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ABSTRACT Post-UV treatment of the gray, short-tailed
opossum Monodelphis domestica with photoreactivating light
(320-400 nm) suppressed the appearance of UV-induced ery-
thema as evidenced by an increase in the dose of UV required
to elicit an erythemal response. The average erythema dose for
animals held in the dark following UV exposure was 620 ± 40
J/m2, whereas 2460 ± 110 J/m2 were required for erythema
induction with animals exposed to 90 min of photoreactivating
light post-UV. Pre-UV exposure to photoreactivating light had
no effect on the UV induction of erythema. The dose-response
for the photoreversal of pyrimidine dimers in epidermal DNA
ofM. domestica was similar to that for the photoreactivation of
erythema induction. These data not only support the notion
that DNA is the primary chromophore involved in the induc-
tion of erythema but also identify pyrimidine dimers as the
major DNA change responsible for its induction. These results
also identify M. domestica as a useful whole-animal system
with which to determine the role of pyrimidine dimers in other
photobiological responses of mammalian skin.

UV-induced cyclobutane-type dimers between adjacent py-
rimidines on the same DNA strand can be split in situ by a
light-dependent repair process called photoreactivation (PR)
(1). The process requires the presence of photoreactivating
enzyme (PRE) and photoreactivating light (PRL) in the range
of 300-500 nm (2). PR has been shown to occur in prokary-
otes and certain eukaryotes (3), including marsupials (4, 5),
in cells from some placental mammals (6), and in human skin
in vivo (7-9). Although the PR repair process appears to be
efficient in humans (7-9) and marsupials (4, 5), PR is much
less evident in mice (10, 11). The specificity of this repair
process for pyrimidine dimers has been used to identify this
lesion as a major cause of lethal (12), tumorigenic (13), and
transformation (14) events induced by UV. It would be of
interest to exploit the specificity of this repair process to de-
termine the role of pyrimidine dimers in photobiological re-
sponses of mammalian skin including erythema induction.
Exposure of mammalian skin to UV results in erythema

(redness) due to vasodilatation (15, 16) and the resulting in-
crease in blood content of the skin. It has been proposed that
UV-induced vasodilatation may result from direct vascular
damage (17) or from indirect effects of chemical mediators
(18). For either case, the chromophore involved in the initial
absorption of UV has not been identified, although nucleic
acids, proteins, and lipoproteins have been discussed as pos-
sible target molecules (19). An action spectrum generated
with human skin was consistent with DNA as being the pri-
mary chromophore for erythema induction when corrections
for the optical effects of the stratum corneum were taken
into consideration (20). The ability to photoreverse pyrimi-
dine dimers in the skin of marsupials (4) provides a useful

whole-animal model with which to study the role of pyrimi-
dine dimers in the induction of erythema. Although photore-
versal of dimers has been reported to occur in human skin
(7-9), the effects of post-UV exposure to long-wavelength
radiation on photobiological responses of human skin are
generally controversial (21-24).

MATERIALS AND METHODS

Experimental Animals. Five- to 6-month-old opossums
(Monodelphis domestica), raised in this laboratory, were
used for these studies. Animals were raised as described
elsewhere (25) and anesthetized prior to irradiation as de-
scribed (4).
UV Exposure Conditions. Hair was removed from the dor-

sal epidermis with small animal clippers (model no. A2, Os-
ter, Milwaukee, WI), and aluminum foil masks, into which
six holes (1 cm in diameter) had been punched, were taped to
the shaved dorsal areas. These restricted areas of skin were
exposed to various doses of UV from a Westinghouse FS-40
sunlamp. (Relative emissions were 0.04, 0.27, 0.69, 1.0, and
0.09 at 280, 290, 300, 313, and 360 nm, respectively, with
>90%o of the energy emitted between 280 and 400 nm.) The
dose rate from the sunlamps was 2.0 W/m2 as determined
with a calibrated Optronic model 742 spectroradiometer (Op-
tronics Laboratories, Orlando, FL).
Minimal Erythema Dose (MED) Determinations. Erythema

