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H I G H L I G H T S

• Acute social stress induces leukocyte mobilization in high and low responders to ACTH.
• Acute social stress impairs leukocyte functions (phagocytosis and cytokine secretion).
• One-hour mixing of pig is a relevant model of acute social stress for human research.
• Selection upon HPA axis activity increases resilience of pigs to stress.
• Selection upon HPA axis activity appears as a good tool to increase pig robustness.
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Pig husbandry is known as an intensive breeding system, piglets being submitted to multiple stressful events
such as early weaning, successivemixing, crowding and shipping. These stressors are thought to impair immune
defences andmight contribute, at least partly, to the prophylactic use of antibiotics. Robustness was recently de-
fined as the ability of an individual to express a high-production potential in awide variety of environmental con-
ditions. Increasing robustness thus appears as a valuable option to improve resilience to stressors and could be
obtained by selecting piglets upon their adrenocortical activity.
In this study, we aimed at depicting the consequences of an acute social stress on the immune capacity of piglets
genetically selected upon divergent hypothalamic-pituitary-adrenocortical (HPA) axis activity. For this purpose,
wemonitored neuroendocrine and immune parameters, in high- (HPAhi) and low- (HPAlo) responders to ACTH,
just before and immediately after a one-hour mixing with unfamiliar conspecifics.
As expected, stressed piglets displayed higher levels of circulating cortisol and norepinephrine. Blood cell count
analysis combined to flow cytometry revealed a stress-induced leukocytemobilization in the bloodstreamwith a
specific recruitment of CD8α+ lymphocytes. Besides, one-hourmixing decreased LPS-induced IL-8 and TNFα se-
cretions inwhole-blood assays (WBA) and reducedmononuclear cell phagocytosis. Altogether, our data demon-
strate that acute social stress alters immune competence of piglets from both groups, and bring new insights in
favour of good farming practices.
While for most parameters high- and low-responders to ACTH behaved similarly, HPAhi piglets displayed higher
number of CD4+ CD8α− T cells, aswell as increased cytokine production inWBA (LPS-induced TNFα and PIL-in-
duced IL-8), which could confer them increased resistance to pathogens.
Finally, a principal component analysis including all parameters highlighted that overall stress effects were less
pronounced on piglets with a strong HPA axis. Thus, selection upon adrenocortical axis activity seems to reduce
the magnitude of response to stress and appears as a good tool to increase piglet robustness.
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1. Introduction
Pig husbandry is recognised as one of the most stressful breeding
systems, individuals being exposed, from birth to slaughter, to numer-
ous physiological, environmental and social stressors. In particular, the
weaning period appears as a critical step for piglets that have to cope
with multiple stressors: separation from the dam, handling and trans-
portation, mixing with unfamiliar pigs and establishment of a novel so-
cial hierarchy, crowding, feed change and exposure to different
pathogens [1]. Thus, at weaning, piglets are prone to develop dysbiosis
and/or infectious diseases and the management of this period often re-
lies on the prophylactic use of antibiotics with harmful consequences
for public health.

Increasing piglet robustness appears as a valuable option to increase
resilience of individuals to stressors and by the way to reduce antibiotic
use. The concept of robustness refers to the ability of an individual to
combine a high production potential with resilience to stressors, there-
by allowing a sustained productivity in a wide variety of environmental
conditions [2]. We recently suggested that the hypothalamic-pituitary-
adrenocortical (HPA) axis plays a central role in the trade-off between
production and robustness traits [3,4]. In this context, we developed a
strategy to increase robustness by genetic selection of animals with a
more active HPA axis, based on their adrenal response to ACTH, a highly
heritable trait [5,6]. This strategy raises the question of the conse-
quences of this selection on immune functions.

The immune system has long been considered autonomous but it is
now well established that immunity, as part of homeostasis, is tightly
controlled by the central nervous system [7]. Although all neuroendo-
crine hormones can modulate immune responses, the HPA and the
sympatho-adreno-medullar (SAM) axes are predominant in conveying
efferent signals from the brain to peripheral tissues. Immune cells ex-
press glucocorticoid as well as adrenergic receptors and are thus able
to respond to cortisol, epinephrine and norepinephrine. Conversely, im-
mune cells signal back to the brain especially through cytokine release
(IL-1β, IL-6, TNFα) (reviewed in [8]).

Both HPA and SAM axes are activated by stressors and help the or-
ganism to adapt and cope with threats. Stress is usually classified de-
pending upon its type (physical, environmental and/or psychosocial),
intensity and duration (acute vs chronic) [9]. Although chronic stressors
are widely recognised as detrimental to most immune functions, con-
flicting data were reported using acute stressors (reviewed in [10]).
Notably, it was shown that a brief stress might increase some aspects
of immune responses, such as skin delayed-type hypersensitivity
[11–13] which has led to the emergence of the concept of acute
stress-induced immunoenhancement [14]. Edwards and collaborators
even suggested that vaccine efficacy could bemaximized using stressors
or stress mediators as adjuvants. Yet, one study demonstrated clear
benefits of co-administering a β2-adrenergic agonist along with
Herpes-simplex virus (HSV) vaccine in mice, thereby conferring
prolonged survival and reduced inflammation against HSV infection
[15].

To date, consequences of acute stress on immunity have been poorly
documented in pigs. In 2009, Tuchscherer and collaborators submitted 7
to 35 day-old piglets to a 4-hour social isolation stress and compared
their endocrine and immune responses to control animals [16]. Using
whole blood assay (WBA), which measures cytokine release in whole
blood in response to LPS stimulation and was proposed to predict indi-
vidual susceptibility to infectious disease [17], they found lower LPS-in-
duced IL-10 and IL-1β secretions in stressed versus control 21-day old
piglets, suggesting stress-induced immune alterations. Besides, few
studies evidenced stress-induced lymphopenia in pigs [18,19].

The present experiments were designed to study the consequences
of divergent genetic selection for HPA axis activity on immune functions
in basal conditions and in response to acute stress. For this purpose, we
monitored endocrine and immune parameters in piglets belonging to
the second generation of divergent selection based on the cortisol
response to ACTH, just before and right after a one-hour mixing with
unfamiliar conspecifics.
2. Materials and methods

2.1. Animals and experimental design

All experimental procedures involving animals were carried out
in accordance with the EU directive 2010/63 for animal experiments
and submitted to and approved by the C2EA 84 Poitou-Charentes
Region ethic committee (decisions CE2013-1 and APAFIS#2446-
201510121422769). Ninety male Large White pigs, born and raised at
the INRA experimental unit of Le Magneraud (EU 1206, GenESI), were
used in this study. These pigs belonged to the second generation of a di-
vergent genetic selection experiment based on hypothalamic-pituitary-
adrenal (HPA) axis activity. For this purpose, breeders were selected
upon extremevariability in their cortisol response followingACTH stim-
ulation, allowing generation of low (HPAlo) and high (HPAhi) re-
sponders to ACTH [6].

In this study, three experimental batches, each involving 15 HPAlo

and 15 HPAhi piglets, were studied. After weaning at 4 weeks, piglets
were housed by groups of approximately 20 animals per pen (7.7 m2),
separated by solid walls so that they had no direct contact. Of note,
HPAlo and HPAhi piglets were housed in separate pens and were never
mixed together. When piglets were 6 week-old, cortisolemia was mea-
sured 1 h after IM administration of a single 222 μg dose of synthetic 1-
24 ACTH peptide (Pepscan Presto BV, Lelystad, the Netherlands). We
confirmed that ACTH-induced cortisolemia was significantly higher in
HPAhi as compared to HPAlo piglets (data not shown).

