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ABSTRACT To investigate the role of nonlinear myofilament regulatory processes in sarcomeric mechanodynamics, a
model of myofilament kinetic processes, including thin filament on-off kinetics and crossbridge cycling kinetics with
interactions within and between kinetic processes, was built to predict sarcomeric stiffness dynamics. Linear decomposition
of this highly nonlinear model resulted in the identification of distinct contributions by kinetics of recruitment and by kinetics
of distortion to the complex stiffness of the sarcomere. Further, it was established that nonlinear kinetic processes, such as
those associated with cooperative neighbor interactions or length-dependent crossbridge attachment, contributed unique
features to the stiffness spectrum through their effect on recruitment. Myofilament model-derived sarcomeric stiffness
reproduces experimentally measured sarcomeric stiffness with remarkable fidelity. Consequently, characteristic features of
the experimentally determined stiffness spectrum become interpretable in terms of the underlying contractile mechanisms
that are responsible for specific dynamic behaviors.

INTRODUCTION

The frequency-dependent, complex stiffness of muscle fi- Therefore, the purpose of the present work was to incor-
bers has value for several reasons: 1) for characterizing theorate nonlinear regulatory mechanisms into a myofilament
contractile status of one fiber to compare it with othermodel of the sarcomere for the purpose of examining how
fibers; 2) for predicting physiologic function of fibers; and these nonlinear regulatory mechanisms impact complex
3) for inferring underlying contractile mechanisms. Thesestiffness of the sarcomere and, thus, muscle fibers. We give
values were recognized early by those who worked orspecial emphasis to cardiac muscle because of its peculiar
insect flight muscle (Machin and Pringle, 1960; Pringle,length-dependent dynamic behavior.

1978; Abbot and Steiger, 1977; Thorson and White, 1983)

and by Kawai and colleagues who applied muscle stiffnes
techniques to vertebrate striated muscle. These latter worlENTERPRETINGI SARCOMERIC COMPLEX

ers developed a theoretical basis for interpreting experimerm-gzl;'ffh‘:’é::im’éilg;

tally obtained complex muscle stiffness in terms of cross-
bridge (XB) kinetic processes (Kawai and Brandt, 1980;Myofilament kinetic model

Kawai and Halvorson, 1989; Kawai et. al., 1993; Saeki et. . .

al., 1991; Zhao and Kawai, 1993, 1996) and these ide A mathematical model of the sarcomere was built based on

have been adopted and extended by several others (BIZﬁi_netics within the myofilament system. In the simplest
chard et. al., 1999; Dickinson et. al., 1997; Maughan et. al conceptualization of myofilament kinetics (Fig. 1), there are

1998; Murase et. al., 1986; Smith, 1990; Thomas ancmreﬁ_k":?“c processes rcezg,pons.ilb's.lffr tmusc'i.ldy”amti‘?s D
Thornhill, 1996; Wannenburg et. al., 2000). € Kinetics ot activator & availability to myotliaments,

_2) the kinetics of thin-filament regulatory process by which

Recent work from our laboratory (Campbell, 1997; Ra he t - i lat ‘< (RU) ch
zumova et. al., 1999, 2000) has implicated myofilamentt_? roponin—=tropomyosin reguiatory uni S ( )c_z_inge Po-
sition on the thin filament in switching from a position that

regulatory proteins as significant determinants of the dy-bI ks t that i i attach 1o acti h
namic behavior of constantly activated myofilament sys- ocks fo one that permils myosin attachment to actin on the

tems. These regulatory actions are expressed in fiber d)}h'n f||ament;_and 3) the k|net|_cs of the XB cycle, d_urlng
which there is chemomechanical energy transduction ac-

namics through cooperative and other nonlinear i . tivated . talvzed ATP hvd
mechanisms and contribute to fiber dynamics in such a Wafor_npanymg actin-activated, myosin-catalyze ydro-

that they confound the observation of XB cycle kinetic V!>
steps. y ) vl 4 et We assumed that Ga-binding to the tropomyosin—tro

ponin regulatory protein complex was both relatively fast
and independent of other kinetic processes. Accordingly,
Ca*-binding kinetics may be reduced to €abinding
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o but we treat the detachment step as irreversible. Steps in the
G R)ﬁ” XB cycle are regulated by the rate coefficiefits’, h, h’,

Nr);e\tics RUOnoF 00} and g, which determine the rate of change between states
r N Kinetics koﬁ((h)“ Il according to Fig. 1.
ol 00
2+
Ca (?;7 k‘ > TminCa / D .QD Length-dependent processes within the myofilament
system occur as a result of sliding filament and nonlinear
Tmin J N‘\f kinetic mechanisms
)BQ/cle< Fundamental to any myocardial myofilament model are
Kiretics o [ mechanisms that account for well-known length-dependent
<—— %BD processes in cardiac muscle such as length—tension behavior
Az X A and length-dependent €a sensitivity. The three kinetic
.

1 processes (Ga binding, RU on—off transitions, and XB
cycling) all take place on a sliding myofilament system
FIGURE 1 Three kinetic processes in myofilament interaction showing:\m1ere overlap between thick and thin filaments changes

1) C&* binding to the tropomyosin—troponin complex that acts as the .
thin-filament RU; 2) switching between off and on states of the RU; and S)When the sarcomere Changes Iength. Thus, throth filament

myosin XB cycling between attached and detached states. The folard, Sliding alone, the three kinetic processes become coupled to
and backwardk~, C&* binding constants are taken to be large with sarcomere length,s. Additionally, nonlinear mechanisms

respect to other kinetic constants and independent of other steps in thglso couple these kinetic processesltg through either
contraction process, such that®Cainding is always in equilibrium. The structurally-coupled or Cooperatively-coupled pathways

three connected circles represent the thin filament. The bar along the thin Th f t . f l hani that
filament represents the RU. In the down position, the RU is off and XBs, ere are four categories of noniinear mechanisms tha

cannot attach. In the up position, the RU is on and XBs can attach. The ratfnpact myofilament kinetics: saturation, cooperativity,
coefficients regulating the transition between on and off stitg&Ca) and  length-dependent kinetic steps, and strain-dependent kinetic

koi(Ca), are functions of Cd bound to RU as given in the text. The steps. Of these, strain-dependent kinetic steps, following the
darkened ellipse with the coiled tail represents the XB, which may be inwork of HuxIey (1957) have been central in most attempts
one of three states: detached, D, attached pre-power-strgker Attached . S .
and post- § at modeling contractile system behavior. However, by re-
post-power-stroke, A o ) )
stricting our concern to small amplitude perturbations
around an isometric state, strain-dependence in the kinetic
steps may be excluded as if variation in XB strain energy is
occurring around the bottom of a strain-energy well (Thor-
son and White, 1983). Once strain-dependent phenomena
are excluded, it is possible to focus on the other nonlineari-
ties. Such a focus distinguishes our analysis from several
others, where attempts to reproduce aspects of frequency-
dependent muscle stiffness relied heavily on strain-depen-

ment. RU on-off switching depends on whetherCas
bound to TnC. Thus, we identify four rate coefficients for
RU on-—off state transitionskS,; k3 kS2 kS2, where the
superscript indicates whether €ais bound to the TnC part
of the RU. For any C& level, the net values of the on—off
coefficients are given by

kon = K& + (KS2 — K2 )[C&* binding isothern dent XB cycling kinetic steps (Murase et. al., 1986; Smith,
1990; Thomas and Thornhill, 1996). Of the remaining three
and nonlinear categories, we are interested here in nonlinear
Ky = Ko + (KS2 — K2)[C&* binding isotherri. dynamic effects arising from responses to changekgin

