7]
9
©
=
]
=
>
o]
—
]
~N
=
)
=
=7
=)
—(
)
>
5
a

DEVELOPMENTAL DYNAMICS 241:390-402, 2012

PATTERNS & PHENOTYPES

The Dynamic Nitric Oxide Pattern in
Developing Cuttlefish Sepia Officinalis

Teresa Mattiello,! Maria Costantini,' Bruna Di Matteo,' Sonia Livigni,!
Aude Andouche,? Laure Bonnaud,>? and Anna Palumbo'*

Background: Nitric oxide (NO) is implied in many important biological processes in all metazoans from
porifera to chordates. In the cuttlefish Sepia officinalis NO plays a key role in the defense system and neu-
rotransmission. Results: Here, we detected for the first time NO, NO synthase (NOS) and transcript levels
during the development of S. officinalis. The spatial pattern of NO and NOS is very dynamic, it begins dur-
ing organogenesis in ganglia and epithelial tissues, as well as in sensory cells. At later stages, NO and
NOS appear in organs and/or structures, including Hoyle organ, gills and suckers. Temporal expression of
NOS, followed by real-time PCR, changes during development reaching the maximum level of expression
at stage 26. Conclusions: Overall these data suggest the involvement of NO during cuttlefish development
in different fundamental processes, such as differentiation of neural and nonneural structures,
ciliary beating, sensory cell maintaining, and organ functioning. Developmental Dynamics 241:390—402,
2012. o 2012 Wiley Periodicals, Inc.
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Key findings:
e NO is endogenously synthesized in all developmental stages of the cuttlefish Sepia officinalis.
e The spatial pattern of NO and NOS is very dynamic and concerns both superficial and internal structures.
e NO could be involved in important functional processes providing new insights in this emerging model for de-

velopmental studies.
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INTRODUCTION

Nitric oxide (NO) is an important
physiological messenger produced by
oxidation of L-arginine catalyzed by
the enzyme NO synthase (NOS). NO
and NOS are present in all metazoans
from placozoans to vertebrates (Pal-
umbo, 2005; Andreakis et al., 2011).
Despite being a simple molecule, NO
is a fundamental player in the fields
of neuroscience, physiology and
immunology. In nonvertebrates, NO

is suggested in many processes, in-
cluding  feeding, environmental
stress, defense, blood sucking, biolu-
minescence, neural transmission,
blood pressure regulation, immune
response, swimming, regeneration
processes (Palumbo, 2005; Palumbo
and d’Ischia, 2007; Colasanti et al.,
2010).

In the cuttlefish Sepia officinalis,
NO plays a key role in the defense
system, regulating the metabolism of

the ink gland and the activity of chro-
matophores (Palumbo et al., 2000;
Fiore et al., 2004; Mattiello et al.,
2010). Moreover, NO functions as
neurotransmitter in the central and
peripheral nervous system, regulates
blood pressure acting as vasodilatory
mediator, modulates the statocyst ac-
tivity and participates in manipula-
tive behavior (Schipp and Gebauer,
1999; Palumbo et al., 1999; Tu and
Budelmann, 2000; Di Cosmo et al.,
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2000; Halm et al., 2003; Di Cristo
et al., 2007).

Increasing evidence indicates that
the role of NO is not only limited to
adult metazoans. In vertebrates NO
has been shown to affect a variety of
processes, including neuron morpho-
genesis in zebrafish, cell proliferation
and movements in Xenopus, preim-
plantation embryo development in
mouse (Tranguch et al., 2003; Peu-
nova et al., 2007, Bradley et al.,
2010). Regarding lophotrochozoan
mollusca scattered observation from
the literature indicates the involve-
ment of NO in developmental proc-
esses in gastropods. In particular, in
the pond snail Lymnaea stagnalis NO
regulates feeding activity, locomotion
and heartbeat during embryonic de-
velopment (Serf6z6 and Elekes, 2002).
In Helisoma trivolvis NO stimulates
in early embryonic development cili-
ary beating of embryos within the egg
capsule (Cole et al., 2002). NO is also
involved in neuronal development in
some molluscs (Thavaradhara and
Leise, 2001; Welshhans and Rehder,
2007) as well as in echinoderms
(Bishop and Brandhorst, 2007). More-
over, NO is involved in different steps
of the biological cycle, from fertiliza-
tion to metamorphosis. In sea
urchins, NO is produced in sea urchin
eggs at fertilization, where it mobi-
lizes intracellular calcium stores, reg-
ulates the duration of calcium tran-
sient and fertilization envelope
hardening (Willmott et al., 1996;
Leckie et al., 2003; Mohri et al.,
2008). In the same time, NO regulates
metamorphosis of sea urchins, asci-
dians and mollusc gastropods (Frog-
gett and Leise, 1999; Bishop and
Brandhorst, 2001, 2003; Bishop et al.,
2001, 2008; Leise et al., 2004; Hens
et al., 2006; Comes et al., 2007; Peche-
nik et al., 2007). In mollusc cephalo-
pods, the development is direct, with-
out any metamorphosis phase and up
to now no information is available on
the role of NO during development in
such embryos that are protected by
envelopes until hatching where they
resemble an adult. The cuttlefish Se-
pia officinalis represents an emerging
model for developmental studies for
its biological features, wide natural
distribution, commercial value and
increasing availability of molecular
biology tools. The direct development
of Sepia offers the advantage to follow

