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Abstract

Soleus muscle fibers from the rat display a reduction in peak power and Ca?* sensitivity after hindlimb
suspension. To examine human responses to non-weight bearing, we obtained soleus biopsies from eight adult
men before and immediately after 17 days of bed rest (BR). Single chemically skinned fibers were mounted
between a force transducer and a servo-controlled position motor and activated with maximal (isotonic
properties) and/or submaximal (Ca®* sensitivity) levels of free Ca?*. Gel electrophoresis indicated that all pre-
and post-BR fibers expressed type | myosin heavy chain. Post-BR fibers obtained from one subject displayed
increases in peak power and Ca?* sensitivity. In contrast, post-BR fibers obtained from the seven remaining
subjects showed an average 11% reduction in peak power (P < 0.05), with each individual displaying a 7-27%
reduction in this variable. Post-BR fibers from these subjects were smaller in diameter and produced 21% less
force at the shortening velocity associated with peak power. However, the shortening velocity at peak power
output was elevated 13% in the post-BR fibers, which partially compensated for their lower force. Post-BR fibers
from these same seven subjects also displayed a reduced sensitivity to free Ca?*(P < 0.05). These results indicate
that the reduced functional capacity of human lower limb extensor muscles after BR may be in part caused by
alterations in the cross-bridge mechanisms of contraction.

WEIGHT-BEARING ACTIVITY is recognized as an important environmental stimulus for maintaining normal
neuromuscular function of the soleus and other antigravity extensor muscles. In the absence of hindlimb weight
bearing, the rat soleus muscle has been shown to atrophy and to display a reduced peak tetanic tension and
power output and an increased percentage of fast-twitch fibers (3, 10). Similar functional changes have been
observed for maximally Ca?*-activated single muscle fibers isolated from the rat soleus after hindlimb
suspension (1, 11,20). Additionally, the individual rat fibers displayed a reduced sensitivity to intracellular Ca?*(1,
11, 22). These observations suggest that at least a portion of the change in whole-muscle function after non-
weight bearing can be attributed to an altered cellular function coupled with molecular changes in the type of
protein expressed.

In humans, voluntary torque of the lower limb extensor muscle group is impaired after spaceflight or prolonged
bed rest (5, 15). However, it is not clear to what extent these changes in human neuromuscular performance are
due to alterations in neural mechanisms of recruitment, to changes in muscle architecture and/or fiber type
composition, and/or to alterations in cellular processes of contraction.

Recently, investigators have used single-fiber in vitro preparations to study human muscle function after non-
weight bearing. Larsson et al. (19) found that 42 days of complete bed rest produced large decrements in the
force production of single vastus lateralis fibers along with reductions in their unloaded shortening velocity (V5).
After 17 days of bed rest, our laboratory has observed a more modest atrophy of type | soleus fibers with an
average shift inV, toward higher velocities (30).



Previous human studies have concentrated on isometric and unloaded contractions (19, 30). These are not the
conditions present during movement, when muscle fibers must shorten while under an external load. Therefore,
the first goal of this study was to determine whether the isotonic contractile properties of human muscle fibers
were altered after a 17-day period of bed rest. Our second goal was to characterize the force-pCa relationship
(where pCa = -log of the Ca?* concentration) of human muscle fibers before and after bed rest to determine
whether Ca?* sensitivity was altered by non-weight bearing.

METHODS

This study was approved by the Institutional Review Boards at Marquette University, Ball State University, and
the National Aeronautics and Space Administration (NASA) Ames Research Center. Eight men were selected
from a pool of volunteers. Each subject underwent a medical examination and provided written informed
consent before participation. Their mean age, height, and pre-bed-rest body mass were 43 + 3 (SE) yr, 182 £ 2
cm, and 82.2 + 4.3 kg, respectively. Each subject was assigned an identification number of 1-8 exactly as
described in our previous work (30).

Subjects resided continuously at the Human Research Facility at NASA Ames Research Center (Moffett Field, CA)
during a 14-day ambulatory control period, a 17-day 6° head-down-tilt bed-rest period, and an 8-day ambulatory
recovery period. This duration of bed rest corresponded with the planned duration of the NASA Life and
Microgravity Sciences Spacelab (LMS) space shuttle mission (shuttle transport system-78) scheduled to take
place ~1 year after this study. Subjects underwent physiological evaluations during the control, bed-rest, and
recovery periods as described previously (30). These evaluations were similar to that planned for the LMS
mission and included determinations of maximal oxygen consumption by using a supine ergometer and
evaluation of right ankle flexor torque by using a specially designed isokinetic dynamometer.

