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plants from excessive exposure of ultraviolet (UV) rays.
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The recent increase of ultraviolet (UV) rays on Earth
ue to the increasing size of the ozone hole is sug-
ested to be harmful to life and to accelerate prema-
ure photoaging of the skin. The detrimental effects of
V radiation on the skin are associated with the gen-
ration of reactive oxygen species (ROS) such as su-
eroxide anion radical (•O2

2), hydrogen peroxide
H2O2), hydroxyl radical (•OH), and singlet oxygen
1O2). However, direct proof of such ROS produced in
he skin under UV irradiation has been elusive. In this
tudy, we report first in vivo detection and imaging of
he generated ROS in the skin of live mice following
VA irradiation, in which both a sensitive and specific
hemiluminescence probe (CLA) and an ultralow-
ight-imaging apparatus with a CCD camera were
sed. In addition, we found that •O2

2 is formed sponta-
eously and 1O2 is generated in the UVA-irradiated
kin. This method should be useful not only for nonin-
asive investigation of the spatial distribution and
uantitative determination of ROS in the skin of live
nimals, but also for in vivo evaluation of the protec-
ive ability of free radical scavengers and antioxi-
ants. © 2000 Academic Press

Key Words: chemiluminescent detection; ultralow-
ight imaging; UV irradiation; reactive oxygen species
ROS); superoxide anion radical (•O2

2); singlet oxygen
1O2); live mice skin.

The ozone shield prevents sunlight from reaching
he surface of the Earth and protects animals and

Abbreviations used: ROS, reactive oxygen species; UVA, ultravio-
et light A; CL, chemiluminescence; •O2

2, superoxide anion radical;
O2, singlet oxygen species; H2O2, hydrogen peroxide; •OH, hydroxyl
adical; CLA, Cypridina hilgendorfii luciferin analog; 2-methyl-6-
henyl-3;7-dihydroimidazo [1,2-a] pyrazine-3-one; SOD, superoxide
ismutase; CAT, catalase; GSH-Px, glutathione peroxidase; DFO,
eferoxamine.
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lobal air pollution by chemical compounds such as
uorocarbons causes ozone shield depletion and results

n increases in UV radiation (1, 2). Since the surface of
uman skin is affected by many surrounding environ-
ental factors such as solar light, recent increases in
VB (280–320 nm) and UVA (320–400 nm) radiation
ave been assumed to enhance damage and to induce
remature aging in human skin. UVA rays penetrate
ore deeply into the dermal matrix of the skin tissue

han do UVB rays (3, 4), and UVA rays have been
eported to contribute particularly to the development
f both photoaging skin (5, 6), which is characterized by
eep wrinkles and severe pigmentation, and skin can-
er (7).
Previously demonstrated evidence has suggested

hat the harmful effects of UV radiation on the skin are
elated to the generation of reactive oxygen species
ROS) such as superoxide anion radical (•O2

2), hydro-
en peroxide (H2O2), hydroxyl radical (•OH), and sin-
let oxygen (1O2). Homogenized epidermis exposed to
V irradiation has been seen to generate •O2

2, as de-
ected by the ESR-spin trapping method (8). H2O2 and

•OH have been detected in cultured murine skin fibro-
lasts exposed UVB, using fluorescent rhodamine 123
nd ESR-spin trapping, respectively (9, 10). The cyto-
oxicity of cultured human skin fibroblasts after UVA
rradiation was dependent on the endogenous produc-
ion of 1O2 in the cell (11, 12). ROS scavenging enzymes
uch as superoxide dismutase (SOD), catalase (CAT),
nd glutathione peroxidase (GSH-Px) have been shown
o prevent cell sunburn induced by UV exposure (13,
4), and decomposition of collagen and hyaluronic acid
s the constituents of proteoglycans were observed to
e promoted by •OH in in vitro studies (15). Oxidative
tresses such as the depletion of glutathione, induction
f lipid peroxidation, and hydroperoxidation of choles-
erol were extensively found in UV-ray-exposure sites
f in vivo mouse or rat skin (16, 17).
0006-291X/00 $35.00
Copyright © 2000 by Academic Press
All rights of reproduction in any form reserved.