One week later, piglets were submitted to an acute social stress. For
this purpose, five piglets were taken from their home pen in the morn-
ing (between 8:00 and 9:00 am), placed in an adjacent pen with ap-
proximately 20 unfamiliar conspecifics for 1 h. Blood samples were
collected from the jugular vein of pigs slightly maintained in a supine
position as previously described [20], just before and immediately
after 1 h of mixing, by experienced staff, in b30 s per pig. Total volume
collected never exceeded 25 ml per piglet.
2.2. White blood cell count

White blood cell (WBC) counts were determined from EDTA blood
samples using a clinical-grade MS9-5s analyser calibrated for pigs
(Melet Schloesing, Osny, France).
2.3. Flow cytometry

Lymphocyte subpopulations were identified by triple staining using
monoclonal antibodies and enumerated. Fiftymicroliters of EDTA blood
samples were stainedwith FITC conjugated anti-pig CD4, PE conjugated
anti-pig CD21 (both from Acrys Antibodies, Herford, Germany), and
Alexa Fluor® 647 conjugated anti-pig CD8α (BD Biosciences, Le Pont
de Claix, France) antibodies in the dark for 15min at room temperature.
Erythrocytes were then removed using a lysing solution (BD Biosci-
ences). After washing with phosphate-buffered saline, samples were
analysed with a FACS Aria flow cytometer (BD Biosciences) and data
were computed using FlowJo software (FlowJo, Ashland, Oregon). This
combination of three antibodies allowed the identification of five sub-
populations in whole blood samples namely CD21+ B lymphocytes,
CD4+ CD8α− and CD4+ CD8α+ helper T lymphocytes, CD4− CD8αhi

cytotoxic lymphocytes and CD4− CD8αmed cells, which includes NK
cells [21]. Cell count for each specific subpopulation was then deter-
mined as the product of the percentage of this specific subpopulation
in a (lymphocyte plus monocyte FSC/SSC) gate by the absolute number
of lymphocytes plus monocytes (obtained from the MS9-5s analyser).
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2.4. Phagocytosis

Phagocytosis was assessed using the Phagotest™ Kit (BD Biosci-
ences) according to the protocol given by the manufacturer. Briefly,
heparinized blood samples were incubated for 10 min at 37 °Cwith op-
sonized fluorescein isothiocyanate (FITC)-labelled E. coli bacteria. For
each analysis, ice-incubated negative controls were included. Samples
were finally analysed by flow cytometry using FSC/SSC dot plot to dis-
criminate granulocytes from mononuclear cells.

2.5. Whole blood assay

Heparinized blood samples were five-fold diluted in RPMI 1640me-
dium supplemented with 2 mM L-glutamine, 100 IU/ml penicillin and
100mg/ml streptomycin and stimulated in duplicate either with the al-
ready described [22] PIL mixture (10 ng/ml phorbol myristate acetate,
1 μg/ml ionomycin and 1 μg/ml Escherichia coli O111:B4 LPS, all from
Sigma-Aldrich, St-Quentin-Fallavier, France) or with a 10 ng/ml LPS
stimulation [17]. All stimulations were tested in duplicate. After an
18-hour incubation at 37 °C, supernatants were collected, centrifuged
at 500 g for 5 min at 4 °C and stored at−80 °C before cytokine concen-
tration measurements. Porcine TNFα, IL-10 and IL-8 were quantified by
ELISA with respective detection limits of 31, 23 and 125 pg/ml (R&D
Systems, Abingdon, UK). Supernatants in duplicate prepared from sam-
ples collected before (t0) and after (t1) mixing were analysed in the
same plates. For each plate, we evaluated the intra-assay variation to
validate differences between t0 and t1 samples. For statistical analysis,
we attributed to undetected samples half of the corresponding thresh-
old value.

2.6. Biochemical analysis

Heparinized blood samples were centrifuged and plasma collected
for hormone content measurements. Plasma catecholamine (epineph-
rine and norepinephrine) concentrations were determined in duplicate
fromheparinized blood samples using the CAT Plasma ELISA high sensi-
tive kit (LDN, Nordhorn, Germany). Briefly, epinephrine and norepi-
nephrine were extracted from plasma using a cis-diol-specific affinity
gel, acylated and then modified enzymatically before performing com-
petitive ELISA. Plasma cortisol was assayed in the same samples using
a Cortisol RIA kit (Demeditec Diagnostics, Kiel-Wellsee, Germany).
Post-ACTH plasma cortisol concentrations were measured by direct au-
tomated immunoassay (AIA-1800, Tosoh Bioscience, San Francisco, CA).

2.7. Statistical analysis

Statistical analyses were performed using R software (version 3.3.1 )
while charts were graphed using Graph Pad Prism (version 6.0).

To describe acute social stress consequences upon immune and en-
docrine systems in high and low responders to ACTH, a linearmixed-ef-
fects model was developed using the lme4 package [23]. Data were
transformed using natural logarithm and normality was assessed for
each parameter using the Shapiro test. The model included as fixed ef-
fects batch (Ba: 1, 2, 3), HPA axis activity (HPA: low and high), mixing
(Mix: before and after) and all possible interactions and, as random ef-
fects, blood sampling rank (BSR) and individual (Id). Residual plots did
not reveal any obvious deviations from homoscedasticity for all re-
sponse variables. We tested significance for the fixed effects influence
on each parameterwith theWald Chi-square test, using the anova func-
tion from the car package [24]; p b 0.05 was considered significant. For
all response variables, least square means (LS-means) and standard er-
rors were calculated using the lsmeans package [25] and are graphed on
charts. Whenever the Wald Chi-square test demonstrated a significant
interaction effect, pair-wise differences between LS-means were subse-
quently tested using the Tukey-Kramer procedure (p b 0.05was consid-
ered significant).
Lastly, to have a whole-scale overview of our data, we performed a
Principal Component Analysis (PCA) on log-transformed variables
using the FactoMineR package [26].

3. Results

3.1. Data overview

Endocrine and immune parameters were analysed in blood samples
from 45 HPAlo and 45 HPAhi piglets, divided into three batches, each
piglet being sampled just before and right after one-hour mixing with
unfamiliar pigs. Table 1 summarizes biological values of endocrine and
immune parameters obtained on HPAlo and HPAhi piglets before and
after mixing.

To assess the effects of acute social stress and HPA axis activity upon
these parameters, we applied a mixed-effect model, which included
mixing, HPA axis activity, batch and all interactions as fixed effects,
while individual and blood sampling rank were specified as random
factors.

We observed a batch effect on 13 parameters upon 18 (Supplemen-
tal Table 1). For 6 of them, there was a batch effect and no interaction
between batch and any other fixed effect, highlighting similar mixing-
and/or HPA axis activity-related effects in all batches. When the Wald
Chi-square test indicated a significant interaction between the batch
and a second fixed effect (mixing, HPA axis activity or both), the batch
effect was further on analysed and discussed.

