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Physiological and induced apoptosis in sea urchin larvae
undergoing metamorphosis
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ABSTRACT Paracentrotus lividus embryos at the early pluteus stage undergo spontaneous
apoptosis. Using a TUNEL (TdT-mediated dUTP Nick-End Labelling) assay on whole mount
embryos, we showed that there was a different distribution of the apoptotic cells in different optical
sections. Not more than 20% of cells in plutei were spontaneously apoptotic, as confirmed by the
counts of dissociated ectoderm and intestine cells. Observation of larva stages closer to metamor-
phosis confirmed that apoptosis is a physiological event for the development of the adult. In
particular, larvae at different developmental stages showed apoptotic cells in the oral and aboral
arms, intestine, ciliary band and both apical and oral ganglia. Moreover, we found that the number
of apoptotic cells decreased in later larva stages, possibly because in the organism approaching
metamorphosis, a smaller number of cells needs to be eliminated. Furthermore, combined phorbol
ester (TPA) and heat shock treatment enhanced apoptosis by increasing the number of cells

involved in the phenomenon.
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Introduction

Programmed cell death or apoptosis is a physiological process
of cell elimination that plays a critical role in development and in
tissue homeostasis. This evolutionary conserved form of cell
suicide is defined by morphological characteristics thatinclude cell
shrinkage, chromatin condensation, membrane blebbing,
internucleosomal DNA fragmentation (Ellis et al., 1991; Clarke and
Clarke, 1996; Nagata, 1997; Green, 1998; Messmer and Pfeilscifter,
2000; Stennicke and Salvesen, 2000; Wang, 2001). Programmed
cell death is particularly important during development, morpho-
genesis and metamorphosis (Sanders and Wride, 1995; Nishikawa
and Hayashi, 1995; Jacobson et al., 1997; Hirata and Hall, 2000).
Studies in Xenopus laevis have focused on the cell death that
occurs during the early developmental stages, showing activation
of apoptosis in gastrulation following appropriate external stimuli
(Stack and Newport, 1997; Hensey and Gautier, 1997).

It has been previously shown that sea urchin embryos posses the
machinery for apoptosis when induced by different agents (Roccheri
et al., 1997; Sato and Yazaki, 1999; Voronina and Wessel, 2001).
The aim of this study was to understand if, in the sea urchin embryo/
larva, the programmed cell death is a physiological process that
naturally happens in view of remodelling and cellular homeostasis
occurring at metamorphosis, as observed in the case of tadpole tail
and intestine (Shi et al., 2001).

Previous studies on cell death in the Paracentrotus lividus sea
urchin embryos showed that at the stages of gastrula and pluteus
a treatment with TPA followed by an increase of the temperature
to 31°C had a clear apoptotic effect, as judged by DNA analysis
and supported by the other known apoptotic signs. Apoptosis was
also found in some cells of non-treated plutei (Roccheri et al.,
1997).

In order to quantify this spontaneous apoptosis and to localize the
specific embryonic districts in which it occurs, we carried out qualita-
tive and quantitative analyses on both whole mounts of plutei and
dissociated cells from ectoderm and intestine. Moreover, we inves-
tigated spontaneous and induced apoptosis in later stages of devel-
opment, including 8-arms plutei, rudiment-containing larva, and
juvenile sea urchins. Therefore, the sea urchin embryo/larva repre-
sents anideal modelin which to study both physiological and induced
apoptosis, in order to understand if cellular death during develop-
ment regulates remodelling and cellular homeostasis occurring at
metamorphosis.

Abbreviations used in this paper: DAB, diaminobenzide; mfs, Millipore filtered
seawater; PBS, phopsphate buffered saline; PI, propidium iodide; SSC,
saline sodium citrate; TdT, terminal deoxynucleotidyl transferase; TPA, 12-
O-tetradecanoylphorbol-12-acetate; TUNEL, TdT-mediated dUTP Nick-
End Labelling.
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Results

