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NADPH-diaphorase activity in the central nervous system of the Gray mussel Crenomytilus
grayanus (Dunker) under stress conditions:

A histochemical study

M.A. Vaschenko*, E.P. Kotsyuba
A.V. Zhirmunsky Institute of Marine Biology, Far East Branch of Russian Academy of Sciences,
Viadivostok 690041, Russia

Abstract

NADPH-diaphorase (NADPH-d) is a histochemical marker for nitric oxide synthase (NOS)
and is widely used to identify nitric oxide (NO) producing cells in the central nervous system (CNS)
of both vertebrates and invertebrates. NADPH-d histochemistry was used to quantitatively
characterize putative NO-producing neurons in the CNS of the Gray mussel Crenomytilus grayanus
subjected to two kinds of stress, environmental pollution and hypoxia, the latter caused by the
mollusk transportation in a small volume of water. Mussels were sampled from one relatively clean
(reference) and four polluted sites in Amursky and Ussuriysky Bays (Peter the Great Bay, Sea of
Japan) in August, 2003. The number of NADPH-d-positive neurons was estimated and enzyme
activity was determined from the optical density of the formazan precipitate in the CNS ganglia at
0, 3, and 72 h after sampling. Just after sampling, NADPH-d-positive neurons were found in the
cerebropleural, visceral, and pedal ganglia. The number and staining intensity of NADPH-d-
positive neurons were significantly higher than in the pedal ganglia than the other two ganglia.
There were significant differences in the number of NADPH-d-positive neurons and enzyme
activity between the mussels from the reference and heavily polluted stations. The proportion and
staining intensity of NADPH-d-positive neurons were maximum in the pedal ganglia of the mussels
from the heavily polluted station in Amursky Bay. Transportation of mussels in a limited volume of
water for 3 h resulted in a significant increase in the proportion and staining intensity of NADPH-d-
positive neurons in all ganglia. In mollusks from all stations kept in aerated aquaria for 72 h, both
the proportion and staining intensity of NADPH-d-positive neurons did not differ significantly from
the initial level. However, the differences in the proportion and staining intensity of NADPH-d-
positive neurons between the reference and heavily polluted stations were significant. The present

results suggest that NO is involved in mollusk nerve cell adaptation to environmental changes.
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1. Introduction

Nitric oxide (NO) is a signaling molecule synthesized from L-arginine and O; by nitric-
oxide synthase (NOS, EC 1.14.13.39). NOS exists in three distinct isoforms, neuronal (nNOS, type
I), endothelial (eNOS, type III), and inducible (iNOS, type II) (sea for review Natha & Xie, 1994;
Mayer & Hemmens, 1997; Stuehr, 1999; Alderton et al., 2001). nNOS and eNOS are Ca**-
dependent and are constitutively expressed in nervous and vascular endothelial cells, respectively,
whereas iNOS is Ca2+—independent and is induced mainly in macrophages upon stimulation by
cytokines and polysaccharides.

In the central nervous system (CNS), NO synthesis requires reduced nicotinamide adenine
dinucleotide phosphate (NADPH) as an electron donor. The activity of NADPH-diaphorase
(NADPH-d, EC 1.6.99.1), a NADPH-dependent oxido-reductase, was shown to colocalize with
nNOS immunostaining (Bredt et al., 1991; Dawson et al., 1991). NADPH-d can also convert
tetrazolium salts to insoluble dark blue formazan crystals in the presence of NADPH. NADPH-d.
Histochemistry can thus be used to detect specific populations of neurons that use NO as a neuronal
messenger molecule. Positive NADPH-d staining has been successfully used as a marker for NOS
in the CNS of both vertebrates (Bredt et al., 1991; Hope et al., 1991; Cozzi et al., 1997) and
invertebrates, including mollusks (Moroz & Gillette, 1995; Moroz et al., 1996; Annikova et al.,
2000; Newcomb & Watson, 2001).

In mammals, NO is involved in numerous physiological functions such as regulation of
vascular tone, cellular signaling in the brain, and pathogen elimination in nonspecific immune
response (for reviews see Moncada et al., 1991; Garthwaite, 1991; Nathan, 1992; Wink & Mitchell,
1998). In addition, NO functions in a large number of pathophysiological conditions, including
numerous degenerative diseases, stroke, and myocardial infarction, have been intensively studied
and debated (for reviews see Wink & Mitchell, 1998; Calabrese et al., 2000). Of special interest is
NO role in adaptive responses of an organism to stress conditions. NO production may be altered by
a variety of stressors including restraint (Masood et al., 2004), immobilization (Shirakawa et al.,
2004), hypoxia (Manukhina et al., 2000), hypo- and hyperthermia (Han et al., 2002; Lee et al.,
2005), pain shock (Aley et al., 1998), and physical training (Green et al., 2004; see also a review by
Malyshev & Manukhina, 1998).
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Our knowledge of NO distribution and functions in invertebrates is much less
comprehensive. The available data suggest that NO is an evolutionarily ancient signaling molecule
occurring in many invertebrate groups and that invertebrates use it in a similar manner as mammals
(see for review Colasanti & Venturini, 1998; Stefano & Ottaviani, 2002; Palumbo, 2005; Toda &
Ayajiki, 2006). Thus, several studies suggest involvement of NO-signaling in stress reactions in
sponges exposed to heat stress (Giovine et al., 2001) and bivalve mollusks exposed to
tributyltinoxide (Smith et al., 2000) and hypoxia (Kotsyuba & Kotsyuba, 2003).

