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Abstract

During the differentiation of secondary lens fibre cells from the lens epithelium, the fibre cells lose all of their cyto-

plasmic organelles as well as their nuclei. The fibre cells, containing crystallins, which confer optical clarity, then

persist in the adult lens. The process of denucleation of these cells has been likened to an apoptotic event which

is not followed by the plasma membrane changes that are characteristic of apoptosis. We have examined the

expression and subcellular translocation of molecules of the apoptotic cascade in differentiating lens epithelial cells

in culture. In this culture system, the epithelial cells differentiate into lentoids composed of lens fibre cells. We find

that caspase-9, which is expressed and activated before embryonic day 12 in intact lenses, is localized in the cytosol

outside mitochondria in non-differentiating cultured cells. In lentoid cells, caspase-9 migrates into mitochondria

after the latter undergo a membrane permeability transition that is characteristic of apoptotic cells. At the same

time, caspase-9 co-localizes with cytochrome c in the cytosol. The cytochrome c is apparently released from the

mitochondria in lentoid cells after the mitochondrial membrane permeability transition and during the period of

nuclear shrinkage. Also during this time, the mitochondria aggregate around the degenerating nuclei. Cytochrome

c disappears rapidly, while mitochondrial breakdown occurs approximately coincident with the disappearance of

the nuclei, but mitochondrial remnants persist together with cytochrome c oxidase, which is a mitochondrial

marker protein. Apaf-1, another cytosolic protein of the apoptotic cascade, also migrates to the permeabilized

mitochondria and also co-localizes with caspase-9 and cytochrome c in the cytosol or mitochondria of denucleating

cells, thus providing evidence for the formation of an ‘apoptosome’ in these cells, as in apoptotic cells. At no time

did we observe the translocation of molecules between cytoplasmic compartments and the nucleus in differenti-

ating lentoid cells. We suggest that the uncoupling of nuclear and membrane apoptotic events in these cells may

be due to the early permeability changes in the mitochondria, resulting in the loss of mitochondrial signalling mole-

cules, or to the failure of molecules to migrate to the nucleus in these cells, thus failing to activate nuclear-plasma

membrane signalling pathways.
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Introduction

Secondary lens fibre cells differentiate from lens

epithelial cells by a transformation which involves the

loss of cellular organelles, including the nuclei, and

the expression of various lens-specific crystallins which

endow the lens with its characteristic optical properties

(Piatigorsky, 1981; Wride, 1996; Bassnett, 2002). Despite

this extreme course of events, the lens fibre cells

persist, and their plasma membranes maintain their

integrity. Because the degenerating nuclei bear many of

the characteristics of the nuclei of apoptotic cells (Sanwal

et al. 1986; Bassnett, 1997; Counis et al. 1998; Wride &

Sanders, 1998), the nuclear degeneration process has

been likened to an apoptotic event which is not accom-

panied by plasma membrane changes (Lang, 1997; Dahm,

1999; Wride et al. 1999; Wride, 2000). However, this

view has been controversial (Bassnett & Mataic, 1997).
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During the course of organelle breakdown in

lens fibre differentiation, the mitochondria are lost

(Bassnett & Beebe, 1992; Bassnett, 1992). If the nuclear

degeneration is to be viewed as an apoptotic event,

then the timing and the nature of the mitochondrial

loss becomes important, because mitochondria are

known to play an integral role in the initiation and

execution of the apoptotic response (Green & Reed,

1998; Bernardi et al. 1999; Porter, 1999; Goldstein et al.

2000). This connection has led to the suggestion that

the signals for the initiation of nuclear degeneration

in these cells could be linked to the mitochondria and

to the mitochondrial breakdown (Dahm et al. 1998).

Further, one can speculate that the loss of the mito-

chondria in these cells is associated with the failure of

the plasma membrane events to follow the nuclear

events, as they do in conventional apoptotic cells.

Evidence that lens fibre nuclear degeneration is an

apoptotic event is accumulating (Wride, 2000). In trans-

genic mice over-expressing bcl-2 protein in their lenses,

disturbances are seen in lens fibre cell organization and

in the degeneration of lens fibre cell nuclei (Fromm &

Overbeek, 1997). Bcl-2 is a well-established member of

a key family of molecules that regulates the apoptotic

cascade (Knudson & Korsmeyer, 1997; Fadeel et al.

1999). Further, there is evidence that caspases are

involved in the regulation of nuclear degeneration

(Ishizaki et al. 1998), and caspases are crucial to the

initiation and execution of the apoptotic response

(Stennicke & Salvesen, 1998). We have recently shown

that several members of the bcl-2 and caspase families

are active during the course of lens fibre cell denuclea-

tion (Wride et al. 1999), and that they are expressed in

the differentiating lens in developmentally regulated

spatio-temporal concentric patterns. Using differentiat-

ing lens epithelial cultures, we also showed that peptide

inhibitors of caspases-1, -2, -4, -6 and -9 significantly

reduced the incidence of nuclear degeneration in the

differentiating lentoids in the cultures, while inhibitors

of caspases-3 and -8 did not. Further, we provided

evidence that one likely substrate of caspases in this

system is poly (ADP-ribose) polymerase (PARP).

