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Chromatophore organs are complex and unique structures
responsible for the variety of body coloration patterns used by
cephalopods to communicate and camouflage. They are formed
by a pigment-containing cytoelastic sacculus, surrounded by
muscle fibers directly innervated from the brain. Muscle con-
traction and relaxation are responsible for expansion and re-
traction of the pigment-containing cell. Their functioning depends
on glutamate and Phe-Met-Arg-Phe-NH,-related peptides, which
induce fast and slow cell expansion, respectively, and 5-hy-
droxytryptamine, which induces retraction. Apart from these
three substances and acetylcholine, which acts presynaptically,
no other neuroactive compounds have so far been found to be
involved in the neuroregulation of chromatophore physiology,
and the detailed signaling mechanisms are still little under-
stood. Herein, we disclose the role of nitric oxide (NO) as medi-
ator in one of the signaling pathways by which glutamate acti-
vates body patterning. NO and nitric-oxide synthase have been
detected in pigment and muscle fibers of embryo, juvenile, and
adult chromatophore organs from Sepia officinalis. NO-medi-
ated Sepia chromatophore expansion operates at slower rate
than glutamate and involves ¢cGMP, cyclic ADP-ribose, and
ryanodine receptor activation. These results demonstrate for
the first time that NO is an important messenger in the long
term maintenance of the body coloration patterns in Sepia.

Chromatophore organ expansion is one of the many mecha-
nisms underlying the multifaceted body patterning that Sepia
and other cephalopods display for camouflage, in response to
threatening situations, or for courtship (1-3). This mechanism
is the result of the coordinated contraction of the radial striated
muscle fibers attached to the margins of the chromatophore
organs. With expansion, the pigment-containing cytoelastic
sacculus is stretched, thus causing the visible color changes that
characterize body patterns (4). After the original stimulus has
ceased, relaxation of chromatophore muscles results in retrac-
tion of sacculus whereby the basal (resting) color pattern is
restored (Fig. 1). Apart from extreme contraction/expansion
situations, a range of intermediate states is possible as well as
rapid mini-contraction/relaxation cycles, like those responsible
for the “flickering” behavior, which stand witness to the unique
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dynamic features of the chromatophore system, which is under
direct neural control.

The pigment imparts color to the chromatophore organ: yel-
low, orange, red, brown, or black. The chromatophores of dif-
ferent species differ in color. Thus, for example, Loligo opal-
escens and Sepia officinalis have only yellow, red, and brown
chromatophores, whereas Octopus vulgaris has yellow, orange,
red, brown, and black chromatophores (1, 5). It is generally
believed that chromatophore pigments are ommochromes,
deriving from the oxidation of tryptophan along the kynurenine
pathway in which the first and rate-limiting step is the conver-
sion of tryptophan to N-formylkynurenine, catalyzed by the
enzyme tryptophan-2,3-dioxygenase (6, 7). However, the pres-
ence of melanin has also been hypothesized in the chromato-
phore pigments of some cephalopods (2).

The variation of body coloration patterns is generated by the
central nervous system and in particular by the posterior chro-
matophore lobe, which directly innervates the chromatophore
organs in the skin of the mantle (8). Thus far, three neuroactive
substances have been demonstrated in chromatophore neuro-
regulation: L-glutamate, Phe-Met-Arg-Phe-NH, (FMRFamide)*-
related peptides and 5-hydroxytryptamine (5-HT). L-Gluta-
mate is the excitatory transmitter of the chromatophore and
acts directly on the postsynaptic membrane, inducing a depo-
larization, an increase in cytoplasmic calcium levels and con-
traction of the radial muscle fibers resulting in chromatophore
expansion. In Sepia, FMRFamide-related peptides act like glu-
tamate by inducing chromatophore expansion but leading to a
slower and more sustained response. Thus, it appears that the glu-
tamatergic pathway is the primary mediator activated during fast
production of transient body patterns, whereas the slow pathway
is involved in the long term maintenance of the pattern (9-13). In
the absence of excitatory motoneuron activity, 5-HT facilitates
chromatophore retraction (4, 12) by suppressing calcium release
from ryanodine-sensitive stores (14, 15). Apart from these three
substances and acetylcholine, which acts presynaptically, no other

