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Objective – To analyze the expression and role of three

proteins (HSP110, caspase-3 and caspase-9) during

craniofacial development.

Design – Seven pregnant C57Bl/6J mice received, by force-

feeding at gestation day 9 (E9), 80 mg/kg of all-trans retinoic

acid mixed to sesame oil. Seven pregnant NMRI mice received

two grays irradiation at the same gestation day. Control mice of

both strains (seven mice for each strain) were not submitted to

any treatment. Embryos were obtained at various stages after

exposition (3, 6, 12 and 24 h), fixed, dehydrated and

embedded. Coronal sections (5 lm) were made. Slide staining

occurred alternatively using anti-Hsp110, anti-caspase-3 and

anti-caspase-9 immunohistochemistry.

Results – Expression of HSP110, caspase-3 and caspase-9

was found in cells of well-known locations of programmed cell

death. After retinoic acid exposure, expressions were

increased especially in neural crest cells of mandibular and

hyoid arches. Quantification of positive cells shows that

caspase-9 and Hsp110 were expressed before caspase-3.

After irradiation, the expression of the three proteins quickly

increased with a maximum 3 h after irradiation. For all three

models of apoptosis (physiological, retinoic-induced and

irradiation-induced) HSP110 positive cells were more

numerous than caspase-3 positive cells. Caspase-3 positive

cells were more numerous than caspase-9 positive cells

especially in mesectodermal irradiation-induced apoptotic

cells.
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Conclusion – The findings show a potential function of HSP110

in apoptosis during embryo development. Caspase-3-

expressing cells are more numerous than cells expressing

caspase-9, especially irradiation-induced apoptotic neural

crest cells. This suggests that other caspases, still to be

identified, may activate caspase-3 in this model.

Key words: apoptosis; caspases; embryology; heat shock

proteins; teratology

Introduction

Apoptosis has been recognized as an essential event in

normal and teratogenic embryonic development, tissue

homeostasis and genesis of different pathology. Pro-

grammed cell death is controlled by the cell, and has

been preserved through evolution (1). Commitment to

apoptosis is the result of interconnected cascades of

biochemical events. The core component of this ‘sui-

cide machinery’ is a proteolytic system involving a

family of proteases known as caspases (2).

At present, at least 14 mammalian caspases have

been identified. They are classified in three functional

groups. The first group contains caspases involved in

the inflammatory process including caspase-1, ca-

spase-4, caspase-5 and caspase-11. These enzymes are

also known as ‘ICE-like’ caspases. The second group or

initiator caspases contains caspase-2, caspase-8,

caspase-9 and caspase-10 and are considered as ‘sign-

aling’ caspases. The third group or ‘effector’ caspases

includes caspase-3, caspase-6 and caspase-7. The most

recently identified caspase-12, caspase-13 and caspase-

14 are not sufficiently described to be placed in one of

these groups (2,3). In healthy cells, caspases are present

as proenzymes containing prodomains that must be

cleaved off to activate the caspase.

Two pathways of caspase activation have been des-

cribed: an extrinsic pathway mediated by death

receptor (the Fas death pathway), and an intrinsic

pathway (mitochondrial pathway). The Fas receptor

pathway is triggered by binding to Fas ligand that

induces receptor clustering. Activated Fas receptor

then recruits a cytosolic adapter protein Fas associated

death domain protein (FADD) at death domain (DD)

site. FADD, in turn, recruits and binds to procaspase-8

via common death effector domains (DED) to form a

complex known as death-inducing signaling complex

(DISC). Within the DISC, procaspase-8 is autocatalyti-

cally processed to yield active caspase-8. Once activa-

ted, caspase-8 in turn processes effector caspase-3 (2–

4). During the intrinsic pathway, diverse proapoptotic

signals converge at mitochondrial level, provoking a

mitochondrial permeability transition (MPT), which

has several consequences including rupture of the

outer mitochondrial membrane. This rupture leads to

the release in cytoplasm of proteins, which normally

reside in the intermembrane space of the mitochondria

including cytochrome C. The cytosolic cytochrome C

binds to Apaf-1 ‘apoptosis activator factor 1’, a cyto-

solic protein containing a caspase recruitment domain

(CARD). Binding of Apaf-1 to cytochrome C exposes the

CARD domain of Apaf-1, which subsequently recruits

procaspase-9 and facilitates its autoactivation. Once

activated, caspase-9 activates caspase-3 (2,3,5,6).

