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Abstract

Mass mortalities among marine mammal populations in recent years have raised questions
about a possible contributory role of contaminants accumulated through the marine food
chain. While viruses were shown to be the primary cause of the outbreaks, an immunotoxic
action by organochlorine chemicals in affected animals could not be ruled out. We carried out
a 2!,-year immunotoxicological experiment in which two groups of 11 harbour seals each were
fed herring from either the relatively contaminated Baltic Sea or the relatively uncontaminated
Atlantic Ocean. Seals in the Baltic Sea group accumulated 3-4 times higher levels of 44-
receptor-mediated 2,3,7,8-TCDD Toxic Equivalents in blubber than did their Atlantic counter-
parts following 2 years on the respective diets. Blood was sampled a total of 17 times during the
course of the experiment for immunological evaluation, during which time the natural cytotoxic
activity of peripheral blood mononuclear cells isolated from seals fed Baltic Sea herring de-
clined to a level approximately 25% lower than that observed in seals fed Atlantic herring
(P < 0.01). Natural killer (NK) cell activity has not been previously described for a marine
mammal species. We characterized the natural cytotoxic activity of harbour seal peripheral
blood mononuclear cells (PBMC), and found this to be interleukin-2 (IL-2) responsive, sensi-
tive to antibody anti-asialo GM1, and it was higher against a virus-infected target cell, like NK
cells described for other mammals. As NK cells are leukocytes which play an important role in
the first line of defence against viruses, the observed impairment of NXK cell activity in the seals
feeding on the Baltic Sea herring suggests that exposure to contaminants may have an adverse
effect on the defence against virus infections in seals inhabiting polluted waters in Europe. This
may therefore have affected the severity of the infections, the survival rates and the spread of
infections during recent epizootics.
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1. Introduction

Morbillivirus-induced mass mortalities among marine mammal populations in re-
cent years have led to extensive speculation about the possible contributing role of
organochorine pollutants. In 1988, approximately 20 000 harbour seals (Phoca vituli-
na) died when a newly identified morbillivirus spread rapidly through the populations
inhabiting the coasts of northwestern Europe (Osterhaus et al., 1988; Dietz et al.,
1989; Visser et al., 1993). Despite the isolation and characterization of the responsible
virus, called phocine distemper virus or PDV, pollutants could neither be implicated
nor ruled out as contributing factors. Additional mass mortalities among bottlenose
dolphins (Tursiops truncatus) in the Gulf of Mexico in 1987-88 and striped dolphins
(Stenella coeruleoalba) in the Mediterranean Sea in 1990-91 were also induced by
morbilliviruses (Van Bressem et al., 1991; Lipscomb et al., 1994). The high trophic
status of many marine mammal species predisposes these animals to accumulating
high concentrations of lipophilic organochlorines, including polychlorinated biphen-
yls (PCBs), DDT and, to a lesser extent, polychlorinated dibenzo-p-dioxins (PCDDs)
and polychlorinated dibenzofurans (PCDFs) (Tanabe et al., 1987; Skaare et al., 1990;
Simmonds et al., 1993).

Environmentally-occurring levels of organochlorines have been correlated with
biological effects in seals. Harbour seals fed contaminated fish from the Dutch Wad-
den Sea in an earlier experiment had significantly lower reproductive success
(Reijnders, 1986) and vitamin A and thyroid hormone levels (Brouwer et al., 1989).
Organochlorine chemicals have been linked to skeletal lesions among grey (Bergman
et al., 1992) and harbour seals (Mortensen et al., 1992) in the Baltic Sea. PCBs have
been correlated with pathological lesions which inhibited reproduction in ringed seals
in the Baltic Sea (Helle et al., 1976). While contaminants have not been conclusively
shown to have played a contributory role in virus epizootics (Hall et al., 1992; Sim-
monds et al., 1993; Aguilar et al., 1994), the high organochlorine chemical burdens of
marine mammals in many areas makes these species potentially vulnerable to the
adverse effects of pollution. Evidence from studies of laboratory animals suggests
that PCBs, PCDDs, and PCDFs are potent immunosuppressants (Vos and Luster,
1989). In preliminary findings, we observed a reduction in T lymphocyte responses
and natural killer cell activity of peripheral blood mononuclear cells (PBMC) isolated
from harbour seals fed herring from the Baltic Sea as compared to controls (De Swart
et al., 1994), and also reduced in vivo specific delayed-type hypersensitivity and anti-
body responses to the antigen ovalbumin (Ross et al., 1995).

