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A B S T R A C T   

Striated muscle contraction is initiated by Ca2+ binding to, and activating, thin filament regulatory units (RU) 
within the sarcomere, which then allows myosin cross-bridges from the opposing thick filament to bind actin and 
generate force. The amount of overlap between the filaments dictates how many potential cross-bridges are 
capable of binding, and thus how force is generated by the sarcomere. Myopathies and atrophy can impair 
muscle function by limiting cross-bridge interactions between the filaments, which can occur when the length of 
the thin filament is reduced or when RU function is disrupted. To investigate how variations in thin filament 
length and RU density affect ensemble cross-bridge behavior and force production, we simulated muscle 
contraction using a spatially explicit computational model of the half-sarcomere. Thin filament RUs were 
disabled either uniformly from the pointed end of the filament (to model shorter thin filament length) or 
randomly throughout the length of the half-sarcomere. Both uniform and random RU ‘knockout’ schemes 
decreased overall force generation during maximal and submaximal activation. The random knockout scheme 
also led to decreased calcium sensitivity and cooperativity of the force-pCa relationship. We also found that the 
rate of force development slowed with the random RU knockout, compared to the uniform RU knockout or 
conditions of normal RU activation. These findings imply that the relationship between RU density and force 
production within the sarcomere involves more complex coordination than simply the raw number of RUs 
available for myosin cross-bridge binding, and that the spatial pattern in which activatable RU are distributed 
throughout the sarcomere influences the dynamics of force production.   

1. Introduction 

The actin and myosin cross-bridge (XB) interaction hydrolyzes ATP 
to generate force and shortening at the molecular level, which underlies 
skeletal and cardiac muscle contraction [1,2]. Actin and myosin are the 
primary proteins comprising the thin and thick filaments, respectively, 
within the sarcomere. Cross-bridge binding is Ca2+-regulated via 
troponin and tropomyosin, which are the regulatory proteins that run 
along thin filaments in a stoichiometric ratio of seven actins to one 
troponin and one tropomyosin. This stoichiometric ratio defines the 
“structural” regulatory unit (RU) that repeats longitudinally along the 
length of the thin filament [3]. Cross-bridge binding is also regulated via 
the interdigitating overlap between thin and thick filaments, which 
dictates the longitudinal proximity of actin and myosin, and can vary as 

sarcomere length changes with muscle shortening or lengthening [4,5]. 
Therefore, the combination of Ca2+-activated RUs and myofilament 
overlap determines the potential degree of cross-bridge binding that 
underlies muscle contraction. 

Under normal physiological conditions the spatial, biochemical, and 
chemomechanical aspects of Ca2+-regulated cross-bridge binding, as 
well as thin filament and thick filament length, are tightly controlled. 
However, many different myofilament proteins can contribute to 
improper Ca2+-regulation along thin filaments and variations in thin 
filament length, which can be related to aging, atrophy or disuse, dys
regulated development, or skeletal and cardiac muscle pathologies [6]. 
For example, myriad mutations in the genes of troponin or tropomyosin 
have been shown to compromise thin filament activation, resulting in 
contractile dysfunction in muscle diseases [6–8]. Nebulin has been 
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implicated as a ‘molecular ruler’ that establishes thin filament length, 
and mutations in the nebulin gene (NEB) that underlie nemaline 
myopathy often result in shorter thin filaments and reduced muscle 
force [9–14]. Shorter thin filaments have also been documented 
following space flight [15,16], and with atrophy upon muscle injury 
[17,18]. Tropomodulin and leiomodin can modulate actin polymeriza
tion near the free end (pointed end) of thin filaments, thereby altering 
thin filament length and contributing to skeletal and cardiac muscle 
disease [13,19–25]. Ca2+-activation along thin filaments and the length 
of thin filaments are two important characteristics of cross-bridge 
binding and force production within the sarcomere, yet the contribu
tions from each mechanism are difficult to parse experimentally. 

Our understanding of striated muscle contraction has benefited from 
a long history of mathematical and biophysical models of molecular, 
cellular, and whole-muscle function [1,2,26–33]. Spatially-explicit 
models of muscle contraction represent a sub-class of these models, 
which was pioneered by Daniel et al. [34] to investigate the impact of 
varied filament stiffness on force production between a single pair of 
thin and thick filaments within the half-sarcomere. Others have 
expanded upon this idea to examine kinetic properties within the 
mathematical and biophysical context of a ‘digital’ sarcomere [35–40]. 
In this study, we used a half-sarcomere representation comprising 
multiple thin and thick filaments to modulate the number of thin fila
ment RUs that were capable of being Ca2+-activated to bind with 
myosin. We investigated how variations in thin filament length and RU 
density affect ensemble cross-bridge behavior and force production by 
building upon previously published spatially-explicit, multi-filament 
models of muscle contraction from our laboratory [35,41,42]. The 
spatial details related to thin filament regulation and thin filament 
structure investigated herein intrinsically require a model that describes 
spatial characteristics of thin filament regulation, along and between the 
myofilaments. While it may be possible (though difficult) to represent 
these important details within a model using a system of ordinary dif
ferential and/or partial differential equations [43], the majority of dif
ferential equation models assume independent activity among the of 
populations of RU and cross-bridges. This assumption of independence 
fails to represent the coupled protein activity along and between the 
myofilaments (spatially, mechanically, and biochemically) that un
derlies muscle function. Under the mathematical assumptions governing 
this computational paradigm, our simulation predictions begin to 
separate characteristics of muscle contraction that follow from 
compromised Ca2+-activation along full-length thin filaments vs. shorter 
thin filaments. 

