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FOREWORD

The present volume reports on the IAEA's Co-ordinated
Research Programme on Cell Membrane Probes as Biological
Indicators in Radiation Accidents. Although in many laboratories the investigations are conducted further on, a
three-years period of international cooperation has been
terminated. Therefore, it is believed that the publication
of the main results obtained during this period will be of
use for the participating laboratories and also for those
who are or will be involved in similar research-activities.
The experience of the participating laboratories from 8
countries (Austria, Chile, Czechoslovakia, Federal Republic of Germany, German Democratic Republic, Hungary, India
and the United States) collected through this mutual cooperation, the data obtained by various techniques and methods
and the approach to the solution of the problem might also
serve as a good basis for further activities either on national or on international levels. It is understood that international organizations as well as national authorities consider the arrangements in case of radiation accidents as a
very important topic. In many countries experience on various biological and medical techniques helping the doseassessments, diagnosis or medical handling of the injured
'person/3 have not been accumulated. By publishing this
final summary report it is hoped that the benefit gained
from the scientific and technical efforts of the laboratories, from the financial support by the IAEA and from
the national contributions will be shared by other countries and laboratories interested in this novel field of
applied radiobiology assisting the radiation protection
and especially the relevant research activities in the
developing Member States of the IAEA,

The present publication is intended to outline and distribute the most important information_ obtained as well as
the ideas born within the framework of the coordinated
research» The three research coordination meetings held
(1978: JQlich, Fed. Rep. of Germany-, 1979: Prague,
Czechoslovakia; 1980: Salzburg, Austria) provided ample
opportunities to discuss the basic scientific thoughts
connected with the problems and the technical approaches.
Therefore, in this volume the abridged forms of the
reports of the investigators are presented covering only
the most relevant data. For any detailed information

the reader is recommended to contact the participating
laboratories directly at. the addresses indicated in the
last chapter. It is a pleasure to learn that the coordinated programme although terminated already, promoted several bilateral collaborations between the former
participants. This is reflected in the increasing number of relevant scientific publications. With the
very practical aim of summarizing the techniques available at present as biological indicators of radiation
injury an introductory paper was included also outlining the limitations of various single techniques and
pointing to the advantages of having a system of various indicators. This will also define the place of membrane-based radiobiological phenomena in this system.

G.3. Köteles
Project Officer of
the Programme between
1977 and 1979

A. Bianco
Project Officer Of
the Programme between
1979 and 1980
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THE NEED FOR AND THE IMPORTANCE OF BIOLOGICAL INDICATORS
OF RADIATION EFFECTS WITH SPECIAL REFERENCE TO INJURIES
IN RADIATION ACCIDENTS
Introductory Paper

GJ. KÖTELES, A. BIANCO

"Frédéric Joliot-Curie" National Research Institute for Radiobiology and
Radiohygiene,
Budapest, Hungary
International Atomic Energy Agency,
Vienna

Abstract. The need for further research on the existing
and new biological indicators of radiation injury has
been expressed. The studies on the radiation-induced alterations of membrane structure and function stimulated
investigations aiming to develope an indicator based on
membrane-phenomena. The co-ordinated research programme
on "Cell Membrane Probes as Biological Indicators of
Radiation Injury in Radiation Accidents" was initiated
in mid 1977 and terminated in 1980. Within this programme
many basic observations were made in connection with altered features of various animal and human cell membranes.
Molecular, biophysical, biochemical and cell biological
approaches were performed. The rapid reaction within minutes or
hours of membranes against relatively low doses of various
types of irradiations were described and the effects
proved to be transitory, i.e. membrane regeneration occurred within hours. These dose- and timedependent alterations
suggest the possibility of developing a biological indicator which would give signals at the earliest period after
radiation injury when no other biological informations
are available. The importance of a system of biological
indicators is emphasized.
I. Introduction
The application of ionizing radiations in many fields of
the industrial societies have provoked a rapid progress in
the philosophy and methods of radiation protection. One of
the important tasks of the latter is to develop and apply
such techniques which indicate any overexposure of a person
especially in the cases of radiation accidents. Due to the
rather broad range of individual radiosensitivities of the
organisms including the human ones it became obvious that
besides the well-developed physical dosimetry techniques,
biological indicators are also needed which give evidence
whether a human body was or was not irradiated, if yes,
then whether it was a total or partial irradiation.
Further, the indicators are expected to help in assessing the severity of radiation effects in a given organism, i.e. they reveal the individual reaction following
a given radiation dose, and finally, they assist to

follow the radiation-induced process including the regeneration. Proper biological indicators are also required
to replace or to complete the information provided by
physical dosimeters, e.g.
- when physical dose measurements data are not available
like in cases when the injured person did not wear a
personal dosimeter,
- when the dose has been detected and recorded by the
personal dosimetry but its reading is not reliable like
in cases when due to the non-uniform exposure of the
body the dosimeter was outside the main beam of radiation,
- when the physical dosimeter was irradiated tentatively or
accidentally without the exposure of its owner.
In addition, biological indicators are needed to follow the
conditions of radiation-therapy patients.
Based on the needs listed above the general requirements
for the indicators are
- sensitivity to indicate overexposures from acute irradiation ,
- proportionality of its changes with the dose absorbed by
the organism,
- specificity for electromagnetic or particle radiations,
i.e. no other physical, chemical or biological factors
should provoke the change of the indicator,
- early appearances of changes after irradiation
- reversibility, and finally,
- it should be easily performable without any further
serious burden to the patient.

Until now, however, no such a technique has been developed
which can fulfil all these requirements. Depending on the
actual level of scientific knowledge in biology and radiobiology there were always efforts to use various radiobiological phenomena as biological indicators and it is still
an important practical task of radiation biology.
It is supposed that no single indicator will be ever found
which will be able to mark the various phases of the complex
radiation-induced processes. The solution of the problem
probably lies in parallel observations and complex evaluation of several biological symptoms. Therefore, the indicators already existing and those to be developed will form
a system of tests. In the followings a brief summary of the
presently available techniques is presented and then reference will be given to the possible new trend of membranebased phenomena revealed in the recent decade, as these
were the subjects of the coordinated research programme, the
organizational details and scientific results of which are
reported in this voulme.

2. Approaches to develop biological indicators. The state
of art of biological indicators and the presently available
techniques recognized by international recommendations are
summarized by the ICRP in their statement (24): "Since
reliable dosimetric data may be difficult to ascertain
quickly after an external exposure and are often very incomplete at this stage, early assessment of the severity of the
exposure must in most cases be largely based on clinical
signs and symptoms, haematological data and chromosome analysis. Early clinical observations and biological investigations
are thus of primary importance to make a prognosis and to

plan the medical care of the patient and should be made as
soon as possible". It can be hardly argued against the statement that the clinical signs and symptoms, the overall condition of the patient are very important for the medical
judgement on the severity of radiation syndrome. The main
clinical signs both of the prodromal manifestations as well
as of the main illnesses are listed in various textbooks
and also in a recent publications of the ICRP (24). There
is always a warning to remember that the absence of symptoms
should not be taken as none or insignificant exposure unless
these are confirmed by biological tests.
The main groups of biological tests include the registration
of haematological data /naematological indicator/, chromosome
aberration analysis in peripheral lymphocytes /cytogenetical
indicator/ and the determination of various metabolites or
enzyme activities in body fluids /biochemical indicators/.
A few main characteristics pointing to the advantages and
limits of applicabilities of these methods are as follows:
The changes of blood cell counts as haematoloqical indicators in the peripheral blood following irradiation have
been studied for many years (13, 24, 33, 34, 39). The early
phase after radiation accident is usually characterized by
an initial and temporary granulocyte peak and the early
fall in the lymphocyte count. The latter may appear after
appr. 1 Gy. The sharper the slope of the fall and the
lower the value of the minimum, the more severe the exposure is. The number of platelets is also decreasing after
about 1 Gy, but this process is more protracted than the
decrease of lymphocyte counts. These events, however, can
be followed only by rather frequent blood samplings and
the dose-dependence shows very great differences-in various
individuals. The haematological data, however, allow to
judge the individual and personal reactivity both in the
acute phase and in the phase of regeneration. The main
advantage of blood cell count is that it gives an immediate
impression on the severity of an accident particularly during
the first two days, when no other commonly usable techniques
are available as yet.

The chromosome aberration analysis of peripheral blood
lymphocytes is a widely recognized tool for assessing the
dose to the patient (5, 13, 14, 37, 38). It is specially
important to note that at a dose-equivalent lower than 1 Sv,
the chromosome aberration analysis might be the only possible indicator of exposure. It is influenced by the background level of aberrations in the human population and
the number of cells which are analysed per case. Depending
on the expertise of the laboratory, sufficiently reliable
dose estimates can be made above 0,1-0,15 Gy of low LET
radiations or 0,01 Gy fission spectrum neutrons. One of
the most important drawback of this test is that it is
rather timeconsuming and due to the need for cell-culturing
and scoring, it requires about three days to get a result.
A detailed study on the various aspects of applicability
of the chromosome aberration analysis on a routine base
in radiation protection has been made by an expert group
convened by the IAEA (54).
Considerable efforts have been made through the recent two
decades to find biochemical indicators of radiation injury
among metabolites or enzyme activities, supposed to appear
or to change in their concentrations or activities in body
fluids like urine or blood serum due to cellular degradative
processes (3, 4, 7, 10, 15, 19, 20, 59). Referring to these
like deoxycytidine , thymidine , pseudouridine , beta-amino-

isobutyric acid as breakdown products of nucleic acids, or
amino acids like cysteine, taurine, creatine as products
of protein metabolism or degradation many authors agree
that these parameters are fairly dependent on a series of
conditions - physiological or pathological - of the individuals e.g. age, sex, race, metabolic disorders, etc. The
optimism based on results obtained from expérimental
animals in several tests could not be justified when they
were tried on human subjects. The metabolites of biogenic
amines like 5-hydroxyindolic.acid give usually a doseresponse after rather high doses when other indicators can
be used more precisely.

Among the biochemical indicators changes of certain
enzyme activities have also to be mentioned. Several
enzymes were tested which usually appear in serum
after serious injuries of various tissues, muscle, liver,
skin, salivary gland, etc. like glutamic-oxalacetic
transaminase /GOT/, creatinphosphokinase /CPK/, amylase
(7, 61, 62). The data from animal experiments and from
occasional human experience show that most of these
tests do not fulfil the requirements for biological indicators in accidents.
A comparison of the most important practical parameters
of the various techniques are listed on Table I. It can
be seen that neither method is sensitive and quick enough
parallelly to mention only the main requirements.
Therefore it seems to be obvious that there is a further
need to investigate for new procedures. There are various
trends in this field which try to apply mostly cell biological phenomena like formation of micronuclei (6, 41),
appearance of fluorescence (2, 17, IS), cell size alterations (53), or symptoms on tissues like on skin and
related vessels (8, 35, 36, 64). In the framework of the
coordinated programme referred in this volume it was also
a new approach to explore whether the radiation-induced
membrane-related events are suitable indicators of radiation injury as it has been suggested earlier (26).
Although the various studies may result in various probes,
it is reasonable to think that reliable complex information will always be obtained only from the combined
evaluation of all actually available data from various
tests similarly to the approach essential in setting up
medical diagnoses.

3. The Agency's relevant activities. The overall aim as
well as of the statutory obligations of the IAEA have
always obliged the respective units of the Secretariat
to assist the Member States in the preparedness for
cases of radiation accidents. One of these aspects is
the medical care of injured persons including medical
planning, diagnosis, therapy, organization at various
levels of treatment facilities from first-aid to highly
specialized clinical departments. These topics have been
raised on several symposia dealing with handling of radiation accidents (9, 21, 49) and experts' panels {40, 50).
The problem of biological indicators were directly treated
by scientific meetings on the biochemical indicators (7)
and on chromosome analysis (54). A co-ordinated research
programme has been launched recently upon the recommendations of a scientific advisory group connected with
chromosome analysis in radiation protection (54).
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Table I.

Signalling features of various biological indicators

Type of
indicator

Minimum
doserange
for
signalling, Gy

Results
obtainable
at day
after
sampling

Type of

Haematological

0,8-1

1.

routine medical

Cytogenetical

0,15-0,25

4.

special

Biochemical
nucleosides in
urine

1

2.

special

-2

laboratory
to perform
the test

creatin in
urine

1 -2

1

amylase in
serum

1- 2

2.

special

GOT in serum

2 -3

2.

routine medical

1.

special

-2.

routine medical

Cytological
membrane-related
effects
>0,25

It is evident that despite of all activités done so far,
a vigilancy of radiobiologists is necessary to follow all
developments in cellular biology and radiobiology for sake
of contributing to the detection of radiation effects.
The recent and rapid development of biology of cellular
membranes and the revival of the relevant radiobiological .
studies (27) stimulated a coordinated research programme
on "Cell Membrane Probes as Biological Indicators in Radiation Accidents". The present volume contains the final
reports of the participating laboratories.
4. Membrane-related radiobiological phenomena as possible
indicators """~""~~ •—•—•
4.1. Scientific background
Since the earliest days of radiation biology the radiation
effects on cell membranes were always noted. The depth of
knowledge, of course, was dependent on the actual level of
cell biology. In the recent decade new discoveries have
been made and theories have been developed on the structure
and function of cell membranes like the fluid mosaic modell
(23, 45, 55). The radiobiological aspects involve again the
perspective that the membranes as possible extranuclear
targets may contribute to radiation effects on cells. A
series of concise reviews are available which cover the main
aspects of radiobiology of membranes from the radiation
chemistry of components up to the consequences of the perturbation of the highly organized lipoprotein structures (27,
44, 48, 60, 63). The latter phenomena were envisaged when
the works were initiated on possible biological indicators
based on membrane-related radiation effects.
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4.2. Development of the Agency's coordinated research
programme on "Cell Membrane Probes as Biological Indicators
of Radiation Injury in Radiation A c c i d e n t s " " '
The co-ordinated research was initiated in mid 1977 and
terminated in 1980. The aim of the programme was to promote
investigations concerning radiation-induced membrane alterations for their possible exploitation as biological indicators. Laboratories from 8 countries, i.e. Austrie, Chile,
Czechoslovakia, Federal Republic of Germany, German Democratic Republic, Hungary, India and the United States
participated either through research contracts or research
agreements. The lists of investigators and the participants
at the research coordination meetings are given at the end
of this present volume in a separate chapter. Research
reports were presented regularly at research coordination
meetings and they were discussed thorougly. Research
coordination meetings were held three times, i.e. in 1978;
Oülich, Fed.Rep. Germany, in 1979: Prague, Czechoslovakia
and in 1980: Salzburg, Austria. The total cost of the 3year-programme including the contract funds and the meeting costs was 59 000 US dollar.
4.3. Main results
The main purpose of the coordinated programme was to apply
and compare various techniques in detection of any possible changes of membrane features, to follow the time-course
of the events as well as to study their dose-dependences.
Accordingly, the participating laboratories applied various
biophysical, biochemical, iramunological and other techniques
revealing processes in cellular membrane biology. The detailed studies can be found in this volume and the main results
of the laboratories can be briefly summarized as follows:

A biophysical approach, the measurement of the membrane
resting potential /MRP/ of cultured lung cells of human
origin was performed after gamma and alpha radiation by the
group of Pohl-Rüling (22, 51, 57, 58). Newly designed
equipment and procedure were set up to irradiate the cells
with alpha.rays, for dose measurements and to register the
radiation-induced alterations. The technique proved to be
very sensitive for indicating fast changes within seconds
after irradiation. The MRP values showed an oscillating
fluctuation around the control level in the dose range
between 0,02 and 0,6 Gy of gamma irradiation. A much higher
dose, 6 Gy provoked a quick decrease of the MRP. All these
depolarizing effects had a transitional character and the
normal MRP values have been retained in 24 hours. Similar
phenomena were observed following 2 hits per cell of Am241 alfa-irradiation.

As the surface charges of living cells are ensured by the
proportions of various chemical groups, the aim of Abel
and coworkers (1) was to analyse alterations of these functional groups. The proton-binding groups of cell membranes
like carboxyl, imidazol, amino, phenol, sulfhydryl and
guanidin as well as of N-acetylneuraminic acid were submitted to potentiometric titrations. The titration technique
developed by the authors allowed them to titrate intact
living cells. In vivo x-irradiated murine erythrocytes 15
days after 4 Gy contained a significantly reduced level of
carboxyl groups on their surfaces. These groups as well as
other proton-binding groups did not differ from the unirradiated control level at earlier periods, i.e. 7 days,
after 2 Gy. The further development of the technique is
needed to test its feasibility at lower doses than mentioned.
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A biochemical approach was applied by Dienstbier et al.
(11. 68). when the postirradiation changes of essential
membrane components, the phospholipids and sialic acids
were analysed in platelets of peripheral blood of irradiated rabbits. One day following 4 Gy the P-32 incorporation into phosphatidylinositol decreased whereas
into phosphatidylethanolamine and phosphatidylcholine
increased. Normal values were obtained again at the 5th
day. In addition, increased sialic acid contents in the
urine and homogenates of veins were reported from irradiated rats and guinea pigs. Based on these results it
is suggested that the synthesis of certain membrane
components are less radiosensitive than the structural
built-up, arrangement of the membrane components and
certain functions of membranes which are ensured by this
arrangements.

Biochemical alteration following irradiation with low
doses was also found by Forschen et al. (52, 67). The
incorporation of I-125-iododeoxyuridine in vitro into
bone marrow cells from whole-body irradiated mice were
inhibited either with gamma-rays or with neutrons of
a mean energy of 6 MeV. The maximum inhibition was detected 4 hours after irradiation in the dose range of
0,005 to 1 Gy. As far as the nature of the inhibition
of precursor uptake is concerned, a serum factor proved
to be responsible as addition of serum from wholebody
irradiated animal to unirradiated fibroblast culture also
caused a depression (16).
From earlier studies of Yatvin et al. (65) it is known
that the biochemical composition of membrane influence
the radiosensitivity of cells. The present investigations
on the microviscosity and osmotic fragility features,
however, of erythrocytes did not elicit detectable radiation effects after dietary alterations of membrane fatty
acids composition or in vitro enrichment of membrane with
cholesteryl-emisuccinate (66).
Increased haemolysis was found by Mishra et al. (42, 43)
when erythrocytes were treated with a membrane specific
drug, chlorpromazine.
The efficient dose, however, is
too high, appr. lo3 Gy, therefore no applicability of
the phenomenon is foreseen as a biological indicator.
Two laboratories have chosen techniques which point to
the alterations of more complex units of membranes, the
binding sites and receptors. These approaches could be
grouped as cell biological ones. The binding sites and
receptors ensure the transmission of any normal, physiological informations triggering intracellular processes
or receive and transfer other aphysiological effects.
The research group of Kubasova et al. (32) continued the
work in the frame of the coordinated programme suggesting that perturbation of plasma membrane appears early
after irradiation and it lasts only for a few hours (26,
28, 29, 30, 31). This phenomenon was tested by a radioactively labelled lectin, the H-3-concanavalin A for
various types of cells of human and murine origin. It was
concluded that in a simultaneous analysis of lectin-binding by various human blood cells three dose-ranges could
be distinguished the first up to 0,25 Gy, when the platelets bind H-3-conA in an amount above the control
level, the second between 0,5 and 2 Gy, when parallel by
with the increased reaction of platelets, the lectin-binding to the surfaces of lymphocytes is also stimulated,
and the third, between 3,5 and 5 Gy, when the receptor
13

Table II.

Summary of observations made in relations to the radiation-induced membrane alterations
Cell-type

Feature
tested

Type and
condition
of
radiation

Dose-range
Gy

Changes of
feature
tested

Lung human .
cultured

membrane
resting
potential

gamma in
vitro

0.02-0,6

oscillation
30 min
around control

6

decrease

Bone marrow
murine

I25

l-iodo~

deoxyuridine

Time of
Time of
Refermax.
regeneences
change
ration

24 h

51

alpha

2 hits/cell decrease

gamma in
vivo

0.005-1

inhibition

4 h

52

0,25-5

increase

30 min-lh 3-4 h

32

disappearance

10 min

uptake

Platelets.
lymphocytes ,
erythrocytes
murine, human

3
H-conA
binding

x in vivo
in vitro

Lymphocytes
murine, human

E-rosette
formation

x in vitro 0.02-0,5
gamma
in vivo * <0,O5

>3 h

decrease

47
12

>0,0l

Erythrocytes
murine
Erythrocytes
rat
Platelets

rabbit

amount of
x in vitro
proton-binding
chemical groups
osmotic fragility
32P incorporation into
phospholipids

reduction

2-4

1

14 days

x

in vivo

4

increase

4 h

gamma

in vivo

4

reduction

1 day

66

5 day
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function of erythrocytes also occurs in an enhanced rate
(31). The surface alterations detected by lectin-binding
technique have also been demonstrated by scanning electron
microscopy (56). Further studies revealed that the temporary disturbance of membranes results in consequences of other receptors of great biological importance
like the attachment and penetration of viruses into the
host cells (28).

