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Summary

oA-Crystallin (aA) is a molecular chaperone expressed
preferentially in the lens. oA transcripts are first detected
during the early stages of lens development and its
synthesis continues as the lens grows throughout lif@A~'~
mouse lenses are smaller than controls, and lens epithelial
cells derived from these mice have diminished growth in
culture. In the current work, we tested the hypothesis that
oA prevents cell death at a specific stage of the cell cycle in
vivo. Seven-day-old 129Sv (wild-type) and A~ mice were
injected with 5-bromo-2-deoxyuridine (BrdU) to label
newly synthesized DNA in proliferating cells. To follow the
fate of the labeled cells, wholemounts of the capsule
epithelial explants were made at successive times after the
BrdU pulse, and the labeling index was determined.
Immunofluorescence and confocal microscopy showed that
both wild-type and aA~-cells had a 3-hour labeling index
of 4.5% in the central region of the wholemount, indicating
that the number of cells in S phase was the same. Twenty-

8.6%, but in the oA~ lens it was significantly lower,
suggesting that some of the cells failed to divide and/or that
the daughter cells died during mitosis. TUNEL labeling
was rarely detected in the wild-type lens, but was
significant and always detected in pairs in theaA~-
wholemounts. Dual labeling with TUNEL and BrdU also
suggested that the labeled cells were dying in pairs in the
aA~"- lens epithelium. Immunolabeling of wholemounts
with B-tubulin antibodies indicated that the anaphase
spindle in a significant proportion of aA~~ cells was not
well organized. Examination of the cellular distribution of
0A in cultured lens epithelial cells showed that it was
concentrated in the intercellular microtubules of cells
undergoing cytokinesis. These data suggest thattA
expression in vivo protects against cell death during mitosis
in the lens epithelium, and the smaller size of theA—-lens
may be due to a decrease in the net production of epithelial
cells.

four hours after the pulse, individual cells labeled with
BrdU had divided and BrdU-labeled cells were detected in

pairs. The 24-hour labeling index in the wild-type lens was Key words:aA-Crystallin, Lens, Chaperone, Cell death

Introduction general in vivo cellular functions in addition to a role in

a-Crystallin is the major component of vertebrate eye lenses afgiaintaining lens transparency.

constitutes approximately a third of the lens fiber cell proteins 0A- and oB-knockout mice have been generated to
(Horwitz, 2000). It is also expressed at lower levels in lenginderstand the physiological functions of these proteins (Brady
epithelial cellsa-Crystallin is a hetero-oligomeric complex of €t al., 1997; Brady et al., 2001). Disruption of th& gene

two closely related polypeptidesA and aB, present in 3:1 causes early-onset cataract in mice characterized by a central
stoichiometry in lens fibers. The two subunits have chaperor@pacity owing to formation of inclusion bodies comprisirig)
activity, and are members of the small heat shock protein (HSR)d HSP25. Lenses @A~-mice are significantly smaller than
family of molecular chaperones (Horwitz, 1992; de Jong, 1993jormal (Brady et al., 1997), and lens epithelial cells derived
Sax and Piatigorsky, 1994)A andaB transcripts are detected from aA~~ mice have a 50% slower growth rate in vitro
during the early stages of lens development (Robinson ar{@ndley et al., 1998). Disruption of the gene encodiBgdoes
Overbeek, 1996), and a marked increase in expression of thet result in altered lens morphology or transparency. However,
proteins accompanies differentiation. Both have been detectedlgns epithelial cells derived from@B~~ mice demonstrate
tissues outside the lens, A is more lens-specific thamB hyperproliferation and genomic instability (Andley et al.,
(Bhat and Nagineni, 1989; Srinivasan et al., 1992; Sax ank001). These findings suggest thatandaB may be essential
Piatigorsky, 1994).0A and aB are important for lens for optimal growth of lens epithelial cells.

transparency and refraction. However, their ability to prevent the The lens grows throughout life as fiber cells are added
aggregation of denaturing proteins in vitro suggests that thépcrementally at the lens periphery without concomitant loss
may act as a ‘sink’ for age-related denatured proteins in the len$ any previously formed fibers (Kuszak et al., 2000). The lens
(Horwitz, 2000). The enhanced resistance of cells expressirgpithelium also undergoes lifelong growth, but with significant
these proteins to stress conditions suggestsithandaB have  zonal variation as a function of age. The central epithelium
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comprises a broad cap that covers the anterior surface of tbhé-knockout mouse lens is owing to the reduced survival of

lens. The mitotic activity of central epithelial cells decreasetens epithelial cells. We labeled the newly synthesized DNA of

with age (Mikulicich and Young, 1963). The peripheral regionproliferating lens cells with 5-bromd-Beoxyuridine (BrdU),

of the epithelium contains mitotically active cells throughoutand followed the BrdU-labeled cells as they progressed

life. As more cells in this region divide, they force thethrough the cell cycle. We show th@f~-lens cells died as

migration of other cells towards the equator to occupy theairs during mitosis. These studies suggest difaplays an

differentiating meridional rows, where they elongateimportant role in the regulation of mitosis in vivo.

bidirectionally until they become secondary fibers. Cells of the

meridional rows are terminally differentiated and post-mitotic. .

Cell division is also absent in the transitional zone just anterid¥laterials and Methods

to the meridional rows (Rafferty and Rafferty, 1981). GrowthAnimals

and survival factors that influence cell division in the lensWild-type andaA~- mice were used in this study. Wild-type mice

have been extensively studied (Reddan, 1982; McAvoy andere 129SvEv strain from the Taconic Laboratories. e~ mice

Chamberlain, 1989; Hyatt and Beebe, 1993; Ishizaki et alwere kindly provided by E. Wavyrousek (National _Eyelnstitute)._Mice

1993; Zelenka et al., 1997; Rakic et al., 1997; Singh et al'V¢'® |Inbretd ar?d 7-day-old anlénals We.iﬁ tuhseq |rt'1_ttrt1_ese |Stu?|esf Al
. PR . . nimal protocols were In accordance wi e Institutional policy T1or

2000). However, regulation of cell division in the lens is nofj e PTOEYS WIS 1 0 policy

fully understood.

