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Abstract

The cardiomyocyte cytoskeleton, composed of rigid and elastic elements, maintains the isolated cell in an elongated
cylindrical shape with an elliptical cross-section, even during contraction-relaxation cycles. Cardiomyocyte mitochondria are
micron-sized, fluid-filled passive spheres distributed throughout the cell in a crystal-like lattice, arranged in pairs sandwiched
between the sarcomere contractile machinery, both longitudinally and radially. Their shape represents the extant 3-
dimensional (3D) force-balance. We developed a novel method to examine mitochondrial 3D-deformation in response to
contraction and relaxation to understand how dynamic forces are balanced inside cardiomyocytes. The variation in
transmitted light intensity induced by the periodic lattice of myofilaments alternating with mitochondrial rows can be
analyzed by Fourier transformation along a given cardiomyocyte axis to measure mitochondrial deformation along that axis.
This technique enables precise detection of changes in dimension of ~1% in ~1 um (long-axis) structures with 8 ms time-
resolution. During active contraction (1 Hz stimulation), mitochondria deform along the length- and width-axes of the cell
with similar deformation kinetics in both sarcomere and mitochondrial structures. However, significant deformation
anisotropy (without hysteresis) was observed between the orthogonal short-axes (i.e., width and depth) of mitochondria
during electrical stimulation. The same degree of deformation anisotropy was also found between the myocyte orthogonal
short-axes during electrical stimulation. Therefore, the deformation of the mitochondria reflects the overall deformation of
the cell, and the apparent stiffness and stress/strain characteristics of the cytoskeleton differ appreciably between the two
cardiomyocyte orthogonal short-axes. This method may be applied to obtaining a better understanding of the dynamic
force-balance inside cardiomyocytes and of changes in the spatial stiffness characteristics of the cytoskeleton that may

accompany aging or pathological conditions.
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Introduction

The cardiomyocyte cytoskeleton is composed of rigid and elastic
elements and maintains the shape of the cell as an elongated
cylinder with an elliptical cross-section, even during contraction-
relaxation cycles. During contraction of the heart, most of the
work performed during active myocyte shortening is external and
goes into the dynamic ejection of blood from the ventricle (i.e.,
pressure-volume work), while a smaller, but still significant fraction
is transiently stored as potential energy (PE) inside the cell by the
strain of internal elastic elements of the cytoskeleton. This PE
stored in the cytoskeleton, harnessed during relaxation, may
contribute significantly to the relaxation of the ventricle and
therefore affect the efficient filling of the heart with blood [1].

Cardiomyocyte mitochondria are micron-sized fluid-filled
passive spheres distributed throughout the cell in a crystal-like
lattice and occupy ~35% of the myocyte volume [2]. They are
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individually situated in pairs sandwiched between the contractile
machinery of the sarcomere, longitudinally and radially; thus, their
shape represents the three-dimensional balance of forces extant at
any given moment. While regulated mitochondrial matrix volume
changes can occur over a relatively slow time frame [3,4], these
organelles can be considered to be essentially isovolumic on the
time-scale of active contraction-relaxation.

The mitochondria, being essentially passive structures in the
cell, can serve as a model Eulerian system whereby analysis of their
deformations in response to cell contraction and relaxation can
provide detailed insights into the active and passive stress-strain
characteristics of the enclosing cell as well as into tissue behavior.
Moreover, the question arises whether forces exerted on
mitochondria during myofilament contraction and relaxation
might modulate the intrinsic function of those organelles (e.g.,
by membrane mechanosensitive processes, etc.). It is also possible
that in response to a substantial increase in the myofilament strain
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(due to muscle stretch), the mitochondria might be induced to
change volume to regulate their function. For example, it has been
proposed that changes in mitochondrial Ca** concentration in
response to increases in myofilament strain can induce changes in
mitochondrial volume that are accompanied by an increase in
respiration [5]. These processes have never been examined in
detail. By developing a novel method to examine the average
deformation of mitochondria in three dimensions in response to
cardiomyocyte contraction and relaxation we sought to under-
stand how dynamic forces are borne and balanced inside the
cardiomyocytes.

We previously described a method to simultaneously measure
sarcomere and mitochondrial dimensions i situ along the long-axis
of quiescent cardiomyocytes [3]. This technique is based on the
variation in transmitted light intensity induced by the periodic
lattice of myofilaments alternating with rows of mitochondria. This
spatial variation in optical signal is analyzed by examining the
amplitude of the 1™ and 2™ order peaks in the Fourier transform
frequency spectrum of the transmitted light intensity along a given
cardiomyocyte axis. Using this method, we have shown that
certain signals that modulate the mitochondrial diameter by ~1—
1.5% significantly change the mitochondrial function under these
conditions [3]. Here we extend this method to quantify the
average sarcomere length (SL) and mitochondrial dimensions
along all three axes during the contraction-relaxation cycle.

Quantitative analysis of mitochondrial and sarcomere defor-
mation in intact cardiomyocytes during active contraction (1 Hz
stimulation frequency) with 8 ms time resolution and 10 nm (1%
over 1 um) spatial resolution revealed measurable compression of
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the mitochondria along the long-axis (see definitions in Figure 1A)
with similar time-to-peak deformation and 50% and 90%
relaxation kinetics in both sarcomere and mitochondrial struc-
tures. We validated the short-axis measurements by performing
Fourier spectral analysis of cells loaded with tetramethylrhoda-
mine methyl ester (TMRM), a dye that provides high-contrast vital
staining of healthy mitochondria, and by exposing the cells to a
mitochondrial Karp (mitoKxtp) channel opener that induces a
small degree of mitochondrial swelling without causing detectable
changes in the sarcomere length [3]. Along the short-axis, this
analysis revealed mitochondrial expansion during cell contraction
with similar deformation kinetics as was observed along the long
axis. We found that exposure to the mitoKsrp channel opener
diazoxide (Dz) induced mitochondrial volume changes on the
order of 2-4%, in accordance with reported long-axis swelling in
quiescent cardiomyocytes [3] and in suspensions of isolated
mitochondria [6,7].

Under the assumption of constant mitochondrial volume,
unequal deformation was observed along the mitochondrial
short-axes during electrical stimulation. Interestingly, the same
degree of deformation anisotropy occurred between the short axes
of the myocyte during the same electrical stimulation. Therefore,
the mitochondrial deformations reflect the overall deformations of
the cell (consistent with an Eulerian model system), and the
stiffness and stress-strain characteristics of the cytoskeleton are
found to be unexpectedly distinct between the two short-axes. This
analytical method may allow a deeper understanding of the
dynamic force-balance inside the cardiomyocytes and of potential
changes in the spatial stiffness characteristics of the cytoskeleton
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Figure 1. Isolated cardiomyocyte geometry with /n situ mitochondria and sarcomere structures. (A) Schematic diagram of the coordinate
system (X-Y-Z axes) of isolated myocytes and in situ mitochondria. (B) Brightfield image of cardiac myocyte showing orientation of laser line-scan
imaging of in situ mitochondria along the orthogonal (C) length-x and (D) width-y axes of the cell. The cell structure, consisting of sarcomeres
(~1.9 um structures between dark z-lines) and mitochondria (~0.95 um structures) is evident.

doi:10.1371/journal.pone.0021985.9001
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during aging, as well as after damage to the heart. This could
potentially lead to new insights regarding the nature of the
impaired diastolic properties of the heart under these conditions,
as well as to the function of mitochondria and the regulation of
energy supply-demand matching.

