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Yaniv, Yael, Raphael Sivan, and Amir Landesberg. Analysis of
hystereses in force length and force calcium relations. Am J Physiol
Heart Circ Physiol 287: H389-H399, 2004; doi:10.1152/ajpheart.
00722.2003.—Analysis of the hystereses in the force-length relation-
ship at constant Ca®>* concentration and in the force-calcium relation-
ship at constant sarcomere length (SL) provides insight into the
mechanisms that control cross-bridge (XB) recruitment. The hyster-
eses are related here to two mechanisms that regulate the number of
strong XBs: the cooperativity, whereby the number of strong XBs
determines calcium affinity, and the mechanical feedback, whereby
the shortening velocity determines the duration for which the XBs are
in the strong state. The study simulates the phenomena and defines the
role of these feedbacks. The model that couples calcium kinetics with
XB cycling was built on Simulink software (Matlab). Counterclock-
wise (CCW) hysteresis, wherein the force response lags behind the SL
oscillations, at a constant calcium level, is obtained in the force-length
plane when neglecting the mechanical feedback and accounting only
for the cooperativity mechanism. Conversely, the force response
precedes the SL oscillations, yielding a clockwise (CW) hysteresis
when only the mechanical feedback is allowed to exist. In agreement
with experimental observations, either CW or CCW hysteresis is
obtained when both feedbacks coexist: CCW hystereses are obtained
at low frequencies (<3 Hz), and the direction is reversed to CW at
higher frequencies (>3 Hz). The cooperativity dominates at low
frequencies and allows the muscle to adapt XB recruitment to slow
changes in the loading conditions. The changeover frequency from
CCW to CW hysteresis defines the velocity limit above which the
muscle absorbs rather than generates energy. The hysteresis in the
force-calcium relation is conveniently explained by the same cooper-
ativity mechanism. We propose that a single cooperativity mechanism
that depends on the number of strong XBs can explain the hystereses
in the force-length as well as in the force-calcium relationships.

excitation-contraction coupling; regulated actin; work loop; force-
length relationship

HYSTERESES WERE NOTED to exist in the force-calcium relation-
ship at a constant sarcomere length (SL) (13, 28) and in the
force-length relationship (FLR) at constant free Ca>" concen-
tration ([Ca]) (26). Hysteresis was first observed in the force-
calcium relationship in the skinned skeletal fiber (28); the force
was higher during stepping down in [Ca] than during stepping
up in the free calcium, at constant SL. The dependence of
calcium affinity on the number of strong, force-generating
cross-bridges (XBs) was suggested as the underlying mecha-
nism (28). At the same SL and free calcium, calcium affinity is
higher and XB recruitment is larger when passing through a
higher force (i.e., higher calcium) rather than through a lower
force. Similar hysteresis in the force-calcium relation was
observed in the rat cardiac trabeculae (13). It was therefore

instructive to explore the response of the force to large length
oscillations, at constant free calcium, and, indeed, we have
recently identified the hystereses phenomena (26) in the FLR at
constant free calcium, in the intact tetanized rat cardiac trabec-
ulae (Fig. 1). The shapes and the directions of these hystereses
depended on the frequency of the SL oscillations and on the SL
(26). The force response lagged the SL oscillations at low
frequencies (Fig. 1A), leading to hystereses in the counter-
clockwise (CCW) direction in the force-length plane; at a given
SL the force was higher during shortening than during length-
ening (Fig. 1B). At 4 Hz and higher frequencies, the force
response preceded the SL oscillations (Fig. 1C), and clockwise
(CW) loops were observed in the force-length plane (Fig. 1D).
The changeover frequency from CCW to CW occurred be-
tween 2 and 4 Hz (26). These different hystereses are attributed
to changes in the number of strong force-generating XBs
during the length oscillations. Obviously, the analysis of these
hystereses should give better insight into the mechanisms
underlying the regulation of XB recruitment.

Our model of the sarcomere control of contraction (19—
22) couples the kinetics of calcium binding to the troponin
regulatory proteins with the kinetics of XB cycling and
includes two feedback mechanisms: a positive (20) and a
negative one (21, 22). The positive feedback (20), denoted
as the cooperativity mechanism, suggests that the number of
force-generating XBs determines the affinity of troponin C
for calcium. The cooperativity regulates XB recruitment and
provides the explanation for the cardiac steep FLR (20) and
the related Frank-Starling law at the whole heart level (19).
This mechanism also provides the adaptive control mecha-
nism whereby the loading conditions (preload and afterload)
modulate the muscle energy consumption (22). The negative
feedback (21), denoted as the mechanical feedback, suggests
that the sarcomere shortening velocity determines the rate of
XB turnover from the strong to the weak, non-force-gener-
ating state. Inclusion of mechanical feedback in our model
(Fig. 2A) leads to the analytic solution for the experimen-
tally established Hill’s equation for the force-velocity rela-
tionship (21). The mechanical feedback also explains the
linear relationship between the energy consumption and the
muscle mechanical energy (22).

The combination of the two feedback loops (19, 22) allows
us to describe a wide spectrum of phenomena at the cardiac
fiber level as well as at the global left ventricular (LV) level
(19), including the Fenn effect (22), the regulation of the
cardiac relaxation (21), the length-dependent calcium sensitiv-
ity, and the changes in the free calcium transient after mechan-
ical perturbations (21).
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IDENTIFICATION OF SARCOMERE CONTROL OF CONTRACTION
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plane, in the intact tetanized trabeculae from the rat ~ Ny
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This study simulates the hystereses phenomena by relating
to the suggested feedback mechanisms and aims to establish
A the dominant role of each feedback loop. The analysis high-
goteV lights the effects of length perturbations and slow stepwise
| Unbogmd changes in the free calcium on the regulation of XB recruit-
Ca® ment and force development.
> [ W —
o f The Physiological Model
@ Bound The physiological model and its underling assumptions were de-
Ca? rived in our previous studies (19-22). Consequently, only the assump-
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Fig. 2. The four-state model. A: transitions between the four states of the
regulatory units are determined by Ca?" Kkinetics and cross-bridge (XB)
cycling. B: cooperativity mechanisms determine the dependence of Ca?*
affinity on the number of strong XBs (Nxg). C: mechanical feedback deter-
mines the dependence of the XB weakening rate (g) on the sarcomere
shortening velocity. The rate of XB turnover from the weak to the strong state
(f) is constant. go, rate of XB weakening in isometric regime; g, mechanical
feedback coefficient; ki, rate kinetics of Ca?* binding; k—,, rate kinetics of
Ca®* dissociation from troponin; R, resting state; A, regulatory unit activate by

Ca?*; T, Ca>* bound to troponin; U, Ca>* dissociation from state T.