of the skin was judged by two observers at 28-32 hr post-UV
and the data were pooled. Maximal redness of the skin was
observed at this time, and a MED was defined as the dose
that induced a barely perceptible erythema at 28-32 hr post-
UV. In the first series of experiments, MEDs were deter-
mined for three groups of animals exposed to the FS-40 sun-
lamp. Group 1 was held in the dark following exposure,
group 2 was exposed to PRL for 90 min prior to sunlamp
exposures, and group 3 was exposed to PRL for 90 min fol-
lowing sunlamp exposures. In a second series of experi-
ments, MEDs were determined for animals exposed to the
FS-40 sunlamp followed by a 30-, 45-, 60-, or 90-min expo-
sure to PRL. These were the same exposure times used in
the study of photoreversal of pyrimidine dimers described
below. PRL was obtained from a Westinghouse BLB fluo-
rescent lamp filtered through 3 mm of window glass (>90%
of the transmitted energy was between 320 and 400 nm). The
dose rate at the surface of the skin was 10 W/m2 as deter-
mined with the spectroradiometer.

Pyrimidine Dimer Measurements. Pyrimidine dimers in the
epidermal DNA of M. domestica were measured with dam-
age-specific endonucleases from Micrococcus luteus as de-
scribed (4). Prior to dimer determinations, animals were ex-
posed to 1000 J/m2 from the FS-40 sunlamp followed by 0,

Abbreviations: PR, photoreactivation; PRE, photoreactivating en-
zyme; PRL, photoreactivating light; MED, minimal erythema dose;
PRF, photoreactivable fraction.
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30, 45, 60, or 90 min of PRL. Immediately following each
treatment, DNA was extracted from the epidermis and ana-
lyzed for the presence of pyrimidine dimers.

RESULTS AND DISCUSSION

Series 1 Experiment. The MED observed for each animal
under the three treatment conditions described above is pre-
sented in Table 1. Numerical averages and standard errors of
the mean were calculated for the three groups. The average
MED observed with animals exposed to PRL following ex-
posure to the FS-40 sunlamps was considerably higher than
with those animals that received no PRL treatment or re-
ceived PRL prior to UV exposure. On the average, 2460 +
110 J of UV per m2 were required to elicit an erythemal re-
sponse in those animals exposed to PRL post-UV. This is
significantly (P < 0.01) higher than the 620 ± 40 J/m2 or 550
± 70 J/m2 required for animals that were not exposed to
PRL or were exposed to PRL prior to sunlamp irradiations,
respectively. The average MEDs of the latter two groups are
not significantly different. The photoreactivable fraction
(PRF, the fraction of the total effect that was photoreactivat-
ed) can be calculated as PRF = 1 - [(MED without
PRL)/(MED with PRL)]. Thus, for UV-induced erythema,
the PRF equals 1 - (620/2460), or 0.75. Under the PR condi-
tions used, 75% of the potential of UV to induce erythema in
M. domestica has been reversed. This is in good agreement
with the 80% photoreversal of pyrimidine dimers in epider-
mal DNA of M. domestica achieved in 90 min under similar
PR conditions (4).

Series 2 Experiments. In these experiments the dose-re-
sponses for the PR of erythema induction and the photore-
versal of pyrimidine dimers in epidermal DNA were deter-
mined in groups of animals exposed to PRL under similar
conditions. The results of this study are presented in Fig. 1
as the PR of erythema induction as a function of photorever-
sal of pyrimidine dimers. The slope of the line fit to these
points by linear regression analysis was 0.85, which repre-
sents a good correlation between the kinetics of photorever-
sal of dimers and of erythema induction. It may be conclud-
ed from these data that the primary chromophore for UV-
induced erythema, in this animal at least, is DNA and the
major lesion involved is the cyclobutane-type pyrimidine di-
mer. Confirmation of photoenzymatic action in the photore-
versal of dimers and erythema induction observed in M. do-
mestica will require detection of the PRE in skin. In vitro
photoreversal of pyrimidine dimers in DNA with extracts of

