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General Introduction






General Introduction

1.1 Introduction

Welfare and health issues in farm animals, including pigs, have become
increasingly important to the public as well as in science. On commercial
farms, most pigs are housed in rather barren, stimulus-poor conditions, that
poorly meet their behavioural and psychological (emotional) needs and
hypo-stimulate their senses and cognitive abilities. Pigs in these stimulus-
poor environments often show behavioural, physiological, and pathological
signs of poor welfare and stress (Bolhuis et al. 2013; Carreras et al. 2016;
Munsterhjelm et al. 2010; Yang et al. 2018), which could potentially also
impact their immune competence and health. Apart from the current
environment, experiences in early life can have long-term effects (Archard et
al. 2012; Bolhuis et al. 2006; Chaby et al. 2013; Chiang et al. 2015; Lukkes et
al. 2009; Munsterhjelm et al. 2009; Munsterhjelm et al. 2010; Schmeer et al.
2019; Sheriff et al. 2009), and, therefore the effects of housing may also
depend on early life housing history. This thesis will focus on the effects of
early life and current environmental enrichment as opposed to barren

housing on behaviour, affective states, and immunity in pigs.

In this chapter, first a background of the welfare problems of pigs kept in
stimulus-poor environments in commercial pig husbandry is given.
Thereafter, environmental enrichment is introduced, as well as its effect on
different aspects of animal welfare. Subsequently, the potential effects of
experience with enrichment materials in early life and of a (mis)match with
current housing on behaviour, affective state and health are described. The

guestion is raised whether and how the interplay between early and current
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enrichment may impact pig welfare, including health, and lastly, the aim and

outlines of this thesis are presented.
1.2 Pig husbandry and welfare problems

Since the 1960s, pig production has dramatically changed from small family-
run farms to large production units in industrialised countries (Pedersen
2018). These changes have shifted the extensive housing systems with a high
labour input to economically efficient units with low labour input, low space
allowance, and use of slatted or partly slatted floor systems with little or no
bedding materials (van de Weerd and Day 2009). Intensive indoor systems
have a number of advantages such as protection of pigs against predators,
climate control, better controlled hygiene, and ease of cleaning and
management (Bammert et al. 1993). However, several features of intensive
indoor systems have come at a cost for pig welfare. The limited living space
and absence of substrates or materials to root in, give rise to major welfare
problems in pigs in intensive indoor systems. Pigs are intelligent and social
animals with a wide range of inquisitive behaviours. In a natural environment,
pigs spend a large part of their active time on searching for food and
collecting information by exploring their surroundings within a large home
range area (see Studnitz et al. 2007 for review). The execution of these
behaviours is hampered in intensive systems (reviewed in Barnett et al. 2001).
When pigs do not have opportunities to show their explorative behaviour,
they direct more activities to their physical and social surroundings. For
instance, they root the bare floor and chew air (Petersen et al. 1995), but also
show oral manipulation of their pen mates’ ears, tails and other body parts

(Kallio et al. 2018; Moinard et al. 2003; Petersen et al. 1995; Scollo et al. 2016;
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Taylor et al. 2012), leading to stress and poor performance (Dudink et al.
2006; Oostindjer et al. 2011; Widowski et al. 2008). Once learned, these
maladaptive behaviours, such as tail biting, can persist within groups of pigs,
leading to increased risks of infection through bite injuries (e.g. Fraser et al.
1991; Guy et al. 2002; Scott et al. 2006) and production losses (e.g. Beattie
et al. 2000b; Beattie et al. 1996; Jordan et al. 2008), thereto reduced welfare
(Camerlink et al. 2012; Edwards 2006; Taylor et al. 2010). Tail docking is an
efficient way to reduce tail biting in current intensive housing systems for
pigs, but it does not completely eliminate the problem when unfavourable
conditions persist. It is painful and can cause long-term welfare problems
(European Food Safety Authority, 2007). Tail docking is not allowed to be
performed routinely in the EU, yet it is still widely applied in many EU
countries. Societal pressure is increasing to ban this practice and, therefore,
alternative methods to prevent pigs from developing damaging behaviours

are urgently needed.

Over recent decades, due to the welfare problems caused by barren housing,
alternative housing systems, such as outdoor housing and organic farming,
and application of environmental enrichment on conventional farms, have
gained interest. Environmental enrichment is an important requirement for
the welfare of pigs as it allows them to perform more of their species-specific
behavioural repertoire (reviewed in Studnitz et al. 2007; van de Weerd and
Day 2009), and environmental enrichment with rooting substrates seems to
be a promising way to reduce the tail biting and other damaging behaviours

(Beattie et al. 1995; Taylor et al. 2010; Zonderland et al. 2008).
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1.3 Environmental enrichment

Environmental enrichment can be defined as “an increase of the biological
relevance of captive environments by appropriate modifications resulting in
an improvement of the biological functioning of captive animals” (Newberry
1995). In laboratory research, environmental enrichment usually refers to a
housing condition combining complex inanimate (extra space, novel
materials, and objects) and social (pen mates) stimuli that are supposed to
enhance sensory, cognitive, motor and social skills compared with standard
housing conditions consisting of rather bare cages (reviewed in Jirkof 2015).
The scientific study of environmental enrichment began to gain interest in
the 1960s. The early studies focused on the effects of enrichment on learning
ability and brain plasticity (reviewed in Renner and Rosenzweig 1987), and in
the 1970s, zoos began to employ enrichment to enhance the expression of
natural behaviour and to reduce the incidence of behavioural problems in
captive animals (Shepherdson 1998). Then it shifted towards studies on
improving animal welfare in laboratories and farms as the science of
enrichment matured (Chamove 1989; Markowitz and Gavazzi 1995; Mench
1994), and enrichment was mainly compared to standard housing conditions
(Ball et al. 2019). Application of environmental enrichment generally aims to
improve the animals’ quality of life by providing them with a variety of
cognitive, multisensory stimuli, and by eliciting natural exploratory
behaviour (Baroncelli et al. 2010). Studies in laboratory animals have shown
that environmental enrichment can reduce reactivity to stress and anxiety
(Varman et al. 2012; Veena et al. 2009), and increase cognitive functions (Arai
and Feig 2011), shown by enhanced learning and memory mechanisms (Arai

and Feig 2011; Van Praag et al. 2000).
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Behavioural problems in intensive pig husbandry systems have led to a large
amount of research on the potential for environmental enrichment to
improve welfare. There are different types of environmental enrichment for
pigs, such as more space, provision of rooting materials, offering ‘toys’, i.e.
objects for oral manipulation (van de Weerd and Ison 2019) and cognitive
stimulation (Franks 2018; Rauterberg et al. 2013; Sonoda et al. 2013;
Zebunke et al. 2013).

Provision of substrates or materials for exploring is a major method to
combat welfare problems in pigs, as these can satisfy their behaviour need
to chew and root. These substrates or materials need to be chewable,
deformable, destructible and ingestible to be effective (Van de Weerd et al.
2003). Since January 2003, the provision of appropriate environmental
enrichment to pigs of all ages has been mandatory across the European
Union (EU) (Directives 2001/88/EC and 2001/93/EC). The Directives state
that: “To enable proper investigation and manipulation activities, all pigs
must have permanent access to a sufficient quantity of material such as straw,
hay, wood, sawdust, mushroom compost, peat or a mixture of such which
does not adversely affect the health of the animals”. Yet, it should be noted
that in several countries within (and outside) the EU farmers are reluctant to
use such materials in intensive systems, because of labour, costs, concerns
about hygiene, and incompatibility with the (partly) slatted floors and
manure handling systems, and they rather provide objects that are less
satisfying for pigs, such as chains with a ball, or plastic pipes (Bracke and
Koene 2019). Environmental enrichment could also involve extra space, and
it has been found that more space allowance can reduce skin lesions,

reflecting lower levels of aggression, and increase growth in pigs (Randolph
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et al. 1981; Turner et al. 2000). However, Beattie et al. (1996) demonstrated
that substrate-enrichment played a greater role in determining pigs’
behaviour than space allowance, and this was particularly true for the
occurrence of damaging behaviours. Studies on enrichment in pigs therefore
mostly address the provision of substrates for exploration, either or not in
combination with extra space and toys, and will the focus of this chapter and

studies within my PhD project.
1.3.1 Environmental enrichment and animal welfare

Fraser (2008a) reported what is now widely accepted as the three
constituents of animal welfare: (1) animals should have the ability to live
reasonably natural lives consistent with their evolutionary history, which
normally satisfy the motivation to express their natural behaviour; (2)
animals should experience minimal negative psychological states and the
presence of at least some positive psychological states, so this constituent is
about the “feelings” of the animals, further referred to as affective state; and
(3) animals should exhibit good physical health and biological functioning.
These three constituents overlap to some extent as, for instance, it is
believed that allowing animals to live a more natural life would make them
more happy and more healthy (Fraser 2008b). Below, | am going to introduce
the (putative) effects of environmental enrichment in the form of rooting
substrates either or not in combination with extra space, on the three

constituents of welfare.

1.3.1.1 Natural behaviour

Environmental enrichment can enhance the welfare of animals by allowing

them to perform more of their species-specific behaviour and accommodate

8
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a larger range of behavioural choices (reviewed in van de Weerd and Day
2009). Studies on enrichment for farm animals, including pigs, mostly focus
on behavioural outcomes. Enrichment of the environment of pigs with
rooting substrates, such as straw or peat, either or not in combination with
extra space, generally reduces time spent on damaging behaviours directed
at pen mates (i.e. tail biting and ear biting), while increasing the time spent
on activity, exploratory and play behaviours (e.g. Beattie et al. 2000b; Bolhuis
et al. 2005; Mkwanazi et al. 2019; Oliveira et al. 2016; Ursinus et al. 2014).

Apart from affecting their time budget, enrichment may also influence
behaviour of pigs in cognitive tasks. For instance, pigs in enriched
environments more rapidly learned an operant task and spatial learning task
than their counterparts from barren environments (Sneddon et al. 2000).
Environmental enrichment also improved working memory of pigs in a
spatial discrimination task (Bolhuis et al. 2013; Grimberg-Henrici et al. 2016),
and enhanced long-term spatial memory (de Jong et al. 2000), although
effects on reference memory were not consistent (no effect: Bolhuis et al.
2013; improvement: Grimberg-Henrici et al. 2016). Others (de Jong et al.
2000; Jansen et al. 2009) did, however, not find beneficial effects of
enrichment on acquisition of a spatial task. It should be noted that in most of
these studies enrichment consisted of rooting substrates and extra space,
which may be more effective in stimulating (spatial) cognition than

substrates alone.

The enhanced performance of enriched pigs as compared to their barren
counterparts might result from improved early life development of cognitive

abilities. Studies in rodents indicate that environmental enrichment affects
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brain development (Rosenzweig and Bennett 1996), which is reflected in
improved spatial learning (e.g. Leggio et al. 2005; Schrijver et al. 2002).
Moreover, also in pigs, (substrate) enrichment promotes play behaviour (e.g.
Bolhuis et al. 2005), which may be important for cognitive development and
behavioural flexibility (Held and Spinka 2011; Spinka et al. 2001). Additionally,
the better performance of enriched as compared to barren housed pigs could
also reflect chronic stress in the latter group, resulting from a lack of suitable
rooting substrates and/or space in their home pen environment (Bolhuis et
al. 2013). Stress may influence cognitive processes in different ways, with
mild acute stress sometimes even improving learning and memory, whereas
chronic stress mostly negatively interferes with cognitive processes
(reviewed in Mendl 1999). It has been suggested that improved cognitive
skills may benefit welfare by facilitating adaptation to husbandry challenges
(Franks 2018), although it should be noted that clever animals also may be at
greater risk for boredom if they are placed in cognitively less challenging

environments (Nicol 1996).

To conclude, environmental enrichment, compared to barren housing
conditions, improves the welfare of pigs by allowing them to express more
natural behaviours. This conforms to the first constituent of the definition
from Fraser (2008a). Enrichment also affects pigs’ cognitive abilities, which

may have equivocal consequences for welfare.
1.3.1.2 Affective state

Consistent with the second constituent of the animal welfare definition of
Fraser (2008a), many modern definitions of welfare include a reference to

the psychological state and feelings of animals, like whether an animal is

10
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‘happy’ or not (e.g. Boissy et al. 2007; Dawkins 1988; Webster 2008), here
referred to as affective state. The impact of environmental enrichment on
affective state has been less well studied than its impact on natural

behaviour.

Affective state is a combination of background mood and current emotional
response (Mendl et al. 2010), which can influence each other (Murphy et al.
2014). Emotion is defined as a “specific, intense, and short response to
stimuli”, and mood is defined as “longer, more ambiguous, and non-
attributable affective feelings of longer intensity” (Murphy et al. 2014;
Schnall 2010). Affective state, both emotion and mood, can be characterized,
on a two-dimensional scale, by valence (positive/negative) and arousal
(high/low) (Mendl et al. 2009; Paul et al. 2005). Valence is a subjective feeling
of pleasantness or unpleasantness, and arousal is a subjective state of feeling

activated or deactivated (Barrett 1998).

Given the absence of direct measures of affective state, indirect behavioural
and physiological measures are used, as affective states are multifaceted and
comprise behavioural and physiological changes, in addition to subjective
experiences. Tests used for assessing affective state in enriched vs. barren
housed pigs include those measuring fearfulness or anxiety, and judgement
bias reflecting optimism and pessimism. Behavioural tests to measure the
negative affective states of fear and anxiety often assess the response of
animals to novelty, e.g. in human approach tests (e.g. Reimert et al. 2014a)
open field tests (e.g. Romeo et al. 2003; Romeyer and Bouissou 1992), novel

object tests (e.g. Dalmau et al. 2009; Richard et al. 2008; Romeyer and

11
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Bouissou 1992), or their combination (e.g. Reimert et al. 2014a; Van Reenen

et al. 2009).

It is assumed that the response of animals in fear tests can also reflect the
impact of long-term conditions (e.g. enrichment vs. barren housing) on their
affective state. For instance, environmental enrichment reduced the
fearfulness to novel objects placed in their home cage in parrots (Meehan
and Mench 2002). In pigs, enrichment also reduced fearfulness in novelty
tests. Straw-enriched pigs were faster to touch a human (e.g. Reimert et al.
2013) and novel object than barren housed pigs (Reimert et al. 2014a;
Wemelsfelder et al. 2000), and behaved differently in a novel environment
(Beattie et al. 2000a; Jansen et al. 2009). Some other studies also showed
that salivary cortisol concentrations were influenced in the novelty tests,
although the results were not consistent (de Jong et al. 1998; de Jong et al.

2000; Reimert et al. 2014a; van de Weerd and Day 2009).

Also, cognitive judgement bias tests have been used to assess the impact of
environmental enrichment on affective state in pigs. These tests are based
on the finding that affective states can alter cognitive processing and bias
interpretation of ambiguous stimuli, with individuals in a more positive
affective state interpreting such stimuli in a more optimistic manner than
those in a negative affective state (reviewed in Mendl et al. 2009), i.e. ‘the
glass half full or half empty’. There is evidence to show that environmental
enrichment influences judgement bias. For example, in rats (Brydges et al.
2011) and starlings (Bateson and Matheson 2007; Matheson et al. 2008),
environmental enrichment induced a more positive affective state, indicated

by a more optimistic cognitive response to ambiguous stimuli. Also pigs

12
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housed in an enriched environment showed more optimistic judgement bias
in a go/no-go task, suggesting a more positive affective state as compared to
barren housed pigs (e.g. Asher et al. 2016; Douglas et al. 2012). In contrast,
Carreras et al. (2016) reported no difference between enriched and barren
housed pigs in judgement bias despite negative effects of barren housing on
physiological and behavioural welfare indicators. A disadvantage of
judgement bias tests is that they require training of animals, which can be
time-consuming, and not all animals can be trained successfully (Monk et al.
2018; Roelofs et al. 2016). Besides, the training may be actually enriching to
animals, which could overrule or influence the effects of housing conditions
on affective state. Other, additional measures of affective state are therefore

needed to assess the impact of environmental enrichment.

Tests that, to my knowledge, have not been used in pigs yet, are an attention
bias test and successive negative contrast test, which have been used to
assess negative affective states in other species (e.g. rats: Burman et al. 2008;
sheep: Lee et al. 2016 & Monk et al. 2018; dog: Riemer et al. 2016) . Attention
bias tests do not require training and are based on the finding in humans and
other species suggesting that individuals with a negative affective state (e.g.
anxiety or depression) seem to pay more attention to a potential threat
(Bradley et al. 1997; Bradley et al. 1995; Lee et al. 2018; Monk et al. 2018).
The principle of a successive negative contrast test is that it assesses the
sensitivity to reward loss, i.e. ‘disappointment’, and the capacity to overcome
such a loss (Burman et al. 2008; Chaby et al. 2013; Tucker and Luu 2007). A
study in rats reported that rats from an aversive environment had more
difficulty to recover from reward loss than enriched housed rats (Burman et

al. 2008).

13
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In conclusion, studies on the impact of enrichment on affective states in pigs
are rather scarce. Based on behaviour of pigs in fear tests and their responses
in judgement bias tests, there is some evidence for enrichment to induce
more positive affective states. However, more research, using different

measures of affective state, is needed to confirm this.
1.3.1.3 Biological functioning and physical health

According to the third constituent of animal welfare, animals also should
exhibit good physical health and biological functioning. This means that they
should have satisfactory health, growth and normal functioning of

physiological and behavioural systems (Fraser et al. 1997).

This constituent is often associated with the absence of a large or chronic
physiological stress response, and with being able to ‘cope’ with the
environment (reviewed in Duncan 2005). It has been suggested that barren
housing conditions can induce chronic stress, and, in this way, negatively
impact pigs’ biological functioning and physical health. For example, pigs in
barren environments had a higher baseline body temperature (de Jong et al.
2000) and more severe gastric lesions (Bolhuis et al. 2006) than pigs in
enriched environments, which might (partly) be attributed to chronic stress
(de Jong et al. 2000). In several studies, pigs kept without substrates showed
changes in hypothalamic-pituitary-adrenal (HPA) axis functioning, such as
increased basal levels of cortisol (Klont et al. 2001; Reimert et al. 2014a; van
de Weerd and Day 2009), but see de Jong et al. (1998) who found lower basal
levels in barren housed pigs. In addition, in other studies barren housing led
to a blunted circadian rhythm in cortisol (de Jong et al. 2000; Munsterhjelm

et al. 2010) and heavier adrenals at slaughter (Beattie et al. 2000a). It is

14
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known that the HPA axis can become accustomed to stress stimuli thus
affecting cortisol levels, and it seems that barren housing induces changes in
this axis which may be reflective of chronic stress (Becker et al. 1985; De
Jonge et al. 1996; Janssens et al. 1994). In addition, several (e.g. Beattie et al.
2000b; Oostindjer et al. 2010), but not all (e.g. Caldara et al. 2012; Peeters et
al. 2006) studies report that enriching the environment may improve the
growth rates of pigs, which could be related to reduced chronic stress levels

(reviewed in Mkwanazi et al. 2019).

Less is known about the impact of environmental enrichment on general
health and immune competence in pigs. It is often assumed that enrichment
with substrates, like straw, has a negative impact on hygiene and air quality
and can induce the carry-over of diseases. Indeed, use of straw has been
suggested as a risk factor for a number of infections (reviewed in Tuyttens
2005). On the other hand, when used as bedding material, straw reduces foot
and leg problems (Gentry et al. 2002; Lyons et al. 1995), including the

occurrence of leg injuries that may lead to entrance of pathogens.

Apart from influencing the microbes and nutrients pigs are exposed to via
contact with and intake of the substrates provided, thereby potentially
influencing the immune system and gut microbiota, environmental
enrichment may also indirectly affect immune competence and health via its
(putative) effect on stress and mood. The fields of neuroimmunology and
psychoneuroimmunology have shown that the central nervous system and
the immune system are intimately linked and do not function as independent
systems (e.g. Dantzer 2004; Felten and Olschowka 1987; Jiang et al. 1998).

The communication between brain and immune system is bidirectional. The

15
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nervous system can communicate with the immune system, for instance via
the HPA axis (Capuron and Miller 2011) and the sympathetic nervous system
(Sternberg 2006; Wohleb et al. 2015). The immune system, in turn,
influences the central nervous system, primarily through cytokines derived
from lymphocytes and other leukocytes (Banks and Erickson 2010; Capuron
and Miller 2011). It has been shown that stress can disrupt key functional
interactions between the immune system and brain, ultimately affecting
mood and behaviour (reviewed in Anisman and Merali 2003; Wohleb et al.
2015). For instance, activation of microglia, the resident innate macrophages
of the brain, has been implicated as a key regulator of mood and behaviour
in the context of prolonged exposure to stress (reviewed in Schlegelmilch et
al. 2011; Wohleb et al. 2015). In addition, pro-inflammatory cytokines have
been suggested to contribute to mood disorders such as depression
(reviewed in Forsythe et al. 2014; Wohleb et al. 2015). Inversely, chronic
stress in childhood heightened inflammation in later life (Kiecolt-Glaser et al.
2011), and individuals with a more negative affective state poorly mount
immune responses and may be at higher risk for illness than those with a
positive affective state (reviewed in Barak 2006). Thus, the brain-to-immune
communication allows behavioural and environmental variables ultimately
to impinge upon immune function (reviewed in Barak 2006; Kusnecov and
Rabin 1994; Mason et al. 2012), and vice versa (reviewed in Dantzer 2017,

Wohleb et al. 2015).

There are some indications that environmental enrichment, as opposed to
barren housing, affects immune (re)activity in pigs. Although de Groot et al.
(2000) did not find much differences in leukocyte and lymphocyte

distributions, nor in the proliferation response to Concanavaline A and in vivo
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humoral and cellular immune response to keyhole limpet hemocyanin (KLH)
between pigs in barren housing and those enriched with straw and extra
space, others did find effects of environmental enrichment on the immune
system of pigs. For example, Reimert et al. (2014b) found that enrichment
with straw bedding decreased the neutrophil to lymphocyte ratio and
haptoglobin levels, but increased natural antibody levels specific for KLH in
pigs enriched with straw and sawdust bedding. More space and free access
to a roofed outdoor run lowered the neutrophil numbers and blood
lymphocyte proliferation and heightened the lymphocyte to neutrophil ratio,
but this was only seen in one of two genotypes studied (Merlot et al. 2012).
Moreover, van Dixhoorn et al. (2016) found that enriched housed pigs
following an infection with porcine reproductive and respiratory virus (PRRSV)
and Actinobacillus pleuropneumoniae (A. pleuropneumoniae) had a faster
clearance of viral RNA in blood and less (severe) lung lesions than barren
housed pigs, which suggests that environmental enrichment reduces
susceptibility to this lung disease. Whether differences in antigenic exposure,
stress or mood are involved in the impact of substrate enrichment on
immunity and disease susceptibility in pigs remains unknown. Cognitive
enrichment, however, also affected immune parameters in pigs (Ernst et al.
2006), suggesting that effects of enrichment on the immune system are not

solely a result of differences in antigenic stimuli.

The study of Reimert et al. (2014b) provided first evidence that enrichment
may influence circulating natural antibodies (NAb), as enrichment increased
both IgM and IgG antibodies binding KLH in pigs, a glycoprotein they had
never been exposed to. NAb, which are generally characterized by poly-

specificity and low affinity, are important as first line of defence against
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microbial infections (Coutinho et al. 1995). They moreover prime the
adaptive immune response (Lammers et al. 2004; Manson et al. 2005) and
play a role in clearing apoptotic cells (Manson et al. 2005; Quartier et al.
2005). A large part of the NAb repertoire is directed to self-antigens, and
these antibodies are referred to as natural autoantibodies (NAAb) (Coutinho
et al. 1995). Levels of NAAb in blood were found to be related to neurological
changes caused by stress in humans (Abou-Donia et al. 2013), and therefore
could be a biomarker to measure the effects of stress on innate immunity.
More research is needed to investigate whether enrichment also affects
levels of (auto)antibodies other than KLH in pigs, and whether this may have

consequences for their health.

In conclusion, there are several indications that environmental enrichment
with substrates has a beneficial effect on the biological functioning of pigs,
as pigs in barren housing seem to suffer more from chronic stress. Effects on
the immune system and on susceptibility to infectious disease are less well-

studied and deserve further attention.

1.4 Effects of early life and (mis)match of early and later life environments

As indicated above, absence or presence of substrates as environmental
enrichment for pigs seems to influence all three constituents of animal
welfare, although studies on the impact on affective state and immune
function are less abundant that those focusing on natural behaviour. Part of
the effects of enrichment may derive from developmental changes caused
by early life experience with environmental enrichment, which may have

effects on later life functioning. Moreover, given the fact that most pigs are
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relocated at least once during their lives, it is vital to consider the impact of
a change in environment, potentially causing a mismatch between the early

life and current housing conditions that they are exposed to.

It has been shown that early life experiences may have long-term impacts on
behaviour, affective state, and immunity via different ways, as during early
life phases brain circuits are highly plastic, and the organism seems to be
most susceptible to external influence (Champagne and Curley 2005). Most
of the studies on early life experiences focus on early life stress, which is
defined as any condition including an adverse environment or experience,
and eliciting activation of the HPA axis (Maniam et al. 2014; Meaney et al.
1994). The HPA axis plays a critical role in modulating the adaptation and
response to later stressors (Maniam et al. 2014), and is an important
regulator of behaviour (including cognitive abilities), mental state and
immune function (Bellavance and Rivest 2014; O'Mahony et al. 2009; Sachser
et al. 2013). Besides, the early life environment can influence gut microbiota
development, which, in turn, may alter brain functions via the gut-brain axis.
The gut-brain axis is a bidirectional communication network, and composed
of several routes including hormonal, immune and neuronal pathways
(Clarke et al. 2014). The gut-brain axis influences behaviour (Clarke et al.
2014), affective state (Evrensel and Ceylan 2015; Foster and Neufeld 2013)

and immune function (El Aidy et al. 2014).

Early life experiences have been found to modulate the development of
behaviour, cognition and health in farm animals, including pigs, too
(reviewed in Telkanranta and Edwards 2018). For example, the rearing

environment of piglets (group-farrowing system vs. confinement system)
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affected agonistic behaviours of growing pigs during mixing (Li and Wang
2011). In addition, it has also been shown that the influence of early weaning
stress on intestinal barrier function, immunity and nervous system function
persisted into adulthood in pigs (Medland et al. 2016; Pohl et al. 2017; Smith
et al. 2009).

Pigs may experience both different levels of stress and hygienic conditions
when reared in barren housing as opposed to housing enriched with
substrates. Different housing experiences with or without enrichment may
therefore have long-term effects as well. Indeed, there is some evidence for
early life enrichment to affect later life behaviour and HPA axis functioning,
as reflected in altered cortisol concentrations (Chaloupkova et al. 2007;
Munsterhjelm et al. 2009; Munsterhjelm et al. 2010). Little is known about
the long-term effects of early life environmental enrichment on affective
states and immunity. Other factors in early life were, however, found to
influence immunity in pigs. For example, in new-born piglets, early life
environmental variation (antibiotic treatment and stressful management
procedures) affected intestinal microbiota colonization and immune
development (Schokker et al. 2014). Maternal deprivation and social
isolation, along with enhancing basal ACTH concentrations and
glucocorticoid receptor binding in the hippocampus, increased IL-B content
(Kanitz et al. 2004). However, studies in other species have shown that early
life experiences do not appear to affect all elements of the immune system

to the same extent (Elwenspoek et al. 2017).

The effects of presence or absence of enrichment materials in the current

environment may depend on the early life experiences of pigs, especially if
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the quality of the environments during early life rearing and current
environment do not match. Day et al. (2002) found that the beneficial effects
of enrichment on behaviour in pigs were more pronounced if these pigs had
also been provided with substrates in early life, i.e. in case of a match
between their early and later life environment. If early life and current
housing do not match with respect to the availability of enrichment
substrates, different types of effect of this mismatch are conceivable. Firstly,
rearing pigs in barren pens may disturb normal behavioural development,
leading to damaging behaviours that persist even when they are placed in a
more enriched environment (reviewed in Telkdnranta and Edwards 2018).
Conversely, studies in other species have shown current environmental
enrichment can lead to a functional reversal of the effects of adverse early
life experiences on behaviour and mental functions (Francis et al. 2002; Koh
et al. 2005). This suggests that the negative effects of being reared in barren
housing could be reversed by providing enrichment. Also, a change from
enriched early life housing to barren pens may have implications for welfare.
Apart from affecting development, early life experiences may have an
influence on how pigs perceive and value the features in their later life
(Oostindjer et al. 2011). It has been reported that switching pigs from
enriched to barren pens may exacerbate redirection of explorative
behaviours to towards pen fixtures and pen mates as compared with barren
reared pigs, indicating a decrease in welfare in the pigs that experienced a
loss of enrichment (Munsterhjelm et al. 2009). Furthermore, barren housed
pigs that had spent time in an enriched environment for a short period before,
reacted more pessimistically in a judgement bias test, likely reflecting a more

negative affective state in those pigs (Douglas et al. 2012). Taken together,
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this suggests that loss of enrichment may be more detrimental and
frustrating for pigs than having no enrichment substrates at all. This is
opposite to studies suggesting that enrichment in early life enhances
adaptive capacity in animals and protects them from developing abnormal
behaviours. For instance, mice reared in enriched cages before had less
stereotypic behaviours when switched to standard cages than those reared

in standard cages throughout (Hadley et al. 2006; Powell et al. 2000).

In conclusion, there are indications that the impact of current housing
conditions of pigs on their welfare may depend on their early life
environment, and vice versa, but more research is needed to pinpoint the
effects on behaviour and affective state. Whether early life enrichment and
a (mis)match between the level enrichment during development and in later
life also affect immunity and health in pigs is largely unknown and also needs

further study.

1.5 Aims and outlines of this thesis

It is becoming more and more clear that environmental enrichment affects
the behaviour of pigs, but there is limited evidence to show the impact on
mental and physical health. Besides, the long-term effects of early life
enrichment and of a (mis)match with the current environment on pigs are

less known.

The main objective of the current thesis was therefore to investigate whether
and how early life and current environmental enrichment affect behaviour,

affective state, and immunity in pigs.
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To this aim, first the influence of environmental enrichment on natural
(auto)antibodies (NA(A)b) binding danger (phosphorylcholine-conjugated to
bovine serum albumin, PC-BSA) and neural antigens (myelin basic protein,
MBP) in healthy pigs was studied in Chapter 2. Chapter 3 focuses on the
effect of environmental enrichment on NA(A)b in pigs co-infected with
porcine reproductive and respiratory syndrome virus (PRRSV) and A.
pleuropneumoniae. These two chapters thus investigated the effect of

current enriched housing on the NA(A)b levels in healthy and unhealthy pigs.

To further investigate the effects of early life enrichment and a (mis)match
in early and later life housing on behaviour, affective state, and immunity in
pigs, an experiment was conducted in which pigs were housed in either
barren or enriched pens from birth, with half of them experiencing a housing
switch at 7 weeks of age. Chapter 4 describes the effects of early life and
current housing on the development of behaviours in pigs, focusing on
damaging, manipulative, explorative, social and play behaviours. An
attention bias test and a successive negative contrast test were used in
Chapter 5 and 6, respectively, to assess the effects of early life and current
housing conditions on (negative) affective states in pigs. To study the effects
of early life and current housing conditions on innate and adaptive immune
competence, pigs were immunized with a model antigen (keyhole limpet
hemocyanin-conjugated trinitrophenyl, KLH-TNP) twice to induce primary
and secondary antigen-specific antibody responses. The levels of specific
antibodies binding with this antigen in blood and peripheral blood leukocyte

sub-populations were analysed in Chapter 7.
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Finally, in Chapter 8 the findings from the previous chapters are discussed
and integrated, also including results of a number of fear tests the pigs were
exposed to in this project (not shown in a separate chapter). Besides, in this
chapter, a first attempt is made to identify putative relationships between

behaviour, affective state, and immunity in pigs.

The coping style of the pigs was taken into account in most chapters of this
thesis, as this trait is considered to be important in the explanation of
individual variation in immunity (reviewed in Koolhaas 2008). Besides, it has
been suggested that the impact of environment and a change in environment
on behaviour and affective state may differ for pigs with diverging coping

styles (Asher et al. 2016; Bolhuis et al. 2005; Ruis et al. 2000).
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2.1 Abstract

Pigs living in commercial husbandry systems may experience both acute
stress due to standard management procedures, and chronic stress through
limitations in their barren housing environment. This might influence their
immune status, including antibody responses to neural and danger auto-
antigens. Levels of natural auto-antibody (NAAb) binding phosphorylcholine
(PC)-conjugated bovine serum albumin (BSA) and myelin basic protein (MBP)
were measured over time in pigs that were kept in environmental enriched
vs. barren housing, and that underwent a regrouping test. In total, 480 pigs
were housed in 80 pens in either barren or straw-enriched pens from 4
through 23 weeks of age. Blood samples were taken from pigs before (week
8), and three days after a 24 h regrouping test (week 9), and at 22 weeks of
age. PC-BSA and MBP antibody titers in serum were measured using ELISA.
Enriched-housed pigs had higher levels of IgM binding MBP, and tended to
have higher levels of IgG binding MBP and IgA binding PC-BSA than barren-
housed pigs. Each NAAb measured in this study was affected by gender and
litter. These results suggest that enriched housing conditions, as well as acute
regrouping stress, have an influence on levels of serum NAAb binding danger

and neural antigens in pigs.

Keywords: environmental enrichment, natural autoantibody, pig, stress,

immunity
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2.2 Introduction

Pigs in modern intensive husbandry systems can experience acute stress
while being exposed to standard management procedures, such as tail
docking, ear tagging and regrouping. The circumstances, under which pigs
are kept, moreover, can lead to more sustained stress in these animals. Pigs
in commercial husbandry usually live in barren, stimulus-poor conditions.
The absence of suitable substrates for oral manipulation thwarts pigs from
performing highly motivated behaviours such as rooting and chewing and
may, therefore, induce chronic stress. Indeed, compared with pigs kept
under more enriched conditions, barren-housed pigs show changes in
hypothalamus-pituitary-adrenal (re)activity (de Jong et al. 2000), a decline in
spatial cognitive performance (Grimberg-Henrici et al. 2016), suggesting
impaired hippocampal functioning, and an increase in abnormal behaviours
such as tail biting; e.g. (Camerlink et al. 2014). Moreover, barren housing also
negatively affects mood of pigs, as reflected in a more pessimistic view of life
(Douglas et al. 2012) and a decrease in play behaviours (Bolhuis et al. 2005).
Part of the differences between animals in barren and enriched housing
might be explained by cellular and molecular changes in the brain induced by

environmental enrichment (Scholz et al. 2015).

There are indications for an effect of environmental enrichment as opposed
to barren housing conditions on immune functions in pigs (Bolhuis et al.
2003). Both acute and chronic stress have been shown to result in altered
immune functions (Dhabhar 2014). Also psychosocial factors can affect
functioning of the immune system (Dhabhar 2014), as both a negative and a

positive mood may trigger immune alterations (Koh 1998). Conversely,
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evidence is accumulating that mood and behaviour are affected by immune
reactivity, including auto-immune responses towards brain and neuro-

endocrine structures (Maier and Watkins 1998).

Natural antibodies (NAb) are defined as immunoglobulins derived from self-
renewing CD5+ B-1 cells (Casali and Notkins 1989), without exogenous
antigenic stimulation, and are found in all animal species tested so far (e.g.
chickens (Sun et al. 2011), bovine (Mayasari et al. 2015) and wild boar (Rossi
et al. 2013). NAb are important as first line of defence, and participate in
physiological activities (Panda and Ding 2015). A large part of the NAb
repertoire is directed to self-antigens, and these antibodies are referred to
as natural auto-antibodies (NAAb). Blood levels of auto-antibodies binding
neural antigens have been related to acute and chronic stress (Andrejevic¢ et
al. 1997; Zhou et al. 1999), and could both reflect and affect neuronal
functioning (Gold et al. 2012). Myelin basic protein (MBP) is an important
protein in the process of myelination of nerves in the nervous system. And it
has been found that high levels of auto-antibodies to MBP and other neural
antigens were associated with neurological damage (Abou-Donia et al. 2013).
Other studies reported relations between stress and auto-antibodies binding
antigens reflecting cell damage and inflammation, such as phosphorylcholine
(PC) (Lutz et al. 2009). PC is a component of cell membranes which is

recognized by IgM autoantibodies after cell damage (Kim et al. 2002).

Previously, barren-housed and enriched-housed pigs were found to differ in
levels of NAb binding the model antigen keyhole limpet hemocyanin (KLH)
(Reimert et al. 2014b). However, effects of environmental enrichment on

NAAb binding danger and neural antigens in healthy pigs (i.e. without clinical
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signs of iliness) have not studied before. Our objective was to investigate the
chronic effects of environmental enrichment (straw-enriched housing) vs.
barren housing on levels of NAAb binding PC and MBP over time in pigs, and
to study the effect of regrouping (inducing acute stress) on these auto-
antibodies. Individual characteristics of the pigs such as gender and
personality, which influenced immune responses in other studies (Bolhuis et

al. 2003; Reimert et al. 2014b) were taken into account as well.

2.3 Materials and methods

The established principles of laboratory animal use and care were followed,
as well as the Dutch law on animal experiments. The Animal Care and Use

Committee of Wageningen University & Research approved the experiment.
2.3.1 Animals and housing

A total of 480 pigs, equally divided over five batches, were used in this study
and were the same pigs as described in Reimert et al. (2014b). Briefly, pigs
were born at the Topigs Norsvin experimental farm in Beilen, the
Netherlands, where they were housed in conventional farrowing pens with
their sow. On the day of weaning, at 28 days of age, pigs were transported
to experimental farm ‘de Haar’ of Wageningen University & Research, the
Netherlands. Half of the pigs were housed in straw-enriched pens (~1 m?/pig)
with 1.5 kg of straw and 12 kg of wood shavings (n=40 pens). The other half
of the pigs were housed in barren pens (~1 m?/pig) with a partially slatted
and partially concrete solid floor (n=40 pens). Litter mates were equally

distributed over barren and enriched pens. Two hands of wood shavings
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were given to barren-housed pigs each day from 6 weeks of age onwards.
Each pen was cleaned daily and afterwards enriched-housed pigs received 3
kg of fresh wood shavings and fresh straw (250 g at the start of experiment
and then gradually increasing to 1.5 kg). A metal chain with a ball was present
in each pen and at 8 weeks of age a jute sack was attached to the wall of each

pen. The jute sack was replaced when worn.

Each pen contained six non-littermate pigs, three gilts and three barrows.
Within each group, at least two pigs were classified as high-resister (HR) and
two pigs as low-resister (LR) using a backtest (see below). Groups diverged in
estimated breeding values for indirect genetic effects for growth during the
finishing period (from app. 25 to 110 kg), i.e. the heritable effect on the
growth of their group members. During the finishing period, the growth of a
pig is theoretically affected by each of its pen mates, and the genetic part of
this effect is referred to as an indirect genetic effect for growth. All pigs in a
pen had either an estimated relatively positive (+IGE) or an estimated
relatively negative indirect genetic effect on the growth of their pen mates (-

IGE), see (Camerlink et al. 2013; Reimert et al. 2014b) for details.
2.3.2 Behavioural tests

Backtest. Pigs were subjected to a backtest at approximately two weeks of
age to assess their personality or coping style (Bolhuis et al. 2003). Briefly, a
piglet was manually restrained in supine position for 60 s. Classification of
pigs was based on the number of struggles and the number of vocalizations.
Piglets which showed two struggles and at least 25 vocalizations, or three

struggles or more were classified as high-resisters (HR). The ones that
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showed 0 or 1 struggle or 2 struggles with less than 25 vocalizations were

classified as low-resisters (LR).

Regrouping test. A regrouping test was conducted at 9 weeks of age as an
acute stressor. Regrouping usually leads to fighting to establish a new rank
order and is known to induce acute stress in pigs (Camerlink et al. 2013). In
short, a pair of pigs was regrouped for 24 h in a new pen with two other pairs
of unfamiliar pigs. The same housing condition and IGE class were
maintained when mixing pairs of pigs, as well as a balanced group
composition for gender and coping style. All pigs were returned to their

original pen and group after the 24 h test.
2.3.3 Blood collection and analyses

Blood samples were taken before (week 8) and three days after the
regrouping test (week 9), and at 22 weeks of age. Blood was collected by
immobilizing a pig on its back in a crib (week 8 and week 9) or fixating the pig
using a nose sling (week 22) after which blood was taken by venepuncture
from the jugular vein. Housing condition and IGE class were taken into
account in the order of blood collection. Blood was collected in serum
separating tubes (Greiner bio-one, Kremsminster, Austria) kept at room
temperature (RT) until incubation for 1 h at 37 °C. After that samples were
centrifuged at 5251 g for 12 min at -20 °C. Sera were stored at -80 °C until

analysis.

2.3.4 Enzyme-linked immunosorbent assay

To be able to perform ELISA, I1gG, I1gM, and IgA antibody titers specific for

phosphorylcholine were measured using PC conjugated to bovine serum
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albumin (PC-BSA, Santa Cruz Biotechnology, Santa Cruz, USA), and 1gG and
IgM antibody titers specific for myelin basic protein (MBP, Sigma-Aldrich, St.
Louis, MO, USA) were determined by a two-step indirect enzyme-linked
immunosorbent assay (ELISA) similar to Bolhuis et al. (2003). Preliminary
analysis revealed too low IgA levels binding MBP for further analysis. First,
medium binding microtiter plates (Greiner) were coated overnight at 4°C
with 0.5 pg/ml PC-BSA or 0.5 pg/ml MBP in coating buffer (0.05 M Na,COs x
10 H,0, pH 9.6). After washing with tap water containing 0.05% Tween 20,
serial dilutions of serum were added and incubated for 1.5 hour at RT. After
washing, plates were incubated for 1.5 hour at RT with a 1: 20.000 (for MBP)
and 1:40.000 (for PC-BSA) diluted peroxidase (PO)-conjugated goat antibody
directed to swine IgGrc (GASWIgGec/PO, Bethyl Laboratories, Montgomery,
USA) to detect binding of IgG, or with 1: 20.000 (for MBP) and 1:40.000 (for
PC-BSA) diluted PO-conjugated goat antibody directed to swine IgMegc
(GASwIgMec/PO, Bethyl) to detect binding of IgM, or with 1:20.000 diluted
PO-conjugated goat antibody directed to swine IgArc (GASwWIgArc/PO, Bethyl)
to detect binding of IgA, respectively. After washing, tetramethylbenzidine
(TMB) and 0.05% H,0; was added as a substrate and incubated for 10 min at
RT. Reaction was stopped with 2.5 N H,SO,4 and absorbance was measured at
450 nm with a Multiskan (Flow, Irvine, UK). Each absorbance was expressed
relatively to the absorbance of a standard positive control serum sample, and
antibody titers were expressed as log; values of dilutions that gave extinction
closest to 50% of Emax, Where Emax represents the highest mean extinction of

a standard positive serum present on every microtiter plate.

2.3.5 Statistical analyses
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SAS (SAS 9.3, SAS Institute Inc.) was used for all statistical analyses. Titers
could not be obtained from all 480 pigs at each sampling period due to
technical problems, and due to pigs being removed from the experiment for
health reasons (See Reimert et al., 2014b for details). From the enriched pigs,
at 8, 9 and 22 weeks of age, 236, 235, and 223 samples were analysed and
from the barren pigs 237, 234 and 226 samples. PC-BSA-IgA titers were log
transformed to obtain normality of residuals. Antibody titers were analysed
using a repeated linear mixed model. The fixed effects housing, IGE class,
backtest classification, week, and their interactions, and gender, and its
interaction with week and batch were included in the model, as well as the
random effect of pen and litter. Values in time of individual pens, pigs and
litter were taken as repeated measurements, i.e. IGE class, housing and batch
effects were tested against the random effect of pen, and backtest
classification and gender effects were tested against the random effect of

pig.

Preliminary analyses revealed strong week effects for all variables.
Therefore, effects of housing, IGE class, backtest classification and gender
were also analysed for each week separately. A linear mixed model was used
for this, with housing, IGE class, backtest classification, their two-way
interactions, gender, and batch as fixed effects and pen and litter as random
effects. To investigate effects of housing, IGE class, backtest classification and
gender on titers after acute stress, the delta between week 9 and week 8 was
calculated and subsequently analysed with a linear mixed model with the
same fixed, except week, and random effects as used for the per week
analysis. Only significant effects (p<0.05) and tendencies (p<0.10) are

reported. Significant interactions were further investigated with post hoc
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pairwise comparisons using the differences of the least square means.

Results are presented as means + SEM.

2.4 Results

Titers of I1gM, 1gG and IgA antibodies in serum binding PC-BSA and IgM and

IgG binding MBP are shown in Figure 2.1 (housing effects) and in Table 2.1

(gender effects). The analyses showed (additive, not interactive) effects of

particularly housing and gender on titers over time, and therefore these two

factors are highlighted separately. The change in antibody titers due to

regrouping (delta week 9 - week 8) for both housing conditions is shown in

Figure 2.2.

Table 2.1: Means and SEM of antibody titers of barrows and gilts determined before

a 24 h regrouping test at 8 weeks of age, 3 days after the regrouping test at 9 weeks

of age and at 22 weeks of age.

week 8 week 9 week 22
barrow gilt p-value barrow gilt p-value barrow gilt p-value

PC-BSA-IgM 5.37+0.0 5.42#0.0 ns 6.56x0.0  6.41+0.0 + 7.98+0.1  7.88%0.1 *
6 6 8 8 3 1

PC-BSA-IgG 5.64+0.1  5.57+0.1 ns 4.2330.1  4.3410.1 ns 2.78£0.1  2.74+0.1 ns
2 3 3 3 3 3

PC-BSA-IgA 0.86+0.0  0.750.0 + 0.81+x0.0  0.92+0.0 ns 1.2020.0  1.02+0.0 *
6 6 5 7 5 6

MBP-IgM 5.80%0.0  5.69+0.0 ns 5.74%x0.0  5.75%0.0 ns 7.24¥0.0  7.15£0.0 +
9 9 7 7 6 6

MBP-IgG 4.40+0.0  4.28+0.0 ns 4.63+0.1  4.35+0.0 * 5.25+#0.1  5.18#0.1 ns
8 8 0 9 0 0

Effects of gender over all three weeks are reported in the text; significances of gender differences per

week are indicated: *p<0.05; *p<0.10, and ns for non-significant.
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2.4.11gM, IgG and IgA titers binding PC-BSA

IgM binding PC-BSA. Titers of IgM binding PC-BSA tended to be affected by
gender (p<0.10), with overall lower levels for gilts (6.56+0.06) than for
barrows (6.60+0.07, see also Table 2.1) and were also affected by week
(p<0.001). Post hoc analysis showed that titers increased from week 8 to 9
to 22 (Figure 2.1A). When analysing the effects per week, barren-housed pigs
had higher IgM titers binding PC-BSA than enriched-housed pigs in week 8
(p<0.05), and they tended to do so in week 9 (p<0.10, Figure 2.1A). The
increase in PC-BSA-IgM titers after regrouping (i.e. delta of week 9 minus
week 8 as an effect of regrouping) was larger for barrows (1.17+0.08) than
for gilts (0.99+0.07, P<0.05). There was no effect of housing on titer changes

after regrouping (Figure 2.2).

IgG binding PC-BSA. PC-BSA-IgG titers were affected by week (p<0.001) and
decreased from week 8 to 9 to 22 (Figure 2.1B). When analysed for each
week separately, barren-housed pigs had lower titers than enriched-housed
pigs in week 9 (p<0.05) and in week 22 (p<0.10), with no housing effect in
week 8 (Figure 2.1B). Gender did not affect PC-BSA-IgG titers (see Table 2.1
for means per week). The change in PC-BSA-IgG titers after regrouping (i.e.

delta) was not affected by any of the factors tested (Figure 2.2).

