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Summary

The ability of UV radiation to stimulate color
change in vertebrates is well known; however, the
signaling pathway involved is not fully explained.
Since nitric oxide (NO) is among the candidates for
this role, in this study the participation of NO sig-
naling in the pigment migration induced by UV radi-
ation in melanophores of the crab Chasmagnathus
granulatus was investigated. When the NO donor,
SIN-1, was incubated with pieces of epidermis,
there was an induction of a dose-dependent pig-
ment dispersion (in vitro assays). When male adults
were exposed to different doses of UVA and UVB,
NC-nitro-L-arginine-methyl-ester, an NO synthase
(NOS) blocker produced a decrease of the pigment
dispersion induced by UV (in vivo assays). However,
in similar assays, 2-phenyl-4,4,5,5-tetramethylimi-
dazoline-1-oxyl-3-oxide, an NO scavenger, decreased
only the pigment dispersion induced by UVA. Inter-
estingly, buthionine sulfoximine did not produce
any change in pigment dispersion induced by UVA
(in vivo assays) and SIN-1 (in vitro assays). Our
results using NADPH-diaphorase histochemistry and
immunocytochemistry against nNOS indicated the
production of NO by epidermal cells. In conclusion,

we suggest that NO is a key molecule for the induc-
tion of pigment dispersion in the melanophores of
Chasmagnthus granulatus, and also that NOS acti-
vation is a fundamental step for this process.
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Introduction

Many environmental factors are determinant to induce
color change, such as background color, photoperiod,
and temperature. Another important factor that induces
color change is solar radiation, including visible and ultra-
violet radiation (UV) (Oshima, 2001). UV radiation com-
prises an electromagnetic wavelength between 200 and
400 nm. In order to analyze the ability to cause damage
in cellular targets, UV was divided into UVA (320-
400 nm), UVB (290-320 nm) and UVC (200-290 nm).
The wavelength of UV that includes UVA and UVB is
also called Solar UV (Diffey, 2002). The ability of UV
radiation to stimulate color change in vertebrates is well
known (Allan et al., 1995; Bagnara and Hadley, 1973;
Gilcherest et al., 1999; Lesser, 2001); however, the sig-
naling pathway of UV radiation remains to be fully eluci-
dated. Two means of stimulation are suggested for this
process: the direct action of UV on the pigment cells, or
indirect action with production of some paracrine agon-
ists for other non-pigmented cells. Among the paracrine
factors involved in the exposure of UV are endothelins,
eicosanoids, POMC hormones such as «-MSH and
ACTH, and histamines. Furthermore, nitric oxide (NO)
has received special attention as a paracrine factor asso-
ciated with the UV-induced response (Romero-Graillet
et al., 1996).

NO is one of the smallest and simplest molecules
that have been biosynthesized. It is a gaseous molecule,
formed by one atom of nitrogen (N) and one atom of
oxygen (O), found naturally in the atmosphere in small
quantities; it is very toxic because of the presence of
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free radicals. The substrate for synthesizing O in the
organism is L-arginine. In addition to participating in the
urea cycle, L-arginine is involved in the synthesis of cre-
atine and polyamides (Konturek and Konturek, 1995).
The enzymes that convert L-arginine to L-citruline and
NO are called nitric-oxide synthases (NOS). These
enzymes are hemeproteins of the ‘cytochrome-like fam-
ily’. For NOS to produce NO, they depend on O,
NADPH, flavines and biopterines.

Up to the present, three isoforms of the NOS have
been isolated and cloned (Bredt and Snyder, 1990;
Lyons et al., 1992; Nishida et al., 1992): two constitutive
and one inducible. The cNOS (constitutive nitric oxide
synthesis), which include the eNOS (endothelial nitric
oxide synthesis) and the nNOS (neuronal nitric oxide
synthesis), differ from the iNOS (inducible nitric oxide
synthesis) in their molecular weight, their form of activa-
tion and their ability to synthesize NO (Marletta, 1994).

