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Distribution of nitric oxide synthase immunoreactivity

in the nervous system and peripheral tissues of

Schistosoma mansoni
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The distribution of nitric oxide synthase (NOS) immunoreactivity and putative NOS activity in adult Schistosoma mansoni

was analysed using 3 different types of NOS antibodies and NADPH-diaphorase histochemistry. Although potential

involvement of the gaseous radical nitric oxide (NO) in host response to infection by schistosomes has been suggested,

there is little or no information available regarding the role, or even the presence, of the NO pathway in schistosomes

themselves. Here, we demonstrate that antibodies against neuronal NOS (nNOS) and inducible NOS (iNOS) isoforms

stain adult worms with distinctive patterns; anti-endothelial NOS (eNOS) shows no selective labelling. nNOS-like

immunoreactivity is found in the main nerve cords and the peripheral nervous system. Putative sensory neurons with

apical neuronal processes leading to the tegument of male worms are also immunoreactive for nNOS. Anti-iNOS labels

a variety of predominantly non-neuronal tissues, showing intense labelling at or near the surface of the worm and in

components of the gastrointestinal tract. The distribution of NADPH-diaphorase reactivity (a histochemical marker of

NOS), is generally similar to the pattern of NOS immunoreactivity, including labelling of neuronal-like cells as well as

developing eggs. These results suggest that an NOS-like enzyme is present in S. mansoni, and indicate potential roles for

the different NOS isoforms in neuronal signalling, reproduction and development.

Key words: Schistosoma mansoni, nitric oxide, nitric oxide synthase, NADPH-diaphorase, platyhelminths, sensory

systems.



The nitric oxide (NO) signalling system is a

metabolic pathway in parasites that may be par-

ticularly vulnerable to pharmacological intervention.

NO is a gaseous intercellular signalling molecule that

has been implicated in multiple physiological

functions, including neuronal communication, non-

immune defence responses, cell survival and mul-

tiplication, and dilation of blood vessels (for reviews,

see Moncada, Palmer & Higgs, 1991; Culotta &

Koshland, 1992; Lowenstein & Snyder, 1992;

Peunova et al. 1996; Mayer & Hemmens, 1997). NO

is produced enzymatically by nitric oxide synthase

(NOS), using O
#

and the amino acid -arginine as

precursors. Three types of mammalian isoforms of

NOS are encoded by 3 different genes (reviewed by

Griffith & Stuehr, 1995). These include neuronal

(nNOS; type I), inducible (iNOS; type II), and

endothelial (eNOS; type III) isoforms. In mammals,

nNOS and eNOS are Ca#+ dependent and consti-

tutive; iNOS is Ca#+ independent, and is primarily

* Corresponding author: Whitney Laboratory, 9505

Ocean Shore Blvd, St Augustine, FL 32086, USA. Tel:

904 461 4026. Fax: 904 461 4008.

E-mail : rmg!whitney.ufl.edu

involved in defence reactions and cytotoxicity

(Nathan, 1992). Although the number and function

of NOS isoforms in invertebrates is not entirely

clear, they are implicated in both neuronal and non-

neuronal functions similar to those found in

mammals (see review by Moroz, 2000).

An extensive number of studies in the literature

indicate that part of a host’s response to parasitic

infection involves production of NO, which can have

cytotoxic and cytostatic activities (reviewed by Liew,

Wei & Proudfoot, 1997). NO has been suggested to

play a role in host response to schistosome infection

(James, 1995; Oswald & James, 1996), but the

significance of that role is not clear (Coulson et al.

1998). Evidence for NO synthesis or NOS-like

activity is also found in a variety of parasites,

including trypanosomes (Paveto et al. 1995; Pereira

et al. 1997), parasitic flatworms (Gustafsson et al.

1996; Lindholm, Reuter & Gustafsson 1998;

Terenina et al. 1999, 2000), and nematodes (Bowman

et al. 1995; Bascal et al. 1995, 1996; Mupanomunda

et al. 1997; Kaiser, Geary & Williams 1998; Pfarr &

Fuhrman, 2000), and may be employed as a defence

against host responses to infection.

In this study, we have demonstrated the presence

of NOS immunoreactivity in S. mansoni, using
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antibodies specific to each of the 3 mammalian NOS

isoforms to immunolabel tissues in adult parasites.

Two of these antibodies stained the worms with

characteristic distributions, indicating the presence

of 2 structurally and functionally distinct NOS-like

isoforms in the worms. Furthermore, NADPH-

diaphorase staining, a distinct histochemical marker

of NOS enzyme activity, correlated in general with

the labelling pattern of the anti-NOS antibodies.

