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Summary

Damaging behaviours, such as tail and ear biting, are important animal
welfare challenges in commercial pig production. Poor health is a risk
factor for damaging behaviours but the mechanisms behind this link
remain unknown. We know from studies in humans and rodents that the
immune system can influence social motivation, and this could have
potentially dire consequences for group-housed production animals, such
as pigs. The use of salivary biomarkers, such as proteins of the acute
phase response, is a non-invasive method for early detection of diseases
on farm. Lipopolysaccharide (LPS) is an important antigenic structure of
Gram-negative bacteria and can be used to model aspects of sickness.
Recent studies have shown that LPS-injected pigs perform more tail- and
ear- directed behaviour compared to saline-injected pigs and suggest pro-
inflammatory cytokines may play a role in these behaviours. The overall
aim of this thesis was to understand how immune activation influences
brain physiology in pigs and how these physiological changes can drive
changes in social behaviour. Cytokine activated signalling pathways that
may be involved in inducing behavioural alterations were examined by
using an LPS-model. In addition, the effect of the nonsteroidal anti-
inflammatory drug ketoprofen on the physiological and behavioural
effects of LPS was investigated. Fifty-two female pigs (11-12 weeks of
age, housed in groups of six with four treatment pigs and two companion
pigs per group) were allocated to one of the four treatments, comprising
two injections of the following substance combinations: saline-saline,
saline-LPS, ketoprofen-saline, and ketoprofen-LPS. The experiment lasted
for 72 hours. Activity was scan sampled in the first six hours after
injection. Social behaviour with focus on damaging behaviour was
observed continuously at specific time intervals one day before and two



days after injection. Saliva samples were taken at baseline and at four
timepoints after the injections and analysed for cortisol, haptoglobin and
adenosine deaminase. Blood samples were taken for tryptophan and
kynurenine analysis at baseline and at 72 hours after the injections.
Subsequently, the pigs were humanely killed, and samples of frontal
cortex, hippocampus, hypothalamus and brain stem were taken and
analysed for cytokines, tryptophan, kynurenine and monoamines. LPS
activated the hypothalamic-pituitary-adrenal axis, triggered the acute-
phase response and elicited behavioural signs of sickness within six hours
after the challenge. Ketoprofen attenuated these effects. Central
proinflammatory cytokines (IFN-y, TNF-a, IL-18) were not affected by
LPS at 72 h after the challenge in the brain regions collected. LPS
depleted peripheral and central tryptophan. Dopamine concentrations in
the hypothalamus of LPS-injected pigs were lower compared to saline-
injected pigs. LPS-injected pigs had lower concentrations of serotonin in
their hypothalamus and noradrenaline in their hippocampus than pigs
that were pre-treated with ketoprofen. Thus, a controlled immune
activation altered neurotransmitters and neuromodulators in the brain
that are hypothesised to play an important role in the regulation of mood
and behaviour. Changes in social interactions in response to a controlled
immune activation were detected at both individual and group level. LPS
affected the duration and the frequency of ear manipulations in the
subsequent days after the challenge but had no effect on other
behavioural patterns. LPS-injected pigs manipulated the ears of their pen
mates significantly longer compared to saline-injected pigs and received
less frequent ear manipulations by their pen mates two days after the
challenge. Ketoprofen seemed not to have an impact on social behaviour.
The time in relation to injection affected ear-directed behaviour and
fighting. The ears of certain individuals in the pen were more frequently
manipulated and fights were more evenly spread across all group
members in the days after the challenge compared to baseline. There
might be long-lasting effects on social behaviour both at individual and
group level when even just one individual in a group becomes ill.



Norsk sammendrag

Skadelige adferder, slik som hale- og grebiting, gir store
dyrevelferdsutfordringer i svineproduksjonen. Darlig helse er en
risikofaktor for skadelig adferd, men mekanismene bak sammenhengen
er ukjent. Fra klinisk litteratur p& humansiden og fra gnagermodeller vet
vi at immunsystemet kan pdvirke sosial motivasjon, og dette fenomenet
kan potensielt ha alvorlige negative konsekvenser for produksjonsdyr som
er oppstallet i grupper pd begrenset plass, slik som gris. Biomarkgrer i
spytt, for eksempel akutt fase proteiner, kan brukes for & oppdage
helseproblemer i svinebesetninger pa et tidlig stadium. Lipopolysakkarid
(LPS) er en viktig antigen-struktur pd gram-negative bakterier og brukes
for @ modellere deler av immunresponsen ved sykdom. Griser som har
veert injisert med LPS retter mer oppmerksomhet mot grene og halene til
sine artsfrender sammenlignet med kontrolldyr, og dette indikerer at pro-
inflammatoriske cytokiner spiller en rolle i & utlgse disse adferdene.
Hovedmalet til denne avhandlingen var a forstd hvordan immunaktivering
pavirker hjernefysiologien til gris, og hvordan de fysiologiske endringene
kan pavirke sosialadferden til dyrene. Vi brukte LPS som immunstimulator
og undersgkte signalveier i hjernen som pdvirkes av cytokiner og som
man tror kan std bak adferdsendringer ved sykdom. Femtito unge purker
(11-12 uker, oppstallet i grupper pa seks med fire forsgksgris og to
selskapsgris per gruppe) ble fordelt mellom fire behandlingsgrupper som
hver fikk to injeksjoner i en av de fglgende fire kombinasjoner: saltvann-
saltvann, saltvann-LPS, ketoprofen-saltvann og ketoprofen-LPS. Forsgket
varte i 72 timer. Grisenes aktivitet ble registrert de fgrste seks timene
etter injeksjonen. Sosialadferd med fokus pd skadelig adferd ble
observert en dag fgr og to dager etter injeksjonsdagen. Spyttprgver ble
samlet inn fgr injeksjon og fire ganger etter injeksjon og analysert for



kortisol, haptoglobin og adenosin deaminase. Blodprgver ble tatt far
injeksjon og 72 timer etter injeksjon og analysert for tryptofan og
kynurenin. Deretter ble grisene humant avlivet, og hjerneprgver fra
frontal cortex, hippocampus, hypothalamus og hjernestammen ble
analysert for cytokiner, tryptofan, kynurenin og monoaminer. LPS
aktiverte hypothalamus-hypofyse-binyrebark aksen, utlgste en akutt-fase
respons og fremkalte tegn pd sykdom ila de farste seks timene etter
injeksjon.  Ketoprofen hemmet disse effektene. LPS reduserte
konsentrasjonen av tryptofan i plasma, og reduserte konsentrasjonen
bdde av tryptofan og kynurenin i flere hjerneomréder. Dopamin-nivaet i
hypothalamus var lavere hos griser som hadde fatt LPS sammenlignet
med gris som fikk saltvann. Griser som fikk LPS hadde lavere nivd av
serotonin i hypothalamus og av noradrenalin i hippocampus
sammenlignet med griser som ogsd fikk ketoprofen. LPS endret alts3
nivdene av nevrotransmittorer i hjernen, og disse nevrotransmittorene
kan ha en effekt pd sinnsstemning og adferd. LPS hadde ogsd en effekt
pa sosialadferd hos dyrene, bade pa individ- og gruppe-niva. LPS pdvirket
frekvens og varighet av gre-manipulering i dagene etter injeksjon. Griser
som hadde fatt LPS manipulerte grene til de andre i gruppen lengre enn
de grisene som hadde fétt saltvann, og fikk mindre manipulering av egne
grer to dager etter LPS injeksjon. Ketoprofen s ikke ut til & pdvirke
sosialadferden. I dagene etter LPS injeksjon sd vi at sldssing ble jevnere
fordelt innad i gruppen enn far injeksjonen. Nar bare en gris i en gruppe
blir syk kan det skje adferdsendringer bade hos individet, men ogsd i
hvordan gruppen fungerer som helhet.
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1 Introduction

I will start this chapter with introducing a description of pig behaviour
pointing towards welfare problems that arise in commercial pig
production and address the hypothesised link between poor health and
damaging behaviour (1.1.). I will present behavioural alterations in
response to inflammation (1.2.) and introduce an experimental model to
study the effects of immune activation on behaviour (1.3.). I will
elaborate on mechanisms through which cytokines can influence
behaviour by presenting the immune-neural communication during
inflammation (1.4.). Subsequently, I will describe the acute phase
response (1.5.) and continue with a methodological approach on how to
examine pigs’ social interactions in depth (1.6.). I will end with pointing
out knowledge gaps in the research field (1.7.) and stating the aims of
my thesis (1.8.).

1.1 Pig behaviour, husbandry and welfare

The pig (Sus scrofa) is a gregarious and highly explorative species that
forms hierarchically organized stable groups of several adults and their
offspring (Jensen and Wood-Gush, 1984). Despite its domestication and
selective breeding for meat production the behavioural repertoire remains
similar to that of its ancestor, the wild boar (Stolba and Wood-Gush,
1989). In semi natural environments pigs spend 75 % of their daily
activity with foraging-related behaviour (Stolba and Wood-Gush, 1989).
Their explorative behaviour has been described as both extrinsic, i.e. to
seek resources, and intrinsic, i.e. motivated by curiosity (Wood-Gush and
Vestergaard, 1991). The most common way to keep pigs nowadays is in
closed barns with slatted flooring. Space-restriction and barren
environments limit their possibilities to perform explorative behaviour,
which might then be redirected towards their pen mates. In the semi-



wild, pigs develop their strongest social relationships with littermates,
mixing with non-littermates occurs gradually (Newberry and Wood-Gush,
1986) and aggression is limited to periods of feeding and mating (Stolba
and Wood-Gush, 1989). However, management procedures in pig
husbandry often do not adequately consider the social needs of the
animals. Regrouping with unfamiliar conspecifics, which is typically
performed several times in the lives of domestic pigs, disrupt established
social structures and leads to higher levels of aggression (Spoolder et al.,
2000).

Pig production went through a tremendous structural change in the past
decades moving from many small farms to fewer bigger farms, which are
highly specialized in certain production stages (breeding, farrowing,
rearing, fattening). In parallel, genetic selection for rapid growth and high
reproductive rate led to a constant increase in litter sizes and daily weight
gains. After birth, piglets are subjected to mutilations such as castration,
tail docking and teeth clipping and, in that way, “fitted” to the housing
conditions they are kept in. Welfare problems can arise due to a
mismatch between the pig’s behavioural needs and its environment
(D'Eath and Turner, 2009). Damaging behaviours, such as tail and ear
biting, are associated with a wide range of potential risk factors and are
major welfare challenges in commercial pig husbandry. They are defined
as one pig taking the tail or the ear of another pig into its mouth and
biting it, usually causing an avoidance reaction of the victim. The
resulting damage can range from mild bite marks to parts of the tail or
ear removed (Valros, 2018). In addition to a reduction of animal welfare
through pain, suffering and injuries, the consequences of tail and ear
biting also include economical losses due to reduced daily gain, extra
veterinary, labour and material costs, increased mortality and carcass
condemnations (Valros et al., 2004; Kritas and Morrison, 2007; Camerlink
et al., 2012; Harley et al., 2014; D’Eath et al., 2016). Tail docking, which
means surgically removing a part of the tail, reduces the risk for tail biting
damage (Hunter et al., 1999), but does not solve the underlying



shortcomings of the environment of the pigs. In general, damaging
behaviour is a multifactorial problem, where the combined impact of a
range of extrinsic and intrinsic factors can trigger biting events when the
coping abilities of an animal are overtaxed (Dippel and Schrader, 2016).
Environment related factors such as lack of rooting material (Beattie et
al., 1995; Petersen et al., 1995; Day et al., 2002; Van de Weerd et al.,
2006; Zonderland et al., 2008; Telkanranta et al., 2014; Ursinus et al.,
2014), poor climatic conditions (Hunter et al., 2001; Taylor et al., 2012;
Scollo et al.,, 2016), high stocking density (Moinard et al., 2003;
Munsterhjelm et al., 2015; Scollo et al., 2016; Grimpel et al., 2018),
suboptimal nutrition (Van der Meer et al., 2017) and limited access to
resources (Hunter et al., 2001; Moinard et al., 2003; Taylor et al., 2012)
have been identified. In addition, pig related factors such as genetics
(Breuer et al., 2003; Breuer et al., 2005; Sinisalo et al., 2012), sex
(Hunter et al., 1999; Kritas and Morrison, 2004; Valros et al., 2004;
Zonderland et al., 2010; Keeling et al., 2012) and reduced health status
(Moinard et al., 2003; Taylor et al., 2012) were related to damaging
behaviours.

Pigs are very social, but they are also kept in high densities, and under
conditions, which are likely to stimulate their immune system (Scott et
al., 2006; Pastorelli et al., 2012; Reimert et al., 2014; Van der Meer et al.,
2016; Bacou et al., 2017). It has been suggested that cytokines, small
proteins produced by immune cells to orchestrate the immune response,
play a role in the development of damaging behaviours (reviewed by
Nordgreen et al., 2020). Pigs diagnosed with respiratory diseases, tended
to perform more ear and tail biting than controls in the days before they
were diagnosed as sick (Munsterhjelm et al., 2017). In the same study,
significant correlations between cytokines and social behaviour were
found.
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1.2 Behavioural alterations in response to inflammation
From human clinical reports and experiments, we know that activation of
the innate immune system or administration of cytokines can lead to
sickness behaviour which can trigger depression. Immune activation is
also implicated in other forms of psychological pathologies. Patients
undergoing cytokine immunotherapy with interferon-a (IFN-a) and/or
interleukin-2 (IL-2) for treatment of cancer or hepatitis experienced
neuropsychiatric side effects (Denicoff et al., 1987; Renault et al., 1987;
Capuron et al., 2000; Constant et al., 2005). Treatment with IFN-a led to
symptoms like irritability and short temper, extreme emotional lability,
depression, and tearfulness (Renault et al., 1987). Patients treated with
IL-2, scored higher on depression scales (Capuron et al., 2000). From
rodent studies, it seems that pro-inflammatory cytokines cause changes
in central neurotransmitter balance, which are necessary to cause
behaviour and/or mood changes. Noradrenergic systems are markedly
activated by IL-1 in the hypothalamus and the hippocampus of rats and
mice as indicated by increased turnover rates (Dunn, 1988; Kabiersch et
al., 1988; Shintani et al., 1993; Zalcman et al.,, 1994; Fleshner et al.,
1995). IFN-q, IL-1, IL-2, IL-6 and tumour-necrosis factor-a (TNF-a) have
been shown to activate serotonergic systems and/or dopaminergic
systems in the murine hippocampus and the frontal cortex (Mohankumar
et al., 1991; Shintani et al., 1993; Zalcman et al., 1994; Clement et al.,
1997; De La Garza and Asnis, 2003). These neurotransmitters and their
action in specific brain areas are hypothesised to play an important role in
the regulation of mood and thereby behavioural expression in immune
activated animals and humans.

Immune activation has been suggested as a major factor influencing
social interactions in pigs, with outbreaks of damaging behaviours such as
tail biting as a possible result (reviewed by Nordgreen et al., 2020). A key
aspect of both sickness behaviour and depression is altered social
motivation. Typically, sick individuals employ health restoring and
rehabilitative strategies such as the avoidance of activity, conservation of
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energy, limiting of social interactions, reduction of food intake, and
seeking rest (Hart, 1988). Farm animals housed in groups have only
limited possibilities for social withdrawal when they experience a bout of
illness, and this might influence their social interactions. Sick animals
could behave in a way that either increase the risk for being targeted by
biters or increase the risk of becoming a biter (Munsterhjelm et al.,
2019). The study of causal relationships between health and behaviour in
pigs held under commercial conditions is difficult because of a lack of
both control and standardisation. Experimental models of immune
stimulation are easier to work with, as the strength, type and timing of
immune stimulation can be controlled (Nordgreen et al., 2018).

1.3 LPS experimental model of sickness

Lipopolysaccharide (LPS), a component of the cell wall of a Gram-
negative bacterium, can be used to study the effects of a controlled
immune activation on physiology and behaviour. LPS is a model for
bacterial infection and sepsis and has been widely used in rodents and
pig research (reviewed by Wyns et al., 2015b). In contrast to a bacterial
infection model, the endotoxin mimics many of the acute phase
responses without actively infecting the host (reviewed by Burrell 1994).
Sensitivity to the effects of endotoxin varies between species and pigs are
much more sensitive than rodents (Olson et al., 1995; Schmidhammer et
al., 2006). The use of different serotypes, doses, routes and duration of
administration determine the response strength/clinical symptoms. Within
15 min after intravenous (i.v.) administration of 15 pg/kg LPS, pigs
showed marked tachypnoea followed by severe dyspnoea, as well as
anorexia, as demonstrated by a complete loss of interest in feed and
drinking water (Wyns et al., 2015a). Vomiting was preceded by clear
signs of nausea, including salivation, chewing movements and retching
and occurred within 30 min after LPS injection. Following this first phase
of general sickness and the onset of respiratory symptoms, challenged
pigs experienced a depression phase around 2 h after LPS, which was
manifested by lateral decubitus with persistent respiratory distress (Wyns
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et al., 2015a). The recovery phase, which is recognized by regaining
alertness, vitality and appetite, occurred at around 5.5 h after LPS
administration. Most LPS-studies in pigs focus on short-term effects (<=
24 h), thus, rarely report behaviour after overt sickness has ended
(Johnson and von Borell, 1994; Webel et al., 1997; Carroll et al., 2005;
Ebdrup et al., 2008; Wirthgen et al., 2013). Recently, it has been shown
that LPS-injected pigs had a shift in social motivation and performed
more tail- and ear-directed behaviour than saline injected pigs at 40 h
after injection (Munsterhjelm et al., 2019).

1.4 The innate immune system and its communication with
the central nervous system

The innate immune system serves as a fast-acting first line of defence
against pathogens. Innate immune cells such as macrophages,
neutrophils, mast cells and dendritic cells (so called sentinel cells) express
pattern recognition receptors (PRRs) to detect pathogen-associated
molecular patterns (PAMPs). PAMPs are structurally conserved molecules
such as LPS in the cell walls of Gram-negative bacteria. The most
important group of PRRs are Toll-like receptors (TLRs), located either on
the surface or inside sentinel cells. LPS is recognized by TLR4 (Poltorak et
al., 1998; Qureshi et al., 1999) but binds first to an LPS-binding protein
and then to a complex of myeloid differentiation-2/ cluster of
differentiation-14/TLR4 (MD2/CD14/TLR4) to activate the cell (Hailman et
al., 1994). The transcription factor kappa B (NF-kB) pathway is the most
significant signal transduction pathway in the immune system. The
activation of the NF-kB pathway via the adaptor protein myeloid
differentiation 88 (MyD88) activates transcription of the genes for the
proinflammatory cytokines IL-1, IL-6 and TNF-a (Medzhitov et al., 1997;
Medzhitov et al., 1998).

The immune system communicates with the central nervous system
(CNS) via neuronal (vagal nerve) and humoral (cytokines) transmission.
The sensory stimulation of peripheral vagal afferents by IL-18 and TNF-a
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can trigger signalling to the brain (Fleshner et al., 1995; Steinberg et al.,
2016). The afferent vagus nerve communicates via the lower brain stem
to higher brain centres such as the hypothalamus and amygdala and
induces cytokine release by macrophages (reviewed by McCusker and
Kelley, 2013). Bluthé et al. (1996) demonstrated that vagotomy
attenuated the decrease in social exploration induced by intraperitoneal
(i.p.) injection of IL-1B, but had no effect when IL-18 was injected
subcutaneous (s.c.) or intravenous (i.v.). This indicates that, besides
neuronal transmission, humoral pathways are also involved in mediating
the ability of cytokines to modulate behaviour. Cytokines can either
diffuse directly from the bloodstream into the brain or are transported
through the blood-brain-barrier (BBB). LPS can disrupt the BBB
(Wispelwey et al., 1988) and some cytokines (e.g. TNF-a) affect the
structure and integrity of the BBB. Microglia, the resident immune cell of
the CNS, are able to respond to PAMPs via TLRs or peripherally derived
cytokines with a central induction of proinflammatory cytokine expression
(reviewed by McCusker and Kelley, 2013). Cytokines can act on glia cells
(astrocytes, microglia) to modify behaviour and neurons are directly
responsive to cytokines via specific receptors (e.g. TNF-R1, IL-1-R1),
(Katsuura et al., 1988; Srinivasan et al., 2004).

Proinflammatory cytokines (IL-1, IL-6 and TNF-a) induce the enzyme
cyclooxygenase 2 (COX-2) in the periphery (e.g. liver, lung) and in the
brain (e.g. hypothalamus), (Ivanov et al., 2002; Konsman et al., 2004).
This enzyme metabolizes arachidonic acid into prostaglandin E; (PGE,),
which triggers a rise in body temperature via specific receptors in the
hypothalamus and other brain regions (Sehic et al., 1996; Ushikubi et al.,
1998; Ivanov et al., 2002). The febrile animal shows so called “sickness
behaviour” which is characterized by sleepiness, depression, anorexia and
reduction in grooming (Hart, 1988). Nonsteroidal anti-inflammatory drugs
target cyclooxygenases (COX) and reduce pain and decreases fever and
inflammation through inhibition of prostaglandin synthesis (reviewed by
Vane and Botting, 1998). COX-1 has generally a homeostatic role

14



(housekeeping), whereas COX-2 is mainly involved in inflammatory
processes (reviewed by Pecchi et al., 2009). Administration of the non-
selective COX-1/COX-2 inhibitors ketoprofen and flunixin reduced PGE;
production and fever response after LPS challenge but had no impact on
plasma levels of TNF-a, IL-1B, IL-6 in pigs (Mustonen et al., 2012; Peters
et al., 2012; Salichs et al., 2012; Wyns et al., 2015a). A selective COX-2
inhibitor (celecoxib) reduced plasma levels of IL-6 in patients with major
depressive disorder (Abbasi et al., 2012). Concentrations of IL-1B in the
hypothalamus and IL-1B/TNF-a in the frontal cortex were reduced by
celecoxib in a rat model of depression (Myint et al., 2007). The
mechanism by which some NSAIDs can influence cytokine levels is by
blocking the degradation of the inhibitor-kB-a (I-kB-a), a protein that
forms a complex with NF-kB, and thereby prevents the release and
subsequent translocation of NF-kB into the nucleus and the expression of
inflammatory cytokines (Pierce et al.,, 1996; Stuhimeier et al., 1999;
Matasic et al., 2000).

Proinflammatory cytokines stimulate the hypothalamic-pituitary-adrenal
(HPA)-axis, thus, promoting a release of the corticotrophin-releasing
factor (CRF) in the hypothalamic paraventricular nucleus (Berkenbosch et
al., 1987; Sapolsky et al., 1987; Cambronero et al., 1989). This in turn
stimulates the secretion of the adrenocorticotrophic hormone (ACTH) in
the anterior pituitary (Besedovsky et al., 1986; Bernton et al., 1987;
Katsuura et al., 1990). Consequently, glucocorticoids (cortisol in humans
and corticosterone in rodents and birds) are produced by the adrenal
cortex and released into the blood stream (Wang and Dunn, 1998).
Glucocorticoids regulate the HPA-axis by negative feedback on the
hypothalamus and the pituitary gland (Russell et al., 1969; Lamberts et
al., 1986). Glucocorticoids act via specific receptors on immune cells (e.g.
macrophages) and suppress proinflammatory cytokine expression
(Bhattacharyya et al., 2007; Kleiman et al., 2012). An increased tonic
activity of the HPA-axis due to a deficit in the negative feedback
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regulation has been reported in major depression (reviewed by Fava and
Kendler, 2000).

In addition to the direct effects of cytokines in the CNS, another possible
pathway for cytokines to influence behaviour is through influencing
tryptophan metabolism. In a normal, non-disease state, a total of 90-95
% of the essential amino acid tryptophan is metabolized to kynurenine by
the hepatic enzyme tryptophan-dioxygenase (TDO) and the extra-hepatic
enzyme indoleamine 2,3-dioxygenase (IDO), (reviewed by Hoglund et al.,
2019). TDO is stress-responsive and induced by glucocorticoids, whereas
IDO is immune-responsive and induced by proinflammatory cytokines,
such as IFN-y and TNF-a (Byrne et al., 1986; Takikawa et al., 1988; Saito
et al.,, 1991; Fujigaki et al., 2001). The rest of dietary tryptophan is
metabolized to serotonin by the enzyme tryptophan hydroxylase.
Serotonin (5-hydroxytryptamine/5-HT) is located in enterochromaffin cells
of the intestine, in neurons of the central nervous system and in blood
platelets. Since it is expressed both at the periphery and in the central
nervous system, IDO represents a possible link between the immune
system and the serotonergic pathway (Lestage et al.,, 2002). The
synthesis of serotonin in the brain is highly dependent on the bio-
availability of tryptophan in the plasma (Fernstrom and Wurtman, 1971).
Chronic stress and infection can shunt available tryptophan towards the
kynurenine pathway and thereby lower serotonin synthesis (reviewed by
Hdglund et al., 2019). Kynurenine can cross the blood-brain barrier (Fukui
et al., 1991) and is further metabolized to the neuroprotective kynurenic
acid in astrocytes and neurotoxic metabolites of quinolinic acid in
microglia (Saito et al., 1992). In rodents it has been shown that a
blockade of IDO activity prevents the development of depressive-like
behaviour, whereas administration of kynurenine induces depressive-like
behaviour (O'Connor et al., 2009).

LPS has an effect on central neurotransmitters, which is supposed to be
mediated by proinflammatory cytokines (reviewed by Dunn et al., 2005).
In rodents, a peripheral administration of IL1-B increased noradrenaline
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turnover in the hypothalamus and the hippocampus and caused a
depletion of noradrenaline (Dunn, 1988; Kabiersch et al., 1988; Zalcman
et al., 1994; Fleshner et al., 1995). Pigs injected with LPS, had markedly
lower noradrenaline levels in their hypothalamus, hippocampus and
frontal cortex (Nordgreen et al., 2018). Bodies of noradrenergic neurons
are located among others in the locus coeruleus, a nucleus of the brain
stem, and they project diffusely throughout the cortex, hippocampus,
hypothalamus, cerebellum and spinal cord (Agarwal et al., 1993;
Piekarzewska et al., 1999; Rang et al.,, 2016). In the periphery,
noradrenaline acts as a transmitter of the sympathetic nervous system.
Noradrenaline is important for behavioural arousal, stress response and
control of mood (Rasmussen et al., 1986; Pacak et al., 1995; Rosario and
Abercrombie, 1999; Katz et al., 2004). When rodents are injected (i.p.)
with IL-6, IL-2 or IFN-a, dopamine turnover in the hippocampus and the
frontal cortex increases (Zalcman et al., 1994; De La Garza and Asnis,
2003). An injection with LPS did not alter dopaminergic systems in frontal
cortex, hypothalamus and hippocampus of pigs (Nordgreen et al., 2018).
The neurotransmitter dopamine, the precursor of noradrenaline, is mostly
abundant in the corpus striatum that derives branches from cell bodies in
the substantia nigra (Rosa-Neto et al., 2004). Dopaminergic cell bodies in
the ventral tegmental area project to the hippocampus and frontal cortex
(Rang et al.,, 2016). Dopamine has relevance for motor control, is
involved in emotion and the reward system and plays a key role in
response to stress (Rougé-Pont et al., 1993; Valenti et al., 2011; Chang
and Grace, 2013). Peripheral administration of IL-1B, TNF-a and IFN-a
increased serotonin turnover in the hippocampus, frontal cortex and brain
stem of rats and mice (Zalcman et al., 1994; Clement et al., 1997; De La
Garza and Asnis, 2003). In pigs, an injection with LPS did not alter
serotonergic systems in frontal cortex, hypothalamus and hippocampus
(Nordgreen et al., 2018). Cell bodies of the serotonergic neurons are
found in the raphe nuclei of the brain stem (Piekarzewska et al., 1999;
Niblock et al., 2004). The projections of these cells are widely distributed
throughout the cortex, hippocampus, basal ganglia, limbic system,
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hypothalamus, cerebellum and spinal cord (Rang et al., 2016). As a
neurotransmitter, serotonin influences among other functions mood,
anxiety, stress, and aggression (Saudou et al., 1994; Grahn et al., 1999;
Arroyo et al., 2016).