One to three days before the control period, subjects reported to the Human Research Facility, and a pre-bed-
rest muscle sample was obtained from the left soleus by using the percutaneous needle-biopsy technique. At
the conclusion of bed rest but before reambulation, a post-bed-rest sample was obtained from the right soleus.
Pre- and post-bed-rest muscle samples were divided into several portions. The portion used for the present
experiments was immediately placed in cold skinning solution [composition in mM: 125 K propionate, 20.0
imidazole (pH 7.0), 2.0 EGTA, 4.0 ATP, and 1.0 MgCl, and 50% glycerol vol/vol] and was shipped overnight at 4°C
to Marquette University where it was stored at —20°C. All contractile experiments were conducted within 28
days of muscle sampling.

The total and free concentrations of each metal, ligand, and metal-ligand complex in the relaxing and activating
solutions were calculated by using an iterative computer program (6). Stability constants used in these
calculations (12) were adjusted for the temperature, pH, and ionic strength conditions of the present
experiments. Each solution contained (in mM) 7 EGTA, 20 imidazole, 14.5 creatine phosphate, 1 free Mg?*, and 4
free MgATP and sufficient KCl and KOH to produce a total ionic strength of 180 mM and a pH of 7.0. In addition,
the relaxing and activating solutions had a free Ca?* concentration of pCa 9.0 and pCa 4.5, respectively.

On the day of an experiment, a single fiber segment was isolated from the muscle bundle and transferred to a
small chamber milled into a stainless steel plate. While submerged under relaxing solution, the fiber was
mounted between a force transducer (Cambridge model 400, Cambridge Technology, Watertown, MA) and a
direct current position motor (Cambridge model 300B, Cambridge Technology). The motor was controlled by a
servomechanism similar to that described previously (18). The mounting procedure utilized 4-0 monofilament
pins and 10-0 suture to fasten the fiber ends securely into small stainless steel troughs extending from the
transducer and motor (31). The stainless steel plate was attached to the stage of an inverted microscope so that
the fiber could be viewed at x800 during data collection. Sarcomere length was adjusted to 2.5 um by using an



eyepiece micrometer. The length of the fiber (FL) suspended between the transducer and motor was measured
with a micrometer that advanced the plate across the field of view. A Polaroid photograph was taken of the fiber
while it was briefly suspended in air (<5 s) by using an Olympus PM-10AD photomicrographic system (x300).
Fiber diameter was determined from the average fiber width measured at three points along the photograph.
The fiber diameter in micrometers was measured by using a photograph of an American Optical micrometer (10
pum per division) produced with the same photomicrographic system as the fiber photograph (x300). Fiber cross-
sectional area (CSA) was calculated from fiber diameter under the assumption that the fiber forms a circular
cross section when suspended in air (23).

Vertical and horizontal displacements of the stainless steel plate enabled the mounted fiber to be rapidly
transferred into an adjacent chamber filled with activating solution. Output from the force transducer and
position motor were displayed on a digital oscilloscope before being amplified and interfaced to a personal
computer via a LabMaster data-acquisition board. Custom software performed online analysis and stored data
to disk. Relaxing and activating solutions were maintained at 15°C during all experiments.

The force-velocity relationship was determined from a series of isotonic releases as described in Fig. 1. P, was
defined as the peak force obtained during the experiment.Vma.x was defined as the intercept of the force-velocity
curve with the velocity axis. Peak absolute power was calculated from Po,Vmax, anda/P,, the parameter that
specifies the curvature of the force-velocity relationship (where a is a constant with dimensions of force). For
graphical purposes, composite force-velocity-power relationships were plotted by using the mean parameters.