NADPH-diaphorase (NADPH-d) staining is a stan-

dard histochemical method for detecting NOS

enzymatic activity under defined fixation conditions

(Dawson et al. 1991; Hope et al. 1991). The

NADPH-d activity of NOS, unlike other NADPH-d

enzyme activities, is resistant to fixation with

aldehydes (Matsumoto et al. 1993; Blottner,

Grozdanovic & Gossrau, 1995).

These results indicate that NO is a potential

signalling molecule in S. mansoni, and is likely to be

playing an important role in realization of the

schistosome life-cycle.

  

Adult S. mansoni were collected from freshly

perfused Swiss Webster female mice. Schistosome-

infected mice were obtained from Dr Fred A. Lewis

via the NIH extramural contract from the NIH

repository for S. mansoni, the Biomedical Research

Institute in Rockville, MD.

Immunocytochemistry

Adult worms were fixed overnight in 4% paraformal-

dehyde in phosphate-buffered saline (PBS), pH 7±0.

The tissue was rinsed with PBS 3 times for 10 min

each, then incubated in 10% sucrose in PBS at 4 °C
overnight. Whole worms were embedded in Tissue

Tek O.C.T. compound, and 12 µm thick sections

were cut and placed onto gelatin-coated slides. Slides

were air dried and stored at ®80 °C until ready for

use. After thawing, the tissue was blocked with

PBS0±25% Triton X-100 (PBST)0±25% nor-

mal goat serum for 30 min at 37 °C in a humid

chamber. The tissue was then incubated with 1 of 3

different polyclonal antibodies raised against the 3

mammalian NOS isoforms (Nitric Oxide Synthase

Antibody Set, Calbiochem). This set includes anti-

brain NOS (anti-bNOS, here called anti-nNOS),

anti-endothelial NOS (anti-eNOS), and anti-in-

ducible NOS (anti-iNOS). The dilutions for the

polyclonal rabbit antibodies were: 1:800 for the

anti-nNOS; 1:250 for the anti-eNOS; and 1:500 for

the anti-iNOS. Tissue was incubated in the ap-

propriate dilution of antibody in PBST0±25%

normal goat serum overnight at 4 °C, then rinsed 3

times with PBST for 10 min each rinse. The tissue

was then incubated in the secondary antibody

(fluorescein isothiocyanate-conjugated goat anti-

rabbit IgG, Jackson Immunoresearch Laboratories)

at a 1:50 dilution in PBST0±25% normal goat

serum for 1 h at room temperature and subsequently

rinsed 3 times with PBS for 10 min each rinse.

Finally the tissue was counterstained with 1% Evans

Blue in PBS for 20 sec, rinsed twice with PBS for

20 min each rinse, and mounted with 90% glycerol

in PBSpara-phenylenediamine (PPD).

Approximately 20 individual adult worms were

stained and examined. Controls included incubation

in secondary antibody only, which resulted in no

signal, and incubation in the presence of excess

antigenic peptide (8 µg for nNOS, 16 µg for iNOS),

which resulted in a 3-fold (anti-nNOS) or 2-fold

(anti-iNOS) reduction in median pixel intensity (n

¯2).

NADPH-diaphorase histochemistry

Tissue was treated as for the antibody staining, with

the exception that worms were fixed in 4% para-

formaldehyde for varying times ranging from 2 to

16 h. Cryostat sections (12 µm) were incubated in a

solution of 50 m Tris (pH 8±0), 0±5 m nitroblue

tetrazolium (NBT), 1 m β-NADPH, and 0±3%

Triton X-100 for 1±5 h at 4 °C. Serial sections from

approximately 8 different animals were examined.

The effect of different fixation times was examined,

with 10–16 h fixations proving to be optimal.

Controls included reactions containing no NBT or

no β-NADPH.



Immunohistochemistry of different NOS isoforms in

S. mansoni

Antibodies against each of 3 mammalian isoforms of

NOS were used to stain sectioned adult tissue. For

these studies, only males were used because females

exhibit significant autofluorescence. As summarized

in Fig. 1, 2 of the 3 anti-NOS antibodies (nNOS and

iNOS) selectively stained adult S. mansoni males,

and they did so with characteristic distribution

patterns. Staining of both isoforms was specifically

reduced by pre-absorption with antigenic peptide.

