23

FAHHE ARG 2013 5 128 : 247-59.

5

BHERSTEENSAILE

R (7

FREERER R AL R

PROFESSOR SAKATI'S PERSONAL HISTORY AND WORKS AS A
PHYSIOLOGIST

Satoshi KURIHARA

Professor Emeritus, The Jikei University School of Medicine

Professor Emeritus Toshio Sakai passed away on May 23, 2012, at the age of 91 years. He was a former
professor of the Department of Physiology (II) (now, the Department of Cell Physiology) and was my mentor.
He was born in Chigasaki City in Kanagawa Prefecture and graduated from The Jikei University School of
Medicine in 1946. He then became a research assistant in the Department of Physiology. As a physiologist, he
first did research in neuroscience but then became interested in muscle physiology, which Professor Reiji
Natori had established as a new field of research in the department.

After working at Rockefeller University, Professor Sakai became interested in the effects of caffeine on
skeletal muscle. He observed random contractions by the application of a low concentration of caffeine. He
intended to inhibit the random contractions by lowering temperature but found instead that low temperature
triggered large contractions. This phenomenon attracted his interest, and he began studying the mechanism of
excitation-contraction coupling.

In skeletal muscle, rapid lowering of the solution temperature after treating the preparation with a low
concentration of caffeine produced contracture, which is called rapid cooling contracture (RCC), without
significant depolarization. This contracture can be produced, even in depolarized preparations, by a high
concentration of KCI. The RCC of skeletal muscle was inhibited by procaine, an inhibitor of the Ca*'-induced
Ca’ release mechanism. Because RCC could be observed in preparations with disrupted T-tubules, RCC was
considered to be due to Ca*' released from the sarcoplasmic reticulum (SR).

In smooth muscle, RCC was observed in depolarized preparations treated with a high concentration of
KCI. However, the RCC in smooth muscle did not require treatment with caffeine. The cell membrane was
significantly depolarized at low temperature; thus, the RCC of smooth muscle in physiological solution is
partly induced by depolarization as well as being a direct effect of cooling on the Ca®" release mechanism.
However, the intracellular Ca*" store was suggested to play an important role in smooth muscle contraction.

As in skeletal and smooth muscle, RCC was observed in amphibian and mammalian cardiac muscles.
Caffeine was not required for the RCC of cardiac muscle, but the accumulation of Ca® in SR was essential
(repetitive stimulation, replacement of Na” with other substituents) before rapid cooling.

The intracellular Ca®* concentration was measured using the aequorin method in the RCC of frog skeletal
muscle and ferret cardiac muscle. The change in intracellular Ca** concentration in the RCC of skeletal
muscle showed 3 phases, and tension developed early in the 2nd phase. The 3rd phase was a large Ca*" signal
and was sensitive to procaine, suggesting Ca*"-induced Ca®" release. In mammalian cardiac muscle, the Ca*
signal in RCC was transient, and the released Ca®" was believed to be taken up by mitochondria even at low
temperature. Rapid cooling released about 47% of the Ca** accumulated in the SR.

After retiring from The Jikei University School of Medicine, Professor Emeritus Sakai spent his time
enjoying calligraphy and painting, at which he was quite skilled.

(Tokyo Jikeikai Medical Journal 2013;128:247-59)
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Fig. 1. A photograph of Professor Emeritus Toshio Sakai.
He graduated from The Jikei University School of
Medicine in 1946. His major area of research was
excitation—contraction coupling in muscle.
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Fig. 2. The membrane potential change of skeletal muscle in
rapid cooling contracture (RCC).
Rapid cooling did not significantly affect the membrane
potential (lower graph) but did produce a large degree of
tension (middle trace). The solution contains 1.5 mM
caffeine®.
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Fig. 3. The effects of rapid cooling and caffeine on depolarized
skeletal muscle immersed in a solution containing a high
concentration of KCI.

