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LETTERS

Can all residual force
enhancement be explained by
sarcomere non-uniformities?

In a Topical Review published in The
Journal of Physiology, Herzog et al.
(2006) proposed that the residual force
enhancement after an active stretch of
skeletal muscle (eccentric contraction)
remained at least partly unexplained
and could not be accommodated within
the current framework of cross-bridge
theory. Specifically, residual force
enhancement might not be explainable
in terms of development of sarcomere
non-uniformities. This claim was based
on a number of observations, virtually
all of which have come from the Herzog
laboratory, that appear not to be consistent
with the sarcomere non-uniformity
hypothesis.

Excess tension

The first observation is the claim that
tension after a stretch can, ‘when stretch
conditions are optimized’, exceed the
tension in a fixed-end contraction at the
initial length. In particular, when the initial
length is the optimum length, this becomes a
permanent tension after stretch greater than
fixed-end tension at the optimum length.
In addition, enhancement is reported at
fibre lengths less than optimum. These
observations stand in contrast to the current
consensus view that after a stretch final
tension is always close to the isometric
tension corresponding to the fibre length
at the start of the stretch, when the stretch
covers a length range beyond optimum
length and to tension at the final length
when the stretch covers a range below
the optimum length (Julian & Morgan,
1979; Edman et al. 1982). The tension
enhancements reported in the review are, in
fact, all rather small. If Fig. 4B was scaled to
match the tension range shown in Fig. 4A,
it would reveal that enhancement was
present essentially only for stretches beyond
optimum length and was insignificantly
above optimum tension. Conversely, if
Fig. 4A was expanded to match Fig. 4B, it
would reveal that the tension traces were
still converging, so that the reported tension
enhancement is not substantially greater

than uncertainty about the final value. It
is notable that no description is given of
the ‘sarcomere length’ traces in Fig. 4A, but
the lack of concordance between length and
tension traces during the stretch for record
‘s’ is worrying, as is the large mounting
compliance implied by these traces.

Limits to accuracy

It is clear from reading the past literature on
the subject that the limits of accuracy in these
kinds of experiments, and the causes of their
uncertainty, have in the past been very much
appreciated. This review however, totally
ignores them and takes the view that any
tension above what is predicted invalidates
the hypothesis. What then are the limits of
accuracy for such measurements?

Permanent changes

Long before half-sarcomere non-
uniformities were ever considered,
Katz (1939) noticed that large stretches
beyond optimum length brought about
permanent changes in a frog muscle,
which he summarized as the apparent
‘conversion of active contractile material to
passive elastic material’. In particular, the
twitch : tetanus ratio fell, the tension rise at
the beginning of a tetanus became slower
(Morgan et al. 2004), and the optimum
length moved to longer lengths. These are
all accounted for by the half-sarcomere
non-uniformity hypothesis but not by the
mechanisms proposed in the review. The
relevance of such changes to this discussion
is that the order in which the recordings
were made and the number of repetitions
carried out before a record was chosen
for illustration becomes important. An
isometric contraction at the original length
before the active stretch will be different
from the same contraction carried out
after the stretch. No information on this is
given in the review, nor is any comment
made on the repeatability of the recordings
illustrated.

Internal movement

The second difficulty arises when it
is realized that none of these contra-
ctions involve strictly isometric sarcomeres.
At lengths beyond optimum, fixed end

contractions of single frog fibres have been
repeatedly shown to involve shortening of
one or both ends of the fibre, and slow
lengthening of most of the middle region
(Gordon et al. 1966; Julian & Morgan, 1979).
The time course of this development of
non-uniformity is substantially slower after
a stretch than during a fixed end contraction
(Edman et al. 1982, Fig. 8). So should
tensions be compared at the same time point
for isometric and eccentric contractions, or
at the same point in the development of the
non-uniformity? Most experimenters have
accepted that the same time point is the best
we can do, but there remains uncertainty
about the result, as the internal motion
within the fibre is likely to be very different
in the two situations.