Bivalve mollusks including mussels are widespread in the coastal zone of the World Ocean,
including shallow waters where they have to adapt to changes in environmental factors such as
temperature, salinity, and oxygen concentration (Bayne, 1976). High metabolic plasticity of mussels
promotes their adaptation to changing environment (Berger, Kharazova, 1997; Sukhotin, Portner,
1999; Halpin et al., 2004). Another stress factor influencing mussel physiology is marine
environmental pollution (Bayne, 1985). Biochemical, cellular, and physiological responses of
sentinel mussels to various contaminants have been intensively studied, and mussels have been
widely used as biomarkers for marine pollution monitoring all around the world (Bayne et al., 1979;
Moore, 1985; Krishnakumar et al., 1995; Cajaraville et al., 2000; Livingstone et al., 2000; Moles &
Hale, 2003; Narbonne et al., 2005; Moore et al., 2006). An increasing attention has been paid to
histo- and cytopathological changes in the mussel digestive gland that is a major site of
accumulation, detoxication, and excretion of organic and inorganic contaminants (see for review
Au, 2004). To our knowledge, there is no data on mussel CNS response to environmental pollution.

The present paper deals with histochemical investigation of NADPH-d activity in the CNS
of the Gray mussel Crenomytilus grayanus inhabiting polluted and relatively clean areas in Peter
the Great Bay (Sea of Japan). The Gray mussel is widespread in the bay, forming dense populations
(druses) at 2-20 m depth. It has been widely used as an indicator species for monitoring heavy
metal and organochlorine pesticide pollution in the bay (Shulkin & Kavun, 1995; Tkalin et al.,
1997, 1998; Shulkin et al., 2002, 2003; Monirith et al., 2003).

2. Materials and methods
2.1. Sampling strategy

Mussels were sampled in August 2003 at 5 stations in Amursky and Ussuriysky Bays,
secondary bays of Peter the Great Bay (Fig. 1). These bays are separated by Muraviev-Amursky

Peninsula, where Vladivostok is located. Vladivostok is the largest port in the Russian Far East of

over 600 thousand population. The bays are mainly polluted by industrial and municipal sewage of
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Vladivostok and its suburbs, ports, and sea transport and by runoffs of many influent rivers. Among
the latter, Razdolnaya River is the largest. The river enters the northern extremity of Amursky Bay
and brings agricultural effluents and untreated sewage from Ussuriysk. Another substantial source
of the bays’ pollution is a dump near Tokarevsky Cape (close to station 2) and a municipal dump on
the Gornostay Bay coast (north from station 4) (Tkalin et al., 1993; Belan et al., 2003). In the
former dump, in the early 1980s, sediments excavated from heavily contaminated Zolotoy Rog Bay
were discharged into Amursky Bay (Tkalin et al., 1993).

Marine environment monitoring in Amursky and Ussuriysky Bays has been conducted from
the middle of the 1970s both within government programs and individual research projects. Based
on the results of these studies (see for review Vaschenko, 2000; Vaschenko & Pitruk, 2001), we
concluded that Amursky Bay is polluted to a greater extent than Ussuriysky Bay. For example,
average concentrations of metals of anthropogenic origin (Zn, Cu, and Pb) in surface bottom
sediments of Amursky and Ussuriysky Bays were 121 and 60, 25 and 15, and 28 and 23 pg/g of dry
weight (Tkalin et al., 1996), and DDT content in sediments of the two bays varied between 4.4—14.8
and 4.4-9.1 ng/g of dry weight, respectively (Tkalin, 1996). Sediments form the eastern coastal area
of Amursky Bay (from Tokarevsky Cape to the Vtoraya Rechka River mouth) and western coastal
area of Ussuriysky Bay (close to the Gornostay Bay dump) are polluted mostly by heavy metals and
organochlorine pesticides. The open part of Peter the Great Bay (off Russky, Popov, Reineke and
Rikorda Islands) is considered a relatively clean zone. For this reason, station 1 near the western
coast of Russky Island was selected as a reference station. Stations 2 and 3 are located in Amursky
Bay, near the western coast of Muraviev-Amursky Peninsula. Station 2 is located at Tokarevsky
Cape, in the area of the former dumping (the dumping of dredged sediments was terminated here in
1985). Station 3 is located near the mouth of the Vtoraya Rechka River. Stations 4 (Tikhaya Bay)
and 5 (Lazurnaya Bay) are located in Ussuriysky Bay, near the eastern coast of Muraviev-Amursky
Peninsula, 14 km southwards and 22 km northwards of the city dump, respectively.

