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Abstract
Mixing of unfamiliar pigs is common practice in intensive pig husbandry.

Since pigs maintain a dominance hierarchy, mixing often leads to vigorous
fighting. Apart from the negative impact that fighting has on welfare, there is
evidence that the social stress associated with fighting suppresses immune
function. In the present experiment we investigated the impact of mixing on
specific long-term immune responses and protection against challenge infection
after vaccination with pseudorabies virus (PRV). Specific-Pathogen-Free (SPF)
pigs were mixed pairwise with an unfamiliar same-gender conspecific, or left
undisturbed with a same-gender littermate at 3 days after vaccination with PRV.
Half of the pigs were females (gilts) and half were castrated males (barrows).
Mixing increased agonistic behaviour to the same degree in gilts and barrows.
Cortisol concentrations in saliva and catecholamine excretion in urine were
increased in mixed pigs, and these effects were independent of dominance status
and gender. Subsequently, the effects of mixing, gender, dominance status and
interactions between these factors on immune response parameters were studied.
The main result was that mixed barrows showed suppressed immune responses
after vaccination and increased clinical symptoms after challenge infection
compared to control barrows. Mixed gilts however did not differ from control gilts.
It also appeared that mixed dominants were more seriously affected than mixed
subordinates were. We conclude that in some pigs, social stress after mixing
suppresses the immune response to a viral vaccine and consequently impairs
protection against challenge infection.

Introduction
Pigs that are kept in intensive husbandry systems are exposed to various

stressors in their lives. One potent stressor that pigs are confronted with is mixing
with unfamiliar conspecifics. Most pigs are mixed immediately after weaning and
sometimes also at a later stage to form growth cohorts that will be ready for
slaughter simultaneously. Mixing of unfamiliar pigs induces fighting for
dominance in the first days after mixing (Jensen, 1994; Meese and Ewbank, 1973).
Both the physical activity associated with fighting, and the psychological stress
associated with loosing the fight (in the subordinate animal) or threat to control (in
the dominant animal) will cause physiological changes. Cortisol and catecholamine
levels are increased after mixing of unfamiliar pigs, and dominance status
(Fernandez et al., 1994; McGlone, 1990; Otten et al., 1999) and coping style
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(Koolhaas and Bohus, 1989; Koolhaas et al., 1999) may influence the magnitude of
various stress-hormone responses.

It is known that cortisol and other neuroendocrine components of the stress
response affect the immune system (Griffin, 1989; Kelley, 1980, 1985). In pigs, an
increase in cortisol concentration has been shown to suppress proliferation of
lymphocytes to mitogens (Brown-Borg et al., 1993; Johnson et al., 1994; Wallgren
et al., 1994), natural killer cell activity and neutrophilic chemotaxis (Salak Johnson
et al., 1996, 1997). Thus, it might be expected that the immune system is
negatively affected after mixing of unfamiliar pigs. Indeed, it has been shown that
the swelling in response to intradermal injection of phytohaemagglutinine (PHA, a
mitogen) was suppressed in pigs that were mixed immediately after injection of
PHA (Ekkel et al., 1995a; Moore et al., 1994). Also, proliferation of lymphocytes
in response to mitogens was affected after mixing, but this effect depended on the
dominance status of the pig after mixing. Lymphocyte proliferation was increased
in dominant pigs, but decreased in subordinate pigs when compared with pre-
mixing levels (Tuchscherer et al., 1998). In contrast, it was also reported that
mixing immediately or 2 weeks after weaning, did not suppress mitogen-induced
lymphocyte proliferation at 1 day after mixing, nor did it suppress the swelling in
response to PHA-injection and the antibody-response to sheep red blood cells
(Blecha et al., 1985).

One of the factors leading to discrepancies between different studies of
stress-effects on immunity may be that these studies tend to neglect the dynamic
character of the immune system. The measurement of one immune parameter
(mitogen-induced lymphocyte proliferation or response in the PHA-skin test) at
one specific time-point after a stressor is not representative of the entire immune
status of the animal. Thus the results of such studies are not easily interpretable
towards stress-effects on immune responses (Dantzer, 1997; Dantzer and Kelley,
1989). It is known for example, that the anti-viral immune response is able to
restore to control levels quickly after stress-induced suppression (De Groot et al.,
1999). Also, the immune system is operated via many redundant pathways, and
thereby compensation for the suppression of one specific immune parameter may
occur. Thus, effects of stress on immunity should be measured on many time-
points after the stressor, and several immune parameters should be taken into
account, to be able to extrapolate the results towards the immune status of the
animal. Based on these arguments, we designed an experiment to answer the
following question: Does mixing of unfamiliar pigs affect the specific immune
response against a viral vaccine and subsequent protection against challenge
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infection with the pathogenic virus? And if so, does this effect depend upon gender
and dominance status of the pig?

For this vaccination/challenge experiment, pseudorabies virus (PRV) was
used. PRV is a herpes virus that causes Aujeszky’s disease in pigs (Mettenleiter,
1994). The timing of the stressor relative to the moment of vaccination is known to
influence the magnitude and direction of the effect of the stressor on the immune
response. This has been shown in mice, where footshocks only suppressed the
immune response against sheep red blood cells when given at 72 hours following
immunization. No such effect was seen when footshocks were given at 0, 24, 48 or
95 hours after immunization (Zalcman et al., 1988). We have observed in mice that
immunosuppression occurred when a social stressor was given at 3 or 6 days after
immunization, but not when given at 1 day after immunization with PRV (De
Groot et al., 1999, unpublished observations). Thus in the present study pigs were
mixed at 3 days after vaccination. The specific immune response against PRV was
measured weekly after vaccination to be able to compare the development of the
immune response in mixed and control pigs. Finally, pigs were challenged with the
pathogenic wild-type virus at 42 days after vaccination, and the memory immune
response against PRV as well as symptoms of clinical illness were evaluated.

