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any cells die during development, tissue homeo-

stasis, and disease. Dysregulation of apopto-

sis leads to cranial neural tube closure (NTC)
defects like exencephaly, although the mechanism is un-
clear. Observing cells undergoing apoptosis in a living
context could help elucidate their origin, behavior, and
influence on surrounding tissues, but few tools are avail-
able for this purpose, especially in mammals. In this paper,
we used insulator sequences to generate a transgenic mouse
that stably expressed a genetically encoded fluores-
cence resonance energy transfer (FRET)-based fluorescent

Introduction

Many fluorescent reporters that detect the activity of endoge-
nous enzymes and the levels of small molecule messengers
have been developed, mainly based on fluorescence resonance
energy transfer (FRET) technology. Functional live imaging
using these reporters permits cell-signaling activities to be moni-
tored simultaneously with cell behavior in real time; such infor-
mation should help elucidate the in vivo functions of the signals
(Miyawaki, 2003; Kamiyama and Chiba, 2009).

We previously generated a genetically encoded sensor for
caspase activation based on FRET, named SCAT3, which con-
tains a substrate sequence recognized by executioner caspases in
its linker region between ECFP and Venus (Fig. 1 A; Takemoto
et al., 2003). The dissociation of ECFP and Venus upon cleav-
age of the linker lowers the Venus/ECFP ratio (V/C; the FRET
signal) and thereby indicates caspase activation. SCAT3 has
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reporter for caspase activation and performed simultane-
ous time-lapse imaging of apoptosis and morphogenesis
in living embryos. Live FRET imaging with a fast-scanning
confocal microscope revealed that cells containing acti-
vated caspases showed typical and nontypical apoptotic
behavior in a region-specific manner during NTC. Inhibit-
ing caspase activation perturbed and delayed the smooth
progression of cranial NTC, which might increase the risk
of exencephaly. Our results suggest that caspase-mediated
cell removal facilitates NTC completion within a limited
developmental window.

been used for the functional live imaging of caspase activation
and apoptosis in living Drosophila melanogaster (Takemoto et al.,
2007; Koto et al., 2009, 2011; Kuranaga et al., 2011; Nakajima
et al., 2011). These studies clearly demonstrated the power of
live imaging of caspase activation for understanding the dy-
namics and significance of apoptosis in an in vivo context.

To apply this tool to mammalian living tissues, we first
tried to generate SCAT3-expressing transgenic mice by a con-
ventional transgenic approach. We obtained a transgenic mouse
line, but they failed to express a sufficient amount of the trans-
gene for detection. This seems true not only for SCAT3 but also
for other CFP-YFP-based probes, as few transgenic mice that
stably express genetically encoded FRET probes have been re-
ported (Isotani et al., 2004; Tomura et al., 2009). The difficulty
in producing such mice may be because of the silencing of
transgenes. In this study, we successfully produced transgenic
mice that stably express SCAT3 by using an insulator sequence;
© 2011 Yamaguchi et al. This article is distributed under the terms of an Attribution—
Noncommercial-Share Alike-No Mirror Sites license for the first six months after the pub-
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Figure 1. Detection of caspase activaion A
and apoptosis in living embryos of SCAT3

transgenic mice. (A) SCAT3 transgenic mice. (i)
(i) Expression cassette for the SCAT3 transgene.
A chicken HS4 insulator (2x) was used to sta-
bilize the fransgene expression driven by CAG "
promoter. (i) SCAT3 fluorescence (Venus and (i)
ECFP) in E9.5 transgenic embryos. (B) Defection
of caspase activation and apoptosis in living
mouse embryos. Caspase activation is repre-
sented as the pseudocolors that correspond to
V/C (1.0-0.5). Embryos dissected from the
uterus at E8.75 were observed by live imaging
for 8 h from the dorsal view (hindbrain). In the
otic placode (insets) of cultured embryos, both
the appearance of cell debris (i.e., dying cells,

C SCAT3 Tg
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A
myc tag linker

Bright field Venus

B BEZEEA

V/C ratio I

ECFP

circled by white lines in the ECFP images; 4-8 h)
and the V/C decline (blue in the V/C images)
in those cells were completely suppressed DMSO  zVAD
by the genetic ablation of apaf-T or a chemi-

-+ + -

apaf-1
— ++ M+ H- /-

Venus/ECFP ratio

cal inhibitor of caspases (200 pM zVAD). wt, 7
wild type. (C) Dependence of SCAT3 cleavage
on the intrinsic apoptotic pathway in E8.75
embryos analyzed by Western blotting (WB)
using an anti-GFP antibody. The two fragments
of cleaved SCAT3 (black arrows) were dimin- 2§

— |

12

ished in SCAT3 transgenic embryos (shown as
SCAT3 Tg+) cultured with 200 pM zVAD for
6 horin apaf1 (—/—) embryos compared with
control littermates (+/+ or +/—). The red arrow D
indicates fulllength SCAT3. Molecular mass

is indicated in kilodaltons. (D, left) Detection

of caspase activation (decline of V/C) in the
MHNP ridge. In control apaf-1*/~ embryos,

cells in the MHNP ridge exhibited caspase
activation and subsequently became detached
(shown by arrowheads). In embryos deficient

for apaf-1 (apaf-1-/7) or treated with caspase
inhibitor (apaf-1+/*; 200 yM zVAD), detaching

cells appeared but showed no sign of caspase
activation. (right) Time course of caspase acti-
vation during imaging. /, intensity. Normalized

V/Cs (moving average among three serial time
points) are shown by green lines. Bars: (A) 1 mm;

(B) 100 pm; (D) 10 pm.

such sequences are able to protect genes from inappropriate sig-
nals emanating from their surrounding chromatin environment
(Recillas-Targa et al., 2002; West et al., 2002).

Cell death is essential for normal development and for
maintaining tissue homeostasis. Among the several types of cell
death, which include autophagic cell death and necrosis (Degterev
and Yuan, 2008; Yuan and Kroemer, 2010), apoptosis is widely
observed in physiological tissue turnover and during devel-
opment in multicellular organisms (Jacobson et al., 1997). Its
mechanism has been the most extensively studied, as caspases,
a family of cysteine proteases, were shown to execute cell-killing
programs by cleaving specific target proteins (Kumar, 2007).
Deficiencies of mitochondrial cell death pathway genes (cas-
pase-3, caspase-9, or apaf-1) in certain genetic backgrounds
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lead to neurodevelopmental abnormalities such as exencephaly,
a phenotype mainly caused by the failure of cranial neural tube
closure (NTC; Leonard et al., 2002; Houde et al., 2004).