As shown in Table 2, acute social stress significantly affected 16 pa-
rameters upon 18. Indeed, only 2 parameters were not affected by
mixing: PIL-induced IL-10 secretion also unaffected by HPA axis activity
and PIL-induced IL-8 secretion, which was different in HPAlo and HPAhi

piglets. Three parameters were significantly modulated by both stress
and HPA axis activity, namely cortisol level, CD4+ CD8α− cell number
and LPS-induced TNFα secretion. All these results are detailed in the
following sections.

3.2. Effects of one-hour mixing on stress hormone levels

For plasma cortisol levels, theWald Chi-square test indicated signif-
icant effects of mixing, HPA axis activity and mixing × HPA interaction
(Table 2). As expected, pair-wise comparisons of the LS-means
(Tukey-Kramer test) from HPAlo and HPAhi at baseline demonstrated
that plasma cortisol levels were significantly higher in HPAhi as com-
pared to HPAlo individuals (Fig. 1A). Mixing increased cortisol levels in
both HPAlo and HPAhi piglets. The Wald Chi-square test also evidenced
a significant batch × mixing interaction effect (Supplemental Table 1),
attributable to a non-significant increase in cortisolemia observed in
one batch upon three (Supplemental Fig. 1).

For epinephrine levels, the Wald Chi-square test indicated
a significant mixing effect (Table 2) spoiled by a significant
batch × mixing × HPA interaction effect (Supplemental Table 1). Pair-
wise comparisons of the LS-means before and after mixing in each
batch showed thatmixing actually had no significant effect on epineph-
rine levels either in HPAlo or in HPAhi piglets in any batch (data not
shown).

In contrast, plasma norepinephrine concentrations were significant-
ly affected by mixing only (Table 2). As shown in Fig. 1B, acute social
stress increased norepinephrine levels in all piglets.

Altogether, these results confirmed stress-induced activation of HPA
and SAM axes and validated our protocol as a reliable model of acute
stress.

3.3. Acute social stress-induced leukocyte mobilization

The Wald Chi-square test indicated significant effects of mixing
on every white blood cell population (Table 2). As shown in Fig. 2,
mixing significantly increased granulocyte, lymphocyte and monocyte



Table 1
Values of endocrine and immune parameters.
Endocrine and immune parameters valuesmeasured before and after acute social stress in
HPAlo andHPAhi piglets. For each parameter, themedian and range of raw data are report-
ed. For most parameters, measurements were made on 90 piglets, except phagocytic ac-
tivity (n = 43 piglets) and lymphocyte subset determination (2 batches, n = 60). nd:
not detected.

Parameters HPAlo HPAhi

Stress hormones
Cortisol (ng/ml) Before 25.2 [nd–65] Before 36.4 [nd–98.2]

After 46.5 [nd–128.1] After 57.7 [nd–174.3]
Epinephrine
(pg/ml)

Before 607 [269–1,643] Before 556 [223–2,246]
After 715 [167–1,464] After 616 [110–2,217]

Norepinephrine
(pg/ml)

Before 1,311 [695–2,951] Before 1,279 [507–3,465]
After 1,725 [860–6,656] After 1,467 [680–12,800]

White blood cell count (×103/μl)
Granulocytes Before 6.0 [2.5–20.5] Before 5.4 [2.8–10.1]

After 6.3 [2.4–18] After 6.2 [3.3–13.2]
Lymphocytes Before 11.4 [5.9–15.5] Before 10.7 [7–15.7]

After 11.9 [5.3–21.6] After 11.5 [7–16.9]
Monocytes Before 1.3 [0.6–2.1] Before 1.2 [0.6–1.9]

After 1.4 [0.6–2.9] After 1.3 [0.6–2.2]

Lymphocyte subsets (×103/μl)
CD8αhi CD4− Before 1.37 [0.67–3.95] Before 1.54 [0.7–3.49]

After 1.72 [0.79–6.27] After 1.76 [0.72–3.53]
CD8αmed CD4− Before 0.90 [0.33–2.14] Before 0.91 [0.27–2.58]

After 1.58 [0.52–4.69] After 1.47 [0.27–3.31]
CD4+CD8α+ Before 0.80 [0.35–3.11] Before 0.82 [0.44–1.79]

After 1.04 [0.37–5.47] After 1.01 [0.4–2.79]
CD4+CD8α− Before 1.73 [0.88–2.38] Before 1.74 [1.09–3.33]

After 1.45 [0.86–2.74] After 1.71 [0.97–3.2]
CD21+ Before 1.62 [0.62–3.35] Before 1.86 [0.72–3.12]

After 1.38 [0.43–2.63] After 1.39 [0.57–2.54]

Phagocytic capacity (%)
Mononuclear
cells

Before 22.5 [15.1–28.2] Before 21.0 [13.7–32.5]
After 18.4 [12.4–31.1] After 18.2 [14–30.5]

Polynuclear cells Before 90.2 [79.8–95.5] Before 87.9 [34.2–94.2]
After 90.3 [65.9–95.7] After 89.0 [33.0–97.0]

Whole blood assay (pg/ml)
LPS-induced IL-8
secretion

Before 268 [nd–3,747] Before 341 [nd–3,040]
After 189 [nd–1,867] After 241 [nd–918]

LPS-induced
TNFα
secretion -

Before 191 [97–595] Before 253 [90–919]
After 169 [82–739] After 218 [90–1,145]

LPS-induced
IL-10
secretion

Before 70.0 [nd–166] Before 88.0 [nd–254]
After 65.5 [nd–188] After 71.5 [29–272]

PIL-induced IL-8
secretion

Before 18,446
[5,789–42,386]

Before 23,305 [7,963–50,816]

After 18,091
[5,789–32,367]

After 21,063 [7,963–69,473]

PIL-induced
TNFα secretion

Before 14,884
[8,263–20,000]

Before 14,467.5
[11,007–N20,000]

After 13,649
[9,520–18,644]

After 13,630.5 [9,571–18,901]

PIL-induced
IL-10 secretion

Before 6,362 [3,163–12,755] Before 6,346 [3,303–13,981]
After 6,123 [3,163–11,990] After 6,408 [2,965–13,981]

Table 2
Results of the statistical analysis for main effects (p-values).
For each parameter, in the linear mixed-effects model, the effect of mixing, HPA activity
and interaction between both were tested using the Wald-Chi square test. A p-
value b 0.05 was considered significant.

Parameters Mixing HPA activity Mixing × HPA

Cortisol b0.001 b0.001 b0.05
Epinephrine b0.05 0.62 0.24
Norepinephrine b0.001 0.41 0.39
Granulocytes b0.001 0.34 0.89
Monocytes b0.001 0.96 0.15
Lymphocytes b0.001 0.91 0.13
CD8αhi CD4− lymphocytes b0.001 0.17 0.81
CD8αmed CD4− lymphocytes b0.001 0.95 0.89
CD4+ CD8α+ lymphocytes b0.001 0.65 0.54
CD4+ CD8α− lymphocytes b0.01 b0.05 0.78
CD21+ lymphocytes b0.001 0.51 0.53
% phagocytes in mononuclear cells b0.001 0.64 0.51
LPS-induced IL-8 secretion b0.001 0.09 0.78
LPS-induced TNFα secretion b0.01 b0.05 0.91
LPS-induced IL-10 secretion b0.001 0.13 0.63
PIL-induced IL-8 secretion 0.77 b0.05 0.58
PIL-induced TNFα secretion b0.001 0.45 0.08
PIL-induced IL-10 secretion 0.34 0.67 0.95
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numbers. Formonocyte numbers only, theWald Chi-square test also re-
vealed a significant batch × mixing interaction effect (Supplemental
Table 1). Detailed analysis of the data highlighted a non-significant in-
crease in monocyte numbers following mixing in the batch with the
lower monocyte numbers (Supplemental Fig. 2), likely due to the poor
resolution of the hemocytometer for smaller cell numbers.

