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Activation of Apoptosis and Caspase-3 in
Zebrafish Early Gastrulae

Javier F. Negron' and Richard A. Lockshin*

Nonmammalian vertebrate embryos do not manifest apoptosis before gastrulation, and it has been suggested that
their cells are inhibited from undergoing apoptosis. To study this interesting possibility, the zebrafish (Danio rerio)
embryo is an excellent model. However, the appearance of apoptosis varies among species, and many components
of cell death are not highly conserved. To undertake the larger investigation, we first need to document by several
criteria that cell death in the zebrafish embryo is apoptotic. Exposure of gastrulating germ-ring stage embryos to
cycloheximide or staurosporine elicits an arrest in development and cell death within 8 hr. Caspase-3 activity
increases, followed by translocation of phosphatidylserine, loss of cell-cell adhesion, cleavage of poly (ADP-ribose)
polymerase, terminal deoxynucleotidyl transferase-mediated dNTP-fluorescein nick end labeling (TUNEL)-positive
nuclei, internucleosomal DNA fragmentation, chromatin condensation and margination, and blebbing of the nuclear
membrane. Thus, by many criteria, cell death in zebrafish is apoptotic; many of the markers of apoptosis found in
mammals are conserved in zebrafish; and post-midblastula transition embryos have the capacity to activate a

caspase-dependent apoptotic response well
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before naturally occurring programmed cell

death is seen.
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INTRODUCTION

A cell’s decision to undergo apopto-
sis is an important event in develop-
ment, homeostasis, and pathology.
How this decision is reached is un-
clear, as is the distinction between
committing to apoptosis or to an-
other form of cell death. For studies
of such questions, cell death in em-
bryos is a useful model. In most em-
bryos, other than those of mammals,
there is no cell death before the mao-
ternal-zygotic transition (MZT, the
stage during which protein synthesis
directed by maternal message gives
way to that directed by zygotic

genes, typically near the 10th divi-
sion in most embryos) and, indeed,
cells in many cleavage-stage em-
bryos, including starfish (YUce and
Sadler, 2001) and Xenopus, are re-
puted to be incapable of undergo-
ing apoptosis (Hensey and Gautier,
1997, 1999. Ikegami et al., 1999
Mizoguchi et al., 2000). The question,
therefore, arises as to whether they
lack the machinery of apoptosis or
apoptosis is actively suppressed in
these embryos.

The zebrafish (Danio rerio) embryo
can serve well fo investigate these
questions. It is a vertebrate for which

direct comparisons can be made to
other vertebrates, including mam-
mals, and its genome is being com-
pletely sequenced. However, cell
death can occur in different forms
such as autophagy, necrosis, and
other variants, and genes associ-
ated with apoptosis show variable
levels of evolutionary conservation
(Lockshin and Zakeri, 2002, 2003;
Levraud et al., 2003). Indeed, in sev-
eral examples, cell death has been
severely underestimated, because
dying cells did not display a marker
of apoptosis probed in the experi-
ment (Oppenheim et al., 2001). Thus,
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before one can ask the major ques-
fions concerning mechanisms, one
must first verify that cell death in the
zebrafish embryo is apoptotic by
recognizable criteria. In this first pub-
lication, we provoke cell death in
zebrafish embryos and evaluate the
form of cell death by several means,
to demonstrate that this death is ap-
optotic by all usual criteria. In a sub-
sequent publication, we will exam-
ine the question of the inability of
pre-MZT cells to undergo apoptosis.

RESULTS

For all experiments, germ-ring stage
(~3 hr) embryos were exposed to
100 wg/ml cycloheximide for up fo 8
hr. This exposure causes rapid syn-
chronous cell death approximately
7 hr later. Lower levels of cyclohexi-
mide (CHX; we evaluated 1-500 p.g/
ml) caused cell death but with
greater delay and scafter. Given the
rapid development of the embryo,
we elected to evaluate cell death
at the 100 pg/ml concentration
used by many researchers. Similar re-
sults, although slightly delayed and
less synchronous, are obtained with
camptothecin, a topoisomerase | in-
hibitor, or nocodazole, a microtu-
bule destabilizer (lkegami et al.,
1997a.b, 1999) and confirmed by us
(data not shown).

CHX Treatment Forces a Rapid
Arrest in Development

The first obvious effect of CHX treat-
ment in germ-ring stage zebrafish
embryos is the abrupt cessation of
development (Fig. 1A). CHX-freated
embryos progress to approximately
the shield stage after 1 hr. Thereaf-
ter, the embryos undergo sequential
deterioration: 2nd hr—there is an ob-
vious arrest in stage progression,
changes in cell adhesion and
changes in embryonic morphology.
and the germ-ring margin begins to
disappear; 3rd hr—embryos display
extensive retraction toward the ani-
mal pole, possibly due to embryo
confraction and loss of cell adhesion
to the vegetal pole. By the 4th hr, the
animal pole begins to detach from
the vegetal pole, indicating exten-
sive loss in cell-cell adhesion; 5th
hr—the animal pole cells begin to
display extensive loss of cell-cell
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Fig. 1.

