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A Study of Radiation Injury of the Erythrocyte Membrane
By

Machiko Miyachi
Department of Radiology, Osaka University Medical School
(Director: Prof. H. Tachiiri)

Introduction:

It is of importance to envisage radiation injury in biological macromolecules, as a step to clarify the
cmechanism of cellular death by ionizing radiation. Since the cell membrane is understood. to play a pro-
‘minent part in cell activity, especially for higher animals, there have been many observations made on the
‘physico-chemical changes of the membrane by ionizing radiation, such as the changes of electrical pro-
perties of the cell membrane and the changes of the cell membrane permeability. However, they do not
:seem to have been made on a systematical basis. In the present study it was attempted to obtain informa-
tion systematically on the initial damage of the cell membrane following a low dose irradiation.

Material and Method:

Erythrocytes (rat and human) with a relatively simple cell metabolism would seem to afford a suitable
‘material to be studied in terms of the cell membrane. There were employed 3H,0 B-rays during irradia-
tion and %0Co vy-rays after irradiation,

1) Biologically, the changes in electrical properties are of much importance because they are
«detectable at a dose which, in general, is too low to produce measurable chemical changes but enough
to produce pronounced biological effects.

In observing the changes of the cell membrane subjected to a low dose irradiation, measurements
‘were made of the capacitance and conductivity of erythrocyte solution with Cole Bridge during and directly
after irradiation (40-1200 rads).

2) To elucidate the mechanism of the results of the above experiment, *H,0 efflux rate from the cell
versus a radiation dose given (600-4000 rads) was measured, after erythrocytes were incubated in $H,0
NaCl solution.

Changes in cell membrane permeability seemed to be related with the physical process of radiation
injury. To modify the radiation effects on the cell membrane, experiments were carried out on different
<osmotic pressure solutions, that is, erythrocytes were suspended in 0.9, 1.5 and 0.5%, NaCl solutions.

3) To obtain information how biochemical damage influenced the changes in cell membrane per-
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meability, differences of 3H,0 efflux rate were observed under different temperatures (25°C and 10°C).

Morphological changes (discoid—+creneated) following irradiation (1000 and 4000 rads) were photo-
microscopically observed. Inosine and adenine were added to observe a possible restoration to a normal
shape.

Results:

1) An increase in the capacitance and a decrease in the conductivity of erythrocyte suspension were
observed from the beginning up to 600 rads. Irradiation with more than 800-1000 rads resulted in a. de-
crease of capacitance and in an increase of conductivity of the cell suspension. The capacitance and con-
ductivity, when measured in a post-irradiation status, maintained less changes than those measured during
irradiation. This suggests that some of the changes observed during irradiation are apparently reversible.
The above findings may be interpreted as the changes of ion permeability of the cell membrane.

2) Regarding membrane permeability for #H,0, no significant difference was observed between
600 rad irradiated samples and non-irradiated ones, in 0.9 and 1.53%, NaCl solutions. But, in 0.5% NaCl
solution, an increase of permeability was observed in 600 rad irradiated samples. In 1000 rad irradiated
samples, even in 0.9 and 1.5% NaCl solutions, permeability was increased and the changes were enhanced
in proportion to doses given. In 0.5% NaCl solution, the enhancement was more obvious.

3) 3H,O efflux rate at 10°C showed a slightly less decrease than the rate at 25°C, due to difference
in thermal diffusion. Morphologically, at a 1000 rad irradiation, erythrocytes retained a normal shape
even 180 min after irradiation. At a 4000 rad irradiation, erythrocytes failed to maintain a norraal dis-
coid shape but turned into a creneated disk shape, which was regenerated with the addition of inosine and
adenine.

Discussion and Conclusion:

Radiation injury to the erythrocyte membrane was detected initially as change of electrical proper-
ties. Changes in capacitance and conductivity of the erythrocyte solution were observed at a low dose
irradiation, although some of the changes were reversible in a post-irradiation status. Those changes
can be explained in terms of ion permeability through the membrane, triggered by reactions between mem-~
brane molecules and ions and/or free radicals praduced inside and outside the cell following irradiation.

After a certain dose, the gradient of electrical changes proved to be inverse. The inversion obviously
occurred between a low dose (600 rads) and a medium dose (1000 rads).  So there must have been different
processes in radiation damage of the membrane: after a certain dose, ionic processes of the opposite direc-
tion might have developed.