(2}
o
:

tions relevant to the present analysis of the effects of length oscilla-
tions on the force at a constant [Ca] (tetanic contractions), and to
changes in the free Ca®" at constant SL (skinned fiber), are introduced
here for convenience and clarity.

The regulatory unit includes a single troponin-tropomyosin com-
plex with 13 neighboring actin monomers and the adjacent heads of
the myosin.

The XB cycle between weak and strong conformations (9) relates
to nucleotide binding and release. A single ATP molecule is hydro-
lyzed when the XB turns from weak to strong conformation. Force is
produced only by XBs at the strong conformation.

The XBs operate asynchronously of one another as assumed in
other modeling work (8, 16). The active force is proportional to the
number of XBs in the strong conformation, in the single overlap
region. The heads of the myosin and the troponin complexes are
distributed uniformly along the thick and thin filaments. The
number of heads in the single-overlap region depends linearly on
the length of the single-overlap region, but the fraction of XBs in
the strong conformation depends on calcium kinetics and XB
cycling.

The XB behaves as a Newtonian viscous element (14), as can be
derived from Huxley model (16). The average force per XB (Fxs)
during steady shortening is a linear function of the shortening velocity
(V) and is given by
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IDENTIFICATION OF SARCOMERE CONTROL OF CONTRACTION

Fyy = F—nV 9))

where F is the force per XB at isometric regime (unitary force) and m
is the viscous coefficient determined by the maximal shortening
velocity (Vy), i.e., n = F/Vy (21, 22). We assume that Eq. [ applies
also for sarcomere lengthening and that sarcomere lengthening in-
creases the average force per XB (see DISCUSSION).

Calcium binding to troponin modulates XB transition from the
weak to the strong conformation (5). The major role of the bound
calcium is regulation of ATPase activity (5). ATP hydrolysis and
phosphate release are required for the transition of the XBs from
the weak to the strong conformation (9). The activity of the
ATPase is inhibited in the absence of calcium (5). Thus only an
insignificant number of XB transitions from the weak to the strong
conformation occur without calcium binding to the neighboring
troponin site.

Calcium may dissociate from troponin after the XB turns to the
strong conformation. The strong XB can generate force without
having calcium bound to the adjacent troponin (20, 27).

Corresponding to the mechanical feedback concept (21, 23), the
rate of XB weakening (g) is determined by the sarcomere shortening
velocity (Fig. 20):

g=8g tgV 2)

where go represents the rate of XB weakening in isometric regime and
g1 is the mechanical feedback coefficient. We assume that Eq. 2
applies also for sarcomere lengthening and that sarcomere lengthening
decreases the rate of XB weakening.

XB troponin-tropomyosin-actin interactions along the sarcomere
affect the kinetics of calcium binding to the low-affinity sites on the
troponin along the sarcomere (11, 12, 15). Calcium affinity Kjca is
determined by the number of strong XBs (Nxg) in the single-overlap
region, a mechanism denoted as the cooperativity mechanism (20, 22).
Only one cooperativity mechanism was included in the model. The
apparent average calcium affinity was considered here, without sim-
ulating the interactions between adjacent regulatory units. The func-
tion used to describe this cooperativity is approximated at best, given
our lack of knowledge. We speculate that calcium affinity is a
sigmoidal function of Nxg (Fig. 2B), i.e.,

Nyg
Kicg=Ko+Ki———— 3
e = Ko+ K g = (3

where Ko, K1, Kos, and n are constants. Ko is calcium affinity at
rest and Ko + K, gives the maximal calcium affinity. Ko and K,
were calculated (Table 1) based on the assumption that the affinity
at full activation is ~20-fold larger than the affinity at rest (12, 19).
Kos and N (N = 3.5) were fitted to produce the observed large
phase delay (of 40°) at low frequencies. Larger N allows greater
phase delay.

The generated force and the regulatory unit distribution are deter-
mined by two kinetics: /) calcium binding and dissociation from
troponin, and 2) XB cycling between the weak and the strong
conformations (Fig. 24). The regulatory units (assumption 1) are thus
distributed between four different states (Fig. 2A). State R represents
the rest state, in which the XBs are in the weak conformation and no
calcium is bound to the troponin. Calcium binding to troponin leads to
state T. State A denotes a regulatory unit “activated” by bound
calcium, but the adjacent XBs are still in the weak conformation. XB
turnover from the weak to the strong conformation leads to state T, in
which calcium is bound to the troponin and the XBs are in the strong
conformation. Calcium dissociation from state T leads to state U, in
which the XBs are still in the strong conformation but without bound
calcium.

The system variables R, A, T, and U denote the probability of
having regulatory units in each state, respectively. The total density of

H391

Table 1. Model parameters

Constants Intact Fiber Skinned Fiber Units Reference No.
ki 60 60 pM~ st 29
Ko 0.3 0.015 pM! *
K 3 0.5 pM~! *
Kos 24 30 M *

f 40 12 s! 20, 25
go 10 8 s ! 20, 25
g1 2 No need pm !

