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SUMMARY

Caspases are proteases primarily involved in the
process of apoptosis; however, caspases can ex-
ert non-apoptotic functions. The purpose of this
work was to use immunohistochemistry to analyse
the expression sites of caspase-2 during normal
mouse cephalic development and in embryos ex-
posed to irradiation. Control embryos from embry-
onic day 9 (E9) to E17 were analysed, and E9 and
10 irradiated embryos were removed and ob-
served after administration of 2 Gy irradiation at
embryonic day 9. Surprisingly, not only apoptotic
cells expressed caspase-2. In addition, numerous
cell populations in normal and experimental em-
bryos displayed transient but intense caspase-2
immunoreactivity, with nuclear and cytoplasmic
localisation. This immunoreactivity was not ob-
served with caspase-3 and -9 antibodies.

Cranial neural crest cells, premuscular blastema-
ta, cartilage, teeth, the heart, the eye and some
other structures displayed caspase-2 expression,
with progressive changes during embryonic devel-
opment. These changing patterns evoke progres-
sive waves of cell differentiation in specific cell
populations. Little is known regarding the non-
apoptotic functions of caspase-2. Despite the diffi-
culty in understanding the role of this protease dur-
ing cell differentiation, the fact that caspase-2 is
known to prevent DNA damage and to protect the
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cell cycle could be closely associated with our ob-
servations, which point to the need for further re-
search, particularly in caspase-2 knockout mice.
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INTRODUCTION

Caspases (Cysteine-dependent aspartate-
specific proteases) are proteases involved in sev-
eral biological processes, including programmed
cell death. At least 14 caspases have been identi-
fied; some of these caspases function in the initia-
tion and execution of apoptosis (Chang and Yang,
2000). Caspase-2 is considered an initiator of
apoptosis (Dostyn et al., 2012). Caspase- 2 plays
a role in cell cycle regulation. Caspase-2-deficient
mice exhibit a higher rate of cell proliferation.
Caspase-2 is also involved in DNA damage repair,
in apoptosis in p53-deficient cells, and in cell death
induced by heat shock, oxidative stress and aging
(Dorstyn and Kumar, 2009)

During vertebrate development, Caspase-3 and -
9 are expressed by apoptotic cells under normal
conditions and when cell death is provoked by a
teratogen (Gashegu et al., 2005, 2006, 2007);
thus, immunodetection of caspase expression con-
stitutes an interesting method to detect cell death
during embryogenesis, in parallel with TUNEL and
HSP110 staining (Gashegu et al., 2006). Caspase
expression participates in the “caspase cascade”,
which controls the process of cell death (Ren et
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al., 2005).

The initial purpose of this work was to build on
previous observations by analysing caspase-2 ex-
pression during normal mouse cephalic develop-
ment and during abnormal embryogenesis induced
by a single dose of irradiation. This model, which
generates severe craniofacial malformations, has
previously been validated (Glineur et al., 1998)
and is characterised by a spectacular increase in
cell death (Gashegu et al., 2006). However, based
on the initial results, the objectives were modified
to explore normal caspase-2 expression stage by
stage in various mouse embryonic tissues inde-
pendent of the apoptotic process.

MATERIAL AND METHODS

Mice and teratogenic models

Mature and nulliparous NMRI female mice were
mated overnight with a male, and the day on which
vaginal plugs were found was considered day O of
gestation (EO).

On day 9 of gestation, a group of pregnant NMRI
mice was irradiated (2 Gy) using a linear accelera-
tor (Clinac 2100C, Varian Medical Systems, Palo
Alto, Ca) with an energy of 6 MV. Other pregnant
NMRI mice were kept as controls and did not re-
ceive any irradiation. This irradiation protocol had
been previously validated (Glineur et al. 1998).

Pregnant females were killed by CO, exposition
on embryonic day 9 (E9), or on day 9 plus 3, 6, 12
or 24 h. Embryo staging was performed by deter-
mining the crown—rump length and by counting the
number of somites (Theiler, 1987) to ensure that
embryos were at the same stage of development.

Preparation of sections and caspase-2
immunohistochemistry

Embryos were fixed for 2-3 h in Serra’s fixative
medium. After dehydration in alcohol and paraffin
embedding, 5 pm coronal sections were placed on
slides and stored until further processing. For each
case, serial alternating sections were prepared.
The tissue sections, which were mounted on
slides, were deparaffinised and rehydrated through
a graded series of alcohol and water.