NTC is the dynamic and complex process that creates the
basic morphological scaffold for the central nervous system.
Neural tube defects (NTDs), including exencephaly, anenceph-
aly, open spina bifida, and craniorachischisis, are frequently
observed in human populations worldwide, and their causes
have been intensively studied epidemiologically and experimen-
tally (Copp et al., 2003; Copp and Greene, 2010). Classical
embryological manipulation studies showed that coordinated
behavior of cells and tissues is required to complete NTC
(Schoenwolf and Smith, 1990; Smith and Schoenwolf, 1997).
To generate the neural tube from the neural plate, both sides of
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the plate become raised, forming elevated ridges that bend to-
ward one another until they are apposed, zipped together, and
finally fused to form the roof of the neural tube. Massive pro-
grammed cell death, mainly apoptosis, occurs during NTC, es-
pecially at the neural ridges and midline before and after fusion
(Weil et al., 1997; Copp et al., 2003). In addition, chicken em-
bryos treated with pan-caspase inhibitors exhibit NTC failure
(Weil et al., 1997). These lines of evidence together suggest that
apoptosis is important for the normal completion of NTC. The
findings of one study, however, indicate that apoptosis occurs in
parallel to neural tube fusion and tissue remodeling in the final
steps of NTC because blocking apoptosis acutely during NTC
in cultured mouse embryos with a chemical inhibitor of cas-
pases, zVAD-fmk, does not cause any apparent morphological
abnormalities like NTDs (Massa et al., 2009). Nevertheless, a
deficiency of apoptotic signaling in vivo causes failure of NTC
in the cranial region, at the midbrain—hindbrain regions, and, in
a few cases, at spinal lumbosacral levels (Honarpour et al.,
2001), indicating that dysregulated apoptosis may affect other
aspects of NTC than tissue fusion. Thus, it remains unclear how
the inhibition of apoptosis affects the cranial NTC and leads to
NTDs such as exencephaly.

To clarify the significance and roles of apoptosis during
the cranial NTC, the effect of inhibiting apoptosis on the cel-
lular and morphological dynamics of the cranial NTC and on
the particular NTC steps must be determined. Given that both
the cranial NTC and apoptosis occur too rapidly for conven-
tional fixation methods to determine the relationship between
them (Jones et al., 2002; Pyrgaki et al., 2010), a functional
live-imaging approach is needed. The SCAT3 transgenic mice
we generated here allowed us to perform a real-time detection
of caspase activation and apoptotic cells during cranial NTC
at both macroscopic and single-cell resolution, which could
not have been performed previously. Our live-imaging system
revealed the differential behaviors of cells containing acti-
vated caspases in a region-specific manner during dynamic
morphogenesis and that the absence of these apoptotic cells
leads to delayed cranial NTC, thereby possibly increasing the
risk of exencephaly. We believe that the real-time detection of
cells with activated caspases in living tissue has great poten-
tial for providing mechanistic insights into the effects of dying
cell behavior in vivo.

Results

Generation of SCAT3 transgenic mice that
reveal caspase activation to visualize
apoptosis in living embryos

SCAT3 contains a substrate sequence recognized by execu-
tioner caspases in its linker region between ECFP and Venus
(Fig. 1 A). The dissociation of ECFP and Venus upon cleavage
of the linker lowers the FRET signal and the V/C and thereby
indicates caspase activation. After several failed attempts to
generate SCAT3 transgenic mice, we obtained stable transgene-
expressing mouse lines by using cytomegalovirus immediate early
enhancer-chicken (3-actin hybrid (CAG) promoter with chicken
insulator sequences, which can be used to reduce variability in

a transgenic mouse founder line by acting as barriers against
gene silencing (Fig. 1 A; Niwa et al., 1991; Potts et al., 2000;
Recillas-Targa et al., 2002; West et al., 2002; Hsiao et al., 2004;
Moriyama et al., 2007).

To examine whether the probe effectively detected caspase
activation and apoptosis in living tissue, we first focused on de-
velopment of the otic placode because it is known that massive
apoptosis occurs during otic vesicle formation (Barrow et al.,
2000; Cecconi et al., 2004). Embryos dissected from the uterus
at embryonic day 8.75 (E8.75) were observed by live imaging
for 8 h in culture from the dorsal view (hindbrain; see Materials
and methods). In the otic placode (Fig. 1 B, insets), a decreased
V/C, indicating caspase activation (green and blue cells in V/C
images of apaf-1*"~ in the top row of Fig. 1 B) and the emer-
gence of cell debris, was observed (i.e., dying cells, circled by
white lines in the 4-8 h ECFP images of apaf-1*"~ in Fig. 1 B;
n = 5). In contrast, these events were completely suppressed
in apaf-1~"~ embryos (n = 3) or wild-type embryos cultured
with a pan-caspase inhibitor, zZVAD (200 uM; n = 3; Fig. 1 B).
Western blotting analysis of the embryos indicated that the
V/C changes were largely dependent on the cleavage of SCAT3
by caspases (Fig. 1 C). In addition, it was possible to perform
time-lapse tracking of an apoptotic cell by V/C at single-cell
resolution (Fig. 1 D; see the section after next). Thus, SCAT3
faithfully detected caspase activation and apoptosis at both
macroscopic and single-cell resolutions in living mouse embryos.

Visualization of the cranial NTC in the
macroscopic scale by a fast-scanning
confocal microscope

To visualize NTC in living SCAT3 transgenic mouse embryos,
we also set up a live-imaging system with a fast-scanning con-
focal microscope, which allowed us to scan whole head regions
(200—400-um depth) within a short time (~2 min/embryo) and
to reduce photobleaching and phototoxicity as much as possible
(Fig. 2 A). In mice and possibly in humans, NTC begins at mul-
tiple points along the neural tube with different timing (Fig. 2 B;
Copp et al., 2003). During NTC, the neural folds become ele-
vated, bend toward the midline, and fuse together by direct con-
tact of nonneural ectoderm cells from both sides, which we
hereafter call boundary cells, to form the neural tube (Fig. 2 C,
i-iv; Pyrgaki et al., 2010). Observation of the cranial NTC in
living SCATS3 transgenic embryos in our system was consistent
with patterns of NTC previously described in fixed embryos
(Sakai, 1989; Juriloff et al., 1991; Golden and Chernoff, 1993;
Copp et al., 2003); the cervical region of the neural tube was the
first to close (closure I; a in Fig. 2 B), and the closure extended
rostrocaudally from this site. Rostral closure I initiated the zip-
ping of the boundary cells (Fig. 2 D and Video 1). As the neural
tube at rhombomere 5 (r5) and 4 was zipping closed (arrows in
Fig. 2, D and E), at r3-r2 and the midbrain, the neural plates
began to bend, and the dorsal ridges of the neural plates began to
flip (Fig. 2, C [ii and iv] and D [dotted lines]). Closure II was
initiated at the forebrain—midbrain boundary (8 in Fig. 2 B),
and the subsequent zipping spread rostrocaudally. The rostrally
directed closure II met closure III to seal the forebrain region,
and the caudally directed closure II met rostrally directed closure I