As the surface of cells contains several antigens, the
radiation-induced changes of surface immunoglobulin
/slgG/ antigens on murine lymphocytes were tested by
Ojeda et al. (46, 47). The technique proved to be very
sensitive as the results show that between 0,02 and 0,5
Gy x-irradiation a reduction of the percentage of slgG
positive cells was found by fluorescein-labelled antibody technique as compared to the non-irradiated controls.
This effect was dose- and temperature dependent, at 37°C
the disappearance process progressed fast and reached its
maximum after 10 minutes. After that, incubation up to 3
hours results in a partial re-appearance of the slgG on
the membrane surface. The irradiation at a dose-rate of
9 mGy per min provoked a quicker disappearance of slgG
than a dose-rate of 45 or even 276 mGy per minute. The
studies completed with observations on human T lymphocytes
and mast cells indicated that the expression of these surface antigens was temporarily perturbed by irradiation with
rather low doses. The detailed report informs on the role
of the metabolic energy supply and microtubular integrity
(47).
From the studies of Ojeda et al. (47) and of Dienstbier
et al. (12) it is seen that the E-rosette forming ability
of human lymphocytes is markedly decreased after in vitro
irradiation and also in persons exposed professionally.
The x-irradiation of cells in vitro with 0,38 Gy resulted
in a 4O % decrease of E rosette formation within a few
minutes, then the reformation of membrane surface occurred
during 40 minutes of incubation of cells. The preliminary
results of Dienstbier et al. (12) call the attention to
the possibility that the decrease of E-rosette formation
can occur in the dose range below the annual limit of doseequivalent, 0,05 Sv. These findings again point to the
radiation-induced membrane perturbations a consequence
of which is the disappearance of sheep erythrocyte binding capacity.
In summary, despite of the- relatively radioresistant
characteristics of the synthesis of phospholipid molecules
in platelets (11, 68), the amount of groups by potentiometric titration in erythrocyte membranes (1), the microviscosity and osmotic fragility of erythrocytes (66) as
well as of haemolysis (43), some features of membranes
proved to be rather radiosensitive like the resting
potential in lung cells' (51), the nucleic acid prectirsos
uptake in bone marrow cells (16, 52, 67), the lectinbinding capacity of various blood cells including platelets, lymphocytes and erythrocytes (29, 30, 31, 32), the
presence of slgG antigens (46, 47) and E-rosette forming
ability of lymphocytes (12, 47). The presented information
is summarized on Table II. The general basis for alterations listed as radiosensitive ones is that they are bound
to a highly ordered structure of membrane components the

perturbation of which leads to altered function. It can
also be concluded that the radiation-induced alterations
appear in a dose-dependent manner and rapidly, within
15

minutes after irradiation. The original state of the membrane structure, however, regenerates within hours,i.e.
the effects exist temporarily.
In addition, an inverse dose-rate effect was noted for
the slgG expression onlymphocyte membranes (47) which
phenomenon seemsto be characteristic for radiationinduced membrane alterations (25).

5. Conclusions. The need for further research on the
existing and new biological indicators of radiation
injury has been expressed. The studies on the radiation
induced alterations of membrane structure and function
stimulated investigations aiming to develope an indicator
based on membrane-phenomena. Many basic observations were
made in connection with altered features of various animal
and human cell membranes. Molecular, biophysical, biochemical and cell biological approaches were performed to
solve the practical problem. The rapid reaction within
minutes of membranes against relatively low dose of various types of irradiations were described and the effects
proved to be transitory, i.e. membrane regeneration
occured within hours. These dose- and time-dependent
alterations suggest the possibility of developing a biological indicator which would give signals just at the
earliest period after radiation injury when no other biological informations are available. The results revealed
justify fully the initiation of the coordinated programme,
although none of the developed and applied techniques
seem immediately suitable as practically applicable bio-

logical indicator without further research. The theoretical
and practical aspects of membrane radiation biology as
described at the beginning of the coordinated programme
initiated research programmes in many laboratories of many
countries. The results obtained so far have oriented studies
toward such a new direction in more countries than those

participating in the programme terminated recently. As a
result of the Agency's coordinated programme several
participating laboratories have already begun good collaborations. Beside the regular research reports the programme
stimulated the publications of numerous scientific papers
as this fact is reflected in this volume, too. Although
due to the financial limitations and the lack of immediate
applicability of the results the programme was terminated
after the first 3-year-collaboration, it is recommended
to follow the progress in this relevant scientific field
and perhaps in a few years the contribution of the Agency
will be again appreciated to assist in convening an
experts' group to observe actual development in the practical relations of the matter.
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ALTERATION OF CELLULAR MEMBRANE PARAMETERS IN MAMMALIAN
CELLS AND ITS APPLICATION AS BIOLOGICAL DOSIMETER FOR
HIGH- AND LOW-LET IRRADIATION

J. POHL-RÜLING, F. STEINHÄUSLER, P. ECKL, W. HOFMANN, E. POHL
Division of Biophysics,
Institute of General Biology, Biochemistry and Biophysics,
University of Salzburg,
Salzburg, Austria

Abstract ; The time-dependent changes of the intracellular
transmembrane potential /MRP/ of cultured human lung cells
were investigated for their suitabi-lity as biological
indicator in radiation accidents. It proved to be a highly
sensitive parameter for indicating fast cellular changes
a f t e r gamma-irradiation with 0,02 to 6 Gy and Am-24l alpha
irradiation with 2 hits per cell. The e f f e c t was transitional and a complete regeneration could be observed
several hours a f t e r low doses.

1. INTRODUCTION

Although several radiation induced biological e f f e c t s
have been found for high-level exposure, there is still
insufficient knowledge of biological indicators a f t e r
low-level exposure of man. However, it is the dose
range below several hundred rad that is of importance
for the use of a "biological dosimeter" in accidental
radiation exposure.
In order to be applicable in practical health physics the
following optimization conditions should be met :
1. Statistically significant magnitude of the radiationspecific biological effect at dose levels D "below the

lethal dose, i.e. D « 600 rad.
2. Manifestation of the radiation induced effect preferably

already shortly after the accident (minutes to hours),
but in any case at least one to two days afterwards.
3. Minimum additional physiological stress to the accident

victim due to the application of the biological dosi-

metric method.
k. High cost effectiveness of the methodology in order to
promote wide-spread use, e.g. at clinical centers rather
than application limited to specialized research
establishments only.
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Since the primary interaction of ionizing radiation with any form of
living matter occurs at the cellular level, the component with the
highest hit probability, i.e. the cell membrane, represents a potential

biological indicator in samples from accidentally radiation exposed
subjects. Apart from its function as boundary layer between extra-

ana intracellular regions the cell membrane is also involved in important processes of regulation and information necessary for metabolic

and synthetic activities. Closely related to these cellular activities
are bioelectric properties, such as transmembrane resting potential

(MRP) and surface charges. Extensive studies of. the relationship
be-cween the electrical potential of the cell membrane and various

physical, chemical and biological stimuli revealed that this potential

is a highly sensitive indicator for cellular reactions, especially
whenever phenomena of transport and ion gradients as well as permeability are involved (1-U).

2. EXPERIMENTAL METHODS

Test chamber for intracellular recordings
The main requirement for the planned intracellular measurements was a'
work area with an optimum of isolation against vibrations resulting from

machines, road traffic and routine laboratory work activities. Already
vibration amplitudes of 100 run or more would result in serious mechanical
damages to the membrane from the penetrating microelectrode. Therefore
a room, located in the basement of the building, was chosen for the installation of the work area. In order to minimize vibrations from the
floor a table was constructed for mounting on the room walls, which consist of 0.5 m thick concrete. Fig. 1 shows the cross-section of the table
used. It consists of an outer frame, made of chipboard. In order to
achieve a high degree of dynamic stability 50 am of fine sand were used
as the bottom layer for a '00 mm concrete slab. The concrete block is also
surrounded by a 5 mm thick layer of fine sand. The work surface of the
table is made of stainless-steel. The whole construction is resting on
heavy welded steel bars, which axe mounted onto the walls. In this manner
the system built has a low resonance frequency guaranteeing effective
insulation against vibrations from the floor with frequencies often higher
by a factor of 50 than the resonance frequency.
The intended intracellular electrical measurements made it necessary
to provide sufficient shielding of the measuring system against electrical noise from stray electric fields as well as high stability of
24

the power supply system. To provide adequate shielding and grounding the
vork area was enclosed with a Faraday-cage., made of fine wire-mesh and
connected to a special low-resistance laboratory ground. The front area
of the Faraday-cage was constructed as a flexible, metalic curtain made
of a polyester-based thin aluminium foil, thereby combining good accessability with the required high degree of electrical insulation.
The power supply system is an electronic AC voltage stabiliser with
a response time of less than 80 ms at a sudden mains voltage variation
of 5 %• The temperature dependence of the output voltage is less than.
0.01 % I C for ambient temperatures between 0° and k5°C.
The 50 Hz-line frequency interference is suppressed effectively by
an additional notch-filter, which has a band width of DC to 250 kHz,
but provides over 30 dB rejection of a 50 Hz sine wave (Fig. 2). The
combined use of shielding, stabilization and filtering resulted in a
significant reduction of electronic noise in the signal pick-up system
(microelectrode, connected to operational amplifier), as it can be seen
in Tab. 1. An overall view of the test-chamber is shown in Fig. 2a and 3«
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IntraceTlular electrical measurements
A test chamber was constructed, providing optimum insulation against
mechanical vibrations in the nanometer range and electrical noise from

stray fields and power supply-line interferences. The former is
achieved by a. table construction of high dynamic stability and low
resonance frequency. Electrical noise reduction is provided by a semi-

closed Faraday-cage connected to a low-resistance laboratory ground,

an electronically stabilized power supply system and an additional
notch-filter. Thereby a reduction of electronic noise in the pick-up
system for the MRP-signal is achieved by more than a factor of k as
compared to the unprotected system.

The system for cellular MRP-measurements consists of (Fig. 4):

a) Recording glass microelectrode, reference electrode and
electrometer amplifier.
b) Headstage coupled with motorized micromanipulator and

remote control.
c) Inverted light microscope with video- and film-camera

system
d) MRP-signal as input for storage oscilloscope and optional
recording, on dual-channel strip chart recorder.

Tab. 1:

EFFECT OF ELECTRICAL SHIELDING AND ELECTRONIC FILTER
ON NOISE LIMITATION IN THE SIGNAL PICK-UP SYSTEM

so HZ-OUTPUT VOLTAGE IN mV

MODE OF OPERATION

^PEAK-PEAK^

FARADAY-CAGE: PARTIALLY OPEN
NOTCH FILTER: OFF

4.0

FARADAY-CAGE: CLOSED
NOTCH FILTER: ON

< 0.9

26

Fig. 2aTEST CHAMBER AND SYSTEM FOR CELLULAR MRP-MEASUREMENTS
WITH ASSOCIATED ELECTRONICS

Fig. 3: OVERALL VIEW OF TEST-CHAMBER FOR INTRACELLULAR RECORDINGS
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Fig. 4: EXPERIMENTAL SET-UP USED FOR INTRACELLULAR ELECTRICAL
MRP-RECORDINGS FROM HUMAN CELLS

Microelectrode
For the recording of the de-signal fron -he cellular membrane resting

potential fluid filled microelectrodes are used. Several types of
glass-nicroelectrodes have been tested and borosilicate glass microelectrodes have been found to be suited best. This glass is hard
enough to be used for repeated and deep penetrations into the cell

without breaJiing. These electrodes have a small fiber extruded into
the lumen. This fiber maintains the same size relationship to the
lumen when a micropipette is manufactured.
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The filling procedure for conventional capillary micropipettes is
time consuming and requires that the electrodes "be made in advance.
Hovever, storage tends to erode the fine tips in the submicrometer
range. There is also the possibility of bacteria growth in the fluid
and consequently blocking the tip.
A special method has been used for the filling of the capillaries
with the integrated inner filament (Pig. 5). Prepulled microelectrodes
are attached to a glass rod with the electrode tips facing down. This
glass rod is held in a rubber stopper which seals a vessel, filled
with the filtered electrolyte to be used (3MJCC1). The electrodes are
completely covered by the electrolyte, which is then heated to and
maintained at boiling temperature. Any steam developing is careful y
sucked off through the vacuum. During the process of boiling air bubbles
at the top end of the electrodes indicate that the electrodes are being
filled. In this manner up to ten electrodes can be filled within five
minutes.

Reference electrode
This electrode and lead provide the ground reference to the preparation
and is important that no other ground path exists. The electrode consists of a Ag wire where AgCl is sintered onto the wire (Fig. 6). Due
to this sintering process the AgCl adheres better to the silver wire
than the AgCl of a tradirionally chloridizecfc-type electrode.

GLASS-SUPPORT
ROD FOR MICROELECTRODES

WATER
SUCTION
PUMP

MICROELECTRODES
3 M KC1

A

HEAT

Fig. 5: EXPERIMENTAL SET-UP FOR FILLING SMALL-TIP GLASS
MICROELECTRODES WITH INTEGRATED MICROFIBER
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The reference electrode is coupled to she biological sample through.
a physiological saline solution. Tests revelled that this electrode
was found to provide less drift sind polarization then comparable pelletor disc-reference electrodes.

i!2 nun!

Ag-WIRE (d-4 mm)

TEFLON-INSULATION

GOLD PIN
CONNECTOR

Fig. 6: SINTERED Ag/AgCI REFERENCE ELECTRODE

Headstaqe and mieromanipulator
The head stage houses a wide band-width, ?ET-input operational amplifier

and part of the current injection and capacitance compensation components (Fig. 7). The input impedance is greater than 1012 ohm, the in-12
put current zs less than 10
ampere and the band-width is greater than

325 kHz. It has aiL-internal driven shield with an external connection
allowing a shield to be placed around the body of the microelectrode for
reduced capacitance and noise. All metal parts are gold-plated.
The headstage input is connected to a silver chloride half-cell,
which is designed to interface the fluid filled microelectrode with

the operational amplifier. The output of the headstage is in on-line
with the signal input of the electrometer_amplifier via a flexible
silicone jacketed cable. In order to carry out the fine precise movements for impalling the cell membrane a special mieromanipulator with
both conventional mechanical as-well as three motorized drives was
chosen. Due to the latter feature movements in the jam—range can be

carried out without any vibrations in «.11 three directions x, y and z.
The speed of the three motors can be varied continuously down to standstill with a remote control unit.

Electrometer amplifier
Intracellular electrical signals are measured with a microelectrode
amplifier, supplied by Transidyne, USA, which represents one of the most
accurate systems presently available (Pig. 8). It is a specially designed precision system for measuring membrane potential. The digital

panel meter displays alternatively membrane potential, injected current
or electrode resistance directly. An internal square wave generator
supplies a 100 Hz current to test electrode resistance and to adjust
capacitance compensation.
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The advanced current injection system permits simultaneous stimulating and recording by a single electrode with the high resolution
of 0.1 nA. For the planned iontophoresis studies an external current
can be summed with an internally generated current, with the choice of

momentary or continuous current injection.
The output of the amplifier is connected to a dual-beam oscilloscope

Fig. 7: HEADSTAGE WITH OPERATIONAL AMPLIFIER, HALF-CELL AND GLASSMICROELECTRODE MOUNTED ON MOTORIZED MICROMANIPULATOR

Fig. 8: SIGNAL RECORDING SYSTEM (PRECISION-AMPLIFIER» DUAL BEAM
OSCILLOSCOPE, CHART RECORDER
AND AUTOMATIC CAMERA SYSTEM
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for signal display during, e.g. compensation for the electrode capacitance with the electrode in the experimental preparation by adjusting

an active feedback circuit. For a permanent record a stripchart recorder
is used on the second output of the amplifier.
All measurements were carried out temperature-controlled at 37 C. Upon
insertion of the microelectrode (resistance: 10-20 Mft, tip potential:
< 5 mV) into the cell the MRP reaches a maximum value (Fig. 9, "IK")

which is maintained typically for about 20 s until the electrode is
withdrawn (Fig. 9, "OUT").

MRP (mV)
-20 _

-15 -

-10 -

-5 -

IN

OUT

+5

10 s

Fig. 9: MEASUREMENT OF TRANSMEMBRANE RESTING POTENTIAL (MRP) OF NONEXCITABLE HUMAN LUNG CELLS (WI38) WITH GLASS-MICROELECTRODES

Human cells
Monolayers of human lung cells (WI38, FLOW 2002) were grovn in plastic
petridishes, using conventional cell culture techniques and incubated

at 37 C. For alpha-irradiation experiments cells were grown on pre-

(a)

(b)

Fig.10 ETCHED ALPHA TRACKS OF STERILIZED (a) AND UNTREATED (b)
SOLID STATE PARTICLE DETECTOR (Kodak-Pathé LR 115) AFTER
EXPOSURE TO 5.5 MeV ALPHA PARTICLES

(impact energy on detector surface: 2.5 MeV)
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treated solid state particle detectors (Kodak-Pathé LR *15). A
sterilization method was developed which minimizes physical detector
damage. Growth tests with human embryonic lung fibroblasts showed that;
the cells adhered to the treated films in a normal manner. Test exposures
of the film to alpha particles revealed no significant differences in
the response of the sterilized detector as compared to the untreated
sample other than smaller track dimensions due to annealing processes

(Pig.10).
In order to faciliate extrapolation from in vitro-studies to more

realistic in vivo-conditions human lung biopsy samples were also used.
In collaboration with the Lung Department of the Salzburg Clinics
tissue samples of epithelial cells of morphologically healthy appearance
were taken from randomly selected patients. Upon removal of the sample

from the lung the tissue samples were stored in 1 % physiological
saline solution.

Irradiation and dosimetry
Cell cultures were irradiated as monolayers -in petridishes at 37 C.

For the low-LET irradiation a Co 60-source (activity: 1 Ci ) was
used. During irradiation the cells were covered by a thin layer of
medium. For the experiments of simultaneous MRP-measurement and gamma

irradiation the cells were exposed at a dose rate of 2 rad/min. All
other experiments with gamma irradiated cell cultures or tissue

samples were carried out at a dose rate of 20 rad/min.

For high-LET irradiation experiments an Am 2^1-source (activity:
500 pCi/cm) was applied. This alpha source (alpha particle energy:

5.5 MeV) consisted of americium deposited on metal foil and was
enclosed in a shutter with electronically controlled shutter speed
to ensure high precision of the radiation exposure time. During alpha
particle exposure the medium was decanted. The remaining thin medium
layer on top of the cells had a mean thickness of 8 jm. After traversal of the air-medium layer between source and cell surface the
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mean LET of the alpha particle impacting at the cell surface was

100 keV/um. Due to inhomogeneous variations the conventional macroscopic dose concept is insufficiently accurate for the description of
pure membrane based effects.

