Immunology 2000 99 153-161

The gills are an important site of iINOS expression in rainbow trout Oncorhynchus
mykiss after challenge with the Gram-positive pathogen Renibacterium
salmoninarum
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SUMMARY

Following injection challenge of rainbow trout with the Gram-positive pathogen Renibacterium
salmoninarum, serum nitrate levels increased indicative of NO production. The timing and amount
of nitrate produced varied with the virulence of the bacterial strain used, with the highest levels seen
in fish challenged with the most virulent (autoaggregating) strain. Immunization with a killed R.
salmoninarum preparation in Freund’s incomplete adjuvant significantly increased nitrate levels
after challenge. Inducible nitric oxide synthase (iNOS) transcript expression was detectable in
rainbow trout tissues after injection challenge with R. sa/moninarum, and its induction in the gills
was both quick (between 3 and 6 hr) and relatively prolonged (lasting several days). iNOS
expression in the kidney was also seen at a later stage (24 hr) but appeared to switch off relatively
rapidly. Bath challenge with R. salmoninarum also induced iNOS expression in gill, and a variable
expression in the gut and kidney also occurred. These results highlight the importance of the gills,
not only as a point of entry of pathogens but also as a tissue capable of mounting an immune

response.

INTRODUCTION

The production of nitrogen radicals is a well known
antimicrobial mechanism in mammalian macrophages. In this
pathway L-arginine is used to produce nitric oxide (NO) and L-
citrulline by the action of nitric oxide synthase (NOS). NO is
subsequently converted to nitrite and nitrate non-enzymatically
in the presence of an aerobic aqueous environment.' In
mammals, three isoforms of NOS have been identified. Two of
these are constitutively expressed, mainly in the brain (nNOS)
and endothelial cells (eNOS). These isoforms are Ca>*/calmo-
dulin dependent, allowing a very quick and low level response.
The third isoform is inducible (iNOS), and is mainly present in
macrophages but may also be found in hepatocytes, chon-
drocytes, retinal epithelial cells and osteoblasts. This isoform is
Ca**/calmodulin independent and requires the stimulus of an
inducing agent to be expressed. In contrast to nNOS and
eNOS, this cytokine-induced isoform is slower to act (because
gene expression must be ‘turned on’) but leads to a high
concentration of NO.? Human iNOS is 1153 amino acids in
length and is the shortest of the three isoforms (c. approx. 1430
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amino acids for nNOS and 1200 amino acids for eNOS). All
three isoforms share consensus binding sites for cofactors such
as nicotinamide adenine dinucleotide phosphate (NADPH),
flavine adenine dinucleotide (FAD), flavine mononucleotide
(FMN) and calmodulin (CaM),** which make them very
similar to cytochrome P-450 reductase. iNOS is unique in
lacking a stretch of 40 amino acids between the CaM and FMN
binding sites present in the other two isoforms.

NOS activity has been described in many organisms
ranging from single-celled slime mould® to humans.® This
suggests that the r-arginine/NO pathway developed early in
evolution and underlines the importance of NO production in
the biology of these organisms. In fish, the presence of NOS has
been shown in nervous tissues of species as diverse as lamprey
(Lampetra planeri), lungfish (Neoceratodus forsteri and Proto-
pterus dolloi), carp (Carassius carassius), channel catfish
(Ictalurus punctatus), Atlantic salmon (Salmo salar), roach
(Rutilus rutilus) and jeju (Hoplerythrinus unitaeniatus).” "> The
activity of an inducible NOS has been shown in channel catfish
(Ictalurus punctatus) leucocytes from fish challenged with
Edwardsiella ictaluri'® and in a goldfish macrophage cell line
after stimulation with LPS.!”'® The iNOS gene has been
partially sequenced in several species.’®?! In vivo, iNOS
expression has been detected by reverse transcription—poly-
merase chain reaction (RT-PCR) in kidney macrophages and
gills of rainbow trout challenged with an attenuated strain of
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the Gram-negative pathogen Aeromonas salmonicida.®**' In