NO is a highly diffusible and reactive molecule. There-
fore, instead of activating downstream pathways by
traditional receptor-mediated events, it induces its bio-
logical effects by directly activating many intercellular
molecules. Wink and Mitchell (1998) classified these
NO reactions as being either direct (on the biological
mediator) or indirect (involving reactive nitrogen and oxy-
gen species). The direct downstream pathways consist
mainly of interactions between NO and heme-containing
proteins, the most important being guanylate cyclase
(McDonald and Murad, 1996 and Murad, 1994). Activa-
tion of this enzyme by NO induces the production of
cyclic guanosine 3,5-monophosphate (cGMP), which in
turn activates protein kinase G (PKG). This downstream
pathway is particularly important in mediating the
effects of the low levels of NO production, which
seems to occur with cNOS activation. The indirect
downstream pathways, which become more important
under high local concentrations of NO, involve the for-
mation of nitrogen oxide species such as N,Osz;, HNO
(nitroxyl), and ONOO™ (peroxynitrite) (Feelisch et al,,
2002). These molecules, in turn, modify thiol-containing
proteins, either by nitrosation (N,Oz) or oxidation (HNO
and ONOOQO7). The selection of the indirect downstream
pathway seems to depend, to some extent, on the
redox potential of the cell (Lipton et al., 1993; Miranda
et al., 2003). UV irradiation also directly activates
certain transmembrane receptors, such as the epider-
mal growth factor (EGF) receptor (Miller et al., 1994)
and the keratinocyte growth factor (KGF) receptor
(Marchese et al., 2003), which continue their action
activating downstream pathways and initiating the
production of peroxide and reactive oxygen species
(ROS).

The evidence of a central role for NO in the induction
of melanogenesis has been apparent since the mid-
1990s, when Romero-Graillet et al. (1996, 1997) found
that UV-irradiated human melanocyte cultures produced
NO and that the presence of NO was sufficient to

NO signaling and UV induces pigment dispersion in crab

induce melanogenesis. Hayashi and Fuijii (2001) reported
that NO donors also induce the pigment dispersion in
melanophores of teleosts. In other systems, it is known
that in insects NO is involved in olfactory signaling
(Sapura et al., 2006) and in crustaceans, the expression
of NOS has been established in the nerve gland,
Y-organ, gill and gonad (Kim et al., 2004). Furthermore,
recent studies have shown that the NO pathway is
involved in neuronal development and neuron, skeletal
muscle and cardiac muscle regulation in crustaceans
(Aonuma et al., 2000; Aonuma and Newland, 2001,
2002; Erxleben and Hermann, 2001; Hermann and
Erxleben, 2001; Johansson and Mellon, 1998;
Mahadevan et al., 2004) and regulation of molting
(Lachaise et al., 1993; Lee and Mybles, 2006; Skinner,
1985), but its participation in crustacean color-change
regulation is unknown.

In crustaceans, color change is principally associated
with the X-organ/sinus gland neuroendocrine complex.
To date, only two hormones affecting the color change,
released mainly from the X-organ/sinus gland neuroen-
docrine complex, are well known: the pigment-dispers-
ing hormone (PDH) and the red pigment-concentrating
hormone (RPCH).

The crab Chasmagnathus granulatus is a semi-terres-
trial animal of the southern coast of Brazil, Uruguay and
Argentina. A former study showed that pigment disper-
sion occurs in this crab’s melanophores during UV expo-
sure (Gouveia et al., 2004). This dispersion rapidly
disappears when the stimuli cease, returning to the
aggregated stage, 45 min after the exposure. Interest-
ingly, this color change occurs also in eyestalkless
crabs; therefore, it is independent from the X-organ/
sinus gland complex and its neurohormones. In this
study, we wanted to investigate whether NO
participates in the color-change signaling induced
by UVA and UVB in melanophores of the crab
C. granulatus.

Results

The melanophores of C. granulatus showed significant
(P < 0.05) dose-dependent pigment dispersion when
incubated with a potent NO donor, SIN-1. The minimal
effective dose of SIN-1 that induced pigment dispersion
was 1078 M, and maximum pigment dispersion was
obtained with 107° M. The ECg, (with 95% confidence
interval) was 1.2 (0.3-4.2) x 107 M (Figure 1A).

