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‘I. INTRODUCTION

L]
~

Mltochondrla of both animal and plant orlgln have been

found to possess an outer and an inner membrane. ‘qhe_\ )
lattezj being folded 1n51de forming structures ca‘lied

cofistae (1). On these cristae lie the enzymatic assemblies ‘ -
for electron transpor*gfzénd o:lcidg'.‘tive phosphorylation (2). -
+# - The outer membrane is thinner and much- more permeablé o 2.
small molecules tha;l the inner'r;xembrane, which is the :
major permeaﬁility barrier. The inner mitochondrial , . 3
}‘ membrane is selectively ;permeable and as such, ‘acéumulation <

. ) . L .
f’ of -solute will result in water uptake causing mitochondrial F

s
swelling.™ Mitochondria undergo changes in their volume .
(swélling or contraction) in response to both internal and

external factors (3,4); volume changes are -in two forms: ‘

first, a "}assiVe" form where changes occur as a result of
the passive accumulation of a gérmea‘olej solute from fhe
suspending medium; and1selcond. ann “active"” form where
changes are caused by the energy-dependent uptake of mole-
cules. Both forms are accompanied by *the dptake of an y
osmotic equiva_lent amount of wate}rﬁg(j). ,

‘ . S
» ' (‘Irl

Animal mitochondria actively accumulate a number of cations

1

including Ca?*, sr2* pg2* 52+ an* and zn?* (5,6,7, 8). N

-

o
-
~

leferent plant mi tochondria accumulate \(~9 14), M ' A

Sl NG T éx ™~

\
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(15,16,17), Ba®* (14) and Sr?* (13,14,18,19). The actumu-’

lation of these cations in both animal and plant~mitocho£>\\

drig\ﬁéilizes the energy of oxidative phosphoryiation ' ) \\\\

(15:20). Three theories have been proposed to éxplain the - M
meghanism by which energ& is transformed from electron , .
transport to ATP syn{ﬁesis, the‘chemical coupling hypo- //) S J" ~ %
thesis,’the conformational hypothesis and the chemiosmotic ;;/////f:;;j/J/g
hypothesis; although the latter is by far the most‘widely »[://’ ]

‘

accepted.

A}
¥

i
The chemical poupliﬁg hypothésis proposes that the passage : 1
of an electron pair along the elecfron'transpoyt chain is %\
coupled in three sites to the fgrmati;n of a high energy

intermediate at each of tr}e (sites. This hQigh energy inter-

mediate discharges its energy by reacting with ADP and Pi , 4

to form ATP (2}'or reaéfs stoichiometrically with cations

as Ca®’ and St *, causing their transfer into the mito-
~*chondria (21). The chemical coupling theory suffers from Y
the fact that no high energy intermediate has been detected \\\;

yet and that a high energy compound with a & %' of

hydrolisis of 17 kecal/mole is unlikely (15). ;v

A

L] i

The conformational hypothesis according to Hackenbrock (22) ' :

proposes that energy is conserved as a conformational .

L}

change in a respiratory protein and this energy is used in ' b

L

the formation of ATP. This theory is similar to the

changes seen in muscle contraction and the action of ATP

3
-— B
]

.
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'

on actomyosin. Mltoqhondrlal cénformational chariges WLth

mlcroscopy.jZJ); however, t;e slowness of,these changes .
;».’.é, makes’ them'doubtful as intermediate stateg/ln‘energy
conservation (Zu) . . ‘ ~ .
Sorvatiy @ R
s

The chemiosmotic hypothesis proposed by Mitchell (25,26)

states vhat the energy'of\3i§EE§IBBL§hosphorylation is :
/} conserved by transporting H* lQQ? out of %he m1t05hondr1a,

~

; thereby creating an electrochemlcal gradient of protons .
‘. \

across the mltochondrlal membrane whl¢h is utlllzed to - . 14

phdgphory%@te ADP to ,ATP and accumulate catlons sUch as - '{
2 2+ i ) VARN ! ' . r%

3

- . . a .
. - » . - S
T V b s » “~ . ) B
. The uptake of cations by mitochondria has been shown to :
Ve oo — . . ) N
’ ' compete with ATP synthe81s during substrate odeatlon. L ‘ .

)

The processes of ca\on uptake and ATP, synthe31s presumably

\

‘compete for the high energy intermediate stite (2,9). ~Thls

., ¢ 3# supported by the finding that uncouplers of oxidétiyé
s s -
o {&jphosphorylation'like dinitrophenol (DNP) also inhibit Lo -

" -
.

, : cation uptake. Oligomycin'inhipits mitochondrial ATP o . ' ;:;
synthegis (27,28), and inh?bits ATPrsupﬁorted cgﬁioh ‘
upféke‘(l5,292; byt not etabolicaliy/depehden; cation. .

. uptake* (15, qd). This fmplies, that supstfate-depgndeny AR o

s . cafion hpteke occurs at a level one step removed from the

o .
s
. HRE .
- 2 3
.

: “level of ATP synthesis. .Plant mitochondria show an

\ . absolute megessity for phosphate as a péPmeant anion for
™~ . ]
v )= . 2

Ly, ;l

dlfferent energy states have/Eeen reported using electron . —_—
‘\- -

ca“’ and sr<’. N . o w

‘wnﬁﬂ I e e i
B
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uptake in corn (9,Z8) and Ca

Ca and Sr

uptake in
bean mitochondria (13,18), unlike animal mitochondria
which can utilize other anions during ca®t and Sr2+ uptake
(20). Johnson (13) proposed that cation uptake in plant‘ .
mitochondria involveg the interaction of phosphate with
the high energy intermediate‘causing its phosphorylation;
this ﬁhosphorylated intermediate then interacts directly
with the cation, causing the transport of a cation:phos-
phate cémplex into the mitochondria. However, there is

little evidence to support such a mechanism of cation

accumulation, 1

L)

Mammalian mitochondria have a greater affinity for cations. '
t a “

Rat liver mitochondria take up 2.6 umoles/mg protein Ca2+

and 2.5 umoles/mg protein st (6). This mitochondrial
cation uptake takes'p;eference over the process~of ATP
syn?hesis (2). Howeﬁéf, plant (15) and yeast (31)
mitochondria“do not have the same capacity for cations as
mammalian &itochondria. They aﬁpear to accumulate 10-20%
of that taken up by animal mitodhondria (14). Respiration-
independent Ca2+ binding to mammaliah mitochondria occu;s
"at high and low affinity binding siteéf(32.33). while only
low affinity binding sites are detected in plant (13),

Blowfly .flight muscle (34) and yeast mitochondria (31).

A glycoprotein has been isolated from rat liver mitochon-

Pl

- dria which posesses binding affinity for Ca2+ similar to

L

i <
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that by intact mitochondria (35,36,37). This glyco-
. 2//

protein is believed to be the Ca * carriergmolec le in the
mitochondrial membrane. When antibodies to this suspected
carrier were produced in rabbits by Panfili et al. 38,

the antibodies inhibited active Ca2+

transport by 45%,
while not affecting electron transport o; respirétory
control in rat liver mitopiasts. Increasing the antibody
concentration by 5 times inhibited Ca2+ transport by 84%

while inhibiting electron transport and respiratory control

by 37% and 19%, respectively. The authors proposed a

. . 2+ ! .
" carrier mechanism for Ca and,cation transport into the

mitochondria. A This carrier has only been isglated from A

mammalian sources. P

o)

The molar rdtio of calcium to phosphatg accumulgted by<rat‘
liver mitochondria is 1.8 (20), while for corn mitochondria
it is 1.0 for slow rates or 1.3 for massive uptake (9).
While the molar ratio of Sr2+ to phosphate accumulated by
rat liver mitochondria is generally between 1.2 and 1.4
(6), for bean mitochondria it is 1.34 (12). Massive
loading of both animal and plant mitochondria with Ca2+
and Sr2+ lea&s to the deposition of calcggsjgﬂpsphate and
strontium phosphate salt granules in the mitochondrial

matrix. These granules are detected in electron micro-

graphs or by X-ray analysis.