Definition of absorbed dose in microscopic regions
The initial phase of every biological radiation induced reaction is
represented by the primary physical interaction of the ionizing
radiation •with the biological target. The resulting biological effect
is mainly caused by physical and chemical changes of cellular metabolism. In order to establish a dose-effect relationship between the
biological effect and irradiation it is necessary to know the distribution of absorbed energy at the cellular level. The smaller the geometrical dimensions of the biological target the more important is the
sufficient knowledge of both spatial and temporal distribution of the
absorbed energy. Consequently the use of traditional dosimetric terms
is rather limited. For the investigation of biological radiationinduced effects, such as e.g. chromosome aberrations or changes of
inöracellular biophysical parameters this necessitates the study of
energy distribution in the micro- and nanometer range.
Fig.U shows schematically the description of the effect of ionizing
radiation in a biological target in the transition phase from macroscopical 00 microscopical regions of interest. The magnitude of the
interaction radiation viïh -arget, especially in the case of alphaparticles, is characterized for a defined organ or tissue by the energy
E absorbed in the target and its mass m. The ratio E/m is considered
as measure for the radiation effect and the term "energy dose" D is

used in the macroscopical region (unit: rad).
This assumes that the energy deposited is absorbed homogeneously
within the homogeneous biological target. In the transition to microscopical regions, however, it can be seen that the absorbed energy
is by no means distributed homogeneously.
In particular in the case of heavy ionizing particles, e.g. alpha
particles, absorbed energy is deposited in form of tracks with high
ionization density. Also the biological object itself shows a, detailed
internal structure, such as the constitution of organs by different
cells and internal cellular structure due_to different cell organelles.
In addition it has to be considered tha^u the different cells in the
tissue, resp. cell organelles in the. cell - if disturbed by radiation have different and very specialised tasks within the overall cellular
metabolism. Therefore it is desirable for the evaluation of biological
consequences due to irradiation to si;udy the radiation sensitivity
of different subcellular structures, e.g. cellular membranes. The
interaction of ionizing radiation with a biological object causes
radiation-induced effects only in ~he case of the superposition of
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both structured events described: structured energy dissipation and
cellular structures, resp. substructures. Tue physical description of
this superposition is called "microdosiaetry", i.e. dosiaietry in.
microscopic regions. Again, the radiation effect is defined by the ratio
of absorbed energy and mass, called specific energy.
In
contrary to the macroscopic dose concept the specific energy 2 is a
stochastic variable, which varies around its statistical mean value,
the macroscopic dose value D. These variations are larger the smaller
the seometrical dimensions of the irradiated target; e.g. in the case
of cellular membranes with thicJmess in ihenanometer range this can
amount up to several orders of magnitude. Of course, this statistical
variation occurs also in larger objects, however, due to the larger
number of events i- is averaged and therefore she dose value D can
be de-cermined vit h sufficient accuracy.

IONIZING RADIATION
(PARTICLES)

IRRAD. BIOL. OBJECT
(ORGAN, TISSUE)

ENERGY DEPOSITED E

MASS m

ENERGY-DOSE
D = E/m

STRUCTURE OF
BIOLOGICAL OBJECT
(CELL, CELLULAR
COMPONENTS)

STRUCTURE OF
ENERGY DEPOSITION
(ENERGY DISTRIBUTION
ALONG TRACK)

SUPERPOSITION OF 80TH
STRUCTURES IN
MICROSCOPICAL REGION

PHYSICAL"DESCRIPTION
OF SUPERPOSITION:
MICRODOSIMETRIC CONCEPT
SPECIFIC ENERGY z=£/m

Fig. 11:

TRANSITION FROM DQSIMETRY IN MACROSCOPICAL REGION TO MICRODOSIMETRY
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Fig. 11 represents the ionizaticn -rack of a 5 MeV-alpha-particle
traversing a mammalian cell. The primary ionization events cause a socalled tunnel with high ionization density along the particle track,
defined as "core" or "intratrack". In the core mainly electrons are

formed, which spread with high velocity in form of a cylinder along
the track, potentially causing further ionization events (2-electrons).
In this manner the so called "ultra track" or "penumbra" is formed.
For a 5 MeV-alpha particle this results in track radii of about 5>
resp. 130 nm, based on the algorithm developed by CEATTERJEE and
MAGEE (6) . Independent of the particle energy about 60-75 % of the
co-oai energy are deposited within the core. The energy density in
the track decreases strongly with increasing distance from the track,
e.g. in the above example 97 % of the energy are already aborbed
within a radius of 60 nm.

Besides the high-energetic 8-electrons also recoil-protons and
heavier recoil nuclei, such as 0-, C- and N-nuclei are produced in
tissue—equivalent material
(
7
)
,

Radiation dose in subcellular regions
The energy deposition along an alpha particle traversing a mammalian
cell is limited to a radial dimension of about 100 nm as it can be
seen from Fig.12. Therefore the energy is absorbed only within a
small p*art of the total cell volume. Since the biological effect is
very dependent on the type of cell organel hit, the total cellular

CELL MEMBRANE (d-4 nm)

DNA (d«6 nm)
CELL (d-10000 run)

Fig. 12:

CORE AND PENUMBRA UPON TRAVERSAL OF-A-5 MeV ALPHA-PARTICLE THROUGH A MAMMALIAN CELL
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dose is only an insufficient measure to describe the radiation-induced
effect. Therefore in the following the dose has been calculated for
the different cell components. The base for all calculations is the
schematic model of a mammalian cell in Fig. 13. During traversal of
a cell with 10 jam diameter (track 1) the alpha-particle is slowed
down from 5 MeV to U.05 MeV, which corresponds to a mean LET of

98 keV/um.
An "effective" track radius of 60 nn was chosen, since within
this region - as already described above - 97 % of the total energy
is absorbed. The calculated dose values for the total cell, the cell
membrane, the cell nucleus and the mitochondria A and B (representing
other ceil organelies with similar dimensions as well) are listed in
Tab. 2 for track ' and -he cytoplasm in -rack 2. Due to the spatially
limited energy deposition of the alpha irradiation the dose in the
track region is higher than the average dose over the total biological

target by several orders of magnitude. However, it has to be taken

into consideration that the radiation effect is not limited only
to the track itself, but further physical and chemical events can
be initiated, such as the formation of radicals with subsequent
diffusion in areas originally not affected by radiation. In this way
areas in the vicinity of the primary track can. be affected as well.
In these small regions, however,- statistical variations reach values
large enough to necessitate the substitution of the macroscopical dose
by the corresponding microscopical dose-concept.

4.78

5.00

4.53

4.30
I

(MeV)
I

MJTOÇHONDRIA -

ALPHA-PARTICLE I

4.05

0-120

nm

TRACK 1
1 ym

ONA
MEMBRANE (0~ 4 nm)

•5 um
TRACK 2

10 urn
Fig. 13:

MODEL OF INTERACTION OF ALPHA-PARTICLE WITH DIFFERENT CELL COMPONENTS
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The probability for the occurence of a. certain z-value for a
predefined dose is given by the probability density function f(z).
In the following example f(z) is calculated for a ball-shaped alveolar
cell with a diameter of 5 pm, based on the theory by ROESCH (8) .
It is assumed that radionuclides deposited in the alveoli are distributed homogeneously and each alpha particle is emitted with an energy
of 5 MeV. The macroscopical dose in the alveolar region is defined
as 75 rad; this represents the mean dose of a cell upon traversal of
one alpha particle. Fig. 14 shows the calculated probability density
distribution of the energy actually absorbed in the alveolar cells.
It can be seen that the distribution function reaches a maximum at
150 rad, while the mean dose value of 75 rad occurs with only g"«T T
probability. Since the probability is 0.52 that the cell is not hit
at all - as defined by a delta-function around z=0 - an absorbed dose
of 75 rad is obtained by averaging over all specific energies. This
means that a large proportion of the cells receive either 150 rad or
no radiation burden at all; but in any case, only a small part receives
the mean value of 75 rad. This .example illustrates the necessity of
the application of microdosimetry.

The use and application of microscopic dosimetric terms has already been formulated by BOSSI and KZLLEHEB (9)
in the socalled
"dual radiation action"-principle, where the magnitude of a radiation
induced damage is mainly described in dependence of the specific

Tab. 2:

COMPARISON OF THE RADIATION DOSE DUE TO AN ALPHA-PARTICLE IN THE
TOTAL BIOLOGICAL OBJECT AND IN THE ALPHA-TRACK ONLY

ENERGY DOSE PRODUCED BY 1 ALPHA-PARTICLE (rad)
BIOLOGICAL TARGET

TOTAL CELL
CELL NUCLEUS

A
MITOCHONDRIA

DD

CYTOPLASM
CELL MEMBRANE

IN TOTAL BIOL. TARGET

IN ALPHA-TRACK ONLY
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174 000

118
2840
3200

136 000
132 000
148 000

24

137 000

5

280 000
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energy. A possible critérium for the practical application, of aicrodosineüry in radiobiologioal investigations is the variation of
values for the specific energy around ths dose value D. The larger
the statistical variations, the Höre inprecise is the statement of
only the dose value. Statistically "his can be achieved by "he standard
deviation of the specific energy from its statistical mean value, the

absorbed dose. In order to define this critérium quantitatively, in
the following example - based on the ROSSI-K2LLEEER-theory - statistical variations were considered neglegible, if smaller than 20 %.

Tab. 3 shows the critical dose for several cell organelles of the
model cell used in Fig. 13. Above this critical value the macroscopical description is sufficient, whilest below this dose value the
microscopic dose concept has to be applied. It can be seen that for
pure membrane based effects the macroscopic dose description is in

any case insufficiently accurate for the dose range of interest in
radiobiology.

0.3 ~

10
SPECIFIC ENERGY z (rad)

Fig. U:

DISTRIBUTION OF PROBABILITY DENSITY FOR SPECIFIC ENERGY OF A 5
ALPHA-PARTICLE IN A REGION WITH 5 fm DIAMETER
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Solid state particle detectors and their use as cellular dosimeters
In the course of the alpha-irradiation experiments with cells it is
planned to use solid state particle detectors as recording devices
for the dose received growth-tests of mammalian cell lines on samples
of the solid state particle detectors.
Due to the wide spread use of the commercially available tracketch detector KODAK-Pathé LR 115 it was decided to use this detector
in ai 1, experiments. The main problem was caused by the need to combine efficient sterilization methods with simultaneously minimizing
physical damage to the detector.
In collaboration with Flow Laboratories, Scotland, three methods
were tried for the sterilization of the detector film:
a.) autoclaving in an autoclave bag at 120°C/1 bar for 15 minutes
b) immersion in 70 % ethanol for 5-10 minutes, followed by
rinsing in sterile, distilled water
c) immersion in 5 % sodium hypochlorite solution for 10-15
minutes, followed by rinsing in sterile, distilled water.
The ethanol treatment resulted in a leach-out of red colouration.

Tab..3: CRITICAL DOSE (UPPER LIMIT) FOR THE APPLICATION OF MICRODOSÎMETRIC
METHODS IN SUBCELLULAR DOSIMETRY

CRITICAL DOSE IN rad FOR
CELLULAR COMPONENT

ALPHA RADIATION

GAMMA RADIATION

NUCLEUS

4 . 10

10

MITOCHONDRIA

2 . 105

103

CYTOPLASM
MEMBRANE

103
3 . 1010
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3
3 . 10€

Autoclaving produced no apparent negative affects, however, the
sodium hypochlorite treatment proved to produce the least physical
damage to the detector.
In ~he second stage of this investigation the growth of human
cells on this sterilized film was tested. The detector film vas
cemented to the bottom of sterile plastic petri dishes (diameter
50 mm), using sterile (autoclaved) non-toxic silicone grease. Previ-

ously the film had been cut into small squares before sterilization.
Foetal calf serum vas pipetted into the dishes and left standing
for 30 minutes at room temperature. This was done in order to coat
the plastic surface of the petri dish with, adsorbed proteins to
2
assist cell adhesion. 120 cm tissue- culture flasks containing monolayers of Hep-2 cells (epidermoid carcinoma human larynx) and Flow
2002 cells (human embryonic fibroblasts) were trypsinized and resuspended in the appropriate culture medium. The medium used for the
Hep-2 cells was HBME with 15 % newborn calf serum, 1 % glutarm'ne
and 2 % penicillin/streptomycin. For the Flow 2002 cells the medium

consisted of BME with 10 % foetal bovine serum, 1 % glut arm'ne and
2 % penicillin/streptomycin.
The excess serum was decanted from the petri dishes and detector
film. The cell suspension was then pipetted onto the surface of
the plastic dish, followed by the medium as described above to make
up the total contents to 5 ml. The petri dishes were incubated at
37°C in an atmosphere of 5 % C0 2 /air.
After 2U hours with the use of an inverted microscope and a.
strong light source the cells could be seen adhering to the plastic
in a normal manner.
In the following alpha radiation exposure is described as
the number of alpha particles traversing the cell. Based on
measurements of the geometrical dimensions of the irradiated
cell and the irradiation conditions each cell was hit
average by 2 alpha particles in all

on the

alpha exposure experiments.

Data analysis
In the literature radiation induced biological effects are often

described as the relative change observed at the irradiated sample in
percent of the unirradiated control. This approach is valid wherever

basic radiobiological research problems are addressed. However, for
any practical application of a biological dosimeter in radiation
protection it is not possible at present to compare the value of a
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given biological parameter observed after accidental radiation exposure
vith the control value of the unirradiated victim. Since biological

variability limits the validity of the application of a single
"control-value" of the biological indicator for a whole population
group, tvo solutions seem reasonable:

1. Installation of a data base of the individual "control
value" of the biological parameter for each subject
concerned. This could be part of the personal data like
blood group, rhesus factor, etc.

2. Assessment of absolute values of the selected parameter
and their changes in dependence of the absorbed dose.
Due to the lack of appropriate data bases in the following the second
possibility was chosen for the data analysis. All data are presented

as absolute values, thereby comprising both types of fluctuations,
i.e. biological variability between the samples as well as statistical

variation of the biological parameter.

RESULTS
Altogether more than 500 MRP-measurements were carried out on unirradiated cell cultures and over 1800 measurements on radiation

exposed cells.
Biopsy samples were taken from 8 subjects and altogether 300 MRPmeasurements were performed.

Simultaneous MRP-roeasureroents and gamma irradiation in cell
cultures
As an example Fig.15 shows the typical MRP-change of an unirradiated
human lung cell in logarithmic growth state (PLOW 2002) as a function

of time after impalement with a microelectrode (curve A). The MRP de-

creases steadily within several minutes to approach zero, thereby indicating cell death because of membrane damage from the electrode. For
comparison, the complete set-up with both electrodes in the medium,
but without cell impalement, was irradiated under the same conditions
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with gamma rays and neutrons. However, the influence was neglegible
and resulted in a DC-offset of only +.0.5

mV (Fig.

15 , curve B).

The temporal MRP changes before and during gamma irradiation (dose
D = 2 rad) of a human lung fibroblast (FLOW 2002) is shown in Fig.16.
MRP increases within seconds after the beginning of the irradiation
and reaches a maximum value (Vy) within about 30 s. Vy is more than

25 % higher than the corresponding value of the unirradiated cell (V ).
Then the MRP declines to zero in a similar way as the control in Fig. 15
This temporary hyperpolarization can be observed within seconds after

low-level in vitro-irradiation.

Temporal MRP changes in cell cultures after gamma irradiation
In order to determine the statistical variation and the degree of
reproducibility for a given biological target the frequency distri-

bution of MRP-values was determined for unirradiated human lung

cells (WI38) from different cultures in stationary growth phase.
From Fig.17, it can be seen that extreme MRP values differ by a

factor of k.

MRP (mV)

A ... MRP-normal lung
cells (Flow 2002)
B ... DC-offset

t (min)

Fig. 15 EXAMPLE FOR TEMPORAL MRP CHANGES OF UNIRRADIATED HUMAN
LUNG CELLS AND OC-OFFSET OF EQUIPMENT DURING IRRADIATION
WITH GAMMA-RAYS AND NEUTRONS
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Y-irradiation
-15

-10 -

-5 _

0 -

14

t (min)

Fig 16 EXAMPLE FOR TEMPORAL MRP CHANGES OF GAMMA-IRRADIATED NORMAL

LUNG CELLS (FLOW 2002}

The values are approximately normally distributed, which, is also

indicated bj
"by a skewness (s ) of 0.5 and a kurtosis (k) of less than
A.
3 (Tab. 1).
Figs. 18,19

represent the short-term MRP changes during the first

30 minutes after gamma irradiation with 60 rad, respectively 600 rad.

Measurements were carried out at one-minute-intervals. Standard
deviation of the unirradiated control mean value (^ 20 %} is indi-

cated by the dashed lines; about the same standard deviation is
associated with each MRP-value but it has been omitted to faciliate
the graphical presentation. The 60 rad-gaznma exposure resulted in
large oscillations around about the same mean value as the control.

This is in contrast to the relatively small variations around a
reduced mean value (about 50 % compared to the control) in case of

the 600 rad exposure. FOURIER-analysis of the oscillations reflects
the significant differences of the coefficients a.., b^ for the two

groups of experiments (Tab. 5).
MRP-measurements were carried out repeatedly at certain times after
gamma irradiation (Tabs.6 > 7 ). Already 2k hours after 60 rad gamma
exposure there is no statistically significant difference between the
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30 -

20 -

10 -

-l

-4

-7 -10 -13 -16 -19 -22 -25 -28 MRP (mV)

Fi g.17 FREQUENCY DISTRIBUTION OF THE TRANSMEMBRANE RESTING POTENTIAL
(MRP) FOR UNIRRADIATED HUMAN LUNG CELLS (WI38)

QUANTITY

VALUE

MEAN MRP (mV)

15

VARIANCE

9

SKEWNESS

0.5

KURTOSIS

2.6

Tab. 4 MEASURES OF CENTRAL TENDENCY FOR THE TRANSMEMBRANE RESTING
POTENTIAL (MRP) OF UNIRRADIATED HUMAN LUNG CELLS (WI38)
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30 ~

MRP (mV)

—

—

20 -

•Mi

"^

—
UNIRRADIATED
CONTROL
•••

••*•

10 -

DOSE: 60 rad
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*
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1
10

UTMHTCC

1
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~ ~
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Fig.18
TRANSMEMBRANE RESTING POTENTIAL (MRP) OF IRRADIATED CELLS (WI38)

AT DIFFERENT TIMES AFTER GAMMA IRRADIATION
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Tab.

5 COEFFICIENTS an> bn OF FOURIER-SERIES FOR OSCILLATING TRANSMEMBRANE
RESTING POTENTIAL (MRP)

GAMMA DOSE

a

o

OF GAMMA-IRRADIATED HUMAN LUNG CELLS (WI38)

o

FOURIER-COEFFICIENTS
a
b
h b2
l
l

b

60 rad

31

0

2.1

600 rad

19

0

0.5 «0.01 <0.5

-2.0-3.6

a

3

-0.9

<0.5<0.1

-1.0

n-1

where:

2F
bn = — I f(t) sin nwt dt
•'o

n = 0,1,2,

n- 1,2,...

u = 2jrf = radian frequency
T = 1/f » period of f{t)

Tab. 6 MEAN TRANSMEMBRANE RESTING POTENTIAL (MRP) OF HUMAN LUNG CELLS
(WI38) AT DIFFERENT TIMES (t) AFTER GAMMA IRRADIATION

(D = 60 rad)
POST-IRRADIATION TIME (t)

MEAN MRP (mV)

30 MINUTES

17 + 8

24 HOURS

14 + 3

48 HOURS

16 + 3

72 HOURS

14 +_ 2

UNIRRADIATED CONTROL

15 + 3
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3

-5.7 1.4

f(t) = -r- + Tj |ancos nwt + bnsin nwt)

— l f(t)cosmotdt

b

Tab. 7 MEAN TRANSMEMBRANE RESTING POTENTIAL (MRP) OF HUMAN LUNG CELLS
(WI38) AT DIFFERENT TIMES (t) AFTER GAMMA IRRADIATION

(D = 600 rad)

POST-IRRADIATION TIME (t)

MEAN MRP (mV)

3 HOURS
24 HOURS

13 + 2

96 HOURS

14 + 3

UNIRRADIATED CONTROL

15 + 3

mean MRP-value of unirradiated control and irradiated cells. Also 2-3

days afterwards no difference can be detected.

A dose of 600 rad results in a large reduction of the mean MRP-value
3 hours after irradiation. However, this is followed by a fast
recovery within the next 2k hours up to almost the control value.
Temporal MRP-chanqes in cell cultures after alpha irradiation

Fig.

20 shows the frequency distribution of MRP-measurements with

human lung cells 2^ hours after alpha particle exposure (2 alpha

particles per cell), The range of values is lower than for the unirradiated controls as it can be seen also by the smaller variance.
The MRP-histogram is symmetrical (s, < 0.5, k < 3) around a slightly
K

reduced mean value (Tab.3).
Results of MRP-measurements at different times after alpha exposure
are contained in Tab. 9. Shortly after irradiation mean MRP-values
are lower by about 30 % than the control. However, no large oscillations
occur as with the 60 rad-gamma exposure. Again the following 2k hours
are characterised by an almost complete recovery of the control MRP
value. Ho significant changes have been observed during the following

6 days.
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MRP changes of human tissue samples after gamma irradiation
MRF-measurements were carried out on unirradiated human lung tissue
samples within 30 minutes after "biopsy and 2k hours later (Fig. 21).
Despite storage at 37 C in physiological saline solution the cells
in the sample suffered severe damage and mean MRP-values were greatly

reduced. Therefore all measurements were carried out within 2 hours
after biopsy.