Qualitative and Quantitative Estimates of Apoptosis in Pluteus
Stage Embryos

In previous studies we have shown that no signs of apoptosis
were detected in normally developing gastrula embryos, by using
DNA electrophoresis, hematoxylin-eosin stainings and TdT assay,
yet spontaneous apoptosis occurs at the pluteus stage especially
in arm and intestine districts (Roccheri et al., 1997). This finding
has been interpreted as due to the disappearance or regression of
the above mentioned structures during metamorphosis. However,
since the number of cells undergoing apoptosis in these structures
seemed to be very high for an embryo with a life expectation of 3-
4 weeks to reach metamorphosis, the possibility that apoptosis
was due to starvation could notbe excluded. At firstitwas important
to understand how many cells undergo spontaneous apoptosis;
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Fig. 2. Dissociated cells from pluteus embryos observed by fluores-
cence microscopy after TdT assay. Ectoderm cells (A,C). Endoderm cells
(B,D). Negative (C) and positive (D) controls. The nuclei appear with a bright
fluorescence when positive for apoptotis and with a faint flourescence when
negative, due to Pl counterstaining. Scale bar, 50 um.

therefore, we used a TdT assay on whole mount embryos to
localize apoptotic cells in any given serial section, visualized by
confocal microscopy. As a consequence of this reaction, the nuclei
were stained in orange when positive for apoptosis; counterstained
nuclei showed green fluorescence (see Materials and Methods).
As shown in Fig. 1A, which depicts a whole mount image of plutei
observed by fluorescence, it seems that most of the cells contained
in oral and aboral arms and intestine are apoptotic. A more
accurate analysis by the examination of some serial optical sec-
tions of a pluteus embryo, under a confocal laser microscope (Fig.
1B-F), allowed us to observe a different distribution of the apoptotic
cells in the different fields of focus. Optical sections were selected
starting from the oral arms (Fig. 1B) and going down to the aboral
arms (Fig. 1F). Itis clear that not all the cells are apoptoticinasingle
optical section, as was suggested by the whole mount embryo total
image, probably due to the cumulative effect of the fluorescence
caused by the overlapping of different focal levels (Fig. 1A). As
positive control to TdT assay we used embryos pre-treated with
DNase lin order to induce total and not specific apoptosis (Fig. 1G).
It should be noticed that the embryo skeleton is highly green
fluorescent probably because primary mesenchyme cells, which
synthetize the sea urchin skeleton, completely surround the spi-
cules (Urry et al., 2000). In addition the possibility exists that the
observed fluorescence is partially due to self-fluorescence of
spicules.

Then, in order to quantify the apoptotic cellsinthese districts, we
dissociated the pluteus embryos and separated the ectoderm cells
from intestine cells (Roccheri et al., 1979), and thereafter carried
out in situ TdT reaction (Fig. 2). In this case, the observations were

Fig. 1. Whole mounts of pluteus embryos observed by confocal laser
microscopy after TdT assay. Panoramic view of some pluteus embryos
(A). Serial optical sections of a pluteus embryo (B-F). Section of a pluteus as
a positive control (G). The apoptotic nuclei appear orange and the non-
apoptotic ones green. Scale bar, 50 pm.



carried out using a fluorescence microscope with
a longpass filter (see Materials and Methods),
which emphasised the bright fluorescence of nu-
clei when positive for apoptosis and faint fluores-
cence when negative due to propidium iodide (PI)
counterstaining. Figure 2 shows some representa-
tive fields of ectoderm (Fig. 2A) and intestine cells
(Fig. 2B) in comparison to a negative control,
obtained with ectoderm cells by omitting the TdT
enzyme in the reaction (Fig. 2C), and a positive
control ofintestinal cells, induced by a DNase | pre-
treatment (Fig. 2D). The quantitative analysis of
the apoptotic cell frequency found in plutei, sum-
marized in Table 1, indicated that about 12% of
ectoderm cells and 8% of intestinal ones under-
went spontaneous apoptosis. The results come
fromthree different experiments. It should be men-
tioned that in preliminary experiments, apoptotic
cells were not observed in dissociated gastrula-
stage embryos. This stage has been shown to
have no physiological apoptosis (Roccheri et al.,
1997), indicating that the dissociation procedure
does not induce apoptosis.

