1092 Experientia 48 (1992), Birkhiduser Verlag, CH-4010 Basel/Switzerland Reviews

Photon emission in tumor biology
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Abstract. Photon emission from mammalian cells has been subject of study for many years. Growing research activity
is directed on the photon emission within the field of tumor biology. These studies, applying high-sensitivity photon
counting methods, have paid attention to several aspects, including photon emission from serum of tumor-bearing
animals, photon emission of tumors and of isolated tumor cells. In addition, research activity is increased with respect
to the photon emission induced by white light from cultured tumor cells. In this review we report on the different
aspects of spontaneous and induced photon emission of tumor cells as compared to normal cells. Throughout these
studies the question of a functional biological role of this spontaneous and light-induced photon emission has been
raised and some different points of view will be discussed. t
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Introduction

In the studies of the mechanisms underlying tumor devel-
opment, a variety of biochemical and biophysical tech-
niques have been applied in the past. More recently,
growing research activity in the field of photon emission
is directed on carcinogenesis. This increased activity re-
flects the recognition that luminescence is emitted by all
biological systems and associated with fundamental
physiological processes. The modern technology of the
super-high sensitivity photon counting methods allows
the detection and spectral analysis of extra-weak biolu-
minescence and chemiluminescence from living cells and
tissues. A number of studies, applying this modern tech-
nology, have paid attention to the photon emission char-
acteristics of tumor-bearing animals, of tumors and of
isolated tumor cells. In addition, research activity is in-
creased with respect to the development of biochemical
and biophysical models in order to describe the creation
by organisms of electronically excited states and pho-
tons, the link between them and physiological processes,
and the evaluation of their possible informative role.
In this paper we make an attempt to present the results
of studies of extremely weak bioluminescence and chemi-
luminescence in the field of oncology. We will consider
primarily some studies on the photon emission from
blood samples of animals which develop tumors, and
then the studies including malignant tumors and isolated
tumor cells. Furthermore, we will consider studies on the
light-induced photon emission of isolated tumor cells.

Photon emission (PE ) from blood serum dyring carcino-
genesis ’

Luminescence, originating from living systems was pro-
posed at the beginning of this century by G. Gurwitsch
to explain some experimental observations with respect
to growth regulation®. Research on weak spontaneous
photon emission from biological systems has been con-
tinued in the countries of the GUS and in Eastern
European countries. In several recent meetings a

number of contributions have given an overview of this
work 3% ¢7, A general hypothesis underlying most of this
recent work has connected the emitted radiation to bio-
chemical processes as well as to the physiological state.
According to this hypothesis the intensity of the bio-
chemiluminescence correlates to the severity of a number
of pathologies.

The origin for the chemiluminescence of tissues and body
liquids is the non-enzymatic oxidation of complex organ-
ic compounds, primarily lipids, by free radicals. Thus,
peroxide oxidation of lipids leads to peroxide radicals.
The latter compounds, by recombining, release an energy
sufficient to emit a quantum in the visible part of the
spectrum. This spontaneous chemiluminescence of figq-
uids is a continuous and very weak emission in the near-
ultraviolet, visible and near-infrared parts of the spec-
trum. It has, according to the current hypothesis, a
metabolic origin.

The relation between chemiluminescence, stress and
pathological conditions can, in a simple form, be present-
ed in four steps: Under conditions of stress, blood is
saturated with oxygen and non-saturated fatty acids in
order to provide energy to cope with stress conditions.
Depending on the coping strategy, energetic substrates
are not used for some time and remain present at in-
creased levels. This increases the probability of direct
contact between oxygen and substrates that leads to in-
creased activation of free-radical oxidation. Free radi-
cals, aldehydes and other compounds could be formed by
toxins affecting membranes, creating a prepathological
condition.

In order to survive an organism has a complex of devices,
including a whole set of antioxidant systems, to protect
against oxygen toxicity. There is no doubt that the state
of pro- and antioxidant balance is of vital importance.
This state has been the subject of research that was aimed
at judging the pro- and antioxidant equilibrium in the
host, its liquids and cells, in different pathologies. For
this reason it was suggested that a technique which allows
an integral, simple and rapid evaluation of the equilibri-
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um state can be based on the analysis of chemilumines-
cence intensity in biologic liquids, like blood serum.
The state of chemiluminescence research in the field of
oncology has been previously discussed by Baraboy * and
we consider some findings with respect to animals in the
early stages of carcinogenesis, animals with growing
transplantable tumors, and human clinical trials.

a) Early stages of carcinogenesis. Following injection of
nitrosodiethylamine to rats, a persistent enhancement in
photon emission of blood serum was observed. But dif-
ferent carcinogens exert a contrary effect. Injection of
3,4-a-benzpyrene and of DMBA resulted in decreased
serum photon emission.