Live imaging of apoptosis during morphogenesis ¢ Yamaguchi et al.
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Figure 2. Time-lapse imaging of the cranial NTC under a fast-scanning
confocal microscope. (A) System for time-lapse imaging of the cranial
NTC. Embryos undergoing NTC (somite stage 9-11 for zipping clo-
sure | in rhombencephalon and somite stage 12-16 for closures | and I
to seal MHNP) were dissected from the uterus and yolk sac and were
placed into holes in 2% low temperature-melting agarose on glass-bottom
dishes, which were filled with culture medium, and placed in a humidified
37°C/5% CO, incubator in order to visualize the hindbrain region (red
rectangle). (B, left) Multiple closure sites in the mouse embryo. « and B
represent initiation sites of closures | and II, respectively. The MHNP was
observed by live imaging (asterisk enclosed by the square). (right) The
MHNP (asterisk) is closed by closures | and Il. (C) A schematic illustration
of the cranial NTC. (i-iii) NTC steps shown as transverse sections along
the rostrocaudal axis (indicated in B for ii and iii). (iv) High-magnified view
of the dorsal ridge. We termed regions around the boundary cell as the
boundary domain (shown by blue circle), including the adjacent surface
ectoderm and the edge of the dorsal ridge of the neural plate (red circle).
(D) Time-lapse imaging of the cranial closure | in SCAT3 transgenic mice.
ot, ofic placode. t, imaging duration (minutes). Flipping of the neural ridges
in the prospective midbrain and hindbrain is emphasized by dotted lines.
Bars, 150 pm. (E) Zipped regions were traced (jagged blue line). Bars,
100 pm. (insets) High-magnification views of zipping are shown. Bars,
25 pm. (D and E) Arrows indicate forward zipping edges of closure I.
(F) Time-lapse imaging of closures | and Il at the MHNP (asterisks) in SCAT3
transgenic mice. Arrows indicate forward zipping edges of closures | and II.
Bars, 50 pm.
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to seal the midbrain—hindbrain neuropore (MHNP), thus com-
pleting the cranial NTC (Fig. 2 [B and F] and Video 2). Thus,
our system allowed us to monitor the entire cranial NTC pro-
cess in a living embryo.

Differential dynamics of cells containing
activated caspases during NTC:
Conventional apoptotic cells (C-type) and
dancing apoptotic cells (D-type)

To examine the relationship between apoptosis and the pro-
gression of the cranial NTC, we first observed the dynamics of
apoptosis at single-cell resolution in the prospective midbrain—
hindbrain, where rostral closure I and caudal closure II occur, as
it was shown that the inhibition of apoptosis results in its malfor-
mation (Cecconi et al., 1998; Kuida et al., 1998; Yoshida et al.,
1998; Honarpour et al., 2000, 2001). SCAT3 transgenic embryos
undergoing closure I at r5-r6 (somite numbers 9-12) were re-
trieved and observed under our live-imaging conditions. Cells ex-
hibiting a decline of V/C (caspase activation) appeared mainly in
the dorsal ridge of the neural plates and in the boundary domain
between the neural plates and surface ectoderm (Figs. 1 D and
3 [A—C]). Just after caspase activation (t = 32; Fig. 1 D), the cells
began to protrude from the epithelial layer, became round, and
began to move actively (r = 40-72; Figs. 1 D and 3 C [arrows]).

Unexpectedly, these cells rarely fragmented, a hallmark
of apoptosis in cultured cells. Instead, they remained continu-
ously attached to and danced around their original sites for a
long period (¢ = 30-180; Fig. 3 C [arrows] and Video 3). After
that, they tumbled down the neural plate ( = 180-240; Fig. 3 C
[arrows] and Video 3), and most of them retained their round
shape during the imaging period (¢ = 330; Fig. 3 C). Therefore,
we termed these cells D-type (dancing type) apoptotic cells
(Fig. 3 D). Some D-type cells disappeared suddenly (Fig. 3 C,
arrowheads), mainly by flowing away (not depicted) and possi-
bly by collapsing or being engulfed.

We also observed cells during NTC that we termed
C-type (conventional type) apoptotic cells (Fig. 3 D), according
to the following criteria. After exhibiting caspase activation
(t=256; Fig. 3 E [arrows] and Video 4), these cells shrank (z = 260;
Fig. 3 E) and then fragmented, thereby forming apoptotic bodies
(t = 276; Fig. 3 E [arrowheads]), which are hallmarks of apop-
tosis. Immediately afterward, the fragmented apoptotic bodies
disappeared, probably engulfed by surrounding cells. C-type
cells were observed not only before the completion of closure
(Fig. 3 E) but afterward at the midline (Fig. 3 F and Video 5).

Regional preference in C- and D-type
apoptotic cells during cranial NTC

As previously mentioned, briefly, there was a regional differ-
ence in the distribution of C- and D-type cells during NTC.
C-type cells were found near the boundary domain (Fig. 2 C, iv);
boundary cells and adjacent surface ectoderm—not only before
the completion of closure (Fig. 3 E) but afterward—were found
at the midline (Fig. 3 F and Video 5) by live imaging. On the
other hand, the D-type cells originated from the boundary domain,
but most of them were derived from the dorsal ridge of neural
plate and the boundary cells (Figs. 2 C [iv] and 3 [B and C]).
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Interestingly, the D-type apoptotic cells seemed to accumu-
late in the dorsolateral neural plate as the plate was bending
(r = 300-420; Fig. 3 B, i and iii).

To confirm that the two types of cells were apoptotic and
present in vivo and not an artifact of culture, we observed em-
bryos that were fixed immediately after retrieval and stained
with several markers of apoptotic cells. Cells with morpholo-
gies similar to the D-type (rounded) and C-type (fragmented)
cells were observed by anti—active caspase-3 staining (Figs. 4
[A and B] and S1), suggesting that they were indeed cells with
activated caspase in vivo. Furthermore, although the D-type
cells retained their cell bodies for a long period after caspase
activation, their nucleus was degraded, judging from Hoechst

t =360

t =240

Figure 3. Real-time detection of apoptotic cells
during NTC. Caspase activation is indicated by
the V/C (1.0-0.5). (A-C) Concomitant occur-
rence of apoptosis and morphological changes
in the boundary domain. tis indicated in min-
utes. (B) High-magnification view of insets in A.
(i and ii) V/C (i) and ECFP (i) images. The bound-
ary cells and surface ectoderm (SE) are colored
yellow in ii. Concomitant with the flipping of the
dorsal ridge of the neural plate (NP), apoptotic
cells (blue) appeared beneath the flipping ridges.
(iii) Reconstituted transverse (XZ) sections from 4D
datasets at r2, indicated by yellow lines in i (also
in A). The flipping of the dorsal ridges and bend-
ing of the neural plate are indicated by dotted
lines. (C) High-magpnification views of the flipping
dorsal ridge in A and B. Apoptotic cells danced
around the dorsal ridge and tumbled down the
neural plate (arrows) or disappeared (arrow-
heads). The flipping edge of the neural plate was
being covered by the boundary cells and surface
ectoderm, which are colored yellow in the ECFP
images (as in B, ii). (D) Features of D- and C-type
apoptosis during cranial NTC. (E) A cell show-
ing activated caspase (arrows in V/C images;
t=260) shrank (t= 260) and became fragmented
(t = 276; arrowheads) in the boundary domain
before the completion of NTC. The same cell is
circled by magenta in the ECFP images in the
magnified images of the boxed areas. (F) After
the MHNP was sealed, extensive caspase activa-
tion (arrows) and subsequent cell fragmentation
(arrowheads) occurred at the midline. The same
cells are circled by magenta in the ECFP images.
Bars: (A) 100 pm; (B and E) 50 pm; (C and F) 25 pm;
(D) 6 pm.

t =420

t = 330

staining and cleaved lamin A staining (Fig. 4, A and C). These
results clearly indicated that both the C- and D-type cells were
dying by caspase-dependent apoptosis.