Calcium phosphate electron-dense granules were detected




insideJ animal mitochondria (39) and ‘corn mitochondria

(15,40). Similarly strontium phosphate electron-dense -~

- -

‘granules were reported in rat liver mitochondria (41) and

in bean mitochondria (42). Massive loading of mitochondria

2+ 2+

. .
with Ca“ and Sr“ also occurs in vive. Carafoli (43) has

shown that in vivo, rat liver mitochondrial fractions are

»

capable of accumulating ca=* and Sr2+ far more than do

other subcellulAr fractions.

Since the mitochopgrion i‘s a major site of ATP synthesis
in the cell, the effect of. ionizing radiation on this

\olrgane.lle is an important aspect of the radiation response
of the whole cell., Structural changes i‘n\the mitochondria

e
\_"‘ are often detected after exposure to ionizing radiation.

Gartner (44) obser\;ed tﬁatjxposure of Drosophila melano-
gaster to 99 kRad of gamma radiation induced the formation
\\.Qf "giant deformed" mitochondria of the mid—gutl The
cristae of these mi“tochondriua were in disarray and in many ©
cases were loét. Simtlarly, swelling and destruction of
cristae of mitochondria are reported for z;reast irradiated
with 50 kRad of X-radiation, and various mammalian tissues
- irradiated with dosages between 0.2 and 16 kRad (45-49)..
" Romani et al. (50) did' not défex any structural changes

in pear mitochondria after 250-1000 kRad of gamma -

irradiation. The effect of radiation on okidative phos-
phorylation of the mitochondria has received a great deal

. of attention. Early investigators could not detect any

[ ‘ 0

,\
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aé}@tion effect on mitochondrial coupling or oxidative ‘.-

“phosphoryiation. Thomson (51) and Thomson et al. (52) C.
.found no effect on oxidative phosphorylation in rat liver
mitochondria exposed to 1 kRad whole body radiation. The!
same results wgfe reported for isolated mitochondria
exposed to 750-40,000 Rad (53). It is, hodwever, recognized
now that.ionizing radiation does inhibit oxidative phos-q
phorylation. in many tissues of the irrédiated animal; for WE
example, Romantsev gj‘g;.:(54) found that liver mitochon-
dria change from "tight% to "loose™ coupling after
irradiation. Inhibition of oxidative phospherylation in 4
the mitochqndria of different rat tissues after whole body

irradiation Wwith dosages of 0.5-10 kRad was reported by
. ’ 4

- b

various authors .(55-61). After massive irradiation of

pgaf mitochondria, it was observed that a gtimulation of

mitochondrial respiration rate and a reversible deérease, 4

in Respiratory CoﬂE;ol Ratios occurred at doses of 250, 4 -
500 dnd 750 KRgd, while a dose of 1000 kRad inhibited

the respiration rate and irreversibly decreased the
Respiratory Control Ratios. Similar results were reported
by Josliy and Gaur (65) for bean mitochondria, which showed
an inhibition ofprespiration rate and a Qecrease in
Respiratory Control Ratios after a dose of 500 kRad to ’ é
the bean hybocotylél These results demonstrate that plant
mitochondria are much more resistant to iomizing radiation '
than mammalian mitochondria (50,65,66).. Moreover, ‘ )

isolated mitochondria are more radioresistant than




>

* mitochondria inside cells or body (67,68).

!
B

The effect of ionizing radiation on mitochondrial ﬁfétein
"synthesis has been investigated in both animal and p%ant | \
sources. Various authors report the enhancement of
mitochondrial protein'synthesis in rat tumeur and mouse
liver after in vivo irradiation with uogigdod Rad of
X-rays (69,70,71). However, éomani aﬂé Fishe? (72)
repgrt the suppression of mitochondrial proﬁein synthesis
- in pears irradiated in vive with 250 and 1000 kRad of
éamma-radiation. This difference in result;is.undoubtedly
more a function of dose range than a demons{ration-of
differential radiation response betweéen plant and .animal - -
mitochondria.

There aye several reports concerning radiation effects on
mitochondrial enzymes. For example, succinic dehydrogenase
activity was decreasedxin rat and gdinea pig liwer
mitochondria after in vivo irradiation with 900 Rad of
X-rays (73) and iy mouse liver mitochondria after in-vivo
irradiation with MO Rad t?b); this latter exposure also
reducea NADH-cytochrome c-reductase and L-amino acid

oxidase activities. . However, the activit&es of cytochrome

oxidase, catalase and acid phosphatas® in pear mitochondria

increased when exposed to 250 kRad of gamma- liation in.

~

vivo, while after 1000 kRad exposure, mitochondr?al

~

catalase and acid phosphatase activities were decreased gt

AN | :
{ S,
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(62). Tby\disparities in apparent radiosensitivities of

mitochondria are probably due to the variation in mito-
chondrial sources, dose réhge and experimental proce@ures,
including isolation procedure and metabolic state of the
mitochondria during irradiation. These dispargties were

fully discussed by Yost et al. (57).- .
The radiation effect on the ionic permeability of mito-

chondria has been dealt with only in a few reports.

Wills (75) reported that rat liver mitochondria irradiated
! J . P .
with 5-100 kRad from an electron beam aceumulate less K'

W+

and Ca2+ and lose these ions more readily than non-

irradiated mitochondria. This radiation effect appears to

e

be on mitochondrial membranes and not on mitochondrial

ATPase ‘or oxidative phosphorylation. °Similar results are

2+

reported for Mn uptake by irradiated liver mitochondria

(76). It has been reported that ca?? uptake in pea

mitochondria ig$ inhibited by irradiation in vivo and in

4

vitro with 5-10 kRad of X-radiation (77). In addition,
these authors reportea the increase in Ca2+ leakage from.
the mitochondria éfter irradiation, and concluded that

the radiation effect was on the passive and not on the

~

energyjﬁependent uptake of Ca®’.

N 4

Invéétigation into the effect 'of radiations other than

ionizing have been carried out mainly on UV, although a

E

few dealt with microwaves. Roy and Abboud (78) reported

- 4

o7
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n %' v
the inhibition of respiration, loss of coupling and
2+ 2+

[

inhibition of Ca“® and Sr° uptake in bean mitochondria

irradiated in vitrqﬁwith/far UV radiation. No effect on

rat liver mitochondrial respiration rates, respiratory

couﬁling or Ca2+‘d$take was detected after microwave

irradiation (79,80). Exposure of liver mitochondria to
fisible light ausés’the inactivation of succinate and
NADH-dghydroge ase d production of lipid peroxides.
This daﬁége is maximal betyeen 370 and 720 nm, and is

dependent on the presence of oxygen (81).

-~

The.ulz§mate goal of studying isolated organelles and
their reéﬁonses to different treatments is to gain more
insight into what role, they play ‘in the cell and its
re;pogses to those treatments. The‘zgrge amounts of Ca2+
and Sr2+ accumulated by animal and ‘plant mitochondria
att?st to the important role of mitochondfia in some -
mechanism of regulation of ion movement inside the cgll.
In plants, mitochondrial uptake of ca’* is too slow to
play a controlling role in rapid response/;eactions (13).