b) Animals with transplanted tumors. In the initial 1-2
days of growth after transplantation of a tumor increased
serum photon emission values were usually observed.
The magnitude of the increase depended on the duration
of tumor growth and type of tumor. Serum photon emis-
sion from animals with experimentally transferred tu-
mors revealed that in Walker carcinosarcoma, Crocker
sarcoma, sarcoma 45 and some other tumors, the inten-
sity of photon emission drops below the threshold level.
In contrast, transplanted Guerin’s carcinoma, Pliss’
lymphosarcoma, and Shwets’ erythromyelosis during
growth cause increased intensity of serum photon emis-
sion. '

c) Clinical trials. Clinical trials of serum photon emission
of cancer patients revealed increased values in the major-
ity of examined cases. This is characteristic of patients
with carcinoma of the oesophagus, stomach, colon,
squamous cell carcinoma of the lung, breast and cervix.
However, the clinical observations did not permit an
unequivocal conclusion about increased serum photon
emission values as typical for neoplasia. It had been
shown that the presence of pulmonary adenocarcinoma
in patients is normally associated with a reduction of
serum emission values.

The aim of this research has been to devise a laboratory
test, in which serum photon emission intensities would
give an indication of the conditions of the patient suffer-
ing from specific malignancies. As the data seem contra-
dictory, further investigation in this field is needed. It
must also be taken into account that an increase of PE
intensity occurs in inflammatory diseases, intoxication,
radiation lesions and cardiovascular pathology #® 64 67,

Photon emission from normal and cancerous human tissues

The question can be raised whether tumor tissues are
characterized, like blood serum, by a different PE inten-
sity as compared to the neighboring tissue. Recently,
photon emission in the visible and near ultraviolet range
by samples of human tissue have been recorded '8, Sam-
ples were human tissues coming from surgical opera-
tions. As soon as they had been taken from the living
body, the samples were put into a dark container and
maintained at 37 °C, immersed in Ringer’s solution to
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allow metabolic processes to be maintained. They were
measured 30—100 min after their removal. The authors
concluded that all the normal, non-tumor, samples emit-
ted light with negligible intensity, whereas most of the
tumor samples emitted light with a much higher inten-
sity. The samples belonging to the sub-set of tumor
tissues have a much wider distribution of PE values
(300 + 90 photons/cm?® min) than the normal tissues
(22 + 6 photons/cm? min). Their data further show that
some tumor samples have a low PE value which cannot
be distinguished, within the limits of statistical error,
from that of normal tissues. In 3 cases malignant tissue
could be compared with normal tissue. One of these cases
showed large differences between normal and malignant
tissue.

It is interesting that studies have reported the wide distri-
bution of photon emission values of tumors*® and that
of blood serum?. In this respect a wider experimental
basis is required, including parallel measurements of
photon emission of tumors and serum of the same patient
to validate photon emission as a simple, non-destructive
analytical tool in tumor diagnosis. The question of
whether photon emission from tumors is caused by tu-
mor cells or by other cells present in the tumor has not
been directly answered. Some evidence, however, indi-
cates that non-tumor cells may be involved in tumor
photon emission. In tumors a diversity of cells is present
and with respect to photon emission special attention
must be paid to the population of phagocytes. Once they
leave the bloodstream, monocytes mature into mac-
rophages, which together with neutrophils, also called
polymorphonuclear leucocytes, are the main professional
phagocytes in the body. Activated phagocytes reduce
molecular oxygen to superoxide via NADPH-oxidase, a
process called respiratory burst. Superoxide radicals
form hydrogen peroxide which then serves as a substrate
for myeloperoxidase reaction generating a variety of
highly toxic metabolites. These processes produce elec-
tronically excited states which by relaxing to the ground
state emit photons.

The data from several experimental tumor models have
demonstrated that high-growth and low-growth frac-
tions exist in tumors depending on the site. Moreover,
the continuous increase of tumor size causes local condi-
tions of decreased vascularization, nutrient deprivation,
tumor cell death and necrosis. From these points of view
it is likely to suggest that phagocytes, which can populate/,/
tumors to a various extent depending on the (local) con*
ditions of the tumor are, at least in part, responsible for
the photon emission of solid tumors. However, experi-
mental data are not available, although in a few studies
it has been shown that monocytes showed increased pho-
ton emission activity in solid tumor patients ® °.

It must be considered that not (only) the number of
phagocytes but their structural environment is responsi-
ble for the photon emission intensity from the tumors.
The structure of the extracellular matrix is mainly deter-
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Table 1. Effect of collagen on luminescence of human PMN leucocytes®

Collagen Lagtime Increase per Time of  Maximum
concentra-  (min) 10 min maximal  Jumines-
tion [umines-  cence
(ng/ml) cence
(min)
0 14 20 x 10° 35 27 x 10°
50 12 34 x10° 25 37 x 10°
100 9 23 x 105 25 27 x 10°
200 3 4.5 x 10° 40 10 x 104