IgA binding PC-BSA. PC-BSA-IgA titers tended to be affected by housing
(p<0.10), with lower levels for barren-housed pigs than for enriched-housed
pigs (overall: 0.99+0.04 vs. 0.87+0.04, Figure 2.1C), particularly in week 9 and
22 (per week analysis, both P<0.001). In addition, effects of gender (p<0.05),
week (p<0.001), and the interaction between gender and week (p<0.05)

were found. Post hoc analysis showed that overall titers in week 8 and week
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9 were not significantly different, but differed from those in week 22. In gilts,
however, PC-BSA-IgA titers in week 8 differed from those in week 9 (p<0.05,
see Table 2.1 for means). Barrows had higher titers than gilts in week 22
(Table 2.1). The change in titers from week 8 to week 9 (i.e. delta) tended to
be affected by housing (See Figure 2.2, p<0.10) and was affected by gender
(gilts: 0.17£0.08; barrows: -0.06+0.07, p<0.05).

2.4.2 IgM and IgG titers binding MBP

IgM binding MBP. MBP-IgM titers were affected by housing (p<0.001) (Figure
2.1D), with overall lower titers for barren-housed pigs (6.10+0.10) than
enriched-housed pigs (6.36+0.10). Separate analyses per week revealed that
MBP-IgM titers were particularly affected by housing in week 9 (p<0.05) and
week 22 (p<0.05) (Figure 2.1D). Also, a tendency for a gender effect was
found (p<0.10), with overall lower titers for gilts (6.19+0.05) than for barrows
(6.24+0.05). MBP-IgM titers were higher in week 22 (7.20+0.04) compared
to week 8 (5.75+0.05) and week 9 (5.7510.05, week effect, p<0.05). Even
though titers in week 8 and 9 were overall not significantly different, gender
(p<0.10) tended to affect the delta in MBP-IgM titers (gilts: 0.10+0.08;
barrows: -0.10+0.08).

IgG binding MBP. MBP-IgG titers tended to be affected by housing (p<0.10)
(Figure 2.1E), and were affected by gender (p<0.05) and week (p<0.001,
Figure 2.1E). Barren-housed pigs (4.60£0.09) tended to have lower titers than
enriched-housed pigs (4.78+0.10). Analysis of the effects for each week
separately showed that MBP-IgG titers particularly tended to be affected by
housing (p<0.10) in week 9. Gilts (4.60+0.05) had lower titers than barrows

(4.75£0.06). Post hoc analysis showed those titers in week 22 were higher
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than those in week 8 and week 9. The change in MBP-IgG titers from week 8
to week 9 tended to be influenced by gender (p<0.10; delta gilts: 0.05+0.08;
barrows: 0.28+0.10).
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Figure 2.1: Means and SEM of antibody titers. IgM (A), IgG (B) and IgA (C) titers to
phosphoryicholine-bovine serum albumin (PC-BSA) and IgM (D) and IgG (E) titers to
myelin basic protein (MBP) of pigs (n=80 pens) in barren and enriched housing
conditions measured before a 24 h regrouping test at 8 weeks of age, 3 days after
the regrouping test at 9 weeks of age and at 22 weeks of age. Effects of housing over
all three weeks are reported in the text; significances of housing differences per week
are indicated: *p<0.05; *p<0.10. Week differences are indicated by letters; weeks

lacking a common letter significantly differ.
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Figure 2.2: Means and SEM of the variation in antibody titers between week
9, 3 days after a regrouping test, and week 8, before this test. IgM, IgG and
IgA titers to phosphorylcholine-bovine serum albumin (PC-BSA) and IgM and
IgG titers to myelin basic protein (MBP) of pigs (n=80 pens) in barren and
enriched housing conditions for delta (week 9 - week 8). Significances of

housing differences are indicated: *p<0.10.

2.4.3 Effect of litter and individual characteristics

All auto-antibody titers were affected by litter (p<0.001). Litter did not affect
the titer changes from week 8 to week 9 (after the regrouping test), with the
exception of changes in PC-BSA-IgG titers (p<0.05). Backtest classification or
IGE class did not affect antibody titers, except that PC-BSA-IgM tended
(p<0.10) to be higher for -IGE pigs (6.59+0.08) than for +IGE pigs (6.38+0.08)

in week 9.
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2.5 Discussion

In this study, we investigated the chronic effects of a straw-enriched vs. a
barren housing environment, and the acute effects of regrouping on levels
of NAAb binding PC-BSA and MBP in pigs differing in gender, coping style and
genetic background. Our study shows that these antibodies can be detected
in blood of healthy pigs, and that their levels are related to housing

conditions, regrouping stress and gender.
2.5.1 Housing effects

In the present study, serum levels of auto-antibodies binding MBP were
higher in pigs kept in an enriched environment from weaning at 4 weeks
onward as compared to barren-housed pigs. As we distributed pigs from the
same litters in a balanced manner over the two different post-weaning
housing conditions and studied 40 pens per housing condition (80 pens in
total), it is highly unlikely that these housing differences found in week 8 (and
9 and 22) are an artefact of coincidental differences that might have already
existed in week 4. The housing effect on MBP titers was strongest for the IgM
isotype. In man, NAADb (including MBP antibodies) in cerebrospinal fluid and
blood have frequently been associated with neurologic diseases (Gold et al.
2012). The sera of healthy humans, however, also contain MBP auto-
antibodies (Hedegaard et al. 2009). Auto-antibodies binding neural antigens
may both have a pathological role in neural tissue, and a protective role by
regulating immune homeostasis (Gold et al. 2012). The latter may hold for
our healthy pigs as antibody titers to MBP were higher in enriched-housed
pigs. Other studies have shown an impact of enrichment on other immune

characteristics of pigs (Bolhuis et al. 2003; Reimert et al. 2014b), including
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reduced haptoglobin levels (Reimert et al. 2014b), and provided evidence
that pigs reared in an enriched environment were less susceptible to a
porcine reproductive and respiratory virus (PRRSV) combined with

actinobacillus pleuropneumoniae (APP) challenge (van Dixhoorn et al. 2016).

We can only speculate about the origin of the effect of enrichment on levels
of MBP-binding auto-antibodies of the IgM isotype. First, the higher antibody
levels may be related to the effects of enrichment on brain and behaviour of
pigs, including their mental state. In humans, it has been suggested that
emotional states, for instance anxiety and depression, could trigger immune
alterations (Postal and Appenzeller 2015), which may, in turn, affect (neural)
cell injury, and as a consequence the release of cell constituents such as MBP
(Abou-Donia et al. 2013). Second, a difference in hygienic conditions
between the enriched and barren environment may have played a role, even
though all pigs were housed in the same room. In this study, enrichment was
provided in the form of straw bedding which is beneficial for pigs’ behaviour
and welfare (Camerlink et al. 2015), but can also be a suitable environment
for microbes (Tuyttens 2005) and in this manner affectimmune competence.
Alternatively, lower MBP-binding antibody titers in barren housed pigs may
reflect a continuous usage of the antibodies due to enhanced formation of
immune complexes with MBP. Further research is needed to disentangle
these potential effects of enrichment on the immune state of pigs, including

their auto-antibody levels.

Enrichment as compared with barren housing led to lower IgM and higher
IgG antibodies binding PC-BSA at some time points when we analysed levels

of antibodies per week, and tended to increase overall titers of IgA binding
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PC-BSA. The response of PC-BSA to regrouping (see below) was generally not
affected by housing, except for a tendency of enriched-housed pigs to show
a higher increase in IgA-PC-BSA antibodies after regrouping. Apart from the
potential influencing factors as discussed above for MBP, a housing
difference in aggressive behaviour of these pigs over time, causing body
lesions and thus cell damage (Camerlink et al. 2013) may explain the effects
of enrichment on PC-BSA auto-antibody levels. The exact consequences of
these subtle differences in auto-antibody levels in our study are unknown,
but previous studies have found (even modest differences in) NAb to be

linked with survival (Sun et al. 2011) and fitness (Rossi et al. 2013).

In brief, effects of housing on MBP auto-antibody (mainly IgM) titers and to
a lesser extent on PC antibody titers tentatively suggest that environmental
conditions affect levels of auto-antibodies binding (neural) antigens as a
homeostatic response, which could have consequences for both pig health

and welfare.
2.5.2 Regrouping effects

Remarkably, IgM and IgG binding PC-BSA, titers were significantly different
between week 8 and week 9, three days after the regrouping test. A similar
effect was found for the titers of IgA binding PC-BSA, but in gilts only. An age
effect seems unlikely here, given the short time span between both sampling
days, suggesting an effect of acute stress. A previous study on the same pigs
revealed that temporary regrouping activated the classical complement
pathway and increased serum haptoglobin levels, suggesting acute
regrouping stress (Reimert et al. 2014b). Also others reported a rise in serum

auto-antibodies after acute (restraint) stress (Andrejevi¢ et al. 1997).
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Regrouping leads to mutual ranking fights, which can be quite vigorous. It is
known to be stressful for pigs and the aggressive behaviour results in body
lesions and scratches, in this regrouping test on average more than 70 per
animal (Camerlink et al. 2013). The cell damage associated with stress and/or
body lesions induced release of PC could explain why merely NAAb binding

PC-BSA, but not those binding MBP, was affected by regrouping.
2.5.3 Week effects

All antibody titers measured were affected by week, and were generally
highest at 22 weeks of age, except PC-BSA-IgG. The increase in antibody titers
with time is in line with other studies reporting a rise of natural antibody
titers with age (Reimert et al. 2014b). In contrast, the level of IgG binding PC-
BSA was lower in week 22 compared to week 8 and week 9. A Spearman
correlation test showed that PC-BSA-IgM and PC-BSA-IgG titers were
significantly negatively correlated. Kim et al. (2002) tested the idea that IgM
is responsible for complement activation on apoptotic cells via binding of
antibodies targeting lysophospholipids, including PC. Under normal
circumstances, lysophospholipids are recognized by IgM which activates the
classical complement pathway preventing inflammation. In this study, pigs
were all healthy and environmental enrichment or barren conditions may not
have led to a shortage of IgM antibodies. When enough IgM is available, the
animals can handle the clearance of PC that has been formed as a waste
product due to stress. If however, there is not enough IgM, 1gG may be
formed which might explain why there was a negative correlation between

levels of PC-BSA-IgM and levels of PC-BSA-IgG.
2.5.4 Gender effects
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NAADb can also be affected by gender (Nagele et al. 2013). Except for IgG titers
binding PC-BSA, all antibody titers measured in this study were affected or
tended to be affected by gender. In general, barrows showed higher antibody
titers binding PC-BSA and MBP compared to gilts. Nagele et al. (2013) also
found higher NAAb levels in human males which would be in line with our
study, although it should be noted that the male pigs were castrated. In
general, the immune system of males and females differs significantly (Bupp

2015).

Changes in antibody titers from week 8 to week 9 after regrouping were also
affected by gender, with the most marked effect on IgA titers which clearly
increased in gilts, but decreased in barrows. In week 9, IgA titers binding PC-
BSA in gilts were higher than in barrows, which may show a difference in how
gilts and barrows deal immunologically with stress after regrouping. Whether
sex steroids could underlie the immunological differences found between
gilts and barrows remains to be studied. However, gilts and barrows,
including the animals in this study, have been found to behave very
differently in various novelty tests; e.g. (Reimert et al. 2014a) and in
regrouping tests (Camerlink et al. 2013). Differences in dealing both
behaviourally and immunologically with stress may partly explain the

different auto-antibody responses to regrouping in gilts and barrows.
2.5.5 Coping style and indirect genetic effects

Previous studies have shown that pigs diverging in coping style, i.e. the way
they deal with stress as part of their personality, differ in immune
characteristics, including natural antibodies to KLH, and/or modulate the

effects of environmental factors on immune responses (Bolhuis et al. 2003;
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Oster et al. 2014; Reimert et al. 2014b; Schrama et al. 1997). No effects on
levels of auto-antibodies binding MBP and PC were, however, found in this
study. Classification of pigs based on their indirect genetic effect on the
growth of their pen mates, which is known to influence fear levels (Reimert
et al. 2014a), aggression (Camerlink et al. 2013), occurrence of abnormal
behaviour (Camerlink et al. 2015), and some (other) immune characteristics
(Reimert et al. 2014b) generally did not affect titers of auto-antibodies
binding MBP and PC either, except that PC-BSA-IgM tended to be higher for
-IGE pigs than for +IGE pigs in week 9. The latter could be related to the
higher level of aggression found in -IGE pigs when reunited with their own

pen mates after the regrouping test (Camerlink et al. 2013).
2.5.6 Litter effects

Litter strongly affected titers of NAAb binding MBP and PC, in spite of the fact
that at weaning, litters were split up, with siblings being equally distributed
to barren vs. enriched pens. The effect of litter on these antibodies could
partly be related to the shared prenatal and early postnatal environment
(until weaning at 4 weeks of age) of the sibling piglets, but could also reflect
genetic effects. A genetic basis for natural antibodies has been demonstrated
in other species, such as cattle (Wijga et al. 2013), and poultry (Bao et al.
2016). To the best of our knowledge, it is unknown whether natural auto-

antibody levels and their response to acute challenges are heritable in pigs.
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2.6 Conclusion

In conclusion, environment, gender, litter and possibly regrouping stress
affected blood levels of auto-antibodies related with neural antigen (MBP)
and cell damage (PC). In this study, enriched-housed healthy pigs were found
to have higher levels of IgM and IgG binding MBP, and IgA binding PC-BSA in
serum than barren-housed pigs which may reflect or affect their immune
competence, (mental) health and welfare. More research is warranted to
investigate the mechanisms by which environmental enrichment affects

NAADb.

2.7 Implications

Since January 2003, the provision of appropriate environmental enrichment
to pigs has been mandatory across the European Union (EU) (Directives
2001/88/EC and 2001/93/EC). Pigs may experience stress and develop
abnormal behaviour due to barren housing conditions in commercial pig
husbandry and standard management procedures. This might affect their
immune status, and reduce welfare. The present paper suggests that
enriched housing influenced the levels of natural auto-antibodies binding
danger and neural antigens, which may reflect or affect their immune

competence, (mental) health and welfare.

59



Chapter 2

2.8 Acknowledgements

The authors would like to thank Mike Nieuwland, Ger de Vries Reilingh,
Monique Ooms, Fleur Bartels, Irene Camerlink, Merel Verhoeven, Nanda
Ursinus and Bjorge Laurenssen for skillful assistance in conducting the
experiment and analyses. We are also grateful to the animal caretakers and

students involved. Lu Luo is financed by the China Scholarship Council.

60



Natural Autoantibody in Healthy Pigs

2.9 References

Abou-Donia MB, Abou-Donia MM, EIMasry EM, Monro JA, Mulder MF (2013)
Autoantibodies to nervous system-specific proteins are elevated in
sera of flight crew members: biomarkers for nervous system injury
Journal of Toxicology and Environmental Health, Part A 76:363-380

Andrejevi¢c S et al. (1997) Stress-induced rise in serum anti-brain
autoantibody levels in the rat International journal of neuroscience
89:153-164

Bao M, Bovenhuis H, Nieuwland M, Parmentier H, van der Poel J (2016)
Genetic parameters of IgM and IgG antibodies binding autoantigens
in healthy chickens Poultry science 95:458-465

Bolhuis JE, Parmentier HK, Schouten WG, Schrama JW, Wiegant VM (2003)
Effects of housing and individual coping characteristics on immune
responses of pigs Physiology & behavior 79:289-296

Bolhuis JE, Schouten WG, Schrama JW, Wiegant VM (2005) Behavioural
development of pigs with different coping characteristics in barren
and substrate-enriched housing conditions Applied Animal
Behaviour Science 93:213-228

Bupp MRG (2015) Sex, the aging immune system, and chronic disease Cellular
immunology 294:102-110

Camerlink I, Bolhuis J, Duijvesteijn N, Van Arendonk J, Bijma P (2014) Growth
performance and carcass traits in pigs selected for indirect genetic
effects on growth rate in two environments Journal of Animal
Science 92:2612-2619

Camerlink |, Turner SP, Bijma P, Bolhuis JE (2013) Indirect genetic effects and
housing conditions in relation to aggressive behaviour in pigs PloS
one 8:e65136

Camerlink I, Ursinus WW, Bijma P, Kemp B, Bolhuis JE (2015) Indirect genetic
effects for growth rate in domestic pigs alter aggressive and
manipulative biting behaviour Behavior genetics 45:117-126

Casali P, Notkins AL (1989) Probing the human B-cell repertoire with EBV:
polyreactive antibodies and CD5+ B lymphocytes Annual review of
immunology 7:513-535

de Jong IC, Prelle IT, van de Burgwal JA, Lambooij E, Korte SM, Blokhuis HJ,
Koolhaas JM (2000) Effects of environmental enrichment on
behavioral responses to novelty, learning, and memory, and the
circadian rhythm in cortisol in growing pigs Physiology & behavior
68:571-578

61



Chapter 2

Dhabhar FS (2014) Effects of stress on immune function: the good, the bad,
and the beautiful Immunologic research 58:193-210

Douglas C, Bateson M, Walsh C, Bédué A, Edwards SA (2012) Environmental
enrichment induces optimistic cognitive biases in pigs Applied
Animal Behaviour Science 139:65-73

Gold M, Pul R, Bach JP, Stangel M, Dodel R (2012) Pathogenic and
physiological autoantibodies in the central nervous system
Immunological reviews 248:68-86

Grimberg-Henrici CG, Vermaak P, Bolhuis JE, Nordquist RE, van der Staay FJ
(2016) Effects of environmental enrichment on cognitive
performance of pigs in a spatial holeboard discrimination task Animal
cognition 19:271-283

Hedegaard CJ, Chen N, Sellebjerg F, Sgrensen PS, Leslie RGQ, Bendtzen K,
Nielsen CH (2009) Autoantibodies to myelin basic protein (MBP) in
healthy individuals and in patients with multiple sclerosis: a role in
regulating cytokine responses to MBP Immunology 128:e451-e461

Kim SJ, Gershov D, Ma X, Brot N, Elkon KB (2002) I-PLA2 activation during
apoptosis promotes the exposure of membrane
lysophosphatidylcholine  leading to binding by natural
immunoglobulin M antibodies and complement activation The
Journal of experimental medicine 196:655-665

Koh KB (1998) Emotion and immunity Journal of Psychosomatic Research
45:107-115

Lutz HU, Binder CJ, Kaveri S (2009) Naturally occurring auto-antibodies in
homeostasis and disease Trends in immunology 30:43-51

Maier SF, Watkins LR (1998) Cytokines for psychologists: implications of
bidirectional immune-to-brain communication for understanding
behavior, mood, and cognition Psychological review 105:83

Mavyasari N, de Vries Reilingh G, Nieuwland M, Remmelink G, Parmentier H,
Kemp B, van Knegsel A (2015) Effect of maternal dry period length
on colostrum immunoglobulin content and on natural and specific
antibody titers in calves Journal of dairy science 98:3969-3979

Nagele EP, Han M, Acharya NK, DeMarshall C, Kosciuk MC, Nagele RG (2013)
Natural IgG autoantibodies are abundant and ubiquitous in human
sera, and their number is influenced by age, gender, and disease
PLoS One 8:e60726

Oster M et al. (2014) Transcriptional responses of PBMC in psychosocially
stressed animals indicate an alerting of the immune system in female
but not in castrated male pigs BMC genomics 15:967

62



Natural Autoantibody in Healthy Pigs

Panda S, Ding JL (2015) Natural antibodies bridge innate and adaptive
immunity The journal of immunology 194:13-20

Postal M, Appenzeller S (2015) The importance of cytokines and
autoantibodies in depression Autoimmunity reviews 14:30-35

Reimert |, Rodenburg TB, Ursinus WW, Kemp B, Bolhuis JE (2014a) Responses
to novel situations of female and castrated male pigs with divergent
social breeding values and different backtest classifications in barren
and straw-enriched housing Applied animal behaviour science
151:24-35

Reimert |, Rodenburg TB, Ursinus WW, Kemp B, Bolhuis JE (2014b) Selection
based on indirect genetic effects for growth, environmental
enrichment and coping style affect the immune status of pigs PloS
one 9:e108700

Rossi S, Doucelin A, Le Potier M-F, Eraud C, Gilot-Fromont E (2013) Innate
immunity correlates with host fitness in wild boar (Sus scrofa)
exposed to classical swine fever PLoS One 8:€79706

Scholz J, Allemang-Grand R, Dazai J, Lerch JP (2015) Environmental
enrichment is associated with rapid volumetric brain changes in
adult mice Neurolmage 109:190-198

Schrama J, Schouten J, Swinkels J, Gentry J, de Vries Reilingh G, Parmentier H
(1997) Effect of hemoglobin status on humoral immune response of
weanling pigs differing in coping styles Journal of animal science
75:2588-2596

Sun Y, Parmentier H, Frankena K, Van der Poel J (2011) Natural antibody
isotypes as predictors of survival in laying hens Poultry science
90:2263-2274

Tuyttens FAM (2005) The importance of straw for pig and cattle welfare: a
review Applied animal behaviour science 92:261-282

van Dixhoorn ID et al. (2016) Enriched housing reduces disease susceptibility
to co-infection with porcine reproductive and respiratory virus
(PRRSV) and Actinobacillus pleuropneumoniae (A.
pleuropneumoniae) in young pigs PloS one 11:e0161832

Wijga S, Bovenhuis H, Bastiaansen J, Arendonk J, Ploegaert T, Tijhaar E, Poel
J (2013) Genetic parameters for natural antibody isotype titers in
milk of Dutch Holstein-Friesians Animal genetics 44:485-492

Zhou 'Y, Cheshire A, Howell LA, Ryan DH, Harris RB (1999) Neuroautoantibody
immunoreactivity in relation to aging and stress in apolipoprotein E-
deficient mice Brain research bulletin 49:173-179

63






Chapter 3

Effect of enriched housing on levels of natural (auto-)
antibodies in pigs co-infected with porcine reproductive
and respiratory syndrome virus (PRRSV) and

Actinobacillus pleuropneumoniae

L. Luo, I. D. E van Dixhoorn?, I. Reimert?!, B. Kemp?, J. E. Bolhuis?, H. K.
Parmentier®*

! Adaptation Physiology Group, Department of Animal Sciences,
Wageningen University & Research, P.O. Box 338, 6700 AH, The
Netherlands

2 Wageningen Livestock Research, P.O. Box 338, 6700 AH, The
Netherlands

*Corresponding author: H. K. Parmentier

E-mail address: henk.parmentier@wur.nl

Published: Veterinary Research (2017) 48.1: 75


mailto:henk.parmentier@wur.nl

3.1 Abstract

Housing of pigs in barren, stimulus-poor housing conditions may influence
their immune status, including antibody responses to (auto-)antigens, and
thus affect immune protection, which will influence the onset and outcome
of infection. In the present study, we investigated the effects of
environmental enrichment versus barren housing on the level of natural
(auto-)antibodies (NA(A)b) and their isotypes (IgM and IgG) binding keyhole
limpet hemocyanin (KLH), myelin basic protein (MBP), and phosphorycholine
conjugated to bovine serum albumin (PC-BSA) in pigs co-infected with
porcine reproductive and respiratory syndrome virus (PRRSV) and
Actinobacillus pleuropneumoniae (A. pleuropneumoniae). Pigs (n = 56) were
housed in either barren or enriched pens from birth to 54 days of age. They
were infected with PRRSV on 44 days of age, and with A. pleuropneumoniae
8 days later. Blood samples were taken on 7 different sampling days. Housing
significantly affected the overall serum levels of NA(A)b binding KLH, MBP
and PC-BSA, and before infection barren housed pigs had significantly higher
levels of NA(A)b than enriched housed pigs, except for KLH-IgM and PC-BSA-
IgG. Infection only affected the IgM, but not the IgG isotype. Moreover,
changes in MBP-IgM and PC-BSA-IgM following infection were different for
enriched and barren housed pigs. These results suggest that the effect of
infection on NA(A)b is influenced by housing conditions and that NA(A)b,

especially IgM may be affected by infection.

66



Environmental Enrichment & NA(A)b in Infected Pigs

3.2 Introduction

Commercial pigs usually live in barren, stimulus-poor housing conditions. The
limited possibilities to express important behaviours under such conditions
may lead to signs of chronic stress (Bolhuis et al. 2006; Carreras et al. 2016;
de Jong et al. 2000), and the development of damaging behaviours directed
at group members, such as tail or ear biting (Bolhuis et al. 2005; Scott et al.
2009; Telkdnranta et al. 2014). It has been suggested that housing, stress and
social factors are associated with disease susceptibility and therefore
environmental conditions have been indicated as cofactors in the
pathogenesis of infectious diseases (Proudfoot and Habing 2015; van
Dixhoorn et al. 2016). Several studies reported immunological differences
between pigs kept in barren conditions as compared to pigs provided with
environmental enrichment, such as substrates to manipulate, or extra space
(de Groot et al. 2000; Ernst et al. 2006; Merlot et al. 2012). Moreover, a
recent study (van Dixhoorn et al. 2016) reported that pigs kept in enriched
pens, showed a faster viral clearance and were less likely to develop lung
lesions following a porcine reproductive and respiratory syndrome virus
(PRRSV) and Actinobacillus pleuropneumoniae (A. pleuropneumoniae) co-
infection as compared to barren housed pigs. PRRSV and A.
pleuropneumoniae are pathogens that are frequently involved in the porcine
respiratory disease complex (PRDC), which causes severe health and welfare
problems, and major economic losses in swine industry (Lévesque et al.

2014).

We recently demonstrated that enriched housed pigs had higher levels of

natural autoantibodies binding danger (phosphorycholine, PC) and neural
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(myelin basic protein, MBP) auto-antigens than barren housed pigs (Luo et
al. 2017). PC is a component of cell membranes and levels of anti-PC
antibodies may reflect cell damage and inflammation related to stress (Lutz
et al. 2009). MBP is an important protein in the nervous system, and levels
of antibodies binding MBP were affected by mental stress (Abou-Donia et al.
2013). Furthermore, Reimert et al. (Reimert et al. 2014) reported that
enriched housed pigs had higher levels of natural antibodies (NAb) to keyhole
limpet hemocyanin (KLH) than barren housed pigs. KLH is an antigen without
known cross reactivity with mammalian antigens and it has been widely used
to detect natural antibodies in a variety of species, including pigs (Reimert et
al. 2014). NAb appear in the absence of apparent antigenic stimulation and
are secreted by long lived, self-renewing B1 cells. NAb have been proposed
to be an essential part of the first line of defence against viral and bacterial
infections (Diamond et al. 2003; Gao et al. 2012; Lobo 2016). A large part of
NAb (70-80%) binds to auto-antigens. Due to low affinity and poly-specificity,
both natural IgM and natural IgG may protect the host by binding to bacteria
and viruses by enhancing phagocytosis. IgM antibodies play a role in clearing
apoptotic cells, maintain B cell homeostasis (Quartier et al. 2005), and can
simultaneously bind to different conserved structures, like PC, nucleic acids,
and carbohydrate on the same pathogen and inhibit the pathogen from
invading cells and dispersing into different organs (Ehrenstein and Notley
2010; Lobo 2016). Natural IgM may thus limit the spread of infection (Lobo
et al. 2008a; Ochsenbein et al. 1999), and as such provide defence against
viral infections directly by inhibiting spread of virus or by T cell activation or
by binding with viral and chemokine receptors (Lobo et al. 2008a). IgG can

recognize a range of Gram-negative and Gram-positive bacteria with the aid
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of serum lectin pattern recognition receptors (PRRs) which are known to bind
to sugar residues on the bacteria. In this way, 1gG can collaborate with lectin,
thus swiftly and effectively kill invading pathogens (Panda et al. 2013). It has
been proposed that natural IgM-producing B cells do not undergo affinity
maturation or activation, and subsequently shift to IgG, but in contrast to
antigen-specific immunoglobulin producing B2 cells, provide a readily
available poly-specific source of defence, in response to activation of innate

receptors, like TLRs (Lobo 2016).

Studies reported that levels of NA(A)b may rise with age but are independent
of the (antigenic) environment. However, in a former study, effects of
housing conditions on levels of NA(A)b were found (Luo et al. 2017). In the
current study we studied the effect of housing and a co-infection with PRRSV
and A. pleuropneumoniae on levels of natural IgM and 1gG binding KLH, MBP
and PC-BSA. To that aim, we studied first, before infection, the effects of
housing on these NA(A)b and their changes in time, and second, after

infection, the interactive effect of infection and housing on NA(A)b changes.

3.3 Materials and methods

The established principles of laboratory animal use and the EU and Dutch

laws related to animal experiments were adhered to in this study.
3.3.1 Animals and housing

We studied serum samples from 56 male and female piglets (Topigs 20 line,
from Great Yorkshire x Landrace origin), the same pigs as described in (van

Dixhoorn et al. 2016). In short, piglets were offspring of 8 multiparous sows
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obtained from a PRRSV and A. pleuropneumoniae-free herd. Sows were
inseminated on the same day and the expected parturition day was defined
as day O for all piglets. Sows were housed in farrowing crates at research
facility A of Wageningen University Livestock Research, the Netherlands from
two weeks before parturition. From the first day of life onwards, half of the
pigs were housed in conventional 5 m? barren pens with 100% slatted floor
and a 100 x 45 cm solid rubber floor mat. The other half of the pigs were
housed in 10 m? enriched pens with partly slatted (40%) and partly solid
(60%) floors. In both the enriched and barren pens, two chains with blocks
were added as enrichment. Two jute bags and branches of a broom were
provided in the enriched pens, and they were replaced weekly. Additionally,
1 kg straw, 160 L of moist peat and 180 L of wood shavings were provided in
the enriched pens as rooting substrate. Straw and wood shavings were
replenished daily (0.5 kg/day straw, 23 L/day of wood shavings), and 20 L of
fresh peat was added weekly. From 13 days of age until weaning, the panels
between two adjacent enriched pens were removed. Thus, the four
individual enriched pens of 10 m? were temporarily transformed into two
pens of 20 m? to enable early social interaction between two enriched-
housed litters. Each pen was cleaned daily and enrichment materials and
food were y-irradiated (9kGy irradiation; Synergy Health Ede BV, the
Netherlands). During the first week after birth, a heating lamp was provided
in each pen. Each pen had two drinking nozzles, one for the sow and one for
the piglets. Sows were fed a standard commercial diet twice a day. From 3
days of age, the piglets received solid food ad libitum. Lights in the pens were
on between 6:00 am and 6:00 pm, and the temperature was 25 °C, and

gradually decreased to 22 °C the week before weaning.
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3.3.2 Weaning, regrouping and relocation

Piglets were selected at weaning (31 days of age). Seven piglets per litter
were selected to regroup into 8 new experimental groups. All piglets were
equally mixed, meaning an equal number of unfamiliar pigs per group and
new groups with comparable compositions were formed. Gender,
bodyweight, and coping style (see (van Dixhoorn et al. 2016)) were taken into
account in the selection of piglets, and housing treatment (barren vs.

enriched) for each piglet was kept the same as before weaning.

At 39 days of age, all piglets were transported to facility B of Wageningen
University Livestock Research, the Netherlands. Pigs from 2 barren and 2
enriched groups were housed in separate High Efficiency Particulate Air
(HEPA) filtered animal rooms, and the other 2 barren and 2 enriched groups
were kept in separate pens within one large room without extra biosafety
measures as negative-controls. Housing conditions, group structure, pen

sizes and access to food and water remained the same as before transport.

On the day of weaning, the temperature was 28 °C and was decreased by
2 °C each week until it reached 22 °C. It was kept at 22 °C until the end of the

experiment.
3.3.3 Infection procedure

At 44 days of age, half of barren and enriched housed pigs were inoculated
intra-nasally with 1.5 mL inoculum containing 5 logio 50% tissue culture
infectious dose (TCIDso) of the mild-virulent European PRRSV serotype | strain

LV-Ter Huurne. At 52 days of age, pigs were infected with A.
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pleuropneumoniae by aerosol. See for more details (van Dixhoorn et al.

2016).

Half of the barren control and enriched control pigs were not inoculated
(negative controls) and underwent no extra handlings. The other half of
barren control and enriched control pigs underwent the same procedures as
the infected pigs (mock control) at the same days. Instead of PRRSV inoculum
and A. pleuropneumoniae, mock control pigs received 1.5 mL RPMI medium

and 5 mL PBS, respectively.
3.3.4 Blood collection and Enzyme-Linked Immunosorbent Assay

Blood samples were taken by jugular vein puncture on 7 different days (38,
44, 46, 48, 52, 53, and 54 days of age). Blood was collected in serum
separating tubes (Greiner Bio-one, Alphen aan den Rijn, The Netherlands)
kept at room temperature (RT) until incubation for 1 h at 37 °C. After that
samples were centrifuged at 5251 g for 12 min at -20 °C. Serum was stored

at -80 °C until analysis.

IgM and IgG antibody titers binding with keyhole limpet hemocyanin (KLH),
myelin basic protein (MBP, Sigma-Aldrich, St. Louis, MO, USA) or
Phosphorylcholine-conjugated to Bovine Serum Albumin (PC-BSA, Santa Cruz
Biotechnology, Santa Cruz, CA, USA) were determined by a two-step indirect
enzyme-linked immunosorbent assay (ELISA). Medium binding microtiter
plates (Greiner) were coated overnight at 4 °C with 2 mg/mL KLH or 0.5
pg/mL PC-BSA or 0.5 pg/mL MBP in coating buffer (0.05 M Na,COs; x 10 H,0,
pH 9.6). Plates were washed with tap water containing 0.05% Tween 20, and
serial dilutions of serum were added and incubated for 1.5 h at RT. After

washing, plates were incubated for 1.5 h at RT with a 1:40 000 diluted PO-
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conjugated goat antibody directed to swine IgMec (GASWIgMec/PO, Bethyl
Laboratories, Montgomery, TX, USA) to detect binding of IgM, or with a
1:40 000 diluted peroxidase (PO)-conjugated goat antibody directed to swine
IgGrc  (GASWIgGrc/PO, Bethyl Laboratories) to detect binding of IgG,
respectively. After washing, tetramethylbenzidine was added as a substrate
for 10 min. Reaction was stopped with 2.5 N H,SO4 and absorbance was
measured at 450 nm with a Multiskan (Flow, Irvine, UK). Each absorbance
was expressed relatively to the absorbance of a standard positive control
serum sample, and antibody titers were expressed as log, values of dilutions
that gave extinction closest to 50% of Emax, Where Enmax represents the highest
mean extinction of a standard positive serum present on every microtiter

plate.
3.3.5 Statistical analyses

SAS (SAS 9.3, SAS Institute Inc.) was used for all statistical analyses. In this
experiment, the mock-infected control groups were used to make sure that
the procedure to infect the pigs alone did not cause any differences.
Preliminary statistical analysis (mixed model) showed no differences in
outcome between mock-infected and negative control pigs, so these groups

were combined and referred to as “control group”.
Overall antibody response

Antibody titers were analysed using a repeated linear mixed model. The fixed
effects of housing, infection, sampling day, and their interactions were
included in the model, as well as the random effect of animal. Values in time
of individual animals were taken as repeated measurements. All data met

the assumptions of the model regarding normal distribution of residuals.
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Subsequently, separate analyses were performed on the housing effect
before infection, the housing effect on changes in antibody titers after
transport and relocation and the effects of infection and its interaction with

housing on changes in antibody titers after infection (see below).
Housing effect on antibody titers before infection

Values on day 38 were used to analyse the effects of housing before
transport and infection with a linear mixed model with the fixed effect of

housing.
Housing effect on changes in antibody titers after transport and relocation

To investigate housing effects after acute stress due to transport and
relocation, the delta between day 44 and day 38 was calculated and
subsequently analysed with a linear mixed model with the fixed effect of

housing.

Effects of infection and its interaction with housing on changes in antibody

titers after infection

To investigate effects of infection, the deltas in titers between day 44 (before
PRRSV infection) and days 46, 48, and 52 were calculated for the infection of
PRRSV, and the deltas between day 52 (before A. pleuropneumoniae,
infection) and days 53 and 54 were calculated for the infection of A.
pleuropneumoniae, respectively, and separately analysed with a linear mixed
model with housing, infection, delta-day and their interaction as fixed
effects, and a random effect of animal. Values in time of individual animals

were taken as repeated measurements.
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To explore relationships between NA(A)b responses and PRRSV infection
characteristics, correlations between basal NA(A)b levels on day 44 (start of
infection) and the NA(A)b increase from day 44 to 52 (delta 44-52) with viral
RNA measured on 52 of infection, and the decrease in viral RNA from day 48
to 52 were assessed. Data on viral RNA in the same pigs were available from
and have been reported in a previous study (van Dixhoorn et al. 2016). In
case of significant correlations, differences between correlation coefficients
of barren and enriched housed pigs were calculated using Fisher’s r-to-z
transformation. Variables of viral RNA could not be obtained from all 28

infected pigs because of technical problems (van Dixhoorn et al. 2016).

Only significant effects (p<0.05) and tendencies (p<0.10) are reported.
Significant interactions were further investigated with post hoc pairwise
comparisons using the difference of the least square means with Tukey

adjustments. Results are presented as means + SEM.

3.4 Results
3.4.1 Natural (auto)-antibody titers

The course of the antibody titers from day 38 until day 54 is shown in Figure
3.1. Apart from this, the responses to transport and relocation (delta day 44
- day 38) are shown in Table 3.1. Finally, the responses to the PRRSV infection
(delta from day 44 = start of infection) and to A. pleuropneumoniae (delta
from day 52 = start of A. pleuropneumoniae infection) are shown in Figure

3.2.
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Figure 3.1: Means and SEM of antibody isotype titers. IgM (A) and IgG (B) binding
KLH, IgM (C) and IgG (D) binding MBP, and IgM (E) and IgG (F) binding PC-BSA of pigs
(n =56) in barren and enriched housing conditions measured on 7 different days. At
39 days of age, pigs were transported to the experimental rooms (T); at 44 days of
age, Bl and El pigs were infected with PRRSV (P); at 52 days of age, Bl and El pigs
were infected with A. pleuropneumoniae (A). H indicates the housing effect; |
indicates the infection effect; D indicates the sampling day effect. ***p<0.001,

**p<0.01, *p<0.05, #p<0.10.
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3.4.1.1 IgM and IgG binding KLH
KLH-1gM

Overall antibody response. Overall, KLH-IgM titers were not affected by
housing or infection, but only by sampling day (F.307) = 90.8, p<0.001), with
increasing titers from day 38 to 52 (only day 44 and day 46 titers did not
differ), but after infection with A. pleuropneumoniae on day 52, levels of KLH-

IgM remained stable (Figure 3.1A).

Housing effect on antibody titers before infection. On day 38 (before
transport), housing tended to affect KLH-IgM (F1s4) = 3.5, p<0.10), with

higher titers in barren than in enriched housed pigs (Figure 3.1A).

Housing effect on changes in antibody titers after transport and relocation.
There was no housing effect on the changes in KLH-IgM before and after

transport (Table 3.1).

Table 3.1: Means and SEM of changes (delta 44-38) in antibody isotype titers of

barren and enriched housed pigs before and after transport/relocation.

barren enriched p-value
KLH-IgM 0.50+0.11 0.76 £0.18 ns
KLH-IgG -0.32+0.19 0.35+0.11 *
MBP-IgM 0.26+0.13 0.70+0.15 *
MBP-IgG 0.46+£0.21 1.58+0.31 **
PC-BSA-IgM 0.48+0.13 1.37+0.24 ok
PC-BSA-IgG -1.45+0.22 -0.67 +0.18 ok

Effects of housing after transport/relocation (delta 44-38) are reported in the text; significances of

housing are indicated: **p<0.01, *p<0.05, and ns for non-significant.

Effects of infection and its interaction with housing on changes in antibody

titers after infection. After infection with PRRSV on day 44, changes of KLH-
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IgM (delta 46-44, 48-44, and 52-44) were not only affected by delta-day
(F2.99) = 75.6, p<0.001), but also by the interaction between infection and
delta-day (F2.09) = 3.4, p<0.05). Post hoc analysis showed that the changes of
titers in control pigs significantly increased from 46-44 to 48-44 to 52-44,
whereas in infected pigs, changes of titers increased from day 46-44 to 48-
44, with no difference between 48-44 and 52-44 (Figure 3.2A). Besides,
changes in KLH-IgM after infection with A. pleuropneumoniae tended to be
affected by the housing x infection x sampling day interaction (F(1.50) = 3.1,
p<0.10), with no clear pairwise differences in the post hoc analysis (Figure

3.2A).
KLH-1gG

Overall antibody response. Overall, KLH-IgG titers were significantly affected
by housing (F(1.52) = 7.4, p<0.01), sampling day (F(s.307) = 2.7, p<0.05), and their
interaction (F.307) = 2.3, p<0.05). Post hoc analysis showed that only for

enriched pigs titers on day 52 were significantly higher than those on

day 46, whereas barren housed pigs showed no day effect on KLH-IgG titers
(Figure 3.1B).

Housing effect on antibody titers before infection. Before transport, at 38
days of age, KLH binding IgG titers were higher in barren housed pigs than in
enriched housed pigs (F1.54 = 16.5, p<0.001, Figure 3.1B).

Housing effect on changes in antibody titers after transport and relocation.
Housing affected the change of KLH-IgG titers before and after transport
(delta 44-38) (F(1.54 = 5.0, p<0.05) (Table 3.1). KLH-IgG increased in enriched

housed pigs, whereas KLH-IgG decreased in barren housed pigs (Table 3.1).
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Effects of infection and its interaction with housing on changes in antibody

titers after infection. There was no effect of PRRSV nor A. pleuropneumoniae

infection on KLH-IgG titers (Figures 3.1B and 3.2B).
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Figure 3.2: Means and SEM of the delta in antibody titers between infection days and

sampling days. IgM (A) and IgG (B) binding KLH, IgM (C) and IgG (D) binding MBP,

and IgM (E) and IgG (F) binding PC-BSA of pigs (n = 56) in barren and enriched housing

conditions for delta (46-44, 48-44, 52-44, with day 44=PSSRV infection) and delta (53-
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52, 54-52, with day 52= A. pleuropneumoniae infection). The dashed lines divide each
graph into the two separate infection conditions. H indicates the housing effect; |
indicates the infection effect; DD indicates the delta-day effect. ***p<0.001,
**p<0.01, *p<0.05, #p<0.10.

3.4.1.2 IgM and IgG binding MBP
MBP-IgM

Overall antibody response. Generally, MBP-IgM titers were affected by
housing (F(1.s2) = 3.6, p<0.05), infection (F(1.s2) = 4.0, p<0.10), sampling day
(F(6,307) = 62.3, p<0.001), and by the housing x sampling day (F.307) = 2.2),
infection x sampling day (F(.307) = 4.4), and housing x infection x sampling day

(F(6.307 = 2.2) interactions (p<0.05, see Figure 3.1C).

Housing effect on antibody titers before infection. At 38 days of age, MBP-
IgM titers were affected by housing (F(1.s4 = 10.0, p<0.01), with higher titers

in barren compared to enriched housed pigs (Figure 3.1C).

Housing effect on changes in antibody titers after transport and relocation.
After transport, the deltas in MBP-IgM titers between day 44 and 38 were
affected by housing (F1.s4) = 5.4, p<0.05), as well. MBP-IgM increased more

in enriched housed pigs than in barren housed pigs (Table 3.1).

Effects of infection and its interaction with housing on changes in antibody
titers after infection. Changes in titers following infection with PRRSV were
affected by infection (Fsy)=15.1, p<0.001), delta-day (F(.99) =55.8,
p<0.001), their interaction (F(2.99) = 3.8, p<0.05) and the housing x infection x
delta-day interaction (F(2.99) = 4.0, p<0.05). Post hoc analysis showed that the

increase in MBP-IgM titers following PRRSV infection (delta from titers on
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day 44) was higher between delta 52-44 than between delta 46-44, with
delta 48-44 in between, except for the enriched infected group where titer
changes between day 52 and 44 were also higher than those over delta 48-
44.Thus, only in infected enriched pigs MBP-IgM titers continued to increase
from day 48 to day 52. Barren and enriched controls did not differ in titer
changes, and barren infected pigs did not differ from barren controls for any
time trajectory. Enriched infected pigs, however, had a significantly higher
increase in titers from day 44 to day 52 after PRRSV than barren infected pigs,

and than both barren and enriched controls (Figure 3.2C).

After infection with A. pleuropneumoniae, there was no infection effect on
MBP-IgM deltas (delta 53-52, 54-52), but only of the interaction between
housing and delta-day (F(1s0) = 9.9, p<0.01), with a lower decrease in titers

from delta 54-52 than from delta 53-52 in barren pigs only (Figure 3.2C).
MBP-1gG

Overall antibody response. Overall, only sampling day (F(s.307) = 19.4) and the
interaction between housing and sampling day (Fs.307) = 4.2) affected the
levels of MBP binding 1gG in the serum (p<0.001). Post hoc analysis showed
that in enriched housed pigs titers of MBP-IgG were lower on day 38 than
those on each other sampling day, whereas in barren pigs titers on day 38
only differed from those on days 53, and 54 and tended to differ from titers
at day 52 (Figure 3.1D).

Housing effect on antibody titers before infection. On day 38, MBP-IgG titers
were higher in barren pigs than in enriched housed pigs (housing effect,

F1.sa) = 12.7, p<0.001, Figure 3.1D).
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Housing effect on changes in antibody titers after transport and relocation.
Housing also affected MBP-IgG changes after transport (delta 44-38)
(Fse=7.9, p<0.01), with MBP-IgG titers increasing more in enriched

compared with barren housed pigs (Table 3.1).

Effects of infection and its interaction with housing on changes in antibody
titers after infection. After infection with PRRSV, there was no housing or
infection effect on MBP-IgG, but after infection with A. pleuropneumoniae,
there was a housing effect on MBP-IgG (F150 = 11.6, p<0.01), with higher

titers in barren than in enriched housed pigs (Figure 3.2D).
3.4.1.3 IgM and IgG binding PC-BSA
PC-BSA-IgM

Overall antibody response. Generally, PC-BSA-IgM titers were affected by
housing (F(1.s2 = 4.2), p<0.05), sampling day (F.307) = 124.0, p<0.001), their
interaction (F(.307) = 5.1, p<0.001), infection (F152=13.1, p<0.001), and the
housing x infection x sampling day interaction (F.307) = 2.8, p<0.05) (Figure

3.1E).

Housing effect on antibody titers before infection. At 38 days of age, PC-BSA-
IgM titers were affected by housing (F(1.54) = 21.8, p<0.001); barren housed
pigs had higher levels of PC-BSA-IgM than enriched housed pigs (Figure 3.1E).

Housing effect on changes in antibody titers after transport and relocation.
Changes in PC-BSA-IgM titers after transport (delta 44-38) were affected by
housing (F1s4 = 11.1, p<0.01) as well; in enriched housed pigs, PC-BSA-IgM

titers increased more than in barren housed pigs (Table 3.1).
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Effects of infection and its interaction with housing on changes in antibody
titers after infection. After infection with PRRSV, delta PC-BSA-IgM (delta 46-
44, 48-44, and 52-44) tended to be affected by the interaction between
infection and housing (Faus2=3.1, p<0.10), by delta-day (F(.99) = 19.5,
p<0.001) and by the housing x infection x delta-day interaction (Fi2.99) = 2.9,
p<0.10). Post hoc analysis showed that the changes between 52 and 44 were
significantly higher than the changes between 46 and 44 for both barren
control pigs and enriched infection pigs. There was no infection effect after
infection with A. pleuropneumoniae (Figure 3.2E), but an effect of delta-day
(Fso) = 4.0, p<0.05) and a tendency for a housing x delta-day effect
(F(1.50) = 3.6, p<0.10).

PC-BSA-IgG

Overall antibody response. Overall, PC-BSA-IgG titers were affected by
sampling day (F.307 =32.4, p<0.001), and their interaction (F307) =2.2,
p<0.05). Unlike the other antibodies, titers of PC-BSA-IgG decreased over
time (Figure 3.1F). Post hoc analysis showed that for both barren and
enriched groups, levels of PC-BSA-IgG on day 38 were higher than on other

sampling days.

Housing effect on antibody titers before infection. There was no housing

effect on PC-BSA-IgG on day 38.

Housing effect on changes in antibody titers after transport and relocation.
After transport, the delta PC-BSA-IgG values between day 44 and day 38 were
affected by housing (F1s4 =9.0, p<0.01). PC-BSA-IgG decreased less in

enriched housed pigs than in barren housed pigs (Table 3.1).

