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2. Introductory remarks

The title of this project is formulated in a way which suggests that
the work was mainly aimed at solving the fundamental methodical question
as to whether or not and to what extent the electron spin resonance (ESR)
spectroscopy may be the right technique for detecting the early damage
induced by ionizing radiation in neoplastic cells.

The answer to this question seems to be at the same time one of the
most important conclusions from the research described in the present report.

The answer is in the affirmative: from the data discussed at the
Cambridge Meeting in 1979 it was apparent that such a possibility should
at least exist in the case of in vitro cultivated tumor cells. The more
recent results obtained since 1979 brought further progress which indicates
that a similar chance emerged for in situ growing tumors as well.

The report prepared for the Cambridge Meeting was comprehensive and
summarized the whole period of investigations up to the end of 1979. A
similar structure was given to the present report. It appears that in
this way the repetition of the earlier data could be avoided and the new
elements added in the last two years become more readable.
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3. Search for a physical tool for detecting early radiation

damage to pigmented tumour cells

In spite of the fact that free radical products induced in the living
tissues by ionizing radiation are paramagnetic in nature, it does not seem
possible to monitor their formation directly using ESR technique, unless
huge, mega-rad doses, inapplicable for radiotherapy are used.

For this reason attention was concentrated in the first part of these
studies on the _i.n.d_.i.£.jejc_t methods of ESR observation.

In this case the paramagnetic products of radiolytic decomposition of
cell constituents are n_ O^ _t examined. They are as a rule very labile and
do not accumulate in sufficiently high steady-state concentrations at room
or body temperatures to be detectable with conventional ESR methods in living
objects.

Instead of this, the ESR signal of "spin probes" introduced into the
system (exogenous spin probes) or present in the cells as one of their
normal constituents (endogenous spin probes) can provide useful information
about the physiological state of cells and changes brought about by irradiation.
The examination based on the use of spin probes (exo- or endogenous) is
called anjLtijl^r^tJ^ method of ESR observation.

The work described in more detail in 1979 in Cambridge leads to the
conclusion that with the use of special exogenous spin probes one can
precisely determine the changes in the oxygen concentration in the m e_ £ ± 11 m
in which tumour cells are suspended. The experimental data accumulated in
this way for pigmented and non-pigmented melanoma cells proved to be very
important for a better understanding of their differential radiation response.

Two other questions, however, remained open:

1. Whether any information about the oxygen level jt £ ̂ jL el £ the cell,
i.e. in the protoplasm, could be obtained, using indirect ESR methods.

2. Whether indirect ESR observation could be applicable in the case of
more complex biological systems, such as in̂ growing intact
Ji u. S °. H L JL' fsxtu1

The experimental work of the last period was mainly dealing with these
problems.

The progress done in our laboratory in the field of the ESR technique
enabled us to find a way of solving the above two questions.

ad 1. The study of microwave power saturability of the ESR signal of
melanin seems to suggest that melanin present jL n. ŝ  jL d_ &
pigmented melanoma cells could be considered as a natural,
endogenous spin-probe which may provide information about intra-



-A-

cellular oxygen concentration. This concept is based oil the de-
pendence between the power saturability of the ESR line of melanin
and the number of oxygen molecules present in the protoplasm.
The problem is complex since the saturability is determined by
several factors. Nevertheless, it is possible to observe experimentally
that the saturability of melanin signals can change as a function of
oxygen concentration not only in model systems but also in living
objects.

These changes, though measurable, do not seem, however, to be
very impressive. For this reason conventional ESR spectroscopy
cannot promise a great accuracy for this kind of oxygen determination.
The recent pilot experiments with the use of new, non-conventional
ESR methods have demonstrated, however, that there is a chance of a
substantial improvement of this technique, providing that S-band is
used instead of X-band and loop-gap-resonators in place of standard
resonant cavities.

ad 2. Signal to noise ratio in the ESR spectra of the whole, intact
pigmented B16 tumours growing in the tail of a C57B1
mouse i.s remarkably good (cf. Fig. 1). The microwave power available
in this type of S-band bridges and special resonators is comparatively
high so that saturability studies can easily be carried out (cf.
Figs. 2 and 3).

It should be pointed out that the presented ESR spectra of a
living melanotic tumour located in the animal and functioning under
perfectly normal physiological conditions, are the first ones ever
recorded. The observation of the ESR absorption of the biological
objects of such a big size was impossible with any of the conventional
ESR techniques. The diameter of the tumour can be as much as 6 - 8 mm
and its length can reach 15 mm. It is most convenient to implant the
tumours on the tail of a mouse because in this case one can easily
introduce them into the resonator of a S-band ESR spectrometer. It
is clear from these data that the second of the above mentioned problems
has also been solved successfully. As a result, the possibility of
ESR observations is extended from cellular systems to more complex
biological objects, including in'situ growing animal tumours.

This technical achievement seems to be very important for the
study of -radiosensitization of neoplastic tissues. This is because
the newly elaborated techniques open the possibility of monitoring
the level of oxygen in the tumour tissue under the conditions of
normal blood circulation, and neuro-hormonal regulation which cannot
be reproduced in the in vitro culture models of tumors. It also
offers the chance of studying the changes in the oxygenation of
tumour in a most direct and immediate way under a variety of
conditions, e.g. after irradiation and/or after chemical . nd/or
heat treatment. For this reason, one can believe that this new
ESR technique should find wide applications in radiobiology and ex-
perimental oncology (3).
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A more detailed description of the loop-gap resonator is, at the
moment, impossible until the patenting procedure is completed.

4. Indirect ESR methods of observation and their use in studying the

mechanism of radiosensitization

The principle and applications of the indirect ESR methods of observation
were discussed at full length in the previous report and will not be repeated
here. More details concerning this subject can also be found in the papers
which appeared in 1980 (1,2).

Instead, attention should be drawn to the fact that an essential step
forward was also made in the field of quantitative determinations of oxygen
concentration in biological systems. These measurements, based on the
application of a special group of five-member-ring synthetic spin labels
could so far be carried out only in the case of cellular systems, i.e. samples
of cell suspensions taken from in vitro culture or obtained by a trypsin
digestion of the solid tumour.

