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ABSTRACT High-energy phosphate utilization (A~P) associated with force 
development, force maintenance, and relaxation has been determined during 
single isometric tetani in the rabbit taenia coli. ATP resynthesis from glycolysis 
and respiration was stopped without deleterious effects on the muscle. At 18~ 
and a muscle length of 95% 10, the resting rate of energy utilization is 1.8 + 0.2 
nmol /g ,s  -1, or 0.85 _+ 0.2 mmol ~P /mol  of total creatine (Ct).s -1, where Ct = 
2.7 ~mol/g wet wt. During the initial 25 s of stimulation when force is developed, 
the average rate of 'A~P was -8 .2  + 0.8 mmol/mol Ct.s -1, some four times 
greater than during the subsequent 35 s of force maintenance, when the rate 
was -2 .0  ztz 0.6 mmol ~P/ tool  Ct.s -1. The energy cost of force redevelopment 
(0 to 95% P0) after a quick release from the peak of a tetanus is very low 
compared with the initial force development. Therefore, the high rate of energy 
utilization during force development is not due only to internal work done 
against the series elasticity nor to any high rate of cross-bridge cycling inherently 
associated with force development. The high economy of force maintenance 
compared with other muscle types is undoubtedly due to a slower cross-bridge 
cycle time. The energy utilization during 45 s of relaxation was not statistically 
significant, and fPdt/A~P was higher during relaxation than during force 
maintenance in the stimulated muscle. 

I N T R O D U C T I O N  

We have  recent ly  descr ibed a m a m m a l i a n  smooth  muscle p repa ra t ion  tha t  is 
sui table  for direct  measu remen t  o f  h igh-energy phospha te  ut i l izat ion du r ing  
con t rac t ion  (Butler  et al., 1978). T h e  t r ea tmen t  used stops A T P  synthesis f rom 
bo th  oxidat ive  phosphory la t ion  an d  glycolysis bu t  does not  change  the high- 
energy  phospha t e  contents  or the mechanica l  responses o f  the muscle. Thus ,  
we were able  to measure  the total  h igh-energy phospha te  ut i l izat ion by the  
s t imula ted  muscle f rom net  changes in the contents  o f  phosphory lc rea t ine  
(PCr) and  aden ine  nucleotides.  

We  use this p repa ra t ion  to de t e rmine  the chemical  energy usage dur ing  
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various phases of an isometric tetanic contraction. The energy requirements 
were determined for the periods of force development, maximum force main- 
tenance, and relaxation, as well as during force redevelopment after a quick 
release from the plateau of an isometric tetanus. This information could not 
be satisfactorily obtained through the exclusive use of indirect measures of 
ATP utilization, such as total oxygen consumption and lactate production. 
These methods fail to provide a good time-resolved record of ATP utilization, 
for they depend on either steady-state measurements, which demand that 
force and /or  the rate of energy utilization be constant during the period of 
observation, or measurements of total change during a complete contraction- 
relaxation cycle. From the knowledge of the energy inputs required for various 
mechanical situations, insight may be gained into the mechanism through 
which chemical energy utilization leads to the appropriate mechanical output  
by the muscle. Similarities in the relationships between energy utilization and 
resulting mechanical responses among functionally different smooth and 
striated muscles would suggest the operation of certain common basic mech- 
anisms, whereas drastic differences between these relationships would be 
expected to reflect biochemical and /or  structural specializations. 

We have found from direct measurement of high-energy phosphate utili- 
zation that the chemical energy requirement for initial development of 
isometric force (25 s) is some four times greater than that for subsequent force 
maintenance (35 s). The energy cost of force redevelopment after a quick 
release from the peak of a tetanus is significantly lower than that required 
during initial force development. The energy utilization during relaxation was 
not statistically significant, although fPdt /A~P was higher during relaxation 
than during maximum isometric force maintenance in a stimulated muscle. 

M E T H O D S  

1. Preparation of Tissues 
Strips of taenia coli were excised from immature female rabbits (New Zealand strain, 
white) weighing 1.5-2.5 kg, which had been sacrificed by cervical fracture. The 
method of isolation of the taenia coil from adhering connective tissue and circular 
muscle of the caecum has been described (Gordon and Siegman, 1971). Each muscle 
was divided transversely into three segments, each 1.5 cm long and weighing ~ 15 rag. 

The muscles were mounted in Plexiglas chambers containing flowing, oxygenated 
Krebs-bicarbonate solution and were allowed to equilibrate for at least 2 h under 2 
X l0 -2 newton (N) at 21~ When cooled to 18~176 the muscles are atonic 
(Gordon and Siegman, 1971). One end of the preparation was connected to an 
isometric force transducer (Kistler-Morse Corp., Bellevue, Wash., DSK-3), and the 
other end was attached to a micrometer drive or to a servomotor (Gould, Inc. 
Instruments Div., Cleveland Ohio, model 440) to impose changes in preparation 
length. Recordings were made on a Grass model 7 (Grass Instrument Co., Quincy, 
Mass.) or Brush model 440 (Gould, Inc.) polygraph.The muscles were supramaximally 
stimulated in a transverse field with platinum-plantinum chloride electrodes and 10 
V rms, 60-Hz AC pulses. 
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2. Solutions 

a) NORMAL KREBS' SOLUTXON (mM) NaCI, 118; KCI, 4.7; MgSO4.7H20,  1.18; 
KH2PO4,1.2; CaCI2, 1.9; NaHCO3, 25.01; and glucose, 11.0. The solution was bubbled 
with a mixture of 95% 02-5% CO2 and the p H  was 7.4. 

b) FAA KREBS' SOLUTION Similar to normal Krebs'  solution but containing 5.0 mM 
sodium fluoroacetate (FAA, ICN Pharmaceuticals Inc., Plainview, N. Y.). The 
solution was bubbled with a mixture of 95% N2-5% CO2 and the p H  was 7.4. 

c) IAA-FAA KREBS' SOLUTION Similar to normal Krebs'  solution but without glucose 
and containing 0.5 m M  sodium iodoacetate (IAA, Eastman Organic Chemicals Div., 
Eastman Kodak Co., Rochester, N. Y.) and 5.0 m M  sodium fluoroacetate. The 
solution was bubbled with a mixture of 95% N2-5% C02 and the p H  was 7.4. 

3. Freezing and Extraction 

To freeze the muscles, the hath was rapidly drained (1 s) and the muscle was clamped 
between two stainless steel plates precooled to - 190~ with liquid nitrogen. Extraction 
with 0.5 N HCIO4 was performed as described previously (Kushmerick et al., 1969). 
The extracts were neutralized with 0.57 M K O H  buffered to pH 7.4 with 0.2 M 
triethanolamine and stored at - 7 6 ~  until analysis. Extracts used for analyses of 
lactate were not neutralized or buffered. 

4. Chemical Analyses 

Free creatine (Cf) was assayed by the method of Eggleton et al. (1943), and total 
ereatine (Ct) was similarly assayed after hydrolysis with 0.1 N HCI for 9 min at 65~ 
Phosphorylcreatine (PCr) was estimated as the difference between total and free 
creatine corrected for 10.8% creatinine formation during acid hydrolysis. ATP, ADP, 
and AMP were assayed by liquid chromatography (Butler et al., 1978) or fluorometric 
analyses (Butler, 1974). Lactate was assayed fluorometrically acording to the method 
of Hohorst (1963). Values for chemical contents are expressed on the basis of total 
creatine, thereby taking into account any differences in muscle mass. The  total 
creatine content of the taenia coli is 2.7 pmol /g  wet tissue (Butler et al., 1978). u p  
refers to high-energy phosphate and is calculated as indicated in Results. 

