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Abstract

Biological tissues have a complex hierarchical architecture that spans organ to subcellular scales
and comprises interconnected biophysical and biochemical machinery. Mechanotransduction, gene
regulation, gene protection, and structure-function relationships in tissues depend on how force
and strain are modulated from macro to micro scales, and vice versa. Traditionally, computational
and experimental techniques have been used in common model systems (e.g., embryos) and
simple strain measures were applied. But the hierarchical transfer of mechanical parameters like
strain in mammalian systems is largely unexplored in vivo. Here, we experimentally probed
complex strain transfer processes in mammalian skeletal muscle tissue over multiple biological
scales using complementary /n vivo ultrasound and optical imaging approaches. An iterative
hyperelastic warping technique quantified the spatially-dependent strain distributions in tissue,
matrix, and subcellular (nuclear) structures, and revealed a surprising increase in strain magnitude
and heterogeneity in active muscle as the spatial scale also increased. The multiscale strain
heterogeneity indicates tight regulation of mechanical signals to the nuclei of individual cells in
active muscle, and an emergent behavior appearing at larger (e.g. tissue) scales characterized by
dramatically increased strain complexity.
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1. Introduction

Biological tissues have a complex hierarchical structure ranging from organ to subcellular
(e.g., chromatin) spatial scales. The central organelle of gene expression, the nucleus, is
physically linked to the cell exterior through several structural elements including
nucleoskeletal, cytoskeletal, and plasma membrane proteins. Physical connections therefore
enable direct mechanical regulation of the cell and nucleus from the local molecular
structure of the extracellular matrix (ECM)L. Also, the active components inside cell, e.g.
actomyosin and microtubule machinery, are responsible for tight regulation of local
subcellular functions important for cell contraction, division, reorganization and migration.
The ECM, consisting of several macromolecules (e.g., collagens and proteoglycans), along
with the embedded cells, form a complex architecture in which specific organ functions
emerge. The spatial mechanical regulation at various hierarchical level can trigger the
biochemical pathways, a process called mechanotransduction or mechanoregulation.
Mechanotransduction at the cell-ECM interface and in the cytoskeletal structure has been
investigated in the context of cancer cell metastasis, wound healing, development and stem
cell differentiation?. There is increasing evidence of nuclear mechanotransduction, as
mechanical forces at the organ and tissue levels can be transferred to the nucleus via
physical links from the macro- to micro-scale to orchestrate intranuclear strain dynamics and
chromatin architecture reorganization3. Therefore, the tissue-level mechanical forces and
strain can modulate the accessibility of specific genes to transcription proteins at a high
spatial precision®.

An alternative hierarchical mechanoregulation mechanism can be viewed as the emergence
of complexity from micro- to macro- scale, in contrast to the aforementioned macro- to
micro-mechanoregulation. For example, mutations in a single gene can also alter the
cellular, tissue, and organ scale structures and functions. Those mutations can disrupt the
translation of several key proteins, thus compromising the function of healthy tissues. This
paradigm of internal gene disruption altering organ scale structure indicates an existing
micro- to macro-scale mechanoregulation. A classic example includes the mutation in lamin
AJC gene, which is known to cause altered production of lamin proteins, thus perturbing the
structural support of the nuclear membrane. Functionally, this mutation causes a plethora of
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diseases collectively known as laminopathies that lead to a weak musculoskeletal system and
premature aging, characterized by a greatly decreased production of essential ECM
proteins®.

In both mechanoregulation modalities, macro- to micro- or micro- to macro-, although
several factors have been identified to be the key regulators at multiple scales of the, the
detailed and comprehensive mechanism of this complex process remains elusive especially
in vivo. Specifically, the influence of spatial deformation patterns on the activation of
mechanoregulators and their respective mechanochemical pathways is not clearly
understood. Computational and experimental approaches have been employed to many
tissue types to investigate multiscale and spatial mechanoregulation mechanisms.
Computational research has thoroughly investigated how continuum mechanics, molecular
mechanics, or a combination of both can explain the multiscale force transfer and
downstream chemical pathway activation in soft tissues (e.g. skeletal muscle5-8,
cardiovascular system®10 and articular cartilagel1-12). Experimental paradigms have used
isolated single cell mechanics, tissue equivalents, or /n situ studies to probe multiscale strain
transfer and mechanotransduction mechanisms in the ECM, cell, and nucleus!3:14, To
elucidate the mechanical information transfer at different hierarchical levels, the deformation
is typically quantified as displacement or strain, allowing for the comparison of values at
different scales to gain mechanistic insight at a controlled loading scenariol314, One
primary limitation of those previous studies is that they quantify the ECM, cellular, or
nuclear strain using rudimentary strain measurement approaches, i.e., quantification of bulk
linear measurements, areas, or volumetric strains and aspect ratios. Therefore, the intra
spatial details of the deformation are lost!®. While a few /n situ studies have tried to
overcome this limitation by measuring spatial strain distributions in the chondrocyte
nucleus!® and fibroblast cytoplasm16, they are limited to probing so only at a single scale.
Therefore, quantification of multiscale spatial strain distribution at a high resolution in vivo
is required to further our understanding of the inherent complexity of mechanotransduction.