These consist of two types of effects; those that are closely

XB cycling kinetics requires representing transitionscoupled toLg and work through structural mechanisms
among at least three states: detached, D; attached pre-powstructurally coupled) and those that are loosely coupled to
stroke, A; and attached post-power stroke,. Ahe transi  Lgand work through cooperative mechanisms (cooperative
tion between states D and,;As the attachment step; the ly coupled).
transition between states And A, is the power stroke; and Structurally-coupled effects give rise to a force response
the transition between states, And D is the detachment with only one or two intervening events following a muscle
step. Because chemomechanical energy transduction taklength perturbation. The sliding filament mechanism is an
place in the power stroke, the pre-power stroke attachedbvious example in that changes liry change filament
state, A, does not bear force except in nonisometric-con overlap and this changes the number of available sites for
ditions when the sarcomere undergoes length change amdyosin XB attachment to actin. Changes in XB-attachment
there is shearing between thick and thin filaments. In consite number leads to changes in the number of attached XB
trast, the post-power stroke attached statg, i& force  with concomitant changes in the ensuing force. In the
bearing in both isometric and nonisometric conditions. Wemodel, sliding flament mechanisms are the consequence of
treat the attachment step and the power stroke as reversibligsed myofilament lengths and their overlapping arrange-
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ment (Eqs. A7-A11) and are not graded with an adjustRecruitment-distortion concept allows sarcomeric
able parameter. Another structurally-coupled effect ariseglynamics to be expressed in terms of variables derived
when an increase ihg causes a decrease in myofilament from XB population kinetics
lattice spacing. Decreased interfilament spacing reduceg, addition to kinetic concepts, a recruitment-distortion con-
the distance that the myosin head must travel to attach teept plays an essential role in the calculation of overall
the actin binding site and, thus, reduces the activatiosarcomeric stiffness. This idea evolved from notions first
energy barrier for XB attachment (Godt and Maughhan expressed by Huxley (1957), extended and applied by Thor-
1981; McDonald and Moss, 1995; Fuchs and Smith,son and White (1983), further applied by Berman et. al.
2001). The result is that the probability for myosin at- (1988), and finally articulated in the version used in this
tachment to actin increases. For this reason, we changedanuscript by Razumova et. al. (1999). In the recruitment-
thef-f' coefficient pair with changes ibg because this is distortion concept, the net XB forcé(t), is due to the
the attachment step in our XB scheme. We had no ratiocollective instantaneous stiffness of a population of parallel,
nale for changindn, h’, andg with sarcomere length and, attached XB multiplied by their average elastic deforma-
therefore, we did not allow these coefficients to be lengthtion. In this, we assume that each XB is an elastic spring. If
sensitive. To account for expression of length-dependentB in A, and A attached states are all in parallel, then
XB.atFachment, a formulation b?sed on _actlvatlpn energy F(O) = 1A% () + 1A0)%(), 1)
variations, as these affect tHe’ coefficient pair, was
derived, Egs. A16 and A17. The single arbitrary param-wheren is the elastic stiffness coefficient of a single X8 (
eter, B, was used in Egs. A16 and Al7 to grade the4—7 X 10 * N/m); A,(t) and Ayt) are the time-dependent
strength of these length-dependent effects. system variables representing changing numbers of XB in
Cooperatively-coupled effects give rise to a secondaryhe A and A, states, respectively; angl(t) andx,(t) are the
force following a primary length-induced force event. t@me—dependent system var'iables represpnting average elas-
For instance, because of the elastic properties of th&C deformations (or distortions) of XB in the Aand A,

strongly-bound XB (A state, Fig. 1), this XB is strained states, respectively. Note thatis a constant, but all other

and undergoes a change in force immediately upon ferms on the right hand side of Eg. 1 are dynamic system

change irLg. This change in force may affect the strength }[{alrlablestwlth tlrlge be:fvfés tgat are dlc;ated by dllfferher:]:
of influence of this strongly bound XB on actions at a lal equations ( gs. Al- )- ecause, for a singie ha

. . . . : . sarcomere, all XB in each state are in parallel, the collective
neighboring site. If this influence is to favor the turning

; . . iffn fficient of the XB lations in h of th
on of a neighboring RU, then we say there is XB—RUSt ess coefficient of the populations in each of the

neighbor interaction. We vary XB—RU neighbor interac- two states may be given as

tions through the single parameter, which impacts the g,(t) = nA(t) and e,(t) = nAL(1). 2)
ko-Kos coefficient pair according to Eqs. A18 and A19. h

If the influence of the force exerted by the strongly- us,
bpund XBisto influence'XB attachment at a neighboring F(t) = e1(t)%,(t) + e5(t)%(1), (3)

site then we say there is XB—XB interaction. We vary ) ) o

XB-XB neighbor interactions through the single param-here the XB population stiffness coefficients,(t) and
eter,v, which impacts thé-f' coefficient pair according &,(t), are tlme—depende.nt variables that change according to
to Egs. A20 and A21. Thus, through these cooperativéAl(t) and Aj(t), respectively. Because our use of the word

mechanisms, a changelin has a primary and immediate stiffness” takes on multiple nuances as we proceed with an

force effect on existing XB that then has a secondaryan""ly.s'smthe fr_equency domain, we will caj(t) andsz(t)
; : : L recruitment variables for the reason that these variables
force effect through neighbor interactions. In addition to

the two precedin rative mechanisms. we also v r(according to Eq. 2) are proportional to the number of XB
the two preceding cooperative mechanisms, We aiso Valy, o naye peen recruited into,And A, states, respectively.
ied cooperative interactions between neighboring regul

i ) ) X aF’hysicaIIy,sl(t) and e,(t) represent instantaneous or ifi
tory units (RU-RU interaction) through the single param-pjse raquency stiffness, and this is a special case of a
eter, u, which impacts thek, -k, coefficient pair

k ' general complex stiffness as developed below.
according to Egs. A18 and A19. Equations for these

nonlinear cooperative effects have been developed pre-
viously (Razumova et. al., 2000). Sarcomeric stiffness dynamics are the sum of dynamics

Equations for both structurally coupled and cooperatively@ue to XB distortion and dynamics due to XB recruitment
coupledLg responsiveness, together with the differentialThe product of two time-varying variables in each term of
equations for kinetics of change of state, constitute thehe recruitment-distortion equation,(t)x,(t) and e,(t)xx(t)
essential features of the mathematical model of the sarcan Eq. 3) complicates stiffness evaluation. In part, these
mere, Egs. A1-A21. complications arise because this is a nonlinear combination
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of variables, all of which depend dn,. Thus, the experi  kinetic features responsible for changes insthdistortional
mental determination of stiffness as the ratdds/ALg, is  variable in response to changeslig. We designate the
meaningful only for incremental changes in force and lengthsecond term thex, component because its dynamic at
around some reference point. We examine these incremetributes derive from myofilament kinetic features responsi-
tal changes with linearization techniques. Linearization ofble for changes in the, distortional variable in response to
Eq. 3 results in changes irLg. Together, the; andx, components combine
to form a distortional stiffness component of the sarcomeric
dF(D) = e100x(t) + e20t%(t) + Xpode,(b), (4)  complex stiffness. We designate the third term gheom-

where g,0, €5, andx,, are the reference baseline valuespPonent because its dynamic attributes derive from myofila-
around which incremental variations in thgt), e,(t), and ~ment kinetic features responsible for changes in #he
X,(t) variables occur. The term e, (t) drops out of Eq. 4 recruitment variable in response to changekdnBecause
because all reference states around which incremental va@f the physical sense of thg component, it may be thought
ations are imposed are in the isometric condition apgl  Of as a recruitment stiffness. We will see that thecom-

the average distortion of the pre-power strokesfate in the ~ Ponent possesses dynamic behaviors that are important to
isometric condition, is identically zero. To determine stiff- the elucidation of length-sensitive mechanisms within the
ness, thalF(t) dependence on change in sarcomere lengthSarcomere.

dLg(t), is required. For this, the linear situation created by

restricting our analysis to incremental behaviors allows theVlodel interpretation of frequency domain

following expressions stiffness components
dx,(t) = H, {dLs(t)}, (5) To relate the three stiffness components to myofilament
kinetics, the model's nonlinear, state-variable, differential
dx(t) = H{dLs(t)}, (6) equations (Egs. A1-A5) were first linearized by taking a
first-order Taylor expansion about some reference state.
de(t) = H.{dLs(0)}, (") This linearization procedure is detailed by Eqs. A30—A91 in

where theH,{ } are the linear, dynamic transfer operators the Appendix and is summarizegl here. Let thedexed
that convert adL(t) input into dx,(t), dx,(t), and de,(t) ~ UPPEr caser;, represent state variables (DM, X3, Xo)
responses, respectively. Substituting Egs. 5-7 into Eq. 4 arff"d thek indexed upper-casél,, represent input variables

Fourier transforming the result gives (Ls, Ca). The indexed lower-casg andu; represent respec
_ _ _ _ _ tive incremental deviations of state variables and input
dF(jo) = e1Hy,(jo)dLs(jo) + exHy,(jo)dLs(jw) variables from their reference values. Then, the general
. . form for linearized differential equations is given as
+ XooH,,(jo)dLs(jw), (8)
Yi= 29y + 2 9 Un, (10)

where theH,(jo) are now frequency-dependent transfer
functions relating each of the respective variables to sinu- v ) o
soidal dLg(jw). Terms with physical units of stiffness are where they;" are the values of the partial derivatives of the

readily formed by dividing both sides of Eq. 8 byq(jw), Vi With respect to ther; (j = 1, 2, 3, 4, 5) evaluated at the
reference state and thg’ are the values of the partial

i m

yielding S )
derivatives of they; with respect to th&J_, (m = 1, 2) also
evaluated at the reference state.
dF Once thed,"i and o’ were known, the linear differential

dLs (o) _ ey, (jo) L s, (jo) equations for incremental variation were formed, they were
S X1 component %2 component frequency transformed and substitutions were made to elim-

——__
sarcomeric stiffness

inate unwanted state variables. After rearrangement, the
distortion stiffness transfer functions in Eq. 9 for the, and x, components
%oH,, (jw) (9) were found in terms of the kinetic rate coefficients of the
&2 component myofilament system (Eqgs. A45-A47) as
recruitment stiffness 1 .w .w N h n g n h')]
Hy (o) = joljo + (

