European Journal of Cancer, Vol. 35, No. 10, pp. 1526-1533, 1999
(© 1999 Elsevier Science Ltd. All rights reserved.

Printed in Great Britain

0959-8049/99/$ - see front matter

Pergamon

PII: S0959-8049(99)00176-8

Original Paper

Low-Doses of Ionising Radiation Induce Melanoma

Metastases and Trigger the Immune System—Adrenal
Axis Feedback Loop

E.M. Link,! K. Flanagan,! A.S. Michalowski! and P.J. Blower?

IDepartment of Molecular Pathology, University College London Medical School, Windeyer Institute, 46,
Cleveland Street, London W1P 6DB; and ?Department of Nuclear Medicine, Kent and Canterbury
Hospital, Canterbury, U.K.

Low-doses of ionising radiation are frequently implicated in triggering and/or accelerating the growth
of skin and other malignancies. It seemed probable that the radiation at similar dose levels might
initiate metastasis from already existing tumours. Highly pigmented human melanoma xenograft that
had lost its ability for a spontaneous metastasising and grown subcutaneously in athymic mice was
exposed to very low and well-defined doses of ionising radiation to determine whether low linear
energy transfer radiation can restore metastatic potential of the tumour. To ensure that all effects
derived from radiation-activated neoplastic cells only, !3!I was delivered selectively to the cutaneous
melanoma instead of using the external beam. The direct response of these tumours to radiation was
monitored by determining the growth rate of the lesions. Histopathological methods were employed to
detect metastases. The lowest radiation dose of approximately 6 cGy deposited in the tumours initi-
ated metastatic spread in all animals. Gradual increase of the radiation doses diminished both the
frequency of the appearance of metastases and their distance from the primary lesions. There were no
metastases from non-irradiated melanomas. The highest dose used (60cGy) did not affect sig-
nificantly the growth of cutaneous (primary) tumours, but lower doses that enhanced inflammatory
infiltration of the lesions reduced tumour growth. Such radiation-stimulated immune responses were
accompanied by increased pigmentation in cutaneous lesions and activation of the adrenal cortex
indicating that the immune system-adrenal axis feedback loop had been triggered. The results
demonstrate that very low-doses of ionising radiation induce melanoma metastases. The phenomenon
is accompanied by the stimulation of the immune system-adrenal axis feedback loop that regulates
eicosanoid synthesis, thereby suggesting an involvement of these molecules in the process. Radiation
doses approaching the therapeutic level do not initiate melanoma dissemination. © 1999 Elsevier
Science Ltd. All rights reserved.
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INTRODUCTION
MELANOMAS WITH a thickness of only 1 mm metastasise with
a probability of almost 100% [1]. This exceptionally high
potential of melanoma cells to form local (satellite) and dis-
tant lesions places the neoplasm among therapeutically most
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difficult tumours. At the same time it makes melanoma a very
attractive model for studying the phenomenon.

The ‘physiological’ factors triggering the metastatic cas-
cade remain unidentified. However, environmental involve-
ment such as ultraviolet (UV) radiation is now commonly
accepted as a potent contributor to both the initiation of
melanoma growth and its subsequent metastatic spread [2—
4]. The mechanism of UV-mediated acceleration of the pro-
cess is, however, obscure. Similarly, although the mechanism
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is still under investigation [5], carcinogenic properties of low-
doses of ionising radiation, as well as the increased appear-
ance of some forms of cancer among individuals exposed to
such doses in the workplace or due to environmental hazards
are already well documented [6, 7]. The possibility of stimu-
lation or even initiation of the metastatic process in tumours
irradiated in vivo with low-doses of ionising radiation is less
appreciated, although there are some indications that the low
exposure of the existing lesions to ionising radiation may
enhance metastasis, and the preferential localisation of the
secondaries derived from non-irradiated tumours is in the
previously irradiated tissues reviewed in [8].