The construction of the new loop-gap resonators especially those adapted
for the S or L-bands, made it possible to extend the applicability of this
methodical approach to more complex biological systems, e.g. to in situ
growing tumours. A very tiny plastic container in the exogenous spin
probe can be inserted into the tumour or under the skin on the tail before
tumour cells are implanted. After a period of time the growing tumour tissue
surrounds the plastic needle containing the spin probe. The oxygen penetrates
through the walls of the needle and interacts with the molecules of the spin
probe. The ESR signal of such a probe is detectable in the new loop-gap
resonators which can accomodate both the tumour and the probe. The amount
of oxygen present in the container is the measure of its tension in the
tumour tssue and can be read out from the superhyperfine structure of the
ESR spectrum of the spin label, according to the rules described in detail
elsewhere (1,2).

The advantage of this exogenous spin probe technique over the above-
described endogenous spin probe method (based on the saturability of melanin
ESR signal) lies in the fact that the latter one is limited to pigment con-
taining melanotic tumours only whereas the first one has a much wider range
of applications to all types of neoplasms and normal tissues not necessarily
pigmented.

The degree of hypoxia can be quantitatively evaluated using this ESR
technique. The kinetics of the changes in oxygen concentration can also
be continuously followed in the in situ growing tumours under various ex-
perimental and normal conditions.

Thus, all the remarks stresssing the importance of endogenous spin probes
for the study of radiosensitization, made in the preceding section, apply in a
similar way to indirect ESR observations utilizing exogenous probes and non-
conventional ESR techniques (S-band and loop-gap resonators).



-6-

A good example of an important application of the exogenous spin probes
would be the measurements of the oxygen consumption of melanotic and amelanotic
hamster melanoma cells, described in detail at the Cambridge Meeting and in
a paper published in 1980 (1).

They have demonstrated a significant difference in the oxygen uptake of
these two lines of tumour, the pigmented one utilizing almost twice as much
oxygen as the amelanotic line.

It also could be seen that the hamster melanoma cells react in a different
way to chelating drugs which proved to depress the oxygen consumption only in
the case of melanotic line whereas the non-pigmented cells revealed a slight
stimulation or did not respond at all. "

In addition to these earlier findings, metronidazol, a classical hypoxic
cell sensitizer, was also check'ed in the last year for its action on the oxygen
consumption of hamster melanoma cells in the in vitro conditions. The effect
seems to be poor with both melanotic and amelanotic cells. In both cases tue
drug tended to depress the oxygen uptake, unlike chelating agents which acted
in this way on pigmented cells only. The decrease in the oxygen uptake was
somewhat stronger with the melanotic cells. More work, however, would be
needed to confirm that the slight difference which was found is real.

The glycolytic inhibitors have not been tested for their radiosensitizing
action since suitable compounds were not available. Instead of this, some
additional work was carried out to analyze the biological and therapeutical
consequences of the application of chelating drugs. These new data are described
in the next sections.

5. Different radiosensitivity of melanotic and amelanotic melanoma

and It a possible molecular and cellular basis

The concept discussed in Cambridge, that the tendency of pigmented cells
and tumours to create an atomosphere of permanent oxygen deficiency, might be
one of the factors responsible for their high radioresistance, was presented
in 1980 during the Xlth International Pigment Cell Conference in Sedai (Japan)
(4). The observation of a different radiation response of hamster melanoma,
depending on their pigment content is in agreement with the data of Meyskeus
concerning human melanoma, reported in Sendai.

A greater susceptibility of non-pigmented hamster melanoma to low LET
radiations suggested that a chemically induced depigmentation might be associated
with radiosensitization.

The degree of pigmentation appears to be, however, an expression of cell
differentiation and may be associated with a number of other cell features,
such as mitotic activity, cellular metabolism or the properties of the cell
surface. These latter appear to be of particular importance from the point of
view of the therapy of melanoma. This is because the properties of cell surface
and metastatic capacity of melanotic and amelanotic melanoma may not be the same.
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In this context a question emerged whether the chemical treatment
aimed at depigraenting and radiosensitizing a melanr.tic tumour would not
bring about undesirable changes in the surface properties of its cells
resulting e.g. in their increased tendency to form metastases.

The answer to this question seems to be quite essential since the radio-
sensitizing drugs used for radio-chelation-therapy may act as depigmenting
agents in a number of biological objects (5). An attempt to analyze this

problem is briefly discussed in section 6.

6. The concept of "radio-chelation" therapy and attempts

at its experimental and clinical verification (9)

No new experimental data have been added to what was presented at the
Cambridge Meeting, as regards this point, except for the clinical trials
on the radiosensitizatiori of the choroid melanoma which are continued with
the use of MVH (ß-Mercaptovaline hydrochloride). The tests of another
chelating drug, ECD (Edathamil calcium disodium) were given up because of
its lesser efficacy.

Observations were carried out on the metastatic capacity of melanotic
and amelanotic Bomirski hamster melanoma. The pigmented line of this
tumour is growing slower but is much more easily metastasizing in contrast
to it amelanotic counterpart which does not form distant metastases unless
the tumours are very advanced.

The measurements of the electrophoretic mobility of hamster melanoma
cells revealed that the pigmented form has a nearly twice as high surface
charge density as the amelanotic line. It amounted to 5,056.10 e.s.u./cm,
(1.69.1Ö-6 C/cm2) and 3.02.103 e.s.u./cm2, (1.01.10 C/cm2) respectively (6).

Thus it Is possible that the metastatic capacity and the electric properties
of the cell surface are correlated. It seems tempting to make use of this
technique for checking whether chelating drugs increase or decrease the
electrical charge density on the surface of pigmented cells.

A lower value of this parameter should rather be associated with a lower
metastatic capacity. Anyway, on the basis of present observations there is
no reason to believe that the administration of chelating drugs might intensify
the tendency of melanoma cells to form metastases.

