generally decreases XB kinetics.

How would slower XB kinetics alter single fiber contractile
performance? We would predict that the slowing of XB kinetics,
especially longer ton, (Miller et al., 2013), should lead to a decrease
in contractile velocity. This conclusion is supported by findings
of an age-related reduction in contractile velocity that occurs in
concert with indications of slower XB kinetics [reduced ATPase
activity (Larsson et al., 1997) and longer time response to changes
in fiber length (Ochala et al., 2006, 2007)]. At the same time that
decreases in XB kinetics reduce velocity, it could have the recip-
rocal effect of increasing tension, as slower XB kinetics appear
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to drive an increase in myofilament stiffness, or improved force
transmission, that leads to higher isometric tension (Miller et al.,
2013). Similarly, slower XB kinetics in older adults occur with an
increase in single fiber stiffness, although their overall isometric
tension was reduced (Ochala et al., 2006, 2007), which could be
explained by reductions in the overall number of XBs secondary
to decreased myosin protein expression (D’Antona et al., 2003).
Collectively, these studies indicate that the slowing of XB kinet-
ics with age most likely decreases contractile velocity, but may
have the paradoxical effect of improving myofilament stiffness
and isometric tension.

When findings indicate almost any alteration with age is pos-
sible, most noticeable in single fiber contractile performance, this
pattern of differences suggests that factors related to the popu-
lations studied or the methods employed may explain variation
among studies. As the methodology used and experimental con-
ditions are generally standard across studies, variation in the
populations studied likely explains the divergent results across
studies. One potential reason behind these varying results is
differences in physical activity among the populations studied
(Figure 1), a factor that is difficult to control for and has com-
monly not been addressed. Physical activity in older adults is
well-known to alter single fiber contractile properties (Trappe
et al., 2000, 2001; D’Antona et al., 2003, 2007; Frontera et al.,
2003; Parente et al., 2008; Harber et al., 2009; Toth et al., 2012),
with higher levels of daily activity or specific exercise training
regimens tending to reduce or eliminate age-related differences.
Such adaptations are not, however, simply linear throughout the
activity spectrum, as immobilization in older individuals has
been found to increase velocity (D’Antona et al., 2003, 2007),
suggesting that complete loss of weight-bearing activity is char-
acterized by very different adaptations, in keeping with findings
from animal studies (Reiser et al., 1987) and muscle unload-
ing due to short duration spaceflight in humans (Widrick et al.,
1999). Nonetheless, a modulatory role for physical activity with
age would suggest that exercise training may mitigate disability, in
part, through a reduction of the deleterious age-related changes in
myofilaments.

Another potential confounding factor is differences between
men and women in their response to aging. Older women have
been found to generate higher isometric tensions in MHC I and
ITA fibers (Yu et al., 2007; Miller et al., 2013) and have slower con-
tractile velocities in MHC I (Krivickas et al., 2001; Yu et al., 2007)
and ITA (Krivickas et al., 2001) fibers. These results are consis-
tent with the finding of slower XB kinetics being more prominent
in both of these fiber types in older women (Miller et al., 2013),
as we predict slower kinetics would increase tension and decrease
velocity. Sex has also been found to have an effect on force pro-
duction based upon fiber size, as MHC I and IIA fibers with
large CSAs produce less force in women compared to men and
MHC I fibers with small CSAs produce more force in women
(Frontera et al., 2000). However, other studies have found no
statistical differences in the single fiber contractile properties of
isometric tension and velocity between older men and women
(Trappe et al., 2003; Krivickas et al., 2006), with individual labo-
ratories sometimes showing differing results from study to study
(Krivickas et al., 2001, 2006). Such variation among studies may

reflect differences in other subject characteristics (e.g., physical
activity), the number of fibers being examined [i.e., only 7 MHC
IIA fibers in older women (Trappe et al., 2003)], or sample sizes
as studies not observing sex differences were smaller (n = 16-24)
than those observing differences (n = 24-38). Notably, a large
cross-sectional study (n = 71) indicates older mobility-limited
females produce higher isometric tension in MHC IIA fibers
compared to males (Reid et al., 2012), although a three-year lon-
gitudinal study (n = 16) from the same laboratory found no sex
effects on single fiber performance between healthy and mobility-
limited older adults (Reid et al., 2014). Regardless of the reason for
variation among studies, these findings raise the possibility that
sex differences in myofilament function may contribute to the
discrepancies in age-related changes in single fiber performance
among studies.

MUSCLE QUANTITY/STRUCTURE

In general, studies using individual skinned fibers find no change
in MHC I and ITA CSA with age (Frontera et al., 2000, 2003,
2008; Ochala et al., 2007; Hvid et al., 2010; Reid et al., 2012,
2014), although some have found decreases in MHC I (ID’Antona
et al., 2003), ITA (Larsson et al., 1997), or both (Korhonen et al.,
2006). CSA also decreases with inactivity in both fiber types
(D’Antona et al., 2003). Moreover, CSA has either no (Frontera
etal., 2000; Reid et al., 2012, 2014) or varied response to aging in
men vs. women, with older men having larger CSAs than young
in MHC I fibers (Miller et al., 2013) and older men (Yu et al.,
2007) or women (Trappe et al., 2003; Miller et al., 2013) hav-
ing smaller CSAs than their young counterparts. An advantage
of CSA measurements in single skinned fibers is that they are
typically performed at the experimental sarcomere length (usu-
ally ~2.50-2.75 pm), providing a consistent standard across fiber
types and age groups. However, one caveat to the skinned fiber
preparation is that it undergoes swelling, which may complicate
age comparisons. When CSA measurements are determined from
both skinned fibers used for contractile performance and fresh
frozen preparations via histochemistry within the same group of
volunteers, the two techniques can produce different results, with
histochemistry results finding no change in MHC I fibers with
age and decreasing in MHC IIA with age (Korhonen et al., 2006;
Miller et al., 2013; Callahan et al., 2014a). However, recent studies
suggest that age-related differences in skinned human single mus-
cle fibers are comparable to differences observed with fresh frozen
preparations (Hvid et al., 2011). Parenthetically, studies in genetic
animal models (Blaauw et al., 2009), where muscle fiber protein
content is dramatically altered (e.g., 50% hypertrophy in 3 weeks
due to activation of Akt signaling) showed disparate CSA results
between skinned and fresh frozen preparations, suggesting that
variation in the degree of swelling may occur with alterations in
fiber protein content, urging caution with this approach. Studies
examining whole vastus lateralis muscle indicate that the age-
related reduction in muscle size is due to fibers being lost and
a decrease in CSA, especially in MHC II fibers (Lexell et al., 1988;
Lexell and Downham, 1991; Lexell, 1995). In contrast, a recent
metaanalysis, which did not include skinned fiber results, indi-
cates CSA is unchanged with age, but is larger with higher physical
activity levels (Gouzi et al., 2013). Thus, the variation in CSA
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with age between the various studies may be due to other con-
founding factors. Overall, these results indicate that CSA with age
either remains unchanged or decreases in MHC 1I fibers, with
alterations possibly affected by sex. Despite potential changes in
CSA, recent data indicates that the amount of myofilaments as
well as their general structure and stoichiometry is unaltered with
age or sex (Callahan et al., 2014a). However, studies do indicate
age-related changes in post-translational modifications, such as
decreased phosphorylation of the fast isoform of the regulatory
myosin light chain (Gelfi et al., 2006; Miller et al., 2013), and in
gene expression of protein isoforms, such as an increased gene
expression of tropomyosin 2 (Roth et al., 2002). These types of
alterations have not been commonly examined in human, but
may play a role in functional adaptations as they can affect XB
performance.

As the MHC isoform distribution and content can alter con-
tractile performance, several studies have examined the age-
related changes in these properties. MHC isoform distribution
remained unchanged in longitudinal studies (Frontera et al,
2008) and when physical activity was matched between young
and older volunteers (D’Antona et al., 2007; Miller et al., 2013).
However, activity level is generally thought to modify MHC iso-
form distribution, with lower activity causing a shift toward a
faster phenotype, or an increase in MHC IIX (D’Antona et al,,
2003, 2007), and higher activity causing a shift toward a slower
phenotype, or an increase in MHC I (Korhonen et al., 2006;
D’Antona et al., 2007). MHC content also remained unchanged
in studies matching for physical activity levels (Trappe et al., 2003;
Miller et al., 2013) and decreases with reductions in physical activ-
ity and immobilization (D’Antona et al., 2003). Altogether, these
studies indicate that the amount or types of MHC are not altered
by age, but can be changed in older adults based upon their
habitual level of exercise.

HEART FAILURE

Heart failure represents the final common pathway for most
chronic cardiovascular disease, and is characterized by an inabil-
ity of the heart to pump blood to meet the metabolic demands
of the body, or that it can only do so at elevated filling pressures.
Accordingly, exercise intolerance is the hallmark symptom of the
disorder, leading to high rates of disability (Pinsky et al., 1990).
Although reduced cardiac contractile performance undoubtedly
contributes to reduced functional capacity, changes in skele-
tal muscle physiology, including muscle atrophy, weakness and
reduced oxidative capacity are well-accepted contributors (Zizola
and Schulze, 2013). A more complete understanding of the mech-
anisms causing muscle dysfunction, therefore, is important for
identifying appropriate countermeasures to maintain or improve
the whole muscle performance and, in turn, reducing disability in
these patients.

MUSCLE QUANTITY/STRUCTURE

Skeletal muscle atrophy in patients with end-stage heart fail-
ure has been recognized for decades (Pittman and Cohen, 1964)
and studies have identified reductions in single muscle fiber
size in patients, especially in MHC IIA fibers (Mancini et al,
1989; Massie et al., 1996; Szentesi et al., 2005), although others

have shown that CSA remains unchanged in stable, ambula-
tory heart failure patients (Sullivan et al., 1990; Schaufelberger
et al., 1995, 1997; Miller et al., 2009). Prior results of reduced
CSA may be partially explained by muscle disuse-related atro-
phy, as few studies have controlled for this confounding factor,
or because patients were studied shortly following hospitalization.
Interestingly, human studies (Toth et al., 2005; Miller et al., 2009),
along with animal models (Van Hees et al., 2007), have shown
a phenotype of reduced myosin content/functional XB number
at the whole tissue and single fiber levels per unit protein or
fiber CSA using biochemical (gel electrophoresis) and mechan-
ical (rigor stiffness) measurements, and this loss is observed
in patients even when compared to activity-matched controls
(Miller et al., 2009). These studies have also suggested that there
was no specific reduction in actin protein or thin filament con-
tent with heart failure (Miller et al., 2009). At the ultrastructural
level, myosin loss could present as a decreased number of thick
filaments, shortened thick filaments or a combination of both
adaptations. However, no change in either thick-to-thin filament
stoichiometry or thick filament length has been found (Miller
etal., 2009). Based on this evidence, we hypothesized that myosin
was lost at random throughout the thick filament, which would
agree with studies that indicate remodeling of the thick fila-
ments takes place by removing and replacing myosin molecules
at random throughout the length of the filament (Wenderoth and
Eisenberg, 1987; Franchi et al., 1990). Further confirmation of
this pattern of thick filament adaption in heart failure will be
difficult, as the resolution of current microscopic approaches is
insufficient to rigorously test this hypothesis. Nonetheless, the
loss of myosin from muscle fibers has clear functional relevance
(discussed below).

On a more macroscopic level, heart failure has long been asso-
ciated with a shift in skeletal muscle fiber type toward a more
fast-twitch phenotype (Mancini et al., 1989; Vescovo et al., 1996;
Sullivan et al., 1997; Toth et al., 2005). A shift in MHC isoform
distribution of this nature could contribute to reduced exercise
tolerance given the differing oxidative potential of MHC I and
II fibers and this has been demonstrated in patients (Vescovo
et al., 1998). However, this pattern of isoform distribution is also
emblematic of muscle disuse (Narici and De Boer, 2011) and
heart failure patients expend about half as many calories in voli-
tional activity as healthy controls (Toth et al., 1997), suggesting
that this adaptation might be due to inactivity accompanying
the disease, rather than the disease process itself. This appears
to be the case, as we have recently found no alteration in mus-
cle MHC protein isoform expression in patients when compared
to activity-matched controls (Miller et al., 2009), and others
have shown no differences in MHC isoform expression between
patients and controls matched for peak aerobic fitness (Mettauer
et al., 2001). There is limited information regarding shifts in
isoform expression of other myofilament proteins. One study
showed a shift in myosin light chain and troponin T, I, and C
toward a slow-twitch isoform distribution in diaphragm mus-
cle in heart failure patients commensurate with a shift in MHC
expression toward the MHC I isoform (Tikunov et al., 1996).
However, unlike peripheral skeletal muscle, the diaphragm mus-
cle undergoes different functional adaptations (i.e., increased
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work due to increased pulmonary resistance vs. muscle dis-
use in peripheral skeletal muscle). In peripheral skeletal muscle,
myosin light chain isoform distributions in MHC IIA single
fibers were found to show a trend toward greater expression
of MLC 1f in heart failure patients (Miller et al., 2010), but
this was not associated with differences in single fiber function.
Although an indirect measure, an alteration in Ca?* sensitivity
was noted in MHC IIA fibers, which could reflect adaptations in
actin-associated regulatory proteins, albeit this was not directly
measured.

