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ABSTRACT: Immune function in harbor seal mothers and their pups during lactation was studied
on Sable Island, Nova Scotia, Canada, during the springs of 1989 and 1990. Methods included
total white blood cell and differential counts, a Protein A enzyme linked immunosorbent assay
(ELISA) for total immunoglobulin G (IgG) quantification, and functionality testing of lymphocytes
in vitro using the T-cell mitogen concanavalin A (ConA). Lymphocyte functionality and total IgG
levels were reduced in the mothers at the end of lactation, suggesting a reduction in immune
function, possibly as a result of the stress of fasting, or hormonal changes associated with lactation
and estrus. By contrast, lymphocyte functionality and total IgG levels in pups were low at birth
and higher at the end of lactation. Pups at birth and females late in lactation may therefore be
more susceptible to infection by viral and bacterial agents. This study represents the first broad
examination of immune function in a free-ranging pinniped population.

Key words: Immune function, harbor seals, Phoca vitulina, pinnipeds, lactation, nursing,
leukocytes, immunoglobulin G.

INTRODUCTION Vedros, 1978; Cavagnolo, 1979), and the
California sea lion, Zalophus californianus
fancy, despite widespread interest in re- (Nash and Mach, 1971); these studies were

. aimed primarily at comparative descrip-
cent as well as past mass mortalities asso- p Y p p

ciated with disease. The deaths of 17,000 tipns of antib(?dy structure or lymphoid
harbor seals (Phoca vitulina) in Europe in histology. Antibody profiles were estab-

1988 sparked a fierce debate about the lished for the northern fur seal by Cava-
possible role of pollution (Dietz et al., 1989) gnolo anc! Vedros (11979;’ wlfwl fc(>;und 3 S:OX
as a factor in the susceptibility of the seals 'N'€r€ase n serum leve's of gL and g

11 ) during the first 4 mo of life. Carter et al.
to the causal agent, phocid distemper virus . )
(PDV) (Mahy et al., 1988; Osterhaus et al. (1990) characterized grey seal (Halichoe-

. ’ ¢ rus grypus) immunoglobulin structures

and quantified these for pups and adults
shortly after the PDV epidemic in Europe.

Pinniped immunology is still in its in-

1990). Extensive laboratory evidence of
polychlorinated biphenyl (PCB)-induced

immunosuppression in mammals (Thomas

and Hinsdill, 1978; Vos and Luster, 1989) In other studies, hematological character-
coupled witl; the l,ligh levels of th(;se an(i istics of pinnipeds, including white blood
other pollutants in the harbor seal popu- cell counts and differential counts of white

lations in Europe (Helle et al., 1976; Reijn- blood cell subpopulations, have been de-

ders, 1980), fueled such speculation. How- termined (Geraci and Smith, 197'_5; Nee’.d'
ever, the lack of baseline immunological ham et al., 1980; Banish and Gilmartin,

information on harbor seals, and of meth- 1988). These and other studies of captive
ods to evaluate their immunocompetence, seals have been used to establish normal
made it impossible to address the possible ranges for many of these blood constitu-
role of pollution-induced immunosuppres- ents in several pinniped species (e.g., Med-
sion in the PDV epizootic. way and Geraci, 1988; Dierauf, 1990), pro-

Some work has been done to character- viding useful diagnostic information for
ize the immune system of the northern fur zoos and aquaria. However, such ap-
seal, Callorhinus ursinus (Cavagnolo and proaches do not provide information on
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the functioning of the immune system. In
addition, few studies of immunological pa-
rameters have made efforts to control for
potentially influential variables, such as
age, sex, condition, and sampling regime
in free-ranging seals.

The purpose of our study was to estab-
lish baseline data on immune function in
a free-ranging population of harbor seal
mothers and their pups over the course of
lactation. The nursing period in harbor seals
lasts 24 days (Bowen, unpubl.). During this
time, different individuals undergo similar
biological events, thus allowing for com-
parisons of both mothers and pups over
time.

METHODS

The study was undertaken during the pup-
ping seasons (May and June) of 1989 and 1990
on Sable Island, Nova Scotia. Sable Island is a
crescent-shaped, vegetated sand bar about 40
km long located 160 km east of Nova Scotia
(43°55'N; 60°00'W).

Field work and sample preparation

Mothers and their newborn pups were cap-
tured and restrained using capture nets made
of two aluminum poles connected by nylon net-
ting (Day 0). Blood samples were taken by ve-
nipuncture of the extradural vein. Animals were
marked with a fluorescent orange paint for iden-
tification purposes, released, and again sampled
at mid-lactation (Day 14) and late-lactation (Day
20).