the continuity of developmental proc-
esses; i.e., without changes of body
plan as in most other mollusc species.
In numerous gastropods, that have a
trochophore larvae stage, deep modifi-
cations of systems (e.g., nervous and
digestive) and molecular processes
underlying them occur. Moreover, the
originality and differences in gene/
protein expression and in the molecu-
lar pathways have allowed to evi-
dence specificities in the molecular
networks implied in the development
of this species. The studies on the
expression patterns of NK4,
engrailed, Shh, Pax6 genes during Se-
pia development have provided some
insights into nervous system differen-
tiation, organization of the mantle,
muscle formation and development
(Baratte et al., 2007; Navet et al.,
2008, 2009; Grimaldi et al., 2008).
Recently, the expression of branchial
acid-base transporters has been fol-
lowed during development and in
response to environmental hypercap-
nia (Hu et al., 2011). In S. officinalis
characterized by several morphologi-
cal peculiarities within mollusc and a
direct development, we report the
presence of NO in embryos by detect-
ing NO and NOS enzyme and by mon-
itoring NOS expression levels during
the various developmental stages.

RESULTS
S. officinalis Development

S. officinalis develops directly without
larval stage and metamorphosis. De-
velopment takes around 2 months at
20°C and 30 stages are characterized
(Lemaire, 1970). Organogenesis pro-
ceeds during 2 to 3 weeks, from stage
14 to hatching at stage 30, giving rise
to a juvenile identical to adult with a
necto-benthic mode of life (Boletzky
et al.,, 2006). From fertilization to
stage 12, a discoidal cleavage at the
animal pole of the egg leads to an
embryo shaped as a disk lying on the
yolk mass. At stage 14, the organo-
genesis begins: mantle with a central
invagination initiating the shell sac
responsible of the shell formation,
optic vesicle, arm buds are delimited
(Lemaire, 1970; Naef, 1928). At stage
17-18, the development of the vis-
ceral mass beneath the shell sac pro-
vokes the inflation of the mantle
region. In the same time all the nerv-

ous ganglia differentiate in distinct
area of the embryo (Fig. 1A). At stage
20, gills are covered by the mantle in
the pallial cavity, the shell sac is
closed. From stage 21, the cephalopo-
dium inflates as most embryonic gan-
glia converge and become the prospec-
tive brain lobes (Fig. 1B). The adult
shape is reached at around stage 22
(Fig. 1C). The future visceropallium
(mantle, visceral mass, funnel, and
mantle cavity) acquires a posterior
position by sorting out of the embryo
and the future cephalopodium (the
prospective head and arms) congre-
gates in an anterior position. The
arms and tentacles grow and the
suckers differentiate. The brain is
constituted from differentiated lobes
and located either in the supraeso-
phageal part or in the subesophageal
part; it is strikingly linked to the optic
lobes (Fig. 1D).

Dynamic NO and NOS
Detection Patterns in
S. officinalis Embryos

The endogenous NO localization dur-
ing development was evaluated using
DAF-FM-DA, a sensitive cell-permea-
ble and nonfluorescent reagent that
combines with the NO oxidation prod-
uct NyO3 to form a fluorescent benzo-
triazole. This probe is commonly used
for imaging intracellular NO in bio-
logical systems, including cephalo-
pods (Mattiello et al., 2010; Romano
et al., 2011; Paul et al.,, 2011). The
presence of NOS was revealed by im-
munostaining using an antibody gen-
erated to a peptide of a conserved
region in all known animal NOSs.

Both NO and NOS appear localized
in the ganglia area and restricted in
superficial tissues in the early embryos
(stage 18). From stage 20 the cell-spe-
cific production of NO is extended in
superficial tissues and appears in deep
organs and/or structures.

Stage 18

At stage 18, numerous NO positive
cells are variously distributed on the
embryo with a higher density in the
dorsal anterior region between the
two eyes around the future mouth
(Fig. 2A). This region corresponds to
presumptive cerebral ganglia. The
mantle area is peripherally stained
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(mantle edge) but not in its central
part that corresponds to the shell sac
depression primordia (shell sac edge
+ shell sac aperture) (Fig. 2B). Uni-

form distribution of NO positive cells
is detectable in all prospective optic
and white body areas (Fig. 2B). At
this stage the arms appear to be

Fig. 1.

Schematic representations of embryonic neural territories during S. officinalis organo-

genesis. A: Stage 18-19. B: Stage 21. C: Stage 24 up: ventral side, down: dorsal side. D: Stage
29-30. a, arm; bm, buccal mass; e, eye; f, funnel; fi, finn; ft, funnel tube; fp, funnel pouch; g, gill;
ho, hoyle organ; m, mantle; mo, mouth; s, statocyste; sc, shell sac; wb, white body. Nervous
system color triangles legends: peripheral nervous system (PNS): brachial ganglia (orange) and
stellate ganglia (red). Central nervous system (CNS): optic ganglia (pale green) that differentiate
into optic lobes from stage 21, cerebral ganglia (dark green); pedial ganglia (pale blue) and vis-
ceral ganglia (dark blue) that differentiate and condense into the suboesophesal mass of the

brain.

arranged as an arm crown: NO posi-
tive cells are detected at the basis
between the arm buds V and IV corre-
sponding to presumptive pedial gan-
glia (Fig. 2C). A slight positive signal
is also observed above the statocysts
in the region corresponding at this
stage to the visceral ganglia (Fig. 2A—
C). Staining was detectable neither in
the brachial ganglia nor in the arm
buds and the funnel prospective area,
pouches and tube (Fig. 2C).

