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ABSTRACT

The contribution of DNA damage to the effects of 193-nm excimer
laser radiation on mammalian cells in culture was studied in order to
evaluate the mutagenic potential of this IV wavelength in vivo. Two
approaches were taken: measurement of pyrimidine dimer-specific en-
donuclease-sensitive sites/megabase and comparison of the 193-nm ra
diation-induced cytotoxicity in normal versus DNA repair-deficient cells.
The formation of pyrimidine dimer-specific endonuclease-sensitive sites/
megabase was inversely related to the thickness of the cytoplasm over
lying the nuclei of normal human fibroblasts (NHF) and Chinese hamster
ovary cells. The results of these measurements and a calculation of the
absorption coefficient of cytoplasm indicate that each 1 Mmof cytoplasm
attenuates the incident radiation by >90% and, therefore, the nuclear
DNA in tissue will be highly protected from 193-nm radiation by over
lying cytoplasm.

The reduction in colony-forming ability induced by 254-nm, 193-nm,
and \-ray radiation was measured in NHF, xeroderma pigmentosum
(group A) cells, and ataxia telangiectasia cells. Xeroderma pigmentosum
(group A) cells were 16.5 times more sensitive to 254-nm radiation but
only 3.5 times more sensitive to 193-nm radiation than NHF cells,
indicating that cyclobutylpyrimidine dimers were not the major lethal
lesion formed at 193 nm. AT cells were 3.4 times more sensitive to X-
rays than NHF cells, but these cell types were almost equally sensitive
to 193-nm radiation, indicating that 193 nm did not induce the same type
of lethal lesions as X-rays.

INTRODUCTION

High-intensity, short-pulse UV radiation from an excimer
laser is currently being evaluated for corneal surgery (I, 2). In
these treatments, a very small volume of tissue is removed with
each 13-nsec pulse of 193-nm radiation, thus permitting con
trolled reshaping of the cornea. Because UV radiation is well
known to be a mutagen and carcinogen, concern has been
expressed over the medical use of high intensity 193-nm radia
tion. Studies of mutations induced in vitro by 193-nm radiation
have yielded conflicting results. In two studies, 193-nm radia
tion did not cause mutations to 6-thioguanine resistance in
CHO3 cells using fluences of up to 85 J/m2 (3) or 250 J/m2 (4).

In one of these studies, mutations to ouabain resistance in CHO
cells were detected after exposing the cells to fluences of up to
250 J/m2 of 193-nm excimer laser radiation (4). The reason for

the difference between these two studies is not clear. The current
study was initiated in order to understand better the interaction
of 193-nm radiation with cellular DNA and to help evaluate
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the potential mutagenic hazard of 193-nm radiation in vivo.
There are few reports of damage to cellular DNA by 193-nm

radiation. Sister chromatid exchanges were detected after ex
posure of CHO cells to 193-nm radiation (4). The results of
studies of 193-nm radiation-induced effects on bacteria and
yeast suggested that DNA photoproducts were involved in the
responses (5, 6). However, the DNA photoproducts probably
resulted from the laser-induced UV fluorescence that was pro
duced from the medium (7). Unscheduled DNA synthesis was
not detected either in skin or in cornea in cells adjacent to
regions ablated with 193-nm radiation (8, 9). Several studies
have shown that 193-nm radiation is less cytotoxic per incident
photon than 254-nm radiation (3,4,10), and we have postulated
that the mechanism for cell killing by 193-nm radiation mainly
involves damage to proteins in cellular membranes (11).

DNA absorbs strongly at 193 nm; the extinction coefficient
for DNA is about twice as great at 193 nm as at 260 nm (12).
Radiation at 193 nm induces strand breaks in viral DNA (13).
The ratio of strand breaks to cyclobutylpyrimidine dimers
formed by irradiating plasmid DNA in solution is higher at 193
nm than at 254 nm (14). In cells, nuclear DNA will be partially
shielded from 193 nm photons by the absorption of other
chromophores, mainly proteins in the cytoplasm and cellular
membranes. Absorption of 254-nm radiation by cellular chro
mophores reduces the number of photons reaching the center
of the nucleus by about 50% (15). Shielding of the DNA by
other cellular chromophores is expected to be much more
pronounced at 193 nm than at 254 nm, because the maximum
in the absorption of peptide linkages is at about 190 nm.