1.5 The acute phase response

Cytokines not only influences the brain but also have profound peripheral
effects, geared towards cleaning the body of pathogens, known
collectively as the acute phase response. Proinflammatory cytokines
(mainly IL-1B, IL-6, TNF-a) promote the production of acute phase
proteins (APPs) in the hepatocytes of the liver. The most important APPs
in pigs are pig-major acute phase protein (pig-MAP), haptoglobin (HP),
serum amyloid A (SAA) and C-reactive protein (CRP), (Eckersall et al.,
1996; Heegaard et al., 1998; Sorensen et al., 2006). CRP and SAA are
classified as major responsive with a strong raise (10-100-fold) on
stimulation, peaking at 24-48 h and then declining rapidly. HP and Pig-
MAP count as moderate responsive with a 5-10-fold increase on
activation, a peak after 48-72 h and a slower decrease (Parra et al.,
2006; Sorensen et al., 2006; Gutiérrez et al., 2009; Pomorska-Mdl et al.,
2015; Gutiérrez et al., 2017). Recently, the enzyme adenosine deaminase
(ADA) was proposed as a potential inflammatory biomarker in pigs
(Gutiérrez et al., 2013; Gutiérrez et al., 2017). ADA is involved in purine
metabolism and highly expressed in lymphoid organs (reviewed by
Bradford et al., 2017). APP levels can be determined in blood and saliva
and are used to identify animals with severe infections or inflammations.
APPs are sensitive but not specific indicators of infections and can be
used to evaluate the general health status of pigs (Heegaard et al.,
1998). APPs can directly neutralize inflammatory agents, help to minimize
the extent of local tissue damage, as well as participate in tissue repair
and regeneration and thereby restore homeostasis (reviewed by Steel
and Whitehead, 1994). In human medicine, CRP is used as a marker for
low grade inflammation, as it can predict future risk for coronary heart
disease (Koenig et al., 1999) and diabetes (Thorand et al., 2003). A

18



recent metanalysis (Osimo et al., 2019) revealed that about a quarter of
patients with depression, showed evidence of low-grade inflammation
(CRP > 3mg/L) and over half of patients had mildly elevated CRP levels
(CRP > 1mg/L). Having presented the physiological mechanisms that can
drive changes in behaviour, I would like to return to the outcome, the
behaviour itself, and introduce a method to describe social behaviour in
detail.

1.6 Social network analysis

Social interactions differ in their type as well as their frequency and
duration. Behaviour is often described on the level of an individual animal
and dyadic interactions. A social network describes “who is connected to
whom” and how closely. Animals are not equal in the number of
connections they have or whether they occupy central or peripheral
positions in the social network. A social network is defined as a finite set
of individuals and the relationships or interactions that occur between
them (Wassermann and Faust, 1994). Depending on the research
question one may choose to study the overall structure of a network
(group level) or to quantify the position of an individual (Wassermann
and Faust, 1994). Social network analysis (SNA) provides quantitative
measures to describe social structures on all levels from the individual to
the population (Croft et al., 2008). SNA examines individuals in the
context of relationships between group members and makes it possible to
study how individual behaviour influences the wider population and how
in turn the resulting population affects the individual (Couzin and Krause,
2003; Wey et al., 2008). SNA avoids assumptions that dyads interact
independently of their wider social group (Turner et al., 2020) and
accounts for the fact that the behaviour of one animal in a group affects
the behaviour of others (reviewed by Asher et al., 2009). Observations of
social behaviour are the basis on which networks are built and different
parameters on individual and group level can be calculated to evaluate
the social structure of a group. Centrality is one way to quantify an
individual’s structural importance in a group (Freeman, 1978/79). Degree
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centrality is determined by how many interactions this individual has with
others. An animal with many interactions will have more influence on
those around it and possibly on the whole network (reviewed by Wey et
al., 2008). Eigenvector centrality considers the number of connections an
individual has, but also how well-connected group members are
(Makagon et al., 2012; Foister, 2019). Betweenness centrality describes
how central an individual is based on how often it is a part of the shortest
path between other individuals in the network (Wassermann and Faust,
1994). This indicates how important an animal is as a point of social
connection and information transfer (Wey et al., 2008; Makagon et al.,
2012). Edge density is measured at group level and indicates how well
the members of the group are connected in terms of their interaction with
each other (Foister, 2019). A group with higher edge density has more
interactions per individual than a group with lower density and therefore,
is theoretically more cohesive (Wey et al., 2008). Commercially reared
animals are restricted in the behaviours that they can show, which has a
considerable impact on how networks will form (Foister, 2019).
Furthermore, in commercial systems animals are often housed in group
sizes far exceeding that which would occur in the wild and the groups
have narrowed variation in age, weight, and size, and in some cases sex
ratio. Thus, social network analysis of farm animals provides a unique
perspective of variation in network position and structure that is shaped
due to the variation and combinations of individual personalities (Foister,
2019). The behaviour of a social animal such as the pig lends itself
readily to this method and SNA could give a more comprehensive
understanding of how immune activation influences the group, from
which it is impossible to withdraw when sick.

1.7 Knowledge gaps

The influence of health on welfare and behaviour is acknowledged in
humans, and extensively researched in rodent models. However, even
though kept under conditions likely to activate the immune system, we
know little about the influence of immune activation on mood and
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behaviour in production animals. The LPS model has been used in pigs
for controlled immune activation, but most studies focus on rather short-
term effects of LPS and little is known about the longer-term effects on
the social behaviour of pigs after recovery from acute sickness. There is
also a paucity of studies that report changes in neurotransmitters- and
modulators in the pig brain in response to LPS, although these changes
might play a role in the development of damaging behaviours. Previous
LPS studies in pigs that investigated social behaviour and brain
physiology used group sizes that did not mimic housing conditions on
farms and were therefore less representative.

There is a need for non-invasive methods to evaluate heard health and
animal welfare. Saliva samples are used to measure stress parameters
and to evaluate the acute phase response. CRP and HP are widely used
biomarkers in disease monitoring on farm, but not much is known about
the putative biomarker for immune activation: the enzyme ADA. The time
course of its activity and its relationship to other biomarkers in response
to a controlled immune activation has not been described in pigs to date.

Previous studies addressing damaging behaviours focus on pen level
data, dyadic interactions, or related indicators, but they do not tell us
much about the complexity of social interactions within the group. So far,
the use of social network analysis in captive farm animals is limited, and
the method has not been applied to observations of pig social behaviour
in response to a controlled immune activation.

1.8 Aims

The overall aim of my PhD was to understand how immune activation
influences brain physiology in pigs and how these physiological changes
can drive changes in social behaviour. In order to achieve this objective,
we examined cytokine activated signalling pathways that may be involved
in inducing behavioural alterations by using an LPS-model. The working
hypothesis is that episodes of acute proinflammatory signalling in pigs
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can, subsequent to acute sickness, elicit longer term negative social
behaviour such as tail and ear biting (Fig. 1).
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Figure 1: Overview of working hypotheses

Sub aims:

The aim of Paper I was to test the effect of a controlled immune
activation with LPS on brain physiology and social behaviour of group-
housed pigs. In addition, the aim was to test the effect of a ketoprofen
intervention on the physiological and behavioural effects of LPS.

The aim of Paper II was to investigate the dynamics of salivary
biomarkers of systemic inflammation in growing pigs exposed to LPS
under experimental conditions, and to test whether ketoprofen could
attenuate the effect of LPS. In addition, the aim was to describe the
correlations between salivary ADA, haptoglobin and cortisol to evaluate
their relationship in response to LPS.

The aim of Paper III was to study how pig social behaviour is influenced
when one member of a larger group becomes ill and thereby changes its
behaviour. To achieve this, social network analysis was used to test the
effect of a controlled immune activation and an intervention with
ketoprofen on centrality parameters on pig level. In addition, the aim was
to test the effect of time relative to injection on general network
parameters in order to get a better understanding of changes in social
network structures on pen level.
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2 Methodological considerations

21 Animals and housing

The articles of this thesis are based on the data gathered in one
experiment that was conducted in two batches between March 23 and
May 15, 2018. Seventy-eight pigs between 11 and 12 weeks of age (52
females and 26 castrated males) were housed in the fattening unit of the
Livestock Production Research Center of the Norwegian University of Life
Sciences (NMBU), (Fig. 2). The pigs were group-housed by litter with six
pigs per pen (four females and two males), resulting in 13 pens in total.
Housing details are described in Paper I.

Figure 2: Fattening unit of the experimental facilities at the Livestock
Production Research Center of NMBU. The experimental pens were
allocated on both sides of the hallway. The pigs in each pen had visual
and limited tactile contact with pigs from one adjoining pen

2.2 Experimental design

The four female pigs in each pen were randomly allocated to one of four
treatments each, so that all treatments were represented in all pens,
resulting in 13 pigs per treatment. The male pigs were companion pigs
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(CO) used to increase stocking density and group size. The four
experimental treatments consisted of four substance combinations:
saline-saline (SS), saline-LPS (SL), ketoprofen-saline (KS) and ketoprofen-
LPS (KL). LPS (Serotype 0111:B4) was given at a dose of 1.2 ug/kg and
ketoprofen at a dose of 6 mg/kg. Both doses were chosen based on
previous experiments (Fosse et al., 2011; Nordgreen et al., 2018). The
first substance was administered intramuscularly (i.m.) in the neck and
the second substance intravenously (i.v.) through an ear vein catheter on
average 1 h after the i.m. injection. The pigs were anesthetized with a
mixture of tiletamine and zolazepam (2.84 mg/kg each), butorphanol
(0.18 mg/kg) and medetomidine (0.06 mg/kg), and humanely killed with
an overdose of pentobarbital (140 mg/kg) at 72 h after the i.v. injection.
Each pen was equipped with one video camera placed in the ceiling
above the center of the pen. The pigs were individually marked on the
back for identification and video recordings of behaviour ran continuously
throughout the experiment (Fig. 3).
|

(I |

Figure 3: Bird's eye perspective of one experimental pen; all pigs were
individually marked for identification on their back

24



2.3 Ethical aspects

During the stage of experimental planning, Norwegian legislation required
a FOTS-application to the Norwegian Animal Research Authority for
permission to conduct the experiment. The approval depended on the
fulfilment of the requirements of the Animal Welfare Act (2010) as well as
the three R's (2009). The Animal Welfare Act states that “stress/hardship
imposed on animals must be as small as possible”. The main ethical issue
which arises from our experimental design is the LPS injection and
induced systemic inflammation in the pigs. The LPS dose used was
defined based on prior experiments in our research group where signs of
an inflammatory response were evident, but severe symptoms such as
vomiting was avoided. The dose used is lower than reported in other
publications (Myers et al., 2003; Friton et al., 2006; Peters et al., 2012;
Wyns et al., 2015) and the pigs recovered from the challenge 4-6 h after
LPS-application. Furthermore, the behaviour of the pigs was observed
during 6 h after LPS-application and an end point was defined when
intervention would take place. Regarding the reduction of number of
animals in the experiment, the sample size was calculated based on prior
experiments of the research group and the statistical output. The use of
52 pigs was necessary in order to obtain a sufficient sample size for the
different treatments. The replacement of conscious living animals with
insentient material was not possible in this instance, because the aim was
to study the behaviour expressed by the animals themselves. In addition
to the above described optimization of the LPS dosage, it was decided to
use mainly saliva sampling instead of blood sampling for cortisol
measurements as both parameters are highly correlated (Cook et al.,
1996; Schonreiter et al., 1999; Merlot et al., 2011). This meets the
refinement criteria of techniques and procedures to reduce pain and
distress. The National Animal Research Authority approved the
experiment (FOTS ID 15232).
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24 Sampling procedures

A previous study my thesis is based on (Nordgreen et al., 2018) guided
the selection of sampling time points, tissue selection as well as selection
of physiological parameters measured. Different samples at different
timepoints were taken throughout the experiment (Fig. 4)
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Figure 4: The graph shows the time course of the different sampling
procedures. Saliva samples are presented as white cotton pads and blood
samples are presented as Eppendorf tubes filled with red colour. Injection
times are indicated by a syringe. Video recordings (shown by black
camera icon) were run throughout the experiment. Details of sampling
procedures for saliva, blood and brain tissue are described in Paper I

Saliva samples were taken just before i.m. injection (-1 h), as well as 4 h,
24 h, 48 h and 72 h after i.v. injection by letting each pig chew on a
cotton pad suspended on a dental cord. This is a less invasive procedure
for the pigs than blood sampling (fixation with mouth snare), which in
turn might have influenced central parameters through stress responses.
Saliva was analysed for cortisol to picture the response of the HPA-axis to
LPS and to test the functioning of the LPS-model. Cortisol is a very
sensitive parameter and the way of sample collection as well as the
timepoint has an impact on the HPA-axis response (Ruis et al., 1997;
Merlot et al., 2011). Furthermore, we wanted to monitor the time course
of the enzyme ADA and HP in response to LPS to evaluate the acute
phase response. Because HP has been stated as a major porcine APP
(Parra et al., 2006) and it is widely studied, it was decided to be included
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as the most promising APP to be combined with ADA that has previously
been reported as a new candidate to monitor heard health (Gutiérrez et
al., 2013; Gutiérrez et al., 2017).

Blood samples were taken just before i.v. injections (0 h) as well as 72 h
after i.v. injections through a temporarily placed ear vein catheter that
was inserted immediately before and removed directly after the
procedure. Blood was analysed for tryptophan and kynurenine to
investigate the peripheral branch of the IDO pathway. Blood sampling is
an invasive method which affects stress responses, that's why the
sampling frequency was low.

Brain samples were taken at 72 h after the i.v. injections on average 10
min after cardiac arrest. The head was removed, the skull opened, and
the brain collected. The brain regions frontal cortex (Fig. 5a),
hippocampus (Fig. 5b), hypothalamus (Fig. 5c) and brain stem (Fig. 5d)
with left and right hemisphere respectively were dissected, resulting in
eight brain samples per pig. For dissection of the brain regions, a
stereotaxic atlas was used (Félix et al., 1999).
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Figure 5: Dissection of the frontal cortex (a), hippocampus (b)
hypothalamus (c) and brain stem (d)

The frontal cortex was sampled due to the importance of this area for the
control of behaviour, the regulation of mood, and the perception of
external stimuli (Milstein et al., 2007; Arnsten, 2009; Niendam et al.,
2012). The hippocampus was included based on its role in cognition and
memory (Drachman and Arbit, 1966; McClelland et al., 1995;
McNaughton et al., 2006). The hypothalamus was collected due to its
importance in the regulation of the stress response, appetite and fever
(Anand and Brobeck, 1951; Hori et al., 1988; Hueston and Deak, 2014).
The brain stem was sampled because it contains the raphe nuclei and
locus coeruleus that control serotonergic and noradrenergic signalling
(Agarwal et al., 1993; Piekarzewska et al., 1999; Niblock et al., 2004;
Rang et al., 2016). Brain samples were used to analyse the monoamines
dopamine, noradrenaline and serotonin due to their role in stress
responses, behaviour and mood. Furthermore, central cytokines were
analysed to test the hypothesis. IFN-y and TNF-a were included based on
previous findings (Nordgreen et al., 2018) and the relevance of these
cytokines for kynurenine metabolism through induction of IDO. IL-18 is,
in turn, involved in IFN-y production via NK cell activation and was
therefore included. In addition, tryptophan and kynurenine were analysed
to investigate the central branch of the IDO pathway.

2.5 Laboratory methods

Full details of sample analysis for saliva, blood and brain tissue are
described in Paper I and Paper II. Here, the methods are described in a
more general manner.

The stress hormone cortisol was measured in saliva with an enzyme-
linked immunosorbent assay (ELISA) kit. A so called “sandwich-ELISA”
was used, a method that uses two antibodies, which bind to different
sites of the cortisol antigen in the sample. The capture antibody is coated
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to the 96-well plate to which the sample is added, followed by addition of
the detection antibody to which an enzyme labelled antiglobulin is added.
Capture and detection antibodies are from different species and the
antiglobulin for the visualization of the detection antibody is species
specific. The substrate of the enzyme is added to generate a colorimetric
signal that is detected in a spectrophotometric plate reader (as optical
density or OD). The intensity of the colour reaction (OD) is proportional
to the amount of bound cortisol antigen (Cox et al., 2012; Tizard, 2018).

The acute phase protein HP and the enzyme ADA were measured in
saliva by a laboratory in Spain. HP was determined using a time-resolved
immunofluorimetry assay (TRIFMA). Streptavidin microtitration strips
were coated with a biotinylated capture antibody, the sample was added
and incubated with a Europium-labelled detection antibody. The
fluorescent signals, which are proportional to the quantity of HP, were
measured with a time-resolved fluorometer (Gutiérrez et al., 2009). ADA
activity levels were measured using microtitration plates. The method of
the assay is based on the measurement of the decrease in absorbance
(OD) per minute of a coupled reaction initially catalysed by ADA
(Gutiérrez et al., 2017).

The cytokines IFN-y, TNF-a and IL-18 were measured in homogenized
brain tissue with a Milliplex MAP Porcine Cytokine and Chemokine
Magnetic Bead Panel Immunology Multiplex Assay. In this method, the
capture antibody is coupled to a colour coded bead to which the analyte
is added followed by the addition of a biotinylated detection antibody. A
streptavidin-conjugated fluorochrome is added and the fluorescent
readout is detected by a flow cytometry-based instrument (e.g. Luminex
XMAP). The amount of analyte detected is directly proportional to the
fluorescent signal. The method allows the simultaneous measurement of
several biomarkers in one sample.

The metabolic parameters tryptophan and kynurenine in plasma and
homogenized brain tissue were measured with a high-performance liquid
chromatography-electrospray ionization tandem mass spectrometry
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(HPLC-ESI-MS/MS). The same method was used to analyse the
monoamines noradrenaline, dopamine and serotonin and their
metabolites in homogenized brain tissue. The method combines the
physical separation capabilities of liquid chromatography (LC) with the
mass analysis capabilities of mass spectrometry (MS). The interface
between both methods is an electrospray ionizer (ESI). The analyte is
pumped with a liquid (mobile phase) under high pressure through a
column filled with a solid adsorbent material (solid phase). Due to their
different degrees of interaction with the solid phase, each component has
a different flow rate which leads to a separation of the components
(retention time). The liquid containing the analyte is dispersed/nebulized
into a fine aerosol (gas phase). A high voltage is applied to charge the
components and the ions are transferred to a high vacuum chamber of a
mass spectrometer where their mass to charge ratio (m/z) is measured.

2.6 Behavioural analysis

Video recordings were used to analyse pig behaviour one day prior to
injections (DAYO0), the day of injections itself (DAY1), as well as one
(DAY2) and two days after injections (DAY3). Two different behavioural
sampling methods were applied, /nstantaneous scan sampling and
continuous observation. The first method is used to record the behaviour
of an individual in a group at predetermined time intervals, thus,
frequency of behaviour and not duration is observed (Altmann, 1974).
The second method is used to record all activity that occurs while the
animals are being watched (e.g. social interactions).

Behavioural signs of sickness were observed by one observer who was
blinded to treatment. Instantaneous scan sampling was performed every
5 min for 6 h after the injection of the last pig in the pen on DAY1. 13
pens were included in the analysis. The ethogram used is displayed in
Table 1.
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Table 1: Ethogram for behavioural signs of sickness

Behaviour

Lying lateral

Lying sternal

Lying alert
Feeding

Active

Interruption

Description

Lying on the flank with head resting on the ground and not
moving, body (parts) may make rapid, sudden, short-
lasting movements

Lying on the sternum with head resting on the ground,
body (parts) may make rapid, sudden, short-lasting
movements

Lying (on flank or sternum) with head up
Snout in feeder

Any active behaviours in standing position except feeding,
including moving, exploration, social behaviour, drinking,
elimination, comfort behaviour

Person is in the pen, scan not included in data analysis

Social behaviour was observed continuously on DAYO (baseline) as well
as DAY2 and DAY3 by one observer who was blinded to treatment and
day. Observations of performers and receivers at certain intervals during
the day were performed. The sampling scheme was four 15 min intervals
in the morning and six 15 min intervals in the afternoon. Due to
inadequate quality of the video material from one pen, only 12 out of 13
pens were included in the analysis. The ethogram used is displayed in

Table 2. The data on social behaviour analysis forms the basis for the

method applied in Paper III (described below).

Table 2: Ethogram for (negative) social behaviour

Behaviour

Tail manipulation

Ear manipulation

Description

Touching the tail of another pig with the snout,
including taking the tail into the mouth

Touching the ear of another pig with the snout,
including taking the ear into the mouth
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Flank nosing Touching the flank region (=upper part of the lateral
side of the body from the beginning of the shoulder
until the end of the body, except of tail) of another pig
with the snout

Belly nosing Repetitive up and down movements on the abdomen of
another pig that is lying or standing

Manipulation of other Touching body parts of another pig with the snhout

body parts except for tail, ear, belly and flank region (e.g. head,
legs, back), including taking the body parts into the
mouth

Fighting Biting, hitting, and knocking of another pig with the

head. Includes chasing performed immediately after
biting, hitting, knocking. Includes parallel pressing after
knock, hit or bite. Pig that initiates the fight is the
performer, pig that is being attacked is the recipient

Displacement Pushing away another pig without fighting (as defined
above), results in active movement of the recipient and
getting access to a resource (e.g. silage, lying space,
drinker) for the performer

2.7 Social network analysis

Social behaviour analysis in Paper I focuses on the frequency and the
duration of the different behavioural patterns performed and received by
the individual pig and disregards the social structure within the pen. In
Paper III, social network analysis (SNA) was used as a method to
examine social interactions by means of quantitative measures. A social
network consists of “nodes” and “edges”. Each node represents an
individual and each edge represents a social interaction. The data basis
for SNA builds a so-called association matrix of the number of interactions
between all group members in a pen. The package /igraph in R 4.0.3 was
used to construct networks for each behaviour listed in Table 2 and for
each observation day. Tables 3 and 4 list the parameters calculated on
pig and pen level. The association matrix and calculated measures can be
used to plot network graphs for each pen and day (Fig. 6).
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Table 3: Centrality parameters calculated on pig level

Terminology

Degree centrality

In-degree
Out-degree

Eigenvector centrality

Description

Number of direct interactions an individual has with
other individuals of the group

Number of interactions received by an individual
Number of interactions initiated by an individual

Takes the degree centrality of an individual, as well
as the degree centrality of other individuals it is
connected with, into account

Networks can be scaled by a theoretical maximum (the maximum
possible degree in a network of the same size) or by the highest degree
present in the network. In these cases, the node with the highest degree
in the network has a degree centrality of 1, and the centrality of every
other node will be a fraction of its degree in comparison to the most
popular node (Foister 2019).

Table 4: General network parameters calculated on pen level

Terminology

Edge density

Centralisation

Degree

Betweenness

Elgenvector

Description

Amount of actual interactions between individuals
divided by the total number of possible interactions
in the group

The range or variability of the individuals’ centrality
values

Description of whether certain individuals initiate or
receive more interactions than the rest of the group

Pens with high values contain individuals who
connect other individuals that do not directly
interact

Pens with high values contain a small number of
well-connected individuals, with the rest of the
group being considerably less well connected

33



The centralisation of an entire network is calculated by comparing how
central the most central node is to all other nodes in the network
(Freeman, 1978/79). Centralization provides us with a scale from 0 to 1,
with 0 indicating that all individuals in the network have equal centrality
and 1 indicating maximum inequality. Freeman’s centralization equation
can be applied to all the centrality network measures, to provide a group
measure that informs us how unequal the individual nodes are in terms of
network centrality (Foister, 2019).

® «

Figure 6: Example of a social network based on all interactions of pigs
observed in pen 1 on the second day (DAY3) after injecting the pigs with
saline-saline (SS), saline-LPS (SL), ketoprofen-saline (KS) and ketoprofen-
LPS (KL). Nodes represent individuals in the pen and size of the nodes
represents degree centrality, edges represent interactions between
individuals, arrows point from the actor to the receiver (directionality) and
thickness of the edges represents the frequency (weight)

2.8 Statistical analysis

Behavioural and physiological data were analysed using mixed models in
JMP Pro 14.3.0 (SAS, NC, USA) and SPSS (IBM SPSS Statistics 25). Pig
nested in treatment was included as a random variable in all models
(except for general network parameters). A priori planned contrasts
(Student’s t-test) were used after running the main models, as there
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were predefined predictions, which can be argued to make correction for
multiple testing unnecessary (Doncaster and Davey, 2007). SL was
compared with SS to elucidate the effect of LPS. In addition, the
comparison of SL and KL should answer the question whether ketoprofen
attenuates the effects of LPS. Furthermore, it was relevant to compare SS
with KS in order to see whether ketoprofen had an effect even in pigs
that are not sick. Dependant variables were transformed if the
assumptions of normality of residuals and homogeneity of variance were
not met (e.g. square root transformation).

2.8.1 Behavioural data (Paper I/lll)

For behavioural signs of sickness, the frequency of the respective
behavioural pattern was used as dependent variable, and the treatment
(SS, SL, KS, KL), the hour after injection (1-6) and the interaction of both
were used as independent fixed effects.

For social behaviour, the frequency and duration of the respective
behavioural pattern performed and received was used as dependent
variable. The treatment, the day in relation to LPS injection (DAYO, DAY2,
DAY3) and the interaction of both were used as fixed effects.

For centrality parameters, the calculated values of degree centrality, in-
degree centrality, out-degree centrality and eigenvector centrality were
used as dependent variables. The treatment, the day and the interaction
of both were used as independent fixed effects.

Spearman rank coefficient was used to correlate centrality parameters
and cortisol concentrations at 4 h after injection, as well as general
activity in the first 6 h after injection in SL pigs.

For general network parameters, the calculated values of edge density,
degree centralisation, in-degree centralisation, out-degree centralisation,
betweenness and eigenvector were used as dependent variables. The day
was used as independent fixed effect and the pen was included as a
random variable in all models.
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2.8.2 Physiological data (Paper I/ll)

For salivary and plasma analytes, the concentrations of cortisol,
tryptophan, kynurenine and haptoglobin, as well as ADA activity, were
used as dependent variables. Treatment, sampling time point in relation
to i.v. injection (CORT, HP, ADA: TO, T4, T24, T48, T72 | TRY, KYN: TO,
T72) and the interaction of both were used as fixed independent
variables.

For brain tissue analytes, the observed concentration of IFN-y and IL-18,
and the fluorescence intensity of TNF-a, as well as the observed
concentration of tryptophan, kynurenine, dopamine, noradrenalineg,
serotonin and respective turnover rates were used as the dependent
variables in the models. Treatment and hemisphere were used as
independent variables. The time span (TIME) between death of the
respective pig until the last brain sample was collected and frozen was
included as a covariate in all models.