In in vivo assays, UVA exposure induced significant
dose-dependent pigment dispersion in C. granulatus
melanophores. However, when the crabs were treated
with  NS-nitro-L-arginine-methyl-ester  (L-NAME), they
showed an inhibition of pigment dispersion compared
with the control group (P < 0.05) (Figure 1B). The UVB
exposure also induced significant dose-dependent pig-
ment dispersion. Similarly, the crabs treated with the
blocker (-NAME also showed less pigment dispersion

© 2008 The Authors, Journal Compilation © 2008 Blackwell Munksgaard 185
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Figure 1. Dose-response curves of modulators of NO from UV exposed (in vivo) and non-exposed (in vitro) Chasmagnathus granulatus.
(A) In vitro dose-response curve for SIN-1 of melanophores. Each point represents the mean (+SEM) of the dispersing response at the
concentration noted (n = 5). (B) In vivo dose-response curve for UVA-induced pigment dispersion in crabs previously injected with (-NAME

and physiological saline. Each point represents the mean (+SEM) of the dispersing response, measured as standard integrated response (SIR)
at the UVA dose noted (n = 5). (C) In vivo dose-response curve for UVB-induced pigment dispersion in crabs previously injected with .-NAME
and physiological saline. Each point represents the mean (+SEM) of the dispersing response, measured as standard integrated response (SIR)
at the UVB dose noted (n = 8). (D) In vivo dose-response curve for UVA-induced pigment dispersion in crabs previously injected with PTIO
and physiological saline. Each point represents the mean (+SEM) of the dispersing response, measured as standard integrated response (SIR)
at the UVA dose noted (n = 4). (E) In vivo dose-response curve for UVB-induced pigment dispersion in crabs previously injected with PTIO
and physiological saline. Each point represents the mean (+SEM) of the dispersing response, measured as standard integrated response (SIR)
at the UVB dose noted (n = 5). (F) In vivo dose-response curve for UVA-induced pigment dispersion in crabs previously injected with BSO
and physiological saline. Each point represents the mean (+xSEM) of the dispersing response, measured as standard integrated response (SIR)
at the UVA dose noted (n = 4). (G) In vitro dose-response curve for SIN-1 with BSO of melanophores. Each point represents the mean

(+SEM) of the dispersing response at the concentration noted (n = 5).

compared with the control group (P < 0.01) (Figure 1C).
UVA radiation was more effective than UVB radiation in
inducing pigment dispersion (Figure 1B,C). Another
notable point is that .-NAME does not induce any
pigment dispersion in non-irradiated crabs.
2-phenyl-4,4,5,5-tetramethylimidazoline-1-oxyl-3-oxide

(PTIO) produced different effects on animals exposed to
UVA and UVB. When exposed to UVA, the animals trea-
ted with PTIO responded with inhibition of pigment dis-
persion, different from those that received physiological

saline (P < 0.05) (Figure 1D). In contrast, in the animals
exposed to UVB there was no difference in the pigment
dispersion response between PTIO and control groups
(P > 0.05) (Figure 1E). Also, it is important to note that
PTIO does not induce pigment dispersion in non-irradi-
ated crabs. In addition, buthionine sulfoximine (BSO) did
not result in significant (P > 0.05) change in UVA- or
SIN-1-induced pigment dispersion (Figure 1F,G, respec-
tively). BSO also did not induce pigment dispersion in
non-irradiated cabs.
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Figure 2 shows a eyestalkless crab before (A) and
after (B) UV exposure. Observe that the irradiated crab
displays an expressive pigment dispersion (Figure 2B).

A layer of basically two cell types constitutes the epi-
dermis of the crab C. granulatus, below the exoskele-
ton: the epithelial cells and the chromatophores:
xanthophores, erythrophores and melanophores (Fig-
ure 3A). The epidermis of the pereiopods of C. granula-
tus not exposed to UV showed a positive reaction for
both techniques employed (NADPH-diaphorase histo-
chemistry and nNOS immunohistochemistry). Compared
with the control (Figure 3B), the NADPH-diaphorase his-
tochemical analysis showed a positive reaction over the
entire epidermis of the crab, revealing the production of
NO in most cells of this tissue (Figure 3C). Confirming
this result, the immunohistochemical reaction against
nNOS labeled the epidermis (Figure 3D). After the expo-
sure of the crabs to UV, both the NADPH-diaphorase
histochemistry and the nNOS immunohistochemistry
showed stronger reactions than those using non-
exposed crabs (Figure 3E,F, respectively).