2. Materials and methods 

The computational models used in this work build on a series of 
spatially-explicit models developed over the past 20 years that simulate 
muscle contraction within a network of linear springs [34,35,38,44]. In 
short, the current model represents a half-sarcomere that comprises 4 
thick filaments and 8 thin filaments to model Ca2+-regulated actomyosin 
cross-bridge binding and force production (Fig. 1). Periodic boundary 
conditions along the length of the half-sarcomere remove any 
cross-sectional edge effects along the longitudinal boundary of the 
simulation. This effectively wraps the external edges of a rectangular 
region along the length of a myofibril to enable predictions of muscle 
contraction from a finite number of filaments that represents a 
sub-section of myofilament lattice space with simple-lattice structure 
[41]. Boundary conditions at the ends of the filaments (i.e. the M-band 
and Z-line) are fixed throughout the duration of each simulation, 
thereby defining the isometric length of the half-sarcomere. This 
half-sarcomere models includes a linear elastic element between the 
free-end of thick filaments and the Z-line to represent titin [41,42]. As 
further described below, we have now implemented two different 
“knockout” schemes to modulate the spatial distribution of thin filament 
RUs that are capable of being Ca2+-activated to bind with proximal 

myosin cross-bridges (Fig. 1). The kinetic scheme also includes coop
erative activation of thin filaments from neighboring Ca2+-activated 
thin filament RU and neighboring bound cross-bridges (Fig. 2), as pre
viously described [35]. 

One advantage of this model is the intrinsic ability to assess spatial 
effects of thin filament activation on cooperative activation of force 
production within the half-sarcomere. The Ca2+-activatable region of 
each RU is defined, end to end, along the length of thin filaments, 
making it amenable to “knocking them out” or making regions of the 
thin filament unable to bind Ca2+. Thus, RU effectively become deacti
vated throughout the duration of a simulation. It is plausible similar 
simulations could be performed with the spatially-explicit model from 
the Mijailovich group, although Ca2+-regulation in those models occurs 
via implementing a long-range continuous flexible chain model [45,46]. 
Other spatially-explicit models have been used to investigate the dis
tribution of longitudinal vs. radial forces throughout the lattice, without 
implementing a thin filament regulatory scheme [47,48]. Furthermore, 
others have developed spatially-explicit models focused on investigating 
mechanosensitive activation of contraction, specifically 
force-dependent recruitment from the super-relaxed, myosin OFF state 
into the disordered-relaxed myosin ON state [49]. While there are lim
itations to the completeness and breadth that can be explored within 
each of these spatially-explicit models, they have provided insightful 
predictions about the molecular mechanisms underlying cross-bridge 
function among a coupled system of motors throughout the myofila
ment lattice. 

2.1. Myofilament mechanics 

Thick filament backbones, thin filaments, cross-bridges, and titin are 

Disabled thin filament
Enabled thin filament
Thick filament

Z-line

M-line

Uniform Knockout

Random Knockout

Titin

Fig. 1. Model of half-sarcomere organization and thin filament activation 
“knockout” schemes. Thick filaments conform to normal model geometry, 
mechanics, and kinetics throughout a simulation. Thin filaments conform to 
normal model geometry and mechanics, but their Ca2+-activation kinetics were 
effectively partitioned into active regions that are available to bind myosin 
(grey, having the normal kinetic scheme shown in Fig. 2) and inactive or 
disabled regions that are unavailable to bind myosin (black, effectively having 
no Ca2+-activation kinetics or being ‘knocked out’). Example distributions of 
the two thin filament activation “knockout” schemes, i.e. uniform or random, 
are depicted for a half-sarcomere. 
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represented as linear springs, such that motion, forces, and deformation 
within the myofilament network occur solely along the longitudinal 
direction of the filaments [34,44]. This assumption permits a linear 
system of equations to calculate the one-dimensional force balance 
throughout the half-sarcomere at each time-step (dt = 1 ms). Thick and 
thin filament spring constants were 6060 and 5230 pN nm−1 for un
strained spring elements of length 14.3 and 12.3 nm, respectively. 
Half-sarcomere length thick filaments were 860 nm (60 thick filament 
nodes × 14.3 nm) and thin filaments were 1110 nm (90 actin nodes ×
12.3 nm). These thick filament and thin filament nodes represent model 
structures for the myosin crowns along thick filament backbones from 
which myosin heads extend, and actin sites along the thin filament to 
which myosin can bind [35]. Along each filament, these nodes are 
connected via linear springs, as described just above, and it is the 
location of these nodes that is used to track position, force, activation 
state, and cross-bridge binding state throughout the half-sarcomere 
model. When myosin heads bind with actin, they are assigned a 
cross-bridge spring constant of 3 pN nm−1, which is consistent with 
estimates of cross-bridge stiffness from cellular experiments [50–52]. 
Sarcomere length was fixed at 2.3 μm (=half-sarcomere length of 1150 
nm), representing almost complete thick-to-thin filament overlap 
(~820 nm) near the plateau of the length-tension relationship [53]. The 
elastic link representing titin was assigned a spring constant of 0.1344 
pN nm−1, and an unstrained, rest-length value of 342 nm. These values 
provided relaxed (passive) force values of roughly 50 pN, though all 
force data reported herein are Ca2+-activated force values (i.e. total 

force minus passive force). 

2.2. Kinetics 

Monte Carlo algorithms drive kinetic state transitions for thin fila
ment activation and cross-bridge binding and cycling (Fig. 2). These 
effectively consist of a 3-state, discrete time Markov chain for each RU, 
actin-binding site, and myosin cross-bridge at every time step of the 
simulation. Specifically, a random number (n) is drawn from a uniform 
distribution over the open interval (0,1). Any single transition proba
bility (pij) from state i to state j depends upon the transition rate (rij) and 
time-step: pij = rijdt. Transition probabilities dictate whether there is a 
forward transition, reverse transition, or no transition: 

forward transition = 0 < n < pij, 
reverse transition = pij < n < pij+ pji, 
no transition = pij+ pji < n < 1. 

The rate constants and cooperative kinetics scheme used in these 
simulations is the same as listed in Table- 3 of Tanner et al., 2012 [35]. 

