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This study was undertaken to assess if high levels of organochlorines (OCs) are associated with
decreased ability to produce antibodies in free-ranging polar bears (Ursus maritimus) and thus
affect the humoral immunity. In 1998 and 1999, 26 and 30 polar bears from Svalbard, Norway,
and Churchill, Canada, respectively, were recaptured 32—40d following immunization with inacti-
vated influenza virus, reovirus, and herpes virus and tetanus toxoid. Blood was sampled at immun-
ization and at recapture for determination of plasma levels of polychlorinated biphenyls (PCBs)
and organochlorine pesticides (OCPs), serum immunoglobulin G (IgG) concentrations, and specific
antibodies against influenza virus, reovirus, and herpes virus, tetanus toxoid, and Mannheimia
haemolytica. The OCs alone contributed with up to 7% to the variations in the immunological
parameters. The combination of XPCBs (sum of 12 individual PCB congeners), XOCPs (sum of 6
OCPs), and biological factors accounted for 40-60% of the variation in the immunological
parameters. Negative associations were found between 3PCBs and serum immunoglobulin G
(1) levels and between 3PCBs and increased antibody titers against influenza virus and reovirus
following immunization. In contrast, a positive association was registered between YPCBs and
increased antibodies against tetanus toxoid. XOCPs also contributed significantly to the variations
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in the immunological responses. OCs did not have the same impact on the antibody production
against M. haemolytica. The present study demonstrated that high OC levels may impair the
polar bears ability to produce antibodies and thus may produce impaired resistance to infections.

In polar bears (Ursus maritimus), high levels of organochlorines (OCs),
particularly polychlorinated biphenyls (PCBs), have been found. The PCB
levels in polar bears at Svalbard, Norway, were reported to be higher than
levels in Canada and Alaska (Norheim et al., 1992; Bernhoft et al., 1997;
Norstrom et al., 1998). The highest levels of PCBs and the pesticides chlordanes
and DDE were found in polar bears from Franz Josef Land and the Kara Sea
(Andersen et al., 2001; Lie et al., 2003).

The immune system seems to be particularly sensitive to OC exposure.
Studies in experimental animals revealed that OCs may affect both the adap-
tive and the nonadaptive immune system (Vos & Luster, 1989; Tryphonas,
1994). Immunotoxicologial studies under semifield conditions demonstrated
that OCs affect immune functions in seals, including innate immunity, lympho-
cyte proliferation, specific cell-mediated immunity, and antibody response
(De Swart et al., 1994, 1995; Ross et al., 1995, 1996b). Furthermore, immuno-
toxic effects of exposure to complex mixtures of environmental contaminants
were found in a few studies of free-ranging marine mammals. In a study of
free-ranging bottlenose dolphins (Tursiops truncatus), low mitogen-induced
lymphocyte response was correlated with increasing OC levels (Lahvis et al.,
1995). Troisi et al. (2001) suggested that morbillivirus and PCBs compromised
the immune system in striped dolphins (Stenella coeruleoalba) and harbor seal
(Phoca vitulina). In beluga whales (Delphinapterus leucas) in the St. Lawrence
Estuary, the high incidence of neoplasms, pneumonia, opportunistic infec-
tions, and mastitis was believed to be indicative for impaired immune
response due to high concentrations of OCs (Martineau et al., 1994; De Guise
etal., 1995, 1998).

The present study is part of a comprehensive project designed to study
levels, tissue distribution, and possible effects of OCs in free-ranging polar bears
in the Norwegian Arctic. In a previous study, plasma immunoglobulin G (IgG)
levels were found to decrease with increasing PCB levels, indicating a possible
contaminant associated suppression of antibody-mediated immunity at Svalbard
(Bernhoft et al., 2000). For the present article an experimental field study was
undertaken on the contributions of the sum of PCBs and the sum of organochlo-
rine pesticides (OCPs) to the variation in the (1) serum IgG levels, (2) production
of specific antibodies against influenza virus, reovirus, and herpes virus, and
tetanus toxoid following immunization, and (3) antibody titer to M. haemolytica
after exposure to environmental microbes in free-ranging polar bears. The aim
of the study was to assess if the negative correlation between PCBs and plasma
IgC levels demonstrated by Bernhoft et al. (2000) was associated with decreased
ability to produce antibodies and to investigate possible effects of OCs on
disease resistance in polar bears having high and low OC exposure.
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MATERIALS AND METHODS

Experimental Design

Free-ranging polar bears with a range of OC exposure, particularly of PCBs,
were immunized with influenza virus, reovirus, and herpes virus and tetanus
toxoid to stimulate the production of virus hemagglutination inhibition antibodies,
neutralizing antibodies, and antibodies to tetanus toxoid. The immunization
also included hemocyanin from keyhole limpets to sensitize lymphocytes to be
tested in the lymphocyte proliferation test. The results from this part of the
investigation are not included in this study. Only vaccines with inactivated
viruses were used. The bears were recaptured 32-40d later. Polar bears from
two locations were chosen, Svalbard, in the Norwegian Arctic, and Churchill
in western Hudson Bay, Canada. Earlier studies documented that polar bears
from Svalbard had higher PCB exposure compared to polar bears from Canada
(Norheim et al., 1992; Bernhoft et al., 1997; Norstrom et al., 1998).

Blood was sampled at immunization and at recapture for determination of
OC plasma levels, serum IgG concentrations, and specific antibodies against
influenza virus, reovirus, and herpes virus and tetanus toxoid. In addition, the
antibody level against M. haemolytica was measured. Knowing that the produc-
tion of antibodies after immunization is influenced by several biological factors
such as gender, age, condition, and health status; the time of immunization
was used as a reference for these factors and the OC plasma levels in the
statistical analyses. To evaluate the effects of OCs on the antibody titer to
M. haemolytica and the serum IgG concentration, biological factors and OC
plasma levels at immunization were also used.

Field Sampling and Animals

The polar bears were located from a helicopter and immobilized with
Zoletil (Virbac, Carros, France) or Telazol (Fort Dodge Animal Health, Fort
Dodge, IA) using standard chemical immobilization techniques (Stirling et al.,
1989). At the first capture, the bears were vaccinated and radiomarked with
ear-tag VHF transmitters. At the time of first capture, each animal was assigned
a unique identification number that was applied as both a permanent tattoo
on the inside of each upper lip and as a plastic tag placed in each ear.

