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SUMMARY
Using NADPH-diaphorase (NADPH-d) histochemistry, inducible nitric oxide synthase (iNOS)-immunohistochemistry and
immunoblotting, we characterized the nitric oxide (NO)-producing neurons in the brain and thoracic ganglion of a shore crab
subjected to a nociceptive chemical stimulus. Formalin injection into the cheliped evoked specific nociceptive behavior and
neurochemical responses in the brain and thoracic ganglion of experimental animals. Within 5-10min of injury, the NADPH-d
activity increased mainly in the neuropils of the olfactory lobes and the lateral antenna | neuropil on the side of injury. Later, the
noxious-induced expression of NADPH-d and iNOS was detected in neurons of the brain, as well as in segmental motoneurons
and interneurons of the thoracic ganglion. Western blotting analysis showed that an iNOS antiserum recognized a band at
120kDa, in agreement with the expected molecular mass of the protein. The increase in nitrergic activity induced by nociceptive

stimulation suggests that the NO signaling system may modulate nociceptive behavior in crabs.
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INTRODUCTION

The free radical gas nitric oxide (NO) has been recently identified
as a neuronal messenger that performs diverse signaling functions
in the nervous system. It is synthesized by the enzyme nitric oxide
synthase (NOS, EC 1.14.13.39), which converts L-arginine to L-
citrulline, releasing NO in the process. Immunohistochemical
studies have shown that NOS is present in some neuronal cell
populations in the central nervous system (CNS) of both vertebrate
and invertebrate animals (Boehning and Snyder, 2003; Dawson and
Snyder, 1994; Moroz, 2001). In invertebrates including crustaceans,
insects and mollusks, NO-ergic neurons and nerve fibers are
concentrated in primary sensory centers (Elphick et al., 1995;
Johansson and Mellon, 1998; Schachtner et al., 2005; Schuppe et
al., 2001) and chemo-tactile centers (Ott and Burrows, 1999; Ott
and Elphick, 2002; Ott et al., 2007). Based on the cellular localization
of NOS and corresponding pharmacological effects of NOS
inhibitors, several studies suggest an important role for NO in neural
networks that process visual, olfactory and proprioceptive
information in invertebrates (Johansson et al., 1996; Robertson et
al., 1996; Schuppe et al., 2001).

A significant body of information exists on the role of NO in the
transmission of nociceptive signals and modulation of nociceptive
reflexes in vertebrates (Millan, 1999; Yoon et al., 1998). Recent
studies have demonstrated that acute and chronic noxious stimulation
promotes the expression of NOS in nerve centers involved in
transmission of nociceptive signals in mammals (Bayir et al., 2005;
Esplugues, 2002). NADPH-diaphorase (NADPH-d) activity
indicates the presence of putative NOS-containing cells (Hope and
Vincent, 1989; Ishide et al., 2003; Okuda et al., 2001). For this
reason, the injury-induced expression of NOS and NADPH-d in

some nerve centers is considered to be a marker of their nociceptive
function (Vetter et al., 2001).

The data on the presence of functional and neurochemical systems
that are involved in pain experience in invertebrates are disputable
and contradictory (Elwood et al., 2009; Panksepp and Huber, 2004;
Tracey et al., 2003). Neurons functionally specialized for nociception
have been documented in some invertebrates including the leech
Hirudo medicinalis (Gu, 1991; Nicholls and Baylor, 1968; Pastor et
al., 1996), the nematode Caenorhabditis elegans (Kaplan and Horvitz,
1993; Tobin et al., 2002) and the mollusks Aplysia californica (Lewin
and Walters, 1999; Walters 1996) and Cepaea nemoralis (Kavaliers,
1989). Changes in neuronal activity induced by noxious stimuli were
registered in the nervous centers of C. elegans (Wittenburg and
Baumeister, 1999), Drosophila melanogaster (Tobin and Bargmann,
2004) and larval Manduca sexta (Walters et al., 2001). However, little
is known about the action of nitric oxide in local circuits that process
nociceptive signals in invertebrates. Changes in NO production
induced by exogenous noxious stimulation were recorded in neurons
of Aplysia (Sung et al., 2004), H. medicinalis (Y ahyavi-Firouz-Abadi
et al., 2007) and Megalobulimus abbreviates (Rigon et al., 2009).
There is some physiological evidence that NO is involved in behavior
elicited by the tissue injury; NO-mediated signals seem to reduce
nociception in the land snail Cepaea nemoralis (Kavaliers et al., 1998)
and are important for long-term hyperexcitability after noxious
stimulation in Aplysia (Lewin and Walters, 1999).

