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Abstract

Apoptosis is an essential physiological process in embryonic development. In the developing eye of vertebrates,
three periods of developmental apoptosis can be distinguished: early, intermediate and later. Within the apoptosis
pathway, caspases play a crucial role. It has also been shown that HSP110 may have a potential role in apoptosis.
The aim of this research was to study the expression of HSP110, caspase-3 and -9 in physiological, retinoic- or
irradiation-induced apoptosis during early eye development. Seven pregnant C57BI/6J mice received 80 mg kg™
of all-trans retinoic acid mixed with sesame oil. Seven pregnant NMRI mice received 2 Gy irradiation at the same
gestational day. Control mice of both strains (seven mice of each) were not submitted to any treatment. Embryos
were harvested at 3, 6, 12 and 24 h after exposition, fixed, dehydrated and embedded. Coronal sections (5 um)
were made. Slide staining occurred alternatively using anti-caspase-3, anti-caspase-9 and anti-HSP110 immuno-
histochemistry. HSP110 and caspase-3 expression presented similar topographic and chronological patterns,
whereas expression of HSP110 was more precocious in retinoic acid-treated embryos. After retinoic exposure,
caspase-3- and HSP110-positive cells were increased in the region of the optic vesicle. By contrast, after irradiation,
caspase-3- and HSP110-positive cells were noticeably increased in the optic vesicle, peri-optical mesoderm but less
in lens placode. HSP110 was expressed before caspase-3. By contrast, caspase-9 was expressed by a very small
number of cells in the optic vesicle either under physiological or under teratogenic conditions. Thus, it seems that
activation of caspase-9 is dispensable in early eye developmental apoptosis.
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apoptosis can be distinguished (Callerino et al. 2000).
Early developmental apoptosis occurs within the optic
vesicle and lens placode of mice from embryonic day

Introduction

Apoptosis is an active form of cell death characterized

by a series of distinct morphological and biochemical
alterations. It plays an essential part in development
(Meier et al. 2000; Zakeri & Lockshin, 2002). In the
developing eye of vertebrates, and especially in the
developing retina, three periods of developmental
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(E)9 to E11 (Frade et al. 1997; Laemle et al. 1999;
Callerino et al. 2000; Bozanic & Saraga-Barbic, 2003).
Intermediate apoptosis, which occurs during neuro-
genesis within the retina when differentiation of
specific neurons of the retina (retinal ganglion cells,
amacrine cells, bipolar cells, Miller’s cells, horizontal
cells and photo-sensitive cells) takes place, corresponds
to E13-E15 of mouse embryogenesis (Linden et al. 2005;
Sanders et al. 2005). Late developmental apoptosis occurs
during synaptogenesis and involves the connection of
retinal ganglion cells with the tectum/thalamus and
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the connection of different retinal neurons. It occurs
between E17 and the first two postnatal weeks of
mouse development. Cells commit to apoptosis after
they differentiate. Thus, retinal ganglion cells are the
first to differentiate and to be eliminated by cell death
and this is followed by apoptosis of amacrine cells,
bipolar cells and Muller’s cells. Apoptosis of rod cells,
which occurs last in the postnatal period, is discrete and
sporadic (Bahr, 2000; Kawabata et al. 2003; Zeiss et al.
2004).

Although the role of apoptosis in the developing
eye has been established, the underlying biochemical
mechanisms are not yet completely understood. We
studied the expression of three proteins associated with
the process of apoptosis, namely caspase-3, caspase-9
and HSP110.

It is known that the initiation and execution of
apoptosis involves a cascade of biochemical reactions
that culminate in the activation of a family of proteases
known as caspases (Chang & Yang, 2000; Blatt & Glick,
2001).

At present, at least 14 caspases have been identified
in mammals, some of which are known to play a critical
role in apoptosis. Caspases are found in normal cells
as inactive proenzymes and are activated in cells under-
going apoptosis (Chang & Yang, 2000).