2[jwP+[h+f +g+h]je+f[g+h]
The left-hand side of Eq. 9 is the overall frequency-

dependent, complex stiffness of the sarcomere. It is com- (11)

posed of the three terms on the right-hand side, each ofH o 1 jo[jo+ (h+f +g+h)]

which arises from different kinetic features of the myofila- H,,(Jjw) = 57 3 7 I&F ; GE

ment system. We designate the first term xpeomponent 2lioF+Ih+ 1+ g+ hjo+ g+ ]

because its dynamic attributes derive from myofilament (12)

Biophysical Journal 81(4) 2278-2296
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TABLE 1 Model Parameters

Kinetic Parameters ~ fo (s™%) fo (57 hiso (57 hiso (%) 9 (s on (57 Kot (57 Kon (s71) Ko (57
Generic baseline 50 500 8 6 4 150 50 0 150
Rat trabecular muscle 4.35 791 2.23 2.30 20.0 26.6 38.0 0.0 30,155
Mouse papillary strip 10.7 1023 8.85 1.62 47.7 49.4 39.5 0.0 12,800

Length-dependent parameter Cooperativity parameters
Nonlinear Parameters B u Y w

Generic baseline (null values) 0 1 1 1
Rat trabecular muscle 4.49 1.00 4.25 5.33
Mouse papillary strip 3.01 1.07 4.78 4.68
Structural Parameters Lo (w) B () Ly (W) Ry Lg (1) Xo (1)
Generic baseline 1.2 0.2 1.6 1.8210° 1.8 0.01
Rat trabecular muscle 1.2 0.2 1.6 18210° 1.62 0.11
Mouse papillary strip 1.2 0.2 1.6 1.6210° 1.77 0.10

These transfer functions are multiplied by the steady-statpreviously. As demonstrated below, the numerator coeffi-

values of the recruitment variables, §, ¢, to form dis-
tortional stiffness according to Eq. 9.

cients of the band-pass recruitment componests; have
value only if some forms of cooperativity are operative. In

Further substitution and rearrangement of the frequencyeontrast, the numerator coefficients of the low-pass recruit-
transformed linear equations resulted in the following transiment componenty,_, have value only if structural meeh

fer function expression for the, component, also in terms
of kinetic features of the myofilament system,

[Nsjw + nyJ[H,(jw)]
+ [Ngjo + np][Hy,(jow)] + njw + ng
ol + kljo] + kijo + kg

H,(jo) = (13)

In Eq. 13, the numerator and denominator coefficients,
andk;, are combinations of the' and 9’ (in turn, these

anisms such as sliding filament or lattice spacing-related
XB attachment are operative.

Structurally-coupled and cooperatively-coupled
responses to sarcomeric length greatly modify
sarcomeric stiffness and step response
characteristics

partial-derivative terms from the linearization process arqyjithout length-responsiveness the sarcomere is a dynamic
combinations of rate coefficients, reference states, and caystem that exhibits strictly hi-pass filtering characteristics
efficients that grade the strength of the various nonlineariand no positive work features

ties, according to Eqgs. A48—A91). This transfer function is

multiplied by x, to form thee, component, or recruitment
stiffness, as identified in Eq. 9.

The numerator terms in Eq. 13 lead to a natural decom

position of recruitment stiffness into band-pass and low
pass components according to

XoH.,(jw)

2
recruitment stiffness

[Nsjw + NyJ[Hy(jo)] + [Nsjw + np][H,,(jw)]
[jo + kljo]] + kijo + ko

band - pass recruitment stiffness

nlj(l)+ no
L ClioP + kfjol + kjo + k

(14)

low - pass recruitment stiffness

A generic myofilament baseline condition was defined by:
1) Lg = 2.3 um (because thigg is on the plateau of the
filament overlap versusg relation, there is no change in
filament overlap with incremental change lig); 2) Ca&*
binding isotherm= 1, i.e., full C&" saturation; and 3) all
model parameters equal to the generic-muscle baseline val-
ues given in Table 1. The baseline parameter values in Table
1 were chosen as a compromise because there is no one set
of parameters for a general model of striated muscle be-
cause of the great diversity among muscles adapted for
specific functions in different species, among muscles
adapted for different functions within a single organism, and
within single muscles undergoing temporal adaptations be-
cause of disease, changing use patterns, and mechanical
environments. The parameter set given in Table 1 is only
representative of a baseline, and one can expect 2—10-fold
differences from these values for any given muscle. Impor-

The band-pass and low-pass recruitment stiffness compdantly, the baseline condition lacked cooperativity, length-
nents are associated, respectively, with the cooperativelggependent XB attachment, and sliding filament recruitment

coupled and structurally coupled responsekdaescribed

Biophysical Journal 81(4) 2278-2296
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FIGURE 2 Left pane] Polar plot of overall complex stiffness for baseline model parameters showing vector composition in terarsdef, components
(dashed arrowpat 10 Hz. Also, magnitudesflid arron) and phasef)) at 10 Hz are shown. With these baseline parameter values, tb@mponent is

zero and its locus is located at the origin, i.e., it contributes nothing to the overall complex stiffness. The overall complex stiffness is dintoeipa
stiffness and there is no recruitment compon®&ight panel Force response of baseline sarcomeric model to step decrease in sarcomeric length. The
separation of predominance of contributionsyndx, components is clearly seen-afl0 ms. The response recovery for tinve$0 ms is almost entirely

due to thex, component and, for times10 ms, is almost entirely due to ttix¢ component.

MATLAB was used to obtain polar graphs of Eqgs. 11, 12,is approximately 90% complete within 10 ms) than that
and 13 and, thus, polar graphs outputs ofsthex,, ande,  from thex, component (approximately 90% complete in
components. Coefficient values in Eq. 13 were obtaine®250 ms).
from calculations according to Eqgs. A47-A91 in the Ap-
pendix.

Under baseline conditions, at frequencies between 0.0&ooperatively coupled length responsiveness adds a
and 100 Hz, the polar locus of the component de  band-pass filtering characteristic and a potential
scribes a truncated quasi-hemisphere in the first quadramtork-producing effect

of thg complex plane; the Iocus. of thﬂeZ comp_onent . The effect of RU-RU, XB-RU, and XB—XB cooperative
describes a nearly complete quasi-hemisphere in the flrsfﬁechanisms; was evaluated by comparing the complex stiff-
quadrant; and the, component h.as ho value at "’_‘”'_The ness of the baseline condition to the complex stiffness when
X, and x, component polar loci are characteristic of 501 type of cooperativity was introduced into the model at
high-pass filters. These_ differ in that thg component high level by individually adjusting the parametexsv,
passes lower frequencies than tke component. The  5n4y, RU-RU cooperativity simply amplified the distor-

summation of components produces an overall compleXong| stiffness and did not introduce ag component or
stiffness that traverses a gull-winged locus tilted diagoecryitment stiffness.

nally in the first quadrant of the complex plane (Fig. 2). | contrast, both XB-RU and XB—XB cooperativities
At frequencies<10 Hz, thex, component dominates t0 not only amplified the distortional stiffness but, also
produce the arc of the left wing, and at frequenci€l)  produced are, component, or recruitment stiffness. Of
Hz, frequency variation in the, component dominates to these two cooperativities, XB-XB cooperativity was
produce the arc of the right wing. The dip in the locusmych stronger in producing recruitment stiffness. The
between the two wings is the point where frequency-polar locus of this recruitment stiffness (Fig. 3) traversed
variation dominance is shifted from one component to they circular path beginning at the origim (= 0), circling
other. The sum of the; andx, components is the total through the first quadrant, progressing on to enter the
distortional stiffness. fourth quadrant at frequencies just above 1 Hz, where it
There is no recruitment stiffness in the baseline modelcontinued until it entered the third quadrant at frequen-
and the plot does not go through the fourth quadrantcies above 10 Hz. For all intents and purposes, the locus
Because the stiffness locus is confined to the first quadterminated at the origin at frequencies approaching 100
rant, this baseline model exhibits only work-absorbingHz. Such a locus is characteristic of a band-pass filter
features and possess no work-producing features. Thihat attenuates low and high frequencies while passing
step response of the baseline model is shown in the rightinly mid-range frequencies. The impact of a large
panel of Fig. 2. The recovery due to tRgcomponent is, component on the shape of teg(jw) locus is dramatic.
as expected, much faster (recovery from this componenin this case, thes, component adds to the distortional
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Complex Stiffness _ Step Response
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FIGURE 3 Left pane] Polar plot of overall complex stiffnessdlid curve for model expressing XB—XB cooperative behavior. This cooperativity gives

rise to a significant recruitment stiffnedalfeled dashed circ)ehat, when added to the distortion stiffness, imparts a looping aspect to the overall stiffness
that dips into the fourth quadrarRRight panel Force response of modeddlid curve to step change in sarcomeric length showing composition in terms

of distortion and recruitment responsesaghed curvgs The recruitment response contributes to the overall step response only after some time has passed,
i.e., it is not immediate. The step response of a process with a band-pass filter dynamic is not sustained and slowly dies away.

