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Abstract
Viscosity is proposed to modulate diastolic function, but only limited understanding of the
source(s) of viscosity exists. In-vitro experiments have shown that the proline-glutamic acid-
valine-lysine (PEVK) rich element of titin interacts with actin, causing a viscous force in the
sarcomere. It is unknown whether this mechanism contributes to viscosity in-vivo. We tested the
hypothesis that PEVK-actin interaction causes cardiac viscosity and is important in-vivo via an
integrative physiological study on a unique PEVK-knockout (KO) model. Both skinned
cardiomyocytes and papillary muscle fibers were isolated from wildtype (WT) and PEVK KO
mice and passive viscosity was examined using stretch-hold-release and sinusoidal analysis.
Viscosity was reduced by ~60% in KO myocytes and ~50% in muscle fibers at room temperature.
The PEVK-actin interaction was not modulated by temperature or diastolic calcium, but was
increased by lattice compression. Stretch-hold and sinusoidal frequency protocols on intact
isolated mouse hearts showed a smaller, 30–40% reduction in viscosity, possibly due to
actomyosin interactions, and showed that microtubules did not contribute to viscosity. Transmitral
Doppler echocardiography similarly revealed a 40% decrease in LV chamber viscosity in the
PEVK KO in-vivo. This integrative study is the first to quantify the influence of a specific
molecular (PEVK-actin) viscosity in-vivo and shows that PEVK-actin interactions are an
important physiological source of viscosity.
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INTRODUCTION
Similar to all biological materials the myocardium is viscoelastic, with viscosity revealed as
a force that resists deformation and that increases with strain rate. Viscosity is likely to be a
key aspect of cardiac function affecting ventricular relaxation and the resistance to filling
during diastole and, importantly, may play a role in diastolic dysfunction[1–2]. While the
underlying mechanism(s) of cardiac viscosity has not been firmly established, it has been
hypothesized, based on in vitro studies, that titin is a major source of viscosity[3]. At more
than 3MDa, titin is the largest protein known and contains an elastic region composed of
serially-linked immunoglobulin-like (Ig) domains, a unique N2B sequence and a proline-
glutamic acid-valine-lysine (PEVK) rich element. Although it was originally thought that
reversible unfolding of titin’s Ig domains might be a source of viscosity[4–5], subsequent
single molecule and simulation studies have shown that the forces required for unfolding are
likely to exceed physiological levels[6–10]. More recent protein studies have shown that the
PEVK spring element, but not the Ig or N2B domains, produces a viscous interaction by
interacting with actin[11–13]. The functional effect of this PEVK-actin interaction has been
studied in, for example, in vitro motility assays[12] and in single myofibrils extracted with
gelsolin (to remove the actin filament) or degraded with trypsin (to degrade titin)[12, 14],
but conclusive evidence for a functional role of PEVK-actin interactions in-vivo remains to
be established. In this study, we examined the physiological relevance of PEVK-actin
interaction in a set of integrative experiments from skinned cells to in-vivo physiology,
utilizing a unique PEVK knockout (KO) mouse model[15]. The PEVK KO mouse has a
deletion of PEVK exons expressed in all muscle tissues and that are the only ones expressed
in the dominant mouse cardiac N2B isoform[15–16], making it well suited for studying the
effect of PEVK-actin interactions in-vivo.

MATERIALS AND METHODS (For details, see Supplement)
ANIMALS

The PEVK KO mouse is a conventional KO in which exons 219-225 have been deleted from
the titin gene[15]. We used male, age-matched (mean age 5 months) PEVK KO and WT
mice for all studies. A N2B KO mouse model, a conventional KO of exon 49, encoding the
N2B region of titin[17] provided additional fibers for comparison. All experiments were
approved by the University of Arizona Institutional Animal Care and Use Committee and
followed the U.S. National Institutes of Health “Using Animals in Intramural Research”
guidelines for animal use.

