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The Mechanism of Spontaneous Oscillatory Contractions in Skeletal
Muscle
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ABSTRACT Most striated muscles generate steady contractile tension when activated, but some preparations, notably cardiac
myocytes and slow-twitch fibers, may show spontaneous oscillatory contractions (SPOC) at low levels of activation. We have
provided what we believe is new evidence that SPOC is a property of the contractile system at low actin-myosin affinity, whether
caused by a thin-filament regulatory system or by other means. We present a quantitative single-sarcomere model for isotonic
SPOC in skeletal muscle with three basic ingredients: i), actin and myosin filaments initially in partial overlap, ii), stretch activation
by length-dependent changes in the lattice spacing, and iii), viscoelastic passive tension. Modeling examples are given for slow-
twitch and fast-twitch fibers, with periods of 10 s and 4 s respectively. Isotonic SPOC occurs in a narrow domain of parameter
values, with small minimum and maximum values for actin-myosin affinity, a minimum amount of passive tension, and a maximum
transient response rate that explains why SPOC is favored in slow–twitch fibers. The model also predicts the contractile, relaxed
and SPOC phases as a function of phosphate and ADP levels. The single-sarcomere model can also be applied to a whole fiber
under auxotonic and fixed-end conditions if the remaining sarcomeres are treated as a viscoelastic load. Here the model predicts
an upper limit for the load stiffness that leads to SPOC; this limit lies above the equivalent loads expected from the rest of the fiber.
INTRODUCTION

Spontaneous oscillatory contraction, or ‘‘SPOC’’, in striated

muscle and muscle fibers is not a new phenomenon. It was

first observed by Fabiato and Fabiato (1) in cardiac muscle

and by Stephenson and Williams (2,3) in skeletal muscle

(rat soleus), in both cases at low levels of activation by

calcium (pCa h �log10[Ca2þ] > 6). When the ends of the

fiber were fixed, the observed oscillations in fiber tension

were accompanied by nonuniform oscillatory changes in

the lengths of short segments of the fiber, showing a charac-

teristic wave-like motion (4). In skeletal muscle, SPOC is

observed commonly in slow fibers, with a period of 3–10 s

at room temperature; in fast fibers SPOC has been observed

in a very narrow range of calcium levels (5), with periods of

1–2 s. In skeletal muscle, SPOC is observed only in a range

of sarcomere lengths where the thick and thin filaments are

not in complete overlap (3,5), which at high activation gener-

ates the descending limb of the tension-length curve (6,7).

Early observations of SPOC were confined to submicromo-

lar Ca2þ levels, suggesting that the phenomenon was a prop-

erty of the thin-filament Ca2þ-regulatory system as well as the

contractile apparatus. At low calcium, isometric tension can

increase with sarcomere length on the descending limb

because of increased contractile activation at longer lengths,

the so-called stretch activation effect (3,8). We did propose

a model of SPOC based on sarcomere-length-dependent

changes in Ca2þ-sensitivity of the regulatory system, in which

the time delay was responsible for the SPOC period (9).

However, the equilibration times for tropomyosin move-
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ments, and troponin-I movements between actin and TnC,

are both under 2 ms (10,11), which is much too fast to account

for the period of oscillations, typically ~5 s in slow fibers.

Moreover, more recent experiments show that thin-filament

Ca2þ-regulation is not a necessary ingredient of the mecha-

nism of SPOC. Ishiwata et al. (12) have shown that SPOC

could be induced in the absence of Ca2þ by adding mM

ADP. Similarly, we have observed SPOC in skinned rat soleus

fibers in the absence of Ca2þ by using low ionic strength to

raise actomyosin affinity to the required level (Fig. 1).

Conversely, Ishiwata and colleagues observed spontaneous

oscillatory contractions in cardiac muscle fibers with added

inorganic phosphate (Pi) (13) and in reconstituted fibers

with no regulatory proteins, when actin-myosin interactions

were inhibited by the addition of 20 mM 2,3-butanedione

monoxime (14). Thus SPOC must be an intrinsic property

of the contractile system when actin-myosin binding is

reduced, either in the presence of the troponin-tropomyosin

regulatory system at low calcium, or in other ways.

Starting from these insights, we have constructed what we

believe is a new model in which SPOC in skeletal muscle is

predicted by the contractile system at low levels of activa-

tion, whether by low [Ca2þ] or changes in ionic strength,

2,3-butanedione monoxime, ADP, or Pi. The key ingredients

of the model are i), sarcomeres with partially overlapping

filaments where the number of myosins interacting with

F-actin decreases linearly with sarcomere length, ii), stretch

activation as a property of the contractile system, and iii),

passive tension displaying viscoelastic properties as shown

in Fig. 2 A. Stretch activation as a property of the contractile

system can be generated by a decrease in lattice spacing with

increasing length (15–17) and hence a thermally activated

increase in actin-myosin affinity and binding rate, as shown
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recently in the presence of mM ADP (18). Activation by