The objective of this study is to quantify the spatial distribution of mechanical strain at
different length scales to probe how mechanical information is connected between the tissue
to the inner nuclei of embedded cells via the matrix. Specifically, we used murine skeletal
muscle as an /n vivo model for probing this relationship. Skeletal muscle was chosen
because the biomechanics of the tissue are relatively well understood from previous
studies!’, and because the tissue deforms easily near the skin surface, facilitating in vivo
investigation compared to other deep tissues such as the heart or cartilage. To apply a
controlled mechanical loading, murine hind limb skeletal muscle was activated using a
neuromuscular stimulation system integrated with multiple imaging modalities. In one set of
experiments, the organ-scale deformation was imaged using ultrasound, and the spatial strain
distribution was quantified. In a separate set of experiments, tissue and nuclear deformation
were simultaneously imaged using optical microscopy, allowing us to quantify spatial strain
distributions at smaller scales. The spatial strain was measured using an iterative
hyperelastic warping technique based on the imaging datal®. We validated this technique at
all scales using known forward deformations. The spatial strain distributions were also
compared with the limited capability of bulk strain measurements to gain novel insights into
the heterogeneity of /ntra multiscale biomechanics ranging from centimeter to micron scales.
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The results are discussed from a multiscale mechanobiology perspective and have the
potential to advance /n vivo biomechanics research for a variety of biomedical applications.

2. Materials and Methods

2.1 Neuromuscular stimulation of mouse hind limb

All animal experiments were performed under Institutional Animal Care and Use Committee
(IACUC) approved protocols. C57BL/6J male mice were purchased from Jackson
Laboratories (n7=5 for ultrasound experiments, /=5 for optical microscopy experiments,
age=12 weeks). The anterior compartment of hind leg skeletal muscle was stimulated using
a neuromuscular stimulation (NEMS) unit (300 PV Empi) with a modified technique
described previously!8. The bulk leg movement of the mouse was restricted using a custom-
made fixture to simulate controlled loading (Figure 1A). Animals were anesthetized with
1-3% isoflurane (Kent Scientific, Torrington, CT) in 100% oxygen and remained
unconscious during muscle stimulation. A small incision was made on the dorsal side of the
hind leg and the skin was removed to expose the anterior compartment muscles. The thin fat
layer covering the tibialis anterior muscle was also removed. Copper electrodes were placed
directly over the deep fibular nerve, a distal branch of the common peroneal nerve that is
located anterior to the fibular head. A milliampere range current stimulated the tibialis
anterior and the extensor digitorum longus muscles. While the constraints prevented
dorsiflexion of the ankle, full extension of digits confirmed the stimulation of both muscles.
We acquired ultrasound and optical microscopy images using same biomechanical
stimulation settings without stimulation (undeformed) and with stimulation (deformed).
Animals were sacrificed post-experiment by anesthetic overdose and subsequent cervical
dislocation.

2.2 Ultrasound imaging of tissue deformation

For tissue scale imaging, a high frequency ultrasound (Vevo2100, FUJIFILM VisualSonics)
was used to acquire sequential axial plane images, that were combined into 3D volumes of
the hind limbs. After application of ultrasound gel and fixing the electrodes in place, a 50
MHz center frequency transducer (30 um axial and 70 pum lateral resolution; VisualSonics
microscan transducer MS700) scanned a 2.0 cm distance (154 pum step size) over the tibialis
anterior muscle. The complete ultrasound scan deformed state takes around 10 seconds, a
period during which the stimulation was applied. Images in the coronal plane were
reconstructed using a custom MATLAB script (Figure 1B). The transverse and coronal
undeformed and deformed images were then compared to quantify the organ scale strain.

2.3 Microscopy of matrix and nuclear deformation

For optical microscopy, the live nuclei were stained by dipping the muscle in 1x PBS mixed
with NucBlue Live ReadyProbes Reagent (Thermo Fisher Scientific Inc.) for 35 minutes,
followed by thorough washing. 3D imaging was performed using an inverted confocal
microscope (Nikon Eclipse Ti A1R) at two different magnifications (10x and 40x) by
maintaining the same field of view. These two magnifications were used to visualize the
tissue and the detailed features of nuclei, respectively. After finding the appropriate field of
view, we captured zstack images in the unstimulated state at 40x, followed by 10x (Figure
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1B). Stimulation was then started and z-stack images were captured intra-stimulation at 10x,
followed by 40x. The complete microscopy scan in the deformed state takes around 90
seconds, during which the stimulation was applied. The undeformed and deformed images
were then compared to quantify the tissue and nuclear strain as described in the following
sections.