Table 1. MED determinations with M. domestica under various
conditions of PR treatment

MED, J/m2
Group 1 Group 2 Group 3

(no PRL)* (pre-PRL)t (post-PRL)f
550 400 2800
700 500 2400
600 450 2500
600 600 2000
800 800 2200
450 2500
650 2800

Mean ± SEM 620 ± 40 550 ± 70 2460 ± 110

*Animals were held in the dark following exposure to the FS-40
sunlamps.
tAnimals were exposed to PRL for 90 min prior to sunlamp
exposure.
tAnimals were exposed to PRL for 90 min following sunlamp
exposure.

1.0

0.8

0.6

0.4

0.2-

01 I I I_ I
0 0.2 0.4 0.6 0.8 1.0

PRFPfdimers
FIG. 1. PRF for MED (PRFmed) plotted as a function of the PRF

for pyrimidine dimers (PRFdimers). The MED was determined with
animals exposed to 30, 45, 60, or 90 min of PRL. PRFmed was calcu-
lated for each PR exposure as 1 - [(MED without PRL exposure)/
(MED with PRL exposure)]. PRFdimers was calculated as the frac-
tion of dimers reversed by 30-, 45-, 60-, and 90-min exposures to
PRL after an exposure of 1000 J of UV per m2 from the FS-40 sun-
lamp.

liver from M. domestica has been measured (data not
shown).
The results reported herein identify M. domestica as a

useful laboratory animal with which to study the role of py-
rimidine dimers in various photobiological responses of
mammalian skin. Previous studies on the effect of long-
wavelength radiation given simultaneously either with or fol-
lowing UV irradiation of mice are difficult to interpret. Grif-
fin et al. (26) reported that simultaneous irradiation with visi-
ble and UV light resulted in a small reduction in the
incidence of tumors, whereas visible light following UV in-
creased the incidence. In addition, Kelner and Taft (27) ob-
served a small, statistically nonsignificant, photoreversal of
UV carcinogenesis in albino mice and stated that the photo-
reversibility of carcinogenesis was only a tentative conclu-
sion. Post-UV exposure of albino mice to "daylight fluores-
cent" lamps was reported to reduce ear damage and death
rate (28). A role for the photoreversal of pyrimidine dimers
in photorecovery from UV irradiation of mice is not support-
ed by reports on the absence of PR of dimers in mouse epi-
dermis (10, 11) and the presence of PR only in the dermis of
newborn, but not adult, mice (11).
Although Van der Leun and Stoop (29) reported slight re-

ductions in UV-induced erythema when the initial exposure
was followed by several hours of glass-filtered sunlight, the
considerable literature on mixed-wavelength responses in
human skin is generally controversial (21-24). Furthermore,
the relationship between UV and tumor formation in humans
can only be inferred from epidemiological data. The studies
reported herein not only show a direct relationship between
a specific DNA lesion (the pyrimidine dimer) and a measur-
able photobiologic response (erythema) in animal skin but
also demonstrate the currently unique potential of this mam-
malian, whole-animal model for probing the role of the py-
rimidine dimer in other photobiological responses possibly
including cancer induction.

I thank Drs. R. B. Setlow and R. M. Tyrrell for helpful sugges-
tions during the preparation of this report. This study was supported
by intramural funding from the Lovelace Medical Foundation.

2410 Cell Biology: Ley

IEU.



