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ABSTRACT: Disease-free Atlantic salmon Salrno salarpost-smolts (mean weight 87 g) were maintained 
in a flow-through ozone-sterilized sea water system at 12 to 15'C and ambient salinity. One hundred 
fish were intraperitoneally inoculated with 0.1 m1 of salmon pancreas disease virus (SPDV) of a titre 107 
TCIDSO ml-' Fifty fin-clipped uninoculated smolts were placed in-contact in the same tank. One hun- 
dred fish were kept in another tank as controls and were inoc.ulated with a lysate from un-infected Chi- 
nook salmon embryo (CHSE-214) cell cultures. Blood and tissues for virus isolation, serum neutralisa- 
tion tests and histological examination were taken at intervals up to 42 days post inoculation (dpi). 
Virus was re-isolated from SPDV inoculated smolts at 7,  10. 15 and 21 dpi and in-contact fish at 14 and 
21 dpi. Neutralising antibody was first detected in the inoculated fish at 10 dpi and in the in-contact fish 
11 d later. Clinical signs and microscopic lesions indistinguishable from naturally occurring pancreas 
disease (PD) were observed in SPDV inoculated and in-contact smolts. No lesions were detected in the 
negative controls. These results provide strong evidence that SPDV is the etiologic agent of PD in 
farmed Atlantic salmon in Ireland. 
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INTRODUCTION 

Pancreas disease (PD) was recognised in Scotland in 
1976, and the first description was published in 1984 
(Munro et al. 1984). Similar disease syndromes were 
subsequently described on the west coast of the United 
States (Kent & Elston 1987), Norway (Poppe et al. 
1989), Ireland (Murphy et al. 1992) and in France and 
Spain (Raynard et al. 1992). Typically, PD affects 
farmed Atlantic salmon Salmo salar smolts during 
their first year at sea. Clinical signs include inappe- 
tence, sluggish swimming activity and an increase in 
the number of faecal casts in affected cages. Mortality 
rates of 10 to 50% of the yearly smolt input have been 
reported on Irish salmon farms (Wheatley 1994, Men- 

zies et al. 1996). Variable mortality levels have been 
attributed to PD in other countries. Up to 10% of sur- 
vivors fail to grow and many die several months after 
the acute phase of the disease. 

Descriptions of gross post-mortem findings include 
petechial hemorrhages in the periacinar fat, absence of 
food in the gut and reduced body fat. Microscopic 
lesions associated with this disease are exocrine 
pancreatic acinar necrosis (Munro et al. 1984) and car- 
diac and skeletal myopathies (Ferguson et al. 198613, 
Rodger et al. 1991, Murphy et al. 1992, Rodger et al. 
1994). 

Recently a toga-like virus was isolated from PD 
affected Atlantic salmon smolts (Nelson et al. 1995). 
Hereafter the virus is referred to as salmon pancreas 
disease virus (SPDV) and the purpose of the present 
study is to describe the experimental reproduction of 
PD in Atlantic salmon post-smolts exposed to this virus. 
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MATERIALS AND METHODS 

Experimental transmission design. Fish: Three hun- 
dred disease-free Atlantic salmon post-smolts of mean 
weight 87 g were supplied, maintained and sampled 
by Marine Harvest Ltd, Lochailort, Scotland. They 
were kept in 2 X 1.5 m tanks in ozone-sterilized sea 
water supplied in a flow-through system at 12 to 15'C 
and ambient salinity. Effluent water was sterilised with 
ozone to prevent any release of live virus. The fish 
were maintained for 2 wk to acclimatise, prior to inoc- 
ulation, and samples of tissues from 10 fish were cul- 
tured to check for the presence of infectious pancreatic 
necrosis virus (IPNV) and also examined histologically 
for evidence of PD. 