Results

Cardiomyocyte structural determinants of principal
Fourier transform spectral peaks: assignment and
validation

We previously described a protocol to simultaneously measure
sarcomere and mitochondria dimensions along the long-axis of
quiescent cardiomyocytes [3]. Here we extend this method to also
measure 1) the mitochondrial dimension along the width-axis
(Fig. 2B, lower panel), and, 2) sarcomere and mitochondrial
dimensions during both quiescence and electrical stimulation.

Two different approaches that we have described previously [3]
were utilized here to prove that the power of harmonics
contributed by certain birefringent bands of the sarcomere does
not significantly interfere with information independently associ-
ated with the mitochondrial diameter along the length-axis, and to
confirm that the appropriate peak along the width-axis also
corresponds to the mitochondrial dimension along this axis. The
first approach utilizes confocal imaging of cells loaded with the
fluorescent dye, TMRM, which sequesters inside mitochondria to
achieve a concentration several orders of magnitude greater than
in other cellular compartments, providing a high contrast
mitochondria-selective fluorescence image. The second approach
relies on transmitted-light imaging of control cells compared to
those exposed to the mitoKs1p channel opener, Dz, which induces
mitochondrial swelling [3,6] without affecting the SL [3].

We applied Fourier spectral analysis to X-Y frame-scanned
confocal images of TMRM-loaded cardiac myocytes. To avoid
potential complications arising from the production of reactive
oxygen species due to the excitation of TMRM by 543 nm laser
irradiation during standard fluorescence imaging, which could
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lead to induction of the mitochondrial permeability transition pore
[8], these images were acquired only after all transmitted optics
line-scans (obtained using a 633 nm laser) were collected. These
fluorescence image scans provided high-contrast images of the
periodic lattice of mitochondria arrayed within sarcomeres along
the length-axis as well as the periodic lattice of mitochondria
arrayed along the width-axis, without significant contribution from
non-mitochondrial structures. Figures 3A and 3B show the pattern
and resolution of length and width peaks obtained from
fluorescence images and their correlation with the transmitted
optics line-scan peaks obtained from the same cell.

As has been demonstrated [3], exposure to low concentrations
of Dz (30 uM) shifts the mitochondrial peak to lower frequency
along the length-axis (Fig. 3D), signifying an increase of the
mitochondrial diameter along this axis by ~1% without any
detectable shift in the sarcomere peak (Fig. 3C). This observation
rules out any significant birefringent interference of the principal
sarcomere structures with the signal from mitochondrial structures
along the length-axis. In order to confirm that our inability to
detect changes in SL due to Dz treatment was not due to the
spatial resolution employed, we further increased (doubled) the
spatial resolution by to allow precise resolution of changes down to
19.5 nm (1% of a 1.95 um long structure). Again, no changes in
SL after exposure to Dz were found using this technique (Fig. 3C).
Additionally, Dz shifted the mitochondrial peak along the width-
axis toward lower frequency (Fig. 3E), indicating that the
mitochondrial width increased by the same amount as the
mitochondrial length. This is consistent with a small (~4%)
volume increase, indicating again that the peak analyzed did
indeed correspond to mitochondrial width and not to the
dimension of another cellular structure.

Deformation of mitochondria in response to sarcomere
contraction

Figure 4A presents the SL during quiescence, the contractile
staircase from rest, and steady state contractions, derived from the
period of the first (lower frequency) major peak. Figure 4B shows the
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Figure 2. Fourier transform spectra obtained from linescan imaging to determine sarcomere and mitochondrial dimensions. (A)
Transmitted optics line-scan image along cardiomyocyte long-axis (length-x) during rest and electrical stimulation (1 Hz). (B) Sarcomere length and
mitochondrial length and width peaks during quiescent state determined from frequency domain analysis.

doi:10.1371/journal.pone.0021985.g002
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Figure 3. Cardiomyocyte structural determinants of principal Fourier transform spectral peaks: assignment and validation.
Consecutive Fourier analysis along length (A) and width (B) directions calculated from bright field and fluorescence images of tetramethylrhodamine
methyl ester (TMRM) loaded cardiomyocytes. Low concentrations of diazoxide (Dz; 30 uM) did not shift the sarcomere peak (C), but shifted the
frequency of the mitochondrial peak (D) along the length-axis and (E) width-axis to the left by ~1%.

doi:10.1371/journal.pone.0021985.g003

mitochondrial length during the same intervals, derived from the principal contractile parameters (Table 1) of the SL and mitochon-

period of the second (higher frequency) peak. Along the length-axis, drial diameter along the length-axis were the same, except for the
both structures shortened (compressed) during contraction. The extent of deformation and resting dimensions. Note that the two-fold
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Figure 4. Deformation of mitochondria in response to sarcomere contraction. (A) Sarcomere length and (B) mitochondrial length
calculated from frequency domain analysis along length-x axis during electrical stimulation (1 Hz). (C) Mitochondrial width calculated from frequency
domain analysis along width-y axis during electrical stimulation (1 Hz).

doi:10.1371/journal.pone.0021985.g004
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Table 1. Sarcomere and mitochondria deformation parameters.

Analysis of Mitochondrial 3D-Deformation

Sarcomere Length (n=17)

Mitochondrial-Length (n=17) Mitochondrial-Width (n=17)

Extent of deformation (um) —0.16+0.01
Fractional deformation (%) —8.7+0.7
Time to peak deformation (ms) 54+3
Deformation duration to point of 50% relaxation (ms) 124+6
Deformation duration to point of 90% relaxation (ms) 162+8
Rest dimension (um) 1.92+0.01

—0.08+0.01" 0.06+0.01"
-8.3%0.7 6.2+03"
63%5 59+4
122+6 110+7
159+8 152+7
0.95+0.01" 0.98+0.01""

All data are presented as mean +/— SEM,
*P<<0.05 vs. sarcomere,

**P<0.05 vs. mitochondrial-length.
doi:10.1371/journal.pone.0021985.t001

difference in these parameters derives solely from the innate structure
of the cardiomyocyte, which typically has exactly two mitochondria
per sarcomere. The sarcomere contraction parameters measured
under control conditions are in full accordance with those published
in other studies (e.g., [9,10]). Figure 4C shows the deformation of
mitochondrial width, which increased during cardiomyocyte con-
tractions. The time-to-peak deformation, and 50% and 90%
relaxation were similar for mitochondrial width and length. The
differences in extent-of-deformation and fractional-deformation
between the width- and thick-axes are interpreted as the degree
anisotropy between those respective axes.

Change in “diastolic” mitochondrial dimension in
response to sarcomere contraction

It was shown in suspensions of isolated mitochondria that
certain small changes in Ca** concentration can induce small and
reversible changes in mitochondrial volume along with a parallel
increase in respiration [5]. Based on this finding, it was postulated
[11,12] that an increase in mitochondrial Ca®*, which might be
naturally achieved via electrical stimulation of cardiomyocytes,
could also lead to an increase in mitochondrial volume w situ. We
have shown here (see Figs. 4B and 4C for a representative
example) that there are no significant changes in the “diastolic”
mitochondrial dimensions (i.e., in the length- and width-axes
during relaxation between the cyclic deformation caused by
contractions) during steady-state 1 Hz electrical stimulation
compared to quiescence. Therefore, in mechanically unloaded
intact cells during light pacing work, there is no detectable change
in mitochondrial volume accompanying any small pacing-related
increase in mitochondrial Ca®”.