Several observations suggest that molecular chaperones play

important roles in cell growth and differentiation (Mehlen etLabeling of lenses with BrdU

al., 1997; Yokota et al., 1999). It has been reported that HSP7Qice were injected with BrdU intraperitoneally (0.1 ml of a 10 mM

HSP90 and the major eukaryotic cytoplasmic chaperone TRiéblution of BrdU in sterile PBS) between 9 AM and 10 AM and were

may participate in the quality control of proteins during thesacrificed 1, 3, 8, 16, 24 hours or 2, 3, 5 days later. Previous studies

progression of the cell cycle (Yokota et al., 1999; Dunn et alin rodents showed that, with this dose of BrdU, blood levels peak by

2001). TRIC plays an important role in cell growth by assisting’- hours after injection and decllnfe substantially thergafter (deFazio et

in the folding of tubulin and other proteins, and its expressiofl-+ 1987). Whole lenses were dissected under a microscope. In a 7-

is strongly upregulated during cell growth, especially from ay-old lens, blood vessels on the posterior side were used to identify

o the orientation of the lens. The lens was placed in tissue culture
the G/S transition to early S phase (Yokota et al., 1999)medium in a coated tissue culture dish (Falcon 3001, 35 mm). To

Mutations in TRIC genes cause aberrant chromosomgyain the capsule-epithelial wholemounts, the lens was placed
segregation (Dunn et al., 2001). Both HSP70 and HSP90 haygsterior-side up, and the capsule was held with very sharp tweezers
been detected in centrosomes of mitotic cells (Wigley et aland pulled. An opening was made at the edge of the posterior capsule,
1999; Brown et al., 1996). The reported increase in expressia@md blunt tweezers were used to flatten the capsule on the culture dish.
of aB in mitotic fibroblasts and its transient expression in the
nucleus during interphase suggests its association with the Ceél'du d _
cycle machinery (Bhat et al., 1999; Djabali et al., 1999)°rdV detection _ » _

In addition, antibodies to phosphorylatemB recognize In preparation for BrdU antibody staining, wholemounts were fixed

: : L with ethanol/glycine/water (70:20:10, v/v), pH 2.0 and 0.5% Triton
midbodies and centrosomes of dividing cells (Inaguma et al)(-100 for 30 minutes, followed by washing three times for 5 minutes

2001). It has been suggested that chaperones may play a rgclféh with PBS. Tissues were stored°& & PBS containing 0.02%

in quality control of proteins, particularly in the assembly ofsqgium azide. To detect BrdU, wholemounts were treated with a
microtubules. Although the expressioncok has been shown monoclonal antibody from the BrdU labeling kit (Roche

to enhance the growth of lens epithelial cells (Andley et alBiochemicals) at a dilution of 1:100 in 1% bovine serum albumin,
1998), it is not known whether it directly affects the 0.5% Tween-20 in PBS for 2 hours, washed extensively in several
progression of cells through the cell cycle. changes of PBS with gentle agitation, and exposed to Zebabeled
Recently, mutations inA andaB genes have been shown goat anti-mouse IgG (Molecular Probes) at a concentration of 1:200
arginine 116 by cysteine was found to be the cause of one forﬁ';@l1es in PBS. In these studies, the DNA-binding dye TOTO-1

. . olecular Probes) was also used to determine the total number of
of autosomal dominant cataract (Litt et al., 1998).aB, cells. After BrdU labeling, wholemounts were stained with a 1:10 000

substitution of arginine 120 by gl_ycme was found to_be th%Iil tion of TOTO-1 for 20 minutes. After washing, tissues were
cause of another autosomal dominant disease, desmin-relaiggnted on microscope slides and viewed. BrdU fluorescence was
myopathy, and also caused cataract (Vicart et al., 1998). It ialyzed in the red channel (excitation 568 nm) of a Zeiss LSM 410
not yet known whether these mutations also affect lensonfocal microscope. TOTO-1 was detected in the green channel
epithelial cell growth in vivo. (excitation 488 nm). Since the wholemount is not always completely
We have demonstrated that primary lens epithelial cellat, immunofluorescence detection with confocal microscopy allowed
derived fromaA~- mice grow at a 50% slower rate than serial optical sections with a high degree of sensitivity and 3D images
controls (Andley et al., 1998)1A—/— lenses are significantly Were collapsed into 2D.to elinjina}te optical artifacts. Wholemour)ts
smaller than controls (Brady et al., 1997). These data suggest‘@ﬂ?\e sampleld by collecting Sﬁ”a' lmaggslthro_ugh the lens epithelium
that aA might be necessary for lens epithelial cells to'n the central region and in the equatorial region.
proliferate at a normal rate in vivaA protects against stress-
induced apoptosis (Andley et al., 1998; Andley et al., 2000).abeling index
and the lack oblA may increase lens epithelial cell death. WeTo determine the labeling index in different regions of the lens
tested the hypothesis thaf\ prevents cell death at a specific epithelial wholemounts, tissues were first examined ak 10
stage of the cell cycle in vivo and that the smaller size of theagnification. The central region of the wild-type epithelium was
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identified by its lower degree of BrdU labeling (as compared with thendaA~'~lens sections, tissues were treated with an antibody to MIP
germinative region), and the area of the central region was 700-8@BIpha Diagnostics International). Lenses were mounted in glycol
um2. The germinative region near the periphery of the wholemountnethacrylate and @m sections were cut in the equatorial plane. Non-
had an area of about 1802 In each wholemount, three 15@n? specific binding was blocked by incubation in 10% normal goat serum
fields of the central lens epithelial region were examined. BrdUfor 30 minutes. To visualize the distribution of MIP, tissues were
labeled nuclei were counted in each field, and the total number @aficubated overnight with a 1:100 dilution of a monoclonal antibody
nuclei was determined by counting the TOTO-1-stained nuclei in theo MIP. An Alex&®&-conjugated goat anti-mouse IgG was used as
same field. The Scion Image (Scion Corp) program was used to coumtsecondary antibody (1:200). Immunofluorescence and confocal
the labeled nuclei. For each genotype, six lenses were used. Thecroscopy were performed as described above.
labeling index was determined by dividing the number of BrdU-
labeled cells by the total number of cells, multiplied by 100. Statistical )
analysis was carried out using the Studettest. Labeling of aA

