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LETTERS

Sarcomere popping requires
stretch over a range where total
tension decreases with length

In a recent issue of The Journal of Physiology,

Telley et al. (2006) observed the dynamics

of half sarcomere lengths during stretch

of activated rabbit psoas myofibrils (see

also Allen, 2006). They saw non-uniform

lengthening of half-sarcomeres, but not

the rapid, uncontrolled lengthening to

beyond myofilament overlap predicted by

Morgan (1990) in the ‘popping sarcomere

hypothesis’. They claimed that they had

provided the conditions for this to occur,

that is, sarcomere lengthening that was

rapid enough to reach the yield point of

the force–velocity curve for lengthening

(Katz, 1939), which took place on the

descending limb of the curve of total

(active plus passive) sarcomere tension

as a function of length. Unfortunately,

they did not provide evidence that

either of these requirements had been

met. In fact it remains uncertain what

the force–velocity curve for lengthening

and the isometric length–tension relation

are for isolated myofibrils. The authors

equated lengths beyond optimal filament

overlap (half-sarcomere length of 1.2 μm in

mammalian muscle) with the descending

limb of the length–tension curve, and a

large, 2.5-fold force enhancement during

stretch with yielding. We would submit

that sarcomere popping was not observed

because the conditions for it to occur had

not been met.

Lengths beyond optimum filament overlap

have been equated with the descending

Figure 1. Length-independent partial activation
Schematic active and passive length–tension curves for half-sarcomeres

with maximal (100%) and partial (50% and 20%) activation. The

continuous lines are the total tension, the dashed lines, active tension and

dotted line passive tension (offset exponential). It is assumed that

submaximal activation is a scaled version of full activation. At 100%, the

half-sarcomeres are expected to ‘pop’ to 1.9 μm (beyond overlap, see

arrows), at 50% they ‘pop’ to less than 1.7 μm, and at 20%, there is no

descending limb at all, and no ‘popping’ is predicted. Active curve is

Gordon et al. (1966) with a thin filament length of 1.1 μm for mammalian

muscle, shown as half-sarcomere lengths, as in Telley et al. (2006).

limb of the length–tension relation in iso-

metric contractions of maximally activated

muscle fibres of the frog (Gordon et al.

1966). However, for isolated rabbit myo-

fibrils, activated with pCa = 4.5 at 10◦C,

it is not at all clear that activation was

maximal. If activation was submaximal, this

could change the descending limb of the

length–tension curve in two ways. First, a

fall in active tension with no change in

passive properties may mean that the passive

tension curve rises more steeply than active

tension falls, so that there is no descending

limb (inflection) in the total tension curve,

as shown schematically in Fig. 1 for 20%

activation. Here it is assumed that the

activation fraction does not change with

length. Partial activation would be the result

of low temperature reducing the tension

generated per cross-bridge (Karatzaferi et al.

2004).

Even if the level of submaximal activation

is larger, so that there is a descending limb,

‘popped’ half-sarcomeres will not be as

long as in maximally activated fibres. The

popping sarcomere hypothesis predicts that

sarcomeres will be extended to the length

at which the sum of active plus passive

tension at the stretched length is equal to

their sum near the length where the stretch

began (Morgan et al. 2000). In Fig. 1, for

maximally activated frog tibialis anterior

fibres, represented by the 100% curve, the

popped length is beyond filament overlap.

Partial activation, as shown by the 50%

activation curve in Fig. 1, will reduce the

popped length, which in this case would no

longer be beyond overlap.

The second mechanism comes from

the observations of Endo (1973) that

for submaximal activation of skinned

toad iliofibularis fibres, active tension can

continue to rise with length well beyond

optimum overlap. These observations

support the interpretation that the

percentage of activation depends on length,

probably because Ca2+ concentrations

are limiting and the myofilaments show

a sarcomere length dependence in their

sensitivity to Ca2+. Similar behaviour has

been shown for submaximal activation of

whole cat muscle, where the tension at

a given stimulation rate, expressed as a

fraction of maximally activated tension,

depends on length (Joyce et al. 1969;

Morgan et al. 2000). The rise in force from

increasing activation with length would

counter any fall from decreasing myo-

filament overlap, removing the descending

limb, or moving it to longer lengths. Note

that frog muscle is most easily activated

maximally at low temperatures (0–4◦C).