stiffness to not only introduce a looping aspect to theidentified in the model predicted response in Fig. 3. The
em(jw) locus but also to cause the nadir of the locus to dipsegment of the model response corresponding to phase 3
below the real axis into the fourth quadrant. can be made more or less pronounced by changing the
A fourth quadrant presence of (jw) has profound phys strength of XB—XB cooperativity. Note that the time-
ical meaning, i.e., for all frequencies in whieh,(jw) re-  duration of the various response segments may be easily
sides in the fourth quadrant (negative imaginary part andiltered to agree with the time durations seen in the
negative phase) the system behaves actively and perfornkéuxley—Simmons experiment by changing the kinetic
positive cyclic work on its mechanical environment. This constants in the myofilament model.
contrasts with first quadrant stiffness in which the system
must absorb work from its mechanical environment to com-
plete a cycle. Thus, the system behaves passively at freifructurally coupled length responsiveness adds a
quencies where the stiffness locus resides in the first quadew-pass filtering characteristic and a significant
rant, i.e., when it has positive phase, but it behaves activel§oStive work effect
when the locus is in the fourth (and third) quadrant, i.e.,There are two structurally coupled length-sensing mecha-
when it has negative phase. nisms in the model: sliding filament mechanisms leading to
The corresponding step response is shown in the righthanges in filament overlap (Egs. A7-A1l) and length-
panel of Fig. 3. The component of the step response due tdependent XB attachment through the effecBafn thef-f’
recruitment stiffness develops relatively slowly and thencoefficient pair (Egs. A16—A17). Both of these mechanisms
recovers slowly to contribute a hump with long-lasting tail generated an, component, or recruitment response, but the
to the overall step response. Importantly, unlike the distorsliding filament effect from the ascending filament overlap
tion stiffness response, the recruitment stiffness response iegion (Eq. A7) was very small. In contrast, the XB attach-
not immediate. It develops slowly and may be called de-ment effect could be made arbitrarily large by increasing the
layed tension, a feature that has often been associated witlalue of the parameteg. Importantly, the shape of the
the phenomenon of stretch activation (Pringle, 1978; Abbotecruitment response locus from these structurally coupled
and Steiger, 1977; Steiger, 1971). length-responsiveness mechanisms was similar and differed
It is of interest to compare the step response of Fig. Jundamentally from the shape of the recruitment response
with the classic quick-release records obtained in frogocus resulting from cooperatively coupled mechanisms. In
sartorius muscle by Huxley and Simmons (1971). Therehe case of structurally coupled length responsiveness, the
are four phases identified in these classic records: phasecruitment stiffness locus begaa & 0) on the real axis
1 is the initial response coincident with the change inaway from the origin and traversed a half-circular path
length; phase 2 is the fast recovery phase; phase 3 is thentirely below the real axis within the fourth quadrant for
apparent plateau; and phase 4 is the slow recovery badkequencies<10 Hz and, then, into the third quadrant for
toward the initial force. Each of these phases may bdrequencies>10 Hz. For all intents and purposes, the locus
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FIGURE 4 Left pane] Polar plot of overall complex stiffnessdlid curve for model expressing length-dependent XB attachment behavior. This form
of structurally coupled length sensing gives rise to a large recruitment stiffladded dashed hemi-cirgi¢hat, when added to the distortion stiffness,
imparts an opening spiral form to the overall stiffness that begins and remains in the fourth quadrant as long as the recruitment stiffnessRightinates.
panel Force response of modeddlid curvg with left panel complex stiffness to step change in sarcomeric length showing composition in terms of a
distortion and recruitment responsegghed curvgs As with the example in Fig. 3, the recruitment response contributes to the overall step response only
after some time has passed, i.e., it is not immediate. Different from recruitment due to cooperatively-coupled length responsiveness inukige8t recr
from structurally coupled length responsiveness persists and does not die away.

terminated at the origin at frequencies approaching 100 HzStructurally coupled plus cooperatively coupled length
This locus is characteristic of a low pass filter. responsiveness add both a band-pass and a low-pass

When length-dependent XB attachment was given suffifiltering characteristic
cient strengt.h, the recrunmgnt stiffness contributed S|gn_n‘|—|—he e,.(jo) resulting from introducing both XB—XB coep
cantly toen(jw) and dramatically changed the shape of itSgativity (cooperatively coupled length responsiveness) and
locus in the complex plane from the gull wing shape of thelength-dependent XB attachment (structurally coupled
distortion stiffness to an opening spiral that began at dength responsiveness) into the model is shown in Fig. 5.
sizeable zero-frequency value on the real axis (Fig. 4)The |ocus is characterized by four features: its zero fre-
Importantly, thee,(jow) locus began and remained in the guency (or DC) value; a low-frequency first quadrant seg-
fourth quadrant, where the recruitment stiffness dominateghent: g mid-frequency fourth quadrant segment; and a
for most frequencies<10 Hz, before crossing into the first high-frequency first quadrant segment. The low-pass re-
quadrant at higher frequencies, where the distortion stiff¢ryjtment response from structurally coupled length respon-
ness dominated. For all frequencies where the locus was i§jveness determines the zero frequency location, fw)
the fourth quadrant, the sarcomere exhibited work-producon the real axis. Thereafter, at low frequencies, the band-
ing behavior. pass recruitment stiffness from cooperatively coupled

The corresponding step response shown in the right pan@dngth responsiveness and the low-pass recruitment stiffness
of Fig. 4 demonstrates that the recruitment-stiffness refrom structurally coupled length responsiveness mecha-
sponse to a step change in length rises relatively slowly fopisms compete to determine the extent of the low frequency
a period and is then sustained. When added to the overadegment in the first quadrant. At frequencies where both the
step response, this recruitment-stiffness response causesand-pass cooperatively coupled and low-pass structurally
slow depression after the initial fast recovery and a susecoupled recruitment stiffnesses reside in the fourth quad-
tained depressed force. When seen as a response to a quiekit, these two stiffnesses work together and compete with
stretch, rather than to a quick release as in Fig. 4, thishe distortion stiffness to determine the extent of fourth
recruitment-stiffness response imparts a slow rise in forcguadrant looping. The recruitment stiffness from both struc-
after the initial fast recovery and a sustained elevated forceurally and cooperatively coupled length responses have
Like the slowly developing force from the cooperatively decreasing influence an,(jw) as frequencies become high;
coupled length responsiveness in Fig. 3, the slow develophigh frequencye,,(jw) is determined almost exclusively by
ing force of structurally coupled length responsiveness is ahe distortional stiffness. These structurally and coopera-
delayed tension response and its sustained character is ttieely coupled length responsiveness effects also combine in
sine qua non of stretch activation. the step response to produce a delayed tension component,
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FIGURE 5 Left pane] Polar plot of overall complex stiffnessdlid curvg for model expressing both cooperatively and structurally coupled forms of
internal length-sensing behavior. In this case, the recruitment stiffness combines the features of the band-pass effect from cooperativielggtbuple
sensing and the low-pass effect from structurally coupled length sensing. The resulting looping locus of the overall stiffness possessastdasighific
quadrant presenc®ight panel Force response of modeddlid curvg with left panel complex stiffness to step change in sarcomeric length showing
composition in terms of a distortion and recruitment respongeshied curvés In this case, the recruitment response combines features of both
cooperatively and structurally coupled length sensing with the result that it evolves apparently, more slowly than either of the two length sensing
mechanisms by themselves.

part of which is not sustained and part of which is sustainedXB elastic properties and was scaled, but not altered dy-
as one would expect, from the individual effects from thenamically, by recruitment effects. XB recruitment stiffness
two recruitment mechanisms presented earlier. was induced by two classes of honlinear phenomena: coop-
eratively-coupled length responsiveness as a result of XB-
related cooperativities (i.e., XB—RU and XB—XB cooperat-
ivities only— other kinds of cooperativities did not induce a
length-dependent dynamic recruitment effect); and, struc-
A nonlinear myofilament model was analyzed, according toturally-coupled length responsiveness as a result of chang-
steps summarized in Fig. 6, to predict the model’'s dynamidng filament overlap and length-dependent XB attachment
stiffness. This analysis led to a decomposition of stiffnesstep. Recruitment stiffness resulting from cooperatively
into a component due to XB distortion and a component dueoupled mechanisms could be characterized dynamically as
to XB recruitment. The XB distortion component was due toa band-pass filter that introduced looping into #)g(jw)

Summary of myofilament model decomposition
of sarcomeric stiffness

Ca®* activation Myofilament System:
P 1. Baseline kinetic parameters
2. XB elastic properties
3. Myofilament Structural mechanisms
4. Nearest neighbor Cooperativity
5. Nonlinear equation structure