the present study, the ability of a Gram-positive intracellular
fish pathogen Renibacterium salmoninarum (the causative agent
of bacterial kidney disease (BKD) in salmonid fish) to stimulate
NO production in vivo and in vitro has been studied using a
variety of autoaggregating and non-autoaggregating strains.
Among R. salmoninarum strains, autoaggregation is known to
be correlated with virulence.?? In mammals, NO production by
macrophages can be up-regulated by cytokines, e.g. interferon-
v.22* Antigen-primed T lymphocytes in fish are known to
produce a macrophage-activating factor on exposure to specific
antigen in vitro.”> Experiments were therefore performed to
investigate if NO production in response to injection of
R. salmoninarum was enhanced by prior immunization of
rainbow trout with an R. salmoninarum bacterin. In addition,
RT-PCR was used to detect the expression of iNOS in different
tissues of rainbow trout at different times after challenge with
the BKD bacterium. The results show that fish infected with a
virulent strain produced the highest levels of NO, that this
response was enhanced in immunized fish and that iNOS
expression could be detected in the gill and kidney. The
possible role of NO in the clearance of this pathogen during the
early stages of infection is discussed.

MATERIALS AND METHODS

Fish

Rainbow trout (Oncorhynchus mykiss), weighing 400-700 g,
were obtained from local fish farms free of BKD and
maintained in fibreglass tanks in a closed, recirculating
freshwater system at 16° for at least 2 weeks prior to
use. They were fed commercial trout pellets (EWOS Ltd,
Livingston, UK) twice daily.

Bacteria

Renibacterium salmoninarum MT 426, MT 405 and MT 251
(non-autoaggregating) and MT 1729 (autoaggregating) were
obtained from the Marine Laboratory (Aberdeen, UK) culture
collection and grown on Mueller—Hinton agar at 16° for 2-4
weeks. Strain MT 426 was formerly considered virulent?® but
had lost its virulence relative to MT 1729 in challenge
experiments®’ presumably from routine subculturing. For the
challenge, the bacteria were scraped off the agar and suspended
in 0-15wm phosphate-buffered saline pH 7-2 (PBS). For
immunization purposes, strain MT 426 was heat-killed by
autoclaving at 115° for 20 min and was subsequently
suspended in PBS at a concentration of 1x 10® cells/ml or
1 x 107 cells/ml.

Immunization

Fish anaesthetized in 25 pug ethyl-4-aminobenzoate (Benzo-
caine, BDH, Poole, UK)/ml water, were injected intraperito-
neally (i.p.) with 100 ul of the above killed bacterial
suspensions (i.e. 107 or 10® cells per fish) as used in previous
studies,?®?° alone or mixed with an equal volume of Freund’s
incomplete adjuvant (FIA). Additionally, groups of fish were
injected with FIA or PBS. Four weeks after immunization, 10
fish per group were injection challenged as described below and
serum nitrite/nitrate responses compared with unchallenged,
control fish.

Challenge

For challenge by injection, rainbow trout were moved to tanks
where the water was supplied from the recirculating freshwater
system but where the outflow went to waste after hypochlorite
treatment. After being anaesthetized as above, fish were
injected i.p. with the different bacterial strains at 1 x 10 live
bacteria/fish. Lower challenge doses are known to result in a
high infection rate but no mortalities.’*® Immunized fish were
challenged with strain MT 426 only. Control fish were injected
with PBS at the time of challenge. At different times after the
injection (3 hr to 5 days), fish were anaesthetized and blood
extracted (0-5 ml) from the caudal vein. The blood was allowed
to clot, centrifuged and serum collected. Serum samples were
stored at —20° until the end of the experiment. The fish were
also dissected and tissue samples collected.

For the bath challenge, fish were placed overnight in tanks
containing 100 1 of static, aerated water. The following day,
live bacteria of strain M 426 were added to the water to give a
final concentration of 6 x 10° cells/ml, a standard immersion
challenge concentration used for many fish bacterial patho-
gens.>! Fish were left in the bacterial suspension for 24 hr and
then killed and tissues removed for RNA extraction, as
described below.