Inoculum 1: SPDV was purified by 3 limiting dilutions 
and used at l l th passage in CHSE-214 cells. A virus pool 
was prepared by inoculating SPDV into CHSE-214 cells 
at  a multiplicity of infection (MOI) of 1 and harvesting 
after 8 d incubation at  15OC. The cells were disrupted 
by freezing and thawing once and the cell debris was 
removed by centrifugation at 1000 X g for 30 min. The 
resultant virus pool with a titre of 107 TCIDso ml-' 
(Nelson et al. 1995) was filtered through a 0.22 pm poros- 
ity Millipore filter. The fish were anaesthetised using 
benzocaine (10 % w/v ethyl 4-aminobezoate in acetone) 
and 0.1 m1 of SPDV inoculated intraperitoneally (i.p.) 
into each of 100 fish. Fifty fin-clipped, un-inoculated 
fish were added to the tank as in-contact fish. 

Inoculum 2: Controls consisted of l00 fish inoculated 
i.p. with a lysate from un-infected CHSE-214 cells pre- 
pared in exactly the same manner as the virus infected 
cells, along with 50 additional uninoculated in-contact 
fish. 

Sampling: On 7 ,  10, 15, 21, 28, 35 and 42 days post 
inoculation (dpi), the fish were bled then killed by an 
overdose of benzocaine (10% w/v ethyl 4-aminoben- 
zoate in acetone), and samples of heart, spleen, liver, 
pyloric caeca/pancreas and muscle were taken from 
10 inoculated and 10 control fish for histological exam- 
ination. Heart, spleen, kidney and caeca/pancreas 
samples were also taken from the same fish for virus 
isolation. At 14, 21, 28, 35 and 42 dpi, 5 in-contact fish 
were removed and tissues sampled for histology. In- 
contact fish were sampled for virus isolation at 14 and 
21 dpi only. All fish were weighed at sampling and 
clinical and gross post-mortem signs were recorded. 

Histology: Samples for hlstologlcal examination were 
fixed in 10% formaldehyde in buffered saline pH 7.0, 
and embedded in paraffin wax and 5 pm sections were 
cut on a Reichert Ultracut S microtome. They were 
stained with haematoxylin and eosin. 

SPDV isolation: Tissues were prepared in mortars 
and pestles as 10% homogenates in maintenance 
medlum (MEMM) consisting of Eagle's minimum essen- 

tial medium containing Earle's salts and sodium bicar- 
bonate (2.2 g 1-'), supplemented with 200 mM L-gluta- 
mine, 1 '!,L non-essential amino acids, 0.01 M HEPES, 
500 IU penicillin m1 ', 500 pg ml-l streptomycin sul- 
phate, 0.625 pg ml-' amphotericin B and 2% FBS 
(foetal bovine serum). The homogenates were cen- 
trifuged at 2500 X g for 15 min then inoculated at final 
dilutions of 1:20 and 1:100 into each of 2 wells in a 24- 
well plate containing CHSE-214 cells and incubated at 
15°C for 28 d.  Samples showlng no cytopathic effects 
(CPE) were given 1 further passage into CHSE-214 
cells before being considered negative. 

Serological tests. SPDV neutralisation tests were car- 
ried out using the constant virus -varying serum method 
(Schmidt 1964). Serum dilutions of 1/10 to 1/160 were 
prepared in MEMM and an equal volume incubated 
with 200 TCIDSo SPDV for 2 h at 15°C. Each virus - serum 
dllution (0.1 m1 per well) was inoculated into CHSE- 
214 cells (2 wells each) in a 24-well plate (Costar 3524). 
Control sera from fish with no previous history of PD 
were included as negative controls. The cultures were 
examined for CPE with final reading at 10 dpi and 
the neutralisation titre was taken as the highest dilu- 
tion of serum which neutralised 100 TCIDso of virus. 

RESULTS 

Pre-inoculation sample 

No microscopic lesions were detected in the samples 
taken prior to inoculation with SPDV. No viruses were 
isolated at this stage. 