2.4 Quantification of bulk strain

To quantify the volumetric tissue strain, volumetric masking of the tibialis anterior muscle
was performed (n=5) using VevoLAB software (FUJIFILM VisualSonics). The tibialis
anterior was visually isolated in each acquired ultrasound volume and a perimuscular outline
was manually segmented to render a volumetric region of interest. Volumetric strain was
quantified as e, = abs[(deformed volume-undeformed volume)/deformed volume], where
‘abs’ represents absolute value. To quantify linear strain at the tissue scale, the coronal plane
corresponding to the wedge shaped anatomical feature observed in transverse planes
(indicated by pink arrow in Figure 2) was used. Surface to surface strain (major axis and
minor axis) was quantified using the maximum distances in the coronal plane (n=5). Linear
strain was quantified as ejjp tissye = abs[(deformed length in tissue-undeformed length in
tissue)/deformed length in tissue]. To quantify matrix scale strain, marker nuclei were
chosen in the field of view. Linear distances were measured along the contraction axis, as
well as its orthogonal axis (n=5). Linear strain was quantified as ejjn matrix = abs[(deformed
length in matrix-undeformed length in matrix)/deformed length in matrix]. For nuclei, the
surface-to-surface strain was quantified along major and minor axes using similar linear
measurements. Same as before, linear strain was quantified, ejjp nycleus = abs[(deformed
length on nucleus-undeformed length in nucleus)/deformed length in nucleus]. Total 12
nuclei from 5 different samples were analyzed.

2.5 Quantification of spatial strain by iterative hyperplastic warping

The spatial strain distribution for all scales was obtained using an iterative hyperelastic
warping technique developed previouslyl®. The technique uses the local difference in image
intensity to match a discretized template image with a target image, thereby obtaining the
displacement map required for complete registration. During the image analysis process,
spatial averaging in the form of Gaussian blurring is used to avoid local minima which
would stop the global image registration prematurely. The displacement undergoes
postprocessing to quantify spatial parameters, such as Green- Lagrangian strain (e.g. Exy,
£y, and Ey,). An effective two-dimensional hydrostatic strain related to volume change was
computed as Epy=(Exx+ Ey)/2. The first deviatoric strain related to shape change was
calculated as Exy-Epy The analysis was performed over multiple datasets (n=5 for tissue,
n=5 for matrix, n=6 for nucleus).

2.6 Validation of iterative hyperelastic warping

To assess the validity of the iterative hyperelastic warping technique at all scales, we applied
known forward displacement maps on respective images. The displacement maps quantified
by iterative hyperelastic warping were compared to the known displacement map applied in
the forward simulation.
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2.7 Statistics

The strain in the tissue scale showed more variance than the matrix and nucleus scales (i.e.
heteroscedasticity), and thus nonparametric statistical tests were applied. Kruskal-Wallis
oneway analysis of variance (ANOVA) was to used test any statistically significant strain
difference between the groups. Pairwise comparison between groups were performed using
Wilcoxon-Mann-Whitney test. The difference was considered statistically significant for p<
0.01. The coefficient of determination (R2) was calculated using linear regression and paired
t-test was applied for validation study data. Minitab 17 (Minitab Inc.) was used for all
statistical tests.

3.1 Spatial strain pattern across length scales

Strain maps at various length scales from organ to nucleus exhibited widely varying and
spatially heterogeneous deformation (Figure 2). In order to align strain results with the
predominantly ydirection of active muscle contraction and for visualization comparable to
physical contraction, strains are presented as Eyy, £,,,and £, The deformation features
observed from the undeformed and deformed images (Supplementary Video 1-4) were
captured in the strain map. In tissue scale, in the coronal plane xy;, mostly negative
(contraction) £, can be observed in the primary direction of contraction y (along the
myofibers) and mostly positive £, (extension) can be observed in the direction of extension
x (across the myofibers). At the tissue scale, the transverse section showed that the
superficial portion of the tibialis anterior was compressed up to 20% strain, while the deeper
portion expanded up to 20% along z direction. In the direction of extension x, strains of 20%
or even higher were observed. The shear strain caused by heterogeneous organ deformation
at different regions, was also found to be significant. Those spatial strain maps showed that a
complex deformation pattern existed even across one single muscle while it was stimulated,
in contrast to a uniform shortening as we initially expected. Similar behavior can be
visualized at the matrix scale, mostly contraction along primary direction of contraction y
and extension along the orthogonal direction x was visualized. However local variations can
be observed, thus elucidating spatially varying strain response. In nucleus scale, no obvious
strain directionality was observed. Random localized regions of extension and contraction
was visualized.

