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Increase in Guinea Pig Cardiac Myofiber Ca2D

Sensitivity
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ABSTRACT Omecamtiv mecarbil (OM) is a pharmacological agent that augments cardiac contractile function by enhancing
myofilament Ca2þ sensitivity. Given that interventions that increase myofilament Ca2þ sensitivity have the potential to alter
length-dependent activation (LDA) of cardiac myofilaments, we tested the influence of OM on this fundamental property of
the heart. This is significant not only because LDA is prominent in cardiac muscle but also because it contributes to the
Frank-Starling law, a mechanism by which the heart increases stroke volume in response to an increase in venous return.
We measured steady-state and dynamic contractile indices in detergent-skinned guinea pig (Cavia porcellus) cardiac muscle
fibers in the absence and presence of 0.3 and 3.0 mM OM at two different sarcomere lengths (SLs), short SL (1.9 mm)
and long SL (2.3 mm). Myofilament Ca2þ sensitivity, as measured by pCa50 (�log of [Ca2þ]free concentration required for
half-maximal activation), increased significantly at both short and long SLs in OM-treated fibers when compared to untreated
fibers; however, the magnitude of increase in pCa50 was twofold greater at short SL than at long SL. A consequence of this
greater increase in pCa50 at short SL was that pCa50 did not increase any further at long SL, suggesting that OM abolished
the SL dependency of pCa50. Furthermore, the SL dependency of rate constants of cross-bridge distortion dynamics (c) and
force redevelopment (ktr) was abolished in 0.3-mM-OM-treated fibers. The negative impact of OM on the SL dependency of
pCa50, c, and ktr was also observed in 3.0-mM-OM-treated fibers, indicating that cooperative mechanisms linked to LDA were
altered by the OM-mediated effects on cardiac myofilaments.
INTRODUCTION
Omecamtiv mecarbil (OM) is a cardiac-specific myosin
activator that has been shown to improve cardiac function
in both animal models and humans. At the whole-heart
level, OM increases systolic function by increasing stroke
volume and ejection fraction (1–4). The basis for OM-medi-
ated enhancement of cardiac contractile function is high-
lighted by recent studies (5–8) demonstrating that OM
increases cardiac myofilament Ca2þ sensitivity and tension.
A recent study (5) also suggests that OM-mediated effects
augment cross-bridge (XB)-based cooperative mechanisms
such that cardiac thin filaments are activated, leading to an
increase in myofilament Ca2þ sensitivity.

XB-mediated cooperative activation of thin filaments is
also implicated in other fundamental aspects of cardiac
muscle regulation. One such aspect is length-dependent
activation (LDA), whereby a given increase in sarcomere
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length (SL) increases myofilament Ca2þ sensitivity to a
greater extent in cardiac muscle compared to skeletal mus-
cle (9–11). This enhanced dependency of myofilament Ca2þ

sensitivity on SL in cardiac muscle relies on regulatory
components of the cooperative system that respond steeply
to feedback effects of strong XBs on thin filaments
(9,12–15). At the whole-heart level, LDA may contribute
to the Frank-Starling (FS) law (16–19), a mechanism by
which the heart increases its stroke volume in response to
an increase in venous return. With regard to cooperative
activation of cardiac thin filaments, a consistent observation
made in the last two decades of research is that interventions
that alter XB-based cooperative mechanisms or modifica-
tions that enhance thin-filament Ca2þ sensitivity affect
LDA (12,17,20). For example, NEM-S1 (a strong XB
analog) significantly increases myofilament Ca2þ sensitivity
at short SL by elevating cooperative recruitment of strong
XBs such that an increase in SL leads to no further increase
in myofilament Ca2þ sensitivity (12); in other words, NEM-
S1 abolishes LDA. Likewise, expression of slow skeletal
troponin I in cardiac muscle enhances myofilament Ca2þ
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OM Blunts Length-Dependent Activation
sensitivity but attenuates LDA (17) and R92L mutation in
cardiac troponin T enhances myofilament Ca2þ sensitivity
but abolishes LDA (20) in cardiac muscle fibers. Because
OM also augments strong XB-based cooperative activation
of thin filaments and myofilament Ca2þ sensitivity, the
observations made above highlight the need to assess the
OM-mediated effect on LDA. Whether or not the OM-medi-
ated effects on cardiac myofilament alter LDA in cardiac
muscle fibers remains unknown.