We next explored acute stress-induced lymphocytosis using flow
cytometry. For this purpose, we enumerated CD8αhi CD4− cytotoxic T
lymphocytes, CD8αmed CD4− cells, CD4+ CD8α+ double positive cells
(which are activated helper T lymphocytes [27], well-represented in
pigs compared to humans or mice), CD4+ CD8α− T cell and CD21+ B
lymphocytes (Table 1). TheWald Chi-square test revealed significant ef-
fects ofmixing on CD8αhi CD4− and CD8αmed CD4− cell subpopulations
(Table 2) with a significant effect of the batch × mixing interaction for
the CD8αmed CD4− cells (Supplemental Table 1). For this latter popula-
tion, pair-wise comparisons of the LS-means before and after mixing in
each batch showed significant increased CD8αmed CD4− cell numbers
after mixing in each batch (data not shown).We concluded that mixing
significantly enhanced both CD8αhi CD4− and CD8αmed CD4− cell num-
bers (Fig. 3A).

In addition, mixing also affected CD4+ CD8α+ cell numbers with a
significant batch × mixing interaction effect. Pair-wise comparisons of
the LS-means before and after mixing, batch per batch, indicated an
overall increase of double positive cells even if not significant in one
batch (p = 0.06) (data not shown).

As far as CD4+ CD8α− T cells are concerned, the Wald Chi-square
test demonstrated that mixing and HPA axis activity influenced their
number independently (Table 2). Mixing decreased circulating CD4+

CD8α− T cell number in a similar manner in piglets from both groups
(Fig. 3B). A strong HPA axis activity was associated to higher numbers
of CD4+ CD8α− T cells at any time (Fig. 4A).

Finally, the Wald Chi-square test indicated a significant effect of
mixing on CD21+ B cell numbers with a significant batch × mixing in-
teraction effect. Pair-wise comparisons of the LS-means showed signif-
icantly reduced cell numbers after mixing in all batches (data not
shown). Thus, we concluded that acute social stress reduced circulating
B cell numbers in all piglets (Fig. 3C).

3.4. Social stress effects on immune functions in vitro

To document stress-induced modulation of immune capacity, we
analysed TNFα, IL-8 and IL-10 secretions by blood cells stimulated in
vitro usingwhole blood assay (WBA). As expected,whole blood cells se-
creted higher amounts of cytokines after PIL stimulation than after stim-
ulation with LPS (Table 1). LPS-induced IL-8 secretion was significantly
reduced after mixing with no influence of HPA axis activity (Fig. 5 and
Table 2). Regarding LPS-induced TNFα secretion, the Wald Chi-square
test highlighted that both mixing and HPA axis activity independently
and significantly affected this parameter, while there was also a signifi-
cant batch × mixing interaction effect (Table 2 and Supplemental Table
1). Mixing induced an overall decrease of LPS-induced TNFα secretion
(Fig. 5), although the batch-per-batch analysis on LS-means revealed
that this was not observed in one batch out of three (Supplemental
Fig. 3). Interestingly, blood cells derived from HPAhi piglets secreted
higher levels of TNFα in response to LPS than HPAlo piglets at any
time (Fig. 4B). LPS-induced IL-10 secretion was significantly affected



Fig. 1. Stress-related hormone levels. (A) Cortisol levels in plasma of HPAlo (empty symbols) and HPAhi (filled symbols) piglets, just before (circles) and right after (squares) one-hour
mixing. Data are expressed as LS-means ± SE. p-values were calculated using the Tukey-Kramer procedure. (B) Norepinephrine levels, before (circles) and after (squares) one-hour
mixing. Data are expressed as LS-means ± SE with stars denoting statistical significance between before and after mixing (as shown in Table 2).
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by mixing (Table 2). However, it was also affected by a significant
batch ×mixing interaction (Supplemental Table 1), and the comparison
of LS-means before and aftermixing batch per batch did not give consis-
tent results (data not shown). Regarding PIL-induced cytokine secre-
tions, the Wald Chi-square test indicated that mixing significantly
influenced TNFα but neither IL-10 nor IL-8 levels (Table 2). For PIL-in-
duced TNFα secretion, there was a significant batch ×mixing × HPA in-
teraction effect. Pair-wise comparisons of LS-means before and after
mixing in HPAlo and HPAhi piglets batch-per-batch showed that mixing
significantly reduced TNFα secretion in HPAlo piglets in two batches
upon threewhile themixing effectwas never significant inHPAhi piglets
(Supplemental Fig. 3). Finally, independently of mixing, we found
higher levels of IL-8 after PIL-stimulation of blood cells originating
from HPAhi as compared to HPAlo piglets (Table 2 and Fig. 4C).

Since phagocytosis represents an essential mechanism of host
defence against bacterial and fungal infections, we also analysed acute
social stress consequences on the ability of blood cells to phagocyte
FITC-labelled bacteria. Phagocytosis is performed by granulocytes and
mononuclear cells. As shown on Fig. 6 and Table 2, mononuclear cell
phagocytic activity was significantly impaired by mixing.

3.5. Principal component analysis

At last, we performed a PCA on the whole log-transformed data; the
first two components explained 28.3 and 13.4% of total inertia respec-
tively. The circle of correlations showed three bundles corresponding
to cytokine secretion in whole blood assays, immune cell numbers
Fig. 2. Stress-induced variations inWBC counts. Granulocytes (A), lymphocytes (B) andmonocy
LS-means ± SE with stars denoting statistical significance (as shown in Table 2).
and stress hormone levels (Supplemental Fig. 4). Variables' cos2 analysis
highlighted that thefirst principal component summarised all blood cell
counts, while the second one was associated positively to cytokine se-
cretion and negatively to stress-related hormone release (Supplemental
Table 2 and Supplemental Fig. 4).

The plot of individuals on the (PC1, PC2) plane is shown in Fig. 7.
Confidence ellipses for HPAhi andHPAlo individuals overlapped both be-
fore and after acute social stress. Interestingly, 95% confidence ellipses
before and after mixing were closer for HPAhi piglets as compared to
HPAlo suggesting that stress effects were less pronounced on piglets
exhibiting a strong HPA axis activity.

4. Discussion

Although theHPA axis impactsmanyphysiological functions (repro-
duction, cardiovascular system, metabolism…), intense selection for
production traits has driven down its activity [28]. Currently, a major
goal in farm animal breeding is to increase robustness of individuals
i.e. to improve their resilience to stressors while not affecting their pro-
ductivity. From available evidence, we suggest that this could be done
by selecting piglets with a strongHPA axis [4,5]. In this study, we sought
to evaluate basic functioning of the immune system and the conse-
quences of an acute social stress in piglets genetically selected as high
and low responders to ACTH stimulation.