To gain insight into the mechanism generating the two dif-
ferent cell types, we examined the expression patterns of various
pro- and antiapoptotic proteins by immunostaining during the
cranial NTC. We found a regional preference in the activation pat-
terns of the executioner caspases, caspase-3 and caspase-7. Small
particles positive for active caspase-3 (about 3—7 um/diameter),
which probably corresponded to fragmented apoptotic bodies
derived from the C-type cells, were widely distributed in the
boundary domain, the surface ectoderm adjacent to the boundary
cells (Fig. 4 D, arrowheads), and the dorsal ridge of neural plates

Live imaging of apoptosis during morphogenesis ¢ Yamaguchi et al.
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Figure 4. Regional preferences in caspase activation be-
tween C- and D-type apoptotic cells. Immunostaining of
active caspase-3 (a-Casp3) or active caspase-/ (a-Casp?)
in embryos undergoing the cranial NTC. Magenta repre-
sents Hoechst 33342 staining. (A) In Dtype cells, nuclear
fragmentation and pyknotic nucleus were observed (ma-
genta; arrows). Bar, 100 pm. (insets) Magnified images
of the boxed area are shown. Bar, 10 pm. (B) Active
caspase-3 staining, which looked like fragmented apoptotic
bodies, was observed in the dorsal ridge of neural plate
(green; arrowheads). Bars: (top leftf) 100 pm; (top right)
50 pm; (bottom left) 10 pm. (C) Signal of cleaved lamin A,
which was a substrate of activated caspase, was detected
in the D-type cell (green; arrow). Bar, 25 pm. (insets) Mag-

nified images of the boxed area are shown. Bar, 10 pm. D
(D) Active caspase-3 staining was detected in the surface
ectoderm adjacent to the boundary cells (green; arrow-
heads). It was also observed in rounded D-ype cells at
the zipping regions (green; arrows) and in the cells align-
ing the dorsal ridge of the neural plate (green; asterisks).
Bars, 25 pm. (E) Active caspase-7 was detected in the
D-type cells (green; arrows) detached from the boundary
domain. Their nucleus was pyknotic (magenta), indicating
that the cells were dying. Bars: (lefff 100 pm; (middle)
25 pm; (right) 10 pm. (F) Distribution of two types of apop-
totic cells during NTC. The neural plate (NP) is shown
in purple, the surface ectoderm (SE) in green, and the
boundary cells (BC) between the neural plate and surface
ectoderm in orange.
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(Fig. 4 B, arrowheads). There were also many cells positive for
active caspase-3 that had a neuroepithelial morphology (Fig. 4 D,
asterisks) in the dorsal ridge of the neural plate in the midbrain—
hindbrain regions. In this case, however, it was difficult to deter-
mine which type of apoptosis they were destined to undergo from
only the static images. Rounded D-type cells (about 10 um/diam-
eter) were also positive for active caspase-3 and were located near
the zipping point of the closure (arrows in Fig. 4, A and D). There
were few signals in the surface ectoderm far from the MHNP
around E9.0. On the other hand, active caspase-7 staining was
detected in the rounded D-type cells that were detached or al-
ready removed from the dorsal ridge of the neural plate (Fig. 4 E,
arrows). It was also weakly detected in the cells lining the bound-
ary ridge but rarely in the neural plate (unpublished data). Thus,
caspase-3 was activated widely in the dorsal ridge of the neural
plate (neuroepithelial cells) and the boundary domain, whereas
caspase-7 was activated in the detaching D-type cells (Fig. 4 F).

One of the advantages of SCATS3 is that it enables kinetic measure-
ment of caspase activity by changes of the V/C that is based on the
cleavage of SCATS3, thereby revealing the timing of the initial cas-
pase activation and dying process in living tissues. To compare the
kinetics of caspase activity quantitatively between the two types of
apoptotic cells, we determined the V/C in dying cells over time

(see Materials and methods). Interestingly, the C- and D-type cells
differed in their kinetics of caspase activity; in all the C-type cells
examined (n = 14/14), the V/C rapidly dropped within ~15 min
(mean time: 8.0 + 3.2 min; n = 14), after which the cells underwent
cell fragmentation within 10 min (n = 9/14) or, at the most, 20 min
(n=5/14; Fig. 5 A). Thus, the transition from initial caspase activa-
tion to cell fragmentation in the C-type cells occurred quickly
within ~30 min (r = 256-276; Figs. 3 E and 5 A).

In contrast, D-type cells (n = 9/9) exhibited a slower ini-
tial decline in the V/C than C-type cells; this decrease continued
for ~30 min (mean time: 16.0 = 5.6 min; n = 9) and then pla-
teaued (Fig. 5 B). Nevertheless, the cells never underwent cell
fragmentation, which was the previously described hallmark of
the D-type cells, and persisted for at least ~3 h (Fig. 5 C). Thus,
the caspase activity determined by SCAT3 cleavage rose rap-
idly and severely in the C-type cells but comparatively mildly
in the D-type cells (Fig. 5 D). Collectively, by using the SCAT3
transgenic mice, we were able to visualize the dynamics and ki-
netics of apoptosis and its relationship to morphogenetic move-
ment in living animals during NTC (Fig. 4 F).

To examine how apoptosis contributes to the dynamics of NTC,
we next performed live-imaging analyses of embryos deficient
for intrinsic apoptotic pathway genes (apaf-1~"" or casp-3~"";
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see Materials and methods; Kuida et al., 1996; Yoshida et al.,
1998). In these mutant embryos (somites 10—12), neither D- nor
C-type apoptotic cells (Fig. 6, A and B) were observed, and the
flipping and bending of the neural plate (Fig. 6 A, arrows) in the
presumptive midbrain—hindbrain were severely reduced (com-
pare Fig. 6 [A and B] with Fig. 3 [A and B] and Video 6 with
Video 7). Interestingly, the hindbrain dorsal ridges in apaf-1~""
embryos exhibited repeated squeezing motions, but they failed
to complete the apposition and zipping (Video 6).

Delayed cranial NTC by inhibition of
apoptosis both in utero and ex utero

As reduction in bending of the cranial neural folds and in flip-
ping of the dorsal ridges of the neural plates makes contact dif-
ficult between the dorsal ridges at the site of closure II (Copp
et al., 2003), we assumed that the inhibition of apoptosis might
disturb or delay the contact and the subsequent closures. We
examined this possibility by precisely assessing the timing and
mode of closures in embryos that were immediately fixed after
retrieval from the uterus. Indeed, the beginning of closure II,
which is evoked by the direct contact of both sides of the dorsal
ridge around the forebrain—midbrain boundary, was delayed in
apoptosis-deficient embryos (Fig. 7). Furthermore, after that,
closures I and II did not progress as much as in controls at the
MHNP (Fig. 7), suggesting that reduction in the bending of
neural plates and the flipping of dorsal ridges of the neural
plates actually occurs in utero and leads to delayed closure in
the absence of apoptosis. However, it is difficult to determine
the kinetics of NTC from only static samples. To examine this
point directly, we again used live-imaging analysis to evaluate
the speed of NTC quantitatively. We focused on the MHNP after
closure II began (somite 12—-14 stages), as the speed of NTC in
the MHNP could be calculated by measuring the MHNP length
(L) at different time points (Fig. 8 A). The speed of closure was
almost constant in each individual, but it was significantly re-
duced in embryos treated with the pan-caspase inhibitor zZVAD
(Fig. 8, B-D) or deficient for apoptotic machinery (apaf-1~"";
Fig. 8, B, E, and F). Although zVAD-treated embryos could
complete NTC, which is consistent with a previous study
(Massa et al., 2009), our live-imaging analysis clearly revealed
that blocking the caspases changed its dynamics; the inhibition
of caspase activation reduced the closure speed and delayed the
zipping during closures I and II (Fig. 9 A).

