Can Cellular Responses to
Continuous-Wave and Pulsed
UV Radiation Differ?

Tiina Karu

1. Introduction

Interest in the action of UV radiation (UVR) on mammalian cells stemmed initially from
the need to interpret the effects of this radiation on humans. This interest was a focus at
Finsen's Light Institute in Copenhagen, where some of the first basic studies on the effects of
UVR on animal cells were carried out at the beginning of the century (Giese, 1964). During
recent decades, investigation into UVR-induced effects on cells has been one of the most
active and extensively studied areas in photobiology. For review see, e.g., Rauth (1970),
Painter (1970), Peak and Peak (1989), and Moan and Peak (1989).

For most biological effects of UVR, such as lethality, mutation, and transformation, DNA
is considered to be the main target. For example, action spectra for lethality and mutagenicity,
which are similar for both prokaryotes and eukaryotes, follow the spectra for DNA absorption
and pyrimidine dimer induction (Rothman and Setlow, 1979; Coohill, 1986; see also Fig.
16a).
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With the advent of lasers, new UV-R sources emitting pulsed radiation with various pulse
durations and peak intensities have become available. It would be of interest to compare
cellular responses to classical continuous-wave (CW) and pulsed UV radiation for two
reasons. First, during evolution, cells have adapted to CW (solar) radiation, and it is not clear
a priori that their responses to CW radiation and pulsed UVR at the same wavelengths are
exactly similar. Second, in the case of very short and intense laser pulses, it is possible to
excite singlet and triplet electronic states (two-quantum excitation) of the photoacceptor
molecule (Fig. L b,c). It is known from experiments with DNA bases and viruses (Letokhov,
1983; Nikogosyan and Le-tokhov, 1983; Nikogosyan, 1990) that two-quantum excitation
produces photoproducts different from those produced by single-photon UVR excitation.

The aim of our experiments (Karu et al., 1981, 1982, 1983a,b; 1984a,b; 1988; Karu, 1986;
Karu and Kalendo, 1987) was to find a way to damage quiescent (resting) cells. The high
resistance of quiescent tumor cells to various damaging agents (e.g., ionizing radiation,
chemotherapeutic drugs) is one of the factors decreasing the efficiency of tumor therapy
(Baserga, 1971; Valeriote and van Putten, 1975; Zubrod, 1978; Epifanova et al., 1983). The
information available indicates that cultures of tumor cells in the plateau phase of growth, as
identified by the content of cellular subpopulations, can serve as models
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Figure 1. Excitation schemes of the electronic states ofnucleic acid components: (a) one-quantum
excitation of a singlet state with subsequent conversion to a triplet state with relaxation time Tis, (b)
two-quantum excitation via intermediate triplet (T) states, and (c) two-quantum excitation via
intermediate singlet (S) states. T marks relaxation times of respective excited states, and &, and G, are
cross sections of absorption of first and second photons.
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for solid tumors (Baserga, 1971; Hahn and Little, 1972; Hahn, 1975; Grdina etal., 1977).

To damage cells, two laser UVR sources and one conventional UVR source were used
(see details in Fig. 2). The wavelengths of all three UVR sources are very close and fit to the
maximum of the first absorption band of DNA (see Fig. 16a for the absorption spectrum).
Powerful picosecond pulses (PPP) at 266 nm can cause two-quantum excitation of DNA (Fig.
1 b,c), and high-repetition-rate pulses (HRRP) at 271 nm, as well as CW radiation at 270 nm,
excite DNA by the single-quantum mechanism following classical laws of photobiology (Fig.
la). The action of PPP on DNA bases, viruses, and
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Figure 2. Parameters of UV pulses used in present work. The 4th harmonic of a Nd *";YAG laser
emitting single powerful picosecond pulses (PPP) at 266 nm, and the 2nd harmonic of a Cu-vapor
laser emitting high-repetition-rate nanosecond pulses (HRRP) at 271.2 nm with high peak and low
average intensity (/) were the laser UVR sources used. A mercury lamp with a monochromator, A ==
270 nm, was the conventional UVR source used. (/yeax = peak intensity; Tpuise = pulse duration; lpyerage
average intensity.)
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bacteria (but not on mammalian cells) has been extensively studied (Nikogosyan and
Letokhov, 1983;Nikogosyan, 1990; Schulte-Frohlinde et al., 1990;
Cadet and Vigny, 1990). Laser sources emitting HRRP are new to photo-biologic studies.

In this chapter, I will describe two ways to damage plateau-phase HeLa cells (as
compared to exponentially growing cells) by pulsed laser UVR. First, it will be shown that
certain pulse rates and fluence ranges of HRRP enhance colony-forming ability and induce
replicative synthesis of DNA in a subpopulation of plateau-phase cells. Second, two intense
picosecond pulses with a 4- to 6-s interval between them enhance the transport processes of
cellular membranes without causing any changes in the viability of cells or in the rate of
DNA synthesis.

It is well known that exposure to solar radiation and UVR under laboratory conditions
can induce skin tumors. Recent experimental data suggest that an inappropriate expression
ofprotooncogenes due to point mutation or gene amplification, deletion, or rearrangement
may be involved in UV carcinogenesis (Ananthaswamy and Pierceall, 1990). The
experimental data on UV-induced replicative synthesis in plateau-phase HeLa cells
presented here may be of interest to those concerned with mechanisms of UV
carcinogenesis, despite the fact that a HeLa culture is in itself transformed.