In our studies, we compared the labeling index of the peripherdlo visualize aA in wholemounts of wild-type andiA~'~ lenses,
region of wild-type cells witnA—- lens epithelial cells. Our data tissues were incubated overnight with a 1:50 dilution of a monoclonal
showed that a large amount of BrdU labeling was occurring in thantibody to bovineaA (a gift from P. Fitzgerald, University of
germinative region of the epithelium of 7-day-old mouse lenses. Th€alifornia, Davis, CA). An Alexzfé-conjugated goat anti-mouse IgG
number of labeled pairs 24 hours after the BrdU pulse was so highias used as a secondary antibody. Wholemounts were mounted on
that it was difficult to assess accurately whether they were membestides and were viewed using a Zeiss LSM 410 confocal microscope
of a pair or not. Thus, the analysis of the number of BrdU-labeleéquipped with an argon-krypton laser. To visuatdizein mitotic cells,
cells present as pairs is restricted to the central region of thens epithelial cells were cultured from wild-type lenses, and primary
epithelium. cells were labeled with theA antibody. aA was visualized by

To follow daughter cells produced after mitosis of BrdU-labeledAlexa®&-conjugated goat anti-mouse IgG as the secondary antibodly,
cells, we counted the number of pairs of BrdU-labeled nuclei in lenand F-actin was visualized by fluorescein phalloidin (Molecular
epithelial wholemounts at 1, 2, 3 or 5 days after labeling. Thé’robes).
identification of cell pairs was carried out as described previously
(Beebe and Masters, 1996). In these analyses, single-labeled cells at )
the edge of a field were not counted as a pair, because it is possibbeling of B-tubulin
that these could be paired with a nucleus that was out of the field b visualize microtubules in whole mounts of wild-type a--
view. BrdU-labeled cells were counted as members of a cell pair whdanses, tissues were incubated overnight with a 1:100 dilution of a
their nuclei were contiguous or separated by one or two nucleanonoclonal antibody to bovin@-tubulin (Sigma). An Alex2ps
diameters, and when the staining pattern of their nuclei was identicalonjugated goat anti-mouse 1gG was used as a secondary antibody.
The staining pattern of some pairs of BrdU-labeled nuclei wasWholemounts were labeled with TOTO-1 to visualize nuclei.
uniformly bright, whereas others had faint or diffuse label or aWholemounts were mounted on slides and were viewed using a Zeiss
characteristically punctate appearance. These differences may redu8M 410 confocal microscope equipped with an argon-krypton laser.
from the availability of BrdU to cells in different phases of the cell-tubulin was visualized in the red channel of the confocal microscope
cycle at the time of BrdU injection. Adjacent BrdU-labeled nuclei(568 nm excitation). TOTO-1 was detected in the green channel (488
were only scored as pairs when both cells had the same labelimgn excitation).
pattern. In other studies, dual labeling of cells was carried out wAthand

The proportion of BrdU-labeled cells in pairs was determined aB-tubulin antibodies. Cells were first incubated with di#eantibody
each interval after BrdU injection. In our data, we observed that cefind the Alex48-conjugated goat anti-mouse IgG secondary antibody
pairs with identical BrdU staining patterns 5 days after labeling weré488 nm excitation), fixed again and then treated with an antibody to
separated by up to four nuclear diameters, either because of migratig@tubulin and Alex&8conjugated secondary antibody (568 nm
or because the cells separating them had undergone cell division. excitation). To visualize nuclei, the DNA-binding dye TOPRO-3 was

used (647 nm excitation).

Analysis of cell death

TUNEL labeling was used to examine cell death in lens epitheliarowth rate

wholemounts from wild-type analA~—mouse lenses. Wholemounts Wet weights of wild-type andA—- lenses were determined for 7-
were fixed in 4% para-formaldehyde, pH 7.4 for 30 minutesday-old mice. The neonate lens was too small to be weighed
permeabilized for 5 minutes in 0.1% Triton X-100/PBS at roomaccurately, but changes in lens size were determined from the
temperature, and apoptotic nuclei were detected using a TUNEldiameter, which could be precisely measured. The equatorial and axial
labeling reaction according to the manufacturer’s instructions (Roch@iameters of the lens were determined by acquiring differential
Biochemicals), as described previously (Andley et al., 1998). Innterference contrast images in the confocal microscope j@mn4
explants prepared for double labeling with TUNEL and BrdU, theparaffin sections at daily intervals.

TUNEL reaction was carried out first, and then the tissues were

treated according to the protocol described above for BrdU detection.

Images were recorded on a confocal microscope. BrdU was detectB@sults

in the red channel (568 nm excitation) and TUNEL in the greemyA was detected in cells of the wild-type lens epithelial
tissues were co-labeled with propidium iodide (PI) to Visualizeconfocal images oftA immunofluorescence and TOTO-1-
individual nuclei in the wholemount. TUNEL-labeling was deteaedl&beled nuclei in the wholemount of a wild-type lens

in the green channel and Pl labeling in the red channel of the confocal . . . .
microscope. epithelium. In these wholemount preparations, the brightest

oA immunofluorescence was observed in the basal region
(towards the capsule). In wholemounts prepared from the
Labeling of MIP aA~-lensespA immunofluorescence was undetectable (Fig.
To examine the cross-sectional profiles of lens fiber cells of wild-typd B).
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A index and apoptosis in the lens epithelial wholemount and
recorded the cross-sectional area of secondary fiber cells.