Spearman rank coefficient was used to correlate the difference between
TO and T4 in measured concentrations of ADA, haptoglobin and cortisol in
SL pigs.
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3  Summary of papers

My thesis is based on an experiment in which the effect of a controlled
immune activation with lipopolysaccharide (LPS), and the effect of the
NSAID ketoprofen on cytokines and neurotransmitters in the brain, as
well as on social behaviour in group-housed pigs was tested. In this
experiment saliva, blood and brain tissues were sampled and cytokine
activated signalling pathways that could induce behavioural alterations
were analysed (Paper I). Furthermore, video recordings were gathered to
evaluate behavioural signs of sickness and social behaviour of the pigs
(Paper I). Saliva samples gathered during the experiment were used to
analyse different physiological parameters of the acute phase response in
order to evaluate inflammatory mediators which could serve as
biomarkers at pig herd level (Paper II). Finally, the data from the social
behaviour analysis were used to apply “social network analysis” to gain
more insights in social interactions on individual and group level (Paper
I11).

Paper I. The effect of LPS and ketoprofen on cytokines, brain
monoamines and social behaviour in group-housed pigs

A controlled immune activation with LPS activated the hypothalamic-
pituitary-adrenal-axis and elicited behavioural signs of sickness within six
hours after the injection as indicated by an increase in salivary cortisol
and decreased activity in LPS-injected pigs. Ketoprofen lowered the effect
of LPS on cortisol release and alleviated behavioural signs of sickness.
LPS-injected pigs performed longer ear manipulation compared to saline-
injected pigs on the second day after injection, but LPS had no effect on
any other observed behaviour. A controlled immune activation had no
effect on the proinflammatory cytokines IFN-y, TNF-a, and IL-18
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measured at 72 h after the challenge in the frontal cortex, hippocampus,
hypothalamus, and brain stem. LPS influenced tryptophan and kynurenine
metabolism in plasma and several brain areas. LPS-injected pigs had
lower plasma concentrations of tryptophan at 72 h after the challenge
compared to baseline. The correlations between tryptophan and
kynurenine concentrations in plasma and brain tissue were weak and
positive. Both analytes were depleted in frontal cortex and brain stem of
LPS-injected pigs compared to saline-injected pigs. A controlled immune
activation had an effect on central monoamines. Dopamine
concentrations in the hypothalamus of LPS-injected pigs were lower
compared to saline-injected pigs. LPS-injected pigs had lower
concentrations of serotonin in their hypothalamus and noradrenaline in
their hippocampus than pigs that were pre-treated with ketoprofen.

Paper II: Dynamics of salivary adenosine deaminase, haptoglobin,
and cortisol in lipopolysaccharide-challenged growing pigs

An injection with LPS stimulated the acute phase response as indicated
by an increase in activity of the enzyme ADA and an elevation of salivary
haptoglobin concentrations at four hours post-injection. Ketoprofen
attenuated this effect. The levels of ADA and haptoglobin were positively
correlated, indicative of their parallel dynamics under the influence of
bacterial LPS.

Paper III: The use of social network analysis to describe the effect
of immune activation on group dynamics in pigs

Changes in social interactions in response to a controlled immune
activation were detected at both individual (pig) and group (pen) level
using social network analysis. At the pig level, an injection with LPS
resulted in a lower /n-degree centrality in ear manipulation networks two
days after the challenge, meaning that the ears of LPS-injected pigs were
manipulated to a lesser extent compared to saline-injected pigs.
Treatment effects on tail manipulation and fighting networks were not
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observed. Ketoprofen seemed not to have an impact on centrality
parameters at pig level. For networks of manipulation of other body
parts, /n-degree centrality was positively correlated with the cortisol
response at four hours and lying behaviour in the first six hours after the
challenge in LPS-injected pigs. This finding indicates that the stronger the
pigs reacted to the challenge, the more manipulations were directed
towards them (ears and tails excepted) on the following days. At the pen
level, the time in relation to injection affected general network
parameters for ear manipulation and fighting networks. In-degree
centralisation was higher in the two subsequent days after injection in ear
manipulation networks, thus, certain individuals were more frequently
manipulated than the rest of the group compared to baseline. For fighting
networks, betweenness decreased on the first day after injection
compared to baseline, indicating that network connectivity increased
following the injection. A decline in betweenness suggests that
interactions were more evenly spread across all group members and no
single individual was responsible for connecting a fragmented network.
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4 Discussion

The overall aim of my PhD was to understand how immune activation
influences brain physiology in pigs and how these physiological changes
can drive changes in social behaviour. We know from human clinical
reports and rodent studies that acute sickness can develop into
depression or depressive-like behaviours and other psychological
problems. To address this, cytokine activated signalling pathways that
may be involved in inducing behavioural alterations were examined by
using an LPS-model. The working hypothesis was that episodes of acute
proinflammatory signalling in pigs can, subsequent to acute sickness,
elicit longer term negative social behaviour such as tail and ear biting.
The background for this hypothesis is derived partly from studies in
humans and rodents where the influence of health on welfare and
behaviour is acknowledged and extensively studied (reviewed by Dantzer
et al., 2008). The immune system of pigs is very similar to that of
humans in terms of anatomy, function, and gene expression (reviewed by
Meurens et al.,, 2012) and the pig brain, which is gyrencephalic,
resembles the human brain more in anatomy, growth and development
than do the brains of commonly used small laboratory animals (reviewed
by Lind et al., 2007). In this chapter, I will discuss and interpret the
findings in the light of the current literature, starting with the
experimental model used (4.1.) and continuing with the physiological
(4.2.) and behavioural (4.3.) alterations in response to a controlled
immune activation. I will discuss the effects of the NSAID ketoprofen on
the effects of LPS (4.4.) and elaborate how housing conditions can be
related to immune activation and damaging behaviours (4.5.). Finally, I
will conclude the findings of my thesis (4.6.).
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4.1 The LPS-model

In the current experiment, a single low dose of synthetically purified
lipopolysaccharide was used to stimulate the immune system and mimic
an endotoxemic state. LPS has been widely applied in different species to
study Gram-negative bacterial infections and sepsis and the serotype
used (0111:B4) is the most frequently used in pig research (reviewed by
Wyns et al., 2015b). LPS administration can be performed either as a
single or repetitive intravenous (i.v.), intraperitoneal (i.p.) or
intramuscular (i.m.) injection or as a continuous infusion. Apart from the
route, the chosen dose has an impact on the strength and duration of the
clinical symptoms. Johnson and von Borrell (1994) reported a dose
dependant reduction in activity within 4 h after LPS administration (0.5
Mg/kg, 5 pg/kg, 50 pg/kg i.p.) compared to saline-injected controls.

The ethogram used for the description of behavioural signs of sickness in
the current experiment is based on the study by Nordgreen et al. (2018),
as a comparable dose and route of administration of LPS (1.2 ug/kg i.v.)
was used. Other studies using higher doses of LPS applied more detailed
observations of sickness behaviour. Peters et al. (2012) reported skin
flushing and laboured breathing within 1-8 h and lethargy from 3-8 h
after LPS injection (2 pg/kg i.v.). Friton et al. (2006) and Myers et al.
(2016) used clinical scores based on respiratory rate, heart rate, rectal
temperature, skin redness, lethargy, coughing, vomiting, diarrhoea and
shivering, and reported them to be returned to baseline within 24 h after
challenging pigs with LPS (2, 4, 6 pg/kg, i.v.).

The advantage of using LPS instead of live bacteria is that it is more
standardized and reproducible (Myers et al., 2003) and can easily be
stored in its lyophilized form until use (Fink and Heard, 1990). The
disadvantage is that a single LPS-injection might imitate clinical
endotoxemia less accurately as the endotoxin remains in the circulation
for a longer period during natural infection (Olson et al., 1988; Olson et
al., 1995). One possibility to evade this problem is a continuous infusion
(Goscinski et al., 2003; Ruud et al., 2007; Ebdrup et al., 2008; Danicke et
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al., 2013; Levenbrown et al., 2013) or a repeated application of LPS
(Escribano et al., 2014). Due to the study design, which required group
housing and behavioural observations, this strategy was not applicable in
the current experiment. A continuous infusion requires a permanent
catheter, which would have been removed by companion pigs, and a
repeated application would have entailed more frequent handling, which
had to be avoided to not interrupt recordings of behaviour.

4.2 Physiological alterations in response to LPS

421 Cortisol

The cortisol response to LPS was used as a confirmation that the
experimental model worked and the sampling time point was chosen
based on a previous study, where plasma cortisol concentrations were
elevated for 1-4 h in LPS-injected pigs compared to controls (Nordgreen
et al., 2018). These findings were confirmed in the current experiment,
as LPS-injected pigs showed a significant increase in salivary cortisol
concentrations compared to saline-injected pigs at 4 h after injection
(Paper I). The magnitude and the time course of the cortisol response
depends on the LPS dose and the route of administration. Other studies
(Webel et al.,, 1997; Wright et al., 2000; Terenina et al., 2017) using
higher LPS doses reported a peak at 2-4 h and elevated plasma cortisol
concentrations until 8-12 h after the injection. Escribano et al. (2014)
measured salivary cortisol concentrations after challenging pigs with 30
Mg/kg i.v. and reported a significant elevation at 3 h compared to
baseline, interestingly, no such peak was found after a repeated
administration of LPS.

Glucocorticoid release by the HPA-axis follows a diurnal pattern and basal
salivary cortisol concentrations seemed to be influenced by sex and age
(Ruis et al., 1997; Sarabdjitsingh et al., 2012). Diurnal variation was
accounted for by taking baseline measurements between 08.30 and
10.45 in the morning, and only gilts in the same age group were included
in the experiment. Basal salivary cortisol concentrations are
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approximately 10 % of those in plasma (Parrott et al., 1989; Cook et al.,
1996; Merlot et al., 2011). Compared to other studies measuring salivary
cortisol in pigs (Merlot et al., 2011; Escribano et al., 2014), the baseline
concentrations in the current experiment were very low (mean = 0.28
ng/ml). It is possible that the good housing and husbandry conditions in
Norway in general contribute to producing these low values. Zupan and
Zanella (2017) reported similar values for salivary cortisol in a study on
Norwegian pig farms (0.42-0.87 ng/ml during circadian rhythm), so it
might be that housing environment affects baseline cortisol
concentrations. On the other hand, results are obtained in different labs
and with potentially different methods or kits, which makes it difficult to
compare them directly. Low salivary cortisol concentrations may also
reflect cortisol breakdown (e.g. into cortisone, 5B-dihydrocortisol etc).
Such breakdown products would not be detected by the assay due to a
low cross-reactivity.

4.2.2 Acute phase response

The parameters of the acute phase response were measured to confirm
and quantify the effects of the LPS challenge. Haptoglobin, a commonly
used biomarker of the acute phase response in pigs, was combined with
the rarely investigated enzyme ADA to access their dynamics in response
to a controlled immune activation.

Salivary HP concentrations tended to be higher in LPS-injected pigs
compared to saline-injected controls at 4 h after injection (Paper II).
Salivary and serum HP are highly correlated (Gutiérrez et al., 2012) and
the time course and magnitude in response to an LPS-challenge has been
described previously. Others found no effect (Frank et al., 2005; Llamas
Moya et al., 2006), numerical effects (Wright et al., 2000; Williams et al.,
2009) or significant effects of LPS (Escribano et al., 2014) on salivary or
plasma HP concentrations measured between 2 and 48 h after injection.
Their results suggest a rather moderate and slow reaction of HP in
response to infection. HP has also been widely studied as an
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inflammatory biomarker both in experimentally infected pigs (Sorensen et
al., 2006; Martin de la Fuente et al., 2010; Heegaard et al., 2011;
Pomorska-Mdl et al., 2013; Pomorska-Mdl et al., 2015), as well as in
herds undergoing natural infections (Parra et al., 2006; Grau-Roma et al.,
2009; Gutiérrez et al., 2009; Gutiérrez et al., 2012). HP follows a
circadian pattern (Gutiérrez et al., 2013) and is influenced by age and sex
(Frank et al., 2005; Scollo et al., 2013; Reimert et al., 2014; Sanchez et
al., 2019). As saliva was collected in the morning and only gilts in the
same age group were included in the study, the current findings are only
relevant for that time of day, age and sex of the animals used. HP has
immunomodulatory effects by inhibition of granulocyte chemotaxis,
phagocytosis and bactericidal activity and can thereby dampen the acute
inflammatory response (Rossbacher et al., 1999). Moreover, HP plays a
role in tissue repair by stimulating angiogenesis (Cid et al., 1993).

In the current experiment, salivary ADA concentrations were significantly
higher in LPS-injected pigs compared to saline-injected pigs at 4 h after
the challenge and positively correlated to the HP response (Paper II).
ADA was shown to be elevated in gastrointestinal and respiratory
disorders and local inflammation in pigs (Gutiérrez et al., 2017), but has
so far not been measured in LPS studies. Its activity has been reported to
be highly correlated with the concentrations of HP and CRP (Gutiérrez et
al., 2017; Gutiérrez et al., 2018). ADA was shown to be influenced by
sex, age and breed (Gutiérrez et al., 2018; Sanchez et al., 2019). The
enzyme plays a role in the differentiation and maturation of the immune
system (reviewed by Bradford et al., 2017). Both ADA and HP reliably
detected immune activation at a timepoint where the pigs were most
severely affected clinically.

4.2.3 Cytokines

The short-term effects of LPS on proinflammatory cytokines in the blood
were not monitored as this has been extensively studied in the past. The
proinflammatory cytokine TNF-a peaks at 1 h, IL-6 peaks at 2-4 h and IL-
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1B at 3-4 h after LPS injection at different doses and routes of
administration (Webel et al.,, 1997; Carroll et al., 2005; Ebdrup et al.,
2008; Williams et al., 2009; Peters et al., 2012; Wirthgen et al., 2013;
Wyns et al., 2015a; Nordgreen et al., 2018). The focus was beyond the
first 24 h after the challenge, as the aim was to test whether the
physiological changes last alongside behavioural changes. The duration of
effect on physiology is important for the relevance of the LPS model in
the study of immune effects on mental health and damaging behaviour in
pigs. If the physiological and behavioural changes are short-lived, they
may not tell us much about the mechanisms underlying longer-term
mental illness and/or damaging behaviour.

There was no effect of LPS on IFN-y, TNF-a and IL-18 measured in
frontal cortex, hippocampus, hypothalamus and brain stem at 72 h after
LPS-injection (Paper I). This is in contrast to Nordgreen et al. (2018) who
found higher concentrations of IFN-y in the frontal cortex and a tendency
toward an elevation of IL-18 in the right hippocampus of LPS-injected
pigs compared to saline-injected pigs at the same time point. This study
provided the background for taking measurements at 72 h post-LPS
injection in the current study. The difference between both studies is the
slightly lower dose of LPS in the current experiment (1.2 pg/kg vs 1.5
Mg/kg), the route of administration (ear vein vs. central vein catheter)
and the housing system (group-housed vs. single-housed). That no
changes in central cytokine concentrations were observed is not to say
that LPS didn’t induce changes, or indeed, other cytokines in these brain
regions closer to the time of LPS injection (i.e. within 5-6 h where some
changes in behaviour were observed), but this was not possible to
confirm as no samples were taken around that time.

Cytokines released by immune cells, such as macrophages and
monocytes, during the course of an immune response are key
messengers in immune system-to-brain signalling (Kent et al., 1992). In
human medicine, the so called “cytokine-theory of depression” was
developed based on clinical reports and the similarity in symptoms
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between sickness behaviour and depression. Hepatitis C patients
undergoing weekly IFN-a therapy showed an increase in Montgomery—
Asberg Depression Rating Scale (MADRS), which was positively correlated
with plasma levels of IL-2, IL-6 and TNF-a (Wichers et al., 2007). Cancer
patients undergoing cytokine therapy (IL-2/IFN-a) had an increase in
MADRSs at five days after therapy started (Capuron et al., 2001).
Whereas sickness is an adaptive response to infection by pathogens and
fully reversible once the pathogen has been cleared, this is not the case
for depression. It is possible that depression represents a maladaptive
version of cytokine induced sickness which could occur when the
activation of the innate immune response is exacerbated in intensity
and/or duration (reviewed by Dantzer et al., 2008).

4.2.4 Tryptophan-kynurenine metabolism

A possible downstream effect of cytokines (IFN-y, TNF-a) could be the
induction of the enzyme IDO. Under inflammatory stages, there is a
shunt from serotonin towards kynurenine metabolism of tryptophan
through an upregulation of IDO. In the current experiment, a depletion of
plasma tryptophan in LPS-injected pigs at 72 h after the challenge was
observed, but plasma kynurenine was not affected (Paper I). Jgrgensen
(2020) reported a decrease in plasma tryptophan for 8 h and an increase
in plasma kynurenine for 12 h after injecting pigs with a comparable dose
of LPS. Wirthgen et al. (2013) showed that plasma tryptophan was
depleted for 24 h (max. observation time), whereas plasma kynurenine
was elevated for only 6 h after an i.p. injection with LPS (100 ug/kg).
This suggests a rather short-lasting effect of LPS on kynurenine
concentrations in the blood and indicates that the increase in IDO activity
in response to immune activation is rather short-lived.

Tryptophan is an essential amino acid and the availability depends on
dietary uptake. Pigs fed a diet with a high tryptophan content, had higher
plasma tryptophan concentrations (Le Floc’h et al., 2010; Poletto et al.,
2010) and vice versa (Le Floc'h et al., 2008). In the current experiment,
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LPS-injected pigs showed depressed feeding during the first six hours
after the challenge, which can be explained by the appetite suppressant
effect of cytokines (Plata-Salaman, 1996). This might have affected the
dietary intake of tryptophan in LPS-injected pigs on the day of injection
but should not have a longer lasting impact on peripheral and central
levels of tryptophan measured at 72 h after the challenge.

There were weak positive correlations between plasma and central
tryptophan and kynurenine concentrations (Paper I). A relationship
between dietary tryptophan and damaging behaviour has been reported
previously. Increased levels of orally administered tryptophan reduced
aggression (Li et al., 2006; Poletto et al., 2010; Poletto et al., 2014) and
tail and ear biting in pigs (Martinez-Trejo et al., 2009), as well as feather
pecking in chickens (Van Hierden et al., 2004). Dietary supplementation
of tryptophan led to an increase in hypothalamic serotonin in pigs (Shen
et al., 2012). In human patients undergoing cytokine therapy, a decrease
in serum tryptophan was positively correlated with the development and
severity of depressive symptoms (Capuron et al., 2002).

The effect of a controlled immune activation on central tryptophan-
kynurenine metabolism has not previously been studied in pigs. Central
tryptophan and kynurenine were measured in homogenized brain tissue,
thus, the concentrations refer to total (intra- and extracellular)
concentrations of the respective analyte. A reduction of tryptophan in the
frontal cortex and brain stem of LPS-injected pigs compared to saline-
injected pigs at 72 h after the challenge was observed. Kynurenine
concentrations were decreased in the frontal cortex, hypothalamus and
brain stem at the same time point (Paper I). Metabolites of kynurenine
were not measured in the current experiment, but kynurenine
concentrations might be lowered due to further metabolism. In mice, a
repeated injection of LPS significantly elevated brain kynurenine as well
as its metabolites kynurenic acid and quinolinic acid at 24 and 48 h
(Larsson et al., 2016). LPS depleted central tryptophan and increased
central kynurenine in the hippocampus together with a pronounced IDO
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expression at six weeks after chronic administration (Rodrigues et al.,
2018). O’Connor et al. (2009) showed that a blockade of IDO activity
(measured by means of mMRNA expression) prevents the development of
depressive-like behaviour in mice at 24 and 28 h after LPS injection,
whereas administration of kynurenine (i.p.) induces depressive-like
behaviour.

4.2.5 Monoamines

There is a paucity of studies that report central monoamine levels in pigs.
So far, different age groups, sexes and phenotypes (stress-susceptible vs
stress-tolerant, dominant vs subordinate, tail biter vs victim) have been
studied (Adeola et al., 1993; Agarwal et al., 1993; Poletto et al., 2011;
Valros et al., 2015) and the effects of novelty tests and acute restraint on
monoamine concentrations have been reported (Piekarzewska et al.,
2000; Ursinus et al., 2013). The effect of an immune activation with LPS
on central neurotransmitters in the pig brain have been tested in only one
study (Nordgreen et al.,, 2018). In the current experiment, the
concentrations of noradrenaline in the hippocampus and serotonin in the
hypothalamus were numerically lower, whereas dopamine concentrations
were significantly lower in the hypothalamus of LPS-injected pigs
compared to controls measured at 72 h after the challenge (Paper I).
Nordgreen et al. (2018) found lower noradrenaline concentrations in the
frontal cortex, hippocampus, and hypothalamus of LPS-injected pigs
compared to saline-injected pigs measured at the same time point.
Serotonergic and dopaminergic systems were not affected by the immune
challenge in the brain regions that were studied.

The mechanism behind these findings might be the effect of
proinflammatory cytokines produced by immune cells in response to LPS,
which cross the blood-brain-barrier, and act via specific receptors on
astrocytes, microglia or neurons and thereby activate monoaminergic
signalling (Shintani et al., 1993). Cytokines might also activate vagal
afferents, and thereby influence the brain (Fleshner et al., 1995). If one
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does not observe changes in monoamine concentrations in homogenised
brain tissue, one cannot say that these systems were not affected unless
one also looks at the effects of LPS on monoamine receptor function and
expression. Quantification of an analyte concentration alone might not be
sufficient as there may be too much noise to pull out any potential signal.
Single cell isolation and analysis of neuron types might be a way of
drilling down on the mechanism of LPS effect in future studies.

In rodents, lower concentrations of noradrenaline and serotonin in the
prefrontal cortex (Zhu et al., 2015) and serotonin in the hippocampus
(Zhao et al., 2019) after LPS injection were observed. In both studies,
mice displayed depressive-like behaviours measured by increased
immobility in the forced swim test (FST) and tail suspension test (TST) at
24 h after LPS-challenge. In the forced swim test the animals are placed
in a container filled with water from which they cannot escape. The
latency to stop active swimming (struggling) and the duration of time
spent immobile (floating) are registered. In the tail suspension test the
animal is suspended by its tail and the latency to cease struggling and the
duration of passive immobility are scored. Immobility in both tests is
thought to be indicative of helplessness and despair (Porsolt et al., 1977;
Steru et al., 1985).

In humans, the so called “monoamine theory of depression” was
developed based on the effectiveness of monoamine oxidase inhibitors
(MAOI), selective serotonin and noradrenaline reuptake inhibitors
(SSRIs/NRIs) and tricyclic antidepressant (TCA) as treatments of anxiety
and depression. That suggested a role for monoamines, their receptors
and transporters in the aetiology of mood disorders (Coppen, 1967; Katz
et al., 2004). MAOIs inhibit the degradation or metabolism of
monoamines in the neuron, whereas SSRIs, NRIs and TCA block the
reuptake of either serotonin, noradrenaline or both from the synaptic cleft
and thereby increase extracellular serotonin and/or noradrenaline
concentrations.
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4.3 Behavioural alterations in response to LPS

4.3.1 Sickness behaviour

Sickness behaviour was studied by means of general activity on the day
of injection to evaluate the functioning of the LPS-model. A drop in
activity and an increase in lying behaviour within 2-5 h after LPS injection
compared to saline-injected controls was observed (Paper I). This finding
corroborates other studies that showed a marked decrease in activity
lasting for a few hours following LPS injection (Johnson and von Borell,
1994; Nordgreen et al., 2018). Behavioural changes can be seen in sick
animals but also in their healthy conspecifics. Sickness and social
behaviour are closely connected. Acute sickness leads to lethargy and
social withdrawal (Hart, 1988). Reduction in time spent investigating an
unfamiliar conspecific is a commonly used measure of sickness behaviour
(Fishkin and Winslow, 1997; Arakawa et al., 2009). On a population level,
the behaviour may be beneficial to prevent spread of infectious diseases
by the avoidance of interaction with others (Anders et al., 2013).
Immune-challenged animals showed reduced connectivity to their social
groups, which happened as a function of their own behaviour, rather than
through conspecific avoidance (Lopes et al., 2016). LPS-injected rats
were found to exhibit less social behaviour, but spend more time
passively huddling with non-injected cage-mates than controls (Yee and
Prendergast, 2010). Rodents have been shown to discriminate and avoid
conspecifics exhibiting a sickness response (Kavaliers and Colwell, 1995;
Avitsur et al.,, 1997; Lopes et al.,, 2016). In contrast, signs of sickness
failed to provoke avoidance in pigs; LPS-injected pigs and pigs diagnosed
with osteochondrosis received increased social attention by pen mates
(Munsterhjelm et al., 2017; Munsterhjelm et al.,, 2019). A sick animal
probably attracts the interest of others due to passivity and
unresponsiveness. In laying hens, inactive individuals were more likely to
become targets of both gentle and severe feather pecks than active
individuals (Riber and Forkman, 2007). As a sick animal is weakened,
others may prefer to compete with this animal for resources, as success
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is more certain than if engaging in a contest with a healthy conspecific. It
was shown in finches that males strongly preferred feeding near diseased
conspecifics (Bouwman and Hawley, 2010).

If sickness has a role in the aetiology of tail biting it must be by
increasing the likelihood of a pig becoming either a victim or a biter
(Munsterhjelm et al., 2019). My thesis is concerned with the hypothesis
that sickness increases the chance of becoming a biter. Increased
attention towards sick animals could also lead to damaging behaviour
towards them, but that has not been the main focus. In boars, tail and
ear biting tended to increase 0-2 weeks before clinical signs of respiratory
infection were visible (Munsterhjelm et al., 2017), thus, behaviour
changed already in a preclinical stage of illness. This could also be the
case in the phase of recovery when clinical signs abate. Thus, pigs might
feel irritable, which might increase the probability of becoming a biter
both before and after clinical signs of illness. In humans, neuropsychiatric
side effects such as irritability, emotional lability and short temper were
reported during cytokine therapy (Denicoff et al., 1987; Renault et al.,
1987; Capuron et al., 2000; Constant et al., 2005). These latter
symptoms might be more relevant than depression and lethargy for
understanding how the immune system can increase the likelihood of
becoming a tail or ear biter.

4.3.2 Social behaviour

It is important to disentangle the cytokine-induced sickness behaviour
from potential psychological aftereffects on social interactions in immune
stimulated animals, when motor activity has returned to normal. Social
behaviour was studied on the first and second day after the challenge, as
the aim was to describe how social dynamics change after overt sickness
has ended. The pigs manipulated mostly the ears and other body parts of
their pen mates and were frequently involved in fights. Tail manipulation
was shown to a much lesser extent. The proportions of different
manipulative behaviour observed were similar to other studies in group-
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housed pigs (Bolhuis et al., 2006; Van der Meer et al., 2017). Behaviours
that targeted body parts such as tail, ear, head and leg were defined as
“manipulative behaviour”, as the pigs had the possibility to take these
body parts into their mouth. To my understanding “manipulation” is a
more comprehensive term than simply “biting” as it includes also more
gentle touching. Severe biting which caused an immediate avoidance
reaction in the receiver was rarely observed during the experiment and
wounds on the targeted body parts were not present. It has been
discussed that a “pre-damage” state (Fraser and Broom, 1997), in which
pigs perform so called “tail/-ear-in-mouth behaviour” (Schragder-Petersen
et al., 2003; Diana et al., 2019), can develop into a “damage-state”.
Thus, the gentle tail or ear manipulation observed could be a precursor of
more severe biting behaviour. Pigs that perform tail biting also perform a
higher frequency of other abnormal behaviours (such as ear biting),
which may indicate that these different abnormal behaviours to some
extent have the same motivational background (Beattie et al., 2005;
Brunberg et al., 2011).