Sequential digital recording of synchronously dying cycloheximide-treated

germ-ring stage embryos. Germ-ring stage embryos were incubated in embryo rearing
medium with 100 ng/ml of cycloheximide. A: The 0 hr-7 hr (h) of exposure to cyclohex-
imide beginning at germ-ring stage. B: The 0-7 are unireated control embryos. A: At 1 hr,
germ-ring stage embryo shows signs of developmental retardation at the shield stage.
The arrow points to the embryonic shield. At 2 hr, changes in cell adhesion and embry-
onic morphology are seen and the sharp germ-ring margin begins to disappear (arrow).
By 3 hr, the embryo retreats toward the animal pole. At 4 hr, the animal pole of the embryo
begins to detach from the vegetal pole. By 5 hr, the animal pole begins to display
extensive loss of cell-cell contact; by 6 hr, the cytoplasm of most of the cells has
darkened (denatured) in the animal pole, and by 7 hr, most if not all of the cells in the
animal pole have lysed. B: Panels 0-7h display normal developmental progression of
untreated control embryos. All magnifications are x52.5.

contact; 6th hr—the cytoplasm of
most of the animal pole cells has
opacified. Death of the embryo is
obvious by the 7th hr as most animal
pole cells have ruptured. Untreated
confrol embryos develop as ex-
pected (Fig. 1B).

If these deaths are apoptotic,
CHX-freated germ-ring stage em-
bryos contain constitutive cell death
machinery that responds to the pro-
fein synthesis inhibitor. The origin of
this machinery is presumptively zy-
gotic in these post-MZT animals. In
Xenopus embryos, CHX inhibits cy-
clin synthesis at the two-cell stage
and causes an arrest in cell division
within 1 hr of freatment. However,
the embryos did not die until a time
when they would normally be gas-
frulating (Hensey and Gautier, 1997),
suggesting to these authors that the

apoptotic machinery was inopera-
tive.

Populations of CHX-Treated
Embryos Die in a Consistent
Manner

Populations of embryos at the germ-
ring stage were incubated in 100
rg/ml CHX for up to 8 hr. The death
described above was highly repro-
ducible, with 10% of the embryos dy-
ing by the 5th hr, another 20% dying
in the 6th hr, and the rest dying in the
7th and 8th hr (Fig. 2A). All popula-
tions studied appear to have similar
gross morphologies seen in deaths
induced by other agents used
against zebrafish and Xenopus em-
bryos (Hensey and Gautier, 1997;
lkegami et al., 1997a,b, 1999).
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Germ-Ring Stage Embryos

Maintain an Intact Plasma

Membrane Until Late in the
Death Process

One of the features distinguishing
dead from live cells is the loss of
fransport function and often even
the loss of the structural integrity of
the plasma membrane. Acridine or-
ange (AO) exhibits metachromatic
fluorescence that is sensitive to DNA
conformation, making it useful for
detecting apoptotic cells (Darzyn-
kiewicz et al., 1994). AO is a cell-
permeant nucleic acid intercalating
dye that emits green fluorescence
when bound to dsDNA and red flu-
orescence when bound to ssDNA or
RNA. Because the infact membrane
of live cells excludes charged dyes
such as propidium iodide (PI), short
incubation with this dye results in se-
lective labeling of dead cells, while
live cells show minimal uptake (Dar-
zynkiewicz et al.,, 1992). Viewed by
fluorescence microscopy, live cells
stain lightly with AO and exclude PI.
Apoptotic cells stain heavily with AO
due to the increased binding of AO
to fragmented DNA. Both late apo-
ptotic cells and necrotic cells allow
Pl fo pass through the cell mem-
brane staining the DNA red, indicat-
ing a loss of plasma membrane in-
tegrity.

Germ-ring stage embryos main-
tain cell membrane integrity until
sudden cell lysis. Germ-ring stage
untreated control emibryos maintain
plasma membrane integrity as dis-
played by the light AO and PI stain-
ing (Fig. 2A.C). CHX-treated germ-
ring stage embryos exhibited intense
AO staining (Fig. 2B), yet displayed
light PI staining (Fig. 2D), indicating
that plasma membrane integrity is
maintained in both types of freated
embryos unfil they rupture suddenly,
consistent with apoptosis, followed
by osmotic influx of water when the
ion pumps finally collapse.

Nuclear and Chromatin
Fragmentation Occurs During
CHX Treatment

We used vital staining with the DNA
binding dye Hoechst 33342 to ano-
lyze nuclear and chromatin mor-
phology of CHX-freated germ-ring

stfage embryos. During apoptosis,
nuclear chromatin fragments info
aggregates that stain brightly with
fluorescent DNA dyes. Condensed
nuclear chromatin gathers at the
nuclear membrane and fragmentao-
fion of the nucleus then begins with
the formation of micronuclei. Apo-
ptotic and necrotic nuclei display
different morphologies when
viewed using electron microscopy.
During necrofic cell death, mild
clumping of nuclear chromatin can
occur (Trump et al.,, 1981) but ne-
crotic chromatin clumps do not sig-
nificantly redistribute and the aggre-
gates that form during necrosis do
not bud to form discrete, mem-
brane-bound fragments.

Nuclei in control germ-ring stage
embryos displayed a general diffuse
staining with Hoechst 33342 (Fig.
3A.C). Mitotic cells were also highly
stained, with chromosomes clearly
visible (Fig. 3E). CHX-tfreated germ-
ring stage embryos displayed char-
acteristic apoptotic nuclei and
chromatin (Fig. 3B,D,F). Convolution
of the nuclear membrane and the
formation of chromatin clumps con-
firms that germ-ring stage embryos
display classic apoptotic nuclear
changes when exposed to CHX.

