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Abstract The purpose of this study was to gain further
insight into passive force enhancement by testing whether
passive force enhancement occurs in single myofibrils.
Myofibrils (n=6) isolated from rabbit psoas muscle were
fixed at a sarcomere length of 2.4 um, and then stretched
passively and actively to a sarcomere length of 3.4 pum.
Passive force after deactivation of the myofibrils was
increased after active compared to passive stretching.
Therefore, passive force enhancement, previously observed
in muscle and fiber preparations, also occurs in single
myofibrils. Passive force enhancement in myofibrils ranged
from 86 to 145% of the steady-state force observed after
passive stretch. Because titin is the main source of passive
force in myofibrils, we propose that titin might be
responsible for passive force enhancement observed in
myofibrils. We propose that this might occur through an
increase in stiffness when calcium concentration increases
upon activation.
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Introduction

It is well accepted that the steady-state force produced by a
muscle after active stretch is greater than the corresponding
purely isometric force [1, 4, 10, 23, 28]. This stretch-induced
force enhancement is often accompanied by an increase in
passive force after deactivation. This phenomenon known as
“passive force enhancement” (PFE) is observed in whole cat
soleus muscle [10], in intact human muscles activated
voluntarily and through electrical nerve stimulation [20],
and in single frog muscle fibers [19, 28, 29].

PFE occurs at long muscle/fiber length, where passive
force is naturally occurring; it is long lasting (>25 s) and
increases with stretch magnitude and initial muscle length,
but is independent of the speed of stretch [10, 13]. These
characteristics, combined with the fact that PFE occurs after
muscle/fiber deactivation, suggest that PFE might be
caused by a passive structure. Structures involved in
passive force in skeletal muscle include the weakly bound
cross bridges [9], the connective tissue [17], the sarco-
lemma [25], the intermediate filaments [14], and titin [2, 7,
16]. However, because PFE increases with stretch magni-
tude where the number of available cross bridges is
reduced, the contribution of cross bridges to the PFE seems
unlikely.

In this study, we wanted to gain further insight into PFE
by testing whether PFE occurs in single myofibrils.
Myofibrils are formed of sarcomeres arranged in series.
Therefore, if isolated myofibrils showed PFE, this would
suggest that PFE originates, at least partially, on the
sarcomere level. Titin spans the half sarcomeres, connecting
the A-bands to the I-bands and Z-lines [16], and it is
considered the primary and virtually exclusive source of
passive force in myofibrils [3, 5, 21]. Therefore, PFE in
myofibrils would likely be related to titin.
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Materials and methods
Myofibril preparation

Rabbits were euthanized by an intravenous injection of
1 ml of a pentobarbital solution (240 mg/ml), a protocol
approved by the University of Calgary’s Animal Care and
Ethics Committee. Strips of psoas muscle were dissected,
tied to small wooden sticks, and stored in rigor solution
(see “Solutions”) for 12 h at 4°C, then in a rigor-glycerol
(50:50) solution at —20°C for 2 weeks. On the day of the
experiments, a small piece of muscle tissue (2-mm length)
was cut using a fine razor blade, and subsequently blended
in rigor solution. A small amount of the blended mixture
was placed in a chamber positioned on top of a movable
stage mounted on an inverted microscope (Zeiss Axiovert
200 M, Germany). After 5 min of stabilization, the rigor
solution was replaced by a relaxing solution (see “Solutions”),
and myofibrils in suspension were washed away, leaving
those settled on the bottom of the chamber.

