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PURPOSE. TO investigate DNA damage in the rat lens after in vivo close-to-threshold exposure to
ultraviolet radiation (UVR).

METHODS. Sprague-Dawley rats received 5 kj/m2 UVR (AMAX = 300 nm, Ao 5 = 10 nm) unilaterally
for 15 minutes. Animals were killed at 1, 6, and 24 hours and at 1 week after exposure. DNA-strand
breaks were investigated in sagittal paraffin sections using the TdT-dUTP terminal nick-end labeling
(TUNEL) technique and propidium iodide for counterstaining. Other lenses were prepared for
transmission electron microscopy (TEM).

RESULTS. TUNEL-positive nuclei were found at only 24 hours after UVR exposure. About one tenth
of the epithelial cell nuclei were TUNEL positive, and affected cells were scattered over the entire
epithelium. No TUNEL-positive cells were found at 1 or 6 hours or at 1 week after UVR exposure
or in the nonexposed lenses. TEM verified the occurrence of programmed cell death and showed
the breakdown of the apoptotic cells by adjacent cells. No signs of necrosis were found.

CONCLUSIONS. Threshold-dose UVR induces programmed cell death that peaks 24 hours after
exposure and involves the entire epithelium. Dead cells are removed from the epithelium by
phagocytosis. (Invest Ophthalmol Vis Sci. 1998;39:2681-2687)

In the current study, the effects of in vivo ultraviolet radia-
tion (UVR)-induced DNA damage on the lens epithelium in
rats was investigated and are reported here. The chronol-

ogy, localization, and morphology of programmed cell death
were studied.

Epidemiologic studies1'2 and experimental studies in rats,
mice, rabbits, and squirrels3'9 show a relationship between
UVR exposure and subsequent lens opacities. Morphologically,
these events correspond to swelling and disruption of lens
epithelial cells and cortical lens fibers.5'9 Swollen mitochon-
dria, subcapsular vacuoles, and chromatin condensation and
nuclear fragmentation are found in the epithelium.5 Epithelial
hyperplasia is observed after long-term or above-threshold ex-
posure.510

The UVR dose applied in the current experiments (5
kj/m2 at 300 nm) is close to threshold for cataract in rabbits
and rats.31' Previous experiments have shown that the mean
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forward light scattering in the lens increases during the first
week and remains constant up to 32 weeks after exposure.6"

The wavelength in the current experiment was chosen
according to biological and environmental significance. Within
the lens, the epithelium receives the highest dose of UV-B
radiation (280-315 nm) incident to the eye.12 The UV-B radi-
ation is strongly absorbed by lens proteins and DNA and there-
fore potentially has a damaging effect on the lens epithelium.l3

Epithelial damage is critical for lens growth and transparency
because the lens epithelium is involved in the maintenance of
water, ions, and metabolite homeostasis, and its germinative
cells are the source of lens fiber cells. Terrestrial solar UVR
varies most around the wavelength of 300 nm, depending on
the latitude, the time of day, and the stratospheric ozone
concentration. The annual maximum value at 300 nm at the
Canary Islands (28°N) is about seven times higher than the
maximum reached in Stockholm (59°N).l415

Ultraviolet radiation and other chemical or physical agents
can cause different stresses to a tissue and can finally induce
cell death. Low-dose stress to a tissue may not directly kill cells
but can cause damage to DNA, cell membranes, or other cell
organelles. Such damage either may be repaired if the cell
survives or may lead to programmed cell elimination, apopto-
sis, or programmed cell death. With high-dose stress, the agent
may kill the cell directly with no possibility for cell survival.16

In this article the term "apoptosis" is used as a morpho-
logic descriptor of programmed cell death. The main charac-
teristics of apoptotic morphology are condensation and frag-
mentation of the cellular content as seen in electron
microscopy.17 Another key event with programmed cell death
is the double-strand cleavage of DNA into fragments that are
multiples of 180 bp to 200 bp.18 This cleavage of the DNA can
be visualized by agarose gel electrophoresis or via in situ
marking of free 3'-OH-DNA ends with the TdT-dUTP terminal
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FIGURE 1. Relative spectral dose in the corneal plane of the
exposed eye. The total dose between 285 nm and 325 nm was
5 kj/m2.