In view of the potential biological significance of NO in
nociception, we investigated the distribution of NO-egric neurons
after peripheral nociceptive stimulation (formalin injection into the
cheliped) in the CNS of the shore crab Hemigrapsus sanguineus
(Crustacea, Decapoda).
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MATERIALS AND METHODS
Experimental procedures

Subcutaneous injection of formalin into the hind paw has been
generally accepted as a reliable method for the study of inflammatory
pain in mammalian species (Okuda et al., 2001). In the present work,
this method was adapted for studying nociceptive processes in
crustaceans. Adult male shore crabs, Hemigrapsus sanguineus (De
Haan 1853) (Decapoda, Grapsidae), with a carapace width of
4345 mm and weighing approximately 30—40g, were used in the
present study. The animals were caught in the Peter the Great Bay
(Japan Sea) and were kept in aquaria prior to use. The animals were
divided into three groups: intact animals, experimental group and
control group. Experimentally naive animals with all appendages
intact were used as a control. Animals of the experimental group
were injected into the propodite of the right cheliped at the
propodite—dactylopropodite joint with 1% formalin in artificial
seawater at a dosage of 0.0005mlg™' body mass (15-20ul per
animal). Control animals were injected with the same volume of
artificial seawater. Before dissection, animals were anesthetised with
an isotonic (0.36moll™") MgCl, solution injected into the body.
Samples were taken at 10-min intervals for 1h after injection (five
to eight animals at each time point).

Determination of NADPH-d/NOS

The brain and thoracic ganglia were rapidly dissected and fixed in
4% paraformaldehyde in 0.1 moll™! phosphate buffer (PB) pH 7.2
for 2h at 4°C. After fixation, the tissues were washed in several
changes of PB, infiltrated with 30% sucrose, frozen, and sectioned
on a cryostat at a thickness of 40 um. Serial sections were mounted
on poly-lysine-coated slides, air-dried and then processed for the
visualization of NADPH-d activity or inducible nitric oxide synthase
(INOS) immunoreactivity. For NADPH-d histochemistry (Hope and
Vincent, 1989), sections were incubated at 37°C for 1h in
0.5mmol 1! B-NADPH (Sigma-Aldrich Inc., St Louis, MO, USA;
Cat. No. N1630), 0.5mmoll™" Nitro Blue Tetrazolium (Sigma-
Aldrich Inc.; Cat. No. N6876) and 0.3% Triton X-100 in 0.15mol ™!
Tris-HCI buffer (pH 8.0). Control sections were incubated in the
same media but without B-NADPH. The sections were then washed
in 0.05mol I! Tris-HCI pH 7.6, dehydrated in alcohol and mounted
in Canadian balsam.

For iNOS localization, the cryostat sections were incubated in
1% H,0, solution to suppress endogenous peroxidase activity and
in 1% normal goat serum to suppress non-specific binding. They
were then incubated with rabbit polyclonal antibodies against iNOS
(Cayman Chemical Co., Ann Arbor, MI, USA; Cat. No. 160862;
1:100) for 18h at 4°C. After washing in three changes of 0.1 mol 1!
phosphate-buffered saline (PBS) (pH 7.2), the sections were
incubated with biotinylated secondary antibodies against rabbit
immunoglobulin (Ig) (Vector Laboratories Inc., Burlingame, CA,
USA; Cat. No. BA-1000; 1:100) for 2h. Following another wash,
sections were incubated with avidin-peroxidase complex (Vectastain
Elite ABC Kit; Vector Laboratories Inc.; Cat. No. PK-6100) in
darkness at room temperature for 1h, and washed in three changes
of PBS. The reaction products were developed by incubating the
sections with the VIP Substrate Kit (Vector Laboratories Inc.; Cat.
No. SK-4600) under microscopic control. The sections were then
washed in three changes of PBS, dehydrated through an ethanol
series of increasing concentrations, and mounted in Canadian
balsam.

To reveal cytoarchitectonic structures, some parallel sections were
Nissl stained. In describing the structures of the brain, we used the
standard anatomical nomenclature proposed by Sandeman et al.
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(Sandeman et al., 1992). Part of the protocerebrum was not examined
in this study, including the eyestalks with lamina ganglionaris,
medulla externa, medulla interna and medulla terminalis.