LPS affected the duration of ear manipulation as well as centrality
parameters for ear manipulation networks at the individual level. LPS-
injected pigs manipulated the ears of their pen mates significantly longer
compared to saline-injected pigs (Paper I) and received less frequent ear
manipulations (decrease in /n-degree centrality) by their pen mates two
days after the challenge (Paper III). This appears logical as pigs that are
involved as performers in an interaction simultaneously reduce the
probability of being involved as receivers in an interaction. LPS had no
effect on tail manipulation but it cannot be ruled out that this is due to
the lower frequency of this behaviour (and maybe less individuals
showing it at all). In a previous experiment, it was shown that LPS-
injected pigs had a shift in social motivation (seen as more ear- and tail-
directed behaviour) 40 h after the signs of acute illness dissipated and
this was not accompanied by an increase in activity (Munsterhjelm et al.,
2019). When sickness behaviour resolves, mice display depressive-like
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behaviours measured by increased immobility in the forced swim test
(FST) and tail suspension test (TST) at 24-28 h after LPS-challenge
(Frenois et al., 2007; O'Connor et al., 2009; Ge et al., 2015; Zhu et al.,
2015; Sulakhiya et al., 2016; Zhao et al., 2019). It is these psychological
aftereffects and their potential effect on social interactions that we
wanted to investigate with the current experiment in pigs.

The stronger the pigs reacted towards the LPS-challenge (indexed by
cortisol response and frequency of lying behaviour in the first 6 h after
LPS), the more they were manipulated by pen mates (ears, and tails
excepted) the subsequent days (Paper III). When it comes to interpreting
manipulation of other body parts Jensen and Wood-Gush (1984)
suggested a threatening function of "nose-to-nose" contact and
associated “nose-to-body" contact with individual recognition. Camerlink
and Turner (2013) found that nosing the tail correlated with tail biting
and nosing an ear correlated with ear biting, but nosing other parts of the
body was unrelated to such damaging forms of interaction. It is therefore
not clear whether manipulation of other body parts can be interpreted as
purely affiliative behaviour. However, it is interesting to note that LPS-
injected pigs increased ear manipulation of pen mates, which might be a
first stage towards damaging behaviour, but received attention of a kind
that has not been linked to ear and tail biting. Thus, they did not seem to
become victims following their brief bout of sickness.

At the pen level, the ears of certain individuals were more frequently
manipulated (increase in in-degree centralisation) than the rest of the
group in the two subsequent days after injection (Paper III). Network
connectivity in fighting networks increased (decrease in betweenness)
one day after injection suggesting that interactions were more evenly
spread across all group members and no single individual was responsible
for connecting a fragmented network. The results indicate that the pigs
changed the way they directed social activities and that the immune
status of individuals affected these changes. Social network analysis is a
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method that can potentially provide important insights into the effects of
sickness on social behaviour in a gregarious production animal species.

4.4 Effects of the NSAID ketoprofen on the effects of LPS
There are anecdotal reports that NSAIDs are used as a treatment for tail
biting outbreaks. Ketoprofen was used to test whether it would prevent
or attenuate adverse effects of immune activation on physiology and
behaviour, in order to better understand causality. Ketoprofen has
analgesic, anti-inflammatory and anti-pyretic effects and is licenced for
use in pigs (Fosse et al., 2011). Ketoprofen inhibits the activity of both
isoforms (1 and 2) of the enzyme cyclooxygenase (Tobetto et al., 1997),
and thereby reduces the production of PGE; in endothelial cells which is,
as the main pro-inflammatory prostaglandin, responsible for the
development of fever. The administration of ketoprofen significantly
reduced PGE; production compared to LPS-groups (Wyns et al., 2015a).
This is one possible pathway through which ketoprofen can influence
behaviour. Moreover, some NSAIDs are able to alter the expression of
NF-kB and thereby reduce subsequent cytokine expression (Peters et al.,
2012), but whether ketoprofen works in this way is not known.

In the current experiment, ketoprofen attenuated the effects of LPS on
cortisol, the acute phase response, plasma tryptophan and behavioural
signs of sickness (Paper I+II). Central monoamines were lower in LPS-
injected pigs compared to those pre-treated with ketoprofen (Paper I).
On the other hand, social behaviour, central tryptophan-kynurenine-
metabolism, as well as central cytokines were not affected by a pre-
treatment with ketoprofen (Paper I+III). Other pig studies using
ketoprofen prior or after LPS injection (Mustonen et al., 2012; Salichs et
al., 2012; Wyns et al., 2015a) reported an attenuation of behavioural
signs of sickness, a reduced PGE; production and a decrease or a lack of
increase in rectal body temperature. No effect of ketoprofen (Wyns et al.,
2015a) or flunixin (Peters et al., 2012) on the increase of plasma
concentrations of TNF-a, IL1-B and IL-6 in response to LPS were found;
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central cytokine concentrations were not measured in these studies. In
mice, the non-selective NSAIDs indomethacin and ibuprofen reversed the
effect of LPS on behaviour without changing serum concentrations and
hippocampal mRNA expression of TNF-a, IL1-f and IL-6 (Teeling et al.,
2010). The effect of NSAIDs on brain monoamines in response to
inflammation has not been studied in pigs so far. In rodents, IFN-a
increased serotonin turnover in the prefrontal cortex and dopamine
turnover in hippocampus, while pre-treatment with the NSAID diclofenac
completely prevented these effects (De La Garza and Asnis, 2003). Pre-
treatment with indomethacin attenuated LPS or IL-1 induced
noradrenaline and serotonin turnover in the hippocampus (Linthorst et
al., 1996) and the hypothalamus (Masana et al., 1990; Mefford and
Heyes, 1990). A metanalysis in human patients (n= 6262) revealed that
the use of NSAIDs and cytokine inhibitors reduced depressive symptoms
compared with placebo (Kéhler et al., 2014). The ratio of kynurenine to
tryptophan (measured in plasma), which represents the activity of IDO,
predicted the antidepressant response to NSAID therapy with celecoxib
(Krause et al., 2017).

4.5 Effects of housing environment and management on
immune system and behaviour

Damaging behaviour is a symptom of the environment not fulfilling the
needs of the pig and the effects of risk factors are cumulative (reviewed
by Nordgreen et al., 2020). In the current experiment, the pigs were kept
at the Livestock Production Research Center of NMBU. The pigs received
wood shavings and grass silage twice a day. Many studies showed that
provision of enrichment materials reduce or prevent tail biting compared
to barren environments (Petersen et al., 1995; Beattie et al., 2000; Day
et al.,, 2008). It has also been reported that environmental enrichment
modulates different aspects of the immune system (Manciocco et al.,
2011; van Dixhoorn et al.,, 2016). Enriched housed pigs had lower
haptoglobin concentrations than barren housed pigs (Scott et al., 2006;
Scollo et al., 2013; Reimert et al., 2014). Brown et al. (2018) showed an
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upregulation of genes involved in neuroprotection and synaptic plasticity
in the frontal cortex at one hour after stimulating pigs with a straw-filled
bag. Microglia activity seemed to be downregulated in enriched compared
to barren conditions, where pigs were housed in smaller pens without
additional straw (Brown et al.,, 2018). Microglia are specialised
macrophages of the CNS that play a role in neuromodulation,
phagocytosis and inflammation (reviewed by Gomez-Nicola and Perry,
2015). The pigs in the current experiment were housed at a rather low
stocking density (1.3m?/pig) compared to commercial conditions and they
had a solid lying area, which was half the size of the pen. Slatted flooring,
limited feeding space and high stocking density contribute to a higher risk
of tail biting (Moinard et al., 2003). Housing environment has also been
related to the acute phase response. The pigs in the current experiment
were housed with their siblings in the pens they were born in and were
not moved to other compartments during the study. Poor sanitary
conditions (no cleaning between batches, no preventive treatment with
antibiotics) resulted in elevated haptoglobin concentrations (Le Floc'h et
al., 2009; Le Floc'h et al., 2010; Pastorelli et al., 2012; Van der Meer et
al., 2016), a decrease in plasma tryptophan (Le Floc'h et al., 2009) and
an increase in total oral manipulation of pen mates (Van der Meer et al.,
2017). Furthermore, the feed of the pigs in the current experiment had
an optimal nutrient composition and was available ad libitum. It was
shown that pigs fed with a low protein diet showed more ear and tail
biting and other oral manipulation directed towards pen mates (Van der
Meer et al., 2017). Moreover, management practices that are common in
commercial pig production, such as mixing with unfamiliar conspecifics
after weaning, were not conducted in the present study. It has been
shown that piglets in socialized pens showed a significantly lower degree
centrality, eigenvector centrality and clustering coefficient compared to
controls (Turner et al., 2020). Regrouping causes stress and activates the
immune system as shown by elevated salivary cortisol (de Groot et al.,
2001; Merlot et al., 2004; Coutellier et al., 2007) and induced leukocyte
mobilization (Bacou et al., 2017). Overall, the housing conditions were
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rather optimal regarding the known risk factors for damaging behaviours
and they might have contributed to the low levels of tail manipulation (9
% of all social behaviour observed) in the current experiment.

4.6 Conclusion

The overall aim of my PhD was to understand how immune activation
influences brain physiology in pigs and how these physiological changes
can drive changes in social behaviour. The working hypothesis was that
episodes of acute proinflammatory signalling in pigs can, subsequent to
acute sickness, elicit longer term negative social behaviour such as tail
and ear biting. The results of Paper I showed that a single low dose of
LPS had longer-term effects on the social behaviour of pigs after recovery
from acute sickness. Social network analysis revealed behavioural
changes both at individual and group level in response to immune
activation (Paper III). No true damage was observed on the pigs maybe
due to the optimal housing conditions (as discussed in 4.5.). It was not
possible to confirm that the behavioural changes were elicited by
proinflammatory cytokines, but monoamines which are supposed to play
an important role in the regulation of mood and behaviour were
downregulated in several brain regions in the pigs that received LPS
(Paper I). Furthermore, central tryptophan and kynurenine concentrations
were altered in response to LPS and their downstream metabolites are
hypothesised to have either neuroprotective or neurotoxic effects
(dependent on the further metabolic pathway) in the central nervous
system (Paper I). The findings of Paper II added to our knowledge the
time course of adenosine deaminase activity in response to LPS,
suggesting that ADA is a promising inflammatory biomarker in pigs. The
NSAID ketoprofen can be used to attenuate the effects of a controlled
immune activation on both the HPA-axis and the acute phase response
and alleviates behavioural signs of sickness (Paper I+1I).
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5 Future perspectives

RNA sequencing

To further disentangle the effects of a controlled immune activation on
brain physiology and behaviour, it would be relevant to study the gene
expression in the sampled brain regions of different factors of interest,
such as the enzyme IDO or markers of microglia activation (such as IBA-
1). A differential gene expression analysis can detect up- or
downregulated genes in response to the LPS treatment, which would tell
us more about the pathways involved in behavioural alterations.

Field study

We have pilot data indicating that the immune status of the pig is
influenced by the housing environment. It would be interesting to test the
effect of housing, (e.g. closed barn vs barn with access to outdoor area
vs fully outdoor system) on the innate immune system, brain physiology
and behaviour of the pigs. This set up could also be used to validate ADA
in a larger sample size under field conditions. It would be further
interesting to apply SNA to behavioural data of pens with either healthy
pigs or sick pigs in order to compare their social structure.

Behavioural testing

In my PhD, I wanted to investigate the psychological aftereffects
following acute sickness and their potential effect on social interactions.
As there is no validated test to evaluate depressive-like behaviour in pigs,
it would be highly relevant to test if an acute immune activation alters
their affective states. This could be evaluated in a cognitive bias test (e.g.
spatial judgment task, Dipjan et al., 2017) in which pigs are trained to
associate one cue with a positive outcome and a second cue with a
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negative outcome (cues are spatial, visual, auditory, olfactory). During
the test, the pig is then confronted with a novel and ambiguous cue and
the response interpreted as either positively or negatively biased.

Gut-brain-axis

In my PhD, I studied the bidirectional communication between the innate
immune system and the central nervous system in relation to behaviour.
The gut-brain-axis is another bidirectional communication system that
involves the HPA-axis, the innate immune system (cytokines), tryptophan
metabolism and neurotransmitters (serotonin). Each individual has a
different composition of microbiota in its gastrointestinal tract which is
influenced by diet, genetics and other factors. In experiments with germ
free mice it has been shown that microbiota is essential for the
development of normal social behaviour (Desbonnet et al., 2014). In
laying hens, high feather pecking lines have a different gut microbiota
compared to low feather pecking lines (Meyer et al.,, 2013). The
hypothesis whether pigs that show tail or ear biting have a different
composition of gut microbes than pigs that do not develop damaging
behaviours needs to be tested (reviewed by Brunberg et al., 2016). A
recent report showed more lactobacilli in the gut microbiota of pigs that
neither bit nor were bitten compared to biters and victims (Rabhi et al.,
2020).
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Poor health is a risk factor for damaging behaviors, but the mechanisms behind
this link are unknown. Injection of pigs with lipopolysaccharide (LPS) can be used
to model aspects of poor health. Recent studies have shown that LPS-injected pigs
perform more tail- and ear-directed behavior compared to saline-injected pigs and
suggest that pro-inflammatory cytokines may play a role in these behaviors. The aims
of this study were to test the effect of LPS on the social behavior of pigs and the
neurotransmitters and modulators in their brains and to test the effect of a nonsteroidal
anti-inflammatory drug on the effects of LPS. Fifty-two female pigs (11-12 weeks) were
allocated to four treatments comprising two injections: saline-saline (SS), saline-LPS
(SL), ketoprofen—saline (KS), and ketoprofen-LPS (KL). Activity was scan-sampled
every 5min for 6h after the last injection in the pen. Social behavior was observed
continuously in 10 x 15-min bouts between 8a.m. and 5 p.m. 1 day before (baseline)
and 1 and 2 days after the injection. Saliva was analyzed for cortisol and plasma
for tryptophan and kynurenine. The frontal cortex, hippocampus, hypothalamus, and
brain stem were sampled 72h after the injection and analyzed for cytokines and
monoamines. LPS activated the HPA axis and decreased the activity within 6h after
the injection. Ketoprofen lowered the effect of LPS on cortisol release and attenuated
the behavioral signs of sickness in challenged pigs. SL pigs manipulated the ears of
their pen mates significantly longer than SS pigs 2 days after the injection. LPS had
no observed effect on IFN-y, TNF-a, and IL-18. At 72h after the injection, plasma
tryptophan was depleted in SL pigs, and tryptophan and kynurenine concentrations
in the frontal cortex and brain stem of SL pigs were significantly lower compared
to those in SS pigs. Dopamine concentrations in the hypothalamus of SL pigs
were significantly lower compared to those in SS pigs. Serotonin concentrations in
the hypothalamus and noradrenaline concentrations in the hippocampus of SL pigs
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were significantly lower compared to those in KL pigs. In conclusion, LPS influenced the
different neurotransmitters and modulators in the brain that are hypothesized to play an
important role in the regulation of mood and behavior.

Keywords: lipopolysaccharide (LPS), ketoprofen, social bel

tryptophan, monoamines

INTRODUCTION

Sickness in humans and other mammals affects many aspects
of behavior, including failure or inability to participate in
subsistent activities and social interactions due to malaise, pain,
and weakness (1). Typically, sick individuals employ health-
restoring and rehabilitative strategies such as the avoidance of
activity, conservation of energy, limiting of social interactions,
reduction of food intake, and seeking rest. In commercial pig
production systems, animals housed in close confinement cannot
withdraw from their pen mates when they experience a bout of
illness, and this might influence their social interactions. The
behavioral components of sickness represent, together with the
fever response and the associated neuroendocrine changes, a
highly organized strategy of the organism to fight an infection
[reviewed by Konsmann et al. (2)]. Infectious microorganisms
that invade the body encounter, as a first line of defense,
macrophages that express toll-like receptors (TLRs). They bind
to extracellular pathogen-associated molecular patterns such
as lipopolysaccharide (LPS), a cell wall component of Gram-
negative bacteria, and initiate the transcription and release of
pro-inflammatory cytokines into the blood stream (3). Of these
cytokines, mainly interleukin 1-B (IL1-B), interleukin 6 (IL-
6), and tumor necrosis factor alpha (TNF-a) elicit a sickness
behavior, which is characterized by social withdrawal, lethargy,
and loss of thirst and appetite (4).

An injection with LPS can be used to model aspects of
sickness. Recent studies in pigs indicate changes in behavior
and brain physiology after an injection of LPS (5, 6). At 2
days post-injection, the LPS-injected pigs exhibited a shift in
social motivation and performed more tail- and ear-directed
behavior than saline-injected pigs (5). At 3 days post-injection,
the LPS-injected pigs had higher levels of IFN-y in their
frontal cortex, a tendency toward an elevation of IL-18 in
their right hippocampus, and lower levels of noradrenaline in
their hypothalamus, hippocampus, and frontal cortex compared
to the saline-injected pigs (6). The downregulation of central
monoamines that play an important role in the regulation of
mood is one of the possible pathways through which cytokines
can influence behavior (7, 8).

Another possible pathway for the cytokines to influence
behavior is through the induction of the enzyme indolamine 2,3-
deoxygenase (IDO) (9) by IEN-y and TNF-a. IDO metabolizes
tryptophan (TRP) to kynurenine (KYN), which is further
metabolized into different neuroactive components. IDO is a
critical molecular mediator of inflammation-induced depressive-
like behavior. In rodents, it has been shown that a blockade
of IDO activity prevents the development of depressive-like

ior, cytokines, kynurenine,

behavior, whereas administration of KYN induces a depressive-
like behavior (10). A relationship between depressive symptoms
and peripheral blood levels of TRP and KYN during IFN-a
treatment has been reported in humans (11).

Modulation of the immune response by drugs is of major
interest in human and veterinary medicine. Nonsteroidal anti-
inflammatory drugs (NSAIDs) are candidate substances for
blocking the effect of immune activation on behavior. This
drug class targets cyclooxygenases (COX) and reduces pain and
decreases fever and inflammation through the inhibition of
prostaglandin synthesis (12). Additionally, some NSAIDs are
able to alter the expression of NFkappaB (13), a transcription
factor that is activated by the binding of LPS to TLR-4 (14),
and thereby reduce subsequent cytokine expression. Ketoprofen,
which inhibits the COX-1 and COX-2 enzymes (15), is a
commonly used NSAID in veterinary medicine and has been
repeatedly established as a major anti-inflammatory drug in pigs
(16, 17). An effect on NFkappaB has not been shown, but other
effects apart from COX inhibition and PGE2 reduction cannot be
ruled out (18).

Most studies of LPS effects focus on a relatively short time
period (24h) and rarely describe social behavior in detail (9,
19, 20). In recent LPS studies on social behavior and brain
physiology, pigs were either housed in groups of three (5)
or singly (6). Thus, the complexity of social interactions that
could be studied was limited. The pig is a gregarious species,
and investigation of their social behavior in larger groups
would increase the understanding of how immune activation
can influence social dynamics and the likelihood of damaging
behaviors. These behaviors are a major welfare challenge in
commercial pig husbandry, and a positive correlation with poor
health has been reported (21, 22). Therefore, we tested the
effect of a controlled immune activation with LPS on brain
physiology and social behavior in pigs housed in groups of six. In
addition, we tested the effect of ketoprofen intervention on the
physiological and behavioral effects of LPS.

We hypothesized that a controlled immune activation
would lead to changes in behavior thought to increase the
risk of tail biting or ear biting and that these changes
would be associated with changes in neurotransmitter and
neurotransmitter precursor levels. We predicted that LPS would
first decrease activity and then lead to a more manipulative
behavior toward pen mates. Because downregulation of central
monoamines and plasma TRP depletion are possible pathways
through which cytokines can influence behavior, we predicted
that LPS would decrease the levels of noradrenaline, serotonin,
and dopamine and increase the cytokine levels in the CNS
compared to healthy controls. We also predicted an increase in
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peripheral and central kynurenine and a corresponding decrease
in tryptophan. NSAID treatment was predicted to attenuate the
effects of immune activation on neurotransmitter and cytokine
levels and on behavior.

MATERIALS AND METHODS

Animals and Husbandry

The national animal research authority approved the experiment
(FOTS ID 15232). The experiment took place between March 23
and May 15, 2018 at the Livestock Production Research Center of
the Norwegian University of Life Sciences (NMBU), As Campus.
Seventy-eight pigs aged between 11 and 12 weeks were used in
the study (52 females and 26 castrated males). Only the females
were included in the treatment or control groups, and their
average weight on the day before treatment was 33.9 £+ 9.7kg.
The pigs were group-housed by litter with six pigs per pen (four
females and two males), resulting in 13 pens in total, at a stocking
density of 1.3 m” per pig. The four female pigs in each pen were
randomly allocated to one of four treatments each so that all
treatments were represented in all pens, resulting in 13 pigs per
treatment. The male pigs were companion pigs used to increase
the stocking density and group size. The pigs in each pen had
visual and limited tactile contact with pigs from an adjoining
pen. The lying area (2.4 m x 1.6 m) had a concrete floor; the rest
of the pen (2.4m x 1.6m) was fully slatted. The pigs were fed
pellets ad libitum, with an animal-to-feeding-place ratio of 3:1
and a diet composition of 15.5% protein, 9.0 g calcium, and 1.9g
sodium (IDEAL S Die Ekstra, produced by Norgesfor, Mysen,
Norway). Each pen had three nipple drinkers. The staff provided
two handfuls of wood shavings per pen, spread on the lying area,
and two handfuls of grass silage twice per day (one handful in a
rack and one handful on the floor of the lying area, respectively).
The slatted area in each pen was equipped with a water sprinkler,
which turned on every 10 min for 20s. Lights were on between
6a.m. and 10 p.m. During the night, the room was dimly lit by
night lights. Average ambient temperature in the unit was set
to 20°C.

Experimental Design and Sampling

Procedures

The four treatments consisted of four substance combinations:
saline-saline (SS), saline-LPS (SL), ketoprofen-saline (KS), and
ketoprofen-LPS (KL). The first substance was administered
intramuscularly (i.m.) in the neck and the second substance
intravenously (i.v.) through an ear vein catheter 60 £+ 14 min
afterwards on average. The pigs were humanely killed at 72h
after the intravenous injection using a mixture of tiletamine
and zolazepam (Zoletil Forte vet.), medetomidine (Domitor
vet.), and butorphanol (Dolorex vet.), followed by pentobarbital
(Eutasol vet.). Details on drug dosages, suppliers, and routes of
administration are given in Table 1. Each pen was equipped with
one camera placed centrally on the ceiling above the pen. The
pigs were individually marked on the back, and video recordings
of behavior ran continuously throughout the experiment using
the Media Recorder system from Noldus (Wageningen, The
Netherlands). Saliva samples were taken at baseline (between

08:30 and 10:45) and at 4, 24, 48, and 72 h after the intravenous
injection. Each pig chewed on a dental cotton pad suspended on a
dental cord until it was moistened [modified from Munsterhjelm
et al. (23)]. Each pad was fixed within the upper part of a 10-ml
sampling tube and centrifuged for 5min at 1,000 x g to extract
the saliva. Saliva was pipetted to 2-ml Eppendorf tubes and stored
on dry ice until it was moved to a freezer set at —80°C at the
end of a sampling day. Blood samples were taken through a 1-
ml syringe from a temporarily placed ear vein catheter (20G,
Becton Dickinson Infusion Therapy AB, Sweden) at baseline
(between 10:00 and 14:00) and 72 h after the i.v. injection of LPS
or saline. The catheter was removed directly after the procedure.
The blood was immediately transferred to 2-ml EDTA tubes and
centrifuged for 10 min at 1,000 x g. The plasma was pipetted to
2-ml Eppendorf tubes and stored on dry ice until it was moved to
a freezer set at —80°C at the end of a sampling day. Brain samples
were taken 10 & 2 min on average after euthanasia (i.e., 72 h after
i.v. injection of LPS or saline). The head was removed from the
body, and the skull was opened using a wood saw designed to
cut when pulled toward the operator and chisel. The brain was
removed, and the frontal cortex (left and right), hippocampus
(left and right), hypothalamus (left and right), and brain stem
(left and right) were collected. The frontal cortex was sampled
by placing a transverse section ~2 cm caudal to the apex of the
frontal lobe. The hippocampus was obtained by blunt dissection
after having cut through the corpus callosum to separate the left
and the right hemispheres down to the level of the thalamus.
The hypothalamus was collected by using the optic chiasm and
the corpus mammilare (included in the sample) as anatomical
reference points. Underlying tissue was included by placing two
section lines at 45° to the imaginary line between the optic chiasm
and the corpus mammilare so that the tissue block resembled
a triangle. The brain stem was sampled to include both the
locus coerulus and the raphe nuclei. Rostrally, the brain stem
sample was delimited by a diagonal cut placed from the end of
the hypothalamus sample ventrally to just caudal to the inferior
colliculi (not included in the sample). Caudally, the brain stem
sample was cut approximately at the caudal end of the pons. The
samples were snap-frozen in isopentane on dry ice and moved to
a freezer set at —80°C at the end of a sampling day.

Video Analysis
All behavioral recordings were analyzed using the Observer XT
14.1 from Noldus (Wageningen, The Netherlands).

Behavioral Signs of Sickness

Behavioral signs of sickness were observed on the day of
injection, referred to as DAY1, by one observer (JV) who was
blinded to the treatment. Instantaneous scan sampling was
performed every 5min for 6h after the injection of the last
pig in the pen for all treatment and control pigs. All 13 pens
were included in the analysis. The ethogram used is displayed in
Table 2.

Social Behavior
Continuous observation of performers and receivers of social
behavior at certain intervals during the day was performed
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TABLE 1 | Overview of substances used for each procedure, with dose, and route of administration indicated.

Substance Generic name, concentration, Dose per kilogram body Procedure
and supplier weight and route of
administration
Butorphanol Dolorex MSD Animal Health (10mg ml~"), The 0.18mg kg™ IV Anesthesia prior to euthanasia
Netherlands
Ketoprofen Romefen vet (100mg mi~") 6mgkg~! IM Treatment
Ceva Santé Animale, France
Lidocaine Xylokain 5% ointment Topical Topical application prior to
Aspen Pharma Trading Ltd., Irland catheterization of the ear vein
Lipopolysaccharide Serotype 0111: B4 of Escherichia coli dissolved in 1.2 ngkg " IV Treatment
0.9% sterile saline to a concentration of 100 wg
mi~!
Sigma, Germany
Medetomidine Domitor vet. (1mg mi~1) 0.06mg kg~ IV Anesthesia prior to euthanasia
Orion Pharma International, Finland
Sodium chloride 9mg ml~" v Control treatment
Sodium pentobarbital Euthasol vet. (400mg mi~1) 140mg kg~ IV Euthanasia
Le Vet, The Netherlands
Tiletamine Zoletil Forte vet. (50mg mi~") 2.84mgkg~" IV Anesthesia prior to euthanasia
Virbac, Norway
Zolazepam Zoletil Forte vet. (50mg mi~") 2.84mgkg~" IV Anesthesia prior to euthanasia

Virbac, Norway

TABLE 2 | Ethogram for behavioral signs of sickness.

