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hypertrophied cardiomyocytes from failing myocardium have increased microtubules and cell stiffness.
How the microtubules contribute to the tissue-level viscoelastic behavior in RV failure remains unknown.
Our aim was to investigate the role of the microtubules in the passive anisotropic viscoelasticity of the

Keywords: RV free wall (RVFW) during pulmonary hypertension (PH) progression. Equibiaxial stress relaxation tests

Myocardial mechanics were conducted in the RVFW from healthy and PH rats under early (6%) and end (15%) diastolic strains,

Myofiber and at sub- (1Hz) and physiological (5Hz) stretch-rates. The RVFW viscoelasticity was also measured be-

g";‘jﬁﬁ“ive modeling fore and after the depolymerization of microtubules at 5Hz. In intact tissues, PH increased RV viscosity
olchicie

and elasticity at both stretch rates and strain levels, and the increase was stronger in the circumferen-
tial than longitudinal direction. At 6% of strain, the removal of microtubules reduced elasticity, viscosity,
and the ratio of viscosity to elasticity in both directions and for both healthy and diseased RVs. However,
at 15% of strain, the effect of microtubules was different between groups — both viscosity and elasticity
were reduced in healthy RVs, but in the diseased RVs only the circumferential viscosity and the ratio of
viscosity to elasticity were reduced. These data suggest that, at a large strain with collagen recruitment,
microtubules play more significant roles in healthy RV tissue elasticity and diseased RV tissue viscosity.
Our findings suggest cardiomyocyte cytoskeletons are critical to RV passive viscoelasticity under pressure
overload.

Statement of Significance

This study investigated the impact of microtubules on the passive anisotropic viscoelasticity of the right
ventricular (RV) free wall at healthy and pressure-overloaded states. We originally found that the mi-
crotubules contribute significantly to healthy and diseased RV viscoelasticity in both (longitudinal and
circumferential) directions at early diastolic strains. At end diastolic strains (with the engagement of col-
lagen fibers), microtubules contribute more to the tissue elasticity of healthy RVs and tissue viscosity of
diseased RVs. Our findings reveal the critical role of microtubules in the anisotropic viscoelasticity of the
RYV tissue, and the altered contribution from healthy to diseased state suggests that therapies targeting
microtubules may have potentials for RV failure patients.
Published by Elsevier Ltd on behalf of Acta Materialia Inc.

1. Introduction

Heart failure (HF) is the leading cause of death in the US and
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significantly to the mortality and morbidity of various cardiovascu-
lar diseases, such as congenital heart disease, left ventricular fail-
ure with preserved ejection fraction (HFpEF), and pulmonary hy-
pertension (PH). There has still, though, been a lack of treatment
for such patients, due largely to a lack of understanding of the
pathology and physiology of RV failure. It is accepted that the me-
chanical behavior of the organ largely impacts its function [2-5].
A prior rodent study found a correlation between the passive stiff-
ness of the RV and end diastolic volume [3], and our own ovine
study showed that RV elasticity is positively correlated with geom-
etry and hemodynamic properties [2]. While such studies suggest
a key role of the organ elastic behavior in clinical parameters, the
RV is viscoelastic. This indicates that the tissue exhibits both elas-
tic and viscous resistance in response to deformation.

There has been increasing evidence of myocardial tissue vis-
coelasticity in both the left and right ventricle (LV, RV), includ-
ing those from our group [6-10]. The RV free wall (RVFW) is
comprised of myofibers, collagen, vasculature, extracellular matrix
(ECM) components, as well as interstitial fluids. These components
all exhibit viscoelastic properties. Moreover, due to the complex or-
ganizations with intra- and extracellular bonds, alignment, layered
structures, and uneven density/distribution of these components in
physiology and pathology conditions, the anisotropic mechanical
behavior is evident. Cardiomyocytes (CM) or papillary muscles are
known to demonstrate viscoelastic behavior [11-16], and CM are
key determinants of the contractile function of the myocardium,
which is directly related to the viscoelasticity of the cell [13,17,18].
A recent study of isolated healthy CM showed that the depoly-
merization via colchicine of the microtubule (MT), a cytoskeletal
structure of the cell, reduces the cell’s viscoelasticity and strength-
ens the degree and velocity of shortening [19], suggesting a key
role of the MT network in the mechanical behavior of the CM
and its contractile function. Additionally, Caporizzo et al. treated
isolated adult healthy CM from the LV with colchicine and ob-
served a weakened cell viscosity and elasticity [13]. These studies,
though, only obtained healthy cell behavior. In the hypertrophied
myocardium, both MT density and myofiber viscoelasticity are in-
creased [17,20]. Moreover, the treatment of colchicine on isolated
adult CM from a failing LV still reduced the cell elasticity and vis-
cosity [17]. While both stress relaxation and cyclic mechanical tests
were conducted, the distinct role of the MT network on the failing
RV mechanical behavior remains unknown.