Physiological and Induced Apoptosis in Plutei,
Larvae and Juveniles

Then we extended our observation to larval
stages closer to metamorphosis to confirm if sea
urchin apoptosis is a physiologic event for the
development of the adult. After the sea urchin
embryo has developed to the pluteus stage, onthe
left side of the larval intestine the adult rudiment is 9
formed. Its growth will continue to give rise to the
juvenile sea urchin through a process of metamor-
phosis in response to proper feeding of the larva
and to environmental cues (Cameron and
Hinergardner, 1974; Burke, 1983; Yazaki and
Harashima, 1994). The process of metamorphosis
has been described in detail for many sea urchin
species and, although the developmental phe-
nomena differ according to each species, they all involve: eversion
ofthe adult rudiment which develops within the larva, re-adsorption
of the larval body into the juvenile and later differentiation of adult
forms (for more details on sea urchin metamorphosis see Yokota
etal.,2002). For the analysis of physiological and induced apoptosis
in later stages of development, early plutei, 8-arms larvae, compe-
tent larvae and juveniles, were tested with the colorimetric TUNEL

TABLE 1

APOPTOTIC CELL FREQUENCY IN CELLS DISSOCIATED FROM
PLUTEUS EMBRYOS

Ectoderm Intestin
apoptotic/scored cells apoptotic/scored cells
Experiment
1 115/950 90/1070
2 120/1010 95/1100
3 134/1120 70/980
Mean frequency 12.10% 8.09%
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Fig. 3. Whole mounts of control or induced to apoptosis pluteus embryos and larvae
observed after TUNEL assay. Pluteus embryo(A). Treated pluteus embryo (TPA+31°C)(B).
Pluteus embryo negative control (C). 8-arm larva (D,F). Enlargements of 8-arms larva (E,G).
Treated larva (TPA+31°C) (H). Larva negative control (). Competent larva (J). Treated
juvenile (TPA+31°C) (K). Juvenile (L). Scale bars: 50 um (A,B,C); 200 um (D, F,H,1,J,K,L); 600
um (E); 400 um (G).

(TdT-mediated dUTP Nick-End Labelling) assay. It should be
pointed out that no starvation was taking place, since live control
larvae of the same batch reached metamorphosis in due time. As
shown in Fig. 3, apoptotic cells are found in restricted areas of the
oral and aboral arms and intestine in the early pluteus (Fig. 3A).
Apoptotic cells are found in the same districts as shown above and
also in the ciliary band, apical and oral ganglia in normal 8-arms
larvae (Fig. 3 D,F), as confirmed in the enlargements of arms and
ganglia regions respectively (Fig. 3 E,G). In addition, more exten-
sive apoptotic areas were observed in induced plutei and larvae
(Fig. 3 B,H,K). At later larval stages, corresponding to competent
larva and juvenile stage, we found that the number of apoptotic
cells decreases (Fig. 3 J,L), possibly because in the organism
approaching metamorphosis, a smaller number of cells needs to
be eliminated. The negative controls were obtained by omitting the
TdT enzyme in the reaction (Fig. 3 C,I).

To further confirm that apoptotic cells decrease in number as
larvae reach metamorphosis, larvae at two different stages ap-
proaching metamorphosis were tested by florescence TdT assay
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Fig. 4. Whole mounts of larvae observed by confocal laser microscopy after TdT assay. Three
optical serial sections (45-49-53, of the 107 total sections) of an 8-arms larva with small rudiment (A) and
a competent larva with big rudiment (B). Arrows point to larvae rudiments. Scale bar, 100 um.

and analysed by confocal microscopy. Results in Fig. 4 show the
analysis of 3 confocal serial sections (45-49-53, of the 107 total
sections) of a 8-arms larva with small rudiment (A) and a competent
larva with big rudiment (B). These results show that the fluorescent
signal is found in the same larval districts (ciliary band and arm tips),
but in the competent larva the number of fluorescent cells is lower
thanthatfoundin8-armslarva. This finding suggests that apoptosis
decreases as larvae approach metamorphosis.

Discussion

Everthough echinoderm metamorphosis has been amply de-
scribed in literature, little is known about the mechanisms and
cellular process of reabsorption of larval structures. Echinoderm
metamorphosis involves, in most cases, the transformation of a
bilateral symmetric larva into a radial symmetric and benthonic
adult. This radical event has attracted the attention of many
zoologists. In the past Cameron (Cameron and Holland, 1985),
studying the metamorphosis of the sea urchin Lytechinus pictus,
noted autolysis of cells of the larval epidermis. In the sand dollar
Dendraster excentricus, Chia and Burke (1978) found that nuclei
of some epidermal cells became picnotic and fragmented upon
metamorphosis. Their finding can be interpreted now as the first
evidence of apoptotic signs. As new techniques and probes for
examining apoptosis become more accessible and widely applied,
it should be possible to clarify the role of specific pathways and
involved genes.