83



Chapter 3

Effects of infection and its interaction with housing on changes in antibody
titers after infection. There was no infection effect (Figure 3.1F and Figure

3.2F).
3.4.2 Relationships between viral clearance and NA(A)b

The titers of IgG NA(A)b and IgM NA(A)b except MBP-IgM on day 44 and their
increase until day 52 did not correlate with viral RNA levels. Increasing MBP-
IgM levels (delta 52-44) were positively correlated with the decrease in viral
RNA from day 48 to day 52 (R = 0.53, p<0.05; see Figure 3.3). However, the
latter relationship was stronger in barren (R = 0.66, p<0.05) than in enriched
housed pigs (R=-0.27, p>0.10) as the two correlation coefficients

significantly differed (p<0.05). No other correlations were found.

A barren-inf @ enriched-inf
4 1 | barren-inf: enriched-inf:
. 3.5 R =0.66 R=-0.27
zrlr 3 P<0.05 P>0.10
a
= tZ.S ° ®
s88° . °
=]
=15 4 [ ]
% ae ® A
= 1 Y °
& A A A
s os £
AL 4
0 Y\

o050 05 1 15 2 25 3 35 4
Viral RNA (delta 48-52)
(TCIDgzequiv./mL)

Figure 3.3: The correlation between viral clearance and NA(A)b. The correlation
between the changes of MBP-IgM from day 44 to day 52 and the reduction of viral
RNA from day 48 to day 52 for barren and enriched pigs infected with PRRSV.
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3.5 Discussion

In this study, we investigated the effect of environmental enrichment versus
barren housing on the level of NA(A)b binding KLH, MBP, and PC-BSA prior to
transport and relocation, after transport and after infection with PRRSV and
A. pleuropneumoniae. In general, all IgM antibody titers increased over time,
which may reflect an aging effect (Reimert et al. 2014). It has been proposed
that IgM antibodies binding auto-antigens such as PC are usually present, and
enough IgM is available to prevent inflammation, for instance by activating
the classical complement pathway (Lobo 2016), and consequently 1gG is not
formed. In the current study, 1gG binding to PC-BSA decreased over time,
which is in line with the previous study (Luo et al. 2017). Whether this also
reflected decreasing maternal IgG antibodies remains unknown. IgM
antibodies in pigs are most likely not from maternal origin, thus housing
effects and infection effects on IgM most likely reflect effects on the pigs’
immune system. Our study shows that housing before transport affected
NA(A)b levels in the blood, with generally significantly higher levels of IgM
and 1gG binding KLH, MBP and PC-BSA in barren housed pigs. Infection only
affected IgM, but not IgG natural (auto-)antibodies, and did so in a housing-

dependent manner.
3.5.1 Housing effects

Housing or its interaction with sampling day affected all NA(A)b levels except
KLH-IgM. In line with this, effects of housing on NA(A)b binding KLH (IgG,
(Reimert et al. 2014)), MBP and PC-BSA (IgM, (Luo et al. 2017)) have
previously been found. Notably, before infection, barren housed pigs had

higher levels of NA(A)b than enriched housed pigs, except for PC-BSA-IgG.
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This is in contrast with previous studies in which generally lower NA(A)b titers
were found for barren housed pigs, with the exception of PC-BSA-1gG (Luo et
al. 2017; Reimert et al. 2014). There could be several reasons for this
discrepancy. First, in the present experiment, pigs were housed in enriched
or barren conditions, starting directly after birth instead of starting after
weaning. Therefore, pigs in the present study had a longer experience with
enriched conditions than the pigs in the previous studies. Second, unlike the
previous experiments, enriched housed pigs in the present study were not
only provided with ample substrates to root in, but also with extra space,
which seems to be an important enrichment factor (Cornale et al. 2015;
Vermeer et al. 2014). Finally, blood samples were taken at a younger age as

compared to previous studies.

The changes in antibody titers from day 38 (before transport and relocation)
to day 44, just before infection (delta transport effect) were significantly
different between barren and enriched housed pigs too. Higher deltas
(higher increases and lower decrease) were found in the enriched housed
pigs, whereas antibody titers on day 38 and 44 were not much different for
barren housed pigs, which already had higher titers on day 38. It can be
speculated that the increases in antibody titers found in particularly enriched
housed pigs is related to the stress of transport and relocation experienced
by these pigs, as we previously found increased anti-PC-BSA antibody titers
after regrouping stress (Luo et al. 2017), but age effects cannot be fully
excluded. In our previous study, however, both barren and enriched housed

pigs showed such increases following regrouping (Luo et al. 2017).

3.5.2 Infection effects
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Effects of infection with PRRSV on the titers on day 44 up till day 52 were
found for IgM binding MBP and PC-BSA. Lobo et al. (Lobo et al. 2008a; Lobo
et al. 2008b) also found that IgM binding leukocytes, but not IgG can limit
HIV infection in an antigen-nonspecific fashion. The reason could be that the
functional activity of IgG is blocked by poly-reactive IgM with anti-idiotypic
activity (Adib et al. 1990). It has been proposed that natural IgG-producing B
cells, unlike natural IgM-producing B cells, are in an inactive state at birth,
and these B cells start to produce IgG after exposure to bacterial or foreign
antigens (Coutinho et al. 1995; Pereira et al. 1986), and thus it may take a
long time before significant levels of IgG can be detected (Hamanova et al.
2015). It is, therefore, not surprising that the effect of IgG on infection was
not detected within the short infection period in this study. Remarkably, in
the current study, the effects of PRRSV infection on IgM NA(A)b titers were
housing-dependent. Only in infected enriched pigs, MBP-IgM titers
continued to increase from day 4 to day 8 after infection (day 48 to 52 of
age), and infected pigs from enriched housing showed a higher increase in
titers starting directly after PRRSV until 8 days after infection than controls
and barren infected pigs. Thus, enriched infected pigs showed a higher and
more prolonged increase from infection onwards in MBP-IgM. A previous
study on the same pigs revealed that infection characteristics differed for
barren and enriched housed pigs. Four days after PRRSV infection (day 48)
viral RNA amount was equally increased in both barren infected and enriched
infected pigs, whereas 8 days after infection (day 52), enriched infected pigs
had significantly lower viral RNA. Moreover, enriched housed pigs were
subsequently less likely to develop lung lesions following A.

pleuropneumoniae infection (van Dixhoorn et al. 2016).
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Remarkably, in barren, but not enriched housed pigs a correlation was found
between the increase in MBP-IgM antibody titers from day 44 to 52 and the
reduction in viral RNA between day 48 and 52. Thus, barren housed pigs with
a relatively higher increase in MBP-IgM following infection, showed a faster
reduction of viral RNA in serum. This correlation was not found in enriched
pigs, who had both already higher MBP-IgM titers (in this study) and a faster
reduction in viral RNA (van Dixhoorn et al. 2016). Whether or not the IgM

NA(A)b play a role in defence against the virus, remains to be elucidated.

Pigs were sacrificed shortly after A. pleuropneumoniae infection on day 52,
and no effect of infection of the bacteria was found on the changes in NA(A)b

up till day 54, except for KLH-IgM.

The results of the current study are difficult to explain. NA(A)b levels have
been proposed to be independent from the environment (Lobo 2016).
However, in the current study, NA(A)b, particularly of the IgM isotype,
binding all three antigens were affected by housing conditions, and,
moreover infection with PRRSV affected MBP-IgM NA(A)b in a housing-
dependent manner. Our data suggested that environmental enrichment may
facilitate immune sensitivity in a non-antigen specific fashion resulting in
higher NA(A)b levels following viral infection. In poultry, levels of auto-IgM
showed a relatively high heritability as opposed to auto-IgG suggesting that
IgM is less affected by the environment than IgG (Bao et al. 2016). It remains
to be elucidated whether the higher or lower antibody levels in the present
study with pigs reflect the usage of antibody in response to cell or tissue
damage due to stress as a homeostatic response (Lutz et al. 2009), or reflect

a non-antigen specific B-cell activation (Lobo 2016). Either way, this study
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suggests that levels of auto-antibodies including IgM, are affected by the
environment (housing) and/or infection, and therefore may provide
additional information of the physiological response of pigs to stress in
general. Remarkably, the enriched housed pigs were less prone to develop
lesions caused by a combination of PRRSV and A. pleuropneumoniae (van
Dixhoorn et al. 2016). Whether this rests on a higher sensitivity of NA(A)b to
the environment or changing NA(A)b levels reflect sensitivity of the individual

to the environment remains to be established.

3.6 Conclusion

In conclusion, type of housing affected serum levels of NA(A)b binding KLH,
MBP and PC-BSA. Infection with PRRSV only affected the IgM, but not the IgG
isotype. In this study, barren housed pigs had higher levels of NA(A)b, except
for PC-BSA-IgG, than enriched housed pigs before transport and infection.
However, NA(A)b levels of enriched housed pigs responded more to
transport and relocation stress than barren housed pigs. Besides, enriched
and barren housed pigs responded differently to PRRSV infection. NA(A)b
may thus be affected by infection, and the effect of infection on NA(A)b is
influenced by housing conditions. More research is warranted to investigate
the mechanisms by which environmental enrichment affects NA(A)b and the

role of NA(A)b in the defence of infection.
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4.1 Abstract

Enriched environments are known to beneficially affect the behaviour of pigs,
as compared with more barren pens. The influence of enrichment may,
however, depend on pigs’ early life housing experiences. Aim of this study
was to investigate the (long-term) effects of early and later life
environmental enrichment on behaviour and growth in pigs with different
coping styles. Pigs were housed in either barren or enriched housing
conditions from birth, and half of them experienced a housing switch, i.e. a
loss or gain of enrichment, at 7 weeks of age, creating four treatment groups.
Enriched pens were larger than barren pens and contained peat, straw,
sawdust and extra toys. Home pen behaviour and body weight were
recorded up till 19 weeks of age. Pigs were classified as reactive or proactive
based on a backtest at two weeks of age. Enrichment increased time spent
exploring, chewing and play, and decreased damaging behaviours and pen-
directed exploring and chewing. Behaviour of pigs that switched from barren
to enriched pens or vice versa reflected, not only their actual environment,
but was also influenced by early life housing conditions. Effects of early and
later life enrichment on most behaviours were in opposite direction. The
effects of (lack of) enrichment after the switch were therefore more
pronounced in pigs that had experienced a different early life condition. For
instance, pigs experiencing an upgrade from barren to enriched pens seemed
to ‘catch up’ by showing more exploration and play. Conversely, pigs exposed
to a downgrade displayed more oral manipulation of pen mates than ones
kept barren throughout, which particularly held for pigs with a reactive
coping style. Effects of early life and current housing on several other

behaviours depended on coping style as well. Pigs housed in enriched
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conditions appeared better able to cope with weaning, as they gained more
weight and had higher feed intake post-weaning. Barren housed pigs had a
lower body weight than enriched pigs just before the switch, after which
growth was mainly determined by actual housing, with enriched kept pigs
having a higher feed intake and body weight. Thus, not only current housing
conditions, but also a (mis)match with the early life environment may affect

behaviour and growth of pigs.

Keywords: pigs, behaviour, environmental enrichment, growth, early life
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4.2 Introduction

Pigs in intensive farming conditions are often housed in stimulus-poor,
barren environments, which offer little potential to facilitate their natural
species-specific behaviours. Consequently, the limited living space, and the
lack of materials for foraging and exploration in barren housing conditions
are major risk factors for the development of damaging oral behaviours, such
as tail biting and ear biting (Beattie et al. 2000a; Kallio et al. 2018; Moinard
et al. 2003; Petersen et al. 1995; Scollo et al. 2016; Taylor et al. 2012).
Moreover, these barren conditions can also cause chronic stress in pigs, as
reflected in physiological changes (Carreras et al. 2016; Chaloupkova et al.
2007b; de Jong et al. 1998). In addition, barren housing conditions were
found to alter immunity (Luo et al. 2017a; Luo et al. 2017b; Reimert et al.
2014) and even to increase the susceptibility to lung infections (van Dixhoorn

et al. 2016).

According to a European Commission Directive (2001/93/EC), pigs “must
have permanent access to a sufficient quantity of materials to enable proper
investigation and manipulation activities”, with the intention to improve the
welfare of pigs. Numerous studies have proven that, as opposed to barren
housing, enrichment of the environment with such materials (such as straw
bedding or peat) can reduce damaging behaviours (e.g Bolhuis et al. 20053;
Bolhuis et al. 2006; Telkdnranta et al. 2014; Van de Weerd et al. 2005; Van
de Weerd et al. 2006), and increase play behaviour in pigs (e.g. Bolhuis et al.
2005a; Bolhuis et al. 2006; Chaloupkova et al. 2007a). Enriched housed pigs
were also more active (Beattie et al. 2000b; Bolhuis et al. 2005a) and showed
more explorative behaviour (Averds et al. 2010; Bolhuis et al. 2005a). Besides,

some studies report enhanced growth rates in pigs kept in enriched
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environments (e.g. Beattie et al. 1995; Bolhuis et al. 2006; Munsterhjelm et
al. 2009), but see Camerlink et al. (2014); Morrison et al. (2007) who did not

find such an effect.

Apart from the current conditions in which pigs are housed, also the
environment in earlier life stages could have an effect on their later life
behaviour and welfare. It has been shown in several species that adverse
early life experiences can have negative long-term effects on behaviour,
physiology, and cognition. For instance, social isolation in early life increased
anxiety and conditioned fear behaviours in adult rats (Lukkes et al. 2009),
and limited space before weaning negatively influenced the social skills
needed in later life in pigs (Lammers and Schouten 1985). Furthermore, it has
been shown that the environment of pigs in the farrowing phase can affect
the risk of tail biting in later life (e.g. Moinard et al. 2003; Simonsen 1995). If
a piglet does not have enough opportunity to explore the environment in
early life, it is possible that this exploration may be directed towards its pen
mates (Munsterhjelm et al. 2009; Ursinus et al. 2014), thus posing a risk for
the development of adverse behaviours which may persist into later life.
Conversely, environmental enrichment may have beneficial effects on later
life functioning, putatively via its effect on brain development and
functioning (do Prado et al. 2016; Kuzumaki et al. 2011; Mora et al. 2007). In
pigs, for instance, rearing conditions consisting of an outdoor pasture with
loose housed sows in the first 6 weeks of life suppressed the development of
social stress in adult life (De Jonge et al. 1996), and pre-weaning substrate-
enrichment, in the form of wood shavings and chopped straw, decreased the

number of agonistic encounters at a later age (Munsterhjelm et al. 2009).
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Hence, the behaviour of pigs may, apart from being affected by their current
environment, also be shaped by early life experiences. On the one hand, as
outlined above, an enriched environment in early life, as opposed to barren
rearing conditions, may have long-term beneficial effects, protecting animals
against developing aberrant behaviours. For example, mice reared in large,
enriched cages showed less stereotypic behaviours when switched to
standard cages than those housed in standard conditions all their lives
(Hadley et al. 2006; Powell et al. 2000). On the other hand, removal of
enrichment in later life might also lead to behavioural changes indicative of
frustration, as animals originating from an enriched environment could be
less satisfied by the poor resources in barren housing conditions. In pigs,
results of some studies suggest that experience of loss of enrichment could
be more detrimental than housing in barren conditions throughout life. For
example, Day et al. (2002) found that moving pigs from straw-bedded to
barren pens increased the occurrence of damaging pen-mate-directed
behaviour compared to pigs without experience with straw. Less is known
about the influence of switching from relatively barren to enriched housing,
although Bge (1993) found that pigs that were transferred from flat deck
weaner pens with slatted floors to grower pens bedded with sawdust
showed more rooting and chewing of the bedding than pigs originating from
bedded pens. This could be interpreted as a (short-term) ‘catching up’ effect
indicating an increased motivation for exploration in pigs that had been
thwarted in the expression of this behaviour before (Bolhuis et al. 2006). It is
largely unknown whether these potential ‘frustration’ or ‘catching up’ effects,
resulting from a change from enriched to barren housing or vice versa, are

transient or may sustain, and hence affect welfare for a longer time.
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The impact of the environment on behaviour may differ for pigs varying in
coping style, a personality trait (e.g. Bolhuis et al. 2005a). Individuals with a
‘proactive’ coping style show a more active behavioural stress response and
are prone to develop routines, whereas individuals with a ‘reactive’ coping
style tend to explore novel environments for longer, are more flexible and
more attentive to subtle environmental changes. Pigs with a proactive
personality seem to have more trouble in adapting to an environmental
change (Bolhuis et al. 2004; Koolhaas et al. 1999) which could be related to
their lower flexibility in behaviour as compared with reactive pigs (Bolhuis et
al. 2004; Bolhuis et al. 2005b). On the other hand, reactive pigs may be more
influenced by their long-term housing environment, as several studies
reported that they were more affected by (the absence of) enrichment than
proactive pigs (Asher et al. 2016; Bolhuis et al. 2003; Bolhuis et al. 2004),
although we recently found that the behaviour of proactive pigs in an
attention bias test was more influenced by enrichment (Luo et al. 2019a).
Thus, the impact of enrichment and a loss or gain of enrichment may depend
on the personality characteristics of the pig under study, which may

therefore be relevant to take into account.

The aim of this study was to investigate the (long-term) effects of early and
later life environmental enrichment on behaviour and growth in pigs with
different coping styles. To that aim, pigs were housed in either barren or
enriched housing conditions from birth, and half of them experienced a
housing switch, i.e. a loss or gain of enrichment. Behaviour and body weight

development were recorded up till 19 weeks.
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4.3 Materials and Methods

The established principles of laboratory animal use and care were followed,
as well as the Dutch law on animal experiments. The Animal Care and Use

Committee of Wageningen University & Research approved the experiment.
4.3.1 Animals and housing before the housing switch

Pigs (Tempo x Topigs 20) from 30 litters, equally divided over 2 batches, were
studied in this experiment. Multiparous Topigs 20 sows (parity: 4.1 + 0.9)
were inseminated on the same day in each batch, and were housed in Carus,
the animal facilities of Wageningen University & Research, Wageningen, the
Netherlands, from one month before farrowing. One week before the
expected farrowing date, they were moved to individual farrowing pens.
Distribution of sows over the housing treatments for their piglets (see below)
was balanced for parity and sow weight and back fat after arrival. The
maximum litter size was 14, and piglets were cross fostered within treatment
if litter sizes were larger than 14. Litter size at day 7 (enriched: 12.7 + 0.2,
barren: 12.5 + 0.4 piglets/litter), litter size at weaning (enriched: 12.4 £ 0.2,
barren: 11.9 + 0.4 piglets/litter), birth weight (enriched: 1.48 + 0.05, barren:
1.52 £ 0.05 kg) and weaning age (enriched: 29.7 £ 0.4, barren: 29.7 + 0.4 days

of age) did not differ between treatments (see below).

From birth till weaning, half of piglets were housed in barren (B, 8.6 m?) pens
with a solid floor and a small slatted area for drain, with their sow in a
farrowing crate. The other half were housed in enriched (E, 17.1 m?) pens to
which, apart from the 8.6 m? area with the sow crated as described for the B
pens, an additional enriched part was added with 1.7 kg straw, 300 L of

sawdust, and 270 L of peat as substrates on the floor. Besides, 0.8 kg fresh
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straw and 40 L of fresh sawdust were added daily, and 30 L of fresh peat was
added weekly in the enriched part of the pen. Additionally, two fixed objects,
here referred to as toys (one chain with a ball and one chain with screws that
touched floor), were placed in the B pens. In the E pens, one fixed toy (a chain
with a ball) and a toy that was alternated daily and selected from 4 different

toys, were placed.

Each pen had one drinking nipple for the piglets and one for the sow. Sows
were fed a standard commercial diet twice a day. From 5 days of age until
day 22, some fresh creep feed (Prestarter Speen Select, AgruniekRijnvallei,
Wageningen, The Netherlands) was provided for the piglets, which was
mixed with the weaner feed (Speen Uniek VC, AgruniekRijnvallei) from day
23 until weaning. The room temperature was set at 25 °C, and was gradually
decreased to 21 °C over the course of two weeks. In the first week after birth,
one heating lamp was provided in each B pen, and two lamps in each E pen.
Each pen was cleaned daily and lights and a radio were on from 7:00 until
19:00 hours. Even though sows were all inseminated on the same day,
farrowing was spread over a number of days. Procedures and observations
below were all conducted on the same day, and days of age as referred to in
the paper (except for weight at the day of birth) all relate to the number of

days after the expected day of farrowing.

At 13 days of age, all pigs were subjected to a backtest to assess their coping
style (Bolhuis et al. 2000; Koolhaas and Van Reenen 2016). Briefly, in this test,
piglets are restrained in supine position for 1 min and the number and
latency of escape attempts and vocalisations are recorded (see Melotti et al.

2011for details). Pigs were classified as relatively “high resisters” (HR) if they
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struggled 2 times and vocalized at least 25 times, or struggled at least 3 times,
and as “low resisters” (LR) if they struggled 0 or 1 time, or struggled 2 times
and vocalized less than 25 times (Reimert et al. 2014). Thus, not the extremes
were selected, but the population was split into two classifications. There
was no effect of housing on the proportion of HR and LR pigs (data not

shown).

At 28 days of age, pigs were weaned, and in total 192 pigs (96 per batch)
were selected and regrouped in 32 new pens containing 6 non-littermate pigs
each. All pigs were equally regrouped by taking sex (3 males and 3 females),
coping style (3 HR and 3 LR) and body weight into account. Housing
treatment (B vs. E) for each pig was kept the same as before weaning. After
weaning, therefore, the pigs from B farrowing pens were moved to barren
pens (5.6 m?), with partly solid floor and partly slatted floor. The pigs from E
farrowing pens were moved to enriched pens (11.2 m?) with 2.5 kg straw,
400 L of sawdust, and 360 L of peat on the floor. Additionally, 1.25 kg fresh
straw and 60 L fresh sawdust were added daily, and 45 L fresh peat was
added weekly in the enriched pens. The toys in the barren and enriched pens
were kept the same as before weaning, and from 39 days of age, enriched
housed pigs received extra enrichment such as, for instance, a jute sack, a
rope, branches, a log of wood or an egg tray on each Monday until the end
of the experiment (day 133). The housing conditions before the switch (see

below) are labelled with a “1” (i.e. B1 or E1).

Each pen had one drinking nipple and pigs received standard commercial
solid feed (0 - 10 days after weaning: Speen Uniek VC; 11 - 34 days after
weaning: Babybiggen Uniek VC, AgruniekRijnvallei; from 35 days after
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weaning onwards: Start Uniek, AgruniekRijnvallei) ad libitum. On the
weaning day, the room temperature was set at 25 °C, and it was gradually
decreased to 21 °C over the course of two weeks and kept at that
temperature until the end of the experiment. After weaning, one heating
lamp was provided for the first two weeks. Lights and a radio were on from

7:00 until 19:00 hours.
4.3.2 Housing after the switch

At 47 days of age, half of the groups of pigs experienced a switch in housing
type, and the other half did not. All groups of pigs, including the ones that
did not change housing type, were moved to new pens, and group
composition remained the same. Thus, after the switch, there were four
housing treatment groups: E1E2, E1B2, B1E2, B1B2, n = 8 pens per group (192
pigs in total), with 1 and 2 reflecting the housing conditions before and after
the switch, respectively. Straw, peat and toys were used and added as

described before, but only 30 L of sawdust was added daily in the E2 pens.

Pigs were, both before and after weaning, housed in two rooms per batch.
Distribution of (early and later life) barren and enriched pens over the rooms
was balanced. Part of the pigs within a pen were exposed to tests for
emotional state and immunity, results of which are published elsewhere (Luo
et al. 2019a; Luo et al. under review; Luo et al. in preparation). This was

balanced for the treatments.
4.3.3 Behaviour observations
Behaviour (Table 4.1) of individual pigs before weaning, in the farrowing pens,

was scored live using 4-min instantaneous scan sampling for 3 h per day at
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20 and 21 days of age (in total, 6 h per pen before weaning). Behaviour (Table
4.1) of individual pigs after weaning was scored live using 2.5-min
instantaneous scan sampling for 6 h per day at 45 (2 days before the switch),
49 (2 days after the switch), 54 (7 days after the switch), 60 (13 days after the
switch), 78 (31 days after the switch), and 125 days of age (78 days after the
switch). Observation hours started at 8:00 h, 9:15 h, 10:30 h, 14:00 h, 15:15
h and 16:30 h. These procedures resulted in a total of 90 observations per
pig before weaning, and 144 observations per pig per observation day after
weaning. On each observation day, there was no activity in the rooms other
than daily cleaning. Observers were always balanced over treatments and
changed rooms every hour. Agreement between the different observers was
substantial (before weaning: average Cohen’s Kappa (k) = 0.75 (range: 0.71-
0.79), after weaning: k = 0.77 (0.71-0.90) (Landis and Koch 1977; Martin and
Bateson 2007).
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Table 4.1: Ethogram used for the behaviour observations.

Behaviour Definition

Inactive Lying on side or belly with eyes closed or open and without performing any other described

behaviour behaviour and eating or drinking behaviour.

Social behaviour  Touching or sniffing any part of a pen mate (= piglet or sow), including nose contact, without
manipulative behaviours or massaging the udder.

Exploration

Substrates- Sniffing, nosing, licking, rooting, rubbing substrates, or scraping the substrates with one leg.

directed

exploring

Pen-directed
exploring

Chewing

Substrates-

directed chewing

Pen-directed
chewing

Manipulation

Play behaviour

Aggression

Mounting

Exploring any part of the pen (wall, floor), feeder, objects, drinking nipples and toys by sniffing,
nosing, licking, rooting, or rubbing.

Chewing on substrates in enriched pens.

Chewing any part of the pen (wall, mat), feeder, objects, drinking nipples, toys or ear tags, or
chewing air or feces.

Nibbling, sucking, chewing, or biting an ear or the tail or other part of the body of a pen mate in a

continuous state.

Shaking of head while holding substrate (e.g. straw, except toy) that protrudes from mouth, or
walking around the pen with substrate in mouth or lifting over substrates, shaking toy, or lifting
over/pushing toys, running, jumping, rolling, turning with other pigs or individually, sometimes with

gently nudging of pen mates.

Horizontal or vertical knocking with the head or forward thrusting with the snout toward another pig
(single event or short series of events, not during a fight); Intense mutual/individual ramming or
pushing a pen mate with or without biting the pen mate (not the sow); Biting a pen mate, except ear
or tail, but not during a fight.

Standing on hind legs while having front legs on another pig’s back (not the sow).

Comfort
behaviour

Rubbing body against objects or pen mates, scratching body with hind leg, stretching (part of) body,
or shaking body.

Other behaviour

All other behaviours, including standing, sitting, walking without other behaviours described before,

and eating, drinking, defecating and urinating.
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4.3.4 Weight gain and feed intake

Body weight of the pigs was measured at day O (within 12 h from birth), 28
(weaning), 33, and at day 46 (the day before the switch), 50 (3 days after the
switch), 74 (27 days after the switch), 109 (62 days after the switch), and 130
(83 days after the switch). Feed intake was calculated per pen by registering
the amount of feed given and weighing residual feed at several time points.
Before weaning, residual feed was weighed at weaning on day 28. After
weaning, residual feed was weighed on day 33, 47 (switch), 50 (3 days after
the switch), and 133 (86 days after the switch).

4.3.5 Statistical analyses

SAS (SAS 9.4, SAS Institute Inc.) was used for all statistical analyses. Before
weaning, 377 pigs were included in the home pen behaviour observation
analyses. From the 192 pigs selected at weaning for further study, one pig
died on the day of weaning (cause unknown), therefore, there were only 5
pigs in that pen from weaning onwards. Behaviour data from 3 other pigs
were missing for the last observation day at 125 days of age, as they were
euthanized due to health problems (lameness: n=2 and umbilical hernia: n=1).
Pen-directed and substrate-directed exploring were combined as ‘exploring’;
pen-directed chewing and substrate-directed chewing were combined as
‘chewing’. Pen-directed and substrate-directed exploring and chewing were
also analysed separately. Comfort behaviour was rare (before weaning: 0.8%,
before the switch: 0.3%, after the switch: 0.2%) and therefore not further
analysed. Defecating/urinating, eating, drinking, and walking, sitting and
standing without any other behaviour were combined as ‘other’ behaviour,

and were not further analysed as well.
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Assumptions of normality of error distribution and homogeneity of variance
were checked, and proportions of time spent 2 days before the switch on
aggression, pen-directed chewing, social behaviour and mounting were
arcsine square root transformed. The same held for these behaviours and

pen-directed exploration and play after the switch.
Behaviours

Before the switch. Proportions of time spent on behaviours before weaning
and before the switch were analysed using a linear mixed model. The fixed
effects of housing 1 (H1, housing before switch, B1 vs. E1), coping style (HR
vs. LR), their interaction, sex and batch, and the random effect of pen nested

with H1 and batch were included.

After the switch. Proportions of time spent on behaviours over the 5
observation days after the switch were analysed using a repeated linear
mixed model with fixed effects of H1, housing 2 (H2, housing after switch, B2
vs. E2), coping style, observation day, their interactions, sex, the interaction
of sex and observation day, and batch. Random effects of pen and animal
were included to account for repeated measurements at the group (housing

and batch) or individual level (sex and coping style).
Body weight gain

Before the switch. Birth weight and body weight gains from birth till weaning,
and during the first 5 and 18 days after weaning of the 192 selected pigs were
analysed using a linear mixed model, with H1, coping style, their interaction,

sex, and batch as fixed effects, and pen nested with H1 and batch as random
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effect. Body weight at the beginning of each period was used as a covariate

in the model, except for the analysis of body weight at birth.

After the switch. Body weight gains during several periods (day 50 - 46, day
74 - 46, day 109 - 74, day 130 - 109, and day 130 - 46) after the switch and
body weight on day 130 were analysed using a linear mixed model, with H1,
H2, coping style, their interactions, sex, and batch as fixed effects, and pen
nested with H1, H2, and batch as random effect. The body weight at the
beginning of each period was used as a covariate in the model, except for the

analysis of the body weight on day 130.
Feed intake

Before weaning. Feed intake (measured at pen level, and expressed as
kg/piglet) before weaning (days 5 - 28) was analysed using a linear model,

with H1 and batch as fixed effects.

Before the switch. Average daily feed intake (kg/pig/day) of different periods
(day 33 - 28 and day 47 - 28, i.e. the first five and 19 days after weaning,
respectively) before the housing switch was analysed using a linear mixed

model, with H1 and batch as fixed effects.

After the switch. Average daily feed intake of different periods (day 50 - 47
and day 133 - 47) after the housing switch was analysed using a linear mixed

model, with H1, H2, their interaction, and batch as fixed effects.

Significant interactions were further investigated with post hoc pairwise
comparisons using the difference of the least square means. Pairwise
comparisons (> 4 groups of means) were adjusted by Tukey corrections.

Results are presented as means + SEM.
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4.4 Results
4.4.1 Behaviour observations
Before weaning

Table 4.2 shows the percentage of time spent on different behaviours for
barren (B1) vs. enriched (E1) housed pigs at 3 weeks of age, before weaning.
E1 pigs tended to show less inactive behaviour (p<0.10), and showed more
exploring (p<0.01) and chewing than B1 pigs (p<0.001). Exploring and
chewing of B1 pigs was pen-directed only, whereas E1 pigs could also use the
substrates. The pen-directed exploring and chewing of E1 pigs was lower
than that of B1 pigs (both p<0.001). Moreover, E1 pigs showed less
manipulative behaviours directed at pen mates (p<0.001), less aggression
(p<0.05), and tended to show more play (p<0.10). Housing did not affect

social behaviour or mounting.

Table 4.2: Means + SEM of the percentages of time spent on behaviours in pigs

housed in barren and enriched housing conditions at 3 weeks of age.

Behaviour (% of time) Barren Enriched p-value
Inactive 575+24 51.9+20 +
Social behaviour 1.8+0.2 14+0.1 ns
Exploring? 7.2+0.6 11.1+1.1 **
Pen-directed exploring 7.2+0.6 3.4+0.3 Fkk
Chewing? 28+0.4 100+1.1 *xx
Pen-directed chewing 28+0.4 1.3+0.1 *xx
Manipulation 24+0.2 0.7+0.1 *xx
Play 1.5+03 24+04 +
Aggression 1.2+0.2 0.7+0.1 *
Mounting 04+0.1 04+0.1 ns

LExploration includes pen-directed exploring and exploring the substrates; >chewing includes chewing
the pen/air and chewing substrates. Significances of differences are indicated: ***p<0.001, **p<0.01,

*p<0.05, and +p<0.10; ns indicates non-significance.
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No coping style effects were found on the behaviour before weaning.

Females showed less aggressive behaviours (F: 0.6 + 0.1, M: 1.3 + 0.1 % of
observations, p<0.001), and mounting (F: 0.2 + 0.04, M: 0.6 = 0.07 %,
p<0.001), and tended to chew more (F: 7.0 + 0.4, M: 6.3 + 0.4 %, p<0.10)

before weaning than males. No other sex effects were found.
Before the switch

Table 4.3 shows the percentage of time spent on behaviours for enriched (E1)
vs. barren (B1) housed pigs 2 days before the switch, at 6 weeks of age. E1
pigs displayed less inactive behaviour than B1 pigs (p<0.001). Besides, total
time spent on exploration was affected by H1 (E1>B1, p<0.01), and tended
to be affected by the H1 x coping style interaction (p<0.10). Pen-directed
exploration was lower in E1 pigs than in B1 pigs (p<0.001); and was also
affected by coping style (HR: 4.0 + 0.4, LR: 3.4 + 0.3 %, p<0.05) and a trend
for an interaction between H1 and coping style (p<0.10). Chewing was
affected by H1 (E1>B1, p<0.001), coping style (HR: 16.5+1.2; LR: 14.9+ 1.0 %,
p<0.05) and tended to be affected by their interaction (p<0.10). When
looking at pen-directed chewing only, levels were lower for E1 pigs than for
B1 pigs (p<0.001). E1 pigs showed less manipulative behaviours directed at
pen mates than B1 pigs (p<0.001). Mounting was affected by H1 (E1<B1,
p<0.05) and tended to be affected by coping style (HR: 0.7 £ 0.1, LR: 0.6
0.1 %, p<0.10). Housing or coping style did not affect social behaviour, play

behaviour or aggression (see Table 4.3).
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Table 4.3: Means + SEM of the percentages of time spent on behaviours in pigs

housed in barren and enriched housing conditions 2 days before the switch (at 47

days of age).
Behaviour (% of time) Barren Enriched p-value
Inactive 58.2+23 44.7+2.0 *xx
Social behaviour 0.8+0.1 0.7+0.1 ns
Exploring? 6.1+0.6 8.8+0.6 **
Pen-directed exploring 6.1+0.6 14+0.1 *okok
Chewing? 7.6+0.7 23.8+1.3 *xx
Pen-directed chewing 7.6+0.7 0.8+0.1 *okok
Manipulation 26+0.3 0.6+0.2 *xx
Play 09+0.2 1.4+0.2 ns
Aggression 0.7+0.1 0.5+0.1 ns
Mounting 1.0+0.1 0.5+0.1 *

1Exploration includes exploring the pen and exploring the substrates; >’chewing includes chewing the
pen/air and chewing substrates. Significances of differences are indicated: ***p<0.001, **p<0.01,

*p<0.05; ns indicates non-significance.

Females showed less aggression (F: 0.3 + 0.1, M: 1.0 + 0.1 %, p<0.001) and
less mounting (F: 0.4 £ 0.1, M: 1.0 £ 0.1 %, p<0.001) than males, but chewed
more (F: 16.8+1.2, M:14.7 £ 1.0 %, p<0.01). No other sex effects were found.

After the switch

Figure 4.1 shows the time course of inactive, social, explorative, chewing,
manipulative and play behaviour for the four combinations (B1B2, B1E2,
E1B2, E1E2) of early life (H1, housing before the switch) and later life (H2,
housing after the switch) housing. As several interactions between housing
and coping style were found, which were generally not dependent on time
(no interactions with observation day, except for manipulation, see text
below), these are illustrated separately in Figure 4.2. Aggression and
mounting were mainly affected by sex and are therefore only indicated in the

text.
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Figure 4.1: Means + SEM of percentages of time spent on behaviours in pigs exposed

to four different housing situations (n=192 pigs, 32 pens, 8 pens/housing treatment).
Pigs were housed in either barren (B1) or enriched (E1) pens from birth, and half of

them experienced a housing switch at 47 days of age, creating four groups: B1B2,
B1E2, E1E2, and E1B2. Significances of treatments are indicated: ***p<0.001,
**p<0.01, *p<0.05, and +p<0.10; ns indicates non-significance. H1 indicates the
effect of housing before the switch (B1 vs. E1), and H2 indicates the effect of housing

after the switch (B2 vs. E2). Interactions with coping style are given in Figure 2.

Inactive behaviour generally increased over time (day effect, p<0.001, Figure

4.1A). Pigs originating from enriched conditions (E1) were more inactive than
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those from early life barren housing (B1, H1 effect p<0.001). An opposite
effect was found for H2 (E2 < B2, p<0.001), but the H2 effect depended on
coping style (H2 x coping style interaction, p<0.05), and tended to be affected
by the H1 x H2 x coping style interaction (p<0.10). Post hoc analysis of the
H2 x coping style interaction showed that B2-HR pigs were the most inactive,
followed by B2-LR pigs and thereafter all E2 pigs (B2-HR: 68.1 + 1.2, B2-LR:
64.9 = 0.6, E2-HR: 49.2 + 1.5, E2-LR: 50.2 + 1.3 %, all pairwise differences
mentioned p<0.05, Figure 4.2A).

Social behaviour was affected by day (p<0.001), H2 (p<0.001) and the H2 x
day interaction (p<0.05), with higher levels for B2 pigs than for E2 pigs on the
first observation day (2 days after the switch) only (Figure 4.1B). Social
behaviour was also affected by H1 (p<0.01), coping style (p<0.10), and the
H2 x coping style (p<0.05) and H1 x H2 x coping style (p<0.05) interactions
(Figure 4.2B). Levels of social behaviour were generally lowest in the pigs that
switched from barren to enriched housing (B1E2) and highest in the E1B2
pigs, but the contrast with the other housing conditions depended on coping
style. B1E2-HR pigs showed less social behaviour than E1E2-HR pigs (p<0.05),
with no other significant pairwise differences between housing conditions
for the HR pigs. More contrasts between the H1 and H2 combinations were
seen in LR animals. B1E2-LR showed lower levels of social behaviour than
E1B2-LR (p<0.001) and B1B1-LR pigs (p<0.05). Additionally, E1B2-LR pigs,
apart from showing more social behaviour than B1E2-LR pigs, also spent

more time on this behaviour than E1E2-LR pigs, p<0.05, Figure 4.2B).

Exploration overall was affected by day (p<0.001), with a general decrease

in time, except for the third observation day (Figure 4.1C), and tended to be
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affected by the H2 x day interaction (p<0.10). H1 (B1: 13.1+ 0.4, E1: 11.2 +
0.3 %, p<0.01) and H2 (B2: 7.7 + 0.2, E2: 16.6 + 0.3 %, p<0.001) affected
exploration in opposite directions. Besides, exploration tended to be affected

by the H2 x coping style interaction (p<0.10, Figure 4.2C).

When analysing pen-directed exploration separately, effects of day (p<0.001),
H2 (p<0.001) and H2 x day (p<0.001) were found, as well as a trend for the
H1 x H2 x day interaction (p<0.10). For E2 pigs, time spent on pen-directed
exploration did not differ between days. In B2 pigs, pen-directed exploration
was higher on day 60 than on day 49 and day 54, and later in life, at 78 and
125 days of age, lower than the earlier three days (Figure 4.1E). In addition,
coping style (p<0.05) and the H2 x coping style interaction (p<0.05) affected
pen-directed exploration, with a trend for the H1 x H2 x coping style
interaction (p<0.10, Figure 4.2E). The two-way interaction between H2 and
coping style showed that B2-LR pigs spent more time exploring pen fixtures
than B2-HR pigs, which were, in turn, followed by E2 pigs (B2-HR: 7.2 £ 0.3,
B2-LR: 8.2 £0.3, E2-HR: 1.9+ 0.1, E2-LR: 2.0 £ 0.1 %, p<0.05).

When analysing substrate exploration separately (for the E2 pigs only, as B2
pigs did not have substrates), a day effect was found (p<0.001), with a
general decrease over time, except for day 60 (the third observation after
housing switch). There was also a H1 effect showing that pigs originating
from barren housing (B1E2: 15.8 + 0.4 %) spent more time on this behaviour
than pigs that were housed in enriched conditions throughout (E1E2: 13.4 +
0.4 %, p<0.05).

Chewing overall was affected by day (p<0.001), H2 (p<0.001), and the H2 x

day interaction (p<0.001, Figure 4.1D). Time spent chewing did not change
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over time in B2 pigs, but in E2 pigs time spent chewing was higher on day 49
and 54 than on the days thereafter. Pigs from early life B1 pens showed more
chewing (10.0 £ 0.3 %) than those from E1 pens (8.0 £ 0.3 %, H1 effect,
p<0.05).

Pen-directed chewing was affected by H2 x day (p<0.001, Figure 4.1F). It
increased in E2 pigs (with higher levels on day 78 and 125 than on day 49),
but decreased in B2 pigs (with lower levels on day 125 than on other days).
Pen-directed chewing was also affected or tended to be affected by H1
(p<0.05), H2 (p<0.001), their interaction (H1 x H2, p<0.10), and the
interactions between H1 x coping style (p<0.05), H2 x coping style (p<0.10),
H1 x H2 x coping style (p<0.05) and H1 x H2 x coping style x day (p<0.10). The
three-way interaction (H1 x H2 x coping style) indicated that generally pigs
from E2 housing chewed less on pen-fixtures than those from B2 housing,
but in HR pigs, enriched housing in early life seemed to reduce this effect, as
E1B2-HR pigs chewed less than E1B2-LR pigs and B1B2-HR pigs (p<0.05,
Figure 4.2F).

When analysing substrate chewing separately for the pigs in enriched
housing after the switch, a day effect (p<0.001) was found, showing a
decrease in time spent on this behaviour from day 60 onwards (course
depending on sex, see below). Pigs originating from barren housing (B1E2:
13.5 £ 0.4 %) spent more time on chewing substrates than pigs that were
housed in enriched conditions throughout (E1E2: 11.6 + 0.3 %, H1 effect,
p<0.05).

Manipulation was affected by H1 (p<0.05), H2 (p<0.001), H2 x coping style
(P<0.01) and H1 x H2 x coping style (p<0.01), day (p<0.001), H1 x day (p<0.05),
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H2 x day (p<0.001) (Figure 4.1G), coping style x day (p<0.01), H1 x coping
style x day (p<0.05) and H1 x H2 x coping style x day (p<0.05). Post-hoc
analyses showed that within HR pigs, B2-HR pigs (both B1B2 and E1B2)
manipulated more than E2-HR (B1E2 and E1E2) pigs (p<0.05), whereas LR
pigs that switched from enriched to barren housing (E1B2-LR) showed more
manipulation than all others, including HR pigs under the same
circumstances (E1B2-HR) and LR pigs that were housed in barren pens
throughout (B1B2-LR, p<0.05, Figure 4.2G). On the last observation day (day
125), however, the H1 x H2 x coping style interaction had disappeared as H1
and the interaction between housing and coping style did not influence time
spent on oral manipulation on that day, whereas H2 and coping style effects

remained.

Play decreased over time (p<0.001), and was affected by H1 and H2 in
opposite directions, as pigs from early life barren housing (B1: 1.4 + 0.1%)
played more than pigs originating from enriched pens before the switch (E1:
0.8 + 0.05 %, p<0.001), whereas enrichment in later life increased play

behaviour (B2: 0.7 £ 0.05, E2: 1.4 + 0.1 %, p<0.001).

Aggression generally decreased over time (day effect, p<0.001). In B2 pigs,
aggressive behaviour was higher on day 54 (1.0 £ 0.1 %) than on day 78 (0.5
+ 0.1 %) and 125 (0.4 £ 0.1 %), and in E2 pigs aggression was higher on day
49 (1.1+£0.1 %) than onday 125 (0.3 £ 0.1 %, H2 x day effect, p<0.05), without
a H2 effect within any of the days. Time spent on aggression was also affected
by coping style (HR: 0.6 + 0.04, LR: 0.8 = 0.04 %, p<0.01), and tended to be

affected by the H1 x H2 x coping style interaction (p<0.10).
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Mounting decreased over time (day effect p<0.001), being lower on the last
two observation days than on the first observation day after the switch, but
this only held for B2 pigs (day 49: 0.6 = 0.08, day 78: 0.2 + 0.06, day 125: 0.3
1 0.06 %), whereas time spent mounting was rather constant in E2 pigs (H2 x

day interaction, p < 0.05, average: 0.3 £ 0.03 %).
Sex effects

After the switch, inactive behaviour tended to be affected by sex (p<0.10),
and was affected by the sex x day interaction (p<0.001), with females being
more inactive at 60 days of age than males (p<0.05, Supplementary Table 1).
Females showed less social behaviour (F: 1.3 +0.1, M: 1.6 + 0.1 %, p<0.001),
explored less (F: 11.8 £ 0.3, M: 12.4 £ 0.3 %, p<0.05), and showed less
substrate exploration (F: 14.0 £ 0.4, M: 15.2 £ 0.4 %, p<0.05) than males. In
both males and females, time spent chewing and chewing substrates
decreased over time, but the time course of this decrease differed between
the sexes (sex x day interaction, both p<0.05), without sex differences within
days (see Supplementary Table 4.1). Additionally, manipulation was affected
by the sex x day interaction (p<0.05), without significant pairwise differences
(Supplementary Table 4.1). Play was affected by sex (p<0.05) and sex x day
(p<0.001). Females played less than males on day 60 (p<0.05, Supplementary
Table 4.1). Sex and sex x day effects (p<0.001) found for aggression indicated
that females spent less time on aggressive behaviours than males on all
observation days, except the last one (Supplementary Table 4.1). Males
mounted more (0.5 + 0.04 %) than females (0.1 £ 0.02 %, p<0.001). No effect
of sex or its interaction with day was found on pen-directed exploration and

pen-directed chewing.
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Figure 4.2: Means *+ SEM of percentages of time spent on behaviours for high-
resisters (HR) vs. low-resisters (LR) housed in four housing groups (n=192 pigs, 32
pens, 8 pens/housing treatment) over 5 observation days after the switch. Means
lacking a common letter differ significantly (p<0.05 or less). Effects of coping style (CS)
and its interactions with housing (housing before switch: H1, housing after switch:
H2) are indicated: ***p<0.001, **p<0.01, *p<0.05, and +p<0.1; ns indicates non-
significance. Please note: main effects of H1, H2, their interaction and their

interactions with day can be found in Figure 4.1.

4.4.2 Body weight gain and feed intake

Before the switch. The body weights of barren pigs and enriched pigs at birth
were not different (B1: 1.5+ 0.03, E1: 1.5 £ 0.02 kg). From birth until weaning
at day 28, E1 pigs gained more weight than B1 pigs (E1: 7.5+ 0.1, B1: 6.9
0.2 kg, p<0.05). Besides, LR pigs tended to gain more than HR pigs from birth
till weaning (LR: 7.4 £ 0.2 kg, HR: 7.0 £ 0.2, p<0.10). Creep feed intake before
weaning (day 5 — 28) tended to be higher in E2 pigs (0.42 + 0.12 kg/pig) than
in B2 pigs (0.30 * 0.09 kg/pig, p<0.10).

Enriched pigs also gained more weight during the first five (E1: 1.2 + 0.1, B1:
0.8 + 0.1 kg, p<0.001) and 18 days (E1: 9.1 £ 0.3, B1: 7.6 + 0.2 kg, p<0.001)
after weaning. Average daily feed intake during the first five (E1: 0.34 £ 0.02,
B1: 0.28 + 0.02 kg/pig/day, p<0.001) and 19 days (E1: 0.61 £ 0.01, B1: 0.55
0.01 kg/pig/day, p<0.01) after weaning was also higher for E1 pigs than B1
pigs. As a result, E1 pigs were heavier (18.1 + 0.3 kg) just before the switch
than B1 pigs (16.1 + 0.3 kg, p<0.001).