Rapid cooling produced contracture in the presence of
caffeine. RCC showed a dependence on the caffeine
concentration (0.4-1.4 mM)¥.
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Fig. 4. Dependence of RCC in skeletal muscle on the K"
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The RCC in a solution containing various
concentrations of K™ (with [K']x[Cl-] being constant).
RCC showed a dependence on the K™ concentration,
suggesting a dependence on the membrane potential.
However, the dependence of RCC on the K°
concentration disappeared with T—tubule disruption.
RCC showed a minimal peak at a K concentration of
about 25 mM, which corresponds to a =58 mV
membrane potential'”:
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Fig. 6. RCC in T-tubule-disrupted skeletal muscle fiber.

The T-tubules were disrupted by treatment with 400 mM
glycerol. After the T-tubules were disrupted, the
preparation did not respond to electrical stimulation.
Then, the preparation was immersed in a solution with 95
mM K.SO, and without Ca*". In the presence of 1.5 mM
caffeine, rapid cooling produced contracture in the
absence of Ca*"'".
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Fig. 5. The temperature dependence of RCC.

Fig. 7.

Rapid cooling of the solution from room temperature to
various low temperatures. Rapid cooling to a temperature
of less than 4°C produced maximal tension. The lower
graph shows the relation between temperature in rapid
cooling and peak tension. The temperature is expressed
as a reciprocal of the absolute temperature '”.
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Effects of procaine and cocaine on the RCC of skeletal
muscle in Ringer's solution.

Procaine and cocaine inhibited the twitch response.
Cocaine did not inhibit RCC, but procaine inhibited RCC
in normal Ringer's solution'®"
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Fig. 9. Changes in intracellular Ca** concentration in RCC of a
single skeletal muscle fiber measured with aequorin.
The intracellular Ca*" concentration in RCC increased
with an increase in the caffeine concentration and
showed 3 phases at a higher caffeine concentration (0.8
mM). The tension of RCC reached a peak early in the
2nd phase. The 3rd phase is a large increase in Ca*
concentration regardless of tension development™.
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Fig. 8. Inhibition of RCC by procaine in depolarized skeletal

muscle fibers.

Procaine inhibited RCC in muscle depolarized with a
high concentration of KCI (150 mM), but cocaine did not
inhibit RCC™.
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Fig. 10. The inhibitory effect of procaine on the change in the
intracellular Ca** concentration in skeletal muscle RCC.
Procaine preferentially inhibited the 3rd phase and then
the 2nd phase. The 1st phase was insensitive to
procaine™”
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Fig. 11. RCC in toad urinary bladder smooth muscle.

Rapid cooling produced contracture even in a solution

with a high KCI concentration and 1 mM caffeine®®.

28.5 mM Tris-Cl 458 mM Tris-ClL SHIMHT s-CL

e

HIDLEFHORSEE

Fig. 12. Effect of rapid cooling on the auricular muscle of the
toad.
Rapid cooling produced phasic and tonic contraction in
normal Ringer's solution. The replacement of NaCl
with Tris—Cl augmented the tonic phase of RCC and
suppressed the phasic phase. Even in the presence of
Mn*', a Ca*~channel blocker, RCC was observed®”.



WO SR AR A 7258

=D T®, EFTRTH OB MO —HBIT 28512
EBHCHHENBEEL TWwaHDEEZ 55,
S CRBTENHE TE S 2 &1, Miic
Ca RN DD Z L& RBLTED, £72, F
W BT 2 W /Na R DFLE S & EIDT o figil
TN NWRHRIC BBk 2 E W 2,

3. LERDARSHNE

AWI LB THRA SN, AT~ D
DER, LDEHZHAWTRGBHENARLTESZ
EERLED O, HOLEHPLEDNORN
ol 2 M E 2 RS (Fig. 12). ¥&IR$ D NaCl &
KClZ &L TKCHEEZ P Tn< &, 1
TS U2 HAREBICREL RS, LTI
Na™—Ca® 5Z#a2 3¢ L CTH D, NaClZ KCl TiEff
T 5 EMBEANIZCa MBER L Z D Ca¥ NEmWm I
Ko TH/NEEMNS I NZ2HDEEZ SN
7z,