>
@

[\ 0.45
| 0.40
| W
| 0.35
/ | 100 pm ‘E.—
= 030
sition ——— g
TR S B S o
12 3 4 5 e >
WOt  10oms ™ 0.20
£
force g o
| En.z mN S o0
\.._| ]
0.05
0.00 4 -
— 0 20 40 B0 80 100

Force (% P,)

Fig. 1. Force-velocity data obtained from a representative pre-bed-rest type | soleus fiber. A: force and position
records for 3 consecutive isotonic steps. Fiber attained peak isometric force (P,) attime point 1. At time point 2,
fiber was allowed to shorten as indicated by upward deflection of position record and rapid drop in force.
Betweentime points 2 and3, rate of fiber shortening was controlled by a servomechanism (18) so that fiber
contracted isotonically for 150 ms. A second and third isotonic step were applied at time points 3 and4,
respectively. Attime point 5, fiber was slackened by 20% of its original fiber length, causing force to drop to
baseline. Fiber was then returned to relaxing solution and reextended to its original length. B: fiber force and
shortening velocity were determined over the last one-half of each isotonic step (). Entire procedure was
repeated so that each fiber underwent a total of 15—-18 randomized isotonic loads. o, Data points collected
during subsequent isotonic contractions; solid line, Hill equation (17) fit to data by using an iterative curve-fitting
algorithm. Force-velocity parameters for this fiber were P, = 0.95 mN, parameter that specifies the curvature of
the force-velocity relationship (a/P,) = 0.052, and intercept of force-velocity curve with velocity axis (Vimax) 0.41
fiber lengths (FL)/s.

A subgroup of fibers were activated with a series of solutions that had free Ca?* concentrations ranging from pCa
6.8 to pCa 5.0. These solutions were made by mixing appropriate volumes of the activating (pCa 4.5) and
relaxing (pCa 9.0) solutions. Peak force of each contraction was recorded and expressed as a fraction of the peak
force obtained during maximal Ca?* activation. Results for a representative fiber are plotted as in Fig.2A. The first
and approximately every fourth subsequent contraction was performed at pCa 4.5. Hill plots were used to



determine the Ca®* concentration associated with Ca?* activation threshold and with half-maximal activation as
described in Fig.2B.
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Fig. 2. Representative pCa-force data obtained from a single pre-bed-rest type | soleus fiber (where pCa is —log of Caz
concentration).A: pCa-force relationship for this fiber. Peak force for each contraction was expressed as a fraction of
maximal Ca-activated force, i.e., submaximal force/force at pCa 4.5 (P.).B: Hill plots of data illustrated inA. Least
squares regression lines were fit to data points <50% of maximal Ca2 activated force (r> = 0.99; slope = 2.47) and data
points >50% of maximal Caz-activated force (r2 = 0.99; slope = 1.29). Activation threshold was defined as Ca»
concentration where log P, /(1 - P,) = -2.5. Half-maximal activation was calculated as mean intercept of least squares
regression lines with the line y = 0. In this example, activation threshold was pCa 7.04 with half-maximal activation
occurring at pCa 6.02.

After the contractile measurements, the fiber was removed from the transducer and motor, solubilized in 10 pul
of 1% SDS sample buffer, and stored at -80°C. The myosin heavy chain (MHC) content of each individual fiber
was determined by 5% PAGE. A portion of each fiber was also run on a 12% gel to determine myosin light chain
and thin-filament regulatory protein composition. A description of these procedures and representative 5 and
12% gels have been presented in a previous paper (30).

Fibers expressing solely type | MHC comprised 287% of the fibers randomly isolated for study from either the
pre- or the post-bed-rest soleus samples (30). Consequently, these were the only fibers included in the present
analysis. Pre- and post-bed-rest means were analyzed by using a two-tailed t-test. Statistical significance was
accepted at P < 0.05. All data are presented as means + SE.

RESULTS

Isotonic contractile properties were studied on 201 pre- and 134 post-bed-rest fibers, all of which expressed
type | MHC on 5% SDS-PAGE gels. On average, the post-bed-rest type | soleus fibers were smaller in diameter
(pre-bed rest: 95 + 1 um, post-bed rest: 90 + 1 um; P < 0.05), produced less peak force (pre-bed rest: 1.01 £ 0.02
mN, post-bed rest: 0.89 + 0.02 mN; P < 0.05), and had a greaterVmax (pre-bed rest: 0.52 + 0.02 FL/s, post-bed
rest: 0.71 + 0.05 FL/s;P < 0.05) than did the pre-bed-rest fiber population. For the eight subjects in this study,
peak power was similar before and after bed rest (pre-bed rest: 13.8 + 0.4 uN - FL - s}, post-bed rest: 13.6 + 0.6
uN - FL - s73P > 0.05).

