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altering the metabolic pathways leading to sprouting of
the bud. Some more information is required to explain
the mechanism of germination under water-deficient
conditions?®.

Zusammenfassung. Das Keimen der Zuckerrohr-Achsel-
knospen wurde als vom Knotenwasserpotential beein-
flussbar beobachtet. Die Sprossentwicklung erfolgte noch
bei so geringem Wasserpotential wie 1063,6 Joule/kg und
selbst bei Fehlen jeglicher Wasseraufnahme. Ausge-
schnittene Knospen mit einem Wasserpotential von
1063,5 bis 1823,4 Joule/kg konnten nur im Wasser ge-
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halten austreiben, wihrend ein Wasserpotential von
2026,0 Joule/kg tédlich war.
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Caffeine-Induced Contractures and Related Calcium Movements of Muscle in Hypertonic Media

Hypertonic solutions markedly reduce the mechanical
responses of frog skeletal muscles to electrical stimuli
while they leave the action potential normall-% The
present paper describes effects of caffeine on contracture
development and related %Ca movements in skeletal
muscles in hypertonic media and media of normal tonicity
and shows that #5Ca still can be released by the action of
caffeine on muscles in hypertonic media, although
caffeine contracture development largely is blocked.

Methods. After excision the sartorii of the frog (Rana

pipiens) were equilibrated for about 1 h in normal
Ringer’s solution before use. Normal Ringer’s solution
contained, in mmoles per liter of deionized water: 108
NaCl, 1.6 KCl, 1.0 CaCl,, 2 Tvis (hydroxymethyl) amino-
methane-HCI buffer at pH 7.1, and 2x 10-2 g/l of curare
(D-tubocurarine chloride). Hypertonic Ringer’s solution
was prepared either by adding 330 mM sucrose to normal
Ringer’s or else by using 2.5 times as much NaCl and KCl
as in normal Ringer’s. Conventional massive stimulation
was used and isometric tension was recorded with a
Statham (- 4 0z) strain gauge and Sanborn amplifier and
chart recorder. An atomic absorption spectrophotometer
(Perkin-Elmer 303) was used for total calcium analyses®.
45Ca movements were studied by standard techniques®-8
and work was done at room temperature (about 23°C).
Caffeine (Eastman Organic Chemicals) was added to
Ringer’s solution as the free base.

Results. Exposure of muscles to the hypertonic sucrose
Ringer’s solution itself caused a contracture of 1-3 g (i.e.
about 1-39%, of maximal tetanic tention, P,), which began
within the first minute, reached a maximum within 3 min,
and then started to decline after about 10 min (after 1h
the contracture tension was reduced by about half-
maximum). After the completion of this work a paper by
D. K. Hirr® was published that also describes contrac-
tures of frog sartorii in hypertonic sucrose (although these
are called ‘changes of resting tension due to changes of the
tonicity of the solution’). No such contractures were
observed in the Na-K hypertonic Ringer’s solution.

Table I shows that muscles in normal Ringer’s solution
"exposed to caffeine (10 mM) develop a contracture tension
of about 409, P, whereas muscles pre-soaked in either
form of hypertonic Ringer’s solution and then exposed
to caffeine (10ma) added to the hypertonic Ringer’s
develop much less contracture tension. This block by
hypertonicity of caffeine contracture (and twitch and
tetanic responses as well) appeared within 10 min after the

muscles had been immersed in the hypertonic Ringer’s
and was almost complete by 1 h. Caffeine contractures of
normal magnitude were obtained by returning a muscle
to normal Ringer’s solution after a soak in hypertonic
Ringer’s solution.

Using fresh frog sartorii, I tested for effects of hyper-
tonicity on the total calcium content and the uptake and
release of 45Ca. Figures 1 and 2 demonstrate that hyper-
tonic media (either with sucrose or extra Na and K) can
cause a two- to three-fold increase in the rate of release of
45Ca from frog sartorii. Control experiments show no such
effect in the Achilles tendon of frog, so presumably in the
whole muscle the 45Ca release represents an effect on the
muscle fibers per se. Furthermore, the effects of hyper-
tonicity are shown in Figures 1 and 2 after about 120 min
of washout of #Ca in normal Ringer’s and thus represent
an effect on essentially the slow component of #5Ca
release that is believed to reflect the rate of release of Ca
from an intracellular locus across the surface membranes
of the muscle fibers® 10, This effect of hypertonicity on
45Ca efflux is sustained for 1 h (Figures 1 and 2) and is
somewhat better sustained in sucrose.

