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Abstract

The myocardium possesses an intricately designed microarchitecture to produce an optimal
cardiac contraction. The contractile behavior of the heart is generated at the sarcomere level

and travels across several length scales to manifest as the systolic function at the organ level.
While passive myocardial behavior has been studied extensively, the translation of active tension
produced at the fiber level to the organ-level function is not well understood. Alterations in
cardiac systolic function are often key sequelae in structural heart diseases, such as myocardial
infarction and systolic heart failure; thus, characterization of the contractile behavior of the heart
across multiple length scales is essential to improve our understanding of mechanisms collectively
leading to depressed systolic function. In this study, we present a methodology to characterize
the active behavior of left ventricle free wall (LVFW) myocardial tissues in mice. Combined with
active tests in papillary muscle fibers and conventional in vivo contractility measurement at the
organ level in an animal-specific manner, we establish a multiscale active characterization of the
heart from fiber to organ. In addition, we quantified myocardial architecture from histology to
shed light on the directionality of the contractility at the tissue level. The LVFW tissue activation-

" Corresponding author. sadayasl@ucmail.uc.edu (S. Sadayappan), rezaavaz@tamu.edu (R. Avazmohammadi).

Declaration of Competing Interest

Dr. Sadayappan provides consulting and collaborative research studies to the Leducq Foundation (CURE-PLAN), Red Saree Inc.,
Greater Cincinnati Tamil Sangam, Novo Nordisk, Pfizer, AavantiBio, AstraZeneca, MyoKardia, Merck and Amgen, but such work is
unrelated to the content of this article. The remaining authors do not declare any conflicts of interest.

Supplementary material
Supplementary material associated with this article can be found, in the online version, at doi:10.1016/j.actbio.2023.03.022.



1duosnuen Joyiny 1duosnuey Joyiny 1duosnue Joyiny

1duosnuen Joyiny

Neelakantan et al.

Page 2

relaxation behavior under isometric conditions was qualitatively similar to that of the papillary
muscle fiber bundle. However, the maximum stress developed in the LVFW tissue was an order
of magnitude lower than that developed by a fiber bundle, and the time taken for active forces to
plateau was 2-3 orders of magnitude longer. Although the LVFW tissue exhibited a slightly stiffer
passive response in the circumferential direction, the tissues produced significantly larger active
stresses in the longitudinal direction during active testing. Also, contrary to passive viscoelastic
stress relaxation, active stresses relaxed faster in the direction with larger peak stresses. The
multiscale experimental pipeline presented in this work is expected to provide crucial insight into
the contractile adaptation mechanisms of the heart with impaired systolic function.

1. Introduction

The myocardium is a tissue with complex architecture enabling efficient pumping
functionality in the heart. The passive and active behavior of the heart ventricles is

primarily driven by the mechanical characteristics of the myocardium that, in turn, is
determined by the behavior and microstructure of its internal components, including
myofibers and collagen fibers. Ex-vivo characterization of myocardial tissues has been

an important tool in improving the understanding of cardiac biomechanics in health and
disease. Biaxial mechanical testing remains the standard for mechanical characterization

of myocardial tissue, especially in small animals [1-3]. While the passive behavior of

the myocardium has been extensively investigated, multiscale active contraction of the
myocardium remains poorly studied. Myocardial contractility is generated at the sarcomere
level, but is regulated by tissue content and architecture at larger length scales. Myocardial
active and passive behaviors are also, by no means, independent, and the passive behavior
influences active behavior through several mechanisms, including the dependency of active
force generation and calcium sensitivity on passive stretching [4]. Structural heart diseases,
such as myocardial infarction (MI) [5,6] and systolic heart failure (HF) [7,8], have been
shown to initiate alterations in contractile patterns, affecting overall cardiac function. Thus,
it is critical to develop an understanding of the mechanisms governing the contractile
behavior of the myocardium in health and disease. Such investigation requires understanding
the multiscale nature of contractile forces generated in the myocardium. The translation of
contractile forces, developed in the myofibers, to the tissue level depends on the architecture
of the myofibers integrated with the other extracellular components. At the tissue level,
contractile forces combined with the geometry of the heart and the vascular resistance
determine the contractile capacity of the organ. Advancing knowledge of how the contractile
behaviors at different length scales of the myocardium are linked and effectively translate

to the contractile capacity of the organ will allow for the identification of mechanistic
biomarkers and improve the diagnostic, prognostic, and therapeutic tools in structural heart
diseases.

The active contractile behavior of cardiac tissues has been studied previously in large animal
models [9-12]. The majority of such studies have focused on using papillary muscles to
represent the contractile behavior of the heart [9-11], and few studies have investigated the
contractile behavior using myocardial tissue from the left ventricle (LV) [10,13]. Although
papillary muscles lend themselves very well to one-dimensional active characterizations due
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to their unidirectional anatomy and nearly aligned fibers, multiscale active characterization
of the myocardium remains critically needed to identify underlying mechanisms by which
the contractile behavior is impaired in a variety of structural heart diseases. In addition,
although several constitutive laws have been developed to characterize the tissue-level active
behavior in the myocardium [14,15], rigorous estimation of the involved material parameters
depends on tissue-level active test data that is lacking in the literature.

In this study, we present a multiscale characterization of the contractile behavior of the
murine heart at the fiber, tissue, and organ levels (Fig. 1). We further present the passive
viscoelastic behavior of the heart at the tissue level and investigate the effect of biaxial
passive stretch on contractile behavior. Our objective is to provide benchmark assays to
characterize cardiac contractility at multiple length scales, from fiber to organ (Fig. 1), that
can be used in studying a variety of structural heart diseases to identify and assess the
multiscale mechanisms of contractility impairments. With this study, we intend to highlight
the importance of the multiscale characterization of contractility in the heart to understand
how contractility at different scales are related to each other. Findings from our study
improve our understanding of the multiscale determinants of contractility in the LV and
serve as an essential step in identifying high-fidelity multiscale performance metrics of LV
contractility. Such measures will enhance the traditional measures of LV function that often
lead to gross and limited information on cardiac performance. Ultimately, the development
and implementation of our methods in disease models will allow for improved prognosis and
the identification of new therapeutic targets in structural heart diseases.