2% salts insiﬁe

The precipitation of insoluble ca®* and sr
the mi%ochondria hés been reported for animals (20) and
plants (13,15). This could serve as a salt regulation
nechanism inside the whole cell. o

. 9

The- importance of the mitochondria in cellular radiosen-

siti&ity is illustrated by the difference in their numbers

¢ . Y

. X

e

et £t s s
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\\:ontamination of the environmentafrom fallout and nuclear

from a féw radiosensitive cells such as spermatogonia or

lymphocytes, to over 1000 per cell in live; cells ‘(82).

And according to Goldfeder (83) and Goldfeder et al. (84), ©
there exists a correlation between the number of mitochon- '
drla in a cell. and its radloss§%1t1v1ty, and these play a

role not only in initial radiation damage but in subsequent

rep;xir processes.

3

"This study will investigate the effect of X-irradiation on

some metabolic functions of isolated bean mitochondria.

The. effect of radiation on respiration rate as well as on

active and passive calcium and strontium upfake will be

studied. If a radlatlon effect on active uptake exists,

the relation of this to any radiation effects on electron

transport and energy coupling will be investigated.

Finally, the effect of radiation on the relative .uptake of ,
calcium and strontium in the presence of the other ion will - (\

be studied. This is important, in view of the 90-strontium

lant effluents.
\ ‘ .
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YI. MATERIALS AND METHODS

.
o

Plants and Growth Conditions

Yellow Garden Bush beans (Phaseolus vulgaris, var. Eérliwax)
P .
were ‘grown on Vermiculite and tap water in the dark at

27+1°C and 60% relative humidity for 7 days.

/

Experimental Procedure.

Isolation of the Mitochondria
(modified from Johnson (13))

Etiolated bean'hypocotyls’were cut from the plants under
green light, then homogenizéd at 10°C in a ‘Waring blender
for 20 secands with tw;cq their weight of chilled Isolation
Mediuym containint 0.40 M D-Mannitol, "4 mM MgCl,, lnmg/ml
Bovine Serum Albumin Fraction .V (B.S.A.), and Tris-Triciﬁe
buffer, 0.050 M, pﬁ 7.5. The homogenate was strained -

through a 100 ym,.then a 10 um nylon mesh. It was then

centrifuged in c8ld tubés at 2000 x g for 10 minutes at
» . . ) \ .

, 2°C in an I.E.C. B-20 refrigerated centrifuge. The superr\b

natgnt was then centrifuged at 12,000 x g for 10 minutes

as above and the resulting,géllet resuspended’in 2-3 ml 4 -

of the Isolation Medium and kept on ice for the duration

of the experiment. - : .

-

1

Irradiation ‘ e
One ml' of mitochondrial s'o uspension (approxima}ely 30 mg
- l - ’
12
- ) ' ﬁ

- ‘-EWN'WJMMV“.-:»Mi .

S i

1+
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protein) was placed in a small polyethylene ,vial covered '

with Parafilm and irradiate{cﬁi on-iée with 260 kVp, 7 mA,
t <

rd

s )
2 mm Al. filter X-rays at a dose of 1,000 R/minute,

delivered from a Muller MG300 X-ray machine. X-ray dose
rate was measured with a Victoreen Condenser R-meter, model
570; /absorbed dose was determined by Fricke” chemical

- dozimetry (85).

¢
Analysis <
\ Protein Determination -

. Mitochondrial protein concentration was measured using the ' !

Biuret method. A 0.1 ml aliquat of mitochondrial suspen-
~ * New

”~

' . e . ‘
sion was diluted to 1.0 ml with double distilled water and
ddded tor4.0 ml of Biuret reagent. The mixture was incu-
‘bated for 30 minti’ties at room temperature with a blank m‘ade‘ ’ 3

up of 1 ml double distilled water and 4 ml Biuret reagent. ~-
- v M ’

.o The absorbance of the mitocho?;h*ial sample was determined

at 540 nm in a Bausch & Lomb Spectronic 700, single bean,

/

Emn-recording spectrophotome®er. Net protein was determined .
.
from a standard concentration curve using B.S.A. as a ‘ ; g

standard, and expressed as mg protein/m?f“of mitochondrial

by #
. L ¥ A .
suspension., § i

1

Besbiration ) /

i ,,rr‘kﬂ’\ . ,

O}jgen consumption measurements were followed with a Y.S.I.

& Clark O electrode, model Look, op?rated at 0.8 V output. .
. 2 . ’ .

Voltage was recorded on a B & L VOM-5 chart recorder at

100 mV, full scale. A 0.2 ml sample mitochondria (approxi-
J

Bl WA




Bl

. \ - N
‘ . ma ely 6 mg prdfein) was added to 3 ml of Isolation Medium,

~

When the respiration rate was stable,g0.1 ml each of

v

_succinic acid, 3 mM, and phospéxorlc acid, 3 mM, were added -

S

and state IV resplratlon rate was measured., Then 0.1 ml
of ADP, 300 uM, was added to measure the-state III
respiratipn rate. Respiratory Control Ratio (R.C.R.) was
calculated as the ratio of resplratlon rates ‘of states

III/IV All respiration measurements:were carried out at ’

room temperature.with constant stirring. . ‘ Lo

! . { L
v

Swelling and Contraction - : /

A 0.2 ml aliquot mito,chc;ndri'a (approximately 6 mg protein)

N

¥
was added to 3 ml of Swyelling Mediﬁm, containing 0.10 M

'KCl Img/ml B.S.A, and OOZM ‘I‘rls. pH? 5 ina l ecm

*

path length plastic cuvette. Swe],llng was measured as a
decrease in absorbance ‘of‘,the above mixture at 520 nm in
a Bausch & Lomb Spgctronic 700. _At the end% the swelling
period, 0.1 ml of ATP, 0.1'M and MaCl,, 0.2 M, were added
and contraction was measured as an increase in absorbance

/
until complet‘ionb . Both processes were carrieg out at room

.

Mitochondria (0.6-1.0 mg protein) were added with 0.1 uCi of

temgerature with occasional stirring.

Cation Accumulation . '

<o

b’5CaC12 or 855r012 to 5 ml of Accumulation Medium containing'
0.40 ¥~D-Mannitol, 0.05 M Tris-Tricine. buffer, pH 7.5,

. . ,
1 mg/ml B.S.A., 0,002 M SrcCl1, and/or CaClz. 50 uM Rotenone, .

'

0.01 M succinic acid and 0,002 M phosphoric acid. In some

s

~

v

]
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experiments, a respiratory inhibitor, 2 mM KCN, or an
uncoupling agent, 100 uM DNP, were added. All were incu-

wof t incubation period, the mitochohdria were collected

kbate in a water bath at 27°C for 10 minutes. At the end
\

by filtering the medium through a 0.45 um Metricell mem-

brane filter 'in a Delrin filter aésembly. then washed with

10 ml1 of 0.6 M Mannitdl. The filters were collected and

trénsferred to glégs scintillationwyiais (for 450a

activity measurements) or to plastic test tubes with a

cap\lfor 85Sr activity measurements).~
/

\

Isotope Activity Measurements

Filgers with 45Ca—loaded mitochondria were transferred to

4
«

glass liquid scintillation wvials and 10 ml of Aquasol were
/ N .

added to them!’ Their activity was then qeasufed in an
Ansitron liquid scintillation spectrometer. In some’
instances, 15 ml of a 1iquid scintillation mixture of

toluene, POPOP and PPO were added instead"of Aquasol, an
@ ) il
. the activity measured in a Unilex II Nuclear Chicago liguid

c . \ . ¥
scintillation counter.