Caspase-9 and caspase-3 have been shown to play an

important role in the central nervous system develop-

ment. The major reported phenotypes in either ca-

spase-3 knockout or caspase-9 knockout mice manifest

within the central nervous system and are related to

reduction of developmental apoptosis (7,8). A recent

work suggests that caspase-3 may play a crucial role in

bone development and metabolism (9). The role of the

caspase-9–caspase-3 cascade has not yet been dem-

onstrated in craniofacial development.

On the other hand, heat shock proteins (HSPs) are an

essential component of the cell defense mechanism

against a range of harmful conditions (temperature, al-

cohols, heavy metal exposition, oxidative stress…) Un-

der normal conditions, some HSPs function as molecu-

lar chaperone: they are involved in protein folding,

assembly and transport. In cellular stress conditions,

HSP bind to damaged proteins. Thus, they prevent irre-

versible aggregation or misfolding of damaged proteins

(10–13). Some stress proteins have been shown in cells

undergoing apoptosis. Particularly, HSP110 have been

shown to be expressed in chondrocytes of the growth
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plate undergoing apoptosis (14), in apoptotic neural

crest cells (15,16) and mouse embryonal F9 cells (17). It

has been demonstrated that HSP110 was expressed in

TUNEL positive apoptotic cells but the mechanism has

yet to be understood (16). HSP110 belongs to HSP100

proteins family that has various functions as ATPase

activity and oligomerization. Additionally, HSP100 pro-

teins play a crucial role in tolerance to severe stresses and

multiple mild stresses. HSP100 proteins have an indirect

proteolysis function thought their capacity to affect the

structure of their substrates, thereby providing better

substrates to associated protease (14).

The objective of this study was to demonstrate the

expression of three proteins (HSP110, caspase-3 and

caspase-9) within physiological cell death during early

craniofacial development. Both retinoic acid and irra-

diation were used to develop teratogenic models. Ret-

inoic acid and irradiation have been shown to enhance

apoptosis during early mammalian craniofacial deve-

lopment, and give rise to craniofacial defects (18–25).

The relationship between HSP110 and caspase-3 and -9

is also described.

Materials and methods
Preparation of tissue sections

Mature and nullipare female mice were used. Mating

occurred overnight. The next day was considered day 0

of gestation (E0) when vaginal plug was found. On day

9 of gestation, a group of seven pregnant NMRI mice

was irradiated (two grays) using linear accelerator

(Clinac 2100C; Varian Medical Systems, Palo Alto, CA,

USA) with an energy of 6 MV. Seven other pregnant

NMRI mice were kept as controls and did not receive

any irradiation. The irradiation protocol was previously

validated (18).

On the same day, another group of seven pregnant

C57Bl/6J mice received 80 mg/kg of all-trans-retinoic

acid mixed to sesame oil by forcible feeding. A group of

seven C57Bl/6J pregnant mice was kept as control and

did not receive any treatment. Previous experiments

have permitted to validate this protocol (16,22). C57Bl/

6J mouse strain was chosen because it showed sensi-

tivity to retinoic acid teragenocity (20,22,25). NMRI

mice showed less sensibility to retinoic acid teratogen.

However, cell death pattern appears to be very similar

in both strains (19,20).

Pregnant female mice were killed by cervical dislo-

cation under ether anesthesia on E9 and E9 plus 3, 6, 12

or 24 h. Uteri were collected in physiological Locke

buffer before the embryos were harvested. Embryos

were fixed for 2–3 h in Serra’s fixative medium. After

dehydratation in graded alcohols, embryos were

embedded in paraffin according to standard proce-

dures. Coronal sections (5 lm) were obtained. Alter-

native staining of the slices was performed to obtain

HSP100, caspase-3 and caspase-9 immunohisto-

chemical expression at a same region of each embryo.