At each station, 30 mature mussels with a shell length of 10—14 cm were collected at a 3—4
m depth. Water temperature and salinity at stations 1-5 were 19.5, 20.1, 20.6, 19.5, 19.8 °C and
33.5,32.9, 31.7, 33.6, 33.2%o, respectively.

The visceral, cerebropleural, and pedal ganglia of 10 mollusks sampled at every station
(except for station 2) were dissected immediately (within 5 min) after sampling and fixed in 4%
paraformaldehyde in 0.1 M sodium phosphate buffer (pH 7.2) at 4°C for 2 h. The intact mussels
were delivered to the Institute of Marine Biology in a vessel with sea water. To reveal the effect of
transportation on NADPH-d activity, ganglia of 10 other mollusks from each station were prepared
and fixed as described above 3 h after sampling. The rest of the animals were placed in aquaria with

aerated sea water, and their ganglia were prepared and fixed as described above 72 h after sampling.



2.2. NADPH-diaphorase histochemistry

NADPH-d was detected in neurons by a routine histochemical technique based on NADPH-
dependent conversion of nitroblue tetrazolium to insoluble dark blue formazan precipitate (Hope &
Vinsent, 1989). Ganglia fixed as described above were washed in three changes of 15% sucrose in
0.15 M Tris—HCI buffer (pH 8.0) at 4°C for 12 h. 30 um cryostat sections were cut and incubated in
0.15 M Tris—HCI buffer (pH 8.0) containing 0.5 mM B-NADPH (Sigma), 0.5 mM nitroblue
tetrazolium (Sigma), and 0.3% Triton-X100 at 37°C for 1 h. Sections incubated in the same media
without NADPH were used as control. After incubation, sections were washed in two changes of
distilled water, dehydrated through an ethanol series, and mounted.

Observations were made and micrographs were obtained using an Olympus BH2-RFCA
microscope. The number of NADPH-d-positive neurons in the visceral, cerebropleural, and pedal
ganglia was determined. For each ganglion, NADPH-d-positive neurons were counted in seven
sections, and the average number of neurons per section was calculated. The number of NADPH-d-
positive neurons was expressed as a percentage of the total number of neurons.

Neuronal NADPH-d activity was estimated using an automatic image analysis system
Allegro-MC (Afanasiev et al., 2002). The system was based on an ERMA-2 microscope (Japan)
equipped with a CREATIVE videocamera (Japan) and IBM-compatible computer with a video
capture card ATI-128 pro (32 MB, 1280x1024 pixel). Seven sections were taken from each
ganglion. In each section, the optical density of every NADPH-d-positive neuron was measured in 5
randomly selected fields of vision using VideoTest 5.0 software (VideoTestT Software, St.

Petersburg, Russia).

2.3. Data analysis

Data are presented as means + SEM; differences between right and left ganglia are not
significant (P>0.05), therefore quantitative parameters are presented for one ganglion from each
ganglion pair (Table 1). Statistical differences were determined by one-way ANOVA followed by
Tukey’s multiple comparison test for all pairs of groups or Dunnett’s multiple comparison test for
all groups vs the control group. The data derived from station 2 were analysed by Student's #-test for
paired data. All tests were performed with GraphPad Prism, version 4.0 for Windows (GraphPad
Software, San Diego, CA).



3. Results

The CNS of C. grayanus consists of the paired cerebropleural, visceral, and pedal ganglia.
NADPH-d histochemistry revealed a small portion of neuron cell bodies and processes in all

ganglia. No NADPH-d-positive neurons were revealed in control sections.
3.1. NADPH-d activity in mussel ganglia just after sampling

Station 1 (reference station). The maximum number of NADPH-d-positive neurons (about

1.5% of the total number of neurons) was found in the pedal ganglia. In the cerebropleural and
visceral ganglia it was about one-seventh and one-thirtieth of that in the pedal ganglia, respectively
(Table 1). Neurons of the pedal ganglia were most intensely stained, and ones of the visceral
ganglia were least intensely stained. NADPH-d staining intensity differed significantly between all
ganglia pairs (visceral vs pedal and cerebropleural vs pedal, P<0.001; visceral vs cerebropleural,
P<0.05, P<0.01, P<0.001) except for several cases (Table 1).

In all ganglia, NADPH-d-positive neurons were comprised of small (3—8 pm), medium (10—
15 pum), and large (20-25 pm) cells. In the pedal ganglia, NADPH-d-positive neurons formed
clusters, the largest of which was found in the dorsomedial portion of the ganglion (Fig. 2A). Large
pyriform cells were most intensely stained (0.348—0.968 optical density units). Small and medium-
sized neurons, oval, pyriform, or spindle in shape, were scattered among large cells. Their staining
intensity varied considerably (0.141-0.744 optical density units). In the interganglion commissure
and paracortical areas of the neuropil, weakly stained plexuses formed by NADPH-d-positive
processes were observed. No such plexuses were found in the central area of the neuropil (Fig. 2B).

In the cerebropleural ganglia, large and medium-sized pyriform or oval neurons with high
enzyme activity (0.329-0.884 optical density units) were mainly stained. They occurred separately
or in groups of 10—12 cells. Their processes were weakly stained.