Natural killer cells are lymphocytes which represent an important first line of de-
fence against both virus infections and tumour cells (for reviews see Lewis and
McGee, 1992; Welsh and Vargas-Cortes, 1992). They have been characterized as
large granular lymphocytes in mammals, which migrate directly to peripberal lym-
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phatic organs and blood following development in the bone marrow. While NK cells
have been defined by surface markers in rodents (e.g. monoclonal antibody 3.2.3 in
the rat (Chambers et al., 1989)) and humans (e.g. antibodies against CD16 + CD56 +
(O’Shea and Ortaldo, 1992)), much of the research on these lymphocytes has relied
upon a functional definition. Routine testing for natural killer cell activity in different
animal species involves tumour cell-directed cytotoxicity assays. To date, however,
NK cell activity has not been characterized for a marine mammal species. Natural
killer cells have been shown to lyse infected cells in different viral models, without
major histocompatibility complex (MHC) restriction and independent of prior expo-
sure to the virus. They are therefore vital in the non-specific immunological defence
against certain pathogens which the animal has not previously encountered, and play
a role in limiting the spread of infection while a more effective specific antibody and
cellular response is mounted (Welsh and Vargas-Cortes, 1992). The latter specific
responses require a minimum of 4-5 days to begin an effective clearance of virus, and
initial defence against a viral infection therefore relies upon the non-specific respons-
es, in which the natural killer cells play a vital role.

In an attempt to determine whether contaminants at environmentally-occurring
levels adversely affect immune function in harbour seals, we undertook a 2',-year
captive feeding experiment. We extend here our previous findings of impaired T-
lymphocyte responses and NK cell activity in harbour seals fed Baltic Sea herring
expressed as a percent of control (De Swart et al., 1994), by describing the specific
natural cytotoxic activity of peripheral blood mononuclear cells isolated from both
the Atlantic and Baltic groups of seals. Since natural killer cells have not been de-
scribed for harbour seals, we first undertook a series of assays to determine the
feasibility of measuring natural cytotoxicity of leukocytes isolated from harbour
seals, and to characterize this activity in harbour seals from comparative knowledge
of NK cells in other mammals.

2. Materials and methods

Captive seal feeding experiment

Twenty-two recently weaned harbour seals were captured on the relatively unpol-
luted north-east coast of Scotland in 1990 and housed as described elsewhere (De
Swart et al., 1994). Briefly, seals were fed relatively uncontaminated herring from the
North Atlantic Ocean for a period of 1 year prior to the start of the feeding experi-
ment. The seals were matched for weight and sex and subsequently divided at random
between two groups of 11. The two groups were then fed their respective diets of
herring originating from either the North Atlantic Ocean or the Baltic Sea, commenc-
ing in late September 1991. A supplement of vitamins was added weekly to the seal
diets to compensate for losses during storage at ~20°C. The nutritional quality of the
two diets and the similar clinical chemistry profiles and weight gain patterns of the
two groups of seals suggest that, other than the differences in intakes of contami-
nants, the two groups of seals were comparable (De Swart et al., 1994; De Swart et al.,
in press).
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Sampling

Blood was drawn every 6-9 weeks from the epidural vein of the seals for tests of
immune function. Heparinized Vacutainers (Becton Dickinson, New Jersey, USA),
kept at room temperature prior to sampling, were used for the collection of approxi-
mately 40 ml blood.

Blubber biopsies were taken aseptically from the 22 seals at week 104 of the exper-
iment as described previously (Ross et al., 1995). Briefly, 200 mg of blubber was
sampled by inserting a 6 mm biopsy plug (Codman and Shurtleff, Randolph, USA)
into a small incision in the skin on the dorsal surface of the seal, approximately 10 cm
lateral to the spinal column. Samples were stored in glass vials at —20°C until analy-
sis.