Ca2þ can then be described entirely in terms of its effects

on actin-myosin interactions. With regulated F-actin, the

strength of these interactions increase with the free Ca2þ

concentration, but the thin-filament regulatory system as

such is not part of the model. The passive tension component

FIGURE 1 Representative isometric force responses from a mechanically

skinned type I (slow-twitch) soleus muscle fiber of the rat (average sarco-

mere length 2.8 mm) at 25�C and [Ca2þ] < 10 nM when transferred from

a standard ionic strength (G/2¼ 225 mM) relaxing solution used in our labo-

ratory (2) ([Ca2þ] < 10 nM) to a low ionic-strength relaxing solution (G/2¼
61 mM; [Ca2þ]< 10 nM; EGTA, 12.5 mM; ATP, 2 mM; [Mg2þ], 0.75 mM;

creatine phosphate, 2.5 mM; HEPES, 22.5 mM; [Naþ], 9 mM; [Kþ],

32 mM; pH ¼ 7.10) at the time indicated by arrow 1. At arrow 2, the fiber

was transferred back to the standard ionic strength relaxing solution and at

arrow 3, the fiber was transferred to the low ionic strength, maximally

Ca2þ-activating solution with 12.5 mM Ca-EGTA ([Ca2þ] ~30 mM). The

dotted lines below traces indicate the zero force level.
displays hysteresis when measured at increasing and

decreasing lengths due to unwinding/unfolding and rewinding/

refolding of the titin molecules that connect myosin filaments

to the Z-lines (19,20). This property is mimicked by assuming

that passive tension is linearly viscoelastic.

The most ordered form of SPOC, in which all sarcomeres

oscillate in synchrony, has been observed in a single myofi-

bril under isotonic conditions (21), which suggests that

a single-sarcomere model at constant force is a reasonable

starting point for modeling. Its dynamics can be character-

ized by just two functions of time, namely myosin-generated

tension TM(t) for a fixed number of myosins in overlap, and

sarcomere length L(t). The model also requires passive

tension as a function of sarcomere length and velocity, and

the fraction of myosins in overlap as a function of length;

both these functions are well characterized experimentally.

Under isotonic conditions, this model works as follows.

When a muscle is activated and then held at a constant

load F, there is a corresponding half-sarcomere length

Lo(F) at partial overlap for which this force is exactly

balanced by the sum of active and passive tensions in the

half-sarcomere (Fig. 3 A); this length defines a fixed point

of the system, namely a steady state that is maintained if

nothing is disturbed. This fixed point can be stable or

unstable to small perturbations.

1. At high levels of activation, there can be three fixed points

for a given load because the net isometric tension T0(L) at

partial filament overlap is a decreasing function of L
(Fig. 3 A). The fixed points on the ascending limb and

near zero overlap are stable, because the slopes of the

T0(L) curve at these points are positive and therefore,

displacements from the fixed point generate a restoring

force. However, the fixed point on the descending limb
FIGURE 2 Elements of a single-sarcomere model for

SPOC. (A) Isometric properties against sarcomere length

L. The fraction r(L) of actin and myosin filaments in over-

lap as a function of sarcomere length, showing the

ascending limb, a plateau at full overlap between L1 and

L2, and the descending limb out to zero overlap at length

L3 (6,7). At full activation, the net myosin tension is

proportional to overlap. Passive tension is an exponentially

increasing function (Eq. 1), depending on the velocity of

length change (up and down arrows indicate þve and

�ve velocities). (B) Myosin affinity for actin , K(L) is

assumed to increase with sarcomere length (Eq. 5) because

the lattice spacing decreases, until myosins span the lateral

spacing between myosin and actin filaments at a length L*.

(C) The titin-based mechanism of Cazorla et al. (15) for

stretch activation. If slack titin filaments (16), shown in

black, bind to the surrounding F-actins near the Z-line,

radial forces develop at longer sarcomere lengths that

will decrease the lattice spacing d. This decrease is

observed in both cardiac and skeletal muscles (15,17)

and is approximately linear in L with slope g, permitting

stronger myosin-actin binding if the myosin rod bends under thermal activation. Thus K(L) ¼ K*exp(�krod(d � d*)2/2kBT) (kB ¼ Boltzmann constant,

T ¼ absolute temperature) is the myosin affinity for d > d*, where L < L*. Hence D ¼ krodg2/kBT in Eq. 5 of the main text. (D) A cartoon of the single sarco-

mere coupled to an auxotonic load, defined by an elastic element of stiffness kS and a dashpot with damping constant mS.
Biophysical Journal 96(9) 3682–3691
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is unstable; any small increase in length will magnify the

drop in force, causing the sarcomere to pop out to the

stable fixed point at the longer sarcomere length (22).

Similarly, a small decrease in length will cause the sarco-

mere to shorten to the fixed point on the ascending limb.

