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Effects of treated sewage effluent on immune function in rainbow
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Abstract

In this study, the immune reactions of rainbow trout (Oncorhynchus mykiss) were examined, after exposure to 10, 30 and
70% of tertiary-treated municipal sewage effluent for 27 days. Exposures were conducted concurrently with and without an
immune challenge using intraperitoneal injections of inactivatedAeromonas salmonicida salmonicida. Due to the time required
to prepare and analyse samples, fish sampling was conducted over two consecutive days. There was no trout mortality for
any of the experimental treatments. The exposure to effluent increased in vitro lymphocyte proliferation, decreased circulating
lymphocytes and increased degrading erythrocytes in peripheral blood samples. Circulating lymphocytes were only decreased
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n the sham-injected, but not in theA. salmonicida-injected group. In addition to effluent effects, circulating lymphocytes
ymphocyte proliferation were decreased on day 2 of sampling as compared to day 1. Concentration-dependent deg
rythrocytes was only observed on day 2 of sampling. Capture and removal of trout on day 1 of sampling presumab

ow-level stress that affected some results on day 2. Oxidative burst, phagocytosis, lysozyme, leucocyte populations
ymphocytes andA. salmonicida-specific IgM production were not affected by exposure to effluent, and of these paramete
xidative burst and total leucocytes showed sampling day effects. From these results it can be observed, that with the
f oxidative burst, those variables affected by effluent exposure were also significantly changed by the low-level
tress imposed by staggered sampling. Elevated liver mixed-function oxygenase activity as measured by 7-ethoxyreO-
eethylase activity, and increased bile polycyclic aromatic hydrocarbon (PAH) metabolites were observed in response
ffluent exposure. As both PAHs and stress are known immune suppressors, it is difficult to conclude whether or no

n immune parameters due to effluent exposure were caused by the direct action of chemicals, or were due to a ge
esponse.
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1. Introduction

Sewage treatment plant effluents have been shown
to contain low levels of a wide range of anthropogenic
substances, including pharmaceutical residues, sub-
stances found in health care products and industrial
chemicals (Daughton and Ternes, 1999; Kummerer,
2001). The potential of some of the substances found
in sewage and in the receiving environment to dis-
rupt reproductive-endocrine and immune mechanisms
in wildlife has raised concerns about possible effects
of such contamination on animal and human health, as
well as on the integrity of fish populations (Guillette
and Guillette, 1996; Jobling et al., 1998). Impairment
of immune mechanisms in aquatic organisms due to
pollution of our surface waters may lead to reduced
resistance against opportunistic pathogens. Therefore,
along with reproductive-endocrine disruption, effects
of contaminants on immune competence in aquatic or-
ganisms requires further study (Luebke et al., 1997).

Despite the growing interest in the field of fish
immunotoxicology, basic knowledge about effects,
mechanism of action and environmental relevance of
pollutants for the fish immune system is still sparse
to date. Although effects of different substances on
selected immune parameters in fish have been inves-
tigated, no clear pattern for immunomodulating activ-
ity has been found. The impacts of complex effluent
exposure, e.g. sewage treatment plant (STP) effluent,
is difficult to assess and has received relatively lit-
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and consequently enable the investigation of effects of
effluent on reactivity against a threatening disease. The
use of inactivatedA. salmonicidaenables the investiga-
tion of immune reactions against the bacterial surface
molecules, while death of the exposed animals, as could
be expected in a challenge with a living pathogen, is
avoided. In addition to the immune parameters, liver
7-ethoxyresorufin-O-deethylase (EROD) activity was
used as an indicator of alterations in mixed-function
oxygenase activity (MFO). PAH metabolites in bile
samples were determined as they are a substance class
that has previously been observed to affect immune re-
actions in fish, including a decrease in circulating lym-
phocyte numbers (Karrow et al., 1999; Khan, 2003).