Therefore, the aim of this study is to characterize the role of
the MT network in RV passive anisotropic viscoelasticity during PH
progression. We induced PH in adult rats and performed equibiax-
ial stress relaxation testing on the entire RVFW with and without
the treatment of colchicine to depolymerize the MT network. Then
the experimental data was fit using a quasilinear viscoelastic (QLV)
constitutive model established previously to further delineate the
effect of the MT network to RV relaxation strength with pressure
overload. Our study revealed that 1) PH enhances RV elasticity and
viscosity, and the increase was stronger in the circumferential than
longitudinal directions; 2) the stretch rate, not strain level, differ-
ently affected the elasticity and viscosity of the healthy and dis-
eased RVs; 3) at the early diastolic strain level, the removal of MT
network reduced tissue elasticity, viscosity, and the ratio of viscos-
ity to elasticity in both directions and for both healthy and dis-
eased RVs; 4) at the end diastolic strain level, the removal of MT
network reduced viscosity and elasticity in healthy RVs, but it only
reduced the circumferential viscosity and the ratio of viscosity to
elasticity in diseased RVs. The results from different strains sug-
gest that the impact of MT on tissue viscoelasticity is different be-
fore and after collagen recruitment. To our knowledge, this is the
first study to investigate the role of MT network in the viscoelas-
tic behavior of hypertrophied myocardium. Our data has revealed a
critical contribution of MT to the viscoelastic resistance of RV tis-

[m5G;January 30, 2024;12:7]

Acta Biomaterialia xxx (xxxx) xxx

sue at both healthy and diseased states. These findings deepen the
understanding of cytoskeleton determinants of RV mechanics and
may shed light on their contribution to the pathophysiology of RV
failure.

2. Materials and methods
21 Specimen preparation and disease model

All animal procedures were approved by the Colorado State
University Institutional Animal Care and Use Committees (IACUC,
protocol #1438). 6-week-old male Sprague-Dawley rats (n=6) were
administered a subcutaneous injection (60mg/kg) of monocrotaline
(MCT) to induce PH and housed in normal conditions for three
weeks. We followed the identical disease model protocol as de-
scribed previously, in which we observed overt PH [21]. Healthy
age matched male animals served as control (CTL) (n=6). At
3 weeks post treatment, the animals were euthanized, and the
heart was excised and placed in phosphate buffer solution (PBS)
on ice.

22, Ex vivo equibiaxial mechanical testing

After harvest, the entire RVFW was dissected in cardioplegic
solution (CPS) and fully submerged in 30mM 2,3-butanedione
monoxime (BDM) solution at body temperature for 30 minutes
prior to testing to remove the contractility of the myocardium. The
tissue remained submerged in the solution for the remainder of
the testing period. The tissue was then preloaded to approximately
0.05 N to specify the zero-stress configuration, and calipers were
used to measure the dimensions of the square sample. The square
shaped tissue sample (~10X10 mm? in CTL group and ~15X15
mm? in MCT group) was mounted on four vertical tines on the
biaxial tester, and the outflow tract direction was defined as the
longitudinal (L) direction. The tissue thickness was approximately
0.9~1.3 mm in these groups, and thus negligible shear deformation
requirement is fulfilled in the biaxial planar test [22]. Four markers
were placed on the center region of the surface in a square forma-
tion for strain analysis. 10-15 cycles of cyclic equibiaxial precondi-
tioning were then conducted (at 1Hz and 20% maximal strain) to
reach an equilibrium stress in the tissue (Supplemental Figure S1)
[23] .

RV tissue then underwent equibiaxial stress relaxation to ob-
tain the passive, biaxial viscoelastic behavior using an in-house
biaxial tester [21,24]. In the displacement-controlled test, the RV
was stretched to the global strains of 6% and 15%, which corre-
spond to the early and late diastolic strains, respectively, to exam-
ine the viscoelastic behavior at small and large deformations [3,21].
For each strain level, the tissue was tested at two stretch (ramp)
rates: 30%/s and 150%/s, which relate to a sub-physiological (1Hz)
and physiological (5SHz) heart rate of the adult rat, respectively.
For the remainder of the article, we refer to these stretch rates as
frequency values (1Hz and 5Hz) to relate the ramping speed to a
stretch-rate corresponding to the heart rate in sub- and physiologi-
cal conditions. Between each test, a recovery time of ten times that
of the previous testing period was included to ensure full recov-
ery of the tissue from the previous test [25]. Biaxial stretch forces
were obtained by 5-1b load cells (Honeywell) at a sampling fre-
quency of 200 Hz. Because only stress-time curves were used to
analyze the viscoelastic behavior of the tissue, we did not obtain
the local strain of the tissue in our experimental procedures. After
the intact tissue was tested at the baseline condition (base), the
RV was exposed to 0.3mM colchicine [17] (COL) for 30 minutes to
de-polymerize the MT, and the same mechanical testing was per-
formed. The effect of COL is transient [26] and we therefore were
not able to perform immunofluorescence imaging to determine the
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Fig. 1. Representative stress relaxation curves at baseline and after colchicine treatment in the longitudinal (L) and circumferential (C) directions at 15% strain (A&B) and 6%
strain (C&D). The total response curve is given in panels A&C, and the ramping region is shown in panels B&D.

