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A large amount of theoretical and exzperimental material on
questione of the formation of radiotoxins im irradiated organisms,
quantitative prineiples of their development, chemical nature and
broad spectrum of the radiomimetic propertiss of these substancce
i8 ocorrelatad in the book; these questions plras tha whole problem
of radiotoxzine at the center of attention in a consideratiom of
the initial, aetuating mechanieme of the biological effect of ion-
i8ing radiation.

A number of papers which throw light upom the nature and pro-
perties of secondary radiotoxine which develap in the aourse of
radiation sicknese are of great interest from the viewpoint cof an
understanding of the pathogenesis and methods of treating radia-
tion sickness.

The book te intended for soientiste working in the field of
radiobiology, graduate studsnts and studsnts in the senior courses
of the corresponding seotion, as well as for a wide eircle cf medi-
ecal radiologiste and specialists intercsted in questions of the use
of atomic ensrgy in agrioculturs,
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~ ence of the radiation effect on the developmint of physico-
 chemiocal processes in the irrsdiated crganism which lead to the

ments on the radioresistance of cells in the case of the
- psdiation msintenance in tissue cultures and investigations on
. -the sffect of irradisted cytoplasm on nonirradiated cell nudlel
-.pglntod to the role of rsdioto:inl 1n the davtlopannt of ranlation
¥ oknnll.

FOREWORD

- The PFirst All-Union Conference of Radiobiologists on ques-
tions of the nature and role of radiotoxins in the biological ef-
rect of lonizing radiation took place in 1965 and the material
from it is contained in this book.

The concept of radiotoxins as substances forming in the or-
ganism from the effect of radiation, which are bilologically ac-
tive and cause radiation effects to one or another degree in the
irradiated organism, arose at the very beginning of the develop-
ment of radiobiology. Thus, D.E. Lee in 1946 in his classical
work "The Effect of Radlation on Living Cells" assumed that the
products which are formed from the effect of emissions, being
cell poisons, even at very low concentrations, can have an in-
Jurious effect. However, the absence of real knowledge of the
chemical and diochemical changes in the irradiated organism at
that time 4id not permit closer consideration of this hypothesis.

Later, noting the similarity of the effect of ionizing ra-
diation with the effect of bacterial exotoxins or mustard gas

and its analogues (radiomimetic substances), many investigators

returned again and again to the thought that a number of the
aftereffects of the irradiation can be explained by the radic-

*toxina uhich are formed,

At the end of the forties and the beginning of the fifties

;il‘aunbor of biochemical investigations were conducted on irradiated
- orgenismes which as a result showed various changes in the content
_ or daifferent |ubutnnc¢s in the tissuoa of irradiated animals,.

“In 1955 a.u. Tarusov in the nono;rlph "Poundations of the
iroot of Redioactive Emissions” indicated the depend-

pearance of "primary toxins." Numerous investigations on the
istant effect of radiation, experiments with p.rabiontsi c:pe:i- _
r post~

P.D. aorilontov at the end of the rirtioa, in analysing data

on the development of radiation lesion in mammals, came to the
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conclusion that toxemia occupies an important*place in the patho-
enesis of radiation sickness. ' o

A.M. Kuzin in 1962 in the monograph "Radiation Biochemistry"
gave attention to the fact that the effec* of ionizing particles
on multiple structures of the cell can change. their functions in
iwetabolic processes and lead to the formation ‘in the cell ‘of changed
metabolites, whose accumulation and effect on ‘the unique molecules
ol' the cell can cause many of the known radiation effects. The con-
upt "radiotoxin" thus 1s enlarged. It is not exhausted:by any one
specific substance. This concept extends to a.number of unusual
wetiabolltes developing in an irradiated organism and even to ordi-
iary metabolites, but which are formed after irradiation in abnor-
«.«lly high concentration. Radiotoxins which possess the ablllty to
et with the unique molecules of desoxyribonucleic acid (dis-
tarbing their structure and information code) and which act on cell
wembranes with a change in the course of fermentative reactions will
have speclal significance for an understanding of the initial, ac-
tiuating mechanisms of the effect of ionizing emissions at the cell
iwvel, Secondary radiotoxins arising as a result of deeper blo-
chiemical changes in the irradiated organism can be of extreme in-
t-rest for understanding the later stages of the development of
rudiation lesion in the organism of higher animals and man and,
somsequently, for rendering them the appropriate assistance.

&
%
;
4
x
i
3
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Classical target theory (or hits on unique cell structures)
15 capable of explaining only a limited range of phenomena. Many
cxperimental facts require elther additilonal new hypotheses or a
radically different interpretation of the initial events in an ir-

radlated cell.

The filrst conference on radiotoxins had as 1ts task considera-
tion of the problem of radlotoxins as a whole and becoming acqualnt-
—u with recent investigations in this area.

This book, in correlating the material of the conference,
ives an up-to-date presentation of the theory of radiotoxins,
sibstantially supplementing the avallable information on processes
wctually arising in the 1rradiated cell and organism, and promoting
tlr: development of a structural-metabolic theory of the blological

«U'reet of lonizing radiation. .

A.M., Kuszin

FTOU-HT=23-492-68
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The distance effect of radiation shown ‘at the :zell level
{1-7], in plants [8,9] and in animals" (10-13} compels one. to as~
sume the possibi’ity of various mechanisms. in the direct erfect,
of radiation, Its presence speaks of the rformstion of substances
(radiotoxins) in an irradiated cell or tissue.nossessing, in - yir-
tue of their special chemical structure or #s o result of their
appesrance in abnormal concentrations, the capac1+y to imitate .
the effect of radiation. In fact, such- phenomena a} inhibition iof

mitosis, delay in division and growth, the. appearanae of" chromoso-”’

mal aberrations and pycnot-u nuclei;, the development  f sterllitw
cytolytic cell breakdown, etc., which are characterjstic of the
direct effect of radiation are observed in the case ‘of the dis—

,:tance effect.

'‘'he following processes precede the appearance of the dis-
tarce efrect , -

1. Radiotoxzine [RT] (PT) must arise from the effbct of -
radiation in the cells of irradiated tissues. Having arisen, they
w11l react with characteristic structures of the irradiated cell,
causing the corresponding radiation effect. With a small dose of
radiatior all the RT which have formed react with characteristic

- structures of the irradiated cell and, consequently, there cannot
. be an escape of the RT from the cell, that is, the distance ef-

rect 48 not manifest~d.

2. The radtotoztno must esocape from thc trradtatad vell in-
#o ‘the external snvironment. This is pcssible only when there is
a sufficiently high dose of radiation which provides for the for-
mation of an excess of RT which 1s not absorbed by -the character=-
istic cell structures. Only at a specific concentra%iﬁn of RT in

the irradigted tissues is their escape possible from the irradiat-

ed cells into the external envircnmant as 8 result of diffusion
or a&tiva metaholic tranafer. : v

3. The ra&iotozﬁun must be tranafhrad b% the medium flowing
around the o¢lla (intarcellular liquid, lymph, blood, ete.), to
uninjured tissues. Undoubtedly, during the tranar r dilution, non-

-l -




e cause” thes ‘distancé effect (for example, a change in the course of -
a rxto»ie) = : g
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specific sorption aﬂd, conaequently, a deerease in the RT concen-
tratiov wWill occur 4
-4, The radiotoxin must penetrute ,nto the cella of distantly

loagfed tissue ia order to manifest ita padiomimetie effeect. For
this, RT ®ust be present in sufficlent concentration in the medium
>xlcwint around the cells, in any case, move than that which is form-

®d_zlthin whirfadiated cells. dowever, in “4¢s “turn this minimal RT
concentvation in the cell must be sufficient for.the RT to react
With 1n*“aceleulax structures (for example, with:the nucleus) and

o e _i~
1 “\\\5\\A |
i :‘\\\f\\\\;

' A’a«mmpaaét palumicini  ——e

B lzyfm pedvomoseuna =

 Fig. 1. Diagram of the distance effect., I) .Irradiated medium (cell
*Cytoplasm, ti% 2¢); II) interstitial medium (cytoplasm, intercellu-
“lar £luid); ITI) site of the appearance of the distance effect (cell
~nucleus, tissae) A) Radiotoxin concentration; B) path of radiotcxin.

Thus, the existence of a distance effect of radiation s ac- e
tion ccmpels cae to accept the relative distribution of the RT oon-\
centration, represented in Fig. 1. : ‘

3 Such a representation of the various RT concentrations in di--
rectly irradiated tissues and tissues in which a distance effect

is manifested leads to the following conclusions which are impor=-
‘tant to the general theory of the biological effect of radiation. -

l All the phenonena obser«ed in distantlv located tissues

fe;from the effect of the very small RT concentrations which have

“reached them wlll be manifested in directly irradiated tissues at
rueh 1ower doses and to a conslderably greater degree.

_ 2 The radiation effects observed in the distance effect of
vadiation, for example, delay in mitoses, ~essation of cell divi-
sion, inhibition ¢f growth and tissue development, appearance of
chromosomal aberrations and pycnoses of the nucleus, inhibition

. of Jesoxyribonucleic acid [DNA] (UHK) synthesis, etc., can also
arisze in directly irradiated tissue as a result of the formation
of Rt -in 1t, without necessarily assuming & direct hit of lonizing
particles @n structures responsible for these effects.
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3. The appearance of any radiation effects in cells in the
case of direct irradiation which are not manifested in distantly
located tissues cannot serve as an argument in favor of the nec-
essity of thelir development cdue to a direct hit of ionizing par-
ticles, This cannot be asserted if only because the RT concentra-
tion in directly irradiated cells and tissues is immeasurably high-
er than in distantly lcocated cells and tissues, which may be the
reason for the appearance of a number of such effects which cannot
be caused by a reiatively lower RT concentration.

Everything which has teen stated above emphasizes the excep-

 -tional importance of a quantitative approach in evaluating the

significance of RT in the development of radlation lesion. The
quantitative apprcach was widely used in radioblology, however,

“the dose-effect curves obtained ln experiment:s were analyzed as

a rule from the standpoint of classical target theory. fhis thecry
assumeg the need for a direct hit of the lonizing particles (one
or several) on unique cell structures which are the controlling
syctems whose destruction leads iIn the finsal analysis to manifes-
tations of various radiation effects (to the development of muta-
tions, the cessation of growth, the death of the cell, etc.).

Therrole of desoxyribonuclelc acid in the storage of the
cell's hereditary and metabollc information; which has been shown
in the last ten years, as well as the determlination of the paths

. of the transmission of this information through informational
ridbonucleic acid [I-RNA] (U-PHK) to the cytoplasmic ribosomes

(which synthesigze protein-enzymes determining the direction and
intensity of the wmetabolic processes in the celi) were used in

. radioblology for identifying the "unique structures" injured by
-~ a direct hit of ionizing particles with structures of the DNA

moleoules.

- Thué,;according to genetic theory [14], the initial events

'in an irradiated cell which have a direct relation to the appear-
- ance of the final effect arise in the genetlcally significant DNA

macromolecules of the cell rucleus. The primary effect of radistion
comes down to a disturbance of the matrix structure of the DNA, as
& result of which there is a delay in its reduplication and the
appearance of "mistakes" in reading the information code of I-RNA
which leads to a decrease in the synthesis of individual enzymes.
If these are key enzymes, the death of the cell occurs., A disturb-
ence in the matrix structure of the DNA during its reduplication
leads to genetic defects -~ the appearance of radiation mutants

with various deviations from the norm.

The genetic theory of hits on unique cell struotures (tar-

fhget theory) under discussion leads to the rollowing conclusiona-

1. The radiation effect in the cell develops according to

17! the "all or nothing" principle depending on hits or non-hits of

jonizing particlea on a unigue structure.

- 2. The radiation effect depends only on the entry of ion-
iging particles into unique structures of the cell nucleus, Ir-
radiation of multiple structures of the cytoplasm is not of decl-
sive importance,

-« -
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3. The radlation effect 1s caused by one or several hits of
ionlzing particles on a unique structure. Hence, according to
Polsson's theory it is easy to obtaln curves of the dependence of
the effect on the dose. Exponential curves indicate that one hit
on a sensitlve area of the cell is sufficient for the manifesta--
tion of the radiation effect. Curves of an S-shaped form speak of
the need for two or more hits on a sensitive area of the cell,

H wever, no matter how orderly and cor.clusive the concept of
the direct effect of radiation on unique cell structures may seem,
many experilmevtal facts sharply contradict its assumptions and re=-
quire either additional new hypotheses or a railcally new inuerpre-
tation of the initial events in an irradiated call.

First or all, at the present time inapplicablility of the "all
or nothing" principle depending on a hit or a non-hit on a unique
structure 1s well-known: the radiation effect after irradiation
with -a speclfic dose can change essentially depending on the cul-
tural conditions of the cells in the post-radiation period. It
has also been found that the magnitude of the effect depends on
the nature of the metabolic processes in the cell in the post-
radiation period [27, 28].

Investigations which showed the effect of irradiated cyto-
plasm on the functioning of the nucleus placed in doubt the second
point of the target theory which is that irradiation o multiple
gell structures 1s not essential for the final radiobiological ef—

ect

The assumption that a hit of an ilonizing partlcle on one or
ancther structure or molecule leads only to its destruction and
the logs of 1ts functions (for example, %o enzyme inactivation,
impossibility of DNA reduplication, etec.), 1is also errcneous.

Target theory has also ignored another possibility, very
likely in an actively metabollzing cell, namely that a hit of an
ionizing partlicle on a blologically active macrcomolecule or struc-
ture can lead to a change in 1ts functions, causing in the post-
radiation period the appearance and accumulation in the cell of
abnormal metabolites -=- radictoxins.

The obtaining of an exponential curve of the eftect-dose
dependence is usually cited as abundant proof of the correctness
of the targst theory, that 1z, of the possibility of the manifes-
tation of the radiation effect even from one hit on u unigue zell
strvcture., It is not difficult to show that the obtaining of an
exponential dependence of the radiation effect on the dnhse equally
fits the theory of RT formation.

Let us assume that the radiation effect depends on tne hit of
lonizing particles on some multiple cell structures, for example,
mitochondria, The hit of anionizing particle on a mitochondrion
does not disable it, but disturbs only interlinked proceases of
electron tranaport. Let us assume that as a result of this disturb-
ance unusually strongly oxldized compounds begin to form, foi» exam-
ple, epoxides of fatty acids or quinones from aromatic amino acids,
The striking of only one mitochondrion leads to an infinitesinally
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small accumulation of abnormal oxidation products in the cell -
radiotoxins. The probability of the manifestation of its effect

will be infinitesimally small. However, the greater the irradiation
dose, the more altered mitochondria there will be and the more RT
will be formed in some specific time interval,

3 The radiotoxin [RT] concentration will be directly proportional
Pt ' to the number of changed mitochondria [Mil:

o | (PT] = A[M,J,

S where k 1s the coefficient of proportionality. According to Polsson's
i theory, the number of altered centers in the cells (in the given

case mitochondria) will increase depending on tine dose D according
to the equation ‘

SN AR

ey

; . ) (M) = M) (1 —e2)

unider the condltion that one hit on an active center is sufficlent
to cause a change in its functions. Hence, the RT concentration
will increase 1n the 1irradlated cell depending on the dose accord-
ing to the equation

[PT] = k[MX1 —e=22),

‘that 1s, exponentially.

: It is sufficient to assume that the probability of the manifes-
’ tation of the radiation effect (for example, the death of the cell
or its inability to multiply) within certain dose ranges is direct-
ly proportional to the RT concentration:

¢ Effect = X[RT]

and consequently,

o

E’ Lok Effect = KA[M)(l —e~*2) = K’(] — ¢—oP),

E § : in order to obtain exponential curves of the dose-effect dependence.
{ : In our work with Norbayev [15] by the method of clectron polarography
b the dependence of the quinone formation on the radiation dose in

b ! ?lant t%saue was obtained in the form of typical exponential curves

: Pig. 2). .

D% As was shown on other specimens (plants, yeasts and liver),
- the accumulation of quinones can occur both according to an expo-
I nential curve and according to an S-shaped curve (see this collec-
g tion, pages 28 and 37), which represents the corresponding dose-
bk effect curves, Thus, the dose-effect curves comply equally well
Col ok both with the theory of hitting unique structures and with the

: theory of hitting multiple structures with a change in their func-
tions in the direction of RT formation.

-8 -
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A majority of the radlation effects 1s manifested only some
time after irradlation. A study of the R7 concentration in irradiat-
ed tissues also showed its increase with the time which had passed
after irradiation. This increase clearlv is directly connected with
the initial change in enzyme activity in irradiated cells shown in
a number of papers (see [16-18] and this collection, pare 18), If
the simplest case of RT formation is assumed (for example, quinone)

—~ through an enzymatic process taking place in one stage — the rate
of RT accumulation will be expressed by the following equation:

. ‘J_;T.l = K({A]—[PT)),

where [RT] 18 the radiotoxin concentration;

t 1s the time after irradiation;

[A] 18 the initial concentration of the RT precursor.

L —d .‘ *
) 3 P
*‘“ ’J?
e A

4 ) @ R @ 9

Radiation dose in curies

Fig. 2. Dependence of o-quinone
formation on radiation dose. X)
Amount of o-quinones formed, ¥;
X,) maximum forming amount of o-

; quinones, %.

The rate of RT formation will decrease in proportion to the

increase in its concentration, for example, through the reversibi- : 'g
lity of the reaction, according to the equation 3 !}
4L — KGA) - (PTD— ¥ (B) + [PTD,
where [B] is the normal amount of RT in the systeni. Integration at ‘
[RT] = 0 and 7 = 0 gives 1

(PT)= HA=EIB (1 — ity

-9 -
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Taking k/k' = K, we obtain

[PT) = K“‘T':’!&EJ_ (1—e=e+01,

In the equilibrium state [RT]r

k- -
Py = T

[PT)=[PT), {1 —e=#+81),

i.e., the RT concentration under the assumptions made above will
increase exponentially with time. The polarographic study of the
increase in quinones in irradiated plant tissue conducted iointly
with Norbayev [15] 1s represented in Fig. 3. As seen from the
figure, the amount of quinone increases strictly exponentially

in the first 24 hours after irradiation.

2 W
R 2
A0k ‘i
:g ,J"’" uf3$n~
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i .
6 9 & N W 8 ¢ 2 89 9 4 0 8 N
_Time, hours Time, hours

0 .

Flg. 3. Dependence of o-quinone formation on
time after irradiation (xm is taken as 100%).

The exponential nature of the curve of the increase in the
amount of quinones with the time after irradiation leads to two

important conclusions,

1. The formation of quinones begins at the mcmcht of irradia-
tion. (This is one of the first processes arising froam the effect
of radiation on a biological specimen.) -

2. The formation of quinones continues after conclusion of

- the irradiation as a result of the activation of entymatic systems
‘of phenol oxidation, i.e., there is present here an example of the
biochemical intensification of initial processes, whose importance

in the theory of the biological effect of radiation was indiocated

- by the author in 1957 [19].

The linking of the radiation-chemical and enzymatic mechan-
isms of RT formation (semiquinone or quinone) can be raopresented
in the following way.

“w1l0 -
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Normally the following chain of reactions takes place 1in the
cell:

Enzyme A Enzyme B

Precursor ——————— Semiquinone ¥ Quinone ——————+ Product of con-

densation or oxidation cycle

Quinones as intermediate substances are found in an infinitesimally
small concentration,

During irradiation the radiation-chemical reaction

hy
Precursor =—————> Quinone
develops.

The quinone concentration increases. The quinones react with
enzyme B, blocking its active group. The decrease in quinones 1s
slowed down. In virtue of the action of enzyme A the quinones begin
to be accumulated in the cells through the enzymatlc process.

A different path of linking can be assumed: normally enzyme A
is inhibited. The quinones arising as a result of the radiation-chemi-
cal reaction bind the inhibitor and from the effect of the liberated
enzyme A enzymatic production of quinones develops. A third mechan-
ism also cannot be excluded: the quinones formed as a result of a
radiation-chemical reaction react with a repressor which inhibits
the synthesis of I-RNA which is responsible for the synthesis of
enzyme A. Synthesis of I-RNA takes place and (after lts arrival at
the ribosomes) regeneration of enzyme A. The increased amount of en-
zyme A activates enzymatic production of the quinones. The probability
cf the first method was confirmed by the Kopylov's investigations
(see this collection, page 18), Further investigations will show
whether other methods of linking occur.

Similar rerularities in the increase in the amount of auinones
with time were shosn in our laboratory in irradiating vegetating corn
germinants and seeds and in the irradiation of yeasts (see this col-
lection, pape 28), as well as in the liver of irradiated rats (see
pare 37; and rabbits (see pare 201), : » v

It is neceaaary’to particularly emphaaize‘thé'capacitj offdui- o

nones arising from irradiation (as well as quinones obtained in
model experiments, for example, from the enzymatic ozidation of
tyrosine) to inhibit mitoses [3 ‘ ‘aberrati

(21, 22], to stop the growth of tissues {23) and young animals (see
this collection, pape 90), to cause leucopenia (see page Y0}, to in-
hibit and alter DNA synthesis (see page 73), to retard development
and to cause the appearance of deformities in acting on developing
amphibian eggs (see page 83). ' s T T

’

What has been stated above makes it possible to consider the
quinones appearing in irradiated tissues as one of the most impor-
tant examples of RT, '

The above-described principies of the formation of RT and
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their properties makes it possible to examine many phenomena in
radiobioclogy. The rapid active sorption of RT of quinoid nature

by cell nucleil (see this collection, page 60) and their close

connection with the proteins and DNAof the nuclear nucleoproteins

(see page 53) makes it possible to understand the greater vulner-

ability of cell nuclei and the change in the transmission of in-
formation included in the DNA of the nuclear nucleoproteins from

the effect of radiation. The complexing of the quinones with the
nitrogenous bases of DNA can cause mistakes in the synthesis of
informational RNA and thereby a secondary change in the metabolic
processes in the irradiated cell. Similar complexing 1is especially
dangerous during cell division when a break at the site of the .
blocked base can occur in the complementarily synthesizing DNA

which probably leads to chromosome fractures or death of the cell

during subsequent mitoses. .

The different radiosensitivities of different types of tis-
sues and cells will be determined by conditions which favor or
which prevent the accumulation of RT (quinones) in cells and
their interaction with structures cf the cell nucleus. Polyploids
will require 2-3 times greater accumulation of quinones for inac-
tivation of the 2-3 times greater amcunt of nucleoproteins of the
polyplold nuclei.
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Albinos (white lines of mice) are more radiosensitive than
black mice [24], since enzyme systems are developed in the latter
which quickly condense quinones into inert melanines thereby de-
oereasing the concentration or the toxic quinones.

- In & comparison of related plants with different radionen-
sitivities it was shown [25] that from irradiation phenol-oxidiz-
ing systems (polyphenoloxidase and peroxidase) are more easily ac-
tiv;t:d :n the more radiosensitive planta than in the more radio- .
resistent, .

. Ths absence of oxygen at the moment of 1rradlation sharply
retards the radiation-chen.cal production of quinones which acti-
- vate entyme systems in the irradiated tissues which clearly makes
its contribution to the machanism or the nanifbatation of tho nni-
versal. 'oxycen errcct. :

. " RT production prccenaes plny an. inportlnt role n tho nlni-
- festation of the post-radiation recovery effect. The location of
. irradiated cells under conditions which prevent growth and divi- -
- sion, but which provide for the courss of normsl metabolic reac~ - - -
. . tions considerably decreases the possibility of the manifestation - =
. of the radiation effect (see [26-28] and others), These facts = '
' sharply contradicted thy theory of a direct hit on structures res~ -
- ponsible for the manifestation of the observed radiation effect. o
An additional hypothesis concerning the presence of “hidden" ra- -
. diation injuries which, depending on metabolic processes in the
" post-padiation period, can either be manifested or dis tr. . .
Since the recovery process takes a long time [for examp o
- metabolising yeasts it progresses over the course of 2~3 &ayu [29].»
© and for dry se~ds 1t requires rmany months (see this collection, :
 page 96)], no real notion of the nature of the hidden 1n4ur1¢o
which are adble to oxist for such a long time in a -ntlbollling

o 12‘- ,
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system in the presence of oxygen was suggested.,

It seems to us that the problem of post-radiation recovery
acquires a different explanation in the light of our data on the
formation and role of RT (for example, orthoquinones) in radia-
tion lesion. The radiation effect increase in proportion to the
flow of the enzymatic reactions of RT formation, the increase in
its concentration, diffusion tc nuclear structures and interaction
with the latter, If the cells are kept without nutrient media 1in
the post-radiation period (a deficlency of precursors for enzymatic
RT production, for example, tyrosine for quinone production) in a
large volume of water (which promotes washing out of the RT from
the cells) and in the presence of oxygen (which intensifies ac-
tive excretion of RT through the cell membranes with the consump-
tion of macroergs), the RT concentration inside an irradiated cell
will be considerably less, the contribution of the RT to the mani-
festation of the radiation effect will be absent and a considerably
smaller effect will be recorded than under condition favoring pro-
duction and activity of RT. This can be represented in the form of
a diagram (Pig. U).

The following experimental facts speak for the correctness of
the hypothesis concerning the significance of the decrease in RT
concentration in the post-radiation decrease in the manifestation
of the radiation effect: .

1, A specific dilution of cells is required for a decreage in
post-radiation lesion: the greater the dilution the stronger the
effect. In concentrated suspensions the radiation effect does not
decrease. Dilution favors the escape of RT from the cells. .

2. It has been established experimentally by the method of

electron polarography (see this collection, page 25) that when ir-

radiated yeasts are kept in water for the first and sccond days,
ulnones are energetically excreted into the external environment
(¥, = 0.35 v)., The excretion proceeds strictly exponentially. The
de%réise:1nkthe’rldintion-efreet in yeasts also proceeds exponen-

3. Oxidative rcaétiona-which-ﬁ?bduci ensrgy are required for

~ active RT excretion; the post-radiation decrease in the radiation
effect takes place better in an atmosphere cf air than in a nitro-

~ @en atmosphere (27, 28],

"N, Intensive washing of irradiated seeds which promotes wash-

.”i;ns*o&b;or'RTadcoroasdl.tHO'rudiltioh“ofrqct (inhibition of growth
"~ and germination and number of chromosomal aberrations) (see this -
- colloatiqp,:pagl~192).~ - T e e L R

' The hypothesis concerning the important role of RT (o-quinones,

 peroxides and spoxides) in the mutagenic effect of radlation makes -

1t possible to explain from a single viewpoint a number of blologi-

~ cal processes. o-quinones e constantly formed in cells. Their

_ smount is small because of the low rate or production and the exis-
 tence of biochemical processes which neutralise these very active

substances (by means of further oxidation, condensation into mela-

 nines, binding with proteins and excretion from the cell).
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Fig. 4. Diagrams of possible mechanisms of
post-radiation recovery., a) Hidden injury
theorv; b) radiotoxin theory.

Normally these processes are in equilibrium (the o-quinone

. Goncentration is low). The probability of interaction with DNA of

the nucleus is infinitesimally small, but in rare cases is not ex-

_eluded. Natural mutability (as is known, very low) may be the re-
- sult of this probabiiity.

- As we have shown [30], very low o-quinone concentrations stimu-
lat2 cells to divide, while high concentrations inhibit. Their level
in the liver is sufficient for such inhibition and the cells do not
divide. In the case of hepatoectomy conditions are created which
are favorable for a decrease in their level and intensive division

. begins. During irradiation enzymes are activated which oxidize

- phenols to o-quinones. It is pcasible that systems which free the
- cell from these substances are inhibited (see this collection,
-~ page 18). As: a result the level of the quinones increases sharply.
. 'This leads to iphibition of division and great damage to DNA which

- 18 manifested in an ingrease in the number of chromosomal aberra-
.7 tione and an inorease in mutation. From this point of view, natural

. 'mutation, mutation from the effect of ionising radiation and from
IR th:h:giion'ot chemical mutagens 1is a single process having the same

" No mutagenic effect of quinones and peroxides has been noted

~1in the literature (see this collection, page 102, and [24, 31].

':"!hi‘obt;or lnéints which dcﬁtlop’oih,'al is known, vary from

" the use of chenical mutagers of different types. Radiotoxins (for
' example, o-quinones) will be one of the possible chemical mutagens.

In itndyins.thc sechanism af'thu protective affect of sulfhy-

"aérﬁl«proecceors. Bacq [32] found that at the moment cof the grealest
' protective effect (10 min after injection) tle mitochondrial struc-

tures in the cells of the tissues are sharply changed. Consequent-
1y, the protection is connected with inhibition of engymatic oxida-
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tion processes at the time of irradiation which must lead to less
production of RT of the quinone, peroxide and epoxide type than,
perhaps, is explained by the protection mechanism.

The RT theory recommends new methois of post-radiation pro-
tection, namely, as complete as possible washing nut of the RT
from the organism and the introduction into the organism of sub~
stanices which actively bind RT.

All the new observations and considerations presented above,
it seems to us, speak convincingly of the important role of RT
production, and first and foremost, of o-quinores in the develop-
ment and manifestation of many radiation effects. An immediate,
direct effect of ionizing particles on unique structures of the
cell during its irradiation (DNA molecules and chromosomes) cer-
tainly occurs and in the light of numerous data of radiaztion chem-
istry and molecular biology can lead to the appearance oi localiz=-
ed mutations, chromosome breaks and death of the cell during mito-
sis, However, in the light of the RT theory =211 these phenomena can
alio develop through the secondary action of RT.

On the other hand, RT clearly occupy a ieading rcle in the
interphase death of cells which plays an important role in radia-
tion injury of an organism, in inhibition of grcwth and develop-
ment and in the appearance of a number of symptcms of radiation
sickness.

An understanding »f this role is quite necessary f{or proper
treatment of radia*tion sickness, for a successful search for new
prophylactic and post-radiation protective remedies and measures
and for further de:elopment of methods of radiation therapy of
malignant neoplasms,
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" MECHANISM OF FORMATION AND IDENTIFICATION OF TOXIC SUBSTANCES OF
QUINOID NATURE FORMING IN AN IRRADIATED ORGANISM )

V.A, Kopylov

{Institute of Biophysics USSR Academy of Sciences)

While the questidn of the formation of toxic substances in
~-an irradlated organism is sufficiently clear at the present time,
their nature has still been insufficiently studied. ‘

The first assumptions about the nature of the toxic substances
were expressed in 1912 by Werner [1). In observing the formation of
choline from irradiation of lecithin wich large doses, he suggested
the possibility of choline formation from irradiation f the animal
-organism. And in fact, it was shown considerably later [2] that cho-

.- line-18 formed in an irradieted orgsnism. When choline was injected
-7 into.animals, a number cf symptoms characteristic of radiation le-
~. Sloh was noted. Caspari [3] believed that the toxic substances might
. be cell-decomposition products, which he called necrohormones. Of
“the substances which may play a specific role in the etiology of the
radiation syndrome, imidazone derivatives, which Menkin [4] found 1.
an irradiated organism, are of interest. Lewis [5] expressed the hy-
- pothesis that the toxic substance formed in an irradiated orgariinm
may be histamine. This hypothesis became kuovwn as the "histamine
theory" arter the work of Ellinger [€]. Krichevskaya [7] expanded
the notion of histamine's role in the development of radiation sick-
ness and expressed & number of new hypotheses. '

- In 1963, iano [8]repourted isolating in crystalline form from
the serum of irradiated rats the substance CsH;sN20s, which at a
dilution of 1:3000 caused leucopenia, In recent years in the labora-

- tory of B.N. Tarusov, Yu.B, Kudrydshcv and colleagues have been in-

_ tensively studying the nature of a toxic svbstance which they isolat-
ed, now conditionally called "cytotoxic factor" [9, 10]. Budnitskaya
(1] believes that some of the toxic substances formed in on irra-
diated plant may be unsaturated higher fatty acids. The
question of the formation of organic peroxides in the irradiated
organism was introduced by Horgan and Philpot [12]; however, there
is still no clear proof of this in spite of the large number of
studies which have been carried cut, A.M, Kuzin, based on the struc-

- tural-metabolic theory which he developed, ascribes a major role in
the development of radiation lesion to toxic substances formed in
the irradiated organism and suggests that o-quinones in semiguinone
form are one of the primary toxlc compounds [13, 14].
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This is a far from complets list of theose toxic sub-tances
which are formed in an irradiated organism. However, these data
are cufficient to suggest that irradiation causes the formation
of a whole series of toxic substances, the combination of which
can crecate the qualitative pecullarity of lonlzing radiation's
specific effect on the organisii. Therefore, the notion, which
has exist2d for a long time, of the toxie substance radiotoxin
(RT) as some unique compound which 1s capable by its presence of
causing all che symptoms of radiation sickness, seems incorrect
to us. The 1dea\of a unique RT was engendered when there were
still no clear notions of the nature of primary disturhances as
a result of the effect of lonizing radiation and of those bio-
chemical charges which occur in this case.

The question of which toxic substances ar: formed directly
as a result of irradiation (primary RT) and which are the result
of previously formed toxic substances 1is appropriate at the level
of present-day knowledge. It "is important to estiblish which meta-
bolic links are disturbea from the effect o1 one or anuvther toxic
substance and to isolate those which, in acting on the ceil nucleus,
cause such characteristic synptoms of the radiation reaction as
cessation of cell division, growth inhibition, leucopenia, suppres-
sion of DNA synthesis, development of chromosome fractures, etc,

The experiments of A.M. Kuzin and L.. Kryukova kave played
a major role.iln the investigation of such RT. From irradiating a -
leaf of the Vieiag faba plant with complete screening of all of the
rest of the plant, the authors noted inhibition of mitotic divi-
sion at the. growth points, and removal of the irradiated leaf in
the 4 hours immediately after irradiation led to elir nation of
the noted effect [15]. It turned out that substances which are
formed in an irradiated leaf are easily extractel and if plant
seeds are moistened in such extracts, inhibition of mitotic divi-
sion is also noted [16]. It was established that along with inhi-
bition of mitotic division, a disturbance in the chromosome appara-
tus occurs [17].

‘After the introduction of such extracts into animals there
occurs a drop in weight with subsequent inuibition of growth (see
(18] and this collection, page 90), a sherp decrease in the number
of leucocytes in the first hours after injecuion (see pag? 90) and
a change in the welight of some organs, as is found in readiation
sickness, The fact that, as Kryukove, et &l, [19] showed, these
extracts selectively act more actively on malignant tumor tissues
~was also interesting. The fact that extracts obtained -from irrad-
iated plants contain 1,5-2 times more o-dioxyphenols ‘than extracts
from nonirradiated plants draws attention.

It 1s known that a whole series of phenols ‘have an expresaed
toxic effect. Some phenols &t concentrations of 1¢10-%*-1.10-%
inhibit mitotic division, disturb the chromosome apparatus and
have an effect on a whole series of enzyme systems [20, 21]. The
- toxlc properties of the phenols are determined by. their structure,
the arrangement of the hydroxyl groups and the nature of the sub-
stituent. One important property, from our point of view, is that
the toxicity of the phenols is determined by their capacity for
the formation of free radical forms [22].
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Kuzin, et al, [23] showed that in potato tubers irradiated
with a dose of 15 curles, the amount of such o-phenols as chloro-
genlc and caffeic acids increases considerably. In joint work with
T.V. Volkova, we noted an increase in 3,4-dioxyphenylalanine in
Vieia faba leaves. Chlorogenic and caffeic acids can have an ef=-
fect on a whole series of metabolic links and on growth processes.
However, as Sokolova showed [24], for the development of the toxi-
city of chlorogenic acid, concentrations far exceeding the limits
o' the physiological norms are rnieeded, whereas in the irradiation
of potato tubers the concentration of chlorogenic acid increases on-

- 1y by T70-80%. :

Consequently, the toxic effect which 1s noted in extracts of

irradiated plants is connected not only with substances of phenolic

nature, but also with some other substances. The assumption that
these can be substances of peroxide nature (for example, lipid pero-
xides) 1is unlikely since the separation method which was used exclud-
ed their presence in large amounts. But even if it 1s assumed that
part of them 1s extracted, the concentration of these substances

will clearly be 8o insignificant that it is difficult to expect any
effect,

An examination of the toxlcity of solutions of hydrogen pero-
xide on plant seeds (on which the toxiclty of extracts obtained
from irradiated plants was determined) showed that only a concen-
tration of 10-2 M indisputably inhibits germination of the seeds,
whereas a concentration of 10~ M hardly inhibited growth. Siegal
[25], in studying the toxicity of some peroxldes, showed that lino-
leic acid in a concentration of 2+10=* M when oxidized with 1lipo-

xidase for 20 hours inhibits seed germinaticn in comparison with
linoleic acid only by 12%.

In order to determirie the nature of the toxic substances formed
in irradiated plants, potato tubers of the "Lorkh" variety were ir-
radlated in a GUPOS-2 cesium apparatus with y-rays at a dose rate
of 700 r/min in a dose of 15 curles. Twenty-four hours after irradia-
tion the potato tubers (control and experimental) were chilled to 0°
to prevent oxidative processes during separation. The surface layer
(3= mm in thickness) was removed and the middle part was homogenlzed
in 96% ethyl alcohol chilled to -20°. The extraction lasted 60 min-
utes with mechanical stirring. After precipitation oy the stroma
with alcohol the extract was concentrated under vacuum at 28-30°.

The sediment which forms as a result of the concentration was re-
moved and the clear light yellow solution was acicdifled with hydro-
chloric acid to pH 2.0 and extracted with ethyl acetate. The ethyl
acetate layer obtained (to which, according to the datus in the
literature, the quinones must have moved) was applied to a paper
chromatogram (20 x 20 cm) and fractionated in two solvents, name-
ly, in 2% acetic and in a benzene-acetic acid-water mixture (in a
ratio of 2:4:1). The results of the chromatographic sesparation are
shown in Fig. 1.

In examining the chromatograms in ultraviolet light, several
fluorescing spots (1<5) are found and a substance X 1s contained
in the irradjated tubes in contrast to the control, Substance X
fluoresces with a blue light which in a few seconds changes to
dark blue, and it also gives a positive reaction with aniline
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reagent which indicates the quinoid nature of this substance. A
special reagent for quinones, consisting of sulfuric acid, zinc
powder and a basic thiazone dye also gave a positive reaction [26].
Kuzin and Norbayev [27] found by polarography that water extracts
of irradiated potato tubers give a half-wave et -0,35 v typical of

quinones. Spots 1 and 2 give a positive reaction for o-dloxyphenols
(Arnow reaction) [28].

Quinones are very reactive compounds., They can be compared with
a, B-unsaturated ketones, but they are conside¢rably more active.
The high reaction capacity of the quinones is connected with the
nature of their structure which is characterized by relatively
little additional stabilization through resonan: . energy. Quinones
are compounds which are widely distrivuted in nature, whose great
significance in blochemical processes 1s becoming more and more
evident., However, this pertains primarily to the p-quinones; it 1is
usually not possible to isolate o-quinones from normally metaboliz-
ing cells. o-quinones have higher potentlals than the corresponding
p-quinones., o-quinones are actually the strongest oxldizers of all
natural organic compounds. In connection with this, it was impor-
tant to establish to which quinons serles the quinones found in
the irradiated samples belong. For this purpose, 1+10-"H ascorsic
aclid was added to the test solution, whick, as 1s known, quantita-
tivlly reduces quinones to the corresponding phenols, After separa-
tion on a two-dimensional paper chromatogram under the same condi-~
tions as described above, th2 chromatograms shown in Fig. 2 were

'obtained.

As seen from Fig; 2, thé’spbt (see X in Fig. 1) belonging to

- quinone disappeared, whereas:the intensity of Spots 1 and 2 increased

sharply. As was shown above, Spots 1 and 2 contain substances of a
phenolic nature with ortho-iocated hydroxyl groups. Hence it fol-
lows that the addition of ascorblc acid to the test solutlions leads
to the formation of o-dioxyphenols, which speaks of the orthoposi-
tion of the carbonyls in substance X. Substance X was eluted from
the chromatograms with alcohol and the absorption spectrum in the
ultraviolet regiun was recorded on a self-recording spectrophoto-
meter. The absorption spectrum of substance X in the ultraviolet
region is given in Plg. 3.

(o) Q
o o g
<:f>°:"< oS"
Q ! . o ! 7]
‘ ]
L. .

