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Abstract

Smoltifying Atlantic salmon were treated for 6 weeks in
freshwater with 0, 200, and 400 ppb zinc (as Zn S0,). After 6
weeks salmon were transferred to a salt water seapen and exposed
to infection with Lepeophtheirus salmonis for 14 weeks. Zinc
treatment resulted in some physiological changes consistent with
increased stress, such as decreased leukocrit values, and increased
Plasma cortiso! levels. Plasma glucose levels were significantly
elevated in fish previously treated with zinc, but this was only
evident after fish had been in a seapen, 14 weeks subsequent to
treatment. Improved conversion of tetraiodothyronine to
triiodothyronine, as well as no changes in interrenal cell nuclear
diameters suggested that overall stress effects were low. Fish
€xposed to 200 ppb and 400 ppb zinc showed gill pathology.
Infection intensity with L. salmonis was significantly higher on
salmon previously exposed to 400 ppb zinc. This research suggests
that for smoltifying Atlantic salmon, the No Observed
Pathological Effect (NOPE) level for exposure for ZNSO, may
be around 150 ppb.
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Introduction

Historically the Northwest Miramichi, in New
Brunswick, Canada, had a large population of At-
lantic salmon and was a world-famous salmon-fish-
ing river. In more recent years, these stocks have
declined dramatically. This decline may, in part,
be correlated with the increase in mining and
smelting operations on the river which have re-
sulted in increased levels of heavy metals in the
water. Elevated levels of heavy metals are toxic to
aquatic organisms. High levels of zinc are toxic to
salmonids (Skidmore, 1970) with Oncorhynchus,
Salmo and Salvelinus genera varying in their sus-
ceptibility (Herbert and Wakeford, 1964). Atlantic
salmon are the most sensitive of the species within
these genera. Sprague et al. (1964) reported that
Atlantic salmon die after 32 hours exposure to 600
ppb zinc. Toxic levels of zinc cause gill epithelia
to uplift and thus fish die from asphyxia (Crandall
and Goodnight, 1963; Lloyd, 1960; Skidmore, 1970;
Skidmore and Tovell, 1972). Zinc also competi-
tively inhibits branchial uptake of calcium (Ca?**)
which disrupts ionic and osmotic regulation and
fish die from osmotic stress (Spry and Wood, 1985).
Chronic sub-lethal levels of zinc can cause repro-
ductive impairment in fish (Brungs, 1969; Eaton,
1973; Spehar, 1976; Sprague et al., 1964).

The presence of elevated zinc levels in spawn-
ing rivers may be particularly harmful to smoltifying
salmon, more so than to adult fish. Smoltification
is a stressful process to salmon and circulating
corticosteroid levels are elevated at this time
(Schreck, 1982). This natural physiological stress
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may compound the stress caused by elevated zinc
levels such that smolts may die at zinc levels lower
than the lethal levels recorded for adult fish.

As far as we are aware, no studies have exam-
ined the longer-term effects of exposure of Atlan-
tic salmon to sub-lethal levels of zinc while they
are smoltifying in rivers that have elevated heavy
metals, The objective of this particular study was
to examine the effect of sub-lethal levels of zinc
on smoltifying Atlantic salmon and to assess the
susceptibility of these salmon to infection once they
enter salt water using the salmon louse, Lepeoph-
theirus salmonis as the experimental infectious
agent. To assess the effects of zinc, fish were anal-
ysed for condition factor, blood haemocrit, plasma
cortisol, plasma glucose, tetraiodothyronine (T4),
tritodothyronine (T3), head kidney cell nuclear
diameter and gill morphology at the start of the
trial and at the end of the zinc treatment. To as-
sess the longer- term effect of zinc on salmon, the
fish were tested for their susceptibility to infec-
tion with sea lice, L. salmonis, 14 weeks after the
end of the zinc exposure period. Condition factor,
plasma glucose levels, and interrenal cell nuclear
diameter were also assessed at this time, as cor-
roborating estimates of stress levels in the fish.

Materials and methods
Fish source and maintenance

Atlantic salmon 1+ smolts were purchased from
the Atlantic Salmon Federation and held at the
Huntsman Marine Science Centre, St. Andrews,
N.B. Prior to the onset of the experiment, fish were
acclimated for two weeks to their new environ-
ment. Fish were maintained in a flow-through sys-
tem (flow rate 5L/min) in fresh water at a stock-
ing density of 50 fish / 2 m?® tank. Water pH was
6.6 and natural zinc levels were 0.012 ng/L. Fish
were fed to satiation daily with Moore-Clark
pelleted dry feed.