Thin filament activation represents three states (Fig. 2A): no Ca2+- 
bound to troponin (unavailable to bind myosin), Ca2+-bound to troponin 
(unavailable to bind myosin), and movement of tropomyosin to expose 
actin-target sites along thin filaments (available to bind myosin). Cross- 
bridge cycling represents three states: XB1 (an unbound cross-bridge 
state following ATP hydrolysis); XB2 (a weakly bound pre-power 
stroke state corresponding to an actin-myosin-ADP-Pi state); and XB3 
(a strongly bound post-power stroke state corresponding to an actin- 
myosin-ADP state). However, the actual force generated by a cross- 
bridge depends upon the distance between thick and thin filament 
nodes and the strain borne by the cross-bridge spring element. As pre
viously described, the cross-bridge transition rates are dependent on 
position differences between a particular pair of actin and myosin nodes 
supporting a bound XB [35,44]. For each bound cross-bridge, force 
borne depends upon the stiffness and distortion of the head from 
rest-length in the unbound state (xb0 ≈ 5 nm), which includes position 
differences between the myosin node (where the neck of the XB would 
extend from backbone = xm), actin node (or binding site = xa), and the 
power stroke state. For XB2 cross-bridge force becomes 
kxb((xa-xm)-xb0)). Energy stored in the cross-bridge is transmitted into 
the filament lattice with the chemomechanical power stroke transition, 
and XB3 represents a higher-force state: kxb(xa-xm). 

All simulations were built upon a cooperative thin filament activa
tion scheme, as previously described [35], which represents cooperative 
activation mechanisms stemming from RU-RU and XB-RU between 
neighboring activated RU and bound cross-bridges (Fig. 2B). In brief, the 
RU-RU cooperative activation pathway stems from a neighboring acti
vated RU that is directly adjacent to the RU undergoing a potential ki
netic state transition, occupying the activated state (TF3). If this 
neighboring RU occupies TF3, then the probability of thin filament 
activation increases for the RU in question by increasing the rate con
stant rt,12 or rt,23 (depending upon which state the RU occupies). Simi
larly, the XB-RU cooperative activation pathway stems from 
neighboring cross-bridges occupying the XB2 or XB3 state, which then 
increases the probability of thin filament activation for the RU in 
question via increasing the rate constant rt,12 or rt,23. These rate increases 
effectively coordinate the strength of cooperative thin filament activa
tion response, which was optimized to represent isometric force-pCa 
(pCa = -log10[Ca2+]) responses measured in rabbit psoas fibers. This 
model formulation was created to resemble or represent many of the 
cooperative activation pathways from neighboring activated RU, and 
weakly or strongly bound cross-bridges, as outlined via the 
blocked-open-closed model from McKillop and Geeves [26]. 

With these optimized cooperative kinetics in play, the functional RU 
activation span becomes ~50 nm for all simulations, thereby allowing 
for the possibility of activating the equivalent thin filament length of ~9 

Ca

TF2 TF3

XB1 XB2

TF1

XB3

Ca Ca Ca Ca Ca Ca Ca

Ca

TF2 TF3

XB1 XB2

rt,23

rt,32 rx,12

rx,21

TF1
rt,12

rt,21

XB3

rx,23

rx,32

Ca Ca Ca Ca Ca Ca Ca

rx,13
rx,31

rt,13

rt,31

Ca Ca

troponin
tropomyosin

activated
regulatory unit

actin
myosin

RU-RU cooperativity

XB-RU cooperativity

A

B

Fig. 2. Model kinetics. The thin filament regulatory units (RU) and thick fila
ment myosin heads have separate, but intertwined, discrete states in the model. 
(A) The thin filament RU states (TF1-TF3) correspond to whether calcium is not 
bound to troponin (TF1), calcium is bound to troponin and not available to bind 
with myosin (TF2), or available to bind myosin (TF3). These states represent 
thin filament activation behavior for troponin and tropomyosin along thin fil
aments [35]. If a thin filament RU is in the third state, TF3, it can then be bound 
by a myosin cross-bridge either weakly (XB2, a pre-power stroke state corre
sponding to an actin-myosin-ADP-Pi state) or strongly (XB3, a post-power 
stroke state corresponding to an actin-myosin-ADP state). XB1 represents an 
unbound cross-bridge state following ATP hydrolysis, corresponding to a 
myosin-ADP-Pi state. Calcium levels determine RU transition rates, while XB 
transition rates are determined by the distance between a myosin head and the 
actin site with which it is binding. (B) Cooperative mechanisms within the 
model allow for the state of neighboring RUs (i.e. RU-RU cooperativity) and/or 
neighboring cross-bridges (i.e. XB-RU cooperativity) to augment the probability 
of thin filament activation. These cooperative pathways are shown as broken 
arrows originating from a ‘source’ state (e.g. RU activation or XB binding) to a 
‘target’ the enhanced thin filament transition rate at a neighboring RU (spe
cifically, increasing rates rt,12 or rt,23 depending upon RU state) [35]. 
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actin monomers (or 3 thin filament nodes along one actin helix) upon 
Ca2+-binding to troponin and tropomyosin movement into state TF3 [3, 
54]. Given that thin filaments are 1100 nm long, and each troponin 
complex sits every 37.3 nm along each of the two actin helices that 
comprise a thin filament, there are 30 structural RU along each helix. 
This in total leads to 60 RU along each filament, and with the RU acti
vation span of ~50 nm, the functional effects of RU activation are 
slightly greater than the 37 nm of a structural regulatory unit. Also 
consistent with prior models, simulations used position-dependent 
cross-bridge rate transitions as described previously [35,44]. These 
position dependent rate constants determine how far a cross-bridge can 
extend to bind with actin, and also underlie how a cross-bridges moves 
and generates force as it goes through its cross-bridge cycle. This posi
tion dependence dictates the chemomechanical state transitions of the 
cross-bridge, modeled as a linear elastic spring. 