Figure 3A demonstrates that, over the course of this study, fibers obtained from seven of the eight subjects
displayed reductions in peak power. These reductions averaged 7-27% on an individual-subject basis. In contrast
to the majority of subjects, the average peak power of fibers obtained fromsubject 1 increased from 12.8 + 1.1
(31 fibers) t0 22.5 + 2.1 uN - FL - s7(16 fibers). This 76% relative change in peak power was over 2 SDs greater
than the average change for all eight subjects combined.



post - bed rest

5 10 15 20 25 0.5 1.rO 15 20 25 30
pre - bed rest pre - bed rest
Fig. 3. Mean peak power and Caxsensitivity for individual subjects.A: peak power (uN - FL - s-1).B: half-maximal
activation (umol Ca>). InA andB, mean pre-bed-rest (x-axis) value for each subject has been plotted vs. mean post-
bed-rest (y-axis) value. Error bars, +1 SE. Nos. indicate subject identification nos. Solid line, line of identity. Note that
subject 1 was the only subject who displayed an increase in average fiber peak power and an increase in Caz
sensitivity after bed rest.

Peak power rose for fibers obtained from subject 1 because their average P, increased by 11% and theirVmax
more than doubled. These responses differed substantially from those observed for fibers from the other seven
subjects. Representative pre- and post-bed-rest fibers obtained from one of these individuals (subject 7) are
illustrated in Fig.4. Comparison of the two fibers reveals that Vimax was 50% greater (0.42 vs. 0.28 FL/s), whereas
P, was 35% lower (0.81 vs. 1.25 mN), for the post-bed-rest fiber. For this particular fiber, the parametera/P,was
virtually identical pre- vs. post-bed rest so that the relative force associated with peak power output was 20 and
19% of P,, respectively. At 20% of P,, the force and shortening velocity of the pre-bed-rest fiber were 0.250 mN
and 0.057 FL/s, respectively, for a power output of 14.2 uN - FL - s™%. At 19% of P,, the force and shortening
velocity of the post-bed-rest fiber were 0.155 mN and 0.081 FL/s, respectively, for a power output of 12.5 uN -
FL-s7%, or 12% less than the power output observed for the pre-bed-rest fiber.
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Fig. 4. Force-velocity-power relationships of a representative pre- and a post-bed-rest fiber. Both fibers were
obtained fromsubject 7. Gel electrophoresis indicated that both fibers expressed type | myosin heavy chain
exclusively. Solid lines, pre-bed rest; dotted lines, post-bed rest. See RESULTS for additional details

Because of the disproportionate effect that fibers fromsubject 1 had on the interpretation of our data, we
performed an analysis in which fibers from this individual were eliminated. For the 170 pre- and 118 post-bed-
rest type | fibers obtained from subjects 2—8, P, declined by 15% andVmax rose by 25% after bed rest (Table 1).
Thea/P,ratio showed a small decline from 0.051 + 0.002 to 0.044 + 0.003 such that the force at peak power
(%P,) significantly dropped from a pre-bed-rest value of 17.3 + 0.3 to 16.3 + 0.3% post-bed rest (P < 0.05).
Because of the decline in P, and the reduceda/P,ratio, the submaximal force associated with peak power fell by



21% (P < 0.05; Table 1). In contrast, the shortening velocity at peak power rose (P < 0.05) by 13% (Table 1).
Consequently, average peak power declined by 0.79 x 1.13, or by 11%, with bed rest (Table 1). A composite
force-power relationship of the pre- and post-bed-rest fibers is illustrated in Fig. 5. After bed rest, peak power
was substantially reduced at virtually all absolute and relative external loads. Figure 5 shows both the observed
and predicted post-bed-rest force-power relationship. The latter shows the relationship that would have
occurred if fiber velocity had not increased.

Table 1. Effect of 17 days of bed rest on slow type | fiber force, shortening velocity, and power

Variable Pre-Bed Rest | Post-Bed Rest
n 170 118

Peak force, mN 1.04 £0.03 0.88 +0.02*
Maximal shortening velocity, FL/s 0.50 £ 0.02 0.62 £ 0.04*
Peak power, uN - FL - s 14.0+0.5 12.4 +0.5%*
Force at peak power, mN 0.182 + 0.006 | 0.144 + 0.004*
Shortening velocity at peak power, FL/s | 0.080 + 0.002 | 0.090 + 0.004*

Values are means * SE for 7 subjects (subjects 2-8); n, no. of fibers. FL, fiber lengths.
‘Significant difference between pre- and post-bed-rest means,P < 0.05.
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Fig. 5. Composite force-power relationships for type | soleus fibers. Curves were constructed from mean force-
velocity parameters of 7 subjects./nset, same data plotted on a relative-force axis. Predicted curves were
constructed assuming no change in fiber velocity, and a comparison of observed and predicted post-bed-rest
(BR) relationships demonstrates the extent of protection induced by the increased fiber velocity.