Western blotting

For western blotting, the non-fixed brain and thoracic ganglion,
respectively, were thawed and homogenized with a Potter—Elvehjem
Teflon®—glass homogenizer in 0.3ml of ice-cold homogenization
buffer (20 mmol I"! Tris-HCI buffer, pH 7.5, containing 0.25 mol ™!
sucrose, 10mmoll™! EGTA, 2mmoll! EDTA, and protease
inhibitors: 2mmoll~' PMSF, 50mgml™! leupeptin, 25mgml™
aprotinin, 10mgml™" pepstatin A, and 2mmol ™! dithiothreitol). The
homogenate was centrifuged for 20min at 15,000g in a Beckman
Ti50 rotor. All samples (40 ug protein/lane) were separated on 10%
SDS-PAGE (Laemmli, 1970). After electrophoresis, the proteins
were transferred on a nitrocellulose membrane and left overnight
in 0.01 mol 1! TBS (0.01 molI™! Tris-HCI, pH 8.0, 0.15mol1"! NaCl)
containing 4% BSA. The membranes were rinsed in distilled water
and incubated with primary antibody in TBS containing 1% BSA
and 0.2% Tween-20 for 3h at room temperature. The membranes
were then washed by shaking in TBS containing 0.2% Tween-20
and incubated with secondary antibodies (goat anti-rabbit alkaline
phosphatase conjugated IgG; Vector Laboratories Inc.; Cat. No. AP-
1000) in the same buffer for 1h. After triple washing for 10 min
each, the membranes were placed in TNM buffer (0.1mol I~ Tris-
HCI, pH 9.0; 0.1 mol1™! NaCl; 0.005moll™! MgCl,) containing 5-
bromo-4-chloro-3-indolyl phosphate (100ugml™) and nitro blue
tetrazolium (200ugml™!). After development of the staining, the
membranes were washed in distilled water and dried. The developed
blots were scanned with a Bio-Rad GS 670 imaging densitometer
to enable quantification of the immunoblots. Molecular mass
determinations were based on prestained molecular mass markers
(Sigma-Aldrich Inc., St Louis, MO, USA).

Behavior
Immediately after injection, animals were returned into the aquarium
and free-moving animals were filmed for 60 min after injury using
an S-VHS video camcorder (Hitachi Ltd, Marunouchi, Chiyoda-ku,
Tokyo, Japan; Cat. No. VM-57200E). The recordings were analyzed
using stop-frame video playback and a computer video acquisition
system (miroVideo DC20).

Pain-related behavior was evaluated in three ways. First, the
analysis of the direct rubbing was performed according to the method
described by Barr et al. (Barr et al., 2007). Briefly, the number of
contacts of the injured claw with the untreated cheliped or walking
legs was recorded over a 1-min observation period. Second, we
analyzed the delay of autotomy of injured cheliped (in seconds) and
determined the percentage of animals showing this behavior. Third,
we analyzed the comparative usage of affected and unaffected
cheliped in locomotion. For this purpose, we counted how many
times the tip of the injured or uninjured cheliped, respectively,
contacted the floor and was retracted again during walking. This
parameter seems to have close analogy with data obtained from
mammals using the ‘incapacitance test’; in mammal species, pain
activity was often assessed by differences in weight distribution of
the injured hindlimb compared with the intact hindlimb using a
weight-bearing-test (Min et al., 2001; Nakazato-Imasato and
Kurebayashi, 2009). Recently, the weight-bearing deficit of injured
limbs has been proposed as an objective index of pain intensity,
observed in various types of rodent pain models (Min et al., 2001;
Nakazato-Imasato and Kurebayashi, 2009). In our experimental
protocol, the locomotion activity of the injured claw was calculated
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as a percentage of total placements and repulsions of both chelipeds
from the floor of the aquarium during walking.

Data analysis

The NADPH-d activity was estimated using an automatic analysis
system, Allegro-MC (Afanasyev et al., 2002). For this purpose, a
Nikon-Eclipse E-600 microscope (Nikon Co., Tokyo, Japan) was
employed together with VideoTest 5.0 software (VideoTest
Software, St Petersburg, Russia). Digitized images of sections were
obtained from the selected areas using a high-resolution CCD
camera (Pro-Series High Performance Digital Microscopy Camera
AxioCam ICc3 Rev.3, Gottingen, Germany). Five sections were
taken from the brain and thoracic ganglion of every animal. The
optical density of every NO-positive element was measured in five
randomly selected vision fields and evaluated in conventional
optical density units (ODU). Additionally, the size of NADPH-d-
positive neurons was measured using the same software.

The significance of differences was assessed by Student’s #-test
and Mann—Whitney nonparametric U-test (for analysis of the data
of behavior experiments) or two-way ANOVA Bonferroni test (in
the case of histochemical analyses), using Prism 4 software
(GraphPad). P<0.05 was considered significant. Data are presented
as means =+ standard error of the mean (s.e.m.).

