












staining, analyses were performed at both the anterior and posterior poles of the lens using a 10× objective and scanning

Figure 5. Typical vital staining of the anterior and posterior cortices of 10-month old mice lenses for DNA, ROS, and cataract. DNA (Hoechst
33342) in the lenses is shown in red, ROS (oxidized DHR) is shown in green, and cataract reflected light in white. The LSCM (10× objective)
was focused 120 microns below the anterior poles of unirradiated control lenses (upper panel) and X-irradiated lenses (lower panel) at the
same age. The donors of the lenses were 3 months old when irradiated and 10 months old when analyzed. The first column depicts the DNA
fluorescence in red (Hoechst 33342 fluorescence), middle Column shows ROS in green (oxidized DHR). The right column shows light reflected
from cataracts. Original magnification was 200×.
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at 4 μm intervals from the anterior or posterior surface of the
lens scanning 100 μm inwards. Freshly isolated viable lenses
were used for all vital staining.

The LSCM images were downloaded to a computer
(Macintosh; Apple Computer, Cupertino, CA) and analyzed
with the NIH program Image J (developed by Wayne
Rasband, National Institutes of Health, Bethesda, MD) as
previously described [19].
Widefield microscopes used in imaging: In some cases the
fluorescence of fixed lens sections was analyzed using a
Nikon Upright (Nikon Eclipse E600) with standard filtersets
for DAPI (405 excitation), or alexafluor 488, or 546
antibodies, or bright-field photos using H&E staining (see
description at the KECK website).
Statistics: Regression coefficients between cataract scores
and DNA and DHR were made using the linear regression
program on computer (SPSS version 11 for Macintosh; SPSS
Inc., Chicago, IL). Unless otherwise mentioned, a 1-tailed
Mann–Whitney nonparametric (also from SPSS) was used for
comparing the groups of young and old controls or X-
irradiated mouse lenses.
Normalization of DNA, DHR, and reflectance readings to
young control subjects: Vital staining of mice lenses were
made on two to four old lenses and two to four young lenses
at a time (per LSCM session). To control for possible changes
in staining or instrument sensitivities for the 3 months over
which the vital stain measurements were made, the values of
DNA, DHR, and reflectance for each lens was normalized to
(divided by) that of 3–5 month young lens controls measured
on the same day as the irradiated or older control mice. All

results of vital staining were presented as a percentage of the
young control animals unless otherwise stated. The data from
the fluorescence of fixed sections are presented as absolute
pixel intensities of the fluorescence analyzed using Image J
4.2.

RESULTS
Figure 1 illustrates typical reflective properties of lenses at
different times after X-irradiation and in age-matched
unirradiated controls. Generally, no changes were observed in
reflectance until at least 6 months post X-irradiation, when
cataract development began accelerating. Cataract
progression was greatly accelerated by X-irradiation although
almost no cataracts were seen until 6 months post-irradiation,
but by 11 months after X-irradiation, the cataract grades were
similar to old control animals over 25 months of age (Figure
2).

The LEC density of the Central Zone was significantly
reduced relative to unirradiated controls as measured by vital
staining with Hoechst 33342. Figure 3 compares the number
of LECs per mm2 of the vitally stained lens epithelia. A rapid
decrease in the surface LEC density of the Central Zone
occurred by 3 months following X-irradiation. Before X-
irradiation was administered at 3 months of age, the LEC
density was 3,641 nuclei/mm2, and by 3 months post X-
irradiation (6 months of age), the cell density had dropped to
2,356 (63% of starting value), and by 11 months post
irradiation, the cell density had dropped to 1,856 /mm2, (51%
of young controls). This decrease in LEC density in X-
irradiated mouse lenses was much more rapid than the gradual