5. Histology 

Taenia  coli muscles were divided transversely into four segments, prepared and 
treated as described in section 1, and then stretched to 1.45 times their slack length 
q~). 

After equilibration at that length for 15 min, one segment from each taenia was 
placed in IAA-FAA Krebs'  solution gassed with 95% N2-5% COz at 5~ for 30 min. 
The muscle was then rapidly rewarmed to 18~ in the same solution for 3.5 min, 
then fixed in a glutaraldehyde solution for 2 h as described below. Another segment 
from each taenia remained in normal Krebs'  solution, but at 18~ for the correspond- 
ing period of 33.5 rain, and then was fixed in glutaraldehyde for 2 h. Remaining 
muscle segments were incubated in normal Krebs'  solution at 18~ and then placed 
in the glutaraldehyde fixative for 5, 10, 20, 60, or 120 min, after which they were 
quickly frozen in liquid nitrogen, extracted, and analyzed for ATP. 

The tissues were fixed with 2% glutaraldehyde in 0.1 M sodium cacodylate 
containing 6% sucrose at p H  7.4. They were postfixed in 2% osmium tetroxide in 
cacodylate buffer, rinsed with buffer, and stained with uranyl acetate. The  tissues 
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were then dehydrated in graded alcohols and embedded in Spurr's resin (Ashton et 
al., 1975). Thin sections were stained with lead acetate and examined for ultrastruc- 
tural detail with a Hitachi H U  11E (Hitachi Ltd., Tokyo, Japan)  or Zeiss EM9 (Carl 
Zeiss, Inc., New York) electron microscope. 

6. Myosin Heavy Chain Determinations 
Sartorius muscles were isolated from northern frogs (Rana pipiens) and equilibrated 
for 1 h or more in a normal Ringer's solution gassed with 95% 02-5% CO2. The 
muscles were weighed and quick frozen between stainless steel blocks precooled with 
liquid nitrogen. The rabbit taenia coli muscles were dissected as usual, equilibrated 
for at least 1 h, and frozen. 

Relative myosin heavy chain contents were determined by a modification of a 
method described by Cohen and Murphy (1978). The tissues were pulverized while 
frozen and extracted with a solution containing 1% sodium dodecyl sulfate, 1% 
mercaptoethanol,  and 25 m M  sodium phosphate, p H  7.0. The sartorius muscles were 
extracted using a concentration of 7.5 mg wet wt/ml,  and the taenia coli muscles 
were adjusted to 15 mg wet wt/ml.  The samples were incubated for 1 h at 60~ and 
subsequently cooled and diluted fcom 2 to 20 times with the same extraction solution. 
0.2 ml of glycerol and 0.1 ml of 0.05% bromophenol blue was then added to 1 ml of 
diluted sample. 

The gels were prepared according to Weber and Osborn (1969) with a 4.5% 
acrylamide concentration. A 10-#1 sample containing from 4 to 60/xg of tissue (wet 
wt) was added to each gel. The electrophoresis was carried out at 11 mA/gel  for 
~2.75 h. The gels were stained with Coomassie Blue (0.25% wt/vol) in 45% methanol, 
9.2% acetic acid for 1 h at 60~ and then destained by diffusion at 60~ with 7.5% 
acetic acid, 5% methanol. The gels were scanned at 570 nm on a Beckman model 25 
spectrophotometer (Beckman Instruments, Inc., Fullerton, Calif.), and areas of the 
200,000-dalton peaks were determined. In every run, the relationship between the 
peak area and tissue wet weights added to the gels was determined using at least four 
different samples for both rabbit  taenia coli and frog sartorius. The ratio of the slopes 
relating peak area and wet weight was taken as the measure of the relative myosin 
heavy chain content in the two tissues. Myosin was purified from rabbit taenia coli 
and frog sartorius according to the methods of Chacko et al. (1977) and Barany 
(1967), respectively. Equal quantities of myosin from each muscle were added to 
separate gels, and the areas of the myosin heavy chain peaks determined as described 
above. The ratio of the areas of the peaks for taenia coli:frog sartorius was 0.99 • 0.05 
(n -- 8). Therefore, any differences in the slopes relating peak area and wet weight for 
the two tissues would not reflect differences in staining but, rather, differences in 
myosin heavy chain content. 

7. Statistics 
All values are means • standard error, and n - number  of observations. Comparisons 
were made using Student's t test. 

R E S U L T S  

1. Relative Myosin Heavy Chain Contents in the Frog Sartorius and Rabbit 
Taenia Coli 

T h e  energet ics  o f  con t rac t ion  in the  frog sar tor ius  has been  s tudied  in detai l  
a n d  it was of  interest  to d e t e r m i n e  to wha t  extent  the  differences in the  
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energetics of  the frog sartorius and rabbit  taenia coli could be at tr ibuted to 
differences in myosin content. 

Fig. 1 shows the relationship between area of  the myosin heavy chain peak 
and equivalent tissue wet weight added to each gel for one electrophoresis 
run. The ratio of  the slopes in six such paired analyses showed that the frog 
sartorius muscle contained 3.3 - 0.2 times more myosin heavy chain per  gram 
wet weight than the rabbit  taenia coli. 
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FIGURE l. Relationship between the area under the 200,000-dalton peak of 
densitometer tracing and tissue wet wt applied per gel from a typical SDS gel 
electrophoresis run. Aliquots of whole-muscle extracts of frog sartorius (C)) or 
rabbit taenia coli (1"1) were applied to each gel. The ratio of the slopes of the 
two curves is used to calculate the relative myosin content of the muscles. Slope 
sartorius/siope taenia coli -- 3.3 + 0.2 (n ----- 6). 

2. Histology 

Although previous mechanical and chemical determinations indicated that 
treatment with metabolic inhibitors and lowered temperatures had no adverse 
effect on the muscles (Butler et al., 1978), it was of  importance to learn 
whether there were any changes in ultrastructure, particularly filament orga- 
nization. For this reason, tissues subjected to the treatment with metabolic 
inhibitors described above were prepared for electronmicroscopy, along with 
paired control segments that were bathed in normal Krebs'  solution. The  
results are shown in Figs. 2 and 3. 

Careful examination of  multiple random sections from eight muscle seg- 
ments revealed that there were no conspicuous differences between the treated 
and untreated preparations. Low magnification electron micrographs of  rep- 
resentative populations of cells show that the tissues did not swell as a result 
of  the treatment (Figs. 2 A and 3 A). Filament organization, best seen in high 
magnification, was the same in both groups, with thick (myosin) and thin 



FIGURE 2. Rabbit taenia coli, bathed in Krebs' solution at 18~ under aerobic, 
isometric conditions at the length of 0.95 lo (1.45 X slack length). (A) Transverse 
section, • 7,600. (B) Longitudinal section, X 38,000. Glycogen granules (G), 
intact mitochondria (M), and surface vesicles are evident. Longitudinally 
oriented thick (myosin, arrow) and thin filaments can be seen within the 
cytoplasmic matrix. 