The physiological significance of understanding the ef-
fect of OM on LDA in cardiac muscle is highlighted by ob-
servations that LDA is impaired in patients with heart failure
(21–23). There is also experimental evidence to suggest that
attenuation of LDA at the myofilament level may translate
as an impaired FS mechanism in the intact heart (16–19).
To test the hypothesis that OM alters cardiac myofilament
length-sensing mechanisms to modulate LDA, we charac-
terized steady-state and dynamic contractile features in
cardiac muscle fibers from Cavia porcellus (guinea pigs)
in the absence and presence of 0.3 and 3.0 mM OM at short
(1.9 mm) and long SLs (2.3 mm). Regardless of the OM con-
centration, steady-state contractile measurements demon-
strated that myofilament Ca2þ sensitivity increased to a
greater extent at short SL than at long SL; consequently,
OM abolished the SL-dependent increase in myofilament
Ca2þ sensitivity. Moreover, the SL dependency of XB
turnover rate and XB detachment kinetics was abolished,
suggesting that cooperative mechanisms associated with
LDA were altered by the OM-mediated effects on cardiac
myofilaments.
MATERIALS AND METHODS

Animal protocols

Six- to eight-month-old male Dunkin-Hartley guinea pigs (Charles River,

Burlington, MA) were used in this study. All animals were housed in envi-

ronmentally controlled rooms (accredited by the American Association for

Laboratory Animal Care) under 12 h light and dark cycles and received

proper care and treatment in accordance with the pre-approved protocols

of the Washington State University Institutional Animal Care and Use

Committee. The procedures for euthanizing guinea pigs conform to the rec-

ommendations of the American Veterinary Medical Association as outlined

in the Guidelines for the Euthanasia of Animals.
FIGURE 1 Force response to a sudden 2% stretch. (A) A representative

2% increase in ML imposed on a control (untreated) guinea pig cardiac

muscle fiber at maximal Ca2þ activation (pCa 4.3). (B) The corresponding

force responses normalized to the isometric steady-state force (Fss) before

ML change. Different phases (dashed lines) from which respective param-

eters were estimated are highlighted. F1, the instantaneous increase in force

due to sudden increase in ML (phase 1); c, the rate at which the suddenML-

induced strain within force-bearing XBs dissipates to a minimal force point

(phase 2); b, the rate of delayed force rise after an increase in ML (phase 3);

Fnss, the new steady-state force corresponding to an increase in ML.
Measurements of pCa-tension relationship

Left ventricular papillary muscle fibers from guinea pigs were prepared

and detergent-skinned, as described in the Supporting Material. Muscle

fibers were attached between a motor arm (322C; Aurora Scientific,

Ontario, Canada) and a force transducer (AE 801; Sensor One Tech-

nologies, Sausalito, CA) using T-shaped aluminum clips. The resting SL

of muscle fibers was adjusted to either 1.9 or 2.3 mm and steady-

state tension measurements were made in various test solutions with

pCa (�log of [Ca2þ]free) ranging from 9.0 to 4.3. The compositions of

pCa solutions are listed in the Supporting Material. The pH and ionic

strength of pCa solutions were adjusted to 7.0 and 180 mM, respectively.

All measurements were made at 20�C.
Preparation of OM solution

OM (CK-1827452) was acquired from Selleckchem (Houston, TX) and an

initial 15 mM stock was prepared in dimethylsulfoxide (DMSO) as per

the manufacturer’s instructions. Appropriate volumes of concentrated OM

stock solutions were added to various pCa solutions to achieve final concen-

trations ranging from 0.1 to 10 mM; the final concentration of DMSO was

0.5%. To make comparisons relevant, we also adjusted the final concentra-

tion of DMSO in pCa solutions used for control (untreated) fibers to 0.5%.

During the experiment, each fiber was incubated in DMSO- or OM-contain-

ing solution for 10 min before making contractile measurements.
Dynamic muscle fiber stiffness

A series of various amplitude stretch/release perturbations (50.5, 51.0,

51.5, and52.0% of the initial muscle length (ML)) was applied on muscle

fibers and the corresponding force responses were recorded (24). Represen-

tative traces of a 2% step-like increase in ML and the corresponding force

response elicited by an untreated muscle fiber are shown in Fig. 1, A and B,

respectively. A nonlinear recruitment-distortion (NLRD) model was fit to

force responses (24) to estimate the following four model parameters: the

magnitude of the instantaneous muscle fiber stiffness caused by a sudden

change in ML (ED); the rate at which the strain within bound XBs dissipates

to a steady-state level (c); the rate at which new XBs are recruited into the

force-bearing state due to a change in ML (b); and the magnitude of in-

crease in the muscle fiber stiffness due to ML-mediated recruitment of addi-

tional force-bearing XBs (ER). Details on the characteristic features of force

responses to step-like length perturbations and the physiological signifi-

cance of model parameters are included in the Supporting Material.
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Rate constant of tension redevelopment, ktr

ktr was estimated using force response in maximally activated muscle

fibers in response to a large slack/restretch perturbation, as described in

the Supporting Material.
FIGURE 2 Dose response of OM. Steady-state tensions in muscle fibers

were measured in pCa 6.0 solution, with OM concentration ranging from

0.1 to 10 mM. Tension increased with increasing OM concentration up to
Statistical analysis