2. Materials and methods

2.1. Experimental setup

One-year-old rainbow trout (O. mykiss), obtained
from the New Zealand Fish and Game Ngongataha
hatchery (Rotorua, New Zealand), were anaesthetised
with 0.1% ethyl-3-aminobenzoate methanosulfonate
(MS222; Fluka, Switzerland) and either injected i.p.
with 3× 108 formaldehyde-inactivatedA. salmonicida
cells (strain MT 423) per 100 g body weight or with
an equivalent volume of PBS as a control for the injec-
tion (sham-injection). InactivatedA. salmonicidaanti-
gen was kindly provided by Bernd K̈ollner and G̈unter
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as shown reduced lymphocyte proliferation and lo
erum lysozyme activity in carp (Cyprinus carpio) ex-
osed to river water for 47 days compared to a refer
ater site (Price et al., 1997). Reduced erythrocyt
ranulocyte and lymphocyte numbers in cardiac bl
s well as lower blood cell phagocytic activity ha
een observed in goldfish (Carassiusauratus), exposed

o treated sewage in a laboratory experiment (Kakuta,
997).

The current study investigated the short-term eff
f a tertiary-treated municipal STP effluent on the
une system of rainbow trout (Oncorhynchus mykis)

n a controlled laboratory situation to give a first
ight into possible immunomodulating activity in t
sh species. Injection of fish with an inactivated fo
f the fish-specific pathogenAeromonas salmonicid
almonicidawas used to activate the immune sys
otterba, Friedrich-L̈offler-Institut, Greifswald-Inse
iems, Germany. Average± S.D. body weight an

ength of trout were 175± 56 g and 24.8± 2.3 cm, re
pectively. Rainbow trout, held in 80 L glass aqua
ere then exposed to either de-chlorinated tap w

aquifer source) or 10, 30 or 70% (v/v) STP efflu
or 27 days, using 10A. salmonicida-injected and 1
ham-injected fish per treatment. Final treated e
nt was obtained from a municipal sewage treatm
lant located in Rotorua, New Zealand (popula
58,000, capacity of∼18,000 m3 sewage daily). Thi
TP employs a pre-treatment step with stop screen
grit trap, a primary treatment step with sedimenta
nd secondary activated sludge treatment (Barde
eactor). Water and effluent in the exposure aqu
as exchanged daily by static renewal of 50%. C
uctivity, temperature, pH and dissolved oxygen w
easured daily and conductivity was used to calcu
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percentage of effluent in the aquaria. Average± S.D.
for temperature (◦C), pH and dissolved oxygen (mg/ml)
were 15.7± 0.4, 7.17± 0.1 and 8.7± 0.4, respec-
tively, for tap water control, 15.5± 0.4, 7.24± 0.1 and
8.8± 0.3, respectively, for 10% effluent, 15.7± 0.4,
7.42± 0.01 and 8.7± 0.3, respectively, for 30% efflu-
ent and 15.9± 0.7, 7.69± 0.01 and 8.7± 0.3, respec-
tively for 70% effluent. Trout were fed daily with com-
mercial feed pellets (Reliance Stock Food, Dunedin,
New Zealand) at a ration of 0.7% of wet body weight.

2.2. Sampling

After 27 days of exposure, fish were sampled on
two consecutive, subsequent days (days 28 and 29),
whereby fiveA. salmonicida-injected and five PBS-
injected fish from every treatment group were used per
day. The two subsequent sampling days were neces-
sary due to the high number of fish and broad sam-
pling regimen used in the study. Fish were sacrificed,
weighed, and their length determined. Peripheral blood
was taken from the caudal vein and used for blood
smears, to prepare lymphocytes for a lymphocyte pro-
liferation assay and for serum samples for the determi-
nation of lysozyme activity andA. salmonicida-specific
antibodies. Bile samples were stored at−80◦C pend-
ing PAH-metabolite analysis. Liver and spleen were
dissected and weighed. Head kidney was maintained
on ice in Leibovitz’s L-15 medium (Invitrogen, Auck-
land, New Zealand), containing 10 units (U) heparin
s nd
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ages. Blood cell populations were expressed as per-
centage of total cells counted.