Lo 0.8 0.8 wm 20
Fc 2.1-10° 2.1-10° mN/mm? 3k
Vu (F/m) 10 10 pwm/s

F 2 2 pN

N 3.5 3.5 [1] *

K,, rate kinetics of Ca?>* binding; Ko—Ko s, rate kinetics constants; f, kinetic
rate of ATP hydrolysis; go, rate of cross-bridge (XB) weakening in isometric
regime; g, mechanical feedback coefficient; Lo, length constant; Fc, force
constant; Vy, maximal shortening velocity; F, force per XB isometric regime;
M, viscous coefficient; N, number. Note that only 12 parameters are required
for the description of calcium kinetics, XB cycling, and the two feedback
loops. Different values were used for the simulation of length oscillation in the
intact fiber and the stepwise changes in pCa in the skinned fiber. *Ko and K,
were calculated based on the assumption that the affinity at full activation is
about 20-fold larger than the affinity at rest (12, 19). Ko => Kmax/20 and K| =>>
Kmax/Fmax *+ Kos and N were fitted to produce the observed large phase
delay (of 40 degrees) at low frequencies. Larger N allows greater phase
delay. **Fc was calculated from the maximal force (Fmax = 100 mN/1
mm?) at full activation and at maximal overlap between the filaments:
FC _ 2Fmax f+ gO.

SLinax — Lo f

the regulatory units, i.e., the number of regulatory units per filament
unit length, is constant

R+A+T+U=1 (4)

The system (Fig. 2) is described by three first-order, nonlinear differ-
ential equations

% =k[Call —A-T—U) = (f+k)A+ (g +&VT

d
(%)
dr
A =fA—(g+gV+k )T+ kJ[Ca]U (6)
dU
o kT — (g0 + &V + k[Ca)U (7)

where k; and k—¢ represent the rate kinetics of calcium binding and
dissociation from troponin, respectively. k; is assumed to be constant
(25, 29) and diffusion limited, whereas the dissociation rate, k—¢, is
determined by the cooperativity mechanism (Eg. 3), i.e.

k_¢ = kdKicq (8)

An increase in the number of strong XBs decreases the rate of calcium
dissociation through the cooperativity mechanism (Egs. 3 and 8). ATP
hydrolysis occurs when the regulatory unit turns from state A to state
T and f represents the kinetic rate of ATP hydrolysis (assumption 2).
Therefore, the sarcomere energy consumption (E) is given by the
number of regulatory units, which turn from state A to T during the
twitch

E= EATPff Adr 9)

0

where Eatp is the free energy liberated from the hydrolysis of a single
ATP molecule, and TD is the entire twitch duration.
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The force is determined by the number of strong regulatory units at
states T and U, in the single overlap region (L,) between the thin and
thick filaments, and the average force per XB (assumption 4). The
single overlap length is proportional to half of the SL, because the
sarcomere includes two single-overlap regions

Lg= (SL — Ly)/2 (10)
where the constant Lo is determined by the actin and myosin filament
lengths (20).

Assumptions 2 and 3 lead to the number of force-generating XBs
(Nxs)
Nxg = NcL(T + U) (11)

where the constant N¢ is determined by the density of sarcomeres per
muscle fiber cross-sectional area, the fiber cross-sectional area, and
the number of regulatory units per half sarcomere.

The force is a product of the number of strong XBs (Nxg) and the
average force per XB (assumption 4):

F = FcL(T + U)(l - VK> (12)

U

where F¢ = NcF is a constant and V/, is the maximal shorting velocity
(Vuy = Flm).
The sarcomere shortening velocity is defined as
dSL
dr

(13)

The mathematical model was built on SIMULINK software (MAT-
LAB). To analyze the force response to length oscillations at a
constant [Ca] (0.6 wM), the SL oscillations were imposed after the
tetanic contraction had reached a steady force level. Tetanus was
simulated by assuming exponential rise in the free calcium to a steady
level (Fig. 3). The parameters used for the simulation are summarized
in Table 1. The same program and equations were also used for the
simulation of the force-calcium hysteresis (13, 28) at constant SL, in
the skinned fibers.

A

o
o

IDENTIFICATION OF SARCOMERE CONTROL OF CONTRACTION

RESULTS

The CCW and CW hystereses in the force-length plane were
simulated by relating to the two feedback loops. The individual
roles of the feedback loops were examined by studying the
effect of each feedback loop separately. This was accom-
plished by eliminating one feedback loop by setting the feed-
back coefficients g; = 0 or K; = 0, and observing the effect of
the remaining feedback on the phase of the force response.
Thereafter, the force response to SL oscillation was studied
with both feedback loops. The hysteresis in the force-calcium
plane was simulated by relating only to the cooperativity
mechanism.

Assuming No Feedback Mechanisms and Unitary Force
per XB

Figure 4A shows the force response for a simple forward
system, which does not include any feedback loop, i.e., g1 =
K = 0, and the average force per XB is constant (n = 0). As
shown, the force follows the SL changes without any phase
shift. Identical results are obtained for all the oscillation fre-
quencies. In this simple case, the rate of XB weakening and the
rate of calcium dissociation are constant (g = go; k—; = ki/Ko).
Under these conditions, all of the parameters in the state
equations (Egs. 5-7) are constant and length independent.
Consequently, length perturbations do not affect the distribu-
tion of the state variables and the state variables reach steady-
state levels (A = Ao T = To U = Uy). With the use of Egs. 10
and /2, the force is determined only by the change in the SL

F(t) = FAT, + Uy)(SL(t) — Ly)/2 (14)
and there is no phase shift between the force and the length
perturbations, for all the oscillation frequencies.