At immunization, a vestigial premolar tooth was extracted from all bears
>1yr old for age determination (Calvert & Ramsay, 1998). Biological factors
such as condition index, body length, and axial girth were recorded. A subject-
ive condition index (from 1, very lean, to 5, very fat) was determined based on
visual estimation of rump fat depots and a pinch test along the spine. For all
bears 21 yr old, body mass (kg) was estimated using morphometric equations
(Kolenosky et al., 1989; Derocher & Wiig, 2002). All protocols associated with
the handling of polar bears at Svalbard and in western Hudson Bay were
approved by the Norwegian Animal Research Authority and the Canadian Wild-
life Service Prairie and Northern Region Animal Care Committee, respectively.
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Blood Sampling

Blood samples were collected from vena femoralis before immunization
and at recapture. Heparinized blood was collected for determination of
plasma OC levels. For antibody and immunoglobulin determination, blood
without anticoagulants was allowed to clot. The blood samples were centri-
fuged (1000xg for 10 min) and separated into plasma and serum. The samples
were kept at —20°C until analysis.

Immunization

All polar bears were immunized by intramuscular injection of 2 ml Resequin
Plus (Zul-Nr. 159a/91) (Hoechst Roussel Vet GmbH, Wisbaden, Germany)
containing herpes virus (EHV), reovirus, influenza virus (EIV), 2ml Prevacun FT
(Hoechst Roussel Vet GmbH, Wisbaden, Germany) containing tetanus toxoid
and influenza virus (EIV), and subcutaneous injection of 2 ml hemocyanin from
keyhole limpets (0.5 mg/ml in phosphate-buffered saline, PBS) (number H7017)
(Sigma-Aldrich, Inc., St. Louis, MO). The immunization of 37 bears from Svalbard
and 35 bears from western Hudson Bay, Canada, occurred 9-13 August 1998
(77-79°N and 18-24°E), and 29 August-13 September 1999 (58-59°N and
93 °W), respectively. The recapture of 26 bears from Svalbard and 30 bears
from Canada occurred 15-19 September 1998 (77-79°N and 18-23 °E), and
6-10 October 1999 (58-59°N and 93 °W), respectively. The number of days
between the time of immunization and recapture (immunization interval) was
recorded, and the mean intervals were 36 (range: 33-39) and 36 (range: 32—40)
days at Svalbard and Canada, respectively.

Immunological Analyses

Immunoglobulin G A rabbit polyclonal antibody directed against polar
bear IgG was applied (Bernhoft et al., 2000). Serum IgG concentration was
measured using a single radial immunodiffusion assay as described previously
(Mancini et al., 1964). The diameters of the precipitation zones were meas-
ured by a “measuring viewer” (Behring Institut, Germany), and 1gG concentra-
tions (mg/ml) were calculated from a standard curve derived from five
dilutions of purified 1gG on each plate. Each sample was set up in duplicates
on separate plates and the mean values were used. The mean variation of the
two measurements of the samples was 4% (range 1-15%).

Specific Antibody Response Antibody titer to influenza virus  Specific
antibodies to equine influenza virus A 1 were assayed by a virus hemaggluti-
nation inhibition test (Mayr et al., 1977a) using 0.5% turkey red blood cells
(RBC) in phosphate-buffered solution (PBS) for agglutination. An influenza A/
equine 1/56 strain (HI-15) was obtained from the National Veterinary Institute,
Norway. The virus was propagated in 10-d-old embryonic eggs, and the allan-
toic fluid was collected after 4d. Stock virus was titrated in a virus hemag-
glutination test (Mayr et al., 1977a). All sera were heat inactivated, treated
with kaolin, and adsorbed with turkey RBC before processing (Mayr et al.,
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1977a). The antibody titer values were log,-transformed (log;, of the titer
divided with log;, 2) to normalize the distribution (Descotes, 1999). The low-
est dilution tested was 1:20. Sera that showed no inhibition were given a titer
of 10 (log,=3.3) for use in the statistical analyses. Polar bears with an
increased antibody titer of 22 were considered significant responders.

Antibody titer to reovirus  Specific antibodies against equine reovirus 1
were assayed by a virus hemagglutination inhibition test (Mayr et al., 1977a)
using 0.75% human RBC (type O) in PBS for agglutination. An equine reovirus
1 strain was obtained from the National Veterinary Institute, Norway. The virus
was propagated in VERO cells (ECACC reference number: 88020401) grown
in minimal essential medium with Earle’s salts (EMEM) (Gibco BRL, Scotland)
containing 2% fetal calf serum (FCS), 2 mM glutamine, 0.15% bicarbonate, and
antibiotics (penicillin 60 mg/ml, streptomycin 100 mg/ml, kanamycin 200 mg/ml,
and fungizone 1.25 mg/ml). All sera were heat inactivated, treated with kaolin,
and adsorbed with human RBC before processing (Mayr et al., 1977a). The
lowest dilution tested was 1:8. Sera that showed no inhibition were given a
titer of 4 (log,=2.0) for use in the statistical analyses. Polar bears with an
increased antibody titer of 22 were considered significant responders.

Antibody titer to herpes virus  Antibodies to herpes virus were assayed in
micro neutralization tests (NT) (Mayr et al., 1977b) using Ma 104 cells (Uras-
awa et al., 1981) and 100 TCIDs, (50% tissue culture infective doses) of EHV-
1 25/ul. Strain V5/66 was obtained from the National Veterinary Institute,
Norway. The virus was propagated in rabbit kidney (RK-13) cells grown in
EMEM (Gibco BRL, Scotland) containing 2% FCS, 2mM glutamine, 0.15%
bicarbonate, and antibiotics (penicillin 60 mg/ml, streptomycin 100 mg/ml,
kanamycin 200 mg/ml, and 1.25 mg/ml fungizone). The lowest serum dilution
tested was 1:2. Sera that showed no neutralization at this dilution were
entered as 1:1 (log,=0) in the statistical analyses. Polar bears with an
increased antibody titer of 22 were considered significant responders.