The central role played by mitochondria in the apop-

totic cascade depends on the initiation of the mito-

chondrial membrane permeability transition (Bernardi

et al. 1999; Halestrap et al. 2000), and the release of

cytochrome c from the mitochondria into the cytosol

(Martinou et al. 1999; Goldstein et al. 2000). The

release of cytochrome c is related to the activity and

translocation of pro- and anti-apoptotic members of

the bcl-2 family of molecules, including bcl-2, bax and

bcl-X (Wolter et al. 1997; Eskes et al. 1998; Tsujimoto,

1998; Gross et al. 1999; Putcha et al. 1999). It also

appears that the cleavage and migration of the mole-

cule Bid, which is a bcl-2 family member, by caspase-8,

is related to the redistribution of mitochondria and the

mitochondrial permeability transition during apoptosis

(Li et al. 1998), although the timing of Bid cleavage in

relation to cytochrome c release is unclear (Granville

et al. 1999). Indeed, the relationship between the mito-

chondrial membrane permeability transition and cyto-

chrome c release is also uncertain (Dinsdale et al. 1999).

The caspases themselves also undergo translocation

between cellular compartments during apoptosis

(Zhivotovsky et al. 1999; Ritter et al. 2000), and at

various times they may be present in, and migrate

between, the cytosol, mitochondria, nuclei and the

microsomal fraction. One of the caspases that has

attracted particular attention in this regard is caspase-

9. Caspase-9 may be present both in the cytoplasm and

in the mitochondria of apoptotic cells (Shivotovsky

et al. 1999), and, like cytochrome c, may be released from

mitochondria by the activity of bcl-2-family molecules

(Krajewski et al. 1999). Pro-caspase-9 may then be acti-

vated to caspase-9 in the cytoplasm in association with

cytochrome c and apoptotic protease-activating factor-

1 (Apaf-1), in the molecular complex known as the

‘apoptosome’ (Li et al. 1997). Once activated, caspase-9

may then activate pro-caspase-3 to caspase-3, which is

one of the principal effector caspases which acts on

several of the key cellular apoptotic substrates

(Stennicke & Salvesen, 1998). The apoptosome complex

between cytochrome c, pro-caspase-9 and Apaf-1 is

therefore a focal point in caspase-9-mediated apop-

tosis (Slee et al. 1999; Zou et al. 1999; Cain et al. 2000).

There are therefore two questions of particular

interest in relation to the denucleating lens fibre cells:

firstly, what is the trigger for denucleation? We have

previously implicated tumour necrosis factor-α (TNFα)

and its receptors in this process (Wride & Sanders, 1993,

1998; Wride et al. 1994). Secondly, if the denucleation

process is an apoptotic event, how does it differ

from conventional apoptosis? In this investigation, we

attempt to shed light on the second question, by

examining the relative timing of the degeneration

of the nuclei and mitochondria in lens epithelial cells

which are differentiating into small lenses, or ‘lentoids’

(Piatigorsky, 1981), in culture. We have also studied
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the expression, localization and translocation of

cytochrome c, caspase-9 and Apaf-1 during the process

of nuclear degeneration, and the possibility that these

molecules associate in the cytoplasm of denucleating

fibre cells.

Materials and methods

Lens preparation

White Leghorn hens’ eggs were incubated at 38 °C in a

humid chamber. After various lengths of time, the

embryos were removed from their yolk, rinsed and

handled in Tyrode’s saline and immediately decapit-

ated with a sharp scalpel blade. Lenses were removed

from embryos with the vitreous attached at embryonic

days (EDs) 8, 12 and 16 of development, as appropriate,

using electrolytically sharpened tungsten needles. ED-

8 lenses were used because this represents a period

of development before nuclear degeneration begins,

while ED-12 is the period when nuclear degeneration

begins. By ED-16 there is a clear organelle-free zone

at the centre of the lens and nuclear degeneration is

occurring in a boundary region between the core and

outer secondary lens fibres (Bassnett & Mataic, 1997).

When required, ED-12 lenses were dissected into

four regions according to the method of Walker &

Menko (1999). The four regions dissected consisted

of: (1) the central lens epithelium; (2) the equatorial

epithelium, including the annular pad where fibre cell

differentiation is initiated; (3) the peripheral region of

cortical lens fibres, in which cell nuclei are still present;

(4) the tightly associated core fibre region, in which the

nuclei are in the process of degenerating, or have

already degenerated.

Lens epithelial cell culture

Chick embryo lens epithelial cell cultures were pre-

pared according to the method of Menko et al. (1984).

We have previously demonstrated (Wride & Sanders,

1998; Wride et al. 1999) that this lens epithelial cell

culture system is a reliable one for the study of lens fibre

cell nuclear degeneration in culture. Briefly, ED-8 lenses

were trypsinized at 38 °C in 0.1% trypsin in calcium-

and magnesium-free Tyrode’s solution for 20 min, or

until all the lens capsules were ruptured. The cells were

dissociated by repeated pipetting, pelleted to remove

the supernatant, resuspended in medium 199 (Gibco)

containing 10% fetal calf serum (FCS; Gibco) and

gentamycin, and then plated onto coverslips (1.5 µm

thickness, for optimum quality confocal microscopy)

coated with Matrigel (1.25 mg mL−1; Collaborative

Biomedical Research). Before plating the cells, the

Matrigel was allowed to air dry on the coverslips for

approximately 30 min before washing with medium

199 containing 10% FCS. The culture medium was

changed each day, and the cultures were maintained at

38 °C for 3–7 days as appropriate.

