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SUMMARY

1. Sarcoplasmic reticulum fragments (SRF) and actomyosin were
isolated from skeletal muscle of cats treated either with thyroxine or with
placebo tablets, for 5-16 months.

2. Ca2+ uptake and binding by SRF, measured in the presence and
absence of oxalate respectively, were reduced by thyroxine treatment.

3. Actomyosin from the thyroxine-treated animals underwent ATP-
induced syneresis at a faster rate than did that from the controls.

4. Syneresis of the actomyosin preparations from controls and treated
animals was inhibited to the same extent by EGTA when rates of syneresis
were made the same by adjustment of the KCl concentration in the assay
media. In contrast, at any given KCl concentration, syneresis of actomyo-
sin from thyroxine-treated animals was inhibited to a lesser extent by
EGTA.

5. At the end of the isolation procedure, the amount of Ca2+ remaining
in the actomyosin suspension was similar for both treated and control
animals.

6. It was concluded that the effect of thyroxine on skeletal muscle
may be the result of an action on both the sarcoplasmic reticulum and the
contractile protein complex.
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University Medical Center, 1100 West Michigan Street, Indianapolis, Indiana 46202,
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t Present address: Tanabe Seiyaku Co. Ltd., No. 2-50, 2-Chome, Kawagishi,
Toda-shi, Saitama-ken, Japan.
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INTRODUCTION

There is considerable clinical evidence that skeletal muscle can be
affected by thyroid hyper- or hypofunction (Grob, 1963). For example,
80% of human patients with thyrotoxicosis were shown by Havard,
Campbell, Ross & Spence (1963) to display physical evidence of muscle
weakness and electromyographic signs of myopathy. Furthermore, many
workers believe that the heart muscle itself may be affected by hyper-
thyroidism (Werner, 1962; Hoch, 1962). Control of the hyperthyroidism is
consistently followed by the patient's complete recovery from the myo-
pathy.

It was once suggested (Plummer, 1926) that some of the symptoms of
thyrotoxicosis might be due to the production of a qualitatively abnormal
hormone; but there is no evidence that any circulating thyroid hormone -
other than L-thyroxine and L-triiodothyronine - is produced in this
disorder (Dingledine, Pitt-Rivers & Stanbury, 1955; Maclagan, Bowden
& Wilkinson, 1957). And indeed, the chronic administration of L-thyroxine
to animals gives rise to abnormalities in both skeletal and heart muscle
(Zaimis, Metaxas, Havard & Campbell, 1965; Zaimis, Papadaki, Ash,
Larbi, Kakari, Matthew & Paradelis, 1969).

These animal studies provided evidence that the changes in skeletal
muscle induced by thyroxine occurred in the muscle fibre itself, and not at
the neuromuscular junction (Zaimis et al. 1965). It was therefore decided
to examine both (a) SRF and (b) actomyosin isolated from skeletal
muscle of thyroxine-treated cats.
The coupling of the electrical impulse with the contraction of muscle is

thought to be initiated by the release of Ca2+ from the sarcoplasmic
reticulum (SR) (Weber, 1966; Ebashi & Endo, 1968). During repolariza-
tion, Ca2+ is presumably actively reaccumulated by the SR, and the
muscle relaxes. The SR was originally isolated from skeletal muscle
homogenates as a light particulate fraction consisting mainly of frag-
mented membranes in vesicular form (Ebashi & Lipmann, 1962;
Martonosi, 1968; Deamer & Baskin, 1969; Greaser, Cassens, Hoekstra &
Briskey, 1969). In the presence of ATP and Mg2+, the SRF accumulate
Ca2+ from the surrounding medium, thereby providing a model of the
relaxation process (Nagai, Makinose & Hasselbach, 1960; Ebashi, 1961;
Muscatello, Andersson-Cedergren & Azzone, 1962; Weber, Herz & Reiss,
1963). In the present experiments the contractile protein complex was
isolated as an actomyosin gel which, in dilute solution, forms a network
of randomly orientated threads. The addition of ATP induces an iso-
dimensional contraction, or shrinkage: a process known as syneresis,
or superprecipitation (Szent-Gy6rgyi, 1951). Although the random
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THYROXINE EFFECTS ON SKELETAL MUSCLE 3

orientation of isolated actomyosin threads contrasts with the highly
ordered state of the myofilaments in vivo, syneresis provides a convenient
means of examining some of the contractile properties of actomyosin.

METHODS

Treatment of animal
Cats of either sex, whose body weights ranged between 2 and 2-8 kg, were treated

orally with L-thyroxine (0 3 mg/day; eight cats) or with placebo tablets (eight cats)
for 5-16 months. Subsequently, L-thyroxine will be referred to as thyroxine. Under
treatment, both groups of animals gained weight and appeared healthy: the mean
increase in weight for the thyroxine-treated cats was 48 % and for the controls 52 %.
For each experiment we selected a pair of cats, one thyroxine-treated, one control;
both of which had undergone identical periods of treatment.