Initial Length

FIGURE 6 Steps in deriving stiffness predictions
from a nonlinear myofilament model. This analysis
naturally decomposes stiffness into distortional and
recruitment components which are, in turn, made up of 4

supcomponents as indipateo_l in the figure and de- 1. Modified kinetic parameters | Coefficients of dynamic
;grlbed in the text. Nonlinearites related to cooperat- 2 Reference state-variable values d linear equation structure
ivity and structural effects not only change the value
of kinetic parameters but are also entirely responsible
for the recruitment stiffness component. / l
Distortional Stiffness Recruitment Stiffress
(High-pass) 1. Band-pass Component
1. x1-Component {Cooperatively coupled)
2. x2-Component 2. Low-pass Component
(Structurally coupled)
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FIGURE 7 @) Model reproduction of polar
plots of cardiac muscle stiffness from the data 08 } A 0.6 ,
of Wannenburg et al., (2000) obtained from J ] B
the trabecular muscle of a raB)(Model re- & |
; . 0.6
production of polar plots of cardiac muscle
stiffness from the data of Blanchard et. al. &
(1999) obtained from the papillary muscle & 0.4 1
strip of a mouse. These two differing patterns 1
of cardiac muscle stiffness are easily accom- 0.2 1
modated by the model. Units of stiffness are 1 0.0 . e
expressed in terms that are comparable to pub- 0.0 > T T N
lished data obtained experimentally. Myofila- 0 05 1 15 2

. 0 02 04 06 08
ment parameters for both sets of data are given Re (N m?) 5
in Table 1. o Re (N m?)

MN m?)

locus. This looping could be sufficient to take thg(jw) predicted polar locus and each of the polar loci reported
locus into the fourth quadrant (positive work region) over aby respective authors. The resulting polar plot reproduc-
limited frequency range. This recruitment stiffness alsotions are given in Fig. 7 and the corresponding cardiac
produced a delayed tension effect in the step response thatyofilament parameters for each set of data are given in
eventually died away. In contrast, recruitment stiffness reTable 1. The model-generated polar plot loci given in
sulting from structurally coupled mechanisms (i.e., length-Fig. 7 are virtually indistinguishable from the curves
dependent XB attachment) could be characterized dynamgiven by the authors in the original publications. Al-
cally as a low-pass filter that moved the zero frequencythough, because many parameters were allowed to un-
stiffness from the origin to the right along the real axis.dergo change, the parameters estimated by our curve-
Further, this effect caused the(jw) locus to pass through fitting technique and reported in Table 1 are not unique,
the fourth quadrant (positive work region) at the lowestthey may be taken as starting points for the current
frequencies and produced a delayed tension effect in theomparison and for future evaluations of cardiac muscle
step response that was sustained. Both band-pass and lomechanoldynamics.
pass recruitment mechanisms participate in the stretch ac- Note that XB cycle kinetic parameterk {’, h, h’, g) in
tivation phenomenon. the mouse are larger than the corresponding parameters in
the rat (Table 1) as one would expect for muscle from a
heart that beats at 500—600 minas opposed to muscle
EXPERIMENTAL DATA FROM CARDIAC MUSCLE from_ a heart that beats at _200_—300 min Howeye_r, the
relative values among XB kinetic parameters within a spe-
WITH THE MYOFILAMENT MODEL cies is about the same, with a surprisingly high valud’ of
To adapt the generic distortion-recruitment model to car+elative tof in both species. This indicated that thg A
diac muscle, myofilament kinetic parameters were ad{prepower stroke) state was underpopulated relative to the
justed to reproduce as closely as possible the best-fi, and D states in both species. A second item of interest is
complex stiffness locus of data obtained from rat trabecthat the nonlinear phenomena associated with cooperativity
ular cardiac muscle (Wannenburg et. al., 2000) and fromand length-dependent XB attachment are present in appar-
mouse LV papillary muscle (Blanchard et. al., 1999).ently equal strengths in both species. However, the fact that
These two sets of data differed in that the Wannenburghe stiffness polar loci are so different for these two sets of
data had no detectable first quadrant looping at the lowegnodel parameters indicates that only subtle differences in
frequencies and no obvious fourth quadrant presencdhe nonlinear parameters are sufficient to produce polar loci
whereas the Blanchard data had both first quadrant loopthat appear quite different.
ing at the lowest frequencies and significant low-fre-
quency fourth quadrant presence. These data sets were

selected for reproduction because they represent ©B1STORTION-RECRUITMENT INTERPRETATION

tremes of the more common observation that cardiach MUSCLE STIFFNESS DIFFERS FROM
muscle stiffness exhibits a low-frequency fourth quadramPREVAILING VIEW

presence but not low-frequency first quadrant looping

(Berman et. al., 1988; Saeki et. al., 1991; Kawai et. al.,The distortion-recruitment interpretive framework pre-
1993; Rossmanith et. al., 1986; Shibata et. al., 1987sented above leads to a different understanding of processes
Campbell et. al., 1993). Fitting to the selected data wasesponsible for dynamic muscle stiffness than would be
by adjusting model parameters with a least squares optiebtained using the prevailing view. The prevailing view
mizer to minimize the difference between the model-decomposes muscle stiffness into four first-order high-pass

REPRODUCTION AND INTERPRETATION OF
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filters often referred to as the A, B, C, and D processes, asharacteristic and a single myofilament kinetic step; each
in dynamic characteristic depends on multiple underlying ki-
netic features of the myofilament system. With these fun-
) jw jw jw damental differences, interpretations based on the prevail-
em(jo) = Ho+ A jota "jo+b + jo+c ing-view model lead to very different understanding of
mechanisms responsible for muscle stiffness than would be
D jo (15) obtained from the interpretations based on the distortion-
jo+d’ recruitment model presented here.
Clearly, there is a need to simplify the distortion-recruit-
This prevailing view was first put forth by Kawai and ment theory if it is to find application either for simulation
Brandt (1980) as the sum of three filters representing the AQr identification purposes. As a beginning point for reduced
B, and C processes and then expanded to four filters byepresentation, we suggest the following approximations.
Kawai et. al. (1993) and Zhao and Kawai (1993), who addedhe numerator and denominator polynomials of the transfer
the D process. functions, H, (j»), H, (jw), andH, (jw)) in Egs. 11-13,
The characteristic frequency of each filter bears a putamay be factored into terms containing the polynomial roots.
tive relationship to a specific step in the XB cycle. A basic Roots of numerator polynomials are designated as zeros,
assumption in assigning these relations is that there is @&nd roots of the denominator polynomial are designated as
least an order of magnitude difference in the XB kineticpoles. The zero of the single factor in the numerator of
constants, such that each kinetic step may exhibit dynami, (jw) of Eq. 11 approximately cancels the lowest valued
cally as an uncontaminated mechanodynamic event. In thigole of the two-factor representation of the denominator
prevailing view, recruitment and distortion are not recog-polynomial. In contrast, the zero of the single factor in the
nized explicitly as phenomena that contribute to stiffnessnumerator ofH, (jw) of Eq. 12 approximately cancels the
Further, there is no means by which mechanisms such d¥ghest valued pole of the two-factor representation of the
cooperativity and explicit length sensing can participate indenominator polynomial. As a consequence, the two com-
stiffness dynamics. In the prevailing view, all fourth quad- ponents of distortional stiffness may be taken as approxi-
rant presence of the stiffness locus derives from the negativately independent and may be written as
sign on the B process, which is assigned because the B

process putatively derives from the active force-generating X, component= E, - , (16)
isomerization step (power stroke) in the XB cycle. jo+d;

In contrast, the distortion-recruitment theory divides stiff-
ness dynamics int®;- andx,-distortional components that X, component= EZIJiw, (17)
act as high-pass filters and a recruitment component that jo+d,

may appear in the form of a low-pass filter, a band-pas hereE, andE,

1I‘|Iter, ora con;]blnc?tlon ,Of Iow-pgss and hband-p'asshfllters.andd2 are dynamic parameters for the respective processes.
mportant to 1 € |sto'rt|on-recrunm'ent t €ory, 1S that ' These reduced formulations retain the essential high-pass
cruitment dynamics arise from nonlinearities in the myofil- Iiltering characteristics of the original formulations.

ament kme'gc system. The;e act to give rise to |nte'rna A second approximation is that one of the three roots of
length sensing by the myofilament system anql are'entlreI)(he denominator polynomial of Eq. 13 is of much larger
reslporsmle K’r gny fourth qléqdrla;nt pzresr?nce 'n*m@“’)k _magnitude than the other two, such that the large-magnitude
pho a)r(Ec:cus.I S emonsk,)tra'te |:¢n blg. , the ptc;lvvefr st]rco er']r}oot contributes little to dynamics at frequencies of interest.
the cycle cannot, by itsell, be responsible for fourt After dropping the large-magnitude root, the following fur-

quadrant stifiness and cgnnot give rise to positive Workther simplifications may be taken without any appreciable
features of constantly activated muscle. Although not SUf1oss of fidelity

ficient, the power stroke is necessary for any positive work

feature, as can be seen in Eq. 14, where it is shown that band-pass jol(jo +a)
recruitment stiffness is the product of the outcome of the recruitment stiffness "% (jo)2 + 2wy (jo) + w2’
powerstroke x,, and H,,(jw). Thus, if there is no power

stroke, there is nog, and no recruitment stiffness and, (18)
consequently, no positive work.