After the switch. Table 4.4 shows the growth in the four housing treatment
groups after the switch. With body weight at the start of each period as a

covariate in the model, no significant housing effects were found for growth
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shortly after the switch (day 46 — 50). Growth over the first 28 days after the
switch (day 46 — 74) tended to be higher in pigs in enriched housing after the
switch (H2 effect, p<0.10). Growth between day 74 and 109 was not
influenced by housing, but body weight gain from day 109 to day 130 was
affected by H1 (E1: 22.6 £ 0.6, B1: 24.4 + 1.0 kg, p<0.05), and H2 (E2: 24.4 £
1.0, B2:22.6 £ 0.6 kg, p<0.05) in opposite directions. Overall, the body weight
gain from one day before the switch (day 46) until the end of the experiment
(day 130) was higher for E2 (86.0 + 1.0 kg) than for B2 pigs (81.4 + 0.9 kg, H2
effect, p<0.05). As a result, on day 130, E2 pigs were heavier (103.4 + 1.0 kg)
than B2 pigs (98.2 + 0.9 kg, p<0.001).

Table 4.4: Means + SEM of body weight gains (kg) in pigs housed in four housing

groups after the housing switch (at 47 days of age).

Period B1B2 B1E2 E1B2 E1E2 H1 H2
day 46 - 50 25+0.2 26+0.1 26+0.3 2.8+0.2 ns ns
day 46 -74 20.5+0.8 21.7+0.6 22.1+0.9 234+04 ns +
day 74 - 109 375+11 38.8+1.6 37.3+09 394+13 ns ns
day 109 - 130 234+1.0 254+1.8 21.9+0.7 234+1.0 * *
day 46 - 130 815+13 859+15 81.3+12 86.1+13 ns ok

H1 indicates the effect of housing before the switch, and H2 indicates the effect of housing after the
switch. No H1 x H2 interactions were found. Significances of differences are indicated: **p<0.01,

*p<0.05, and +p<0.10; ns indicates non-significance.

There were no coping style effects on body weight gain.

No sex effect was found on body weight gains before the housing switch.
After the switch, females gained less weight than males in all periods, except
the first days after the switch (data not shown). Their growth from the switch

until day 130 therefore also diverged (F: 81.9 + 0.9, M: 85.4 + 0.7 kg, p<0.001)
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and at the end of the experiment on day 130 females were lighter than males

(F: 98.9+1.0, M: 102.6 + 0.8 kg, p<0.05).

During the first 3 days after the switch (day 47 — 50), the average daily feed
intake was affected by H2, with higher levels in E2 pigs (1.6 + 0.2 kg/pig/day)
than in B2 pigs (1.1 £ 0.1 kg/pig/day, p<0.05), but no H1 effect or H1 x H2
interaction was found. In the period from the switch to the end of the
experiment (day 47 — 133), the average daily feed intake was also affected

by H2 (E2: 2.1 £ 0.04, B2: 2.0 + 0.03, kg/pig/day, p<0.01) only.

4.5 Discussion

In this study, pigs were exposed to an either barren or enriched (with
substrates, toys and more space) early life environment, after which half of
them experienced a switch in housing conditions at 7 weeks of age. This
allowed us to study the impact of early life and current housing, as well as
that of an upgrade or downgrade shift in environmental conditions on their
behaviour and body weight development up till 19 weeks of age. We found
that the behaviour of the pigs after the switch reflected not only their actual
environment, but was also influenced by early life housing conditions.
Generally, effects of housing conditions after the switch seemed more
pronounced in pigs that had experienced a different early life condition.

Some of the (early life) housing effects depended on the coping style of the

pigs.

4.5.1 Effect of housing and coping style
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Effects of enrichment. Enrichment of the farrowing pen in the form of rooting
substrates and extra toys and space reduced manipulative behaviour
directed to pen mates, aggression, inactivity, increased exploration and
chewing and tended to increase play behaviour before weaning. Similar
results were found on day 45 (2 days before the housing switch), except that
on this day barren and enriched pigs did not significantly differ in time spent
on play and aggression anymore. The impact of an enriched environment
reported here is largely in line with other studies using substrates and extra
space (Beattie et al. 2000b; Beattie et al. 1995; Oostindjer et al. 2011) or
substrates only (Bolhuis et al. 2005a; Bolhuis et al. 2006; Fraser et al. 1991)
as enrichment. As expected, barren housed pigs spent more time on
exploring their pen and on chewing on pen fittings or air, and performed
more oral manipulative behaviour directed at their pen mates than enriched
pigs. This confirms that pigs without suitable rooting materials direct more
explorative behaviour to their pen and pen mates (Petersen et al. 1995).
Nevertheless, total time spent on exploration and chewing were still lower
for barren housed pigs, likely because the pen fittings and bare floor did not
meet the criteria important to make exploration worthwhile, as pigs prefer
‘chewable’, ‘destructible’, ‘rootable’ and ‘deformable’ materials (Van de
Weerd et al. 2003). It has been suggested that lowered levels of activity and
exploration may reflect an apathetic response to an aversive environment
and thus may indicate poor welfare (Fureix and Meagher 2015; Pearce et al.

1989; Wood-Gush and Beilharz 1983).

Enrichment reduced aggression before, but not after weaning. Beattie et al.
(2000b) found a reduction in aggression in pigs provided with extra space and

rooting substrates, whereas studies comparing similar sized pens with or
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without rooting substrates report either no effect (Bolhuis et al. 2005a;
Fraser et al. 1991), a decrease (Beattie et al. 1996) or an increase in
aggression (Mkwanazi et al. 2019; Morgan et al. 1998). Thus, effects of

enrichment on aggression seem inconsistent.

Play behaviour is known to peak between 2 and 6 weeks of age in pigs and
decreases thereafter with age (Newberry et al. 1988; Stolba and Wood-Gush
1989). Enriched housed pigs tended to spend more time on play behaviour
before weaning and significantly played more after the switch in housing at
7 weeks. Also others reported more play behaviour in pigs kept in enriched
as compared with barren pens (Bolhuis et al. 2005a; Bolhuis et al. 2006;
Chaloupkova et al. 2007a; Dudink et al. 2006). It has been put forward that
several types of play behaviour are suppressed in adverse physical and
environmental conditions (Ahloy-Dallaire et al. 2018) and following severe or
prolonged negative emotions (Donaldson et al. 2002; Martin and Caro 1985).
Some studies also suggest that a reduction in play behaviour in early life may
negatively affect the development of behaviour and brain, leading to poorer
social skills and behavioural flexibility, and therefore may have a long-term
effect on adaptive capacity and welfare (Fagen 1982; Spinka et al. 2001; Van
den Berg et al. 1999).

In this study, we found that enriched housed pigs were better able to cope
with weaning transition, as they gained more weight and had a higher feed
intake during the first five and 18 days after weaning. This could be related
to the finding that enriched pigs also tended to eat more before weaning.
Pre-weaning consumption of creep feed is known to stimulate post-weaning

feed intake and thereby reduces the weaning-related growth check and
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other problems (e.g. Bruininx et al. 2002; Bruininx et al. 2004; Sulabo et al.
2010). The better post-weaning performance of enriched pigs may, apart
from resulting from an enhanced development of feeding-related behaviours,
also reflect increased adaptability of piglets reared in enriched conditions to
stressful processes such as weaning (Oostindjer et al. 2010). However, it has
been shown that post-weaning environmental enrichment alone,
irrespective of pre-weaning housing, also improves performance and health
of newly weaned piglets (Oostindjer et al. 2010), which may be mediated by
preserving gut functioning (e.g. Pluske et al. 2007; Staals et al. 2007), either
through intake of substrates or through stress reduction (e.g. Fraser 1985;

Fraser et al. 1991).

After the housing switch. The behavioural development of the pigs from 7 to
19 weeks of age was characterized by an increase in inactivity, and a decrease
in most of the active behaviours, in accordance with previous studies (e.g.
Bolhuis et al. 2005a; Petersen et al. 1995). This is likely related to the
increased age and weight and reduced space available per pig over time
(Petersen et al. 1995). Effects of the current environment after 7 weeks
were largely comparable to those before the switch. Pigs kept in enriched
pens spent more time on exploration, chewing and play behaviour, whereas
barren housed pigs were less active and showed more social behaviour, oral
manipulation of pen mates and pen-directed exploration and chewing. The
housing effect on social behaviour, which was not seen before 7 weeks of
age, might partly reflect an increased inspection of pen mates’ bodies in

barren pens due to the absence of rooting substrates.
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Animals experiencing a switch in environment thus generally adjusted their
behaviour to the current housing. Housing before the switch at 7 weeks of
age, however, still exerted an influence on all behaviours with the exception
of pen-directed exploration, demonstrating an interplay of past experiences
and the current housing environment. Notably, for all behaviours except pen-
directed chewing, the effect of housing before the switch was opposite to
that of housing after the switch. Adding up the early life and current housing
effects, therefore, meant that the switched groups of pigs (E1B2 and B1E2)
differed the most in their behaviour. For instance, both play and chewing
were seen most often in pigs that switched from barren to enriched housing,
and least in pigs experiencing a downshift from enriched to barren pens. Also,
pigs that originated from barren housing spent more time on substrate-
related behaviours after the switch than pigs kept in enriched housing
throughout. Correspondingly, manipulative, social and inactive behaviour
were highest in E1B2 pigs, and lowest in B1E2 pigs, albeit in a coping style-
dependent way (see below). Thus, a switch in housing conditions seemed to
enlarge the effect of current housing on behaviour, implying a larger impact
of presence or absence of enrichment in pigs with an opposite rearing history.
It has been suggested that loss of enrichment, i.e. switching from enriched
to barren housing, is more detrimental than barren housing throughout life
(Latham and Mason 2010; Munsterhjelm et al. 2009), which seems to be
proven in this study as well. Conversely, pigs that changed from barren to
enriched housing seemed to show a ‘catching-up’ effect, which retained for
months. This possibly reflects an increased motivation for exploration and

play as the expression of these behaviours were hampered to lack of space
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and rooting materials earlier in life (Ruiterkamp 1985, cited in Bolhuis et al.

2005a).

The opposite effect of early life housing as compared with current housing,
however, was not found for pen-directed chewing as B1B2 pigs spent more
time on this behaviour than E1B2 pigs, although the effect was coping style-
dependent (see below). It could be that the E1B2 pigs, as they were used to
more attractive substrates in early life, were not satisfied by chewing on pen-
fixtures, and therefore turned to more nosing and oral manipulation of their
pen mates, especially in the first weeks after the housing switch. It thus
seems that there is no ‘protective’ effect of early enriched housing on the
development of damaging behaviours, but rather a downshift (“frustration’)
effect was shown. Notably, early life housing had rather long-term effects on
most of the behaviours, as there was no interaction between early life
housing and day, except for manipulation, where the early life effect had
disappeared by day 125. Another study, however, found that the influence
of early life rearing history on behaviour of pigs was smaller and merely
overruled by current housing conditions (Bolhuis et al. 2006). The different
results in the current study could be related to a larger contrast in housing,
as enrichment here not only encompassed straw, but also other substrates

and extra space, or to more observation weeks, and/or a larger sample size.

Even though we found long-term effects of the housing switch on behaviour,
we can only speculate whether the interplay between early life and current
housing also impacted the affective states of the pigs for such a long time.
Douglas et al. (2012) reported more pessimistic judgement biases in pigs that

had switched from enriched to barren pens as compared to pigs that initially
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were housed barren. However, in their study pigs were tested only shortly
(up to 7 days) after the change in housing. We found that pigs experiencing
an upgrade in the quality of their environment played most often, whereas
pigs that were subjected to a downgrade from enriched to barren housing
conditions showed the least play. Play behaviour has been linked to positive
emotions (review in Held and Spinka 2011), and therefore, the findings in this
study may suggest that a gain or loss of enrichment exerts a long-term impact
on the affective state of pigs. However, other studies do not support this
suggestion. We subjected part of the pigs to an attention bias test (Luo et al.
2019a) and successive negative contrast test (Luo et al. 2019b) to assess a
potential long-term impact of their housing (history) on affective state, but
failed to show the expected effects of the negative or positive housing switch
on the responses of pigs in these tests. Rather, the successive negative
contrast test suggested a ‘protective’ effect of early life enrichment
irrespective of the current environment, as pigs reared in enriched pens were
less susceptible to reward loss (Luo et al. 2019b). In the attention bias test
no early life effects were found, whereas the impact of current housing was
opposite to expectations, which might be due to the test circumstances (Luo
et al. 2019a), and only found for pigs with a proactive coping style. Thus,
further research is needed to evaluate whether a change from enriched to
barren housing conditions and vice versa not only affects pigs’ behaviour, but

also their affective state in the long run.

Coping style effects. Effects of enrichment on several behaviours were found
to be coping style-dependent, even though we did not select extremes for
our study, but labelled each pig as either LR (reactive) or HR (proactive) based

on a single backtest early in life. Barren housing increased inactivity in both
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types of pig, but more so in the HR pigs, whereas pen-directed exploration
was enhanced in the barren housed LR pigs. Also, the impact of a switch in
housing conditions on some behaviours varied for both types of pig, as social
behaviour, pen-directed chewing and manipulation were affected by the
interaction between early life housing, current housing and coping style. LR
pigs that experienced a downgrade in housing from enriched to barren pens
showed more pen-directed chewing and oral manipulation of pen mates
than their HR counterparts. The strong increase in these oral damaging
behaviours in LR pigs that had switched from enriched to barren housing,
exceeding the levels of pigs kept in barren pens throughout, might indicate
that LR pigs were most affected by the loss of exploratory stimuli and space.
Also in other studies LR pigs showed more oral manipulation than HR pigs,
especially when housed barren (Bolhuis et al. 2005a), and, in contrast to the
current study, even more so when also reared in barren pens (Bolhuis et al.
2006). It has been suggested that LR pigs have a higher motivation to explore
their surroundings than HR pigs (Jansen et al. 2009), and therefore show
more manipulative behaviour directed at pen and pen mates when
substrates are not available (Bolhuis et al. 2005a). The effects of rooting
substrates on the occurrence of gastric lesions (Bolhuis et al. 2006), immune
reactivity (Bolhuis et al. 2003) and response to novelty (Bolhuis et al. 2004)
were also larger in LR than in HR pigs, suggesting that reactive pigs are more
susceptible to (lack of) enrichment. In support of this, Asher et al. (2016)
found that reactive pigs in barren pens were more pessimistic and those in
enriched pens were more optimistic in a cognitive bias test, whereas the
response of proactive pigs was less affected by their housing environment. It

should be noted, though, that the housing effect on the behavioural
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response in an attention bias test was stronger for proactive pigs(Luo et al.

2019a), which is not in line with other findings.

Irrespective of housing treatments, LR pigs spent more time on aggressive
behaviours than HR pigs after the housing switch. This is in contrast with
other studies describing higher levels of aggression in HR pigs, both in stable
groups (Bolhuis et al. 2005a; Bolhuis et al. 2006) and when mixed (Ruis et al.
2000), or reporting no differences between LR and HR pigs (D'Eath and Burn
2002). These inconsistent results could be related to the finding that, rather
differing in level of aggression per se, the types of pig may vary in how flexibly
they can attune their aggressive behaviour (Bolhuis et al. 2005b; Melotti et
al. 2011).

Body weight gain. In the present study, enriched housed pigs had higher
body weight gains than barren housed pigs, both before and after the switch,
as well as a higher feed intake. At the end of the experiment (around 19
weeks of age), pigs kept in enriched pens from the switch at 7 weeks onwards
were heavier, irrespective of their early life housing conditions. This means
that pigs originating from barren housing, even though they had a lower body
weight before the switch than enriched pigs, caught up after being placed in
enriched pens. The reverse was found in pigs from enriched housing that
changed to barren pens. This is illustrated by the growth from day 109 to day
130, which was affected by both early life and current housing, but in
opposite directions. As a result, BLE2 pigs gained the most weight, and E1B2
the least. Also other studies report that environmental enrichment can
improve the growth of pigs (e.g. Beattie et al. 2000b; Lebret 2008). It has

been shown that oral manipulation can negatively affect growth (Camerlink
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et al. 2012), which could be either due to stress in the victims, or because the
wounds caused by oral manipulation may lead to inflammation and infection
(Sihvo et al. 2012). In our study, barren pigs indeed showed more tail lesions
following oral manipulation. It should, however, be noted that some other
studies showed no difference in growth between enriched and barren
housed pigs (Beattie et al. 1995; Morrison et al. 2007; Pearce et al. 1989).
Additionally, feed intake was also higher in the enriched pigs, which is in line
with other studies (Beattie et al. 2000b; Morrison et al. 2007; Van de Weerd
et al. 2006). This could be related to the stimulation of exploration and/or
easier access of pigs to the feeder in the enriched pens (Lebret et al. 2006),
which can facilitate feeder visits and, consequently, may increase feed intake

(Casal-Plana et al. 2017), and therefore increase body weight gains.
4.5.2 Effects of sex

In this study, males had higher body weight gains than females after the
housing switch, which is in line with other studies (Campbell et al. 1985;
Fuller et al. 1995; Latorre et al. 2003). In addition, males showed more
mounting behaviour. Mounting could be an extension of aggression, but
likely it is also a sexual behaviour here (Ford 1990). Stress can also negatively
influence growth (Hemsworth et al. 1987; White et al. 2008). Females were
probably more often victims of mounting than males (Clark and D’Eath 2013;
Colson et al. 2006; Kaminder 1991; Rydhmer et al. 2006) leading to stress in
the females, and consequently a lower weight gain. Males were found to
display more aggressive behaviours than females in this study as well, which
is in line with other studies (Clark and D’Eath 2013; Colson et al. 2006;

Rydhmer et al. 2006), except on the last observation day when all pigs were
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getting less active. Furthermore, males displayed more social behaviour and
exploration than females. The effect of the interaction between sex and day
on inactivity, manipulation, chewing, and play revealed a different course of
time spent on these behaviours over age, without clear sex effects on

particular days.

4.6 Conclusion

Enrichment with rooting substrates and extra space profoundly affected
behaviour and growth of pigs. The behaviour of pigs that switched from
barren to enriched pens or vice versa reflected, however, not only their
actual environment, but was also influenced by their early life housing
conditions. Generally, effects of (lack of) enrichment after the switch seemed
more pronounced in pigs that had experienced a different early life condition,
with pigs undergoing a downgrade displaying signs of frustration, whereas
pigs exposed to an upgrade seemed to ‘catch up’ by showing more
exploration and play. Several effects of early life and current housing were
stronger in pigs with a reactive personality. Thus, not only current housing
conditions, but also a (mis)match with the early life environment may affect

behaviour and growth of pigs.
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Supplementary material

Table 1: Means + SEM of the percentages of time spent on behaviours for which a

sex x day interaction was found in female and male pigs over observation days.

Behaviour Sex Day 49 Day 54 Day 60 Day 78 Day 125
(% of time)
Inactivity F 52.8+14* 56.4+14® 582+ 60.7 £1.2° 66.2 +1.3°
l.2b'X
M 520%14* 538+14* 53.9+1.3% 59.0+16° 69.3+1.2°
Chewing F 11.0+0.8* 10.9+0.8* 8.2+0.5° 8.2 +0.5° 7.6 +0.6°
M 10407 10.3+0.82 8.1+05° 9.0+07% 6.1+05°
Chewing substrates F 8.1 +0.9% 8.0 =0.9? 5.4 +0.6° 5.2 +0.6° 5.1+0.6
M 7.4 +0.8° 7.5%0.9? 5406 6.1+0.7% 41+05°
Manipulation F 24+04% 244042 1.7+03% 20+03® 1.2+0.2°
M 1.9 +0.32 2.7+0.3° 1.6 +0.2¢ 1.7 x0.2¢ 0.6 +0.1°
Play F 1.5 +0.22 12+01% 1.1+01** 06%0.1° 05=+0.1°
M 1.6 £0.2% 1.4 £0.2% 1.9+0.1% 0.7 +0.1° 0.2+0.1°
Aggression F 0.4 +=0.1¢ 0.5 +0.1% 0.4 +0.1% 0.2 =0.1% 0.4=+0.1
M 1.4+01» 13+01%» 1.2+0.1» 09+01* 04=01°
Mounting F 0.2=+0.1 0.1+0.03 0.1+0.04 0.05+0.02 0.06+0.02
M 08%0.1 0.7+0.1 0.5 +0.07 0.4 +0.08 0.4 £0.08

Only the behaviours affected by the sex ><day interaction (p<0.05) are given, other behaviours

are described in the text. ®Indicate day effects within sex: Means lacking a common

superscript letter a, b or ¢ differ significantly (p<0.05) within the same sex. *¥Indicate sex

effects within day: Means having a different superscript letter x, y differ significantly

(p<0.05) within the same day.
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5.1 Abstract

We investigated effects of early and later life housing on attention bias, as an
indicator of affective state, in pigs differing in coping style (reactive (LR) vs.
proactive (HR)). Pigs (n=128) in barren or enriched housing from birth (B1 vs.
E1) that experienced either a switch in housing at 7 weeks of age or not
(creating B1B2, B1E2, E1E2 and E1B2 treatments), were studied in a 180-sec
attention bias test at 11 weeks. Pigs exposed to a 10-sec-auditory-and-
sudden-motion threat in the test arena paid more attention to the location
of the threat, were more vigilant, showed less eating, more walking and were
more likely to utter high-pitched vocalisations than non-threat pigs. During
threat presence, HR pigs from post-switch enriched housing (E2-HR, i.e.
B1E2+E1E2) showed more vigilance but less exploration than others. After
threat removal, no effects were found on time spent paying attention to the
threat, vigilance, and eating, but E2-HR pigs paid attention to the threat more
frequently, were more likely to utter high-pitched vocalisations and walked
more compared to (part of) other groups, suggesting the most negative
affective state in these animals. E2 pigs grunted more than B2 pigs. Thus,
current housing, but not early life housing, affected behaviour in a
personality-dependent manner in this attention bias test. Housing effects
were opposite to expectation, possibly due to the short-term effect of the
relative contrast between the home pens of the pigs and the test room. This
potentially overruled putative long-term effects of environmental conditions

on attention bias.

Key words: pigs, environmental enrichment, attention bias, affective states,

coping style, early life
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5.2 Introduction

Affective states can influence cognitive processes, such as attention, memory,
decision making and judgement. For example, a negative affective state can
change expectations for the future and make animals more pessimistic (Paul
et al. 2005), alter the motivation to consume a reward, enhance sensitivity
to reward loss (Chaby et al. 2013), and increase attention towards negative
stimuli (Lee et al. 2016). The form of cognitive bias most widely studied in
non-human animals is judgement bias, in which the affective state of the
animal influences its interpretation of ambiguous situations or cues (Mendl
et al. 2009). In judgement bias tasks, animals need to be trained to
discriminate between and respond to a positive and a negative stimulus
before ambiguous stimuli are presented (Harding et al. 2004). This can be
time-consuming and often not all animals can be successfully trained for the
task (e.g. Verbeek et al. 2014). Besides, the training itself could be seen as
cognitive enrichment and thereby, may influence affective state and overrule
the mood-influencing factors under study (e.g. Roelofs et al. 2016). Attention
bias tests, which do not require training, have been suggested to offer a
faster and more practical method to assess negative affective states, like

anxiety, in animals (Lee et al. 2016).

Negative affective states, such as anxiety, can result in an attention bias
towards a potential threat (Lee et al. 2018). Indeed, in humans, affect-driven
attention bias has been demonstrated, as individuals in high states of anxiety
show greater attention towards threatening stimuli than non-anxious
individuals (Bradley et al. 1997; Bradley et al. 1995). Also depression (Monk

et al. 2018b) and chronic stress (Sipos et al. 2014) have been linked to altered
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threat perception. Attention bias tests have been conducted in a range of
animals as well. For instance, sheep in an anxious state induced by an
anxiogenic drug responded with increased vigilance and paid more attention
to the previous location of a short-lived threat (a predator) than sheep in a
reduced anxious state induced by an anxiolytic substance (Lee et al. 2016).
They also showed a reduced willingness to consume the feed that was
offered in the test, even after the threat had disappeared. Similarly, starlings
that had been deprived of water bathing (and therefore likely in a negative
affective state), showed more vigilance and less feeding following playback

of an alarm call (Brilot and Bateson 2012).

Pigs kept in the barren housing conditions that are common in intensive pig
farming show behavioural and physiological signs of chronic stress (Beattie
et al. 2000; Bolhuis et al. 2006; de Jong et al. 2000), which could be
accompanied by a negative affective state. Besides, it has been shown that
negative experiences in early life can have long-term effects on behaviour,
physiology, and cognition (Archard et al. 2012; Bolhuis et al. 2006; Chaby et
al. 2013; Lukkes et al. 2009; Munsterhjelm et al. 2009b; Munsterhjelm et al.
2010; Sheriff et al. 2009). The effect of housing on affective state could thus
not only depend on the current housing environment, but also on early life
housing conditions. For instance, adult rats which were exposed to early life
social isolation exhibited increased anxiety and conditioned fear behaviours,
later in life (Lukkes et al. 2009). Also in pigs, long-term impacts of early life
experiences have been found (see Telkdnranta and Edwards 2017 for review),
with sometimes favourable effects of enrichment at a young age on later life
HPA-axis functioning and a decrease in aggressive behaviour in later life

(Munsterhjelm et al. 2009a; Munsterhjelm et al. 2010). However, there are
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indications that pigs that switch from early life enriched housing to barren
housing later on show as much or even more signs of poor welfare as pigs
kept in a barren environment from birth onwards (Bolhuis et al. 2004;
Munsterhjelm et al. 2009a), suggesting that a loss of enrichment may be
more detrimental than barren housing throughout life. Thus, apart from a
potential long-term negative effect of adverse early life conditions, also a
change from a favourable to a suboptimal (barren) environment may result

in a negative mood (Burman et al. 2008; Douglas et al. 2012).

Several studies suggest that personality (traits) may interact with affective
state (Barnard et al. 2018; Lecorps et al. 2018) and, for instance, affect the
attention bias for negative and positive stimuli (Segerstrom 2001). Part of the
personality of humans and other animals is revealed in the way they cope
with challenging situations, i.e. their coping style. Coping can be defined as
the behavioural and physiological effort to master a situation (Koolhaas et al.
1999), where successful coping mainly depends on the controllability and
predictability of the stressful condition (Koolhaas et al. 1999; Ursin and OIff
1995). Individuals show a wide variation in adaptive coping responses when
exposed to the same stressful situation (Bolhuis et al. 2004; Koolhaas et al.
1999). Part of this variation is consistent across time and context, suggesting
that the coping style of an individual is a stable personality trait (Koolhaas et
al. 1999). Response patterns of individuals at either extreme end of their
population are referred to as proactive vs. passive or reactive coping styles
(Koolhaas 2008; Koolhaas et al. 1999). Proactive copers tend to use prior
experience rather than present information, and are more likely to develop
habits, ignore small environmental changes, and therefore seem less flexible

to adapt to changing situations than reactive copers (Bolhuis et al. 2004;
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Koolhaas et al. 1999). On the other end of the scale, passive or reactive
copers seem to keep a close eye to their environment, respond to even small
changes and more flexibly adjust to changing conditions (Bolhuis et al. 2004;
Koolhaas et al. 1999), and may therefore more easily adapt to the
environment (Coppens et al. 2010). In pigs a divergence in coping responses
can be assessed by exposing them to a back-test at an early age. The reaction
of piglets to this manual restraint in supine position seems to reveal part of
their coping style. The reaction to this test is heritable (lversen et al. 2017,
Velie et al. 2009; Zebunke et al. 2015). Pigs that struggle and squeal relatively
much in this test, the “high-resisters” (HR) or proactive coping pigs, respond
more actively to challenges (Reimert et al. 2013b; Reimert et al. 2014b; Ruis
et al. 2001), are more rapid (Zebunke et al. 2015) but superficial in their
exploration of novel stimuli (Jansen et al. 2009) and poorly adapt to a change
in environment (Geverink et al. 2004). Pigs responding with relative
immobility and silence in the back-test, the “low-resisters” (LR) or reactive
coping pigs, on the other hand, are more cautious in exploration (Bolhuis et
al. 2004; Jansen et al. 2009) and more flexible in adjusting their behaviour to
changing conditions (Bolhuis et al. 2004; Geverink et al. 2004; Melotti et al.
2011). It has been suggested that pigs with a reactive coping style are more
influenced by their housing environment, i.e. enriched versus barren (Asher
et al. 2016; Bolhuis et al. 2003; Bolhuis et al. 2005a; Bolhuis et al. 2005b). For
example, Asher et al. (2016) described that pigs with a more reactive
personality responded more pessimistically in a judgement bias test when
housed barren, but more optimistically when kept in a more enriched

environment. Thus, when assessing the effects of early life and current
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housing conditions on the affective state of pigs, part of the individual

variation found may be related to their personality type or coping style.

The aim of this study was to investigate the impacts of early life and current
enrichment on the affective state of pigs using an attention bias test, and

their potential interaction with the pigs’ individual coping style.

Our attention bias test for pigs was based on a test recently developed for
sheep (Lee et al. 2016; Monk et al. 2018b), involving a food reward as a
positive stimulus and the attention paid to a threat as a measure of a
negative affective state. This test in sheep has been shown to reflect anxiety
as sheep treated with anxiolytic or anxiogenic drugs showed reduced and
increased attention to the threat and vigilance, respectively (Lee et al. 2016).
In our study, pigs housed in either barren or enriched housing in early life,
either experiencing a switch in housing conditions at a later age or not, were
exposed to a similar attention bias test. We hypothesized that barren housed
pigs, and particularly those that had experienced enrichment in early life,
would pay more attention to the threat, show more vigilance, and would be
less willing to eat the food reward, because they were expected to have a
more negative affective state (more anxious). Moreover, we predicted that
the affective state of LR (reactive) pigs would be more affected by their
housing conditions, with barren housed LR pigs and LR pigs experiencing a

loss in enrichment in later life responding most negatively to the threat.

153



Chapter 5

5.3 Materials and Methods

The established principles of laboratory animal care and use were followed,
as well as the Dutch law on animal experiments. The Animal Care and Use
Committee of Wageningen University & Research approved the experiment

(DEC code: 2017.W-0001.001.IvD.3).
5.3.1 Animal and housing

Piglets (Tempo x Topigs 20) from 30 sows, divided over 2 batches equally and
balanced for groups, were studied in this experiment. Sows were
inseminated on the same day within a batch. From one month before
farrowing, they were housed at the experimental facilities (Carus) of
Wageningen University & Research, Wageningen, the Netherlands. During
the lactation period, 14 litters of piglets and their sows were housed in 8.6
m? barren (B1) pens with a solid floor and a small area with slats. The other
16 litters of piglets were housed in enriched pens (E1) with the same 8.6 m?
part as in the barren pens, to which another 8.5 m? area was added (total
pen size 17.1 m?) that was enriched with 1.7 kg straw, 300 L of sawdust, and
270 L of peat. Extra, fresh straw and sawdust were added daily, and peat was
added weekly (0.8 kg/day straw, 40 L/day sawdust, and 30 L/week peat) in
the enriched part. Additionally, two toys hanging against the wall of the pen,
one chain with a ball and one chain with screws that touched floor, were
placed in the barren pens, and two toys, one chain with a ball and a toy that
was alternated daily selected from 4 different toys, were placed in the
enriched pens from 5 days after birth. All sows were housed in the same
farrowing crates without access to the enrichment. In the first week after

birth, one heating lamp was provided in the barren pens, and two lamps in
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the enriched pens. Each pen had one drinking nipple for the piglets and one
for the sow. Sows were fed a standard commercial diet twice a day. From 5
days of age onwards, piglets received some fresh commercial feed.
Temperature was set at 25 °C, and gradually decreased to 21 °C over a course
of 2 weeks. Each pen was cleaned daily and lights and a radio were on from

7:00 until 19:00 hours.

At 13 days of age, all piglets were subjected to a back-test to assess their
coping style, also referred to as personality (Bolhuis et al. 2000). Briefly, in
this test, piglets are restrained in supine position for 1 min and the number
and latency of escape attempts and vocalisations are recorded (see Melotti
et al. 2011 for details). In line with Reimert et al. (2014b), pigs were classified
as relatively “high resisters” (HR) if they struggled 2 times and vocalized at
least 25 times, or struggled at least 3 times, and as “low-resisters” (LR) if they
struggled 0 or 1 time, or struggled 2 times and vocalized less than 25 times.
In this selection criterion used, no extremes were selected, but rather the

experimental pigs were either labelled as HR or LR (Melotti et al. 2011).

Pigs were weaned at 28 days of age, and 192 pigs (96 per batch) were
selected and regrouped in 32 new pens containing 6 pigs each from different
farrowing pens. The composition of each new group was balanced for sex,
coping style and bodyweight. Housing treatment (B1 vs. E1) for each pig was
kept the same as before weaning; thus, B1 pigs went to barren pens, which
measured 5.6 m? and had partly solid floor and partly slatted floor. The other
half of pigs from E1 farrowing pens were housed in 11.2 m? enriched pens
with 2.5 kg straw, 400 L of sawdust, and 360 L of peat on the floor. Extra,

fresh straw and sawdust were added daily, and peat was added weekly in
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enriched pens (1.25 kg/day straw, 60 L/day sawdust, and 45 L/week peat).
From 39 days of age, enriched housed pigs also received extra enrichment
(e.g. branches, jute sacks, egg trays, and ropes) on each Monday until the

end of the experiment.

Each pen had one drinking nipple and pigs received solid commercial feed ad
libitum. On the weaning day, the temperature was set at 25 °C and was
decreased over the course of 2 weeks to 21 °C. It was kept at 21 °C until the
end of the experiment. After weaning, one heating lamp was provided in
both barren and enriched pens for two weeks. Lights and a radio (channel

with Dutch pop music and hourly news) were on from 7:00 until 19:00 hours.

At 47 days of age, pigs experienced either a switch in housing conditions
(from barren to enriched or vice versa) or not, resulting in four treatment
groups, E1E2, E1B2, B1E2, B1B2, n=8 pens and 48 pigs per group. B1B2 and
E1E2 groups were also moved to new pens to control for handling and
relocation effects, but without a change in enrichment conditions. After this
switch, straw, peat and toys were provided and added as described before,

but only 30 L of sawdust was added daily.
5.3.2 Attention bias test

To assess attention bias in pigs, which could be an indicator of their affective
state (negative valence related to anxiety), an attention bias test was carried
out with 128 pigs, when they were around 76 days of age. Four pigs per pen
were selected from E1E2, E1B2, B1E2, and B1B2 housing conditions, with

equal numbers of each sex and coping style.
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Half of the pigs were exposed to a (non-social, unfamiliar) threat as
experimental group, and the other half were not and served as control group,

balanced for sex and housing conditions.

The test set-up was based on the sheep study from Lee et al. (Lee et al. 2016).
Pigs were individually placed in a 5 x 5 m test arena with solid walls away
from their home pen (Figure 5.1). All pigs had been in the arena once before
for another test at 6 weeks of age. In the centre of the arena, a metal bucket
was placed containing feed (450 g of the pigs’ normal feed) to which 8
chocolate peanuts and 10 pieces of carrots were added (which are generally
preferred over normal feed). Testing order was balanced for housing, sex and

coping style.

5.0m

flash
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Figure 5.1: Layout of the room used for the attention bias test. S indicates a start box.
Door 1 is the entrance and exit door to the test arena, and door 2 is a guillotine door

in front of the plexiglass behind which the flashlight was placed.
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At the beginning of the test, a red and blue flashlight (off) was present
outside the arena and was visible through a plexiglass window (0.5 m?), when
guillotine door 2 was lifted, on the right side of the arena. Once a pig entered
the test arena from door 1, the door was shut behind it, and a timer was
started. When the pig looked at the direction of the threat or maximum 10
sec after the pig entered the test arena, the flash light was turned on and
door 2 was pulled up and down continuously (seven times), producing loud
squeaking sounds, rapid movement while showing the flash light. This threat,
i.e. the combination of the flashlight with the moving door and aversive
sound, lasted for 10 sec. Hereafter, door 2 was softly closed and the flashlight
was turned off. Pigs stayed in the test arena for 180 sec in total and left the
test arena from door 1 to go back to their home pen. The test was carried

out over 2 days per batch.

Behaviour of the pigs, as well as attention towards the threat, were scored
continuously using behaviour sampling with The Observer 5.0 software
(Noldus Information Technology b.v., the Netherlands) (see Table 5.1 for the
ethogram). In addition, the latency to eat after the threat had been removed
was scored. One observer scored vocalisations, defecating and urinating of
all pigs. Another single observer recorded all other behaviours of the pigs.
Interrater reliability of behavioural observations was deemed substantial
(Cohen’s Kappa = 0.74). After removal of the threat, 17 pigs failed to eat, and

their latency was set at the maximum time score.
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Table 5.1: Ethogram used to score the behaviours of the pigs during the attention

bias test. Behaviours were scored as states unless indicated otherwise.

Behaviour

Definition

Attention class

Attention to the

threat

Attention to

something else

With the head oriented toward the location of the threat

With the head oriented toward other directions, except threat

Behaviour class

Vigilance

Eating

Exploring

Walking

Standing

High-pitched

vocalizations?

Short grunt?

Long grunt?

Bark?

Defecating?

Urinating?

Escaping?

Standing motionless with head at shoulder height or higher or lower

Eating food in the bucket. The eating event continues while the pig is chewing provided that the
head stays close to the bucket and the pig remains non-vigilant. Once the pig becomes vigilant
or moves away from the bucket, this is considered to be the end of eating, even if the pig

continues chewing

Exploring the floor or wall of the arena by sniffing, nosing, licking or rooting it with the rooting

disc

Walking without performing any other described behaviour. All 4 legs move or the pig turns

around at the same spot without moving all 4 legs
Standing with four paws on the floor without performing any other described behaviour

Screams, squeals or grunt-squeals

Grunt lasting less than 0.4 sec (Fraser 1974; Kiley 1972)

Grunt lasting more than 0.4 sec (Fraser 1974; Kiley 1972)
A low tone that sounds like “wuff”

Defecating

Urinating

The pig jumps to the wall or the door

YWere scored as events, all other behaviours as states.
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5.3.3 Statistical analyses

SAS (SAS 9.4, SAS Institute Inc.) was used for all statistical analyses.
Preliminary analyses revealed no effects of testing day, therefore it was
removed from the final models. Urinating was very rare (n=12 pigs, after
threat) and escape behaviour and barks were not observed at all and were
therefore not analysed. Preliminary analysis also revealed that short grunts
were rather rare (only 16% of all grunts in pigs exposed to the threat).

Therefore, short and long grunts were summed as ‘grunts’.

For assessing the effect of the threat, we first compared the behaviours of
the threat vs. the non-threat (control) pigs over the whole 180 sec test. To
that end, a mixed linear model with presence of the threat and batch as fixed
effects, and pen nested within pre-housing (i.e. housing before the switch at
47 days of age), post-housing (i.e. housing after the switch which was the
current housing at the time of the attention bias test) and batch as random
effect was used. High-pitched vocalisations were analysed as a 0-1 variable
using a generalized mixed model with a binary distribution and logit link

function.

Subsequently, we analysed the behaviours of the threat pigs both during the
10-sec threat and for a 150-sec period after the threat. For this, a mixed
linear model was used with pre-housing, post-housing, coping style, their
interactions, and batch as fixed effects, and pen nested within pre-housing,
post-housing and batch as random effect. Rates of grunts per min and
frequency of vigilance after the threat were square root transformed to
obtain normality of residuals. In one of the treatment combination no high-

pitched vocalisations occurred at all. Therefore, high-pitched vocalisations

160



Environmental Enrichment & Attention Bias Test

were analysed as a 0-1 variable using Fisher’s exact tests to compare
treatment groups. Sex did not affect any of the variables and was therefore

removed from the final models.

Significant interactions (p<0.05) were further investigated with post hoc
pairwise comparisons using the least square means, with Tukey correction

for 3-way interactions. Results are presented as means + SEM.

5.4 Results
5.4.1 Comparison of threat vs. non-threat (control) pigs

Table 5.2 presents the behaviours of pigs exposed and pigs not exposed to
the threat. Pigs that were exposed to the threat paid attention to the location
of the threat for a longer time (F1,95=144.7, p<0.001). Besides, pigs that were
exposed to the threat spent more time on vigilance behaviour (F19:=19.8,
p<0.001), and walking (F1,95=6.5, p=0.013), less time on eating (F1,95=19.0,
p<0.001), and were more likely to utter high-pitched vocalisations (F1,95=7.9,
p=0.006) than pigs without a threat during the 180 sec test. No effects were
found on time spent exploring, standing and on rates of grunting or

defecating.
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Table 5.2: Means + SEM of the behaviours and vocalisations of pigs that were

exposed to a threat and pigs that did not experience a threat during the 3-min test.

Behaviour Threat No threat p-value
Attention to the threat (% of time) 7.1+0.6 0.5+0.1 <0.001***
Vigilance (% of time) 136+1.4 6.7+1.0 <0.001***
Eating (% of time) 15.0+1.8 27.8+2.4 <0.001***
Exploring (% of time) 39.4+26 37.7+25 0.624
Walking (% of time) 19.6 £ 1.6 146+1.2 0.013*
Standing (% of time) 122+13 13.0+1.3 0.677
High-pitched vocalisations (% of pigs) 29.7 9.4 0.006**
Total grunts (rpm) 5.9+0.9 4.5%0.6 0.705
Defecation (rpm) 0.49 +0.06 0.42 £ 0.05 0.375

*%%0<0,001, **p<0.01, *p<0.05

5.4.2 Behaviour of the pigs exposed to the threat

Behaviour of pigs exposed to the threat was mainly influenced by (trends for)
the interaction between post-housing and coping style, and the interaction
between pre-housing and post-housing, whereas only one three-way
interaction was found (as described in the text below). Therefore, the post-
housing x coping style interaction is highlighted in Figure 5.2 and 5.4; the pre-

housing x post-housing interaction is shown in Figure 5.3 and 5.5.
5.4.2.1 Behaviour of the pigs during the 10-sec threat

Only 6 out of 64 pigs ate during the threat and only 9 out of 64 pigs showed

the behaviour standing. Pigs did not vocalise or defecate during the threat.

Attention towards the threat tended to be affected by the pre-housing x
coping style interaction (Fi2,=3.1, p=0.092). Time spent on vigilance
behaviour was affected by coping style (F12,=15.6, p<0.001) and the post-

housing x coping style interaction (F12,=5.8, p=0.023). Post hoc analysis
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showed that E2-HR pigs showed more vigilance behaviour than other pigs
(p<0.05, Figure 5.2b). Exploration was affected by coping style (F12,=5.2,
p=0.031) and the post-housing x coping style interaction (F,27=6.7, p=0.014)
and the pre-housing x post-housing x coping style interaction (Fi2,=4.8,
p=0.036). E2-HR pigs spent less time on exploring than other pigs (p<0.05,
Figure 2c), but this effect was merely due to the large coping style contrast
within E1E2 housing: HR pigs in E1E2 housing (1.9 + 0.9 %) explored much
less than their E1E2-LR counterparts (47.2 + 11.8 %, p=0.012). The
percentage of time spent on walking tended to be affected by the pre-

housing x post-housing interaction (F;27=4.2, p=0.050).
5.4.2.2 After the threat

There were no housing or coping style effects on time spent on attention to
the threat location, vigilance, and eating after the threat was removed. The
frequency of paying attention to the threat, however, was affected by the
post-housing x coping style interaction (F1,2s=5.1, p=0.031), with higher levels
for E2-HR (2.6 + 0.4) than for E2-LR pigs (1.4 + 0.3, p=0.045) and levels of B2
pigs in between (B2-HR: 1.7 + 0.4; B2-LR: 2.3 + 0.5). Changing from vigilance
to other behaviours tended to be affected by post-housing x coping style
(F1,25=3.2, p=0.086). E2 pigs tended to start eating sooner (63.4 £ 9.2 sec) than
B2 pigs after the threat had ended (95.3 + 10.1 sec, F1,27=4.1, p=0.052) and
exploring tended to be affected by the pre-housing x post-housing
interaction (F12,=3.6, p=0.068). Walking tended to be affected by post-
housing (F1,27=4.0, p=0.057), and was affected by the post-housing x coping
style interaction (Fi27=6.3, p=0.018). Post hoc analysis showed that E2-HR
pigs walked more than E2-LR pigs (p=0.029) and B2-HR pigs (p=0.006, Figure
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5.4g). The percentage of time spent on standing was affected by pre-housing
x post-housing (F1,27=4.8, p=0.038). E1B2 pigs (19.4 + 4.1 %) stood more than
E1E2 pigs (9.7 £ 1.6 %, p=0.047), with levels of B1B2 pigs (10.4 + 2.6 %) and
B1E2 pigs (15.6 £ 2.7 %) in between. E2 pigs grunted more often (9.8 + 2.0
per min) than B2 pigs (3.5 £ 0.9 per min) (F1,2,=9.1, p=0.006). The proportion
of pigs that displayed high-pitched vocalisations was also higher in E2
housing than in B2 housing (F1,2,=6.5, p=0.029), but only so in the HR pigs
(p=0.013 for post-housing effect within HR pigs, see Figure 5.4f). The rate of
defecating per min tended to be affected by the pre-housing x post-housing

interaction (F12,=3.7, p=0.065).

164



Environmental Enrichment & Attention Bias Test

a . H2:ns b . H2: ns
attention to threat CS:ns vigilance CcS: ™
70 - H2 x CS: ns 50 - b H2 x CS: *
&0 40
£ 50 - 2 30 {
= ps
40 20 1 a
30 - 10 | a
20 2 - o B
B2-HR B2-LR E2-HR E2-LR B2-HR B2-LR E2-HR E2-LR
c H2: ns d H2: ns
exploration cs:* walking CS:ns
50 - H2 x CS 70 - H2 x CS:ns
a
40 60
a
£ 30 - 2 50 -
“6 :
= 20 1 < 40
10 b 30 A
B2-HR B2-LR E2-HR E2-LR B2-HR B2-LR E2-HR E2-LR

Figure 5.2: Percentages (means + SEM) of time spent on behaviours during the
presence of the threat for high-resister (HR) vs. low-resister (LR) pigs housed in
barren (B2) and enriched (E2) conditions. B2 and E2 refer to all pigs in barren housing
or enriched housing from 7 weeks of age, respectively, irrespective of their previous
housing. Panels a, b, c and d show the percentage of time spent on attention towards
the threat, vigilance, exploration and walking, respectively. Significances of post-
housing (H2), coping style (CS), and the post-housing x coping style (H2 x CS)
interaction are indicated by ***p<0.001, *p<0.05, and non-significance is ns. Groups

lacking a common letter (a, b) significantly differ (p<0.05).
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Figure 5.3: Percentages (means + SEM) of time spent on behaviours during the

presence of the threat for pigs housed in four different housing conditions (B1B2 and

E1E2: housed in barren and enriched pens, respectively, throughout life; B1E2 and

E1B2: experienced a switch in housing conditions from barren to enriched or vice

versa at 7 weeks of age). Panels a, b, c and d show the percentage of time spent on

attention towards the threat, vigilance, exploration and walking for pigs during the

presence of the threat. Tendency of the pre-housing x post-housing (H1 x H2)

interaction is indicated by +p<0.10, and non-significance is ns.
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Figure 5.4: Means = SEM of behaviours after removal of the threat (150 sec) for high-
resister (HR) vs. low-resister (LR) pigs housed in barren (B2) and enriched (E2)
conditions. B2 and E2 refer to all pigs in barren housing or enriched housing from 7
weeks of age, respectively, irrespective of their previous housing. Panels a, b, c, d,
and g show the percentage of time spent on attention towards the threat, vigilance,
eating, exploration, and walking, respectively; panels e and h show the rate of grunts
and defecation per min, and panel f shows the percentage of pigs making high-
pitched vocalisations. Significances of post-housing (H2), coping style (CS), and the
post-housing x coping style (H2 x CS) interaction are indicated by ***p<0.001,
**p<0.01, and *p<0.05; tendency is indicated by +p<0.10, and non-significance is ns.

Groups lacking a common letter (a, b) significantly differ (p<0.05).
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Figure 5.5: Means + SEM of behaviours for pigs housed in four different housing
conditions (B1B2 and E1E2: housed in barren and enriched pens, respectively,
throughout life; B1E2 and E1B2: experienced a switch in housing conditions from
barren to enriched or vice versa from 7 weeks of age). Panels a, b, c, d, and g show
the percentage of time spent on attention towards the threat, vigilance, eating,
exploration, and walking, respectively; panels e and h show the rate of grunts and
defecation per min; and panel f shows the percentage of pigs making high-pitched
vocalisations. Significances of pre-housing (H1), post-housing (H2), and the pre-
housing x post-housing (H1 x H2) interaction are indicated by ***p<0.001, **p<0.01;

tendency is indicated by +p<0.10, and non-significance is ns.