Clinical signs and pathlogical lesions 

SPDV inoculated fish 

By 7 dpi the majority of fish were not feeding and 2 
had faecal casts in the lower intestine. Six fish had 
focal or diffuse pancreatic acinar cell necrosis. 
Necrotic acinar cells often contained numerous vac- 
uoles In which cellular debris was evident and man.y of 
the cells had pyknotic nuclei (Fig. 1).  Focal cardiomy- 
ocytic necrosis was present in both spongy and com- 
pact ventricular trabecular muscle of the same fish. 
Affected cardiomyocytes were stained intensely with 
eosin, had shrunken cytoplasm with loss of striations 
and pyknotic nuclei. 

By 10 dpi, 90% of the fish were not feeding. Pe- 
techial hemorrhages were observed in the pancreatic 
fat in 5 fish. Nine fish had significant pancreatic acinar 
cell loss. Diffuse multifocal cardiomyocytic necrosis 
was observed in the same 9 fish (Fig. 2). Early degener- 
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Fig. 1. SPDV infected Salmo salar. Acute pancreatic acinar 
cell necrosis (+) induced in an experimentally infected fish 

at 7 dpi. Scale bar = 50 pm 

ative changes were observed in small numbers of 
skeletal red muscle fibres in 50 % of the fish. Affected 
myocytes were swollen and deeply eosinophilic. 

At 15 dpi, 7 fish had food in the gut and 1 had 
petechial hemorrhages in the pancreatic fat. Nine fish 
had significant pancreatic acinar cell loss. Some intact 
pancreatic acinar cells remained around the islets of 
Langerhans and larger intralobular ducts. The remain- 
ing fish had focal acinar loss. All fish had diffuse multi- 
focal cardiomyocytic necrosis as previously described. 
Similar lesions were inconsistently detected in the 
atrial myocardium throughout this study. Fifty percent 
of fish had mild red and white skeletal myocytic 
degeneration. There was an increased number of 
fibres undergoing degeneration and an apparent 
increase in endomysial connective tissue, especially 
around degenerating red muscle fibres. Proliferation of 
sarcolemmal satellite nuclei was evident and occasion- 
ally phagocytosis of the sarcoplasm was observed. 

mild cardiomyocytic necrosis to focal or diffuse endo- 
cardial cell proliferation and myocytic nuclear enlarge- 
ment suggestive of compensatory hypertrophy. Eight 
fish had varying degrees of red and white skeletal 
muscle degeneration, ranging from a few individual 
muscle fibres (mild) which had undergone hyaline 
degeneration with limited invasion of macrophages to 
numerous damaged muscle fibres (severe), especially 
in the red muscle band underlying the lateral line. 

At 28 dpi, 9 fish had food in the gut; 50% of fish had 
significant pancreatic acinar cell loss, with the remain- 
der having focal acinar loss. The inflammatory 
response was variable but mild in most fish. It con- 
sisted of small numbers of monocytic inflammatory 
cells within the periacinar fat and mild fibroplasia. Six 
fish had mild focal or severe diffuse heart lesions. 
There was focal to diffuse endocardial cell prolifera- 
tion, and an increase in the number of cardiomyocytes 
undergoing mitosis. The heart had an overall hypercel- 
lular appearance especially at the junction of the com- 
pact and spongy ventricular muscle (Fig. 4) .  Nine fish 
had mild to severe red and white skeletal muscle 
degeneration. 

