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ABSTRACT: Infectious salmon anaemia (ISA) is a viral disease which targets the vascular and endocardial endothelial cells. An in vitro preparation of the spontaneously beating working heart of Salmo
salar L. (i.e. able to generate physiological values of output pressure, cardiac output, ventricle work
and power) was used to study cardiac performance under basal (i.e. in the absence of stimuli) and
loading (i.e. Frank-Starling response) conditions in both control and ISAV-affected fish. In contrast to
control fish, the heart preparations of the infected counterparts showed an impairment of the FrankStarling response, particularly evident in fish infected with a higher virus dose. The Frank-Starling
response was progressively impaired with the progression of the viral disease from the time of the
virus administration until the 20th day. The potential involvement of nitric oxide (NO) in cardiac dysfunction was investigated by using the authentic nitric oxide synthase (NOS) substrate L-arginine and
the NOS inhibitors L-NMMA and L-NIL. In contrast to control fish, infected hearts were particularly
sensitive to the inducible nitric oxide synthase (iNOS) inhibitor L-NIL and insensitive to L-arginine.
While pretreatment with NOS inhibitors reduced the Frank-Starling response in control hearts, it
restored this response in infected counterparts. Taken together, the results indicate that cardiac
dysfunction and the NO-transduction-pathway can be mechanistically linked in infected salmon.
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INTRODUCTION
Infectious salmon anaemia (ISA) is a viral disease
and was first diagnosed in farmed Atlantic salmon,
Salmo salar L., in Norway (Thorud & Djupvik 1988);
later it was shown that the virus could replicate in trout
(Salmo trutta and Onchorhynchus mykiss) (Nylund et
al. 1994, 1995, 1997, Nylund & Jakobsen 1995, Rolland
& Nylund 1998, Snow et al. 2001) and char (Snow et al.
2001). ISA has also been reported from farmed Atlantic
salmon in Scotland, Canada, the Faroe Islands and the
USA (Mullins et al. 1998, Rodger et al. 1998, Bouchard
et al. 2001). The viral agent is an enveloped, negative-
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stranded, RNA virus closely resembling orthomyxoviruses (Falk et al. 1997, Koren & Nylund 1997, Mjaaland et al. 1997, Krøssoy et al. 1999). ISA is characterised by several haematological abnormalities
including severe anaemia, ascites, congestion and
enlargement of the liver and spleen, congestion in the
intestinal mucosa, petechiae in the visceral fat, and
high mortality (Koren & Nylund 1997). However, the
ISA virus may also be present without causing any
mortality in salmon (Nylund pers.obs.) or may cause a
different pathology (Jones et al. 1999).
Vascular endothelial (Ev) and endocardial endothelium (EE) cells, lining the inner wall of the blood vessels and the luminal wall of the cardiac chambers,
respectively, are target cells for the ISA virus (Nylund
et al. 1995). However, budding of intact virus particles
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from polymorphonuclear leukocytes shows that these
cells may also be target cells (Nylund et al. 1995). In
these cell types, which are metabolically active and
capable of phagocytosis, the ISA virus is able to replicate. Indeed, from these cells the virus particles can
frequently be observed budding in the lumen of the
heart and the blood vessels (Nylund et al. 1995, 1996).
The autocrine-paracrine function of the Ev and EE,
which involves the synthesis and release of nitric
oxide (NO), in addition to endothelin, prostacyclin
and other autacoids, is well recognised. In particular,
Ev and EE, in addition to cardiomyocytes, blood
platelets, and other cell types, represent the predominant source of one of the 3 NOS isoforms, the
‘endothelial’ NOS (eNOS), so named as it is isolated,
purified and cloned from the vascular endothelium
(see e.g. Andries et al. 1998, Busse & Fleming 2000).
The expression and the activity of this isoform, with
the consequent production of NO, plays a major role
in controlling various functions of the peripheral vasculature (Busse & Fleming 2000) and the heart (Balligand 2000). After induction by inflammatory and
immunologic stimuli, including a diversity of infectious agents, the Ev and EE, like most cell types such
as macrophages, cardiac myocytes, vascular smooth
muscle cells, glial cells (to name only a few), express
also another NOS isoform, the ‘inducible’ NOS (iNOS),
whose hallmark is the high-output path of NO production. The increased generation of NO has the
potential to cause tissue and organ damage through a
variety of mechanisms (see review by Vallance et al.
2000). In salmonids, the presence of the L-arginine/
NO pathway and iNOS activity have been demonstrated by biochemical, immunohistochemical and
immunoblotting evidence (Barroso et al. 2000), while
the iNOS transcript expression has been detected in
the gills after injection challenge with the Gram-positive pathogen Renibacterium salmoninarum (CamposPerez et al. 2000). In the in vitro working heart of
Anguilla anguilla, it has been shown that NO plays an
important role in the modulation of cardiac performance (Imbrogno et al. 2001).
Given the autocrine-paracrine role of the endothelium, the question arises as to whether Ev and EE cellshutdown caused by the ISA virus (Nylund et al. 1995)
may affect cardiac function in infected salmon. In this
connection, an important aspect is related to the physiological and pathophysiological roles of NO in the
regulation of cardiac performance. In fact, depressed
myocardial performance, documented in mammals
during sepsis or exposure to bacterial or viral agents
(Parrillo 1993), has been related specifically to the
actions of cytokines and the concomitant release of
higher amounts of NO (Finkel et al. 1992, Nathan
1997).