3 The abbreviations used are: FMRFamide, Phe-Met-Arg-Phe-NH,; AMPA, a-
amino-3-hydroxy-5-metil-4-isoxazolone propionate; p-AP5, b-(—)-
2hy amino-5-phosphonopentanoic acid; ASW, artificial seawater; 8-Br-
cADP-ribose, 8-bromo-cyclic ADP ribose; 8-Br-cGMP, 8-bromo-cyclic GMP;
c-PTIO, [2-(4-carboxyphenyl)-4,4,5,5-tetramethylimidazoline-1-oxy1-
3-oxide]; CNQX, 6-cyano-7-nitroquinoxaline-2,3-dione; DAF-FM-DA,
4-amino-5-methylamino-2',7’-difluorofluorescein diacetate; DEA, diethyl-
amine; DEA/NO, 2-(N,N-diethylamino)-diazenolate-2-oxide; 5-HT, 5-hy-
droxytryptamine; MOPS, 4-morpholinepropanesulfonic acid; NMDA, N-
methyl-p-aspartic acid; NO, nitric oxide; NOS, nitric oxide synthase; ODQ,
1H-[1,2,4]oxadiazolo[4,3-alquinoxalin-1-one; PBS, phosphate-buffered
saline; SW, seawater; TRIM, 1-(2-trifluormethylphenyl)imidazole.
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FIGURE 1. Schematic illustration of a chromatophore organ highlighting the pigment-containing saccu-
lus and the radial muscle fibers. When muscle fibers contract, the cytoplasm with the pigment is forced into
a thin layer, resulting in chromatophore expansion. When muscle fibers are relaxed, the pigment sacculus is
lenticular in shape resulting in chromatophore retraction. mf, muscle fiber; sa, sacculus.

neuroactive compounds have so far been found to be involved in
the neuroregulation of chromatophore physiology, and the
detailed signaling mechanisms are still little understood.

In the frame of our continuing program on the physiologic roles
of the nitric oxide (NO) signaling pathway in S. officinalis (16) we
recently focused our attention on the occurrence of this pluripo-
tent messenger in the chromatophore organ of this cephalopod.
This study was motivated by considerations of the peculiar prop-
erties of this highly diffusible messenger molecule, which is known
to elicit fast and transient responses in relation to glutamate recep-
tor stimulation, and the recent localization of nitric oxide synthase
(NOS) in several areas of Sepia central nervous system deputed to
control different behavioral responses, such as defense, motor
control, equilibrium system, vision, feeding, learning, olfaction,
and taste (17, 18). Herein, we report that NO is generated in chro-
matophore organs and acts on the muscle fibers as a result of glu-
tamate signaling, functioning as an important messenger in the
long term maintenance of the body coloration patterns necessary
for camouflage or other adaptive purposes.

EXPERIMENTAL PROCEDURES

Animals—Adult specimens of S. officinalis and Loligo vul-
garis were collected in the Bay of Naples and kept in tanks with
circulating seawater (SW) at 20°C until use. Fertilized eggs,
obtained directly from the sea or in tanks from adult specimens,
were kept in tanks, and their development was followed. All pro-
cedures were performed after anesthesia with 0.1% ethanol in SW.

Chemicals—1-Glutamic acid, diethylamine (DEA), ruthenium
red, cADP ribose, 8-bromo-cyclic ADP-ribose (8-Br-cADP ri-
bose), 5-HT, 1,3,7-trimethylxanthine (caffeine), 6-cyano-7-
nitroquinoxaline-2,3-dione (CNQX), N-methyl-p-aspartic acid
(NMDA), glycine, B-NADPH, 1H-[1,2,4]oxadiazolo[4,3-a]qui-
noxalin-1-one (ODQ) were purchased from Sigma. [2-(4-
Carboxyphenyl)-4,4,5,5-tetramethylimidazoline-1-oxyl-
3oxide] (c-PTIO), 2-(N,N-diethylamino)-diazenolate-2-oxide
(DEA/NO), 1-(2-trifluormethylphenyl)imidazole (TRIM) were
from Alexis. Nitro blue tetrazolium was obtained from Roche.
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4-amino-5-methylamino-2’',7’-di-
fluorofluorescein diacetate (DAF-
FM-DA) was from Molecular Probes.
8-Bromo-cyclic GMP (8-Br-cGMP)
was from Calbiochem. p-(—)-2-
Amino-5-phosphonopentanoic acid
(p-AP5) was from Tocris.

Isolation of Chromatophore Or-
gans—The dorsal mantle of decapi-
tated juveniles (1 week old, 10-mm
length) or a 1-cm? piece of medial
dorsal skin from adult was removed,
and chromatophore organs were
isolated following the protocol pre-
viously reported, with some mod-
ifications (13). The treatments
with trypsin and papain/collage-
nase-P were carried out for 5 and
15 min, respectively. The isolated
chromatophore organs were used
for NADPH diaphorase staining,
immunocytochemistry, NO detection, and pharmacological
bioassays.