nick-end labeling (TUNEL) assay. However, this assay is capa-
ble of detecting nonapoptotic DNA-strand breaks also, such as
those induced, for instance, by repair enzymes after oxidative
stress.l6'9 Therefore, the TUNEL assay always should be ac-
companied by morphologic investigations to verify pro-
grammed cell death.20

Apoptotic morphology and DNA fragmentation after UVR
exposure have been demonstrated previously in the lens epi-
thelium.21 However, the role of programmed cell death in
human cataractogenesis is still controversial. Harocopos and
coworkers22 detected no evidence of apoptotic cells in the
epithelium of capsulorhexis specimens and only limited evi-
dence in epithelial whole mounts of human cataractous lenses.
However, Li et al.23 found a large number of apoptotic cells in
capsular epithelial cell samples of human cataractous lenses
obtained from the operation theater and only a few in normal
lenses obtained from donors.

METHODS

The 6-week-old Sprague-Dawley rat was the animal model
used. One eye of each rat was exposed in vivo to UVR. At
different time points after UVR exposure, DNA-strand breaks in
the lens were labeled, and lens morphology was studied by
light and transmission electron microscopy (EM).

UVR Exposure
The radiation from a high-pressure mercury lamp (HBO 200 W;
Osram) was collimated, passed through a water filter and then
an interference filter (KMAX = 300 nm; half bandwidth, 10 nm),
and, finally, projected on the cornea of one eye.24 The spec-
trum of the radiation is given in Figure 1. Altogether, 18 female
Sprague-Dawley rats were exposed to radiation unilaterally at
the age of 6 weeks. Ten minutes before the exposure, the
animal was anesthetized by intraperitoneal injection of a mix-

ture of 94 mg/kg ketamine and 14 mg/kg xylazine. Five min-
utes after injection, the mydriaticum tropicamide was instilled
in both eyes. After another 5 minutes, the eye was exposed to
5 kj/m2 UVR for 15 minutes with a narrow beam that covered
only the cornea and the eye lids of the exposed eye.

Altogether, 12 animals used for DNA analysis and light
microscopy were divided into four groups and kept 1, 6, or 24
hours or 1 week after UVR exposure. Transmission EM was
performed at 24 hours and 1 week after exposure, with three
animals each. The rats were killed by carbon dioxide exposure
followed by cervical dislocation. All animals were kept and
treated in accordance with the ARVO Statement for the Use of
Animals in Ophthalmic and Vision Research.

TUNEL Assay and DNA Staining

Five minutes after lens extraction and at a maximum of 15
minutes after death, the isolated lenses were fixed in 4% para-
formaldehyde in phosphate-buffered saline for 4 hours at 6°C.
Lenses were dehydrated with ethanol and routinely embedded
in paraffin. Axial sections (4 /urn) were dewaxed with xylene
and rehydrated. The lens sections were micro waved in 200 ml
citrate buffer for 1 minute at 750 W and rapidly cooled to
achieve permeabilization,25 which reveals epitopes on the
DNA to make it accessible for the TUNEL assay.

Labeling of DNA-strand breaks was performed using the In
Situ Cell Death Detection Kit-Fluorescein (No. 1 684 795;
Boehringer-Mannheim) according to the manufacturer's pro-
tocol. Terminal deoxynucleotidyl transferase (TdT) was used to
catalyze the polymerization of fluorescein-conjugated dUTP to
free 3'-OH-DNA ends (TUNEL method). All tissue slides were
treated in one batch for permeabilization and TUNEL assay.
Positive and negative controls were always included in the
batch. In positive controls, DNA-strand breaks were induced
by applying 1 mg/ml DNase I in reaction buffer (No. 104 159;
Boehringer-Mannheim) for 10 minutes at room temperature
before the TUNEL assay. For negative controls, the fluorescein-
dUTP was applied without the enzyme TdT in the reaction
medium. All lens sections treated for the TUNEL assay were
subsequently stained with 5 /xg/ml propidium iodide (P 4170;
Sigma) in phosphate-buffered saline for 15 minutes at 37°C.26

Confocal Microscopy

The fluorescent slides were mounted with antifade Vectashield
(Vector Laboratories, Burlingame, CA) and viewed using a
confocal microscope (Leica Laser Technik GmbH).