MUSCLE QUALITY

Independent of variation in muscle size, numerous studies have
suggested that there are reductions in skeletal muscle contractile
function at the whole muscle [i.e., tissue level (Harrington et al.,
1997; Toth et al., 2010)], suggesting decreased intrinsic function
of muscle that may be due to myofilament deficiencies, impaired
excitation-contraction coupling (Reiken et al., 2003) or a com-
bination of the two. Studies in humans and animal models over
the past 5-10 years have shed light on the possible involvement of
myofilaments in these contractile deficits.

The most prominent quantitative/structural change that
would be predicted to contribute to strength losses per unit
muscle size is a loss of MHC, which should decrease the total
number of functional myosin heads, causing a reduction in sin-
gle fiber isometric tension. Indeed, recent studies have found
reduced tension in both in MHC I and IIA fibers from heart fail-
ure patients (Szentesi et al., 2005) and in experimental models
(Van Hees et al., 2007). However, studies from our laboratory,
in which heart failure patients were matched for both age and
physical activity level, unlike prior studies (Szentesi et al., 2005),
found no diminution in single fiber tension (Miller et al., 2010),
arguing that prior results of reduced tension with heart fail-
ure were explained more by muscle disuse and/or aging than by
heart failure per se. The question then becomes: how is tension
maintained in the face of a reduction in the overall amount of
myosin/functional XBs? We found that XB kinetics were slowed,
manifested most prominently as a longer ton, in MHC I and ITA
fibers, in patients compared to controls (Miller et al., 2010), a
result that has also been observed in animal models of heart fail-
ure (Van Hees et al., 2007). This reduction in XB kinetics, if not
compensated for by an increase in tof, would lead to an increase
in residence time of myosin in the strongly-bound state and, in
turn, more myosin heads bound to actin as a function of total
myosin cycle time. This is indeed the case, as we found no evi-
dence for a reduction in strongly-bound myosin-actin XBs during
maximal Ca?" activation in heart failure patients using differ-
ent techniques (Miller et al., 2009, 2010). Thus, adaptations in
myosin kinetic properties compensate for the loss of myosin pro-
tein content to preserve isometric contractile strength. In fact,
building off of our findings from myofilament ultrastructural
measures that suggested a random loss of myosin heads along the
length of the thick filament detailed above (Miller et al., 2009), we
recently reported the results of modeling studies which suggest
that this pattern of myosin loss is associated with an increase in
myosin attachment time (Tanner et al., 2014). Thus, we hypoth-
esize that a random removal of myosin from the thick filament

alters the load imparted to a strongly-bound XB causing a length-
ening of ton, leading to a higher duty ratio and higher tension
generation.

Although single muscle fiber tension is maintained, reduc-
tions in myosin kinetics in heart failure patients may not be
without functional consequences. We would predict that reduced
XB kinetics, and increased ton specifically, would reduce con-
tractile velocity (Miller and Toth, 2013). Indeed, recent studies
from our laboratory show that this is the case in MHC IIA fibers,
where lower XB kinetics were associated with decreased single
fiber shortening velocity and, in turn, power output (Callahan
et al., 2014b). Thus, while we found no evidence for decrements
in single fiber tension that would scale to the tissue level to
explain reduced isometric force production (Harrington et al.,
1997; Toth et al., 2010), reduced myosin-actin XB kinetics may
explain reduced muscle power output during dynamic contractile
conditions (Toth et al., 2010). This is noteworthy, as reductions
in lower-extremity power output are a primary determinant of
physical disability (Reid and Fielding, 2012). Thus, alterations in
myofilament properties to yield a reduction in the overall capac-
ity for muscle power output during dynamic activities would
mean that any activity would be performed at greater percent-
age of the muscle’s physiological capacity and, in turn, may be
more fatiguing. In this context, myofilament adaptations may
partially contribute to the subjective sensation of exercise intol-
erance present in heart failure patients, the primary symptom of
the disease.

CANCER

Cancer has well-known effects on skeletal muscle that have been
the subject of intense investigation for decades. The most notable
effects of cancer are to reduce overall muscle mass secondary to
the profound wasting that occurs with the disease [i.e., cancer
cachexia (Fearon et al., 2012)], which has, by far, been studied
most extensively. However, atrophy is usually confined to cer-
tain cancers (e.g., lung, pancreatic, head, and neck) or the later
stages of the disease. In contrast, estimates suggest that up to
90% of patients experience subjective functional deficits, mani-
fested most notably as cancer-related fatigue (Cella et al., 2001).
Subjective fatigue is a complex psycho-physiological construct,
but likely has some roots in reductions in physiological capac-
ity and a recent study suggests that this may relate, in part, to
alterations in myofilament biology (Toth et al., 2013).

MUSCLE QUANTITY/STRUCTURE

Cancer is primarily thought to influence skeletal muscle through
its ability to promote muscle atrophy, and has recently been
reviewed in detail (Fearon et al., 2012). Despite the well-known
atrophic effects of cancer, there are surprisingly few studies that
have examined its effects on single muscle fiber size in humans
(Weber et al., 2009), although recent work confirms that the
atrophy observed at the tissue level extends to the cellular level
(Toth et al., 2013). Although profound reductions in the overall
amount of contractile tissue occur, recent ultrastructural studies
suggest that atrophy is characterized by stoichiometric reduc-
tions in the myofilament content relative to fiber CSA (Toth
et al., 2013). In contrast to these anatomic measurements, studies
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that have evaluated myofilament protein content using biochem-
ical approaches in both pre-clinical models (Acharyya et al,
2004) and patients (Eley et al., 2008) have suggested that atro-
phy in cancer is associated with a selective loss of the contractile
protein myosin, with relative preservation of other contractile
proteins. If present, one would predict that such an adaptation
would diminish muscle contractile force production (Geiger et al.,
2000) by decreasing the number of available myosin heads to
form strongly-bound XBs. However, more recent studies in the
same animal models, as well as patients with cancer, have found
no reduction in myosin protein content (Cosper and Leinwand,
2012; Toth et al., 2013). In fact, one study showed that prior find-
ings of a select loss of myosin were likely a methodological artifact
(Cosper and Leinwand, 2012). Notably, MHC isoform distribu-
tion also remains unchanged with cancer (Toth et al., 2013). Thus,
from a quantitative perspective, cancer reduces overall muscle
function primarily through its effect to decrease the overall mass
of myofilament protein in muscle via simple atrophy, seemingly
without selective loss of the major myofilament proteins myosin
and actin. This gross loss of contractile tissue manifests func-
tionally as muscle weakness, which undoubtedly contributes to
physical disability in cancer patients.

MUSCLE QUALITY

Because of the prevalence of muscle atrophy in the cancer pop-
ulation, it is difficult to discern whether impaired muscle perfor-
mance is related to a fundamental defect in contractility, or relates
instead to the loss of the contractile components (i.e., myofila-
ments). In humans, to our knowledge, only three studies have
simultaneously evaluated skeletal muscle contractile function and
muscle size, with one study showing that muscle weakness was
completely explained by atrophy (Weber et al., 2009), whereas
the others suggested that there was a reduction in intrinsic con-
tractility, or force production per unit muscle size (Stephens
et al.,, 2012; Toth et al., 2013). Further reinforcing the notion
of intrinsic contractile dysfunction, one recent study (Gallagher
et al., 2012) reported that surgical removal of the tumor in col-
orectal cancer patients increased knee extensor isometric torque
(~20%; personal communication with the authors) after a mean
follow-up of 8 months despite reductions in body weight (and
presumably muscle mass). Thus, from whole muscle measure-
ments, the balance of evidence suggests that cancer is associ-
ated with some degree of intrinsic skeletal muscle contractile
dysfunction.

Evidence to support intrinsic contractile dysfunction in cancer
patients comes from studies at the single fiber level (Toth et al,,
2013). We recently found evidence for contractile dysfunction
in both MHC I and IIA fibers. In MHC IIA fibers, a reduction
(~15%) in isometric tension was observed in cancer patients
compared to fibers from healthy controls, which has been corrob-
orated by a recent study from another laboratory (Taskin et al.,
2014). These results provide strong evidence for intrinsic contrac-
tile dysfunction in cancer. Molecular level functional assessments
suggested a potential mechanism for decreased isometric tension;
namely, that the number of strongly-attached myosin-actin XBs
was reduced in cancer patients, as single fiber force production
is proportional to the number of strongly-bound XBs during

Ca?T activation. In addition to reduced tension in MHC ITIA
fibers, myosin-actin cross-bride kinetics were reduced in MHC
I fibers (Toth et al.,, 2013). Specifically, myosin attachment time
was increased in MHC I fibers from cancer patients compared
to controls. From a functional standpoint, we would predict that
this reduction in XB kinetics could decrease single fiber power
output, as an increase in myosin attachment time would decrease
single fiber contractile velocity (Piazzesi et al., 2007). Thus, this
molecular level alteration may have functional significance to cel-
lular and tissue level function. In support of this notion, we found
that slower myosin rate of force production, another marker of
reduced myosin-actin XB kinetics, were related to reduced knee
extensor torque (Toth et al., 2013).

The mechanisms underlying intrinsic skeletal muscle contrac-
tile dysfunction with cancer are unclear. Data from whole muscle
studies, in which knee extensor strength was measured before and
after surgical removal of tumors indicates that alterations in func-
tion occur independent of changes in overall muscle size [i.e.,
improved function occurred in the setting of continued weight,
and presumably muscle, loss (Stephens et al., 2012)]. In other
words, intrinsic contractile dysfunction is not dependent upon
or related to the atrophy process. One potential mediator that
could explain contractile dysfunction is oxidative stress, as can-
cer is associated with increased oxidative stress in skeletal muscle
(Barreiro et al., 2005; Ramamoorthy et al., 2009; Marin-Corral
etal., 2010). Increased oxidant activity could promote contractile
dysfunction via post-translational modification of myofilament
proteins (Reid and Moylan, 2011). Indeed, pre-clinical studies
that have treated skinned muscle fibers with oxidants have shown
that oxidative modification of myofilament proteins reduces ten-
sion, velocity, myosin ATPase/XB kinetics and strongly-bound
XBs (Wilson et al.,, 1991; Galler et al., 1997; Perkins et al.,
1997; Callahan et al., 2001; Heunks et al., 2001; Coirault et al.,
2007), effects that resemble the myofilament functional phe-
notype we observe in cancer patients (Toth et al., 2013). In
support of this mechanism, we recently found that treatment
of human single MHC I muscle fibers with N-ethylmaleimide
(NEM) slowed XB kinetics, as evidenced by increased myosin
attachment time. In fact, by down-titrating the NEM, which
modifies protein thiol groups, a common target of cellular oxi-
dants, we showed that we could reduce myosin kinetics with no
change in single fiber tension (Callahan et al., 2014b), a pheno-
type that bears remarkable resemblance to the adaptations we
observed in cancer patients. Additionally, cancer patients exhib-
ited profound mitochondrial rarefaction and remodeling, with
the former being associated with reduced XB kinetics in MHC
I fibers and tending to be related to reduced strongly-bound
XBs in MHC IIA fibers (Toth et al., 2013). Taken together, these
results suggest disruption in mitochondrial biology, and possibly
increased oxidant activity, in the skeletal muscle of cancer patients
may contribute to myofilament dysfunction in both fiber types.
As oxidative stress has also been forwarded as a potential medi-
ator of muscle atrophy in cancer patients (Buck and Chojkier,
1996; Di Marco et al., 2005), our results suggest increased oxidant
activity as a potential common mediator of the complex mus-
cle phenotype of muscle atrophy and contractile dysfunction in
cancer.
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CHRONIC OBSTRUCTIVE PULMONARY DISEASE (COPD)
COPD is a lung disorder characterized by progressive airflow
obstruction from inflammation and remodeling of the airways,
which often results from emphysema secondary to cigarette
smoking. Like heart failure, exercise intolerance is the cardinal
symptom, which, along with the obvious contribution of the
primary lung pathology, is thought to be due, in part, to a com-
bination of atrophy and reduced oxidative capacity of skeletal
muscles (Maltais et al., 2014). In fact, some authors have sug-
gested similar pathoetiology of peripheral skeletal muscle adap-
tations in the two conditions (Gosker et al., 2000). The majority
of research on peripheral skeletal muscle adaptations in COPD
patients has focused on oxidative adaptations and atrophy and, to
our knowledge, no study has specifically characterized myofila-
ment function. In contrast, a considerable amount of work has
been done examining diaphragm muscle myofilament protein
expression and function, including two excellent studies evalu-
ating single fiber function (Ottenheijm et al., 2005; Stubbings
et al., 2008). This focus is logical considering the importance
of respiratory muscle function in COPD. However, respiratory
and peripheral skeletal muscle undergo very different adapta-
tions in response to COPD (Levine et al., 2013), owing to the
different pathophysiological demands—increased airway resis-
tance necessitating increased muscle work in respiratory muscles
and decreased muscle use owing to reduced physical activity in
peripheral skeletal muscles (Watz et al., in press). For the purposes
of the current review, we have focused primarily on studies that
have evaluated myofilament adaptations in peripheral skeletal
muscles.