2.3. Thin filament RU ‘knockout’ schemes 

Thin filament RU were disabled throughout the half-sarcomere in 
two ways: uniformly and randomly. Uniform deactivation of RUs (or the 
uniform RU ‘knockout’ scheme) was carried out from the free end of the 
thin filament, mimicking a reduction in thin filament length (Fig. 1). 
Even with this reduction in activatable regulatory units there were no 
other changes to the spatial or kinetic parameters underlying thin fila
ment activation and cross-bridge binding with the remaining functional 
length of thin filaments. Random deactivation (or the random RU 
‘knockout’ scheme) was carried out by randomly deactivating individual 
RUs along the thin filament. Deactivated RUs were unavailable for Ca2+- 
binding, and therefore could not be activated. Deactivation only affected 
the thin filament kinetics of the model, so thin filament stiffness was not 
altered by deactivation and any mechanical contributions to the distri
bution of forces throughout the half-sarcomere were maintained. Under 
both schemes for disabling RUs, all forms of cooperative activation 
remained within the model, even though Ca2+-activation and cross- 
bridge binding was eliminated for certain thin filament nodes. 

2.4. Data analysis 

Identical to prior analysis [35,42,44], steady-state data were gath
ered from each run by calculating the mean of the final 10% of the 
simulation for each metric. As illustrated in Fig. 3C, it is clear that the 
simulations reach steady state for the maximal activation level of pCa 
4.0. However, the lower [Ca2+] require more time to reach steady state, 
as there is less cross-bridge binding and cycling taking place at these 
sub-maximal pCa levels. Thus, we employ a graduated scheme to opti
mize the length of each simulation and the number of runs (i.e. technical 
replicates) performed at each pCa value. From this we average the final 
10% of each individual run (Nruns) at a single pCa, for a timespan 0 to 
tmax (Table 1). Consistent with our previous computational studies, the 
set of steady-state averages at each pCa (gathered from the last 10% of 
each run) are generated using no fewer than 6400 time steps (6400 >
Nruns × 0.1tmax). This leads to a set of steady-state values for each indi
vidual run at each pCa, from which averages and standard errors are 
calculated for each metric at each pCa value, and from which statistical 
analysis can be performed. 

ATP utilization was recorded at each time step as the number of 
cross-bridges that transitioned throughout the ‘forward cross-bridge 
cycle’ from the bound, high-force bearing state to the detached state. 
Consistently, we also count these as unique, completed cross-bridge 
events during the final 10% of each run to calculate the average 
myosin cross-bridge attachment duration for each run [41]. 

Statistical differences were assessed via one-way ANOVA followed 
by a Tukey-Kramer multiple comparison of the means (p < 0.01). All 
simulations and analysis were performed using custom algorithms 
written in MATLAB (The MathWorks, Natick, MA). In the case of 
parameter estimates for the 3-parameter Hill fits to force-pCa 

relationships (Table 2), we used nonlinear least-squares regression to 
estimate fit parameters and their 99% confidence intervals to identify 
significant differences between parameter values from different simu
lations. With a three parameter Hill fit, Maxfit represents the maximal, 
asymptotic, steady-state force predicted by the model; pCa50 defines the 
pCa value at the force level that is half-way between the relaxed force 
value (pCa 8) and maximal force (pCa 4), which represents Ca2+- 
sensitivity of force production. The Hill coefficient, nH, is the tangent of 
the sigmoidal force-pCa curve-fit at the pCa50 value. 
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Fig. 3. Steady-state and dynamic force generation as thin filament activation 
varied. Data are shown for normal thin filament activation (100% functional 
RUs), 50% random thin filament RU knockout, and 50% uniform thin filament 
RU knockout. Steady state force is plotted against calcium (mean ± SE, where 
pCa = -Log10[Ca2+]) for Ca2+-activated force values (A) and force values 
normalized to pCa 4.0 within each data set (B). Daggers denote a significant 
difference between all groups at a single pCa level (p < 0.01). Average force 
transients at pCa 4.0 are plotted against time (C), and these values were also 
normalized to the average steady-state value at pCa 4.0 within each data 
set (D). 

Table 1 
Duration and number of technical replicates for each simulation as pCa varied.  

pCa NRuns Duration (s) 

≥5.5 11 6 
5.0 16 4 
≤4.5 32 2 

For conditions of pCa 5.5 and greater, simulations were performed for 6 s with 
11 technical replicates. Simulations at pCa 5.0 were performed for 4 s with 16 
technical replicates. For pCa 4.5 and less, simulations were performed for 2 s 
with 32 technical replicates. 

Table 2 
Characteristics of tension-pCa relationships in simulation in multiple KO re
gimes (mean ± SE).   

Normal 50% Uniform KO 50% Random KO 

Fmax (pN) 977 ± 16 334 ± 3.7a 555 ± 5.3a 

Maxfit (pN) 963 ± 3.0 332 ± 1.7a 546 ± 6.9a 

pCa50 5.86 ± 0.003 5.80 ± 0.005 5.32 ± 0.021a 

nH 2.97 ± 0.059 3.18 ± 0.103a 1.57 ± 0.077a 

Fmax, steady-state force value at pCa 4.0. 
Maxfit, pCa50, and nH represent fit parameters to a 3-parameter Hill equation for 

the steady-state force (Fss) vs. pCa relationship: Fss(pCa) =
Maxfit

1 + 10nH(pCa−pCa50)
. 

a Different from normal based on a 99% confidence interval. 
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3. Results 