Possible consequences of delayed

cranial NTC

These in utero and ex utero results suggested that a role of apop-
tosis in cranial NTC is to facilitate its smooth progression so
that neural ridge apposition and the zipping processes occur
with the appropriate timing to allow these critical steps to be
completed (Fig. 9 A). Indeed, there were some apoptosis-deficient
embryos in which a reduced speed of closure caused incomplete
NTC during the culture period (~12 h; penetrance: n = 2/8
embryos in apaf-1~'~ embryos and n = 1/2 in caspase-3~"~
embryos), similar to the situation in utero in our breeding
colony. In one apaf-1~"~ embryo that had already reached the
stage when closure is normally finished (somite 20) at the start
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Figure 5. Difference in the kinetics of caspase activity between the C- and
D-type apoptotic cells. Celltracking analysis revealed differential kinetics
of caspase activity between the C- and D-type cells. (A-C) Ratiotracking
analysis. Each line corresponds to a single cell. (A) In C-type cells (n = 14),
the V/C dropped rapidly within 10 min. The x’s mark the time when the
C+ype cell underwent cell fragmentation. (B and C) In D-type cells (n = 9),
the V/C decreased more slowly than in Cype cells, continuing to decline
for an additional ~20 min, and then plateaued. Long-term tracking results
are shown in C. The D-type cells did not undergo cell fragmentation during
live imaging. The black circle shows the time when the cell could not be
tracked anymore as a result of being lost or out of focus. (D) Time to reach
the bottom values of V/C. In Dtype cells, decline of V/C was significantly
slower than in Cype cells. Each square represents individual cells, and its
colors correspond to those of A and B. The bottom V/C values of D-type
cells were defined as the point at which the V/C reached to the plateau val-
ves (see Materials and methods). Black bars indicate mean values (C-type
cells: 8.0 £ 3.2 min; D-type cells: 16.0 + 5.6 min; ***, P < 0.005).

of the live-imaging session, the hindbrain region remained open
from r4 to r2 throughout the culture period (Fig. S2, A and B).
The length of MHNP decreased, as if the rostral and caudal
edges had tried to close the MHNP, but the width of the MHNP
increased (Fig. S2 B). In other apaf-1~'" or caspase-3~'~ em-
bryos, the progression of closures I and II suddenly stopped,
and the MHNP started to reopen along a rupture in the midline
(Fig. S2 C). No wild-type or heterozygous embryos exhibited
these defects (n = 0/19 apaf-1* or apaf-1"~ and n = 0/4

3 +/+

caspase- or caspase-3*~ embryos).

Discussion

Cells can undergo multiple forms of cell death (Degterev and
Yuan, 2008; Kroemer et al., 2009). Even when apoptosis is
prevented, other forms of cell death represented by caspase-
independent cell death and necroptosis can still occur (Kroemer
et al., 2009). It was recently shown that death by apoptosis is
important for the effective clearance of cell debris, which serves

Live imaging of apoptosis during morphogenesis ¢ Yamaguchi et al.
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Figure 6. Insufficient movement of the dor-
sal ridge of the neural plates by inhibition of
apoptosis ex utero. Comparison of closure |
between control (apaf-1*/~) and apoptosis-
deficient (apaf-17/~) embryos by live-imaging
analysis. Caspase activation is indicated
by the V/C (1.0-0.5). (A) Flipping of dorsal
ridges (arrows in apaf-1*/~) was severely re-
duced in apaf-17/~ embryos. Few apoptotic
cells (blue cells in apaf-1*/~) were seen in the
apaf-17/~ embryos. t represents the imaging
duration (minutes). (B) Bending of the neural
plate was severely reduced in apaf-1~/~ em-
bryos in prospective midbrain regions. Sur-

face ectoderm is colored yellow in ECFP images in ii (magnified images of the boxed areas on the leff). Neither bending nor apoptosis occurred (i and ii).
(iii) Reconstituted transverse (XZ) sections from 4D datasets at r2, shown by yellow lines in i. Bars: (A and B [i, and iii]) 100 pm; (B, ii) 50 pm.

to maintain immune tolerance and tissue homeostasis (Elliott and
Ravichandran, 2010). However, in most physiological contexts,
especially in developmental processes, the mechanism and sig-
nificance of choosing one form of cell death predominately over
another remain to be elucidated (Clarke, 1990). Our live-imaging
analysis of apoptosis and morphogenesis using SCAT3 trans-
genic mice revealed that caspase-activated dying cells with dis-
tinct behaviors (C- and D-type) appear in a region-specific manner,
suggesting that cells choose the form of apoptosis depending on

A

their lineage or location. Furthermore, we found that inhibiting
apoptosis delayed the cranial NTC progression (rostral closure
I and caudal closure II), clearly indicating that apoptosis, not
other types of cell death, is the critical form of programmed cell
death for the cranial NTC.

One study showed that NTC is completed in whole-embryo
culture even when apoptosis is acutely prevented by a pan-caspase
inhibitor or p53 inhibitors, suggesting that apoptosis is not re-
quired for the completion of NTC (Massa et al., 2009). However,

B
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Figure 8. Delayed closure revealed by quanti-
fication of closure speed from live-imaging data.
(A) Measurement of L (length of MHNP). Rostral and
caudal edges of MHNP were marked in 3D data
(red circles), and their coordinate values were used
for calculation of L. (B) Representative images of
MHNP closure in control (apaf1*/* or apaf-1*/~,
apaf17/~, and zVAD-reated embryos). t repre-
sents the imaging duration (minutes). (A and B) Bars,
100 pm. (C and E) Kinetic analysis of NTC in
zVAD-reated embryos (C57BL6xICR F1 offspring;
control, n = 6; zVAD treated, n = 5; C) or in mu-
tant embryos (C57BL6;129S1 mixed background;
apaf-1*/* or apaf-1*/~, n = 11; apak1~/~, n = 4; E)
and length of the MHNP plotted against time.
Closure speed was calculated from the linear ap-
proximations shown in the graphs (black solid lines
and red dashed lines). Note that the closure speed
in each embryo was almost constant during the cul-
ture period. (D and F) Closure speeds quantified in
C and E were significantly slower under caspase-
inhibited conditions than under control conditions
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it remained unclear whether inhibiting apoptosis causes any
changes in NTC dynamics or kinetics and why apoptosis defi-
ciencies in mice cause cranial NTDs in utero. The role of apop-
tosis and cell death is still confusing in other developmental
processes involving tissue fusion or tissue remodeling (for in-
stance, palatogenesis; Iseki, 2011). Observing apoptosis and
morphogenesis simultaneously in live animals would provide
clues for understanding the contribution of apoptosis to the
morphogenesis. Our kinetic analysis by live imaging ex vivo
and detailed observation of the cranial NTC in utero did provide
a deep understanding of the role of apoptosis during cranial
NTC. Although our data support the previous authors’ conclu-
sion that apoptosis is not necessarily required for the fusion and
completion of cranial NTC, more importantly, our results indi-
cate that apoptosis does contribute to the cranial NTC by facili-
tating its smooth progression and that incremental effects of
delayed closure from the onset of cranial NTC to its end could
result in closure failure in the MHNP in utero, where closure |
and II finally meet.