Materials and Methods
Animals and housing

Outbred Dutch Landrace pigs used in this experiment were obtained from
the Specific-Pathogen-Free (SPF) herd of the Institute for Animal Science and
Health (ID-Lelystad) in Lelystad, The Netherlands. The pigs were born from three
multiparous sows (which were all impregnated with the same boar) and were free
of antibodies against pseudorabies virus (PRV) before the start of the experiments.
Tattooing, weighing, teeth clipping and tail docking of piglets was carried out at 1
or 2 days of age. All piglets received an iron-injection at 1 or 2 days of age. Male
piglets were castrated without anaesthesia at 3 weeks of age, and all piglets were
weaned at 4 weeks of age. Litter sizes were 9, 11, and 12 piglets for the 3 sows,
and mean(±SEM) birthweights were respectively 2007±73, 1436±49, and 1612±83
g for these litters. Four gilts and four barrows per sow were randomly selected for
use in the experiment and transported to the experimental SPF-unit of the institute
at the day of weaning.

Piglets were then housed in pairs consisting of either two gilts or two
barrows from one litter, in pens (1 x 2 m) with a solid concrete floor covered with
sawdust. Three such pens were located in one experimental unit and 4 similar units
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were used in the entire experiment. Pens were cleaned daily and throughout the
experiment water and food were available ad libitum. Environmental temperature
was kept at 200C.  Artificial lights were on from 06.00-18.00 h with no daylight
visible in the rooms. Between 05.00 and 06.00 h and between 18.00 and 19.00 h
dim lights were on.

Experimental design
A schematic overview of experimental manipulations is presented in

Figure 1. The selected piglets from each sow were housed in pairs of two gilts or
barrows (from one litter) after weaning. Five days prior to mixing procedures,
animals in each pair were subjected to a food-competition test. This was done only
for design of pairs that were to be mixed, that is, to minimize variation amoung
new pairs of pigs after mixing, new pairs were designed to consist of a ‘winner’
and ‘loser’ of the food-competition test.

Figure 1. A schematic presentation of experimental manipulations and of
parameters measured during the experiment.
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The two pigs in each pen shared one food hopper and were not able to eat
simultaneously. After 12 hours of food deprivation, food was added to the food
hopper, and subsequent agonistic behaviour was videotaped during 15 min. The
results of the food competition test were not quantitated, but rather a qualitative
judgement was given after observing the videotapes. In this judgement, the pig
which replaced the other pig more often at the food hopper, was considered to be
the ‘winner’. Note that this test was only performed to minimize variation between
mixed pairs, and that dominance as a factor in the statistical analysis was always
the dominance in the pairs after mixing, and in control pairs in the same period,
based on behavioural observations during a period of 3 days following mixing.

At 6 weeks of age all piglets were vaccinated intramuscularly (in the neck)
with 1.106 plaque forming units (PFU) of the attenuated strain 783 of PRV
(Moormann et al., 1990). No adjuvant was used in the vaccine. Vaccination of pigs
with an attenuated live strain of PRV protects pigs against infection with the
wildtype PRV (Van Oirschot et al., 1991). Three days after vaccination, half of the
piglets were mixed with a same-gender conspecific from another litter. The new
pen was unfamiliar to both piglets and from this time onwards the piglets stayed in
this pen, thus being forced to fight for dominance. The control piglets were left
undisturbed in their home pens. For practical reasons, control gilts, control
barrows, mixed gilts and mixed barrows were housed in separate units. The 3
different litters were balanced over treatments, thus from 1 sow, 2 gilts were
designed to the control group, 2 gilts were designed to the mixing group, 2 barrows
were designed to the control group and 2 barrows were designed to the mixing
group. All pigs were challenged intranasally with 5.104 PFU of the wild-type strain
Northern Ireland Aujeszky 3 (NIA3) of PRV in each nostril at 42 days after
vaccination. Stocks of the vaccine and wild-type virus strain were prepared and
stored as described previously (Kimman et al., 1995).

The response to mixing was evaluated in three ways: (1) behaviour was
recorded on video for 3 days after mixing; (2) cortisol concentration was measured
in saliva samples taken 5 min before, and 1, 2, 4, 24 and 48 hours after mixing; and
(3) adrenaline and noradrenaline concentration were measured in urine samples
collected in the early morning after mixing.

Immune responses to vaccination and challenge were measured in blood.
Pigs were restrained and blood was collected from the superior vena cava at days -
8, 6, 13, 20, 27, 34, 41, 45, 48, 52 and 59, relative to vaccination (day 0) and
challenge (day 42). Blood was allowed to clot, centrifuged and serum was stored at
–200C for later analysis of anti-viral antibody-titers. Heparinized blood was used
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for lymphocyte purification and subsequent in vitro culture to determine virus-
specific lymphocyte proliferation and cytokine production (the latter assay was
only performed at days 6, 20, 48 and 59 after vaccination).

Clinical scores of illness were determined by daily measurement of body
temperature (rectal) and body weight from day 41 until day 59 (1 day before
challenge until 17 days after challenge). Virus excretion was determined in swabs
of oropharyngeal fluid (OPF) that were collected daily from restrained pigs in the
same period.

Behavioural analysis
The behaviour of both mixed and control pigs during the first 3 days after

mixing was analyzed with the Observer® software program (Noldus Information
Technology, Wageningen, The Netherlands). The frequency of the following
behaviours aimed at the penmate, were scored per pig: bites (directed to all parts of
the body), headknocks (rapid thrusting the head or snout upwards or sidewards to
any part of the body), threats (aggressive interactions not involving physical
contact), and pushes (replacing the other animal). The first 2 hours after mixing
were recorded by continuous sampling, the next 72 hours by time-lapse recording
(72 hours on a 180 min tape). Behaviour was only analyzed during the light period
between 06.00 and 18.00 h. Agonistic behaviours are expressed as actions per pair
during the first 2 hours after mixing (~10.00-12.00 h), the rest of day 1 (~12.00-
18.00 h) , day 2 (06.00-18.00 h), and day 3 (06.00-18.00 h) of mixing. The pig that
displayed the majority of the offensive agonistic actions in the pair was identified
as the dominant, and the other pig in the pair was the subordinate (McGlone, 1985;
Rushen and Pajor, 1987).