Fiber Ca?* sensitivity was determined from Hill-plot analysis (120 pre- and 88 post-bed-rest fibers). Again, the
mean response of fibers obtained fromsubject 1 (19 pre- and 11 post-bed-rest fibers) was opposite to the
responses of fibers from the other seven subjects. In Fig. 3B, the average Ca%* concentrations eliciting one-half
maximal activation before and after bed rest have been plotted for each subject. Subjects 2—8 displayed an
average decline in Ca?* sensitivity because substantially more free Ca?* was required to attain half-maximal
activation after bed rest. In contrast, fibers from subject 1 became more sensitive to Ca?* over the course of this
study. In a similar manner, the Ca?* activation threshold shifted to lower and higher levels of free Ca?* for subject
1 and subjects 2—-8, respectively (Table2).



Table 2. Effect of 17 days of bed rest on force-pCa relationships

Variable Pre-Bed Rest | Post-Bed Rest
n 101 77

Activation threshold, umol Caz 0.078 £ 0.003 | 0.117 + 0.005*
Half-maximal activation, umol Ca> | 1.353 £ 0.053 | 1.602 + 0.064*
Slope of Hill plot for P. < 0.5 (n,) 2.05+0.04 2.27 £ 0.05*
Slope of Hill plot for P.> 0.5 (n.) 1.40+£0.03 1.62 £0.04*
Values are means + SE for 7 subjects (subjects 2—8); pCa, —log of Ca» concentration; P,, ratio of submaximal force
to maximal force as defined in Fig. 2; n. and n,, slope of Hill plot for values greater than and less than half-
maximal activation, respectively.

‘Significant difference between pre- and post-bed-rest means, P < 0.05.

When we eliminated subject 1 from our analysis, the average force-pCa relationship of the remaining seven
subjects was shifted to the right (Fig. 6). Thus the Ca?* required for activation threshold increased significantly
with bed rest as did the Ca?* concentration eliciting one-half maximal activation (Table 2). In addition, the slope
of the force-pCa curve below (n;) and above (n:) half-maximal activation increased with bed rest (Table 2).
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Fig. 6. Mean pCa-force relationships for type | soleus fibers. Values are means + SE of relative force (P,) for 7
subjects. ¢, Pre-bed rest; o, post-bed rest.

DISCUSSION

The primary goal of this study was to investigate changes in the isotonic contractile properties of single muscle
fibers after a 17-day period of non-weight bearing. We were particularly interested in peak power because this
variable is an important characteristic of animal locomotor systems (26), and declines in power would likely have
important physiological and functional implications both in space and on return to Earth. In this study, we
focused on fibers expressing type | MHC because 1) in animal models, type | fibers are preferentially affected by
non-weight bearing (11) and 2) type | fibers make up the majority of fibers present in the human soleus before
and after 17 days of bed rest (28).

The average peak power of the 201 type | soleus fibers obtained before bed rest was 13.8 +0.4 uN - FL-s™%. In
previous studies from this laboratory, we reported mean peak power values of 8.2+ 0.3and 9.8 + 0.3 uN - FL -



s”for human type | gastrocnemius and type | soleus fibers, respectively (31, 32). The greater power values in the
present study cannot be attributed to variations in shortening velocity as there was little difference in fiberVmax
across these three studies. However, the fibers in the present study were larger in diameter and consequently
produced more force than did fibers from our previous work. This appears to be the major reason for the
greater peak power values in the present study. Additionally, the force-velocity relationships presented here
were less curved (highera/Poratio), such that higher velocities were obtained at a given percent of P,. Bottinelli
et al. (2) studied the isotonic contractile properties of human muscle fibers, and their reported peak power
value for the slow type | fiber was considerably lower than ours. The primary reason for the discrepancy was
fiber force because the mean value (corrected for the different temperature employed) was <70% of the fiber
force reported here.

