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The heads of myosin molecules play a 
major role in producing the contractile 
force of muscle. They are arranged in a 
regular manner in the vicinity of the 
thick filaments in living resting muscle 
(1), and, when the muscle is activated, 
move promptly to the vicinity of the thin 
filaments (2) to undergo tension-generat- 
ing reaction with actin. After con- 
traction, the myosin heads return to their 
resting positions, but the time course of 
the return has not been well defined; 
Huxley (3) has concluded, from his ob- 
servation on the intensities of the axial x- 
ray reflections of muscle after a short tet- 
anus, that the return takes at least sever- 
al seconds; whereas Podolsky et al. (4) 
have concluded from their observation 
on the intensities of the equatorial x-ray 

The heads of myosin molecules play a 
major role in producing the contractile 
force of muscle. They are arranged in a 
regular manner in the vicinity of the 
thick filaments in living resting muscle 
(1), and, when the muscle is activated, 
move promptly to the vicinity of the thin 
filaments (2) to undergo tension-generat- 
ing reaction with actin. After con- 
traction, the myosin heads return to their 
resting positions, but the time course of 
the return has not been well defined; 
Huxley (3) has concluded, from his ob- 
servation on the intensities of the axial x- 
ray reflections of muscle after a short tet- 
anus, that the return takes at least sever- 
al seconds; whereas Podolsky et al. (4) 
have concluded from their observation 
on the intensities of the equatorial x-ray 

26. Supported by grants from the National Institute 
of Neurological and Communicative Diseases 
and Stroke and the Muscular Dystrophy Asso- 
ciation to F.L. and from the National Research 
Council and the Muscular Dystrophy Associa- 
tion of Canada to C.K.G. We thank C. L. Pros- 
ser, H. L. Atwood, J. Atema, and especially M. 
P. Charlton for helpful comments on the manu- 
script, and J. She and R. Zweig for able techni- 
cal assistance. 

3 February 1977; revised 5 April 1977 

26. Supported by grants from the National Institute 
of Neurological and Communicative Diseases 
and Stroke and the Muscular Dystrophy Asso- 
ciation to F.L. and from the National Research 
Council and the Muscular Dystrophy Associa- 
tion of Canada to C.K.G. We thank C. L. Pros- 
ser, H. L. Atwood, J. Atema, and especially M. 
P. Charlton for helpful comments on the manu- 
script, and J. She and R. Zweig for able techni- 
cal assistance. 

3 February 1977; revised 5 April 1977 

reflections that the return is almost com- 
pleted within 100 msec after the fall of 
contractile tension. In a further study on 
the time-dependent intensity changes of 
the equatorial reflections, we obtained a 
result suggesting that the return occurs 
in two stages; a prompt change in the 
equatorial intensities on cessation of te- 
tanic stimuli is followed by a gradual 
change lasting several seconds. 

A sartorius muscle, together with the 
pubic bone, was isolated from the bull- 
frog Rana catesbeiana. The muscle was 
held isometrically in a specimen cham- 
ber by clamping the pubic bone at one 
end and connecting the tendon to a force 
transducer (Shinkoh, type UL) at the 
other end. The chamber had Mylar win- 
dows for passing x-rays through the 
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middle of the muscle and was filled with 
oxygenated Ringer solution (4?C), which 
was continuously renewed with a per- 
fusion pump. At the beginning of each 
experiment the sarcomere length of the 
muscle was adjusted to 2.2 g/m by mov- 
ing the force transducer; the sarcomere 
length was measured by passing a helium 
gas laser (X = 0.6328 ,im) through the 
same part of the muscle as to be exposed 
to x-rays, and observing the optical dif- 
fraction pattern. The muscle was stimu- 
lated tetanically, for 1 second at a time, 
with supramaximal electrical pulses (20 
hertz) given through a pair of electrodes 
placed parallel to the muscle axis. 