Two distinct caspase activation pathways are known:
an extrinsic pathway, which is induced by the ligation
of the death receptor, a member of the tumour necrosis
factor receptor family called TNFr (e.g. Fas/CD95), and
its ligand tumour necrosis factor TNF (e.g. FasL/CD95L),
and the intrinsic pathway, or mitochondrial apoptotic
pathway, which is initiated by numerous stimuli (e.g.
irradiation and oxidative stress). Both apoptotic pathways
converge on the activation of executioner caspases,
mainly caspase-3 (Scaffidi et al. 1998; Varfolomeev et al.
1998; Wang, 2001). By contrast, heat shock proteins
(HSPs) are expressed transitorily as a response to cellular
stresses, be they environmental or biochemical (high
temperature, heavy metals, hypoxia, anoxia, toxins, etc.).
In cellular stress conditions, HSPs prevent aggregation
of damaged, misfolded or unfolded proteins and thus
ensure cell survival (Alexandrov, 1994; Schirmer et al.
1996; Sreedhar & Csermely, 2004). Some HSPs have,
however, been shown to play a role in cell death
(Vanmuylder etal. 1997; Evrard etal. 1999, 2000;
Abdelwahid et al. 2001). Vanmuylder et al. (1997) have
demonstrated that HSP110 is expressed in apoptotic
chondrocytes in growth-plate cartilage of young rats.
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The same HSP110 has been shown to be expressed in
neural crest cells undergoing physiological or retinoic-
induced apoptosis in mouse embryos (Evrard et al. 1999,
2000). These results suggest that HSP110 is strongly
associated with developmental apoptosis, but the
mechanism involved has not yet been elucidated.

The aim of the present investigation was to study
the expression of HSP110, caspase-3 and caspase-9 in
physiological, retinoic acid (RA)- or irradiation-induced
apoptosis during early eye development. This will
further our understanding of the mechanism of caspase
activation during physiologically and teratogenically
induced apoptosis in eye development. We also discuss
the correlation of HSP110 expression with active-form
caspase-3 expression.

Materials and methods
Embryos and teratogenic models

Mature and nulliparous female mice were mated over-
night with a male and the day on which vaginal plugs
were found was considered day 0 of gestation (EO).
On day 9 of gestation, a group of seven pregnant NMRI
mice was irradiated (2 Gy) using a linear accelerator
(Clinac 2100C, Varian Medical Systems) with an energy
of 6 MV. Seven other pregnant NMRI mice were kept as
controls and did not receive any irradiation. The irradi-
ation protocol has been previously validated (Glineur
et al. 1998).

Another group of seven pregnant E9 C57BI/6J mice
received per os 80 mg kg™ of all-trans RA in sesame oil.
A group of seven C57BI/6J pregnant mice were kept as
controls and did not receive any treatment. Previous
experimentations have validated this protocol (Mulder
et al. 2000). The C57Bl/6J mouse strain was chosen
because it shows sensitivity to RA teratogenicity (Sulik
et al. 1987; Louryan etal. 1990; Glineur etal. 1999;
Mulder et al. 2000). NMRI mice show less sensibility
to RA but exhibit the same kind of malformations.
Furthermore, the cell death pattern appears to be very
similar in both strains (Louryan et al. 1990).

Pregnant females were killed by cervical dislocation
on day 9 (E9), or day 9 plus 3, 6, 12 or 24 h. Embryo stag-
ing was performed by determination of crown-rump
length and counting of somites (Theiler, 1987) to ensure
that embryos were at the same stage of development.
Embryos were fixed for 2-3 h in Serra’s fixative medium.
After dehydratation in alcohol and paraffin embedding
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according to standard procedures, 5-um coronal sec-
tions were placed on slides and stored until further
processing. For each case, serial alternative sections
were performed.