RESULTS
Behavior

Immediately after the injection of formalin or physiological solution
into the cheliped, animals moved quickly into the corner of the
aquarium and stopped moving at 2-3s. In this ‘freezing’ period,
animals were motionless when their untreated claw was in the lifting
position [according to the classification of Mariappan et al.
(Mariappan et al., 2000)] and the injected claw was in the falling
(downward deflection) position. Later on, formalin-treated crabs
differed considerably in behavior from the control crabs. Throughout
the next period (1-3 min), the experimental animals were fidgety
and performed a lot of movements: flexion, extension, shaking or
rubbing the affected claw. In the group of formalin-treated animals,
considerably more active rubbing behavior (mean frequency
20+4.3min"') was observed during the first minute of the
observation period compared with saline-treated crabs (mean
frequency 0.9+0.2min"!) (Mann—Whitney U-test, P<0.0001).
Intense rubbing of the claw resulted in autotomy in 20% of animals
of the formalin-treated group. In these animals, the time to autotomy
was 32.747.9 s from the moment of injection. Saline-injected crabs
did not autotomize the stimulated cheliped, and there was no
difference in movement activity between saline-treated individuals
and controls.

During the next 10min after injection, we analyzed the
comparative activity of treated and untreated chelipeds in
locomotion. The walking pattern of formalin-treated crabs differed
markedly from that of saline-treated animals. During locomotion
(in any direction), animals in the formalin-treated group tried to use
the intact cheliped, guarding the damaged cheliped. The reduction
in usage of the affected cheliped was maximal 3 min post-injury
(20.4+3.1% of all claw contacts with the ground), diminished over
the next Smin (39.6+3.8%) and was no longer apparent 10 min post-
injection. There were no differences in walking activity of both
chelipeds (50%:50%) in saline-treated crabs throughout the entire
observation period.

Between moving episodes, crabs of both groups were motionless,
pressing both chelipeds against the carapace. However, the majority
of formalin-treated animals demonstrated an asymmetrical position

g ¢
Ay ;

B | Somin - MU,
<800 % 4,

Fig. 1. Dynamics of NADPH-d/iINOS activity in the thoracic ganglion of the
shore crab (Hemigrapsus sanguineus) after formalin injection. Sections
were NADPH-d labeled (A-D and G) or labeled with anti-NOS rabbit
antibody (E,F,H,l; 1:200 dilution). (A,B) Ten minutes after nociceptive injury.
Fibers in the neuropils of the claw neuromere on the ipsilateral side
(arrows) are intensely stained. (C) NADPH-d-positive fibers (arrows) and
neurons (arrowheads) in the leg neuromeres 1-2 (Ln 1-2). (D) NADPH-d in
neurons (arrowheads) of the subesophageal ganglion (SOG) 20 min after
injury. (E)iNOS in neurons (arrowheads) of the SOG 30 min after
nociceptive injury. (F)iINOS-immunoreactive neurons in the SOG and Ln
1-2. (G) Increased NADPH-d activity (arrows) in the neuropils of leg
neuromeres 1-5. (H,l) Increased iNOS activity in the segmental
interneurons and motoneurons of (H) the leg ganglion (LG) and (l) the
abdominal ganglion (AG). SA, sternal artery. Scale bars, 100 um.

of the chelipeds; they seemed to press their injured cheliped closer
to the carapace compared with the intact cheliped until the end of
experiment.

NADPH-d/NOS activity
In intact animals, NADPH-d activity was observed in the brain and
fused thoracic ganglion (TG), which consists of the subesophageal
(SOQG), leg (LG) and abdominal ganglia (AG). In the brain, the
product of the histochemical reaction was localized mainly in the
olfactory deutocerebrum, which corresponds to the data reported
previously (Kotsyuba et al., 2010). The thoracic ganglion revealed
low NADPH-d reactivity in neuropils and absence of activity in
neurons. Distribution of NADPH-d in the brain of control crabs did
not differ from that in intact animals and was unchanged throughout
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the experiment. In the nerve centers of intact and control animals,
iNOS immunoreactivity was negative throughout the experiment.
In experimental animals after formalin injection, a consistent
increase in the number and staining intensity of NADPH-d-
containing nerve structures and a change in their distribution were
registered. In the same period, the expression of iNOS in the neurons
of the thoracic ganglion and brain was also detected.

Thoracic ganglion

Ten minutes after formalin injection, on the side of injury, the intensity
of stained sensory fibers in the neuropils of the claw neuromere
increased more than twofold compared with controls (Fig. 1A, Fig.
2). On the contralateral side, the histochemical staining of neuropils
did not significantly differ from the control (Fig.2). In the LG,
NADPH-d activity was visible in large nerve fibers surrounding the
sternal artery and in some neurons, with a diameter of 6575 um,
located anteromedially to the sternal artery (Fig. 1B,C).