Hormones
Salivary cortisol. Saliva was collected by allowing the pigs to chew on two

large cotton-buds, until they were thoroughly moistened. Samples were stored at –
200C until analysis for cortisol concentration with a solid-phase radioimmunoassay
kit (Coat-a-Count Cortisol® TKCO, Diagnostic Products Corporation, Apeldoorn,
the Netherlands) modified for pig cortisol (Ruis et al., 1997). Cortisol in saliva is
essentially in the free, biologically active form, and is a good indication of cortisol
concentration in blood plasma (Kirschbaum and Hellhammer, 1989; Parrott et al.,
1989).

Urinary catecholamines. Urine samples were collected with small buckets
on a stick, between 05.00 and 07.00 h in the morning after mixing. For practical
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reasons, urine samples from control animals were collected one day later. Samples
were stored on ice until processing. Urinary catecholamines (noradrenaline and
adrenaline) were assayed using a high performance liquid chromatography (HPLC)
procedure with electrochemical detection (Ruis et al., 2001), following a two step

extraction. One hundred µl urine was extracted using the sephadex column
extraction as described previously (Westerink and Koolstra, 1986). This first clean-
up step resulted in a 2.5 ml extract of the urine sample. One ml of this extract was
taken and subjected to the liquid extraction (twice) as described previously

(Smedes et al., 1982). One hundred µl of the extract obtained after this second
clean-up step was injected into the HPLC system. Detection limits were 35 pg/ml
for noradrenaline and 55 pg/ml for adrenaline. Creatinine levels were determined
using a colorimetric quantitative reaction (Boehringer PAP-method). Color
intensity was measured at 510 nm. Intra- and inter-assay CV were 2 and 5%,
respectively. To correct for variable dilutions of urine related to water intake,
catecholamine levels will be presented as proportions of creatinine:
noradrenaline/creatinine and adrenaline/creatinine ratios.

Immune response parameters
Anti-viral antibodies. Anti-viral IgM, IgG1, and IgG2 levels were

determined in serum samples with ELISA as described previously (Kimman et al.,
1992). Titers are expressed as optical density at a serum dilution of 320x (IgM) or
log10 of the slope of the fitted line in an optical density versus inverted dilution plot
(IgG1 and IgG2).

Anti-viral lymphocyte proliferation. Peripheral blood mononuclear cells
were enriched for lymphocytes by centrifugation on a Ficoll®-paque discontinuous
1-step density gradient (Pharmacia Biotech, Uppsala, Sweden). After washing,
lymphocytes were resuspended to a concentration of 5.106 lymphocytes/ml in
Dulbecco’s Modified Eagle Medium (DMEM-alpha), supplemented with 10% pig
serum (obtained from SPF-pigs from the herd of the institute and filtrated through a

0.45 µm filter), 5% antibiotic mix (containing penicillin, streptomycin,
amphoterrin, polymycin and kanamycin), 2 mM glutamin, and 5.10-5 M 2-

mercaptoethanol. Lymphocytes were cultured in triplicate: 100 µl of cell
suspension per well was cultured in flatbottom 96 well plates (Costar®, Corning

Inc., New York, USA), supplemented with 100 µl complete medium or 100 µl of
pseudorabies virus strain NIA3  in complete medium (multiplicity of infection: 1).

Cultures were pulsed with 0.4 µCi per well methyl-3H-thymidine® (Amersham,
The Netherlands) for the last 4 hours of culture, immediately after isolation of the
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cells (ex-vivo) and after 4 and 6 days of culture. Cells were then harvested on
glassfiber filters with an automatic cell harvester (Tomtec®, EGG, Nieuwegein,
The Netherlands). Incorporation of radioactivity was measured after addition of

scintillation fluid, with a β-counter (Wallac®, EGG, Nieuwegein, The Netherlands)
and expressed as mean corrected counts per minute (ccpm) of triplicates.

Cytokine production. Cell-free supernatant from lymphocytes that were
cultured with or without PRV restimulation was collected at 4 days after start of
culture. At this time-point, IL-10 and IFN-gamma concentrations in supernatant
were found to be optimal. Lymphocytes were cultured as described for the
proliferation assay and supernatant was stored at –700C until assaying. Serial
dilutions of supernatant were analyzed for IL-10 and IFN-gamma concentration
using commercial ELISA-kits® (Biosource, CA, USA). A standard of recombinant
cytokine was included in each plate, and a linear fit of log10 optical density and
log10 concentration of recombinant cytokine was used to calculate the
concentration of cytokine in the supernatant samples. Intra- and inter-assay CVs
were 4.2 and 7.8%, respectively, for IFN-gamma, and 5.1 and 7.2%, respectively,
for IL-10.

Clinical scores of illness
Body temperature. Rectal temperature was measured with a digital

thermometer. Pigs were allowed to walk freely after the thermometer was inserted,
and a beep would signal the experimenter that a stable temperature had been
reached.

Virus excretion. Oropharyngeal fluid (OPF) was collected on sterile gauzes
that were swabbed in the throat of the animal under restraint. The concentration of
excreted virus in OPF was determined by titration on a swine kidney cell-line
(SK6), as described previously (Van Rooij et al., 2000).

Statistics
For parameters that were measured at many time-points (lymphocyte

proliferation, IgG1 and IgG2a antibody levels, virus excretion, delta body weight
after challenge, body temperature after challenge), statistical analysis was
performed on the area under the curve (AUC) of the response. The AUC was
calculated by addition of the exact areas between each two successive time-points.