Antibodies

Antibodies were obtained from the following sources

and used at the dilutions indicated. Cytochrome c:

Pharmingen Inc., mouse monoclonal; 1 : 25 in immuno-

cytochemistry (ICC); 1 : 50 in immunoblotting (IB).

Cytochrome oxidase: Molecular Probes Inc., subunit IV,

mouse monoclonal; 1 : 50 in ICC; 1 : 50 in IB. Caspase-9:

Stressgen Inc., rabbit polyclonal; 1 : 200 in ICC; 1 : 500

in IB; and Santa Cruz Biotechnology Inc., rabbit poly-

clonal; 1 : 50 in ICC; 1 : 50 in IB. Caspase-9, 10-kDa frag-

ment: Bio-Source Inc., rabbit polyclonal; 1 : 50 in ICC;

1 : 500 in IB. Apaf-1: R & D System Inc., rabbit poly-

clonal; 1 : 250 in ICC; and Stressgen Inc., rabbit polyclonal;

1 : 250 in IB.

Immunocytochemistry and confocal microscopy

Coverslips bearing the cultures were washed with

warm Medium 199 and stained with MitoTracker Red®

CMXRos (Molecular Probes Inc.) by addition of 5 µL of

10 µM MitoTracker® to 1 mL of medium. Cultures were

incubated in this reagent for 30 min and 38 °C, then

washed in warm Tyrode’s solution and fixed with 4%

buffered paraformaldehyde. Cultures were then

permeabilized with acetone at −20 °C and non-specific

immunoreactivity was blocked with 3% bovine serum

albumin in phosphate-buffered saline (PBS). Primary

and secondary antibodies were applied sequentially,

and finally nuclei were labelled by incubation of

cultures with 0.5 µL mL−1 4′-6-diaminido-2-phenylindole

(DAPI). In the case of cytochrome oxidase, it was

necessary to heat the cultures to 90 °C in 10 mM citrate/

citric acid buffer, pH 6.0, before the permeabiliza-

tion step, according to the method of Marusich et al.

(1997). Specimens were mounted in Vectashield (Vector

Laboratories Inc.). Negative controls were carried

out by replacing the primary antibodies with PBS, and
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in all cases this resulted in no immunreactivity of the

cultures.

In order to monitor the mitochondrial membrane

permeability transition, cultures were stained with JC-

1 (Molecular Probes Inc.) by incubation with this agent

at a dilution of 1 : 200 in culture medium for 30 min at

37 °C, and then washing with culture medium. Using

this method, mitochondria with high membrane poten-

tial are stained red, while depolarized mitochondria

with high membrane permeability are stained green.

Specimens were examined using a Zeiss LSM510

confocal microscope equipped with argon, helium/

neon and ultraviolet lasers.

Polyacrylamide gel electrophoresis (PAGE) and 

Western blotting

PAGE and Western blotting were carried out as

described previously (Wride & Sanders, 1998; Wride

et al. 1999). Briefly, lens tissue was homogenized in

protease inhibitor buffer containing 15 µg mL−1 apro-

tinin, 1 µg mL−1 leupeptin, 5 µg mL−1 pepstatin, and

1.74 mg mL−1 phenylmethyl-sulphonyl fluoride (PMSF).

Protein concentrations were determined using the

Bio-Rad Bradford-based protein assay method and

20 µg of protein was added to each well of an 8% or 12%

polyacrylamide gel. Whole lenses were homogenized

at ED-8, -12 and -16, as described previously (Wride et al.

1999). In the case of dissected lenses, the four regions

of the lens described above were homogenized and

run separately on the gel. Proteins were transferred from

the gels onto a supported nitrocellulose membrane

at 100 V for 2 h.

For immunoblotting, membrane blocking was

carried out using 5% skimmed milk in Tris-buffered saline

with 0.1% Tween 20. Primary antibodies were incu-

bated for 18 h at 4 °C followed by four washes for

10 min each, after which biotinylated secondary anti-

bodies were used for 1.5 h at room temperature (RT).

Proteins were peroxidase-labelled using the Vectastain

ABC Reagent (Vector Laboratories Inc.) for 1.5 h at RT,

and visualized by adding Luminol reagent (Santa Cruz

Biotechnology Inc.) for 1 min, and then exposing the

blot to Hyperfilm ECL (Amersham International Plc).

Where appropriate, negative controls were per-

formed using pre-absorbed primary antibodies, and

positive controls were run using lysate from Jurkat

cells, which abundantly express many of the proteins

examined here. A minimum of three runs were carried

out for each antibody used, and representative

examples are shown.

Results

We have previously shown that when an inhibitor of

caspase-9 is added to cultures of differentiating lens

fibre cells, the nuclear degeneration that accompanies

this differentiation is suppressed. Further, in these

experiments the caspase-9 inhibitor also reduced the

cleavage of PARP in the cultured cells (Wride et al.