The increase in the permeability of cellular membranes can probably be used to
introduce allogenic material or chemotherapeutic agents into quiescent cells.

2. Induction of Replicative DNA Synthesis in Plateau-Phase Cells

2.1. Basic Information about Cells and Experimental Technique

HelLa cell cultures grown as monolayers using nutrient medium 199 supplemented with
10% bovine serum and antibiotics were irradiated 3 days (exponentially growing, or log-
phase, cells) or 10 days (plateau-phase cells) after plating. The cells were grown without
changing the nutrient medium (unfed culture) and without CO; supply. The HeLa culture
spread well and did not form multilayers (see Karu et al., 1990, for details). The labeling
index | of the log-phase population was 19.1% + 3.0%, and that of the plateau-phase
culture was 5.0% =+ 0.8%. The mitotic indices of log-phase and plateau-phase populations
were 1.1% + 0.1% and 0.1%, respectively. 3

Cultivation of cells, radiometric techniques of pulse labeling or continuous I labeling,
and autoradiography are described in detail elsewhere (Karu et al., |
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1983b, 1984a,c, 1987, 1990). These methods are rather standard and follow the
description given by Hauschka (1973).

There are, however, two methodological points in our experiments which differed
from usual experimental technique. First, cells were cultivated and irradiated in special
chambers with quartz windows allowing irradiation of the monolayer without removal of
the nutrient medium (Fig. 3). Under these conditions, changes in the partial pressure of
oxygen and pH jumps in the nutrient medium could be avoided. Second, in contrast to the
classical Puck technique for evaluation of clonogenicity (i.e., individual cells, either in sus-
pension or attached to substate, exposed to radiation and then allowed to form colonies),
we irradiated confluent monolayers and then plated the cells into a fresh nutrient medium
to form colonies.

2.2. Specific Responses of Plateau-Phase Cells to Various Sources of UVR

Monolayers of plateau-phase HeLa cells were exposed to high-repetition-rate pulses
(HRRP) at 271 nm, continuous-wave (CW) UVR at 270 nm, or powerful picosecond
pulses (PPP) at 266 nm at various fluences. After 3 h the cells were removed from the
culture chamber in maximal mild conditions (Versene instead of trypsin, temperature at
37°C), and plated in scintillation vials. Two experiments were performed. In the first, 100
cells were plated into every flask—control (nonirradiated) and test—and incubated for 14
days. Then the colonies were fixed with methylene blue, their numbers determined and
their diameters measured under a high-power dissecting microscope. The results of this
experiment, which reflects the colony-forming ability of plated cells, are presented in Figs.
4a and 5. In the second experiment, 100 cells were again plated into every flask, but the
number of cells in three separate flasks was determined every day. The result of this
experiment (growth curves) is presented in Fig. 4b.
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Figure 3. Cell culture chamber for UV irradiation of monolayers: (A) position during irradiation ;
(B) position during cultivation.
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Figure 4. Colony formation and multiplication of HeLa cells exposed in the plateau phase of growth to
various UVR sources and plated 3 h after irradiation into fresh medium. ( A) = CW; (0) = Nd:YAG; (e) =

control; (®©) = Cu laser. (A) number of colonies formed as a function of fluence after 14-day incubation
period; (B) growth curves of cells given a fluence of 2 J/m?; cells per vial counted daily.
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Figure 5. Distribution of colonies by diameter (d) after 271.2-nm HRRP at various fluences. Dashed
lines mark the dependence of the percentage of large (0.5 <d < 0.8 mm) and intermediate-size (0.35 <
d < 0.5 mm) colonies on the fluence.

The percentage of clonogenic cells in the nonirradiated culture was 45.2% + 0.4%. As
can be seen in Fig. 4a, irradiation with HRRP at fluences from 0.1 to 3 J/m* caused an
increase in the number of colonies. At higher fluences (from 10 to 100 J/m?), the number of
colonies decreased as compared to the unexposed control. Under the same experimental
conditions, PPP and low-intensity CW UVR in the fluence range 0.1-3 J/m?® did not cause
statistically significant changes from the control level.

A comparison of the growth curves indicates that PPP and CW UVR did not have much
effect on cell growth (Fig. 4b). Irradiation with HRRP at 2 J/m* caused an increase in cell
proliferation during the exponential phase of growth and the formation of a plateau with a
higher number of cells than that of the control (Fig. 4b).

Investigation of colony size distributions after irradiation of plateau-phase cells with
various fluences of HRRP (Fig. 5) indicated that in the cultures exposed to stimulating
fluences (0.1-3 J/m?, as seen in Figure 4a), the number of intermediate-size (0.35 < d < 0.5
mm) and large (0.5 <d < 0.8 mm) colonies increased, and the number of abortive (d < 0.25
mm) and small (0.25 < d < 0.35 mm) colonies decreased. At fluences above 3 J/m?,
however, the percentage of large and medium-size colonies decreased, whereas the action
of light on the abortive and small colonies had no effect.
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The data presented in Figs. 4 and 5 suggest that at certain low fluences (0.1-
3 J/m?) of HRRP, irradiation not only results in an increase in the number of
colonies but also induces increased proliferation of a subpopulation of the
irradiated cells.