S v
w
=

L]

Filters with 85Sr"--loaded mitochondria were transferred to

\
capped plastic tubes and their activities measured in #

Picker deep well NaI solid crystal scintillation counter.

~

' 3 'l ot . - o
Isotope counts were corrected for residual acti on\\

filters without the mitochondrid. The gotal Activity
\“?(L
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administered to the mitochondria (0.1 )IC_l)U
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was-tounted, and
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e
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the absolute amount of c¢ation uptake was calculated from L
. - . - | - »
b 'I’ 0 - - - - -J'I ! 3 - s
the ratio of  mitochondrial activity to total activity. ;
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ISOLATION OF MITOCHONDRIA

.7-day-o0ld dark grown
whole bean plants

7

75 g of bean hypocotyls

fw:é:

¥

. homogenize in 150 ml. of "
chilled Isolation Medium for 20 sec at 10°¢C

| :

R R . s
| 2 _ ,

| ' . ° .

strain through a 100 um nylon mesh

o s
r
K Vs
A

strain through a 10 um nylon mesh

R 7 '
. l *z\/ﬁ//ﬁ

centrifuge at 2°c, s min, 2000xg  «

- L,

FY PRy RS e

om—e

pellet ) supernatant
g discard centrifuge 10 min, 12,000xg ,
T Ty }
> ) . ‘..‘ 0' l \7(’ - %
) pellet \ gsupe€rnatant . 8
*mitochondria, discard .
resuspend in o -, :

oo 2-3 ml of ‘ ' ¢
- ' Isolation Medium .

i v




III. RESULTS

Mitochondria were isolated from bean hypocotyls as out-
lined in Figure 1. State III'and state IV respiration
rates were measured polaroéraphicaliy with succinate as
substrate, at 20°C. The state III (ADP ana phosphate
present) respi;ation rate of isolated mitochondria
measured within the first two hours post-isolation was
L2 + 5 nmoles oxygen per minute per mg protein while
Respiratory Control Ratios (RCR) of 2.0-4.4 were generally
observed. The quality of the mitochondria was judged by

these’ criteria as adequate for'active transport studies.
. .

7

Conditions for strontium and calcium uptake ﬁgge optimized
(Fignres 2-5). Greater than 90% uptake was shown by
mitochondria incubated for 10 minutes at 2 mM salt
concentration. Maximum uptake was’O.lB;unoLes/mg protein

3

strontium and 0.11 umoles/mg protein calcium.
. '4 -

It is frequently observed that there are ‘few instantaneous
effects of ionizing radiation on physiological processes;

however, radiation damage increases progressively with

time after initiallexposure (86). 1In this sfudy. the

effects of radiation on respiration and cafion‘accumulation

by isolated bean mitochondria were studied immediately and

1)
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FIGURE 2 .
~‘: * ' * m
, TIME COURSE OF CALCIUM UPTAKE IN PI:ANT MI‘I‘OCHONDRI?T/”;’

"Incubation medlum contalned 0.4 M Mannitol, 0. 05 M Trls—

: Trlclne buffer, pH 7.5, 1 mg/ml B.S.A., 5 uM Rotenone,

0.01 M §ucc1nate, 2 mM Phosphate, 2. mM CaCl,, 0.1 uCi

1#5-Ca1c1um dnd 0.6-1.0'mg mitochondrial protein. Tempera-

~ _
ture was 27°¢, incubation, time 0-~25 minutes.
{ .
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FIGURE 3 5 o

, : TIME COURgS OF STRONTIUM UPTAKE IN 'PLANT MITOCHONDRIA® = . !
4 , M :

-

ANl W D ey

Incubation medium contaihed 0.4 M Mannitol, 0.05 M Tris-

Tricine buffegy PH 7.5}L1 mg/ml B.S.A., 5 uM Rotenone,
B 0.0l M Succinate, 2 mM Phogphate, 2 mM SrCl,, 0.1uCi

. 85-Strontium and 0,6-1.0 mg mitochondrial protein. °

s

FPSRUNOPIR S

Temperature was 27°G,‘incubation.time 0-25 minutes.
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FIGURE 4

ot
r

A

EFFECT OF CaCl2 CONCENTRATION ON.CALCIUM UPTAKE N

°

. ~ BY PLANT MITOCHONDRIA

Incubation medium contained 0.4 M Mannitol, 0.05 M Tris-

R
™, o

' Tricine buffer, pH 7.5, 1 mg/ml B.S\.E’.. 5 uM Rotenone,
0.01 M Succinate, 2 mM Phosphate, 0-3 mM CaClz, 0.1 uCi

: LR V ’
45-Calcium @and 0.6-1.0 mg mitochondrial pr6tein. Tempera-
5-Caleip 21 prS

ture was 2700, incubation time 10 minuteé. ®a

-
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< "~ FIGURE 5
. ¢ ) ’ by » '
k - EFFECT OF SrCl, CONCENTRATION ON STRONTIUM UPTAKE
? ’
' } . ' BY PLANT MITOCHONDRIA
. v 43 .
'. 4 . , ’ /

fﬁcuﬁation medium contained 0.4 M Mannitol,-0.05 M Tris-
3 Tricine buffer, pH 7.5, 1 mg/ml B.S.A., 5 uM Roﬁenoné,
"0.01 M Succinate, 2 mM Phosphate, 0-3 mM 3rCl,, 0.1 uCi
f 85-Strontium and 0.6-1.0 mg mitochondrial protein.

Température was 27°C. incubationfﬁgme 10 minutes. ’
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one hour after irradiation. ™ The resmlts are presénted in

.Table I, and show that no difference between irradiated

and non-irradiated mitochondria in. uptake of ca’? and

sr?* was observed immediately after irradiation. By
contrast, one hour after irradiat}on, calcium and strontium
uptake by irradiated (50 kRéa) mitochondria was decreased
by 12% and 26% respectively; however, cation uptake by
non-irradiated mltoﬂdrla did not change, For\ﬂus
reason, all subsequent studies on radiation effects in

. »

mitochondria were carried out at one hour post-irradiation.

Irradiating isolated mitochondria‘with 10, 25 and 50 kRad
of X-rays did.not produce detectable effects on their
oXygen consumptién during state IV (presence‘of suceinate)
or state III (presence of Succinate and ADPS respiration
and thus no apparent effect on the Respiratory Control
Ratios up to one hour post-irradiation. This does not
preclude small changes (less than 10%) ie fespiretory

s

functions. ’ ‘ 5

. i

The effect of X-radiation on calcium an%\strontium uptake

by mitochondria was studied at ‘10, ZSFa?d 50 kRad, and is

" presented in Tablée II. No significant bifferences in

calcium and strontium accumulation between irradiated and

non-irradiated mitochondria were found at doses of 10 and

.