Experimental design

The trials consisted of three groups of Atlantic
salmon exposed to either no extra zinc (controls),

200 ppb zinc, or 400 ppb zinc. Zinc sulphate pre-
dissolved in distilled water to a concentration of
17.6 g/L ZnSO, (17.6 ppt) or 8.8 g/L ZnSO, (8.8
ppt) was added to appropriate tanks by regular drops
produced by peristaltic pumps. The final concen-
tration of zinc in each tank was monitored regu-
larly using the Dithiozone (diphenylthiocarbozone)
analysis method (Sandell 1968). Each group had
three replicates consisting of 50 fish in each of 3
2m’ tanks. Fish were exposed to zinc for 6 weeks
from mid May to end June, 1996. Treatments then
stopped and fish were anaesthetised with 2 phe-
noxy-ethanol and were fin clipped for identifica-
tion by experimental group only (not by each tank).
Fish were then acclimated to salt water for a fur-
ther 2 weeks.

All fish were transported to a local fish farm
and kept in a single 15 m® seapen for 12 weeks,
during which time they were naturally exposed to
sea lice, emanating from nearby infected fish.

Sampling and analysis

At the beginning of the trials (week 0), after 6 weeks
(week 6) of treatment and at the end of the experi-
ment (week 20) all fish were anaesthetised and
measured for fork length and weight. Condition
factor was calculated using the equation

CF =weight (g) x 100
length (cm?)

Blood samples

At weeks 0 and 6, five fish from each tank were
netted and blood samples immediately drawn from
the caudal vein using heparinized vacutainer tubes.
At week 20, when all fish were in the common
seapen cage, fish were netted and blood was col-
lected from the first three fish from each experi-
mental group as above.

Subsamples of fresh blood were immediately
drawn into capillary tubes and the ends of tubes
sealed for haematocrit analysis. Blood was then
centrifuged at 3000 g for 5 min and the sera stored
at ~70°C until analysed for cortisol, glucose, T,
and T,.
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For haematocrit analysis, capillary tubes were
centrifuged at 3000 g for 5 minutes and the rela-
tive volume of packed leucocytes and erythrocytes
was assessed using the method of Snieszko (1960).
Plasma cortisol, T, and T, were assayed using sepa-
rate radio-immunoassay kits (Gamma coat 1251
Clinical Assay, INCSTAR Corporation, Minnesota,
USA). Plasma glucose levels were determined using
a colorimetric glucose oxidase analysis kit (Sigma).
Inter- and intra-assay variance was <10%.

Tissue samples

At weeks 0 and 6, three fish from each tank were
killed by a blow to the head and were immedi-
ately dissected to provide gill and head kidney
tissue.

Head kidney tissue was fixed in Bouin’s fluid,
and later dehydrated and embedded in paraffin wax
for sectioning at 7-10 um. Sections were stained
in Harris-haematoxylin and eosin. The diameters
of interrenal cell nuclei were measured for 20 ran-
domly selected cells from three different areas of
¢ach head kidney sample using oil immersion, and
their means calculated.

Gill tissue was fixed in Karnovsky’s fixative
(Karnovsky, 1965) pH 7.2, for 6 hours, rinsed in
sodium cacodylate buffer, and post-fixed in 1%
Osmium tetroxide. Tissue was then dehydrated in
acetone and embedded in Epon-Araldite. Sections
Ipm thick were stained with 1% toluidine blue,
and mounted with a coverslip. Sections from con-
trol fish were compared with those exposed to 200
and 400 ppb Zinc for qualitative differences.

Quantitative differences were obtained by mea-
Suring percent area occupied by the gill epithe-
lium and the area between secondary lamellae, using
a wild M20 microscope coupled with an Elmo Ced

TV camera and monitor screen with 42 point Mertz
grid.

Infection intensity

At the end of 12 weeks in a single seapen (week
29), all fish were removed from the seapen and
killed by a blow to the head. These were placed in
Individual plastic bags and frozen for future analysis
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of sea lice numbers on each fish. Fish were later
thawed and the total number of attached larvae were
counted on a subsample of 30 randomly selected
fish. Mobile lice stages were not counted as some
of these can be easily lost during capture particu-
larly during rough, windy and cold conditions as
were experienced during this study. The prevalence
and mean intensity of infection were calculated
for each experimental group of fish, according to
the terms used by Margolis et al. (1982).