* PMN leucocytes (5 x 10°) were incubated in a liquid medium or in a
collagen gel. At the start of incubation at 37 °C, PMA was added. The
increase in the rate of luminescence was determined during a 10-min
period after the lag period. At high (200 pg/ml) collagen concentration
the time of maximal luminescence cannot be determined since maximal
luminescence occurs during a long period of time.

mined by fibroblasts. This cell type is a producer of col-
lagen %33 and glycosaminoglycan?®** and is able to
restructure the cellular environment by contracting colla-
gen 1345152 'We demonstrated earlier that when poly-
morphonuclear leucocytes were incubated in a matrix of
collagen, the photon luminescence was strongly influ-
enced by the collagen concentration””. Photon emission
of leucocytes and macrophages has been measured both
by directly applying photomultipliers and by the use of
various amplifiers, for instance luminol?®. In order to
demonstrate the influence of collagen packing on phago-
cytic activity of polymorphonuclear leucocytes, the lu-
minescence of these cells, incubated in nutrient-rich
medium plus luminol, was investigated in relation to col-
lagen concentration®'. For the preparation of collagen
matrices mixtures for gels containing up to 0.2 mg colla-
gen per ml and leucocytes were prepared and polymer-
ized. The cells were activated by phorbol-myristate-ac-
etate. As shown in table 1 an increasing collagen con-
centration causes the onset of the response to advance.
The lowest collagen concentration causes an acceleration
and amplification of the peak response. Higher concen-
trations retard and diminish this phase. These type of
data show that leucocyte activation is strongly activated
by collagen packing. The packing of collagen is mainly
regulated by fibroblasts. The contracting forces exerted
by fibroblasts depend on the fibroblast density and the
collagen concentration>'-°%°!. In tumor tissue the
structure of the extracellular matrix shows a dynamic
behavior. Various enzymes, among them collagenases
and enzymes which metabolize glycosaminoglycans, are
produced by tumor cells and modulate the matrix contin-
uously 2733,

Photon emission from isolated normal and tumor cells

A second approach to study the origin of photon emis-
sion from tumors is the analysis of photon emission of
isolated tumor cells. The liver has been subject of exten-
sive research with respect to photon emission. Emission
of weak radiation in the visible range by the liver has
been described by several authors® 7 #°. This emission
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has been registered both in situ and from isolated livers.
The phenomenon of photon emission was still present
after isolation of individual hepatocytes, amounting to
approximately 30 photons/s per 10° cells'®. In the past
decades increasing emphasis has been placed on compar-
ative biochemical and biophysical studies of liver and
hepatoma cells## 54 35:62,63.65.66 I recent years, we
have investigated spontaneous photon emission from
suspensions of rat hepatocytes and of cells of the hep-
atoma cell lines Reuber H35 and HTC. Rat hepatocytes
exhibit photon emission but that of hepatoma cell lines
was not detectable®® %% Several attempts have been
made to detect emission from suspensions of the two cell
lines. These attempts were unsuccessful, although a) the
absorbance studies have shown that self-absorbance of
light by the HTC and Reuber H35 cells was less than that
by hepatocytes, and b) the cell densities of the tested
suspensions ranged from 10° to 107 per ml. The altered
photon emission may be part of the general shift in the
production of superoxide radicals with increasing malig-
nancy'’. From these data it is not unlikely to propose
that tumor cells can be considered as a protective-adap-
tive cell state protecting the body at that sitc against
activation of free radical oxidation and injury.

Light-induced photon emission (IPE) studies:
different concepts

The long decay time of the light-induced photon emission
from living systems was first described by Popp and co-
workers for plant material, including cucumber and
Bryophyllum®7. In these studies decay of the light emis-
sion after illumination lasted up to 1 h. Similar decay
times of the IPE were observed for the microsporocytes
and for the intact male inflorescences of larch!?*3. In
the latter studies the authors paid considerable attention
to variations of IPE from cells in different stages of devel-
opment. They observed that IPE from cells undergoing
meiosis were considerably different from those observed
for the whole inflorescences. The investigations of the
activity level of DNase and RNase and of the intensity of
IPE from microsporocytes of larch during develop-
ment 14 revealed the close positive correlation between
changes in the DNase activity and of the intensity of the
IPE. These results have been considered as support for
the concept that DNA, possibly in the form of chro-
matin, is one of the sources of biophotons. This concept
is strongly promoted by Popp and co-workers. They of-
fered a biophysical model as a basis for understanding
the photon response from light (stress)-perturbed biosys-
tems. This model has been called the ‘photon storage
hypothesis’. In their model a regulatory system is illus-
trated by a resonator cavity. The response of the res-
onator to a stressor depends on several factors and may
be quantified by the value of the ‘quality factor’ (Q). A
stable resonant system has a high Q-value. Such system
loses only a very small amount of its energy E. This
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feature agrees well with a low intensity luminescence
from intact (non-perturbed) organisms. When a bioregu-
latory system is stressed it will give a larger response to
the stimulus, reflecting the partially disintegrated system
-with a diminished Q-value due to the malfunction of the
negative feedback 32-*”. The level of the IPE intensity can
be considered an indicator of the sensitivity of a cell to
the regulating action of biophotons. According to these
authors the source of biophotons is the genetic apparatus
of the cell. For this reason this model has been also
indicated as the ‘genetic information concept’. Ratte-
meyer et al*' observed a close correlation between
changes in the degree of condensation of the cellular
DNA and the spontaneous photon emission activity of
cucumber seedlings treated with ethidium bromide. In
other experiments using suspension cultures of soya cells
photon emission was also changed by ethidium bromide:
photon emission increased after exposure to ethidium
bromide at concentrations up to 30 pug per ml, and de-
creased again when the cells were exposed to higher con-
centrations up to 3 mg per ml>*®. However, in the latter
experiment data are not available with respect to the
effect of these concentrations of ethidium bromide on
DNA structure. No biochemical fractionation of these
cells could prove that DNA is the sole source of binding
of ethidium bromide or to what extent other molecular
principles might be responsible for the observed differ-
ences. Another argument which has sometimes been used
in favor of the ‘genetic information concept’ was the
observation that photon emission could not be detected
in measurements using mature red cells of blood, in
which the nuclear apparatus is missing. The validity of
this argument, however, is doubtful because several other
studies including mammalian cells with intact nucleus
report that photon emission could not be detected (this
review). In this respect it is more likely to repeat these
experiments using enucleated plant cells.
In addition to the experimental data in favor of the
‘genetic information concept’ this group of researchers
added theoretical indications *#-2%: 39 that point to bio-
polymers, in particular to the exciplexes of DNA, as