MUSCLE QUANTITY AND STRUCTURE

Muscle atrophy in patients with COPD has largely been inferred
from cross-sectional studies comparing whole muscle size in
patients to non-diseased controls, with findings of reduced
muscle size in COPD patients that is exacerbated with more
severe disease (Remels et al., 2013; Maltais et al., 2014). These
results are corroborated at the cellular level, with several stud-
ies showing decreased single muscle fiber size in COPD patients
(Whittom et al., 1998; Gosker et al., 2002; Fermoselle et al., 2012).
Interestingly, a recent study showed a similar rate of decline in
lean tissue mass (a proxy of muscle mass) in individuals with
COPD vs. non-diseased controls (Van Den Borst et al., 2011),
suggesting that some differences in muscle fiber size may relate
to early adaptations to cigarette smoking and/or could be a man-
ifestation of the population that goes on to develop COPD.
Regardless of the etiology, a loss of muscle fiber size would have
clear relevance to decreased functional capacity and contribute to
disability.

Numerous studies have suggested that that there is a skele-
tal muscle fiber type shift in COPD toward a more fast-twitch
phenotype, manifested as a reduced relative expression of MHC
I vs. MHC 1I fiber types (Gosker et al., 2007), with accompa-
nying shifts in myosin light chain isoforms (Satta et al., 1997).
Some studies have failed to find such a fiber type shift in deltoid
muscle (Gea et al., 2001), arguing that fiber type adaptations to
COPD in the lower extremity musculature may reflect the effects
of muscle disuse. Thus, similar to heart failure, as discussed above,

this fiber type adaptation may simply be function of chronic
disuse in COPD patients, rather than an effect of the disease
process per se.

MUSCLE QUALITY

As mentioned above, there are few studies that have directly mea-
sured muscle fiber function in COPD patients and nearly all
of these have evaluated diaphragm muscle (Levine et al., 2003;
Ottenheijm et al., 2005; Stubbings et al., 2008). There has been
one study that evaluated function of isolated vastus lateralis mus-
cle fiber bundles in COPD patients and controls (Debigare et al.,
2003), which found no differences in maximal isometric tetanic
contraction or adaptation in the force-frequency response, albeit
the latter tended to be shifted to the right in COPD patients.
Importantly, this study utilized an excitable muscle preparation,
meaning that the contractile response reflects the effects of COPD
on both myofilaments and Ca?" release dynamics. Thus, the
altered force-frequency response could be explained by alterations
in Ca?" release/reuptake, myofilament Ca?* sensitivity or a com-
bination of these changes. Caution is urged in interpreting this
study, however, as the viability of an excitable muscle fiber bundle
preparation is questionable.

In diaphragm muscle fibers, early studies in two COPD
patients showed reduced single fiber tension (Levine et al., 2003).
Studies in a larger population (n = 8) similarly showed reduced
single fiber tension in MHC I and IIA fibers from COPD patients
compared to controls and this reduction was attributed pri-
marily to a reduction in myosin protein content (Ottenheijm
et al., 2005). Moreover, the rate constant for force redevelop-
ment following a following a rapid length decrease, a proxy
measure of cross-bridge kinetics, was slower in COPD patients. A
more recent study has further corroborated slowed cross-bridge
cycling, as the ATPase rate of MHC I and IIA fibers was lower
in COPD patients (Stubbings et al., 2008), although this study
did not observe altered single fiber tension. Moreover, Stubbings
et al. found reduced maximal power production from MHC IIA
fibers in COPD patients. Collectively, these decrements in res-
piratory muscle function could limit pulmonary function and,
in turn, contribute to exercise intolerance, the hallmark symp-
tom of COPD and a clear contributor to disability. How these
adaptations in myofilament function in diaphragm fibers reflect
peripheral skeletal muscle myofilament adaptations, however, is
unclear. Although there are some myofilament adaptations with
COPD that generalize to striated skeletal muscle [e.g., myofila-
ment protein oxidation (Caron et al., 2009)] and could reasonably
be expected to impact function, as discussed above in regards to
cancer-related myofilament dysfunction (Callahan et al., 2014b),
studies on skinned single fibers from peripheral muscles of COPD
patients are needed to confirm involvement of the myofilaments
in reduced peripheral muscle contractile function that is also
believed to contribute to disability (Maltais et al., 2014).

DISUSE

The specific adaptations of muscle to acute or chronic disuse are
particularly interesting to physiologists and clinicians due to: (1)
the profound effects of inactivity on multiple aspects of mus-
cle size, protein composition and function and (2) the relevance
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of disuse for skeletal muscle adaptations to numerous clinically-
relevant conditions (e.g., acute hospitalization, surgical recovery,
chronic disease, etc.). Because chronic physical inactivity is both a
risk factor and consequence of aging- and disease-related changes
in skeletal muscle, it is difficult to disentangle the relative influ-
ence of aging/disease vs. disuse. As the effects of disuse have been
studied rather extensively in healthy, younger humans (Adams
et al., 2003; Narici and De Boer, 2011), this review will focus on
adaptations to muscle disuse in older adult humans, which has
received increased attention recently. Before beginning this dis-
cussion, we need to define acute and chronic disuse. As there
are no widely-accepted definitions for the length of either acute
or chronic or any biological hallmark that serves as a tempo-
ral cut-point, we have decided to put these into the context
of clinically-relevant events that may impose disuse upon older
adults. Acute periods of disuse occur with the onset or exacer-
bation of disease or other clinical events (e.g., surgery) and their
subsequent period of convalescence. These can last for a few days,
but may persist for several months (e.g., 3-6 months), as in the
case of recovery from surgical interventions (e.g., joint replace-
ment, hip fracture, coronary artery bypass graft surgery), with the
defining characteristic being that muscle use patterns eventually
return to “normal,” pre-event levels. In contrast, chronic muscle
disuse is marked by a failure to re-establish prior levels of muscle
use, with accommodation at a lower absolute level of muscle use.
Therefore, by definition, this type of disuse lasts for years and may
never be fully remediated.

MUSCLE QUANTITY/STRUCTURE

Muscle disuse is known to cause marked reductions in muscle
CSA in healthy young individuals (Adams et al., 2003; Narici
and De Boer, 2011) and recent studies suggest that bed rest-
induced muscle disuse is similarly associated with lower extremity
muscle atrophy (—6%) in older adults (Kortebein et al., 2007).
More recent studies that imposed disuse using leg casting in
older adult men for a shorter period of time (4d) have shown
more robust atrophy (~10% reduction in both MHC I and II
fiber types) compared to baseline when single muscle fiber CSA
was evaluated (Suetta et al., 2012). Interestingly, when casting
is maintained for 14 d, the degree of atrophy did not increase
dramatically (~13% reduction) and this differs from younger
men, who showed a more marked reduction in single muscle
fiber CSA (—20%) (Suetta et al., 2012). Thus, disuse-related atro-
phy may be attenuated in older adults over time. In general, this
atrophy was evenly distributed between MHC I and II fibers in
shorter-term studies (4-5 d), but was more pronounced in MHC
II fibers over longer periods (14 d) (Suetta et al., 2012; Wall et al.,
2014).These data suggest that, like their younger counterparts,
older adults appear to have a relatively robust atrophy response
to experimentally-induced, acute muscle disuse. Additionally, one
study showed that myosin protein content of single muscle fibers
was profoundly reduced (—44% in MHC I and —31% in MHC
IIA fibers, albeit differences in MHC 1I fibers did not reach sig-
nificance) in two older adult men who were studied 3 months
following leg immobilization for clinical purposes (D’Antona
et al., 2003), but corroboration of these findings or character-
ization of the anatomical phenotype of myosin loss is lacking.

Despite changes in muscle size, short term immobilization did
not alter myosin isoform distribution (Hvid et al., 2010), while
longer immobilization specifically increased MHC IIX expression
(D’Antona et al., 2003).

Few studies have explored the effects of chronic muscle dis-
use on skeletal muscle size and structure in humans, primar-
ily because experimentally-imposed disuse for extended periods
of time on humans of any age would be deemed unethical.
However, one could argue that this type of muscle disuse is
very relevant to the muscle adaptations that occur in disease
states (e.g., heart failure, COPD, etc.), where activity levels are
lower than their non-diseased counterparts (Toth et al., 1997;
Watz et al., in press). To study chronic disuse, several laborato-
ries have evaluated patients with osteoarthritis, where physical
inactivity is chronically depressed due to joint pain. If patients
are selected to be free of other confounding pathologies, these
patients could be considered a model of the effects of chronic
disuse on skeletal muscle. Studies have shown that these patients
have lower (~9%) quadriceps CSA in their limb with osteoarthri-
tis compared to their unaffected limb (Suetta et al., 2007), and
a greater degree of atrophy compared to non-diseased controls
(Callahan et al., 2014b). Moreover, at the cellular level, there
was profound atrophy (—14 to 32% depending on fiber type)
in muscle fibers. Here again, the extent of atrophy is greater
when examined at the single fiber vs. the tissue level. To date,
no study has reported the effects of either acute or chronic mus-
cle disuse on myofilament ultrastructure or other sub-cellular
components.

MUSCLE QUALITY

Skeletal muscle performance is impaired with disuse in younger
healthy adults, reflected in reduced whole muscle force and power
production (Narici and De Boer, 2011), and this is similarly
observed in older healthy adults in response to short periods
of bed rest (Kortebein et al., 2008). That these changes may be
associated with adaptations in myofilament function is suggested
by several recent studies showing that chemically-skinned, single
muscle fiber contractile function is impaired in older adults with
acute muscle disuse. Single fiber tension after 4 and 14 days of
leg casting is reduced similarly in young and older men in both
MHC I and IIA fibers (Hvid et al., 2011, 2013), although reduc-
tions in MHC I fibers did not reach significance in response to
14 d of disuse. There were differential responses in Ca’* sen-
sitivity in young and older adult men that showed fiber type
differences, with reductions in older men in MHC I and in
young men in MHC IIA fibers, suggesting the possibility for
age-related differences in the adaptations in actin-associated reg-
ulatory proteins. These findings provide important contributions
to our understanding of the effects of acute disuse and encourage
further study of how this combination of physiologic responses
manifest to change in vivo voluntary torque production and
mobility in at-risk populations, particularly as it pertains to acute
hospitalization.

Building on these results, our recent studies suggest the func-
tional effects of chronic disuse vary by sex (Callahan et al,
2014b). Although we similarly found reductions in single mus-
cle fiber tension in older adults compared to active controls, these
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differences were only apparent in MHC IIA fibers and dissipated
when fibers were evaluated at temperatures closer to in vivo con-
ditions (25°C), suggesting that the effects of more chronic disuse
on myofilament force production per unit fiber CSA is limited.
In contrast, we found differences in contractile velocity; more
specifically, that contractile velocity was reduced in females, but
actually increased in males with chronic disuse. Perhaps most
importantly, these differences in contractile velocity translated
to reduced single fiber power output in women relative to men.
Greater contractile velocity (and, in turn, power output) in men
was accompanied by faster cross-bridge kinetics, as indicated by a
reduced myosin attachment time and greater rate of myosin force
production, suggesting that adaptations in molecular contractile
function translate to the cellular level.

Do these adaptations in myofilament function at the molecu-
lar and cellular level contribute to the whole muscle phenotype
of reduced power output in the lower extremity musculature?
Extrapolation from the myofilament to the whole muscle level
is difficult, as there are changes in numerous other physiological
systems with disuse that regulate whole muscle torque (Narici and
De Boer, 2011). Recent studies suggest that acute disuse has more
prominent effects in older adults on dynamic muscle contractions
with higher power output when compared to lower power out-
put and isometric contractions (Hvid et al., 2014), which is in
keeping with results in aging studies showing greater impairments
in dynamic muscle contractile function and, in particular, higher
velocity dynamic contractions (Lanza et al., 2003; Callahan and
Kent-Braun, 2011; Miller et al., 2013). This may be explained by
more pronounced slowing of cross-bridge kinetics in older adults,
an adaptation that is larger in older adult women (Miller et al,,
2013). With more chronic disuse, however, there may be compen-
satory adaptations to maintain myofilament contractile function
specifically in men (Callahan et al., 2014b), with women lack-
ing such adaptations. These myofilament adpatations with disuse
may serve to diminish whole muscle deteroration, as recent lon-
gitudinal studies have shown that reductions in whole muscle
function over time are accompanied by improvements in sin-
gle muscle fiber myofilament force, velocity and power output
(Reid et al., 2014). A failure to undergo such myofilament adap-
tations may predispose women to a more rapid development of
disability. Thus, rather than a straight forward relationship of
reduced myofilament function to decreased whole muscle func-
tion and, in turn, disability, variation in compensatory increases
in myofilament function with longer-term disuse may explain a
greater disposition toward lower extremity muscle function and
disability in some individuals. This scenario provides potential
cellular and molecular level mechanisms underlying higher dis-
ability rates in older women (Jette and Branch, 1981) and suggests
that it may be important to consider the sex-specific response to
disuse in men and women to completely characterize the func-
tional phenotype. Notably, all studies examining the effect of
acute disuse have been conducted in men, which makes it diffi-
cult to discern whether sex-specific adaptations are a feature of
both acute and chronic disuse. Nonetheless, these findings show
that myofilament adaptations may play an important role in the
whole muscle and disability phenotypes that accompany muscle
disuse.