Our experimental model involved two factors, treatment (untreated and

OM-treated) and SL (1.9 and 2.3 mm). Therefore, we used two-way analysis

of variance (ANOVA) to analyze the data. A significant treatment-SL

interaction effect suggested that the effect of OM on a given contractile

parameter varied significantly with SL. When the interaction effect was

not significant, we assessed the main effects of both OM and SL. To probe

the underlying cause for a significant interaction effect or a main effect, we

performed multiple post hoc t-tests using Fisher’s least-squares difference

method. The criterion for statistical significance was set to p < 0.05.

Data were presented as the mean 5 SE.

3.0 mM and saturated thereafter. Asterisks indicate a significant difference

from untreated fibers (*p < 0.05, ***p < 0.001; NS, not significant).

A separate set of four fibers was measured at each concentration. Data

are expressed as the mean 5 SE.

RESULTS

Phosphorylation status of sarcomeric proteins in
untreated and OM-treated fibers

To determine the phosphorylation status of sarcomeric pro-
teins in untreated and OM-treated fibers, solubilized protein
samples fromuntreated andOM-treated fiberswere subjected
to Pro-Q phospho-analysis, as described in the Supporting
Material. The representative gel shown in Fig. S1 demon-
strates that the phosphorylation levels of various sarcomeric
proteins are similar in untreated and OM-treated fibers; this
finding is in agreement with another recent study of OM (5).
Dose response of OM

We generated a dose-response curve for OM by measuring
tensionofmusclefibers exposed tovariousOMconcentrations
ranging from 0.1 to 10 mM at pCa 6.0. As illustrated in Fig. 2,
tension increased progressively with increasing OM concen-
tration, reaching a maximum value at 3 mM. The OM concen-
tration required to attain a half-maximal effect (EC50) in
guinea pig was 0.36 mM, which is comparable to the EC50

of 0.31mMreported in a previous study inmice (8).Our choice
of low (0.3 mM) and high (3.0 mM)OM concentrations in this
study spans the range of doses used in clinical trials (3).
Effect of OM on maximal tension and ED

Two-wayANOVAofmaximal tension (pCa 4.3) did not show
a significant interaction effect (p¼ 0.30), but it showed signif-
icant main effects of both OM (p< 0.05) and SL (p< 0.001).
To probe the underlying cause of significant effects ofOMand
SL on maximal tension, we performed post hoc t-tests. OM
(0.3 mM) significantly increased maximal tension by 13%
(p < 0.05; Fig. 3 A) at short SL, but it showed no significant
effect (p ¼ 0.85; Fig. 3 A) at long SL. Our observation at
long SL (2.3 mm) is consistent with another study conducted
at an SL of 2.24 mm (7). As for the main effect of SL on
882 Biophysical Journal 113, 880–888, August 22, 2017
Ca2þ-activated maximal tension, increasing the SL from 1.9
to 2.3 mm significantly increased maximal tension by 55%
(p < 0.001; Fig. 3 A) in untreated fibers and by 41%
(p < 0.001; Fig. 3 A) in 0.3-mM-OM-treated fibers. Fibers
treated with 3.0 mMOM (Table S1) also substantiated our ob-
servations on maximal tension in 0.3-mM-OM-treated fibers.

We compared estimates of ED (pCa 4.3) among groups
to validate our observations on maximal tension. ED was
estimated from the instantaneous increase in force (F1;
Fig. 1 B) in response to a sudden increase in ML (Fig. 1 A),
as described in the Supporting Material. We have previously
shown that ED is correlated with maximal tension and that
it is an approximation of the number of force-bearing XBs
(24–27). Two-way ANOVA of ED did not show a significant
interaction effect (p¼ 0.62), but it confirmed significantmain
effects of both OM (p< 0.05) and SL (p< 0.01). The 0.3 mM
OM significantly increased ED by 19% (p< 0.01; Fig. 3 B) at
short SL but it did not show a significant effect (p ¼ 0.17;
Fig. 3B) at long SL.An increase in SL significantly increased
ED by 20% (p< 0.01; Fig. 3B) in untreated fibers and by 14%
(p< 0.05; Fig. 3 B) in 0.3-mM-OM-treated fibers. Our obser-
vations on ED were similar in both 0.3- and 3.0-mM-OM-
treated fibers (Table S1).
Effect of OM on the pCa-tension relationship