The average peak power for fibers obtained from seven of the eight subjects in this study declined by 11% with
bed rest. A decline in peak power with non-weight bearing is consistent with observations made on type | soleus
fibers obtained from adult rats subjected to hindlimb suspension (1, 20). However, reductions in peak power
after 14-21 days of rat hindlimb suspension exceed the decline observed in the present study by a factor of
three to four. Taken together, these data indicate that type | fibers from the human soleus experience less
atrophy and loss of peak power than do fibers obtained from rats exposed to hindlimb suspension. This is in
agreement with proposed interspecies differences in the net rate of protein loss during non-weight bearing (8).

The decline in peak power of the human fibers can be attributed primarily to a reduction in the ability of the
post-bed-rest fibers to produce force, with a secondary contribution from changes in the curvature of the force-
velocity relation. The loss of force after 17 days of bed-rest results primarily from a reduction in fiber CSA
coupled with a relatively small reduction in force per CSA (30). The force-velocity relationship had a slightly
greater curvature after bed rest so that peak power was attained at a lower percentage of fiber P,. Both of these
changes meant that the post-bed-rest fibers produced less force when they shortened at their optimal velocity
for power production. Figure 5 shows a pre-, a post-, and a predicted post-bed-rest force-power relationship.
The predicted curve shows the force-power relationship that would have occurred if fiber velocity had remained
unchanged and peak power had declined in direct proportion to the average 21% loss in fiber force (at peak
power). It is clear from Fig. 5 that the observed reduction in peak power was only about one-half of the decline
that could be explained solely by a change in force production. The reason is that when the post-bed-rest fibers
were producing optimal force for power output, they were shortening at a 13% greater velocity than were the
pre-bed-rest fibers. The observed peak power was therefore greater than one would predict based solely on a
change in fiber force. We conclude that the elevated shortening velocity of the post-bed-rest fibers played a
compensatory role by reducing the reduction in peak power that occurred during non-weight bearing.

In the present study, we included only those fibers that expressed type | MHC. In previous work, we concluded
that variations in myosin light chain composition could not explain the elevated shortening velocities of post-
bed-rest fibers expressing type | MHC (30). The mechanism underlying the increase in their shortening velocity is
therefore not clear. One possibility is that an unidentified MHC isoform comigrates with the adult B-MHC
isoform observed on our gels (7). A second possibility pertains to morphological alterations that occur during
non-weight bearing. It has recently been reported that post-bed-rest fibers obtained from the subjects in the
present study had a reduction in thin filament density after the 17-day period of bed rest (25a). Shortening
velocity is known to increase when the myofilament lattice spacing is expanded experimentally, whereas force
changes very little under these conditions (23). Thus one would predict that power would increase as the
myofilament lattice spacing increased.

It is important to note that the magnitude of the change in shortening velocity was insufficient to completely
offset the lower forces of the post-bed-rest fibers. Thus countermeasures to human non-weight bearing must
address the issue of muscle fiber atrophy. Also, it will be important to determine whether the increase in fiber



shortening velocity after bed rest affects other functional properties of human muscle fibers. McDonald and
Fitts (21) found that myosin ATPase activity was increased in soleus fibers from hindlimb-suspended rats. If
similar changes occur in human muscle after bed rest, one might predict a decrease in the efficiency of
contraction and an increase in muscle fatigability.

The plantar flexors and knee extensors produce significantly less torque at any given angular velocity after 230
days of non-weight bearing (5, 15). In this study, the voluntary plantar flexor torque-velocity relationship did not
change over the 17-day period of bed rest (25, 28). In a study of the same subjects, Narici et al. (25) studied the
effects of direct electrical stimulation (50 Hz) of the plantar flexors. They found that peak torque declined by 10
and 18% from the pre-bed-rest baseline on the 13th day of bed rest and on the 2nd day of recovery from bed
rest, respectively. These data compare favorably with our observation of a 12 (8 subjects) to 15% (7 subjects)
reduction in peak Ca?*-activated force of single muscle fibers obtained immediately at the end of the bed-rest
period. Thus, when neural mechanisms (motivation, coactivation of antagonist) modulating muscle performance
were bypassed, the relative change in the strength of the triceps surae was in good agreement with the relative
change in the maximal Ca%*-activated force of single soleus fibers.