Anisotropic deformations of in situ cardiomyocyte
mitochondria

Figure 5A represents the SL vs. the mitochondrial dimension in
the length-axis. In order to estimate the deformation of the
mitochondrial dimension in the thick-axis, we assumed constant
mitochondrial volume during a single contraction transient and
ellipsoidal (nearly spherical) geometry. Mitochondrial volume (V)
can be calculated according to:

Adwidth
c

1 1
V= ﬂ:D3 = 6 72?(D - Adlength)(D + Adwidth)(D + ) (1)

6

where D is the average mitochondrial diameter (i.e., that of the
equivalent-volume sphere), 4d;is the change in diameter due to the
deformation along the respective orthogonal reference-axis, and ¢
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is the “coefficient of anisotropy” (ratio of deformation magnitude
between the width- and thick-axes; when ¢=1, there is no
anisotropy). Rearrangement of equation 1 yields the constant-
volume approximation relationship between mitochondrial defor-
mation in the width- and in the length-axes.

DZ
(Adwidth - D):| (2)
cD

Ad/ength =

Adwidth |:1 +

Figures 5B and C show a representative example of the
relationship between the mitochondrial dimensions along the
length- vs. width-axes during 1 Hz steady-state cardiomyocyte
contraction. The tight fit (R*=0.93; n=14, P<0.001) in the
ensemble data set between the experimental data and the
constant-volume approximation is consistent with this assumption
being valid. The average mitochondrial equivalent-sphere diam-
eter, D, was 0.97%0.01 um. The ¢ coeflicient (ensemble) obtained
was 3.7%0.3, which, being far from 1, indicates that there also
might be significant passive structural anisotropy along the
orthogonal short-axes of the cardiomyocyte. Measurement of this
anisotropy of mitochondrial deformation allowed us to calculate
the deformation (change) of mitochondrial dimension in the thick-
axis during contraction (see representative example in Fig. 5D).

The anisotropic deformability of the in vitro

cardiomyocyte

Cardiac mitochondria have a near-spherical shape when
isolated [4,13], and have an essentially circular cross-section
inside quiescent cardiomyocytes (present results). Furthermore,
since Dz, by a small regulatory expansion of mitochondrial matrix
volume (~2-4%), causes a symmetric expansion in mitochondrial
dimension (i.e., along the length- and width-axes; present results),
it is reasonable to assume that the bulk mechanical properties of
mitochondria are essentially isotropic (i.e., independent of
direction in space) and that their internal stress-strain character-
istics contribute negligibly to the bulk properties of the
surrounding cardiomyocyte cytoarchitecture, so that assessment
of directional deformations may be interpreted in light of the
forces and material properties of the surrounding environment
(i.e., that of the interior of the cardiomyocyte). Thus, we conclude
that mitochondria behave as micro-scale “test balloons” that can
be used to reflect the stress-strain properties of their environment.
Next, we evaluated the corresponding deformations of the cell
along each axis in order to determine whether a significant passive
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Figure 5. Sarcomere-mitochondrial length and mitochondrial length-width relationships during cardiomyocyte contraction-
relaxation cycle. The relationship between mitochondrial length and (A) sarcomere length or (B) mitochondrial width. c is the coefficient of
anisotropy (ratio of deformation magnitude between the width-y and thick-z axes) and D is the average mitochondrial diameter. (C) Mitochondrial
length and width vs. time during a single contraction cycle. (D) Change in mitochondrial width and calculated thickness vs. time during a single
contraction cycle. Data shown is from a representative single cardiomyocyte experiment.

doi:10.1371/journal.pone.0021985.g005

structural anisotropy exists within the cell. We assumed constant quiescent cardiomyocyte width, 4d; is the change in diameter due
cell volume during a single contraction transient and cylindrical to the deformation of the respective orthogonal reference-axis, and
geometry with an elliptical cross-section having a thickness to ¢ is the coeflicient of anisotropy. Rearrangement of equation 3
width ratio of one to three, which closely approximates intact cell yields,
dimensions [14]. Based on these assumptions cell volume (V) can
be calculated according to: ALengin —1— 1 )
L 1+ Adwidlh (1 + EAd1t’id/h
L 2 1 3Adwidth D c D

V= E nD™ = EH(L_ AL[ength)(D+ Adwidl/l)[D'i'(T)thick] (3)
where L is the cell length, 4Lje,gis the change in cell length due Figure 6A shows a representative plot of the cell length vs. the
to the deformation during cardiomyocyte contraction, D is the cell width during 1 Hz steady-state contraction. Note that the cell
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Figure 6. Cell length-width relationship during cardiomyocyte contraction-relaxation cycle. (A) The percent change in the cell-length
and cell-width vs. time during a single contraction cycle. (B) The measured relationship between percent change in cell-length vs. percent change in
cell-width. ¢ is the coefficient of anisotropy (ratio of deformation magnitude between the width-y and thick-z axes). Data shown is from a
representative single cardiomyocyte experiment.

doi:10.1371/journal.pone.0021985.9006
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deformed along the length- and width-axes in a qualitatively
similar fashion to the mitochondrial deformation along the same
axes (Fig. 5C); the cell shortened in the length axis and expanded
in the width axis. The tight fit (R*=0.93; n=13, P<0.001)
between the ensemble experimental data set and the constant
volume approximation is consistent with the model assumptions
being valid (see Fig. 6B). The ¢ coeflicient (ensemble) obtained was
3.0£0.4, similar to that seen in mitochondria, which confirms that
there is significant passive structural anisotropy along the
cardiomyocyte short-axes as we observed in mitochondria.

Discussion

Mitochondrial volume regulation can impact and control ionic
homeostasis (see [15,16] for recent reviews) and activate signals
involved in cell protection [3]. Because # situ mitochondria can
behave differently from those in isolated suspension, accurate and
reproducible measurements of i situ mitochondrial properties,
including their dimensions, are de rigueur to explore their functions
in the native structural and signaling environment. The present
study is the first, to our knowledge, that describes m situ 3D
measurements of mitochondrial and cardiomyocyte deformations
during contraction-relaxation cycling. These measurements reveal
similar anisotropic deformations along the orthogonal short axes in
both mitochondria and cardiomyocytes consistent with structural
anisotropy within the cytoskeleton. We will discuss the context,
significance and potential implications for mitochondrial function
of these findings as well as interpret them with respect to
cardiomyocyte and ventricular function.

Existing approaches to assess changes in mitochondrial
size, shape or volume

An ensemble average mitochondrial volume has been indirectly
measured by several groups under i vitro conditions: the Halestrap
[5,17], Garlid [6], and Weiss [7] laboratories have estimated the
steady-state matrix volume in an isolated mitochondrial suspen-
sion by measuring light scattering at 520 nm, which has been
found to vary linearly with matrix volume. A major limitation
associated with this technique is the artificial situation created
when the mitochondria are removed from the cells, i.e., their
removal from the normal cytoskeleton architecture and cytosolic
signaling components and other relevant aspects of the intracel-
lular miliecu (not to mention unforeseen effects of mechanical-
chemical damage to the organelle due to isolation per se).
Therefore, factors that regulate mitochondrial volume in suspen-
sions of isolated mitochondria may not operate as they would
under i situ conditions [3,13,18].