In the visceral ganglia, only single neurons were NADPH-d-positive (0.107-0.581 optical
density units). In these ganglia, nerve fibers were stained less intensely than in the cerebropleural
ganglia.

Stations 3-5. The observed number of NADPH-d-positive neurons in mussels from stations
3,4, and 5 was greater than in mussels from station 1. The staining intensity, as estimated by eye,
was also higher in the former mussels, especially in the dorsomedial portion of the pedal ganglia
(Fig. 3A, B). Quantitative estimation of NADPH-d-positive neuron proportion and staining
intensity confirmed these observations. However, differences were only significant between stations

1 and 3 (Table 1). In mussels from station 3, the number and staining intensity of NADPH-d-
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positive neurons were maximum. Both parameters were significantly higher in the cerebropleural
and pedal compared to visceral ganglia. Obvious visual differences in NADPH-d-positive neuron
number and staining intensity between mussels from stations 4 and 5, on the one hand, and control
mussels, on the other were not confirmed by statistical analysis. In almost all mussels from stations
3 and 5, pyriform neurons were most heavily stained (1.59-2.02 optical density units). Dark-colored
processes arising from the neuron body could be easily traced for long distances. Nerve fibers bore
numerous varicosities. In the central and paracortical neuropil areas of all ganglia, processes of

NADPH-d-positive neurons formed densely stained plexuses (Fig. 4, 5).

3.2. NADPH-d activity in mussel ganglia in 3 h after sampling

Station 1. A 3 h transportation of mussels in a limited volume of water resulted in a
significant (except for two cases) increase in the proportion and staining intensity of NADPH-d-
positive neurons in all ganglia (Table 1). Pyriform cells with high enzyme activity (1.84-2.24
optical density units) prevailed among NADPH-d-positive neurons in all ganglia (Fig. 6 A, B). A
nerve plexus was densely stained, and numerous varicosities occurred along the entire extents of
Nerve processes.

Stations 2-5. A 3 h transportation of mussels from stations 2—5 resulted in a visible increase
in the proportion and staining intensity of NADPH-d-positive neurons in all ganglia (Fig. 7, 8, 9,
Table 1). Statistical analysis revealed significant differences in these parameters between freshly-
sampled and transported mussels, except for the proportion of NADPH-d-positive neurons in the
pedal and, in two cases, cerebropleural ganglia. Moreover, some significant differences were
revealed between mollusks from different stations. Thus, in mussels from station 3, the proportion
of NADPH-d-positive neurons in the visceral and cerebropleural ganglia was higher than in mussels

from reference station 1.

3.3. NADPH-d activity in mussel ganglia 72 h after sampling

In the mollusks maintained in aerated aquaria for 69 h (72 h including transportation time),
only several heavily stained neuronal perikarya were found, with their processes faintly stained
(Fig. 10). The number/proportion and staining intensity of NADPH-d-positive neurons in mussels
from all stations were relatively low and did not differ significantly from the initial level (Table 1).
Nevertheless, the proportion of NADPH-d-positive neurons in the visceral ganglia and staining
intensity of neurons in the pedal ganglia were significantly higher in mussels from station 3 than in

mollusks from reference station 1.



4. Discussion

To date, the presence of NADPH-d-positive neurons in the CNS of some bivalve mollusk
species, including C. grayanus, has been well established (Dyuizen et al., 1999; Annikova et al.,
2000; Kotsyuba & Kotsyuba, 2002, 2003). In all three ganglion pairs (visceral, cerebropleural, and
pedal), NADPH-d-positive neurons of various shapes and sizes may be found lying separately or in
groups of up to 35 cells. NADPH-d-positive nerve fibers are also common in the ganglia neuropils,
ganglionic commissures, interganglionic connectives, and peripheral nerves arising from ganglia.
The staining intensity of nerve fiber varicosities, where NO is presumably actively synthesized, is
especially high. NADPH-d-positive peripheral neurons and nerve fibers are found in various parts
of the intestinal tract, as well as in female and male gonads in a number of bivalve mollusk species
(Annikova et al., 2001; Pimenova et al., 2002; Varaksin et al., 2002; Pimenova, Varaksin, 2006).
These findings suggest that NO is involved in regulation of reproduction and digestion in bivalve
mollusks.

The present results show that localization and number of NADPH-d-positive neurons in
Gray mussels from station 1 (Russky Island; open part of Amursky Bay), as a whole, corresponds to
earlier reported data (Annikova et al., 2000). The differences between the present and earlier
reported estimations of the percentage of NADPH-d-positive neurons, 0.05 and 0.03% (visceral
ganglia), 0.2 and 0.13% (cerebropleural ganglia), and 1.4 and 1.6% (pedal ganglia), respectively,
can be accounted for by differences in the physiological state of the mollusks. In the work of
Annikova and coauthors (2000), mussels were sampled in November—December, at the early stage
of reproductive cycle, while in the present study, they were sampled in August, shortly before mass
spawning of this species in Peter the Great Bay in September. It is known that neuronal activity of
the bivalves inhabiting temperate waters depends much on the stage of reproductive cycle
(Motavkine & Varaksine, 1989; Reunova et al., 1996).