SKINNED CELL AND FIBER PREPARATION AND MECHANICS
Skinned WT and PEVK KO cardiomyocytes were stretched from their slack sarcomere
length (SL) to SL 2.15µm, with ramp speeds from 0.01 to 10 lengths/s, held for 20 seconds,
a sinusoidal length change was imposed using frequencies from 0.1Hz to 100Hz, and were
then released (Fig.1A). Skinned muscle fibers were obtained from WT, PEVK KO and N2B
KO mice. Fibers were stretched from slack SL to 2.15µm, at speeds from 0.1 to 50.0
lengths/s, held for 90 seconds, a sinusoidal frequency sweep was applied with frequencies
from 0.1 to 400Hz, and were then released. Myofilaments were extracted and protocols
repeated to reveal the ECM vs. titin-based passive properties (see supplement for details).
WT and PEVK KO fibers were studied at 22 and 37°C in the presence and absence of
blebbistatin[18]; WT and PEVK KO tissues were also studied in relaxing solution that
contained 3% Dextran, to examine more physiological lattice spacing, and a calcium level of
~150 nmol to examine the effect of diastolic calcium. Stretch-hold release experiments were
used to calculate the viscous stress and viscosity[3] and frequency sweeps analyzed to obtain
the viscous moduli[19–20].
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ISOLATED HEART MECHANICS
Isolated perfused mouse hearts were prepared as previously described[15, 17]. Ramp-hold
volume perturbations (corresponding to a midwall strain rate of ~1 length/s) were used to
obtain viscous stress in hearts; sinusoidal oscillations were imposed at frequencies from 10
to 60Hz. Isolated hearts were also treated with colchicine to evaluate the contribution of
microtubules to viscosity; qRT-PCR of tubulin expression levels and immunofluorescence
staining of microtubules in WT and PEVK KO hearts was also performed (see supplemental
data for details). Data was converted to wall stress[15] and viscous stress and viscous
moduli were calculated.

IN-VIVO ECHOCARDIOGRAPHIC EXPERIMENTS
Transmitral Doppler echocardiography provided the E-wave acceleration time (AT) and
deceleration time (DT) and the difference (DT-AT) used as a marker for viscosity[21].
Additional quantitative, independent viscosity measurements were obtained according to a
kinematic model defined by the Parameterized Diastolic Filling Formalism[21] providing a
viscosity (c) parameter.

STATISTICS
T-Test or ANOVA was used to calculate significance as appropriate; p-values <0.05 were
considered significant. See Supplement for details.

RESULTS
VISCOSITY IN CARDIAC TISSUES

To study the extent to which the interaction between titin’s PEVK element and actin
contribute to passive viscosity, we characterized the viscosity of WT and PEVK KO mouse
cardiac myocytes and myocardial tissues using two experimental approaches. First, we
imposed stretch-hold-release protocols using multiple stretch speeds from slack SL to SL
2.15 µm (see Fig.1A and Fig.2A for examples) to probe viscosity in the physiologic
sarcomere length range of the mouse[22–23]. The peak minus steady-state stress during the
hold phase was characterized as a viscous stress (Fig.1B, inset)[3]. Viscosity was calculated
as the slope of the viscous stress versus (log) stretch speed. Second, a sinusoidal analysis at
a wide range of frequencies was used to determine the complex stiffness and phase shift
between imposed length and measured force change (Fig.1C, inset), and from this we
calculated the viscous modulus at each frequency. These two methodologies provide a broad
base for evaluating the viscosity of cardiac myocytes and tissues.

The peak minus steady state viscous stress in cardiomyocytes was different at all speeds and,
importantly, a 67% reduction in viscosity was found in PEVK KO cells (Fig.1B). This
suggests that, while viscosity is not completely removed, a majority of the viscosity in
myocytes is abolished in the PEVK KO. For myocardial tissues with an extracellular matrix
(ECM), we performed experiments on skinned cardiac papillary muscle fibers and
determined the titin- and ECM-based viscosity (see Methods). Again, WT and KO fibers
showed differences in viscous stresses, and importantly, a 46% reduction in titin-based
viscosity in the PEVK KO was found (Fig.2B), which supports the conclusions from the
myocyte data that in the KO viscosity is much less than in the WT. The viscosity of the
ECM is much smaller than that of the myofilaments and is not different between WT and
KO (Fig.2B). Thus, the PEVK KO has significantly less titin-based viscosity than WT
tissue.