It is noteworthy that, although the treatment with thyroxine ranged between
5 and 16 months, the changes in SRF and actomyosin had appeared by the end of
the shorter period and prolongation of treatment produced no further qualitative
of quantitative change.

Sarcopla8mic reticulum fragments (SRF)
Isolation. Hind-limb muscles were removed under chloralose anaesthesia (80 mg/

kg i.v.) and immediately immersed in ice-cold 0 9% (w/v) NaCl solution. SRF were
subsequently isolated at 0-4° C by a method similar to that of Harigaya & Schwartz
(1969). After the removal of loose fat and connective tissue about 15 g of muscle
was cut into small pieces and dropped into 60 ml. of a solution containing 10 mm-
NaHCO3 and 5 mM-Na azide. The tissue suspension was homogenized in four
aliquots with an Ultra-Turrax processor (2 x 5 see at 20,000 rev/min) and the
homogenate centrifuged at 7000 g for 20 min. The pellet, stored in ice, was set aside
for the preparation of actomyosin. The supernatant was centrifuged at 10,000 g for
20 min, the pellet discarded and the supernatant then centrifuged at 37,000 g for
30 min. The resulting pellet was suspended in 0-6 M-KCl solution to solubilize any
residual actomyosin; and the suspension was recentrifuged at 37,000 g for a further
30 min. The final pellet was suspended in a solution containing 50 mM-KCl and
20 mM-Tris-maleate buffer (pH 6 8). This fraction mainly consists of fragmented
SR in vesicular form (Ebashi & Lipmann, 1962; Martonosi, 1968; Greaser et al.
1969). Protein was determined by a biuret method (Gornall, Bardawill & David,
1949) with the addition of 1 % Na deoxycholate to solubilize the protein.
A8say of Ca2+ accumulation by SRF. The term 'Ca2+ accumulation' has been

used to refer either to Ca2+ binding or to Ca2+ uptake, or to both (Carvalho, 1968;
Fuchs, Gertz & Briggs, 1968; De Meis, Rubin-Altschul & Machado, 1970). In this
paper, Ca2+ binding is defined as the ATP-dependent accumulation of Ca2+ by
skeletal muscle SRF when the initial Ca2+ concentration of the medium is about
10-5 M. At 250 C, Ca2+ binding increases rapidly, reaches a peak during the first
2 min of incubation, and then decreases with the progressive release of Ca2+. Ca2+
uptake is defined as the ATP-dependent accumulation of Ca2+ by SRF in the presence
of oxalate, at an initial Ca2+ concentration of 1.1 x 10-4 M. Because the SR vesicles
are freely permeable to oxalate the intravesicular concentration of oxalate is,
according to Weber, Herz & Reiss (1966), the same as that of the assay medium.
When Ca2+ is actively transported by the SRF, the concentration of Ca2+ within the
vesicles increases and calcium oxalate precipitates. The formation of Ca oxalate
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limits the rate of Ca2+ efflux from the vesicles, thus rendering Ca2+ uptake virtually
irreversible.

In the present experiments, both Ca2+ binding and Ca2+ uptake were used to assess
the ability of SRF to accumulate Ca2+. The assay medium contained (mM): KCl 100;
MgCl2 10; Na2ATP 2; Tris-maleate buffer (pH 6-8) 20; in a final volume of 4 ml. For
the Ca2+ binding experiments the medium also contained 24 /tM-[45Ca]CaCl2 and
50 ,tg SRF protein/ml.; for Ca2+ uptake, the medium contained 111 /tM-[45Ca]CaCl2,
10 jug SRF protein/ml. and 5 mm Na oxalate. After temperature equilibration
(250 C, binding; 370 C, uptake), ATP was added. All preparations were also incubated
without ATP; ATP-independent Ca2+ accumulation was usually less than 10% of
the total. Following 0 5-30 min incubation, aliquots (0 5 ml.) were withdrawn and
filtered through Millipore filters of 0 45 Atm pore diameter (Martonosi & Feretos, 1964).
The calcium retained by SRF was estimated by counting (by means of a Nuclear

Chicago liquid scintillation spectrometer) the radioactivity of both the filter and
filtrate in a dioxane-based scintillation fluid containing 2,5-diphenyloxazole, 6 g/l.;
1,4-di-[2-(5-phenyloxazolyl)]-benzene, 50 mg/l.; and 2-ethoxyethanol, 20 g/1. Suffi-
cient counts were taken to ensure < 3% probable error.