»
25 kRad, while at a dose of 50 kRad, Cﬁlcium and strontium

accumulation by irradiated mitochondrié decreased by

'
|

!
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TABLE I

EFFECT OF POST-IRRADIATION TIME ON STRONTIUM AND
CALCIUM UPTAKE BY NON-IRRADIATED AND
IRRADIATED (50 kRAD) MITOCHONDRIA

Incubation medium contained 0.4 M Mannitol, 0.65 M Tris-~
Tricine ,buffer: pH 7.5, 1 mg/ml B.S.A., 5 uM Rotenone,
0.01 M Succinate, 2 mM Phosphate, 2 mM SrCl2 of‘ CaClz, )
0.1 uéi 85-SrCl, or 43-CaCl, and 0.6-1.0 mg mitocHondrial

protein.s\ Temperature was 27°C,‘ incubation timMe 10 minutes.
L ~ '

o

1

v
Uptake by non-irradiated

o

mitochondria mitochondria

(umoles/mg p) (umoles/mg p)

- o

Calcium Strontium Calcium - Strontium

0 hr post- a a a a
irradiation 0.082 0.092 0.081 . 0.097
1 hr post- a ' a b b
irradiation 0.085 0.090 @.071 0.072
8 These values are not

gnificantly different from one
another at the 95% gbnfidence level, using a pairdd data
t-test. ‘

N\
These values are significantly different from the other
values at the 95% confidence level, using a paired data

tftest.

STATISTICS (T-TEST),
" t-values L. . d.f.

Uptake by irradiated’

vy

-

‘hr vs. 1 hr non-Irr.
hr non-Irr. vs. Irr.

hr vs. 1 hr Irr.

- o o o

hr non-Irr. vs. Irr.

[PPSR

Calcium Strontium Calcium Strontium

0.8384 1.7801 8 &0 :
0.1552 . 0.9460 8 10 :
2.431  k4.202 8 10 ‘ t
5.101 - 4.655 * 8 10
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TABLE 1T “ -

M{‘ ! -
A S ' o
‘ UPTAKE OFggLCIUM AND STRONTIUM BY -
‘

IRRADIANED BEAN MITOCHONDRIA

o e N T M Sk

Incubation medium contained O.Q M Mannitol, 0.05 M Tris-
Tricine “:)ug‘fer,' pH 7.5, 1 mg'/ml B.S.A., 5 uM Rotenone,
0.61 M Succingté, 2 mM Phosphate, 2 mM SrCl.2 or Ca(?lz.
0.01 uCi 85-Sr012 or 45-CaCl, and 0.6-1.0 mg mitochondrial

protein. Temperatux'é~ was 27°C, incubation time 10 minutes.

° X-ray dose " ‘Calcium Uptake ’ . Strontium Uptake (
(kxRad) (umol s/r);g p) (umoles/mg p)
ndg-irradiated irradiated non-irradiated irradjated
R a a.
10 0.076 0.077 0.082 0.084
25 0,069 0.073 2 0+ 086 0.075 &
50 0.099 0.069 P 0.111 0,073 °

% These values are not.significantly different from their
non-irradiated counterparts at the 95% gonfidence level,,
using a one-way Analysis of Variance.

b These values are significantly different from their
non-irradiated counterparts at the 95% confidence level,
using a oneé-way Analysis of Variance.

i
3

o ' 3(
SPATISTICS (ONE-WAY ANALYSIS OF VARIANCE) , §
Dose ' Strontium z Calcium i
(kRad) : F values F values i
10 , 0.0023 1.493 ! :
25 ) .  3.124 v : 2.579 ,
50 . " 28,01 24,81 §
4
!

N B Each Tadiation do5e was done at & aiTIerent Time “tham
the others. Absolute uptakes with.a radiation dose are
comparable but uptakes between doses are not. o
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AN T s
g , apprbximately 30%, in comparison to non-irradiated mitochon- -
. - > ! N g . 4 $ . |
) dria.. All subsequent studies on the radiation effects on -~
calcium and strontium accumulation by mitochondria were:

AY . 4
B

carried out at a dose of 50 kRad. S

In order to eyaiuate the re;ative effect of radiation on
active (energy gependeﬂt) and passive (energy independent)
uptake of catiogs. studies were carried out oh irradiated
apd non-irradiated mitochondria fncubated as follows:

A

(a) with electron ‘transport medium, succinate as a

[ substrate, phosphate as an accompanying anion, and
at a temperature of 27°¢. .

(b) with electron transport medium, but at a temperature

AN e N N

of 0°C where active transport processes are largely

wa

Co . 1nh1b1ted and paif}ve dlffu31on is unaff@cted - .ﬂW\
\ (¢) in the absence of substrate (su001nate) and- an
‘ accompanying anfon (phosphate), in which active
transport is inhibited by the absence of respirat;ry . K
substrate; however, passive transport is unaffected.
(d) with electron -transport medium plus the addition of
a mitochondrial metabolic poison (KCN) in which

electron transport and hence ATP production is

N U s St 1 e (3 % E
v

inhibited, leading to the elimination of active

L

transport, leeeing passive transport undisturbed.
(e) with .electron transport medium plus the addition of )

a mitochondrial uncdﬁpler (DNP)., in which all high

(" AR




. _ S 32

energy states are inhibited by virtue of uncoupling ‘
from electron transport chains; this causes the
inhibition of active tran;port only.

(f) with electron transport medium and the addition of
an inhibitor of cation accumulation (Ruthenium Red);

which binds to the mitochondrial membrane preventing

all transport processes.

1

v r

Accumulation of calcium and strontium ions in each of the
above conditions are presented in Tables III and IV
respectively. The tables show that anything that diminishes
the electron transport and ATP production in the mitochon-
dria, inhibits significantly both irradiated gnd non- |
irradiated mitochondrial uptake of calcium and strontium,

and. that there is still significant inhibition of cation

uptake in irradiated compared to non-irradiated mitochon-
¢ » ’

dria. These inhibitions are statistically significant at
the 95% level, using a two-way ANOVA test. The same ?

E
3\

statistical test showed no interaction between radiation

\\\

and any of the inhibiting conditions, which means that
the magnitude of differences between irradiated and "
non-irradiated were not significantly altered in any of
these situations; in other words, the radiation effects
have not been drastically modified by inhibitors of
energy-dependent transport. The membrane dye Ruthenium
Red inhibited completely the uptake of‘bcth ions in

irradiated and non-irradiated mitochondria. Table V shows

4
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TABLE III

EFFECT OF TEMPERATURE, CYANIDE, .DINITROPHENOL AND
THE ABSENCE OF PHOSPHATE AND SUCCINATE ON CALCIUM- =

UPTAKE BY IRRADIATED‘(SO kRAD) AND NON-IRRADIATED %'A

BEAN MITOCHONDRIA

™l
/

’

Incubation medium contained 0.4 M Mannitol, 0.05 M Tris-

S Tricine buffer, pH 7.5, 1 mg/ml B.S.A., 5 uM Rotenone,
0.01 M Succinate, 2 mM Phosphate, 2 mM CaClz. 0.1 muCi

PR

LI»S—CaCl2 and 0.6-1.0 mg mitochondrial pretein. Temperature |
was 27°C, incubation time 10 minutes. o ‘
: F a ; £ X )
‘ Uptake by non-irradiated Uptaké by irradiated §
Medium mitochondria mitochondria :
(umoles/mg p) (mmoles/mg p) z
Complete 0.105 ] 0.074. 5
- 0% ' 0.057 . 0.036 §
-Pi, -Succ. 0.059 0.040 .
+2 mM KCN 0.056 0.038
+100 uM DNP ’ 0.051 0.033 -

‘STATISQJCS (2 x 2 ANALYSIS OF VARIANCE PERFO§MED

FOR COMPLETE WITH EACH TREATMENT)

F (Treatment) F (Irradiated) F (Interaction)

PPN AR
; <

0% s 21.03 56.08
-Pi, -Succ. 18.23 V46,43
+KCN - 16.05° 53.79
+DNP 29.53 105.8

The above statistics show a significant (p<£0.0
ence beitween treatments, and between irradiated

irradiated samples, but no significant interaction (p)> 0.05)
between treatments and irradiation.