2.3. Specific Responses of Plateau-Phase Cells to High-Repetition-Rate UVR

Measurement of [3H]thymidine (a DNA precursor) incorporation into DNA
is frequently done to estimate the effects of DNA-damaging agents. There are
two different ways to perform such measurements.

In one method, the radioactive precursor is added to cell culture for a certain
time period, e.g., 20 min, after which time the amount of radioactive DNA is
determined, allowing changes in DNA synthesis rate to be evaluated
(radiometric pulse-labeling). In the second method, the pulse-labeled cells are
fixed and developed with photographic emulsion (autoradiography). This
technique makes it possible to count the number of DNA-synthesizing cells, and
by determining the number of silver grains above each nucleus, to evaluate the
rate of DNA synthesis in individual cells.

Figure 6 presents the fluence-dependent changes in DNA synthesis rate
measured by radiometric pulse-labeling in exponentially growing and plateau-
phase HeLa cells 2.5 h after exposure to HRRP, PPP, or CW low-intensity UVR.
As seen in Fig. 6a, the log-phase HeLa cells responded to HRRP and CW UVR
in a similar way: DNA synthesis was inhibited by increasing the fluence. In the
case of PPP, some stimulation was observed in the fluence range 10™'-10 J/m?
and inhibition of DNA synthesis occurred at fluences higher than 10 J/m?.

The responses of the plateau-phase cells (Fig. 6b) were different from those
of log-phase cells. PPP did not affect DNA synthesis in the fluence range used.
HRRP and CW low-intensity UVR had pronounced but opposite effects on
DNA synthesis rate: CW UVR inhibited DNA synthesis in a fluence-dependent
manner; HRRP stimulated it (optimal fluences near 0.5-1 J/m?), and no
inhibition of DNA synthesis was observed by increasing the fluence ofHRRP.

The stimulation of DNA synthesis by HRRP was specific for plateau-phase
cells (Fig. 7). In this series of experiments, measurement of DNA synthesis rate
as a function of the fluence of HRRP was done on the 8th, 10th, 11th, and 13th
days of cultivation of the cells. In other words, the cells were irradiated at the
end of the log-phase and at the beginning, in the middle, or at the end of the
plateau-phase, as illustrated by the schemes on the right of Fig. 7. As seen in Fig.
7, all plateau-phase cultures (10th, 11th, and 13th days of cultivation) responded
to irradiation with increasing [*H]thymidine incor-
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Figure 6. Incorporation of [ *H]thymidine during 20-min pulse labelings measured 2.5 h
(starting point of the pulse label) after the exposure of (A) log-phase or (B) plateau-
phase HeLa monolayers to HRRP at 271 nm, PPP at 266 nm, or CW UVR at 270 nm.
Control cells are denoted by the shaded area.

poration. No inhibition of DNA synthesis was observed as the fluence was
increased.

The stimulation of DNA synthesis also depended on the pulse repetition rate
of the radiation (Fig. 8). Two bands of pulse repetition rates (near 8-12 kHz and
19-25 kHz, with maxima at 10 kHz and 21 kHz) had an effect on DNA
synthesis. In this experiment we used a Nd*";YAG laser emitting at 266 nm, but
the parameters of the pulses (their peaks, average intensities,
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Figure 8. Incorporation of [*H]thymidine into DNA during 20-min pulse labelings measured 2.5 h
(starting point of the pulse label) after the exposure of plateau-phase HeLa cells to HRRP at a fluence
of 5 J/m” as a function of pulse repetition rate.

and duration) were very close to the respective parameters of the 2nd harmonic of the Cu-
vapor laser.

This result indicates that the action of HRRP on plateau-phase HelLa cells is connected
with DNA damage specific and characteristic of this type of radiation.

The [3H]thymidine experiments described above were performed 2.5 h after irradiation of
the cells. The kinetics of [3H]thymidine incorporation measured by pulse-labeling at various
time points after irradiation varied with the type of radiation used (Fig. 9a,c). After
irradiation with CW UVR (Fig. 9c), DNA synthesis was inhibited during the first hours and
then returned to the control level. After irradiation with HRRP, DNA synthesis remained at
the control level in the first 2 h of postirradiation and then increased rapidly (Fig. 9a).

We also measured ['*Cluridine incorporation into RNA after both types of irradiation.
With CW UVR, no statistically significant changes were found in the first 5 h as compared
to the nonirradiated cells (Karu ez al., 1983b).

Figure 7. Incorporation of [*H]thyinidine during 20-min pulse labelings measured 2.5 h (starting
point of the pulse label) after the exposure of HeLa monolayers to HRRP at different days of
cultivation. The schemes on the right illustrate the growth phase of the population at the moment of
irradiation. Ordinate is defined as the ratio of experimental and control.
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Figure 9. Incorporation of (A,C) [ H]thymidine or (B) ['*Cluridine during 20-min pulse labelings
measured at different time points (time in the abscissa marks the beginning of the pulse labeling) after
the exposure of plateau-phase Hela cells to (a,b) HRRP or (¢) CW UVR.
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When the plateau-phase cells were irradiated with HRRP, ['*CJundine incorporation increased
30 min after irradiation, then returned to the control level, and later increased again (Fig. 9b).
Similar kinetic changes in RNA synthesis rate have been described for cells overcoming the
G, — S transition (Epifanova, 1977). The data presented in Fig. 9b are clearly insufficient to
answer the question of whether or not the increased RNA synthesis found in our experiments
(Fig. 9b) is connected with an activation of proliferation.