We report here the results of studies designed to estimate the
relative amount of 193-nm radiation that reaches the nuclear
DNA in mammalian cells and the involvement of the 193-nm
radiation-induced DNA photoproducts in the mechanism for
cytotoxicity.

MATERIALS AND METHODS

Cells. Human cells were obtained from the Coriell Institute (Camden,
NJ). NHF, 05659B, were employed at passages 6-20. Two strains of
XPA skin fibroblasts (02990A, called XPA-1, and 05509A, called XPA-
2) were employed at passages 4-15. AT fibroblasts (GM02052A) were
used at passages 10-15. The cells were routinely maintained in Eagle's

minimal essential medium supplemented with 20% fetal calf serum,
1% penicillin and streptomycin, 1% L-glutamine, and 1% nonessential
amino acids (GIBCO). CHO cells (Dr. L. Gerweck, Massachusetts
General Hospital) were maintained in McCoy's 5A medium with 10%

fetal calf serum and 1% penicillin and streptomycin.
Excimer Laser Radiation. Cells were rinsed with HBSS (GIBCO)

without Ca2* or Mg2+, drained, and irradiated with a Lambda Physik

EMG103 excimer laser at 193 nm (pulse width = 13 nsec) at 2 or 3
Hz. The laser beam was passed through a 5-mm diameter aperture,
attenuated, and then defocused with a quartz lens to illuminate fully a
10-cm-diameter plastic tissue culture dish mounted vertically. This
position allows remaining buffer, which absorbs at 193 nm, to drain
from the cells. The dish was rotated at 24 rpm to ensure uniform
irradiation. The energy per pulse, measured behind the lens with a
Gentec ED-200 energy meter, was 3.3 mJ. The area irradiated was 78.5
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cm2; thus, the peak irradiance was 3.2 x IO7 W/m2. The total fluence

delivered to the cells was varied by changing the number of pulses.
Sham exposures were used as controls.

Germicida! Radiation. A UVSL-25 lamp (Ultraviolet Products Inc.,
San Gabriel, CA) provided 254-nm radiation (0.4 W/m2). The incident
irradiance was measured with an IL-700 radiometer using a SCE 240
cosine-corrected detector (International Light, Newburyport, MA). All
medium was removed and cells were rinsed twice with HBSS without
Ca2* or Mg2* immediately before exposure of cells in a horizontal

position with the plastic dish covers removed. Sham exposure were
used as controls.

X-ray Exposure. Cells were exposed through medium on a horizon
tally rotating stage. A Picker 250 KV machine calibrated at 1.8 Gy/
min was used. Cells were exposed to varying total doses of 0 to 0.70
Gy. Medium was replaced immediately after exposure. Sham exposures
were used as controls.

ESS. Normal human fibroblasts (8.3 x 10s cells/10-cm dish) were
exposed to 0, 60, 120, or 180 J/m2 193-nm radiation or 1 J/m2 254-

nm radiation, as described above. CHO cells were similarly exposed to
0, 200, 500, 750, or 1000 J/m2 193-nm radiation or 1 J/m2 254 nm

radiation. Immediately after the exposure, the cells were lysed with
buffer A (0.05 M Tris at pH 8, 0.01 M EDTA, 0.4 M NaCl) plus 0.5%
sodium dodecyl sulfate. The material from duplicate dishes was pooled,
incubated at 55Â°Cfor 10 min, and cooled to 37Â°C.Proteinase K (4.5

mg/ml in buffer A) was added and the mixture was incubated for 1 h.
Samples were shipped on ice from Boston to Brookhaven. After 1-h
additional incubation at 37Â°C,the DNA was extracted from the cells

by treatment with redistilled phenol saturated with buffer A, followed
by extraction with iec-butanol, precipitation with ethanol, rinsing with
70% ethanol, and resuspension in endonuclease buffer (30 HIMTris,
pH 8,40 mM NaCl,l min EDTA).

