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Abstract
BACKGROUND: In commercial farming the shortening of piglet needle teeth is a
common but controversial and legally restricted practice due to its potential to induce
pain and stress. However, very limited data on the long term behavioural and
physiological effects exist. AIM: To investigate both short- and long-term
behavioural and physiological indicators of pain and / or stress in piglets subjected to
tooth resection by the two commercially employed methods (clipping and grinding)
and to compare these methods in terms of piglet welfare. METHODS: Experiment
(expt) 1: 120 piglets from 20 litter-based replicates (12 mixed sex replicates: n = 3 /
sex / litter and 8 female-only replicates: n = 6 / litter) were weighed at birth and
assigned to 1 of 3 treatments: 1) tooth clipping with sterilised pliers (Clip), 2) tooth
grinding with a hand-held rotating grindstone (Grind), 3) sham grinding (Sham). On
treatment day (d1) piglets were filmed for 1 minute before and after treatment.
Treatment duration, remaining tooth lengths and presence of blood were recorded.
Pre- and post-treatment behaviours were blind-scored from the recordings. Expt 2:
68 piglets from expt 1 (34 males and 34 females from 12 litters; n = 1 / sex /
treatment / litter (4 piglets excluded)) were remotely filmed within the home pen for
2 hour periods on d1, d5, d12, d26, d33 and d40. Recorded behaviours and teat order
were blind-scored using continuous focal observation. Piglet weight, tear staining,
and face and body lesions were recorded weekly (d6, d13, d20, d27, d34, and d41).
Expt 3: Post-mortem (PM) tissue samples (needle teeth and trigeminal ganglia (TG))
were collected from 48 female piglets from expt 1 (8 litters; n = 6 / litter) either 7 or
42 days after treatment (n = 1 / treatment / PM group) with blood samples taken 1
day prior. Haematological analyses, tooth damage scoring, and real time RT-qPCR
analysis of gene expression in the tooth pulp (TP) and TG were conducted.
RESULTS: Expt 1: Compared to sham, mean remaining needle tooth lengths were
0.9 mm and 1.4 mm shorter in the grind and clip groups respectively (p < 0.001), and
(minor) bleeding was observed in 97.5 % and 22.5 % of clip and grind piglets.
Resection treatment durations did not differ and handling in all treatments caused
stress and / or discomfort as evidenced by reductions in locomotion and exploratory
behaviour (p < 0.001), an increase in head flicks (p < 0.001) and in time spent with
alert (forward) ear positioning (p < 0.01). Treatment induced champing (opening and

closing the jaws) in 80 % of clipped piglets but only 45 % of sham piglets (p < 0.01)
with grind piglets intermediate (60 %, p > 0.05 vs. clip and sham). Sham piglets
investigated the wood shavings more after treatment (p < 0.01) but this behaviour
was unchanged in resected piglets. Expt 2: Overall weight gain, skin lesions, teat
order, and tear staining were unaffected by either resection method up to d42
(p > 0.05). Behaviours changed over time and aggressive behaviours were more
apparent in males from as early as 2 weeks of age but only one behaviour was
notably altered by treatment. Head swipes / bites were observed at a greater
frequency in sham vs. clip piglets (11.9 vs 7.9, p < 0.05) with grind intermediate
(10.8, p > 0.05 vs. clip and sham). Expt 3: Blood composition and plasma
concentrations of cortisol and haptoglobin were unaffected by treatment. Clipped
teeth had a greater frequency and severity of visible tooth damage (clip wTDI: 18.34;
grind wTDI: 12.76, p < 0.001). Despite this, relative to the sham group, TP gene
expression of inflammatory markers was upregulated to a similar extent in both
resection groups (CXCL8 gene fold change (FC): 331 and 519; PTGS2 gene FC: 1.8
and 2.2 for ground and clipped teeth respectively, (p > 0.05)). However, expression
of PTGER2 was only significantly upregulated in clipped teeth (Clip FC: 1.39, p <
0.01, Grind FC: 1.17, p > 0.05 vs. clip and sham),CALCB (involved in pain
signalling and reparative dentine formation) was downregulated differentially (grind
FC: 0.5, clip FC: 0.2, p < 0.001), and upregulation of GFAP (a marker of nerve
damage and potentially nociceptor sensitisation) in the TG was only significantly
higher than sham expression in the grind group (Grind FC: 1.4 (p < 0.05 vs. sham);
clip FC: 1.2 (p > 0.05 vs grind and sham)). CONCLUSIONS: Handling stress likely
overwhelmed pain behaviours immediately after tooth resection though some limited
and subtle behavioural indicators of pain were detected. Macroscopic tooth damage
appeared worse after clipping, however, both methods caused chronic, and likely
painful, pulpitis. Infections had not become systemic by d42 which was reflected in
the lack of overt pain behaviours observed within the home pen, although grinding
may have caused some level of neuropathy from d7. More intricate behavioural
analyses, different tissue sampling intervals, and a wider range of physiological
measures are required to confirm the findings of this study.

Lay summary
BACKGROUND: In commercial farming the shortening of piglet needle teeth is a
common but controversial and legally restricted practice due to its potential to induce
pain and stress. However, very limited data on the long term behavioural and
physiological effects exist AIM: To investigate both short- and long-term
behavioural and physiological indicators of pain and / or stress in piglets subjected to
tooth shortening by the two commercially employed methods (clipping and grinding)
and to compare these methods in terms of piglet welfare. METHODS: Experiment
(expt) 1: 120 piglets from 20 litters (12 of mixed sex and 8 female-only litters) were
weighed at birth and assigned to 1 of 3 treatments: 1) tooth clipping with sterilised
pliers (Clip), 2) tooth grinding with a hand-held rotating grindstone (Grind), 3)
handled as per the grind treatment but teeth were not shortened (Sham). On treatment
day (d1) piglets were filmed for 1 minute before and after treatment. Treatment
duration, remaining tooth lengths and presence of blood were recorded. Pre- and
post-treatment behaviours were blind-scored (i.e. scored from recordings that did not
reveal when piglets were filmed or which treatments they received). Expt 2: 68
piglets from expt 1 (1 male and 1 female per treatment per litter, 12 litters in total)
were remotely filmed within the home pen for 2 hour periods on d1, d5, d12, d26,
d33 and d40. The behaviour of each piglet was blind-scored for each piglet
individually and continuously throughout each recording and the teat the piglet fed
from was recorded. Piglet weight, tear staining, and cuts (lesions) on the face and
body were recorded weekly (d6, d13, d20, d27, d34, and d41). Expt 3: Post-mortem
(PM) tissue samples (needle teeth and trigeminal ganglia (TG)) were collected from
48 female piglets from expt 1 (8 litters; 6 piglets per litter) either 7 or 42 days after
treatment (1 piglet per treatment per PM age group) with blood samples taken 1 day
prior. Blood analyses, tooth damage scoring, and real time RT-qPCR analysis of
gene expression in the tooth pulp (TP) and TG were conducted. RESULTS: Expt 1:
Compared to sham, mean remaining needle tooth lengths were 0.9 mm and 1.4 mm
shorter in the grind and clip groups respectively, and (minor) bleeding was observed
in 97.5 % and 22.5 % of clip and grind piglets. Resection treatment durations did not
differ and handling in all treatments caused stress and / or discomfort as evidenced
by reductions in locomotion and exploratory behaviour, and an increase in head

flicks and time spent with alert (forward) ear positioning. Treatment induced
champing (opening and closing the jaws) in 80 % of clipped piglets but only 45 % of
sham piglets with grind piglets being intermediate (60 %). Sham piglets investigated
the wood shavings more after treatment but this behaviour was unchanged in
resected piglets. Expt 2: Overall weight gain, skin lesions, teat order, and tear
staining were unaffected by either resection method up to d42. Behaviours changed
over time and aggressive behaviours were more apparent in males from as early as 2
weeks of age but only one behaviour was notably altered by treatment. Head swipes /
bites were observed at a greater frequency in sham vs. clip piglets (11.9 vs 7.9 per 2
hour observation) with grind piglets being intermediate (10.8 per 2 hour
observation). Expt 3: Blood composition and plasma concentrations of cortisol and
haptoglobin were unaffected by treatment. Clipped teeth had a greater frequency and
severity of visible tooth damage (overall damage scores (wTDI): clip: 18.34, grind:
12.76). Despite this, relative to the sham group, in TP inflammation-related gene
synthesis was increased to a similar extent in both resection groups (CXCL8 gene
fold change (FC): 331 and 519; PTGS2 gene FC: 1.8 and 2.2 for ground and clipped
teeth respectively). However, expression of PTGER2 was only significantly
upregulated in clipped teeth (Clip FC: 1.39 vs. sham; Grind FC: 1.17 vs. clip and
sham), CALCB gene expression (involved in pain signalling and reparative dentine
formation) was reduced more in clipped TP (grind FC: 0.5, clip FC: 0.2 compared to
sham TP), and increases in GFAP gene expression (usually increased by nerve
damage and may induce pain in the absence of injury (neuropathy)) in the TG was
only statistically higher than sham expression in the grind group (Grind FC: 1.4, clip
FC: 1.2 compared to sham). CONCLUSIONS: Handling stress likely overwhelmed
pain behaviours immediately after tooth resection though some limited and subtle
behavioural indicators of pain were detected. Visible tooth damage appeared worse
after clipping. However, grinding may have caused some level of neuropathy from
d7 and both methods caused chronic, and likely painful, inflammation in the TP.
Infections had not spread beyond the teeth by d42 which was reflected in a lack of
obvious pain behaviours within the home pen. More intricate behavioural analyses,
different tissue sampling intervals, and a wider range of physiological measures are
required to confirm the findings of this study.
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1 GENERAL INTRODUCTION
1.1

Pig welfare: impact of consumer trends, public concern, and legislation

1.1.1

Consumer trends

Over the last 60 years, a rapidly increasing world population has escalated demand
for meat products, catalysing the growth and intensification of the livestock industry.
From 1961 to 2018, annual global pork production has increased from approximately
25 million to almost 121 million tonnes with the number of pigs slaughtered for meat
production almost quadrupling concomitantly from around 376 million to 1496
million (FAOSTAT, 2021‡). Much of this increased productivity has been facilitated
by the intensification of pig farming, with the majority of pigs in the EU and other
high-income countries - and over 50 % of pigs worldwide - now being raised in
intensive production systems (Algers et al., 2007‡; Maes et al., 2019*; Steinfeld et
al., 2006‡). Intensification in pig farming utilises confinement housing and selective
breeding to improve productivity while minimising management and labour costs
(Fraser, 2005‡). Although a success in terms of productivity and profit, intensive
farming systems are known to result in numerous negative welfare outcomes for the
animals living within them (Algers et al., 2007; Beaumont et al., 2010*; FAWC,
2009‡, 2011‡; Maes et al., 2019*; Peden et al., 2018; Silva Salas et al., 2021; SVC,
1997‡).

One of the most notable advances in productivity is the relatively recent trend for
increased litter size in domestic pigs (Sus scrofa domesticus) due to genetic selection
of hyper-prolific sows. While the average litter size of wild boar (Sus sus scrofa)
rests at 4.6 (Servanty et al., 2007), the average number of live births per litter of
commercial pigs in EU farms is over three times higher and rising at 14.2 in 2019 up 1.5 per litter from 2012 (AHDB, 2021‡; BPEX, 2014‡). Litters of this size are
associated with reduced pig welfare, partly due to increased competition during
suckling (Andersen et al., 2011; Fraser, 1975; Milligan et al., 2001; Rutherford et al.,
2013*) with a corresponding increase in facial lesions (see figure 1.1) observed in
litters containing more than 11 piglets (Fraser, 1975; Hansson and Lundeheim,
2012). These injuries are inflicted by the piglets’ sharp “needle” teeth (see section
1.2.2) and have led to widespread adoption of the contentious practice of tooth
resection - the shortening of needle teeth by clipping or grinding (see section 1.3).
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Figure 1.1. Damage inflicted by piglet needle teeth during fights at the udder (photographs from own collection). Left image:
sleeping piglet with superficial facial injuries. Middle image: sleeping piglet with a more severe facial laceration partially overlain with
dirt including faecal matter. Right image: superficial lesion on sow’s udder most likely from a misdirected blow from piglets fighting
during a suckling bout.
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1.1.2

Public concern

Intensive farming systems and their animal welfare implications were first brought to
the attention of the public by Ruth Harrison’s 1964 publication “Animal Machines”.
The ensuing outcry incentivised the British government to commission a report on
the welfare of intensively farmed animals the following year (Brambell, 1965‡) and
subsequently establish the Farm Animal Welfare Committee (FAWC) (recently
renamed the Animal Welfare Committee (AWC)) which laid out the basic welfare
requirements of animals, known as the Five Freedoms (freedom: 1) from hunger and
thirst, 2) from pain, injury, or disease, 3) from fear and distress, 4) from discomfort,
and 5) to express normal behaviours) which inform much of UK and EU animal
welfare legislation to this day (FAWC, 2009‡).