Antibody titer to tetanus toxoid ~ Specific antibodies against tetanus toxoid
were assayed by a hemagglutination test (Avrameas et al., 1969). Tetanus toxoid
(lot 59-3) was obtained from Centre for International Health, Copenhagen,
Denmark. Sheep RBC were coated with tetanus toxoid (338 Lf/ml; quantity of
toxoid as assessed by flocculation) and used for assay. The lowest serum dilu-
tion tested was 1:8. Sera that showed no hemagglutination at this dilution were
entered as 4 (log,=2) in the statistical analyses. Polar bears with an increased
antibody titer of >2 were considered significant responders.

Antibody Titer to Pasteurella Haemolytica Antibodies against Pasteurella
haemolytica were measured by an enzyme-linked immunosorbent assay
(ELISA), described by Shen et al. (1982). A serotype-specific capsular poly-
saccharide antigen from a strain of M. haemolytica serotype A 2 (Culture Col-
lection at the National Veterinary Institute, Norway) was produced following
the method of Adlam et al. (1984). Capsular antigen (0.05pg/ml) diluted in
0.05M carbonate buffer, pH 9.6, was used for coating of polystyrene micro-
titer plates (Immunoplates I, Nalge Nunc International, Denmark) by adding
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0.2 ml antigen to each well. The plates were sealed, incubated at least 3d at
4°C, and washed 5 times (Microwash II, Skatron, Norway) with PBS contain-
ing 0.05% Tween 20 (PBS-Tween). Five percent skim milk (powder, Merck,
Germany) in PBS-Tween, 0.2 ml/well, was used to prevent unspecific binding,
and the plates were washed 5 times with PBS-Tween. All test samples were
diluted at least 1:100 and further diluted twofold in PBS-Tween containing 2%
skim milk, and 100l of the samples was placed in each well. The plates were
sealed and incubated overnight at 4°C. After incubation, the plates were
washed again 5 times with PBS-Tween, 100ul of 1:3000 dilution (in PBS-
Tween with 2% skim milk) of rabbit anti-polar bear IgG (Bernhoft et al., 2000)
for Th at 37°C, washed 5 times with PBS-Tween. A horseradish peroxidase-
linked donkey anti-rabbit immunoglobulin (Ig NA 934) (Amersham Pharmacia
Biotech, Buckinghamshire, UK) (100ul) diluted 1:2000 in PBS-Tween contain-
ing 2% skim milk was added to each well, and the plates were again incubated
for Th at 37 °C. After another cycle of washing, 100l of the enzyme substrate
ABTS [2,2’-azinobis(3-ethylbenzthiazolinesulfonic acid); Sigma-Aldrich, Inc.,
St. Louis, MOJ was added to each well. The reaction was stopped after 45 min
at 37 °C by adding 20 ul sodium azide (NaN;, 1T mg/ml) and measured immedi-
ately with a Titertek Multiskan Plus enzyme-linked immunosorbent assay
(ELISA) reader (Labsystems, Finland) (wavelength 405nm). The end titer was
defined as the reciprocal (log,) of the highest dilution of serum showing positive
reaction, that is, at least 0.1 OD 45 that exceeded by more than a factor of 2 the
average OD s of the mean normal control samples in the same test plate.

Analyses of Organochlorines

Plasma samples collected at immunization from the 56 polar bears were
analyzed for OCs as part of 357 plasma samples from several studies on polar
bears at the Environmental Toxicology Laboratory, Norwegian School of Veteri-
nary Science, Oslo, Norway, during 1998 to 2000. The laboratory is accredited
by Norwegian Accreditation as a testing laboratory for OCs according to the
requirements of NS-EN45001 and ISO/IEC Guide 25. Briefly, plasma samples
of approximately 8g were extracted with cyclohexane and acetone and
cleaned with ultrapure sulfuric acid (Andersen et al., 2001). The whole extracts
were used to determine percent extractable fat gravimetrically. Aliquots of the
final extract were injected on gas chromatographs with electron-capture detec-
tion (GC-ECD) equipped with two capillary columns (SPB-5 and SPB-1701,
60m, 0.25mm ID, and 0.25um film layer; Supelco, Inc., Bellefonte, PA).
Quantification was performed using PCB 29, 112, and 207 as internal stand-
ards in each sample. For details on analytical procedures, equipment for chro-
matographic separation, detection, and calculation, see Andersen et al. (2001).

In all samples, the following OCs were determined: hexachlorobenzene
(HCB), a-, B-; and y-hexachlorocyclohexanes (HCHs), oxy-, trans-, and
cis-chlordane, trans-nonachlor, p,p’-DDE, o,p’-DDD, p,p’-DDD, o,p’-DDT,
p,p’-DDT, mirex, and 34 PCB congeners (IUPAC numbers 28, 31, 47, 52, 56,
66, 74, 87,99, 101, 105, 110, 114, 118, 128, 136, 137, 138, 141, 149, 151,
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153, 156, 157, 170, 180, 183, 187, 189, 194, 196, 199, 206, 209). In this
study the 6 pesticides HCB, o~ and B-HCH, oxy-chlordane, trans-nonachlor,
and p,p’-DDE and 12 individual PCB congeners (PCB 47, 99, 118, 137, 138,
153, 156, 157, 170, 180, 194, and 206) were found in all the samples and
consequently used in the statistical analyses. OC concentrations were
expressed on a wet weight basis (ng/g ww).

Standard procedures were used to ensure adequate analytical quality, and
the precision, linearity, and sensitivity of the analyses were within the labora-
tory’s accredited requirements. The plasma samples were divided into 22
batches of 15-17 samples. A blank sample was included in each series to test
for interference. Reproducibility was continuously tested by analyzing the OC
levels in the laboratory’s own reference sample (seal blubber). The mean per-
cent of the true value was 103% and its coefficient of variation (CV) was 11%
(n=22). Recoveries and CV of individual pesticides and PCB congeners in
spiked blood samples varied from 72 to 116% and from 6.3 to 10%, respect-
ively (n=83). Detection limits for individual OCs ranged from 0.002 to
0.02 ng/g ww. The laboratory’s accredited analytical quality was approved in
several international intercalibration tests.