The equatorial x-ray diffraction pat- 
tern of the muscle was recorded by a po- 
sition-sensitive counter of the type de- 
veloped by Allemand and Thomas (5). 
The outputs of the counter were fed into 
a data collection system that was syn- 
chronized with the tetanus (see below). 
The recorded pattern (that is, the in- 
tensity distribution of the x-rays scat- 
tered along the equator) showed the 1,0 
and the 1,1 reflections arising from the 
hexagonal array of the myofilaments. 
The intensities of these reflections were 
obtained by measuring the area under 
the peaks on the intensity distribution; 
the background level under each peak 
was drawn in by eye. This background 
level, relative to the peak height of each 
reflection, was of approximately the 
same magnitude as that of the densi- 
tometer traces of the equatorial patterns 
recorded on x-ray films. 

Time-dependent changes in the in- 
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a) Fig. 1. Time-dependent changes in the contractile tension and the in- 
f t + tensity ratio of the 1,0 and 1,1 equatorial reflections. (a) A typical 

record of the tetanic tension averaged for 20 contractions. A frog sar- 
?0 -torius muscle (cross-sectional area, 0.13 cm2) was stimulated with 

t I_ J _I _ I I I I I electrical pulses (20 hertz) for 1 second starting at time zero. (b) The 
0 2 4 6 8 10 12 14 16 intensity ratio of the 1,0 and 1,1 reflections (mean + standard error of 

Time (sec) the mean, N = 7). The x-ray generator was a rotating anode type 
(Rigaku FR) with a line focus (1 by 0.1 mm) on a copper target. This 

was operated at 40 kv with a tube current of 80 ma. A low-angle camera of Huxley-Holmes type (1) was used with a specimen-to-counter distance of 
40 cm. (c) A semilogarithmic plot of the deviation of the intensity ratio from its resting value against time after the cessation of stimuli. The solid line 
is the regression line for the points after the fall of tension. 
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Return of Myosin Heads to Thick Filaments 

After Muscle Contraction 

Abstract. The heads of myosin molecules, which move to the vicinity of the thin 
filaments to react with actin during muscle contraction, return to the thick filaments 
after contraction. The return occurs in two stages; a rapid return of the majority of 
the myosin heads is followed by a slow return of the rest. 
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tensities of the 1,0 and 1,1 reflections 
were studied for 16 seconds from the on- 
set of tetanic stimulation. The 16-second 
period was divided into 16 phases of 0.5 
to 2 seconds in duration, and the equato- 
rial intensities from separate phases 
were stored in separate memory seg- 
ments of the data collection system. In 
order to obtain reasonable photon statis- 
tics for each memory segment, the tetan- 
ic contractions (and the data collection) 
were repeated 20 times at 2-minute inter- 
vals. The tension records of the 20 con- 
tractions were averaged by a multi- 
channel analyzer combined with a V-F 
converter. A typical averaged record is 
shown in Fig. I a. The average tetanic 
tension was 91 + 1 (standard error of the 
mean, N = 7) percent of the maximum 
value (2.97 ? 0.21 kg/cm2, N = 7) mea- 
sured at the beginning of each experi- 
ment. At the end of each 1-second stimu- 
lation, the tension fell to the resting level 
within 400 msec. 

The time-dependent change in the ra- 
tio of the 1,0 and 1,1 intensities (I,0o:I/1,) 
is shown in Fig. lb. The mean intensity 
ratio for the resting muscle at the sarco- 
mere length of 2.20 ,um was 2.29 ? 0.12 
(N = 7), a value in approximate agree- 
ment with that obtained by the film meth- 
od (2.33 ? 0.07, N = 17). The intensity 
ratio in the first and second 500-msec 
phases during tetanus were 0.58 ? 0.09 
(N = 7) and 0.53 ? 0.05 (N = 7), re- 
spectively; the difference between the 
two values was insignificant. After teta- 
nus, the intensity ratio returned to its 
resting value; the deviation from the 
resting value became statistically in- 
significant (P > .05) at 7 seconds after 
the end of tetanus. When the deviation 
was plotted against time on a semi- 
logarithmic scale, it became apparent 
that the time course of the return could 
be divided into two stages; a rapid return 
is followed by a slow return. The initial 
rapid return (that is, the rapid increase in 
the intensity ratio) occurred almost si- 
multaneously with the fall of tension, 
and ended within 1 second after the end 
of tetanic stimulation (6). The slow re- 
turn (that is, the slow increase in the in- 
tensity ratio) continued after the tension 
had fallen to zero. 