FIGURE 3 The mechanisms for popping and SPOC behavior under

isotonic conditions. (A) Net isometric tension T0(L) as a fraction of maxi-

mally activated plateau tension T00 versus sarcomere length L, at high and

low levels of activation (K2 ¼ 20 and 0.25). In each case there is a constant

load F (0.91T00 and 0.22T00) that intersects the tension curve at the same

length L0 ¼ 2.7 mm on the descending limb; this intersection is a fixed point

of the system. For the upper curve, the slope at this fixed point is negative

and the system is unstable as indicated by the arrows. For the lower curve,

the slope is positive but the stability of the fixed point remains in question if

stretch activation contributes to the rise in tension beyond L0. (B) At the

lower level of activation, SPOC can occur because stretch activation only

contributes to active tension after a time delay to give the active component

TA0(L) ¼ r(L)TM0(L) of isometric tension. Starting at L0, the active compo-

nent of isometric tension before myosins detach kinetically and rebind is

Teff
A0ðLÞ ¼ rðLÞTM0ðL0Þ, which decreases with L. As a function of time,

the active tension TA(t) attempts to move between these curves, and the

heavy curve is a phase-plane plot produced by the model. Equal and oppo-

site changes in passive tension TP(L(t)) (not shown) are required to maintain

the isotonic condition.
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2. At very small levels of activation, there is only one fixed

point, which is stable because passive tension predomi-

nates and passive tension is an exponentially increasing

function of sarcomere length (15,23).

3. In between, there is a range of activation levels in which

net isometric tension increases with sarcomere length L in

the region of partial overlap, but active tension is present

(Fig. 3 A). As L increases above the fixed point L0,

isometric active tension would follow the overlap fraction

down to small values if bound myosins detached from

actin only when they moved out of overlap (the lower

curve of Fig. 3 B). However, some myosins in the overlap

zone will detach by binding ATP, and in the presence of

stretch activation they will rebind more strongly at the

new length. The sarcomere would then attempt to move

toward the true steady-state active tension at the current

length (the upper curve of Fig. 3 B); there is an instability

generated by the time delay from myosin cycling before

stretch activation at the new length can take effect. This

instability will generate maintained length oscillations

(SPOC) if net isometric tension rises above the load at

longer lengths; this can happen solely because of stretch

activation, or from stretch activation in conjunction

with viscoelastic passive tension.

Under isotonic conditions and in the absence of inertial

forces, the constant force supplied at the ends of the fiber

is transmitted equally to all sarcomeres, whose lengths

should oscillate in phase unless structural inhomogeneities

are present. SPOC has also been observed under auxotonic

conditions, where there is a damped elastic load (24). Here

the sarcomeres do not oscillate strictly in phase and a wave-

front propagates repeatedly down the fiber. In these cir-

cumstances, a multisarcomeric model is required, but the

single-sarcomere model should still be qualitatively correct

for one sarcomere if the remainder of the fiber is approxi-

mated by a spring and dashpot in parallel. Then the model

shows that SPOC can occur under a wide range of auxotonic

boundary conditions such as might arise from the rest of the

fiber. This approach should also predict SPOC in fixed-end

fibers, observed as periodic oscillations in fiber tension.

The Model

For a single sarcomere with length L(t) at time t, the net

tension T(t) in the cross-section of the fiber can be written as

TðtÞ ¼ rðtÞTMðtÞ þ TPðLðtÞÞð1 þ mPvðtÞÞ; (1)

where the subscripts M and P refer to active and passive

components respectively, and v(t) ¼ dL/dt is the velocity

of lengthening. Here r(t) is the fraction of myosin heads in

overlap with actin filaments, so TM(t) is active tension after

the number of myosins in overlap has been scaled up to

the total number present. It is assumed to satisfy the rate

equation
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_TMðtÞ ¼ �rðLðtÞÞ
�

TMðtÞ � TM0ðLðtÞÞjðvðtÞÞ
�
; (2)

which provides a single-rate description of the slowest

(phase-4) tension response to length changes (25). Here

TM0(L) is the scaled isometric tension at length L, and

jðvÞ ¼ 1 þ av

1 þ b� jvj
(3)

is a suitable multiplier for steady-state tension as a function

of v. For v < 0, this function is equivalent to Hill’s equation

(TM þ a)jvj ¼ b(TM0 � TM), with a h b�1(1 þ a/TM0) and

b�h 1/b (26). For v> 0, a different value of bþ can be used

to generate a suitable tension-velocity curve for steady

lengthening (27). For passive tension, the isometric tension

TP(L) can be represented by the exponential function

TP0exp(x(L � L3)) where L3 is the length for zero overlap

(Fig. 2 A). In Eq. 1, the passive component is linearly visco-

elastic with a viscous coefficient mP.

The model also requires the equilibration rate r(L) and

isometric tension TM0(L) as functions of L. We assume that

both functions are generated from a length-dependent

myosin-actin affinity K(L) that expresses an appropriate model

of stretch activation. The simplest approximation is to set

rðLÞ ¼ ðKðLÞ þ 1Þg; TM0ðLÞ ¼
KðLÞ

KðLÞ þ 1
T00 (4)

in terms of a constant actomyosin dissociation rate g and

a binding rate K(L)g. Thus, T00 is maximally activated

myosin tension at full overlap, which can be associated

with a fiber, unit cross-sectional area of fiber or a single

myosin filament. To avoid these choices, tension is measured

in units of T00.