Caspase-3 immunohistochemistry

Tissue sections mounted on slides were deparaffinized

and rehydrated through graded alcohol and water. To

permeabilize the cellular membrane, slides were placed

in citrate buffer and irradiated in microwave at 650 w

for 2 min. After progressive cooling in citrate and

washing in phosphate-buffered saline (PBS), endog-

enous peroxidase was blocked by incubation in meth-

anol containing 0.3% of hydrogen peroxide. After

washing in PBS containing 0.1% triton X-100� to fur-

ther permeabilize 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 polyclonal rabbit anti-ca-

spase-3 (BD Biosciences Pharmagen, Southampton,

NY, USA), diluted 1/500 in PBS. This antibody is

recognized as specific to active caspase-3 form. 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 diaminobenzi-

dine (DAB) (Vector Industries, Edmonton, Canada) for

4 min. Finally, the slides were rinsed in tapwater, des-

hydrated in graded alcohol, mounted in DPX mounting

medium (BDH Lab Supplies, Poole, UK) and examined

under optic microscopy.

Caspase-9 and HSP110 immunohistochemistry

We used the same method to identify HSP110 or ca-

spase-9 positive cells. For caspase-9, we used the
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polyclonal rabbit anti-caspase, specific to caspase-9

active form (Santa Cruz Biotechnology Inc., Santa Cruz,

CA, USA), diluted 1/50 in PBS. For HSP110, we used the

polyclonal (rabbit) anti-HSP104 (Affinity Bioreagens

Inc., Golden, CA, USA), diluted 1/250 in PBS. This

antibody is directed against yeast saccharomyces cere-

visiae HSP104. It is specific to mammalian (human and

mouse) HSP100 and HSP105. These two mammalian

proteins belong to HSP110 family (26).

Quantification HSP110-positive, caspase 3-positive and

caspase 9-positive cells

Quantification of HSP110-positive, caspase-3-positive

and caspase-9-positive cells was performed at right

side in the first visceral arch of (E9 + 3, E9 + 6, E9 + 12,

and E9 + 24) mouse embryos, both in control and after

irradiation and RA administration according to previ-

ous study (16).

Additional embryos of control NMRI or C57Bl/6J

harvested at gestational E9 served for comparison. For

each stage, three embryos were randomly chosen, a total

of 50 embryos were used. The same level sections were

used for the three proteins expressing cells to insure that

the quantification is performed at similar region of

embryos. Data were collected from three consecutive

sections from each embryo. The data acquisition system

was as follows: each slide was digitalized by a CCD

camera (Higekami, Japan) and aframe-grabber (Data

Translation 2871, Bissingen, The Netherlands).

The digitalized image was sent to a TV monitor, for

visual control. One square of labeled cells per section

was chosen and remains the same for all the process.

We determined for each protein the cell labeling to be

considered as positive. Positives spots only were then

automatically counted. For each case, mean and

standard error were calculated.

Results

During normal embryonic development, caspase-3,

caspase-9 (caspase-3 and caspase-9 are understood in

this paper as active form) and HSP110 were expressed in

cells in the neural tube, optic vesicle, neural crest of the

first and second visceral arches, otocyst as well as cells

of various ganglia of visceral arches (V, VII, and VIII).

These zones are already known to be the site of

programmed cell death in early craniofacial develop-

ment. The expression of these proteins was similar in

both strains (NMRI or C57Bl/6J) (Figs 1A, C, 2A, C and

3A, C). The number of cells expressing these proteins was

appreciably increased during retinoic-induced apopto-

sis or irradiation-induced apoptosis (Figs 4 and 5).

After retinoic acid exposure, the expression of these

proteins was increased by cells of ectomesenchyme,

ganglia of visceral arches, optic vesicle and otocyst. We

did not observe any increase of caspase-3 and -9 by

neural cells. Although strains sensibility differences

cannot be formally exclude, neural crest cells of man-

dibular and hyoid arches mesectoderm showed a sus-

ceptibility to teratogenic retinoic acid exposure

(Figs 1B, 2B and 3B). During retinoic-induced apopto-

sis, the number of cells that expressed these proteins

gradually increased with the maximal expression 12 h

after exposure for HSP110 and caspase-9. Caspase-3

expression continued to rise even 24 h after exposition

(Fig. 6). Therefore, HSP110 and caspase-9 appeared

precociously compared with caspase-3 expression.