Farm animal welfare remains an increasing concern to the public. However,
misinformation, a lack of knowledge, and inconsistencies in consumer willingness to
pay for higher animal welfare standards, combined with the complex relationship
between animal welfare and profit have hindered the integration of numerous animal
welfare improvements into farming industry practice (Alonso et al., 2020*; Boaitey
and Minegishi, 2020*; Connor and Cowan, 2020; Dagevos, 2021*; Ellison et al.,
2017; Lusk and Norwood, 2011*; Nocella et al., 2010). Despite its ubiquity, the UK
public appear to be relatively unaware of piglet tooth resection. Within a recent
survey of over 300 people, only 15 % of respondents believed that piglet tooth
clipping was commonly practiced in the UK, while 67 % were unsure, 19 % thought
it was uncommon, and only 22 % were aware that performance of mutilations
(injurious, non-therapeutic procedures) by non-veterinarians is legal in the UK.
However, when informed about tooth resection (a brief description of the procedure,
its purpose, and prevalence), the same cohort estimated pain from tooth clipping to
be slightly higher (approximately 6.5 out of 10) than from tail docking (defined as
amputation of the lower half of the tail using clippers without analgesia), while
acceptability and perceived necessity of the practice were low (Connor and Cowan,
2020). These results suggest that pressure on producers, retailers, and the
government to minimise or eliminate the use of tooth resection would be
considerable if the practice was common knowledge.
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1.1.3

Current EU legislation

Within the EU, several aspects of the health and welfare of pigs and other farmed
animals are protected by a set of EU regulations and directives which outline
minimum standards for transport protocols, housing, air quality, access to food,
water, and daylight, etc. (The Council of the European Union, 2005, 1998). Further
legislation regarding commercial pigs – including restrictions on the use of
mutilations – is provided within EU Commission Directive 2001/93/EC (The
Council of the European Union, 2001). For mutilations such as tail-docking,
castration, and tooth resection to be considered legal, they must not result in
“unnecessary pain, suffering or injury” (The Council of the European Union, 1998).
With regards to tooth resection, there must be evidence of injuries to conspecifics
(littermates and / or the sow) caused by piglets with intact needle teeth. Proof that
alternative approaches to reducing the risks of such injuries, and their negative
consequences (e.g. outbreaks of exudative epidermitis (greasy pig disease)), is also a
legal requirement. Routinely resecting the needle teeth is therefore illegal, and any
form of tooth resection should, on balance, cause less pain and suffering than leaving
the teeth intact (The Council of the European Union, 2001). To determine the
appropriate course of action, producers must fully evaluate the severity of injuries
resulting from both the use and avoidance of tooth resection in its currently available
forms (clipping and grinding) alongside the impact of both approaches on piglet and
sow welfare.

1.1.4

Persistence and prevalence of tooth resection within the UK and EU

Adherence to, and enforcement of these regulations appear low, with piglet tooth
resection being commonly practised throughout the UK, EU, and global commercial
farming industry. Results from the 2008 PIGCAS survey revealed that, with the
exclusion of those residing in Italy, Denmark, Finland, Sweden and Norway, tooth
resection is performed on the majority of EU piglets (Fredriksen et al., 2009). In the
same year, within a BPEX survey, Assured British Pig producers reported that tooth
clipping was being performed on 57 % of UK piglets (BPEX, 2008‡), whereas
representatives of the British pig industry stated in discussions with FAWC that the
procedure is carried out on a “high proportion of indoor-kept piglets and a smaller
percentage of outdoor-kept piglets in the UK… and on the majority of piglets that
supply imported produce” and, furthermore, that the majority of UK pig farmers
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adopted the practice in its most extreme form, i.e. clipping the teeth to the gumline
with pliers (FAWC, 2011‡). Given the legal status of routine tooth clipping, its
prevalence is likely to be underreported and researchers have recently estimated that
as many as 80 % of UK piglets are currently subjected to tooth clipping (Connor and
Cowan, 2020).

1.2
1.2.1

Piglet needle teeth
Function

Fighting for teat access
Unusually for a mammalian species, piglets are born with a fully erupted, outwardcurving canine and third incisor in each dental quadrant ((Tucker and Widowski, 2009;
Weaver et al., 1966); see figure 1.2) Both in the wild, and in commercial settings, these
sharp, deciduous “needle” teeth are utilised through a combination of sideways bites
and head swipes, to gain and maintain access to the sow’s teats during suckling-related
fights (Fraser and Thompson, 1991). This fighting generally peaks in the hours
following birth and tapers off over the following days as a stable teat order (the order
along the udder in which piglets suckle) begins to be established (De Passillé et al.,
1988; De Passillé and Rushen, 1989; Fraser and Thompson, 1991; Hartsock and
Graves, 1976).

Access to colostrum
Due to their epitheliochorial placenta, sows are not capable of transplacental
immunoglobulin transmission and consequently produce agammaglobulinemic
(immune deficient) offspring (Baintner, 2007*; Garratt et al., 2013; Skok and
Skorjanc, 2014a*). Upon leaving the sterile uterine environment, piglets are subjected
to extreme antigenic exposure. If passive immune protection is to be obtained and the
piglet is to survive while its immature immune system develops, it must immediately
consume sufficient quantities of colostrum (160–170 g/kg birth weight (Le Dividich
et al., 2005*) or 200-250g per piglet (Devillers et al., 2011; Ferrari et al., 2014)) while
its gut is still capable of absorbing the colostrum’s immunoglobulins (until 24-36 hours
after birth (Rooke and Bland, 2002*)). Colostrum not only provides passive immunity
to the piglets but is also a rich source of energy that is crucial for piglet
thermoregulation, and of growth factors that facilitate gut development (Rooke and
Bland, 2002*; Skok and Skorjanc, 2014a*; Xu et al., 2000*) making it a vital resource.
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However, sows produce a limited quantity of colostrum (averaging around 3.5 kg per
litter) that does not increase with litter size but does vary with parity and between sows
(Decaluwé et al., 2014; Devillers et al., 2007; Ferrari et al., 2014; Foisnet et al., 2010).
Approximately a third of the sows in one study reportedly produced less than the 160
g / kg piglet birth weight believed to be required (Decaluwé et al., 2014). The peak in
aggressive interactions observed between siblings at the sows udder during the first
hours following birth correlates with the sow’s colostrum production which ends
between 24 and 48 hours after farrowing begins (Devillers et al., 2007).

Additional genetic pressures: the arms race of needle teeth
Sows have a 2 to 3 day oestrus period and unlike other ungulates, wild pigs are not
known to exhibit behaviours such as pair / harem formation or mate guarding that
protect against mixed paternity litters (Drake et al., 2008*; Fraser and Thompson,
1991). Consequently, under natural and semi-natural conditions when multiple males
are present, sows may mate with several individuals and produce litters of mixed
paternity (Martin and Dziuk, 1977; Sumption et al., 1959). Furthermore, wild sows
live in genetically related social groups of up to 8 females and their developing
offspring (Dardaillon, 1988; Eisenberg and Lockhart, 1972; Graves, 1984*). Piglets
within such groups have been observed attempting to invade the suckling events of
neighbouring litters (Eisenberg and Lockhart, 1972; Newberry and Wood-Gush,
1985). When successful, the interloper commandeers a productive teat from a weaker,
incumbent piglet which will starve and die within days if it cannot regain or replace
the productive teat (Newberry and Wood-Gush, 1985). Functional teats that are not
suckled for a day involute (regress) and become less productive. After 3 days without
suckling, the involution is irreversible and the teat will cease to produce milk
altogether (Theil et al., 2005). Starvation is therefore a likely consequence for
displaced piglets both when litters are large and if displacement occurs after the teat
order has been well established. With a substantial risk of death due to competition
from indirect relatives or half-siblings, aggression, and the means to injure and repel
other piglets during suckling bouts (i.e. being born with sharp outward pointing teeth),
would be a distinct genetic advantage that may have given rise to an intra-species arms
race (Fraser and Thompson, 1991).
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Figure 1.2. Images of piglet needle teeth. Left and centre images (adapted from (McCracken et al., 1999†) and (Tucker and Widowski,
2009) respectively): position and eruption angles of the deciduous third incisor and canine teeth (circled) in the maxillary (upper) and
mandibular (lower) jaws of piglets. Right images (from (Fraser and Thompson, 1991)), upper right: arial view of new born piglet
mandibular jaw with canine (c) and third incisor (i) labelled; lower right: orientation of the mandibular third incisor at birth, 21, and 84
days of age showing substantial realignment over time.

27
1.2.2

Needle tooth morphology

The morphology of mammalian teeth is highly conserved and the deciduous dentition
of pigs (32 teeth in total) is particularly similar in both size and morphology to that of
humans (Berkovitz and Shellis, 2018†; Bishop and Yoshida, 1992; Hay et al., 2004;
Stembirek et al., 2012*; Wang et al., 2014, 2007*), albeit with a thinner layer of
enamel which predisposes them to fracturing under compressive force (Popowics et
al., 2004, 2001). The needle teeth of pigs have a long, conical, dentine root anchored
to the jawbone within a socket (alveoli) by a layer of mineralised tissue (cementum)
which attaches to a layer of tendinous, collagen-based, connective tissue (the
periodontal ligament) embedded in the alveolar bone. In primary pig incisors and
canines, this root is 2 to 3 times that of the tooth crown. Above the cervix (where the
root and crown meet), the dentine layer continues upwards, and its cementum cover
gives way to a thin, extremely hard, and brittle layer of highly mineralised tissue
(enamel). Beneath the dentine, both above and below the level of the cervix, resides
the dental pulp - a soft, highly vascularised and innervated connective tissue
(Berkovitz and Shellis, 2018†; Hay et al., 2004; Wang et al., 2007*). An illustration of
the components described here is presented in figure 1.3.

1.2.3

Needle tooth composition and properties: enamel

Mainly composed of hydroxyapatite (crystalline calcium phosphate) and with
virtually no water content (within enamel, water and organic matter combined
constitute only 4 % w/w), enamel is the hardest tissue of the human body (Chun et
al., 2014; De Dios Teruel et al., 2015). Mammalian enamel is produced by
ameloblast cells during tooth development (Nishikawa, 1992; Odor et al., 1999) and
is comprised of subunits known as enamel prisms - a mixture of slightly flattened
hexagonal enamel rods and inter-rod enamel - which decussate extensively to create
species-specific variations in enamel structure and relative strength (Chun et al.,
2014; Odor et al., 1999; Popowics et al., 2004). Despite this, and although porcine
enamel rods are half the diameter of human rods (Lopes et al., 2006), pig enamel is
considered to be very similar to that of humans (Lopes et al., 2006; Odor et al., 1999;
Popowics et al., 2004, 2001; Wang et al., 2007*). Nonetheless, porcine enamel is
thinner, less mineralised, and less resistant to tensile and compressive forces than
human enamel making it more prone to fracturing and splintering (Popowics et al.,
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2004, 2001). Scanning electron micrograph images of acid-etched porcine and
human enamel showing rod and inter-rod configuration are shown in figure 1.4.

Figure 1.3. Cross-section illustration of a piglet needle tooth highlighting the main
macroscopic components of mammalian teeth

Figure 1.4 (from Lopes et al., 2006). High magnification scanning electron
micrographs of acid etched pig (a) and human (b) enamel. Hydroxyapatite
crystals indicated in image b (arrows). Scale bars = 5 μm.
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1.2.4

Needle tooth composition and properties: dentine

Dentine is also mainly composed of hydroxyapatite but contains much more water
and organic matter than enamel – some 10 % and 20 % w/w respectively (Chun et
al., 2014; De Dios Teruel et al., 2015). Therefore, although still considerably more
mineralised and harder than bone, dentine is much softer and prone to decay than
enamel which facilitates the accelerated rate of tissue destruction observed in dental
caries (areas of progressive tooth destruction caused by bacterial acids) once the
dentine is exposed (Chun et al., 2014; Kim et al., 2021*). However, dentine is
relatively resistant to compressive forces, so while enamel provides substantial wear
resistance, dentine absorbs the impact from mastication and trauma, reducing the risk
of fractures and shattering (Chun et al., 2014; Popowics et al., 2004).

Odontoblast cells line the periphery of the pulp chamber and are responsible for the
production of primary dentine during early tooth formation. By the time the teeth are
functional (i.e. have erupted from the gums, have fully formed roots, and are capable
of occlusion), the odontoblasts have switched to production of secondary dentine
which is continuously laid down between the pulp and the primary dentine (Linde
and Goldberg, 1993*). Apart from the outermost “mantle” layer, the primary and
secondary dentine are tubular structures, separated from the dental pulp by a thin
layer of their unmineralized and disorganised precursor (predentine). Columnar
processes of the odontoblasts remain within the fluid-filled tubules of both dentine
and predentine and are thought to extend as far as the dentinoenamel junction (Kim
et al., 2021*; Linde and Goldberg, 1993*; Popowics and Herring, 2006†).

The dentine tubules are densely packed but highly permeable to fluids, molecules
and microbes. Consequently, without the protection of the outer enamel layer, both
they and the dental pulp, are highly susceptible to invasion by oral bacteria (Linde
and Goldberg, 1993*; Love and Jenkinson, 2002*). The depth and extent of bacterial
invasion of dentine tubules is dependent on both the characteristics of the invading
bacteria and tubule diameter (Kakoli et al., 2009; Mlakar et al., 2014; Stauffacher et
al., 2017). Both the chemical characteristics and microstructural parameters of
dentine – including the diameter and density of the dentine tubules – is extremely
similar in pigs and humans (Mlakar et al., 2014), thus progression of infections and
dental disease due to dentine exposure should be somewhat comparable between
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these species. Scanning electron micrograph images of acid-etched porcine and
human dentine showing similarities in tubule diameter and density are shown in
figure 1.5.