Cortisol levels, and immunological and clinical illness data were analyzed
with analysis of variance (ANOVA) for main effects of treatment (mixing or
control), gender (barrow or gilt) and dominance (dominant or subordinate, as
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established after mixing; for the control groups as determined in the same period),
and for the interaction between these factors. If an interaction effect was found
(p<0.10), significance of differences between specific groups was calculated using
the least significant differences (lsd’s) from the combined analysis. When there
were no interaction effects (p>0.10), they were omitted from the model. Virus-
excretion was not only analyzed as AUC, but also per time-point, because
differences in kinetics of virus excretion between groups were expected. Virus
excretion data were analyzed for main effects of treatment (mixing or control),
gender (barrow or gilt), and dominance (dominant or subordinate) and the
interaction between these factors with a general linearized model (GLM). A
poisson distribution and log-transformation were incorporated in the GLM and the
dispersion was estimated from Pearson-chi. When no significant interaction effects
were found (p>0.10), they were omitted from the model. For catecholamines in
urine the data set was incomplete, and a Restricted Estimated Maximum
Likelihood (REML) procedure was followed.

The above mentioned parameters were analyzed on the animal level,
assuming that pigs in one pair were independent with respect to these data.
However, behavioural data were analyzed on the pair level, assuming that the
amount of aggression displayed by each animal was dependent on the other pig in
the pair. Behavioural data were analyzed for main effects of treatment (mixing or
control), gender (barrow or gilt), and the interaction between gender and treatment
with a GLM. A poisson distribution and log-transformation were incorporated in
the GLM and the dispersion was estimated from Pearson-chi. When no significant
interaction between treatment and gender was found (p>0.10) the interaction was
omitted from the model and behavioural data were analyzed for main effects of
treatment and gender only.

Because the costs of experimenting with SPF-pigs and pathogenic material
did not allow us to test large groups of pigs, a number of variables did not reach
significance at the 0.05 level. However, we feel that tendencies for effects as they
were found in the present study are of interest for the generation of ideas on
possible mechanisms of stress effects on immunity in pigs. Therefore, not only
significancies at the 0.05 level, but also tendencies at the 0.10 level will be
reported. All statistical calculations were done in Genstat 5® (1993). Unless stated
otherwise, data are presented as mean±SEM.
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Results
Response to mixing

Behaviour. Mixed pigs displayed significantly more agonistic actions than
control pigs during the first 3 days after mixing (Table 1). Agonistic actions were
most frequent during the first 2 hours after mixing but remained elevated at days 2
and 3 of mixing (Table 1). Gender did not affect the frequency of the agonistic
actions (p>0.10 for all periods).

Table 1. Agonistic behaviour in control and mixed pairs.

                                          Frequencies of agonistic actions

Control pairspppp Mixed pairsppp

Mean±SEM1

   % by
dominant2 Mean±SEM1

   % by
dominant2 p3

First 2 Bites 15.8±3.1 085.7 132.2±39.6  73.5 0.11
hours Headknocks 13.8±1.9 073.9 120.2±5.0  59.5 0.04

Threats 16.0±3.9 091.7 1.161±13.3  87.7 0.04
Pushes 16.8±2.6 063.4 11.89±30.9  70.0 0.10

Rest of Bites 13.7±2.0 090.9 130.2±4.4  68.5 0.02
day1 Headknocks 13.3±1.5 060.0 111.7±1.9  72.9 0.02

Threats 14.3±1.8 100 123.3±7.1  96.4 0.06
Pushes 16.0±5.1 065.6 142.7±3.8  66.8 0.01

Day 2 Bites 13.2±2.2 089.5 124.2±6.5  77.9 0.05
Headknocks 12.0±1.1 083.3 112.5±2.3  78.7 0.02
Threats 11.3±0.5 100 122.8±6.1  96.4 0.07
Pushes 16.5±5.0 062.6 1.148±7.6  59.0 0.02

Day 3 Bites 10.8±0.4 060.0 114.3±4.0  75.6 0.08
Headknocks 12.5±1.4 093.3 115.2±4.0  74.7 0.04
Threats 11.5±0.8 100 114.2±2.2  94.1 0.02
Pushes 15.5±3.7 061.3 1.140±5.7  57.9 0.02

1Mean(±SEM) of numbers of agonistic interactions within pairs of pigs (6 control and
6 mixed pairs). 2Mean percentage of interactions performed by the pigs that were
assigned the dominant status. 3Significance of the effect of mixing on agonistic
interactions, based on comparisons of pair-means.
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In both mixed and control pairs the dominant pig was identified as the pig
displaying the majority of the agonistic actions. The difference between the
dominant and the subordinate pig was most clearly seen in the display of threats
(Table 1). This behaviour was defined as one pig threatening to show offensive
behaviour, to which the penmate responded by showing defensive behaviour. In
mixed pairs, there was a sow-effect on dominance. Piglets, both barrows and gilts,
from one sow always became dominant over piglets of another sow. Also, in the
mixed pairs the dominant pig was always the heaviest pig of the pair, whereas in
the control pairs the dominant pig was the heaviest in 3 out of 6 pairs (data not
shown).

Cortisol. Cortisol concentration in saliva increased after mixing (Table 2).
Mixed pigs showed higher cortisol levels than control pigs at 1 hour after mixing.
No effects of gender or dominance on this initial rise in cortisol levels were found
(p>0.10). However, cortisol levels at 24 hours after mixing were significantly
affected by gender (gilts: 1.19±0.09 ng/ml; barrows: 1.65±0.14 ng/ml; p<0.05).

Table 2. Salivary cortisol concentrations (mean±SEM) after mixing.
Salivary cortisol (ng/ml)sssssssssssss

Hours after mixing Control pigssssss Mixed pigsssss p1

0 1.57±0.1600000 1.24±0.120000 0.11

1 1.40±0.1500000 2.71±0.530000 0.02

2 1.27±0.1200000 2.08±0.430000 0.09

4 1.63±0.1700000 1.23±0.130000 0.08

24 1.49±0.1200000 1.30±0.150000 0.47

48 1.19±0.1600000 1.50±0.220000 0.26
1Significance of differences between control pigs (n = 12) and mixed pigs (n = 12).