At stage 18 immunopositivity is de-
tectable in prospective optic and
white body areas, in funnel pouches
(Fig. 2D). The staining is present
along the periphery of the mantle
(Fig. 2E), in the visceral ganglia
and in the arm buds (Fig. 2F). NOS-
like immunoreactivity has not been
detected at stage 16.

Stages 20-21-22-23

In the dorsal region, NO positive cells
are observed in the mouth region in
the area of cerebral ganglia (Fig. 1A)
corresponding to future dorsal supra-
esophageal mass of the central nerv-
ous system (Fig. 3A, arrow) (Navet
et al., 2009). Moreover, several

Fig. 2. Nitric oxide (NO) detection and NO synthase (NOS) -like immunoreactivity in S. officinalis embryo at stage 18. A: NO positive cells in the
presumptive cerebral ganglia (arrow) and in the visceral ganglia (circle). B: NO positive cells in prospective optic and white body areas (square)
and in the visceral ganglia (circle). Arrow: mantle edge. Arrowhead: shell sac depression primordia. C: NO positive cells in the visceral ganglia
(circle) and in the presumptive pedial ganglia (arrowheads). D: Immunopositivity in prospective optic and white body areas (square) and in funnel
pouches (arrows). E: Immunopositivity in the mantle edge (arrow). Insert: control. F: Immunopositivity in the visceral ganglia (circle) and in the arm

buds (arrowheads). Scale bars = 200 pm.
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Fig. 3. Nitric oxide (NO) detection in S. officinalis organogenesis. A: NO positive cells in the area of cerebral ganglia (arrow) and in the epithelial
cells (arrowheads) of the central region of the head, stage 20. B: NO positive cells extended toward the eyes, stage 22. C: Same signal extended
toward the eyes. NO positive cells are visible in the nuchal region (arrow), stage 24. D: NO positive cells in the lateral edges of the mantle (arrow)
and in the optic region of the head, stage 20. E: NO positive cells in the ventral head, stage 22. F: NO positive cells in the lateral edges of the dor-
sal mantle, stage 21. G: NO positive cells in the ventral mantle and in the gill lamellae, stage 22. H: NO Positive cells at the basis of the two ele-
ments of the funnel (arrows), stage 21. I: NO positive cells in all the funnel surface until the aperture except on the median part, stage 22. J: NO
positive gill transverse folds, stage 22. K: NO positive gill lamellae, stage 24. L-N: Control experiments, stage 25 (L) dorsal view; (M) ventral view;
(N) gills. Scale bars = 200 pm in A-l,J,K,N, 500 pm in L,M.
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Fig. 4. Nitric oxide synthase (NOS)-like immunoreactivity in S. officinalis organogenesis. A: Immunopositivity at level of the central region of the
head (arrow) and posteriorly to eyes (arrowhead), stage 20. B: Immunopositivity in the optic region, stage 20. C,D: Immunopositivity in the central
region between the gills (arrows) and in gill transverse folds, stage 22. E: Immunopositivity in the gill lamellae, stage 24. F: Immunopositive arm
proximal suckers, stage 20. G: Immunopositive suckers of tentacular club, stage 23. H-K: Control experiments: dorsal view, stage 25 (H); ventral
mantle, stage 23 (l); gill, stage 24 (J); arm suckers, stage 24 (K). Scale bars = 500 wm in H, 200 pm in A,C,I-K, 100 pwm in B,D-G.

positive epithelial cells can be
detected in this region (Fig. 3A,
arrowheads). Positive cells are also
located in the posterior part of the
optic region (Fig. 3D). From stage 22,
the NO fluorescence is localized only
in epithelial cells whose distribution
is extended toward the eyes (Fig. 3B)
until covering totally the eyes at stage
24 (Fig. 3C). Moreover, NO signal is

localized in the nuchal region in
which cephalic aorta branches (Fig.
3C). The ventral part of the head
shows numerous NO positive cells
from stage 20 to 22 (Fig. 3D,E).

In the mantle, NO positive cells are
distributed peripherally with higher
density in the lateral edges (Fig. 3D).
In the dorsal side positive cells are
distributed in each lateral part and

are absent in the median central
region as well as in the posterior
region (Fig. 3F). At stage 22, numer-
ous positive cells appear in the ven-
tral part of the mantle (Fig. 3G), not
in the dorsal one where the positive
cells remain located on the anterior
edges as in the stage 21 (Fig. 3F). The
funnel tube folds and the gills do not
present any NO positive cells at stage
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20 (Fig. 3D). At stage 21, the two ele-
ments of the funnel show each at
their basis group of NO positive cells;
no staining is visible at the anterior
extremities in which the folds connect
later to close the tube (Fig. 3H). Ven-
trally, at stage 22, when the funnel
tube is formed (by the fusion at its in-
ternal face of the two folds), NO posi-
tive cells are present and extend in all
funnel surface until the aperture
except on the median ventral part of
the funnel (Fig. 3I). In the gills from
stage 22 (Fig. 3G,J), transverse folds
corresponding to the delineating of
the lamellae appear NO positive; fluo-
rescence cannot be detected as re-
stricted to the cells. At stage 24 NO is
localized in the lamellae (Fig. 3K).
After treatment with NOS inhibitor
L-NAME, NO detection is abolished
(Fig. 3L-N).