Caspase-3 immunohistochemistry

Tissue sections mounted on slides were deparaffinized
and rehydrated through graded alcohol and water.
To permeabilize the cellular membranes, slides were
placed in citrate buffer and irradiated in a microwave
at 650 W for 2 min. After progressive cooling in citrate
and washing in phosphate-buffered saline (PBS),
endogenous peroxidase was blocked by incubation
in methanol containing 0.3% hydrogen peroxide.
After washing in PBS containing 0.1% Triton X-100®
to permeabilize further the cytoplasmic membrane,
the slides were incubated in normal goat serum (NGS;
IHC Select Chemicon, Temecula, CA, USA) for 120 min
to block non-specific binding sites. NGS was removed
and slides were incubated overnight in a humidified
chamber with rabbit-polyclonal anti-caspase-3 (BD
Biosciences Pharmingen, San José, CA, USA), diluted
1:500 in PBS. This antibody is recognized as specific to
the active form of caspase-3. The slides were washed in
PBS and incubated with goat anti-rabbit IgG (IHC Select
Chemicon) for 30 min. After washing with PBS, slides
were incubated avidin-biotin-peroxidase complex (ABC;
IHC Select Chemicon) for 30 min. After PBS washing,
the slides were incubated with peroxidase substrate
solution of diaminobenzidine (DAB; Vector Industries,
Burlingame, CA, USA) for 4 min. Finally, the slides were
rinsed in tap water, dehydrated through a graded
alcohol series, mounted in DPX and examined under
light microscopy.

Caspase-9 and HSP110 immunohistochemistry

We used the same method to identify HSP110- or
caspase-9-positive cells. For caspase-9, we used a rabbit-
polyclonal anti-caspase, specific to caspase-9 active
form (Santa Cruz Biotechnology), diluted 1 : 50 in PBS.
For HSP110, we used a rabbit-polyclonal anti-HSP104
(Affinity Bioreagens Inc.), diluted 1: 250 in PBS. This
antibody is directed against the yeast Saccharomyces
cerevisiae HSP104, but specifically recognized mamm-
malian (human and mouse) HSP100 and HSP105. These
two mammalian proteins belong to the HSP110 family
(Vanmuylder et al. 1997; Evrard et al. 1999, 2000).

Quantification HSP110-, caspase-3- and
caspase-9-positive cells

Quantification of HSP110-, caspase-3- and caspase-9-
positive cells was performed in the right optic vesicle
area of (E9+3, E9+6, E9+12, E9+24) mouse embryos,
both in control embryos and after irradiation or RA
administration according to a protocol used in a pre-
vious study (Evrard et al. 2000). Control E9 NMRI or
C57BI/6) embryos were used. For each stage, three
embryos were chosen randomly and a total of 54
embryos were used. The same section levels were used
for expression of the three proteins to ensure that
the quantification was performed for similar eye
regions of the embryos. Data were collected from
three consecutive sections from each embryo. For data
acquisition, each slide was digitized by a CCD camera
(Higekami, Japan) and a frame-grabber (DATA TRANS-
LATION 2871).

The digitalized image was sent to a TV monitor for
visual control. One square of labelled cells per section
was chosen and remained the same for the entire process.
For each protein we determined the cell labelling level
to be considered as positive. Positive cells only were
then automatically counted. For each case, mean and
standard error were calculated.

Abbreviations used in figures

des, desquamation cells; di, diencephalon; inf, infundi-
bulum; Ip, lens placode; mes, mesectoderm; os, optic
stalk; Rp, Rathke’s pouch; vent, ventricle.

Results
Normal early eye development

HSP110 and caspase-3 were expressed mainly by cells
in the optic vesicle. A small number of cells in the lens
placode and peri-optical mesectoderm showed expres-
sion of caspase-3 and HSP110 (Figs 1A,C and 2A,C). As
caspase-3 is activated only in cells undergoing apopto-
sis, the expression of the active form of this protein is
evidence of apoptosis (Umpierre et al. 2001). Further-
more, even in the optic vesicle, HSP110 and caspase-3
expression showed a particular spatial pattern. These
two proteins were expressed by cells within the central
area of the optic vesicle and stalk, ventral area of the
optic vesicle and stalk, and cells of the optic vesicle
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Fig. 1 Transverse sections through the optic vesicle of control, RA-treated or irradiated mouse embryos. Inmunohistochemical
staining with anti-caspase-3. (A) E9+12 C57BI/6J control embryo. Caspase-3-positive cells (arrow) are seen in the optic vesicle, peri-
optical mesectoderm and diencephalon. (B) E9+12, C57BI/6J RA-treated embryo. We observe an increase of caspase-3-positive
cells (arrow) in the optic vesicle. (C) E9+6 NMRI control embryo. Numerous caspase-3-positive cells (arrow) are seen in the central
and ventral portion of the optic vesicle. Some caspase-3-positive cells are also seen in the lens placode. (D) E9+3 NMRI irradiated
embryo. Caspase-3-positive cells (arrow) are increased in the optic vesicle, optic stalk and peri-optical mesectoderm. Fewer
caspase-3-positive cells are seen within the lens placode.