The emissions from fluorescein (excitation at 488 nm;
detection with band pass filter 530 ± 1 0 nm) and propidium
iodide (excitation at 563 nm; detection with high pass filter at
610 nm) were scanned simultaneously by two photomultipli-
ers. The sensitivity range was set by appropriate selection of
photomultiplier voltage and offset. The acquired images were
stored as TIFF (tagged image file format) files with 512 X 512
pixel format. All microscope parameters were kept constant in
a series of images to allow direct comparison of the fluores-
cence intensities.

FIGURE 3. Confocal image of mid-sagittal sections of the lens epithelium with fluorescein-TdT-dUTP terminal nick-end labeling
(TUNEL) signal (A, D) and propidium iodide signal (B, E). The same field is displayed as a combined image of fluorescein-TUNEL
and propidium iodide (C, F). The inset in (C) gives the color coding for each pixel in the combined images depending on the
fluorescein-TUNEL intensity (prdinate) and the propidium iodide intensity (abscissa). Scale bars, 10 /xm.
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FIGURE 2. Pseudocolor confocal images of mid-sagittal lens sections with fluorescein-TdT-
dUTP terminal nick-end labeling (TUNEL) staining. Highest fluorescent intensities are shown
in blue and are considered TUNEL positive. (A) Equatorial region of the lens, 24 hours after
ultraviolet radiation exposure; (B) the anterior pole region of the same lens section; (C) a
nonexposed contralateral lens; and (D) a lens section treated with DNase I before the TUNEL
assay, which serves as a positive control. Scale bars, 100 jum.
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The images are displayed in pseudocolor, ranging from
white (high intensity) via yellow and orange to brown and
black (low intensity). Intensities above the selected dynamic
range (>255) are shown in blue (Fig. 2).

The confocal images can also be displayed in other lookup
tables, that is, single color green or red, that mimic fluorescein
or propidium iodide fluorescence, respectively (Figs. 3A, 3B
and 3D, 3E). Images of fluorescein and propidium iodide from
the same tissue area can be combined and displayed with a
new lookup table (Figs. 3C, 3F). For calculation of combined
fluorescein and propidium iodide fluorescence, the Multicolor
Analyzing Software (Leica Laser Technik) was used. A location
with a high intensity of fluorescein and propidium iodide is
shown in yellow, a location with a high intensity of only
fluorescein is shown in green, and a location with a high
intensity of only propidium iodide is shown in red (Fig. 3Q.

Light Microscopy and Transmission EM

Paraffin lens sections adjacent to those used for the TUNEL
assay were dewaxed and stained with hematoxylin and eosin
and viewed in a light microscope. Other isolated lenses were
fixed in Peters fixative (0.08 M cacodylate-buffered solution of
1.25% glutaraldehyde and 1% paraformaldehyde, pH 7.3)27 for
at least 7 days at 6°C. Dissected lens regions were postnxed in
1% OsO4 (Merck 24505) and 1.5% kaliumhexa-cyanoferrat
(Merck 4973), dehydrated in ethanol, and embedded in epoxy
resin. Sagittal sections of 80 nm to 100 nm were contrasted
with uranyl acetate and lead citrate and studied in a Philips EM
201 electron microscope.

RESULTS

All nuclei in the DNase I-treated lens sections were TUNEL
positive (Fig. 2D). Figure 2D shows that all epithelial and lens
fiber nuclei down to deep in the nuclear bow region contain
DNase-sensitive DNA. All nuclei were also propidium iodide
positive, showing that the DNA was in a double-strand config-
uration. After omission of TdT from the medium, no nuclei
were TUNEL positive, indicating the absence of false-positive
staining in the material.

TUNEL-positive cells were completely absent in the epithe-
lium and lens bow in the lenses collected at 1 and 6 hours and at
1 week after irradiation and in all nonexposed contralateral lenses
(Fig. 2C). At 24 hours after irradiation, TUNEL-positive cells were
found to be scattered over die whole epithelium from the central
anterior to die equatorial region, but no positive cells were found
in the lens bow (Figs. 2A and 2B).