Furthermore, as was shown above, NADPH-d activity in Gray mussels was considerably
influenced by transportation of mollusks and state of the environment. The maximum number and
staining intensity of NADPH-d-positive neurons were observed 3 h after sampling, immediately
after mussel delivery to the laboratory. This is probably accounted for by mussel exposure to
hypoxia during transportation. In this connection, the data on NADPH-d activity and changes in the
morphology of neurons in the chiton Leptochiton assimilis and fresh water bivalve mollusk
Nodularia viadivostokensis exposed to acute hypoxia are of a special interest (Kotsyuba, 2003;
Kotsyuba & Kotsyuba, 2003). In these studies, the animals were exposed to hypoxic conditions

with an oxygen concentration of about 4 mg/l. In the mollusks exposed to hypoxia for 3 h, NADPH-
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d activity increased more than thrice. In those exposed to hypoxia for 72 h, the level of enzyme
activity significantly dropped remaining, however, higher than in control. As revealed by
transmission electron microscopy (TEM), formazan deposits were mainly localized in cytoplasmic
granules, and also occurred on the membranes of the nucleus and endoplasmic reticulum and in
mitochondria and cytoplasm. Acute 3 h hypoxic stress induced a sharp increase in the number and
size of these granules, as well as an increase in NADPH-d activity in them. After 72 h of hypoxic
exposure, the number and size of granules and NADPH-d activity in them sharply decreased.

Cytoplasmic granules called cytosomes are found in CNS neurons of many terrestrial, fresh
water, and marine mollusks (Karnaukhov & Varton’, 1971; Reunova et al., 1996; Kotsyuba, 2003;
Kotsyuba & Kotsyuba, 2003). Using histochemistry and absorption spectral analysis, cytosomes
were shown to contain carotinoids, myoglobin, and hemoprotein respiratory enzymes (Karnaukhov
& Varton’, 1971). The authors proposed that cytosomes are involved in energy production under
hypoxic conditions. The presence of NADPH-d in neuron cytosomes and a sharp increase in the
enzyme activity in mollusks exposed to experimental hypoxia allowed us to propose that NO is
involved in adaptation of the mollusk CNS to hypoxic conditions (Kotsyuba, 2003; Kotsyuba &
Kotsyuba, 2003). This is confirmed by virtual lack of structural abnormalities in the mollusk
neurons even after a 72 h exposure to hypoxia. The degenerative changes revealed in nerve cells
(dilation of perinuclear area and endoplasmic reticulum cisterns, partial destruction of
mitochondria) were reversible. Neurons with typical apoptotic morphology only occasionally
occurred.

To date, a large amount of data has been accumulated on the role of NO in regulation of
mitochondrial respiration. Most of the data were obtained in experiments with isolated mammalian
mitochondria (see for review Wink & Mitchell, 1998; Henry & Guissani, 1999; Calabrese et al.,
2000; Kurhalyuk, 2002). NO involvement into the processes of cell energetics has been shown.
Thus, NO reversibly inhibits the key enzyme of respiration chain, cytochromoxidase, acts as an
electron acceptor under hypoxic conditions (competing with oxygen), reacts with superoxide (O;")
to form a highly reactive compound peroxinitrite (ONOQO"), which, in turn, reacts with the iron atom
in cytochromoxidase heme to irreversibly inhibit the enzyme. It is shown that under hypoxic or
anoxic conditions, mitochondria absorb NO, and it reacts directly with cytochromoxidase. Electrons
transferred along the electron transport chain (respiration chain) reduce NO to NO,", NO3’, and
other products (Borutaite & Brown, 1996). It is proposed that suppression of cytochromoxidase and
other respiration chain enzymes results in disturbances in oxidation processes in mitochondria and
in switching from aerobic to anaerobic energy metabolism (glycolysis) (Henry & Guissani, 1999).
Similar mechanisms may also hold for mollusks. The ability of mollusks, in particular, the

representatives of the Mytilidae family, to adapt to hypoxic conditions by switching to anaerobic
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metabolism is well known and is being actively investigated (Simpfendorfer et al., 1995; Chen et
al., 1997).

NADPH-d activity increase in mollusk neurons under hypoxic stress is probably attributed
to the expression of inducible NO-syntase (iNOS). iNOS expression in mammalian neurons induced
by a variety of stressors has been shown in many studies (Calingasan et al., 1998; Calabrese et al.,
2000). Thus, exposure to acute hypoxia for 6-8 h resulted in an increase in neuronal iNOS activity,
and longer exposure time caused an increase in intracellular glutamic acid concentration and, as a
result, NMDA-receptor-mediated neuron death (Schurr et al., 1995). At the same time, some
experimental results suggest that iNOS activity increase may be a cell adaptation to stress. The
mechanisms of hypoxic tolerance in the mammalian brain have been intensively studied recently. It
is known that exposure to moderate hypoxic stress enhances brain tolerance to subsequent severe
hypoxia, and NO role in adaptative defence of nerve cells is being debated (Kurhalyuk, 2002). High
tolerance of the mollusk CNS to oxygen deficit may be also explained by NO-mediated
evolutionary defence mechanisms preventing neuron death.