Since frequent exposure to very low doses of ionising
radiation is an every-day experience of a significant percen-
tage of the population and various forms of radiation are
commonly applied in several diagnostic procedures, it seems
of great importance to elucidate whether ionising radiation at
this low-dose range might trigger metastatic dissemination
from the already existing tumours and, if this is the case, to
determine the mechanism involved in the process.

The high metastatic capacity of melanoma favours the use
of this tumour for investigating the phenomenon. A human
melanoma xenograft that has lost its ability for spontaneous
metastasising in mice represents an attractive model to study
whether low radiation doses can restore metastatic potential
of the xenograft. The aim of this investigation was to test the
ability of ionising radiation to re-initiate the metastatic pro-
cess using this model.

MATERIALS AND METHODS
Experimental tumour and its growth in vivo

A subline of HX118 human melanoma xenograft that had
gradually lost its ability to spontaneously metastasise was
used in the study. The original xenograft derived from a
biopsy sample of the secondary lymph node deposit of a
patient who had not undergone cytotoxic therapy prior to the
biopsy (the tissue was provided by courtesy of G.G. Steel of
the Institute for Cancer Research, Sutton, U.K. after being
established by J. Mills of the same institute).

The material used for subsequent experiments was derived
from inguinal tumours passaged i vivo in 50-60-day-old
athymic female mice lacking T cells only ([CRL:nu-nu
(CD/1™)BR] supplied by Charles River, U.K.) every 5-6
weeks. Small tumour fragments from HX118 xenografts were
suspended in Eagle’s minimum essential medium (MEM;
from Flow Laboratories, Ltd, Irvine, U.K.) and inoculated
subcutaneously into recipient mice (three approximately
1 mm? pieces suspended in 0.2 ml medium per site). Every
experimental animal presented two cutaneous inguinal
lesions.

Radiation-mediated induction of metastases

Induction of metastases was attempted by applying low
doses of ionising radiation to the primary lesions. To ensure
that all effects derived from radiation-activated melanoma
cells rather than from normal irradiated tissues, 311 delivered
selectively to the cutaneous lesions was used instead of the
external beam. (Methylene blue (MTB) with its high affinity
to melanin employed as a carrier for >!1 secured a selective
uptake of the radioisotope by melanoma cells [9-14]. High
radiation doses delivered to melanoma cells by MTB labelled
with the properly chosen radioisotope effectively inhibit the
growth of the tumour regardless of its size and localisation
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[15-19]. Cold MTRB (that is, without a radioisotope) does not
affect melanoma and normal tissues at the concentrations
employed [10,11,13-19].)

Forty-six athymic mice bearing human pigmented HX118
melanoma xenografts (two tumours per animal) were used
for the experiments. The animals were divided into five
groups: the control mice were given either cold MTB or none
(total of 16 animals in three independent experiments) and
four experimental groups where mice were injected with
0.17 MBq (total of 12 animals in three independent experi-
ments), 0.6 MBq (total of six mice in two independent
experiments), 1.4 MBq (total of four animals in a single
experiment) and 1.7 MBq of 131 I-MTB (total of eight mice in
two independent experiments). The corresponding radiation
doses deposited in the tumours amounted to approximately
6, 21, 49 and 60cGy, respectively. The radioisotope was
administered to mice intravenously (i.v.) on day 14, that is
when the cutaneous lesions reached an average size of
3.9mmx2.7mmx1.3mm (the greatest diameter, perpendi-
cular to it and the thickness, respectively) to match the 2 mm
range of B-electrons emitted by '311.

Detection of metastases: microscopic analysis

Animals injected with *'I-MTB were culled under halo-
thane general anaesthesia between days 70 and 90 except for
the majority of animals injected with 1.4 and 1.7 MBq of !3!1-
MTB and observed for up to 153 days owing to a delay in the
growth of irradiated cutaneous lesions. The average size of
tumours at the time of culling was 17.6 mmx13.5 mmx
9.1mm. The tumours, heart, lungs, liver, kidneys, spleen,
lymph nodes from the site of the xenografts and adrenal
glands were excised, fixed with 10% formal saline and pre-
pared for light microscopic examination following standard
methods of paraffin wax embedding, cutting and staining
with haematoxylin and eosin [20]. Several specimens chosen
randomly from every organ were analysed in detail [17, 19].
The number of specimens taken from each organ was always
the same and serial sectioning was performed on every
specimen.