Although many such findings have been reported,
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irect proof of ROS generated by UV irradiation in the
n vivo skin has yet been elusive. Therefore, the detec-
ion and identification of ROS on skin under UV expo-
ure are highly important for discussing the previously
roposed role of ROS in the photoaging of human skin.
owever, very little research has been conducted so far
easuring ROS in human subjects. In only two re-

orts, a human forearm and a hairless mouse were
sed to evaluate the occurrence of ROS in skin exposed
o UVA radiation (18, 19). The methods and technical
ystems used in those studies were specially developed
or measuring in vivo ultraweak photon emission
UPE) or low-level chemiluminescence in human and
ouse skin (18, 19). The effectiveness of topically ap-

lied antioxidants such as a-tocopherol, b-carotene,
nd a-glucosylrutin (flavonoid) on the skin exposed to
VA radiation was also evaluated in these studies.
•O2

2 and 1O2, which are generated by the one-
lectron reduction and excitation of molecular dioxy-
en, respectively, have been of great interest in the
elds of biochemistry and medicine. At present, it is
ery difficult to present evidence for the occurrence and
uantitative distribution of •O2

2 and 1O2 in an entire
iving body because the concentration of •O2

2 and 1O2

ormed in vivo is very low, leaving a short half-life in an
queous system, i.e., 50 msec for •O2

2 and 2–5 msec for
1O2 (20–22). In our laboratory, ROS has been detected
y various methods such as chemiluminescence (CL),
lectron spin resonance (ESR), and UV–VIS spectros-
opy in in vitro systems (9, 10, 23–28). Among them,
he CL detection technique using a CL probe, which is
ollowed by little interference with other factors and
ontoxicic to the systems, is more sensitive than other
ethods. Highly sensitive and specific CL probes for

•O2
2 and 1O2, Cypridina hilgendorfii luciferin analogs,

ave been developed by Goto and co-workers (29–31)
nd widely used in the studies of •O2

2 and 1O2 in chem-
cal and biological systems (32–35).

A new photon-imaging instrumentation such as ul-
rasensitive luminographs taken by CCD cameras has
een developed in parallel with improvements in CL
robes. The sensitivity and spatial resolution of mod-
rn peltier-air-cooled CCD cameras, which provide im-
roved sensitivity, dynamic range, excellent image
uality and robustness, have resulted in a variety of
ew applications in the life sciences (36, 37). These

nstruments employing a new generation of cooled
CD cameras display quantitative localization of the
L signals with adequate spatial resolution on a tar-
eted surface such as tissues, as well as provide quan-
ification at the level of a single photon due to low-level
L (38, 39).
Under these conditions, we tried to detect and iden-

ify ROS generated in the skin of live mice exposed to
VA light, in which a new method utilizing both the
132
maging apparatus with a CCD camera was used for
he in vivo detection and imaging of ROS identified as

•O2
2 and 1O2.

ATERIALS AND METHODS

Materials. Male ddy mice (6–8 weeks old) weighing about 30 g
ere purchased from Shimizu Experimental Materials (Kyoto, Japan).
ypridina hilgendorfii luciferin analog, 2-methyl-6-phenyl-3,7-dihydro-

midazo-[1,2-a]pyrazin-3-one (CLA), and b-carotene were obtained from
okyo Kasei Organic Chemicals (Tokyo, Japan). Phenobarbital sodium
as from Maruko (Nagoya, Japan). Superoxide dismutase (SOD) and

atalase (CAT) were obtained from Sigma (St. Louis, MO). Deferox-
mine (DFO) was purchased from Takeda Pharmaceutical (Osaka,
apan). Black cloth made of a synthetic fiber was from Nomura Tailor
Kyoto, Japan). All other chemicals were of high-quality analytical grade.

Ultralow-light imaging system. The luminograph used (the new
ightOWL Molecular Light Imager, luminograph LB 981, EG&G
erthold, Bad Wildbad, Germany) was a high-performance low-light

maging system which is able to detect any type of luminescent
mission (400–600 nm) over a wide range of intensities. It is de-
igned for macroimaging of in vivo gene expression in tissues or
hole organisms, and for the simultaneous measurement of multiple

amples in microplates with its highest sensitivity comparable to
hat of luminometers in vitro (38). The analytical performance of the
ightOWL was sufficiently evaluated for application to the quanti-

ative detection of ultralow-light CL in terms of background, sample
ize, geometry, sensitivity, resolution, accuracy, and precision (38).
he NightOWL slow-scan CCD camera was a peltier-air-cooled cam-
ra (273°C) for ultralow-light imaging with a high sensitivity, the
esolution being defined by 385 3 578 pixels. The luminescent sig-
als on a photocathode in the image intensifier were detected as
hotons. The system was controlled by a DOS/V personal computer
OS: Micsosoft Windows 95) provided with software for quantitative
mage analysis. The whole instrument was installed in an air-
onditioned room (24°C and 35% relative humidity).