NADPH Diaphorase Histochemistry—Embryos, peeled of
egg envelopes and chorion, were fixed overnight at 4 °C in 4%
paraformaldehyde, 0.1 M MOPS, pH 7.5, 0.5 M NaCl. Isolated
chromatophore organs from juvenile and adult were fixed in
the same solution for 1 h at room temperature, in poly-L-lysine-
coated Petri dishes. After washing with 0.1 m Tris-HCI buffer,
pH 8, permeabilization was performed by incubation in 0.1 m
Tris-HCI, pH 8, 0.3% Triton X-100 overnight at 4°C for
embryos and for 30 min for isolated juvenile and adult chro-
matophores. Samples were incubated for up to 1 h at 37 °C, in
the dark in 2 mm B-NADPH, 0.2% nitro blue tetrazolium in 0.1
M Tris-HCI, pH 8, 0.3% Triton X-100. After washings, the stain-
ing was examined by using a Zeiss Axiolmager M1 microscope.

Immunohistochemistry/Cytochemistry—Embryos were fixed
overnight at 4 °C in 4% paraformaldehyde, 0.1 M MOPS, pH 7.5,
0.5 M NaCl. Isolated juvenile and adult chromatophore organs
were fixed in the same solution for 45 min at room temperature.
After washing in PBS, permeabilization was performed on
embryos in 0.5% Triton X-100 in PBS for 48 h at 4 °C, and on
isolated chromatophore organs in 0.3% Triton X-100 in PBS for
40 min at room temperature. Nonspecific binding was blocked
by incubating the embryos in blocking buffer I (PBS, 0.5% Tri-
ton X-100, 5% normal goat serum) for 2 h at room temperature
and then in blocking buffer II (PBS, 0.5% Triton X-100, 1%
bovine serum albumin) overnight at 4 °C. For isolated chro-
matophore organs, blocking buffer III (PBS, 0.1% Triton X-100,
1% bovine serum albumin) was used for 1 h. Embryos and iso-
lated chromatophore organs were then incubated with anti-
uNOS (Affinity Bioreagents, Inc.) at a dilution of 1:1,000 at 4 °C
for 48 h in blocking buffer II and overnight in blocking buffer
111, respectively. Staining was performed using the Vectastain
alkaline phosphatase ABC-AP kit and visualized by a Zeiss
Axiolmager M1 microscope.

NO Detection—NO detection was performed using DAF-
FM-DA. Embryos or isolated juvenile and adult chromato-
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phore organs were incubated in the dark with 12.5 um or 2.5
uM DAF-FM-DA (5 mum stock in dimethyl sulfoxide), respec-
tively, in filtered SW for 20 min. Subsequently, they were incu-
bated in SW for 30 min to allow complete deesterification of
intracellular diacetates. The fluorescence was visualized with a
Zeiss Axiolmager M1 microscope equipped with a filter Apyc =
470 = 40 nm, Ay, = 525 * 50 nm. Control experiments were
performed pretreating the embryos with 1 mm c-PTIO for 5 h
or 1 mm TRIM for 1 h and isolated chromatophore organs with
0.4 mMm c-PTIO for 10 min or 5 mm TRIM for 3 h.
Pharmacological Bioassays—Biossays were performed at
25 °C using a 1-cm? piece of skin removed from the medial
dorsal mantle of adult Sepia, with the epidermis arranged
uppermost, according to a modified previously reported
procedure (9). The skin was continuously perfused with
ASW except during the application of test drugs, when the
perfusion was stopped. DEA/NO, DEA, or glutamate was
added in a window cut in the epidermis. Test solutions were
washed out by restarting perfusion. DEA/NO (20 mm stock
in 0.01 m NaOH) spontaneously dissociates in a pH-depen-
dent, first-order process with a half-life of 16 min at 22—
25 °C, pH 7.4 (19). The effect was recorded using a DEC-18
Digital Eyepiece Camera (World Precision Instruments)
mounted on dissecting microscope (Zeiss). Acquired video
frames were processed using Image] (National Institutes of
Health). Reversed images were created, and changes in the
size of all chromatophores in the field were monitored as the
mean of gray value: chromatophore expansion corresponded
to an increase in the gray value and vice versa. To investigate
the NO signaling, bioassays were performed on isolated juve-
nile chromatophore organs monitoring chromatophore
expansion and NO levels. For chromatophore expansion,
test drugs (DEA/NO, DEA, ODQ, 8-Br-cGMP, ruthenium
red, cADP-ribose, and 8-Br-cADP ribose) were added sepa-
rately, and when necessary, chromatophore organs were pre-
incubated for 5 min with ruthenium red or ODQ or 8-Br-
cADP ribose before DEA/NO treatment. The effect was
visualized by acquiring time-lapse images (30-s interval,
20-min duration) with a Zeiss AxioImager M1 microscope
equipped with Axio Vision Release 4.7 software (Zeiss). The
frames were analyzed using Image]. Changes in the cytoelastic
sac size were monitored by setting a region of interest and
measuring transmitted light variation: chromatophore expan-
sion corresponded to a decrease in transmitted light and vice
versa. Relative transmitted light was expressed as R(7/7,),
where T is the value during experiments and 7|, is the value
before application of drugs. For NO detection, isolated chro-
matophore organs were loaded with DAF-FM-DA as described
above. Subsequently, they were treated with glutamate in ASW
or in Ca**-free ASW containing EGTA, caffeine in Ca*" -free
ASW, NMDA in ASW, NMDA + glycine in Mg>" -free ASW
(460 mm NaCl, 10 mm KCl, 11 mm CaCl,, 10 mm Hepes, pH 7.8).
When necessary, chromatophore organs were preincubated for
10 min with CNQX or b-AP5 in ASW and for 4 min with 5-HT
in Ca®"-free ASW. All concentrations are reported in the figure
legends. The effect was visualized by acquiring time-lapse
images with a Zeiss Axiolmager M1 fluorescence microscope as
reported above. The region of interest containing the chro-
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matophore organs was set, and relative NO fluorescence was
expressed as R(F/F,), where F is a background-subtracted fluo-
rescence image of chromatophore organs during experiments
and F, is a background-subtracted fluorescence image just
before application of drugs.