Another stress factor, whose effect on NADPH-d-activity in C. grayanus CNS is presently
shown, is pollution of marine environment. The number and staining intensity of NADPH-d-
positive neurons was higher in mussels sampled from stations 2 and 3 (Amursky Bay) and 4 and 5
(Ussuriysky Bay) compared to control mussels (station 1), although the differences were only
significant between stations 1 and 3 (Table 1). The differences, though not always significant, were
registered in all sampling times. Station 3 is located close to the mouth of highly polluted Vtoraya
Rechka River, which is one of the main municipal discharges into Amursky Bay. This area is
considered to be the most polluted in the bay. Bottom sediments in this area consist mainly of silt
and are characterized by a high content of heavy metals and DDT (Shulkin & Kavun, 1995; Tkalin,
1996; Tkalin et al., 1997, 1998). In August 2004, the average concentrations of Fe, Zn, Cu, and Pb
in fine fraction (particle size < 100 um) of sediments from station 3 were 33+0.6 mg/g, 205.3+5.6,
63.3+4.7, and 17.3£1.5 pg/g of dry weight, respectively, which is 2.1, 4.3, 5.8 and 4.3 times higher,
respectively, than in sediments from station 1 (Table 2). In the sediments from station 3, the highest
concentrations of nickel, oil hydrocarbons and > DDTs (total contents of DDT and its derivatives
DDD and DDE) were also registered.

Heavy metal concentrations in soft tissues of C. grayanus inhabiting this area have been
reported to be 2—4 times higher than in the mollusks from the open, relatively clean area of Peter the
Great Bay (Shulkin, Kavun, 1995; Shulkin et al., 2002). Recent study conducted as a part of the
Asia-Pacific mussel watch program to assess the levels of organochlorine compounds in coastal
waters of Asian developing countries has revealed high concentrations of polychlorinated biphenyls

(56-70 ng/g wet weight, 3200 ng/g lipid) in mussels collected in the area close to station 3
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(Monirith et al., 2003). Level of DDTs in mussels was relatively low (11-14 ng/g wet weight), but
the percentage of p, p-DDT was high up to 50%. We also found high proportions of DDT in the
sediments from stations 2 and 3 (64 and 53%, respectively) in 2004 (M.A. Vaschenko and P.M.
Zhadan unpubl. data). These findings denote the recent usage of technical DDT (Monirith et al.,
2003).

We propose that higher number of NADPH-d-positive neurons and greater enzyme activity
in mussels from stations 2 and 3 in Amursky Bay and 4 and 5 in Ussuriysky Bay are caused by
environmental pollution. The same dates of sampling (the second decade of August) and depth (3—4
m), the lack of sea water freshening due to dry summer of 2003, and similar temperature values
give us additional assurance.

Unfortunately, the data on pollutant content in bottom sediments at all stations are not
sufficient. Based on the environmental monitoring data for Peter the Great Bay, it has been accepted
that the coastal zone of Amursky Bay is polluted to a greater extent than that of Ussuriysky Bay
(see for reviews Vaschenko, 2000; Vaschenko, Pitruk, 2001). As was shown by Shulkin et al.
(2003), only localities adjacent to the municipal dump along the west coast of Ussuriyskiy Bay are
heavily contaminated by Zn, Cu, Pb, Ni, and Cd. Concentrations of these metals in the sediments
from the station nearest to the dump are extremely high, 5736, 3515, 3222, 362, and 27.2 ug/g of
dry weight, respectively. The sediments at stations 4 and 5 located far from this source of pollution
(14 km southwards and 22 km northwards, respectively) are not contaminated by heavy metals (see
Table 2). However, slightly elevated concentrations of Zn, Cu and Pb in the soft tissues of the
mussel C. grayanus from stations 4 and 5, and rather high concentrations of Zn (1683 ug/g of dry
weight) and Cu (250 pg/g of dry weight) in the oyster Crassostrea gigas from station 5 have been
registered (Shulkin et al., 2003).

It should be noted that heavy metals represent only a part (<1%) of a complex mixture of
contaminants discharged into the coastal zone around Vladivostok. According to the expert
estimates, a portion of organic matter accounts for one third of total waste mass (Tkalin et al.,
1993). In the present study, we showed an increase (while insignificant) in both the number of
NADPH-d-positive neurons and NADPH-d-activity in mussels from stations 4 (Tikhaya Bay
receiving almost untreated municipal wastes) and 5 (Lazurnaya Bay, a municipal beach, which is
under considerable recreational disturbance in the summer time). These results suggest that animals
in these areas are also exposed to environmental stresses related to water pollution and/or oxygen
deficiency. It is well known that water pollution by organic matter, whose oxidation requires
oxygen, often results in an oxygen deficit in bottom water layer (Gray et al., 2002).