0.7582
1.094
3.194
1.895

1) differ-
and non-

TN o Yo e Fmtat ok 2

PRSP




TABLE IV B : -

~

EFFECT OF TEMPERATURE, CYANIDE, DINI:I‘)ROPHENOL AND s
THE ABSENCE OF PHOSPHATE AND SUCCINATE ON
STRONTIUM UPTAKE BY IRRADIATED (50 kRAD)
AND NON-l'RRADIATEDo BEAN MITOCHONDRIA

z

Incubation medium contained' 0.4 M Mannitol, 0.05 M Tris-
Tricine buffer, pH 7.5,.1 mg/ml B.S.A., 5.uM Rotenone,
0.01 M Succinate, 2 mM Phosphate, 2 mM SrCl,, 0.1 auci

" 85—Sr012 apd 0.6-1.0 mg‘mitochondrial protein. Temperature

* was 27°C, incubation time 10 minutes. . ; &
. . . B .
. Uptake by non-irradiated Uptake by irradiated
Medium mitochondria mitochondria .
(umoles/mg p) (umoles/mg p)
" Complete n 0.126 0.089
0% 0.068 0,043
-Pi, -Succ. 0.071 o« 0050
+2 nM KCN 0.057 0.055 T B
+100 uM DNP 0.064 0.046 '
STATISTICS (2°x 2 ANALYSIS OMQIANCE PERFORMED )
FOR COMPLETE WITH EACH TREATMENT
F (Treatment) F (Irradiated).F (Interaction)
. X
‘ 0°c 67.38 197.1 2.191
-Pi, -Succ. 77 b 205. 4 5,068
+KCN . 22,98 80.37 " 3,724
- +DNR 38.96 150.1 4,773

The above statistics show a significant difference (p £0.01)
between treatments, and between irradiated and non-irradia-
ted samples, but ne significant interaction (p} 0.05)
between treatments and irradiation.

ettt g e I ey S ST et
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TABLE V , |

L.

’ i’ASSIVE (ENERGY-INDEPENDENT), .ACTIVE ‘(ENERGY'-
DEPENDENT ) AND TOTAL UPTAKE OF CALCIUM AND
‘ STRONTIUM BY IRRADIATED (50 kRAD) AND
NON-IRRADIATED BEAN MITOGCHONDRIA

; : i

§ . //"
Uptake Calcium Upta.ke Strontium Uptake

(umoles/mg p) (amoles/mg p)
. non-irradiated irradiated non-irradiated irradiated -’
) » .
Total 2 0.105 * 0,074 0.126 * 0,089
) - .

Pasdive P 0.059° - *  .0.040 0.07L  * 0,050
Active °© 0.046 *e \o.oﬁu 0.054 *%* 0,039’

a,b These uptake values were reported in Tables III and IV
as normal and no succinate, no phosphate treatments,
respegtively. q ¥
€ Active uptake was calculated as the dlfference between
total and passive uptakes. N

%

p(0.0l comparing mon-irradiated and irradiated using a
paired data t-test. ‘ . !
*

P (0 05 comparing non-irradiated and irradiated using a
paired. data t-test.

)

e
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!

total, energy d@pendent (active) and energy 1ndependent

(passive) calélum and strontium uptake in irradiated and
N T |
non-irradiated Qn:ttochondrla m’l‘he total and passive uptakes \

gare given in Tables III and IV ag uptake in complete and
absence of phosphate and succinate media, respectively. }3
Energy dépendent (activeé) uptake was calculated as the
' \xdifferehce between total and passive uptakes. Table V .

also shows’ that active cation uptake in irradiated mi to-

chondria is significantly less than in hon-irradiated

mitocKondria. . \ B

It has been proposed that the accumulation of calcium and

- L Etroritium by mitochondria is carrier-mediated, and that

e s v w

these cations share that carrier (13). Cé”pefition'
experiments were carried out in which the uptake of v
calcium was measured with and without 2 mM SrCl2 and
likewise,; strontium uptake was measured in the presen;e or
absence of 2 mM CaClz. These results are presented in .
Table VI and indicate that there is a significant differ-
encelfn uptake of calcium and strontium in the presence or ; .
absence of t%e other cpmpeting ien. However, no significant
Aifference is foundfbé%Ween‘irradiated and non-irradiated

in the presence of the competing ion. ‘ . \ !

. 5§y \ v
Changes in the volume of thé mitochondrié (swelling and

contraction) are iﬁportant parameters in the study of - ™

mitochondrial permeability. Swelliég or contraction is

Fd
N . - N '




TABLE VI

¥ ¢

»

v

}NHIBIT;ON OF CALCIUM AND $TRONTIUM UPTAKE IN
NON-IRRADIATED AND IRRADIATED (50_kRAD) BEAN

MITOCHONDRIA BY SI‘Cl2 AND CaClz, RESPECTIVELY

Incubation medium;confained 0.4 M Mannitol, 0,05 M Tris-
Tricine buffer, pH 7.5, 1 mg/ml B.S.A., 5 uM Rotenone,
0.01 M Succinate, 2 mM Phosphate, 2 mM SrClzoor'CaClz,
"0.1 uCi 85-5rCl, or lp5-CaCl, and 0.6-1.0 ‘mg mitochondrial

protein. Temperature was 279C, incubation time 10 minutes.

N

N - - - *  Calcium Uptake Strontium Uptake
*CaCIZ_ _SrClz_ (umoles/mg p) (umoles/mg p)
O non- ‘ nén-
irradiated irradiated irradiated irradiated
o , .
2 mM - 0.131 Oﬂ113 - -
, .2 mM 2 mM 0.087 0.075 = -
- - 2 mM - - 0.161 . 0.128

2 mM' 2mM - - 0.097 0.087

STATISTICS (2 x 2 ANALYSIS OF VARIANCE)

F (Treatment) F (Irradiated) F (Interaction)

Calcium 26 .44 3,440 0.1137
Strontium 28.01 L,758 1.283

. From the above statistics, a significant difference at the
99% level was found between treatments with and without the
competing ion, while no significant difference at the 95%
level was found between sirradiated and non-irradiated, and
interaction between irradiation and treatment. -

. ,

TR Ty mabite Poe e ety R ®

e A




)

o . )

;o

P T S SR

TABLE VII
y ) -

Y

\—_SWELLING AND CONTRACTION BY NON-IRRADIATED
AND IRRADIATED (50 kRAD) BEAN MITOCHONDRIA
r (6 MG MITOCHONDRIAL PROTEIN)

. n *
- w,
Swelling was ~iniv‘cia’ce/:n 3 ml of 0.1 M KC1, 1 mg/ml B.S.A.
and 0.02 M Tris, pH 7.5. Contraction was initiated by

addition of 0.1 ml of 0.1 M ATP and 0.2 M MgClz.

e

A Non-irradiated Irradiated .
Mitochondria Mitochondria
. 1 *
Swelling (%) 10.9 : 12.1
) *
Contraction (%) ° W 61.3 61.6

!

e -
s rd

1 % swelling wés calculated as the percentage changé'in
absorbance at 520 nm from time zero to minimum absorbance.

2 % contraction was calculated as the percentage change in
absorbance from minimum to maximum absorbance following
add;tion of ATP and MgClZ.