In this study we used an in vitro working-heart
preparation, generating physiological values of output
pressure, cardiac output, and ventricle work and power,
to analyse basal cardiac performance (constant preload and afterload) and preload-induced rises in cardiac output at constant afterload (i.e. Frank-Starling
response) in Atlantic salmon affected by ISAV. We
used small fish in which the compact ventricular layer
and the coronary vasculature are poorly developed so
that cardiac function could be assessed without the
variable influences of coronary circulation and the
confounding paracrine effects of the vascular endothelium. We found that in comparison with control individuals, the cardiac function was impaired in infected
salmon and we characterised the chronology of this
impairment from the time of virus administration to the
time of appearance of the typical pathological features
at the peak of the disease. The involvement of NO was
investigated by using the authentic NO donor L-arginine and the NOS inhibitors L-NMMA and L-NIL. The
results were consistent with the hypothesis that, in
infected fish, cardiac dysfunction is related to an early
impairment of the NO-signalling pathway.

MATERIALS AND METHODS
Animals. The study was conducted on 144 specimens of Salmo salar (n = 40 from the control group and
n = 104 from the infected group, weight 118.17 ± 2.88 g,
length 21.57 ± 0.2 cm, mean ± SEM) supplied by a
hatchery (with no history of disease) close to Bergen,
Norway. The fish were kept in tanks with circulating
sea water at 10°C at the Department of Fisheries and
Marine Biology (HIB), University of Bergen (Norway).
Experiments were carried out at 10 ± 2°C.
Isolated and perfused working-heart preparation.
The salmon were killed by a sharp blow to the head
followed by spinectomy, and were opened ventrally
behind the pectoral fins. The heart was removed without the pericardium and placed in a dish of saline for
cannulation. Two cannulae were inserted, one in the
ventral aorta (output) and the other in the sinus venosus (input). Isolation time was 15 to 20 min. The cannulated heart was transferred to a perfusion chamber
filled with saline and connected with a perfusion apparatus as described by Tota et al. (1991). The heart
received saline from an input reservoir and pumped
against an afterload pressure dictated by the height of
an output reservoir. The mean input pressure (preload)
was regulated in order to obtain a physiological cardiac output by varying the height of the input reservoir.
The saline composition in mmol l–1 was: 110 NaCl;
4.8 KCl; 1.5 CaCl2 · 2H2O; 15 NaHCO3; 2.5 NaH2PO4 ·
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H2O; 1.25 MgSO4 · 7H2O; 5.55 glucose · H2O; pH was
adjusted to 7.5–7.65 by adding NaOH (1N). The saline
was equilibrated with 95% O2 and 5% CO2 (Sverdrup
& Helle 1994).
Measurements and calculations. Pressure was measured through T-tubes placed immediately before the
input cannula and after the output cannula, using one
MP-20D pressure transducer (Micron Instruments),
and was connected to a Unirecord 7050 (Ugo Basile).
Pressure measurements are expressed in cm H2O and
have been corrected for cannula resistance. The heart
rate was calculated from pressure recording curves.
The cardiac output was collected over 1 min and
weighed; values were corrected for fluid density and
expressed as volume measurements. The afterload
(mean aortic pressure) was calculated as two-thirds
diastolic pressure plus one-third maximum pressure.
Stroke volume, SV (= cardiac output/heart rate) was
used as a measure of ventricular performance, and
recorded in ml kg–1; changes in stroke volume were
considered inotropic effects. Cardiac output and
stroke volume were normalized per kilogramme of
wet body weight. Ventricular stroke work, SW (=
afterload-preload ¥ stroke volume/ventricle weight)
served as an index of systolic functionality, and was
measured in mJ g–1.
Experimental protocols. Virus doses, feeding, basal
conditions and cardiac analyses were as follows:
Challenge protocol and virus doses: The ISA virus
used in the challenge was collected from infected
Atlantic salmon Salmo salar in fish farms outside
Bergen. The blood was stored at –80°C before it was
sonicated and sterile-filtered (0.2 µm). The filtrate was
diluted in Hanks’ balanced salt solution (HBSS;