Fig. 1. Chromatogram of ethyl acelate fraction separated from
nonirradiated &nd irradiated (in a dose of 15 curies) potato tubers
(middle part). a) Control; b) after irradiastion. Along ordinate —
mixture of bengzene, acetic acid and water (2:4:1); along abscissa -
2% acetic acid., Numbers 1-5 - number of spots.
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Flg. 2. Same as in Fig. 1, but with the
addition of ascorbic acid in a concentra=-
tion of 1¢10-* M.
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Fig. 3. Spectrum of substance X in ultraviolet region, taken on a
self-recording spectrophotometer. Unbroken curve - substance X;
broken curve - chlorogenic acid.

- As follows from the curves obtained, substance X has two clear
maxima — at 255 and 322-324 mu. The absorption spectrum of chloro-
- genic acid was taken for comparison, In the long wave region sub-
stance X has a spectrum characteristic of cinnamic acld derivatives,
- 4n the short wave region (250-255 mu), it 1s closer to substances
of quinoid nature. Thus, extracts of irradiated plants which have
toxic properties contain o-quinones in addition to phenols.

An inocrease in quinones after irradiation occurs not only in

- plants where, as is known, there is a large number of substances

~ of phenolic nature, but also in animal organisms. The results have

- been published earlier [29], here we should only like to emphasize
that later analogous data were obtained by Plyshevskaya et al. (see
this collection, pages 37 and 60) and Ivanitska and Kugin [30]. One
of the possible reasons for the appearance of o-quinones in an ir-
radiated organism may be a disturbance in the linkage of enzyme

-22 -

Y e o R N 2 e Y e i o 8 S e s e kemelesn S e C e e R e s et




AR

PR I OSBRI g erin s SR e N e g RS 5 B TR i T S A MM s S SN N, R O IR N W e

systems responsible for the oxlidation of polyphenols. Earlier it

was believed that polyphenoloxidase is radioresistant. Thus, ac-
cording to Sussman's data [31] a dose of 300 curies is insuffi-
cient to inactivate this enzyme. However, in 1958 Schwimmer [32], in
1959 Rubin and Mikheyev [33] and in 1960 Kuzin and Kopylov_[34] re-
ported that after irradiating plants with & cdose of 10-15 curies, a.
disturbance in the activity of polyphenoloxidase occurs. The princi-
pal path of the oxidation of polyphenols by pclyphenoloxidase has
been suggested by Dawson [35] and consists in the following:

/\l A ¢°
\ou \o
| /20 .
+HO0— s
Yo Ho”

‘Ho”

000 00
[

As seen from this diagram, for oxidation of pyrocatechol by
polyphenoloxidase the participation of the ensyme is necessary on-
ly in the first stage, that is, the oxidation of pyrocatechol to
o-benzoquinone, If ascorbic acid is added to the reacticn medium,
the whole further process of oxidation, according to this sohen.,
must be interrupted., It is possible to judge the rate of the enzy-
matioc process at this stage of oxidation from the amount of ascorbic
acid which went into the reduction of quinone. To determine the poly-

henoloxidase activity one can use Povolotska and Sedenko's method
36], based on this prinociple. The results of measurements made by
this method of the activity of polyphenoloxidass isolated 2§ hours
:ft:: 1§§:giation of potato tubort 1n a dose of 15 curios are ¢1v0n Co
n the e, -

It is soon tron these dstn chnt tho palyphcnolozidalo ucetviey :
at the given stage of oxidation is not disturbed during irrsdistion.
We have developed snother method of determining polyphenoloxidase

B activity which consists of recording the reaction at the stage or .

the roruntion ot thc ponultinatc reaction proﬂuct -voxyquxnono

Anong the product: or tho ensymatic oxldation ot ,_i '!chal
only oxyquirone has an absorption maximum at 255 my (37]. By measur-
g its arount on special ultraviolet equipment capable of absorbding
nly in the region of 255 mu, it 1s possible to deteraine tho rlte
or the enzsymatic process. , ,
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Ascorbic acid oxidized
(enzyme aclivity), mg
Potsto tubers ——— s
Expt. 1 | Expt.d ’Expt.lll Averages
Controt ., , ., ..... ... 120,13 ' 103,7 1.5 ion
Irradisted e e e e e 107.% [ 1158,7 118,4 14
7,
‘ A+ .
; T
= &
¢ /
td '
i ; —1
g4 ] | T
; Y

¢ 1 23 ¢+ 5§ 7’40 T xr«i‘
h m.

Pig. h Rate of polyphenoloxidase reactioh determined rrom absorp- |
tion at 255 mu. Reaction conditions: pH 6. Bi T = 27 t G,1°; phos-
phsketgurrer, pyrocatechol aubstrate (1-10- H). 1) Noml. 2) Ir-
radia : ~

S The kineti.ca ot the anzymtic proeeu were continuously reeorded R

. on & type BPP=92 potentiometer, The average results of three ex~ 1

. periments are pmsentnd in Pig. 4. The initial pyrocatechol con- ~ -
© _centration was 1:10=* M; an: acetone preparation of the ensyme iso-

-+ lated from lrradiated and nonirradicted tubers was taken in an ERNS

o amount of 5.8 mg of protein in 1 ml both in the ccatrol and in the R

T Vn.c:ngil::: (;“ hours urter irradiation et potato tubors 1n a dcsa.~;-"g

QR n nm n-oa m ﬂ tho aenvity ot polyphunolonduo uoheed .

. 2% hours after 3.mdution proved to be more than 2 times higmr o
. than in tne control, with the selected method of #siermination,

. Consequently, while m the first stuge of txidstion (szee data in '

- table) as a result of irradiation a disturbance an ensyme activity

-does not ocour, in s\t’anqme sttges a anup incx'nn 1n m amount

'.;'“,or omnmm- 1 noted, | e

Accordinz to “he schoue suggsa;eé ';fu&uson L%SL o«idv: on,o?.-.,-"
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pyrocatechol after the formation of o-quinones occurs without en-
zyme participation. However, if it is assumed that oxidation of
pyrocatechol by polyphenoloxlidase is carried out by the enzyme not
only in the first stage of oxidation, but, possibly (by analogy
with the oxidation of dioxyphenylalanine by tyrosinase, according
to Reper and Masson) also at other stages, it is easy to understand
the resulte obtained in this work., As a result of irradiatior inhi-
bition of one of the enzymes of the polyphenoloxidase complex which
oxidizes oxyquinones occurs; as a result they are accumulated as in-
termediate products which normally are oxidized further thanks to
the orderliness of this entire scheme,

This can be compared with the specific effect of a poison on
a polyenzyme system, where normally it 1s not possible to isolate
intermediate products of the reaction, while from the action of the
poison on one of the enzymes accumulation of intermediate compounds
sufficient for quantitative deterwmination occurs.

Consequently, the noted increase in oxyquinones in irradiated
samples rather is the result of the inhibition of one of the enzymes
of thq,polyphenoloxidase complex than activation of another.

The data obtained by Anbar [38] are interesting in this con-
nection. He notes that molecules carrying a copper lon have an ad-
vantage in radiolytic separation over the other organic compounds
dissolved in the system, This effect increases with an increane in
oxygen concentration. Many engymes of the polyphenoloxidase complex
contain copper, which perhaps causes the observed inactivation.

Thus, the toxicity of extracts obtained from irradiated plants
carn be connected with the accumulation of o-quinones which, as 1is
known, possess the clearly expressed ability to inhibit cell divi-
sion end to cause chromosomal aberrations [39, U0].

.Glaarly, the toxicity of the-é-phenols'1iiilao.detern1ncd by;

- their sbility to be easily oxidised to quinones in the organism,

. ~As Reed showed [41], quincnes accumulated from the oxidation of _
- o=-dioxyphenols by polyphenoloxidase inhibit mitotic division at the
- prophase stage. The addition of cysteine removes this effect. The

formaticn of quinones in an irrsadiated organism possidbly is the re-

. sult of a disturdbance in the activity not only of polyphenoloxidase,
. vut also of peroxidase, The activity of the latter increases consider-

- -ably In irradiated organisms. Shifting of the pH to the alkaline .
“side in irradiated plants and animals is one of the possible causes
of the auto-oxidation of polyphencls to quinones. It is iateresting =

‘that the products of the auto-oxidation of polyphenols are consider-

. ably ‘more toxic than the products of ensymatic oxidation. For exam-
 ple, Aif the toxicity of chlorogenic acid 1s taken as one, the pro- -

ducts of its ensymatic oxidation will be three times more toxic, and =
the products of auto-oxidation — 10 times [42]). It is also necessary =

to take into account tiiat duriang irradiation the radiation-chemiocal -

"~ yxidation of o-phenols to quinones will also occur. The quinones
which are produced in catalytic amounts can have an effect on the

‘activity of individual enzymes of the polyphenoloxidase complex,
which will lead to subsequent, post-radiation enstymatic accumula-

 tion of quinones.
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QUANTITATIVE PRINCIPLES OF THE APPEARANCE OF QUINONES IN IRRADIATED
PLANT TISSUES AND YEAST CELLS

N. Aerbayev and A.M. Kuzin

e (Institute of Biophysics USSR Academy of Sciences)

In order to understand the pcssible rolie of quinones which ap-
pear in irradiated tissue and cells [1-6], it is necessary to know
the cuantitative principles of their formation in relation tc dose,
time after irrcidlation and dose rate of the irradlation. The methnod
of :electron prarography was used for this purpose~ the height of
the polarographic wave was measure®.at E* = 35 v in equipment

of the PA-2 type. '

‘ It was shewn earlier {6] that after 1rrad1ation of potato tu-
‘bezs the amount of quxinones increases strictly exponentially in re-
lation to the dose. The increase in the amount of quinones continue.
for 3 days after irradiation (in an irresdiated tuber at room tempera-
ture) and the curve of this increase corresponds tc the curve of the
formation of a product of a reversible first order reaction.

- It seemed of 1nterest to follow the regularlty of the increase

in amount of aulnones under the more complex conditions of active-

.~ly r:vaboliziug tissue. For this purpose the formation of quinones

- and their excretion through the roots of 1rrad1ated:corn germinants
‘bwas 1nv~stigated. ; ‘ : ,

R Sevennday corn germinanbs (of the "Sterling variety) were ir-
~radliated in a GUPOS-2 cesium apparatus with y-rays with a dose rate
= of T00 r/min in increasing doses. 15 minutes, 6, 24, 48 and 72 hours
’“\frter irradiation, 7 g of tissue was taken, pulverized with 20 ml of
' 6% alcohol and centrifuged at 8000 rpm. Al)l procedures were carried
- out at a tempe.;ature of 0°C. The oxygen was displuced from the solu-
tion obtained at thiy temperature by purified nitrogen and recording
of the polerographic wave was conducted in the presence of a base >
Yeleetrelyte (phoephate buffer, pH 6.8) with an equipment sensitivity
of 1. 0.

- The average dete rrom six series of experiments are presented
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Flg. 1. Quinone'content of corn'germinants depending on dose and

time after irradlation (X, is taken as 100%): a,b) Dependence on

dose at different times after irradiation (time indicated on curves); .
c,d) dﬁpendence on time with difterent doses (doses indicated on 3
curves). ’ V o . , ‘ o T

B S et SELE

As seen from Fig. 1, the amount of quinones formed in the ire-’
radiated germinants increases atrictly exponeatlially depending on .=
the dose and time in the post-radiation period. The pattern of qui-
none formation in actively metabolizing tissues of corn germinants
1s close to the earlier described patterns of their formation in
irradiated potato tubers [6]. ‘ o ‘

Ll

It can be assumed fi1om the rapid increase in the amount of
quinones in irradiated tissue that in the case of the toxic ac-
tion of the quinones the plant will attempt to excrete them from
the tissue through the root system. For a quantitative study of
this phenomenon, 40 normally growing corn plants were selected
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- on the seventh day after sprouting of the germinants and irradiated
-~ 4in the GUPOS-2 with y-rays with a dcse rate of 700 r/min in doses of
. 2, 4, 10 and 30 curies. After irradiation the roots of these germi-.
~ nants were placed in 75 ml of distilled water. After 24 hours- the
water in which the roots were kept was removed and concentrated in

a vacuum to 5 ml, The oxygen was driven off with pure nitrogen and
the polarographic wave was-determined at &

' = -0,35 v with an equip-
ment sensitivity of 0.1, Distilled water wis'used in order to pro-~

mote escape of the compounds which interest us through the hypo-
tonic conditions. In these experiments nonirradiated plants also
- excreted in 24 hours a small amount of substances giving a polaro-
graphic wave at E; = ~0.35 v. The change in the excretion of qui-~
e

nones from the effect of irradiation with different doses (average
data of six experiments) is presented in Table 1.

TABLE 1

Excretion df Quinones.b& the Roots of Corn Germ-
inants 24 Hours After Irradiation '

) } Al
Redistion do !"‘.,."" of palarogrephic  pog;gion dos Height of polerographic
em‘: * cw(‘o'::;" i =m curles * :';:mh{:g'
Control | . 27,0414 10 | 56,0443
P _3%%§?m. 30 T5.0£13

{ _} }t Two detalls from these data are of interest: 1) at doses be-

16w 5 curies noticeably fewer quinones are excreted than in the

. control, and 2) with a further increase in the irradiation dose

progressive excretion of the quinones is observed which reflects
~ the pattern -of their accumulation in tissues shown above. The
amount of quinones formed in plant tissues at 10 curies in 24 hours

18 approximately 300 times more than the quinones excreted in 24

hours by the same plant. -

: The question of the formation of quinones: in seeds after
‘their irradiation 1s of great interest. The work of Berezina and
Yazykova [7], Fonshteyn [8] and others showed that-removal of the
‘embryo from irradiated endosperm and corymb makes it possible to
decrease considerably radiation lesions arising in the embryo. Iv
is likely that the RT which are formed in the seed on entering the
embryo play an impertant role in its radiation injury. If you con-
sider that quinones appear as a result of a disturbance in oxida-
tive processes which take place particularly intensively in the

. corymb of the seed durinf its germination, it can be assumed
v

that partiocularly intensive quinone formation takes place in the
corymb. In order to verify this assumption, corn seeds were soaked
for 24 hours, then irradiated with y-rays in doses of 2, 4, 10 and
40 curies, immediately after irradiation the embryos were removed
and the seeds (40 specimens) placed in 25 ml of sterile distilled
water, After 24 hours in water the amount of substances giving a
polarographic wave at F, = -0,35 v was determined at equipment
sensitivity of 0.1. Nonirradiated seeds, also with the embryo re-
moved, served as a control., The results are presented in Fig. 2.
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It 1s seen from these data that after irradiation intensive
formation of quinones begins in the seed (its endosperm and corymb)
“ and that their level, determined aftsr

24 hours, increases, depénding or the

w T dose, ctrictly exponentially. It is in~

”*\A ~1 teresting to note that when the embryo
& : is removed quinones are excreted into
- 4 the external medium and, consequently,
o0 . in a whole seed they will go from the -
kS B . corymb to the embryo tissue, causing
, \\ : ‘radiation effects in the latter. )
2 ‘ ‘ : The increase in the amount of qui- .
: : nones in irradiated tissue depending
N on the dose and time which was shown
ew ﬁ on potato tubers as well as on corn
: i germinants and seeds stimulated stud-
; \‘ ies of other specimens to confirm the
§ universality of this process., .
4 Diploid wine yeasts, Saccharamyaca

.vini, isolated from the vinous material
"Bayanshirin" (grown in grape must of
: : the "Riesling" variety: saccharinity
: : \\ 16.8%, specific gravity 1.071, pH 3.36,

total acidity 6.1) were used in the
studies. The must was sterilized for

20 minutes at 0.5 atm in 1 liter Ehrlen-
meyer flasks. 2 vol, % of a rejuvenated
2=-day culture was added to 200 ml of
the muat, Cultivation was carried out
under aerobic conditions (on a shaker

? 1
'y 7.8 N W

Dose, curies

Flg. 2. Exeretion of

duinones by, crradisted at 180-200 rpm) for 2 days at 27-28°.
hours after removal of : o

To separate the cells, the cell
f?gzgfagfgﬁngigg on the suspension in the must was’filtered on
, ) the second day and washed several times

with sterile distilled water and suspend-

ed in 12 mi of sterile distlilled water

(the concentration of the suspension
was approximetely 83 million/ml). The suspension was irradiated in
cesium equipment with y-rays with a dose rate of 700 r/min in doses
of 50, 100, 300 and 700 curies, After 24 hours of storage at 27°,
the yeasts were removed by filtration, the transparent solution
saturated with nitrogen and the height of the polarographic waves
was determined at; B, = -0.35 v at an -equipment sensitivity of 0,04,
The average results ' obtained from three series of experiments are

presented in Fig. 3. As seen from the data obtained, quinone excrse-

tion proceeds according to an S~shaped curve, whic- evidently re-
fleots the nature of its formetion in irradiated yeast cells.

The dynamices o1 quinone excretion in the time after irradia-
tion was investigated in a special series of experiments. In thede
experiments the yeast suspension was irradiated in a dose of 100
curies and kept for 24 hours in water, After this the sells were
removed by filtration, washed and transferred to pure sterile wa-
ter. The procedure of filtration, washing and transfer was carried
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out every day for 5 days. The amount of quinones excreted on the
1st, 2nd, 3rd, Uth and 5th days was determined by the above-des-
cribed method. The data obtalned are presented in Fig. 4.
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Flg. 3. Excretion of quinones by irradiated yeast cells of Sagecharo-
myoes vini depending on dose and time after irradiation (X_ taken as
.00%). a,b) Dependence on dose (24 hours after 1rr¢dineion7-vc,d) de-
~ pendence on time after irradiation (in a dose of 700 curies); the

arrow indicates duration of 1rradiation.
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Fig. U, Excretion of quinones by irradiated
(in a dose of 100 curies) yeast cells of
Saccharomyces vinti,

As seen from these experiments, most intensive quinone excretion -
occurred on the 1st and 2nd day after irradlation. Then it fell
sharply, hardly exceeding the control, by the 4th day.

The increase in the quinones which was found in the time af-
ter irradiation made the enzymatic nature of their formation through
oxidation of phenol likely (see this collection, page 44), In the -
literature, the hypothesis has been stated many times that the ac-
tivation of the enzymes is the result of a radiation-chemical change
in the physical properties of intracellular structures [9], their
breakdown [10] or damage to subcellular membranes [1l]. If this is
correct, then by increasing the dose rate of the irradiation, greater
effectiveness of this initial disturbance of the elementary struc-
tures and thereby increased quinone formation might be expected,

To verify the hypothesis, irradiation of potato tubers with y-rays

of Co®? (at the Institute of Organic Chemistry) with a dose rate of
irradiation of 300 r/sec was carried out, at the same time as another
batch of the tubers was simultaneously irradiated in Co®® equipment
(Institute of Biophysics) with a dose rate of 1.6 r/sec,

The kinetics of the quinone formation in the time after a to-
tal irradiation dose of 20 curies is presented in Table 2 (sensitivi-
ty of the equipment equals 2). The data obtained clearly shows an in-
grea:: t? quinone accumulation with an increase in the dose rate of

rradiation, _

A quantitative investigation of quinone formation in irradia-
ted tissues of young germinants and in yeast cells showed that, as
in potato tubers, after irradiation of actively metabolising cells
oxidative processes arise which lead to a rapid insrease in the ap-
pearance of biologically highly-active quinones. The obtaining of
similar results on four different specimens (potato tubers, corn
germinants, corn seeds and one-celled organisms — the yeast Saccha-
romyoes vini) indicates that quinone formation is a common response
reaction to irradiation for plant tissue. '
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TABLE 2

Quinone Formation in Potato Tubers Depending
on Dose Rate

i T“h::d:t:::..:x sher Radiation doseiate, r/sec Holﬁ::::o::mghlc
. “Te e
°§5f | H30Ee s
i c?ﬁﬂ 10205140 .
- e -
3d C::ﬂ B ¢ ;3 ‘
_ 1Coatrol . 56,043.8
300 152,016.3
- | m | e
N xﬂ:;‘ ngﬁ3§# ~n‘

Tho»doae'curves-texhqnéntiai or S-shaped) examined above
teria and interpreted according to target theory as one~- and .

multiple-hit curves. However, having shown that the accumulation
of toxic quinones is expressed by the same dose curve, we can easlly
explain other radiation effects as the result of the action of in-
creasing amounts of quinone in place of the hypothesis of one- and
multiple hits of an ioniging particle on unique structures, The ex-
.ponential nature of the curves describing the increase in quinones
with the time after irradiation is of special interest. It indi-

. oates that the reaction of quinone production is one of the firat
“peactions of the effect of radiaticon, which arises directly during
the irradiation and at the same time having the characteristic :
that havinf begun, it ocontinues after irradiation, which clearly j
indicates its ensymatic nature. The assumption concerning enzyme ;
~ activation as its basis is in accordance with the data on the de- E
pendence of quinone yield on the dose rate of the irradiation. ‘

The active excretion b{ irradiated tissues and cells (germi-
nant rootlets and yeast cells) of the radiotoxins -~ quinones -
which are formed in them which wes found is of extrsmely great in-
terest. Processes of the yeasts' recovery from radiation lesion
during their storage in tap water which have been desoribed by a-
nusber of investigators [12-14] finds a natural explanation in
the elimination of RT, and dces not require any hypothesis of
"hidden" radiation injuries (see this colleotion, page U4).

It is interesting to compare the unique character of the
dose curve of quinone excretion by the roots of irradiated plants
with concepts of the mechanisms of the stimulatory and inhibitory
affect of radiation developed by Kuzin, et al. [15]. If their point
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of view that the same RT in small doses stimulates plant development
and in large doses suppresses it is correct, the data in Table 1 '
have asimple explanation: at low stimulatory radiation doses, the
quinones which have this stimulatory effect are retained by the
tissues, and only at large doses, toxic for the plants, are they
excreted from it via the rocot system. . '

As 1is kriown from the literature, a number of changes observed
in the germinants of irradiated seeds increased exponentially de-
pending on the dose (for example, the number of chromosomal aberra-
tions). The exponential increase shown in the present work in the
quinones which enter the embryo from the irradiated seed makes 1t
possible to see the true cause of the exponential increase in the
lesions in the embryo in the regularities of the entry of RT into
embryos in a supplement to the hypothesis of a direct hit on the
structures which are injured. Such a polnt of view agrees well with
the results of a number of studies which showed the origin of ra-
diationinjuries, including chromosomal aberrations in the action
of RT [16, 17].
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QUINONE FORMATION IN THE LIVER OF IRRADIATED ANIMALS
Ye.6. Plyshevskaya, N. Norbayev and A.M. Kuzin

(Institute of Biophysics USSR Acadamy of Sciences)

It has been shown in a riumber of investigations [1-3] that
the amount of o-quinones in plant tissues increases after their
irradiation. The radiomimetic properties of these compounds have
also been demonstrated and the hypothesis has beun stated that
%‘-‘qﬁr]:ones are the principal component of plant radiotoxins (RT)

The question has arisen of whether o-quinones also appear in |

the animal organism when it 1s irradiated.

There 1s data in the literature on an increase in the amount

of tyrosine, which can be a precursor of o-quinonss, in the tissues
and blood of irradisted animals [12-14]. Tyrosinase dctivation
has bdaen shown in the skin of rats soon after irradiation [15].

- ‘The sppearance ¢f quinones in the liver of irradiated rats
was found in a reaction with aniline (16). However, thu low speci-
ficity of this reaction 4id not give sn unequivocal answer. In the
same work there are also observations of an increase in the absorp-
tion peak in ultraviolet at 255 mu of extracts from the liver of .

irradiated animals. -

It was the purpose of the present work to study the quantita-

tive principles of the initial quinone acoumulstion in the iiver

-~ of irradiated animals depending on the dose and time after irredis-

tion.

with y-rays with a dose rate of 700 r/min.

~ The liver was removed at different times after irradistion.
- The livers (10 g) of three r3is were homogeuised at 0° and extrast-
ed with a five-fold volume of 96% alcohol for 2 hours at room tim- .
‘perature, Then the homogenate was centrifuged at 8000 rpm for 30
“minutes, the extract was decanted and the alcohol drivem off in .
vacuo. The residue in a volume of 2-3 ml was neutralized with 0.1 N

NaOH and brought to 5 ml with pH 7.4 phospaate buffer.

.37 -
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 Unbred white rats weighing from 80 to 100 g were the subjest
of the study. Irradiation vas carried out in a cesium apparatus = -
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; b Mge . Ultraviolet absorption spestra of algcholic extracts of - .
the liver of rats irradisted ¥ith a dose of 2 auwiies, for different = -

g  times after irradiation. 1) Unirradiated; 2) after 15 minutes; 3) -
ol ~ after M hours; ) after 2h hours. - R

e - .. . After a short stay iin the refrigerator, the extract was agein
1 centrifuged to remove the Tinely dinperdad ssdiment which precipi-
- tates out. The extraocts obtained wers 2tudlad &t 8 §o.roid dilu~

~ tion on a self-reconding spectrophotommter, manufactured on the
o " basis of the SF-4 spectrophotoneter. As a result of all the opsra-~
4 tlons, the substances extrac froa 10 g of liver were gunteined
1 4n 200 ml of solution, - N Rhfbara

"~ +ne sbsorption spectrs : ‘the extracts under investigetiza
- which were extracted 15 minut s, & and 24 hours after irradiacion SR

.. As seen from this figure, extracts of the 1ivers of unirradist-
" ed vats heve an absorption isc‘ct-m tynical of o-quinones with a
. maximan of 255-256 mp [17-19]. The spentra obtained cleariy indi-

' oste {from the increase in absorption in ultraviolet at 255 mu)

< sl increase in the o-quinone sontent of the 1iver tisauss 15 min-

' utes after irrediation .lp comparison with the contsol), an in- | 3
 oresss in 4 hours and some incroase 23 hours after irradiation. -

_The increase in the o-quinone content of the livers of T8

radisted rats which wes found stimulated tne suthcrs to investigate B
the dose dependerce snd dynamics of theis. accussliition i time.
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The o-quinone content of the liver of the control rats is

B relatively constant (Table 1). In irradiating rata (each result

= .~ 48 the average value of 3-4 independent experiments) with a dose

i - of 1 curle, the o-quinone content 15 minutes after irradiation

- -paliably increases in comparison with the control. Four hours af-
- =+ . 'ter-irradiation this increase reaches 171%, and after 48 hours a
SR second rise is noted — to 248% of the control.

Arter 1irradiation with a dose of 4 curies, the same pattern

is observed but the level of o-quinones accumulation is consider-

ably. higher and 15 minutes after irradiation reaches 159% of the
~econtrol, while after 438 hours it 1s 280%. Four hours after irradia-
, Ltiun\tre level of o-quinone accumulation reaches the first plateau,
" at which it remaired until 24 hours after irradiation. This time

was used for finding the dose dependence. The data obtained are .

rpresented in the same tatile,
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Mg, 2. o-quinone accumulation ir liver of irradiated rafts depend-
ing on the time after irradiation. 1,3) Polarographic method; 2,4)
spectro hotometric method; 1,2) 1rrad1ation with a dose of y’ curies;
3, u) irradiation with a dose of 1 curie.
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: inalogous studies were conducted in parallel by the method of

2 : electron polarography. The o-quinone content was simultaneously de-
- S termined in the same extraocts by the polarographic and spectrophoto-
b metric methods.

¥ - . The polarographic method is sot forth in detail in this collec-
r tion (see page 28). The amount of the substances under investigation
L ~~ was determined from the height of the polarographic wave at a half-
;‘g wave potential of 'i = 0.35 v, which correspoads to the quinones.

The origzinal extract (4 ml) was placed in the polarographic cell,
to which 4 ml of base electrolyte was added. Phosphate buffer at
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pH 6.8 served as the polarographic background for these compounds.
The determination was carried out in a nitrogen atmosphere.

The o-quinone content in liver exitracts obtained by the polar-
ographic method is presented in Table 2. As in the case of the
spectrophotometric method, the time (at doses of 1 and 4 curies)
and dose {4 hours after irradiation) dependences of the o-guinone
accumulation were determined. ' ‘ .

The data obtained by the methods of electron polarography and
ultraviclet absorption are compared in Pig. 2. As already noted
above, at a douse of 1 curie, the o-quinone content increases sharp-
ly, and at 4 hours after irradiation reaches a plateau, remains at
aprroximately the same level until 24 hours, after which a second
sharp rise follows. At a dose of 4 curies, this pattern has a simi-
lar character, but at a somewhat higher level,

_8

Z

Orthoquinone accumulatiorn, : (v coatrul)

-
Dose, cu

Fig. 3. o-quinone accumulation in liver oflifradiaped rats (4 hours
after irradiation) depending on the radlation dose. 1) Polarographic
method; 2) spectrophotometric method.. - =~ ‘ .

The curves of the dose dependence uf o-quinone accumulation
in the liver of irradiated rats in per cent of the control are
presented in Fig. 3. As seen from this figure, the curves have an
exponentlial character which is confirmed by the straight-line rela-
tion on & semilogarithmic scale (Fig. U). ‘

As seen from Fig. 4, for both methods the points lie on one
straight line and, consequently, there is good agreement of data
- obtalned by the two different methods. ,
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Fig. 4., The same as in Fig. 3, but on a semilogarithmic scale. X
-i1s the amount of o-quinones formed in per cent of the control; X

'1s the maximum amount of quinones forming; the open circle is the

polarggraphis method; circle with cross is spectrophotometric
method.

: Thus, the data obtained by two independent methods —-polaro-
graphic and spectrophotometric — make it possible to establish the
following.

1. In the liver of irradiated rats, as in the case of plant
~8pecimens, there is an increase in the o-quinone content in com-
parison with the conctrol animals,

2. The doae dependence of o-quinone accumulation in the liver
of irradiated rats is of an exponential character. This factor makes
it possible to believe that o-quinone accumulation in the liver of
irradiated rats reflects primary reactions of the interaction of -
-~ the lonizing radiation with specific cell components,

3. The continuing increase in the quinones with time after .
irradiation indicates a linking of the primary radiation-chemical
processes arising in the cells with subsequent enzymatic ozidative
processes leading to quinone formation.

: 4, The regular and oonsiderable increase in the quinones in

the first 4 hours after irradiation makes probable the hypothesis
concerning their role as RT in the further development of the ra-
diation lesion of the animal organism.
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RADIATION ACTIVATION OF ENZYMATIC OXIDATION AND THE POSSIBLE ROLE
OF THIS PROCESS IN THE FORMATION OF RADIOTOXINS OF QUINOID

1

" NATURE

A.M. Kuzin, Ye.A. Ivanitskaya and I.K. Koloviytseva
(Institute of Biophyeios USSR Academy of Sciences)

4 As seen from previous work [l-4], the o-phencl and o-quinone
cencentration increases in tissues of irradiated animals and plants
and phenolase activation occurs. It can be assumed that the o-qui-
~nones or thelr semiquinone form, which have strong radlomimetic prop-
erties, play an essential role in the development of the.radiation
effect (see this collection, page 18). For an understanding of the
mechanisms of formation of the o-quinones it 1s interesting to study

"~ the in vitro effect of radiation on the enzymatic oxidation of tyro-

_sine by tyrosinase which leads, as is known [5,6], to the formation
- of the compounds which interest us,

- Numerous investigations have been devoted to questions of the
effect of radiation on enzymes [7]. Some have concerned the effects
of substrate (DNA, proteins and starch) irradiation on the rate of
subsequent enzymatic splitting [8]. And only in the work of Schachin-
ger and Chug [9] were dehydrogensses irradiated with X-rays with a
- dose rate of 15 curies/minute at the moment of the reaction. Here
interesting shifts in the direction of inhibition of oxidation re-
actions and intensification of reduction reactions were found.

; It was assumed that 1t is possible to explaln, by means of a
radiation change in substrate, enzyme or intermediate products of
the reaction, changes in the course of the enzymatic oxidation of
tyrobine at the time of irradiation, which can also occur from ir-
radiation of living, metabolizing systems.

Commercial cryatalline tyrosinase in a concentration of 2 micro-
grams/ml and a 10-* ¥ solution of tyrosine were used in the experi-

ments, The reaction was carried out in 0,15 M phosphate buffer at
pH 7.4. The rate of the initial stage of the multistage reactlon
of tyrosine oxidation was followed by determining o-phenols and
o-quinones by Utevskiy and Butom's method [10].
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Flg. 1. Change in the concentration of total o-qQuinones .and o~-phenols
during a 10-min reaction in a tyrosine-tyrosinase mixture and tyrcsine
solution from irradiation. 1) Irradiation of tyrosine-tyrosinase mix-
ture; 2) irradiation of tyrosine solution with subsequent incubation
for 10 minutes with unirradiated tyrosinase; 3) irradiation of tyro-
sine solution. .

In the first series of experiments the rate of o-phenol and o~
quinone formation was determined at 37.00 : 0.01° in the first 10
minutes of the enzymatic reaction. The reaction took place during
irradiation in RUP-3 equipment (180 kv, 15 ma, without a filter)
with dose rates of irradiation from 20 to 150 r/min which in 10 mine
utes produced a dose from 200 to 1500 r respectively. The results
are presanted in Fig. 1 (Curve 1).

As seen from the data obtained, at a radiation dose of 200 r
acceleration of the enzymatic formation of o-quinones and o=-phenols
from tyrosine takes place, This acceleration increases up to & dose
of 1000 r. At this dose (dose rate of irradiaticn 100 r/min) the re-
action was accelerated more than six times, A further increase in
the dose rate of irradiatisn and, consequently, of the dose leads
to some decrease in the effect. It was of interest to explain the
reason for such strong acceleration of the reaction of tyrosine
oxidation by tyrosinase during lrradiation. Irradiation of the en-
zyme alone under the same conditions with subsequent addition of
tyrosine did not change the rate of the enzymatic reaction,
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The assumption develcoped that the radiation-chemical oxidation
of tyrosine leads to the appearance in the system of o-phenols and
o~ quinones which, as is known, accelerate the enzymatic process of

- tyrosine oxidation by tyrosinase.

sy

The following series of experiments was set up for the pur-
pose of explaining the role of the o-phencls and o-quinones form-

- ing during the radiation-chemical oxidation of tyrosine in the in-

crease in the rate of the enzymatic process. A solution of tyrosine
was irradiated for 10 minutes at 37° with different dose rates.
Curve 3 in Fig. 1 corresponds to the amount of o-phenols and o-
quinones which form in this case through radiation-chemical oxida-

- tion, In the next series of experiments radiation-chemically formed

tyrosine was added to an unirradiated enzyme and incubated for 10
minutes at 37°. If the acceleration in the first series of experi-

<. .ments - was caused by the products of the radiation-chemical oxida-

“tion ofztyrosine which gradually appear in 10 minutes, from the ad-
dition of maximally oxidized (in 10 minutes) tyrosine one could ex-
\peét an even greater acceleration of the reaction. However, as seen

»" " from Curve 2 of" Fig. 1, although the addition of irradiated tyro-

. sine led“to acceleration of the enzymatic reaction, the effect was
" less than from irradiating the system at the moment when the enzy-
matic reaction takes place (compare Curves 1 and 2). This indicates

;that along with radiation-chemical oxidation of tyrosine, other fac-

" ‘tors participate in the asceleration of the enzymatic reaction (prob-

ably, a reversible changé in the enzyme's structure, inclusion of

| Vwater in the chain of. radiolytic products and others).

with the mathod of experiment selected several dose rates of
irradiation were used. At higher dose rates the decrease in the ef-
fect was evidently the result of a decreaze in the radiation chemi-
cal yield of o-phenols and o-quinones, In fact, speclally set up ex-

- periments on the irradiation of a tyrosine solution with a dose of

1500 r st dose rates of 150 and 50 r/min gave 0.35 ¢+ 0,10 and 0.80 ¢
t 0.17 microgram of oxidation products,

Al)l these data indicate that the appearance of ra‘iation-cheml-
ocal reaction products plays an essential role in the .adiation ac-
os lapration of the engsymatic process,

However, the question of whether it 1s possible to reduce the
entire mechanism of the acceleration merely to elimination of the
induction period of the reaction was raised. In order to answer 1it,
one further series of experiments was set up: the products of the
radiation-chemical oxidation of tyrosine obtained at 37°, with one
dose rate of irradiation (56 r/min) and different doses (aee dose
ocurve in Pig. 2) were added to unirradiated tyrosinase and the ef-
fect observed aftor 10 minutes of incubation at 37°.

The results of these experiments are presented in Fig. 3
(Curve 1) whir also contains Curve 2 calculated by adding the
amounts of added products of the radiation-chemioal oxidation of
tyrosine to the amount found in the experiment nf o-phenols and
o-quinones which form in 10 minutes at a constant rate of the enzy-
matic reaction (0.15 miorograms in recalculation tc adrenalin in
10 minutes in the period between the 10th and 20th minutes of the
reaction under the vonditions indiocated above). ~

-"6-




~ ' e AV

4 RO RARTSORERRTER R KIS b f e R AT £awx Gl S T g T R N"r st K

stions,

converted to adrenaline, micrograms

r_%?__?ﬁ > ﬁ_;__? £ 5 t‘;__i‘

B

Orthophenol and orth

o

[ N ™
Dose, r .

Flg. 2. Dependence of o-phenol
and o-quinone concentration in
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Fig. 3. Activation of tyrosinase depending on the consentration

of the added o-quinones and o-phenols. 1) Concentration of o-phenols
and o-quinones in tyrosine-tyrosinase mixture after incubation with
different initial concentrations of o-phenols and o-quinones; 2)
theoretical curve. (Along abscissa -~ initial concentration of o-
phenols and o-quinones in recalculation to adrenalin in micrograms;
along ordinate -~ the same, but after incubation with tyrosine).
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‘As seen from Fig. 3, Curve 1 does not coincide with the theo-
retical curve (Curve 2). This indicates that the products of the
radiation-chemical oxidation of tyrosine not only eliminate the
induction period, but also have an effect directly on the rate of
the enzymatic reaction of tyrosine oxidation.

It seems possible that the phenomenon of sharp acceleration
of the enzymatic reaction of tyrosine oxidation at tne moment of
~.irradiation which was found in the experiments plays an essential
-~ prole in the appearance of o-phenols and o-qguinones after the ir-

radiation of plant and animal tissues.
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INHIEITION OF DNA SYNTHESIS AFTER LOCAL [RRADIATION OF
CYTOPLASM AND NUCLEUS

A.A. Vaynson and A.M. Kuzin

(Institute of Biophysice USSR Academy of Seiences)

Studies on the local irradiation of the cell are greatly fur-
thering an explanation of the role of toxic products in the develop-
ment of radiation sickness [1]. By using this method, an attempt was
made .n the present work to explain the role of radiotoxins (RT] (PT)
forming after the 1lrradiation of cytoplasm in the development of
injury to the nucleus. In the investigation a study was made of
the dose dependence of the inhibition of desoxyribonucleic acid
[DNA] (AHK) synthesis after the irradiation of the cytoplasm and
nucleus of HeLa cells, Selection of the process of DNA synthesis
for study was determined by its high radiosensitivity, connected
with the ease of injuring the DNA molecules themselves [2] or the
enzyme systems of the phosphorylation of the precursors, also locat-
ed in the nucleus (3].

The HeLa cells intended for irradiation were cultivated on .
mica sheets 3-U4 p thick on medium No. 199 contalning 20% bovine
gerum and 100 units of penicillin and streptomycin per ml. The
duration of individual phases of the mitotic cycle in the given
cell line was determined on the basis of a curve of labelled mito-
ses, after brief incubation of the cells with thymidine-H® (TH')
(4] and averaged (in hours): T = 28, G,= 8.5, S « 10.5 and G,= @,
The average dimensions of the nucleus were 8.7 x 11.0 u. ;

Local irradiation of the cells was carried out at room tem- -
perature with the help of a special attachment to the MBI-3 micro-
scope [5]. A Po?!® preparation of the RDS-10 type (10 millicuries,
diameter of the active surface about 1.3 mm, product of the
Amersham Radiochemical Center) served as the source of the a-parti=-
cles, A narrow beam of a-particles was isolated with dronze dia-
phragms 0,1 mm thick with a central ogoning 1=2 u in diameter
"drilled" on an ionic etching unit (6}, A collimating system made
it possible to cttain beams of a=-particles with diameters down
to § u: beams of a diameter of 8-8.5 u were used in this work. The
dose absorbed was calculated on the basis of the number of a-parti-
cles in the microbeam, their energy distribution and the thickness
of an "average" cell 18 u in the region of the nucleus and 4.5 u
in the region of the cytoplasm)., The number of a-particles in the
beam passing through mica plates of different thicknesses was da
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termined with the help of a nuclear photoemulsion.