3.1. Force development as Ca2+-activation varied 

Steady-state force production and temporal dynamics of force pro
duction are shown in Fig. 3 for simulations with normal thin filament 
activation (100% functional RUs), 50% random thin filament RU 
knockout, and 50% uniform thin filament RU knockout. As [Ca2+] 
increased, steady-state force production increased as well, following the 
expected sigmoidal relationship for all conditions. These force-pCa re
lationships were fit to a three-parameter Hill equation to assess the ef
fects of random vs. uniform reductions in thin filament activation on 
calcium sensitivity and cooperativity of force production (Table 2). 
Reducing the number of functional thin filament RUs by 50% decreased 
maximal steady-state force by 43.19 ± 0.54% for the random reduction 
and 65.81 ± 0.38% for the uniform reduction, compared to the normal 
condition (Fig. 3A). The 50% random reduction diminished Ca2+- 
sensitivity of force (by 0.54 pCa units) and the 50% uniform reduction 
only modestly decreased Ca2+-sensitivity of force (by 0.06 pCa units), 
compared to the normal condition. The 50% random reduction also 
diminished cooperative force development, shown by the ~50% 
reduction in the Hill coefficient (nH) compared to the normal condition. 
The 50% uniform reduction did not affect cooperative force develop
ment compared to the normal condition, with nH ≈ 3 for both condi
tions. These differences can be observed most clearly by normalizing the 
three steady-state force-pCa relationships to their maximal steady-state 
force value (Fig. 3B). Comparable experiments in rabbit psoas fibers 
showed that randomly reducing about 50% of the Ca2+-activatable 
troponin C along thin filaments also reduced maximal force by 
~40–50%, reduced Ca2+-sensitivity by ~0.35 pCa units, and reduced nH 
by ~1.5 [54], all of which agree with our simulation predictions using 
the random RU knockout scheme. We were somewhat surprised to see 
such similarities between the normal simulations (i.e. 100% functional 
RU) and the simulation results with the 50% uniform reduction, which 
implies that the cooperative activation pathways underling force 
development were largely preserved in simulations where thin filament 
activation was uniformly knocked out from the free end of thin fila
ments. In contrast, random reductions in thin filament RU activation 
compromised cooperative activation along thin filaments and more 
greatly disrupted Ca2+-activated force development, compared to the 
random reduction in filament length. 

3.2. Rates of force development 

Time-series traces for the force development transients at maximal 
activation (pCa = 4.0) are shown in Fig. 3C. Normalizing these data to 
maximal force within each condition revealed that the random knockout 
significantly slowed the rate of force development (kdev) at maximal 
activation (Fig. 3D). The dynamics of force production were only slightly 
slower than normal with the uniform reduction in thin filament RU 
activation (Figs. 3D and 4). At maximal Ca2+-activation the rates of force 
development were similar for the normal and 50% uniform reduction in 
thin filament activation but slowed for the 50% random reduction in 
thin filament activation. Similar findings persisted at Ca2+-activation 
levels between pCa 5.0 and 4.0 (Fig. 4). Comparable experimental 
findings to evaluate these kinetic predictions remain limited, as the 
rabbit psoas fiber study where Ca2+-activatable RUs were randomly 
reduced did not report any kinetics measurements [54]. Data from a 
similar study using rat trabeculae (and reconstituting thin filaments with 
a mixture of 50% Ca2+-activatable troponin and 50% non-activatable 
troponins) showed slower rates of tension redevelopment (i.e. kTR 
measurements) at sub-maximal pCa levels but not at maximal activa
tion, compared to normal conditions [55]. Therefore, our predictions 
that randomly reducing RU slows force development at sub-maximal 
pCa levels are consistent with these empirical findings, but not at 
maximal activation. Findings from this later study also suggested that 

the functional RU span may be shorter in cardiac muscle (spanning ~4 
actins) [55] than in skeletal muscle (spanning ~9–11 actins) [54]; a 
structural regulatory unit spans 7 actins. It is plausible these differences 
in RU activation span between muscle types could also influence kTR 
measurements differently as pCa and/or the number of activatable RU 
varies. In combination, our kinetic predictions again suggest that 
cooperative mechanisms of force production were largely preserved 
with uniform reductions in thin filament activation, but cooperative 
activation is compromised for random reductions in thin filament RU 
activation (Figs. 3–4). 

3.3. Graduated reductions in RU density 

Steady-state characteristics of contractility, thin filament activation, 
and cross-bridge activity are shown for maximal Ca2+-activation (pCa =
4.0, Fig. 5) and sub-maximal Ca2+-activation (pCa = 5.8, Fig. 6) as 
activatable RU density decreased. First, we describe these responses at 
pCa 4.0 and then for pCa 5.8. As shown in Fig. 3, decreasing RU density 
resulted in an expected decrease in force, but this decrease did not 
follow a 1:1 linear relationship to the fractional RU density shown by the 
dashed line in Fig. 5A. Random RU reduction resulted in smaller force 
decreases than anticipated by a 1:1 decrease in the number of Ca2+- 
activatable RU, with force remaining greater than 1:1 across the range of 
fractional RU densities that were simulated. These findings are consis
tent with experimental findings from the rabbit psoas fiber study where 
Ca2+-activatable RUs were randomly reduced, which also showed that 
force remained greater than the 1:1 relationship for fractional RU den
sity values greater than 20% [54]. In contrast, the uniform RU reduction 
resulted in larger force decreases than random RU reduction, with force 
values remaining near the 1:1 relationship for fractional RU densities 
above 70%, and falling below the 1:1 relationship at fractional RU 
densities of 50% and 60%. The number of bound cross-bridges followed 
the same relationship as maximal force, indicating that the force de
creases stem from reduced cross-bridge binding (Fig. 5B), and not 
reduced force per bound cross-bridge. 

The proportion of thin filament sites that are activated by the binding 
of Ca2+ is shown in Fig. 5C (normalized to the number of sites that are 
activated during maximal activation of the normal thin filament, i.e. 
100% of the RUs). While each point along the x-axis represents the same 
number of available RUs between the random and uniform knockout 
schemes, more of the thin filament was activated with random RU re
ductions than uniform RU reductions of the same magnitude. However, 
the possible number of RUs that can be Ca2+-activated also changes as 
the number of activatable RUs were reduced. Thus, thin filament 
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Fig. 4. Rates of force production (kdev) as thin filament activation varied. Data 
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denote a significant difference between all groups at a single pCa level (p 
< 0.01). 
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activation values were also normalized to the relative density of RUs 
that were capable of being Ca2+-activated within a simulation. This 
second normalization shows that the relative amount of thin filament 
activation slightly increases as RUs are randomly knocked out, and that 
relative thin filament activation levels remain near unity as RUs were 
uniformly knocked out from the free end of thin filaments, for most 
simulations (Fig. 3D). However, at 50% and 60% fractional RU density, 
normalized thin filament activation levels fall slightly below this unity 
line with the uniform RU reductions (Fig. 3D). These data suggest that 
there may be coupled effects of thin filament activation pattern along 
the filament that underlie the predicted levels of force production dis
cussed just above (Fig. 5A), which differ between two RU knockout 
schemes. 