Catecholamines. Levels of adrenaline and noradrenaline were determined
in urine collected in the morning of the day after mixing. Because of the difficulty
of being at the right moment and in the proper position to be able to ‘catch’ the
urine, these data sets are incomplete. Data are available for 3 mixed gilts, 5 control
gilts, 4 mixed barrows and 3 control barrows. Statistical analysis was therefore
limited to main effects of treatment, gender and dominance. It appeared that
adrenaline excretion (expressed as a proportion of creatinine: A/C x 10-6) was
significantly affected by treatment (controls: 0.70±0.13; mixed: 1.68±0.37;
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p<0.05), but not by gender and dominance. Noradrenaline excretion (expressed as a
proportion of creatinine: N/C x 10-6) was affected by both treatment and
dominance. Mixed pigs showed higher noradrenaline excretion than control pigs
(controls: 11.20±1.00; mixed: 18.19±2.50; p<0.05), and dominant pigs tended to
excrete more noradrenaline than subordinate pigs (dominants: 17.31±2.58;
subordinates: 11.97±1.42; p=0.07).

Immune response parameters
Lymphocyte proliferation. Proliferative responses were measured in two

different ways. In the first assay the proliferation immediately after isolation of
peripheral blood mononuclear cells was measured in the absence of virus in vitro.
This is called the ex-vivo proliferation, since it reflects the proliferation that is due
to in vivo activation of the cells. In the second assay the proliferation in response to
in vitro viral restimulation was measured.

Typically, there is an increase in ex-vivo proliferation levels between the
sample before vaccination and the sample at 6 days after vaccination. A significant
interaction between treatment and dominance on the increase in ex-vivo
proliferation was seen (p<0.05). Comparison between groups showed that ex-vivo
proliferation increased significantly more in control dominants than in mixed
dominants (control dominants: 7570±1723.4 ccpm; mixed dominants:
1204±1389.0 ccpm; p<0.05), whereas there was no difference between control and
mixed subordinates (control subordinates: 3732±691.9 ccpm; mixed subordinates:
3862±1558.2 ccpm; p>0.10).

Ex-vivo proliferation also increased between the sample before and 6 days
after challenge infection. No effects of treatment, dominance or gender on this
increase were found (p>0.10; data not shown).

Proliferation in response to in vitro viral restimulation reflects the presence
of immunological memory. This PRV-induced proliferation was detectable from 6
days after vaccination onward and reached a plateau level at 13 days after
vaccination (Figure 2). The response to vaccination was expressed as the area
under the curve (AUC) from 8 days before vaccination until 41 days after
vaccination. There was a tendency for an interaction effect between gender and
treatment on the AUC of the PRV-induced proliferation (p=0.07). In a comparison
between groups, it appeared that mixed barrows showed a significantly lower
response than control barrows (controls: 1.77±0.261 x 106; mixed: 1.11±0.158 x
106; p<0.05) (Figure 2B). However, mixed and control gilts showed a similar
response (controls: 1.44±0.332 x 106; mixed: 1.63±0.171 x 106; p>0.10) (Figure
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2A). The AUC of PRV-induced proliferation from 8 days before until 41 days after
vaccination was also significantly affected by dominance. Dominant pigs showed a
higher response than subordinate pigs (dominants: 1.74±0.159 x 106; subordinates:
1.23±0.164 x 106; p<0.05) (Figure 3).

Figure 2. Lymphocyte proliferation (mean±SEM) in response to in vitro restimulation
with pseudorabies virus (PRV), after vaccination (day 0) and challenge (day 42). (A)
control gilts (n = 6) and mixed gilts (n = 6); and (B) control barrows (n = 6) and mixed
barrows (n = 6).

After challenge, the in vitro restimulated proliferation increased 2-3 times,
reflecting expansion of memory lymphocytes in vivo (Figures 2 and 3). There were
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no significant effects of gender, treatment and dominance on the AUC from 41
days until 59 days after vaccination.

Figure 3. Lymphocyte proliferation (mean±SEM) in response to in vitro restimulation
with pseudorabies virus (PRV), after vaccination (day 0) and challenge (day 42), in
dominant pigs (n = 12) and subordinate pigs (n = 12).

Antibody responses. Anti-viral IgM antibodies were detectable on days 6,
13 and 20 after vaccination. There was a tendency for an interaction between
gender and treatment on the AUC from days 6-20 after vaccination (p=0.08).
Comparison of groups showed that mixed barrows had a significantly lower IgM
response than mixed gilts (p<0.05), but that the difference between mixed and
control barrows as well as the difference between mixed and control gilts was not
significant (p>0.10; control barrows: 7.34±1.19; control gilts: 7.15±0.84; mixed
barrows: 4.91±0.47; mixed gilts: 8.71±1.47).

IgG1-antibodies to PRV were detectable from day 13 after vaccination
onward and reached a plateau level between days 20 and 27 (Figure 4A). Gender,
treatment or dominance did not significantly affect the AUC between 8 days before
vaccination and 41 days after vaccination. IgG1-antibody titers rose in response to
challenge (Figure 4A). The AUC for IgG1 from 41 days until 59 days after
vaccination (this is the actual response to challenge since the AUC was corrected
for the titer on the day before challenge) was significantly affected by gender. Gilts
showed a lower IgG1 response to challenge than barrows (gilts: 9.40±1.50;
barrows: 13.71±1.29; p=0.05).
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Anti-PRV IgG2 antibodies showed approximately the same kinetics as
IgG1 antibodies (Figure 4B). For the AUC of the IgG2 response to vaccination
(day 8 before vaccination until day 41 after vaccination), a significant effect of
gender was seen. Gilts showed a higher IgG2-response to vaccination than barrows
(gilts: 51.2±2.41; barrows: 43.9±2.12; p<0.05). No significant effects of treatment
or dominance were seen (p>0.10). After challenge, IgG2 titers increased (Figure
4B). A tendency for an interaction effect between gender and treatment on the
AUC for IgG2 from 41 days until 59 days after vaccination (corrected for the titer
on the day before challenge: thus the actual response to challenge) was found
(p=0.09).

Figure 4. Anti-PRV antibody titers (mean±SEM) after vaccination (day 0) and
challenge (day 42) in gilts (n = 12) and barrows (n = 12). (A) IgG1; and (B) IgG2.
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Comparison of groups showed that mixed barrows had a stronger IgG2 response to
challenge than mixed gilts (p<0.05). However the difference between mixed and
control barrows as well as between mixed and control gilts was not significant
(p>0.10; control barrows: 13.0±1.80; control gilts: 13.0±2.50; mixed barrows:
17.2±1.38; mixed gilts: 10.0±1.70).