Mixing is a common practice in pig farming. In our study, mixing
induced a significant rise in cortisol and norepinephrine levels as previ-
ously demonstrated [29]. In contrast, epinephrine level was not
tes (C) counts fromHPAlo andHPAhi piglets before and aftermixing. Data are expressed as



Fig. 3. Effects of acute social stress on circulating lymphocyte subpopulations. CD8αhi

CD4−, CD8αmed CD4− cells (A), CD4+CD8α− (B) and CD21+ (C) lymphocyte subset
counts before and after mixing. Data are expressed as LS-means ± SE with stars
denoting statistical significance (as shown in Table 2).

Fig. 5. Stress-induced effects on cytokine production by blood cells after in vitro
stimulation. IL-8 (left) and TNFα (right) concentrations after LPS stimulation of blood
cells from piglets before and after mixing. Data are expressed as LS-means ± SE with
stars denoting statistical significance (as shown in Table 2).
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significantly affected by acute stress in agreement with previous
data [30]. We next demonstrated that one-hour mixingwith unfamiliar
conspecifics induced significant increase in circulating lymphocyte,
monocyte and granulocyte (mainly polymorphonuclear neutrophil)
numbers in both HPAhi and HPAlo piglets. This leukocytosis had been
poorly described in pigs but already documented in humans and ro-
dents and is thought to be mainly related to the catecholamine burst
Fig. 4. Immune parameters modulated by HPA axis activity. CD4+ CD8α− cell number (A), LP
HPAhi piglets. Data are expressed as LS-means ± SE with stars denoting statistical significance
[31,32]. Total leukocyte redistribution in response to social stress was
notably shown to be compromized by adrenalectomy or β2-
adrenoreceptor blockade in rat [33], while glucocorticoids were rather
shown to redistribute lymphocytes and monocytes into tissues and to
recruit neutrophils in the bloodstream [20,34].

Focusing on the acute stress-induced lymphocytosis using flow cy-
tometry, we demonstrated a significant rise in CD8α+ cell number,
which comprises cytotoxic NK and CD8+ T lymphocytes. To our knowl-
edge, this phenomenon had never been documented before in swine
but ressembles what happens in human patients. Indeed, psychological
stress is known to recruit mostly cytotoxic lymphocytes such as NK,
CD8+ T and γδ T cells [35]. In our study, we did not quantify γδ T cells
which belong to the CD21− CD4− CD8α− fraction and account for up
to 50% of total circulating lymphocytes in piglets [36]. However, consid-
ering that CD21+ and CD4+ CD8α− cells (representing approximately
30% of total lymphocytes) decreased after stress, we can speculate
that γδ T cells were mobilized as CD4− CD8αhi cytotoxic lymphocytes
and CD4− CD8αmed cells were. In our study, activated CD4+ T lympho-
cytes also tended to increase after acute social stress exposure. A selec-
tive redistribution of lymphocytes depending on their activation status
was demonstrated in humans following acute stress [37–39]. Altogether
we observed a cell-specific demargination after social stress in piglets.
Similarly, in humans, β-agonist infusion induced both an increase in
NK, CD8α+ and γδ T cells and a decrease in circulating B and CD4+ T
cells [31]. This mobilization of cytotoxic cells is thought to be part of
the “fight or flight” response to stress mediated by catecholamines
and may provide protection in situations in which exposure to antigen
could occur [32,40,41].
S-induced TNFα secretion (B) and PIL-induced IL-8 secretion (C) in HPAlo as compared to
(as shown in Table 2).



Fig. 6. Acute stress modulation of circulating mononuclear cell phagocytic activity.
Phagocytosis was measured by flow cytometry. (A) A representative sample is shown
for ice-incubated control cells (top) and 37 °C-incubated cells (bottom). (B) Percentage
of FITC-labelled bacteria phagocytosis among mononuclear cells from piglets before and
after mixing. Data are expressed as LS-means ± SE with stars denoting statistical
significance (as shown in Table 2).
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Using functional tests, we observed significant stress-induced de-
creased phagocytic activity by mononuclear cells and reduced cytokine
secretions (IL-8 and TNFα) by LPS-stimulated leukocytes; also, PIL-in-
duced TNFα secretion tended to decrease after mixing. These results
are all the more interesting since leukocyte number increased after
stress. How social stress triggers a reduced responsiveness of leukocytes
to the LPS challenge needs to be addressed. Among leukocytes, LPS
treatment mainly stimulates monocytes and granulocytes. Few data
are available for granulocytes; however, monocytes/macrophages are
well known to respond to cortisol and catecholamines (for review see
[42]). Even if poorly investigated in swine, acute stress-induced impair-
ment of cytokine production by blood cells was already reported in
humans. Notably, a free-speech stress exposure resulted in significant
decrease in LPS-induced cytokine (TNFα and IL-6) production in WBA
Fig. 7. Results of PCA performed on log-transformed data. Individuals' factor map in the
(PC1, PC2) plane is shown. 95% confidence ellipses of the four groups' barycentres are
graphed.
[43]. Also, when exposed to catecholamines, human whole blood cells
displayed a reduced ability to secrete TNFα and IL-6 in response to a
low dose of LPS [43].

Altogether, our data indicate that acute social stress induced a signif-
icant rise in circulating leukocyte numbers associated to an impairment
in immune functions in bothHPAhi and HPAlo piglets. This is in apparent
contradiction with the acute stress-induced immunoenhancement
hypothesis [14]. Indeed, acute stressors were previously propose to
enhance some adaptative immune functions such as vaccination re-
sponses. In our study, we focused on innate immune functions that we
found impaired by mixing.

Stress effects on immune system were previously shown to depend
on social status of pigs. Among stressed pigs, dominant pigs display
greater NK cell cytotoxicity [18] and higher lymphoproliferative re-
sponse [29,44] than subordinate pigs do. In our study, we did not con-
sider social status of pigs since we aimed to depict the immediate
consequences of an acute social stress on the immune capacity of diver-
gently selected piglets independently of their social rank. One could
argue that the decreased immune reactivity we observed after mixing
could result from a biased selection towards subordinate pigs. Although
we cannot exclude it, it is unlikely considering sample size and random
selection of the piglets.

For most parameters, HPAhi and HPAlo piglets behaved similarly
which is not surprising since porcine immune function was already
shown to be relatively unaffected by cortisol level [45]. Nevertheless,
we evidenced differences in some biological parameters between
HPAlo and HPAhi piglets. It is worth noting that selection upon HPA
axis activity changed the permanent neuroendocrine environment of
the whole body including immune cells. Interestingly, despite well-de-
scribed immunosuppressive effects of administrated glucocorticoids
[46], piglets with higher cortisol levels (at steady-state and after social
stress) did not display lower immune cell counts or decreased immune
capacity. Three immune parameters were even higher in HPAhi piglets:
CD4+ CD8α− T lymphocyte number, PIL-induced IL-8 secretion and
LPS-induced TNFα secretion in WBA. These results are promising since
the ability of blood cells to produce key cytokines for host defence was
proposed as a relevant indicator of host immunity. Indeed, reduced
ex-vivo LPS-induced TNFα production was shown to be associated to
presence of secondary bacterial infections and increased mortality in
critically ill children with influenza [47]. Whether these parameters
might confer an increased resistance to pathogens to HPAhi piglets will
have to be addressed.