Membrane permeability to ®H,O in an isotonic solution showed no significant differenice between non-
irradiated and low dose irradiated samples. But, in a hypotonic solution, membrane permeability in-
creased at a low dose irradiation. At a medium dose irradiation, permeability increased even in an iso-
tonic solution. A stress of radiation effects in a hypotonic solution is assumed to indicate that membrane
permeability for #H,O intensively changes when radiation cooperatively affects a2 mechanical tension of
the membrane. If this assumption is valid, changes of membrane permeability in an isotonic solution
at a medium dose irradiation seem to reflect a cooperativity of radiation with changes of bound ions, a
mechanical tension of the membrane or the membrane potential in living cells.

At a low dose and a medium dose irradiation, biochemical injury did not seem dominant. At a high
dose irradiation, erythrocyte were subjected to morphological change and their normal shape was regen~
erated with the addition of inosine and adenine; biochemical injury became dominant.
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% 2 mfEfRIC I\ 7o 2 D RS RE R § SR
Az Adr, Cole Birdge (1949)% % F\~T, 4
Mcfsec DFEHTHE L. oHEOBEXA
RO E DI 0.1puF T, ¥, BHEOHTAH
L hix 0.03umho ¥ THHETHS. REEDOE
Bux, ®Co BHEHE bic LI it A THRIE
L. JEBHHET #4204 2 JEHE & L 7.
ieds, MiBAD b OBER L BHEOL LI, M
fao #T2EayZE{L & Milao ERZE bR T 5
DT, Hobh L, BEHEs X OCBHEOMaD
K& X L Fok 2 s —HlaRHBEEE 2 B\ ClE
L7s.

(2) R

Fig. 212//3 L 51w, Price-Jones ffifiix, JE
BEHRMER T 12008 £ TEERIR. T,
80rad 75 1,000rad #F Tk, FEMH &4 250
Aisv, RS X oM ST LR RD b
Ricwo T, JBHhC X A RMEREEROFER L
EHEOZ L, L L TillEcRET 5 M8
HZE b ThHB LB s, Fig. 3T Lo,
FRIMBRIEWEWE DB R OZE(LIL, 600rad ¥ Tl
B L L b, BERNS X URHE L LICERD
WM RLT\WA, o3, 40rad DITFTIAERE
B IEMEIIS ST o,
FEMBETRE O AR INERIFIHEE T JWE Shic FEXK
€exp (366.2TH2fz. LicpdioT fljH i 2
LRDLNSB X 5K, MaoFECRET»HE
R Ecell 1X11THB. i, Mo BAHEHT
(em?®) Hich 0BKAEE, JEBHRFTI0.97
pFlem? LEE XN B, Zoffixsg oL

Fig. 2. Distribution of cell size of 5% erythro-
cyte solution irradiated by (-rays.
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Fig. 3. Dielectric increment of 209, erythrocyte
solution being irradiated and 20 min after irra-
diation at a frequency of 4 Mc/sec.
¢ indicates the range of errors
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Fig. 4. Change in conductivity of 209, erythro-
cyte solution being irradiated and 20 min after

irradiation at a frequency of 4 Mc/sec.
¢ indicates the range of errors.
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DML, 0AHIEHITH & &% W L T
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HLTWS. ZoBifik, Lesler pfigficies
&, ZEeo—EaTHN CThEd L Ex bR
5. Th3FEEORREFBE L. Tihbb,
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WU e RET 5,
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DWA %, MIASNE L D A A v KRR~ DA
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ER L OBEEE0ZL L, MRSME L b Man
A4y (F) st sciic L b, i,
1,000rad ] o BSHCLE, MR © 1 4 250
TS o b X AFRERRRE L. &0
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o fe 5 ko B AL EE E LT, 600, 1,000,
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OFELE L B,
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H b 5 LR D by TTiRolk.

EEL, HO % ba CHHIRasNE & b Mila
P, Bflinsdiic X yIv R zeicob, B
oK 5 *HO0 offifar X v fifast~
OHOEERIRE L Lic., ¥, WiRekT 2
Ttk & ER s1) 5 Bl e L.

00 AL A fRE E Ul T 28R & Uiz
iz, *HyO % 0AA K RMIRA Wfh > v 5 v
—v g vayva--TllETBEA, Hb X5
Yo BTN D 72> DIEEHIIRE b2 & 2T 5
T THSB.

(1) okt XOTE:

U SE D B HAE B T o IR HEER L feift
Wid, ~-%0 vCREHI S, TiloEr
HLicon, 0.9% NaCl EHiwc A8 1615% Dk
MEREER & Te B X S Lich oxtE L
T, HEA X Y oKSFoBREA2NE L.

