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Abstract

Adverse remodeling of the left ventricle (LV) after myocardial infarction (MI) results in abnormal
tissue biomechanics and impaired cardiac function, often leading to heart failure. We hypothesized
that intramyocardial delivery of engineered stromal cell-derived factor 1a analog (ESA), our
previously-developed supra-efficient proangiogenic chemokine, preserves biaxial LV mechanical
properties after MI. Male Wistar rats (n = 45) underwent sham surgery (n = 15) or permanent left
anterior descending coronary artery ligation. Rats sustaining MI were randomized for
intramyocardial injections of either saline (100 pL, n = 15) or ESA (6 pg/kg, n = 15), delivered at
four standardized borderzone sites. After 4 weeks, echocardiography was performed, and the
hearts were explanted. Tensile testing of the anterolateral LV wall was performed using a
displacement-controlled biaxial load frame, and modulus was determined after constitutive
modeling. At 4 weeks post-MI, compared to saline controls, ESA-treated hearts had greater wall
thickness (1.68 + 0.05 mm vs 1.42 + 0.08 mm, p = 0.008), smaller end-diastolic LV internal
dimension (6.88 £ 0.29 mm vs 7.69 + 0.22 mm, p = 0.044), and improved ejection fraction (62.8
+ 3.0% vs 49.4 + 4.5%, p = 0.014). Histologic analysis revealed significantly reduced infarct size
for ESA-treated hearts compared to saline controls (29.4 + 2.9% vs 41.6 + 3.1%, p = 0.021).
Infarcted hearts treated with ESA exhibited decreased modulus compared to those treated with
saline in both the circumferential (211.5 + 6.9 kPa vs 264.3 + 12.5 kPa, p = 0.001) and
longitudinal axes (194.5 + 6.5 kPa vs 258.1 + 14.4 kPa, p < 0.001). In both principal directions,
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ESA-treated infarcted hearts possessed similar tissue compliance as sham non-infarcted hearts.
Overall, intramyocardial ESA therapy improves post-MI ventricular remodeling and function,
reduces infarct size, and preserves native LV biaxial mechanical properties.
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1. Introduction

After myocardial infarction (Ml), adverse pathological remodeling ensues, resulting in
altered pump mechanics and ventricular dysfunction (Holmes et al., 2005). While the initial
response to cardiomyocyte necrosis involves cellular inflammation and edema, a prolonged
phase of fibroblast proliferation and collagen deposition results in progressive scar
formation, tissue stiffening, and left ventricular (LV) thinning with dilation during the
subsequent weeks of infarct healing (Gupta et al., 1994; Lerman et al., 1983; Pfeffer et al.,
1979). LV dilatation compensates for impaired function by normalizing stroke volume, but
also increases wall stress based on Laplace’s Law, thereby stimulating further chamber
enlargement affecting both the infarcted and adjacent non-infarcted myocardium (Pfeffer
and Braunwald, 1990). Expansion of this perfused but hypocontractile borderzone
contributes to the vicious cycle that ultimately results in decompensated heart failure
(Jackson et al., 2002; Narula et al., 2000).

Therapies that minimize the degree of borderzone expansion and modulate the mechanical
properties of infarcted myocardium have significant potential to improve both survival and
quality of life for patients with ischemic heart disease (Clarke et al., 2016). Stromal cell-
derived factor 1a. (SDF), a chemokine that attracts bone marrow-derived endothelial
progenitor stem cells (EPCs), has been shown to increase microvascular density, maintain
cardiomyocyte survival, reduce infarct size, inhibit borderzone expansion, attenuate adverse
remodeling, and preserve LV function after M1 (Atluri et al., 2013, 2006; Woo et al., 2005;
Ziff et al., 2018). Using computational protein modeling, we previously designed an
engineered SDF analog (ESA) and demonstrated its supra-efficient activity in both small and
large animal MI models (Hiesinger et al., 2012, 2011; Macarthur et al., 2014).