At stages 20 and 21 NOS immuno-
positivity is detectable at level of the
central region of the head and posteri-
orly to eyes (Fig. 4A) and optic region
(Fig. 4B) resembling the results of NO
detection. The immunopositivity in
the gills at stages 22 and 24 respec-
tively in the transverse folds (Fig.
4C,D) and in the lamellae (Fig. 4E)
overlaps the NO signal. Moreover an
intense NOS immunopositivity is dis-
tributed in the region between the
gills (Fig. 4C,D). In the arms at stage
20, immunopositivity is observed in
the proximal suckers not yet differen-
tiated (Fig. 4F), whereas no NO posi-
tive suckers have been evidenced in
the stages 20 to 23. At stage 23, some
of the suckers of the tentacular club,
all differentiated, are immunopositive
(Fig. 4G) but NO production has been
evidenced only at later stages on
proximal suckers (stage 27, Fig. 7K).
No detectable signal was observed in
control experiments with primary
antibody omission (Fig. 4H-K).

Stage 26

At stage 26 NO positive cells are vari-
ously distributed on the embryo in
both dorsal and ventral side. On the
head, there are two different NO posi-
tive epithelial cell populations.
Indeed, on the dorsal side large NO
positive cells are located in a triangu-
lar area at the centre of the head and
in the lateral region bordering the
eyes. Small NO positive cells are evi-
denced on the remaining part of the

G

H

Fig. 5. Nitric oxide (NO) detection in S. officinalis embryo at stage 26. A: Large NO positive
cells located in a triangular area at the centre of the head and in the lateral region bordering the
eyes (arrowheads). Small NO positive cells on the remaining part of the head, eyes and the
external side of the arms. NO positive cells in the nuchal region (arrow). B: Large NO positive
cells in two restricted bands (strips) on the ventral head (arrows). C: NO positive cells in the lat-
eral edges of the dorsal mantle and in the Hoyle organ (arrow). D: NO positive cells in the ven-
tral mantle. E: NO positive gill lamellae and afferent vessel (arrow). F-H: Control experiments,
stage 27 (F), gill; (G), dorsal view; (H), ventral view. Scale bars = 500 pm in A,C,G,H; 200 pm in

B,D-F.

head, on the eyes and the external
side of the arms (Fig. 5A). Moreover,
NO signal is localized in the nuchal
region in which cephalic aorta
branches (Fig. 5A). On the ventral
side of the head, large positive cells

are located in two restricted bands
(strips) on the posterior region except
in the central part behind the funnel
(Fig. 5B). The funnel continues to
show NO positive cells equally dis-
tributed except in the median part as
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Fig. 6. Nitric oxide synthase (NOS) -like immunoreactivity in S. officinalis embryo at stage 26. A: Immunopositivity in a triangular area at the
centre of the dorsal head. B: Immunopositivity on the eye. C: Immunopositivity on the ventral head. D: A weak immunopositivity in the Hoyle organ
(arrow). E: Immunopositivity in the ventral mantle. F: Immunopositivity in gill lamellae and afferent vessel (arrow). G-I: Control experiments. G, dor-

sal view; H, ventral view; I, gill (arrow). Scale bars = 500 pm in G; 200 pm in A-E,H,I; 100 pwm in F.

in the previous stages (Fig. 5B). The
dorsal and ventral parts of the mantle
show different densities: the NO posi-
tive cells are located only at apical
and lateral edge of the dorsal mantle,
similar to the stage 24, whereas
numerous NO-positive cells are dis-
tributed in overall ventral mantle
(Fig. 5C,D). Moreover, on the dorsal
mantle a weak signal begins to
appear in the Hoyle organ (Fig. 5C).
In the gills the fluorescent signal per-
sists in the more differentiated lamel-
lae and also appears in the afferent
vessels as punctuated signal (Fig.
5E). Treatment of embryos with NO
scavenger [2-(4-Carboxyphenyl)-4,4,5,
5-tetramethylimidazoline-1-oxyl-3oxide]
(c-PTIO) abolishes NO detection (Fig.

5F-H). In the dorsal head NOS-like
immunopositivity resembles the NO
pattern, being localized, as strong sig-
nal, in a triangular area at the centre
of the head and, as a more disperse
signal, in the remaining part of the
head and eyes (Fig. 6A,B). Immuno-
positivity is localized in the ventral
head at level of optic region and in the
arms and funnel (Fig. 6C). On the
dorsal mantle a weak immunopositive
signal in the Hoyle organ -closely
resembles the NO fluorescence (Fig.
6D). NOS-like immunopositivity on
the ventral mantle and gill overlap
the NO pattern (Fig. 6E,F). Control
experiments performed in the absence
of primary antibody show no signal
(Fig. 6G-I).