614 



FIGURE 3. Rabbit taenia coli, bathed in 0.5 mM IAA-5.0 mM FAA, glucose- 
free Krebs' solution at 5~ under anaerobic conditions for 30 rain and then 
rewarmed to 18~ for 3.5 min. Muscle held under isometric conditions at 0.95 
l0 (1.45 slack length). (A) Transverse section, • 7,600. (B) Longitudinal section, 
• 38,000. Longitudinally oriented thick (myosin, arrow) and thin myofilaments 
can be seen within the cytoplasmic matrix. Glycogen granules (G) are evident. 
Mitochondria (M) are intact, but some evidence of swelling of cristae is noted 
(*). 
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(actin) filaments running parallel to the longitudinal axes of the cells; there 
was no evidence of  filament aggregation (Figs. 2 B and 3 B). The only 
remarkable, but not unexpected, change was slight swelling of mitochondrial 
cristae with some dissolution in the metabolically inhibited tissues (Fig. 3 B). 
The average ATP content of  tissues fixed in glutaraldehyde for 2 h was 0.95 
--+" 0.09 pmol /g  wet wt (n = 5), whereas unfixed tissues contained 1.52 __. 0.05 
/~mol A T P / g  (Butler et al., 1976). Although this represents a significant loss 
of ATP (which occurred within the first 5 min of fixation), both the ATP 
contents and the magnitude of the change in ATP are similar to those 
observed in contracting unfixed muscles (to be described; Table I). Impor- 
tantly, the ATP content of  fixed tissues is far greater than that of  muscles in 
the rigor state (0.07 _+ 0.02 pmol/g,  n = 7, Butler et al., 1976). Therefore, the 
structural similarity of the control and metabolically inhibited tissues cannot 
be attr ibuted to a loss of ATP before or during fixation. Rather, their normal 
appearance is consistent with evidence from mechanical and biochemical 
studies (Butler et al. [1978] and this study), showing that the specific treatment 
with the metabolic inhibitors employed had no untoward effects on the tissues. 

3. Energetics Studies 

a) EXPERIMENTAL PROC~DtrRES Alter the initial equilibration period at 
2 • 10 -2 N, the muscle length was reduced for the determination of ls, the 
length at which passive tension was just zero. Unless otherwise stated, the 
muscle was then stretched to the length 1.45 • Is, which is 95% 10 (10 is the 
length at which maximum active force, P0 is developed), where active force is 
92% P0 (Butler et al., 1978). A period of  15 min was allowed for equilibration 
at the new length, during which time stress relaxation occurred and tension 
stabilized. 

The bathing medium (normal Krebs' solution) was then replaced by IAA- 
FAA Krebs' solution at 5~ and treatment with the metabolic inhibitors was 
continued, under anaerobic conditions, for 30 min. The cold medium was 
then rapidly replaced by the same solution at 18~ and treatment continued 
for an additional 3.5 min before further experimental maneuvers. The ration- 
ale for this regimen, which blocks oxidative metabolism and glycolysis with 
no diminution of contractility, has been discussed in detail (Butler et al., 
1978). 

Our  purpose in this study was to distinguish the energy utilization associa- 
tion with force development, maximum force maintenance,  and relaxation 
during an isometric tetanus, taking into account resting metabolism. There- 
fore, in a given experiment, the three muscle segments derived from each 
taenia coli were distributed and used according to the procedures listed in the 
legend to Fig. 4, as specifically required and as described in subsequent 
sections. 

At the end of each of the procedures, the muscles were quickly frozen. The 
constancy of the adenine nucleotide, phosphorylcreatine contents, and me- 
chanical behavior along the length of the taenia coli made it possible to 
subject the segments to different experimental procedures and to compare the 
results obtained (Butler et al., 1978). 
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b) RESa'INO ENV.ROY trrzLIZA'rZoN The resting rate of  oxygen consumption 
of smooth muscle is as much as one-quarter to one-half that of the steady- 
state rate during maximum isometric force maintenance (Paul and Peterson, 
1975; Gliick and Paul, 1977; Hellstrand, 1977). For this reason, estimates of 
the energy utilization associated with the various phases of an isometric 
tetanus required correction for energy utilization by the resting, unstimulated 
muscle. In the determination of the energy utilization during force develop- 
ment, such a correction was automatically made by comparison of  the PCr 
and ATP contents of  the stimulated muscle with that of  a paired muscle that 

A 8 C D 

d ~5 6 io 6 2~ ~o 6 ~5 s.co.ds 
FmURE 4. Experimental procedures applied to segments of rabbit taenia coli 
under isometric conditions at 18~ after treatment with metabolic inhibitors, as 
described in text. (A) Stimulation for 25 s. (B) Stimulation for 60 s. (C) 
Stimulation for 25 s followed by 45 s of relaxation. (D) Unstimulated control. 
The duration of suprathreshold 60-Hz AC stimulus is shown by the dotted lines. 
Muscles were quickly frozen upon termination of each procedure. From differ- 
ences in muscle PCr and ATP contents and correction for resting metabolism, 
the chemical energy utilization during force development (A- -D) ,  maximum 
force maintenance (B--A) and relaxation (C--A) can be calculated, as described 
in text. 

was unstimulated but  otherwise identically treated (procedure A--procedure  
D). But a comparable correction was not practical for determining the net 
energy utilization during maximum force maintenance and relaxation. This 
would have required the use of four muscle segments from each taenia coli, 
providing an unstimulated control appropriate for each of the different 
stimulus durations. The availability of only three segments of  adequate size 
from each taenia coli required that the necessary comparisons be made among 
segments derived from different muscles or, as an alternative, an independent 
determination of  the rate of  resting energy utilization. 

A direct measurement of  the high-energy phosphate utilization during rest 
was obtained from paired muscles that had been treated with metabolic 
inhibitors as described in Methods. One muscle of each pair was frozen 3.5 
min after rewarming to 18~ whereas the other was incubated an additional 
70 s and frozen. The change in high-energy phosphate content ( ~ T P / C t  + 
APCr/Ct)  was -0 .022 +-. 0.028 mol /mol  Ct (n = 19), which is a rate o f - 0 . 3  
+_ 0.4 mmol /mol  Ct. s -1. This rate of resting energy utilization is small and 
not significantly different from zero. A more accurate direct determination of  
the resting rate of energy utilization might be obtained by longer incubation 
times, but  prolonged anaerobic incubation in the IAA-FAA Krebs'  solution 
after rewarming to 18~ could not be tolerated by the tissue (Butler et al., 
1978). Therefore, resting energy usage was also determined in separate exper- 
iments in which lactate production and changes in ATP and PCr content 
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were measured over a 10-min period in muscles in which respiration was 
blocked. 

Muscle segments were allowed to equilibrate under 2 • 10 -2 N tension in 
normal Krebs' solution at 18~ for 2 h. The muscles were then transferred, 
without disturbing their mechanical arrangement,  to individual test tubes 
containing 4 ml Krebs' solution with 5 m M  sodium fluoroacetate, and 
incubation was continued under anaerobic conditions at 18~ The tubes 
were replaced by others containing fresh medium every 10 rain for a total of  
30 or 40 rain. In this way, ATP synthesis could proceed through glycolysis, 
and the steady-state flux through glycolysis could be measured from the 
formation of lactate and its appearance in the medium as incubation pro- 
gressed. In addition, changes in ATP, PCr, and lactate could be measured 
from differences in the contents of the tissues at the end of  specific periods of 
incubation. 