pCa-tension plots showed a greater leftward shift in the pCa-
tension relationship of 0.3-mM-OM-treated fibers at short
(Fig. 4 A) than at long SL (Fig. 4 B). This suggested that
OM induced a greater increase in myofilament Ca2þ sensi-
tivity at short than at long SL. Fig. 4, A and B, also indicated
a decrease in the steepness of the pCa-tension relationship in
0.3-mM-OM-treated fibers, suggesting that OM attenuated
myofilament cooperativity. To quantify the magnitude of
the OM-mediated effect on the pCa-tension relationship,



FIGURE 3 Effect of 0.3 mM OM on maximal tension and ED. Steady-

state tension was measured in muscle fibers at pCa 4.3, as described in

the Supporting Material. ED was estimated as the slope of the linear rela-

tionship between F1 and Fss (see Fig. 1) and the corresponding ML changes

(DL). Bar graphs show the effect of 0.3 mMOM on (A) maximal tension and

(B) ED at short and long SL. Statistical differences were analyzed by two-

way ANOVA and subsequent post hoc multiple pairwise comparisons using

Fisher’s least-squares difference method. Asterisks indicate a significant

difference from untreated fibers (*p < 0.05, **p < 0.01; NS, not signifi-

cant). A separate set of fibers from three hearts was used for each group.

The numbers of fibers measured for untreated and 0.3-mM-OM-treated

groups at short SL were 12 and 11, whereas those at long SL were 12

and 12, respectively. Data are expressed as the mean 5 SE.

OM Blunts Length-Dependent Activation
we used Hill model parameters, pCa50 (myofilament Ca2þ

sensitivity), and nH (myofilament cooperativity).
Two-way ANOVA of pCa50 showed a significant interac-

tion effect (p < 0.05), suggesting that the effect of 0.3 mM
OM on pCa50 varied in an SL-dependent manner. Post hoc
analysis showed that the magnitude of increase in pCa50
was nearly twofold greater at short than at long SL in OM-
treated fibers. When compared to the untreated group,
0.3 mM OM significantly increased pCa50 by 0.15 pCa units
(p < 0.001; Fig. 4 C) at short SL, whereas it increased
pCa50 by only 0.08 pCa units (p < 0.001; Fig. 4 C) at long
SL; this suggested that LDA was altered. LDA was normal
in untreated fibers because Ca2þ sensitivity increased signifi-
cantly by0.08 pCaunits (p< 0.001; Fig. 4C)when the SLwas
increased from 1.9 to 2.3 mm. In contrast, increasing the
SL did not alter Ca2þ sensitivity significantly (p ¼ 0.33;
Fig. 4 C) in 0.3 mM OM-treated fibers, demonstrating that
OM blunted LDA. A similar effect was also observed in
3.0-mM-OM-treated fibers (Table S1), demonstrating that
LDA was blunted regardless of the OM concentration. As
for nH, two-way ANOVA did not show a significant interac-
tion effect (p¼ 0.56), but it confirmed significantmain effects
of both OM (p < 0.001) and SL (p < 0.001). Treatment with
0.3 mM OM significantly decreased nH in cardiac fibers
by 22% (p < 0.001; Fig. 4 D) at short SL and by 32%
(p < 0.001; Fig. 4 D) at long SL. An increase in SL signifi-
cantly decreased nH by 20% (p< 0.001; Fig. 4D) in untreated
fibers andby30%(p< 0.001; Fig. 4D) in 0.3-mM-OM-treated
fibers. Although the SL dependency of nH was not different
between untreated and 0.3-mM-OM-treated fibers, OM atten-
uated nH at both SLs, a finding that was also substantiated by
our observations in the presence of 3.0 mM OM (Table S1).
Effect of OM on c