Extensive Genomic DNA
Fragmentation Occurs During
CHX Treatment

We assessed DNA fragmentation by
terminal  deoxynucleotidyl  trans-
ferase (TdT)-mediated dNTP-fluores-
cein nick end labeling (TUNEL) assay
(Gavrieli et al., 1992). During apo-
ptosis, the nucleus undergoes exten-
sive DNA fragmentation, the result of
single- and double-strand breaks
generated by caspase-activated
DNase (CAD; Enari et al., 1998). The
free 3'-OH groups are labeled (Gav-
rieli et al., 1992) by the incorporation
of fluorescein conjugated de-
oxynucleotides at the sites of DNA
breaks. In most instances, only apo-
ptotic cells are labeled.
CHX-treated germ-ring stage em-
bryos displayed extensive strand
break formation and fragmentation
in the genomic DNA of the embryos
(Fig. 4A1). Untreated control germ-
ring stage embryos displayed no
TUNEL staining (Fig. 4A2). By this cri-

terion, germ-ring stage embryos
have and use the machinery re-
quired for proper DNA fragmenta-
tion.

Extensive Internucleosomal
DNA Fragmentation in the
Death of Treated Germ-Ring
Stage Embryos

A striking biochemical event in ap-
optosis is the internucleosomal
cleavage of genomic DNA, initially
producing 50- to 200-kb segments
and fragments in multiples of ap-
proximately 185 bp (Wyllie, 1980;
Oberhammer et al., 1993), as seen
by agarose gel electrophoresis
(Compton and Cidlowski, 1992).
Caspase-3 initiates apoptotic DNA
fragmentation by proteolytically
cleaving DFF45/ICAD (DNA frag-
mentation factor-45 (DFF45)/inhibi-
tor of CAD (ICAD)), which allows
the release of active DFF40/CAD
(Enari et al., 1998). DFF45/ICAD ex-
ists as a complex with a 40-kDa en-
donuclease termed DFF40/CAD
that promotes apoptotic DNA frag-
mentation (Enari et al., 1998). CHX
freatment of germ-ring stage em-
bryos produces extensive ladder-
ing by the 2nd hr of freatment and
confinues to produce smaller oligo-
nucleosomal fragments up to the
8th hr (Fig. 4B).

Pro-Caspase-3 Is Present and
Can Be Activated in Treated
Germ-Ring Stage Embryos

The active form of one or more
caspases is required for the charac-
teristic morphology associated with
apoptosis. The regulation of caspase
activity occurs predominantly at
the level of proenzyme processing
and maturation. Dormant caspase
proenzymes are converted to cata-
lytically competent heterodimeric
proteases by cleavage at Asp-x
bonds. Most of the changes of apo-
ptosis can be attributed to caspase
activity.  CHX-freated  germ-ring
stage embryos activate caspase-3
beginning by the 2nd hr of treat-
ment and reaching a peak by the
7th hr of incubation (Fig. 5A).
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Fig. 2. A: Percentage survival curve for ze-
1004 brafish germ-ring stage embryos, with death
80 defined as >50% of the cells lysed in an em-
bryo. For each experiment, 100 embryos were
o used, and the experiment was repeated three
40 4 times. Cell death was induced as previously
i}

0

% Survival

described. Embryos were counted, and dead
embryos were removed at hourly intervals. B:
(Upper) Treatment of germ-ring stage embryos
a 1 z 3 4 5 8 T 8 g with cycloheximide (CHX) caused embryonic
B CHX Exposure (h) death beginning at the 5th hr of treatment,
equivalent to 11 hours postferilization in un-
tfreated controls. By the 8th hr of treatment, all
embryos were judged to be dead, a time cor-
responding fo the early segmentation period
in untreated control embryos. (Lower) Determi-
nation of embryonic viability by acridine or-
ange (AO)/propidium iodide (Pl), live/dead
assay in CHX-reated é4-cell blastomeres and
germ-ing stage embryos. Cell death was in-
duced in zebrafish germ-ing stage embryos
by treatment with 100 wg/ml of CHX for 4 hr.
Isolated animal poles were examined in em-
bryo rearing medium (ERM) after incubation in
ERM containing AO and PI. BA: Unireated con-
frol germ-iing stage embryos display light cyto-
plasmic staining with AO. BB: Cycloheximide-
freated germ-ing stage embryos display
extensive staining of the chromatin clumps with
AO. BC,BD: Unireated control germ+ing stage
embryos (BC) and CHXdreated germ-ing
. stage embryos (BD) exclude Pl until the late
Fig. 2. stages of apoptosis. All magnifications are
%200.
Fig. 3. Morphological analysis of nuclear
fragmentation and chromatin condensation
with Hoechst 33342 in cycloheximide (CHX)-
freated germ-ing stage embryos. Animal
poles from dechorionated, CHX-treated em-
bryos were stained with Hoechst 33342 in em-
bryo rearing medium. A,B: Untreated control
germ+ing stage embryos (A) display normal
HOE staining, whereas CHX-reated germ-ring
stage embryos (B) display chromatin clump-
ing morphology characteristic of apoptosis
and formation of micronuclei. Original magni-
fication, x200. C-E: Untreated control germ-
ring embryo (C), compared with an apoptotic
germ+ing stage nucleus (D) indicates exten-
sive chromatin clumping and the generation
of nuclear membrane convolutions in the ap-
optotic nucleus, whereas a prophase cell is
easily recognizable (E). Original magnification,
% 1,000. F: A germ-ing stage cell that has many
micronuclei a late event in apoptosis. Original
magnification, x400.
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Fig. 4. Terminal deoxynucleotidyl transferase-mediated dNTP-fluorescein nick end labeling (TUNEL) labeling in germ-ring stage embryos after
incubation with 100 ng/ml of cycloheximide for 4 hr. A: (A1) Extensive TUNEL label is seen in germ-ing stage embryos exposed to cyclohex-
imide. Chromatin condensation can also be seen in visibly apoptotic animal pole cells. (A2) Untreated control germ-ring stage embryos
display only background levels. Original magnification, x200. B: Agarose gel electrophoresis analysis of infernucleosomal DNA fragmentation
in cycloheximide-treated embryos (60 embryos/lane). Germ-ring stage embryos exposed to cycloheximide display extensive internucleoso-
mal DNA fragmentation beginning within 2 hr of exposure. M, molecular weight markers; 0-8, hours after beginning cycloheximide.
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Caspase-3 Is Dispersed
Throughout the Cell During
CHX Treatment