degree of MT de-polymerization. Representative stress-time curves
before and after colchicine treatment in both groups are shown in
Figure 1, and the peak stress values for each group are presented
in Supplemental Table S1. Finally, because the colchicine’s effect
is transient, the baseline stress-strain curves were measured at the
end of the experiment and compared to those obtained in the be-
ginning of the experiment. We did not observe any plastic damage
to the tissue samples.

23. Data analysis

After data collection, the 2™ Piola-Kirchhoff (PK) (S) stresses
and Green strain (E) were derived as described previously [7,27]:

S = (F/40)A 0)
E= ' N- 1), )
2

where F is the measured force, A, is the initial cross-sectional area,
and A is the stretch.

Next, we quantified RVFW elasticity and viscosity from the
stress relaxation curve (Fig. 2) using stored energy (Ws) and dis-
sipated energy (W), respectively [21,28]. At a given input strain
(Einpur) level, Ws was derived as a function of time (t) using the
total area (As) under the curve from the peak stress to the fully
relaxed stress at time t (Eq. 1). Wy was derived using the area (Aq)
between the raw stress-relaxation curve and the purely elastic ma-
terial response curve from the peak stress (S,) to the relaxed stress
at time t (Eq. 2) [28]. We then calculated the ratio of viscosity to
elasticity (V/E) as the ratio of dissipated to stored energy (W4 Ws)
to measure the relative contribution of viscosity. For convenience,
only the results at 100s after peak stress (equilibrium state) are
presented in our Results.

t t
Ws(t) = fS(t) Einputdt = Einput fS(t) dt = Einpur X As 3)
L L
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Fig. 2. The stored energy (Ws ) and dissipated energy (Wq) are derived from the
blue (As ) and red (Aq) shaded area, respectively. These integrated areas (As and
Aq) are calculated between the time (t, ) of peak stress (S, ) and any time point (t)
during relaxation.

¢ ¢
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Relaxation modulus and normalized stress were also derived as
described previously [7,21], and they are presented in Supplemen-
tal Tables S2 and S3.

24, Constitutive model of tissue viscoelasticity: Quasilinear
viscoelastic fitting

To further characterize the viscoelastic behavior, an established

QLYV model was used to fit the experimental data as previously de-
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scribed [6,28]. Assuming incompressibility and negligible shear de-
formation, the QLV construction for the 2™ PK stress tensor (S) can
be presented as [29]:

t 08¢ O0E(T)
S(E,t) = So+fOG(t—T)£: Td’[ ®)

where E is the Green strain tensor, t is time, Sy is the initial stress
pretension obtained from the force in the zero-stress configuration,
which was set to zero [29-31], G(t) is the reduced relaxation func-
tion, S¢ is the instantaneous elastic stress, and T is a time vari-
able of integration. The Green strain tensor (E) was prescribed by
the global position of the actuators, with linear increments during
the ramp period and held fixed during the relaxation period. Only
normal (longitudinal and circumferential) strains were applied, and
shear strains were negligible at the boundaries at all times. The
anisotropic Ogden strain energy density function (3) was used to
derive the instantaneous elastic stress S¢ [31,27]:
)

2 ) 2%y & _a
zp:;‘qu+Ag+)\g—3 +j142+144—3 ©6)
using

d
se=2%% e )

dC

where the parameters A, p and k& represent the nonlinearity, in-
finitesimal shear modulus and anisotropy of the tissue, respec-
tively. The principal stretch A; are the diagonal elements of the
deformation gradient tensor when no shearing is present. C is
the right Cauchy-Green deformation tensor, and C=2E+I1. With the
L and C directions aligned to the AL and Ac, respectively, the
anisotropic invariant I, was equal to:

Is = ao - Cao = )LZ cos 0% + )\% sin 0% ®)

where a, is a vector describing the fiber orientation defined by the
angle ©, and © = 0 represents the fiber aligned along the longitu-
dinal (outflow tract) direction.