A steady-state rate of lactate production was reached within the first 10- 
rain period, but all calculations are based on samples taken after 30 and 40 
rain of incubation. There was no significant difference in the rate of lactate 
production during these two time periods, nor in the tissue lactate concentra- 
tion at the end of  these time periods. The mean steady-state rate of lactate 
production was 0.98 • 0.06/~mol/g wet tissue. 10 min -1 (n ffi 10). Separate 
experiments showed the same average rate of lactate production when glucose 
was present or absent from the bathing medium, suggesting that glycogen is 
the source of the lactate produced. The measured rate of lactate production 
was equivalent to a ~ATP of 1.40 • 0.09 pmol /g  wet tissue. 10 rain -1, 
assuming 1.5 ATP per lactate produced from glycogen (White et al., 1968). 
To take into account changes in ATP and PCr that might have occurred, we 
froze some muscles immediately after the third 10-min incubation and still 
others after the fourth 10-rain incubation period and determined and com- 
pared their ATP and PCr contents. The decrease in ATP and PCr that 
occurred during the final 10 min of incubation was 0.22 5:0 .32/~mol/g .  10 
rain -1, which is not statistically significant, and the concomitant ATP from 
lactate was 1.19 • 0.09/~mol/g. 10 min -1 (n -- 4). This represents a resting 
energy utilization of  2.3 • 0.5 nmol /g . s  -1. On the basis of  total creatine (2.7 
/~mol/g wet wt; Butler et al., 1978), this value is 0.85 5:0.19 mmol ~ P / m o l  Ct. 
s -1. This value is significantly different from zero but not significantly different 
from that observed by direct measurement of high-energy phosphate change 
(-0.3 5: 0.4, n -- 19). Because of the lower standard error, we used the value 
derived from lactate production for correction of results concerning maximum 
isometric force maintenance and relaxation. Use of the value from direct high- 
energy phosphate utilization would give very slightly different results, but 
would not change any of the conclusions. 

C) E N E R G Y  U T I L I Z A T I O N  D U R I N G  F O R C E  D E V E L O P M E N T  A N D  F O R C E  M A I N T E -  

N A N C E  The energy" used during the development of maximum isometric force 
was taken as the difference in the PCr and ATP contents of  muscles stimulated 
for 25 s (procedure ,4) and that of  unstimulated controls (procedure D, Fig. 4, 
and Table I). Previous findings have shown that under these conditions there 
is no significant change in AMP and /o r  IMP (Butler et al., 1978). During 
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T A B L E  I 

CHANGES IN PHOSPHORYLCREATINE (PCr) AND ATP CONTENT OF TAENIA 
COLI DURING AN ISOMETRIC TETANUS AT 18~ 

B - - C *  Force 
Chemical A - - D  Force B - - A *  Force maintenance vs. 

Expt. n Change development maintenance C--A* Relaxation relaxation 

mol/motC, 
IV-38 5 APCr -0.028 0.007 -0.035 

• • 4"0.048 
5 &ATP -0.014 0.002 -0.016 

• • -0.034 
5 APCr+AATP -0.042 0.010 -0.052 

• • 4"0.070 

IV-53 

V-60 

VI-1 

V-I 

5 APGr -0.166 -0.135 -0.032 
• • 4"0.035 

5 AATP 0.043 0.047 -0.008 
• • (n=4) 4"0.032 (n=4) 

5 APCr+AATP -0.124 -0 .  I l 0 -0.016 
• • (n=4) 4"0.028 (n=4) 

8 APGr --0.097 --0.150 
"*0.028, • lw 

8 AATP -0.063 0.083 
• • 

8 APCr+AATP --0.161 --0.067 
•167 • 

7 APCr -0.135 --0.114 
�9 .0.029,1: • ( , -8)  

7 AATP -0.124 -0.006 
-.t-0.031 * +0.045 (n--8) 

7 A P C r + ~ T P  -0.259 -0.118 
"*0.020w • (n-8) 

9 APCr --0.068 
"*0.036 

9 &ATP -0.003 
=1=0.031 

9 APCr+&ATP --0.071 
"*0.036 

AVERAGE OF ALL E X P E R I M E N T S  
A - - D  Force B - - A  Force B - - C  Force mainte- 

Chemical change development maintenance C - - A  Relaxation nance vs. relaxation 

ApCr --0.115 --0.104 --0.102 --0.050 
+0.019w +0.020~ +0.025w :t:0.022 II 

n 15 18 18 19 

AATP -0.092 0.005 0.050 --0.008 
• w • +0.028 • 

n 15 18 17 18 

ApCr+tkATP --0.206 --0.098 --0.054 --0.053 
+0.020~ :1:0.029:1: +0.030 • 

n 15 18 17 18 

Average rate, 8.2 2.8 1.2 
mmol ~ P /  mol Ct �9 s- 1 :1:0.8 :t:0.8 • 

(25 s) (35 s) (45 s) 
* Values are not corrected for resting energy utilization. See text for description, 
, P < 0.Ol, w P < 0.0Ol, II P < 0.05, values significantly different from zero. All others, P > 0.05. 

force development, there is a significant breakdown of PCr (-0.1 15 + 0.019 
mol /mol  Ct) and ATP (-0.092:1:0.021 mol /mol  Ct). From the total chemical 
energy change, APCr/Ct + AATP/Ct,  the average rate of  - P  change during 
the 25 s of  force development was - 8 . 2  _-+ 0.8 mmol /mol  Ct.s-k 
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During maximum isometric force maintenance (B--A), there was a signifi- 
cant breakdown of PCr (-0.104 +_ 0.020 mol/mol  Ct) but not of  ATP (0.005 
• 0.029 mol /mol  Ct). Taken together for each muscle pair, the total chemical 
energy change during the 35 s of maximum force maintenance was -0.098 
+ 0.029 mol /mol  Ct, and the average rate of A~p,  therefore, was -2 .8  • 0.8 
mmol /mol  Ct. s -x. When corrected for the resting chemical energy change, 
the average rate of chemical energy change during maximum force mainte- 
nance is -2 .0  + 0.8 mmol ~ P / m o l  Ct. s -x, or only one-fourth that seen during 
force development. 

Because Ct is proportional to muscle mass (see Methods), Ct divided by 
muscle length (L) for comparable muscles is a measure of cross-sectional area. 
Force per cross-sectional area is taken from maximum PL/Ct. The value PL/ 
Ct for all muscles used to determine the energy utilization during maximum 
force maintenance was 1.4 + 0.1 N.cm/ / tmol  Ct, n = 36; this is equivalent to 
a force of 3.7 N / c m  2. 

d) E N E R G Y  U T I L I Z A T I O N  D U R I N G  F O R C E  R E D E V E L O P M E N T  The striking dif- 
ference in the average rates of energy utilization during force development 
and force maintenance led us to consider the possible causes. Experiments 
were designed to directly determine whether  the high rate of energy utilization 
is associated with work done against a series elasticity (SE) during force 
development or, perhaps associated with the initial activation of the muscle. 
Accordingly, the energy cost of force development was compared with that of 
force redevelopment following a quick-release imposed after maximum iso- 
metric force had been attained. By the use of a length perturbation sufficient 
to reduce active force to zero, an amount  of internal work equal to that done 
during force development would be done later in the contraction. The method 
is shown in Fig. 5. 