To determine whether OM altered XB detachment kinetics
in an SL-dependent manner, we measured c at pCa 4.3. As
demonstrated previously, c is an approximate measure of
the XB detachment rate, g (24,25). A comparison of force
responses to a sudden 2% stretch showed that OM induced
a rightward shift in the force decay phase at both short
(Fig. 5 A) and long SLs (Fig. 5 B), suggesting slower c;
however, such OM-induced rightward shift in the force
decay phase was more pronounced at short SL. This differen-
tial attenuation of c in 0.3-mM-OM-treated fibers at short
and long SL gave rise to a significant interaction effect
(p < 0.01). Treatment with 0.3 mM OM significantly
decreased c by 40% (p< 0.001; Fig. 5C) at short SL, whereas
it decreased c by only 19% (p< 0.05; Fig. 5C) at long SL. An
increase in SL from1.9 to 2.3mmsignificantly attenuated c by
29% (p < 0.001; Fig. 5 C) in untreated fibers, whereas it did
not show a significant effect on c (p ¼ 0.66; Fig. 5 C) in
0.3-mM-OM-treated fibers. This observation demonstrated
that OM abolished the SL dependency of c, which was sup-
ported by our data from3.0-mM-OM-treated fibers (Table S1).
Effect of OM on ktr and b

To determine whether OM altered the XB turnover rate
in an SL-dependent manner, we measured ktr and b at pCa
4.3. A comparison of force responses to the slack-restretch
maneuver showed a rightward shift in the rising phase of
0.3-mM-OM-treated fibers at both SLs (Fig. 6, A and B), sug-
gesting a slower ktr. Our analysis of ktr did not show a signif-
icant interaction effect (p ¼ 0.10), but it showed significant
main effects of bothOM(p< 0.001) andSL (p< 0.05). Treat-
ment with 0.3 mM OM significantly decreased ktr by 61%
(p < 0.001; Fig. 6 C) at short SL and by 57% (p < 0.001;
Fig. 6 C) at long SL. An increase in SL from 1.9 to 2.3 mm
significantly decreased ktr by 0.40 s�1 (p < 0.001; Fig. 6 C)
in untreated fibers, wheras it did not decrease ktr significantly
(0.08 s�1; p ¼ 0.54; Fig. 6 C) in 0.3 mM OM-treated fibers.
This observation demonstrated that OM abolished the SL
dependency of ktr, a finding that was substantiated by our
data from 3.0-mM-OM-treated fibers (Table S1).
Biophysical Journal 113, 880–888, August 22, 2017 883



FIGURE 4 Effect of 0.3 mM OM on the pCa-

tension relationship. pCa-tension relationships

were measured using methods described in the Sup-

porting Material. The Hill model was fitted to the

pCa-tension relationships to derive pCa50 and nH.

(A and B) Effect of 0.3 mM OM on the pCa-tension

relationship at (A) short SL and (B) long SL.

(C and D) Bar graphs show the effect of 0.3 mM

OM on (C) pCa50 and (D) nH at short and long

SL. Statistical differences were analyzed by two-

way ANOVA and subsequent post hoc multiple

pairwise comparisons using Fisher’s least-squares

difference method. Asterisks indicate a significant

difference from untreated fibers (***p < 0.001). A

separate set of fibers from three hearts was used

for each group. The numbers of fibers measured

for untreated and 0.3 mM OM groups at short SL

were 12 and 11, whereas those at long SL were 12

and 12, respectively. Data are expressed as the

mean 5 SE.
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The OM-mediated effect on XB recruitment dynamics
was determined by estimating b. A comparison of force
responses to a sudden 2% stretch indicated a slower rate
of delayed force rise at both SLs (Fig. 5, A and B), suggest-
ing slower b. Two-way ANOVA of b did not show a signif-
icant interaction effect (p ¼ 0.78), but it confirmed
significant main effects of both OM (p < 0.001) and SL
(p < 0.01). Treatment with 0.3 mM OM significantly
decreased b at both SLs by 22% (p < 0.001; Fig. 6 D)
at short SL and 17% (p < 0.001; Fig. 6 D) at long SL, sug-
gesting that the attenuating effect of OM on b was similar
at both SLs. Consequently, the SL dependency of b was
unaltered by OM, because an increase in SL significantly
increased b by 10% (p < 0.05; Fig. 6 D) in untreated fibers
and by 16% (p < 0.05; Fig. 6 D) in 0.3-mM-OM-treated
fibers. Our observations on the attenuating effect of OM
on b are corroborated by our observations in the presence
of 3.0 mM OM (Table S1).
Effect of OM on ER