The frequencies of Micrococcus lÃºteasUV ESS/megabase were de
termined as previously described by Freeman et al. (16). In brief, the
extracted DNA was treated with RNase A (DNase-free) and Tl, and
M. Â¡uteusUV endonuclease (17) was added at sufficient concentration
to cleave quantitatively at pyrimidine dimer sites (18). Companion
samples were incubated without endonuclease. The DNA was denatured
by treatment with alkali and then subjected to electrophoresis, along
with molecular length standards [T4 bacteriophage DNA, 170 kilo-
bases; A, 48.5 kilobases; T7, 40 kilobases; and Bgll fragments of T7
(22.5, 13.5, and 4 kilobases)!, for 2 h at 1-3 V/cm [static field (16)] in
a 10- x 14-cm 0.4% alkaline agarose gel, with 2 mM EDTA, 30 mM
NaOH, as electrophoresis buffer. The gel was neutralized (0.1 M Tris,
pH 8, 30 min), stained with ethidium bromide (1 ^g/ml in water), and
destained, and a digital image of ethidium fluorescence was obtained
using an electronic imaging system (19). The number average molecular
lengths for the UV endonuclease-treated and untreated samples were
determined from analysis of the DNA profiles, as described by Freeman
et al. (16), and the frequency of dimers (N) in ESS/megabase was
calculated as

N = [Lâ€ž-'(+endo)- Lâ€ž-'(-endo)]1000

where Z.â€ž~'(+endo)is the number average molecular length of the DNA
sample treated with UV endonuclease and Lâ€ž~'(â€”endo)is the number

average molecular length of the corresponding untreated sample.
Cytoplasm Thickness. CHO and NHF cells were grown to a subcon-

fluent layer on glass coverslips. Cells were washed 3 times in Dulbecco's

phosphate-buffered saline (GIBCO), fixed in 4% glutaraldehyde, post-
fixed in 2% osmium tetroxide, dehydrated in a graded series of ethanols,
and embedded by inversion of Beem capsules containing Epon 812.
Thin sections of the cells in cross-section were collected on single hole-
slot grids, stained with uranyl acetate and lead citrate, and viewed with
an electron microscope (model CM 10; Philips, Inc., Eindhoven, The
Netherlands).

The distance between the nuclear membrane and the plasma mem
brane on the apical surface of each cell was measured on the electron
microscope. Three measurements/cell were obtained, one from each
end of the nuclear membrane and one from the center of the nuclear

membrane (Fig. 1). Ten cells from three different blocks for each cell
type were measured.

Unscheduled DNA Synthesis. CHO cells were grown to a subcon-
fluent layer on glass microscope slides for 24 h. Prior to irradiation,
the cells were washed with HBSS without Ca2+ and Mg2+. Cells were
exposed to 0, 2, 4, 6, or 10 J/m2 254-nm radiation or to 40 or 80 J/m2
193-nm radiation in the same manner as described above. The cells
were then incubated for 24 h in complete medium plus 10 /Â»Ci/ml
[3H)thymidine, after which the slides were washed with HBSS and
allowed to dry'. The slides were then fixed in acetone for 10 min and

allowed to dry. All subsequent steps were done under a Kodak no. 2
filter lamp in a dark room. The slides were dipped in NTB2 emulsion
(diluted 1:1 with water, 45Â°C;Kodak), and kept in a paper safe with
dessicant overnight. After storage in black boxes at -70Â°Cfor 1 week,

the slides at room temperature were dipped in Kodak D-19 developer,
rinsed for 2 min in lukewarm water, dipped in Kodak fixer for 5 min,
and rinsed in warm water for 10 min before staining with hematoxylin
and eosin. Grains on cells were counted using oil immersion. One
hundred cells were counted at each fluence. Cells containing between 0
and 50 grains were counted.

Cytotoxicity Assays. The cytotoxicity of 193- or 254-nm and X-
radiation was assessed by a clonogenic assay. Cells were detached with
trypsin, counted, serially diluted, and plated on 10-cm-diameter plastic
tissue culture dishes. The inocula of cells were varied for each fluence
or radiation exposure based on the anticipated survival. Usually there
were 5-50 surviving colonies/dish after exposure. Three or four dishes
were used for each fluence. Prior to exposure, the dishes were allowed
to stand for 4-5 h at 37Â°Cto permit attachment. For UV radiation

exposures, the medium was then removed and the cells were rinsed
twice with HBSS without Ca2+ or Mg2+ and were irradiated without
buffer. X-Ray exposures occurred through the growth medium. After
the irradiation, fresh medium was added and the cells were incubated
7 to 14 days before the colonies were scored. The colonies were fixed
with methanol and stained with 0.1% Crystal Violet for 5 min. The
effect of radiation on the clonal growth was expressed as a percentage
of survival relative to unirradiated sham-exposed controls. At least two
experiments were performed for each condition. The sensitivity of each
cell type to radiation is expressed as D,7 values (the UV fluence or X-
ray dose required to reduce survival to 37% of the unirradiated control).