9, 0.9% NaCl g 7 ml4- g 3 ml o
1 *HyO 200uCif 0.1ml Zjnziz. FERHC,
104y, 154, 204, 304, 404y, 5043#ic, 600
rpm CLO4MEIR BRIk Y ~1 7 3 v T R
L, kv vFv—vavhvva—T7H0 &K
2IE LI UEETERL). TofRy Fig. 5
wRT. Eabbhns X i, Mo istae
1304 CREAMMCE Lic. LichoT, Ml
& b ISt~ okSFoREEE 2 ET 5%
Bz, *H,0 ARSI HFER TRFELICD
ox i, ToHE B 600rpm T1024HEEL
L, E#EEHEL, SE0%E NaCl Jixnz T
BEkL, coifEr 2B viEL, EERHET
TEROLRMEREZER L Lic, T o 2B

HRESRARESNES 208 F12%

Fig. 5. Uptake of *H,O by erythrocytes
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Hv x— (Model LSC 501) T 3H,O ol
*iFieot.

(2) #ER

Mfar & b Mfast~EH 35 THO & & R o
BifR#% Fig. 7 1R Uiz, $i4E3R% 200rad/min 1z
M— L7 T, 600radf@itiziz 34, 1,000rad
I 54F, 2,000radiz (31043, 4,000rad% 4 %
HIX205 % B L. Fig 7 ofliiy, ME#Eea
AT % F ToMBASE D HEHHE o HEX YN
EHbbl, Hllx, ffmcET 2 ioRMY %
LT, fflx 1B b LTw BT, B
o *HO 7l sHF Hisk 5 5D

Fig. 7. Change in *H,O efflux from erythrocytes

after irradiation.
¢ indicates the range of errors.
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THhbbpENSL., Fig. 8,9 i, S Ol ! w
P UCHRS X OMER ks s, R e
Y offxicd. Tibb, #llBSES
ELI Y #A—vTA2ThHobbL, Ml
BHRoMEE»HhT. (2) Resds ki
KoARL L hRDBNE . Hils L CERD S
Hich O OEIEGE Table 1 iRy, R b
DB L5, 10°CIekiT st oE &3 HERcE
T2 Ly bbb/ En. ¥, 600rad T
Fig. 8. Percent fraction of *H,0 activity retained
in erythrocytes suspended in 0.9 % NaCl solu-
tion, at 25°C, after irradiation. Determination

carried put on the same batches of erythrocytes
used for *H,O efflux experiment of Fig. 7.
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Fig. 9. Percent fraction of *H,O activity retained
in erythrocytes suspended in 0.9 %, NaCl solu-
tion, at 10 %C, after irradiation,
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Table 1 Effect of #°Co v-rays on *H,0O efflux
rate (%/min) from erythrocytes after
irradiation at 25°C and 10°C.

~__  Dose in [
T~ rad 0 600 | 1000 | 2000 | 4000
Temp. |
25°C 36 38 45 54 64
10°c 34 36 43 52 60
| _

i, WThbIERHEFc B LTz LA Ehbb
feuds, 1,000rad PLETIEEEOHME L bic
Bt 5.

(3) #H%

BHEc T 2RE E b Xk ik 0E & D
i Ekx, KoTFofian L v filast~o
B oE T I 5b0Ths. Ticbhh, HIO
wHGTHIE Shic @ik i kL
TWaBED Lo T, Bifc ks8R LD
o *H,0 o oRghng, MEBo R#ROHEHEH
wilEET 5 L iE e v,

(4) FEEEMEhcBET 8 INER

Bacq & Alexander (1961)'®1%, e X oT
MRl & OB R L, IE L BT sz &
DS ERAR G O P10 L E % T\~ fz. Danon
& Perk (1962)'Pwr ki, & b 3 X O HFLE)
ez, fEx ofEY 5 RmERSME o sH3
(rough layer) 3 A BRI, & 2,
WIE 7T AATA FOETHEL, FmBRiEE
Skl i B . Fio, ARIMERAFIRRR A HE
Ftaooiz ATP 2 EEThsr & & & FEDL
(1960)"® HEFE L 7=

1,000rad fEHHEOHRIMBDOIFIRA , 10°Ck X
U'25°CT, 1804 ¥ THAWMEE CH%E, T IR
Ea 7oz, Photol | 2 (25°C) wmT kb
w, FRmEROBRITIZ EAEE(LL TR, &
Oz i3, BRI oTHRAEL B IR ECE=
FAF - RICHEBEY 5 X Tvig 2 E&RT.