In irradiation-induced apoptosis, HSP110, caspase-3

and caspase-9 expressions were very increased, show-

ing the severity of irradiation teratogenic exposure

(Figs 1D, 2D and 3D).

The maximal expression appeared 3 h after irradi-

ation (Fig. 7). We found differences in the regression of

numbers of cells expressing these three proteins.

Whereas caspase-3 and caspase-9 positive cells re-

gressed similarly, the expression of HSP110 regressed

more quickly (Fig. 7). We observed also a ‘rebound

expression’ of these three proteins after 24 h of irradi-

ation (Fig. 7). This is a delayed effect of DNA damaging

action of irradiation. It is known that irradiation indu-

ces apoptosis in two temporally distinctive waves: a

group of post-mitotic and non-S-phase proliferating

cells die rapidly, followed by a later death of prolifer-

ating cells including those that were irradiated during

S-phase (27). The number of positive cells was in-

creased and disseminated in different regions but

neural tube cells showed particular responsiveness to

this teratogenic aggression (Fig. 3B, D). Cells expres-

sing these three proteins were increased in the neural

tube whatever the level of the neural anlage. Caspase-3

and HSP110 positive cells were also increased in ec-

tomesenchyme. However, caspase-9 positive cells were

not particularly increased in ectomesenchyme of the

mandibular and hyoid arches (Fig. 7).
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In addition, we noted that in these three models of

apoptosis (physiological, retinoic-induced and irradi-

ation-induced), HSP110-positive cells were more

numerous than caspase-3-positive cells, whereas

caspase 3-positive cells were more numerous than

caspase 9-positive cells (Figs 4 and 5). Thus, HSP110
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Fig. 1. Sections through the first visceral

arch of control, retinoic treated or irradiated

mouse embryo. Caspase-3-positive cells are

showed. (A) E9 + 12 C57Bl/6J control em-

bryo. Caspase-3-positive cells (arrow) are

seen in trigeminal ganglia and mesectoderm.

(B) E9 + 12, C57Bl/6J retinoic acid treated

embryo. We observe an increase of intracel-

lular space me mesectoderm and increasing

expression of caspase-3 (arrow). (C) E9 + 3

NMRI control embryo. Caspase-3 positive

cells (arrow) are seen in neural tube (mes-

encephalon), trigeminal ganglia, mesecto-

derm and ectoderm. (D) E9 + 3 NMRI irra-

diated embryo. Numerous cells in neural

tube are caspase-3 positive (arrow). There is

also an increase of mesectodermal caspase-

3-positive cells (arrow). Same ectodermal

cells are caspase-3 positive.
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Fig. 2. Sections trough the first visceral arch

of control, retinoic treated or irradiated

mouse embryo. Caspase-9-positive cells are

showed. (A) E9 + 12 C57Bl/6J control em-

bryo. Cells expressing caspase-9 (arrow) are

seen in mesectoderm. (B) E9 + 12, C57Bl/6J

embryo exposed to the acid retinoic. Cells

expressing caspase-9 (arrow) are increased

in mesectoderm. (C) E9 + 3, NMRI control

embryo. Cells expressing caspase-9 (arrow)

are seen in mesectoderm. (D) E9 + 3, NMRI

irradiated embryo. Cells expressing caspase-

9 (arrow) are particularly increased in neural

tube. Increase of caspase-9 positive cells is

also seen in the trigeminal ganglia and lesser

in mesectoderm.
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may be expressed in both caspase-3 dependent apop-

tosis and caspase-3-independent apoptosis. It is also

possible that HSP110 is expressing by same ‘stressed-

cells’ which are not undergoing apoptosis. In addition,

especially in irradiation-induced apoptosis, caspases

other than caspase-9 may activate caspase-3.

Discussion

Evidence of waves of programmed cell death in early

craniofacial development has been established for

decades. Programmed cell death (PCD) plays an

essential role during mammalian development (28–33).

Studies from various authors showed evidence of waves

of PCD in mesectoderm populations during cephalo-

genesis. These waves of PCD could contribute to
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Fig. 3. Sections trough the first visceral arch

of control, retinoic treated or irradiated mice

embryo. HSP110-positive cells are showed.