0A expression has been shown to enhance lens epithelial
growth in culture, but it is not known whether it affects
proliferation in vivo. To test the hypothesis th# expression
plays a direct role in the regulation of the cell cycle by
preventing cell death at a specific stage of the cell cycle, the
newly synthesized DNA in proliferating cells was labeled in
vivo. aA~-and control mice were injected with BrdU to label
cells in the S phase, and the labeled cells were followed as their
cell cycle progressed from the S to thgahd M phases, and
Fig. 1. Expression ofiA in lens epithelial wholemounts by aftgar the completion of mitosis. Wholemounts of C"?‘psu'e
immunofluorescence. Wholemounts prepared from wild-type and epithelial explants were made, and labeled nuclei were
aA-"-lenses were stained with a monoclonal antibodyA@nd an detected with an antibody to BrdU. Three hours after BrdU
Alexa®6&labeled secondary antibody (red). The DNA-binding dye  injection, single, labeled nuclei were seen throughout the

TOTO-1 (green) was used to stain the epithelial cell nuclei. central epithelium of the wild-type lens (Fig. 2A-C). In the
(A) Merged confocal micrographs afA and nuclei visualized in the  aA~- lenses, the majority of the BrdU-labeled nuclei also
wholemount of a wild-type mouse lens. (B) Lens epithelial appeared as single labels, with distinct staining patterns (Fig.
wholemount from amA~-mouse. NaxA immunofluorescence was 2D-F). Labeling of the whole mounts with the DNA-binding
detected from theaA~"lens epithelial wholemount. Bar, 281. dye TOTO-1 stained all nuclei, which could then be counted

to determine the labeling index.
The labeling index 3 hours after the pulse was the same
The wet weight of the wild-type 7-day-old lens was(4.5%) in wild-type anddA~- lens epithelial wholemounts
1.50+0.4 mg, whereas that of th&~'~lens was 0.78+0.10 mg (Fig. 2G). This observation indicates that the number of cells
(n=6, P=0.004). We examined whether the 48% smaller lenin the S phase was the same in both genotypes.
was due to a decrease in the net production of epithelial cells Other mice were killed the next day, by which time the
or to smaller fiber cells size. We measured the proliferatiomdividual cells labeled in S phase had divided to give pairs of

Fig. 2. Confocal micrographs of
BrdU and TOTO-1 labeling in
lens epithelial wholemounts 3
hours after injection of BrdU.
Seven-day-old wild-type or
aA~-mice were injected with
BrdU and wholemounts of lens
epithelium were fixed 3 hours
after the BrdU injection. The
chromosomes were stained with
BrdU. (A,D) S-phase cells
labeled with BrdU (red) in wild-
type (A) oraA-knockout (D)
lenses. (B,E) Cells labeled with
the DNA stain TOTO-1 in the same wholemounts (green): (B) wild-typep¢E)~. (C,F) Merged

8 confocal images of BrdU and TOTO-1: (C) wild-type; (®~-. Note that the majority of the BrdU-
labeled cells are single cells. A pair of mitotic cells can be seen in TOTO-1 staining of the wild-type
g =° epithelial wholemount (arrowheads). The nuclei of the lens epithelium demonstrate several staining
;5 T patterns, including uniform light labeling, punctate labeling and uniform intense labeling. Note also that
S84 the first labeled mitoses were observed 3 hours after BrdU injection (A-C). (G) Quantitative analysis of
5 the labeling index in the wild-type andh~-wholemounts 3 hours after the BrdU pulse. Note that 3

hours after the BrdU injection, the labeling index was the same in wild-typeAsridepithelial cells.

Also note that the minor differences seen in the nuclear size of the wild-typeAahidvholemounts

were not consistently observed, and show variation in the spreading out and fixation during preparation
Wild Type oA knockout of the wholemounts. Bars, 28M (A-C); 25uM (D-F).

n
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1 - Fig. 3.Confocal micrographs of BrdU and TOTO-1 staining in lens epithelial
] wholemounts 24 hours after injection of BrdU. Seven-day-old wild-type or
aA~-mice were injected with BrdU, and wholemounts of the lens epithelium
* were fixed 24 hours after BrdU injection. In these wholemounts, most of the
lens epithelial nuclei are members of cell pairs. (A,D) Cells labeled with
BrdU (red): (A) wild-type; (D)axA~-mice. (B,E) Cells labeled with the DNA
stain TOTO-1 in the same wholemounts (green): (B) wild-typegfE}-.

(C,F) merged confocal images of BrdU and TOTO-1: (C) wild-type; (F)
oA~ (G) The labeling index was determined 24 hours after the BrdU pulse,
and it was found to be lower in thé~~wholemounts than in the wild-type.
The minor increase in the internuclear spacing obie~wholemount (E)

as compared with the wild-type (B) was not consistently observed, and

2 suggests variability in the sample preparation and spreading out of the

Wild Type A knockout epithelial wholemount. Bar, 28M (A-C); 25uM (D-F).

Labeling Index
{percent)

BrdU-labeled cells. Thus, 24 hours after BrdU injection, all theaumber of BrdU-labeled cells was counted after 1, 3, 8 and 16
BrdU-labeled nuclei in the lens epithelial wholemounts weréhours in the wild-type andA—-lens epithelial wholemounts.
in pairs (Fig. 3A-F). Both members of a cell pair had anThe labeling index was the same at 1-8 hours after the BrdU
identical staining pattern of their nuclei. The symmetricalinjection but, between 16 hours and 5 days after the BrdU
pattern of BrdU staining in the daughter cells significantlyinjection (Fig. 5), the labeling index was significantly lower
assisted their identification as cell pairs. The labeling index dh the aA~~ wholemounts compared with the wild-type. This
wild-type anda A~ lens epithelium was determined 24 hoursresult suggests that the lackaA increased the susceptibility
after BrdU injection (Fig. 3G). TheA~~epithelium had fewer of both daughter cells to apoptosis.
numbers of cell pairs compared with the wild-type epithelium. We then looked for the number of single-labeled cells in
The 24-hour labeling index of the wild-type central epitheliumthe wild-type andxA~~lens epithelial explants 24 hours after
doubled from 4.5+1.5 to 8.6x1.8% due to mitosis. In thethe BrdU injection. If the number of single-labeled cells were
epithelium of oA~ lenses, the 24-hour labeling index more in thex A~~wholemount, it would mean that one of the
increased to 6.4+0.4% (from 4.5+1.3% at 3 hours), about 25%vo daughter cells formed in tlogd~~ epithelial wholemount
lower than wild-type lensesn£18, P=0.008). This result had died, and would indicate that cell death occurred after
suggests that only some of the cells were able to completell division. The wild-type lenses gave us the baseline level
mitosis. The remainder did not complete mitosis, andf single-labeled cells. However, we found that a vast
presumably died during or soon after mitosis. majority of BrdU-labeled cells were present as pairs in the
Pairs of BrdU-labeled cells remained close to each other fdenses from both genotypes (Table 1). This suggests that the
2-5 days after the BrdU injection (Fig. 4B). The wild-typelack ofaA increased the susceptibility of both daughter cells
lenses gave us the baseline number of paired BrdU-labeléd apoptosis.
cells. The labeling index in the central region of wild-type and For each genotype, the labeling index did not change
aA~-lens epithelial wholemounts at successive times after theignificantly between 1 and 3 days (Fig. 5). This indicates that
BrdU pulse is shown in Fig. 5. We also divided the 24-hour tim¢he BrdU-labeled cells did not undergo a second division during
period after the BrdU injection into shorter intervals. Thethis period. After 5 days, the labeling index in the central region
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Fig. 4. Merged confocal micrographs of BrdU- and TOTO-1-stained nuclei in the lens epithelial wholemounts. (A) In this micrograph, seve
BrdU-labeled ‘tetrads’ can be seen (arrows) 24 hours after BrdU injection. Pairs of BrdU-labeled nuclei (red) were idethigieid dytical
staining pattern. The wholemount was stained with TOTO-1 (green) to detect all the nuclei. Note that a majority of the eundtlabeted
with BrdU. Bar, 25uM. (B) BrdU and TOTO-1 staining in lens epithelial wholemounts 5 days after injection. Wild-type mice were injected
with BrdU and wholemounts were fixed 5 days later. BrdU immunofluorescence (red) in the central region of the wholemouni®E@ewn
1 (green) was used to label the nuclei of all the cells. Note that the BrdU-labeled cells were all members of cell pajrN@eaiso that, in
some cases, members of a pair of BrdU-labeled nuclei were separated by two or more nuclgiNBa(C18rdU and TOTO-1 labeling in