2.4. Head kidney macrophage activity

The preparation of head kidney macrophages was
performed according toSecombes (1990)using a Per-
coll gradient (Sigma, St. Louis, MO, USA). Cell num-
bers were assessed using trypan blue exclusion and
the resulting cell suspension was adjusted to a density
of 1× 106 viable cells/mL in L-15 medium, containing
Pen/Strep and seeded into 96-well black fluorometer
plates (BMG Labtechnologies, Offenburg, Germany)
at a density of 1× 105 cells per well. After incuba-
tion at 18◦C for 90 min, attached cells were used for
phagocytosis and oxidative burst assays. Medium and
unattached cells were removed by inverting the plate
and careful drying on a paper towel.

For the phagocytosis assay, a volume of 100�L of
a 250�g/mL fluorescein-labeledEscherichia coli(K-
12 strain, Molecular Probes, Eugene, USA) suspension
was added to each well including eight blank wells that
did not contain macrophages. After incubation at 18◦C
for 2 h, E. coli were removed by inverting the plate.
Subsequently, 100�L trypan blue solution (0.025%)
was added to each well. The trypan blue solution was
removed after 1 min of incubation and fluorescence
was measured in a microplate fluorometer (Polarstar
Galaxy, BMG Labtechnologies, Offenburg, Germany)
with 485 nm excitation and 520 nm emission filters.
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en, Auckland, New Zealand), until it was used to p
are macrophages for phagocytosis and oxidative
ssays. A 0.5 g sample of liver was snap-frozen in liq
itrogen and kept at−80◦C for subsequent determin

ion of EROD activity.

.3. Differential white blood cell counts

Blood smears were stained according to the pa
ic staining by Pappenheim (May-Gruenwald/Giem
taining). Photographs of the blood smears were t
ith a SV Micro Sound Vision colour camera (Sou
ision Inc., Boston, USA) on a microscope (Zeiss A

olab) using Axio Vision Version 2.0.5 (Carl Zeiss V
ion GmbH, Hallbergmoos, Germany). Approxima
500 cells were counted per slide using the digital
The oxidative burst assay was based on the me
f Rosenkranz et al. (1992). Either 200 ng/mL phorbo
2-myristate-acetate (PMA) (Sigma, St. Louis, M
SA) in HBSS or HBSS alone was pipet
nto the cells. Measurement of the oxida
urst reaction was started 5 min later by the
ition of 2′,7′-dichlorodihydrofluorescein diaceta
H2DCFDA) (Molecular Probes, Eugene, USA)

final concentration of 10�g/mL. The time cours
f H2O2 production was measured in a microp
uorometer (485 nm excitation and 520 nm em
ion filters) by detecting the oxidation of H2DCFDA
o dichlorofluorescein (DCF) over a time period
5 min. The slope was obtained using the linear po
f the reaction curve, usually between 4 and 10 min
ults were calculated as pmol DCF produced per
nd min, using a DCF standard curve (Acros, Schw
ermany).
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2.5. Lymphocyte proliferation