Isolation of leukocytes

Peripheral blood mononuclear cells (PBMC) were isolated from heparinized whole
blood which was diluted 1:2 with cell culture medium (RPMI 1640 (Gibco, Life
Technologies, Paisley, Scotland) containing penicillin (100 IU/ml), streptomycin (100
ug/ml) and L-glutamine (2 mM)) and 10 TU/m] sodium heparin (Organon Teknika,
Boxtel, The Netherlands) on a Lymphoprep (Nycomed Pharma, Oslo, Norway) 1.077
g/ml density gradient at room temperature within 6 h of sampling as previously
described (De Swart et al., 1993). Briefly, PBMC isolated following density gradient
separation were washed in cell culture medium with the following added to respective
washing steps: twice with 10 IU/ml sodium heparin; followed by 10 TU/ml sodium
heparin plus 3% heat-inactivated fetal calf serum (FCS; Bockneck Laboratories,
Guelph, Canada); and twice in 3% FCS only. Following overnight storage at 0°C in
culture medium containing 20% FCS, PBMC were washed once in culture medium
containing 10% FCS. The cell pellet was resuspended, counted using a haemocytome-
ter, and adjusted to a standard concentration of 1 x 107 cells/ml in culture medium
containing 3% FCS.

Natural killer cell assays

YAC-1 tumour cells of murine origin were used as targets for cytotoxicity in rou-
tine experiments. Briefly, 1 x 10° YAC-1 cells were radiolabelled with 100 #Ci *'Cr in
100 £ cell culture medium containing 10% FCS for 45 min at 37°C, washed five times
in culture medium containing 10% FCS, and viable cells counted using Trypan blue
dye exclusion. Natural killer cell assays consisted of a coincubation of 1 x 10, 5 x 10°,
and 2.5 x 10° seal PBMC (effector cells) with 1 x 10° radiolabelled YAC-1 target cells
in a final well volume of 200 ul in 96-well round-bottom plates (Costar, Cambridge,
USA) for 6 h at 37°C in a humidified, 5% CO, atmosphere. Three effector:target cell
ratios were therefore tested for each seal at each routine sampling (100:1, 50:1, and
25:1). The specific release of *'Cr by YAC-1 target cells reflected the natural cytotoxic
activity of the PBMC, and was calculated as: (radioactive counts in the supernatant
— the spontaneous release by YAC-1)/(the maximal release by YAC-1 — the spontane-
ous release by YAC-1).

In a parallel series of experiments, we characterized the activity of the effector cells
responsible for natural cytotoxicity in our seal experiments. For these purposes,
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PBMC from the seals fed North Atlantic herring were used, and standard 6-h cyto-
toxicity assays using an effector:target ratio of 100:1 were undertaken with an addi-
tional treatment during the assay:

(a) a coincubation of 100 IU/ml recombinant human Interleukin-2 (rhIL-2; Euro-
Cetus, Amsterdam, The Netherlands);

(b) a coincubation with culture medium, a 1:20 final dilution of anti-asialo GM1
antibodies (Wako Chemicals, Neuss, Germany), or a mixture of a 1:20 final dilution
of anti-asialo GM1 plus a 1:60 final dilution of rabbit complement (Cedarlane Labo-
ratories, Hornby, Canada);

(c) 200 U/ml final concentration of recombinant human gamma-Interferon
(rhIFN) in a coincubation during the assay, or separately in a 15-min pre-incubation
and subsequent washing of effector cells immediately prior to the assay;

(d) using P815 mastocystoma, K-562 human myeloid leukemia, Nalm-6 pre-B hu-
man leukemia, and Nalm-6 infected with Influenza A virus HIN1 (PRS strain) in a
90-min infection without FCS prior to the assay, as replacement targets for the YAC-
1 cells.