Our preferred model of stretch activation involves a radial

compressive force generated by titin-actin linkages near the

Z-line (Fig. 2 C), as observed in skinned fibers (15). It leads

to a lattice spacing that decreases linearly with sarcomere

length, and hence a length-dependent actomyosin affinity

of the form

KðLÞ ¼ K�exp
�
� DðL� L�Þ2=2

�
; (5)

for L < L* (legend to Fig. 2). To be specific, let K(L) ¼ K*

when L > L*. The coefficient D can be expressed in terms

of the bending stiffness of the S2 rod connecting dimeric

myosin to the thick filament, and the slope of the lattice

spacing as a function of sarcomere length, as described in

the figure legend. In an intact fiber, the average lattice

spacing must also decrease with sarcomere length to main-

tain constant volume.

The single-sarcomere model is completely defined by Eqs.

1–5 and a boundary condition for the effect of an external

load. The most general boundary condition is auxotonic,

with a damped elastic load. Then

TðtÞ ¼ F� kSLðtÞ � mSvðtÞ; (6)
where F is the load supplied at zero sarcomere length. This

load could be generated elastically by setting the resting

length of the elastic element, or it could be supplied indepen-

dently (Fig. 2 D). In the latter case, isotonic conditions are

recovered when kS ¼ mS ¼ 0.

Equations 1 and 6 combine to yield a single equation for

L(t), namely

_LðtÞh vðtÞ ¼ F� rTMðLÞ � TPðLÞ � kSL

mS þ mPTPðLÞ
; (7)

and Eqs. 2 and 7 are a closed pair of coupled first-order

differential equations for the dynamical behavior of the

model. Equation 7 shows that the viscous component of

passive tension is essential to give a finite velocity response

in the isotonic case.

Predictions

Numerical studies of the single-sarcomere model confirm

that SPOC is a rare phenomenon. In most cases, an isotonic

sarcomere at partial overlap of filaments is either stable, or it

moves rapidly to near zero overlap or the ascending limb, de-

pending on the direction of the original displacement from

the fixed point. However, the model does generate length

oscillations for a range of activation levels defined by

myosin-actin affinity K2 at full filament overlap (2.6 mm),

with realistic values for the stretch activation coefficient D
and the parameters TP0, x, mP of passive tension. We present

some examples and then the results of a method for locating

SPOC behavior in parameter-space.

Examples for fast and slow fibers

Fig. 4 A shows an example of spontaneous oscillations in

sarcomere length from the single-sarcomere model under

isotonic conditions, starting from a sarcomere length of

2.7 mm on the descending limb. The parameter values have

been chosen to simulate a slow-twitch fiber such as rat/mouse

soleus at 20�C, and are listed in Table 1. Note especially the

low value of g (0.2 s). Steady oscillations develop after one

cycle, and are maintained indefinitely with a period of 10.7 s.

The waveform is asymmetric, where most of the lengthening

phase is faster than the shortening phase. However, the initial

lengthening is slower when the sarcomere has been driven

into full overlap (L < 2.6 mm), because the descending limb

is not present to accelerate lengthening. Oscillations of equal

amplitude and opposite phases are present in active and

passive tension, so that their sum is constant.

For a fast fiber, the myosin detachment rate g was

increased by a factor of four, and a (the slope of the normal-

ized tension-velocity curve for shortening) was reduced from

1.5 mm�1 to 0.3 mm�1 to raise contractile tension in short-

ening. A threefold increase in unloaded shortening velocity

was imposed by changing the value of b�. Oscillations

ensued (Fig. 4 B) without changing any other parameter

values, with a period of 4.4 s after the growth phase.
Biophysical Journal 96(9) 3682–3691
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FIGURE 4 SPOC waveforms for sarcomere length L(t)

(solid line) and scaled myosin tension TM(t) (points) from

the single-sarcomere model with the parameter values of

Table 1. (A) Slow fiber, isotonic load. (B) Fast fiber,

isotonic load. (C) Slow fiber, auxotonic load with kS/T00 ¼
0.01 mm�1, mS/kS¼ 0.5 s�1. (D) Fast fiber, same auxotonic

load. All waveforms start from the fixed point at 2.7 mm,

perturbed by an initial length change of 0.01 mm.
For an auxotonic load, the conditions for SPOC are

more restrictive as there is an extra restoring force to limit

oscillations in sarcomere length. There is an upper limit to

the stiffness of the load for which the single-sarcomere

model develops oscillations. The examples shown in

Fig. 4, C and D, were generated with kS/T00 ¼ 0.01 mm�1

and mS/T00 ¼ 0.005 s/mm. To get oscillations, it was neces-

sary to increase the value of K2 from 0.25 to 0.30. The

periods of oscillation (11.0 s and 4.7 s for the fast and

TABLE 1 Model parameters for slow and fast fibers

Parameter Slow fiber Fast fiber

L0 (mm) 2.7 2.7

L1 (mm) 2.4 2.4

L2 (mm) 2.6 2.6

L3 (mm) 4.0 4.0

L* (mm) 3.6 3.6

K2 0.25 (0.3) 0.25 (0.3)