Nylund et al. 1995). Two different dilutions of the filtrate: 1:1 (‘higher’ dose) and 1:3 (‘lower’ dose) were
used to challenge 2 stocks of salmon. The virus titre
was 0.5 ¥ 106 for the 1:1 dilution and 0.25 ¥ 106 for the
1:3 dilution. The titration of ISA virus (ISAV) was performed as described by Falk et al. (1998). In the challenge experiments, each fish received an intraperitoneal injection of 0.2 ml virus solution, while each
control fish received an intraperitoneal injection of
0.2 ml HBSS. The different stocks were kept in separate tanks. Before injection, the fish were anaesthetized with metacain (MS222). For each control and
infected sample, measurements of weight and length
were made and for each infected fish clinical signs of
disease were noted. Haematocrit measurements, as an
index of progression of infection, were made in the
infected fish and compared with measurements of control fish.
Feeding status: The fish were fed 3 times a day ad
libitum, i.e. they were kept under normal feeding conditions. Except for those entering the terminal stage,
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we did not detect any weight differences between the
control fish and ISAV-infected salmon at any time
during the challenge experiments.
Fish groups: Three stocks of salmon were used for
the functional studies, i.e. 1 control group and 2 groups
of fish infected by the ’higher’ and ’lower’ virus dose,
respectively. The infected fish were analyzed on the
basis of the number of days after challenge in order to
determine the chronology of cardiac impairment.
Infected fish of both groups were examined from the
8th until the 23th day from the beginning of infection,
divided into 4 periods: I (Days 8 to 11), II (Days 12 to
15), III (Days 16 to 19) and IV (Days 20 to 23).
Basal conditions: Isolated perfused hearts were
allowed to equilibrate to conditions simulating an in
vivo resting state for up to 15 to 20 min. In all experiments the diastolic afterload-pressure was set at about
30 cm H2O and the input pressure was regulated to
obtain a cardiac output of about 15 to 20 ml min–1 kg–1
(wet body weight). The heart generated its own
rhythm. Cardiac output, heart rate and aortic pressure
were measured simultaneously during the experiments. Hearts that did not stabilise within 15 to 20 min
from the onset of perfusion were discarded.
Drug application: After the 15 to 20 min control
period, the treated hearts were perfused for 20 min
with saline enriched with isoproterenol, L-arginine,
NG-monomethyl-L-arginine (L-NMMA), L-N6-(1-iminoethyl)lysyne (L-NIL). Each heart was tested with 1 concentration of the drug.
Frank-Starling response in control and treated
hearts: These experiments were designed to analyse
the intrinsic mechanical characteristics of the heart
preparation in both control and infected fish. We determined the Frank-Starling response of the heart by
examining the effects of increasing filling pressure on
cardiac output (CO) and stroke volume (SV). To define
the maximum CO of the heart preparation, after the
stabilization period (15 to 20 min), starting from basal
conditions, filling pressure was increased until there
was no further discernible increase in CO. For each
filling pressure increase, the variables of cardiac performance were measured after 10 min perfusion with
saline. The range of preload used was from 1.05 ± 0.28
to 4.45 ± 0.14 cm H2O. Each increment was 0.5 cm
H2O. The output pressure was stable at 30 cm H2O.
In the treated hearts, after stabilisation and the perfusion with the NOS inhibitors, the filling pressure was
increased in accordance with the procedures used for
the Starling curves of the control group.
Statistics. The results are expressed as means (±SEM).
Each heart received only 1 concentration of the drug
being tested, under control conditions. Since each
heart represented its own control, the statistical significance of differences was assessed on parameter
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changes using a paired Student’s t-test (p < 0.05). Percent changes were evaluated as the mean ± SEM of the
percent changes observed in individual experiments.
Drugs and chemicals. All the solutions were prepared in double-distilled water; dilutions were made in
Ringer’s solution just before use. L-NMMA (NG-monomethyl-L-arginine), L-NIL (L-N6-(1-iminoethyl)lysyne),
L-arginine, L-lysine and isoproterenol were purchased
from Sigma Chemical Company.