Stages 27-28-29

NO production appears more region-
alized in the superficial cells in the
late embryonic phase, in which the
embryo has already reached the final
adult conformation, than in the early
developmental phases. In the dorsal
side of head, at stages 27, 28 and 29,
the positive cells become localized in
two specific regions situated in a pos-
terior area of the eyes and extend to-
ward the junction between head and
mantle (Fig. 7A). These cells could be
epidermal cells as they are superficial
and numerous. The median part does
not show any positive cells. On the
ventral side the large positive cells
observed in the posterior part at stage
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r

Fig. 7. Nitric oxide (NO) detection and NO synthase (NOS) -like immunoreactivity at late embryonic stages of S. officinalis. A: NO positive cells
in the dorsal head, stage 28. B: NO positive cells in the ventral head, stage 28. C: NO positive cells in the Hoyle organ, stage 28. D: NO positive
cells in the Hoyle organ, stage 29. E: Immunopositivity in the Hoyle organ, stage 28. F: Immunopositivity in the Hoyle organ, stage 29. G: Immuno-
positivity in the Hoyle organ section, stage 28. H: NO positive cells in the ventral mantle. Autofluorescence in the digestive bag, stage 28. I: NO
positive gill lamellae and afferent vessel (arrow), stage 28. J: Immunopositive gill lamellae, stage 29. K: NO positive proximal suckers of the tentac-
ular club, stage 27. L: NO positive distal suckers of the arms, stage 28. M: Immunopositive arm suckers, stage 27. N: Immunopositive arm suck-
ers on sections (arrows), stage 27. O: Immunopositivity on sections in the suckers of the tentacular club (arrows) and in the nervous projections
(arrowhead), stage 28. P-T: Control experiments. P, Hoyle organ; Q, Hoyle organ section; R, gill; S, arm suckers; T, arm suckers section. Scale
bars = 500 pm in A,B,E,F,H; 200 pm in C,D,K,RR,S; 100 pm in I,J,L,M,0; 50 um in G,N,Q,T.

26 (see Fig. 5B) do not produce any
more NO, whereas more NO produc-
ing cells, probably epidermal ones,
appear in the anterior region (Fig.
7B). In the posterior region, in the
Hoyle organ some specific NO positive
cells are distributed with a higher
density in the distal part of the mid-
line at stage 28 (Fig. 7C). The number

of cells producing NO extends toward
anterior region along the median line
at stage 29 (Fig. 7D). The NO produc-
tion is supported by immunostaining
results on whole-mount and on sec-
tions (Fig. 7TE-G). NOS is evidenced
in the same mantle area in the Hoyle
organ, both in the median line and
laterally following the typical anchor

shape of the organ. The density of the
immunopositive cells increases from
stage 28 to 29 (Fig. 7E,F). In the ven-
tral side of the mantle NO fluores-
cence begins to decrease in the central
part and becomes restricted on the pe-
ripheral strip (Fig. 7H). A low inter-
nal signal observed in the digestive
bag (Fig. 7TH) is attributable to
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autofluorescence as shown in control
experiments. In the gills, the NO sig-
nal as well as NOS-like immunoposi-
tivity, persist in lamellae and afferent
vessel (Fig. 71,J). The proximal suck-
ers of the tentacular club and the dis-
tal suckers of the arms show NO pro-
duction (Fig. 7K,L). These signals are
supported by immunostaining in the
suckers of arms on whole-mount (Fig.
7M) and section (Fig. 7N) as well as
tentacular club section (Fig. 70). In
this latter, in addition to the signal in
the suckers, immunopositivity is also
detectable at level of nervous projec-
tions. No detectable signal was ob-
served in control experiments with pri-
mary antibody omission (Fig. 7P-T).

NOS Expression During
S. officinalis Development

Temporal expression of NOS during
development was followed by real-
time PCR (ovocyte, stages 14-30)
using primers located downstream
the 18 nucleotides insert and which
amplify both SoNOSa and SoNOSb,
the two splicing forms identified in
the adult (Scheinker et al., 2005).
NOS expression significantly changes
during development compared with
that of 16S ribosomal RNA gene (RP-
S16), whose expression remains con-
stant in all the stages examined. In
particular, NOS expression increases
from stages 18 to 22 and then reaches
a maximum level of expression at
stage 26, as reflected by the decrease
of Ct values at these stages (Fig. 8).

DISCUSSION

The results of this study show for the
first time that NO is endogenously
synthesized in all developmental
stages of S. officinalis embryos, as
revealed by NO and NOS enzyme
detection as well as by monitoring
NOS expression levels after real-time
PCR. NO production is very localized
and restricted to some regions even if
in the apparently same tissues. This
production is transitory and is mainly
correlated to the presence of NOS, the
enzyme responsible of gas formation.
In the early stages of organogenesis
(stage 18) the pattern of endogenous
NO localization overlaps that of NOS
distribution in the peripheral mantle,

NOS
30

257
207
15
107

5

c)

B
RPS16

10

ov 14 15 16 18 19 20 21 22 24 25 26 27 28 30

Stages

Fig. 8. Temporal expression of NOS and RPS16 during S. officinalis development. mRNA lev-
els were measured by real-time polymerase chain reaction from cDNA templates prepared from
ovocytes (ov) and embryos at the indicated developmental stages. Data in histograms are

reported as mean + SD.

prospective optic and white body
areas and in specific arms. At subse-
quent stages (20-21 and 26) this cor-
respondence is maintained in differ-
ent regions of the head (the central
region of the head, and subsequently
in the dorsal triangular area at the
centre of the head, in the lateral
region bordering the eyes and on the
eyes). Also in the gills and Hoyle
organ NO fluorescence and NOS im-
munostaining overlap during develop-
ment. At stage 27 both NO and NOS
are present in the suckers of the ten-
tacles and arms. On the contrary,
there is no correspondence between
the two stainings in the arms and ten-
tacles at least at stages 20/23 (Fig. 9).
Indeed, although the arm suckers
contain the protein NOS, they do not
seem to produce the gas probably due
to NOS regulation at posttransla-
tional level. This process has been
described to occur during the develop-
ment of Drosophila melanogaster and
L. stagnalis and has been attributed
to the formation of inactive NOS het-

erodimers (Stasiv et al., 2001; Kor-
neev and O’Shea, 2002). The enzyme
accumulated during development
may be used for a latter production of
NO and further experiments will be
necessary to address this aspect.