Ty MLEHTHRGHEZFELTESLZ
EMano72. BILEY MOEM T, AW
IZHITENIZ Ca® Z M S B 2L Z L THB e
CRWHMEEZBET D ZENTERWV. & XU,
SWATICHEIOEBLRE Z G- A TH <, NaCllg
JEZKCIRLICIZR ETEIEL TH<RELTNS

255

BWTHEMENEL D, 2WICELBEINEY B
MM OREME (L ZNET S &, ot
10 mV L R CRIFEEAIZIZE L TWiah - 7= (Fig.
13). 7272L, ZAUIFLEEM & HWZEKBREERT,
ZHNAEA T3 < OHIBEDBRIRFIZF U & 51T
EECDEEEZZTLENHEL WD T(ELIT,
FREMNE & Z O T EOMEE TIRRELS L E 2T
BSRHZEN D D), BB ZHIE L THSHIfuh
B L CTh, JEEOMIEOBEEMNZNIEEL
LUz, AWML 2B MOREIZDT M
ERDHTENEZ OGNS, H—OAifiNE TR
OHPEDEENIEND T, RKEMZHEL TS
Ml ZEEA O ELBEEZ T2 2 LTk 5.
Feald, T<HOWARETIREHBICE > Tk
KEBRBIHERRDOIGES AT D Z &2 LITLIE
BRLTHBO, ZOXDRIHEIL, 2wtk
Ca” il h B & /Ml & % Ca® fi i h S o A -
BEIZEDHDEEZ BN,

A0 A 2 RAWTEGRFO.DM N Ca®
ELSAEI NP, Tzl b OHEAE
ORI 74D > 2EEA LR, EH
L Cat 5 R ZERKREER L, BRI (=& 21E, 1
Hz) 217> Thsfilz ikl 2%, Wiz 30C

EILEYNEZEEEH O 2R A ENHE

O HAHNFEEMELEFHENREERS

N=]
mix

X

30°C 10°C
[ T i [
" N
BB —
B
55 °C [o
01g [ - —50 mV
Ve \—
—

10s

DEHORSHEITMEAZEECa»ERILTWSEE AT

Fig. 13. RCC in the right ventricular papillary muscle of the guinea pig.

The membrane potential was measured by means of a microelectrode method with tension. Rapid cooling from 30°C to 10°C
or 5°C depolarized the membrane slightly, and no action potential was observed. Contracture was produced even though
caffeine was not used. Before rapid cooling, the preparation was stimulated at 1 Hz, and after cessation of stimulation, the
temperature was rapidly lowered from 30 °C to 10 “C and 5.5°C. RCC was observed and showed temperature-dependence.
The lower the temperature, the higher the peak of RCC. The membrane was slightly depolarized but did not reach a potential
of =58 mV, the threshold membrane potential for triggering an action potential. The arrow indicates the peak of twitch
tension, which overlaps the action potential with a large peak®.
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Fig. 14. The change in the intracellular Ca** concentration measured with aequorin in RCC of a ferret right

ventricular papillary muscle.

The preparation was stimulated at 1 Hz in normal Tyrode's solution, after which the temperature of the
solution was rapidly decreased from 30°C to various temperatures. Rapid cooling transiently increased
the intracellular Ca** concentration depending on the degree of cooling. The peak of the intracellular
Ca”" concentration showed temperature-dependence. No critical temperature was observed®.
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Fig. 15. Japanese calligraphy by Professor Emeritus

Sakai from when I was appointed
president of the university (2001).
The first character expresses the birthplace
of Kanehiro Takaki (founder of our
university). The meaning of the writing is
that a good precept influences people as
the spring wind thaws everything.
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SRk 3 A£10H
Rk 6 4E 3 H
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Fig. 16. The last Japanese calligraphy by Professor Emeritus Sakai.
This is the last Japanese calligraphy by Emeritus Professor Sakai,
written when he was 90 years old.
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Fig. 17. A photograph of Professor Emeritus Sakai and me.
The photograph was taken in my office on January 11, 2012. On March 24, 2012, Professor Emeritus Sakai attended my
retirement party and proposed a toast, which was his last opportunity to meet with the members of the Department of Cell

Physiology.
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