Uniaxial tensile testing of longitudinal strips of infarcted myocardium treated with ESA
previously suggested preservation of both tensile modulus and viscoelastic properties in
association with improved LV function after MI (MacArthur et al., 2013; Trubelja et al.,
2014). However, due to the intrinsic anisotropy of myocardial tissues (Demer and Yin, 1983;
Gupta et al., 1994; Omens et al., 1993), as well as the variation of myocyte fiber orientation
and mechanical properties at different depths within the LV wall (Harrington et al., 2005;
Novak et al., 1994), uniaxial data alone is insufficient for a full mechanical characterization
of the tissue (Demer and Yin, 1983). A multiaxial analysis including both the longitudinal
and circumferential axes is therefore necessary to obtain a more thorough biomechanical
evaluation of the efficacy of ESA.
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In this study, we perform planar biaxial tensile testing of passive rat LV myocardium,
comparing the mechanical properties of infarcted hearts with and without intramyocardial
ESA therapy. We hypothesized that local delivery of ESA to the borderzone at the time of
MI preserves biaxial LV mechanical properties after 4 weeks.

2. Materials and methods

2.1

Protein design and synthesis

Our design of ESA was previously described in detail (Hiesinger et al., 2011). Briefly, the
central B-pleated sheet of SDF was replaced with a diproline linker, thus preserving the
natural three-dimensional orientation of the retained N-terminal CXCR4 receptor-binding
domain and the C-terminal stabilization domain of SDF. ESA was synthesized using solid-
phase peptide synthesis (AnaSpec, Fremont, CA).

2.2. Animal care and biosafety

2.3.

Male Wistar rats (270-330 g) were obtained from Charles River Laboratories (Wilmington,
MA). Food and water were provided ad libitum. All experiments involving animals were
performed in accordance with the Guide for the Care and Use of Laboratory Animals
published by the United States National Institutes of Health (8th Edition, 2011). The
experimental protocol was approved by the Institutional Animal Care and Use Committee at
Stanford University (Protocol 28921).

Ischemic cardiomyopathy model

Rats (n = 30) underwent surgical induction of Ml by ligation of the left anterior descending
(LAD) coronary artery. The animals were anesthetized with 2% isoflurane (Fluriso ™",
VetOne) at a flow rate of 2 L/min. Endotracheal intubation was achieved with a 16 G
angiocatheter, and the animals were mechanically ventilated (Hallowell EMC, Pittsfield,
MA) with continuous 1-2% isoflurane for maintenance of anesthesia. A thoracotomy was
performed through the left fourth intercostal space to expose the heart, and the LAD was
directly visualized. A 6-0 polypropylene suture was placed around the LAD approximately
1 mm below the left atrial appendage. The suture was snared, and the area of resulting LV
pallor was assessed to ensure consistently-sized infarcts. The suture was then permanently
tied to produce a large anterolateral MI. The animals were randomized to receive either
phosphate-buffered saline (PBS, 100 pL, n = 15) or ESA (6 ug/kg in 100 uL, n = 15),
injected intramyocardially at 4 standardized border-zone sites immediately following LAD
occlusion (Fig. 1A). An additional group of animals underwent sham surgery (n = 15), in
which the pericardium was opened and the heart exposed, but myocardial ischemia was not
induced. Finally, the thoracotomy was closed in layers, and the animals were extubated and
recovered.

2.4. Echocardiography

Echocardiography was performed 4 weeks after MI or sham surgery for all animals. Left
parasternal LV short and long axis views, including B- and M-mode images, were acquired
using a Vevo Imaging Station (VisualSonics Inc., Toronto, Canada) equipped with a Vevo
2100 system and an ultra-high frequency linear array transducer (MicroScan™ MS250 13-
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24 MHz transducer, VisualSonics Inc.). Image analysis was performed using Vevo LAB
software (VisualSonics Inc.), including measurements of LV wall thickness in diastole over
the anterolateral LAD territory (LVWT), LV internal diameter in systole (LVIDs) and
diastole (LVIDd), and ejection fraction (EF) at the level of the mid-papillary muscles
(Brown et al., 2002). Echocardiographic image acquisition and analysis were performed by a
single individual to reduce interobserver bias.

2.5. Heart explant and sample preparation

2.6.