Deformation measure across the length scales showed significantly different magnitude of
strain at various scales (Figure 3). Derived strain measures, i.e. hydrostatic, deviatoric, along
with shear strain were computed to visualize overall volumetric change, shape change and
induced shear in contrast to directional strains. The derived strain distribution along the
coronal section shows the variability and magnitude of strain across scales. (Figure 3A). It is
evident from these plots that though most of the tissue was compressed by 5% (with a peak
of -0.05), a large distribution occurred towards both positive and negative values, further
illustrating the spread in the spatial nature of the strain. The deviatoric and shear strains were
mostly centered around zero, though a distribution of strain was still visible.
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The strain values decreased by one order of magnitude at the matrix scale compared to tissue
scale. The undeformed and deformed images (Supplementary videos 1-4) revealed that at
the matrix scale there were also localized regions of tensile and compressive strains. Though
the shear strain was still centered near zero, the hydrostatic and deviatoric strains were
significant (peak at -0.01). This suggests that in addition to the volumetric changes incurred
at the organ scale, there was a significant shape change occurring at the tissue scale. In the
nuclei, this effect was even more prominent. Although the strain values dropped by one
more order of magnitude in nuclei, the hydrostatic and deviatoric strain values were both
significant. This further suggests that at this small scale the volumetric and shape changes
were both significant (peaks at 0.005 and -0.004, respectively).

3.2 Bulk strain measurement versus spatial strain pattern

Iterative hyperelastic warping not only reveals spatial strain difference in individual scales,
but also indicates overall strain difference across scales, which is not captured by bulk strain
measurements. In all cases, the absolute value of the strain was used to average over multiple
samples. In tissue scale, the bulk volumetric measurement showed 16.5 + 14.2% strain
experienced by the muscle, while the linear measurement based strain computation predicted
5.2 + 3.2% strain (Figure 3B). Thus, the volumetric and linear measurements showed
discrepancies in the measurement. Average spatial hydrostatic strain in tissue scale was
quantified to be 7.8 + 2.3% (Figure 3C), a little higher than that found by bulk linear
measurement but lower than bulk volumetric measurements. At the matrix scale, we
quantified approximately 3.1 + 1.4% strain from linear measurement based techniques,
which was not commensurate with the lower average spatial hydrostatic strains (0.9 £ 0.3%).
The nucleus showed very small strain values as observed from the deformation pattern, and
was quantified as 0.3 £ 0.1% from the bulk linear measurement and a similar 0.3 + 0.1%
from spatial averaging. Therefore, bulk strain measurements give contradictory results at the
tissue and matrix scales. An interesting observation was that though the bulk measurements
did not show any significant strain difference between tissue and matrix scales (Figure 3B),
the iterative hyperelastic warping did (Figure 3C).

3.3 Validation and sensitivity analysis

The iterative hyperelastic warping technique was validated at all scales with known forward
displacements and is demonstrated by plotting the computed displacement against data
known forward displacement data (Figure 4). The iterative hyperelastic warping technique
quantified the spatial displacement accurately (characterized by R2, slope of fitted trendline
m, and p value computed from paired t-test) at all scales. Details are as follows - Tissue: R?
=0.98, m=0.97, p < 0.0001; Matrix: R? = 0.99, m=0.99, p < 0.0001, Nucleus: R? = 0.95,
m=1.02, p <0.0001. Even for ultrasound images, which are known to suffer from spatial
white noise and reflection artifacts, R? = 0.98 was achieved.

4. Discussion

This study quantified multiscale deformation in skeletal muscle in vivo and reveals the
complex strain transfer across scales. The results show that there is much variability of
deformation in each individual scale, and that as we move to a macro scale (i.e. subcellular
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to tissue regions), the deformation and its variability is magnified. Previous /n situ studies in
cartilage showed that on shear loading the strain in the nucleus in amplified compared to the
strain in tissuel®. Another study reported that on compressive loading of cartilage, in the
superficial zone, strain in chondron is attenuated thus showing a protective mechanism?.
However, in deeper zone, chondron strain was amplified. Thus, depending on the loading
mode and functionality of the specific tissues, mechanisms may exist to shield the
subcellular region from external deformations or amplified to facilitate triggering tissue-
specific mechanotransduction pathways. Those previous studies and the results from the
present study indicate that in skeletal muscle similar protective mechanisms may exist to
shield the nucleus from an actively deforming and mechanically demanding environment,
thus providing a tight regulation of gene expression in nucleus. It is known that in skeletal
muscle the nuclei of healthy cells remain at the periphery regions of the myofibersl’. On
occurrence of injuries, the nuclei migrate to the center, and then migrate back after muscle
recovery. This further suggests that the location and organization of nuclei in skeletal muscle
may be designed in a way that the nuclei experience minimal deformation induced by the
actomyosin contraction machinery in the central region of myofibers. As this protective
mechanism may be encoded in the perinuclear space or at the nuclear membrane, further
investigation is warranted.