Finally, by performing a principal component analysis on the whole
data, we evidenced less pronounced overall effects of acute social stress
in piglets genetically selected for a strong HPA axis. Thus selection upon
adrenocortical axis activity seems to increase resilience of piglets
to acute social stress. We still need to decipher if this results from de-
creased glucocorticoid sensitivity as already described in stressedmam-
mals (reviewed in [48]).

5. Conclusion

We demonstrated for the first time that one-hour mixing induced
leukocyte mobilization in piglets as observed in human patients follow-
ingpsychological stress. Acute social stress in pigletsmay thus represent
a valuable tool to assess functional consequences of stress on immunity
in controlled conditions.

Strikingly, stress-induced leukocyte mobilization was associated
with impaired immune function. New experiments are mandatory
to better characterize this “immune impairment”. Nevertheless, our
study already demonstrates that avoiding stressful situations in pig
farming could preserve immune capacity of piglets.

Finally, selection upon HPA axis activity seems to reduce themagni-
tude of the response to stress. Thus it appears as an interesting tool to
increase piglet robustness in order to reduce prophylactic use of antibi-
otics. This is urgently needed since extensive use of antibiotics
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participates to the emergence of resistant bacteria and dissemination of
resistance genes.

Supplementary data to this article can be found online at http://dx.
doi.org/10.1016/j.physbeh.2016.11.012.

Acknowledgments

We acknowledge the staff of the INRA Experimental Unit of le
Magneraud for pig care, handling and blood sampling and A. Lehébel
and V. Cariou for initial discussions around statistical analyses.

References

[1] J.M. Campbell, J.D. Crenshaw, J. Polo, The biological stress of early weaned piglets, J.
Anim. Sci. Biotechnol. 4 (2013)http://dx.doi.org/10.1186/2049-1891-4-19.

[2] P. Knap, Breeding robust pigs, Aust. J. Exp. Agric. 45 (2005) 1–11.
[3] P. Mormede, A. Foury, E. Terenina, P.W. Knap, Breeding for robustness: the role of cor-

tisol, Animal 5 (5) (2011) 651–657, http://dx.doi.org/10.1017/s1751731110002168.
[4] P. Mormede, E. Terenina, Molecular genetics of the adrenocortical axis and breeding

for robustness, Domest. Anim. Endocrinol. 43 (2) (2012) 116–131, http://dx.doi.org/
10.1016/j.domaniend.2012.05.002.

[5] P. Mormede, A. Foury, P. Barat, J.-B. Corcuff, E. Terenina, N. Marissal-Arvy, et al., Mo-
lecular genetics of hypothalamic-pituitary-adrenal axis activity and function, Trends
Neuroendocrinol. 1220 (2011) 127–136, http://dx.doi.org/10.1111/j.1749-6632.
2010.05902.x.

[6] C. Larzul, E. Terenina, A. Foury, Y. Billon, I. Louveau, E. Merlot, et al., The cortisol re-
sponse to ACTH in pigs, heritability and influence of corticosteroid-binding globulin,
Animal 9 (12) (2015) 1929–1934, http://dx.doi.org/10.1017/s1751731115001767.

[7] V.A. Pavlov, K.J. Tracey, Neural circuitry and immunity, Immunol. Res. 63 (1–3)
(2015) 38–57, http://dx.doi.org/10.1007/s12026-015-8718-1.

[8] R. Dantzer, J.C. O'Connor, G.G. Freund, R.W. Johnson, K.W. Kelley, From inflammation
to sickness and depression: when the immune system subjugates the brain, Nat.
Rev. Neurosci. 9 (1) (2008) 46–57, http://dx.doi.org/10.1038/nrn2297.

[9] J.M. Koolhaas, A. Bartolomucci, B. Buwalda, S.F. de Boer, G. Fluegge, S.M. Korte, et al.,
Stress revisited: a critical evaluation of the stress concept, Neurosci. Biobehav. Rev.
35 (5) (2011) 1291–1301, http://dx.doi.org/10.1016/j.neubiorev.2011.02.003.

[10] R. Glaser, J.K. Kiecolt-Glaser, Science and society - stress-induced immune dysfunc-
tion: implications for health, Nat. Rev. Immunol. 5 (3) (2005) 243–251, http://dx.
doi.org/10.1038/nri1571.

[11] F.S. Dhabhar, A.R. Satoskar, H. Bluethmann, J.R. David, B.S. McEwen, Stress-induced
enhancement of skin immune function: a role for gamma interferon, Proc. Natl.
Acad. Sci. U. S. A. 97 (6) (2000) 2846–2851, http://dx.doi.org/10.1073/pnas.
050569397.

[12] P. Saint-Mezard, C. Chavagnac, S. Bosset, M. Ionescu, E. Peyron, D. Kaiserlian, et al.,
Psychological stress exerts an adjuvant effect on skin dendritic cell functions in
vivo, J. Immunol. 171 (8) (2003) 4073–4080.

[13] K. Viswanathan, C. Daugherty, F.S. Dhabhar, Stress as an endogenous adjuvant: aug-
mentation of the immunization phase of cell-mediated immunity, Int. Immunol. 17
(8) (2005) 1059–1069, http://dx.doi.org/10.1093/intimm/dxh286.

[14] K.M. Edwards, V.E. Burns, D. Carroll, M. Drayson, C. Ringz, The acute stress-induced
immunoenhancement hypothesis, Exerc. Sport Sci. Rev. 35 (3) (2007) 150–155.

[15] S.B. Kim, Y.W. Han, M.M. Rahman, S.J. Kim, D.J. Yoo, S.H. Kang, et al., Modulation of
protective immunity against herpes simplex virus via mucosal genetic co-transfer of
DNA vaccine with beta(2)-adrenergic agonist, Exp. Mol. Med. 41 (11) (2009)
812–823, http://dx.doi.org/10.3858/emm.2009.41.11.087.

[16] M. Tuchscherer, E. Kanitz, B. Puppe, A. Tuchscherer, T. Viergutz, Changes in endo-
crine and immune responses of neonatal pigs exposed to a psychosocial stressor,
Res. Vet. Sci. 87 (3) (2009) 380–388, http://dx.doi.org/10.1016/j.rvsc.2009.04.010.

[17] M.M. Wurfel, W.Y. Park, F. Radella, J. Ruzinski, A. Sandstrom, J. Strout, et al., Identi-
fication of high and low responders to lipopolysaccharide in normal subjects: an un-
biased approach to identify modulators of innate immunity, J. Immunol. 175 (4)
(2005) 2570–2578.

[18] J.J. McGlone, J.L. Salak, E.A. Lumpkin, R.I. Nicholson, M. Gibson, R.L. Norman, Shipping
stress and social-status effects on pig performance, plasma cortisol, natural killer cell
activity, and leukocyte numbers, J. Anim. Sci. 71 (4) (1993) 888–896.

[19] W. Stojek, A. Borman, W. Glac, B. Baracz-Jozwik, B. Witek, M. Kamyczek, et al.,
Stress-induced enhancement of activity of lymphocyte lysosomal enzymes in pigs
of different stress-susceptibility, J. Physiol. Pharmacol. 57 (2006) 61–72.

[20] V. Sautron, E. Terenina, L. Gress, Y. Lippi, Y. Billon, C. Larzul, et al., Time course of the
response to ACTH in pig: biological and transcriptomic study, BMC Genomics 16
(2015)http://dx.doi.org/10.1186/s12864-015-2118-8.