Cross-bridge ATP utilization can be calculated from the simulations 
via tracking the binding and unbinding of cycling cross-bridges that 
hydrolyze a single ATP molecule. Random RU reduction resulted in 
slightly increased ATPase activity (compared to a hypothetical 1:1 
decrease), while uniform RU reduction significantly decreased ATPase 
activity (Fig. 5E). In both cases, the decreased ATPase activity can be 
primarily attributed to the decrease in cross-bridge binding (Fig. 5B). 
However, calculations of cross-bridge attachment time (ton) show that 
ton does not change much with random RU reductions and that cross- 
bridges remain bound for longer duration with uniform RU reductions 

(Fig. 5F). Thus, cross-bridge activity was not greatly affected by random 
reductions in RU density. In contrast, uniform reductions in RU density 
increased attachment time and slowed the overall rate of cross-bridge 
cycling, thereby reducing ATPase activity and force development. 

Given that in vivo intracellular calcium levels are sub-maximal [56], 
we were interested to explore how simulation predictions for both RU 
knockout schemes differ from those presented at maximal activation 
(Fig. 5). At sub-maximal Ca2+-activation levels near the pCa50 value of 
the force-pCa relationship under normal RU conditions (pCa 5.8), 
decreasing RU density resulted in an expected decrease in force 
(Fig. 6A). Random RU reduction significantly decreased force produc
tion, below the 1:1 relationship, which shows greater decreases in force 
production as Ca2+-activatable RU density decreased at sub-maximal 
pCa than comparable simulations at pCa 4.0. In contrast, the uniform 
RU reduction at pCa 5.8 (Fig. 6A) produced similar trends to those 
observed at pCa 4.0 (Fig. 5A). Again, simulations predicted 
well-matched responses between force and the number of bound 
cross-bridges for both RU knockout schemes at pCa 5.8 (Fig. 6B), as were 
our findings at pCa 4.0. 

At pCa 5.8, the random RU reduction and uniform RU reduction 
resulted in less thin filament activation than either comparable RU 
knockout scheme at pCa 4.0. At pCa 5.8, the thin filament activation fell 
below the 1:1 relationship for both RU knockout schemes as functional 
RU decreased (Fig. 6C–D), whereas thin filament activation was greater 
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than the 1:1 relationship for random reductions and near the 1:1 rela
tionship for uniform reductions at pCa 4.0. Consistent with the decrease 
in cross-bridge binding at pCa 5.8 vs. 4.0, ATPase activity also decreased 
as RU density was reduced for both knockout conditions (Fig. 6E), 
compared to pCa 4.0. However, the change in ton was relatively flat with 
random RU reduction and ton increased non-linearly with uniform RU 
reduction at submaximal pCa (Fig. 6F), which is similar to the prediction 
at pCa 4.0 (Fig. 5F), suggesting that the large decreases in ATPase at pCa 
5.8 primarily stem from decreases in the number of bound cross-bridges 
rather than altered kinetics for which bound cross-bridges go through 
the cross-bridge cycle. 

4. Discussion 

The purpose of these computational simulations was to examine how 
the loss of activatable RUs along the thin filament impacts dynamics of 
force generation and cross-bridge binding within a sarcomere. This loss 
was modeled as either a uniform disabling of RUs from the pointed end 
of the thin filament (equivalent to a reduction in thin filament length) or 
as a random disabling of RUs throughout the thin filament. In summary, 
we find that force decreased with a uniform loss of RUs, but the 
normalized force-pCa relationship and dynamics of force production 
were not very different than we observed for normal conditions. Force 
also decreased with the random loss of RU activation, but calcium 
sensitivity of the force-pCa relationship was reduced and the rates of 
force production slowed in comparison to normal conditions. 
Throughout the Results section presented above we made comparisons 
between our simulation results from the random RU reductions with 
similar experiments using skinned rabbit psoas and rat cardiac muscle 
fibers [54,55]. In general, our predictions were largely consistent with 
these previous experimental results where the number of 
Ca2+-activatable RU along thin filaments were reduced (Figs. 3A, 4 and 
5A). On the other hand, comparable experimental studies demonstrating 
the effects of uniform reductions in RU activation or shortening thin 
filament length are limited. A portion of the viable comparisons for 
shortened thin filament length are further discussed below, primarily 
related to findings from nebulin knockout mice [57] or investigations of 
nemaline myopathies [58]. 

4.1. Implications underlying uniform reductions in activatable RU 

The degree of overlap between the thick and thin filaments is a 
primary determinant of force within a sarcomere; more overlap in
creases the availability of actin along thin filament to which cross- 
bridges can bind and generate force [53]. Accordingly, a decrease in 
the length of either filament would effectively decrease overlap and 
subsequently decrease Ca2+-activated force. However, the length of the 
thick filament does not vary significantly in vertebrates, and is fixed 
around 1.6 μm [59,60]. In contrast, thin filament length does vary and 
depends on the species and muscle type. Even in healthy human muscle 
the thin filament varies between 1.1 and 1.3 μm, and modulating this 
length shifts characteristics of the force-length relationship [61–64]. 
Our simulations suggest that these changes in the force-length rela
tionship likely follow from decreases in cross-bridge binding and fila
ment overlap, but the dynamics of force production and cross-bridge 
activity are unlikely to greatly affect the force length response over this 
0.2 μm change in thin filament length. 