Measurements of chemiluminescence in mouse skin. The hair on
he back of a mouse was shaved with hair clippers, and its stratum
orneum was carefully stripped with a commercially available depil-
tory (Shiseido, Tokyo, Japan). The bald mouse was used in the
xperiment 24 h after depilation treatment. The mouse was anes-
hetized by intraperitoneal injection of pentobarbital (50 mg kg21

ody weight), fixed on a black polystyrene 96 well microplate, cov-
red with black cloth on which two circles with the same area (1260
ixels 5 1.50 3 1023 mm2) were cut, and placed in a light-tight box
o prevent interference by external light. The measured areas were
ivided into two parts (right and left sides in the mouse back skin) for
omparative investigation. For the detection of spontaneous and
VA-induced ROS in each mouse, one area in mouse skin was

reated with UVA irradiation and the other was left without treat-
ent. Skin areas of the live mouse were exposed to UVA irradiation

320–400 nm) for 1 min through a UVA filter and a flexible fiber at
dose of 800 mW cm22 generated with a Supercure-203S (San-Ei
lectric MFG, Osaka, Japan). During UVA exposure, the anesthe-

ized mouse remained under the detector. 5 ml of 400 mM CLA
olution dissolved in H2O was applied to the two circles on the mouse
ack skin immediately after UVA irradiation. Measurement of the
ight emission due to the in vivo CL began 30 s following the appli-
ation of CLA to the skin. Identification of ROS and the ability of
opical applications containing SOD (62.5 mM in H2O), CAT (20 mM
n H2O), b-carotene (10 mM in 50% ethanol), and DFO (2 mM in H2O)
ere examined, in which each 5 ml of ROS scavengers or a chelating
gent and vehicle was applied to the treated and untreated skin
efore UVA irradiation, respectively. No effects of each vehicle on the
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easurements were confirmed in advance. The light emitted from
he sample was accumulated for 1 min and integrated for 2 s on the
amera tube’s target at 1-min intervals for 40 min, which was suffi-
ient to gather acceptable light emission data. The light emission
utput was then recorded on a memory device. The image was
rocessed with a nonlinear gray scale to modify the contrast. A
seudo-color function converted the different gray shades to the
olors. The quantification was expressed as the measurement of light
rom a single given area (1260 pixels 5 1.50 3 1023 mm2). The
ackground was calculated for the black cloth over the mouse with a
ignal/noise ratio of $3 considered as the detection limit. The results

FIG. 1. Typical visualization and quantification of the in vivo chemi
hemiluminescent probe. Each light emission image was acquired usin
xposure time, 1 min; pixel size, 2 3 2; no background subtraction; ca
ignals were obtained from normal and UVA-exposed mouse skin. Pseu
133
ere expressed as photons s21 pixel21 (means 6 standard deviations,
umbers of mice 5 3 or 4).

ESULTS AND DISCUSSION

An image of spontaneous and UVA-induced CL pro-
uced directly in a mouse skin in vivo was time-
ependent, as shown with a pseudo-color function in
ig. 1. The hair-depilated mouse covered with the

inescent signals in mouse skin due to •O2
2 and/or 1O2 using CLA as the

e NightOWL imaging system with the following instrument settings:
ra readout slow. Pseudo-color displays of different chemiluminescent
-color ruler on the right shows the relative light intensity.
lum
g th
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lack cloth was a suitable model for the evaluation of
he spatial resolution and quantitative aspects of the
ltralow-light imaging, since the background could be
uantified simultaneously with the photon emission
erived from the black cloth. Similar areas located
ithin the black cloth provided the mean background
alues, and the mean photon emission derived from
ouse skin was significantly higher than the back-

round value. The imaging data indicated that the
ingle photon could be imaged as the single light spot,
he spatial information could be shown in the image
irectly, and that a clear difference existed between
VA-treated and untreated skin areas. In Fig. 1, the
VA-irradiated skin exhibited significantly higher CL

right side) than did normal skin (left side), indicating
he increased oxidative processes in the skin.