(A) E9 + 12, C57Bl/6J control embryo. Cells

expressing HSP110 (arrow) are seen in

neural tube, trigeminal ganglia and mesect-

oderm. (B) E9 + 12, C57Bl/6J embryo ex-

posed to the acid retinoic. Cells expressing

HSP110 (arrow) are increased in neural tube,

trigeminal ganglia and mesectoderm. (C)

E9 + 3, NMRI control embryo. Cells expres-

sing HSP110 (arrow) are seen in neural tube,

trigeminal ganglia, mesectoderm and ecto-

derm. (D) E9 + 3, NMRI irradiated embryo.

Cells expressing HSP110 (arrow) are in-

creased in neural tube, trigeminal ganglia,

mesectoderm but not in ectoderm. Ao, aorta;

ect, ectoderm; mes, mesectoderm; Rp,

Rathke’s pouch; nt, neural tube; V, trigemi-

nal ganglia; ve, anterior cardinal vein; Bar:
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Fig. 4. Graph showing the evolution of HSP110, caspase-3 and ca-

spase-9 expression in control B57Bl/6J embryo and after embryonic

exposure to retinoic acid.
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Fig. 5. Graph showing the evolution of HSP110, caspase-3, caspase-9

expression in control NMRI embryo and after irradiation of the embryo.
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Fig. 6. Graph showing the evolution of HSP110, caspase-3 and ca-

spase-9 expression after embryonic exposure to retinoic acid.
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Fig. 7. Graph showing the evolution of HSP110, caspase-3, caspase-9

expression after irradiation of the embryo.
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regulate the number of cells, and foreshadow the

migratory route of growing neuritis to the corres-

ponding first two visceral arches (19). In addition, for-

mer studies showed that the exposure of embryos to

teratogenic agents (retinoic acid and irradiation)

increases cell death in the developing face and subse-

quently gives rise to craniofacial defects (18,20,33,34).

It is now clear that caspase activation is a hallmark

of almost all apoptotic systems. Caspase-3 is a central

effector caspase in many cell death models. In the

developing central nervous system, caspase-3 and -9

have been shown to play an essential role in phy-

siological apoptosis (6,8,35). We observed that in

control embryos caspase-3, caspase-9 and HSP110

positive cells have a spatial pattern that corresponds

closely with the areas in which programmed cell

death occurs in early craniofacial development. It is

known that caspase-9 is activated by the apoptosome

of the mitochondrial cell death pathway. We show

that caspase-9 active form is expressed during

normal craniofacial development. This demonstrates

that the mitochondrial pathway may play a role in

developmental apoptosis during early craniofacial

development. After teratogenic exposure to all-trans

retinoic acid, the number of caspase-3 and caspase-9

positive cells increased. This shows that exposure

to exogenous retinoic acid triggers an episode of

apoptosis.

Our data confirm previous studies that showed

neural crest sensibility to retinoic acid. Those studies

have demonstrated that embryonic exposure to reti-

noic acid results in cranial neural crest-derived

structures defects (22,25). Retinoic exposure to the

embryos disturbs the physiological RA gradient

especially on the rombomeres level from which

neural crest cells of the two first arches arise. This

disturbance of RA gradient initiates a rapid alteration

of Hox gene expression, thus changing the neural cell

specification. Some studies suggest a relationship

between retinoic-induced cell specification and reac-

tivity to growth factors, which control cell prolifer-

ation, as mechanism of apoptosis induced by retinoic

acid in neural crest cells (31,33,36–41). Growth factors

related apoptosis is mediated by mitochondrial

pathway. We show here that caspase-9 expression

precedes that of caspase-3 in retinoic-induced cell

death. Therefore, it is likely that caspase-3 is activa-

ted by caspase-9 in retinoic-induced apoptosis. Thus,

the mitochondrial cell death pathway is implicated in

this model.

After irradiation, caspase-3-positive and caspase-9-

positive cells were remarkably increased showing the

severity of irradiation teratogenic effects. We showed

also a ‘rebound expression’ of caspases after 24 h of

irradiation. These two caspases are strongly expressed

by neural tube cells whatever the level of neural tube.