essential source of a coherent electromagnetic field with-/

in living tissues. They compared a number of expected
properties of a chaotic (spontaneous) luminescence field
versus an ideal coherent (regulatory) field*°. A number
of experimental results are in favor of the coherent field
hypothesis.

Besides the previously mentioned experimental results
the decay behavior as well as the transparency of the
tissue for photons was considered to be of decisive im-
portance.

Under ergodic conditions hyperbolic decay is a necessary
and sufficient condition for coherent scattering. And in-
stead of an exponential decay, living cell populations
exhibit a hyperbolic relaxation of photon intensity after
exposure to white-light illumination 13- 37-4°, The investi-
gations of transparency of the tissue for photons, origi-
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nating from the interior part of the system became also
an important step in searching for the chaotic or coherent
character of luminescence. Measurements of transparen-
cy of disperse media as well as of cell layers have yielded
evidence that photon emission itself induces an extinc-
tion coefficient that is at least one order of magnitude
lower than that for comparable light 3%,

The mechanism behind the phenomenon of IPE and its
biological significance are discussed quite controversial-
ly. In principle the ‘chemiluminescence concept’ which is
based on the biochemical model including oxidative rad-
ical reactions in biomembranes, usually associated with
lipid peroxidation might offer an explanation for IPE
too. According to this model, in a perturbed regulatory
system a small stress, as white light irradiation, can ini-
tiate a large perturbation. This can cause an increase in
endogenous free radical production, possibly over-
whelming the various anti-oxidant defences.

Although for photon emission of plant tissue many ex-
perimental data confirm the chemiluminescence concept,
it is not excluded that part of photon emission can be
ascribed to other sources and is linked to IPE. In order
to discriminate between the different concepts several
characteristics of IPE, including spectral analysis, decay
characteristics, transparency and cellular origin need to
be studied. It is not the purpose of this paper to evaluate
these data from plants. In this period of time the first
measurement of IPE of mammalian tumor cells were
found. They will be the subject of this paper.

Induced photon emission (IPE) from mammalian cells

Several studies have demonstrated that mammalian cells
illuminated with white light exhibit a short lived photo-
induced luminescence. The first mammalian system was
studied by Schamhart and van Wijk #> ¢ and consisted
of normal, isolated rat hepatocytes and the hepatoma-
derived cell lines, Reuber H35 and HTC, with different
degree of differentiation. The second system was studied
y Scholz et al.*” who compared normal human amnion
cells and transformed Wish cells derived from the same
parental tissue. The third mammalian cell type was the
Cloudman 891 melanoma cells, studied by Niggli >*.
As proposed previously one of the hypothetical mecha-
nisms to explain this short lived photo-induced lumines-
cence, is the connection with photooxidation/reduction
processes of endogenous cell components such as e.g.
flavins. Some studies with mammalian cells have present-
ed evidence that mitochondria are targets for light irradi-
ation*3. For rat liver mitochondria irradiation was
found to cause both an increase in the electrochemical
proton gradient and ATP extra-synthesis®®. Further
along this line of thinking it can be suggested that under
photo-oxygenation conditions, photoreduced flavin un-
dergoes a series of reactions in which oxygen free radicals
such as singlet oxygen, hydroxyl, perhydroxyl and super-
oxide-anion may be formed, or alternatively, singlet oXxy-
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gen may be formed from the reaction of superoxide-
anion and hydrogen peroxide!® 2% 31 Unfortunately
further knowledge on light-harvesting principles and
coupled acceptor molecules in mammalian cells is limit-
ed.