To investigate whether OM altered the magnitude of stretch
activation in an SL-dependent manner, we measured ER

at pCa 4.3. ER is estimated from the new steady-state force
(Fnss; Fig. 1 B) that results from a sudden increase in ML
(Fig. 1 A), as described in the Supporting Material. Two-
way ANOVA of ER did not show a significant interaction
effect (p ¼ 0.65), but it confirmed significant main effects of
both OM (p < 0.001) and SL (p < 0.001). Treatment with
0.3 mM OM significantly increased ER by 36% (p < 0.01;
Fig. 7) at short SL and 16% (p < 0.05; Fig. 7) at long SL,
demonstrating that theOM-mediated increase inERwas lower
at long SL. Consequently, our data showed that the increase in
884 Biophysical Journal 113, 880–888, August 22, 2017
ER associatedwith an increase in SL from1.9 to 2.3mm(DER)
is attenuated by OM. For example,DER was 82% (p< 0.001;
Fig. 7) in untreated fibers, but this was only 54% (p < 0.001;
Fig. 7) in 0.3-mM-OM-treated fibers. The attenuating effect
of 0.3 mM OM on DER was substantiated by our data from
3.0-mM-OM-treated fibers (Table S1).
DISCUSSION

The impact of OM on the SL dependency of myofilament
Ca2þ sensitivity has not been studied before. A major
finding in our study is that the SL-dependent increase in
myofilament Ca2þ sensitivity, DpCa50, is abolished by
OM. Our data also demonstrate that OM abolishes the SL
dependency of c and ktr at both concentrations (0.3 and
3.0 mM) of OM. We discuss the mechanisms by which
OM-mediated effects on cardiac myofilaments are differ-
ently affected by changes in SL.

As others have observed before (5–8), pCa50 increases at
long SL in OM-treated fibers (Fig. 4 C). A novel finding of
our study, to our knowledge, is that OM increases pCa50 to a
greater extent at short SL than at long SL (Fig. 4 C); a conse-
quence of this effect at short SL is that an increase in SL
does not increase pCa50 any further in OM-treated fibers.
This observation suggests that mechanisms that underlie
SL-mediated increase in pCa50 are saturated at short SL.
Therefore, OM abolishes the ML-mediated increase in
pCa50 (Fig. 4 C), which is known to be prominent in normal
cardiac muscle fibers (9–11). To decompose mechanisms
that are saturated at short SL, we must consider some funda-
mental aspects of LDA that are associated with the length-
mediated increase in pCa50. The basic prevailing view of
LDA is that the steeper dependency of pCa50 on SL in



FIGURE 5 Effect of 0.3 mM OM on c. Effect of 0.3 mM OM on force re-

sponses to a 2% sudden stretch at (A) short SL and (B) long SL. Force data

were normalized by the isometric steady-state value beforeMLperturbation.

c describes the rate of force decay to a minimal force point, b represents the

rate constant of delayed force rise, and ER represents the ML-mediated in-

crease in the steady-state force (24). Parameters b, c, and ER are estimated

by fitting the nonlinear recruitment-distortion model to a family of force re-

sponses to various-amplitudeML perturbations (24). (C) Bar graph showing

the effect of 0.3 mM OM on c at short and long SL. Statistical differences

were analyzed by two-way ANOVA and subsequent post hoc multiple

pairwise comparisons using Fisher’s least-squares differencemethod. Aster-

isks indicate a significant difference from untreated fibers (*p < 0.05,

***p < 0.001). A separate set of fibers from three hearts was used for each

group. The numbers of fibersmeasured for untreated and 0.3 mMOMgroups

at short SLwere 12 and 11, whereas those at long SLwere 12 and 12, respec-

tively. Data are expressed as mean 5 SE.

OM Blunts Length-Dependent Activation
cardiac muscle results from the SL-mediated effects on
thin-filament cooperativity. SL-mediated effects increase
pCa50, leading to the recruitment of new force-bearing
XBs (9,12–15). Because OM-treated fibers deviate signifi-
cantly from normal behavior, it suggests that mechanisms
associated with LDA are altered in OM-treated fibers,
especially at short SL.
Our contractile studies at short and long SL show several
changes in contractile parameters that may help explain
altered LDA in OM-treated fibers. Although there is a small
but significant increase (13%) in tension at maximal activa-
tion at short SL, what is striking is the augmenting effect of
OM on tension at submaximal activation. For instance,
relative to untreated fibers, there is an �160% increase
in tension at half-maximal activation (pCa 5.8) in 0.3-mM-
OM-treated fibers (Table S2), indicating that OM signifi-
cantly increases the number of force-bearing XBs at
submaximal activation. A consequence of such an increase
in force-bearing XBs at submaximal activation is that it en-
hances XB-based activation of thin filaments via XB-XB
and XB-regulatory unit (RU; troponin-tropomyosin) coop-
erative mechanisms; with respect to these two cooperative
mechanisms, the consequences of augmented XB-RU coop-
erativity are of particular importance to our focus on pCa50.
It is generally known that XB-RU cooperativity is one of the
important mechanisms that underpins the molecular basis
for the length-mediated increase in pCa50 (14,28). An indi-
rect effect of such an increase in XB-based effects is that it
engages more RUs in XB-RU cooperativity, leaving behind
fewer RUs in the recruitable pool. Therefore, RU-RU coop-
erativity is expected to decrease in OM-treated fibers; our
data confirm this because a decrease in RU-RU cooperativ-
ity increases pCa50 (Fig. 4 C) and decreases nH (Fig. 4 D;
(14)). The combined effects of increased XB-based cooper-
ativity and decreased RU-RU cooperativity (an indirect ef-
fect of OM on thin-filament activation) increases pCa50
substantially at short SL.