Following echocardiography 4 weeks after the initial surgery, the rats were anesthetized and
underwent median sternotomy. University of Wisconsin (UW®) cold cardioplegic storage
solution (Bridge to Life Ltd., Columbia, SC) was delivered by intracardiac injection via the
right ventricle to induce diastolic arrest. The heart was explanted and placed in a dish of 4°C
PBS for dissection. The right ventricle was excised, and incisions were made along the
anterior and posterior LV-septal junctions to remove the septal tissue (Fig. 1B). The LV wall
was unrolled circumferentially, and the lateral-most aspect of the LV (representing non-LAD
territory) was removed to produce an approximately 10 mm x 10 mm square of anterolateral
LV wall tissue (Fig. 1C). The samples were stored in UW solution at 4°C until use to avoid
contracture.

Planar biaxial tensile testing

Planar biaxial tensile testing was performed using a custom-built, displacement-controlled
biaxial load frame (Azadani et al., 2012; Mookhoek et al., 2017). Two 5-0 polypropylene
sutures were anchored to each edge of the myocardial sample using hooks and then fixed to
the four arms of the biaxial stretcher, mounting the circumferential and longitudinal axes of
the myocardium along the principal axes of deformation (Fig. 1D). Five 250-355 pm black
ceramic marker beads (MO-SCI Corporation, Rolla, MO) were placed on the tissue surface
in a4 mm square in the center of the sample. Fixative agents, which may introduce potential
confounding mechanical effects, were unnecessary, as the beads consistently remained in
place while the samples were floated in PBS at room temperature during subsequent
mechanical testing. The load cells (model 31/3672-02, 1000 g; Honeywell Sensotec,
Columbus, OH) on two orthogonal arms of the stretcher were zeroed with the sample fully
relaxed. Load cell data was used to determine the forces imparted on the sample during
deformation. Images of the tissue surface during deformation were recorded in real time
using a charge-coupled device camera (model TM 9701; 300 frames/sec, 0.1 pixels/mm;
Pulnix, Sunnyvale, CA) positioned directly above the sample. Strains in the principal
directions were calculated based on relative marker bead movements, tracked using
LabVIEW (National Instruments, Austin, TX). All samples were tested using the same
biaxial displacement-controlled protocol. First, all samples were pre-loaded to 0.05 N in
both axes, and 20 preconditioning cycles of 4% strain were performed at 1% strain/sec
(MacArthur et al., 2013). Immediately afterward, each sample underwent three consecutive
cycles up to 40% peak strain, conservatively encompassing the full range of physiologic
strains observed in rat hearts (Weytjens et al., 2008). Stress-strain data from the final
stretching cycle was used for analysis. All samples were tested within 6 h of heart explant.
Accuracy of the biaxial load cells and stretching apparatus was ensured by retesting samples
after 90° rotation, which produced no discrepancies.
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Constitutive modeling and data analysis

Experimental Cauchy stress ( 72*°) in the circumferential (6) and longitudinal (L)
myocardial directions was calculated by the equations below, where Fis the force measured
by the load cells during deformation, ¢is tissue thickness measured by echocardiography,
and A is the ratio of deformed length to resting tissue length (/).

rer—; o
00 = ‘o7, (1a)

TP = L 1b
=t (1b)

Green strain (£) was calculated in each direction using the equations below:

Egp=2(3-1) (2)

1

Epp= 2(

i;—1) (2b)

A four-parameter Fung model was selected to evaluate the mechanical behavior of the tissue
samples, which were assumed to be anisotropic, incompressible, non-linear hyperelastic
materials. The Fung strain energy function W, was defined for biaxial loading by the
equations below, where ¢, Cgg, Cor and €11 represent the model parameters.

W(Q) = %c(eQ ~1) (3a)

2 2
Q(E) = cygbgyg+ 2o EgpEyy + ¢ Ey (3D)

Theoretical Cauchy stress ( 7779% was calculated using the Fung model according to the
following equations:

del _ 52
Top ™" = ’16ceQ(c90E66+c9LELL) (42)
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T = 2pce(corEgg+ 1 Ery)  (4b)

Experimental stress data was mathematically fitted to equations (4a) and (4b) using a non-
linear least-squares regression algorithm to determine the Fung model parameters for each
sample. All computations were performed using MATLAB version 9.4 (MathWorks, Natick,
MA).