?
* Not statistically significant (p)»o 05) from non—lrradla-
ted, using one-way Analysis of Variance. ~

/ . [\/

Y,

e 7 2or s o N bt B

By

o s s o Sl AR A st e oMot st e s

2. i T

ot et BT




e T —————— 2 A FoitiAad 1 et < S k2 %y 14

. . . . T ’ . ’

/

The

39

easured as the per cent change in light scattering at a
avelength of 520 nm;of,the mitochondrial suspensio§r
2lling in a O.l\M KCl solution and subsequen?
contraction upon addi;ion of ATP and Mg2+ of irradiated | j
and non—irradiatedJﬁi¥ochonaria were measured and the | R
results presen%éd in Table VII. Thése observations

indicate that tﬂ%re is'no éignificant difference in the

per cent swelling‘(calculated‘as the % change-in light ;?

scattering) of'ger’cent contraction of irradiated and

non-irradiated mitochondria. : ‘
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IV. DISCUSSION . .

Instant radiation damage seldom occurs at twg physiological
‘ A

level; maximum damage always occurs some time after

irradiation (68,87). Tablg I shows that\xpere is no

"2+

change in uptake of sr* and Ca right after irradiation,

whlle significant inhibition of thelr uptake occurs one

hour post—lrradlatlon. This is probably due to the
o

réadiation~induced production of short-lived free radicals

from radiolysis in the mitofhondria and their surroundings,
/

which interact to form 1i

d peroxides in a chain reaction

a
leading to the accumuj@ftion of biological damage caused
by peroxide action on mitochondrial constituents (87).
This study has shown that bean hypocotyl mitochondria
accumulate about 0.13 umoles per mg protein of sr2? in ten

minuteg, at 27°C in the presence of phosphate and “succinate.
This mitochondrial uptake of Sr2+ is somewhat less thdn
that reported by.ofﬁer auth;rs (6,12,13,14,18,19). This
study also showed that bean hypocotyl mitochondria accumu-
ldted 0, ll,umol;g“pﬁr mg protein ca® in ten minutes at
27°C 44 the\presep e of phosphate and succinate. This
ca?” accumulatlon hy bean mitochondria is less than the

*

values reported )others (9-14, 20). ThlS difference in

rates ofyﬁptake is probably due to the degree of purity
™ 4o
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of the mitochondria, wvariations in mitochondrial sources,

and the qifferencé in incubation media. The results are
consistent with other reports (14) Ehat plant mitochondria
accumulate more strontium tnif/palcium. B

: . V
-Respiration rates for isolat;d bean miochondria were
found to be 30-40 nmolé; Oé per minute p;f mg protein'at
20°C with,succinate aﬁ,a substrake in the presence of ADP,
This is less kthan that reporte r bean mitochondria’
(13.l8ﬁf but quiée similar to the 90 natoms O per minuteﬂii;/
per mg protein for bean mitochondria reported by Venugopal
and Patwardhan (X1) at the sameq%emperature. The above
differences are progzﬁly due again to the different

degrees of purity of the mitochondria used, methods of

preparation and incubation conditions.

The Respiratory Control Ratios for bean mitochondria of
2.0-4.4 with succinate as a substrate are the same_ as

those reported for bean and corn mitochondria by other,

authors (9,11,13,14,18)., Near maximum uptake- of Sr2+

2

and
ca<’ by bean mitochondria in the presence of succinate and
phosphate oceurs after‘lo minutes of incubation if/27°C
(Figures 2 and 3), and 2 mM concéﬁtration of either ion
(Figures 4 and 5). This is similar to results reported

by other investigators (13,14,18).

2+ 2+

uptake 5y plant o

/1t has been observed that Sr2¥ and Ca

.
JO

-
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q’mitochondria in the presence of a substrate is dependent
| on the presence of phosphate, which cannot be replaced by

other anions (9,12,15,19); by way of explanation, it hag,

2+ 2+

been suggested that ;Sr™ and Ca™ form strontium on

calcium phosphate complexes which are then actively
™\ ", o

. transported to the mitochondria. -\
* N

Respiration rates and respiratory uncoupling of be

mitochondria were not altered by exposure to~10, 2%’and

50 kRad X-radiation up to 1 hour post-irradiation. This
‘ v N

is not unusual, considering the high tesistance’of some

, plants to_radiation (50,65,66). Also, the mitochondrion

is known to be one of the most resistant cell organelles
(82). This resistance is not surprising in view of thehj
‘larée amounts of the gnzymes,catalase and superogide
dismutase associated 'with the mitochondria (88). These

p enzymes“B?gak down H202 and\pé‘respectivély. which.are \\J

d1 major radiolysis products of water. Furthermore, isolated

3

3mitobhondria’are,more radioresistant than those irradiateh
iﬁ situ, inside the cell (67,68).. -Inhibition of respira-
tion rates and loss of respirétory“coupling of the
mitochondria after exposure to ionizing radiation have
béen reported by,severél”authors (54,61, $2,64); Romani

et al. (63) reported damage to respirat¥on in pear mito-

chondria irradiated with 1000 kRad of gamma-radiation, and

14

Joshi and Gaur (6%) found similar results for bean mito-

chondria irradiated with 500 kRad of gamma-radiation.
Y
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Decreases in oxigamive phospﬁorylation of the mitochondria
afggc exposure to ionizing radiation have been reported.
For example; Goldfeder an@ Selig (59), using rat tumor
mitochond}ia, deménstrated the inhibition of oxidative
phosphoryiation (measured ;é P10 ratio) 3} 10 kRad of
X—rad}ation: similar results were repo?ted by others for

a variety of mammglian.tissue mitochondria (55-58, 60).
However, Altenbr%ﬁ and Kobbert (53), using isolated rat
liver“hitochondrga irradiated with 750-40, 000 Ra@~of
Xsradiation, fou d:np inhibition of oxidative phosphoryla~

»

tion. { -
The mitochondrial uptdke of ca®* ana sret
approximately 30% only at a dose of 50 kRad, while no -
inhibition occurred at doses of 10 and 25 kRad (Table II).
Thigﬁi;plies a threshold for this effect between 25.and 50
kRad. This is consistent with the observation that most

physiological processes have a threshold for radiation

damage, unlike mutation induction, which is believed to

. b .
have no threshold. One would expect some dose proportional

increase in radiation damage above the threshold. Wills
(75) reports the inhibition of Ca2+ uptake by rat liver
mitochondria irradiated in vitro from an electron beam at

~

doses of 10, 20 and 50 kRad. Kalachova et al. (?7) repor®
the inhibitioh of Ca2+

in vivo and in vitro by X-rays at doses of 5 and 10 kRad.

\

)

o

2

was inhibited by '

/

uptake by pea mitochondria irradiated -
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The apparent difference]in radiésensitivity between my -

°

results and those reported elgewhere stems from the,
d&ffé?ent'mitochondrial 3burces used,,;néubation media
and conditions, and most important; the fact that in my
experiments the mitochondria were afia@robic during
irradiation, which makes them ﬁﬁré radioresistant. Upon -

irradiation,

”
fl

_some free radicals produced by hydrolysis of

water may réﬁovg a hydrqgeh atom from an organic molecule,

A

leaving behind an‘onganic radical. 'In the absence. of 0,5,
the organic radical may combine'with a hydrogen rad;cal
and the organic molecule is restored. But when O, is
present, it competes with the hydrogen radical by com-

;%?ning with the organic radical to prevent restoration of

1.

the organic molecule. Thus the presence of 0, causes

more biological damage by creating more free radicals and

-

by preventing the restoration of damaged biological
3/ :
molegcules.