For these experiments, after the initial equilibration period, muscle length 
was set at 1.55 18, or 102% 1o. Experimental muscles were stimulated tetanically 
and allowed to develop force for 20 s, then quickly released (0.2/o/S, 7 X Vm~,) 
to 93% lo. This length change was sufficient to fully discharge the SE. a As a 
result, active force fell to the passive tension at the new length and then 
redeveloped from 0 -- 4% to 95 • 6% of the initial maximum active force in 
the 25 s after the quick-release. From a comparison of the energy utilization 
of muscles treated in this way and control muscles that were stimulated for 20 
s, the chemical energy change during force redevelopment was -0.078 • 
0.050 tool ~ P / m o l  Ct (n = 7). When corrected for resting energy metabolism, 
this becomes -0.057 • 0.050 mol - P / t o o l  Ct and is significantly less (0.05 > 
P > 0.02) than that used for initial force development (-0.206 • 0.020 mol 
~ P / m o l  Ct, n = 15). Although the amount  of internal work done under the 
two conditions is the same, the energy utilized during the initial force 
development is more than three times greater than that utilized during force 
redevelopment. Furthermore, the total rate of energy change during force 

Ct. s ) is not significantly different redevelopment (-3.0 • 2.0 mmol ~ P / m o l  -x 

Siegman, M. J.  Unpub l i shed  observation. 
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from that for maximum force maintenance (-2.8 _ 0.8 mmol ~ P / m o l  Ct. 
s-l). The data  shows that the high rate of energy utilization during force 
development in an isometric tetanus is not due only to the internal work done 
against the SE, nor is it due to any high rate of cross-bridge cycling inherently 
associated with force development. Rather,  there seems to be an energetically 
expensive process associated with the initial activation of the muscle under 
these isometric conditions. 

e) ENERGY UTILIZATION DURING RELAXATION The energy utilization dur- 
ing relaxation was measured by taking the difference in the - P  of muscles 

A 

FoRcE !I 
(g.w~) 

102 
LENGTH [ 
(% Lo) 9 3 t" 

B 

ol { ~ } o  z 

6 ~os 6 20 ,Yss 

FIGURE 5. Experimental design for determining the biochemical energetics of 
force redevelopment. (A) Control muscle tetanically stimulated for 20 s at 
length of 102% 10. (B) Experimental muscle tetanically stimulated for 20 s at 
length of 102% l0 and then quickly released to length 93% l0 with continued 
stimulation for an additional 25 s. al = active force at 102% 10, taken as the 
difference between maximum force on stimulation and steady-state force pl of 
resting muscle, a2 = active redeveloped force at 93% 10, taken as the difference 
between maximum force on stimulation and steady-state force p2 of the resting 
muscle at the shorter length. Duration of suprathreshold 60-Hz AC stimulus is 
shown by the dotted lines. Muscles were quickly frozen upon termination of 
each procedure. 

subjected to procedures C (25 s stimulation + 45 s relaxation) and A (25 s 
stimulation; see Fig. 4 and Table I). The change in - P  during 45 s of 
relaxation was -0.054 _+ 0.030 tool - P / m o l  Ct. After correction for a 45-s 
component  of resting metabolism, this value reduced to -0.016 + 0.031 mol 
- P / m o l  Ct, which is very small and not statistically different from zero. 

It was of  interest to determine the relative energy utilization associated with 
maximum force maintenance during stimulation and relaxation. This was 
accomplished by comparing paired muscles that developed and maintained 
maximum force (procedure B) with those that also developed maximum force 
but were then allowed to relax (procedure C; see Fig. 4 and Table I). 
Preliminary trials showed that the average force, time (fPdt, impulse) was the 
same in muscles that were stimulated for 60 s (procedure B) and in those 
stimulated for 25 s followed by 45 s of relaxation (procedure C). The total 
chemical energy change was greater for muscles maintaining maximum 
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isometric force than for those allowed to relax, -0.053 • 0.024 tool ~ P / m o l  
Ct. For the 10 s difference in observation time for groups B and C, the 
correction for basal metabolism is -0.0085 • 0.0019 tool ~ P / m o l  Ct, making 
the difference in total chemical energy change during the two mechanical 
events even greater, -0.0615 • 0.0241 tool ~ P / m o l  Ct (n ffi 18, P < 0.02). For 
group B, fPdt was 144 • 11, and, for group C, fPdt was 141 • 13, n ffi 18, 
and not significantly different. These results show that force can be exerted 
with a lower expenditure of energy during relaxation than when maximum 
force is maintained during stimulation. 

D I S C U S S I O N  

Relative Myosin Contents in Frog Sartorius and Rabbit Taenia Coli 

Our  measurements have shown that the frog sartorius muscle contains 3.3 • 
0.2 (n -- 6) times more myosin heavy chain per gram wet weight than the 
rabbit taenia coll. Assuming a value of  ~0.13/~mol of  myosin/g of  skeletal 
muscle (Ebashi et al., 1969), this corresponds to a value of 0.04/~mol myosin/  
g of rabbit taenia coli. This is similar to the values of 0.03-0.04 pmol /g  found 
by Cohen and Murphy  (1978) for myosin contents in a variety of nonarterial 
smooth muscles from the pig. 

Resting Energy Utilization 

Ideally, the rate of  resting energy utilization should be determined by direct 
measurement of high-energy phosphate utilization under the same conditions 
of metabolic inhibition used for the studies of contraction. From such deter- 
minations, a value o f - 0 . 3  • 0.4 mmol ~ P / m o l  Ct.s -1 (n -- 19) was obtained; 
this is not significantly different from zero. Among the factors that  might have 
contributed to the large variance are the low metabolic rate at rest and the 
mandatory  limitation of the measurement to a 70-s period. We prefer to use 
the value 0.85 • 0.19 nmol ~ P / m o l  Ct.s -1 (n -- 10) obtained from the 
measurement of steady-state lactate production under anaerobic conditions, 
which is significantly different from zero, but not different (P > 0.05) from 
the directly measured value. In our view, because of its lower s tandard error, 
the rate of resting energy utilization measured from lactate production is more 
reliable, although it requires certain assumptions about the stoichiometry of 
glycolysis. Corrections of data  in Table I to account for resting metabolism 
may be made using either value. Although this would give very slightly 
different numerical values, none of the conclusions would be altered. 

Our  values for the rate of resting energy utilization (from ~ P  utilization or 
steady-state lactate production) are similar to that reported from the same 
muscle from the guinea pig (Mulvany and Woledge, 1972), most vascular 
smooth muscles (Lundholm and Mohme-Lundholm,  1965; Paul and Peterson, 
1975; Glfick and Paul, 1977), and the frog sartorius muscle (Kushmerick and 
Paul, 1976 a). This suggests that similar processes, occurring to about the 
same extent, may account for the resting energy utilization in all of  the 
muscles studied. Separate experiments have shown that the resting energy 
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utilization of the rabbit taenia coli is unchanged by removal of calcium. 2 The 
postulation that the basal rate of ATP utilization in the frog sartorius is due 
primarily to the actomyosin ATPase (Mahler, 1978), if true, is not general, 
since one would expect a substantially lower basal rate in smooth muscle, 
reflecting its much lower rate of specific myosin ATPase activity and lower 
myosin content. 

Energetics of Force Development 

The development of isometric force by the rabbit taenia coli at 18~ and 95% 
lo is associated with a chemical energy utilization of 0.21 + 0.02 mol/mol  Ct, 
or 0.56 #mol/g.  This agrees reasonably well with previous measurements on 
bovine carotid (0.35 /Lmol/g at 37~ Daemers-Lambert and Roland 
[1967]), frog sartorius at 0~ (~0.4 #mol "-'P/g, Butler [1974]; Homsher et al. 
[1975]; Kushmerick and Paul [1976 b]), frog sartorius at 20~ (0.7 #mol ~ P /  
g, Mahler [1979]), and estimates from myothermal studies in tortoise rectus 
femoris (Woledge, 1968). Despite the fact that the rates of energy utilization 
during force development and subsequent force maintenance vary by more 
than 300-fold, the total energy requirements for force development are very 
similar. This suggests that there is an inverse relationship between the rate of 
energy utilization and the time required to develop maximum isometric force. 
It is unlikely that the work done against the SE is the main determinant of 
energy utilization during force development, because of the results reported 
here on the energetics of force redevelopment. 