In this study, the reduced relaxation function G(z) in each direc-
tion was defined by the Prony series as:

G(t) = G + Gne=/" (O]
n=1

such that:

Gi+G2+Gi+ G =1 (10)

where G is the long-term relaxation coefficient, which quanti-
fies the proportion of instantaneous elastic stress S° remaining in
the RVFW over a long (infinite) period. G, are relaxation coeffi-
cients corresponding to the following time constants in the relax-
ation: T = 0.3 5, T» = 3 5, and Tz = 30 s. These time constants
were selected because they have been shown to successfully fit
ovine RVFW viscoelastic behavior. Each G, represents the relax-
ation strength at the corresponding time constant. Representative
fitting results are presented in Supplemental Figures S2 and S3,
and the root mean-squared error values are provided in Supple-
mental Table S4.

2.5. Statistical analysis
The normal distribution of the data was confirmed by Shapiro-

Wilk test. Unpaired and paired student t-tests were used to com-
pare disease effect, stretch rates, strain level, directions, and before
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and after MT de-polymerization. All data are presented as mean =+
SEM. P<0.05 was considered statistically significant.

3. Results

3.1 Pulmonary hypertension increases RVFW viscosity and elasticity
at sub- and physiological stretch rates as well as early and late
diastolic strains

We firstly examined the change in wall thickness between
healthy and diseased RVs and observed significant wall thickening
in the PH tissues, with a thickness of 1.0mm # 0.05 mm in the
healthy tissues, and 1.4mm = 0.1 mm in the diseased tissues, indi-
cating marked hypertrophy of the myocardium consistent with our
previous report [21]. Next, we investigated the effect of pulmonary
hypertension on RVFW viscoelasticity at the early and end dias-
tolic strain level, and at the sub- and physiological stretch rates.
At the early diastolic strain level (6%) and sub-physiological stretch
rate (1Hz), RVFW elasticity (Ws) and viscosity (W4) were elevated
during PH progression (Fig. 3A&C). The degree of increase in W 4
was greater than Wg in the circumferential direction, which re-
sulted in an elevated V/E ratio in this direction with PH (Fig. 3C).
At the early diastolic strain (6%) and physiological stretch rate
(5Hz), we observed strengthened RVFW elasticity (Ws) and vis-
cosity (W4) in both directions with the development of PH, and
the increases (in percentage) were larger in the circumferential
than longitudinal direction (Fig. 3D&E). A decrease of the V/E ratio
with PH progression was observed, but the change reached signif-
icance in the longitudinal direction only (Fig. 3F). Next, we exam-
ined RVFW viscoelasticity at late diastolic strain (15%) and phys-
iological stretch rate (5Hz). Similarly, as found in the low strain
tests, tissue elasticity and viscosity were enhanced with PH pro-
gression, and the increases (in percentage) were stronger in the
circumferential than longitudinal direction (Fig. 3G&H). However,
the V/E ratio was not significantly changed by PH progression in ei-
ther direction (Fig. 3I). Finally, all Ws and W4 obtained from these
testing conditions showed significant anisotropy in healthy and
failing RVs.

32. Diseased RV and healthy RV exhibit different stretch-rate
dependent elasticity and viscosity

Next, we investigated the effect of stretch rate on the healthy
and diseased RV elasticity (Ws) and viscosity (Wq4). Increasing from
a sub-physiological to a physiological stretch-rate did not influ-
ence healthy RV elasticity in either direction, but it significantly
increased diseased RV elasticity in both directions (Fig. 4A&B). In
contrast, when examining the stretch-rate’s effect on tissue viscos-
ity, we found that the viscosity of healthy and diseased RVs was in-
creased significantly in both directions (Fig. 4C&D). The percentage
of increase in W4 was more pronounced in the healthy RV (L=35%,
C=42%) than diseased RV (L=11%, C=18%). Our results showed that
the stretch-rate had a greater effect on the viscosity of healthy RVs
and the elasticity of the diseased RVs.

33. Diseased RV and healthy RV exhibit similar strain dependent
elasticity and viscosity

Additionally, we analyzed RVFW viscoelasticity at a physiologi-
cal stretch rate and at early and end diastolic strain levels. As ex-
pected, we observed increased viscosity and elasticity of the RVFW
from the early to the end diastolic strain levels (Fig. 5), indicating
the strain stiffening and strain “thickening” effects of the tissue.
This behavior was observed in both the healthy and the diseased
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Fig. 3. The elasticity (Ws ) (A, D, G), viscosity (Wq) (B, E, H), and the V/E ratio (C, F, I) of the healthy and diseased RVFW that are obtained at sub-physiological stretch rate
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RVFW, suggesting that the impact of strain level on myocardial me-
chanics is independent of health states.