[Ca”*] [uM]
2

0.2

0
~

S8y B

~
Fig. 3. Effect of SL oscillations (B) on the force re- §°

sponse (C) at constant free Ca>* (A). The SL oscilla- §1 75
tions (amplitude = 36 nm, frequency = 3 Hz) were n~
imposed after reaching steady tetanic contraction (C). a
=

w17

3
@)

Force [InN]
N B
o [w)

(@)
(=)

0.5 1 15 2 25 3
Time [sec]
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IDENTIFICATION OF SARCOMERE CONTROL OF CONTRACTION

Role of Mechanical Feedback

When neglecting only the cooperativity feedback (K; = 0, in
Eq. 3) and the XB viscous properties (m = 0), the force
response to SL oscillation is determined only by the mechan-
ical feedback. In this case, the force precedes the SL and a CW
hysteresis is obtained in the force-length plane (Fig. 4B). CW
hystereses are obtained for all tested frequencies. At any given
SL, the force is lower during shortening than during lengthen-
ing, because the XB weakening rate (g) is faster during short-
ening.

An approximate analytic expression for the force response to
sinusoidal length oscillations, when only the mechanical feed-
back exists, can be derived by reducing the four-state model
(Fig. 2A) to two states: W (weak) and S (strong) (W =R + A
and S = T + U). These two states describe the role of the
mechanical feedback at full activation. Thus taking

W+S=1 (15)
under full activation (k;*Ca >=>> k_;), Egs. 5-7 reduce to
ds
EZf—(ergoﬂLglV)S (16)

For sinusoidal length oscillations, SL = SL¢ + [, the change in
the number of strong XBs is given by

ds

— =f—[f+ g+ g2mft cos (wr)]S

dr (47)

and the analytic solution of Eq. 17 yields
S=fI(f+ go)e *" + fe@(’)fe@(”dt (18)

where

[mN/mm’]
N oo @
[¢;] w [6)] -

H393

o(t) = (f+ go)t + £ sin (wr)

The first term (Eg. 18) describes the transient response, which
rapidly decays with a time constant of 20 ms [1/(f + go)l,
based on Table 1.

For t = 1/(f + go), the second term reduces to

f

S(@) :f+ go — gwfl cos (wr)

(19)

Hence the probability for having strong XBs in state T pre-
cedes the sinusoidal length changes. The force in this simpli-

fied two-state model is given by

Utilizing Egq. 19 for S(t) and assuming small length oscillations
(€ << SLy) yields

pop Sl
2 f+ &
/ | 5 5 21)
wg, .
X [1 +€\¢(SL—LO) + (f+go> sin (wt + )
where
_ w-g * (SL — L)
- a”‘g( 2-(f+ 20 ) 22

The force precedes the length oscillations for all oscillation
frequencies because ¢ is positive. It is emphasized that this
phenomenon does not mean that the consequence (force) pre-
cedes the cause (length perturbations), because the cause is
essentially the imposed velocity of length oscillations and not
the length per se. The mechanical feedback is determined by

N N NN
w h O

N

Fig. 4. The force response to SL oscillations for a
system without any feedback loop (A; frequency = 3
Hz, Ki = 0, g1 = 0), a system with the mechanical
feedback alone (B; frequency = 3 Hz, K, = 0, g1 =
2.2-10°, and a system with only the cooperativity
mechanism (C; frequency = 3 Hz, K; = 3-10°, g; = 0).
Note that there is a unique force-length relationship
when the system does not include any feedback (A). CW

hysteresis is generated by the mechanical feedback (B)
and CCW hysteresis appears when only the cooperativ-

w W W
3D ~N 0

Stress [mN/mm’] ~ Stress [mN/mm’] Stress

/.'

ity mechanism exists (C).

1.72 1.73 1.74 1.75 1.76
Sarcomere Length [um]

1.77

1.78
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the sarcomere shortening velocity. The velocity of oscillations,
the derivative of the length changes, precedes the length
oscillations. Note that when we impose sinusoidal length
oscillations we actually determine the oscillation velocities, at
a given initial SL. At a high frequency (>3-4 Hz), the force
follows the velocity, and therefore precedes the length oscil-
lations.
At high frequencies Eq. 21 reduces to

SL, — L
F=FC( 0 o f
2 St 8

Note that the magnitude of the force oscillation increases with
the increase in the oscillation frequency (w/21r).

Obviously, all four states exist (Fig. 2A) at partial activation,
but the above mathematical reduction to the two-state model
does not eliminate the generality of the approximated analytic
result. The transitions between R and A, or T and U, which
relate to the kinetics of calcium binding to troponin, are
constant and length independent when only the mechanical
feedback exists. Therefore, the force response to length per-
turbations is determined by two factors when only the mechan-
ical feedback exists: /) the effect of length changes on the
single overlap length (Eq. 10) and 2) the effect of shortening
velocity on the rate of XB turnover (weakening) from the
strong to the weak conformation. As shown in Fig. 4A, the first
factor (changes in the overlap length) causes no phase shift,
while the role of the mechanical feedback is rather evident
(Egs. 21 and 22) by this simplified two-state model analysis.
Obviously, the same conclusion, that the force precedes the SL
oscillations when only the mechanical feedback exists, holds
for the four-state model too.

(1 + ef‘i‘zo sin (wi + ¢)) (23)

Role of Cooperativity Mechanism

The effect of the cooperativity mechanism on the direction
(phase) of the hysteresis was studied by neglecting the me-
chanical feedback loop (g1 = 0) and the XB viscous property
(m = 0). As shown in Fig. 4C, the force lagged the SL
oscillations and a CCW hysteresis was obtained in the force-
length plane. The force lagged the SL oscillation and the phase
delay was negative for all the tested oscillation frequencies.

An approximate expression for the phase delay is obtained
by reducing the four-state model to a two-state model, B and O,
which denote the regulatory units with (B) and without (O)
calcium bound to troponin, respectively (B = A + T and O =

R+ U

O+B=1 (24)
B in this two-state model represents regulatory units associated
with strong XBs. This two-state model relates only to the
kinetics of calcium binding to troponin and to the cooperativity
mechanism. When under constant [Ca], Egs. 5—7 are reduced
to

dB

- = kg[Ca]O - kng (25)
dr

The rate of calcium dissociation (k—¢) is determined by the
cooperativity mechanism. No analytic expression can be de-
rived for a sigmoidal function of calcium affinity (Egq. 3).