7. Biological effects of endo-irr.adiation of pigmented

35hamster melanom from Incorporated S isotope

In addition to the data, contained in the previous report, and presented
recently at the Und Internation.Symposium on Radiopharmacology In Chicago
(7), some new experiments on" the influence of endoirradiation on the oxygen

Consumption of pigmented hamster melanoma cells were performed.
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The measurements were carried out using both a closed chamber method (1)
and the open double wall cells with a constant gas flow (2). The results
indicated that a distinct suppression of oxygen consumption may occur in
the presence of the 35g carrier. A similar, though less pronounced effect
could be observed with the nonradioactive sulphur-containing carrier in spite
of the fact that at this concentration the compound never revealed any
toxicity (Fig. 4). Unfortunately, the amount of the 3 S-labelled compound,
produced only by the Instutute of Nuclear Research at Swienk near Warsaw,
was very limited. Thus, more repetitions of this experiment are required
before its results can be published.

8. Comparison of the effects of low and high LET radiation on

pigmented and non-pigmented lines of hamster melanoma

Further experiments along this line brought the results consistent with
the previously obtained data, confirming that the radiation response to fast
neutrons is comparable for melanotic and amelanotic hamster melanoma. In
contrast, the pigmented form proved to be tvice as resistant versus low LET
radiations.

These findings suggest that the oxygen deficiency, postulated in the
melanotic tumours on the basis of their much more intense oxygen consumption,
may really represent an important factor which determines a high radio-
resistance of pigmented hamster melanoma (1,4).

The above data were presented in 1980 at the Xlth International Pigment
Cell Conference in Sendai (Japan), (4,8). The paper describing these results
was sent for publication.

9. Final conclusions

The research carried out by the Institute of Molecular Biology of the
Jagiellonian University and the cooperating laboratories has provided a new
physical tool for detecting the early radiation reponse; a non-conventional
ESR spectroscopy at low (S-band and L-band) frequencies.

Among different examined methodical approaches the best proved to be the
indirect methods of ESR observation which made it possible:

9.1 To monitor the oxygen level either inside the cytoplasm of pigmented
tumour cells or in the surrounding medium.

9.2 To measure oxygen concentration in situ in the tumours growing in
experimental animals.

Moreover it has been demonstrated that:

9.3 Pigmented and non-pigmented melanoma cells, which strikingly differ in
their response to low LET radiations, reveal significant differences
in the rate of their oxygen consumption.

9.4 These differences are determined by both molecular and cellular mechanisms.

9.5 One can sensitize pigmented tumours to low LET radiations not only using
hypoxic cell sensitizers but also chelating drugs.
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9.6 Pigmented hamster melanoma cells are equally sensitive versus high
LET radiations (fast neutrons) as their amelanotic counterparts.

9.7 Endo-irradiation from incorporated 35S is extremely effective in
suppressing mitotic activity of pigmented melanoma cells in vitro and
tumour growth in situ, if a proper isotope carrier is chosen which has
a low toxicity and at the same time a great selective affinity to
melanins.

On the grounds of these findings:

9.8 A high radioresistance of pigmented melanomas versus low LET radiations
has been ascribed to a permanent oxygen deficiency in these tumours.

9.9 The use of high LET radiations and &-endo-irradiation to the treatment
of melantic tumours is recommended.

9.10 The concept of radio-chelation therapy is formulated.

9.11 Clinical trials with human melanoms of the choroid were undertaken
to evaluate the practical efficacy of the above approach.
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The ESR spectrometer with the microwave bridge for the S-band and loop-gap-
resonator, used for the measurements on the whole intact B16 melanotic
tumours growing in C57B1 mice.
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Fig. 1. The ESR signals of the in situ growing B16 melanoma implanted into
the tail of C57B1 mouse. Note a good signal to noise ratio. The
difference in the amplitude of the two ESR lines is due to a different
attenuation of microwave power. Advantage is taken of this effect in
the case of the described power saturation studies. For the instrumental-
parameters see Fig. ?..
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Fig. 2. Changes in the amplitude of the ESR signal of the in situ growing
B16 melanoma as a function of attenuation of the microwave power.

The instrumental parameters were as follows:
Field set - 780 g
Microwave frequency - 2.23 GHz
Scan range - 100 G
Scan time - 16 min
Time constant - 3 s
Modulation amplitude.- 10 G
Receiver gain - 8.10
Attenuation - 2 db and 16 db



Fig. 3. The principal parameters of the power saturation curves used to
characterize the saturability of the examined material.
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Fig. 4. The changes in the oxygen concentration (expressed by the value
of K parameter) as a function of time (in hours), brought about
by the addition of the carrier of the radioactive isotope (̂ S-MTB)
or of its nonactive form (MRB) to the culture medium with the
pigmented hamster melanoma cells (3.2.1o6/ml). Lower values of
the K parameter correspond to higher oxygen concentrations. Note
the suppression of oxygen uptake in the presence of 3Ss-MTB and
MTB as compared with the control sample (C).
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1. Introductory remarks

The Investigations presented at the previous Meeting, in 1976t
mainly concentrated around m e t h o d i c a l questions» In
particular, the possibility of elaborating some ESR tests useful
for detecting radiation damage and for studying mechanisms of radio-
sensitization was e-nalysed.

Direct-, ESR methods did not prove satisfactory but the application
of exogeripus spin probe techniques yielded rauch better results.
This latter approach made it possible to gain some insight into
the molecular and cellular basis of radioresistance of pigmented
tumour cells, and to design a number of meaningful experiments.

These new data are briefly discussed in the present report. :

2 . A b r a

The comparison of direct and indirect ESR methods applicable.for
the examination of radiation damage to melanomavcells.leads to the
conclusion that only the i n d i r e c t ones appear to be use-
ful for, its detection.

The new results of animal experiments and clinical trials carried
out according to the rules of radio-chelation therapy are briefly
discussed»

Selective incorporation of ̂ S-labelled compounds by pigraented
hamster/melanoma cells was found to be followed by a depression of
their proliferative activity in vitro and in situ, which may suggest
the possible therapeutic value of,endo-irradiatiaa«,

The ESR measurements performed with the use of newly elaborated,
indirect methods, revealed that pigmented and non-pigmented cells '
consume oxygen at significantly different: rates, which means;that
oxygen utilization may contribute to the jöverall level of radio-
resistance of melanoma cells»

This assumption has been confirmed by comparing the radiosensiti-
ytty of melanotic and amelanotic cells to fast neutrons. Plgment-
cootaining hamster melanoma cells which are twice as resistant to
low LET radiation as their non-pigmented counterparts, proved to be
e~ q u ä l 1 y susceptible to neutrons.