2. Methods

2.1. Animal model

A total of 14 (male = 7, female = 7) 12- to 14-week-old C57BL/6 wild-type mice were

used in this study. A cohort of 8 animals (4 male, 4 female) was used exclusively for

in-vivo pressure-volume characterization of the LV through catheterization. The remaining
6 mice (3 male, 3 female) were used for ex-vivo experiments including biaxial testing
followed by histological studies. As discussed in Section 2.2, to avoid any artifacts in tissue
mechanical testing due to potential myocardial damage from invasive catheterization, we
used a different cohort of mice (male = 3, female = 3) for the tissue and fiber testing that did
not undergo catheterization. All experiments were conducted under guidelines approved by
the University of Cincinnati Institutional Animal Care and Use Committee.

2.2. Organ-level contractility

In-vivo (organ-level) LV function was evaluated using a Transonic ADV500 pressure-
volume (P-V) system and catheter (FTH-1212B-4018, Transonic Systems, Ithaca, NY). The
mice were anesthetized with ketamine (50 g/g body wt i.p.) and inactin (100 g/g body wt
i.p.), placed on a thermally controlled surgical table and ventilated via tracheostomy (200 L
tidal volume, 160 breaths/min). The P-V catheter was introduced retrogradely into the LV
via the right carotid and advanced to the LV apex. The calibration and parallel conductance
offset of the volume signal was performed according to the manufacturers instructions. The
pressure signal was calibrated after each experiment using a pressurized cuvette and mercury
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manometer. All measurements were made while briefly turning off the ventilator to stabilize
pressure and volume traces. After obtaining initial P-V measurements, end-systolic (ES) and
end-diastolic (ED) P-V relationships were determined by briefly occluding the inferior vena
cava (IVC) and producing alterations in venous return (preload) while measuring P-V loops.
The end-systolic pressure-volume relationship (ESPVR) and end-diastolic pressure-volume
relationships (EDPVR) were determined as the lines connecting the ES and ED points,
respectively, from the P-V loops produced through IVC occlusion. End-systolic elastance
(Ees), a measure of organ-level contractility, was calculated as the slope of the ESPVR. The
hearts from animals used to measure organ-level contractility as described in this section
were not utilized for tissue- and fiber-level contractility characterization. A separate cohort
of animals was used to avoid artifacts from potential myocardial damage caused by invasive
catheterization.

2.3. Relaxation and activation buffer

Myocardial relaxation and activation buffers and skinning methods were adopted from
McNamara et al. [16]. Relaxation buffer was prepared by mixing 55.74 mM potassium
propionate, 7 mM ethylene glycol bis (2-aminoethyl) tetraacetic acid, 100 mM N,N-bis(2-
hydroxyethyl)-2-amino ethanesulfonic acid, 0.02 mM calcium chloride, 5.5 mM magnesium
chloride, 5 mM dithiothreitol, 15 mM creatine phosphate, and 4.7 mM adenosine
triphosphate. The pH was adjusted to 7.0 with 4 M potassium hydroxide and ionic strength
was maintained at 180 with potassium propionate with pCa 9.0. The activation solution for
the LVFW was prepared in the same way as the relaxation buffer, but with the addition of

7 mM calcium chloride to ensure pCa value of 4.5. Activation buffers with a range of pCa
from 9 (relaxation buffer) to 4.5 (activation solution) were developed for papillary muscle
tests. The range of pCa values was achieved through dilution of the activation solution with
the relaxation buffer. Results from McNamara et al. [16] indicate the solutions described
here are effective in activating and relaxing the myocardial tissue.

2.4. Tissue-level contractility

Following sacrifice, the heart was excised and the left ventricle free wall (LVFW) and
papillary muscles were isolated. Full-thickness myocardium LVFW specimens (in the shape
of rectangular slabs) were isolated from the mouse hearts (n7 = 6) with the slab edges being
aligned with the longitudinal, circumferential, and radial directions of the LV (Fig. 2 A, B).
Isolated LVFW specimens were first tested to characterize the passive myocardial properties,
including biaxial tensile tests and biaxial stress relaxation tests, followed by active tests, as
described below.

2.4.1. Passive testing of LVFW—The LVFW slab specimens were mounted in a
biaxial mechanical testing machine (Cellscale Biotester, CellScale, Waterloo, Ontario,
Canada) along circumferential and longitudinal directions, respectively (Fig. 2A). The
myocardium specimens were submerged in the relaxation buffer at 22 °C during testing

to prevent dehydration. Testing consisted of 10 cycles of preconditioning, followed by

10 cycles of testing in each of the three test protocols: (i) equibiaxial stretch, (ii)
circumferential:longitudinal stretch ratio of 1:2, and (iii) circumferential:longitudinal stretch
ratio of 2:1. The maximum stretch was set at 30% and the rate of loading set to 1% stretch
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per second. The stress in this study was calculated as the ratio of force over an initial
cross-sectional area represented by first Piola Kirchhoff stress (1st-PK). To calculate the
tangent moduli, we initially fit the stress-stretch curve using a two-term exponential function
(P= f(/l) = qeh? + geht + c). The two-term exponential function was chosen because of

its capacity to capture both low- and high-stretch behavior, especially slight inflections
observed in the stress-stretch curves (Fig. 4). We estimated the goodness of the fits, and the
R2 was found to be greater than 99.0% in all the fits. The tangent modulus was calculated
as the value of the derivative of this function (o P/04). The low strain tangent modulus was
calculated as the value of the derivative function at 5% stretch and the high strain tangent
modulus was calculated at 30% stretch.

