
Residue 38, being susceptible to T1 
ribonuclease, is presumably a G (or I) 
derivative. Its occurrence adjacent to 
the anticodon is an exception to 
the proposal that tRNA's whose code 
words begin with U have a modified 
A at this position i(18). 

Finally, that it was possible to as- 
semble the fragments from T1 and 
pancreatic ribonuclease digests into the 
correct sequence by means of regulari- 
ties that have emerged from known 
tRNA sequences emphasizes not only 
the essential correctness of these gen- 
eralities, but also the extent to which 
they reflect functional requirements 
(19). The similarities among tRNA 
sequences suggest not only a common 
evolutionary origin, but also a severely 
restricted tolerance to mutation. This 
limited tolerance implies restraints 
which must derive from the integra- 
tion of multiple functions into one 
molecule, with a resultant well-defined 
tertiary structure: hence, the close re- 
lation between tRNA functions and 
native tertiary structure (3), and the 
marked topographical similarity among 
tRNA's (20). 
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The relationship between the length 
of a frog striated muscle fiber and the 
force it can actively produce shows a 
plateau of maximum force at striation 
spacings of 2.0 to 2.2 /tm (1). As the 
length is increased above 2.2 jam, force 
drops linearly toward zero at 3.65 jtm 
(Fig. 1). As explained by the sliding 
filament theory (2), this results from a 
decrease in overlap between thick and 
thin filaments. On the other side of the 

plateau, force decreases to zero at 1.3 

/jm. One of the reasons for this de- 
crease is that the degree of activation 
evidently becomes less as a muscle 
shortens, for during shortening initiated 
by membrane depolarization the myo- 
fibrils in the core of a fiber become 
wavy, showing that their activation has 
been inhibited (3). To determine the 

degree to which this factor influences 
the length-force relationship at short 
striation spacings, we observed the 
effect of caffeine, which is known to 
facilitate activation (4), on contractions 
of frog skeletal muscle. 

Single muscle fibers, isolated from the 
semitendinosus muscle of Rana tem- 

poraria, were mounted horizontally in 
a trough filled with Ringer solution 

sitting on the stage of an ordinary light 
microscope. Their tendons were fas- 
tened to steel hooks, one of which was 

stationary, the other attached to an 
RCA 5734 force transducer. The latter 
was mounted on a rack and pinion 
that was used to vary the fiber length. 
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For contractions below slack length 
(about 2.0 [tm) the fiber was allowed 
to hang in a parabola between the 
hooks. On stimulation it took up the 
slack until it had reached the predeter- 
mined striation spacing before pro- 
ducing force isometrically. Cine micro- 
graphs (Fig. 2) were taken while simul- 
taneously force was being measured. 
Striation spacings were, in general, mea- 
sured on enlargements made from the 
cine film. Occasionally, however, stria- 
tions could not be unequivocally re- 
solved at lengths below about 1.3 Ixm, 
and then we calculated the final length 
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Fig. 1. The influence of caffeine upon the 
length-force relationship of isolated muscle 
fibers. Force, on the ordinate, is the maxi- 
mum amount recorded during contractions 
elicited by tetanic stimulation (77 hertz) at 
a particular striation spacing. The open 
and filled symbols refer to two single fiber 
preparations. Circles, triangles, and squares 
are the responses in 0, 2, and 3 mM 
caffeine Ringer solution, respectively. The 
solid line is a summary of the data taken 
from Gordon et al. (1), for comparison 
with our control responses. 
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Striated Muscle Fibers: Facilitation of 

Contraction at Short Lengths by Caffeine 

Abstract. One of the factors evidently responsible for decreasing the force of 
muscle contraction with shortening is inactivation of the myofibrils in the core 

of a muscle fiber. Caffeine antagonizes this inactivation and, correspondingly, 
changes the length-force relationship at short muscle lengths. 
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Fig. 2. Selected cine micrographs of an isolated fiber that has shortened to 1.3 zum 
during tetanic stimulation. Temperature was 20?C. Calibration mark represents 50 yxm. 
Exposure time 2 msec. (A) In normal Ringer solution. Wavy myofibrils are visible 
between the arrows delineating the part that has become inactivated. The force was 
0.04 times that at slack length. (B) In Ringer solution containing 3 mM caffeine. All 
the myofibrils appear to be straight. The force was 0.23 times that at slack length. 
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from the distance between the ends of 
the fiber. The striation spacings de- 
termined by this method differed from 
the values measured on the photo- 
graphs by less than 0.05 ,um. Stimula- 
tion was transverse by a pair of bright 
platinum plate electrodes, each tetanus 
coming at 1-minute intervals. The gen- 
eral techniques have been described 
previously (3, 5). 

Preliminary studies showed that con- 
tractures with shortening induced by 
5 to 10 mM caffeine produced consid- 
erably more force than tetani at the 
same short length. The results, how- 
ever, were regarded as unreliable, be- 
cause these contractures had a time 
course much slower than that of a 
tetanus, caused the striation spacing 
along a fiber to be very irregular, and 
usually ended with at least part of the 
fiber irreversibly shortened. These diffi- 
culties did not arise when we compared 
cine micrographs of tetani in normal 
Ringer solution to those in Ringer solu- 
tion containing caffeine in concentra- 
tions that did not themselves produce 
shortening. At such concentrations, 
caffeine is believed to lower the thresh- 
old for contractions initiated by action 
potentials, thus making a given action 
potential more effective in activating 
contraction, particularly as regards the 
peak magnitude of force development 
in a twitch (4). We found that the 
maximum force developed during a tet- 
anus can also be increased by the addi- 
tion of caffeine. Figure 1 shows the 
length-force relationships at 20?C for 
two single fibers. Caffeine, being some- 
what more effective at 3 mM than at 
2 mM concentration, increased the 
force at the plateau of the relationship 
by 5 to 10 percent. This supports the 
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idea that muscle can reversibly develop 
force significantly greater than that usu- 

ally thought to reflect the maximum 

load-bearing capacity (6). But the action 
of caffeine was particularly obvious at 
the shorter lengths: at 1.3 1am, where, 
in agreement with the findings of Gor- 
don, Huxley, and Julian (1), our fibers 
had ceased to produce force in the con- 
trol solution, they still generated up to 
35 percent of maximum force during 
tetani in 3 mM caffeine. Moreover, they 
were able to shorten reversibly and 
produce force at striation spacings as 
short as 1 ,um. Correspondingly, the 
wavy myofibrils that appeared in the 
core of a shortened fiber in the control 
solution, remained straight during 
shortening to the same length in the 
presence of caffeine (Fig. 2). Caffeine, 
therefore, can sustain the activation of 
the central myofibrils that usually be- 
come inactivated during shortening in- 
duced by membrane depolarization. 
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the central myofibrils that usually be- 
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duced by membrane depolarization. 

This action is correlated with an in- 
crease in the ability to develop force 
at short lengths and can be explained 
by the idea that caffeine improves the 
effectiveness of membrane depolariza- 
tion in producing activation. 

We thus support the conclusion 
drawn from our previous findings (3), 
namely, that an important factor that 
contributes to determining the length- 
force relationship as a muscle shortens 
is a decreasing degree of activation. 
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central adrenergic processes. 
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