Tab. 8 MEASURES OF CENTRAL TENDENCY FOR THE TRANSMEMBRANE-RESTING
POTENTIAL (MRP) OF HUMAN LUNG CELLS (WI38) 24 HOURS AFTER
ALPHA IRRADIATION (FLUX: Za/CELL)

QUANTITY

VALUE

MEAN MRP (mV)

13

VARIANCE

9

SKEWNESS

•-Û.2

KURTOSIS

2.8

t
40 -

30 -

20 -

10 -

-1

-4

-7 -10 -13 -16 -19 -22

MRP (mV)

Fig. 20 FREQUENCY DISTRIBUTION OF THE TRANSMEMBRANE RESTING
POTENTIAL (MRP) FOR HUMAN LUNG CELLS (WI38) 24 HOURS
AFTER ALPHA IRRADIATION (FLUX: 2 a/CELL)
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MRP (mV)
20 ~

15

-

10 -

5 -

t = 24 hours

t < 30 minutes

Fig. 21

Tab. g

MEAN TRANSMEMBRANE „RESTING POTENTIAL (MRP) OF UNIRRADIATED
HUMAN LUNG TISSUE SAMPLES AT. DIFFERENT TIMES (t) AFTER BIOPS.Y

MEAN TRANSMEMBRANE RESTING POTENTIAL (MRP) OF HUMAN LUNG CELLS(WI38) AT DIFFERENT TIMES (t) AFTER ALPHA IRRADIATION
(FLUX: 2 a/CELL)

MEAN MRP (mV)

POST-IRRADIATION TIME (t)

30 MINUTES

10 + 3

24 HOURS

13 i 3 '

144 HOURS

14 +_ 4

unirradiated control

15 + 3
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Fig. 22 shows the mean MRP of lung biopsy samples 30 minutes after
gamma irradiation with 60 rad in comparison to controls. The mean

MRP of the irradiated tissue is lower than the control "but it is not
statistically significant due to the large standard deviation.

t MRP (mV)
20 -

15 -

10 -

5 -

GAMMA-IRRADIATED
TISSUE SAMPLE
(D = 60 rad)

UNIRRADIATED
CONTROL
SAMPLE

Fig. 22 MEAN TRANSMEMBRANE RESTING POTENTIAL (MRP) OF HUMAN LUNG
TISSUE SAMPLES 30 MINUTES AFTER GAMMA IRRADIATION (D = 60 rad)
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SUMMARY AND CONCLUSIONS
The time-dependent change of the intracellular transmembrane potential
(MRP) of human cells was investigated for its suitability as a biological indicator in radiation accidents. It proved to be a highly
sensitive parameter for indicating fast cellular changes vitHin seconds
after onset of gamma irradiation already at a dose of 2 rad. Increasing
the gamma dose to 60 rad resulted in an oscillating fluctuation of the
MRP directly after irradiation. However, this effect is only transitional

and completely repaired after 2k hours. Application of higher gamma
doses (600 rad) causes a depolarizing effect of reduced MRP without
large oscillations. After 1-2 days also this effect can no longer be
discriminated against MRP-values of unirradiated controls.
High LET-irradiation with alpha particles (2 hits per cell) causes a
general lowering of the mean MRP immediately afterwards without pronounced oscillations. After 2U hours the MRP of unirradiated controls
is reached again.

Gamma irradiation (60 rad) of human lung biopsy samples within minutes
after the exposure resulted in lower mean MRP values than the controls.
However, statistical significance of this effect is reduced due to
pronounced MRP-fluctuâtions, resulting in a large standard deviation.
With regard to the optimum criteria mentioned in the introduction it

can be concluded that the conditions 1 (high sensitivity of method),

3 (minimal additional stress) and k (low cost) are mostly met by the
method investigated. However, it is only suitable for observations
shortly after the accidental exposure, since repair effects cause an
almost complete compensation of the effect within a relatively short
period of several hours at low dose levels.
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EFFECT OF IONIZING RADIATION ON LYMPHOCYTE MEMBRANES
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Abstract. Lymphoid cells from murine lymph nodes, rabbit
lymph nodes and peripheral lymphocytes from human donors
were x-irradiated and their abilities to bind antisera
against the IgG membrane receptors were studied. As low
as 0,1 Gy induced reduction of the percentage of IgG
positive cells. The effect proved to be dose and temperature dependent. The process developed fast and reached
its maximum after 10 minutes, then the incubation of
cells for longer periods resulted in a partial re-expression of the IgG surface receptors. The disappearance
depended on the microtubular structure, the metabolic
energy supply of cells and the level of cAMP.
INTRODUCTION

Possible participation of membranes in radiobiological
processes has been proposed fay Bacq (1) in 1961. The
idea has been taken by Alper (2) in connection with
radiobiological oxygen effect. Previous work of our
group on oxygen effect done with thymus subpopulation
(3) also suggests the possible participation of membranes.

.

Most significant

' in this context are the cxn«?-

riments on radiation induced peroxydation of artificial
phospholipid membranes by Petkau (4) which show that,

with participation of radiocheir.ical chain reactions
peroxydation can be detected at very low doses.

Work of

Raleigh (5) with lipid micells, essentially corroborates

the participation of chain reactions on lipid peroxvdation.
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Because of the essential role of membranes in the
function of immunacompeteirtr cells we concentrate on the
radiation response of the cell surface of cells partici-

pating in the surveillance mechanisms.

METHODS

- Detection of surface Imrmnoglobulins (s-Ig)
Lymphocytes ; Mouse lymphocytes were obtained from

cervical and axilar lymph nodes of 2 month old RK
mice.

The nodes were teased in Hank Balanced Salt

Solution (HBSS), the cells washed and submitted or
not to irradiation,- 'then experimental and control
tubes wore incubated' for different length

of time

at 37°C in a water hath, and stained with the
appropiate Jluorescein labeled antisera at the

required concentration.

When direct immunofluoréscence

was used, the conjugated serum employed was FITC Rahbit
anti Mouse IgG (Behrina, Marburg FRO) and with indirect

immunofluorescent the first antibody was anti IqC,
(Miles-Yeda Rehovot Israel) and anti Ia^ (Miles-Yeda

Rehovot Israel) as a second fluorescein labeled anti_
body.

The cells were incubated with the specific anti_

sera for the membrane receptors for 20 minutes at 4°C,
washed 3 times, and the preparation either was examine^

for stained cells or in the case of the indirect

technique was submitted to a second, incubation with
the labeled antisera under the same conditions.

The

stained cells were determined with a Zeiss Fluorescence
Microscope and the results were expressed as a

percentage of positive cells of the control over the
irradiated preparation.
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- Mas t-cell degranulation
The mast-cells were obtained from the peritoneal
cavity of normal RK mice two month old, the procedure
employed was to wash the abdominal cavity with 2 ml
of HBSS plus 100 UI of Héparine per ml. The collect-

ed cells were washed by centrifuaation resuspended
in HBSS containing 0.1% of Bovine 5erum Albumin (BSA).

The mast-cells were partially purified from the
contaminant cells allowing then to stick to a cover
glass for 1 hour at 37°C in a humid chamber.

The

glasses were washed and submitted or not to irradiation; after this procedure, the glasses were incubated
at 37°C for 15' with different doses human immunoalo-

bulin that binds to the mast-cell by the Fc-portion of
the molecule (6) the cover glass was washed and subsecuently incubated with an anti human Immunonlubulin
(Rabbit anti human Ia<^; Miles-Veda) in order to induce

degranulation.

After this second incubation the glasses

were washed, fixed with ethanol containina 1% of

Formalin and stained with toluidin blue at 0.1%. The
preparation was observed under light microscope and
the percentage of degranulated cells was evaluated.

- Isolation of human lymphocytes and detection of T and n
cells.
Lymphocytes were obtained from peripheral blood o^
either normal donors or patients with carcinona of the
cervix uteri.
ml),

The blood was taken with heparin (10 UI/

diluted 1:2 in HBSS and layered on a ficoll-hyparrue

solution (density 1.077), the gradient was

centri^ucred

at 900g for 30 minutes, the lymphocytes harvested fron
the interphase ring and subsecuentlv washed.
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For normal donors, the cells wer« divided in a control

sample and an irradiated experimental one. After irradia_
tion and incubation at 37°C ^or different lenqht of time

the lymphocytes were mixed with Sheep P.ed Blood Cells
(SRBC) in a proportion 1:50.000, in presence of 25% of

Fetal Calf Serum (FCS) . The preparation was centrifufted at 400g, JncuhntpH for 20 minutes <if 4.°C the

rosette forming cells caunted. The results were
expressed as the percentage o^ nositive cells of the

control sample over the irradiated experimental one.
In the cancer patients the diapré n t subpopulations
of lymphocytes were evaluated before, durinc and aftr»r

the intracavitary curietherapy . The T cell detection
was done in. the same way as described above.

For n

cell the Immunobeads (Biorad. Lab., U.S.A.) were used .

Briefly, 50 ^1 of lymphocytes at a concentration of
3 x 10

cell/ml were mixed with 10 ^ul of the appropiate

immunobeads preparation; the preparation was centri-

fuged at 400g for 3 minutes, incubated for 20 minutes;
at 4°C, resuspended, stained with toluidin blue and
the percentage of cells that bind specifically more

than three antibody coated beads were quantified.

Irradiation
«! irradiation was performed with a X-Ray tube
ope rated at 30 KV or at 120 KV and 2 rrm of Pyrex
gla.<33 filter.

Dose rate at the place of the sample

was determined by conventional Fricke Doaimetry,
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RESULTS

I.

RADIATION INDUCED LOSS OF s-InC OF A.CCESSIBILITY

As it can be seen from Fig. 1 our essential finding

is the decrease in stainability af lymph-node cells
with FITC-IgG followina irradiation.
that the effect is dose dependent.

It can be seen
In these experiments

the cells where incubated for 10' at 37°C after irradia
tion.
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Fig. 1.

Dose effect curve at a dose rate 7.12 rad/min,
Incubation at 37°C for 10 minutes.

Anti IgG

concentration for labellinn 50 mg/nl.
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Since membranes are dynamic systems we studied the
evolution o^ the radiation induced loss of accessibilityat times between 0 and 180 minutes.

Fig. 2 shows the time course of the effect for an
irradiation with 9,5 rad. at a dose rate of 7,12 rad/
nin, here we found a deep loss of s-Iqn accessibility
after 10 minutes incubation which was partially recovered

after minutes incubation with a remaining damaae holdina
for at least 3 hours.

From Fia. 1 and 2 it can be seen

that there is a sensitive effect of irradiation on s-Iq^l

accessibility and that part of the effect is transient.

At this «îtage it was interestino to test ±f this loss
of accessibility can be described as disappearance of Iqr.
molecules from the cellular surface.

Herefrom, we tested

irradiated cells with increasing concentrations of ^ITC-

anti-IgG and the results shows that with 100 /ug/ml more
cells were stained in comparison to the results obtained
with 50 yiig/ml.,

Furthermore, increasinn op ^ITC-anti-Igr

concentration (200 ^ua/ml) provides no additional labelled
cells.

Over the whole ranrro of concentrations tested no

chance in the number of stained control cells (20+0,5%)

was detected.
After this previous experiment we reinvestierte«! the
dose response for a dose rate of 7,12 rac"/min and an

incubation time of 10 minutes at 37°C.

For this experirent

the cells were labelled for 20 minutes at 4°C.
T

ig. 3 shows the dose response curve o^ the system.

The timing of the effect evolution (Fia. 4) shows that
there is ? transient loss of s-IaG which reappears partially after 30 minutes incubation.
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Fig.3. Dose-effect curve
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4. Time course of s-IgG disappearance at a dose
of 38 and a dose4 rate of 7,12 rad/min. (-Q-).
Effect of .5xlO- M dibutyryl cyclic AMP (-•-).
Other conditions as in Fig. 1.

In order to be able to speculate about the possible
mechanism involved in the transient loss of stainability
of B cells receptors we tested the effect of different
chemical compounds on the observed phenomenon.

From the
»
biochemical action of each drug we can infer some charac"

teristics or requirements of this radiation induced
membrane effect.
a) Effect on the disappearance phase:
in Fig. 5 the metabolic

As can be seen

inhibitors 2-4 DNP and

Na Azide abolishes the process.

In Fia.

6 it is

possible to see vinblastine, colchicine, db-c/'MP

and lidocain also inhibit the dissappearance phase
of the process.

The phenomenon was unaffected by

cyclohexamide.
From experiment? described we could speculate
about the mechanism of the process:
1. The process is energy dependent, since 2,4-DMP is
known to be an uncoupler of oxiriative phosphorylation and Na Azidiî inhibits
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respiratorv chain.

2. The process is dependent on intact microtubular system.

This idea is supported mainly by the sensitive -

ty to colchicine and vinblastine.
The effect of db-cAMP on lymphocytes may be interpret
ed as proposed by Lichtenstein (7) as a c-AMP induced
facilitation of microtubular disqreoation.

This interpre-

tation would be on line with the hypo theti zed dependence

of an intact microtufaular system.

It must be noted that

for the c-AMP action as cytoplasmic modulator there

are also other possible interpretation*.
Being the actions of local anesthetics mainly an
increasing of membrane fluidity and voiui..^, membrane
depolarization, and displace Ca

from the membrane

(8) , its action stresses the participation of tho

membrane itself in the process.

Schreiner and Unaune
X^

(9) stresses the importance of Ca
of local anesthetics.

Ca

displacement effect

« would be important for

the linkage of cytoskeletal structures with membrane
components . Thus, local-anesthetics such as lidocaine
woul-d disrupt the anchoring of cytojfeeletal components
to the membrane.

the process

The null effect of cyclohexamide in

^implies that no protein synthesis is

involved .
b)

The process of reappearance of s-IrrC has been studied

by adding the same drugs to irradiated cells

which

have already lost their stainability.
The drugs were given to cells already incubated
for 10 minutes and incubated for further 20 minutes.

Fig.

7 shows that this process is independent of

the presence of 2,4-DNP, or colchicine.
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,-4.
Effect of 2-4 dinitrophenol (2-4,' DHP) (5x10
"*'-<)
_2
and Na Azide (10 M) on the radiation-induced

disappearance of s-IgG.

Drugs were aiven just

before beginning incubation at 37°C for 10

minutes. Treatment with the druas alone had no
significant effect on control values.

The aiven values are percentage of stained cells
referred to cultures with the same drucs treatment
but not irradiated.

Each experiment has an irra-

diated control without druas incubated for 10
minutes and 30 minutes.

Points represent the

arithmetic mean + standard deviation.
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Effect of lidocaine (10~ '^) , Vinblastine
(10~ 5 M) , db-cAMP 5xlO~ 4 M and oolchicine

(10-4 M) on the radiation-induced disappearance
of s-IgG.

Drugs were rriven just before

beginning incubation at 37°C for 10 minutes.

Treatment with the druos alone had no significant effect on control values.
The given values are percentage of stained cells
referred to cultures with the same drug
ment but not irradiated.

treat-

Each experiments has

an irradiated control without drugs incubated

for 10 minutes and 30 minutes.

Points represent

the arithmetic mean of at least 3 independent
experiments. Standard deviation
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condition

Effect of colchicine (10~4M) and 2,4-dinitro -4 ) on the expression process.
phenol (5x10

Control and irradiated alicmots were incubated
for 10 minutes.

At this tine point drurrs were

added to control and irradiated samples and
incubated for 20 additional minutes.

Within

this 20 minutes the s-IqC reappears.
Treatment with the drugs alone had no signi-

ficant effect on control values.
The given values are perœntaQe o^ stained cells
referred to cultures with the same drug
ment but not irradiated.

treat-

Each experiment has

an irradiated control without drugs incubated
for 10 minutes and 30 minutes.

Points reoresent

the arithmetic mean of at least 3 independent
experiments.

Standard deviation
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is

criven.

These experiments suggest that the reappearance
process IB a passive one, not rpqui.ri.nq metabolic

energy or microtubular integrity,
The strong dependence of radiation induced peroxydation of artificial phospholipid membranes (1) and lipid
micelles

(2) on dose rate stresses the importance of

low dose rate effects on radiation-induced membrane
changes.
This lead us to test the dose rate dependence of the
effect.

Herefore, we irradiated cells at different dose

rates and tested the presence of s-IgG with the indirect

immunofluorescens stainincr technique. The first antibody was applied at a dilution of 1/100 and the second
antibody at a dilution of 1/200.
As can be seen in Fig. 8 the ef^ectivity of irradiation increases strongly with decreasina dose rate.

II.

Radiation Effect on Mast-Cell Degranulation.

The effect shown on s-Igfl Lymphocytes are probably
the reflect of radiation-induced changes in the membrane

as a general structure.

In order explore if there are

other mensurable consequences, we tested the radiosensi*
tivity of the mast-cell decrranulation capacity.

Mouse

mast-cell can bind Human Tg(J (H-IgG) by its Pc portion

(6). Mast-cells with H-Igft bound can be induced to degra-

nulate by crosslinkincr the H-IaC with anti H-IgG.

Irradiated and non-irradiated cells were treated as
described before and the deqranulation percentage was
calculated for irradiated and control samples.

Fig. 9 shows that irradiation causes a decrease in
the capacity to detfr ami late which is dose-dependent.

The ability to degranulate starts to become depressed

av, a dose of 9.5 rad.
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The experiments could be interpreted as a loss of
mast cell ability to bind H-laC. To test this possibility
we performed experiments wher« control and irradiated

samples were treated with increasing concentrations of
n-IcjQ.

As can be seen in Firr. 10.

Th<= c.ffcct of irradia-

tion can be abolished by increasing the H-IgC concentra-

tion, wich is in line with the interpretation that some
receptors, but not all, are lost from the mast-cell

membrane after irradiation.

-•

l.S rad /min.

-• 0.3 rid /min.
-* 27.6 rad /min.

100
DOSE

Fig. 8.

I rid I

Dose rate dependence of radiation induced loss
of s-IgG expression.

Calls were incubated for

10 min at 37°C after irradiation and labeled
with indirect immunofluorescence method.
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The irradiated cells received

38 rads at dose-rate of 7.12 rad/min.
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III.

Effect of irradiation on the Human T cell ability to
form Sheep Red Blood Cell (SRRC) rosettes.
The irradiation causes a transient

diminution of

the ability of human T Lymphocytes to form SRBC

rosettes.

As can be seen in Fier. 11, the best effect

ia obtained when the cells are incubated after irradiation for 5 minutes at 37°C.

In the same way as with

marine B cells, in the human T subpopulation the
«•ffect of irradiation, diminishos with further incuba-

tion.
IV.

Changes in Lyii»-)hucyfecu gubpopul »L ton of paHunt?i wi bh

carcinoma of the cervix uteri, submitted to intracavitary curietherapy.

The patients submitted to local irradiation show
great changes in their lymphocyte population from the

day that the radiation treatment starts.As can be seen
in Table I two general observations are consistent:
an increase of the percentage of B circulation cells
and a decrease of the T subpopulations.

In the B

population the most striking changes take place in
those cells bearing IgA receptors.

72

100

M

f 80
LU

S. 60
o
c
•»
u

40

0

10

20

Incubation time
Pig. 11.

30

40

(min.)

Percentage of "E" rosettes of irradiated

human lymphocytes with respect to the nonirradiated control cells, incubated for

different times after exposure.

The experi-

mental suspension received 38 rad at a dose

rate of 7.12 rad/min.

TABLE

I

Percentage of different types of B cells and total
T cells in a group of cervix-uteri carcinoma patients

before and after curietfcerapy.

% x before

% x after

% Post-radium „ , nn

irradiation

irradiation

% pre-ra diation

Cell. B
totals
Cell. B
IgA

7.2

15.4

230. 8

Cell B
IgG

11.4

17.4

152. 6

CaJl. B
igM

12.0

20.0

166. f'

35.8

24.2

67. 5

Cell. T
totals
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Our group under the I.A.E.A. Research Contract
2175-RB was devoted to the study of the effect of low
doses of irradiation on membrane receptors of lymphoid
cells. Previously it has been described as product of
irradiation changes in membrane fluidity, percentage of
E rosettes in human T cells and cap formation. Our
experiments demonstrate that doses as low a 10 rads
induce changes in the antigen receptor exposure.
In our work lymphoid cells were studied after irradiation for their ability to bind antisera against the IgG
membrane receptors. The sources of cells were mice lymph
node, rabbit lymph node or circulating lymphocytes from
human voluntary donors.