Behavior Description

Lying lateral Lying on the flank with the head resting on the
ground and not moving; body (parts) may
make rapid, sudden, short-lasting movements
Lying sternal Lying on the sternum with the head resting on
the ground; body (parts) may make rapid,

sudden, short-lasting movements

Lying alert Lying (on flank or sternum) with the head up

Feeding Snout in feeder

Active Any active behaviors in standing position
except feeding, including moving, exploration,
social behavior, drinking, elimination, and
comfort behavior

Interruption Person is in the pen; scan not included in data

analysis

by one observer (CV) who was blinded to the treatment and
day of experiment. The sampling scheme for the baseline
day (1 day before injection), referred to as DAYO, was four
15-min intervals in the morning (08:00-08:15, 08:30-08:45,
09:00-09:15, and 09:30-09:45) and six 15-min intervals in the
afternoon (14:00-14:15, 14:30-14:45, 15:00-15:15, 15:30-15:45,
16:00-16:15, and 16:30-16:45). The same sampling scheme was
applied on the day after the injection, referred to as DAY2,
and on the second day after the injection, referred to as DAY3.
The day of injection itself (DAY1) was not of interest for
observation as social behavior was interrupted due to handling
for injections and saliva and blood sampling. The sampling

scheme resulted in 150 min of continuous observation per pen
for each of the days DAYO, DAY2, and DAY3. If a person
entered the pen within a 15-min observation interval (e.g., due
to saliva sampling, silage feeding, cleaning of pen, marking
and weighing of pigs), the observation was postponed until
the person had left the pen, and the interval was extended to
obtain 15 min of observation. Due to the inadequate quality of
the video material from one pen (which was too brightly lit to
identify back markings), only 12 out of 13 pens were included
in the analysis. The ethogram for social behavior is displayed in
Table 3.

Lab Procedures and Measurements

Cortisol

Cortisol in saliva was measured using an enzyme immunoassay
kit (DetectX®, Catalog Number K0033-H5W, Arbor Assays,
MI, USA). The saliva samples were thawed and centrifuged at
4°C at 2,500 x g for 20 min. The kit reagents were prepared
according to the manufacturer’s protocol. In total, 30 pl of
each sample was transferred to Eppendorf tubes, diluted by
adding 120 pl of assay buffer (1:4 dilution), and vortexed.
All samples were measured within 2h of preparation. All
standards, nonspecific binding wells, blanks, and samples were
run in duplicate. Treatments were distributed randomly over the
plates. In total, 50 wl of samples, quality controls (high/low),
or standards were pipetted into appropriate wells (96-well
plate). Each well then received 25 pl of DetectX® cortisol
conjugate, followed by 25 pl of DetectX® cortisol antibody
(except for low-quality controls), using a repeater pipette. After
incubating the plate on a shaker at room temperature for
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TABLE 3 | Ethogram for social behavior.

Behavior Description

Tail Touching the tail of another pig with the snout,

manipulation including taking the tail into the mouth

Ear Touching the ear of another pig with the snout,

manipulation including taking the ear into the mouth

Flank nosing Touching the flank region (upper part of the lateral
side of the body from the beginning of the shoulder
until the end of the body, except the tail) of another
pig with the snout

Belly nosing Repetitive up-and-down movements on the
abdomen of another pig that is lying or standing

Manipulation Touching body parts of another pig with the snout

of other body except for tail, ear, belly, and flank region (e.g.,

parts head, legs, back), including taking the body parts
into the mouth
Fighting Biting, hitting, and knocking of another pig with the
head; includes chasing performed immediately after
biting, hitting, and knocking; includes parallel
pressing after a knock, hit, or bite. The pig that
initiates the fight is the performer; the pig that is
being attacked is the recipient

Displacement Pushing away another pig without fighting (as
defined above); results in the active movement of
the recipient and getting access to a resource (e.g.,

silage, lying space, drinker) for the performer

1h, the plate was aspired, and each well was washed four
times with 300 pl of wash buffer. Then, 100 pl of 3,3,5,5-
tetramethylbenzidine solution was added to each well, and the
plate was incubated for 30 min at room temperature. After
this time, 50 pl of stop solution (1M hydrochloric acid)
was added before the optical density of each well was read
with the Sunrise Absorbance Reader (Tecan Austria GmbH,
Grodig/Salzburg, Austria) at 450nm using the Magellan 6.4
software. Mean coefficient of variation varied between 4.69 and
7.63%. Sensitivity was determined as 27.6 pg ml~!, and limit
of detection was determined as 45.4 pg ml~! according to
the manufacturer.

Homogenization of Brain Tissue

The frozen brain tissue blocks were mechanically homogenized
using a pestle and a mortar that was placed on dry ice and
filled repeatedly with liquid nitrogen to keep the sample frozen.
The pulverized brain tissue was transferred into 2-ml round-
bottomed Eppendorf tubes and weighed. Ten tubes with tissue
from the frontal cortex (five left and five right), hippocampus
(five left and five right), and brain stem (five left and five right),
respectively, and six tubes with tissue from the hypothalamus
(three left and three right) were collected and stored at —80°C
until analysis.

Cytokines

For cytokine analysis, a 500-mM phenylmethylsulfonyl fluoride
(PMSF) solution was prepared by dissolving 0.436 g PMSF
in 5ml dimethylsulfoxide. PMSF solution (80 pl) was
added to a lysing solution that contained cell lysis buffer

(19.8 ml) and factor 1 (80 pl) and factor 2 (40 pl) of a cell
lysis kit (Bio-Rad, #171-304011). In total, 500 pl of the
prepared lysis solution and a 5-mm tungsten bead were
added to each sample tube (one tube per brain region).
The samples were mechanically homogenized at room
temperature for 4min at 20Hz using the TissueLyser 2
(Cat. No 85300, Qiagen). The homogenate was centrifuged
at 4,500 x g for 20min at 4°C (Heraeus Multifuge 3SR+
Centrifuge, Thermo Fisher Scientific, MA, USA). The
supernatant was transferred to new Eppendorf tubes and
stored at —20°C.

Cytokines in brain tissue were measured by a Milliplex
MAP Porcine Cytokine and Chemokine Magnetic Bead Panel
Immunology Multiplex Assay, including the cytokines interferon
gamma (IFN-y), tumor necrosis factor alpha (TNF-a), and
interleukin 18 (IL-18) (PCYTMAG-23K; Merck, Norway). The
rationale for including these cytokines was based on previous
findings (6). Treatments were distributed randomly over the
plates. The supernatant obtained from the homogenization
of brain tissue was thawed for 10 min at room temperature,
centrifuged at 4°C at 4,500 x g for 10 min and transferred to
new Eppendorf tubes. The kit reagents were prepared according
to the manufacturer’s protocol. The thawed supernatant (50 j11)
was transferred into new Eppendorf tubes and diluted by adding
49 pl assay buffer and 1 pl bovine serum albumin solution (20
%, Sigma-Aldrich, USA). In total, 25 pl of each standard or
control was added to the appropriate wells using assay buffer
for the 0-ng-ml~! standard (background). In total, 25 I of
serum matrix solution was added to the background, standards,
and control wells. In total, 25 pl of assay buffer and 25 pl of
sample (neat) were transferred to the appropriate sample wells.
In total, 25 pl of the mixed beads were transferred to each
well, and the plate was incubated on a plate shaker at 2-6°C
overnight. The well contents were removed after resting the plate
on a hand-held magnet, and each well was washed three times
with 200 pl of wash buffer. The plate was incubated for 2h
with 50 pl detection antibodies per well at room temperature.
This step was followed by 30min of incubation with 50 wl
streptavidin-phycoerythrin and another washing step. The well
content was suspended in sheath fluid, and the plate was run
with the Luminex100 (Bio-Rad, Hercules, CA, USA) using the
BioPlex Manager 6.0 software (Bio-Rad, Hercules, CA, USA).
Sample wells with a bead count <20 were excluded from further
analysis. For TNF-a, ca. 50% of the analyzed samples was
below the lower limit of detection (LOD), and the calculated
cytokine concentrations were consequently censored by the
analysis software. Therefore, we used fluorescence intensity (FI)
values for further analysis [see Nordgreen et al. (6) for further
explanation]. Mean coefficient variation was 9.97% for IFN-y
(with all wells included, the range was 0-62.51), 9.50 for TNF-
o (with all wells included, the range was 0-96.17), and 12.30
for IL-18 (with all wells included, the range was 0-78.0). The
minimum detectable concentration was 0.042 ng ml~! for IFN-
v, 0.006 for TNF-q, and 0.012 for IL-18. In order to correct for
sample weight, the values for observed concentration (divided by
two) and the values for fluorescence intensity were divided by the
sample weight.
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Monoamines, Tryptophan, and Kynurenine

A sensitive and  selective  high-performance  liquid
chromatography-electrospray ionization-tandem mass
spectrometry (HPLC-ESI-MS/MS) method for quantification
of several neurotransmitters, amino acids, and their metabolites
was developed by co-author DD. These included TRP and
its metabolite KYN, the three neurotransmitters dopamine
(DA), serotonin (5-HT), and noradrenaline (NA), and
their respective metabolites 3,4-dihydroxyphenyl-acetic acid
(DOPAC), homovanillic acid (HVA), 5-hydroxyindoleacetic acid
(5-HIAA), and 3-methoxy-4-hydroxyphenylglycol (MHPG).
The pure compounds and their respective corresponding stable
isotope-labeled standards were provided from CDN Isotopes
(Quebec, Canada), Sigma-Aldrich (Darmstadt, Germany),
and TRC (Toronto, Canada). All chemicals were of at least
HPLC-grade and supplied by VWR International (Fontenay
sous Bois, France). All samples were thawed on ice, and the
respective corresponding isotope-labeled internal standards
were added according to the weight/volume of each sample.
The brain samples (sample size: 20-500 mg) were homogenized
with acetonitrile 1:5 (v/w) on ice and then centrifuged at
12,000 x g for 30min at 4°C. The plasma samples (sample
size: 15 to 50 pl) were precipitated with acetonitrile 1:5 (v/v)
after addition of the internal standard mixture. After being
vortexed for 30s and centrifuged at 12,000 x g for 15min,
50 pl of plasma samples and, respectively, 100 pl of brain
samples supernatants were subsequently transferred into a new
15-ml polypropylene centrifuge tube and evaporated to dryness
at 40°C under a nitrogen stream in a water bath (Zymark
Turbo Vap LV, Oregon, USA) (24, 25). The dry residue was
reconstituted in 100 1 dilution solution of 10% methanol/water
(v/v) with 0.1% formic acid and 0.05% ascorbic acid, filtered
with Spin-X centrifuge tube filter, 0.22 um (Costar, UT, USA),
and transferred to a HPLC vial with insert (Agilent, Santa Clara,
CA, USA). The HPLC-ESI-MS/MS system was performed using
an Agilent 1100 setup consisting of a binary pump, degasser,
and autosampler with thermostat (Agilent Technologies, Santa
Clara, CA, USA) coupled to an API 4000 triple-quadrupole
mass spectrometer (AB Sciex, Ontario, Canada) equipped with
a turbo ion spray. The temperature of the autosampler was
set at 5°C. Chromatographic separation was carried out on a
reversed-phase Synergy-Fusion column, 100mm x 2.1 mm,
2.5-pum particles (Phenomenex, CA, USA), with a Fusion-RP
guard column. The column running temperature was 25°C.
The mobile phase consisted of 0.1 % acetic acid in water
(A) and acetonitrile/methanol (50% v/v) (B). The separated
compounds were detected in positive and negative electrospray
ionization-multiple reaction monitoring mode using the
respective [M+H] " (protonated) and [M-H]~ (deprotonated)
ions in two separate run analyses, selecting one precursor ion
to two product ion transitions for each compound. The positive
ion transitions used for quantification were as follows: DA
(m/z 154 > 137), DA-d4 (m/z 158 > 141), 5-HT (m/z 177 >
160), 5-HT-d4 (m/z 181 > 164), NA (m/z 170 > 107), NA-d6
(m/z 176 > 111), TRP (m/z 205 > 188), 13C-TRP (m/z 206
> 189), d5-TRP (210 > 192) (used for plasma samples only),
KYN (m/z 209 > 192), and KYN-d4 (m/z 213 > 196). The

negative ion transitions used for quantification were as follows:
DOPAC (m/z 167 > 123); DOPAC-d5 (m/z 172 > 128); HVA
(m/z 181 > 137), HVA-d5 (m/z 186 > 142), 5-HIAA (m/z
190 > 146), 5-HIAA-d5 (m/z 195 > 151), MHPG (m/z 183 >
150), and MHPG-d3 (m/z 186 > 150). The software used for
controlling this equipment and for acquiring and processing
the data was Analyst Version 1.7 (AB Sciex, Ontario, Canada).
Since the analytes are endogenous components in biological
matrices, the validation parameters (detection limit, linearity,
precision, accuracy, recovery, and matrix effects) (26) were
determined by spiking the brain homogenate and the plasma as
matrices, with the corresponding stable isotope-labeled standard
analogs of each compound as surrogate standard (27). Standard
stock solutions were prepared in methanol at 1mg ml~!,
except kynurenine, which was dissolved in dimethyl sulfoxide.
Working solutions were prepared in dilution solution [10%
methanol/water (v/v) with 0.1% formic acid and 0.05% ascorbic
acid]. All the solutions were stored at —20°C. The calibration
standards were prepared in dilution solution as surrogate matrix
based on the correction factors calculated for each compound
related to their respective matrix effects and recovery values (27).
The linear ranges were as follows: 0-500 ng ml~! for DA, 0-3,000
ng ml~! for NA, 0-2,000 ng ml~! for 5-HT, 0-250 ng ml~! for
KYN, 0-5,000 ng ml~! for TRP, 0-250 ng ml~! for DOPAC,
0-200 ng ml~! for MHPG, 0-500 ng ml~! for HVA, and 0-350
ng ml~! for 5-HIAA, respectively, corresponding to 50 mg brain
tissue scales, and 0-500 ng ml~! for KYN and 0-15,000 ng
ml~! for TRP corresponding to 50 pl plasma. The calibration
curves were constructed based on the peak area ratio of the
analytes to internal standards vs. the nominal concentration ratio
(analyte to internal standard). The concentration in each sample
was calculated using the peak area ratio and linear regression
analysis. The response for each compound was linear and gave
a correlation coefficient of 2 > 0.99. LOD was based on 3x
signal-to-noise ratio, and a lower limit of quantification (LLOQ)
was determined as the lowest concentration validated. LLOQs
ranged between 1 and 10 ng ml~! for all the compounds. Two
quality control samples were used for each run of analysis and
prepared in a real brain homogenate by spiking with a known
concentration of each analyte in order to evaluate the inter-assay
precision and accuracy of the method (94.41 + 5.88-112.58 &
5.73%). The extraction recoveries were between 50 and 95%
for all analytes, except 5-HIAA with 20%. The use of the stable
isotope-labeled internal standard is one of the approaches to
correct for matrix effects and improve the accuracy and precision
of the analytical method.

Statistical Analysis

The significance level for all analysis was set at p < 0.05. Standard
deviations were used. Residuals were checked for normality and
homogeneity of variance by visual inspection of plots. If they
did not fulfill either of these criteria, raw data were transformed.
Main effects are not presented when the interaction was in focus
to answer the research question. A priori planned contrasts were
used after running the main models as we had predefined the
hypotheses to test [for further explanation, see Doncaster and
Davey (28)].
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Behavioral Data

Behavioral data were analyzed using mixed models in JMP Pro
14.3.0 (SAS, NC, USA). The removal of outliers did not improve
the respective model fit (Akaike information criterion, AIC);
thus, they were included in further analysis. For behavioral signs
of sickness, the frequency of the respective behavioral pattern
(lying lateral/sternal/alert, feeding, being active) was used as
dependent variable, and the treatment (SS, SL, KS, KL), the hour
after the injection (1, 2, 3, 4, 5, and 6h), and the interaction
of both were used as independent fixed effects. Pig nested in
treatment was included as a random variable in all models. For
planned comparisons between treatment groups at the different
time points, Students ¢-test was used after running the main
model. We compared SL with SS to elucidate the effect of LPS
on behavioral signs of sickness. In addition, the comparison of SL
and KL should answer the question whether ketoprofen alleviates
the effects of LPS. Furthermore, it was relevant to compare SS
with KS in order to see whether ketoprofen has an effect even in
pigs that are not sick.

For social behavior, the frequency and duration of each
behavioral pattern performed and received (manipulation of
tail/ear/other body parts, nosing of belly/flank or fighting and
displacement) were skewed to the right, the model residuals did
not confirm with the criteria listed in “Section Statistical analysis,”
and the raw data were therefore square root-transformed.
The square root of frequency and duration of the respective
behavior was used as dependent variable and treatment (SS,
SL, KS, and KL) and day in relation to LPS injection (DAYO0,
DAY2, and DAY3) as fixed effect. The interaction between
treatment and day was included in the model as the factor
of most interest for testing our hypothesis of an effect of
LPS and ketoprofen on the dependent variables. Pig nested in
treatment was included as a random variable in all models.
For planned comparisons, Student’s ¢-test was used. In a first
step, we compared SL with SS, SL with KL, and SS with
KS within each day. If any of these pairwise comparisons
were significant, we compared within-group differences between
baseline and the day at which the significant treatment effect
was found.

Physiological Data

Physiological data (cortisol, cytokines, tryptophan, kynurenine,
monoamines) were analyzed using mixed models in JMP Pro
14.3.0 (SAS, NC, and USA). The removal of outliers did not
improve the respective model fit (AIC); thus, they were included
in further analysis.

For salivary cortisol, the square root of the observed
concentration (ng ml™!) was used as dependent variable and
treatment (SS, SL, KS, and KL) and sampling time point in
relation to iv. injection (TO, T4, T24, T48, and T72) as fixed
independent variables. The interaction between treatment and
sampling time point was included in the model as the factor
of most interest for testing our hypothesis of an effect of
LPS and ketoprofen on the dependent variable. Pig nested in
treatment was included as a random variable in the model. For
planned comparisons of group means at the same time points,
Student’s ¢-tests was used on the LSmeans after running the full

mixed model. We compared SL with SS, SL with KL, and SS
with KS.

For brain cytokines, the square root of the observed
concentration (ng g~!) of IEN-y and IL-18 and the FI of TNF-a
were used as dependent variables. The treatment (SS, SL, KS, and
KL) and the hemisphere (left, right) were fixed effects. The time
span (TIME) between death of the respective pig until the last
brain sample was collected and frozen was included as a covariate
in all models. In case of nonsignificance, TIME was removed
from the final model. Pig nested in treatment was included as
a random variable in all models. For planned comparisons of
treatments, Student’s ¢-test was used. We compared SL with SS,
SL with KL, and SS with KS. Analyses were run for each brain area
separately as a difference between brain areas was not of interest.

For tryptophan and kynurenine, the observed concentration
(ng ml™! in plasma and ng g~! in brain tissue) and the
kynurenine-tryptophan ratio (calculated as KYN/TRP) were
used as dependent variables. The ratios between KYN and TRP
were calculated as a ratio between the mol mg~! or mol ml™!
of each of the analytes included in the ratio. For modeling
the plasma concentrations of the respective analyte, treatment
(SS, SL, KS, and KL) and sampling time point (TO0, T72)
were used as independent variables. The interaction between
treatment and sampling time point was included in the model
as the factor of most interest for testing our hypothesis of an
effect of LPS and ketoprofen on the dependent variable. For
modeling brain concentrations, treatment (SS, SL, KS, and KL)
and hemisphere (left, right) were used as independent variables.
TIME from euthanasia until the brain tissue was frozen was
included as covariate in all models and removed in case of
non-significance. Pig nested in treatment was included as a
random variable in all models. For planned comparisons of
treatments, Student’s t-test was used. We compared SL with
SS, SL with KL, and SS with KS. Analyses were run for each
brain area separately as a difference between brain areas was
not of interest. For correlations between the concentrations in
plasma and brain tissue at 72h after the injection, Spearman
rank coefficient was used. In total, 37 pigs were included in
this analysis.

For brain monoamines, the observed concentration (ng g~!)
of the respective analyte (DA, NA, 5-HT) as well as the ratio
between metabolite(s) and mother substance were used as
dependent variables. Dopamine turnover [calculated as (DOPAC
+ HVA/DA)], serotonin turnover (calculated as 5-HIAA/5-HT),
and noradrenaline turnover (calculated as MHPG/NA) were
calculated as an index for the activity of the dopaminergic,
serotonergic, and noradrenergic systems. High levels indicate a
higher activity in the respective system. Ratios were calculated
based on moles per milligram of the respective analytes.
Treatment (SS, SL, KS, and KL) and hemisphere (left, right) were
used as independent variables. TIME was included as covariate
in all models and removed in case of nonsignificance. Pig nested
in treatment was included as a random variable in all models. For
planned comparisons of treatments, Student’s ¢-test was used. We
compared SL with SS, SL with KL, and SS with KS. Analyses were
run for each brain area separately as a difference between brain
areas was not of interest.
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RESULTS

Behavioral Signs of Sickness

LPS had an effect on general activity, feeding, and lying
behavior, and ketoprofen attenuated these effects (Figure 1). LPS-
injected pigs (SL) were significantly less active [F(treatment x
hour) 15240y = 0.98, p = 0.47] than saline-injected pigs (SS) at
3h (planned comparison: p = 0.017), 4h (p = 0.002), and 5h (p
= 0.006) after the challenge. Feeding was depressed at the same
time points [F(;5,40) = 1.45, p = 0.13, planned comparison: 3 h:
p=0.01,4h: p=0.004, 5 h: p = 0.002]. SL pigs compared to SS
pigs lay more frequently with their heads up [F(;5240) = 3.01, p =
0.0002] at 2 h (p = 0.009) and lay more sternally [F(;540) = 1.01,
p=0.44)at4h (p=0.017) and 5h (p = 0.004). LPS-injected pigs
that received ketoprofen (KL) were significantly more active than
untreated, LPS-injected pigs (SL) at 1 h (planned comparison: p

=0.0025), 4h (p = 0.0025), 5h (p = 0.0003), and 6 h (p = 0.013)
after the challenge. This corresponds to the finding that SL pigs
showed more sternal recumbency compared to KL pigs at 1h (p
= 0.021) and 5h (p = 0.007) and were lying more on the side
[Fsaa0) = 1.55, p = 0.09) at 3h (p = 0.034), 5h (p = 0.0018),
and 6 h (p = 0.039) after the challenge.

Social Behavior

The frequency and duration of all performed and received
behaviors observed are displayed in the Supplementary Table A.
There was a considerable variation within each group for the
duration of the experiment. LPS had an effect on the duration
of performed ear manipulation [F(treatment x day)ess) =
1.49, p = 0.19] but not on any other behavioral pattern
observed (Figure 2). The LPS-injected pigs were manipulating
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the ears of their pen mates significantly longer (median =
118.82s; min = 0 | max = 542.365s) than the saline-injected
pigs (37.38; 0 | 97.72) 2 days after the injection (planned
comparison: p = 0.022). Ketoprofen had no effect on social
behavior, neither in LPS-injected pigs nor in saline-injected
controls. All results of the analysis of variance are displayed in the
Supplementary Table B.

Cortisol

LPS activated the hypothalamic-pituitary-adrenal (HPA) axis
and ketoprofen reduced this effect [F(treatment x time
point)(12,1828) = 4.65, p < 0.001; Figure 3]. At 4h after the

injection, salivary cortisol was significantly higher in SL pigs
(mean & SD = 1.07 & 0.59 ng ml~!) compared to KL pigs (0.64 +
0.68 ng ml~!; planned comparison: p < 0.001) and SS pigs (0.42
+0.62ng ml~; p < 0.001).

Cytokines

The descriptive results of all cytokine concentrations according
to brain region are displayed in Table 4. LPS had no observed
effect on the measured brain cytokines in the regions examined
at 72 h after the injection. The measured concentration of IFN-y
did not differ between treatments and hemispheres in the frontal
cortex (n = 100 samples), hippocampus (1 = 100), hypothalamus
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FIGURE 2 | Duration (s) and frequency of performed ear manipulation (blue and green boxplot, respectively) and tail manipulation (red and lilac) at baseline (DAY0) and
at the first (DAY2) and second day (DAY3) after injecting the pigs with ketoprofen-lipopolysaccharide (LPS), ketoprofen—saline, saline-LPS, and saline-saline. Round
dots indicate outliers. Significant differences of planned comparisons between treatments (p < 0.05) are marked with an asterisk.
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(n=97), and brain stem (1 = 104). A hemisphere effect on TNF-
a FI for the brain stem (n = 104) was seen [F(hemisphere)(; 51
= 5.51, p = 0.02]. The TNF-a FI levels were significantly higher
in the right hemisphere (mean 4 SD = 0.77 & 0.26) compared
to the left hemisphere (0.66 % 0.25), although no treatment
difference was observed. Neither treatment nor hemisphere had
an effect on TNF-a FI levels in the frontal cortex (n = 100),
hippocampus (n = 100), and hypothalamus (n = 98). Ketoprofen
had an effect on IL-18 concentration in the brain stem (n =
104), [F(treatment)(3 45y = 2.13, p = 0.11]. SS pigs had higher
concentrations (0.04 £ 0.01 ng g~!) compared to KS pigs (0.03 £
0.01 ng g~ !, planned comparison: p = 0.018). The concentration
of IL-18 did not differ between treatments and hemispheres
in the frontal cortex (n = 100), hippocampus (n = 100), and

hypothalamus (n = 98). TIME had a significant effect on IFN-
vy in the hypothalamus and brain stem and on TNF-a FI levels
in the hypothalamus as reflected by decreasing concentrations
with increasing time at collection post-mortem. All results of
the analysis of variance (ANOVA) of IFN-y, TNF-a, and IL-
18 for treatment and hemisphere according to brain region are
displayed in the Supplementary Table C.

Tryptophan and Kynurenine

Plasma

LPS had an effect on TRP concentrations in the plasma
[F(treatment x time point) 35778y = 2.32, p = 0.097] (Figure 4).
At 72 h after the injection, SL pigs had lower concentrations of
TRP in their plasma (mean & SD = 6,118.89 & 1,451.04 ng ml~!)
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TABLE 4 | Mean (+ standard deviation) of concentrations (ng g~') of interferon gamma (IFN-y) and interleukin 18 (IL-18) and fluorescence intensity (arbitrary units) of
tumor necrosis factor alpha (TNF-a) in the frontal cortex, hippocampus, hypothalamus, and brain stem of pigs at 72 h after injecting the pigs with saline-saline (SS),
saline-lipopolysaccharide (LPS) [SL], ketoprofen—saline (KS), and ketoprofen-LPS (KL).