Twenty minutes after injury, NADPH-d expression was observed
in small (15-20um in diameter) and larger (more than 30um)
neurons in all neuromeres of the SOG (Fig. 1D). Thirty minutes after
injection, these cells were also stained with anti-iINOS (Fig. 1E,F). In
the LG, iNOS immunoreactivity appeared in the medial and lateral
group of neurons located in the midline and laterally from it, between
the neuropils, in both the first and second leg neuromeres,
predominantly on the side of injury (Fig. 1F). In each group, the single
segmental neuron with a diameter of 40-60um with high enzyme
activity and several small cells (less than 30 um in diameter) with
low and moderate enzyme activity were labeled. However, despite
the marked histochemical changes, the immunoblotting results suggest
that iNOS expression is weak during this period (Fig. 3).

Neuromere 2

Injury-induced NO-ergic activity in crab CNS 2671

Fig. 2. The temporal dynamics of NADPH-d activity (optical
density) in the leg neuromeres 1-5 of H. sanguineus induced
by nociceptive stimulation. Open bars, the side contralateral to
injury; filled bars, the side ipsilateral to injury. In the graphs,
lowercase a represents P<0.05 when compared with intact (and
control) animals whose activity was unchanged during the
observation period; asterisks indicate the difference obtained
when contralateral and ipsilateral sides of the same neuromere
were compared (*P<0.05, **P<0.01, ***P<0.001) (two-way
ANOVA, Bonferroni test). Results represent the mean + s.e.m.
60 from five different sections of five animals.

60

Forty to sixty minutes after injury, histochemical changes were
determined in the LG on the ipsi- and contralateral sides and also
in the AG. In this period, NADPH-d activity increased in all
neuropils and in neurons of leg neuromeres 1-5 (Fig. 1G, Fig.2).
The high iNOS immunoreactivity appeared in large segmental
neurons with a diameter of 60—80 um, located in the leg neuromeres
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Fig. 3. Western blot showing the expression of INOS (arrows) in the
thoracic ganglion and brain of H. sanguineus in different periods after
nociceptive stimulation. M, molecular-mass markers (kDa); 1, brain, 30 min;
2, brain, 60 min; 3, thoracic ganglion, 30 min; 4, thoracic ganglion, 60 min
after nociceptive injury.
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1-5 on both sides of the TG (Fig. 1H). More dorsally, in the fused
AG, the iNOS-immunoreactive neurons with a diameter of 60—80 um
and smaller cells 15-20um (Fig. 1I) were intensely stained. The
immunoblotting showed that iNOS expression reached maximum
in neurons of the TG 60 min after formalin injection (Fig.3).

Brain
In the brain of intact and control crabs, NADPH-d activity was
observed mainly in the glomerular neuropil of the olfactory lobes
(ON), the lateral antenna I neuropils (LAN), and the medial cell
group [MC, or cluster 9/11 according to the Sandeman’s terminology
(Sandeman et al., 1992)] (Fig.4A,B).

Ten minutes after injury, in the ipsilateral deutocerebrum,
NADPH-d activity increased markedly in the periphery of
olfactory neuropils and in the lateral antenna I neuropils (Fig. 4C,
Fig.5). On the contralateral side, NADPH-d activity did not
change compared with controls (Fig.4C). In the tritocerebrum,
in the same period, 1-2 pear-shaped neurons 50-60um in
diameter were stained in a group of posterior medial cells (cluster
17). They displayed high NADPH-d activity. In addition, an
increase in NADPH-d activity in the ipsilateral antenna II neuropil
(AnN) was observed (Fig.5).

Twenty minutes after formalin injection, the number of NADPH-
d-positive neurons in cluster 17 was increased; they are located at
the middle plane of the brain between the roots of the esophageal
connectives. In particular, small elliptical cells 15-20 um in diameter
were stained (Fig.4D).

f
)

Fig. 4. Dynamics of NADPH-d/iNOS activity in the brain of H.
sanguineus after nociceptive stimulation. Horizontal sections are
NADPH-d labeled (A—E,G-l) or anti-INOS immunostained (F).
(A,B) Distribution of NADPH-d in the olfactory lobe (ON), the
lateral antenna 1 neuropils (LAN), antenna Il neuropils (AnN) and
cluster 9/11 is shown in control animals. (B) Only the right brain
hemisphere is shown. (C) Ten minutes after nociceptive injury,
NADPH-d staining increased in the ON, LAN (arrows) and cluster
17. (D) Twenty minutes after nociceptive injury, the activity of
NADPH-d in neurons of cluster 17 increased on the side of
injury. (E—I) Thirty minutes after injury, NADPH-d activity
maximally increased in the ON and LAN (arrows), and solitary
NADPH-d-positive neurons appeared in clusters 9/11 and 6
(arrowheads). (F)iNOS immunoreactivity in a large neuron of
cluster 11 30 min after injury. (G) Localization of NADPH-d in a
large neuron of cluster 11. (H,I) NADPH-d-positive neurons that
appeared in cluster 6. (J) Sixty minutes after nociceptive injury,
the number and activity of NADPH-d-positive neurons gradually
increased in cell cluster 6. Scale bars, 100 um.