CELLULAR/MOLECULAR EFFECTS ON WHOLE MUSCLE
FUNCTION

The contribution of myofilament adaptations to whole mus-
cle contractile dysfunction and, in turn, physical disability with
aging, disease, and disuse is difficult to discern because of
the myriad of physiological systems that regulate whole mus-
cle performance. Despite this multitude of confounding, higher
level regulatory systems, several studies have shown relationships
between myofilament properties and whole muscle performance.
In older adults, a positive, but non-linear, relationship was found
between single fiber and whole muscle tension (Frontera et al.,
2000), indicating that the age-related decrease in single fiber per-
formance may be partially responsible for decrements in whole
muscle function. In our recent work examining young and older
populations matched for physical activity level, although isoki-
netic knee torque was reduced with age, we found no differences
in whole muscle isometric performance or relationships between
isometric performance and single fiber functional parameters.
However, slower XB kinetics and increased single fiber isometric
tension in MHC IIA fibers predicted lower whole muscle isoki-
netic power with aging (Miller et al., 2013). Thus, age-related
myofilament adaptations were correlated with the primary decre-
ment in whole muscle performance with age. Similarly in cancer
patients, reduced whole muscle isometric torque was related to
slower XB kinetics (Toth et al., 2013). Both the cancer and aging
populations also showed a relationship between slower XB kinet-
ics and mitochondrial fractional area or size (Toth et al., 2013;
Callahan et al., 2014a), suggesting the intriguing hypothesis that
maladaptations in cellular energy homeostasis may contribute to
myofilament dysfunction via post-translational oxidative modifi-
cations. Finally, in knee osteoarthritis patients, variation in XB
kinetics in MHC IIA fibers scaled to the cellular level to yield
sex-specific differences in single fiber power output (Callahan
et al., 2014b). These molecular and cellular level differences
were reflected in a similar pattern of differences in isokinetic
torque at the whole muscle (i.e., lower torque in female knee
osteoarthritis patients), albeit these tissue-level differences did
not reach statistical significance, possibly due to our small sample
size and/or sex-specific effects of pain-induced neural inhibition
associated with knee osteoarthritis. Although preliminary, these
studies collectively demonstrate that alterations at the molecular
and cellular levels generally scale to the tissue level, suggesting
that adaptations in myofilament protein expression and func-
tion may partially explain reductions in muscle function and lead
to greater rates of physical functional disability with aging and
disease.

SUMMARY

Aging, disease, and disuse alter single fiber and myofilament
structure and function, although the changes vary depend-
ing upon the specific disease/physiological condition and sex.
Structurally, the most significant changes were the loss of myosin
content in heart failure patients and the general loss of CSA
in a number of conditions (Table 1). Functionally, the parame-
ter that was consistently changed with these conditions was XB
kinetics (Table 2). Although XB kinetics tend to decrease in most
instances, reductions are dependent upon sex and fiber type, with
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Table 1 | Summary of structural changes in single fiber and
myofilament structure with aging, disease, and disuse.

Structure Aging Heart failure Cancer Disuse
Ultrastructure <~ < < n.a.
MHC content < ) < <
MHC isoform phenotype < R < R
Cross-sectional area < < | < <

4, increase/faster; <>, no change; |, decrease/slower; n.a., not available.
Ultrastructure includes thick filament length, thick-to-thin filament ratio, and
myofibrillar volume fraction; MHC, myosin heavy chain.

Table 2 | Summary of functional changes in single fiber and
myofilament structure with aging, disease, and disuse.

Function Aging  Heart Cancer Disuse
failure

MOLECULAR LEVEL

Cross-bridge kinetics | @ > & 1 1 MHC | I MHC I of ¢

< MHCIIA 1 MHCIIA of &
SINGLE FIBER LEVEL

Isometric tension R < < <
Contractile velocity R 3 * ¥ < MHC |
+ MHC lIA of &
| MHC lIA of @

1, increase/faster; <,
>, greater than; *predicted from XB kinetic differences.

no change, |, decrease/slower, &', male, @, female,

chronic muscle disuse in MHC IIA fibers in older men being
the exception to the rule. Several studies have found relation-
ships between cellular and molecular level myofilament function
and whole muscle function (Frontera et al., 2000; Miller et al.,
2013; Toth et al., 2013), underscoring their potential impor-
tance. However, the effects of each condition on function at the
molecular, cellular and whole muscle levels become less clear
when examined across multiple studies within each condition.
This is most clearly evident in variation in myofilament func-
tion with aging, where data suggest that single fiber tension
and velocity increase, remain unchanged, and decrease with age.
We posit that such variation is due to the modifying effects of
confounding factors, such as the habitual activity level and sex
distribution of the populations studied, which have not com-
monly been accounted for in experimental designs or statistical
analyses. While integrated myofilament function has been eval-
uated in the context of single muscle fiber function, sometimes
extending to the cross-bridge level, few studies have interrogated
the specific changes in myofilament protein, expression and/or
post-translational modification might be accounting for these
adaptation. Overall, these findings indicate that a more thorough
understanding of the myofilament adaptations to aging, disease,
and disuse in both sexes would assist with the development of
preventative and rehabilitative interventions to improve muscle
function and, in turn, decrease functional disability in older men
and women.
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Force and motion generated by skeletal muscle ultimately depends on the cyclical
interaction of actin with myosin. This mechanical process is regulated by intracellular Ca?+
through the thin filament-associated regulatory proteins i.e.; troponins and tropomyosin.
Muscular dystrophies are a group of heterogeneous genetic affections characterized by
progressive degeneration and weakness of the skeletal muscle as a consequence of
loss of muscle tissue which directly reduces the number of potential myosin cross-
bridges involved in force production. Mutations in genes responsible for skeletal muscle
dystrophies (MDs) have been shown to modify the function of contractile proteins and
cross-bridge interactions. Altered gene expression or RNA splicing or post-translational
modifications of contractile proteins such as those related to oxidative stress, may affect
cross-bridge function by modifying key proteins of the excitation-contraction coupling.
Micro-architectural change in myofilament is another mechanism of altered cross-bridge
performance. In this review, we provide an overview about changes in cross-bridge
performance in skeletal MDs and discuss their ultimate impacts on striated muscle

function.

Keywords: myosin, cross-bridge kinetics, skeletal muscle, muscle dystrophy, myopathies

INTRODUCTION

Muscular dystrophies (MDs) are a group of more than 30 clin-
ical and molecular heterogeneous genetic disorders that cause
progressive degeneration of the skeletal muscle fibers. They are
characterized by severe muscle weakness that generally affects
limb, axial, and/or facial muscles to a variable extent. The age of
onset, severity and rate of progression greatly vary in the differ-
ent forms of MD. The primary cause of various forms of MDs is
an individual mutation in genes encoding a wide variety of pro-
teins, including extracellular matrix (ECM) proteins, transmem-
brane, and membrane-associated proteins, cytoplasmic proteases
and nuclear proteins. Detailed classification and list of causative
genes in MD have been recently reviewed (Cohn and Campbell,
2000; Flanigan, 2012; Kaplan and Hamroun, 2012; Mercuri and
Muntoni, 2013). Although still incompletely understood, consid-
erable progress has been now made to reveal the pathophysiolog-
ical mechanisms in MDs. It has been shown that most MDs share

Abbreviations: ADP, adenosine 5'-diphosphate; ATP, adenosine 5'-triphosphate;
CB, cross-bridge; DMD, Duchenne muscular dystrophy; ECM, extracellular
matrix; FSHD, fascioscapulohumeral muscular dystrophy; MD, muscular dystro-
phy; MsrA and MrB, methionine sulfoxyde reductase A and B; MyHC, myosin
heavy chain; nNOS, neuronal NO synthase; NO, nitric oxide; Pi, inorganic phos-
phate; ROS, reactive oxygen species; Tim, tropomyosin.

common pathologic features, such as altered Ca?>t homeosta-
sis, infiltration of muscle tissue by inflammatory immune cells,
accretion of proinflammatory and profibrotic cytokines, activa-
tion of proteolytic enzymes, metabolic/mitochondrial alterations,
intracellular accumulation of reactive oxygen species (ROS) pro-
duction, and/or defective autophagy, which can contribute to
muscle wasting. At the earliest stages of the disease, reduced
myofibrillar protein content can occur in apparent uninjured
fibers, secondary to an imbalance between protein synthesis and
proteolysis (McKeran et al., 1977; Warnes et al., 1981). Then,
successive rounds of degeneration and regeneration lead to fibro-
sis and fatty replacement of muscle tissue and in turn reduce
the number of potential cross-bridges (CBs) generating force
(Figure 1). In addition, functional changes in the CB properties
may contribute to muscle weakness in distinct types of mus-
cle disease. It is well-established that shift in the relative myosin
isoform expression is associated with modifications of the kinet-
ics of actomyosin interactions (Bar and Pette, 1988; Schiaffino
et al., 1989; Schiaffino and Reggiani, 1996). However, there are
also increasing evidences that CB properties can change with
no change in myosin isoform content (Coirault et al., 2002;
Canepari et al., 2009), suggesting that post-translational modi-
fications of contractile proteins have significant role in muscle
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FIGURE 1 | Schematic representation of the main mechanisms leading
to muscle weakness in MDs. Altered CB cycle in muscular dystrophy can

arise from multiples causes including progressive loss of muscle tissue due
to necrosis, fibrosis, atrophy, or oxidative damage, micro-architectural
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alterations in myofilaments, altered redox regulation or pathological changes
in contractile protein isoforms. These abnormalities in turn directly reduce the
number, the force, the kinetics of active CBs or the transmission of force
produced by the CBs.

weakness (Figure 1). The present review focuses on the changes in
the function of contractile proteins and in CB performance that
may occur in the context of skeletal muscle dystrophies (MDs)
and their contribution to the pathophysiological mechanisms of
these diseases.

CYCLICAL INTERACTIONS OF ACTIN WITH MYOSIN

Contractile force of striated muscle is produced within the
half-sarcomere—the functional contractile unit—by the cyclical
interactions of actin filament with myosin molecule, the mus-
cle molecular motor. These cyclical interactions are controlled by
membrane-located mechanisms that trigger intracellular raise of
Ca?Tand mechanisms inside the sarcomere itself. In skeletal mus-
cle, sarcomeric mechanisms mainly involve the Ca?*-controlled
conformational change of the regulatory proteins troponins and
tropomyosin (Tm), the functional properties of myosin, and
strong cooperative interaction between neighboring troponin-Tm
unit along the actin filament (Gordon et al., 2000).

In resting muscle, intracellular Ca** concentration ([Ca?*];)
is low and the C-terminal domain of troponin I immobilizes
the Tm in a position that prevents the binding of myosin to
actin (Galinska-Rakoczy et al., 2008). Upon membrane depo-
larization, Ca’* is released from the sarcoplasmic reticulum
and binds to troponin C, initiating azimuthal movement of Tm
around the actin-containing thin filament. This in turn exposes
the sites on actin on which the myosin heads can attach (Kress
et al., 1986; Geeves et al., 2005). In the conventional view,
myosin binding is solely determined by the Ca?* transient caus-
ing structural changes in the thin filament. However, numerous
studies have reported Ca?"-induced structural change in the

myosin-containing thick filaments before myosin binding to the
thin filament (Huxley et al., 1982; Lowy and Poulsen, 1990; Yagi,
2003; Reconditi et al., 2011). This has led to the proposal of
a modified model of muscle activation in which fast coordi-
nated changes in the structures of both thick and thin filaments
follow concomitantly upon the rise in intracellular free Ca’"
concentration (Reconditi et al., 2014).