At long SL, pCa50 does not increase above that of short
SL in OM-treated fibers. The saturation of increased XB-
RU and decreased RU-RU cooperativity at short SL may
provide the molecular basis for the lack of increase in
pCa50 as SL increases. Due to the OM-mediated increase
in the engagement of RUs in XB-RU cooperativity at short
SL, there is limited capacity for the XB-RU population to
rise as SL increases. The observation made at 0.3 mM OM
was also valid for 3.0 mM, because pCa50 increased at short
SL to such an extent that pCa50 did not increase any further
at long SL (Table S1). We also observe a differential effect
on the magnitude of ER at short and long SL in OM-treated
fibers; for example, OM increases ER to a greater extent at
short SL (36% at 1.9 mm and 16% at 2.3 mm). This effect
is even more pronounced at submaximal activation (pCa
5.8); OM increases ER by 58% at short SL, without any
change at long SL (Table S2). Previous studies have shown
that an increase in XB-based cooperativity augments ER,
whereas a decrease in XB-based cooperativity attenuates
ER (25,29,30). Collectively, these observations substantiate
the idea that XB-based cooperativity is greater at short SL
in OM-treated fibers.

OM-mediated increase in XB-based cooperativity may
also affect other contractile parameters. Previous studies
have shown that an increase in XB-based cooperativity
Biophysical Journal 113, 880–888, August 22, 2017 885



FIGURE 6 Effect of 0.3 mMOM on ktr and b. ktr
describes the rate of tension redevelopment and is

estimated by fitting a mono-exponential function

to the rising phase of the force response to a large

release-restretch lengthmaneuver (38). b represents

the rate constant of delayed force rise after a sudden

stretch and is estimated by fitting the nonlinear

recruitment-distortion model (24) to a family of

force responses to various-amplitude length pertur-

bations (see Figs. 1 and 5,A andB). (A andB) Effect

of 0.3 mM OM on the force response to a large

release-restretch maneuver at (A) short SL and (B)

long SL. Force datawere normalized by the isomet-

ric steady-state value before length perturbation.

(C and D) Bar graph showing the effect of 0.3 mM

OM on (C) ktr and (D) b at short and long SL.

Statistical differences were analyzed by two-way

ANOVA and subsequent post hocmultiple pairwise

comparisons using Fisher’s least-squares difference

method. Asterisks indicate a significant difference

from untreated fibers (***p < 0.001). A separate

set of fibers from three hearts was used for each

group. The numbers of fibers measured for un-

treated and 0.3-mM-OM-treated groups at short

SL were 12 and 11, whereas those at long SL

were 12 and 12, respectively. Data are expressed

as the mean5 SE.