This series of experiments suggests that the increase of [*H]thymidine incorporation after
irradiation with HRRP is a specific response of plateau-phase HeLa cells under our
experimental conditions.

2.4. Does High-Repetition-Rate UVR Induce Replicative or Reparative DNA Synthesis?

One way to distinguish between replicative and reparative synthesis of DNA is by
counting silver grains in autoradiographs. This method is used to determine the percentage of
DNA-synthesizing cells (labeling index). Also, by counting the number of grains above every
nucleus, the proportions of replicative and reparative DNA synthesis can be determined (cells
undergoing replicative synthesis are heavily labeled; cells undergoing reparative DNA
synthesis are only weakly labeled).

Figure 10 presents the labeling index 2.5 h after irradiation of plateau-phase HeLa cells
with HRRP at various fluences. The number of cells incorporating [3H]thymidine increased
and exceeded the control level by about 3
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Figure 10. Labeling index (percentage of cells incorporating [ *H]thymidine) 2.5 h after the exposure of
plateau-phase HeLa cells to 271-nm HRRP at various fluences (radioautographic measurements).
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times at fluences of 0.16 or 1.6 J/m?®. After increasing the fluence (5.6 and 16 J/m?), the
number of DNA-synthesizing cells decreased and dropped to near the control level. The
stimulative fluences here (0.16 and 1.6 J/m?) coincide with those determined by radiometric
measurements of [*H]thymidine incorporation (Figs. 6b and 7).

Figure 11 shows the distribution of silver grains above the nuclei of DNA-synthesizing
cells. The shift of the cumulative curves to the left from the control curve (intact cells) when
the cells were irradiated at 5.6 and 16 J/m?, points to a reduced number of cells with heavily
labeled nuclei, i.e., to suppression of replicative DNA synthesis. With lower fluences (0.16
and 1.6 J/m?), the cumulative curves shift to the right, i.e., there is a greater number of cells
with heavily labeled nuclei, which indicates activation of replicative DNA synthesis.

When the cell population immediately after the irradiation is treated with ["H]thymidine
and continuously incubated with it for several hours, the fraction initially labeled represents
cells in the S phase at the moment of irradiation, while the subsequent increase in the labeling
index (percentage of DNA-synthesizing cells) reflects the flow of cells into the S phase during
the interval studied. It is obvious from Fig. 12a that the percentage of labeled cells increased
in both control and irradiated cultures; however, the irradiated cells underwent a rapid
increase in the number of labeled cells during the first hour after treatment.
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Figure 11. Silver grain counts in control and 271.2-nm HRRP-irradiated plateau-phase HeLa cells after
20-min pulse labeling with [*H]thymidine (radioautographic measurements). The re spective labeling
indices are shown in Fig. 10.
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Figure 12. Labeling index (percentage of DNA-synthesizing cells) after the exposure of plateau-phase
HeLa cells to 271-nm HRRP at 4 J/m® measured by the autoradiographic continuous-labeling
technique: (A) percentage of labeled cells in irradiated and control cultures, and (B) percentage of
cells with highly labeled (curves 2 and 3) and weakly labeled nuclei (curves 1 and 4) in control (curves
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1 and 2) and irradiated (curves 3 and 4) cultures.

By counting the number of silver grains above every nucleus it is possible to draw some
conclusions about the rate of DNA synthesis. We divided the cells into three groups: unlabeled
cells (less than 8 grains per nucleus), weakly labeled cells (8 to 29 grains), and heavily labeled
cells (more than 30 grains). The third group includes HeLa cells undergoing normal replicative
synthesis of DNA and the second group includes the cells undergoing reparative synthesis of

DNA (Paribok and Semyonova, 1970).
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As seen in Figure 12b, the percentage of labeled cells in the irradiated cultures increased
mainly due to the number of weakly labeled cells (curve 4). A lesser increase was seen in the
number of heavily labeled, irradiated cells (curve 3).

The data obtained show that [3H]thymidine incorporation into DNA of plateau-phase
HeLa cells after irradiation with HRRP in a certain fluence range (0.1-3 J/m* (Figs. 6b, 7, 9a)
and at certain pulse rates (near 10 and 21 kHz, Fig. 8) is mainly due to reparative DNA
synthesis (Fig. 12b). A lesser ['H]thymidine uptake is accomplished via replicative DNA
synthesis (Figs. 11 and 12b). Under our experimental conditions, HRRP is able to induce
both types of DNA synthesis, replicative as well as reparative.