IDENTIFICATION OF SARCOMERE CONTROL OF CONTRACTION

Therefore, calcium affinity is assumed to be a linear function of
the number of strong XBs

Kco = ko + kiNxg (26)
where ko and k; are constant and kiNxg > ko at the simulated
physiological range.

The changes in B during sinusoidal length oscillations, SL =
SLo + [-sin(w-t), were derived by substituting Egs. 8, 11, and
26 in Eq. 25:

=k, Ca
1t 6[ ]
2

B
KlNcB(SLO + € Sin (Wt) - L())

— k¢|[Ca] —

Rearranging Eq. 27 and utilizing the approximation 1/(1 +
x) = 1 — x for small oscillation amplitudes [x = €/(SLo —
Ly) < 1] yields

a5 + k,[Ca]B
ar R
(28)

- kg[[Ca] - KlNC(SLo - Lo) (1 - SLO - L sin (Wt)ﬂ

The solution of Eq. 28 yields the steady-state number of
regulatory units at state B. For t > 1/k,[Ca] or t => 30 ms based
on Table 1:

B = Bgs
(29)

[2ke 14 1

sin (wt + 0)
KiNe (SLo = Lo \JG[Cal + wz]

where Bss, the steady-state number of regulatory units associ-
ated with strong XBs when there are no oscillations, is given
by

2
Bss =1 K Nc(SL, — Ly)[Ca] G0
and the phase shift (0) is
w
arctg(0) = — K [Cal (31)

The number of strong regulatory units (B) lags the sinusoidal
length changes (¢ < 0). Consequently, the force lags the
sinusoidal length oscillations for all oscillation frequencies.
The amplitude of the oscillation decreases with the increase
in the oscillation frequency (Eq. 29) and the cooperativity
mechanism acts as a low-pass filter. The amplitude is inversely
related to the oscillation frequency for oscillation frequencies
faster than the rate of calcium binding to troponin. At low
frequencies (w << k;[Ca]), the amplitude is apparently constant

20
K\N¢(SL, — LO)Z[Ca]

B = By + sin (wt +0)  (32)

Note that the amplitude of the oscillation is inversely related to
[Ca] and the SL.
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IDENTIFICATION OF SARCOMERE CONTROL OF CONTRACTION

Dominant Domains of Two Feedback Loops

Consistent with the experimental data (26), either CW or
CCW hysteresis is obtained in the force-SL plane when both
feedback loops are allowed to exist, as shown in Fig. 5. The
direction of the hysteresis depends on the oscillation fre-
quency. A CCW hysteresis is obtained at slow oscillation
frequencies (<3 Hz), where the force lags the length changes
and the phase is negative (Fig. 5). Hence, the cooperativity
mechanism dominates at low frequencies, as it is the only
mechanism in the present model that can produce CCW hys-
teresis. At high oscillation frequencies (>3 Hz), the mechan-
ical feedback dominates and the phase is positive (Fig. 5),
leading to CW hysteresis, consistent with the experimental data
(26). Note that the changeover frequency (3 Hz) is a function
of the two feedback loops and is smaller than the rate of XB
turnover from the weak to the strong stated (f).

Hysteresis in Force-Calcium Plane

Stepwise changes in [Ca] have led to CCW hystereses in the
force-calcium plane at constant SLs, in the skinned fibers (13, 28).
The hysteresis was length dependent and diminished at longer SL
(13). Note that only the cooperativity existed, because V = 0 in
these isometric contractions. These experiments were simulated
here using our model and employing only the cooperativity
mechanism. The rate kinetics of XB cycling are summarized in
Table 1. The coefficients K, and K; were reduced here, compared
with the intact fiber values, because calcium affinity is lower in
these skinned fiber and the maximal force is obtained at [Ca] of 10
M (28), which is ~10-fold larger than that required to reach
maximal force in the intact fiber.

Figure 6 simulates the experimental studies in the skinned
fibers at two different SLs: SL = 1.7 wm and SL = 2.2 pm.
The stepwise increase in the free calcium, from “relaxing”
concentration (pCa = 6.3) to partial activation (pCa = 5.6) and
then to a complete activating solution (pCa = 5.0), was
followed by a stepwise decrease from full activation to the
same partial activation concentration (pCa = 5.6), in both SLs.

60r

Phase

2 3 4 5 6 7 ¢
Frequency [Hz]

Fig. 5. The phase of the force response to the length oscillations at different
frequencies; experimental (26) data (@) and simulation (O). The simulated
changeover frequency from CCW to CW hysteresis was obtained at 3 Hz.

H395

As shown here, two different force levels were obtained at the
same partial activation, at the short SL. The force depends on
the history of contraction, and is higher after passing through a
greater force level (full activation). However, this hysteresis
diminishes at longer SL and identical force levels were ob-
tained at partial activation, at the longer SL.

DISCUSSION

The FLR is an important constitutive feature of the cardiac
muscle (1). As shown here, a unique FLR can be obtained by
a simple model of the sarcomere that does not include feedback
loops, where calcium affinity and the rates of XB cycling are
taken as constants (Fig. 4A). In this case, the model’s state
variables A, 7, and U are constant and independent of the
history of contraction (no memory!), for a constant [Ca]. The
SL changes affect the force only by changing the single overlap
length, and a unique FLR is obtained.