With the use of the intensity ratio, the 
electron density distribution in the trans- 
verse section of the filament lattice was 
calculated for each 0.5- to 2-second 
phase. From this, the relative mass of 
the thick to the thin filaments (thick/thin) 
was estimated by the method of Hasel- 
grove and Huxley (2). Changes in the rel- 
ative mass between the successive 
phases were attributed to radial move- 
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ments of the myosin heads; a decrease in 
the relative mass, for instance, was inter- 
preted as being caused by movements of 
myosin heads from the vicinity of the 
thick filaments to that of the thin fila- 
ments. In order to estimate the approxi- 
mate number of myosin heads that had 
moved, we compared the changes in the 
relative mass with the change elicited by 
the shift of all the myosin heads from the 
thick to the thin filaments, namely the 
change in the relative mass elicited by 
putting a resting muscle into rigor (7). 
The estimated number of myosin heads 
in the vicinity of the thin filaments is 
plotted against time in Fig. 2. 

For obtaining the values in Fig. 2, we 
considered the fact that the sarcomeres 
shortened during contraction although 
the muscle was held isometrically. Such 
consideration was necessary since the 
intensity ratio is known to vary with sar- 
comere length (2, 8). The details of the 
consideration, and some conclusions de- 
rived, were as follows. 

1) During tetanus, the sarcomere 
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Fig. 2. Fraction of the myosin heads present 
in the vicinity of the thin filaments. These val- 
ues were obtained by the following procedure 
(2). (i) With the use of the equatorial in- 
tensities (corrected for the Lorentz factor), 
the electron-density distribution in the trans- 
verse section of the filament lattice was calcu- 
lated by Fourier synthesis. (ii) From this, the 
relative mass of the thick to the thin filaments 
was calculated, assuming that the lowest den- 
sity in the electron-density map represented 
the background level. (iii) From the relative 
mass, the fraction of the myosin heads asso- 
ciated with the thin filaments was estimated 
(open circles). The solid line is the regression 
line for the points during the slow return of 
myosin heads. During the rapid return, the 
fraction could not be estimated precisely be- 
cause of nonuniformity of the sarcomere 
lengths (see text). The open and closed 
squares represent the values obtained if the 
sarcomere lengths are assumed to be 2.20 and 
2.05 ,m, respectively. 

length was about 2.05 ,/um (measured 
with the light-diffraction method). There- 
fore, for calculating the number of myo- 
sin heads present in the vicinity of the 
thin filaments during tetanus, we needed 
the intensity ratios for the muscles in the 
resting state and in rigor at the sarco- 
mere length of 2.05 ,tm. These were 
1.95 ? 0.15 (N = 4) and 0.33 ?+ 0.02 
(N = 4), respectively. The calculation 
indicated that 74 percent of the total 
myosin heads were in the vicinity of the 
thin filaments in the first 500-msec phase, 
and 79 percent in the second 500-msec 
phase. It must be noted that the first 500- 
msec phase included the time of the rap- 
id rise of tension. Then, the approximate 
agreement between the values for the 
first and second 500-msec phases in- 
dicates that the movement of the myosin 
heads to the thin filaments at the onset of 
tetanus was too prompt to be detected 
with the time resolution in our study. 

2) During the rapid return of the myo- 
sin heads, which coincided with the rap- 
id fall of tension, the number of myosin 
heads remaining in the vicinity of the 
thin filaments could not be determined 
precisely because of nonuniformity of 
the sarcomere lengths (9); some sarco- 
meres were shortening while the others 
were lengthening, as was indicated by 
the blurring of the light-diffraction pat- 
tern during the fall of tension. Therefore, 
as first-order approximations, we calcu- 
lated the number on two different as- 
sumptions: the sarcomere length was as- 
sumed to be either 2.05 or 2.20 zm. The 
calculation based on the latter assump- 
tion required the intensity ratio for the 
muscle in rigor at the sarcomere length 
of 2.20 ,um; this was 0.34 + 0.03 
(N = 4). The results from the two as- 
sumptions (the open and closed squares 
in Fig. 2) did not differ significantly from 
each other (10). 