The viscous moduli of the cells was significantly reduced in the KO compared to the WT, at
all frequencies tested (Fig.1C). Importantly, at physiological frequencies in the mouse (10–
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12 Hz) and man (1–2Hz), we found on average a 50% decrease in viscous moduli of
cardiomyocytes. Oscillations imposed on muscle fibers support the findings in cells (Fig.
2C). At physiological frequencies, we also found an average 37% decrease in viscous
moduli from WT to KO tissues. Again, myofilament extracted sinusoidal responses
indicated that there is no difference between WT and KO in viscosity due to the ECM.
Overall these data support the finding obtained with the stretch-hold-release experiments
that compared to WT, PEVK KO tissues have a much reduced viscosity.

The deletion in the PEVK KO eliminates the PEVK spring element from titin’s extensible
region and, as a result, increases the strain of the remaining spring elements more than in
WT muscle for a given sarcomere stretch[15]. This increased strain, one could argue, might
pull titin away from the thin filament and lower thereby viscosity. We tested whether
increased strain itself lowers viscosity by studying a mouse model in which the N2B
element has been deleted (N2B KO) and where a given sarcomere stretch also results in a
larger strain than in WT[17]. We have previously shown that the extension of the N2B and
PEVK elements are similar at the maximal sarcomere length used in this study (at 2.15 µm,
both provide ~50 nm of extensibility)[24]. Thus, if increased titin strain lowers viscosity in
the PEVK KO, we expect viscosity to be similarly reduced in the N2B KO. However,
viscosity was not different in N2B KO mice compared to WT (Supplemental Fig.S1A),
suggesting that the PEVK deletion, not increased strain, reduces viscosity in the PEVK KO.
The increased titin strain in the PEVK KO also appears to not cause functional or structural
changes elsewhere in the sarcomere, as suggested by an absence of differences in maximal
active tension in WT and PEVK KO tissues, an absence of differences in expression and
phosphorylation of thin and thick filament proteins and an absence of differences in
sarcomeric ultrastructure (Supplemental Fig.S1 and Fig.S2, see also[15]). In summary,
reduced viscosity is unique to the PEVK KO model which supports that the effect is caused
by abolishing PEVK-actin interaction.

The skinned fiber mechanics experiments were performed at room temperature (RT, 24°C),
and we also evaluated the effect of physiological temperature (37°C) on viscosity. Because
we recently showed that physiological temperature results in a low level of actomyosin
interaction[25], we performed these experiments both in the absence and presence of the
actomyosin inhibitor blebbistatin[18]. At physiological temperature, viscosity was increased
in both WT and PEVK KO tissues; this effect was abolished by blebbistatin (Fig.3). At room
temperature, blebbistatin did not change viscosity suggesting an absence of actomyosin
interactions at this temperature (Fig.3). Thus, increasing from room temperature to
physiological temperature increases viscosity, an increase that can be accounted for by
actomyosin interaction.

Because skinning results in myofilament lattice expansion[26], we also evaluated the effect
of lattice compression with dextran T-500 on viscosity in the presence of blebbistatin to
eliminate the influence of actomyosin interactions. At room temperature, lattice compression
by dextran led to a 32±4% viscosity increase in WT tissues; there was no significant change
in PEVK KO tissues (−6±2%) (Supplemental Fig.S3). The increase by lattice compression
in WT tissues at physiological temperature was 50±7% (p<0.05) and again there was no
effect in the PEVK KO tissues (14±12%)) (Supplemental Fig.S3). These findings suggest
that physiological lattice compression increases PEVK-actin interaction in WT tissues.