2.5. Is the Induction of Replicative Synthesis by DNA-Damaging Agents a Common or a
Unique Phenomenon?

A stream of literature data suggest that UVR suppresses replicative synthesis of DNA and

induces reparative synthesis of DNA in cellular cultures of mammalian origin (for review see
Painter, 1970; Rauth, 1970; Moan and Peak, 1989). Most experimental data concern
mammalian cells in the exponential phase of growth (log phase). A few investigations of
UVR effects on plateau-phase or growth-arrested mammalian cells (Little, 1969; Hahn, 1975;
Chan and Little, 1979; Wechelbaum ef al., 1980; Kantor ef al., 1980;
Kantor, 1986; Gill and Coohill, 1987) suggest (1) that quiescent cells have extreme resistance
to high doses of UVR, (2) that lethal action of UVR is (as in case of log-phase cells)
connected with pyrimidine dimers, and (3) that there is a mechanism of DNA repair in
plateau-phase cells which is absent or weakly functioning in log-phase cells (Kantor, 1986).

We found that irradiation with HRRP at 271 nm induced replicative DNA synthesis in a
fraction (subpopulation) of the plateau-phase HeLa cultures (Figs. 5, 12). The cells irradiated
at low fluences not only retained the capacity for further growth but their proliferative
capacity was stimulated (Figs. 4, 5).

Although most studies indicate that DNA-damaging agents inhibit DNA replication, a
few papers suggest that some agents, UVR included, may also induce or stimulate DNA
replication. A marked induction of DNA replication was observed in confluent diploid
fibroblast cultures treated with low fluences of UVR (2-20 J/m?) or with carcinogenic agents
N-methyl-N-nitrosourea and N-acetoxy-2-acetylaminofluorene (Cohn et al.,, 1984). Another
carcinogenic agent, N-methyl-N-nitrosoquanidine, stimulated DNA replication in a post-
confluent culture of Syrian hamster embryo cells (Mironescu et al., 1980). Gamma
irradiation induced replicative synthesis of DNA in plateau-phase Hela cultures (Synsyns
and Saenko, 1986).
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The authors of these investigations were interested in changes in DNA replication
occurring after treatment with carcinogens, such changes considered to be necessary at the
initial stages ofcarcinogenesis. The most interesting conclusion from these experiments
(Mironescu et al., 1980; Cohn et ai, 1984;Synsyns and Saenko, 1986) is that all DNA-
damaging agents, each of them producing a different spectrum of damage (and different
mutations, respectively), induced replicative DNA synthesis in a fraction of cells in plateau-
phase cultures.

Recently, Peak ef al. (1991) have demonstrated enhanced (almost 2-fold) gene expression
for protein kinase C following brief exposure of cultured human epithelioid P3 cells to
sunlight. They demonstrated that solar radiation induced a cellular transcription response
similar to that found after administration of tumor-promoting agents and ionizing radiation,
which suggests that solar radiation may function as a tumor promotor. It has been shown that
DNA damage induces complex mechanisms in mammalian cells allowing the cells to handle
or accommodate DNA lesions. At the molecular level, these mechanisms include enhanced
expression of a number of genes (Ronai ef ai, 1990). UVR is known to activate viral DNA
sequences in transformed cells and to induce deletion of growth suppression genes
(Ananthaswamy and Pierceall, 1990).

A new interest into UVR-induced stimulative processes has arisen recently in connection
with the findings that 254-nm UVR or sunlight can induce a human immunodeficiency virus
(HIV) promoter and stimulate growth of the complete virus in human cells (Valerie et ai,
1988; Zmudzka and Beer, 1990). UVR-sensitive sites in RNA transcripts of hepatitis delta
virus and potato spindle fiber viroid have been found (Branch ef al., 1989). In these cases, the
DNA damage was found to be a prerequisite for UVR-induced activation of the genes.

Last but not least, one should remember that a number of reports appear from time to
time indicating that UVR stimulates cell division (Alpatov and Nastjukova, 1933, Carlson et
ai, 1961; Walicka and Beer, 1973; Samoilova, 1979; Abbaszade, 1986; Belenkina et al.,
1990). Most of this work has been done with microorganisms, except that of Walicka and
Beer (1973). Two strains of murine leukemic lymphoblasts, L 5178Y-S and L 5178Y-R, were
exposed to various fluences of 254-nm UVR, ranging from 1.1 to 53.5 J/m?, and cultured for
up to 70 days after irradiation. UV-exposure stimulated growth in about 70% of the cultures;
growth started immediately after post-irradiation growth disturbances and lasted several tens
of generations. Proliferative activity was more greatly enhanced for L 5178Y-R cells (a less
x-ray-sensitive culture) than for the L 5178-S strain: maximal shortening of the mean
doubling time for the L 5178Y-R strain was 43%, whereas it was 20% for L 5178-S cells
(Walicka and Beer, 1973). The most important result of
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this investigation was that growth stimulation also occurred at later stages of postexposure
development, demonstrating UVR-induced heritable changes.