Characterization of the stress relaxation tests was performed after tensile testing. The passive
viscoelasticity of the murine myocardium was characterized to compare and contrast to

the active relaxation after measuring the tissue-level contractility. Force was measured as
specimens were allowed to relax following loading to a maximum 30% stretch in three
protocols: (i) equibiaxial stretch, (ii) circumferential:longitudinal stretch ratio of 1:2, and
(iii) circumferential:longitudinal stretch ratio of 2:1. The relaxation modulus was computed
as the slope of the stress-time curve at the start of the relaxation. In addition, the time to 90%
relaxation was calculated as the time taken for the 1st PK stress to reach P, defined by

PIO - Pco
S0 T te o
P — P =01 Q)

Here, P, is the stress at the end of the relaxation phase where the stress has plateaued.

2.4.2. Active testing of LVFW—ATfter characterization of the passive behavior of the
myocardium, the specimens were chemically skinned by submerging them for 18 h at 4 °C
in 10% Triton X-100 in relaxation buffer using a tilt shaker. After skinning, the specimens
were gently cleansed by washing with fresh relaxation solution on ice for 10 min and were
used for active testing within 12 h. The skinned specimens were mounted in the testing
machine and held above the bath containing the activation solution. The specimens were
sprayed with relaxation buffer to ensure specimens were fully relaxed. The specimens were
then passively stretched (to 0, 10, and 20% stretch) at a rate of 1% stretch per second in air
and held at this stretch until the force reading plateaued. The specimens were then slowly
immersed into the activation solution at 22 °C and held for 10-15 min to allow the LVFW
to fully contract and force to build up. Once the build-up force plateaued and the reading
was stable for one minute, the specimens were slowly lifted out of the bath and sprayed with
the relaxation buffer to record the relaxation behavior. The force reading approached zero
and the specimens were shortened back to their original length by the end of the relaxation
phase. This test was performed at different initial equibiaxial stretch values of 0%, 10%, and
20%, to determine the active force dependence on the tissue-level passive stretch.

The contraction and relaxation phases were separated manually from the raw active test data
for further processing. First, the raw data was passed through a median filtering algorithm
to reduce the noise. Next, given that the contraction and relaxation times were different

for each specimen (due to varying LVFW thickness and extracellular content), those times
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were normalized to be able to average the data. To normalize the data, the average time of
contraction and relaxation was estimated. The average time of force build-up was 1055 +
172 s and the average time of relaxation was 218.6 + 101.5 s. Based on the mean values
(1055 s and 218.6 for contraction and relaxation, respectively), the normalized time was
split into 80% contraction and 20% relaxation. Each contraction and relaxation curve was
then interpolated to a standard “normalized time” axis. The normalized curves are presented
in the results section and for the sake of completeness, the original curves with 0% initial
passive stretch have been presented in Fig. S1 in the supplementary materials. The relaxation
modulus was calculated as the slope of the stress-time curve immediately at the start of the
relaxation phase of the test. In addition, the relaxation time was calculated using Eq. (1).

2.5. Fiber-level contractility

The isolated papillary fibers from the same murine hearts (17 = 6) were chemically skinned
by submerging them for 12 h at 4 °C in 1% Triton X-100 in relaxation buffer using a tilt
shaker. Specimens were then gently cleansed by washing with fresh relaxation solution on
ice for 10 min and were used for testing within 12 h.

2.5.1. Active testing of papillary muscles—Fiber-level contractility measurements
were performed using the lonOptix calcium and contractility system (lonOptix, MA USA).
Straight fiber bundles were isolated from the papillary muscles and attached at each end
with aluminum t-clips (Fig. 2 E). Aluminum t-clips were used to attach the muscle fiber
between a force transducer and length controller (Aurora Scientific Inc., Aurora, ON,
Canada). Muscle dimensions (cross-sectional area and length) were determined using an
ocular micrometer mounted in the dissection microscope (~ 10 um resolution) and were
used to normalize contractile force assuming an elliptical shape for the fiber cross-section.
Sarcomere length was set to 2.1 um with the assistance of the Aurora Scientific Video
Sarcomere Length software. All force assays were performed in temperature-regulated baths
set to 22 °C. Subsequently, the attached muscle fiber was exposed to a range of calcium
solutions (pCa 9.0 to pCa 4.5) as determined by the Fabiato program [17]. The rate of force
development after cross-bridge dissociation, denoted by &3, was assessed by allowing the
papillary fiber to reach steady state force followed by imposing a 20% length shortening
over 20 ms followed by a rapid (~1 ms) stretch back to its original length [16,18]. &~

was calculated by fitting the force redeveloped in the fiber after this slack-stretch treatment
against the time required for a one-phase association curve.

2.6. Architectural characterization

After active testing, specimens (7= 6) were fixed in 10% formalin for 48 h and then stored
in 70% ethanol. The specimens were sectioned transmurally with a slice thickness of 5

um every 80 um and stained with picrosirius red (PSR) stain, turning myofibers yellow

and collagen fibers red. These specimens were mounted on slides and then imaged using
Olympus VS120 Virtual Slide Scanning System to obtain images at 20x zoom. The images
were used to calculate the distribution of myofiber angles as a function of transmural depth
using methods described in our previous work [3,19]. Briefly, the Beta distribution functions
of myofiber angles were calculated at each depth level and were stacked together to obtain
the fiber distribution as a function of transmural depth [20].
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2.7. Statistical analysis

The experimental data was analyzed in Microsoft Excel and GraphPad Prism 9. All the

data are represented as mean + standard error of mean. Both male and female mice

were included in the study with filled and hollow markers indicating male and female
specimens, respectively. Paired student t-tests were performed when analyzing the statistical
significance between the circumferential and longitudinal directions in Figs. 4B, 5C-E, and
7B, D. The data presented in Fig. 7A, C was analyzed using two-way ANOVA with repeated
measures using the mixed effect model with Tukey’s correction when performing statistical
analysis with a dependent variable. Significance was accepted at p < 0. 05. For this study, we
have chosen to report the numerical significance values [21].