At 21 dpil * fish were feeding and the majority had Fig. 2. SPDV infected Salmo salar. Diffuse multifocal cardio- 
significant pancreatic acinar cell loss (Fig. 3). All fish ,yocytic necrosis (+) in experimentally infected fish at 
showed evidence of cardiac lesions, which varied from 10 dpi. Scale bar = 50 pm 
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Fig. 3. SPDV infected Salmo salar. Significant pancreatic aci- 
nar cell loss typical of pancreatic lesions induced by SPDV in 
an experimentally infected fish at 21 dpi. Scale bar = 50 pm 

At 35 and 42 dpi, the majority of fish had no food in 
the gut. Fifty percent of the fish had significant acinar 
cell loss, with the remainder having variable amounts 
of acinar tissue. The distribution ranged from small 
scattered acinar groups, especially at  the periphery of 
the pancreatic fat, to a relatively normal acinar cell 
pattern with little evidence of acinar cell loss. No 
significant inflammatory reaction or fibroplasia was 
noted. The heart lesions in 5 fish were similar to 
those on Day 28. Mild to severe red and whlte 
skeletal muscle degeneration was detected in all fish 
(Fig. 5). 

No significant lesions were detected in any other tis- 
sues examined. No fish died during the transmission 
study. 

In-contact fish 

At 14 dpi. 4 fish were not feeding and had diffuse 
pancreatic acinar cell necrosis, with concurrent multi- 
focal cardiomyocytic necrosis detected in 3 fish. By 
21 dpi none of the fish were feeding and all had signif- 

icant acinar loss as well as diffuse cardiomyocytic 
necrosis with early mild red and white skeletal muscle 
degeneration. At 28 dpi 3 fish were not feeding, 1 fish 
had petechial haemorrhages in the periacinar fat, all of 
the fish had focal or significant acinar cell loss 
(Figs. 6 & 7) and 4 had typical cardiac lesions. All had 
small numbers of degenerating red and white muscle 
fibres. At 35 and 42  dpi the majority of the fish were 
not feeding and some had faecal casts in the gut. 
Nine of the 10 fish had significant acinar loss. They had 
focal endocardial cell proliferation and hypercellular 
appearance of the junction of the compact and spongy 
muscle layers. All fish had varying degrees of red and 
white muscle degeneration (Fig. 8). 

Inoculum 2 

No clinical signs or microscopic lesions were de- 
tected in any of the control fish. 

Fig. 4. SPDV infected Salmo salar. Endocardial cell prolifera- 
tion and mononuclear cell infiltration at the junction of the 
compact and spongy cardiac ventricular muscle in experi- 

mentally infected fish at 28 dpi. Scale bar = 50 pm 
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Fig 5 SPDV infected Salmo salar Hyaline degeneration of 
anaerobic (whlte) skeIetal muscle fibres showlng phagocyto- 

sis of fibre contents at 4 2  dpi Scale bar = 50 pm 

Fig. 6. In-contact Salmo salar. Significant pancreatic cell loss 
typical of pancreatic lesions observed in cohabitant fish at 

28 dpi. Scale bar =l00 pm 

Fig. 7 In-contact Salmo salar. Exocrine pancreas showing 
significant infiltration of periacinar fat with mononuclear in- 
flammatory cells. A few pancreatic acinar cells remain (+) 

in cohabitant fish 21 dpi. Scale bar = 50 pm 

Virus isolation 

Virus was isolated from fish inoculated with SPDV 
and in-contact fish from the same tank but not 
from any of the control fish (Table 1). No IPNV was 
detected at any stage in the transmission study. 

Table 1. Virus isolat~ons from Atlantic salmon Salmo salar 
used in transinission experiment. Values presented as no, of 

positive fish/no. of fish examined. nd: not done 

Fish group Days post-inoculation 

7 10 14 15 21 28 

Controlsd 0/10 0/10 nd 0/10 0/10 0/10 
Virus-inoculated 7/10 8/10 nd 10/10 3/10 nd 
In-tank contacts nd nd 5/5 nd 5/5 nd 

dInoculated with Cl-ISE-214 cell lysate I 
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Fig. 8. In-contact Salrno salar. Degeneration of aerobic (red) 
skeletal muscle showing proliferation of sarcolemmal cells 

and early hyaline degenerat~on Scale bar = 50 pm 

Serological tests 

Neutralising antibody to SPDV was first detected 
in 4 out of 10 inoculated fish by 10 dpi and  all 
sampled fish, had antibody by Day 21 (Table 2).  Anti- 
b0d.y in the in-contact fish was first detected 11 d later 
than in the inoculated fish (Table 3) .  Antibody titres 
in individual fish of both groups varied but they 

showed an overall increase to 4 2  dpi when the exper- 
iment finished. No neutralisation was observed in the 
pre-inoculation sera or in the control sera. 