RESULTS
Infected fish
Control and infected salmon were kept for about
30 d in separate tanks. In the challenged fish, the first
clinical signs occurred about 15 d after virus injection
and included darkening of the skin, abdominal distension, occasional exophthalmia and reduction of mobility. Weight loss was never observed in infected salmon.
When the first signs of the disease become evident,
the haematocrit values (independent of the virus dose
used) were about 10–15% in contrast to 35–40% in
control fish.
No differences in the cardiac weights between control and infected fish were observed. The ISA infection
did not alter the mass of heart/ventricle relative to
body mass.

Isolated working-heart preparations
The haemodynamic characteristics of the preparations were consistent with the mechanical performance of the salmonid heart (Graham & Farrell 1989).
Baseline cardiac parameters are listed in Table 1.
Preliminary time-course experiments indicated that
the performance of both control and infected hearts
was stable for more than 2 h (data not shown) and, on
the basis of this profile, all the following experiments
were carried out within this period.

The intrinsic mechanical characteristics of the heart
preparation were characterised on the basis of the
Frank-Starling response. Starling curves were generated in the range of loads used by changing the input
pressure. For the cardiac preparations from control
fish, the curves showed that with increasing preload, a
significant increase in cardiac output (CO) and stroke
volume (SV), an index of contractility, occurred (Fig. 1);
heart rate (HR) was independent of preload, so that the
increases in cardiac output reflected those of stroke
volume. Maximum cardiac output was 50 ± 6.55 ml
min–1 kg–1 body mass, and maximum stroke volume
was 0.69 ± 0.05 ml kg–1 body mass, obtained with an
input pressure of 4.14 ± 0.25 cm H2O. These results
were in agreement with the Starling response described in salmonids (Graham & Farrell 1989) and confirmed the general view that in the teleost heart, stroke
volume is very sensitive to filling pressures (Farrell &
Jones 1992).
In contrast to the control fish, the challenged heart
preparations were characterised by an impairment of
the Frank-Starling response; this was particularly dramatic in the preparations infected with the higher virus
dose. In addition, we observed that deterioration of the
Starling response increased with the progression of the
infection and increased virus dose. At the lower dose,
the preparations from control group and infected fish
of Periods I and II complied with the Frank-Starling
law (i.e. CO and SV increased significantly parallel to
increasing filling pressure); in Period III fish, a significant response was observed only in the first 3 increments of the preload; subsequent increases in filling
pressure had no significant effects on CO and SV. In
contrast, at the higher dose, starting from the second
period of infection, the hearts failed to respond to
increasing preload (Fig.1).
Treatment with the synthetic cathecolamine, isoproterenol, in a range of concentrations from 10– 8 M to
10– 6 M, induced an increase in heart rate (not significant) without a correspondent increase in cardiac output and peak pressure (pulse) in control fish. In the
challenged fish (at the higher dose of virus), a signifi-

Table 1. Salmo salar. Performance parameters (means ± SEM) under basal conditions in control salmon and salmon infected with
ISA. HR: heart rate; CO: cardiac output; SV: stroke volume; SW: stroke work; Periods I–IV: 8–11 d, 12–15 d, 16–19 d and 20–23 d
from infection, respectively
Condition