The balance between IgG1 and IgG2 antibody responses was also
evaluated. After vaccination the IgG1/IgG2-ratio was significantly affected by
gender. Gilts showed a lower IgG1/IgG2-ratio than barrows (gilts: 1.82±0.07;
barrows: 2.09±0.10; p<0.05). No effects of treatment or dominance were found.
After challenge the IgG1/IgG2-ratio tended to be lower in gilts than in barrows
(gilts: 0.75±0.07; barrows: 0.91±0.05; p=0.07). Also there was a tendency for an
effect of dominance on the IgG1/IgG2-ratio after challenge (dominants: 0.91±0.04;
subordinates: 0.76±0.08; p=0.08).

Cytokine production. IFN-gamma production in response to viral
restimulation in vitro was measured at 6 and 20 days after vaccination and at 6 and
17 days after challenge. Table 3 shows that virus-specific production of IFN-
gamma was already detectable at 6 days after vaccination, but was further
increased between 6 and 20 days after vaccination. Challenge infection induced a
3-fold  increase of IFN-gamma production. There was no background production
of IFN-gamma in cultures that were not restimulated with virus.

Table 3. In vitro production of IFN-gamma and IL-10 (mean±SEM) in response to
restimulation of lymphocytes with pseudorabies virus (PRV).

IFN-gamma (pg/ml) IL-10 (pg/ml)1

6 days after vaccination 2032±373 133±8.30

20 days after vaccination 3415±387 104±18.1

6 days after challenge 9632±746 238±31.0

17 days after challenge 7690±917 165±22.9
1Difference between IL-10 production in restimulated cultures and non-restimulated
cultures.

At 6 days after vaccination there was a tendency for an interaction effect between
gender and treatment on IFN-gamma production (p=0.07). Comparison of groups
showed that the IFN-gamma production tended to be lower in mixed than in
control barrows (control: 2190±443 pg/ml; mixed: 962±254 pg/ml; p<0.10),
whereas there was no significant difference between mixed and control gilts
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(control: 1932±519 pg/ml; mixed: 3044±1259 pg/ml; p>0.10). At 20 days after
vaccination there was a tendency for a dominance effect on IFN-gamma production
(dominants: 4099±582 pg/ml; subordinates: 2732±424) pg/ml; p=0.08). At 6 days
after challenge there was a tendency for an interaction between gender and
dominance on IFN-gamma production (p=0.09). When groups were compared it
appeared that dominant gilts tended to have a higher IFN-gamma production than
subordinate gilts (p<0.10), and that dominant gilts had a significantly higher IFN-
gamma production than both dominant and subordinate barrows (p<0.05)
(dominant barrows: 7572±1140 pg/ml; dominant gilts: 12943±1806 pg/ml;
subordinate barrows: 8687±1074 pg/ml; subordinate gilts: 9326±997 pg/ml). At 17
days after challenge there was a tendency for a higher IFN-gamma response in gilts
than in barrows (gilts: 9351±1591; barrows: 6028±693 pg/ml; p=0.07).

Production of IL-10 was also measured at 6 and 20 days after vaccination
and at 6 and 17 days after challenge. There was a background production of IL-10
in cultures that were not restimulated in vitro, and thus the difference between
restimulated and not restimulated cultures was taken as measure for virus-specific
IL-10 production. Table 3 shows that the kinetics of IL-10 production after
vaccination and challenge resemble the kinetics of IFN-gamma production.
However, production of IL-10 was much lower than production of IFN-gamma. At
6 days after vaccination virus-specific IL-10 production was not evident in all pigs,
as some pigs showed similar production levels with and without viral restimulation.
It appeared that there was a significant interaction between gender and treatment
for virus-specific IL-10 production at 6 days after vaccination (p<0.01). IL-10
levels were lower in mixed barrows than in control barrows (control: 65.0±5.6
pg/ml; mixed: 4.9±4.9 pg/ml; p<0.05), whereas the difference between mixed gilts
and control gilts was not significant (control: 33.7±18.7 pg/ml; mixed: 43.2±10.7
pg/ml; p>0.10). At 20 days after vaccination there were no significant effects of
treatment, gender or dominance on virus-specific IL-10 production (p>0.10).
Production of IL-10 at 6 days after challenge was significantly affected by gender.
Barrows showed higher virus-specific IL-10 production than gilts (gilts: 178±38.0
pg/ml; barrows: 299±43.5 pg/ml; p<0.05). At 17 days after challenge there were no
effects of treatment, gender or dominance on virus-specific IL-10 production
(p>0.10).

The balance between production of IFN-gamma and IL-10 may be
regarded as an important indicator of the Th1/Th2-balance of the immune response.
Thus, the effects of treatment, gender and dominance on the IFN-gamma/IL-10
ratio were analyzed. Since after vaccination IL-10 levels were low in some
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animals, resulting in a very high IFN-gamma/IL-10 ratio, statistical analysis was
limited to the data after challenge where both cytokines were produced in sufficient
amounts in all pigs. Because the data did not show a normal distribution, they were
log-transformed before analysis. For the IFN-gamma/IL-10 ratio at 6 days after
challenge a significant interaction between treatment and dominance was found
(p<0.05). Comparing groups it appeared that for the mixed pigs, dominant pigs
showed a lower IFN-gamma/IL-10 ratio than subordinate pigs (mixed dominants:
1.51±0.14 (10log (IFN-gamma/IL-10)); mixed subordinates: 1.79±0.09) (10log
(IFN-gamma/IL-10)); p<0.05). However for the control pigs, there was no
significant difference between dominant and subordinate pigs (dominant controls:
1.70±0.16 (10log (IFN-gamma/IL-10)); subordinate controls: 1.55±0.06 (10log
(IFN-gamma/IL-10)); p>0.10). The IFN-gamma/IL-10 ratio at 6 days after
challenge was also significantly affected by gender. Gilts showed a higher ratio
than barrows (gilts: 1.81±0.06 (10log (IFN-gamma/IL-10)); barrows: 1.47±0.08
(10log (IFN-gamma/IL-10)); p<0.01).