A working model for future investigation, consistent with
our observations of the MHNP edge dynamics in embryos that
failed to finish closure, is that there is a deadline by which the
cranial NTC must be completed. This developmental time win-
dow hypothesis holds that forces counteracting the closure begin

to be generated and surpass those promoting it as embryonic
brain development proceeds. By virtue of several factors, in-
cluding the actomyosin-driven apical constriction that occurs
intrinsically in the neural plate (Haigo et al., 2003) and the ex-
trinsic forces provided by the adjacent surface ectoderm that
cause the neural plate to bend (Fig. 9 A; Hackett et al., 1997),
the cranial NTC is completed before the counteracting forces
become elevated, which prevents damage to the neural tube in
normal development (Fig. 9 B). However, the cranial NTC fails
to close or reopens if there is an inappropriate time lag between
the completion of closure and the counteracting force elevation,
owing to any genetic, environmental, or physical disturbance
that affects cell proliferation, differentiation, adhesion, migration,
or cell death.

Hundreds of mouse mutants with NTDs have revealed
causal relationships between NTDs and genetic mutations
(Copp et al., 2003; Wang et al., 2006; Copp and Greene, 2010).
For example, a disturbance in planar cell polarity signaling
causes convergence and extension defects that perturb the ap-
position of the neural ridges, resulting in NTDs in various ver-
tebrate models, including mice (Wallingford and Harland, 2002;
Wallingford, 2006). In many other cases, however, the detailed
mechanism linking a genetic mutation with the consequent
NTD remains to be elucidated. The kinetic analysis of NTC and
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Figure 9. Developmental time window model for cranial NTDs such as
exencephaly. (A) A schematic representation of NTC in control and
apoptosis-deficient embryos. (i and ii) Transverse (i) and dorsal (i) views of
MHNP. The types of apoptotic cells are as shown in Fig. 3 D. Apoptosis
helps smooth the morphological changes of the neural plate (blue arrows).
Surface ectoderm may provide forces that cause the neural plate to flip
and bend (green arrows). As a consequence of the reduced bending in
the absence of apoptosis (pink arrows), closure progressed more slowly
(shown by small red arrows in ii). The neural plate is shown in purple, and
the surface ectoderm is shown in green. (B and C) Developmental time
window model for the cranial NTC. (B) NTC must be completed by a devel-
opmental deadline (about somite stage 20), when forces incompatible with
NTC may arise. Apoptosis helps smooth the progression of NTC, allowing
it to be completed by the deadline. (C) Even when closure is delayed, the
embryo can develop without NTDs, as long as NTC can be completed
before the deadline (case indicated by dotted arrow). However, if closure
is not completed by the deadline, cranial NTC ends in failure to close at
the MHNP, resulting in cranial NTDs such as exencephaly.

caspase activation by live-imaging analysis at both macroscopic
and single-cell resolutions may reveal such links and improve
our understanding of NTDs and how to prevent them.

The results of viewing NTC kinetically might also explain
the variable phenotypic penetrance of some cranial NTD-causing
mutations on different genetic backgrounds (Fleming and
Copp, 2000). Because the mode of NTC itself is highly variable
among embryos and strains (Juriloff et al., 1991; Golden and
Chernoff, 1993; Fleming and Copp, 2000), it is reasonable that
the impact of delayed NTC completion could vary among them
as well. Indeed, apoptosis-deficient mutants show differential
phenotypic penetrance dependent on their genetic background.
The penetrance of brain malformation is high in the 129/C57BL6
mixed background but reduced in the C57BL6 background
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(Leonard et al., 2002; Houde et al., 2004). As we used a
129/C57BL6 mixed background colony in which a few mice
homozygous for apaf-1 or caspase-3 could survive to adulthood
(unpublished data), this phenotypic penetrance could explain
why most of the homozygous mutants exhibited slow progres-
sion of the NTC but completed it under the live-imaging condi-
tions, except for a few that failed to finish NTC and exhibited
exencephalic phenotypes.

The exact mechanisms by which inhibiting apoptosis af-
fects the dynamics of the cranial NTC and reduces the speed of
closure in the MHNP remain to be elucidated. In dorsal closure
in Drosophila, apposing epidermal sheets contact one another
and seal with zipperlike dynamics at the midline, and the inhibi-
tion or promotion of apoptosis in amnioserosa cells that connect
to the lateral epidermis delays or accelerates the dorsal closure
process, respectively, suggesting that extrusion of apoptotic
cells contribute to dorsal closure by force generation (Toyama
et al., 2008). In this regard, the D-type apoptotic cells arising
from the neural ridge in mammals could be beneficial for the
smooth flipping of the neural ridge. D-type cells were frequently
observed close to the zipping point of the MHNP, as if they
were being extruded from the neural ridge, raising the possibil-
ity that there is a physical force to extrude D-type cells from the
neural ridge.

In cultured mammalian cells, apoptotic cells are removed
rapidly and can affect the cytoskeleton of neighboring cells,
probably providing a mechanism not only for smoothing mor-
phogenesis but also for keeping epithelial integrity (Rosenblatt
et al., 2001). It is assumed that apoptotic cells should be ex-
truded from the epithelial tissues without cell fragmentation to
maintain epithelial integrity as well as proper morphogenesis.
Because the D-type cells are not fragmented and therefore too
large to be engulfed by nonprofessional phagocytes like epi-
thelial cells, which possess relatively low phagocytic capacity,
they are probably engulfed by professional phagocytes like
macrophages and microglias (Parnaik et al., 2000). The D-type
apoptotic cells that persist in the lumen in vivo could be finally
eliminated by professional phagocytes, as macrophage-like
cells appear in the cranial region around E9-10, long after the
generation of D-type cells and the completion of NTC (unpub-
lished data). In contrast, the fragmentation of C-type cells into
small apoptotic bodies—the conventional form of apoptosis—
should allow surrounding nonprofessional epithelial cells to
engulf the debris rapidly.

In addition to these physical effects on morphological
forces, apoptotic cells can affect their neighbors by releasing
signaling molecules (Chera et al., 2009; Li et al., 2010). It would
be interesting to examine whether the distinct behaviors and kinet-
ics of caspase activity between the C- and D-type cells (Figs. 3 D
and 5) have different effects on their immediate surround-
ings. The gradual decline of the V/C, representing the mild ac-
tivity of caspases in the D-type cells, might give them time to
cleave sufficient amounts of caspase substrates to secrete/expose
“find-me,” “eat-me,” or other signals like growth-promoting
signals before they are eliminated (Grimsley and Ravichandran,
2003). We observed the activation of caspase-7 in D-type cells
that were already or not yet detached from the boundary ridge
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but rarely in the neuroepithelium, where caspase-3 was abun-
dantly activated. The two executioner caspases show redundant
but distinct substrate specificities and enzymatic (DEVDase)
activity, with caspase-7 having weaker cleaving abilities for
some of caspase-3’s substrates (Walsh et al., 2008). Consistent
with this, the efficiency of SCAT3 cleavage, as measured by
in vitro cleavage assay, is different between caspase-3 and -7; a
constitutive active form of caspase-3 exhibited higher efficiency
in cleaving SCAT3 compared with caspase-7 (Fig. S3), sug-
gesting that slow kinetics of the V/C decline in D-type cells
may be attributed to the activation of caspase-7, which is fre-
quently observed in those cells (Fig. 4 E). The activated caspase-7
in D-type cells might compete with caspase-3 for its sub-
strates, reducing the efficiency of substrate cleavage that other-
wise enables the rapid execution of apoptotic change. Thus, this
difference in substrate cleavage efficiency might also explain
the different behaviors between the D-type cells, which activate
caspase-7 strongly, and the C-type cells, in which caspase-7
activation was rarely detected.