To avoid clotting, needles and syringes were
heparinized (0.5 ml sodium heparin; 250 U/ml),
and heparinized vacutainers (Becton Dickinson,
Rutherford, New Jersey, USA) were unstop-
pered immediately prior to filling. Two 10 ml
vacutainers were filled with 7 ml of whole blood
for each animal, stoppered, and inverted gently
15 times. A 10 ml serum separation tube (SST)
(Becton Dickinson) also was filled. The SST was
centrifuged at 500 x g for 20 min within 4 hr
of sampling; 1 ml of serum was frozen at —20
C for later determination of IgG levels with an
enzyme-linked immunosorbent assay (ELISA)
assay.

Red blood cells were lysed prior to a white
blood cell count using 50 ul of whole blood from
the vacutainers in 1 ml of a 2% acetic acid
solution. White blood cells were then counted
using a Spotlite hemocytometer (American Hos-
pital Supply Corporation, McGaw Park, Illinois,
USA). A blood smear was prepared, allowed to
air dry and fixed for 5 min in 95% methanol.
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The slide was stored at 21 C for later staining
and counting.

Whole blood from the vacutainers was lay-
ered on a Histopaque-1077 (Sigma Chemical
Company, St. Louis, Missouri, USA) density gra-
dient and centrifuged for 30 min at 400 x g.
The mononuclear layer was aspirated and trans-
ferred to 5 ml Corning brand cryovials. Cells
were not washed because the fixed-angle cen-
trifuge available in the field did not produce an
adequate cell pellet. Cryovials were filled about
one-third full, and then were filled with RPMI-
1640 cell culture medium (Sigma Chemical
Company) containing 20% heat inactivated fe-
tal calf serum (FCS) and 10% dimethylsulfoxide
(DMSO). Samples were frozen at a controlled
rate and stored in liquid nitrogen vapor (ap-
proximately —140 C). The controlled rate of
freezing was done manually as follows: 15 min
in a —20 C freezer; 5 min in the open neck of
a 10 ] liquid nitrogen container; and in three
successive steps of 10 min each, samples were
lowered into the liquid nitrogen vapor. Once in
the vapor, samples were maintained at —140 C
or colder until analysis.

Laboratory analysis

Blood smears were stained using May-Grun-
wald/Giemsa (Hudson and Hay, 1980). One
hundred leukocytes were classified as band cells,
neutrophils, lymphocytes, monocytes, eosino-
phils, or basophils.

Immunoglobulin G levels were determined
using a Protein A ELISA which strongly binds
most mammalian IgG (Goding, 1978; Langone,
1982; Lindmark et al., 1983). Protein A is used
routinely in serological testing of harbor seal
serum for specific antibody levels (Osterhaus et
al., 1985; Visser et al., 1989). Briefly, 2 ul of
serum from each animal was placed in 200 ul
coating buffer (50 mM NaHCO,, pH 9.5) in the
first of 12 wells in 96-well, high-binding, flat-
bottomed ELISA plates. The other 11 wells con-
tained 100 ul of coating buffer. Contents of the
first well were mixed and 100 ul transferred
from well to well, creating sequential 50:50 di-
lutions. Plates were incubated for 1 hr at 37 C,
and washed twice with Tris-buffered saline-
Tween solution (TBS-Tween) (Promega Corp.,
1991). Two hundred ul of a gelatin solution (20
pug/ml) was added to each well to block non-
specific reagent binding and plates were incu-
bated for 30 min at 37 C. Plates were washed
twice in TBS-Tween, and 100 ul of a 1:2,000
solution of Protein A-horseradish peroxidase in
TBS-Tween was added to each well. Plates were
incubated at 21 C for 30 min and then washed
five times in TBS-Tween. One hundred ul of a
50:50 solution of horseradish peroxidase sub-
strate (2,2'-azino-di-{3-ethyl}benzthiazoline-6-
sulphonic acid and hydrogen peroxide) (BioRad,



Richmond, California, USA) was added to each
well, and stopped with 100 ul of 2% oxalic acid
after ten min. Plates were read at 405 nm using
an EL 309 microplate autoreader (Bio-tek In-
struments, Winooski, Vermont, USA).