The chance of improving the efficiency of radiotherapy of malignant
melanomas does not appear unlikely in the light of new experimental
data and, clinical trials.
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3« Search for a physical tool fb> detecting early radiation damage
to pi Evented tumour cells

The evaluation of biological effedts of radiation, based on •"
conventional microscopical examination or coloaj*- plating, involves
a?, time-consuming procedure and is applicable only in the case of
dividing cells. Thus, some other methods are required if the
processes preceding interphase or metabolic death induced by radiation
are to be quantitatively described. Attempts to find some biochemical
or biophysical criteria that would satisfy this demand have been made
for many years in several places but so far without much success.

Amongst others, paramagnetic properties were taken into account
as one of the possible physical parameters. This was a natural
assumption considering that paramagnetic free radical products
are always formed in any irradiated system. Unfortunately, these
species are unstable if examined in aqueous media at room temperature*.
Hence, under these conditions, extremely high dose-rates ara necessary
to reach detectable levels of their steady-state concentration.

Direct ESR measurements of radiolytic products induced in living
systems are therefore possible and have been performed. It is
doubtful, however, whether information obtained in this way is
indeed useful for radiobiology or radiotherapy because molecular
events initiated by such massive doses of radiation must significantly,..
differ from those occurring with the doses used in biology and medicine«

In these circumstances, it appeared interesting to explore a rather
peculiar chance of detecting early radiation damage, produced by
comparatively low d o s e s of radiation. Such a possibility
has einerged, however, only for one particular type of tumour cell:
for p i g m e n t e d melanoma cells. This is because the main
idea of this approach was to take advantage of the co-called
"magnetic reaction of melanins", observed for the first time a few
years ago, and of the changes In membrane permeability which may
follow cell irradiation.

As a "positive" or "negative" magnetic reaction of melanins
an Interaction of this biopolymer with certain dia- or para-magnetic
ions is understood this being associated with a remarkable increase
or decrease in the intensity of ESR absorption.

As soon as the membrane permeability changes to a sufficient degree
under the influence of radiation, the "testing ions" /e.g. Zn2+/
present in the external environment are expected to penetrate into
«Si. 0 î1 interior a*4 "to give rise to a magnetic reaction measurable .

with -ehe use of ESR methods. '

Experimental studies on hamster melanoma cells were carried out
/within the scope of the present research programme/ to check the
applicability of this approach to the examination of radiation damage,
previous investigations from this Laboratory demonstrated that cell
injury brought about by thermal, chemical, or mechanical treatment
ol meianotic, amphibian eggs and embryos or piginented tumour cells
is connected with a strong magnetic reaction; Unfortunately, one



could clearly observe this effect after Irradiating melanoma cells
only in the presence of comparatively high concentrations of testing
lona /Zn2+, Mg2+, Fe3+, Cu2+/, which proved to be toxic. In the case
of non-toxic levels of testing ions and low doses of radiation, the
detectsbility of radiation damage based on the described principle
was very poor.

; Perhaps some future, more systematic, studies might bring
a refinement of this approach. Nevertheless, one should conclude at
the present stage of investigation.that d i r e c t methods of ESR
observation c a n n o t provide any satisfactory biophysical
criteria useful for the detection and quantitative evaluation of
early radiation damage of neoplastic cells.

I n d i r e c t methods of ESR observation, based on the use
of. exogenous spin probes, still remained an alternative way of seeking
this kind of physical tool.

A. Indirect ESR methods of observation and their use in studying
the mechanism of radiosensitization

The indirect methods of ESR analysis are based on the application
of so-called !'exogenous'.spin.,probes11.. Among .them a special group
of five-member-ring synthetic spin labels are especially useful
from the point of view of radiobiological problems. This is because
they can provide information about the amount of oxygen in the
extra-cellular environment and about the rate of its consumption.

The basic idea of ..this ESR method takes advantage of the pheno-
menon of .a, spin-exchange broadening of the super̂ hyperfine structure
in the.ESR spectrum of the spin label. The hyperfine structure due
to the interaction of electron spin with the surrounding protons of
methyl groups is superimposed on the hyperfine structure of nitrogen»
For ,this reason̂ it may be called "super-hyperfine structure".
This structure wa*. shown to be extremely sensitive to the presence
of oxygen. Hence, after a proper calibration, one can deduce the
amount of oxygen dissolved in the examined <medium from observation
of the ESR spectrum;

Probably, the most reliable Indicator of spin-exchange broadening
is the ratio of the amplitude of the total:ESR, signal of spin label
to the amplitude of a single line of its super-hyperfihe structure.

The experimental, procedure is quite simple. A known number of
dissociated cells are suspended in a culture medium, a small amount
of spin.-label being added up to a ,concentration of about 10-4 M.
In the case of long-lasting measurements Q. 14 $5 agar can be intro-
duced to eliminate, sedimentation of cells*. The sample, of living
tumour cells should 'then be sealed in a small container without
contact with a gas phase and its ESR spectrum is recorded. The
changea in oxygen concentration can immediately be read out from
the spectrum with great accuracy.



The described method proved to be very suitable for radiobiologi-
cal purposes owing to the following characteristics:
1. the possibility of carrying out measurements without contact with

any external electrode,
2. the chance of using very small sample volumes /10~ cur5 or less/,
3. the fact that a small number of cells /10 - 105 per sample/

are sufficient for analysis,
4. the immediate detectability of changes in oxygen concentration,

and the possibility of their continuous registration over a period
of several hours or more,

5. non-toxicity and good tolerance of spin label by tumour cells,
6. the possibility of X-raying the sample during ESR observations.

The application of this newly elaborated ESR method to the study
of radiosensitization proved very fruitful.

Mitochondria! activity is, unfortunately, among those cellular
functions which are comparatively radioresistant. Thus, one could
hardly expect this indirect method to be a very precise tool in the
case of low doses of radiation.

The method made it possible, however, to establish that the rate
of oxygen consumption may depend on the pigment content of melanoma
gells and on the type of radiosensitizer added to the medium.