The rate of DNA synthesis was measured autoradiographically
after brief (20 min) TH® labeling 1 hour after irradiation. The
method of evaluating the effect of irradiation on DNA synthesis
was simllar to that described earlier [7] and consisted in com-
paring the synthesis rates of irradiated and control cells grow-
ing on one micc plate, At each dose of local irradiation the rate
o synthesis was measured on 60-80 cells; here 3-10 irradiated
cells were found in one preparation.

In local-1irradiation experiments, we used cell cultures syn-
chronized in S-period by the addition at 21 hours of (Gy + N + G;2)~-

=thymidine to a final concentration of 410~ M [8,9]. The excess

thymidine was removed 3 hours before the beginning of irradiation.
Preliminary experiments showed that the radiosensitivity of DNA
synthesis in synchronous cells is barely more than or equal to

the sensitivity of this process in normal cells, The principal
advantage of the use of a synchronized culture in experimenta

on local irradiation was that at the moment of irradiation almost
all the cells were in the same S phase; the number of synthesizing
c2lls was increased to 70-80% against 25% in a normal culture and
the more compact distribution of the cells according to rate of
synthesis made it possible to deal with a smaller number of cells
in order to obtain reliable results. The results obtained are pre-
sented graphically in the figure.

As seen from the data odbtained, after local irradiation of
the nucleus the dose curve of the inhibition of DNA synthesis is
clearly a two-component curve (Curve 3), which indicates the pre-
sencs ¢f no fewer than two mechanisms of radiation inhibition of
DNA syntheais., It is intevesting that even with comparatively large
doses of local irradiation of the nucleus, DNA synthesis is inhibit-
ed no more than 40%. : ‘

From local'iréudiation of the_cytopla;n (aboutvhalr‘of its
volume) and with complete exclusion of a-particles hitting the

oell nucleus (irradiated area of the cytcplasm was 2-3 u from the

nusleus) considerable inhibition of DNA synthesis 1s observed 1
hour after irradiation (Curve 1). At 6.1 krad DNA synthecis is 18§
inhibited, At an equal dose of irradiation Of the nucleus DNA syn-
thesis is 34% inhidited. Thre- hours after irradiation of the syto-
plasm the inhibition of DNA synthesis is notiuveadbly inoreassd, and
8% inhibition is observed at a dose of 2 krad (Curve 2), It {s
likely that the slowing down of DNA synthesis in the nucleus af-
ter local irradiation of the oytoplasm may be the result of the
formation of RT in 4it, The effect of irradiated cytoplasm on the
unirradiated nucleus which was noted earlier [1, 10-13] also can
be explained in the same way. In oonnection with this it is in-
teresting to note that proteins and nucleic acids of the nuscleo-
proteins of rat thymus nuclel rapidly and firamly bind o-quinones
snd o-phenols which comprise an important part of the RT [14] ¢»
vitro (see this collection, page 53). :
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Fig. 50+, Inhibition of DNA synthesis under different conditions

of m—particle irradiation depending on the dose. 1) Local irradis~

tion of cytoplasm 1 hour after irradiation; 2) the same, but 3

hours after irradiation; 3) local 1rradiatiar of thc nucleus; h) JA”

total irradiation of the cell.

It 1s very likely that after total irradiation of the cell
(Curve §) the formation of toxic products in the cytoplasm will
be greater than that demonstrated in the experiments under con-
sideration because in the latter there always remained an unire
radiated zone 2-3 u wide between the irradiated part of the gyto-
plasm and the nucleus which could absord considerable amounts of
goxic products as a result of the great reactive ctpacity of the

atter.

The results of the experinants which have been conducted show
that KT formation has great significance in inhibition of DNA syn-
thesis. The mechanism of action of these compounds may consist btoth
in direct damaging of the desoxyribonucleoproteine and in decreas=
ing the activity of DNA-polymerase and onxynut par%icipating in
tho productiun or DNA procur‘ora.
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THE INTERACTION OF QUINONES WITH CELL NUCLEI

N.Ye. Lebedeva, A.A. Vaynson and A.M. Kuzin

(Inetitute of Biophysice USSR Academy of Seiences)

The high radiosensitivity of the cell nucleus which usually
shows up in inhibition of mitoses, disturbances in the mitotie
cycle, chromosomal aberrations, the appearance of mutations and
the frequently observed death of the cell during post-radiation
divlsicn has led to concepts of the leading importance of the di-
rect effect of radiation on unlique structures of the nucleus -
the chromosomes or their components — de.oxyribonucleoproteins
[DNP] (AHN). On the other hand, the existence of radiation's dis-
tance effect and many facts presented in other articles of this
collectlon speak of activation in cells during irradiation of
oxldation reactions and the appearance of strongiy oxidized com-
pounds, among which a leading role in the manifestation of a num-
ber of radiation effects 1s ascribed to the o-quinones. The appa-
rent contradictions between the theory of a hit on unique cell
structures and the thecry of the primary formation of radiotoxins
[(RT] (PT) are easily elimlnated by assuming a rapid reaction of
RT with the chromosomes of the nucleus which causes subsequent
visible changes in nuclear structures and functions.

The purpose of the present lnvestigation 1s to show on model
systems ‘e exlotenc2 £ su .l Lesctions between o-quinones and
substances of the cell nuclei., As 1s known [1], the enzymatic
oxidation of natural phenols with the formation of active o-quin-
ones 1s activated by the effect of irradiation. On this basis,
products of the enzymatic oxidation of tyrosine - which is one
of the possible precursors of active o-quinones - were used as
& model for study. It is known from the literature that o-phenols
and o-quinones which later condense into melanines begin to be
accumulated from the effect of tyrosinase in a tyrosine solution.
It was shown earlier that at the moment of the greatest accumula-
tion of o-quinones the tyrosine-tyrosinase system displays radio-
mimetic properties, inhibiting the mitoses of plant cells [2] and

the division of E. ocoli [3]. Preliminary experiments on incubation

of a tyrosine solution (0,05% in 0.04% NaHCO,) with an equal vol-
ume of a tyrosinase solution (0.1 unit per ml) at 30° showed a
maximum accumulation of o-quinones, determined with a-naphthol
[4] and by Osinskaya's method [5], 60 minutes after the beginning
of the experiment, At this time the absorption spectrum of the
solution in the ultraviolet region clearly changed. is 18 seen
from the experimental data presented in Fig. 1, new absorption
=53 =
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spectra appear in the regions of 303-310 and 450 mu. According
tc the llterature data, tyrcsine is oxidized to dioxyphenylala-
nine [DOPA] (RONA) and changes into DOPA-quincne and DOPA-chrome.
These twu latter compounds also produce an absorption maximum in
the ultraviolet region at 305 mu (pH 6.8-8.4) [6].

The reaction products of 30-60 minute enzymatic oxidation of
tyrosine with native thymus nuclei were investigated in the pre-
sent work., As 1s clear from the preceding and from data in the
literature, o-quinones with their accompanying o-phenols predomi-
nate among the oxidation products of tyrosine at this time. Since
these compounds easlly change into each other and since the chemi-
cal reactivity of the o-quinones is especially great, in the future
we will be talking about o-quinones with allowance for possible ad-
mixtures of other oxidation products. '

Native nuclel of rat thymus cells were isolated by Downs'
method (see [7]). Microscopic examination of the suspension of nu-
clel obtained atfter two weshings did not show impurities. A suspen-
sion of cell nuclel in isotonic sucrose solution (10°% nuclei per 1
ml) was added at a temperature of 30° to a tyrosine-tyrosinase sys-
tem, which was first incubated at 30° for 0.5 hours in the presence
of isotonic phosphate buffer (pH 7.4). After different times of in-
cubation (5, 15, 30, 90 and 15C min) the nucleil were sepsarated by
centrifugation and the amount of absorption at 303 mu was deter-
mined in the supernatant liquid. The decrease in o-quinone. depend-
ing on the length of incubation is preser.ced in Fig. 2. U

 As seen from the results cotained, native nuclel actively ab-

sorb o-quinones. in 5 minutes almcst 30%, in 15 minutes about 50%
-rand in 30 minutes about 70§ of the total amount was bound by the

nuclel, A similar effect was obtain.d “rom the addition of a sus-
pension of nuclel whose structure was first destroyed by freezing

- and thawing. This brought on the thought that o-quinones are direci-

ly bound by the DNP of the nucleli. In order to study in more detail
the interaction of o-quinones with the DNP of the nuclei, the meth-
od of radiosctive indicators was used. .

Tyrosine uniformly labeled with C!* with a specific activity

- of 12 millicuries/millimole was used for the experiment, Under the
- conditions described sbove the labeled tyrosine was oxidlized in 30

minutes b¥ tyrosinase at a temperature of 30° which led to the forma-
tion of C'* labeled o-gquinones. Since at the time of the addition of
the cell nuclei about 80% unchanged tyrosine r'emained in the solu-
tion, its inclusion in the proteins of the well nuclel might have
Anterfered with determination of the absorption of:the oxidation

products (o-quinones and o-phenols). In order to avoid this aiffi-

culty, puromycin in a concentration of 20 micrograms/ml or chloram-

-~ phenicol in a concentration of 2 mg/ml was added to the nuclel sus~

pension. According to the data of Mirsky and Ris [8] at such inhibi~

~tor concentrations the inclusion of amino acids in thymus nuclel

decreases by 70 and 90%, respectively.

Nuclei in the presence of protein synthesls inhibltors were
added to the initial labeled tyrosine solution (control) and to
the same solution arter 30-minute tyrosinase action, that is, to
one which contains, besides tyrosine, its oxidation products, o-
quinones and o-phenols, :
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Fig. 1. Absorption spectra of a tyrosine-tyrosinase system, 1) Ini-
tial mixture; 2,3,4 and 5) after 10, 15, 30 and 60 minutes of reac-

tion at a temperature of 30°, respectively,
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of thymus cells,
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TABLE 1
Radloactivity of Cell Nuclei

* Experiment . R
Control, —

pulses in Smin | putges in Smin | % (of controt)

‘ L am 6000 666
o 580 4380 750
578 | 967 1200

TABLE 2

Radloactivity of Individual Fractions of Thymus -~

Nuclei

Rudioactivity, )
pulses in 5 min Percentage of
Ivity represent-
Fraction . . ,od by -gwny
- of fraction
Expt. l Expt, 2 Expt. 3
Fraction soluble in 0,14M NaCl ; E "l
(RNP proteins) . ., . .. .. 6 360 6 990 8800 25,5
- Fraction soluble in 1M NeCl : . . o
(I?_NP) ..... Wi e e .. .} 28000 12000 .| 18518 69,3 © .
Insoluble residue (s-id proteins and |~ . ) - o
mgmbnnc-mte;ns) e e s e } 2N0 970 - . 5.2 C

TABLE 3
- Radloactivity of Proteins and Nu-

cleic Aclds of Thymus Nucleus Nu--
_cleoproteins i

- o
\ \ ] Activity, lluth: o‘!dnuc‘- :
Fction | pusesia | o N,
g S min - ‘activity
. DNA 1959 )
() [ |
o N ? RNA s I SN
RNP 0 08 ..
protein 2800 g e e
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- After 30 minutes of ineubation under the above-deacribed conditions,
-the nuclei were removed by cerntrifugation at 4000 rpm and washed
three times with pH 7.4 phosphate buffer. In order to determine the
amount . of radiosctive compounds absorbed by the auclei, the nuclei
were precipitated on a cellulose membrene filter with 2 pore dia-
- meter of 1.2 u. The nuclei on the filter were washed three more
times with phospnate buffer, then with a 10f solution of trichlor-
acetic acid, and then successively with 70 and 96% alcohol. The
activity of the ruclel on the filters was:determined with a "Tritio-
. matic-100" type of xiquid scintillatioﬁ oounter, using a nonpolar
scintillator. o _ - o

The results of three experiments are presented in Table 1.

8 The firsc two ehr,riments were without the addition of anti-
biotics, the antibiotic puromycin was used in the last experiment.

. .As seen from the data obtained, the oxldation products of tyro-
sine are actively absoroed by thymus cell nuclel which is in complete
‘aceord with data from the investigation of ultraviolet spectra. In
connection with the fact that the nuclei in the experiment were in
a médium: containing tyrosinasé which is absent from the control for

<30 minutes, 1t was necessary to determine whether the observed ef-

fect 18 a result of an increase in the absorption of tyrosine by

'_: the: nuclei from the action of tyrosinase on them,

The following experiment was set up for this purpose. The nu~

' ~ci§1 of rat thymuses: were divided into two portions, one cf which

“was frcubated for 30 minutes with phosphate buffer, the other —
. withkphosphate buffer in the presence of tyrosinase. After washing
nuciel of toth portions in the presence of chloramphenicol (2 mg/ml)

: “were placed for 30 minutes in & medium with C!* tyrosine, Then the

nuclel were washed three times with buffer, precipitated on cellulose
filters where they were washed as described above, The count inten-
sity in the control and experimental sauples was 2,13 and 2,70 imp
per microgram of protein 1n & minutes, respeetivoly.

“The resulta of tnis experiment lead to the conclusion that in-
cubation of the nuclei with tyrosinase in itself does nol increace
the absorption of tyrosine., Thus, the sharp increase in the radio-
activity of the nucleil which was obtained in the presence of oxi-
dized tyrosine indioatea the. active absorption or the oxidation
- products,

: It seemad of interest to investigate which components of the
- nucleus are responsitle for the ocbserved absorption. For this pur-
pose, the cell nuclei after 30-minute incubation with the products
of enzymatic tyrosine oxidation were removed by centrifugation,
‘washed and lysed with distilled water.

The lysates were treated with 0,14 M Rall (1: 103 ‘The resi-
due was removed by centrifugation and weoched 3-4 times for as come
plete as possidble extraction of the ribonucleotides, onsymes and
globular proteins. The part which was insoluble in 0.,1A M NaCl was
extracted three times with 1 M NaCl for separation of the DNP. Ao~
cording to Mirsky and Osawa's data (9], it is possible to isolate
80~90% of the DNP of the nuclei by this means. The part which
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; remained represented acid proteino, ‘part of the ribenucleoprotein
* (RNP) and insoluble proteins of the nuclear membranes. Determina-
tion of the radlcactivity of each fracticn was car“ied out in the
following way: Trichloroacetic acid was added to the 0.14 M NaCl

olution to a final concentration-of 10%. All of the precipitated
residue was applied to several filters with pores of z diameter of
0.3-0.5 u in such a way that there was 3-U mg of the substance on
one filter, Six volumes of water was added to the 1 M:golution,:
The DNP which precipitated out in this case was transferred with a-
giass rod to 1-2 ml of a 1 M NaCl solution, redissolved and the .
whole solution applied to several fllter paper circles which wers
dried under an infrared lamp. The insoluble residue was also trang-
fered with a glass rod to a membrane filter. All the filters were
washed with a 10% trichloroacetic acid solution and successlvely
with 70 and 95% alcohol.

R ARSI L,
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The total radioactivity of all the filters belonging to a
~glven fracticn is presented in Table 2,

As seer from the results obtained, the bulk of the tyrosine
oxidation products is bound with the DNP of the nucleus (69.3%).

The labeled DNP which was isolated was separated by Sevag's
method, in which their solution in 1 M NaCl was shaken for 1 hour
with a mixture of chloroform and isoamyl alcchol (9:1). After re-

- moval of the protein from the DNA the total actlivity of each frac-
. tion was determined;.the fraction soluble in 0,14 1 NaCi [RNP) (PHN)
was shudied in the same way. The separation was carried out in the
“presence of 0.1% sodium dodecvlsulfate. The results obtained are

presented in Table 3.

R R i T R

An analysis of the DNP and the desoxyribonucleic acid under
investigaticn showed -protein contents of 155 and 6%, respective-
ly (protein determination according to Lowry, and DNA according
to Spirin [10]) which could not explain the radicactivity of the
DNA only by protein contamination. The decrease of activity in
DNA in comparison with DNP is S-feld, while the decrease in the
amcant of protein ts asuio;d. !

»
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: Thus the investigation uhich was conaucted showed that native
nuclei isolated from rat thymus cells actively absorb products of
~ engymatic tyrosine oxidation {o-quinones). The bulk of the o-qui-
‘ nones are bound by the nuclear nucleoproteins (£5.3%). In the nu-
B cleoproteins the o-quinones are mainly assocliat#d with histones
. (805 _however, the remaining part (20%) is fivmly bound by DNA.

SR The cembininb of the o-quinoneu with tho nuelooprotoins of

"~ the nucleus - the principal nuclesr maoromolacules which store

. - genetit¢ and metabolic informetion — which has been shown expluins
, ';uull tha rndionimotio otrect of the o—quinonos.
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RADIOMIMETIC EFFECT OF ORTHO-QUINONES ON THE SORPTION PROPERTIES
| OF CELL NUCLEI -

Ye.G. Plyshevskaya ard V.G. Solomonova

(Ingtitute of Biophyesice USSR Acadsmy of Sciences)

A change in the sorption of acridine orange [20] (A0) by the
nuclel of rat thymus cells 15 minutes afrer irradiation of the ani-
mals with a dose of 1 curie was established earlier [1].

This rhenomencn consists in the fact that thymus nuclei isg-
lated 10-15 minutes arter irradiation of rats, from a measurement
of the fluorescerice excit2d by ultraviolet radiation, showed an in-
crease 1ln fluorescence in the presence of an 0.002% A0 solution of
30-40% in comparison with the nuclel of unirradiated rats. The fact
that similar irradiation of isolated nuclel (in a sucrose-buffer
salution) did not change their fluorescence in tne presence of A0
brings on the thought that the effect is caused by the interactisn
of the nuclei with substances {crmed in the irradlated cytoplas..
On the basls of Kuzin's hypothesis (see this collection, page &)
that these substances are o- quinones, a series of experiments
on the effect of the latter on cell nuclel was conducted.

Isolated thymus nuclel were selected as the subject of the in-
vestigations. The cell nuclei were isolated from the thymuses of
unbred white male rats weighing from 80 to 100 g by a modified
Downa method (see [2]). The soncentration of the nuclei was deter-
- mined in a Goryayev chamber. The suspension of nuclel was diluted

- with isotonic sucrose-phosphate buffer (0,25 M sucrose solution
prepared in 1/15 M phosphate buffer at pH 7.4) s¢ that 1 ml gon=-
tained 1:10° nuclei, The AO concentration was always ¢.02 mg/ml of
the suspension. In 1-2 minutes after the addition of AO ihe suspen-
siol was centrifuged, the supernatant fluid was poured off, the nu=
clel again suspended in the same volume of sucrose=phosphate solu-
-tion and the fluorescent spectrum recorded, Irradiation of rats ana
potato tubers was carried out with y-rays of Cs'?’ (dose rate of
700 r/min). Alcoholic extracts of the irradiated potato tubers
 were obtained by the same method as from the liver of ilrradiated
rats which was described in detall in this collection (see page 1/},

Measurement of the fluorescent spectra was carried out 1in an

ISP-51 spectrograph with an FEP-1 photoelectric unit with record-
ing on an automatic self-recording fC1-02 potentiometer, A PFRK.?
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mercury-quartz lamp served ss the excitation source. Excitation was
carried out with the 366 mp line which was cut out with spezlal
light filters,

s
—
|
!

L

R

N—
[~ i »
Wavelength, m u

-

Fluoxescence intensliLy.

relative units
a

Fluorescent spectrum of nuclel in the nrpsence of AO. 1) AO (C.02
mg/ml); 2) nuelet (10° nuclei/ml) + AO (0.02 mz/ml).

The {luorescent apectra of AQ and of a4 suspension o nuclei
with A0 are presented in the figure. The fluorescent meximum of AO
lies in the reglon of 540 mu which is in good agreement with the
literature data. The addition of A0 vo & suspension of normal nu-
clel evokes bright green fluorescence of the latter, and in this
case = considerable increase 1z observed in the intensity of the
fluorescence at the maximum without a noticeabla change in its
pueition in the spectrum in compariscn with AO.

Later the change in intensity of the fluorescence of the nu-
clei in the presences of AO served as 8 test for detecting the effect
of various factor: (in vive and in vitre) on cell nuclei,

¥odel experiments I3], conducted with products of enzymatic
tyrosine oxidetion, clearly showsd that whereas tyrosine itself
and the products of its final oxldation, melanines, d4id not possess
antimitotic properties, intermediates products of the ensymatic oxiw-
dation, as {is well-known gontaining quinoid and semiquinoid foras,'
possessed the ability to sharpiy inhitit cell division.

“In connection with this, it was 1ntar§n*1ng to’ otudy the ofrect
of theintermediate products o enzymitic tyrosine oxidstion on the

fluorescance of ruclel <m witro. For this purpose & tyrorins solue~ SR

tion (concentration 0.5 mg/ml) was incubated in the presence of
tyrosinase (activity 1 unit,/zl) and sucrose<phcaphate buffer for -

_ 1 hour at & temperature «f 30°, In this time the aclution 1cqu1rtd ,
& bright rose color and the quinone conceniratiocn reached a maximus,

5+10* nucles were added to 10 ml of this solution and incubated
15 minutes more at the sams temperature., Then the nuclel were removed
by centrifugation, again suspended in susrose~phosphate sclution and -
after the addition of AD their fluoresconce wis measured by the us-.
ual method. The data obtained are presentsd in Table 1.

n61-




TABLE 1

The Effect of Products of the En-
zymatlic Oxldation of Tyrosine by
Tyrosinase (15 min After Action)
on Fluorescence of Nuclei in the
Presence of A0 (on Maximum at 540

mu)
. Experimental
Exp. No. Contt:ol rel. — ‘
P units Rel. units | o, (of control).
1 5 56 160.0
2 31 53 120.5
3 53 51 154.5
4 " 18 1412
5 32 57 178.1
6 32 60 187.5
7 39 59 1513
8 39 56 14356
9 32 58 181.3
Average - —  |iea.545.2
Note. Reliability of the difference
p < 0.001,
P In control experiments with nuclei incubated with oxidized

tyrosine, but without the addition of AQ, fluorescence at 540 mp
was not found,

As seen from the table, fluorescence of the nuclei in the
presence of AO from the effect of the intermediate products of
tyrosine oxidation increases 62. 5%

S S It is seen from the experiments presented that the change -in
*~ .~ - the fluorescence of the nuclel in the presence of A0, . caused by
- - total irradiation of the animal, is completely imitated by the,
uproducts of enzymatic tyrosinre oxidation.

R In aﬂcord with earlier observatlons concerning the formation
5 ~ . of taxic metabolites in irradlated plant tissue [4-71, the effect
v - of substancer extracted by 96% alcohol (1:5) from- irradiszted peta-

- to tubers on the fluorescence of nuclel in the presence of AD was-

s

irradiated: potato-tubers of the Lorkh variety was. homogenized 8t
a temperature of 0 and extracted with a.five-fold voiume of- 96%
- ~alecohol for 2 hours at room temperature. Then after centrifugation
- § at 8000 rpm for 30 minutes and removal of the alcohol in & vacuum
i : ‘the extract was diiuned in sucrose-buffer solution. The substahces
extracted from 50 g of %isgue were containeld in the 10 'ml of the
original extracts which were ottained, The efrect of- ‘these sub -
atances on thvmus nuclei uas stud!ed.»“ S o '

TS

g
%

’_f’ﬁ? ;;

investigated. 50 g of irradiated (in a dose of 50 curies) and. un~Ahﬂ*«>¥ ’
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The original extracts were diluted 40 times and incubated

with isolated thymus nuclei for 30 minutes at 30° (10 ml of diluted
extract with 510% nuclel).

As seen from the data obtafned (Table 2), at large dllutions
the «xtracts from the control tubers do not have an effect on the
fluorescence of the nuclei in the presence of AC, whereas extracts
of irradiated tubers imitate the picture of radiation lesion of
the nuclei.

TABLE 2

Increase in Fluorescence of Nucleil From the
Effect of Extracts of Potato Tubers Irradiat-
ed With a Doge of 50 Curles in the Iresence

of AU
{a i
. Increase y
wober 1l ab of
Extract ;‘ 0:. in Iloorescence R“.‘ ey
xperimen o (af control) i diffesence, ¢

.From irradiste’ potato tubers 2 Ciu .3:3.! <0.001
From unirradiated potste ccbers 2 100,01+2.8 <0,001
‘From an iradisted :teto trested . -

with asce:bic scid (1 mg wacs-bic

acid ser mi of original extract)

............ JOSORRSROIY B 13,745.21 <001

The preliminary addition of agcCorbic acid to the extracts
(the .reduction of c¢~quinones vo o-piienols) considerably decreases
the fluorescenc?, which confirms the dependence of the observed
effect or o-quinones or semiquincnes. o

An attempt was made to increase the content of o-quinones in
the organism by injecting massive doses of adrenaline into the rats.
As 1s known, when adrenaline is injected into the organism it 1is
rapidly broken down with the formation of products of quinoid na-
ture, in particular, the o~quinone of adrenochrome [8,9]. 100 micro-
grams of adrenaline per 100 g of animal weight was injJected into
rats intra-abdominally. Thls amount exceeds by many hundreds of
times the physiological discharge of adrenaline from the adrenal
depots during stress reactions [10, 11]. The nuclei were removed
10-15 minutes after the effect. As seen from Table 3, such an ef-
fect .leads to an analogous reaction of the thymus nuclei, which

serves as further proof of the corrvectness of the indicated assump~
tions. ‘ ' .

An increase in o-quinones in the liver of irradiated rats in
comparison with the control was established earlier (see thls col-
lection, page 37). It 1s interesting to verify whether the investli-
gatzd extracts of the liver of irradlated rats, like extracts of
{rradiated potato tubers, possess radiomimetic properties., For this,
a rat was irradiated with a dose of 2 curies (the o-quinone contenrt
_ of rat liver at this dose 4 hours after irradiation increases almost
*gtﬁg-fold in comparison with the control; see this collection, page-

i} 3’1‘ a . \ ) R ) . N .

. _Extracts of the liver were obtained 15 minutes, 4 and 24 hours
after irradiation. Then they were incubated at a 20-fold dilution
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under the same conditions as the extracts of potato tubers with v
isolated nuclei, E

The data on fluorescence are presented in Table 4.
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- TABLE 3
£ Increase in Fluorescence of Nuclei
g After In Vivo InJecticn of Adrena-
% line in a Dose of 100 Micrograms
& per 100 g of Animal Weight
§\ Cxperimental
: Exp. No. Conuot,
: rel. unirx Rel. anite |7 {uf control)
Pl R E | B
5 3 29 37 127,6 -
5 4 3 38 122,6
: s *% 46 127,8
§
Avsrage —-— - l25.5il .2

3 “l

. Note. Rellabiiity of difference

S P < 0.01,

§

2 R :

3 : - “,,Increase in Fluo"esceace of Nuciel From Effect
o , ‘ of Extracts of the Liver of Rats Irradiated
. With a Dose of 2 Curies in the Presence of AO
L ‘

5 { | Incroase

o Numt sz of . Reliabili*

E G i ‘ . . ‘ Extract - experiments : r(“::.-:l.r:::"" of dl:llnnecrr

Pl S ~

b : . Of liver of unftrudisted rain {contrul) Y 100,042.2 { - <0,001

3 Log ) o - _From lver of rats alter irradiation

P g A After 15 ain 9 | 119048 <0,08

P ) Atet 4 hours 9 148,654 |  <0,001

- .. » o T - i . m.f 4 hoyrs -3 l70 voi4 |3 <0.0l

1k . These results cxearly indicate the radiomimetic effect of ex-

- ,-‘tracts from the liver of irradiated rats.

The studies which were carried out show that the ~change 1in
the. .fluorescence of thymus cell nuclei in the presence of A0 which
develops rapidly after total irradiation of the rats can be fully
explained by the formation of raﬂictoxjna of quinoii nature in the

L 1rradiated cella., ,

. The data obtained are 1n rull accord with the results of ex~
periments (see this collection, page 53) whicn showed rapi ' sorp-
“tion of o-quinones by native nuclei in in vitro exrperiments.

v
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THE FORMATION OF COMPLEXES WITH THE TRANSFER OF A CHARGE BETWEEN
NUCLEOTIDE BASES AND TETRACHLORO-p-BENZOQUINONE

A.M. Kuzin, N.P. Korolev and E.A. Burshteyn

T e it v sk

: (Institute of Biophysics USSR Academy of Sciences) L.

The detected and studied (see this collection, Pages 4, 18
and 28) participation of oxidation products of phenolic substances
= the gquinones - in the radiobiological effect has a clearly uni-
versal character since 1t has been demonstrated by irradiating
plants, animals and micro-organisms. In the light of this work,
an investigation of the mechanism of interaction of the quinones
~ With blologically important compounds which regulate and direct
blological processes seems of interest. The range of substances
- which can enter into an interaction with quinones, as well as the
; _ nature and conditions of this interaction can be outlined in an
> b - examination of the structure and reaction capacity of the quinones.

‘ In the ‘quinone molecule the oxygen and carbon atoms are Jjoin-

= ‘ ed by a w bond, which is partially polarized, that 1s, the elec-

P : - trons- forming 1t are shifted in the direction of the more negative-
i - ly=-charged oxygen atoms, and the electron densitles of the conjugat-

Pl ~ ed system of m-electrons of the aromatic ring are shifted in the

- : ~ direction of the oxygen atoms. Nucleophilic substitution reactions
- are, as is well-known, a common property of compounds containing
electron acceptor groups. In an examination of nucleophilic sub-

- stitution at unsaturated centers [1], it has been shown that 1t
“differs radically from nucleophilic substitutions at saturated
“centers in the existence of an intermediate complex and can be
described by the following reactions (cited from Bannet (1] 4in

~simplified form) :
. o . .
/ 2

where X 1s the substituted group, Y is the substituent group and
I is the intermediate complex.

g g
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~ "gny degree of binding of a
— our note} must be accompanied b
with the replaceable group or of

carbon atom (substituting group
y a rupture either of the boud.
the 7 bond of the unsaturated

system™ [1], In the latter case the negative charge of the nucleo-

phile is placed somewhere within
ceptor) m=system, but "not at the
penditure:of energy 1s necessary

the 1limits of the unsaturated(ac-
reaction center" [1]. Some ex~
in order to displace the charge,

however, it 1s decreased 1f substituents which draw off the elec-

trons are present, which, in the
groups. In accordance with the co

X , X

case of quinones, are carbonyl
ncept developed by Bannet [1],
the structure of the intermediate
complex can be depicted in two
ways: 1) the bonding of the nu~-
cleophile with the unsaturated
system of w-electrons is carried
out locally somewhere clcse to
the reaction center (Fig. la);

2) the bonding of the nucleo=~
phile is carried out directly

“with the unsaturated system of

a b
Fig. 1. Structure of inter-

mediate complexes during nu-
cleophilic substitution.

orbit. Consequently, 1n the nucle

r-electrons (Pig. 1b).

Thus, the intermediate com-
plex I is clearly a molecular w-
complex of the original substance
and the nucleophile which is forme-
ed through overlapping of the nu-
cleophile's donor orbit and the
replaceable compound's acceptor
ophilic substitution of quinones

the intermediate stage can be molecular complexes with the trans-

fer of a charge, which, possibly,

will bs stable, particularly

when the.quinones interact with aromatic molecules ncssessing a
donor system of m-electrons, namely, with aromatic amines, phenols

and others [2,3]. Sjent-Georgi [4
tance of reactions of this type.

During the formation of the
one of the donor's electrons to t

] indicates the biological impor-

complex a partial transfer of
he acceptor's orhit takes place.

In the case in which the donor has a sufficiently low ilonization
potential and that of the acceptor is very high, complete trans-
fer of the electron with the formation of two ion-radicals can
ccour. The degree of electron transfer depends on the polarity of
the medium: more polar conditions promote stronfuoloctron trang-

fer with subsequent division into ion-radicals

]. Proteins, as

is known, contain nonpolar side chains, in individual cases u

to 49% of the total number of side groups (35% on the average
[5]. As a result of this, the protein environment becomes suffi.
ciently hydrophobic which, in particular, was shown b! spsotral

methods [6,7]. Under cellular conditions the interact

on of qui-

nones with various compounds takes place in a protein enviroament,

therefore reactions inherent to nonpo
in the interaction of quinones with cellular components, particular-
1y with nucleic acids which are present in cells mainly in the form

of nucleoproteins.
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The possibility of the reaction of quinones with nucleotide
bases 1s most interesting. The interaction of tetrachloro-p-benzo-
quinone with guanine, guanosine, cytidine and xanthine at various
pol:rities of the medium wss studied as a model system in the pre-
sent work. ’ ' '

~ In the firai series of experiments the absorption spectra of

" 10=%-10-" M solutions of tetrachloro-p-benzoquinorie (chloranil) and

nucleotides in 50% ethyl alcohol with 1/15 M phosphate buffer (pH
7.0) were recorded in the course of heating the solutions at 50°.
The measurements were made on an SF-10 spectrophotometer.

In the second series of experiments chloranil and guanine

‘were incubated at 38° for 10-12 hours in different solvents: sample

No. 1 in a mixture of methyl alcohol and phosphate buffer (pH 7.0,
1/15 M) (1:1); No. 2 — in a mixture of ethyl alcohol and phosphate
buffer (1:1); No., 3 — in n-amyl alcohol; No. 4 in a mixture of n-
butyl alcohol and phosphate buffer (1:35; No. 5 in chloroform; No.
6 in carbon tetrachloride; No. 8 in n-propyl alcohol and sample
No., 9 in a mixture of acetone and phosphate buffer (1:1). All the
incubations were carried out in an excess of the solid phases of
the reagents. The product which interested us was carefully washed
from the excess of unreacted substances on a No. U glass filter
with the appropriate solvents. In a aumber of cases after washing
the visible and ultraviolet spectra of the solvent was recorded in

- .order to make sure the unreacted reagents were removed.

In order to obtsin sample No. 7 xanthine and chloranil were

" incubated in a mixture of ethyl alcohol and phosphate buffer (1:1)

for 12 hours, after which the solution was separated. The residue
which precipitated upon cowling to room temperature was separated
from the solution and exsiained. , ‘

. Infrared [IR] (UK) spectra were recorded on a UR-10 apparatus
in liquid petrolatum; electron paramagnetic resonance [EPR] (3nP)
spectra were recorded on an EPR-spectrometer at the temperature of
1liquid nitrogen without evacuation. ' ‘

. In the firs¢ series of experiments the interaction of chlor-
anil with guancsine and oytidine was studied. After heating the
chloranil witl the nusleotide at a temperature of 50° for 20 min-
utes or more the appearance of new absorption bands with maxima
at 540 and 550 mp for guanosine and cytidine, respectively was
found. An absorption band in this region also appearec from heat-

4ng a solution of chloranil alone for a longer time(more than 1 hour)

and, in our opinion, corresonded to & hydrolysis product of chloranll
- chloranilic lcid'(2;S-dihydroxy-s,6-d&ohlcro;g-bensoqulnone or
3,6~dlhydroxy~-2,5-dichloro-p-bengoquinone) which absorbs in this re-
glon (maximum 536 mu) (8]. It 18 possible that the cbserved spectra
belong not to chloranilic acid itself, but to its derivatives re-
ylaced at some position by the nucleotide. It has not been excluded
Eg:x in the latter case the formation of & molecular complex between
1 nucleotides and chloranil as an intermediate product might ocour.
his complex possibly is dissociated into ion-radicals as a result of
high polarity of the medium with a relatively larger yleld than in
nonpolar solvents. This assumption is confirmed by the fact that un-
der such conditions in the reaction of chloranil with nucleotide bases
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EPR-signals were found [9]. In this work the ubysrved appearance
of absorption bands in approximately the same region sz found by
the authors of the present article is explained by the formation
of a molecular complex between chloranil and nucleotide bases,
However, on the basis of the aforesaid, it is possible to inter-
pret this phenomenon as & result of a far reaching chemical reac-
tion with the formation of chloranilic- acid and its complexes,

In the second series of experiments the interaction of chlor-
anil with guanine was studied at 38° for 10-12 hours in different
solvents 1n an excess of the undissolved phase of both components.
The procduct obtained was carefully washed off from the unreacted
orlginal substances and studied by methods of EPR and IR spectro=-
scopy. The appearance of an EPR-signal clearly indicates the for-

. mation in this system of complexes with the transfer of a charge.

| Chlcranilmw w m m  ws " o™
o [V VLA LY
§ ; b/ \/ \J/ \Jf A \J/P’\\~J
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. Wave number, ecm™
Fig. 2. IR-spectra of samples in the region of
absorption of carbonyl groups.
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The IR-spectra of chloraril and the product obtained in the
absorption region of carbonyl groups is shown in Fig. 2. As is
known, the position of the absorption band of carbonyl groups de-
pends on the polarity of the C = 0 bond; with a decrease in polar-
ity the frequency of the absorption decreases [10]. This follows,
in particular, from work [11] in which it was shown that the fre- o
quency of the absorption band of the C = 0 groups of quinones de-
creases with an increase in the effective slectronegativity of the
carbonyl C-atoms. As seen in Pig. 2, on interaction with guanine,
splitting of the abscrption bands of chloranil's carbonyl groups
occurs; & majority of the newly formed lines is shifted to a lower
frequency region in comparison with chloranil. This is charsacteris-
tic of samples obtained from nonpolar or low polar solvents (Sam-

les No. 3, 5, 6 and 8), It is interesting to note that sample Xo.
, obtained from a mixture of n-butyl alcohol and phosphate buffer
: (1:3) di1d not show splitting. It is assumed that the changss in '
the IR-spectra of the samples obtained which are observed in this
work in the region of absorption of carbonyl groups are caused by
. the partial 1location of the electron transferred with the donor
(guanine) in the collectivized orbit of the w-electrons of chlor-
anil in positions which have a different effect on the polarity
of the C = O=bonds; this causes splitting of the absorption band,
in which lines with a higher frequency correspond to a location
which causes a small decrease in the polarity of the bonds, and
lines with a lower frequency to a location which strongly decreas-
es the polarity of the bond. With a location in the region of an
oxygen atom, an increase in the bond's polarity could occur with
& corresponding increase in the frequency of absorption. This is
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Fig. 3. EPR-spectra of samples. X — index of intensification (each
degree of 1ntensification increases the sensitivity two-fold). Sam-
ples No. 1, 2, 3, 4, 5, 7 and 9 had the following weights, respec-
tively: 2u 9,°37.8, 41.1, 16.7, 20.1, 0.9 and 37.8 mg
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1 somewhat reminiscent of the splitting of the absorption frequency
i of the carbonyl band of chloroacetone during the formation of rota-
i tional isomers which received a similar explanation [12].

In polar solvents (samples No, 1, 2, 4 and 9) the formation

of a complex could be accompanied by strong electron transfer, possi-
bly even with the formation of lon-radicals of guanine and chlor-
anil. Data from a study of the EPR-spectra (Fig. 3) confirm this
‘assumption, since in samples obtained from polar aolvents the number
‘of unpaired electrons was higher (of the order of 10!*-10%* per g)
than in samples from nonpolar solvents. As seen from Fig. 3, the
signals are asymmetric (half width of approximately 7-80e, which in-
dicates the possible presence of unrasolved fine structure It

should be noted that the EPR-spectra of complexea with charge trans-
fer known from the literature {13] also have the form of asymmetric
singlet bands sometimes containin% against the background of a large
singlet a narrower (less than 1Ce) small signal shifted in the direc-
tion of large values of the g-factor. Samples No. 6 and 8 produced
very weak signals on the borderline of the equipmont': ntnoitivity
with s numbir of redicals less than 10" per g.

RS P

Guanine is the belt donor of the nuclcotido bases, due to

uhich it. more than the other bases, tends toward interaction with
8 . % es; xanthine is the worst donor among the nucleotide bases.
L_; : It seemed of interest to verify the possibility of the formation of .
Ek N ,a c lcx ‘of xanthine with chloranil, As seen from Pig. 3 (sample | :
SR - -Ne roduct of their interaction also gives an EPR-signal,
’ g thaz 13 xanthine reaats with chloranil, similarly to
- with the rornttion of a molejlar colplox but, probably, with a
 ‘smaller yield (which 1s indiostoed by the lower intensity of the EPR-

‘8ignal) in comparison with tho o oouplcx ‘obtained under the

-llll oonditionn. '

- The qpility of the quinones co interact with nuoloo&ido baaon
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can have a great effect on a number of cellular processes. Those
changes which may be caused by this interaction in the synthesis
and metabolism of the nucleotide bases, nucleotides and nucleotide
phosphates will not be considered here, but only certain results of
this reaction of the quincnes with nucleoide bases which are part
of the nucleic acids which deal with the realization of genetic
information will be examined.