the periphery of a 7-day-old wild-type lens epithelial wholemount 24 hours after BrdU injection. Near the periphery (gersgiaiivef the
lens epithelium, the labeling index was 2-3-fold higher as compared with the central region (Fig. 4A,B). In many cadeBrqiaitateled
nuclei (red) that were very close to each other could be identified. In other cases, it was difficult to ascertain if mdBadjitzbeled

nuclei were members of a pair or not. TOTO-1 staining (green) was used to visualize all the nuclep®ar, 25

decreased slightly, probably because the nonlabeled ceB$rink, thus losing intercellular contacts with neighboring
divided and therefore diluted the labeling index. cells (data not shown). These BrdU-labeled small cell debris

In a few cases, tetrads of BrdU-labeled nuclei were also seeesembled apoptotic bodies. The wholemounts were stained
24 hours after the BrdU injection (Fig. 4A). The cell cyclewith TUNEL stain to determine whether the smaller nuclei
normally lasts about 24 hours, and the S phase is about 6 houegpresented dying cells. The lens epithelial wholemount of the
it is therefore unlikely that the tetrads arose from a secondA~'- lenses contained scattered pairs of apoptotic cells, and
division of a pair of BrdU-labeled daughter cells. These tetradthese were strongly labeled by the TUNEL assay (Fig. 6B,C).
most probably resulted from the mitotic division of two The labeled nuclei had a characteristic condensed morphology
precursor daughter cells that were synchronized from with small, positively labeled apoptotic bodies. These
previous division, consistent with results of others (Raffertyapoptotic bodies were often found in close association, and
and Rafferty, 1981).

In the peripheral region, the labeling index was 2-3-fold
higher as compared with the central region and many of tt

pairs of labeled cell nuclei were immediately adjacent to othe 12
labeled pairs (Fig. 4C). This ‘overcrowding’ of the BrdU- 101
labeled nuclei made it difficult to assess accurately whethe X Wild Type
adjacent BrdU-labeled nuclei were members of a pair or no % - 81
However, the labeling index in the peripheral region was £T
determined to be 30% lower in theA—~~ lens epithelial 28 6l
wholemounts than in the wild-type, confirming that the effect: £ o o A knockout
observed in the central region were also seen in the periphe e 4y A Knockou
region of the epithelium. 3
During our examination of BrdU labeling imA~- 2
epithelial wholemounts, we made a significant observatior
We observed cells in th@A~/~ epithelium that round up and 0 T T . T T

Table 1. Percentage of BrdU-labeled cells that occur as Time after BrdU Injection
pairs in the mouse lens epithelium (days)

BrdU-labeled pairs in
lens epithelial wholemount (%)

Fig. 5.BrdU labeling index in the lens epithelial wholemounts at

Time after : successive times after BrdU injection. Seven-day-old wild-type or
BrdU injection Wild-type aA-knockout aA~-mice were injected with BrdU and wholemounts were fixed at

3 hours 7.2 8.1 successive times after the BrdU injection. The BrdU labeling index

1 day 98.1 97.6 was determined at 1, 3, 8, 16 and 24 hours, and 2, 3 and 5 days after
2 days 97.0 98.4 the BrdU injection. Four lenses were used at each time point. Note

3 days 98.4 97.8 that the labeling index of theeA—-wholemount lagged the labeling

5 days 97.6 98.2

index of the wild-type between 16 hours and 5 days.
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A
Fig. 6. Confocal micrographs of TUNEL
staining in lens epithelial wholemounts.
Seven-day-old mouse lens epithelial
wholemounts were fixed and stained with the
TUNEL staining kit. Propidium iodide was
used to stain the DNA of all the nuclei in the
wholemounts: (A) wild-type lens epithelium;
(B,C) aA~~lens epithelium. In the wild-type 25pn
wholemounts, TUNEL staining was rarely e g
detected. Pairs of TUNEL-labeled cells
(green) were scattered throughout d#e~
wholemounts. Note that the TUNEL-positive C D
nuclei were nearly always seen as pairs.
(D) Quantitative analyses of cell death in lens :
epithelial wholemounts. TUNEL-positive
nuclei were counted in wild-type aiA~"~lens P .
epithelial wholemounts. In the wild-type lens
epithelium, there was an average of one
TUNEL stain in the central region. In the
aA~-wholemount, there was an average of 25 :
six TUNEL-stained nuclei. Data represent o - -
average of six wild-type and sixA~"~ SN #
wholemounts. Bars, 25M (A-C). Wild Type A knockout

Fig. 7. Confocal images of
TUNEL and BrdU staining in
lens epithelial wholemounts.
Seven-day-old wild-type and
aA~-mice were injected with
BrdU, and wholemounts were
fixed 24 hours later.