A 3D electron microscopic tomography method reveals the cell
structures in heart tissue with high resolution [19]. However, this
method does not allow the measurement of dynamic changes in
mitochondrial dimension. Furthermore, artifacts of dehydration
and fixation, which differentially affect adjacent cellular structures,
e.g., myofilaments and mitochondria, might lead to one
component being relatively stiffer and incompressible or even
excessively strained relative to its neighbor, resulting in unnatural
compression or elongation of mitochondria between myofilaments.

Veksler’s group [20,21] has developed a fluorescence method
(e, using membrane potential-insensitive dye MitoTracker
Green) to measure the mitochondrial volume in permeabilized
fibers and cells. In this method the mitochondrial dimensions are
measured directly, from each edge, with the detection resolution
limited by the optical microscope diffraction limit and by the
ambiguity in detecting precisely the mitochondrial edges from
fluorescence pictures (due to inherent blurring). Our method
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allows precise quantification of the mitochondrial dimensions by
taking advantage of the crystal-like order of the organelle’s
structure and distribution, enabling resolution of a 10 nm change in
a | pm-long structure (Fig. 2) specifically without unwanted
photochemical effects (see above). Additionally, when permeabi-
lized cells are treated with pharmacological agents (which can
ordinarily induce just a small degree of mitochondrial swelling
when applied to intact cells [3]), mitochondria may unnaturally
expand their volumes until they can mechanically compress the
myofilament structure, and, in turn impact development of
contractile force and presumably also affect the resting SL [22].
Note that Veksler’s group reports a 60% increase in mitochondrial
volume by treatment with propranolol [21] which is more than an
order of magnitude higher that we estimated for treatment with
Dz (Fig. 3). This is probably unlikely to be a physiological change
observed i situ. Under our conditions in the present work, we did
not detect changes in the SL or contractile parameters with Dz
(data not shown). Indeed, our novel i situ approach allows
examination of regulatory volume changes in intact mitochondria
(due to signaling) independent of the stress-strain characteristics of
the myofilaments and contractile dynamics ([3] and present
results). Generally, permeabilized cells (although useful) are
inferior physiological models compared to intact cells for the
exploration of mitochondrial function akin to the whole heart.
This is illustrated, for example, by the markedly different
sensitivities to Ca®*-induction of the permeability transition pore
mnside intact cardiomyocytes vs. that in permeabilized cells or in
suspensions of isolated mitochondria [3,18].

Interpretation of in situ mitochondrial deformation
during pacing work conditions

In suspensions of isolated cardiac mitochondria, several regula-
tors were shown to induce mitochondrial swelling including:
osmotic strength [17], mitoKarp channel openers such as Dz
[6,7], and Ca®" concentrations in the mitochondria [5]. Because in
situ mitochondria can behave differently than when isolated in
suspension, the question arises regarding whether such changes
occur under ¢ siu conditions. We have previously shown that
different mitoK o p channel openers can increase the mitochondrial
length-axis dimension by ~1% in intact cardiomyocytes [3]; this is
apparently a much smaller change that that observed in suspensions
of isolated mitochondria. We have extended this result here, finding
that mitochondrial width and length dimensions increase to the
same degree when such changes are up to 10 nm (Fig. 3). However,
the relative effect of Ca®*-concentration on mitochondrial volume
appeared to differ between the i situ and i vitro models. We have
shown here (Fig. 4) that there is no significant difference in the
“diastolic” mitochondrial length- or width-dimension during light
pacing work compared to resting conditions. Increase in mitochon-
drial volume is associated with an increase in respiration in both i
situ and in vitro models [3,23], where such a respiratory change can
serve to facilitate matching ATP supply to demand. However, the
increase in cytosolic Ca®" due to Ca®" cycling during light pacing
work did not detectably increase mitochondrial volume, and thus
we infer that volume-activated Ca**-transport into mitochondria is
unlikely to play a key role in matching ATP supply and demand at
low workloads. It was hypothesized that pressure or conformation
changes in the mitochondrial cristae structure might augment the
drive for ATP synthesis by I, F,-ATP synthase [24,25]. Moreover,
the question arises whether the cell deformations can be sensed by
the mitochondria (e.g., by mechanosensitive structures/channels on
the membrane [26] which sense changes in membrane stress and/
or curvature) and thereby result in adaptive changes in function,
such as to facilitate an increase in ATP production to meet an
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increase in cellular demand. Our work may allow estimation of the
wn situ pressure gradients, and changes in membrane curvature and
stress, to evaluate whether such mechanisms might be signaling
mitochondria to match ATP supply to demand.

Cytoskeleton and myofilament properties based on
mitochondrial 3D deformations

We show here, for the first time, how the mitochondria deform
in three dimensions during cardiomyocyte contraction and
relaxation. Since the mitochondria are distributed between, and
are in dynamic force balance with, the cytoskeletal proteins [27] at
various levels of tension, it is fruitful to analyze how mitochondrial
deformations reflect the surrounding behavior of the cardiomyo-
cyte. We found that the mitochondria expanded asymmetrically
along the width- and thick-axes during cell contraction (Fig. 5B,
D). Similarly, the cardiomyocyte body expanded along the same
axes during contraction, which is in accordance with Boyett et al.
[14], with a coefficient of anisotropy, ¢, comparable to that of the
mitochondria (see Results). We saw this as an opportunity to
analyze and extract the nature of certain passive tension-bearing
elements of the cytoskeleton that, as the cell shortens, store a
fraction of the energy of contraction as PL that can be recovered
upon relaxation (and indeed is responsible for the “restoring force™
that in part governs relaxation in the isolated cardiomyocyte
model). There are several main considerations and assumptions
that directly bear on this discussion:

1)  Mitochondria across a wide variety of matrix volumes and
isolation artifacts adopt a near-spherical shape in isolation
[4,13].

2)  Mitochondria with physiological matrix volumes have a
circular cross-section (along length and width) inside
quiescent cardiomyocytes (present results).

3)  Small regulatory matrix volume increases (e.g., induced by
Dz) result in symmetrical increases in that circular cross-
section (present results). Thus, based on points 1-3,
whatever internal structural components there may be
inside mitochondria, their internal stress-strain characteris-
tics are negligible on the scale of those forces/pressures/etc.
within the interior of the cardiomyocyte under loading/
compression during contraction/relaxation mechanical cy-
cles.

4)  When mitochondria inside cardiomyocytes are compressed,
we assume that the internal pressure of each mitochondrion
increases as if it were a single compartment, and that small
deformations from its spherical shape, measured along the
respective orthogonal axes, are accompanied by effectively
equivalent areas of surface contact with adjoining structures
so that we can consider each of these vector forces to be
effectively equivalent.

5)  Finally, for small deformations, we can assume approxi-
mately Hookean-like properties, at least for qualitative
discussion purposes.