A chemical change i1. the matrix of desoxyribonucleic acid
[DNA] (AHK) (the inclusion of analogues of the bases, nucleophlic
substitution with alkylating agents, the effect of free radicals,
etc,) can have one of two consequences — either the DNA molecule
can lose the capacity for reduplication or this change may only
disturb the correct reading of the sequence of nucleotide bases
from DNA to informaticnal ribonucleic a¢id [I-RNA] (M-PHK). The
first possibility 1s achieved evidently from the effect on DNA of
bifunctional alkylating agents which form, as is believed [14],
cross bonds — cross linkings of neighboring DNA molecules. Some
quinones can also have such an effect on DNA at a sufficiently
high concentration in virtue of their similarity to polyfunctional
alkylating agents. This type of effect leads to death of the cells
during the mitotic process [15]. In this case, the appearance of
mutations should not be expected since the cells in which DNA was
subjected to such a strong effect do not produce progeny. An inter-
mediate stage in the alkylating effect of quinones on DNA -« the
formation of a molecular complex with nucleotide bases (shown in
the present work) — is accomplished through the transfer of one
electron without the formation of a chemical bond in the common
accepted sense. Since only one donor molecule (a nucleotide base
participates in the formatiocn of the molecular complex, the DNA
molecule can retain its matrix properties, However, a change in
the electron configuration of the nucleotide base during the forma-
tion of the complex can be the cause-of a d!=*urbance in the read-
ing process, This disturbance can consist in improper (erroneocus)
reading at the site of the¢ complex formation or in blocking further
reading in this segment. In the first cas2 the appearance of point
mutations can be expected; in the second, the result of not reading
whcle segments of DNA molecules is genomic mutations. In evaluating
the relative importance of these two processes — the formation of a
molecular complex and nucleophilic substitution = it mudt be consid~
ered that DNA molecules are dbound in the cell with proteins which
evidently take upon themselves the "first blow" of the quinones, .
entering into interaction with them. Such a protective effect from
natural alkylating compounds penetrating into the cells may be one

of the functions of the nuclear proteins. Only after penetration -

through the protein defenses [omission in original) “y the intere
action of the quinones with the nucleotide bases of JNA,

Thus, the mechanism of the mutagenic, fungicidal and antiviral

action of the quinones [16-13] can be explained by the interaction
of these substances, in particular, the quinones, with ths nucleo~
tido-blpos'of:chn_DNAfmolcculo. . ' - S

' During the formation of complexes of the quinores with nuclece

tide bases of I-RNA mistakes can occcur in the assemblage of proteins
from amino acids which, of course, are not of a genetic characte

Py
but affect cell metabolism and lead to the synthesis of ensymes uith-

Tl =

. - :




a3

E‘ altered activity or specificity or devoid of a control mechanism.
% The formation of molecular complexes between the nucleotide
bases and tetrachloro-p-benzoquinone shown in the present work carn

also have general significance for the quinones which form during
the irradiation of organisms, which makes the continuation of simi-

lar studies, but with natural analogues of the o-quinones, extreme-
ly Ainteresting.

, v. ‘.
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THE FFFECT OF RADIOTOXINS ON DESOXYRIBONUCLEIC ACID SYNTHESIS
IN PLANTS

V.I. Tokarskaya, V.A. Kopylov and S.K. Mel'nikova

(Institute of Bio physics USSR Academy of Soiences)

_ A change in the native state of desoxyrihonucleic acid [DNA)
(AHK) 18 the principal cause of the development of genetic and
somatic radiation lesions of cells [1,3].

In spite of Li's hypothesis [4] that these changes in DNA are
caused only by a direct hit of ionizing particies on DNA molecules,
at the present time more and more data &re being accumulated whioch
speak of the possibility of the development of analogous changes in
DNA by a second means — from the effect of changed metabolites ep-
pearing in a cell or tissues of an irradiated crganism [5-7].

‘It has been shown in previous investigations [8-11] that in
an irradiated plant organism not only is DNA synthesis inhibited,
but also during residual DNA synthesis the inclusion of thymine is
clzarly decreased and DNA is synthesized with a changed ratio of
apecific activities of adanine and thymine (A/T). It appears that
it is possible to explain this phenocmenon both dy the direct action
of radiation on the DNA-matrix and by the effect of the radiotoxins
(R*] (PT) which form on DNA synthesis. To resolve this question, ii
is of interest to determine whether DNA synthesis will change in
plants from the effect of isolated RT just as from the effect ol
direot irradiation. The present study has been devoted to this,

 Radiotoxins were extracted from irradiated potato tubers of
the "Lorkh" variety which were first subjected to y-irradiation
from a Cs!'? sgource in a dose of 15 curies at & dose rate of the
irradiation of 700 r/min. 28 hours after irradiation the tubers
~ were chilled and the skin removed (only the middle part of the
‘tuber was used in the experiwent)., The potato pulp was extracted
with ethyl alcohol (1:3) in the cold. The extract was concentrated
under vacuum at a temperature of 30° until the alcohol was complete~
ly removed. Simultanecusly, & similar preparstion was wsade from une
irradiated tubers {control II, see below). Tc determine the RT ac-
vivity in the odtained extracts a series of dilutions of the origl-
nal extracts was prepared and peu seeds of the "Pobeditel™ variety
were moistened in them, Extracts in a dilution of 1:5 which in the
experimerital samples retarded pea growth by 50% and in the controls
hardly had an inhibitory effect were used in the experiments,

--13-




~  Three-day germinants of a radicgensitive pea varlety ("Pobeditel'™)
‘were used to determine the effect of BT on DNA syntheslis. The germi-
_nénts were divided 1nto three parts (150 specimens zach). The firct
~part wes placed with: the roots in tar water {Contrel I), the second
- in an extiget of unirradlated tubers (Control IT)-and the third in

| an extract of irradiated tubers (esperimentel).

- . After the plants were kept under the indicated conditions for
-5 hours, the gevminants were tranaferred to tap water znd after 12
hours were piaced in an illuminated chamber with radioactive C'*0,
~ for labeling of nswly synthealzed DRA under. conditlons described:
“eparlier [13]. After 24 hours in an atmosphere with radlcactive car-
bon dioxide, the plants were extracted, homogenized and after: deter-
mination of the total radiocactivity of the homogenate the DNA was
. extracted from it by the Schmldt and Tanhauser method, The spetific”
.activity of the extracted DNA was determined.before 1ts nydrolysis
. with hydrochloric ucid by Wyatt's {14} method and the bases obtalned
L werd separated quantitatively by paper chromatography, as described
“previously [9]. The adenine,:thymine, guanine and cytosine spots:
L were sluted, the amount of ‘the -bases was determined from the ultra-.
~ .violet -absorption on an SF-4 apparatus and.their specific actlvity
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.Change in DNA synthesis in pea germinants. I) From the effect of
. extracts of unirradiated tubers; II) after direct irradiation = .
.with y<rays in a dose of 10 curies, 1) Control, A/T-= 1.0; 2) ex~ -
tract of unirradiated tubers, A/T = 1.0;: 3) extract of irradiated =~ -
. tubers, A/T = 1,8; W) y-rays in a dose of 10 curies, A/Ti= 2,75~ =~
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Variants!

C'* inclusion in plant tissue, 1 /{(minemg)
Yield of DNA per 100 g of tiséuerfpmg ¢
Specific activity of DNA
dmp/(minemg) :
gi(oi :ontrol)» o \ : |
‘Specific activity of nitrogenous bases of DNA. 1 minemillimole
‘Adenine [A]'(A);y & ' iy e/ ' )
7 Thymine {T] (T)
~ 10) Quenine [G] (r)
- 11) Cytesine [C] () =
- -12) Ratio of specific activities.
A3y aze(r/wy - -
14) Ezperiment .
15) Control - .
16) Experimental . :

A0 COmI W Lo I B

A The>exper1ments were repeated three times with the same resuits,
- which are presented in the figure (average~data) and in the table.

"Asﬁias shown eaflier [15], the RT under investigation, similar-

= iy‘toﬁdirectsirradiation,»eharply inhibited plant growth. The inclu- f
~-slon-of CO; during photosynthesis which as is well-known, is rela- ,

- tively resistant to the effect of radiation hardly changed under
: &he mrlue“ce; of KT (a8 1s-seen from the second column of the table).

5 tHe inclusion of C!“ in DNA was inhibited approximately 508
the effect of RT in comparison with Control II, which, as is

:Tkhginzwis'alsb characteristic of the direct effect of radiation.

e - It 1s interesting to note the considerably smaller yields of

- DNA from plants subjected to the action of RT. This is evidently con-
- - nected with its partial depolymerization, which i1s always observed

- 3n working with directly irradiated plants. o

- ... . However, the change in the ratioc of the specific activities of
- adenine and thymine described by the authors is the most specific
" for the éffect of radiation. It 1s seen from the data in the table

. that an analogous change is observed from the effect of RT. It is

- .necessary to especlally emphasige that extracts of normal potato
© . tubers, which also somewhat inhibit plant growth and DNA synthesis,
-gq;;gzggct‘hawo any effect on thymine inclusion, as is seen from the

.. Thus, the investigation which has been conducted showed that

- RT which are formed in irradiated plant tissue not only cause, simi-

- larly to direct y-irradiation, inhibition of DNA synthesis by approx-

. ~dmately 508 of -the control, but &1soc have an effect on the composi-

. tion of newly synthesized DNA, deoreasing its thymine oontent (and
 adoordingly inoreasing the A/T coefficient). '

"T{g-fyﬁ;nomglriuen of the results obtained from literaturs data on
“the inhibition of DNA synthesis in the presence of irradiated oyto=-
plasm (see [16,17) and this collection, page 49) leads to the conw
. clusion that such a process, characteristic of radiation lesion,
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as inhibition and distortion of DNA synthesis i1s explained to a
considerable measure by the appearance >f RT in irradiated cells.,

9.
10.
11.
12,
13,

14,
15,
16,
17,
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. of the organism. Modern radiotherapy of malignant neoplasms is

" THE EFFECT OF RADIOTOXINS FROM IRRADIATED PLANTS ON ANIMAL
S ASCITES CANCER CELLS ~
‘ L.M. Kryukova
- (Ingtitute of Biophysioce USSR Aaadeﬁy of Seiences)

: The use of various chemical anticancer preparations 1is due
to their action primarily on tumor cells with a relatively small-
er toxic effect on cells of normal tissues. Thérefore, in the in-
vestigation of such preparations chief a%tention is nraid to the
difference in thelr effect on cancer and normal cells,

_;,"Qngphegéther hand, it is ﬁell-known_that tumbr tissue is more
sensitive to the action of ionizing radiation than normal tissues

‘bésed on this propemty, Based on concepts developed above (see -

- this collection, page U) of the role of radiotoxins [RT] (PT) in
‘the manifestation of the radiation affect, it is natural to assume

that perhaps RT i1sclated from irradiated tissues will, like direct

irradiation, preferontially inhibit the growth of tumor cells.

-There 'is 1ittle information in the literature at present on
the effect of RT on malignant tumor cells. For examnle, inhibitlon
of the growth of Yoshida's sarcoma tumor tissue by certain fractions
of extracts from the liver of irradiated animals {1] and inhibition
of the growth and formation of mecroses of a Brown-Pearce tumor in
rebbits from the ‘effect of toxins which develop as a result of high
doses of ionlzing radiation [2] has been reported. Of the blologl-
o8l properties of RT forming in plant tissue after its irradiation
with a dose of 25 curies, special attention was pald to their e!-
fect on malignant tumor cells [3]. In a 3tudy of RT i1solated from
irradiated leaves of Vieig faba plants it was shown in tissue ocul-
tures that at an appropriate dilution they completely inhibit the
growth of tumor tissue — Geren's carcinoma, in & somewhat higher
concentration, leading to its destruction, whereas cells of normal
uterus tissue only decreased the growth coefficient 20-30%. It has
been shown by the tissue-culture method [#] that whereas at a sult-
able dilution RT did not decrease the amounts of growing heart,
?glconi)lunc and adrenal explantates and only somewhat decreased

0-40%) the ggowth of liver, lymph node, kidney and uterus explan-
tntggi these decreased the growth of a Geren's malignant tumor
by s
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The strong effect of plant RT on tumor cells has been shown
[5] in a study of the survival of a suspension of tumor tissue

after preliminary action of RT on it. Survival with respect to the '

control (taken as 100%) fell to 0% for sarcoma-4#5, was 16.4% for
sarcoma-M-1, 25% for Geren's sarcoma and 51% for Jensen's sarcomg.

The results of a study of the effect of RT from irradiated
plants on ascites tumor strains are presented in this article.,

The test extracts were prepared from various plants: bean
(Vieia faba), mint (Mentha piperitae) and potato tubers. The plant
tissue was irradiated in a GUPOS-2 cesium apparatus with y-rays in
a dose of 25 curies at a dose rate of 700 r/min, 24 hours after ir-

radiation extracts of these plants were prepared. An extract of un~

irradiated plants was simllarly prepared (control). The extraction

was carried out with 96% ethyl alcohol (1:5). After extraction the -
alcohol was removed in a vacuum at 35°, and the aqueous extract -
which remained was brought with physiological solution to 1/10 of
the initial volume. P

Ascitic strains of rat ovary tumors — OT (04) and Ehriich's
mouse ascites were the subjects of the study. B '

A study of the effect of extracts on ascites strain cancer
cells was carried out both in vitro and in wivo. The effect of :
the extracts on cancer cells was examined by the following method.’
The test 2xtract was added to a suspension of ascites cells in a
proportion of 1:1, the suspension was incubated at 37° for 2 hours
with periodic mixing. After incubation the preparations were treat-
ed with congo red. In this case, only dead and injured cells were .
stained. A count of the living and dead cells was made in a Gor-
yayev chamber. , Co Co

For a study of the effect of the extracts on the mitotic ac-
tivity of ascites cells the extracte were injected into the tumor-
ous animals intraperitonealiy (1 ml of extract once for rats) or
subcutaneously (0.5 ml daily for U-6 days). Preparations for count-
ing dividing cells were made by fixing the smear in methyl alcohol
and subsequent staining with methylene blue, A count of dividing
cells was made on 100 cells.

The effect of extracts of irradiated plants on ascites cells
in vitre was studied on rat ovary tumor cells — OT and on EBhrlich's
mouse carcinomas. Prom contact action of the extracts on the tumor
cells it was established that most of the cells die within the first
hour. The results of the studig¢s are presentad in Table 1 and in
the figure. - e i

As seen ‘rom the figure, ceath of tﬁi cells gr;dua;iy 1ncrq;§6

es in proportion to an increase in the time that the cancer ocells are

in direct contect with cxtracts of irradisted plunts.
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TABLE 1

Death of Cancer Cells From the Effect of Ex-
tracts of Irradiated Plants (After 2 Hours In-
cubation)

Pient

1, Dead cancer cells, % -

A Strain oxtracts

'rn- the effect of plant

‘ Noemal

| Irradisted

m (leaves)

‘Rhrlich’s carcinoma
, Ret ovary tumor — oT,

. 8,8
“ .o hd

Potate (tubars) » Rhelich’s carcisoma 4,8 40,0

Dead cancer cells, %

§ ¢

01 2 3 4
~ Time, hours
Death of Ehrlich's ntcieos car- ; ‘ o
cinoma cells from the effect of : : S .
extrasts of potato tubers. ——) | |
, Control; ===-=) normal; -.-.-)g; '
~ irradiation. _. , .
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TABLE 2

Effect of Extracts of Irradliated Mint Plants
on Mitotic Activity 24 Hours After Direct Con-
tact With Ascites Cells (Intraperitoneal In-

Jection)

Strain

" tetic tndeT

Control

Netmal

rredisted

Bhriich’s ascites

,OT ascites * ° C C c ' v otoue e

..........

. . | 1,20+0,08
2"

1,14£0.1

ey

TABLE 3

Effect of Extracts of Irradiated Bean Plants
(Vvieia faba) on Ehrlich's Ascites Cells (Six
Injections)

Veriaat

Ameunt of
ascites, ml

MNumber of
miteses. %

Number of secites
colts im I mt

Unbred
Control
Normal
Irradiated

vhite mice

........

--------

Y
3

.- £

2.840.4
’.0§0.C
0.620.1

TABLE 4

Effect of Bxtracts of Irradisted Mint Plants :
(Nentha vgipnim) on Ascites Cells (Four In-

Jections

rala
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The effect of the extracts on the mitotic activity of cancer
cells was studied in vivo: the extracts were injected subcutaneous-
ly or intraperitoneally intc animals infected with ascites. In the
latter case, the effect of the extracts was examined 24 hours after
direct contact with the ascites cells. The results obtained from
intraperitoneal injection are presented in Table 2. As seen from
this table, extracts of irradiated plants in 24 hours have an in-
hibitory effect on cell division (data presented in Table 2 are
the results of three experiments).

It was established from subcutaneous injection of the extracts
that after 4-6 injections not only is cell division inhibited, but
the total amount of ascites is decreased and the concentration of
cells in 1 ml of ascites fluid is decreased. The results presented
in Tables 3 and 4 are the averages of three experiments (there were
10 animals in eaci experiment).

It follows from the tables that an extract of irradiated
plants inhibits cell division, whereas an extract of unirradiated
plants differs littie from the control. It was observed from im vivo
use of the extracts that at the concentrations used they are not
toxic for the animals: the mice did not lose weight in comparison
with the control. The experiments which were carried out show that
Rl from irradiated plants inhibit the division of cancer cells and

Jead to Lheir death both in vitro and in vivo which can be of in-
terest to ngdicine.
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THE COMPARATIVE EFFECT OF v-RAYS AND RADIOTOXINS OF QUINOID
NATURE OF THE GROWTH OF LOACH ROE

5.V. Neustroyev, V.G. Kondratenkc, V.A. Kopylov and A.M. Kuzin
(Institute of Biophysiocs USSR Academy of Scienaes)

Developing egg cells of various organisms are classical sub-
Jects for investigating the role of the nucleus and cytoplasm in
general radiation lesion. The eggs of the sea urchin, fruit fly,
and ichneumon fly Nabrobracon, frog ova, loach roe, silkworm eggs

- this is a far from complete list of convenient subjects which
are widely used for these research purposes [1,2].

Irradistion of a developing egg cell leads to such radiation

effects as death, cessation of growth and the appearance of deforma-

ties and anomalies in the development of the embryo. A sharp change
in radiosensitivity at different stages of developnant 13 also char-
acteristic of a developing ege cnll,

, At the present time it can be considered as established that
all these phenomena are veory closely connected with a disturbance
in the normal entry into the cell of the information coded in the
~desoxyribonucleic acid of the nucleoproteins and with a change in
the metabolic interrelations between cellular structures - inter=-

relations supporting the self-regulation of cellular processss C3]. 
The initial meehlnisu cr tha dalagt €0 uniquc 0011 struoturos re- -

'mnins unclear.

Tha structurnl-aetlbaltc chcory or tho biolo:ical attcct of
- radistion [3] asciibes an essential role in the radiation injury
‘of a cell to radiotoxins [RT] (PT) which are formed directly in

the 1rrldintad otll and sccondnrily arroot uniqun suructurtl or tht |

~ nucleus,

' whortas Jlannical turxez ehcary (thn nsrike thcory) nllou: -
injury of unique nuclear structures only through & direst hit by

lonizing particles [A4], the structural-metadbolic theory of the
biological effect of radiation, slong with a direct effect, al-
lows an sssential role in radiation ury to RT which also form

in the cell through pratlrisgroocuaan and secondarily act on unique f"

structures of the nucleus To confirm these assumptions it
seemed of interest to determine on develc .ing egg cells whether
radiotoxins of quinoid nature isolated fr a an 1rrad1nted crcan&rm
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imitate direct y-irradiation not only in a qualitatiye, but also in
a quantitative respect.

Loach roe, Misgurnus foseil ie L., which have been well studied
in & radiobiological respect, were used as the subject of inveatiga~

~ tion [6]. To avoid genetic heterogeneity of the spawners, the ovum

for each series of experiments was taken from one pair of loaches.
On the night before the experiments in order to mature the sexual
products the females were injected with the gonadotropic hormone
preparation, choriogonin, and incubated in an ultraincubator at a
temperature of 17-18°, Then the ovum was fertilized with the male's
testicular fluid., Incubation of the ovum was carried out in Petri
dishes at a temperature of 20-21°, Under these conditions the de-
velopment of the ovum took place in the following way (we shall note
only certain time stages to which we will refer below): 0 hours -
fertilization, 1.5 hours - 2 blastomeres, 2.5 hours - § blastomeres,
6-9 hours — blastula, 10-19 hours — gastrula, 43 hours - tail stili
does not reach head., It is most convenient (see [6] and others) to
characterize the development of the loach ovum in hours; therefore
the names of the individual stages will not be given below, but the
hours of development corresponding to these stages.

The unfertilized ova were not taken into account in the experi-
ments, but were removed in the blastulation period. Irradiation of
the ova was carried out in small thin-walled cups 3 cm in diameter
in the GUPOS and RUP apparatus.

: The irradiation conditions were: GUFOS apparatus with a Cs!?’
emission source and a dose rate of 700 r/min; RUP apparatus with a
voltage of 210 v and a current strength of 15 ma wiehout a tiltar
with a dose rate of 3020 r/min at a distance of 9 ot

The rndlotoxins (quinonoa) were obtained from potate tubers
irradiated to a dose of 15 curies (ser this collection, page 73).
At the same time an analogous prepara.ion was obtained from con-
trol, unirradiated tudbers. Both preparations weve dilutes to con-

. -centrations at which the control solution did not have an erfect

on the cbject under inveatigation; thus, all the cited effects ;or-

- tain only to substances formed as a result of irradiatian, that is,
"~ to RT of quinoid nature (se2 this collcctiar, nnge 1&) The praparau
~ tions were ntorod at » telpcraturt of 0°. : _

Oosa curves. In the fl-st series of experiunntl the nlzurt 0911+ 

docc curves was studied in reiation to death of the embryos.

1'“f7!ha ovum was irradiated in different doses or treated with various
;,g;ﬂ! concantraxiona in.the blastulation pericd (8. blastomert stage).

A to&cl of four :nriai of c:pcri:nntt ﬁaro let up. T“c naturﬁn'

RS & chn curves froa y-irradiation and the sffect of ¥T yere monotyplc

© in each series. Tho results obtained frow one such series of oxperi~ -

;l;l.ats are rogrosoutod graphically in Fig. 1. Up to 150-300 roe were
o token &t ra$1

point. The dose of y-ir ation varied from 25 to
2000 r. The radiotoxin was used at different dilutions, namely: 1

S 0.5 and 0,25 ml in 10 ml of water. The roe were kapt in ‘these alus
‘tions from 1% minutes to 5 hours, after which they were washed and

plnood in Pctri dilhol ‘with water for rurtner &evcla;mﬂnc.
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Fig. 1. Dose (a) and concentration (b and ¢) curves of ovum death.
b) RT concentration 1, 0.5 and 0,25 ml in 10 ml of water (Curves 1,
< and 3, reapectivelys, ¢) chronic effect of toxin at a concentra-
tion of 0.1 ml in 10 ml of water; k) control.

The effect was evaluated from the death of the roe, which is easily
fixed from their blanching. Experiments on the chronic effect of
small concentrations of RT (0.1 ml of toxin in 10 ml of water) were
set up in parallel. Death at low RT concentrations was determined
after 19 and 43 hours of chronic acticn.

As seen from the data obtained (see Pig. la) death of the em-
bryos from veradiation in relation to the dose of irradiation coc-
curs according to an S-sheaped curve, Similar curves were obtained
from brief action of RT. The slope of the curve depended heavily
on the concentration. At high concentrations (Fig. lb, Curve 1)
repid death of all the roe set in, by decreasing the dose curves
were obtasined which imitate well the shape of curves from direct
v-irradiation (see Pig. 1b, Curves 2 and 3). Curves close to those
of y-radiation were odtained from the chronic effect of small RT
doses (Pig. lc),

, The nature of the deuth of the roe by days of devnlopnnnt shown
in Pig. 1 by the black columns was different in experimenta with the
- brief action of high RT doses [the maximum came on the first day of

~ development (see r1§ 1b)] and with y=-irradiation [the maximum came

~on the sscond day of development (see Fig. 1a)]. Hnuuvor, fron the
chronic action with small RT doses, as is seen from Pig. lo, good
 agreement with the effec: of y-radia
ing to this characteristic (coaparo with vig‘ la).

T Sensitivity of roe at different stages of emdbryonic devolop- L
loat t6 _y~irradiation and effect of RT., It is known from the litera-
ture (7] that the roe's sensitivity to rediation decreases with an

,1ncr¢atc in age. In the present worx the sensitlivity of loach roe
at the developmental stages of 2.5, 19 and 43 hours o the effect
of y=irradiation and RT was ltudina. The results of the oxpsrilnntl
are presented in Pig. 2. .

As seen from the data’ obtained (see Fig. 2a) radioa.nnz*ivi

drops sharply at 19 hours of development and then decreases 30&0-
what more at 53 hours. In experiments with the bdrief effect of
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large RT doses (1:10) (see Fig. 2b, Curves 1 and 2) it is not pos-

3ible to detect a difference in sensitivity at the developmental

stages of 2.5 and 19 hours,.but at- 43.hours the sensitivity to RT
i ralls sharply, similarly to exparimants with y-irrad ation.~ .

y ; With a decrease in. RT concentratisn (Curves 3-5 in Fig. 2b
;eoncentration of 0,5:10) a decrease in:isensitivity is clearly ob-
.-served at 19 hours -and further at 43 hours of development. A sharp
‘decrease in sensitivity ‘o RT wids observed at 19 hours from the
chronic action of small RT doses {0.1:10} (see Fig. lc). It is

seen from the data of the experiments which were conducted that the
.decrease in nadiosensitivity at different developmental stages of
: loaeh roe fuIly correlates with-thp dncrease 1n sensitivity to RT.
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'f:F‘KoAZ Sensitivity of roe to Y-irradiation (a) and effect of RT
(b and ¢) at. diffevent stages of development. a) Death of roe for 3,
- doses of 2,71.5, 1 and 0,5 curies (Curves i, 2, 3 and 4, respective- - 3
~71y¥3 b) f - RT concentrations of 1:10 (Curves 1 and 2), 0 5:10 ‘
{Curves 3-5); ©) chronic action of RT at a concentration of 0.1:10. 34
Black columna — percentage of deformities from irradiation to doses L
of 0.5 curie. (a) and from effect of RT in a concentration of 0.5:10

(b) according to time of development. Y = hours.

e SR TR Yo e T b Jed
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Den. owus : lluu. havrs ’ Time, hours
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’V,Fig. 3. Doae (a) and concentration (b and’ c) curves of roe deformi- i
"~ ties. D) RT concentrations in dilutions of 1:10, 0,5:1u and 0.25:10

- (Curves 1, 2 and 3, respesotively); ¢) chronic action of RT at con- i

. gentration of 0,1:10; X g control; black colums) nature of distribu- i
_ tion of deformed larvae for 0.5 curle (a), for RT at a concentra-

“tion of 0.5:10 (b) and from chronle RT. actign at & concentration of
6.1:10. (n - 8light; ¢ - average; T - severe »
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The formetion of developmenta] deformities from the effect of

y-irradiation and RT. Developmental deformities as a rule which_
arise from the effect of y-irradiation undoubtedly are eonnects@
with a change in the unique molecules of desoxyribonucleic acid:
in the cell nuclei and, consequently, with a disturbance in the.
entry of deformation for normal development. Therefore,. a.atudy
of the question of whether RT can also imitate the direct: effect
of radiation in this characteristic was of speeial 1nterest.<u.~

In this series of experiments the roe were 1rradiated or sub-
Jected to the action of RT at the 8-bl§§tomer stage (2.5 hours).
After hatching of the larvae, all visible anomalies were counted

and thelr percentage expressed with respect to all larvae which
survived,

All the visible ancmalles were conditionally divided 1nte
three groups:

1} slight (slight curvatures of the spine; the larvae ac-
tively move around the aquarium);

2) average (sharper curvatures of the splne in dorsal and
lateral directions; the larvae either move in a curve or perform
rotary movements);

3) severe (severe deformations of the head, sharp reduction o

lytic movements).

in the body, twins, etc.; the larvae perform only convulsive, para— o

As seen from the data of the experiment presented in Fig. 3aﬂ
from the effect of y-irradiation the total number of deformities
increases with the dose according to an S-shaped cu.ve and.at 1
curie reaches 100%. From the effect of high>r RT concentrations
after brief action (see Fig. 3b) the formation of deformities was

also observed; however, their number did not exceed 30-35% of the
surviving larvae.

A different type of curve was obtained from the chronic ac=-
tion of small RT doses (concentration 0.1:10). As seen from Fig, 3¢,
the curve imitated well the dose curve obtained from the direct ef-
fect of y-radiation (see Fig. 3a).

It 1s 1ntergsting to note that. the nature of the distribution
of the anomalles, as seen from Fig. 3 (black columns) and the table,
is similar to the direct effect of y-radiation. Under these condle-
tions, just as from irradiation in high doses, the hatching time
is delayed at exposures of 43 hours.

Of course, the external effect of RT, even e prolonged.
does not completely simulate all processes developing in an ir-—
radiated egg cell, Thus, in the action of RT it was not possible
to observe the characteristic picture of large doses of y-radiation

(20 curies) given at the 0-6 hour stages of development, when divi-

sion continues up to the late blastula stage and the egg cell dies
only in changing to the gastrula stage [6]. From the effect of

large RT doses death occurred earlier, and at low doses develop-
ment continued further.
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" that the kinetics of their development in the irradiated object

- -that RT can sufficiently fully reproduce in egg cells such charac-
- ‘the dose; 2) times of death; 3) different radiosensitivities at

'i_5[33.* - Kuzina A.M. In book entitled "Osnovy radiatsionnoy blo-

TABLE

Distribution of Deformed Larvae From the Effect
of y-Irradlation and RT

Dieteibution of deformed larvne, %

{
. Ata dose of 7/ —irrudistion of | From RT action of different durations
Geoup of | _ . )
stomalies . Exporiment | - Expepimaat 8

~

05 Curtes 1. Curies |
1@Ho! 43Houry) lmm.T 43hours

15 8 18
26 24 2
§0 24 50

sught [, | 7,50+1 ’
7.20+1 0+3
043

S0+1,11
Average . {17, 20+1,24
Severe . .j30,5011,65

884

27,0+35,5
72, ol

%
+

In this case otherkprocesses which are not imitated by the
quinonesd under the conditions of the experiments which were con-
~ducted are probably involved in the irradiated cell. It may be

-“is different than in the external action of a constant RT con-
-centration. It is also likely that the effect of direct injury
og the cell structures during irradiation is added to the effect

of the RT. '

The investigation which has been carried out clearly showed
teristic radition effects as 1) curves of death in relation to

different stages of development; U) basic patterns of the develop-
ment of deformities; 5) a delay in hatching from an increase in
the dose. E

~ Therefore, all the effects listed cannot unconditionally be
considered as the result only of a direct hit of ionizing radia-
tion on nuclear structures, It is more likely that RT forming
from the effect of radiation make thelr own important contribu-
tion to the development and manifestution of all the indicated
consequences of irradiation.

REFERENCES

1, Grey, L. In book entitied "Ioniziruyushchiye 1zlucheniya
1 kletochnyy metabolizm" [Ionizing Radiation and Cell
‘Metavolism]. Moscow, Izd-vo inostr. 1lit., 1958, Page 310.

2, Astaurov, B.L. In book entitled "Pervichnyye mekhanizmy -
‘ biologicheskogo deystviya ioniziruyushchikh izlucheniy"

[Primary Mechanisms of the Bilological Effect of Ionlzing
Emissiocns). Moscow, izd-vo Nauka, 1963, Page 10,

logii" [The PFoundations of Radiation Biologyl. Moscow,
‘izd~vo Nauka, 1964, Page 51
-y, Li, D.Ye. Deystviye radiatsii na zhivyye kletki [The




I R O A -

T Whta

s e RN IS I 5 BRI o SSEHT Iy SO s

e

Effect of Radiation on ‘Living Cells]. Moscow,
Gosatomizdat, 1963,

Kuzin, A.M. Radiaisionnaya biokhimiya [Radiation Bio- .
chemistryl], Izd-vo AN SSSR, ;962.--7» . .

Neyfakh, A.A. Doctoral dissereation. upseon, 1981
Welander, A. D. Growth, 18, 227 (195&).

. N
R e SRR SRR B O R e R RN S AN S TGRS £ NPT AT " ‘

i

-89 -

......

. o R s SN o e e R i o
J—, - b -« ROVEN Al .




THE EFFECT OF PLANT RADIOTOXINS ON THE ANIMAL ORGANISM
S.K. Mel'nikova and V.AR., Kopylov

(Inetitute of Biophysices USSR Academy of Soiences)

Anomalous metabolites of phenolic and quinoid nature are formed
in plant tissue from the effect of y-irradiation [1-3]. Substances
of phenolic and quinoid nature are extremely active: their bacterio-
static effect 1s well-known [4,5]; many quinones possess fungicidal
and insecticidal properties [6,7] and antimitotic [8] and antitumor
[9] activities. The ability to inhibit certain enzymes [10, 11],
particularly enzymatic oxidation [12-14], 1s characteristic of a
number of phenolic and quinold substances, for example, some benzo-
quinones are capable of inhibiting oxidation and phosphorylation
in the mitochondria of the ox heart [15], as well as succinoxidase

i the respiratory chain [16].

In a number of papers, Emanuel’' et al, [17, 18] found that ex-
tremely active intermediate oxidation forms (semiquinones) are pro-
duced during the oxidation of inhibitors of free radical reactions
(phenols). Selective suppression of the activity of oxidation-re-
duction enzymes in tumor cells [19], inhibition of lactate dehydro-
genase [20] and suppression of the biosynthesis of cellular pro-
teins of Yoshida's ascitic hepatoma [21] i3 noted in the activity
of inhibitors of chain processes (propylgallate). Emanuel' and
Lipchina [22] in experiments on mice with an acute transplanted
t;gcc:ia established the antileukemic activity of substances of

8 type,

Substances forming in plant tissue from the effect of y-irra-
‘diation are also capable of retarding mitosis [24], inhibiting
plant development [3, 25] and causing chromosomal aberrations [26].

- However, data on the effect of these substances on the whole
animal organism are almost absent from the literature. Kryukova
(see this collection, page 78) in investigating the effect of com-
. paratively dilute extracts of irradiated Vioia faba plants on tumor-
- our rats and mice did not observe a drop in the animals' weight.

~In the present work the effect of large doses of rather con-
centrated radiotoxins [RT] (PT) which form in potato tubers after
irradiation was studied on normal animals. Plant RT were obtained
in the following way: potato tubers were irradiated with Cs'?’ y-
rays at a dose rate of 700 r/min. The irradiation dose was 15 curles.
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The irradiated tubers together with coritrol unirradiated tubers
were kept for 24 hours at room temperature. Purther treatment was
carried out at a temperature of 0-2°, The outer layer of a thick-
ness of 3-4 mm was removed from the potato tubers and the tissue
which remained was homogenized in a three-fold volume of 96%

ethyl alcohol. Extraction was carried out for 1 hour with continual
mixing, the stroma was separated and the alcohol was removed under
vacuum at a temperature of 28-33°, The toncentrated extract was di-

luted with distilled water. From 1)0 g of the original tissue 35 ml
of final extract was obtained.

R A
\ Days of experiment .
'. \. DN v : ...t ]

-Change in weight, g
& o

! H
7

Filg. 1. Change in weight of mice from RT injection and direct y-ir=-
radiation, 1) Centrol I; 2) control II; 3) injectior of sxtract of
potato tubers irradiated in a dose of 15 curies; 4) control III.

In the first series of experiments the effect of such extracts
on a change in weight of mice after orne extract injection was inves-
tigated. The experiment was carried out on white unhred male mice
weighing 21-28 g. 0.2 ml of extract was injected subcutaneously into
each animal. After the injection the animals were weighed daily for
several daya. The experiment had three controls: control I - unin-
Jeocted animale; control II = injection of 0.2 ml of extract obtained
from unirradiated potato tubers; control III - irradiation of the
animals with Cs!?? yerays in a dose of 700 r. There were 15 animals
in each group. A total of three series of experiments (180 mice)
was carried out, The average data are presented in Fig. 1.

As seen from Fig. 1 (Curve 3), a sharp drop in the animals'
weight takes place in the first two days after the injection under
the influence of the plant RT's; 4in 10 days the animals do not even
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reach the original weight and in 16 days a considerable lag in the :
growth of these animals behind the controls is still observed.

The curves of the change in the body weight of mice from the
effect of extracts of irradiated potato tubers and of mice direct-
ly irradiated in a dose of 700 r are very similar for 9 days (com-

_pare Curves 3 and 4),

A drop in weight does not occur from the effect of extracts
of unirradiated potato tubers (Curve 2), and this curve almost co-
incides with Control I (Curve 1).

20 days after the injection the mice (weight 26-30 g) were
killed and some internal organs weighed: liver, testicles, kidneys
and spleen, As seen from the data presented in Table 1, the weight
of the liver and testicles decreased 17 and 18%, respectively from
the effect of plant RT, the weight of the kidneys did not change
and the weight of the spleen increased 33%.

TABLE 1

Weight of Internal Organs of Mice 20 Days After i
Injection of Extracts of Irradiated (With a Dnse :
of 15 curies) and Control Tubers

- . Weight

Extract of inedisted | Extract of control | in imedi= !

potato tubers powsto tubere ated ssn=| Retisbility !
Qpn plos in of 19

T comperi= |difference, p ¥
Md' ight Number with .
mnimals * ""{ snimale _!"“"’" ::m,q.

1
vee |, ... 1l '1230:00 i 1480 + 80 8 <0,01 g;

Toaticles. . . . .| 10 |2%0%10| 11 |200%13| 82 | <0,02 é
L Kidneys, . . . . . 5 (427420 4 | 446£ | : — -
? Solows . ... 10 |320%16] 10 [240:20! 138 | <0,01 '

i In preliminary experiments mice were subcutaneously injected

o with increasing amounts of extracts (0.3, 0.5 and 0.75 ml) of the
- surface layer of potato tubers obtained according a method describ- {
ed earlier [3]. In this case an increase in death of the animals i
was observed: 20, 50 and 75%, respectively., Extracts of control :

.~ tissue caused death of 20-25i only from the injection of 0.75 ml.

, "The change in the number of leucocytes in the peripheral
‘blood of rats after one subcutaneous injection of 1 ml of extracts ﬁ
obtained according to the above-described method was also investi- 11
gltod. Por this, white unbred male rats weight 160-230 g were used. L
~ Blood was taken from the tail vein and the number of leucocytes S ¢
. counted in a Goryayev chamber. As seen from the data presented in :
i Table 2, 24 hours after the injection the number of leucocytes de-
W " oreased 42% from the effect of plant RT, A decrease in the number
- of leucooytes from the effect of extracts of unirradiated tubers
~1s not observed (in some cases a slight temporary leucocytosis oc-
_‘ours). The dynamics of the change in the number of leucocytes is
presented in Pig. 2. The sharpest drop is noted 5 hours after in-
Jection, on the fifth day the number of leucocytes still remained
decreased, ' -
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Fig. 2, Change in number of leucocytes in peripheral blood of rats
after one RT injection. 1) Control (injection of extrast of unir-
radiated potato tubers); 2) injecticn of extract of potato tubere
irradiated in a dose of 15 curies (BT).