RESULTS

Endonuclease-sensitive Sites in Cells Exposed to 193-nm and
254-nm Radiation. The frequency of pyrimidine dimer-specific
ESS is a measure of the number of UV photons reaching the
nuclear DNA. NHF cells were exposed to 0-360 J/m2 193-nm
radiation and to 1 J/m2 254-nm radiation in the same manner

as for cytotoxicity experiments, except that the plates were
cooled on ice to inhibit DNA repair. For comparison, CHO
cells were also exposed to higher fluences of 193 nm (0-1000
J/m2), because the D}7for these cells is higher. CHO cells were
also exposed to 254-nm radiation (1 J/m2).

ESS were detected in both cell types after exposure to 193-
nm radiation, indicating that 193-nm photons penetrate to the
nucleus. However, the average frequency of ESS/megabase per
incident photon was about 5-fold greater for the NHF than for
the CHO cells (Table 1). Also, radiation at 254 nm produced
more ESS/megabase than an equivalent number of photons at
193 nm in both cell types. For example, approximately the
same frequency of ESS/megabase was detected in NHF cells
exposed to 1 J/m2 254-nm radiation or to approximately 100
times the number of photons (120 J/m2) of 193-nm radiation.

Unscheduled DNA Synthesis in 193-nm- and 254-nm-irradi-
ated Cells. To further compare 193- and 254-nm radiation-
induced DNA damage, UDS was measured in CHO cells. The
cells were exposed to 193-nm and 254-nm radiation in the same
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Fig. I. Transmission electron microphotographs of NHF (.-/) and CHO (B) cells. Cells were fixed with glutaraldehydc and embedded in Epon. Black hars. location
of the three measurements between the nuclear membrane and the plasma membrane measured from the apical surface of each cell, one to each end of the nuclear
membrane and one to the center of the nuclear membrane (horizontal bar = I ^m).

&$&'

Table 1 Pyrimiiline aimer-specific endonuclease-sensitive sites after exposure of
Â¡\HFand CHO cells to 193-nm or 254-nm radiation

Cells were rinsed with HBSS and exposed without medium to 193-nm radiation
from an ArF excimer laser or to 254-nm radiation from a germicidal lamp.
Immediately after irradiation, cells were lysed and the mixture was treated with
proteinase K DNA was phenol extracted and purified, and aliquots were treated
with .V/. luteus UV endonuclease, or not enzyme treated, and electrophoresed
with molecular weight standards on alkaline agarose gels. The ESS/megabase
values were calculated as described in Ref. 16.

ESS/megabaseTreatmentNo

UV193
nm,J/m2601202002403605(K)7501000254

nm, 1 J/m2NHF0.4

Â±0.8"9.2

Â±1.916
Â±320

Â±726
Â±817Â±3CHO2.4

Â±2.47.8

Â±2.411

Â±28.7
Â±1.414Â±418Â±4

" Mean Â±SE of at least three electrophoresis assays.

manner as for the cytotoxicity determinations. The mean num
ber of grains/nucleus was calculated. UDS was induced in a
fluence-dependent manner. When CHO cells were exposed to
fluences which caused 10-15% cell killing (4 J/cm2 at 254 nm
and 40 J/cm2 at 193 nm), the mean number of grains/nucleus
was approximately 1.6-fold higher using 254-nm radiation.
When fluences causing 45-55% cell killing (9 J/cm2 at 254 nm

and 80 J/cnr at 193 nm), the ratio was 3.4. Thus, the amount
of UDS produced/J of UV radiation delivered was much greater
using 254-nm than 193-nm radiation. The mean number of
grains/nucleus per J at 254 nm was 1.0-1.4, whereas for 193

nm this value was only 0.049-0.063, a factor of over 20 differ
ence.

Cytoplasmic Thickness. Our results indicate that the thick
ness of cytoplasm over the nuclear DNA may strongly influence
the effect of 193-nm radiation of cells. Electron microscopy
was used to directly measure this dimension for NHF and CHO
cells (Fig. 1). The results are given in Table 2. The cytoplasmic
layer was about twice as thick over the center of the nucleus of
CHO cells than over NHF nuclei (1.09 versus 0.52 ÃŸm).The
difference was less when measurements of the center and at
each side were averaged, although the thickness was still 50%
greater in the CHO cells. As can be seen from Fig. 1, the
cytoplasmic thickness over the center of the nucleus probably
represents the average thickness best and will be used in the
calculations discussed below.