Energy Utilization During Force Maintenance 

The average rate of total high-energy phosphate utilization during mainte- 
nance of nearly constant isometric force in the taenia coli at 18~ is 2.8 - 0.8 
mmol ~ P / m o l  Ct.s -1. This is equivalent to 7.6 nmol /g . s  -I, and after correc- 
tion for the basal rate of energy utilization, the value is 5.3 nmol /g ,  s -1. 

Previous investigators, measuring steady-state oxygen consumption and 
lactate production during constant force maintenace, have reported values 
which, when corrected to 18~ with a Qx0 of 2.5, are 1.8 nmol/~g.s -1 for the 
hog carotid artery (Gliick and Paul, 1977) and 14 nmol /g . s -  for the rat 
portal vein (Hellstrand, 1977). It is interesting that, despite the variety of 
tissues, techniques, and methods of stimulation used in these studies, there is 
close agreement on the rate of energy utilization during force maintenance. 

Other workers have reported values that are difficult to reconcile with those 
reported here. On  the basis of myothermal measurements in the rabbit 
rectococcygeus muscle, the rate of high-energy phosphate utilization was 48 
nmol /g . s  -~ (Davey et al., 1975), but this might have included a substantial 
quantity of  recovery metabolism. For the bovine carotid artery, very much 
lower rates were obtained than those reported here, and this may be traced to 
the conditions under which metabolic inhibitors were used, which did not 
exclude oxidative recovery reactions and may have limited the high-energy 

2 Mooers, S. U., T. M. Butler, and M. J, Siegman. Unpublished observations. 
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phosphate supply (Glfick and Paul, 1977) and caused drastic changes in the 
mechanical properties of the muscles (Daemers-Lambert, 1969). 

The rate of energy utilization during force maintenance in the rabbit taenia 
coli is 400-fold lower than that in the frog sartorius muscle at the same 
temperature (DeFuria and Kushmerick, 1977). The Vmax for shortening, time 
to maximum force development, and the rates of energy usage during force 
development, are approximately 300-fold different in these two muscles 
(Gordon and Siegrnan, 1971; Kean and Homsher, 1974; DeFuria and Kush- 
merick, 1977; Mahler, 1979), suggesting that there is an invariant relationship 
among all of the above parameters (see Rfiegg [1971]). The fraction of the 
energy usage for force maintenance that is due to activation process is not 
known, but we may assume this to be 20-40%, based on the work of others on 
a variety of muscles (Homsher et al., 1972; Smith, 1972; Rail and Schottelius, 
1973; Paul and Peterson, 1975). After appropriate correction, a 300- to 400- 
fold difference in the rate of ATP utilization by the actomyosin systems of the 
two muscle types would also obtain. 

If it is assumed that each myosin molecule is one cross-bridge, that during 
a cross-bridge cycle one ATP is split by each myosin molecule, and that all 
cross-bridges are cycling, then it is possible to calculate an average cross-bridge 
cycle duration by dividing the molar myosin content by the rate of ATP 
utilization (Curtin et al., 1974; Paul et al., 1974; Ferenczi et al., 1978). The 
taenia coli contains 0.04/zmol myosin/g and the rate of energy utilization 
during force maintenance is 5.3 nmol /g ,  s -1, so that the average cross-bridge 
cycle time is 7.5 s. A similar calculation for frog sartorius using a value of 0.13 
/zmol myosin/g and an ATP splitting rate of 2.7/~mol/g. s -1 at 20~ (DeFuria 
and Kushmerick, 1977) gives a mean cross-bridge cycle time of 0.05 s, or 150- 
fold shorter than the taenia coli. This is consistent with the observed differences 
in myosin ATPase activities determined on actin-activated subfragment-1 
from frog skeletal muscle (Ferenczi et al., 1978) and the isolated contractile 
proteins from chicken gizzard (Marston and Taylor, 1978) and hog carotid 
artery (Mrwa and Rfiegg, 1977). 

Although there is no obligatory energy requirement for constant force 
maintenance in physical systems, it has long been recognized that there is a 
variety of energy requirements for isometric force maintenance in different 
muscle types (for a review, see Riiegg [1971]). The energy requirements for 
force maintenance in different muscles may be compared on the basis of their 
"economy" (force per cross-sectional area divided by the rate of energy 
utilization per gram). The economy of force maintenance in the rabbit taenia 
coli at 18~ obtained by direct measurements of high-energy phosphate 
utilization, is 700 (N/cm2)/(#mol/g.  s-X). Similar values for other mammalian 
smooth muscles have been derived from measurement of oxygen consumption 
or heat production when corrected for temperature differences (Mulvany and 
Woledge, 1972; Paul and Peterson, 1975; Davey et al., 1975; Hellstrand, 1977; 
Gliick and Paul, 1977). In contrast, the high economy of the anterior byssus 
retractor muscle (ABRM) in the catch state is an order of magnitude greater 
than that of the taenia coli (Baguet and Gillis, 1968). However, when myosin 
filament length is accounted for (30/zm for the ABRM, Lowy and Hanson 
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[1962]; 2.2 #m in mammal ian  smooth muscle, Ashton et al., [1975]), the 
economy of force maintenance by the individual cross-bridges in the ABRM 
would be approximately the same as in the taenia coli, assuming similarity in 
other structural and metabolic relationships. The unique specialization in 
smooth muscles showing catch may then not be the ability of the cross-bridges 
to maintain force economically but rather their ability to vary economy 
according to the stimulation parameters and to have a relatively large Vm~, 
for shortening compared to other smooth muscles (Riiegg, 1971). 

The rabbit taenia coli has a 100-fold higher economy than the frog sartorius 
and this is undoubtedly due, in part, to a slower cross-bridge cycle in the 
smooth muscle (i.e., a greater impulse per cross-bridge force-time cycle) and 
a 40% longer myosin filament (Ashton et al., 1975). Although such differences 
alone could quantitatively account for the difference in economy, it is not yet 
known whether  other structural and /o r  biochemical specializations also con- 
tribute. 

The rate of chemical energy utilization during constant force maintenance 
is 350% of the basal rate in the taenia coli. This is similar to what others, 
using techniques involving oxygen consumption and lactate production (Paul 
and Peterson, 1975; Glfick and Paul, 1977; Hellstrand, 1977), have found in 
smooth muscles and is in contrast to the 9,000% increase in the rate of 
chemical energy utilization above basal during force maintenance in the frog 
sartorius muscle (DeFuria and Kushmerick, 1977; Kushmerick and Paul, 1976 
b). 

Energetics of Force Development vs. Force Maintenance 

The average rate of high-energy phosphate utilization during the first 25 s of  
an isometric tetanus is more than four times greater than the average rate 
(corrected for basal metabolism) during the next 35 s of  force maintenance. 
This is shown both in a comparison of the means of all estimates of the energy 
utilizations and in experiment VI-I, where the high energy phosphate break- 
down for force development and force maintenance were determined on 
segments from the same taenia coli muscle (Table I). 