Rabbit body temperature is normally close

to 38◦C, and activation is likely to be well

below maximum at 10◦C (Karatzaferi et al.

2004). Comparison of Telley et al.’s quoted

specific tension with published values from

the literature suggests that activation was

only about 50%.

Any increase in passive stiffness would

equally make it less likely that these

myofibrils show a descending limb in their

length tension curve at just beyond maximal

overlap. There are several reasons to expect

that this may be the case. Mammalian

muscles typically have more passive

tension than frog muscles. Skinned muscle

fibres, and presumably myofibrils, often

deteriorate by failing to fully relax. The

choice by Telley et al. of half-sarcomere
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lengths only just beyond optimum overlap

(1.2 μm) suggests that these isolated

myofibrils have a high passive tension.

In the study by Telley et al. only a

minority of half-sarcomeres had lengths

beyond optimum filament overlap. None

were beyond overlap before the stretch and

< 20% were beyond overlap after the stretch

(their Fig. 4), so most were definitely on the

plateau or the ascending limb. It needs only

a small shift in optimum length for none

of the half-sarcomeres to have been on the

descending limb.

On the question of yield, the stretches

applied were quite slow, and the tension

records (Telley et al. Fig. 7) did not show

the distinct yield point typically seen at

optimum length with intact muscles or

fibres. At 2–3 times isometric tension, the

tension reached during stretch was much

higher than is seen in whole mammalian

muscles at body temperature. But without

an isometric tension record at the final

length for comparison (Morgan et al. 2000),

or even a record of passive tension during a

stretch, it is impossible to tell whether this

is due to the low temperatures raising the

yield point, a high passive stiffness, or the

fact that the myofibril is being stretched over

a range representing the ascending limb of

its length–tension relation (cf. Joyce et al.

1969, Fig. 3).

It is notable that the observations of

Telley et al. showed reducing sarcomere

disorder during the stretch. This is the

behaviour expected on the ascending limb

of the length–tension curve, the region of

sarcomere stability, but is very difficult to

explain on the descending limb, the region

of instability. Even the authors’ own model,

modified from Morgan (1990) by adding

viscosity to the parallel elastic element of the

Hill model for each half-sarcomere, led to

an increase is disorder, though more slowly

than without the viscosity. It is not clear

whether the added viscosity is compatible

with passive measurements on either intact

fibres or isolated myofibrils. For a discussion

of this, see Huxley (1980, p. 48).

The important contribution made by the

work of Telley et al. is visualization of

half-sarcomeres by means of fluorescent

antibodies. This is particularly important

for the study of active lengthenings since

frequently the behaviour of the two halves

of a sarcomere is very different. A popped

half-sarcomere is often seen paired with the

other half contracted down to a short length

(Brown & Hill, 1991). We have argued that

such behaviour supports the existence of

elastic filaments which span the full length

of the sarcomere (Proske & Morgan, 2001,

Fig. 2). There are other observations made

by Telley et al. with which we agree. The

importance of sarcomere dynamics, the slow

redistribution of sarcomere lengths after a

stretch, and the ability of sarcomere non-

uniformities to explain permanent extra

tension after a stretch, are all in accord with

our own findings over the years (Morgan,

1994).

In summary, it is not clear that the stretches

applied to the myofibrils in the study of

Telley et al. were on the descending limb

of the curve of total tension against length,

or indeed, whether these myofibrils had

a descending limb to their length–tension

curve at all. While isolated myofibrils may

be an ‘ideal preparation’ for measuring

half-sarcomere lengths, they are less than

ideal when trying to determine whether

or not a stretch is on the descending

limb of their length–tension relation, a

key requirement for observing popping

sarcomeres.
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