Discussion

Several studies have demonstrated a relationship
between increased pigmentation in mammals and UV
radiation (Gilcherest et al.,, 1999; Hill and Hill, 2000;
Murphy et al., 2001). In addition, some studies have
also reported that the tanning effect induced by UV radi-
ation occurs in other vertebrate groups. Juvenile ham-
merhead sharks showed an increase in the skin melanin
content in direct response to UV (Lowe and Goodman-
Lowe, 1966), and spotted salamander embryos also
increased melanin production in response to UV radia-
tion (Lesser, 2001). This effect has also been observed
in pigment dispersion. In crustaceans, melanophores of
the fiddler crab Uca pugilator (Coohill et al., 1970) and
C. granulatus (Gouveia et al., 2004) showed immediate
pigment dispersion in response to UV radiation. How-
ever, besides causing an increase in melanin and pig-
ment dispersion, most of the signaling mechanisms
triggered by UV radiation are still unknown.

As far as we know, in invertebrates, the participation
of NO in the pigment dispersion induced by UV irradia-
tion was never addressed. Therefore, we wanted to
verify whether this phenomenon also occurs in crusta-

A

Figure 2. Chasmagnathus granulatus before (A) and after (B)
exposure to UV radiation.

NO signaling and UV induces pigment dispersion in crab

ceans. The results of the present study show that the
production of NO can induce pigment dispersion in
melanophores of C. granulatus. These cells show a
dose-dependent pigment dispersion after treatment
with SIN-1, a potent NO donor. In vertebrates, Hayashi
and Fujii (2001) also observed that the increase in NO
production induces pigment migration in melanophores
of two teleost species treated with various NO donors.
In contrast, Oberg et al. (1999) reported that NO
production in melanophores of an amphibian species is
required for aggregation of melanosomes.

Regarding melanogenesis, the effects of NO are simi-
lar to the effects of NO in pigment dispersion. It was
observed that human melanocytes markedly increase
tyrosinase activity and melanin neosynthesis in a dose-
dependent manner when treated with NO donors
(Romero-Graillet et al.,, 1996). Furthermore, the NO
donors also enhanced the melanocyte dendrocytes, indi-
cating an increase in melanocyte activity. The
NO-induced melanogenesis was accompanied by an
upregulation of tyrosinase gene expression (Sasaki
et al, 2000). NO also may be involved with the
production and increased eumelanin/pheomelanin ratio
(Lassalle et al., 2003). Theses results suggest that NO
can induce color change in animal groups, being a
chromatophoric agonist in various animals.

The next step in the present study was to investigate
whether NO is involved with the pigment dispersion
induced by UV in C. granulatus. Romero-Graillet et al.
(1996) reported that human keratinocytes exposed to
UVA and UVB showed increased NOS activity. Further-
more, when irradiated keratinocytes were co-cultured
with non-irradiated melanocytes, they induced an
increase in tyrosinase activity, indicating that the
amount of NO released to keratinocytes was sufficient
to induce melanogenesis. In addition, when the same
experiment was performed in the presence of two
NO scavengers (hemoglobin and carboxy-PTIO), the
increase of tyrosinase activity induced by keratinocytes
was completely blocked. However, Romero-Graillet
et al. (1997) also reported that melanogenesis increase
in human melanocytes directly irradiated with UVB is
dependent on NO production. This molecule can also
act as an autocrine factor or as an intracellular messen-
ger to induce melanogenesis. In our study, UVA-induced
dose-dependent pigment dispersion in melanophores of
C. granulatus, and when a treatment with -NAME
(NOS blocker) or PTIO (NO scavenger) was performed,
less pigment dispersion was observed. The results indi-
cate that NOS activation and NO production are impor-
tant steps in UVA-induced pigment dispersion. We
cannot exclude that extra-ocular chromatophorotropins
might be induced by UV radiation and could stimulate
either NO production or NO releasing. Therefore, UV
radiation could stimulate these putative extra-ocular
chromatophorotropins, which, by their turn, could stimu-
late pigment dispersion. On the other hand, our results
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NADPH-d/irradiated  mm—

showed the importance of NO production on
melanophore pigment dispersion induced by UV
radiation.