Myosin head binding to actin occurs first in a low binding,
pre-force-generating state (Figure 2, step a). At this state, the
CB has already hydrolyzed the adenosine 5 -triphosphate (ATP),
but the products adenosine 5'-diphosphate (ADP) and inorganic
phosphate (Pi) are still bound to the myosin head (Lymn and
Taylor, 1971; Pate and Cooke, 1989). Then, the CB goes through
the power stroke (Figure2, step b), during which the myosin
head can generate a force of several piconewtons or an axial
displacement of the actin filament toward the center of the sar-
comere of 5-10nm in vitro (Molloy et al., 1995; Veigel et al.,
1998; Mehta et al., 1999; Reconditi et al., 2011) or 8—13 nm in situ
(Reconditi et al., 2004). There are evidences that force genera-
tion precedes the Pi release (Dantzig et al., 1992; Caremani et al.,
2008). Subsequent steps involve the release of ADP (Figure 2, step
¢), and the binding of ATP that rapidly dissociates the actomyosin
complex (Figure 2, step d). When unbound from actin, myosin
hydrolyzes ATP and reverses the power stroke, thus returning to
its original position and allowing a new cycle to start (Eisenberg
and Greene, 1980; Steffen and Sleep, 2004) (Figure 2, step e).
Thus, at the molecular level, skeletal myosin is a molecular motor
that transduces chemical energy produced by the hydrolysis of
one ATP molecule into mechanical work (Huxley, 1957; Huxley
and Simmons, 1971; Lymn and Taylor, 1971; Eisenberg et al.,
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FIGURE 2 | The CB cycle. Step a: attachment of myosin to actin. This step
begins with the “weak binding” of actin (in magenta) to the myosin head
(in brown). A stereospecific interaction between actin and myosin leads to
strong binding of actin to myosin. Step b: power stroke. The loss of
inorganic phosphate (Pi) is assumed to trigger the onset of the power
stroke and a reversal of the previous conformational bent. Step c: ADP
release step. The power stroke induces reopening of the nucleotide binding
pocket and ADP release. Step d: ATP binding. ATP can then rapidly bind to
myosin which dissociates from actin. Step e: ATP hydrolysis. ATP is then
rapidly hydrolyzed to ADP and Pi.

1980; Pate and Cooke, 1989; Gordon et al., 2000). Skeletal MDs
may reduce the number of active CBs producing force but may
also potentially affect various steps of the cyclical interactions of
actin with myosin, thus reducing the unitary force produced by
each CB and/or modifying the CB kinetics.

CHANGES IN CB KINETICS RELATED TO MD-INDUCED SHIFT
IN MYOSIN ISOFORM

The events in the CB cycle are essentially the same for all mus-
cle myosins, but the kinetics of acto-myosin interaction varies
widely among myosin heavy chain (MyHC) isoforms. Although
the physiological differences between fast and slow skeletal muscle
fibers depend on more than just differences in MyHC isoforms, it
is well established that MyHC isoforms are a major determinant
of the large variability in contractile and energetic properties of
muscle fibers (Pette and Staron, 1990; Bottinelli et al., 1994a,b).
The existence of several MyHC isoforms differentially distributed
in various fibers makes MyHC:s useful to study fiber heterogeneity
and plasticity in mammalian muscles. In the adult skeletal muscle,
four MyHC isoforms can be expressed, namely the slow MyHC -1
and the fast MyHC -2A, MyHC-2X, and MyHC-2B, coded respec-
tively by the Myh7, Myh2, Myhl, and Myh4 genes (Bar and Pette,
1988; Schiaffino et al., 1989; Schiaffino and Reggiani, 1996).
Changes in the proportion of fast relative to slow fiber types
are frequently observed in muscular dystrophy, and may result

either from a reduced muscular activity in affected patients or
from a physiopathological consequence of the gene mutation.
The pattern of wasted muscle and affected fibers is highly
variable among the types of MDs. Preferential involvement in
fast type 2 muscle fibers is a common feature in Duchenne
Muscular Dystrophy (DMD) (Webster et al., 1988), with early
disappearance of muscle fibers expressing MyHC-2X transcripts
(Pedemonte et al., 1999). Likewise, slow type 1 muscle fiber
predominance has been reported in patients with facioscapu-
lohumeral muscular dystrophy (FSHD) (Celegato et al., 2006),
dysferlinopathy (Fanin and Angelini, 2002) and congenital mus-
cular dystrophy type Ullrich (Schessl et al., 2008), suggesting a
selective loss of fast-twitch/type 2 muscle fibers (D’Antona et al,,
2007) or an active fiber typing conversion process (Schessl et al.,
2008; De La Torre et al., 2009). This preferential involvement of
the fastest fiber type leads to a fast to slow shift among fast MyHC
isoforms in the dystrophic muscles (Stedman et al., 1991; Petrof
et al., 1993; Coirault et al., 1999), which may represent an adap-
tive response that would tend to preserve the economy of force
contraction. However, fiber-type composition has been shown
to be differently affected in other MDs. Hypertrophy of type
2 fibers without type 1 fiber atrophy have been found in biop-
sies of patients with laminopathies (Kajino et al., 2014), whereas
MyHC-2a fibers are markedly atrophied in affected cricopha-
ryngeal muscle of oculopharyngeal muscular dystrophy patients
(Gidaro et al., 2013). How mutations responsible for MDs dif-
ferently affect myofiber-type specification and/or MyHC deserve
further studies. In addition to adult myosin isoform remod-
eling, dystrophic fiber can express developmental embryonic
and neonatal MyHCs, coded by Myh3 and Myh8, respectively
(Wieczorek et al., 1985; Sartore et al., 1987). Such developmental
or neonatal MyHC-expressing fibers can either be regenerat-
ing fibers or fibers that expressed inappropriate and immature
MyHC, as has been observed in some congenital myopathies
(Sewry, 1998).

Importantly, the different MyHC isoforms display large func-
tional differences regarding the actin-activated ATPase activity of
myosin, the rate of ADP release from acto-myosin during the time
of attachment, and the velocity with which they can move actin.
This results in large variability in contractile, thermodynamic,
and kinetic coupling according to the fiber type (Barany, 1967).
For instance, fibers containing MyHC-1 have nearly threefold
slower ATPase and lower tension cost than fibers with MyHC-
2X, while fibers with MyHC-2A are intermediate (Stienen et al,,
1996). Therefore, an increased proportion of the slow MyHC
isoforms would tend to improve muscle efficiency and may rep-
resent an adaptive response at least in some MDs. An opposite
response, namely a slow-to-fast shift with preferential atrophy of
slow fiber, accelerates the time cycle, reduces muscle efficiency
(Coirault et al., 1999) and thus may contribute to the exercise
intolerance in DMD patients. MyHC shift may also impact on CB
recruitment, given that attachment of fast myosin involves a CB-
mediated facilitation mechanism absent in slow MyHC isoforms
(Galler et al., 2009). Indeed, fast myosin heads already attached to
actin substantially accelerate the further attachment of neighbor-
ing myosin heads, thereby enabling a rapid change in the rate of
force development at high levels of activation (Galler et al., 2009).
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In contrast, slow MyHC isoforms have moderate dependence
on level of activation, enabling slow CB recruitment to become
faster only gradually at higher levels of activation (Galler et al.,
2009). Thus, pathologic changes in myosin isoforms modify spe-
cific steps of the CB cycling as well as the overall kinetics of the CB
cycle, with functional consequences on muscle performance and
energy cost of contraction.

CB ALTERATIONS CAUSED BY MICRO-ARCHITECTURAL
CHANGES IN MYOFILAMENTS

Striated muscles are characterized by a highly ordered struc-
ture that is critical for normal function and muscle homeostasis.
Micro-architectural changes in myofilaments are likely contribu-
tors to muscle weakness in MDs, either directly by affecting the
function of critical structural proteins, or indirectly, by increasing
the activity of Ca?*-dependent proteases.

In striated muscle, the dystrophin glycoprotein complex is
preferentially located at the costamere (Ervasti and Campbell,
1991), a protein network connecting the outermost myofibrils
to the sarcolemma at each Z-disc (Pardo et al., 1983; Ervasti
and Campbell, 1991; Bloch and Gonzalez-Serratos, 2003; Ervasti,
2003; Michele and Campbell, 2003). These lateral linkages are
critical in the maintenance of sarcomere stability and in the trans-
mission of forces generated by the CBs (Figure 3) (Rybakova
et al., 2000; Bloch and Gonzalez-Serratos, 2003; Ervasti, 2003).
Indeed, while part of the forces generated in sarcomeres is lon-
gitudinally transmitted down myofibrils in muscle to the ten-
don, costameres are critical to transmit the forces laterally to
the ECM and neighboring muscle fibers (Street, 1983; Ervasti,
2003; Bloch et al., 2004; Ramaswamy et al., 2011). Dystrophin
deficiency reduces the lateral transfer of forces between acti-
vated fibers (Ramaswamy et al., 2011), thus compromising the
homogeneity of sarcomere contraction between adjacent fibers

and impairing the efficacy of force transmission. As a result, each
fiber tends to act as an independent longitudinal force gener-
ator, thus increasing the susceptibility of muscle membrane to
contraction-induced muscle damage.

Skeletal muscle fiber contains the ubiquitously expressed and
well-conserved family of Ca?*-dependent cysteine proteases cal-
pains, p-calpain, and m-calpain, as well as a muscle-specific cal-
pain i.e., calpain-3 (Goll et al., 2003; Bartoli and Richard, 2005).
Elevated calpain amount, primarily due to a significant increase in
m-calpain concentration is observed in dystrophic muscles from
the mdx mice (Spencer et al., 1995), a mouse model of DMD.
Increased activity of calpains has been implicated in the pro-
gression of muscle wasting in dystrophic muscles (Spencer et al.,
1995; Alderton and Steinhardt, 2000; Tidball and Spencer, 2000;
Zhang et al., 2008). The two ubiquitous jt- and m-calpains both
cleave the same substrates in vitro, including the troponin com-
plex (Troponin C, Troponin I, and Troponin T), Tm, a-actinin,
titin, desmin, the Z-disk protein fodrin and the sarcolemmal
associated spectrin complex of proteins (Goll et al., 2003). Such
substrates are consistent with a role of - and m-calpains in sar-
comeric organization and/or dismantling. Interestingly, the two
sarcomeric tropomodulin isoforms Tmod1 and Tmod4 have been
recently identified as proteolytic targets of m-calpain in dys-
trophic muscle (Gokhin et al., 2014). Tropomodulins are dynamic
actin filament pointed-end-capping proteins (Weber et al., 1994),
that localize in sarcomere to each side of the M-line (Fowler et al.,
1993). Absence of Tmodl and its replacement by Tmod3 and
Tmod4 in turn impair initial Tm movement over actin subunits
during thin filament activation, thus reducing both the fraction
of actomyosin CBs in the strongly bound state and fiber force-
generating capacity (Ochala et al., 2014). Calpain-3 binds to the
N2A region of titin (Sorimachi et al., 1995), but has also been
identified in the nucleus of muscle cells (Baghdiguian et al., 1999).
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FIGURE 3 | Transmission of the forces generated in sarcomere. The
dystrophin-glycoprotein complex is preferentially located at the costamere,
a protein network that reside at the sarcolemma membrane in register
with the Z-lines of sarcomeres and that is critical in the lateral

transmission of forces generated by the CB to the ECM and neighboring
muscle fibers. Dystrophin deficiency at the lateral membrane alters
costamere assembly and thus may impair the efficacy of lateral force
transmission.
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Interestingly, it has been shown that calpain-3 binding to the
myofibrillar structure in vitro is modulated by the presence of
CBs locked in rigor (Murphy et al., 2006; Murphy and Lamb,
2009), thus supporting the hypothesis that CB interactions mod-
ulate calpain-3 activity. This may explain why in vivo, eccentric
exercise is the only physiological circumstance shown to result
in the activation of calpain-3 (Murphy et al., 2007). A number
of myofibrillar proteins have been identified as potential calpain-
3 substrates in vitro, but none have been confirmed as in vivo
targets. These include titin (at the PEVK region, adjacent to the
N2A region of titin), and myosin light chain (Cohen et al., 2006).
Future works are needed to determine the interrelation between
calpain-3 and the CB interactions.

MODULATIONS AND DAMAGE OF CB KINETICS BY
OXIDATIVE STRESS

DEFINITION AND INTRACELLULAR SOURCES OF OXIDATIVE STRESS IN
MDs

Oxidative stress has been reported as primum movens in both
loss of cell viability and contractile dysfunction in MDs (Ragusa
et al., 1997; Rando et al.,, 1998; Tidball and Wehling-Henricks,
2007; Menazza et al., 2010; Lawler, 2011). By definition, oxidative
stress refers to a deregulation of the cellular redox-status due to
an imbalance between reactive oxygen species (ROS) production
and antioxidant capacities.

There are numerous potential intracellular sources of ROS
in muscle tissue including the mitochondria (Murphy, 2009;
Brand, 2010), the family of nicotinamide adenine dinucleotide
phosphatate oxidases, now collectively known as NOX enzymes
family, and a wide range of enzymes, such as xanthine oxi-
dase, nitric oxide synthase, cyclo oxygenases, cytochrome P450
enzymes and lipoxygenases (Cheng et al.,, 2001). In addition,
extracellular sources of ROS can arise from other non-muscle cell
types, including activated neutrophils and macrophages (Moylan
and Reid, 2007).