(A,D,G) BrdU-labeled cells.
(B,E,H) TUNEL-labeled cells.
(C,F1) Merged confocal
images of BrdU- and TUNEL-
labeled cells in (A,D,G) and
(B,E,H). In thean A~ lens
epithelial wholemounts (A,D),
several BrdU-labeled nuclei,
smaller in size than normal,
are scattered among the pairs
of normal-sized BrdU-labeled
nuclei. These smaller nuclei
were often seen as distinct
members of a pair (arrows).
The smaller nuclei were
intensely stained with TUNEL
reagents (B,C,E,FNote that
the BrdU-labeled nuclei
having normal dimensions
were not stained with the
TUNEL label. In the wild-type
wholemounts, smaller BrdU-
labeled nuclei were not
detected often (G), and the
TUNEL labeling was
negligible (H,l). Bars, 1M
(A-H).

TUNEL Labels (central region)

appeared to be pairs of dying cells. In some cases, thé&pockout wholemounts, but were rarely detected in the wild-
appeared to be cleared by neighboring cells. The cellulaype epithelium (Fig. 6A,D).
debris or apoptotic bodies were frequently detected infe To test whether BrdU-labeled cells were dying during
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Fig. 8. Visualization off-tubulin in lens epithelial wholemounts by
immunofluorescence and confocal microscopy in different cell-cycle
phases. Seven-day-old wild-typecoh~'~mouse lens epithelial
wholemounts were immunostained with an antibodg-tabulin

(red) and the nuclei were stained with TOTO-1 (green). (A) In the
interphase of wild-type cell§-tubulin was uniformly distributed
around the nuclei. (B,C) In metaphase cells, the bundlifig of

tubulin around the condensed chromosomes could be readily
detected. Note that there was no difference in the organization of th:
metaphase spindles of the wild-type (B) at’~(C) lens epithelial
wholemounts. (D-F) In anaphase cells of the wild-type epithelium,
the spindle was well organized (D). However, there was
disorganization of the anaphase spindle ottAe/~lens epithelial
wholemounts (E,F). This aberrant spindle phenotype was observed
45% of the anaphase spindles of e~ wholemounts. Twenty
metaphase and 20 anaphase spindles in six different lens epithelial
wholemounts were analyzed for each genotype. Bars].5

mitosis, dual staining with TUNEL reagents and BrdU
antibodies was performed. Mice were injected with BrdU andgjq g visualization ofaA and F-actin in lens epithelial cells during
24 hours later, the wholemounts were treated with TUNElmitosis. Merged confocal imagesam# immunofluorescence (red)
reagents first, and then immunostained to detect BrdU. Fig. ahd F-actin staining (green) of wild-type mouse lens epithelial cells.
shows several closely spaced, BrdU-positive cells, which wer@ell morphology was imaged with differential interference contrast
also strongly stained by the TUNEL assay. These dying cellblue). (A) Cells in anaphase (arrow) or interphase (arrowheads).
appeared to be in late stages of mitosis, probably in anaphdsering interphaseqA was distributed throughout the cytoplasm.
or Cytok|nes|s S|nce, |n many cases, they appeared as palrs me that a pair of I’ecently divided cells remalnlng_clos_e to each
defined apoptotic cells as those cells whose nuclear diame I’I’?)';I\f:haenagg)sf\leor;e(?:]m?r?]ﬁjjgogﬁj)ofeﬂlcselr?cceyzl?ek(;?eV\?éllSS
\évﬁjsuiéglé?egr;ﬂz"ﬁ:;p i?aitrt:ee dsggs?t]icvzl;lovrvri?ﬁ | tﬂléCI‘?Lles\l.ETL concentrated in the middle of the dividing cells. Bargi25(A,B).
reagents were a third or smaller than the size of the normal
nuclei. By contrast, BrdU-labeled pairs that had normametaphase, chromosome condensation and the bundling of
dimensions were not stained by TUNEL reaction. Thesenicrotubules in the metaphase spindle was readily detected
data suggest that the lower value of the labeling index in th@ig. 8B,C). We examined 20 metaphase spindles each for the
aA~-lens epithelium may be due to an increase in apoptotiwild-type andaA—- lens epithelial wholemounts. There was
cell death during cell division. no significant difference in the integrity of the metaphase
oA and aB-crystallins have been shown to protect thespindle for the two genotypes.
cytoskeleton, ana@xB and several molecular chaperones are We next examined the anaphase spindle of wild-type and
associated with the mitotic apparatus in dividing cellsaA—- lens epithelial wholemounts. Anaphase cells could
(Inaguma et al., 2001). Since the integrity of the spindle ibe readily identified as pairs of cells with condensed
essential for accurate cell division to occur, it is possible thathromosomes (Fig. 8D-F). In anaphase cells of wild-type
cell death in lens epithelium lackingA results from wholemounts, well-developed arrays of microtubules
disorganization of the mitotic spindle. To examine the integritynucleated from both the centrosomes, and were aligned
of the mitotic spindle, wild-type andA~- lens epithelial between the separating chromosomes (Fig. 8D). However, in
wholemounts were stained with an antibody Rdubulin.  theaA~~wholemounts, there was a loss of astral microtubules,
Tubulin labeling was visualized by immunofluorescence andnd microtubules in the zone between the chromosomes (Fig.
confocal microscopy. Fig. 8A shows th@ttubulin was 8E,F). We studied six wild-type and siA—~ wholemounts
uniformly stained around the nuclei of interphase cells. Duringmmunostained with th@-tubulin antibody. The integrity of
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the spindle was examined in 20 pairs of anaphase cells for eaghlls were also double immunostained with and 3-tubulin
genotype. The results showed that 95% of the anaphasatibodies, to determine the distributiorod in relation to the
spindles were well ordered in wild-type epithelium. Howevermitotic spindle. Fig. 10 shows the distribution ch (green)
45% of the anaphase spindles of &~ lens epithelial and B-tubulin (red) in metaphase, anaphase and cytokinesis.
wholemounts had a defective phenotype, suggesting that, in tidese stages of mitosis were recognized by chromosome
absence ofiA, the anaphase spindle is not well organized andondensation using TOPRO-3 fluorescence (shown in blue). As
that aA may play a role in maintaining the integrity of the can be seen in Fig. 18 A immunofluorescence was excluded
microtubules in the lens epithelium. from the chromosomes of the dividing cells at all stages of
To investigate the cellular distribution @A in mitotic cells,  mitosis. During metaphaseA appears to be concentrated in
wild-type mouse lens epithelial cells were cultured, and théhe centrosomes of the mitotic spindle (Fig. 10A-C). However,
primary cells were immunostained with antibodyotd. The  the punctate staining pattern observed suggest that the
cytoskeletal protein F-actin was stained with fluoresceimmicrotubules are not necessarily the primary targetAf
phalloidin, and cellular morphology was imaged by differentialduring early mitosis. During anaphaseA was highly
interference contrast. These studies showed d¢tfatwas  concentrated in the region between the chromosomes. However,
excluded from the chromosomes, but was highly concentrategignificant punctate immunostaining fmA was also observed
in the middle of dividing cells (Fig. 9A,B). During interphase, (Fig. 10E,F). This staining pattern suggests thaatassociates
oA was distributed uniformly throughout the cytoplasm (Fig.with microtubules as well as with other cytoskeletal elements
9A). during anaphase. At cytokinesis, the intercellular bridge
To examine further whethaexA may play a role in the microtubules were labeled by thd antibodies (Fig. 10H,1).
integrity of the mitotic spindle, wild-type mouse lens epithelialAt this stage, there appears to be a strong association with the