Statistical Analysis—The data were expressed as mean = S.E.
The significance of the difference of between means was ana-
lyzed by the least significant difference test of analysis of vari-
ance. p values < 0.05 were considered as significant and marked
with *; p values < 0.01 were considered as highly significant and
marked with **.

RESULTS

NOS Detection in Chromatophore Organs of S. officinalis—
The presence of NOS in embryo, isolated juvenile, and adult
chromatophore organs was investigated using NADPH diapho-
rase histochemistry combined with immunohistochemistry/
cytochemistry. S. officinalis shows a direct development with-
out larva stage and with 30 embryonic stages (20). At stage 30,
hatching occurs, leading to a juvenile strikingly similar to the
adult. Some yellow-orange chromatophores begin to appear at
stage 26 in the dorsal and lateral mantle. At stage 27, the chro-
matophores are more numerous and dark orange in color. At
hatching, the juvenile skin is completely covered by chromato-
phores also in the ventral region. In this study, we considered
stage 27 as an embryo stage and specimens 1 week after hatch-
ing as juvenile.

NADPH diaphorase histochemistry is a widely used tech-
nique indicative of NOS activity. Its specificity resides in the
ability of NOS to retain its activity after aldehyde fixation,
unlike other diaphorases (21). In embryos, NADPH diaphorase
staining is visible in the cytoelastic sacculus (Fig. 24). In the
juvenile, NOS activity is localized in both the pigment sacculus
and in the muscle fibers (Fig. 2B). In the adult stage, the staining
is clearly visible at the level of muscle fibers (Fig. 2C), whereas
any possible signal in the sacculus is probably masked by the
pigment visible under control conditions (Fig. 2F). Interest-
ingly, after treatment with the Triton-containing buffer used
for washings and incubations in the NADPH diaphorase proto-
col, embryo and juvenile chromatophores do not show any pig-
ment, probably because of pigment solubilization (Fig. 2, D and
E). On the contrary, the pigment at these stages is clearly visible
when the chromatophores are kept in SW or in PBS buffer
(supplemental Fig. S1).

NOS immunohistochemistry/cytochemistry was performed
using an antibody generated to a peptide of a conserved region
in all known animal NOSs. NOS-like immunoreactivity is local-
ized in the cytoelastic sacculus of embryo chromatophore
organs (Fig. 2G). In isolated juvenile chromatophore organs a
strong immunoreactivity is observed both at the level of the
cytoelastic sacculus and the muscle fibers (Fig. 2H). In the adult
stage, the immunopositivity is clearly visible at the level of mus-
cle fibers (Fig. 2I). As in NADPH diaphorase histochemistry,
the pigment in embryo and juvenile chromatophore organs is
solubilized after permeabilization with Triton X-100, whereas
it is insoluble at adult stage (data not shown).

NO Detection in Chromatophore Organs of S. officinalis—Lo-
calization of endogenous NO in embryo, isolated juvenile, and
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FIGURE 2. NOS detection in chromatophore organs of S. officinalis. A-C, NADPH diaphorase reaction. A, embryo chromatophore organs. The NADPH
diaphorase staining is visible in the cytoelastic sacculus, which is not fully pigmented. B, isolated juvenile chromatophore organ showing the staining in the
fully pigmented sacculus and in the relaxed and contracted muscle fibers. C, isolated adult chromatophore organ with the reaction localized in contracted
muscle fibers. D-F, controls of embryo, juvenile, and adult chromatophore organs with omission of B-NADPH showing loss of reaction and solubilization of
embryo and juvenile chromatophore pigment (D and E). G-I, immunohistochemistry/cytochemistry reaction. G, embryo chromatophore organs. The immu-
nopositivity is localized in the cytoelastic sacculus. H, isolated juvenile chromatophore organ showing the immunoreactivity in the pigment sacculus and in the
contracted and partially relaxed muscle fibers. I, Sepia isolated adult chromatophore organ. The immunopositivity is visible in contracted and partially relaxed

muscle fibers. Scale bars, 20 um. mf, muscle fiber; sa, sacculus.