This is a supplementary evidence of neural tube sus-

ceptibility to irradiation and the implication of mit-

ochondrial pathway in irradiation-induced apoptosis

(18,21,23,24). Embryo irradiation causes damage to

genomic DNA. DNA damaged embryonic cells are

eliminated by p53-dependent apoptosis that converge

on mitochondrial pathway (27,42,43).

We observed that, unlike apoptotic cells of the neural

tube which expressed similarly the two caspases

investigated, caspase-9-positive neural crest cells of the

first two arches were less numerous than those

expressing caspase-3. Thus, if caspase-9 can be con-

sidered as the principal activator of caspase-3 in irra-

diation-induced apoptotic neural cells, other caspases,

still to be identified, may activate caspase 3 in neural

crest derived cells. A previous study suggests the

coexistence in the same cells of several caspase acti-

vation pathways (44).

We suggest that endoplasmic reticulum apoptosis

pathway may be investigated in these cell death mod-

els. Indeed, endoplasmic reticulum stresses (alteration

in calcium homeostasis, accumulation of unfolded

proteins, exposure to free radicals, glucose starvage)

lead to apoptosis. In cytoplasmic reticulum apoptosis

pathways, caspase-3 is activated by caspase-4 or ca-

spase-12 (45–48).

Our results also show that HSP110 is related to

physiological, retinoic-induced or irradiation-induced

apoptosis. Although our data do not formally exclude a

possible protective function of the HSP110 expression,

the HSP110-positive cells spatial pattern that is closely

similar to that of caspase-3 in the three models. A

previous study showed the expression of HSP110

within TUNEL-positive cells. This is evidence that

HSP110 is expressed in apoptotic cells in craniofacial

development (15,16). Furthermore, it have been dem-

onstrated that HSP105a of HSP110 family proteins is

involved in increasing reactive oxygen, release of

cytochrome C and finally activation of caspases (17).

This apoptotic action of HSP105a seems to be specific
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to embryonic cells as it has an anti-apoptotic action in

mature neural cells (17,49).

It is possible that HSP110 acts in the same way as

HSP60 (50) and plays a role in activating caspase-9 or

other component of apoptosis machinery. Thus, it is

challenging to find out the mechanisms of the dual

functions of HSP110 as member of HSP100 proteins

(51). In one hand, HSP100 proteins appeared to medi-

ate the repair of substrates already damaged, rather

than to protect substrate from damage, by resolubili-

zation of proteins aggregates, subsequently assuring

survivor of cells. But HSP100 proteins also have a

proteolytic function. Same proteins in their folded state

are protease-resistant, but when held in an unfolded

conformation by HSP100 oligomer, the surface of the

substrate would be exposed to protease hydrolysis. The

outcome of this action can be cell survival or cell death

depending on the substrates (12,14). It is exciting to

know which components of ‘apoptosis machinery’ are

substrates of HSP110 protease activity.

Conclusion

This study shows that HSP110, caspase-3 and caspase-

9 are expressed in cell undergoing physiological, reti-

noic-induced or irradiation-induced apoptosis in early

craniofacial development. The HSP110 is at least ex-

pressed spontaneously with caspase-9. The pattern of

HSP110 expression is similar with the caspase-3. Thus,

our data and previous findings show a potential func-

tion of HSP110 in apoptosis during embryo develop-

ment. Caspase-3-expressing cells are more numerous

than cells expressing caspase-9, especially irradiation-

induced apoptotic neural crest cells. This suggests that

other caspases, still to be identified, may activate ca-

spase-3 in this model.

The present results must be correlated to some

pathways observed in human malformative syndromes.

Recent observations have demonstrated that mandi-

bulofacial dysostosis is associated to a high rate of

apoptosis in the neural folds (32). It could be interest-

ing to see if our results can be extrapolated to this

model, which appears to be very similar to the effect of

retinoic administration in the mouse.
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29. Ilies A. La topographie et dynamique des zones nécrotiques chez
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34. Dixon J, Brakebusch C, Fässler R, Dixon MJ. Increased levels of

apoptosis in the prefusion neural folds underlie the craniofacial

disorder, Traecher–Collins disorder. Human Mol Genet

2000;9:1473–80.

35. Woo M, Hakem R, Soengas S.M, Duncan S.G, Shahinian A, Kägi D
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