At 17 days after challenge there was a tendency for gilts to have a higher
IFN-gamma/IL-10 ratio than barrows (gilts: 1.82±0.07 (10log (IFN-gamma/IL-10));
barrows: 1.63±0.06 (10log (IFN-gamma/IL-10)); p=0.07).

Clinical illness after challenge
Body weight. Increase in body weight stagnated or reversed after challenge

(data not shown). The AUC for delta body weight was calculated between 1 day
before challenge and 7 days after challenge since clinical symptoms disappeared in
all pigs by that time. There were no significant effects of treatment, gender or
dominance on the AUC for delta body weight.

Body temperature. A fever response was seen between 1 and 7 days after
challenge (Figure 5). There was a tendency for an interaction effect between
treatment and gender on the AUC for body temperature from 1 day before
challenge until 7 days after challenge (p=0.06). It appeared that mixed barrows had
a higher AUC for body temperature than mixed gilts (p<0.05). However the
difference between mixed and control barrows as well as the difference between
mixed and control gilts was not significant (p>0.10; control gilts: 11.23±0.59;
mixed gilts: 10.17±0.48; control barrows: 11.93±0.75; mixed barrows:
13.23±0.54).
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Figure 5. Body temperature (mean±SEM) after challenge with pseudorabies virus
(PRV) in control gilts (n = 6) and mixed gilts (n = 6) (upper panel) and control barrows
(n = 6) and mixed barrows (n = 6) (lower panel).

Virus excretion. Virus excretion was detected between 1 and 7 days after
challenge. Virus excretion was analyzed as the AUC of 10log(virus PFU/ml
oropharyngeal fluid) in this period. It appeared that gilts excreted less virus than
barrows (gilts: 15.62±1.98; barrows: 20.42±0.67; p<0.05). Also a tendency for an
interaction between treatment and dominance was found (p=0.07). Mixed
subordinates excreted significantly less virus than mixed dominants (p<0.05), and
tended to excrete less virus then control subordinates (p<0.10). No difference

38

39

40

41

-1 1 2 3 4 5 6 7
Days after challenge 

B
od

y 
te

m
pe

ra
tu

re
 (0 C

)

mixed barrows control barrows

38

39

40

41

-1 1 2 3 4 5 6 7
Days after challenge 

B
od

y 
te

m
pe

ra
tu

re
 (0 C

)

mixed gilts control gilts



Social stress and immunity in pigs 103

between control subordinates and control dominants was found (p>0.10; mixed
dominants: 20.08±0.59; mixed subordinates: 13.94±2.09; control dominants:
18.30±2.07; control subordinates: 19.75±0.69).

Virus excretion per time-point was analyzed, because there might be
differences in the kinetics of virus excretion between groups. No significant effects
of treatment, gender, or dominance were found for any of the time-points (p>0.10)
(data not shown).

Discussion
The present study shows that mixing of unfamiliar pigs can have a long-

term modulating effect on the immune response against a viral vaccine. This effect
is dependent on gender, with a long term suppression of the primary immune
response and a higher fever-response after challenge found in mixed barrows, but
not in mixed gilts. The effect of mixing is also dependent on dominance status,
with mixed dominants showing a Th1/Th2-cytokine profile that was skewed
towards Th2, and a higher virus excretion after challenge compared to mixed
subordinates.

A different effect of mixing in barrows and gilts was found for many
immune parameters. After vaccination, restimulated lymphocyte proliferation,
IgM, IFN-gamma and IL-10 responses were lower in mixed barrows than in
control barrows, whereas these responses were similar in mixed and control gilts.
Thus, the primary immune response to vaccination was suppressed in mixed
barrows, but not in mixed gilts. After challenge, it appeared that the secondary
antibody response (IgG2) was higher in mixed barrows than in mixed gilts. It is
known that after infection with PRV, a higher secondary antibody response is an
indication of decreased protection against challenge infection (Kimman et al.,
1995). In less protected pigs the lymphocyte proliferation response after challenge
infection will be lower, and a relatively high antibody response can be seen.
Finally, mixed barrows showed a stronger elevation of body temperature than
mixed gilts after challenge infection. Thus the effect of mixing on barrows
extended to protection against clinical symptoms of PRV-infection.

These results imply that barrows suffered from immunosuppression after
mixing, whereas gilts did not. Other studies that have investigated effects of mixing
on immune parameters in pigs, have not reported differences between barrows and
gilts (Ekkel et al., 1995a; Hessing et al., 1995; Moore et al., 1994; Tuchscherer et
al., 1998). However, in these studies larger groups per pen were used and gilts and
barrows were combined in one group, which may explain the discrepancy with the
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present study. Also, in contrast to the above mentioned studies, SPF-pigs were used
in the present study. This allowed us to control for immunological disturbances by
subclinical infections or obligatory vaccinations. Finally, as we argued in the
introduction, the suppression of one immune parameter at one specific time-point
after a stressor is not easily interpretable towards stress-effects on immune
responses (Dantzer, 1997; Dantzer and Kelley, 1989). Thus, because we measured
effects of stress on several different immune parameters at many time-points after
the application of the stressor, we may have been able to detect phenomena that are
easily missed when one immune parameter is measured at a single time-point after
the stressor. The consideration of the temporal dynamics of the immune response,
as well as the stress response, are essential for a better understanding of stress-
immune system interactions.