NO production may also occur through other
pathways besides NOS activation. In human skin, UVA
irradiation leads to NO production due to photo-decom-
position of nitroreactive species (NORS) and nitrite,
representing the primary basis for NO formation during
UVA exposure (Paunel et al., 2005). Thus, another point
to verify was whether there is NO production by NORS
photo-decomposition. For this purpose, we used an
inhibitor of GSH production (BSO) that leads to an
increase of NORS and consequently an increase of NO
formation by photo-decomposition. Our results showed
that BSO does not alter UVA and SIN-1-induced
pigment dispersion in melanophores of C. granulatus.
Therefore, the UVA-induced pigment dispersion is
apparently dependent only on NOS activation. However,
we cannot discard the possibility that the concentration
of BSO used did not produce an effective increase of
NORS, because the same concentration was able to
increase NORS in rat hepatocytes (Yoshida et al., 2005).

L-NAME was also able to reduce the UVB-induced
pigment dispersion in melanophores of C. granulatus.
The .-NAME effect is similar to experiments with guinea
pigs, in which topical application of L-NAME inhibited
UVB-induced melanogenesis (Horikoshi et al., 2000).
Furthermore, the increase in the number of DOPA-
positive melanocytes and melanin content in the skin,
essential for hyperpigmentation, was also reduced.
However, PTIO did not alter the UVB-induced pigment
dispersion in melanophores of C. granulatus. It is
possible that the PTIO dose used was not sufficient to

nNOS/non-irradiated

NADPH-d control

Figure 3. NOS location in the epidermis
of the crab Chasmagnathus granulatus. (A)
Epithelial cells (EC) and a melanophore
(ME). Hematoxylin/eosin stained. (B)
NADPH-diaphorase control reaction in

the epidermis of the crab. (EP)

epidermis, (ME) as in (A), (MU) muscle.
(C) NADPH-diaphorase positive reaction in
the epidermis of non-irradiated crabs.
Note the reaction product in dark blue;
Abbreviations are same as in (B). (D)
Immunohistochemical reaction against
nNOS. Observe the positive result (in light
brown) in the cells of the epidermis (EP),
including the melanophores (arrows), and
in the muscle in non-irradiated crabs
Abbreviations are same as in (A). (E)
NADPH-diaphorase positive reaction in the
epidermis (EP) of UV exposed crabs. (ME)
as in (A). (F) Immunocytochemical reaction
against nNOS in the cells of the epidermis
(EP), including the melanophores (arrow),
of crabs exposed to UV. Bars: 10 um.

change significantly the UVB-induced NO production. It
is also possible that the action mechanisms of the two
types of UV radiation, UVA and UVB, are different. It is
interesting to observe that there is a difference
between the ability of UVA and UVB to induce color
change in mammals and crustaceans. The response
induced by UVA is two to three orders of magnitude
less efficient than UVB in mammals (Eller and Gilchrest,
2000). In C. granulatus, UVB radiation is less effective
than UVA radiation in inducing pigment dispersion
(Gouveia et al., 2004, and present results).

Clearly, the results obtained in vitro lead to the con-
clusion that SIN-1 stimulated pigment dispersion. Similar
results were obtained in vivo, when we used L.-NAME
and PTIO in UVA and UVB irradiated crabs. Surprisingly,
however, PTIO only blocked pigment dispersion after
UVA irradiation. In addition, in vitro and in vivo assays
using BSO demonstrated that ROS production was not
sufficient to produce expressive pigment dispersion.
Therefore, we may suggest that both strategies were
able to demonstrate the importance of NO in triggering
pigment dispersion.