1999). Both of these observations implicate caspase-9

in the pathways leading to the process of nuclear

degeneration that is characteristic of lens fibre cell

differentiation.

In the present work, we have extended these obser-

vations on caspase-9 by examining the distribution and

activity of this caspase in the lens.

Expression of caspase-9

When pro-caspase-9 (approximately 45 kDa) is activ-

ated, it is cleaved into fragments of approximately 35

kDa and 10 kDa (Li et al. 1997; Zhivotovsky et al. 1999).

Using two different antibodies (from Santa Cruz

Biotechnology Inc., and Stressgen Inc.), we were able

to detect both cleavage fragments in developing lenses

by immunoblotting. Immunoblotting of lysates from

ED-8, -12 and -16 whole lenses showed that both cleav-

age fragments appeared very strongly at a time

between days 8 and 12 (Fig. 1a).

In order to confirm which regions of the lens

possessed the highest caspase-9 activity, lysates made

from the four dissected regions of ED-8, -12 and -16

embryos were subjected to immunoblotting with the

same antibodies. It was clear from examination of

these blots (Fig. 1b) that at ED-12, the 10-kDa caspase-9

cleavage fragment was most highly expressed in

regions 2 and 3, while at ED-16 expression tended to be

highest in regions 3 and 4. As shown in Fig. 1(a), little

caspase-9 expression was found at ED-8.

Mitochondrial breakdown and cytochrome c release

It has been shown previously that the loss of the nuclei

and mitochondria in differentiating lens fibre cells is

coincident (Bassnett & Beebe, 1992; Bassnett, 1992),

but that the final DNA degradation and disappearance

of the nuclei occurs after the degradation of the
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mitochondria has been completed (Bassnett & Mataic,

1997). In other words, the degradation of the mito-

chondria is a more rapid process than the degradation

of the nuclei (Dahm et al. 1998; Dahm 1999). However,

from the point of view of apoptotic mechanisms, it is

the timing of the mitochondrial permeability transition

and the consequent release of cytochrome c from

the mitochondria that is important, rather than the

disappearance of the mitochondria themselves

(Bernardi et al. 1999; Halestrap et al. 2000).

We have used differentiating lens epithelial cell

cultures to investigate this issue. As markers for mito-

chondria, we have used MitoTracker Red® (CMXRos)

and cytochrome c oxidase, which does not leave the mito-

chondria after the membrane permeability transition.

MitoTracker® is taken up by, and concentrated in,

metabolically active mitochondria, and retained after

fixation, although the relationship between MitoTracker®

staining and the membrane permeability transition is

unclear (Bernardi et al. 1999; Mathur et al. 2000).

Confocal microscopy on differentiating lens cell

cultures showed that, as expected, in normal epithelia,

cytochrome oxidase always co-localized with mito-

chondria (Fig. 2a). In lentoids, in which nuclei had

already degenerated (Fig. 2a), mitochondria, as judged

by MitoTracker® labelling, had also degenerated, but

cytochrome oxidase was still present in the lentoids.

This suggests that fragments of mitochondria still

remain after nuclear degeneration. When the process

of nuclear and mitochondrial degeneration in lentoids

was examined more closely, it was found that the first

step, nuclear shrinkage and rounding up, is accom-

panied by the aggregation of mitochondria, still contain-

ing cytochrome oxidase (Fig. 2b, arrow, yellow).

Fig. 1 (a) Western blots for caspase-9 immunoreactivity (antibody from Stressgen Inc.), showing fragments at 10 and 35 kDa 
indicative of activated caspase-9. Immunoreactivity is shown for lyates of whole lenses from ED-8, -12 and -16. Immunoreactivity 
for cleaved fragments is strong at ED-12 and ED-16, but weaker at ED-8. (b) Western blots for caspase-9 immunoreactivity 
(antibody from Stressgen Inc.), showing fragments at 10 and 35 kDa indicative of activated caspase-9. Immunoreactivity is shown 
for each of the four dissected regions of lenses at ED-8, -12 and -16. Expression of the 10-kDa fragment is seen primarily at 
ED-12 in regions 2 and 3, and at ED-16 in regions 3 and 4. Expression of pro-caspase-9, at 45 kDa, is seen at ED-12 and -16, but 
at ED-16 this band is displaced by the abundance of crystallin which is also expressed at this time.
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Further fragmentation and degradation of the nuclei

was accompanied by the simultaneous and gradual

disappearance of MitoTracker® staining. The cytochrome

oxidase immunoreactivity then persisted in the lentoids

which were now devoid of nuclei, as shown above

(Fig. 2a).

Examination of cytochrome c localization during

this process showed that, as expected, cytochrome c

co-localized with mitochondria in non-differentiating

epithelial cells (Fig. 2c). During nuclear degeneration

in the lentoids, the distribution of cytochrome c

became diffuse (Fig. 2d). Cytochrome c very rapidly

disappeared from the cytoplasm of most lentoid cells,

and well before the disappearance of the mitochondria

(Fig. 2e, arrow), but in cells in which it persisted, it

remained co-localized with cytochrome oxidase

(Fig. 2f, arrow, yellow), indicating that a small

number of mitochondria (possibly those that had

not undergone the permeability transition) retained

cytochrome c until relatively late in the degradation

process.