LA L, 4,000rad [ESfC%, Photo 3w
X5, RIMRO—MzEER B LTS
ZERBEDLRE. WIROELHY ATP v~
LPHER D BB, PRI LB X DT, 1/

HARREZH RS B284% Eles

Photo 1. Unirradiated erythrocytes suspended in
0.99, NaCl solution (x 600)
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Photo 2. Erythrocytes suspended in 0.9 9 NaCl
solution, 180 min after 1000 rad irradiation
(> 600)
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Photo 3. 4000 rad irraciated erythrocytes suspen-
ded in 0.99 NaCl solution (> 600)
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vy, 75 =volfiine X oT P8R mET
BRTTHBE. 4/ v v, TF=v (%4 6mg/l0
ml) % MBEEHEC B M5z e ko
T, Photo 4 iR X 51z, EXREEHI PR
o352 Eaikedbiiic. 4,000rad B
CEWT, 417>y, 7F=vofihcks ¥
W2l & Bl L OBtRE LoxXBkedic, 1
Q@) XU B~ Tt B @t ZEbx J%E L
fz. Fig. 10, 1licmRT X 51T, 25°CIeds\ T
THaHEMN, 10CR T HEENRED LRI,
1,000rad WBHICI1X, 1472 > v, 7F = vihin

Photo 4. Erythrocytes suspended in 0.9% NaCl-
solution, with Inosine and Adenine added after
4000 rad irradiation (% 600)

Fig. 10. Percent fraction of *H,O activity retai-
ned in erythrocytes suspended in 0.9 9%, NaCl
solution, at 25°C, after irradiation. Erythrocy-
tes, after 4000 rads irradiated, were given Ino-
sine and Adenine.

100

0.9 %% NaCl solution
Temperature : 25°C

50F %

20 a: Control

\ B 4000 rad, Inosine
10 \ °  Adenine added

*H,0 content in erythrocytes(%)

¢ : 4000 rad
5
2 c b \
, \ \
2 &4 6 8 10 12

Time in min
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Fig. 11. Percent fraction of *H,O activity retai-
ned in erythrocytes suspended in 0.9 9% NaCl
solution, at 10°C, after irradiation. Erythrocy-
tes, after 4000 rads irradiated, were given Inosine
and Adenine.

100

= ‘;:"e

v = \ 09% NaCl solution
& ‘\\ Temperature : 10°C
2

=

}; 20 2: control

\ p . %000 rad,Inosine
10 \ Adenine added
\ \c H 4000 rad
2 c;\ k X\
. .\\ N\
2 4 & 8

10 12

*H,0 content in
w

Time in min

LCh B0 BRI ELY Z L DT
fo.

Lich 2T, ERRoFEBRER »6, 1,000rad
IBECix, MO R R E AR BE o &
R = hp A, 4,000rad T, RBERCIESER
HHEELZLNS,

IV. ZBEEOHHRR

AR R o MIfAPLIE# i,  1,000rad FESC
L, AT = 3 A ¥ — RO R Tl
W b w ke,

Fig. 81cim Uiz, WShe X 2Bz bz &
oroiBficlsoThroh. T, Hila
e 31 % Ftk o B ki, PHomENZE i
b bnEEL, 2¥F0RBEERAL. T
bbb, MBI RS A s e X Bk
FoBBEOZEL, BEHRO R X 5Ky F 0k
MO, X O E B oMz X B K
D OEREDOELLBIZE L I-.

(1) okt X005k

AkhE, 1T (et boted R L TH
5. e LT, i oRERE (0.9% NaCl
) olEsic, flacs s Uditbhrbr 5
foib, EE ( 0.5% NaCl ) X0 (1.6
% NaCl ¥5) ¥EWox AR LUic. MBEP X b fifast
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~oKGF OB OB, EERET<TRLT
HBb.

(2) R

Fig, 8, 12, 1312, 0.9%, 0.5% & X0 1.5%
o NaCl i 3513 % K o BBk B3 5 Bilks 2
R, ¥, BB oBHoEA% Table
21ERT.

b, 0.9% NaCl -ci1x, 600rad #T
i, B OEIE T IERSTTRC i L T2 b e
(JEIRS] 36% /min, 600rad 38% /min). 1,000rad,

Fig. 12. Percent fraction of *H,O activity retai-
ned in erythrocytes suspended in 0.5 9%, NaCl
solution, at 25°C, after irradiation.