Increasing strain in tissue compared to matrix gives another set of novel mechanistic insight
which indicates that strain is amplified from the cell to tissue scale. The basic mechanism of
muscle contraction was mediated by the contraction of the acto-myosin assembly. Therefore,
the effect at the subcellular scale was the direct consequence of the acto-myosin contraction
machinery, though we did not measure that. Thus the subcellular and nuclear strains are
locally dependent on molecular machinery and highly regulated. At increasingly larger
scales, more passive elements start contributing in the deformation response. Matrix scale
strain most likely emerges from the subcellular- and cellular-scale strain through several
passive elements, which do not directly interact with acto-myosin contraction machinery.
Furthermore, the tissue scale strain was demonstrated to be higher than the matrix scale
strain. This indicates that at a larger scale, further emergent properties may be affected by
more passive elements, i.e., ECM and their architecture and other connected tissues, i.e.
tendon. A model mechanism of such passive element-dominated behavior and resultant
emergent properties is proposed (Figure 5). This kind of emergent behavior is most likely
observed in skeletal muscle because its primary function is to orchestrate movement through
contractions which require more complex and higher deformation (order of centimeter) than
that is induced by simple molecular level machinery (order of nanometer).

The iterative hyperelastic warping technique can successfully quantify the strain over
multiple length scales with different image data types as illustrated in this work. At the
tissue scale, hyperelastic warping has been successfully applied on MRI and CT images, and
in ultrasound images to quantify spatial strain?:21, Speckle tracking has also been attempted
to quantify deformation using ultrasound images?2, but it is limited by lower accuracy and
poor resolution. Iterative hyperelastic warping depends on the texture of images, and is
limited only by the quality of images acquired. As implemented in this work, this technique
can reliably quantify the strain in both the transverse plane and the reconstructed coronal
plane using ultrasound images, even though the latter has lower spatial resolution. In the
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nucleus, this technique has been used before Jn sittA®, but this is the first work where the
iterative hyperelastic warping is used in nucleus and tissue level strain quantification /n vivo.
The previous multiscale /n situ studies suffer from the loss of the full complexity of the in
vivo system. /n vivo biomechanics have been investigated at organ and tissue scales, via bulk
and spatial measurements using ultrasound?2-2% and MR126-29 in several organ types.
However, the investigation of cell level mechanics /n vivois a new research area, with a few
studies available on lower order lifeforms (e.g. in drosophila®® and nematode3! embryos). In
mice, cell mechanics have been studied spatially and temporally in chondrocytes using
controlled loading of cartilage joints32:33, but the researchers used simple cell geometry
based measurements to probe the cell mechanics and thus lack any spatial details of
deformation. It was clearly observed that bulk measurement of strain does not give
meaningful information, is prone to user dependent errors and sometimes leads to
discrepancies in the strain measurements. Spatial strain quantification at is an automated
technique to understand detailed mechanics, and is important to quantify as the detailed
spatial mechanics can affect the biomechanical phenomena in the local microenvironment.

Although the stimulation experiments were performed in almost similar biomechanical
settings, each imaging modality (i.e. ultrasound and optical microscopy) required specific
adjustments in the stimulation settings and particular imaging configurations. The applied
stimulation was just enough to start muscle contraction, but any stronger stimulation was
avoided in order to avoid fatigue in the muscle. The stimulation was confirmed visually by
observed hind-limb digit extension. This threshold was observed to be at 1.5-2.0 mA for
optical microscopy experiments, but at ~45-50 mA for ultrasound imaging. This may be due
to the applied ultrasound gel acting as a poor electrical conductor. Regardless, the present
study can be supplemented with future multiscale computational biomechanics studies to
further illustrate the strain transfer pattern we observed.

The response of the tibialis anterior muscle was imaged by ultrasound at a given transverse
plane before, during, and after stimulation. While there is a possibility of muscle fatigue
while the muscle remained stimulated, we observed that for the given time interval we used
to maintain deformation, the muscle did not show any fatigue response, thus confirming that
sequentially performing optical imaging at two different magnifications is valid and can be
used for comparing nuclear strain to tissue strain.

This study opens avenues for the growing field of research in multiscale /n vivo
biomechanics, specifically at the nucleus, cell, and tissue scales. Future research directions
include the investigation of the temporal response of skeletal muscle to repeated cyclic
loading, which can reveal viscoelastic behavior of the skeletal muscle /n vivo. Finally,
investigating the effect of aberrant nuclear phenotypes on multiscale strain can provide novel
insights on the role that genetics play in maintaining muscle mechanical homeostasis.

Conclusion

Multiscale biomechanics of skeletal muscle was experimentally investigated /n vivo. A
combination of ultrasound and optical microscopy was used to image the neuromuscular
stimulation in organ, tissue and nucleus scales. An iterative hyperelastic warping technique
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quantified the spatial strain in different scales and showed complex strain transfer pattern
over scales, that could not be achieved using traditionally used simple geometric strain
measurement techniques. The results suggest complex emergent phenomena at larger scales,
that are derived from molecular mechanism combined with materials properties at several
scales, and protective nature at subcellular scale that leads to controlled regulation of
transcription machinery in the nucleus.