5.5 Discussion

In this study, we investigated the impacts of early life and current enrichment
on attention bias in pigs with diverging coping styles. We hypothesised that
pigs from barren housing conditions, especially those that had experienced
enrichment in early life, would pay more attention to the non-social,
unfamiliar threatening stimulus, show more vigilance, and would be less
willing to eat, because they were expected to have a more negative, anxious
affective state. Besides, LR (reactive) pigs were expected to be more affected

by their housing environment than HR (proactive) pigs.
5.5.1 Response to the threat

Pigs exposed to the 10-sec threat approximately doubled the time spent on
vigilance behaviour and halved time spent eating. Moreover, they paid more
attention towards the location where the threat had been in the test room

than pigs that were not exposed to the threat, and were more likely to display
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high-pitched vocalisations, which indicates that the pigs clearly responded to
the threat, also after it had disappeared. It has been shown in previous
studies that animals with a more negative affective state were more vigilant,
less willing to eat, and paid more attention to the location of a threat (Brilot
and Bateson 2012; Lee et al. 2018; Lee et al. 2016), which is parallel with
what we found in this study, and confirms that the threat, a combination of
a flash light and a moving guillotine door producing squeaking sounds, was
aversive for pigs. Similar to human studies (Bar-Haim et al. 2007) and sheep
studies (Lee et al. 2016; Monk et al. 2018b), attention towards a threat and

vigilance were our key measures of attentional-orienting.
5.5.2 Effects of early life conditions

Based on previous behavioural studies (Bolhuis et al. 2005a; Douglas et al.
2012), we expected barren housed pigs (B2) to be in a more negative
affective state than enriched housed pigs and thus to pay more attention to
the threat (measured as head-orientation) and be more vigilant (see below
for discussion on effects of current housing). We furthermore hypothesized
this to be even more so for pigs originating from an enriched early life
environment (E1B2) that thus had experienced a downgrade change in
housing conditions (Bolhuis et al. 2005a; Douglas et al. 2012; Munsterhjelm
et al. 2009a). The absence of interactions between early and later life housing,
and the absence of an effect on attention to the threat or general vigilance,
however, do not point to such an effect of a negative switch. Besides, we
found no indications of a beneficial effect of early life enrichment either,
which could mean that housing conditions in early life do not have long-term

effects on affective state, or at least not on anxiety. Alternatively, potential
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effects of early life housing (up till 7 weeks of age) on the behavioural
responses in the test may have been overruled by the later housing
conditions the pigs had been kept in for 4 weeks at the time of attention bias
testing (11 weeks of age). In another study we did find, though, that pigs from
enriched housing in early life responded less strongly to reward loss in a
successive negative contrast test carried out 8 weeks after a change in
housing conditions (Luo et al., submitted), which could point to a more

positive affective state in these animals.
5.5.3 Effects of current housing

The effect of later life environmental conditions, i.e. housing at the time of
testing, on behaviour in the attention bias test were also not in line with our
expectations and other studies, and, moreover, partly depended on coping
style. During the threat, enriched housed HR pigs were more vigilant than
other pigs. They also spent less time on exploration, particularly the HR pigs
kept in enriched pens from birth onwards. After the threat, no effects were
found on time spent on attention to the (location of the) threat or vigilance,
but HR pigs from enriched pens more frequently paid attention to the threat
than LR pigs from enriched pens. Enriched pigs grunted more often and,
within the HR pigs, they also were more likely to display high-pitched
vocalisations like squeals. Increased grunting and squealing have been
described to occur during aversive events in which pigs were deprived of
(visual and tactile) social contact (Reimert et al. 2013a). Especially high-
frequency calls seem to be indicative of fear and other negative emotions in
pigs when socially isolated (Leliveld et al. 2017). Long grunts (also called low

grunts (Leliveld et al. 2017) were the most uttered vocalisations during the
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test and have been suggested to be used in social isolation as an attempt to
make contact with group members (Kiley 1972; Leliveld et al. 2017). Possibly,
the higher grunting rate in E2 pigs is related to a higher motivation to get into
contact with their pen mates. Taken together, with the exception of a trend
for a longer latency to start eating after the threat in barren housed pigs as
compared with pigs from enriched housing, our results do not point to a
more negative long-term affective (anxious) state in enriched animals. This
could mean that barren housing does not induce a long-term negative mood.
This seems unlikely, though, given the results of previous studies. Barren
housed pigs have been reported to experience more chronic stress (Bolhuis
et al. 2005a; Bolhuis et al. 2006), and to have a more negative affective state
(Douglas et al. 2012) than enriched housed pigs, although it should be noted
that another study reported no effects of barren housing on judgement bias
in spite of clear negative effects on physiological and behavioural welfare
indicators (Carreras et al. 2016). In a study in sheep, chronic stress, which
was confirmed by HPA-axis dysregulation, against expectations reduced
rather than increased vigilance to a predator threat (Verbeek et al. 2019).
Explanations given for the lack of effects or effects opposite to expectations
in this sheep study and in a quail study were a poor sensitivity of the test, or
the context of the test (e.g. test arena and handling) which may have
overruled the putative long-term effects of housing conditions on mood
(Horvath et al. 2016; Verbeek et al. 2019). The latter could hold for our study
as well, as pigs from barren housing may have experienced the release from
their suboptimal environment to the test arena as more positive than
enriched housed pigs. Several studies suggest that negative events, such as

sheering (Sanger et al. 2011) and restraint plus social isolation in sheep
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(Doyle et al. 2010), before testing, result in more positive affective states
during testing (i.e., a positive contrast between the test situation and the
previous situation). It is possible that a long-term negative situation (like
barren housing) preceding testing has a similar effect. In support of this, a
study on rats reported a relatively positive affective state of barren housed

individuals during a mood test (Mitchell et al. 2012).

When investigating the impact of housing conditions in group-housed
animals on attention bias, the behavioural response in the test might thus
potentially be influenced by the relative contrast between the test
room/situation and the home environment, as well as by social isolation.
Indeed, in the most convincing studies on the effect of mood on attention
bias towards threatening stimuli, negative affective states were induced by
pharmacological interventions (e.g. by administration of diazepam and m-
CPP) in sheep (Lee et al. 2016; Monk et al. 2018b) and rats (Wright and
Rodgers 2014)). In these studies, the relative contrast between the home and
test environment was the same for all animals, and the drugs remained
active for the duration of the test, which likely circumvented a potential
short-term influence of the test context on emotional state. Furthermore,
Verbeek et al. (2019) suggested that chronic stress may alter the motivation
to obtain feed rewards which could also interfere with the test outcome. In
a successive negative contrast test we did find indications for a lower reward
sensitivity in pigs housed in barren conditions from birth onwards as
compared with pigs that had switched from enriched to barren pens and with
enriched housed pigs (Luo et al., submitted). Finally, it has been suggested
that individuals suffering from chronic stress or depression are less

responsive to stimuli — either negative or positive — in general (Fureix et al.
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2012) which could also explain the lack of a clear housing effect on attention

bias.
5.5.4 Effects of coping style and its interaction with housing

In humans, cognitive biases are dependent on both current mood and
personality (Marshall et al. 1992). Classically, humans scoring high on the
personality dimension neuroticism more often and strongly experience
negative affect, whereas extraversion is associated with frequent and intense
expression of positive emotions (Winter and Kuiper 1997). These personality
traits thus possibly impact long-term mood. We studied a personality trait in
pigs, i.e. their coping style, which is not inherently expected to be linked with
a bias towards either negative or positive affect. Indeed, it has been
suggested that the dimension of coping style is independent of an
emotionality dimension (Koolhaas et al. 2007) and rather reflects how
individuals respond when challenged. Proactive, i.e. HR, pigs consistently
have been shown to vocalise more often in challenging situations (Geverink
et al. 2002; Jansen et al. 2009; Reimert et al. 2014a; Reimert et al. 2014b;
Ruis et al. 2001) than reactive, i.e. LR, pigs, and to display more locomotion
(Jansen et al. 2009; Reimert et al. 2013b; Reimert et al. 2014b). LR pigs, on
the other hand, have been reported to show more vigilance (Reimert et al.
2014a) and continue to do so even in an increasingly familiar environment
(Jansen et al. 2009). Both of these response patterns can lead to successful
coping with a challenging situation, with the style of reactive copers being

more suited for changing environments.

In our study, the impact of housing on the behaviour of the pigs during the

test depended on their coping style (and vice versa), in spite of the fact that
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we did not select the extremes of the tested population but labelled all pigs.
We found the highest levels of walking and squealing in HR pigs from
enriched housing after removal of the threat. This could, on the one hand,
reflect the typical mode of responding of HR pigs, or, alternatively, indicate
a more negative affective (anxious) state as compared with barren housed
pigs and enriched housed LR pigs. We tentatively suggest the latter, as
enriched HR pigs also showed significantly more vigilance during the threat
and less exploration. In addition, after the threat they more often paid
attention to the threat than LR pigs from enriched housing, and numerically
spent the most time on vigilance and attention towards the location of the
threat and had the highest frequency of defecating, which all have been
linked with aversive situations and/or seem to reflect negative emotions
(Bouissou and Vandenheede 1995; Brilot and Bateson 2012; Lee et al. 2016;
Reimert et al. 2013a). The higher impact of housing on the behaviour of HR
pigs in this test is not in line with studies suggesting that proactive copers are
less responsive to the distinction between barren and enriched housing than
reactive copers. For instance, LR pigs were reported to show more play
behaviour in enriched pens, but more oral manipulation of pen mates (e.g.
tail and ear biting) and gastric lesions in barren pens than HR pigs (Bolhuis et
al. 2005a; Bolhuis et al. 2006). Moreover, Asher et al. (2016) recently found
reactive copers to respond more optimistically in a judgement bias test when
housed enriched and more pessimistically when kept in barren pens,
suggesting that, apart from behaviour, also the affective state of reactive

copers is more affected by (lack of) enrichment than that of proactive copers.

It should be noted, though, that HR pigs, albeit seemingly less affected by

barren housing, show more difficulty in coping with relocation and social
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isolation (Bolhuis et al. 2004; Geverink et al. 2004; Ruis et al. 2001). If the
behaviour in our test reflected the acute response to the test setting
(involving relocation and social isolation) rather than the long-term impact
of housing conditions on affective state, this might explain why (enriched) HR
pigs were most affected. As argued before, in barren pigs this effect may
have been attenuated by the exposure to a spacious, stimulus-rich test room
contrasting their small, barren home pens. Therefore, for future studies on
mood in animals, it is worthwhile to consider that (1) personality traits (e.g.
anxiety) may influence a long-term affective state per se; (2) personality
traits (e.g. coping style) may, irrespective of affective state, influence the
mode of responding of animals which could interfere with the read-out
variables of a test for affective state; (3) personality traits may influence both
the impact of the long-term condition (e.g. housing, chronic stress) under

study, as well as that of the test setting.
5.5.5 Remarks on the test design and measurements

Our test set-up was based on a paradigm developed for sheep that has been
successfully validated by pharmacological interventions (Lee et al. 2016;
Monk et al. 2018a). In the sheep studies, a dog was effectively used as a
threatening stimulus (albeit habituation to dogs in daily life may reduce its
threatening potential for sheep, as argued by Verbeek et al. (2019)). To our
knowledge, this is the first study on attention bias in pigs, for which it is
harder to find a threatening stimulus. We used a squeaking moving guillotine
door and a flashlight. We found clear evidence, by comparison with pigs not
exposed to this threat, that the pigs were negatively affected by this stimulus,

even after its disappearance, but we cannot rule out that stronger and/or
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longer threats would have given more clear results. In addition, attention
towards the threat was in our study based on the position of the head
(oriented toward the location of the threat) and not on glancing. In human
studies, however, ‘attention’ refers to overt visual attention, typically based
on eye gaze (Crump et al. 2018), which we found more difficult to score in an
objective manner but may nevertheless have been a more accurate indicator
of attention bias. This could be a common concern for previously published
studies in freely moving farm animals, in which attention was also measured
as the ‘head oriented towards the threat’ (e.g Lee et al. 2016; Verbeek et al.
2019). Thus, rather than scoring attention bias in the narrow sense (referring
to vision), our test may thus have picked up general emotional reactivity to
the threat, which might alternatively be referred to as ‘altered perception of
the threat’. It should be noted, though, that our threat stimulus comprised
both visual and auditory cues, and that for pigs (and several other farm
animals) other sensory modalities may be as much or even more relevant
than vision alone, perhaps asking for a more broad definition of attention
bias and corresponding measurements. Finally, food was used as a positive
stimulus, but motivation for food can vary considerably between animals and
within animals over the span of a single day (Monk et al. 2018a), and
potentially be affected by housing or stress (see above) so, even though we
balanced the test order for our treatments, food may not be an optimal
positive stimulus in an attention bias test for pigs. Further studies are
required to develop a practical attention bias test in pigs, and to circumvent
(or reliably pinpoint) potential confounding effects of the test set-up and test
read-outs with personality traits and the long-term treatments, like housing

conditions, under study.
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5.6 Conclusion

Pigs responded to a short-lived threat during an attention bias test by
increasing vigilance, head-orientation towards the (previous) location of the
threat, high-pitched vocalisations and reduced time spent eating, revealing
increased anxiety. Current, but not early life, housing affected the behaviour
in this test in a personality-dependent manner. Although no effects on
duration of attention to the threat or vigilance were found, other behavioural
variables (e.g. the frequency of attention toward the threat and high-pitched
vocalisations) suggest a more negative emotional state following exposure
to the threat in HR pigs from enriched housing. The housing effect was
opposite to what we expected, which might be explained by a short-term
effect of the relative contrast between the home pens of the pigs and the
test room. This potentially overruled putative long-term effects of

environmental conditions on mood.
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6.1 Abstract

Animals in a negative affective state seem to be more sensitive to reward
loss, i.e. an unexpected decrease in reward size. The aim of this study was to
investigate whether early-life and current enriched vs. barren housing
conditions affect the sensitivity to reward loss in pigs using a successive
negative contrast test. Pigs (n=64 from 32 pens) were housed in barren or
enriched conditions from birth onwards, and at 7 weeks of age experienced
either a switch in housing conditions (from barren to enriched or vice versa)
or not. Allotting pigs to the different treatments was balanced for coping
style (proactive vs. reactive). One pig per pen was trained to run for a large
reward and one for a small reward. Reward loss was introduced for pigs
receiving the large reward after 11 days (reward downshift), i.e. from then
onwards, they received the small reward. Pigs housed in barren conditions
throughout life generally had a lower probability and higher latency to get
the reward than other pigs. Proactive pigs ran overall slower than reactive
pigs. After the reward downshift, all pigs ran slower. Nevertheless, reward
downshift increased the latency and reduced the probability to get to the
reward, but only in pigs exposed to barren conditions in early life, which thus
were more sensitive to reward loss than pigs from enriched early life housing.
In conclusion, barren housed pigs seemed overall less motivated for the
reward, and early life housing conditions had long-term effects on the

sensitivity to reward loss.

Key words: pigs, enrichment, early life, reward loss, coping style, affective
state
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6.2 Introduction

The barren housing conditions in which most commercial pigs world-wide are
housed limit the expression of important species-specific behaviours, like
foraging and exploration (De Jonge et al. 1996; Studnitz et al. 2007;
Wemelsfelder et al. 2000), and thereby increase the frequency of
manipulative behaviours directed at pen mates, such as ear and tail biting
(Beattie et al. 2000; Bolhuis et al. 2006; Carreras et al. 2016). Pigs in barren
housing, moreover, show physiological signs of chronic stress (Beattie et al.
2000; Bolhuis et al. 2006; Carreras et al. 2016). This chronic stress could also
be linked to a psychological state of (mild) depression. Indeed, pigs housed
in barren conditions have been found to show a more pessimistic response
in a judgement bias task, suggesting that they have a more negative affective
state, compared with pigs in enriched conditions (Douglas et al. 2012),
although in another study, no such effect of housing was found (Carreras et

al. 2016).

A negative affective state may also enhance the sensitivity to reward loss
(Chaby et al. 2013). For instance, people in a state of depression have been
shown to be more susceptible to loss or failure (Tucker and Luu 2007). The
response to reward loss can be measured in animals by a successive negative
contrast (SNC) test (Burman et al. 2008; Flaherty et al. 1998). In a SNC test,
reward loss is induced by unexpectedly decreasing the reward size or quality
for animals that have been trained. This may induce a transient, potentially
‘disappointment-like’, aversive affective state, caused by the discrepancy
between the anticipated reward, i.e. the reward the animals expected to

receive, and the actual reward (Justel et al. 2014; Papini 2014; Rosas et al.
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2007). How aversively the animals respond to such a discrepancy (e.g.,
depending on the task, by reduced operant responses or a slower speed to
get to the reward), has been suggested to be a sign of the animals’
background, longer-term, affective state or mood (Flaherty et al. 1998;
Mitchell et al. 2012; Riemer et al. 2016). In line with this, it has been shown
that rats experiencing removal of enrichment in their home cages, thereby
likely having a more negative affective state, responded stronger to a reward
downshift, compared to control rats (Burman et al. 2008; Chaby et al. 2013).
Increased sensitivity to reward loss appears thus to reflect negative affective
states in humans and animals, and it could therefore be an useful measure
of such states in pigs as well, which has, to the best of our knowledge, not

been studied in this species so far.

In the current study, we do not only address the impact of housing conditions
under which pigs are kept on their affective state, but also the influence of a
barren vs. enriched environment in early life. It has been shown that adverse
conditions in early life can have long-term effects on behaviour, physiology,
and cognition. For example, isolation in early life decreases the motivation
for social contact and sucrose-drinking in later life in rats (Van den Berg et al.
1999). Also in pigs, long-lasting effects of early life experiences have been
found (Telkdnranta and Edwards 2017). Importantly, pigs that changed from
enriched housing in early life to barren housing later on show as much signs
of decreased welfare as pigs kept in a barren environment throughout life,
or even more (Bolhuis et al. 2004; Munsterhjelm et al. 2009), which suggests
that a loss of enrichment in later life could be even more detrimental than
barren housing throughout. In line with this, barren housed pigs tended to

show more pessimistic judgement biases after they had temporarily
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experienced an enriched environment (Douglas et al. 2012). Thus, the impact
of housing on affective states may not only depend on the actual housing
conditions, but also on the conditions present in early life, and these two may

interact.

The aim of this study was therefore to investigate the combined effects of
early life environment and current housing conditions on the sensitivity to
reward loss in pigs. Hereto, pigs housed in barren or enriched conditions in
early life and experiencing either a switch in housing conditions at 7 weeks
of age or not, were subjected to a SNC test at 12 weeks of age in which they
had to run a U-shaped track to get to a food reward. Downsizing of the
reward was expected to slow down the latency to get to the reward,
indicative of an experience of reward loss. We hypothesized that barren
housed pigs, and particularly those that had experienced enrichment in early
life, would be more sensitive to reward loss, as they were expected to have

a more negative affective state.

Personality traits may have an effect on behavioural responses in test
situations, including negative contrast (Cuenya et al. 2012), attention bias
(Franklin et al. 2016) and judgement bias tests (Asher et al. 2016). Therefore,
pigs allotted to the different housing and rearing conditions in this study
were balanced for their coping style, i.e. a personality trait related to the way
an individual copes with challenging situations, as assessed in a backtest in

early life (Hessing et al. 1994; Reimert et al. 2014b).

191



Chpter 6

6.3 Materials and Methods

The established principles of laboratory animal use and care were followed,
as well as the Dutch law on animal experiments. The Animal Care and Use

Committee of Wageningen University & Research approved the experiment.
6.3.1 Animals and housing

In this experiment, 64 pigs (Tempo x Topigs 20) from 29 sows, equally divided
over 2 batches were studied. Sows were inseminated on the same day in
each batch, and were housed in Carus, the animal facilities of Wageningen
University & Research, Wageningen, the Netherlands, from one month
before farrowing. From birth till weaning (around 28 days of age), half of the
piglets within each batch were housed in 8.6 m? barren (B1) pens with a solid
floor and a small area with slats. The other half were housed in 17.1 m?
enriched (E1) pens with the same farrowing part (8.6 m?) as the barren pens,
and with an additional enriched part. In the enriched part, 1.7 kg straw, 300
L sawdust, and 270 L peat were provided as substrates. Besides, 0.8 kg straw
and 40 L of sawdust were added daily, and 30 L of peat was added weekly in
the enriched pens. Additionally, two objects for manipulation, one chain with
a ball and one chain with screws that touched the floor, were placed in the
barren pens. Two objects, one chain with a ball and an object that was
alternated daily and selected from 4 different ones, were placed in the
enriched pens. All sows were housed in the same farrowing crates without
access to the enrichment. In the first week after birth, one heating lamp was
provided in the barren pens, and two lamps in the enriched pens. Each pen
had one drinking nipple for the piglets and one for the sow. Sows were fed a

standard commercial diet twice a day. From 5 days of age onwards, piglets

192



Successive Negative Contrast Test

received some creep feed. Temperature was set at 25 °C at birth, and
gradually decreased to 21 °C over the course of two weeks. Each pen was

cleaned daily, and lights and a radio were on from 7:00 until 19:00 hours.

At an average of 28 days of age, pigs were weaned and 192 pigs (96 per batch)
were selected and regrouped in 32 new pens, which contained 6 healthy non-
littermate pigs (from the same pre-weaning treatment) each. Per group, 3
males and 3 females from different litters were selected, balanced for coping
style (3 HR and 3 LR, assessed and classified as described in Reimert et al.
2014a). Pigs fulfilling the criteria with a body weight closest to the litter mean
weight were preferably selected so that the average body weight of the post-
weaning selection was representative of that of the whole group at weaning.
Housing treatment (B1 vs. E1) for each pig was kept the same as before
weaning. After weaning, half of the pigs were housed in 5.6 m? barren pens,
with a partly solid and slatted floor. The other half of the pigs were housed
in 11.2 m? pens enriched with 2.5 kg straw, 400 L of sawdust, and 360 L of
peat on the floor. Additionally, 1.25 kg straw and 60 L sawdust were added
daily, and 45 L peat was added weekly in the enriched pens. The toys in the
barren and enriched pens were kept the same as before weaning, and from
39 days of age, enriched housed pigs received extra enrichment such as a
jute sack, a rope, branches or an egg tray on each Monday until the end of

the experiment (day 133).

Each pen had one drinking nipple and pigs received solid food ad libitum. On
the weaning day, the temperature was set at 25 °C and it was gradually
decreased to 21 °C over the course of two weeks and kept until the end of

the experiment. After weaning, one heating lamp was provided in each pen

193



Chpter 6

for the duration of two weeks. Lights and a radio were on from 7:00 until

19:00 hours.

At an average of 47 days of age, half of the pigs experienced a switch in
housing conditions, resulting in four treatment groups, E1E2, E1B2, B1E2,
B1B2, n=8 pens per group. For this switch, they were moved to a different
pen. B1B2 and E1E2 groups were also removed to new pens, but without a
change in housing condition. After this switch, straw, peat and toys were
used and added in amounts as described before, but only 30 L of sawdust

was added daily in the enriched pens.
6.3.2 Successive negative contrast test

To assess the sensitivity for reward loss as a measure of affective state, a
successive negative contrast (SNC) test was applied from 84 to 120 days of
age. Two female pigs per pen (one LR and one HR), in total 64 pigs, were
selected from the 32 pens. These 64 pigs were 60 females and 4 males (of
the 64 female pigs we initially selected, four had health issues. We replaced
those with males from the same pen having the same coping style from the
beginning of the test. All 4 males were from different pens, and 1 from B1B2,
2 from E1B2, and 1 from B1E2 housing conditions). Before the test period
started, all pigs received pieces of apple in their home pen to accustom them
to the reward in the test. Pieces of apple have been successfully used as a
reward in previous research, and it has been shown that pigs prefer multiple
pieces of apple (4, large reward) over a single piece (Melotti et al. 2013). Pigs
were food deprived for at least one hour before the test, and allowed to eat

after the two pigs in a pen finished the test.
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The test area was in a separate room away from the home pens. Pigs were
habituated to the test arena in three days with 3 trials per day, initially in
pairs (trial 1 on day 1), thereafter individually with a pen mate waiting in the
start box (trial 2 and 3 on day 1), and finally individually without the presence
of a pen mate (day 2 and 3). After this habituation period, pigs were
individually allowed to run from a start box down a U-shaped runway (Figure
6.1) to obtain a food reward from a round plastic plate (diameter 32 cm) at
the end. One pig per pen received 6 pieces of apple (1 piece was 1/48 part of
an apple (Elstar variety, without the core) as the large reward on each trial,
and the other one received 1 piece of apple as the small reward. Even though
all pigs ate apple in their home pen, some pigs (n=6) did not eat apple in the
test and were given banana instead (1 piece was 1/4 of a 1 cm thick slice)
after the habituation days. After habituation, pigs were allowed to run for
the food reward on four days per week. Each pig did 3 trials per day, with a
maximum of 120 sec per trial. A trial was finished when the pig ate the
reward within the 120 sec, or when the pig turned back five times (i.e. started
walking in a direction not leading to the reward) or, in case the pig had not
finished eating the reward within the maximum time set, at 120 sec. During
each trial, the latency to leave the start box (i.e. the pig was in the runway
with all 4 legs) and the latency to start eating were recorded. From these two
latencies the latency to reward was calculated by subtracting the latency
leaving the start box from the latency to start eating. If a pig did not start
eating the reward within the 120 sec, the latency to reward was set to 120

secC.

Pigs were excluded from further testing if they reached the maximum time

(120 sec) and did not reach the reward on three consecutive test days (n=7
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pigs), if they reached the reward but did not eat it on three consecutive test
days (n=4 pigs), or if they encountered health problems (umbilical hernia:
n=1, lameness: n=1). In this experiment, 51 pigs (48 females and 3 males, and
6 pigs with banana as reward) were successfully trained and included in the

analyses. Within one batch, all pigs were tested on the same days.

144 m
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door3 |door2 20m
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Figure 6.1: Layout of the test area used for the successive negative contrast test. The
area consisted of a U-shaped runway. The two arms of the runway (12.3 x 1.8 m and
12.9 x 1.8 m) were separated by a wired fence (height: 1.2 m). Pigs were brought in
a start box (S), and entered the runway from door 1. Pigs could run in the U-shaped
runway to get the reward in a plastic plate (diameter 32 cm) screwed on the floor.
After pigs finished a trial, they left the runway from door 2, and waited in the start
box for another trial, until all 3 trials were finished. Two experimenters stayed in a

compartment (C) to operate the doors and record the latencies.
Reward downshift

After 11 days, all pigs received a small reward only on another 11 subsequent
days (reward downshift, creating a 6-1 vs. 1-1 reward group), i.e. the pigs
originally receiving 6 pieces of apple or banana experienced a reward loss.
We planned to proceed to the reward downshift when the pigs in the large

reward group would run significantly faster (Burman et al. 2008) than the
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pigs in the small reward group, but set a maximum of 11 pre-reward
downshift days (Burman et al. 2008) to minimize pigs from losing interest in
the test. After 11 training days, not all (housing treatment groups of) pigs
that received the large reward ran significantly faster than the pigs that
received the small reward, therefore the reward downshift started at day 12

and ended on day 22.
6.3.3 Statistical analyses
SAS (SAS 9.4, SAS Institute Inc.) was used for all statistical analyses.

Censoring occurred for pigs that failed to get the reward within 120 sec.
Therefore, survival analysis was used for the latency to reward. First, Kaplan-
Meier survivor functions were estimated. Subsequently, Cox proportional
hazard regression was performed with animal as a random effect to estimate
the hazard ratios with 95% confidence interval. The explanatory variables
early life housing (pre-housing: B1, E1), current housing (post-housing: B2,
E2), original reward size (1, 6), reward downshift (from day 12 onwards, all
6-1 pigs were “YES”; all 1-1 pigs were “NQ”), coping style (HR, LR), trial
number (1, 2, 3), test day (1, 2, ..., 22) and batch (1, 2) were analysed as class
variables. A multivariable Cox regression analysis was started with all the
variables above and their two- and three-way interactions. Subsequently, a
stepwise backward selection procedure was performed deleting non-
significant variables starting with the highest p-value, until all factors in the
model had p < 0.05. The variables pre-housing, post-housing and original
reward size remained in the model, even if they were not significant, as these
variables were included in the main research aims in this study. Therefore,

the final multivariable model consisted of the variables pre-housing, post-
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housing and their interaction, reward downshift and the interaction of
reward downshift with pre-housing, original reward size, coping style, test

day and trial number and the random effect of pig.

It was checked whether the proportional hazard assumption was not violated,
i.e. the hazard functions of groups are proportional over time. If a hazard
ratio (HR) is smaller than 1, then the probability to eat the reward is smaller
compared to the reference class, and if it is larger than 1 the probability is
higher. If the value 1 is included in the 95% confidence interval, then there is

no difference between groups.

6.4 Results

In total, 3355 records could be used based on 51 pigs on 22 test days, with 3

trials per day per pig.

The probability for trials in which pigs from each housing treatment got the
reward at some point in time is illustrated in a Kaplan-Meier curve (Figure
6.2, log-rank p < 0.0001). The percentage of censored records, i.e. trials in
which pigs did not get the reward within the maximum time of 120 sec was
higher for the B1B2 pigs (43.9%), compared to B1E2 (17.0%), E1B2 (17.4%),
and E1E2 (22.5%) pigs.
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Figure 6.2: Kaplan-Meier curve showing the latency to reward for pigs from each
housing group, with a maximum trial duration of 120 sec. For each trial in which a
pig got to the reward, the probability on the Y-axis drops. B1B2 and E1E2 refer to pigs
housed in barren and enriched pens, respectively, throughout the experiment; B1E2
and E1B2 refer to pigs that experienced a change in environment from barren to

enriched or vice versa from 7 weeks of age.

The multivariate model showed that the effect of current housing on latency
to the reward depended on the early life housing (pre-housing x post-
housing interaction, p = 0.001), or vice versa. Pigs that had switched from
barren to enriched housing (B1E2) had a higher probability of getting the
reward and lower latency to the reward compared to B1B2 pigs housed in
barren conditions throughout life (HR = 2.48, p <0.0001, Figure 6.3), however,

for the pigs housed in an enriched environment in early life there was no
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effect of later life housing (E1B2 vs. E1E2). For barren housed pigs in later life
(B2), E1 pigs had a higher probability of getting the reward and a lower
latency than B1 pigs, both for no reward downshift (HR = 3.61, p < 0.0001)
and for reward downshift (HR = 2.32, p = 0.0005). When pigs had enriched

housing later in life (E2), there was no effect of pre-housing.
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Figure 6.3: Box-Whisker plot for the latency to the reward with the percentage of
total trials to get to the reward (* = mean), and the stratum-specific hazard ratio (HR)
with 95% confidence interval for the pre-housing x post-housing interaction (p < 0.05).
B1 and E1 refer to barren and enriched housing in early life, respectively, and B2 and
E2 refer to barren and enriched housing from 7 weeks of age onwards. Note that
latency to the reward is underestimated because the observations were censored at

120 sec.
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Latency to the reward was not different between pigs from the large reward
group (6-1: 72.8%, 57.1 + 1.2 sec) compared to the pigs that always received
a smallreward (1-1: 76.2%, 56.0 £ 1.0 sec, HR = 1.09, p = 0.6228) in the whole
test period, including the 11 days before reward downshift. Pigs that
experienced a reward downshift had a lower probability to get to the reward
and a higher latency to the reward, but this effect was only significant for
pigs housed in barren conditions in early life (HR = 0.58, p < 0.0001, Figure
6.4) to reflect the interaction between pre-housing and reward downshift (p

=0.0004).
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Figure 6.4: Box-Whisker plot for the latency to the reward with the percentage of
total trials to get to the reward, and the stratum-specific Hazard Ratio with 95%
confidence interval for the pre-housing x reward downshift (YES or NO) interaction (p

=0.0004). B1 and E1 refer to barren and enriched housing in early life, respectively.
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Note that latency to the reward is underestimated because the observations were

censored at 120 sec.

Figure 6.5a presents the mean and median time of latency to the reward over
test days, as well as the percentage of trials in which pigs got to the reward.
A test day effect was found (p < 0.0001, Figure 6.5). At the first 6 test days,
the probability to get to the reward was higher compared to day 12 (the day
of reward downshift), being significant for day 2 to day 6 (p < 0.05 or less,
Figure 6.5b). The probability on test day 7 to 11 was not different from day
12. After reward downshift, the probability to get to the reward decreased

and was on all days lower compared to day 12 (Figure 6.5b).
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Figure 6.5: Panel a shows the mean and median time of the latency to the reward
and the percentage of total trials in which pigs got to the reward within 120 sec for
each test day. Note that means and median times are underestimated because the
observations were censored at 120 sec. Panel b shows hazard ratios with 95%
confidence intervals per test day. If the value 1.00 is within the confidence interval,
the hazard ratio is not significantly different from day 12, the day of reward
downshift (overall test day effect p < 0.0001).

Pigs had a lower probability to get to the reward and higher latency to the
reward in trial 2 (69.9%, 62.7 + 1.3 sec, HR = 0.40, p < 0.0001) and trial 3 (66.1
+1.2 sec, 70.3%, HR = 0.35, p < 0.0001), compared with trial 1 (84.1%, 39.8 +

1.2 sec) within a test day.
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Low-resisters (78.7%, 52.2 + 1.0 sec) had a higher probability of getting the
reward and lower latency to the reward compared to high-resisters (71.0%,

60.1+1.0sec, HR =1.48, p = 0.0187).

6.5 Discussion

In this study, we aimed to investigate the effect of early and later life housing
conditions on the sensitivity to reward loss in pigs in a successive negative
contrast test (SNC) using a runway. In the whole test period, both before and
after the reward downshift and irrespective of reward size, pigs that were
housed barren throughout life had a lower probability and a higher latency
to get to the reward than pigs from the other three housing combinations,
i.e. enrichment throughout life, enrichment in early life only, or barren
housing in early life followed by enrichment. Early life housing affected the
sensitivity to reward loss, as only in pigs from early life barren housing (B1E2
and B1B2) an effect of the reward downshift was found. Coping style also
affected latency to the reward, with reactive pigs having a higher probability

and a shorter latency to get to the reward than proactive pigs.
6.5.1 Effects of reward loss

Pigs ran faster from day 2 to day 6, compared with day 12 when the reward
was downshifted. After the reward downshift, all pigs, including pigs that did
and did not experience a reward downshift, ran slower than before the
reward downshift and probability to get to the reward reduced. It could be
that pigs reduced their interest in the test and reward over time, which is

possibly also reflected by the higher latency to the reward in the second and
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third trial on a test day as compared with the first trial. Alternatively, they
may have become slower due to the increase in body weight over test days,

as at this age, the pigs gained approximately 1.1 kg per day.

Nevertheless, there was an effect of reward downshift on the latency and
probability to the reward, but this effect was only significant in pigs from
early life barren housing (see below). When an anticipated food reward is
unexpectedly reduced, many mammals show a decreased response to the
reward, compared to controls which received only the lower level reward
(Bergvall et al. 2007; Catanese et al. 2011). The decrease in reward size may
lead to disappointment-like or frustration-like affective responses, which can
influence the motivation for the reward (Burman et al. 2008). Thus, even
though pigs generally decreased their running speed over time, the reward
reduction was still aversive for some of them, and caused a successive

negative contrast effect in pigs from barren early life housing.

Burman et al. (2008) reported a higher sensitivity to reward loss in rats that
experienced a loss of enrichment in their housing environment. In this study,
we found that the pigs exposed to barren housing in early life (B1B2 and B1E2)
were more sensitive to reward loss, as only in these animals the running
speed and probability to get to the reward was affected by the reward
downshift. This may suggest a long-term effect of a poor environment on the

(negative) affective state in later life.

We expected the highest sensitivity for reward loss in the pigs from early life
enriched housing that switched to barren pens in later life, as results of
several studies indicate that a loss of enrichment may be more detrimental

than no experience with enrichment at all (Beattie et al. 1995; Bolhuis et al.
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2006; Douglas et al. 2012). Such an effect was not found, however, as the
latency to the reward for E1B2 pigs did not differ from the latency for E1E2
pigs. The reason could be that the appraisal of the test conditions may have
interfered with the effects we intended to study, as being (trained) in a test
such as a runway may be rewarding in itself and provide cognitive
enrichment, thereby inducing a temporary positive affective state. If so, this
may have blunted or overruled (early life) housing effects on long-term mood
(Bethell et al. 2016; Roelofs et al. 2016). Apart from potential rewarding
properties of the test itself, the finding that early life enrichment makes pigs
more resilient to reward loss, might counteract a potential negative effect of
the reduction in environmental quality. Alternatively, results of a recent
study suggest that previous exposure to an experience of frustration, which,
in our study, could be the case for pigs that switched from enriched to barren
pens, may counteract the effects of a new frustrating situation, like SNC

(Cuenya et al. 2012). Further research is needed to test such an effect in pigs.
6.5.2 Motivation to run for the reward

We found that B1B2 pigs, irrespective of reward size, had lower probability
and higher latency to get to the reward than the other pigs, both before as
well as after the reward downshift, which may show that pigs kept in barren
housing conditions throughout life have a lower motivation to run for the
reward. Diminished sensitivity to reward can be interpreted as a
characteristic of poor mood or anhedonia (Von Frijtag et al. 2000).
Anhedonia is the reduced reactivity to pleasurable stimuli or positive effects
from events or activities, and is one of the core symptoms of depression

(Bevins and Besheer 2005; Leppdnen 2006; Von Frijtag et al. 2000). Indeed,
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it has been found that chronic stress caused by tail handling led to a lower
response to reward in mice (Clarkson et al. 2018) and juvenile isolation
reduced motivation for sucrose drinking in rats (Van den Berg et al. 1999). As
a depression-like state or chronic stress has also been linked with barren
housing conditions (Beattie et al. 2000; Douglas et al. 2012), the lower
probability to get to the reward in the B1B2 pigs in this study may have
reflected anhedonia and a low reward sensitivity. On the other hand, some
adverse conditions have also been found to increase the sensitivity to reward
(Van den Berg et al. 1999). For example, acute stress caused by isolation
increased the motivation for food in hens (Hernandez et al. 2015), and
chronic mild stress in rats and music inducing a depressed mood in humans
increased the motivation for highly positive sweet food rewards, albeit the
latter can also be interpreted as a measure of craving rather than response
to the reward (Willner et al. 1998). The relationship between mood and
reward sensitivity is thus not that straightforward. Moreover, other cognitive
studies where pigs had to run to find a food reward as well reported no
(Bolhuis et al. 2013; Bolhuis et al. 2004) or only limited (Grimberg-Henrici et
al. 2016) evidence for a lower motivation for rewards in pigs when housed
barren. Another, alternative, explanation of the lower probability to get to
the reward in B1B2 pigs could be that they had spent more time on exploring
(parts of) the runway, to ‘catch up’ from the limited space and stimuli in their
housing environment. It should be noted, though, that this effect was not
seen in barren housed pigs that had been exposed to an enriched

environment in early life.

This is, to the best of our knowledge, the first SNC test in pigs. Over pre-shift

days, latencies to get to the reward were higher in the last 5 test days. Also,
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not all pigs that were initially trained were motivated to run for apple pieces,
even though apples have been successfully used as a reward in another study
which, in addition, demonstrated that pigs prefer 4 pieces over 1 piece of
apple (Melotti et al. 2013). Motivation could possibly be enlarged in future
studies by a longer food deprivation before testing, restricted feeding or by
determining the animals’ individual preference for a particular reward before
the experiment (Zebunke et al. 2018). It could also be that the pigs in this
study lost their interest in the task in general over trials and over test days,
so the optimal testing period and number of trials per day need to be

considered in future studies.

We did not find a difference in response to the small vs. large reward before
the reward downshift, in contrast with a study on rats using 12 vs. 1 food
pellets (Burman et al. 2008). However, in another rat study with a similar 1:12
approach (Cuenya et al. 2012), no pre-shift difference in latency to reward
was found between the small and large reward group either, and, similar to
our study, still an SNC effect could be demonstrated. Unlike previous studies
in rats (Burman et al. 2008; Cuenya et al. 2012; Pellegrini et al. 2004) and
dogs (Bentosela et al. 2009) which demonstrated a return to pre-shift
responses after 5-6 post-shift days, we found no signs of a recovery in
running speed in the pigs that experienced a reward loss, as there was no
interaction between day and reward group. It should be noted that, even
though statistically significant, the effect of reward loss was mild compared
to rat studies in which latencies roughly doubled in animals experiencing a
reward downshift (Burman et al. 2008; Cuenya et al. 2012). In these rat

studies, the ratio between the large and small reward was larger (1:12), and,

208



Successive Negative Contrast Test

moreover, the large reward was a substantial part of their daily portion of

feed.

Our main interest was to evaluate the effect of rearing and housing
conditions on reward loss sensitivity in pigs. As personality traits of animals
have an effect on their behavioural responses, including those in tests for
affective state (Cuenya et al. 2012; Franklin et al. 2016), we characterized all
pigs early in life by the backtest as ‘high-resisters’ or ‘low-resisters’ (Bolhuis
et al. 2004; Hessing et al. 1994; Reimert et al. 2014a). The response of pigs in
this backtest, which is heritable (lversen et al. 2017; Velie et al. 2009;
Zebunke et al. 2015), reflects their tendency to adopt a proactive (also called
active) or reactive (also called passive) coping response (Bolhuis et al. 2005;
Koolhaas 2001; Koolhaas et al. 1999). To account for a potential coping style
influence, allocation of pigs to the housing treatments and reward groups
was balanced for backtest classification, which was subsequently added as a
fixed effect in the analyses. There was an effect on the latency to reward, as
low-resisters had a lower latency to get to the reward than high-resisters. It
is difficult to say whether this effect was due to a difference in how low-
resisters and high-resisters valued the reward and were motivated for the
task, or reflected a difference in balance between different motivations (e.g.
to explore the runway vs. go for the reward immediately). Concerning the
latter, the shorter latencies of the low-resister pigs are not in line with
general findings that these pigs explore for longer, even in a familiar test
room (Jansen et al. 2009). Nonetheless, it is important for future research to
keep in mind that personality traits, such as coping style, may affect
important read out parameters of tests of affective state. The number of

animals included in the task did not allow us to test all potential interactions
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between coping style with the four rearing and housing combinations and
the two reward sizes. For future studies, however, it could be interesting to
further investigate potential interactions between environmental conditions
and personality, which have been found for judgement bias (Asher et al.
2016), behaviour in the home pen (Bolhuis et al. 2005; Bolhuis et al. 2006)
and behaviour in a T-maze (Bolhuis et al. 2004), on the sensitivity to reward

loss.

6.6 Conclusions

Barren housed pigs and pigs with a proactive coping personality had a longer
latency to get to the reward throughout the test which could either reflect
their affective state, or, alternatively, a difference in balance between the
motivation to explore the test area and the motivation for the reward.
Irrespective of their current housing conditions, pigs originating from a
barren pen in early life responded to the reward loss, as reflected in a
reduced probability and increased latency to get to the reward following
reward downshift, whereas such an effect was not found in pigs originating
from enriched pens. This may indicate that negative early life experiences
may have a long-term impact on the ability of pigs to cope with reward loss
and on affective state. We found no clear evidence for an effect of current
housing, nor for an effect of a change in housing (from barren to enriched or

vice versa) on reward loss sensitivity.
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7.1 Abstract

This study addressed the impact of early and later life environmental
enrichment, and their combination, on specific antibody responses and
peripheral blood leukocyte subpopulations in pigs. Pigs were kept in either
barren (B1) or enriched (E1) housing from birth, and half of the pigs switched
to barren or enriched housing on day 47, resulting in four treatment
combinations: B1B2, B1E2, E1B2, E1E2). Pigs were immunized with keyhole
limpet hemocyanin-conjugated trinitrophenyl (KLH-TNP) on day 74 and 109
to induce primary and secondary antibody responses. Blood samples were
taken weekly until day 130, and IgM and IgG antibody responses were
measured. Leukocyte subpopulations were measured on day 74 and 130.
Time course of the antibody responses was not affected by housing. Early life
enrichment increased the IgG response to KLH, particularly the primary one.
At day 74 the relative frequency of lymphocytes, DC and SLA-Il expression on
monocytes were higher in E1 pigs, whereas the percentage of granulocytes
tended to be lower in E1 pigs at day 74. Early life enrichment increased the
SLA-Il expression on monocytes, the granulocyte to lymphocyte ratio, and
tended to increase the percentage of granulocytes, but tended to decrease
the percentage of monocytes at day 130. Later life enrichment reduced
percentages of CD4+CD8a.* T cells before and after immunization and the
SLA-Il expression on monocytes at day 74, the percentage of granulocytes
and the granulocyte to lymphocyte ratio at day 130. Notably, early and later
life housing interacted in their effects on several immune parameters. KLH-
IgM responses (both primary and secondary) were affected by the
interaction between early and later life housing. IgM titers were higher for

B1B2 than for E1E2, with the switched animals (B1E2 and E1B2) moving
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towards the titers of the animals kept in their later life environment from
birth onwards. At day 130 the percentage of gamma delta T cells, CD8a.*
cytotoxic T cells and DC were not different between pigs kept in B1B2 and
E1E2, but there was a clear impact of the switch in housing conditions,
particularly for the pigs that changed from barren to enriched housing. We
also found effects of coping style (personality) and sex on some immune
parameters. In conclusion, both early and later life enrichment, and, notably
a switch in housing conditions influenced specific antibodies and leukocyte
subpopulations in pigs. The current study implies that the early life history of
animals and the (mis)match with their current environment could thus be of
major importance for their immune system. Further research is needed to

investigate potential consequences for the pigs’ health.

Key words: pigs; enrichment; early life history; coping style; immunity;

antibody response
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7.2 Introduction

Pigs in commercial farms may experience chronic stress caused by the barren
housing environment in which they are usually kept. Limited living space, and
the lack of materials to forage prevent pigs from expressing natural
behaviours, leading to damaging behaviours like biting the tails and ears of
pen mates (Beattie et al. 2000), cognitive impairment (Bolhuis et al. 2013;
Grimberg-Henrici et al. 2016), and negative emotions (Bolhuis et al. 2005;
Douglas et al. 2012). Stress can result in altered innate (Cui et al. 2016) and
adaptive (Bacou et al. 2017) immune functions, and also positive and
negative emotions can trigger immune alterations (Dhabhar 2014; Koh 1998).
Environmental enrichment is defined as an increase of the biological
relevance of captive environments by appropriate modifications (such as
more space and, in the case of pigs, the provision of rooting substrates)
resulting in an improvement of the biological functioning of captive animals
(Newberry 1995). Enriched environments, as opposed to barren housing,
have been shown to reduce damaging behaviours, induce a more positive
emotional (affective) state (Douglas et al. 2012), and influence the levels of
natural (auto)antibodies (Luo et al. 2017a; Luo et al. 2017b; Reimert et al.
2014b) and viral clearance in pigs (van Dixhoorn et al. 2016). We recently
found that enriched housed pigs had higher levels of natural IgM antibodies
binding myelin basic protein (MBP), a neural antigen, and tended to have
higher levels of natural IgG binding MBP (Luo et al. 2017b). Besides, the effect
of infections with porcine reproductive and respiratory syndrome virus
(PRRSV) and Actinobacillus pleuropneumoniae on natural (auto)antibodies
was influenced by housing in pigs in either barren or enriched conditions

from birth (Luo et al. 2017a).