In Sepia embryos NO production
appears to be very dynamic concern-
ing different cells, different stages of
cells of superficial tissues as well as
internal tissues and organs (Fig. 9).

Neural System

In Sepia, the nervous system is organ-
ized as the CNS (the brain) from
sparse ganglia before hatching. NO is
produced only in the first steps of Se-
pia embryo organogenesis (18-20) in
almost all the ganglia area leading
later to the CNS. This step corre-
sponds to a crucial phase of differen-
tiation as shown by Baratte and Bon-
naud (2009). At the next stages (20 to
22) proliferation occurs, the ganglia
grow and displace toward the anterior
part of the animal, condense into a
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Developmental stages
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Fig. 9. Schematic representation of nitric oxide (NO) and NO synthase (NOS) localization in dif-
ferent structures during S. officinalis development. There is overlapping between NO fluores-
cence and NOS immunostaining in epithelial cells, gills, Hoyle organ and neural ganglia in all
developmental stages. In arm and tentacle suckers the correspondence between the two stain-
ings is maintained in the stages 27-30 and it is not observed at stages 20-26.

brain and the connection takes place
with functional differentiation of the
lobes, from stages 24 to 30 (Fig. 1).
Our finding that when the ganglia
have begun to migrate (stage 21) do
not produce anymore NO led us to
suggest that the gas does not seem to
have a role in proliferation of nervous
cells but rather in sensorial superfi-
cial cells. On this basis, the develop-
mental window where NO might act
is very narrow, it is restricted to the
first step of neural differentiation.
This finding is in line with the differ-
entiation role of NO in several neural
in vitro and in vivo models (Contesta-
bile and Ciani, 2004). Considering
late stage, the involvement of NO in
peripheral nervous system may be
inferred by NOS localization in the
transversal section of the tentacle
where suckers nervous projections
are detected (Fig. 70).

Ciliary/Sensory Cells

The dynamic pattern of NO localiza-
tion in superficial tissues from stage
18 to 27 can be attributed to different
type of cells. The NO positive cells in
the head and mantle of embryos from
stage 18 to 23 (Figs. 2B, 3E-G) corre-
spond to ciliated cells with long hair
(Arnold and Williams-Arnold, 1980;
Boletzky, 1982). As development pro-
ceeds this correspondence is not so
straightforward. At stage 26 some of
the NO positive cells (Fig. 5A-D)
appear to be deeper than the large
ciliated cells and may correspond to
sensory cells. Of interest, the ciliature

pattern in squid embryos is composed
of both paddle elongated ciliated cells
and ciliary bands, with very short
hairs (Arnold and Williams-Arnold,
1980). These last have been described
in Sepia embryo only in the region of
the Hoyle organ and in late develop-
mental stages. These differences
between Sepia and Loligo embryos
are probably due to (1) a different
hatching process because of the enve-
lopes more difficult to cross for squids
(2) a different lifestyle of sepia and
squid juveniles, being the first benc-
tonic and the second planktonic
(Boletzky, 1982). Regarding ciliary
cells, it seems that NO production is
evidenced in long ciliary cells, not in
short ciliary bands near the Hoyle
organ. The presence of NO could be
related to the cilia beating in close
analogy with the reported finding that
NO regulates the ciliary beating in Hel-
isoma trivolvis embryos (Cole et al.,
2002) as well as in mammalian cells
(Uzlaner and Priel, 1999; Li et al.,
2000). In Sepia as for squid, the ciliary
beating is a process essential for
the fluid circulation inside the chorion,
preventing accumulation of excretory
products and facilitating respiratory
exchange (Arnold and Williams-Arnold,
1980; Fioroni, 1990). Moreover, this pro-
cess also contributes to hatching.

In the case of sensory cells, the find-
ing that the production of NO is main-
tained during all development, with a
larger distribution in the first stage,
led us to hypothesize a role of NO in
differentiation and maintaining these
cells as essential for the perception of

environment after hatching. At later
stages (28-29) the NO positive cells
appear localized in the Hoyle organ.
This organ consists of two different
types of cells. The « cells that function
as adhesive cells and 3 cells contain-
ing lytic enzymes necessary to digest
the chorion (Fioroni, 1990; Budel-
mann et al., 1997). The presence of
NOS in the anchor shape organ may
be related to the chemical process
occurring at hatching.