A myofibril with a good striation pattern was fixed to a
glass needle at one end and to a nanolever (stiffness,
154 pN/nm) [2, 27] at the other end, allowing for length
change and force measurement, respectively. The striation
pattern of the myofibril was projected onto a linear
photodiode array (10,680 elements), which generated a
signal with light and dark peaks representing the sarcomere
banding pattern. The centroids of the A-bands were deter-
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mined, and sarcomere lengths were calculated as the distance
between adjacent A-band centroids by an algorithm that
tracks the signal peak positions continuously during the
experiments. The experiments were simultaneously visual-
ized using a charge-coupled device (CCD) camera and
recorded by a video recorder. Images of the myofibrils were
subsequently used for measurement of the myofibril
diameter and force calculation (stiffness of the nano-
leverxdisplacement). The displacement of the nanolever
was evaluated using the software motion capture plus.

Mechanical tests

Myofibrils (n=6) were fixed at an average sarcomere length
(SL) of 2.4 um, and then stretched passively in a relaxing
solution. The stretch magnitude was 1 pm/sarcomere at a
speed of 0.1 um s ' sarcomere”'. The myofibrils were then
held isometrically for 1 min. After 10 min, myofibrils were
activated (see “Solutions”), then stretched (1 pm/sarcomere
at a speed of 0.1 um s ' sarcomere ') and held isometri-
cally for 1 min; deactivation was induced 30 s after the end
of the stretch (Fig. 1).

Forces were normalized by myofibril cross-sectional
area and expressed as stress (nN/um?”). PFE was measured
as the difference between the passive forces obtained after
active (Fa) and passive stretching (Fp) of the myofibril
(Fig. 1). Fa and Fp were determined as the mean value of
force recorded during the last 10 s of the isometric phase
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after active and passive stretching, respectively. Fp and Fa
were compared using a paired ¢ test. For comparisons
across myofibrils, the nonparametric Mann—Whitney test
was used.

Solutions

Rigor solution The rigor solution includes Tris (50 mM),
sodium chloride (100 mM), potassium chloride (2 mM),
magnesium chloride (2 mM), and ethylene glycol bis(2-
aminoethyl ether)-N,N,N'N'-tetraacetic acid (EGTA;
10 mM) at pH="7.0.

Relaxing solution The relaxing solution consists of 3-(N-
morpholino) propanesulfonic acid (MOPS; 10 mM), potas-
sium propionate (64.4 mM), magnesium proprionate
(5.23 mM), sodium sulfate (9.45 mM), EGTA (10 mM),
calcium chloride (0.188 mM), adenosine triphosphate
(ATP; 7 mM), and creatine phosphate (10 mM) at pCa=
8.0 and pH=7.0.

Activating solution The activating solution consists of
MOPS (10 mM), potassium propionate (45.1 mM), mag-
nesium proprionate (5.21 mM), sodium sulfate (9.27 mM),
EGTA (10 mM), calcium chloride (9.91 mM), ATP
(7.18 mM), and creatine phosphate (10 mM) at pCa=3.5
and pH=7.0.

One tablet of protease inhibitors (Complete®, Roche
Diagnostics) was added to each 50-ml solution.

Results

Figure 1 shows force—time histories of active and passive
stretches in a typical experiment. In all myofibrils, the
passive force produced after the active stretch was higher
than the force produced after the passive stretch, indicating
the presence of PFE. Fp varied from 29 to 40 nN/um?,

Table 1 Passive force enhancement in myofibrils

Table 2 Active forces at 2.4 um and after a stretch to 3.4 pm of
sarcomere length

Myofibril Fi (nN/um?) Fs (nN/pum?)
Ml 180.6+9.1 238.0+8.7*
M2 194+11.2 205.5+11.5%
M3 154.3+5.6 175.0+£9.2%
M4 198.1+7.3 209.1+15.1*
M5 142.3+10.0 154.149.6%
M6 196.3+11.2 213.6+15.8*

Forces (mean+SD) produced by myofibrils after activation at a SL of
2.4 um (Fi), then after a stretch to a SL of 3.4 pum (Fs).
*P<0.05, statistical difference between Fi and Fs

while Fa varied from 54 to 84 nN/um?. PFE ranged
between 86 and 145% of Fp (Table 1).