Finally, we tested the effect of diastolic levels of calcium on viscosity, and used for this a
calcium concentration of 150 nmol, or pCa 6.8[27] at room temperature. No change in the
viscosity was measured in WT or PEVK KO fibers compared to standard pCa 9.0 relaxing
solution (−3±4% in WT and 4±3% in PEVK KO, Supplemental Fig.S4). Thus, diastolic
calcium does not appear to directly influence PEVK-actin interactions.
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VISCOSITY IN MOUSE HEARTS
In order to quantify the difference in viscosity between WT and PEVK KO mice at the level
of the whole heart, we performed ex-vivo isolated heart experiments in which we imposed
stretch-hold-release protocols and sinusoidal oscillations during the diastolic period (see
Methods). Due to limitations in pacing and the frequency response of the isolated heart
system, we only used one stretch speed (corresponding to a LV midwall strain rate of
approximately 1 length/s; Fig.4A), and calculated viscous (peak minus steady state) wall
stress. The viscous stress was different between WT and PEVK KO (p=0.02) demonstrating
that KO hearts have a 32% reduction in viscosity compared to WT (Fig.4B). The viscous
moduli of the KO hearts during sinusoidal oscillation (10Hz example shown in Fig.4C)
showed an average 43±2% decrease from WT hearts (Fig.4D). Because microtubules have
been hypothesized as a source of viscosity[28–29], we also examined their effect in WT and
PEVK KO hearts. Colchicine has been shown to rapidly depolymerize microtubules within
minutes of perfusion at low concentrations[30]; thus, stretch-hold experiments were repeated
before and repeatedly during 30 minutes of colchicine perfusion. Our data shows that there
was no change in viscous index (Supplemental Fig.S5A), and we confirmed that tubulin
expression was not different by qRT-PCR and immunofluorescence staining, indicating no
difference between mRNA expression or polymerized tubulin (Supplemental Fig.S5B-C).
These results indicate that microtubule depolymerization did not affect viscosity in either
WT or PEVK KO LVs.

We also performed cardiac Doppler ultrasound on WT and KO mice to determine the in-
vivo contribution of PEVK-actin interaction to viscosity. The deceleration time (DT) during
early diastolic filling (E-wave) was shorter in the KO animals (Fig.5; Table.1) consistent
with increased stiffness shortening the early diastolic filling period as published
previously[15]. However, only for a perfectly symmetric E-wave is DT inversely related to
stiffness alone; with the contribution of viscosity, the symmetry is broken and acceleration
time (AT) shortens and DT is prolonged[21]. The analysis of AT revealed a prolongation in
the KO (p<0.008, Table 1). We examined the symmetry (difference between DT and AT) as
a quantifiable measurement of viscosity and found that the KO diastolic inflow patterns are
more symmetric (Table 1, Fig.5), suggesting significant reduction in viscosity. These
measurements required the use of anesthetized mice to obtain clear E-waves and prevent the
atrial contraction from starting before the E-wave decelerates (heart rate WT=338±22 bpm,
KO=361±16 bpm; ns). However, we show that AT and DT measurements are not dependent
on heart rate (Supplemental Fig.S6), consistent with findings in humans[31]. To corroborate
these findings with an independent model of viscosity, we obtained stiffness and viscosity
indexes by fitting the data to a kinematic model that derives an index of viscosity (c) (Fig.
5C–D)[21]. This model suggests that the viscosity had a significant 42% decrease from WT
to KO values (p<0.005, Table 1). Thus, using various methods the KO hearts consistently
show a viscosity decrease.