In agreement with the observation that cytochrome

c translocated during lentoid differentiation, we

observed that JC-1 staining, for the mitochondrial

membrane permeability transition (Fig. 3), labelled the

mitochondria of early lentoids green (indicating low

membrane potential and high permeability) in contrast

to the mitochondria of adjacent non-differentiating

lens epithelium which stained red (indicating high

membrane potential and low permeability). The JC-1

Fig. 3 Living cultures labelled with the dual emission dye, JC1. Mitochondria with low membrane permeability label red; 
mitochondria with high membrane permeability label green. Bars = 5 µm. (a) Undifferentiated lens epithelial cells showing a high 
proportion of red labelling in normal mitochondria. (b) A differentiating lentoid showing a very high proportion of green-
labelled mitochondria indicating that lentoid differentiation is accompanied by increased mitochondrial membrane permeability. 
Note that the surrounding undifferentiated epithelial cells are similar to those shown in a.

Fig. 2 Lens epithelial cells cultured for 5 days to allow the differentiation of lentoids, and immunostained. Nuclei are labelled 
with DAPI (blue). Bars = 5 µm (a and b–f). (a) A lentoid (L) surrounded by lens epithelial cells (E). The culture is stained with 
MitoTracker® (red) and anticytochrome oxidase (green). The cells in the differentiated lentoid contain no nuclei and do not label 
with MitoTracker®, but show cytochrome oxidase immunoreactivity. In the undifferentiated lens epithelial cells MitoTracker® 
co-localizes with cytochrome oxidase (yellow; arrow). The epithelial sheet itself is out of the plane of focus. (b) Denucleating cells 
in a differentiating lentoid immunostained with MitoTracker® (red) and anticytochrome oxidase (green). During the phase of 
nuclear shrinkage (arrow), cytochrome oxidase co-localizes with MitoTracker® (yellow). (c) Undifferentiated lens epithelial cells 
stained for cytochrome c (green) and cytochrome oxidase (red). The cytochrome c and cytochrome oxidase co-localize (yellow) in 
mitochondria. (d) A denucleating cell in a lentoid at the stage of nuclear shrinkage in a lentoid stained with MitoTracker® (red) 
and cytochrome c (green). The distribution of cytochrome c is diffuse and perinuclear in location. (e) A denucleating cell in a lentoid 
at the stage of nuclear fragmentation (arrow) stained as in d. The cytochrome c has now disappeared leaving the perinuclear 
mitochondria labelled red by Mitoracker®. (f) As d and e, stained for cytochrome c (red) and cytochrome oxidase. Mitochondria are 
located in the perinuclear region, and in one case cytochrome c co-localizes with the cytochrome oxidase labelling (yellow; arrow).
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labelling persisted in the lentoids, similar to cytochrome

oxidase, supporting the view that fragments of

mitochondria linger on after nuclear breakdown.

In order to correlate these in vitro results with whole

lenses, we carried out Western immunoblots for

cytochrome c and cytochrome oxidase on each of the

four regions dissected from ED-12 lenses.

As predicted by the confocal microscopy on the

cultures, Western blots of the lens regions showed

that cytochrome c was detectable only in regions 1 and 2,

and not in regions 3 and 4 where organelle breakdown

is in progress or complete (Fig. 4a). Cytochrome oxidase

was detected in regions 1, 2 and 3 but not 4 (Fig. 4b),

which is in agreement with the cultured lentoids in

which cytochrome oxidase persisted, while cytochrome

c did not (Fig. 2a,d–f).

Caspase-9 localization and translocation

Subcellular localization of caspase-9 was carried out

using two different polyclonal antibodies to the entire

molecule, as well as with a polyclonal antibody specific-

ally to the 10-kDa fragment of the activated caspase-9.

Results were similar in each case, indicating that the

activated caspase is being detected, and are illustrated

with examples using each reagent.

In non-apoptotic epithelial cells in the lens cultures,

caspase-9 is not located in the mitochondria as judged

by MitoTracker® labelling (Fig. 5a) and double labelling

with cytochrome oxidase (not shown). It follows there-

fore that there is no association between caspase-9 and

cytochrome c in non-apoptotic epithelial cells (Fig. 5b).

In cells in lentoids that are undergoing nuclear

degeneration, the exclusion of caspase-9 from meta-

bolically normal mitochondria is maintained (Fig. 5c).

However, double labelling with caspase-9 and cyto-

chrome oxidase (Fig. 5d) indicates co-localization of

these molecules, suggesting that in apoptotic cells

caspase-9 enters mitochondria that no longer label with

MitoTracker®. Double labelling for caspase-9 and

cytochrome c showed that as long as the latter persisted,

it co-localized with caspase-9 (Fig. 5e), but that caspase-

9 persisted longer than cytochrome c and became

amassed in the perinuclear region (Fig. 5f), apparently

now in altered mitochondria.