Adenosine triphosphatase (ATPase) activity of SRF. The Ca2+-activated ATPase
was determined by measuring the release of inorganic orthophosphate (Pi) from
ATP at 25° C. Pi was measured by the method of Fiske & Subbarow (1925). The
reaction medium, containing 50 ,tg SRF protein/ml., was the same as that used for
measurement of Ca2+ uptake, except that alternate tubes contained 0.1 mM-
ethylene-glycol-bis-(,8-aminoethylether)-N,N'-tetraacetic acid (EGTA).

Actomyosin
Isolation. Actomyosin was prepared from the same muscle samples by a method

adapted from those of Ebashi & Ebashi (1964) and Endo (1964). Centrifuge tubes and
glassware were pre-cooled in ice, and the entire preparation was carried out at
0-40 C. Double glass distilled water was used throughout and great care was taken
to minimize Ca2+ contamination.
The actomyosin-containing pellets from the first 7000 g centrifugation of the SRF

preparation (see above) were suspended in distilled water, to give a total volume
of 40 ml.; to this suspension 1 M-KCl was added to bring the final KCl concentration
to 0-6 M. After 20 hr at 00 C the viscous suspension was centrifuged at 30,000 g for
20 min. The supernatant was gently decanted; diluted slowly (with 2 volumes of
0-3 mM-NaHCO3) to give a final KCl concentration of 0-2 M; and then centrifuged
at 6000 g for 20 min. After aspiration of the supernatant, the soft pellet was stirred
with 2 volumes of 0-8 M-KCl and centrifuged at 37,000 g for 30 min. Three volumes of
0-3 mM-NaHCO3 were then added slowly to the supernatant over a period of 20 min,
while mixing with a magnetic stirrer. The large volume and the slow addition
ensured uniform flocculation of the protein. The actomyosin was then collected by
centrifugation at 5750 g for 20 min and was suspended, by stirring, in approximately
10 ml. of 1 mM-dithiothreitol. Air bubbles were removed by aspiration from the
surface of the suspension, after centrifugation at 500 g for 5 min. The protein concen-
tration was usually within the range of 10-15 mg/ml. All assays were carried out
within 4 hr of isolation.

Syneresis. An actomyosin gel, prepared by the above method, contains Ca2+ and
undergoes shrinkage, or syneresis, when ATP is added (Szent-Gy6rgyi, 1951). In the
present experiments syneresis has been measured by continuously recording, at
250 C, the changes in extinction at 660 nm (Ebashi, 1961). The assay medium
contained 0-50-8 mg actomyosin/ml. and the following salts (mM): KCI 35-65;
MgCl2 1; Tris-maleate buffer (pH 7 0) 20; Na2 ATP 1; and EGTA 0 01-0-03. Control
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measurements were made in the absence of EGTA. Syneresis, initiated by the
sequential addition of ATP to each cuvette at 1 intervals, was recorded with a
Unicam SP 500 Series II spectrophotometer.
To estimate the inhibition by EGTA of syneresis of actomyosin, isolated from

control and thyroxine-treated animals, the time required for maximum syneresis
was measured in the presence and absence of EGTA. The extinction recorded at
half this time (ti) was then calculated in each case. The inhibition in the presence of
EGTA at ti was then expressed as a percentage of the inhibition in the absence of
EGTA.

In experiments where SRF were used to lower free Ca2+ concentrations, the
extinction due to the SRF per se was subtracted from each measurement of the
total extinction of the suspension.

In order to assess the amount of Ca2+ present in the actomyosin preparations, the
suspension was buffered at 0 3, 1-0 or 2-5 /tM-Ca2+. The estimated Ca2+ concentrations
were based on a Ca2+ binding constant of EGTA of 5 x 105 M-1 at pH 6-8 (Ebashi &
Endo, 1968; Ogawa, 1968).

Statistics
Regression analyses and correlation coefficients (r) were calculated by the method

of least squares. The significance of the differences between the slopes of the lines
of best fit and between means were tested by Student's t-test. Vertical distances
between parallel lines were calculated by analysis of covariance. An Olivetti Pro-
gramma 101 computer was used for the calculations.