In addition to the spatial information, this imaging
ystem provided further information regarding the
ime courses of the CL signal intensities in the mouse
kin (Fig. 2). The signal intensities of light emission
ere quantitatively calculated in circular areas located
n mouse back skin (1260 pixels 5 1.50 3 1023 mm2),
nd those averaged values with standard deviations
or four mice were shown in Fig. 2. Clearly increased
urves of the CL signal intensities after UVA stimula-
ion were obtained from each original source image.
he reported data indicate the extraordinary ability of
L imaging to evaluate the spatial distribution of CL
ignals created by ROS which were generated sponta-
eously or UVA stimulatively in mouse skin, as well as
o quantitatively analyze these signals.

FIG. 2. Time-dependent profiles of the chemiluminescent signal
ntensities using CLA as the chemiluminescent probe. Light emis-
ion signal intensities were expressed as photons s21 pixel21. The
ackground values of signal intensities in the black cloth were sub-
racted from the measured values of those in the skin of live mice.
nstrumental conditions were the same as those in Fig. 1. The signal
ntensities were due to spontaneous (F) and UVA-induced (E) chemi-
uminescence. Data were expressed as means 6 standard deviations
numbers of mice 5 4).
134
pontaneous and UVA-induced CL in mouse skin, the
inds of ROS could be identified by using topical ap-
lications containing typical and specific ROS scaven-
ers and a chelating agent. Applications containing
OD or b-carotene were found to greatly reduce UVA-

nduced CL in the skin (Figs. 3b and 3d). Furthermore,
OD also highly reduced spontaneous skin CL (Fig.
a), while b-carotene hardly reduced it (Fig. 3c). On the
ther hand, CAT, deferoxamine, and SOD denatured
y boiling showed no ability to reduce either spontane-
us or UVA-induced skin CL (data not shown). There-
ore, the facts that SOD is a potent 1O2 quencher
quenching rate constant 5 2.6 3 109 M21 s21) as well
s an •O2

2 scavenger (second-order rate constant 5
.0 3 109 M21 s21) (20, 40) and b-carotene is a typical

1O2 quencher (quenching rate constant 5 3–30 3 109

21 s21) (40) suggest that the spontaneous CL was due
ostly to •O2

2, and that the UVA-induced CL was due
redominantly to 1O2 in mouse skin. It is recently
emonstrated in an in vivo study that 1O2 generated
rom a photosensitization reaction modifies CAT (41),
nd that the increase of mitochondrial common dele-
ion in photoaged skin is attributable to the generation
f 1O2 (42). Thus, several studies have suggested that

1O2 generation after UVA excitation in the skin results
n UVA-induced photoaging of the skin (41–43). We
emonstrated here the first direct in vivo evidence for
he spontaneous occurrence of •O2

2 and the UVA-
nduced formation of 1O2 endogenously generated in

ouse skin.
Both the location and the real-time development of

he in vivo CL due to •O2
2 and/or 1O2 were directly

bserved, by means of supersensitive two-dimensional
ltralow-light luminographs. The emitted light from
iffering skin sites to which various treatments had
een applied could be analyzed both simultaneously
nd quantitatively. These results show the possibility
f performing quantitative imaging at the tissue level
nd suggest analytical challenges for other applica-
ions. The measurement of novel two-dimensional CL
irectly from mouse skin has the advantage of being
oninvasive and providing convenient and continuous
onitoring. This method constitutes a unique in vivo

ool for skin research, especially with regard to the
etection of oxidative stress processes and the evalua-
ion of antioxidants for the skin. To the best of our
nowledge, the time- and space-dependent dynamics of
he CL signals from mouse skin in vivo have not been
reviously reported. This spatial information is very
mportant in understanding the mechanism and bio-
ogical function of endogenously generated ROS, espe-
ially with regard to the investigation of skin response
o UV-ray stress.

The new technique proposed here will determine the
inetics of endogenously generated ROS, and provide
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he simple, convenient, and convincing evaluation of
he protective effects of antioxidant and photoprotec-
ive agents on UV-induced oxidative stress and other
ree radical processes.
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