Cytotoxicity of 254-nm (Germicida!) and Ionizing Radiation to
Human Fibroblast Cells. To evaluate the contribution of DNA
damage to 193-nm radiation-induced cytotoxicity, the effects
of 254-nm radiation and X-rays on cells deficient in DNA
repair were compared to the sensitivity of these cells to 193-
nm radiation. First, the inhibition of the colony-forming ability

Table 2 Measurements of cytoplasm overlying the nuclei of NHF and CHO cells
Cells grown on glass coverslips were fixed with glutaraldchyde. post-fixed with

osmium tetroxide, dehydrated, and embedded in Ipon. Thin sections were stained
and the distance between the nuclear membrane and the plasma membrane on
the apical surface was measured using the electron microscope. Ten cells from
three different blocks for each cell type were measured.

Cytoplasm thickness i ,-mi

Cell type Center Av.

NHF
CHO cells

0.52 Â±0.27
1.09 Â±0.99

1.04 Â±0.53
1.54 Â±0.99
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of NHF, XPA-1, and AT cells was determined after exposure
to varying fluences of 254 nm radiation. As expected from
previously published studies (20-22), the XPA-1 cells were
substantially more sensitive to 254-nm radiation than were the
NHF or AT cells (Fig. 2). The survival curves for the NHF and
AT cells showed an initial shoulder before the exponential
decrease in cell survival. As shown in Table 3, the D}1 values
for the XPA-1 and AT cells were, respectively, 16.5 and 1.3
times lower than the value for the NHF cells.

The same three cell types were exposed to varying doses of
X-rays, and colony-forming ability was assayed. The AT cells
were the most sensitive to X-ray damage, with a fl.i? value of
0.07 Gy (Fig. 3). The NHF and XPA-1 cells were 3.4- and 2.3-
fold, respectively, less sensitive than AT cells (Table 3).

Cytotoxicity of 193-nm Excimer Laser Radiation to Human
Fibroblast Cells. Survival curves for NHF, AT, and two XPA
cell lines after exposure to 193-nm radiation are plotted from
the results of clonogenic assays in Fig. 4. For all the cell types,
193-nm radiation caused less cell killing than 254-nm radiation
at the same fluence. It should be noted that comparisons
between wavelengths should be based on the number of pho
tons/area causing the effect rather than the fluence, because of
the differences in number of photons/J at each wavelength.
There are about 1.3-fold more photons/J at 254 nm than at
193 nm. However, this effect is very small compared to the
differences in cytotoxicity caused by these two wavelengths,
and cytotoxicity is usually reported in terms of fluence. There
fore, our data will be reported in terms of fluence in order to
facilitate comparison with other literature on UV effects on
cells.

10 20 30
FLUENCE, J/m2

Fig. 2. Cytotoxicity of 254-nm radiation as measured by colony-forming ability.
Surviving fraction after exposure of NHF (A), AT (A), or XPA-1 (â€¢)cells to
varying fluences of 254-nm radiation. Cells were exposed without medium to
radiation from a germicida! lamp. The data points are the mean values of two
experiments (each using triplicate plates) Â±SE.

Table 3 Cytotoxicity of 193- and 254-nm radiation to mammalian cells
measured by colony-forming ability

Before irradiation, cells were detached, counted, serially diluted, and plated.
Cells were exposed to UV radiation without medium after rinsing with HBSS or
were exposed to X-radiation with medium present. Colonies were counted after
7-14 days.

CelltypeNHFATXPA-1XPA-2CHO"Human

fibroblast (AG)Â°254

nm(J/m2)7.15.40.43117.5193nm(J/m2)24206.94.38518X-ray(Gy)0.240.070.16

0.8

DOSE, Gy
Fig. 3. Cytotoxicity of X-rays as measured by colony-forming ability. Surviving

fraction after exposure of NHF (A). XPA-1 (â€¢),or AT (A) cells to varying doses
of X-rays. Cells were exposed while covered with medium. The data points are
the mean values of two experiments (each using triplicate plates) Â±SE.

100

FLUENCE, J/m2

" From Ref. 3.