The last step was to verify the presence of NOS and
its location in the epidermis of C. granulatus. In mam-
mals, all skin cell types express NOS and seem capable
of releasing NO. Although a few early reports suggested
that human keratinocytes expressed eNOS (Sakai et al.,
1996; Shimizu et al., 1997), further experiments sug-
gested that perhaps a post-translational product of the
NOS protein cross-reacted with certain anti-eNOS anti-
bodies (Jackson et al., 1998). Most of the evidence now
indicates that keratinocytes constitutively express nNOS
(Sirsjo et al., 1996; Romero-Graillet et al., 1997). Further-
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more, Jackson et al. (1998) found no induction of eNOS
mRNA following the exposure of keratinocytes to UVB
irradiation or IFN-y. Keratinocytes are also known to
express iINOS and protein following exposure to inflam-
matory cytokines (Sirsjo et al., 1996; Frank et al., 1998).
Normal human melanocytes also have been shown to
express eNOS mRNA (Jackson et al., 1998), although
immunonoreactive INOS was reported in one study (lva-
nova et al., 1997). INOS also seems to be expressed by
some malignant melanomas (Ahmed and Van Den Oord,
1999). Normal human melanocytes express iNOS fol-
lowing incubation with LPS, TNF-« or INF-y (Fecker
et al., 2002; Rocha and Guillo, 2001). In our study, the
epidermis of C. granulatus was NADPH-diaphorase posi-
tive and clearly expressed nNOS. Both technigues
revealed the presence of NOS in the majority of epider-
mal cells. These results demonstrated for the first time
the expression of NOS in the epidermis of crustaceans.

In conclusion, our results showed that NO is an
important molecule to induce pigment dispersion in mel-
anophores of C. granulatus. In addition, NOS seems to
be associated with UV radiation signaling to induce color
change.

Material and methods

Animal capture and acclimation

Adult male crabs C. granulatus, weighing 7.0 + 0.5 g, were col-
lected in salt marshes near the city of Rio Grande in southern
Brazil. The crabs were kept in tanks with salt water at 20% salinity,
20°C and photoperiod 12:12 L:D, for at least 7 days before the
assays. During this period, the crabs were regularly fed with
ground beef.

Reagents and solutions

The modulators of NO used in this experiment were purchased
from Sigma (St Louis, MO, USA) (.-NAME, PTIO and BSO) and
from Cayman (Ann Arbor, MI, USA) (SIN-1). The stock solutions
were made up in distilled water (.L-NAME), ethanol (PTIO) or DMSO
(SIN-1). For each solution, the final dilution was made in physiolo-
gical saline, and the final concentration of the solvents never
exceeded 1%. The solution of BSO was made up directly in physio-
logical saline. The physiological saline composition was, in
mmol I7"; MgCl,, 0.01; NaCl, 0.355; CaCl,, 0.016; H3BO3, 0.005;
KHCO3, 0.010; NazCgHsO-, 0.008; pH 7.6.

In vivo assays
In the in vivo assays, only eyestalkless crabs were used. The abla-
tion was done 24 h before the beginning of the experiment. The
crabs received the injection (100 ul) of L-NAME (an analog and
competitor of L-arginine; 500 nmol/crab), PTIO (an NO scavenger;
10 nmol/crab) or BSO (an inhibitor of y-glutamylcysteine;
14.5 nmol/crab) 15 min before the exposure. The control group
received only physiological saline injection (100 ul). For the BSO
experiments, the control group received physiological saline with
1% DMSQO; for the PTIO experiments, the control group received
physiological saline with 1% ethanol.

The animals were irradiated for 30 min with different doses of
UVA (6.4; 1.5; 0.6; 0.2; 0.07 J/cm?) and UVB (8.1; 3.1; 1.2; 0.9;
0.6; 0.03 J/cm?). The UVA (VL: 115 L, 30 W) or UVB (VL: 115 C,

NO signaling and UV induces pigment dispersion in crab

30 W, Vilber Lourmat, Marne Lavalee, France) lamps were
monitored using a radiometer/photometer (model IL 1400A,
International Light, Newburyport, MA, USA). The UVA lamp irradia-
tion was 1.39 mW/cm? UVA, with contamination of
0.006 mW/cm? UVB and 928.0 nW/cm? visible light. The UVB
lamp irradiation was 1.195 mW,/cm? produced with contamination
of 493 uW/cm? of UVA and 0.113 uW/cm? of visible light. Both
lamps showed no contamination with UVC. During UV exposure,
the crabs were maintained at the same temperature (20°C).

An extra control group was composed of crabs that were not
irradiated with UV, but maintained under fluorescent lamps (Philips
TLT 40 W/75, Sao Paulo, Brazil) irradiating 96.0 m\W,/cm? visible
light. These crabs also received injections (100 ul) of reagents
(L-NAME, PTIO, or BSO) or physiological saline.