G (s�1) 0.20 0.80

D (mm�2) 1.0 1.0

a (mm�1) 1.5 0.30

b� (mm�1) 1.3 0.23

bþ (mm�1) 1.5 0.30

TP0/T00 1.0 1.0

x (mm�1) 3.0 3.0

mP (s/mm) 1.25 1.25

kS/T00 (mm�1) 0 (0.01) 0 (0.01)

mS/T00 (s/mm) 0 (0.005) 0 (0.005)

Parameters are nominally for rat soleus and rat EDL at 20�C, which gener-

ated the SPOC waveforms shown in Fig. 4. The value of the stretch-activa-

tion coefficient D corresponds to krod¼ 0.11 pN/nm for the bending stiffness

of the myosin-S2 rod and g ¼ 0.006 (15). A much smaller value of krod in

solution (28) suggests that myosin-S2 is much stiffer in the electrostatic

environment of the sarcomere. As described in the main text, the values

of a and b� correspond to values of 0.14 (slow) and 0.28 (fast) for the

Hill parameter a/T0, and to unloaded contraction velocities of 5.0 mm/s

(slow) and 14.3 mm/s (fast) per sarcomere (29). Choosing bþ ¼ a gives

a steady contractile tension of 2T0 at large stretch velocities. Observed values

of x range from 6 to 2 mm�1 (3,23,30), and the value of mP is similar to that

suggested by Denoth et al. (32). The entries are primarily for isotonic

SPOC. Entries in parentheses indicate the changes made for SPOC under

auxotonic conditions.
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slow fiber models) are very similar to the isotonic values,

but for the fast fiber the growth rate in this example is very

slow.

Although these examples show that the model can

generate spontaneous oscillatory contractions, the values of

all parameters have been carefully chosen to fit experimental

data or to illustrate the model. These examples do not show

the sensitivity of the model, in particular variations in the

period of oscillation, growth rate, and waveform, to changes

in parameter values, which are considered in the next subsec-

tion. Finally, in the concluding discussion we consider the

relevance of the single-sarcomere model to SPOC as

observed in real muscle fibers or myofibrils.

Phase diagrams for SPOC

To locate the values of model parameters that give SPOC

behavior, it is essential to use a stability analysis of the

fixed-point on the descending limb, as in Appendix SA in

the Supporting Material. Here we summarize the results of

this analysis in terms of phase diagrams in parameter space,

referring to the functions A, B, and D where A and B are the

trace and determinant of the stability matrix and D¼ 4B� A2.

The fixed point is stable when A < 0 and B > 0, which in

practice occurs at very low activation and corresponds to

relaxed muscle. When the fixed point is unstable, SPOC is

expected when A > 0 and D > 0; otherwise, the sarcomere

pops to the stable fixed point at longer lengths or on the

ascending limb. Our results confirm that SPOC occurs in

a narrow domain of parameter values.

The boundaries between the relaxed, popped, and SPOC

phases have been calculated as a function of model parame-

ters for auxotonic conditions. The model contains 16 param-

eters, of which four (L1, L2, L3, L*) are treated as fixed

structural parameters of the muscle (Table 1). Of the

remainder, bþ and b� are eliminated by linearization about

the fixed point, and it turns out that the effects of a and g
are approximately described by their product h ¼ ag. The

remaining eight parameters are F, K*, D (the stretch-activation
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FIGURE 5 Phase diagrams for the isotonic sarcomere,

showing the relaxed, popped, and SPOC phases (R, P, S)

and their boundaries as functions of selected model param-

eters. The values of constant parameters are for the slow

fiber in Table 1. (A) The phases in (h, K2, D) space where

h ¼ ag is varied at constant a. The dark (red online), inter-

mediate (green online), and light (yellow online) surfaces

are the phase boundaries A ¼ 0, B ¼ 0, or D ¼ 0

respectively, as defined in Appendix SA. SPOC lies

between the left-hand branches of the dark (red online)

and light (yellow online) surfaces above their line of inter-

section, which define a minimum value of D. (B) A hori-

zontal slice of the previous graph at D ¼ 1.0 mm�2,

showing the dependence on h and K2. The arrows define

regions where A, B, or D> 0. (C) Phases in (h, K2, D) space

where h ¼ ag is varied at constant g. (D) Intersections of

the above plot with the plane D ¼ 1.0 mm�2.
coefficient), the passive tension parameters TP0/T00, x, mP and

the load parameters kS, mS. F is related to the sarcomere length

L0 of the fixed point by the equation F¼ T0(L0)þ kSL0 where

T0(L)¼ r(L)TM0(L)þTP(L). Calculations were made only for

the fixed point on the descending limb (L2 < L0 < L3), and

were organized as follows, using the parameter values of

Table 1 as a control. Items 1–6 apply to isotonic SPOC, where

kS ¼ mS ¼ 0.