DISCUSSION 

Our transmission study has confirmed that the inoc- 
ulation of SPDV causes disease in seawater salmon 
smolts that is clinically and pathologically indistin- 
guishable from published descriptions of field out- 
breaks of PD (Munro et al. 1984, Ferguson e t  al. 1986a, 
b, McVicar 1987, 1990, Murphy et  al. 1992). While con- 
troversy exists as to the severity and tissue distribution 
of histopathological lesions associated wlth 'classical' 
PD (Wheatley 1994), our findings are In close agree- 
ment with the descriptions of Ferguson et al. (1986a, b) 
and Rodger et al. (1994) of outbreaks of PD in Scotland 
and Murphy et al. (1992) who described the sequential 
pathology of 2 PD outbreaks in Ireland. 

The lesions observed in the current transmission 
studies represent the full range of acute and chronic 
pancreatic, cardiac and skeletal muscle lesions as 
observed by us in field outbreaks of PD and described 
by other tvorkers. In the initial descriptions of pan- 
creas disease, Munro et al. (1984) and McVicar (1987) 
reported consistent lesions in the pancreas only. 
McVicar (1987) imposed exacting histological criteria 
for the diagnosis of PD, stating that total loss of 
exocrine acinar tissue was indicative of PD. This crite- 
rion continued to be used by some tvorkers in the inter- 
pretation of experimentally induced PD using inocuIa 
of tissue homogenates from PD affected smolts (Ray- 
nard et al. 1991, Pringle et al. 1992, Raynard & 

Houghton 1993, Houghton 1994). Our experience with 
experimentally induced PD using both lnfected tissue 
homogenates (McLoughlin et al. 1995) and the SPDV 
isolate is that not all fish suffer total acinar loss, which 
probably represents the extreme end of the pancreatic 
lesion spectrum. Many of the flsh sampled 6 wk after 

inoculation had significant amounts of aci- 
nar tissue in the sections examined. It was 

Table 2. Serum neutralisation titres in Salrno salar at each sampling point 
post inoculation with SPDV. n = 10 fish not possible to determine whether or not 

this acinar tissue resulted from regenera- 

Days post N~utralising antibody titres Median 
inoculation <1/20 1/20 1/40 1/80 1/160 U320 values 

0 10 - - - - - < 1/20 
7 10 - - - - <1/20 

10 6 4 - - - - < 1/20 
14 4 6 - - - - 1/20 
2 1 - - 3 3 4 - 1/80 
2 8 - 2 6 2 - - 1/80 
35 - 3 5 2 1 /80 - 
42 - - - 4 6 - 1/160 

tion of pancreatic acini or if the tissue had 
survived viral attack. This requires further 
investigation. 

Early descriptions of PD suggested that 
lesions in other tissues were sporadic and 
not a major feature of the PD syndrome 
(Munro et al. 1984, McVicar 1987). How- 
ever there is increasing evidence that car- 
diac lesions are consistently found in field 
outbreaks of PD (Ferguson et al. 198613, 
Rodger et al. 1991, Murphy et al. 1992, 
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Table 3.  Serum neutralisation titres of in-contact Salmo salarat each sanl- 
pling point. n = 10 fish 

Sampling Neutralising antibody titres Median 
point <1/20 1/20 1/40 1/80 1/160 1/320 value 

Day15 5 - - - - - <1/20 
Day21 3 1 1 - - - < 1/20 
Day 28 2 1 1 1 1/40 
Day 35 - 2 2 1 1/80 
Day 42 - - l 3 1 - 1 /80 

Rodger et  al. 1994). Diffuse cardiomyocytic necrosis 
was first reported in experimentally ind.uced PD by 
McLoughlin et al. (1995) in freshwater salmon parr 
inoculated with tissue homogenates from PD-affected 
fish. The current study confirmed the presence of mul- 
tifocal cardiomyocytic necrosis in sea-water salmon 
smolts similar to the cardiac lesions described in field 
and experimental PD. 