3. Results

3.1. Hemodynamics

The results from echocardiography and left heart catheterization were used to establish
baseline organ function and to interpret tissue-level contractile function. Results indicated a
mean ejection fraction of 75.42 + 5.17% and end-systolic pressure values of 87.41 + 5.45
mmHg (Fig. 3, Table 1). From the ESPVR line was plotted for the representative occlusion
curve and the end-systolic elastance (E s) (slope of the ESPVR line) was found to be 2139
mmHg/ml (Fig. 3b).

3.2. Tissue-level passive behavior

Passive testing of the LVFW specimens prior to skinning indicated that the murine LVFW
exhibits comparable stress behaviors along circumferential and longitudinal directions with
mean circumferential stress of 16.35 kPa and mean longitudinal stress of 14.66 kPa at 30%
equibiaxial stretch (Fig. 4A). Under equibiaxial stretch above 25% stretch, the specimens
were slightly biased towards the circumferential direction, indicated by the calculated
tangent modulus (Fig. 4B). However, no significant difference in the mean tangent
modulus was apparent when comparing the circumferential and longitudinal directions.
Non-equibiaxial stretch results also indicate tissue specimens exhibit similar behavior when
stretched to the same extent (Fig. 4C), although the calculated tangent modulus indicates a
slight bias in the longitudinal direction (Fig. 4D).

The stress relaxation tests also indicated myocardial specimens’ passive viscoelastic
behavior is similar in both the circumferential and longitudinal directions, as seen from the
similarity of the stress relaxation curves (Fig. 5A-B). The representative results from stress
relaxation tests with unequal initial stretch are presented in Fig. 5B. The difference between
the circumferential and longitudinal directions under equibiaxial stretching decrease further
when the specimen is allowed to passively relax (Fig. 5A). The reduction in the difference
between the circumferential and longitudinal stresses was evident when the stresses at

the beginning of the relaxation (peak) and once plateaued (terminal) were compared (Fig.
5C). Similar viscoelastic behavior is also indicated by the relaxation time (Fig. 5D) and
short-term relaxation rate behavior (Fig. 5E).
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3.3. Tissue-level contractility

Contractile tests indicated the L\VVFW specimens are actively contracting (Fig. 6) due to the
presence of CaZ* and the stress build-up over time was qualitatively similar to the curves
observed during testing of myofiber bundles [10,11]. The tissue specimens were present

in the activation solution for 215 + 95 s before a significant increase in contractile force
was observed (Fig. S1). Also, the specimens were present in the activation solution for
1055 + 72 s before the contractile stress fully plateaus and the relaxation phase begins.

The contractile stress developed due to activation was larger in the longitudinal direction at
all initial pre-stretches (Fig. 6A-C). The presented plots were normalized on the time axis
to allow for averaging of the plots 6A) as described in Section 2.4.2. Without any prior
passive stretch, the specimens developed mean peak stress values of 2.36 kPa and 4.58 kPa
along the circumferential and longitudinal directions, respectively. Results also indicated the
development of peak active stress is accelerated with increasing passive stretch values (Fig.
6D).

A significant increase in the peak total stress was observed when the initial passive stretch
increased from 0% to 10% and then 20% (Fig. 7A). Peak total stress increased 3-fold

and 2-fold in the circumferential and longitudinal directions, respectively, in the specimens
with 20% initial stretch when compared to specimens with no initial stretch. The active
portion of the total stress was calculated as active stress = plateaued stress-initial stress. The
comparison of active stresses for different initial stretches revealed that the increase in active
stress when the initial stretch changes from 10% to 20% was greater in comparison to the
increase when the initial stretch changes from 0% and 10% (Fig. 7C). This indicates that

the relationship between active stress and initial stretch is non-linear. The peak total stress
values indicated that the difference between male and female specimens was only significant
for 0% initial stretch in the circumferential direction (Fig. 7A). Considering only the active
stress part, the difference between sexes is significant at 0 and 10% initial stretch in the
circumferential direction (Fig. 7C).

The LVFW tissue relaxed faster in the longitudinal direction compared to the circumferential
direction (Fig. 7B). The circumferential relaxation was more gradual than longitudinal
relaxation, as seen by the smaller relaxation modulus (Fig. 7D), although the difference in
relaxation modulus is not apparent in the representative plots due to the lower maximum
stress in the circumferential direction. For the relaxation time and modulus (Figs. 5C, D), no
significant difference was observed between male and female specimens.

3.4. Fiber-level contractility

The maximum stress generated by the papillary muscles was 42.3 + 1.46 kPa (Fig. 8A). The
maximum force remained constant beyond pCa = 5.0, indicating CaZ* (Fig. 8B) saturation
in the papillary muscles. & values were found to be 7.95 + 0.89 s™1 (Fig. 8C) and time to
achieve maximum contractile force was 1 sec (Fig. 8D).

3.5. Myofiber architecture

Histological slices were analyzed to produce regional and transmural myofiber orientation
presented by heat maps across the LVFW. The mean fiber angles in each transmural layer
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were found to be 30.97 + 17.12° at the endocardium, 10.31 + 15.7° at the midwall, and
-19.38 + 17.11° at the epicardium (Fig. 9F). The histological analysis indicated a consistent
trend in all specimens exhibiting a shift in myofiber angle towards the longitudinal direction
when moving transmurally from the epicardium to the endocardium. The myofiber helical
range (the transmural rotation of myofiber orientation) among the six specimens was found
to be 50.6 + 16.5°.