These data are illustrated by Figs.-1 - 3. It can be seen from the
first figure that the rate of oxygen consumption in the cells of the
nelan.otic tumour under in vitro conditions is almost double that in
the cells of its amelanotic counterpart. This is an essential finding
since ilj indicates that pigmented tumours may tend to become hypoxic
under limited oxygen supply, whereas the non-pigmented melanomas
utilise les:3, oxygen, which should favour its accumulation at a higher
concentration. The radiobiological consequences of these facts are
self-evident if one considers that molecular oxygen is one of the
most effective radiosensitizers.

Additional physico-chemical studies.were carried out in order
to get some insight into the nature of this difference in oxygen
utilization by melanotic and amelanotic tumours. The results of these
investigations are briefly summarized in Section 3,

The changes in oxygen consumption brought about by chelating
'drugs used as radiosensitizers could also bo demonstrated by applying
the indirect ESR method of exogenous spin probes. It was shown that
these substances depress the rate of oxygen utilisation o n l y in
the case of pigmented melanoma cells in vitro, whereas their effect
is just the opposite versus non-pigmented melanoma cells: the inten-
sity of this process is slightly enhanced. This selectivity of action
toward inelanotic cells might give rise to "contrasted radiation
responses" of pigmented tumours and their non-pigmented surroundings,
owing to a sensitization of "oxe former and a.weak protection of the



latter. This seems to be a peculiarity of rnelanotic tumours and
of chelating drugs as a particular type of radiosensitizer effective
only in the case of pigmented cells.

An attractive possibility would be to extend the spin probe
methods !:o the measurement of i n t r a - cellular oxygen
concentration, especially if this could be done without excizing the
tumour from its in situ location in the body of an experimental
animal. The realization, of this goal has become theoretically possible
thanks to SOTJC recent, advances in radiospsctroscopical technique.

FIg. 1. Diagram illustrating the curves
of oxygen consumption by the cells of
melanotic /black points/ and amelanotic
/circles/ hamster melanoma in vitro.
The amount of oxygen is 'calculated"
for 1 ml sample volume..with 10° tumour
cells. A strikingly lower rate of
consumption by amelanotic cells is
observable.
Time given in minutes.'

I !rail

'
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I Imnl

Fig. 2J1 Diagram showing the influence
of some chelating drugs on oxygen
consumption of the cells of melanotic
hamster melanoma in vitroi The amount
of oxygen is: calculated for 1 ml sample
volume oont aihing • 10& of tumour cell s •
Time is given In- minutes.
• - control experiment with no drug
x - ECD added to the culture medium
A - MVH added to the culture medium'.
. Note the depression .'of oxygen
consumption .by chelatirig drugs
observable within a comparatively
short time, the effect of MVH being
stronger than that of ECD /for :
abbreviations see section 6 of the
text/.



3. Disgram showing the influence of
some chelating drugs on oxygen consumption
of the cells of amelanotic hamster melanoma
in vitro. The amount of oxygen is calcula-
ted for 1 ml sample volume containing 10°
of tumour cells. Time is given in minutes.
o - control experiment with no drug
x - ECD added to the cult-ire medium
A - MVH added "bo the culture medium.
Note the slight stimulation of oxygen
consumption by chelating drugs observable
within a comparatively short time, the
effect of MVH being stronger than that
of ECD /for abbreviations see section 6
of the text/.

3« Diiferent_._radi.osensitiyity„_pf^melanotic and._ amelanoti_c melsn o_ma
arid its possible molecular and cellular basis

There is a considerable bulk of observations indicating that the
content of melanin in plant and animal cells is correlated with their
radio sensitivity. All these data suggest that the greater is the
pigmsnt concentration in the cytoplasm, the higher the level of radio-
resistance.

Similar conclusions are also valid in the ease of several types
of animal and human melanoma. Thus, e.g., comparative studies on the
radiation response of two lines of hamster melanoma, differing in
their pigmentation, have shown that the melanotic form is almost
twice as resistant to X-rays as its amelanotic counterpart.

The factors which determine this difference in radiosensitivity
•./ere analysed in more detail. It was demostrated, using ESR technique
and non-living mod^l systems /as already reported at the Meeting of
the Advisory Group in Vienna/, that inelanins are able to act as radio-
protectors and to modify the radiation damage and the rate of decay
of transient radiolytic products induced by X-raying of a solid-state
matrix. Further investigations revealed that free radical centres
of melanin have minor or no significance for its interactions with
free radical species of radiolytic origin. Hence, it appeared logical
to focus attention on the redox rather than on the paramagnetic
properties of melanins»

A step forward in this direction was made in the last year in this
Laboratory by means of the Siaultaneous Electrochemical and Electron
Spin Resonance /3EESR/ measuring technique. -If natural or synthetic

s were electrochemically oxidized at a platinum anode or reduced
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at a mercury cathode, placed inside the resonant cavity of an ESR
spectrometer-* very drastic changes in their ESR spectra could be
observed*, Eoess findings produced evidence of an extremely high
donor'-accep̂ cKEr- capacity; of melanins. They could also be taken to mean
that r e d1 Q-. x interactions are the most probable way of neutralizing
labile radiolytlc; products.

In the initial pe-riod- of Investigations on the radioprotective role
of melanins emphasis was mainly laid on the analysis of this problem
from the point of view of radiation chemistry. More recently, however,
it became clear that the process of free radical scavenging i s n o t
the o n l y mechanism, by which these biopolymers can modify the
course of radiatlon-rlnduced reactions In living systems.

In particular", more attention was paid to some biological features
of melanoma cells, such as their mitotic activity, degree of
differentiation, or rate of metabolism. This last should affect the
local concentration of oxygen in the tumour, and at the same time the
extent of radiation damage and efficiency of repair processes.

Thus, oxygen metabolism and the concentration of oxygen in
pigmented neoplasms were carefully examined as factors which may
significantly contribute to the overall level of radio sensitivity of
melanotic tumours. These studies disclosed that pigmented cells
consume oxygen at a rate which was at least twice as high as that
observed with the non-pigmented line /see also Section 2/.