100
k\\

=0 nR‘\: 0.5% MNaCl solution
W Temperature : 25°C

20 a Control
\ b 600 rad
10 ¢ : 1000 rad
\ d : 2000 rad
s t 4000 rad

JHi0 content in erythrocytes (%)

"~

Time in min

Fig. 13. Percent fraction of *H,O activity retai-
ned in erythrocytes suspended in 1.5 %, NaCl
solution, at 25°C, after irradiation.

_ 100
& e
E 50 l‘.: 09 ° NaCl solution
? ; 5 Temperature : 10°C
£ \
§ 20 \ a : Control
= b : 600rad
- 10 ¢ : 1000 rad
% d : 2000 rad
5] 5
o © 4000 rad
o
Ed

2

e d\c b
y s

Time in min

BAREFRBRESME $288 12

Table 2 Effect of *°Co vy-rays on *H,O efflux
rate (% /min) from erythrocytes after
irradiation in isotonic, hypotonic and
hypertonic solutions at 25°C.

‘-= Dose in|
| ' rad 0
|Solution "~-~._|

‘ 0.9% NaCl‘ 36

600 | 1000 | 2000 | 4000

38 | 45 | 54 | 64 |

50 | 60 | 70 | 88

36 | 48 | 55 | 60

0.5% NaCl | 38

"”1.5% NaCl ‘ 36

2,000rad, 4,000rad k7pzic Lichi2T, M
DEIETERANCHIINT % ( 1,000rad 45% /min,
2,000rad 54%/min, 4 000rad 64% /min),

0.5% NaCljFcix, 0.9% NaCl @z iz
T, MHOEIAI 600rad T TRBML, HE
DRI E & b BIEEA Kk &\~ ( 600rad 50%/
min, 1,000rad 60%/min, 2,000rad 70% /min,
4,000rad 8§8%/min, ),

1.5%NaCl ¥Ti1x, 0.9% NaCl g ki L
THERLEENZ LD LR,

ik, AiE T B8 o B4 oBIEIfE
Fig. 14 wwRd. Rbobhbhd X o, JERE
B 600rad [Elicisid BBl G D 4 — 4 v b i

ik, 0.5% NaCl#c12%, 0.9%B XU 1.5
% NaCl ¥iCiz#uz%Ths.

Fig. 14. *H,O efflux rate from erythrocytes
versus dose given.

s—- (8 % MNaCl solution
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(3) H#%E

M 7 % B 2 T K F o R D EE
ik, Basl L iokEBrs 5 0.5% NaCl
ECI1E, 0.9%% L0 1.5% NaCl gz Tk
Hpffiz s (Fig. 10, 12, 13% #2i314). 703,
ZoZ i, BEoBMARNT b bEERIO
k17 a1 =

¥, Fig 14nhbbbhnd X 51, 600rad #
Tix, 0.9%% XU 1.5% NaCl ¥gcix, JERH
B R THEER LA R AR ED bR, Lk
L, 0.5% NaCl§gTix, 600rad THEREEEDHE
3. 1,000rad DfEETIE, 0.9%, 1.5%
NaCl & b, s hEREEHEML, 0.5%
NaCl TS HifmnkE .
UEDRERM L, 2E¥0tR#HRm I h b,
0.9% NaCl §#§Cl%, 600rad TIEBICHE D
ZEbixiovAt,  1,000rad TS EE AN
5. \woiF5, 0.5% NaClycix, 600rad T
T CRERELS ML, 1,000rad TR E S
Luw. Tihebh, 0.9% NaCl i, WBihc X
5502 i 1,000rad bt dbhED
THL, 0.5% NaCl g Tix, 600rad 7525k
MNhEdbha. 0.5% NaClycix, b b
i, BEOBMAYRT & BUHR & OB I EB o
WERLEXORS. 0.9% NaCl s\ T,
1,000rad FERGCIE, Bt X oTER I
A 7 v oM R & RS F oW o AR
U % 2 BN RS — R e DR T
DAL, BAFOBHOEIRE—IBLD
EEzbRhD. foéziE, Hill (1967)"® kU8
Changeux (1967)*1c X tuE, Ao MEEED
Rz, BELSTFoOREDCE(L, REEIOELL,
HHECRBEOTE O T LB LSS,
B HEEFMETE Lk, BcEoREoZ (L (F
L) 2D ERERIMCR LI, C05E,
RERNEBHLILLEMTH 5. iz, =
DOHBEMITEOFEREC ST Y 5 2 5.
Bergeder (1961)*V1 LY, HIfalEo EH310°
Viem gE L T\W50T, BHOMcAER Shic
44 Ve L THYRESHEEZ L OTE D,
1+ vHOBFAXYEEC LT\ 5. Fiz, K
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OWMIEE BB L 525 Lo TWwb. 0.9%
NaCl ¥z 3\ ~C, 1,000rad FRSHCHIRIEL oo 41
RV A 4 v i3b HEREL B b i 61X,
FHhHED BB OELH M E L, MILOEN
EOWELFERNTER & i L Rl kit s
BExEL5b0sELLRD.