close to the lens placode. By contrast, caspase-9 was
expressed by a very small number of cells in the optic
vesicle (Figs 4 and 6). Cells expressing caspase-3 and
HSP110 were more numerous in the optic vesicle of
NMRI embryos than of C57Bl/6) embryos. The spatial
pattern of caspase-3-positive cells and HSP110-positive
cells was, however, the same within embryos from the
two strains (Figs 1A,C and 2A,C).

Teratogenic eye development

After embryonic exposure to all-trans RA, the spatial
pattern of cells expressing caspase-3 and HSP110 was
the same as in normal eye development. Expression of
both caspase-3 and HSP110 was increased. Numerous
cells in the area of the optic vesicle, particularly near
the lens placode, expressed caspase-3 and HSP110
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(Figs 1B and 2B). HSP110-positive cells were more
numerous than caspase-3-positive cells (Fig.5). As in
physiological apoptosis, only a few cells expressed
caspase-9 in RA-induced apoptosis (Fig. 4).

The kinetics of caspase-3 and HSP110 expression
showed that expression of HSP110 was maximal after
6 h of RA treatment whereas caspase-3 expression was
maximal after 12 h of RA administration. Therefore,
HSP110 was expressed before caspase-3 activation
(Fig. 5).

After embryonic irradiation, caspase-9 was still
expressed by relatively few cells of the optic vesicle or
lens placode (Fig. 6). By contrast, caspase-3 and HSP110
were highly expressed after embryonic irradiation.
Cells expressing caspase-3 and HSP110 were found in
all embryonic eye tissues. Numerous caspase-3-positive
cells and HSP110-positive cells were observed within
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Fig. 2 Transverse sections trough the optic vesicle of control, RA-treated or irradiated mice embryo. HSP110-positive cells are
shown. (A) E9+6, C57BI/6J control embryo. Cells expressing HSP110 (arrow) are seen in the central and ventral area of the optic
vesicle. Some HSP110-positive cells are observed in the lens placode. (B) E9+6, C57BI/6) embryo exposed to RA. Cells expressing
HSP110 (arrow) are increased within the optic vesicle and optic stalk. (C) E9+3, NMRI control embryo. Cells expressing HSP110
(arrow) are seen in the optic vesicle and in the ectoderm cranial to the lens placode. (D) E9+3, NMRI irradiated embryo. Cells
expressing HSP110 (arrow) are increased in the diencephalon, optic vesicle, optic stalk and peri-optical mesectoderm. Fewer
HSP110-positive cells are seen in the lens placode and only a few cells of the ectoderm expressed HSP110.

HSP110, caspase-3 and -9 in retinoic-induced
apoptosis during early eye development

@ E9+6 control
W E9+6 retinoic

Objects number

caspase-9 caspase-3 HSP110

Fig. 3 HSP110, caspase-3 and caspase-9
expression in control E9/6 B57BI/6J
embryo and after embryonic exposure
to RA. In contrast to HSP110 and
caspase-3, caspase-9 is expressed by
fewer cells undergoing physiological or
RA-induced apoptosis in the developing
eye.
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the optic vesicle, optic vesicle stalk and peri-optic
mesectoderm. Fewer cells of the lens placode expressed
caspase-3 and HSP110, and only a few cells of the
ectoderm were caspase-3-positive or HSP110-positive
(Figs 1D and 2D).