1. Phase boundaries were first calculated as surfaces in the

space (h, K2, D) of the three key parameters, which deter-

mine the response rate, actin-myosin affinity, and the

strength of stretch activation, respectively. Here K2 ¼
K(L2), the affinity at the longer end of the region of full

overlap (Fig. 2 B); the quantity K* follows from Eq. 5.

These surfaces are shown in Fig. 5 A, and show that

a minimum amount of stretch activation (D> 0.64 mm�2)

is required for SPOC. A clearer picture emerges if solu-

tions are calculated in a horizontal plane. Fig. 5 B shows

the phase boundary lines as a function of h and K2 for

a slightly higher value of D. The lines A ¼ 0 and D ¼ 0

are both re-entrant, as expected from Fig. 5 A, and the

region A > 0, D > 0, which generates the SPOC phase,

puts global minimum and maximum values of 0.09 and

0.50 on K2, and a global maximum of 0.35 on h. However,

for h < 0.35 the minimum and maximum values of K2 lie

closer together. Thus, SPOC is a phenomenon confined to

a narrow range of low activation levels. Furthermore, the

restriction on h suggests that SPOC is favored for slow-

twitch muscles where the phase-4 rate g is under 1 s�1 (25).

2. Fig. 5 B also shows that the slope of the tension-length

curve T0(L), which determines the sign of B, is not a deter-
minant of SPOC. Both the SPOC and relaxed phases

occur when B > 0, where the slope of the tension-length

curve is positive. Moreover, the transition from negative

to positive values of B as K2 is lowered does not neces-

sarily correspond to a phase transition; for h < 0.34 the

boundary B ¼ 0 merely signals popping from an unstable

node rather than popping from a saddle point, whereas for

h > 0.34 this boundary marks the division between the

popped and relaxed phases. Equally, the transition from

negative to positive values of D can mark the difference

between two kinds of relaxed phase, stemming from

a stable spiral or a stable node, whereas for h < 0.34

the upper branch of the line D ¼ 0 separates the popped

and SPOC phases. In practice, these different kinds of

a single phase may not be observable.

3. The values of h ¼ ag in Fig. 5, A and B, were generated

with a fixed value of a, as in Table 1. Those in Fig. 5, C
and D, were generated with a fixed value of g, again as in

the table. They are similar in character, but at low values

of h the range of activation levels for SPOC is less con-

strained when caused by a low value of a (Fig. 5 D)

than by a low value of g (Fig. 5 B).

4. The effects of changing the initial sarcomere length L0

were calculated in terms of phase boundary lines in the

(L0,K2) plane. Fig. 6 A shows that the SPOC phase is

confined to sarcomere lengths near full overlap, with

the widest range of activation levels occurring when L0

just exceeds L2 ¼ 2.6 mm. The maximum initial length

for SPOC was 2.87 mm. Although stretch activation is

stronger at this length, this phase boundary cannot be

extended by changing the parameters of passive tension.
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5. Phase boundaries as a function of the strength of passive

tension and myosin affinity are shown in Fig. 6 B. Again,

there are minimum and maximum values of affinity for

FIGURE 6 (A) The phases as a function of affinity K2 and the sarcomere

length L0 at the fixed point. (B) Similarly, showing the dependence on the

strength of passive tension TP0 relative to maximum active tension T00 on

the plateau. Control values and labels for phases and their boundaries are

defined in Fig. 5.
Biophysical Journal 96(9) 3682–3691
a given value of TP0/T00, with the largest range achieved

when TP0/T00 > 1.0. The plot was not continued to higher

values because they are generally not found in unfatigued

muscle. The coefficient mP determines the ratio of viscous

to elastic responses in passive tension, and was set at

3.0 s/mm throughout (31).

6. The occurrence of SPOC and the shape of its waveform

are not sensitive to the parameters b� that control the

shape of the tension-velocity curve at large velocities,

either in shortening or lengthening. This is confirmed

by the waveforms in Fig. 4, which show that the

maximum speed of length change is under 0.5 mm/s, an

order of magnitude below the unloaded shortening veloc-

ities of 5 mm/s and 15 mm/s.

When the SPOC phase in parameter space has been located,

it is of interest to calculate the growth rate A/2 and the initial

frequency (in radians/s) of oscillation (D/4)1/2 (see Appendix

SA) as a function of selected parameters. As a function of L0,

the growth rate and frequency are fastest when L0 R L2, near

full overlap (Fig. 7). As a function of K2, the growth rate is

zero and the oscillation frequency is a maximum at the

minimum value of K2 for the SPOC domain in Fig. 5, B and

D, where A ¼ 0. Conversely, the growth rate is a maximum

and the oscillation frequency is zero at the maximum value

of K2 for SPOC, where D ¼ 0. Thus the fastest oscillations

are expected at the lowest level of activation in the SPOC

range and near full filament overlap, whereas there seems to

be no lower limit to the frequency.