Cryopreserved lymphocyte samples were
tested for their proliferative ability in the pres-
ence of the T-cell mitogen concanavalin A
(ConA) (Sigma Chemical Company). Cells were
thawed by bathing cryovials in a 37 C water
bath, which was followed by a step-wise dilution
of samples using 20% FCS-RPMI 1640 solution
in 15 ml conical tubes (Callery et al., 1980).
Phenol red-free RPMI 1640 was used so as to
avoid interference with absorbance readings at
the end of the assay (Mosmann, 1983). Cells
were washed twice by centrifugation at 400 x
g for 10 min. Each time, the supernatant was
removed, fresh phosphate buffered saline (PBS)
added, and the cell pellet re-suspended. A vol-
ume of 0.5 ml 20% FCS-RPMI 1640 was added
to the final pellet, which was re-suspended, and
cells counted using a hemocytometer. Cell so-
lutions were adjusted to 1 x 10° cells/ml. One
hundred ul of these solutions was placed in each
of 12 wells (100,000 cells/well) of a prepared
96-well cell culture plate for each animal (one
row represented one animal) containing tripli-
cate controls, and triplicate wells of 100 ul ConA
at a final concentration in the wells of 2.5 ug/
ml, 5 ug/ml, and 10 ug/ml. Plates were incu-
bated at 37 C in a 5% CO, atmosphere for 96
hr, 24 hr longer than is usual. This allowed the
cells an additional 24 hr to adjust to the assay
conditions following their cryopreservation and
thawing (Fujiwara et al., 1986).

Plates were removed from incubation, cen-
trifuged at 200 x g for 5 min, and 100 ul su-
pernatant removed. The colorimetric assay de-
veloped by Mosmann (1983) was used for cellular
and metabolic quantification. Twenty ul of a
tetrazolium salt 3-(4,5-dimethylthiazol-2-yl)-1,5-
diphenyl tetrazolium bromide-PBS solution
(MTT-PBS) was placed in each of the wells, the
plate was incubated again for 4 hr, and the
reaction stopped using 150 ul 0.04 N HCl-iso-
propanol. Plates were read at 560 nm using an
EL 309 microplate autoreader. Data were cor-
rected by subtracting blanks, and a stimulation
index was calculated by dividing the stimulated
absorbance values by the control well absor-
bance values for each individual.

All statistical analyses were undertaken using
SYSTAT software (Wilkinson, 1989).

RESULTS

Total white blood cell counts did not
differ significantly over time in mothers
or in pups (Fig. 1). Mean (£SD) combined
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FIGURE 1. Total leukocyte counts in harbor seal

mothers (not shaded) and their pups (shaded) at par-
turition (Day 0), mid-lactation (Day 14), and late
lactation (Day 20). Values represent mean *SE of
animals sampled.

counts from the three sampling points were
11.1 (%2.5) for the mothers; and 10.9
(£2.1) for the pups. Using a t-test, there
were no significant differences between
mothers and pups for any of the sampling
points. Leukocyte subpopulations also re-
mained relatively static through lactation
for both mothers and pups, though a large
amount of variation was apparent among
individuals (Table 1). This was particular-
ly true for neutrophils and lymphocytes in
both mothers and pups late in lactation.
But using a t-test, mothers had signifi-
cantly (P =< 0.001) higher numbers of eo-
sinophils and basophils than did pups at
both Day 0 and Day 20, suggesting varying
degrees of an inflammatory response.
Mean absorbance values for the serial
serum dilutions were used as indicators of
protein A-binding IgG trends in both
mothers and pups (Fig. 2). Using univari-
ate repeated measures analysis (univariate
F-test), there was a significant (P < 0.001)
increase in IgG levels in pups over the
course of lactation, with this change oc-
curring between Day 0 and Day 14. There
was no significant change in serum IgG in
the pups between Day 14 and Day 20,
suggesting a rapid rise within the first 2
wk following birth. Relative IgG levels in
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TABLE 1.

Differential leukocyte counts for harbor seal mothers and pups at two points during lactation.

Values represent mean + SD, and figures in parentheses represent the full range of sample counts.