The preparation of lymphocytes from rainbow trout
peripheral blood followed the description ofKarrow
et al. (1999). Leucocytes were resuspended in L-
15 medium (Invitrogen, Auckland, New Zealand),
counted in a haemocytometer with the help of trypan
blue dye exclusion, adjusted in L-15 medium (con-
taining 10% fetal calf serum (FCS) and 100 U/mL
Pen/Strep, both from Invitrogen, Auckland, New
Zealand) to a density of 0.5× 106 cells/mL and seeded
in 24-well cell culture-plates (1 mL/well) (Invitrogen,
Auckland, New Zealand). After keeping the cells at
18◦C for 3 h to enable attachment to the cell cul-
ture plate, the cells were stimulated with either 100�g
LPS/well (LPS fromE. coliserotype 0111:B4, Sigma,
USA) or 20�g Concanavalin A/well (Con A; from
Canavalia ensiformisType VI, Sigma, USA). After
stimulation of lymphocyte proliferation with mitogens,
the cells were kept in culture at 18◦C for 72 h. Cells
were then incubated for a further 18 h with 3.7× 104 Bq
(1�Ci) thymidine-methyl-3H per well (Amersham
Pharmacia Biotech, New Zealand). Cells were vacuum-
filtered onto GF/C filter paper (Whatman, UK) and
filters were transferred to scintillation vials with 5 mL
of scintillation cocktail (2 L toluene, 1 L Triton X-
100, 18 mM 2,5-diphenyloxazole (PPO), 0.55 mM
1,4-bis[2-5-phenyloxazolyl]benzene (POPOP)). Cell
proliferation was measured in a Packard BioScience
liquid scintillation analyser Tri-Carb 2100 TR, as
c cpm
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Institut, Germany). The ELISA for the detection of
A. salmonicida-specific antibodies in trout serum fol-
lowed the description ofKöllner and Kotterba (2002),
except for sample dilution (1:100) and detection, which
was carried out using TMB (Sigma, St. Louis, MO,
USA). The colour reaction was stopped by the addition
of 1 M H2SO4 and absorption was measured at 450 nm
in an SLT plate reader 340 ATTC (SLT Labinstruments,
Groedig, Austria). As no standards were available for
IgM determination, results are given as optical den-
sity. To enable comparison without a standard curve, all
samples were measured in parallel in a single ELISA
run, which was repeated once.

2.8. Liver EROD activity

Hepatic MFO activity was estimated in post-
mitochondrial supernatant (PMS) as 7-ethoxyresoru-
fin-O-deethylase (EROD) activity, using a modifica-
tion of the fluorescence plate-reader technique outlined
by van den Heuvel et al. (1999). Frozen liver pieces
were homogenised in a cryopreservative buffer (0.1 M
phosphate, 1 mM EDTA, 1 mM dithiothreitol, and 20%
glycerol, pH 7.4) and spun at 9000×g to obtain the
PMS. The EROD reaction mixture contained 0.1 M
Hepes buffer pH 7.8 (Sigma, St. Louis, MO, USA),
5.0 mM Mg2+, 0.5 mM NADPH (Applichem, Darm-
stadt, Germany), 1.5�M 7-ethoxyresorufin (Sigma, St.
Louis, MO, USA) and 0.5 mg/mL of PMS protein.
EROD activity was determined kinetically in 96-well
p on
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easured with mitogen-stimulated cells to control (
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.6. Lysozyme activity in trout plasma

The method for measuring serum lysozyme
owed the description ofEllis (1990)(turbimetric as
ay), using aMicrococcus lysodeikticus(Sigma, St
ouis, MO, USA) suspension with a concentration
.5 mg/mL. Lysozyme activity was expressed as
rease of optical density (OD) per min.

.7. A. salmonicida-specific antibody ELISA

InactivatedA. salmonicidaantigen and the trou
gM-specific antibody 4C10 was kindly provided
ernd Köllner and G̈unter Kotterba (Friedrich-L̈offler-
lates, taking one reading every minute for 10 min
BMG Polarstar Galaxy microplate fluorometer.

orufin was determined using 544 nm excitation
90 nm emission filters. Protein content was estim

rom fluorescamine (Sigma, St. Louis, MO, USA) fl
rescence (390 nm excitation, 460 nm emission fil
gainst bovine serum albumin (Sigma, St. Louis, M
SA). EROD activity was calculated as pmol resor
roduced per min and mg protein.

.9. Fixed wavelength fluorescence analysis of
AHs in bile

PAH levels in bile were analysed with fixed wa
ength fluorescene analysis as described byAas et al
2000). Bile was diluted 1600-fold in 50% ethan

Waters 474 fluorescence detector was u
or measurements with excitation and emiss
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wavelengths of 290/335 for naphthalene, 341/383 for
pyrene, and 380/430 for benzo[a]pyrene and slit width
of 18 nm.