For auxotonic SPOC, there is a global maximum stiffness

to the elastic element of the load. For example, kS/T00 <
0.032 mm�1 in Fig. 8 A, where the corresponding damping

constant mS was set by choosing mS/kS ¼ 0.5 s�1. The phase

boundaries are relatively insensitive to the value of this ratio.

DISCUSSION

Under isotonic conditions, the single-sarcomere model, in

which all sarcomeres are assumed to oscillate in phase,

predicts spontaneous oscillations essentially as observed by
FIGURE 7 Contour plots for the growth rate (A) and

frequency (B) of length oscillations of the isotonic slow

fiber, as a function of myosin affinity K2 at length L2 and

sarcomere length L0 at the fixed point. In A, the region

below the zero-rate contour is the relaxed phase. In B,

the frequency of oscillation falls to zero as K2 increases

to the S-P boundary line shown in Fig. 6 A. Control values

are for the slow fiber of Table 1.
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Yasuda et al. (21) for a skeletal myofibril, where all sarco-

meres oscillate in phase. The observed cycle of length oscil-

lation has a period of 2.0–2.6 s for different force levels, with

a rapid rise in length followed by a slow fall. The predicted

waveform for a fast fiber (Fig. 5 B) has a similar period but

differs in shape; the rise rate is not so fast, probably because

the actin-myosin kinetics of the model have been simplified.

SPOC is observed at different force levels under conditions

where the average length increases with force, but the fila-

ments remain in partial overlap, similar to the lower tension-

length curve on the descending limb in Fig. 3 A. Passive

tension is present but falls to very small values at the minimum

length of the cycle (Fig. 3 A), also as observed (3).

Under auxotonic conditions, the single-sarcomere model

predicts a maximum load stiffness for the occurrence of

SPOC. Here the model can be tested against the myofibril

FIGURE 8 (A) The phase boundary for auxotonic SPOC as a function of

normalized load stiffness kS/T00 for the slow fiber of Table 1. The damping

constant mS of the load was varied in proportion to kS. (B) The effective stiff-

ness keff and damping constant meff of a single sarcomere for slow length

changes, calculated from Eqs. B3 in Appendix SB for the slow-fiber param-

eters of Table 1. At full activation (K2 >> 1), keff is much larger, for

example 20 nN/mm per myofilament on the plateau of the tension-length

curve if T00 ¼ 0.4 nN per myofilament. The instantaneous stiffness of active

muscle (58 nN/mm per myofilament for rabbit psoas muscle (33) is larger

again. At large sarcomere lengths, keff is dominated by passive tension

and meff/keff z 0.5 s�1 as in Table 1.
experiment of Anazawa et al. (24), with 36 sarcomeres and

a microneedle load with kS ¼ 10 nN/mm, mS ¼ 0.33 nN �
s/mm. If there were just one sarcomere, the equivalent

normalized stiffness kS/T00 would be 0.36 mm�1 after multi-

plying by 36 and dividing by isometric tension at full activa-

tion (say 1000 nN for a bundle of diameter 3 mm). Thus the

model fails this test; the above value of kS/T00 is an order of

magnitude above the predicted upper limit of 0.032 mm�1.

To sharpen the paradox, note that SPOC is also observed

in fixed-end fibers, where the stiffness of the load is set by

the tension transducer (typically 105 nN/mm). For a fiber of

diameter 50 mm, T00 ~4 � 105 nN, so kS/T00 z 200 mm�1

for a 2 mm fiber with 800 sarcomeres, which is four orders

of magnitude above the upper limit. In the sense of the

model, neither experiment is weakly auxotonic.

Why is SPOC observed experimentally when the stiffness

of the load exceeds the upper limit predicted by the model?

The answer is that SPOC is a multisarcomeric phenomenon;

each sarcomere moves in response to an equivalent auxo-

tonic load consisting of all other sarcomers acting in series

with themselves and with the external load. Although all

sarcomeres ultimately oscillate, the single-sarcomere model

can be applied if the other sarcomeres can be represented by

passive mechanical elements, here taken to be a spring and

dashpot in parallel. Estimates for the equivalent stiffness kS

and damping constant mS of the fiber can be made from

the single-sarcomere model, using formulae derived in

Appendix SB and graphed in Fig. 8 B. The figure shows

that the average value of kS/T00 per sarcomere over the

range of length-oscillation in Fig. 4 A is <0.2 mm�1. For

36 sarcomeres in series, the equivalent normalized stiffness

is 0.0056 mm�1, which is less than the maximum value of

0.032 mm�1 predicted for a slow fiber by a comfortable

margin, even for a fixed-end fiber. Similar estimates apply

if the rest of the fiber has not started to oscillate. The value

of mS was set at 0.5kS, which is correct at longer lengths

(Fig. 8 B).