To explain the molecular basis of this striking difference, all the
chemical reactions of melanins which might involve oxygen were analyse.di
It was found that melanin-containing cells are characterized by 3 groups
of oxygen consuming processes?

1. mitochondrial respiration, 2. enzymatic or auto-oxidacive
synthesis of melanin, and 3» interactions of molecular oxygen with
melanin itself.

Only the last two processes are specific for melanotic cells, since
the mitochondria isolated from pigmented and non-pigmented melanoma
were found to have a comparable < rate of oxygen consumption.

It is v/ell known that the activity of tyrosinase and autpi-ggldative
production of-melanin require oxygen. This means that the cells of
anielanotic melanoma should utilize somewhat i e a s 6*.. than their
amelanotic counterparts. -

Moreover, it has recently been observed in this Laboratory that
melanin itself can also consume oxygen In the ab'seoe'£ .of. any metabolic
reactions. This process has been shown to depend on pit-value, light,
and temperature. Front its temperature dependence it could be cqnpluded
that It is due to chemical redox reactions rather than to- physical!
sorption.

In sum, non-pigmented cells require less oxygen, since in i;his case>
the oxygen utilization is mainly determined by only one process» i.e.
Qitochondrisl activity. In contrast, at least two additional oxygen
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consuming reactions .may occur in the cells of melanotic melanoma«
This means that araelanotic cells have less ability to counteract
efficiently the local oxygsn accumulation whereas pigmented cells-
must naturally tend tq create an atra ^spere of o x y g e n
d e f i c i e n c y , in their interior and close surroundings.

This might be another essential factor, apart from the scavenging
activity of iaelanins, which could account for the difference in
radiation response of pigmented and non-pigmented melanoma«

6» The concept of ^Vrarlio^chelation therapy".....and...attempts__at:_it3
e:cDeriffier^t3l^ and clinical verification^

The influence exerted" by^ melanin on-the-physico-chemical properties
of cellular, internal and external, environment and on the reactivity
of cells to chemical end physical stimuli /including ionizing
radiation/ provided grounds for postulating a regulative function o'f
this pigment. Radio-protection -would be one of the manifestations
of such a regulative mechanism.

On these assumptions one could expect that any interference with",
the melanin radioprotactive system should modify the radiation
response of the pigmented cell. In accordance with this notion, it was
demostrated" several years ago that a chemically induced block of
njelanogenesis may be followed by a drastic radiosensitization. This
was the case, e.g. ,..with pigaented species of fungi and amphibians«^

Analogical though less spectacular results were noted if the same
type of inhibitor was administered by blood to melanoma bearing y
animals.

The substances to be tested for their radiosensitizing action OR-:
pigDiented cells were chosen following a certain rule; they could '•'-"•
have an entirely different chemical structure but they had to have
at least one common feature: the capacity of competing for copper
ions. In other words, they had to reveal c h e l a t i n g
properties• , .

Some of "these compounds belong to a group of well-known drugs,
commonly used for many years in the therapy of several human diseases
such as, e.g. Wilson's disease or intoxication with heavy metal ions«
This circumstance greatly facilitated the possibility of undertaking
clinical trials of their radiosensitizing effectiveness«

The above new'approach to a combined pharmacological and radiological
treatment of melanptic tumours has been called "radio-chelation therapy",
As is evident from the preceding remarks, it is essentially based on
.the association of radiotherapy with a parallel use of chelating drugs
as radiosensitizers. The latter may exert no oncostatic effect by
themselves,' • • •

. ... The results of animal experiments were somewhat .different from
those ..of clinical trials. Among several tested substances, two were
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•chosen as the most promising. These were: Edsthamil-calcium-di sodium
./ECD/, and ß~ Hercaptovaline hydro chloride /MVK/.

The first drug proved more effective in animal tests than ih
clinical trials. The highest concentration of this drug in the
tumour tissue could be achieved upon topical application of a 10 %
ointment of ECD over intradermally implanted hamster melanoma. The
sensitizing action was quite distinct under these conditions, as can -
be seen from Fig. 4»

Fig.:i_4. Diagram illustrating the radio-
sensitizing action of ECD applied topically
as a 10 il ointment on the hamster melanoma
implanted intradermally. : ,
Size of tumours calculated as "ya.b.c .
Time given in days. Dose f ractionatibn shown
in the lower part of the figure.
P - kinetics of the growth of tumours

treated with the. pure base of the
ointment /without ECD/ .

CH - growth of tumours treated with the
ointment containing 10 % ECD

P + X - growth of tumours X-rayed and treated
with an ointment containing no

C H - X - growth of tumours X-rayed and treated
with an ointment containing 10 /u EOB. "

Clinical trials have been started so far in more than 60 cases of-
malignant melanoma of the choroid. The results coveriruf the early
period of treatment, pertaining to the first group "of 49 "patients,
are shown in Fig. 5. One may see from;the diagram^ that.thft"regression
rate of the initial mass of tumour was signifi'caritly"grefiter"ln7the
case of patients treated with MVH. The second drug-/BfC^ !"wfiich was
fairly effective in radiosensitizing hamster skin raelanbnia, produced
in the clinical testsva negligible effect. Nevertheless, "the results
so far obtained"with MVH are considered by ophthalmologists to be...
encouraging. ' : r .

10.1 %
18.5 %

Fig. 5» Diagram.showing the average
percentual decrease in tumour size after
16 weeks of treatment.
C -

E2-

control group of patients treated with
gamma irradiation alone
group of patients receiving ECD as
radiosensitizer in parallel with normal
cobalt therapy,
group of patients treated with IWH in
conjunction with radiotherapy.
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7. Biological effects of _endo-irradiation of pigmentedhamster
melanoma from incorporated ^ S isotope

The possibility of utilizing the selective sorption of cyclic
compounds on melanins for diagnostic and therapeutical purposes was
reexarained, in view of a comparatively, high radioresistance of most
pigcented tumours versus conventional radiation and their great
capacity to ,form metastases..