Zinc levels in liver and gill tissue

As confirmation that fish were physiologically
exposed to three different levels of zinc, the zinc
content of gill and liver tissue was assayed. At week
6, gill and liver tissue were removed from each of
three sacrificed fish per tank and frozen until
analysed. Tissue samples were later accurately
weighed, oven dried at 60°C for 72 hrs and re-
weighed to determine moisture content. Samples
were digested with high purity nitric acid and di-
luted to a standard volume for analysis of the trace
element by inductively coupled plasma mass spec-
trometry, conducted by the Research and Produc-
tivity Council, Fredericton, N.B,

Statistical analysis

All data were transformed using either square root
transformation or Arcsin transformation to stabi-
lize the variance (Sokal and Rohlf, 1969; Zar, 1984).
Data were then analysed using Tukey’s compari-
son of means test. All results are expressed as mean
+ SE of raw data.

Results
Condition factor

Average condition factors ranged from 0.9 + 0.02
- 1.1 £ 0.04 and were not significantly different
for all groups of fish. Condition factors were not
affected by the zinc treatment and did not change
significantly when fish were held in salt water.
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Blood analysis
Haematocrit

Treatment with 200 ppb zinc did not significantly
affect the percentage of red or white blood cells in
fish. Treatment with 400 ppb zinc significantly
increased the red cell volume and decreased the
white cell volume, increasing the total packed cell
volume in blood samples taken from fish at the
end of zinc treatment at week 6 (Fig. la, b).

Cortisol

There was no significant difference between treat-
ment groups prior to exposure to zinc. Salmon in
all groups had significantly higher plasma cortisol
levels after 6 weeks of treatment compared with
levels at the start of the experiment. Fish exposed
to 200 ppb for 6 weeks generally showed elevated
cortisol levels, however, these were not signifi-
cantly different from controls. There were signifi-
cantly higher levels of plasma cortisol in fish ex-
posed to 400 ppb zinc when compared to the con-
trols. (Fig. 2). .

T,T, T/T,

Levels of T,, T, and the ratio of T /T, were not
significantly different at week 0. Treatment with
400 ppb zinc significantly increased plasma T, and
decreased plasma T, levels in fish at week 6, com-
pared with levels in fish receiving no zinc. Differ-
ences between fish receiving 200 and 400 ppb were
not significant. The ratio of T,/T, was significantly
lower in fish receiving both levels of zinc treat-
ment when compared with controls, but the ratios
were not significantly different between fish re-
ceiving 200 or 400 ppb zinc (Fig. 3a, b, ¢). Plasma
T,and the T,/T, ratio were significantly higher at
week 6 compared to week 0, in all groups of fish.
Plasma T, was significantly higher at week 6 com-
pared to week 0 in fish exposed to 400 ppb zinc.

Glucose

Plasma glucose levels were not significantly dif-
ferent in fish having received 200 or 400 ppb zinc
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Fig. la,b. Average Haematocrit (a) and leucocrit (b) values +
SE for Atlantic salmon after 6 weeks of treatment with either
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Fig. 2. Average plasma cortisol values £ SE for Atlantic salmon
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Compared with controls at week 0 and 6. Although
levels of plasma glucose were all significantly lower
at week 20, levels in fish previously exposed to
_200 0or 400 ppb zinc were significantly higher than
1N control fish (Fig. 4).
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Fig. 4. Average plasma glucose concentrations + SE in Atlantic
salmon at week 0, after 6 weeks of treatment in freshwater with
either 200 or 400 ppb zinc and after a further 14 weeks without
treatment in a seapen. No significant differences exist at weeks
0 or 6(a). Levels at week 20 are significantly lower than in
earlier weeks with levels in fish previously exposed to 200 or
400 ppb zinc (c) being significantly higher than in fish not exposed
to zinc (b). ;

Histology
Gills

Salmon given no zinc treatment had normal gill
structure (Fig. 5a). Fish exposed to both 200 and
400 ppb zinc showed evidence of pathology which
included swelling of epithelial cells in the second-
ary lamellae, epithelial uplifting which left the pillar
cells nude, clubbing at the tips of the secondary
lamellae and deflection of the secondary lamellae
towards the primary lamella (Figs. 5, 6).

Numerical area analysis indicated that epithe-
lial cells swelled and water space between lamel-
lae was reduced with increasing zinc exposure (Fig.
6a, b).