Gills

Both NO and NOS have been detected
in the gills at different developmental
stages: in the early stages (22-24)
when differentiation processes occur
in lamellae and in vascular system
connection, and in subsequent stages
(26—28) when the gills take over the
respiration. In cephalopods the gills
actively participate in osmoregulation
and urine production (Schipp and
Boletzky, 1975). In this regard, the
presence of Na+/K+-ATPase has been
reported in the internal transport-
active epithelium of the gills in S. offi-
cinalis (Hu et al., 2010; Donaubauer,
1981). The functioning of this pump
in late embryos is of great importance
in regulating acid-base disturbances
due to high pCO5 and low pH values
detected inside the egg capsule as
hatching approaches (Gutowska and
Melzner, 2009; Gutowska et al.,
2010). Considering that NO has been
reported to affect Na+/K+-ATPase ac-
tivity in the Atlantic salmon (Ebbes-
son et al., 2005), a possibility remains
that in Sepia NO may act on this
pump and further colocalization stud-
ies will be necessary to prove this hy-
pothesis. Moreover, the presence of
NO and NOS in differentiating gills
as well as in afferent vessels suggests
the possible involvement of the gas in
important processes, including mor-
phogenesis and blood circulation.
This latter hypothesis is congruent
with the vasodilatory role of NO in
adult Sepia (Schipp and Gebauer,
1999).

Overall these studies represent
the first detailed description of NO
and NOS pattern during cephalopod
development, revealing that NO is
produced in different structures char-
acterized by specific functions. The
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results provide the basis for future
functional studies directed to increase
our knowledge of this new develop-
mental model system.

EXPERIMENTAL
PROCEDURES

Embryo Collection

All animal procedures were in compli-
ance with the guidelines of the Euro-
pean Union (directive 86/609) and
additional procedures for cephalopods
recommended in Boyle (Boyle, 1991).
Fertilized eggs were laid by S. offici-
nalis females after mating with adult
males in the tanks of the service ma-
rine resources at the Zoological Sta-
tion. The eggs were allowed to develop
in oxygenated sea water (SW) at
20°C. The embryos are protected by
several black envelopes surrounding
the chorion. They constitute an inter-
face with the environment the
exchanges being limited. Three
phases of organogenesis are deter-
mined: a disk shaped stage (stages 14
to 19), an expansion stage (stages 20
to 22) and a straightening up stage
(22—-29). Before the beginning of orga-
nogenesis, the chorion is linked to the
embryo. As the embryo grows, the
chorion separates and the space pro-
gressively fills with perivitelline fluid.
Until hatching the fluid increases
probably by ion and water exchanges
with environment and the envelopes
become thin. From eggs batches, indi-
vidual eggs were detached and
embryos were collected after remov-
ing the numerous surrounding enve-
lopes. Embryos belonging to different
stages were selected according to the
developmental landmarks established
by Lemaire (1970) and were examined
for NO detection, immunohistochem-
istry and real-time PCR.

Chemicals

Nitro blue tetrazolium (NBT) and 5-
Bromo-4-chloro-3-indolyl ~ phosphate
(BCIP) were obtained from Roche Diag-
nostics S.p.A. (Monza, Italy). 4-amino-
5-methylamino-2’,7 -difluorofluorescein
diacetate (DAF-FM-DA) (10 mM stock
in DMSO) from Molecular Probes was
purchased from Invitrogen (S. Giuliano
Milanese, Italy). [2-(4-Carboxyphenyl)-
4,4,5,5-tetramethylimidazoline-1-oxyl-
3oxide] (c-PTIO) (10 mM stock in SW)

and biotinylated anti-rabbit IgG, VEC-
TASTAIN ABC-AP kit were obtained
from Vinci-Biochem (Vinci, Italy).

NO Detection

NO localization was performed start-
ing from stage 18 to 29 using DAF-
FM-DA. In previous stages, the cho-
rion is tightly attached to the embryo
and its removal causes embryo dam-
age and hampers subsequent NO
detection. The samples were incu-
bated in the dark with 12.5 puM DAF-
FM-DA in filtered SW for 20 min for
dye loading. Subsequently, they were
washed and incubated in SW for 30
min to allow complete de-esterifica-
tion of diacetates. Fluorescence was
visualized with a Leica stereo-micro-
scope equipped with a digital camera
Leica DFC 490 and GFP filters.
Images were acquired with Leica
application suite software. In control
experiments embryos were incubated
in sea water in the absence or pres-
ence of the NO scavenger 1 mM c-
PTIO or the NOS inhibitor 10 mM L-
NAME before exposure to the NO in-
dicator DAF-FM-DA. After 5 hr the
embryos were safely and fluorescence
was detected as described above. At
least three embryos at each stage
were used for both control and
reaction.

Immunohistochemistry

Whole-mount immunohistochemistry
was performed on Sepia embryos
from stage 16 to 29. Starting from
stage 20, the chorion has been
removed and the embryos were fixed
for 1 hr in 4% paraformaldehyde
(PFA) in 0.1 M MOPS pH 7.5, 0.5 M
NaCl at room temperature. Previous
stages were prefixed with chorion in
the same PFA solution and then, after
chorion removal, the embryos were
fixed for other 45 min. After washing
in SW for 1 hr, the embryos were post-
fixed in 20% acetic acid, 0.1% Tween
20 in PBS for 1 hr and then washed in
0.1% Tween 20 in PBS for 1 hr
Embryos were then permeabilized in
0.2% Triton X-100 in PBS for 45 min.
Nonspecific binding was blocked by
incubating the embryos in blocking
buffer: 20% normal goat serum (NGS)
in 0.2% Triton-X 100, 1% bovine se-
rum albumin (BSA) in PBS overnight