Because striated muscle cells have to adapt very rapidly and
in a co-ordinated manner to changes in energy supply and oxy-
gen flux, the control of ROS production and redox-status is
tightly regulated during contraction. Importantly, the neuronal
form of nitric oxide synthase (nNOS) is normally present in the
sarcolemma of fast-twitch muscle fibers and associates with dys-
trophin (Brenman et al., 1995). Although the reaction between
nitric oxide (NO) and the superoxide anion is known to form
peroxynitrite, NO can also act as a protective molecule against
the damaging actions of ROS (Wink et al., 1995). Accordingly,
the absence of nNOS and NO in DMD muscle removes this pro-
tective action, increasing the susceptibility of DMD muscle to the
damaging action of ROS (Brenman et al., 1995; Haycock et al,,
1996; Disatnik et al., 1998).

PHYSIOLOGICAL STRESS INDUCES REVERSIBLE MODIFICATIONS OF
PROTEINS THAT CONTRIBUTE TO NORMAL MUSCLE PHYSIOLOGY
There is increasing evidence that ROS reversibly modulate
important intracellular pathways involved in muscle homeosta-
sis (Droge, 2002; Smith and Reid, 2006; Jackson, 2008; Musaro
et al., 2010). Small, compartmentalized, and transient increases
in ROS regulate intracellular signals by reversible oxidation of

specific protein residues (Meng et al., 2002; Ghezzi, 2005; Janssen-
Heininger et al., 2008; Drazic et al., 2013). Hydrogen peroxide
modifies protein function by oxidizing the thiol (-SH) groups
of redox sensitive cysteine residues to form disulfide bonds
with adjacent cysteine residues, glutathione (glutathionylation),
or small protein thiols such as thioredoxin. Reduction of the
disulfide bond can then be obtained through the action of
enzymes such as glutaredoxin or the peroxiredoxins (Rhee, 2006;
Hashemy et al., 2007). Accordingly, specific cysteine and methio-
nine residues can function as redox-dependent switches, thereby
modulating the function of myofibrillar proteins (Nogueira et al.,
2009; Mollica et al., 2012; Gross and Lehman, 2013), phosphatase
or transcriptional activities (Xanthoudakis et al., 1992; Ji et al.,
2004; Powers et al., 2005, 2011; Jackson, 2008; Ugarte et al.,
2010). Indeed, recent findings indicate that myosin, actin, tro-
ponin I and Tm from skeletal muscle have cysteines that are
critical to the effects from oxidants (Nogueira et al., 2009; Mollica
et al.,, 2012; Gross and Lehman, 2013), and that accessibility
depends on the conformation of the CB (Gross and Lehman,
2013). In addition, the function of myosin (Nogueira et al., 2009)
and of the ryanodine 1 receptor (Bellinger et al., 2009) can be
reversibly modified by S-nitrosylation, a redox-related modifica-
tion of cysteine thiol by NO. Reversible oxidation of contractile
proteins likely regulates muscle force production and actomyosin
interactions, thereby contributing to the physiological adapta-
tion of muscle to mechanical challenge (Powers and Jackson,
2008). Disturbance or removal of this redox sensitive modulations
may limit the adaptability of the CB kinetics, with deleterious
effects on muscle function and homeostasis (Stone and Yang,
2006; Linnane et al., 2007). Apart cysteine, methionine residue
can be oxidized to its sulfoxyde, generating a mixture of two
diastereoimers, denoted S and R. The S and the R forms are
reduced back to methionine by methionine sulfoxyde reductase
A (MsrA) and B (MsrB), respectively (Stadtman et al.,, 2002;
Petropoulos and Friguet, 2005; Ugarte et al., 2010). Interestingly,
recent studies have highlighted a new role for these Msr enzymes,
identifying them as actors controlling the assembly/disassembly
of actin filaments (Hung et al., 2013; Lee et al., 2013). A specific
oxidation-reduction (redox) enzyme, the Mical protein, selec-
tively modifies two methionines on the conserved pointed-end in
actin filaments. Oxidized methionines at these positions simul-
taneously disassemble and decrease the polymerization of actin
filaments (Hung et al., 2013). Recently, Hung et al. and Lee
et al. showed in Drosophila bristle processes model and in mouse
macrophages that MsrB1 stereospecifically reverses the oxidative
modification of the methionines introduced by Mical, indicating
that Msr system antagonizes the Mical-actin depolymerization
dependent process and reversibly control actin polymerization
(Hung et al., 2013; Lee et al., 2013). These data indicate new
post-translational regulatory mechanisms involving oxidoreduc-
tase systems, but also open up new paths of investigation in the
field of muscle diseases.

IRREVERSIBLE MODIFICATIONS OF PROTEINS: OXIDIZED PROTEINS
ARE DYSFUNCTIONAL AND ARE TARGETED TO REMOVAL

In contrast to reversible modifications caused by low oxidative
stress, chronic disruption of the oxidative balance and/or high
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levels of free ROS radicals cause potential biological damage,
termed oxidative stress. This is a complex process that probably
depends on the type of oxidant, on the site and intensity of its pro-
duction, on the composition and activity of various antioxidants
and on the ability of skeletal muscle to repair damaged fibers.
Irreversible damage of myofibrillar proteins may affect the CB
cycle, as observed after nitrosylation and carbonylation of myosin
(Coirault et al., 2007; Guellich et al., 2007), and target them
for catabolic proteolysis (Jung et al., 2007). Alternatively, oxida-
tive stress can activate caspases that in turn cleave myofibrillar
proteins and impair CB properties (Du et al., 2004).

FUNCTIONAL CONSEQUENCES OF ALTERED CB CYCLING ON

MUSCLE CONTRACTION

The functional consequences of altered CB cycle in MD remain
to be precisely determined. It has been reported that the reduced
muscle strength per cross section in mdx diaphragm is associated
with an accelerated cycle compared with control diaphragm mus-
cle (Coirault et al., 1999). Assuming that one molecule of ATP
is hydrolyzed per CB cycle (Huxley, 1957; Huxley and Simmons,
1971; Eisenberg et al., 1980), these data suggested that the over-
all cycle of ATP splitting takes place more rapidly in mdx than in
control mouse diaphragm, thus reducing the efficiency of mus-
cle contraction to sustain force. Overall, these data suggested that
absence of the sarcolemmal dystrophin protein leads to dam-
aged or dysfunctional myosin molecules that impair CB kinetics
and may account for the contractile deficit in mdx diaphragm.
However, while mechanical differences are observed between mdx
and control diaphragms at the intact muscle strip level, these dif-
ferences are not observed at the single permeabilized cell (Bates
et al., 2013). In addition, it was reported that myosin extracted
from bulk mdx mouse diaphragm muscle moves actin filaments
in an “in vitro motility assay” at a lower velocity than myosin
extracted from controls (Coirault et al., 2002). Consistent reduc-
tion in actin sliding velocity has been found in pure MyHC-2
isoform from mdx gastrocnemius muscle, but not in type 1
myosin from wild-type and mdx muscle (Canepari et al., 2009).
Therefore, observed changes in myosin velocity have been related
to a change in the intrinsic properties of the molecule, but was not
attributed to a change in the proportion of different myosin iso-
forms in the sample. In addition, it has been shown that nebulin
in skeletal muscle increases thin filament activation via increasing
CB cycling kinetics leading to an increased force and efficiency of
contraction (Chandra et al., 2009). Results from that study pro-
vide novel insights regarding nebulin-based nemaline myopathy.
Thus, complex mechanisms other than translational changes in
myosin isoform may contribute to CB modifications in muscu-
lar disorders. Future studies are needed to precisely determine
the contribution of post-translational modifications of contractile
proteins to muscle weakness in MDs.

CONCLUSIONS AND FUTURE DIRECTIONS

The mechanisms of muscle weakness have been a fundamental
question of the physiopathology of muscle dystrophy for more
than 50 years. It is now clear that the molecular causes responsible
for the impaired performance in MDs involve both structural and
functional modifications of the acto-myosin interactions. The

precise mechanisms are complex with probably some specifici-
ties related to each individual mutation responsible for the MD,
the severity of the translational and post-translational alterations
in myofibrillar proteins, and on the ability of skeletal muscle to
adapt to these changes. Whereas the functional consequences of
translational changes in contractile proteins have been extensively
studied, the impact of post-translational changes on the func-
tion of various contractile proteins still remains to be precisely
assessed in the context of MDs. This is a particularly exciting
time to study this question as recent findings strongly suggest that
the loss of transient structural modifications of the contractile
proteins such as reversible oxidation of specific protein residues
impair the ability of CBs to adapt very rapidly to changes in work-
load and energy supply. Future works will assess the impact of
non-permanent structural modifications of actin, myosin, and
regulatory proteins on muscle performance and determine their
potential contribution to muscle weakness in MDs.
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Fruit fly (Drosophila melanogaster) is one of the most useful animal models to study
the causes and effects of hereditary diseases because of its rich genetic resources. It is
especially suitable for studying myopathies caused by myosin mutations, because specific
mutations can be induced to the flight muscle-specific myosin isoform, while leaving
other isoforms intact. Here we describe an X-ray-diffraction-based method to evaluate the
structural effects of mutations in contractile proteins in Drosophila indirect flight muscle.
Specifically, we describe the effect of the headless myosin mutation, Mhc'0-Y97, in which
the motor domain of the myosin head is deleted, on the X-ray diffraction pattern. The
loss of general integrity of the filament lattice is evident from the pattern. A striking
observation, however, is the prominent meridional reflection at d = 14.5nm, a hallmark
for the regularity of the myosin-containing thick filament. This reflection has long been
considered to arise mainly from the myosin head, but taking the 6th actin layer line
reflection as an internal control, the 14.5-nm reflection is even stronger than that of
wild-type muscle. We confirmed these results via electron microscopy, wherein image
analysis revealed structures with a similar periodicity. These observations have major
implications on the interpretation of myosin-based reflections.

Keywords: myosin mutation, insect flight muscle, synchrotron radiation, X-ray diffraction, Drosophila, electron

microscopy

INTRODUCTION

Despite the long phylogenic distance between humans and
insects, striking similarities exist in the structure of their mus-
cles. Both the skeletal or cardiac muscles of vertebrates and
somatic muscles of insects are cross-striated, have similar sarcom-
eric structure and are regulated by the thin-filament-based system
involving troponin and tropomyosin. In this respect, Drosophila
melanogaster is one of the best-suited model animals to study con-
genital myopathies that occur in humans, owing to its rich genetic
resources and ease of breeding. Its indirect flight muscle is the
preferred target, because it is the bulkiest of all muscles in the
insect, and many of its constituent contractile proteins, includ-
ing myosin and actin, are expressed as tissue-specific isoforms
(Bernstein et al., 1993). Therefore, the mutations or knock-outs
of these isoforms are usually viable because non-flight muscle
isoforms remain intact.

Here we evaluate the structural consequences of the head-
less mutant of flight muscle myosin isoform, in which an adult
myosin rod transgene (Y97) is expressed in Mhc'? myosin-null
background (Cripps et al., 1999). All of the motor domain and
a part of the binding site for the essential light chain are missing
from the rod molecule, but the binding site for the regulatory light
chain remains intact (Cripps et al., 1999). Electron microscopy of
the flight muscle in this mutant has shown that the rod molecules
form thick filaments with hollow centers as in wild type, and that

these thick filaments are often surrounded by thin filaments and
form a hexagonal lattice, but the integrity of the whole myofibrils
is inferior to that in wild type (Cripps et al., 1999).

We adopt another approach to evaluate the structure of the
mutated flight muscle, i.e., X-ray diffraction. The technique of
X-ray diffraction is especially suitable for reporting the regular-
ity of arrangement of contractile proteins in myofilaments, and
also the spatial arrangement of myofilaments within a sarcomere.
The basic knowledge about X-ray diffraction from muscle was
initially established by using bulky isolated whole muscles from
frog (e.g., Huxley and Brown, 1967), but brighter X-ray sources,
including synchrotron radiation facilities, and more advanced
sensitive detectors have made it possible to record X-ray diffrac-
tion patterns from wider varieties of muscle specimens with much
shorter exposure times. Compared with other techniques, X-ray
diffraction can be applied to samples under physiological con-
ditions, and time-resolved measurements are possible (for more
detailed explanations for the synchrotron-based X-ray diffrac-
tion technique and comparisons with other techniques, refer to
Oiwa et al., 2009). In fact, the X-ray diffraction technique has
been applied to biopsied specimens of human muscle with con-
genital myopathies (Ochala et al., 2010; Ochala and Iwamoto,
2013), specimens from transgenic mice with expressed muta-
tions found in human myopathy patients (Ochala et al., 2011,
2013, 2014; Lindqvist et al., 2012, 2013) and rat disease models
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(Corpeno etal., 2014). The intense and well-oriented X-rays from
the third-generation synchrotron radiation facilities have made it
possible to record full 2-D diffraction patterns of Drosophila indi-
rect flight muscles (Irving and Maughan, 2000; Dickinson et al.,
2005; Iwamoto et al., 2007).

Here we tested several newly developed techniques to record
X-ray diffraction patterns from glycerinated Drosophila flight
muscle specimens, which are too small for ordinary mount-
ing techniques for longer muscle fibers, and the qualities of the
obtained diffraction patterns were compared. We applied these
techniques combined with electron microscopy analysis to the
Mhc!9-Y97 mutant. This mutant is especially suited for studying
the role of the myosin motor domain on the general architec-
ture of sarcomeres, and its contributions to the intensities of
the myosin-based reflections. The unexpected findings presented
here lead to important implications for the interpretation of
muscle X-ray diffraction in general.