Determination of growth rate of primary tumour

The rate of growth of cutaneous tumours was determined
by calculating a ratio of tumour size at time intervals after
their inoculation to the size of the tumours 14 days after
implantation, that is the time of radioisotope administration.
The size of the lesions was estimated as previously described
[16,18,19], from repeated calliper measurement of three
diameters of the tumour: the greatest and the two perpendi-
cular to it. The thickness of the skin in close proximity to the
lesion was determined in every mouse and subtracted from
the thickness of the tumour.

Statistical analysis and curve fitting

The significance of differences between the growth rate of
control and experimental tumours was calculated using the
Student z-test in which slopes of the relevant curves were
compared [21]. The lines in all figures were drawn directly
through experimental points using Microsoft Excel.

RESULTS
Microscopic analysis of tumours and normal organs
Control group: Cutaneous primary tumours. All melanoma
lesions were highly pigmented and encapsulated. Inflammatory
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Table 1. Radiation-dependent induction of metastases, inflammatory infiltration of the primary tumours and activation of the cortex of
the adrenal glands in athymic mice bearing HX118 human melanoma xenografts

Inflammatory infiltration of Activation of adrenal

Radioactivity Presentation cutaneous tumours (% tumours) cortex (% adrenals)
injected of metastases Localisation of
(MBq) (% animals) metastases At the margin In the tumour Glomerulosa Fasciculata
None 0 - 69 35 76 7

(Residual) (Residual) (Residual) (Residual)
0.17 100 Lungs, bronchus, 81 38 100 86

mammary glands
0.60 33 Lymph nodes 9 0 33 33
(Residual) (Residual)
1.4 25 Connective tissue (satellite 81 63 40 100
to primary tumour) (Extensive) (Extensive)

1.7 A single lesion Blood vessel, adjacent to 75 44 71 100

primary tumour

cells (lymphocytes and plasma cells) grouped in small foci
were observed in the periphery of 69% of tumours, whereas
pigment-laden macrophages often accompanied blood vessels
incorporated deep into the necrotic tissue (Table 1). Host
adipocytes and deposits of calcium salts were also found
within these tumours. There was no difference in the
appearance of tumours from animals injected with cold MTB
and those derived from mice given none.

Metastases. Metastatic lesions, either local or distant, were
not found in control animals regardless of whether the mice
were injected with cold MTB or given none.

Experimental groups (radiation-stimulated dissemination of
melanoma): Cutaneous primary tumours. Cutaneous lesions in
all experimental groups (that is, regardless of the radio-
activity of administered !3!I) were highly but unevenly pig-
mented and, unlike in control animals, with incomplete
encapsulation (50% of lesions). Tumour necrosis increased
progressively with the radioactivity of injected !'3!I and was
characterised by a high proportion of pyknotic cells and
apoptotic cells within some lesions exposed to 0.17 MBq or
liquefaction and haemorrhages after administration of
0.6 MBq of !3'1. Extensive angiogenesis was observed in the
immediate vicinity of and within the tumours after adminis-
tration of 0.17 MBq (in 75% of animals) and 1.4 MBq (25%
of mice) of 31 (Figure 1). The lesions also incorporated
host adipocytes. In those exposed to 1.4 MBq of 3!, host
connective tissue was also observed. Host blood vessels
embodied deep within the tumour mass were found in the
lesions from animals injected with either 1.4 or 1.7 MBq of
13117 More than 70% of tumours exposed to 0.17, 1.4 and
1.7 MBq of '*!T presented extensive peripheral inflammatory
infiltrate usually arranged in foci surrounding the lesions and
consisting of either lymphocytes and granulocytes (0.17 and
1.7 MBq of !'3!I) or, alternatively, lymphoblasts, lympho-
cytes (predominantly small) and plasma cells (1.4 MBq of
131y (Table 1, see also Figure 1a). Additionally, a deep
extensive infiltration of small lymphocytes and a significant
number of pigment-laden macrophages in these lesions
accompanied by the humoral immune reaction was found in
animals injected with 31 of the latter radioactivity (Figure
1b).