Isolation of rainbow trout macrophages

Macrophages were isolated from rainbow trout head kidney as
described by Secombes,*? 24 hr after the fish were challenged
by injection. Briefly, under aseptic conditions, the head kidney
was removed, pushed through a 100-um nylon mesh and
suspended in Leibovitz L-15 medium (L15, Gibco, Paisley,
UK) supplemented with 2% fetal calf serum (FCS, Gibco),
100 pg penicillin/ml, 100 pg streptomycin/ml (P/S, Gibco) and
10 units heparin/ml (Sigma, Poole, UK). The suspensions were
then loaded onto a 51/34% discontinuous Percoll density
gradient and centrifuged at 400 g for 35 min. The band of cells
at the interface of the Percoll gradient was collected, counted in
a haemocytometer, adjusted to 1 x 107 cells/ml L15, 5% FCS,
P/S, and plated in 96-well plates (Nunc, Paisley, UK) at
100 pl/well. After 24 hr, non-adherent cells were removed by
washing the cultures twice with Hank’s balanced salt solution
(HBSS, Gibco) before extraction of RNA.

Nitritelnitrate measurement

Serum nitrate was assayed using the nitrate reductase
method.** Serum diluted 1 : 20 in PBS was plated into 96-well
plates (Greiner, Stonehouse, UK), at 100 ul per well. Three ul
nitrate reductase mix (containing 1-5 ug nitrate reductase/ml,
3:3 mg NADPH/ml and 0-13 mg flavine adenine dinucleoti-
de/ml distilled water) were added to each well and incubated at
27° for 1 hr. Because the presence of NADPH interferes with
the nitrite determination, it was subsequently oxidized by
adding 1-5 pl of 25 mg r-lactic dehydrogenase (type I)/ml and
10 pl 100 mm sodium pyruvate and incubated at 37° for 1 hr.
At the end of these reactions, nitrate is reduced to nitrite, which
was measured using the Griess reagent (1% sulphanila-
mide/0-1% naphthylethylene diamine dihydrochloride/2-5%
H3PO,). After addition of 100 pul Griess reagent per well the
absorbance was read in a microplate reader at 550 nm, using
serial dilutions of sodium nitrate treated as above as standards.
The data were analysed by one and two way ANOvA as
appropriate.

© 2000 Blackwell Science Ltd, Immunology, 99, 153-161



iNOS expression in trout challenged with R. salmoninarum 155

RNA extraction

Total RNA was isolated from a variety of freshly excised
tissues (blood, gill, gut, kidney, liver and spleen) or macro-
phages using RNAzol B (RNA isolation solvent, Biogenesis).
Samples of tissues weighing 200-300 mg were sonicated in
RNAzol B for approximately 5 min in an ice bath and mixed
with 1/10th volume of chloroform. The suspension was then
centrifuged at 15 000 g for 15 min, to allow separation into two
phases. The clear upper phase containing the RNA was
aspirated and placed in a fresh tube. An equal volume of
isopropanol was then added followed by centrifugation at
15 000 g for 15 min. The pellet was washed in 75% ethanol,
dried, redissolved in diethylpyrocarbonate-treated water and
stored at —70°.

Reverse transcription

Reverse transcription to cDNA was carried out as described by
Laing et al.®® Briefly, 10 pg RNA were incubated with 2 pl
oligo (DT) 12-18 (500 pg/ml) for 10 min. Then, 8 ul 5x first
strand buffer; 4 pul 0-1 m dithiothreitol (DTT); 2 ul 10 mm
dinucleoside triphosphate (ANTP) mix (10 mm each diadeno-
sine triphosphate (dATP), diguanosine triphosphate (dGTP),
dicytosine triphosphate (dCTP) and dithymidine triphosphate
(dTTP) at neutral pH) (all from Gibco) were added, mixed and
incubated for 2 min at 42°. After this incubation period, 2 ul
Superscript 11 reverse transcriptase (Gibco) was added and the
mixture incubated at 42° for 50 min. The reaction was
terminated by heating to 70° for 15 min. The resulting cDNA
was stored at 4°.

PCR
To detect iNOS message in rainbow trout by RT-PCR it is
necessary to perform a nested PCR.?! For the first round of
PCR, the primers used to amplify the cDNA were NOS M
(forward) (5-GTTGGTACATGGGCACTGA-3") and NOS N
(reverse) (5-CACCTACTTCCTGGACATTAC-3). NOS P
(forward) (5-CTTCAACTCCAGGTTGCTCTG-3") and NOS
Q (reverse) (5-GTTCTGACACCTTCCGAGTGA-3') were
used for the second round of PCR. All primers were used at
10 pm/ml and were purchased from Genosys (Pampisford,
UK). Amplification was performed in 25 pl reactions contain-
ing 2 ul dANTP, 0-25 ul Taq DNA polymerase (5 p/ul; Bioline,
London, UK), 1 ul Taq buffer (50 mm; Bioline) containing
MgCl,, 2-5 ul 10 x reaction buffer (Bioline) and 1 pul cDNA (or
reaction mix from the first round of PCR). The cycling protocol
was as given in Table 1.