Statistical Analysis

OC plasma levels at immunization were used in the statistical analyses as
sum of the levels of pesticides (XOCPs=HCB+oxychlordane+trans-
nonachlor+o-HCH+B-HCH+p,p’-DDE) and sum of the levels of individual
PCB congeners (XPCBs=PCB 47+99+118+137+138+153+156+157+
170+180+194+206). To handle missing values, levels detected below the
detection limit were replaced by half the detection limit for the respective
compound (Hair et al., 1998; Hoogerbrygge & Liem, 2000). To investigate
the ability to produce antibodies following immunization, antibody titers
against influenza virus; reovirus, and herpes virus and tetanus toxoid were
measured in samples collected at immunization and at recapture. The
increased antibody titers between captures were calculated and used in sta-
tistical analyses. Furthermore, antibody titers against M. haemolytica and
serum 1gG levels measured at recapture were used in the statistical analyses.
All the observed factors and variables were investigated and tested with
regard to the assumption of normality by using the Shapiro-Wilk method
(Shapiro & Wilk, 1965). Contaminant data and percent extractable lipid showed
nonnormality and were natural logarithm-transformed. Thus, backward-
transformed values are reported for these variables. Two approaches were
chosen to study the immunological variables: (1) study of biological variation,
location, and gender differences, in the immunological variables using the
data for Svalbard (Nggues=13, Naies=13) and Canada (n .= 30) separately,
and (2) study of the effects of OCs on the immunological variables using all
the bears (n=56).

Location and gender differences  The level of XOCPs, >PCBs, and immu-
nological variables were compared with regard to location and gender using
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analyses of variance (ANOVA) with age, body mass, condition, and percent
extractable fat as covariates, respectively. Differences were considered signifi-
cant if the p values were <.05. Mean values with 95% confidence interval (Cl)
constructed by using the Student procedure are given (Altman, 1999).

Correlation pattern The linear and partial pattern between the observed
factors and variables were analyzed by using Pearson product-moment
correlations.

Effects analyses  To study possible effects of OCs on the dependent vari-
ables, serum 1gG levels and production of antibodies against influenza virus,
reovirus, tetanus toxoid, and M. haemolytica, a statistical model was used to
investigate which combination of the independent variables >PCBs, >OCPs,
gender, age, condition index, body mass, immunization interval, and percent
extractable fat significantly affected the dependent immunological variables.
Due to differences between locations, the values of the immunological vari-
ables used in the following analyses were location adjusted. The total material
of 56 bears was considered representative for the population, and a normal
variation in variables is strengthening the results of the statistical model.

To detect possible relationships between independent variables and the
dependent immunological variables, each location adjusted dependent vari-
able was divided in four parts based on the quartiles in the empirical distribu-
tion of the dependent immunological variables. The quartiles were compared
with regard to the set of independent variables using ANOVA.

A general linear model (GLM) based on a second-order polynomial func-
tion including second order interactions was used on the total material of 56
bears to express the individual dependent immunological variables by the
2PCBs, XOCPs, and the observed biological factors (Kleinbaum et al., 1998).
The GLM takes normal variation in variables into account and in addition,
through the interactions, the intercorrelation pattern within the set of inde-
pendent variables. A significance level of .20 was used for inclusion in the
model. In the final statistical model, the contribution of the individual factors
to the variation in the studied immunological variables was calculated by
multiplying the estimate and the mean of the individual factor.

RESULTS

Materials

The material from 56 recaptured polar bears came from 13 females and
13 males from Svalbard and 30 males from Canada. The mean ages of the
female and male bears from Svalbard and males from Canada were 8.6, 11.5,
and 9.6yr, respectively. The age range for the females was 1-18yr. The age
ranges for the males from Svalbard and Canada were 1-20 and 3-21, respect-
ively. Subjective condition index for both females and males from Svalbard
ranged from 1 (very lean) to 5 (very fat). The condition for the males from
Canada ranged from 2 to 4. In both populations, only 2 bears were given the
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condition 1, 4 bears were condition 2, 38 bears were condition 3, 9 bears
were given condition 4, and 3 bears were condition 5. The mean body mass
for the females was 181 kg (range: 98-263 kg), and was markedly lower than
mean body mass for the Svalbard males (mean: 324 kg, range: 116-461kg).
No significant difference was found in the body masses of the males from
Svalbard and Canada (mean: 366 kg, range: 208-589kg). Body mass increased
with age (r=.52).

Organochlorines

The mean levels of XPCBs in female and male bears from Svalbard were
45.0ng/g ww (Cl: 29.1-69.5 ng/g ww) and 53.7 ng/g ww (Cl: 37.7-76.5ng/g
ww), respectively. The mean level of YPCBs did not differ significantly
between genders when corrected for body mass. The mean level of >PCBs in
the male bears from Canada was 42.5ng/g ww (Cl: 37.3-48.3 ng/g ww). The
mean levels of YPCBs in the two locations were not significantly different. In
Svalbard bears, the mean level of XOCPs in female bears was 15.5 ng/g ww
(Cl: 10.1-23.9ng/g ww) and significantly higher than the corresponding level
in male bears (mean: 6.8ng/g ww, Cl: 4.9-9.5ng/g ww) when corrected for
body mass. The mean level of XOCPs in the males from Canada was 16.1 ng/g
ww (Cl: 13.3-19.4ng/g ww) and significantly higher than the corresponding
level in the males from Svalbard. Using the combined sample of 56 bears,
2PCBs and > OCPs were significantly positively correlated (r=.57). Further-
more, a significant negative correlation between >OCPs and age was found
(r=-.62). The levels of XPCBs were significantly higher in bears with low
condition compared with those with high condition. The mean percent extract-
able fat in plasma samples from all 56 polar bears was 1.3% (Cl: 1.2-1.4%;
range: 0.9-2.3%). Percent extractable fat did not differ by gender or location.

Responses

IgG The mean serum IgG levels in polar bears from Canada and Svalbard
between the time of immunization and recapture did not differ significantly by
location. The mean serum IgG concentration was significantly higher both at
the immunization and at the recapture in the Canadian polar bears compared
with the corresponding level in the Svalbard bears. However, when corrected
for body mass and sex, this difference was only significant at immunization
(Figure 1). The relationship between age and serum IgG levels in male polar
bear showed the same pattern at the two locations. There was no significant
effect of age on the serum IgG concentration in male polar bears at recapture.