Taken together this research suggests that the induction of DNA replication by low doses
of damaging agents is not a unique phenomenon. The various damaging processes have some
common qualitative and quantitative characteristics. First, the variation of replicative DNA
synthesis in plateau-phase cellular cultures with fluence of UVR, dose of y-radiation, or
concentration of carcinogenic chemicals is qualitatively similar: a bell-shaped curve with a
rather sharp maximum, the effect rapidly decreasing to the control level at higher doses of the
agents (Mironescu et ai, 1980; Karu et al., 1982, 1983a; Cohn et al., 1984, Saenko and
Synsyns, 1986; Figs. 6, 7, 10). Similar bell-shaped fluence dependencies were also
established for HIV-1 promoter induction in HeLa cells by UVR (Zmudzka and Beer, 1990).
As established by Cohn et al. (1984), the bell-shaped fluence dependence of replicative DNA
synthesis was quite different from the curve for reparative DNA synthesis. Reparative DNA
synthesis continued to increase up to a fluence of 20 J/m” and reached a plateau between 20
and 40 J/m’.

Second, optimal UVR fluences (3 J/mz, Cohn et al., 1984; 0.5 J/mz, Karu et al., 1983a;
Figs. 6b, 7) and magnitudes of effects (1.6, Cohn et al., 1984; 1.4-1.6, Karu, 1982, 1983a;
Fig. 7) have been found to be very similar.

Third, replicative synthesis of DNA is induced only in a relatively small subpopulation of
plateau-phase cells. Cohn ef al. (1984) established this fraction to be ss6% in plateau-phase
cultures and sal 8% in serum-arrested cultures. We did not perform detailed measurements,
but an analysis of auto-radiographic data and clone size distributions allows us to estimate
this fraction to be 10-15%. Cohn et al. (1984) found that the number of morphological
transformants correlated with the percentage of cells in the carcinogen-responsive
subpopulation which incorporated [*H]thymidine.

Under certain experimental conditions, the stimulation of [3H]thyrnidme incorporation
into plateau-phase cells was a specific cellular response to HRRP; the CW UVR administered
at practically the same wavelength, the same fluence, and during the same postirradiation
period had no effect (Fig. 6b) or was inhibitive (Fig. 9¢). In these experiments, the
measurements were made during the first 5 h of postirradiation. With HRRP, the first point
with increased [*H]thymidine incorporation was 2 h after exposure (Fig. 9a), which is a very
rapid response of plateau-phase cells compared to the responses of these cells to UVR at 254
nm and to y-radiation. With UVR at 254 nm, replicative DNA synthesis started to increase
only after 12 h and was at a maximum 24 h after irradiation (Cohn et al., 1984). The
incorporation of [3H]thymidine was inhibited a few hours after irradiation of plateau-phase
HeLa cells with y-radiation, and stimulated 24 h after exposure (Synsyns and Saenko, 1986).
It is quite possible that after the initial inhibition which occurs
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during the first 2 hours after irradiation with CW UVR at 270 nm Fig. 9b), there will be an
increase in [*H]thymidine incorporation. Measurements to determine this were not
performed in our work, principally because there are no reasons to believe that the induction
of DNA replicative synthesis by HRRP at 271 nm is a specific cellular response as compared
to CW UVR at 270 nm. More probably, this response is specific for particular experimental
conditions, and occurs very soon after exposure.

Upon reaching the plateau-phase, populations of normal cells accumulate in the early G)
phase of the cell cycle, while most cells of transformed lines, HeLa included, accumulate in a
late G] phase (Hittelman and Potu, 1978). Similar differences in the morphology of the Gi
phase between cells from normal tissues and solid tumors are reported (Grdina et al., 1977).

It has been shown in cell fusion experiments that the rate of initiation of replicative DNA
synthesis in the nuclei of HelLa cells in the G) phase can be very rapid (wl.5 h). UV
irradiation of the quiescent cells before fusion induced decondensation of chromatin in a
fluence-dependent manner in the nuclei of these cells (Rao and Smith, 1981).
Decondensation of chromatin must occur before reparative (Schor et al, 1975) and
replicative (Baserga, 1979) DNA synthesis can take place. It is quite possible that a
subpopulation of the plateau-phase cells arrested at a late G, phase is responsible for the
effects of HRRP described in this chapter. One can speculate that in this particular
subpopulation, the damage caused by HRRP induces a chromatin template configuration
promoting the beginning of replicative DNA synthesis.

3. The Effect of Powerful Ultrashort Pulses on Transport Processes in the Membranes
of Plateau-Phase Cells

3.1. Does Two-Quantum Excitation Occur in Living Cells?

As explained in the introduction, PPP can excite absorbing molecules by a two-quantum
mechanism (see Figs. Ic,d). The two-quantum mechanism of excitation occurs in DNA bases
in solutions, in viruses, and in bacteria (Nikogosyan and Letokhov, 1983; Letokhov, 1983;
Nikogosyan, 1990). It would be of interest to estimate the probability of two-quantum
excitation of DNA molecules when mammalian cells are irradiated by ultrashort pulses with
A = 266 nm. If the target is a DNA molecule, cells with a higher quantity of DNA have a
greater chance of being damaged. In other words, as the organism becomes more complex,
the number of DNA bases increases and the fluence needed to cause damage to at least one
base in the DNA chain decreases. This relationship, which is shown in Fig. 13, is also