Figure 1. Microscopic appearance of pigmented HX118
human melanoma xenograft inoculated subcutaneously into
an athymic mouse and exposed to !'3'I incorporated within
tumour cells after intravenous injection of (a) 0.17 MBq; and
(b) 1.4MBq 3'I-MTB. Haematoxylin and eosin staining. (a)
Extensive peripheral inflammatory infiltrate (dark blue stain-
ing indicated by an arrow) accompanied by angiogenesis and
increased pigmentation of cells localised in close proximity to
the inflammation site found in 81% of tumours exposed to
6 cGy. Magnification x100. (b) A deep extensive infiltration of
small lymphocytes (dark blue staining indicated by an arrow)
surrounded by intensely pigmented cells and with angiogen-
esis in the centre found in 63% of tumours exposed to the
radiation dose of 49 cGy. Magnification x40.
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The only tumours almost free of inflammatory infiltration
were those exposed to 0.6 MBq !2!I (Table 1). However,
pigment-laden macrophages were observed in these lesions.

Metrastases. Metastases were induced by all investigated
radioactivities of 1311 (Table 1). However, their number, fre-
quency of appearance and the distance from the primary
tumours were reciprocal to the radioactivity of the adminis-
tered radionuclide (Table 1). Localisation of secondary
lesions varied from the distant, deposited preferentially in
lungs (0.17 MBq), to satellite in the vicinity of cutaneous
tumours (1.4 MBq).

Metastases (single or multiple) were detected in all animals
injected with 0.17 MBq !3!I whereas only 33% of mice given
0.6 MBq of the radioisotope presented distant lesions (Table
1, also Figure 2a and b]. Cutaneous tumours exposed to 311
after i.v. injection of 1.4 MBq '*!I-MTB were accompanied
by small, encapsulated satellite metastases localised in the
surrounding connective tissue of 25% of animals (Table 1,
Figure 2c). A single satellite deposit invading a blood vessel
adjacent to the implantation site of the primary tumour was
found in one mouse after administration of 1.7 MBq !3'I
(Table 1).

Normal organs. The appearance of normal organs was gen-
erally the same as in controls. The only difference, as found
in approximately 75% of animals injected with 0.17, 1.4 and
1.7 MBq of 131 (but not with 0.6 MBq), was seen in the
spleen and lymph nodes that were activated (that is the lymph
nodes presented sinusoidal desquamation and trabecular
thickening, whereas the spleen presented clearly defined
germinal centres). There was also inflammatory infiltration of
plasma cells and lymphocytes in the form of small foci asso-
ciated with the portal spaces of the liver, particularly in close
proximity to the biliary ducts and veins in the animals so
treated. Animals injected with 1.4 MBq of 13!I also revealed
an extensive humoral immune reaction.

In addition to the changes observed in the spleen and
lymph nodes, a capsular thickening of adrenals and cell pro-
liferation in the zona glomerulosa, as well as the activation of
the zona fasciculata of the gland’s cortex, often extensive, were
found in mice inoculated with 0.17, 1.4 and 1.7 MBq !3!I but
not so much in those given 0.6 MBq (Table 1, Figure 3].
Whilst the lowest 1311 radioactivity used was equally effective
in stimulating cell proliferation in the zona glomerulosa and
activating the zona fasciculata, the two highest doses of the
radioisotope affected predominantly the zona fasciculata with
lesser effects on the zona glomerulosa (Table 1).