2+ 2+

and Sr~ uptake by
‘ 4 T

bean mitochondria caused by 50 kRad of X-rays was investi-

The nature of the inhibition of Ca

gated by measuring the uptake of the above iong at low

~—

temperatures, in the absence of subsfrate and the accom-

panying anioh, in' the presence of'aﬁﬁinhibitor of oxidative
. 7:.1/7 \.. N
phosphorylation (KCN) and an uncoupler of oxidative phos-

phorylation (DNP) (Tables III and IV). The above treat-

ments cause the inhibition of either electron transport

.

or the productionlof ATP and other high energy states,

&

. !
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. 1nh1b1t1d9 of Ca and Sr

N, ' "
-

3
N

thereby 1nh1b1t1ng the actlve' but not the. pa881ve or

e+ and Sr2+. Therefore, 1f the actiwve

Mbound uptake of Ca
gy .
uptake 1s completely 1nh1b1ted by radlatlon, and there is

no radlatlon effect on passive transport, i.e., exclusively
< ‘ -

an active transport effect, no inhibition ,of the uptake
ot .

).
A

and Sr2+ by irradiated. mitochondria should occur

, of Ca
in the presence of metabolic poisone, uncoﬁplers and .
(other treatments-in Tables III and YV. If active uptake
is. only partially inhibited by radiation‘ then one mights=
exéect some reduction in the ﬁagniﬁude of the radiation

effeet in the presence of inhibitors. Finally, if ;he
effect is completely on péssive diffusion, there will be
mééchange in radiation effect with inhibitors. What we
‘see is that th% uptake‘ie still significantly less in the
irradiated mitochondria exposed to the inkibiting treat-
ments, thereby suggesting that the radlatlon-lnduced
2+ 2¥ uptake by bean mltochondrla
is on the passive component of that uptake. But Table V
sHows that there is an effect o& active transport (measured
as- the\dlfference between total and .passive uptakes) also.
which 1;\§11ghtly\\ess than that on passive transport; 1t
is, howevgr. statistically SLgnlflcant The 1nab111ty of
50 kRad X-rays to 1nh1b1t resplratlon or uncouple the
irradiated mltochondrla suggests that the inhibition of
the active component is related to changes in the carrier
mechanism or binding sites and not due to ai;erafions of

bioenergetic processes. ‘ ‘
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Ruthenium Red is a membrane specific staifi, and it is
believed that it binds to the mucopolysaccharide com-

ponents of these membranes (13,89). Ruthenium Red is also

-

an inhibitor of both energy-dependent and passive and

2+

bound Ca®’ and Sr°' uptake by mitochondria (13,89-92).

It completely inhibited the uptake of the ‘above igaf in

both irradiated and non-irradiated bean mitochondria,

~.

Therefore, we see.that the.ionic binding (adsorption)

2+ ‘

of Ca®t and Sr’* to the mitochondrial membrane is negli-

gible because.ifgatment with Ruthenium Red, which inhibits
both energy-dependent and passive cation uptake, results

it no detectable uptake (charge binding, for example).
.

1

The uptake of Ca?* and Sr®* By non-irradiated bean
mitochondria is inhibited in the presence of each other;
however, "the magnitude of the competition effect was
unaltered in irradiated mitochondria (Table VI). It

has been proposed, by Johnson (13) for bean mitochondria

and by Carafoli (93) for rat liver mitochondria, that

ca®* and Sr2+ compete for the carrier and hehce’ inhibit

each other's energy-dependent ﬁptake. Passive uptake of
A . -
each ion is unaffected by the presence of other competing
\

ions. 1If Xlirradiation of mitochondria had inhibited the

2+

4%t and Sr uptake, we

energy-dependent mechanism of C

might have observed a difference in Ca2+ or Sr2+ uptake

be tween thé’irrad' ted and non-irradiated mitochondria

<
!
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in the presence of the other ion. Likewise, effects on

energy-linked processes and non-specific effects on the

\

active transport of ions will not be expected to alter
the compefition between Sr2+ and Ca2+. Table VI shows
that there is no statistically significant difference

in uptake of’Ca2+ and Srz+

X

in the presence of the other
ion between the irradiated and non-irradiated mitochondria.
Thus, it seems that the X-radii%igﬁleffect is on both the
active and passive compone%ts of cation uptake by bean
mitochondria, which is in agreement with data from Table V,
and that the effect on active traﬁsport is not linked to
respiratory uncoupling or inhibition of electron trans-
port. In addition, the X-radiation effect does not seem
to alter the relative affinity of the carrier for the

cation.

One of the important membrane-related functions in the
mitochondria is that of swelling and contraction in both
animal (2) and plant (4,13) mitochondria. Mitochondrial
swelling in KC1l is not dependent on endogenous energy-
linked processes and is a passive, spontaneous process
(15). Contraction of the mitochondria is dependent upon
the additfén of ATP and Mg?' (4,94) or the addition of
an oxidizab%e substrate (4,95). \

They data in Table VII -shows thaé 50 kRad X-irradiation

has no significant effect on the swelling or on the

oy
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contraction of bean mitochondria. However, at doses of
250 kRad and hjgher, Joshi and Gaur (96) reported an
rease in swelling and a decrease in contraction inf
rraqi?ted bean mitochondria. The lack of a radiation
effect in this study on mitochondrial swelling and
contrac¢tion is probably due to the rélatively low dosage

applied. [fFor example, Joshi and Gaur (96) had to use

- o :
five times our maximum dose to get a measurable effect.
‘ ~ _

¢
According to Bacq and Alexander (87), the majér biological
effect of ijonizing radiation is the disruption of:cellular
and organelle membtanes # Alteration of cellular permea-
bility hgs been~repofted for different tissues by various
authors (97-101). Cellular organelles also experience .
alteration of their permeabilit; after exposu}e to
ionizing radiation; these effects were reported by Wills
(75) fog’mitochondrigj Tafshis‘gi al. (102) for nuclei,
Wills and Wilkinson (163) for lysosomes und Brandes et al.
(104) for tumor microsomes. In my experiments, the ‘

2+ 2+

inhibition of mitochondrial uptake of Ca” and Sr

folloying'SO kRad of X-rays was found to be on both the.

"passive" compohent of that uptake, i.e. that component

b

. A
which is not dependent\on electron transport or oxidative

phosphorylation, apd the "active" gomponent, i.e. that

compohent which is enepgy-dependensg This effect is
! . .

L]

unrelated to impairment of electron transport or energj

coupling. It could be due to-the lipid peroxides formed
. o . - N a

v
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upon irradiation, eading to the destruction of some.

membrane compon&f\(lOB 105 106, 107) and the oxidation*

A Y ,\
of«sulfhydprl groups and formation of disulfide brldges
- (108), for restoration of permeabiléty affgr radiation

was accompanied by a decrease in the disulfide bridges

under active metabolism (101,109,110). My conclusion

{is in agreement with Several reports: Wills (75) reported

inhibifion of ca<* uptake in rat liver mitochondria by

electron beams; Gorizontova and Trebenok (76) demon-
strated a decrease in Mn2+ up,tak'e by liver mito\éhoridria ‘
after whole body irradiation; and Kalachova et al, (77)
observed an 'inhibition in uptake of ca?* vy X;-irradiated

pea mitochondria. All of these reports attribute the

radiation effect on mitochondrial uptake to factors

—— ' v ¢

.other than alterations in electron transport mechanisms

or energy coupling.

o
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