Fig. 4 Western blots showing immunoreactivity in 
homogenates of ED-12 lenses in regions 1, 2, 3 and 4. (a) 
Cytochrome c is detectable in regions 1 and 2, but not in 3 or 
4. (b) Cytochrome oxidase is abundant in regions 1 and 2, still 
detectable in region 3, but undetectable in region 4. (c) Apaf-
1 is detectable in regions 1 and 2, but not in 3 or 4. ‘J’ is a 
positive control lane using Jurkat cell homogenate.

Fig. 5 Lens epithelial cells cultured for 5 days to allow the differentiation of lentoids, and immunostained using the caspase-9 
antibody from Stressgen Inc. Nuclei are labelled with DAPI (blue). Bar = 5 µm. (a) Undifferentiated cells from a lens cell culture 
stained with MitoTracker® (red) and anticaspase-9 (green). Caspase-9 is not localized to the mitochondria. (b) As a, but stained 
for cytochrome c (green) and caspase-9 (red). Cytochrome c and caspase-9 do not co-localize in non-differentiating cells. (c) A 
denucleating cell in a lentoid stained with MitoTracker® (red) and with an antibody to the 10-kDa fragment of caspase-9 (green). 
Activated caspase-9 is not present in normal mitochondria, which are in a perinuclear location. (d) As in c, stained for cytochrome 
oxidase (green) and caspase-9 (red), showing co-localization (yellow) in a perinuclear location. (e) As in c, stained for cytochrome 
c (green) and caspase-9 (red). The cytochrome c labelling is perinuclear but diffuse. (f) As in c and e, the denucleating cell (arrow) 
is stained for cytochrome c (green) and caspase-9 (red). Cytochrome c has disappeared, but caspase-9 persists.



Mitochondria and caspase-9 in lens cell denucleation, E. J. Sanders and E. Parker

© Anatomical Society of Great Britain and Ireland 2002

129



Mitochondria and caspase-9 in lens cell denucleation, E. J. Sanders and E. Parker

© Anatomical Society of Great Britain and Ireland 2002

130



Mitochondria and caspase-9 in lens cell denucleation, E. J. Sanders and E. Parker

© Anatomical Society of Great Britain and Ireland 2002

131

Apaf-1 expression

The distribution of Apaf-1 in the lens was examined by

immunoblotting the four dissected zones of the ED-12

lens (Fig. 4c). Using this method, Apaf-1, at 116 kDa,

was found to be expressed in the lens epithelium and

in the transitional zone (lanes 1 and 2), but not in the

immature or mature lens fibres (lanes 3 and 4).

In non-differentiating epithelial cells and in denucle-

ating cells, Apaf-1 was localized to the cytoplasm,

outside normal mitochondria (Fig. 6a). As with caspase-9,

evidence was found to suggest that in denucleating

cells, Apaf-1 was able to migrate into mitochondria

after the latter had undergone the permeability

transition, since co-localization between Apaf-1 and

cytochrome oxidase was observed (Fig. 6b). As

expected therefore Apaf-1 took up a peri-nuclear

location with cytochrome oxidase.

In denucleating cells in differentiating lentoids,

Apaf-1 co-localized with cytochrome c in the cytoplasm

(Fig. 6c), and, like caspase-9, persisted after the dis-

appearance of cytochrome c (Fig. 6d). Caspase-9, which

did not co-localize with Apaf-1 in non-differentiating

epithelial cells (Fig. 6e), did associate with it in the peri-

nuclear region of denucleating cells (Fig. 6f).

These results, summarized in Fig. 7, suggest therefore

that cytochrome c, caspase-9 and Apaf-1 associate tran-

siently in the cytosol in cells undergoing denucleation.

Fig. 7 The time course of nuclear degeneration in relation to mitochondrial breakdown and molecular translocation in the 
cytoplasm of cultured lens fibre cells.

Fig. 6 Lens epithelial cells cultured for 5 days to allow the differentiation of lentoids, and immunostained. Nuclei are labelled 
with DAPI (blue). Bar = 5 µm. (a) Undifferentiated lens epithelial cells stained with MitoTracker® (red) and anti-Apaf-1 (green). 
Apaf-1 is not localized in the mitochondria of non-differentiating cells. (b) A denucleating cell in a lentoid stained for cytochrome 
oxidase (green) and Apaf-1 (red). Apaf-1 co-localizes with cytochrome oxidase (yellow) in a perinuclear location. (c) As b, stained 
for cytochrome c (green) and Apaf-1 (red). Apaf-1 co-localizes with cytochrome c (yellow) in the cytoplasm (arrow). (d) As b and 
c, stained for cytochrome c (green) and Apaf-1 (red). Apaf-1 persists in the perinuclear location after cytochrome c disappears 
(arrow). (e) An undifferentiated cell from a lens epithelial culture stained for caspase-9 (green) and Apaf-1 (red). Apaf-1 is not 
associated with caspase-9 in the cytosol of non-differentiating cells. (f) A denucleating cell in a lentoid stained for caspase-9 
(green) and Apaf-1 (red). Apaf-1 co-localizes with caspase-9 (yellow) in a perinuclear location (arrow).
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Discussion

Caspase-9 expression and translocation

Like apoptosis itself (Hughes et al. 1998), lens fibre cell

denucleation appears to be the result of a combination

of caspase-dependent and caspase-independent events

(Wride et al. 1999). We have previously shown that

several caspases are likely involved in the denucleation

process, including caspase-9 (Wride et al. 1999), which

is a pivotally important caspase in apoptotic pathways

(Li et al. 1997; Zhivotovsky et al. 1999).