Post-bed-rest fibers also experienced a significant decrease in Ca* sensitivity, as indicated by a 50% increase in
the free-Ca?**concentration at the activation threshold and an 18% increase in the Ca®* required to attain half-
maximal activation. These results are qualitatively similar to those observed for rat type | soleus fibers after
hindlimb suspension (1, 11, 22). However, changes in the Ca?* sensitivity of rat fibers are of a greater magnitude
than that observed for the human fibers in the present study. Functionally, a decrease in Ca?* sensitivity could
have implications during the development of fatigue when the intracellular free-Ca?* concentration may not
completely saturate the Ca?*binding sites of the thin filament (9). Westerblad and Allen (29) have concluded that
the intracellular Ca?* concentration of mammalian muscle fibers may drop to as low as pCa 6.0 during fatiguing
stimulation. At this intracellular Ca?* concentration, force of the pre- and post-bed-rest fibers was 41 and 33%,
respectively, of the maximal force (i.e., at pCa 4.5). The greater decline in the post-bed-rest fibers can be
attributed to the right shift (reduced Ca?* sensitivity) in the force-pCa relationship (Fig. 6).

We also found that the slopes of the force-pCa relationship (n1 andn;) increased after bed rest (Table 2). An
increasedn: andn; is generally interpreted as an indication of a greater degree of molecular cooperativity during
activation of the cross bridge. The degree of cooperativity (indicated by the value ofn; andn;) can be influenced
by alterations in thin-filament regulation such as an increased affinity of troponin C for Ca?* and/or by thick-
filament regulation (24).

A number of mechanisms are believed to confer Ca?* sensitivity to skeletal muscle fibers [for recent review, see
Moss et al. (24)]. In fast- and intermediate-velocity mammalian fibers, expression of the fast isoforms of
troponin |, troponin T, and/or tropomyosin is associated with a decrease in Ca?*sensitivity and an increase in
cooperative activation of the thin filament (14, 27). In this regard, de novo expression of the fast isoforms of
troponin T and troponin | have been reported in rat soleus muscles after hindlimb suspension (4). However, it is
not known what effect, if any, these isoform shifts have on the force-pCa characteristics of slow fibers. Second,
analysis of the present fibers on 12% polyacrylamide gels revealed the presence of only the slow isoform of
troponin T in pre- and post-bed-rest fibers (data not shown). We were unable to reliably quantify troponin |
isoforms because, for human fibers, this protein tends to comigrate with myosin light chain, on our gel system.
An alternate hypothesis is that the rightward shift in the force-pCa relationship was a result of the same
mechanism proposed for the increase in shortening velocity, i.e., a change in filament lattice geometry. A
rightward shift in the force-pCa relationship occurs when the filament lattice expands by ~20% (13).

It is difficult to explain why fibers obtained fromsubject 1 showed increases in peak power and Ca?* sensitivity
with bed rest. Contractile properties of pre-bed-rest fibers obtained from this individual were within normal



limits (for example, see Fig. 3). What is surprising is that the post-bed-rest fibers obtained from this individual
were, on average, larger in diameter than his pre-bed-rest fibers. As a result, the post-bed-rest fibers produced
more force and power. This cannot be attributed to a problem with compliance because subjects were
monitored 24 h/day by the staff at the NASA Ames Research Center. It also seems unlikely that these post-bed-
rest results were due to methodological factors. Post-bed-rest fibers from this subject were studied at the same
time, and with the same equipment and solutions, as were the post-bed-rest fibers from the other seven
subjects. It is important to note that subject 1 displayed a reduction in electrically elicited plantar flexor torque
that was similar to the responses of the other seven subjects (M. V. Narici, personal communication). Thus, at
the whole-muscle level, subject 1 appeared no different from the other subjects. The most plausible explanation
for the disparate results of this subject at the single-fiber level is that his post-bed-rest biopsy sample was simply
not representative of the soleus muscle as a whole. Recently, Harridge et al. (16) proposed a similar explanation
for discrepancies between contractile properties measured at the whole-muscle and single-fiber levels in human
subjects.

In summary, the peak power output of type | soleus fibers obtained from seven of eight subjects declined by an
average of 11% after 17 days of bed rest. This decline in peak power would have doubled if not for a bed-rest-
induced rise in fiber shortening velocity. Fibers from these same subjects showed a small, but statistically
significant, reduction in Ca? sensitivity and an increase in cooperative activation of the cross bridge. These
results provide a cellular basis for a number of the functional changes observed at the whole muscle level after
bed rest, particularly in experimental designs where neural mechanisms regulating muscle activation are
bypassed.
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