34 Removal of MT similarly weakens viscoelasticity of diseased RV
and healthy RV at early diastolic strain

After examining how PH impacts on RVFW viscoelasticity, we
investigated the contribution of the MT network to healthy and
diseased RVs firstly at the early diastolic strain level. Because the
mechanical behavior at physiological stretch rate is more relevant
to organ performance, we only present the data obtained from
this condition from now on. First, in both directions, the elasticity
(Ws) and viscosity (W4) were significantly reduced in both groups
after MT removal Fig. 6A&B, D&E), except for a moderate trend
of reduction of elasticity in the diseased RVFW in the longitu-
dinal direction (p=0.1). However, the degrees of reduction were
direction dependent. In the healthy RV, the degree of change in
elasticity was stronger in the longitudinal than circumferential
direction, whereas the degree of change in viscosity was equiv-
alent between directions (Table 1). Alternatively, in the diseased
RV, elasticity was reduced more greatly in the circumferential
than the longitudinal direction. This behavior was also present in
viscosity (Table 1). Moreover, the V/E ratio was reduced signif-
icantly in both directions and for both groups (Fig. 6C, F). This
result is due to the greater reduction of viscosity than elasticity,
indicating a stronger role of the MT network in tissue viscosity
(Fig. 6C).

Table 1
Degree of reduction in healthy and diseased RV elasticity (Ws) and viscosity (W ?
d

after the disruption of the MT network via colchicine at 6 % strain. Reductions were
derived from group average values. Long.: longitudinal; Circ.: Circumferential.

Healthy RV Diseased RV
Parameter Long. Cire. Long. Circ.
Stored energy (Ws) 34% 18% 33% 41%

Dissipated energy (Wq) 48% 43% 30% 60%

35 Removal of MT differently weakens viscoelasticity of diseased RV
and healthy RV at end diastolic strain

It is found that the elastic behavior of myocardium is dominant
by myofibers at small strains and by collagen fibers at large strains
[3]. But whether and how much the MT network contributes to the
tissue-level viscoelasticity at larger strains is unclear. To answer
this question, we investigated the effects of MT removal on RV vis-
coelasticity at the end diastolic strain level. In contrast to the re-
sults at early diastolic strain, we observed a differential role of the
MT network in the healthy and diseased RVs. First, in the longitu-
dinal direction, both elasticity and viscosity were weakened after
MT removal in the healthy RVs, but this change was not observed
in the diseased RVs (Fig. 7A&B). Moreover, there was an absent ef-
fect on the V/E ratio for both groups (Fig. 7C). In the circumferen-
tial direction, the effects of MT removal on elasticity and viscosity
were similar between healthy and diseased RVs — no change on
elasticity but a decrease of viscosity were noted (Fig. 7D&E). Un-
like at early diastole, the degrees of reduction in elasticity and vis-
cosity were not direction dependent anymore. We observed sim-
ilar percent reductions in tissue elasticity and viscosity in both
directions for both groups (Table 2), except that in the pressure-
overloaded RV, we observed a much larger decrease (~2-fold) in
circumferential viscosity compared to that in the longitudinal di-
rection (Table 2). Additionally, the MT removal led to a reduction
in the V/E ratio in the diseased RVs only (Fig. 7F). These results
suggest distinct contributions of MT network to the viscoelasticity
of normotensive and hypertensive RVs after collagen recruitment.

Table 2
Degree of reduction in healthy and diseased RV elasticity (W 9 and viscosity (W g

after the disruption of the MT network via colchicine at 15% strain. Reductions were
derived from group average values. Long.: longitudinal; Circ.: Circumferential.

Healthy RV Disecased RV
Parameter Long. Circ. Long. Circ.
Stored energy (Ws) 15% 14% 16% 17%
Dissipated energy (Wgq) 20% 18% 15% 30%
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Fig. 7. The elasticity (A&D), viscosity (B&E), and the V/E ratio (C&F) of healthy and diseased RVFW after the removal of the MT network (COL) under 15% strain and ramp
speed corresponding to 5Hz. #p<0.05 compared to baseline in same direction and group.

36. QLV modeling reveals removal of MT network decreases RV
relaxation strength (viscosity) at late time points of relaxation in
healthy and diseased RVFW

Lastly, we applied a QLV model to characterize the role of MT
in the relaxation behavior of the RVFW with disease progression
and removal of MT. First, at the early diastolic strain level, tissue
relaxation strength at a later time point (Gs;) was reduced after

the removal of the MT network in both directions and for both
groups (Fig. 8A&B). Similar effects were observed at the end dias-
tolic strain level (Fig. 8C&D). These data suggest that the G; coeffi-
cient is affected by the MT network, regardless of the strain levels
or disease state. Moreover, we found that G, was reduced in the
diseased RVs as well, and the reduction was in the longitudinal di-
rection at early diastolic strain (Fig. 8A) and in the circumferential
direction in the end diastolic strain (Fig. 8D).
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#p<0.05 compared to baseline in same group and direction.