The isolated lymphoid cells were X-irradiated, keeping always a non-irradiated sample as control; and incubated at 37°C for different length of time according the
experimental schedule. The IgG positive cells were then
stained using either direct or indirect immunofluorescence
technique.
The results show that low doses of irradiation cause
a reduction of the percentage of IgG positive cells compared with the non-irradiated controls, this effect is
dose «and temperature dependent, at 37°C the disappearance
process progress fast and reaches its maximum after 10
minutes; incubation for longer periods results in a partial
reexpression of the IgG surface receptor.

The disappearance phenomenon depends on microtubular
structure (is inhibited by Vinblastine 10 M and
Colchicine 10~ M), Metabolic energy (is inhibited by 2-4,
DNP 5 x 10"4M and Na Azide 10"2M) and levels of c-AMP
(inhibited by db-cAMP 5 x 10~4M). The reappearance
phase only temperature dependent and the drugs tested
have no influence in this part of the process. All the
phenomena are dependent on the dose-rate since at lower
dose-rate sensitivity proved to be the higher.
Experiments with anti Fc and anti Fb portion of
the surface molecule were done in order to explore if

the effect described above, is due to a partial internalization of the surface molecule, the results in
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rabbit cells appear in favor of the theory, but not
definitive conclusion can be drown. Similar experiments
with human cells do not show the differenrial

effect.

Other experiments done with human T cells and Fc
receptors of Mast Cells show that these surface molecules

are also modulated by irradiation.
The extent of the irradiation effect changes with
the condition of the experiments, of extreme important

is the antiserum, its concentration, and other variables

that at the present are not known. In any way the biological implicances of transient changes in membrane
structures are specially important in the immune system

where cell interactions play a key role in regulation

and effector functions.

,
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POSTIRRADIATION CHANGES OF PHOSPHOLIPIDS AND SIALIC ACID
IN PLATELETS

Z. DIENSTBIER, M. ZITKO, J. VRANOVSKÂ, J. POSPISIL
Institute of Biophysics and Nuclear Medicine,
Faculty of General Medicine,
Charles University,
Prague, Czechoslovakia

Abstract. In the postirradiation period bone-marrow
activity depression, changes of the P-32-incorporation
into phospholipids of blood platelets in rabbits after
whole-body exposure to 103.2 mC/kb (400 R) were noted
in vitro. Increased incorporation into phosphatidylcholine,
phosphatidylethanolamine and sphingomyeline on the llth
day and into phosphatidylserine on the 8th and llth day
were recorded. On the 5th, 8th and llth days the pattern
of incorporation is changed. During this period pronounced
decreases of P-32-incorporât ion into phosphatidylinositols
of the blood platelets were noted no changes in the percentual
distributions of the phospholipids of interest (PC, PE, SM,
PS, PI) were observed and no alterations of the blood
platelet adhesiveness were found. The PFj-A and PF3-F test
did not reveal any significant changes of the role of PF3
in the blood clotting process.
In the framework of the coordinated research programme
we have been engaged during the years 1978-1979, in the
problem of postirradiation changes in phospholipids and
sialic acid.
The detailed result have been published recently (3).

The changes of in vitro incorporation of 12
^ P into phospholipids of peripheral blood platelets in whole-body irradiated rabbits have been followed. Following the exposure
with a dose of 103.2 mC/kg (400 R) the changea of the incor-

poration in the period of starting postirradiation thrombo-

cytopenia O) and in the period of throznbopoiesis reparation
were established. On the 1. and the 5. day after the irradiation, the changes of the incorporation following various whole-body exposures were followed up with the objective to make full use of the changes as an indicator of radiation dama-

ge. .Evaluated were the changes of total incorporation into
phospholipids and simultaneously the changes of the pattern
of the incorporation of five blood platelet phospholipids
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(PC, PB, SM, PS, PI) representing more than 35% of all phos-

pholipida present in membrane system of blood platelets (2)
which are important from the point of view of the participa-

tion of phospholipids during the blood coagulation (l).
The most important changes of the incorporation were
found in the blood platelet populations released from the
irradiated bone marrow. A marked fall of the incorporation

into phosphatidylinositoi was determined whereas the incorporation into phosphatidylethanolamine and phosphatidylcholine significantly increased. At the end of the period of

the follow up the normalization both of the total incorporation and the pattern of incorporation was noted.

In another part of this study we followed the changes
of the sialic acid content in blood serum, urine and homoge-

nates in the veins of whole-body irradiated rats and guinea
piga; - Rat and guinea pig ware tendenciously chosen as experimental animals according to the fact that in rat the hemorr-

hagic syndrome does not appear whereas it is marked in guinea pigs. -The changes in the aialic acid content in blood
serum and urine reflect commonly the changes in the metabolism of glycoproteins. Sialic acid content in the blood serum of rats and guinea pigs did not change significantly in

the course of this study. In the urine of whole-body irra-

diated rats and guinea pigs we found a significant increase
of the free sialic acid content. The content of bound sialic
acid was significantly increased in vein homogenates of ir-

radiated guinea pigs in early postirradiation intervals.
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IMMUNOLOGIC EXAMINATIONS OF PROFESSIONAL WORKERS
WITH IONIZING RADIATION
Z. DIENSTBIER, M. SÂMAL, V. FOLTYNOVÂ, H. KOPRIVOVÄ,
Z. PROUZA, E. MARIKOVÂ
Institute of Biophysics and Nuclear Medicine,
Faculty of General Medicine,
Charles University,
Prague

M. ZÂROBSKY
Institute of Nuclear Physics,
Czechoslovak Academy of Sciences,
Rez u Prahy
E. TSCHERNOSTER
Laboratory of Medical Electronics,
Institute of Clinical and Experimental Medicine,
Prague,
Czechoslovakia
Abstract. Serum immunoglobulins and parallelly E rosette
forming lymphocytes were studied in persons occupationally
exposed to ionizing radiations with an average annual dose
of 1 cGy or 0,1 coy. Unexposed persons and persons submitted to radiotherapy treatment were also tested. The most
marked change, a decrease of E-rosette forming lymphocytes
was found in radiation workers who received appr. 1 cGy
whole-body dose.

INTRODUCTION

The effects of ionizing irradiation upon the immune
reactions have been studied already for several ten
years'. The extreme radiosensitivity of lymphatic
tissues as well as the radiosensitivity of small lymphocytes circulating in the peripheral blood has been proved
in many experiments.

The precision -of conceptions of partial mechanisms of immune reactions in the past years made it possible to follow
up the sensitivity of individual mechanisms to'ionizing irradiation above all in the region of low doses of tens and
hundreds of mGy. It was shown that some experimental methods
used are sensitive enough for the detection of low dose ef-

fect and that the effects of such doses are not always r".n
accord with the conceptions based upon the informations
gained with higher doses.
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Andersen with co-workers (l, 4) had described s.g. the
increase of T lymphocyte count in inurine spleens 5 days
after whole-body irradiation with doses of 50 and 500 mGy.

After in vitro application of these doses, the author had

observed marked morphologic changea as well as changed capacity of mitogenic stimulation in human peripheral T and
3 lymphocytes.
The objective of our study was to verify the sensiti-

vity of representative clinically used nonspecific immunologie examinations in persona long-termedly exposed with low

whole-body doses of ionizing irradiation. Examined were serum concentrations of immunoglobulin G, A, and M, lymphocyte counts, lymphocytes forming rosettes with sheep ery-

throcytes and the rate of basic type a of nucleoli in peripheral blood lymphocytes.
METHODS

The determination of immunoglobulins waa performed
using the method of simple radial iamunodiffusion according

to liancini (5) with the use of tits IDP Se vac Praha.
Hue la oil in lymphocytes were examined according to the

morphology in blood smears using the method of Soetana (6).
In each smear, at least 100 lymphocytes were evaluated.
For the identification of lymphocytes forming sponta-

neously rosettes with sheep erythrocytes the modification
of the method described by Jondal et al. (3) was used. Lymphocytes with 4 or more bound erythrocytes were taken aa

rosettes. According to the number of adherent erythrocytes
each cell was designated with index (index 0 for 0-3 sryshrocytes, 1 for 4-5, 2 for 6-8, 3 for 5-11 and index 4 for
12 and more bound erythrocytes) and the sum of indexes in

100 lymphocytes gives the total index (II).
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RESULTS

Pig. 1 gives the characteristics of the group of examined persons. Control group consisted of 36 subjectively

healthy men in mean age of 34 years, repeatedly examined
in the course of one year. Group II included 27 men, mean
age 43 years, working 10 years in average in an environment

with radiation burden up to one multiple of natural back-

ground which is approximately 1 mGy/1 year. Group III was
composed of 19 men in mean age of 45 years, working 16 years
in average in an environment up to +10 mGy/1 year above the

background. The radiation burden was evaluated with film

dosimeters presuming that no orientation of a person towards
the irradiation source is prefered,

For orientation comparison we also present the results
of examination in 40 men and women after antitumor radiotherapy of Kodgkin's disease. These patients underwent total
*

nodal irradiation with focused dose of 36-46 Gy in the time
period of 4-6 weeks.
Pig. 2 gives the changes in the concentration of serum

iiamunoglobulins G, A, and M. The values are standardized
by mean levels of the control group without radiation burden
and are expressed in standard deviations of the control values. Pull columns in groups II and III express statistical

significance of the difference versus the control group at
the 5% level of significance. The significance of differences of radiotherapy versus the control is not given. The

first part of the figure indicates group II with radiation
burden up to +1 mGy/1 year, the second one the group III

with radiation burden up to 10 mGy/year and the third part
the group of patients after radiotherapy. In men with professional burden a alight decrease of mean concentrations of
all iamunoglobulin classes was found, the IgM decrease in
group II was statistically significant. After radiotherapy
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an insignificant increase of IgG and IgA in patients persisted whereas in IgM a decrease occurred. In none of the groups
with, professional burden we have found a relation between
the period of risk employment and the concentration of serum

immunoglobulina.
la Fig. 3 the changes in the rate of peripheral blood

lymphocytes from the point of view of nucleoli count and

predominance and of spontaneous rosette formation are given
is identical manner as in the previous figure. A marked decrease in absolute lymphocyte count occurs after the radiotherapy only - the asterisk indicates the significance of
the difference versus the values found after the chemothera-

py with four-combination of cytostatics. In groups with professional burden an insignificant increase of absolute lymphocyte count was found. Nevertheless, according to the decrease of neutrophilic granulocyte count in both these groups

the relative rate of lymphocytes was significantly increased.
The changes in differential leucocyte count did not exceed

the limita of'physiological values. In both groups with professional burden no increase in active nucleoli count/100

lymphocytes and relatively higher incidence of lymphocytes
with predominance of active nucleoli was found. In the control group, the rate of lymphocytes with individual types
of nucleoli showed mar iced seasonal fluctuation in dependence upon the intensity of antigenic stimulation of the immune

system in the course of the year, ïïhen comparing the results

in conformity to the year's season we have not found any
significant dependence between the rate of nucleoli and the
period of risk employment. In contrast to chemotherapy, a
marked increase in micronucleoli, i.e. nucleoli with irreversible inhibition of RUA synthesis, occurred after the radiotherapy.
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group of examined
persons

n

radiation burden
[mGy/year]

1

(men)

104

background

II

(men)

27

< +1

III

(men)

19

radiotherapy

40

< +10
36-46 Gy/4-6 weeks

risk exposure age
[years]
[years]

—

34 ±10

10 ±8

43 ±12

16 ±8

45 ±9

focused dose 32±9

rig. I Groups of persons submitted to examinations

I - II
IgG

Ig A

IgM

-2s-

M III

~2s-

I-

RT

*2s-

-2s-

FiQ. 2

Average values of concentrations of various
immunoglobulins in groups of persons examined,
For detailed explanation see the text.
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ER

Tl

-2*-

Il III
Hh

I

-2s-

H RT

i-H-

Fia. 3

Average values of number of peripheral
lymphocytes predominances in them of
nucleoli, spontaneous rosette formation
in groups as in Fig.l. For details see
the text.
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Besides the immunologie examination we have performed
in all followed persons routine hématologie and biochemical
examinations of the serum. All mean values in groups II and
III ranged in currently given physiologic limits. The most
marked change in dependence upon the duration and size of

professional burden was the decrease in thrombocyte counts,
hematocrit increase accompaignad by the decrease of hemoglobin concentration in -erythrocytes and the decrease in -total

proteinemia.
The factorial analysis was evaluated by results in the

group after radiotherapy. The factor representing radiotherapy expresses the radiosensitivity of lymphocytes by a decrease of their relative and absolute counts and by the in
crease in the count of irreversibly inhibited lymphocytic
nucleoli. ffe are continuing to analyse the results in other
groups.
DISCUSSION

Prom experimental studies made in the last years, step
by step it was established that in the region of low doses
and low dose rates the functions of cellular membranes are
affected to a higher degree than the. metabolic functions
and those of the genetic apparatus. The radiosensitivity of
membranes is characteristic namely for some of their recep-

tor functions. So for example, the inhibition of the capping
of B lymphocyte receptors was observed in vitro after anti-

genie stimulation with doses in order of tens of mGy (2). It
was shown that more sensitive indicator of the irradiation
is the formation of T lymphocyte rosettes with sheep erythrocytes. These changes were found primarily after the irradiation of lymphocytes in vitro, but also in lymphocytes of ex-

perimental animals irradiated in vivo (1, 4).
Our study with immunologie examination of persons with

professional radiation burden confirms these experimentally
found results, since out of the indicators which we have
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followed up, the decreased count of E-rosette forming lymphocytes and especially the total index of bound erythrocy-

tea were the most sensitive indicators of irradiation. The
total index was significantly decreased already in the group
with radiation burden up to 1 mQy above the bac'iground and

this decrease continued to fall significantly in the group

with higher radiation burden where even the decrease of
JS-rosette forming lymphocytes was significantly expressed.

The levels of immunoglobulins which are produced and
secerned by B lymphocytes were shown not to be such a sensitive indicator of irradiation. Though the decrease in in-

munoglobulin levels occurs, it is predominantly insignificant and does not become deeper in the group with higher radiation burden. The production of iinnunoglobulins is not

in direct connection with the function of membrane receptors.
It seems;that certain doses can cause a transient stimula-

tion of the immunoglobulin production as we have observed

with radiotherapy (2).
CQKCLUSIOIf

In conclusion it can be said that in persons with pro-

fessional radiation, burden with doses in order of ones of
mGy/1 year we have found a mar ted decrease, in binding capaci-

ty of peripheral blood lymphocytes with sheep erythrocytes

and a decrease in the count of lymphocytes forming spontaneously rosettes with these erythrocytes. This finding is
in agreement with the presumed and experimentally confirmed
importance of the cell membrane and its receptor functions
as the most sensitive sits of the attack in the region of
low doses of ionizing radiation. We consider our report as
preliminary one and we intend to continue in this study by
a series of examinations both in the control and the followed
group and by a detailed analysis of results from the point
of sex, age, exposure and other factors.
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SUMMARY

The aim of our study was to verify the sensitivity of

some clinically used immunologie examinations (determination

of serum immunoglobulin G, A, and M levels, count of lymphocytes forming spontaneous rosettes (E) with sheep erythro- •

cytes and differentiation of lymphocyte nucleoli) in persons

exposed long-termedly with low whole-body doses of ionizing
irradiation (up to 10 mGy/year above the value of radiation
burden caused by background) and the interpretation of eventually observed changes. The results were compared with fin-

dings of the examination of healthy persons without professional ionizing radiation burden, of persons with minimal
professional burden (up to 1 mGy/year) and those after therapeutic irradiation of lymphatic system with focused dose
of 36-46 Gy during the period of 4—6 wee fcs. The most marked
change found in the followed group was the decrease of ro-

sette-S forming lymphocyte count.together with simultaneously increased relative lymphocyte count in the peripheral
blood. This finding is in agreement with presumed and expe-

rimentally confirmed importance of cell membrane as the site
of attack with low doses of ionizing irradiation.
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SENSITIVE BIOLOGICAL IN VIVO DOSIMETRY WITH AN EXTERNAL
TECHNIQUE USING A LABELLED DNA-PRECURSOR ( 125 IUdR)

W. FORSCHEN, N. ZAMBOGLOU, H. MÜHLENSIEPEN,
L.E. FEINENDEGEN
Institute of Medicine,
Nuclear Research Center,
Julien, Federal Republic of Germany

Abstract. It was demonstrated that the relative incorporafïon"of 1-125-iododeoxyuridine (125-IUdR) into whole body
of mice following whole body irradiation is a sensitive
indicator of a radiation injury. It was also found that
the relative incorporation of lUdR into bone marrow cells
is a more sensitive indicator for absorbed dose than the
incorporation into the whole body. It is shown that this
method can be used for detection of absorbed doses between
0,005 and 1 Gy. A novel technique is also introduced which
takes the advantage of the fact that the synthesis rate of
DNA of an exponentially growing fibroblast culture (L929)
depends in a very sensitive way on the addition of a
suitable medium supplemented with serum. Irradiation of
the experimental animals leads to a change in the composition of the serum which inhibits the incorporation of the
precursor into DNA.

INTRODUCTION

Acute effects of ionizing radiation on mammals and mammalian
cells are well documented at doses of more than about 20
rem and to lower doses the manifestation of radiation effects
are predominantly stochastic late effects, such as
malignancy. Little information is available on acute
effects below a level of about 20 rem.

It is well known that the DNA is a critical molecule for
having radiation effects expressed in pro- and eucaryotic
cells because the DNA is not only biologically important but
it is stable, irreplaceable and its redundancy per cell is

limited.
The effect of ionizing radiation on the metabolism of DNA
has been studied frequently using radioactive precursors
such as tritium or carbon 14 labelled thymidine. The
inhibition of the incorporation of the precursor into DNA
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depends on the following parameters:

Radiation dose, radiation

quality, time interval between irradiation and injection of
precursor, cell type,, the experimental set-up and on the type
of precursor used.
During the last IAEA meeting in Prag in 1979, we have reported

the effects of ionizing radiation on the incorporation of the
thymidine analogue 5-iodo-2'-deoxyuridine labelled with 125-iodine

into various tissues of the mouse following acute whole body
irradiation (Forschen et al.,1972, 1973).

Particularly it was shown that the incorporation rate of this
precursor decreases as a function of time after acute exposure
to a minimum at approximately 4 hours. At this time a reduced
iodine incorporation into the bone marrow cells by in vitro
labelling is detected even after doses of less than 1 rem
(Zamboglou et al., 1981 ).

An abscopal effect, that means an effect at a distance from the
area of radiation exposure was also often observed in animals.
In order to analyze the action of abnormal metabolites on the
incorporation of labelled precursors we changed the experimental
set-up and looked for the irradiation induced changes in the
serum after whole - or partial

body irradiation of mice. The

effect of mouse serum on the incorporation of lUdR into a
fibroblast culture was used as a comparative simple test system.
Material and Methods
Animals

Female NMRI mice, 1O - 12 weeks old, were used, the average
weight of the animals was 28 ± 3g (Hagemann, Extertal). For some
experiments male CS7 BL/6J mice were used.

The animals were irradiated either with gamma rays or with
cyclotron produced fast neutrons (14 MeV D on 3e). Animal handling

was standardized to assure comparable experimental conditions.
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Tracer
Iodine-125 labelled 5-iodo-2 ' -deoxyuridine (125-IUdR,>18OO Ci/mmol)
was chosen as a convenient tracer for small animal studies on
DNA labelling (Hughes et al., 1964, Peinendegen et al., 1966, 1967).
125-1 has a half -life of 60 days and emits soft X- and gamma-rays
of 27.4 to 35.5 keV with a half value layer of about 1.7 cm in watei

The animals were exposed to whole-body irradiation in a lucite

box, that rotated with a constant velocity. The top of the box
gave a shielding of 3 mm of lucite. In case of gamma irradiation
an additional layer of 3 mm of lucite was added.

Gamma-irradiation

A clinical cesium- 1 37-source with a dose rate of 10 rad/min
at 80 cm distance was used. A Farmer dosimeter (Type 2502/3,

Nuclear Enterprises) and therrooluminescence dosimeters, (type
TLD 1OO, Harshaw

) served as dosimeters. The absorbed dose

varied from O.OO5 - 1 Gray. The duration of exposure ranged
from 3 sec. to 10 min.
For the dosimetry, Plexiglas-phantoms were used. The experimental
error was within ±5%.
Cyclotron neutron-irradiation

Neutrons were produced by the reaction 9Be (d,n)1OB using
14 MeV deuterons from the cyclotron CV-28 (Cyclotron Corporation,

Berkeley, California) and a "thick" water cooled beryllium target.
The neutrons had a broad spectrum, extending up to 16 MeV, with
a mean energy of 6 MeV. For the evaluation of absorbed dose, a

tissue equivalent ionization chamber (EG & G) was used inside
a mouse phantom of lucite. In addition, the neutron Kerma was

evaluated from neutron fluence measurements with PIN-diodes and
activation foils. With a neutron collimator of borated wood,
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having a. field diameter of 23 cm, the dose rats at a distance

of 96 cm from the target was 10 rad/min. By varying the irradiation time between O.05 and 10 min., the absorbed doses,

received by the mice, ranged between 0.5 and 10O rad. The

gamma component free in air, derived from measurements with
film dosimeters, was about 6%.