2.10. Statistics

All immune endpoints were examined using a three-
way ANOVA that included the independent variables
sampling day,A. salmonicida-injection and effluent
treatment and the possible interactions. Non-significant
terms were progressively eliminated from the ANOVA
model. Dunnett’s post-hoc test was used to exam-
ine differences between the reference and exposure
groups. All data were examined for normality and het-
eroscedasticity and were log transformed only where
those assumption were not met. Transformed data were
re-tested and met the assumptions required for para-
metric statistics in all cases, with the exception of
EROD and bile data. EROD and bile data did not
conform to the assumptions of parametric analysis
and were instead compared using a non-parametric
Kruskal–Wallis one-way analysis of variance with
Bonferroni adjustment for multiple comparisons. Sta-
tistical testing was performed using the SYSTAT® soft-
ware package (Wilkinson, 1990). The critical level of
significance for all analyses wasα = 0.05.

3. Results

In the present study, no mortalities occurred and
fi ease
s osis
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o ut to
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p ssay
s ay,
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s
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t
i ent,
n t on
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sh did not show any gross external or internal dis
ymptoms. Neither macrophage activity (phagocyt
nd oxidative burst) nor serum lysozyme activity w
bserved to be affected by exposure of rainbow tro
TP effluent (Table 1). Injection of trout with the inact
ated bacteriaA. salmonicidadid not appear to signifi
antly influence any of those immune parameters c
ared to sham-injected fish. The oxidative burst a
howed a statistically significant effect of sampling d
ut the macrophage function phagocytosis and s

ysozyme did not demonstrate this effect. ELISA a
sis of serum samples for IgM antibodies againsA.
almonicidarevealed no measurableA. salmonicida-
ntibody production in sham-injected trout, so sta

ical analysis was performed only onA. salmonicida-
njected fish. Neither the exposure to sewage efflu
or the day of sampling had any significant effec
erum anti-A. salmonicidaIgM production (Table 1).
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Fig. 1. Peripheral blood lymphocyte numbers as percent of total
blood cells counted. Data were tested using a three-way ANOVA
with the variables effluent exposure,A. salmonicida-/PBS-injection
and sampling day. As no difference between sampling days was ob-
served, data from the two sampling days were pooled. In tap water
control, a significant interaction between injection and dose indi-
cated that a different dose–response relationship existed depending
on whether or not the trout were injected withA. salmonicida. Dun-
nett’s post-test was used to compare effluent concentrations with tap
water control. Shown are mean values with 95% confidence intervals
(CI) (n≥ 9, *P≤ 0.05,** P≤ 0.01).

Trout exposed to effluent did not show statistically
significant differences in the proportions of erythro-
cytes, total leucocytes, granulocytes, thrombocytes or
total lymphoid cells in blood (Table 1). There was also
no effect ofA. salmonicida-injection on these blood
parameters. However, there was a significant compo-
nent of variability observed due to sampling day in both
erythrocytes and leucocytes.

There was a clear difference in the nature of the
response of lymphocyte numbers to sewage effluent
depending on whether or not the trout had beenA.
salmonicida-injected (Fig. 1). Lymphocyte data for
A. salmonicida- and PBS-injected trout was anal-
ysed independently due to this interaction of injection
and sewage exposure. The PBS-injected trout showed
a statistically significant reduction in the proportion
of lymphocytes as compared to the control group,
whereas no sewage-related differences were observed
in the A. salmonicida-injected group. It appears as
if lymphocyte numbers were already reduced in the
A. salmonicida-injected control group. When the PBS
group was assessed independently of theA. salmoni-
cidagroup, there was also a significant decrease on day
2 of sampling (data not shown).

Fig. 2. Numbers of degrading erythrocytes in peripheral blood, given
as percent of total blood cells counted. Data were tested using a three-
way ANOVA with the variables effluent exposure,A. salmonicida-
/PBS-injection and sampling day. As no differences betweenA.
salmonicida-injected and PBS-injected fish were observed, data from
these two groups were pooled. Dunnett’s post-test was used to com-
pare effluent concentrations with tap water control. Shown are mean
values with 95% CI (n≥ 5, ** P≤ 0.01).