Another important feature of the distortion-recruitment
theory comes from inspection of i (jw), which demon
strates that there is considerable complexity in relationships (19)
between myofilament kinetic events and dynamic coeffi-
cients associated with both distortion and recruitmentwhereR;,,, and Ry, are magnitude scaling parameters for
There is no correspondence between any single dynamibe cooperatively based band-pass recruitment stiffness and

are magnitude scaling parameters ahd

low-pass B b
recruitment stiffness ot (jw)? + 2lwyjo) + o2’
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structurally based, low-pass recruitment stiffness respedional to the number of attached XBi, a characteristic
tively. Further,a, b, {, andw, are dynamic parameters for frequency by which distorted XB are replaced by undis-
the respective processes. Eq. 18 retains the band-pass fibrted XB; R .b/w?, zero frequency stiffness equal to the
tering characteristics of the original expression for cooperslope of steady-state length-tension relationsfiipgamping
atively coupled recruitment stiffness, and Eq. 19 retains thevithin the recruitment process expressing the tendency for
low-pass filtering characteristics of the original expressionoscillations; ando,,, characteristic frequency for recruitment
for structurally coupled recruitment stiffness. Eqs. 16—19processes, which expresses the combined effect of all ki-
represent simplified, reduced versions of the distortionnetic coefficients in the myofilament kinetic scheme.
recruitment model that emphasize system-dynamic param- A rough mapping between parameters in the prevailing-
eters rather than myofilament-kinetic parameters. The ningiew and distortion-recruitment models may be made as
parameters in Egs. 16—19 are no more than the nine pararfellows. Parameter€ andc in the prevailing-view model
eters in the prevailing view formulation, Eq. 15, and manyare roughly equal in value to paramet&sandd in the
fewer than the eighteen parameters in the linearized moddistortion-recruitment model. ParameRBein the prevailing-
equations, Eqgs. 9-13. In the reduced version of the distorview model is roughly equal in value & in the distor
tion-recruitment model, there remains explicit representation-recruitment model and parameterin the prevailing
tion of basic myofilament phenomena such as cooperativityiew model has some equivalence to the smaller of the two
(band-pass recruitment stiffness), but there is no attempt tmots of the denominator polynomiajw)? + 2{w,(jw) +
relate these representations to specific kinetic steps. w?, in the distortion recruitment model. However, when
Further reductions may be made for cardiac muscle irestimated from stiffness data obtained in isolated cardiac
that many authors report no observable first quadrant loopmuscle, the interpretations assigned to these analogous-
ing in cardiac muscle at the lowest frequencies (Berman etvalued parameters will be substantially different. We claim
al., 1988; Saeki et. al., 1991; Kawai et. al., 1993; Rossthat the parameters of the reduced distortion-recruitment
manith et. al., 1986; Shibata et. al., 1987; Campbell et. al..nodel are not only characteristic of observed stiffness dy-
1993; Wannenburg et. al., 2000) suggesting no role for th@amics but, also, give a new sense of appreciation for the
prevailing model's A process. Additionally, frequencies of underlying contractile processes responsible for these dy-
the D process appear to be above those of physiologicalamics.
interest. This has led to the practice of using just a five-
parameter version of the prevailing-view model to fit car-

diac muscle stiffness data, OVERALL SUMMARY
» ” A myofilament model of sarcomeric stiffness based on
em(jw) =Hy,— B J +C ] (20)  distortion and recruitment concepts not only accurately re-

jo+b Jo+cC produces every feature of experimentally measured cardiac
stcle stiffness, but also provides a novel basis for inter-
pretation of these features in terms of underlying nonlinear
contractile mechanisms. Through this interpretive frame-
_ jo [jwl(jo+d]+b work, cardiac muscle stiffness provides a window to con-
em(jo) = E; T d + Rrec{(. 2+ 2Lwnjo) + 2} , tractile processes and a unique context in which to relate
Jo 1 @nlJ @)+ Wy elemental sarcomeric processes to the functional behaviors
(21)  of different muscle types or altered states (e.g., disease)

. . within a given muscle type.
which may be reduced even further to a five-parameter

version under circumstances where one of the poles in the

denominator of the recruitment term is far to the left. SomeAPPENDIX

complex stlffngss loci can be fit equally well with l.DOth Of. This Appendix lists the relevant mathematical expressions of the model
these formulations. However, the parameters obtained Wthnd its predictions as given in the text. Developments of these equations
each will give quite different interpretations. In the prevail- have been presented in preliminary form in Razumova et. al. (1999, 2000)
ing view of Eqg. 20, the time constant associated with the Band Campbell et. al. (2001).

process has a putative relation to the XB attachment (and

powerstroke) step, while that associated with the C process . L

has a putative relation to the XB detachment step. In thYnamic equation list

reduced distortion-recruitment model, all distortional dy- State variable differential equations

namics are captured in the first term on the right-hand side _ ., . , .

. . . odel state variables may be divided between recruitment variables (i.e.,
and all recr.wtment dynamlcs are CapturEd I.n the SeC_O” e numbers of XB in the D, A and A, states in the XB cycling scheme
term. For this reduced model, the parameter interpretations ig. 1) and distortional variables (i.e., the average distortion of all XB
are as follows:E,, instantaneous stiffness that is propor inthe A, and A, states). The state variable differential equations describing

This reduced form is equivalent to a six-parameter reduce
version of the distortion-recruitment model,
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rates of changes of recruitment variables can be written from inspection of The power stroke induces, on the averaggedistortion in XB as they

Fig. 1 as enter the A state from the Astate. In addition, because we treat distortion
. from the power stroke and that from sliding filaments as independent
D(t) = konRoff(t) + f/Al(t) + gAz(t) - [koff + f]D(t) events, the XB entering the Astate bring with them whatever distortion

they may have possessed in the gate prior to the transition to A
(Al) Substituting Egs. A3c—A3e into Eq. A3b gives

AL(t) = fD(t) + h'A(t) — [f' + h]A(1) (A2) A
: Xo(t + At) = X,(t) + —5— Ax(b)

Ax(t) = hA,(t) — [h" + glA,(t) (A3)

It is understood in Egs. A1-A3 that the kinetic coefficiekgs, ko, f, T, Alg

h, h’, and g are not constants and depend on state variables and input + [hAl(t)]At Xo + X + T

variables according to relations given below.

The state variable differential equations for theeand x, distortional _ [(g + h)A,(1)]Atx,(t) (A3f)

variables are derived according to the following. beft) be the time-

varying average distortion among, B and x,(t) be the time-varying

average distortion among ,AXB. There are two phenomena causing

distortion of XB: chemomechanical energy transduction during the XBX,(t + At) — X,(t)

power stroke causing elastic energy storage in the XB as transition is made At

from state A to state A, and shearing between filaments during sliding

between thick and thin filaments when sarcomere length,changes. Alg

These two phenomena are treated as independent. (t) + [hA (t)] Xo+ Xg +
Independent distortional effects are seen in the development of the 2 ZA'{ . ! 4

differential equation fok,(t). This derivation uses a macroscopic distortion

Rearranging,

balance over all parallel XB in the Astate in the half sarcomere. The — [(g + h")A(t)]x,(1) (A39)
collective distortion among the paralleLAXB is given by
Taking the limit asAt — 0, yields
Xo(t) = Ax(t)x,(1) (A3a)
where the upper casé(t) is used to designate the collective distortion and Xo(t) = z(t) + [hA () ][ %o + 4]
the small casex,(t), designates the average distortion among th¢) XB.
X,(t) at somet + At, can be written as _ (g + h')Az(t)Xz(t) (A3h)

Now, X,(t) may be eliminated from Eq. A3h by noting that differentiation

added distortion due to shelar
X,(t + At) = X,(t) + { stortion au "j]
of Eq. A3g yields

from change irLs over At

added disto_rtion due to formation pf Xo(t) = AL()X(t) + A(t)Xo(t) (A3i)
new A, XB via power stroke oveat _
Equating Egs. A3h and A3i, making appropriate substitutions fgit)A

lost distortion due to transition of from Eqg. A3, and solving fok,(t), gives the desired differential equation,
distorted A XBto other statesovait ( ) ( )
1 S

(A4)

where ) .
In like manner, it can be shown that

D(t
(1) = —[ A((t)) 8] (0 + AZES[ A0 = Xl

Ls(t)
Ty

[added distortion due to shear from changd.inover At]