Primers for B-actin were used as a positive control for PCR,
since the gene encoding B-actin is highly conserved and
expressed constitutively in all tissues. The primers were: actin

Table 1. Cycling protocol

Temperature Time No. of cycles
(O (min)

94 5 1

94 1 35

60 1 35

72 1 35

72 10 1

© 2000 Blackwell Science Ltd, Immunology, 99, 153-161

forward (5-ATCGTGGGCGCCCCAGGCACC-3") and
reverse (5-CTCCTTAATGTCACGCACGATTTC-3’). Reac-
tions were prepared as described above but only one round of
PCR was required. PCR products were visualized on a 1%
agarose gel stained with ethidium bromide, using an ultraviolet
gel imaging system (UVP). A 100-bp ladder was used as a size
marker. On one occasion the products were also cloned using a
TOPO cloning kit (Invitrogen, Leek, the Netherlands), plasmid
DNA extracted using a plasmid miniprep kit (Qiagen, Crawley,
UK) and sequenced using an ABI 377 Automated Sequencer
(Applied Biosystems, Warrington, UK) to confirm the correct
gene was being amplified.

RESULTS

Nitrite/nitrate levels in serum of rainbow trout after injection
challenge with R. salmoninarum

Non-autoaggregating R. salmoninarum strains elicited a
significantly (P <0-05) higher response compared to controls
at day 4, the first sampling time after challenge (Fig. 1). Fish
injected with strains MT 405 and MT 251 also showed
significantly (P <0-05) increased nitrate levels at day 12. The
autoaggregating strain did not elicit a significant increase in
nitrate levels above the control until day 8 (P<0-001).
However, after this time the nitrate levels continued to increase
until day 21, the last sampling time before most of the fish in
this group died. The nitrate levels in the other groups were the
same as the control values from day 16 to the end of the
experiment at day 34. In a further experiment designed to
define more precisely the early period when nitrate levels were
increased postchallenge, fish were sampled every second day. It
was found that following injection with strain MT 426,
significant increases (P <0-05) were apparent by day 2 and
remained elevated at day 4 and day 6.

Nitrite/nitrate levels in serum of immunized rainbow trout
following challenge with R. salmoninarum

Fish injected with killed bacteria at two different doses
1 month prior to challenge gave similar results to each other
(Fig. 2). At day 4 post-challenge, the typical increase in nitrate
levels relative to unchallenged fish was observed (although not
significantly in the fish previously immunized with killed
bacteria in PBS). However, fish immunized with killed bacteria
in FIA had significantly increased (P <0-05) nitrate levels
relative to the other challenged groups, and this was
particularly apparent in fish immunized with the higher
bacterial dose (Fig. 2b). At later times (up to day 32)
immunized fish showed no significant increases compared with
controls (data not shown).

iNOS expression in different tissues of rainbow trout after
injection challenge with R. salmoninarum

A range of tissues were sampled 24 hr after injection with R.
salmoninarum to examine the sites of iNOS expression, and
included blood, gills, gut, kidney, liver and spleen. Only gill and
kidney cDNA gave a correct sized (749 bp) product with the
iNOS primers (Fig. 3), demonstrating the expression of the
iNOS gene. The products were sequenced and confirmed to be
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Figure 1. Effect of R. salmoninarum challenge on serum nitrate levels in rainbow trout. Fish were injected intraperitoneally with PBS
(control) or with one of four strains of R. salmoninarum at 1 x 10° bacteria/fish. Bars represent the mean + SE of 10 fish. *P <0-05;

**P<0-001.

trout iNOS. The B-actin positive controls gave correct sized
products (541 bp) in all the tissues used, confirming the
presence of an intact cDNA template. Subsequent experiments
showed 24 hr was optimal for maximal expression (see below)
and so other time points were not studied for all tissues.
Control fish that were anaesthetized and injected with saline
did not show iNOS expression in gills or kidney 24 hr later.