Mothers Pups
Day 0 Day 20 Day 0 Day 20
Band cells 35 + 4.0 45 + 4.2 36 + 4.1 54 *+ 45
(0-12) (0-12) (0-13) (1-14)
Neutrophils 62.7 £ 5.8 599 = 14.6 68.6 + 8.3 60.1 + 15.7
(54-70) (40-81) (53-86) (31-77)
Lymphocytes 24.7 £ 7.1 27.6 = 10.1 246 + 6.1 30.7 £ 11.5
(15-39) (15-40) (13-35) (19-53)
Monocytes 32 + 48 3.6 £ 4.1 23 +39 33 £ 43
(0-14) (0-9) (0-12) (0-11)
Eosinophils 58 + 21 43 £ 25 09 + 09 04 =08
(3-14) (1-9) (0-3) (0-2)
Basophils 03 + 0.6 0.1 +03 0.0 + 0.0 0.0 £ 0.0
(0-10) (0-9) (0-0) (0-0)

mothers showed a significant decrease over
the course of lactation (univariate repeated
measures analysis; P = 0.015), though the
magnitude of the change was not large.
Using univariate F-tests, these differences
were limited to between Day 0 to Day 14
(P = 0.027), and did not occur between
Day 14 and 20.

A concentration of 5 ug/ml of the T-cell
mitogen ConA elicited a maximal prolif-
erative response when incubated with seal
leukocytes (Fig. 3). This was consistent with
the recent observation of De Swart et al.
(in press), who have confirmed the speci-
ficity of ConA in the stimulation of T-lym-
phocytes in the harbor seal. Using this as-
say, no significant temporal differences
were evident for mothers or pups, but
stimulation indices were significantly
higher in pups on both Day 0 and Day 14
than in mothers on Day 14 (t-test; P =
0.012 and P = 0.007, respectively) (Fig.
4). Therefore, pup lymphocytes at both
points in lactation gave a stronger prolif-
erative response to a polyclonal antigen
than did the mothers’ late in lactation.

DISCUSSION

Our field approach to assessing immune
function in harbor seals could be used in
the study of other wildlife species for which
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specialized immunologic reagents are not
available. This approach provides an over-
view of both humoral and cellular com-
ponents of the immune system. Conditions
under which field samples must be taken
are not always optimal. However, by keep-
ing needles, syringes and vacutainers at
room temperature (approximately 21 C),
and removing the needle from the syringe
and the top of the vacutainer, we obtained
high quality samples. Samples free from
even small-scale clotting were essential to
optimal lymphocyte recovery and subse-
quent proliferation assays.

Total white blood cell counts in mothers
and pups during lactation in this study were
somewhat higher than those reported by
Medway and Geraci (1988) for harbor seals
(7 to 9 x 10° ml), with the latter likely
reflecting results from “normal” individ-
uals. Although we found no significant dif-
ferences over the lactation period, our re-
sults paralleled the white blood cell counts
in female Australian sea lions (Neophoca
cinerea) which declined from 11.7 to 9.8
x 10°/ml from early to late lactation
(Needham et al., 1980). Three- to 6-mo-
old Hawaiian monk seals (Monachus
schauinslandi) had a normal range of 7.2
to 10.4 x 10%/ml (Banish and Gilmartin,
1988). The significantly higher propor-
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FIGURE2. Total relative IgG in harbor seal moth-
ers (open triangles) and pups (closed triangles) over
the course of lactation, as measured by a protein A
based ELISA. Bars represent mean *SE for animals
sampled.

tions of eosinophils and basophils in the
mothers than in the pups is probably due
to the presence of parasites in the mothers,
since these leukocyte subsets are associated
with parasitic infestation and accompa-
nying inflammation (Needham et al. 1980;
Bass, 1984). Leukocyte numbers and pro-
portions are affected by numerous hor-
mones (Thomson and Geraci, 1986), but
seemed to have remarkable stability

351

3.0+

251

Stimulation Index

1.0 s n e . n
0o 10 20 30 40 50

ConA (ug/ml)

FIGURE 3. The optimal dose-response range for
harbor seal lymphocytes in the presence of the T-cell
mitogen concanavilin A (ConA). Maximal prolifera-
tion, as measured by the colorimetric MTT assay,
occurred at 5 ug/ml. Data points represent mean +SE
of captive harbor seals tested (n = 7).
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FIGURE 4. Lymphocyte proliferation in the pres-
ence of 5 ug/ml ConA using the MTT assay for harbor
seal mothers (not shaded) and pups (shaded) at Day

0 and Day 14. Bars represent mean *SE for 1989
cryopreserved samples from Sable Island.

through lactation and nursing in our study,
despite dramatic physiological changes in
our study animals.

While IgG levels reflect general anti-
body production by B-lymphocytes, new-
borns often receive temporary protection
from maternally-derived IgG. Although it
is impossible to distinguish between en-
dogenously-produced and maternally-
transferred IgG in the harbor seal pups,
we believe that the low serum levels in the
newborn and the high levels at 14 days
postpartum reflect a low rate of transpla-
cental transfer but a high rate of transfer
through colostrum and milk. Carter et al.
(1990) found relatively high levels of 1gG
in the colostrum of gray seals, but did not
see a rapid rise in IgG in the serum of pups
during the course of lactation. Although
the maternal transfer of 1gG either via pla-
centa or colostrum and milk provides some
protection for the newborn pup, this will
be limited by the short time spent with the
mother.