adult chromatophore organs was performed using DAF-FM-
DA. This is a most sensitive cell-permeable and nonfluorescent
reagent that develops intense fluorescence after reaction with
NO in air to form a benzotriazole derivative (22). In embryo,
juvenile, and adult chromatophore organs, NO is present in the
muscle fibers (Fig. 3, A—C). In the embryo, NO is also present in
the cytoelastic sacculus as shown by the fluorescence visible in
the central region of the sacculus that lacks the pigment (Fig.
3A). In the juvenile and adult chromatophores the cytoelastic
sacculus is fully pigmented (Fig. 3, E and F), thus preventing the
detection of any possible fluorescence in this structure (Fig. 3, B
and C). No fluorescence is detected in the presence of the
NO scavenger, c-PTIO, as well as the NOS inhibitor TRIM
(supplemental Figs. S2 and S3).

NO Detection in Chromatophore Organs of L. vulgaris—To
ascertain that the presence of NO is not only restricted to cut-
tlefish, isolated adult chromatophore organs of L. vulgaris were
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examined for the presence of NO. Fluorescence is visible in the
muscle fibers (Fig. 44). As in Sepia, the pigment is not soluble in
Tris, thus hampering the detection of any possible reaction at
sacculus level (Fig. 4B).

Biological Role of NO in Chromatophore Organs—To get
an insight into the biological role of NO in chromatophore
organs, pharmacological bioassays were performed on adults
using DEA/NO as the NO donor at various concentrations.
Treatment with DEA/NO resulted in chromatophore expan-
sion in a concentration-dependent manner (Fig. 54). A plot
of the maximum expansions reached as a function of
DEA/NO concentration gave a sigmoidal curve with an EC,
value of 136 um. Up to 300 um concentration, the effect was
reversible, ie. restarting perfusion the chromatophores
return to their original retracted state in about 4 min. The
plateau was reached at 500 um concentration, and at this
concentration the process was irreversible.
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dressed in a series of experiments
performed on isolated juvenile
chromatophore organs. Chro-
matophores were treated by bath
application with different sub-
stances, and the effects were exam-
ined by monitoring their expansion
or NO production.

Treatment with DEA/NO in-
™ : duced muscle fibers contraction
B resulting in chromatophore ex-
pansion (Fig. 6A4). Chromatophore
expansion was measured under
different experimental conditions
as relative transmitted light, corre-
sponding expansion to a decrease
and retraction to an increase in
transmitted light (Fig. 6B). The NO
donor was able to induce a highly
significant expansion of pigmented
sacculus with respect to the basal
control in the absence of any addi-
tive. NO-induced chromatophore
expansion was abolished by treat-
ment with the guanylyl cyclase in-
hibitor, ODQ, and the ryanodine
receptor blocker, ruthenium red.
Treatment with 8-Br-cGMP, a
membrane-permeable, phosphodi-
esterase-resistant active analog of
c¢GMP, resulted in a significant
chromatophore expansion. A simi-
lar effect is induced by cADP ribose,
the physiological allosteric modula-
tor of the ryanodine receptor, which
stimulates calcium-induced cal-

FIGURE 3. DAF fluorescence in chromatophore organs of S. officinalis. A-C, fluorescence images. D-F,
bright-field images of the same field. A, Sepia embryo chromatophore organs. The fluorescence is visible in
muscle fibers and in the cytoelastic sacculus. In the sacculus, the fluorescence is detectable in the central region
of the sacculus which lacks the pigment. B, isolated Sepia juvenile chromatophore organ showing a strong
fluorescence in contracted muscle fibers. C, isolated Sepia adult chromatophore organ with a strong fluores-
cence in relaxed muscle fibers. Scale bars, 20 um. mf, muscle fiber; sa, sacculus.

NO-induced chromatophore expansion was compared with
that caused by glutamate, the classical transmitter reported to
be effective in triggering Sepia chromatophore activity (9, 11).
To compare the effects caused by NO and glutamate, images of
the dissected skin, treated with 200 um DEA/NO and 100 uMm
glutamate, were acquired at set times, before and during the
drug application (Fig. 5B). The NO donor-elicited expansion
of the chromatophore occurred in about 1 min. On the con-
trary, glutamate achieves expansion in much faster times, e.g.
5's, as previously reported (11). In both cases, the expansion
occurs only in the region in which the epidermis was removed.
In control experiments, addition of DEA, the exhausted prod-
uct of DEA/NO action, did not result in detectable effects
(supplemental Fig. S4).