Figure 6. Increases in cortical DNA and
ROS following X irradiation at 3 months
of age. Vital staining of fresh lenses for
ROS and DNA were carried out with the
same stains shown described in the
legend to Figure 5. The data are
presented as per cent of 3-month
controls (see Methods). Red circles are
for lenses X-irradiated at 3 months and
green squares are for unirradiated age-
matched controls. Error bars represent
standard error of the means, and stars
indicate a significant difference from
control values using 1 tail Mann–
Whitney test (**, p<0.01). Each point
represents the mean of 4–6 mice
analyzed.
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decrease in the unirradiated controls to near the same level
(2,090 cells/mm2 at 29 months of age). In both X-irradiated
and controls this decrease in LEC density preceded cataract
formation or other changes reported below. In a separate study
of the LEC density, fixed-eye lens sections were also analyzed
(Figure 4). The number of nuclei per linear mm of the Central
Zone surface were counted using DAPI to stain the sections.
This second study on fixed-eye sections produced similar
results to those seen in the vital staining of whole lenses,
indicating that the LEC densities of X-irradiated mice lenses
were reduced significantly by 4 months after X-irradiation
(p<0.001). In both studies the decrease in LEC density
preceded cataract formation by several months both in X-
irradiated and in old unirradiated control mice.

We previously reported that vitally stained lenses from
old cataractous mice and rats contained large numbers of
undegraded or partially degraded nuclei, and high levels of
ROS in the lens cortex [19,20]. In Figure 5 typical examples
of vital staining for cortical DNA (Hoechst 33342) and ROS
(as oxidized DHR) in X-irradiated mouse fresh lenses and in
age-matched unirradiated controls are compared. Figure 6
depicts the relative quantitative intensities of cortical DNA
(DNA fragments and cytoplasmic DNA) using the vital dye
method in X-irradiated mice and in age-matched unirradiated
controls. Both the number of abnormal cortical nuclear
fragments, as well as, the intensity of cortical ROS increased
significantly in the X-irradiated lenses by 6 months post
irradiation using the vital dye method.

We also compared the number of cortical nuclei present
in fixed-eye lens sections using both DAPI and H&E stains.

The H&E staining and DAPI staining were very similar with
every DAPI-stained-nucleus also being stained by H&E
(Figure 7). The DAPI was used for further analysis because it
was brighter and permitted more rapid examination of the lens
sections. Examples of fixed-eye sections from 3 month, 14
month, and 26-month-old unirradiated control lenses, and a
14-month-old X-irradiated lens (Figure 8C) are compared in
Figure 8A-D. These sections were cut through the middle of
the whole eye at right angles to the anterior surface to reveal
nuclei and nuclear fragments beneath the central zone as well
as in the bow region. As in the vital dye study, the old lenses
and the 14-month old X-irradiated lenses always contained
large numbers of DNA positive material in the cortex beneath
the central zone and a greatly expanded bow region. In old
animals or cataractous X-rayed animals the debris sometimes
filled the whole outer cortex of the lens. For this analysis, the
area beneath the “central zone” of the lens was set arbitrarily
at the width of the lens nucleus. Figure 9A depicts the total
number of nuclear fragments in the entire outer cortex. The
total number of DNA fragments increased steadily and
significantly with age in unirradiated lenses (Figure 9A), but
the 14 month X-irradiated lenses (11 months post-irradiation)
did not have more total cortical nuclei than age-matched
unirradiated controls although the abnormal cortical nuclei
were spread over a larger part of the cortex. This is probably
due to the presence of fewer layers of secondary fiber cells in
X-irradiated lenses as a result of X-ray-induced damage to
LEC replication. In support of this possibility we measured
the depth that the nuclei in the bow regions extended below
the surface (from the anterior surface to the deepest

Figure 7. A comparison of nuclei and
nuclear cortical fragments in a typical
old-mouse eye section using both DAPI
and H&E stains. DAPI (A) and H&E
(B) staining are compared. All of the
included nuclei stained with DAPI
(white) were also stained blue by
Hematoxylin. All other H&E and DAPI
images demonstrated the same
correspondence (not shown), but DAPI
was much easier to score at lower
magnification so was generally used in
counting nuclei and nuclear fragments.
Original magnification was 200×.
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fragments). As expected, the bows in the 14-month old X-
rayed mice did not penetrate as deeply into the cortex as those
of the age-matched controls, again probably as a result of X-
ray damage to the LECs [46]. The nuclei in the bows of 14-
month old X-rayed mice lenses extended only 284±19
microns into the cortex compared to 369±21 microns for age-
matched controls (p<0.005) compared to only 138 microns in
3-month-old unirradiated controls and 522±15 microns in the
24-month-old mice lenses.