220



Specific Antibody Responses & Blood Leukocytes

Apart from the current housing environment of pigs, however, early life
conditions may also have profound effects on later performance. It has been
shown in humans that stressful early life experiences may lead to increased
vulnerability to immune dysregulation later in life (see Elwenspoek et al.
2017; Fagundes et al. 2013 for review) and, in rats, maternal separation in
early life was found to increase plasma corticosterone and the systemic
immune response after an in vitro lipopolysaccharide challenge (0'Mahony
et al. 2009). There are indications that also in pigs’ early life experiences
affect immune status. Lewis et al. (Lewis et al. 2012) showed that pigs
isolated in early life had more CD4" and CD4*CD25" effector T-cell staining in
the intestinal mucosa, and a reduced CD4*CD25*Foxp3* regulatory T-cell
population at weaning, compared to pigs reared with sows, resulting in a
higher T-reg-to-effector ratio in the latter animals. This suggests that the
early life environment may profoundly affect local development of
regulatory components of the mucosal immune system. Schokker et al.
(Schokker et al. 2015; Schokker et al. 2014) showed that exposure to stress
in early life affected gut microbial colonization and intestinal immune
development, although it should be noted that effects of antibiotic
administration at day 4 of life were more pronounced. Although, to our
knowledge, no data are available on the specific impact of early life
enrichment on systemic immune competence of pigs in later life, evidence
has been presented for long-term effects of being raised in a spacious,
stimulus-rich environment on their social skills (De Jonge et al. 1996) and
sensitivity to reward loss (Luo et al. under review). It can be hypothesized
that the differences induced by early life enrichment may exert long-term

effects on the pigs’ immune system as well. Moreover, the potential impact
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of early life enrichment on immunity may depend on the housing conditions
of pigs in later life, which may or may not match with the way they were
reared. This is of relevance given that commercial pigs usually experience at
least one move (but often more) to a different pen, room, and sometimes
farm, in their lives. Although a handful of studies indicate that the effects of
current housing on behaviour and welfare of pigs partly depend on early life
conditions (and vice versa) (e.g. Bolhuis et al. 2005; Douglas et al. 2012;
Munsterhjelm et al. 2009), whether such an interaction also holds for

immune parameters, is, to the best of our knowledge, unknown.

We therefore aimed to investigate the effect of early and later life
enrichment and the combination of those on 1) specific primary and
secondary antibody responses and 2) the relative frequencies of peripheral
blood leukocyte subpopulations in pigs to assess their immune status.
Treatment groups were balanced for sex and coping style, a personality trait,
which affected immune parameters in other studies (Bolhuis et al. 2003;

Kanitz et al. 2019; Luo et al. 2017b; Oster et al. 2015; Reimert et al. 2014b).

7.3 Material and methods

Established principles of laboratory animal use and care and the Dutch law
on animal experiments were followed. The Animal Care and Use Committee

of Wageningen University approved the experiment.

Figure 7.1 gives an outline of the experimental set-up. Briefly (for details see
below), pigs were raised in either barren or enriched housing conditions from

birth. At 47 days of age, they experienced either a switch in housing (from
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barren to enriched or vice versa), or remained in their original housing type
(barren or enriched). Thus, four treatment groups were formed in a 2x2
arrangement, with early life and later life (post-switch) housing as factors
using n=64 pigs from 32 pens in total. At 74 and 119 days of age, all pigs were
immunized with the same antigen to mount a primary and secondary

antibody response.
7.3.1 Animals and housing

Piglets (Tempo x Topigs 20) originated from 27 litters, divided over 2 batches.
Pigs were not castrated, tail docked or teeth clipped. From birth till weaning,
half of the piglets were housed with sow in 8.6 m? barren (B) pens with solid
floor, and the other half in 17.1 m? enriched (E) pens with the same B part
and an additional enriched part with 1.7 kg of straw, 300 L of sawdust, and
270 L of peat. Daily, 0.8 kg straw and 40 L of sawdust were added, and weekly
30 L peat. B pens contained 2 toys, one chain with a ball and one with screws.
E pens contained one permanent toy (a chain with a ball) and one toy
selected from 4 different toys that rotated daily. All sows were housed in
farrowing crates in the B part. In the first week after birth, heating lamps
were provided. Each pen had drinking nipples for pigs and sows. Sows were
fed a standard diet twice a day, and piglets received fresh feed from day 5.

Temperature was 25 °C, and gradually decreased to 21 °C.

At 13 days of age, piglets were subjected to a backtest to assess their coping
style, also referred to as personality (Bolhuis et al. 2000). Briefly, in this test,
piglets are restrained in supine position for 1 min and the number and

latency of escape attempts and vocalisations are recorded (see (Melotti et al.
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2011) for details). Pigs were either classified as “high resisters” (HR) or “low-

resisters” (LR) as described before (Reimert et al. 2014b).

| birth | |wezming | | switch | |KLH—TNP|

0 28 47 74 109 130 days
SRR
@ Blood sampling [ B1B2 BIE2 EIB2 EIE2 ]

Figure 7.1: Experimental set-up. Pigs were housed in either barren (B1) or enriched
(E1) condition from birth till 47 days of age, when half of pigs experienced a housing
switch, creating B1B2, B1E2, E1B2, and E1E2 housing conditions. Two pigs per pen
were immunized with KLH-TNP on 74 and 109 days of age, and blood samples were

taken to measure antibody and leukocytes.
7.3.2 Weaning, regrouping and switch

Pigs were weaned at on average 28 days of age, and their housing treatment
(B vs. E) was kept the same as before. In each of 32 pens, 6 unfamiliar pigs
were grouped, balanced for sex (1:1) and coping style (3 HR and 3 LR) to
minimize between-pen variation, as these two factors may influence immune
parameters. Taking into account these criteria, piglets with body weights
close to the mean of their litter were selected. Selection of the two pigs per
pen to be immunized followed the same criteria. B pigs were moved to 5.6
m? B pens, with partly solid and partly slatted floor. E pigs were moved to
11.2 m? E pens with 2.5 kg straw, 400 L of sawdust, and 360 L of peat. Daily,
1.25 kg straw and 60 L sawdust were added, and weekly 45 L peat. Toys were

same as before. From 39 days of age, E pigs received extra enrichment (toys
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or substrates) weekly. The housing conditions before the switch are labelled
with a “1” (i.e. B1 or E1), which means the early life housing experience, in

the text referred to as “pre-housing”.

Pens had one drinking nipple and pigs received solid food ad libitum. One
heating lamp was provided for two weeks. Pens were cleaned daily and lights
and radio were on from 7:00 until 19:00. Temperature was 25 °C at weaning

and gradually decreased to 21 °C.

Half of the E and B groups were allocated to switch conditions at 47 days of
age, and the other half not, resulting in treatment groups B1B2, E1B2, B1E2,
and E1E2. For the switch, each group of pigs was moved to a different pen,
including the B1B2 and E1E2 groups, without a change in enrichment
conditions. Pigs remained in the same group. Substrates were used and
added as before, but only 30 L of sawdust was given daily to E pigs. Conditions
after the switch are referred to as “post-housing”. Part of the pigs within a
pen were exposed to tests of emotional state and all of them were observed
to study their behaviour in the home pens. These results are presented

elsewhere (Luo et al. 2019a; Luo et al. 2019b) (Luo et al., submitted).
7.3.3 Immunization and blood sampling

Per pen, two pigs (balanced for sex and coping style within treatment), n=16
per treatment, i.e. in total 64 pigs were primary immunized subcutaneously
with 1mg/ml keyhole limpet hemocyanin-conjugated trinitrophenyl (KLH-
TNP, LGC Biosearch Technologies, Petaluma, CA, USA) in 1 ml PBS at 74 days
of age, and secondary immunized with the same dose of antigen at 109 days
of age was done. Blood samples were collected (order balanced for

treatment) in heparin tubes (Greiner Bio-one, Alphen aan den Rijn, The

225



Chapter 7

Netherlands) on 74, 81, 88, 95, and 109 days of age (i.e. 0, 1, 2, 3 and 5 weeks
after first immunization), and on 116, 123, and 130 days of age (i.e. 1, 2, and
3 weeks after second immunization). Blood was kept on ice, and centrifuged
at 5251 x g for 10 min at 4 °C. Plasma was stored at -20 °C until analysis. In
addition, whole blood samples were collected at 74 and 130 days of age
(before and after immunization) in the same heparin tubes and kept at RT for

flow cytometric analysis of immune cell subsets.
7.3.4 Enzyme-linked immunosorbent assay

To study specific IgM and 1gG responses to KLH-TNP, and KLH separately,
specific IgM and IgG antibody titers binding KLH-TNP (LGC Biosearch
Technologies) and KLH (Sigma-Aldrich, St. Louis, MO, USA) were determined
by a two-step indirect enzyme-linked immunosorbent assay (ELISA).
Medium-binding microtiter plates (Greiner Bio-One) were coated overnight
at 4 °C with 4 ug/ml KLH-TNP or 4 pg/ml KLH in coating buffer (5.3 g/L Na,COs
+ 4.2 g/L NaHCOs, pH 9.6). Plates were washed with tap water containing
0.05% Tween 20, and tapped to remove the excess of washing buffer. Based
on earlier tests plasma was prediluted 1/50 and 1/25 for IgM and I1gG binding
KLH-TNP and KLH respectively. Samples were 4-step wise serially diluted in
PBS in plates and incubated for 1.5 h at RT. After washing, plates were
incubated for 1.5 h at RT with a 1:40000 diluted goat-anti-swine-IgM-HRP
(GASwIgM/PO, Bethyl Laboratories, Montgomery, TX, USA) to detect binding
of IgM, or with a 1:20000 diluted goat-anti-swine 1gGrc HRP (GASwIgGec/PO,
Bethy Laboratories) to detect binding of IgG to KLH-TNP and KLH, respectively.
After washing, tetramethylbenzidine (TMB) was added as a substrate for 10

min. Reaction was stopped with 1.25M N H,SO, and absorbance was
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measured at 450 nm with a Multiskan Go (Thermo scientific, Breda, the
Netherlands). Absorbance was expressed relative to that of a standard
positive control sample, and antibody titers were expressed as log values of
dilutions that gave extinction closest to 50% of Emax, Where Emax represents
the highest mean extinction of a standard positive sample present on every
microtiter plate. All laboratory analyses were performed blind to the

treatment (also for flow cytometry).
7.3.4 Flow cytometry

Flow cytometry was performed to estimate the frequencies of leukocyte
subpopulations in the blood before and after immunization. Twenty-five
microliters of whole blood were transferred to a 96 U bottom Deepwell plate
(Thermo Fisher Scientific, Waltham, USA) and stained with several
combinations of monoclonal antibodies. The antibody panels are shown in
Table 7.1. T-cell subsets and NK cells were stained with mix 1, a combination
of mouse-anti-pig CD4-FITC (clone 74-12-4, IgG2b, Southernbiotech,
Birmingham, USA), mouse-anti-pig CD8a-PE (clone 76-2-11; IgG2a,
Southernbiotech), mouse-anti-pig CD3¢-PeCy7 (clone BB23-8E6-8C8, 1gG2a,
BD biosciences, San Jose, USA) and rat-anti-pig yo -APC (clone MAC320,
IgG2a,BD Biosciences). B-cells and antigen presenting cells were stained with
mix 2, a combination of mouse-anti-pig CD21-PE (clone BB6-11C9.6, 1gG1,
Southernbiotech), mouse-anti-pig CD14-FITC (clone MIL2, IgG2b Bio-Rad,
Puchheim, Germany), mouse-anti-pig pan-myeloid cell marker
SWC3/CD172a-biotin (clone 74- 22-15A, 1gG1, Southernbiotech) and an
unconjugated mouse-anti-pig-SLA Class Il DR antibody (clone 2E9/13, IgG2b,

Bio-Rad). Cells were stained for 20 min at RT. Next, erythrocytes were lysed
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using lysis buffer (BD biosciences). After 15 min at RT cells were centrifuged
for 5 min at 1300 rpm and the pellet was resuspended in PBS supplemented
with 0.5% BSA. Next, a combination of streptavidin-PercP (BD biosciences)
and goat-anti-mouse-lgG2b APC (Southernbiotech) was added to the
samples stained with mix 2 or to samples without a primary antibody mix as
negative control. Cells were stained for 20 min at 4°C, washed in PBS
supplemented with 0.5% BSA and flow cytometry was performed using a
FACS Canto flow cytometer (BD Biosciences). At least 100,000 lymphocytes
were collected. Data were analysed using FlowJo software (Threestar Inc, San

Carlo, USA).

Table 7.1: Monoclonal antibodies used for flow cytometry.

Antibody name Panel Isotype Clone Target
mouse-anti-pig CD4 FITC mix 1 18G2b 74-12-4 CD4+ T helper ce
mouse-anti-pig-CD8a PE mix 1 1gG2a 76-2-11 CD8+ cytotoxic T
mouse-anti-pig CD3¢ PeCy7 mix 1 1gG2a BB23-8E6-8C8 T cells
rat-anti-pig y3 APC mix 1 1gG2a clone MAC320 gammadeltaTc
mouse-anti-pig CD21 PE mix 2 1gG1 BB6-11C9.6 B cells
mouse-anti-pig CD14 FITC mix 2 18G2b MIL2 myeloid cells
mouse-anti-pig SWC3/CD172a BIOTIN mix 2 1gG1 clone 74-22-15A myeloid cells
mouse-anti-pig-SLA Class Il DR UNL mix 2 18G2b 2E9/13 SLA-II
Streptavidin PercP - - biotin
goat-anti-mouse-1gG2b APC - - 18G2a

Peripheral blood leukocyte subpopulations were analysed by flow cytometry.
A representative example of the gating strategy to identify different subsets
of innate and adaptive immune cells is shown in Figure 7.2 and Figure 7.3.
Lymphocytes were selected based on scatter (Figure 7.2A). T cells (CD3* cells)
were gated and within this population several subsets including gamma delta

T cells, CD4* helper T cells, CD8a" cytotoxic T cells and CD4*CD8a" T cells were
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analysed. Also, NK cells (CD3°CD4 CDa* cells) and B cells (CD21* cells) were
studied. In Figure 7.3 the large cells were gated based on forward and side
scatter. In Figure 7.3, based on SWC3/CD172a expression, two
SWC3/CD172a" subsets and a SWC3/CD172a"°" subset were defined. CD172a
is expressed on dendritic cells (DC) in blood (Summerfield et al. 2003).
Granulocytes (Nguyen et al. 2016) and monocytes are also known to express
CD172a, and CD172a expression on monocytes is higher compared to the
expression DC (McCullough et al. 1997). Based on side scatter,
SWC3/CD172a" cells can be further separated into monocytes and
granulocytes (Nguyen et al. 2016). Based on literature and SLA-Il expression
we defined SWC3/CD172a"'sSC" cells as monocytes in the present study,
SWC3/CD172aM SSC" cells as granulocytes and SWC3/CD172a"% SSC°" cells
as DC. CD14 staining did not result in a clear population of positive cells in
these pigs (data not shown) and was therefore not included in further
analysis of innate immune cell subsets. Apart from the relative frequencies
of leukocyte subsets identified, granulocyte to lymphocyte ratios were

analysed as well.
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Figure 7.2: Gating strategy to identify lymphocyte subsets. A: Lymphocytes were
gated based on forward and side scatter. B: Lymphocytes were divided into CD3™ non
T cells and CD3* T cells. C: Within the CD3  non T cell population, NK cells were defined
as CD4CD8a* cells. D: B cells were identified as CD21* cells within the lymphocyte

population. E: CD3* T cells were further separated into gamma delta T cells, CD8a* T

T
50K

T T
100K 150K

FSC-A

w?

CD4-FITC

cells, CD4* T cells and CD4*CD8a* T cells.

230

CD4-FITC




Specific Antibody Responses & Blood Leukocytes

250K =

200K =

150K =

SSC-A
SSC-A

100K =

CD172-PerCp

m‘wx ns‘ox 2 % 2 ° ﬂ;* '01“ '5:" 20:7* 25:”‘ [} 50K wv'w Ve w;u :s:m
FSC-A SSC-A FSC-A
D 1. monocytes E 2. granulocytes F 3.DC
10k~
] ol ]
= L o =
= = =
«d
] o] 4
. l"‘ T Al T
T e T r— w0 o 10’ 10! 10° T or T N cerp
SLA-1I DR-APC SLA-II DR-APC SLA-II DR-APC

RS mSKSC.:; -
Figure 7.3: Gating strategy to identify subsets of monocytes, granulocytes and
dendritic cells (DC). A: Large cells were gated based on forward and side scatter. B:
Based on SWC3/CD172a expression and SSC this population was further separated
into SWC3/CD172a" SSC°" monocytes (population 1), SWC3/CD172a" SSC"
granulocytes (population 2) and SWC3/CD172a"°% SSC°" DC (population 3). C:
Backgating of monocytes (light blue), granulocytes (dark blue) and DC (purple).
Expression of SLA-1l DR on monocytes (D), granulocytes (E) and DC (F) was determined.

G: The conjugate control shows cells stained with streptavidin-PercP only.

231



Chapter 7

7.3.5 Statistical analyses

SAS (SAS 9.4, SAS Institute Inc.) was used for all statistical analyses. Normality
of error distribution, and homogeneity of variance were examined
graphically, and based on this, the percentage of monocytes was log-
transformed. Two pigs were euthanized (because of umbilical hernia and

lameness).

Antibody titers were analysed using a repeated linear mixed model. Fixed
effects of pre-housing (housing before the switch, B1 or E1), post-housing
(housing after the switch, B2 or E2), sampling day, their interactions, batch,
sex, and coping style (HR vs. LR) were included in the model. Values in time
of individual animals were taken as repeated measurements. A linear model
with pre-housing, post-housing, their interactions, batch, sex and coping
style as fixed effects was used to analyse their influence on antibody titers
before immunization (at 74 days of age) and on percentages of leukocyte

subpopulations at 74 and 130 days of age.

Significant interactions (p<0.05) were further investigated with post hoc
pairwise comparisons using the difference of the least square means. If
significant sampling day effects were found, pairwise comparisons between
days were adjusted using Tukey corrections. Results are presented as means

+ SEM.
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7.4 Results
7.4.1 Effects of housing conditions on antibody responses

Specific IgM and 1gG antibody responses to KLH and KLH-TNP were similar,
indicating that the KLH-TNP antibody responses mainly reflected antibodies

binding KLH (data not shown). Therefore, only responses to KLH are reported.
7.4.1.1 KLH-IgM

Before immunization. KLH-IgM titers before immunization at day 74 were
affected by post-housing (F(,57=6.47, p=0.014); B2 pigs (2.46 + 0.10) had
higher titers than E2 pigs (2.09 + 0.10). No effects of pre-housing (F(1,57=0.93,
p=0.338) or the pre-housing x post-housing interaction (F(1,57=0.07, p=0.793)

were found.
A - B
7 KLH-IgM | Fre-he™ 71 KLH-1gG
g Post-h: ** ¢ d d
Pre-h x post-h: *
6 A 6
5 5
- 24
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Figure 7.4: Means and SEM of specific KLH-IgM (A) and KLH-IgG (B) antibody titers

over 8 weeks in pigs (n=62) exposed to different housing situations (B1B2 and E1E2:
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housed in barren respectively enriched pens throughout the experiment; BIBE2 and
E1B2: experiencing a change in environment from barren to enriched respectively
vice versa from 47 days of age) in response to primary (at day 74, week=0) and
secondary (at day 109, week=5) immunization with KLH-TNP antigen. ®*Sampling
day effects are indicated in the figure: days lacking a common letter differ
significantly. Housing effects are presented in the text and in Figure 7.2. Arrows show
the immunization moments. Pre-h and post-h indicate early life housing and later life
housing, respectively. Significances of differences are indicated: **p<0.001, *p<0.05,
0.05<*p<0.10, and ns indicates non-significance (exact p-values can be found in the

text).

Overall antibody response. Figure 7.4A shows changes in specific KLH-IgM
responses over time. KLH-IgM titers were affected by sampling day
(F(7,413)=30.57, p<0.001), showing an increase one week after the first and
second immunizations. The change in IgM antibody titers over time did not
depend on housing (i.e., no housing and sampling day interaction), which
indicates there was no difference in time course (kinetics) of the IgM

response to KLH.

Figure 7.5A shows the effect of the combination of pre- and post-housing
conditions on KLH-1gM titers following primary and secondary immunization.
Overall, KLH-IgM titers were affected by post-housing (F(1,57=49.46, p<0.001)
and tended to be affected by pre-housing (F(1,57=3.04, p=0.086). Importantly,
the effect of post-housing depended on its combination with the early life
conditions of the pigs (pre-housing x post-housing interaction, F(1,57=7.03,
p=0.010). Post hoc analysis showed that B1B2 and E1B2 pigs had the highest
titers, followed by B1E2 and then by E1E2 (Figure 7.5A, p<0.05 for all). Thus,

the switch from barren to enriched housing lowered antibody titers in B1 pigs
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(B1E2 < B1B2), whereas the switch from enriched to barren housing
increased titers in E1 pigs (E1B2 > E1E2). In B2 pigs, there was no difference
in antibody titers between pigs originating from early life enriched or barren
pens (E1B2 = B1B2), whereas in E2 pigs, pigs coming from barren pens had
higher titers than those from enriched early-life pens (B1E2 > E1E2, Figure
7.5A).

Primary antibody response. KLH-IgM titers in the 5-week period after first
immunization were affected by post-housing (B2:2.72 £ 0.05, E2: 2.35 £ 0.05,
F1,57=31.20, p<0.001), and tended to be affected by the pre-housing
(Fa,57=3.30, p=0.074) and the pre-housing x post-housing interaction
(F,57=2.90, p=0.094), similar as described for the overall (primary plus

secondary) response.

Secondary immunization. Also after the second immunization KLH-IgM titers
in the 3-week period were affected by post-housing (F(1,56=32.39, p<0.001),
and the interaction between pre-housing and post-housing, F(1,56=8.60,
p=0.005). Post hoc analysis showed that E1E2 pigs (2.81 + 0.08) had lower
titers than E1B2 pigs (3.46 + 0.08, p<0.05), with levels of B1B2 (3.29 + 0.09)
and B1E2 (3.08 £ 0.08) in between.

A KLH-IgM Pre-h: + B KLH-1gG Pre-h: *
4 - Post-h: ** 6 - Post-h: +
Pre-h x post-h: * Pre-h x post-h: ns

a

titer

BIB2 E1E2 BIB2 E1E2
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Figure 7.5: Means and SEM of specific KLH-IgM (A) and KLH-IgG (B) titers over 8
weeks in pigs (n=62) exposed to different housing situations (B1B2 and E1E2: housed
in barren respectively enriched pens throughout the experiment; BIBE2 and E1B2:
experiencing a change in environment from barren to enriched respectively vice versa
from 47 days of age) in response to primary and secondary immunization with KLH-
TNP antigen. ®*“Groups lacking a common letter significantly differ. Pre-h and post-h
indicate early life housing and later life housing, respectively. Significances of
differences are indicated: **p<0.001, *p<0.05, 0.05<*p<0.10, and ns indicates non-

significance (exact p-values can be found in the text).
7.4.1.2 KLH-IgG

Before immunization. Housing did not affect KLH-IgG titers before
immunization (pre-housing: F157=1.54, p=0.220, post-housing: F(1,57=0.97,

p=0.329, pre-housing x post-housing: F(1,57=0.82, p=0.370).

Overall antibody response. KLH-IgG titers were affected by sampling day
(F(7,413)=48.47, p<0.001), showing an increase both after the first and second
immunization (Figure 7.4B). The primary antibody response showed a peak
after two weeks, after which titers declined. The secondary immune
response peaked after one week, and high titers were retained during the
two weeks thereafter (Figure 7.4B). The change in IgG antibody titers over

time did not depend on housing (i.e., no housing x sampling day interactions).

The effect of the combination of pre- and post-housing conditions on overall
KLH titers is shown in Figure 5B. KLH-IgG titers were affected by pre-housing
(F1,57=5.09, p=0.028), and tended to be affected by post-housing (F(1,57=3.24,

p=0.077) in the same direction, which showed that B pigs had or tended to
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have lower titers than E pigs (B1: 4.44 £+ 0.11 vs. E1: 4.73 £ 0.11, B2: 4.47 +
0.10vs. E2:4.70 £ 0.12).

Primary immunization. In the 5-week period after first immunization KLH-1gG
titers tended to be affected by pre-housing (F(1,57)=3.85, p=0.055), with higher
levels for pre-housing E1 pigs (4.13 £ 0.12) than for B1 pigs (3.84 £ 0.12).

Secondary immunization. KLH-IgG titers in the 3-week period after second
immunization were affected by post-housing (F(1,56=5.05, p=0.029), as B2
pigs (5.06 + 0.12) had lower titers than E2 pigs (5.47 £0.15).

7.4.2 The effect of housing conditions on peripheral blood leukocyte

subpopulations

Pre- and/or post-housing did not affect relative frequencies of CD3* T cells,
CD4* helper T cells, NK cells, and B cells both before and after immunization
(for all means and p-values, see Supplementary Tables 1 and 2 for day 74 and

130, respectively).

Before immunization (day 74). At day 74, the percentage of lymphocytes
(F(,55=8.16, p=0.006), granulocytes (F(1,54=3.70, p=0.060), DC (F1,52=4.30,
p=0.043), and the SLA-Il expression on monocytes (F(1,54=6.05, p=0.003)
tended to be affected or were affected by pre-housing. E1 pigs had a higher
percentage of lymphocytes (B1:41.2 £ 1.6, E1: 47.2 £ 1.5 %) and DC (B1: 4.7
+ 0.5, E1: 6.1 + 0.7 %) compared to B1 pigs, and showed a higher SLA-II
expression on monocytes (B1: 524.1 + 14.8, E1: 611.7 £ 23.9 MFI), while the
percentage of granulocytes tended to be lower for E1 (B1: 34.8 £1.7,E1: 30.6
+ 1.5 %). SLA-Il expression on monocytes was also affected by post-housing

(F1,54=5.75, p=0.020), and the expression was higher for B2 pigs than E2 pigs
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(B2:1704.2 +110.4, E2: 1415.9 £ 49.7). Pre-housing and post-housing tended
to interact in their effect on the percentage of monocytes (F(1,54=3.34,
p=0.073, Figure 7.6C1) and SLA-Il expression on DC (F(1,54=2.83, p=0.098,
Figure 7.6G1). When analysing possible effects of housing conditions on
adaptive immune cells, only an effect of post-housing on the percentage of
CD4*CD8a* T cells was observed, with higher percentages for B2 pigs (12.2 +
0.9 %) than for E2 pigs (9.4 £ 0.5 %, F(1,55=9.49, p=0.003). No other effects of
pre- or post-housing were found on the cells mentioned above, and neither

an effect on the granulocyte to lymphocyte ratio was found at day 74.

After immunization (day 130). At day 130, the percentage of granulocytes
(Fa,50=3.23, p=0.079), monocytes (F(1,50=3.67, p=0.061), and the SLA-II
expression on monocytes (F(1,50=4.49, p=0.039) tended to be affected or was
affected by pre-housing. E1 pigs tended to have a higher percentage of
granulocytes (B1: 34.7 + 1.6, E1: 38.3 £+ 1.7 %) and had higher SLA-II
expression on monocytes (B1: 1691.0 £ 102.9, E1: 1942.4 + 88.4 MFI), but
tended to have lower percentage of monocytes (B1: 7.0+ 1.1, E1: 5.4 £ 0.4 %)
than B1 pigs. The percentage of lymphocytes (F(,55=5.19, p=0.027),
granulocytes (F(1,50=13.49, p<0.001), and CD4*CD8a* T cells (F,55=4.66,
p=0.035) were affected by post-housing. E2 pigs had a higher percentage of
lymphocytes (B2: 47.5 + 1.7, E2: 50.8 + 1.7 %), but a lower percentage of
granulocytes (B2:39.6 £ 1.6, E2:33.6 £ 1.6 %) and CD4*CD8a.* T cells (B2: 13.3
+ 1.0, E2: 11.57 + 0.7 %) than B2 pigs. The ratio of granulocytes to
lymphocytes was affected by both pre- (F1,50=4.57, p=0.038) and post-
housing (F(1,50=14.16, p<0.001), but in different directions (B1: 0.62 + 0.04,
E1: 0.74 = 0.06, B2: 0.76 + 0.05, E2: 0.60 * 0.05). Pre- and post-housing

interacted in their effect on the percentage of DC (F(1,50=4.64, p=0.036),
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gamma-delta T cells (F(1,55)=5.60, p=0.022), and CD8a.* cytotoxic T cells
(F(1,55)=4.93, p=0.031). Post hoc analysis showed that the switch from
barren to enriched housing reduced the percentage of DC as compared with
enriched housing throughout life (B1E2 < E1E2, p<0.05, Figure 7.6E2),
whereas B1B2 pigs and E1B2 pigs had levels in between. Conversely, B1E2
pigs had a higher relative frequency of gamma delta T cells than B1B2 pigs
(p<0.05, Figure 7.6H2), with E1E2 and E1B2 in between. The percentage
CD8a* cytotoxic T cells was also affected by the pre-housing x post-housing
interaction, but no significant pairwise differences were found, even though
both switched groups (E1B2 and B1E2) seemed to have reduced levels
(Figure 7.612). No other effects of pre- or post-housing were found on the
cells mentioned above, and neither an effect on the SLA-II expression on DC

was found at day 130.
7.4.3 Coping style effects

Coping style did not affect IgM titers before immunization (F(,57=0.93,
p=0.543), but after immunization, HR pigs had overall lower titers of KLH-IgM
(2.73 £ 0.05) than LR pigs (2.91 £ 0.05, F(1,57=11.15, p=0.002), which held for
the primary immune response (HR: 2.43 + 0.05, LR: 2.65 + 0.05, F(1,57=11.06,
p=0.002) and tended to hold for the secondary immune response (HR: 3.10
+ 0.06; LR: 3.23 £ 0.06, F(1,5¢=2.99, p=0.090). Coping style did not affect I1gG
responses. Before immunization, coping style affected or tended to affect
the percentage of monocytes (HR: 5.4 £0.2, LR: 4.8 £ 0.2, F(1,54=5.30, p=0.025)
and the SLA-Il expression on monocytes (HR: 1674.4 + 111.0, LR: 1454.1 +
59.6, F(1,54=3.60, p=0.063). On day 130, coping style tended to affect NK cell
percentages (HR: 7.8 £ 0.6, LR: 9.5 £ 0.8 %, F(1,55=3.54, p=0.065). Coping style

239



Chapter 7

also affected and tended to affect the percentage of CD8a* cytotoxic T cells
before (HR: 21.7 £ 0.7, LR: 24.6 + 1.0 %, F(1,55=5.25, p=0.026), and after
immunization (HR: 18.7 £ 0.89, LR: 21.4 + 1.1 %, F(1,55)=3.83, p=0.055).

7.4.4 Sex effects

Sex did not affect IgM responses, but sex effects were found on KLH-IgG and
some leukocyte subsets. Sex did not affect IgG titers before immunization
(F,57=0.64, p=0.432), while following immunization, females (4.39 + 0.11)
had overall lower KLH-IgG titers than males (4.76 = 0.10) (F(1,57)=8.39,
p=0.005), which was found for both the primary (F: 3.82 £ 0.14, M: 4.14 +
0.12, F1,57=4.16, p=0.046) and secondary immune response (F: 5.05 £ 0.14,
M: 5.46 * 0.13, F(1,56=6.42, p=0.014). Sex also affected the percentage of
CD4*CD8a* T cells (F: 12.1 £ 1.0, M: 9.6 = 0.5 %, F(1,55=6.59, p=0.013), and
tended to affect NK cells (F: 20.8 £ 2.0, M: 16.8 + 1.5 %, F(1,55=2.83, p=0.098)
and the SLA-Il expression on DC (F: 15462.0 + 1438.9, M: 18514.4 + 1217.3
MFI, F(1,54=2.92, p=0.094) on day 74. No sex effects were found on day 130.
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Figure 7.6: Means and SEM of the percentage of lymphocytes, granulocytes,
monocytes, dendritic cells (DC), the granulocyte/lymphocyte (G:L) ratio, the SLA-II
expression on monocytes, DC, the percentage of gamma delta T cells, CD4*CD8a' T
cells, and CD8a cytotoxic T cells before immunization, on day 74 (on the left side),
and after immunization, on day 130 (on the right side), in pigs (n=62) exposed to four
different housing conditions (B1B2 and E1E2: housed in barren respectively enriched
pens throughout the experiment; BIBE2 and E1B2: experiencing a change in
environment from barren to enriched respectively vice versa from 47 days of age)

through primary and secondary immunization with KLH-TNP antigen on day 74 and
109. Significant differences between four housing groups are indicated by letter a and

b (p<0.05). Pre-h and post-h indicate early life and later life housing, respectively.
Significances of differences are indicated: **p<0.001, *p<0.05, 0.05<*p<0.10, and ns

indicates non-significance.
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7.5 Discussion

In this study, we investigated the effects of early and later life environmental
enrichment in pigs on specific IgM and IgG antibody responses to the T-cell-
dependent antigen KLH-TNP as a parameter of specific immunity and
memory. In addition, the effects of early life and later life housing experience
on the frequencies of cells in the blood related to innate and adaptive
immunity were measured. We chose to use the model antigen KLH-TNP to
induce mild primary and secondary immune responses and refrained from
using adjuvant as this may have overruled potential housing effects. The IgG
and low IgM responses likely reflected T-cell-dependent antibody responses
(Butler et al. 2002). We found long-lasting effects of both housing before the
switch of environment (early life environment) and later life housing on
several immune parameters, and, moreover, the effects of early and later life
conditions often interacted, thus a clear effect of the switch was found. This
study reveals that housing conditions and early life housing history can affect
specific antibody responses and the frequencies of immune cells, reflecting
immune status, in the blood, which suggests differences in immune
competence. Both coping style and sex affected some of the immune

parameters and will be discussed separately.
7.5.1 Early life housing

We found that early life conditions (from birth until 47 days of age) exerted
an effect on humoral immune responses (KLH-IgG) and immune cells (mostly
on innate cells) in later life, for some up to 130 days. For distribution of
several leukocyte subsets and KLH-IgM titers, however, the impact of early

life housing depended on its combination with current housing, as shown by
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interaction effects (see below for a discussion on those). Pigs from barren
housing conditions in early life showed an overall lower IgG response to KLH.
Separate analysis of the primary and secondary immune responses revealed
that early life housing mainly affected the former, whereas the early life
effect seemed to be overruled by the current housing effect on the secondary
IgG response to KLH. The (early life) housing effects on IgG titers are in
contrast with other studies in which no effects of enrichment throughout life,
either with straw and extra space (de Groot et al. 2000) or with sawdust and
extra outdoor space (Merlot et al. 2012) on IgG responses to KLH were found
(de Groot et al. 2000). The discrepancy between our and these other studies
might be caused by a difference in age at (primary) immunization, in timing
of sampling as related to immunization and/or in substrates used as
enrichment (in our study, apart from straw bedding or sawdust also peat and

extra toys).

Early life enrichment, as compared with barren housing before the switch,
not only increased the IgG response to KLH. It also increased percentages of
lymphocytes (day 74), DC (day 74), granulocytes (day 130), the SLA-II
expression on monocytes (day 74 and 130), while it tended to decrease the
percentage of granulocytes at day 74 and the percentage of monocytes at
day 130, revealing a (mild) effect of early life enrichment on the subsets of

immune cells in peripheral blood.

It is known that environmental enrichment can positively influence
behaviour and welfare of pigs, but how early life environmental enrichment
exactly influences the immune system is not clear yet. Different effects of

enrichment may have played a role here. Firstly, the early oral sampling of
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rooting substrates and thus enlarged antigenic exposure facilitated by
environmental enrichment may have had an impact on intestinal maturation
and early microbial colonization, and, consequently, on regulation of innate
and adaptive immunity (Mulder et al. 2009; Schokker et al. 2014). It has been
shown that environmental factors during the early postnatal period that
affect microbial exposure, such as natural vs. isolator-rearing (Mulder et al.
2009), outdoor vs. indoor rearing (Mulder et al. 2009), diet (Buddington and
Sangild 2011; Mackie et al. 1999) or neonatal antibiotic treatment (Schokker
et al. 2014), can influence the establishment of gut microbiota in pigs. The
gut microbiota play a role in the communication between the gut and brain
as well, which is established via a range of chemical, hormonal,
immunological and neural signals (reviewed in Kraimi et al. 2019). Evidence
is accumulating that this ‘gut-brain axis’ can influence stress responses,
behaviour and immunity in animals (reviewed in Kraimi et al. 2019; Mayer et

al. 2015).

Secondly, environmental enrichment can influence the stress level and
mental state of pigs as it partly satisfies their behavioural need to explore (de
Jong et al. 2000; Douglas et al. 2012). It could therefore influence their
immune status and responses (Koh 1998; Matsunaga et al. 2013), as the brain
and immune system form a bidirectional communication network, amongst
others via the hypothalamic-pituitary-adrenal (HPA) axis (review in Maier
and Watkins 1998). Several studies point to a difference in HPA axis
functioning between pigs from barren and enriched housing (Beattie et al.
2000; de Jong et al. 2000; Reimert et al. 2014a), some of which seem to be
established in early life. For instance, absence of enrichment materials up till

4 weeks of age, led to a blunted circadian cortisol rhythm, possibly reflecting
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chronic stress, in later life, at 21 weeks of age (Munsterhjelm et al. 2010). In
addition, we found that pigs housed in the barren environment in early life
were more sensitive to reward loss (Luo et al. 2019b), supporting a long-term
effect on their adaptive capacity and mental state. It has been found that
psychosocial factors can affect functioning of the immune system (Barak
2006; Maier and Watkins 1998). For instance, in humans, adverse
experiences in early life are associated with long-term effects on both the
innate and adaptive immune system, even though it does not appear to
affect all elements of the immune system to the same extent (review in
Elwenspoek et al. 2017). In pigs, ‘cognitive enrichment’, allowing pigs to
successfully cope with a demanding task rewarded by small portions of their
food (Puppe et al. 2007), has been reported to result in an increased IgG
concentration and in vitro T-cell proliferation to ConA, reduced LPS-induced
proliferation of B cells and accelerated wound healing (Ernst et al. 2006).
Given that the cognitive enrichment used did not alter antigenic exposure,
this suggests that, also in pigs, one way in which enrichment influences their

immune system could be via its effect on their mental state.

7.5.2 Actual housing conditions and their interaction with early life

enrichment

Our study revealed an impact of the actual housing conditions on both innate
and specificimmunity of the pigs as well. KLH-IgM titers before immunization
were affected by actual housing, with higher titers for B2 pigs than for E2 pigs.
These anti-KLH antibodies circulating in absence of antigenic stimulation are
also referred to as natural antibodies (Casali and Notkins 1989). Natural

antibodies are important as first line of defence against microbial infection
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(Coutinho et al. 1995), and participate in physiological activities (Panda and
Ding 2015). Also in other studies barren and enriched housed pigs were
found to differ in natural (auto)antibody levels binding several antigens
including KLH (Luo et al. 2017a; Luo et al. 2017b; Reimert et al. 2014b),
although differences were not always in the same direction as in our study.
Our results on particularly IgM binding KLH are in contrast with other studies,
which showed higher levels of natural KLH-IgM antibodies in enriched
housed pigs (Reimert et al. 2014b), or no housing effect on KLH-IlgM
antibodies (Luo et al. 2017a). The reasons could be a difference in the age at
which the enrichment started (before or after weaning), and/or in the exact
type of enrichment applied. Other studies used enrichment with straw only,
whereas we also provided peat and sawdust to the pigs, as well as extra
space. Also, the barren conditions applied vary between studies, as we still
provided two simple toys that are similar to those used on many commercial

pig farms.

Actual housing conditions also affected the frequencies of T cells before and
after immunization, as B2 pigs had a higher percentage of CD4*CD8a* T cells
than E2 pigs. In another study, however, enriched and barren housed pigs
did not differ in the percentage of CD4*CD8a* T cells (de Groot et al. 2000),
possibly, as indicated above, due to differences in experimental design,
sample size (larger in our study) and type of enrichment. On day 130, E2 pigs
had a higher percentage of lymphocytes than B2 pigs, which is in line with
the early life enrichment effect on lymphocyte percentage at day 74. We
speculate that after immunization, similar to the KLH-1gG response, the effect
of current housing on percentage of lymphocytes overruled the effect of

early life at day 130, as there was no early life effect anymore. Actual housing
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also affected SLA-II expression on monocytes on day 74, with higher levels

for barren-housed pigs.

Pigs in barren actual housing also had higher percentages of granulocytes
than those in enriched pens on day 130. The granulocyte/lymphocyte ratio
on this was affected by both early life and current housing conditions, but in
different directions. Adding up the early life and current housing effects
revealed the highest ratio in pigs that switched from enriched to barren
conditions, and, conversely, the lowest ratio in pigs exposed to the opposite
switch. The granulocyte to lymphocyte ratio is a stress marker, and increases
for instance following surgical stress in humans (Tabuchi et al. 2011),
restraint stress in rodents (MORODA et al. 1997) and transport stress in pigs
(Sutherland et al. 2012). Merlot et al.(Merlot et al. 2012) reported higher
granulocyte to lymphocyte ratios in Large White pigs kept in conventional,
rather barren, pens, as compared to those provided with sawdust bedding
and an outdoor area, suggesting also a long-term stress effect on this marker.
The combined impacts of early life and current housing on the granulocyte
to lymphocyte ratio in the current study might thus point to increased stress

levels in pigs that switched from enriched to barren housing.

Notably, the current study revealed that early life and later life housing often
interacted in their effects on both specific and innate immunity variables.
Thus, the effects of actual housing often depended on the early life history
of the pigs, demonstrating an impact of the switch in housing conditions.
Both the switch from barren to enriched and from enriched to barren
housing changed KLH-IgM titers. In non-switched animals, IgM titers were

higher for B1B2 than for E1E2, and switched animals moved towards the
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titers of the non-switched animals kept in their later life environment from
birth onwards. Still, however, pigs in enriched conditions throughout life
(E1E2) differed from enriched-housed pigs originating from early life barren
housing (B1E2) in KLH-IgM titers, illustrating that the later life conditions did
not completely overrule the effects of housing before the switch. The switch
in housing also affected the percentage of DC, CD8a.* cytotoxic T cells (but no
pairwise difference here) and gamma delta T cells at day 130. The switch
effect on the percentage of DC and gamma delta T cells, however, was only
found in the pigs that changed from barren to enriched housing conditions,
but not in the pigs that switched from enriched to barren housing. Notably,
pigs kept in stable enriched vs. barren conditions from birth onwards did not
differ in these leukocyte subpopulations mentioned before, but it was the
switch that resulted in a change. Previous studies have shown that pigs that
switched from enriched to barren housing conditions show as much
behavioural signs of stress (Bolhuis et al. 2006) and pessimistic mood
(Douglas et al. 2012) as barren non-switched pigs or even more
(Munsterhjelm et al. 2009) (Luo et al., in preparation), suggesting that loss of
enrichment may be more detrimental than barren housing throughout life
(Latham and Mason 2010). Less is known about the impact of switching from
barren to enriched housing, although some studies demonstrated that pigs
originating from barren pens showed more enrichment-directed behaviour
than pigs reared in enriched pens (Bge 1993; Kelly et al. 2000) and a lower
occurrence of gastric lesions (Bolhuis et al. 2006). Studies in other species
found that switching from group housing to individual housing or vice versa
had an impact on some indicators of immune function (NK cells) (Hoffman-

Goetz et al. 1991).
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To our knowledge, this is the first study to show that both early life and later
life enrichment, and, notably a switch in housing conditions can influence
specific antibodies (as a parameter of immune responsiveness) and
leukocyte subpopulations in pigs. The underlying mechanism is not known
yet. Both the difference in exposure to antigens in the current housing
conditions related to the absence or presence of rooting material (Lewis et
al. 2013; Mulder et al. 2009), and the changes in behaviour (Bolhuis et al.
2005; Puppe et al. 2007), stress level (Bolhuis et al. 2006; de Jong et al. 2000;
Marashi et al. 2003) and mental state (Asher et al. 2016; Douglas et al. 2012;
Luo et al. 2019a) may have influenced immune response, memory and status
(reviewed in Farrell et al. 2018; Lopes 2017; Marketon and Glaser 2008).
Based on the latter, i.e. a potential influence of stress and mental state, one
might expect the switch from barren to enriched housing to give opposite
results on immune function compared with the switch from an enriched to a
barren environment, which did not hold for all immune parameters in this
study, so other influences of enrichment likely played a role as well. Either
switch induced alterations in specific IgM antibody responses and the switch
from barren to enriched changed levels of some of immune cells, suggesting
that the immune system not only responds to early life and actual housing
conditions, but also to a change in environment. Notably, this was not due to
relocation to a new pen per se as also the pigs remaining in barren or
enriched pens throughout life were relocated to new pens at the time of the
switch. This impact of early life conditions and of a change in housing
conditions means that these need to be taken into account when assessing
immune competence in pigs. Further studies are needed to investigate how

changes in housing affect innate and adaptive immunity, and other
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components of the immune system that were not included in the present
study, and to study their potential impact on disease resistance, vaccine
responses and immune competence. A recent study provided evidence that
enriched housed pigs more effectively battle an infection with porcine
reproductive and respiratory syndrome virus (PRRSV) and Actinobacillus
pleuropneumoniae, as demonstrated by a faster viral clearance and less lung
damage, but did not address the impact of early life conditions (van Dixhoorn

et al. 2016).
7.5.3 Coping style

Although individual characteristics of pigs were not the main topic of our
study, we balanced treatments for coping style, by splitting our population
of pigs into low-resisters (LR) and high-resisters (HR) based on their backtest
response, without selecting extremes, simply to account for potential effects
of this personality trait on the immune parameters measured. The response
of pigs in the backtest has been shown to relate to a range of behavioural
and (neuro)physiological variables (e.g. Bolhuis et al. 2000; Kanitz et al. 2019;
O’Malley et al. 2019) and may therefore indicate a pig’s coping style. LR pigs
had higher specific KLH-IgM antibody titers than HR pigs in this study, which
is alike the previous studies demonstrating a higher specific humoral immune
response in LR pigs (Hessing et al. 1995; Schrama et al. 1997), although others
found no difference in adult pigs (Geverink et al. 2004) or found the effect of
coping style to be housing-dependent (Bolhuis et al. 2003). Previously, also
other immune differences were reported, suggesting LR pigs to have a lower
cellular immunity (Bolhuis et al. 2003; Hessing et al. 1995), a lower

complement activity via the alternative pathway (Reimert et al. 2014b) and
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a different gene expression signature for processes acting on cell
communication, vasculogenesis and blood coagulation in blood mononuclear
cells (Otten et al. 2007). It should be noted that in most of these studies the
LR and HR selected were more at the extremes of the population. In this
study, coping style did not affect leukocyte distribution to a large extent, as
only subtle differences were found. HR pigs had a lower percentage of CD8a*
cytotoxic T cells than LR pigs, and higher percentage of monocytes and the
SLA-II expression on monocytes before immunization. This further confirms
immune differences between the two types of pig, which may be related to
their differences in several (neuro)physiological systems (Bolhuis et al. 2000;
Hessing et al. 1994; Ruis et al. 2001) that communicate with the immune

system (Koolhaas 2008).
7.5.4 Sex effects

Differences between females and males were found for a number of
immune parameters, in line with other studies reporting some influence of
sex on immunity (Luo et al. 2017b; Marin et al. 2006; Reimert et al. 2014b).
This could be due to the fundamental hormonal and genetic differences
between females and males, and also relate to how females and males deal
with stress (Darnall and Suarez 2009; Oertelt-Prigione 2012; Reimert et al.
2014a; Stefanski and Griiner 2006).

7.6 Conclusions

In conclusion, both early life and later life enrichment, and, notably a switch

in housing conditions influenced specific antibodies and leukocyte
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subpopulations in pigs. The current study implies that the early life history of
animals and the (mis)match with their current environment could thus be of
major importance for functioning of their immune system, which may have
consequences for their responses to vaccination and disease resistance.

Further research is needed to investigate potential consequences for the pigs

health.
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Supplementary Information

Table 1: Means and SEM of the relative frequency of leukocyte subpopulations in

pigs exposed to four different housing conditions (B1B2 and E1E2: housed in barren

respectively enriched pens throughout the experiment; B1E2 and E1B2: experiencing

a change in environment from barren to enriched respectively vice versa from 47

days of age) on day 74 of age, before immunization.