With these assumptions we can conclude that for small
deformations, mitochondria respond to their environment without
substantially affecting the stress-strain characteristics of that
environment. That the deformation anisotropy along the short-
axes during contraction is similar in both the mitochondria and
cell-edge measurements (Figs. 5 & 6) is consistent with these
assumptions.

Thus, the asymmetric expansion of mitochondria when
compressed longitudinally during active contraction reveals that
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the stiffness of the cytoskeleton would likely have to be quite
distinct along the two radial dimensions (summarized in Fig. 7).
The cytoskeleton is apparently ~3.5 times stiffer in the thick-axis
compared to the width-axis (see below). Therefore, the measure-
ment of 3D deformations is not only a tool to explore the
mitochondria to better understand the energetic balance in the
heart, but also to understand the force balance in the cytoskeleton.
The molecular and structural nature of these passive load-bearing
elements, responsible for the cardiomyocyte restoring force,
remains to be defined.

Mitochondria in mammalian myocardium are organized
radially (i.e., in the width- and thick-axes) between the contractile
myofilaments (MF). de Tombe’s laboratory showed that the MF
lattice spacing is inversely proportional to sarcomere length [28],
across the range of stretch from ~1.9 to 2.25 um sarcomere
length, independent of the transition from diastole to systole [29].
Moreover, they found that the MF maintain essentially constant
myofilament lattice volume, and propose that this likely persists
during active contraction (although that aspect was not examined).
Our findings, which apply to sarcomere lengths during active
contraction (down to ~1.8 um at peak steady-state contraction),
suggest that the coincident lateral spreading of mitochondria likely
provides a radial “constrictive” force on the surrounding MF
bundles, which by acting against the lateral constraints of some
yet-to-be-defined set of stiff cytoskeletal elements bearing tension
along the orthogonally-oriented short-axes (Fig. 7B), limits the
tendency of MF to expand during contraction. Thus, this proposed
physical role of the mitochondria could be important in
constraining MF lattice spacing by limiting spreading near peak
contraction, and thus facilitate optimization of MF overlap to
augment peak active force development. It is notable that de
Tombe also showed that the property of constant MF lattice volume
during contraction in intact cardiomyocytes is lost after sarcolem-
mal permeabilization (as the normal constraints on MF lattice
spacing are lost) [28]. We interpret this observation (in a minimalist
way) to the inability of the cell to sustain the normally constant
cytoplasmic volume during contraction, and to the loss of the
normal radial force-balance in the cardiomyocyte.

Potential energy storage considerations: Role of the
cytoskeleton

PE can be stored in the cytoskeleton during contraction, which
can be recovered during relaxation and cell elongation [1]. In
1solated cardiomyocytes, the external loading and hence external
work is negligible, but the PE stored in elastic cytoskeletal elements
is largely recovered (minus viscous losses) during relaxation;
therefore, the study of these 3D deformations is useful because
there are implications for the role of various cytoskeletal elements
in storing the PE that is important in relaxation. The apparent
anisotropic behavior of the “transverse cytoskeleton” (or its
equivalent, composed of elastic elements that provide transverse
stiffness; Fig. 7B) suggests that the ability of the cytoskeleton to
store PE to facilitate diastolic relaxation is different between the
transverse axes.

For springs obeying Hooke’s law, the displacement, x, is in
direct proportion to the force applied (and to a stiffness constant,
k), while the PE stored, being the integral of force over distance,
increases as the square of the displacement, PE= Yakx®. As
discussed above, it is reasonable to assume that the mitochondria
exert and experience comparable vector forces along the width-
and thick-axes when expanding in response to contractile
compression, but because the displacement in the width-axis is
~3.5 times that of the thick-axis, this means that the cytoskeleton
1s ~3.5 stiffer in the thick- vs. width-axis (llustrated in Fig. 7B as
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Figure 7. Scheme of mitochondrial 3D-deformation and proposed cytoskeleton mechanical analog. (A) Asymmetric radial expansion of
mitochondria when compressed longitudinally by the sarcomeres during active contraction. While the mitochondria compress in the length-axis (x)
they expand in the width-axis (y); however, the expansion in the thick-axis (2) is quite distinct from the width expansion. (B) An “equivalent spring”
model of the cardiomyocyte cytoskeleton relevant to sarcomere lengths achieved during contraction, and capable of storing contractile energy
during active cell shortening, then releasing this potential energy during relaxation as external work performed to relengthen the cell. The
cytoskeleton is apparently stiffer in the cardiomyocyte thick-axis (shown in bold) compared to the width-axis. (C) Based on a simple analog of
Hookean springs, during cardiomyocyte contraction the elastic components of the cytoskeleton store more potential energy in the cell's width-axis
compared to the thick-axis (see text for details).

doi:10.1371/journal.pone.0021985.9007

thick vs thin springs, respectively). Thus, the ratio of PE stored (for It has been determined that over the working range of the

comparable forces exerted) in the width- vs. thick-axis (Fig. 7C) is myofilaments and sarcomeres (typically above the slack sarcomere
length) titin and collagen are the main elements that resist

lengthening/stretch of the cardiomyocyte as well as the heart [30].

l Khick 2 It has also been suggested that during contraction most of the
PEwian, 2\ 3.5 Width 35 5 restoring force-related PE is stored in elastic rather than
PErie 1 k Xwidi\2 (5) viscoelastic elements [1,31] and speculated that this elastic
2 Thi""( 3.5 ) component may also be maintained by titin [32]. However, the
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true nature of those elements and structures responsible for
transverse cardiomyocyte stiffness and storage of PE contributing
to contractile relaxation have not been determined (see also
comprehensive discussion of relevant literature in [33]).

We can make an estimate of the potential importance of the
recovery of this PE to cardiac relaxation. The potential energy
stored in the cytoskeleton during the contraction cycle is
approximately 10% of the total systolic work (estimated from the
ratio of measured “diastolic” to “systolic” force-length work in
single cardiomyocytes [34] and papillary muscle [35,36]). Since
the ratio of the work of atrial contraction compared to that of the
ventricle is of a similar magnitude to that described above
(estimated by comparing the pressure-volume work of the atria to
that of the left ventricle [37]), we hypothesize that the contribution
of the PE stored in the cardiomyocyte cytoskeleton to active
relaxation and the early phase of ventricular filling (and hence, in
turn to cardiac systolic function contributing to cardiac output
[38,39] due to Frank-Starling mechanisms) might be roughly
comparable to that of atrial contraction during the latter phase of
ventricular filling. The clinical observation that the atrial
contraction contributes about 20% to left ventricular stroke
volume [40], which is especially important for the performance
of stiff hearts [41,42] or at high beating rates when filling time is
compromised, also suggests the potential importance of harnessing
the PE stored in the cytoskeleton to the relaxation of the ventricle.