3) During the slow return, which took 
place after the tension had fallen to the 
resting level, the number of myosin 
heads in the vicinity of the thin filaments 
could be estimated precisely, as the sar- 
comere length had returned to 2.20 utm. 
Approximately 20 percent of the myosin 
heads were present in the vicinity of the 
thin filaments at the beginning of the 
slow return (Fig. 2). 

Our results contradicted the con- 
clusion of Podolsky et al. (4) that the re- 
turn of myosin heads is almost com- 
pleted within 100 msec after the fall of 
tension. However, the data they present- 
ed (their figure 3) were not in essential 
disagreement with ours; in the two ob- 
servations from which they derived their 
conclusion, the intensity ratio obtained 
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soon after tetanus was indeed smaller 
than the values obtained before tetanus. 
They regarded this difference as in- 
significant and arrived at the above con- 
clusion. The difference we detected 
(2.29 ? 0.12 before tetanus and 1.76 
? 0.09 at 500 to 1000 msec after tetanus, 
N = 7) might have been too small to be 
revealed by only two observations. 

Huxley (3) has concluded from his ob- 
servations on the axial x-ray reflections 
that the return of myosin heads to their 
resting positions takes at least several 
seconds; there is a discrepancy between 
the fall of tension and the return of myo- 
sin heads. Our results supported this 
conclusion and showed that the dis- 
crepancy arises from the behavior of 
about 20 percent of the myosin heads 
that do not return promptly (Fig. 2). The 
nature of the prolonged stay of these 
myosin heads in the vicinity of the thin 
filaments is not clear; they might be re- 
maining there without being attached to 
actin, or they might be attached to actin 
without producing significant contractile 
force. At present we cannot distinguish 
between these possibilities. Some me- 
chanical experiments, such as stiffness 
measurements of the muscle after teta- 
nus, might solve this problem. 
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firmed non-nappers. 

Although the need for sleep is univer- 
sal, extensive research has yet to clarify 
the functions of sleep, the efficiency with 
which it is obtained, and the mechanisms 
underlying the recovery from fatigue. 
Sleep is not a unitary phenomenon, and 
broad individual differences in the 
amount of sleep and its different stages 
are obtained. In addition, not all of an in- 
dividual's sleep is obtained during night- 
time hours; some individuals nap during 
the day. The functions served by day- 
time napping may differ widely among 
individuals. Like sleep in general, day- 
time napping is apt to serve functions 
other than physiological, restorative, 
12 AUGUST 1977 

firmed non-nappers. 

Although the need for sleep is univer- 
sal, extensive research has yet to clarify 
the functions of sleep, the efficiency with 
which it is obtained, and the mechanisms 
underlying the recovery from fatigue. 
Sleep is not a unitary phenomenon, and 
broad individual differences in the 
amount of sleep and its different stages 
are obtained. In addition, not all of an in- 
dividual's sleep is obtained during night- 
time hours; some individuals nap during 
the day. The functions served by day- 
time napping may differ widely among 
individuals. Like sleep in general, day- 
time napping is apt to serve functions 
other than physiological, restorative, 
12 AUGUST 1977 

References and Notes 

1. H. E. Huxley and W. Brown, J. Mol. Biol. 30, 
383 (1967). 

2. J. C. Haselgrove and H. E. Huxley, ibid. 77, 549 
(1973). 

3. H. E. Huxley, Cold Spring Harbor Symp. 
Quant. Biol. 37, 361 (1972). 

4. R. J. Podolsky, R. St. Onge, L. Yu, R. W. 
Lymn, Proc. Natl. Acad. Sci. U.S.A. 73, 813 
(1976). 

5. R. Allemand and G. Thomas, Note Technique 
LETL/MCTE, Grenoble, Nr. 1056 (1974). 

6. The initial rapid increase in the intensity ratio 
can be accounted for in part by the lengthening 
of the sarcomeres after the end of tetanus. The 
sarcomere length was 2.05 tam during tetanus 
(see text) and 2.20 ,tm after the tension had fall- 
en to resting. According to Haselgrove and Hux- 
ley (2, see their table 1), the frog sartorius 
muscle during tetanus gives an intensity ratio of 
0.53 at the sarcomere length of 2.0 ,m and 0.78 
at 2.2 ,um. This suggests that a part of the initial 
increase in the intensity ratio can be explained 
without postulating the return of myosin heads 
to the thick filaments. 