FIGURE 7 Effect of 0.3 mM OM on ER. ER is the magnitude of stretch

activation and is estimated as the slope of the linear relationship between

(Fnss-Fss) and imposed ML changes, DL (also see Figs. 1 and 5, A and

B). Statistical differences were analyzed by two-way ANOVA and subse-

quent post-hoc multiple pairwise comparisons using Fisher’s least-squares

difference method. Asterisks indicate significantly different from untreated

fibers (*p< 0.05, **p< 0.01). A separate set of fibers from three hearts was

used for each group. The number of fibers measured for untreated and

0.3 mM OM groups at short SL were 12 and 11, while those at long SL

were 12 and 12, respectively. Data are expressed as mean 5 SE.
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slows ktr (14,31) and OM attenuates ktr at long SL (6,7). A
new finding of our study, to our knowledge, shows that ktr
is also attenuated at short SL (Fig. 6 C). Therefore, signifi-
cant attenuation of ktr in OM-treated fibers at both short and
long SL (Fig. 6 C) may be attributed to enhanced XB-based
cooperativity. This is further substantiated by the observa-
tion that b is attenuated significantly at both short and
long SL in OM-treated fibers (Fig. 6 D). Such observations
regarding b are also valid at submaximal activation in
0.3-mM-OM-treated fibers (Table S2). Attenuation of ktr in
muscle fibers (5–7), including the finding from the study
presented here, are in disagreement with previous in vitro
studies (4,32,33), which have suggested that OM accelerates
both the phosphate release and the transition of XBs from a
weakly to a strongly bound state. Such discrepancy between
muscle fiber studies and in vitro assays may result from the
absence of lattice structure and poorly preserved coopera-
tive mechanisms in in vitro assays. Despite some differences
in observations, what is consistently observed is that OM in-
creases the number of XBs at low levels of activation (5–8).
The basis for the OM-mediated increase in the number of
force-bearing XBs and the subsequent increase in XB-based
cooperativity may be linked to the enhanced duty ratio of
XBs, as suggested by previous studies (5–7), which is
consistent with a significant decrease in g observed in our
study. The increased duty ratio of XBs may promote recruit-
ment of additional XBs via XB-based cooperative mecha-
nisms (5,7).

The differential effects of OM on XB-based cooperativity
at short and long SL has another interesting consequence for
SL-mediated effects on XB cycling kinetics. Length-medi-
886 Biophysical Journal 113, 880–888, August 22, 2017
ated effects on cardiac myofilaments have been shown to
attenuate ktr and g at long SL (34–36). Such changes are
also evident in g (Fig. 5 C) and ktr (Fig. 6 C) of untreated
fibers in this study. What is interesting is that such an SL-
mediated attenuating effect on ktr is abolished in OM-treated
fibers. Attenuation of ktr at short SL may be attributed to
enhanced XB-based cooperativity (31). This attenuating ef-
fect on ktr appears to be saturated at short SL, because there
is no further attenuation at long SL (Fig. 6 C). Attenuation
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of ktr in OM-treated fibers may be explained by a decrease
in g (34,37–39).

Two plausible mechanisms have been suggested to
explain how OM decreases g (7): 1) OM may decrease g
by slowing the rate of ADP release, although direct evidence
is lacking; and 2) OM may decrease g by slowing the isom-
erization step between strongly bound actomyosin-ADP
states that precedes the XB detachment step. The new
finding from this study, to our knowledge, shows that g is
also attenuated at short SL, but the magnitude of attenuation
is greater at short SL; for example, g is attenuated by 40% at
short SL and by 20% at long SL in 0.3-mM-OM-treated
fibers (Fig. 5 C). Such observations regarding g are also
valid at submaximal activations in 0.3-mM-OM-treated
fibers (Table S2). A consequence of this greater attenuation
of g at short SL is that the SL dependency of g is ablated
(Fig. 5 C) in a manner similar to that observed for ktr
(Fig. 6 C). These observations are also supported by data
from fibers treated with 3.0 mM OM (Table S1). Collec-
tively, the observations made above substantiate the notion
that OM alters mechanisms linked to LDA.
Relevance of our findings to whole heart function

Previous studies in both animal models (2,4) and humans
(1,3) suggest that OM enhances systolic function by pro-
longing the systolic ejection time. Changes in b and ER

shed some light on how OMmay tune the late phase of ejec-
tion. The slower b in OM-treated fibers suggests a slower
rise in XB recruitment, which prolongs the effect of stretch
activation on ventricular force output (39–42). Augmenta-
tion of ER suggests an increase in ventricular force output
during the late phase of ejection. Such enhanced force
output during the late stage of systole—paired with the
increased Ca2þ sensitivity and lengthened duty ratio of
XBs (due to slower g)—may significantly increase stroke
volume by prolonging the duration of systole. Although
these changes suggest improved systolic function, they
may adversely affect diastole not only by delaying the onset
of ventricular relaxation but also by slowing isovolumic
relaxation. Such OM-mediated effects on relaxation may
reduce the amount of venous filling in the next beat, a pos-
sibility that requires further investigation.

New observations from our study demonstrate that OM
has a major effect on Ca2þ sensitivity and LDA, leading
us to speculate that it may modify the FS mechanism to
some extent in the intact heart. Indeed, changes in myofila-
ment Ca2þ sensitivity have been shown to impair FS mech-
anism in intact hearts (16–19). OM-mediated blunting of
LDA may attenuate the ability of the heart to increase stroke
volume in response to an increase in venous return during
exertion. This may have some relevance to a recent clinical
study in which OM-treated patients with systolic dysfunc-
tion exhibited a decreasing trend in exercise time by 30%,
although authors noted that this decrease did not reach
statistical significance due to the smaller sample size (43).
Thus, new findings from our contractile study, along with
the observations from the aforementioned study, warrant
further investigation regarding the effect of OM on the FS
mechanism at the whole-heart level.
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