In humans, the caspase family con-
sists of 14 proteolytic enzymes
(caspases 1-14). The enzymes have
in common similar cleavage speci-
ficities and amino acid sequences,
and they are expressed as proen-
zymes. Caspase-3, the main effector
caspase, is responsible for many of
the morphological and biochemical
cell changes that are the hallmark
of apoptosis (Nicholson and Thorn-
berry, 1997). In mouse liver, pro-
caspase-3 is present in both cytosol
and mitochondria. During Fas-in-
duced apoptosis, active caspase-3
is confined primarily to the cytosol
(Chandler et al., 1998).

Embryos were incubated with the
synthetic fluorogenic caspase-3
peptide substrate Ac-Asp-Glu-Val-
Asp-AFC (Ac-DEVD-AFC; CALBIO-
CHEM, La Jolla, CA). Intact DEVD-
AFC emits blue fluorescence (~400
nm), whereas affter proteolytic
cleavage of the DEVD substrate by
caspase-3, the freed AFC fluoro-
phore emits a yellow-green fluores-
cence (~505 nm).

Untreated control embryos display
no visible indications of caspase-3
activity (Fig. 5B2). In CHX-treated ap-
optotic germ-ring stage animal pole
cells, active caspase-3 was seen
throughout the cell (Fig. 5B1). Thus,
the active form of caspase-3 is
found in extensive quantities
throughout the cytoplasm. Because
the concentration of CHX needed
to induce synchronous apoptosis
(100 pg/ml) substantially exceeds
that necessary to inhibit protein syn-
thesis (1 wg/ml), it appears that pro-
caspase-3 is constitutively present
and that processing of the zymogen
causes its activation throughout the
cytoplasm.

Poly(ADP-ribose) Polymerase Is
Cleaved in the Dying Embryos

Cleavage of poly(ADP-ribose) poly-
merase (PARP) precludes the catao-
lytic domain of PARP from being re-
cruited to sites of DNA damage. At
the onset of apoptosis, caspase-3
cleaves PARP and inhibition of this
cleavage attenuates apoptosis (La-

zebnik et al., 1994; Nicholson et al.,
1995). We confirmed by Western blot
of PARP digestion that CHX-induced
cell death in zebrafish early embry-
onic animal pole cells is apoptotic.

For zebrafish PARP, the sequence
of neither the mRNA nor the protein
is known. We chose commercial an-
fibodies according to their specific-
ity against the most highly con-
served region of PARP. The antibody
detected a PARP-like molecule of 70
kDa (as opposed to 116 kDa for
mammalian PARP) that was present
only in extracts negative for
caspase-3. Extracts that were posi-
five for caspase-3 activity displayed
a second band, approximately 25
kDa, the presumptive caspase-3
cleavage product. Both bands are
similar in size to PARP bands seen on
Western blots of apoptotic Xenopus
embryos (Hensey and Gautier,
1997). CHX-freated germ-ring stage
embryos display significant PARP
cleavage by 4 hr, and extensive
PARP cleavage was seen dafter the
5th hr of treatment (Fig. 6A). The ac-
fivation of caspase-3 leads to the
cleavage of PARP and the forma-
fion of a smaller molecular weight
band in addition to the intact PARP
band. Thus, caspase-3 activation re-
sults in the formation of PARP cleav-
age products, a hallmark of apopto-
Sis.

Phosphatidylserine Is
Translocated in CHX-Treated
Germ-Ring Stage Embryos

Phosphatidylserine is found almost
exclusively on the inner leaflet of the
cell membrane of healthy cells but is
actively translocated to the outer
leaflet during apoptosis (Martin et
al., 1995) where it contributes to the
“eat-me” signal of apoptotic frag-
ments (Koopman et al., 1994). Trans-
location of phosphatidylserine to the
outer leaflet of the cell membrane is
an early marker of caspase-3 activa-
fion during apoptosis (Martin et al.,
1995). Annexin V has a high affinity
for phosphatidylserine. Phosphati-
dylserine localization was assayed
with the Vybrant apoptosis assay kit,
Alexa Fluor 488 conjugated to an-
nexin V (Molecular Probes, Eugene,
OR), which causes apoptotic cells to
fluoresce green. If plasma mem-

brane integrity is lost, the nucleus flu-
oresces red from Pl. Chromatin con-
densation, seen with blue 33342
fluorescence colocalizing with red
Pl, is an indicator of secondary ne-
Crosis.