TABLE 2

Number of Leucocytes in 1 mm® of Bloed in Rets
24 Hours After Injection of Extrecta of Irre-
diated (Dose of 15 curies) and Control Tubere

[t e

tulbave

¥
¥

Soless injostion | Alerinjostion | Bafue Snjoction | Afer injostion

9340
810 .
]
5100
5000
.‘7 :
i

g .|z | wmzsp | amzos | emges

e

wpBavew

( A 1 1 1L X-1 [ %

Note: Relisbility ot'ditrirunsq p<0.01,

" Discusston of the m»m. ™he W or m m h bod:

weight of mice from the effect of one sudcutaneous !
plant RT and after total y-irradiaticn inm a dose of 70

Jection

of

l‘mﬂl"

close in the first 9 days. As from the effect of M&tm.»

in the animals' weight accompanied by a further lag in

noted from the effect of RT. High AT cencentrations csused dcath
of the animals. The decrease in the weight of the testicles 20 ugg
ection 1s analogous to the orroct of v-irrunﬁon in

after one
small doses [27]).
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Total X-ray irradiation in a dose of 600 r causes a drop in

: j
i the weight of the liver of the mice, anC on the 21st day after ﬁ
irradiation, the weight of the organ st111 remains reduced [28]. §
T In experiments which were carried out 20 days after the injection
o the weight of the liver was 17% lower than the control.
ol The spleen is unusually sensitive to tne injurious effect of
B ionizing emissions. Initially from total X-ray 1rradiation with a
Lo dose of 600 r a sharp decrease 1is noted in the organis weight whi-zh
s i1s accompanied after 14 and 21 days by the beginning of nypercompen-
3 sation of the organ [28]. The clear hyperccmpensation reaction caused
5 by plant RT also emphasizes the similarity of their effect to direct
: irradiation. The observed decrease in leucocytes indicates injury of - 1
& the hemogenetic system which is extremely sensitive to the effect of ‘
- radiation,
4
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THE RECOVERY OF SEEDS FROM RADIATION INJURIES IN THE LIGHT OF THE
TOXIN PRODUCTION THEORY

N.M,. Berezine, A.S. Merkulov and N.Norbayev
(Institute of Biophysics USSR Academy o f Soiences)

If 1t 1s considered that radiotoxins [RT) (PT) which are ac-
cumulated in irradliated tissue in the post-radiation period play
an essential role in radiation 1nJurx then, as was stated in one
of the preceding articles (see page 5, the so-called post-
radiation recovery from radiation injuries may be due in consid-
erable measure to a decrease in the entry of RT iato structures
responeible for manifestation of the radiation effect.

Irradiated seeds are interesting subjects for verification
of this hypothesis. There is very little data in the literature
on the question of the recovery of irradiated seeds from radia-
Eio:linauries during storage, and they are extremely contradictory

: It was cthown earlier [5] that if the germs of corn seeds ir-
radiated with a lethal dose of 40 curies are separated from the
endosperm at the very beginning of the moistening anc the former

. are grown on an artificial medium, the injurious effect of the ir-
~ radiation can be eliminated to a consideradle degree..

| The conclusion follows from thrse experiments that not 8o

=_in¢h'thb direct irradiation of the cells a&s the postradiation in-

flux, from the irradiated endoapsrm and corymb, of the RT formed

- in them from the effect of irridiation plays a decisive role in the
- Geath ¢f the germs. Actually, as has been shown (see this collec~

- tion, pagt 2U), if the germs ar: removed from germinating irradiat-
od seeds, quinones, whise concentration increases with an increase

in irradiacion dosz, will be exoreted tron‘tho endospera and corymb

B into the e;tdrnnl’.odiuly

- Active toxin production begins from the moment of swelling of

- the irradiated seeds - from the moment of the beginning of active

wetadbolism, Before moistening, dry irrsdiated seeds evidently

_store absorhed energy in the form of free radicals of macromole-

cules, whose prolonged existence was shown by direct determina-
tions by the method of electron parsmagnetic resonance [6, 7).
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Pig. 1. 13-day garminanta of freahly 1rradiated corn seeds with
different storage periods after irradiaticn in a dose of 40 curies.
a) Control {(without 1rrad1ation_); b) 1 day; ¢) 6 months; d) 2 years,

_ The active substances which develop initially by imneans of ra-
diation-chemical processes, upon prolonged storage of the alr-dried
seeds, will gradually break down which decreases the possibility of
thelr effect on metatolism upon subsequent moistening of the seeds
and the probability of RT formation will also decrease, which in
turn leade to the absence of a radiation effect (to recovery).

To verify these assumptions, experiments on prolonged atoraga
of irradiated seeds were set up. All the expariments were carr‘ed
out on air-dried corn geeds of the “"Sterling" variecg with 8-10»
moisture, One batch of seeds was irradiated with Cs'®? yepays of
a dose of 40 curies at a dose rate of 700 r/min. Some of the sexds
were sown 24 hours after irradiation, others aft:r 6 months and a

- third group after 2 years of storage at room temperatura. The re-;
sults obtained ars- preuented in Pig. 1.

As tha results of the exper.pent ahoned, from irradiation in
& dose of L0 curies all the germinunts of corn seeds sowed 1 day
after irradiation died on the 13_§_day of vegetation (Pig. 1b).
Aftor storage of these seeds for 6 months after irradiation, in-
- dividual germinants developed for 25-30 days and produced 2-3
real leaves (Fig. 1lc), but then died. 3Jeeds stored for 2 yenrs
after iirradiation recoverod their vital capacity. when thesc
seeds were sown, normal germinants developed which vegetated un-

- Q7 -

e e + R ol ) R a3 S AR R waY A T T

K3

i s U F e N

RRETT




RITITEI

der laboratory conditions in Knopp's nutrient solution up to 45
days (Fig. 1d). In vigor of development these germinants only lag-
ged a little behind germinants of control plants grown from unir-
*adiated seeds (Fig. 1la).

[P
agvimrrent ey tnemis

When the experiment was repeated with simultaneous sowing of
seeds stored after irradiation for 2, 3 and U years and freshly ir-
radlated seeds the same pattern was 1nvar1ab1y repeated: after pro-
longec srorage of seeds irradiated in a dose of 40 zuries, recovery
of their capacity for growth and development was observed (Fig. 2).
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Mg, 2. Recovery from inJurious ef;ect of y-rays of corn seeds 1r-
 radiated in a dose of 40 curles st different times of storage: a)

i years; b) 3 years; c¢) 2 years; 1) control (without 1rradiation),
= 2) germinants of seeds stored for the indicated time (a, . €)3 3)
S germinants of freshly irradiated seeds.

e

A sharp change was observed in the activity of some oxlidizing i
enzymes in germinants of corn seeds irradiated with a lethal dose, ;
; In the first days of germination the activity of these enzymes de- ;
'k - ereased, omgrising only 43% of the activity of the control, and
b o © - on the éth and 13th day of development (to the time of the germi-
;o nants' doat it increased sharply by 300-“005 in comparison with
the control.

The maximum change in the activity of these enzymes was Ob- .
cerved in the seed corymbs which during germination deliver macro-
ergs and nutrients to the embryo.

The increase 1in the aetivity of oxidizing enzymos from the ef-
fect of radiation disturbs the usual course of metabolic processes
in the germinating seeds and leads to increased production of qui-
nones — which are evidently the principal components of plant RT
(aee this collection, page 18).

Excess entry of o -quinones into the cmbryo is the cause of
the inhibition of their growth and death
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In considering the observed phenomenon of the recovery of
growth and development of germinants irradiated with a lethal .
dose from the viewpoint of the RI theory, it can be assumed that
during prolonged storage of irradiated seeds as the result of the
disappearance of the initial free radicals, initial changes in the
activity of oxidizing processes will not arise and the cause of
postradiation accumulation during germination of the irradiated
seeds will thereby be eliminated. In fact, a study of -the activity;x
of two oxidative enzymes — peroxidase and lipooxidase - oomplete,jg\‘-'
ly confirmed this hypothesis. - .

The results of a deteruﬂnation of peroxidase activity on dif-~>
ferent days of the ge"mination of freshly irradiated seeds (Curve 1)
and seeds stored for 2 years {Curve 2) are presented in Fig. 3. As
seen from the figure, a sharp deviation from normal is observed in
-germinants of fre shly irradiated seeds (dose of .40 curies), where-
as after long storage the activity of peroxidase from germinents
of irradiated seeds 1s almost equal to the activity in the eontrol{‘\
{unirradiatec.) plants, , _

The determination of the lipooxidase activity in the germinant
corymbs (by the gpectrophotometric method) is presented in Fig.~ﬂ.

L ) e |
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Peroxidase activity, %

H ...’uc:\ﬁ\¢"m.~uu:.fﬂ:»z.m.mmv.vw e

-

'z 3 = ¥

ol - -
. 2 ¢ K] N B
. ’ e ' Day of germination S . -
Fig. 3. Change in peroxldase activity after storage of corn seeds «
irradiated with a dose of 40 curies. 1) Peroxidase activity in ger-
minants of freshly irradiated seeds, 2) the same from seeds stored.
for 2 years after 1rradlation, X) conbrol. : :
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Fig. 4, Change in lipooxid;sé activity during storage of irradiated
seeds (corn). 1) In corymbs of germinating unirradiated seeds; 2)

§ in freshly irradiated seeds (40 curies); 3) in seeds stored 2 years
{ : . after irradiation (40 curies).

- - It is seen from this figure that in the first days of germina-
-8 o tion in freshly irradiated seeds (with a dose of U0 curies) the ac-
- - tivity of this enzyme exceeds its activity in the control by more
. than double. In seeds irradiated but then stored for 2 years,

o R the lipooxidase activity does not differ from the control.

< It was 1nterest1ng to. determine whether the production and en-

.. try into the embryo of toxic quinones forming in the corymb and en-

[ -+ _dosperm.of irradlated seeds changes during storage. For this pur-

SE RN . -pose, both freshly irradiated seeds and seeds stored for 2 years
P - were moistensd for 24 hours, after which the embryo was removed.

A " The seeds which were operated on (40 specimens) were placed in con-
. ~ tainers with 25 ml of distilled water. After 24 hours in the water,

: . the quinones were determined polarographically at E* = =0,35 v (see
S o this collection, page 28). ‘

The data obtalned are presented in the table.

TABLE |
Amount of Quinones Excreted by Seeds Irradiated

e
s e a6 JRUPSp—.

With a Dose of ho curies After Removal of the
Embryo
Helght of polarogrephic
_ Wave, mm Bt sbude with
Seeds ] ?;'poe! to the control, .
: Exp. | &mzfnns o
{
i Canuél .
? Finhlyt lrr;dlutcd . ‘gg % 3 gg %‘g
Stored for 2 years after
irradiation . 48 2 85 48 187 _
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As seen from this table, there was a sharp decrease during germ-
ination in quinone production in seeds stored for 2 years after ir-
radiation 1n comparison with freshly irradiated seeds. The principal
cause of inhibition of embryo development was thereby eliminated.

The lnvestigation which was carried out showed clearly that
after prolonged storage of seeds irradiated with a lethal dose the
causes of the activation of oxidative processes and the production
of RT of quinoid nature during germiantion of the seeds are eliminat-

ed. The absence of RT makes 1t possible for the embryos to develop
normally. .

Thus, postradiation recovery processes which are clearly ob-
served after prolcnged storage of irradlated seeds are assoclated
not with the recovery of cytogenetic nuclear structures of the em-
bryo damaged by the direct effect of radiation, but with the elimina-
tion of the inflow into the embryo of the RT which are the principal

cause of the cessation of development and the death of irradiated
seeds.
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- RECOVERY OF v-IRRADIATED SEEDS FROM RADIATION INJURIES
V.A. Kopylov, A.M. Kuzin, N.V. Pechnikov and T.V. Volkova

(Institute of Biophyeice USSR Academy of Scierces)

It has been shown in a number of pages that toxlic substances
produced in irradiated plant tissues can to a considerable degree
-cause such a manifestation of radiation injury as a delay in cell
‘division and inhibition of plant growth and development (see, for
“example, [’l-ll]). The toxic substances are easily extracted with
ethyl ‘alcohol ‘and water. It 1s known that alcoholic or aqueous ex-
- tracets of normal {unirradiated) plants also have the ability tc in-

_-hibst plant growth [5]. Attempts have been made more than once to
- _ldentify the substances responsible for this effect, however, up

- to-4he present time there is no single point of view on the nature
* pf these substances. A number of authors believe that such compounds
~ may be substances of phenolic nature [6, 7]: In this connection, it
48 interesting to note that a considerable increase 1ln the concen-
tration of polyphenols is observed in plants in a quiescent stage,
“and, as a rule, at the sites of intensive growth [8]. The viewpoint
that polyphenols possibly are natural inhibitors and regulators of
- ‘the rate of cell division is also tempting. At least in the auxin.
auxinoxidase system the regulatory role of the polyphenols 18 be-
coming more and more evident [9-11]. Aqueous extracts of normal
‘plants have an effect not only on growth processes but also on

- radiosensitivity and certain biochemical processes. For example,
- after moistening radiosensitive Brassicanigra seeds in extracts
. obtained from radioresistant Pinue sylveetris seeds, the radio-
resistance of the former is increased, and vice versa (12].

It was shown earlier [13] that a sharp increase in subatances
of phenclic nature occurs as a result of irradiation of plants and, .
as the authors believe, growth inhibition by aqueous and alcoholic
extracts of irradiated plants is connected with an increase in the
concentration of polyphenols and, in particular, with their oxidized
form — o -quinones (see this collectlon, page 185. Consequently, if
polyphenols in fact normally play the role of inhibitors and regu-
lators of growth processes, it can be sald that irradlation causes
_a disturbance in this system. Normally natural inhibitors of phenolic
nature found in seeds can be removed by simple washing out with
‘water, If these starting points are truc, then by washing irradiated
geeds with water the polyphenols produced as a result of irradiation
will be removed and their growth will be improved in comparison wlth
the control.
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ried out until gathering of the harvest. The data obtained are
| presented in Tables 2 and 3 and in Fig. 2.
m
R
E " .
(-9
3
g
: | 7
) %
‘ Contrat 4 X curigs , Control B suries
: " Dry seeds Washed seeds
% Fig. 2. Result of determination of efflorescence on 31 August
: (experiment with seed washing). Average data from 100 plants.
X White column - with panicle; cross hatched column — without
i panicle; black coiumn - flowering panicle,
TABLE 2
1 Helght of Corn Plants Grown From Seeds Washed After
; Irradiation With a Dose of 10 Curies (averages
: from 20 plants, three repetitions)
; Holm of plant
} , s June  Juy _ 20 Augast
‘El Variant of experimant
r - % l % '™ %
b D” control l"°*°. W .ot" lw “7.0*1.0 lm
! Irradisted with a doue of 10 euries|
‘ oy “'4‘ l‘coto “.0*3. ” 117'0*.0‘ “ -
Basned eomral  oee of 10 awies (319201 100 1,0+3,9 100 | 138,048,9 | 100
washed seeds 18.01:0 7.0:23.8 03 |190,023,0] 9 .
5 , |
?
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In the present work this hypothesls is examined experimentally.

Corn seeds of the "Sterling" variety harvested in 1963 wene'¥§$d.
Air-dried seeds with 10-11% moisture were irradiated with Cs Y-
rays in GUPOS equipment (dose rate of irradiation 700 r/min) in
doses causing strong growth inhibition (10-20 curies). After ir-

- radiation some of the seeds were placed in a container with run-
ning water at a temperature of 4-6°, They were washed for 2 days

at this temperature. Other irradiated seeds were kept at the same
temperature in a small amount of non-running water, Unirradiated
plants were alsc divided into two parts, one c¢f which was washed
under the same conditions as the irrsdiated plants., After conclu-
sion of the washing all the seeds were grown under standard condi-
tions. '

Data from measurement of the length of the coleoptile on the
seventh day of growth are presented in Table 1.

TABLE 1 _
Length of Coleoptile on Seventh Day of Growth
] 1
] . . Length, cm Dry u:«:: with
Vuariant of experiment respact to cone :
. trol, % "Washed ds with
Dry seeds ':::':: ) | :.t;ect t.: ::out:ol.
Contsel 14,740,7 | 12,4108 | 100 100
. Irvadiation with e doss of 10 curies | 7,14+0,4 | 11,950,4 605 | . o8
Ireadistion with & doss of 20 curise | s,sﬂ.& 1 10.9%0,8 S .88

A photpgraph of one of the experiments'ié g1ven in Fig. 1.

As seen from the results obtained, washing of ¢he seeds at a
low temperature almost completely eliminates radiation inhibition
in the first days of development. It is interesting to emphasize
that keeping them at a low temperature alone not only does not pro-
duce recovery, but even somewhat intensifies the injurious effect
of the radiation. :

~In the second series of experiments, similarly treated seeds
were sown under field conditions in experimental plots with three-
fold alternating repetition. Observations of the plants were car-

Fg. 1, The effect of washing corn seeds irra-
- diated with a dose of 20 ouries on their growth
rate,

REPROCICIBLE

l;,
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TABLE 3

Results of Corn Harvest in Experiment With
Washed Irradiated Seeds (1963)

Variant of experiment Height,| Raw " obs ‘4 e x .
e, om | weight) © from one | from one "
€ f plant cob
Dry control 208 820 1.1 33 210
Dsy seeds irradiated with a ' .
dose of 10 curies 181 618 0,9 49 168
Per cent of control 8 /] s 6 ™
:uhed control 207 878 1.1 b ] 216
ashed seeds irradiated with a
dose of 10 curies 196 ;] 1.2 2% 193
Per cent of controt L 9 09 “ L
Ratio of percentages of
irradiated washed to
irradiated dry seeds 1,07 1,2 1,38 1.47 1,13

It 1s seen from the data presented that postradiation washing
of the seeds almost completely restores such remote effects of ir-
radiation as a decrease in the weight of the cobs, a decrease in
their number and a lag in moving from one developmental stage to
another (the formation of panicles and efflorescence).

However, it is doubtful whether it is poasihie to explain re-
covery from radiation injuries by a simple washing out of growth in-
hibitors of polyphenolic nature. As seen from Fig. 2, washed seeds
(unirradiated) have the same rate of development by phases as un-
washed unirradiated seeds, whereas the percentage of plants with a
panicle with relative decrease in their flowering, increases con-
siderably in irradiated washed seeds. Here there is a qualitative
redistribution by phases of develiopment through washing. According
o £0 unpublished data of N. Norbayev, the wash waters from irradiated
E plants contain a large amount of quinones which are directly retated.
to the irradiation dose. On the other hand, it is noted that the
amount of substances of phenolic nature in plants grown from irra-
diated seeds is also definitely related tc the irradiation dose and
it should be emphasized that with an increase in the irradiation 5
: dose, a regular increase in substances of radical nature — melanines e
1 - ocours in the root system [14], : : - el

ot - Thus, if an increase in naturalfinhibitors-or:polypheﬁaiic’na; o
B ture ocours as a result of irradiation of seeds, it is clearly by
quite & different means than takes place normally. Acoumulation of

substances of quinoid nature which, in condensing, form melanines ';:'
occurs as a result of such a disturbance. - = -~

As indicated above, natural inhibitors and quinones which pos-
sees clear toxic properties are removed by washing irradiated seeds,
However, it is doubtful whether it is possible to remove them om- -

" pletely; the small concentiation which remains possibly has a stimu-
latory effect on some metabolic links, as a result of which thece
is noted the increase in plants with a panicle in the present work.
On the other hand, evidently even an infinitesimal concentration
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can be toxic for the flowering phase (see Fig. 2).

As is known, in discussing the causes of the recovery processes
a hypothesis was expressed concerning the important role in them of
hidden injuries of macromolecules which become evident in the admis-
sion of oxygen and under the influence of heat.

Under the conditions of the present work, washing of the seeds
was carried out with water saturated with oxygen, whica, it would
seem, could not prevent the appearance of an oxygen effect. The low
t~merature usei for delaying the start of metaboclic processes in
seds could, of course, delay the appearance of postradiation ‘
t inactivation; however, this inactivation should be fully mani-
:8ted when the seeds are sown under germination conditions,

Thus, the theory of the reversal of hidden injuries does not
have any advantages over the theory of the washing out of toxic sub-
stances, If it is considered that it 1s possible to completely repro-
duce the radiation effect of inhibition of seed development by action
on the seeds of toxins extracted from irradiated plant tissues, as
well as the absence of a recovery effect from keeping the seeds in

nonrunning cold water, the explanation of the observed facts suggest-
ed here has, it seems to us, a clear advantage over the others.
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THE EFFECT OF PROTECTIVE SUBSTANCES ON THc YIELD OF SOME
TOXIC PRODUCTS OF AMINO ACID RADIOLYSIS

N.A. Duzhenkova and A.V. Savich

It 1s indicated in the work of A.M. Kuzin and uolhhagues,
V. Deyl and others that some products cof amino acid rediolysiz are B
cell poisons. Particularly great importance is zttachsd to produsts

of tyrosine breavdown [quinones, 3, 4-dlozyphenylalantue (3,%=DOFA) -

and others) [1] There is also 1nra*mation on wne toxic effect of
ammonia [2, A TeleLT

The radiation-chemical conversion of aguecis amlno acid solu- '
tions has been investigated bty wany authors. ngever, it is aiffi-
cult to compare the results obtained because df the different con-

ditions of conducting the experiments. Some processes of the radlo- - .- i
~ lysis of glyeinc, tryptophan and tyrosine have already been stud~ Sl e
»-1cd [4-6]. The data obtained are prasentea,in the table. e T e

Amino Acid: Rxdlolysia

'fl) A-ino acld; 2) yield of %ﬁs per 100 ev. numzer of moleculss; 3)

conversion par 100 sv. {aquecus solution), nurber of nolecules;

. ing
. #) yield of decompositich per 100 ev (squeous solution), nusbar of
nohculn; 5) ;lyc:lm, L)

ryptophan; ) %yrosine.

An analysis of the data presentcd in the table shows that the

' ylelds ef products and the tctal devompcsition of amino acids do
- not exceed the yleld or fres radicalt which are produced in the

radiolysis of water. The !lelns siw approximately of the same or-
der for sliphatic an? cyclic compounds, Only the effecs of the

.f-!iﬂittioa deaination of cyclic amino acids is less than for giv-
' oine since in the case of thefr rudzolssas thc effeﬁt cr tne radia~
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tion 1s directed not only toward the side chain, but also toward
the ring structure. The yield of producte having a toxic effect
and connected with hydroxylation of the phenol ring of tyrosine
(3,4-DOPA) 1is 0.75 molecule per 100 ev and is approximately half
or the yleld of total amino acid decomposition.

n
-
.

£

.3

‘fﬁqncentration. micromoles/ml

b;ifi:Fié§ 1. bgpenﬂencs af'tha éenua;oaition of 5¢ 10 M aquecus solu-
- ‘tion ‘of tyrosine and the accumulation of 3,4-DOPA on the dose of

‘ysradiation. 1) Tyrosine without addition; 2-5) tyrosine < cyste~

 ine hydrochloride; 6) acoumulation of 3,4~DOPA; 7-10) accumulation
- of 3,9-DOPA in tyrosine + cysteine hydraghloride system, The pro-

portion of molar condentrations 9f~tyrosing and cystein: hydro- B
chloride 13 s‘th 1n aquare bracnets Airectly on the curve. L

The otfcat af 1&51b1toru of free r:dical sﬁoocas¢n1- :toine

nydrcshloride and propyligallate ~ on radistion aalninntierfaf'gA;u _771*7§P

tine and tryptophan at different pH values of the medium was

studied earlier (4-6]. It was shown that cysteine's prntettiv;».;t:; o

feut is conrected with competition primarily for UH radicals

forming during the radiolysis of water and is most clearly ::pr035061 

in acid mediws, The protective effect o dgrapylgallnte is due main-

1y to competition for # radiczls and 1s lpll]id moat clearly 1n
llklltns medium,

: At tho present time 1nv¢at1;ntiona are bainc ccndacted on- thﬁ

effeot of a nuaber cv protaetive substances or the radittion-eh¢n1~~sf, i’%_‘
¢al conversion of tyrosine. Dats obtained in cxperiauats with cyst~,«‘

R "
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eine hydrochloride are presented in Fig. 1. Curves 1 and 6 depict
respectively the dependence of tyrosine decomposition and 3,4-DOPA
- accumulation on the dose during Co®? y-irradiation (dose rate 150
rad/sec) of a 5 x 10" * M aqueous solution of the amino acid. The
analysis of the solutions obtained was carried out by Arnow's meth-
~od [7]. The protective effect was calculated from the decrease in
tyrosine decomposition and from the decrease in 3,4-DOPA accumula-
tion at a dose of 37% amino acid preservation, equal to 200 krad.
~ Both tyrosine decomposition and 3,4-DOPA accumulation are of an
exponential nature. The yield of tyrosine decomposition equals 2.1
molecules per 100 ev, the yield of 3,4-DOPA 1s C.75 molecule per
100 ev. When cysteine hydrochloride 1s introduced into an irradiated
tyrosine solution, a decrease in amino acid decomposition and 3,4-
DOPA accumulatiorn i3 ohserved. The protective effect was determined
at four proportions of molar concentrations of tyrosine and addi-
tive: 10:1, 5:1, 1:1 and 1:2; the amino acid concentration in all
the experiments conducted was 5+10"% M. As seen from Fig. 1, cyst-

eine's protective effect increases with an increase in 1ts concen-
tration.

e caa i - e om e ' o e “-' -
e ey G PRV TRURETNERIN T
. } W

o

N

A R S a N e B 3 i I S, L b T st b e IV R RSO ey O

Protective effect
o3I L E TLEL& R IR
v

‘rm* ot 12/ad
Cysteine concentration, M

Fig. 2. Dependence of protective effect on concentration of cysteine
hydrochloride. 1) Protection of total tyrosine decomposition; 2)
protection of 3,4~DOPA accumulation,

The dependence of the protective effect in percentages of the
concentration of the additive is presented in Fig. 2. Tyrosine de-
composition begins to decrease after the introduction of rather .
small amounts of cystelne hydrochloride: 29.9% from the addition
of 1+10™* M cysteine [5:1] and 75% at an additive concentration
equal to 5:10 * M [1:1]. From introduction of 110~ M cysteine .
[1:2] the protective effect equals 93%, that is, practically com-
plete protection or tyrosine is observed. The nature of the ef-
fect of the addition of cysteine on the formation of the toxic
product, 3,4-DOPA, as seen from Fig. 2, is reminiscent in general
outline of its protective effect on tyrosine decomposition. Some
difference in the values of the protective effect of cysteine hy-
drochloride on tyrosine decomposition and 3,4-DOPA accumulation
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2. Deyl, V., In book entitled "Radiobioclogiya," Moscow, Izd-vo

‘6. Amiragova, M.I., Duzhenkova, N.A., Radiobiologiya, 2, 607

LT
t 4

indicated that although the bulk of the added substance is consumed
in a competitive reaction with OH radicals which go into the hydroxy-
lation of tyrosine's phenol ring with the production of 3,4-DOPA,
some of it goes into inhibition of other proceases of the radiation-
chemlcal conversion of tyrosine, in particular; evidently into the
radiation deaminiation processes. S :

The results obtained showed that substances which are good ac-
ceptors of free radicals have a high protective effect and prevent
the formation of certain products of amino acid radiolysis with a
toxic effect. -
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THE ROLE OF LIPID RADIOTOX!NS IN THE TOXIC RADIATION EFFECT

Yu.B. Kudryashov

(Department of Biophysics, Moscow State Unlversity)

It is well known at the present time that nuclear irradiation
is capable of causing the injury and death of any organ, any living
cell. Therefore, problems of radiobiology are general biological
problems touching upon the interests of blologists with the most -
diverse specialities.

Over the course of the TO-year history of radiobiology a tre-
mendous amount of materlal pertaining to the general response reac-
tion of organisms to irradiation has been accumulated. It 1is known
~that radiation injury is a set of complex and interconnected changes

- in the organism. In the final analysis the changes affect the en-
tire organism as a whole and, to one or another degree, all of its
organs and tissues. However, in spite of the fact that the general
biological changes in an irradiated organism have been well studied,
present-day radiobiology has relatively little information on the
primary physico-chemical changes and the triggering mechanisms of
radiaticn 1n3ury.

For example, there are still no convincing answers to the fol-
lowing questions:

‘l) why is the ehergy of deadly doses*of ionizing radiation so
. small that 1t is not capable of causing significant changes in
molecules at the moment of the cells' irradiation?

-

2) What are the intensifying mechanisms which bring about the
slight primary injuries in the cells and lead sometimes a long time
after the 1rrad1ation to profound pathological disturbances and to
death? .

3) What is the mechanism of action of radioprophylactic sub-
stances which are capable of protecting organisms from radiation
injury only when introduced before irradiation?

-9 ';
B
E =
E G
i
E 8
ks
b
£ O
3
E
L@
F
E
X

R

N

The resolution of these questions will make it possible to in-
terpret specific primary reactions of radiation injury and intensi-
fying mechanisms which gradually lead to death of the irradiated
organisms. An explanation of the nature of the primary reactions
and the intensifying mechanism of radiation injury will create a
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basis for effective prophylaxis and treatment of radiation injury.

At the present time there .are various hypotheses and theories

- pertaining to the primary and triggering reactions of radiation in-

Jury. Among them the radiotoxin (RT) theory has been put.forward -

- many times by various authors. According to this theory, bilological-

1y active toxic substances responsible for the development of -radia-
tion injury are accumulated in the organs and tissues of the irrad--
iated organism. ‘ ' S :

For example, as early as 1905 Linzer and Helber [1] found that
toxic substances, "leucotoxins," causing destruction of the leuco-
cytes and leading to leucopenia are produced in the bloed of irrad-
lated animals. In 1912 Werner [2] expressed the hypothesis that the
development of radlation injury 1is caused by the effect of leécithin
radiolysis and the formation here of a toxic product, choline. In the

forties Ellinger [3] introduced the "histamine theory of the bilolog- = . . :

ical effect of irradiation." Recently, much work has been carried

out by Krichevskaya [4] who studied the role of histemine in radia-—-

tion injury. In the opinion of Klemparskaya [5], Sverdlov [6], 'Ballk
and L'vitsyna [7], products of protein decomposition can play a
large role in the development of the pathogenesis pf radiation injury.

- On the basis or numerous experiments on changes 2Zn the biologi-
cal properties of the blood of irradiated animals, Gorigzontov [8]
presented convincing evidence of the entry of bilologically active '
substances into the blood which promote the development of radiation
toxemia. He came to a conclusion concerning the presence in the
blood of irradiated animals of various toxic components in different
sections of the organism and in different periods of the radiation
lesion. '

It was shown by the work of A.M. Kuzin (see [9] and this col-
lection, page 4) and his colleagues that orthophenols, which in
living tissue easily undergo reversible oxidation forming toxic
quinones, increase in the organs and tissues of irradiated plants,
as well as in the liver of animals. The data obtained by Kuzin in-
dicate the large role of oxidation reactions in RT production and
their indisputable significance in the development of the patho-
genesls of radiation injury. ‘

Considering the great importance of oxidation processes in
the development of the primary reactions of radiation lesion, Taru-
sov [10, 11] created the theory of the development of chain oxida-
tion reactions in the bilolipids of irradiated cells and tissue.
Principal attention in this theory is given to the problem of the
formation of the primary toxic substances.

In our work, begun in 1953, toxic 1ipid substances have
chlefly been investigated.

The basic task of the given work was a study of the role of
various toxic substances in radiation lesion and establishment of
the leading mechanisms in the toxic radiation effect. The work was
performed by a group consisting of graduate students, probaticners,
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port-graduate students and colleagues of the Soil Bicology Depart-
ment of Moscow State University.

The materials and methods of the studles are set forth in
other papers from our department which are published in this collec-

Some background indications of the degree of severity of rad-
fation lesion of animals. As is known, the death rate of the affect-
ed animals can serve as the most general indication of the injuri-
ous effect of high doses of ionizing radiation. Even at the same
dose, death of the animals occurs at different times after irradia-
tion, that 1C, the degree of severity of the injury is different in
different animals. Therefore, in selecting animals for an experi-
ment the degree of severity of the developing radiation lesion was
controlled and the experiments were conducted against this background.
The animals' physiological state, a change in body weight, a change
in the amount of the regular blood elements, erythrogram curves and
others were recorded as:such background indications in our experi-
ments, )

Thus, it is seen from Fig. 1 that for each form of radiation
leslon of rats there are characteristic changes in the erythrograms
and in the same form of radiation lesion, depending on the time
passed after irradiation, regular changes occur in the erythrograms.
The experiments on rats carried out in the present work confirm
data obtained by Terskov and Gitel'zon [12]on rabbits.’

The change in the level of varfous biologically active sub-

~ stances during the development of radiation lesion. Along with the
- background indications of the degree of severity of radiation lesion,

kinetic curves of the change in the level of biologically active
substances in various organs and tissues of animals (rabbits, mice
and rats) irradiated with different types of ionizing radiation
were traced. '

As ‘an example we present data from a study of the change in the
level of histamine, choline, quinones, protein decomposition pro-
ducts and the activity of 1lipid RT in the liver of rats irradiated

with y-radiation in a dose of 800 r (acute form of radiation lesion).

It is seen from Fig. 2 that changes in the amount of biologi-
cally active substances in the liver of irradiated rats change in
& wave-like manner over the course of the whole period of acute
radiation lesion. In the first phase of acute radiation lesion (from
5 min to 1-2 days af'ter irrsdiation) intensified accumulation of
histamine, choline and quinones, as well as the inhibition of pro-
tein deccmposition processes occurs. Then all these changes arrive
at the normal level and in the period of manifest clinical changes
a decrease in the level of histamine, choline and quinones in the
liver is observed. This decrease phase sets in at different times
for different toxic substances: earliest for the quinones, then for
histamine and in a later period for choline. In the period of
manifest clinical changes a progressive increase in protein decom-
position products occurs. In distinotion to the described phase
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Fig. 1. Change in erythrograms of rats irradiated with different
doses of y-rays. 1) Irradiation with a dose of 200 r; 2) irradia-

tion with a dose of 600 r {animal died on 19th day after irradia-
tion); 3) irradiation with a dose of 600 r; U) irradiation with a
dose of 800 r (animal died on 7th day after irradiation). Dotted
line is erythrogram of unirrsdiated rat; smooth line is erythro-
gram of same rat after irradiation with y-rays. The time which
passed after irradiation is ncted near each ervthrogran.




Chamge in toxic substsaces ,

~m:

Fig. 2 Change in ET level 1n rat livers after irradiation in a dose
of 800 r at different periods of the radiation lesion (100% — con-
trol). 1) Histamine; 2) choline; 3) hemolytic acuivity, 4) quinones;
5) protein decomposition products : ‘

changes in the level of biolqgically active substances, lipid RT
gge found over the ‘entire period of the radiation lesion (see Fig.

The greatest activity of 1lipid-RT is found in the liver of ir- -
radiated animals, and it also can be ‘found in other organs and tis-:
sues (see this collection, page 126). Data on the detection of 1lipid
RT in the blood are of great interest; this clearly can be ‘used for
purposes of radiation diagnostics. Subaequently, it was shown in the
Department of Biophysics of Moscow State University that in the in-
tricate complex of the toxic radiation effect lipid RT perform a
leading role. In connection with this a study of the chemical na-
ture of lipid RT was carried out, a search for them in various bio-
logical specimens was made and the characteristics of the effect of
1lipid RT on various biological systems were determined.

The chemical nature of 1ipid RT. Earlier it was found in the
department that lipid RT go over completely into the .ree unsatur-
ated fatty acid fraction (Table 1). Gorkin [13, 14] used this chemi-
cal separation method for identifying nonimmune tissue hemolysins
whioch form during the intensification of autolytic reactions. The
data which we obtained indicate that 1lipid RT are very close to the
tissue hemolysins studied by Gorkin in chemical properties.

Later, by using the methods of thin-layer chromatography and
polarography it was possible to show (see this collection, page 126)
that 1lipid RT are oxidation products of unsaturated fatty acids,
and peroxides and epoxides are the principal substances responsible
for the toxic effect.

By using .xidized oleic acid [OOA] (OOK) as a model, it was
possible to show that OOA is similar in biological errect to the
effect of lipid RT.

In our opinion, mainly the unsaturated fatty acids and lecithin
which are part of all cells are the principal suppliers of the lipiad
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It is necessary to reexamine Werner's theory [2] about the 1lib-
eration of choline as a result of leeithin radiclysis and concern-
ing choline's leading role in radiation lesion from the standpoint
of the production of the mentiéned unsaturated fatty acid oxida-
tion products. ' PR ,

It i3 assumed in the present work that as a result of the ac-
tion of radiation on cells intensified decomposition of lecithin
occurs and the unsaturated fatty acids which are liberated in this
case are easily oxidized. Other unsaturated fatty acids contained
in the cells also undergo oxidation. The demarcestion of the primary
physicochemical radiation effect of lipid RT production and secondary
effects which result in a disturbance of normal biochemical reac-
tions 1s very important in a study of the formation of lipid RT.

TABLE 1
Purification of Hemolytic Factor Produced in the Liver of Rats Ir-
radiated with a Dose of 650 r (Third Day aiter Irradiation)
|2 1 oworeasr newn, ] . 1 ‘
Axvusmoers 1 1= merpumpn Syrasinon | : Axmmetrs
s i , o l ¥
on 3. Byvawonosen dess 3 9 ) © 5 Doseen ¢em L] 1
. . : 1
Orrousa GyTimoss, PECTRODINNG MSCATNNCIOND .
— =mEmm—
047 ' 5 Do be ’
L Seupmen gem o ) . g
r———————-l Secrpunpes cwenio spop —soa: e pH 8 | ! !
o Smw 1T ) 4 squpmen dem '
|. Ccamasnne mw,:-m. l -
PoLTeopinne B RINUNNN STRAENN CHEpTE,
: | EEAERERER | ——
T ' 6 Oummex
] Uawrpolyrer l—l 13 % ' - 1
Qremcs o, s o | | e Myman et |
. o | e

TIn connecticn with the fact that at the first stages of the
preparation's purification its hemolytic activity reaches 100%, =
the need arose to express the preparation's activity not in per- gl
centages (as was done for water-salt tissue extracts), but in 4
hemolytic units, G.Ye., per mg of wet weight of the original tis-
sue. The hemolytic unit was used in the purification of tissue
hemolysins by Gorkin [13, 14] in 1953; it designates the minimal
amount of original substance in 1 mg of wet tissue which causes
50% hemolysis.
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1) Activity of preparation!, G.Ye./mg; 2) liver homogenate, extrac-
tion with butanol; 3) butanol phase; ﬁ) ether phase; 5) aqueous
phase; 6) precipitate; 7) centrifugate; 8) free unsaturated fatty
acids; 2) removal of butanol, dissolving of oilly residue in ether,
extraction of mixture with ether-water at pH 5; 10) extraction of
mixture with ether-water at pH 8; 11) precipitation with lead ace-
tate in neutral medium; 12) cF*ssolving in boiling ethyl alcohol
containing 1.5% glacial acetic acid. Incubation for 24 hrs at room
temperature. Centrifugation; 13) removal of alcohol, dissolving in

“ether, separation of the salts with dilute hydrochloric acid; 14)

dissolving in ether. Separation of salts with dilute nitric acid.

Initially and secondarily forming lipid RT. It was possible to
show 1n experjiments on yeast cells (see this collection, page 14l)
that 1lipid RT can be found immediately after irradiation. Biochemi-
cal processes are strongly inhibited in yeast cells cultured in an
aqueous medium. However, in spite of this, prolonged (for 24 hrs
and more) maintenance of the cells in water in a nondividing state
leads to a decrease in the activity of the 1lipid RT previously
formed in them. Placing the yeast cells in nutrient must lead to
intensification of the secondary biochemical reactions and RT ac-
tivity increases. Lipid RT also was found in organs and tissues of
irradiated animals immediately after irradiation. Experiments (see
this collection, page 133) showed that in the first hours after
irradiation 1lipid RT are found in a free-radical state: introduced
acrylamide 1s polymerized in the active fraction of oxidized un-
saturated fatty acids. In a later period of the development of
radiation lesion, in apite of an increase ‘n RT activity, unsatur-
ated fatty acid oxidation products were not found in a radical
state.

All these data make it possible t¢ speak about the existence
of 1lipid RT in at least two active forms: primary - free-radical
form and secondary - nonradical, stable form.

To explain the question of the formation of primary active
products in unsaturated fatty acids, experiments [15] made at the
mclecular level were carried out on the radiolysis of substances
dissclved in oleic acid. B-carotene, which is scluble in ocleic acid,
whose concentration can be rapidly determined by the photoelectro-
colorimetric method, is most convenient to use as such a sutstance.