HR
(beats min–1)

Filling pressure
(cm H2O)

Output pressure
(cm H2O)

CO
(ml min–1 kg–1)

SV
(ml kg–1)

SW
(mJ g–1)

Control
Period I
Period II
Period III
Period IV

66.48 ± 1.26
66.42 ± 0.87
62.95 ± 0.45
62.51 ± 2.01
63.41 ± 0.59

1.05 ± 0.28
1.13 ± 0.85
1.22 ± 0.32
0.89 ± 0.30
0.85 ± 0.37

28.19 ± 0.22
27.23 ± 0.62
27.21 ± 0.45
28.57 ± 0.69
027.8 ± 0.12

18.99 ± 0.47
16.93 ± 0.81
15.55 ± 0.54
16.54 ± 0.57
19.21 ± 0.41

0.29 ± 0.13
0.27 ± 0.13
0.25 ± 0.04
0.27 ± 0.12
00.3 ± 0.08

1.09 ± 0.09
00.8 ± 0.17
0.72 ± 0.06
0.93 ± 0.08
00.9 ± 0.14
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Fig. 1. Salmo salar. Cardiac
output (CO) and stroke volume (SV) responses to increased filling pressure in
control and infected fish at
lower and higher viral
doses. Periods I, II, III =
8–11 d, 12–15 d and 16–19 d
from infection, respectively.
Each increment is 0.5 cm
H2O. Preload ranged from
1.05 ± 0.28 to 4.45 ± 0.14 cm
H2O. In this and in the following figures a Student’s
t-test was used for statistical
analysis, with n = 4 for
each group

cant increase in HR without a correspondent increase
in cardiac output and peak pressure (pulse) was observed only during the first and second periods of the
infection (data not shown).

Effects of NO on basal cardiac performance

Fig. 2. Salmo salar. Effects of 10– 7 M and 10– 6 M L-arginine on
CO and SV of control fish in presence and absence of 10– 6 M
haemoglobin and in infected fish (Period III) at the higher and
lower virus doses. *Significant difference at p < 0.05

To determine whether in healthy fish NO affects cardiac performance under basal conditions (i.e. in the absence of mechanical or chemical stimuli), the heart
preparations were exposed to the authentic NOS substrate L-arginine (10– 7 and 10– 6 M), which induced a
significant decrease in CO and SV at both concentrations (Fig. 2). These effects of L-arginine were clearly
due to NO since they were counteracted by haemoglobin (10– 6 M) which inactivates NO (Moncada et al.
1991) (Fig. 2). Conversely, pretreatment with L-NMMA
(10– 6 M), an inhibitor of eNOS, induced a significant
increase in CO and SV (Fig. 3). Taken together these
results indicate that in the unstimulated preparations
from the control fish there was a basal nitrergic tone
which exerted a mild negative inotropism. In contrast,
perfusion with the specific inhibitor of iNOS, L-NIL
(10– 6 M) (Mayer & Andrew 1998) had no significant
effects on CO and SV, suggesting that the enzyme was
not substantially present in the control fish (Fig. 4).
Salmon (Period III) infected with either of the infective doses were not sensitive to exposure to L-arginine
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Fig. 3. Salmo salar. Effects of 10– 6 M L-NMMA on control and infected (Periods I–III) fish at the lower and higher virus doses.
*Significant difference at p < 0.05

(10– 7M and 10– 6M). In fact, at these concentrations a
mild but not significant reduction in CO and SV was
observed (Fig. 2).
In contrast to control fish, inhibition of NOS by LNMMA (10– 6 M) induced a negative effect on CO and
SV in the heart preparations of each of the 3 groups of
the infected fish challenged with the higher virus dose.

In the preparations from lower-dose fish, Group I
showed a response similar to the control, while Group
II and III preparations were insensitive to the drug
(Fig. 3). Preliminary experiments indicated that the
effect of L-NMMA on infected fish was reversed by Larginine (10– 3 M) but not by L-lysine (10– 3 M) (data not
shown). D-arginine is not taken up by the amino acid
uptake mechanism and therefore cannot be used as a
control (Amrani et al. 1992). In contrast to the controls,
inhibition of iNOS with L-NIL (10– 6M) caused a significant increase in CO and SV in the hearts of each group
treated at the higher dose (Fig.4).