Specific Antibody Response Influenza virus  Following immunization,
polar bears from Canada and Svalbard responded significantly with medium-
high titers of antibodies against influenza virus (Figure 2a). The mean titer at
recapture was significantly higher in Canadian polar bears compared with
those at Svalbard (Figure 2a) also when corrected for body mass. When female
polar bears were excluded from the analyses, male bears from Svalbard had
significantly lower antibodly titer at recapture compared to males in Canada. The
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FIGURE 1. Serum IgG levels at immunization and recapture in male polar bears at Svalbard (n=13) (H)
and in Canada (n=30) (A). The results are expressed as mean 1gG (mg/ml) and 95% confidence interval
(CI). Asterisk indicates significant differences between locations (p <.05).

mean antibodly titer at recapture of female polar bears was significantly higher
compared with the corresponding titer of male polar bears from Svalbard. In
both populations the increased antibody titers in males were not significantly
influenced by age of the bears. At immunization, none of the bears had anti-
bodies to influenza virus, indicating that they were not sensitized to this antigen
at the time. At recapture, all Canadian polar bears responded with increased
titer 22, whereas at Svalbard three males (1, 12 and 17yr of age) responded
poorly (=1) while the rest had increased antibody titer >2.

Reovirus  Polar bears in Canada responded significantly with medium-high
titers of antibodies against reovirus following immunization, whereas animals
from Svalbard only produced low titers of antibodies (Figure 2b). The mean
antibody titer to reovirus at recapture was significantly higher in Canada than at
Svalbard also when corrected for body mass (Figure 2b). At immunization, 7 of
the 30 bears in Canada had antibodies to reovirus (antibody titer >4) and an
additional 4 animals had low antibody titer (=3), indicating that the Canadian
polar bear population had been exposed to environmental reoviruses. Follow-
ing immunization, all but 4 Canadian bears responded significantly with
increased antibody titer 2. The 4 nonresponders had medium to high antibody
titer to reovirus at immunization. Only one of the 26 bears from Svalbard had
antibodies to reovirus (antibody titer >4) at immunization, and 4 bears had low
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FIGURE 2. Antibody responses against (a) influenza virus, (b) reovirus, (c) herpes virus, and (d) tetanus
toxoid at immunization and recapture in male polar bears at Svalbard (n=13) (M) and in Canada (n=30)
(A). The results are expressed as mean log, antibody titer and 95% confidence interval (Cl). Asterisk
indicates significant differences between locations (p <.05).
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antibody titer (=3), suggesting that the Svalbard polar bear population had less
exposure to environmental reo viruses. Following immunization, 13 bears from
Svalbard responded significantly with increased antibody titer >2, whereas 1 of
the nonresponders had medium-high titer (7.6) at capture and 3 responded with
low increased antibody titer (21) to reovirus. When the female bears were
excluded from the analyses, the males from Svalbard had significantly lower
mean antibody titer to reovirus at recapture compared with the corresponding
titer in Canada. There was no difference in the mean antibody titer at recapture
of females and males from Svalbard. In the Canadian bears, there was a signifi-
cant negative effect of age on the antibody titers to reovirus at recapture,
whereas no such effect could be demonstrated in males from Svalbard.

Herpes virus  Following immunization, bears from Canada and Svalbard
responded significantly with very low mean titer of neutralizing antibodies
against herpes virus (Figure 2c). The mean titers at both capture and recapture
were significantly higher in Canadian compared with those at Svalbard (Figure
2¢). The same result was found when corrected for body mass. Following
immunization, only two bears from Canada and two females from Svalbard
responded with significantly increased antibody titer >2. At the start of the
immunization, no Canadian bears had antibodies to herpes virus (antibody
titer 22) and only one female from Svalbard had an antibody titer (2), whereas
27 of the Canadian bears and 10 of the Svalbard bears had low titer (>1) to
herpes virus, indicating unspecific neutralization of virus by serum and/or that
the bears were sensitized to herpes virus at start of the experiment. At recap-
ture, 11 Canadian bears and 1 male and 4 females from Svalbard responded
poorly with slightly increased antibody titer 21 to herpes virus. The titers of
neutralizing antibodies against herpes virus were considered too low to be sta-
tistically analyzed. When the females were excluded from the analyses, the
males from Svalbard had significantly lower antibody titer at recapture com-
pared with bears in Canada. There was no difference regarding the mean anti-
body titer at recapture of females and males from Svalbard.

Tetanus toxoid Bears from Canada and Svalbard responded significantly
with high mean titers of antibody against tetanus toxoid following immunization
(Figure 2d). There was no difference in mean antibody titer at recapture in
Canadian bears compared with those at Svalbard (Figure 2d). At immunization,
no antibody to tetanus toxoid could be detected in bears in Canada, whereas
one male bear from Svalbard had an antibody titer (7.6). All individuals in both
locations responded significantly with increased antibody titer (>2) following
immunization. When females were excluded from the analyses, there was still
no difference in mean antibody titer to tetanus toxoid at recapture in Canada
compared with those at Svalbard. The mean antibody titer to tetanus toxoid at
recapture of females was, however, significantly higher compared to males
from Svalbard. In both populations there was no significant effect of age on the
increased antibody titer at recapture.

M. haemolytica The mean antibody titer to M. haemolytica in bears from
Canada and Svalbard at both capture and recapture was high, and there was
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FIGURE 3. Antibody response against Mannheimia haemolytica at immunization and recapture in male polar
bears at Svalbard (n=13) (M) and in Canada (n=30) (A). The results are expressed as mean log, antibody titer
and 95% confidence interval (Cl). Asterisk indicates significant differences between locations (p <.05).

no difference between the two populations at immunization (Figure 3). All
animals had antibody titers to M. haemolytica, indicating that Pasteurella spp./
Mannheimia spp. bacteria are common pathogens in the environment of the
polar bears. However, at recapture, the antibody titer to M. haemolytica was sig-
nificantly higher in Svalbard bears compared with those in Canada also when
corrected for body mass (Figure 3). There was no intergender difference in the
mean antibody titer at Svalbard.