Interrenal cell nuclear diameter

The means of interrenal cell nuclear diameters
ranged from 5.8 + 0.45 um to 6.7 + 0.14 pm and



124 A. Ibrahim, B.M. MacKinnon & M.D.B. Burt — Influence of zinc on smoltifying Atlantic salmon

@ L
% . . b
L & '
- -
- . - o g
- -
. -
* 7, i ’, b ye
y - . ’ »
- .
b ’ - % 1S * L2 e w
'Q % e v % L
. ~ ;
. . ot '& >
™ % % ¢ & &
. e @ -
r; 5N b S My it S
R . L LR o 7 i N
[+ R T - S
A AR O TG T
JE 9,,\ * \\’ ¢ el L o
e- & A \_, G . i, & *{‘u
g -~ B ¥ . 4 e T %
L ee) Ve ‘.\ »h’['i‘\ 'i., @ .

R B PR, e
Y Vet TR et R
A0 € SRS SR RN

Fig. 5a,b. Light micrographs of sections of gill tissue from control
Atlantic salmon (a) and from salmon exposed to 400 ppb zinc
(b). Note uplifting and swelling of epithelial layer (e) in the
400 ppb fish. e = epithelium, is = intralamellar space. x280

were not significantly different among treatment
groups at week 0, 6 or 20.

Zinc accumulation
Zinc content in gill tissue of fish exposed to both

200 and 400 ppb zinc was significantly higher than
the zinc content in gills from control fish. There
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Fig. 6a,b. Averages of percent area estimates = SE of gill epithelial
space (a) and interlamellar space (b) for Atlantic salmon exposed
for 6 weeks to either 200 or 400 ppb zinc. Means with the same
letter are not significantly different.

was no significant increase in the zinc content of
liver tissue in zinc-exposed fish (Fig. 7).

Infection intensity

Salmon previously exposed to or 400 ppb zinc were
infected with significantly more larvae of L.
salmonis than were controls (Fig. 8).

Discussion

Lloyd and Herbert (1962) and Sprague (1964) have
shown that 700 ppb and 600 ppb zinc, respectively,
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Fig. 8 Mean intensity of infection + SE With chalimus larvae
of L. salmonis on Atlantic salmon exposed for 6 weeks to 200
and 400 ppb zinc prior to 12 weeks with no zinc treatment in a
S€apen. Fish treated with 400 ppb zinc (b) had significantly
more lice than the control fish (a).

are lethal to Atlantic salmon under similar condi-
tions to those used in this study. Most parameters
Measured in the present study indicate that zinc
levels of 200 ppb and 400 ppb negatively affect
SmOltifying salmon but are not sufficient to make
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a significant difference to the overall growth of
the fish as estimated by the condition factor.

Zinc levels at 400 ppb but not 200 ppb increased
the relative amount of red blood cells and decreased
the amount of white blood cells in smoltifying At-
lantic salmon. Similar findings were reported fol-
lowing exposure of other teleosts to toxic metals
(Wilson and Taylor, 1993; Roche and Boge, 1996),
after stress due to handling (Casillas and Smith,
1977) and after exposure to effluent from a pulp
mill (McLeay and Gordon, 1977). Thus such a
change in relative blood cell volume indicates that
the fish showed general signs of stress. Specifi-
cally, the increase in red blood cells in fish ex-
posed to 400 ppb zinc may be a result of red blood
cell proliferation in response to impaired oxygen
uptake in the gills.

Supporting these observations are the elevated
plasma cortisol levels in fish receiving zinc treat-
ment. Elevated plasma cortisol levels were also
reported by Donaldson and Dye (1975) and by
Schreck and Lorz (1978) in sockeye salmon after
exposure to copper. Cortisol levels are an appro-
priate measure of acute stress while plasma glu-
cose levels reflect more chronic stress levels. Plasma
glucose levels rise in fish exposed to various pol-
lutants (McLeay and Gordon, 1977; Wedmeyer,
1972). Surprisingly, when measured immediately
after 6 weeks of treatment, plasma glucose levels
were not greater in fish receiving zinc treatments
than in control fish. Glucose levels dropped once
fish were in the seapen, presumably as a result of
less crowding than when kept in tanks. Once lev-
els were lower, a difference in glucose levels be-
came apparent with those fish previously exposed
to zinc showing higher levels, indicative of higher
stress. Interrenal cell nuclear diameters were un-
changed by zinc treatment in the present study.
Chronic stress in fish often results in an increase
in interrenal cell nuclear diameter (Mustafa, 1997;
Yang and Albright, 1995) although Scott and Rennie
(1980) suggested that nuclear diameter does not
always accurately reflect adrenal cortical activity.