Thirty minutes after nociceptive injury, the maximum of NADPH-
d activity was observed in the olfactory neuropils, lateral antenna
I neuropils and antenna II neuropils (Fig. 5) and in a solitary neuron
in a group of posterior medial cells (cluster 16) on the side of injury
(Fig.4E). In the dorsal part of cluster 11, 1-2 large olfactory
interneurons (60um in diameter) were intensely stained. These
neurons demonstrated a high level of iNOS immunoreactivity at
this point (Fig.4F,G). In the protocerebrum, some NADPH-d-
positive neurons (20-30um in diameter) in a group of anterior
medial cells (cluster 6) were stained (Fig.4H,I). They had rounded
or elliptic perikarya and displayed no iNOS immunoreactivity. Their
number and histochemical activity gradually increased during
60min after injury (Fig.4J).

Western blotting

Using immunoblotting, no traces of iNOS were detected in the total
brain extract of intact and control animals throughout the experiment.
In experimental animals, anti-iINOS labeling was also negative
during the first half of the experiment. Thirty minutes after formalin
injection, immunoblotting showed the presence of a 116-120kDa
polypeptide antigen reactive to rabbit antibodies against iNOS
(Fig.3). Sixty minutes after formalin injection, its concentration in
the crab CNS increased noticeably.

DISCUSSION
As determined in this study, the tissue-damaging stimulus evokes
specific nociceptive behavioral responses and consistent
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Fig. 5. The temporal dynamics of NADPH-d activity (optical
density, mean = s.d.) in brain regions of H. sanguineus after
nociceptive stimulation. Open bars, the side contralateral to
injury; filled bars, the side ipsilateral to injury. In the graphs,
lowercase a represents P<0.05 when compared with intact
(and control) animals whose activity was unchanged during the
observation period; asterisks indicate the difference obtained
when contralateral and ipsilateral sides of the same neuromere
were compared (*P<0.05, **P<0.01, ***P<0.001) (two-way
ANOVA, Bonferroni test). Results represent the mean + s.e.m.
from five different sections of five animals.
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neurochemical responses of the shore crab Hemigrapsus sanguineus.
Injection of formalin into the cheliped triggers a complex behavioral
pattern composed of the immediate withdrawal reflexes (rapid
escape) and integrated pain-related responses. Immediate reaction
to the injection occurred in the nearest 3s, when animals quickly
moved into the corner of their aquarium and stopped moving. This
protective motor reaction has been described as an escape response
to nociceptive stimulation in many decapod crustaceans as well as
insects (Barr et al., 2007; Kavaliers, 1989; Tobin and Bargmann,
2004). It enables the animal to move away from the source of
aversive stimulus (Elwood and Appel, 2009). Because this behavior
was observed in both formalin-treated and saline-treated crabs, it
may be considered as an escape response to the injection per se.

Subsequent to the initial protective motor reaction, behavior
changed significantly. Formalin-treated animals responded to injury
by intense rubbing of the injured claw during the first 3 min after
injection. In saline-treated animals, this reaction was inconsequential.
Similar behavior has been seen previously in prawn, Palaemon
elegans, as a response to chemical stimulation of antenna (Barr et
al., 2007). The authors suggest that the animal is attempting to
ameliorate the painful effect of the stimulus by grooming or rubbing
the affected area. This specifically directed activity may be
interpreted as a variant of pain-related behavior and might indicate
an awareness of the specific site of stimulus application and seems
to be more than a reflex reaction (Elwood et al., 2009; Elwood,
2011).

Another well-known type of protective motor response seen in
arthropods is autotomy of the injured body segment (Elwood et al.,
2009). In the present study, formalin, which typically induces pain
in vertebrates (Okuda et al., 2001), can cause autotomy of injured
chelipeds when injected into the claw of a crab, whereas saline
injection does not. It has been shown in several studies in
invertebrates, including crustaceans, that the autotomy of
appendages may be elicited by heat stimulation (Fiorito, 1986),
application of a minor electric shock and acetic acid injection
(Elwood et al., 2009). The autotomy in crustaceans seems to be
dose dependent (I.V.D., E.P.K. and N.E.L., unpublished observation)
and environment dependent (Kotsyuba et al., 2010), and results
obtained previously are consistent with pain mediation of the
autotomy response (see Elwood, 2011).