The QLV modeling also revealed elevated shear modulus with
disease progression at both strain levels (Supplemental Figures
S4A & S5A). Additionally, shear modulus was reduced in the dis-
eased RV (at 6% strain) and the healthy RV (at 15% strain) after
removal of the MT network (Supplemental Figures S4A & S5A).
Tissue nonlinearity was increased in healthy RVs after MT removal
(Supplemental Figure S4B). We did not observe marked changes
in other fitting parameters, indicating limited effect of disease pro-
gression or the MT network on nonlinearity and anisotropy.

4. Discussion

To our knowledge, this is the first tissue-level examination of
the role of the MT network in the anisotropic viscoelasticity of
the failing RV. We originally observed 1) PH progression elevated
RVFW elasticity and viscosity, and the increase was stronger in
the circumferential than longitudinal directions; 2) the stretch rate,
not strain level, differently affected the elasticity and viscosity of
the healthy and diseased RVs; 3) at the early diastolic strain level,
the removal of MT network reduced tissue elasticity, viscosity, and
the ratio of viscosity to elasticity in both directions and for both
healthy and diseased RVs; 4) at the end diastolic strain level, the
removal of MT network reduced viscosity and elasticity in healthy
RVs, but it only reduced the circumferential viscosity and the ra-
tio of viscosity to elasticity in diseased RVs. The new findings of
the role of the MT network in the failing RV tissue mechanics
strengthen our knowledge of RV viscoelastic behavior and deepen
the understanding of microstructural determinants of RV failure.

41 PH altered RVFW anisotropic elasticity and viscosity

The hemodynamic measurements reported in our previous
study clearly demonstrate an establishment of RV failure with PH
progression in these rats [21]. From our baseline mechanical data,
the development of PH significantly enhanced RVFW elasticity and
viscosity (Fig. 3), and this effect was present at the sub- and phys-
iological stretch rate and at both the early and end diastolic strain
levels. Similar findings of enhanced viscoelasticity with disease
progression have been reported previously at the tissue and cel-
lular level [13,14,17,21,32,33].

Moreover, in the present study, we have new findings in the
tissue anisotropy and stretch-rate/strain dependent changes. The
RVFW displayed strong anisotropic behavior in the healthy and
diseased states, with larger elasticity and viscosity in the longitu-
dinal direction (Fig. 3). Similar trends have been reported in our
previous study [21]. During PH progression, the myo- and colla-
gen fibers realign into a preferred direction toward the longitu-
dinal (outflow tract) direction [3-5]. Thus, this may be the un-
derlying cause of the stronger elasticity and viscosity in the lon-
gitudinal direction. Furthermore, the effect of disease progression
on the V/E ratio was direction and stretch rate dependent. At the
sub-physiological stretch rate, the V/E ratio was strengthened by
PH in the circumferential direction (Fig. 3C), which is a result of
a weaker increase in elasticity than viscosity. Alternatively, the V/E
ratio at the physiological stretch rate was weakened in the longitu-
dinal direction (Fig. 3F) as a result of greater increase in elasticity
than viscosity. We do not know exactly the mechanism causing the
stretch-rate dependent changes in V/E ratio, but this is consistent
with our findings of different effects of stretch-rate on healthy and
diseased RV viscoelasticity (Fig. 3), as discussed below. The results
suggest that it is imperative to obtain myocardium tissue viscoelas-
ticity under physiologically relevant conditions.

42.  Altered stretch-rate dependent changes in RVFW elasticity and
viscosity with PH progression

Biological tissues are viscoelastic, and this behavior can be ei-
ther strain or strain-rate dependent [34]. Caporizzo et al. found
at the cellular level that isolated healthy cardiomyocytes exhibit
enhanced elastic modulus and stronger hysteresis behavior under
a diastolic (10% over 5s) compared to a sub-physiological stretch
speed (10% over 200ms) [17]. While stretch-rate dependence has
been reported in the healthy myocardium, [8,9,32], the observa-
tions are not consistent. Sommer et al. studied the mechanical be-
havior of human LV and RV and found that the viscosity (hys-
teresis loop area) is greater at the dynamic (30mm/min) stretch
rate compared to the quasi-static (3mm/min) stretch rate [9]. How-
ever, the elastic modulus (slope of the loop), was unchanged be-
tween stretch rates. Our results here showed similar behavior in
the healthy RVFW, with no change in elasticity (Ws) (Fig. 4A&B)
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but an increased viscosity (W) (Fig. 4C&D) with increasing stretch
rate. However, there is a different story in the diseased RVFW,
with both elasticity and viscosity increasing from the sub- to phys-
iological stretch rates (Fig. 4). Our group has previously shown
stronger stretch-rate dependent behavior in the diseased RV com-
pared to the healthy RV [21]. Relaxation modulus, a metric of
overall viscoelasticity, monotonically decreased with increasing fre-
quency and this trend was stronger in the PH group. However,
these measurements were taken at the beginning of relaxation
(0.01s after peak stress), whereas our results here were obtained at
the end of relaxation (100s after peak stress). Moreover, in the dis-
eased RVs, there is an accumulation of collagen, and the enhanced
contribution of collagen may be responsible for the stretch-rate de-
pendent elasticity seen in the diseased RVs. Further investigation is
needed to de-couple the roles of cellular and extracellular compo-
nents in tissue mechanics.