Figure 1.5 (Lopes et al., 2006). High magnification scanning electron
micrographs of acid etched pig (a) and human (b) dentine with exposed dentine
tubules (T) Scale bars = 1 μm.

In response to noxious stimuli and trauma, a third form of dentine (tertiary dentine) is
produced adjacent to the site of injury and intratubular mineral deposition (sclerosis)
occurs, both of which serve to inhibit microbial invasion of the pulp (Widbiller and
Schmalz, 2021*; Yu and Abbott, 2007*). Where insults are mild and odontoblasts
survive, they upregulate their secretory activity and produce what is known as
reactionary dentine which may be less dense and more irregular in its orientation but
retains the tubular structure of its predecessors. However, where this process is
overwhelmed and the post-mitotic odontoblasts die, or are lost through injury, a
much more complex system of defence is activated wherein stem / progenitor pulpal
cells migrate to the injury site, differentiate into odontoblast-like cells, and secrete a
harder, irregular, often atubular tissue known as reparative dentine (Byers and Dong,
1983; Cooper et al., 2010*; Galler et al., 2021*; Goldberg, 2011*; Goldberg et al.,
2004*; Linde and Goldberg, 1993*; Smith et al., 1995*; Widbiller and Schmalz,
2021*).

1.2.5

Needle tooth composition and properties: dental pulp

As previously discussed, a layer of odontoblast cells lines the pulp periphery. In
addition to producing dentine, these cells are the pulp’s first line of defence against
bacteria invading via dentine caries (Love and Jenkinson, 2002*) and are involved in
both innate and adaptive immune responses, including cytokine and chemokine
production and expression (Durand et al., 2006; Farges et al., 2011; Levin et al., 1999;
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Staquet et al., 2008; Veerayutthwilai et al., 2007). Activated odontoblasts can thereby
recruit defensive cells such as neutrophils and immature dendritic cells to the site of
infection (Durand et al., 2006; Huang et al., 1999) although the formation and
mineralisation of predentine can be compromised in the process (Durand et al., 2006).
Below the peripheral layer of odontoblasts resides a heterogeneous cell population
comprised predominantly of fibroblasts. In healthy pulp, fibroblasts are tasked with
production and maintenance of the extracellular matrix but can also respond to
bacterial invasion by producing and releasing inflammatory cytokines and chemokines
(e.g. interleukin (IL)-8), neuropeptides (e.g. substance P (SP)), and all components of
the complement system. As such, fibroblasts play an integral role in defensive,
inflammatory, and reparative processes within the dental pulp (Cooper et al., 2010*;
Gaje and Ceausu, 2020*; Galler et al., 2021*; Goldberg et al., 2004*; Killough et al.,
2009; Tancharoen et al., 2005).

Other cell types within the dental pulp include: undifferentiated mesenchymal cells
(potential progenitor cells for both fibroblast-like and odontoblast-like cells (Gaje and
Ceausu, 2020*; Goldberg et al., 2004*; Yu and Abbott, 2007*)); various types of stem
cells (e.g. dental pulp stem cells and periodontal ligament stem cells (Goldberg, 2011*;
Goldberg et al., 2008*; Goldberg and Hirata, 2017*)); and a small but varied set of
resident inflammatory and immunocompetent cells (e.g. resident macrophages, T
lymphocytes, plasma cells, neutrophils, eosinophils, and dendritic cells (Gaje and
Ceausu, 2020*; Galler et al., 2021*; Goldberg and Hirata, 2017*; Jontell et al.,
1998*)). An illustration of the main cell populations resident in healthy tooth pulp is
shown in figure 1.6. In addition to resident cells, during the inflammatory response, B
lymphocytes and mast cells are also recruited into the pulp and substantial increases
in the quantity of other cells such as neutrophils occur (Gaje and Ceausu, 2020*; Galler
et al., 2021*; Goldberg and Hirata, 2017*; Jontell et al., 1998*). The pulp is also
extensively vascularised and innervated (see section 1.2.6).
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Figure 1.6. Schematic illustration of the main cell populations present in healthy
mammalian tooth pulp.

1.2.6

Needle tooth composition and properties: pulp and dentine innervation

Nociceptive innervation
The dental pulp of both primary and permanent teeth is one of the most densely
vascularised and innervated tissues in the mammalian body (Egan et al., 1999, 1996;
Rodd and Boissonade, 2002; Vongsavan and Matthews, 1992; Zhan et al., 2021*). In
humans and other mammals (e.g. rats, mice, cats, dogs, monkeys, rabbits) nociceptive
primary afferents of the trigeminal nerve (C-, A-delta, and A-Beta fibres) enter the
tooth via the apical foramen in neurovascular bundles, innervating both the pulpal
tissue and (with the exception of continually growing teeth such as rodent incisors and
rabbit teeth) the proximal regions of the dentine tubules (Bishop, 1995; Byers et al.,
2003*, 1987, 1982; Byers and Dong, 1983; Byers and Matthews, 1981; Byers and
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Narhi, 1999*; Carda and Peydro, 2006; Fink et al., 1975; Ibuki et al., 1996; Marfurt
and Turner, 1983; Nishikawa, 2006). Upon entering the pulp, the nociceptive fibres
extend coronally through the radicular (sub-cervical) pulp with minimal branching.
Extensive arborization occurs in the coronal (supracervical) pulp, peaking in the
subodontoblastic plexus of Raschkow (Byers and Narhi, 1999*; Egan et al., 1996;
Hildebrand et al., 1995*; Ibuki et al., 1996; Johnsen and Johns, 1978; Rodd and
Boissonade, 2002). The majority of these afferents are myelinated when they arrive at
the apical foramen but shed their myelin sheaths as they progress through the pulp
towards their various terminal destinations (Fried et al., 2011*, 1989; Henry et al.,
2012; Ibuki et al., 1996; Paik et al., 2010; Zhan et al., 2021*).

The functional properties of these nerves are well conserved in mammals (e.g. cats,
dogs, monkeys and humans (Hildebrand et al., 1995*)). Although information
regarding the innervation of pig teeth is currently limited, overall the nociceptors of
pigs and humans have similar conduction velocities, axonal excitability, and
distribution, and are considered functionally more similar than those of humans and
rodents (Herskin and Di Giminiani, 2018†; Obreja and Schmelz, 2013†). In humans
and other mammals, smaller diameter, slow conducting C-fibres responsible for dull,
diffuse, aching/burning sensations shed their myelin sheath upon entering the teeth and
terminate in the central areas of the pulp (see figure 1.7), while wider diameter, fasterconducting, A-delta fibres, commonly responsible for sharp pain sensations, retain
their myelin sheaths further into the pulp, shedding them coronally as they branch into
the plexus of Raschkow, pulp periphery, and dentine (Byers and Dong, 1983; Byers
and Narhi, 1999*; Fried et al., 2011*; Hildebrand et al., 1995*; Ibuki et al., 1996).
These nociceptors can be subdivided based on their physiology, with some C-fibres
identified as polymodal or silent (activated only in the presence of tissue damage or
inflammation) and A-delta fibres being classed as either fast or slow (Byers et al.,
2003*; Fristad et al., 2010*).

Intradental C-fibres have a higher activation threshold than A-delta fibres and are only
affected by stimuli which reach the pulp such as intense heating or cooling, pulpal
injuries, high mechanical forces, and inflammatory mediators such as histamine or
bradykinin, whereas even very mild stimulation of exposed dentine - from drilling to
air-puffs or water-spray - can induce an A-delta fibre response resulting in intense pain
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(Byers et al., 2003*; Byers and Narhi, 1999*; Fried et al., 2011*; Hildebrand et al.,
1995*; Narhi, 1990*). A small number of myelinated A-beta fibres are also present
with a distribution similar to that of the A-delta fibres. Some also appear to mimic the
A-delta fibres functionally, although the majority are considered likely to be lowthreshold mechanoreceptors involved in non-painful sensations relating to mastication
reflexes, vibration and “pre-pain” tingling sensations (Byers et al., 2003*; Byers and
Narhi, 1999*; Dong et al., 1985; Fried et al., 2011*).

Figure 1.7. Schematic illustration of the distribution of mammalian intradental
nociceptive nerve fibres. C-fibres (yellow) terminate in the central region of the pulp
chamber only. A-delta and A-beta fibres (blue) branch extensively to form the plexus
of Raschkow and innervate the pulp periphery and proximal regions of the dentine.
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Sympathetic and parasympathetic intradentinal innervation
Unmyelinated, mainly perivascular, sympathetic efferents also innervate the tooth pulp
(Fried et al., 2011*; Goldberg and Hirata, 2017*; Hossain et al., 2019*; Zhan et al.,
2021*). These fibres do not extend into the dentine in healthy or injured pulp but have
been observed to sprout into the odontoblast layer in response to pulpal injury (Haug
and Heyeraas, 2003; Shimeno et al., 2008) and exert a vasoconstrictive effect through
the release of neuropeptide Y (NPY) and catecholamines (Byers et al., 2003*;
Caviedes-Bucheli et al., 2008b*; Zhan et al., 2021*). With regards to inflammation,
although contradictory results exist, most studies support an anti-inflammatory role for
sympathetic nerves as well as inhibitory effects on sensory neuron excitability
(Caviedes-Bucheli et al., 2008b*; Fristad et al., 2010*). The presence, origin,
distribution and influence of parasympathetic nerve fibres within the tooth pulp is
controversial, although some vasoactive intestinal polypeptide (VIP) expressing
neurons have been detected within the pulp and a potential (weak) role of
parasympathetic nerves in vasodilation and increased vascular permeability within the
inflammatory process has been suggested (Caviedes-Bucheli et al., 2008b*; Fristad et
al., 2010*; Hossain et al., 2019*; Olgart, 1996*; Rodd and Boissonade, 2002; Sasano
et al., 1995; Zhan et al., 2021*).

1.2.7

Overview of dental nociceptive signalling

Porcine teeth are innervated by the maxillary and mandibular branches of the
trigeminal nerve which pass through the alisphenoid bone of the skull via the foramen
rotundum and foramen ovale respectively. Inside the skull, they join with the third,
ophthalmic branch and form the trigeminal ganglia which sits within a dural recess
known as the trigeminal, or Meckel’s, cave (Byers and Narhi, 1999*; Howroyd, 2020;
Sabanci et al., 2011; Williams et al., 2003). Nociceptive signalling can be subdivided
into 4 processes: transduction, transmission, modulation, and perception (Okafor et al.,
2014*). Transduction involves the mechanical, thermal or chemical stimulation
(depolarisation) of the nociceptive processes of primary afferent neurons to an extent
sufficient to induce an action potential (a rapid rise then fall in cell membrane potential
caused by the movement of ions through transmembrane voltage-gated ion channels)
(McEntire et al., 2016*). This process converts noxious stimuli into afferent electrical
signals that are then propagated (transmitted) along the pseudounipolar nociceptive
neurons, from the peripheral axons in the teeth, through the trigeminal ganglia where
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the neuronal cell bodies (somata) reside, along the central axons that enter the
brainstem at the level of the pons, before descending to the trigeminal subnucleus
caudalis (Vc) and upper cervical spinal cord (C1-C2) where they synapse with second
order neurons (Iwata et al., 2017†; Patestas and Gartner, 2013†). Here the signal passes
to the second order neurons via the release of neurotransmitters and neuropeptides (e.g.
glutamate and SP) from the presynaptic neuron into the synaptic cleft which activates
postsynaptic receptors (e.g. α-amino-3-hydroxy-5-methyl-4-isoxazolepropionic acid
(AMPA) and N-methyl-D-aspartate (NMDA) glutamate receptors and neurokinin-1
(NK1) receptors) initiating action potentials that then propagate along the second order
neurons (Garry et al., 2004*; Glasgow et al., 2019*). From there the signal crosses the
midline and ascends the trigemino-thalamic tract to the ventral posterior-medial
(VPM) nucleus of the thalamus where the second order neurons synapse. The signal
continues on to the somatosensory cortex via third order neurons where it is processed
further and perceived (Iwata et al., 2017†; Patestas and Gartner, 2013†). Illustrations
of the trigeminal signalling pathway are presented in figure 1.8. Modulation refers to
the alteration of nociceptive signal intensity which can occur throughout the ascending
pathway via local and / or descending modulatory influences which may be inhibitory
(e.g. via norepinephrine or enkephalin) or facilitatory (e.g. via SP) (Sessle, 2000*;
Voscopoulos and Lema, 2010*).