RESULTS

Sarcoplasmic reticulum fragments (SRF)
Accumulation of Ca2+. ATP-dependent Ca2+ binding and uptake were

studied in SRF isolated from skeletal muscle of cats treated with either
thyroxine or placebo tablets. After the addition of ATP, Ca2+ binding
developed rapidly over the first 2 min and then increased more slowly
until a peak was reached at about 2 min (Fig. 1 a). The amount of bound
Ca2+ then declined as Ca2+ was progressively released. The over-all Ca2+
binding by SRF isolated from the control cats was always greater than
that by SRF from the thyroxine-treated animals. The differences were,
however, only significant after peak Ca2+ binding levels had been reached.
For example, 8 min after the addition of ATP, during the release phase,
the Ca2+ levels were (control) 91 + 13 and (thyroxine) 57 + 11 n-mole/mg
protein (P < 0.01). Although the initial Ca2+ release (at 2-4 min) by
SRF from the thyroxine-treated animals appears greater than that of the
controls (Fig. 1a), the over-all release rates were shown to be similar by
the regression equations of the exponential time course of Ca2+ release
(r > 0.9) (Fig. lb). The calculated lines did not vary significantly from
parallel. The total amount of Ca2+ bound by the SRF from thyroxine-
treated cats was lower than in controls during this release phase, as is
illustrated by the significantly different intercepts with the ordinate
(P < 0.01).
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Ca2+ uptake by SRF, measured for a period of 30 min in the presence of
5 mM-Na oxalate, showed that thyroxine treatment results not only in a
slower rate of Ca2+ accumulation but also in a decrease in the ability of
SRF to sequester Ca2+ (Fig. 2). In both cases, Ca2+ uptake over the first
8 min followed an exponential course (r > 0.98), the difference in the
slopes of the calculated regression lines being highly significant (P <
0-001). Eight min after the addition of ATP, there was a 57 % difference
between Ca2+ uptake by SRF from the control and thyroxine-treated
animals (8.5 + 0-6 and 3-7 + 0-6 tmole Ca2+/mg protein respectively;
P < 0-001) which subsequently remained almost unchanged.
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Fig. 1. Ca2+ binding by SRF isolated from skeletal muscle of control (0)
and thyroxine-treated (0) cats, at 250 C. The assay medium contained
50 #sg SRF protein/mi. and (MM): [4-5Ca]CaCl2 0-024; KCl 100; MgCl2 10;
Na2ATP 2; Tris-maleate buffer (pH 6.8) 20. In (a) mean values and S.E.
of mean are shown at time intervals measured from the addition of ATP.
Differences are significant (P < 0.5) after 2 min. In (b) the data from the
release phase are plotted on a log scale. The calculated regression lines
(r > 0-9) indicate an over-all similarity in rates of Ca2+ release and a
significant difference in the average amount of Ca2+ remaining bound
(P < 0.01).

Both binding and uptake of Ca2+ were therefore reduced by the thy-
roxine treatment.
Ca2+-ATPase activity of SRF. Ca2+-stimulated ATPase activity (on

which Ca2+ accumulation depends) was not significantly different in SRF
from control and thyroxine-treated animals (5.0 + 0-8 and 4-6 + 0 7 ,mole
Pi/mg. hr) (Table 1). In the presence of 0 1 mM-Ca2+ the enzyme is maxi-
mally stimulated, while 0-1 mM-EGTA reduces the enzyme activity to its
basal Mg2+-stimulated level. The Ca2+-ATPase activity is then expressed
as the difference between the activity in the presence of Ca2+ and that in
the presence of the chelating agent.

6



THYROXINE EFFECTS ON SKELETAL MUSCLE

C~~~~~~~~~~~
0

bO
E'ID
03
E

U 0.

0 5 10 15
Time (min)

Fig. 2. Ca2+ uptake by SRF isolated from skeletal muscle of control (Q)
and thyroxine-treated (@) cats, at 370 C. The assay medium contained
10 jug SRF protein/ml. and (mM): [45Ca]CaCl2 0-11; Na oxalate 5; other
salts as in Fig. 1. Means and s.E. ofmean are significantly different (P - 0.1)
at incubation times longer than 0-5 min.

TABLE 1. Mean values and s.E. of mean of ATPase activities of SRF

SRF

(a) (b) (a- b)
Total +EGTA Ca2+ stimulation

Control (8 cats) 11-4 + 1-2 6-5 + 0-8 5 0+008
Thyroxine-treated (8 cats) 12-3 ± 1-1 7-6 + 0-8 4-6 + 0 7

ATPase activities are expressed as molee Pi/mg per hour measured in the
presence of Ca2+ and Mg2+ (a) without and (b) with EGTA. An estimate of
Ca2+ stimulation was obtained by subtraction (a - b).

Skeletal muscle actomyosin
Syneresis at 55 mM-KCl. It is well known that immediately after the

addition of ATP to actomyosin suspensions, syneresis increases rapidly.
We were unable to record the changes in extinction during the first 5 sec,
because this time was required for mixing ATP with the suspension.
After 5 sec, however, the increase in extinction of actomyosin isolated
from the thyroxine-treated animals (tXE, 0-6 see: 0-395) was much
greater than that from the controls (XE, 0-6 sec: 0-205; P < 0-001)
(Fig. 3). Thereafter, the two actomyosin preparations underwent syneresis
at similar rates until a maximum degree of syneresis was reached. Because
of the initial differences in rate, the degree of syneresis in actomyosin from
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the treated cats was consistently greater than that of actomyosin from the
control animals. For example, there was a 27 % difference in extinction
between the two actomyosin samples at 14 min, the half-time required
for maximal syneresis in the controls (tj). The final level of syneresis was
the same for both preparations, but it was reached approximately 8 min
earlier in the actomyosin which had been isolated from the treated cats.