A high prevalence of degrading erythrocytes in
peripheral blood was observed in fish sampled on
the second sampling day. This putative stress ef-
fect increased with increasing effluent concentration
(Fig. 2). Effluent-exposed trout displayed significantly
enhanced erythrocyte degradation at 30 and 70% efflu-
ent in a concentration-dependent manner. In individu-
als sampled on sampling day 1, the manifestation of
degrading erythrocytes in blood was not influenced by
exposure to effluent.

Proliferation of Con A-stimulated lymphocytes was
significantly enhanced after exposure to sewage efflu-
ent (Fig. 3a). The response was statistically significant
at all three effluent concentrations. However, the mag-
nitude of the response did not vary with the effluent con-
centration in a concentration-dependent manner. There
was no apparent response in lymphocyte proliferation
due toA. salmonicida-injection. Lymphocyte prolifer-
ation was also influenced by the sampling day, in that
individuals from day 1 showed a higher level of prolif-
eration than fish from day 2. Stimulation of peripheral
blood leucocytes with LPS also resulted in enhanced
proliferation after exposure to effluent. However, this
was only statistically significant for the 70% effluent
group (Fig. 3b). Sampling day did not have any sig-
nificant effect on the proliferation of LPS-stimulated
leucocytes.
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Fig. 3. Proliferation of (a) Con A-stimulated and (b) LPS-stimulated
peripheral blood leucocytes given as ratio of3H-thymidine incor-
poration (cpm) of mitogen-stimulated cells to unstimulated control
cells. Data was tested using a three-way ANOVA with the variables
effluent exposure,A. salmonicida-/PBS-injection and sampling day.
Injection of trout with eitherA. salmonicidaor PBS did not influ-
ence cell proliferation in either assay type (ConA- as well as LPS-
stimulation). Results from both groups were thus pooled for the re-
spective mitogen treatment. For (a) a significant effect of sampling
day was found (n≥ 3, except for the group with 10% effluent, sam-
pling day 2:n= 2); for (b) no effect of sampling day was observed
and data from both days were thus pooled (n≥ 9). Shown are mean
values with 95% CI. Dunnett’s post-test was used to compare effluent
concentrations with tap-water control (*P≤ 0.05).

Liver EROD activity increased after exposure to
10 and 30% effluent, however, only EROD activity in
trout exposed to 30% STP effluent was significantly
higher compared to trout held in de-chlorinated tap wa-
ter (Fig. 4). Exposure to 70% effluent resulted in only
slightly higher liver EROD activity compared to con-
trol fish indicating that an inhibitory effect may have
occurred in response to the highest effluent concentra-
tion. Liver EROD activity was also not influenced by
injection with inactivatedA. salmonicida.

The concentration of PAH equivalents, namely
naphthalene and pyrene compounds were significantly

Fig. 4. Liver EROD activity, given as resorufin produced per min and
mg protein. Data were tested using Kruskal–Wallis non-parametric
one-way ANOVA. Shown are median values with standard error of
the means (n≥ 16, ** P≤ 0.01).

increased in bile samples of trout exposed to effluent
(Fig. 5). Naphthalene equivalents increased in a dose-
dependent manner and were significantly elevated at all
effluent concentrations. Pyrene equivalents were sig-
nificantly elevated at 10 and 70% effluent, but not at
30%. Benzo[a]pyrene equivalents did not show a clear
response pattern, but were elevated in bile samples from
fish exposed to 10% effluent. These data indicate that
smaller molecular weight compounds such as pyrene
and naphthalene seem to predominate in bile. There
were no significant correlations between the logarithm
of PAH equivalent concentrations and the logarithm
of EROD as assessed with individual fish data. How-
ever, as there appeared to be EROD inhibition in the
70% effluent concentration, the correlations were re-
assessed with these data removed. This resulted in a

Fig. 5. PAH equivalents in bile samples. Data were tested using
Kruskal–Wallis non-parametric one-way ANOVA. Shown are me-
d
*

ian values with standard error of the means (n≥ 10, *P≤ 0.05,
* P≤ 0.01,*** P≤ 0.001).
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statistically significant correlation between naphtha-
lene equivalents and EROD activity (r = 0.4,P= 0.15,
n= 38), but no significant correlations were observed
with EROD and pyrene or benzo[a]pyrene equivalents.