DISCUSSION
Viscosity is a resistive force that opposes the expansion of the left ventricle during the filling
phase of the heart, affecting diastolic relaxation[1] and early filling[2, 16, 21]. Titin has been
suggested to be an important source of viscosity[3, 27], and we focused on the role of titin’s
PEVK region, which has been suggested to generate viscosity by interacting transiently with
the actin filament[12, 14, 16, 32–33]. The PEVK KO provides a unique opportunity to probe
the effects of PEVK-actin interactions from single cardiac cells to in-vivo levels. Our results
reveal at all levels of investigation that viscosity is reduced in the PEVK KO, supporting an
important role for PEVK-actin interaction in diastole.
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Results from skinned tissues show that myocardial viscosity is significantly reduced in the
PEVK KO. However, viscosity is not completely abolished in skinned myocytes and
skinned muscle and the source of the remaining viscosity warrants discussion. In the PEVK
KO, exons 219-225 have been deleted from the titin gene[15], exons that are expressed in all
known titin isoforms[34] and that comprise the full PEVK region of the dominant N2B
cardiac titin isoform. A second cardiac isoform, the N2BA cardiac titin isoform, is larger
than N2B titin (~3.3 vs. ~3.0 MDa) and contains PEVK exons 219-225 but also additional
PEVK sequences that are found in the N-terminal and mid region of the PEVK gene
sequence[35], which also interact with F-actin[33]. However, recent work based on thin
filament extraction[16] indicates that due to N2BA titin’s longer extensible region, PEVK-
actin interaction in the N2BA cardiac isoform contributes ~50% less to viscosity than the
N2B isoform (this is likely due to the longer extensible region of the N2BA isoform).
Combined with the knowledge that in the mouse LV ~20% of total titin is N2BA titin[15],
this suggests that remaining PEVK elements in the KO tissues can at most account for ~10%
of the total viscosity, considerably less than the remaining viscosity that was found in the
skinned myocytes and myocardium of the PEVK KO. It is also possible that other elements
of titin’s spring region explain the remaining viscosity. Potential sources include unfolding
of titin’s Ig domains and unfolding of secondary and tertiary structures contained in the
large unique sequence in the N2B element of titin[36]. Although at physiological stretch
rates unfolding of Ig domains is thought to require forces that exceed physiological levels[6–
7, 9–10], the unfolding probability will be higher in the PEVK KO (due to its increased
strain[15]). Thus, it is possible that Ig domain unfolding takes place in the KO and explains
part of the remaining viscosity. Alternatively, the deletion of the PEVK element increases
the strain on the remaining spring elements but it seems unlikely that this affects viscosity
because no viscosity change was found in the N2B KO where strain is also increased but the
PEVK element is still present (Supplemental Fig.S1A and C).

Although the PEVK KO does not affect the sarcomere in ways that alters the sarcomeric
structure or sarcomeric protein expression in detectable ways (Supplemental Fig.S1B and
S2), viscous sources in the sarcomere in addition to titin might exist. At physiological
temperatures, actomyosin interaction may be a source of viscosity (see also below) because
when the actomyosin inhibitor blebbistatin is added a reduction in viscosity is detected in
both WT and PEVK KO skinned tissue (Fig.3). However, at room temperature no such
effect is seen and remaining viscosity in the PEVK KO requires additional explanations.
Friction between thin and thick filaments has also been suggested as a source of
viscosity[37]. Our experiments in which myofilament spacing was reduced with dextran,
however, did not reveal a lattice spacing effect on viscosity in the PEVK KO skinned tissue
(Supplemental Fig.S3). This lack of change in viscosity in the PEVK KO suggests that
under our experimental conditions thin-thick filament friction does not contribute to our
measured viscosity. Our experiments also suggest that direct calcium binding to PEVK[38]
does not influence viscosity (Supplemental Fig.S4), consistent with findings of Kulke et
al[14]. Finally, microtubules have been proposed to be a source of viscosity[29] but because
they depolymerize in skinned preparations, especially during their cold storage phase[28–
30] they are unlikely to explain the remaining viscosity of skinned cells and tissues of the
PEVK KO mice. In summary, our findings provide evidence that PEVK-actin interaction
contributes at least 50% to passive viscosity of skinned myocytes and muscle and suggests
that the remaining viscosity might be due, at least in part, to the remaining PEVK sequence
in the N2BA isoform and/or unfolding of titin’s Ig-like domains that is enhanced in the
PEVK KO.
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PHYSIOLOGICAL IMPORTANCE OF PEVK-BASED VISCOSITY
To address whether the findings in skinned cardiomyocytes and cardiac tissues are relevant
in the intact heart we performed ex-vivo isolated heart and in-vivo echocardiography
experiments. In the ex-vivo experiments on isolated hearts we used stretch-hold and
sinusoidal analysis experiments, both of which revealed that PEVK KO hearts had a ~30%
reduction in viscosity. Similar findings were made in the in-vivo analysis using Doppler
echocardiography. We evaluated both acceleration and deceleration times of the E-wave
diastolic filling pattern (Table.1) and used the kinematic model known as the Parameterized
Diastolic Filling Formalism[21, 39]. The model has previously revealed that the
consequence of a high viscous index is an asymmetric E-wave[21]; simply it suggests that
the acceleration time will shorten and deceleration time will lengthen as any viscous source
provides more viscosity. The model predicts a 42% reduction in viscosity in the KO, which
is slightly larger than the ~30% obtained in the ex-vivo isolated heart studies. Thus, the
quantification via DT-AT (symmetry) and kinematic modeling (the viscous parameter c)
both indicate a significant reduction of viscosity in the PEVK KO and is the first report of
the in-vivo effects of a molecular viscous source.