For the purpose of immunotoxicological monitoring of the two groups of study
seals, the natural cytotoxic activity of isolated PBMC was measured against YAC-1
target cells in a 6-h assay under identical sampling and culture conditions at each
blood sampling. Following two preliminary experiments prior to the start of the
feeding experiment using standard 4-h cytotoxicity tests, it was decided to use 6-h
tests in order to enhance the sensitivity of the system. There were no significant
differences in the natural cytotoxic activity of PBMC between the two groups in the
two experiments undertaken prior to the start of the feeding experiment (Atlantic
17.3 £ s.e. 5.8 vs. Baltic 23.9 + s.e. 5.8; Atlantic 19.3 = s.e. 2.7 vs. Baltic 13.8 + s.e.
4.5). During the course of the feeding experiment, blood was sampled 15 times for
assay. Statistical analysis was undertaken using a split-plot ANOVA with time, sex
and diet as factors. Natural cytotoxic activity was averaged for blood samples taken
during the entire feeding period and these data were correlated against indicators of
contaminant burden in seal blubber: total TEQ for dioxins and furans; TEQs for
planar PCB congeners; and TEQs for mono- and di-ortho PCB congeners.

Electron microscopy

We assessed the extent to which platelets may have interfered with cytotoxicity
assays. For this, a qualitative evaluation of PBMC samples isolated from seal blood
was undertaken using standard techniques of scanning electron microscopy (i) during
winter (February) and summer (July) for four animals; and (ii) using PBMC from
seals with high cytotoxic activity and low cytotoxicity from four seals in the two
groups. We have previously encountered problems in the density gradient isolation of
seal PBMC as a consequence of platelet activation (unpublished observations), and
such an evaluation was carried out in order to exclude a methodological artefact in
observed cytotoxicity results. For scanning microscopy, 10 x 10° PBMC were washed
in phosphate-buffered saline, fixed (4% formaldehyde (containing 10-14% methanol)
and 1% glutaraldehyde solution, buffered with 0.1 M sodium cacodylate-HCl), and
mounted on 0.1 M poly-L-lysine coated glass microscope cover slides.
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Chemical residue analysis

The intake of organochlorines was estimated at 288 ng TEQ/seal per day in the
Baltic Sea group, compared to 29 ng TEQ/seal per day in the Atlantic group (De
Swart et al., 1994).

Blubber biopsy samples were used for congener-specific analyses of planar
(IUPAC numbers 77, 126 and 169) and mono- (IUPAC numbers 118, 156, and 189)
and di-ortho (IUPAC number 180) PCBs. Analyses were undertaken using methods
described elsewhere (Boon et al., 1987; Van der Velde et al., 1994). All 2,3,7,8-chlo-
rine-substituted dioxin (n = 7) and furan (n = 10) congeners were measured using
methods described elsewhere (Liem et al., 1990). Concentrations of these congeners
were used to calculate 2,3,7,8-TCDD Toxic Equivalents (TEQs) in seal blubber using
the Toxic Equivalent Factors (TEFs) described for PCBs by Ahlborg et al. (1994) and
for dioxins and furans by Van Zorge et al. (1989). Individual values for all 22 seals are
presented here, while means of the two groups have been presented elsewhere (Ross
et al., 1995).
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Fig. 1. Natural cytotoxicity assays were undertaken using PBMC from harbour seals: (a) using YAC-1
target cells at different effector : target cell ratios; (b) with recombinant human interleukin-2 (rhIL-2) using
a 100: 1 effector : target ratio; (c) with medium only, the antibody anti-asialo GM1, or a mixture of comple-
ment and anti-asialo GM1 using a 100:1 effector: target ratio; (d) using four different target cells, as
compared to the standard YAC-1 tumour cell (using a corrected YAC = 100%) using a 100:1 effec-
tor:target ratio. In all experiments, 6-h cytotoxicity assays were undertaken using PBMC from
11 seals of the Atlantic group and 'Cr-labelled target cells. Mean * s.e. are plotted and significance is
indicated by asterisks where appropriate using paired s-tests (P < 0.01).
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3. Results

Natural cytotoxic activity in harbour seal PBMC

The specific *'Cr release by YAC-1 target cells following coincubation with differ-
ent concentrations of seal PBMC showed characteristic patterns of natural cytotox-
icity, as higher effector:target ratios resulted in a high specific release as compared to
lower effector:target ratios (Fig. 1a). The specific release observed during prelimi-
nary experiments using YAC-1 cells was relatively low, but this was resolved by
increasing assay incubation time from 4 to 6 h. The sensitivity of the YAC-1 cells to
lysis made this cell line a suitable target for use in the routine assays during the course
of the feeding study.