Hystereses are observed in the force response to length oscil-
lations when the feedback loops that regulate calcium affinity and
XB weakening rate are included in the analysis. The hysteresis
phenomenon is characteristic of control systems with memory (6),
and the memory in the sarcomere resides in the state variables R,
A, T, and U. The length perturbations affect the distribution
between these states, through the two feedback loops: the coop-
erativity mechanism and the mechanical feedback, which have
opposite effects on the direction (phase) of the hysteresis. The
advantage of this theoretical study is that it allows us to identify
the working mechanisms of sarcomere control by separately
testing the role of each feedback loop. Obviously, it is difficult, if
not impossible, in experimental approaches to isolate and study
the effects of any particular mechanism by suppressing the effects
of all other mechanisms.

The study reveals that the force lags the SL oscillations when
only the cooperativity mechanism is allowed to exist, leading to
CCW hystereses in the force-length plane, where the force is
greater during shortening than during lengthening at the same
given SL. The mechanical feedback, which determines the rate of
XB weakening, generates only CW hystereses. When both feed-
backs act simultaneously in the system, the direction (phase) of
the hysteresis depends on the frequency of length oscillations due
to the opposite effects of the two feedback loops. The cooperat-
ivity mechanism acts like a low-pass filter: the amplitude of the
oscillatory force response derived from the cooperativity feedback
is maximal at low frequency and decreases with the increase in the
oscillation frequency (Eq. 29). The mechanical feedback and the
XB viscous property act as a high-pass filter (Eg. 23). The
amplitude of CW oscillations derived from the mechanical feed-
back (Eg. 23) and the effect of the XB viscous property (Eq. 1)
decrease at slower oscillation frequencies. Consequently, at slow
oscillation frequencies (bellow 3Hz) the cooperativity mechanism
dominates and CCW hystereses are obtained, whereas at higher
frequencies the increased velocity leads to CW hystereses. The
results are consistent with the experimental data (26) presented in
Fig. 1.

The existence of a CCW hysteresis in force-calcium relation
at constant SL (13, 28) as well as the CCW hysteresis obtained
in the FLR at constant free calcium and low frequencies (26)
can be explained by the same cooperativity mechanism,
whereby calcium affinity depends on the number of strong XBs
(28); longer SL or higher [Ca] induces more strong XBs and
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higher calcium affinity. Therefore, a larger force is obtained
when reaching a given length and a [Ca] from a longer SL or
a higher [Ca]. Note that only CCW hystereses are observed in
the force-calcium plane, at constant SL, because under these
conditions, the shortening velocity is zero and only the coop-
erativity mechanism prevails.

The hystereses between the SL (input) and the force (output)
in the present model result from a phase shift between the state
variables and the SL. However, the analysis of the quasi-
steady-state hysteresis in the force-calcium plane reveals that
the cooperativity mechanism turns the system to a nonlinear
system because the rate of calcium dissociation, K—; in Egs.
5-7, is not constant but depends on state variables 7 and U,
through the cooperativity mechanism.

It is evident that only the suggested cooperativity mechanism,
which is determined by the number of strong XBs, can explain the
existence of several force levels at a given SL and a given [Ca].
Other conceivable mechanisms that are governed by the SL (1) or
by [Ca] (11) yield the same steady-state force at a given SL and
free calcium values without a hysteresis. The steady-state force in
the four-state model (Fig. 2) is given by (20)

R
2 f+ 8/ \Kic[Ca] + 1

K[Ca]<[Ca] + io) +1 (33)

9

X

8o 8o
K a([Ca] + ) +
el ke )

Assuming that k,[Ca] => g, for the skinned fibers reduces Eq.
33 to

B Kici[Ca]
F = C,(SL) 7[([&][@] el (34)
where
SL — L,
ColSL) = (FC 2 0) (f+fg )
0.

and C; = go/(f + go) are constants at a given SL. Calcium
affinity, however, is a function of the number of strong XBs
(Eq. 3). Substituting Eq. 3 and rearranging Eg. 34 yields the

following polynomial
a, F"'—a,F"+aF —a,=0 (35)

where ay, a;, a,, and a, + are constants that are determined by
the cooperativity coefficients (Ko, K, Ko.s, and n from Egq. 3),
the SL and [Ca]

a, = [(Ky + K))[Ca] + C|]
a, = Co(SL)(K, + K;)[Ca]
a; = (Ko[Ca] + Cl)K(n).sf_'m
ay = Co(SL)K K} sF"[Ca]

(36)

The steady-state force can be derived from the polynomial (Eg.
35), which is one order larger (n + 1) than the order of the
equation for the cooperativity mechanism (Eq. 3). The analysis
yields that more than one steady force level can be obtained at
the same SL and same free calcium, if the order of the

IDENTIFICATION OF SARCOMERE CONTROL OF CONTRACTION

cooperativity mechanism (n in Eq. 3) is =1. These different
force levels can be reached from different initial conditions.
This does not imply that several force levels always exist. For
a given set of parameters, SL and [Ca] (Eg. 36), only one
(physical) solution exists and can be reached, whereas for the
other set of parameters, SL and [Ca], two distinct physical
solutions exist (13, 28). Thus the same system can explain the
observed significant hysteresis at short SL and the insignificant
or no hysteresis at longer SL. This is simulated in Fig. 6, and
is consistent with the experimental data (13).

The term hysteresis is used in various fields of engineering
and science and various models were suggested to simulate the
hysteresis phenomenon. Sain et al. (31) described four phe-
nomenological models of hysteresis between input and output
signals and suggested that the basis for the hysteresis phenom-
ena is the existence of two or more switching thresholds. Cook
(6) has defined hysteresis as a nonlinearity, where the output
can get two or more values for a given input so that the output
value depends on the history of the input as well as on its
current value. This general definition does not require any
threshold point. The present mechanistic model does not in-
clude any threshold but still generates hystereses in the force-
length and the force-calcium planes. Similarly, viscoelastic
substances produce CW hysteresis in the force-length plane
without having any threshold point. A physiological textbook
(30) defines hysteresis as “a system which fails to follow
identical paths on application and withdrawal of a forcing
agent exhibits hysteresis.” Our observations (26) and the
present simulations are consistent with these (6, 30) classic
definitions.