The second hypothetical mechanism, in analogy to the
plant studies, is that IPE arises from DNA or the chro-
matin according to the photon storage model.

The results of the studies on mammalian IPE are com-
parable to some extent and will be discussed in order to
throw light on the validity of the two models for mam-
malian IPE. The results of these studies include the dura-
tion of IPE, the re-emission relaxation dynamics, the
light-transmission characteristics, cell fractionation stud-
ies with respect to possible source(s) of IPE, and spectral
analysis studies.

a) Duration of IPE

The decay of the light emission after illumination was of
the order of a few seconds (fig. 1A). A complicating
factor is the observation that a low level of induced pho-
ton emission was also detected after illumination of an
empty cuvette or a cuvette with medium but without
cells. It is suggested that quartz glass is responsible for a
background IPE and this must be taken into consider-
ation in order to calculate cell specific IPE. However,
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Figure 1. Effect of cell concentration of light-induced photon emission of
HTC cells. HTC cell populations were incubated at densities (cells/ml) of
(0)7.27 x 108, (A) 2.45 x 10%; (@) 0.82 x 10%;(v) 0.27 x 10°; (e) no cells.
A (left panel): photons per 50 ms were determined at various times after
the start of the measurement.
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when very careful measurements were performed, includ-
ing at least 10-fold measurements the decay can be de-
tected for about 30 s and thereafter it was not distin-
guished from the initial value without pre-illumina-
tion 8,

b) Reemission relaxation kinetics

Following the procedure of a 10-fold measurement which
eliminates disturbances caused by irregularities in the
dark count rate, the cell-specific IPE could be followed
into the last part (‘tail’) of the decay curve up to 30 s. For
HTC cell populations the decay kinetics were determined
by determining the maximal amount of photons emitted
after illumination (from the start of the measurement) as
well as the fraction that has been produced at each time
or the fraction that was still not emitted yet °®. The anal-
ysis of the decrease of the latter fraction in time shows
that the tail part of the curve is a straight line in the
logarithmic plot of fraction versus time (fig. 2). The de-
cay occurs with a half time of approximately 3—4 s in the
period of 525 s after the start of the measurement (the
example is shown for 4-15 ). To study earlier kinetics
the contribution of the 3—4 s decay half time has been
eliminated from the earlier data points. An example of
the cumulative data curves for a period of about 1.5 s for
HTC cell populations with various cell densities is shown
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B (right panel): detailed exponential plot of the fraction of photons which
were not emitted yet at the time of measurement as specified on the
X-axis.
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Figure 2. Exponential plot of the number of photons which were not yet
emitted from a HTC cell population at the times of measurement as
specified on the X-axis.

in figure 1B. At all densities, including the conditions
that the cuvette with medium but without cells was irra-
diated, the second part of the curves showed a straight
line, indicating a half life time of about 300 ms in the
period of 500-2000 ms after the start of the measure-
ments.

Before that time, i.e. in a period of about 500 ms after the
start of the measurement, the decay is even more rapid
and it is dependent on the cell density .

In a few studies the differences in decay kinetics were
expressed in terms of the initial rate 3* 36, The initial rate
of decay of photon emission as measured during an early
interval directly after the start of the measurement can be
of some value, but a correction for non-cell-specific IPE
had to be made. ;
In order to develop a better measure attention was paid
to the observation that for a given cell density the rate of
decay is not constant. It corresponds to the observation
that the early part of the decay curve, the part which
shows cell density dependence, cannot be described by a
single exponential decay law (fig. 3). A better description
of the time course is given by a hyperbolic decay
law*”>%9_ Again this part can be obtained from the orig-
inal data only by subtracting the data obtained with
cuvette and medium but without cells. It is evident that
when photon emission is small as compared to the cu-
vette value the interpretation of the data — without any
correction —is dominated by the two constant decay half
times which are cell density independent.

Following correction for cell independent decay, the best
fitting of the hyperbolic decay according to

i0,t) =0 - t*
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Figure 3. Decay kinetics of light-induced photon emission from HTC
cells approximated by hyperbolic decay law. The early part (0.5 s) is cell
density dependent. Cell densities were: (o) 7.27 x 10%; (0) 2.45 x 10°; (a)
0.82 x 105; () 0.27 x 10%; (+) no cells.

is determined and the values o (amplitude factor) and —k
(decay constant) are then determined. This procedure has
been applied — without correction however — by Scholz
et al.*’,

c) Cell type-dependence of IPE

In the few comparative studies on IPE of a cultured
tumor cell type and its normal counterpart, characteristic
differences were observed between the normal and the
transformed cell *°-47- 35, The lowest value was found for
the normal cell and the highest value for the tumor cell.
However, the quantitative data of these studies cannot be
compared, since conditions for measurements were dif-
ferent in these investigations. In this context, in a prelim-
inary study of van Wijk, van Aken, Wei-Ping and Popp
it was decided to draw up an inventory of mammalian
cell types present in the laboratories with respect to their
IPE activity.’ The IPE was detected in all mammalian
cells tested including cat, Chinese hamster, cow, dog,
human, monkey, mouse and rat cells.