The natural cytotoxic activity of seal PBMC was significantly enhanced when the
assay was undertaken in a coincubation with rhIL-2 (paired z-test, P < 0.01; Fig. 1b).
Conversely, the antibody anti-asialo significantly reduced the natural cytotoxic activ-
ity of seal PBMC, and complement plus anti-asialo almost completely eliminated
cytotoxic activity (paired ¢-test, P < 0.01; Fig. 1c). Recombinant human Interferon
had no effect on cytotoxic activity, whether assayed in a coincubation during the
assay, or following a pre-incubation and subsequent washing of effector cells (results
not shown). While YAC-1 cells proved to be highly sensitive to the cytotoxic activity
of seal PBMC, other cell lines were somewhat less so (Fig. 1d). P815 cells exhibited
lower specific release, though there was considerable inter-animal variability. K562
cells were relatively insensitive to lysis by seal PBMC. While Nalm-6 cells were also
insensitive as target cells, the same cells infected with influenza virus proved to be
relatively sensitive targets.

Contaminant burdens in seal blubber
Following 2 years on the different diets, the mean toxicological burden of total
TEQs in blubber differed between the two seal groups by a factor of approximately
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Fig. 2. Contaminant burdens in blubber sampled from individual seals fed Atlantic herring (open symbols)
or Baltic herring (closed symbols) following 2 years on the respective diets. Contaminants were grouped
here as (i) dioxin (PCDD) and furan (PCDF) TEQs; (ii) planar PCB TEQs; and (iii) mono- and di-ortho
PCB TEQs. Means of the two groups are indicated by a solid dash.
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Fig. 3. Natural cytotoxic activity of PBMC isolated from harbour seals fed herring from either the relatively
contaminated Baltic Sea (solid symbols) or the relatively uncontaminated Atlantic Ocean (open symbols).
Activity was measured as the specific release of *'Cr from YAC-1 target cells in a 6-h coincubation with seal
PBMC at an effector : target ratio of 100: 1. Data points represent the mean * s.e. of 11 seals. Differences
between the two groups during the course of the feeding experiment were significant as measured by a
split-plot analysis of variance (P < 0.01).

3.4, with mono- and di-ortho PCB congeners accounting for the majority of the total
TEQ composition (Fig. 2). Mean natural cytotoxic activity of the PBMC of all seals
during the entire feeding study was significantly correlated with the contaminant
burden of seal blubber, whether measured against TEQ PCDD and PCDF
(r = -0.32), TEQ planar PCBs (r=-0.49), TEQ mono and di-ortho PCBs
(r = —0.56), total TEQ (r = —0.55), or concentration PCB (r = —0.68).

Monitoring of natural cytotoxicity of PBMC during the feeding experiment

There was considerable temporal variation in the cytotoxic activity of the seal
PBMC, but seals fed the Baltic Sea herring had consistently and significantly reduced
natural cytotoxic cell activity as compared to the seals fed the Atlantic Ocean herring
over time, a trend which began within 4 months of the start of the feeding experiment
(Fig. 3). The effect of pollution (diet group) was significant at the P < 0.01 level
(split-plot ANOVA). Natural cytotoxic cell activity was identical in both groups in
the first 6-h assay, carried out 16 weeks following the start of the feeding experiment
(Atlantic 26.0 * s.e. 3.3 vs. Baltic 25.1 * s.e.; see Fig. 3), after which it declined in the
Baltic group. There were no sex-related differences. An apparent seasonal pattern
emerged in the responses of the seals in the two groups, with natural cytotoxic cell
activity in winter being approximately half of that observed during the summer
months for both groups of seals. There were no discernible differences in platelet
presence or activation in the electron microscope preparations between summer and
winter, or between low and high cytotoxic responders.
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4. Discussion