The strength of the present mechanistic four-state model
over other phenomenological models (31) is based on two
significant features. First, the present model compresses a
broad spectrum of physiological data (21-23) into a set of
theoretical assumptions and rules that include only two kinetics
and two feedback loops. The model provides an explanation to
basic key features of the cardiac muscle, including the force-
velocity relationship (21) and the regulation of energy con-

100¢
N\
§ sof m———n
g J —
\ - — — ————
% 60 ,,' SL=2.2 pam\
~ 40} I \!
¥ H SL=1.7 pm\\
5 20f H \
<, Z , \!
0 2 4 6 8 10
5-
5 55
_
BF
6.5 . ,
0 4 6 8 10
Time [sec]

Fig. 6. The steady-state force depends on the history of contraction at short
SL, as observed in skinned fibers (13, 28). The free Ca>" concentration was
stepwise increased from pCa = 6.3 (relaxing concentration) to pCa = 5.6
(partial activation), then to pCa = 5.0 and thereafter stepwise decreased back
to the same partial activation level (pCa = 5.6), at two SLs: 1.7 and 2.2 pm.
At the same Ca" level (pCa = 5.6) the steady force was higher after being
exposed to higher free Ca®" level at the short SL. No hysteresis was obtained
at the long SL.
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sumption (22). Second, the same set of relatively few param-
eters (Table 1) describes both the CW and CCW hystereses,
whereas phenomenological models (31) require different sets
of parameters to describe the various observations.

Small-amplitude sinusoidal length oscillations (18, 32, 34),
of the order of 0.25% of the muscle length, have been used to
study the muscle dynamic stiffness in the presence of saturated
[Ca] or barium. These studies (18, 32, 34) were used mainly to
characterize the single XB dynamics and the kinetics of XB
turnover between the various biochemical conformations.
Campbell et al. (4) have presented a model that couples the
actin on-off kinetics with a three-state model of XB kinetics to
explain the effect of small-amplitude oscillations on the dy-
namic stiffness. Campbell et al. have shown that XB kinetics
alone cannot explain the observed negative phase in the dy-
namic stiffness, where the stiffness lags behind the length
changes, and suggest that such behavior should be attributed to
some cooperativity mechanism. The present study focuses on
the regulation of force development (and not the stiffness) and
relates to an experimental study that utilized large amplitudes
(26) of length oscillations. These large length perturbations
were well above the single XB stroke step (of ~5 nm) and
therefore the observations and the simulated hystereses relate
to the regulation of XB recruitment and the number of strong
XBs. Campbell et al. (4) have used the linearization technique
to describe the effect of small length oscillation (<1%). How-
ever, the system is highly nonlinear and the observations
described here were obtained at 10-fold larger amplitude than
those used (4) for the measurement of the dynamic stiffness.
The present model simulates the large changes in the SL and
free calcium in this nonlinear system, without linearization or
limitation to small changes.

In addition, Campbell et al. (4) have suggested that the SL
has no effect on the phase of the stiffness. However, the SL
showed significant effect when large length oscillations were
studied (26). Maximal phase shift was observed at small SL
(1.75 pm) and the phase of the CCW hysteresis decreased at
longer SLs. The present model clearly explains the effect of the
SL. The effect of the cooperativity mechanism decreases at
longer SLs (Eq. 32), whereas the effects of the mechanical
feedback (Eg. 19) or the viscous property of the XBs (8)
depend on the amplitude of length oscillation but not on the
absolute SL value. Hence the cooperativity dominates at short
SLs and its effect decreases at longer SLs.

The CCW hysteresis described here differs from the so-
called “work loop” obtained at physiological twitch contrac-
tions (3, 7). Different phase shifts during twitch contractions,
which were observed between the force and the imposed
muscle length oscillations, were also denoted as hystereses (10,
24). However, these hystereses at the force-length plane re-
sulted mainly from changes in the activation level during the
contractions. The term work loops (3, 7) is more precise for
these observations during twitch contractions, as these loops
describe the work done during the twitch contraction. The
hystereses studied here in the force-length plane were obtained
at constant activation level, utilizing tetanic stimulation. The
term hysteresis is used here for the length oscillations when,
for a given length (input), there are two or more finite force
values (output) while all the other controllable contractile
parameters, including the activation level, are constant.

H397

The mechanical feedback (21) and the XB viscous property
(8) produce only CW hysteresis in the present model. The
sarcomere shortening velocity affects the number of strong
XBs, through the mechanical feedback (Eq. 2), and the average
force per XB (Egq. ). During sarcomere shortening (V > 0), the
rate of XB weakening increases and the force decreases. The
opposite holds during lengthening (V < 0), and the force is
consequently larger during lengthening than during shortening
at the same SL, again due to the mechanical feedback. The XB
viscous property that determines the average force per XB
provides a similar effect: the force per XB is larger during
lengthening than during shortening. The differentiation be-
tween the role of the mechanical feedback and the XB viscous
property is of significant importance. Measurements of the
dynamic stiffness, which is proportional to the number of
strong XBs, allow distinguishing between the two. This re-
quired superimposing small amplitude (~3-5 nm) and high-
frequency oscillations (200 Hz) over the large length oscilla-
tions used for quantifying the feedback mechanisms. We have
found (26) that the dynamic stiffness, as measured from the
amplitude of the high-frequency oscillations (200 Hz), is mod-
ulated by the low-frequency oscillations; similar phase delays
appeared in the force-length and stiffness-length planes (Figs.
2—-4 in Ref. 26). CCW hystereses were obtained in the force-
length and in the stiffness-length planes at low frequencies, and
CW hystereses were observed in both planes at high frequen-
cies. These observations suggest that the feedback mechanisms
rather than the viscous properties play the key role in deter-
mining the hystereses phenomena.

