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Introduction

The genetic potential of animals is usually not fully expressed in commercial conditions, due
to the limiting influence of the environment. Robustness is a specific quality of an individual
to express a high production potential in a wide variety of environmental conditions and is
now a major specific breeding goal in the context of sustainable farm animal breeding.
Various strategies are available to increase robustness, and we have suggested that the
reinforcement of the neuroendocrine stress responses may favour the processes of adaptation
and dampen the negative consequences of the environment (Mormede & Terenina, 2012).
The hypothalamic-pituitary-adrenocortical (HPA) axis is the main neuroendocrine system
involved in adaptation to stress and is strongly influenced by genetic factors (Mormede et al.,
2011a; Mormede & Terenina, 2012). It is therefore a primary way for the selection of more
robust animals (Mormede et al., 2011b). In order to further investigate the potential of this
approach, a divergent selection was carried out in the Large White pig breed based on the
plasma cortisol level measured one hour after injection of ACTH (Larzul et al., 2018). In the
third generation of selection, the expression in blood of candidate genes playing a role in HPA
axis activity and stress responses was tested at 4 time points (0, 1h, 4h, and 24h) after
different challenges: ACTH or LPS injection, and social stress.

Material and methods

Animals and experimental procedures

The experimental protocol was accepted by the ethics Committee in animal experimentation
Poitou-Charentes (decision of 21/01/2013). The selection experiment and the breeding
conditions are presented in Larzul et al. (2018). Briefly, two divergent lines were selected on
the plasma cortisol level one hour after ACTH injection at 6 weeks of age, 2 weeks after
weaning. Thirty-two animals of the 3rd generation of selection were studied. The post-ACTH
plasma cortisol level was 2.16 times higher in the high line than in the low line, the line
difference being about 5 genetic standard deviations for the selection criterion.

At 6 weeks of age, each animal received an ACTH stimulation test by the injection in
the neck muscles of 333 µg of synthetic 1-39 ACTH diluted in 1 mL of 0.9% saline.

At 7 weeks, the social stress test was performed. Unfamiliar animals were placed for
one hour in a novel environment in groups of 8 according to the protocol described by Turner
et al. (2009). The groups consisted of animals from 4 different breeding groups. The number
of skin lesions, indicative of aggressive interactions, was counted before and after the test.
Animals were video recorded for 1 h following mixing. The measures per animal were the
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number and duration of fights, and the status of aggressor or attacked for each fight.
At 8 weeks, each animal was injected in the neck muscles with LPS (E. coli serotype

055:B5, Sigma-Aldrich, Saint Quentin Fallavier, FR) at a dose of 15 µg/kg body weight.
Injections occurred from 10:00 to 11:00 AM and social stress from 8:00 to 12:00 to avoid
nycthemeral variations. Blood samples were collected before the injection or the beginning of
social encounter (t = 0) and 1 hour (t = +1), 4 hours (t = +4) and 24 hours (t = +24) later. At
each time, two blood samples (on heparin and EDTA) were taken by jugular vein puncture.
An aliquot (400 μL) of EDTA blood was mixed with the same volume of DL buffer
(Macherey-Nagel), frozen at –20 °C for 4 h and then at –80 °C until analysis for gene
expression.

Gene expression analysis

The RNA isolation and purification was done according to the manufacturer's instructions
using the Nucleospin RNA Blood kit (Macherey-Nagel, FR) followed by DNase treatment.
The quality of each RNA sample was checked through the Bioanalyser Agilent 2100 (Agilent
Technologies, Massy, FR) and low-quality RNA preparations were discarded (RIN < 8). Total
RNA (1 µg) was reverse-transcribed as previously described (Bonnet et al., 2011). Ninety
candidate genes were chosen for functional reasons or because they have been associated with
HPA axis activity in transcriptomic studies (Sautron et al., 2015). Primer sequences for genes
were designed using Primer3plus software (primer3plus.com). Pre-amplified samples were
analyzed with a 96x96 Dynamic Array IFC (Fluidigm) following the protocol defined by
Spurgeon et al. (2008), with some modifications. All measurements were performed on the
same plate. Each gene was tested twice for each sample. Four dilution points containing a
pool of all samples were used to determine PCR efficiency. Data were analyzed using
BioMark Gene Expression Data Analysis software (Fluidigm) to obtain Ct values. The Pfaffl
method (Pfaffl, 2001) was applied to compute the relative expression of each gene.

Statistical analyses

For ACTH and social stress, a linear model was performed to reveal the genes differentially
expressed according to the line (high, low) and the time point (0, 1, 4, 24h):

As blood cell composition was found to vary over time after LPS injection, we used the
lymphocytes/ granulocytes (L/G) ratio as a covariate in the analysis of the response to LPS.

Results and discussion

Differentially expressed genes are summarized in Table 1.

Response to ACTH

Thirteen genes (out of 82) were differentially expressed in response to ACTH, among them
thirteen genes were up-regulated at T1 and eleven were up-regulated at T4. No gene was
differentially expressed at T24. No effect of the line was found. No gene expression was
correlated with the level of cortisol measured one hour after the ACTH injection or four hours
after the LPS injection.

Response to LPS

Thirty-four genes (out of 77) were differentially expressed in response to LPS, among them
23 genes were up-regulated at T1, 13 genes were down-regulated at T1, 1 gene was up-
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regulated at T4, 21 genes were down-regulated at T4, and 4 genes were down-regulated at
T24. No effect of the line was found. Eight genes (PSAP, S100A9, stefinA8, FAS, TNFAIP6,
HEXA, S100A12, CARD6, CCL4) were correlated to the cortisol level measured one hour
after ACTH injection. No gene expression was correlated with the level of cortisol measured
four hours after the LPS injection.

Table 1. Genes whose expression varies significantly at the different time points.

Response to social stress

Thirty-two genes (out of 76) were differentially expressed after the social stress challenge,
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among them 6 genes were up-regulated at T1, 26 genes were up-regulated at T4. No gene was
differentially expressed at T24. No effect of the line was found. No gene expression was
related to the level of cortisol measured one hour after the ACTH or four hours after the LPS
injection.

Four differentially expressed genes (PSAP, MEGF9, CERS4 and S100A9) are the same for the
three tests. These genes are linked to each other via FOS (Proto-Oncogene Fos, AP-1
transcription factor subunit) and TP53 (tumor protein p53) which also acts as transcription
factors. It has been described that FOS expression is associated with stressful conditions.
TP53 encodes the p53 tumor protein, which responds to various cellular constraints to
regulate target genes that induce cell cycle arrest, activation of apoptosis or changes in
metabolism.

Conclusion

This experience aimed at the study of responses to various stress challenges in the third
generation of selection of two lines of pigs genetically selected on the basis of cortisol levels
measured one hour after injection of ACTH. The data presented here show that the direct
stimulation of the HPA axis, inflammatory stress and social stress induce different gene
expression profiles.

In conclusion, we have demonstrated that there are specific biomarkers indicative of
an ACTH-stimulated, LPS-stimulated and social stress-stimulated response. Furthermore,
these responses persist for prolonged periods of time and at significant expression levels,
making them good candidate markers for the study of mechanisms involved during different
stress challenges. More specifically, four genes (MEGF9, S100A9, CERS4 and PSAP)
differentially expressed in the three tests could be used for the overall study of stress
response.
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