Besides, our study reveals the asymmetrical usage of the chelipeds
in crab locomotion during the first 10min after injury. Separate
evaluation of ‘steps’ performed by damaged and undamaged chelipeds
during walking was attempted here by analogy with the incapacitance
test, which has been widely employed for quantitative assessment of
pain in mammals (Min et al, 2001; Nakazato-Imasato and
Kurebayashi, 2009). In our study, there was a great reduction in the
walking activity of the damaged cheliped whereas use of the intact
cheliped in locomotion was increased. With reference to asymmetrical
hindlimb weight bearing under neuropathic pain conditions in
mammals, the present results obtained in crabs may be indicative of
pain experience rather than relating to a simple nociceptive reflex.

The aforementioned alterations in animal behavior were
accompanied by visible changes in NO-ergic activity in neurons
and neuropils of the brain and thoracic ganglia and promoted
expression of iNOS as revealed by immunocytochemical analysis
and western blotting. The localization, intensity, and dynamics of
NADPH-d activity and iNOS immunoreactivity imply dynamic
neurochemical alterations in the CNS of experimental animals.
Visible changes were more pronounced on the side of injury,
suggesting their specific, injury-induced nature. We did not observe
an increase in NADPH-d activity or any iNOS-like activity
throughout the experiment in the brains of control (saline-treated)
animals. Therefore, it can be assumed that an increase in NOS
activity in the CNS of formalin-treated animals appears to be among
the responses to chemical stimulation of cheliped peripheral
receptors, and NO may participate in the neuronal circuits involved
in pain modulation.

Histochemical changes were initially recorded in thoracic
ganglion and, with a slight delay, in the brain. The earliest changes
in NADPH-d activity were observed in nerve fibers of the thoracic
ganglion sensory neuropils, and the most prominent changes were
seen in structures related to modulation of cheliped reflexes. The
first minutes after injury are a time when the most prominent
alterations in crab behavior were observed — intense rubbing and
autotomy of the injured cheliped. Therefore, it may be assumed that
the increase of NO-ergic activity in ipsilateral sensory neuropils is
caused by stimulation of peripheral nociceptors. It has been shown
in crustaceans that the NO-ergic nerve fibers of sensory neuropils
originate from the sensory neurons of peripheral tissues (Ott et al.,
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2007). Their physiology is similar to mammalian low-threshold
mechanoreceptors (Byrne et al., 1974) or typical nociceptors (Illich
and Walters, 1997) and their noxious-induced responses has been
characterized in some invertebrate species (Shen et al., 2002),
including crustaceans (Appel and Elwood, 2009; Barr et al., 2007;
Elwood and Appel, 2009; Puri and Faulkes, 2010).

In the sensory neuropils, fibers from cheliped receptors make
synaptic contacts with dendrites of interneurons and motoneurons
(Elson, 1996; Mulloney et al., 2003). In our study, these appeared
to be the neurons that display maximum NADPH-d activity shortly
after injury, and iNOS immunoreactivity thereafter. Using NOS
donors and inhibitors, Araki and colleagues showed that NO
enhances the activity of the motoneurons modulating the local tailfan
reflexes in the crayfish (Araki et al., 2004). This suggests that NO-
signaling, which is enhanced in the thoracic ganglion of shore crabs
in response to nociceptive chemical stimulation, could be involved
not only in sensory processing but also in motor program
modulation. Gradual upregulation of NOS activity in neuromere 1,
and with a slower time course in neuromeres 2—5, of the thoracic
ganglion may be linked to a sequential modulation of motor circuits,
thus causing the specific behavioral pattern observed in response
to nociceptive stimulation. The precise mechanisms, however, of
how NO modulates pain-related activity have yet to be determined.

Specifically directed behavioral responses determined here
(rubbing and guarding the affected cheliped during locomotion)
might indicate the involvement of high nerve centers in
discrimination of the injury locus and in organization of this
complex behavior. Activation of the NO-ergic system in the brain,
as shown in the present study, may suggest that NO is involved in
the pain-related modulation of integrative brain centers. The most
prominent changes in NO-ergic activity were observed in the fibers
of olfactory lobes and lateral antenna I and II neuropils. These
structures seem to be the main neuropils participating in multimodal
sensory integration (Fedotov, 2009). Besides, an expression of
NADPH-d and iNOS activity was also found in the proto-, deuto-
and tritocerebrum nerve cells; under normal conditions, these
neurons lack endogenous NOS.