We did not activate the myofibrils at a SL of 3.4 um, and
therefore, we were not able to calculate the total force en-
hancement as it is classically calculated [4, 10, 11]. However,
according to the force—length relationship [6] scaled to the thin
and thick filament lengths in rabbit psoas muscle [12], the
force at a SL of 3.4 um should be about 33% of the force
produced at 2.4 um. Interestingly, the force after stretch of
activated myofibrils, where the SL was 3.4 um, was higher
than or similar to the force produced at a SL of 2.4 um
(Fig. 1). The steady-state isometric forces produced by
activation at a SL of 2.4 um (Fi) and after the stretch (Fs)
are presented in Table 2.

Discussion

The purpose of this study was to gain further insight into
PFE observed in skeletal muscle by testing whether PFE
occurs in single myofibrils. We determined the force
produced by myofibrils after a passive and an active stretch.
Passive force was increased after active stretch, suggesting

Myofibril Fp (nN/pum?) Fa (nN/um?) PFE (nN/pum?) PFE (% of Fp)
M1 38.3+15.4 82.5+14.8% 433+12.3 115.6
M2 322489 79.1+11.1% 45.9+9.7 145.8
M3 29.0+9.8 54.2+8.4% 25.3+8.1 86.3
M4 31.3+8.1 77.14£10.2* 46.8+10.3 146.3
M5 34.9+5.4 64.5+7.4% 29.9+46.9 87.2
M6 39.4+5.1 83.7+10.3* 447469 1125

Forces (mean+SD) produced by six myofibrils after passive (Fp) and active (Fa) stretches. The passive force enhancement (PFE) was calculated
as the difference between Fa and Fp, and then expressed as a percentage of Fp.

*P<0.05, statistical difference between Fp and Fa
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that PFE, previously observed in muscle and fiber prepara-
tions [10, 26, 28], also occurs in single myofibrils.

Myofibrils are formed of sarcomeres arranged in series.
Therefore, as myofibrils showed PFE, we suggest that at
least one of the origins of PFE exists in the sarcomere. The
characteristics of the PFE, combined with the fact that it
occurs after deactivation, suggest that a passive structure is
responsible for PFE. In myofibrils, titin is the major source
of passive force [7, 15, 22]. The expression of different titin
isoforms has been reported as responsible for myofibrillar
passive elastic diversity [3, 5, 7, 21, 31]. For example, the
higher passive force of cardiac myofibrils compared to that
of skeletal muscle has been correlated to the expression of a
short titin isoform in cardiac myofibrils [22]. A similar
argument was used for explaining differences in passive
stiffness between psoas and soleus rabbit fibers. Further-
more, degradation or extraction of titin from myofibrils
leads to a rapid drop in passive force [8, 24, 31] in cardiac
and skeletal myofibrils. Accordingly, titin is also the likely
source of PFE in single myofibrils.

If titin is the source of PFE in myofibrils, then the
passive force increases after an active stretch through an
activation-induced increase in titin’s stiffness. In our
experiments, activation was induced by a solution contain-
ing a high concentration of calcium, and so titin’s increase
in stiffness and associated passive force after active
stretching might be associated with the presence of calcium.
Titin might act like a spring whose elastic modulus
increases or whose characteristic length decreases with the
increase in calcium concentration. In this case, titin would
be directly responsible for the PFE observed when a muscle
is actively stretched. This mechanism would be consistent
with previous results showing that titin has specific calcium
binding sites [30] and that the binding of calcium changes
the stiffness properties of titin and also affects titin binding
to actin [18], thereby, affecting titin’s natural resting length.
This effect would be long lasting; the rate constant of
calcium dissociation from titin would be very small, and the
effect of calcium on titin stiffness would persist after
deactivation and decrease in calcium concentration.

In addition to the presence of PFE, our data showed
residual force enhancement in single myofibrils. This
finding is consistent with earlier observations in muscles
[4, 10, 20, 23] and fibers [19, 26, 28, 29].
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