B1B2 B1E2 E1B2 E1E2 Pre-h Post-h  Pre-h x
Post-h
Lymphocytes (%) 40.9+2.7 41.5+2.0 457 +1.7 48725 * - -
CD3* T cells (%) 58.2+24 57.5+1.8 60.3+2.4 58.6+1.5 - -
CD3*CD4* T cells (%) 17.8+1.4 18.4+1.0 18.6+1.2 19.1+13 - -
CD4+CD8a* T cells (%) 13.6+1.3 9.5+0.8 10.8+1.1 9.4+0.8 * -
CD8* cytotoxic T cells 243+13 233+1.0 228+13 222+16 - -
(%)
gamma delta T cells (%) 25.0+1.14 283+1.5 28.8+2.0 29.1+23 - -
NK cells (%) 21.6+3.2 16.8 £1.8 17.5+2.2 19.1+2.8 - -
B cells (%) 141+13 13.7 1.3 143+18 148+1.1 - -
Granulocytes (%) 37.6+25 322+23 30.7+2.1 304+2.1 + -
Granulocyte/lymphocyte 1.2 +0.2 09+0.1 0.9+0.2 09+0.2 - -
Monocytes (%) 5.5+0.3 5.0+0.3 4.8+0.3 52+0.3 +
SLA-Il expression on 1536.1 ¢ 1298.2 1861.8 £ 1550.5 +61.7 * * -
monocytes 129.2 64.0 171.0
DC (%) 5.2+0.7 43+0.6 63+1.1 59+09 * - -
SLA-Il expression on DC 17280.5 = 16170.9 + 154153 19733.8 + +
1608.4 1585.0 2096.7 2266.4

Significance of housing before the switch (Pre-h), after the switch (Post-h) and their interaction is

indicated: *p<0.05, 0.05<*p<0.10, and non-significant is indicated by “ - .
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Table 2: Means and SEM of the relative frequency of leukocyte subpopulations in
pigs exposed to four different housing conditions (B1B2 and E1E2: housed in barren
respectively enriched pens throughout the experiment; B1E2 and E1B2: experiencing
a change in environment from barren to enriched respectively vice versa from 47

days of age) on day 130 of age, after immunization.

B1B2 B1E2 E1B2 E1E2 Pre-h Post-h  Pre-hx
Post-h
Lymphocytes (%) 49.0£2.6 51.2+2.4 461423 50.4+2.4 - * -
CD3* T cells (%) 63.7+22 67.1+1.2 66.8+1.7 66.2+1.8 - - -
CD3*CD4+* T cells (%) 12.2+0.9 10.8+0.9 125+1.0 12.3+0.7 - - -
CD4*CD8a* T cells (%) 13614 11.6+1.0 129+14 11.5+1.0 - * -
CD8* cytotoxic T cells 21.1+138 186+1.2 18.8+1.2 219+1.7 - - *
(%)
gamma delta T cells (%) 31.2+1.8 36.2+1.6™ 344+24% 323+21% - - *
NK cells (%) 7710 9.6+0.8 8.2+0.8 9.1+16 - - -
B cells (%) 10.1+0.9 8.0+0.7 9.8+1.0 9.6 +0.6 - - -
Granulocytes (%) 36.9+2.3 32620 424+2.1 34524 + *x -
Granulocyte/lymphocyte  0.68 + 0.07 0.55+0.06 0.85+0.08 0.63+£0.07 * *k -
Monocytes (%) 7.9%2.0 6.1+0.7 4.8+0.4 6.0+ 0.6 + - -
SLA-Il expression on 1629.8 £ 17523 + 2012.1 ¢ 18773 ¢ * - -
monocytes 158.2 135.7 126.0 125.7
DC (%) 7.5+0.7 6.1+0.62 7.2+0.82%0 8.0+ 0.5P - - *
SLA-II expression on DC 10568.1 + 9560.2 + 9898.9 + 10480.8 + - - -
623.6 1156.4 728.3 1139.7

Significance of housing before the switch (Pre-h), after the switch (Post-h) and their interaction is
indicated: **p<0.001, *p<0.05, and non-significant was indicated by “- ”. In case of interaction effects,

pairwise differences are indicated by letter a and b (p<0.05).
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General Discussion

8.1 Summary

The objective of this thesis was to investigate the effects of early life and
current housing conditions on behaviour, affective states, and immunity in
pigs. First, we aimed to investigate whether environmental enrichment
influences levels of natural (auto)antibodies in healthy (Chapter 2) and
infected (Chapter 3) pigs. Second, to further study the effects of early life
enrichment, current housing and a (mis)match between early and later life
housing, an experiment was conducted in which pigs were housed in either
barren or enriched pens from birth, with half of them experiencing a housing
switch at 7 weeks of age, resulting in four treatment groups. Behaviour
(Chapter 4), (negative) affective state (Chapter 5 & 6), and immune

competence (Chapter 7) were assessed in pigs from those four groups.

The first two experiments described in this thesis show that environmental
enrichment influenced natural (auto)antibody (NA(A)b) levels in both healthy
and infected pigs, which may reflect or affect their immune competence
(Chapter 2 & 3). As inconsistent results were found in Chapter 2, 3 and earlier
experiments, possible reasons for this discrepancy are discussed in this
chapter. To explore the link between NA(A)b levels and disease, correlations
between NA(A)b levels, and viral clearance and histological lung scores from

the pigs in Chapter 3 are presented in this chapter.

Chapter 4 demonstrates that environmental enrichment profoundly alters
the behaviour of pigs, with not only an impact of the current presence or
absence of enrichment, but also long-term effects of early life housing
experience and a housing switch. In Chapter 5, current, but not early life,

housing affected the behaviour in an attention bias test. In Chapter 6,
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irrespective of the current housing conditions, however, pigs originating
from a barren pen in early life were more susceptible to reward loss and
seemed to have a more negative affective state. Lastly, both early life and
current housing conditions, as well as a switch in housing, influenced specific
antibodies and leukocyte subpopulations in pigs (Chapter 7). The effects of
early life housing and a (mis)match between early life and current housing
on behaviour, affective state, and immune competence and responsiveness
are discussed separately. Extra data on additional tests not included in the
previous chapters are incorporated in the discussion of affective state.
Subsequently, the relationships between immune parameters and behaviour
in the home pen and in tests of affective state are explored using a factor
analysis followed by correlations, as a first step to investigate whether
environmental enrichment might (partly) influence immunity via its effect on
behaviour and affective state in pigs. Then, the effects of coping style on
behaviour, affective state, and immunity found in Chapter 2, 4, 5, 6, and 7
are discussed and lastly the practical implementations of environmental

enrichment and suggestions for the future work are given.

8.2 Enrichment effects on natural (auto)antibodies

Chapter 2, 3 and 7 indicate effects of environmental enrichment on natural
(auto)antibodies and how these change after stress and infection. Natural
antibodies (NAb) are defined as antigen binding antibodies without known
exposure to this antigen, often with low affinity (Casali and Notkins 1989).
NAb are important for very early innate immunity and important as first line

of defence against microbial infections due to their poly-specificity (Coutinho
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et al. 1995). They also play a role in clearing apoptotic cells and other waste
products (Lutz et al. 2009), and maintain B cell homeostasis (Manson et al.
2005; Quartier et al. 2005). NAb do not only directly protect against infection,
but also prime the adaptive immune response by facilitating specific
antibody responses (Lammers et al. 2004; Manson et al. 2005). A large part
(70-80%) of the NAb repertoire binds self-antigens, and these antibodies are
referred to as natural autoantibodies (NAAb). In this thesis, NA(A)b were
studied binding three different model (auto)antigens. Keyhole limpet
hemocyanin (KLH) is an antigen without known cross reactivity with
mammalian antigens and it has been widely used to detect NAb in a variety
of species (e.g. Berghof et al. 2015; Reimert et al. 2014b; Van Knegsel et al.
2007). Myelin basic protein (MBP) is an important protein in the process of
myelination of nerves in the nervous system. An association between
antibodies binding MBP and stress-related neurological damage has been
found in humans, and it has been suggested that these MBP-NAAb act in an
homeostatic way in the brain (Abou-Donia et al. 2013). Phosphorylcholine
(PC) is a component of mammalian cell membranes and bacterial cell walls
which is recognized by IgM autoantibodies after cell damage and
inflammation (Kim et al. 2002; Lutz et al. 2009). NA(A)b binding MBP and PC
are therefore interesting targets to study effects of both acute and long-term

housing challenges on immunity.

KLH is a very large glycoprotein (=10° KD), and the epitopes which are bound
by NAb (or even specific antibodies following immunization with KLH, as
studied in Chapter 7) are not well known. Compared with KLH, MBP (=21 KD)
and PC-BSA (=70 KD) are much smaller molecules. This implies that

antibodies binding MBP or PC-BSA are related to a more homogenous group
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of B cells (receptors) whereas KLH antibodies are more likely heterogeneous,
and likely binding to many different epitopes. Recently the involvement of
Toll-like receptors (TLRs) in the formation of NAb and NA(A)b was indicated
in mouse (Kreuk et al. 2019). TLRs recognizing non-self (external) antigens,
such as TLR 2 and 4, interact with B cell receptors resulting in other, more
specific, antibodies than those produced following activation of TLRs that
recognize internal antigens, such as TLR 7 and 9. PC binding antibodies were
related to activation of TLRs 7 and 9 (Kreuk et al. 2019) and most likely
antibodies to MBP are related to effects of internal TLRs too. Which TLRs are

involved in binding epitopes from KLH is unknown.

It has been suggested that NA(A)b production is largely independent of
internal or external stimuli (Ochsenbein and Zinkernagel 2000). In Chapters
2,3 and 7, however, both an effect of a chronic contrast in housing conditions
(see Table 8.1), and of acute stressors and infection on NA(A)b titers were
found (see Table 8.2). Also others have reported effects of long-term
conditions, such as sustained food restriction and social conflict in rats
(Cuervo et al. 2018), and barren vs. enriched housing in pigs (Reimert et al.
2014b), on NAb levels. Effects of enrichment on NA(A)b in pigs were not
always consistent over studies (see Table 8.1). For instance, when looking at
time points without acute stress, environmental enrichment decreased both
isotypes binding KLH in Chapter 3, decreased KLH-IgM, and had no influence
on KLH-1gG in Chapter 7, and enhanced both natural KLH-IgM and IgG in
Reimert et al. (2014b). Also, enrichment effects on antibodies binding MBP
and PC-BSA were inconsistent over studies (see Table 8.1). There could be
several reasons for these discrepancies, apart from the molecular features of

the several antigens discussed above. First, enrichment was applied at
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different stages of life and for different durations, and also blood samples
were taken at different ages. Second, the exact type of enrichment varied, as
the enrichment in Chapters 3 and 7 did not only include ample substrates to
root in as in the study of Reimert et al. (2014b), but also included extra space,
which seems to be another important enrichment factor for pigs (Cornale et
al. 2015; Vermeer et al. 2014). The set-up of environmental enrichment
experiments could have resulted in different antigenic conditions, leading to
different effects on NA(A)b levels. It should be noted that even when using
the same type of rooting substrates, such as straw, over studies, the hygienic
conditions of this material may vary (Tuyttens 2005) and therefore the
impact on the immune system too. Hygienic conditions, causing differences
in intestinal microbial contents have been found to affect NAb levels. For
example, Haghighi et al. (2006) found higher levels of NAb binding KLH in
chickens fed with specific probiotics, and, moreover, the hygiene status on
chicken farms profoundly affected the levels of NAb in the birds. Finally, the
NA(A)b levels measured may have been influenced by (both induced or
unintended) challenges the animals encountered before sampling, as we
found effects of acute stressors like mixing, transport and relocation on

NA(A)b titers which were, moreover, housing-dependent.
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Table 8.1: Effects of environmental enrichment treatments on NA(A)b levels as compared to barren

housing conditions in pigs in different studies.

Study Enrichment Age KLH- KLH- MBP- MBP- PC- PC- PC-
IgM 1gG IgM 1gG BSA- BSA- BSA-
IgM 18G IgA

Type Period

[1] Substrates?! >weaning average w8, ™ ™ - - - - -
9,22

ch.2 Substrates?! >weaning w8 - - ns ns NE ns ns
w9 (3d after - - ™ ™ NA ™ ™
regrouping)
w22 - - ™ ns ns ™ ™

Ch.3 Substrates? + >birth d38 NA N N N2 N ns -

space + social d44 (3d after ns N2 ns ns ns ™ -

transport)

ch.7 Substrates?, +  >birth d74 N2 ns - - - - -

space +extra  or >w73

enrichment

Higher levels of NA(A)b in environmental enrichment treatments as compared to barren housing are
indicated by 1, lower levels by {,, and 1* and \,* indicates a tendency in increase and decrease,
respectively, and no difference by ns. >birth=after birth; >weaning=after weaning (week 4); -=not
measured; w=week; d=day of age. »*Substrates were straw; *straw, peat, and sawdust. *Enrichment
effect irrespective of whether pigs were housed enriched from birth or w7. [1] refers to study of Reimert
et al. (2014b).

The results from Chapter 2 and Chapter 3 suggest that apart from changing
with age (Parmentier et al. 2004; Reimert et al. 2014b; Star et al. 2007) and
being influenced by housing environments (Reimert et al. 2014b, Chapter 2,
Chapter 3, Chapter 7), NA(A)b levels also change in response to acute
challenges like temporary (24h) regrouping combined with relocation
(Reimert et al. 2014b; Chapter 2) to transport combined with relocation and

to infection (Chapter 3, see Table 2 for an overview). In a study on chickens

(Hangalapura et al. 2003), acute stress caused by 1 h exposure to low
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temperature increased the levels of natural antibodies binding LPS. Another
study reported a rise in serum anti-brain autoantibodies (neuron-specific
enolase and S100 protein) one day after termination of stress from restraint
(2 hours daily, 10 days) and electric tail shocks (80 shocks daily, 19 days) in
rats (Andrejevié et al. 1997).

Changes in antibody levels seemed to be different for different NA(A)b,
possibly depending on the nature of the stressor. In Chapter 2, natural IgM
and 1gG binding PC-BSA levels were significantly different between the
sample taken before the 24-h regrouping test, during which pigs were placed
in a new pen, and 3 days after this test. After regrouping, the pigs started
fighting to obtain a new social hierarchy and inflicted skin damage (Camerlink
et al. 2013). This might explain why particularly antibodies binding PC-BSA
were affected, as PC is recognized by NAAb after cell damage and

inflammation (Lutz et al. 2009).

In Chapter 3, all NA(A)b measured had changed at 6 days after transport and
relocation to a different research unit as compared with levels before this
challenge. The fact that levels of more N(A)Ab changed in Chapter 3 than in
Chapter 2, might be due to the fact that in Chapter 3 pigs were sampled 6
days after the challenge instead of 3 days in Chapter 2, allowing for a higher
increase of the NA(A)b. Another reason could be that the circumstances were
more challenging in Chapter 3 than in Chapter 2. Although regrouping is
known to be stressful for pigs, in Chapter 2 it was applied for 24h only, in the
presence of one familiar pen mate, in a new but similar pen as their home

pen, and in the same room. In Chapter 3, the challenge was road transport
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to another research facility with a different hygiene status. However, further

research is needed on stress-induced changes in N(A)Ab.

Changes in NA(A)b following the different challenges, including infection,
were also found to be housing-dependent (Table 8.2), with frequently more
pronounced changes, mostly increases, in enriched housed pigs. For instance,
rises in 1IgM-MBP following infection were higher in pigs with enrichment

than in pigs kept in barren pens.

Table 8.2: Effects of different challenges on NA(A)b levels in pigs kept in enriched (E)

or barren (B) housing.

study  Challenge KLH-IgM  KLH-IlgG  MBP-IgM MBP-IgG PC-BSA-lgM PC-BSA-IlgG  PC-BSA-IgA
[1] Regrouping! E EM - - - - -
B B
Cch.2 Regrouping?! - - ns EPD EP EJd E M
Bns BT B Bns
Ch.3 Transport? E ns ET EM EMT Ed -
B Bns B B By
Infection? ED ns EM ns EMT ns -
B B B

Significant increases and decreases of NA(A)b levels following different challenges are indicated by 1T
and {, respectively. ™1 and { \ refer to a higher or lower increase or decrease, respectively,
compared to the other housing treatment. " indicates a tendency. No change in NA(A)b levels is
indicated by ns. 'Regrouping and relocation for 24h; antibodies measured just before and 3 days after
the test. Road transport to another facility at 39 days of age; NA(A)b measured 1 day before and 5
days after transport. 3Infection with PRRSV at 44 days of age; NA(A)b measured just before and 2, 4,
and 8 days after PRRSV infection, which was followed by infection with A. pleuropneumoniae at 52 days
of age; NA(A)b measured 1 and 2 days after A. pleuropneumoniae infection. [1] refers to study of
Reimert et al. (2014b).

An important question is whether NA(A)b levels and changes in NA(A)b levels

following challenges may have consequences for health and survival. Some
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studies in commercial laying hens found that high NAb levels, especially IgM
binding KLH, at adolescence were related to higher survival (Star et al. 2007;
Sun et al. 2011; Wondmeneh et al. 2015). Also, breeding for high KLH-NAb
levels in chickens increased their resistance to avian pathogenic Escherichia
coli (APEC) infection (Berghof et al. 2019). The results of Chapter 3 suggest
that MBP-IgM has a beneficial effect on the course of PRRSV infection, as
enriched pigs, which displayed a faster clearance of viral RNA (van Dixhoorn
et al. 2016), also showed a stronger increase in MBP-IgM levels (Chapter 3).
In support of this, within barren housed pigs, which thus generally showed a
lower increase in MBP-IgM than pigs from enriched housing following PRRSV
infection, a positive correlation was found between the increase in MBP-IgM

and the reduction in viral RNA (r=0.66, Chapter 3).

To further explore whether NA(A)b levels and viral clearance are related,
correlations between the levels of circulating NA(A)b just before infection
(Chapter 3) and viral clearance, calculated as the area under the curve of viral
RNA in serum (data from van Dixhoorn et al. 2016), were assessed. The level
of natural MBP-IgG just before infection was negatively correlated with this
area (r=-0.45, Figure 8.1). Also, when correcting for the housing effect by
correlating residuals, this correlation remained (r=-0.45, p=0.03). Similar to
correlations between MBP levels just before infection (day 0), significant
correlations were found with the levels 2 (r=-0.56), 4 (r=-0.48), 8 (r=-0.46),
and 9 (r=-0.60) days after infection as well (all p<0.05, correlations when
corrected for housing: -0.57, -0.48, -0.46, -0.59, respectively). This indicates
a lower viral load in pigs with higher levels of MBP-IgG. Therefore, it is
speculated that MBP-NAAb levels, both the circulating levels of the IgG

isotype and the IgM antibodies that increased in response to infection, are
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related to the response to PRRSV infection in those pigs. The relationship
between antibodies binding MBP and viral load remains to be elucidated.
PRRSV can be isolated from brain tissue and induces cellular damage to
neurons and neuroglial cells in pigs (Cao et al. 2012; Thanawongnuwech et
al. 1997), which might explain why MBP, likely binding damaged neural cells,
is related to the course of the PRRSV infection, but the exact underlying
mechanism needs further study. No other correlations were found between

NA(A)b and viral clearance.

30 - r=-0.45
p=0.03
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Figure 8.1: Correlation between the levels of natural MBP-IgG just before PRRSV
infection and the area under the curve of viral RNA (produced from data of van

Dixhoorn et al. 2016) in either barren or enriched housed pigs.
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Correlations between NA(A)b levels (Chapter 3) and post mortem lung lesion
scores (data from van Dixhoorn et al. 2016) after PRRSV and A.
pleuropneumoniae infection were also analysed in this thesis to explore
whether the NA(A)b are related to the clinic histological symptoms after
these infections. There was a correlation between the area under the curve
of viral RNA and lung lesion scores (r=0.40, p=0.06, r=0.52, p=0.01 for raw
correlation and correlation corrected for housing, respectively), i.e. a higher
viral load was associated with more lung damage. MBP NAAb were, despite
the correlation between the IgG isotype and viral load, not significantly
correlated with lung lesion scores. The level of KLH-IgG just before infection
was positively correlated with the lung lesion scores (r=0.42, p=0.03), but
when correcting for housing treatment, the correlation was not significant
anymore (r=0.31, p=0.11). Similarly, uncorrected KLH-IgG levels at 4 days
after infection were also positively correlated with lung lesion scores (r=0.41,
p=0.04), but not after correction for housing (r=0.18, p=0.40). This absence
(or even positive uncorrected correlation) between KLH-IgG levels and lung
lesion scores was unexpected given the favourable association between KLH
NAb and survival and disease resistance found in chickens (Berghof et al.
2019; Star et al. 2007; Sun et al. 2011; Wondmeneh et al. 2015). It is also not
in line with a recent abstract reporting that pigs reaching market age (i.e. a
proxy for survival) had higher IgG NAb binding KLH (but also NAb binding
lipopolysaccharides, lipoteichoic acid, and peptidoglycan), and that
genotypic high NAb levels were related to fewer disease treatments, lower
mortality, higher finishing average daily growth and lower day-to-day
fluctuations in feed intake (Chen et al. 2019). No correlations were found

between PC-BSA NA(A)b and lung lesion scores.
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To conclude, environmental enrichment affected NA(A)b levels in pigs
(Chapter 2, 3, 7), and their changes in response to challenges and infection
(Chapter 2, 3). NA(A)b levels and their changes, in turn, may be related to
disease characteristics. However, more studies are needed to understand the
role of the various NA(A)b and their isotypes in resistance to infectious

diseases and disorders to confirm and better understand the current results.

8.3 Effects of (early life) environmental enrichment on behaviour and

affective state
8.3.1 Effects of environmental enrichment per se

In Chapter 4, environmental enrichment reduced manipulative behaviour
directed to pen mates, and increased exploration and play behaviours, which
is in line with other studies revealing beneficial effects of enrichment
behaviour of pigs (e.g. Beattie et al. 2000a; Bolhuis et al. 2005a; Fraser et al.
1991; Oostindjer et al. 2011). This was true from an early age onwards, and
these effects of enrichment persisted up till at least 18 weeks of age, when
the last behaviour observations were done. Besides, pigs housed in enriched
pens seemed better able to cope with the weaning transition, as they gained
more weight and had a larger feed intake after weaning (Chapter 4). They
also had lower basal levels of cortisol (see Box 2 and section 8.5.1). Moreover,
environmental enrichment increased growth up till the last measurement at
19 weeks of age (Chapter 4), and affected the response to a novel object,
which was an orange traffic cone, presented for 5 min in their home pens.
Pigs housed in an enriched environment were faster to approach and touch

this novel object than pigs housed in a barren environment (Figure 8.2A, B),
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similar to a previous study (Beattie et al. 2000a), whereas the percentage of
time spent near the object did not differ (Figure 8.2C). This may suggest

reduced fearfulness in enriched pigs.

A Latency to approach NO B Latency to touch NO C Presence
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120 A 120 20
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Figure 8.2: Means + SEM of the latency to approach within 1 m of (A) and touch (B)
a novel object (NO) and the percentage of time spent near the NO (C) presented for
5 min in the home pen in pigs housed in either barren or enriched conditions at 43

days of age. Groups lacking a common letter significantly differ (p<0.05).
8.3.2 Effects of early life environmental enrichment

It is quite clear that environmental enrichment is beneficial to pigs’ welfare
based on our findings and those of others, as it better meets the behavioural
needs of pigs than barren pens. However, by comparing pigs housed in
barren or enriched conditions throughout life, it is unclear whether
enrichment effects can be attributed to a more favourable early life
development, or to the actual housing situation. Little is known about the
putative long-term effects of environmental enrichment in early life, or the
impact of a mismatch between early life conditions and the current housing,

in pigs.

Early life experiences have been found to modulate the development of

behaviour and cognition (review in Telkdnranta and Edwards 2018), and alter
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phenotypic, genomic and behavioural expressions of animals. These
influences can persist in later life, and therefore have an impact on animal
welfare (e.g. Foyer et al. 2013; Kanitz et al. 2004; Latham and Mason 2010).
Telkdnranta and Edwards (2018) reviewed two different types of process
through which environmental conditions in early life can cause lifelong
impacts. The first one is phenotypic plasticity as part of normal development.
The nature and amount of adversity, such as food availability or threats, in
the natural environment of animals vary. This means that the optimal
behavioural strategies may be (partly) different for each environment. To
adapt to their specific environment, young animals therefore develop
different profiles of, for instance, fearfulness, motivation for exploration,
boldness and learning. In this way, animals are adaptively adjusted to their
environment, providing that this environment is still within the evolutionary
boundaries of the species. In line with this, mild stress caused by adverse
environments and/or experiences in early life are likely to increase survival
and resilience in later life, as the earlier periods of development provide
indications and forewarnings of the most likely future conditions (Lewis and
Olive 2014). Some studies indeed showed that mild predictable stress early
in life may improve certain aspects of health and development. For instance,
in rodents, maternal separation (3-15 min/day) during first 2 or 3 weeks of
age reduced anxiety and lowered the endocrine response to a mild stressor
later in life (Daskalakis et al. 2013; Meaney et al. 1989). | would, however,
not define a barren housing environment in early life, as used in this thesis,
as a mild stressful event, but more a long-term chronic stressor for pigs. The
second process is an inappropriate developmental response in an abnormal

early environment. The early environment can be too severely disrupted or
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unnatural for the species in several ways, for instance in case of exposure to
traumatic events (e.g. Eid et al. 2019; Lacey et al. 2013; Schmeer et al. 2019)
or if parts of the environmental input needed for normal behavioural and
cognitive development are lacking. In such cases, animals could be deficient
in their adaptive abilities, thereby making them less able to cope with
stressful events in later life (review in de Kloet et al. 2005). Therefore, the
severity, predictability and controllability of early life events play an
important role in determining whether animals would benefit or suffer from
their consequences throughout life (Avitsur et al. 2015). Environmental input
in the form of enrichment is considered to be important for normal (brain)
development in animals, which could also hold for pigs. If enrichment in early
life is indeed crucial, then long-term negative effects can be expected if pigs
are reared in barren environments lacking suitable stimuli for development.
On the other hand, research in other species has shown that enrichment
provided in later life can also counteract adverse effects of negative early life
experiences on behaviours (Francis et al. 2002; Koh et al. 2005). To
investigate whether (lack of) experience with enrichment in early life still has
an impact in later life, or can be overruled by the later life environment of
pigs, the animals were raised in barren or enriched pens, after which half of
them were exposed to a switch to the other environment. Subsequently, the
influences of early and the current housing conditions and their combination
on behaviour (Chapter 4), affective state (Chapter 5, 6 and data on a novel
environment - novel object test presented in this chapter) and immunity

(Chapter 7) were assessed.
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8.3.2.1 Early life effects combined with current housing effects on

behaviour in the home pen

We found that, even if reared differently, the behaviour of the pigs in Chapter
4 and their basal cortisol levels generally reflected their current environment.
Yet, also the early life environment exerted an influence on behaviour, with
an effect opposite to that of the current environment. Therefore, behaviours
like play and exploration were seen even more in enriched pens if the pigs
originated from barren housing, whereas behaviours typically seen in barren
pens were more pronounced in pigs from an enriched early life environment.
The switch from barren to enriched housing thus even seemed to reveal a
‘catching-up’ effect, which could reflect a heightened motivation for
exploration and play in pigs that had been deprived of enrichment in early
life. The results of Chapter 4 show that maladaptive behaviours developed in
the barren early life environment in the first 7 weeks of life, such as ear biting
or tail biting, did not retain, but could still be reversed by enrichment in later
life. Hence, the pigs flexibly adjusted their behaviour to their new
environment. It remains to be shown whether this would also hold for pigs
exposed to a change in environment at a later age. Even though the peak in
brain growth (Dobbing and Sands 1978) and in play behaviour (Spinka et al.
2001) occur at an earlier age, the pigs were still relatively young at the time

of the switch.

Pigs in barren housing that originated from enriched pens spent as much or
even more time (coping-style dependent, see section 8.5) on damaging
behaviours than pigs that had been reared in barren pens, and showed the

least play behaviour (Chapter 4). Enriched rearing conditions therefore do
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not seem to protect pigs from developing unwanted behaviours in
suboptimal environments in later life. Pigs experiencing enrichment before
are likely less motivationally satisfied by barren resources than animals
without such high expectation, which is called a ‘negative contrast’ effect
(Pecoraro et al. 1999; Wiegmann et al. 2003). Therefore, loss of enrichment
seems frustrating for pigs. It has been found in several other studies too that
abnormal behaviours become even more prevalent and severe in animals
with enrichment removal than in those without enrichment all their lives. For
example, male rhesus monkeys experiencing loss of enrichment had more
stereotypic behaviours than before the enrichment was given (Bayne et al.
1992), and removing straw from pigs increased abnormal tail-biting above

levels in pigs never provided with straw (Day et al. 2002a).

The ‘catching up’ and ‘frustration’ effects in pigs that changed from barren
to enriched pens and vice versa, were also reflected in their growth. Starting
off with a lower body weight, pigs that switched from barren to enriched
pens, i.e. the ‘positive contrast’ group, grew the most, reaching a similar end
weight as pigs kept in enriched pens throughout, and, conversely, pigs that
switched from enriched to barren pens, the ‘negative contrast’ group, lost
their advance in body weight. The effect of the (mis)match between early life
and current housing could also have impact on the affective state of the pigs,
potentially not only short-term but also in the long run. This will be discussed

in the next paragraph.
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8.3.2.2 Early life effects combined with current housing effects on affective

state

Based on the behavioural findings described above, barren housed pigs were
expected to have a more negative affective state than enriched housed pigs,
and even more so if they originated from an enriched early life environment
and consequently had experienced a downshift in housing conditions. To
investigate whether early life and current housing conditions, and a
(mis)match between those would have long-term effects on affective state,
pigs were exposed to a number of tests. These were a novel environment -
novel object test (NET-NOT), indicating fearfulness (this chapter, results
summarized in Box 1; methods given in Appendix 1), an attention bias test
(ABT), indicating anxiety (Chapter 5), and a successive negative contrast (SNC)
test, indicating ‘disappointment’ or frustration in response to a downgrade

in reward, further referred to as ‘reward loss’ (Chapter 6).

As shown in section 8.3 (Figure 8.3.1), enrichment reduced fear-related
behaviours towards a novel object presented in the home pen (NOT) at 6
weeks of age, before the switch of housing. A second home pen NOT was
carried out at the end of the experiment to study (early life) housing and
switch effects. Unfortunately, at that age the barren pens were too crowded
for all the pigs to approach the novel object. Therefore, the results were not

reliable and are not reported here.

Most of the responses of pigs in the other tests of affective state (NET-NOT,
ABT and SNC), did not reflect the expected effects of early life and current
enrichment and their combination. Moreover, results of the three tests did

not all point in the same direction. Briefly, the NET-NOT revealed, before the
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drop of the object, more walking, standing alert, grunting and high-pitched
vocalising in pigs from enriched current housing, the latter even stronger so
if pigs also originated from enriched pens before the switch (see Box 1). After
the drop of the object in the NET-NOT, pigs from enriched current housing
still grunted more and were more likely to utter high-pitched vocalisations.
Pigs both reared and housed in barren pens spent the least time standing
alert. This is not in line with our expectation that barren housed pigs, and
particularly the ones that came from enriched housing, would have the most
negative affective state. More standing alert and vocalisations may indicate
a higher fear level in enriched housed pigs, as standing alert and high-pitched
vocalisations are generally suggested to reflect fearfulness (Leliveld et al.
2016; Reimert et al. 2015; Ursinus et al. 2014). Similarly, behaviours following
the threat in the ABT suggest, based on increased vocalising and vigilance,
higher anxiety in pigs from enriched housing, but particularly in the ones with
a proactive coping style (Chapter 5, see 8.6 for discussion on coping style).
The SNC test, in contrast, revealed that pigs with a barren rearing history
were more sensitive to reward loss, suggesting they were emotionally less
able to cope with a ‘disappointment’ than pigs from enriched early life
housing (see Chapter 6). Furthermore, pigs kept in barren housing
throughout life, were slower to approach the reward throughout the training
and testing period in the SNC, and this low motivation could be interpreted
as a reflection of a negative affective state, i.e. anhedonia. Like in the other
two tests, coping style also influenced behaviour in the SNC. Coping style

effects will be discussed separately in section 8.6.

There could be several reasons for, firstly, the unexpected effects of early life

and current housing on the behaviour of pigs in the tests, and, secondly, for
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the inconsistent outcomes in the different tests conducted. These will be

discussed below.

To begin with, the behaviour of pigs in the NET-NOT and ABT may not have
reflected fearfulness and anxiety only, but also social motivation and
motivation to explore. Enriched pigs seemingly were most frightened in both
tests, based on their vigilance (standing alert) and vocalisations. However,
they did not show a longer latency to touch the novel object in the NET-NOT,
nor a higher cortisol response to this test (see Box 2), which is not in line with
a higher stress or fear level. Unlike the home pen fear test, in which enriched
pigs responded less fearfully than their counterparts from barren housing,
pigs were individually exposed to the NET-NOT and ABT, not in groups. It
could be speculated that the behaviour of enriched housed pigs was partly
socially motivated, i.e. that more vocalisations and standing alert reflected
attempts to seek contact with their pen mates. Vocalisations are on the one
hand related to emotional reactivity, reflecting fear and anxiety (Leliveld et
al. 2016), but may also be influenced by the motivation to make social
contact with group members (Kiley 1972; Leliveld et al. 2016). Also, the
behaviour of the barren housed pigs may have been affected by other
motivations than fear alone. Barren pigs spent more time on exploring the
novel object in the NET-NOT and also explored more in the ABT. This might
suggest that they were more motivated to explore their surroundings,
possibly related to the poor opportunities to do so in their stimulus-poor
pens. Also the longer time to get to the reward in the SNC seen in pigs kept
in barren housing throughout life, could be interpreted by a higher drive to
explore the test arena, which is in line with other studies (de Jong et al. 1998;

Mendl et al. 1997).
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Furthermore, the contrast between the test environment and the home pen
of the pigs may have played a role in determining their behavioural response.
Enriched pigs may have experienced the (barren) test rooms as less attractive
than their stimulus-rich pens in which substrates and toys were provided.
Conversely, the test room may have been more attractive to barren housed
pigs, as it was relatively spacious and contained novel stimuli. It is often
assumed that the response of pigs in fear tests may reflect the putative long-
term effect of environmental conditions, such as enrichment (Ténepohl et al.
2012), but this may not always be the case if the contrast between the
housing situation and the test environment is not the same for all treatment
groups, as discussed above. Therefore, | would suggest to do such tests in a
more familiar environment for the animals, for example in their home pen,
or only use tests in which animals have been habituated to the test
environment. Recently, home-pen judgement bias tests have been
developed for rats (Jones et al. 2018), collecting data on pessimism and
optimism in an automated manner, which could be promising for studies on

effects of housing conditions on affective states.

Finally, as we discussed in Chapters 5 and 6, the ABT and SNC test were, to
our knowledge, used for the first time in pigs, and there are several points
for improvement of the test set-ups which have been detailed in these two

chapters.

Apart from revealing unexpected effects of housing, the different tests used
showed inconsistent results. Whereas the NET-NOT and ABT test mainly
indicated effects of current housing, sensitivity to reward loss in the SNC test

was influenced by early life enrichment, with pigs originating from enriched
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pens before the switch being less affected by reward loss. This discrepancy
in results from the different tests might be due to the fact that pigs were
tested at different ages, although the test performed last was the one
revealing early life effects (SNC). Additionally, different aspects of affective
states were measured in the NET-NOT, ABT and SNC, i.e. fearfulness, anxiety,
and disappointment/frustration, which could be influenced in different ways
and to different extents by early life and current housing. It also could be
related to the issues discussed above, i.e., as argued, behaviour in the ABT
and NET-NOT may have reflected the acute effect of isolation and the
contrast between the test room and the home pens of the pigs, rather than
the long-term effect of housing treatments on affective state. In the SNC test,
pigs were habituated to the test room, and trained multiple times per week,
so the test arena was not novel, and, moreover, they received a reward in
this test. This might also have contributed to finding other effects of housing
than in the other tests conducted. A downside of the SNC test, however, is
that the motivation of pigs to run for the reward seemed to decline over time

(see Chapter 6).

Summarizing, the outcomes of the tests of affective state do not confirm the
results on behaviour, growth (Chapter 4) and basal cortisol (see Box 2 and
section 8.5.1) which suggest a poorer welfare in barren housed pigs, and,
when looking at behaviour and growth, more so in animals that had
experienced enrichment in early life and consequently experienced a
downgrade in housing. It is hard to draw conclusions on the impact of early
life enrichment, current housing and of a switch in housing conditions on
affective state in pigs, as the tests used may not have been optimal for

different reasons and/or need further adjustment. As indicated in Chapter 1,
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also other tests used for assessing affective states have their pitfalls.
Therefore, more research is needed on the optimal method for this goal, as

well as on indicators of positive affective state.
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Box 2 — Cortisol response of pigs in a novel environment and novel object test
(NET-NOT)

Pigs from the different combinations of early and current housing (described in
Chapter 4-7) were exposed to a NET-NOT at 10 weeks of age (see Appendix 1 for
methods). Briefly, pigs were individually placed in an unfamiliar arena for 10 min,
and 5 min after the start a novel object was dropped from the ceiling. Saliva
samples were taken before (t=0), and 15, 30 and 60 min after the test for cortisol
analysis.

Cortisol concentrations were higher in pigs from current barren housing than in
pigs from enriched housing, both within time points and over all time points
(p<0.05, Figure B1). The latter effect tended to be strongest in LR pigs (current
housing x coping style effect, p<0.10). Cortisol was also affected by time
(p<0.001), and the time x coping style interaction (p<0.05). Generally, the cortisol
concentration increased after the test and declined slower in HR pigs (Figure B2).
Post hoc analysis showed that within HR pigs, the cortisol concentration at t=0
was lower than at other sampling times (p<0.05), whereas in LR pigs, only the
cortisol concentration at t=15 was higher than the concentration at t=60 (p<0.05).
At t=0, LR pigs had higher cortisol concentration than HR pigs (LR: 2.47 + 0.39, HR:
1.72 + 0.19 ng/ml, p<0.05), and this seems to mainly due to the higher cortisol
level in B2 pens, although the interaction was not significant (Figure B2). Cortisol
levels at t=15 and t=30 did not differ for LR and HR pigs, but at t=60, LR pigs in E2
pens had lower cortisol level than others (p<0.01, Figure B2).

Figure B1: The cortisol concentration over 4 sampling times just before (t=0) and 15, 30 and
60 min after the start of NET-NOT for pigs housed in four housing conditions (B1B2 and
E1E2: housed in barren and enriched pens, respectively, throughout life; BIE2 and E1B2:
experienced a switch in housing conditions from barren to enriched or vice versa from 7
weeks of age). Significance of early life housing (H1), current housing (H2), their interaction
(H1 x H2), and sampling time (Time) are indicated by ***p<0.001, and non-significance is
ns.
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Figure B2: The cortisol concentrations of HR and LR pigs housed in either current barren
(B2) or current enriched (E2) housing conditions over four sampling times in NET-NOT.
Significance of coping style (CS), the interaction between coping style and current housing
(CS x H2), and the interaction between coping style and sampling time (CS x time) are
indicated by *p<0.05, and non-significance is ns.
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8.4 Effects of environmental enrichment on innate and specific immunity

As indicated and discussed above, environmental enrichment affected
NA(A)b levels (Chapter 2, 3 and 7), but whether the interplay between
enrichment in early life and current housing would affect innate and adaptive
immunity in pigs was not known. To investigate this, primary and secondary
IgM and IgG antibody responses and the relative frequencies of peripheral

blood leukocyte subpopulations in pigs were studied in Chapter 7.
8.4.1 Early life effects combined with current housing effects on immunity

Early life enrichment and/or its combination with current housing exerted
effects on specific humoral immune responses (see Chapter 7). Following
primary immunization with KLH at 10 weeks of age and secondary
immunization at 15 weeks, KLH-IgG antibody levels were higher in pigs
originating from an enriched early life environment than in pigs reared
barren pens, irrespective of current housing. KLH-IgM levels were affected
by the interplay between early and current enrichment, revealing an effect
of the housing switch half of the pigs were exposed to at 7 weeks of age. The
KLH-IlgM response was higher for pigs kept barren throughout life as
compared with pigs reared and kept enriched, and following the switch, the
levels of the switched groups moved in the direction of those of pigs kept in
their current environment from birth onwards (Chapter 7). Also, the relative
frequencies of several leukocyte populations in blood were affected by early
life housing, current housing or their interplay. Effects of the early life
environment or its interaction with current housing persisted for several
peripheral blood leukocyte subsets up to day 130 when the last sample was

taken, demonstrating a long-term effect of the pigs’ rearing history on their
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immunity. In cases of interactions between early and later life housing on
relative frequencies of leukocyte subsets, mostly the pigs kept in barren or
enriched housing throughout life did not differ from each other, but one or
both of the switched groups deviated from the other groups, implying that

the immune system responded to a change in housing conditions.

How exactly the immune system was affected by early and later life
enrichment and their interplay is beyond the scope of this thesis. However,
it can be speculated that different processes may have played a role. First,
contact with and intake of the substrates provided in the enriched pens likely
influenced the microbes and nutrients the pigs were exposed to, thereby
potentially affecting the immune system. The immune system of pigs moving
from barren to enriched pens or vice versa may have responded to this
change in antigenic exposure, with apparently quite long-term effects.
Moreover, as the oral sampling of rooting substrates and concomitant
enlarged antigenic exposure in enriched pens already started in early life, it
may have had an impact on intestinal maturation and early microbial
colonization, and, consequently, on regulation of innate and adaptive
immunity (Mulder et al. 2009; Schokker et al. 2014). This may have
contributed to the effect of early housing on the immune variables measured

in Chapter 7.

Second, environmental enrichment in early or later life may also have
affected the immune system indirectly via its putative effect on stress and
mood. As described in Chapter 1, strong bidirectional links between the
immune system and the brain allow behavioural and environmental variables

to affect immune function and vice versa (Matsunaga et al. 2013). The HPA
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axis plays an important role in linking brain and immune system, and the
immunomodulatory effects of stress are mediated at least partly by the
release of HPA hormones, such as cortisol (Avitsur et al. 2015; Glaser and
Kiecolt-Glaser 2005; Koh 1998). In the novel environment — novel object test
(NET-NOT, this chapter), pigs housed in current barren pens had higher
salivary cortisol concentrations over the four sampling times, including the
baseline level before the test, than pigs kept in current enriched pens (Figure
B2 in Box 2). These increased baseline cortisol levels in pigs kept in barren
pens are line with other studies ((Reimert et al. (2014a; van de Weerd and
Day (2009), but see de Jong et al. (1998) & de Jong et al. (2000) who found
the opposite) and confirm changes in HPA axis functioning due to chronic
barren housing conditions in pigs. Given the effects of cortisol on several
components of immune system (Chrousos 1995; de Groot et al. 2000), it can
be speculated that these changes may have been involved in the effects of
current housing on immune status and response (Chapter 2, 3 and 7), but

exactly how and to what extent is, however, unknown.

Also, the effects of early life enrichment and its interaction with current
housing on immune variables may be explained by changes in brain-immune
connections, which, when occurring during early development, may have
long term consequences. Numerous studies have demonstrated that stress
in early life can reprogram the development of the HPA axis, resulting in
lifelong changes in neurotransmitter systems and brain structures (Avitsur et
al. 2015; Kaufman et al. 2000). In turn, by affecting brain-endocrine-immune
connections, immune function in later life could be influenced as well. For
example, repeated social isolation during early postnatal life in piglets caused

changes in immune regulation and seemed to produce long-term effects on
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the immune-brain circuitry (Kanitz et al. 2004). Also early life enrichment
with substrates (wood shaving and chopped straw) from birth to 9 weeks of
age had effects on basal level of cortisol at least until 21 weeks of age
(Munsterhjelm et al. 2010). We found, however, no early life housing effect
on (basal) cortisol levels as measured in the NET-NOT. Yet, early life housing
effects at other levels of the HPA axis cannot be excluded, as well as on other

mediators of the brain-immune connection.

In humans, numerous studies have suggested that affective states, such as
depression, can be linked to the immune system (Leonard and Song 1999),
for example, elevated blood levels of the pro-inflammatory cytokines IL-1(,
TNF-a and IL-6 are found in depressed patients (Berk et al. 1997; Connor and
Leonard 1998; Hestad et al. 2003; Maes 1999). A study in humans also
showed that sadness increased and neutral mood reduced IL-18, which is an
important regulator of peripheral immune functions, including synthesis of a
variety of inflammatory factors that are elevated in depressive illness
(Prossin et al. 2016). It has also been reported that individuals with a more
negative affective state poorly mount immune responses and may be at
higher risk for illness than those with a positive affective state (reviewed in
Barak 2006). It should be noted that in the link between affective state and
immunity, cause and effect are sometimes difficult to disentangle. Apart
from affective state influencing immunity, immune status also can reversely,
influence psychology. For instance, depressive symptoms are induced
following the therapeutic administration of the IL-2 or IFN-a in humans

(Raison et al. 2009).
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In this thesis, we could not disentangle whether (early) enrichment effects
on immunity were mediated by its effect on antigenic exposure, and/or via
its influence on stress and mood. To explore whether the behaviour and/or
affective state of pigs might be related to their immunity, a correlational

analysis was done as described in the section below.

8.4.2 Exploration of putative links between behaviour, affective state and

immunity

As discussed, it can be speculated that the effects of (early life)
environmental enrichment on immune competence and responsiveness are
not only mediated via a different antigenic exposure as compared with pigs
in barren housing, but also via the effects of environmental enrichment on
the affective state and behaviour of the pigs. To disentangle these processes
and study the impact of the latter on immunity in pigs, more research is
needed in which, for instance, antigenic exposure is equal for pigs diverging
in affective state. In this chapter, however, it is explored whether the
immune status or response of pigs (Chapter 7) is related to their behaviour,
both in their home pens (Chapter 4) and in a test of affective state (the NET-
NOT, Box 2 and Appendix 1), and to their growth (Chapter 4).

To reduce the number of variables, factor analysis (FA) was used for the
immune variables, behaviours from home pen observations, and behaviours
inthe NET-NOT separately (see Appendix 2 for details on methodology). Early
and current enrichment, and their interaction had strong effects on several
of the variables. Therefore, to correct for these effects, residuals of the
variables produced in a general linear model were used. All residuals of the

variables were entered into a FA with orthogonal varimax rotation and
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factors with an eigenvalue above one were retained. The FA of immune
parameters resulted in 8 factors (Table 8.3), and the FA of NET-NOT resulted
in 4 factors (Table 8.4). The FA of home pen behaviours only resulted in one
factor, therefore, residuals of the separate behaviours, expressed as
proportion of time spent on these behaviours averaged over all observation

days after the switch, were used in further analyses.

The scores of each animal for each factor produced from the FA on immune
parameters were subsequently correlated with the factor scores from the FA
on the NET-NOT, and with the behaviours and growth. Here, only the
strongest correlations with p<0.01 are discussed (see Table 8.5 for all

correlations and their significances).

Immune factor 1 (I-F 1) had high (negative and positive) loadings for several
types of T-cells on both sampling days, with the exception of T-helper cells
(Table 8.3). This factor negatively correlated with proportion of time spent
on play behaviours in the home pen over all observation days. Please note
that variables were corrected for housing, and therefore play behaviour here
represents the individual variation in time spent on this behaviour
irrespective of housing. Play behaviour is considered to be associated with
positive affect (Fraser and Duncan 1998; Spinka et al. 2001), seems to occur
exclusively when the basic needs of animals are met and when they are
healthy, and is seen as a typical sign of pleasure (Boissy et al. 2007). Besides,
play behaviour is more often observed in animals with low fearfulness
(Malmkvist and Hansen 2002). Therefore, immune factor 1 seems negatively
associated with time spent on a behaviour that may reflect a positive

affective state, but how and why this factor with mostly T-cell features
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relates to play is not known. Interestingly, a recent study found play
behaviour to be predictive of a more favourable outcome of a lung disease
(Van Dixhoorn et al.,, in preparation), which might suggest that the
relationship found here is not merely coincidental. However, factors
obtained from the NET-NOT, part of which may reflect negative affect, did

not correlate with immune factor 1.

Immune factor 2 had a high positive loading for relative frequencies of
lymphocytes and dendritic cells in peripheral blood on the last sampling day
(after the secondary immunization), and a high negative loading for
granulocytes. This factor correlated negatively with growth of the pigs
following the secondary immunization (Day 109 — 130). This could be due to
the negative influence of the activation of the immune system, which is
usually regarded as energetically costly, on the growth during this period.
Why a positive correlation between immune factor 2 and chewing was found
is difficult to explain. It might due to variation in antigenic exposure caused

by oral sampling and chewing of substrates and/or the environment.