Both antibodies also reproducibly stained bands of

C200 kDa, and sometimes also faint bands of

C110 kDa, on Western blots of adult worm proteins

(data not shown), a size range consistent with that

found for other invertebrate preparations (Hurst et

al. 1999).

The antibody against nNOS showed staining of

cells throughout the nervous system of the worm

(Figs 1 and 2). Prominently stained cells were found

in the main nerve cords (MCs; Halton & Gustafsson,

1996) as well as in the peripheral nerve net. Many of
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50 µm
50 µm

Fig. 1. NOS immunoreactivity in adult Schistosoma mansoni. Staining of mid-body cross-sections of adult male

worms with antibodies against nNOS (A) and iNOS (B). Note the different staining patterns between A and B.

Prominent labelling with anti-nNOS is found throughout the nervous system (A), including the main nerve cords

(arrows) and the peripheral nervous system (p). Staining with eNOS appeared to be non-selective, and is not shown.

25 µm
16 µm

Fig. 2. Neuronal NOS immunolabelling in adult Schistosoma mansoni. (A) Adult male section. Labelling of the

peripheral nervous system is apparent, and one of the main nerve cords is noted (MC). Note the neuronal processes

(arrows) terminating at sensory structures at or near the surface (arrowheads). (B) Higher power close-up of labelling,

focusing on the plexus surrounding the longitudinal muscles. Note the bipolar cells (arrows), and the apical processes

leading to the surface (arrowheads).

the labelled cells in the peripheral nerve net were

bipolar, with prominent morphological charac-

teristics of sensory cells. Apical processes from these

cells (20–30 µm) extended to the dorsal tegument

and ended in a sensory receptor (Fig. 2). In many

cases, we detected ciliated transepidermal processes,

characteristic of the primary receptor-like cells on

the surface of the worm (Fig. 2B). These putative

sensory receptors were far more abundant along the

dorsal surface than along the ventral surface, and the

processes leading to the dorsal surface often ter-

minated in tegumental protuberances (Fig. 2). Most

of the stained cell bodies had an estimated diameter

ranging from 5 to 15 µm.

The antibody against iNOS showed the majority

of staining around the outer surface of the worm

(Figs 1B and 3), and most particularly on pro-

tuberances such as the tubercles and papillae (Fig. 3)

on the dorsal surface of male worms. This pattern of

iNOS immunoreactivity may indicate that this NOS

isoform is involved in generating NO targeted

towards the outside of the worm. In addition, anti-

iNOS prominently labelled dorsal subtegumental

tissue, but was specifically excluded from the layer of

muscle fibres just below the tegument. iNOS

immunoreactivity was also found in cell layers of the

gut (Fig. 3).

NADPH-diaphorase staining of S. mansoni

We used this histochemical marker to determine the

distribution of putative NOS activity in adult worms.

Staining in male adult worms was similar to that for

the combined nNOS and iNOS antibodies. Label-

ling of neuronal-like cells, dorsal subtegumental

regions, and other areas of the worm was apparent
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25 µm

Fig. 3. Inducible NOS immunolabelling in Schistosoma

mansoni. Staining of adult male worm section with anti-

iNOS. Note intense staining of the worm’s dorsal

surface, particularly surface protuberances (arrowhead).

Note also labelling of a subtegumental layer and staining

in cell layers of the gut. Asterisks indicate areas in

which labelling represents a combination of specific,

green fluorescence and yellow, non-specific

autofluorescence.

(Fig. 4A). In females, developing eggs in the

vitellariae also stained very prominently (Fig. 4B),

indicating that, at least while in the adults, eggs and

developing eggs have NADPH-d activity.



NO is involved in a multitude of functions, including

neuronal signalling, feeding, and non-immune de-

fence mechanisms (for reviews, see Moncada et al.

1991; Lowenstein & Snyder, 1992; Peunova et al.

1996; Mayer & Hemmens, 1997). In this report, we

present evidence for the NOS-dependent pathway in

adult S. mansoni using both immunolabelling and

25 µm 25 µm

Fig. 4. NADPH-diaphorase reactivity in Schistosoma mansoni. (A) Section of adult male worm. Arrows denote cell

structures resembling the bipolar neurons stained by anti-nNOS (Fig. 2). Prominent staining is also apparent just

beneath the tegument. (B) Cross-section of female adult worm. Arrows show high level of NADPH-d reactivity on

the surface of developing eggs in the vitelline gland.

NADPH-diaphorase staining. Antibodies against

nNOS and iNOS stain adult male worms selectively,

and with strikingly different distributions, indicating

the possibility of functionally distinct NOS isoforms

in schistosomes.