Supplementary Material

Refer to Web version on PubMed Central for supplementary material.

Acknowledgments

The authors would like to acknowledge funding from AHA 14SDG18220010 (to CJG), NIH RO1 AR063712, NIH
R21 AR064178, NIH R21 AR066230, and NSF CAREER 1349735 (to CPN).

References

1. Maniotis AJ, Chen CS, Ingber DE. Demonstration of mechanical connections between integrins,
cytoskeletal filaments, and nucleoplasm that stabilize nuclear structure. Proc Natl Acad Sci U S A.
1997; 94:849-854. [PubMed: 9023345]

2. Iskratsch T, Wolfenson H, Sheetz MP. Appreciating force and shape- the rise of
mechanotransduction in cell biology. Nat Rev Mol Cell Biol. 2014; 15:825-833. [PubMed:
25355507]

3. Irianto J, Swift J, Martins RP, McPhail GD, Knight MM, Discher DE, Lee DA. Osmotic challenge
drives rapid and reversible chromatin condensation in chondrocytes. Biophys J. 2013; 104:759-7609.
[PubMed: 23442954]

4. Tajik A, Zhang Y, Wei F, Sun J, Jia Q, Zhou W, Singh R, Khanna N, Belmont AS, Wang N.
Transcription upregulation via force-induced direct stretching of chromatin. Nat Mater. 2016;
15:1287-1296. [PubMed: 27548707]

5. Lammerding J, Schulze PC, Takahashi T, Kozlov S, Sullivan T, Kamm RD, Stewart CL, Lee RT.
Lamin A/C deficiency causes Tema Grupo defective nuclear mechanics and mechanotransduction. J
Clin Invest. 2004; 113:370-378. [PubMed: 14755334]

6. Heidlauf T, Klotz T, Rode C, Altan E, Bleiler C, Siebert T, Réhrle O. A multi-scale continuum
model of skeletal muscle mechanics predicting force enhancement based on actin-titin interaction.
Biomech Model Mechanobiol. 2016; 15:1-15.

7. Rohrle, O., Sprenger, M., Ramasamy, E., Heidlauf, T. Computer Models in Biomechanics. Springer;
New York: 2013. Multiscale Skeletal Muscle Modeling: From Cellular Level to a Multi-segment
Skeletal Muscle Model of the Upper Limb; p. 103-116.

8. Virgilio KM, Martin KS, Peirce SM, Blemker SS. Multiscale models of skeletal muscle reveal the
complex effects of muscular dystrophy on tissue mechanics and damage susceptibility. Interface
Focus. 2015; 5:20140080. [PubMed: 25844152]

9. Weinberg EJ, Shahmirzadi D, Mofrad MRK. On the multiscale modeling of heart valve
biomechanics in health and disease. Biomech Model Mechanobiol. 2010; 9:373-387. [PubMed:
20066464]

10. Stylianopoulos T, Barocas VH. Multiscale, Structure-Based Modeling for the Elastic Mechanical

Behavior of Arterial Walls. J Biomech Eng ASME. 2007; 129:611-618.

11. Erdemir A, Bennetts C, Davis S, Reddy A, Sibole S. Multiscale cartilage biomechanics: technical
challenges in realizing a high-throughput modelling and simulation workflow. Interface Focus.
2015; 5:20140081. [PubMed: 25844153]

12. Halloran JP, Sibole S, Van Donkelaar CC, Van Turnhout MC, Oomens CWJ, Weiss JA, Guilak F,
Erdemir A. Multiscale mechanics of articular cartilage: Potentials and challenges of coupling

ACS Biomater Sci Eng. Author manuscript; available in PMC 2017 December 20.



1duosnuen Joyiny 1duosnuey Joyiny 1duosnuen Joyiny

1duosnuep Joyiny

Ghosh et al.

13.

14.

15.

16

17.

18.

19.

20.

21.

22.

23.

24.

25.

26.

217.

28.

29.

Page 11

musculoskeletal, joint, and microscale computational models. Ann Biomed Eng. 2012; 40:2456—
2474. [PubMed: 22648577]

Bancelin S, Lynch B, Bonod-Bidaud C, Ducourthial G, Psilodimitrakopoulos S, Dokladal P, Allain
JM, Schanne-Klein MC, Ruggiero F. Ex vivo multiscale quantitation of skin biomechanics in wild-
type and genetically-modified mice using multiphoton microscopy. Sci Rep. 2015; 5:17635.
[PubMed: 26631592]

Bell BJ, Nauman E, Voytik-Harbin SL. Multiscale strain analysis of tissue equivalents using a
custom-designed biaxial testing device. Biophys J. 2012; 102:1303-1312. [PubMed: 22455913]
Henderson JT, Shannon G, Veress Al, Neu CP. Direct measurement of intranuclear strain
distributions and RNA synthesis in single cells embedded within native tissue. Biophys J. 2013;
105:2252-2261. [PubMed: 24268137]

. Ghosh S, Craig Dutton J, Han B. Measurement of Spatiotemporal Intracellular Deformation of

Cells Adhered to Collagen Matrix During Freezing of Biomaterials. J Biomech Eng ASME. 2014;
136:0210251-0210258.