4. Discussion

4.1. Multiscale characterization of contractile behavior

Organ-level contractile behavior, and its influence on cardiac function, are fundamentally
dependent on the multiscale nature of myocardial contractile behavior. Individual myofiber
contraction contributes to the contraction of the LVFW, leading to the contraction of the

LV and the ejection of blood into the aorta. The contractile capability of the ventricle is
affected by various details at all length scales, including myofiber architecture, extracellular
matrix content, passive properties of the L\VFW, and so on. Hence it is important to perform
subject-specific contractility tests at multiple length scales to understand the mechanisms

of contractile load transfer from the sarcomere level to the organ-level systolic function

and how the mechanisms are impaired in disease. However, multiscale investigations of the
contractile behavior of the LV, especially those including tissue-level contractile behavior,
remain critically scarce in the literature. Such investigations appear to be even more limited
in small animals as existing studies have primarily made use of large animal models.
Although studies in large animals are important to investigate the behavior of the healthy
heart, they may be limited in performing comprehensive studies of many structural heart
diseases for which small animal models serve as an essential preclinical step. To the best

of our knowledge, the study we have presented here is the first to investigate the contractile
behavior of the LV at multiple length scales in small animals. We investigated the contractile
behavior of murine LV, from fiber to organ, to understand the translation of force generated
by the myofibers to the contraction in the LV. Our work serves as an important step toward a
comprehensive understanding of active myocardial mechanics that can be supplemented by a
multiscale model in the future to bridge the behavior observed at these length scales.

4.2. Contrast between passive and active myocardial anisotropy

Passive mechanical testing revealed comparable behavior of the LVFW in the
circumferential and longitudinal direction with a modest bias towards the circumferential
direction, consistent with the quantification of helical angle found to be biased towards

the circumferential direction. The stress values observed were also consistent with our
previous studies [22,23]. In contrast to the passive stress anisotropy, the active contraction
tests resulted in significantly larger stress in the longitudinal direction that appears to be

at odds with the myofibers orientation quantification. As described in the following, there
are several mechanisms that could contribute to having a larger contractile stress in the
longitudinal direction despite the bias of the fiber orientation toward the circumferential
direction. First, multiple studies have found variations in contractility across the transmural
depth in human and porcine myocardial tissue [24-27]. Given the transmural variation in
myofiber orientation (Fig. 9), higher active forces in the endocardial and epicardial regions,
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compared to the midwall regions, would contribute to larger active stress in the longitudinal
direction. We plan to investigate the transmural variation of contractile stresses in the
LVFW tissue in future studies. For this investigation, fresh L\VFW tissue would be sectioned
into multiple sections using a method adapted from lung tissue preparation [28]. We plan

to use the precision cut lung slicing (PCLS) technique on the LVFW samples to isolate

the endocardium, myocardial midwall, and epicardium. The sectioned specimens will be
skinned separately and tested using the process described in Section 2.4.2.

Second, related to the above mechanism, possible incomplete skinning of the midwall
could add to the contrast between active circumferential and longitudinal stresses. Since
the middle layers were the most biased towards the circumferential direction, incomplete
skinning of this region would reduce the contractile forces generated in the circumferential
direction. Radial sectioning of the fresh LVFW specimen into two or three layers using
PCLS (discussed above) and performing the active test on each section separately could
clarify the potential contribution of incomplete skinning to the circumferential-longitudinal
stress contrast as detailed more in Limitations. Third, our LVFW specimens were longer
in the circumferential direction as compared to the longitudinal direction (4317 + 395

pum vs 3854 + 254 um). This difference necessitates force to be translated over a larger
distance in the circumferential direction. Myofibers contain intercalated discs which allow
the fibers to branch and merge into one another. This network across the myocardial

tissue is expected to reduce and diffuse the force compared to a nearly unidirectional fiber
arrangement in papillary muscles with a lower level of fiber branching. Microstructural
models (such as those presented in Li et al. [29]) can provide more insights into the
difference between the force level generated in individual fibers and the tissue. And, lastly,
fibers in the myocardial tissue have a transverse (out-of-plane) fiber orientation that could
reduce the force measured in the biaxial plane [30-32]. We did not measure the transverse
orientation for our specimens in this work as we performed sectioning and histology in

the radial direction. However, the transverse orientation is estimated to be up to 20°for
murine specimens [32]. The bias of the transverse orientation relative to the circumferential
and longitudinal directions would further differentiate these two active stresses in the
circumferential-longitudinal plane. Overall, further experimental studies are needed in the
future to investigate the transmural variation of contractile forces and active versus passive
stress anisotropy.

Testing the contractile behavior with an initial passive stretch revealed that the contractile
force developed by the LVFW is dependent on its passive stretch (sarcomere length),
consistent with prior studies on isolated muscle fiber specimens [33,34] and with the widely
recognized Frank-Starling law. The net stress generated by the LVFW specimen significantly
increased along both the circumferential and longitudinal directions at 20% initial stretch
(Fig. 7A). We did not exceed an initial passive stretch of 20% to reduce the risk of damage
to the tissue during active contraction, but we expect a turning point in the behavior of

the developed active stress at larger initial stretches consistent with the length dependency
observed in fiber-level experiments [34,35]. In addition, there were contrasts between
passive viscoelastic relaxation and active relaxation behaviors. The passive relaxation rates
and times were similar in the circumferential and longitudinal directions (Fig. 5E), whereas
there was a significant difference in the active relaxation rate between the two directions
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(Fig. 7C). The difference in the active relaxation times was reduced in the presence of an
initial pre-stretch. This observation points to the dependence of active relaxation on the
passive behavior of the myocardium which has significant implications in cardiac diseases
with impaired relaxation. For instance, this dependence may imply that slow relaxation

in diastolic heart failure may be in part due to changes in the passive behavior of the
myocardium.