The antibody against nNOS stains mainly

neuronal structures, including the main nerve cords

and what appear to be sensory neurons with

processes innervating surface structures of male

worms. The pattern of staining with anti-nNOS is

very similar to that found for substance-P immuno-

reactive cells in adult worms, although the dis-

tribution has similarities as well with that found for

other neuropeptides and serotonin (Gustafsson,

1987). It will be interesting to determine by double

immunolabelling how closely these patterns overlap.

Interestingly, comparative analysis of the distri-

bution of putative nitrergic (NO-producing) neurons

reveals a similar pattern of NOS distribution in

various sensory systems of invertebrates, again

suggesting a sensory (chemosensory) role for

neuronal NO in adult worms (reviewed by Moroz,

2000).

In contrast, the antibody against iNOS, the

isoform most associated with defence mechanisms

(Nathan, 1992), prominently labels predominantly

non-neuronal cells, including structures at or near

the surface of the worm. Labelling is also apparent in

the gut region, perhaps indicating a role for iNOS in

feeding and digestion in adult worms.

These antibody staining results are confirmed

and extended using fixative-resistant NAPDH-

diaphorase reactivity, which is widely used as a

histochemical marker of NOS activity. Positive

NADPH-d staining has been used to detect catalytic

activity associated with both nNOS (Dawson et al.

1991; Hope et al. 1991) and iNOS (see, for example,

Ding et al. 1997 and Reichner et al. 1999). The
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pattern of NADPH-d staining in S. mansoni adults

is similar to that seen with the antibodies, par-

ticularly the anti-nNOS antibody. In addition,

developing eggs in females stain very prominently,

indicating a potential role for NOS in schistosome

reproduction and development.

Evidence for NOS activity has been reported for

other platyhelminths. Gustafsson et al. (1996),

Lindholm et al. (1998) and Terenina et al. (1999)

have examined the pattern of NADPH-d reactivity

in, respectively, Hymenolepis diminuta adults,

Diphyllobothrium dendriticum adults and Mesoces-

toides vogae tetrahyridia. Similar to what we find in

S. mansoni adults, extensive NADPH-d reactivity

was found in the nervous systems of both H. diminuta

(Gustafsson et al. 1996) and D. dendriticum (Lind-

holm et al. 1998) adults, including prominent

labelling of the nerve cords and of sensory-like

neuronal processes extending to the tegument. More

recently, Terenina et al. (2000) have demonstrated

NOS activity in homogenates of H. diminuta using

conversion of [$H]-arginine to [$H]-citrulline as

their assay. This activity was partially sensitive to

Ca#+, and partially inhibited by 1 m NG-nitro--

arginine methyl ester (-NAME), a competitive

inhibitor of NOS.

The function of NOS in platyhelminths is not

clear, though enzymatically produced NO is pre-

sumably acting as an intercellular signalling mol-

ecule, as it does in mammals. Terenina et al. (1999)

have described behavioural effects of -arginine and

the NOS inhibitor NG-nitro--arginine on cluster

formation in M. vogae tetrahyridia. Interestingly,

Mupanomunda et al. (1997) have shown that the

filarial parasite Dirofilaria immitis alters the relax-

ation behaviour of endothelial cells of the pulmonary

artery, and that NO is implicated in this effect. It

will be interesting to determine whether schistosome

NO is used to mediate these or other types of

changes in host physiology.

The role of NO production in the host response to

schistosome infection is unclear. A large body of

work indicates that NO plays a role in protective

immunity, with apparent involvement in the elim-

ination of lung-stage schistosomulae from hosts

(reviewed by Oswald, 1999). According to these

models, IFN-γ-activated macrophages up-regulate

iNOS and produce higher levels of NO, which has

cytotoxic effects on the parasites (reviewed by

Oswald, 1999). However, although administration of

NOS inhibitors (Wynn et al. 1994; Coulson et al.

1998) or infection of iNOS-deficient mice (Coulson

et al. 1998; James et al. 1998) results in somewhat

lowered resistance, that decrease is only slight, and is

far less than would be expected if the NO pathway

played a dominant role in worm elimination.

Although the data presented here do not speak

directly to the role of host NO in schistosome

infections, the fact that schistosomes themselves

appear to be using NO as a signalling molecule adds

another complicating factor to this issue. Analysis of

the schistosome targets of NO action, as well as a

more complete biochemical and molecular charac-

terization of schistosome NOS isoforms, may help

resolve some of these questions.
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