QOatis, C. Kinesiology: The Mechanics and Pathomechanics of Human Movement. 2nd. Lippincott
Williams & Wilkins; Philadelphia: 2009. p. 45-68.

Ambrosio F, Fitzgerald GK, Ferrari R, Distefano G, Carvell G. A murine model of muscle training
by neuromuscular electrical stimulation. J Vis Exp. 2012; 63:3914.

Choi JB, Youn I, Cao L, Leddy HA, Gilchrist CL, Setton LA, Guilak F. Zonal changes in the three-
dimensional morphology of the chondron under compression: The relationship among cellular,
pericellular, and extracellular deformation in articular cartilage. J Biomech. 2007; 40:2596-2603.
[PubMed: 17397851]

Veress, A., Phatak, N., Weiss, J. The Handbook of Medical Image Analysis: Segmentation and
Registration Models. Vol. 3. Kluwer Academic/Plenum Publishers; New York: 2004. Deformable
Image Registration with Hyperelastic Warping; p. 487-534.

Veress Al, Weiss JA, Gullberg GT, Vince DG, Rabbitt RD. Strain Measurement in Coronary
Avrteries Using Intravascular Ultrasound and Deformable Images. J Biomech Eng ASME. 2002;
124:734-741.

Korstanje JWH, Selles RW, Stam HJ, Hovius SER, Bosch JG. Development and validation of
ultrasound speckle tracking to quantify tendon displacement. J Biomech. 2010; 43:1373-1379.
[PubMed: 20152983]

Phillips EH, Yrineo AA, Schroeder HD, Wilson KE, Cheng JX, Goergen CJ. Morphological and
Biomechanical Differences in the Elastase and Angll apoE -/=Rodent Models of Abdominal
Aortic Aneurysms. Biomed Res Int. 2015; 2015:1-12.

Goergen CJ, Li HH, Francke U, Taylor CA. Induced chromosome deletion in a williams-beuren
syndrome mouse model causes cardiovascular abnormalities. J Vasc Res. 2011; 48:119-129.
[PubMed: 20926892]

Goergen CJ, Johnson BL, Greve JM, Taylor CA, Zarins CK. Increased Anterior Abdominal Aortic
Wall Motion: Possible Role in Aneurysm Pathogenesis and Design of Endovascular Devices. J
Endovasc Ther. 2007; 14:574-584. [PubMed: 17696635]

Chan DD, Cai L, Butz KD, Trippel SB, Nauman EA, Neu CP. In vivo articular cartilage
deformation: noninvasive quantification of intratissue strain during joint contact in the human
knee. Sci Rep. 2016; 6:19220. [PubMed: 26752228]

Goergen CJ, Azuma J, Barr KN, Magdefessel L, Kallop DY, Gogineni A, Grewall A, Weimer RM,
Connolly AJ, Dalman RL, Taylor CA, Tsao PS, Greve JM. Influences of aortic motion and
curvature on vessel expansion in murine experimental aneurysms. Arterioscler Thromb Vasc Biol.
2011; 31:270-279. [PubMed: 21071686]

Goergen CJ, Barr KN, Huynh DT, Eastham-Anderson JR, Choi G, Hedehus M, Dalman RL,
Connolly AJ, Taylor CA, Tsao PS, Greve JM. In vivo quantification of murine aortic cyclic strain,
motion, and curvature: implications for abdominal aortic aneurysm growth. J Magn Reson
Imaging. 2010; 32:847-858. [PubMed: 20882615]

Chan DD, Neu CP. Transient and microscale deformations and strains measured under exogenous
loading by noninvasive magnetic resonance. PLoS One. 2012; 7:e33463. [PubMed: 22448245]

ACS Biomater Sci Eng. Author manuscript; available in PMC 2017 December 20.



1duosnuepy Joyiny 1duosnuely Joyiny 1duosnuey Joyiny

1duosnue Joyiny

Ghosh et al. Page 12

30. Bambardekar K, Clément R, Blanc O, Chardes C, Lenne PF. Direct laser manipulation reveals the
mechanics of cell contacts in vivo. Proc Natl Acad Sci. 2015; 112:1416-1421. [PubMed:
25605934]

31. Daniels BR, Masi BC, Wirtz D. Probing Single-Cell Micromechanics In Vivo: The Microrheology
of C. elegans Developing Embryos. Biophys J. 2006; 90:4712-4719. [PubMed: 16581841]

32. Abusara Z, Seerattan R, Leumann A, Thompson R, Herzog W. A novel method for determining
articular cartilage chondrocyte mechanics in vivo. J Biomech. 2011; 44:930-934. [PubMed:
21145552]

33. Abusara Z, Von Kossel M, Herzog W. In Vivo Dynamic Deformation of Articular Cartilage in
Intact Joints Loaded by Controlled Muscular Contractions. PLoS One. 2016; 11:147547.