Brain area IFN-y TNF-o IL-18
SS SL KS KL SS SL KS KL Ss SL KS KL
Frontal cortex | 0.58 +0.68 0.37 +0.36 0.57 +0.78 0.40+0.50, 0.84 £0.51 0.79+0.52 0.60+0.26 0.78+0.50 0.16 +0.06 0.14 +£0.06 0.14 +£0.04 0.15+0.06
Hippocampus| 0.32 +0.24 0.54 +£0.66 0.33 +£0.21 0.34 +£0.23/ 0.65+0.34 1.08+1.37 0.90 +£0.69 0.60 + 0.40 0.04 +0.01 0.04 +0.01 0.04 +0.01 0.05 £ 0.02
Hypothalamus| 0.24 +0.10 0.24 +0.08 0.25+0.08 0.26 £0.08/ 1.46 +0.72 1.43+0.46 1.38 £0.49 1.44 £0.65 0.04 +0.01 0.04 +0.01 0.04 +£0.01 0.04 £ 0.01
Brain stem 0.16 £0.05 0.15+0.05 0.15+0.06 0.15+0.05 0.75+0.22 0.67 £0.20 0.79+£0.36 0.67 +£0.23 0.04 +£0.01 0.03 £0.01 0.03 £0.01 0.03 £0.01
Treatment
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FIGURE 4 | Tryptophan (ng mi~"), kynurenine (ng mi~"), and kynurenine-tryptophan ratio in pig plasma at baseline and at 72 h after the injection with
ketoprofen-lipopolysaccharide (LPS), ketoprofen—saline, saline-LPS, and saline-saline. Turnover rates were calculated based on moles per milligram of the respective
analyte. Round dots indicate outliers. Significant differences of planned comparisons between sampling time points (p < 0.05) are marked with an asterisk.

compared to baseline (7,801.11 £ 2,453.08 ng ml~1, planned
comparison: p = 0.035). KYN concentrations [F(treatment x
time point)(329.37) = 1.64, p = 0.20] in SS pigs were significantly
higher at 72h after the injection (258.0 + 65.31 ng ml~!)
compared to baseline (227.73 & 91.46 ng ml~!, p = 0.026). The

kynurenine-tryptophan ratio [KYN/TRP, F(treatment x time
point)(3»7.28) = 2.17, p = 0.11] was lower at 72h compared to
baseline in SS pigs (p = 0.044).

The correlations between tryptophan in plasma and brain
tissue were weak and positive (Spearman’s rho, p = 0.17-0.32)
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but significant for the hippocampus (p = 0.007) and brain stem
(p = 0.04). The correlations between kynurenine in plasma and
brain tissue were positive (p = 0.23-0.40) and significant for
the frontal cortex (p = 0.001), hippocampus (p = 0.006), and
hypothalamus (p = 0.001).

Brain Tissue

LPS injection had an effect on TRP and KYN concentrations
in several brain areas measured at 72h after administration
(Figure 5). Lower concentrations of TRP were measured in the
brain stem [F(treatment)(s 47.94) = 1.90, p = 0.14] and the frontal
cortex [F34541) = 2.04, p = 0.12] of LPS-injected pigs (SL)
compared to saline-injected pigs (SS, planned comparisons: p =
0.04, respectively) There were no differences between treatments
and hemispheres in the hippocampus and the hypothalamus.

Lower concentrations of KYN were measured in the brain
stem [F(34324) = 2.33, p = 0.09], frontal cortex [F(347.4) = 4.0,
p = 0.01], and hypothalamus [F(347.11) = 2.43, p = 0.08] of
SL pigs compared to SS pigs (planned comparison: p = 0.035,
0.003, 0.01). Moreover, the KYN/TRP ratio in the frontal cortex
[F3,47.02) = 1.95, p = 0.13] and in the hypothalamus [F(3 46 76) =
2.21, p =0.10] was significantly lower in SL pigs compared to that
in SS pigs (p = 0.037, 0.017).

Ketoprofen had an effect on KYN concentrations in the
brain stem of saline-injected pigs. Pigs that were treated
with ketoprofen (KS) had lower concentrations than the
untreated controls (SS) (p = 0.02). That finding was reflected
by a significantly lower KYN/TRP ratio in the brain stem
[Fausas) = 1.81, p = 0.16] of KS pigs compared to
that of SS pigs (p = 0.03). There were no differences in
KYN/TRP ratio between treatments and hemispheres in the
hippocampus. The covariate TIME had a significant effect
on the quantification of TRP and KYN concentrations in
the frontal cortex and the hippocampus as reflected by
decreasing concentrations with increasing time. The same
effect was seen for TRP concentrations in the hypothalamus.
All results of the analysis of variance are displayed in the
Supplementary Table D.

Monoamines

The descriptive results of all monoamine concentrations
according to brain region are displayed in Table 5. Highest
concentrations of DA, NA, and 5-HT were found in the
brain stem and the hypothalamus. LPS had an effect on DA
concentrations [F(treatment) (3 47.06) = 2.05, p = 0.12; Figure 6]
and respective turnover rate [F(3 46.16) = 2.28, p = 0.09; Figure 8]
in the hypothalamus measured at 72h after the challenge.
SL pigs had significantly lower DA concentrations compared
to SS pigs (planned comparison: p = 0.032). This finding
is reflected by a higher DA turnover of SL pigs compared
to SS pigs (p = 0.042). There were no differences between
treatments and hemispheres in the frontal cortex, hippocampus,
and brain stem.

Ketoprofen attenuated the effects of LPS on serotonin (5-
HT) concentrations in the hypothalamus [F(347.14) = 2.86, p
= 0.047; Figure 6], and 5-HT turnover rates tended to be
affected [F(34779) = 0.99, p = 0.41, Figure 8]. SL pigs had

significantly lower concentrations than KL pigs (p = 0.005) as
reflected by higher turnover rates (p = 0.13). There were no
differences between treatments and hemispheres in the frontal
cortex, hippocampus, and brain stem.

We found a similar result for NA concentrations in the
hippocampus [F3475 = 1.50, p = 0.23; Figure7]. SL pigs
had significantly lower concentrations compared to KL pigs
(p = 0.04), which was reflected by significantly higher NA
turnover rates [F(3 4773 = 2.96, p = 0.04; Figure 8] in SL pigs
compared to KL pigs (p = 0.006). NA concentrations in the
hypothalamus [F(3 4697y = 0.81, p = 0.49] tended to be lower
in SL pigs compared to SS pigs (p = 0.13). There were no
differences between treatments and hemispheres in the frontal
cortex and brain stem. The covariate TIME had a significant
effect on DA, 5-HT, and NA concentrations in the brain stem
as reflected by decreasing concentrations with increasing time.
All results of the analysis of variance are displayed in the
Supplementary Tables E,F.

DISCUSSION

Summary

LPS activated the HPA axis and elicited behavioral signs of
sickness within 6h after the injection as indicated by an
increase in cortisol and decreased activity in LPS-injected pigs.
Ketoprofen decreased the effect of LPS on cortisol release
and alleviated behavioral signs of sickness. LPS had an effect
on the duration of ear manipulation but not on any other
behaviors. Controlled immune activation had no effect on the
proinflammatory cytokines IFN-y, TNF-a, and IL-18 measured
at 72h after the challenge in the frontal cortex, hippocampus,
hypothalamus, and brain stem. The LPS-injected pigs had
lower plasma concentrations of TRP at 72h after the challenge
compared to baseline. The correlations between TRP and KYN
concentrations in plasma and brain tissue were weak and
positive. The TRP and KYN concentrations were lower in the
brain stem and frontal cortex of LPS-injected pigs compared
to saline-injected pigs. The DA concentrations were lower in
the hypothalamus of SL pigs compared to those in SS pigs.
Ketoprofen attenuated the effects of LPS, resulting in lower
concentrations of 5-HT in the hypothalamus and NA in the
hippocampus of SL pigs compared to those in KL pigs.

Effect of LPS and Ketoprofen on Behavioral

Signs of Sickness and Social Behavior
LPS depressed activity in challenged pigs. As predicted,
ketoprofen attenuated this effect. This observation corroborates
the findings of Johnson and von Borell (29) who showed
that treatment with indomethacin, another NSAID, completely
inhibited anorexia as well as reduction in activity in LPS-injected
pigs (5 pg kg1, i.p.). Other studies showed that a pre-treatment
of pigs with the NSAID meloxicam or flunixin significantly
decreased the clinical symptoms induced by LPS (2-6 pg kg™,
i.v.), including lethargy, skin flushing, vomiting, coughing, and
labored breathing (13, 30).

Most studies of LPS effects focus on a relatively short time
period (24h) and rarely describe social behavior in detail. In
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FIGURE 5 | Tryptophan (ng g~'), kynurenine (ng g~ "), and kynurenine-tryptophan ratio in the brain stem, frontal cortex, hippocampus, and hypothalamus of pigs at
72 after the injection with ketoprofen-lipopolysaccharide (LPS), ketoprofen—saline, saline-LPS, and saline-saline. Turnover rates were calculated based on moles per
milligram of the respective analyte. Round dots indicate outliers. Significant differences of planned comparisons between treatments (p < 0.05) are marked with an
asterisk.

TABLE 5 | Mean (+ standard deviation) of concentrations (ng g~"') of dopamine (DA), noradrenaline (NA), and serotonin (5-HT) as well as dopamine turnover (DOPAC +
HVA/DA), noradrenaline turnover (MHPG/NA), and serotonin turnover (5-HIAA/5-HT) in the frontal cortex, hippocampus, hypothalamus, and brain stem of pigs at 72 h

after the injection.

Frontal cortex

Hippocampus

Hypothalamus Brain stem

DA(gg™) 10.66 + 8.45
NA (g g~') 117.30 4 33.15
5-HT (hg g ') 166.79 + 37.53
(DOPAC + HVA)/DA 411 £3.03
MHPG/NA 0.11 +0.03
5-HIAA/5-HT 0.22 £0.08

7.03 £5.12
131.61 £ 41.21
164.85 £+ 50.14
10.48 + 28.02

0.09 £0.03

0.34 + 0.09

160.00 + 73.59
1,238.99 + 416.00
450.29 + 164.43

167.62 + 83.81
529.42 +130.29
623.84 £ 179.20

2.01+0.58 2.84 +0.81
0.08 £ 0.01 0.09 £0.02
0.38 £0.14 0.35 £ 0.09

The turnover rates were calculated based on moles per milligram of the respective analyte.
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rodents, it was shown that, when sickness behavior resolves,
mice display depressive-like behaviors measured by increased
immobility in the forced swim test and tail suspension test as
well as decreased sucrose preference up to 48 h after the challenge
(10, 31-33). In the present study, LPS seemed not to have a strong
impact on social interactions, and pre-treatment with ketoprofen
neither had an effect in LPS-injected pigs nor in saline-injected
controls. The LPS-injected pigs manipulated the ears of their
pen mates significantly longer than the saline-injected pigs
2 days after the injection. Tail manipulation happened for a
very short duration of time, and the variation was very high;
thus, any possible differences would not have been evident
in this rather small sample size. There are indications that
the LPS-treated pigs experienced a long-term shift in social
motivation, resulting in more tail- and ear-directed behavior
compared to controls 2 days after the challenge (5). The
relationship between sickness and altered social behavior was
also found in the field where pigs diagnosed with respiratory

diseases tended to perform more ear and tail biting than
controls in the days before they were diagnosed as sick (34).
There is a correlation between nosing the tail and tail biting
and between nosing the ear and ear biting (35). Thus, our
findings of more ear manipulation can be interpreted as a
higher probability of damaging behavior. Nevertheless, severe
tail, ear, and flank biting that result in wounds was not observed
in the present study. This could be interpreted as an acute
and short-lived immune activation that is handled well by
pigs kept in the conditions that our pigs were kept in. These
were rather optimal (small group sizes, low stocking density,
organic enrichment) regarding other known risk factors for
damaging behaviors. It has been reported that environmental
enrichment modulates different aspects of the immune system
and the acute phase response (36, 37). Moreover, the pigs were
familiar with each other as they were kept in stable groups
from birth on. Regrouping, which is common in commercial pig
production, causes stress and activates the immune system as
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shown by elevated salivary cortisol (38) and induced leukocyte
mobilization (39).

Effect of LPS and Ketoprofen on HPA Axis
Activity

LPS activates the HPA axis via prostaglandin (PGE2) release
by endothelial cells as well as via a release of proinflammatory
cytokines by macrophages. Salivary and plasma cortisols are
highly correlated, and the values are around 10 times lower in
saliva than in blood (40-42). In the present study, we collected
saliva by letting pigs chew on a cotton pad. This is a non-invasive
procedure compared to snaring the pigs for blood sampling
which, in turn, has an effect on cortisol release by the adrenal
glands. The significant elevation of salivary cortisol at 4 h after the

challenge corroborates other studies measuring cortisol in plasma
after intravenous (six) and intraperitoneal (20) LPS injection in
pigs. The LPS-injected pigs that received a pre-treatment with
ketoprofen showed a lower increase in salivary cortisol than SL
pigs, but the concentrations were still higher than in SS pigs.
Thus, a dose of 1.2 g kg ! LPS is sufficient to activate the HPA
axis in 11- to 12-week-old pigs.

Effect of LPS and Ketoprofen on Brain
Cytokines

The rationale for including IFN-y and TNF-a in the present study
was mainly based on previous findings (6) and the relevance of
these cytokines for kynurenine metabolism through induction
of IDO (see “Section Effect of LPS and ketoprofen on plasma
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and brain concentrations of tryptophan and kynurenine”). IL-18
is, in turn, involved in IFN-y production via NK cell activation
which might serve as a bridge between innate and adaptive
immunity (43).

In the present study, we did not monitor the short-term effects
of LPS on cytokines in the blood, as this has been extensively
studied in pigs in the past (6, 9, 13, 14). Our focus was beyond
the first 24 h after the challenge, as we wanted to see if there
were longer-lasting physiological changes. The duration of effect
on physiology is important for the relevance of the LPS model
in the study of immune effects on mental health and damaging

behavior in pigs. If the physiological and behavioral changes are
short-lived, they may not teach us much about the mechanisms
underlying mental illness. In mice, it was shown that TNF-a
concentrations in the brain remained elevated for 10 months after
systemic LPS administration (44).

In the present study, LPS had no observed effect on the
proinflammatory cytokines IFN-y, TNF-q, and IL-18 in any of
the sampled brain areas 3 days after the challenge. This finding
contradicts with a previous study, where higher concentrations
of IFN-y were found in the frontal cortex of LPS-injected
pigs compared to saline-injected controls collected at the same
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time point (6). The proinflammatory cytokines in the brain are
produced by microglia, the resident immune cells of the CNS
[reviewed by Smith et al. (45)] or transported from blood. A
single injection with a low dose of LPS might not be enough
to activate microglia or to elevate brain cytokines over a period
of 3 days.

LPS induces cytokine production through binding to TLR-4
and the subsequent activation of transcription factor NFkappaB
(14). All NSAIDs inhibit the production of cyclooxygenases;
in addition, some NSAIDs are able to alter the expression of
NFkappaB (13) and thereby reduce cytokine expression. Plasma
cytokine concentrations are usually not affected by the use of
NSAIDs (13, 14), and there are few studies on brain cytokines
in pigs so far. It was shown in mice that the use of NSAIDs
(indomethacin and ibuprofen) reversed the effect of LPS on
behavior without changing the peripheral or central cytokine
concentrations (46). The absence of an effect of LPS on brain
cytokines in the present study made it impossible to test an effect
of ketoprofen on this.

Effect of LPS and Ketoprofen on Plasma
and Brain Concentrations of Tryptophan

and Kynurenine

LPS influenced the tryptophan concentrations in plasma as well
as the tryptophan and kynurenine concentrations in several
brain areas. At 72h, the LPS-injected pigs had lower plasma
tryptophan concentrations compared to baseline, whereas the
kynurenine concentrations were not affected. This corresponds
to Melchior et al. (47), who demonstrated a depletion of
tryptophan in plasma of pigs after experimentally induced
lung inflammation over several days. In the short run, LPS
caused a decrease in tryptophan and an increase in kynurenine
serum concentrations in pigs measured at 3h after the start
of a 60-min LPS infusion (48). Wirthgen et al. (9) showed
that tryptophan plasma concentrations were reduced for 24h,
whereas kynurenine concentrations were elevated for only 6h
after the LPS injection compared to the saline-injected pigs. It
needs to be taken into account that SS pigs had a considerable
baseline variation of plasma kynurenine concentrations, which
might have led to a statistically significant but not biologically
meaningful result.

In the present study, the effect of LPS on plasma tryptophan
concentrations was not seen in pigs pre-treated with ketoprofen.
This can be explained by the appetite-suppressant effect of IL-
1, IL-6, IL-8, and TNF-a (49). The LPS-injected pigs showed
depressed feeding and, in turn, reduced dietary uptake of
tryptophan, which was reversed by ketoprofen. We found
weak positive correlations between tryptophan concentrations in
plasma and brain tissue. This effect was not seen in a study with
mice where tryptophan concentrations were reduced in plasma
but elevated in brain tissue at 24 h after the LPS injection (10).

The essential amino acid tryptophan is a peripheral precursor
for the synthesis of the central neurotransmitter serotonin.
Inflammation induces a shunt from serotonin to kynurenine
metabolism of tryptophan mediated by the proinflammatory
cytokines TNFo and IFNy through an upregulation of the

enzyme IDO. In the present study, we found lower tryptophan
and kynurenine concentrations in the frontal cortex and
brain stem as well as lower kynurenine concentrations in the
hypothalamus of LPS-injected pigs compared to the saline-
injected controls.

Ketoprofen had no influence on the effect of LPS on
tryptophan and kynurenine concentrations in the sampled brain
regions. There are few studies on tryptophan and kynurenine
concentrations in the pig brain so far. In mice, the tryptophan
concentrations in the hippocampus were found to be lower,
and the kynurenine concentrations were higher 43 days after a
chronic administration of LPS compared to the saline-treated
controls (50). Kynurenine has been suggested by O’Connor et al.
(10) to be essential for the development of depressive symptoms
in rodents. As the changes in kynurenine concentrations last
so shortly, subsequent changes in behavior might be caused by
other mechanisms.

Effect of LPS and Ketoprofen on Brain

Monoamines

LPS has an effect on central neurotransmitters, which is supposed
to be mediated by different proinflammatory cytokines such as
IL-1, IL-6, and TNF-u [reviewed by Dunn (51)]. The LPS-injected
pigs had lower dopamine concentrations and higher turnover
rates in their hypothalamus compared to the saline-injected
controls at 72h after the challenge. Similar alterations were
found in genetically stress-susceptible pigs (52). Dopamine in
the hypothalamus is produced by cell groups that are concerned
with the control of prolactin release and the regulation of
preganglionic sympathetic neurons in the spinal cord (53). Apart
from its relevance for the reward system, dopamine plays a key
role in response to stress (54-56), and the hypothalamus is, as a
part of the HPA axis, one of the two major systems that respond
to stress.

The intervention with ketoprofen alleviated the effects of LPS
on serotonin in the hypothalamus and noradrenaline and its
turnover rate in the hippocampus. The most important source
of central noradrenaline, which is synthetized among the same
pathways as dopamine, is the clusters of cell bodies in the locus
coeruleus located in the pons that send branching axons, among
others, to the hippocampus (57). The hippocampus plays a role
in the control of the HPA response to stress and is itself an
important target for glucocorticoids (58). The neurotransmitter
serotonin derives from cell bodies in the raphe nuclei in the
pons (part of the brain stem) that projects, among others, to the
hypothalamus and the hippocampus (57) and has modulatory
effects in almost all central nervous system integrative functions
such as stress and fearfulness (59), aggression (60, 61), and
mood. There is a close relationship between mood and state
of arousal. In mice, lower concentrations of noradrenaline
and serotonin in the prefrontal cortex (8) and lower levels of
serotonin in the hippocampus of LPS-injected mice compared
to controls were found at 24h after the challenge (7). In
both studies, depressive-like behaviors in forced swim and
tail suspension tests were observed in LPS-injected mice. It
needs to be taken into account that the focus of the present
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study is on (negative) social behavior as there is no validated
model for depressive-like behaviors in pigs. In rats, a pre-
treatment with the NSAID diclofenac completely prevented IFN-
a-increased serotonin turnover in the prefrontal cortex and
increased dopamine turnover in the hippocampus (62). A pre-
treatment with the NSAID indomethacin attenuated but did
not abolished the increased extracellular levels of serotonin and
noradrenaline in the hippocampus of rats within 6 h after the LPS
challenge (63).

CONCLUSION

A controlled immune activation altered the behavior of
the pigs in the 1st hours after the challenge but seemed
not to have a strong impact on their social interactions
in the subsequent 2 days. Central cytokine concentrations
were not elevated 3 days after the challenge, but central
monoamines were downregulated, and plasma tryptophan
was depleted in LPS-injected pigs. Ketoprofen attenuated
the effects of immune activation on behavioral signs of
sickness, HPA axis activity, and central monoamines. LPS
at a dose of 1.2 pug kg~! seems not to be applicable
as a model for long-term changes in the social behavior
of pigs.
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Supplementary Table B: Results of the analysis of variance (ANOVA) of duration and
frequency of performed and received behaviour for the interaction of treatment and day.

Behaviour ANOVA F(treatment*day) p-value
Tail performed Duration Feg7.58=0.23 0.97
manipulation Frequency Fess=0.83 0.55
received Duration Fe3s=10.70 0.65
Frequency Fe33=0.83 0.55
Ear performed Duration Fess=1.49 0.19
manipulation Frequency Fsgs=1.38 0.23
received Duration Fes3=0.48 0.82
Frequency Fess=1.74 0.12
Flank nosing performed Duration Fess=0.20 0.98
Frequency Fess=0.35 0.91
received Duration Fes33=0.85 0.54
Frequency Fes33=10.39 0.88
Belly nosing  performed Duration Fess=0.33 0.92
Frequency Fss3=0.54 0.78
received Duration Fes857=10.72 0.63
Frequency Fe3350=10.26 0.95
Manipulation performed Duration Fess=0.36 0.90
of other body Frequency Fes3=0.10 1.00
parts received Duration Fess=0.77 0.60
Frequency Fe33=10.12 0.99
Fighting performed Duration Fes3=0.86 0.53
Frequency Fss3=0.54 0.78
received Duration Fess=0.42 0.87
Frequency Fess=0.38 0.89
Displacement performed Duration Fess=1.00 0.43
Frequency Fess=0.87 0.52
received Duration Fess=0.78 0.59

Frequency Fes33=0.95 0.46



Supplementary Table C: Results of the analysis of variance (ANOVA) of interferon gamma (IFN-
v), tumor necrosis factor alpha (TNF-a) and interleukin 18 (IL-18) for treatment and hemisphere
according to brain region.

Brain ANOVA IFN-y TNF-a IL-18
region
F-ratio p- F-ratio p- F-ratio
value value

Frontal Treatment Fi4867)=0.34 0.79 F3.46,.6)=0.98 0.41 Fi4832)=0.45
cortex Hemisphere = F(1,5062=0.0004 0.98 F(1,50.64y=2.60 0.11 F(1,4857=0.68
Hippo- Treatment Fias875=1.04 0.38 Fias1y=1.32 0.28 F,4822=0.53
campus  Hemisphere = Fis5049=0.91 0.34 F(1,5029)=0.99 0.33 F(1,4873= 0.12
Hypo- Treatment  Fgae = 0.24° 0.87 Fias3=0.12* 095 F3,47.76)=0.93

thalamus Hemisphere = F4s64)=0.65*  0.42 Fa,5421)=0.18 | 0.67 Fu4762=0.12
Brain Treatment Fpa47=0.14% 0.94 F;.48=0.91 0.44 Fi48=2.01
stem Hemisphere Fs51=3.23% 0.08 Fasn=15.51 0.02*  Fas51)=0.02

Significant results (p < 0.05) are marked with *

2Covariate TIME included in the model

p_
value
0.72
0.41
0.66
0.73
0.43
0.73
0.13
0.88



Supplementary Table D: Results of the analysis of variance (ANOVA) of tryptophan (TRP),
kynurenine (KYN) and kynurenine-tryptophan ratio (KYN/TRY) for treatment and hemisphere

according to brain region.

Brain
region

Frontal
cortex
Hippo-
campus
Hypo-
thalamus

Brain
stem

Significant results (p < 0.05) are marked with *

#Covariate TIME included in the model

ANOVA

Treatment
Hemisphere

Treatment
Hemisphere
Treatment
Hemisphere

Treatment
Hemisphere

TRP
F-ratio

FGas41)=2.04°
F(.46.16)=0.12°
Faa6.52 =137
Fq,47.92 = 3.86°
F4439)=0.73"
F,45.82=3.33%

F47.94=1.90
Fa,502)=0.33

p_
value
0.12
0.73

0.26
0.06
0.54
0.07

0.14
0.57

KYN
F-ratio

FGa74)=4.0
F1,4883)=2.8?
F346.99)=1.31°
F(1.4s85 = 0.40°
F@a47.11)=2.43
Fa4551=0.12

FG4824)=2.33
F(1,50,61) =1.58

p_
value
0.01*
0.10

0.28
0.53
0.08
0.73

0.09
0.21

KYN/TRP

F-ratio

FG47.02=1.95°
F(1.4863) = 2.85°
F@a47.17)=0.68°
Faa897) = 1.25%
F3a676)=2.21
F(1.4483=2.06

F,4825) = 1.81
F(1,50.62)=0.94

p_
value
0.13
0.10

0.57
0.27
0.10
0.16

0.16
0.34



Supplementary Table E: Results of the analysis of variance (ANOVA) of dopamine (DA),
noradrenaline (NA), serotonin (5-HT) for treatment and hemisphere according to brain region.

Brain ANOVA DA NA 5-HT
region

F-ratio p- F-ratio p- F-ratio p-value

value value

Frontal Treatment F3,4853=0.83 0.48 Fi4725=0.11 0.95 F3,4732)=0.60 0.62
cortex Hemisphere = F(151.41)=0.89 0.35 Fa4715=0.11 0.75 Fa,47.14)=1.40 0.24
n=103
Hippo- Treatment F(.47.47=0.97 0.42 F,47.80)=1.50 0.23 Fga4777y=1.07 0.37
campus  Hemisphere F(1.49.69)=0.08 0.78 Fq.4837)=0.29 0.59 F.4841)=0.21 0.65
n=102
Hypo- Treatment Fi.47.06) = 2.05 0.12 F.4697)=0.81 0.49 F,47.14)=2.86 0.047%*
thalamus Hemisphere F(i.45.19)= 0.003 0.95 F,46.55=2.20 0.15 F.4752=3.98 0.05
n=93
Brain Treatment Fi.4734)=0.307 0.83 F.4724)=0.95% 0.43 FG4713)=0.11% 0.96
stem Hemisphere = F 5087 =2.27° 0.14 Fa,5046)=0.99* 0.33 Fa,s04)=3.61% 0.06
n=104

Significant results (p < 0.05) are marked with *

aCovariate TIME included in the model



Supplementary Table F: Results of the analysis of variance (ANOVA) of dopamine turnover
(DOPAC+HVA/DA), noradrenaline turnover (MHPG/NA), serotonin turnover (5-HIAA/5-HT)
for treatment and hemisphere according to brain region. Turnover rates were calculated based

on mol mg™! of the respective analyte.