There are few papers dealing with the effect of pollutants on NO-synthase activity and/or

NO production in animals. Kergosien & Rice (1998) showed that tributyltinoxide (TBTO) (in a
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dose up to 3.0 uM/kg of body weight), but not tributyltinchloride (TBTCI), induced a reversible
increase in NO production in mouse macrophages. Smith and coauthors (2000) showed that
relatively low TBTO concentrations (0.001-0.01 mg/I) induced an increase in NO production in
hemocytes of the mussel Mytilus edulis, while high concentrations of the toxicant (0.1 mg/1)
significantly inhibited NO production. The authors believe that NO production rate can be used as a
highly sensitive indicator of stress reaction of mollusks to environmental changes. In the present
study, we showed for the first time an increase in NADPH-d-activity in the CNS of the Gray mussel
C. grayanus from chronically polluted environment. These results suggest that NO is involved in
adaptation of mollusk neurons to environmental changes.

NO functions in mollusk CNS have been poorly studied. It is known that NO is involved in
a variety of functions, both normal (neuromodulation, neurotransmission) and pathological
(degeneration, inflammation), in the mammalian brain (see for review Calabrase et al., 2000). It is
well established that formation of NO reactive derivatives, such as peroxinitrite, plays an important
role in pathological processes in brain. Excessive NO production in the CNS of mollusks inhabiting
polluted environments can also produce cytotoxic effects. The light microscopy approach used for
the present study did not allow us to reveal any changes in neuron structure in Gray mussels

sampled in polluted areas. To reveal these changes, further research using TEM is needed.

4. Conclusion

The present study demonstrated that Gray mussel C. grayanus from heavily polluted area of
Amursky Bay (Peter the Great Bay, Sea of Japan) exhibited significant increase in the number of
NADPH-d positive neurons in the CNS ganglia and in cytochemically measured activity of
NADPH-dependent diaphorase, a histochemical marker for nitric oxide synthase, in the neurons. It
is tempting to suggest that both parameters may be used as indicators of contaminant exposure in
mussels. In this connection, it should be mentioned that there are examples of successful application
of cytochemically measured activity of other NADPH-dependent enzymes, DT-diaphorse (quinone
oxydoreductase, EC 1.6.99.2) and NADPH-ferrihemoprotein reductase (EC 1.6.2.4), in mussel
digestive cells as pollution indicators in natural populations of Mytilus edulis (Krishnakumar et al.,
1995). These enzymes are involved in biotransformation of xenobiotics in the digestive gland.
However, as was shown in our present and previous studies (Kotsyuba & Kotsyuba, 2003), other
environmental factors such as low oxygen content may also cause changes in activity of NADPH-
dependent diaphorase involved in NO production in mussel CNS. These changes should be
therefore cautiously interpreted. Further study is needed to assess the influence of both abiotic

(temperature, salinity, oxygen content) and biotic (reproductive cycle) factors on the responses of
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putative NO-ergic neurons in mussel CNS, and to discriminate between the natural and pollution-

related effects.
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Legends to the figures

Fig. 1. A schematic map of sampling sites in Peter the Great Bay (Sea of Japan): 1 — Russky Island,
2 — Tokarevsky Cape, 3 —Vtoraya Rechka River, 4 — Tikhaya Bay, 5 — Lazurnaya Bay.
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Fig. 2. Localization of NADPH-diaphorase in the pedal ganglia of freshly sampled Gray mussel
Crenomytilus grayanus from station 1: A — dorsomedial area of the pedal ganglia, B — a part of the
right pedal ganglion. Fibers in the central area of the neuropil (N) are not stained. Scale bar, 100

um.

Fig. 3. Localization of NADPH-diaphorase in the pedal ganglia of freshly sampled Gray mussel
Crenomytilus grayanus from station 3: A — dorsomedial area of the pedal ganglia, B — a part of the
right pedal ganglion. Fibers in the central area of the neuropil (N) are intensively stained. Scale bar,

100 pm.

Fig. 4. Localization of NADPH-diaphorase in the visceral ganglia of freshly sampled Gray mussel

Crenomytilus grayanus from station 3. N — neuropil. Scale bar, 100 um.

Fig. 5. Localization of NADPH-diaphorase in the dorsolateral area of the cerebropleural ganglia of

freshly sampled Gray mussel Crenomytilus grayanus from station 5. Scale bar, 100 um.

Fig. 6. Localization of NADPH-diaphorase in the pedal ganglia of the Gray mussel Crenomytilus
grayanus from station 1 3 h after sampling: A — dorsomedial area of the pedal ganglia, B — a part of

the right pedal ganglion. N — neuropil. Scale bar, 100 pm.

Fig. 7. Localization of NADPH-diaphorase in the dorsolateral area of the cerebropleural ganglia of
the Gray mussel Crenomytilus grayanus from station 5 3 h after sampling. N — neuropil. Scale bar,
100 pm.