The intensity of this emission is dependent on cell type.
In general lowest IPE values ranging between 4 and 8
photons per 10 cells were found for normal, non-meso-
dermal, cells. The IPE values for tumor cells ranged be-
tween 7 and 36 photons per 10* cells. Relative high IPE
values, between 30 and 100 photons per 10* cells were
found in suspensions of fibroblasts.

d) Light transmission characteristics

Total photon emission by a cell population of different
densities has been used to study the relation of measured
photon emission, cell number, and absorbance. This has
been studied for HTC cells (fig. 4). By expressing the
total number of photon counts emitted in 5s as a func-
tion of cell density (ranging from 0.05 — 8§ x 106 cells/ml)
HTC cells displayed an increasing emission with increas-
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Figure 4. Cell density dependence of total emitted photons of suspen-
stons of HTC cells, Reuber H35 cells and isolated hepatocytes.

ing cell density % *°. The transmittance at cell densities
of 2 — 3 x 108 celis/ml is reduced to 10% and less >°. Any
correction of cell-dependent IPE for absorbance by the
suspension will cause a dramatic non-linear increase at
the higher cell densities.

A similar conclusion can be derived from the biophoton
reemission of Cloudman S91 mouse melanoma cells after
pre-illumination with white light at concentration of 1
and 2 x 108 34,

A completely different example of the relation between
cell density and IPE is that of a population of normal rat
liver cells (fig. 4). In this case at higher cell densities the
IPE was lower than that of the cuvette and reached about
70% of that value®®. These data demonstrate that a
simple correction as with HTC cells cannot be made since
cells can interfere with cuvette-dependent emission, too,
in a way that is cell density dependent. Especially this will
influence the interpretation of data from cells with low
IPE value compared to the cuvette IPE.

These data show that in the case of IPE in suspensions of
hepatocytes and hepatoma cells a consistent explanation
in terms of delayed luminescence of these cells meets
several difficulties. Especially with respect to the applica-
tion of the average extinction coefficient of hepatoma
cells the self-absorbance characteristics of the delayed
Juminescence could not be explained. The photon emis-
sion of HTC cells increases although transmission is re-
duced to less than 1%. :
Comparing the two models, the phenomenon of de-
creased self-absorbance can be explained, according to Li
and Popp 24 2°:38740 by assuming a coherent character

Experientia 48 (1992), Birkhduser Verlag, CH-4010 Basel/Switzerland

Reviews

of IPE. As outlined above, the hyperbolic instead of the
exponential decay kinetics are also in agreement with the
‘photon storage model’. On the other hand Kochel?*
presented evidence that the hyperbolic decay kinetics is
not in contrast to the biochemical model with oxidative
radical reactions.

For further discrimination between the models the origin
of mammalian cell IPE is important.

e) Source of mammalian IPE

With respect to the nature of the molecular principle of
IPE, several approaches have been used, including extra-
cellular changes and cell fractionation studies.

A very impressive set of data has been presented by
Niggli on the influence of cholera-toxin and of forskolin
on Cloudman S91 mouse melanoma cells®**. Both sub-
stances induce melanin synthesis via the cyclic AMP
pathway. When these cells were light irradiated the re-
emission relaxation dynamics is no longer observed. In
such treated melanoma cells biophoton reemission was
not different from that of the cuvette without cells.

At first sight these results suggest that IPE is related to
the altered membrane characteristics, but other data in-
dicate that not the plasma membrane is involved. These
data came from studies on disrupted and fractionated
HTC cells®®%° and Cloudman S91 cells®*. Several
methods for cell disruption were applied.

When HTC cells were disrupted by the addition of sodi-
um dodecylsulphate to a final concentration of 0.5% to
the medium it caused a decreased initial value of IPE
decay curve 8. In fact, this treatment leads to a decreased
total amount of photon emission by the elimination of
the fraction with the fast and variable half life value
(fig. 5). When HTC cells were disrupted by a Dounce
homogenizer we found remarkably similar IPE intensi-
ties of broken cells as compared to intact cells, indicating
that the principle or process leading to IPE requires no
intact cells. The IPE of cell fractions were tested, showing
that the cytoplasmic fraction, or the fractions containing
mitochondria and subribosomal particles have a very low
activity, less than 5% of that of the nuclear fraction. In
contrast a very efficient reemission of biophotons was
observed of the nuclei of mouse melanoma cells ** and of
hepatoma cells 33 *¢. The further fractionation of the nu-
clei shows that intactness of nuclei is not required for IPE
(table 2). The isolated chromatin-containing fraction has
IPE values that are even higher than IPE values of nuclei.
However, phenol-extracted DNA did not produce any
IPE 59, 60.