V. # =

(1) HuFaBL RS & Bk

AR o ¥ D X S iR Lo\ B
EEZBRTWA., Tibb, U VoFadEE
WA 2 AL VAT (2 FHoBENyTE),
OBy DBEEES FIABE L I-EA
F§iE% & 2T\ % . Robertson (196022, 1961%")
1k, toOBEEETA, AMIOERABRS ¥ +hE
N10A, Rfilo Y € ¥ 2 BB %558 & R
iz, ¥, EROWER DWW, BERkEio
HEzh b offEE2 T R4 S h T w
% . Eylar (1962)*1c X i, FRliiFRoOEF A
MR 1 EoMifabi-h12x10°THD, hi
Y7 AR COO™ wiERTHEELLNRE.

MR 31 581, Bice 2T Tl 4
vRATFHIERT BT Tk {, BDB0FE
B DR X o TEBEHEN R 7 5 B AR
THH. Thik, Fic, MRFET5 -5 00E
XL TEhAle R Toofe it % R/
2, ToZ &, Mo EA# o L TE TS
BOR AR TREZLTWS. [FECET 5%
Bz EHEBEER K E W L b, ot AR
CHETTHLERT S VO EHNELORS.
L L, IRECARETH B oMDy T4 5%
BL, e, FFFEIDI VIR EERMEE K E
W &b, Ml MiLA BB E VbR T »
% . Solomon (1959)* |z kii¥, v bk
BEoMFLEENTH 3.58CTh b, FoMFLiz108~
10°A i 185 % L5 (Glynn, 1957%) .

Lo Liehin, Mo RERF e —ERE L
RS, i T2 oY Fiov LT oi7
REBEEZ, LEedoT, BoMBOEES Th
RIHLTEDTwB O EELLh 5. - & 2
(¥, Kavanau (1965)*” 04T IRfE = BI3 5 A
il Xy, AR RSB O RS
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L, ZoOAOREEIE CTHEE (open configu-
ration) X EASEAI (closed configuration) H3E 7
Sh, LoadZoREBRIECTRABREWCBT
L5 5 &5 (Fig 15). Mok T, 7
FI/BTYVEFNREAREAB TH 5. Tk
5 7r protein envelope % Bifif & L7~ TCHIHE
BEORYVBLIZ LoTEMER IhTW3Z Lic
7% . envelope & envelope & R[] 2 fliIFLIC
7o b, Fig.15-a i xPASKEIC, #FLixEA C1okige
»% . Fig.15-c IBiEC, MBI Rk
Hb, Fig.15-b ixak b Ffidckhaxg®Es
RoFETH%.

Fig. 15. Hyperfine structure of membrane

(Kavanau)
outer layer L

(Ezs)ed %H‘-E:_ g%éli“-g-Hﬁi_!q-gvgngE_*—prolein envelope
configuration inner layer
o i it i

I HTTENT

______ peoelie 2ol il
0 o™
. Hﬂﬂﬂﬂﬂ 1]

configuration inner layer

(2) WEHEEHEHRC X 5 HlaRR g

EEERSTR & AR o R oY BEIER Y
% a8z, BEShicfalERomENZE
iz CER LV ELNES.

EXRT vy Lok, AEaes FRTIX
ISP ER T 5. Crowther (1937)*®% Lt
Gray (1941)* 1%, /MNEBETY LD ERT vy
AR R LD, Z0 X5 BN EER
BZOTHIWVIXTTHS. T, ThROED
SEE L 1LT, Kuzin (1962)°"13, BiEH S
Na A4 v, PEfENSKAAY, b2 v Y

AAREZRMBESERE H28E 125

Tho Mg A+ volitthrss i v,

FrooiE S, BEEBGERC X5 B © 5
A%, MREIE X oo BER OB WCIICES LD
#2455 (Boeq & Alexander, 1961%0), = o
A, B X oA Uk 1 4 vl &
D Ml JBET 5 B O ERED T, HE S
FIGL, oEake bt bicbd e ns#Ex
HChH5.