Growth rate of cutaneous primary tumours—comparison with the
lesion’s morphological appearance

The growth rate of cutaneous (primary) melanoma was not
influenced by cold MTB (Figure 4a). Radiation emitted by
31T deposited within melanoma cells of the cutaneous
tumours did not significantly affect the growth of these
lesions except at the highest radioactivity used (1.7 MBQq)
which temporarily diminished the average rate of growth of
the majority of tumours in this group by 26-53% as com-
pared with controls (P=0.02 and P<0.01, respectively)
(Figure 4e). An incorporation of 1311 characterised by the two
lowest radioactivities employed was associated with slight but
significant acceleration in the growth of some lesions. Such
an increase in the growth rate was observed either with a few
weeks delay following the administration of the radioisotope
(0.17MBq, P=0.02) (Figure 4b) or immediately after its
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Figure 2. Melanoma metastases derived from the cutaneous
primary HX118 tumours with incorporated 3'I and grown in
athymic mice. Haematoxylin and eosin staining. (a) Well
formed metastatic lesion (indicated by an arrow) in close
proximity to a small bronchus found after intravenous admin-
istration of 0.17 MBq 3'I-MTB which delivered a radiation
dose of 6 cGy to the primary tumours. Metastases were detec-
ted in all animals injected with !3!I-MTB characterised by this
radioactivity. Magnification x200. (b) Metastatic lesion (indi-
cated by an arrow) anchored to the wall of a peripheral lymph
vessel in a lymph node found after intravenous administration
of 0.6 MBq 3'I-MTB which delivered a radiation dose of
21 cGy to the primary tumours. Metastases were detected in
33% of animals injected with 3!I-MTB characterised by this
radioactivity. Magnification x400. (c) Encapsulated satellite
metastasis of a cutaneous primary tumour (indicated by an
arrow) found after intravenous administration of 1.4 MBq of
1311-MTB which delivered a radiation dose of 49 cGy. Metas-
tases were found in 25% of animals injected with 3'I-MTB
characterised by this radioactivity. Magnification x200.

injection (0.6 MBq, P=0.05) (Figure 4c). Growth of the
remaining tumours differed very little from control values.
The most heterogeneous response of cutaneous melanoma to
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131] was found in the group of animals inoculated with
1.4 MBq of the radioisotope (Figure 4d). It varied from
almost total inhibition of the tumour growth to growth simi-
lar to that of control lesions. A diminished growth rate cor-
related with the extent of the humoral immune reaction and a
deep infiltration of lymphoblasts, small lymphocytes, plas-
mocytes and pigment-laden macrophages in the lesions, as
well as the degree of aggressiveness with which they invaded
the surrounding tissue.

Figure 3. Microscopic appearance of the adrenal glands from
athymic mice bearing HX118 human melanoma xenografts.
Haematoxylin and eosin staining. (a) The adrenal with the
residual capsular thickening and limited proliferation of cells
in the zona glomerulosa as found in control mice bearing non-
irradiated cutaneous melanoma. Magnification x200. The
adrenal with an extensive proliferation of cells in the zona
glomerulosa (b) and activated zona fasciculata (c) as observed
in 100% and 86%, respectively, of the investigated glands from
mice intravenously injected with 0.17 MBq '3'I-MTB which
delivered a radiation dose of 6 cGy to primary tumours. Mag-
nification x400 and x200, respectively.

E.M. Link et al.