In conclusion, we successfully established transgenic mice
that stably express a FRET-based fluorescent probe by using in-
sulator sequences. The functional live-imaging analysis of cas-
pase activation and NTC in these mice has great potential to
reveal the dynamics of NTC in various NTD mutants and to pro-
vide mechanistic insights into the causal relationships between
gene function or environmental perturbation and NTDs, thereby
also improving our understanding of the causes of human NTDs.
Likewise, visualizing the kinetics of caspase activation and the
behaviors of cells containing activated caspases in vivo using
SCATS3 transgenic mice should help elucidate the consequences
and significance of caspase activation and apoptosis not only in
development but also in tissue homeostasis and diseases.

Materials and methods

Generation of SCAT3 transgenic mice
To express the SCAT3 transgene stably, we used the chicken 2xHS4 insu-
lator (a gift from G. Felsenfeld, National Institutes of Health, Bethesda, MD;
Recillas-Targa et al., 2002). The EcoRI fragment of pJC13-1 was removed
and replaced by a Notl site, and the BamHI fragment of pJC13-1 was then
removed and replaced by the SCAT3 expression cassette (CAG-SCAT3-pA)
to create the 2xHS4-CAG-SCAT3-pA-2xHS vector. The vector was di-
gested with Notl and Sall, and the digested fragment was purified with the
QIAEX Il kit (QIAGEN) and introduced into fertilized C57BL/6 eggs to
generate transgenic mice. Founder males were genotyped by PCR and
backcrossed to C57BL/6 females. The PCR primers and conditions used
for genotyping were as follows: forward 5-CAGAAGCTGATCTCGG-
AGGA-3’ and reverse 5'-GCACTGCACGCCCCAGGT-3’ at 94°C for 30's,
55°C for 30 s, and 72°C x30 cycles.

Live imaging of NTC

Before the embryos were dissected, all media and dishes were prewarmed
to 37°C. Then, 300 pl of 2% low-melting agarose was poured into a glass-
bottom dish, and a hole for sinking embryos was made at least 1 h before
filling the dish with medium. Pregnant mice were killed at 8.5 d postcoitum
by cervical dislocation, and the uterus was removed and placed in Opti-
MEM (Invitrogen). Embryos in their yolk sac were removed from the uterus
and transferred into Opti-MEM containing 10% FBS. The yolk sac and
amnion were then carefully removed while the embryo was kept on a heater,
and the embryos were placed in no. O glass-bottom dishes (thickness of
~100 pm; Matsunami Glass Ind., Ltd.) filled with Opti-MEM containing
50% immediately centrifuged rat serum (Charles River) and 0.1% penicillin-
streptomycin (Pn/St) or Opti-MEM containing 25% FBS (JRH Biosciences),
25% house-made immediately centrifuged mouse serum (for observing

closures in the MHNP), and 0.1% Pn/St. For preparing immediately centri-
fuged mouse serum, blood was collected and immediately centrifuged, as
was the rat serum for whole-embryo culture. Dissected embryos were sunk
into the agarose holes and observed with an inverted confocal microscope
(TCS SP5; Leica) equipped with a galvo stage and a resonant scanner for
fast scanning using an HCX PL FLUOTAR 10x 0.3 NA dry objective (Leica).
During imaging, the dishes were kept in a humidified cell culture incubator
with a continuous supply of 5% CO,/air at 37°C (Tokai Hit Company).
ECFP was excited by a 442-nm diode laser (20-40% power), and
the emissions of ECFP and Venus (FRET) were simultaneously detected with
two detectors by the resonant scanner (8,000 Hz; Leica). The image (512 x
512 pixels) acquisition interval was 4-8 min, and the thickness of the
z slices was 4 pm (total of 50-100 slices/each time point), depending on the
experiment. For the pharmaceutical inhibition of caspase activity, zVADfmk
(200 pM final concentration; 1/1,000x dilution of 200 mM stock in
DMSO; Merck) was used. We confirmed that the addition of 0.1% DMSO
did not have any obvious effect on NTC, which is consistent with a previ-
ous study (Massa et al., 2009). Live-imaging experiments were performed
using embryos obtained by infercrossing SCAT39% male mice with Insti-
tute of Cancer Research female mice for the zZVAD experiments or by inter-
crossing SCAT39/8;apaf-1*/~ male mice with SCAT3'9*;apaf-1*/~ female
mice for examining apaf1~/~ embryos. To observe NTDs occurring in the
129S1xC57BL/6 mixed background by the inhibition of apoptosis, we
crossed 129S1 strain mice once with mice heterozygous for apaf-1 or
caspase-3 knockout alleles that were maintained on the C57BL/6 genetic
background. Affer imaging, genotypes of the embryos were determined by
PCR, as previously described (Kuida et al., 1996; Yoshida et al., 1998).

Image processing

The V/C images were generated using MetaMorph (Molecular Devices) or
Volocity (PerkinElmer) software. V/C tracking was manually performed in
maximum-projected images using Volocity or Image) (National Institutes
of Health) software. XZ transverse images were also processed from raw
4D datasets with Volocity or Image). For highly magnified images (Fig. 3,
C and D), a smooth zoom filter was applied to the V/C and ECFP images
using Volocity only for visualization. The video editing and linear adjust-
ment of intensity also only for visualization were performed with Image). To
eliminate the XY drift in time-lapse series, the stackreg plug-in was used.
The Image, Stack and Timelapse Arrow Labeling Tool was used to add
arrows fo time-lapse videos.

Tracking and quantification of the V/C in D- and C-type cells

By using V/C images that were projected by maximum intensity projection
along the z axis, we manually tracked caspase-activated cells that showed
pseudocolor changes from red to blue. Each region of interest (ROI) was set
to track a presumable single cell on ECFP or Venus images by using Image)'s
plug-in ROl Manager, and V/C was calculated by Image) with the plugin
Ratio Profiler. On the ratio graph plotted along time, we defined the time
point at which V/C decreases by over 10% of the previous V/C for the first
time as the t= 1 point and the previous time point as t= 0. The V/C at t= 0
was V/Co. The reason why we chose this criteria is that noise in the measure-
ment was estimated to be ~10% of V/C in the case of Ctype cells. To com-
pare the degree of ratio decline among different cells, V/C was normalized
by V/Co. In the case of Cype cells, tracking was finished by cell fragmenta-
tion, shown by x’s in Fig. 5 A. When cell fragmentation occurs, signals from
healthy cells underlying or surrounding the fragmented apoptotic bodies
could also be collected, which led to increases in the V/C. That is why the
V/C increased in the last points in some of Ctype cells and why we have not
performed V/C tracking after cell fragmentation. Although this V/C increase
is a kind of error in the measurement, we presented it on the graph in Fig. 5 A
because the increases could demonstrate that the C-ype cells actually under-
went cell fragmentation at the last points. In Dype cells, tracking was fin-
ished (shown by black circles in Fig. 5, B and C) by disappearance of the
cells, which was probably caused by being out of focus, flowing away, col-
lapsing, or being engulfed. To compare the kinetics of caspase activation be-
tween C- and Dype cells, we determined the time point that was the lowest
value in the case of Cype cells or that was the beginning of plateau value
(V/C,) in the case of D4ype cells. The V/C, was determined from the graph,
based on the estimation that measurement error of the V/C as a result of ROI
selection or noise of images was up to ~0.15 during plateau phase.