1.2.8

Intradental sensory nerve responses to dental injury

Inflammation and pulpal injuries are capable of activating all nerve types within the
tooth (Fried et al., 2011*; Fristad et al., 2010*). In the absence of tissue injury and
inflammation, low levels of several neuropeptides such as SP, NPY, calcitonin generelated peptide (CGRP), and neurokinin A (NKA) can be detected (Awawdeh et al.,
2002; Caviedes-Bucheli et al., 2006; Sattari et al., 2010; Zhan et al., 2021*). Following
stimulation of the sensory nerve fibres, neuronal synthesis and secretion of
neuropeptides can be substantially altered in both primary and permanent mammalian
teeth (Rodd and Boissonade, 2002). The magnitude and direction of change in
neuropeptide expression is dependent on the type and severity of the instigating stimuli
and is also subject to strong temporal influences as the injury and / or inflammation
either progresses or resolves (Byers et al., 1990; Byers and Narhi, 1999*; Khayat et
al., 1988; Kimberly and Byers, 1988). For example, SP and CGRP are vasodilative
neuropeptides understood to contribute to pain facilitation, nociceptor sensitisation,
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Figure 1.8. Schematic illustrations of the trigeminal pathway. Left: Primary trigeminal axons run from the trigeminal ganglia to the
dental pulp of the needle teeth. Right: Primary trigeminal neurons synapse with secondary neurons in the spinal nucleus of the trigeminal
spinal tract which then decussate and travel upwards to synapse with tertiary neurons in the brain where nociceptive signals are processed
further and perceived. V1 / V2 / V3: ophthalmic / maxillary / mandibular branches of the trigeminal nerve. MN / PSN / SN: mesencephalic
/ primary sensory / spinal nuclei of the trigeminal spinal tract. VO / VI / VC: oralis / interpolaris / caudalis subnuclei of the spinal nucleus.
C1-C2: upper cervical spinal cord.
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and hyperalgesia (Iyengar et al., 2017*). Their expression is often observed to increase
following dental caries or experimental pulp exposure / inflammation with a greater
upregulation occurring in painful pulpitis or when inflammation or injury is more
severe (Awawdeh et al., 2002; Buck et al., 1999; Caviedes-Bucheli et al., 2006; Goodis
et al., 2000; Kimberly and Byers, 1988; Rodd and Boissonade, 2002, 2000; Sattari et
al., 2010). However, in the dental pulp as with the rest of the body, injuries involving
nerve trauma may have the opposite effect, resulting in downregulation of SP and
CGRP expression (Fristad et al., 2010*; Garry et al., 2004*; Hokfelt et al., 1994*; Tran
and Crawford, 2020*). Further complications arise where bacteria or bacterial
products (e.g. lipopolysaccharide (LPS)) are introduced into the dentine and / or pulp
that result in both indirect activation of nociceptors via cytokine release from other
pulpal cells, and direct activation, e.g. via their membrane-bound toll-like receptor 4
- cluster of differentiation 14 (TLR4-CD14) receptor complex (Killough et al., 2009;
Wadachi and Hargreaves, 2006).

Activation of dental nociceptors by tooth injuries, pulpal inflammation, and / or
bacterial invasion often results in neurogenic inflammation, a process whereby the
release of neuropeptides elicits vasodilation and the recruitment and activation of
immune cells, thus contributing to the instigation and maintenance of pulpitis (Byers
and Narhi, 1999*; Cooper et al., 2010*; Jontell et al., 1998*; Lundy and Linden,
2004*). During inflammation, nerve sprouting occurs and is thought to contribute to
nociceptor sensitisation, possibly by increasing the total number and sensitivity of
pulpal transient receptor potential (TRP) channels (Hossain et al., 2019*). However,
where pulp exposure and tissue damage are severe and / or untreated, progressive
nerve degeneration (die-back) and necrosis occur, moving from the site of injury
towards the apical foramen and root canal (Bjørndal and Ricucci, 2014†; Galler et al.,
2021*; Khayat et al., 1988; Kimberly and Byers, 1988).

1.2.9

Ganglionic sensory nerve responses to dental injury

Tens of thousands of primary afferent neurons reside within the trigeminal ganglia
supported by around 100 times as many non-neuronal cells including satellite glial
cells (SGCs) and Schwann cells (LaGuardia et al., 2000; Messlinger et al., 2020*;
Messlinger and Russo, 2019*). Various changes in gene expression occur within the
resident cells of the trigeminal ganglia in response to inflammation and injury. SGCs
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respond to dental nerve trauma and pulpal inflammation with upregulation of the
cytoskeletal glial fibrillary acidic protein (GFAP) (Filippini et al., 2018; Liu et al.,
2018; Matsuura et al., 2013; Stephenson and Byers, 1995; Watase et al., 2018) as
they switch from their “resting” state to one of active repair and protection (Ellis and
Bennett, 2013*; Hanani and Spray, 2020*; Hanani and Verkhratsky, 2021*; Pekny
and Nilsson, 2005; Pekny and Pekna, 2016). In response to nerve injury, glial
coupling (an increase in the number of gap junctions – specifically the formation of
gap junctions between SGCs associated with different neurons) facilitates
widespread cross-excitation of SGCs which can involve multiple branches of the
trigeminal nerve (Gazerani, 2021*; Gunjigake et al., 2009; Hanani and Verkhratsky,
2021*; Matsuura et al., 2013; Stephenson and Byers, 1995; Watase et al., 2018)
resulting in the sensitisation of uninjured neurons and production of ectopic orofacial
pain through upregulation of genes such as transient receptor potential cation channel
subfamily V member 1 (TRPV1) (Matsuura et al., 2013; Watase et al., 2018).
Furthermore, in Schwann cells, upregulation of Ubiquitin C-Terminal Hydrolase L1
(UCHL1) has been reported following nerve transection (Lin et al., 1997), while
within the neurons, expression of nociceptor sensitising substances such as SP and
CGRP may also be modulated (Buck et al., 1999; Grutzner et al., 1992; Iyengar et
al., 2017*; Sacerdote and Levrini, 2012*), although it is of importance to note that
regulatory responses to inflammation and nerve injury may be in direct opposition to
one another (Garry et al., 2004*; Tran and Crawford, 2020*). Post-injury infiltration
by non-resident cells also occurs. Activated pro-inflammatory (M1) and antiinflammatory (M2) macrophages enter the trigeminal ganglia where they release
cytokines and chemokines to further enhance neuronal excitability and contribute to
ectopic orofacial pain (Hanani and Spray, 2020*; Shinoda et al., 2019*).

1.2.10 Long term consequences of dental injury
Persistent inflammation and necrosis vs. resolution and repair
Following mild dental injuries (e.g. to the enamel or periphery of the dentine layer),
mild bacterial infection, inflammation, and neuronal sprouting are highly localised and
likely to resolve within a matter of days or weeks (Byers et al., 1990; Taylor et al.,
1988). Slightly longer and more complex responses involving the formation of tertiary
dentine are observed when damage encroaches into the inner dentine, although
inflammation may remain fairly localised and potentially resolvable (Byers et al.,
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1990). Complications arise, however, when the pulp is exposed and widespread
bacterial infection ensues. Infections within damaged teeth exacerbate and prolong the
inflammatory immune response thus hindering the healing process and the formation
of reparative dentine that would otherwise form a barrier to persistent bacterial assault
(Cooper et al., 2014*, 2010*). Due to the highly limited ability of the pulp to heal
itself, without orthodontic intervention, the resulting inflammation becomes chronic
and irreversible, spreading apically (Farges et al., 2015*; Goldberg et al., 2008*). The
inflammatory process causes significant collateral host tissue damage, for example,
during immune cell migration (trafficking) and antibacterial activities (e.g.
neutrophilic extracellular killing mechanisms) (Caielli et al., 2012*; Castanheira and
Kubes, 2019*; Cooper et al., 2014*; Holder et al., 2019). These processes are
compounded by the bacteria themselves as they compete for nutrients and release
toxins into their surroundings (Cooper et al., 2014*). Consequently, progressive
inflammation is followed by progressive pulp necrosis (Cooper et al., 2014*; Galler et
al., 2021*; Hong et al., 2020), which paves the way for deeper bacterial infiltration of
the pulpal tissue until infection of the root canal occurs (Bjørndal and Ricucci, 2014†;
Galler et al., 2021*), ultimately leading to chronic apical periodontitis (Metzger et al.,
2009†).

Pain sensitisation
When nociceptor activating stimuli such as inflammation and bacterial infection
persist, the first order neurons become sensitized. Changes in the distribution, quantity,
activity, and physical properties of first order neuron membrane channels (e.g. TRPV1
or sodium ion (Na+) channels), as well as axotomy, can destabilise the nociceptor
membrane potential thus increasing the rate of firing and producing ectopic activity
(Amir et al., 2002; Devor, 2006*; Dray, 2008*; Voscopoulos and Lema, 2010*).
Within the dental pulp, dentine, and along the trigeminal nerve, many axo-axonic
appositions occur. At these sites, in the absence of myelination, across extracellular
clefts as small as 10-20 nm, uninjured nociceptors may become excited by
neighbouring nerve fibres – including sympathetic efferents - via a form of nonsynaptic “cross talk” known as ephaptic transmission (Byers et al., 1982; Cohen and
Mao, 2014*; Voscopoulos and Lema, 2010*). Glutamate released by activated
peripheral nociceptors initially only binds with post-synaptic AMPA receptors as the
NMDA receptor pore is voltage-dependently blocked by a magnesium ion (Mg2+).
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However, continuous firing of the first order neurons depolarises the second order
neuron synaptic membrane via the sustained release of glutamate, SP and CGRP,
facilitating the release of the Mg2+ ion from the NMDA receptor pore, making the
receptor available for glutamate binding. This generates an influx of Na+ and calcium
(Ca2+) ions and activates intracellular signalling cascades, instigating central
sensitisation (Kuner, 2010*; Latremoliere and Woolf, 2009*; Voscopoulos and Lema,
2010*).

Neuropathic pain syndromes following successful dental procedures (i.e. in the
absence of detectable infection or unresolved tissue damage) are reported to result in
around 3-8 % of human subjects (Lobb et al., 1996; Marbach et al., 1982; Nixdorf et
al., 2010*; Polycarpou et al., 2005) and are believed to involve both central and
peripheral sensitisation including reduced efficiency of the inhibitory endogenous
pain-modulatory system (Nasri-Heir et al., 2015). Without the option of pain relief or
surgical intervention (i.e. removal of infected pulp and / or application of a protective
dental cap) and in the face of persistent bacterial assault from the oral cavity, it is
reasonable to consider that tooth resection in pigs could induce a similar or higher
prevalence of neuropathies. Dental pulp injuries in mice have been shown to induce
behavioural and cellular / molecular changes indicative of neuropathic pain up to 12
and 42 days post-injury respectively (Lee et al., 2017). Similarly, peripheral nerve
injuries acquired during tail docking in pigs have been shown to result in persistent
and potentially painful neuromas (Herskin et al., 2015; Sandercock et al., 2016), lower
mechanical nociceptive thresholds (i.e. increased pain sensitivity) in the residual tail
stump (Di Giminiani et al., 2017), and sustained alterations in the expression of painassociated genes within the cell bodies of the innervating dorsal root ganglia
(Sandercock et al., 2019).

Systemic infections
Chronic oral infections can progress to become systemic and potentially fatal.
Bacterial pneumonia can result from aspiration of oral bacteria, periapical abscesses
may spread via the fascial planes and spaces to the eyes, sinuses and brain, and
invasion of the bloodstream (bacteraemia) may result in sepsis, arthritis, and
cardiovascular disease including infective endocarditis (Bali et al., 2015*; Li et al.,
2000*; Metzger et al., 2009†; Seymour et al., 2007*). In pigs, clipping of the needle
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teeth has been linked to an increased risk of polyarthritis (arthritis in multiple joints)
in piglets (Brown et al., 1996; Done et al., 2012†; FAWC, 2011‡; Hansson and
Lundeheim, 2012) and mastitis in the sow via infected piglets (Hultén et al., 2004).
Indeed, porcine saliva is the main natural habitat of Streptococcus suis (S. Suis) - a
major pathogen of swine and an emerging zoonotic agent responsible for multiple
systemic pathologies including septicaemia, endocarditis, meningitis, arthritis and
sudden death (Murase et al., 2019; Sorensen et al., 2006). The virulence of S. suis
varies with serotype and strain, therefore infection does not always result in clinical
disease, however, the presence of co-infections and the use of management practices
such as tooth clipping are associated with the development of clinical signs of S. suis
infection (Done et al., 2012†; Obradovic et al., 2021*).

1.3

Piglet needle tooth resection

Tooth resection is the process by which farmers remove a section of a piglet’s needle
tooth with the intention of reducing their ability to inflict cutaneous lesions on
littermates and the sow’s udder. The procedure is conducted on neonatal piglets
without the use of anaesthesia or analgesia and commonly involves clipping the teeth,
often down to the level of the gumline using surgical cutters (pliers), or grinding the
teeth down from the tip with a hand-held rotative grindstone (FAWC, 2011‡). A
standard tooth clipping tool and handheld grinder are shown in figure 1.9.