4.3. Fiber-level versus tissue-level active stress

Papillary muscle fiber-level testing indicated maximum contractile stress was an order of
magnitude higher than the maximum stress at the tissue level along both longitudinal

and circumferential directions. The reduction in active forces from fiber to tissue can be
attributed in part to the presence of non-contractile constituents at the tissue level, including
collagen fibers, vascular network, and amorphous ground extracellular matrix. Myocardial
tissue contains 25% non-contractile components by volume [36,37] that can reduce the
contractile stress by the same percentage according to the rule of mixture for connective
tissues. Representative histological slices of the tissue from our study (Fig. S3) indicated

the presence of up to 28.9% of extracellular matrix. Further reductions in tissue-level
contractile stress can be explained due to the transmural variation of the fibers across the
LVFW specimens and lack of cross-fiber active stress explained in the following through an
idealized fiber composite example. Let us consider a composite block with 10 layers. Let the
fiber orientation vary linearly from 70° to —70° (resembling a representative variation from
the endocardium to the epicardium [32]). Following the assumptions of affine conditions and
equal volume fraction for each layer, the tissue-level stress can be obtained as

T . cos @ —sinf
OTissue = Q (e)aLayerQ(a) Wlth Q(H) = . ) (2)
sinf cosé
where the fiber-generated stress in each layer is given by
o, 0
aver = ) 3
oL 0 0] (3)

and ¢ is the average fiber orientation in each layer. By doing the calculations, one can arrive
at 43% and 60% reductions in the tissue-level circumferential and longitudinal stresses,
respectively, when compared to the fiber-level stress ,. Another important mechanism
involved in the reduction of contractile stress is the transverse (out-of-plane) orientation of
myofibers, described in Section 4.2. The study by Schmitt et al. [32] measured the fiber
angles in murine hearts using diffusion tensor imaging and found the transverse angle in
the LVFW to be in the range of 10-20°. Equations (2) and (3) can be used in this case

to estimate the reduction of force caused by the presence of an out-of-plane myofibers
orientation. Here, o,.,. iS the total stress produced by the myofiber and ¢ is set to the
out-of-plane angle. Following a similar transformation rule as in Egs. (2) and (3) and
setting @ = 15°, one arrives at an estimated 8% reduction in the force value measured in

the circumferential-longitudinal plane. These cumulative reductions can explain the level of
reductions from fiber stress to tissue-level stress observed in our data. Further reductions in
the circumferential stress can be, at least in part, attributed to the mechanisms described
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in Section 4.2, including branching and railway-like network of myofibers across the
myocardium, and potential skinning of midwall layers.

4.4. Tissue-level versus organ-level active stress

The ex-vivo measurements of stress in contracting myocardial tissues can be contrasted with
conventional organ-level approximations of total stress in a beating LV. One can estimate
the in-vivo myocardial wall stress in the LV using the Laplace equation given by ¢ = Pr/2¢
where ¢ is the Cauchy-like wall stress, r is the LV approximate radius, and ¢ is the LV

wall thickness. Using the mean healthy murine data P = 80 mmHg at end-systole, = 4 mm,
and ¢ = 2 mm, the circumferential wall stress is approximated as ¢ = 10.6 kPa (80mmHg). 6
kPa (80 mmHg). Noting that our tissue stresses were presented as the 1st-PK stress P, the
Laplace stress estimate ¢ can be converted to the 1st-PK stress P through

P=JoF T )

where F is the deformation gradient tensor and J = 1 denotes the volumetric deformation.
Approximate values for F can be obtained from the study by Hoffman et al. [38], where
cardiac strains in mice were estimated through speckle tracking analysis of images from
echocardiography. Using an isotropic representation of and ¢ = I where I is an identity
matrix, we obtain circumferential and longitudinal stress values of around 12 kPa, which is
in a similar range as that of ex-vivo contractile stress. We have also presented the multiscale
translation of contractile stress in the supplementary information from the fiber to the organ
level (Fig. S2). This observation highlights the applicability of multiscale ex-vivo studies

of contractility in the LV myocardium to improve our understanding of LV contractility in
health and disease.

In addition to our comparisons between tissue-level stress measurements and the organ-level
stress estimations, it is worth noting several studies that have used electromechanical models
to study the relationship between the fiber-level stress and organ-level function in the

LV [27,39,40]. Such studies have commonly used fiber-level contractile stress to estimate
organ-level function or vice versa using phenomenological constitutive models. For instance,
the fiber-level contractile stresses used in the study by Land et al. [39] for the organ-level
model were set at 42.6 kPa, which is comparable to the contractile stresses measured from
our papillary muscle testing. In addition, we have estimated fiber-level stress of 30 kPa in
our previous computational rodent studies using animal-specific hemodynamic data [19,41].

4.5. Comparisons between contraction and relaxation times

The time taken by the LVFW tissues to reach the peak stress was found to be about three
orders of magnitude greater than that of the isolated papillary muscles. This difference can
be viewed in light of the fact that the rate of activation is primarily driven by the rate

of diffusion of Ca?* The rate of diffusion is significantly faster in the skinned papillary
muscle as there is a higher surface-to-volume ratio. In addition, intracellular Ca2* is actively
absorbed by the sarcoplasmic reticulum (SR), and this process requires ATP, which is
present in both the activation and relaxation buffers. During activation (stress build-up),
there is excess Ca2* in the solution, and the inward diffusion of Ca2* to the cell is entirely
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driven by “passive” diffusion process till the Ca2* concentration reaches equilibrium. In
contrast, when the LVFW specimen is removed from the bath and sprayed with the
relaxation buffer, there is a significant and sharp decrease in the extracellular Ca2* due

to “active” ATP-driven uptake of Ca2* into the SR that rapidly decreases the concentration
of intracellular Ca2* We also expect this ATP-driven uptake of Ca2* to be one of the reasons
for the significant delay in generating contractile forces at the tissue level. Papillary muscles
reach maximum tension significantly faster due to both higher rates of diffusion (due to

a higher surface-to-volume ratio), and lower uptake of Ca2* due to the less extensive SR
network in the papillary muscle as compared to the LV myocardium [42].