43.  Effects of MT network on RVFW elasticity and viscosity with
disease progression at early diastolic strain

At the early diastolic strain level, we observed reduced elastic-
ity and viscosity after MT removal in both directions and for both
groups. This indicates that the MT network is an important compo-
nent conferring the viscoelastic behavior of the tissue. Besides, we
observed other interesting findings when comparing the reductions
between directions and between groups. Firstly, we noted that in
the healthy RVs, the reduction of viscosity was equivalent between
directions (~43%), while the decrease in elasticity was stronger in
the longitudinal direction (~34%) compared to the circumferen-
tial direction (~18%) (Fig. 6A-C). This suggests that the contribu-
tion of MT is isotropic for tissue viscosity but anisotropic for tis-
sue elasticity. However, in the diseased RVs, the drops in viscosity
(59%) and elasticity (24%) were both greater in the circumferen-
tial than longitudinal (30% and 5% for viscosity and elasticity, re-
spectively) direction (Fig. 6D-F). Thus, the contribution of MT is
anisotropic for both mechanical properties, and this indicates an
altered MT microstructure or organization in the diseased RV, as
reported by Prins et al [20]. In healthy cardiomyocytes, the MT net-
work forms an orthogonal grid, where the cytoskeletons are pre-
dominantly aligned along the axis of the cell with interspersed
transverse structures that run perpendicular to the cell axis [35].
With PH progression, though, the cardiomyocytes have a preferred
alignment along the outflow tract (longitudinal) direction [3-5],
and the MT network density is increased and less organized [20].
The disorganization of the MT network may lead to a failure of the
cytoskeletons to keep aligned with the axis of the cell as in healthy
state, and the transverse MT component becomes more prominent
in the diseased RVs. Therefore, the greater reduction of viscosity
and elasticity occurred in the circumferential direction after the
MT depolymerization in these tissues. It should be acknowledged,
too, that the alignment behavior of titin — a large sarcomeric pro-
tein — is altered with disease progression [5,36] and may be ad-
versely affected by the breakdown of the MT network. We cannot
rule out this secondary effect of MT removal, which awaits further
investigations. Overall, despite the same trend (reduction) found in
healthy and diseased RVs after MT depolymerization, the accumu-
lation and altered microstructure of MT network have resulted in
distinct impacts on RVFW mechanics with disease progression.

44.  Effects of MT network on RVFW elasticity and viscosity with
disease progression at end diastolic strain

We have shown that the removal of the MT network signifi-
cantly reduced healthy and diseased RVFW elasticity and viscos-
ity at the early diastolic strain level (Fig. 6), which is consistent
with the results of isolated cardiomyocytes [15,17,33]. However,
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when examining the effects of MT network at the end diastolic
strain level, the healthy and diseased RVFW exhibited different re-
sponses: the removal of MT network reduced viscosity and elastic-
ity in healthy RVs, but it only reduced the circumferential viscosity
and the ratio of viscosity to elasticity in diseased RVs. (Fig. 7).