MATERIALS AND METHODS

SPECIMEN

The strains Mhc'® (homozygous myosin null in the indirect
flight muscles; Collier et al., 1990) and Mhc'°-Y97 (homozy-
gous myosin null in the indirect flight muscles and homozy-
gous for a transgene expressing headless myosin specifically in
these muscles; Cripps et al., 1999) of D. melanogaster were veri-
fied as to myosin protein content and maintained at San Diego
State University. Flies were transferred to SPring-8, and were
maintained there for X-ray diffraction studies. The wild type
of D. melanogaster (Hikone-R strain) was obtained from Ehime
University (Iwamoto et al., 2007). Insects other than Drosophila
were collected at the campus of SPring-8.

For X-ray diffraction studies, the whole thoraces of Drosophila
adults were glycerinated in a 50% mixture of glycerol and a relax-
ing solution (for composition see Iwamoto, 2009; Iwamoto et al.,
2010) containing phenylmethylsulfoxide and protease inhibitor
cocktail (P8340, Sigma-Aldrich, St. Louis, USA), and stored at -
20°C in a freezer. The flight muscles of other insects were treated
in a similar way. The methods of mounting of Drosophila spec-
imens for X-ray recording are detailed in the Results section.
Flight muscle fibers of larger insects were mounted as described
(Iwamoto et al., 2001, 2010; Iwamoto, 2009).

X-RAY DIFFRACTION RECORDINGS

X-ray diffraction patterns of flight muscle were recorded at the
BL45XU small-angle scattering beamline of SPring-8 (Fujisawa
et al., 2000). Details of the methods of recording have been
described (Iwamoto et al., 2001, 2003; Iwamoto, 2009). Briefly,
the specimens were placed in a rigor solution with a composi-
tion described previously (Iwamoto, 2000), except for samples
from horsefly, which were placed in a relaxing solution (Iwamoto,
2009). In addition, the solution contained 5mM dithiothre-
itol to reduce radiation damage. Monochromatized X-ray beams
(wavelength, 0.09 or 0.1 nm; flux, 10!2 photons/s, beam size,
0.3 x 0.2mm) were irradiated to the specimen, and the pat-
terns were recorded by using a cooled CCD camera (C4880-
50, Hamamatsu Photonics, Hamamatsu, Japan) in combination
with an image intensifier (VP5445MOD, Hamamatsu Photonics).

The time for single exposure was 1s. A maximum of 20 expo-
sures were recorded from a single specimen, and the patterns
were summed. The background scattering was subtracted by the
method described in Iwamoto et al. (2003, 2010).

ELECTRON MICROSCOPY

Indirect flight muscle bundles for electron microscopic observa-
tions were dissected at San Diego State University from 2-day-old
flies in relaxing solution (Peckham et al., 1990) containing 1%
Triton X-100 on ice. After 3 h, the liquid was replaced successively
by two washes of fresh relaxing solution containing 50% glycerol
and a dissolved Roche protease inhibitor cocktail tablet (apro-
tinin, leupeptin, EDTA, pefablock). Muscles were stored at —20°C
and shipped to Washington State University on ice, where they
were fixed with 3% glutaraldehyde, then postfixed with 1%
osmium tetroxide in 100 mM phosphate buffer, 10 mM MgCly;
pH 6 (Trombitas and Pollack, 1995). Samples were embedded in
Araldite 506. Ultrathin sections (~20 nm) were cut with an LKB
Ultrotome III. Sections were stained with potassium perman-
ganate, and lead citrate, and observed and photographed with a
Philips 420 electron microscope.

RESULTS

MOUNTING TECHNIQUES FOR DROSOPHILA FLIGHT MUSCLE

The length of the indirect flight muscle fibers of D. melanogaster
is only ~1mm, and it is very difficult to mount both ends
with metal foil clips, as would often be done with longer spec-
imens, while keeping the myofibrils straight (this is required to
yield good diffraction patterns). 2-D diffraction patterns from
Drosophila flight muscles have been recorded from whole live
insects by using two configurations.

One is to attach a hollow tube on top of the thorax and irradi-
ate X-rays through it (Irving and Maughan, 2000; Dickinson et al.,
2005). By doing so one can obtain diffraction patterns from the
dorsal longitudinal muscle (DLM) alone, one of the two antag-
onistic indirect flight muscles (Figure 1A). The other is to glue
the whole insect, and irradiate X-rays from the side (Figure 1B;
Iwamoto et al., 2007), similar to the configuration used for
recording diffraction patterns from live bumblebees (Iwamoto
and Yagi, 2013). In this configuration, one can simultaneously
record diffraction patterns from both of the two antagonistic
flight muscles (DLM and dorsoventral muscle, DVM) as well as
the jump muscle. In Iwamoto et al. (2007) this configuration was
used also for recording diffraction patterns from pupae to study
the time course of development of flight muscle architecture.

The drawbacks of such in vivo X-ray recording are that (1)
there are unwanted materials in the beampath (such as legs, leg
muscles, nerves, digestive tracts, etc.) that could compromise the
quality of diffraction patterns, and that (2) the solution environ-
ment of contractile proteins cannot be changed at will. For these
reasons it is desirable to establish techniques to record diffrac-
tion patterns from demembranated (glycerinated) flight muscle
specimens from Drosophila.

Here we tested several techniques to record diffraction patterns
from glycerinated specimens, besides the conventional clamping
technique. The first one is to use a stainless-steel plate with round
holes. The glycerinated thorax was placed in the hole and glued by
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FIGURE 1 | Mounting techniques for Drosophila indirect flight muscle.
(A,B) Methods to record X-ray diffraction patterns from live flies; (C-E)
methods to record patterns from glycerinated muscle preparations. (A),
attaching a metal wire on top of the head and at the anterior end of the
thorax and the fly is irradiated with X-rays from the top. This is the
method adopted by Irving and Maughan (2000), Dickinson et al. (2005).
(B), a fly, glued to a substrate, is irradiated from the side to record
patterns from both of the two antagonistic flight muscles (DLM and
DVM). This is the configuration used by lwamoto et al. (2007). (C),
gluing an isolated thorax to a stainless-steel plate with round holes. After

2e®

X-ray

L

gluing, unwanted tissues, such as leg muscles and digestive tract, are
removed. (D), procedure to glue an isolated thorax to a stainless-steel
plate with a precision-etched hole and to remove excess parts of the
thorax. (1), a plate before mounting; (2) an isolated thorax fitted to the
hole; (3) top view; (4) thorax glued to the plate, (5) an ultrasonic-vibrated
microtome blade slides along the surface of the plate; (6) finished
sample with exposed DLM. (E), sandwiching an isolated flight muscle
between two thin plastic films (1.5 um-thick polyester, Chemplex
Industries, Palm City, USA). Incident X-ray beams make a small angle
with respect to the film plane.

using a cyanoacrilic resin (Figure 1C). After gluing, the legs and
other unwanted materials were removed. By irradiating X-rays in
the middle of the hole, one can obtain diffraction patterns from
DLM alone. The DLM fibers were irradiated from the top of the
thorax.

The second technique tested was to fabricate stainless-steel
plates (thickness, 0.2 mm) by photo-etching, each with a hole
shaped to fit the contour of the thorax. In this method, the ori-
entation of DLM fibers can be precisely fixed with respect to the
stainless-steel plate. The thorax was glued so that equal amounts
of volume of the thorax stick out of both sides of the plate. After
this, the parts of the thorax sticking out of the plate were cut off by
using an ultrasonic vibration cutter with microtome blades. This
leaves DLM fibers within the thickness of the plate. X-rays were
irradiated from the side (Figure 1D).

The third technique was to isolate the assembly of 6 indirect
flight muscle fibers (both DLM and DVM have 6 flight muscle
fibers on each side), and sandwich them with two very thin plastic
films (Figure 1E). The plastic films had been glued to two pieces

of thin plastic plate at both ends, leaving a small gap between
them so that the fibers were not crushed. X-ray beams were irra-
diated so that the beam axis made a small angle with respect to the
film plane. By doing so one should be able to eliminate the par-
asitic scattering resulting from the total reflection from the film
surface. However, the fact was that some parasitic scattering was
recorded, probably because the film surface was somewhat wavy.

DIFFRACTION PATTERNS RECORDED FROM WILD-TYPE DROSOPHILA
FLIGHT MUSCLE

Figure 2 shows some of the diffraction pattern recorded from
the indirect flight muscles from wild type and mutant strains
of D. melanogaster. For wild-type flies, the second technique
(using photo-etched stainless steel plates) has so far given the
best myofiber orientations (Figure 2A). This diffraction pattern
was recorded in rigor (in the absence of ATP), and this sample
seems to contain a small remnant of DVM as the pattern con-
tains its equatorial reflections. Although there was some problem
in data processing, good myofiber orientation was also obtained
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FIGURE 2 | X-ray diffraction patterns from the glycerinated flight muscle
(DLM) of wild-type and mutant Drosophila. (A-C), wild type; (D,E),
headless myosin mutant (Mhc’0-Y97); (F) mutant with no myosin heavy
chain (Mhc'®-background line). Patterns in (A-D) were recorded from single
flies, and the pattern in (F) is the sum of data from 9 flies. The mounting
techniques used are: (A), 2nd (etched plate); (B,D), 3rd (sandwiching with
plastic films); (C,F), 1st (round holes); (D), conventional clamping. The four
quadrants of the pattern were folded and the background scattering was
subtracted as described by lwamoto et al. (2003, 2010). The circles around
the center are due to the correction of absorption by round aluminum masks

<—BALL

to attenuate the intense central parts of the pattern. In (A,B,D,E) a
rectangular copper mask was also applied to the equator in which the
scattering intensity was strongest. The oblique anomalous reflections in (A)
come from the remnant of DVM. They are observed in four quadrants
because the image has been averaged for the four quadrants. The aberration
around the equator in (B) is generated in the process of background
subtraction because of the mismatch of fiber and copper mask orientations.
ALL, actin layer line reflection; MM, myosin meridional reflection. The
numbers indicate the order or Miller indices of reflections. Note that only
actin-based reflections are observed in (F).

with the third technique, i.e., to sandwich the fibers with plas-
tic films (Figure 2B). The fiber orientation was worse with the
first technique (Figure 2C), and the conventional (most labor-
intensive) technique of clamping both ends of isolated fibers
gave totally unsatisfactory results (data not shown). The recorded
diffraction pattern is fundamentally similar to that from flight
muscle fibers of different insect species (e.g., Tregear et al., 1998;
Bekyarova et al., 2008). The lower-angle layer line reflections are
finely lattice-sampled, and unlike in relaxed or activated fibers,
the 4th-7th actin layer lines (they have continuous intensities
along the layer) are clearly visible, indicating that myosin heads
are stereospecifically bound to actin following its periodicity.

As for the innermost reflection spots on the 1st and 2nd layer
lines, i.e., the 101 and 102 reflections (cyan arrows in Figure 2),
the 101 is much more intense than 102, in agreement with that for
giant waterbug, Lethocerus (Tregear et al., 1998). These reflections
are considered to arise from the helical arrangement of troponin
complexes around a thick filament, and are known to change
their intensities upon stretch activation. Before stretch activa-
tion, the 101 is stronger than 102, and vice versa after stretch

activation (Tregear et al., 1998; Dickinson et al., 2005; Bekyarova
et al., 2008; Iwamoto et al., 2010; Perz-Edwards et al., 2011).
This is because a stretch induces stereospecific attachment of
myosin heads to the actin target zone located midway between
the two neighboring troponin complexes on a thin filament, and
these heads negatively interfere with the basic 38.7-nm period-
icity of troponin complexes. In rigor, the 101 is intensified again,
because excessive myosin binding to the actin target zones restores
the 38.7-nm periodicity (Tregear et al., 1998). Together with the
reciprocal behavior of these reflections in live flies (Dickinson
et al., 2005), the present observations suggest that the numbers
of attached myosin heads are similar in Drosophila and Lethocerus
flight muscles, either in active or in rigor states.

The diffraction pattern from the wild-type indirect flight mus-
cle also shows clear myosin meridional reflections based on the
14.5-nm repeat (green arrows in Figure 2). The intensity of the 1st
meridional reflection is spread along the equator, in contrast to
that of other insects which has a sharper peak right on the merid-
ian (Bekyarova et al., 2008; Iwamoto, 2009). Although the peak
splitting is not clear, the present observation agrees with the idea
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that the thick filaments form a super lattice with a larger lattice
constant in Drosophila (Squire et al., 20006).

DIFFRACTION PATTERNS RECORDED FROM THE HEADLESS MYOSIN
MUTANT

The indirect flight muscles of flies with myosin mutations, either
myosin-null or headless, have structural defects (Cripps et al.,
1999) and are more fragile than those from wild-type flies.
Therefore, slicing with vibrating blades often resulted in unsat-
isfactory processing. The diffraction patterns from the headless
mutant as shown in Figure 2 were recorded from either clamped
(Figure 2D) or sandwiched (the 3rd procedure, Figure 2E) flight
muscle fibers. The two techniques gave equivalent results.