Quantification of the length and width of the MHNP and the

velocity of NTC

Measurements of the MHNP length (L) and width (W) were taken from 4D
datasets using Volocity. The rostral and caudal edges of the MHNP were
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manually identified in XYZ views and tracked along the time course. L was
calculated as the distance between the two edges. W was calculated in
apaf-1-/~ embryos as follows: the edges of the MHNP were tracked manu-
ally in XYZ views at each time point, and the distance between the left and
right edges was measured at the widest point at r2. L was plotted over
time, and linear approximation was applied to determine the velocity of
NTC in each individual. The dataset was analyzed using Student's t test
after analysis of variance.

Whole-mount immunohistochemistry

For whole-mount staining of caspase-3, caspase-7, and cleaved lamin A,
Institute of Cancer Research embryos were collected from the uterus at
E8.75 in cold PBS and immediately fixed with 4% PFA for 3 h. The em-
bryos were washed three times and blocked with a blocking buffer (20%
immuno-block/10% donkey serum/TBST (TBS with 0.1% Triton X-100) for
1 h. After that, the embryos were incubated with anti-active caspase-3
(1/500x dilution), anti-active caspase-7 (1/200x), or anti-cleaved lamin A
(1/100x; Cell Signaling Technology) overnight at 4°C with gentle shak-
ing. After eight washes in TBST, they were incubated with an anti-rabbit
IgG antibody conjugated with Cy5 (Jackson ImmunoResearch Laborato-
ries, Inc.) overnight at 4°C, washed again, and observed with a confocal
microscope (TCS SP5) using HCX PL FLUOTAR 10x 0.3 NA and HCX APO
FLUOTAR 10x 0.4 NA dry objectives (Leica). Can Get Signal solution
(Toyobo Co., Ltd.) was used for enhancement of active caspase-7 signals.
Whole-mount TUNEL staining was performed before immunohistochemistry
by using In Situ Cell Death Detection kits (Roche). For simultaneous detec-
tion of SCAT3 ratio changes and caspase activation by immunohistochem-
istry, SCAT3'9/* embryos were dissected from the uterus at £8.75 in cold
HBSS and immediately fixed with 2% PFA/0.1% glutaraldehyde/PBS for
20 min on ice. The embryos were washed three times in PBS, and their
images were captured by confocal microscopy (TCS SP5) using an HCX PL
FLUOTAR 10x 0.3 NA dry objective to measure the V/C. After that, the
embryos were incubated with an anti-active caspase-3 antibody overnight
at 4°C with gentle shaking. After five washes in PBS, they were incubated
with an anti-rabbit IgG antibody conjugated with Cy5 (Jackson Immuno-
Research Laboratories, Inc.) overnight at 4°C, washed again, and observed
with a confocal microscope (TCS SP5) using an HCX PL FLUOTAR 10x 0.3 NA
dry obijective.

Western blotting of embryos

Embryos dissected from the uterus at E8.75 were removed from the yolk sac
and cultured for 6 h in Opti-MEM containing 25% immediately centrifuged
mouse serum, 25% FBS, and 0.1% Pn/St. After that, embryos were immedi-
ately frozen in liquid Ny and stored until use. For the pharmaceutical inhibi-
tion of caspase, SCAT3'%* embryos were removed from the yolk sac and
cultured with 200 pM zVAD for 6 h in Opti-MEM containing 25% mouse
serum, 25% FBS, and 0.1% Pn/St. To detect the cleavage of SCAT3, em-
bryos were lysed with radioimmunoprecipitation assay buffer containing
protease inhibitor mix (Roche), and 20 pg of total protein was loaded
in each lane. SCAT3 was detected by using anti-GFP antibody (Roche).

In vitro protein synthesis

For in vitro cleavage assay, SCAT3, reverse caspase-3, and reverse caspase-/
proteins were individually synthesized with the TNT Quick Coupled
Transcription/Translation System (Promega) using the 1 pg of pcDNA3 con-
struct plasmids (gifts from R. Takahashi, Kyoto University, Kyoto, Japan) as
a template, according to the manufacturer’s instructions (Srinivasula et al.,
1998; Suzuki et al., 2001; Araya et al., 2002; Takemoto et al., 2003).

DEVDase activity measurements and in vitro cleavage assay

Diluted series of synthesized reverse caspase-3 or -7 were used for DEVD-
4-methylcoumaryl-7-amide (MCA) assay and in vitro cleavage assay at
the same time. Measurements for DEVDase activities of the caspases and
in vitro cleavage assay of SCAT3 were performed as previously described
(Takemoto et al., 2003; Ohsawa et al., 2009). For DEVDase activity assay,
200 pl of reaction mixture containing 2 pl of diluted reverse caspase-3
or-7 and 10 pM enzyme substrate Ac-DEVD-MCA (Peptide Institute, Inc.) was
incubated at 37°C for 30 min. The level of released 7-amino-4-methylcoumarin
was measured using a spectrofluorometer (ARVO X3; PerkinElmer) with
excitation at 380 nm and emission at 460 nm, and the DEVDase activity
was determined. In parallel, in vitro cleavage assay of SCAT3 was con-
ducted as follows: 1 pl of SCAT3 protein was incubated at 37°C with 2 pl
of a diluted series of reverse caspase-3 or -7 for different time periods
(0, 10, 20, 30, and 60 min) in reaction mixture (20 mM HepesKOH, pH 7.5,
10 mM KCI, 1.5 mM MgCl,, 1 mM EDTA, 1 mM EGTA, 1 mM dithio-
threitol, 5 pg/ml pepstatin A, and 0.1 mM PMSF). Western blotting analysis
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with anti-myc antibody (Invitrogen) was performed to detect cleavage of
SCAT3. A representative result at the similar DEVDase activity for each
caspases is shown in Fig. S3.

Online supplemental material

Fig. S1 shows the colocalization of anti-active caspase-3 staining and the
decreased V/C. Fig. S2 describes methods to measure the width of the
MHNP and shows that closures in the MHNP failed to be completed in a
few apoptosis-deficient embryos under the liveimaging conditions. Fig. S3
shows differential efficiency of SCAT3 cleavage by reverse caspase-3 and -7
in in vitro cleavage assay. Video 1 shows live imaging of the zipping
process in rostral closure | (shown in Fig. 2 E). Video 2 shows live imaging
of the sealing MHNP by closures | and Il (shown in Fig. 2 F). Video 3 shows
the concomitant occurrence of D-type apoptotic cells during neural plate
morphogenesis (shown in Fig. 3 C). Video 4 shows the occurrence of Ctype
apoptotic cells before and during the midline fusion (shown in Fig. 3 E).
Video 5 shows the occurrence of C-type apoptotic cells after the midline
fusion (shown in Fig. 3 F). Video 6 shows comparison of the neural plate
morphogenesis between apaf-1*/~ and apaf-17/~ embryos by the live-
imaging analysis of SCAT3 (shown in Fig. 6 A). Video 7 shows the inhibition
of smooth neural plate morphogenesis in the absence of apoptosis (shown
in Fig. 6 B). Online supplemental material is available at http://www.jcb
.org/cgi/content/full /jcb.201104057/DC1.
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