(3) AREROER

IoEHRwRTHERLIcL 51, BEFEOE
b1, BT X oCHE Clc o o v F foinsiii st
2 X % o HE L LCERE L, Miasto
14 VMR VA h, ¥ MiaR o A 4
AR LT, Ra EESERCEIL
EleFo i s s, AN, BEEOZLIL,
BRSO A F VIREED LR EHRT 5 DO THE
RoBlLeL—FT5. ¥k, oz Lz Lesler
o, EHERSOBED YK,COp DB DRI IS
LUCHEROMMORE® L BT 5.

L, coBgix, 600orad F -To HEHE
BETI, BEE0STL LOREBE S o
T, —IEEMAYRBScHhR S 5. 1,000rad [
Lot RT o LR ERTREBE CH
5. COBREEBERT DI, WELSHERRE
O E O EMEMRETHL EHELT,
3, I TRBFROBHERT 5 EoE R DOZE
{bie oW CEig Lic. MllaPicit viA Fh it H,O
A FoMiast~oikiiL, RE X 5 EEN D
Voo fe, BEBEEOBIE wXoTh, 1,000rad
BHTIAI S IFREIETH b L o THRE & MR L T
WAL DL, EERER X oT ATP it x
NTHEOE L bbb T Tl ebinwvw o &
EHLHT™. thbofRENLL, EEle X
BHREOBEIIENTH S LIEEL BRI, £
%z, Brinkman (1965)% o SEnc X iuE, 1,000
rad BEHZIWT D, ARIIREED & OBESE OB
HABEED 01412 FEf . Lo, BE
OBEED MBI O ERE L LTWB E3E L
Bhiou.

Hill (1967)%* % X 1" Changeux (1967)% |z
I hiE, filEoRER, TNt X 5

— 22 —
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(Kavanau, 1965°"), ZoBEisMc X oThlk
B LPASREIV HAEBTL, Ao ToRE, &
HERT, 5 X8R H BHECET S & &
EORESELT S L5 . VOERT, Fimsk
BLo BRI fe S Tz, *H.0 o
HoZEbiZbTrThHS. oI5, 600rad BB
HTix, 0.9% NaCl Il CEBEIZEA L
FEELrvDEhrhbbT, 0.5% NaCl #icix
FRtE ST 5. oz b, BRYE
I BEHEL B L Al o2 br Lo b3
Z ERFEL T\ %. Brinkman(1965)1z X hif, 3B
e & D OB TR, Btiiic XoT
ECICEEEC LV ESR/BE I TB L5,

¥ 7z, Bergeder (1961)*1c Xhi, Bkt
B, BT X2 TE LicA F v H B IR0
B RERT 2o BH OB THE L5, L
72232T 1,000rad HE§HRRC 3175 0.9% NaCl
BT, B X o T U fifLhE 0 B o
ZAL L EoHEREL B LT, EBcEOE
BEOTELE bbb T LR Ihs.

DDz tmnt, o¥0XsciHizsns.
FRIMEREE D B AT ERIAMG 12, 600radiff 3 % T,
HER, BEEOER L XU H,0 0%:BiknE
Bily, I THS Z Laibhns.

1,000rad Ll ETrx, ERROEROERLD,
BEI—FHRANTHA 5. hbolii, kst
WL EMREEOHERE GEaoToRE, &
7, BE) ML IERT B B MER
X% EFEL B, BRI & B eERiREE
BEREL TR,

4,000rad Tk, FHMBREE AL LEAIIRAE
Zh, 0EDSEREOELE L LIS,

& 1) 1MeV=1.6x10"° erg, 1rad=I100erg/e <& %
b, 1MeV o Bl % & % 7 5 1 disintegration
T, E= 1.6X10°° rad.g/disinteg. o =% 1+ — 31
ff5sn s, ¥7. 1 uCifml= 3.7x10* disinteg./
sec ml TH 556, 1 uCifml WIEK BRI, D
=5.92x10"* radfsec, °H o+ 2 B8 HoFY = *
AF =3 0.055MeV iz b, 200mCifml 38 5 o 5
HOBRIEHE 2 D=5.92x10"Xx 0.055x 2 X10°x 60
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=40 rad/min

B2 2) MR iEl s FRIC B0 T4Me 0 F
BB TRBEALY B 2 Wi\ L £ bhdom,
T, Ml AR o WRAE I k< THEyTh
B b, RMBRITEEE OFYR o WEM Cexp k
h Ecell KA TRDBLR D,

Eexp = P, Ecell -+ P, Emed
€med =80, P,= 0.2, P, =0.8% X ¢ Eexp-=66.2
TH Hh b, Ecell =11
B 3) Ecell Lh Cm kKR hz,
CM:=E‘..§‘F6H
d (A) ko s, Cv (uFjem?) 1k i wE
by oBEERE, d=100A, ecell=11x%3h
£, Cm=0.97 uF/cm?