Maximum expression of caspase-3 and HSP110
occurred after 3 h of irradiation (Fig. 5). Numerous cells
of the optic vesicle desquamated and were seen in the
retinal space or in the third vesicle of the developing
diencephalon. Nearly all these cells were expressing
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caspase-3 and HSP110 (Figs 1D and 2D). In RA-induced
apotosis, HSP110 expression occurs more precociously
than caspase-3 staining (Fig. 4), but in physiological
apoptosis and irradiation, both phenomena occur
simultaneously (Figs 4 and 5).

Discussion

During early eye development, caspase-3 was expressed
by numerous cells within the optic vesicle but fewer
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cells within the lens placode. This observation confirms
earlier studies on apoptosis in the developing eye
(Laemle et al. 1999; Callerino et al. 2000; Bozanic &
Saraga-Barbic, 2003). Unlike caspase-3, caspase-9 was
expressed only by a few cells in the developing eye. As
caspase-9 is the main initiator caspase, which activates
the executioner caspase-3 (Blatt & Glick, 2001; Chang
& Yang, 2000), it is likely that caspase-3 is activated by
other caspases during physiological apoptosis of the
developing eye. Consequently, the mitochondrial path-
way may not play an essential role in normal apoptosis
during early eye development. Zeiss etal. (2004)
showed that caspase-3, but not caspase-9, is essential
for normal eye development. Indeed, caspase-37"
embryos show ocular anomalies such as protrusion of
the neuro-retina due to excess of retinal ganglion cells,
and cataracts located directly on the optic axis, their
opacity being caused by an accumulation of epithelioid
cells at the pole of the lens. By contrast, caspase-97-
embryos do not show any ocular defects even if these
embryos show the same severe defects of the central
nervous system as caspase-37- embryos. These central
nervous system anomalies are due to the decrease of
developmental apoptosis and are characterized by
excessive numbers of cells (Kuida et al. 1996, 1998;
Zeiss et al. 2004).

During early eye development, apoptosis is triggered
by the endogenous nerve growth factor (NGF) acting
through its p57 receptor, which belongs to the TNF
receptor family (Frade et al. 1996). The p57 protein is
expressed before the trkA, a tyrosine kinase receptor
known to bind to NGF and to mediate its anti-apoptotic
function. It has been demonstrated that anti-NGF or
anti-p57 antibodies substantially reduce the number of
apoptotic cells in the developing retina (Frade & Barde,
1999). Moreover, treatment of embryos with exogenous
brain-derived neurotropic factor (BDNF), a natural
antagonist of NGF, significantly reduces apoptosis
in the developing neural retina (Frade et al. 1997). In
addition, it has been demonstrated that binding of
NGF to p57 leads to the activation of the apoptotic
machinery similar to that described following TNF or
Fas receptor activation (Frade etal. 1996; Frade &
Barde, 1999). However, the initiator caspase of this
apoptotic pathway needs further studies, as caspase-8
activation has not yet been reported in this model.

After embryonic exposure to RA, caspase-9 expression
was still observed in just a few cells of the developing
eye. By contrast, caspase-3 expression was increased.

This demonstrates clearly that the developing eye is
sensitive to the teratogenic action of RA, as has been
previously demonstrated. Indeed, previous studies
showed that a deficit in endogenous RA induces eye
defects but also that excessive exogenous RA causes
abnormal eye development (Dickman et al. 1997;
Holson et al. 1997; Umpierre et al. 2001). RA plays an
essential role in the establishment of the ventro-dorsal
axis of the early developing retina (Marsh-Armstrong
et al. 1994). This axis is necessary for accurate topo-
graphic targeted projection within the visual system.
Embryonic exposition to RA induces the posterior
extension of homeobox genes, which are markers of the
ventral developing retina (e.g. pax), whereas the dorsal
marker genes (e.g. msh) are repressed (MacCaffery
et al. 1992; Marsh-Armstrong et al. 1994; Hyatt et al.
1996; Wagner et al. 2000).