The characterization of the effector cells responsible for target cell-directed cyto-
toxicity from our harbour seals suggests that they have similar functional properties
to natural killer cells described in other mammals, including mice (Colmenares and
Lopez, 1986), rats (De Jong et al., 1980), chickens (Keller et al., 1992), dogs (Knapp
et al., 1993), cattle (Campos et al., 1992), pigs (Richerson and Misfeldt, 1989), horses
(Chong et al., 1992), and humans (Timonen et al., 1981; Herberman et al., 1986). The
classic pattern of natural killer cell-induced cytotoxicity, as observed at different
effector:target ratios (Lewis and McGee, 1992), was apparent when PBMC
from our seals were coincubated with radiolabelled YAC-1 tumour cells (i.e. higher
numbers of effector cells, higher release of >'Cr by radiolabelled YAC-1 target cells).
We have shown the effector cells in seals which lysed YAC-1 target cells to be IL-2
responsive, a trait shared by NK cells in other mammals studied (Henney et al., 1981).
The antibody anti-asialo GM1, when combined with complement, virtually eliminat-
ed cytotoxic activity from seal PBMC in a coincubation. Anti-asialo GM1 is an
antibody which binds to the cell surface glycolipid GM1 of NK cells and some macro-
phages in several mammalian species, including mice (Kasai et al., 1981), and has
been shown to suppress or abolish NK cell activity when administered in vivo (Kasai
et al., 1981) or in vitro (Ikeda et al., 1991). Human gamma-Interferon did not enhance
or block natural cytotoxicity, indicating a non-responsiveness of seal leukocytes,
which may be expected for this this non-autologous cytokine. Preincubation with
autologous interferon leads to enhanced NK cell cytotoxicity in mice (Djeu et al.,
1979), but can also protect virus-infected target cells against lysis (Bukowski and
Welsh, 1985). Since NK cells in mammals comprise a population of leukocytes which
are generally defined by their functional properties, our observations support the
concept that the assay system indeed detects the activity of NK cells in harbour seals.

The lower natural killer cell activity in seals of the Baltic group suggests that
contaminants accumulated in the marine food chain are immunotoxic, and impair
such activity by a mechanism which remains to be elucidated. Suppression of natural
killer cell activity has been demonstrated in laboratory animals exposed to 3.9 ug/g
diet methyl mercury (Ilback et al., 1991); to 20 mg/kg diet bis(tri-n-butyltin)oxide
{TBTO) or 150 mg/kg hexachlorobenzene (HCB) (Van Loveren et al., 1990); and to
50 mg Aroclor 1254 (PCB)/kg in feed over a 10-week period (Talcott et al., 1985).
Exposure to 2,3,7,8-TCDD has led to both an increase (Funseth and Ilback, 1992)
and to no change (Yang et al., 1994) in baseline natural killer cell activity in rodents,
though in the former study, an Influenza virus-associated increase in NK cell activity
was suppressed in exposed compared to control animals. Host resistance to patho-
gens can be reduced by organochlorine chemicals as evidenced by higher virus titers
and increased mortality following pathogenic challenge (Loose et al., 1978; House et
al., 1990; for review see Vos et al., 1991).

The seasonal variation in NK cell activity in our harbour seals may be of interest
in the continuing debate surrounding the complex immune system-pollution—disease
matrix in the PDV epizootic. Seasonal cycles in immune responses including antibody
production (Maestroni et al., 1987) and lymphocyte proliferation responses to mito-
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gens (Boctor et al., 1989) have been demonstrated, though to our knowledge, this has
not been previously established for NK cell activity. Seasonality in immune function
is hypothesized to be mediated via photoperiod length-induced changes in the release
of melatonin by the pineal gland (Maestroni et al., 1987). Since no discernible differ-
ences were found in platelet presence or state of activation in PBMC samples from
winter and summer or from seals with low and high cytotoxic activity, as examined
using electron microscopy, an artefact introduced by platelets interfering with NK-
target binding was ruled out as a possible factor in the seasonal patterns in cytotox-
icity and in differences between the two groups of seals. Taken together, it may be
speculated that the influence of both contaminants and season may represent signifi-
cant factors affecting the outcome of NK cell-mediated virus infections in marine
mammals.