The percentage of TUNEL-positive cells at 24 hours after
exposure was between 10% and 20% and appeared to be
greater in the anterior than in the equatorial region of the
epithelium. The average percentage of positive cells for three
exposed lenses in two regions of the epithelium was as fol-
lows: equatorial/anterior = 12/16, 9/20, and 14/26. Clusters of
TUNEL-positive cells were frequently seen in the germinative
zone (Fig. 2A).

Condensation and fragmentation of deranged TUNEL-pos-
itive material were frequently observed in epithelial nuclei at
24 hours after irradiation (Fig. 3). Sometimes these nuclei were
found between the epithelial monolayer and the fibers (Figs.
3A, 3B, 3C).

Electron microscopy (Figs. 4 and 5) and light microscopy
verified the chronology and localization of apoptosis. Apopto-
sis was also observed in the postgerminative differentiation-
elongation region (Fig. 6). No signs of necrosis, such as swell-
ing of the nucleus or disruption of plasma membrane, were
found. The electron micrographs showed apoptosis either as
apoptotic cells with intact plasma membrane or as normal cells
containing phagocytosed apoptotic bodies with distinct bor-
ders (Figs. 4, 5, 6). Apoptotic cells showed chromatin conden-
sation (Fig- 4A) and were sometimes found to be engulfed by
neighboring normal cells (Fig. 4B). Apoptotic bodies were
frequently found inside normal cells (Figs. 4C, 4D). The series
of different stages of apoptosis (Figs. 4A, 4B, 4C, 4D) indicates
that adjacent cells were involved in the breakdown (phagocy-
tosis) of the apoptotic cells.

DISCUSSION

In vivo exposure to UVR induces programmed cell death in the
rat lens epithelium. This is verified by positive in situ labeling
of DNA-strand breaks with the TUNEL assay, by propidium
iodide counterstaining, and by light microscopy and transmis-
sion EM, which clearly show apoptotic morphology.

The UVR-induced programmed cell death was observed to
peak at 24 hours after exposure. This is consistent with obser-
vations in other tissues after exposure to UV-B radiation. For
instance, in epidermal cells the time point for the maximum of
DNA laddering was found to be between 12 and 24 hours after
exposure.28'29 In murine lymphoma cells, the DNA laddering
starts at 8 hours after exposure; at 32 hours after exposure,
25% of the cells show apoptotic morphology.30

DNA damage and its subsequent repair as induced by
UVR31 or oxidative stress (H2O2)

32'33 occur immediately after
the insult. However, at 1 and 6 hours after exposure we
observed no DNA fragmentation with the TUNEL assay. The
primary UVR-induced DNA damage may contain too few 3'-OH
end strand breaks to be detected directly with the TUNEL
assay, or the primary DNA damage can be repaired within 1
hour.31"33 Cells with partial DNA damage may fail to function
properly during transcription and mitosis34 and may therefore
be destined to undergo programmed cell death.

Previously, Godar35 found that the chronology for apopto-
sis depends on the type of UVR. Long-wavelength UVR (340 -
400 nm) induced immediate apoptosis (0-4 hours after in-
sult),35'36 and short-wavelength UVR (200-320 nm) delayed
apoptosis (>20 hours after insult).35 It has been suggested that
the type of initial damage (e.g., DNA or membrane) as induced
by different wavelengths of UVR is determining different core
mechanisms for programmed cell death.30'35

TUNEL-positive fragments were often found with intense
propidium iodide counterstaining (light green to yellow color
in Figs. 3C and 3F), which supports the concept that the
TUNEL-positive cells we found do not just have a considerable
number of DNA-strand breaks but that this DNA damage is a
result of programmed cell death.

Typical apoptotic morphology was observed in transmis-
sion EM sections, showing chromatin condensation and mem-
brane-bound apoptotic bodies (Figs. 4, 5). Figure 4 illustrates
the different morphologic stages of programmed cell death17:
formation of apoptotic bodies (Fig. 4A), phagocytosis (Fig. 4B),
and, finally, degradation (Figs. 4C, 4D).
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FIGURE 4. Transmission electron micrographs of epithelial cells 24 hours after exposure showing the phagocytosis of apoptotic
cells. Apoptotic cell showing chromatin condensation (A), apoptotic cell with intact plasma membrane engulfed by its neighbor
(B), several apoptotic bodies inside normal cells (C), and probable end stage of the phagocytosis (D). c, lens capsule; f, lens fiber;
*, nucleus of the phagocytosing adjacent cell. Scale bars, 2 /um.