0-9

0.8

o 06 -

04T
x

0-2

0 10 20 30 40 5 10 15 20 25 30
(sec) (m i )

Time
Fig. 3. Syneresis of actomyosin, isolated from skeletal muscle of control
(0) and thyroxine-treated (0) cats, at 55 mM-KCl. The assay medium
contained 05-0-8 mg actomyosin/mi. and (mM): KCl 55; MgCl2 1; Na2ATP
1; Tris-maleate buffer (pH 7-0) 20. Incubation temperature = 250 C. In
the left-hand panel the time scale is expanded to show more clearly
changes in extinction during the first minute. Means and S.E. of mean are
significantly different (P < 0.1) during the first 20 min.

Syneresis at various concentrations of KCl. By varying the KCl concen-
tration of the medium - and thus the ionic strength - it is possible to alter
the rate of syneresis of actomyosin (Weber & Herz, 1963). In our experi-
ments, an increase in the ionic strength of the assay medium slowed
down the initial fast rate of syneresis, but accelerated the subsequent
slow phase occurring after 1 min (Fig. 4). The over-all effect was that
actomyosin approached maximal syneresis more slowly when the ionic
strength was higher. This was particularly noticeable when the KCl
concentration was increased from 40 to 55 mM in the control actomyosm
and from 50 to 60 mm in that prepared from the thyroxine-treated cats.
At 65 mM-KCl the initial fast phase of syneresis of actomyosin from the
treated animals was completely suppressed and the onset of syneresis
delayed. Despite the fact that syneresis of actomyosin from both control

8
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and thyroxine-treated animals was similarly affected by variation of
ionic strength, the extent of syneresis, at the same concentration of KCl
(60 mM) was greater in actomyosin from the thyroxine-treated cats. This
is also supported by the results illustrated in Figs. 3 and 7.

0-8-

0-

"0 Control Thyroxine

0.1 I IF| Z | | i
0 5 10 15 20 25 0 5 10 15 20 25

Time (min)
Fig. 4. Effect of KC1 concentration on syneresis of actomyosin; syneresis
developed more slowly when the KC1 concentration was increased. Experi-
mental conditions, except for KCl concentration, were as described in
Fig. 3.

Inhibition of syneresis by SRF. Syneresis of actomyosin can be inhibited
by lowering the free Ca2+ concentration of the assay medium (Ebashi &
Endo, 1968). In preliminary experiments, Ca2+ concentrations were
reduced by adding SRF to the actomyosin suspensions immediately
before ATP was added. Two concentrations of SRF were used to measure
the inhibition of actomyosin syneresis. At 125 ,ug SRF protein/ml.,
syneresis was completely inhibited for 10 min after a short-lasting initial
rapid increase in extinction. At a concentration of 250 ,ug SRF protein/ml.,
after the initial burst of activity, the inhibition lasted for 15 min. Although
SRF always inhibited syneresis, there was considerable variation in the
degree of inhibition produced by different preparations. This variability
was probably associated with fluctuations in the free Ca2+ concentration.
In the presence of SRF, the free Ca2+ concentration falls at first, as the
vesicles bind Ca2+, and then slowly increases as Ca2+ is released (cf.
Fig. la). Because of this lack of uniformity, levels of Ca2+ were subse-
quently varied by the use of EGTA only.

Inhibition of syneresis by EGTA at various concentrations of KC1.
Syneresis of actomyosin from control and treated cats was studied at

9
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three different concentrations of EGTA: 10, 20, and 30 /SM (Table 2).
At the same time, KCl concentrations were varied between 35 and 65 mm.
In the absence ofEGTA, the half-time (ti) required for maximum syneresis
differs from preparation to preparation. Although this difference was
small, in each experiment the inhibition of syneresis by various concen-
trations of EGTA was measured at the t of that particular preparation.

EGTA

100 SUM)
- Control 30
--- Thyroxine

I//~/
75 /

01~~~~~~~~~~~~~~I
4.,

El 20
>. 50

0
_

0~~~~~~~~~~~~~1

0~~~~~~~~~~~~1

35 40 45 50 55 60 65
KCI (mM)

Fig. 5. Inhibition of syneresis of actomyosin, isolated from control (con-
tinuous lines) and thyroxine-treated (interrupted lines) cats, by EGTA
(10, 20 and 30 ,uM) compared at various concentrations of KCl. The regres-
sion lines, calculated from the data in Table 2, show that, under equivalent
conditions (see text), actomyosin from thyroxine-treated animals was less
inhibited by EGTA than that from controls (P < 0-001). For the estima-
tion of inhibition of syneresis see text, p. 5.