Fig. 10.Visualization ofa A-crystallin andB-tubulin in lens epithelial cells during mitosis. Wild-type mouse lens epithelial cells were fixed and
stained with antatA and an Alex4&-conjugated secondary antibody (green). Cells were also immunostained with an ant®badyulon and

an Alex&658-conjugated secondary antibody (red) and the nuclei were stained with TOPRO-3 (blue). (A-C) Metaphase, (D-F) anaphase and (G
I) cytokinesis. Note that A was concentrated in the region of the centrosome in metaphase and in the intercellular bridge microtubules of the
dividing cells during cytokinesis (arrowheads). BarspO(A-F); 25um (G-I).
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Fig. 11.Lens dimensions in wild-type amth\~~ lenses. Mid-sagittal
sections (4um) of wild-type andxA-knockout lenses were stained
with hematoxylin and eosin. The lens sections were examined by
confocal microscopy. The equatorial diameter of the lens was
determined at different postnatal ages. The equatorial diameter of tt
aA~-lenses was ~30% smaller at birth and lagged in growth
compared with the wild-type throughout the early postnatal period.

microtubule cytoskeleton, corroborating the results shown i
Fig. 9B. These observations suggest that the relative distributic
of oA is dependent upon the relative position of a cell during
the cell cycle.

The aA-knockout mice had 40-50% smaller lenses in
comparison with control mice, indicating that deletion of the
gene encodingA resulted in a lens growth deficiency. To
determine when the growth deficiency became apparent, tl
size of the lenses was recorded as a function of age. The le
at postnatal day 0 was 40% smaller, and the growth lagged tt
of the control mice throughout the observation period (Fig. 11). . ) i o .~
The number of fiber cells could not be accurately determine@9d- 12.Cross-sectional area of fiber cells in wild-type aid”

Ao ) ; ; mouse lenses. Lens slices were cut in the equatorial plane and
t_)ecause the 7-day Oh.”A knockout Iens.es had disorganized stained with an antibody to MIP (AQPO) to visualize fiber cell
fiber cell morphology in the central region of the lens.

4 . - membranes. The distance from the center of the lens wgs300
To assess further if the smaller size of dAe”"lenses was  Tne organization of the fiber cells in these equatorial sections of

due to smaller fiber cells, we examined the cross-sectionglid-type andoaA~-mice is different, and the membranes of the
profiles in the periphery of the lenses using MIPwild-type lens fiber cells appear smoother than those afAhé.
immunofluorescence to visualize the fiber membranes. Lenriation in the cross-sectional areas of the different fiber cells was
slices (3 pm) were cut in the equatorial plane. Light noted for both wild-type andA~-cells. However, the distribution of
microscopic analysis of the lenses indicated that the medhe cross-sectional areas of the fiber cells was similar in wild-type
cross-sectional area of the secondary fiber cells in the cort@RdaA~"lenses. Bar, 1AM (A,B).
of the lens was 9.5+48m? for wild-type and 9.1+3.8m? for
the aA~~ (n=20, P=0.38). Although the cross-sectional
profiles of the fiber cells appears to be indistinguishable for thiens epithelium. By labeling S-phase cells in wild-type and
wild-type anda A~ cells, since the wild-type lens is larger, its a A=~ mice in vivo, and by following the fate of the cells as
fiber cells are probably longer. However, the fiber cells of théhey proceed through thee® M and post-mitotic stages, we
wild-type and aA~- lenses had a distinctly altered have identified the phase of the cell cycle at whighmost
organization, with fiber cell membranes being significantiflikely prevents cell death. This method allowed us to obtain
smoother in the wild-type lens (Fig. 12)A has been shown detailed information about the effectaf expression on cell-
to associate with membranes (Boyle and Takemoto, 199@ycle progression. Our data indicate that there were fewer
Cobb and Petrash, 2000) and our studies suggest that it migdidU-labeled cells 24 hours after BrdU injection in the~
affect the organization of the fiber cells. Taken together, thedens epithelium than in the wild-type. This means that some
observations suggest that the reduced size aiM lens is  cells were dying in theA—-lens epithelium, around the time
due to a reduction in the net production of epithelial cells, andf mitosis. Our data further show tha#& expression had no
hence the formation of fewer fiber cells. effect on the labeling of cells in the S phase, or in the $to G
transition, or during g or in & to M transition. This is