Importantly, however, when the number of nuclear DNA
fragments in the abnormal position beneath the central zone,
were compared, the X-irradiated lenses were seen to have far
more than age-matched unirradiated controls. This is depicted
in Figure 9B. Both 12-month (p<0.01) and 14-month X-rayed
lenses (p<0.005) had significantly more DNA fragments in

the cortex lying beneath the central zone than age-matched
unirradiated controls. This is far from the sub-equatorial
region where such nuclear fragments normally first appear.

One unique difference between the 14-month-old X-
irradiated mice lenses and the unirradiated controls was that
posterior surface of all of the frequently invaded by
myofibroblast-like cells that stained positive with an antibody
to alpha smooth muscle actin, a marker for such cells (Figure
10A-G) [47-49]. These serve as a positive control for the
absence of such from the anterior of irradiated young or old
control lenses. Myofibroblast-like cells were not seen in the
any of the unirradiated lenses examined, even old cataractous
lenses (compare Figure 10A to Figure 10B-G). Aquaporin 0
was used as a counter stain to better visualize the lens fibers,
see Figure 10A-G, since it constitutes ~60% of lens fiber

Figure 8. Typical images of DAPI-stained paraformaldehyde-fixed sections from lenses unirradiated control lenses and lenses from mice X-
irradiated at 3-month of age. Panel A was from unirradiated 3-month controls, panel B was from 14 month unirradiated controls, panel C was
from 14-month X-irradiated lens, and panel D was from a 26-month old unirradiated control. Each image was derived from a panorama taken
with a 10× objective (see Methods). The dashed lines show the regions of the lenses used for counting DNA fragments in different regions
of cortex (see Figure 9A,B). These include both bow regions, and the cortex below the central zone. The posterior cortex was included if
nuclear fragments were present. The non-lens portions of the eye have been deleted for clarity. Original magnification was 200×.
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membrane proteins [50,51]. Figure 10C-G also shows that the
very flattened LEC nuclei in the upper bow are lodged in
single secondary fibers. The more abnormal rounded nuclei
lower in the bow do not appear to be as clearly sandwiched
within single lens fibers, but clearly appear to be derived from
the flattened nuclei closer to the surface. These spherical
nuclear fragments are greatly increased in the bow and are also
seen beneath the anterior central zone of both unirradiated old
and X-irradiated lenses (see Figure 8).

It was not possible to measure oxidized DHR or other
measures of ROS activity in fixed lenses, but ROS damage
was measured using an antibody to 8-hydroxy guanosine (8-
OH-dG), an oxidative adduct considered to be a marker for
DNA oxidative damage [52-54]). Such 8-OH-dG lesions were
seen in the DNA fragments in the lens cortex of old
unirradiated mouse lenses and in X-irradiated lenses but not
in any of the younger control groups (Figure 11 and Figure
12).

DISCUSSION
Using DNA and ROS specific vital fluorescent dyes, and laser
scanning confocal microscopy we have previously described
4 changes in aging rodent lenses: 1) a significantly decreased
density of surface LECs in old compared to younger lenses in
both mice and rats; 2) strong increases in cortical nuclei and

DNA fragments in the secondary lens fibers of old rodent
lenses; 3) increased cortical ROS in old rodent lenses; and 4)
increased cataract concomitantly with the cortical DNA and
ROS increases [12,19,20]. In the current study we have
directly compared staining of age-related cataracts in mice to
X-ray induced cataracts in the same mice, for the same above
4 changes. The staining for LEC density and internal DNA
fragments were done using two different methods: 1) vital
stains on fresh metabolizing lenses, as previously described
[19,20], or 2) by staining fixed-eye lens sections for LEC
density and cortical DNA with DAPI, and for ROS damage
sites using an antibody to 8-OH-dG. The latter is a biomarker
for oxidative damage to DNA [55]. Using both methods we
find a remarkable similarity between the alterations seen in
X-irradiated lenses and in the lenses from unirradiated old-
mouse controls.