The observation that pure DNA has no reemission ca-
pacity points to an essential importance of whole chro-
matin — possibly for conformational reasons. In the two
models this set of data is in favor of the biophysical
model which proposes DNA or chromatin as a source of
biophotons. In addition, several other data with respect
to the source of IPE are not in favor of oxidative radical
reactions.
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Figure 5. Effect of 0.5% SDS on light-induced photon emission of HTC
cells (cell density 2.45 x 10 cells/ml). (a) cells; (a) cells plus SDS; (m)
medium with and without SDS.

A (left panel): photons per 50 ms were determined at various times after
the start of the measurement.

Table 2. Light-induced photon emission of HTC cells and cellular frac-
tions?

Total photon counts
in 0.5 s correspond-
ing with 10° cells

Transmission
at 500 nm, %

Whole cells

4053 + 770 18
Cytoplasmic fraction 1736 + 581 87
Nuclear fraction 5670 + 1463 36
Chromatin fraction 13230 + 3206 44
DNA (phenol-extracted) 388 £ 72 96

* Cell fractions were measured at amounts that correspond with the
original cell number. Values (total photon counts in 0.5 s per 10° cells)
were obtained in 5 different experiments and are given for the mean + SD
after subtracting the background values of cuvette with buffer. Measured
IPE was not corrected for absorption of light by the ceil suspension.
Transmission at 500 nm was determined spectrophotometrically.

In studies with HTC cells the oxygen dependency of IPE
was measured. Although the cuvette containing the cell
suspension was flushed with argon for at least 15 min
prior to the start of the measurements and the culture
was kept under these conditions for 1 h the IPE values
were not decreased. Furthermore, reoxygenation of the
hypoxic cells by flushing these cultures with 95% oxy-
gen/5% CO, did not increase the IPE values, indicating

that IPE does not require any oxygen-dependent metab-
olism.

B (right panel): detailed exponential plot of the fraction of photons which
were not emitted yet at the time of measurement as specified on the
X-axis.

The characteristics of IPE of HTC hepatoma cells and
Cloudman S91 melanoma cells can be explained by the
‘photon storage model’ including chromatin-dependent
emission of light with a coherent character. As we have
discussed before, the hyperbolic instead of the exponen-
tial decay kinetics is in favor of coherence. It might also
(at least in part) explain the increased transparency for
IPE as compared to artificial light.

The data are not in favor of the flavin concept. This
model cannot explain the increase of transmittance of
light, neither does it fit with respect to the lack of IPE in
the mitochondrial fraction and its occurrence in the nu-
clear fraction. The independence of oxygen is also not an
argument for this explanation.

Although the data are in favor of the ‘photon storage
model’ the question can be raised whether other possible
explanations for mammalian IPE can be presented. At
present we found one other type of explanation, suppos-
ing that the cell-dependent IPE of mammalian cell popu-
lations is in fact emitted by the quartz cuvette. Thus,
emission of the quartz cuvette might be increased in sus-
pensions of HTC and H35 cells under conditions in
which transparency for white light approaches zero. Fur-
thermore in hepatocytes, it can be assumed that these
cells show less stimulation of cuvette IPE, leading to a
small cell density dependent increase of IPE of the cu-
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vette quartz emission values, but at higher densities the
absorbance increased and can repress the IPE derived
from the quartz parts of the backside of the cuvette. This
explanation focusses the attention to the quartz depen-
dent photon reemission. Recently Black and Rogers?
drew attention to the luminescence of cells in quartz glass
and plastic containers. They warned that this effect could
have profound influence upon both photochemical and
photobiological reactions, perhaps resulting in specious
interpretations. The observation of luminescence re-
quires the stimulation of trapped charge carriers. The
charge carrier stimulation can be achieved either via ther-
mal energy (thermoluminescence) or 'via the absorption
of optical energy. Often the illumination is observed to
induce glow peaks?®3°, This can be interpreted as the
release of charge from the traps. Photonically-ejected
charge carriers (electrons or holes) from traps are redis-
tributed and captured in other traps. The transfer effi-
ciency is very much dependent on the temperature of the
sample during illumination. The nature of this latter de-
pendence indicates that the charge release from the resid-
ual traps occurs as a result of the combined effect of
excitation by photons and thermal stimulation. The ob-
servation of phototransfer in quartz has been done by
Schlesinger ¢ and a great effort has been made to deter-
mine the precise nature of the phototransfer mecha-
nism11,21,22,53.

A spectral analysis of the IPE of the cuvette (plus medi-
um) and that including the cell suspension should eluci-
date the spectral characteristics of the cell-specific IPE,
and indicate its difference with the quartz IPE spectrum.
Although in all papers on mammalian IPE the quartz
IPE has been mentioned and a few data have also been
published on spectral analysis of HTC cells*® ¢, no
comparison has yet been made between cell-specific and
cuvette values.