Nitric oxide and the Frank-Starling response

Fig. 4. Salmo salar. Effects of 10– 6 M L-NIL on control and
infected (Periods I–IV) fish at the lower virus dose. Period IV
= 20–23 d from infection. *Significant difference at p < 0.05

To ascertain the effect of NO on Starling’s resonse in
the isolated and perfused heart preparations of salmon, we studied the Frank-Starling response after
treatment with the NOS inhibitors L-NMMA (10– 6M)
and L-NIL (10– 6M). In the control group, the FrankStarling response was notably depressed after pretreatment with the inhibitors, indicating that in the
absence of a basal nitrergic tone, heart preparations
are less responsive to filling pressures. In contrast, in
infected fish of Period III, pretreatment with the inhibitors completely restored the Frank-Starling response.
In particular, the response to L-NIL was higher than
that to L-NMMA: at maximum filling pressure, CO increased by about 200% with L-NIL and by about 150%
with L-NMMA (Fig. 5).
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Fig. 5. Salmo salar. CO and
SV responses to increased
filling pressure in control
and infected (Periods I–III)
fish at the lower virus dose
after treatment with (10– 6
M) L-NMMA and (10– 6 M)
L-NIL. Each filling pressure
increment is 0.5 cm H2O.
Preload ranged from 1.05 ±
0.28 to 4.45 ± 0.14 cm H2O

DISCUSSION

Basal nitrergic tone

Isolated working-heart preparations

Although we did not measure NO production in control and infected fish, the data obtained with the
endogenous substrate of NOS (L-arginine) and the
eNOS inhibitor L-NMMA indicate that in the control
salmon heart an NO signal induced a mild but significant negative inotropism on the basal (i.e. unstimulated) cardiac performance. Similar results, reported
for the isolated working hearts of an eel (Anguilla
anguilla) (Imbrogno et al. 2001) and a frog (Rana esculenta) (Sys et al. 1997), and for several cardiac preparations from mammals (Balligand 2000), suggest that the
tonic release of discrete quanta of NO, mainly associated with eNOS activity, is an important paracrine factor in the functional modulation of cardiac performance (Moncada et al. 1991). It appears that in healthy
salmon there is no substantial iNOS activity, since neither CO nor SV were affected by pre-treatment with
the specific inhibitor of iNOS, L-NIL. In contrast, L-NIL
significantly increased CO and SV in cardiac preparations from fish with progressive ISA. Although iNOS
activity remains to be detected in the infected hearts,
their remarkable sensitivity to L-NIL could reflect increases of cardiac iNOS activity and NO generation
with consequent changes in the cardiac function of
infected fish. The challenged preparations also responded to L-NMMA in a different manner than control hearts. The preparations from fish infected with
higher viral doses had an opposite (i.e. negative)
response to the inhibitor, while the Group II and III

The responses to loading stimuli of the in vitro preparations used in this work correspond to the haemodynamic responses reported for salmonid hearts (Graham
& Farrell 1989, Davie & Farrell 1991). The fact that the
isolated and luminally perfused working heart of Salmo
salar generated physiologically comparable values of
output pressure, cardiac output and ventricle work is
important. In fact, mechanical stresses induce the release of cardiac autocrine-paracrine factors, including
NO, that affect heart performance (Pinsky et al. 1997).
Like most fish hearts, salmon hearts are very sensitive to filling pressure (i.e. the Frank-Starling response)
and this intrinsic mechanism in vivo contributes substantially to the increased cardiac output associated
with exercise (Farrell & Jones 1992). It is noteworthy
that in the infected salmon, despite the absence of
structural and ultrastructural pathological changes to
their hearts (Nylund unpubl. data), the cardiac performance (measured as the Frank-Starling response)
was progressively impaired by the viral disease,
significantly so from Days 15 to 16 after infection. This
finding indicates that, in this species, ISA is associated
with a deterioration of the mechanical performance of
the heart. It also provides the rationale for exploring
the possibility that such cardiac deterioration in
infected salmon could be related to the expression of
iNOS upon stimulation of pro-inflammatory cytokines.
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hearts from the lower-dose-infected fish were insensitive to it, suggesting a relation between NO-related
cardiac changes and infective dose. Interestingly, the
hearts of infected fish were insensitive to L-arginine.
L-arginine may become limiting and reduce formation
of NO under some pathological conditions; some endothelial dysfunctions are quickly reversed by increases
in extracellular L-arginine (see Ogonowski et al. 2000).
An enhanced cellular L-arginine transport, concurrent
with the induction of iNOS (McDonald et al. 1997), is
also a possibility. Our findings suggest that administration of the substrate for NOS has no beneficial effect on
cardiac dysfunction in infected fish.