1.3.1

Tissue damage

Tooth clipping regularly results in dentine splintering, while both methods are
associated with tooth fractures, and frequently result in pulp exposure even when the
removed section is limited to the distal third of the tooth (Gallois et al., 2005; Hay et
al., 2004; Hutter et al., 1994). Soft tissue lesions, pulpitis, pulpal necrosis, abscesses
and gingivitis are also common consequences of the procedure (Bataille et al., 2002;
Gallois et al., 2005; Hay et al., 2004; Holyoake et al., 2004; Hutter et al., 1994; Lewis
et al., 2005b). These types of tissue damage and inflammatory conditions are known
to be painful in humans and, given the similarities in tooth morphology and innervation
between humans and pigs (see section 1.2), are likely to induce pain in piglets as well
(Hay et al., 2004; SVC, 1997‡). Furthermore, upon application of the grinder, tooth
temperature increases immediately, rising to an average of 50°C (Redaelli et al., 2012)
– well above the thresholds for noxious heat activation of the TRPV3 and TRPV1

43

Figure 1.9. Tools for tooth resection of commercial piglets. Top: handheld electrical
rotating grindstone. Bottom: standard surgical bone cutting forceps.

channels (>30°C and >42°C respectively) found in dental nociceptors and pulpal
odontoblasts (Chung and Oh, 2013*; Hossain et al., 2019*; Tominaga and Tominaga,
2005*). Localised temperature peaks also quickly surpass the noxious heat activation
threshold for dental nociceptor TRPV2 channels (52°C) (Chung and Oh, 2013*; Dubin
and Patapoutian, 2010*), climbing as high as 88°C within only 2-3 seconds of contact
with the tooth (Redaelli et al., 2012). Typical injuries resulting from tooth clipping and
grinding are shown in figure 1.10.

1.3.2

Handling stress

In order to shorten the needle teeth, piglets must be removed from the sow and litter
and restrained. Social isolation is a well-established stressor for pigs, with maternal
and littermate deprivation being particularly stressful to neonates (Hemsworth et al.,
2011; Herskin and Jensen, 2000; Kanitz et al., 2014; Matthews and Ladewig, 1994;
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Poletto et al., 2006). The procedure involves not only isolation and injuries that are
likely to be painful (Hay et al., 2004; SVC, 1997‡), but also a perceived threat of
predation by the handler (Puppe et al., 2005; Rutherford, 2002*), a thermal challenge
(Herpin et al., 2002*), and a novel environment. Individually these components are all
capable of evoking a piglet stress response (Dayas et al., 2001; Di Giminiani et al.,
2016; Godoy et al., 2018*; Llamas Moya et al., 2006; Mellor et al., 2000†; Nordquist
et al., 2017†; Puppe et al., 2005; Rutherford, 2002*) and are likely to have an additive
effect when experienced in combination (Hyun et al., 2005, 1998; Morrow-Tesch et
al., 1994; Noonan et al., 1994).

1.3.3

Tooth resection as a potential source of systemic inflammation and disease

Untreated tooth infections ultimately lead to periodontal disease which may progress
to systemic disease through the metastatic spread of pathogenic oral bacteria, their
toxins, or their soluble, immune-complex forming, antigens (Hajishengallis, 2015*; Li
et al., 2000*; Polepalle et al., 2015*). Systemic infections and inflammation can alter
circulating concentrations of white and red blood cells, increase the neutrophil to
lymphocyte ratio (NLR), and activate the hepatic acute phase response (APR) (Gruys
et al., 2005*; Loos, 2005*). In humans, periodontitis has been consistently shown to
cause a modest increase in circulating leukocyte counts, the magnitude of which is
dependent on periodontitis severity (Fokkema et al., 2002; Fredriksson et al., 1998,
1999; Loos, 2005*; Loos et al., 2000; Nibali et al., 2019). The ratio of neutrophils to
lymphocytes in periodontitis sufferers has also been shown to increase in a severityrelated manner (Christan et al., 2002; Loos et al., 2000; Nibali et al., 2019). Anaemia
of inflammation (AI) is a form of anaemia resulting from systemic inflammation in
which red blood cell clearance is increased, iron availability is reduced, and production
of, and bone marrow response to, erythropoietin is impaired (Straat et al., 2012*). It is
distinct from anaemias that arise due to vitamin- and iron-deficient diets and anaemia
associated with bone marrow cell dysfunction (Loos, 2005*). Inflammatory processes
such as cytokine-induced increases in iron-sequestering by macrophages and
hepatocytes are believed to be the major causative factors (Cullis, 2011*). Presence of
AI is indicated by lowered haematocrit / red blood cell count / haemoglobin
concentrations in the absence of changes to the mean individual RBC volume (mean
corpuscular volume (MCV)) (Loos, 2005*), and mild AI (or in several studies, a trend

45

Figure 1.10. Examples of piglet tooth damage at 1 week after clipping and
grinding the needle teeth. Top row: pilot study histology images of Masson’s
Trichrome stained sections of piglet needle teeth. Left: undamaged dentine and normal
tooth pulp from a sham handled piglet. Middle and right: dentine and pulp infiltrated
by white blood cells in response to damage from grinding and clipping resection
methods respectively. 1: dentine 2. normal tooth pulp 3. inflamed tooth pulp (dark
purple). 4. artefactual sectioning damage. Dotted lines: resected incisal surfaces.
Bottom row: needle teeth collected post-mortem. Left: undamaged teeth from a sham
handled piglet. Middle and right: typical resection damage in ground and clipped teeth
respectively (1: exposed pulp exposed, 2: dentine fracture. 3. jagged resection surface.
4. shattering (pulp exposed vertically, in this case to the level of the gum).
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towards it) has thusly been observed in humans with periodontitis (Hutter et al., 2001;
Lainson et al., 1968; Loos, 2005*; Nibali et al., 2019; Salvi et al., 1997*).

The hepatic acute phase response (APR) is a rapid, evolutionarily conserved,
systemic reaction to tissue trauma, infection, and inflammation that normally results
in the removal of pathogens, healing, and restoration of homeostasis (Baumann and
Gauldie, 1994*; Gruys et al., 2005*; Heegaard et al., 2011; Petersen et al., 2004*).
Its activation can be detected in blood samples due to changes in circulating levels of
hepatic acute phase proteins (APPs; see figure 1.11). The APR is mainly regulated by
the release of pro-inflammatory cytokines from the site of injury (e.g. IL-1, IL-6, IL8 and tumour necrosis factor alpha (TNF-α)), but is also, less extensively, influenced
by glucocorticoid hormones (Gruys et al., 2005*; Polepalle et al., 2015*). Activation
of the APR results in the increased synthesis and circulation of positive APPs (e.g.
C-reactive protein (CRP), serum amyloid A (SAA), haptoglobin (Hp), and major
acute phase protein (pig-MAP)), and decreased production of negative APPs (e.g.
albumin and transferrin), and can be detected within hours of the instigating injury or
infection (Gruys et al., 2005*; Heegaard et al., 2011; Petersen et al., 2004*;
Skovgaard et al., 2009). Normally this process begins to subside within days,
(Baumann and Gauldie, 1994*; Petersen et al., 2004*), although, serum
concentrations of the slower acting class II (second line) APPs, e.g. Hp, have been
shown to take up to 2 weeks to return to baseline concentrations (for example, in pigs
following inoculation with S. Suis (Sorensen et al., 2006)), and prolonged or repeated
stimulation of the APR (e.g. due to on-going infections such as periodontitis) results
in chronic inflammation (Gabay and Kushner, 1999*; Gruys et al., 2005*).

In humans periodontitis has been shown to result in increased circulating
concentrations of both CRP and Hp in a disease severity dependent manner (Ebersole
et al., 1997). Systemic immune responses (e.g. upregulated cytokine expression) and
systemic disease (arthritis) have been observed in mice and rats following
experimental periodontal infection with common oral bacterial pathogens (Courbon
et al., 2019; Marchesan et al., 2012; Sandal et al., 2016), while in cats periodontitis is
negatively associated with albumin, haemoglobin and haematocrit (Cave et al., 2012)
indicating systemic inflammation and AI.
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Increases in circulating Hp, CRP, SAA, and PigMAP are considered good indicators
of APR activation in pigs (Heegaard et al., 2011; Petersen et al., 2004*; Skovgaard et
al., 2009), although substantial variations in baseline concentrations have been
reported (Heegaard et al., 2011; Hennig-Pauka et al., 2019; Piñeiro et al., 2009;
Pomorska-Mól et al., 2012), and the thresholds for, and magnitudes of, synthesis
upregulation vary between APPs depending on the type, severity and duration of
stimulus (Heegaard et al., 2011; Hennig-Pauka et al., 2019; Petersen et al., 2004*). S.
suis is a highly prevalent oral and systemic porcine pathogen (Murase et al., 2019)
and has been shown to induce a distinct APR in pigs following experimental
infections (Sorensen et al., 2006), similarly, the APR of pigs can be stimulated by
infection-prone injuries such as ear and tail biting damage (Heinonen et al., 2010;
Parra et al., 2006; Petersen et al., 2002a; Petersen et al., 2002b). In all of the above
examples of porcine APR activation, an increase in circulating concentrations of
haptoglobin and other APPs is observed.

1.3.4

Evidence of pain and stress due to needle tooth resection

Pain in humans is currently defined by the International Association for the Study of
Pain (IASP) as “an unpleasant sensory and emotional experience associated with, or
resembling that associated with, actual or potential tissue damage” (Raja et al.,
2020*). Due to the inability of animals to verbally communicate their experiences to
humans, and the fact that pain and nociception may occur in the absence of one
another (Loeser and Melzack, 1999*; Shriver, 2006*; Wall, 1979*), the presence of
an emotional component of pain in animals is often contested (Bermond, 2001*;
Rose et al., 2014*). Nonetheless, pigs are recognised as sentient beings by law within
the European Union (The Council of the European Union, 1997) and there is a
general (though not complete) consensus within the scientific community that
mounting evidence suggests animals, and mammals in particular, are capable of
experiencing both nociception and pain, albeit not identically to humans, and only
when certain physiological and behavioural criteria have been satisfied (Bateson,
1991*; Elwood, 2012*; Flecknell et al., 2011*; Gentle, 2011*; Mason and Mendl,
1993*; Shriver, 2006*; Sneddon et al., 2014*; Weary et al., 2006*).

Physiologically speaking, the main criteria are: the presence of nociceptors, the
capacity of the nervous system to relay nociceptive information to the brain, central
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Figure 1.11. The cytokine-induced hepatic acute phase response
IL-6 = Interleukin 6; IL-1 = Interleukin 1; TNFα = Tumour necrosis factor alpha;
SAA = Serum amyloid A; CRP = C-reactive protein; Hp = Haptoglobin; Pig-MAP =
Major acute phase protein; Alb = Albumin; TTR = transthyretin; TF = transferrin;
Apo AI = apolipoprotein A-I. Tissue damage, infection, and inflammation at the site
of injury stimulates the release of proinflammatory cytokines which circulate to the
liver via the bloodstream. The liver responds by upregulating and downregulating the
production and release of positive and negative acute phase proteins respectively.
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processing of nociceptive input by the brain, the presence of opioid receptors and
endogenous pain modulating substances, a reduction in responses following
application of analgesics or opioids, a high cognitive ability, and physiological
changes (e.g. changes in heart rate, plasma corticosteroid concentrations, etc.) in
response to noxious stimuli. These criteria are considered important evidence of the
capacity to feel pain and are fulfilled by mammals, including pigs, and at least some
species within several other taxa (Elwood, 2012*; Gieling et al., 2011*; Herskin and
Di Giminiani, 2018†; Sneddon et al., 2014*; Viñuela-Fernández et al., 2011† (see
also sections 1.2.6-1.2.8)). In broad terms, behavioural indicators of pain include
avoidance learning, trade-offs between responses to pain and other strongly
motivated behaviours, self-stimulation of injury sites, protective / defensive
behaviours, changes in sleeping, feeding, social, or explorative behaviours,
vocalisations, appearance of abnormal behaviours, and behavioural changes in
response to analgesics and attentional shifts (Bateson, 1991*; Dawkins, 1990*;
Elwood, 2012*; Gentle, 2001; Herskin and Di Giminiani, 2018†; Ison et al., 2016*;
Prunier et al., 2013*; Sneddon et al., 2014*; Weary et al., 2006*).

Systemic physiological stress responses
Tissue trauma, such as that induced by tooth resection is classed as a physical (as
opposed to psychological) stressor (Dayas et al., 2001; Godoy et al., 2018*). Injuries
may initiate the physiological stress response via three interacting systems: activation
of the sympathetic adrenomedullary (SAM) system and the neuroendocrine
hypothalamic pituitary adrenal (HPA) axis, (Godoy et al., 2018*; Joëls and Baram,
2009*) see figures 1.12 and 1.13) and haemato-immunological (activation of the
cytokine-stimulated acute phase response (Desborough, 2000*; Ivanovs et al., 2012*),
see figure 1.11). The acute endocrine stress response is dominated by the SAM axis
wherein autonomic nerves release acetylcholine (ACh), stimulating the release of
adrenaline and noradrenaline resulting in the classic flight or fight response (sweating,
pupil dilation, increased heart rate and blood pressure, reduced blood flow to the skin,
etc.). Tooth resection has been shown to activate the SAM stress response in piglets as
evidenced by a reduction in skin temperature beyond that which would result from the
stress of being handled during the procedure (see section 1.3.2) and isolation-induced
cold stress (Llamas Moya et al., 2006).
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HPA axis stress response
Where stress is maintained into the long-term (e.g. due to persisting pain), the acute
SAM response is overtaken by that of the HPA axis (Godoy et al., 2018*).
Corticotropin-releasing hormone (CRH) is synthesised in the parvocellular neurones
of the paraventricular nucleus of the hypothalamus and is the major mediator of the
HPA axis response to stress, with the final output being increased glucocorticoid
secretion into the blood (Fig. 1.12). Increased circulating cortisol is the most
commonly utilised indicator of HPA axis activation (Casal et al., 2017; Hart, 2012*;
Martínez-Miró et al., 2016*) and can be measured in plasma, or, less invasively, in
saliva, hair, milk, urine and faeces (Casal et al., 2017; Cook, 2012*).