This slowing of internal motion is expected
as almost all sarcomeres will move on to
the steep ‘slow lengthening’ part of the
force–velocity curve, where small changes
in velocity accompany substantial changes
in tension relative to isometric. Near
isometric contractions of half-sarcomeres
lead to slow detachment of cross bridges,
slow shortening of series elastic elements,
and hence a slow decline in tension.
Such a conclusion points to the most
probable explanation for the apparent force
enhancement reported in this review. The
slow decline of tension after a stretch
means that the traces for fixed end and
eccentric contractions continue to approach
each other for a long time, and the
search for a final value is limited by the
ability of the tissue to sustain long-duration
contractions. It is apparent in all the
traces illustrated in the review, as well
as in many other published records, that
the measured tension difference is not
the steady state value (Edman et al.
1978). Again, the consensus view is to use
reasonably long tetani, and accept that as a
result of the compromise, measurements of
‘permanent’ extra tension will represent a
slight over-estimate.

Initial non-uniformity
of sarcomere length

The small tension enhancements above the
tension at the original length described
in the review can also be explained by
non-uniformities along a fibre. Consider
the open circle in Fig. 2 of Herzog et al.
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(2006). as representing a distribution of
half-sarcomere lengths. During the fixed
end contraction preceding the stretch, the
spread in the distribution is likely to
increase as the shorter, stronger (in the
sense of being able to generate more

1000

800

600

400

200

0

S
tiffness (m

N
/µm

/halfsarcom
ere)

2.01.51.00.50.0
Time (s)

7

6

5

4

3

2

1

0

T
en

si
on

 (
m

N
)

1.2

1.0

0.8

0.6

0.4

0.2

0.0

N
or

m
al

is
ed

 te
ns

io
n

4.03.53.02.52.01.51.0
Sarcomere length (µm)

A

B

Figure 1. Tension and stiffness changes during and after an active
stretch
A, half-sarcomeres (red, green and blue) with scaled length–tension
curves (Gordon et al. 1966), but with the same initial length. (Dashed lines
are active tension and continuous lines are total tension.) The recorded
tension will be the average of the isometric capabilities of the three,
weighted according to the slope of their force–velocity relation. As a
simple approximation, this can be taken as the average of the three,
that is, equal to that for the middle marker. After stretch, the weakest
sarcomere will be beyond overlap as shown by the right hand marker,
and the isometric tension will be the average of the upper two left hand
markers, showing a small amount of apparent permanent extra tension.
B, stiffness (red trace) and tension (blue trace) for a single fibre of the
frog tibialis anterior muscle recorded at 3◦C, during the first stretch.
Stiffness was measured by the response to a 2 kHz sinusoid of about
1 nm per sarcomere amplitude. There is some rise in stiffness at the onset
of stretch. Throughout most of the stretch, tension rises, but stiffness is
clearly seen to fall. Immediately after the stretch, stiffness is well below
its previous isometric value while tension remains well above the iso-
metric level. Stimulation was stopped at 1.1 s. Subsequent repetitions of
the measurement had stiffness reduced progressively more than tension,
especially during and after the stretch. (Redrawn from Morgan et al.
1996.)

active tension) half-sarcomeres shorten and
the longer, weaker half-sarcomeres are
extended. When the stretch is applied,
it is the longest, weakest half-sarcomeres
that are stretched to long lengths, leaving
the final tension to be determined by the

remaining active half-sarcomeres, that is,
the shorter, stronger ones. Note, however,
that this cannot produce tensions above the
isometric optimum value.

Initial non-uniformity of
sarcomere strength

Consider, however, a fibre or myofibril
with an initial non-uniform distribution
of strengths in half-sarcomeres along its
length, arising, for example, from some
random variation in the number of thick and
thin filaments in the half-sarcomeres. These
half-sarcomeres will have length–tension
curves that are scaled versions of each other.
Consider, for example, the situation where
all sarcomeres have a length slightly below
optimum. An isometric contraction will
produce a tension that is a weighted average
of the sarcomere isometric tensions, with
stronger sarcomeres shortening and weaker
sarcomeres lengthening. If a stretch is
applied, the weaker sarcomeres will lengthen
rapidly. Initially, on the ascending limb, the
rising isometric tension will slow down their
movement, but if they reach their plateau
length, no further increase is possible and
they will rapidly, uncontrollably, extend
to lengths beyond filament overlap (pop).
The tension after the stretch will then
be determined by the remaining active
sarcomeres which, on average, will be
stronger than the initial population. This
will lead to the apparent development of
extra tension. Similarly, if the initial length is
on the plateau, the weakest sarcomeres will
rapidly pop, and the tension after the stretch
will be determined by the remaining active
sarcomeres, that is, the original population
minus the few popped ones. This would
be consistent with Herzog’s results. A three
half-sarcomere example is shown in Fig. 1A.