Correlation Patterns in Immunological Parameters

Correlation analyses including all parameters (23 variables) showed that
increased antibody titer to influenza virus was significantly, positively corre-
lated with elevated antibody titer to reovirus; this was also confirmed by par-
tial correlation. The ability to respond to reovirus was positively correlated
with increased antibody titer to herpes virus, which was also confirmed with
partial correlation. When performing correlation analyses including only the
serological parameters and IgG, the elevated antibody titer to influenza virus
was also significantly, positively correlated with increased antibody titer to
tetanus toxoid, which was also confirmed by partial correlation. Serum 1gG
levels and M. haemolytica titers were not correlated. Furthermore, these
parameters were not correlated to the antibody titers against influenza virus,
reovirus, and tetanus toxoid.
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Effects of Organochlorines

OCs in combination with biological factors contributed significantly to the
variation in the levels of IgG and production of antibodies. High levels of
2.PCBs contributed to reduction in serum IgG levels and lower production of
antibodies against influenza virus and reovirus.

IgG Based on the empirical distribution, the serum IgG levels were
divided into quartiles. The analyses of the quartiles regarding the set of inde-
pendent variables showed no significant associations between serum 1gG levels
and the independent variables. However, a positive, but not significant, trend
with body mass was observed. The linear combination of 2PCBs and >OCPs
alone accounted for 7% of the variation in the serum IgG levels. The linear
combination of gender, age, condition, body mass, and percent extractable fat
alone accounted for 16.3%. The addition of XPCBs to the previous linear
combination of the biological factors increased the explanation with 0.1%,
whereas the addition of XOCPs to the linear combination of the biological factors
enhanced the explanation with 0.4% of the variation in the serum IgG levels.

The multiple linear and nonlinear regression model of serum IgG levels
showed that >PCBs and XOCPs in combination with the biological factors
gender, age, condition, body mass, and percent extractable fat contributed sig-
nificantly to the variation in serum IgG levels and the model accounted for
53% of the variation in 1gG levels (Table 1). XPCBs was the dominating factor
and contributed negatively to the serum levels of 1gG (Table 1). XPCBs also
contributed negatively in interaction with gender and body mass and posi-
tively in interaction with age and condition. XOCPs contributed negatively in
square to serum IgG levels. Furthermore, 2OCPs contributed negatively in
interaction with age and condition and positively in interaction with body
mass (Table 1). The product of >PCBs and XOCPs contributed positively to
the serum 1gG levels; this shows that at low levels of OCs, the product limited
the reduction in IgG shown by the separate negative contributions of >PCBs
and X OCPs (Table 1). However, at high levels of OCs, particularly of PCBs, the
serum IgG levels were reduced.

Specific Antibody Response Influenza virus The quartile analysis of
increased antibody titers against influenza virus showed no significant associa-
tions between increased antibody titers and the independent variables. How-
ever, body mass showed a negative, but not significant, trend with increased
antibody titers. The linear combination of XPCBs and XOCPs accounted for
3.1% of the variation in the increased antibody titers against influenza virus.
The linear combination of the biological factors gender, age, condition, body
mass, and percent extractable fat accounted for 43.7%. In addition to the pre-
vious linear combination, >PCBs explained 4.1% and >OCPs explained 0.4%
of the variation in the increased antibody titers against influenza virus.

The linear and nonlinear combination of the factors >PCBs, >OCPs,
gender, age, condition, body mass, and percent extractable fat contributed
significantly to the variation of the increased antibody titers against influenza



570 E. LIE ET AL.

TABLE 1. Contribution of the ¥PCBs, > OCPs, Biological Factors, and Percent Extractable Fat to the Variation
of the Serum 1gG Concentration in 56 Polar Bears From Svalbard, Norway, and Churchill, Canada, 1998-1999

Contribution to
serum IgG levels

Explanatory variable Estimate Mean (estimate X mean) p Value
Intercept 399 — 399 .003
>PCBs -112 3.8 —428 .002
YPCBs x gender -12 4.7 -58 .015
2PCBs x age 3.7 37.0 137 .001
Y PCBs x condition 22 11.8 255 .009
YPCBs x body mass -0.1 1175 -165 .010
YPCBs x YOCPs 23 10.2 237 .005
>.0CPs x X OCPs =11 7.3 -82 .032
2OCPs x age -2.9 23.5 —-69 .006
Y OCPs x condition -11 8.0 -86 017
2.0CPs x body mass 0.1 784 86 .034
Gender x condition 14 3.9 55 .034
Age X age -0.2 126.3 =29 .004
Age x condition -1.7 30.8 -53 .001
Age x body mass 0.01 3404 44 .007
Condition -86 3.1 -269 .078
Condition x body mass 0.1 1011 99 .065
Condition x % extr. fat 19 0.8 16 .036
Body mass x body mass -0.0003 111503 -36 100
Percent extractable fat —64 0.3 -17 .030

Note. The model explained 53% of the variation of the serum IgG concentration, corrected for the effect
of location. The data in bold are factors including XPCBs or YOCPs. Means of percent extractable fat
(% extr. fat), OCPs, and YPCBs (ng/g ww) are presented as natural logarithm. The equation between the
dependent variable serum IgG level and the selected set of independent variables was estimated to be:

Serum 1gG level=399—-112 [In(XPCBs)—12 [In(XPCBs)xgender]+3.7 [In(XPCBs)xage]+22[In(XPCBs)x
condition] — 0.1[In(XPCBs) x body mass] + 23[In(XPCBs) x In(XOCPs)] — 11[In(XOCPs) x [In(XOCPs)] —
2.9[In(XOCPs) x age] — 11[In(XOCPs) x condition] + 0.1[In(XOCPs) x body mass] + 14(gender x condition) —
0.2(age x age) — 1.7(age x condition) + 0.01(age x body mass) —86(condition) +0.1(condition x body mass)+19
[condition x In(% extr. fat)] —0.0003(body massx body mass)—64 In(% extr. fat)

virus, and the model accounted for 66% of this variation (Table 2). >PCBs
contributed positively linearly, but negatively in square to the production of
antibodies against influenza virus (Table 2). Thus, low levels of XPCBs contrib-
uted to an increase in the production of antibodies against influenza virus,
while high levels contributed to a decrease. The contribution of 2PCBs in
interaction with gender was negative. Furthermore, 2.OCPs contributed nega-
tively in square and in interaction with age and condition but positively in
interaction with gender and body mass (Table 2). The dominant factor in this
model was the product of XPCBs and XOCPs, which contributed positively
(Table 2). This product limits the reduction in the titers shown by the negative
contributions in square of XPCBs and XOCPs separately. Thus, this model sug-
gested that low levels of OCs resulted in higher titers. However, high levels of
OCs resulted in a decrease in production of antibodies against influenza virus.
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TABLE 2. Contribution of the XOCPs and XPCBs, Biological Variables, and Percent Extractable Fat to the
Variation in Increased Antibody Titers Against Influenza Virus Following Immunization of 56 Polar Bears
from Svalbard, Norway, and Churchill, Canada, 1998-1999