The injury-related increase of NADPH-d and iNOS activity in the
crab CNS is consistent with data obtained on insects and mollusks
(Rigon et al., 2009). Thermal nociceptive stimulation enhances NOS
activity in peripheral sensory neurons, nerve cells of the thoracic
ganglion, and mushroom bodies of Drosophila (Xu et al., 2006).
Walters performed a detailed study of nociceptive processes in sensory
circuits of invertebrates and showed that injury-induced changes of
their nociceptive neurons have some common features with central
and peripheral pain mechanisms in vertebrates (Walters, 1996).
Numerous studies have demonstrated that the time course of NO-
ergic activity in pain-related systems of vertebrates reflects the
intensity and duration of the nociceptive signal (Aley et al., 1998;
Ishide et al., 2003; Luo and Cizkova, 2000; Millan, 1999). The
expression of NADPH-d and/or NOS in neurons of primary
nociceptive centers in mammals is mediated by the activation of
glutamatergic (Gadotti et al., 2006; Soen et al., 2007; Ishide et al.,
2003), substance P-ergic (Coderre and Yashpal, 1994; Sun et al., 2003)
and cholinergic (Zhuo et al., 1993) neurotransmission in afferent
fibers. It is possible that NO production in invertebrates is enhanced
by similar mechanisms. Glutamate is known to be a neurotransmitter
of afferent pathways in invertebrates (Groome and Vaughan, 1996),
and the expression of NMDA-glutamate receptors functionally similar
to mammalian receptors has been determined in crayfish visual
interneurons (Pfeiffer-Linn and Glantz, 1991) and in mechanosensory
neurons in the snail Helix lucorum (Bravarenko et al., 2003).

According to Ushizawa and colleagues, some mechanosensory
afferents in crustaceans are cholinergic (Ushizawa et al., 1996).
Substance P and its specific receptors are widespread in the crustacean
brain too. In crustaceans, the SP-ergic afferents are similar to
nociceptive afferents in vertebrates in terms of their immunochemical
profile and morphology (Schmidt, 1997). Thus, the NO production
enhancement in our experiment may be partially related to activation
of glutamatergic, SP-ergic or cholinergic neurotransmission in afferent
fibers of the injured cheliped.

The immunocytochemical and western blotting analyses showed
that an increase of NADPH-d activity in the thoracic ganglion
segmental neurons and in the large medial group interneurons of
the shore crab brain following nociceptive injury is mainly caused
by iNOS-like expression. Only limited data exist on the induction
of an iNOS-like enzyme in the invertebrate tissues. To date,
Ca*"/calmodulin-independent constitutive isoforms of non-neuronal
NOS have been found in hemocytes of horseshoe crabs (Radomski
et al., 1991), in hemocytes of some molluscs (Novas et al., 2004;
Wright et al., 2006) and in Malpighian tubules of insects (Choi et
al., 1995). Invertebrate iNOS was found to have a 130kDa apparent
molecular mass, and its amino acid sequence lacked a part of the
N-terminal domain when compared with mammalian type I and II
NOS (Kalsner, 2000). The expression of iNOS (NOS II) in
mammalian neurons under acute or chronic pain conditions has been
shown in several studies using immunoblotting and detection of
mRNA iNOS (Riedel and Neeck, 2001). In mammals, induction of
iNOS is elicited by bacterial toxins (Heneka and Feinstein, 2001)
and some intercellular signaling factors, including long-term
nociceptive stimulation (Millan, 1999). In the present study, iNOS-
like activity was detected in neurons of the thoracic ganglion and
brain, which under control conditions lack endogenous NOS. We
did not perform the double staining for co-localization of iNOS and
NADPH-d in this work but we analyzed the serial sections using
both procedures. It makes it possible to assume that iNOS and
NADPH-d were expressed in the same neurons. A number of studies
demonstrate that, along with neuronal NOS, iNOS may contribute
to the neuroplastic changes accompanying the acute and chronic
pain conditions in mammals (see Millan, 1999).

The present results show that peripheral nociceptive injury elicits
a specific pattern of behavioral reactions and activates the NO-ergic
system in the crab CNS mostly by expression of an iNOS-like NOS.
Increased NO levels may affect sensory signaling, central neural
processing and the generation of efferent motor signals. Further
investigations will be required to determine the neurochemical
mechanisms of pain-modulation systems in invertebrates and to
elucidate whether injury-induced expression of iNOS-like activity
in their CNS has both adverse and protective effects.

LIST OF ABBREVIATIONS
AG abdominal ganglion
AnN antenna II neuropil
BSA bovine serum albumin
CNS central nervous system
iNOS inducible nitric oxide synthase
LAN lateral antenna I neuropil
LG leg ganglion
Ln leg neuromer
MC medial cell group
NADPH-d  NADPH-diaphorase
NO nitric oxide
NOS nitric oxide synthase
ON olfactory lobes
SOG subesophageal ganglion
TG thoracic ganglion
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