Tangent moduli at a stress of 19.1 kPa, representing the estimated peak wall stress of the
pathologically-remodeled rat LV at 4 weeks after M1 (Ferferieva et al., 2018), were
calculated from Fung model stress-strain curves. Finally, the degree of anisotropy between
the stiffnesses along each axis was calculated as follows:

Cogt Cor. CortCrp
CortCrp Copt Cor

®)

Anisotropy = min

2.8. Histology

Following biaxial testing, a subset of samples (n = 5 per group) were embedded in optimum
cutting temperature compound and stored at —80°C. The samples were sectioned in 10 ym
slices parallel to the epicardial surface, and five slides were selected for each sample at
evenly-spaced transmural depths and stained with Masson’s trichome stain. Scanned images
of the heart sections were imported into ImageJ. Infarct size analysis was performed by
color deconvolution using a custom filter to separate the various components of the
trichromatic stain. The total number of red and blue pixels, representing muscle and collagen
scar, respectively, was determined and the percentage infarct of each tissue section was
calculated as blue pixels divided by total red and blue pixels. The overall percentage infarct
of a given sample was calculated as the average percentage infarct observed at the five
transmural depths, weighted by the total number of pixels contained in each section.

2.9. Statistical analysis

The surgeon and all investigators involved with echocardiography, biaxial testing, and
histology remained blinded to the treatment group assignments until data collection was
completed. Statistical analyses were performed using Stata version 14.2 (StataCorp LLC.,
College Station, TX). Continuous variables were reported as mean + standard error and
compared using one-way ANOVA followed by Tukey’s multiple comparisons test. A p-value
< 0.05 was considered statistically significant. Experimental data will be made available
upon reasonable request.

3. Results

3.1. ESA improves Post-Ml ventricular remodeling and function

Echocardiography performed 4 weeks after MI revealed significant differences in LV size
and function among the three groups, with notable improvements in the ESA group (Table
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1). Post-MI ventricular remodeling, characterized by LV wall thinning, chamber dilation,
and functional impairment, was clearly observed in the PBS group compared to the sham
group (LVWT: sham 1.84 + 0.05 mm vs PBS 1.42 + 0.08 mm, p < 0.001; LVIDs: sham 3.88
+0.14 mm vs PBS 5.63 = 0.33 mm, p < 0.001; EF: sham 74.1 + 1.5% vs PBS 49.4 + 4.5%,
p < 0.001). ESA-treated infarcted hearts, however, were similar in thickness and size to non-
infarcted sham controls (L\VWT: sham 1.84 + 0.05 mm vs ESA 1.68 = 0.05 mm, p = 0.143;
LVIDs: sham 3.88 + 0.14 mm vs ESA 4.48 + 0.30 mm, p = 0.264; LVIDd: sham 7.01 + 0.16
mm vs ESA 6.88 £ 0.29 mm, p = 0.917), and were significantly less remodeled than PBS-
injected infarcted hearts (LVWT: PBS 1.42 + 0.08 mm vs ESA 1.68 £+ 0.05 mm, p = 0.008;
LVIDs: PBS 5.63 + 0.33 mm vs ESA 4.48 £ 0.30 mm, p = 0.011; LVIDd: PBS 7.69 £ 0.22
mm vs ESA 6.88 + 0.29 mm, p = 0.044). ESA-treated hearts also exhibited significantly
improved cardiac function compared to PBS controls (EF: PBS 49.4 + 4.5% vs ESA 62.8

+ 3.0%, p = 0.014).

ESA reduces infarct size

Representative images of LV wall samples from the sham, PBS, and ESA groups are shown
in Fig. 2A—C. The percentage of transmural LV tissue comprised of collagen, representing
post-MlI scar tissue, was quantified histologically and observed to be significantly lower
among ESA-treated hearts than PBS-injected hearts (29.4 £ 2.9% vs 41.6 £ 3.1%, p = 0.021,
Fig. 2D). As expected, no collagen scar was detected in the sham control group
histologically.