Contribution to
production of protective
antibodies against
influenza virus

Explanatory variable Estimate Mean (estimate X mean) p Value
Intercept -1.6 — -1.6 .792
>PCBs 3.7 3.8 14.0 165
YPCB x YPCBs -0.6 14.8 -9.3 .068
2PCBs x gender -1.7 4.7 -7.9 074
YPCBs x YOCPs 1.4 10.2 14.2 .015
Y OCPs x XOCPs -1.4 7.3 -10.2 .009
2.0CPs x gender 3.5 3.3 11.3 .008
2.OCPs x age -0.2 23.5 -4.4 011
Y OCPs x condition -0.9 8.0 -7.2 .006
2.0CPs x body mass 0.01 784 4.9 .064
Gender 5.4 1.2 6.7 .096
Gender x age 0.3 11.8 3.8 .006
Gender x condition 1.7 3.9 6.5 .008
Gender x body mass -0.02 355 -6.7 .044
Age x condition 0.1 30.8 -3.7 .014
Age x body mass 0.001 3404 4.1 .014
Age x % extr. fat -0.1 2.4 -0.3 .051
Condition x body mass 0.005 1011 45 .023
Body mass x body mass —0.00003 111503 -3.3 135

Note. The model explained 66% of the variation in increased antibodly titers against influenza virus following
immunization, corrected for the effect of location. The data in bold are factors including ~PCBs or >OCPs.
Means of percent extractable fat (% extr. fat), XOCPs, and >.PCBs are presented as natural logarithm. XPCBs
and YOCPs are presented as ng/g ww. The equation between the dependent variable increased antibody titer
against influenza virus and the selected set of independent variables was estimated to be:

Increased antibody titer against influenza virus=—1.6+3.7 [InXPCBs]-0.6[In(XPCBs) X (In¥PCBs)] -
1.7[In(ZPCBs) x gender] + 1.4[In(XPCBs) x In(XOCPs)] - 1.4[In(XOCPs) x In(XOCPs)] + 3.5[In(XOCPs) x gender] —
0.2[In(XOCPs) x age] - 0.9[In(XOCPs) x condition] + 0.01[In(XOCPs) x body mass] - 5.4(gender) +0.3(gender x
age) + 1.7(gender x condition) — 0.02(gender x body mass) —0.1(age x condition) + 0.001(age x body mass)—
0.1[age x In(% extr. fat)] + 0.005(condition x body mass) —0.00003 (body mass x body mass)

Reovirus ~ The quartile analysis of the increased antibody titers against reo-
virus showed no significant associations between increased antibody titers and
the independent variables. The linear combination of ¥PCBs and XOCPs
alone accounted for 1.4% of the variation in the increased antibody titers
against reovirus. The linear combination of gender, age, condition, body mass,
and percent extractable fat accounted for 6.3%. In addition to this combina-
tion, XPCBs explained 0.1% and YOCPs explained 0.4% of the variation in
the increased antibody titers against reovirus.

The linear and nonlinear combination of the factors YPCBs, YOCPs,
gender, age, condition, body mass, and percent extractable fat contributed
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significantly to the increased antibody titers against reovirus and accounted for
41% of the variation (Table 3). In this model, ¥PCBs was the dominating
factor and contributed negatively linearly to the antibody production against
reovirus (Table 3). 2PCBs also contributed negatively in interaction with percent
extractable fat and positively in interaction with age and condition. >OCPs
contributed negatively in interaction with age and condition. The product of
2PCBs and XOCPs was the second most dominant factor and contributed
positively (Table 3). Thus, at low levels of PCBs the product of >PCBs and >OCPs
limits the reduction in reovirus titer by >PCBs and >OCPs separately. However,
high levels of PCBs resulted in markedly reduced antibody production against
reovirus.

Tetanus toxoid ~Comparison of the quartiles of the increased antibody titers
against tetanus toxoid showed no significant associations between increased
antibody titers and the independent variables. However, a positive, but not
significant, trend with age and body mass was seen. The linear combination of

TABLE 3. Contribution of the XOCPs and ~PCBs, Biological Variables, and Percent Extractable Fat to the
Variation in Increased Antibody Titers Against Reovirus Following Immunization of 56 Polar Bears From
Svalbard, Norway, and Churchill, Canada, 1998-1999

Contribution to
production of
protective antibodies
against reovirus

Explanatory variable Estimate Mean (estimate x mean) p Value
Intercept 33.9 — 33.9 .021
YPCBs -17.4 3.8 -66.4 .004
YPCBs x age 0.66 37.0 24.4 .003
Y PCBs x condition 1.6 11.8 18.8 011
2PCBs X % extr. fat -8.5 1.1 -9.0 .019
YPCBs x YOCPs 2.5 10.2 25.4 .001
2.OCPs x age -0.4 23.5 -9.4 .001
2 OCPs x condition -1.3 8.0 -10.6 .022
Gender 1.1 1.2 1.4 164
Age -1.4 9.8 -13.7 .033
Condition x body mass -0.009 1011 -9.1 .031
Body mass x body mass 0.0001 111503 11.2 .010
Body masss x % extr. fat -0.02 82.6 -1.7 .027
Percent extr. fat 41.6 0.3 11.2 .006

Note. The model explained 41% of the variation in increased antibody titers against reovirus following
immunization, corrected for the effect of location. The data in bold are factors including ¥PCBs or XOCPs.
Means of percent extractable fat (% extr. fat), XOCPs, and XPCBs are presented as natural logarithm.
2PCBs and XOCPs are presented in ng/g ww. The equation between the dependent variable increased
antibody titer against reovirus and the selected set of independent variables was estimated to be:

Increased antibody titer against reovirus=33.9—17.4[In(2PCBs)] +0.66[In(XPCBs) xage]+ 1.6 [In(XPCBs) x
condition] —8.5[IN(XPCBs) x [In(%extr.fat)] + 2.5[In(ZPCBs) x [In(XOCPs)] — 0.4[In(XOCPs) x age] —1.3[In(XOCPs) x
condition] +1.7(gender) — 1.4(age) — 0.009(condition x bodymass) + 0.0001 (bodymass x body mass) —0.02[body
mass X In(% extr. fat)] +41.6[In(% extr. fat)]
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2PCBs and X OCPs accounted for 2.4% of the variation in the increased anti-
body titers against tetanus toxoid. The linear combination of the biological
factors gender, age, condition, body mass, and percent extractable fat
accounted for 25%. The addition of »PCBs to the previous combination
increased the explanation with 1%, whereas the addition of >OCPs did not alter
the explanation of the variation in the antibody titers against tetanus toxoid.
YPCBs and 2OCPs in linear and nonlinear combination with the biological
factors gender, age, condition, body mass, and percent extractable fat contrib-
uted significantly to the production of antibodies against tetanus toxoid and
accounted for 62% of the variation (Table 4). >PCBs was the dominant factor
in this model and contributed positively to the production of antibodies
against tetanus toxoid (Table 4). XPCBs in interaction with age contributed
negatively. XOCPs contributed positively in square and in interaction with

TABLE 4. Contribution of the YOCPs and YXPCBs, Biological variables, and Percent Extractable Fat to the
Variation in Increased Antibody Titers Against Tetanus Toxoid Following Immunization of 56 Polar Bears
From Svalbard, Norway, and Churchill, Canada, 1998-1999

Contribution to
production of
antibodies against
tetanus toxoid

Explanatory variable Estimate Mean (estimate X mean) p Value
Intercept -32.2 — -32.2 <.001
>PCBs 13.6 3.8 52.0 .002
2PCBs x age -0.3 37.0 -10.0 013
2PCBs x XOCPs -3.8 10.2 -38.5 .004
2.0CPs x > OCPs 2.3 7.3 16.5 .009
2 OCPs x age 0.3 23.5 5.9 .014
Gender x body mass 0.02 355 8.2 <.001
Gender x % extr. fat -8.0 0.3 -2.6 .011
Age X age 0.02 126.3 2.5 .007
Age x condition -0.1 30.8 -3.4 .016
Age x % extr. fat 0.5 2.4 1.2 .056
Condition 2.9 3.1 8.9 <.001
Condition x body mass —-0.004 1011 -4.0 <.001
Body mass x % extr. fat —-0.03 82.6 -2.7 .057
Percent extr. fat 10.5 0.3 2.8 .095
Percent extr. fatx % extr. fat 7.3 0.1 0.8 .086

Note. The model explained 62% of the variation in increased antibodly titers against tetanus toxoid following
immunization, corrected for the effect of location. The data in bold are factors including >PCBs or >OCPs.
Means of percent extractable fat (% extr. fat), XOCPs, and 2.PCBs are presented as natural logarithm. XPCBs
and YOCPs are presented in ng/g ww. The equation between the dependent variable increased antibody titer
against tetanus toxoid and the selected set of independent variables was estimated to be:

Increased antibody titer against tetanus toxoid=-32.2+13.6[In(XPCBs)] —0.3[In(XPCBs) x age] -
3.8[In(XOCPs) X [In(XPCBs)] + 2.3[In(XOCPs) X [In(XOCPs)] + 0.3[In(XOCPs) x age] + 0.02(gender x body mass)
—8.0[gender x (In(% extractable fat))]+0.02(age x age) —0.1(age x condition) +0.5[age x (In(% extractable fat))]
+2.9 condition —0.004(condition xbody mass)—0.03[body massxIn(% extractable fat)]+10.5[In(% extract-
able fat)] +7.3[In(% extractable fat) x In(% extractable fat)]
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age. However, the negative contribution of the product of >PCBs and
20OCPs, shown by the interaction between >PCBs and > OCPs, limited the
increase in antibodies against tetanus toxoid resulting from the positive contri-
bution of XPCBs and XOCPs separately. The product of >PCBs and XOCPs
was the second most dominant factor (Table 4). The negative contribution of
the product of XPCBs and XOCPs showed that very high PCB exposure
together with pesticide exposure reduced the production of antibodies against
tetanus toxoid.

M. haemolytica The quartile analyses of the antibody titers against
M. haemolytica showed no significant associations between antibody titers and
the independent variables. The linear combination of ¥PCBs and >OCPs
accounted alone for 0.5% of the variation in the antibody titers against
M. haemolytica. The linear combination of gender, age, condition, body mass,
and percent extractable fat accounted for 5.1%. The addition of >PCBs to the
previous combination increased the explanation with 0.2%, whereas the addi-
tion of XOCPs did not alter the explanation of the variation in the antibody
titers against M. haemolytica.

2PCBs and XOCPs in combination with the biological factors gender, age,
condition, body mass, and percent extractable fat contributed significantly to the
production of antibodies against M. haemolytica and accounted for 59% of the
variation (Table 5). This model showed that >PCBs contributed negatively in
square to the production of specific antibodies against M. haemolytica (Table 5).
Further, 2PCBs contributed negatively in interaction with gender and positively
in interaction with body mass. Also >OCPs contributed negatively in square to
production of antibodies against M. haemolytica. Further, ¥OCPs contributed
negatively in interaction with age and positively in interaction with percent
extractable fat. The product of XPCBs and >OCPs was one of the dominant fac-
tors and contributed positively to the production of antibodies (Table 5). At low
levels of OCs, the product limited the separate negative contributions of
2PCBs and YXOCPs. However, at high levels of OCs, particularly of PCBs, the
production of antibodies against M. haemolytica was reduced.

DISCUSSION

The present results demonstrate that high levels of PCBs influence parts of
the humoral immunity in polar bears, as the ability to produce antibodies fol-
lowing immunization was impaired and a negative correlation with serum IgG
was found. Thus, even though the number of bears was low and the sample
was incongruent with regard to gender, age, and condition, the results in
general demonstrate that OCs in combination with specific biological factors
significantly influence serum IgG levels and antibody production after immuni-
zation with the specific antigens to influenza virus and reovirus and tetanus
toxoid. These combinations contributed 40% to more than 60% of the varia-
tion in the immunological parameters. The results also show the predictable
influence of biological factors on immunological parameters. Furthermore, the



