The results of the experiments are depicted in Fig .3, from
which it is seen that solutions of B.carotene in oleic acid in con-
trast to other cerotene solutions are very radiosensitive. A crys-
talline B-carotene preparation has high radioresistance. In these
experiments [15] it was also possible to obtain for solutions of
csarotene in oleic acid an effect known from the literature for
aqueous solutions under the name of "radiolysis independence of
concentraticn effect” (or, differently, Deyl's effect). In a speci-
fic range of carotene concentrations in equal volumes of test sam-
ples irradiated with the same dose, the radiolysis of an equal num-
ber of carotene molecules occurs (Fig. 4). Prcliminary irradiation
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of oleic acid and subsequent dissolving of B-carotene in it does
not lead to destruction (oxidation) of the dissolved substance,

Duration of sample incube-—
tion at 18°, min
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Fig. 3. Radiolysis of carotene in test samples depending on duse

of y-irradiation. 1) Irradiation of crystalline B-carotene at 18°
(dose rate 1-5 kr/min); 2, 2and 4) oxidation of unirradiated S-caro-
tene at 18° in butanol, petroleum ether and oleic acid, respective-
ly; 5 and €) radiolysis of B-carotene at —196° (dose rate 1 kr/min)
in butanol and oleic acid, respectively; 7 and 8) radiolysis of
B-carotene at 18° (dose rate from 0.011 to 1 kr/min) in butancl and
petroleum ether, respectively; 9, 10 and 11) radiolysis of f-caro-

tene in oleic acid at 18° at dose rates of 1000, 660 and 11 r/min,
respectively.

All this can indicate that active short-lived products (radi-
cal type) are produced in oleic acid as the solvent. The production
of primary 1ipid RT of radical type evidently occurs as a result of
the direct action of radiation on an unsaturated fatty acid.

As subsequent experiments showed (see this collection, page
157) the primary lipid RT which are produced are capable not only -
of being active with respect to dissolved molecules, but also cause -
destruction of cells. Evidently, primary 1lipid RT are capadble of

eausin§ the production of stable secondary products, previously
named "natural radiomimetic."

The evlect of 1ipid RT on various biological spacimens and
systems. The first work on 1lipid RT was devoted to & study of their .
effect on erythrocytes [16]). Extracts and water-salt infusions iso-
lated from tisaues of irradisted animals caused hemolysis of erythro-
cytes which had been added to them. Therefore, the active substances
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Con:entration of solution,
micrograms/ml

Pig. 4. Radiolysis of B-carotene depending on concentration of
solution. 1, 2, 3) Irradiation of B-carotene solution in oleic acid
with doses of 10, 5 and 2 kr, respectively; 4 and 5) irradiation of
g-carotene sclutior. with a dose of 1% kr in petroleum ether an? Lu-
tanol, respectively. Dose rate of irradiation 1 kr/min, volume of
samples, 2 ml. :

Survival, %

‘(Z > - |
<I -5543“ B s 8
Conccntration of QOA

,rig. 5 Survival rate of yeast eclls arter addition or lipid RT
‘(smooth curves) and y-irradistion (broken curves). 1) Diploid
- cells; 2) ha.plqid cells.

4

found in extracts and infusions or organs of 1rradiated animals

_ were called the "hemolytic faztor.”
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Later, in experiments [17] carried out on various biological
specimens and systems, it was possible to show that lipid RT have
the ability to imitate many manifestations of radiation lesion
(hence the name "natural radiomimetic").

Thus, it was shown on yeast cells that lipid RT cause injury
of yecast cells (Pig. 5), disturbing division processes with the

development of the pathological forms and colony sizes so charac-
teristic of radlation injury.

It 1s very important to nnte that histamine, choline ard some
other toxic rnroducts were not capable of causing inactivation of
yeast colonivs, similar to radiation inactivation.

After the introduction of RT into animals, depending on the
dose and the method of the preparations” introduction, acute, ex-
‘remely acute and chronic forms of lesion , similar to radistion
iesion, develop {17]. Lipid RT, introduced into enimals, causse
pnysiological, morpnological and histochemical changes, similar in

many detalls to changes occurring after irradiation of animals with
ionizing rays. -

O
B-:

m o

tnmrgsric phon~

phate (P)
Pl0,X

£ 1 45 4 &2
Concentrstion, x10 | 3

Abserpiion
suygw (O)
—

k1 2 ¢ &2 " \
Concentration, x1C0 M : :

Fig. 6. Oxygen absorption and binding of inorganis phosphate in
isclaved mitochcndria from the effect of lipid RT in different con-
centrations. 1) Addition of lipids from liver of healthy (unirrad-
iated) rgbbits; 2) a8dition of lipid RT. &) Control {(intact mito-
chondria). ‘

Data obtained from a study of the change in the amicrostructure
of intestinal, liver, kidney and myocardial tissue, as well 23 _
from histochemical studies ¢ these organs (ridbonuclelc acid, neu-
tral fat and iipase content) are presented in this oollection
(see page 169), On the basis of there data a ctonclusion is drawn.
concerning the similarity of sorphological and histachemical changes
caused by the action of 1lipid RT and radiation (see this collecssion,

page 169).

A study of hematological changes sihowed that here a radiome-
tic effoct 1s also observed in the action of lipid RU. Changes are
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observed in the physicochemical structure of the erythrocytes and
shifts in erythrograms which are usual for radiation lesion occur
[17]. In addition to the pathological changes menticned, 1ipid

RT cause changes in oxidative phosphorylation preccesses (Fig. 6)
in 1solated mitocheondria and a disturbance in autolytic processes 1
[17] analogous to those due to ionizing radiation. :

Data obtalned on the abllity of 1lipid RT to cause the produc- !
tion of other biologically active substances which participate in \
the toxlc radiation effect — histamine (see this collection, page
220), choline (see page 214} and quinones (see page 201) are very
important. On the other hand, it was not possible to cause the -
production of lipild toxic substances after the introduction of
histamine, choline or quinones even in high, nonphysiological
doses in the glven experiments.

The data obtained make 1t possible to speak, first, about the
radiomimetic effect of lipid RT and, second, about their leading
role in the general radiation effect.

The conclusion concerning the leading role of lipid RT found
additional confirmation in a series of papers devoted to a study of
the participaticn of 1ipld RT in the primary reactions of radiation
lesion. .

It is well known [9, 13] that a decrease in a cell's oxygen
content, as well as the addition of radioprophylactic substances
promotes -inhibition of the development of the primary reactions.
It is shown in the experiments which were conducted that in con-
trast to a number of other toxlc substances, lipld RT are capable
of participating in the primary reactions of radiation lesion.
Thus, the oxygen radiomimetlc effect and the decrease in the ac-
tivity of lipid RT by radioprophylatic substances were found [17].
The protective effect was thoroughly studied on varlcus biologi-
cal specimens and systems - in animals, yeast cells and erythro-
cytes.

The protection of erythrocytes from the radiomimetic effect
of a lipid RT model - oxidized oleic acid (OOA) — is illustrated
in Table 2. On the basls of these data, as well as previously
mentloned data on the free radical state of the primary 1lipid RT,
it can be considered that 1lipid RT are capable of participating in k
primary radiation reactions. Radiomimetic models for rapid and prelim- ‘
inary evaluation of radioprotectors were created on the basis of
this conclusion [17]. The necessity for such models is urgently dic-
tated by the fact that evaluation of new radioprotectors 1s essocia-
ted with large expenditures of time and resources. The radiomimetic

" models which we have suggested in combination with other methods

[17] make it possible to make an orienting evaluation of prepara-
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fg tions in a few hours, thereby facilitating preliminary selection
,g of new synthetic radioprotectors,
:% ‘The following conclusions can be drawn on the basis of what
¥ has been stated above:
i
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TABLE 2

Effectiveness of Some Chemical Compounds with
Respect to Oleic Acid Hemolysis (from Kudrya-
shov and Kakushkina)

2 e 3 . il >
x coemme Kownen W &;:' Seunro mmor-
mecne om0 | noe | e
i“mﬂ!
Hancreammu® . . . . . . ... 1-10-% { 1,5-2,r] 4,0—6,0 Bmug"
N-Owsteavepkznrostnaax ¥ . .| 1-13~% | 1,0—~1,5/ 4.0—6,0 |Cpenins ?
N-(8-Me- xantostumun.pumm) . .| 1.10-* | 1.0—1, ‘ 4,060 | Hg spmmnmct
Wacrammm® ., . . . . ... .. 1-10-t | 1,0—~1.5{ 2,5-3,5 |Bucoxsx
NN-Terpamerumuncianan 10, . .| 1-10~v | 1,0-1,5 1,5—3.0 ﬁ:nll
Suc-(E-Asnnonentun)-ancymdua .| 1-10-1 | 1,0—1,5{He sauunaor| He ssupmaans
S, B-Amunostuawsoruyponnh® . .{1.10~-% | 1,0~2,0{ 2,0~3,0 |Bucoxas
N -Metua-B-amunostrausoruyponud | £-10-2 | 1,0~2,00 2,0~3,0 |Cpesmm
N- JHmeTitn- B-aNuHOS KARYOTRYPO- ‘
L P e e e e 1-10~% | 1,0~2,00 2,0—3,0 |Hescumsasior
| .
TRasomawsi . . . . . ... . 1-10-% 1,5—-2,0 2,0-3,0 [Hwoxan? 9
B-AmuzosTUNTHOCEpHAS  XucAoTa | 1-10—% '.5—-‘2.0' 1,0—1,56 |Bucokax ~ .
Mponiaraanat (nponunom N
gg"nmwa xncm .. W 10-¢° ! 1,0=2,0 1.0--1,5 |Cpeuman
N-dusTaanunosranoeuf  sdup .
3,5-ammer xecaora | 1-10~3° | 1,0—2,0 He sammu0t] He sauyanarnr
N-(3,5-au6yTin-4-oxcn)-Genynann- | . i
HOSTHAUSOTHYpONRR ., . . . . 1-10-% | 1,0—-2,00 1,5-2,5 |Husxan
3.5-InTperOyTa-4-OKCH-a - NETHA: ' ‘
Gewsusamu . . . . . . . . . 1-10-* | 0.5—t,81 3.0—5.,0 &uul .
2,4,8-Tpuuerua-3-okcHnkpuanR . .| 1-10~* | 0,5—1.5{He sammwmaor Hisxan
Tuanyponomas xucacrs . 7 .. .1 1-10=% | 0,5—1,5{He sammuaor Hisxan :
AckopOuncaag KnCaHOTE . L . . . 1-10-3 | 4,0 1.4 He saupmaaw?
GAMHEE ;oL ... 1-10-% | 1,5—2,0{He saupuusior; »  »
Tloasve xposs . . ... . ... 10% | 0,5-1, 08,0 [ » 2
O Junonoancaxapua ®s apoxoxeh l 0.1% |9,5—1,5 1,5-2.0 | Cpennn
Jlunonom!wugu xs Esher colll 0,03% | 0,5—1,5 1,3—2,0 ’
3ﬂmonomxcuxapun xzs Abortus e&‘ 0,03% | 0,5—1,8/ 1.6—2,8 »
KONOAHCRXAPHA (cenesenxa Oul- :
ia . p ........ 0,1% |0,5~1,3 1.5-2,8 »
3k Myxonomcaxapua (crusHCTaR Mee-
nyRKS GuiXg) . . <. .. . . 0,1% | 0,5-1,5 1,53—1.8 ’

a

b Literature data.

¢ Aminothiols and aminodisuliides are used
in the form of hydrochloride salts.
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d Isothiuronium derivatives are used in the

form of hydrobromide salts.
€ Compounds poorly soluble in water.

1) Chemical compound; 2) concentration, M (or %);,3) 004 §ctivity
t50%a; 4) protection coefficient t50%(exp,)/t50% (control); 5) pro-
tection of animals (mice)P; 6) cysteamineC; 7) N-dlethylmercaptoethy-
lamine; 8) N-(B-mercaptoethylpiperidine); 9) cystamine€; 10) NN-tetra-
methylcystamine; 1&) bis-(E-aminopentyl)~disulfide; 12) S,R-amino-
ethylisothiuronium®; 13) N-methyl-B-aminocethylisothiuronium; 14)
N-dimethyl-B-aminoethylisothiuronium; 15) thiazolidine; 16) B-amino-
ethylthiosulfuric acid; 17) propylgallate (propyl ester of gallic
acid); 18) N-diethylaminoethyl ester of 3,5-dimethylgallic acid;

19) N-(3,5-dibutyl-l-oxy)-benzylaminoethylisothiuronium; 20) 3,5-
ditertiary butyl-l-oxy-a~-methylbenzylamine; 21) 2,4,8-trimethyl-3-
oxypyridine; 22) hyaluronic acid; 23) ascorbic acid; 24) a-alamine;
25) bloed plasma; 26) high; 27) average; 28) does not protect; 29)
low; 30) yeast lipopolysaccharide; 31) B. coll lipopolysaccharide;
32) Abortus equi lipopolysaccharide; 337 mucopolysaccharide (bovine
spleen); 34) mucopolysacchardide (bovine stomach mucosa).

i. Ionizing radiation causes in irradiated organisms the produc-
tion of a group of toxlc substances which brings about intensifica-
tion of the radiation effect. The following biologically active sub-
stances are part of this group: lipid RT, quinones, histamine, cho-
line and protein decomposition products.

_ 2. A phase change 1s observed in the amount of quinones, cho-
line, histamine and protein decomposition products in animal organs
and tissues depending on the time passed after irradiation with ion-
izing radiation. Lipid RT activity is found over the course of the
whole peried of acute radlation lesion.

3. Lipid RT are one of the substances which play a leading role
in the development of radlation toxemia since they a) are capable
of participating in the primary reactions of radiation lesion.
“(primary lipid RT); b) being present immediately after irradiation,
are capable of causing the accumulation of other biologlcally ac-
tive substances (quinones, choline and histamine) and causing in-
tensified protein decomposition. :

4. In chemical nature lipid RT are a group of oxidized prod-
ucts of unsaturated fatty acids — mainly peroxides and epoxides.
Primary lipid RT are found in a free radical state, secondary -~ in
a stable, nonradical state.

5. In acting on various biological specimens and systems, lipid
RT are capable of imitating radiation lesion in various indices.

6. Lipid RT can be used for a preliminary rapid evaluation of
various groups of radioprophylactic substances.
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11.

12,
13,
14,
15,
16.

17.
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THE CHEMICAL NATURE OF LIPID RADIOTOXINS AND THEIR
DISTRIBUTION IN ORGANS AND TISSUES

T.A. Astakhova, S.G. Bilushi, Ye.N. Goncharenko and Yu.B. Kudryashov

{Department of Bliophysics, Moscow State University)

It has been shown by the work of Mochalina [1], Kudryashov
[2] and others that after irradiation a "hemolytic factor" which
has the capaclty to destroy erythrocytes of healthy rats in vitro
develops in various animal (mouse and rat) organs and tissues.

The hemolytic activity of the tlssue extracts was determined
by the visual method. In studying the nature of the hemolytic fac-
tor, Kudryashov [3] showed that the hemolysin under investigation

‘1s thermostable and dissolves well In diethyl ether and butanol and

upon extraction with an ether-water mixture and at pH 8 moves into
the aqueous phase. AU pH 5 it 1is found in the ether. This indicates
that the actlve substance is a fatty acid. Upon separation of un-
3aturated ratty acids from saturated fatty acids, the hemolytic
activity moves into the unsaturated fatty acid fraction.

Oxidized olelec ac¢id, which in different biological systems
and on various specimens caused changes similar to those arising from
the action on these systems and specimens of a hemolytic factor 1so-
lated directly from the organism of irradlated animals, was used in
subsequent work [U4] as a model of the hemolytic factor. Similar data
served as further evidence of the similarity of lipid radiotoxins
LRT] (PT) and oxidized oleic acid.

Terskov and Gitel'zon's chemical (acid) erythrogram method
[{6] modified by Yu.B. Kudryashov and M.L. Kakushkina was subse-
quently used for an objective quantitative study of the hemolytic
activity of 1lipid fractions of the liver of irradiated animals [5].
In connection with this it became necessary to investigate at a
new methodological level, which excludes the effect of autolytic
and oxidation processes, the distribution of 1lipid RT in various
organs and tissues of irradiated animals. Moreover, with a com-
bination of the erythrogram method and the present-day method of
determining the chemical nature of substances -~ thin-film c¢hroma-
tography — it became possible to continue and to broaden the study
of the chemical nature of lipid RT. This paper is devoted to these
two questions,




The hemolytic activity of the liver, intestine, stomach, kid-
neys, testicles, muscles, brain, ocmentum and blood of 1irradiated and
unirradiated rabbits was studied. The animals were irradiated with
a dose of 800 r in GUBE-800 equipment. The animals were decapitated
on the third day after irradiation. Removal of the tissues, their
homogenization and extraction were carried out in a ccld cnamber
at a temperature of 3-8°. Diethyl ether (8-fold volume) was used
-as the extractant. The diethyl ether was first freed from peroxides
(according to Yur'yev's method). For best extraction the mixture

of homogenate and solvent was shaken on a mechanical shaker for

2-3 hrs and then left overnight at a low temperature (3-8°). The ex-
tracts obtained were filtered from the homogenate and the solvent
removed under vacuum in a film evaporator which eliminates the pos-
sibility of intensive oxidation of the samples due to rapid distil-
lation, decreased temperature and decreased pressure. The 1lipid

fractions obtained were freed from phospholipids by precipitating
them with a 2.5-fold volume of acetone.

Determination of the samples' hemolytic activity was carried
out by a modified [5] acid erythrogram method. The chemical nature of
the -hemolytically active 1lipid RT products was determined by the
method of thin-layer chromatography in a fixed silicogel-gypsum
layer [71. A hexanediethyl ether-acetic acid system (in a propor-
tion of 85:15:1) was used. A 10% alccholiec solution of phosphomo-
"lybdic acid was used as the developer. To test hemolytic activity,
the obtained fractions were scraped off together with the adsorb-
ent, dissolved in diethyl ether, the sediment filtered on a glass
filter (No. 3) and the solvent removed in a film evaporator. The
hemolytic activity in the samples obtained was determined by the
erythrogram method.

TABLE 1

Hemolytic Activity of Acetone Fraction of
Lipids Isolated from Various Organs and Tis-
sues of Irradiated and Unirradiated Rabbits
(dose of irradiation 800 r, third day after
irradiation; reliability of experiment 99%)

1 2 Kowaaw- 3 Bpesn §0%-H0ro reMoANde, MuM
Trams o~ "
prr onut 5 wowipeas
Teew .5 ..... 0,128 1,680+0,158 2,62+0,29
Kniesuux . o, . 0,313 2.030 30,088 2,71030,082
Kpoas ....9 X 2.070+0,188 2.7801 0,216
Cosenm . . . .9, . .. 1. 2,32:0,08 8810,

1) Tissue; 2) lipid concentration, mg/ml; 3)
time of 50% hemolysis, min; 4) experimental;
5) control; 6) liver; 7) intestine; 8) blood;
9) testicles.
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Pig. 1. Hemolytic activity of 1lipid fractions isolated from vari-
ous rabbit organs. Dotted line - control; smocth.line — experimental.
1) Exp. No. 1; 2) exp. No. 2. a) Liver; b) blood; c) testicles; d)
muscle; e) brain; f) intestines; g) kidney, h) omentum- 1) stomach.

As already noted, the toxicity of the lipid tractiona was
studied by dctermining their hemolytic activity. The results of
the oxporimnnts are presented in Pig. 1 and Table 1.

Brythrogram curves characteriging the hemolycio activity of
various organs are depicted in Pig. 1. As seen from the figure, the
time at which a maximum is reached on erythrogram curves pertaining
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to various tissues of unirradiated healthy rabbits, as & rule,
varies around 3-4 min. In samples isolated from certain tissues

of irradiated animals, the time at which a maximum is reached is
shifted to the left in cumparison with normal. Thus, in liver 1t

18 2.2 min at a dilution of 1:8. In testicle, intestine and

blood tissue, similar shifts to the left are found in the erythro-
grams characterizing an increase in hemolytic activity in irradiated
samples in comparison with the control.

Statistically treated data on the time of reaching 50% hemo-
lysis are presented in Table 1. It is seen from the table that for
liver, intestine, testicle and blood tissues cf irradiated animals
("experimental") the time of 50% hemolysis is decreased, which in-
dicates an increase in the hemolytic activity of various tissues, 1t
can be seen that it will be greatest for liver and smallest for tes-
ticles. We 4id not succeed in finding considerable differences 1in
the hemolytic actlivity of the kidneys and omentum by the given meth-
od. It is also seen from Fig. 1 that the hemolytic activity of mus-
cle, braln, stomach and omentum tissues of irradiated rabbits does
not differ from the hemolytic activity of healthy unirradiated rab-
bit tissues. ‘

R R 1 o AR I A ¢ oM. i

The experimental data on the distribution of l1lipid RT in vari-
ous organs and tissues generally agree with previously obtained re-
sults on the 4if i yent accumulations of hemolytically active RT in
individual orga=: snd tissues.

The absence ‘" a statistically reliable increase in the hemo-
lytic activity in certain tissues in which hemolytic activity was
previously found after irradiation (muscle, kidney and brain) may
have several explanations,

First, this may be connected with the fact that the new method
of obtaining and determining lipid RT reduces secondary factors which
affect its activity (autolysis and oxidation)} to a minimum. In this
case, it must be considered that lipid RT are not found in vivo in
muscles, kidneys and brain and their hemolytic activity by the vis-
ual method of decermination is associated with autolytic and oxi-
dative processes which, however, proceed more intensively in vitro
in tissuc homogenates of irradiated animals.

Second, this may be connected with the different evaluations

of hemolytic activity, which in the visual method is calculated per
unit weight of tissue and in the erythrogram method - per unit

weight of the lipid fraction. However, it is known that aftar irrad-
iation the percentage content of the lipid fraction in organs and o
tissues is increased with respect to the total weight of the organs. ﬂf
n this case the results obtained by the visual and erythrogram b
methods do not contradict each other.

Purther experiments should show which explanation should be
~considered correct. With regard to such radiosensitive organs as
liver, testicles and intestines, an incresse in the hemelytic ac-.
tivity of these organs is found both by t»e visual and by the
erythrogram method and evidently can ccour not only through an in-
crease in the amount of the hemolytically active frastion, but also
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by means of specific chemical changes, since the lncrease in hemo-
lytic activity occurs per unit weight of the 1lipid fraction.

The results obtained agree well with the data of work carried
out earlier [7] which showed an increase in oxidation products in
the 1ipid fraction (peroxides, epoxides, aldehydes and ketones) of
the liver of irradiated animals.

The detection of hemolytic activity in the blood 1s interesting
and new. As is known, many authors using the visual method did not
f£ind 1ipid RT in the blood [8, 9]. Determination of hemolytic activity
in the blood by the erythrogram method upon further development can
serve as material for dlagnosis of radiation lesion (see this col-

lection, page 112).
D (:} <:) .

cQ O

Y o

° . ‘

1? o
Fig. 2. Diagram of separation of 1lipid liver fraction by thin-film
chromatography. I) Liver lipids of control rabbit; II) liver lipid.
of axperimental rabbit; III? oleic acid; IV) cholesterol. A) Choles-
ternl fraction; B) free fatty acid fraction; C) triglyceridc frac-
tion; D) cholesterol ester fraction. .

A study of the chemical nature of 1ipid RT was ocarried out on
liver tissue which, as was shown, has the greatest hemclytic activ-
ity after irradiation. We werv able by the method of thin-film .
chromatography on a fixed sillicogel-gypsum layer %o separate the
samples which were first freed of phospholipids (precipltation
 with acetone) into four fractions (Pig. 2): ciiclesterol, unsatura-
~ ted fatty acids, triglycerides and cholesterol esters. Idenvifica-
tion of the fractions obtained was determined both with "markers" -
- chemically pure compounds (cholesterol, unsaturated fatty aeid,
0leic acid and triglycerides) and by means of a comparison Wit the
1itsrature dgta'{lg. In a determination of the hemolytic activity
of individual fractions it was possible to establish that all the
 hemolytic activity found in the original sample (before dilution)
‘goes into the free fatty acid fraction (Pig. 3). Ve did not suc-
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ceed 1n finding statistically reliable differences between the
experiment and control in the cholesterol, cholesterol ester and
triglyceride fractions. The relliability of the obtained data was
determined by the criterion of signs, which makes it possible to
Judge the reliability from the number of results with the same
direction (Table 2). As seen from Table 2, the direction of the
changes in the time of 50% nemolysis in the experimental with res-
pect to the time of 50% hemolvsis in the control indicates high
hemolytic activity ol the unsaturated fatty acid fraction in the
experimental in each individual case.

N : Aoe o
_ f\ -
<At \ ut
- \
a \ g
7 L :
! ——T 14
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S
9
'&)‘: ’ o C 6 x
A
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2wt L
¢ 2 & & I
Time, min Time, min

Fig. 3. Hemolytic activity of varicus lipid fractions of liver,
Dotted line — control; smooth line — experlmental. 1) Exp. No. 1;
2) exp. No. 2. a) Triglycerides; b) cholesterol; c) cholesterol es-
ters (dilution 1:1); 4) unsaturated fatty aclids. Dilutions of

1:64 in experiment No. 2 and control, dilution of 1:32 in experi-

Thus, datu obtained by using new, more perfected methods toth
in determining the hemolytic activity of the preparations (mod: fied
acid erythrogram method) and in the chemical determnination of lipid
products (method of thin-film chromatography) confirm the previous-
: 1yigrawn conclusion that lipid RT belong to the unsaturated fatty
acids. ' | o _

By using tte polarographic method, the authors jointly with
Z.Ya. Baltbarzdys ound that the 1ipid RT activily belongs chiefly
to oxidiced produ- ¢ of unsaturated fatty acids (peroxides, epoxides,
aégehydos and ketones) and represents a complex mixture of these
suostances, o o ' »
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TABLE 2

Hemolytic Activity of Unsaturated Fatty
Acid Fraction of Liver Lipids of Irradiated

and Unirradiated Rabbits
(radiation dose 800 r, third day after irradiation; dilution of 1:32)

Bpeus 50%-noro ﬂnm-énr 5 Bpess 50%-nore Han&‘a- >
1 revosns, mun mocTh Masee- ] rewommss, amw nocrh une-| HoC
wenndt 3 | Jocroeep- mewsd 2 g
2 - onMTE o om" o 3 onsire no | MOETS
Ke2pors | G Fz:g:; - Kmuus' O | | ST
3.5 | 2.% : >05 § 258 | 20 + | <o
29 | 1.6 + = | 1m0 b i
2.8 2,0 + - - 2.2 1.2 + —_

1) Time of: 50% hemolysis, min; 2) control; 3) experimental; 4)
direction of chznges 1in experimental with respect to control; 5)
reliability of experiment, % :
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THE FREE RADICAL STATE OF LIPID RADIOTOXINS

Z.Ya. Baltbarzdys, Yu.P. Kozlov, fu.B. Kudryashov,
N.N. Lukin and G.A. Taranenko -

RIS e it

{ Department of Biophysics, Moscow State Universityl

One of the urgent problems of present-day radiobloleogy 1is the
question of the role of toxic agents in the develcpment of radia-
tion lesion of organisms of animal and plant origin. At the present
time there are several hypotheses concerning the mechanlisms of the
toxic substances! format’-n from the action of icnizing radiation
on the organism. It his ueen shown in recent years that unsaturated :
fatty acids which :re produ~ed in the tissues of irradiated animal '
can have strong toxlic and radiomimetic activity [1-3]. ' .

0 1 MO ke v

§ By toxic substances are usually meant compounds having high
chemical activity with respect to cell components. Therefore it can
be assumed that those compounds which are either active intermed-
iates cr final products of complex physicochemical and biochemical
reactions cccu.ring during irradiation in living organisms will have
a toxic function in the primary reactions of zell injury by ionizing
radiation. SR

i
i
i
1
i
i
]

As 1s known, free radicals which have a high reactive capaclity:
and essentially change the direction of processes in dlverse sys-
tems can be the most active intermediate products in various physi- o
cochemical reactions. , ‘ ; 3

It seemed ol interest to establish whether lipid toxic sub-
stances of natural origin which are produced during the irradiation
of animuls have the properties of free radicals. o

- White male mice weighing 20 g and chinchilla rabbits welighing
2.5-3.5 kg which were kept under the usual conditions of care and |
nutrition served as the material for investigation. The animals.- - Py
underwent one general irradiation with rays with a dose of 800 r; : "
the dose rate for rabbits was 50 r/min and for mice was 178 r/min.
The irradiation was carried out in a GUBE-800 apparatus. The pres-
ence of free radicals in the animal tissues was Judged by acrylamide
[AA] (AA) polymerization according to References [4-6]. It was es-
tablished in preliminary experiments that maximum copolymerization
of AA with natural tissue components begins after 4 hrs.
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Two series cof experiments were set up: injection of AA 30
min before irradiation and at different times after irradiation
i hrs before decapitation of the animals. The acrylamide was in-

Jected intraperitoneally in an amount of 20 microcuries per mouse
ard 150 microcuries per rabbit.

ERRE L Tl adt ol o Dataenidbiatul o Batty

By

: The degree of copolymerization of radloactive carbon labeled
R AA (CHy = CH — C!'™ONH,) was evaluated by the radiometric method [7].

After decapitation of the animals, the kidneys, liver, spleen
e and brain were reizoved. The tissues under investigation were homo-
e genized and an 8-fold volume of ether added to the homogenates. -
The homogenates with the "ether were placed on mechanical shakers
and extraction was carried out for 2 hrs with constant mixing of
the samples. Then the ether of the "ether fraction" was evaporated
and acetone added to the oily residue (in the same amount as the
ether). The samples were carefully mixed and left for 2 hrs. The
; precipitated phosphatide resldue was removed (phospholipid rrac-
S tion) and the supernatant ligquid was agaln evaporated, giving the
N "acetone fraction" (natural radiomimetic — NR (EP)) [3].

T e T

AL

. The experiments which were carried out showed that in all
irradiated rabbit tissues studied into which AA was injected 30

~min before irradiation, no difference from the control was found
on the third day in the content of free radical states of NR. Evi- N
dently, in this case the activity of the AA injected into the ani- Y
mal was insufficient, and moreover, the greater part of the AA was :
excreted from- the tissue by this $time; therefore, further experi-
ments were carried out on mice only. - .

15
PG

NI FOAER

In experiments on mice a statistically reliable difference in
the concentration of the free radical states of NR in 1rradiated
and unirradiated tissues (brain, spleen and kidneys) was not cb-
served. The liver was an exception. As 1s known, the most active
1ipid radiotixins were found in the liver (see this collection,
page 126), whereas in the train, kidneys and spleen they either
were not found or they were weakly active. Therefore, of the data
which we obtained and the recults of the work of Astakhov and
others (see this collection, page 126), only the liver of irrad-
iated animals was subjectad Lo further study.
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Curves of the formation of free radical svates of NR ih the
investigated tissues ai Jifferent times after irradiation of mice
are presented in Fig. ). As seen from thils ligure, imnediately af-
ter irradiation the concentration of free radical states of NR in
the liver exceeds the norm by 5-6 times. However, in the first 24
hrs the concentration of free radicals decreases sharply. Later

it falls slightly. It can be concluded from the exponential na-
.~ ture of the curve that irradiation causes the production of free
P B " padical forms of NR which later disappear from the irradiated
1§j ~ animal tissue, evidently being converted into other oxidetion prod-
’ ucts., T o . B

G

T,

The decfease'in the concentraticn of free radical states of
'NR can be represented in the form of an empirical fcrimula.

£os

- 134 -

| PR ORISR ERSIS | et e £ s el b teer v+ n m Ee ey L et e e R R L L

ST Y s e




AA—Clh activity in ig of

7 2 3
(Time after irradiation,
days
Fig. 1. Production of free radical forms of NR at different times af—
ter irradliation of animals. Smooth line - experimental; dotted line -
control. 1) Brain; 2) spleen; 3) kidneys; U) liver.

{§L==vfn‘ﬂ-¢5—mﬂ.

where N is the intermediate product (free radical state of NR), ¢
is time and wolis the rate of chain formation (dimensionless value)..

It 1s well known that peroxides, aldehydes, ketones and epox-
ides can be intermediate products of the oxidation of unsaturated
fatty acids. Similar products were also found in the tissues of ir-
radiated animals [8-10].

Experiments were set up on the demonstration of such products
by the method of electrochemiluminescence [ECL](3X/l) of a methanol-
sodium citrate system. Recordiing of the ECL was carried out with an
FEU-42 photoelectric multiplier, operating without cooling in a
photon counter system and an attached standard chemiluminescence
apparatus. .

The methanol-sodium citrate system which luminesces during elec-
trolysis produced in the course of 30 and more min a stable lumlnes-
cence with an intensity of 10,000 + 50 imp/sec at an electrede vol-
tage of 10 mv and a current strengfh of 3 ma.

- An evaluation of the effect of the test substances on ECL lum-
inescence was made from the value of the inhibitory activity [InA]
(WHA). In this case by the InA value was meant the difference be-
tween the background luminescence of the methanol-sodium citrate
gystem and the stationary level at which the luminescence settles
5 min after the introduction of the corresponding substances into
the cell.

In the present work the InA of oxidized oleic acid [00A](00OK)

and unoxidized oleic acid [OA](OK) was studied. It is seen from PFig.
2 that at the same concentrations the InA of OA is lower than that
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of OOA. Fig. 3 shows the dependence of the inhibition of the ECL of
OCA and OA on their concentrations. The effect observed is probably
connected with the presence in OOA of decomposition products which,
according to Vasil'yev's data [11], themselves have the effect of
exclting luminescence which causes their lower InA.
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, Time of luminescernce, i
. - min 1
Filg. 2. Kinetics of the inhibition of the electrochemiluminescence E
of a methanol-sodium citrate system at different concentrations ij
(indicated on the curves) of oxidized (smooth line) and unoxidized §

(dotted line) oleic acid.

Lo

rhibitory activity, %
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’
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Concentration, moles/l

P i

-Fig. 3. Dependence of inhibition of electrochemiluminescence of
methanol-sodium citrate system on concentration of oxidized (smooth
line) and unoxidized (dotted line) oleic acid.
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Pig. U4, Kinetics of the inhibition of the electrochemiluminescence

of methanol-sodium citrate system by various concentrations of a
natural radiomimetic obtained from irradiated (smooth line) and un-
irradiated (dotted line) rabbits.
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It is of interest to compare the InA of OA and NR obtained
from rabbit liver on the third day after irradiation of the animal.
In calculating the NR concentration, its molecular weight was con-
ditionally equated to the molecular weight of OA, It is seen from
Fig. 4 that the InA of NR obtained from an irradiated animal is
less than the InA obtained from control animals at the same con-
centrations. This is in accordance with the concept that [1-3] the
NR of irradiated animals may be a mixture of unsaturated fatty
aclds which contain different oxidation products capable, as in
the case cf OOA, of exciting luminescence in the methanol-sodium
citrate system.
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THE FORMATION OF LIPID RADIOTOXINS IN ANIMALS AFTER IRRADIATION WITH
FISSION NEUTRONS, HIGH ENERGY PROTONS AND Co®° v-RAYS

A.5. Konoplyannikov and Yu.B. Kudryashov
(Department of Blophysics, Moscow State University)

Papers have appeared in recent years which indicate the impor-
tant role of toxic products in the pathogenesis of radiation injury
of animals [1-3]. However, up until now great difficulties have been
encountered in evaluaving the significance of varlious toxic products
in the development of radiation injury. This question can be analyzed
by comparing the effects of different types of ionizing radiation
in eguivalent doses. As 1s known, icnizing emisslons which differ
in ionlization density or, moreover, in linear stopping power [LSP]
(N3) have both specific characteristics which are chiefly deter-
mined by the nature of the primary reaction of the radiation intury
(for example, oxygen effect, protective effect, dose rate effect,
etc.) and general changes characteristic of acute radiation sick-
ness (for example, death of the cells of radinsensitive organs and
changes in biochemical, physiological and other indices, etc.).
Therefore, in comparing the toxic effects in the case of the action
of ionizing emissions which differ in TSP, there 1is the possibility
of evaluating the significance and characteristics of the formation
of one or another toxic agent. In the present work the formation of
toxlic products of 1lipid nature was studied, whose important role in
the toxemia of radiation lesion is seun from References [1, 4] (sco
also this collection, page 111).

The experiments were carried out on 46 white male rats weigh-
ing 150-180 g and 19 chinchilla rabbits weighing 1.5~2.0 kg. Accumu-
lation of lipid oxidation products in rat livers after irradiation
was evaluated by the thiobarbituric acid [TBAJ(TBEK) method. At dif-
ferent times after irradiation the rat was killed by decapitation,
the liver quickly removed and 5 g of liver ground with a homogeniuer
in 50 ml of a mixture of n-butanol and glacial acetic acid (dina
proportion of 4:1) for 3 min. Then the sediment was removed by fil-
tration through a No. U glass filter and 1mlof a 1% TBA solution
added to 5 ml of the extract. The mixture was placed in a test tuve,
well shaken and heated in a boiling water bath for 30 min. After
the tubes were chilled their contents were analyzed colorimetrical-
ly on an FEK-52 apparatus with a No. 5 filter. The value for the
"b1ind" samples which contained n-butanol in place of extract was
subtracted from the extinction results of the experimental samples,
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The weight of the lipids in the extracts was determined by evaporat-
ing 10 ml of extract in weighing bottles. The amount of 1lipid oxida-

tion products was expressed in extinction unl*x; calculated per g
of lipids.

Determination of the activity of the natural radiomimetic [NR]
(EP) isolated from the liver of rabbits killed on the third day af-
ter irradiation was carried out by the method of "loosening" the

hemolft%c stability of human erythrocytes, which was described ear-~
lier L1].

Irradliation of the rats was carried out with protons with an
energy of 660 Mev and fission neutrons in equivalent lethal doses
of 8001rem. The rabbits were irradiated with protons with an energy
of 130" Mev, fission neutrons and Co®? y-rays in equivalent lethal
doses of 1000 rem. The synchrotron at the Joint Institute of Nuclear
Research [0IYaI, Dubnal] (OMAl) was the source of the high energy
protons. The dose rate of the protons was 50-300 rad/min. The method
of irradiation and the dosimetry has already been described [5, 6].
The IBR (MBP) reactor (0IYal) was the source of the fission neu-
trons. The rabblt and rat cells were placed several meters from the
reactor's active zone. The dosimetry was carried out from the in-
duced activity in_ indium plates, taking a specific absorbed area of
a value of 1.2¢10”° rade.cm?/neutron for the given neutron spectrum
[7]). The dose rate of fission neutrons was approximately 400 rad/hr.
The GUBE-80C apparatus at the USSR Academy of Sciences Institute of

Biophysics was the source of the Co®® y-rays. The dose rate of y-
rays was about 16 rad/min.

The relative biological efficiency [RBE] (063) of protons with
energies of 130 and 660 Mev and of fission neutrons, taking Co*®
y-rays as the standard emission, is about 1.0 and 3.6, respective-
ly [5]. This difference in the RBE of the lonizing emissions is
determined by their difference in LSP; high energy protons and
Co®® y-rays belong among the rarely ionizins emissions (LSP of the
order of 0.3 kev/micron) and fission neutrons to densely ionizing
emissions (LSP of the order of 30.0 kev/micron).

Data on the accumulation of lipld oxidation products in the
liver of rats irradiated in a dose of 800 rem with protons with an

energy of 660 Mev and fission neutrons are presented in Tables 1
and 2, respectively.

As can be seen from these data, the change in the amounts of
lipid oxidation products in both cases occurs in approximately the
same way. In the first hours after irradiation the amount of these
products increases somewhat; however, this difference from the con-
trol is not statistically reliable. One day after irradiation the
amount of lipid oxidation products decreases and then again begins to
increase up until the death of the animals. In the terminal period
of the radiation injury in both cases the amount of lipid oxidation
products rellably exceeds the control. A similar change in the amount
of lipid oxidation products isolated from the liver of irradittcd
rats was described earlier for the case of y-rays [8]

1/143
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TABLE 1

Accumulation of Lipid Oxidation Products in
Liver of Rats Irradiated in a Dose of 800 rem
with Fission Neutrons at Different Times After

Irradiation
’ 1 2 3 i

Kowrpoas 0« )} cymn Scyrox | B cyror
ﬁmmmmnumn. .5 ... 8 6 3 4 4
Bummauwmumm%mmm
6 1aman Ma ! &2 amacs | . 16.411.3|18.2tl.5 15.913.2120.612.121.81:2.5

1) Control; 2) 10 hrs; 3) day; 4) days; 5) num-
ber of rats; 6) extinction value calculated
per mg of lipids.

TABLE 2

Accumulation of Lipid Oxidation Products in
Liver ~f Rats Irradiated in a Dose of 800 rem
with Protons with an Energy of 660 Mev at Dif-
ferent times After Irradiation

iy 2 3 '
B 05| e | e oo | o

Kowesscrso xpae . 5. . . .| 8 3 3 4 J 4 18 ]

gn-u ml ssammys . .il18,61 (18 9} 18,1 £112,74(19,42 lO.StL’ i1
B 1.8 |29.9]:3,0141.8 t!J‘tl& 9.4

1) Control; 2) hrs; 3) day; 4) days; 5) number
of rats; 6) extinction value, calculated per
mg of lipids.