Kinetics of iNOS expression in gills and kidney after injection
challenge with R. salmoninarum

Three hours after injection challenge, no iNOS expression was
detected in either the gills or kidney (Fig. 4a). At 6 hr and
12 hr, a clear iNOS band was present in gill tissue samples of all
three fish. In addition, one fish showed a faint band in kidney
samples (Fig. 4b, c). One day after challenge, both kidney and
gill were consistently positive for iNOS expression (Fig. 5a).
However, after this time iNOS appeared to be switched off in
kidney tissue such that at 3 days post-challenge only one fish
showed a faint band (Fig. 5b) and at 5 days post-injection no
iNOS expression was detectable in the kidney (Fig. 5c). At both
time points iNOS was positive in the gills and B-actin controls
were positive in both tissues.

iNOS expression in head kidney macrophages after injection
challenge with R. salmoninarum

Head kidney macrophages were isolated from fish 24 hr after
injection challenge with R. salmoninarum and were cultured
overnight before RNA extraction to ensure good purity of the
cells. The samples were negative for iNOS in RT-PCR
although the B-actin bands were clearly seen (data not shown),
demonstrating that the cDNA template was intact and PCR
conditions were adequate.

iNOS expression in tissues after immersion challenge with
R. salmoninarum

Kidney, gill and gut were investigated for iNOS expression
24 hr after bath challenge. A total of six fish were analysed in
this experiment and variation between individuals was
apparent. In all fish examined iNOS expression was detectable
in the gill (Fig. 6). In four of six fish examined iNOS expression
was detectable in the kidney after immersion challenge and in
half of the fish the gut samples were also positive. Products
corresponding to B-actin (positive controls) were visualized for
all the tissue samples.

DISCUSSION

In mammals, cells from different tissues are known to produce
NO in response to stimulation by pathogens or their products,
and this is suggested to be an important antimicrobial
mechanism.? In fish, recent sequence evidence has demon-
strated the presence of iNOS at this level of phylogeny. The
partial rainbow trout and goldfish iNOS sequences®®?' show
about 70% homology with mammalian iNOS and 85%
homology to each other. The regions corresponding to several
iNOS cofactor-binding domains were sequenced and shown to
be highly conserved. This sequence information has allowed the
present study to be performed, where RT-PCR has been used
to examine the kinetics and sites of iNOS expression in rainbow
trout following challenge with the Gram-positive salmonid
pathogen R. salmoninarum. Because iNOS expression is
controlled primarily at the transcriptional rather than post-
transcriptional level,>* RT-PCR should be a reliable method to
detect whether NO production has been switched on by
targeting the expression of mRNA for the enzyme that
regulates its release.

© 2000 Blackwell Science Ltd, Immunology, 99, 153-161
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Figure 2. Effect of R. salmoninarum challenge (1 x 108 bacteria/fish of
strain MT 426) on serum nitrate levels in rainbow trout immunized
4 weeks earlier with PBS or killed R. salmoninarum preparations at (a)
1x 107 bacteria/fish or (b) 1x10% bacteria/fish, with or without
Freund’s incomplete adjuvant (FIA). All groups were injected i.p.
with the live bacteria except for the control fish which were injected
with PBS. Bars represent the mean+SE of 10 fish. *P <0-05.

After i.p. injection of R. salmoninarum, iNOS expression
was detected only in the gill and head kidney. These trout
tissues were previously shown to express iNOS 48 hr after
injection challenge with an attenuated (AaroA) strain of the
Gram-negative bacterium Aeromonas salmonicida but not in
unchallenged fish.?' Interestingly, in the present study blood
leucocytes did not show iNOS expression, eliminating the
possibility that the signal originated from contaminating blood
cells and indicating that the gill contains cell types important in
mounting this immune reaction. Nevertheless, injected R.
salmoninarum may be taken up by circulating phagocytes that
subsequently concentrate in lymphoid tissues such as the gill
and kidney. Indeed, tissues such as kidney and spleen are
known to have a role in the trapping and processing of blood-
borne compounds in teleost fish,>* and macrophages associated
with venous sinusoids in the kidney are known to trap bacteria
introduced into the blood.>® Thus, it is surprising that the
spleen was negative for iNOS expression in the present study.
However, in rainbow trout injected with R. salmoninarum the
kidney showed signs of infection before the spleen,’” so the

© 2000 Blackwell Science Ltd, Immunology, 99, 153-161
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Figure 3. Detection of iNOS (a) and B-actin (b) expression in various
tissues of rainbow trout 24 hr after i.p. challenge with R. salmoninarum
(strain MT 426). Lanes: 1, blood; 2, gill; 3, gut; 4, head kidney; 5, liver;
6, spleen. Data are for one fish and are representative of the three fish
analysed.

possibility of iNOS expression in spleen at a later time cannot
be ruled out.