4. Discussion

In this study, exposure of trout to high concen-
trations of a well treated municipal sewage effluent
resulted in no net mortality. The only immunologi-
cal and haematological parameters that were altered
by effluent exposure were circulating lymphocytes, in
vitro lymphocyte proliferation and degradation of red
blood cells. These parameters and their response to
sewage effluent exposure interacted with short-term
sampling stress, or to injection with an inactivated fish
pathogen. Other non-specific immune functions such
as lysozyme, oxidative burst and phagocytosis did not
respond to either effluent exposure or toAeromonas-
injection. Trout demonstrated elevated levels of bile
PAH metabolites and induced liver monooxygenase ac-
tivity likely indicating exposure to PAHs.

The only peripheral blood leucocytes that appeared
to be influenced by effluent exposure were lympho-
cytes. However, the observed decrease in lymphocyte
numbers was only apparent in sham-injected, but not
in A. salmonicida-exposed trout. TheA. salmonicida-
exposed trout from the control group appeared to have
lymphocyte numbers that were similar to effluent ex-
p e
s e-
c ction
o -
m

r on
b ob-
s l.,
2
w teps
d pe-
r line
w bers
f m-
p and
l (
a in a
l

The decrease in lymphocyte numbers in sham-
injected fish found in the present study was possibly
caused by either a stress response or by anthropogenic
compounds such as PAHs. Exposure of trout to PAHs
has previously been shown to cause a reduction in pe-
ripheral blood lymphocyte counts (Karrow et al., 1999).
In a field study,Khan (2003)also observed lower num-
bers of circulating lymphocytes in three flatfish species
sampled at a PAH-contaminated site, compared to fish
from a reference site. However, another possible expla-
nation for the observed effects on blood lymphocyte
numbers is the influence of handling stress. It has been
demonstrated that the stress hormone cortisol selec-
tively causes apoptosis of activated B-cells (Weyts et
al., 1998). Decreases in lymphocytes due to sampling
stress were also observed in our study. Therefore, a
combination of B-cell activation due to effluent expo-
sure orA. salmonicida-injection with elevated cortisol
levels as a consequence of handling stress could have
caused the decrease in lymphocyte numbers observed
in the present study.

Proliferation of Con A- and LPS-stimulated lym-
phocytes was increased in virtually the opposite fash-
ion as circulating lymphocytes were decreased. It is
unlikely that such an increase could be attributed to
stress as Con A-stimulated lymphocyte proliferation
was decreased on day 2 of sampling compared to
day 1. Thus, this response is more likely related to
the effects of toxicants within the effluent. This find-
ing is in contrast with a study byPrice et al. (1997),
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000). Brown trout (Salmo trutta f. fario) exposed to
ater samples from different sewage treatment s
isplayed significantly lower leucocyte counts in
ipheral blood compared to tap water controls. In
ith our results, the decreased leucocyte num

ound in this study were mainly due to lower ly
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ymphocytes have also been observed in goldfishC.
uratus) exposed to 10 and 20% treated sewage

aboratory scale experiment (Kakuta, 1997).
ho found a significant reduction in the prolife
ive responses of T- and B-lymphocytes in carpC.
arpio) exposed to effluent-receiving river water
outheast UK.