The results of experiments on NR activity of rabbits irradiated
with protons with an energy of 130 Mev and fission neutrons are pre- .
sented in Fig. 1. As can be seen from this figure, in both cases tox-
ic products of lipid nature capsble of decreasing the hemolytic stab-
111ty of human erythrocytes are accumulated in the rabbit livers.

The NR activity in both cases is approximately the same and corres- -

ponds to the activity of NR obtained from the liver of rabbits ir-
radiated with Co*! y-rays (Pig. 2), = LA
By comparing the data on the dynamigcs of the formation of oxi-
diged lipfd products and of NR acoumulation (see this colleotion,
pages 112 and 161), it can be noted that the activity of stable
lipid radiotoxins found during the development of radiation lesion
1s connected with the produc’ion of oxidised products of unsaturated
fatty acids, In the~r1ratggcriod'or radiation lesion considerable
accumulation of stable 1lipid oxidation products is not round.b{ the
TBA method, which confirms the data of Kolomiytseva and Kusin [9].
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Pig. 1. The effect of lipids isolated from the liver of control
rabbits (curve 1) and NR (curve 2) isolated from the liver of rab-
bits irradiated in a dose of 1000 rem with protons with an energy
of 130 Mev (graph a) and fission neutrons (graph b) at the time

of 50% erythrocyte hemolysis (by the electrogram method).

2 8 & 3

"Hemclysis, 4

P e e e v ey 3
“Time of henolyais, min

Pig. 2. ErYehrosrnas with 1ipids of control aninala (cur g 15 and
- with NR of rabbits which ‘received doses of 1000 rem or Cot? -rayl‘
(curve 2). as well as uithout the addition of llpids ;,urvc

As the oxporinanta showed (see thia collection. page 112). lipid B

ridiotoxinl of the initial stages of radiation lesion are unstable

short-lived products of radical type, capable of producing the ine
direct and remote urrcets of 1on1:1ng radiation (s« this colhctian, .

. pnge 112)
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Ionizing radiation with different LSP values when acting in
equlivalent lethal doses causes generally similar changes in the dy-
namics of oxidized 1ipid product formation. The activity of NR isola-
ted from rabbit livers on the thiru day after superlethal irradiation
with lonizing radiation with different LSP 1s also approximately the
same. Thus, certain differences in the primary reactions of radia-
tion lesion for rarely and densely 1lonizing emissions are not con-
hected with the general activity of 1lipid radiotoxins, but evident-
ly depend on the local concentration of active molecules and radi-
cals in the tracks of the ionizing particles. Further study of the
question of NR distribution in the organs and tissues of animals ir-
radiated with ilonlzing emissions which differ in LSP will be an in-
teresting task, considering the observed differences in the mortal-
ity periods and the susceptibility of the different systems to in-
Jury (for example, the hemogenesis system and the intestiues) [5].

The following conclusions can be drawn from the results ob-
tained:

1. The accumulation of 1ipid oxidation products in the liver
of rats irradiated in a dose of 800 rem with protons with an energy
of 660 Mev, fission neutrons and Co*? y-rays takes place in the same
way. .

2. The activity of NR isolated from the liver of rabbits ir-

radiated in a dose of 1000 rem with protons with an energy of 130
Mev, risaion neutrons and y-rays 1s also approximately the same.

| REFERENCES =
1.  Kudryashov, Yu.B. et al., 2Zh. obshchey biologii, 25, 3 (19€4).

‘2. Kuzin, A. n., Radiatsionnaya biokhiniya, Moscow, Izd-vo AN SSSR,

1962 .

 cow, lgd=vo AH sssn. 1958, ‘page 37. -

3. Gorisontov, P.D., In collsction entitled ”thiobiologi;n Mos-

 127§; _Rldiltion Roscarcb. 8uppl._3. 1963.‘
“;fs.a.}”onoplytnnikov, A.G., Dinsortation. Moacou, 1965. |
6 *Problemy radiatsionnoy besopasnosti kosmicheskikh poletov' -

- .[Problams of the Radiation Sarcey of Spaue Plights] Colloc- i
S tionm. nosonw, Gosatax@sdut 1964, pugt,33 -

'»T¢7; »l!oaaurunnnt nf Abuorbvd Dose of Ncutronsé and Nixznrus or'

»Noutronn and Gamma Rays. NBS, Handbook 75, 1361.

ffﬁﬁ; Kudryashov, Yu. B'i Mal'ts, V., Trudy Moskovskog > obshchestva

. tupytntcloy pri Trans. of tno Moscow 800.: or Naturnliaea}

LR

clnaa




9. Kolomiytseva, I.K., Kuzin, A.M., In collection entitled
"Rol' perekisey 1 kisloroda v nachal'nykh stadiyakh radio-
bilologicheskogo effekta" [The Role of Peroxides and Oxygen
in the Initial Stages of the Radiobiological Effect]. Mos-
cow, Izd-vo AN SSSR, 1960, page 26.

Manu-
script .
Page FOOTHOTES

No.

139 !The decrease in proton energy from 660 to 130 Mev 1s causcd
by the need to dilute the proton beam in order to obtain
a sufficiently uniform field of irradiation. 130 and 660

Mev protons are approximately the same in LSP and blologi-
cal efficlency [5, 6].
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THE LIPID RADIOTOXINS OF YEAST CELLS

V. Olteanu, Ye.N. Goncharenko, A.G. Konoplyannikev and Yu.B. Kudryashov .
- (Department of Biophysics, Moscow State Univerzity)

It tas been shown in previous work (see [1] and this ccllection,
pages 112 and 138) that radietion sickness of animals 1s accompanied
by the accumulation of active toxic products of lipid nature in or-
gans and tissues.

Yu.B. Kudryashov and co-workers in 1952 named the acetone
fraction of a lipid infusion of livers of irradiated animals "natur-
al radiomimetic," taking into account that it 1s capable of causing
changes similar to those which ionizing radiation produces [1]. In
studying the mechanlsms of the appearance and action of lipid radio-
toxins %RT](PT) in the animal organism, one of the most unclear
questions was that of the origin of the natural radiomimetic. The
exlstence of several methods of its production can be assumed a
griori,-fcr example, the decomposition of lipoprotein complexes of

njured cells [1], redistribution of the supplies of unsaturated
fatty acids in the organism [3], a disturbance in the bilosynthesis of
provelns and carbohydrates with a switch to fatty acid synthesis
["~6] and others. The complexity of this questic.: is due to insuf-
ficient study of the phjsiological, hormonal and other regulators

of 1ipid metabolism both in the normal and the irradiated animal
organism. In connection with this, a search for lipid RT in iso-
lated cells in which there are no such methods of metabolism regu-
lation seemed of interest.

Haploid and diploid yeast cells were used as the subjects in
this work. These cells are frequently used as the subject in study-
ing effect of lonizing radistion (see, for example, Reference [7]).
Yiany investigators have observed lipid accumulation in irradiated
yeast cells [6, 3, 9], The nature of the lipophanerocis of irrad-
iated cells still remains unclear [9]. In the opinion of some .
authors (9, 10], lipids play a protective role in the radiation
injury of yeast celis. On the other hand, it has been shown [1l1l,
12] that oxidized oleic acid products when added to yeast cells .
have a strong toxic effcct. Oxidation products of methyl linoleate
which gave a characteristic reaction with thiobarbituric acid showed
the same ¢ffect in an experiment with yeast cells [13]. In the ex-
periments of Kovyazin et al. [14], the addition of weakly oxidized
oleic acid to yeast cells sensitized them to the effect of x-ray
irradiation.
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The principal goal of the present worx was an attempt to find
voxic iipid products in yeast cells irradiated with different doses
(first seéries of experiments). Since there already is data [9] con-
cerning the change in the lipid metabolism of irradiated yeast cells
which kave been transferred -to nutrient medfum, the secgnd series.
of experiments concerned the activity of lipid RT in yeasts trans-
ferred after irradiation into brewer's wort. A third series stud-
ied the activity of 1ipid RT in yeasts kept after irradlation un-
der conditions favoring postradiation recovery [7, 15].- S

Hapleid and diploid yeast cells of the Saccharomyces cersvisae
strain were grown in sufficient numbers in a 100-liter fermeter 1in
Rider's nutrient medium for 48 hrs. After this the yeast cells were
removed from the medium by separation with subsequent centrifuga- .
tion. A 10 g sample of the wet residue was irradiated in a GUT-10-
400 apparatus at a dose rate of 1 krad/min in doses of 10, 60 and
220 krad. After irradiation the cells either were immediately .used
for 1lipid extraction or were placed for 1 and 10 hrs in brewer's
wort or for 20 hrs in tap water. Before extraction of the 1lipids
the cells were subjected to "csmotic shock," for which they were
transferred to 10 ml of. a 10% NaCl solution for 5 min and sediment-
ed by centrifugation, then the supernatan. liquid was poured off
and 50 ml of distilled water added. After a second sedimentation
of the cells by centrifugaticn and removal of the supernatant. l1iquid
a four-fold volume of a chloroform-methanol mixture {(in a proportion
of 2:1) was added to the cells and mixed on a shaker for 4 hrs. Then
the sediment was removed by centrifugation and discarded, and the
supernatant liquid was evaporated under vacuum in a film evaporator.
The 1lipids extracteu by the chloroform-methanol mixture were poured
into 10 ml of acetone and after mixing were left overnight at a
temperature of 5°. In the morning the phospholipids which had gone
into the sediment were removed by filtration and the filtrate again
evaporated under vacuum. The toxicity of the 1lipid products of the
acetone fraction which were isclated was evaluated by the eryturo-
gram method [1}. :

The survival rate of the yeést cells was determined in all

the samples before extraction of the lipids by the microcolony meth--

od [16]. '

Data on the survival of diploid and haploid yeast cells after
irradiation and maintenance under different conditlons are presented
in the table. . ; -

Since the yeast cells were irradiated in the form of a very
dense suspension, conditions were created for manifestation of the
"econcentration effect" which, as is known [19], is a particular
manifestation of the "oxygen effect." As a result of the anoxla of
the cells during irradiation, their survival corresponds to the
survival of cells irradiated with sufficient aeration with 2.5-3
times smaller doses.. = - S ,

The survival of diploid yeast cells in our experiments ex-
ceeds the survival of haploid yeast cells by several times, which
corresponds to the literature data [7] on the radlosensitivity of
cells with different numters of chromosomes. Incubation in all
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The Survival Rate of Diploid and Haploid Yeest Cells After Irrad-
jation and Maintenance Under Different Nutrient Conditions (95.0 +
+ 0.5% in the Control) -

1 2 Thcamsensccrs s9n pemen asase ofeywns, X
SNITIES- 2223 MMEI0R RPONCNIME 0 rped _
e::t Secat oy 20 3 0 xpod 19 xpad
b ' .
GPiocss cpesy mocae 91,005,856 | 63,00+5,72 | 20,0043,84 | 23,0043.60 | 0,00+1.81 | 2,0040.18
T HumcyGugen neper moceso: o o T
8 gyt v, ¥3,00+6,00 | 40.0044,45 | 56,0045,09 | 14.0041,97 | 14,00£1,20 | 4,0040.,3
seyem 204 .. ... 85004771 | 46,0044,18 | 43,0043,00 | 16,0041,45 | 2,0041,90 | B5,0040,45
10 3o .. .... 98,0047.10 | 47,0044,800 | 72,0046.70 | 17,0042,90 | 46,00:4,00 | 4,001£0.50

T

1) Conditiors of maintaining yeast cells after irradiation until
inoculation on nutrient agar; 2) survival rate at different doses
of irradiation, %; 3) krad; ) diploid; 5) haploid; 6) inocula-

tion immediately after irradiation; 7) incubation before inocula-

tion; 8) in wort 1 hr; 9) in wort 20 hrs; 10) in water 20 hrs.

A}

m it Bn A2

L2
L. o .
. y .
N /.
N ~
L)

L 2 ]

Decomposed. erythrocytes, ¥

%

A \
0 723485 07123658 012345012345
Time of hemclysis, min

Fig. 1. Activity of 1lipid RT isolated from irradiated diploid yeast
celis. I) Extraction immediately after irradiation; II) extraction
after 1 hr incubation in wort; III) after 20 hrs in wort; IV)after
20 hrs in water. A, B, C and D) Doses of 10, 40, 60 and 120 krad,
respectively.
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Fig. 2. Activity of 1lipid RT isola-
. ted from irradiated haploid yeast
cells. (Notation same as in Fig. 1).

three variants of the experiments before inoculation of the haploid
yeast cells had practically no effect on their survival. Incubation
of diploid yeast cells in wort for 1 and 20 hrs also produced lit-
tle difference in survival. When diploid yeast cells were incubated
in tap water after irradiation an increase in their survival occurred

as a result of manifestation of the phenomenon of "post-radiation
recovery,"

Data on the hemolytic activity of 1lipid products isolated from
yeast cells are presented in Figs. 1 and 2. Two erythrograms are 3
presented for each dose of irradiation and all incubation conditions 4
of the yeast cells. The erytnrogram for erythrocytes incubated with
lipids isolated from yeast cells is shown by the dotted line, and
the erythrogram for erythrocytes which were first incubated for 15

min at 37° with lipids isolated from irradiated yeast cells by the
unbroken line.

It can be seen from Fig. 1 that irradiation of diploid yeast :
cells leads to the appearance of active lipid products which S
sensitize erythrocytes to the hemolytic effect of hydrochloric acid. k! .k
With an increase in the irradiation dose the activity of the extract- r
ed lipids increases. The activity of the extracted lipids increases
still more if the cells are incubated in wort for 1 or 20 hrs after
irradiation. The maintenance of diploid yeast cells after irradia-
tion in tap water somewhat decreases the hemolytic activity of the
lipids extracted from them.
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A similar picture is observed in the case of the irradlation
of haploid yeast cells (Fig. 2). Some differences in the results pre-
sented in Fig. 1 and 2 can only be noted In the effect ¢of the irrad-
lation dose on the activity of extracted 1ipids: above 40 krad the
activity of the extracted lipids does not increase, and even becomes
less than from irradiation with a dose of 10 krad. It can be assumed
that this is connected with the fact that such irradiation doses are
very high for haploid cells and, consequently, only budding cells
which are always present in the population, comprising approximate-
ly 20-30% of the total number of cells, survive. However, in experi-
ments on haploid yeast cells after irradiation the appearance of
active lipid products, whose activity increases during incubation in
wort, is observed quite clearly. The activity of the lipid products
isolated from haploid cells incubated after irradiation in tap water,
changes little 1in comparison with the activity of lipids isolated
from unincubated haploid cells.

Thus, the experiments showed that irradiation of isolated cells
leads to the appearance of toxic lipids in them. The activity of the
lipids extracted from diploid yeast cells increases with an increase
in the irradiation dose. For haploid and diploid strains of cells,
placing the cells after irradiation in nutrient medium leads to an
increase in the activity of the 1lipid RT. Placing the diplold and
haploid cells in tap water after irradiation does not produce a no-
ticeable change in the activity of the lipid products.

It can be assumed that the production of 1ipid RT under the con-
ditions of our experiments occurs by two methods. The lipid RT ex-
tracted from cells immedlately after irradiation appear as a result
of physicochemical processes leading to the decompnsition of lipo-
protein complexes with the liberation of active products of the un-
saturated fatty acid type and their oxidation products. When the
cells are transferred to & nutrient medium after irradiation ac-
tive lipid products also appear as a result of a disturbance in
1ipid metabolism.

Lipid RT are isclated from yeast cells by the same method as
NR is obtained from irradiated animal tissue and are similar to them
in effect on human erythrocytes. Evidently this is connected with the
fact that they both are similar products of lipid oxidation, Charac-
teristic data on the appearance of the thiobarbituric acid reaction
which is specific for products of unsaturated fatty acid oxidation
with 1lipid products isolated from yeast cells also confirm this
assumption.

The following conclusions can be drawn from this work:

1. After y-irradiation of diploid and haploid yeast cells, toxic
1ipid products appear in them.

2. The activity of 1lipid RT isolated from diploid yeast cells
increases with an increase in the irradiation dose.

3. Incubation of irradiated yeast cells in nutrient medium
leads to an increase in the activity of the 1lipid RT extracted from
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them.

S

l.Incubation of irradiated yeast cells in tap water has little
effect on the activity; of the lipid RT extracted from them.

5. Lipid RT isolated in experiments with yeast cells give a
specific reactlon to products of unsaturated fatty aclid oxidation,

which speaks of the similarity of their chemical nature to that of
RT isolated from animal tissue.
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THE SPECIFICITY OF THE PRODUCTION OF TOXIC LIPID SUBSTANCES
(THE EFFECT OF VIBRATION, ELECTRONARCOSIS AWD RADIATION)

Yu.B. Kudryashov, Ye.E. Grayevskaya, N.G. Dmitriyeva, S.N. Mekhtiyeva

V.D. Mil'gram and I.N. Savateyev
(Department of Biophysics, Moscow State University)

One of the interesting and important question:e of radiation
biology and medicine is the question of the combined action of
factors of nonradiation nature and lonizing radlation on living
organisms.

It has been shown in previous work [1, 2] that ionizing radia-
tion causes the production of toxic substances responsible for the
development of radiation injury. It has also been established that
lipid radiotoxins [RT](PT) capable of causing the formation of other
toxic agents play a ieading role in general radiatior toxemia.

However, the question of the specificity of lipid RT produc-
tion has still not been resolved. Are other physical factors cap-
able of causing the production of toxic lipid substances? Is 1lipid
RT production a nonspecific reaction cf the organism to external
influences?

The purpose of the present research was to study the effect
of electrical narcosis and vibration on radiation injury and the
change in some radiation effects, in particular, the production of
toxic lipid.substances, from their effect.

The experiments wepre carried out on vhite male rats weighing
120-140 g, which were kept under the usual vivarium conditions.
Electroimpulse generator. of the EI-1 and UEI-l types were used
to create clectric narcosis. The electric current was supplied
through platinum electrcdes with a cross-section of 5 x 5 mm at-
tached to the temporal lobes ur the cranium and continually moist-
ened with physiologlcal solution, Electrical narcosis was created
in a wide frequency range {from 200 to 2500 c¢ps) at a current
strength of 4-20 ma and impulse duration of 0.1-0.4H msec. Tne
method of electronarcosis war developed jointly with K.A. lordan-.

4s. Vibration u? the animals was carried out on a vibrastand with a

frequency of 70 cps at an acceleration of 10-1? g; the duration -
of the vibration was 2 hrs. ;
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The oxidation-reduction potential was measured on the shin
triceps muscle on a LP-57TM tube potentiometer with a polished
platinum needle electrode. A saturated calomel half cell served as
the comparison electrode. The value of the oxidation-reduction
potential, Fh, was expressed in the form of AEh in millivolts. In
studying the "oxygen effec:" the oxygen pressure was measured with

& pair of the same electrodes on an LP-60 type polarograph with a
self-recording unit.

Isolation of lipids from the liver of rats subjected to elec-
tronarcoais, vibration and radiation and their extraction was car-
ried out according to the well-known method [3]. The activity of

the preparations isolated was determined by the erythrogram method,

?3%”1’° for analysis of tissue lipida in Kudryashov's laboratory

As seen from Table 1, electronarcosis can be produced in rats
only under spec:fic experimental conditions. Low current frequen-
cles (25-100 cps) caused instantangous death of the rats.

The deepest electronarcosis occurs at a freguency of 800 cps,
current strength of 10-12 ma, length of created rectangular impulses
0.2 msec and duration of current transmission 10 or more min (see
Table 1). At these parameters of electronarcoeis the most profound
and short-lived decrease in the oxidation-reduction potential occurs

in muscle tissue (200 mv), as well as a more prolongsd decrease in
the oxygen level (40%) (Fig. 1).

TABLE 1

Change in the Oxidation-Reduction Potential
Prom Various Conditions of Electronarcosis
(duration of narcosis, 10 min) '

oo | | o2 | | e

2| w]l @] ] s
o3 | =15 ] o |1-12) 03 |
8 | — | W] B

A NS h— 2 RESERN IR SR
1) Current frequency, Ops; 2) ourrent o
strength, ma; 3) duration of impulses, mseo;
»:k) AFh in muscle, mv. ’ T

| i

. 'Thl»dlocrihdd ciooeronireboiifdauoon‘a:ohort-lavbdifllio'1n’tho
production of toxic 1lipid substances (Table 2) which are oxidised

~ produsts of unsaturated fatty acids in nature — mainly peroxides and

eporides (Fig. 2).

The toxic 1ipid substances are produooa,dnriug'tho first 8-10

_ min after electronarcosis,-and it was not possible to find them later.
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Fig. 1. Change in Ek and oxygen level in rat muscle after electro-
narcosis. 1) Oxygen level; 2) oxidation-reduction poteatial.

Oxygzen level, %

.
(NN EYNE
2 #uuun-n.

Fig. 2. Hemolytic activit of rat liver lipidl artcr electronar-

cosis in the first 2 min (a) and after 5 min (b). Unbroken line ~

experimental; dotted line - ‘control. 1) D.coupoued orythrooyeco. l.
2) hcnolyaiu t:nc, min., , |

'no-ov'r. artor vihrution. ihort-11v06 prodnction ot toxie 11914 :
substances also occours in the animals in later periods. ‘After vibra-

‘tion of rats for 2 hrs, just as after electronarcosis, a decrease is

. found in the oxid;tion-rtduceion potential nnd in tbo oxygen 101.1

L of the tissues.

“As seen from rMg. 3. the ¢rtatclt activity of the toxic lipid

. substances is observed in the first 28 hrs after vidbration, and more
. ascuratoly, in the first 2 hrs. In the next period toxie 1i

pid sub-
stances are not found. Por comparison of the data obtcained the dy-
namica or the change in the level of toxic lipid substances after
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TABLE 2

Activity of Lipid RT Isolated from Rat Livers
After Effect of Electronarcosis

.i 1 Purye— -0 2
Smameed 1 | 3| 2
: 3.4 3.0 +
3.9 | 4l +
‘Tn- 38 4.1 + 8.7 3.9 +
5 1.5 | 38 + 33 | 3.9 +
£ 25 | 4.8 + .0 | 3.9 -
e g X 3.9 + 3.8 3.9 + -
35 | 39 + 3.9 | 39 0
38 | 39 + 3.8 3.9 +
i 1.8 | 39 + o8 | 47 +
: . ¢ | | - 9 | 4 -
Kaopotop SR I I A U B I B
: 4.5 4.8 + 8 | 43 0
. ¥ . 2.3 N |
e IR IR
3 o ) 3.1 '.’ &
‘.nan-mnut ﬂﬂﬂlﬂlcl'égﬂmliw Fagatsonpm n |
b : ) % m 97 j
1) Solvent; 2) min; 3) experimental; &) control; 5) difference; 6)
‘mixture of chloroform snd methanol; 7) chloroform; 8) petroleun
¢ ether; 9) reliadility; 10) reliable with probability of from 95 |
to 97.5%; 11) not reliable, - e .‘
B r—u 3 5 |
R ey ;
o 55 o 4| 9%
§’m A—fe) 17 g:: |
o & g': |
an 2
8" :

L B B '
e o ’é‘:ﬂc after effect, o _
p}’; . ch;:g: in the level gr“ toxic 1ipid substances after ivhe
- affect of ation, vidbration and sleotronarcosis. 1) Irrsdiation;
: 2) iom:rol; Dot and dash line - vidbration; unbroken line - electro-
© nareosis. , , ~ ' '

s
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irradiation of the rats with lonizing radiation, the effect of vi-
bration and electronarcosis is presented in Fig. 3. As can be no-

ticed on this figure, 1lipid RT are found throughout the entire per-
iod of radiation injury.

In the surviving animals the lipid R1 gradually decrease their
activity (curve 1), and in the terminal period the activity which
is found increases (curve 2). The results on the change in toxic
lipid substances in animals during radiation injury completely con-
firm data already known from the literature [1, 2].

It follows from the results obtained that various electrical
and mechanical factors are capable of causing the production of
toxic lipid substances. However, in contrast to ionizing radiation,
the production is short-lived and is evidently connected with typi-
cal stress changes. The specificity of the production of toxic 1lipid
substances alter the action of ionizing radiation lies in the fact
that in radiatior injury production of 1lipid RT which increases
with time occurs.

It is interesting to note that if the animals are subjected
to the effect of electronarcosis or vibration before irradiation
with ionizing radiation (or at the moment of irradiation), a slight
radioprotective effect 1s observed. The best conditions for survi-
val of the animals in the case of vibration are: 1 hr before irrad-
iation the dose increase factor [DIF] (eyl), that is, the ratio of
the semilethal doses in the experimental to the control is increased
to 1.2, in 3 hrs = to 1.09. From the effect of electronarcosis at
the moment of irradiation the DIP corresponds to a value of 1.2. On
the basis ~f the data obtained it is interesting to note that the
degree of the decrease in the value of the oxidation-reduction po-
tential from electronarcosis is more than from known chemical ra-
dioprotectors [5]. However, this decrease in the potential is
short-lived (see Fig. 1). Considering this, as well as noting the
stress effect of electronarcosis which is additional to radiation,
it is evidently possidble to explain the slight prophylactic protec-
tive effect or the electrical factor.

In the case in which the stress sgents act arter rudiation.
it is possible to observe an intensification of the radiation in-
jury which is manifested in an increase in the number of dead ani-
mals. ‘

, Evidently. the effecc of proteotxon by prcliminary electro-
“nAarcoeis or vibration can be explained by the condition of hypoxia
which develops in the rat ovganism and, consequently, by the oxygen
effect. The intensificatior. of the radiation injury is evidently
connected with an :ntensxricution ¢f the primary processes of the
radiatxon injury which are manifested in the lipids. .

The following conclusions can be drawn:
1. Eleetronircosil and vibration cause a drcp in the oxida-

tion-reduction potential and a prolonged decrease in the oxygen
level in the tissues.
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2. The‘effect of stress agents causes the production of toxic

11pid substances, however, their prodnction is short~lived.

3 The specificity of the production of toxic 1lipid substances.

after the effect of iornizing radiation lies in the fact that in rad-
iatfon 1n3ury in contrast to the effect of electronarcosis and vi-
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~bration, ‘the producticn of 1lipid RT increases with time. i
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THE JOINT EFFECT OF RADIATION AND AN UNSATURATED FATTY ACID
ON ERYTHROCYTES

Yu.5. Kudryashov, Z.Ya. Baltbarzdys. M.L. Kakushkina and £.E. Slava
(Department of Blophyslcs, Moscow State University)

Data on the possible participation of 1lipid radiotoxins [RT]
(PT) in the primary reactions of radiation injury have been pre- E
sented previously [1]. It was shown on a chemical model [2] that solu- 3
tions of B-carostene in oleic acid have high radiosensitivity in com-
parison with solutions of the same compound in various other sub-
stances. The hypothesis was expressed that an indirect efrect of
radiation on B-carotene molecules occurs as & result of the produc-
tion of short-lived primary RT in the solvent — oleic acid. It can
be assumed on the basis of these data that primary 1lipid RT are
also capable of causing the injuries of iiving irradiated cells.
In order to verify this hypothesis experiments were set up on a
study of the joint effect of radiation and oleic acid on erythro-
cytes.

. i R
B RSt lze Y S

Olelc acid, first freed of impurities by vacuum distillation,
was used in the experiments. An emulsion of oleic acid in buffer
solution, isotontic blood plasma, was prepared according to a
previously described method [3]. Human erythrocytes were always
wished out of the plasma on the day of the experiment. Irradiation

- was carried out in doses of 0.5-1.5 and 78 kr with Co®® y-rays in
GUT-Co-U400 equipment.

The stability of the cells after the applied effects was re-, :
corded by the erythrogram method [U4]; the reading of the reaction :
time in all the experiments was carried cut from the moment of the '
addition of olelc acid. In the case in which the erythrocytes were
treated with sublytlic concentrations of the fatty acid, damage of
the erythrocytes was evaluated by thelr capacity for subsequent -
hydrochloric acid hemolysis. ;h'

- . In the first series of experiments sublytic concennrations

\ of oleic acid of the order of 10°°® M were used. The suspension of
erythrocytes in oleic acid was irradiated with a dose of 78 kr and
incubated at a temperature of 37°. After different time intervals
the change in the stabllityof the erythrocytes to a standard hemo-
lytic agent - hydrochloric acid - was examined. Erythrocyte suspen-
sions, irradiated without cleic acid, as well as unirradiated cells
with oleic acid, served as the control.
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TABLE 1

Hydrochloric Acid Hemolysis After the Joint
Effect of Radiation and Oleic Acid on Erythro-
cytes (the time of 50% hemolysis is indicated
in half minutes)

, T [ 2 T Boszeherao T 5
Bpaus LS [9) Croes» | fosw,
Howe; Kytagan, )
P onwra - uznuo npots o
1 |14 ; 7.8 4,6 R ] I
30 6,7 7.3 4,8
- 80 7.4 7,2 58 105 %
2 15 6,3 5,1 4,9
k1) - 3.6 0.0 8,5 65
3 18 7.2 8,4 7.6
30 6,8 88 8.2 9.9 78
60 - - 8,7
4 15 7.8 6.0 4,4
43 ‘G4 8.7 4,6 9.9 n
120 . 4,9 3.3
5 % { 79 52| 5,0
180 7.1 4,0 0,0 10,6 (]
6 0 7.0 .| &7 6.6 19 | 78
. M0 7.2 5.3‘ 82 | 72

1) Exp. No.; 2) incubation time, min; 3)
effect; U4) of radiation; 5) of oleic acid;
§) total; 7) "blind" sample; 8) doses, kr.

- As seen from Table 1, the resistance to hydrochloric acid of
erythrocytes irradiated in the absence of oleic acid at the dose
which we selected did not change in the first 3 hrs of the experi-
ment. The resistance of unirradiated erythrocytes after their in-
cubation with oleic acid also did not change significantly during

-the same time. In contrast to this, in those experiments in which

the erythrocytes were irradiated in the presence of oleic acid,
upon subsequent inocubation for 3 hrs the cells' resistance to
hydrochloric acid decreased sharply. In this case 1t was possible
to establish a considerable change in the resistance of erythro-
cytes to oleic acid after their preliminary irradiation.

Considering the significant intensification of oleic acid

‘ hemblysis of irradiated erythrocytes which takes place, in the next

series of experiments 0.5-1.5 kr doses of radiation were used, but
lytic concentrations of oleic acid (1¢10™* M) were taken. Accord-
ing to the data presented in Table 2, the effect of radiation on
erythrocytes during their irradiation in the presence of oleic
&cld is stronger than the injury of the cells by radiation and
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TABLE 2

Effect of Radiation on Oleic Acid Hemolysis
(time of 50% destruction: of cells 18’ 1ndica-
ted in half minutes)

"1 Phieherame onemcaon
Houep TOTM'0 SpuTPOGITY
omare

3| e,

|

1 15,
2 18,
3 13,

AN

10.8
10,8
11,5

i il % Wl B
8.0 |6 ‘3 :uir 108

b e -

l) Exp No., 2) errect or oleic acid on erythro-
cytes; 3) unirradiated; 4) irradiated; 5) irrad-
lation of erythrocyte- oleic acid system.

olelc ac:d in the case. of their consecutive action. However, this
differernice is not 5reat and wag observed ror dleic acid" concentra-

tions between 5410 and 5+10 M.

It is interesting to note that the energy of activation of the
reactlon of destruction of erythrocytes irradiated in the presence
of olelc acid, in comparison with their destruction from-the ef-
feet of oleic acld without irradiaticon of the ‘system is approximate-
ly 20% lower, namely, in the first case it has a value of approxi- -
mately S kcal/mole, and in ghe latter — about 6<7 kcal/mole. The
effect of an inhibitor of free radical systems, '3,5-cCitertiarytutyl-
b-oxy-2-methylbenzylamine!, on thé erythrocyte destruction reac-
tion in the case of the joint action of oleic acid and radiation
was investigated. The experiments showed’ that injury was decreased
by the prelimirary addition of the above-mentioned ccmpound. /s
seen from the figure, the decrease in injury is ‘greater in this
case than the decrease in injury of the erythrocytes by olele acid
without irradiation of the system.

T.: data obtained indicate that in the presence of oleic acid
an intensification of radiation's effect on erythrocytes cccurs.
The decrease in the energy of hemolysis activation in an irradiated
mixture ln comparison with an unirradiated mixture, as well as the
greater effectiveness of free radical 1nh1b1tors during irradiation
may testify in favor of the production of active products in the
samples during their irradiation, and in particular, in oleic acid.
It is possible that these active products produced in oleic acid
are capable of carrylng out an indirect mechanism of radiation's
cffect on the cell, being primary RT.

It =2.0uld b~ noted, however, that the use of cell models in-
troduces addiiional difficulties in evaluating the mecnanism of the
productivn and effect of 1ipid RT in comparison with models at the
molecular level. This 1s connected with the fact that, in addition
to RT prcduction in oleic acid, disturbances also occur in the ir-
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Time of hemolysis, min

Kinetic curves of hemolysis of irradiated (curves 1 and 2) and un-
irradiated (curves 3 and U4) erythrocytes from the effect of oleic
acid in the presence-of- 3,6 ditertiarybutyl-d-oxy-2-methylbenzyla-
mine (curves 2 and 4). (dose of 1.5 kr, 1nh1bitor concentration
14107 M, oleic acid concentration 1+107* M).

g0 4;@%&«“%’&”&3&@’%\%’3@!%?@#5 It TR s

radiated erythrocytes. It is possible that the effect of the active
products of irradiated oleic acid 1s manifested even more strongly

after a radiation change in the stroma of the erythrocytes. Further
experiments must be devoted to an explanation of this question.
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THE TOXICITY OF LIPIDS IN ANIMAL RADIATION SICKNESS
M.L. Rakushkina

(Department of Biophysics, Moscuw State University)

According tc numerous papers presented in this collection,
various toxic compounds affect the development of injuriles of
living irradiated organisms. The work of Kudryashov et al. [1]
in which evidence is presented that radiotoxins [RT](PT) of 1lipid
nature participate in primary processes occurring during the rad-
liation effect is of great interest to this question. Recently,
toxic 1lipid compounds have been found in tissues of animals irrad-
iated with radiation of different ionization densiiies (see this
collection, page 138). Hence 1t 1is ciear that a thorough study of
the question of the role of the toxic factor of iipid nature in
the development of animal radiation injury is of special impor-
tance. , :

In broad ‘aspect the question of the role of toxemia in the
development of radiastion sickness of various living forms is
clcsely connected with the study of the mechanisms through which
the physicochemical changes occurring at the molecular level
cause disturbances in blclogical functions. It has been estab-
lished that in vitio irradiation of lipids in an oxygon atmo-
sphere causes ¢ devalopment of oxidation reactions which depend
on the composition of the unsaturated fatty acids [2). The litera-
ture also contains indications that peroxides [3, U] and free
radicals [5] are also produced in lipid fractions of irradiated
animal tissues. Moreover, destruction of tissue antioxidants has
been found [6, 7].

Considering the physicochemical changes in the lipid compon-

ents of the tissues of irradiated organisms, the wicely known fact

that lipids occupy one of the leading places in the structural
organization, energeti~z and functional activity of every living
cell should also be noted. Numeroues data in the literature indi-
cate the dynamic nature and lability of the tissue lipids, in-
cluding in stress stetes caused by diverse factors (8, 9). Dis-
turbances in 1ipid metabolism frequently are attributed to early
and radiosensitive reactions of living irradiated organisms [10,
11]. Thus, radietion damage of tissue lipids of the animal organ-
ism, on the one hand, to a certain degree is determined by the
chemical reactivity of these cell components, and on the other
hand, it probably should have a specific effect on their function-
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the cells, considerably decreases their resistance to the subse-

- changing the form of the erythrogram and kinetic hemolysis curves

al activity. The question of the toxicity of lipids in animal rad-
lation sickness must be approached from these standpoints.

Toxic substances of 1ipid nature in the tissues of irradiated
mice and rats were first detected and studied by a group of B.N.
Tarusov's co-workers [12], who used the hemolytic test to determine
their activity, while Kudryashov [13] showed that in chemical na-
ture these hemolytically active compounds are unsaturated fatty
acids. Unfortunately, as a rule these authors used a method of
recording the activity of the tissue hemolysins of irradiated
animals which involved prolonged preliminary incubation of the
tissue homogenates with erythrocytes. For a long time the very fact )
of the production of a toxic factor of lipid nature in an irradiated
organism caused doubt in the literature. The opinion was expressed
that the detection of hemolytically active compounds is only a re- -
Ssult of the intensification of irradiated tissue decomposition dur-
ing 1ts posthumous treatment [14]. To explain the question of the
production of a toxic factor in the 1lipids of irradiated animal
organisms, the following goals were established in the present
work: 1) to study the hemotoxic properties of an unsaturated fatty
acid (oleic) and its oxidation products, and 2) to investigate the
conditions of the production of toxic lipids in irradiated animal
organisms and attempt to evaluate thelr role in the development
of the sickness.,

Lipids from the livers of irradiated and healthy (as a con-
trol) animals served as the material for study. Oleic acid, un-
oxidized and oxidiged in an air current at a temperature of 60°
was used in model experiments. There was a total of about 100 rab-
bits in the experiments.

The hemolytic test was selected as the principal biological
eriterion of toxic activity. The erythrogram method developed by
Terskov and Gitel'zon [15] was used. In addition, the effect of
oleic acid and tissue lipids on the state of phosphorylation com-
bined with oxidaticn in mitochondria isolated from the pectoral
muscle of pigeons by methods described in Reference [16) was exam-
ined. In order to study the mechanisms of toxic lipid production,
their hemolytic activity during autolysis, as well as the anti-
hemoly%ic properties of tissue antioxidants - phospholipids —
were determined. Autolytic breakdown of the tissues during incuba-
tion (at 37°) was judged from the rate of free fatty acid (by the

titration method) and amino acid accumulation [17].

The experiments showed that oleic acid is a strong hemolytic
agent — it causes hemolysis at concentrations of the order of
1:10™% M, that is, in amounts higher by a factor of 10! than of
the choline and histamine RT known in the literature. At concen-
trations of 1+10°% M, this same fatty acid, while not destroying

quent action of another_hemolytic agent -- hydrochloric acid (at
a oconcentration of 4+107° M). . .

Oxidation of oleic acid increases its hemolytic erréc%,

- 162 -

e




o e TR R AT R O B R R e

(Fig. 1). Subthreshold lytic concentrations of oxidized oleic acid
and, ln addition, of chemically pure peroxides, aldehydes and ketones
changed the resistance of erythrocytes treated with them to subse-
quent hemolysis by hydrochloric acid, in the same wuy as did the
unoxidized acid. The effectiveness of sublytic concentrations of
the fatty acid and its oxidation products on the degree of erythio-
cyte resistance remained constant in the temp-rature range of 0-37°
and did not depend on the volume of liquid in the incubated mixture.
These facts made it possible to assume that the hemolytic activity
of oleic acid depends on its fixation on cellular structures. This
assumption 1s supported by data from the literature [18, 19] on the
irreversibility of fatty acid hemolysis and its depondence on the
number of erythrocytes and their structural properties. Ti.e pheno~-
menon which was found made it possitle to determine objectively the
hemolytic activity of compounds in lipid tissue extracts.

23

Decumposed erythrocytes, %

hemolysis time, min

Pig. 1. hemolytic activity of oleic acid at different oxidation
stages, a) 2-U hr oxidation; b) 24 nrs; ¢) 3 days; d) 7 dtya. A)
Erythrogram; B) ditrerontial curves,

A quantitative determination of the toxicity of different lipid
fractions of rabbit livers showed that a a concentration of 0.5=-2.0
mg/ml lipids extracted dy ether were weakly active, while their
hemolytic activity increased consideradly after procipitation of the
phospholipids. The procipitatod pholpholipid: hardly changed the _
rate of destruction of intact erythrocytes, whereas they sharply de-
creased the dostruction of cells trested with active lipids. -

As seen from the table, the toxiocity of lipidl obtained attor

precipitstion of the phospholipids from the liver of irradiated
rabbits increases in comparison with the control. In this case the
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increase in the hemolytic activity of the .issue lipids corresponded
to the increase in unsaturated fatty acids, while the decrease in the
toxle properties of the lipids from the addition of antioxidants
(phospholipids and cysteamine) indicates a certain dependence of
these toxic properties on the oxidation of the linids.