_ [(externally imposed\L¢/2)|
[ (#A, XB existent at) ]_(ALS/Z)Az(t)

(A3c)
[added distortion due to formation of new, XB over At]

(A5)

where XB enter the Astate from D with no distortion, but return to,A
[(number of newly formed AXB] from A, via the reverse power stroke with residual distortion not removed

distortion of newly formed XB by loss ofx.
= [hA (1) ]JAt(X, + X, + ALJ4 A3d
[hA (1) ]At(Xo 1 44 ( ) Output equation
[IOSt distortion due to transition of dIStOI’tedZA(B to other The model is structured such that it may be viewed as being driven by two
states oveAt] input signals: the time course of available activator calciumt)Cafd the
time course of sarcomere lengths. The model responds with a single
_ (number_Of A XB lost) output, the predicted forcds(t). Force prediction is given by the model
(average distortion of these lost XB) output equation (Razumova et. al., 1999),

= [(g + h")A,(t)]Atx,(t) (A3e) F(t) = nA1(D)X(t) + nA(1)X(t) (A6)
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Nonlinear phenomena in myofilament system

Filament overlapLet Z be the length of the overlap region of thick and
thin filaments in a half sarcomere that allow cycling XB. Also, lgt =

changingh, h’, andg with sarcomere length and, therefore, we did not allow
these coefficients to be length sensitive.

To consider the impact ofg on D-to-A; transitions, we defined a
normalizedLg variable as

length of thin filamentL,, = length of thick filament, an® = length of

thick filament bare zone. Then, Le— L
_Ls S0
If Ls<2Ln—B, then Z=2Ls+[Lu/2~ Lu] X7 L
A7 whereLg, is a referencé.q. Let decreased lattice spacing due to increased
SO S

If 2Ly —B<Ls<2L,+B, then Z=3[Ly—B]

If

Ls>2L, +B, then Z=

L reduce the activation energ, needed for a D-to-Atransition as

Boa, = BgAl — by
(A8)
whereb is a coefficient expressing the strength of the activation energy
reduction, and the 0 superscript Birefers the first term on the right-hand
side to the activation energy &i; = Lg, Then, according to normal
( A9) activation energy conventions, the rate coefficient for a D-{drAnsition

is enhanced withy according to

—2Ls+ [Lu/2 + La]

Let Ry equal the number of XB in a half sarcomere aRgd equal the

number of XB in theZ overlap region. Then, flg= fa[e‘(BgAbe)/"T] = f,[eX] (Al16)
— A Rr ( AlO) wheref, g is the value of due to just_g effects,f, is an attempt frequency,
1 [LM _ B] B equald/kT, andf, is the coefficient governing D-to-Atransition at_g,
2 Coincidentally, following normal conventions, the probability for ag A
to-D transition is reduced with increaséd according to
Rt =R, —D—-A;—A; (A11)

Saturation effects from CG4-binding IsothermsFor a single low-affinity

fls = fife @ ™M) = fife ] (AL7)

C&"-binding site to TnC, as in cardiac muscle, the binding isotherm is

The outcome from this treatment of the effectlefon the kinetics of the
a( ) attachment step is that the strength of these effects in the model can be
+ Ca(t) (A12) graded with the single parametg,
State variable-dependent coefficieriteighbor Interactions. Considering

[binding isothern, =
Ki

whereK; is the half saturation concentration for binding to the available three kinds of nearest-neighbor interactions (RU-RU, XB-RU, and XB-XB
site. For two low-affinity C&"-binding sites on TnC, as in fast skeletal interactions), we grade the strength of each of these interactions with the

muscle, the binding isotherm is

[binding isothernh, =

parametersi, w, andyv, respectively. Then, combining the independent effects
) of each interaction, as developed and presented in Razumova et. al. (2000) as
Cat) single terms, these interaction effects may be represented as

KK, + K,Cat) + Caz  A13)

whereK, andK, are the half saturation concentrations for binding to the kon =

first and second sites, respectively.

Input variable-dependent coefficientSalcium-dependent RU on-off
coefficients. For any level of G4-binding, the reference value of the RU
on-off coefficients are given by

Keh= k2, + (kS2 — KS)[binding isotherm  (A14)
=K + (KS¢ — KSy)[binding isothernh  (A15)

where the 0 superscript indicates the value of the coefficient whéh 8a
not bound to TnC, and the Ca superscript indicates the value when the TnC
binding site is saturated.

Sarcomere length-dependent attachment coefficient. In our conception,
changes irLg causes changes in longitudinal and transverse dimensions of the

myofilament system. Longitudinal dimension changes are responsible for f= fLS[

changing filament overlap as described above; transverse dimension changes
are responsible for changes in transverse interfilament spacing. Increhges in
causes decreases in interfilament lattice spacing and reduces the distance that
the myosin head must travel to attach to the actin-binding site and, thus,
reduces the activation energy barrier for XB attachment (Godt and Maughan,f ,
1981; McDonald and Moss, 1995; Fuchs and Smith, 2001). The result is that
the probability for myosin attachment to actin increases. For this reason, we
changed théf'" coefficient pair with changes ibg because these coefficients
govern the attachment step in our XB scheme. We had no rationale for

A A
1+ o (e — ) 4 2

D
= k:ff[ tp W=D +  (ug D00 — 1)

A, 2
+ oo (ugm D — 1) | (AL8)
R,

f D/1 Al e—(w—l)(xZ/xo)
R

+7

A,le (W—1)(x2/xo)
&

- 1)} (A19)

2
2 (e(v 1)(xa/x0) __ 1):|

V4

(A20)

A
= f’Ls[l + g, (@O0 — 1

A, 2
+ 5 (€I — 1) (A21)

Z
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whereK® and ks refer to baseline values of the respective coefficients Model linearization
when there are no nearest-neighbor cooperative effects.

Distortion-dependent kinetic coefficients. A central tenet in XB theory Once steady-state values were determined, small-amplitude model behavior is
is that kinetic coefficients leading away from attached states must changgiven by the model's linearized dynamic equations. The nonlinear, state-
according to the elastic energy stored in those states due to elastic defovariable, differential Eqs. A1-A5 were linearized by taking a first-order Taylor
mation (i.e., distortion). Because elastic energy changes with the square éxpansion about the reference state to create a set of linear differential equa-
elastic deformation, it may be argued that these kinetic coefficient changetions. Let thei indexed upper casé, represent state variables,(A,, D, x;,
are nearly parabolic around an isometric reference state. If so, there will b¥,) and themindexed upper-casb,.,, represent input variables, Ca). Thus,
no appreciable changes in these coefficients for small amplitude length = 1, 2, 3, 4, 5 andn = 1, 2. The indexed lower-casgandu,, represent
perturbations, and this allows distortion dependence to be ignored (Thorsoigspective incremental deviations of state variables and input variables from
and White, 1983). their reference values. Index values are assigned according to

Yi=A1— A Y2=A;— Ay ¥3=D—-D
Steady-state equations Va=Xi — Xao Y5 = Xo — Yoo

All variations arising from small-amplitude-length perturbations take place

around a steady-state, isometric baseline. Because of nonlinearities, the up=Ca—Ca U=Ls—Lsg

baseline state influences small-amplitude dynamic behavior. Thus, solution )

of the steady-state model to determine baseline values is required befolih€re the subscript O represents the reference value. The general form for

dynamic behavior can be determined. linearized differential equations is given by
Under steady-state isometric conditions all inputs are constant, i.e., . v, U
L) = Lgo and Cal) = Ca, Thus, the differential equations become V=2 9y, + > i "Um (A30)
algebraic equations and the steady-state equation list may be restructured i m
into Egs. A7-A17 plus the following set of seven simultaneous algebraic

Where then'i are the values of the partial derivatives of favith respect
to theY;(j = 1, 2, 3, 4, 5) evaluated at the reference state, andithare
) the values of the partial derivatives of tiewith respect to theJ,, also
ref Do + Ao Az ) evaluated at the reference state.
Kon = Kon| 1+ R, (u-1+ ?z (u -1 Once thed;! and 9™ are known, the linear differential equations for
incremental variation around the reference state may be written from Eqgs.