We show here that caspase-9 activity is maximal by

approximately ED-12, at a time when denucleation is

beginning, and in the annular pad region of the lens,

where the transition into lens fibres is occurring. By

immunoblotting, activated caspase-9 was indicated by

the detection of a strong cleavage fragment at 10 kDa,

while in immunocytochemistry, antibodies to both the

10-kDa fragment and uncleaved caspase-9 fragments

gave similar results, showing that we are detecting

activated caspase-9 by these methods.

In cultured lens epithelial cells that are not differen-

tiating into lentoids, caspase-9 is clearly present in the

cytoplasm, but not in mitochondria. Mitochondria

were detected by three different methods: MitoTracker

Red®, which labels metabolically active mitochondria;

localization of cytochrome c, which is present in

metabolically active mitochondria, but which leaves

mitochondria in apoptotic cells; and localization of

cytochrome c oxidase, which does not leave mitochon-

dria after the apoptotic mitochondrial membrane

permeability transition.

In lentoid cells that are undergoing nuclear degener-

ation, the co-localization of caspase-9 with cytochrome

oxidase, but not MitoTracker®, indicates that caspase-

9 migrates into the permeabilized mitochondria and,

with these mitochondria, caspase-9 aggregates around

the degenerating nuclei. At the same time, caspase-9

appears to associate with cytochrome c in the cyto-

plasm and it maintains this association for as long as

the cytochrome c persists. The caspase-9 persists longer

than the cytochrome c, but not as long as cytochrome

oxidase, which persists in the lentoids, either having

been released from degenerating mitochondria, or in

mitochondrial fragments.

Caspase-9 has previously been shown to be present in

both the mitochondria and the cytosol, and cleaved in

both locations after induction of apoptosis (Zhivotovsky

et al. 1999). This might be of significance to the

denucleation process, because when the mitochondria

break down in the lens fibre cells they may take

activated caspase-9 with them. This is a situation that

would not arise in conventional apoptotic cells, since

the mitochondria do not disappear with the same time

course, but persist much longer. It is possible to specu-

late therefore that the removal of mitochondrial

activated caspase-9 with the mitochondria might be

related to the failure of the plasma membrane events

to occur in these cells. On the other hand, it has been

demonstrated that very many other proteins are

released into the cytosol from mitochondria during

apoptosis (Patterson et al. 2000), and the loss of any of

these coincident with the early loss of mitochondria

in lens fibre cells could disrupt the signalling to the

plasma membrane.

We have not observed translocation of molecules

into the nucleus during the process of denucleation,

likely because of the early nuclear degeneration in

these cells. This is in contrast to some other situations

that have been described, which include the movement

of pro-caspase-9 from mitochondria into the cytosol

and subsequently into the nucleus (Krajewski et al.

1999; Ritter et al. 2000), where it is activated. Apaf-1

and apoptosis inducing factor (AIF) have also recently

been reported to migrate to the nucleus in apoptotic

cells (Chen et al. 2000; Daugas et al. 2000). In the

present case, caspase-9 is present neither in the nucleus

nor in normal mitochondria. Instead, it appears to

migrate to the mitochondria from the cytosol after the

permeability change. It is possible therefore that the

absence of translocation of caspase-9 to the nucleus,

combined with the early permeability changes in the

mitochondria, is responsible for the failure of the

apoptotic plasma membrane effects to follow nuclear

degeneration in these cells, by failure to activate

nuclear-cytoplasmic signalling pathways.

Apaf-1 expression and the apoptosome

We find that Apaf-1, like caspase-9, redistributes from

the cytosol into permeabilized mitochondria in denu-

cleating cells, and, together with caspase-9, migrates

to the peri-nuclear region with these mitochondria.

Translocation of ced4, a homologue of Apaf-1, to the

nuclear membrane has been shown previously (Chen

et al. 2000), but it is unclear how that observation on

true apoptosis is related to the current results. Our

results also suggest that cytochrome c, caspase-9 and
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Apaf-1 associate transiently in the cytosol of cells

undergoing denucleation, at least until cytochrome c

breaks down. It must be assumed that this association

is the equivalent of the ‘apoptosome’, described by

others (Li et al. 1997; Slee et al. 1999; Zou et al. 1999),

and, at least for the present, it must be assumed that

this is the mechanism by which caspase-9 is activated,

in parallel with the situation in other cell types. No

obvious lens defects have been reported in Apaf-1

knock-out mice (Honarpour et al. 1999).

The fact that we observe the migration of caspase-9

and Apaf-1 into the mitochondria of denucleating cells

opens the possibility that in these cells an ‘apoptosome’

may form in the mitochondria with residual cyto-

chrome c. The resulting activation of caspase-9 within

the mitochondria might then contribute to the demise

of the mitochondria, and the corresponding lack of

caspase-9 activation in the cytosol might explain the

lack of caspase-3 activation (see below) and the

consequent lack of membrane events.