The LECs are the major site of cell metabolism,
detoxification of ROS, transport of water, glucose, and ions
into and out of the lens [2], and In addition most of the
mitochondrial O2 consumption and ATP production occurs in
the LECs and first layer or two of fiber cells [16,56-59]. The
decrease in LEC density of over 40% that we found in both
young X-irradiated and old unirradiated control lenses could
be expected to alter the lens homeostasis in several ways
including: the flow of water and ions into and out of the lens,

Figure 9. The number of total cortical
nuclei in lenses from unirradiated
control mice and mice irradiated at 3
months of age. Panel A depicts the
number of total retained nuclear
fragments in the whole cortex, and panel
B shows the number of nuclei in the
cortex beneath the Central Zone only.
Control and X-irradiated mice lenses
were fixed, sectioned, and stained with
DAPI for DNA as described in the
Methods. The total number of nuclear
fragments was counted in 5–7 lenses
from each age and/or radiation group
except the 3 month-old X-irradiated
group, which consisted of data from two
animals. The number of total number of
cortical nuclear fragments was not
significantly greater in X-irradiated
lenses than controls of the same age.
However, the number of nuclear
fragments found in inappropriate
positions below the central zone of X-
irradiated lenses (panel B) was
significantly higher than age matched
controls at 12 months X-rayed (p<0.01),
and 14 months X-rayed (p<0.005).
Original magnification was 100×. The p
values were determined by a 1-tailed
Mann–Whitney test.
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mitochondrial ATP production and O2 usage; and
detoxification by glutathione formation. These could all
predispose to cataract formation [2,60-62]. This study
supports the idea that severe decreases in LEC density
precedes cataract formation in old mouse lenses, as well as,
in X-irradiated mice, although the exact extent of LEC loss
required to produce cataracts in rodents or humans has not
been determined [2]. Earlier workers have also reported
damage to and/or loss of LECs following X-radiation and
other forms of oxidative insult (see review by Spector [6]) to
lenses of mice, rats, rabbits, and frogs [6,22-28,30-32,63-65].
Worgul and others have proposed that at low to moderate X-
irradiation doses, cataract formation is dependent on
differentiation of surviving LECs into defective fibers (see
review by Worgul [29). Our current work is consistent with

that hypothesis, but also presents evidence that age-related
cortical cataract also follows a similar course of primary
damage to the surface LECs, followed by differentiation into
defective secondary fiber cells with aberrant migration into
the cortex and unable to degrade nuclei and possibly other
organelles.

The loss of nuclei and organelles is believed to be
necessary to ensure the transparency of the lens [10,11,13,
15,66]. We note that a decreased ability to degrade lens fiber
organelles has been shown to result in the development of
cataract in several different rodent models [1,67,68].
Importantly, the degradation of DNA in differentiating lens
fibers requires the lysosomal enzyme, DNase II beta (DLAD),
and in DLAD knock out mice nuclei are not degraded,
resulting in lens opacity and cataract formation [10,11,

Figure 10. Fixed-eye mouse lens sections were stained with; antibodies to alpha smooth muscle actin shown in green, and aquaporin 0 shown
in red and also DNA shown in blue as described in the Methods. Typical staining of lens fibers with aquaporin O antibodies (red) and
myofibroblast-like cells (green) are shown. Note that aquaporin O comprises approximately 60% of lens fiber membrane proteins, and that
myofibroblasts are normally not present in the normal young mouse lens (see text). A: Posterior of 14-month X-irradiated lens, arrows point
out myofibroblasts (green). B: Posterior region of typical old (26-month) mouse lens lacking myofibroblasts. Panels C-G show images of the
bow regions of irradiated or unirradiated control lenses of various ages that were all negative for myofibroblasts. Original magnification was
200×.

Molecular Vision 2010; 16:1496-1513 <http://www.molvis.org/molvis/v16/a163> © 2010 Molecular Vision

1507

http://www.molvis.org/molvis/v16/a163


69-71]. Together these studies indicate that failure of the lens
to digest organelles and/or macromolecules such as those
reported here would be likely to contribute to cataract
development. Furthermore, an increase in undegraded DNA
may reflect a generalized loss of lysosomal and/or
proteosomal activity in the old and X-irradiated lens, which
may also predispose the lenses to the formation of opacities
[1,8]. These events may precede or be causal for the
aggregation and oxidation of lens proteins that are found in
cataract opacities [3,72,73].