An initial high rate of high-energy phosphate utilization during an isometric 
tetanus has been reported for frog sartorius at 0~ (Butler, 1974; Homsher  et 
al., 1975; and Kushmerick and Paul, 1976 b) and at 20~ (Mahler, 1979; 
DeFuria and Kushmerick, 1977). Although it is difficult to determine accu- 
rately from the published data, it appears that the rate of chemical energy 
utilization is three to eightfold higher during the period when force is 
increasing compared with that when force is at its maximum value. 

Energetics of Force Redevelopment 

Experiments have shown that the initially high rate of chemical energy usage 
during the development of  isometric tetanic force is not associated with force 
development per se, nor can it be accounted for on the basis of work done 
against the SE. The transition from the resting to the activated state leads to 
an extra 0.45 #mol - P  breakdown per gram during initial force development 
compared with an equivalent period of force maintenance,  and may be due 
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to the process of activation. The phosphorylation of the 20,000-dalton myosin 
light chain, implicated in the activation of smooth muscle (Aksoy et al., 1976; 
Chacko et al., 1977; Small and Sobieszek, 1977) can account for only a small 
part of this high-energy phosphate utilization, for there is only 0.08 #mol light 
chain per gram of muscle. 

Energetics of Relaxation 
The change in high-energy phosphate during 45 s of relaxation from an 
isometric tetanus was very low, only -0.054 + 0.030 mol /mol  Ct. When 
corrected for resting metabolism, this figure was reduced further to -0.016 
+ 0.031 mol - P / m o l  Ct and was not significantly different from zero. More 
force is maintained per ATP split during relaxation than during maximum 
isometric force maintenance under stimulated conditions. The measured 
energy utilization correlates well with the extent to which force is maintained 
through ATP-driven cross-bridge cycling or "active state" during relaxation 
(Siegman et al., 1977). It was shown that the "active state" decays more 
rapidly than the force exerted by the muscle, leaving a component of "extra 
force" that is maintained without a measurable expenditure of energy. In the 
frog sartorius muscle at 0~ the energy utilization during relaxation from an 
isometric tetanus is also very low, but, in contrast to smooth muscle, can fully 
explain the measured force (Curtin and Woledge, 1974). The inference is that 
isometric relaxation in skeletal muscle is a progressively decreasing continua- 
tion of contractile activity occurring during the tetanus, and that a more 
complex process may operate in smooth muscle. 

The extra force exerted during relaxation in smooth muscle may be due to 
the occurrence of a state in which force is maintained by attached but 
noncycling (non-ATP-driven) cross-bridges (Siegman et al., 1976), which are 
strained as the SE shortens. Then, the time-course of relaxation would be 
determined by the time-course of calcium removal (which presumably governs 
the time course and magnitude of redeveloped force after quick release) and 
by the stress-relaxation of the attached but noncyling cross-bridges. The stress- 
relaxation may be viewed as a progressive process in which the recoil of the 
SE causes temporary detachment of the strained cross-bridges, followed by 
their reattachment under unstrained conditions (Siegman et al., 1976) until 
again strained by the SE. An alternative interpretation is that the "extra" 
force is derived from the strain of fully activated, cycling cross-bridges. For 
skeletal muscle, the stress that the cross-bridges can bear when undergoing 
slow isovelocity strain exceeds that which they can develop actively and is 
associated with little, if any, ATP breakdown (Curtin and Davies, 1973). The 
present experiments cannot distinguish the operation of these two possible 
mechanisms. Yet, such interpretations are generally consistent with the cross- 
bridge model of Brutsaert and Housmans (1977), which was derived from 
mechanical studies on cardiac muscle. In their model, the delayed lengthening 
during isotonic overloading and early phases of spontaneous isotonic relaxa- 
tion are governed by the back rotation and eventual detachment of attached 
and strained cross-bridges, which are momentarily able to resist large forces. 



SIEGMAN ET AL. Energetics of Force m Mammalian Smooth Muscle 627 

We are pleased to acknowledge the active discussion and constructive criticisms of the members 
of the Pennsylvania Muscle Institute during the course of this work. We are particularly 
indebted to Drs. Avril and Andrew Somlyo for their advice and generous technical support in 
the ultrastructural studies. We also thank Ms. Karen Lynch for her excellent technical assistance 
in portions of this work. 
This study was supported by National Institutes of Health grant HL 15835 to the Pennsylvania 
Muscle Institute. 

Received for publication 7June 1979. 

R E F E R E N C E S  

AKSOY, M. D., D. WILLIAMS, E. M. SHARKEY, and D. J. HARTSHORNE. 1976. A relationship 
between Ca +2 sensitivity and phosphorylation of gizzard actomyosin. Biochem. Biophys. Res. 
Commun. 69:35. 

ASnTON, F. T., A. V. SOMLVO, and A. P. SOMLVO. 1975. The contractile apparatus of vascular 
smooth muscle: intermediate high voltage electron microscopy. J. Mol. Biol. 98:17. 

BAaUET, F., and J. M. GILLIS. 1968. Energy cost of tonic contraction in a lemeilibranch catch 
muscle. J. Physiol. ( Lond. ). 198:127. 

BARANY, M. 1967. ATPase activity of myosin correlated with speed of muscle shortening. J. 
Gen. Physiol. 50:197. 

BRUTSAERT, D. L., and P. R. HOUSMANS. 1977. Load clamp analysis of maximal force potential 
of mammalian cardiac muscle.J. Physiol. (Lond.). 271:587. 

BtrrLER, T. M. 1974. Chemical and mechanical changes upon activation of frog skeletal muscle 
and after metabolic depletion of mammalian smooth muscle. Ph.D. Thesis. University of 
Pennsylvania, Philadelphia, Pa. 

BUTLER, T. M., M. J. SIEGMAN, and R. E. DAVIES. 1976. Rigor and resistance to stretch in 
vertebrate smooth muscle. Am. J. Physiol. 281:1509. 

BUTLER, T. M., M. J. SIEGMAN, S. U. MOOERS, and R. E. DAVIES. 1978. Chemical energetics of 
single isometric tetani in mammalian smooth muscle. Am. J. Physiol. 235:C 1. 

CrXACKO, S., M. A. CONTI, and R. S. ADEI.STEIN. 1977. Effect of phosphorylation of smooth 
muscle myosin on actin activation and Ca +2 regulation. Proc. Natl. Acad. Sd. U. S. A. 74:129. 

COHEN, D. M., and R. A. MURPHY. 1978. Differences in cellular contractile contents among 
porcine smooth muscles. J. Gen. Physiol. 72:369. 

CURTIN, N. A., and R. E. DAvies. 1973. Chemical and mechanical changes during stretching of 
activated frog skeletal muscle. Cold Spring Harbor Syrup. Quant. Biol. 37:619. 

CURTIN, N. A., C. GILBERT, K. M. KRETZSeHMAR, and D. R. WILKIE. 1974. The effect of the 
performance of work on total energy output and metabolism during muscular contraction. 
J. Physiol. (Lond.). 238:455. 

CURTIN, N. A., and R. C. WOLEDOE. 1974. Energetics of relaxation in frog muscle. J. Physiol. 
( Lond. ). 238:437. 

DAEMERS-LAMaERT, C. 1969. Action du fluorodinitrobenzene sur le m~tabolisme phosphore du 
muscle lisse arteriel pendant la stimulation ~lectrique (carotide de bovid~). Angiologica (Basel). 
6:1. 

DAEMERS-LAMBERT, C., and J. ROLAND. 1967. M6tabolisme des esters phosphor~s pendant le 
d~veloppement et le maintien de la tension phasique du muscle lisse art~riel (carotide de 
bovid~). Angiologica (Basel). 4:69. 