4.6. Implications

Heart diseases such as systolic and diastolic heart failure cause significant alterations

to the contractile-relaxation behavior of the myocardium, leading to impaired cardiac
function. Characterization of the contractile behavior at the tissue level is essential to
advance our understanding of how contractility translates from fiber to tissue, and then

to the organ, and to identify the multiscale mechanisms impairing proper coordination of
myofiber-extracellular matrix interaction leading to insufficient contractility at the organ
level. Also, the development of proper protocols and apparatus to characterize tissue-level
contractility proves crucial in the advancement of cardiac tissue engineering to generate
contractile tissues mimicking native tissues used to study cardiac diseases or for therapeutic
purposes such as cardiac patches [43—-45]. The results we have presented here call for

the investigation of transmural and regional variations in myocardial contractility. This is
particularly important to develop treatments that may affect certain transmural regions of
the LVFW, such as myocardial infarction. In addition to investigating LV contractility, this
method can be used to study RV contractility in health and disease. Conditions such as
pulmonary hypertension alter RV free wall (RVFW) contractility and often lead to right
heart failure. We have used this method towards the initial investigation of heart failure in
transgenic mice [46] and have observed similar trends as those observed in the papillary
muscle tests [16]. Additionally, the contractility at the tissue level and its variability
through the transmural thickness are important factors to be added to predictive models

to improve their accuracy. Predictive models have used multiple approaches to model LV
and RV functions [47-49] in health and disease, and incorporating information regarding
contractility at multiple length scales into such models would significantly improve model
accuracy and allow the rigorous prediction of changes in contractility that occur during
functional adaptation of the heart.

4.7. Limitations

A different cohort of mice, but with a similar stain and age, was used for invasive
catheterization to characterize organ-level contractility to avoid erroneous data due to
potential myocardial damage caused by catheterization. We plan to verify the impact of
catheterization in a future study with a larger cohort of mice. Although the skinning process
for the LVFW specimens was performed over a period of 18 h, LVFW specimens may still
not have been fully skinned.. Incomplete skinning could potentially lead to lower active
force readings or heterogeneous contraction of the specimen due to the partial presence of
membrane structures preventing diffusion of Ca*- We plan to verify the the success of our
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skinning technique in our future studies where we investigate the transmural variation of
contractile stresses developed in the LVFW. We propose two types of tests, (i) transmural
sectioning using PCLS and techniques adapted from Liu et al. [28], and (ii) dividing LVFW
specimens into two to three parts and testing each part with a specific concentration to

find the proper concentration range at which the LVFW tissue show the max contraction
indicating that the skinning has properly removed the membranes. Changes in “porosity”
was investigated in limited histological sections of skinned and unskinned specimens to
evaluate potential damage to the tissue due to skinning (reported in Fig. S4). Further
investigation in a larger cohort of skinned and unskinned murine specimens is needed in

the future to determine proper statistical differences in porosity. Studies have reported that
the Ca?* sensitivity of cardiac tissue is dependent on the temperature [50,51]. Harrison and
Bers [50] reported an 18% increase in maximum tension developed in the cardiac tissue of
rabbits when the temperature is increased from 22 °C to 36 °C. Future studies will be tested
at 36 °C to understand the temperature sensitivity at the tissue level. The number of animals
used for tissue-level testing of contractile stress is limited, especially when isolated to a
single sex. Further testing is required with a larger cohort of mice to better characterize the
sex differences in the contractile behavior of the myocardium. The movement of the LVFW
specimens into and out of the activation bath led to slight spikes in force readings during
testing. These values were filtered out to isolate the timewise tissue behavior, and parameter
calculations were performed, ignoring such measurement artifacts.

5. Conclusion

In this study, we presented a multiscale approach to characterize the contractility of murine
LV. We presented detailed methodology and results to characterize combined passive

and active behavior of murine LVFW specimens at the tissue level which appears to

be overwhelmingly understudied. We integrated tissue-level tests with the study of the
contractile behavior at the fiber level, and the study of organ-level contractility in a similar
cohort of mice, to provide a complete multiscale assessment of the LV contractility from
fiber to organ. We expect this study to serve as an assay to assess and improve our
understanding of multiscale contractility impairments observed in a variety of structural
heart diseases.
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Statement of significance

Heart failure cause significant alterations to the contractile-relaxation behavior of the
myocardium. Multiscale characterization of the contractile behavior of the myocardium
is essential to advance our understanding of how contractility translates from fiber to
organ and to identify the multiscale mechanisms leading to impaired cardiac function.
While passive myocardial behavior has been studied extensively, the investigation of
tissue-level contractile behavior remains critically scarce in the literature. To the best of
our knowledge, our study here is the first to investigate the contractile behavior of the left
ventricle at multiple length scales in small animals. Our results indicate that the active
myocardial wall is a function of transmural depth and relaxes faster in the direction with
larger peak stresses.
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Fig. 1.