Proc. Natl. Acad Sci USA 82 (1985) 2411

1. Setlow, J. K. & Setlow, R. B. (1963) Nature (London) 197,
560-562.

2. Cook, J. S. (1970) Photophysiol. 5, 191-223.
3. Setlow, J. K. (1966) Radiat. Res. Suppl. 6, 141-155.
4. Ley, R. D. (1984) Photochem. Photobiol. 4, 141-143.
5. Cook, J. S. & Regan, J. D. (1969) Nature (London) 223, 1066-

1067.
6. Sutherland, B. M., Runge, P. & Sutherland, J. C. (1974) Bio-

chemistry 13, 4710-4715.
7. Sutherland, B. M., Kochevar, I. & Harber, J. (1980) Cancer

Res. 40, 3181-3185.
8. D'Ambrosio, S. M., Whetstone, J. W., Slazinski, L. & Low-

ney, E. (1981) Photochem. Photobiol. 34, 461-464.
9. Eggset, G., Volden, G. & Krokan, H. (1983) Carcinogenesis 4,

745-750.
10. Ley, R. D., Sedita, B. A. & Grube, D. D. (1978) Photochem.

Photobiol. 27, 483-485.
11. Ananthaswamy, H. N. & Fisher, M. S. (1981) Cancer Res. 41,

1829-1833.
12. Harm, H. (1976) in Photochemistry and Photobiology of Nu-

cleic Acids, ed. Wang, S. Y. (Academic, New York), Vol. 1,
pp. 219-263.

13. Hart, R. W., Setlow, R. B. & Woodhead, A. D. (1977) Proc.
NatI. Acad. Sci. USA 75, 5574-5578.

14. Sutherland, B. M., Cimino, J. S., Delihas, N., Shih, A. G. &
Oliver, R. P. (1980) Cancer Res. 40, 1934-1939.

15. Fitzpatrick, T. B. & Johnson, D. P. (1971) in Dermatology in
General Medicine, eds. Fitzpatrick, T. B., Arndt, K. A.,
Clark, W. H., Eisen, A. Z., Van Scott, E. J. & Vaughan, J. H.
(McGraw-Hill, New York), pp. 13-25.

16. Sams, W. M. (1974) in Sunlight and Man: Normal and Abnor-
mal Photobiologic Responses, eds. Pathak, M. A., Harber,
L. C., Seiji, M., Kukita, A. & Fitzpatrick, T. B. (Univ. of To-
kyo Press, Tokyo), pp. 711-715.

17. Sams, W. M. & Winkelmann, R. K. (1969) J. Invest. Derma-
tol. 53, 79-83.

18. Lewis, T. (1927) in The Blood Vessels of the Human Skin and
Their Responses (Shaw, London), pp. 117-138.

19. Hawk, J. L. M. & Parrish, J. A. (1982) in The Science ofPho-
tomedicine, eds. Regan, J. D. & Parrish, J. A. (Plenum, New
York), pp. 219-260.

20. Parrish, J. A., Jaenicke, K. F. & Anderson, R. R. (1982) Pho-
tochem. Photobiol. 36, 187-191.

21. Willis, I., Kligman, J. & Epstein, J. (1973) J. Invest. Dermatol.
59, 416-420.

22. Ying, C. Y., Parrish, J. A. & Pathak, M. A. (1974) J. Invest.
Dermatol. 63, 273-278.

23. Spiegel, H., Plewig, G., Hofman, C. & Braun-Falco, 0. (1978)
Arch. Dermatol. Res. 261, 189-200.

24. Nonaka, S., Kaidbey, K. H., Kligman, A. M. (1983) J. Invest.
Dermatol. 81, 524-527.

25. Fadem, B. H., Trupin, G. L., Maliniak, E., Vandeberg, J. L.
& Hayssen, V. (1982) Lab. Anim. Sci. 32, 405-409.

26. Griffin, A. C., Dolman, V. S., Bohlke, E. B., Bouvart, P. &
Tatum, E. L. (1955) Cancer Res. 15, 523-528.

27. Kelner, A. & Taft, E. B. (1956) Cancer Res. 16, 860-866.
28. Rieck, A. F. & Carlson, S. D. (1955) J. Cell. Comp. Physiol.

46, 301-305.
29. Van der Leun, J. D. & Stoop, T. (1969) in The Biologic Effects

of Ultraviolet Radiation, ed. Urbach, F. (Pergamon, Oxford),
pp. 251-259.

Cell Biology: Ley