The degree of inhibition of syneresis increased with increasing concen-
trations of both EGTA and KCI (P < 0-001) (Fig. 5). Variation in KCl
concentration had a similar effect on the EGTA inhibition of syneresis of
actomyosin from both control and thyroxine-treated cats; the regression
lines showed no significant deviation from parallelism. At each concentra-
tion of EGTA, however, and throughout the range of KCI concentrations,
syneresis of actomyosin isolated from thyroxine-treated animals was
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inhibited less than was that of the controls (P < 0-001). The possibility
that the diminished inhibition was a direct consequence of faster syneresis
was tested by altering the ionic strength of the medium, to induce approxi-
mately equal rates of syneresis. The two actomyosin preparations were
then inhibited to a similar degree by EGTA (Fig. 6). It was concluded
that under these conditions there was little difference in the CaW+ sensiti-
vity of the two preparations.

TABLE 2. Statistical data of evidence for inhibition of syneresis by EGTA at different
concentrations of KCl in control and thyroxine-treated cats

Inhibition at tj (%)

10

Equation of
regression line
20

Equation of
regression line

30

Equation of
regression line

Control
35 1.0
40 4-1, 5.7, 1-7, 3-6, 5-9,
55 5-2, 12-0, 16-8, 17-4,

25-8, 14-8
60 38-5
65 41-5

y = 1-16x-43-21

35 3-0
40 11-9, 14-4, 24-3, 25-7,

12-9
55 55-6, 61-1, 23-4, 18-9,

35-1,
60 45-2, 49 3, 63-0,

65
y = 1-69x-51-34

35 6-7
40 39-0, 38-8, 38-3, 47-7,

40-0,
55 72-7, 73-0, 83-1,

84-1, 78-5, 83-3,
60 78-5, 93-6, 82-6,
65

y = 2-64x-68-36

Thyroxine

1-5
13-7, 8-1, 13-2,
13-1, 15-9, 13-6,
23-0, 22-1, 19-6,
29-0
y = l-1lx-46-35

19-1

50-4, 22-1, 18-9
26-4
48-0, 41-1, 26-0,
47-0, 38-5,
51-0
y = 1-26x-36-13

30-3

70-6, 71-4, 64-6,
64-0, 5741, 56-0,
69-0, 86-3, 71-0,
76-2, 98-0,
y = 2-28x-61-02

In all the experiments described so far, syneresis was induced without
further addition of Ca2+ to that already present in the actomyosin sus-
pension. The faster syneresis of actomyosin from the thyroxine-treated
cats could therefore be due to a greater amount of Ca2+ remaining associ-
ated with the actomyosin during the isolation procedure. An indirect
estimate of this Ca2+ concentration was made by comparing the rates of
syneresis occurring with and without a Ca2+-EGTA buffer. In actomyosin

11
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EGTA (AM)
0

Inhibition
at t1 (

EGTA (EM)
0

Time (min)

Fig. 6. The effect of different concentrations of EGTA on syneresis when
the rates of syneresis of actomyosin from both groups of animals have
been made similar by adjustment of the KC1 concentration (control,
55 mm; thyroxine, 60 mM). Under these conditions, the % inhibitions of
both preparations, indicated at tj (see text), are of a similar order.
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Fig. 7. Syneresis of actomyosin with two concentrations of Ca2+ buffered by
EGTA. The curves labelled 'unbuffered' represent syneresis in the presence

of the Ca2+ which remains associated with the actomyosin at the end of the
isolation procedure (assay conditions as in Fig. 3.)
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isolated from both control and treated cats, the rate of syneresis without
the addition of Ca2+-EGTA fell between the rates induced in the presence
of 1 and 2-5 /tM-Ca2+ (Fig. 7). Thus, the free Ca2+ concentrations in both
actomyosin preparations were similar and of the order of 2 /LM in the
suspension, which is equivalent to approximately 3 0 #mole Ca2+/g muscle.