Fig. 8. Localization of NADPH-diaphorase in the ventrolateral area of the cerebropleural ganglia of

the Gray mussel Crenomytilus grayanus from station 5 3 h after sampling. N — neuropil. Scale bar,

100 pm.

Fig. 9. Localization of NADPH-diaphorase in the right pedal ganglion of the Gray mussel

Crenomytilus grayanus from station 3 3 h after sampling. N — neuropil. Scale bar, 100 pm.

Fig. 10. Localization of NADPH-diaphorase in the right pedal ganglion of the Gray mussel

Crenomytilus grayanus from station 1 72 h after sampling. N — neuropil. Scale bar, 100 um.
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Percentage (A) and optical density (B, optical density units) of NADPH-diaphorase positive neurons in the CNS of the Gray mussel Crenomytilus
grayanus from different areas of Peter the Great Bay (Sea of Japan)

Station Time after Visceral ganglion Cerebropleural ganglion Pedal ganglion
;amphng’ A B A B A B
1 0 0.05+0.003 0.123+0.01 0.2+0.01 0.19620.01 1.4+0.2 0.398+0.02
3 0.060.001” 0.294+0.01° 0.24+0.01 0.340.03° 1.65+0.1 0.8420.01°
72 0.048+0.001 0.121x0.01 0.21+0.04 0.201+0.03 1.4+0.25 0.406+0.03
2 3 0.062+0.002 0.303+0.02 0.27+0.02 0.38+0.05 1.68+0.1 0.88+0.1
72 0.052+0.001¢ 0.129+0.02¢ 0.2+0.01° 0.209+0.02° 1.50+0.1 0.417+0.02°
3 0 0.058+0.001 0.143+0.02 0.26+0.02%: 0.262+0.04 1.62+0.1 0.598+0.03%*
3 0.067+0.0017 0.3710.04° 0.32+0.01 ¢ 0.51+0.06" 1.79+0.2 1.04+0.1°
72 0.056+0.003* 0.160+0.01 0.26+0.02 0.26+0.01 1.620.1 0.602+0.05%*
4 0 0.055+0.003 0.128+0.01 0.23+0.01* 0.223+0.03 1.51+0.1 0.411+0.01
3 0.065+0.002° 0.3120.04° 0.29+0.02° 0.420+0.07" 1.7120.1 0.91+0.1°
72 0.050+0.002 0.129+0.01 0.23+0.01 0.240+0.01 1.50+0.1 0.50+0.04
5 0 0.055+0.001 0.136x0.02 0.23+0.01 0.212+0.02 1.55+0.1 0.487+0.03
3 0.06420.001° 0.321+0.01° 0.26+0.01 0.49120.06” 1.75+0.1 1.02+0.09”
72 0.052+0.001 0.132+0.01 0.24+0.02 0.244+0.02 1.59+0.1 0.468+0.03

Note. Data are presented as means of 10 mussels (7 sections per each ganglion) + standard errors. Italic letters indicate significance of differences
between the mussels from the same station taken at different time intervals after sampling (compared to freshly sampled mussels): “P<0.05, "P<0.01,
‘P<0.001. For station 2, the differences between the mussels taken at 3 and 72 h after sampling were determined. Asterisks indicate significance of
differences between the mussels from stations 2-5 and station 1 taken at the same time after sampling: *P<0.05, **P<0.01. Bold font denotes the
absence of statistically significant differences in NADPH-d activity between the visceral and cerebropleural ganglia (P>0.05).
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Table 2. Average concentrations (n=6) of oil hydrocarbons (OH), > DDT (total contents of DDT and its derivatives DDD and DDE) and heavy metals
in the sediments from sampling stations 1-5 in Peter the Great Bay (Sea of Japan)

Station OH, > DDT, Fe, 7Zn, Cu, Pb, Ni, Cd Reference
ug /g d.w. ng/gdw. mg/gdw. pg/edw. pg/dw. pg/gdw. pg/lgdw. pug/gdw.

1 72 1.4 15.8 479 11 4.1 5.9 — M.A. Vaschenko and P.M. Zhadan,
2 131 5.3 27.7 179 52 17.3 70.3 - unpubl. data

— — — 194 48 84 32 1.25 Shulkin et al., 2003
3 273 18.5 33 205.3 63.3 17.3 77.6 - M.A. Vaschenko and P.M. Zhadan,

unpubl. data

— — — 204 42 91 50 0.25 Shulkin et al., 2003
4 - - - 36 8.6 26.6 10.9 0.1 Shulkin et al., 2003
5 - - - 414 4.6 18.2 14.6 0.2 Shulkin et al., 2003
Bm <100* - - 76 15.3 18.6 6.2 0.23 Shulkin et al., 2003

Note. Stations 2, 3, 4 and 5 of the present work correspond to stations 4, 2, 5 and 16 investigated by in Shulkin et al., 2003 (see Fig. 1).
Bm — background mud (>80% particles less than 0.01 mm) sampled in the outer part of Amursky Bay (after Shulkin et al., 2003).

* Background concentration of oil hydrocarbons in sediments of Peter the Great Bay is given according to Vaschenko et al., 2003.

—: No data is available.
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