Blood cell differentials also revealed that expos
o effluent increased the fragility of erythrocytes i
oncentration-dependent manner. This result wa
bserved immediately as only trout sampled on
econd day of sampling showed a marked increa
egrading erythrocytes. It is likely that the exposur
ffluent has some impact on the integrity of eryth
yte membranes. It has moreover been establishe
drenalin causes rapid erythrocyte swelling whic
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ells explaining why the observation is only eviden
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on erythrocytes in fish have been shown before. Male
fathead minnows (Pimephales promelas) kept in a con-
structed wetland system showed decreased haematocrit
values after exposure to high sewage effluent concen-
trations at the inflow site, when compared to control fish
or to fish further downstream (Hemming et al., 2001).
Kakuta (1997)also reported lower erythrocyte num-
bers in peripheral blood of goldfish, exposed to treated
sewage in a laboratory experiment. Amphiphilic com-
pounds such as resin acids have been observed to cause
hemolysis of erythrocytes, presumably through interca-
lation into the lipid bilayer (Bushnell et al., 1985). Thus,
amphiphilic compounds such as fatty acids, known to
be elevated in sewage effluent may have caused ery-
throcyte lysis in this study.

Serum lysozyme activity, head kidney macrophage
activity and serum level ofA. salmonicida-specific anti-
bodies were not influenced by acute exposure to sewage
treatment effluent in the present study. In contrast to
these results,Price et al. (1997)showed a decrease in
serum lysozyme activity in effluent-exposed carp com-
pared to fish from a control (high water quality) site.
Kakuta (1997)moreover observed a decrease of phago-
cytotic activity in blood cells of goldfish exposed to
treated sewage.

As well as enabling the assessment of specific an-
tibody production as a measure of specific humoral
immunity, injection of trout withA. salmonicidawas
chosen as a stimulant of the immune system. While in
sham-injected fish, exposure to effluent decreased lym-
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rameters did not respond to injections was likely an
indication of timing, rather than the lack of response.
In contrast to antibody production, non-specific im-
mune parameters, such as oxidative burst are known
to respond very rapidly to antigens. Thus, we would
conclude that it is likely that non-specific endpoints re-
sponded toA. salmonicida-injection and subsequently
returned to baseline levels prior to sampling.

Induction of liver EROD activity is widely used
as an indicator for pollution and subsequent activa-
tion of detoxification mechanisms (cytochrome P450
1A1) in the vertebrate liver (Bucheli and Fent, 1995;
Cousinou et al., 2000) and has been linked to expo-
sure to PAHs and PCBs (Stegeman and Hahn, 1994;
Rice and Schlenk, 1995). In the present study, EROD
activity in trout liver was observed to increase after ex-
posure to sewage treatment effluent, which could be
caused by the presence of elevated PAH concentra-
tions, as found in bile samples of effluent exposed fish.
The correlation of naphthalene equivalent concentra-
tions in bile samples with EROD activity in individ-
ual tout supports this conclusion. The lower level of
EROD activity found in fish exposed to the highest
effluent concentration in our study, is likely due to in-
hibition of P450 activity by higher concentrations of
toxic substances in liver tissue. Such an inhibiting ef-
fect on EROD activity in fish has been demonstrated
after application of high concentrations of PCBs in
vitro and in vivo (Gooch et al., 1989; Monosson and
Stegeman, 1991; Hahn et al., 1993) and exposure to
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umber of bacteria injected, while considerable le
re observed as late as 30 days after challenge (Köllner
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l. (2000), however, found that such an inhibitory eff
n liver EROD activity cannot necessarily be expe
fter exposure to high sewage effluent concentra
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In general, this study has revealed effects of sew
reatment effluent on selected immune paramete
ainbow trout. As well as the effluent effects, hand
tress has been shown to play a pronounced role
hould thus be considered as a possible confoun
actor and analysed accordingly in all studies on

une performance in fish. Circulating lymphocy
ymphocyte proliferation and erythrocyte integrity
eared to be particularly sensitive to both the eff
f effluent exposure and the effects of stress.
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in all studies on immunotoxicological effects, alter-
ations in the reactivity of selected immune parameters
cannot be rated as indicative for the resulting overall
immune competence without specific evidence of in-
creased probability of infection. However, the discov-
ery that immune reactivity in fish can be influenced by
exposure to effluent, is suggestive of the potential for
adverse influence on immune competence and subse-
quently a possible decrease in disease resistance.
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