During myogenesis, nebulin assists in the initial assembly of I- and Z- 
bands to set the pattern and spacing of the sarcomeres constituting a 
myofibril [10]. When nebulin is knocked down in skeletal tissue, thin 
filament length becomes more heterogeneous and decreases on average, 
resulting in lower muscle force production [11,57,65,66]. Mutations in 
the nebulin gene NEB are the most common cause of nemaline myopathy 
2 (NEM2) [58,67]. Analogous to nebulin knock down in animal models 
of NEM2, patients with NEM2 mutations have shorter and more variable 
thin filament lengths [58]. With a smaller overlap region, fewer 

cross-bridges are able to bind and less force is produced for a given 
activation level, especially at longer sarcomere lengths. Additionally, 
loss of uniform filament length throughout a fiber means that there can 
no longer be an optimal overlap length, or that it is less consistent and 
reproducible from muscle to muscle (or person to person), as the plateau 
of a sarcomere length-force curve becomes less well-defined [6,12]. 
Mutations in nebulin may also disrupt the binding interactions with 
actin and/or tropomyosin/troponin complexes, resulting in deficits in 
cross-bridge cycling and calcium activation [58,68,69]. 

When we uniformly disabled RUs from the end of the thin filament, 
we observed decreased force during both maximal activation (pCa =

4.0; Figs. 3 and 5A) and during submaximal activation (pCa = 5.8; 
Figs. 3 and 6A). The loss of RUs reduces the number of available myosin 
binding sites on the thin filament, and therefore less overall force is 
produced in the sarcomere. This finding is consistent with studies which 
measured decreased force in muscles from nebulin knockout mice, 
which was attributed in part to decreased thin filament length [57,66]. 
When we disabled 0–30% of the thin filament RUs at maximal activa
tion, we observed a negative and mostly linear relationship with force; e. 
g. disabling 30% of the RUs reduced force by ~30%. However, force 
dropped more greatly as more RUs were disabled, such that disabling 
50% of the filament caused force to drop by ~66% (Figs. 3 and 5A). This 
disproportionate decrease in force was further exacerbated during sub
maximal calcium activation (Fig. 6A). Therefore, reducing thin filament 
availability has a more complicated effect on force production than 
simply changing the number of potential actin-myosin cross-bridge in
teractions due to thin filament overlap. 

In the uniform RU knockout simulations performed here and in ex
periments involving nebulin knockout in mice [57,66], force decreases 
as the overlap between the thick and thin filament is reduced. This idea 
is not new, and the phenomena is well understood for the role it plays in 
the force-length relationship, as changing sarcomere length also affects 
this overlap [70]. However, more mechanical processes are being 
influenced by increased sarcomere length than simply reduced filament 
overlap, such as increased calcium-sensitivity, increased passive and 
active force levels, reduced lattice spacing, and other cellular properties 
than can change with sarcomere length [70–81]. We did not alter 
sarcomere length with the current simulations, and our predictions from 
the uniform reductions in RU activation only partially reflect on the 
changes in force that occur with varied sarcomere lengths. For instance, 
we did not investigate how the contributions of passive elements, such 
as titin, vary with sarcomere length, as the titin PEVK regions may 
interact with the thin filament during activation in a manner which 
decreases the effective spring length of titin and therefore may increase 
titin stiffness to augment passive forces during stretch [82,83]. These 
compounding factors mean that altering sarcomere length is not a proxy 
for the study of reduced filament overlap, although future computa
tional models may provide a tractable option to isolate these coupled 
effects on muscle force associated with dynamic changes in sarcomere 
length. 

4.2. Implications underlying random reductions in activatable RU 

The location and distribution of the disabled RUs is also important. If 
only the number of available RUs determined the mechanics, then we 
would expect to observe a similar force profile regardless of the acti
vatable RU distribution along the thin filament. When we randomly 
disabled an equivalent number of RUs for both knockout schemes, we 
observed a different relationship between force and fractional RU den
sity compared to uniformly disabling RUs from the pointed end of the 
thin filament. At maximal activation, we observed a nearly linear rela
tionship between force and Ca2+-activatable RU density for both 
knockout schemes, although force was greater than the 1:1 relationship 
(dashed line Fig. 5A) with the random RU reduction and force was at, or 
below, the 1:1 relationship with the uniform RU reduction. These 
different trends may follow from the activatable RU occupying the Ca2+- 
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activated state (TF3, Fig. 2A) at maximal activation. Any uniform de
creases in RU activation remove a length of the thin filament, but with 
random reductions in RU activation there remains a small section at the 
overlap region between neighboring RUs that can bind cross-bridges (i. 
e. near the edge of a remaining Ca2+-activatable RU). Thus, random 
reductions in RU density led to a larger fraction of the thin filament that 
can bind available cross-bridges binding, albeit discontinuous Ca2+- 
activated portions of the thin filament, compared to similar decreases 
the number of activatable RU with the uniform knockout scheme (even 
though the remaining length of the thin filament is completely activated 
and contiguous with the uniform RU knockout). This interpretation 
would be consistent with estimates from a psoas muscle fiber study that 
suggested Ca2+-binding to troponin activates a portion of the thin fila
ment slightly greater than the 37 nm (or 7 actins) associated with a 
structural regulatory unit [54]. Consistently, this may follow from our 
model dictating a functional RU activation span of roughly 50 nm (or 
roughly 9 actins) when RUs occupy state TF3. Our prior simulations 
have also shown that reducing the activation span to 37 nm may 
compromise the cooperative force response and reduce the value of the 
Hill coefficient of the force-pCa [35]. In addition, cooperativity of the 
force-pCa relationship was significantly lower when RUs were randomly 
disabled (nH ≈ 1.5) compared to either the uniform RU reductions (nH ≈

3.2) or normal conditions (nH ≈ 3.0, Table 2). Together, these data 
suggest that random RU reductions disrupt mechanisms of cooperative 
activation between neighboring RU more than comparable RU re
ductions with the uniform knockout scheme, where neighboring RU 
interactions are completely preserved even though a larger, contiguous 
portion of the thin filament becomes unable to bind cross-bridges. 