(A2 2) A1-A5 as

equations.

f Do+ Ay (1 Ay 1 2 V1= ah/l + aiyz + aiYS + am + a?ys + alljzuz (A31)
Kot = Koif| 1 + R u_ + R, \udvD 1 ) 1 3
z z Y2 = d3y1 T 93Y2 (A32)
(A23) ,
Yo = 03y1 + 03y, + 93ys + 03ys + 93ys + 95Uy + 95U,
Az 2 A33
f= fLS[l (@ - 1)} (A24) (A33)
Va = 0aYa + 0925 + 92U, (A34)
D Ap( 1 ? . .
fr= fLS[l + R72 (e(\,l) — 1)i| (A25) Vs = 8gy4 + E)gys + 8§3u2 (A35)
That there are different numbers of terms on the right-hand side of these
kon fr - kon equations is because the values of particular partial derivatives were zero,
D= 7& + ko T f R, + 4k0 + ko ¥ fAl i.e., there was no dependence of the respective time derivative on the
" ft " ft variable of the partial derivative. These zero-valued terms were dropped
g-—k from Eqgs. A31-A35. The linearized differential Eqs. A31-A35, were
42 on A, (A26) Fourier transformed to produce the set of simultaneous algebraic equations
Kon + Koi + f in the complex frequencyj®) domain,
A f 5 h’' A Ap7 joy, = 91ys + 93y, + 93y + 91y + 93Ys + 97U,  (A36)
7§ +h +f’+h 2 ( ) : _ a1 2 A37
JwY, = d3y1 + 93> ( )
h H 1 2,
Ao= i g (A28)  Joys= 93y1 + 93y, + 03ys + 93ys + 93Ys + 95U + 95U,
g
(A38)
Under isometric conditionss; = 0 andx, = X,, and the output equation s "
reduces to jwys = 03Ya + 93Ys + 05jwu, (A39)
F=nA% (A29) joys = 05y, + 92ys + 05wl (A40)
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where they;, as frequency transformed variables, are now functions ofwhere the numerator coefficients, and denominator coefficientk, are
complex frequency rather than functions of time as in the differential Eqsa combination of the,"i and 9™ (and these are, in turn, combinations of
A31-A35. rate coefficients, reference states, and coefficients that grade the strength of
Now, the overall complex stiffness was defined in the text in terms ofthe various nonlinearities). For the numerator coefficients.
three components as
Mo = 950305 — 020503

F . . N, = 9307’
(jo) g10Hy, (jw)  £50Hy, (jo)
= t t 1 1
- X1component 4 X2 componen n, = 823362 _ 62656§
sarcomeric stiffness
distortion stiffness 1.5
N3 = 9507

+ XH., (jo)

&2 component
S———r
recruitment stiffness

(A4D) n, = o301 — 959103

Ns = 9395

Recognizing thatu, = dLg, each of the frequency-dependent transfer gqr the denominator coefficients:
functions within each component was identified as

ko = — 010303 + 050303 + 930303 — 930303

. Ya .
H,(jw) =— (jw A42
wlo) = (o) (A42) ke = 902 + 0203 + 0193 — a%% — alo?
wherey, is the frequency-domain representation of the incremental vari- 1 5 3
ation in x,(t); ko= —(91+ 92 + 93)
. Vs . Using the 0 subscript to represent the value of the state variables at the
sz(J w) = U (Jw) (A43) steady-state reference condition, thé and o7’ are derived from Egs.
2 A1-A5 as
whereys is the frequency-domain representation of the incremental van-
ation inx,(t); and = —[h+1] (A48)
. Yo . of of’
H..(jo) = — (jo) (Add)  92= _—Dy— —— Ap+h A49
2 u2 1 GAZ 0 BA 10 ( )
wherey, is the frequency domain representation of the incremental vari- _ 3
ation in Ay(t). 9y = f (A50)
By performing the divisions indicated in Egs. A42 and A43 on Egs. A34
and A35 and then carrying out the necessary substitution and rearrange: , of of’
ment to eliminate unwanted state variables, it can be shown that the transfe‘al 87)(1 Do — 87)(1 Ao (A51)
functions for thex,- andx,-distortional components, defined by Eqgs. A42
and A43, respectively, may be given in terms of the kinetic rate coefficients of of’
of the myofilament system as ai = Dyg— Ay (A52)
o 90X, 90X,
oy joljo+ (h+g+h)]
A9 = geP+ I+ + g+ hTor gt o, of
9% =—Dy— Ay (A.53)
- 1_
H. (i) jo[jo+ (h+f +g+h’)] dz="h (A54)
A= e+ h+ +g+hljo+fTg+h
o]+ g+ hljo+flg+h] — (W +g) (A55)
(A46)
Ko ko
Further, substitution and rearrangement of Eqs. A33-A40 result in thed} = aAn (Rzo — Ap— Ayg— Dp) — DO + (f" = Kop)
following expression for thes, recruitment component, defined by Eq.
A44, in terms of kinetic features of the myofilament system, (A56)
He,(jo) = [Ng@ + nyl[Hy(jo)] + [N + n][Hy(jw)] akc, ot
o] + kljo] + kjo + k 9% = "(RZ Ao — Ay — °)+6A Ao
I’lﬂw + Ny

T loP + kljoP + kjo + k (A47) B ( Kot

At oA )Do (9 k) (AST)
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ok, Kot
33="p (Re— A~ Ay — Do) — "Dy
oD
— (Kono + Kofro + fo) (A58)
kOn of’
03 = (Rzo A= Ay — Dy + % A
1
of oKy
- <<’>‘Xl + T)Q Do (A59)
. akc,n of’
d3= (Rzo Ao — Ay — Do) + % A
2
- <8X2 + TXZ D, (A60)
u 9Ko Kot
331 = aC;(Rzo —Ap— Azo) OCa Do (A61)
ako
agz = L kon : (Rz — Do — Ao — Az
Kyt of’ of
_TLSDO—'—TLSA]'O_TLSDO (A62)
=—(h+1f) (AB63)
d3=nh (A64)
jw
Iy = > (A65)
=g+h (A66)
a2=—(g+h) (A67)
jo
agz = 7 (A68)

and, the following partial derivatives are derived from Eqgs. A18—-A21,

of 1 Aso
TAZ = fLS ﬁz (e("‘l) — l)2|:1 + R72 (e("‘l) — l):| (A69)
of’ 1 Az
= f (oW1 _ _ (e (v-1)
oA, fis R, (e 1)2[1 + R, (e 1)]
(A70)
af Alov -1 AZO
[ I _“lalv-1)
= s R 2[1 e 1) (A71)
of Al — Ayl 1
0%y “ MR,y % *Rzo Xo 2[ Ryo \e¥ ™D ! (A72)
of AV — Ay
(97)(2 = Lsm V 1 2|:1 +— (e(" D— 1):| (A73)
8f' A201 -V 1

=f

ol 4Pz 1 A74
SR %o & DT Ry @ Y| (AT
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of B
¢ 7 Bxo
iLe fo LSrefeB (A75)
of’ B
L _f! —Bxo
TN fOLSrefe (A76)
akon_ ref 1
aAl — Kon 7Z(u - 1)
Do+ A
X2|:1+ORZ:LO( _1)+ (Uéw l)_l):|
(A77)
kot o 1 1
A Roff -1
0A; R
Do+ Ap(l Ay 1
“[“Rz<u‘1) +Rz<ue(w-l>‘lﬂ
(A78)
akon ref 1 w—1)
aA n ﬁz (Ué - 1)
Do+ A A
X201+ 2" wu—1) + 2" - 1)
R, R,
(A79)
LKO“_ refi 1 -1
oA, TR, \uev Y
DO + AlO 1 A20 1
“[“Rz<u‘1) +Rz<ue(w-l>‘lﬂ
(A80)
akon_ ref 1
Do+ A
X 2[1+°Rzl°( ~1) s (ue‘W H— 1)]
(A81)
kot o 1 1
D gyt
Do+ A/l Ay 1
“[“Rz<u‘1> +Rz(ue(w-l>‘lﬂ
(A82)
Lk"” _ etV T 1@
" X Rgp
Do+ A A
Xu2| 1+ ———(u— 1) + =(ue" D — 1)
Rzo Rzo

(A83)
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Kot _ L= WAL

9%y " X% Rypu
Do+ A/l Ay 1
“[1+Rzo<u‘1) +Rzo(w‘1)]
(A84)
9Kon = ke UW -1 e(w—l)@
%2 Xo Rzo
Dy, + A A
X201+ (U= 1) + 52 (uev Y — 1)
RZO RZO
(A85)
Kot 1 (1-w @

— |ref
X, ot ue" b x; Ry

Do+ Ay (1 A 1
><2[1+° l°<—1>+ 2°< 1)]

Rpo \U Ry \uev D

(A86)

IKon a Cay

o™ 06 ) ca, « ca

Do + Ago Axp 2
X|:1+RZ(U_1)+RZ(UG( l)_l):|

(A87)

IKofr

a 3o
aCa- (kS — kgff)[w]

Do+ A/l Ay 1 2
X[“Rz(u‘l)w(uéw-fl)]

(A88)
R
. if Ls<(2Ln—B)
R, | m—B
Il if (2L, — B) <Ls< (2L, + B)
S R -
L i 5 if Ls> (2L + B)
(A89)
on of IR\ 1
als "\ als) RE,
X 2[(D0 + Alo)(u — 1) + Azo(uéw’l) _ 1)]
(A90)
Lkmf_ ref _LRZ i
als oM aLs/Re,

1 1
X 2|:(D0 + Alo)(u - 1) + AZO(L,FéW_l) - 1)}

(A91)
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