The formation of apoptotic bodies starts with chromatin
condensation (Fig- 4A), which is often seen along the nuclear
envelope (Figs. 4A, 4B). The formed apoptotic bodies are then
phagocytosed by adjacent cells (Fig. 4B). The phagocytosis is
characterized by the engulfment of the membrane bound ap-
optotic bodies by neighboring epithelial cells. Epithelial cells
are known to be capable of phagocytosis.1718 In the lens
epithelium, phagocytosis was seen previously only during em-
bryonic development37 or in vitro.38'39 Inside the phagocytos-
ing cell, the apoptotic bodies are further degenerated and
digested (Fig. 4C). In the latest stage of phagocytosis, very

condensed residual bodies are seen inside the phagocytosing
cell (Fig. 4D).17-40-43

The time between the initial toxic event and the formation
of apoptotic bodies is known to vary considerably.1618 Be-
cause the formation of apoptotic bodies and the phagocytosis
are rather rapid,1618 it is possible that not all cells undergoing
programmed cell death can be detected at 24 hours after
exposure. Therefore, probably more than 10% to 20% of the
epithelial cells might be involved in programmed cell death.
Further experiments are needed to investigate the number of
apoptotic cells in different regions of the epithelium and at
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different times shortly before and after the time point 24 hours
after exposure.

During the UVR exposure, the pupil of the rat's eye was
dilated to achieve an equal pupil size. After instillation of
mydriaticum tropicamide, the pupil diameter was approxi-
mately 90% of the coronary lens diameter. Therefore, the
germinative zone was not directly exposed to UVR in the
present experiment. Furthermore, recent experiments of our
group4'' have shown that unpigmented rats receiving mydriatic
drops (tropicamide) do not develop more cataracts than rats
receiving miotic drops (pilocarpine) before UVR exposure.
Therefore, the occurrence of TUNEL-positive cells in the ger-
minative zone (Fig, 2A) suggests that the unpigmented iris does
transmit parts of the UVR. Because of its high mitotic activity,
this zone is probably more sensitive to UVR stress. Therefore,
even UVR attenuated by the iris seems to be capable of induc-
ing programmed cell death in the germinative zone. The clus-
terlike appearance of TUNEL-positive cells (Fig. 2A) is a com-
mon phenomenon with programmed cell death.l7 Its frequent
occurrence in the germinative zone might also be explained by
the high miotic activity. It could be speculated that cells un-
dergoing mitosis are subject to programmed cell death and are
therefore seen as clusters.

No nuclei in the nuclear bow showed apoptosis or
TUNEL-positive staining. This indicates that UVB radiation does
not reach down to the cells of the nuclear bow because of
absorption of UVR in the overlying tissue.13'45'46

Apoptotic bodies are frequently seen as single fragments
at the apical (fiber-facing) side of the epithelium between the
epithelial monolayer and the lens fibers (Tigs. 3A, 3B, 3C, and
5). This was observed previously in developmental cell death
in the lens.''7 It is known that dying cells often lose cell-to-cell
and cell-to-matrix contacts48 and that they are extruded from
the epithelium toward the apical side.1718'19'50

FIGURE 5. Transmission electron micrograph of epithelial
cells 24 hours after exposure showing apoptotic bodies be-
tween the epithelial monolayer and the lens fibers. Scale bar, 5
/xm. c, lens capsule; f, lens fiber.

FIGURE 6. Transmission electron micrograph showing the
postgerminative elongation zone of the epithelium 24 hours
after exposure. Apoptotic bodies are seen inside normal cells;
the right part of the figure shows an aggregation of epithelial
cells. Scale bar, 5 M-m. c, lens capsule; f, lens fiber.

CONCLUSIONS

Threshold-dose UVR induces programmed cell death that
peaks at 24 hours after exposure and involves the entire lens
epithelium. Dead cells are removed from the epithelium by
phagocytosis. It seems most likely that after UVR exposure,
lens epithelial cells undergo repair processes and that cells that
fail to be repaired undergo programmed cell death. In this way,
programmed cell death clears damaged cells. If such cells were
to remain in the lens epithelium, they would most probably
impair lens growth and transparency.
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