) ) because, if cells were dying during the above-mentioned
Discussion phases, we would have observed an increase in the percentage
In this study, we tested the hypothesis that prevents cell of single, BrdU-labeled cells. We did not observe an increase
death at a specific stage of the cell cycle in vivo in the mousa the percentage of single-BrdU-labeled cells (Table 1). This
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indicates that pairs of daughter cells died in the abseratA of apoptotic bodies also strongly stained with the TUNEL stain,
during cell division. These data combined with the TUNELand were almost always found in pairs, suggesting that the lack
labeling of pairs of BrdU-labeled mitotic cells not only of oA increased the susceptibility of both daughter cells to
eliminate a cell death during other cell-cycle phases, but alspoptosis.
suggest that the lack afA may be associated with mitotic cell The present results suggest th@f may act at the
death during anaphase or cytokinesis. Moreoveq# lens  checkpoint that controls the exit of cells from mitosis. The exit
epithelial wholemounts did not have a higher number of singlef cells from mitosis is controlled by checkpoints that monitor
BrdU-labeled cells 2, 3 or 5 days after the pulse than at 2dhe assembly and position of the mitotic spindle. Cells
hours, arguing against the likelihood that cells were dying postiefective in assembly of the mitotic spindle produce abnormal
mitosis in the absence ofA. Our data strongly suggest that cells that die by apoptosis (Paulovich et al., 1997; Karsenti and
cells die as pairs, and supports the idea that cell death probabgrnos, 2001). Cell death associated with mitosis has been
occurs during the late stages of mitosis. observed in a few experimental systems (Chen et al., 2002).
Itis also possible that only one of the two daughter cells die@ells can also arrest in mitosis when the microtubule spindle
soon after mitosis in theA—"— wholemount. In this case, we assembly is disrupted, with drugs such as nocodazole (Lanni
would have observed single BrdU-labeled cells 24 hours aftemd Jacks, 1998). The mitotic spindle performs several well-
the BrdU pulse. However, the absence of single BrdU-labeledocumented functions, including the capture and segregation
cells 24 hours after the pulse in th&-knockout wholemounts of the duplicated parental chromosomes to daughter cells
argues against this possibility. Overall, the data suggest that tf@himoda and Soloman, 2002; Heald, 2000). The central
lack of dA increased the susceptibility of both daughter cellsspindle is required for cell cleavage (Glotzer, 1997) and the
to apoptosis. essential components of the central spindle required for
Although the emphasis in this study has been on the centreytokinesis have been identified (Mishima et al., 2002). Our
region of the 7-day-old lens epithelial wholemounts, similaistudies showed that the anaphase spindieAof- cells was
effects of the lack ofaA were seen in the germinative not properly assembled in a significant proportion of mitotic
and central region. The labeling index in the peripheratells, and suggest thatA—- cells died at mitosis in anaphase
(germinative) region was also determined to be 30% lower ior cytokinesis. This points to a role of the spindle assembly in
the aA~- lens epithelial wholemounts than in the wild-type, the apoptotic cell death in this study.
confirming that the effects observed in the central region were The current work showed that, during mitosis in mouse lens
also seen in the peripheral region of the epithelium. Howeveepithelial cells, the distribution afA increased around the
due to overcrowding of the BrdU-labeled nuclei in this regioncentrosomes during metaphase. However, additional punctate
we were unable to ascertain whether the labeled nuclei westaining patterns observed (Fig. 10B,C) suggest that the
members of a pair. microtubules are not necessarily a main targetAdfduring
Deletion of the gene encodirgA results in an increased early mitosis.aA was excluded from the chromosomes of
light scattering in the fiber cells in the central region of 7-weekéividing cells, but continued to be expressed at a high level
old mouse lenses (Brady et al., 1997). In older mice, the entiground the chromosomes, and in the middle of the cell during
lens becomes opaque. The increased light scattering is dueaieaphase. This staining pattern suggests di#atprobably
the formation of inclusion bodies within the interior fiber cellsassociates with the microtubules as well as other cytoskeletal
of the aA-knockout lens. The inclusion bodies primarily elements. At cytokinesis, the intercellular bridge microtubules
comprisenB and HSP25, two other members of the small HSRvere strongly labeled by theA antibodies. At this stage,
family that can form co-aggregates with. The presence of there appeared to be a strong association with the microtubule
these inclusion bodies has been taken as an indicationAhat cytoskeleton (Fig. 10H,I).0A is redistributed into the
is necessary for maintaining the solubilitycd® and HSP25. cytoplasm during interphase (Fig. 9A). These observations
Others have also shown that the 7-week-@A&- lens is  suggest that the relative distributioncoh is dependent upon
smaller than the wild-type (Brady et al., 1997). We confirmedhe relative position of a cell in the cycle. Interestingly, a
and extended this finding in this study and showed that thecent study showed that a phosphorylated fornuBfis
growth defect in thelA~"~lenses occurred early in life. Lenses associated with centrosomes and midbodies during
of newborn mice were 40% smaller and continued to lag iytokinesis (Inaguma et al., 2001). It is possible thaf a
growth throughout early postnatal life. It had not beerclosely related protein, may also be involved with the quality
investigated in earlier studies whether the lens is smallerontrol of proteins such as tubulin, a major component of the
because of fewer fiber cells or smaller fiber cells (due to logwmitotic spindle. Such a role farA would be consistent with
of a major cytoplasmic protein). The current work suggestthe importance of small HSPs in organization of different
that, during cell division in vivo, only some of taéd~-cells  elements of the cytoskeleton such as the intermediate
were able to produce daughter cells, and the others died durifithments and actin (Nicholl and Quinlan, 1994; Perng et al.,
or soon after completing mitosis. 1999; Head and Goldman, 2000), and by its association with
The hypothesis that cells were dying during mitosis isactin (Gopalakrishnan and Takemoto, 1992; Fitzgerald and
supported by our observations that there were more TUNELGraham, 1991B has also been suggested to be a chaperone
positive cells in thexA~- lens epithelial wholemounts, and for tubulin (Arai and Atomi, 1997; Liang and MacRae, 1997;
these TUNEL-positive cells often appeared as pairs. Thedeeroux et al., 1997). The hypothesis to#@t may play a role
dying cells were considerably reduced in size. Furthermorén cell division in the lens epithelium is supported by findings
our studies revealed that BrdU-labeled cells similar irthat molecular chaperones are involved in various aspects of
appearance to apoptotic bodies were detected more frequentigll growth and differentiation (Yokota et al., 1999; Wigley et
in the aA~~ lens epithelium than in the controls. Theseal., 1999; Inaguma et al., 2001; Brown et al., 1996; Dunn et
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