To permeabilise the cellular membranes, the
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) containing 0.1% Triton X-
100° to further permeabilise the cytoplasmic mem-
brane, the slides were incubated in normal block-
ing reagent (Millipore, Temecula, Ca, USA) for 120
min to block non-specific binding sites. Then, this
reagent was removed, and the slides were incu-
bated overnight in a humidified chamber with rab-
bit polyclonal anti-caspase-2 (Abcam, Cambridge,
UK), which was diluted 1:250 in PBS. This anti-
body is specific for the active form of caspase-2.
The slides were washed in PBS and Triton X-100°,

and endogenous peroxidase was blocked by incu-
bation in methanol containing 0.3% hydrogen per-
oxide.

Then, the slides were incubated with goat anti-
rabbit 1gG (Millipore, Temecula) for 30 min. After
washing with PBS, the slides were incubated with
streptavidin HRP (Millipore, Temecula) for 30 min.
After PBS washing, the slides were incubated with
a peroxidase substrate solution containing dia-
minobenzidine (Dako, Carpinteria, CA, USA) or
Sigmafast DAB tablets with metal enhancer
(Sigma, St Louis, MO, USA) for 4 min. In some
cases, both DAB and DAB-metal were used on the
same specimen, in order to reinforce the contrast
between isolated positive cells (brown) and their
environment (gray-blue), because of frequent
background in embryo sections. Finally, the slides
were rinsed in tap water, dehydrated through a
graded alcohol series, mounted in DPX and exam-
ined under light microscopy. In order to correlate
the caspase-2 immunoreactivity with the process
of cell proliferation, a double labelling with PCNA
and caspase-2 was performed. The slices were
incubated overnight with anti-caspase antibody
(1/50), goat anti- PCNA (Santa Cruz, Dallas, Tex-
as, USA) (1/50), normal goat serum (1/100) and
normal rabbit serum 1/100). After washing, the
slices were incubated during 30 min with mouse-
anti-rabbit (1/200) and donkey anti-goat (1/200)
antibodies ( Jackson, West Grove, PA, USA).

Negative controls were performed by missing of
primary or secondary antibodies, and by exposition
to rabbit and/or goat serum. Corresponding sec-
tions displayed no significant staining.

Serial sections of irradiated embryos were
stained using TUNEL method (Evrard et al., 2000)
in order to identify apoptotic cells. To correlate ex-
pression of caspase-2 with the apoptotic process,
a double labelling in fluorescence was performed
with TUNEL and caspase-2 identification, using
the in situ cell death detection kit, POD (Roche,
Mannheim, Germany), incubated at 37°C in the
dark during 60 min. The same mouse-anti rabbit
secondary antibody was used (30 min).

RESULTS

The essential data are summarised in Table 1.

At day 9, two populations exhibited strong immu-
noreactivity for caspase-2: the neural crest (Figs.
1A and 2B) cells and the paraxial mesoderm-
derived cells (Fig. 1B). Close correlations with pre-
vious classical work (Le Lievre, 1978, Louryan,
1990) enabled both populations on the histologic
sections to be identified precisely. Caspase-2-
positive cells were also present in the heart primor-
dium (Fig. 3A and B).

At day 10, the premuscular blastemata originat-
ing from the paraxial mesoderm, as well as the
cranial nerve ganglions, remained positive for
caspase-2 expression (Fig. 1C and D).
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Table 1. Chronology of appearance of Caspase 2 immunoreactivity.

Early stages (E9-11)

Middle stages (E12-14)

Late stages (E15-17)

Neural crest cells

Cartilage and perichondrium

Cartilage

Nerve fibres

Ganglia neuroepithelium

Premigratory neuroblasts

Paraxial mesoderm and premuscular blas-

temata Myoblasts

Heart Heart

Heart: conduction tissue, valvular areas,
and arterial outflow

Digestive endoderm

Digestive endoderm

Digestive and respiratory endoderm

Notochord

Retinal pigment epithelium

Retinal pigment epithelium Lens

Lens

Meningeal primordia Meninges

Odontoblasts and dental epithelium

Stellate reticulum

Nasal and otic epithelium
(including the vomeronasal organ)

Rathke’s pouch

The notochord, the retinal pigment epithelium,
the cranial meningeal membranes and the diges-
tive endoderm strongly expressed caspase-2.

Several apoptotic cells exhibited immunoreactivi-
ty in both control specimens and irradiated embry-
os (Fig. 2to E). If physiologic apoptotic areas were
found in classical regions of embryonic cell death
(pharyngeal arches, mesenchyme ventral to the
otic capsule, etc.), irradiation-induced apoptotic
cells were observed diffusely in the embryo, with
predominance in the neural epithelium (Fig. 2B to
E). Close correlation between caspase-2 immuno-
reactivity with TUNEL staining is clearly demon-
strated (Fig. 2 C to E). In control embryos, no im-
munoreactive apoptotic cells are observed in the
neuroepithelium. Caspase-2 staining in non- apop-
totic populations were identical as in control em-
bryos.