Serum cortisol concentrations have been reported to increase in pigs that were
chronically stressed by repeated social mixing (Li et al., 2017), however, in previous
studies a lack of long-term effect of castration on circulating cortisol levels has been
reported (Hay et al. 2003; Kattesh et al. 1996) and increased cortisol due to chronic
psychological stress (tethering) was matched by the circadian concentration peak in
unstressed pigs and, furthermore, was overcome by adaptive regulation of the HPA
axis within 11 weeks (Janssens et al., 1995). Furthermore, circulating cortisol
concentrations are subject to a variety of non-stress related influences such as age,
weight, time of day, and food consumption (Adcock et al., 2006; Čobanović et al.,
2020; Ekkel et al., 1996; Hillmann et al., 2008; Koopmans et al., 2005; Llamas Moya
et al., 2007; Munsterhjelm et al., 2010; Prunier et al., 1993; Ruis et al., 1997) as well
as social and environmental stressors (Kanitz et al., 2014; Koopmans et al., 2005;
Merlot et al., 2012; Morgan et al., 2019; Munsterhjelm et al., 2010; Ruis et al., 1997).
This plethora of influences may explain why cortisol-based evidence of a stress
response to tooth resection is underwhelming in the short-term (≤ 15 minutes posttreatment) (Bataille et al., 2002; Prunier et al., 2005), and absent in the long-term (up
to 29 days) (Llamas Moya et al., 2006; Marchant-Forde et al., 2009).

CRH and CRH receptor 1 (CRHR1) expressing neurones in the amygdala are
considered to be especially important in mediating anxious behavioural responses
(Aguilera et al., 2004*; Reul and Holsboer, 2002*). Upregulation of CRHR1 mRNA
expression and binding sites within the paraventricular nucleus (PVN) of rats has been
shown to increase in response to stress (Luo et al., 1994; Makino et al., 1995: Nappi
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Figure 1.12. The Hypothalamic-Pituitary-Adrenal Axis
CRH = corticotropin-releasing hormone; ACTH = adrenocorticotropic hormone.
CRH produced by the hypothalamus stimulates the anterior pituitary gland to secrete
ACTH into the blood, which in turn acts on the adrenal cortex of the adrenal gland
causing the secretion of cortisol which exerts immunosuppressive effects and
stimulates the release of glucose stores from the liver into the bloodstream.
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Figure 1.13. The Sympathetic Adrenomedullary Axis
ACh = acetylcholine. In response to stressful stimuli, impulses sent from the
hypothalamus via the autonomic nerves cause the release of acetylcholine at the
adrenal gland. This stimulates the adrenal medulla to release catecholamines
including adrenaline and noradrenaline into the bloodstream that act on various vital
organs resulting in short-term physiological changes (e.g., sweating, pupil and
bronchial dilation, and increases in heart rate, blood pressure, and blood glucose).
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and Rivest, 1995) and CRH-R1 mRNA expression is upregulated in the amygdala of
pigs which have undergone early life tail docking (Oberst et al., 2015). It is feasible,
therefore, that mutilations such as tail docking and tooth resection could influence
HPA axis regulation, thereby increasing anxiety, and reducing the welfare of
commercial pigs.

1.3.5

Behavioural indicators of pain and stress

Individuals in a state of suffering will generally work to minimise or eliminate the
symptoms and / or source of their displeasure (Dawkins, 2008*). Farmed animals are
often subjected to tissue damaging mutilations (castration, dehorning, tail docking,
branding, tooth resection, debeaking, desnooding, ear notching / tagging, mulesing,
spur removal, toe removal, nose ringing, microchipping, etc.) that are considered likely
to cause pain (Gregory and Grandin, 2007†).

Behavioural indicators of pain at the time of treatment application
During mutilative procedures, animals often exhibit defensive / escape behaviours
such as kicking and changes in vocalisations that indicate the procedures are painful.
For example, greater frequencies of kicking, lurching, and falling, a greater
likelihood of vocalisation, altered vocalisation characteristics, and higher exertion
forces when pushing against the restraint chute have been reported in cattle during
hot iron / liquid nitrogen branding (Lay et al., 1992; Schwartzkopf-Genswein et al.,
1997; Watts and Stookey, 1999). Similarly, dehorning in calves induces head
movements, leg movements, and rearing that are reduced by local anaesthetic (Graf
and Senn, 1999; Weary et al., 2006*). Tail docking increases the rate, intensity, and
peak vocal frequency of vocalisations compared with sham handling in pigs
(Marchant-Forde et al., 2009; Noonan et al., 1994; Tallet et al., 2019), and causes
intense “shrieking” vocalisations in dogs (Noonan et al., 1996). A recent study also
reported an increase in vocalisation duration and number of escape attempts during
tail docking by both clipping and cauterisation compared with sham handling
(Morrison and Hemsworth, 2020). A number of studies in pigs have also shown that
castration results in an increased rate, duration, and intensity of high frequency calls
(screams) (Hansson et al., 2011; Kluivers-Poodt et al., 2012; Marx et al., 2003;
Taylor et al., 2001; Taylor and Weary, 2000; Walker et al., 2004; Weary et al., 1998)
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and defensive / escape-related movements (Hansson et al., 2011; Leidig et al., 2009;
Marchant-Forde et al., 2009; Walker et al., 2004) which are reduced by local
analgesics and / or anaesthetics (Hansson et al., 2011; Kluivers-Poodt et al., 2012;
Leidig et al., 2009; Marx et al., 2003; Rault and Lay, 2011; Walker et al., 2004).

Few studies of behavioural responses during tooth resection exist. Marchant-Forde et
al., (2009) reported that total number of grunts and escape attempts were higher in
piglets during tooth clipping and grinding compared with sham controls but this was
attributed to the longer treatment time of resection vs. sham handling. When procedure
duration was accounted for, a lower squeal rate, and longer vocalisation duration were
found to occur during grinding compared with sham clipping (results for actual
clipping were intermediate). However, Noonan et al., (1994) reported an increase in
grunt rates during tooth clipping compared with sham handling. They also commented
on the intense struggling exhibited when tooth clipping was performed although data
on this behaviour were not recorded. Both studies reported the rate of vocalisations
(i.e. the total number of grunts or squeals divided by the total treatment duration in
seconds) in order to compensate for procedure length. However, vocalisation rates may
vary with handling duration (e.g. piglets may squeal less frequently after 30 seconds
of handling regardless of resection method resulting in an artificially lower overall
vocalisation rate for the longer grinding procedure) therefore the potential effects of
the longer handling durations for tooth grinding should still be considered when
interpreting these results. To date only one study (Rand et al., 2002) appears to have
investigated the effects of analgesics (an oral dose of 12 % sucrose solution – a notably
mild analgesic) on pain-related behaviours due to tooth resection which had no
behavioural effects. It is important to note with respect to vocalisations, however, that
tooth resection involves head, tongue and mouth manipulations likely to impact on the
piglet’s capacity to vocalise normally and could potentially mask increases in both
motivation to vocalise and attempts to increase vocalisation intensity or frequency
(Marchant-Forde et al., 2009).

Post-procedural behavioural indicators of pain
Following mutilations, animals may self-stimulate the injury site and exhibit other
injury-specific behaviours that are considered indicative of pain. For example,
following dehorning, cattle exhibit behaviours such as head rubbing, head shaking,
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head scratching, and ear flicking, which can be reduced by the application of local
anaesthetic and begin to increase again as the anaesthetics wears off in the hours
following the procedure (Faulkner and Weary, 2000; Graf and Senn, 1999; McMeekan
et al., 1999; Morisse et al., 1995). Calves have also been observed to lick their scrotal
area in the hours following rubber ring castration and for up to 48 days after treatment
(Molony et al., 1995) while pigs reportedly scratch their scrotum on the floor in the 48
hours following surgical castration (Hay et al., 2003; Llamas Moya et al., 2008). Other
injury-specific behaviours identified in relation to painful conditions in pigs include
abnormal use of the injured body part and guarding, shaking, or rubbing the injury
(Hay et al., 2003; Noonan et al., 1994; Rand et al., 2002; Rutherford et al., 2009;
Sutherland et al., 2008; Torrey et al., 2009). Pigs have been observed champing
(opening and closing the mouth in the absence of a chewable substrate) in the minutes
after tooth resection (Bataille et al., 2002; Lewis et al., 2005b; Noonan et al., 1994;
Rand et al., 2002; see also chapter 3).

Conversely, following injuries, exaggerated protective responses aimed at reducing
injury stimulation may occur. Chickens that are beak trimmed have been observed to
peck less often, and the pecks they do perform are slower, more hesitant, and may
involve protrusion of the tongue. These behavioural changes occur around 26 hours
after trimming and correspond to increases in spontaneous and abnormal patterns of
afferent nerve discharges (Breward and Gentle, 1985; Gentle et al., 1991). Mutilations
may also cause changes in the time spent in certain body postures or carrying out
certain behaviours, and abnormal postures and behaviours may appear. After
castrations there may be increases in the time spent lying on the side with legs
outstretched, abnormal ventral lying, and / or huddling (legs tucked in under the body)
as observed in pigs, lambs and calves (Hay et al., 2003; Llamas Moya et al., 2008;
Molony et al., 2002, 1993; Robertson et al., 1994). The same species have also been
reported to exhibit post-castration abnormalities in walking gaits, standing and sitting
postures, and reduced durations of lying and locomotive activities (Llamas Moya et
al., 2008; Lonardi et al., 2015; Mellema et al., 2006; Molony et al., 1995, 1997; Taylor
et al., 2001). These altered postures and activity levels appear to be protective / injury
guarding behaviours as they are likely to decrease tissue stretching and painful
stimulation of the scrotum (Prunier et al., 2013*). However, animals may also become
acutely agitated (e.g. show increases in restlessness, kicking / stamping, rolling etc.)

56

following mutilations, for example, in lambs and calves after castration and / or tail
docking (Grant, 2004; Molony et al., 1995).

Both severity of tissue damage and time since injury may affect the types of
behavioural responses observed in animals. Xu and Brennan (2009) showed that at 1
day post-injury, skin-deep plantar incisions in rats were sufficient to reduce the
intensity of heat and pressure required to elicit hindpaw withdrawal responses from an
underfoot radiant heat source and von Frey filaments respectively, but did not result in
injury guarding behaviour. However, when the incision was extended into the deep
tissue, in addition to a similar severity of mechanical and heat hyperalgesia, increased
spontaneous activity (SA) of dorsal horn neurons (indicative of secondary
hyperalgesia) occurred which was reversed by a local anaesthetic. SA was
accompanied by foot guarding behaviour, both of which were resolved by 7 days postinjury. These results suggest that animals that are actively guarding an injury may be
in considerably more pain than those that withdraw from normally innocuous stimuli
without exhibiting injury guarding behaviours (Xu and Brennan, 2009). This is logical
for prey species as injury guarding may advertise a weakness that could allow a
predator to identify the animal as vulnerable and suitable to attack (Anil et al., 2002*;
Underwood, 2002*). Although highly visible to farmers at the pen-side, skin lesions
caused by intact needle teeth are generally superficial and transient (Bates et al., 2003;
Brown et al., 1996; Fraser, 1975; Gallois et al., 2005; Weary and Fraser, 1999),
whereas injuries from tooth resection have the potential to instigate secondary
hyperalgesia (see sections 1.2.6-1.2.8). However, guarding behaviour related to tooth
resection is unlikely to be overt as reductions in the major oral behaviours that piglets
engage in around the time of tooth resection (i.e. suckling and fighting to retain access
to teats that supply colostrum and milk) could result in a substantial risk to their
survival (see section 1.2.1).

Pain and / or stress following mutilations may result in more general (i.e. not injuryspecific) behavioural changes, e.g. to feeding or social behaviours (Prunier et al.,
2013*) although results in pigs are inconsistent (Ison et al., 2016*). Mcglone and
Hellman (1988) reported a reduction in piglet nursing duration up to 3 hours after
castration at 2 weeks of age. This reduction was reversed by local anaesthesia
indicating it was pain related. Similarly castration of 7 week old pigs resulted in
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suppression of feeding and drinking bouts for up to 6 hours which was accompanied
by increased lying duration. However, these behavioural changes were not reversed by
local anaesthesia, although the authors suggest this is due to insufficient pain relief
rather than the behaviour being related to stress alone (Mcglone and Hellman, 1988).
Some more recent studies have reported similar results with reduced suckling
durations or reduced activity at the udder (Hay et al., 2003; McGlone et al., 1993; Van
Beirendonck et al., 2011), while others found a slight increase in time spent at the
udder (Taylor et al., 2001), or no changes in suckling behaviour (Carroll et al., 2002;
Rault and Lay, 2011). The variability of these results may be due to differences in the
severity of pain and / or stress induced in these studies but may also reflect differences
in the timing and methods of behavioural assessments.