NO Signaling in Chromatophore Organs—The mechanism
by which NO induces chromatophore expansion was then ad-
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cium release at lower cytosolic con-
centrations. 8-Br-cADP ribose, an
antagonist of cADP ribose, sup-
pressed the expansion induced by
DEA/NO. ODQ, ruthenium red,
8-Br-cADP ribose, and the exhausted
NO donor, DEA, alone had no significant effect. Chromatophore
organs treated with glutamate in ASW showed a strong
increase of NO production with concomitant contraction of
muscle fibers that initially were in a relaxed state (Fig. 7A).

Glutamate induces a significant increase of fluorescence with
respect to the basal control in which a value of fluorescence, due
to incident light, was recorded (Fig. 7B). Likewise in Ca** -free
ASW, e.g. in the presence of EGTA, glutamate induced a similar
increase of NO production. 5-HT treatment, to inhibit calcium
releases from internal stores, suppressed glutamate-induced
NO production. Treatment with caffeine, which induces cal-
cium release from internal stores, caused a notable increase of
NO production.

Finally, to identify the ionotropic receptors, involved in glu-
tamate-induced NO production, isolated chromatophore
organs were incubated with the selective AMPA antagonist
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FIGURE 4. DAF fluorescence in chromatophore organs of L. vulgaris. A, fluorescence image. B, bright-field
image of the same chromatophore organ. A, isolated Loligo adult chromatophore organ showing fluorescence
in relaxed and contracted muscle fibers. mf, muscle fiber; sa, sacculus.
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FIGURE 5. NO-induced versus glutamate-induced chromatophore expansion. A, different concentrations
of the NO donor DEA/NO were applied on a window cutin the epidermis of a piece of dorsal skin, removed from
the medial dorsal mantle of adult cuttlefish. The maximum chromatophore expansion was reported as a
function of DEA/NO concentration. NO causes chromatophore expansion in a concentration-dependent man-
ner. Results are shown as mean = S.E. (error bars). Statistical analysis was performed as reported under “Exper-
imental Procedures.” ¥, p < 0.05; **, p < 0.01 with respect to the value corresponding to 1 um DEA/NO; n = 8
experiments. B, time course of chromatophore expansion after addition of DEA/NO (200 um) or glutamate (100
um). Images are taken at zero time, 5 s, and 1 min. Chromatophore expansion, visualized by darkening, appears
earlier with glutamate (5 s) relative to DEA/NO (1 min) and denotes a faster response based on muscle
contraction.
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CNQX or the NMDA antagonist
D-AP5, and NO production was
monitored after the addition of glu-
tamate (Fig. 7B). NO production
induced by glutamate was inhibited
by p-AP5 and CNQX. Moreover,
treatment with NMDA and glycine,
in low levels magnesium SW, to
activate NMDA receptors, results in
an increase in NO production com-
parable with that observed with glu-
tamate. As expected, NMDA alone
is not able to induce a significant
increase of NO production with
respect to the basal.

DISCUSSION

An increasing body of evidence
indicates that NO plays several
important biological roles in mol-
lusc cephalopods. These include
visual and tactile learning in O. vul-
garis (23, 24), symbiosis in the squid
Euprymna scolopes (25), ink defense
system, neurotransmission, manip-
ulative behavior, regulation of blood
flow and pressure, and statocyst
activity in the cuttlefish S. officinalis
(26-28, 18, 29-31). In this paper,
we provide a new addition to this list
by showing that the NO signaling
pathway is also involved in the reg-
ulation of chromatophore expan-
sion underlying the unique and
highly complex body patterning
behavior in Sepia.

NOS localization by both NADPH
diaphorase and immunohistochem-
istry/cytochemistry and NO detec-
tion in muscle fibers from embryo
to adult suggest the involvement of
NO in chromatophore physiology.
Indeed, the most important out-
come of the present study is that NO
induces chromatophore expansion
and acts as a key mediator in the
glutamate-dependent pathway of
chromatophore organ regulation.

Regarding the NO-induced chro-
matophore expansion, the dose-re-
sponse data for DEA/NO would sug-
gest that very high, nonphysiological
concentrations of NO are needed to
induce chromatophore expansion.
But, caution should be exercised
before predicting the NO levels
actually released by NO donors
and reaching the target. In fact,
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toward an understanding of the
complex interplay of messenger
molecules, receptors, and path-
ways that mediate body patterning
behavior. The emerging picture of
glutamate-NO neuroregulation of
chromatophore cell expansion is
schematically illustrated in Fig. 8.
e Two different channels by which
glutamate activates body pattern-
ing may be envisaged. The fast
one, NO-independent, is activated
during the production of transient
body patterns, e.g. in response
to disturbances as well as to the