Control animals were sham irradiated, treated and transported
exactly in the same way as the irradiated animals.

5 to 20 mice per group were used for the different experiments.
The animals were narcotized by ether and about 1 ml blood was

taken from the vena axillaris and vena cava; the blood was
allowed to stand for 30 minutes at room temperature and
coagulated and was then centrifuged for 15 minutes at 400O rpm.
The supernatant serum was collected and stored at 4 - 6 C.

Storage for 24 hours did not change the experimental results.
For the cell culture system mouse fibroblasts, type L929,
were used. They were originally supplied by Prof. Mitter-

mayer , Freiburg .
The cells have a diameter of about 2O i 2 <u and a doubling

time of 20 i 3 hours ; the length of S-phase amounts to
7.5 ± 1 hours. The celJs grow as a monolayer on glass (Schott,

Mainz) or plastic-material (e.g. Falcon plastics) .For stock,
every 3 or 4 days the cells were treated with trypsin (trypsin
1 : 25O; 0,25% solution) for 20 seconds; after décantation

they were stored for 10 minutes at 37° C in the incubator and
then suspended with culture medium.
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Basal Medium Eagle (BME & Earles Diploid Salt- (10x) Serva,

Heidelberg) was used with the addition of 8% new born calfserum and 2% fetal calf serum (Seromed, München) and

1O ,ug/ml streptomycin and 100 units/ml penicillin. pH was
adjusted with NaHCO- to 7.3 and controlled with Phenol-Red.
The sterile work was done in a sterile air laminar-flowchamber (Microflow, Fa. Stola, Düsseldorf).
In order to analyse the influence of the serum on the relative incorporation of labelled lUdR, 50.000 L929.-cells

were seeded into Leighton tubes (Laboratory Service,
LS München); after about 3 days the culture medium was

sucked off and the cells were washed once with BME medium
without serum; the number of cells per Leighton tubes was

on the average 250.00O ±5%.
Thereafter fresh 3ME-medium plus 10% serum from the

respective groups of animals, 0.15,uCi

ludR, 10~ mol

Cytidine and 1O~ mol lUdR (Servi, Heidelberg) was added
•

at a volume of 1.5 ml per Leighton tube. After that, the
cells were incubated at 37° C in a C0_-incubator for

6O minutes. Thereafter, cells were fixed with 7O% ethylalcohol for 1O - 15 minutes at room temperature and
finally washed with physiological saline. The Leighton
tubes were counted in an automatic scintillation counter,

type Gammascint BF 5300-from Berthold, Bad Wildbad.

Results
O.5 to 72 hours after whole body gamma-irradiation with 25 to
5OO rad the mice were labelled with 1 ,uCi 125 ItJdR and the incorp-

orated activity was measured 48 hours after injection. This

activity is plotted as percentage of the sham irradiated animals
and shows a maximum depression 4 hours after irradiation (Fig. 1)

(Zamboglou et al., 1980).
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The dose dependent effect was analyzed under different conditions :

a.) Whole body irradiation and whole body labelling 4 hours
after irradiation.
b) Whole body irradiation and in vitro labelling of bone

marrow cells.
c) In vitro irradiation and in. vitro labelling of bone marrow
cells. (Fig. 2).
This comparison shows that the experimental conditions have a.

strong influence. The effect is extremely sensitive when using
in vivo irradiation and in vitro labelling. The mechanisms
which are possibly involved in this radiofaiological phenomena
are not quite understood.

For the analysis of the effects of radiation induced metabolic
products, we used a simple in vitro technique.

Figure 3 shows the experimental flow chart for the investigation
of serum mediated depression of the incorporation of 125 IDdR into
L929 cells in culture. For this investigation the mice were whole»
body irradiated and the serum was prepared at different times after

irradiation. For the in vitro experiments we applied the usual
labelling and separation technique, but the calf serum was
replaced by serum from sham treated or irradiated mice.
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4 HOURS AFTER IRRADIATION

CELL-CULTURE
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INCUBATION
1 HOUR, 37°C

3
FIXATION, WASHING

'"lUdH-ACTJVITY MEASUREMENTS

Fig.

3: Experimental flow chart for the investigation of
serum mediated depression of the incorporation

of ITJdR into

L929 cells in culture.

With this technique, we analyzed the influence of different time
intervals between irradiation and serum preparation. The NMRI-

mice were whole body irradiated with 0.1 and 1 Gy and control
mice were sham irradiated simultaneously (Fig. 4). The percentage

of incorporated activity shows a maximum depression at 4 hours after
irradiation and the time dependent effect correlates with the

results from whole body measurements. The period of storage up to
24 hours at 6° C showed no effect on the results.
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4: Time course of the relative incorporation of
125-IUdR into L929 cells - experimental conditions

as in figure 3.

The dose dependency of the effect was analyzed at the time of
maximum depression (4 hours). Figure 5 shows the results from

different experiments with NMRI-mice. Serum from mice, whole body
irradiated with 0.01 Gy, produced an effect of 20%; 30% and 6O%
were measured for irradiation with 0.1 and 1 Gy gamma rays.

In the next experiment, NMRI mice were sham irradiated, partially

or whole-body irradiated. The relative incorporation of lUdR was
plotted as a function of the percentage of the irradiated body
weight. The relative lüdR incorporation decreased linearly with the
percentage of irradiated parts of the body and no specific head

effect was found.
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The influence of the age of the animals was analyzed for female
NMRI- and for male CS7 BL/Sj mice. The upper part of Fig» 6 shows
the absolute incorporation of lUdR as function of age for
C57 BL/6J/ both control and irradiated animals, and in the lower

part the relative incorporation as function of the age for NMRI
and CS7 BL/Sj mice is seen. After 0.1 Gy gamma-irradiation, the
relative incorporation of the DNA-precursor was not influenced by
the age of the animals.
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calls; serum was produced 4 hours after gammairradiation; experimental conditions as in figure 3.
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irradiation with 0.1 Gray as function of the age
of the animals.
Experimental condition as in figure 3.
In figure 7 the results from whole-body irradiation after
applying different techniques are shown.
a) Total body irradiation and total body measurements.

b) Whole-body irradiation and in vitro labelling of
bone marrow cells after four hours.
c) Effect of 4 h serum from whole-body irradiated mice
on the incorporation of

125
3

IUdR in L929 cells in

culture.
Finally, the influence of fast neutrons was investigated. The
results in figure 8 indicate, that after whole-body irradiation with cyclotron produced neutrons, (mean energy 6 MeV)
the rate of lUdR incorporation is reduced to a greater extent

than after gamma-irradiation.
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Relative incorporation of lUdR; comparison of
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cyclotron CV-28 (E = 6 MeV) (experimental conditions
as in figure 3).
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Summary;

It was demonstrated by us during the last years that the
* *\ e

relative incorporation of I

~

-lododeoxyuridine (125-IUdR)

into whole body of mice following whole body irradiation
is a sensitive indicator of a radiation insult. Furthermore,
it was well documented that the relative incorporation of
lUdR into bone marrow cells of whole body irradiated mice is

a more sensitive indicator for absorbed dose than the
incorporation in the whole body. It was shown that this
method can be used for detection of absorbed doses between
0.5 and 1OO rad. The underlying mechanisms are not yet fully
understood.
The observed effect has possibly different components: direct
radiation effects on the progress of the cells in the cycle,
influence on the DNA-synthesis*rate per S-phase, changes of
the permeability and fluidity of the membranes/ humoral factors

and abscopal effects (Koteles, 1979).
Whole body irradiation produces changes in the concentration
of metabolites, enzymes, hormones and vitamines in blood
serum or blood plasma, which may be detected by enzyme analysis
or radio-immuno-assay

(RIA)

(Altmann et al., 1970).

Those methods are comparatively insensitive and show a' great

variance, which prohibits the application as a biological
dosimeter.
We have introduced -a novel technique, which is comparatively

simple and very sensitive.
The method takes advantage of the fact that the DNA synthesis
rate of an exponentially growing .fifaroblast culture (L929)

depends in a very sensitive way on the addition of a suitable
serum supplemented medium. Irradiation of the experimental

101

animals leads ta a change in the composition of the serum which
inhibits the incorporation of the precursor into DNA.

The changes in the incubation rate are evaluated by using
I-125-labelled lUdR, which allows in a simple manner the

external measurements of the incorporated activity, which
adds to the simplicity and accuracy of the proposed procedure.
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ANALYSIS OF PROTON BINDING GROUPS ON CELL MEMBRANES
FOLLOWING IRRADIATION

H. ABEL, G. DREYER, C. JUNGE
Central Institute of Molecular Biology,
Academy of Sciences,
Berlin, German Democratic Republic

Abstract . The proton binding functional groups of raurine
erythrocyte surfaces were titrated. The potentibmetric
titration data obtained from irradiated red blood cells
revealed that the number or accessibility of the ionizable
groups after whole-body irradiation with 4 Gy vary only
in the side-chain carboxylic groups. The number of these
groups decreased only 15 days after irradiation.

The cell membrane as the switching point between the
cell and its environment carries information-recognition systems controlling the coordinated cooperation
of the cells. These information- recognition systems
are formed by functional groups which are bound in a
certain arrangement to the glycoproteids and glycolipids of the cell membrane. These genetically determined structures determine such properties as the
binding capacity of the cells, e.g. for hormones and
lectins, the surface charge of the cells and their
immune reactions, that is, the properties of cells
that can be influenced in particular by radiation.

It is the ai'™ of our efforts to analyse which of these functional
groups are being altered by the irradiation« The most important
functional groups are 'shown in
Fig. 1. As we can see,
these are proton-binding groups, which makes them amenable to
physico-chemical analysis by acid-base -titrations.
However, the determination of the number and the analysis of the
chemical nature of charged groups at cell membranes is not satisfactorily managed both experimentally and theoretically» Electrophoretic studies ' are confined to the determination of the net
charge density -at the surface 'and do not provide the desired
information /8 , 9/, We' attempted to- apply the method of
potentiometric titration, which had been developed by Tanford to
a highly efficient method -for proteins, to the titration of cell
membranes. Similar attempts have been reported in the • literature
/1 , 2/, which however used the titration technique unmodified
and were therefore restricted to erythrocyte ghost's. Application
of conventional titration techniques -fails mainly because the
cell suspensions with these techniques are exposed to the
influence of acids and bases during the titration, that is, to
1 03

extremely unphysiological conditions, and because cell constituents
would be titrated owing to damage to the cell membrane. The
method of titrating cell membranes, as in the case of erythrocyte
ghosts, is not generally applicable to other cells and is not
even unproblematic with erythrocyte ghosts because of .the
influence of the preparations! technique»
The foundation for any study of proton binding groups is the
potentiometric titration curve. To obtain such a curve, one
begins with a protein solution or a cell suspension of known
concentration, at an arbitrary reference pH, adds to it varying
amounts of a strong acid or a strong base, and then measures the
new pE attained» In a separate experiment, one determines how
much acid or base is needed to take a solution which does not
contain proton binding groups, but otherwise has the same
initial pH, ionic strength, volume, etc., to the .same final pH,
ionic strength, volume, etc. The amount of acid or base
required for the protein solution er cell suspension is always
larger than the amount required for the corresponding solution
without proton binding groups. The difference between the two
amounts is the amount of acid or base which is bound to the
protein or cell in going from the reference pH to the final pH:
a plot of this quantity versus the final pH is.the desired
titration curve.
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lonization of groups present in proteins, (llusil et.al. 1977)
(Beside this groups, some glycolioids contain other dissociable
groups, aost }T-aG9tylneura3inic acid)
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Pig. 2

Plow titration deviceoperating principle
(see test)

Y/itb the titration technique developed by us it is possible to
titrate also intact biological cells of any origin and to -obtain
information on the quantity and chemical nature of the ionisable
groans at the cell surface. The point was to titrate not the
whole cell specimen at once, but the cells ^ne after another by
a flow technique. This ensures that the cells are exposed to the
titrant only for a fraction of the whole titration period.
Pig. 2 illustrates the operating principle of our apparatus, The
first piston burette on the left-hand side of the picture is
filled with the cell suspension and the second burette 'is filled
with acid or base as titrant.'
•oH variation of the titrant is accomplished in a gradient mixer
(1). The titrant (2) and cell suspensions (3) are supplied by a
synchronously driven piston burettes separately to the capillary
electrode (4). In the latter they are mixed and upon passage
the solution is collected in a vessel (5), which also contains
the reference electrode (6). The two piston burettes and
a recorder used to register the pH value versus the titrant
consumption are being controlled by an automatic titrator.
Thus it is possible to titrate the whole specimen in a way that
the cells are exposed to the titrant only when passing*through
the capillary electrode. Damage being caused to the cells upon
leaving the capillary electrode have virtually no influence on
the measurement.
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In order to. check the efficiency of this flow technique, we
recorded the titration curve of the phosphoric acid (cf. Pig. 3).
Being a three-base acid with pK values in the acidic, neutral
and basic region, this acid is especially appropriate to test
the titration arrangement over, the whole pH range. The
coincidence with weluziovra data is excellent.

2ig.

3

•nitration curve of
phosphoric acid. The first
equivalent point (1.2?)
corresponds' to complete
titration of H^PO^ to
E~POT, and the second
to EPO~
C2.SP) of E^I
This ion is so weakly
acidic that further titrant
addition is unable to
complete the titration of
HPO~ to ?0~~~\

o-

<
ta
MOO

Titration curve of human
serum albumin at ionic
strength 0,15 and 25°C.
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The question
l s how far 'the method afford, in addition to
qualitative characterisation, also qualitatively évaluable
results determined our future work« Fig. 4- shows the examination
of the method, exemplified by the well studied titration curve
of human serum albumin» The result shows good agreement with the
amino-acid analysis, the number of carboxylic groups in the
acidic pH range, the number of imidazole groups in the neutral
pH range,, and 'the groups in the alkaline range /3/«
Pig. 5 demonstrates the gentle conditions of our method, examplified by the hemoglobin cyanide complex, while reversible denaturation cannot be avoided with the conventional titration
technique , the flow method allows titration of the hemoglobin
in the native state, as comparisons nith stopped-flow studies
show /V.
'.
These results have encouraged us now to evaluate also cell
titrations in a quantitative manner.
The investigations were started on mouse erythrocytes because'
of their easy availability, and were based on literature reports
using. different methods /5/«
Material- and methods

Chemicals^
All compounds used were of analytical grade, -and reagents were
prepared in bidistilled water.

Hale 11-week-old CBA mice in groups of 15 mice each were
subjected to a sublethal dose of 2.0 and 4.0 Gy, respectively,
of whole-body irradiation at a dose rate of 1 Gy min
(details
of the 1 M7 X-ray unit employed were described in /6/)«
Blood was removed from the heart after killing the mice, using
heDarin as anticoagulant. Before titration the erythrocytes
were washed three times in 0.9 % Had solution at room temperature, The cells were resuspended in 0.9 % ITaCl solution, and
the pH value was adjusted to 7.0. The -cell concentration was 10
erythrocytes per ml»
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Sig. 5
übe acid region of
the titration curve
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Several parameters of the red cells following irradiation were
observed:
- Determination of the numbers of erythrocytes per ,ul using
Ueubauer's counting camera
- Determination of the bematocrit value (HK %} according to
Hamburger
- Determination of tbe hemoglobin content per erythrocyte using
tbe hemoglobin cyanide method
- Determination of the relative reticulocyte count by restaining
with brillant kresyl blue.
Blood removal was performed at intervalls of 24 hrs, 3, 7, 15,
22, and 29 days following irradiation.'The samples were obtained
from 5 animales each, and were represented as averages in Pig. 6.
Titration_measurgmentsiit
H* titrations were carried out at room temperature. The titration
range v?as usually confined to pK 2.5 - 10.5. Outside this range,^
ionic strength variations make the subtraction of appropriate
blank titrations subject to large error. Pig. 7 shows the
complete flow titration equipment.
Results
First studies have shown that no alterations from unirradiated
controls are detectable by titration at the erythrocyte membranes
in the first hours and days following irradiation.
In order to survey possible alterations of the red blood
picture as a function of time following irradiation, several
parameters were determined (Pig. 6). Let alone the significant
variation of the proportion of reticulocytes, the observed
alterations are only small. But it is conspicous that these
alterations are recognizable both at a dose of 2.0 Gy and
4.0 Gy and are dose-dependent in their intensity. We will not
try to interpret these findings in more detail but will use them
to perform titration studies at some pronounced intervals,

namely 7 days and 15 days after irradiation.
Pig. 8 shows the titration curves of the erythrocyte suspensions
after subtraction of the respective reference curve of the supernatant. All the curves show the course typical for erythrocyte
membranes, that is, a preponderant number of titratable groups
in the acidic pH, range, corresponding with carboxylic groups,
less titratable groups in the pH range from 6-10, corresponding
to the imidasole, amino-, phenolic OH- and SH-groups, and a not
completely titratable number of groups above pH 10 (guanidine
groups?). Tvhile there is no significant difference observable
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between the titrâtion curves of the control sample and sample 1
(7 days after irradiation), the titration curve of sample 2 (15
days after irradiation) is distinctly different in the acidic
pH region. This pH region corresponds above all with the
side-chain carboxylic groups of the proteins. Terminal carboxyl
groups and the carboxyl groups of the sialic acid not yet

essentially determine the titration curve in this region.
In conclusion, the titration curves clearly show that the number
or accessibility of the ionizable groups at the erythrocyte membrane after preceding whole-body irradiation with 4.0 Gy vary
only in regard to the side-chain carboxylic groups. While the
number of these groups is still unchanged 7 days after irradiation,
being about 12 x 10 per erythrocyte, this value decreased to
o
about 6.5 x 10 15 days after irradiation. But the other
ionizable groups of the membrane proteins and membrane lipids
Q

appear essentially unaltered.
Of course,' our method reveals nothing about possible alterations
of the immunologically essential carbohydrates of the membrane
glycoproteids and glycolipids (except for sialic acid).
The first results presented here have to be substatiated by
further studies, especially on the dependence on time and
radiation dose.

Fig.
Flow titration equipment
(Sample and reagent dosing device DS 201, VEB Prüfgeräte-Werk
Medingen; Flow titration assembly developed by us; Titration
system RTS 622, Radiometer Copenhagen)

no

Fig. 8
Titration curves of erythrocytes of CBA mice:
1 unirradiated control sanple
2 7 days after whole-body irradiation with 4.0 Gy
3 15 days after whole-body irradiation with 4.0 Gy
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RADIATION-INDUCED CHANGES OF PLASMA MEMBRANES
OF HUMAN BLOOD CELLS

T. KUBASOVA, G.J. KÖTELES, P.L. VARGA
"Frédéric Joliot-Curie" National Research Institute
for Radiobiology and Radiohygiene,
Budapest, Hungary

Abstract. Early, dose-dependent and transient alterations
were observed in the plasma membranes of human blood cells
after x-irradiation in vitro as detected by a concanavalin
A-binding technique. Platelets, lymphocytes and erythrocytes,
separated in a one-step procedure from a single blood sample,
showed different radiosensitivities within the dose range
of 0,1-5 Gy. The complex evaluation of the surface alterations of blood cells might serve as a membrane-related
biological indicator of radiation injury.