DISCUSSION

The Ca2+ sequestering activity of skeletal muscle SR was assessed by
measuring both Ca2+ binding and Ca2+ uptake by SRF isolated from
control and thyroxine-treated cats. The SRF isolated from the thyroxine-
treated cats bound Ca2+ less effectively than did SRF from the controls.
This could be the result either of a slower accumulation of Ca2+ or of a
faster release. In the binding assay the net Ca2+ accumulation depends on
both the rate of Ca2+ binding and the rate of Ca2+ release, since both
processes occur simultaneously (Martonosi & Feretos, 1964). Although, in
the 2 min immediately following peak binding, SRF from the thyroxine-
treated animals appeared to release Ca2+ more rapidly than that of the
controls, measurements of Ca2+ uptake in the presence of oxalate indi-
cated that a faster initial rate of release was unlikely, on its own, to explain
the reduction in binding. It is known that in the presence of oxalate,
Ca2+ accumulation by SRF is accelerated because a high proportion of the
intravesicular Ca2+ is precipitated as calcium oxalate (Baird & Perry,
1960; Makinose & Hasselbach, 1965; Weber et al. 1966); and that the
efflux of Ca2+ is reduced to a low level (Martonosi & Feretos, 1964).
In the present study, SRF from thyroxine-treated cats accumulated
Ca2+ more slowly and to a lesser extent than did SRF from the control
animals; the maximum amount of accumulated Ca2+ was reduced by
75 %. Thyroxine therefore reduces both binding and uptake of Ca2+ by
SRF, which suggests that the hormone has some specific effect on the
Ca2+ transport system of the SR.

In the absence of ATP, SRF bind Mg2+ more effectively than Ca2+,
but ATP reverses the relationship; the binding of Ca2+ is increased and
that ofMg2+ reduced. According to Carvalho & Leo (1967), the preferential
affinity for Ca2+ may be associated with a change in the conformation of
the binding site. Since ATP is required for optimum binding of Ca2+ by
SRF, measurement of the associated ATPase activity provides an addi-
tional assessment of the sarcotubular membrane function. Our results
indicated, however, that this enzyme was not affected by thyroxine.
Normally, Ca2+ binding and the Ca2+-ATPase activity of SR are linked,
the ratio Ca2+ accumulated/ATP hydrolysed varying from 1 to 2 according
to the concentration of free Ca2+ in the assay medium (Hasselbach, 1966),
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although at low concentrations of ATP this value may be as high as 10
(Ebashi & Yamanouchi, 1964). The lower binding of Ca2+ was not
associated with a reduction in Ca2+-ATPase activity, which suggests
that thyroxine has partially dissociated these two processes.

If the reduced Ca2+ binding by SRF after thyroxine treatment reflects
a change which occurs in vivo, the intracellular concentration of free
Ca2+ in the intact skeletal muscle will tend to increase. Liu & Overman
(1964) found increased intracellular levels of Ca2+, Na+ and Cl- in skeletal
muscle of thyroxine-treated rats associated with decreased levels of K+.
Similar changes in Na+ and K+ distribution, together with an increase in
excitability, were produced in rat brain by thyroxine treatment (Timiras
& Woodbury, 1956). A Ca2+ influx component, which is dependent on
intracellular Na+, has been demonstrated in crab nerve, squid axon and
guinea-pig atria (Baker & Blaustein, 1968; Baker, Blaustein, Hodgkin &
Steinhardt, 1969; Glitsch, Reuter & Scholz, 1970). Thus, an increase in
intracellular Na+ would, in itself, be expected to lead to an increase in
intracellular Ca2+. The decrease in rate of recovery from a depolarizing
neuromuscular block accompanied by a parallel slowing of the rate of
repolarization in thyroxine-treated cats (Zaimis et al. 1965) is in accord
with such a redistribution of Na+ and Ca2 . Smith & Samuel (1970)
suggested that erythrocyte Na+,K+-ATPase is inhibited in patients with
hyperthyroidism, since, in their experiments, a high intracellular Na+
concentration was associated with a diminished rate of Na+ efflux. The
possibility of a change in Na+,K+-ATPase activity in the skeletal muscle
of thyroxine-treated animals is being investigated.

In parallel with the studies of the accumulation of Ca2+ by SRF, the
effects of thyroxine on the contractile proteins were assessed by studying
the syneresis and the Ca2+-sensitivity of isolated actomyosin. Two phases
of syneresis can generally be distinguished with the turbidometric pro-
cedure: an initial rapid phase lasting 5-10 sec gives way to a slower phase
which persists until the maximum level of syneresis is reached 20-25 min
after the addition of ATP. Under identical assay conditions, the actomyo-
sin from the thyroxine-treated cats underwent syneresis at a faster rate
than did that from the controls during the first 10 sec after the addition of
ATP. The subsequent rates of syneresis and the maximum levels reached
were, however, unaffected by thyroxine. Since the rate of syneresis
depended on the ionic strength of the medium, a series of assays was done
at different concentrations of KCl. Each variation in KC1 concentration
produced a change in syneresis rate which was similar in the two acto-
myosin preparations. The lower the ionic strength, the faster was the
initial phase of syneresis. Thyroxine therefore altered the threshold for
syneresis, but not the pattern of response to ionic strength; at each ionic
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concentration the initial rate of syneresis was always faster with acto-
myosin from the thyroxine-treated animals.
At this stage it seemed possible that the Ca2+ sensitivity of the acto-