appearance of predators, prey, and

Relative transmitted light

conspecifics. The slow one, NO-
mediated, is involved in the long
term maintenance of the body
coloration pattern for effective
camouflage. At the neuromuscular
junction, glutamate released at
presynaptic level is able to acti-
vate both AMPA and NMDA re-
ceptors. The activation of AMPA
receptors induces a membrane
depolarization and a rapid in-
crease in cytoplasmic calcium
level that is responsible for a fast
muscle contraction resulting in the
transient chromatophore expan-
sion. On the other hand, the activa-

tion of NMDA induces a prolonged

FIGURE 6. NO signaling in chromatophore organs. Sepia isolated juvenile chromatophore organs were
treated by bath application with different substances, and the effects were examined by monitoring chromato-
phore expansion. A, addition of DEA/NO (100 um) on isolated chromatophore organs causes muscle fibers
contraction resulting in pigment sacculus expansion. Before NO donor addition, the muscle fibers appear
relaxed. Scale bars, 20 um. B, isolated juvenile chromatophore organs were treated with the NO donor DEA/NO
(100 wm), DEA (100 wm), ODQ (10 um), 8-Br-cGMP (100 um), ruthenium red (1 um), cADP ribose (25 um), or
8-Br-cADP ribose (25 um). When indicated, organs were preincubated for 5 min with ODQ or ruthenium red or
8-Br-cADP ribose before DEA/NO treatment. The chromatophore expansion was recorded, and changes in
transmitted light were measured as reported under “Experimental Procedures.” Data are expressed as
means =+ S.E. (error bars). Statistical analysis was performed as reported under “Experimental Procedures.” **,
p < 0.01 with respect to the basal control, n = 8 experiments. mf, muscle fiber; sa, sacculus.

DEA/NO concentration does not provide information as to the
actual fluxes of NO that are produced because the specific
experimental conditions can affect the parameters that deter-
mine the fluxes of NO generation, half-lives, and stoichiometry
of NO per donor (32). It follows that even the reported stoichi-
ometry of NO release from DEA/NO is variable, ranging from 1
(33) to 1.5 (34). Additional limitations due to local concentra-
tion issues, side reactions in the tissue incubation mixture, and
possibly poor membrane permeability may add to this com-
plexity, so use of concentrations as high as 100 um or more of
this donor to elicit sustained and detectable biological effects is
not uncommon (35).

Pharmacological bioassays and NO production experi-
ments have permitted delineation of the signaling pathway
by which NO, together with glutamate, regulates the chro-
matophore activity, providing an important contribution

24160 JOURNAL OF BIOLOGICAL CHEMISTRY

calcium elevation as suggested to
occur in squid (13). The increased
calcium is responsible for NOS acti-
vation and consequent NO produc-
tion. The finding that glutamate-in-
duced NO production is inhibited
by AMPA and NMDA receptor
antagonists suggests the involve-
ment of both glutamate receptors in
NO production. On this basis, it is reasonable to hypothesize
that, as well as in squid, NMDA receptors are more calcium-
permeable than AMPA receptors, but they depend on AMPA
receptors in inducing membrane depolarization, required
for activation (13). NO thus produced is able to activate sol-
uble guanylyl cyclase with consequent production of cGMP,
as revealed by the significant chromatophore expansion by
8-Br-cGMP and the inhibition of NO-induced process in the
presence of the guanylyl cyclase inhibitor, ODQ. The finding
that NO-induced chromatophore expansion is abolished by
treatment with the ryanodine receptor blocker, ruthenium
red, together with NO production increases or decreases
with agents inducing or blocking calcium release from inter-
nal stores, suggests that chromatophore expansion involves
release of calcium from ryanodine stores. The cADP ribose
mediation of the effect of cGMP on ryanodine stores is
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An interesting point of data
emerging from this study is that glu-
tamate-induced NO production is
modulated by calcium availability.
In particular, both external and
internal calcium contribute to NO
production, and the relative roles
are dictated by the competition of
calcium blockers (e.g. 5-HT) and
releasers.

To the best of our knowledge, this
is the first report showing that the
signaling NO-cGMP-cADP ribose-
ryanodine receptors is functionally
active in striated muscle contrac-

tion. This was unexpected consider-

ing that in mammalian skeletal
muscles NO has been shown to pro-
mote contraction mainly through a

cGMP-independent pathway, in-
volving S-nitrosylation of ryanodine

receptors (38—-40). On the other
hand, the NO/cGMP pathway is

0,5 |

commonly believed to be involved
in relaxation of mammalian skeletal
and smooth muscles (38, 41). More

Relative NO production
o - o N

recently, however, the signaling
NO/cGMP/cADP ribose pathway
has been reported to be involved