The viscosity reduction at the ex-vivo and in-vivo heart levels is less than that measured in
skinned cells and tissues. Because our in vitro experiments found that the ECM contributes
little to viscosity, it seems unlikely that this difference in viscosity originates from the ECM.
It is also unlikely that the difference is caused by microtubules because colchicine (which
depolymerizes microtubules) had no effect on viscosity in the isolated heart experiments
(Supplemental Fig.S5). However, it is possible that titin-based viscosity is less in-vivo than
in vitro, for example the titin-actin interactions might be reduced by the S100A1/Ca2+

complex[12, 16] that is present in-vivo but absent in the in vitro experiments with skinned
preparations. Alternatively, actomyosin interaction during diastole might also play a role.
Our findings in skinned muscle showed actomyosin interactions at physiological
temperatures that can be inhibited by blebbistatin (Fig.3). This inhibition suggests that
actomyosin interactions provides an active source of viscosity in both WT and KO at the ex-
vivo and in-vivo levels, and this might explain, at least in part, the reduced fractional
amount of total viscosity that is caused by the PEVK-actin interactions. Finally, PEVK-actin
based viscosity is likely to be larger during diastole than systole, because the strain rate
during diastole is higher than in systole[40–41] and in addition PEVK-actin based viscosity
is likely to be reduced by S100A1/Ca2+[12]. Thus, PEVK-actin interactions are a source of
viscosity that is most prominent during diastole.

Sources of physiological modulation of passive viscosity may be seen in recent findings that
protein kinase-C modulates the conformation of the PEVK element and causes increases in
the viscous and elastic moduli[20, 42]. Because kinases have been found to be differentially
expressed in diastolic dysfunction and heart failure[43], modulation of viscosity by post-
translational modification of the PEVK merits future examination. Because the PEVK-actin
interactions are not only present in stiff mouse tissues but also in compliant tissues[16],
understanding the molecular basis and modulation of titin-based viscosity is relevant in
future diagnosis and treatment of disease states such as diastolic heart failure[2].

In conclusion, deletion of the PEVK exons 219-225 in the mouse greatly lowers viscosity in
skinned and intact conditions and significantly affects the passive diastolic inflow in-vivo.
As the ventricle fills in early diastole via release of stored elastic energy, an un-damped
system may over shoot the desired equilibrium position and result in instabilities[16, 44].
Such over shoot might increase the possibility of Ig domain unfolding and reduce the
optimal overlap between the thick and thin filaments. Doppler ultrasound data supports the
hypothesis that viscosity guides the ventricle to its diastasis (equilibrium) condition before
atrial contraction, suggesting the importance of viscous modulation of diastolic function.
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Thus, utilizing a unique mouse model deficient in PEVK exons 219-225 allowed us to
quantify a molecular source of diastolic viscosity and show that PEVK-actin interaction is
an important physiological source of viscosity.

RESEARCH HIGHLIGHTS

• Our goal was to study the role of titin-based viscosity in diastolic function.

• The titin PEVK element interacts in vitro with actin to create viscosity; we used
a mouse deficient in PEVK.

• PEVK KO reduces viscosity >50% in skinned tissue in-vitro and >30% in hearts
in-vivo.