When the mechanical characterization is mainly performed for
cardiomyocytes (at cell or fiber levels), the behavior is mainly at-
tributed to the cellular components such as MT or titin. However,
when the mechanical characterization is performed at the tissue
level, the deformation will incorporate other non-cellular compo-
nents (especially at large strains) and the overall behavior is a
combined contribution of all tissue components. It must be con-
sidered, at the higher strain level, that collagen is recruited and
having a greater contribution to myocardial mechanics than my-
ofibers [3,37]. Therefore, we investigated the effects of MT at both
6% and 15% strains in this study to reveal the contribution of MT
at myofiber-dominant and non-dominant regions. Not surprisingly,
we observed different effects of MT network at early (6%) and end
(15%) diastolic strain levels. As we found and discussed above for
the results at early diastolic strain, in the healthy RV, the axial MT
may contribute more to the elasticity and viscosity than the trans-
verse MT, resulting in a stronger role of the MT in the longitudinal
direction. A similar effect of MT remains evident in the healthy RV
even after collagen recruitment (Fig. 7). But the effects of MT on
diseased RVs at the large strain were different than those at small
strain. The viscoelasticity in the longitudinal direction was totally
unchanged in these RVs, indicating a non-significant role of MT
after collagen accumulation (due to PH) and recruitment (due to
large strain). There were still some effects of MT in the circumfer-
ential viscosity and the V/E ratio (Fig. 7TE&F), though. We speculate
that this may be related to the increased transverse MT component
(as discussed above) in the diseased RVs as well as the intrinsically
larger viscosity in MT network than collagen fibers. Nevertheless,
the results suggest that the contribution of MT to tissue viscos-
ity is significant, even after the collagen recruitment. As prior cell
studies have shown an increased contractile function of cardiomy-
ocytes with reduced cell viscoelasticity [13], the role of tissue vis-
cosity should not be ignored in ventricular performance and new
therapies may consider targeting MT polymerization in RV failure
patients [35].

45.  QLV modeling shows the role of MT in RV relaxation strength in
disease progression is strain-dependent

In addition to our findings from the experimental data, the
computational work provides further insights into the role of the
MT network in the relaxation behavior of the RVFW. As established
in our prior work [6], we used three terms of relaxation coeffi-
cients (G,) to capture the relaxation strength of the RV. We ob-
served that the removal of MT network significantly reduces RV
relaxation strength (viscosity) at the late time point (G;) in both
healthy and diseased RVs and at both strain levels (Fig. 8). These
results not only demonstrate a strong contribution of the MT to
the RV tissue viscosity in both directions, but also delineate the
specific time scale of its contribution. Unfortunately, although the
Fung’s QLV theory has been applied to various biological and non-
biological materials, to our knowledge, how the G, is correlated to
specific component (e.g., MT, collagen) or microstructure (e.g., size
of fiber, bonds) of a material remain largely unknown. Nordslet-
ten et al. has proposed that the hierarchical structure of the extra-
cellular matrix (mainly collagen) is responsible for the molecular
mechanism of relaxation at different time scales— from fibrils, to
fibers, to bundles to sheets — in human myocardium [38]. Our re-
sults suggest that MT is responsible for the G; in both healthy and
diseased RVs. We did observe some changes in G; in the diseased
RV as well. For instance, the longitudinal G, at small strain and the
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circumferential G, at large strain were reduced after MT removal.
We do not exactly know the reason for these changes, and future
study may investigate the microstructure and proliferation of MT
under pressure overload to reveal the molecular mechanism.

5. Limitations

We did not perform immunofluorescence imaging to assess the
degree of microtubule disruption after colchicine treatment. This
is because the drug effect is reversible, and we need to obtain the
baseline data at the end of experiment to ensure no damage to the
tissue during the mechanical test. However, we performed a dose
response study to determine the dose used in this work, which re-
sulted in a marked drop in peak stress (Fig. 1). Our results are also
consistent with the response observed at the cell level [13,17,19].
Additionally, calipers were used for thickness measurement, and it
is possible that tissue was squeezed during the procedure, which
may affect the accuracy of the measurement. While other more ac-
curate methods are available, this procedure is quick and allows us
to obtain the tissue viscoelastic behavior in a fresh state. Finally,
in the data analysis, we did not use the local strain, but rather the
input (global) strain. Previous studies have shown that the use of
local strain/deformation provided improved fitting capabilities of
the model than the use of global strain/deformation [30,39]. We
did not acquire image data during the stress-relaxation testing and,
therefore, we were unable to obtain the local strain/deformation.
Nevertheless, the QLV model still offered strong fitting capabilities
at both the 6% and 15% strain levels.

6. Conclusions

This is the first study to investigate the role of the microtubules
in the passive viscoelasticity of the RVFW in pulmonary hyperten-
sion progression. We found that PH increased RV elasticity and vis-
cosity, and the increase was stronger in the circumferential than
longitudinal directions. The stretch rate, not strain level, differently
affected the elasticity and viscosity of the healthy and diseased
RVs. The removal of the MT network weakened healthy and dis-
eased RV viscoelasticity at the early diastolic strain level, but it
only reduced the circumferential viscosity and the ratio of viscosity
to elasticity in diseased RVs. These results suggest that the impact
of MT on tissue viscoelasticity is different at small and large defor-
mations, which contributes to the nonlinear behavior of the tissue.
This is the first study to demonstrate the effect of MT accumula-
tion on tissue mechanics of hypertrophied RVFW. Future work can
investigate the functional decline of the organ due to viscoelastic
changes and inspire therapies targeting microtubules in RV failure
patients.
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