[21] W. Gerner, T. Kaeser, A. Saalmueller, Porcine T lymphocytes and NK cells - an up-
date, Dev. Comp. Immunol. 33 (3) (2009) 310–320, http://dx.doi.org/10.1016/j.dci.
2008.06.003.

[22] L. Flori, Y. Gao, D. Laloe, G. Lemonnier, J.J. Leplat, A. Teillaud, et al., Immunity traits in
pigs: substantial genetic variation and limited covariation, PLoS One 6 (7) (2011),
e22717http://dx.doi.org/10.1371/journal.pone.0022717.

[23] D. Bates, M. Maechler, B.M. Bolker, S.C. Walker, Fitting linear mixed-effects models
using lme4, J. Stat. Softw. 67 (1) (2015) 1–48.

[24] J. Fox, S. Weisberg, in: Sage (Ed.), An {R} Companion to Applied Regression, Thou-
sand Oaks, CA, 2011.
[25] R. Lenth, Least-squares means: the R package lsmeans, J. Stat. Softw. 69 (1) (2016)
1–33.

[26] S. Le, J. Josse, F. Husson, FactoMineR: an R package for multivariate analysis, J. Stat.
Softw. 25 (1) (2008) 1–18.

[27] W. Gerner, S.C. Talker, H.C. Koinig, C. Sedlak, K.H. Mair, A. Saalmueller, Phenotypic
and functional differentiation of porcine alpha beta T cells: current knowledge
and available tools, Mol. Immunol. 66 (1) (2015) 3–13, http://dx.doi.org/10.1016/
j.molimm.2014.10.025.

[28] A. Foury, T. Tribout, C. Bazin, Y. Billon, M. Bouffaud, J.M. Gogue, et al., Estimation of
genetic trends from 1977 to 2000 for stress-responsive systems in French large
white and landrace pig populations using frozen semen, Animal 3 (12) (2009)
1681–1687, http://dx.doi.org/10.1017/s1751731109990504.

[29] J. de Groot, M.A.W. Ruis, J.W. Scholten, J.M. Koolhaas, W.J.A. Boersma, Long-term ef-
fects of social stress on antiviral immunity in pigs, Physiol. Behav. 73 (1–2) (2001)
145–158, http://dx.doi.org/10.1016/s0031-9384(01)00472-3.

[30] X. Fernandez, M.C. Meunier-Salaun, P. Mormede, Agonistic behavior, plasma stress
hormones, and metabolites in response to dyadic encounters in domestic pigs - in-
terrelationships and effect of dominance status, Physiol. Behav. 56 (5) (1994)
841–847, http://dx.doi.org/10.1016/0031-9384(94)90313-1.

[31] S.C. Segerstrom, G.E. Miller, Psychological stress and the human immune system: a
meta-analytic study of 30 years of inquiry, Psychol. Bull. 130 (4) (2004) 601–630,
http://dx.doi.org/10.1037/0033-2909.130.4.601.

[32] R.J. Benschop, M. RodriguezFeuerhahn, M. Schedlowski, Catecholamine-induced
leukocytosis: early observations, current research, and future directions, Brain
Behav. Immun. 10 (2) (1996) 77–91, http://dx.doi.org/10.1006/brbi.1996.0009.

[33] H. Engler, L. Dawils, S. Hoves, S. Kurth, J.R. Stevenson, K. Schauenstein, et al., Effects
of social stress on blood leukocyte distribution: the role of alpha- and beta-adrener-
gic mechanisms, J. Neuroimmunol. 156 (1–2) (2004) 153–162, http://dx.doi.org/10.
1016/j.jneuroim.2004.08.005.

[34] A.K. Davis, D.L. Maney, J.C. Maerz, The use of leukocyte profiles to measure stress in
vertebrates: a review for ecologists, Funct. Ecol. 22 (5) (2008) 760–772, http://dx.
doi.org/10.1111/j.1365-2435.2008.01467.x.

[35] L.H. Anane, K.M. Edwards, V.E. Burns, M.T. Drayson, N.E. Riddell, J.J.C.S.V. van Zanten,
et al., Mobilization of gamma delta T lymphocytes in response to psychological
stress, exercise, and beta-agonist infusion, Brain Behav. Immun. 23 (6) (2009)
823–829, http://dx.doi.org/10.1016/j.bbi.2009.03.003.

[36] H.H. Takamatsu, M.S. Denyer, C. Stirling, S. Cox, N. Aggarwal, P. Dash, et al., Porcine
gamma delta T cells: possible roles on the innate and adaptive immune responses
following virus infection, Vet. Immunol. Immunopathol. 112 (1–2) (2006) 49–61,
http://dx.doi.org/10.1016/j.vetimm.2006.03.011.

[37] D. Atanackovic, B. Schnee, G. Schuch, C. Faltz, J. Schulze, C.S. Weber, et al., Acute psy-
chological stress alerts the adaptive immune response: stress-induced mobilization
of effector T cells, J. Neuroimmunol. 176 (1–2) (2006) 141–152, http://dx.doi.org/
10.1016/j.jneuroim.2006.03.023.

[38] E. Freier, C.S. Weber, U. Nowottne, C. Horn, K. Bartels, S. Meyer, et al., Decrease of
CD4(+)FOXP3(+) T regulatory cells in the peripheral blood of human subjects un-
dergoing a mental stressor, Psychoneuroendocrinology 35 (5) (2010) 663–673,
http://dx.doi.org/10.1016/j.psyneuen.2009.10.005.

[39] L.H. Anane, K.M. Edwards, V.E. Burns, J.J.C.S.V. van Zanten, M.T. Drayson, J.A. Bosch,
Phenotypic characterization of gamma delta T cells mobilized in response to acute
psychological stress, Brain Behav. Immun. 24 (4) (2010) 608–614, http://dx.doi.
org/10.1016/j.bbi.2010.01.002.

[40] F.S. Dhabhar, Stress-induced augmentation of immune function - the role of stress
hormones, leukocyte trafficking, and cytokines, Brain Behav. Immun. 16 (6)
(2002) 785–798, http://dx.doi.org/10.1016/s0889-1591(02)00036-3.

[41] J.A. Bosch, G.G. Bernston, J.T. Cacioppo, P.T. Marucha, Differential mobilization of
functionally distinct natural killer subsets during acute psychologic stress,
Psychosom. Med. 67 (3) (2005) 366–375, http://dx.doi.org/10.1097/01.psy.
0000160469.00312.8e.

[42] I.J. Elenkov, G.P. Chrousos, Stress hormones, proinflammatory and antiinflammatory
cytokines, and autoimmunity, Neuroendocrine Immune Basis Rheum. Dis. 966
(2002) 290–303.

[43] J. Strahler, N. Rohleder, J.M. Wolf, Acute psychosocial stress induces differential
short-term changes in catecholamine sensitivity of stimulated inflammatory cyto-
kine production, Brain Behav. Immun. 43 (2015) 139–148, http://dx.doi.org/10.
1016/j.bbi.2014.07.014.

[44] M. Tuchscherer, B. Puppe, A. Tuchscherer, E. Kanitz, Effects of social status after
mixing on immune, metabolic, and endocrine responses in pigs, Physiol. Behav.
64 (3) (1998) 353–360, http://dx.doi.org/10.1016/s0031-9384(98)00084-5.