Thus, although haematocrit changes and corti-
sol levels suggest that salmon were stressed when
exposed to 400 ppb zinc, other physiological pa-
rameters such as interrenal cell nuclear diameter,
that usually alter during chronic stress, were un-
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changed. The mixed results with respect to mea-
surements of stress level in salmon in the present
study suggest that exposure to 200 and 400 ppb
zinc only moderately affected the stress level of
Atlantic salmon,

Plasma cortisol levels and T, levels were elevated
in fish after six weeks of treatment, even in con-
trol fish. These elevations may well be due to
physiological changes associated with smoltification
as elevated levels of these hormones have been
reported before in Atlantic salmon smolts (McCor-
mick and Bjornsson, 1994),

Thyroid hormone levels are affected by both acute
and chronic stress in fish. High levels of cortisol
cause a decrease in T, to T, conversion (Eales and
MacLatchy, 1989). Plasma T, levels are reduced
in trout chronically exposed to low pH and alumi-
num (Brown et al., 1984). In the present study,
despite the elevated cortisol levels, zinc exposure
actually appeared to improve conversion of T, to
T, and thus may have benefited thyroid metabo-
lism as T, is the form of thyroid hormone most
actively utilized by fish. It would appear that high
levels of zinc override the usual negative relation-
ship between T, and cortisol by stimulating an
increase in plasma levels of both hormones.These
findings further indicate that zinc exposure had only
a moderate effect on stress in Atlantic salmon smolts
in this study.

That zinc treatment only moderately affected
stress levels in these fish is surprising as gill pa-
thology was evident in both the 200 ppb and 400
ppb treatment groups. Swelling and uplifting of
epithelial cells, as seen in this study, is consistent
with gill damage resulting from zinc exposure as
described by Tuurala and Sovio (1982). The ex-
tent of gill damage in the present study would be
expected to reduce oxygen uptake (Skidmore and
Tovell, 1972), in fish exposed to 400 ppb zinc.
Gills are the primary organ of fish affected by metal
toxicity (Hollis et al., 1997). Although other spe-
cies of fish, such as the brown bullhead, Ictalurus
nebulosus, accumulate zinc also in the liver and
kidney (Joyner, 1961), Atlantjc salmon do not use
the liver as a major storage organ for zinc (Hardy
et al., 1987). This is supported by the present re-
sults of zinc content analysis which showed accu-
mulation in the gills but not in the liver. Further

studies need to be conducted to increase our un-
derstanding of the function of gill tissue in me-
tabolism and storage of zinc.

All zinc treatment stopped prior to the experi-
mental Atlantic salmon being placed in a seapen
and exposed to a presumed constant and equal
infection pressure from sea lice infective larvae
over a 12-week period. The sea lice numbers count-
ed for this study would have infected the fish over
the last 3 weeks of the study, as chalimus larval
stages only were counted. Fish previously exposed
to 400 ppb zinc had significantly more lice than
had control fish. This difference in infection in-
tensity may be explained by two possible factors.

Although moderate levels of zinc are immuno-
stimulatory and are routinely used as viracides in
mammals, zinc treatment has been associated with
reduced immunocompetancy in fish (Sarato and
Perlmutter, 1976). It is well known that stressed
fish are more susceptible to infections as a result,
in part, of reduced immuno- competence (Maule
et al., 1989; Mazeaud and Mazeaud, 1981). Atlan-
tic salmon smolts exposed to zinc in this study
showed moderate stress levels. It may be that this
resulted in immunosuppression sufficient to make
the fish more susceptible to infection with L.
salmonis. More intriguing, perhaps, is the hypoth-
esis that stressed fish provide a chemical or
behavioural attractant to infecting copepodid lar-
vae that results in more lice settling on stressed
fish. This latter idea could be further explored.

Although this study was conducted in labora-
tory tanks and in an aquaculture seapen, using
domesticated strains of Atlantic salmon, it is tempt-
ing to extrapolate these findings to the natural
habitat of salmon. These findings suggest that if
Atlantic salmon are exposed to high sub-lethal levels
of zinc during smoltification, subsequent physi-
ological changes may predispose these fish to in-
creased infections from organisms such as sea lice
that they are exposed to once they migrate to sea.
This study suggests that pathological effects of
exposure of Atlantic salmon smolts to ZnSO, be-
come statistically evident between 200 and 400
ppb, as indicated by susceptibility to infection with
sea lice. Gill pathology was evident at 200 ppb
suggesting that the No Observed Pathological Ef-
fect (NOPE) level may be around 150 ppb.
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