The addition of caffeine (10 mM ; Figures 1 and 2)
causes an increase in the rate of #Ca release in Ringer’s
of both normal and increased tonicity. In the latter case,
the increase in *Ca release caused by caffeine appears
additional to that caused by the hypertonicity itself.

Table II compares the total calcium content and the
amount of ¢*Ca uptake of frog sartorii that were exposed
to 45Ca for 10 min in either normal Ringer’s solution (C)
or in hypertonic Ringer’s solution (E). Statistically there
is a significant increase of 0.22 umoles of calcium per
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Fig. 1. The average rate coefficient of #3Ca release (in % per min)
from frog sartoriilabeled for 3 hin 4*Ca 1 c/ml, before start of wash-
out. At 120 min, hypertonic Ringer’s solution (plus 330 mM sucrose)
replaces the normal Ringer’s solution for the experimental set, E
(open circles). At 180 min, caffeine (10 mM) is added to both the
experimental (hypertonic) and control muscles. The data shown are
the averages of 3 contralateral pairs of frog sartorii, i.e. 3 experi-
mental and 3 control muscles.
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Fig. 2. The same conditions as those in Figure 1, except that the
experimental muscles (E) are exposed to Ringer’s solution made
hypertonic with 2.5 times as much Na and K as in normal Ringer’s.
The data shown are the average of 2 muscles (control) and 3 muscles
(experimental). -

gram of muscle (wet weight) in those muscles treated with
hypertonic Ringer’s containing sucrose but no significant
change in those treated with Na and K. Since the *Ca
influx into the muscle fibers is calculated from the 45Ca

Specialia

EXPERIENTIA 25/12

remaining in the muscle after the 120-min washout of the
extracellular space?, I conclude from Table IT that there
is no statistically significant increase in influx of #5Ca in
hypertonic Ringer’s. But the large scatter in these data
may hide a significant increase in 45Ca uptake.

Discussion. The block of caffeine contracture owing to
hypertonicity (Table I) agrees with reports of PopoLsky
and Sucr!! and ApriL and REUBEN?Z I did not observe
any enhancement of the caffeine contractures, which
CaruTo®® reported, even when the tests were made at the
same concentrations of caffeine (3.9 mM) and the same
degree of hypertonicity (two-fold Na) that he used.

Since an increased release of 4Ca by caffeine was
observed even in hypertonic media (Figures 1 and 2), I
infer that under these conditions caffeine still is able to
cause an increase in free calcium within the myofibrillar
space, probably by acting on the sarcoplasmic reticulum
that normally binds calcium in resting muscle® 8 11,14,15,
The block of caffeine contracture by hypertonic media
(Table I), even when the myofibrils are by inference ex-
posed to an increased amount of free calcium, supports
the conclusion of ApriL et al.'® that an increase in ionic
strength in the interior of muscle fibers is the effect of
hypertonicity that causes the block in contracture ten-
sion.

Thus I infer that the major effect of hypertonicity in
blocking twitch responses occurs at a late phase in
excitation-contraction (E-C) coupling, i.e. after Catt has

Table 1. Contracture tension (% P,) in caffeine (10 mM) in hyper-
tonic and normal Ringer’s

Normal Ringer’s Hypertonic Ringer’s

Pre-soak time in® 2.5 X (Na + K) 330 mM
hypertonic Ringer’s sucrose
(min)
39 36 -
45 0 28 -
37° ’ 8 12 -
10 10 -
10 1 -
60 2 -
60 - 6
60 -

a These muscles after equilibration and recording of, Py and twitch
tension in normal Ringer’s were pre-soaked in hypertonic Ringer’s
for the periods shown; caffeine (10 mM) then was added to the hyper-
tonic Ringer’s and the centractures were recorded. The control
muscles were kept in Ringer’s of normal tonicity throughout (except
for the eventual addition of caffeine, 10 mM). Control values of P,
and twitch tension were obtained before adding caffeine. ® After a
10-min exposure to hypertonic sucrose Ringer’s followed by 2-h
reversal in normal Ringer’s.
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been released from the sarcoplasmic reticulum. This does
not exclude a lesser effect of hypertonicity at an earlier
stage of E-C coupling, e.g. the reduction in the amount of
calcium released at the surface membranes of muscle
fibers reported by HomsHER and Bricas?'?, although not
observed by Currisis.