222 Tiina Karu

D47 DOSE OF 7y- RADIATION, rad

110 102 10%® 10° 10% 10°

1011*

9 HelLa cells
10

PAIRS

bacteriophage lambda

NUMBER OF DNA BASE

1+ dinucleotide

102 10" 1 10 102 10° 10*

FLUENCE OF LASER RADIATION, J/m2
Figure 13. DNA-damaging fluence (¢) of picosecond UV pulses (A = 266 nm) (solid line) as a
function of the number of DNA base pairs in dinucleotides, viruses, and mammalian cells. The dashed
line denotes the same type of dependence for y-irradiation.

observed for y-radiation (Kaplan and Moses, 1964). If the ordinate represents the quantity of
DNA (number of base pairs, K;,) and the abscissa, the dose of radiation, D37 (a dose at which
63% of DNA molecules are damaged), one observes an inverse dependence, K, ~ 1/D3,
between damage and dose (Fig. 13).
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Let us estimate the minimal damaging fluence for HeLa cells irradiated with UV PPP at
266 nm. Figure 14a presents the changes in DNA synthesis rate after exposing exponentially
growing HeLa cells to PPP at A = 266 nm. [*H]thymidine incorporation was found to increase
with fluences in the range 0.1-10 J/m?, with a maximum at 1 J/m’ Irradiation with PPP at

1,064 nm
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Figure 14. Radioactivity of (A) DNA and (B) whole cells measured by 20-min pulse labelings 2.5 h
(starting point of the pulse label) after the exposure of exponentially growing HeLa cells to powerful
picosecond UV (A =266 nm) and IR (infrared) (A = 1,064 nm, dashed line) pulses. R is defined as the
ratio of radioactivity values in irradiated and control samples.
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produced no change in [*H]thymidine incorporation (Fig. 14a). Because this wavelength (A =
1064 nm) is not absorbed by DNA, one can suggest that the effects at A = 266 nm are
connected with the absorption by DNA. Membrane permeability for [*H]thymidine did not
differ from the control level with fluences varying from 0.1 to 10 J/m* (Fig. 14b). The trypan
blue exclusive test showed that the cells were viable after irradiation.

There is every reason to believe that the stimulation of [°H]thymidine incorporation in the
fluence range between 0.1 and 1 J/m* (Figure 14a) is a response to DNA damage. HeLa cells
have 2.9 X 10’ base pairs. The bacteriophage lambda contains 4.65 X 10* base pairs, and its
damaging fluence (on the basis of survival curves) lies between 10 and 10* J/m? (Nikogosyan
and Letokhov, 1983). Experiments with PPP on DNA fragments have shown that the lethal
fluence for nucleotides is 30 J/m* (Nikogosyan and Letokhov, 1983). Since the damage yield
at this fluence is about 1% (Letokhov, 1983), the fluence needed for guaranteed damage of a
dinucleotide lies in the range 10°-10* J/m?.

Figure 13 shows the dependence of the damaging fluence of PPP on the number of base
pairs. This dependence is quadratic, K, ~ 1/¢», and thus suggests a two-quantum damage
mechanism in dinucleotides, bacteriophage lambda, and HeLa cells irradiated with PPP at 266
nm.

3.2. Irradiation with Two Ultrashort Pulses Increases the Permeability of Membranes of Plateau-
Phase Cells

Nucleosides (precursors of DNA and RNA synthesis) in concentrations less than 2 uM are
taken up into mammalian cells by means of a passively mediated transport mechanism, also
known as facilitated diffusion (Hopwood el al., 1975). The nucleosides that have entered the
cell are phosphorylated at once and thus lose their ability to diffuse out (Schlotissek, 1968).
Since [*H]thymidine incorporation into the DNA of cells irradiated with PPP does not differ
from the control level (Fig. 15, curve 4), this suggests that an increase in ['H]thymidine-
labeled cells is due to an alteration of diffusion and/or transport properties of the cellular
membrane.

When plateau-phase HeLa cells were irradiated with two UV (266 nm) PPP, no increase
in [*H]thymidine uptake occurred when the interval between the two pulses was 1-2 s (Fig.
15, curves 1 and 2). Uptake increased as the interval between the two pulses increased, and a
maximal increase occurred at a pulse interval of 4 to 6 s. Further increase in the pulse interval
from 8 to 100 s caused the effect to be reduced to the control level. [*H]thymidine uptake did
not depend on wavelength; the same effect occurred at 266, 532 (Fig. 15, curves 1 and 3) and
1,064 nm (Karu, 1986). Increase in the intensity of the pulses, however, decreased the effect
(curves 1 and 2 in Fig. 15).
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These effects are specific for plateau-phase HelLa cells. The membrane permeability of
cells in the exponential phase of growth did not vary from the control level (Karu e/ ai.
1984a).

The results obtained from irradiating cells with two PPP (Fig. 15) enable us to assume
that the first pulse is responsible for some change in the cell transport system for thymidine
which may be realized within several seconds with another pulse but which itself cannot
cause a change in membrane permeability (Karu ef al., 1984a). If the second pulse comes at
the right moment, a change in the transport system occurs which accelerates the passage of
nucleosides through the membrane. If the second pulse arrives too late, when the preparatory
reactions caused by the first pulse have decayed, no change in cell membrane permeability is
observed.