The present results show that there is a relatively quick
induction of iNOS expression in gills, between 3 and 6 hr post-
injection with R. salmoninarum. Sasaki er al.*® detected
expression of iNOS mRNA in spleen and kidney of mice 3 hr
after intravenous infection with Staphylococcus aureus. Lamar-
que et al.¥ showed iNOS activity in the duodenum and
duodenal cells of rats 4 hr after administration of an extract of
Helicobacter pylori. Why iNOS expression in gills occurs faster
than in kidney is not clear. It may be that bacteria-containing
phagocytes or extracellular bacteria in the blood travel faster to
a well vascularized tissue such as the gills. Another possibility is
that, because of their exposed location, the gills are better
equipped to deal with invading pathogens and possess more
responsive cells, which is supported by the fact that the response
in gills lasted longer than in kidney. Moore et al.** have shown
that gill tissues are able to take up latex microspheres from the
environment and retain them for as long as 24 days after
exposure, primarily within epithelial cells and underlying
phagocytes, demonstrating their important role in local
immunity. On the other hand, whilst expression of iNOS in
the kidney is slower to appear than in the gill, it is possible that
once induced the infection is controlled more quickly allowing
rapid down-regulation of iNOS transcription. These experi-
ments were performed with an avirulent strain of R. salmoni-
narum which may not have survived in vivo for many days.

Bath challenge was also effective at inducing iNOS mRNA
expression in the tissues sampled. R. salmoninarum is known to
infect salmonids via contaminated food,*' cohabitation with
infected fish*? and via the fecal-oral route,*® so this route may
be more representative of a natural challenge. The way the
bacterium crosses the epithelial layer is unknown but the
bacterium seems capable of promoting its intake by non-
professional phagocytic cells**** and infections can be
established by bath challenge.** The present results show
strong and consistent iNOS expression in the gill 24 hr
following immersion exposure. The individual differences seen
in expression in gut and kidney after bath challenge may reflect
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Figure 4. Time course of iNOS mRNA expression in gill and head kidney of three rainbow trout after i.p. challenge with R.
salmoninarum (strain MT 426). Lanes 1, 5 and 9, iNOS transcript in gill; lanes 2, 6 and 10, iNOS transcript in head kidney; lanes 3, 7
and 11, B-actin transcript in gill; lanes 4, 8 and 12, B-actin transcript in head kidney. (a) 3 hr after i.p. challenge; (b) 6 hr after i.p.
challenge; (c) 12 hr after i.p. challenge.

individual susceptibility to invasion by R. salmoninarum infection.*” On the other hand, an in vitro study of gill tissue*®
because of genetic factors or past history. showed that infection with R. salmoninarum produced an
An ultrastructural study of kidney of rainbow trout increased number of monocytes/macrophages and eosinophilic
challenged with R. salmoninarum has shown that the bacterium granular cells. This suggests that cell differentiation occurs in
is taken up by a range of cells (sinusoidal cells, macrophages, gill, probably mediated by cytokines, and underlines the
reticular and barrier cells) that may act as reservoirs of the importance of the gill in the process of mounting immune
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Figure 5. Time course of iNOS mRNA expression in gill and head kidney of three rainbow trout after i.p. challenge with R.
salmoninarum (strain MT 426). Lanes 1, 5 and 9, iNOS transcript in gill; lanes 2, 6 and 10, iNOS transcript in head kidney; lanes 3, 7
and 11, B-actin transcript in gill; lanes 4, 8 and 12, B-actin transcript in head kidney. (a) One day after i.p. challenge; (b) 3 days after
i.p. challenge; (c) 5 days after i.p. challenge.
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Figure 6. iNOS expression in tissues of three rainbow trout (out of six analysed) 24 hr after immersion challenge with R.
salmoninarum (strain MT 426). Lanes 1, 7 and 13, iNOS transcript in gill; lanes 2, 8 and 14, iNOS transcript in gut; lanes 3, 9 and 15,
iNOS transcript in head kidney. Lanes 4, 10 and 16, B-actin transcript in gill; lanes 5, 11 and 17, B-actin transcript in gut; lanes 6, 12

and 18, B-actin transcript in head kidney.