DAVEV, D. F., C. L. GIBBS, and H. C. MeKIRDV. 1975. Structural, mechanical and myothermic 
properties of rabbit rectococcygeus muscle. J. Physiol. (Lond.). 248:207. 

DEFURIA, R. R., and M. J. KUSnMERICK. 1977. ATP utilization associated with recovery 



6 2 8  THE JOURNAL OF GENERAL PHYSIOLOGY �9 VOLUME 76 �9 1 9 8 0  

metabolism in anaerobic frog muscle. Am. J. Physiol. 232:C30. 
EBASHI, S., M. ENDO, and I. OHTSUKI. 1969. Control of muscle contraction. Q. Rev. Biophys. 2: 

351. 
EGGLETON, P., S. R. ELSDEN, and N. GOUGH. 1943. The estimation of creatine and of diacetyl. 

Biochem. J. 37:526. 
FERENCZI, M. A., E. HOMSHER, R. M. SIMMONS, and D. TRENTHAM. 1978. Reaction mechanism 

of the magnesium ion-dependent adenosine triphosphatase of frog muscle myosin and 
subfragment I. Biochem. J. 171:165. 

GL/JCK, E., and R. J. PAUL. 1977. The aerobic metabolism of porcine carotid artery and its 
relationship to isometric force energy cost of contraction. Pfluegers Arch. Eur. J. Biol. 370:9. 

GORDON, A. R., and M. J. SIEGMAN. 1971. Mechanical properties of smooth muscle. I. Length- 
tension and force-velocity relations. Am. J. Physiol. 221:1243. 

HELLSTRAND, P. 1977. Oxygen consumption and lactate production of the rat portal vein in 
relation to its contractile activity. Acta Physiol. Scand. 100:91. 

HOHORST, H. J. 1963. L(+)-lactate. Determination with lactic dehydrogenase and DPN. In 
Methods of Enzymatic Analysis, H. U. Bergmeyer, editor. Academic Press, Inc., New York. 

HOMSHER, E., W. F. H. M. MOMMA E RT S,  N. V. RlCCHIUTI, and A. WALLNER. 1972. Activation 
heat, activation metabolism and tension-related heat in frog semitendinosus muscles. J. 
Physiol. ( Lond. ). 220:.601. 

HOMSHER, E., J. A. RALL, A. W A L L N E R ,  and N. V. RICCHIUTI. 1975. Energy liberation and 
chemical change in frog skeletal muscle during single isometric tetanic contractions. J. Gen. 
Physiol. 65:1. 

KLAN, C., and E. HOMSHER. 1974. The effect of temperature on the maintenance heat rate and 
maximum shortening velocity of frog skeletal muscle. Fed. Proc. 33:1334. 

KUSHMERmK, M. J., R. E. LARSON, and R. E. DAVIES. 1969. The chemical energetics of muscle 
contraction. I. Activation heat, heat of shortening and ATP utilization for activation- 
relaxation processes. Proc. R. Soc. Lond. B Biol. Sci. 174:293. 

KUSHMERmK, M. J., and R. J. PAUL. 1976 a. Aerobic recovery metabolism following a single 
isometric tetanus in frog sartorius muscle at 0~ Physiol. (L0nd.). 254:693. 

KUSHMERmK, M. J., and R. J. PAUL. 1976 b. Relationship between initial chemical reactions 
and oxidative recovery metabolism for single isometric contractions of frog sartorius at 0~ 

J. Physiol. ( Lond. ). 254:711. 
LowY, J., and J. HANSON. 1962. Ultrastructure of invertebrate smooth muscles. Physiol. Rev. 

42(Suppl. 5):34. 
LUNDHOLM, L., and E. MOHME-LUNDHOLM. 1965. Energetics of isometric and isotonic contrac- 

tion in isolated vascular smooth muscle under anaerobic conditions. Acta. Physiol. Scand. 64: 
275. 

MAHLER, M. 1978. Diffusion and consumption of oxygen in the resting frog sartorius muscle. 
J. Gen. Physiol. 71:533. 

MAHLER, M. 1979. The relationship between initial creatine phosphate breakdown and recovery 
oxygen consumption for a single isometric tetanus of the frog sartorius muscle at 20~ J. 
Gen. Physiol. 73:159. 

MARSTON, S. B., and E. W. TAYLOR. 1978. Mechanism of myosin and actomyosin ATPase in 
chicken gizzard smooth muscle. FEBS (Fed. Eur. Biochem. Soc.) Lett. 86:167. 

MRWA, U., and J. C. R/JEGG. 1977. The role of the regulatory light chain in pig carotid smooth 
muscle ATPase. In Excitation-Contraction Coupling in Smooth Muscle. R. Casteels, T. 
Godfraind, and J. C. Rfiegg, editors. Elsevier/North Holland Biomedical Press, Amsterdam. 
353. 



SmOMAN ET AL. Energetics of Force in Mammalian Smooth Muscle 629 

MULVANY, M. J., and R. C. WOL~DOE. 1972. Heat production in guinea-pig taenia coli muscles. 
J. Physiol. ( Lond.). 2~.20P. 

PAUL, R. J., E. GL/SCK, and J. C. Ri.iEGo. 1974. Crossbridge ATP utilization in arterial smooth 
muscle. Pfluegers Arch. Eur. J. Biol. 361:297. 

PAUL, R. J., and J. w.  PETERSON. 1975. Relation between length, isometric force, and 02 
consumption rate in vascular smooth muscle. Am. J. Physiol. 228:915. 

RALL, J. A., and B. A. Senoa-rEeius. 1973. Energetics of contraction in phasic and tonic skeletal 
muscles of chicken. J. Gen. Physiol. 62:303. 

RiSEGo, J. C. 1971. Smooth Muscle Tone. Physiol. Rev. 51:201. 
SmOMAN, M. J., T. M. BtrrLER, S. U. MOOERS, and R. E. DAVI~S. 1976. Calcium-dependent 

resistance to stretch and stress relaxation in resting smooth muscles. Am. J. Physiol. 231:1501. 
Sm~MAN, M. J., T. M. BtrrLER, S. U. MOO~RS, and R. E. DAWES. 1977. Mechanical and 

energetic correlates of isometric relaxation in mammalian smooth muscle. In Excitation- 
Contraction Coupling in Smooth Muscle. R. Casteeis, T. Godfraind, and J. C. Riiegg. 
Elsevier/North Holland Biomedical Press, Amsterdam. 449. 

SMALL, J. V., and A. SOmESZEK. 1977. Ca++-regulation of mammalian smooth muscle acto- 
myosin and a kinase-phosphatase-dependent phosphorylation and dephosphorylation of the 
20,000 Mr light chain of myosin. Eur. J. Biochem. 76:521. 

SMITH, J. C. H. 1972. Energeties of activation in frog and toad muscle. J. Physiol. (Lond.). 220:. 
583. 

WEBER, K., and M. OSBORN. 1969. The reliability of molecular weight determinations by 
dodecyl sulfate-polyacrylamide gel electrophoresis. J. Biol. Chem. 244:4406. 

WHXTE, A., P. HANDLER, and E. L. SMITh. 1%8. Principles of Biochemistry. 4th edition. 
McGraw-Hill, Inc., New York. 

WOLEDO~, R. C. 1968. The energetics of tortoise muscle. J. Physiol. (Lond.). 197:685. 