Untreated control embryos did not
display any significant staining for
phosphatidylserine (Fig. 6B). CHX-
freated germ-ring stage embryos
tfranslocated phosphatidylserine to
the outer leaflet of the plasma mem-
brane. Thus, zebrafish embryos dis-
play also this marker for apoptosis.

Mitochondrial Transmembrane
Potential Is Maintained in CHX-
Treated Germ-Ring Stage
Embryos

Disruption of AW¥,., mitochondrial
tfransmembrane potential, is often
the immediate precursor to the ac-
fivation of caspase 9. We used the
DePsipher assay, which consists of a
lipophilic cation that can be used as
a mitochondrial activity marker, to
analyze the mitochondrial tfrans-
membrane potential in CHX-tfreated
germ-ring stage embryos. This indi-
cator aggregates upon membrane
polarization forming a focused or-
ange-red fluorescent compound. If
the potential is disturbed, the dye
cannot access the fransmembrane
space and remains or reverts to its
green monomeric form. Germ-ring
stage embryos exposed to CHX dis-
play infact mitochondrial AV, as
late as the 4th hr of treatment, as
they do in untreated control em-
bryos (Fig. 7). Thus, the mitochondrial
AW, is maintained until late into ap-
optosis.

Extensive Changes in Nuclear
Morphology Are Seen in CHX-
Treated Germ-Ring Stage
Embryos

The earliest and most obvious un-
equivocal morphological evidence
of a classically apoptotic cell is nu-
clear. The first apoptotic nuclear
change is the condensation of nu-
clear chromatin info aggregates
that migrate to the nuclear mem-
brane. Slight convolution of the nu-
clear membrane outline is evident
just before budding of the nucleus
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Fig. 7. Mitochondrial transmembrane potential in cycloheximide-treated germ-ring
stage embryos. A,B: Monomeric form of DePsipher in cycloheximide-treated germ-ring
stage embryonic cells (A) and in untreated control germ-ring stage embryonic cells (B).
C,D: Cycloheximide-treated germ-ring stage embryos also display extensive amounts of
red aggregate formation (arrows, C), indicative of healthy AY¥,,, as do untreated control
germ-ring stage (arrows, D). Original magnification, x200.
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occurs. Condensed chromatin gath-
ers at the convolutions, and as the
convolufions become exireme,
budding of the nucleus begins, fol-
lowed by cytoplasmic blebbing. The
classic nuclear morphology seen
during apoptosis is dependent on
the presence of  functional
caspase-3 (Woo et al., 1998).

Germ-ring stage embryos display
a classic apoptotic nucleus, com-
plete with all landmarks. After 6 hr of
CHX, we see extensive changes in
nuclear morphology in many cell
layers. The most common changes
are margination of condensed chro-
matin, convolution of the nuclear
membrane, and fragmentation of
the nucleus. Untreated control em-
bryos display light clumping of the
chromatin and a lack of margin-
ation (Fig. 8). Thus, by nuclear mor-
phology. CHX induces apoptosis in
germ-ring stage embryos.
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DISCUSSION

Several studies, including those on
amphibian and zebrafish have ar-
gued whether or not an early em-
bryo can manifest apoptosis. CHX is
often used to induce apoptosis, and
typically it is used at concentrations
well above the approximately 1
wg/ml needed to block protein syn-

Fig. 5. A: Caspase-3 activity in cyclohexi-
mide (CHX)-tfreated germ-ring stage em-
bryos. Groups of 30 embryos were ran-
domly removed from the population at
hourly intervals up to 8 hr. Germ-ring stage
embryos activate caspase-3 beginning 2-3
hr after beginning of CHX freatment and
achieving massive activation by the 4th hr.
Lower levels of CHX also activated
caspase-3 but with greater delay and more
scatter. Levels of caspase activity in con-
frols remained at the negligible levels indi-
cated at 0-1 hr. Because the control em-
bryos continued to advance through
gastrulation and early somite formation,
the values were not included in the graph.
B: The caspase-3 live cell enzyme assay de-
tected extensive cytoplasmic caspase-3
activity. Enhanced AFC fluorescence visual-
ized in CHX-treated animal pole cells, indi-
cating (B1) activation of caspase-3 in the
cytoplasm of untreated control zebrafish
animal pole cells display no fluorescence,
(B2) caspase-3 inactivity under normal con-
ditions. B3,B4: Differential interference con-
trast microscopy images of the same cells.
Original magnification, x200.

Fig. 6. Parameters of apoptosis in cyclo-
heximide-exposed embryos. A: Extensive
poly(ADP-ribose) polymerase (PARP) cleav-
age in germ-ring stage embryos exposed
to cycloheximide. M, molecular weight
markers; 0-8, hours after beginning of ex-
posure. Intact PARP (black arrow at 70 kDa)
at can be seen in 0 hr unireated control
zebrafish early embryos. Small amounts of
cleaved of PARP can be seen after the 1st hr
of cycloheximide treatment, and extensive
cleavage after the 4th hr of cycloheximide
treatment (white arrow at approximately 25
kDa). Embryos permitted to continue devel-
opment for 8 hr contained intact PARP with
no fragments, as at 0 hr. B: Detection of
annexin V binding in apoptotic zebrafish
early embryonic cells. Bl: Enhanced an-
nexin V/Alexa Fluor 488 staining visualized
in cycloheximide-treated embryos indi-
cates a translocation of phosphatidylserine
from the inner to the outer leafiet of the
plasma membrane. B2: Unireated control
zebrafish animal poles show weak fluores-
cence indicating normal cell membrane
inner localization of phosphatidylserine. B3:
Extensive chromatin condensation evident
in cycloheximide-treated embryos after 4
hr perfusion. B4: Normal nuclear morphol-
ogy is seen in untreated control embryos.
Original magnification, x400.