##4) 600rad ©, *H,O 1ml H# by 3.6xX10" 1
Fvifpdgahs, AEETE, 1ml Hib o
T8I Echsnb, Tkt b
N LTh, 3.6x10° 1+ v [fcell 25, W
2E S, HRINEL @S oM T 1.2X10" ©5
Lo CHBEI L B,

B 5) &,k OMBAF, €, £y OB IEL T
LR, BUEAMomBoRErSbbTERT I,

g &H28

TR 2k, )
THhHbbEhs, o ook,

P T

2

D et AAKETHE. BiEAEE2 L, rThH
W, iz,

== 1 Brssssssesersratantrr R ERaR AR TR R E

f‘u———zﬂl;‘ (2)

ThHhbbEND., &, £y BEEML—F, XUk
o Th Bk A RS, RN @
THHZ b 2Twamb, $ LBHICIST
(1) Ro & pnEARTRIE, f, 5E23TTh5.
B 6) fuflafE » K* B LSEEF (Donnan-Gibbs o 5
#) wELT R, BUEfYE (<0), Kk
B WAL B (<0) &Fhug,
E=E; (=—80mV)
BB OMHAER2RE LT 5L 5wy, & <4
F;:hf.:—?‘: )
e )
ik h Mni>Mno 7 h K* zA2T<L 5,
Fh, TOMERHREL TS L5, K
SHCHTITE, $R A5V BHALMDEL, FiF
T 5 CTHA5.1,000rad LL - oBH i HA S

_23 ——
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At FEahl, HEOHELHETE D,

B T) MR DA i H0 T B Dic i,
*H,O i AR b hicfRIERPIIC *HO pifigfns 538
& (Fig. 5) i<, fafmciEd 3oL
MxETS. coEROFGECRM2HME LT A
5.

Thbt, WBREC, LB HEN V. EH25TV, L
LT BAKk, t MV, ol C, V. 0
WEE N Cyimir B LT AN, INUBE T 2o ds
iz, M dtedLrc,

_g“:_=-—ADAC, ARTEM, DiikicMTsE
¥, —4C=C,—C,, ¥1 V,C,=C,V,4+C,V, Tdh 5
b, ERwESThE,

1 —1(s)

- In
=)
K EH.

C, G, oY, iie WM % 1y &3 hi,
th=—sIn (24-y5)
LichoT, Mﬂ&ﬁiﬁ&@u"ﬂlﬂai--xf-mt THETA
5.
= 8) H,'*O iz k » 5 ik iR B
(Chemical Table L b)
EEEEES DX 10° cm?/sec
3.4°c  16°C  25°C
15.4 22.0 26.6
B9 BHAK o BEEp i, BE -8 K b,

p=(V-b)=const, CH b Ehs. VizfilaoEs,
b i MM AR AT 2 20 2h B SRR R (Hb
r o IEE AR - #30%). VoE{ti, 0.9% NaCl
WTeV=1r#kdhiE, 1.5% NaCl it V=
0.7, 0.59 NaCl #©v=1.5, WA oEEY 4p
g, dpz-%-f‘éﬁb. coC, HREEED,
r ERR 5T, dp BEERBCELTVHD
€, H=dpr, Tibb, EWBRIHEEECLHAT
Bk, Hizl.5% NaCl #c 10 %omd, 0.5%
NaCl & cl6% oiinic iz s, = oBE, RMEROIM
M, BhoBEflT s 2PNt 0L E LB,

Fhbic, g, @R, KEXRE,
SEABL, BT, HFEEEHIZCEET 5.

¥iz, BEREBEL, EEERE-oEGRE, KEA
. HHHE—NL, b, #HBHLEVE, K
K74 v+ - FHAERS, BREERC.ONS OBIER

t—— LB,

HAEZRSRESHEE H8% 125

®¥RT 5.
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