No correlations with p<0.01 were found between the other immune factors
and behavioural variables or growth. Also, the factors obtained from FA of

the NET-NOT did not correlate with the immune factors.

In conclusion, an association was found between play behaviour and an
immune factor representing T-cells, and a second immune factor reflecting
distribution of some immune cells after immunization related to chewing and
growth. It has to be kept in mind that this is, as a first attempt to link our
immunological and behavioural data, an explorative approach with several

methodological drawbacks, including the use of a low number of animals in
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relation to the number of variables. Also, given the many relationships tested,
coincidental correlations cannot be excluded. Further studies are therefore
needed on the potential links between behaviour, affective state and

immunity in pigs.

Table 8.3: Loadings* on the factors with an eigenvalue above one that were
extracted by factor analysis with orthogonal varimax rotation on the antibodies
before immunizations, the responses of the antibodies during primary and
secondary immunizations, and the leukocyte subpopulations before and after

immunizations.
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I-F1 I-F 2 I-F3 I-F4 I-F5 I-F6 I-F7 I-F8
KLH-IgM -0.01 -0.13 -0.13 0.77 -0.04 0.23 0.03 -0.04
KLH-IgM? -0.14 -0.20 0.04 0.83 0.18 0.23 -0.09 -0.08
KLH-IgM? 0.02 0.15 0.14 0.82 0.07 -0.13 0.10 0.05
KLH-IgG 0.47 0.20 -0.02 0.38 -0.45 0.12 -0.02 -0.11
KLH-1gG* 0.04 -0.18 -0.08 0.30 -0.13 0.76 -0.24 -0.09
KLH-1gG? -0.18 -0.21 -0.12 0.25 0.09 0.71 -0.11 -0.05
Lymphocytest 0.01 -0.14 -0.18 -0.05 0.81 0.29 -0.11 0.01
Lymphocytes? 0.45 0.80 0.09 0.02 -0.09 -0.14 -0.05 -0.08
Granulocytes?! -0.16 0.20 0.12 -0.20 -0.79 -0.19 -0.02 -0.02
Granulocytes? -0.17 -0.86 -0.18 0.06 0.09 0.11 0.06 -0.06
CD4+CD8a* T cellst -0.32 -0.13 0.06 -0.10 0.06 -0.03 -0.12 0.77
CD4+CD8a* T cells? -0.76 -0.36 -0.16 -0.04 -0.06 -0.06 -0.01 0.32
Y& Teellst 0.88 0.12 -0.06 -0.04 -0.19 0.07 -0.24 -0.10
Y& Tcells? 0.85 0.26 0.09 -0.05 0.11 0.02 -0.33 -0.17
DCt 0.30 0.32 0.53 0.20 -0.02 -0.21 0.21 -0.21
DC? 0.02 0.52 0.64 0.01 -0.16 -0.01 0.29 0.18
SLAIl expression on DC! 0.34 0.45 0.41 -0.10 -0.29 -0.25 0.04 -0.28
SLAIl expression on DC? 0.01 0.47 0.43 -0.19 -0.25 -0.01 0.00 -0.04
CD3*T cells! 0.61 0.15 -0.51 0.22 -0.12 0.20 0.19 0.18
CD3*T cells? 0.52 -0.00 -0.31 -0.07 0.24 -0.05 -0.29 -0.11
CD4* T helper cells! -0.31 -0.09 0.05 0.01 0.03 -0.05 0.85 -0.19
CD4* T helper cells? 0.03 0.05 0.22 -0.07 -0.11 -0.16 0.84 0.08
CD8a* cytotoxic T cells? -0.73 -0.01 -0.04 0.28 0.18 0.16 -0.35 -0.13
CD8a* cytotoxic T cells? -0.82 -0.03 -0.26 0.16 -0.16 0.14 -0.05 0.06
NK cellst -0.33 -0.18 -0.07 -0.01 0.50 -0.27 -0.18 -0.23
NK cells? -0.01 -0.04 -0.02 0.31 -0.25 -0.67 -0.03 0.06
B cellst 0.30 0.37 0.70 0.04 -0.30 -0.28 0.14 -0.03
B cells? -0.03 0.07 0.79 0.02 -0.15 0.08 0.10 0.29
Monocytes? 0.17 0.01 0.06 -0.37 0.16 0.24 0.19 0.01
Monocytes? -0.49 -0.16 -0.13 -0.39 0.16 0.25 0.08 -0.17
SLAII expression on -0.04 0.20 -0.21 -0.05 0.57 -0.16 0.03 0.38
monocytes!
SLAII expression on 0.05 0.36 0.25 0.07 0.06 -0.17 0.07 0.58
monocytes?
% of variance explained 27.7 16.2 11.2 7.6 6.7 6.3 5.3 3.7

*High loadings (loading < -0.50 or 2 0.50) are indicated in bold. The superscripts 1 and 2 for antibodies
mean the area under the curve (antibody response) during primary and secondary immunization,
respectively; the superscripts 1 and 2 for cells mean the percentage of the cells before and after

immunizations, respectively.
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Table 8.4: Loadings* on the factors with an eigenvalue above one that were

extracted by factor analysis with orthogonal varimax rotation on the variables

recorded during the novel environment and novel object test (NET-NOT) in the 5-

min period before the novel object (NO) was dropped and in the 5-min period

thereafter.

FF1 F-F2 F-F3 F-F4
Walking? 0.06 0.16 0.87 -0.18
Walking? 0.25 0.26 0.59 0.07
Standing! -0.19 -0.01 -0.03 0.84
Standing? -0.17 0.66 0.06 0.53
Standing alert* 0.70 0.25 -0.31 -0.14
Standing alert? 0.64 -0.15 -0.09 -0.006
Vocalisations! 0.68 0.15 0.19 -0.12
Vocalisations? 0.80 0.04 0.24 -0.21
Exploring wall and floor? -0.36 -0.12 0.61 0.25
Exploring wall and floor? -0.07 -0.49 0.07 0.65
Exploring bucket -0.04 0.85 0.15 -0.20
Latency to touch bucket -0.35 -0.73 -0.15 0.12
% of variance explained 38.3 25.0 16.7 13.7

*High loadings (loading < -0.50 or > 0.50) are indicated in bold. The superscript 1 and 2 mean the 5-min

period before and after the NO was dropped, respectively.
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Table 8.5: Pearson correlation coefficients (r) between immune factors (I-PC) and the
behaviours in home pen observations (HPO), growth in different periods after

housing switch, and factors from the novel environment-novel object test (F-PC),

n=56.

I-F1 I-F 2 I-F3 I-F 4 I-F5 I-F 6 I-F 7 I-F 8
Inactivity 0.15 -0.05 -0.15 -0.08 -0.23 -0.19 -0.14 0.09
Aggression -0.11 -0.06 -0.11 0.22 -0.16 0.17 -0.05 -0.15
Social behav. -0.05 -0.10 0.14 -0.21 -0.04 0.19 -0.07 0.17
Play -0.34** -0.10 -0.09 -0.04 0.03 0.24 0.11 -0.04
Exploring -0.15 -0.13 -0.11 -0.06 0.28* 0.26 -0.04 -0.10
Chewing -0.03 0.43** 0.10 0.04 -0.01 0.07 0.34* -0.04
Manipulation -0.01 -0.16 0.19 0.02 -0.01 0.02 0.10 -0.02
G50-46 0.19 0.10 0.09 -0.04 -0.11 -0.29* 0.04 -0.06
G74-50 -0.28* -0.32* -0.30* -0.16 0.18 0.33* -0.18 0.07
G109-74 0.23 0.33* 0.14 -0.24 -0.08 -0.05 0.16 -0.24
G130-109 -0.00 -0.53** -0.09 0.02 0.08 0.20 -0.00 -0.28*
G130-46 0.05 -0.15 -0.07 -0.23 0.04 0.17 0.03 -0.27*
F-F1 0.08 -0.03 0.12 0.07 0.10 0.18 0.01 0.03
F-F2 0.03 -0.22 0.04 0.24 0.21 -0.05 0.23 0.20
F-F3 0.15 0.04 0.03 -0.13 -0.10 -0.28* -0.20 -0.05
F-F4 -0.14 -0.10 -0.14 0.05 -0.18 -0.18 -0.03 -0.03

Significant correlations are indicated: **P<0.01, and *P<0.05, but only **P<0.01 were discussed in the

text.

8.5 Coping style effects

Although not the main focus of this thesis, where possible we balanced for
coping style within our treatment groups by pragmatically splitting our
population into high resisters (HR) and low resisters (LR) based on their
tendency to show an active or passive behavioural response in the backtest,
a restraint test in supine position, in early life (Chapter 2, 4, 5, 6, 7). This was
done as several studies, often using the more extreme pigs at either end of
the population, have revealed differences in stress-induced behaviour,

neuroendocrine parameters and gene expression in both types of pig (e.g.
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Gley et al. 2019; Kanitz et al. 2019; Krause et al. 2017; Oster et al. 2015), as
well asinimmune parameters (e.g. Reimert et al. 2014b; Schrama et al. 1997).
Such coping styles, characterized by differences in behaviour and
neurobiology, have been described for a wide number of species (review in
Koolhaas et al. 2007), and LR and HR pigs seem to resemble what is usually
referred to as ‘reactive’ and ‘proactive copers’, respectively. Proactive copers
are more prone to show an active, ‘fight-flight’ response to acute stress,
whereas reactive copers tend to respond more passively, are more cautious
and more flexible in their behaviour (Bolhuis et al. 2004; Bolhuis et al. 2005b;

Coppens et al. 2010; Koolhaas et al. 1999).

In Chapter 4, LR pigs were found to be more influenced by their housing
environment and by the housing switch, especially the loss of enrichment, as
LR pigs that experienced a downgrade in housing from enriched to barren
pens spent more time on pen-directed chewing and oral manipulation of pen
mates than their HR counterparts. This is in line with other studies which
showed that reactive pigs were more influenced by the presence or absence
of enrichment, both concerning their behaviour, humoral immune response
and the occurrence of gastric lesions (Asher et al. 2016; Bolhuis et al. 20053;
Bolhuis et al. 2006), as well as their affective state (optimistic vs. pessimistic,
Asher et al. (2016)). LR pigs were found to have a higher motivation to
explore their surroundings than HR pigs (Jansen et al. 2009), which could be
related to their tendency to show more manipulative behaviour directed at
pen and pen mates when substrates are not available (Bolhuis et al. 2005b)
or when they have experienced a loss of enrichment (Chapter 4). Several
behaviours in the NET-NOT, especially after the drop of the bucket, were

influenced by the three-way interaction between early life housing, current
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housing and coping style (See Table B2 in Box 1). For all three behaviours
affected, i.e. latency to touch the novel object, exploration of the test room
and frequency of defecation, there were no effects of (early life) housing on
HR pigs, whereas the behaviour of LR pigs varied depending on the
combination of their rearing and current housing environment. For instance,
LR pigs from barren rearing and housing spent more time exploring the test
room than several other groups, defecated the least, but were much slower
to touch the novel object than barren LR housed pigs that originated from an
enriched early life environment. Although it is difficult to exactly explain
these behavioural differences, these results do confirm that LR pigs may be
more affected by absence or presence of enrichment than HR pigs. This is
further supported by the tendency for an interaction between current
housing and coping style on (basal) cortisol concentrations, showing that the

housing effect seems more pronounced for LR pigs (Figure B2 in Box 2).

In Chapter 5, however, responses of HR pigs in the attention bias test were
more influenced by their environment. HR pigs from current enriched
housing were found to pay more attention towards (location of) the threat
than enriched housed LR pigs, and had the highest levels of walking and
squealing after removal of the threat in the attention bias test. As discussed
before, the behaviour in the attention bias test may have reflected the acute
response to the test setting, involving relocation and social isolation, rather
than the long-term effect of housing condition on affective state. This might
explain why (enriched) HR pigs were most affected, since they seem to show
more difficulty in coping with relocation and social isolation than LR pigs

(Geverink et al. 2004; Ruis et al. 2001). In line with this, HR pigs showed a
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slower recovery in cortisol levels than LR pigs after the NET-NOT (Figure B2

in Box 2).

In Chapter 6, LR pigs had a lower latency to get to the reward than HR, but it
is difficult to say whether this effect was due to a difference in how LR and
HR pigs valued the reward and were motivated for the task, or reflected a
difference in balance between different motivations (e.g. explore the runway
vs. go for the reward immediately). Concerning the latter, the shorter
latencies of the LR pigs are not in line with the general findings that LR pigs

explore for longer, even in a familiar test room (Jansen et al. 2009).

No coping style effect was found on NA(A)b levels in Chapter 2 and 7 (coping
style was not included in Chapter 3), which is not in line with a previous study,
suggesting that HR pigs may have a more active innate immune system
(Reimert et al. 2014b). In Chapter 7, LR pigs had a higher level of specific IgM
binding KLH than HR pigs, which confirms a higher specific humoral immune
response in LR pigs (Hessing et al. 1995; Schrama et al. 1997). The impact of
challenges on the immune system of LR pigs might be bigger, as a regrouping
test had a more substantial effect on alternative pathway complement
activity in LR pigs (Reimert et al. 2014b), but we found no coping style effect
on NA(A)b changes after regrouping in Chapter 2. In this thesis, coping style
did not affect leukocyte distribution to a large extent (Chapter 7), as only
subtle difference were found, but this still further confirms immune
differences between the two types of pig found in studies with a more strict
selection of extremes at the end of the population (Hessing et al. 1994; Kanitz
et al. 2019; Oster et al. 2015; Schrama et al. 1997). Considering the limited

number of pigs in Chapter 7, interactions between (early life) housing and
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coping style were not investigated, but it cannot be excluded that differences
in immunity between HR and LR pigs may also depend on housing conditions

or early life history, which can be studied in the future.

To conclude, results of this thesis confirm that the coping style of pigs may
affect behavioural, affective, and immune responses in pigs, and influence
how pigs respond to (changes in) environmental conditions. It is therefore
important for future studies to keep these influences of individual
characteristics of pigs in mind, and, if possible, balance treatment groups for

personality traits.

8.6 Implications and future work
8.6.1 Implications of this study

In this thesis, environmental enrichment was found to influence not only
behaviour, but also affective state, growth and various parameters of
immunity in pigs. Environmental enrichment for pigs may therefore turn out
to be profitable not only by reducing damaging behaviours, but also by
improving their mental and physical health. This may contribute to improved
longevity and productivity of pigs and reduced medicine use. Besides, the
experience of environmental enrichment in early life has long-term effects in
pigs, and the mismatch of the early life and current environments also plays
an important role in behaviour, affective state and immunity. Switching from
enriched to barren conditions seems to be more detrimental for pigs’
behaviour. However, the switch did not influence the immune parameters in

a straightforward way: the effects on leukocyte subpopulations did not show
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a clear difference between switching from barren to enriched and switching
from enriched to barren, suggesting that the immune system is alerted by

the changes in the environment in general.

Environmental enrichment is a very broad concept, and a problem with the
EC Directive on the provision of appropriate environmental enrichment for
pigs is that its leaves much room for interpretation. Environmental
enrichment has been studied for several decades, but the actual choice of
enrichment to provide to pigs is often arbitrary, based more on economic or
health-related factors, than on the requirements of the animals themselves,
and as a consequence, pigs rapidly lose interest in the materials applied,
making them ineffective (Day et al. 2002b). Therefore, proper enrichment is

quite important on commercial farms.

In this thesis, the environmental enrichment used and discussed consisted of
rooting substrates (straw, peat, and sawdust), extra space allowance,
rotating enrichment objects, and extra enrichment (such as jute sacks, egg
trays, branches, raisins) provided once a week, in Chapter 4, 5, 6, and 7; of
substrates (sawdust and straw bedding) in Chapter 2; and of substrates (peat,
straw and branches) plus extra social experiences in early life in Chapter 3. It
is not known whether the effects found in this thesis would hold for all types
of enrichment, since different mechanisms are involved. The enrichment
used in this thesis was quite ‘extreme’ compared with the materials that are
provided on most farms, and not easily applicable in current housing systems.
An important question is whether less elaborate enrichment (e.g. some
handfuls of straw or other organic material provided daily or routinely) may

yield similar effects. The mandatory enrichment requirement from EU is that
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pigs must have a sufficient quantity of substrates and/or objects to root or
explore. Substrates (e.g. straw, peat, sawdust) have been found to positively
influence pigs’ behaviour (e.g. Beattie et al. 2000b; Petersen et al. 1995), but
are, however, more likely to cause immune alterations, since they bring
about more antigenic exposure, which can be unfavourable from an hygienic
point of view (Tuyttens 2005). Object-enrichment, which is, in spite of the EU
Directive, still commonly applied, seems to less efficient than substrates to
meet the behavioural needs of pigs and pigs can lose their interest in the
objects very soon (review in van de Weerd and Day 2009). Also, we noticed
that at the end of the experiment, space allowance could be of increasing
importance for finishing pigs, as at an older age they were less active and
spent less time on substrate-related behaviours, but needed more space to
rest and for other activities, such as walking and feeding. The limited space
allowance in barren housing conditions could, on top of a lack of proper
materials for exploration, be a reason for damaging behaviours like tail biting,
tail lesions and decreased body weight gains in barren housed pigs. Therefore,
depending on which stage of life the pigs are in, it may be important to apply

different types of enrichment in practice.

In commercial pig farming, piglets will usually be moved to a nursery at
weaning and are then called weaners, and when they are around 25 — 30 kg,
they will be transferred to a rearing unit where they stay until slaughter. Each
production stage typically takes place either in different units of a farm, or
on another farm specialised in the specific production period. Therefore, pigs
undergo changes in their (social) environment, need to adapt to this new
environment and may experience the loss of the resources and/or social

relationships they had before. The housing switch and mixing of unfamiliar
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animals leads to aggressive behaviour (Coutellier et al. 2007), which is a
common problem in intensive pig production, potentially resulting in injuries
(Gonyou et al. 1988), elevated cortisol levels (Coutellier et al. 2007; Moore
et al. 1994), and negative effects on productivity (Stookey and Gonyou 1994;
Tan et al. 1991). Especially during weaning, pigs are exposed to the stress of
many simultaneous changes at an early age, including maternal separation,
an abrupt change in feed source, transportation and handling, and social
stress from regrouping with piglets from other litters (review in Campbell et
al. 2013). Apart from a difference in physical and social surroundings, altered
exposure to dietary and environmental antigens could be another big
challenge for their health and welfare. A possible way to reduce stress at
weaning, is keeping the same environmental enrichment before and after
weaning, or providing extra environmental enrichment after weaning, apart
from increasing weaning age. As we found in chapter 4, pigs housed in
environmental enrichment in early life were better able to cope with
weaning transition as they ate and grew better after weaning, and early life
environmental enrichment had rather long-term beneficial effects on
welfare, as long as it was not removed at a later age. It could be more
detrimental for pigs if they lose the (enrichment) resources they had before
and/or have limited space for resting, feeding and growing and establishing
a dominance hierarchy, thus it seems to be very important to consider the
housing conditions after any change in environment. We only studied a
change in housing conditions at 7 weeks of age, but expect that a downshift
in housing conditions at any age is worse than keeping pigs in barren
conditions throughout, although | would not advocate that this is a reason to

refrain pigs from early life enrichment. Hence, it is better to keep the same
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resources after an environmental change or provide a more enriched

environment for the pigs after moving to the next stage.

Therefore, it is best to provide pigs with enrichment around weaning as this
helps to cope with the weaning transition and avoid the experience of a loss
in enrichment for pigs. If pigs do not have bedding substrates or limited living
space, pigs could be given routinely rotating objects to explore, especially
during the transition periods, as well as some handfuls of organic materials
like straw or alfalfa. When new farms are designed, more space allowance
for pigs at different life stages, floor types (allowing for bedding substrates),
and the locations where enriched materials can be applied need to be
considered. These changes are not easy to apply under economically tight
production conditions, and an increasing demand on the industry to reduce
the environmental impact of the pig production. To be able to improve pig
welfare under these conditions, there is an urgent need for an open-minded
and obligating collaboration between animal scientists, environmental
scientists, companies that develop equipment for the pig industry, animals
welfare organisations, as well as other stakeholders from both industry and

society.
8.6.2 Future work

In this thesis, effects of (early life) environmental enrichment on immune
parameters of pigs were demonstrated. It was hypothesized that this was
partly through exposure to antigens provided from the enrichment
substrates and partly through the effects of environmental enrichment on
the mental state and behaviour of the pigs. However, the relative

contribution of these factors to the effects found were not studied in this
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thesis. Future work is needed to disentangle the different mechanisms by
which (early life) environmental enrichment affects immunity in pigs, and the
subsequent consequences for their health and health management
procedures such as vaccinations. To study whether affective states affect
health of the piglets, effects of affective state need to be separated from the
direct antigenic effects of enrichment materials on the (developing) immune
system. To this aim, pigs should be kept and tested under similar controlled

hygienic conditions while inducing different affective states.

As discussed before, pig behaviour has been widely studied, but reliable and
practical measurements of affective states, especially positive ones, in pigs
are not well-developed yet. Most tests for assessing affective states in
animals are based on studies in humans and need to be adjusted to the
specific characteristics of the species under study. The attention bias test and
successive contrast test used in this thesis, were, to our knowledge, applied
in pigs for the first time and unexpected results were found. It is not clear
whether the unexpected results were due to pitfalls in the tests themselves
or not. More work is needed to understand pigs’ mental experiences, to
develop and improve tests to measure their affective state, and to assess

validity of other indicators of affective state.

This thesis focused on enrichment of the physical environment, except that
in Chapter 3 early life social experiences also varied for enriched and barren
housed pigs. More studies are needed to investigate the effects of (early life)
social experiences in pigs. Pigs are a highly social species, with social bonds
that can persist long after weaning (Newberry and Wood-Gush 1986). It is

therefore not surprising that social experiences in early life can have long-
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lasting effects on behaviour (D'Eath 2004; Kanaan et al. 2012), growth and
social skills (Canario et al. 2017; Weary et al. 2002). Early life social
enrichment, provided by, for instance, comingling or group farrowing
systems, might be promising to improve pigs’ welfare and resilience with

possible impacts on the immune system and health.

More studies on environmental enrichment in sows are needed, as
enrichment may not only be important for their own (three pillars of) welfare,
but also for that of their offspring. There are relatively few studies
investigating whether absence of proper environmental enrichment for sows,
likely inducing stress, epigenetically affects her offspring. Early life
experiences after birth were found to be important in this thesis, but it has
been found that stress experienced by the pregnant mother, via the release
of stress hormones that enter the foetal circulation (Migeon et al. 1956) may
program the offspring’s HPA axis activity in later life (Bosch et al. 2007; Glover
et al. 2009) as well. Besides, the effects of maternal stress can be passed on
to the offspring through changes in maternal behaviour and maternal care
(Champagne et al. 2006; Meaney 2001), and through paternal effects of
stress on maternal behaviour (Mashoodh et al. 2012) and offspring
development (Mychasiuk et al. 2013). These putative effects of enrichment
for sows on their offspring may also interact with enrichment in later life, as
studies in other species have revealed that environmental enrichment may
provide an effective therapy for those who suffer from the effects of prenatal

stress (review in McCreary and Metz 2016).
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8.7 Conclusions

To conclude, the results in this thesis support the expectation that
environmental enrichment influences the behaviour, affective state and
immunity in pigs, which could improve their welfare and health, compared
to barren housing conditions. Besides, apart from the current housing
conditions, the housing history in early life and the (mis)match between early
life and current environments regarding the provision of enrichment, had
long-lasting impacts on pigs. The results of this thesis underline the
importance of enrichment for pigs, as well as a fit between their early and

later life housing conditions.
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Appendix:
1. Novel environment and novel object test

In the novel environment and novel object test (NET-NOT), 128 pigs (4
pigs/pen, from 32 pens), balanced for sex and coping style, were placed in a
novel test arena, away from their home pens, for 10 min. Pigs were part of
the pigs from the study described in Chapter 4 and 7 and details on their
housing conditions can be found in these chapters. The test was carried out
at 10 weeks of age and was distributed over 4 days per batch, balanced for
housing treatments. After 5 min in the arena, which was a novel environment
for the pigs, a novel object was introduced. The novel object (a metal bucket)
was dropped from the ceiling slowly until it touched the floor and made a
noise to alert the pig. During the second 5 min of the test, the novel object
was left in the arena. During the test, the behaviours and vocalisations, as
shown in the ethogram in Table 1, were recorded using focal sampling and
continuous recording. States were expressed as percentages of time, and
events as frequencies. The latencies to approach (see Table 1) and to touch
the bucket (in sec) were also scored. Effects of early life housing, current
housing, coping style, their interactions, batch, and sex on behaviours in the
NET-NOT were analysed separately for the 5 min before and after the drop
of the novel object, using linear mixed models that included a random effect

of pen within early life and current housing, and batch.

To measure cortisol concentrations, saliva samples were collected from each
pig in the home pen just before the pig was transferred to the test arena (t=0),
and 15, 30 and 60 min after the start of the test by allowing the pigs to chew

on two cotton buds in the home pen. All pigs were habituated to chew on
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cotton buds in the week before the NET-NOT. Cortisol concentration (ng/ml)

were measured in duplicate using a cortisol saliva ELISA kit (IBL International,

Switzerland). Effects of the factors as mentioned above, to which sampling

time was added, were analysed in a repeated mixed model, with random

effects of pen and pig to account for repeated measurements at pen and pig

level. The results are presented in Boxes 1 and 2 of Chapter 8.

Table 1: Ethogram of behaviours scored in novel environment - novel object test

(Reimert et al. 2014a; Ursinus et al. 2013).

Behaviour

Definition

Locomotion class (state)

Walking

Standing alert

Standing

Behaviour class (state)

Exploring
Draw back from
bucket

Explore bucket

Other

Vocalisations (event)

Grunts

High-pitched
vocalisations

Walking without performing any other described behaviour. All 4 legs move, or the pig turns
around at the same spot without moving all 4 legs.

Standing motionless with head fixed (up or down) and ears upright, focused on a noise, wall,
person, object etc.

Standing with four paws on the floor without performing any other described behaviour.

Exploring the floor and/or the walls of the arena by sniffing, nosing, rooting, or licking it with the
rooting disc.
The pig draws back from the bucket.

Nosing, sniffing, rooting or licking the metal bucket; trying to chew on the metal bucket and rope
by touching it with open mouth and making biting movements.
The pig is performing not any of the abovementioned behaviours in the behaviour class.

Short and long grunts combined, low tone of less than half a second or of more than half a second
(one tone).
High tones, combining squeals, screams and grunt-squeals.

Other behaviours (event)

Defecating
Urinating

Defecating.
Urinating.
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2. Factor analysis and correlation analysis

To explore potential relationships between immune variables with
behavioural, affective state (fear-related behaviours in the novel
environment - novel object test (NET-NOT)), and growth data in this thesis,
Pearson correlations were used. In total, 64 pigs from 32 pens in 2 batches
(balanced for coping style, sex and (early life) housing treatment), were
immunized. Due to death of pigs (see Chapter 7 for details) and missing
values related to technical problems, correlations were done on 56 pigs in

total.

To reduce the number of variables and thereby make the results less complex,
a factor analysis (FA) was conducted on immune data (Chapter 7), behaviours
in the home pen (Chapter 4) and behaviours in the NET-NOT (Box 1 of
Chapter 8 and section 1 of this Appendix) separately. Prior to FA, correlations
between variables within each test were calculated, and the variables which
were highly correlated with other variables (r > 0.80), were combined (grunts
and high-pitched vocalisations in NET-NOT) or excluded (latency to approach
the novel object was excluded as it highly correlated with latency to touch
the object). Time spent on oral manipulation of pen mates was arcsin square
root transformed, and the relative frequency of the monocytes after
immunization and latency to touch the bucket in the NET-NOT were log
transformed to normalize the variables. As early and later life housing, and
their interaction, had profound effects on behaviours in the home pen
(Chapter 7) and in the NET-NOT (Chapter 8, Box 1), as well as on immune
variables (Chapter 7) and growth (Chapter 4), a general linear model was run,

with early and later life housing as factors. The residuals obtained were used
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for FA and correlation analyses. Residuals of variables were entered into a FA
with orthogonal varimax rotation and factors with eigenvalue above one
were retained. Subsequently, factor scores of each pig were used in

correlations.
2.1 Factor analysis for antibodies and leukocyte subpopulations

Natural IgM and IgG antibodies binding KLH before immunization, the area
under the curve during primary and secondary immunizations for KLH-IgM
and KLH-lgG, the relative frequencies of leukocytes subpopulations
measured at 74 days (before immunizations) and 130 days (after
immunizations) of age were included in the FA for immune parameters. The
FA resulted in eight factors (Table 8.3); therefore, the pigs’ scores of these

eight factors were further included in the Pearson correlation analysis.
2.2 Factor analysis for behaviours in the home pen

Behaviours used are described in the ethogram in Chapter 4. The average
percentages of time spent on the behaviours over the 5 observation days
after the housing switch (at 7 weeks of age) were analysed. Residuals of
inactivity, aggression, manipulation, social behaviour, play behaviour,
exploring and chewing (combination of chewing pen, air or substrates) were
included in FA for home pen behaviours. Because the FA for home pen
behaviours only resulted in one factor, the individual variables (residuals)

were included in the Pearson correlation analysis.

2.3 Factor analysis for behaviours in the novel environment - novel object

test
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The variables walking, standing alert, standing, exploring, explore bucket,
and vocalisations (combination of grunts and high-pitched vocalisations)
were used, as well as the latency to touch the bucket. Drawback from the
bucket was excluded, because it could not be normalized. The FA resulted in
four factors (Table 8.4); therefore, the pigs’ scores of these four factors were

included in the Pearson correlation analysis.
2.4 Correlations

The correlations between the factor scores of the eight factors containing
the immune variables with the residuals of the behaviours in the home pen,
factor scores of the NET-NOT, and the growth from day 46 to 50 (G46-50,
from before until 3 days after the housing switch), from day 50 to 74 (G50-
74), from day 74 to 109 (G74-109, primary immunization period), from day
109 to 130 (G109-130, secondary immunization period), and from day 46 to
130 (G46-130, complete period from the housing switch until the end of the
experiment) were calculated by Pearson correlations. The correlations are
presented in Chapter 8. Correlations between immune factors and the area
under the curve of cortisol concentrations in the NET-NOT were not

significant.
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Summary

Welfare and health issues in pigs have become increasingly important to the
public and in science. Worldwide, most commercial pigs are housed in rather
barren, stimulus-poor housing conditions. These barren conditions limit the
expression of their natural species-specific behaviours, leading to the
development of damaging behaviours, such as tail biting and ear biting.
Besides, barren housing can also induce (chronic) stress in pigs, as reflected
in physiological changes, and this could potentially impact their immune
competence and health. Environmental enrichment, opposite to barren
housing, allows pigs to perform more of their natural behaviours. Especially
enrichment with rooting substrates facilitates the display of exploratory
behaviours and reduces tail biting and other damaging behaviours, thereby
improving the welfare of pigs. The contemporary concept of animal welfare
not only considers the animals’ ability to live reasonably natural lives and to
express their natural behaviour, but also includes experiencing minimal
negative affective states and exhibiting good physical health and biological
functioning. The impact of environmental enrichment on affective state and
health in pigs, however, is less well-studied, and therefore, more research is

needed.

Apart from the presence of environmental enrichment per se, the effects of
environmental enrichment may derive from developmental changes caused
by early life housing experiences. Moreover, given the fact that most pigs are
relocated at least once during their lives, it is vital to consider the impact of
a change in environment, potentially causing a mismatch between early life

and current housing conditions. Research on this topic in pigs is, however,
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scarce. Therefore, the main aim of this thesis was to investigate whether and
how early life and current environmental enrichment affect behaviour,
affective state, and immunity (which may influence health) in pigs. The
coping style of the pigs was also taken into account in this thesis, as it has
been suggested that the impact of environment and a change in environment
on behaviour and affective state may differ for pigs with diverging coping
styles. Besides, the coping style of pigs may explain part of the individual

variation in immunity.

Previously, barren housed and enriched housed pigs were found to differ in
levels of natural antibody (NAb) binding to keyhole limpet hemocyanin (KLH).
NAb are defined as immunoglobulins without exogenous antigenic
stimulation, and are important as first line of defence. A large part of NAb
are directed to self-antigens, and are referred to as natural autoantibodies.
Therefore, a study was conducted to investigate the chronic effects of
environmental enrichment vs. barren housing conditions on natural
(auto)antibodies (NA(A)b binding danger (phosphorylcholine, PC) and neural
protein (Myelin basic protein, MBP) antigens in relatively healthy pigs
(Chapter 2). In this study, 480 pigs in 80 pens were housed in either barren
or straw-enriched pens from 4 (weaning) to 23 weeks of age. A 24 h
regrouping test was conducted at 9 weeks of age as an acute stressor. Blood
samples were taken from pigs before (week 8), and 3 days after the
regrouping test (week 9), and at 22 weeks of age. IgM, IgG, and IgA antibody
titers binding to Phosphorycholine-conjugated bovine serum albumin (PC-
BSA) and IgM and IgG titers binding to MBP in serum were measured using
an indirect Enzyme-linked immunosorbent assay (ELISA). Enriched housed

pigs had higher levels of MBP-IgM, and tended to have higher levels of MBP-
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IgG and PC-BSA-IgA than barren housed pigs. Housing effects did not
significantly influence the changes in NA(A)b levels due to the regrouping
test, except that PC-BSA IgA tended to increase more in enriched housed
pigs, and no effect of coping style was found. Effects of housing on MBP
autoantibody (mainly IgM) levels and to a lesser extent on PC antibody levels
tentatively suggest that environmental conditions affect levels of
autoantibodies binding (neural) antigens as a homeostatic response, which

could have consequences for pigs’ health and welfare.

We found that housing conditions (enriched vs. barren) can influence NA(A)b
levels in relatively healthy pigs, which may affect immune protection, and
influence the onset and outcome of infection. We therefore studied the
effects of environmental enrichment vs. barren housing conditions on levels
of NA(A)b in pigs co-infected with porcine reproductive and respiratory
syndrome virus (PRRSV) and Actinobacillus pleuropneumoniae (A.
pleuropneumoniae) in Chapter 3. In this study, 56 pigs were housed in either
barren or enriched (with double living space and substrates) pens from birth
to 54 days of age. They were transported and relocated at 39 days of age and
infected with PRRSV at 44 days of age, and with A. pleuropneumoniae 8 days
later. Blood samples were taken at 38, 44, 46, 48, 52, 53 and 54 days of age,
and natural IgM and IgG antibody titers binding to KLH, MBP, and PC-BSA
were measured by a two-step indirect ELISA. Housing significantly affected
the overall levels of NA(A)b binding KLH, MBP and PC-BSA, sometimes
depending on sampling day. Before infection barren housed pigs had
significantly higher levels of NA(A)b than enriched housed pigs, except for
KLH-IgM and PC-BSA-IgG, and this is contrast with what we found in Chapter

2. The discrepancy could be due to the differences in starting age, the period
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of application and the type of the enrichment. Infection only affected the IgM
binding KLH, MBP, and PC-BSA, but not the IgG isotype. Besides, the changes
of antibody levels from day 38 to 44 (before and 5 days after transport and
relocation) were for most NA(A)b more pronounced in the enriched housed
pigs than in the barren housed pigs. Moreover, changes in MBP-IgM and PC-
BSA-IgM following infection were also different for enriched and barren
housed pigs. Enriched pigs, which displayed a faster clearance of viral RNA,
also showed a stronger increase in MBP-IgM levels. Remarkably, within
barren housed pigs, a higher increase in MBP-IgM following infection related
to a faster reduction of viral RNA in serum, which could suggest that MBP-
IgM has a beneficial effect on the course of PRRSV infection. We also found
a lower viral load in pigs with higher levels of MBP-IgG before infection
(Chapter 8). Therefore, it is speculated that MBP-NA(A)b levels, both the
circulating levels of IgG at the onset of infection, and the IgM antibodies that
increased following infection, are related to the response to PRRSV infection

in those pigs.

In brief, in Chapter 2 and 3 we found that environmental enrichment per se
has impact on immunity in pigs, by affecting NA(A)b levels and their changes
in response to challenges and infection. Thereafter we aimed to further
investigate the effects of early life environmental enrichment and a
(mis)match in early life and current housing on behaviour, affective state,
and immunity in pigs. To this aim, pigs from 30 litters were studied. Pigs were
housed in either barren or enriched (with more space, substrates, and extra
enrichment) pens from birth. Pigs were exposed to a backtest at two weeks
of age to assess their coping styles, and classified as reactive (LR) or proactive

(HR) based on this test. At 28 days of age, pigs were weaned, and in total 192
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pigs (96 per batch) were selected and regrouped in 32 new pens containing
6 non-littermate pigs each. All pigs were equally regrouped by taking sex (3
males and 3 females), coping style (3 HR and 3 LR) and body weight into
account. Housing treatment (barren vs. enriched) for each pig was kept the
same as before weaning. At 47 days of age, half of the groups of pigs
experienced a switch in housing type, and the other half did not. Thus, after
the switch, there were four housing treatment groups: barren-barren (B1B2),
barren-enriched (B1E2), enriched-enriched (E1E2) and enriched-barren

(E1B2), n=8 pens per group.

First, in Chapter 4, we studied the (long-term) effects of early life and current
environmental enrichment on behaviour and growth in pigs with diverging
coping styles. Behaviour of individual pigs before (at day 20 and 21) and after
weaning (at day 45, 49, 54, 60, 78, and 125) was scored by live instantaneous
scan sampling. Body weight and feed intake of the pigs were measured.
Environmental enrichment increased time spent on exploring, chewing and
play, and decreased damaging behaviours and pen-directed exploring and
chewing. Behaviour of pigs that switched from barren to enriched pens or
vice versa reflected not only their current environment, but also the early life
housing conditions. Effects of early life and current enrichment on most
behaviours were in opposite direction. The effects of (lack of) enrichment
after the switch were therefore more pronounced in pigs that had
experienced a different early life condition. For instance, pigs experiencing
an upgrade from barren to enriched pens (B1E2) seemed to ‘catch up’ by
showing more exploration and play. Conversely, pigs exposed to a
downgrade (E1B2) displayed more oral manipulation of pen mates than B1B2

pigs, which particularly held for LR pigs. Effects of early life and current
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housing on several other behaviours depended on coping style as well. Pigs
housed in enriched conditions appeared better able to cope with weaning,
as they gained more weight and had higher feed intake post-weaning. Barren
housed pigs had a lower body weight than enriched pigs just before the
switch, after which growth was mainly determined by actual housing, with
enriched kept pigs having a higher feed intake and final body weight. Thus,
not only current housing conditions, but also a (mis)match with the early life

environment may affect behaviour and growth of pigs.

Based on the effects of early life and current environmental enrichment on
behaviour found in Chapter 4, barren housed pigs were expected to have a
more negative affective state than enriched pigs, and even more so if they
originated from an enriched early life environment, i.e. experienced a
downgrade in housing conditions. To investigate whether housing
experiences in early life, and a (mis)match with current housing conditions,
would have long-term effects on affective state, pigs were exposed to a
number of tests. In a novel object test (NOT) at 43 days of age before the
housing switch, pigs housed in an enriched environment were faster to
approach and touch the novel object than pigs housed in a barren

environment, which may suggest that enrichment reduced fearfulness in

pigs.

Furthermore, a novel environment and novel object test (NET-NOT, in Box 1
and 2, and Appendix), indicating fearfulness, was carried out at 10 weeks of
age. After 5 min in a novel environment, a novel object was introduced for
another 5 min. During the test, behaviour and vocalisations were recorded.

Saliva samples were taken before they left home pen to the test arena (t=0),
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and 15, 30, and 60 min after the start of the test, to measure cortisol
concentrations. Before the drop of the novel object, E2 pigs showed more
walking and standing alert, than B2 pigs, and they grunted more often. Early
life enrichment also increased standing alert and grunting, and E1E2 pigs
showed more high-pitched vocalisations than other groups. After the drop of
the novel object, B1B2 pigs showed less standing alert than E1B2 and B1E2,
with E1E2 pigs in between. B1B2 pigs showed more exploration, but this held
for B1B2-LR pigs only, and B1B2-LR pigs also showed the longest latency to
touch the novel object. E2 pigs had a higher frequency of grunts and high-
pitched vocalisations than B2 pigs after the drop of the novel object, and
spent less time exploring the novel object. The average -cortisol
concentration over four sampling times was affected by current housing, but
not early life housing, and B2 pigs had higher basal cortisol levels than E2
pigs. More standing alert and more vocalisations in enriched pigs seems to
show that enriched pigs were more fearful in NET-NOT, however, they did
not show a longer latency to touch the novel object, nor a higher cortisol
response to the test. It could be that their behaviour is partly socially
motivated, which means that their higher levels of vocalisation and standing
alert reflect attempts to seek contact with their pen mates. In conclusion,
both early life and current environmental enrichment influenced the

behaviour in NET-NOT, sometimes dependent on coping style.

Affective state can influence cognitive process, such as memory, judgement,
decision-making, and attention. Negative affective states, such as anxiety or
depression, can result in an attention bias towards a potential threat and
enhance the sensitivity to reward loss. In Chapter 5, to assess attention bias

in pigs, a 180 sec attention bias test (ABT) was carried out with 128 pigs,
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when they were around 76 days of age. Four pigs per pen were selected from
B1B2, B1E2, E1E2, and E1B2 housing conditions, with an equal number of
each sex and coping style. Half of the pigs were exposed to a 10 sec (non-
social, unfamiliar) threat as experimental group, and the other half were not
and served as control group. Behaviours and vocalisations of the pigs and
attention towards the threat were scored continuously using behaviour
sampling. Pigs exposed to the threat paid more attention to the location of
the threat, were more vigilant, showed less eating, more walking and were
more likely to utter high-pitched vocalisations than the non-threat control
pigs. During the presence of the threat, HR pigs from current enriched pens
(E2-HR, i.e. B1E2 + E1E2) showed more vigilance but less exploration than
others. After threat removal, no effect was found on time spent on paying
attention to the threat, vigilance and eating, but E2-HR pigs paid attention
towards the threat more frequently, were more likely to utter high-pitched
vocalisations and walked more compared to (part of) the other groups,
suggesting the most negative affective state in these pigs. Thus, this study
suggested that current housing, but not early life housing, affected behaviour
in a coping-style-dependent manner in this ABT. Housing effects were
opposite to expectation. This might be due to the short-term effect of the
relative contrast between the home pens of the pigs and the test room,
overruling putative long-term effects of environmental conditions on

attention bias.

To investigate whether early life and current environmental enrichment
influences the sensitivity to reward loss in pigs, a successive negative contrast
(SNC) test was applied from 84 to 120 days of age (Chapter 6). Two female

pigs per pen (one HR and one LR), in total 64 pigs, were selected from 32
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pens. One pig per pen was trained to run for a large reward and one for a
small reward, and reward loss was introduced for pigs receiving large reward
after 11 days (reward downshift), i.e. from then onwards, they received small
reward for another 11 days. Pigs housed in barren conditions throughout life
(B1B2) generally had a lower probability and higher latency to get the reward
than other pigs. HR pigs ran overall slower than LR pigs, and after the reward
shift, all pigs ran slower than before. Nevertheless, reward downshift
increased the latency and reduced the probability to get to the reward, but
only in pigs exposed to barren conditions in early life, which thus were more
sensitive to reward loss than pigs from enriched early life housing. In
conclusion, barren rearing and housing seemed to reduce the motivation to
get to the reward, and barren early life housing experiences had a long-term
effect the on sensitivity to reward loss. No clear evidence for an effect of
current housing, nor for an effect of a change in housing (from barren to

enriched or vice versa) on reward loss sensitivity was found, however.

The outcomes of the tests of affective state do not confirm the results on
behaviour, growth, and basal cortisol level, which suggest a poorer welfare
in barren housed pigs, and, when looking at behaviour, more so in animals
that had experienced enrichment in early life and consequently experienced
a downgrade in housing. The tests used may not have been optimal for
different reasons and/or need further adjustment. Therefore, more research
is needed on the optimal method to assess the long-term effects of rearing

and housing on pigs’ affective state.

To assess the effects of early life and current housing conditions on innate

and adaptive immune competence (Chapter 7), two pigs per pen (balanced
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for sex and coping style within treatment), n=16 per treatment, i.e. in total
64 pigs were primary immunized with keyhole limpet hemocyanin-
conjugated trinitrophenyl (KLH-TNP) at 74 days of age, and secondary
immunized with the same dose of antigen at 109 days of age. Blood samples
were collected on 74, 81, 88, 95, and 109 days of age (i.e. 0,1, 2,3 and 5
weeks after first immunization), and on 116, 123, and 130 days of age (i.e. 1,
2, and 3 weeks after second immunization) and IgM and IgG antibody
responses were measured. Leukocyte subpopulations were measured on day
74 and 130. Time course of the antibody responses was not affected by
housing. Early life enrichment increased the IgG response to KLH, particularly
the primary one. At day 74 the relative frequency of lymphocytes, DC and
SLA-Il expression on monocytes were higher in E1 pigs, whereas the
percentage of granulocytes tended to be lower in E1 pigs at day 74. Early life
enrichment increased the SLA-Il expression on monocytes, the granulocyte
to lymphocyte ratio, and tended to increase the percentage of granulocytes,
but tended to decrease the percentage of monocytes at day 130. Later life
enrichment reduced percentages of CD4+CD8a* T cells before and after
immunization and the SLA-Il expression on monocytes at day 74, the
percentage of granulocytes and the granulocyte to lymphocyte ratio at day
130. KLH-IgM responses (both primary and secondary) were affected by the
interaction between early and later life housing. IgM titers were higher for
B1B2 than for E1E2, with the switched animals (B1E2 and E1B2) moving
towards the titers of the animals kept in their later life environment from
birth onwards. At day 130 the percentage of gamma delta T cells, CD8a*
cytotoxic T cells and DC were not different between B1B2 and E1E2 pigs, but

there was a clear impact of the switch in housing conditions on gamma delta
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T cells, particularly for B1E2 pigs. We also found effects of coping style and
sex on some immune parameters. In conclusion, both early life and later life
enrichment, and, notably a switch in housing conditions influenced specific
antibodies and leukocyte subpopulations in pigs and regarding the relative
frequencies of leukocyte subsets, the immune system seems to respond to a
change in housing condition, in either direction, rather than to the long-term
effects of housing per se. This study implies that the early life history of
animals and the (mis)match with their current environment could thus be of

major importance for their immune system.

In this thesis, we hypothesized that the effects of environmental enrichment
on immune competence and responsiveness could be mediated partly
through exposure to antigens provided from the enrichment substrates and
partly through the effects of environmental enrichment on (chronic) stress,
mental state and behaviour. To further explore the relationships between
immunity and behaviour and/or affective states, correlations between
behaviours of pigs in their home pen and in the NET-NOT and immune
parameters (NAb, specific antibodies and leukocyte subpopulations) were
assessed, and growth in different periods was also included. A factor analysis
was conducted to reduce the number of immune variables, resulting in eight
factors. The first factor, with mainly high loadings for T-cell types, was related
to play behaviour in the home pen, which may reflect a positive affective
state. The second factor, that had a high positive loading for lymphocytes
and dendritic cells on the last sampling day and a high negative loading for
granulocytes, negatively related to growth of the pigs following the

secondary immunization (Day 109 — 130) (Chapter 8).
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To conclude, this thesis confirms that environmental enrichment has positive
effects on the behaviour of pigs. It also indicates that switching from
enriched to barren conditions is more detrimental for pigs’ behaviour than
housing in barren pens throughout. Effects of environmental enrichment on
behaviour in tests of affective state were equivocal. Enriched housed pigs
appeared less fearful in a novelty test in their home pen, but showed more
signs of fear in an individual novel environment — novel object test and an
attention bias test. Pigs from barren early life housing conditions seemed to
be more sensitive to reward loss, irrespective of their current housing. Both
early life and current housing, and a switch in housing conditions influenced
specific antibody levels and the frequencies of leukocyte subpopulations in
pigs, and the immune system seems to be alerted by changes in the
environment. The results of this thesis underline the importance of
enrichment for pigs, as well as a fit between their early and later life housing

conditions.
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