§ s @ » 2 & O
S ) 2 g 5 S
8 & ©

S in opossum esophageal longitudi-
nal smooth muscle contraction
(42). In this context, our results
may be of particular interest in

relation to the biological relevance

FIGURE 7. NO production in chromatophore organs. Sepia isolated juvenile chromatophore organs were
treated by bath application with different substances, and the effects were examined by monitoring NO
production. A, addition of glutamate (250 um) causes an increase of NO production. Muscle fibers, initially
relaxed, contract after glutamate addition. Scale bars, 20 um. B, isolated juvenile chromatophore organs were
treated with glutamate (250 um) in the absence or presence of EGTA (2 mm), caffeine (5 mm), NMDA (250 um),
NMDA + glycine (NMDA 250 um + glycine 50 um). When indicated, chromatophores were preincubated for 4
min with 5-HT (10 um) or 10 min with D-AP5 (200 wm) or CNQX (250 um) before glutamate treatment. NO
production was monitored in 20 min, and the maximum value was reported as means * S.E. (error bars).
Statistical analysis was performed as reported under “Experimental Procedures.” **, p < 0.01 with respect to

the basal control; n = 8 experiments. mf, muscle fiber; sa, sacculus.

clearly evident from its ability to induce chromatophore
expansion as well as from the inhibitory effect of its antago-
nist, 8-Br-cADP ribose, on NO-induced chromatophore
expansion. The ability of NO to induce calcium release from
ryanodine stores via ¢cGMP and cADP ribose has been
reported to occur in some invertebrate nonmuscle cells, such
as pond snail neurons and sea urchin eggs, where this path-
way is involved in growth cone filopodial dynamics and cal-
cium mobilization processes during fertilization and ana-
phase (36, 37). In these systems it has been hypothesized that
cGMP, via a ¢cGMP-dependent protein kinase, activates,
through phosphorylation, the enzyme that catalyzes the syn-
thesis of cADP ribose, ADP-ribosyl cyclase, or one of its
regulators. A similar mechanism could be operative in Sepia
chromatophore organs.

JULY 30, 2010+VOLUME 285+NUMBER 31

of the NO/cGMP/cADP ribose/ry-
anodine receptors in mammalian
muscle contraction. In Sepia chro-
matophore organs NO acts as local
mediator of chromatophore expan-
sion because NOS has not been
reported to be expressed in the pos-
terior chromatophore lobes (17, 18)
from which motoneurons, innervat-
ing skin mantle chromatophores, originate (8).

An interesting result emerging from this study is the pres-
ence of NO in isolated chromatophore organs from adult
squid, thus suggesting that our finding is not species-spe-
cific, but it is of general significance for decapod cephalo-
pods. The detection of both NO and NOS in the pigment
compartment of Sepia chromatophore organs suggests the
possible involvement of NO in pigment production. Inter-
estingly, NO and NOS are present in the embryo cytoelastic
sacculus, which is characterized by a region devoid of pig-
ment, located in the center of the sacculus. This region will
disappear as the development proceeds, resulting in chro-
matophores fully pigmented at hatching. Noteworthy, NO
has been reported to participate in the regulation of the
activity of indoleamine 2,3-dioxygenase, the mammalian
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FIGURE 8. Model for glutamate-NO-cGMP-induced chromatophore expansion in S. officinalis. Presynaptically released glutamate activates both AMPA
and NMDA receptors. The activation of AMPA receptors induces the membrane depolarization and the fast muscle contraction resulting in transient chro-
matophore expansion. The voltage-dependent activation of NMDA receptors induces a prolonged Ca®* elevation responsible for NOS activation and conse-
quent NO production. NO activates the soluble guanylyl cyclase resulting in the production of cGMP. cGMP induces the formation of cADP ribose, which
interacts with ryanodine-like receptors and causes the release of Ca>* from the endoplasmic reticulum, resulting in muscle fibers contraction and chromato-

phore expansion.

counterpart of the enzyme that catalyzes the first and rate-
limiting step in ommochrome biosynthesis, tryptophan-2,3-
dioxygenase (43, 44). The differential solubility in Triton
X-100-containing buffers of embryo-juvenile pigments with
respect to that of adult chromatophores suggests moreover
significant chemical changes in the chromatophore pig-
ments during development, which may deserve further
attention.

In conclusion, evidence has been presented for the first time
for a critical role of the glutamate-NO-cGMP signaling path-
way in the body patterning behavior of the cuttlefish S. officina-
lis. The effect is apparently associated with specific, relatively
long term responses that can be attributed to the need of main-
taining the patterns for camouflage or other adaptive purposes.
Besides disclosing novel remarkable roles of NO in inverte-
brates, these results fill a gap in the current understanding of

24162 JOURNAL OF BIOLOGICAL CHEMISTRY

the mechanisms of neuroregulation of body patterning in
cephalopods.
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