The finding that barrows suffer from immunosuppression after mixing and
gilts do not, cannot be explained by differences in the level of aggression or in
height of the response of adrenaline and noradrenaline after mixing. Barrows and
gilts did not differ in their response to mixing for these parameters in the present
study. The only weak difference between barrows and gilts was found for cortisol
levels after mixing. Although we did not find the statistical proof for an interaction
effect between gender and treatment on cortisol levels, a comparison between
mixed barrows and mixed gilts at 1 hour after mixing showed that mixed barrows
tended to have higher salivary cortisol levels than mixed gilts. This is in
accordance with a study on circadian rhythmicity in salivary cortisol concentrations
in pigs (Ruis et al., 1997). There, it was shown that the mean concentration of
salivary cortisol around which circadian oscillations occur, was higher in barrows
than in gilts. Also, barrows showed a higher amplitude in their circadian rhythm of
salivary cortisol concentration at one day after isolation than gilts. But, other
studies in pigs have not shown any differences between barrows and gilts in basal
and stress-induced HPA-axis activity (De Jong et al., 1998; Ekkel et al., 1996b;
Otten et al., 1999; Tuchscherer et al., 1998). However, based on results from other
species, it might be expected that castrated males show a higher HPA-axis
reactivity than intact males. In the first place, the stressful experience of being
castrated may have sensitized these pigs for later stressors (Bruijnzeel et al., 1999;
McGlone et al., 1993a; Raeside et al., 1997; Vandenheede and Bouissou, 1996). In
the present study, castration was carried out relatively late (at 3 weeks of age),
which may have strengthened the sensitization process. In the second place, it is
known that a higher HPA-axis reactivity is caused by the lack of testosterone after
castration. In rodents, testosterone inhibits HPA-axis reactivity to stressors.
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Castrated males thus show higher corticosteroid responses than intact males (Da
Silva, 1999; Gaillard and Spinedi, 1998; Handa et al., 1994a,b).

As expected, dominance status also influenced the effect of mixing on the
immune response. Ex-vivo lymphocyte proliferation after vaccination was lower in
mixed dominants than in control dominants, whereas mixed and control
subordinates showed equal responses. This implies that dominants are more
vulnerable to the effect of mixing on the immune response than subordinates. After
challenge, the IFN-gamma/IL-10 ratio of the immune response was lower in mixed
dominants than in mixed subordinates, whereas control dominants and control
subordinates did not differ. IFN-gamma is a typical Th1-type cytokine, that is
involved in protection against viral infections, whereas IL-10 is a typical Th2-type
cytokine, that has anti-inflammatory properties as well as a role in allergic
reactions and anti-parasitical immune responses (Mosmann and Moore, 1991).
These two cytokines are known to downregulate each other, and they tend to skew
immune responses towards either a cellular (Th1), or a humoral (Th2) direction.
The skewing of the Th1/Th2-balance of immune responses is under neuroendocrine
control, with cortisol being able to direct the immune response towards a Th2-type,
and dehydroepiandrosterone (DHEA) being able to promote a Th1-type response
(Chiappelli et al., 1994; Daynes and Araneo, 1992; Daynes et al., 1990. Thus, the
ratio between IFN-gamma and IL-10 production reflects the Th1/Th2-balance of
the immune response, and is therefore an important aspect of the functional
outcome of the immune response. A lower IFN-gamma/IL-10 ratio, as was seen in
mixed dominants, reflects a Th2-skewed immune response, which is less adequate
for protection against viral infections. Indeed, mixed dominants excreted more
virus after challenge than mixed subordinates did.

Previous research has also shown that stress and dominance status interact
in their effect on the immune system. In a series of studies it was shown that heat
and shipping stress differentially affect leucocyte numbers, natural killer cell
activity and mitogen-induced lymphocyte proliferation in dominant, intermediate
and subordinate pigs (Hicks et al., 1998; McGlone, 1990; McGlone et al., 1993b;
Morrow-Tesch et al., 1994). Another study showed that mitogen-induced
lymphocyte proliferation increased in dominant pigs after mixing, whereas it
decreased in subordinate pigs after mixing (Tuchscherer et al., 1998). Whereas it
seems obvious that dominance status and stress interact in their effect on the
immune system, the complexity of this interaction is far from understood. The
present study shows that changes in the Th1/Th2-balance of the immune response
may be important in determining how stress and social status interact.
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Dominance also affected immunity regardless of treatment. The
lymphocyte proliferation response after vaccination was higher in dominants than
in subordinates. Also, the IFN-gamma response at 20 days after vaccination tended
to be higher in dominants than in subordinates, and at 6 days after challenge,
dominant gilts tended to have higher IFN-gamma responses than subordinate gilts.
The IgG1/IgG2-ratio of the secondary immune response (after challenge) tended to
be higher in dominants than in subordinates. It thus seems that for a few immune
parameters, dominant pigs show higher responses than subordinate pigs. This is in
agreement with previously published data (Hessing et al., 1994c; Tuchscherer et
al., 1998).

Even though castrated males were used, gender had profound influences on
immune responses. A main effect of gender was found for antibody and cytokine
responses at various intervals after vaccination and challenge. Gilts showed higher
IgG2-responses after vaccination, and a lower IgG1/IgG2-ratio after vaccination
than barrows. After challenge the IgG1/IgG2-ratio tended to be lower in gilts than
in barrows. The IgG1/IgG2-ratio may reflect differences in the Th1/Th2-balance of
the immune response. However, this has not been proven for pigs. In mice it is
known that IgG2a is stimulated specifically by Th1-type cytokines, whereas IgG1
is stimulated specifically by Th2-type cytokines (Finkelman et al., 1990). Thus, the
lower IgG1/IgG2-ratio in gilts may be interpreted as a more Th1-type response in
gilts than in barrows. This is in accordance with the finding that the IFN-
gamma/IL-10-ratio after challenge was higher in gilts than in barrows. It thus
seems that gilts are more Th1-prone than barrows, which agrees with findings in
mice (Wilcoxen et al., 2000).

We conclude that mixing of unfamiliar pigs may have long term adverse
consequences for the immune response against a viral vaccine. Moreover, even
long-term protection against infection with the particular pathogen may be
impaired. The effect of stress on the immune response appears to be more
disrupting in barrows than in gilts, and in dominants than in subordinates. Finally,
the measurement of Th1/Th2-properties of the immune response seems promising
with regard to the unraveling of these complex interactions in pigs.