The affinity of a number of organic substances with melanins v/as
observed in the early nineteen-sixties and attempts at malting use of
this interesting physico-chemical feature for medical purposes were
initiated by Blois a few years later. Thus, the concept is not new.
Unfortunately, .the final conclusion from these early experiments
was not encouraging: no effects of therapeutic value were observed
as a result of irradiating pigmented tumours /growing in situ/ with
radioactive isotopes incorporated into the cytoplasm of melanotic
cells together with chlorpromazine selectively bound to melanins.

In spite of these negative results, endo-irradiation of hamster
melanoma has again been.chosen in recent years as a subject of
systematic studies in a number of laboratories /including that of
the present author/.. This time, however, in contrast to previous
investigations, more refined criteria of radiation damage involving
in vitro observation of melanoma cells, were introduced. In addition,
a wider variety of organic carriers of the radioactive atom were
tested. It proved possible to select in this way several new 35s
carriers, less toxic and less active pharmacologically than the
chlorpromazine used by Blois and other investigators«

The results of in v i t r o experiments performed with these
new "s carriers were quite interesting. Thus, e.g., using certain
55s-iabelled phenothiazine derivatives, one could effectively suppress.
the mitotic activity of hamster melanoma cells cultivated in vitro, .:.:
whereas the same concentrations of an inactive counterpart of the
compound, added to the medium, were non-toxic and did not' change their
proliferation rate, cf. Fig. 6.

" ' • • ' " . Fig. 6.
Changes in the number of pigmented hamster
melanoma cells cultivated in vitro as«
a function of time and addition of a -̂ S
carrier» Note the increase in the number of
cells containing i n a c t i v e sulphur
carrier or no carrier /crosses and triangles
respectively/, and its fall /black points/
in the case of cells maintained in the
culture medium with a "s-labelled phenothia-
zine derivative« Moments of isotope addition
marked with arrows«
Time given in hours«

it IX 150 .
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The efficiency of ̂S accumulation was quite- high: after 3 hrs of
incubation in the medium with 35s-labelled compound one could detect
an activity of about A nCi /nano-Curie/ per 10̂  tumour?cells. This
radioactivity was able to bring about a marked b.ioj.ogical effect
in spite of its very low intensity. Thus, one mighii wonder wnether
this was not an artefact due to the traces of some tp.xic contaminant
accompanying radioactive preparation in uncontrolled; amounts.
To eliminate this possibility an additional series &fr experiments .
was carried out. Using the same concentration of ̂ S/Ĵ abelled
compound with varying specific activities it could be. shown that tha
suppression of cell division is correlated with the radioactivity
and not with the total amount of the 35s carrier /cf. Fig., 7/.

VSU (em)

50

I^ Diagram illustrating the
correlation of tumour growth,
suppression with the specific
activity of 35s-labelled; compound
Time given in days, and the siz.e
of tumours as * .a.b.c.
Incubation of tumour cells f-or-
3 hrs in the medium with activity-
5,9 x 10* Bq/ml brings about
a more pronounced growth delay
/black points/ than incubation
in the medium with lower /4,05 x.
Bq/ml/ or no activity /crosses
triangles respectively/.

The curves shown in this Figure illustrate the rate of growth of
melanotic tumours initiated by 5 x 1CP cells implanted into the
of Syrian hamsters after preincubation for 3 hrs in the 55s containing
medium. Incubation in a solution with higher specific activity
about a more prominent diminution of tumour growth. After 5 hrs
Incubation the cells had entirely lost their ability to initiate
tumour growth after reimplantation into the skin.

The production of ̂ -labelled carriers in larger amounts
make it possible to extend the range of experiments on endQ».
irradiation and to test the efficacy of this treatment oft
tumour-bearing animals. " '

The labelling of analogical carriers with short-lived eamma-
emitting nuclides is certainly interesting from the diagnostic point
of view but lies outside the scope of the present worfc Veiten Is
devoted to chemical modifiers of radiosensitivity.
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8. Comparison of the, effects of low ajnd highJLET radiation
on -pigmented and jnon-pijajnented lines of hamster melanoma

Conclusions dravm from the analysis of the oxygen consumption of
different lines of melanoma cells have led to the notion of comparing
their radiosensitivity versus high LET radiation /e.g. fast neutrons/.
This is because it is known that the efficiency of neutron therapy is
less dependent on oxygen concentration. Thus, one could a priori
expect the melanotic and amelanotic forms to react similarly to neutron
if unequal oxygen content of these two types of tumour does in fact
determine their diverging response to conventional radiation.

This expectation has been fully confirmed by experiment. Whole-body
fast neutron irradiation of melanoma-bearing hamsters was carried out«
Three different dosage values /2,0 Gy, 3,0 Gy, 4,5 Gy/ were administered
at a single exposure or divided into 2 equal fractions separated by
a one week interval. The curves illustrating the growth of melanotic
tumours after such treatment are shown in Fig. 8 while the corresponding-
results obtained with amelanotic tumours are summarized in Fig, 9«
To compare the radiation responses of the two forms of melanoma the
ratio of the mean sizes of experimental and control tumours can be take*
/cf. Fig, 10/, One can see that the values calculated in this way are
very similar for pigmented and non-pigmented tumours.

tr.

20 30 «0 DAYS 50

8. Diagram illustrating the growth kinetics of melanotic
tumours implanted into the skin of .hamsters and irradiated
with various doses of fast neutrons' versus non-irradiated
control. Size of tumours given as A



These findings indicate- tnat the oxygen content of tumour tissue
should be taken into account as one of the factors responsible for
a raised radioresistance of melanotic tumours. They also demonstrate
that common statements about the "low sensitivity of melanomas" may
eventually be substantiated only in the case of conventional, radiation
/gamma, beta, and X-rays/ and pigmented lines of this tumour.

30 DAYS 40

9_. Diagram analogical to that shown above except that
pertains to a m e l s n o t i c tumours.

(too

UO

0.5

• M
o A

4.5Gy

20 3Q OAVS

Fig. 10. Diagram showing values
of the ratio between the sizes
of experimental and control
tumours of melanotic and.
amelanotic lines after irradia-
tlon with 4,5 Gy of fast neutrons.
The radiation response of the two
forms appears identical, within
the limits of experimental error;



g. Future prospects of radiotherapy jj\_d_radi.o_sensitization of
melanotic tumours.