Brain ANOVA
region

Frontal Treatment
cortex Hemisphere
n=103

Hippo- Treatment
campus Hemisphere
n=102

Hypo- Treatment
thalamus  Hemisphere
n=93

Brain stem = Treatment
n =104 Hemisphere

Significant results (p < 0.05) are marked with *

(DOPAC+HVA/DA)
F-ratio p-
value

F3,47.9=0.32 0.81
Fa,51.02)=0.56 0.46
F3,48.94) = 0.66 0.58
F(1,5098) = 0.05 0.83
F.46.16)=2.28 0.09
F(1,46.26)=0.008  0.92
Fi.47.84)=0.02 1.00
Fas5013)=1.58 0.21

MHPG/NA

F-ratio

F.48.76)=0.98

F(1.49.23y = 0.0005

F4773=2.95
F(1,48.60) = 5.46

F(.47.02)=0.30
Fa4701)=0.44

F3a4s.16)=0.28
F(1,5038) = 0.004

p-
value
0.41
0.98

0.04*
0.02*

0.83
0.51

0.84
0.95

5-HIAA
/5-HT

F-ratio

F3,48.63)=0.21
F(1,50.08y = 0.53

F3.46.58 = 0.78
Fa.47.81)=1.65

F3.47.799=0.99
F1,4722=0.82

F3a4s1)=0.33
Fa,5038) = 1.02

value
0.89
0.47

0.51
0.21

0.41
0.37

0.80
0.32
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Abstract

In commercial pig production, infectious and inflammatory conditions affect especially growing pigs.
Lipopolysaccharide (LPS) is an important antigenic structure of Gram-negative bacteria and can be
used to induce inflammation experimentally. As pigs are usually group-housed in commercial
conditions, it is difficult to recognize diseased pigs particularly at an early stage. Acute phase proteins
such as haptoglobin (Hp) are known indicators of an activated innate immune system whereas
adenosine deaminase (ADA) is a relatively novel inflammatory biomarker in pigs. Both parameters are
potential indicators of an inflammatory condition and are measurable in saliva. Compared with blood
sampling, saliva sampling is less stressful procedure that is rapid, non-invasive and easy to perform

both at group and at individual level.

In this blinded randomized clinical trial, 32 female pigs at their post-weaning phase were allocated to
one of four treatments comprising two injections of the following substance combinations: saline-

saline (SS), ketoprofen-saline (KS), saline-LPS (SL), and ketoprofen-LPS (KL). The first substance
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was administered intramuscularly one hour before the second substance that was given through an ear
vein catheter. Saliva was collected prior to injections (baseline) and at 4, 24, 48, and 72 hours post-
injection in all groups for determination of ADA, Hp, and cortisol concentrations. A multivariate model
was applied to describe the dynamics of each biomarker and pairwise relationships between ADA, Hp,
and cortisol response from baseline to four hours post-injection within the SL group were studied with

Spearman correlations.

Four hours post-injection, a significant increase in the SL group was seen in the studied biomarkers
compared to baseline and all other time points (pairwise comparisons, p < 0.01 for all), as predicted.
Ketoprofen alleviated the LPS effect. We found a significant positive correlation between ADA and
Hp within the SL group (r = 0.86, p < 0.05). The primary and novel findings of the present study are
the response of ADA to LPS, its time course and alleviation by ketoprofen. Our results support the
evidence that ADA and Hp are promising inflammatory biomarkers in pigs. However, we suggest

further studies to be conducted in commercial settings with larger sample sizes.

Introduction

In growing pigs, infectious and inflammatory diseases are common (1-3), and especially
gastrointestinal (GI) diseases of bacterial origin affect pigs worldwide (4). In commercial pig
production, growing pigs are housed in groups of varying sizes, potentially hindering the detection of
sick individuals by herd employees. Sub-clinical illness poses a risk for disease transmission and can

result in a reduced performance of pigs (5).

Lipopolysaccharide (LPS), known also as endotoxin, is an important antigenic structure of the cell wall
in Gram-negative bacteria (6). It can be used experimentally to induce a systemic inflammation (7).
When entering the bloodstream, LPS binds to LPS binding protein (LBP) and the LPS-LPB complex

interacts with sentinel cells (6). Consequently, innate immune system is activated (6) followed by an
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acute inflammatory response (6,8) accompanied by sickness behavior (9). The key mediators during
the inflammatory process are pro-inflammatory cytokines that trigger acute-phase protein (APP)

production in the liver (8).

Haptoglobin (Hp) is an important APP in pigs (10,11). As other APPs, it is primarily synthetized in the
liver (8) yet some evidence about local Hp production in salivary gland exists (12). Its serum
concentrations are known to increase in pigs suffering from infectious diseases (13—15) or acute
inflammatory processes (14,15). Adenosine deaminase (ADA) is an enzyme involved in purine
metabolism and is also linked to immune development (16). ADA is expressed in most tissues at some
levels (17), thus the expression is highest in lymphoid organs (16) indicating the role of ADA in
immune activation. It has been proposed as a potential inflammatory biomarker in pigs (18,19).
Cortisol, which is usually perceived as a stress biomarker, is an indicator of activation of the
hypothalamic-pituitary-adrenal (HPA) axis (20). Its release from the adrenal cortex happens within a
few minutes under various stressful situations (20), including LPS injection (21) after which it is spread

via bloodstream.

According to a recent review, non-infectious causes, including psychological stress, seem to result in
a pro-inflammatory cytokine response mimicking that seen after LPS challenge, albeit the magnitude
of the response appears to be lower than the response to endotoxin (22). This is supported by two pig
studies in which transportation stress (23) and feed deprivation (24) induced a slight increase (around
twofold) in serum Hp concentration. A recent study in sheep indicated that stress could also increase
salivary ADA concentration rapidly and transiently (25). The same study showed a minor positive
correlation between salivary ADA and cortisol, and a moderate positive correlation between ADA and
heart rate (25). To the authors’ knowledge, neither the magnitude and time course of the ADA response
under a controlled immune challenge nor ADA’s relation to Hp and cortisol in that setting have been
described previously. Former reports have primarily been either cross-sectional (18,19,26) or

3
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longitudinal studies with sampling intervals of days or weeks (27-31) and conducted under farm

conditions (19,28,31).

Ketoprofen is a commonly used nonsteroidal anti-inflammatory drug (NSAID) in veterinary medicine
and has been established as a potent anti-inflammatory drug in pigs (32,33). NSAIDs target cyclo-
oxygenase enzymes | and 2 (COX 1-2) and reduce pain, fever, and inflammation through inhibition of
prostaglandin synthesis (34). Ketoprofen administration prior to LPS injection was recently shown to
diminish the effect of LPS on cortisol and attenuated the behavioral signs of sickness in challenged
pigs (35). An alleviating effect of an NSAID on an LPS-induced increase in one or more inflammatory

biomarkers will strengthen the evidence to use those biomarkers in the evaluation of the pig health.

Blood sampling is stressful procedure and challenging to carry out for a large numbers of pigs. Less
stressful sampling methods that are easily applicable to a group of animals under farm conditions
(5,19,28) would therefore be of great value to improve pig herd health evaluation. Several biomarkers
circulating in the bloodstream are detectable in saliva as well (19,20,30,36), and as saliva sampling is
less stressful to the pigs, it is a good alternative to blood sampling. In order to minimize production
losses, prevent disease outbreaks within herds, and restrain pathogen spread, it would be advantageous
to detect problems at an early stage. Salivary Hp is elevated by systemic disease in pigs (18) and some
evidence indicates that it is a more sensitive and specific biomarker for the detection of certain porcine
diseases than serum Hp (36). It is also suitable for the detection of sub-clinical illness in pigs (28).
Increasing evidence supports determination of a panel of biomarkers with different triggers
(8,14,15,30) and time courses (20,29) instead of single ones. The reasoning is that measurement of
several biomarkers improves diagnostic sensitivity (at least regarding APPs) (15) and they have the
potential to represent different body regulatory systems (20) thus giving a more holistic picture of

disease origin.
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The aim of this study was to investigate the dynamics of salivary biomarkers of systemic inflammation
in growing pigs exposed to LPS under experimental conditions and to test whether an NSAID could
alleviate the effect of LPS. We predicted that salivary ADA, Hp, and cortisol would respond to LPS
injection and that ketoprofen would alleviate the LPS effect. In addition, we aimed to describe the
correlations between the responses of salivary 1) ADA and Hp, 2) ADA and cortisol, and 3) Hp and

cortisol in LPS-challenged pigs.

Materials and Methods

Ethical statement

The Norwegian animal research authority approved the experiment (FOTS id 15232).

Animals and housing

The experiment took place in two blocks between 3 April and 11 May 2018 at the Livestock Production
Research Center of the Norwegian University of Life Sciences (NMBU), campus As. Thirty-two
female pigs (Norwegian Landrace), henceforth referred to as experimental pigs, were used in the study
and comprised a subset of the pigs investigated by Veit et al. (35). All pigs were kept in one room and
group-housed in pens containing four experimental and two companion male pigs in order to increase
the stocking density up to 1.3 m? per pig. Pigs had visual and limited tactile contact with other pigs in
the adjoining pen. The lying area with a solid concrete floor comprised half of the pen (2.4 m x 1.6 m),
and the other half of the pen was slatted. Each pen had three nipple drinkers and pigs were fed pellets
ad libitum (IDEAL S Die Ekstra, produced by Norgesfoér, Mysen, Norway) at an animal-to-feeding
place ratio of 3:1. The staff provided two handfuls of wood shavings and a handful of grass silage per
pen on the lying area twice per day. Additionally, one handful of grass silage was placed in a rack.

Each pen was equipped with a water sprinkler, which turned on every 10 min for 20 s. Lights were on
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between 6 am and 10 pm and the room was dimmed with night-lights during the night. Average ambient

temperature in the unit was set to 20°C.

Experimental procedures

At the beginning of the study, experimental pigs were aged 68-85 days (median 83 days) and weight
of the experimental pigs ranged from 16.3 to 50.7 kg (median 41 kg). They were randomly allocated
in each pen to one of four treatments comprising four substance combinations: saline-saline (SS),
ketoprofen-saline (KS), saline-LPS (SL), and ketoprofen-LPS (KL). The numbers of pigs per treatment
were nine for SS and KL, and seven for KS and SL. Pigs were weighed on the day before treatment in
order to calculate the correct substance doses. The LPS dose used was determined according to
previous research (21,37) and for ketoprofen, the dosing was according to Fosse et al. (38). Ketoprofen
(Romefen vet 100 mg/ml, Ceva Santé Animale, France) or saline were administered intramuscularly
(im.) in the trapezius muscle. LPS (Serotype 0111: B4 of Escherichia coli dissolved in 0.9% sterile
saline to a concentration of 100 pg/ml, produced by Sigma, Germany) or saline (sodium chloride 9
mg/ml) were administered intravenously (iv) through an ear vein catheter on average 61 + 16 min after
the first substance. The ear vein catheter was used only for injection, and removed immediately
afterwards. The ketoprofen dose was 6 mg/kg, and the LPS dose 1.2 pg/kg. The pigs injected with LPS
were observed closely outside the pen in the hours after injection in order to detect possible

overreaction.

Repeated saliva samples were collected from individual pigs before any substance administration
(baseline) and at 4, 24, 48, and 72 h after the iv injection. All baseline saliva samples were taken during
morning hours (between 08:30 and 10:45). Each pig chewed on a dental cotton pad suspended on a
dental cord until it was moistened (modified from (39)). Each pad was fixed within the upper part of a

10 ml sampling tube and centrifuged for 5 min at 1000 x g to extract the saliva. Saliva was pipetted to
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2 ml Eppendorf tubes and stored on dry ice until it was moved to a -80°C freezer at the end of each

sampling day.

Salivary ADA, Hp, and cortisol measurements

Salivary ADA and Hp were measured in collaboration with a Spanish laboratory (Department of
Animal Medicine and Surgery, Faculty of Veterinary Medicine, University of Murcia, Spain). A
commercial automatized assay (Adenosine-Glutamate Dehydrogenase, BioSystems S.A., Barcelona,
Spain) was used for ADA quantification according to the manufacturer’s instructions. The method of
the assay is based on the measurement of the decrease in absorbance (OD) per minute of a coupled
reaction initially catalyzed by ADA (OD/min x 3333 = U/L). The reaction is measured at 340 nm. The
levels of ADA activity were calculated according to the manufacturer’s instructions. Salivary Hp
concentration was quantified by using an in-house time-resolved immunofluorometric assay,
previously validated by Gutiérrez et al. (40). The assay is a non-competitive sandwich immunoassay
based on the fluorescence of lanthanide chelate labels that provides a minimal background, lack of any
sample interference, and an in-house highly specific monoclonal antibody against porcine Hp.. Salivary
cortisol concentration was measured using an enzyme immunoassay kit (DetectX®, Catalogue Number
KO0033-H5W, Arbor Assays, MI, USA) according to the manufacturer’s protocol. Processing of saliva

samples prior to cortisol analysis and the protocol itself are described in detail elsewhere (35).

Statistical analysis

SPSS (IBM SPSS Statistics 25) was used for statistical analysis of the data. Pig was used as
experimental unit in all statistical analyses. In all statistical analyses, p-values below 0.05 were
considered as significant and p-values of 0.5 < 0.1 as tendency. Data normality was tested visually and
with a Shapiro-Wilk test. No biomarker studied met the normal distribution criteria, and therefore,

results are presented as median with range (see Table 1 in Results section).
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To ensure normality of residuals and homogeneity of variance, all parameters were root-transformed
prior to the statistical analysis. A multivariate approach was used to test the effect of LPS and
ketoprofen on salivary ADA, Hp, and cortisol. Individual pigs were included as subjects and saliva
sampling time point (0-72 h) as repeated measures. Saliva sampling time point and treatment and their
interaction were added as fixed factors. Pre-planned pairwise comparisons were performed for all
treatments at time point t4 and between different time points for the SL group using a Bonferroni
correction. For the cortisol model, one pig belonging to the SS group was discarded from the analysis

because it had exceptionally high salivary cortisol concentration at time point t4.

Nonparametric Spearman correlation was used to investigate whether ADA, Hp, and cortisol responses
correlate between baseline (t0) and four hours post-injection (t4). For this purpose, new outcome
variables for each biomarker were generated for each individual in the SL group by calculating the

difference in measured concentrations between time points t4 and t0.

Results

Dynamics of salivary biomarkers

Descriptive results of salivary ADA, Hp, and cortisol measurements by sampling time point are shown
in Table 1. Altogether seven ADA, seven Hp, and five cortisol samples had to be discarded from the

analyses due to erroneous interpretation of the tube labelling in the laboratory.

Table 1. Median (min - max) values of adenosine deaminase (ADA), haptoglobin (Hp), and cortisol

in saliva across 32 experimental pigs at different time points. p.i. = post-injection.

Biomarker Baseline 4hp.i. 24 hp.i. 48 hp.i. 72 hp.i.
n=231 n=31 n=30 n=27 n=29
ADA, U/L 118.0 115.3 137.0 112.7 108.7

This is a provisional file, not the final typeset article
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(46.7-258.6)  (46.7—850.6) (46.7-301.3) (35.3 - 596.6) (54.7 - 338.6)
Hp, pg/ml 0.33 031 0.45 037 0.23

(0.08-1.61) (0.05-1.65) (0.09-0.98) (0.06-1.27) (0.03-0.80)
Cortisol, ng/ml | 0.32 0.33 0.30 0.22 0.20

(0.11-0.45) (0.10-2.28) (0.11-0.69) (0.08-1.35) (0.08-0.48)

181

182 Raw values of each biomarker separated by time point and groups are shown in Figure 1.
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186  Figure 1. Raw values of salivary A) adenosine deaminase (ADA), B) haptoglobin (Hp), and C) cortisol
187  across 32 experimental pigs. SS = saline-saline (control), KS = ketoprofen-saline, SL = saline-LPS,
188 KL = ketoprofen-LPS.

. .. . 10
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There was a significant interaction between time point and treatment for ADA (Fi2,58= 2.8, p=0.01).
ADA was clearly increased in SL four hours post-injection compared with other treatment groups
(pairwise comparisons, p < 0.01 for all). Moreover, ADA within the SL group at t4 was significantly
increased relative to baseline and all other time points (pairwise comparisons, p < 0.001 for all). For
Hp, the interaction between time point and treatment was not significant (Fi2, 556 = 1.7, p = 0.10).
Overall, Hp concentration tended to be increased in the SL group compared with the SS group (pairwise
comparisons, p = 0.06). However, four hours post-injection Hp was significantly increased in the SL
group compared with t48 and t72 (pairwise comparisons, p < 0.01 for both), but not with baseline or
t24.

Cortisol showed a response similar to ADA and Hp, with a significant interaction between time point
and treatment (F12,68.4= 1.9, p=0.04). A significant increase in salivary cortisol concentration occurred
in SL four hours post-injection compared with SS and KS (pairwise comparison, p < 0.01 for both),
and it tended to be higher than KL (pairwise comparison, p = 0.05). In the SL group at t4, salivary
cortisol was significantly increased relative to baseline and all other time points (pairwise comparisons,
p <0.01 for all).

Correlations between salivary biomarkers

Across all experimental pigs, ADA, Hp, and cortisol did not correlate (Spearman correlation, p > 0.05
for all) at baseline. The response values calculated between baseline and four hours post-injection in
the SL group showed a significant correlation for ADA and Hp (r = 0.86, p < 0.05). Although no
significant correlations were found between ADA and cortisol or between Hp and cortisol, the

correlation coefficients were moderate for both (r = 0.64 and r = 0.57, respectively).

Discussion

11
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As predicted, LPS injection resulted in an increase in salivary ADA and Hp as well as in salivary
cortisol. A significant elevation in all studied biomarkers occurred at four hours post-injection in LPS-
challenged pigs. In other treatment groups, including the KL group, their concentrations remained
relatively stable during the study period. Based on this, pre-treatment with ketoprofen was able to
alleviate the LPS effect. The response of ADA and Hp showed positive significant correlations in the

SL group indicative of their parallel dynamics under the influence of bacterial LPS.

Increased salivary ADA concentrations have been reported in pigs suffering from clinically evident
infectious and inflammatory conditions (19) and in stressed sheep (25). Salivary ADA is also known
to be influenced by sex (26,31), production stage, and breed (31) in pigs. Several pig studies
investigated concentrations of Hp induced by viral (14,15,28,36,41-43) or bacterial (14,15,36,42,43)
pathogens or by trauma (14). As for ADA, production stage is known to influence salivary Hp
concentrations of healthy pigs (10, 24). In this experiment, Hp concentration in saliva varied strongly
between individual pigs: 0.08-1.61 pg/ml at baseline. For serum, high inter-individual variation has
been reported previously (44—46). As a strong positive correlation between serum and salivary Hp
concentrations exists (28), serum and salivary Hp dynamics are comparable to each other. Moreover,
we observed high Hp concentration in one pig per treatment group at baseline. All of these pigs were
among the pigs of lowest weight within the respective groups. Even though we did not examine the
study pigs clinically, all experimental pigs appeared healthy both prior to and during the experiment.

However, an underlying illness cannot be ruled out.

Administration of E. coli LPS mimics an endotoxemic state that is known to induce a systemic
inflammatory response (47). The pigs in this study were a subset of those in Veit et al. (35), where the
behavioral signs of illness were reported. While the clinical onset of acute inflammatory response was
not confirmed (for details, see (35)), an earlier report with the same E. coli strain and LPS dose indicates
a strong activation of the innate immune system already one hour after LPS injection (21). The rapid

o . . . . 12
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increase in the concentrations of all biomarkers in this paper is in line with this. The concentrations of
all biomarkers returned to baseline levels by 24 hours post-injection. To the best knowledge of the
authors, previous pig studies have not investigated either short-term dynamics of salivary ADA, or
ADA concentrations of pigs under a controlled immune challenge. Previous research has shown that
when triggered by an infectious agent serum Hp remains high for several days in pigs (15,29,48,49).
Heegaard et al. (15) reported differing dynamics of serum Hp regarding the disease causative agent,
including bacterial, viral, and parasitic ones, and compared with aseptic inflammation. In the present
study, the rapid decline in salivary Hp might have been caused by the use of a single low-dose LPS,
which was synthetically purified and therefore was likely to be eliminated from the body faster than
LPS during natural infection. Escribano et al. (29) reported that after LPS treatment, salivary Hp
increased by threefold and remained high throughout the seven-day study period in growing pigs.
Notably, in contrast to our study, they used a different E. coli strain (O55:B5), the dose of LPS injected
was around 30 times higher, and it was administered repeatedly (29). As predicted, salivary cortisol of
LPS-injected pigs not pre-treated with ketoprofen peaked at four hours after injection, confirming the
findings of others measuring cortisol from saliva and serum (21,35,50,51). These results are in line
with those of Escribano et al. (29) and Nordgreen et al. (21), who reported that salivary and plasma

cortisol was elevated for only a short period of time following LPS challenge.

Our results indicated that ketoprofen was able to inhibit the effect of LPS, when given intramuscularly
one hour prior to LPS injection. Others have shown that orally administered ketoprofen had a similar
effect on the intravenously administered E. coli endotoxin in pigs (32). The appropriate dose of oral
ketoprofen was set at 2 mg/kg (32), which is a third of the dose administered to KS and KL pigs in the
present study. Mustonen et al. (52) reported that the effect of oral ketoprofen was seen immediately

after its administration and that the effect lasted for approximately seven hours. Moreover, the

13
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bioavailability of oral and intramuscularly administered ketoprofen has been reported to be similar

(33).

Due to clear response to LPS seen in all biomarkers at the same time point in the SL group, we wanted
to test whether the response values (between baseline and four hours post-injection) were correlated.
A significant correlation was found only between ADA and Hp. Gutiérrez et al. (26) reported a
significant positive correlation between salivary ADA and Hp in healthy finishing pigs. In addition,
their study population contained both female and male pigs (26) and therefore the comparison between
the results of these two studies is not straightforward. Neither ADA nor Hp correlated with cortisol in
the SL group. Contreras-Aguilar et al. (25) reported a significant correlation between salivary ADA
and cortisol concentrations in sheep caused by either shearing stress or being frightened by a dog.
Although we found no significant correlations between these, the correlation coefficients were at least
moderate compared with Contreras-Aguilar et al. (25), who reported low correlation coefficients (0.34
and 0.19, respectively). Escribano et al. (53) did not detect a correlation between salivary Hp and
cortisol in pigs exposed to a psychosocial stressor, whereas Hp showed significant positive correlations

between C-reactive protein, immunoglobulin-A, and chromogranin A.

Similar to cortisol (54), Hp follows a circadian rhythm (55). However, the effect of daytime on Hp
concentrations seems to be less important than on cortisol concentrations (55). To the best of our
knowledge, no circadian pattern has been reported for ADA. In the present study, saliva samples were
taken in morning hours to minimize the potential bias caused by natural variation in salivary
biomarkers due to circadian rhythm. Furthermore, the experimental pigs were kept for the entire study
period in the same room in which they were born, and with their siblings, to avoid any unnecessary

stress caused by moving them to a different room or re-grouping them.

o . . . . 14
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Sanchez et al. (31) showed a significant interaction effect of gender and production phase on salivary
Hp: males had higher concentrations before the finishing phase, whereas females had higher values
after the post-weaning phase (31). In this study, all pigs were females at their post-weaning phase.
Therefore, the effect of those factors on the studied salivary biomarkers did not bias the results.
However, further studies including both genders as well as pigs at different stages of production should
be conducted to investigate the dynamics of salivary biomarkers more thoroughly. In addition to sex,
some evidence of breed effects on salivary ADA and Hp exists (31). In the present study, all
experimental pigs were of the same breed. This should be taken into account when extrapolating these

results to other studies, especially if pigs of various breeds are involved.

Haptoglobin is a widely studied APP in pigs, and it has been investigated in combination with ADA
(19,31) and cortisol (29,30). Escribano et al. (29) concluded that the measurement of salivary Hp and
cortisol could be used as a non-invasive, simple, and practical tool to evaluate the combined response
to endotoxemia in pigs. Therefore, we decided to include it as the most promising APP to be combined

with the other biomarkers.

Conclusions

All three biomarkers studied — ADA, Hp, and cortisol — were indicative of a systemic inflammatory
response following LPS endotoxemia. The salivary concentration of those biomarkers increased
following a similar pattern, and ketoprofen was able to alleviate the effect of LPS. The results indicate
that the selected salivary parameters, are indicative of systemic inflammation in pigs at an early stage.
Primary and novel findings of the study are the response of ADA to LPS, its time course, and alleviation
by ketoprofen. Further studies should investigate the underlying mechanisms contributing to ADA
dynamics; for Hp and cortisol they are already quite well known. Moreover, the usefulness of these

biomarkers should be validated in a larger sample and in commercial conditions.
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Abstract

The immune system can influence social motivation with potentially dire
consequences for group-housed production animals, such as pigs. The aim of this
study was to test the effect of a controlled immune activation in group-housed pigs,
through an injection with lipopolysaccharide (LPS) and an intervention with
ketoprofen on centrality parameters at the individual level. In addition, we wanted to
test the effect of time relative to the injection on general network parameters in order
to get a better understanding of changes in social network structures at the group
level. Fifty-two female pigs (11-12 weeks) were allocated to four treatments,
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comprising two injections: ketoprofen-LPS (KL), ketoprofen-saline (KS), saline-LPS
(SL) and saline-saline (SS). Social behaviour with a focus on damaging behaviour
was observed continuously in 10 x 15 min bouts between 8 am and 5 pm one day
before (baseline) and two subsequent days after injection. Activity was scan-sampled
every 5 min for 6 h after the last injection in the pen. Saliva samples were taken for
cortisol analysis at baseline and at 4, 24, 48, 72 h after the injections. A controlled
immune activation affected centrality parameters for ear manipulation networks at the
individual level. LPS-injected pigs had a lower in-degree centrality, thus, received
less interactions, two days after the challenge. Treatment effects on tail manipulation
and fighting networks were not observed at the individual level. For networks of
manipulation of other body parts in-degree centrality was positively correlated with
cortisol response at 4 h and lying behaviour in the first 6 h after the challenge in LPS-
injected pigs. Thus, the stronger the pigs reacted to the LPS, the more interactions
they received in the subsequent days. The time in relation to injection affected
general network parameters for ear manipulation and fighting networks at the group
level. For ear manipulation networks in-degree centralisation was higher on the days
following injection, thus, certain individuals in the pen received more interactions than
the rest of the group compared to baseline. For fighting networks betweenness was
significantly higher at baseline compared to one day after injection, indicating that
network connectivity increased after the challenge. Networks of tail manipulation and
manipulation of other body parts did not change on the days after injection at the
group level. Social network analysis is a method that can potentially provide
important insights into the effects of sickness on social behaviour in group-housed

pigs.
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Implications

Damaging behaviour is a major welfare problem in pig husbandry and has been
linked to poor health. We were able to detect changes in social interactions in
response to a controlled immune activation both on individual and group level using

social network analysis.

Introduction

When animals become sick, pro-inflammatory cytokines can alter social motivation
so that they can withdraw, conserve resources and recover (reviewed by Nordgreen
et al.,, 2020). In intensive pig production systems, animals housed in close
confinement cannot withdraw from their pen mates when they experience a bout of
illness, and this might influence their social interactions (Veit et al., 2021). There are
indications that poor health status is positively correlated with damaging behaviours
(Moinard et al., 2003; Taylor et al., 2012). In particular, it was shown that pigs
diagnosed with respiratory diseases tended to perform more ear- and tail biting than
controls in the days prior to disease outbreak (Munsterhjelm et al., 2017). These so-
called damaging behaviours are supposed to spread either actively due to social
learning (Blackshaw, 1981) or passively through animals encountering a wounded
tail or ear (Fraser, 1987). Damaging behaviours have an unpredictable appearance
and rapid spread, as well as a sporadic occurrence which makes them difficult to
study (reviewed by D’Eath et al., 2014). So far, most studies of damaging behaviours
focus either on pen-level data (Larsen et al., 2019; Li et al.,, 2020) or dyadic
interactions (Brunberg et al., 2011; Zonderland et al., 2011; Munsterhjelm et al.,
2016), or related indicators, such as tail posture (Zonderland et al., 2009; Lahrmann
et al., 2018). Except for studies on the relationship between indirect genetic effects
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for growth rate and biting behaviour (Camerlink et al., 2015), studies that take the

whole group of animals into account are lacking.