myosin might have been affected by thyroxine. Syneresis of native
actomyosin, i.e. actomyosin containing the regulatory proteins troponin
and tropomyosin, is a Ca2+-dependent process (Ebashi & Ebashi, 1964;
Perry, 1967; Arai & Watanabe, 1968; Ebashi, Kodama & Ebashi, 1968).
Ca2+ is normally present in isolated actomyosin in sufficient concentration
to promote syneresis when Mg2+ and ATP are added (Weber & Winicur,
1961). Stewart & Levy (1970) suggested that relaxation of actomyosin is
caused by the binding of Mg2+-ATP to an inhibitory site and that the
troponin-tropomyosin complex facilitates this binding. The inhibition is
relieved by the formation of a calcium-troponin-tropomyosin complex
which interferes with the binding of Mg2+-ATP and therefore promotes
contraction. Thus an increase in the Ca2+ affinity of troponin would result
in faster rates of syneresis. An indirect measurement of Ca2+ affinity was
made by varying the amount of free Ca2+ in the assay system by adding
either SRF or EGTA. In principle, it would be preferable to use SRF,
the natural Ca2+-sequestering membranes, because the assay would then
more closely resemble the physiological process of excitation-contraction
coupling. However, the wide variations in the inhibitory activities of
SRF preparations, probably associated with the reversibility of Ca2+
binding, precluded their use. Ca2+ concentrations were therefore varied
by adding EGTA, a chelating agent with a high affinity for Ca2+ and a
low affinity for Mg2+ (Schwarzenbach, Senn & Anderegg, 1957). Selective
chelation was essential for these assays, since the troponin-tropomyosin
complex only inhibits syneresis in the presence of Mg2+ (Kaminer, 1968;
Weber, Herz & Reiss, 1969). The degree of inhibition produced by EGTA
depended not only on the concentration of the chelating agent but also
on the rate of syneresis, and therefore on the concentration of KCl.
In assay media of low ionic strength, i.e. at fast rates of syneresis, EGTA
produced little inhibition. Under these conditions, the Ca2+ affinity of
native actomyosin is high (Weber & Herz, 1963); troponin therefore
competes for Ca2+ more effectively. Increases in the concentration of either
EGTA or KCl produced an increasing inhibition of syneresis as more
Ca2+ was removed from troponin, either as a result of increased chelation
by EGTA, or as a result of diminished binding of Ca2+ to troponin in the
presence of high ionic concentrations.
When the inhibition of syneresis by EGTA was measured at several

concentrations of KCl in actomyosin preparations from control and
thyroxine-treated cats, the inhibition was in each case greater with
actomyosin from the treated animals. This suggested that an alteration
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in the Ca2+ sensitivity of the contractile proteins had occurred. However,
when syneresis rates of actomyosin from the two groups of animals were
made equal by altering KCl concentrations, there was no appreciable
difference in the degree of inhibition produced by EGTA and, therefore,
no evidence of an alternation in Ca2+ sensitivity. The increased inhibition
observed when syneresis was compared at the same ionic strengths was
presumably a consequence of the faster rates of syneresis in actomyosin
from the thyroxine-treated cats.

Finally, the possibility was explored that increased intracellular con-
centrations of Ca2+ after thyroxine treatment might have led to an increase
in the Ca2+ content of actomyosin and therefore an increased rate of
syneresis. However, when free Ca2+ concentrations in suspensions of
actomyosin isolated from control and thyroxine-treated cats were com-
pared by measuring syneresis in the presence and absence of Ca2+-EGTA
buffers, both actomyosin preparations underwent syneresis at rates
falling between those obtained in the presence of 1-0 and 2-5 /tM free Ca2 .
This indicated that the free Ca2+ concentrations were similar in the two
preparations, and about 2-0 fUM. This is equivalent to approximately
3-0 /tmole Ca2+/g muscle, a value similar to the average Ca2+ content of
skeletal muscle myofibrils (Weber & Herz, 1963).

It may therefore be concluded that thyroxine has modified the proper-
ties of both the sarcoplasmic reticulum and the contractile proteins. The
effects on actomyosin syneresis show that the contractile proteins are
capable of an exaggerated response to ATP; but the behaviour of the
muscle in vivo may largely reflect the reduced accumulation of Ca2+ by
the SR and other changes in cation distribution. It is also conceivable that
an altered ionic milieu has itself induced compensatory changes in the
relationship between the regulatory and the contractile proteins.
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