In addition, differences in the numbers of
sarcomeres in series for different myofibrils
could be important, with some myofibrils
reaching their optimum force at lengths
below the whole fibre optimum. This is
similar to differences in fibre length in a
whole muscle.

Damage

A number of the records shown in the review
suggest inconsistencies in the measurement
of passive tension at a particular length. This
is primarily what leads to the conclusion
that passive changes contribute to the
‘permanent extra tension’. The records all
appear to be from whole muscles, although
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in some cases this can only be inferred from
the legend. In the absence of experiments to
investigate such changes in passive tension,
it is difficult to fully explain them. However,
knowledge of the damage that can be caused
by eccentric contractions would suggest that
the increased ‘passive’ tension may be the
result of injury contractures in some fibres
within the muscle (Whitehead et al. 2003).
This would explain the failure to observe
similar phenomena in single fibres.

Increased stiffness

The second observation used in the review
to challenge the consensus position is a
report, from the authors’ own laboratory
and using whole muscles, that stiffness in
the ‘enhanced state’ exceeded that during an
isometric contraction. This is clearly
contrary to all observations made on single
fibres, and may relate to the presence of
damage in some fibres.

The best measurements of stiffness during
a stretch are those of Morgan et al. (1996).
These records, not cited in the review, clearly
show stiffness decreasing during most of
the first stretch (Fig. 1B), and, after the
stretch, falling below the previous isometric
value even when using such a relatively
brief contraction. This paper also showed
stiffness decreasing from one contraction to
the next, in accord with the observations of
Katz (1939).

Careful examination of the records
published by the Sugi laboratory (Tsuchiya
& Sugi, 1988) reveals that stiffness in the
‘enhanced’ state actually falls below that
measured during a preceding fixed end
contraction at the initial length or at the final
length. (Sugi concluded that stiffness fell to
near its value for a fixed end contraction
at the final length, but his stiffness values
were still falling at that point.) It is
apparent that stiffness varies substantially
from one contraction to the next, consistent
with the idea of a postulated progressive
accumulation of disrupted half-sarcomeres,
but which cannot be explained by any
theory ascribing the extra tension to extra
cross-bridges, or even extra tension per
cross-bridge.

Other observations

As has been mentioned already, the
explanation of permanent extra tension

resulting from non-uniform half-sarcomere
lengthening is part of a broader hypothesis
that is able to account for a number of
additional phenomena, including the
progressive changes observed by Katz,
the fibre damage that often results from
stretching active muscle, and the length
dependence of all these phenomena
(Morgan, 1994; Morgan et al. 2000). No
explanation for these findings is provided in
terms of either of the proposed mechanisms
put forward in the review.

In particular, the increase in extra tension
with increased amplitude of stretch, for
amplitudes of stretch beyond the limits
of distortion for an attached cross-bridge,
follows immediately if final tension is
essentially equal to isometric tension at
the initial length, but it is much more
difficult to see how a stretch could
modify the actin–myosin interactions as
suggested in the review. Such dependence
of actin–myosin interactions on the history
of activity is difficult to reconcile with
any ‘sliding filament–independent force
generator’ theory.

It is also notable that the alternative hypo-
theses put forward in the review come
with no details and no attempt is made
to incorporate them into more general
models.

Conclusion

The single fibre measurements reported
in this review show nothing new, and,
in fact, continue to support the current
consensus view about such phenomena
when considered in terms of the limits of
accuracy permitted by the measurements.
The whole-muscle experiments suffer from
obvious additional problems. The small
discrepancies reported for single fibres can
be explained in terms of sarcomere strength
non-uniformities. The whole collection
of observations is readily explained
by non-uniformity of half-sarcomere
lengthening, which also explains many
other, otherwise puzzling observations.
None of the alternative explanations offered
in this review provide any additional
insight into our understanding of these
phenomena.
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