Previously, we ascribed the increased cortical DNA
beneath the central zone to either an expansion of the bow or
“involutions” of LECs beneath the anterior surface [12]. The
fixed-eye studies in this manuscript indicate that the majority
of undigested cortical nuclei arise from an expansion of the
bow region rather than direct invasion of LECs from the
surface in both normal aging and in X-ray induced cataracts.

This is in agreement with earlier reports on X-ray induced
cataracts (see review by Worgul [29]). However, frequent
gaps can be seen in fixed eye lens sections from both the old
control and X-irradiated lenses; and beneath some of these
gaps, epithelial fragments are seen deep beneath the surface
(unpublished observations). Therefore, LECs detaching from
the outer epithelial layer may contribute to the abnormal DNA
fragments seen in the mid anterior cortex. The bow region in
unirradiated old control and X-rayed lenses can be seen to
extend far into the posterior cortex in fixed-eye lens sections;
and by 11 months post X-ray, some mouse lenses contained
cortical DNA completely encircling the lens nucleus
(compare Figure 8A-D).

There were some distinct differences between X-ray
induced and age-related lens changes. Notably, the posterior
surface of 14 month X-irradiated lenses were heavily
populated by myofibroblast-like cells that were stained with

Figure 11. Typical panoramas of fixed-eye lens sections stained with antibodies to 8-OH-G lesions and also stained for total DNA. Fixed-eye
lens sections were prepared and stained with antibodies to 8-OH guanosine and 8-OH deoxyguanosine (green), and Dapi (red) as described
in the Methods. The sections were treated with 2N HCl to remove 8-OH G in RNA leaving only 8-OH deoxyguanosine residues. Head-only
X-irradiation was at 3 months. The non-lens parts of the eye have been blacked out for clarity. Original magnification was 200×.
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antibodies to alpha-smooth muscle actin (see Figure 10).
Alpha smooth muscle actin positivity of cells in the epithelia
has been reported to occur in some cataract models associated
with TGF-beta overexpression, or alkalai burn damage to the
epithelial surface [47-49,74,75]. Such myofibroblast-like
cells were only seen on the posterior of X-irradiated mouse
lenses. We did not observe any alpha-smooth muscle positive
cells on the anterior surface of X-irradiated lenses, or
anywhere on the oldest unirradiated mouse lenses. So
transdifferentiation of LECs to myofibroblast-like cells does
not appear to be causal to the accumulation of cortical nuclei
and nuclear fragments in either ARC, or X-ray induced
cataractous lenses.

Excessive ROS has been proposed as one probable
initiator of damage to the lens macromolecules that leads to
precipitation of lens proteins and cataracts [1]. High ROS not
only directly damages macromolecules in the lens, but also
depletes glutathione in the lens increasing oxidative injuries
further [38]. We previously reported high levels of ROS in old
cataractous mouse and rat lenses stained vitally with DHR
[19,20]. In this study we observed similar heightened ROS in
cataractous X-irradiated mice beginning about 6–7 months
after X-irradiation (Figure 5 and Figure 6). X-irradiation
would be expected to directly produce short-lived ROS in
addition to damage by direct energy transfer to the lens
macromolecules. However, significant increases in ROS were
not seen in irradiated lenses for the first 3 months after X-
irradiation, but rather, did not appear until 6 months following
X-irradiation, and further, must have been produced by some
continuous process such as damaged mitochondria or other
sources [1,6,76-78].