Overview of the multiscale characterization of contractile behavior of the myocardium.
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Overview of steps in the testing process. (A) Heart with designated orientations. (B)
Mounted LVFW specimen post-skinning with orientations labeled. (C) Schematic of
stretching and activation test protocol. Specimens were passively stretched to A and A,

in the circumferential and longitudinal directions, respectively, prior to active isometric
contraction. (D) Image of an open heart for papillary muscle extraction. (E) Papillary muscle
mounted to the testing device using aluminum T-clips prior to active isometric contraction.
(F) Movement of mounted papillary muscle specimen through baths with different Ca*
concentration levels. Scale bars in A, B, D, E: 5 mm.
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(A)

b) PV loop with occlusion

3.
Representative P-V loops from baseline left heart catheterization. (B) representative P-V

loops during inferior vena cava occlusion, the red line indicates the end-systolic pressure-
volume relationship (ESPVR). The organ-level contractility, measured by end-systolic
elastance (E ¢5), from the slope of the representative ESPVR line was 2139 mmHg/ml.
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Fig. 4.

Equibiaxial (A) stress-stretch behavior and (B) tangent modulus of the LVFW. (C) Non-
equibiaxial stress-stretch curves where the circles denote tests where circumferential:
longitudinal stretch is 30%:15% while the squares denote the test where the stretch ratios
are the reverse and (D) the tangent modulus of the LVFW. Paired t-test was performed to
determine the statistical significance between the circumferential and longitudinal directions
in Parts (B). Statistical comparisons are not reported in (D) because the circumferential and
longitudinal stresses were obtained under different stretch values. Stress calculated is 1st-PK
stress. The filled and hollow markers indicate male and female specimens, respectively.
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(A) Equibiaxial stress relaxation curves. (B) Non-equibiaxial stress relaxation curves where
the circles denote tests where circumferential:longitudinal stretch is 30%:15% while the
squares denote the test where the stretch ratios are the reverse. (C) Mean peak and terminal
stress values. Terminal stress is measured at #= 600 s. (D) Relaxation time and (E)
relaxation modulus calculated as the slope of the stress-time curve at the start of relaxation.
Two-way ANOVA with repeated measures was used to perform statistical analysis in

(C). Paired t-tests were performed to determine the statistical significance between the
circumferential and longitudinal directions in (D) and (E). Stress calculated is 1st-PK stress.
The filled and hollow markers indicate male and female specimens, respectively.
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Time (s)

Active contractile behavior (n7= 6) at pre-stretch values of (A) no pre-stretch, (B) 10%
pre-stretch, (C) 20% pre-stretch. (D) Representative curves at multiple pre-stretch values
indicate the change in the time required to reach peak stress. Specimens with initial stretched
were allowed to undergo viscoelastic relaxation before being submerged in Ca2*. Stress

calculated is 1st-PK stress.
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Fig. 7.

(Ag) Effect of passive stretch on the total stress during active contraction. (B) Time to
relax 90% in the circumferential and longitudinal directions, (C) Effect of passive stretch
on active stress and (D) The relaxation modulus in the circumferential and longitudinal
directions with no initial stretch. The filled and hollow markers indicate male and female
specimens, respectively. Stresses presented in this figure are the 1st-PK stress. Two-way
ANOVA with repeated measures was used to perform statistical analysis in (A) and

(C). Paired t-tests were performed to determine the statistical significance between the
circumferential and longitudinal directions in (B) and (D).
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(A) The maximum contractile stress developed in the papillary muscle. (B) The effect

of extrinsic Ca2* concentration on maximum contractile stress (/7= 6). (C) The rate of
force development after cross-bridge dissociation, and (D) representative time for force
development after cross-bridge dissociation. The filled and hollow markers indicate male
and female specimens, respectively.

Acta Biomater. Author manuscript; available in PMC 2023 August 11.

1000 1500 2000
Time (ms)



1duosnuepy Joyiny 1duosnuely Joyiny 1duosnue Joyiny

1duosnuely Joyiny

Neelakantan et al.

A) Schematic for
directions
Histological section

Endocardium

RRE

saasassassssanssnnnsuap

Anterior Posterior

Myotiber angle (*)

Frequency

90° 90°

-90°

B) Sample histological

Page 28

section

C) Myofiber orientation of single

BEGEAEREE

BEAAEaEED
g

image
> ‘;;x)‘
‘ g Circumferential
S :
S :
= =
(<) =
c 2
(e) 5mm
_I |

v |

D) Myofiber orientation distribution

E) Myofiber angle by specimen

&
<

&
<

-90

Endo Mid

Fig. 9.

Epi

90°

-90°

90°
60°

30°

0°

-
-60°

-90°

F) Average myofiber
angle by depth

60+

40+

Myofiber angle (°)
> 3

-40 T T T

Endo Mid Epi

90°

90°

-90°

G) Average myofiber
orientation

804

[e][e]

» =3
< <

Helical range (°)

N
i

(A) Representative schematic of the circumferential (anterior to posterior), longitudinal
(apex to base), and transmural directions (epicardium to endocardium). (B) Representative
histological slide images of the cardiac tissue stained with picrosirius red (PSR) and (C) the
calculated myofiber direction marked with vectors. (D) Transmural myofiber orientations.
(E) The average myofiber angle by specimen and by depth (mean and standard deviation
obtained from Beta distribution), (F) the average myofiber angle by depth-averaged over
the six specimens, and (G) the helical range (the angle of rotation of the fibers from the
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endocardium to the epicardium). The filled and hollow markers indicate male and female
specimens, respectively. Scale bar in (A), (B), and (C): 5mm.
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Table 1

Hemodynamic parameters obtained from catheterization and echocardiography. LV: left ventricle, EF: ejection
fraction, ESP: end-systolic pressure, EDP: end-diastolic pressure.

Parameter Value (n = 8)

LVEF (%) 75.42 £5.17

LV ESP (mmHg)  87.41+545

LV EDP (mmHg)  8.66 + 1.86
Prmax (MMHg) 89.39+5.11
dP/dtyne (MMHg/s) 58311 +517.33
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