ESA preserves native myocardial tissue compliance after Ml

Cauchy stress-Green strain experimental data plots derived from biaxial testing are shown in
Fig. 3. A non-linear response to strain was observed in all three groups, as well as in both
the circumferential and longitudinal directions. The average Fung model parameters are
presented in Table 2. The circumferential (cgg), longitudinal (¢; ;), and coupling (cg;)
coefficients of the PBS group were observed to increase when compared to those of the
sham group, indicating an increase in multiaxial stiffness. All model parameters of the ESA
group were statistically similar to those of the sham group. The degree of anisotropy was
also similar among all three groups (sham 0.61 + 0.05 vs PBS 0.66 + 0.04 vs ESA 0.60
+0.04, p = 0.638).

Average stress-strain curves created from the Fung model are shown in Fig. 4, focusing on
the estimated range of LV wall stresses encountered by infarcted and non-infarcted rat hearts
(Ferferieva et al., 2018; Fomovsky et al., 2011). While PBS-injected hearts exhibited stiffer
behavior than ESA-treated hearts in both the circumferential and longitudinal directions, the
ESA-treated and sham control hearts behaved similarly throughout the range of strains
examined in both principal directions.

The tangent modulus was determined at a stress level of 19.1 kPa, representing the estimated
average peak wall stress of an infarcted rat LV at 4 weeks after MI (Ferferieva et al., 2018).
Among rats that experienced M, those that received intramyocardial ESA therapy had
significantly more compliant LV tissue after 4 weeks than those that received PBS (Fig. 5).
In the circumferential direction, PBS hearts exhibited a modulus of 264.3 + 12.5 kPa
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compared to 211.5 + 6.9 kPa for ESA hearts (p = 0.001). In the longitudinal direction, the
modulus for PBS hearts was 258.1 + 14.4 kPa compared to 194.5 + 6.5 kPa for ESA hearts
(p < 0.001). ESA-treated infarcted hearts and sham noninfarcted hearts exhibited similar
tissue moduli at this stress level (circumferential: sham 220.2 + 7.6 kPa vs ESA 211.5+ 6.9
kPa, p = 0.786; longitudinal: sham 209.1 + 9.6 kPa vs 194.5 + 6.5 kPa, p = 0.606). Indeed, at
all physiologically-relevant wall stress values examined (0.1-50.0 kPa), the modulus of
ESA-treated infarcted hearts and sham non-infarcted hearts did not differ significantly.

4. Discussion

Our study is the first to utilize biaxial tensile testing to evaluate the mechanical effect of a
translatable, angiogenic and myocardial repair-based therapy for ischemic cardiomyopathy.
We observed that ESA therapy significantly improves LV remodeling and function,
decreases infarct size, and preserves native tissue compliance after Ml in both the
circumferential and longitudinal directions. These results are consistent with those of our
previous studies (Hiesinger et al., 2011; Macarthur et al., 2014; MacArthur et al., 2013;
Trubelja et al., 2014), altogether strengthening our biomechanical understanding of how
ESA attenuates the complex process of ventricular remodeling following M.

Biaxial tensile testing represents the gold standard for the evaluation of cardiac
biomechanics (Moorhees and Han, 2015). This multiaxial test offers significant advantages
compared to uniaxial testing by loading and deforming the tissue along two axes
simultaneously and capturing coupled behavior in anisotropic tissues. Our observation that
untreated infarcted myocardium is significantly stiffer than healthy non-infarcted
myocardium agrees with the results of the few previous studies evaluating biaxial cardiac
biomechanics after MI. In both rodents and sheep, myocardial tissue stiffness increases
during the initial weeks immediately following M1 due to collagen deposition within the
developing scar (Fomovsky and Holmes, 2010; Gupta et al., 1994; Sirry et al., 2016;
Voorhees et al., 2015). Our histologic analyses confirmed the presence of large transmural
infarcts in the untreated MI hearts, in association with pronounced LV wall thinning and
dilatation, and impairment of contractile function on echocardiography.