Recently, investigators have examined the expression of regu-
latory and structural genes during echinoderm metamorphosis in
several species. Results from different groups suggest that in
echinoderms instead of patterning the embryos, as in the case of
arthropods and chordates, the hox genes primary function is
patterning the post-embryonic body plan (Lowe and Wray, 1997;
Arenas-Mena et al., 1998; Wray, 2000).

In this study we investigated the possi-
bility that apoptosis could occur as a physi-
ological event in view of metamorphosis of
the sea urchin. First, we found, using a
TUNEL assay on whole mount embryos,
apoptotic cells in specific and discrete dis-
tricts of plutei, having a different spatial
distribution in the embryo at a given time.
Furthermore, not more than 20% of all the
cells undergo spontaneous apoptosis, as
confirmed by the counts of dissociated cells.
Here we also documented the evidence
that apoptosis occurs in the physiological
development of the sea urchin embryos
and larvae which undergo metamorphosis.
Since we found that approaching metamor-
phosisfewer cells were becoming apoptotic,
we postulate that the elimination of useless
cells is the result of a programmed cell
death, needed for the development of the
adult. Our hypothesis is in agreement with
studies that claim that in the course of
animal development various structures are
formed and then removed by programmed
cell death at later stages when they are no
longer needed (Jacobson et al., 1997).

It should be stressed here that oral and aboral arms and intestine
are considered to be very proliferative districts which involve pro-
grammed cell death, similarly to the regression of tadpole tail
muscles and intestinal epithelium, (Ishizuya-Oka and Ueda, 1996;
Sachs etal., 1997; Shi et al., 2001). Furthermore, ciliary bands, oral
and aboral arms, intestine and ganglia all disappear after metamor-
phosis when adult remodelling takes place (Yokota et al., 2002).

In agreement with studies reported here our previous investiga-
tions on Paracentrotus lividus sea urchin embryos at the blastula,
gastrula and early pluteus stages have demonstrated the presence
of an apoptotic machinery capable of executing programmed cell
death upon TPA and heat combined treatment (Roccheri et al.,
1997). More recently, similar results were found in oocytes, eggs and
early embryos of the species Lytechinus variegatus experimentally
induced to apoptosis with staurosporine (Voronina and Wessel,
2001). Furthermore it should be recalled here that Sato and Yazaki
(1999) have provided some evidence of apoptosis, during the
metamorphosis of the Japanese sea urchin species Anthocidaris
crassispina, while apoptosis-like cells were recently found in early
embryos of the species Hemicentrotus pulcherrimus (Mizoguchi et
al., 2000).

In the future, it will be extremely interesting to compare the
pathways of apoptosis utilized during development or in response
to stress, in order to investigate if developmental and defensive
apoptotic processes have a common origin. On the other hand, it
has been hypothesized that apoptosis may have initially evolved as
a defence mechanism but later, perhaps with the evolution of
multicellularity, it was adopted for use during development (Vaux
and Korsmeyer 1999; Ameisen, 2002)

Therefore, the developing sea urchin will represent an ideal
modelwith which to study both physiological and induced apoptosis,
in order to understand whether cellular death occurring during
development regulates modelling.




Materials and Methods

Embryo and Larva Cultures

Adult sea urchins of the Mediterranean species Paracentrotus lividus
were collected along Sicily’s western coast. Eggs were fertilized and reared
at 18°C to the desired stages in Millipore filtered seawater (mfs) containing
antibiotics, in a beaker with a rotating propeller, at the concentration of
5000/ml (Giudice and Mutolo, 1967).

After the pluteus stage embryos were fed Chaetocerus gracilis every 2
or 3 days, as described by Falugi (Falugi et al., 1993). Metamorphosis was
obtained over a period of 30 days, beginning from the 25 after fertilization.

Embryos and larvae to be used for detection of apoptosis were
harvested at different developmental stages from the same batch of
embryos. Live control embryos from the same batch always reached
metamorphosis.