thesis. Although rarely discussed, the
mechanism by which it induces a
synchronous and extensive apopto-
sis is distinct from its inhibition of pro-
tein synthesis but is not known. Xeno-
pus embryos treated with CHX
before the mid-blastula fransition
(MBT) undergo cell cycle arrest and
show signs of apoptosis at stage
10.5, whereas embryos freated after
the MBT undergo cell cycle arrest,
but do not display signs of apoptosis
until much later (Hensey and Gau-
fier, 1997). The first signs of apoptosis
in these embryos are evident during
neurulation at 15.5 hours postfertil-
ization (hpf); many of these embryos
survive up to 24 hpf, but develop-
ment is abnormal (Hensey and Gau-
fier, 1997). However, Yabu et al
cloned zebrafish caspase-3, the ma-
jor effector caspase involved in ap-
optosis and detected its message as
early as the formation of the zygote
(Yabu et al., 2001a). Because early
embryos between the 4-cell and
1,024-cell stages had high levels of
capase-3 MRNA, these authors con-
sidered that the message was ma-
ternal. After gastrulation, zygotic
housekeeping genes and caspase-3
were expressed (Yabu et al., 20010).
Normally developing embryos have
only low levels of caspase-3 activity
localized to individual cells that are
apoptotic (Yabu et al., 2001b), but
overexpression of zebrafish caspase-
3-induced apoptosis and increased
ceramide levels in zebrafish embryos
(Yabu et al.,, 2001a).

Camptothecin (a topoisomerase |
inhibitor) immediately arrests cell di-
vision in post-MBT zebrafish embryos,
but the emlbryos remain alive until
~10 hr of age, when they rapidly die
(kegami et al., 1997b, 1999). In re-
sponse to an early, pregastrulation,
tfreatment with camptothecin, apo-
ptosis was induced at a time corre-
sponding approximately to mid-gas-
frula stage in control embryos but
not before this time (lkegami et al.,
1997b, 1999).

In our experiments, affer CHX
freatment, germ-ring stage zebrafish
embryos displayed many of the
characteristic changes associated
with apoptosis. Under low magnifi-
cation, the first visible sign of apo-
ptosis that was seen was a loss of
cell-cell adhesion in the animal pole

Fig. 8. Electron photomicrographs of cy-
cloheximide-treated germ-ring stage nu-
clei. A is an untreated control; B was ex-
posed to cycloheximide for 6 hr. A:
Untreated control embryos display scat-
tered patches of chromatin in the nuclei of
normally developing animal pole cells. B:
Experimental embryos display characteris-
tic apoptotic morphology such as exten-
sive chromatin condensation, margination,
and budding of the nucleus. Original mag-
nification, x10,000.

after 3 hr of freatment (Fig. TA), in-
terpreted, similar fo most models of
apoptosis, from Caenorhabdifis el-
egans to Homo sapiens, as the loss
of cell adhesion proteins from the
cell surface. Once detachment oc-
curs, bleb formation ensues, leading
to the fragmentation of the cell. An-
imal pole cells from germ-ring stage
embryos retain their plasma mem-
brane integrity late in the cell death
process, a further hallmark of apo-
ptosis. Pl is excluded from the cy-
tosol and nucleus even though the
nuclei of the animal pole cells con-
tain highly condensed chromatin,
stained by AO (Fig. 2B).
CHX-treated germ-ring stage
embryos display many of the char-
acteristic nuclear morphological
changes associated with apopto-
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sis. Extensive nucleoplasmic chro-
matin condensation was seen as
early as the 2nd hr after CHX freat-
ment (Fig. 3). Chromatin clumping,
convolution of the nuclear mem-
brane, margination of the con-
densed chromatin, and the frag-
mentation of the nucleus eventually
ensued and were clearly visible in
apoptotic animal pole cells (Fig. 8B).
The genomic DNA of germ-ring
stage embryos displayed extensive
infernucleosomal DNA fragmenta-
fion (presumably resulting from ex-
tensive cleavage of genomic DNA
by CAD, which is activated as the
result of caspase-3 activation) after
only 2 hr of CHX treatment (Fig. 4B).
Thus, by this criterion apoptosis can
be induced in germ-ring stage em-
bryos in less than 2 hr.

It is likely that most of the initial
infernucleosomal DNA fragmenta-
fion seen in this assay originated
from the cells of the enveloping ep-
ithelial monolayer (EVL), but as time
progressed, cells from the deep
layer contributed fo the intense frag-
mentation. TUNEL labeling of CHX-
freated germ-ring stage embryos
confirmed that the genomic DNA
was extensively fragmented (Fig.
4A1).

Because transcripts for caspase-3
are present during early embryo-
genesis (Yabu et al., 2001a0), we ex-
amined the functional activity of the
enzyme, looking for signs of its func-
tion in situ, in cytosolic extracts, and
through the use of Annexin V and
immunoblot analysis for PARP cleav-
age. The importance of PARP cleav-
age during apoptosis in mammals
was revealed when the inserfion of
an uncleavable PARP (lacking the
caspase-3 cleavage site) info MEF
cells caused a delay in cytoplasmic
blebbing and nuclear disassembly
during apoptosis (Oliver et al., 1998).