Potential significance for aging and heart failure

During aging and heart failure the systolic and the diastolic
properties of the heart become impaired [43]. Although much of
the underlying pathophysiology of diastolic heart dysfunction
remains obscure, nevertheless its clinical manifestations can play
apparently significant roles in the functional decline during aging
as well as after damage to the heart, e.g., after myocardial
infarction, or potentially during medical conditions that affect the
integrity and functions of proteins, such as may occur in diabetes.
If the capacity of the cardiomyocyte cytoskeleton to store PE
should become impaired, this could be manifest as a form of
diastolic dysfunction, but there are few if any experimental means
to examine this question functionally at the cellular level [44].
During aging the cardiomyocyte contraction duration increases
substantially, while its amplitude and force development can
remain functionally normal [45]. Additionally, there are changes
in cardiomyocyte morphology in the aging heart, with the overall
length increasing without significant proportional changes in the
cell width and thickness [45,46]. These superficial changes in
geometry may also be accompanied by alterations in the
cytoskeleton [47] which could adversely affect the stress-strain
properties and thus potentially impair the ability to store PE
during contraction, again contributing to diastolic dysfunction. We
propose that further research into the nature of the cardiomyocyte
cytoskeleton, in particular to understand the underlying cytoar-
chitecture and biophysical properties of those components that can
store PE from contraction, and if/how these might change with
aging, heart failure and other medical conditions, could be
important in further elucidating the mechanisms of diastolic heart
performance in health and disease.

Mitochondrial fusion-fission events are not apparent

In certain cell types fusion and fission can be important for
segregating dysfunctional or damaged mitochondria via mito-
phagy (prior to autophagy) and for normal function and
homeostasis of the mitochondria (for review see [48]) including
directing the production of ATP at certain subcellular sites (for
review, see [49]). Fusion-fission has been detected in neonatal and
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cultured heart cells when they are actively dividing [50,51] or in
quiescent cells during cell growth. In neonatal cardiac cells,
thapsigargin, which releases sarcoplasmic reticulum Ca®" stores
and increases intracellular Ca®’, leads to mitochondrial fission by
inducing immediate fragmentation of many mitochondria [50]. It
was also found that the mitochondrial inner membrane fusion
protein, OPAL, was significantly decreased in the failing heart (rat
model) without a change in the outer mitochondrial membrane
proteins, Mfnl and M2, which are required to promote fusion
[51]. The mitochondria in these failing rat hearts were small and
fragmented compared with normal hearts, consistent with a
decreased rate of fusion. However, based on the absence of data to
the contrary, it is doubtful that mitochondrial fission and fusion
occur amongst the sarcomeric mitochondria in adult cardiac
myocytes from the fealthy heart [52].

In healthy cardiomyocytes isolated from young adult rat hearts
we found that the sarcomeric mitochondrial diameters returned to
those at rest after transient sarcomere contraction. Therefore,
under normal circumstances of cardiomyocyte contraction-relax-
ation cycling, the mitochondria arrayed between the sarcomeres
remain discrete, deformable spheres whose plastic behavior reflects
the mechanical forces around them, and, furthermore, there are
no apparent fusion or fission events in this population under our
experimental conditions. It should be noted, however, that the
analytical method employed here, based on the Fourier transform,
yields the average behavior of a large number of mitochondria,
and rare events occurring in single mitochondria would likely not
be detectable. We have also not examined the perinuclear pool of
mitochondria, where it is possible that fusion-fission may yet be
discovered to be playing important roles. Our results are in general
agreement with Beraud et al [52] who found that under normal
conditions fusion and fission of mitochondria are not detectable in
the adult cardiomyocyte. Moreover, in Aealthy adult cardiomyo-
cytes, the mitochondria behave as distinct entities (or as coupled
pairs in the sarcomere) and apparently do not form electrically
connected networks across multiple sarcomeres, since distinct
individual mitochondria can be depolarized by photo-oxidative
stress without depolarizing the neighbor mitochondrion [8,52].
This taken together with the absence of direct evidence for fission-
fusion suggests that in the healthy state a certain physical/
functional insulating barrier exists between mitochondria in
adjacent sarcomeres.

These results emphasize again the difference in the mitochon-
drial behavior of the isolated organelle vs. i situ conditions, and
between various cell developmental stages, phenotypes and
pathologies. While under normal conditions, fission and fusion
were not observed under our experimental conditions, under
pathological conditions (e.g., when the cytoskeletal properties may
become pathologically damaged and impaired [47]), or at different
stages of muscle development (when surprisingly dynamic
movement of titin within and between sarcomeres has been
observed in embryonic and neonatal cardiomyocytes [53]),
organized complexes may readily become reorganized potentially
allowing for mitochondrial rearrangements and fission and fusion
to occur.

Limitations

The mitochondrial 3D deformations were calculated based on
actual measurements along two axes only, while assuming
deformed-spherical/ellipsoidal geometry. Any deviation from the
ideal ellipsoid (e.g., such as by forming a shape in compression
more like a cube than that of a deformed-sphere/ellipsoid) will
lead to an error in the calculated deformation in the thick-axis. We
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feel that this is not a significant limitation, as this deformation
should still be qualitatively correct.

Coda

In conclusion, the present results and analysis highlight the need
for further investigations into the potential mechanosensitive
nature of mitochondria as well as the structure and function of the
cardiomyocyte cytoskeleton. This could lead to new insights into
the regulation of mitochondrial function as well as to obtaining a
better understanding of the dynamic force-balance inside cardio-
myocytes and of changes in the spatial stiffness characteristics of
the cytoskeleton that may accompany aging or pathological
conditions that may govern diastolic performance of the heart.

Materials and Methods
Cells

Adult cardiac myocytes were isolated from Sprague-Dawley rats
(male, 2-4 months old). All animal experiments were approved by
the Institutional Animal Care and Use Committee of the
Gerontology Research Center, National Institute on Aging,
Intramural Research Program, NIH, protocol number 034-LCS-
2013. Handling of animals and experimental procedures were
conducted in accordance with NIH guidelines for animal care and
use. Rats were anesthetized with sodium pentobarbital (200 mg/
kg body weight), and all efforts were made to minimize suffering.
Deep anesthesia was verified by checking absence of reflexes on
repeated foot pinch and eye touch. After thoracotomy, hearts were
rapidly excised and cannulated on a gravity driven Langendorff
perfusion apparatus and perfused at 37°C with a solution
containing (in mM): NaCl 120, KCI 5.4, NaH,PO, 1.0, NaHCOs4
20, glucose 10, MgCl, 1.6 (pH 7.2). An initial wash of
approximately 3 min was followed by perfusion with buffer
containing 4 mg/ml collagenase (Worthington) and 0.005 mg/ml
protease. After 10-15 min the perfusion was stopped and the
hearts were minced with scissors and dissociated with transfer
pipettes. The cells were centrifuged (100 x g) for 1 min and
suspended into the above solution fortified with 250 uM CaCl,.
Finally, after purification by gravity sedimentation, the cells were
suspended in HEPES buffer containing (in mM): NaCl 137, KCI1
4.9, MgCl, 1.6, NaH,PO, 1.2, glucose 10, HEPES 20, and CaCl,
1 (pH 7.3 with NaOH).

Drugs

Where indicated, the cells were treated with 30 uM Diazoxide
(Dz) (Sigma-Aldrich; 30 mM stock in DMSO) for 15 min. Cardiac
myocytes were loaded with 125 nM tetramethylrhodamine methyl
ester (TMRM) (Molecular Probes; 1 mM stock in DMSO) for at
least 1.5 hours at room temperature. All other chemicals were
obtained from Sigma-Aldrich.