• The PEVK-actin interaction is an important physiologic source of viscosity.

Supplementary Material
Refer to Web version on PubMed Central for supplementary material.
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Figure 1.
Viscosity in skinned cardiomyocytes. A) Example of stretch-hold-release experiments for
WT (black) and KO (gray) cardiomyocytes stretched at different speeds. Stress relaxation
during the hold phase is less pronounced in the KO cells (arrows). B) KO (gray) cells have a
significantly reduced viscous stress at all speeds and a 67% reduction in the coefficient of
viscosity (slope) compared to WT (black). Inset: Schematic of how viscous stress (σv) is
defined. C) KO (gray) cells have smaller viscous moduli than WT (black) cells. (Every third
error bar (SE) plotted for clarity.) Inset: Schematic showing how the viscous modulus (VM)
is calculated from the magnitude of the stress (σ, gray), the length change (ε, black) and the
phase delay (θ) between steady state stress and length traces. (Length change was
normalized to prep length and viscous modulus is in stress per fractional length change).
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Figure 2.
Viscosity in skinned cardiac tissue. Skinned WT and KO papillary muscle fibers were
stretched at 4 speeds. In (A) the slowest (0.1 length/s; black) and fastest (50 lengths/s; gray)
speeds are shown superimposed for WT (left) and KO (right) tissues with WT showing a
higher speed dependence of viscous stress-relaxation (Arrows). B) KO tissues (gray) have a
reduced viscous stress and a 47% reduction in the coefficient of viscosity compared to WT
(black) tissues. Myofilament extraction reveals almost no viscous phenotype for the ECM.
C) Viscous moduli are significantly reduced in the KO vs. WT tissues, but no ECM effect.
(Viscous modulus was normalized to slack fiber length).
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Figure 3.
A) Effect of actomyosin inhibitor blebbistatin on passive viscosity of skinned muscle at
room (RT, 24°C) and physiological temperature (37°C). At RT blebbistatin has no effect on
viscosity. Physiological temperature increases viscosity but this increase is abolished by
blebbistatin. Finding are the same in WT (left) and PEVK KO (right) tissues. * p<0.05 vs
RT -.
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Figure 4.
Diastolic viscosity in isolated hearts. A) Typical stretch-hold-release experiment in heart;
viscous stress was calculated as the peak minus stress at end of hold. B) KO (gray) hearts
have a 32% reduction in viscous stress compare to WT (black,*p=0.01). C) Example
sinusoidal oscillation (10Hz) induced on the beating heart; viscous modulus was calculated
from the oscillation during the diastolic plateau (box). D) Viscous moduli calculated at 6
frequencies during a diastolic plateau. KO hearts show an average 43% reduction in viscous
moduli compared to WT.
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Figure 5.
Viscosity in-vivo. Transmitral Doppler from WT (A) and KO (B) hearts show an
asymmetric E-wave for the WT and a more symmetric E-wave in the KO. AT (gray line) is
shorter in WT (12ms) than KO (19ms) while DT (black line) is longer in WT (29ms) than
KO (25ms). Characterizing the same WT (C) and KO (D) hearts using a viscoelastic model
indicates that the WT has a prolonged deceleration phenotype (tail) while the KO has a more
symmetric shape that corresponds to a reduced viscosity. (Vertical scale lines denote 50cm/s
velocity. Images contrast-adjusted for clarity.)
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Table 1

In-vivo Echocardiographic Viscosity Parameters.

Standard Parameters Kinematic Parameter

AT [ms] DT [ms] DT-AT [ms] c [1/s]

WT 12.4±0.4 28.8±1.0 16.4±0.7 163±13

KO 15.4±0.9 25.1±0.7 9.7±1.1 94±13

p-value 0.008 0.009 <0.001 0.005

Parameter
Interpretation

↑=↓viscosity
or ↓stiffness

↑=↑viscosity
or ↓stiffness

↑=↑viscosity ↑=↑viscosity

AT: acceleration time; DT: Deceleration time; c: independent kinematic viscosity parameter.
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