The activation of contractures by hypertonic sucrose
media may result from the increase in total calcium
content (0.22 ymoles/g, Table II) in frog sartorii. This is

Table I1. Uptake of %Ca and analysis of total calcium (in gmoles
Cajg) of muscles exposed to ¥Ca in hypertonic or normal Ringer’s
for 10 mina

Time of Normal Ringer’s Hypertonic Ringer’s (E)
washout €)
(min) 330 mM sucrose 2.5 X (Na+ K)

%Ca uptake

0 0.299 4+ 0.018 0.434 + 0.056
(E-C)/C =45.3%
Pe= 0.05
120 0.0375 - 0.0119  0.0641 4- 0.0267
(E-C)IC = T1.1%
0.1< P<<0.2
0 0.231 -+ 0.021 0.320 4 0.017
(E-C)JC = 38.7%
P<0.01
120 0.0103 4 0.0015* 0.0170 & 0.0030®
(E-C)/C = 64.4%,
0.05<< P<<0.1
Total calcium analysis
120 2.54 4 0.16 2.75 4 0.18
(B-C) = +0.224+0.076
P<0.05
120 2.23 4 0.37 2.01 4 0.25
' (E-C) = —0.22
4-0.13
0.1< P<0.2

» After exposure to %Ca, the muscles were washed out for 120 min in
normal Ringer’s. Calcium concentrations are given per gram of final
wet weight of muscles after 120 min in normal Ringer’s, Dispersions
are given by the standard error. Uptake of 45Ca is calculated from the
45Ca space (ml/g) of the muscles (at 0 and 120 min) multiplied by the
calcium concentration in the Ringer’s (1 pmole/ml). Total calcium
analysis is given for the same sets of muscles. » 5 muscles were used
in general except in this instance where 4 were used. © P values are
calculated from the ¢-test for paired variates,
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sufficient calcium to cause considerable activation of con-
traction? if it is bound to the myofibrils. The increase in
the rate of *3Ca release in the slow component in hyper-
tonic Ringer’s solution (Figures 1 and 2) may be an in-
direct effect of the change in external tonicity that should
cause a rise in the internal ionic strength. Raising the
ionic strength (with KCl) causes a decrease in the amonnt
of calcium bound to sarcoplasmic reticulum prepara-
tions2, and the same process may occur within intact
fibers. An additional effect of the hypertonicity might be
an increase in Ca** concentration resulting from shrinkage
of the fibers, although the direct effect of even removing
609% of the fiber water would not itself increase the
concentration of Cat+ enough to cause contracture?!. The
enlargement of the elements of the sarcoplasmic reticulum
shown by Dypynska and WILKIE?® to occur in hyper-
tonic media suggests that the permeability properties of
cell membrane systems also may be affected by hyper-
tonicity. LO1TGAU and OETLIKER?® view the T-tubular
system (TTS) as the site of action of caffeine. If they are
correct, swelling of the TTS in hypertonic Ringer’s may
alter these hypothetical TTS sites for caffeine, thereby
reducing its effectiveness in causing contracture.

The increase in total calcium content which occurs in
Ringer’s solution made hypertonic with sucrose pre-
sumably accounts for the small contractures found in this
medium. No such increase was observed in hypertonic
Ringer’s having 2.5 times the normal concentrations of
Na and K, nor was a contracture detected in this solution.
A close reading of Hill’s contribution® suggests that he
found a contracture in excess Na-K Ringer’s, as he most
certainly did in sucrose hypertonic Ringer’s solution.
But the sensitivity of his tension recording was far greater
than in the present work, and this may account for the
difference 24,

Zusammenfassung. Die mit Koffein erzeugten Kontrak-
turen des M. sartorii von Rana pipiens waren meistens
gehemmt, wenn die Ringer-Losung entweder mit 330 mM
Rohrzucker oder mit 2.5 X normaler Dosis von Na und K
hypertonisiert wurde. Koffein kann die Geschwindigkeit
der %5Ca-Abgabe von Muskeln in hypertonischer oder
normaler Ringer-Loésung erhdhen.
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