Confocal microscopy

Experiments were carried out at 36°C. Cells were imaged with a
LSM-510 inverted confocal microscope using a 63x/1.4 N.A. oil
immersion lens (Carl Zeiss). Transmitted optics line-scan images
using 633 nm He-Ne laser illumination, 2048x1 pixels at 21.5
pixel/um along the length (long) cell axis for 95.24 um, and 21.5
pixel/um along the width (short) cell axis for 17.85 um, were
recorded to detect long-axis sarcomere and mitochondrial
dimensions, and short-axis mitochondrial dimensions, respectively
(see definitions in Fig. 1A). Transmitted optics line-scan images
using 633 nm He-Ne laser illumination, 512x1 pixels at 3.6 pixel/
um along the cell length- and width-axes were recorded to detect
cell dimensions. In separate experiments, TMRM was excited with
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a 543 nm He-Ne laser, collecting fluorescence emission at
wavelength > 560 nm, with the pinhole set to obtain a 1 pm
optical slice, and zoom set at 21.5 pixel/um. The images before
and after treatment with Dz were obtained with zoom set at 21.5
pixel/um.

Experimental protocol

A freshly-isolated cell suspension was placed into a temperature-
controlled perfusion chamber equipped with electrical field
stimulation electrodes. During the data acquisition period, cells
were at rest for 10 s, then stimulated at 1 Hz for 2.5 min, and
rested again for 10 s. The analysis of mitochondrial, sarcomere,
and cell dimensions during contraction was done during steady-
state contractions. The voltage threshold for electrical stimulation
was re-determined each experimental day and was set 10% higher
than the voltage at which the majority of cells were contracting.
An optical pulse synchronized with electrical stimulation was
introduced into the first few seconds of the line-scan image to
ensure that all data records were synchronized. The Dz group was
superfused with HEPES buffer for 15 min followed by 15 min
perfusion with 30 uM Dz in buffer. Only cardiomyocytes with the
highest structural and functional integrity were utilized in these
experiments to assess changes in sarcomere length and mitochon-
drial volume. Cells that did not exhibit a post-rest negative stair-
case contractile pattern or reach steady state contractions, or that
exhibited spontaneous calcium waves, were excluded.

Analysis of data

Sarcomeres, as morphological and functional units of cardio-
myocyte myofibrils, display a regular repeating band pattern when
observed by light microscopy. Mitochondria arrayed in regularly
ordered parallel rows surrounding contractile myofilaments create
a unique beaded appearance that results from the regularity of the
ultra-structure. Line- scanning along the long axis (Fig. 1B-C)
reveals high-contrast dark stripes originating from the sarcomere
Z-lines and gray stripes at the midline between Z-lines due (in part)
to the boundary between mitochondria (organized at 2 per
sarcomere). Line-scan imaging of m situ mitochondria was also
performed along the width-axis (Fig. 1D) to identify mitochondrial
deformation along this axis and to allow indirect assessment of
mitochondrial deformation in the thick-axis under the assumption
of constant mitochondrial volume. The periodicities of sarcomeres
along the long axis and mitochondria along the long and short
axes allowed us to analyze changes in the average dimensions of
the sarcomeres and mitochondria. These two structures can be
analyzed along the long axis of the cell by examining the
amplitudes of the 1** and 2" order peaks of the transmitted light
optical contrast frequency spectrum resulting from the lattice
patterns of sarcomere and mitochondrial structures, respectively
(Fig. 2B-D, with the abscissa converted to um, reciprocal
frequency units). Fourier analysis (Matlab, Mathworks) of
repeating gray level intensities of the transmitted optics line-scan
image along the length-axis (Fig. 2A, recorded during 1 Hz
electrical stimulation) reflects the spacing of the sarcomeres
(Fig. 2B, upper left panel) and mitochondria (Fig. 2B, upper right
panel). Fourier analysis of the line-scan image along the width-axis
provides the short-axis mitochondrial dimension (Fig. 2B, lower
panel). The analysis was done during both quiescent and
contraction phases. Peak position in the frequency domain
corresponds to average organelle dimension while the width of
these peaks indicates the variation in size among sarcomeres or
mitochondria in the cell at any moment in time. Due to the
naturally lower number of repeating units along the cardiomyo-
cyte width- compared to the length-axis and to a microscope
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acquisition limit of 2048 pixels, five to six independent line-scans
across the width-axis, defined at the onset of the subsequent
contractions, were concatenated into one long line scan prior to
Fourier analysis (the scanning zoom was kept at 21.5 pixel/um
along the 17.85 um line, but the net pixel number from which to
extract information was increased from 2048 to 10240 or 12288).
This method retains the modulus and frequency of principal peaks
(which is essential for our method) and averages out variations in
every digital level due to microscopic non-uniformity in optical
contrast patterns during contraction between line-scans, but loses
the phase information due to phase discontinuities between
concatenated line-scans. To increase the spatial resolution during
quiescent mode, a frame scan of the cell (scanning at 21.5 pixel/
um) was acquired and seven lines of this image in length or width
were converted to one long line and analyzed. Fourier transform
analysis permits spatial resolution of one cycle length, and
experimental conditions were set such that spatial frequencies
could be differentiated with precision down to a 2% change in a
~1.95 um structure (SL), and a 1% change in a ~0.95 pm
structure (mitochondrial dimension) along the cell length-axis for
quiescent and contraction modes with a time resolution of 8 ms,
and along the cell width-axis in the quiescent mode. To calculate
deformation along the thickness axis (see definition in Fig. 1A), a
16th—order Butterworth band-pass filter selected for the desired
frequency was applied for mitochondrial deformations along the
length- and width-axes. Nonlinear regression fitting (Gauss-
Newton algorithm) to the constant mitochondrial-volume model
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approximation (see Results) was applied (Matlab, Mathworks) to
determine the ratio between mitochondrial deformations along the
width- and thick-axes. The cell length and width were tracked by
measuring the frequencies of the spectral peaks corresponding to
the cell length and width, respectively. Nonlinear regression fitting
(Gauss-Newton algorithm) to the constant cell-volume model
approximation (see Results) was applied (Matlab, Mathworks) to
determine the ratio between deformations in the cell width- and
thick-axes.

Statistics. All experiments were performed with at least 9 cells in
each control and Dz group. All data are presented as mean *
SEM. Comparisons were made using a one-way repeated
measurements ANOVA test with p<<0.05 taken to indicate
statistical significance.

Acknowledgments

We are deeply grateful to Mr. Bruce D. Ziman for preparing the isolated
cells, and to Drs. Harold A. Spurgeon and Edward G. Lakatta for useful

discussions.

Author Contributions

Conceived and designed the experiments: SJS YY. Performed the
experiments: YY. Analyzed the data: YY SJS. Contributed reagents/
materials/analysis tools: M] KWF SW. Wrote the paper: YY SJS. Drafted
and revised the article: MJ DBZ KF.

. Juhaszova M, Wang S, Zorov DB, Nuss HB, Gleichmann M, et al. (2008) The
identity and regulation of the mitochondrial permeability transition pore: where
the known meets the unknown. Ann N'Y Acad Sci 1123: 197-212.

. Hayashi T, Martone ME, Yu Z, Thor A, Doi M, et al. (2009) Three-dimensional

electron microscopy reveals new details of membrane systems for Ca2+ signaling

in the heart. J Cell Sci 122: 1005-1013.