The decrease in total IgG levels in the
mothers was somewhat difficult to inter-
pret. Though significant, the decline was
not large. It may reflect a change in the
production or metabolism of immuno-
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globulins, either at parturition or later in
lactation.

Proliferative responses to ConA provide
a measure of T-lymphocyte activity. It
generally is held that the cryopreservation
of lymphocytes does not alter functional-
ity, providing that cells are frozen at a
controlled rate and that a step-wise dilu-
tion in 20% fetal calf serum is undertaken
during thawing (Oldham et al., 1976; Cal-
lery et al., 1980). We found that culturing
cells for 96 hr rather than the usual 72-hr
period resulted in more consistent stimu-
lation assays.

We found no significant differences in
the stimulation indices in either the moth-
ers or pups over the course of lactation.
However, this may simply reflect the small
sample of mothers (n = 7) and pups (n =
5) available to test the hypothesis. Based
on the significantly higher proliferative re-
sponses of pup lymphocytes at mid-lac-
tation as compared to their mothers, we
believe that T-lymphocyte function is well
developed in pups, despite their young age.
However, the proliferation results only re-
flect the general function of their T-lym-
phocytes, and a lack of immunological
memory likely limits the response against
specific antigens. This has been found in
humans, where polyclonal responses to mi-
togens are strong in newborns, but anti-
genic memory is limited from lack of prior
exposure (Hayward, 1981).

There is little doubt that the mothers
undergo a great deal of physiological stress
during lactation and fasting. If the ob-
served changes in immune function in the
females represent a real decline from nor-
mal values, a number of stressors or com-
bination of factors may be involved. Both
malnutrition (Chandra, 1980; Manderino
and Watson, 1988) and stress resulting from
dietary changes (Watson, 1988) affect im-
mune function in mammals. Even though
a fasting period and observed loss of nearly
40% of body weight (Bowen, unpubl.)
would appear to be a significant nutritional
stressor for the mothers, pinnipeds have
almost certainly adapted to this pattern of
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parental care (Oftedal et al., 1987). Re-
productive hormones, including proges-
terone and oestradiol-178, rise during the
two weeks following parturition in harbor
seals, reflecting the approaching oestrus
(Reijnders, 1990). Both of these hormones
have been associated with immuno-
suppression at physiological levels in fe-
male mammals (Schuurs and Verheul,
1990).

Lowered immune responses in mam-
mals during pregnancy and after partu-
rition appear to be relatively common
(Lloyd, 1983). Wells et al. (1977) found
significantly lower lymphocyte prolifera-
tive responses to phytohemagglutinin
(PHA) in dairy cows immediately post-
parturition, as compared to non-pregnant
cows. Purswell et al. (1989) found a sig-
nificant reduction in natural killer cell ac-
tivity during the reproductive cycle of
swine, with the lowest activity being ob-
served 2 wk post-parturition. Guidry et al.
(1976) found significantly lower phago-
cytic activity by neutrophils in cows 2 wk
post-parturition compared to the activity
at parturition itself, although it was not
clear which value was more representative
of normal activity.

The immunological immaturity of har-
bor seal newborns and the possible sup-
pression of immune function in mothers
during lactation may increase their sus-
ceptibility to disease. Thus, the pupping
season for harbor seals may represent a
sensitive stage in the life history of this and
perhaps other pinniped species. Disease has
played a significant role in the dynamics
of pinniped populations, as shown by the
recent mass mortalitites in Europe (Dietz
et al., 1989), Lake Baikal (Grachev et al.,
1989), and North America (Geraci et al.,
1982). While detailed age distributions of
affected individuals are not always known,
90% of the seals that died in the 1979-80
epidemic in North America were <3-yr-
old (Geraci et al., 1982). In studies of
“healthy” breeding pinnipeds, elevated
rates of infection by numerous pathogens
are found among pups (Baker and Baker,



1988; Baker, 1989; Steiger et al., 1989).
Although considerably more information
is needed on the factors affecting immune
function in pinnipeds, we conclude that
studies of free-ranging populations are
possible, despite the obvious difficulties of
working under isolated field conditions,
and the lack of specific immunologic re-
agents.
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