Using a powerful, single, nanosecond pulse (third harmonic of Nd*";YAG laser, A = 335
nm), it is possible to perforate the cell membrane so that some allogenic material penetrates
into the cell (Tsukakoshi ef al., 1984). The threshold energy used was about 1 mJ, and the
hole in the membrane closed after a second. It should be emphasized that the fluence and
pulse energies used in our experiments were essentially less than those used in the work of
Tsukakoshi et al. (1984).
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It is hardly probable that the increased permeability of the cellular membrane found in our
experiments is due to purely mechanical destruction of the membrane since (1) there is a
complex nonlinear dependence of the effect on the time between the two pulses (Fig. 15, curves
1-3), (2) the effect is reduced at increased light intensities (Fig. 15, curves 1 and 2), and (3) the
increased permeability lasts for hours (at least 2.5 h; Karu, 1986).

One possible explanation for increased permeability is that irradiation results in some
conformational changes in the structure of the thymidine transport system. Even slight changes
of this kind may be important because some components of the transport systems of nucleotides
are allosteric proteins (Eilam and Cabantchik, 1977; Pardee and Palmer, 1973).

What mechanisms could explain our results? A photochemical mechanismseems unlikely
because there is no dependence of permeability on wavelength (Fig. 15). It is possible that the
modulated transport functions are connected with local heating. The permeability of
membranes ofascite tumor cells for fluoresceine and trypan blue was shown to increase with
increasing temperature (Strom et al., 1973). In this experiment, tumor cells were incubated at
different temperatures for hours. This kind of total heating is impossible in our experiments
because pulse duration is only 3 X 107! s. The total increase of temperature will not exceed 10°
3.102°C (Karu, 1986).

Due to the nonhomogeneity of the cellular membrane, irradiation with PPP can cause local
heating. The possible local increase of temperature caused by one PPP was estimated to be =
36°C (Karu, 1986). This short-interval increase is sufficient for causing some conformational
changes in the molecules of the cellular membrane transport system.

4. Concluding Remarks

Two characteristic responses of plateau-phase HeLa cells to pulsed UVR are described: an
increase in cellular membrane permeability to nucleosides after irradiation of the cells with two
ultrashort UV pulses, and the induction of replicative DNA synthesis in a cellular
subpopulation after irradiation with high-repetition-rate UV pulses. The first effect is actually a
specific response to pulsed UVR for a very simple reason: the parameters afforded by pulsed
UVR are not possible with ordinary CW UVR sources. It would be more correct to say that this
effect is laser specific.

Whether induction of replicative DNA synthesis by HRRP at 271 nm is a specific cellular
response to pulsed UVR is not perfectly understood. It is certainly a specific effect under
particular experimental conditions, and occurs very soon after exposure. CW UVR at 270 nm
might have a similar effect under other experimental conditions (e.g., with longer postexposure
times).
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It is a common misconception that UVR is photochemically much more active than visible
light (Smith, 1980). It is also believed that UVR has mainly negative effects (inactivation of
cellular reactions) and that laser radiation has special properties.

The experiments discussed in this chapter suggest that UVR has not only negative but
positive effects: stimulation of colony-forming ability (Fig. 4a), enhancement of proliferation
(Figs. 4b, 5), and modulation of transport processes in cellular membranes (Fig. 15). As to the
photochemical activity of visible light, it is possible to stimulate DNA synthesis with this kind
of radiation as well (Fig. 16b). In this case, DNA synthesis is the last step in a long chain of
photosignal transduction and amplification reactions triggered by the absorption of visible light
in mitochondria (Karu 1987, 1988, 1989). This scheme forms the basis for low-power laser
therapy ("laser biostimulation"). Effecting DNA synthesis in this way is completely different
from the mechanism discussed in this chapter, as one can see from a comparison of Figs. 16a
and b.

Many people believe that properties of laser radiation such as coherence, high intensity,
and monochromaticity make laser radiation unusual. An example is the so-called laser
biostimulation, a purely photobiological phenomenon, the effects of which depend on the
wavelength and fluence of the light used for irradiation (Fig. 16b), but not on its coherence
(Karu, 1987). In this case, lasers just have the benefit of being a convenient, monochromatic
light source.

Lasers can provide light with parameters that vary greatly from those of light from
ordinary sources, €.g., the intense, ultrashort pulses used in the experiments discussed in this
chapter (Section 3). But even here, where the primary excitation mechanism (two-quantum
excitation. Fig. Ic,d) is entirely different from the classical one-quantum excitation (Fig. la),
the laws of classical photobiology are valid. As an example, Fig. 17 illustrates the lethal action
of PPP at 266 and 532 nm on plateau-phase and log-phase HeLa cells. It is known that visible
light is ineffective in causing lethal and mutagenic effects. PPP at 532 nm kills both plateau-
phase and log-phase cells, but with a very low efficiency not differing from the lethal action of
CW green light (Karu et al, 1988). This finding confirms the rule known in classical
photobiology:
the damage inflicted by visible radiation is not responsible for the death of cells, or in other
words, even intense laser pulses cannot be effective when the wavelength is wrong. Plateau-
phase cells have a higher resistance than log-phase cells to PPP at 266 nm (Fig. 17). The same
is true for plateau-phase and log-phase cells exposed to CW low-intensity 254-nm UVR, as
discussed in Section 2.4. These examples only illustrate some misconceptions about light.
Readers may find better examples in their surroundings.
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