Significant skeletal myopathies have been associ- 
ated with naturally occurring PD outbreaks (Ferguson 
et  al. 1986a, b,  Rodger et  al. 1991, Murphy et  al. 1992, 
Rodger e t  al. 1994). Skeletal muscle lesions have not 
previously been reported in experimentally induced 
PD. The skeletal muscle lesions observed in this study 
occurred at  approximately 2 to 3 wk pi. They were 
identical in appearance but not as severe as those 
reported in descriptions of naturally occurring PD out- 
breaks. This may be due to the reduced water flow 
in the experimental tanks compared to the more 
demanding water conditions in sea cages. These con- 
ditions may influence the rate of development and 
recovery of the skeletal muscle lesions. Investigations 
into the clinical biochemistry of skeletal muscle lesions 
occurring during PD outbreaks suggested that low 
plasma and tissue vitamin E levels in affected fish may 
be involved in the pathogenesis of the skeletal muscle 
lesions (Ferguson et  al. 1986a, Rodger et  al. 1991). 
Recent studies in Irish salmon by McCoy et  al. (1994) 
revealed that despite high plasma and tissue vitamin E 
levels, PD-affected fish still developed significant red 
and white skeletal muscle lesions. These findings sug- 
gest that the skeletal lesions are  not due  to a n  absolute 
vitamin E deficiency at tissue level. Roy (1991) re- 
corded a similar picture in Scottish farms, with plasma 
vitamin E concentrations remaining fairly constant 
before, during and after a PD outbreak. Either absorp- 
tion of dietary vitamin E continues (i.e. fat absorption 
continues) during clinical PD or, more likely, plasma 
vitamin E concentrations are maintained by rapid 
mobilization of vitamin E from storage organs, primar- 
ily the liver. Again the pathogenesis of the observed 
skeletal muscle lesions in both naturally occurring and 
induced PD requires further investigation. 

In-contact fish developed similar clinical 
signs and microscopic lesions 1 wk later 
than the experimentally infected fish, indi- 
cating that SPDV can cause disease via nat- 
ural exposure. An estimated incubation 
period of 7 to 14 d at  water temperatures of 
12 to 15OC was recorded and is useful infor- 
mation in understanding the natural spread 
of PD on farms. 

No mortalities were recorded in this study, 
possibly due  to the muscle damage being 
less severe than that normally observed in 

naturally occurring PD and the relatively stress-free 
environment of the experimental tanks. 

Neutralising antibody to SPDV was first detected in 
the affected fish 10 d after inoculation and in the in- 
contact fish 11 d later. Antibody titres increased until 
the end of the experiment at G wk pi. 

This is the first report of the experin~ental  induction 
of pancreas disease in which concurrent pancreatic, 
cardiac and subsequent skeletal muscle lesions have 
been described. The reproduction of PD in smolts fol- 
lowing i.p. inoculation of and in-contact exposure to 
SPDV, as well as its re-isolation from the fish, provides 
strong evidence that this virus is the aetiological agent 
of PD in farmed Atlantic salmon and justifies naming 
the virus salmon pancreas disease virus, SPDV. 

This reproducible experimental model of PD will 
enable testing of the protection conferred by vaccines 
developed from this viru.s. The isolation of the virus 
will also enable the development of antigen detection 
systems which will assist in the rapid diagnosis of PD. 
Furthermore, it will allow full investigation of the 
pathogenesis and epidemiology of this important dis- 
ease of Atlantic salmo:n. 
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