Such excess ROS would be expected to damage the DNA,
producing 8-OH-dG adducts [55]. We used an antibody to 8-
OH-dG lesions in DNA [53,55,79] to reveal these damage
sites in fixed-eye sections. We now report that both control
unirradiated-old and late X-irradiated cataractous mouse
lenses (9–11 months post X-irradiation at 3 months of age)
were positive for 8-OH-dG adducts in the accumulated
cortical DNA fragments (see Figure 11 and Figure 12). We
suggest that the imaged 8-OH-dG lesions are indeed in DNA,
not 8-OH-G in RNA, because the antibody localizes in the
nuclei and dapi stained fragments of DNA not in the
cytoplasm, and the method for denaturing the DNA before
staining (treatment with 2 N HCl) destroys RNA. The 8-OH-
dG positive DNA fragments were more frequent in the
abnormally positioned (anterior and posterior and deepest)
fragments (see Figure 11). There was also a trend toward
increased 8-OH-dG adducts in the surface epithelia of
unirradiated old lenses (24 months+) compared to 7 month or
3 months old unirradiated lenses (p<0.05 by t-test. not shown),
but this was not significant by the non-parametric Mann–
Whitney test.

We have previously proposed [12,19,20] that the primary
age-related loss of LECs may result in decreased
mitochondrial respiration in or near the lens surface. As a
result O2 levels may rise inside the cortex, resulting in the ROS
noted above. Penetration of O2 deeply into the lens cortex
would likely compromise internal stores of glutathione and
other internal lens antioxidants, raising damage done by ROS
and leading to protein aggregation and cataract [43,58,59,
80]. Of course, as discussed above, the loss of surface epithelia
may damage the lenses in several other ways including altered

Figure 12. The number of 8-OH-dG
positive cortical nuclear fragments
found beneath the central zone. Fixed
lens sections were stained with
antibodies to 8-OH-dG (green) and Dapi
(Red) as described in the methods (see
also figure 11). The number of 8-OH-dG
positive nuclear fragments resistant to
2N HCl lying only in the cortex below
the Central Zone were counted and
compared. The 8-OH-dG positive
fragments (green) increased with age
and were significantly higher in the X-
irradiated lenses at 12.5 months and 14
months. Five to 7 of samples were
analyzed at each age, except the 3-
month X-ray with 2 mice lenses; and the
7-month X-ray with 4.

Molecular Vision 2010; 16:1496-1513 <http://www.molvis.org/molvis/v16/a163> © 2010 Molecular Vision

1509

http://www.molvis.org/molvis/v16/a163


water, nutrient and ion flows into and out of the lens [6], and
altered differentiation of damaged LECs [29].

Table 1 summarizes the findings observed in irradiated
mouse lenses compared to those that occur in old unirradiated
mouse lenses. The changes we observed following irradiation
with X-rays occurred more rapidly but in the same 4 stages as
previously shown to occur during aging of rodent lenses.
These changes in rodent lenses may contribute to cataract
development in both ARC and X-irradiated young mice and
by the same process.
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TABLE 1. SUMMARY OF SIMILARITIES AND DIFFERENCES BETWEEN UNIRRADIATED OLD-MOUSE LENSES AND 14-MONTH OLD MOUSE LENSES X-
IRRADIATED AT 3 MONTHS.

Type of change Changes in X-irradiated* mice Reference
Surface LEC density Decreased by 30%–40% This study [29],
Cataract incidence Increased to grade 3.5 This study [12,29],
Cortical nuclei, debris, DNA Up over 300% This study [29]
ROS in cortex Up 4,000% This study
8-OH-dG staining for ROS damage to
DNA

Cortical nuclear fragments positive for 8-OH-dG This study

Alpha smooth muscle actin staining cells Present only in myofibroblasts on posterior surface
by 7–11 months post X-ray.

This study

Type of change Changes seen in unirradiated old mice (at 24–
29 months)

Reference

Surface LEC density Down 30%–40% by 24–32 months. This study [19,20],
Cataract incidence Up ~700% by 24–32 months [19,20]
Internalized nuclei, debris, DNA Up 350% by 24–32 months This study [19,20],
ROS in cortex Up −400% by 24–32 months This study [20] (measured in rat)
8-OH-dG positive cortical nuclei Cortical nuclear fragments positive by 24–32

months
This study

Alpha smooth muscle actin staining for
myofibroblasts

None seen This study

A grade 3.5–4 indicates mature cataract. The asterisk indicates mice given 11 Gy of head-only radiation. In slit lamp examinations
the transition from grade 1 to grade 3.5 occurs.
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