During the “middle stages”, immunoreactivity was
observed in differentiating tissues, including the
muscles, heart, eye, cartilages, neural tissue, me-
ninges, teeth and several epithelial structures
(Figs. 4 to 6). In later stages, caspase-2 remained
visible on the cartilage, neuroblasts, valvular and
outflow parts of the heart, conduction tissue, and
lens (Figs. 6 and 7).

Comparison with PCNA showed that, if PCNA
and caspase-2 were co-expressed in numerous
cells in the same areas, there was no absolute
correlation between both staining patterns; caspa-
se 2 was clearly less expressed than PCNA, which
appeared ubiquitously (Figs. 8 and 9).

DISCUSSION

Our results demonstrate that caspase-2 is ex-
pressed in numerous cell populations of different
origins, in parallel with the cytodifferentiation pro-
cess of these populations, but not restricted to pro-
liferating cells. A close correlation exists between
several transient patterns of caspase 2 expression

and some other histochemical properties. For ex-
ample, the pattern of caspase-2 expression in pre-
muscular primordia is similar to the pattern of alka-
line phosphatase activity (Louryan, 1990). Specific
immunostaining of the roof of the nasal fossa
evokes HNK1/NCAM fixation in the same area
(Louryan et al., 1996)

In Fig. 8, we compare a schematic drawing of the
location of mesencephalic neural crest cells in a
stage 19 chick embryo (after Le Lievre, 1978) with
an immunoreactive cell population in similar neu-
ral crest cells in an E9 mouse embryo, which
strongly suggests specific transient caspase-2 ex-
pression in neural crest cells. Similar comparisons
could be performed with the paraxial mesoderm
and with the premuscular blastemata.

The location of the caspase-2 protein is both nu-
clear and cytoplasmic, following the stage and the
cell type. This finding is consistent with the fact
that caspase-2 is known as a unique caspase with
nuclear expression.

Caspase-2 is expressed on apoptotic cells; its
pattern is consistent with TUNEL labelling. The
localisation of positive cells are similar to anterior
results relative to caspase-3 and 9 immunoreactivi-
ty (Gashegu et al., 2005, 2006) and the cell death
areas are consistent with previous cytological stud-
ies (Vanmuylder et al., 2004).

Little is known regarding the non-apoptotic func-
tions of caspase-2. Several studies have demon-
strated that caspase-2 could play a role in osteo-
blastic (Mogi et al., 2005) and neuronal differentia-
tion (Shimohama, 2001; Pistritto et al., 2012), as
well in erythroblast and macrophage formation
(Launay, 2005). Other caspases are involved in
normal lens and monocyte differentiation
(Abrahams and Shaham, 2004) and in muscle de-
velopment (Schwerk et al., 2003)

Caspase-2 is involved in DNA damage repair
(Dostyn and Kumar, 2009) and in tumour suppres-
sion (Ho et al., 2008). Caspase- 2-/- cells display
resistance to drug-induced apoptosis, suggesting
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Fig. 1. (A) E9 embryo. Caspase-2 is strong-
ly expressed in mesectodermal cells arising
from the neural crest (arrow). NT: neural
tube; PAL: first pharyngeal arch. (B) E9
embryo. Mesectodermal population between
the midbrain and hindbrain exhibits intense
caspase-2 immunoreactivity. Di: diencepha-
lon; Rh: rhombencephalon. (C) Irradiated E9
embryo. Caspase-2 is present in the pre-
muscular branchial primordium (arrows).
PA: pharyngeal arches. (D) E10 embryo.
Caspase-2 is present in the premuscular
mandibular primordium (left arrow) and in
the mesenchyme surrounding otic vesicle
(right arrow). PA1, first pharyngeal arch; NT,
neural tube.

Fig. 2. (A) E9 embryo. The digestive endo-
blast exhibits intense immunostaining
(arrow). NT: neural tube. (B) E9 irradiated
embryo. TUNEL in visible light. Apoptotic
cells (arrows) in the neural epithelium are
positive for caspase-2 (arrows). NT neural
tube. (C,D,E) Double labelling in fluores-
cence (C: TUNEL, green, D: caspase-2,
red, E: fusion of both stainings) in the neu-
roepithelium of a E9 irradiated mouse em-
bryo. Tunnel-positive apoptotic cells ex-
press simultaneously the caspase-2 anti-
body.