Observation

Pigment dispersion was assessed using the Hogben and Slome
(1931) index, which defines stage 1 as that with full pigment aggre-
gation, stage 5 as that with full dispersion, and stages 2, 3, and 4
being intermediate conditions. The region chosen for observation
was the meropodite of the third pair of maxillipeds, because
this region has a thin, light-colored exoskeleton, thus facilitating
observation.

The degree of pigment dispersion was evaluated before injec-
tion, 15 min after injection and 0, 15, 30, 60, 90, 120, 150 min after
UV exposure. From these results, the standard integrated response
(SIR), as described by Fingerman and Yamamoto (1967), was calcu-
lated in order to determine dose-response curves (DRCs).

In vitro assays

In the in vitro assays, the meropodite of the third pair of maxilli-
peds of non-irradiated crabs was incubated in physiological saline
for 30 min before the experiments. The pieces were then taped to
a glass cover slip, which was turned upside down and mounted
in a perfusion chamber, as described by Britto et al. (1990). This
preparation received increasing concentrations of SIN-1 (0.01, 0.1,
1, and 10 uM). To test the effect of BSO, the pieces were previ-
ously incubated in BSO (300 uM) for 30 min before the experi-
ments. Increasing concentrations of SIN-1 (0.01, 0.1, 1, and 10 uM)
with BSO (300 uM) were placed in the perfusion chamber. For both
tests, each concentration remained for 20 min in the chamber. The
cumulative DRCs to SIN-1 were determined as follows: the physio-
logical saline was replaced with NO donor concentration, and the
dispersion response was evaluated under the light with the aid of
an ocular micrometer. After the maximal response to a concentra-
tion was determined, the response was calculated as the percent-
age change in the apparent length of a previously selected
melanophore process.

Histological analyses

NADPH-diaphorase histochemistry

Periopods of adult crabs were dissected and fixed in 4% parafor-
maldehyde for 4 h in 0.1 M phosphate-buffered saline (PBS),
washed in PBS (three times) and immersed in PBS and sucrose
(30%) overnight. The next day, the material was embedded in OCT
(Miles Inc., Elkhart, IN, USA) and 16 um sections were obtained
using a cryostat. The histological sections were washed in PBS
with Tween 20 (0.05%) for 5 min and incubated with a 100 uL sub-
strate solution containing 1 mg/mL SNADPH (Sigma) and 1 mg/mL
NBT (nitro-blue tetrazolium, Sigma) for 2 h at 37°C in a humid
chamber. The sections were then washed in 0.05 M Tris/HCI pH
7.6, dehydrated in alcohol and mounted in Entellan (Merck).
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Immunohistochemistry

The pereopods of adult crabs were fixed with Lillie solution for
30 days, embedded in paraffin and sectioned using a rotary micro-
tome. Sections (10 uM thick) mounted on gelatin-coated slides were
deparaffinized and washed in 0.1 M PBS for 5 min. The following
procedure was performed using the Pro TagsABC-POD kit (BIOCYC
Gesellschaft fur Biotechnologie und Recyclingverfahren mbH & Co.
Entwicklungs KG, Luckenwalde, Brandenburg, Germany). To block
the endogenous peroxidase, the sections were incubated with 3%
H,0, and washed in PBS. Blocking of unspecific binding was per-
formed with the blocking reagent. Next, the slides were washed in
PBS and incubated with the primary antibody (rabbit anti-nNOS;
Sigma) overnight at 4°C. The next day, the sections were washed in
PBS, incubated with the secondary antibody and washed again in
PBS. The sections were then covered with streptavidin complex and
incubated for 30 min. After they were washed in PBS, the sections
were covered with fresh DAB chromogen solution and incubated
until color intensity was satisfactory. The sections were then washed
in distilled water and counterstained with hematoxylin, and the slides
were mounted with Proatags® (PARAmount).

Statistical analyses

The dose-response curve was obtained by using a non-linear regres-
sion model. To verify differences in pigment dispersion as a function
of UV radiation or NO exposure, data were subjected to two-way
analyses of variance. The significance level adopted was 95%.
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