The spectral analysis of induced photon emission was
analyzed by interposing glass absorption filters between
the cuvette and the photocathode. The filters were char-
acterized by a maximal transmission at 360 nm (BG3),
500 nm (BG39) or a cut-off at 610 (RG610). IPE of the
cuvette as well as that of the cuvette plus cells was max-
imal using the filter with maximal transmission at
500 nm. In the three parts of the spectrum the cell suspen-
sion caused an emission increase of a factor 3.4 as com-
pared to the emission of the cuvette.

In fact these data on spectral analysis did not reveal any
characteristic differences between cell-specific IPE and
cuvette IPE. However, they are no evidence for the ‘cu-
vette hypotheses’ as long as no detailed analysis has been
performed.

Conclusion

The main purpose of this review was to present the data
on photon emission with respect to malignancy. As we
have seen, the general picture is fragmentary. Neverthe-
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less, the data point to a large variability of photon emis-
sion values between tumors as well as between the serum
values of the tumor-bearing hosts. The limited data sug-
gest that the host-response to the tumor is responsible for
the photon emission of tumors. No evidence was found
for an increased photon emission of the tumor cells them-
selves. The spontaneous photon emission is explained by
multiple enzymatic and non-enzymatic reactions. These
data led to the speculation that tumor cells are a protec-
tive-adaptive state protecting the body at that site against
activation of free radical oxidation and injury. Such an
inhibition might lead to a decrease of the cytotoxic prod-
ucts inhibitory for cell growth, which creates conditions
for rapid growth of tumor cells. On the other hand the
uncontrolled growth causes a number of reactions of the
tumor-bearing host as seen by the increased photon emis-
sion of the host’ serum and that of monocytes.

Photo-induction of photon emission was evident from
tumor cells. The studies on IPE of tumor cells have
demonstrated that this type of photon emission is not
easily explained by the ‘oxygen radical concept’. Another
concept, that of ‘genetic photon storage’, is able to ex-
plain more of the characteristics of IPE. From the data
presented in this review it can be stated that for an un-
equivocal interpretation of IPE further clarification of
the mechanism is necessary. The IPE shows a distinction
between normal and malignant cells. For this reason this
phenomenon deserves further attention and connection
with the biochemical data of normal and malignant cells.
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Ouabain — a link in the genesis of high blood pressure?

U. T. Rilegg

Ecole de Pharmacie, Université de Lausanne, CH-1015 Lausanne ( Switzerland)

Abstract. Hypertension or high blood pressure is a risk factor that increases risk of myocardial infarction, renal failure
or cerebral stroke. The pathogenesis of hypertension is due to a variety of causes, including inherited predisposition,
dietary habits, especially salt intake, smoking, and also ‘general lifestyle’. But for the scientist interested in the
complex interplay of physiological and molecular factors, the actual causes of high blood pressure remain uninves-
tigated. The following article is concerned with new reports that ouabain, a plant derivative, occurs in human beings,
in whom it appears to have a hormonal function; ouabain may even play a key role in the pathogenesis of
hypertension. We are thus brought a step closer to the background of cardiovascular disease; we may also be afforded
a lead to a new therapeutic principle.

Key words. Excretion; muscle cell; natriuretic hormone; glomerulus; tubule; Na* K*-ATPase; ouabain; digitalis;

blood pressure.

Cardiac glycosides are produced by plants

A large number of rare plants produce cardiac gly-
cosides. The most familiar example is foxglove (‘digitalis’
in Latin). Preparations of digitalis have been used in
medicine for more than two centuries to treat congestive
heart failure, for one of the compound’s predominant
actions is to stimulate the force of myocardial contrac-
tion. However, the action of digitalis preparations is not
confined to the heart alone but also affects other organs,
a point to which we shall revert later.

The action of an extract of the foxglove plant was first
described in 1785 by William Withering in his book ‘An
Account of the Foxglove’. The property he noted first
was the ability of digitalis to increase the flow of urine
(diuretic action). In the same work he also called atten-
tion to the hazards of an overdose of digitalis.

The therapeutically most important compounds con-
tained in the digitalis plant, digoxin in digitoxin, are
chemicaltly very similar. They consist of a sterol skeleton
attached to three sugar residues. Steroid hormones,

which occur in animals and man, also have a sterol skele-
ton as their basic structure. Ouabain is a vegetable
derivative with a marked cardiac action and is obtained
from the waba yo tree (Strophanthus gratus) which grows
exclusively in East Africa. Ouabain contains only one
sugar residue, but it is one that isn’t commonly
found in the animal world, namely rhamnose (see dia-
gram).

The action of ouabain in human beings has been known
for very much longer than its chemical structure. Both
the structural analysis and chemical synthesis of ouabain
were described in the 40s and 50s of this century by the
team working with Professor T. Reichstein at the Univer-
sity of Basel.

The present article is concerned with this ‘African’ oua-
bain. Quabain was recently detected in human blood and
indeed in concentrations capable of eliciting a reaction.
Therefore, it is legitimate to ask whether ouabain is a
hormone.