The kinetics of force production also depended upon the way that 
RUs were disabled along thin filaments. The rate of force development 
was significantly slower when RUs were randomly disabled, but the rate 
of force development was relatively unchanged (compared to normal) 
when RUs were uniformly disabled (Figs. 3D and 4). However, it is 
unclear if slower force development directly followed from changes in 
cooperative activation or other cross-bridge properties. Previous studies 
attempting to limit the number of neighboring RU interactions have 
shown minimal or no dependency of the rate of force development on 
thin filament cooperativity [55,84–86]. To this end, we also observed 
little change in the average cross-bridge attachment time with the 
random RU reductions, suggesting that the slower force development 
was not due to changes in cross-bridge cycling rates. Therefore, the 
slower force development likely follows from reduced overall 
cross-bridge binding and the subsequent inability to maintain thin fila
ment activation between multiple, adjacent RUs, thereby slowing the 
force development throughout the sarcomere and prolonging the time to 
reach steady-state force levels [87]. 

The thin filament integrates multiple cooperative mechanisms which 
increase force production non-linearly with increased Ca2+ activation. 
These mechanisms include cooperative Ca2+ binding to troponin-C, 
stabilization of RU activation following strong cross-bridge binding, 
and interactions between neighboring RU units [3,32,88]. Ca2+ activa
tion of the troponin complex induces allosteric movement of tropomy
osin to reveal potential myosin binding sites on the thin filament. This 
transition of the RU from an ‘off’ to an ‘on’ state is stabilized following 
the formation of strong myosin cross-bridges, which increases the like
lihood of further cross-bridge biding within the same RU, or promote 
activation of neighboring RUs as well. Additionally, tropomyosin 
backbones lay along the length of the thin filament with an overlap of 
5–10 residues which allows for end-to-end interactions between adja
cent RUs that can increase their propensity to switch to an ‘on’ state as 
well [88,89]. It is the later of these mechanisms, RU-RU cooperativity, 
which is diminished when RUs are disabled. Theoretically, we would 
eliminate RU-RU cooperativity along the thin filament if we disabled 
every other RU (50%), and conversely disabling the same number of RUs 
as a uniform, cohesive block would not affect RU-RU cooperativity 
throughout the remainder of the filament (save for the single RU where 

the disabled and non-disabled regions meet). In these simulations, we 
randomly disabled RUs, so each unit had between 0 and 2 available 
neighbors to interact with, which resulted in decreased, but not abol
ished, cooperativity (Fig. 3B). Altogether, findings from these compu
tational simulations help illustrate the relationship between thin 
filament activation and cooperative mechanisms therein that underlie 
force development, which are highly dependent on the location and 
spacing of the activatable RUs throughout the sarcomere. 

4.3. Model limitations and future directions 

As with any computational model, the model represents a detailed 
hypothesis formulated from a finite number of parameters to represent 
one’s understanding of how a system works and from which the model 
can be used to investigate or test a finite set of questions. Computational 
modeling helps illustrate fundamental relationships within the system, 
some of which can be validated experimentally, and all predictions are 
tied to the basic assumptions of each model formulation. The spatially- 
explicit, multi-filament computational model of muscle contraction used 
herein has been formulated to investigate mechanisms underlying 
cooperative activation of contraction, some of which are difficult or 
impossible to investigate experimentally (such as changes in cross- 
bridge or filament stiffness, or isolating different pathways for RU-RU 
activation vs. XB-RU activation). However, there are limitations to this 
current model formulation that may be lacking and could influence the 
interpretation of our findings. For example, this model does not include 
mechanical or regulatory aspects of myosin binding protein-C, a thick- 
filament regulatory protein that is known to augment thick-filament 
stiffness [90], which may increase thin filament activation in the 
C-zone of the sarcomere [91], and can slow cross-bridge kinetics [92]. 
Although our cross-bridge kinetics scheme (Fig. 2) leads to rate transi
tions being affected by the RU activation levels, and forces and motions 
generated by neighboring cross-bridges along the thick (and thin) fila
ments, the current kinetic scheme does not involve a mechanosensitive 
myosin OFF-ON transition (i.e. super-relaxed state transition into the 
disordered relaxed state) based on the force profile along the length of 
the thick filament [74,93,94]. Over the past decade this mechano
sensitive thick filament OFF-ON regulatory pathway is becoming better 
understood, and the implications for dynamic regulatory coupling be
tween the thick and thin filaments could represent a renaissance for the 
way physiologist and biophysicist think about muscle regulation dy
namics. Additionally, our current model does not account for the dis
tribution of longitudinal vs. radial forces throughout the myofilament 
lattice, which may have important implications for muscle efficiency, 
and energy storage and release within the sarcomere during contraction 
and relaxation [47,48]. There is also evidence that the stiffness of titin 
may be Ca2+ sensitive, either through E-rich motifs on the PEVK 
segment or through interactions with the thin filament [82,83,95,96], 
which could augment passive force levels (and influence active force 
levels given the additional regulatory mechanisms described just above) 
as intracellular [Ca2+] increases throughout a contraction. While we 
model the length-dependent passive force contribution of titin, this 
process is not Ca2+ sensitive in our current model. One can envision how 
these additional mechanisms could be implemented with future 
spatially-explicit model formulations, and their omission may influence 
some aspects of our simulations predictions herein. Nonetheless, the 
focus of this study was to test similarities and differences in the 
force-pCa response, contractile kinetics, RU activation, and cross-bridge 
activity as RU were randomly vs. uniformly knocked out along the 
length of thin filaments. Our data suggest that spatial patterning of thin 
filament activation plays an important role to augment contractility 
under normal conditions. When the length of thin filaments are reduced 
under isolated conditions, with all else being equal, the primary detri
ment is total force production rather than associated changes in 
Ca2+-sensitivity or rates of force development. 
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