7. H. E. Huxley, J. Mol. Biol. 37, 507 (1968). We 
put the muscles into rigor by soaking them for 1 
to 2 days in Ringer solution (20? to 22?C) con- 
taining 1 mM iodoacetate and recorded the 
equatorial patterns by the position-sensitive 
counter with an exposure time of 1 minute. 

8. G. F. Elliott, J. Lowy, C. R. Worthington, J. 
Mol. Biol. 6, 295 (1963). 

9. A. F. Huxley and R. M. Simmons, Cold Spring 
Harbor Symp. Quant. Biol. 37, 669 (1972). 

10. The rapid increase in the intensity ratio upon the 
cessation of stimuli is likely to have been caused 
in part by the lengthening of the sarcomeres (6). 
However, the rapidity of the initial return of 
myosin heads shown in Fig. 2 cannot be attrib- 
uted to the lengthening of the sarcomeres, since 
the lengthening has been taken into account 
in calculating the value plotted in Fig. 2 (that 
is, a correction has been made for the length- 
ening). 

11. We thank Professor M. Endo for advice and en- 
couragement. Supported by Toray Science 
Foundation and the Muscular Dystrophy Asso- 
ciation of America. 

* Present address: Department of Applied Phys- 
ics, Faculty of Engineering, University of To- 
kyo, Tokyo, Japan. 

t Present address: Department of Engineering 
Physics, Chubu Institute of Technology, Matsu- 
moto, Kasugai, Aichi-ken, Japan. 

27 December 1976; revised 18 March 1977 

References and Notes 

1. H. E. Huxley and W. Brown, J. Mol. Biol. 30, 
383 (1967). 

2. J. C. Haselgrove and H. E. Huxley, ibid. 77, 549 
(1973). 

3. H. E. Huxley, Cold Spring Harbor Symp. 
Quant. Biol. 37, 361 (1972). 

4. R. J. Podolsky, R. St. Onge, L. Yu, R. W. 
Lymn, Proc. Natl. Acad. Sci. U.S.A. 73, 813 
(1976). 

5. R. Allemand and G. Thomas, Note Technique 
LETL/MCTE, Grenoble, Nr. 1056 (1974). 

6. The initial rapid increase in the intensity ratio 
can be accounted for in part by the lengthening 
of the sarcomeres after the end of tetanus. The 
sarcomere length was 2.05 tam during tetanus 
(see text) and 2.20 ,tm after the tension had fall- 
en to resting. According to Haselgrove and Hux- 
ley (2, see their table 1), the frog sartorius 
muscle during tetanus gives an intensity ratio of 
0.53 at the sarcomere length of 2.0 ,m and 0.78 
at 2.2 ,um. This suggests that a part of the initial 
increase in the intensity ratio can be explained 
without postulating the return of myosin heads 
to the thick filaments. 

7. H. E. Huxley, J. Mol. Biol. 37, 507 (1968). We 
put the muscles into rigor by soaking them for 1 
to 2 days in Ringer solution (20? to 22?C) con- 
taining 1 mM iodoacetate and recorded the 
equatorial patterns by the position-sensitive 
counter with an exposure time of 1 minute. 

8. G. F. Elliott, J. Lowy, C. R. Worthington, J. 
Mol. Biol. 6, 295 (1963). 

9. A. F. Huxley and R. M. Simmons, Cold Spring 
Harbor Symp. Quant. Biol. 37, 669 (1972). 

10. The rapid increase in the intensity ratio upon the 
cessation of stimuli is likely to have been caused 
in part by the lengthening of the sarcomeres (6). 
However, the rapidity of the initial return of 
myosin heads shown in Fig. 2 cannot be attrib- 
uted to the lengthening of the sarcomeres, since 
the lengthening has been taken into account 
in calculating the value plotted in Fig. 2 (that 
is, a correction has been made for the length- 
ening). 