Fig. 3. (A) E9 embryo. Intense immunoreac-
tivity is present in the external layer of the
heart primordium (arrows). H: heart. (B) E9
irradiated embryo. Immunoreactivity is well
visible in the endocardiac layer (arrow) of
the cardiac tube. H: heart. (C) E9 embryo.
Diffuse immunoreactivity in the juxta-oral
area of the maxillary (left arrow) and man-
dibulary (right arrow) buds. PAL: first phar-
yngeal arch. (D) E10 embryo. The mesen-
chyme surrounding the otic vesicle is dif-
fusely stained (arrow). ACV, anterior cardi-
nal vein; OV, otic vesicle; Rh, rhombenceph-
alon.
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Fig. 4. (A) E11 embryo. Immunopositive cells
are visible in the external epithelial layer of the
optic vesicle. (B) E11 embryo. Caspase-2 in
expressed in the Meckel's cartilage (arrow)
and surrounding mesectoderm . PA: pharyn-
geal arches. (C) E12 embryo. Persistence of
Caspase-2 expression (arrow) in the meninge-
al fibres. (D) E12 embryo. The perichondrium
tissues of both Meckel’s cartilages are positive
(arrow). Several chondroblasts also express
caspase 2.

Fig. 5. (A) E12 embryo. Immunoreactivity is
visible in the enamel epithelium (arrow) and in
several dental mesenchyme cells. (B) E12
embryo. The epithelium of the roof of the na-
sal fossa and the vomero-nasal organ exhibit
caspase-2 immunoreactivity. T: tongue. (C)
E13 embryo. Persistence of immunoreactivity
in the outer epithelium of the optic vesicle. (D)
E13 embryo. The mandibulary premuscular
primordium express caspase-2 and is mor-
phologically well delineable.

Fig. 6. (A) E14 embryo. Caspase-2 immunore-
activity in chondroblasts of Meckel's cartilage.
MC: Meckel's cartilage. (B) E14 embryo.
Caspase-2 immunoreactivity in the area of
fusion of both Meckel's cartilages at the mid-
line. MC’s: Meckel's cartilages. (C) E15 em-
bryo. Positive myoblastic cells in the temporal
area. (D) E15 embryo. Positive cells in the
outflow tract of the heart. H, heart.
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that caspase-2 exerts a tumour suppressive func-
tion (Ho et al., 2008). More recently, Dorstyn et al.
(2012) demonstrated that a loss of caspase-2
leads to a defective apoptotic response to DNA
damage. The use of inhibitors seems to demon-
strate that the loss of caspase-2 and -9 does not
disturb the preimplantation stages of mouse devel-
opment (Busso et al., 2010).

The ability of caspase-2 to stabilise DNA to guar-
antee cell cycle maintenance (Dorstyn et al., 2012)
could be correlated with the putative role of caspa-
se-2 during cellular differentiation in several em-
bryonic populations.

The nuclear localisation of caspase-2 is closely
associated with its functions in cell cycle regula-
tion; thus caspase-2 expression during this pro-
cess could be considered a “protection mecha-

Fig. 7. (A) E15 embryo. Positive cells in
the external layers of the trachea (arrow)
and the oesophagus (arrowhead). H:
heart. (B) E15 embryo. Caspase-2-
positive cells are visible in the lens
(arrow). Numerous positive cells are also
present in cartilaginous structures. (C)
E16 embryo. Numerous neuroblasts of the
ventricular layer are positive (arrow). NT:
neural tube. (D) E16 embryo. Some chon-
droblasts are stained in the otic cartilagi-
nous capsule; however, numerous deep
cells remain immunonegative. OC, otic
capsule.

Fig. 8. Comparison of a schematic drawing
of the mesencephalic neural crest area in
the chick (after Le Lievre, 1978) (A) with
caspase-2 (B) and PCNA (C) stainings. In
B, the corresponding cell population exhib-
its diffuse caspase-2 immunoreactivity, on
DAB section as well in fluorescence (high
maghnification). (C) PCNA staining demon-
strates a high rate of proliferative cells. Di,
diencephalon; OpV, optic vesicle; Rh,
rhombencephalon.

Fig. 9. Double labelling PCNA (green) and
caspase-2 (red) in mandibular arch (A)
and heart (B) of a E9 embryo, with images
fusion, showing that, if both stainings occur
in the same areas, caspase-2 is also ex-
pressed by non-proliferative cells.

nism” to avoid DNA damage during differentiation.
Another hypothesis could be related to the role of
caspase-2 in cell proliferation, and could suggest
that caspase-2 expression in differentiating cells is
associated with a reduced proliferation rate during
differentiation.

The fact that the role of caspase-2 during apop-
tosis is considered redundant (Dorstyn and Kumar,
2009) could explain its poor expression in apoptot-
ic embryonic cells compared with that of caspase-
3 (Gashegu et al., 2006). However, the fact that
caspase- 2-/- mouse embryos are viable (but dis-
play premature ageing features (Zhang et al,
2007)) suggests that its presence in differentiating
cells may not be mandatory.

Further immunohistochemical investigations with
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caspase- 2-/- mouse embryos would constitute an
interesting way to elucidate this question.
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