Compared with the wild type, the pattern from the Mhc!’-
Y97 (headless myosin) flight muscle is much more featureless,
indicating that the structure is disorganized. Lattice sampling of
layer-line reflections are not recognized. However, the 6th and
7th actin layer line reflections are clearly visible. The arcing of
these reflections indicates that actin filaments are not well ori-
ented in this mutant. Although it is not clear from the pattern,
equatorial reflections are present as their intensity profiles are
shown in Figure 3 (red). This indicates that the hexagonal lattice
arrangement of myofilaments is maintained in this mutant.

Most notable in the pattern from the Mhc!?-Y97 indirect flight
muscle is the very strong 1st myosin meridional reflection at
14.5nm~!. The 2nd myosin meridional reflection at 7.2nm™!
is also clearly visible. In the diffraction pattern from the Mhc!’-
background line (missing the entire myosin heavy chain), no
meridional reflection was observed at 14.5nm~! (Figure 2F).
This pattern was taken by using the first procedure. In this pat-
tern, the strong Ist actin layer line and the weaker 6th actin layer
line are observed. The latter is strongly arced, indicating that

2.0
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FIGURE 3 | Intensity profiles of the equatorial reflection. Blue, wild
type; red, headless myosin mutant (Mhc'0-Y97); gray, mutant with no
myosin heavy chain (Mhc'-background line). The maximal intensity counts
(digitized bits of analog-to-digital converter output) are 2.0 x 10° for wild
type, 2.0 x 10° for Mhc'9-Y97, and 2.8 x 107 for the Mhc'®-background
line.

the actin filament orientation is less organized in the absence of
myosin filaments.

To make quantitative comparisons, the integrated intensity
of the 1st myosin meridional reflection was normalized to that
of the 6th actin layer line reflection, which is often used as an
internal standard to compare intensities of various reflections
(e.g., Iwamoto, 2009). Its intensity was 76 £ 12% (mean =+ S.D.,
n = 5) of that of the 6th actin layer line. Although the patterns
were recorded in the absence of ATP, the Mhc!0-Y97 myosin
cannot form rigor linkage to the thin filaments, and therefore
the values should be compared with the values from relaxed
wild-type flight muscle fibers. In Drosophila it was difficult to
obtain an ideally relaxed pattern, probably because of the insuffi-
cient supply of ATP due to myosin’s high ATPase activity (Swank
et al., 2006). Instead, we used flight muscle fibers from a bigger
dipteran, Tabanus trigonus (a horse fly), to obtain relaxed patterns
(Figure 4). We recorded patterns from two sets of flight muscle
fibers and obtained the intensity ratios of 59 and 64%, which
are lower than the values for Mhc!?-Y97. Because of the disorder
of actin filament orientations in Mhc!?-Y97, some of scatter-
ing intensities may have been lost to the background scattering,
and the intensity of the 6th actin layer line may be underesti-
mated. However, it still holds true that the 1st myosin meridional
reflection is unexpectedly strong if its major source is the motor
domain of the myosin molecule (see Discussion).

ELECTRON MICROSCOPY

The rationale for using the 6th actin layer line reflection as an
internal standard is that the Mhc'-Y97 mutant fly retains the
same thick-to-thin filament number ratio as in the wild type, in
which it is 1:3. To verify this, the cross section of myofibrils of
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FIGURE 4 | Diffraction pattern from the flight muscle of a horse fly. The
pattern was recorded in the presence of ATP (relaxing condition). For labels
see legend to Figure 2.
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FIGURE 5 | Electron micrograph of a myofibril in transverse orientation
from the headless myosin mutant. The green and red dots represent the
positions of the thick and thin filaments as recognized by eye. Scale bar,
200 nm.

the Mhc'0-Y97 flight muscle was observed by electron microscopy
(Figure 5). Because of the waviness of the myofibrils, clear cross
sections of both thick and thin filaments were observed in limited
areas. In such an area, the numbers of the recognized thick and
thin filaments were 16 (green dots in Figure 5) and 51 (red dots),
respectively. This is close to the 1:3 ratio. It therefore appears
that the thick-to-thin filament ratio is preserved in the Mhc!?-Y97
mutant.

The X-ray observation of the strong myosin meridional reflec-
tion and the preserved thick-to-thin filament ratio strongly sug-
gest the presence of periodic structures with strong contrast with
a 14.5nm spacing even in the absence of most of the myosin
motor domain. We therefore tested whether such periodic struc-
tures were visible in the longitudinal sections of myofibrils from
the Mhc!%-Y97 indirect flight muscle (Figure 6).

Figure 6A shows one of the longitudinal sections of the mutant
myofibril. The picture in Figure 6B is a running-average of the
micrograph in Figure 6A, calculated by superposing itself multi-
ple times after translating by a fixed distance. By doing so, features
are enhanced if its periodicity coincides with the distance of trans-
lation. The summed picture in Figures 6B,C clearly shows an
enhanced feature with a periodicity near 14.5nm. An alterna-
tive way of demonstrating the presence of periodic structures
is to calculate a power spectrum of the micrograph, by apply-
ing Fourier transformation along the filament axis. The power
spectrum calculated from the micrograph in Figure 6A clearly
shows a peak at ~14.5 nm along with a strong peak at ~38.7 nm,
which arises from troponin and tropomyosin on the thin fila-
ment (Figure 6D). These results indicate that there are structures
with a 14.5-nm structure that are visible by both X-ray and elec-
tron microscopy. If there were intact myosin heads, they would

FIGURE 6 | Electron micrograph of a myofibril in longitudinal
orientation from the headless myosin mutant. (A), a micrograph before
processing. Scale bar, 250 nm. (B), a running-averaged picture of the
micrograph in (A) obtained by superposing the same picture after
translating along the filament axis by multiples of 13.8 nm, which gave the
best contrast. The difference between 13.8nm and the expected 14.5nm
could be due to the shrinkage of the specimen and/or uncertainties of
magnification of the electron microscope (the 38.7-nm peak is offset to a
similar extent). (C), a 2 x magnified view of a part of (B). (D), power
spectrum of the micrograph in (A). Note that peaks (darker) appear at
around 14.5nm and 38.7 nm.

bind to actin target zones (these have a 38.7-nm periodicity) and
therefore they would contribute to the 38.7-nm peak, rather than
14.5-nm.

DISCUSSION

In this paper several methods to record X-ray diffraction pat-
terns from glycerinated flight muscle fibers of Drosophila are
described, and these methods were applied to the wild-type and
the Mhc!°-Y97 (headless myosin) mutant flies. We have shown
that, by the use of intense X-rays generated by the 3rd-generation
synchrotron radiation facilities, one can record high-quality 2-
dimensional diffraction patterns from glycerinated flight muscle
fibers. The most important finding is that intense myosin merid-
ional reflections are recorded from the Mhc!%-Y97 mutant flies in
which most of the myosin motor domain is missing.

THE BEST MOUNTING METHOD FOR DROSOPHILA FLIGHT MUSCLE

For wild-type flies, the best-quality patterns were obtained by the
second method, i.e., to glue the thorax to a photo-etched stainless
steel plate and to remove excess parts by an ultrasonic-vibrated
blade. The merit of this method is that only the DLM remains in
the hole with its in-situ length, if the thorax has been glued in a
proper position (see Figure 1D3) and the blade is moved along
the surface of the plate without a gap (the plate is 0.2-mm thick).
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In contrast to the two other methods, both sides of the flight mus-
cle fibers are exposed to the surrounding medium, so that this
method is most suitable for solution exchange experiments.

This method was successfully applied to wild-type flies, prob-
ably because of the physical strength of their flight muscle fibers.
Although this method was not successfully applied to the more
fragile mutant muscles, it is still a promising mounting method
for solution exchange for mutant muscles. Improvements of this
method, such as automated controlled blade movements (the
blades were moved manually in this work) and/or increasing
the physical strength of fibers by soaking in glycerol and slic-
ing at low temperatures, may allow us to apply this method also
to mutant flight muscles. The throughput of X-ray recording
may be increased by creating stainless-steel strips with multiple
photo-etched holes (see Figure 1C) instead of just one as in this
study.

THE ORIGIN OF THE REFLECTIONS BASED ON A 14.5-nm-SPACING IN
THE MUTANT FLY

The most important finding in this study is the strong myosin-
based meridional reflections (at 14.5 and 7.2nm™!) observed
in the Mhc!°-Y97 mutant, in which most of the motor domain
is missing except for a part of the lever arm and the regula-
tory light chain. The 14.5 nm-spaced features are also evident in
electron micrographs (Figure 6). The strong myosin meridional
reflections are unexpected because it is generally believed that
the major source of this reflection is the motor domain of the
myosin molecule, while the rod domain may contribute to the
2nd reflection (Huxley et al., 1994; Lombardi et al., 2004).

As mentioned briefly in Results, the intensity of the myosin
meridional reflection is compared with that of the 6th actin layer
line reflection, which might be underestimated because of the dis-
order. Indeed, the 6th actin layer line seems to be weaker in the
mutant, but it is partly explained by the smaller myofibrillar con-
tent in the mutant flight muscle cell as shown by Cripps et al.
(1999), Figure 6C. On the other hand, the 1st myosin meridional
reflection in the mutant pattern is at least as strong as that in the
wild type in rigor, despite that its intensity may also be underesti-
mated for the same reason for the 6th actin layer line. Therefore,
it still holds true that the 1st myosin meridional reflection is
unexpectedly strong.

The question remains whether there are other proteins on the
thick filament with a 14.5-nm periodicity. In vertebrate striated
muscles, it is known that myosin binding protein C (MyBP-C)
has a 42.9-nm periodicity (Rome et al., 1973), and its 3rd-order
reflection is expected to overlap with the 1st myosin merid-
ional reflection. MyBP-C is absent from insect flight muscle,
but instead, a myosin binding protein flightin has been reported
(Vigoreaux et al., 1993). However, the molecular weight of flightin
is only 20 kDa and it is unlikely that it contributes significantly to
the intensity of the meridional reflection at 14.5nm~!. Another
possibility is the remaining myosin lever arm region containing
the regulatory light chain (RLC). The RLC has an N-terminal
extension that has been suggested to serve in parallel to the motor
domain as a link to the thin filament (Moore et al., 2000; Miller
et al., 2011). This is similar to the observation that the essen-
tial light chain extension of vertebrates appears to bind to actin

within thin filaments (Miller et al., 2005; Lowey et al., 2007).
If this extension does not preferentially bind to the actin target
zone but simply splays out radially, it could strengthen the 1st
myosin meridional reflection to some extent. However, the exten-
sion is only 50 residues long and again it is unlikely to contribute
significantly to the intensity. In fact, removal of the Drosophila
RLC extension does not diminish the intensity of the 1st myosin
meridional reflection (Farman et al., 2009). Insect muscles are
known to contain paramyosin, and it may also contribute to
some extent to the 1st myosin meridional reflection. Again, how-
ever, the paramyosin content in Drosophila flight muscle is small
(myosin:paramyosin = 34:1; Vinés et al., 1991), and its structural
resemblance to the rod portion of myosin makes it unlikely that
paramyosin contributes significantly to the 1st myosin meridional
reflection.

From the considerations above, we are currently forced to
consider that the strong 14.5 nm-spaced feature arise from the
truncated myosin heavy chain and the regulatory light chain. It
is generally believed that the rod portions of two myosin heavy
chains form a coiled-coil structure to form a dimer, and their
periodic clusters of charged residues allow the dimers to assem-
ble into thick filaments with a stagger of 14.5nm (McLachlan
and Karn, 1982). There could be a different extent of deviation
from the ideal coiled-coil structure between the charged and non-
charged regions, and it could contribute to the intensity of the
1st myosin meridional reflection. The present results could indi-
cate that the contribution of such a structural deviation to the 1st
myosin meridional reflection is substantial. Conclusive explana-
tions cannot be given from the present results alone, and further
experiments are needed to address this issue. These experiments
include the creation of a double mutant with (Mhc!?-Y97) and
a knockout of either flightin or RLC or both. It is also impor-
tant to refine the present method for X-ray diffraction recording
to ensure better myofibrillar orientations; it would reduce the
ambiguity arising from the poorer filament orientation of actin
as compared with myosin.

CONCLUSION

Here we have demonstrated that the flight muscle of D.
melanogaster can serve as a model to study the causes and
effects of myosin myopathies, and their structural consequences
can be monitored by X-ray diffraction. This should be applica-
ble to studying models of myosin-based congenital myopathies
(Wang et al., 2012). In the particular case of the myosin headless
mutation (Mhc!?-Y97), an unexpected observation of the strong
feature with a 14.5-nm periodicity prompts us to reinvestigate
the origin of the 1st myosin meridional reflection, one of the
best-studied X-ray reflections of muscle.
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