Natural killer cell deficiencies have led to increased susceptibility to virus infections
in different situations. A human patient suffering from recurring and life-threatening
virus infections including varicella, hepatitis, cytomegalovirus, and herpes simplex,
lacked functional NK cells, but all other immune parameters examined were normal
(Biron et al., 1989). NK-deficient young mice (Boos et al., 1971) and beige mice
(Shellam et al., 1981) are less resistant to mouse cytomegalovirus MCMYV. Stein-
Streilen and Guffee (1986) showed that the in vivo administration of anti-asialo to
mice and hamsters resulted in diminished survival rates following challenge with
influenza virus. Welsh et al. (1991) found that mice administered anti-asialo GM-1
had higher mortality rates and virus titers following MCMYV infection as compared to
control mice. Qur observation that influenza virus-infected Nalm-6 cells were more
effectively lysed than their control counterparts supports the notion that NK cells in
harbour seals play a role in early responses to viral infections, as has been shown in
other mammals (Casali and Trinchieri, 1984).

While it is difficult to assess the in vivo significance of the observed decline in NK
cell activity in the seals fed the Baltic Sea herring in our study, it is clear that dimin-
ished NK cell activity can have serious clinical repercussions. In the case of the
PDV-epizootic among harbour seals that started in 1988, a virus was introduced to an
immunologically naive population. Under normal circumstances, non-specific immu-
nological defences, particularly NK cells, would respond in an attempt to eliminate or
slow the spread of the virus in the first 2-4 days of infection. Specific T- and B-cell
responses would then follow in order to clear the virus 5-8 days following infection
and maintain protection against future encounters with the same virus by immunol-
ogical memory. If both a first line of defence against virus infections (NK cells), as
well as specific T-cell responses, were less functional as a consequence of contami-
nant-induced immunosuppression, pollution could well have contributed to the sever-
ity and extent of the outbreak. Our study seals were not perinatally exposed to the
high contaminant diet, and accumulated a mean contaminant burden during the
course of the feeding study which was lower than that observed in many seal popula-
tions of Europe. This suggests that free-ranging populations of seals in Europe may
be at a higher risk to the effects of contaminant-induced immunosuppression than our
captive seals. The multitude of factors that affect the outcome of a virus epizootic (e.g.
population density, social behaviour, immunological memory) make it impossible to
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directly relate contaminant levels to mortality rates in an event such as the 1988 PDV
outbreak. As such, contaminants may be expected to play a role in, but not directly
govern, the course and outcome of a virus epizootic.

It is impossible to identify any particular contaminant in the Baltic Sea herring
which led to the suppression of NK cell activity, owing to the presence of hundreds of
different PCB, PCDD and PCDF congeners, as well as numerous other potentially
immunotoxic chemicals. The correlation analysis suggests only an inverse relation-
ship between NK cell activity and environmental ‘contaminants’, since the Baltic Sea
herring had elevated levels of all compounds measured. However, the available evi-
dence suggests that the Ah-receptor mediated PCBs, PCDDs and PCDFs have the
most immunotoxic potential (Vos and Luster, 1989) and may, through an additive
effect, contribute to a complex immunotoxic mixture of contaminants in the Baltic
Sea food chain. Since mono- and di-ortho PCBs largely contributed to the TEQ
profile in the seal blubber, we have speculated that they may be, to a large extent,
responsible for the observed impairment in T-lymphocyte mediated specific immune
responses (Ross et al., 1995), and may also affect the NK cell activity reported here.
The more rapid appearance of an impairment in NK cell activity (4 months) than
T-lymphocyte responses (1 year) may be due to the ontogeny of these two leukocyte
subpopulations. While both NK cells and T-lymphocytes or their precursors origi-
nate in the bone marrow, NK cells are fully functional soon after they enter the
bloodstream, whereas T-lymphocytes must first migrate to the thymus and mature
there. In addition, NK cells have a rapid turnover (Trinchieri, 1989) compared to
T-lymphocytes (Michie et al., 1992), and this may result in an earlier systemic mani-
festation of an immunotoxic mechanism taking place in the bone marrow and/or
thymus. Since both cell types play vital roles in fighting virus infections, several
marine mammal species may be under increased threat of infection by pathogens in
industrialized coastal areas.
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