Kaasik A, Joubert F, Ventura-Clapier R, Veksler V (2004) A novel mechanism

of regulation of cardiac contractility by mitochondrial functional state. FASEB J

18: 1219-1227.

Kaasik A, Kuum M, Joubert F, Wilding J, Ventura-Clapier R, et al. (2010)

Mitochondria as a source of mechanical signals in cardiomyocytes. Cardiovasc

Res 87: 83-91.

. Konbhilas JP, Irving TC, de Tombe PP (2002) Myofilament calcium sensitivity in
skinned rat cardiac trabeculae: role of interfilament spacing. Circ Res 90: 59-65.

. Kowaltowski A]J, Seetharaman S, Paucek P, Garlid KD (2001) Bioenergetic

consequences of opening the ATP-sensitive K(+) channel of heart mitochondria.

Am J Physiol Heart Circ Physiol 280: H649-657.

Syroeshkin AV, Bakeeva LE, Cherepanov DA (1998) Contraction transitions of

F1-FO ATPase during catalytic turnover. Biochim Biophys Acta 1409: 59-71.

Strauss M, Hofhaus G, Schroder RR, Kuhlbrandt W (2008) Dimer ribbons of

ATP synthase shape the inner mitochondrial membrane. EMBO J 27:

1154-1160.

. Pedersen SF, Nilius B (2007) Transient receptor potential channels in
mechanosensing and cell volume regulation. Methods Enzymol 428: 183-207.

. Anesti V, Scorrano L (2006) The relationship between mitochondrial shape and
function and the cytoskeleton. Biochim Biophys Acta 1757: 692-699.

. Konhilas JP, Irving TC, de Tombe PP (2002) Frank-Starling law of the heart

and the cellular mechanisms of length-dependent activation. Pflugers Arch 445:

305-310.

Farman GP, Allen EJ, Gore D, Irving TC, de Tombe PP (2007) Interfilament

spacing is preserved during sarcomere length isometric contractions in rat

cardiac trabeculae. Biophys J 92: L73-75.

Chung CS, Granzier HL (2011) Contribution of titin and extracellular matrix to

passive pressure and measurement of sarcomere length in the mouse left

ventricle. J Mol Cell Cardiol 50: 731-739.

de Tombe PP, ter Keurs HE (1992) An internal viscous element limits unloaded

velocity of sarcomere shortening in rat myocardium. J Physiol 454: 619-642.

Kulke M, Fujita-Becker S, Rostkova E, Neagoe C, Labeit D, et al. (2001)

Interaction between PEVK-titin and actin filaments: origin of a viscous force

component in cardiac myofibrils. Circ Res 89: 874-881.

Katsnelson LB, Sulman T, Solovyova O, Markhasin VS (2011) Role of

myocardial viscoelasticity in disturbances of electrical and mechanical activity in

calcium overloaded cardiomyocytes: mathematical modeling. J Theor Biol 272:

83-95.

20.

21.

29.
30.

31.

32.

July 2011 | Volume 6 | Issue 7 | 21985



34.

36.

37.

38.

40.

41.

42.

Iribe G, Helmes M, Kohl P (2007) Force-length relations in isolated intact
cardiomyocytes subjected to dynamic changes in mechanical load. Am J Physiol
Heart Circ Physiol 292: H1487-1497.

. Baxi J, Barclay CJ, Gibbs CL (2000) Energetics of rat papillary muscle during

contractions with sinusoidal length changes. Am J Physiol Heart Circ Physiol
278: H1545-1554.

Layland J, Young IS, Altringham JD (1995) The length dependence of work
production in rat papillary muscles in vitro. J Exp Biol 198: 2491-2499.

Pagel PS, Kehl F, Gare M, Hettrick DA, Kersten JR, et al. (2003) Mechanical
function of the left atrium: new insights based on analysis of pressure-volume
relations and Doppler echocardiography. Anesthesiology 98: 975-994.
Braunwald E, Frahm CJ (1961) Studies on Starlings Law of Heart.4.
Observations on Hemodynamic Functions of Left Atrium in Man. Circulation
24: 633-642.

. Mitchell JH, Gupta DN, Payne RM (1965) Influence of Atrial Systole on

Effective Ventricular Stroke Volume. Circulation Research 17: 11-18.
Mitchell JH, Shapiro W (1969) Atrial Function and Hemodynamic Conse-
quences of Atrial Fibrillation in Man. American Journal of Cardiology 23:
556-567.

Rahimtoola SH, Ehsani A, Sinno MZ, Loeb HS, Rosen KM, et al. (1975) Left
atrial transport function in myocardial infarction. Importance of its booster
pump function. Am J Med 59: 686-694.

Appleton CP, Hatle LK, Popp RL (1988) Relation of transmitral flow velocity
patterns to left ventricular diastolic function: new insights from a combined
hemodynamic and Doppler echocardiographic study. J Am Coll Cardiol 12:
426-440.

. Lakatta EG (1993) Cardiovascular regulatory mechanisms in advanced age.

Physiol Rev 73: 413-467.

@ PLoS ONE | www.plosone.org

13

44.

46.

47.

48.

49.

50.

51.

53.

Analysis of Mitochondrial 3D-Deformation

Dalen BM, Soliman OI, Kauer F, Vletter WB, Zwaan HB, et al. (2010)
Alterations in left ventricular untwisting with ageing. Circ J 74: 101-108.

. Fraticelli A, Josephson R, Danziger R, Lakatta E, Spurgeon H (1989)

Morphological and contractile characteristics of rat cardiac myocytes from
maturation to senescence. Am J Physiol 257: H259-265.

Satoh H, Delbridge LM, Blatter LA, Bers DM (1996) Surface:volume
relationship in cardiac myocytes studied with confocal microscopy and
membrane capacitance measurements: species-dependence and developmental
effects. Biophys J 70: 1494-1504.

Grutzner A, Garcia-Manyes S, Kotter S, Badilla CL, Fernandez JM, et al. (2009)
Modulation of titin-based stiffness by disulfide bonding in the cardiac titin N2-B
unique sequence. Biophys J 97: 825-834.

Gottlieb RA, Gustafsson AB (2010) Mitochondrial turnover in the heart.
Biochim Biophys Acta 1813: 1295-1301.

Frohman MA (2010) Mitochondria as integrators of signal transduction and
energy production in cardiac physiology and disease. ] Mol Med 88: 967-970.
Hom J, Yu T, Yoon Y, Porter G, Sheu SS (2010) Regulation of mitochondrial
fission by intracellular Ca2+ in rat ventricular myocytes. Biochim Biophys Acta
1797: 913-921.

Chen L, Gong Q, Stice JP, Knowlton AA (2009) Mitochondrial OPAL,
apoptosis, and heart failure. Cardiovasc Res 84: 91-99.

. Beraud N, Pelloux S, Usson Y, Kuznetsov AV, Ronot X, et al. (2009)

Mitochondrial dynamics in heart cells: very low amplitude high frequency
fluctuations in adult cardiomyocytes and flow motion in non beating HI-1 cells.
J Bioenerg Biomembr 41: 195-214.

da Silva Lopes K, Pictas A, Radke MH, Gotthardt M (2011) Titin visualization
in real time reveals an unexpected level of mobility within and between
sarcomeres. J Cell Biol 193: 785-798.

July 2011 | Volume 6 | Issue 7 | 21985