reactions. Invading pathogens may be taken to these tissues,
physically contained there by leucocytes and leucocyte-like cells
as they mount a response, involving the release of reactive
oxygen and nitrogen species and maybe antibodies.*”*®
Physical containment has been suggested as a strategy to kill
invading pathogens while reducing tissue damage to a
minimum.*’

Isolated head kidney macrophages from challenged trout
did not express iNOS in contrast to results with a goldfish
macrophage cell line which can be stimulated to express iNOS
and produce NO.!>? More recently, Wiegertjes er al™
reported NO production in vitro by carp macrophages
stimulated with LPS and with the parasite Trypanoplasma
borreli. As the trout cells were cultured for 24 hr before use, in
order to obtain high purity cultures, it is possible that essential
factors (cytokines?) required for iNOS expression were lacking
and resulted in a rapid down-regulation of expression. Indeed,
kidney total leucocyte suspensions cultured in parallel during
this period also lost detectable iNOS expression by 24 hr
(unpublished observation).

In addition to iNOS expression, an increase in serum nitrate
levels relative to control samples was detected in rainbow
trout after injection with R. salmoninarum and supports the
contention that a functional iNOS enzyme was induced.
Control serum levels were high relative to mammals,
presumably reflecting differences in nitrogen metabolism,
where fish produce ammonia as the main end-product which
is excreted across the gills. In chinook salmon naturally
infected (clinically evident) with R. salmoninarum an increase in
iNOS activity (citrulline formation) in the head kidney has also
been reported, compared to clinically normal fish.'® In the
present work, the fact that the avirulent strains elicited
increased nitrate levels relatively early post-challenge and that
no mortalities were seen, suggest that this small but significant
production may be sufficient to control the disease at this stage.
This early production could be increased by prior immuniza-
tion of fish with killed bacteria in FIA, suggesting that immune
responses can up-regulate pathways involved in NO produc-
tion as seen in mammals with cytokines released from antigen
stimulated T cells.’ NO release in vivo has been shown to
correlate well with clearance of pathogens in mammals, as seen
with  Staphylococcus —aureus,®  Leishmania amazonensis,>
Listeria monocytogenes™ and Trypanosoma cruzi.>* In contrast,
the virulent strain did not elevate nitrate levels until 8 days
after challenge. One explanation for this could be the presence
in the bacterial capsule of an inhibiting factor, as with
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Leishmania which possesses phospholipids that prevent NO
synthesis.> Indeed, a soluble extracellular protein produced by
R. salmoninarum is known to inhibit the respiratory burst of
trout phagocytes.’® Another explanation may be the rapid
escape of virulent bacteria from phagosomes into the
cytoplasm, and their release a few days later, when they may
spread throughout the host tissues.”” The slow growth of strain
MT 1729 could also be a factor, particularly if NO release is
stimulated by a product of live, metabolizing bacteria. Despite
the highest serum nitrate levels being induced by MT 1729,
most fish died, suggesting that this virulent strain is resistant to
NO or ultimately, that NO contributes towards the success of
the pathogen. Precedents for this exist in the mammalian
literature, as reported by Doi et al.® who showed that the
intracellular pathogen Mycobacterium intracellulare induced
the release of NO by macrophages in vitro but is resistant to its
effects. Moreover, the NO so produced inhibited phagocytosis,
favouring the extracellular spread of the bacteria.

In conclusion, these results demonstrate that nitrate levels
increase in rainbow trout during infection with the Gram-
positive pathogen R. salmoninarum, indicative of NO produc-
tion, although the timing and amount of nitrate produced
varies with the virulence of the strain used. iNOS expression is
detectable in rainbow trout tissues after injection and bath
challenge with R. salmoninarum, and its induction in the gills is
both quick and relatively prolonged. These results highlight the
importance of the gills, not only as a point of entry of
pathogens but also as a tissue capable of mounting an immune
response.
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