Mitochondrial degradation and cytochrome 

c translocation

In agreement with a report on apoptosis (Li et al. 1998),

we found clear evidence that in differentiating lentoids,

mitochondria aggregate around the shrunken and

fragmenting nuclei before nuclear degeneration.

This observation, made here on cultures using

MitoTracker®, also agrees with that already reported for

intact lenses by Bassnett & Beebe (1992) and Bassnett

(1992), who used Rhodamine 123 as a mitochondrial

probe. The aggregation occurred at about the time

of the membrane permeability transition, but included

both mitochondria that label with MitoTracker®

and also those that did not.

Examination of the lentoid cells with the dual-

emission membrane potential-sensitive dye, JC-1,

confirmed that all mitochondria eventually undergo

the membrane permeability transition, but that this

appears to be a gradual process that starts early in

lentoid formation. Similar conclusions were reached

by Bassnett & Beebe (1992) and Bassnett (1992) on intact

lenses, using Rhodamine 123. Because it is confined to

the intermembrane space, cytochrome c release from

mitochondria depends on the permeabilization of the

mitochondrial outer membrane (OM), whereas the JC-

1 fluorescence-change monitors the integrity of the

inner membrane (IM). However, release of cytochrome

c through OM permeabilization seems to be associated

with changes in IM permeability, although the latter

change may be transient (Kroemer & Reed, 2000). In

some lentoid cells in the current study, cytochrome c

remains co-localized with cytochrome oxidase until late

in the process, providing further evidence for a hetero-

geneity of the mitochondrial response to apoptotic

stimuli (D’Herde et al. 2000).

Using Rhodamine 123 as a mitochondrial probe in

intact lenses, Bassnett & Beebe (1992) showed that

the mitochondria and nuclei disappear abruptly and

more or less simultaneously from differentiating lens

fibre cells, but that DNA degradation occurs after the

nuclear breakdown (Bassnett & Mataic, 1997). Using a

mitochondrial marker protein, Dahm et al. (1998)

suggested that although mitochondrial and nuclear

breakdown are simultaneous, the mitochondria

actually disappear first. In the present work, we

detected cytochrome oxidase and JC-1 labelling in

lentoids after complete nuclear breakdown, suggest-

ing that mitochondrial remnants persist longer than

was previously thought.

However, although this timing is important, it is

likely that the release of cytochrome c from the mito-

chondria that is crucial to the nuclear degeneration

process, not the ultimate breakdown of the mito-

chondria. In agreement with our results using the

permeability-sensitive dye JC-1, we show that generally

cytochrome c is released from the mitochondria very

early in, or before, the process of nuclear breakdown,

and before the mitochondria aggregate around the

shrunken nucleus. This lends support to the view that

it is the release of cytochrome c from the mitochondria

that initiates denucleation. After its release, in most

cells, the cytochrome c became undetectable very

quickly and well before the breakdown of the mito-

chondria. Western blotting for cytochrome c in lens

pieces confirms that indeed cytochrome c becomes

undetectable in the zones of organelle breakdown,

and before cytochrome oxidase disappears.

So the relative timing in these cells appears to be:

permeabilization of mitochondrial membrane; cyto-

chrome c release from mitochondria; migration of

mitochondria to the peri-nuclear region (all coincident

with nuclear shrinkage); cytochrome c breakdown;

mitochondrial breakdown; nuclear breakdown; and

finally cytochrome oxidase breakdown. This is shown

in relation to nuclear degeneration and caspase-9

translocation in Fig. 7.
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Lens fibre cell denucleation vs. apoptosis

Comparisons between denucleation and apoptosis

have been discussed previously (Chaudun et al. 1994;

Wride, 1996; Bassnett & Mataic, 1997; Dahm, 1999). We

feel, in agreement with Dahm (1999), that the evidence

favours the view that lens fibre cell denucleation is

an apoptotic-like event in which the plasma membrane

phenomena associated with apoptosis are absent.

From the current results it appears that although

caspase-9 forms a cytoplasmic complex (either mito-

chondrial or cytosolic) with cytochrome c and Apaf-1,

the activated caspase-9 does not trigger the signalling

pathways that lead to the plasma membrane effects

in apoptotic cells. We hypothesize that this could be

associated either with the relatively early permeability

changes in the mitochondria in these cells and the

consequent loss of activated caspase-9 or other mito-

chondrial proteins, or with the failure of signalling

molecules to migrate to the nuclei in these cells, as they

appear to do in conventional apoptotic cells.

We are concerned, also, about the role of caspase-3

in the denucleation process. Although caspase-3 is

pivotal in the activation and cleavage of downstream

substrates during apoptosis (Li et al. 1997; Slee et al. 1999),

and it has been claimed to be active in lens fibre cell

denucleation (Ishizaki et al. 1998), we have been

unable to confirm this activity in lens cells (Wride et al.

1999; unpublished results). If caspase-3 activation is

different in these cells from conventional apoptotic

cells, then this may be the root of an alternative

explanation for the absence of plasma membrane

effects in lens cells.
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