Social isolation, reduced social contacts, and desynchronisation from littermates have
been reported in pigs following castration at 3-7 days of age (Hay et al., 2003; Llamas
Moya et al., 2008; Sutherland et al., 2010). Piglets castrated using carbon dioxide
anaesthesia exhibited more social interactions (nosing, chewing, licking, aggression,
and playing) than those castrated without (Van Beirendonck et al., 2011) and social
isolation immediately after treatment was reversed by application of a local anaesthetic
(Sutherland et al., 2010) indicating these changes in social behaviours were due to
pain. However, some studies reported no effects of castration on social
desynchronisation and / or isolation (Hansson et al., 2011; Rault and Lay, 2011).

Detailed long-term studies into the behavioural effects of piglet castration and other
potentially painful mutilations are sparse with many studies restricting behavioural
observation periods to the hours, or less commonly days, following these procedures.
With regards to tooth resection, no studies appear to have observed piglet behaviour
immediately beforehand and only a handful have observed behaviour immediately
after and always within the home pen where the sow and other piglets were free to
interact with the focal piglet (Bataille et al., 2002; Lewis et al., 2005b; Noonan et al.,
1994; Rand et al., 2002). Studies of the longer-term behavioural effects of piglet tooth
resection are also relatively rare and often observe a limited number of behaviours,
mainly by instantaneous scan sampling or, less commonly, repeated short duration (510 min) focal sampling. These studies vary in duration from a few hours or days
(Bataille et al., 2002; Prunier et al., 2004) to half or all of the suckling period (Boyle
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et al., 2002; Fraser, 1975; Lewis et al., 2005b) but do not extend into the post-weaning
period. Overall these studies report that piglet behaviour is largely unaffected by tooth
resection (no effect of clipping (Fraser, 1975; Lewis et al., 2005b) or grinding (Lewis
et al., 2005b) on aggressive behaviours; no effect of clipping (Bataille et al., 2002;
Fraser, 1975; Lewis et al., 2005b; Prunier et al., 2004), or grinding (Bataille et al.,
2002; Lewis et al., 2005b; Prunier et al., 2004) on suckling behaviours; no effect of
clipping or grinding on resting or standing durations (Bataille et al., 2002)). However,
some studies have reported increased sleeping durations in clipped piglets (Lewis et
al., 2005b), and reduced activity in clipped (Boyle et al., 2002) and ground (Lewis et
al., 2005b) piglets compared with those whose teeth were left intact.

1.4

Summary

Piglets appear to fulfil the physiological criteria for the capacity to experience pain
and possess dentition of a very similar morphology and innervation to that of humans.
Furthermore, piglets exhibit behavioural changes following potentially painful
mutilations with some studies showing these changes can be reversed by local
anaesthesia (and that these behaviours are unaffected by the same local anaesthesia in
sham handled piglets). Research into the consequences of tooth resection is limited in
general and mainly focused on the effects on conspecifics, production traits, and
related behaviours, with few studies investigating the damage and welfare
consequences arising from tooth resection itself, while no studies of gene regulation
following tooth resection appear to exist. However, given that exposure of dental pulp
without medical intervention leads to progressive inflammation, pulp necrosis and
infection with a risk of potentially fatal secondary (systemic) infections, tooth
resection is considered likely to result in pain, not only during and shortly after the
procedure, but also in the long-term, potentially resulting in chronic pain of increasing
intensity over time. As tooth resection is a legally restricted procedure that is still
performed on a substantial number of piglets worldwide, it is of considerable
importance to verify whether its continued use is justified. In order to do so, the
presence, severity, and duration of injuries and pain-indicating physiological and
behavioural changes that result from both tooth grinding and clipping need to be
assessed.
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Aims and hypotheses
This study aims firstly to determine whether there is physiological and / or
behavioural evidence of pain and / or stress in the short- and long-term periods
following needle tooth resection, and secondly to determine whether resection by
grinding or clipping is less detrimental to piglet welfare. The main hypotheses of the
study are: 1) tooth resection results in pain and stress at the time of application; 2)
damage to the needle teeth will be more severe following tooth clipping than tooth
grinding at a macroscopic level; 3) tooth resection will cause both short term (within
days) and long term (over weeks) pain and stress; 4) short- and long-term pain in
piglets subjected to neonatal tooth resection can be assessed using behavioural and
physiological (e.g. transcriptional, endocrine, and haemato-immunological)
indicators; 5) tooth resection will induce short- and long-term pathological changes
in the peripheral nerves innervating the teeth and gingiva after tooth resection; and 6)
clipping the needle teeth with surgical cutters and grinding them with a rotating grind
stone will have different consequences in terms of behavioural and physiological
indicators of pain.
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2 METHODS AND MATERIALS
2.1
2.1.1

Health and Welfare
Ethical statement

Three experiments were conducted for the purpose of this PhD project. 120 piglets
underwent one of three tooth treatments (clipping, grinding, or sham grinding).
Experiment 1 consisted of behavioural and biometric observations immediately
before and after tooth treatment application for all 120 piglets. Within experiment 2,
a subset of these piglets (of 72 piglets allocated to this experiment, 68 were included
in the statistical analysis) underwent behavioural and biometric observations within
the home pen for approximately 6 weeks following tooth treatment application.
Within experiment 3, blood samples and post-mortem tissue samples were collected
and processed from the remaining 48 piglets at approximately 1 and 6 weeks after
tooth treatment. All experimental procedures were evaluated and approved by both
the Animal Ethics Committee of Scotland's Rural College (SRUC, approval
reference: ED-AE 42-2015) in the UK and the regional ethics committee in France
(CREEA 07), prior to evaluation and approval by the French Ministry of Education
and Research (project authorisation number 2015111911526748).

2.1.2

Health and welfare management

Within 24 hours of birth, all piglets (experimental and non-experimental) received a
1 ml intramuscular iron injection (Prolongal® (200 mg/ml gleptoferron); Bayer
Healthcare, Loos, FR). All piglets received two vaccines: an orally administrated 1
ml dose of antiprotozoal agent (Dozuril® (50 mg/ml Toltrazuril); Dopharma
Research B.V., Raamsdonksveer, NL) approximately 10 days after birth, and a 2 ml
intramuscular injection of Mycoplasma hyopneumoniae solution (Suvaxyn®
(Relative potency unit: (undiluted)  1.00 per 2 ml solution), Zoetis, Paris FR) at
weaning (at approximately 28 days old) weeks of age) . Visual health checks were
conducted on all piglets by trained and experienced staff 2-3 times daily during
normal working hours and once daily at weekends. Health and welfare concerns were
reported to the farm staff for minor / routine issues (e.g. diarrhoea). For animals with
minor cuts and injuries considered to be at risk of infection (including castration
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incisions in non-experimental males), a coating of aluminium spray (Alumisol® (0.1
g/g aluminium suspension), Ceva Santé Animale, Libounre, FR) was applied to the
affected area. For suspected biting injuries, a deterrent spray (B-D spray, MS
Schippers, Bladel, NL) was applied twice daily. Animals showing signs of infection
received two injections (1 ml per 10kg; one injection per 24 hours of Amoxicillin
solution (Vetrimoxin® (150 mg/ml Amoxicillin). Ceva Santé Animale Libounre,
FR). For non-routine / more serious concerns, farm staff were required to report to
the Named Animal Care and Welfare Officers (NACWO) and / or the Named
Veterinary Surgeon (NVS).

Piglets deemed to be in a state of suffering were removed from the experiments and
treated accordingly. The protocol for humane culling of experimental animals
(SRUC SOP/RD/ABW/086) is outlined in appendix 1. In total, two piglets were
removed from experiment 1 due to health concerns which were unrelated to
treatments; however, humane culling was not required in either case. One male
(grind treatment) and one female (sham treatment) piglet in experiment 1 were
accidentally tail docked by the farm personnel after tooth treatments had been
applied. As no health or welfare complications arose, the piglets remained within the
experiment throughout the 6-week observation period although their data were not
included in the statistical analysis. There were no occurrences of ear necrosis and
only 4 incidences of tail injuries with signs of necrosis which were immediately and
successfully treated as described above.

2.2

Housing

All piglets were housed at the INRAE Saint-Gilles experimental unit from birth until
humanely killed or returned to stock. At all times, piglets were housed under natural
lighting conditions supplemented by artificial lighting during working hours (08:00 h
– 16:00 h) with ambient room temperature maintained between 23˚C and 26˚C.

2.2.1

Farrowing pens

Piglets were housed in farrowing pens in an on-site farrowing building until weaning
at approximately 28 days of age. The farrowing room consisted of 12 fully-slatted
pens (2 × 2.4 m). Each pen contained: a 100 watt red-tinted heat lamp suspended
approximately 60 cm above ground level to give a temperature at piglet head height
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of 27-28˚C; a 70 × 50 cm rubber mat; a 30 cm long wall-mounted metal chain; a
farrowing crate; a food trough for the sow and a wall-mounted, touch-switch drinker
bowl. Pens used for behavioural observations contained an additional 50 cm2 rubber
mat for a separate concurrent study. From approximately 10 days after birth until
weaning, a ground-fixed creep feeder with rotating separator was present which was
refilled as required to allow piglets ad libitum access to feed.

2.2.2

Post-weaning pens

After weaning, the experimental piglets were transferred (litters unmixed) to a
specially adapted post-weaning room within the same building. The post-weaning
room contained 6 pens (2 m × 2.4 m) with concrete floors. Straw bedding
(approximately 3 kg per pen) was provided and changed on alternate days, excluding
Sundays. The post weaning pens contained: a 100 watt red-tinted heat lamp
suspended approximately 70 cm above ground level to give a temperature at piglet
head height of 27˚C; a touch-switch drinker; and a free-standing dry feeder. Pens
used for behavioural observations again contained a pair of rubber mats (1 × 0.35 m)
for a separate concurrent study.

2.3

Husbandry

All husbandry procedures were performed by trained and experienced farm
personnel with the exception of weighing and some basic handling which was
performed by trained researchers. Within 24 hours of birth all piglets received a sixdigit tattoo on both ears for identification. Cross-fostering to and from experimental
litters was kept to a minimum and no experimental piglets were cross-fostered.
Piglets in the behavioural study were returned to stock aged 6 weeks; those included
in the physiology study were humanely killed as described in section 5.2.5 (for brief
summary see section 2.8.2). Tail docking and surgical castration were conducted on
non-experimental piglets only. Only experimental piglets in the non-control
treatment groups underwent tooth resection. All experimental piglets received a
single ear tag prior to return to the farrowing pen. No analgesic or anaesthetic was
provided for any of the above procedures. Water was provided ad libitum throughout
all stages of the experiments and a standard corn-barley-soya based starter feed was
provided ad libitum from day 10 onwards.
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2.3.1

Weighing schedules

Piglets which underwent behavioural observations within the home pen were
individually weighed within 24 hours of birth and on a weekly basis thereafter.
Piglets in the physiology study were individually weighed within 24 hours of birth
and one day prior to planned humane killing to facilitate the calculation of drug
doses for sedation and euthanasia; piglets that were humanely killed at 6 weeks of
age were also individually weighed by the farm staff at weaning.

2.3.2

General handling

To transfer the piglets (all under 20 kg) to and from the home pen, trained handlers
approached slowly, took firm hold of the piglet’s hind legs with one hand, and used
that arm to smoothly lift the piglet while supporting the length of its body with the
other arm. When transfers required handlers to walk a short distance while holding
the piglet (i.e. from one end of the pen to the other), piglets were held firmly against
the handler’s body (still supported underneath) until released. Piglets showing signs
of distress or behaviour that risked injuring themselves or the handler were released
and a second attempt was made once the piglet appeared calm.

2.4

Animals

All animals were housed on-site at the Saint-Gilles Experimental Unit of the INRAE
Institute in Brittany, France from January to November 2016. All 120 experimental
piglets were born from Landrace x Large White sows inseminated with Pietrain
semen. This cross-breed was selected as it is commonly used within the European
pig farming industry and was available in suitable numbers within the required
timescale at the experimental unit. Sows were artificially inseminated and grouphoused from 4 weeks post insemination until 10 days prior to expected farrowing
date. Thereafter they were housed in crated farrowing pens as described in section
2.2.1. Artificial insemination of the sows facilitated a staggered farrowing system
wherein litters were birthed in batches every 3 weeks. Therefore, with consideration
of the study design, general logistics, and other live experiments at the research unit,
a maximum of 3 litters per farrowing batch were selected for treatment every 6
weeks. Due to these logistical constraints and the time available for live experimental
work within the study, the sample size was limited to a total of 120 piglets from 20
litters for experiment 1. As these piglets formed the cohorts included in experiments
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2 and 3, sample sizes for those experiments were therefore limited to 72 (later
reduced to 68) and 48 respectively

2.4.1

Selection criteria for piglets

Individuals exhibiting physical abnormalities, compromised health and low / high
birth weights were excluded from selection as were those in litters produced by sows
with compromised health. As such, piglets with birthweights close to the litter
median were preferentially selected, however, within these parameters, a randomised
block design was utilised to assign piglets to their treatment groups using their
ranked birthweight within the litter as a blocking factor. Experimental piglets had not
been involved in any prior studies and were entered into the study within 48 hours of
birth with the exception of one litter, included in experiments 1 and 3, which was
entered within 96 hours of birth due to the limited availability of suitable litters
within a specific batch at the experimental unit. This age range was selected as it
ensured that the experimental piglets in all litters within each batch could receive
their tooth treatments on the same morning and as close to birth as possible as this
represents the typical age range at which tooth resection is performed.