DISCUSSION

Melanoma is known for its exceptional malignancy [3].
However, the subline of HX118 human melanoma xenograft
used for the study had almost lost its ability to spontaneously
metastasise. The tumour, therefore, was a suitable model to
investigate whether very low-doses of ionising radiation
deposited in the lesion can restore the metastatic ability of its
cells. Indeed, the lowest investigated dose of 6 cGy, that is
well below therapeutic values, initiated the growth of metas-
tases in all animals. The frequency of appearance of metas-
tases, their size, as well as the distance from the cutaneous
tumours from which they originated suggest that a significant
number of cells was released from the primary lesions and the
process was initiated immediately after deposition of the
radioisotope in melanoma cells. Both the size of metastases
and their distance from the primary tumour were reduced
with the gradually increased radioactivity of !3!I stably loca-
lised in melanoma cells. Obviously, it was necessary for the
radioisotope’s radioactivity to decay to the level essential to
initiate the metastatic cascade. However, since the observa-
tion time was the same for the majority of animals, such a
delay in the dissemination of cells from the primary lesions
deferred the growth of distant metastases, limiting the
detectable spread to satellite lesions and/or to cell invasion of
the vasculature surrounding the primary tumour. Incomplete
encapsulation of irradiated tumours found regardless of the
radioactivity of 1311 employed and accompanied by the inva-
sion of the normal tissue surrounding the lesions further
supports the observation. It is very unlikely that the pro-
gressive increase in necrosis in irradiated tumours con-
tributed to the pattern of dissemination. Since melanoma
spreads through the host vasculature localised predominantly
in the normal tissues surrounding the lesions and less often
deep within the tumour mass, metastases derive primarily
from cells growing at the tumour margin, that is those that
remain viable even in the highly necrotic lesions.

Histopathological investigation revealed that inflammatory
infiltration of cutaneous tumours, as well as immune respon-
ses observed frequently at the residual level in non-irradiated
melanoma lesions, significantly changed after exposure to
ionising radiation. Since neither metastases nor immune
reactions similar to those observed in mice injected with 1311-
MTB were found in animals given cold MTB, it seems that
ionising radiation at the applied doses initiated both the
metastatic process and inflammatory reactions, indicating that
there may be a causative link between the two phenomena.

It was conspicuous that the quality and quantity of the
immune responses associated with metastasising tumours
were dependent on the radiation dose deposited in the cuta-
neous melanoma. Whilst the radioactivity of 0.17, 1.4 and
1.7 MBq stimulated inflammatory reactions, with the max-
imum efficacy achieved with 1.4 MBq '*'I-MTB, 0.6 MBq
inhibited almost entirely both local (tumour) and humoral
immune responses. The induced immune reactions affected
the growth of primary (cutaneous) melanoma also in a dose-
dependent manner, that is particularly in animals injected
with 1.4 MBq of 131. Consequently, the overall reduction of
the tumour growth by administration of 1.4 MBq !*!1 was
more significant than that by higher radioactivity which,
being more potent in damaging melanoma cells directly, but
less so in stimulating immune responses, did not diminish the
growth of the lesions in an adequate manner. There was also
a strong correlation between the radiation dose-dependent
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Figure 4. Growth rate of pigmented HX118 human melanoma xenografts inoculated subcutaneously into athymic mice from
which metastases subsequently derived. (a) Control (cold MTB and none); (b) 0.17 MBq of 3'I-MTB (O,<,[1); (c) 0.6 MBq of
BII.MTB (,[1); (d) 1.4 MBq of *'I-MTB (A,<$,[1); (e) 1.7 MBq of *'I-MTB (A,<$,[]). Error bars: £S.D. (standard deviation)

@ Control (cold MTB and none).



1532

degree of inflammatory infiltration of the primary melanoma,
the tumour pigmentation and the activation of the adrenal
cortex, suggesting that the immune system-adrenal axis
feedback loop had been triggered [22]. Moreover, the extent
of radiation-stimulated immune responses correlated with the
acceleration of the conversion of cells from zona glomerulosa
to those of the zona fasciculata—the phenomenon associated
with the increased release of glucocorticoids by the adrenals.
(The adrenal cortex regulates immune and inflammatory
reactions by the release of glucocorticoids—the molecules
that interrupt the enzymatic pathways involved in the synth-
esis of the mediators of the immune processes, namely, eico-
sanoids. In turn, the release of glucocorticoids from the
adrenal cortex is stimulated by adrenocorticotropic hormone
(ACTH) secreted from the adenohypophysis upon activation
of the pituitary—adrenal counter-regulation of inflammation,
as well as by ACTH and melanocyte stimulating hormane (o~
MSH) released by melanoma cells [23] and lymphocytes
themselves [24]. The activation of the latter small loop is
supported by the extensive pigmentation of melanoma cells
localised in the immediate vicinity of lymphocytes and
inflammatory cells surrounding and infiltrating cutaneous
tumours (ACTH and o-MSH also stimulate pigmentation of
melanoma cells [25])).