Recent advances in cardiovascular imaging technology have also permitted determination of
myocardial stress and strain using cardiac magnetic resonance imaging (MRI) and speckle-
tracking echocardiography (Scatteia et al., 2017). These techniques are able to provide
useful in vivo metrics of cardiac function and mechanics, but may be limited by issues with
temporo-spatial resolution for MRI or quality of acoustic windows and frame rate for
echocardiography, especially when applied to small animals. In our study, we employed an
established ex vivo method of evaluating myocardial tissue biomechanics in small animals,
but utilized previously published in vivo imaging data to guide the physiologic relevance of
our experimental design. Specifically, we chose a peak strain of 40% to ensure that our
biaxial stretching protocol would encompass the range of strains necessary to generate
pathophysiologic wall stresses for assessment of tissue stiffness (Ferferieva et al., 2018;
Fomovsky et al., 2011; Weytjens et al., 2008). Our observation that ESA-treated infarcted
hearts are significantly less stiff than untreated infarcted hearts, and also retain a similar
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stiffness as non-infarcted sham control hearts, altogether suggests that ESA therapy
preserves the native compliance of healthy rat myocardium after M.

Among the co-related factors of infarct size, infarct healing, and ventricular wall stress,
which together determine the extent of LV remodeling after MI (Pfeffer and Braunwald,
1990), the primary mediator of the biomechanical effects of ESA is most likely a reduction
of infarct size. Indeed, our histologic data demonstrated a significantly higher ratio of
muscle to collagen within the stretched LV wall samples in the ESA group compared to the
PBS group. This finding corroborates our prior observations in which intramyocardial ESA
injection at the time of MI reduced infarct size by 20-33% (Macarthur et al., 2014;
MacAurthur et al., 2013). Our concept that ESA attenuates ventricular remodeling primarily
by reducing infarct size is further supported by previous studies demonstrating that collagen
content and infarct size are the chief determinants of post-MI LV mechanics and function,
respectively (Fomovsky and Holmes, 2010; Sirry et al., 2016). Akin to the mechanism of
intramyocardial SDF therapy, ESA injection into the borderzone is thought to recruit EPCs
to the infarct periphery where induced microrevascularization increases local perfusion and
cell survival, and decreases muscle replacement by collagen within the infarct and
subsequent expansion of the borderzone (Atluri et al., 2006; Hiesinger et al., 2011; Woo et
al., 2005). The diminished contribution of infarcted myocardium to the recovering LV wall
alters matrix metalloproteinase expression and preserves the extracellular matrix (Macarthur
et al., 2014), thus stabilizing wall stresses and inhibiting maladaptive remodeling.

Other therapies have been designed to directly manipulate the mechanics of the struggling
ventricle, for example by injection of bio-materials to artificially stiffen the infarct (Morita et
al., 2011). Computational models have also suggested that anisotropic infarcts that are
selectively stiff in the longitudinal direction or compliant in the circumferential direction
may preserve systolic function without compromising diastolic filling (Fomovsky et al.,
2011; Voorhees and Han, 2014). Based on this hypothesis, one group demonstrated that
infarcted canine hearts reinforced by an anisotropic patch implanted over the ischemic
territory did indeed exhibit improved contractility without sacrificing preload (Fomovsky et
al., 2012a). In our study, we observed ESA to have equal effectiveness in preserving LV
compliance along the circumferential and longitudinal axes, associated with the preservation
of native LV geometry but only a partial recovery of systolic function. We injected ESA at
four borderzone sites surrounding the periphery of the infarct, but given that collagen fibers
of post-injury scar tissue align differently near the cardiac apex than in the basal-mid LV
(Fomovsky et al., 2012b), it would be interesting in future experiments to determine whether
ESA injection confined to specific regions of the LV would change the mechanical effects of
the therapy.

Our study is subject to some limitations common to the biaxial testing of biologic materials.
Importantly, the small size of the rat heart may result in a non-homogeneous biaxial stress
state during stretching, especially in the areas immediately adjacent to the loading hooks. A
previous biaxial study of infarcted rat myocardium used finite element simulations to
confirm stress uniformity in the strain-tracked, central area of LV wall samples that were
similar in size (10 mm x 10 mm square) and preparation (two loading hooks per side) as
those in our study (Fomovsky and Holmes, 2010), adding credence to the accuracy and
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interpretability of our results. Nevertheless, some degree of error is inevitable in the absolute
values of the stresses and strains measured, although the comparative difference in
mechanical behavior observed between the experimental groups is unlikely to be profoundly
impacted. Additionally, our understanding of how ESA affects myocardial tissue anisotropy
is limited by a lack of data regarding non-equibiaxial mechanical behavior and collagen fiber
orientation. Future studies employing different stress ratios along the two axes of
deformation and relative to the fiber and cross-fiber directions will be essential for a full
evaluation of myocardial tissue anisotropy after angiogenic therapy. Based on analysis of our
Fung model parameters derived from equibiaxial testing, however, we observed a moderate
degree of anisotropy in both infarcted and non-infarcted hearts—a characteristic that did not
change with ESA therapy.