[45] J. de Groot, I.C. de Jong, I.T. Prelle, J.M. Koolhaas, Immunity in barren and enriched
housed pigs differing in baseline cortisol concentration, Physiol. Behav. 71 (3–4)
(2000) 217–223, http://dx.doi.org/10.1016/s0031-9384(00)00336-x.

[46] M.J. Olnes, Y. Kotliarov, A. Biancotto, F. Cheung, J. Chen, R. Shi, et al., Effects of sys-
temically administered hydrocortisone on the human immunome, Sci. Rep. 6
(2016)http://dx.doi.org/10.1038/srep23002.

[47] M.W. Hall, S.M. Geyer, C.-Y. Guo, A. Panoskaltsis-Mortari, P. Jouvet, J. Ferdinands,
et al., Innate immune function and mortality in critically ill children with influenza:
a multicenter study, Crit. Care Med. 41 (1) (2013) 224–236, http://dx.doi.org/10.
1097/CCM.0b013e318267633c.

[48] N. Rohleder, Acute and chronic stress induced changes in sensitivity of peripheral
inflammatory pathways to the signals of multiple stress systems-2011 Curt Richter
award winner, Psychoneuroendocrinology 37 (3) (2012) 307–316, http://dx.doi.
org/10.1016/j.psyneuen.2011.12.015.

http://dx.doi.org/10.1016/j.physbeh.2016.11.012
http://dx.doi.org/10.1016/j.physbeh.2016.11.012
http://dx.doi.org/10.1186/2049-1891-4-19
http://refhub.elsevier.com/S0031-9384(16)30566-2/rf0010
http://dx.doi.org/10.1017/s1751731110002168
http://dx.doi.org/10.1016/j.domaniend.2012.05.002
http://dx.doi.org/10.1111/j.1749-6632.2010.05902.x
http://dx.doi.org/10.1111/j.1749-6632.2010.05902.x
http://dx.doi.org/10.1017/s1751731115001767
http://dx.doi.org/10.1007/s12026-015-8718-1
http://dx.doi.org/10.1038/nrn2297
http://dx.doi.org/10.1016/j.neubiorev.2011.02.003
http://dx.doi.org/10.1038/nri1571
http://dx.doi.org/10.1073/pnas.050569397
http://dx.doi.org/10.1073/pnas.050569397
http://refhub.elsevier.com/S0031-9384(16)30566-2/rf0060
http://refhub.elsevier.com/S0031-9384(16)30566-2/rf0060
http://refhub.elsevier.com/S0031-9384(16)30566-2/rf0060
http://dx.doi.org/10.1093/intimm/dxh286
http://refhub.elsevier.com/S0031-9384(16)30566-2/rf0070
http://refhub.elsevier.com/S0031-9384(16)30566-2/rf0070
http://dx.doi.org/10.3858/emm.2009.41.11.087
http://dx.doi.org/10.1016/j.rvsc.2009.04.010
http://refhub.elsevier.com/S0031-9384(16)30566-2/rf0085
http://refhub.elsevier.com/S0031-9384(16)30566-2/rf0085
http://refhub.elsevier.com/S0031-9384(16)30566-2/rf0085
http://refhub.elsevier.com/S0031-9384(16)30566-2/rf0085
http://refhub.elsevier.com/S0031-9384(16)30566-2/rf0090
http://refhub.elsevier.com/S0031-9384(16)30566-2/rf0090
http://refhub.elsevier.com/S0031-9384(16)30566-2/rf0090
http://refhub.elsevier.com/S0031-9384(16)30566-2/rf0095
http://refhub.elsevier.com/S0031-9384(16)30566-2/rf0095
http://refhub.elsevier.com/S0031-9384(16)30566-2/rf0095
http://dx.doi.org/10.1186/s12864-015-2118-8
http://dx.doi.org/10.1016/j.dci.2008.06.003
http://dx.doi.org/10.1016/j.dci.2008.06.003
http://dx.doi.org/10.1371/journal.pone.0022717
http://refhub.elsevier.com/S0031-9384(16)30566-2/rf0115
http://refhub.elsevier.com/S0031-9384(16)30566-2/rf0115
http://refhub.elsevier.com/S0031-9384(16)30566-2/rf0120
http://refhub.elsevier.com/S0031-9384(16)30566-2/rf0120
http://refhub.elsevier.com/S0031-9384(16)30566-2/rf0125
http://refhub.elsevier.com/S0031-9384(16)30566-2/rf0125
http://refhub.elsevier.com/S0031-9384(16)30566-2/rf0130
http://refhub.elsevier.com/S0031-9384(16)30566-2/rf0130
http://dx.doi.org/10.1016/j.molimm.2014.10.025
http://dx.doi.org/10.1016/j.molimm.2014.10.025
http://dx.doi.org/10.1017/s1751731109990504
http://dx.doi.org/10.1016/s0031-9384(01)00472-3
http://dx.doi.org/10.1016/0031-9384(94)90313-1
http://dx.doi.org/10.1037/0033-2909.130.4.601
http://dx.doi.org/10.1006/brbi.1996.0009
http://dx.doi.org/10.1016/j.jneuroim.2004.08.005
http://dx.doi.org/10.1016/j.jneuroim.2004.08.005
http://dx.doi.org/10.1111/j.1365-2435.2008.01467.x
http://dx.doi.org/10.1016/j.bbi.2009.03.003
http://dx.doi.org/10.1016/j.vetimm.2006.03.011
http://dx.doi.org/10.1016/j.jneuroim.2006.03.023
http://dx.doi.org/10.1016/j.psyneuen.2009.10.005
http://dx.doi.org/10.1016/j.bbi.2010.01.002
http://dx.doi.org/10.1016/s0889-1591(02)00036-3
http://dx.doi.org/10.1097/01.psy.0000160469.00312.8e
http://dx.doi.org/10.1097/01.psy.0000160469.00312.8e
http://refhub.elsevier.com/S0031-9384(16)30566-2/rf0210
http://refhub.elsevier.com/S0031-9384(16)30566-2/rf0210
http://refhub.elsevier.com/S0031-9384(16)30566-2/rf0210
http://dx.doi.org/10.1016/j.bbi.2014.07.014
http://dx.doi.org/10.1016/j.bbi.2014.07.014
http://dx.doi.org/10.1016/s0031-9384(98)00084-5
http://dx.doi.org/10.1016/s0031-9384(00)00336-x
http://dx.doi.org/10.1038/srep23002
http://dx.doi.org/10.1097/CCM.0b013e318267633c
http://dx.doi.org/10.1097/CCM.0b013e318267633c
http://dx.doi.org/10.1016/j.psyneuen.2011.12.015

	Acute social stress-�induced immunomodulation in pigs high and low responders to ACTH
	1. Introduction
	2. Materials and methods
	2.1. Animals and experimental design
	2.2. White blood cell count
	2.3. Flow cytometry
	2.4. Phagocytosis
	2.5. Whole blood assay
	2.6. Biochemical analysis
	2.7. Statistical analysis

	3. Results
	3.1. Data overview
	3.2. Effects of one-hour mixing on stress hormone levels
	3.3. Acute social stress-induced leukocyte mobilization
	3.4. Social stress effects on immune functions in vitro
	3.5. Principal component analysis

	4. Discussion
	5. Conclusion
	Acknowledgments
	References