INTRODUCTION

In recent years considerable amount of new data have
accumulated concerning the structure and function of
cell membranes. Th,e fluid mosaic model (Singer and
Nicolson, 1972) reflects a highly complex and flexible
entity which might change rapidly upon external and
internal effects. The various receptors are integral
parts of plasma membranes and play decisive roles in
the reaction of the cell with its environment.
A large body of evidence has come to light verifying the
functional and structural alterations of plasma membranes
upon ionizing radiation. More recently, experimental results
have been published on radiation-induced changes of surface
charge and of membrane potential /Röttinger and Hug,1972;

Redmann and Reichel,1977;Sato ,Kojijna,Onozawa and Matsuzawa,1972;
Baisch and Bluhm,1978/, changes of transport of molecules
or ions /both active and passive ones, resp./ through the
cell membrane /Chapman,Sturrock,1972;Hasl and Pauly,1968;
Rink,1975;Rink and Bergeder,1976;Sontag,1977;Wallach and
Weidekamm,1973;Baisch,1978/. It is also an important recognition from radiobiological point of view that the extent of
damage, the condition of membrane and survival of cells after
radiation are related /Sato,Kojima,Onozawa and Matsuzawa,1972,
Malone and Foster, 1972,-Sbenoy,George ,Singh and GopalAycngar,1975:Yatvin.Word and Brown,1972; for review ".<;e
Koteles,1979/. Since the lectins of various origins and
specificities can be applied for studies on the cell surface
receptors, we started to investigate whether any change
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could be detected by techniques which involve the binding
of lectins to cell membranes and this alteration might be
brought into connection of the absorbed dose. In our Icctinbinding experiments we used the H-Concanavalin A /°H-Con A/
which lectin couples specifically to glucose and mannosc
residues of membrane components. Ionizing r a d i a t i o n caused
an e a r l y - d u r i n g the f i r s t 3 hours of p o s t - i r r a d i a t i o n period, -

transient and dose-dependent increase in a f f i n i t y of d i f f e r e n t
coll types to ConA. This phenomenon could be observed on
plasma membrane receptors of human fibroblasts in tissue
culture and blood cells /erythrocytes, lymphocytes and
p l a t e l e t s / of X-irradiated mice /Köteles,Kubasova and V o r g a ,
1976; Xubasova,Coaky.Uoteles,Varga and Sztanyik ,1977;!<ubasova ,
Vargo and Köteles,198lj Kubasova. Köteles and V a r g a . 1981).
The results obtained so far lead us to study also the
correlation between the doses applied and changes in the
f u n c t i o n of lectin-binding receptors of human blood cells
X-irradiated in vitro. A comparison of radiation-induced
membrane-alterations of animal and human cells hag its own
significance in .radiobiology of membranes ,but data on the
l a t t e r might provide a u s e f u l biological indicator of radiation
injury in case of nuclear accidents,
2. MATERIALS AND METHODS

2.1

Chemicals

Concanavalin A / H/G/,NET-491,Spec.act. :38.8 Ci ïamol ,
Lot Mo.1109-115/ was obtained f r o m New England Nuclear,
Boston,Mass.USA. Concanavalin A /No,C-2010,Lo.t,No.ll5c-7060/
and «C-Methyl-D-glucoside./Lot.No.25c-0203/ were purchased
f r o m Sigma Chemical Co.,St.Louis,USA*Ficoll 400 /Lot.No.
5393/ was ordered f r o m Pharmacia Fine Chemicals AS/Uppsala,
O

Sweden. Uromiro' was purchased from Bracco Industria
Clinica Sp.A.Milano.Italia and Soluene R 100 /Lot.No.176096/
from Packard Instr.Co.Inc.Warrenville,111.USA. Glutardialdehyde solution /25%,Art.4239/ was obtained f r o m Merck,
West-Germany.
2.2 Experimental object
Human citrated blood samples were collected f r o m healthy
donors at the age of 20 to 45 years. In the experiments both
individual samples and mixed
blaod were used.
2.3

I r r a d i a t i o n techniques
Blood samples of 5 ml were irradiated in teflon tubes
/length 95. mm, diameter 17 mm/ with 0,1 - 5 Gy doses by a
THX 25O X-ray machine /Medicor.Budapest/. Irradiation
c o n d i t i o n s : 200 kV, 1,45 mm Cu HVL, SGD 60 cm,, dose-rate
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317,1« lo"0 G y w a t e r / m i r l ' ~l"nc exposures were measured by a
calibrated ionisation chamber /Farmer dose meter Type 2502/3,
0,6 or.3 ionization chamber/. For calculation of the absorbed
dose in w a t e r , conversion f a c t o r s and the value of HVL
were used /ICRU Report lOb, 1962 and ICRU Report 23, 1973/.
2.4

Separation of blood cells
Control and irradiated blood samples of 2 ml were
treated with glutaraldehyde /final concentration 0.025/0/ at
1/4,
1/2, 1 and 3rd hour of post-irradiation period t h e n the
separations of various blood cell types were p e r f o r m e d . Based
on Boyum's method /1968a, 1968b/ we have worked out a one-step
s e p a r a t i o n procedure to isolate platelets^lymphocytes and
erythrocytes. The blood samples t r e a t e d with glutaraldehyde
were again diluted by addition of equal volumes of physiological saline. Then 4 ml of this cell suspension was put onto a
Ficoll-Uromiro discontinuous density gradient consisting of
3-layers /specific gravities:1.077, 1.066 and 1.048 g/ml,
pH 7.3 isosnotic conditions/, and centrifuged at room temperature
with 1300
rpm for 30 minutes in 98x16 mm tubes /Minifuge 2
Heraeus Christ,West-Germany/. The bands of d i f f e r e n t cell
types developed on the interfaces of layers and at the b o t t o m
of the tube as shown on Fig.l were collected. The u p p e r band
contained the whole population of platelets; an almost p u r e
p o p u l a t i o n of lymphocytes was f o u n d in the middle b a n d , and the
sediment consisted of red blood cells. F u r t h e r on, three
f r a c t i o n s of erythrocytes were isolated f r o m the whole population by c e n t r i f u g a t i o n of 3 ml cell suspension containing
4-108
cells per ml on Ficoll-Uromiro density gradient /specific
gravities:!.087, 1.076 and 1.065 g/ml,
pH 7.3.isosmotic
conditions/ at room t e m p e r a t u r e with 3OO rpm for 25 minutes.
2.5

Labelling of blood cells with H-Con A
The cell f r a c t i o n s collected a f t e r separation were washed
with POS or physiological saline and the labelling with
radioactive loctin was carried out /in tubes mentioned above/
in a volume of 0.2 ml; i.e.0.1 ml /l,uCi/ml/ H-ConA
/
3
was added to 0.1 ml cell suspension. The H-ConA labellings
of erythrocytes /4-10
cells/0,1 ml/ and their s u b f r a c t i o n s
were p e r f o r m e d at 37 C for 30 minutes. Lymphocytes /1-1.5'1O
cells/0.1 ml/ and platelets /I»10
cells/0.1 ml/ were inc u b a t e d with radioactive concanavalin at 37°c for 10 minutes.
The unbound radioactivity was removed by repeated washings
of labelled cells with cold physiological saline. The specificity of binding was checked by addition of oL- -Methyl-Dglucoside as previously described /Kubasova,Varga and Koceles,
19S1).
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2.6

Radioactivity measurement
For liquid scintillation counting the samples were dissolved in Bray's solution /Bray,1960/. Radioactivity measurement*
were made with a liquid scintillation spectrometer /Searle

Analytic Inc.,Mark III»Model 6880/. For conversion of cmp
to dpm the external standardization method was applied.
The binding was expressed in terms of dpm per 10 cells for
each cell type.

Fig,l

One-step separation of human blood cells from a single
blood sample by centrifugation on Ficoll-Uromiro
discontinuous density gradient.The upper,wide band
contains pure fraction of platelets.The thin, ringlike band consists of lymphocytes and a few monocytes.The erythrocytes settle at the bottom of tubo.

3.

RESULTS
It was evident from our previous data for murine blood
cells that ionizing radiation caused very early changes in
the abilities of erythrocytes, lymphocytes and platelets to

bind concanavalin A. Due to the transient character of these
alterations and the time needed for the measurement of lectinbinding it seemed to be of practical importance to find out
a way for the fixation of the radiation-influenced cell surface. To prevent the re-arrangement of the perturbed structure
of plasma membranes we applied a treatment of the cells with
glutaraldehyde in a final concentration of O.O25% for a
minimal time of 30 minutes /Esser and Rüssel,1979/.
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This treatment did not influence the amount of bound H-ConA
as compared to the control values and, on the other hand, it
provided a possibility to examine the samples at any time
after irradiation. Since it has been shown that the changes
on the cell surfaces occurred within 3 hours after irradiation,
our attention turned to this period.
The binding of labelled lectin by the whole population of
human erythrocytes /Fig.2/ was significantly altered only
after applying 5 Gy dose. The values for 3.5 Gy were above
the control level at 15-30%. Below these doses no stimulation
of the lectin-binding could be detected. The separation,
/however, into 3 subpopulations of erythrocytes according to
their specific gravities /Fig.3/ revealed great differences
in radiosensitivities between the light and -heavy/ partly
clumped erythrocytes: while the amount of radioactivity bound
to the heavy cells did not differ from the control, the
increase of H-ConA binding in the light fraction varied from
25% for 2 Gy till 10C% for 5 Gy. Thus, it is obvious that the
cell surfaces of light red blood cells reacted more sensitively
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Concanavalin A-binding fay various cell populations
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on Ficoll-Urotniro discontinuous gradient. I - light cells,
II - intermediate f r a c t i o n . III - heavy, slightly
clumped cells.
The irradiated and control data represent mean
values -t- SE.

upon ionizing radiation than that of the heavy or intermediate
e r y t h r o c y t e population. This phenomenon might be a t t r i b u t e d
to ages of the cells /Corash, Piomelli,Chen,Seaman and
Gross,1974/. T h e r e f o r e , in the f o r m e r case the e f f e c t of 2 Gy
could already be recognized while testing the total p o p u l a t i o n
only 5 Gy provoked a well-detectable change as seen on Fig.2.
The studies on isolated peripheral blood lymphocytes /Fig.4./
revealed an increase of bound radioactivity a f t e r applying
doses in the range of 0.25-5 Gy. The values rose a b o u t 40-45^
a
^ter
0.5 Gy and reached the highest level - a b o u t
double of the control - at 1 Gy, above which only m o d e r a t e
increase could be observed. It should be noticed t h a t in the
course of post-irradiation period an oscillatory c h a r a c t e r
of a l t e r a t i o n s could not be excluded.
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Among human blood cells irradiated in vitro the platelets
reacted most sensitively /Fig.5/. Already 0.25 Gy dose
caused approximately 40% elevation of lectin-binding. With
increasing doses, the reaction increased further until the
level obtained for 1 Gy, in which case more than 100 %
increase above the control was measured. Higher doses, 2 and
3.5 Gy, however, resulted in less stimulation than 1 Gy,
i.e. the levels of the lectin-binding were similar as for
0.5 and 0.1 Gy, respectively. At 5 Gy the binding proved
to be on the control level.
4.

Discussion
The results presented above give evidence that the

radiation-induced changes on the cell curfaces of human blood
elements were similar to those obtained on human fibroblasts
/Köteles»Kubasova and Varga,1976/ and murine blood cells
/Kubasova .Csaky ,Koteles ,Varga and Sztanyik,1977;i<ubasova ,
Varga and Köteles,1981/, i.e. very early, dose-dependent and
transient alterations could be observed on human erythrocytes,
lymphocytes and platelets as well by H-ConA-binding.
Thus, the studies applying the lectin-binding technique
revealed f u r t h e r d i f f e r e n c e s in the structural reactivities
of various cell types against ionizing radiation as reviewed
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Radiation-induced changes in H-ConA-binding of
human platelets at the 3rd hour of post-irradiation

period.
The irradiated and control data represent mean values
+ SE.

recently /Koteles,1979/. On the basis of the differing radiosensitivities of blood cells a comparison of the radiationinduced increase of lectin-binding by erythrocytes»lymphocytes
and platelets separated from the same blood samples can be
made /Fig.6/, and - in consequence of this - the probable
range of absorbed dose can be suggested. Thus, according to
the effects of ionizing radiation observed in our experiments,
the following three dose-ranges can be distinguished:0.1 -

0.25 Gy - when the platelets bind ^H-ConA in an amount above
the.control level; 0,5-2.0 Gy - when parallel with the
increased reaction of platelets, the lectin-binding to the
surfaces of lymphocytes is also stimulated; 3.5-5 Gy - when

the receptor function of erytnrocytes also occurs in an
enhanced rate. At present, we conclude that the only analysis
of the concanavalin A-binding features of one cell type does

not offer satisfactory information concerning the absorbed
dose; the complex evaluation,however, on 3 cell types of

blood provides useful indication of the extent of radiation
injury. Further improvements in the sensitivity of the tech-
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nique can be expected as we have demonstrated that the lectinbindings of cells, irradiated or unirradiated, vary among
subpopulations of a certain cell type, e.g. for platelets
/Kubasova,Varga and !<oteles,198l/ and for erythrocytes in
the present publication.
Methodically, one of the important steps to catch the
transient perturbation of the plasma membranes was the
introduction of a. mild fixation of cells by glutaraldehyde.
It was found that the applied concentration of glutaraldehyde
did not alter the concanavalin A-binding, as compared to
those of non-treated blood cells. At the same time, the stabilization of plasma membrane prevents any further change on cell
surfaces, like what we could reveal that non-treated normal
lymphocytes of citrated blood" lost approximately 3ofj from
their ability to bind concanavalin A, when the sample was
left at room temperature for 4-5 hours /unpublished data/.
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Fig.6

Comparison of

H-ConA-bindings of various human

blood cells irradsted in vitro at the dose-range of
0,1-5 Gy as examined at the 3rd h o u r a f t e r irradiation..
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Other authors /Esser and Rüssel,1979/ have also observed
the loss of the capacities by macrophages recovered fron
»
regressing Moloney'.sarcomas to kill tumor cells when held
12-2,4 h in culture. The phenomenon seems to be membrane-bound,
because the exposure of this cell population to low concentrations of bacterial lipopolysaccharide caused a transient
perturbation in plasma membranes and a subsequent rapid resurgence of the cytolytic activity.
As for the explanation of increased lectin-binding induced
by X-irradiation we suggest that a receptor rearrangement takes
place on the cell surfaces due to the lateral diffusion and
rotational movements of receptors /Singer and Nicolson,1972;
Sato.Kojima and Nishizawa,1977/, and by this way more binding
sites become accessible. One of our observations support this
view as we could measure an elevated amount of labelled lectin
bound to the cell surfaces of the "light" .subpopulation of
human erythrocytes even after the saturation of binding sites
with non-labelled ConA before X-irradiation with 3.5 Gy
/unpublished data/,
It should be noted that the labelling index of non-irradiated human erythrocytes varied between 36 and 41% /unpublished
data/ and was similar to the 30-35 % value of murine red
blood cells /Kubasova, Varga.and Köteles,198l/. It seems that
"the plasma membranes of various erythrocytes are different.
Our experience with irradiated "light" and "heavy" erythrocytes
supports this suggestion. Alterations observe/d in concanavalin
binding abilities of subpopulations of the same cell type
probably correlate with the ages of cells /Corash.Piomelli,
Chen,Seaman and Gross,1974/. This "qualitative" difference
in plasma membrane of the sane cell type should not be neglected when the number of binding sites is going to be determined.
As the present investigations on dose-effect relationships
of human blood cells were done with human blood irradiated
in vitro, it will be our next aim to examine this model for
human blood irradiated in vivo.

CONCLUSIONS

I/ Early, dose-dependent and transient alterations were
in the plasma membranes of human fibroblasts, murine
and human blood cells upon X-irradiation as detected
by concanavalin A-binding technique.
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2/ Platelets, lymphocytes and erythrocytes, separated in
one-step prosedure from a single blood sample, showed
different radiosensitivities within the dose-range of
0,1-5 Gy.
3/ The complex evaluation of the surface alterations of
blood cells might serve as a membrane-related biological indicator of radiation injury.
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RADIATION DAMAGE TO HUMAN ERYTHROCYTE MEMBRANE
K.P. MISHRA, N.C. VERMA, V.T. SRINIVASAN, B.B. SINGH
Biology and Agriculture Division,
Bhabha Atomic Research Centre,
Bombay, India

Abstract. The effect of gamma-irradiation on human erythrocytes and the modification of this by chlorpromazine (CPZ)
have been investigated, the extent of hemolysis induced
being taken as a criterion of damage. Cells irradiated under
isotonic conditions for doses up to 1,5 kGy did not hemolyze
to any significant extent when measured within a few minutes
of irradiation. The hemolysis gradually increased on postirradiation incubation, and eventually complete hemolysis
occurred suddenly within a span of 2 to 3 hr. The time
taken for complete hemolysis depended on the radiation dose.
The stability of these irradiated cells in 0,45 % sodium
chloride solution decreased with postirradiation incubation.
The extent of hypotonie hemolysis was found to be linearly
dependent on the radiation dose. Under isotonic conditions,
0.25 mM of CPZ did not induce any significant hemolysis
while 0.5 mM of CPZ caused complete hemolysis in about 12
hr. However, treatment of irradiated cells with 0.25 mM
CPZ showed a synergistic effect. Although the amount of
CPZ bound to the irradiated cells did not change with dose,
the extent of drug-induced hemolysis increased with dose.
The present results may partly explain the synergistic
effect of CPZ and radiation on tumors.

INTRODUCTION

The implication of cellular membrane in the radiation
damage (1,2) suggests the possibility of this membrane
damage being used as a criterion of biological indicator
in radiation accidents. We have chosen the membrane
fragility of red blood cells as the index for radiation
damage. From the point of view of biological dosimetry,
a sample of blood is perhaps the most convenient one
because of its ready and easy availability.

According^ we hare studied the heaolyala at buoun
exytnrocytes Induced tgr gsjnaa radiation under isotonio and
hypotonie conditions.

Attempts «ere also made to amplify "the

initial radiation damage \jf post-irradiation treatment

witb oerteJLa Beabraae specific drag». Taribersore« to* effects
of radiation and membrane specific drugs on the diffusion

coefficient of water in noun erytarocytea were also
larestigated.

!25

2.

Materials and methods

2.1.

Srythrocyte preparation
?reah blood drawn by real puna tura fron apparently

healthy donors was collected in vials containing asnonim
oxalate as the anticoagulant.

Hie blood was washed, with tan

volumes of phosphate buffer saline (PB3: phosphate buffer,

0.95f 3aCl, pH 7*4), centrifugea and the buffy coat wot carefully
removed by aspiration. After repeating tile process tiirea
time», the Packed calls were diluted with equal volume of PBS.
2.2.

Irradiât ion
'Sie 50% cell a us pensions in isotoniu pfaoaphata buffer

saline were irradiated with, cobalt-oO gamma-ragra at a dose
rate of 3&5 krad/aiin as measured by Sricka doaimatry.

2.3.

Hamolyaia studies

'Si» irradiated samplas after being incubated for

various intervals of tine at the desired temperature were
suitably diluted, centrifugea and the hemoglobin in the
supernatant was estimated by monitoring the abaorbance at
540 am with a 3eeJman SB apectropbotcmatar.

Hi a extent of

hemolysis la reported as a percentage of -aie absorbance value

from a sample completely h«molysed either in distilled water

or phosphate buffer.
?or fragility measurements, the 50* cell auap«c»iona
after being Irradiated to the r squired dose were incubated

for 5 hours at aie desired temperature and then mixed with
tan volumes of phosphate buffer containing 0.45* SaCl.

de

extent of heaolysis was measured as before«

2.4.

Diffusion coefficient studies*
Diffusion coefficient measurements were carried out

using a pulsed nuclear magnetic reaonacca apectrcaeter operated
at 32 MHs. übe time dependent field gradient technique was
used (3). Vater doped wife manganese chloride was used as the
«••5

standard and its diffusion coefficient was taicen as 2.4 z 10 Joa

aeo.

For •files» studies whole blood was used as auch without

any processing whatsoever«
3.
3.1.

Basalts and discussion
Sadiation-induced hemolysia

a« extent of aemolysis as a function of tiae after

irradiation la iaotonic solution of a 505 sell suspension la
126

2

shown ta figure 1.

It can be seen that heaolysls slowly

increased with time but after a certain period depending on the

dose of radiation, a sudden heaolysis oceured reaching 100*
Talus within a a pan of 2-3 hours. ?or instance, at a dee«
of 100 toad, little hemoglobin was released on storage «t

room temperature up to H hours but oca piete aemolysis occured
In tne next two to throe hours.
t» osa be seen from figure 1, the tiae of complete
hemoiyeis depended oa the dose of radiation, the higher the
dose, tile *ATli*r being tbe tiae of complete hamo3ysis.. Various

aspects of radiation effects on erythrocytes reported earlier
(4-9) include a continuous increase In hemolysis on post-

irradiation incubation in isotonic saline (10).
5ren though, practically no hemolysia oocured tinder
laotonic conditions during the initial period of poet-Irradiation
incubation, tue cells when exposed to 0.45* SaCl hemolysed
appreciably, the extent of hemolysis being dependent on the

time of incubation and reaching a saturation value after 10-12
hours as shown in figure 2.