Overall, intramyocardial ESA therapy mitigates post-MI tissue stiffening and preserves LV
mechanical properties under planar biaxial tension. The effect of ESA on ventricular
geometry, function, and stiffness is likely a consequence of its ability to preserve healthy
myocardium and reduce infarct size after acute M.
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Fig. 1.

Preparation of left ventricular wall samples for biaxial testing. (A) The left ventricle
(LV) of the rat heart is shown, with the position of the left anterior descending (LAD)
coronary artery, the ligating suture, the ischemic territory, and the four borderzone injection
sites labeled. (B—C) The septum and lateral-most aspect of the LV wall are excised, and the
remaining anterolateral LV wall is flattened into a square block of tissue. (D) The LV wall
sample is mounted onto the biaxial testing device, aligned along the circumferential and
longitudinal axes of the heart.
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Sham PBS ESA

Fig. 2. Infarct size assessment.
(A-C) Representative images of left ventricular (LV) wall samples from sham non-infarcted

hearts, saline-injected infarcted hearts (PBS), and therapy-treated infarcted hearts (ESA),
mounted onto the biaxial testing device. Hearts in the PBS group qualitatively appear to
have larger infarcts than hearts in the ESA group. (D) LV scar percentage determined
histologically for each group using Masson’s trichrome staining. * indicates p-value < 0.05.
Hearts in the ESA group have significantly reduced infarct size compared to hearts in the
PBS group.

J Mech Behav Biomed Mater. Author manuscript; available in PMC 2020 August 01.



1duosnuepy Joyiny 1duosnuely Joyiny 1duosnuepy Joyiny

1duosnuely Joyiny

Wang et al.

Circumferential

Longitudinal

A 350

Cauchy Stress (kPa)
e 5 ™ ~ w
3 vl 8 3 8
E=] o (=] o o

u
=]

D 350

300

250

200

Cauchy Stress (kPa)
I
3

Sham

e

0 0.1 0. 03 04
Green Strain

Cauchy Stress (kPa)

PBS

Page 15

ESA

Green Strain

Cauchy Stress (kPa)

Green Strain

Green Strain

Cauchy Stress (kPa)

[
=}
S

v
S

=)
S

v
o

=)

Green Strain

Fig. 3. Cauchy stress-Green strain experimental data plots.
Experimental stress-strain data are presented for the circumferential (A—C) and longitudinal

(D-F) directions for sham non-infarcted hearts, saline-injected infarcted hearts (PBS), and
therapy-treated infarcted hearts (ESA), obtained from planar biaxial tensile testing. All
samples in each group demonstrated a non-linear response to strain in both principal

directions.
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Fig. 4. Composite stress-strain curves.
Stress-strain curves are illustrated for the circumferential (A) and longitudinal (B) directions,

derived from the average Fung model curves for sham non-infarcted hearts, saline-injected
infarcted hearts (PBS), and therapy-treated infarcted hearts (ESA). Shaded region represents
standard error. Hearts in the PBS group exhibit stiffer behavior compared to hearts in the

ESA and sham groups in both the circumferential and longitudinal directions.
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Fig. 5. Tangent modulus at physiologic stress.
The tangent modulus of sham non-infarcted hearts, saline-injected infarcted hearts (PBS),

and therapy-treated infarcted hearts (ESA) is calculated at 19.1 kPa, the estimated
pathophysiologic wall stress of a rat left ventricle (LV) 4 weeks after myocardial infarction.
** indicates p-value < 0.01. *** indicates p-value < 0.001. Hearts in the ESA group were
significantly less stiff than hearts in the PBS group, and had similar modulus as hearts in the
sham group.
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