Nitric oxide and the Frank-Starling response
The remarkable effects elicited by the NOS
inhibitors L-NMMA and L-NIL on the filling pressure
response of the cardiac preparations indicate that
basal release of endogenous NO significantly influences the Frank-Starling mechanism in the working
heart of healthy salmon. This result is in agreement
with similar data obtained for the working heart of the
eel in vitro (Imbrogno et al. 2001) and in mammalian
heart preparations (Prendergast et al. 1997). Fish have
a less marked chronotropic response to exercise than
mammals, so that in vivo their increase in cardiac output associated with exercise relies basically on the
Frank-Starling response (Farrell and Jones 1992). Conceivably, NO signalling plays a major role in the modulation of ventricular performance in the fish heart. It
has been suggested that cardiac NO may act on either
systolic (e.g. mechanisms involving a reduction of
intracellular calcium: Méry et al. 1994, Shah et al.
1994) or diastolic (e.g. reduction in diastolic stiffness:
Paulus et al. 1994) functions (see Balligand 2000 for
review).
The deterioration in the Frank-Starling response in
infected salmon is the first documentation in fish of an
early heart dysfunction related to a viral disease. It also
raises the important question of a putative role of NO
in this cardiac pathogenesis, which is strongly suggested by the evidence that pre-treatment with NOS
inhibitors dramatically restored cardiac performance
in infected fish. The finding that the deterioration in
the Frank-Starling response is reversible is consistent
with the normal cardiac morphology of infected fish.
The possibility remains that some of the ‘pathological’
NO may be generated by eNOS rather than iNOS, or
by a combination of both isoforms. However, the
greater ‘beneficial’ effect of the selective inhibitor
iNOS, L-NIL, compared with L-NMMA which is not
isoform selective, might be a consequence of targeting
the ‘pathological’ NO whilst leaving the ‘physiological’

NO unaffected. This appears similar to therapeutic
strategies adopted in animal models and in humans
with septic shock. In such models the induction of
iNOS, following endothelial damage (Binko et al.
1999), in vivo endotoxin injection (Kelly et al. 1996), or
activation of pro-inflammatory cytokines (Finkel et al.
1992) with consequent generation of large amounts of
NO, is responsible for a reversible defect in myocardial
function (Vallance et al. 2000).
A note of caution: we did not analyse any parameter
(e.g. cortisol) of the stress reaction nor any cytokine
marker (e.g. TNF or macrophage activation) known to
be activated by the infectious state, which in turn may
influence NO production from various cellular sources
in the diseased fish. Therefore, the NO-dependent cardiac changes in ISA salmon cannot be directly correlated with endocardial dysfunction.
In conclusion, we have shown that cardiac function,
measured as the Frank-Starling response, was progressively impaired during the development of ISA in
Atlantic salmon, being significant from Days 15 to 16
after the infection. The heart preparations of infected
fish were particularly sensitive to the iNOS inhibitor LNIL and insensitive to L-arginine. The Frank-Starling
response was sensitive to NOS inhibition in control
hearts; in contrast, pretreatment with NOS inhibitors
(L-NMMA and, especially, L-NIL) restored this response in infected fish.
These results support the hypothesis that ISA is an
endothelial-endocardial viral disease in which impairment of the endothelium, associated with a perturbance of NO homeostasis (perhaps via iNOS), plays a
major role in cardiac pathogenesis.
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