11. We thank Professor M. Endo for advice and en- 
couragement. Supported by Toray Science 
Foundation and the Muscular Dystrophy Asso- 
ciation of America. 

* Present address: Department of Applied Phys- 
ics, Faculty of Engineering, University of To- 
kyo, Tokyo, Japan. 

t Present address: Department of Engineering 
Physics, Chubu Institute of Technology, Matsu- 
moto, Kasugai, Aichi-ken, Japan. 

27 December 1976; revised 18 March 1977 

and homeostatic ones. For many people 
a brief nap is reported to have restorative 
value far exceeding the length of time in- 
volved. In contrast, for some other indi- 
viduals, the aftermath of napping seems 
to be sufficiently unpleasant that it is ac- 
tively avoided. 

To determine the frequency of napping 
in a young adult population and to evalu- 
ate whether there were differences 
among subjective experiences of nap- 
ping, 430 college students were surveyed 
and patterns of napping and their atti- 
tudes toward napping were evaluated. 
Sixty percent of the students indicated 
they sometimes, usually, or always took 
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catnaps during the day; only 40 percent 
answered they rarely or never napped. 
This finding is consistent with the fre- 
quency described in the literature (1) 
among a similar age group. 

On the basis of criteria developed from 
pilot surveys, at least two different kinds 
of nappers could be identified from an 
analysis of these questionnaire descrip- 
tions of naps. (i) Replacement nappers 
nap to make up for previously (or soon to 
be) lost night sleep, and (ii) appetitive 
nappers nap primarily for reasons other 
than sleep need and apparently derive 
psychological benefits from the nap not 
directly related to the physiology of 
sleep. Specifically, a replacement napper 
was defined as a subject who had an- 
swered "no" to the criterion question 
"Do you nap even when you do not feel 
very tired?" and an appetitive napper 
was one who had responded either "defi- 
nitely yes" or "possibly yes" to this 
question. A number of other question- 
naire responses consistent with this dis- 
tinction significantly differentiated be- 
tween appetitive and replacement nap- 
pers. About 22 percent of the 261 
nappers were classified as appetitive 
nappers, and 78 percent napped primari- 
ly for replacement reasons (2). 

Subgroups of 11 appetitive and 10 re- 
placement nappers (each of whom typi- 
cally napped in the afternoon at least 
once a week), as well as 12 consistent 
non-nappers (who reported they rarely 
or never napped because napping had 
unpleasant mental and physical after- 
effects) were asked to take a nap in a 
standard sleep laboratory. Subjects were 
included in the study only if an inter- 
viewer, who was unaware of the sub- 
jects' questionnaire responses, made the 
same classification as the questionnaire 
assignment. Thus, subgroup assignments 
were made by the independent classifica- 
tions of both the questionnaire responses 
and a blind interviewer. Any subjects 
(particularly the non-nappers) who ex- 
pressed doubts about being able to sleep 
in the laboratory were assured that the 
physiological data would be valuable 
even if they only rested quietly. 

Standard electroencephalographic 
(EEG) and electrooculographic (EOG) re- 
cording electrodes were applied by an 
experimenter who was blind as to the 
subjects' napping classification. Subjects 
were provided with a comfortable bed in 
which to take a nap. Although the length 
of the nap was not discussed, subjects 
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were aroused by a loud telephone buzzer 
60 minutes after they were asked to be- 
gin their nap. Arousal reaction time, de- 
fined as the time taken to pick up the 
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Appetitive and Replacement Naps: EEG and Behavior 

Abstract. Consistent subjective, behavioral, and electroencephalographic sleep- 
stage differences were found between afternoon naps of 11 habitual appetitive nap- 
pers (who nap lightly for psychological reasons apparently unrelated to reported 
sleep needs) and 10 replacement nappers (who apparently nap regularly in response 
to temporary sleep deficits). Both types of naps were compared with naps of 12 con- 
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