Induction of Apoptosis

We followed the procedure already reported for the induction of apoptosis
in Paracentrotus lividus sea urchin embryos (Roccheri et al., 1997). Briefly,
living embryos or larvae were treated with 25 nM TPA (12-O-
tetradecanoylphorbol-12-acetate) for 2 hours at 20°C and then for 1 hour
at 31°C (TPA+31°C). Thereafter, the specimen were washed twice, sus-
pended in fresh mfs and utilized for following analyses.

Ectoderm and Endoderm Pluteus Cell Dissociation and Fixation

Pluteus embryos were incubated in 1 M glycine-2 mM EDTA for 10 min,
washed 3 times in Ca2* and Mg?* free seawater, then the ectoderm and
endoderm cells were separated as previously described by Roccheri et al.
(1979). Mesenchyme cells, in little amounts, are usually associated with
endoderm cell population. Cell pellets, corresponding to about 1x 107 cells,
were re-suspended in 1 ml of paraformaldehyde-glutaraldehyde fixative
(5ul 25%glutaraldehyde in 8 ml 4%paraformaldehyde) for 1 hour at room
temperature. Cells were washed twice in PBS (0.15 M Na,HPO,, 0.04 M
NaH,PO,, 0.15 M NaCl) for 5 minutes and permeabilized in 0.05% saponin
for 30 min at room temperature. After two washes with PBS, cells were
resuspended in PBS and 100pl of cell suspension were spread onto poly-
I-lysine-coated glass slides by cytocentrifugation. Slides were then utilized
for the TdT assay (Amersham) described below.

Embryos and Larvae Fixation

Embryos and larvae pellets were suspended in 0.1% formalin, followed
by 2 washes in mfs, permeabilized in 100% methanol, 2 washes in mfs, 2
washes in PBS, then utilized for the TdT assay (Amersham) or the Dead-
End Colorimetric Apoptosis detection system (TUNEL) (Promega).

Apoptosis Detection Systems
TdT Assay. Fixed embryos, or dissociated cells, were incubated in 50 pl
of a solution containing TdT buffer, Cy3™ —dCTP (0.3 nmoles), “cold”
dCTP (0.033 nmoles), TdT enzyme (10 Units) for 60 min at 37°C in a
humidified chamber (Amersham reagents). Whole mount embryos and
cells incubated as above reported omitting the TdT enzyme served as
negative controls. Pre-treatment with DNAasel (10 pg/ml) for 10 min
provided positive controls (Gorczyca et al., 1993). Incubation in 2X SSC
(300mMNaCl-30mMNacCitrate) for 30 min at room temperature and 3
times 5 min each PBS washings stopped the reaction. In some cases,
nuclei were counterstained with propidium iodide (P1) (2 pug/ml) in antifade
solution (1 mg/ml p-phenylendiamine-dihydrocloride in 1 part PBS and 9
parts 87% glycerol; pH 8.0). Whole mount embryos were observed under
an Olympus confocal laser Ar/Kr scanning microscope, by a 665 nm long
band pass and 510-550 nm Cy3 band pass filters, with simultaneous
observation. Positive reaction gave orange fluorescence; counterstaining
gave green fluorescence.

Dissociated cells were counted and scored for apoptosis under a Nikon
fluorescence microscope equipped with a HBO 100-W mercury lamp and
suitable filters. Photographs were recorded on Kodak colour film.
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TUNEL Assay. This assay was preferentially used for large sized larvae.
We used a DeadEnd™ Colorimetric Apoptosis Detection System, a
modified TUNEL (TdT-mediated dUTP Nick-End Labelling) assay
(Promega), which labels in situ fragmented DNA of apoptotic cells.
Control and treated plutei and larvae were fixed as described above; then
immersed in 100 pl of equilibration buffer (provided by manufacturer) for
10 min at room temperature. Labelling was carried out in 25 pl of a
biotinylated nucleotide labelling mix (purchased from Promega) for 30
min, and the reaction was terminated with 2X SSC for 15 min at room
temperature. Horseradish-peroxidase labelled streptavidin was then bound
to these biotinylated nucleotides; detection was achieved by the peroxi-
dase substrate, hydrogen peroxide and the stable chromogen,
diaminobenzide (DAB). Using this procedure, apoptotic nuclei are stained
dark brown.
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