Fig. 4. Cytotoxicity of 193-nm radiation as measured by colony-forming ability.
Surviving fraction after exposure of NHF (A). AT (A), XPA-1 (â€¢).or XPA-2 (â€¢)
cells to vary ing fluences of 193-nm radiation. Cells were exposed without medium
while the dishes were rotating vertically. Radiation at 193 nm was obtained from
an ArF excimer laser. The data points are the mean values of two experiments
(each using triplicate plates). SE were similar to those shown in Figs. 2 and 3.
Error bars not included for clarity.

The AT cells and NHF cells showed almost the same sensi
tivity to 193-nm radiation below 40 J/m2 (Fig. 4). For NHF

cells, a shoulder was seen before the initial linear portion. All
of the survival curves, except the curve for AT cells, showed at
least two regions, a linear region at low fluences and a region
with a decreasing slope at higher fluences. Although 193-nm
radiation was more cytotoxic to the XPA cells than to the NHF
cells, it is significant that this difference is not as great as that
found using 254-nm radiation. The D,7 values for the XPA-1
and XPA-2 cells were lower by factors of only 3.5 and 5.6,
respectively, than those for NHF cells, compared to a factor of
16.5 for XPA-1 cells obtained using 254-nm radiation. This
result indicates that the mechanisms for cell killing differ at the
two wavelengths. If 193-nm radiation-induced the same type of
lethal damage to cells as X-rays, the AT cells should be more
sensitive to 193 nm than are NHF cells. Table 3 shows that
this is not the case; the ratios of D.,7 values for NHF and AT
cells were almost identical (1.2 at 193 nm and 1.3 at 354 nm).

DISCUSSION

The overall goal of this investigation was to understand the
interaction of 193-nm radiation with cells, and particularly with
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nuclear DNA, in order to assess the in vivo mutagenic and
carcinogenic potential of this wavelength. The first question
asked was whether 193-nm photons penetrated into the nucleus
of cells and were absorbed by DNA. Our data indicate that 193-
nm radiation is absorbed by nuclear DNA; DNA photoproducts
were measurable as pyrimidine dimer-specific ESS (Table 1),
and unscheduled DNA synthesis was detected. The data ob
tained from each of these measurements indicated that, for the
same number of photons incident on the cells, 254-nm radiation
had a greater effect than 193-nm radiation.

Previous studies suggested that nuclear DNA is shielded from
193-nm photons by the strong absorbance of proteins in the
cellular membranes, cytoplasm, and nucleus at 193 nm (3, 11).
This is a reasonable hypothesis, because the peptide bond of
proteins and the aromatic amino acids have high extinction
coefficients (7 x 10' and 1.9-4.4 x IO4M~' cm~', respectively4)

and the peptides are present at high concentrations. However,
direct measurements of the 193-nm absorption of cytoplasm
and membranes are not available. Qualitatively, our results
suggest that shielding of the nucleus from 193-nm photons may
explain the lower ESS/megabase value in CHO cells compared
to NHF cells, because the cytoplasm layer over the nucleus is
thicker for CHO cells than for NHF cells (Table 2). An estimate
of the shielding of nuclear DNA by cytoplasmic protein can be
calculated from the concentration of protein in mammalian
cells. Proteins comprise 18% of the total cell weight; thus, the
amino acid concentration is 1.2 M, assuming an average molec
ular weight for amino acids in protein of 150. With the extinc
tion coefficients given above and assuming that 10% of the
protein amino acids are aromatic, a calculation using the Beer-
Lambert law yields 94% absorption/1 ^m in cells. The atten
uation of radiation penetrating cells can also be expressed in
terms of an absorption coefficient, Â«,as shown in Eq. 1.

F_
FÂ«

(1)

where F = fluence reaching a particular point in cells; F0 =
fluence incident on plasma membrane; Â«= absorption coeffi
cient in ftm~'; and ? = thickness of the absorbing layer in firn.
From the calculation above, a = 2.8 nm~' for cytoplasm and

can be used to estimate the percentage of photons penetrating
to varying depths in cells. For example, the thicknesses of the
cytoplasm for CHO and NHF cells (Table 2) allow averages of
6 and 25%, respectively, of the incident photons to be trans
mitted to the surface of the nucleus. The factor of about 4
difference in transmitted photons is similar to the factor of 5
difference in frequency of ESS/megabase per incident photon
between CHO and NHF cells (Table 1). Thus, it appears that,
given the approximations used in this calculation, absorption
of 193-nm radiation by protein in the cytoplasm can account
for reduction of the yields of DNA photoproducts.