A better understanding achieved in recent years of molecular and
cellular mechanisms underlying the high radioresistance of melanotic
tuaours aopears to substantiate the hope that the use of radiation
in the treatment of melanoma will perhaps in the near future receive
more attention.

A systematic study of the influence exerted by a wider variety of
radiosensitizers on the oxygen consumption of melanoma cells
i n v i t r o should be useful for selecting the most effective ons;
among them.

The next important step forward would be the elaboration of new
non-destructive methods of oxygen determination in tumours growing
in s i t ü i which seems to be realizable at the present stage of
development of radiospectroscopical techniques, at least in the
case of pigmented neoplasms in small laboratory animals. This kind
of measurement would provide new experimental data of great important
for elucidating the mechanism of action of radiosensitizers and for
optimizing the conditions of- their use. To reach this goal, however,
some modifications in the construction of commercially available ESR
spectrometers are required. Work along this line has ûst been startfev
in this Laboratory.

Another promising direction of investigation are efforts towards
the improvement of endo-irradiation of melanoma cells. To increase thj«
effectiveness of this approach, more types of radioactive nuclides
emitting beta-electrons and a greater number of compounds serving as
their carriers should be tested.

Perhaps a double-labelling technique would be advisable for this
purpose. The "mixed" isotopic carriers containing gamma- and beta-
emitting nuclides, capable of selective accumulation in pigmented
tumours could facilitate both the localization and destruction of the
centres of melanoma growth. Thus, such an approach might be of especial,
value fron the point of view of detection and treatment of metastatio
melanoma disseminated into internal organs. . . /

The next group of problems deserving some concentration of effort
are animal experiments and, subsequently, clinical trials with high
LET radiation applied for the treatment of ifrelanotic tumours of
special localization. In particular, fast neutrons appear quite an
attractive kind of radiation in the light of recent results obtained
with melanotic .and amelanotic hamster melanoma.

For the same reason, the attempts at introducing the "neutron-
capture therapy" are highly justified and promising. One can expect
that the selective sorption of 10B-bearing carriers should lead to
a substantial improvement in the therapeutic efficacy of this approach.

Finally, one might speculate that it would be possible to
c' o m b l n e some of the above-mentioned ways, of Irradiating and
sensitizing melanotic tumours« For example, one" could try to use
In parallel a pharmacological treatment with suitable radiosensitizers
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and endo-irradintion plus neutron-cap tirpp-therapy or the external beam
of fast neutrons.

It may be that even conventional lov/ LET radiation would-be
satisfactory if administered simultaneously with endo-irrediation
and radiosensitizers.

In any case, it does not seem too unlikely to assume that the
final result of the combined treatment ini/jht be better than each of
them taken alone.

In sum, the chemically .sensitized radiotherapy involving external
and internal sources might perhaps prove the most Affective among the
current ways of destroying inelsnotic malignant tuaours.

10. Conclusions

The d i r e c t observation of changes induced by radiation in
the paramagnetic properties /and correspondingly in trie ESR spectra/
of neoplastic cells did not, in the light of recent experimental data,
prove to be a very promising tool for the detection of early radiation
.damage.

In contrast, one could expect the i n d i r e c t SSR methods,
based,on the application of spin probe technique, to be.come more
useful as a biophysical criterion of such damage.

The newly developed ESR method appears!
1. to open the v/ay for monitoring radiation effects before they can

be identified by conventional cytological examination, and
2, to provide a possibility of testing the mechanism' and extent of

radiosensitization.
The concept of radiosensitization of p i g r a e n t e d tumours,

underlying the so-called "radio-chelation therapy" is discussed .
and current attempts at its verification through animfu. experiments:,
and clinical trials are briefly summarised» .' <>

Two general conclusions having practical implications essential;.,' .
for radiotherapy have emerged from the described studies: X-.:̂
first, that endoirradiation by beta-emitters selectively incorporated
into the target, pigraented, tumour tissues can strongly affect their
proliferative activity, and .
second, that the commonly expressed opinions as to the '"high radio-
resistance of melanomas" are only partially substantiated! most lines
of pigmented neoplasms are actually much more resistant to l o w
L E T radiations; this rule does not hold true, however, in the case
of fast neutrons, to which melanotic and amelanotic melanomas''proved
to be e q u a l l y ' s u s c e j>-ti.bl'e«

This latter observation might be taken to mean that the striking .
difference in the response to conventional radiation between pigmented
and non-pigmented lines of melanoma in s i t u could be accounted
for by a smaller contribution of oxygen to the damage of melanotic
tumours. ._ '

'&
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Summary

The research carried out Toy the Institute of Molecular Biology

of the Jagieilonian university and the cooperating laboratories has

provided a new physical tool for detecting the early radiation response;

a non-conventional ESR spectroscopy at low (S-band and L-band)

frequencies.

Among different examined methodical approaches the best proved

to be the indirect methods of ESR observation which made it possible:

To monitor the oxygen level either inside the cytoplasm of

pigmented tumour cells or in the surrounding medium.

To measure oxygen concentration in situ in the tumors growing

in experimental animals.

Moreover it has been demonstrated that:

Pigmented and non-pigmented melanoma cells, which strikingly

differ in their response to low LET radiations, reveal significant

differences in the rate of their oxygen consumption.

These differences are determined by both molecular and cellular

mechanisms.

One can sensitize pigmented tumours to low LBT radiations not

only using hypoxic cell sensitizers but also chelating drugs.

Pigmented hamster melanoma cells are equally sensitive versus high

LET radiations (fast neutrons) as their amelanotic counterparts.

Endo-irradiation from incorporated 3^S is extremely effective in

suppressing mitotic activity of pigmented melanoma cells in vitro and

tumour growth in situ, if a proper isotope carrier is chosen which has

a low toxicity and at the same time a great selective affinity to melanins.

On the ground of these findings:

A high radioresistance of pigmented melanomas versus low LET

radiations has been ascribed to a permanent oxygen deficiency in these

tumours.

The use of high LET radiations and ft-endo-irradiation to the

treatment of melantic tumours is recommended.

The concept of radio-chelation therapy is formulated.

Clinical trials with human melanoms of the choroid were undertaken

to evaluate the practical efficacy of the above approach.