Social network analysis (SNA) provides standardised mathematical methods for
calculating measures of sociality across levels of social organisation and has become
an increasingly common tool for studying animal behaviour (reviewed by Makagon et
al., 2012). SNA is widely used in different fields (e.g. primatology, behavioural
ecology, epidemiology) and across many species but most extensively in wildlife
research (Stanton and Mann, 2012; Aplin et al., 2013; Brent et al., 2013) and to a
much lesser extent in captive farm animals (Abeyesinghe et al., 2013; Boyland et al.,
2016). Previous studies in pigs have focused on agonistic behaviour such as the
description of general network properties (Blttner et al., 2015a) and individual
network position (Buttner et al., 2015b) across three mixing events. SNA is relevant
for animal welfare and farm management, Foister et al. (2018) were able to predict
long term aggression (3 weeks post-mixing) by calculating network properties at 24 h
after mixing. Studies on damaging behaviours such as ear- and tail-biting (Li et al.,
2018) are underrepresented even though SNA has the potential to shed light on
underlying social mechanisms and the spread of these behaviours. SNA variables of
particular interest in this context is degree centrality and edge density. Degree
centrality is measured at individual level and is determined by how many interactions
this pig has with others. Edge density is measured at group level and indicates how
well the members of the group are connected in terms of their interaction with each
other (Foister, 2019). After a controlled immune activation, pigs exhibited a shift in
social motivation and performed more ear and tail manipulation two days after the
challenge (Munsterhjelm et al., 2019). Based on these findings, we would expect a

higher out-degree centrality in ear and tail manipulation networks of challenged pigs
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as well as a higher edge density in the networks on the days following a controlled

immune activation.

Lipopolysaccharide (LPS) is a part of the cell wall of Gram-negative bacteria (e.g. E.
Coli) and can be used to model aspects of sickness. LPS binds to toll-like receptors
(TLRs) on several types of immune competent cells and activates the innate immune
system within an hour after administration. As a first response, interleukin-1,
interleukin-6, tumour necrosis factor a, interleukin-8, C-reactive protein and cortisol
are released. The proinflammatory cytokines give rise to sickness behaviour and an
increase in prostaglandin synthesis through the enzyme cyclooxygenase (COX) as
well as a profound reduction in activity and increase in cortisol during the first 6 h
after injection (Nordgreen et al., 2018; Veit et al., 2021). In rodents, depressive-like
behaviour after overt sickness has been observed (O'Connor et al., 2009). In pigs,
more ear and tail manipulation and changes in central cytokine and monoamine
levels have been reported within two to three days after LPS-injection (Nordgreen et
al., 2018; Munsterhjelm et al., 2019; Veit et al., 2021). Nonsteroidal anti-inflammatory
drugs (NSAIDs) such as ketoprofen are able to lower the effect of LPS on cortisol
release and attenuate behavioural signs of sickness (Veit et al., 2021). Non-selective
NSAIDs inhibit COX1 and COX2 and thereby prostaglandin E2 (PGE2) synthesis

(Thompson et al., 2018).

Due to relatively small group sizes (1-3 pigs), previous studies (Nordgreen et al.,
2018; Munsterhjelm et al., 2019) were unable to fully mimic the housing conditions on
farms, where pigs are kept in larger groups (6 and more), thus, the complexity of
social interactions that could be studied were limited. In this study we therefore
wanted to further our understanding of how pig social behaviour is influenced when
one member of a larger group becomes ill and thereby changes its behaviour. To
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achieve this, we used social network analysis to test the effect of a controlled
immune activation and an intervention with ketoprofen on centrality parameters (e.g.
degree centrality) on pig level. In addition, we wanted to test the effect of time relative
to injection on general network parameters (e.g. edge density) in order to get a better
understanding of changes in social network structures on pen level. We hypothesised
that an injection with LPS affects the standing of an individual pig in a group of pen
mates and that iliness in one pig changes the group dynamics after recovery. We
predicted that the centrality parameters in ear and tail manipulation networks of a
challenged pig would be affected in a way that the number of interactions received
(in-degree) decreases, whereas the number of interactions initiated (out-degree)
increases (l). Moreover, we predicted that the number of interactions within a group
(edge density) would increase the subsequent days after challenge (Il). We applied
this method to continuous observations of social behaviour that were gathered during

a previous experiment (Veit et al., 2021).
Material & Methods
Animals and husbandry

The experiment took place between March 23th and May 15th 2018 at the Livestock
Production Research Center of the Norwegian University of Life Sciences (NMBU),
campus As. Seventy-eight undocked pigs aged between 11 and 12 weeks were used
in two blocks (52 females and 26 castrated males). Animal caretakers selected 4
females and 2 males per litter as even in size as possible to be group-housed in the
13 pens they were born in at a stocking density of 1.3 m? per pig. The four female
pigs in each pen were randomly allocated to one of four treatments each, so that all

treatments were represented in all pens, resulting in 13 pigs per treatment. The male
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pigs were companion pigs (CO) used to increase the stocking density and group

size. Housing details are provided in Veit et al. (2021).
Experimental design

The description of the design is adapted from Veit et al. (2021). The pigs were
allocated to four treatments comprising to injections: ketoprofen-LPS (KL),
ketoprofen-saline (KS), saline-LPS (SL), saline-saline (SS), Fig. 1. Ketoprofen (6 mg
kg™') or saline (similar volume of 0.9 %) was injected in the trapezius muscle. LPS
(1.2 ug kg™, serotype 0111: B4 of Escherichia coli dissolved in 0.9 % sterile saline to
a concentration of 100 ug ml', produced by Sigma, Germany) or a similar volume of
saline was administered intravenously through an ear vein catheter on average 60 *
14 min afterwards. Saliva samples were taken by letting the pigs chew on a cotton
pad at baseline and at 4, 24, 48, 72 h after the intravenous injection. Details about
sampling procedures are described in Veit et al. (2021). One camera per pen (door
ccd-camera, Smartprodukter, Ulsteinvik, Norway) was placed centrally on the ceiling
above and the pigs were individually marked on the back. The Media Recorder
system from Noldus (Wageningen, the Netherlands) was used to run video

recordings of behaviour continuously throughout the experiment.
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Figure 1: Pen design (shaded area = slatted flooring) and treatments of pigs (KL =
ketoprofen-LPS, KS = ketoprofen-saline, SL = saline-LPS, SS = saline-saline and CO

= companion).
Cortisol analysis

Cortisol concentration in saliva has been measured in a previous study (Veit et al.,
2021). In brief, an enzyme immunoassay kit according to the manufacturer’s protocol
was used (DetectX®, Catalogue Number KO033-H5W, Arbor Assays, MI, USA). The
optical density of each well was read with the Sunrise Absorbance Reader (Tecan
Austria GmbH, Grédig/Salzburg, Austria) at 450 nm using the Magellan 6.4 software.
Mean coefficient of variation varied between 4.69-7.63 %. Sensitivity was determined
as 27.6 pg ml' and limit of detection was determined as 45.4 pg ml-! according to

manufacturer.
Video analysis

All behavioural video recordings have been analysed in a previous study (Veit et al.,
2021) using the Observer XT 14.1 from Noldus (Wageningen, The Netherlands). The
methods applied are described here for completeness. Behavioural signs of sickness
were observed by instantaneous scan sampling (Altmann, 1974) every 5 min for 6 h
after the injection of the last pig in the pen (DAY1). The observer was blinded to
treatment. The frequency of lying lateral/ sternal/ alert and being active was included
as a measure for the response strength to LPS. Social behaviour was observed at
baseline (one day before injection), referred to as DAYO0, and on the first and second
day after injection (DAY2 and DAY3). Continuous observations of performers and
receivers of social behaviour at certain intervals during the day was performed by

one observer who was blinded to treatment and day of experiment. The sampling
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scheme for DAYO, DAY2 and DAY3 was four 15 min intervals in the morning

between 8:00 and 10:00 and six 15 min intervals in the afternoon between 14:00 and

17:00, (Fig. 2).
DAY0 DAY1 DAY2 DAY3
| | | |
| l | l
4
LPS-injection
8 B 10 u 2 3 14 15 16 hour

= observation period of 15 min

Figure 2: Schematic overview of the sampling scheme for observation of pig social

behaviour over the 3-day experimental period.

The day of injection itself (DAY1) was not of interest for observation of social
behaviour because it was interrupted due to more handling on that day. Only 12 out
of 13 pens were included in analysis due to an inadequate quality of the video
material from one pen (which was too brightly lit to identify back markings). The
ethogram for the specific social behaviours performed is displayed in Table 1. Due to
low frequencies, the behaviours flank nosing (4.9 % of all behaviour observed) and
belly nosing (4.1 %) as well as displacement (2.1 %) were not used for further

analyses.

Table 1: Ethogram for social behaviour in pigs

Behaviour Description

Ear Touching the ear of another pig with the snout, including taking the ear into
manipulation the mouth

Tail Touching the tail of another pig with the snout, including taking the tail into
manipulation the mouth



205

206

207

208

209

210

211

212

213

214

215

216

Manipulation of Touching body parts of another pig with the snout except for tail, ear, belly
other body parts and flank region (e.g. head, legs, back), including taking the body parts

into the mouth

Fighting Biting, hitting, and knocking of another pig with the head. Includes chasing
performed immediately after biting, hitting, knocking. Includes parallel
pressing after knock, hit or bite. Pig that initiates the fight is the performer,
pig that is being attacked is the recipient

Flank nosing Touching the flank region (=upper part of the lateral side of the body from
the beginning of the shoulder until the end of the body, except of tail) of

another pig with the snout

Belly nosing Repetitive up and down movements on the abdomen of another pig that is

lying or standing

Displacement Pushing away another pig without fighting (as defined above), results in
active movement of the recipient and getting access to a resource (e.g.

silage, lying space, drinker) for the performer

The package igraph in R 4.0.3 was used to construct networks and calculate network
properties at pig and at pen level (Table 2). Centrality parameters were obtained via
the degree and eigen_centrality functions and normalized by the pig with the highest
value in the respective pen, thus, centrality was scaled between 0-1 (1 = most central
pig in the pen). General network parameters were obtained via the edge_density,
centralization.degree, centralization.betweenness  and centralization.evcent
functions. Degree centralisation was normalized by the most central pig in the
respective pen. Codes for calculation of network parameters are given in the

Supplementary Material S1.

Table 2: Social network parameters based on observations of social behaviour in

pigs

10
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Terminology

Description

Centrality parameters

(pig level)
Degree centrality

In-degree

Out-

degree
Eigenvector

centrality
General network

parameters (pen level)

Edge density

Degree

centralisation

In-degree

Out-

degree

Betweenness

Eigenvector

Number of direct interactions an individual has with other
individuals of the group
Number of interactions received by an individual

Number of interactions initiated by an individual

Takes the degree centrality of an individual, as well as the
degree centrality of other individuals it is connected with, into

account

Amount of actual interactions between individuals divided by the
total number of possible interactions in the group. An edge
represents the interaction between two individuals.

The range or variability of the individuals’ centrality values (0
indicates that all individuals in the network have equal centrality;
1 indicates maximum inequality)

Description of whether certain individuals receive more
interactions than the rest of the group

Description of whether certain individuals initiate more
interactions than the rest of the group

Pens with high values contain individuals who connect other
individuals that do not directly interact

Pens with high values contain a small number of well-connected
individuals, with the rest of the group being considerably less

well connected

Statistical analysis

JMP Pro 14.3.0 (SAS, NC, USA) was used to build mixed models for analysis of

network parameters. The significance level for all analysis was set at p < 0.05.

Residuals were checked for normality and homogeneity of variance by visual

11
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inspection of plots. Main effects are not presented when the interaction was in focus
to answer the research question. A priori planned contrasts were used after running
the main models, as we had predefined assumptions (for further explanation see
Doncaster and Davey, 2007). For centrality parameters, the calculated values of
degree centrality, in-degree centrality, out-degree centrality and eigenvector
centrality were used as dependent variables. The treatment (KL, KS, SL, SS), the
day (DAYO0, DAY2, DAY3) and the interaction of both were used as independent fixed
effects. Pig nested in treatment was included as a random variable in all models.
Companion pigs were not considered for analysis. For planned comparisons,
Student’s t-tests were used. In a first step, we compared SL with SS to elucidate the
effect of LPS on centrality parameters. In addition, the comparison of SL and KL
should answer the question whether ketoprofen alleviates the effects of LPS.
Furthermore, it was relevant to compare SS with KS in order to see whether
ketoprofen has an effect in pigs that were not challenged with LPS. If any of these
pairwise comparisons were significant, we compared within-group differences
between baseline and the day at which the significant treatment effect was found
(Veit et al.,, 2021). For correlations between centrality parameters and cortisol
concentrations at 4 h after injection, as well as general activity in the first 6 h after
injection, Spearman rank coefficient was used. For general network parameters, the
calculated values of edge density, degree centralisation, in-degree centralisation, out-
degree centralisation, betweenness and eigenvector were used as dependent
variables. The day (DAYO, DAY2, DAY3) was used as independent fixed effect and
the pen was included as a random variable in all models. For planned comparisons,
Student’s t-tests were used. Codes for statistical models are given in the

Supplementary Material S2.
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Results
General description of the data set

LPS activated the HPA-axis as indicated by an increase in salivary cortisol at 4 h
after injection and depressed activity within 6 h; ketoprofen alleviated this effect
(reported in Veit et al., 2021). Pigs across all treatments and days manipulated
mostly the ears (23.7 % of all behaviours observed) and other body parts (31.8 %) of
their pen mates and were frequently involved in fights (24.4 %). Tail manipulation
was shown to a much lesser extend (9.0 %). An overview of the different centrality
parameters at pig level calculated by treatment and day are displayed in the
Supplementary Table S1 and the results are described in detail in the following
paragraph. An overview of the general network parameters calculated at pen level for
all behaviours by day are displayed in the Supplementary Table S2 and the results

are described subsequently.
Effect of treatment on centrality parameters (pig level)

The calculated centrality parameters were used to plot social networks for each pen

and day (Fig. 3).

PEN1 DAYO PEN1 DAY2 PEN1 DAY3

@2 [ & o @
¢ ®» @& ® ®
Y o o—O

Figure 3: Example of a social network based on all interactions of pigs observed in

pen 1 at baseline (DAY0) and on the first (DAY2) and second day (DAY3) after

13
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injecting the pigs with ketoprofen-LPS (KL), ketoprofen-saline (KS), saline-LPS (SL)
and saline-saline (SS). Nodes represent individuals in the pen, colour of the nodes
indicate treatments (pink = SL, blue = KS, orange = KL, green = SS, yellow = CO)
and size of the nodes represents degree centrality; edges represent interactions
between individuals, arrows point from the actor to the receiver and thickness of the
edges represents the frequency. In this example, the KS pig increases its degree
centrality from baseline to DAY2 and DAY3 (but to a lesser extent than at DAY2),
whereas the SL pig largely has unchanged degree centrality. The frequency of
interactions within the network increases from baseline to DAY2 and DAY3. The
pattern differed from pen to pen, and this illustration is meant as an aid in

understanding.

LPS had a significant effect on centrality parameters of ear manipulation at an
individual level (F(treatment*day)s, s7.53 = 1.82, p = 0.11). SL pigs (median (min | max)
= 0.40 (0.10 | 1.00)) had a significantly lower in-degree centrality, thus, received less
interactions, compared to SS pigs (0.83 (0.40 | 1.00)) two days after injection
(planned comparison: p = 0.01), Fig. 4a. A pre-treatment with ketoprofen did not
alleviate this effect. A numerical difference between SL and SS pigs was present at
baseline. Neither LPS nor ketoprofen had an effect on centrality parameters of tail
manipulation (Fig. 4b), manipulation of other body parts (Fig. 4c) and fighting (Fig.
4d) and no clear patterns could be observed. In-degree centrality of SL pigs for
manipulation of other body parts was positively and significantly correlated with
salivary cortisol concentration at 4 h after injection (DAY2: Spearman’s rho p= 0.71, p
= 0.009) and lying laterally in the first 6 h after the challenge (DAY3: p= 0.62, p =
0.03). Thus, the stronger the pigs reacted to the LPS, the more interactions they

received in the subsequent days.
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Figure 4: Centrality parameters calculated for ear manipulation (4a), tail manipulation
(4b), manipulation of other body parts (4c) and fighting (4d) at baseline (DAY0) and
at the first (DAY2) and second day (DAY3) after injecting pigs with ketoprofen-LPS
(KL), ketoprofen-saline (KS), saline-LPS (SL) and saline-saline (SS). Round dots
represent outliers. Significant differences of planned comparisons between

treatments (p < 0.05) and within day are marked with an asterisk (*)
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Effect of time relative to injection on general network parameters (pen level)

Day relative to injection had an effect on general network parameters of ear
manipulation. On the first (median (min | max) = 0.41 (0.26 | 0.57)) and second day
after injection (0.45 (0.28 | 0.67)) in-degree centralisation (F(day)z2.22 = 4.74, p = 0.02)
was significantly higher compared to baseline (0.33 (0.10 | 0.54), planned
comparisons DAYO0 vs. DAY2: p = 0.04, DAYO vs. DAY3 p = 0.007), Fig. 5a. Thus,
certain individuals in the pen received more interactions than the rest of the group.
Day relative to injection had an effect on general network parameters of fighting. One
day after injection, betweenness (F(day)z22 = 2.85, p = 0.08) was significantly lower
(0.15 (0.04 | 0.44)) compared to baseline (0.26 (0.07 | 0.48), planned comparison: p
= 0.03), Fig. 5b, indicating that network connectivity increased following the injection.
Day relative to injection had no effect on general network parameters of tail
manipulation and manipulation of other body parts (Fig. 5).
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Figure 5: General network parameters (5a, 5b) calculated for ear manipulation (EM,
blue boxplot), fighting (FT, red), manipulation of other body parts (MO, green) and tail

manipulation (TM, lilac) over three days in pigs. Round dots represent outliers.
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Significant differences of planned comparisons between days (p < 0.05) are marked

with an asterisk (*)

Discussion

Summary

We were able to detect changes in social interactions in response to a controlled
immune activation at both individual (pig) and group (pen) level using social network
analysis. For ear manipulation networks, an injection with LPS resulted in a lower in-
degree centrality two days after the challenge at pig level, meaning that the ears of
LPS-injected pigs were manipulated to a lesser extent compared to saline-injected
pigs. Treatment effects on tail manipulation and fighting networks were not observed.
Ketoprofen seemed not to have an impact on centrality parameters at pig level. For
networks of manipulation of other body parts, in-degree centrality was positively
correlated with cortisol response and lying behaviour in the first 6 h after the
challenge in LPS-injected pigs. This finding indicates that the stronger the pigs
reacted to the challenge, the more manipulations were directed towards them on the
following days. At the pen level, a higher in-degree centralisation for ear manipulation
networks in the two subsequent days after injection compared to baseline was found,
thus, certain individuals were more frequently manipulated than the rest of the group.
For fighting networks, betweenness was significantly higher at baseline compared to
one day after injection, indicating that network connectivity increased following the
injection. Time relative to injection had no effect on general network parameters of

tail manipulation and manipulation of other body parts.
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General aspects

The proportions of different social behaviours observed in this study were similar to
other studies in group-housed pigs. Bolhuis et al. (2006) found that manipulative oral
behaviour directed at pen mates in 15- and 19-week-old pigs mainly consisted of
manipulating other body parts (58 % of total observations on manipulative behaviour)
and ear biting (30 %) whereas belly nosing (8 %) and tail biting (4 %) were observed
less frequently (fighting was not included). Also, Van de Meer et al. (2017) showed
that oral manipulation in 20- and 23-week-old pigs was directed mainly towards other
body parts and ears, while to a lesser extent towards tails or belly. Slightly
contradictory, Camerlink et al. (2013) observed that nosing between 8-week-old pigs
consisted mainly of nose-to-nose contact, nosing the body and nosing the head while

nosing the ears was rather uncommon, as was nosing the tails.

Pigs used in the present study were similar in age, and housed litter-wise in the same
environment from birth. In commercial pig production, regrouping and rehousing are
very common management procedures. The stable housing and social conditions in
the present study might have had a general impact on network parameters. It has
been shown that piglets in socialized pens showed a significantly lower degree
centrality, eigenvector centrality and clustering coefficient compared to controls
(Turner et al., 2020). We applied SNA to a rather small group of individuals (6)
compared to the group sizes of previous studies (8 in Li et al., 2018, 6-29 in Bittner
et al., 2015b, 15 in Foister et al., 2018, 12 in Turner et al., 2020), which limits the
number of possible interactions within the group. Nevertheless, this is the first study
that takes a variety of behavioural patterns into account when describing the effects

of immune activation.
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Effect of treatment on centrality parameters (pig level)

It was shown in rodents that when sickness behaviour resolves, mice display
depressive-like behaviours measured by increased immobility in the forced swim test
and tail suspension test at 24-28 h after LPS-challenge (Frenois et al., 2007,
O’Connor et al., 2009, Ge et al., 2015, Zhu et al., 2015, Suliyaka et al., 2016, Zhao et
al.,, 2019). It is these psychological aftereffects and their potential effect on social
interactions that we wanted to investigate with the current experiment in pigs.
Immune activation has been suggested as a major factor influencing social
interactions in pigs, with outbreaks of damaging behaviors such as tail biting as a
possible result (reviewed by Nordgreen et al., 2020). The shift in social motivation
(seen as more tail and ear directed behaviour) was observed about 40 h after the
signs of acute illness dissipated and was not accompanied by a similar increase in
activity (Munsterhjelm et al., 2019). In boars, tail- and ear-biting tended to increase 0-
2 weeks before clinical signs of respiratory infection were visible (Munsterhjelm et al.,
2017), thus, behaviour changed already in a preclinical stage of illness. This could
also be the case in the phase of recovery when clinical signs abate. Thus, pigs might
feel irritable, which might increase the probability to become a biter. Irritability,
emotional lability and short temper are reported side effects in humans undergoing
cytokine therapy (Capuron et al., 2000, Constant et al., 2005, Denicoff et al., 1987,

Renault et al., 1987).

In a previous study with the same pigs, we found that LPS-injected pigs manipulated
the ears of their pen mates longer compared to saline-injected pigs on the second
day after injection (Veit et al., 2021). In the present study, LPS-injected pigs received
fewer ear manipulations two days after the challenge compared to saline-injected

pigs. The previous results are based on the duration of the behaviour, whereas the
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SNA is based on the frequencies of the respective behaviour. It appears logical, that
pigs that perform longer ear manipulations are less likely a target for ear
manipulations themselves. Thus, SNA provides a different perspective on the
behavioural effect of LPS. It has been discussed that a “pre-damage” state (Fraser
and Broom, 1997), in which pigs perform so called “tail-/ear-in-mouth behaviour”
(Schrgder-Petersen et al., 2003, Diana et al., 2019) can develop into a “damage-
state”. Thus, the gentle tail or ear manipulation we observed could be a precursor of
more severe biting behaviour. Camerlink et al. (2013) found that nosing the tail
correlated with tail biting and nosing an ear correlated with ear biting. Nevertheless,

severe tail or ear lesions were not observed in the present study.

LPS activates the hypothalamic-pituitary-adrenal (HPA) axis as indicated by a peak
in cortisol concentrations at 4 h after injection (Webel et al., 1997; Nordgreen et al.,
2018). In the present study, the cortisol response and behavioural signs of sickness
on the day of injection were correlated with centrality parameters calculated on the
first and second day after the challenge. We found that the stronger the cortisol
response at 4 h and the more frequently pigs were lying on their side in the first 6 h
after the injection, the more these pigs were manipulated by their pen mates on the
following days when they were recovered from the challenge. Exposure to stressors
is commonly associated with increased HPA axis activity, and therefore, the
response of cortisol is generally considered an indicator of stress (Dallman et al.,
1987; Sapolsky et al., 2000). Stress has been found to significantly affect the
physiology and behaviour of captive and wild populations, which can alter individual
behaviour and overall network structure (Boogert et al., 2014). When it comes to
interpreting manipulation of other body parts, Jensen and Wood Gush (1984)

suggested a threatening function of "nose-to-nose" contact and associated “nose-to-
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body" contact with individual recognition. Camerlink et al. (2013) found that nosing
other parts of the body was unrelated to damaging forms of interaction. It is therefore
not clear whether manipulation of other body parts can be interpreted as purely

affiliative social behaviour.

Ketoprofen reduces PGE2 production in LPS-injected pigs and inhibits thereby a
fever response (Wyns et al., 2015). This is one possible pathway through which
ketoprofen can influence behaviour. Moreover, some NSAIDS are able to alter the
expression of NFkappaB and thereby reduce subsequent cytokine expression
(Peters et al.,, 2012), but whether ketoprofen works in this way is not known.
Ketoprofen alleviated the effect of LPS on sickness behaviour on the day of injection
but did not affect social network parameters in the subsequent days after the
challenge. However, the pigs that were injected with LPS and ketoprofen did not
change their behaviour in the same way that the pigs that received LPS without

ketoprofen did.

Effect of time on general network parameters (pen level)

At pen level, high degree centralisation describes whether certain individuals initiate
or receive more interactions than the rest of the group. High betweenness
centralisation occurs where sub-groups within a pen interact only indirectly through a
small number of intermediary animals (Turner et al., 2020). In the present study, in-
degree centralisation was increased the days following injection for ear manipulation
networks, thus, the ears of certain pigs were manipulated more often than their pen
mates’ compared to baseline. Betweenness was decreased for fighting networks one
day after injection, suggesting that interactions were more evenly spread across all

group members and no single individual was responsible for connecting a
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fragmented network. Edge density increased only numerically for ear manipulation
and fighting networks on the day after injection compared to baseline. Edge density
indicates how well the members of the group are connected in terms of their
interaction with each other and we expected it to increase in all networks the days

after injection.

Behavioural changes can be seen in sick animals but also in their healthy social
companions. LPS-injected pigs and pigs diagnosed with osteochondrosis received
increased social attention by pen mates (Munsterhjelm et al., 2017, Munsterhjelm et
al., 2019). On the other hand, LPS-injected pigs performed more tail and ear directed
behaviour than their controls in the subsequent days after the challenge
(Munsterhjelm et al., 2019). The increased interest in sick animals during the first
hours seems logical, but the mechanisms behind the observed change in social

behaviour in the following days need to be investigated in future research.

In other studies using social network analysis, the effect of mixing (Bittner et al.,
2015a; b), feed-restriction (Cafion Jones et al., 2010) and higher stocking density
(Canon Jones et al.,, 2011) was tested at group level. In the present study, all
treatments were represented in each pen, which hampers the interpretation of
general network parameters. A change in group dynamics in the days following
injection could be interpreted as a result of a behavioural change of one pig in the
group (SL) or as a reaction to the handling of the group as a whole. Even so, the
study provides insights on the effects of sickness on social behaviour, where there is

still a paucity of scientific literature.
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Conclusion

There might be long-lasting effects on social behaviour, both at individual and group
level, when even just one individual in a group becomes ill. Changes were detected
in ear manipulation and fighting, which together cover 48 % of observed social
behaviours, thus, a significant part of social activity was affected. The results indicate
that the pigs changed the way they directed social activities, and that the immune
status of individuals affected these changes. This needs to be considered in studies
of effects of health on behaviour when animals are kept in groups and shows a need
for further studies on how individuals in a group should be managed when they

become ill.
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