Hemolytlc Activity of Rabbit Liver Lipids

Bpeus nocae rm:wmﬁ*. Opaus notas 2,.%&“
31!.:»» b Oy 1 3&-:»» |u Oy,

1-2 « 3,240,2 | 20404 | 2y 7 matm4‘ 1.540.4

1 cymu 11§oa 28504 [ 2 » 2.70.2 i Lﬁ}OJ

1) Time after irradiation; 2) 50% hemolytic
activity, min; 3) control; 4) experimental;
5) hrs; ¢) day; 7) days.

Rate of fat
decomposition

Time after irradiation,
days

Fig. 2. Change in the rate of proteolysis (curve 1) and lipolysis
(eurve 2) in the liver in radiation sickness of rabbits (irradia-
tion dose 700 r, rate of processes measured during 2 hrs incuba-
tion of the tissue at a temperature of 37°). D) Rate of protein

decomposition. ;

At the same time it was shown that protein (pmteoiyais) and

fat {1ipolysis) splitting in the livers of irradiated rabbits in-

creases in the first period of the lesion's development, and at
the time of the animals' death the rate of these processes is de-
creased in comparisor with normsl (Fig. 2). - - T

~~The results of the experiment clearly make it possible to
assume that the increase in ensymatic processes (in particular,
lipolysis) in irradiated animal tissue can to a certain degree
affect the toxicity of the tissue 1lipids, at least in the first
period of the lesion's development. It is interesting that during
tissue autolysis the antihemolytic properties of the phospholipids
- deorvase very rapidly which indicates their great lability. It is
seen from Fig. 3 that the antihemolytic properties of the phospho-
11pids decrease sharply in the first hour of the tissue's incuba-
tion, whereas an incrase in the hemolytic activity in this tissue
-~ a8 well as in fatty acid concentra’ ‘on is noticeable only after
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Hemolytic activity, %
t59% oa

Change 1in
concentration, %

t5oq8 OA + PL

49 2 5 7 91 2
Time, hr Time

Protective coefficient

Fig. 3. Change in concentration of amino acids (curve 1), fatty
acids (curve 2), antihemolytic activity of phospholipids (curve 3)
and hemolytic activity of 1lipids (curve 4) during incubation of
rabbit livers (rate of hemolysis evaluated from time of 50% cell
distruction; the effect of the phospholipids Judged from the degree
of drop in rate of hemolysis).

2-3 hrs of incubation. It is logical to assume that there 1z a
certain connection between the change in tne rate of the engymatic
(autolytic) processes in irradiated animal tissues and changes in
tissue antioxidants (phospholipids). Hence it is natural that the
rate of spontaneous fatty acid oxidation, and consequently, their
toxicity, must depend in some way on the rate of the autolytic
process. It is known from References [20, 21] that fatty acide

and their oxidation products are inhibieors of proteolytic en-
gynes., It 1s possible that this latter circumstance by a type of
feedback is capable of causing inhibition of autolytic processes
ir irradiated animal tissues, which in the present work was ob-.
‘served before their death. Thus, in discussing the question of the
production of the toxic factor in the tissues of irradiated animals
it is olearly necessary to take into account not only the rate of

- ensymacic processes and the degree of spontaneous lipid oxidntion, .
but alao the reciprocal orfoct of these factors. ‘

Tha fact that an 1ncrecle in the toxic properties of the tis-
- sue 1ipids occurs during irradiation of animals is confirmed by
testing their effect on isolated mitochondria. Tissue lipids not
only decrease the hemolytic resistance of erythrocytes, but also
-~ change the functional state of the mitochondria by pr&aarily in=
hibiting phosphorylation. These data confirm the correctness of
our conclusions concerning the intensification of the toxie pro-
perties of liplds as s result of irradiating animals, and not only
their hemolytic activity. It is interesting to note here that the
level of oxidativs phosphorylation is also decreased by oxidiged
acid and chemically 5uro cumene hydroperoxide, while an antioxi-
da:: - cystoanino ecreases the dillociativ! effect of oleic
soid.
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On the basis of our own date and material in the literature,
it seems of interest to evaluate the role of toxic 1lipids in ani-
mal radiation sickness. There is still not sufficient clarity on
the question of the place of toxic lipids in the overall set of
pathological symptoms caused by the radiation effect: whether the
observed changes are caused by physiological mechanisms or are

B chiefly due to chemical activity of the radiation, leading, in

é% particular, teo the oxidation of unsaturated fatty acids.

.4

& Recently, the opinion that the existence cf unesterified

% fetty aci<s in the organism normally provides for the performance of
i some physiological functions has become more and more common. There
i is a hypothesis that fatty acids destroy aging erythrocytes [22]

& and, in addition, participate in regulating the level of the coup-
£ ling of oxidation with phosphorylation [23]. The concentration of
s unesterified fatty acids in the animal organism, according to the

§ data of a number of authors [8, 9], increases during the develop-

b ment of the "stress" adaptation syndrome.

A number of symptoms of radiation sickness, some investiga-
tors believe (sece, for example, [24]) are a nonspecific reaction
of the whole organism to an injurious action. There are indica-
tions [24] that protein decomposition increases during the develop-
ment of the adaptation syndrome. It can be expected that the inten-
sification of autolytic processes and the simultaneous increase in
heaolytically active fatty acids in irradiated animal tissues noted
in our experiments, as well as in the experiments of other authors
[sga,will turn out to be connected in some way with the adaptation
syndrome,

According to data in the literature [18, 19, 25], under phy-
siological conditions fatty acids have an effect on properties of

= ‘the lipoprotein membranes of cells and tissues (for example, of

' mitochondria and erythrocytes). In connection with this it is
s , interesting to note that in our joint experiments with Yu.B. Kudry-
B ashov and E.E. Slava the preliminary irradiation of erythrocytes

even with such a small dose as 1 kr noticeably weakened their resis-
‘tance to subseguent cleic acid hemolysis. The effect of oleic acid
“on erythrocytes, as the experiments showed, depends to a .ertain
‘degree on its fixation on cellular structures and on oxidation.

~ Bvidently, for purposes of further study of the role of the toxic
- factor of 1lipid nature in the development of radiation sickness
of living organisms a thorough investigation of the radiation
- damage of lipoprotein membranes of living cells, the interaction
of fatty acids with them and the effeot of these processes on the
properties and biolugieal functions of irradiated organisms 1is

‘mecessary. - |
1ro ;7In Qanlnaipn‘tha’rbllpvingiconclnaibna can be drawn:
. 1. The effect of oleic acid on erythrocytes depends on its
oxidaticn, as well ns'onvitcrrixatﬁon on cellular structures.

’_k.2b‘Atter 1rrud1ltion‘of'rnbb1ts uith.a do¢c of 1 kr an in-
crease ocours in the toxic properties of the liver lipids in act-
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irg on erythrocytes as well as on isolated mitochondria.

3. An increase in the toxicity of the 1lipids occurs both e g
in the first 2-4 hrs after the effect and immediately before oy
the death of the animals. The rate of enzymatic autolytic pro-
cesses increazes in the first period after the effect and 1is
lower than normal before the animals' death.
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Clarification of the question of what fire morphological end

iation and lipid RT (PT), so-called ratural radiomimeties, is of .
great theoretical and practical importance [1]. The question of

similarities and differences in their effect on structural cell .
components and their cytochemical characteristics remalns open. s -

In the present work a number of rat organs were examined after
irradiation with y-rays in a dose of 800 r, action by fast neutrons
in a dose of 600 rad at an energy of 1 Mev and the injection of
l1ipid RT obtained from the livers of rabbits irradiated with y-rays
and neutrons. Highly radiosensitive organs ~ intestines, liver and
kidney and a less radiosensitive organ —the myocardium were investi
gated.

Ry

The effect of the indicated factors on cell structure and cer-
tain aspects of ribonucleic acid and 1inid metabolism, as well as
on the merphology of mitochondria, with which, as is known, oxida-
tion, oxidative phosphorylation and ATP (AT¢) production are assoc- .
iated, was studied by cytological and histochemical methods. : ;

There are numerous data in the literature on histological :
changes in tissues of irradiated animals [2-4]. Hemorrhages in the
liver, cellular tissue, heart, lungs and intestines are observed .
in acute radiation sickness. Protein and fat decomposition occur 1 ’
in the liver and kidneys, radiation nephritis may develop and ne-
phron filtration and resorption mechanisms are disturbed. Focal
necroses develop here. ‘

The severe effect of ionizing radiation shows up 1in the diges-
tive tract [2, 3, 5-7] and the outcome of the illness depends much
on the degrees of its damage. If, for example, the intestines are
shielded, the survival of animals after lrradlation increcses.
Macroscopic changes in the intestines are manifested in edema of the
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intestinal tissues, hemorrhages and necrosis of sections of the
intestinal and stomach walls. The mucous membrane of gastrointes-
tinal tract is subject to very severe changes. The earliest and
-most significant changes occur in the crypts where mitotic activ-
ity of the cells is very high [8-11]. In this case the rhythm of
cell division is disturbed, mitotic activity decreases considerably
and some of the cells die. At large doses of irradiation (up to 10
kr) destruction and death of a large number of epithelial cells of
the small intestine occurs, new cell production ceases, the physio-
logical process of cell replacement is disturbed and the submucous
membrane becomes exposed. This in turn disturbs the intestinal
barrier, as a result of which conditions are created for the de-
velopment of infectious processes [2]. In connection with the
increase in the penetrability of the intestinal wall, severe de-
hydraticn of the organism occurs [12]. Radiation acts in an inhib-
itory way on the immunobiological properties of the organism [13],
suppressing antibody productlon and phagocytosis.

Many authors have considered the cardiac muscle to be radio-
resistant, however, it has been shown recently [14, 15] that sev-
ere changes also occur in it. Swelling, hypertrophy or atrophy of the
muscle fibers, flabbiness of the cardiac muscle and partial disappear-
ance of transverse striation are described in these papers. Sometimes
the cardiac muscle fibers undergo granular decomposition and vacuol-
ization.

Work in which the etfect of toxic substances formed in irrad-
iated organisms has been studied is of great interest. Substances
causing the destruction of intact erythrocytes which were added to
‘them were found in liver homogenates of irradiated mice; these prod-
ucts are called the "nemolytic factor" [16-26]. It has been demon-
strated that the hemolytic factor also has a toxlc effect on other

- cells [25, 26]. In connection with this it was given the more gen-
eral name of "cytotoxic factor" [20], and then — "natural radio- .
mimetic" [1]. It has been established by biochemical isolation of
the cytotoxic factor that it contains a large quantity of unsatura-
ted fatty acid oxidation products of the oleic type [1, 16, 27, 28].
‘After introduction of oxidigzed oleic acid into an organism, changes
similar to changes during radiation sickness occurred [27-30].

A preparation of the cytotoxic factor (natural radiomimetic)
isolated from irradiated rabbit livers has a toxic effect on various
biological systems, similar to the effect of radiation [1, 25, &6,

"31), and, depending on the dose injected, most acute, acute and
chronic forms of the lesion can develop.

Cytological and histochemical changes in organs from the ef-
fect of radiation have still been insufficiently studied and re-
search on the effect of lipid RT on cells and tissues is actually
Just beginning.

In the present work adult white male rats were taken for in-
vestigation. A total of 150 animals was used in the experiment.
Twelve hrs before fixation of the material the rats were deprived
of food and given water, Eighty two rabbits were used for isolation
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of the unsaturated fatty acids (1lipid radiotoxic substances) which
served as the radiomimetic.

For histochemical purposes pieces of liver, kidney, small intes-
tine and heart were fixed in Becker's (calcium-formol) and Carnoy's
fluids and in 10% formalin. Material fixed by the Carnoy method,was
embedded in paraffin and sections 5 u thick were made. A reaction
for ribonucleic acid [RNA]J(PHK) was carried out on such sections by
Brashe's method. Control sections were treated with ribonuclease.
Pleces of organs fixed by Becker's method also were embedded in ~

paraffin. The thin sections were stalned with Heidenhain's hematoxy-
lin stain for mitochondria. 4

Tissues fixed with formalin were stored in the cold in 7% form-
alin, then sectloned on a freezing microtome and stained with sudan
III for neutral fat. The lipase reaction was carried out on part
of the frozen sections by the "twin-80" method suggested by Gomori.
The effect on the sections of Lugcl's solution or a phenol solution

which suppress lipolytic activity in the sections was used as a con-
trol.

Along with the histochemical demonstration of lipase, its ac-
tivity was studied blochemically. Demonstration of lipase activity
in the livers of control and experimental animals was carried out
by Zhdanov and Ivanova's method [32].

Several samples were taken for investigation 30 min and l 2,
3, 4, 5 and 6 hrs after the mixing began.

: The procedure of examining the samples was the following. To
4o ml of the mixture was added 20 ml of distilled ether (freed of
peroxides and water by Yur'yev's method), the mixture was extracted
and the insoluble fat removed by filtration. The filtrate was divi-
ded into four equal parts: two were titrated with an 0.02 M

KOH: solution into alcohol with phenolphthalein, two were left in
open weighing bottles until the ether had completely evaporated and
the weight cf the fat was determined in these two on an analytical
balance with accuracy to the fourth place.

Calculations were carried out according to the formula
m

where X 1s the acid number (mg KOH/g); 4 is the amount of KOH solu-
tion which went into titrating the sample containing fat (ml), b

is the amount of KOH solution which went into titrating the control
sample (without fat) — the "blind" sample; m 1s the weight cof the
fat, T 1s the titer of the KOH solution (mg KOH/ml) (KOH was ti-
trated with an 0. 1M HC1l solution).

The acid.number shows the number of milligrams of base neces-
sary to neutralize the free fatty acids in a 1 g sample of the test
substance.
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In the course of our work, irradiation with y-rays and fast
neutrons, as well as lipid RT, were used.

Irradifation with y-rays. Rats were subjected to one total ir-
radlation in a GUBE-800 unit in a dose of 800 r at a dose rate of
55 r/min. The irradiation was carried out with four Co®° prepara-
tions uniformly located around the animal. The rats were killed on
the 7th-8th day after irradiation — at the climax of the manifest
¢linical changes.

Irradiation with fast neutrons. Irradiation with fast neutrons
with an energy of more than 0.1 Mev was carried out totally in an
IBP-2000 fast impulse reactor. The rats were irradiated with neu-
tions with a dose of 600 rad at an energy of 1 Mev. The animals
were also killed on the Tth-8th day after irradiation.

The extraction of 1ipid RT [1] and their injection into rats.
The 1lipid RT (natural radiomimetic) preparation was isolated from
the liver of rabbits irradiated with y-rays and neutrons under the
same conditions as the rats. Two to three days after irradiation,
the rabbits were killed by decaplitation, the liver removed and
pulverized in a homogenizer for 3-5 min at 1000 rpm. All the opera-
tions were carried out in the cold room (at a temperature of 2-4°).
A four-fold volume of diethyl or petroleum ether (the ether was
first distilled in the presence of Fe?t to remove such impurities
as peroxides) was poured over the homogenate obtained. The homogen-
ate with the ether was placed on a mechanical shaker. The extrac-
tion was carried out with constant mixing of the samples for from
2 to. 24 hrs. Two hrs after the beginning of the mixing the four-
fold volume of ether was poured off, and a two-fold volume poured

- on. The mixture was filtered after 24 hrs and the ether fraction

obtained was evaporated in a film evaporator in a vacuum. Acetone
(in an amount of 1 ml per weighed portion of the tissue taken) was
added to the oily residue in order to free it from phospholipids
which are insoluble in acetone. The samples were mixed carefully
and left overnight in the cold room. The phospholipid precipltate
was removed by filtration and the supernatant liquid again sub-
jected to rapid evaporation. The oily preparation obtained ("ace-
tone fraction") was weighed and used in experiments as the 1lipld

" radiomimetic,

The toxicity of the preparation was studied preliminarily by
the erythrogram method [33]. The work was carried ocut in an FEK-M
or FEK-52 apparatus. Curves (erythrograms) were constructed on the
basis of the data obtained which reflect changes in the stablility
time of erythrocytes taken from animals. Changes in the erythrograms
give an idea of the toxicity of the radiomimetic usecd. Erythrograms
obtained after the action of an 0.004 »n hydrochloric acid solution
on erythrocytes served as the control.

The activity of the NR (EP) preparation was determined from
the erythrograms obtained [1]. The same degree of hemolysis occurs
from the effect of 0.004 n hydrochloric acid in physiological solu-
tion (in a dilution of 1:40), a radiomimetic obtained from animals
subjected to neutron irradiation (1:12,800) and a radiomimetic ob-

- 172 -

b R T ot & b hviash. PR -
o - e e o S

T L

T AT o PR S

T RS

b ARG A R ki

B L R

SN e AR B

. 2w TP 13




psin

A b v e g B ARRET PIAL R el Y S ISRy Rk e My e e s

tained from animals subjected to y-ray irradiation (1:16,000).
Preparations of the indicated activity were used for injection in-
to animals.

There was one intraperitoneal injecticn in a dose of 0.6-0.8
?li which corresponds to y-ray irradiation with a dose of 700-800 r
1]. ) ‘ .

In the experiments rats were irradiated with y-rays (in“a dose
of 800 r) or subjected to the effect of a flux of neutrons with an
energy of 1 Mev (in a dose of 600 rad). Animals were also injected
with 0.7-0.8 ml of radiomimetic obtained from animals after y-ray
or neutron irradiation. The animals were dissected on the 7th-8th
day.

The observations described below were made during the »xpésri-
ment. o

Matr scopic changes caused by the effect of 1ipid RT and '
irradyation with y-rays and neutrons. After the injection of 1lipid ;
RT and:irrddiation of the rats symptoms of radiation slckness ap-
peared: appetite decreased, disorder of the gastrointestinal tract
and anemia of the mucosa developed. The animals began to react slug-
gishly to stimuli and noticeably lost weight. The following changes
were noted upon autopsy in the animals affected by irradiation: fo-
ci of hemorrhages appeared in the lungs and sometimes local necro-
tic foci were encountered. Anemia of the cardiac tissue, intestines,
kidneys and other organ: developed. Necrotic focl appeared 1n the
intestines. Focal hemorrhages were seen in a number of organs.

After the injection of-1ipid RT considerable changes were ob-
served in the internal orguris, particularly the liver. It was en-
larged and became anemic, its lobes coalesced and commissura of the
liver with a number of adjacent organs were observed. Adiposis and
sometimes punctate hemorrhages developed in 1t.

The stomach changed in the cardlac section of the clcatrix;
the intestines, particularly the small intestine, had necrotic
foci. The transitional section of the small intestine was severely
distended into the large intestine. The spleen decreased in silze,
became firm to the touch and was covered on top with a fatuy deposit.
The kidneys were full of punctate hemorrhages. The right kldney was
often adherent to the liver. The mesentery was flaccid, the testi-
cles were porous and fat was deposited on them. Sometimes the site
of the injecticn was seen since a necrotic patch developed around it.

Cytological and histochemical study of the 1iver of control

rats and animals subjected to irradiation and the effect of 1ipid RT.
The parenchymatous cells of normal rats have.a polygonal shapej the
cell borders and the nuclei which contain 2-3 nucleoll are clearly
visible. The venous capillaries are lined with comparatively small
compressed Kupffer cells. Plasmatic cells, as a rule, are not en-
countered. RNA is found in the cytoplasm of the parenchymatous cells
in the form of clumps; the intensity of the reaction is average. The
nucleoli are rich in RNA. The Kupffer cells have a low basophilia in
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comparison with the parenchymatous cells (due to the presence of
RNA) and dense oval nuclei.

The hepatic cells of animals irradiated with y-rays (dose of
800 r) undergo atrophic, dystrophic and necrotic changes and the
capillaries are dilated, the parenchymatous cells contract. Many
Kupffer cells are swollen, disintegrated and fall into the lumen
of the capillaries. The RNA content of the hepatic cells increases;
the basophilic masses become coarser. In many cells disappearance
of the nucleoll and karyolysis 1s observed. Plasmoblasts and plas-
mocytes appear in the liver.

From the effect of radiomimetic obtalned from animals subjected
to irradiation with y-rays (we shall call it y-radiomimetic for
short), some cells, just as from irradiation, undergo atrophic and
necrotic changes. In some cases the basophilic masses in the cyto-
plasm become more pronounced, in other cells fatty inclusions are
accumulated, and fragments of cytoplasm rich in RNA are distributed
around the periphery of the cells and in the perinuclear zone. The
nuclei of the parenchymatous cells are shriveled and condensed.
Many plasmatic cells which strike the eye with their clear baso-
philia appear in the liver; neutrophils appear in the vessels and
stroma of the liver. Mitoses, rare in a normal liver, are encount-
ered in the parenchymatous cells.

From the effect of fast neutrons (dose of 600 rad, energy of
1 Mev) focal necroses are found in the liver. The cytoplasm of a
majority of the cells is lumpy and basophilic, especially around
the peripheny of the cell. The Kupffer cells are severely swollen
and some of them fall into the lumen of the caplllaries.

Radiomimetic obtained from animals subjected to irradiation
with neutrons ("neutron radiomimetic") also leads to the develop-
ment of dystrophic and necrotic changes in the liver. The cytoplasm
of the parenchymatous cells has considerable lumpiness. The RNA con-
tent of the lumps is high. Some of the cells are vacuollzed, the
boundaries between the cells are obliterated and they are decomposed.
In some cells the nuclei are hypertrophied; the nucleoli are also
enlarged. Sometimes the nucleoli emerge from the nuclei. The capil-
laries are distended; numerous neutrophils are seen in them, The
number of plasmatic cells with clearly basophilic cytoplasm also
increases.

A study of lipase activity by the "twin-80" method showed that
lipase is absent from the cytoplasm of the parenchymatous cells of
the control animals. There is a weakly positive reaction in a few
nuclel in which small dark granules of PbS are distributed along the
nuclear membrane. The lipase reaction is positive in the nuclel and
cytoplasm of the Kupffer cells, as well as in the peripheral sec-
tions of the erythrocytes (Fig. 1).

After irradiation with y-rays the lipase activity of the hepatic
tissue increases considerably. Granules of PbS are found in the cyto-
plasm und especially in the nuclel of parenchymatous cells. Enzymatic
activity is also intensified in the endothelium of the liver capil-
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Fig. 1. Liver cells of normal rats and rats irradiated with y-rays.
(The "twin-80" method for lipase.) a) Hepatic cells of normal ani-
mal (lipase does not appear in the parenchymatous cells; a positive
reaction is found in the endothelium and erythrocytes); b) parenchy-
matous cells of liver after irradiation with y-rays in a dose of ;
800 r (granules of PuS are seen in the nuclei of the hepatic paren- :
chyma). Magnification 7 x 90. :

sseens
L oyt i 5 Kucaomes wote npot
-n L]
: [ = e ommol mavporsol
1 3 b ' 6 1
0.8 0,0m2) 0.0n7 2.18 1.41
] 0.2872 0,1244 2.27 1.72
2 0,231 0,2887 2.3 1.9
s 0,2216 0.2502 2.45 1,98
4 0,2802 0.1873 2.41 2.08
5 0.2739 0.2428 2.48 2.02
6 0.2227 0.2549 2.62 1,98

1) Incubation time, hrs; 2) welight of fat isclated from the animal
livers, mgs; 3) injected; 4) intact; 5) acid number of sample; 6)
experimental; 7) control.

laries and erythrocytes (Fig. 1).

Similar changes occur in the lipolytic activity o. the hepatic :
tissue after neutron irradiation and the injection of y- and neutron ;
radiomimetics. Lipase activity increases very strongly in the nucleil 'r
of the parenchymatous cells (PbS granules clog the nuclei); PbS
granules are &lso encountered in the cytoplasm. Lipolytic activity
is also intensified in the Kupffer &nd plasmatic cells and in the
erythrocytes.

The following results ware obtained from a bilochemical deter-
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mination of the 1lipolytic activity of the liver tissue of control
rats and animals after the injection of y-radiomimetic (see table).

At .2n from these data, in the experimental animals an in-
crease . lipase activity occurs in the first hours of incubation,
then t e is a slight lag and again a jump after 5 hrs of incuta-
tion. .. the controls the activity increases in the first 2 hrs,
and then during the next hours remains relatively constant. It 1is
important that at the beginning of the experiment the lipase activ-
ity of the control animals was considerably lower than that of the
experimental animals. (Thirty rats were used ‘n the experiment.)

A study of the mitochondria in the liver of normal rats showed
that they have a granular shape, sometimes are slightly elongated.
%arge n?mbers of them fi1l the cytoplasm of the parenchymatous cells

Pig. 2).

After y-ray irradiation the morphology of the mitochondrial
apparatus changes considerably. In some cells the mitochondria gen-
erally disappear, in others they become few in number, but large,
rounded, oval or rod-shaped. Finally, cells are encountered which
almost without exception are clogged with large clumps which evi-
dently are conglomerate swollen mitochondria and condensed particles
of cytoplasm which have undergone coagulation. Some cells retain the
mitochondria unchanged.

From the injection of radiomimetics obtained after irradiation
of the animals with neutrons and y-rays, the mitochond ia in the
parenchymatous cells of the liver for the most part are fused into
large irregvlar masses, frequently located around the nuclei. In
some cells the mitochondria are swollen, spherical or considerably
elongated. In the latter case the ends of the mitochondria probab-
ly stick together to form a conglomerate (see Pig. 2).

Neutral fat is contained in the liver or normal rats which
were starved for 24 hrs before they were killed, in the form of
rather small droplets scattered throughout the cytoplasm of the

.. _parenchymatous cells. Atrter irradiation with y-rays and fast neu-
“trons the number and size of the fatty droplets in the cells in-

crease. This phenomenon was also observed after injection of the
animals with radiomimetics. : - ' -

C{tologicai and histochemical study of the smal) intestine of
control rats and animals subjected to fr-adtation and the action of

~ 1ipid RT. In the intestines of normal rats the epithelium lining ths
villl and crypts is a layer of cylindrical cells. There are numer:u-

mitoses in the crypts. Basophilia of the cytoplasm of the epithellal

‘Cells due to the presence of RNA is comparatively low. It is lower

in the epithelinm of the villi and somewhat higher ir the crypt cells.
The nucleoli are Lasophilic, eapecially in the nuclel of the crypt

Considerable changes occur in the rat intestines on the 8th
day after y-ray irradiation: destruction of the espithelial cells
of the apices of the vi1li which are desquamated into the lumen of
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Pig. 2. Hitochondria in liver cells of normal and irradiatea rats.
(Heidenhain's iron hematox lin stain). a) Mitochondria in hepatic
cells of rormal animals; b) mitochondria in liver after injection

of neutron radiomimetic; ¢) mitochondria in liver after irradiation
with y-rays; d and e) mitochondria in liver cells after 1n:oction of
y-radiouinatio. Hagnirication T x 90,

‘ ;  the 1ntostine. SOnntinas uholo opitholial la'era tall otr. and 1n

: some cases destruction and decomposition of even whole villi ocours.
The stroma of the retained villi is swollen nnd becomes ¢dematous.
The number of plasmatic cells increases in it.! The cavities of the
crypts are consideradly enllrgod. the orypt cells are condensed,
mitoses are rarely enzountered. The RANA content of the epithelium
of the villi and crypts increasss. The nuclel and nucleoli are fre-
quently hypertrophied, sspecially in the erypts. Sometines tho
nuclcoli smerge from thn nuclei.

Atter the 1n,3¢-e-N- of y-ndiomuene a very comidorablc
growth of the conneciive tissue in the villi occurs in the intes-
tines. Here the number of plasmatic cells and lymphocytes increases.
Mitoses are encountered in the crypts - more frequently than after
Y=ray irradiation, but consideradly more infrequently than normally.
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Some of the epithelial cells of the villl, and sometimes whole epi- }
thelial layers are desquamated into the lumen of theintestines,
The RNA content of the epitheiial cells of the villi and crypts
increases considerably. The necrotizing cells gradually lose their

basophilia, the nuclel decompose and the cells pass into the detri-
tus.

AR

‘ Irradiation w#ith fast neuirons causes severe destruction of
the intestines. Frequently the epithelial layers of the mucosa and
even whole vill! are torn away into the lumen of the intestines and
the submucous m¢mbrane becomes exposed. In the ep!thelium of the
villi, 1f it is retained, the borders between the cells are oblit- .
erated and thc cytoplaom is vacuolized. The beaker-shaped mucous
glands swell, the cells get too full of secretion and disintegrate.
The intensity of the basophilia of the cytoplasm of the intestinail
epithelial celils increases. The number of plasmatic cells rich in
RNA increases. R

T 2 T

After the injection of neutron radidmimetis, destruction of .
i some of the epiineilal cells of the villi.ala@;pécur3f1Thé“bcrgera
. between the cells are obliterated. In che c¢rypis the changes ‘are -
comparatively small: mitoses are retained . and tne paumber of deed
cells is small. Beaker-shaped mucous cella secrete 1ntcnse1y'and
‘partially disintegrate. The number of plasmatic Lells An the con-
nect lve tissues of the villi is increased. The k52 dontent in cne 7
epithelium cr the vill! and crypbs Is 1nhr~ase§f*n eomparis on with
normal. .

A study of the lipsase sﬁ»ivity in nora&l 1n§93t1n&1 tissues oo o
showed that the enzyme 1s found mainly mround the periphery of the - .~ -
~ cell nuclei of all layers-of the intestinal wall. PbS granules are = -
. - 'alsc deposited in small smounts in the cytoplasm af.the viYli epi~
. ~thelium. The lipase activity is lower in the epitheilal cells-of
. - the crypts. There 1s very high lipaze aaeivity in the plasmatic

cells, and PbS grasules are found- 5n the nucl “and tn very larye
amounta in the cytoplaam.\ ’ - ‘
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S & o After y-ray arraaiasion, ths } yéir» aﬂtiv ty of all layers

L of the intestines lnecreases. Tha niclal besone clezeed with zranules.
S Many granules appear in the cstoplasm of the epithelial, muscle and
other celis. Lipase astlvik'

“Aa retained at a ve'; higl levei in the
plasmatic cells. B

- The inJeetxon of y-waéxamimwﬁio leads to Incrcazed 1ipsss o
Lo E . tivity of intestinal tilasiws. The ocontent of PLE gronu.es n the .
| % nuclei of epithelial and i

uselie cells incereaner par*;;ular!« neavily,
‘the activity in the cyt&a;aam also increases. Lipase activity is in-
creased in the endothelfum of the capiilaries and in the erythrocyte
-whicr almost without exception Lecome black with the PbS granules
£ whieh elog them, The lipnso zentent af N0 plasmatic cells is high.
F - *Irradiation with neutrong, &5 well as the injection of radismimeils
_obtained after neutron irradiition causes similar changes in the
~intestinal tissues of the irjocted rate. In the epftheiium of the

- villi the Fb8 granul.: fill the nuclei and are found in the Jyto-
‘plasm in a greater amount than normally. Thers 'z very higs eqryme

»
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activity in the plasmatic cells, endothellium and erythrocytes.

The mitochondria in the epithelial cells of the intestines of
normal rats are small threads or granules. There are especially many
of them in the apical parts of the cells.

After y-ray irradiation the imitochondria in the apical sections
of the cells are considerably swollen and fuse into bezded formations
or irregular conglomerates. These conglomerates are sometimes en-
countered in the basal sections of the cells. It is quite difficult
to distinguish individual mitochondria in such conglomerates.

The injection of y- and neutron radiomimetics leads to similar
results: the mitochondria in the epithelium of the intestines are
3wollen and fuse irto supernuclear conglomerates. Conglomerate mito-
chondria are sometimes encountered under the nucleus. In-déad,cells
mitochondria frequently are not seen at all. ' RS ‘

Neutrul fat in the epithelium of normal rat intestines 13 rﬂund
in a few cells in the form of fine droplets (the rats, as was in-
dicated, were starved for 24 hrs). After irradiation with y-rays’ _
and neutrons and the injection of both types of radiomimetic drOp-i,-

~ lets of neutral fat appear in the epithelium in ;arge amount and
' some cells are diffusely stained with sudan 111, :

rats ‘and animals subjented to irradiation and the action of lipid
- radfotoxins. Uninjured convoluted and straight tubules and renal
- “bodies in which th) area btstween the outer and inner leaflets of
y“umlyanskiy s sapsulée is small and slit-like are clearly seen in
“the kidneys of the control rats. RNA i3 found in the cytoplasm of
- rthe tubule 2sily a&& Ka& ighiaﬂ bodies in a ccmparatively low con~
*ﬁt?aiiaﬁ, B _ . N : TR

Frem the effec* of Y-rays aad neutrons changes which primarily

to necrosis arises, In such ¢2lis the nuclei often disappear, the
cytopluss becomes lumpy,. the aplcal vembrane of the cetl disinte-
grat@s ant pleces of: e«t»ylaam ‘with mizochondriz and’ pycnot'zing

lysing nuclei fall into the lumen of the tubules. The kidney
gloueruli often are shrivelsd snd the opace between the cuter and
inner leaflets of the cspsule i3 increased. Basophilia of the cyto-
- plas.a of thc tudbule and gloﬁeralx cells ] sonewhnt ins easné*.;-

to radlacion,

Lipase activ:tx in the glcmeruii cells of ndvmui-rtt kidneys
15 low, In the tubules lipase is found in the nuclel and numerocus
PbS granules are alsc found in the oytopiasm, chiefly locuted in -
the vicinity of the-ﬁnllse

Lipase activity intensifies in th2 glomeruli and especially in
the convoluted tubules {rom the ¢ffect of y-rays and neutron radio-

| . TTETET v
L]

Cytological ané histochemical study of the kidneys of contro! v

“feet the EQﬁ?thaﬂﬁ tubirles tocur: granular dystrophy whieh changes

. ?ﬁa *njection of y- and neutron radionimatxca cuuseafcraégas;‘g.vf
primarily affecting the convoluted tubules of the: kidney, sxgi ¥ SR
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Fig. 3. Cells cof renal tubules after injection of y-radiomimetic. Li-
pase reaction. FtS granules are seen in the cytoplasm and nuclel of
the parenchymatous cells. Magnification 7 x 90,

mimetic. In the latter the PbS granules clog the nuclel and are
scattered in large numbers in the cytoplasm (Fig. 3). In lysirg nu-
ciel the lipolytic activity disappears, and small uniformly dis-
tributed PbS granules appear in the cytoplasm of such necrotlzing
cells.,

Mitochondria in the renal tubule cells of normal rats have
different shapes in different parts of the nephron. In the convol-
uted tubules they are primarily elongated and located chiefly in the
basal parts of the cells, whereas in the insertion and connective
sections they are mainly granular. In Henle's loops the mitochon-
dria are small granules or are in the form of rods.

After irradiation with y-rays, in cells which have been most
strongly subjected to the action of radlation, the mitochondria are
swollen, are fused into strands or, on the contrary, are very fine.
In disintegrating cells the mitochondria can be seen in the bits of
cytoplasm which fall into the lumen of the tubule. In other sections
of the nephron the changes in the mitochondria are less considerable.

The injJection of y- and neutron radiomimetics also leads to
fusing and swelling of the mitochondria, chiefly in the convoluted
tubules of the kidney (Fig. U4},

Neutral fat which is fouud in the form of fine droplets in
rare cells of the ne.aron, after the action of radiation and radio-
mimetics aprears in the form of larger droplets and in a large num-
ber of cells.
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Fig. 4. Cells of disintegrating renal tubules after injection of
neutron radiomimetic. Iron hematoxylin stain. Swollen mitochondria

and detachment of pleces of cytoplasm with nuclei in the lumen of
the tubule are seen. Magnification 7 x 90.

Cytological and histochemical study of the myocardium in con-
trol rats and animals subjected to radfation and the action of lipid
RT. In the myocardium of normal rats the transverse striation of
the myofibrillae 1s clearly seen; the centrally located nuclei have
2-3 small nucleoli; the connective tissue layers between the muscle
trabeculae are thin. RNA is found in the muscle cells in a low con-
centration; the nuclecli also contain RNA. .

After the effect of y-rays and neutrons separation of the mus-
cle fibers occurs, in many places (especially from the effect of
y-rays) the transverse striation disappears and vitreous segments
devoid of transverse striation are formed. In some places granular
decomposition of the nuscle Tibers is seen. The nuclei are partially
lysed, and some are shriveled and become turbid. Basophilia of the
cytoplasm of the muscle cells in a majority of cases increases;
only in fibers which have undergone considerable necrotic c¢hanges
can a8 decrease in the RNA content be observed. In some sections
of the myocardium hyperemia and focal hemorrhages are seen.

The injection of y- and neutron radiomimetics causes changes
which are very reminiscent of the effect of radiation. Separation
of the muscle fibers also occurs, sections of coagulated necrosis,
focl of polyemia and hemorrhages appear. The transverse striation,
especlally after the effect of y-radiomimetic, becomes poorly visi-
ble in places. Neutron radlomimetic often causes coarsening of the
myofibrillae and & kind of "coagulation" of the A-disks which are
converted into dense granules. Some nuclel are deformed and dis-
appear. The RNA content of the muscle cells mainly increases, the

nucleoli become more basophilic and sometimes emerge from the nucleus,

Lipase activity in the cardiomuscular tissue of intact animals
i1s low. Fine PbS granules mainly appear around the periphery of the
nuclei. In the cytoplasm of the muscle fibers single grains are en-
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’rcountered ‘and in the endothelium of the capillaries enzyme ac-~

GRAPHIC NOT
REPROL.i3LE

Fig. 5. Cardiomuscular fibers of a rat after injection- of y-radio-

‘mimetic. "Twin" reaction for lipase. Intensely positive reaction is
'seen . in the caplllaries. Magnification 7 x 90.

GRAPHIC NOT
REP l\b-wibu

Fig. 6. Lipase reaction in ery-
‘throcytes of myocardial capiliar-
les (marked with arrow) after in-

Jection of y-radiomimetic. Magni-
fication 7 x 90,

tivity is somewhat higher. Lipase 1s also encountered around the

periphery of the erythrocytes, whereas in the deep sections of

the erythrocytes enzyme activity is not found.

Arter 1rradiation with y-rays lipase activity increases in the

J
‘muscle nuclei and in the cytoplasm. The content of granules in the

endothelium of the vessels also increases considerably. The erythro-
cytes become clogged with granules. Lipase activity also increases
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 content of tissues after ‘irradiation with y~-rays. Evidently, during

‘of Tsanev [35] who studied phosphaté group and pentose content by

after neutron irradiation.

The injection of y- and neutron radiomimetics leads to intensi-
fication of lipase activity, especially in the nuclel of the myocar-
dium, capillary endothelium and erythrocytes (Pigs. 5. and 6).

The mitochondria in the cardiac muscle of normal rats are

arranged in regular chains along the myofibrillae and have an ob- ]
long oval shape. | 1

After y-ray irradiation many ﬁitochondria_begin to swell and
fuse with each other, forming long strands, frequently not separated
into individual mitochondria or with a barely noticeable separation.

After injection of y- and neutron radiomimetics the mitochon-
dria also frequently swell and fuse into long strands. In some mus-
cle fibers the mitochondria are not found. Sometimes they are dif-
ficult to distinguish from rows of "coagulating" A-disks of the

myofibrillae which; in deforming, take the shape of densely stained
granules.

T AR 2 o S A AR AR M

Neutral fat 1s not encountered in normal cardiomuscular tissue
(droplets of it can be seen only in the fat cells of the -connective
tissue layers). After the action of radlation and radiomimetics
fine fat droplets located chiefly in the zone around the nucleus
sometimes appear in the muscle fibers.

Discussion of results. The data obtained indicate that from
the effect of radiation and lipid RT very similar morpholagical
and histochemical changes occur in the organs studied,-

In liver, 1ntest1na1 kidney and myocardial tissues dystrophic
and necrotic changes, focal hemorrnages, polyemia in some sections
and anemla in others are observed.

It was possible to show by histochemical methods that in al;
organs dystrophlc changes are’ accompanied by an increase in the

basophilia of the cytaplasm, and in some cases of the nucleoll of
various cells.

These data, however, do-not agree with the results of the in-
vestigations of some authors "[34] who noted a~decrease in the RNA

the development of radiation sickaess the nucleic acid content of
the tissues changes, and following a certsin increase characteristic )
of a state of paranecrosis, a decrease in the RNA content of the _ar
cell occurs. In segnents with necrosis less basophilia of the cy--
toplasm can actually be seen. However, it has not been excluded. that
the increase in the basophilia of the cytoplasm in this wor