Because cells in tissue usually have >2 ^m of cytoplasm
between the plasma membrane and the nucleus, the incident
193-nm photons will be attenuated by the cytoplasm by more
than 99% before they reach the nuclear envelope. A combina
tion of low penetration of 193-nm photons into cells and the
low quantum yield for dimers (14) may account for the lack of
UDS in tissue exposed to 193-nm radiation (8, 9).

The only direct measurement available for absorption of 193-

' Franz Hillenkamp. University of Meunsler. personal communication. Ex

tinction coefficients were measured on amino acids and dipeptides in aqueous
solution.

nm photons by tissue is for cornea, where a was reported to be
0.27 MitT1(23). From studies of 193-nm ablation of cornea, a
can be estimated to be 0.75 firn'1 (24) or 1.23-1.57 ^m~' (25).

All of these values for a are lower than our calculated value.
The very low content of aromatic amino acids in collagen may
account for the low Â«in cornea. Despite the low a for cornea,
UDS was not observed after exposure of cornea to 193-nm
radiation (8).

The second major question addressed in this study concerned
the contribution of DNA photoproducts to the cytotoxicity of
193-nm radiation to normal cells. Our results indicate that
neither cyclobutylpyrimidine dimers nor DNA strand breaks
are the major lethal lesions in normal cells exposed to 193-nm
radiation, although the dimers may contribute to the 193-nm
radiation-induced killing of XPA cells.

Based on the measurements discussed above, 254-nm radia
tion should be much more cytotoxic than 193-nm radiation to
fibroblasts if cyclobutylpyrimidine dimers are the lethal lesions
for both wavelengths. For NHF cells, 1 J/cnr of 254 nm
produced 17 ESS/megabase and extrapolation of the data in
Table 1 for 193 nm yields approximately 0.2 ESS/megabase at
1 J/cnr. Thus, the ratio of D37 values for 254-nm to 193-nm
radiation should equal approximately 85, if cyclobutylpyrimi
dine dimers are the lethal lesions. However, the results in Table
3 indicate that the ratio of D,7 values for NHF cells exposed to
254- and 193-nm radiation is only 3.4. This comparison sug
gests that a mechanism other than DNA photodamage is re
sponsible for 193-nm radiation-induced cytotoxicity in normal
cells. The ratio of fl,7 values for the XPA cells is higher, about
16, indicating that pyrimidine dimers may contribute to the
cytotoxicity of 193 nm to these cells.

An additional comparison also supports this conclusion. If
dimers do not contribute to cell killing using 193-nm radiation,
the 0,7 values for XPA and NHF cells should be about the
same (assuming that they differ only in their ability to repair
dimers). The data in Table 3 indicate that the D^ values differ
by a factor of about 3.5. Taken together, these results indicate
that the majority of 193-nm radiation-induced cytotoxicity does
result from unrepaired dimers in normal cells and that, even in
cells deficient in dimer repair, dimers are not the sole lethal
lesions.

The possible contribution of ionizing radiation-like damage
to 193-nm radiation-induced cytotoxicity was evaluated because
the quantum yield for DNA single-strand breaks is roughly 10-
fold greater at 193-nm than at 254-nm (14). The AT cells used
in this study were about 3.4 times more sensitive to X-rays than
NHF cells (Table 3). If DNA strand breaks are major photo-
products in 193-nm-irradiated cells and 193 nm radiation
causes X-ray-type lethal damage (26), the ratio of D37 values
should be about 3.4. As shown in Table 3, the AT and NHF
cells were almost equally sensitive to 193-nm radiation. Thus,
X-ray-type lethal damage is not induced by 193-nm radiation
even in cells deficient in repair of these lesions. This result is
consistent with our earlier report that alkali-labile sites are not
detectable even at fluences of 193-nm radiation severalfold
higher than the Z>,7for CHO cells (11).

In summary, this study shows that the cytoplasm of cells
efficiently protects nuclear DNA from 193-nm radiation, that
this protection plus the lower quantum yield for cyclobutylpy
rimidine dimer formation at 193-nm reported previously (14)
sharply reduces the risk of mutagenesis and carcinogenesis from
exposure to 193-nm radiation during surgical procedures, and
that the DNA photoproducts investigated do not contribute to
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the cytotoxicity of 193-nm radiation to DNA repair-proficient
cells.
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