The area within the force-length loop represents the total
work done. The CCW direction implies that the muscle does
work upon its load while a CW direction infers that work is
actually done on the muscle. CCW hysteresis can be explained
only by the existence of more XBs during the shortening phase
than during the lengthening phase of the SL oscillations.
Therefore, CCW hysteresis must be attributed to a cooperativ-
ity mechanism that regulates XB recruitment. The XB viscous
property and the mechanical feedback produce CW hystereses
that resemble the common appearance of CW hystereses in
various physical systems, e.g., viscoelastic and magnetic sys-
tems, where the energy dissipates as heat during the cycle. By
comparison, the muscle behaves as a shock absorber and
absorbs external energy at high frequencies, where the me-
chanical feedback dominates.

The present model suggests the existence of one dominant
cooperativity mechanism whereby calcium affinity is deter-
mined by the number of strong XBs (assumption 8). Other
types of cooperativity that depend on the SL (1) or [Ca] have
also been suggested (11). However, length-dependent mecha-
nisms (1) cannot explain a hysteresis at constant SL (13, 28)
and calcium-dependent mechanisms (11) cannot explain the
hysteresis in the FLR at constant free calcium. Only the
suggested cooperativity mechanism (20) can explain the hys-
tereses in the FLR as well as the force-calcium relationships.

While the existence of more than one cooperativity mecha-
nism cannot be ruled out, the dominance of the cooperativity
mechanism suggested here is supported by additional observa-
tions: it explains the “length-dependent calcium sensitivity”
(20), the steep cardiac FLR, the effect of loading conditions
and length perturbations on calcium transient (20, 21) and the
adaptive control of energy consumption (22) whereby the
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loading conditions (preload and afterload) affect XB recruit-
ment and energy consumption. However, despite the ability of
the present model to describe a wide spectrum of phenomena
at the cardiac fiber level (19-21, 23) as well as the global LV
level (20), it does have some limitations.

It is assumed here that the average force per XB is a linear
function of the shortening velocity, at steady state, but the
shortening velocity is not at steady state during sinusoidal
length oscillations. However, it can be assumed that for most
practical slow physiological contractions and the slow oscilla-
tions studied here, the average force per XB is in a quasi-steady
state because the dynamics of myosin head conformational
changes are by far faster than the length perturbations. The
force per XB is determined by conformational changes in the
myosin head and has a characteristic time response of <(0.25
ms, as observed in the T,-T, studies (17). The average force
per XB reaches the steady level within few milliseconds (8,
17). The model simulates the slow transient changes in the
force response to slow length oscillations. These changes are
determined by the slow kinetics involved in the regulation of
XB recruitment and XB weakening (rate constants of 10—40
s~ !, relating to go or f, respectively). Thus the fast kinetic that
determines the average force per XB is practically at steady
state during the slow sinusoidal length perturbations.

The exact form of the cooperativity function is still un-
known. It was assumed that calcium affinity depends on the
number of XBs (Eq. 3). Yet it is still unclear whether the
affinity depends on the number of XBs or on the force. It is
impossible to determine this point based on our present exper-
imental results, and a different experiment has to be designed
to solve this enigma. However, the slow transient changes in
[Ca] in response to fast length perturbation (2) suggest that
calcium affinity is indeed determined by the number of strong
XBs and not by the force or the number of attached XBs.

The model includes 12 parameters (Table 1), and their exact
values are not known. Also, [Ca] during the steady tetanus was
not measured (26) and the exact function of the cooperativity
mechanism is unknown. These severe limitations dictate that
we can only explain the phenomena in a qualitative manner.
Clearly, the ability to simulate the phenomena is the first step
in the pursuit of better understanding. The aims of the present
study were to define the effects of the suggested feedback loops
on the direction of the hystereses and to examine whether we
can explain the experimentally observed changeover from
CCW to CW hysteresis. Future studies, wherein the cooperat-
ivity function will be better defined and include the measure-
ment of [Ca], are clearly indicated.

The present simulation assumes that [Ca] is constant during
the imposed length oscillation. However, the simulated
changes in calcium affinity are expected to produce oscillations
in [Ca]. This phenomenon was ignored for the simplicity of the
simulation.

Our model assumes that the rate of XB weakening is a linear
function of the velocity, for both sarcomere shortening and
lengthening. The mechanical feedback plays the key role
during sarcomere lengthening and lengthening decreases the
rate of XB weakening. This hypothesis is consistent with our
observations (26) that the dynamic stiffness increases with
sarcomere lengthening.

The above-mentioned limitations do not impose a major
constraint on our hypotheses, although they present new ques-

IDENTIFICATION OF SARCOMERE CONTROL OF CONTRACTION

tions and challenges for further research, e.g., what is the real
nature of the cooperativity mechanism? Does the mechanical
feedback apply to sarcomere lengthening too, with the same
function and same coefficient?

In conclusion, the study identifies the role of the two feed-
back loops that modulate sarcomere contraction. The cooper-
ativity mechanism that regulates calcium affinity and XB
recruitment produces only CCW hystereses. The mechanical
feedback that regulates the rate of XB weakening generates
only CW hysteresis. The phase of the actual hysteresis depends
on the frequency of the oscillations and the interplay between
these two feedback loops. At low frequencies, the cooperativity
mechanism dominates. As the frequency increases, the short-
ening velocity increases and the mechanical feedback becomes
prominent. The changeover frequency form CCW to CW
hystereses defines the maximal rate at which the muscle can
adapt to the changes in the prevailing loading conditions by
modulating XB recruitment. Whereas the existence of other
cooperativity mechanisms cannot be completely ruled out, it
seems that the suggested cooperativity mechanism, whereby
calcium affinity is a function of the number of strong XBs, can
explain the existence of hystereses in both the force-calcium
and force-length planes. The analysis of these phenomena
strengthens our insight on the intercellular control of contrac-
tion, and leads to a better understanding of the cardiac function.
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