ACS Biomater Sci Eng. Author manuscript; available in PMC 2017 December 20.



1duosnuepy Joyiny 1duosnuely Joyiny 1duosnuey Joyiny

1duosnuely Joyiny

Page 13

(A)

.
Tissue Matrix Nucleus
Ultrasound Imaging Optical Microscopy

Figure 1. Experimental setup for neuromuscular stimulation of tibialis anterior muscle with
simultaneous imaging
(A) Schematic of the experimental setup for active murine neuromuscular stimulation /in

vivo. Two plastic fixtures were applied on the hind limb, and the stimulation was applied at
the deep fibular nerve. The tibialis anterior muscle deformed as a result of this stimulation
and the deformation was maintained until the end of imaging. (B) Three-dimensional
ultrasound image stacks were acquired in the axial plane of the limb. The image stacks were
used to reconstruct coronal plane images. Volume renderings were used to volumetrically
mask the tibialis anterior muscle, and were used to calculate the volumetric strain. Linear
marker lines (light blue dotted lines in coronal image) were drawn across the muscle section
to quantify linear bulk strains. Optical microcopy enabled visualization of tissue and nucleus
images at two separate magnifications. Similar linear bulk strains were quantified from
marker lines (pink and red dotted lines) for tissues and nuclei.
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Figur_e 2. Heterogeneous strain distribution across length scalesrevealed by iterative hyperelastic
warpin

Thepun?jeformed (green) and deformed images (red) were used to quantify strain
distributions. The overlay is shown to visually compare the undeformed and deformed
images directly; the spatial offset indicates the deformed position. In tissue scale axial
section, the xz plane is perpendicular to axis of contraction and x is the primary axis of
extension. In tissue scale coronal plane, yis the primary direction of contraction (along the
myofibers) and xis the primary direction of extension (across the myofibers). In matrix and
nucleus scales, yis also the primary direction of contraction (along the myofibers) and x is
the primary direction of extension (across the myofibers) in coronal plane. In coronal plane
for all scales, the Exy, £, and Ey,, strain components with respect to the xy coordinate
system, and in axial plane only for tissue, the Ey,, £, and E,; strain components with
respect to the xz coordinate system, represents the primary strain measure obtained from the
iterative hyperelastic warping. These primary strain measures were further used to derive
other strain measures. Blue arrows in deformed images show the primary direction of
muscle contraction.
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Figure 3. Strain magnitudes and heterogeneity decrease with spatial scale
(A) At tissue, matrix, and nuclear scales, decreased distributions were observed for

hydrostatic, deviatoric, and shear strains. (B) Bulk linear measurement based strain over all
scales. Absolute strain measures were averaged over multiple samples. Data represents mean

with standard deviation as error bar. Statistically significant differences were observed

Page 15

between tissue-nucleus and matrix-nucleus scales (*p < 0.01) but not between tissue-matrix
scales. (C) Iterative hyperelastic warping based hydrostatic strain over multiple scales. For
each sample, the mean of absolute values over all elements was computed. Multiple sample
means were averaged to generate the data shown as mean with standard deviation as error

bar. Statistically significant differences were observed between tissue-nucleus, matrix-

nucleus and tissue-matrix scales (*p < 0.01).
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Figure 4. Validation studiesindicate that known forward displacements matched iterative
hyperelastic war ping generated displacement values

At all scales, the statistically significant correlations were found between known and
computed displacement maps, characterized by R? > 0.950, slope 1.00, p < 0.0001.
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Figure 5. Proposed model for strain amplification and heter ogeneity at larger spatial scales
At the molecular level, a nanometer scale acto-myosin sliding mechanism creates a

piconewton scale force. At the cell and nuclear level, strains depend mostly on the actions of
the molecular scale. This allows the strain to be locally dependent on molecular machinery
and highly regulated. At increasingly larger scale, many individual acto-myosin units
combine to work to generate a higher amount of force. However, the addition of passive
elements at each hierarchical level determines the strain at higher levels and depends on the
geometry and combined material properties of the active and passive elements and force at
that scale. Thus, at the subcellular level, passive titin and non-sarcomere proteins add to the
acto-myosin active machinery. At the tissue scale, it is further added by other passive
elements, such as extracellular matrix, collagen, and endomysium, and finally, at the organ
scale, by perimysium and other geometrical factors, such as collagen architecture and
pennation angle. Thus, from small to large scale, apparent ‘emergent behavior’ appears.
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