In situ evaluation demonstrated
activated caspase-3, detected by
the cleavage of Ac-DEVD-AFC,
throughout the cytoplasm in CHX-
freated germ-ring stage emlbryos
(Fig. 5B). Cytosolic extracts could
cleave the Ac-DEVD-AFC substrate
after 2 hr of CHX (Fig. 5A). CHX-
freated germ-ring stage embryos
displayed extensive cleavage of
PARP after 4 hr (Fig. 6A).

The franslocation of phosphatidyl-

serine from the inner to the outer
leaflet of the cell membrane is con-
sidered to be one of the earliest
signs of caspase-3 activation (Martin
et al., 1995). CHX-treated germ-ring
stage embryos successfully translo-
cate phosphatidylserine to the outer
leaflet of the cell membrane (Fig.
6B), establishing for zebrafish this use-
ful marker of apoptosis. Because
phosphatidylserine tfranslocation is
only seen when caspase-3 is acti-
vated, the mechanism for its franslo-
cation appears to be conserved in
zebrdafish.

Thus, many of the markers of ap-
optosis found in mammals are con-
served in zebrafish, and post-mid-
blastula transition embryos have
the capacity to activate a
caspase-dependent apoptotic re-
sponse well before naturally occur-
ring programmed cell death is
seen. The failure of cells to undergo
apoptosis before neurulation,
therefore, cannot be ascribed to
an absence or blockage of apo-
ptosis machinery. A following study
will examine the acquisition of the
apoptotic program.

EXPERIMENTAL PROCEDURES

Fish Stocks and Fish
Aquaculture

Wild-type zebrafish embryos (Danio
rerio) were used for all experiments.
Aquaculture methods and staging
were standard (Kimmel et al., 1995;
Westerfield, 1998). Fish were main-
tained at 14 hr of light and 10 hr of
dark per day. Each 40-liter tank held
30 fish at 28.5°C, and pH 7.0. The
ratio of females to males was main-
tained at 2 to 1 for optimal embryo
production.

To prevent scavenging of the eggs,
13-mm glass marbles were added fo
the tank bottoms. Fertilized eggs were
collected by using a gravity-driven si-
phon. Siphoned tank water was dis-
carded and replaced with fresh dis-
filed water supplemented with 600
mg/l sea salfs. Collected embryos
were maintained in embryo rearing
medium (ERM) at 28.5°C (Westerfield,
1998). At the germ-ring stage, em-
bryos were isolated from the general
population and grouped according
to stage of development in fresh ERM.

CHX Treatment

Germ-ring stage embryos were
placed in ERM containing CHX (100
pg/ml, Sigma-Aldrich). The concen-
tration was chosen after preliminary
evaluation of concentrations rang-
ing from 1 to 500 wg/ml (see Results
section). The embryos were held for
up to 8 hr and were either immedi-
ately processed after treatment or
groups of 15, 30, or 60 embryos were
collected, snop frozen in crushed
dry ice, and stored at —80°C.

Sequential Image Analysis

Cultured embryos were viewed with
the Olympus SZH10 research stereo
microscope and photographed
with a NEC NC-15 CCD color cam-
era at hourly intervals. All photo-
graphs were taken at xX52 magnifi-
cation.

Staining: Acridine Orange/Pl or
Hoechst 33342

Stock AO and PI (Calbiochem) were
prepared in ERM to a final working
concenfrafion of 100 wg/ml. Em-
bryos were collected, washed in
ERM, their chorions removed, animal
poles isolated, and the animal poles
placed into 100 pl of ERM with T pl of
100 pg/ml AO, and 1 pl of 100 wg/mi
Pl, and then incubated at room tem-
perature for 15 min in the dark. Ani-
mal poles were washed with ERM,
visualized by using a Nikon OP-
TIPHOT-2 fluorescence microscope
with the appropriate filters, and pho-
tographed with a Pixera 120es digi-
tal microscope camera. Hoechst
33342 (bisbenzimide) was prepared
and used similarly, at a working con-
centration of 100 ng/ml.

Genomic DNA Extraction

The genomic DNA extraction proce-
dure was adapted from an estab-
lished protocol (Gavrieli et al., 1992).
Groups of 60 germ-ring stage em-
bryos were thawed, 100 pl of high eth-
ylenediaminetetraacetic acid  lysis
buffer was added, and the sample
were homogenized. An additional
300 pl of lysis buffer was added, reho-
mogenized, and the preparation Vor-
fexed. A total of 200 ul of phenol.chlo-
roform:isoamyl-alcohol (60:48:2) was
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added, and the sample vortexed. The
sample was then centrifuged for 5 min
at 14,000 rom at 4°C in a refrigerated
microfuge and 350 pl of upper aque-
ous phase was collected, and placed
into a new centrifuge tube. A total of
200 pl of choloroform:isoamyl alcohol
(24:1) was added, and the tubes
were vortexed and recentrifuged. A
total of 250 ul of the top aqueous
phase was collected. A total of 100
of 3 M sodium acetate was added,
along with 800u! of ethanal, followed
by Vortexing. The DNA was then pre-
cipitated at —20°C for 30 min. The
sample was centrifuged for 10 min af
4°C. The supernaftant was decanfed
and the pellet was dried at room tem-
perature. The DNA was resuspended
in 20ul of TE buffer. A total of § pl of
loading buffer was added to the sam-
ple, which was then loaded onto a 1%
agarose gel and electrophoresed.