Taken together, the concomitant occurrence of metastasis
with the induced immune reactions, increased pigmentation
of the primary melanomas and suprarenal activation respon-
sible for regulating the immune responses by the release of
glucocorticoids implicates eicosanoids as molecules initiating
the observed processes and ionising radiation as responsible
for their enhanced synthesis. Indeed, recent studies indicate
that ionising radiation alters production of eicosanoids
reviewed in [26] and that some eicosanoids initiate the
metastatic cascade [27-29]. However, it remains unclear how
the synthesis of eicosanoids is triggered by radiation since
emitted electrons and photons cannot activate directly the
relevant enzymes. It appears that hydrogen peroxide gener-
ated by ionising radiation via water radiolysis (each cell con-
sists of approximately 80% of water) [30,31] is responsible
for initiating the reactions. This molecule has been shown to
be immediately involved in stimulating relevant enzymatic
pathways [32,33] and H,0O,-mediated cellular responses are
eicosanoid-dependent [34, 35]. Both ionising radiation and
H,0, affect eicosanoid production in a biphasic manner (that
is the pattern governing also !3'I-induced metastasis). Accel-
eration is observed within a low-dose range, whereas further
elevation of radiation doses or H,O, concentration results in
a rapid termination of eicosanoid synthesis [36,37]. Thus, if
the hypothesis is correct, H,O, formed in melanoma cells at
the appropriate concentrations due to water radiolysis caused
by radiation, should stimulate production of the relevant
eicosanoids and favour tumour spread, whereas a further
increase of radiation doses should gradually terminate the
reaction. Indeed, the lowest 131 radioactivity used proved to
be the most effective in inducing metastases, but higher
radioactivities gradually diminished the efficacy of the pro-
cess. We have, therefore, calculated whether 6 cGy—the
radiation dose most effective in initiating metastasis—gener-
ated H,O, at concentrations suitable for stimulating synthesis
of the eicosanoids.

Our previous experiments revealed that 107!> moles of
H,0, per cell when added extracellularly was needed to
obtain maximum stimulation of eicosanoid synthesis (1012
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moles per cell was already borderline in inhibiting the
enzymes in question) [34]. This compares with 6x107!°
moles and 2x107'% moles of H,O, per cell, respectively,
when H,O, is produced by low linear energy transfer (LET)
radiation simultaneously within and outside irradiated cells
[38]. Since G value for H,O, formed in water by p-electrons
emitted by '3!I amounts to approximately 0.65 (the G value
is defined as the number of molecules changed per 100 eV
transferred to the system [30]), 1 Gy of radiation dose from
the radioisotope produces 6.7x1078M H,0, (=0.65x
1.036x10~”"M H,0,) and, therefore, 6 cGy 4.04x10"°M
H,O0,. This is equivalent to 5.3x10~!> moles H,O, per cell
since 1g of the tumour consists of approximately 7.6x10%
melanoma cells [11].

The calculations reveal, therefore, that the radiation dose
of 6 cGy delivered by 311 generates hydrogen peroxide at the
concentrations determined as optimal for stimulating synth-
esis of eicosanoids. This makes the proposed mechanism
underlying radiation-induced metastasis and accompanying
immune responses even more attractive.

In summary, data presented in this paper demonstrate that
very low and well defined doses of ionising radiation are
effective in inducing metastatic spread from primary mela-
nomas. Reciprocity of the process versus radiation doses at
the range investigated suggests the involvement of enzyme-
mediated reactions induced by the radiation. Concomitant
activation of the immune system-adrenal axis loop control-
ling synthesis of eicosanoids indicates that the enzymatic
reactions triggered by the radiation are responsible for the
production of these molecules.
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