at 4°C. As primary antibody, rabbit
polyclonal anti-universal NOS
(Pierce-ABR, Euroclone, Pero, Milan,
Italy), generated to a peptide of a con-
served C-terminal region present in
all known animal NOS, was used.
Incubation with primary antibody at
a dilution of 1:500 was carried out in
0.2% Triton-X 100, 1% BSA in PBS
overnight at 4°C. After washings in
0.1% Triton-X 100 in PBS for 2 hr,
embryos were incubated with second-
ary antibody, biotinylated anti-rabbit
IgG (1:2,500) in 0.1% Triton-X 100 in
PBS for 2 hr at 4°C. Embryos were
then washed in 0.1% Triton-X 100 in
PBS for 2 hr. Staining was performed
using VECTASTAIN ABC-AP Rea-
gent (Avidin DH and biotinylated
alkaline phosphatase H) and visual-
ized by a Leica stereo-microscope
equipped with a digital camera Leica
DFC 490. The images were acquired
using Leica application suite soft-
ware. The same protocol was used for
the control experiments but with
omission of the primary antibody.

For immunohistochemistry on sec-
tions, fixed embryos at stages 27/28
were included in OCT. Dry cryostat
sections (20 pm) collected on super-
frost slides were washed in 0.1%
Tween 20 in PBS for 30 min. Slides
were incubated in the blocking solu-
tion 5% NGS in PBS for 1 hr and then
incubated with rabbit polyclonal anti-
universal NOS at a dilution of
1:10,000 in 1% BSA in PBS overnight
at 4°C. After washings in PBS for 1
hr, sections were incubated with bio-
tinylated secondary antibody 1:20,000
in PBS for 45 min. Sections were then
washed with PBS for 30 min. Staining
was performed using VECTASTAIN
ABC-AP Reagent and visualized with
a Zeiss Axiolmager M1 microscope. At
least three embryos at each stage
were used for both control and
reaction.

RNA Extraction and
cDNA Synthesis

Each dechorionated developmental
stage was collected, frozen in liquid
nitrogen and kept at —80°C until use.
Total RNA was extracted using TRIzol
(Invitrogen) according to manufac-
turer’s instructions. After addition
of chloroform/isoamyl alcohol (24:1)
(0.2 ml/ml TRIzol) and subsequent
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centrifugation at 12,000 rpm for 15
min, RNA was precipitated in the
presence of glycogen and isopropyl
alcohol. Contaminating DNA was
degraded by treating each sample
with DNase RNase-free kit (Roche)
according to manufacturer’s instruc-
tions. The quantity and purity of total
extracted RNA was estimated moni-
toring both the absorbance at 260 nm
and ratios 260/280 and 260/230 nm by
Nanodrop (ND-1000 UV-Vis Sprectro-
photometer; NanoDrop Technologies).
The quality of RNA was evaluated by
gel electrophoresis. Intact rRNA sub-
units (28S and 18S) were observed on
the gel indicating minimal degrada-
tion of the RNA.

For each sample 600 ng of total
RNA was retrotranscribed with
iScript cDNA Synthesis kit (Bio-Rad)
following the manufacturer’s instruc-
tions. cDNA was diluted 1:2 with HyO
before the wuse in real-time PCR
experiments.

Real-time PCR

Specific primer sets for each gene were
designed on the basis of sequences of
16S ribosomal RNA gene (RPS16) and
NOS gene, available on NCBI website.
The following primers were used: NOS
forward (F9), 5'-GAAAGGCTGGGGC-
AGCATGAC-3'; NOS reverse (R6), 5-A-
ATCATCTCGACGGTGTCAGA-3’; RP-
S16_forward, 5'-GGTTTGACGAAGGTT
TACCTG-3; RPS16_reverse, 5-CGC
TGTTATCCCTATGGTAAC-3'. A frag-
ment of 150 bp was amplified for RPS16
gene, a fragment of 207 bp for NOS
gene.

Specificity of every amplification
reaction was verified by melting curve
analysis. The efficiency of each primer
pair was calculated according to
standard methods curves using the
equation E=10"Y%'°P°  Five serial
dilutions were set up to determine Ct
values and reaction efficiencies for all
primer pairs. Standard curves were
generated for each oligonucleotide
pairs using the Ct values versus the
logarithm of each dilution factor. PCR
efficiencies were calculated for RPS16
and NOS genes and were found to be
2. Diluted cDNA was used as template
in a reaction containing a final con-
centration of 0.3 pM for each primer
and 1x FastStart SYBR Green mas-
ter mix (total volume of 25 pl). PCR

amplifications were performed in a
Chromo 4 Real Time Detector (Bio-
rad) thermal cycler using the follow-
ing thermal profile: 95°C for 10 min,
one cycle for ¢cDNA denaturation;
95°C for 15 sec and 60°C for 1 min, 40
cycles for amplification; 72°C for 5
min, one cycle for final elongation;
one cycle for melting curve analysis
(from 60°C to 95°C) to verify the pres-
ence of a single product. Each assay
included a no-template control for
each primer pair. To capture intra-
assay variability all RT-qPCR reac-
tions were carried out in triplicate.
Fluorescence was measured using
Opticon Monitor 3.1 (Biorad). Rela-
tive expression ratios above two
cycles were considered significant.
Experiments were repeated at least
twice. Statistical analysis was per-
formed using GraphPad Prism ver-
sion 4.00 for Windows (GraphPad
Software, San Diego, CA).
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