TUNEL Assay

The TUNEL assay was adapted from
established protocols (Gavrieli et
al., 1992; Yager et al., 1997; Chan
and Yager, 1998), using the fluores-
cein-FragEL DNA fragmentation
detection kit (Oncogene Research
Products, San Diego, CA). Embryos
were washed in TBS for 1 min at
room temperature, fixed in 4%
formaldehyde overnight at 4°C,
washed 2x in TBS for 30 min at 4°C,
dechorionated, incubated in 100
wl of proteinase K solution in a hy-
bridization chamber well for 20 min
at room temperature, washed 2x
for 10 min at room temperature,
and then incubated in 100 pl 1Xx
TdT equilibration buffer for 30 min
at room temperature. The buffer
was then removed, 100 pl of TdT
labeling reaction mix was added,
and the embryos were incubated
for 90 min at 37°C in the dark. The
reaction mix was then removed,
and the embryos immersed in 100
wl TBS for 6 min at room temperao-
ture. The sample was then rinsed
with distilled H,O and examined by
fluorescence microscopy. As a
positive control, embryos were ini-
tially exposed to DNAse | (Sigma, 1
pg/ml in PBS, 10 min at RT). The
enzyme produced an intense
TUNEL signal in all nuclei.

Fluorometric Enzyme Assay for
Caspase-3 Activity

The assay used is an adaptation
from the protocol of Mirkes and Little
(2000). Groups of 30 frozen samples
were used. A total of 510 ul of fluoro-
genic lysis buffer was added, and
the sample was homogenized. An
additional 510 pl of buffer was
added, and the sample was reho-
mogenized. The sample was then
Vortexed and centrifuged at 14,000
rom for 20 min in a 4°C refrigerated
microfuge. A total of 995 ul of sam-
ple was then removed and placed
infto a cuvette. Five microliters of
caspase-3 fluorogenic substrate (5
mg/ml, Bachem) was then added,
and the sample was mixed. Fluores-
cence readings were taken every 15
min by using a 405-nm excitation fil-
ter and 515-nm emission filter. The
readings were taken to 75 min, and
because the responses were very lin-
ear, the 60 min reading was plotted.

DePsipher Mitochondrial
Transmembrane Potential Assay

DePsipher (Trevigen, Gaithersburg,
MD) solutions were prepared as indi-
cated by the manufacturer. Live
embryos were collected and
washed in ERM, and their chorions
removed. Animal poles were iso-
lated and placed into 100 pl of DeP-
sipher reaction mixture on a printed
diagnostic slide and incubated at
28.5°C for 15 min in the dark. They
were then washed with ERM, cov-
ered with a coverslip, and visualized
and photographed as above. Un-
tfreated control embryos were pro-
cessed in the same manner.

Caspase-3 Live Cell Enzyme
Assay

Animal pole cells were collected as
above and placed info 100 pl of
ERM with & pl of 5 mg/ml Ac-DEVD-
AFC, 1 plof 100 pg/ml Pl, and 1 pl of
100 pg/ml H 33342, and then incu-
bated at 28.5°C for 60 min in the
dark and examined by fluorescence
MICroscopy.

Annexin V Staining

Phosphatidylserine localization was
assayed with the Vybrant apoptosis

assay kit, Alexa Fluor 488 conjugated
to annexin V (Molecular Probes). An-
imal poles were collected as above
and placed into 100 pl of 1Xx an-
nexin-binding buffer. One microliter
of 100 pg/ml PI, 1T pl of 100 pg/ml
bisbenzimide H 33342, and 5 pl Alexa
Fluor 488 annexin V stock were
added, and the preparations were
incubated at room temperature for
15 min in the dark. They were
washed with 1X  annexin-binding
buffer and visualized as above.

Western Blot and
Electrophoresis

The Western blotting and electro-
phoresis procedure used was
adapted from (Bollag et al., 1996) by
using Kaleidoscope prestained stan-
dards (Bio-Rad Laboratories, Her-
cules, CA). Samples were directly
applied to 4-15% Bio-Rad precast
Ready gels, and a Bio-Rad Mini-PRO-
TEAN Il unit at 200 volts. Immediately
affter electrophoresis, the gels were
overlaid with Bio-Rad Immun-Blot
polyvinylidene difluoride  (PVDF)
membrane and blotted at 100 V for
90 min. The PVDF membranes were
blocked by using 3% bovine serum
albumin for 60 min. The gel was
stained with PhastGel Blue R Coo-
massie stain (Pharmacia Biotech) for
10 min and then destained to visual-
ize fransfer efficiency. After washing,
the membrane was incubated in
rabbit anti-PARP bovine, primary an-
tibody (Calbiochem, 15 pl in 15 mi
TBS). overnight at 4°C, washed for
30 min with TBS and then placed in
anti-rabbit IgG secondary antibody
conjugated to horseradish peroxi-
dase (Sigma-Aldrich, 10wl in 15 ml of
TBS) for 2 hr at 4°C, washed, and
developed and visualized by 3,3’
diaminobenzidine tetrahydrochlo-
ride (DAB, Sigma-Aldrich).

Transmission Electron
Microscopy

Washed embryos were fixed with
fresh 3% electron microscopy grade
glutaraldehyde (Sigma-Aldrich; v/v)
for 3 hr at 4°C, rinsed with TBS, im-
mersed in 1% osmium (Sigma-Al-
drich) (v/v) for 1 hr at RT, and rinsed
again. Embryos were then dehy-
drated in an acetone series, em-
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bedded in Araldite, and cut by using
a glass knife.
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