Caspase-3 expression was increased after embryonic
RA exposure, which enlarges the areas of apoptosis
in the developing eye. As regards the physiological
apoptosis, the RA-induced apoptosis is not mediated
through caspase-9 activation, the classical initiator
caspase in the mitochondrial apoptosis pathway.
However, caspase-9 activation has been shown in
RA-induced apoptosis neural crest cells
(Gashegu et al. 2006). The caspase activation cascade
is probably dependent on the type of cells under-
going cell death, as reported by others (Kuida et al.
1996, 1998; Haken et al. 1998; Varfolomeev et al. 1998;
Singh et al. 2001).

After embryonic irradiation, numerous cells of the

within

optic vesicle, optic stalk and peri-optic mesectoderm
were undergoing apoptosis and expressed caspase-3.
This could explain the eye abnormalities observed after
mouse embryo irradiation (Glineur et al. 1998). Fewer
cells of the lens placode also expressed caspase-3. The
pattern of irradiation-induced apoptosis is different
from physiological and RA-induced apoptosis in the
developing eye. In addition, caspase-9 expression was
not increased in irradiation-induced apoptosis during
early eye development. This finding is surprising as it is
well established that irradiation induces DNA lesions
and p53-dependent apoptosis, which is a mitochondrial
pathway apoptosis (Vanmuylder et al. 2004; Gashegu
et al. 2005). Many neural cells also express caspase-9
after irradiation (Gashegu et al. 2006). Mitochondrial
involvement in irradiation-induced apoptosis is clear.
It is suggested that, in accordance with recent studies
(Zhivotovsky & Orrenius, 2005; Vandna et al. 2006),
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caspase-9 may not be the only initiator caspase activ-
ated in mitochondrial pathway apoptosis. Depending
on the cell type, other initiator caspases might be
activated in irradiation-induced apoptosis. A good
putative candidate may be caspase-2. Numerous
studies have recently linked caspase-2 activation with
p53-dependent apoptosis. Caspase-2 activation is
considered as an alternative of caspase-9 activation
in the mitochondrial apoptotic pathway (Susin et al.
1999; Zheng et al. 2000). It has even been shown
that caspase-2 acts upstream of mitochondria events
(Guo et al. 2002; Berube et al. 2005; Seth et al. 2005;
Gogvadze et al. 2006). Moreover, Kojima et al. (1998)
have shown caspase-2 expression in the developing
rat retina. Thus, apoptosis may be understood as a
dynamic and flexible process (Haken et al. 1998; Zheng
et al. 2000; Singh et al. 2001).

We also showed that the pattern of HSP110 expres-
sion was similar to the pattern of caspase-3 expression
in our three experimental models of apoptosis. Hence,
HSP110 may be involved in the apoptosis machinery.
Our findings are supported by previous studies. Indeed,
Evrard et al. (1999, 2000) demonstrated that HSP110
is expressed by TUNEL-positive cells in RA-induced
or physiological apoptosis during early craniofacial
development.

HSP110 was expressed before caspase-3 activation.
Thus, HSP110 may play a role in caspase activation. Other
studies have suggested the putative role of HSP110 in
activation of caspases. Yamagishi et al. (2002) showed
that the over-expression of HSP1050, a member of the
HSP110 family, by E9 embryonic cells induces apoptosis.
The over-expression of HSP105c increases reactive
oxidative species (ROS), enhances the release of cyto-
chrome ¢ from mitochondria and subsequently triggers
caspase activation (Yamagishi et al. 2002). However,
we did not observe any caspase-9 activation. However,
it has been suggested that ROS can also trigger the
activation of caspase-2 (Vandna et al. 2006).

Conclusion and perspectives

In early eye development, a window of physiological
apoptosis is observed that corresponds to the onset
of development of the retina and lens progenitor. This
apoptosis depends on caspase-3 activation, but not
on the classical mitochondrial apoptosis pathway. This
suggests that further studies are needed to identify
the initiator. HSP110 expression is similar to caspase-3
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expression. The combination of our results with pre-
vious findings suggests that HSP110 is involved in
apoptosis during embryonic development and can be a
good marker of apoptosis. It would thus be of interest
to study the apoptotic pathways in neuro-degenerative
diseases and oxidative stress associated with ocular
diseases.
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