When viewed in this light, the difference between nearly

isotonic and fixed-end boundary conditions for the whole

fiber appear to be less important, and attention should instead

be focused on any initial inhomogeneity of the sarcomeres,

and how a wavefront is able to propagate. These matters

are properly addressed by a multisarcomeric model with

a suitable interaction between adjacent sarcomeres, which

might also explain why the single-sarcomere model does

not generate tension oscillations of sufficient amplitude

under auxotonic conditions. Note also that the predicted

length-oscillation waveforms in Fig. 4 do not show the rapid

lengthening that is sometimes observed (4,19); this defi-

ciency is related to actomyosin kinetics (27) and is a result

of restricting transient myotension responses to the slowest

component in Eq. 2. In practice, rapid lengthening is ex-

pected when the load F exceeds the maximum steady-state

tension (1 þa/bþ)T0(L) for lengthening, which could occur

near the minimum length of the SPOC cycle.
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3690 Smith and Stephenson
The power of the model is best shown by its ability to

predict known conditions for the existence of SPOC. The

predicted phase diagrams in Fig. 5 agree with observations

that limit SPOC to a low-[Ca2þ] domain (2,5), which is spec-

ified in the model by a range of myosin affinities K2. The

ratio of SPOC frequencies observed in slow and fast fibers

was 0.19 (31), which compares well with the predicted

dependence of the SPOC frequency on g in Fig. 8, where

the ratio between the g values for slow and fast fibers is

0.25 (Table 1). Furthermore, an increase in temperature

from 22 to 35�C increased the frequency of SPOC in slow

fibers three- to fivefold (2), in line with the increased myofi-

brillar ATPase. A decrease in temperature from 22 to 5�C
reduced active tension by a factor of three (2), which raises

the ratio of passive to active tension by the same factor

and leads to the abolition of SPOC as predicted in Fig. 6 B.

Conversely, a reduction in the passive component by deter-

gent treatment produces a reduction in the SPOC frequency

(31), which is predicted by Fig. 6 B.

Ishiwata et al. (12) have also measured a phase diagram

for the contractile, relaxed, and SPOC phases as a function

of Pi and ADP levels in the absence of calcium. Their find-

ings are summarized as follows: the contractile phase occurs

at ADP levels above a threshold value and can be converted

to the SPOC phase by adding Pi or removing ADP, whereas

relaxed behavior is always found at subcritical levels of

ADP. These findings agree with the phase diagram in

Fig. 5 B if K2 is a decreasing function of [Pi] and g is

a decreasing function of [ADP]. Starting from the lower-

left part of the popped (contractile) phase in Fig. 5 B, the cor-

responding maneuvers are to decrease K2 or increase h¼ ag,

both of which lead to the SPOC phase. A further increase in

ag leads to the relaxed phase. However, the relaxed phase is

replaced by the popped phase when K2 is increased above

0.5. Such high values of K2 may not be reached by reducing

the phosphate concentration, which has a logarithmic effect

on actomyosin affinity and isometric tension. Note that

added Pi can also convert the SPOC phase to the relaxed

phase in bovine cardiac muscle (13).

CONCLUSIONS

We conclude that in skeletal muscle, SPOC is indeed a sepa-

rate phase of the muscle in the presence of ATP, confined to

sarcomere lengths on the descending limb with partial fila-

ment overlap (3,5). In terms of levels of activation, SPOC

lies between the relaxed phase at very low activation

(K2 < <1), and the popped phase at high activation (K2 > 1)

where sarcomeres on the descending limb have moved either

toward zero overlap or the ascending limb. At intermediate

levels, the inherent instability of a fixed point on the de-

scending limb can be converted from popping to SPOC

behavior by a stretch-activation mechanism, which cures

the instability after the time delay required for heads to

detach and rebind. Viscoelastic passive tension is generally
Biophysical Journal 96(9) 3682–3691
required to make lengthening sarcomeres turn around and

start the shortening phase of a cycle of oscillation.

Our single-sarcomere model recognizes that SPOC is

solely a property of the contractile apparatus, namely actin

filaments in interaction with myosin heads that hydrolyze

ATP. Thus the effects of the regulatory system, which under

physiological conditions limit SPOC to a range of low

[Ca2þ] levels, can be described solely in terms of their effects

on actin-myosin affinity, as long as that affinity is boosted at

longer lengths by a stretch-activation mechanism within the

contractile system. This remarkable conclusion is supported

by the three examples of regulatory decoupling given in the

introduction. The model also predicts the occurrence of

SPOC as a function of added Pi and ADP (12) by decreasing

K2 and g respectively, and should be capable of describing

the effects of other manipulations of contractile conditions.

The development of a true multisarcomeric model will be

the subject of further study.

SUPPORTING MATERIAL

Two appendices and five equations are available at http://www.biophysj.org/

biophysj/supplemental/S0006-3495(09)00555-4.

This work was supported by ARC and National Health Medical Research

Council grants to D.G.S.
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