It thus appears that the stability

of membrane to hypotonie shock continues to decrease during th«
post-irradiation period.

Oils can be partly attributed to the

weakening of the cellular membrane due to* continuous formation

of lipid peroxides long after 'ate end of irradiation as suggested
by layers and Side (4).

Qxus the stability of Irradiated cells decreased with
time on post-irradiation incubation. We, therefore, investigated
the possibility of using hypotonie response of irradiated

cells at a particular time after post-Irradiation incubation,
as a measure of dose. 7ith this purpose, cell suspensions
were Irradiated with gamaa-rays to rarious doses and incubated

for fire hours at room temperature and then exposed to hypotonie

saline (0.45* ffaCl).

As can be seen in figure 3, a plot of

percentage hemolysis rersus radiation dose yielded a straight
line. Since radiation induced processes continue long after
irradiation and are believed to be responsible for the weakening
of cell membrane, Incubation of cells at higher temperatures

could be expected to accelerate these processes resulting in
increased eensitirity.

Oils is borne out by the résulta

obtained wnen the incubation was carried out at J7°C as shown

in figure 3«
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3.2. Modification of radiation damage by m«œbrane

apeeifie drug*
2hua having established a correlation between the «xtent
of hemolysi* (a «eaaure ef mnbrane damage} and the radiation

dose, attempt« «ere aade to ampluy the radiation effects 00
that lower doee* could be monitored. Tor tais purpose, the
irradiated oelia were treated with ohlorprojuasiit» (CPZ) aid

the extent of hemoJyei* wtiaated as before.
Hamolytic behariour of human erythrocytes on treatment
with CPZ and other related drugs has been extensively Investi-

gated (11). CEZ is known to stabilise erythroeytes at lower
concentrations while it causes hemolysis at higher concentrations (11, 12). figure 4 shows the hemolysis induced by CPZ
under isotonic conditions.

It is evident that at 0.5 mM

concentration, CPZ caused complete hemolysis in about 12 hours.
At a lower concentration (0.25 mM), no significant release cf
hemoglobin was noticed up to 20 hours.

On the other hand,

when the cell» were irradiated with 100 krad of gamma rays
and then exposed to 0.25 mM CPZ, the hemolytie behaviour was
similar to that of 0.5 mM CPZ on unirradiated cells demonstrating a greater effectiveness of CPZ in irradiated cells
(figure 5).

Hie time course of hemolysis induced by CPZ

(0.25 m!£) in irradiated cells remained unaltered whether CPZ
was added immediately or after varying periods of post-irradiation

incubation at room temperature.

It can therefore be inferred

that the radiation-induced processes in cells which interact
with the CEZ hemolysia in isotonic solution do not change on
post-irradiation incubation. But the radiation induced
processes which show their influence on the hypotonie hemolysis
were found to change with post-irradiation time as shown in

figure 2.
In the process of hemolysis induced by CPZ in
isotonic ^"^ hypotonie solutions, a Passive water diffusion

has been Implicated among other things (13). "Therees lower
CPZ concentrations inhibit water diffusion and stabilises the
membrane, an opposite effect is speculated to be operative at
hemolysing concentrations of CPZ.

Since such processes are

believed to involve association of drug molecules with cellular
membrane, the srount of drug absorbed by the cells was estimated.
Por this purpose, the irradiated cells were equilibrated with
0.25 mM CPZ for 15 minutes and then centrifugea,

îran the

concentration of the drug in the supernatant as determined by
absorption at 260 nm (14) the amount of drug associated with

the cells was estimated.

Although the drug associated with

the cells »as found to remain constant irrespective of the dose
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of radiation, the extent of CPZ Induced hemolyeis la the
irradiated cells was dependent on the radiation dose (figure 6).
•Thus the syaergistic effect of CSZ and radiation is not dus to

the amount of drug absorbed by the Irradiated cells.
3.3.

Diffusion coefficient studies
She water diffusional permeability of human eiythrocytes

has been measured earlier using a pulsed field gradient

technique (15)- The diffusion coefficient of water la
erythrocyt«s waa found to be reduced «dien treated with Paraehloromercttiaabeazoat*, a reagent known to interact with
the SB. groupa of proteins la the membrane.

In other words,

the diffusion coefficient Is modified by a change in the
membrane characteristics.

As the cellular lethality induced

by ionising radiation is at least partly attributed to membrane
damage U ,2), sne would expect a corresponding change in the
diffusional permeability of water In red blood cells as a
result of Irradiation.

Qxls is borne out by the results

obtained as shown la table 1.

At doses greater than 11.5 krad

the diffusion coefficient is, significant^ reduced. However»

no change could be observed at low doses so that fron
the dos ime trie point of view, this technique does not seem
feasible.

übe observed decrease in the diffusion coefficient is
probably due to the dsatructinn of 2H groups (16} as treatment
with an SB binding agent such as the sodium salt of parachloromerouric benzole acid results la a similar decrease- as shown la
table 2-

Surprisingly, chlorpromasine, a membrane spécifie

drug, has no effect oa the diffusion coefficient up to the
maximum possible concentration of 0.5 mil. Whether this inability
of CJ2 to altar the diffusion coefficient Is due to insufficient
concentration or inhérent in the nature of its interaction with
aembraa« remains to be investigated.
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COB??IOIBHT
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Treatoent

Sample

coefficient
x 105 Cn2/a«c

Otiirradlated

Whole blood

0.79

Irradiated wita
Sasnoa-raya

1.15 trad
5.75 krad
11.50 krad

0.85
0.80
0.41

100.00 krad

0.28

Diffusion oo«£Clel«xit of water taken aa
10"5 cm2/a«o.

ÎABIS 2.

zeTSCZ 0? MOEBBABE 3PSCIÎIC DHUGS OIT IHB

Di?msiDH coEppicisjrr op TAISE d B™
BIOOD 02113.

Sampl«

Eroatment

Diffusion
coefflaiant
z 105 em /see

50* red blood
cells la IBS
50* red blood
cells in EBS

Incubated with CE
Concn. 0.133 mM
Concn. 0.5 iM

Whole blood

Incubated with j-\ CUB
at a conm. of 20 aM
and measured after
12 sts
25 •
55 •
85 «
125 "
237 "
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0.9*
0.91

0.91
0.96
0.78

0.63
0.38
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ASSESSMENT OF MCROVISCOSITY AND OSMOTIC LYSIS
IN IRRADIATED RED CELLS
M.B. YATVIN, J.W. VORPAHL. W.H. DENNIS. C. ELSON,
N.M. ABUIRMEILEH
Radiobiology Research Laboratories,
University of Wisconsin,
Madison, Wisconsin, United States of America
Abstract. Osmotic lysis after irradiation was studied in
rats and mice fed diets differing in unsaturated fatty
acids. There were only slight differences in membrane
viscosity of red cells from such animals. There was,
however, a clear effect of irradiation on osmotic fragiity. The irradiated cells were more fragile after a dose
of 4 Gy. When membrane microviscosity of red cells is
increased either as a result of addition of cholesterol
to the membrane or by cooling in an ice bath the cells
were more sensitive to osmotic shock. The relative difference between control and irradiated cells, however,
was not altered.

Excited molecules produced as a result of ionizing radiation may lead to the formation of free radicals. These
highly reactive molecular fragments can, in the presence
of oxygen, initiate a series of events that accelerate
the process of lipid peroxidation. Of particular importance in free radical=induced pathology are molecular
structures such as the unsaturated fatty acids of cellular
membranes (1) and DNA=thymidine (2) which are both highly
susceptible to radical attack.
There are various protective factors against radical injury, such as those imposed by membrane structure, specific molecular structure,
organic antioxidants and the metal chelators. After their formation peroxide
and hydroperoxide compounds tend to spontaneously decompose and produce additional radical centers which ultimately can result in devastating structural
consequences (3).

Since such changes in membrane lipids could alter the microviscosity of
the membrane, it was decided to test whether microviscosity could serve as a
quantitative measure of radiation injury in red cells. One of the most efficient methods for determining microviscosity and its activation energy is by
fluorescence polarization. For this purpose, a fluorescent probe is introduced
into the lipid bilayer at low concentration. The degree of fluorescence polarization reflects the microviscosity of the bilayer. A fluorescent probe introduced by Shinitzky et al (A) for measurement of the microviscosity of lipid
layers is 1,6 diphenyl 1,3,5-hexatriene (DPH). Changes following irradiation
would be expected to be greatest in membranes with more unsaturated bonds.
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To vary membrane lipids mice were fed diets differing in cheir content of unsaturated fatty acids.

Following irradiation membrane microviscosity of their

red cells was measured.
Membrane microviscosity can also be altered by a process of either adding

or removing cholesterol by incubating cells in media enriched with cholesterol
or cholesterol analogs.

Using this system, we have tested the e f f e c t of chol-

asterol addition (increased microviscosity) on osmotic fragility of irradiated
red cells.

Organic antioxidants occur naturally in biological systems, and are important in controlling or preventing free radical formation.

Antioxidants

may be water soluble such as reduced glutathione or ascorbic acid, or fat soluble
like a-tocopherol and confined to nonpolar regions of the cell.

Konings and

Oosterloo (5) suggested that the former serve as a front line of protection

against oxidative attack and Konings (6) f o u n d a lack of
vitamin E increased peroxidation. The nonpolar membrane
regions of the cell are particularly i m p o r t a n t , in that
plasma and organelle membranes are m a j o r sites of peroxidationsensitive lipids. Such membranes contain relatively large quantities of polyunsaturated f a t t y acids
( 7 ) . Evidence of similar damage to m e m b r a n e s and subcellular organelles was f o u n d in vitamine E d e f i c i e n t ,
aged and irradiated animals.
In the studies reported h e r e peroxidation of lung tissue
was studied a f t e r irradiation in rats fed diets deficient
in the antioxidant <=£ - t o c o p h e r o l . Osmotic lysis a f t e r
irradiation was studied in rats and in mice fed diets
d i f f e r i n g in u n s a t u r a t e d f a t t y acids. There were only
slight d i f f e r e n c e s in membrane viscosity of red cells
f r o m such animals. There was, however, a clear e f f e c t of
irradiation on osmotic f r a g i l i t y . The irradiated cells
were more f r a g i l e a f t e r a dose of 400 rads. When membrane
microviscosity of red cells is increased either as a result
of addition of cholesterol to the m e m b r a n e or by cooling in
an ice bath the cells were more sensitive to osmotic s h o c k .
The relative d i f f e r e n c e between control and irradiated
cells, however, was not a l t e r e d .
MATERIALS AND METHODS

1. Animals
Mice used were e i t h e r CDF-]_ f e m a l e s or BDF]_ m a l e s . Mice

were maintained on various diets for 1-3 weeks b e f o r e
being i r r a d i a t e d or bled. Adult male white r a t s of the
King or Sprague-Dawley s t r a i n were fed s t a n d a r d rat c h o w .
2. Diets

Three experimental groups were established for mice: one
group was fed standard rodent chow, one a diet high in saturated fat, and the third, a diet high in unsaturatsd fat.
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The fat free test diet developed by Wooley and Sebrell
(1945) was modified with the additions of vitamin A, D, and
E and biotin and 16 per cent fat. (Safflower oil or beef
tallow). The fatty acid composition of the diets is shown
in Table 1. These diets contain 17.7 per cent purified casein.
Table 1.

Fatty acidtcomposition, dietary fat.

Saturated diet Unsaturated diet
Fatty acid
16:0
16:1

18:0
18:1
18:2

Beef tallow
26-9
4-9
23-1
41-8
3-4

Saf flower oil
7-1
——
3-1
14-4
76-3

Rats were fed either standard lab chow diet or the fat free test diet
supplemented with either corn oil or beef tallow.

3. Irradiation
Animals were exposed to irradiation, in an General Electric Maxitron TwoFifty equipped with a 0.25tmn Cu, 1.0 mm. Al filter. Irradiation was at 170 volts
and 30m ampsat a dose rate of —5 rad/min. Blood was collected by cardiac
puncture at various intervals after irradiation. Heparin (^75 units/ml) was
added to the collection syringe to prevent clotting. Red blood cells were
separated by low speed centrifugation, the buffy layer was carefully removed,

and the cells were washed three times in phosphate buffered saline (1.104
gms monobasic and 5.962 gms dibasic sodium phosphate and 8.75 gms sodium

chloride in 1 liter of water)
4. Microviscosity modification

Cell taicroviscosity was modified in vitro in a PBS medium containing 3.5%
polyvinylpyrrolidone, 1% bovine serum albumin, and 0.2" glucose.

Cholesteryl

hemisuccinate (CHS) (50 ul/ml of a 10 mg/ml solution in ethanol) was added
for modification; controls received 50 ul/ml ethanol. The suspension was
incubated with gentle shaking at 37° for 30 minutes.

Cells were pelleted by

low speed centrifugation and washed three times with PBS.
5.

Osmotic fragility
Osmotic fragility was determined at either 4°C, 37°C or 42°C. Aliquots

of cells (0.1 ml) were added to 2.0 ml of solutions containing varying amounts
of Nad and 1 mM of Tris pH = 7.4, the suspensions incubated for 5 minutes,
and then centrifuged. Hemoglobin in the supernatant was estimated from the OD at
543 nm.
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6. Microvlscosicy determination

Microviscosity of red blood ghosts was determined after lysis of cells in
vit h
1 mM Tris pH = 7.4 '> 0.20 gms NaCl/100 mis. Ghosts were pelleted at 20,000 xg

for 15 minutes, and were washed three times in lysing medium. Ghosts were resuspended in PBS, DPH (1 ul/ml of 3.2 x 10

M) was added while vortexing,

the P value read on an MV-la Elscint aicroviscosimeter, and the P value converted to microviscosity.
7.

Peroxidation
Peroxidation was measured using thiobarbituric (TEA) by the method of

Mehlenbacher (8).
RESULTS

As seen in Figure 1 and Table 2, rat red blood cells showed a consistent
increase in osmotic fragility A hours after whole body exposure to 400 rads.
Increasing the exposure dose to 300 rads resulted in a further increase.

Similar results were obtained when red blood cells were irradiated in vitro
and held for 4 hours at 37° prior to testing their osmotic fragility. Although

these differences are consistent and repeatable, they are relatively small and
to be useful probes of radiation accidents may require substantial baseline
t

information on an individual. To determine the relationship between dose and
osmotic fragility more data are required.

Although the osmotic fragility of CHS modified cells was much greater than
unmodified cells (Figure 1 and Table 2) the relative relationships between irradiated and unirradiated cells were not affected.
Table 2

OSMOTIC FRAGILITY OF CHS* MODIFIED RAT RED CELLS

Treatment
Control

Dose

50%

(Rads)
0
400
800

OSL
0.433
0.443
0.459

CHS Modified 0

0.545

400 0.558
800 0.567
*CHS - Cholesteryl hemisuccinate
**Iu Vivo irradiated 4 hours before bleeding
*** _ Value (gmsNaCl/lOOmls) for release of 50% of hemoglobin
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100

-CHS modified
00

RADS CHS modified

CO
CO

800

o

CHS modified

50

LÜ

0.30

0.40

gms
Figure 1.

RADS

0.50

0.60

NaCI / 100 ml

Precent hemolysis of rat red cells following x-irradiation and after modification

with cholesteryl hemisuccinate (CHS).

CHS modification results in a substantial increase in microviscosity

(Tables 3 and 4).

However, no indication of a relationship between irradiation

level and change in nicroviscosity is found. Low temperatures (4°C) increase
cell membrane microviscosity and increased their osmotic fragility compared to

the values obtained at 37"C. Again, however, the relative fragilities of irradiated and unirradiated cells remained the same.
Table 3

RAT RED CELLS
AFTER IN. VIVO IRRADIATION

Dose
(Rads) Control
0
400
800

5.28*
5.28
5.21

CHS
Modified
8.15

8.08
8.36

* Poise
Table 4

RAT RED CELLS
AFTER IN VITRO IRRADIATION

Dose
CHS
(Rads) Control Modified*
5.01**
8.15
5.28
4.80

8.26
7.98

* CHS - Cholesteryl hemisuccinate
** Poise
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Feeding ehe various diets to mice had only a slight effect on. red cell
microviscosity. As with rats in vivo exposure of red cells resulted in a con-

sistent small increase in osmotic fragility (Table 5).

The indication of a

differential effect of irradiation with diet shifts may be greater if diet
feeding had been prolonged. Neither diet nor irradiation effected microviscosities

(Table 6).
Table 5

EFFECT OF DIET ON MOUSE RED CELLS
Dose*
(Rads)

Diet

50% OSL**

Chow

0
400

0.568
0.588

Saturated

0
400

0.562
0.578

Unsatura.ted 0
0.572
400
0.599
*In Vivo irradiated 4 hours before bleeding
**Value (gms NaCl/lOOmls) for release of 50" of hemoglobin

Table 6

EFFECT OF DIET AND IRRADIATION
ON MOUSE RED CELL MICROVISCOSITY

Dose
(Rads) Microviscosity

Diet
Chow

0
400

Saturated

4.08*
3.90

0

3.97

400

4.28

Unsaturated 0
400

3.90
4.11

*Poise

In the data shown in Table 7, two groups of rats were fed for 4 weeks on
synthetic diets. In one diet, lipid was supplied by corn oil and in ''the other
it was supplied by beef tallow.

In addition, each diet was further subdivided

into vitamin E-adequate and -deficient groups. The deficient diets were compounded from corn oil and beef tallow that had been stripped of their tocopherol.

Table 7

EFFECT OF DIET AND IRRADIATION ON RAT MALONALDEHYDE LEVELS

Experimental Diet
and Irradiation Grouns
Corn oil
Irradiated*
Corn oil-stripped**
Irradiated-stripped
Beef tallow
Irradiated
Beef callow-stripped
Irradiated-stripped

;t Of

Heart

Rats
3
3
3
8
8
8
3
8

Lung
1

2.00+1.15" "
3.96+0.43
4.67+0.89
10.30+1.10
'1 . 68+0 . 68
2.80+0.25
3.65+0.84
5.56+0.81

4.23+1.32
8.17+1.31
6.92+0.94
15.32+3.54
4.60+1.57
8.25+1.19
5.97+0.52
10.01+0.08

*Rats received 500 rads in vivo 1 week before killing
**Diets composed of lipid that had been stripped of tocopherol.
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The level of peroxidized lipid was higher in hearts of rats from the various
groups fed corn oil than in those of animals fed beef tallow.

In this study,

the animals received one dose of 500 rads and were killed one week later.

Ir-

radiation of rats fed corn oil with or without tocopherol resulted in respective
peroxidation increase of 98 and 125% over unirradiated controls. Irradiation
of the beef tallow groups increased the level of peroxidized lipid 67 and 52%
respectively in the hearts of plus and minus tocopherol fed groups. It is of
interest that one dose or x-irradiation administered to either dietary group
followed by a one week interval before performing the TEA reaction test did not

elevate the level of peroxidized lipid to that of unirradiated controls deprived
of ot-tocopherol.
The report by Sutherland (9) using doses of radiation (the kR range),
suggested that changes on red cell membranes might be indicative of radiation
induced damaged.

Furthermore, Yonei and Kato (11) and Yonei, Todo and Kato (12) had indicated that there were changes in red cell microviscosity after _in vitro irradiation. They had examined sheep erythrocytes with various fluorescent probes
and concluded that their membranes were fluidized after doses of irradiation as
low as 100 rads. Their data, however, especially using DPH as a probe, indicated
that the changes in microviscosity were not significantly different.
The hope that osmotic fragility or membrane microviscosity changes could

be utilized as probes to estimate radiation damage was not realized from these
studies.

Furthermore, increasing microviscosity fay diet or in vitro addition

of cholesterol compounds to the membrane is not likely to increase the value
of the red cell membrane as a biological indicator for radiation accidents.

More data is required to evaluate the potential of changes in osmotic

fragility as an index of irradiation exposure.
Because of the encouraging results reported by Schwenke and Velches (10)
on the response of lymphocyte membranes to low doses of radiation (10-200 rads),
it seems reasonable that future studies irradiation and microviscosity may
prove valuable. Such studies are planned for rodent lymphocytes whose membranes
will be modified by diet or _in vitro CHS addition as well as human lymphocytes
irradiated in vitro with and without the addition of CHS.
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