2.5

General experimental protocol

In all batches, treatments were applied within 48 hours of birth (d1) with the
exception of one litter as discussed in section 2.4.1. A maximum of 3 litters (18
piglets) underwent treatment on a given day with treatments being applied between
08:00 h and 12:00 h. On d1, experimental piglets were removed from their farrowing
pen and placed on one side of a wooden partition in a holding trolley under a 100
watt heat lamp. All piglets within a given litter were separated from the sow at the
same time; non-experimental littermates were distributed within the trolley such that
no piglet was isolated except during treatment application and behavioural
observations. Piglets were treated individually in a separate room and returned to the
trolley on the opposite side of the partition to minimise interactions between pre- and
post-treatment piglets. Within each litter, piglets were treated in order of ascending
birthweight. A corresponding “identification” number (1-6) was marked on their
back using an animal-safe marking stick (MS Schippers, Bladel, NL) to enable quick
identification in the home pen and reduce handling time. Observer bias was not
introduced by the identification numbers as they related to the order of treatment
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application which was arranged by piglet weight rather than treatment type, and
behaviours were scored from suitably edited recordings.

2.5.1

Treatment application

Piglets were allocated to one of three treatment groups: 1) tooth clipping, 2) tooth
grinding, or 3) sham grinding. In the mixed sex replicates included in experiment 2,
one male and one female were allocated randomly to each one of the three
experimental groups. In the female only replicates included in experiment 3, two
female piglets per litter were allocated randomly to each tooth treatment group, with
one from each pair allocated to undergo physiological measures at either 1 or 6
weeks of age. In all experiments, allocation to treatment groups (including age for
physiological measures in experiment 2) was achieved using a randomised block
design with ranked birthweight as a blocking factor. Piglets assigned to the tooth
clipping and tooth grinding treatments had approximately one third of the length of
all 8 needle teeth removed using a standard set of sterilised surgical bone cutting
forceps or a hand-held rotative grindstone (Dremel model 395, Robert Bosch France,
Paris, FR) respectively (see figure 1.9). Grinding was performed at speed setting 3
(12.000-17,000 RPM operating range) using a partially encased 5 mm diameter
diamond coated cylindrical grinding accessory. Piglets assigned to sham grinding
(controls) were handled and treated identically to those that underwent tooth grinding
except with a protective layer of scotch tape covering the grinder head to allow
sound and vibrations to be experienced without resulting in damage to the teeth,
tongue, or mouth. During treatment application the piglets were held firmly in one
arm and rested across the handler’s raised knee with the handler’s foot rested on a
raised platform. The head was held still and the mouth was opened by inserting a
finger behind the needle teeth to minimise the risk of damage to the soft tissue in the
piglet’s mouth and to the handler. Treatments, pre- / post-treatment handling,
behavioural observations, and data collection were consistent across all 120
experimental piglets regardless of the study to which they were allocated.

2.6
2.6.1

Observations and measures around treatment application (experiment 1)
Digital filming and live data recording

Within the treatment room, the piglet was placed in an observation trolley (93 cm
long × 64 cm wide × 59 cm high) on one side of a central transparent plexiglass
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partition (see figure 2.1). The floor of the observation trolley was covered by
approximately 2 cm of wood shavings. A portable, wide-angle GoPro HERO+
camera (CHDHC-101 model, GoPro, Inc., California, U.S.A.) was positioned on the
other side of the partition (at approximately piglet head height 23 cm from the central
partition) and was left to record throughout the procedure. The piglet was left in the
observation trolley for one minute while their behaviours were filmed for later
analysis. After 1 minute, the piglet was removed by the handler and treatment was
applied. Post-treatment tooth length from the gumline to the tip was measured using
a set of digital callipers; the treatment duration, handler, and the presence / absence
of minor oral bleeding were also documented. The piglet was then returned to the
observation box and filmed again for one minute. After post-treatment filming an ear
tag was attached to the right ear and marked with the piglet’s identification number
(from one to six, as written on their back) and the piglet was returned to the holding
trolley with the rest of the litter. Once treatments were complete for a given litter, all
piglets were immediately returned to the farrowing pen.

2.6.2

Audio-visual file editing and randomisation for blind scoring of behaviours

Recordings of piglets were edited using Windows Movie Maker (v. 2012, Microsoft
Corp., Reading, UK) to produce two separate audio-visual files – one pre-treatment
and one post-treatment - such that no indications of treatment type or time (pre- /
post-treatment) were present. Files were labelled with piglet ID and a randomly
assigned letter (“a” or “b”) to ensure scorers remained blind to treatment and time
while scoring the behaviours in the recordings. A separate file containing the
randomisation information was retained but was not made available until the data
analysis stage.

2.6.3

Pre- and post-treatment ethogram

Piglet behaviour was observed extensively prior to commencement of the live experiments
(prior to and during a small pilot study). A catalogue of piglet behaviours with explicit
definitions (an ethogram) was then created from these observations. Behaviours relevant to
pain and stress which were clearly visible in the behavioural recordings were retained and
are as shown in Table 2.1-2.4. The behaviours within the ethogram were then translated into
a coding scheme for use within The Observer® XT software package (version 12.5, Noldus
Information Technology, Wageningen, NL).
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2.6.4

Pre- and post-treatment coding scheme

The Observer software classifies behaviours as either “state events” (behaviours with
measurable durations like walking), or “point events” (instantaneous behaviours like
single bites). State events can be further subdivided into “mutually exclusive”
behaviours, e.g. sitting and standing, or “start-stop” behaviours, e.g. being
underneath the sow (which can occur when the piglet is also, for example, both
standing and fighting).

The coding scheme used to score the pre- / post-treatment behaviours contained four
groups of mutually exclusive state events: “Postures” (stand, sit, lie, walk, climb and
other), “Oral behaviours” (champing bouts, investigating wood shavings / partition /
walls, none and not visible), “Tail position” (up, down, horizontal, and not visible),
and “Ear position” (back, plane, forward, and not visible)); alongside four groups of
independent point events: “Vocalisations” (grunt, squeal, mixed call, scream and
other), “Ear movements” (change in position of the ear). No start-stop state events
were included in the coding scheme for the pre- and post-treatment behavioural
scoring.

2.6.5

Pre- and post-treatment behavioural scoring

Training
Prior to commencing behavioural scoring, two scorers completed a minimum of 20
hours of practice scoring, using the focal sampling method, on randomly selected
files. This enabled optimisation of the ethogram and coding scheme: rare behaviours
were assigned to “other” or removed as necessary and similar behaviours which were
difficult to distinguish between (e.g. sniff walls and touch walls) were combined. The
training period also served to familiarise scorers with the relevant behaviours and
their definitions thereby minimising the risk of errors and order effects.

Pre-study inter-observer reliability testing
To confirm that training had been successful, behavioural scoring of the first three
litters (36 recordings representing 15 % of the total dataset) was completed by both
scorers using focal sampling. To ensure maximum accuracy, each audio-visual file
was watched at least 5 times by each scorer such that the behavioural categories
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Table 2.1. Ethogram for pre- and post-treatment vocalizations
Vocalisations

Definition

Squeal

High-pitched, loud, sharp short to mid-length, open-mouthed call.

Grunt

Low-pitched, quiet, short, atonal, closed-mouth calls of variable duration.

Mixed call (Grunt-Squeal)

Grunt vocalisation which transitions into a squeal without intermission.

Other Vocalisation

Vocalisation with parameters that exclude them from the other vocalisations in the category.
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Table 2.2. Ethogram for pre- and post-treatment body postures.
Posture

Definition

Stand

Piglet’s body is elevated from the ground for one or more seconds in the absence of locomotion. Behaviour ends when two
or more feet change position on the floor a minimum of three times within two seconds (may be the same feet moving in
different directions resulting in no overall displacement), or posterior end / whole body touches the ground for one or more
seconds.

Move

Two or more feet change position on the floor a minimum of three times within two seconds (may be the same feet
moving in different directions resulting in no overall displacement). Behaviour ends when three or all feet are stationary,
or when time between repositioning each foot is more than two seconds, or when posterior end / whole body touches the
ground for one or more seconds.

Sit

Piglet is stationary and the posterior end of the body is touching the ground for one or more seconds. Behaviour ends when
body is elevated from the ground for one or more seconds or when whole body is touching the ground for one or more
seconds.

Lie

Piglet is stationary; whole body is touching the ground. Behaviour ends when either anterior end or whole body is elevated
from the ground for one or more seconds.

Climb

Piglet places one or both front leg(s) on the wall or partition or jumps towards wall or partition of observation box.
Behaviour ends after two or more seconds of non-contact with walls or after one or more seconds of body contact with
ground.

Other

Piglet is exhibiting none of the behaviours in this category. Behaviour ends when one of the behaviours in this category is
exhibited.
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Table 2.3. Ethogram for pre- and post-treatment oral behaviours
Oral Behaviour

Definition

Exploring wood

Piglet places snout on or into wood shavings (which may be moved around) for one or more seconds. Behaviour

shavings

ends when snout is not in contact with shavings for two or more seconds*

Exploring

Piglet is facing the clear partition in the observation box with snout within ~ two cm of the surface (within

partition

touching distance). Contact with the surface may occur. Behaviour ends either when i) snout is more than two cm
away from the partition, ii) the snout is not pointed at the partition for three or more seconds, or iii) the piglet
takes two or more steps back from the partition*

Exploring Walls

Piglet is facing wall / partition of observation box and snout is within ~two cm of the surface. Contact with walls,
and head and body movements may occur. Behaviour ends either when i) the snout is more than two cm away
from the surface, ii) the snout is not pointed at the surface for three or more seconds, or iii) the piglet takes two or
more steps back from the surface*

Not exploring

Piglet exhibits none of the above exploratory behaviours. Behaviour ends when one of the exploratory behaviours
in this category is exhibited.

Champing

Piglet opens and closes its jaw with no substrate or object inside the oral cavity. Behaviour ends when jaws
remain open or shut for three or more seconds*

Mouth not

Piglet’s mouth is not visible for two or more seconds

visible
*Or when replaced by another oral behaviour
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Table 2.4. Ethogram for pre- and post-treatment head flicks, and tail and ear positions
Ear and Tail Positions

Definition

Tail up

The first third of the tail from the base is higher than horizontal for one or more seconds

Tail horizontal

The first third of the tail from the base is horizontal for one or more seconds

Tail down

The first third of the tail from the base is lower than horizontal for one or more seconds

Tail not visible

The first third of the tail from the base is not visible or the tail position is not clear for three or more
seconds

Mouth not visible

Piglet’s mouth is not visible for two or more seconds

Ear back

The base and mid-section of the piglet’s ear is angled backwards for one or more seconds

Ear plane

The base and mid-section of the piglet’s ear is held perpendicular to the head-tail axis for one or more
seconds

Ear forward

The base and mid-section of the piglet’s ear is angled forwards for one or more seconds

Ear position not visible

The base of the piglet’s ear is not visible or the position is not clear for three or more seconds

Ear movement

The base of the piglet’s right ear transitions between the positions “back” and “not back”. The position
changed to must be maintained for one or more seconds.
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Figure 2.1. Piglet in the observation box with central plexiglass partition set
up for digital recording of behaviour before and after treatment application

(postures, oral behaviours, tail position / movements, ear position / movements and
vocalisations) were scored separately. Inter-observer reliability was then calculated
from these scores using the in-built “Reliability Analysis” tool within the Observer
software based on the Cohen’s kappa (k) statistic (a more stringent test of agreement
compared to the traditional percentage agreement method as it accounts for the
probability of agreement by chance). Analysis showed a good correlation between
scorers for the total duration of behaviours (mean k = 0.78; minimum k = 0.48;
maximum k = 1, quartile 1 = 0.70; quartile 3 k = 0.87), therefore scoring of the
remaining audio-visual files was divided between the two scorers.

Post-study inter-observer reliability testing
Due to the study design and availability of animals, pre- and post-treatment data
collection and the related behavioural scoring were spread across 10 months. In order
to ensure that scoring accuracy had not drifted during this period, both scorers then
re-scored a subset of the files (8 recordings representing 3 % of the total dataset)
used in the initial inter-observer reliability test. A reliability analysis within Observer
revealed a good correlation between scorers, showing that inter-observer reliability

74

(mean k = 0.74; minimum k = 0.64; maximum k = 0.81, quartile 1 = 0.65; quartile 3
k = 0.79) had been maintained throughout.

Pre- and post-treatment behavioural scoring
A total of 120 piglets underwent treatment application and pre- / post-treatment
filming, producing 240 one-minute recordings for behavioural analysis. As the
piglets were allocated to treatments within litters, scoring of behaviours was divided
between the two trained scorers such that each litter was scored by a single person.
The resulting data was exported from Observer into a Microsoft Excel spreadsheet
(2010) and organised for statistical analysis (see section 3.2.4).

2.7

Experiment 2

A total of 72 piglets (36 male and 36 female) from 12 replicates (litters) were
included in this experiment. Each replicate consisted of three males and three
females (i.e. one male and one female per treatment within each litter). All piglets
were submitted to behavioural and biometric observations around treatment
application as described in section 3.6.

2.7.1

Behavioural observations

Piglet behaviour within the home pen was filmed for 2 hours (13:30 h to 15:30 h) on
d1, d5, d12, and d26 in the farrowing pens, and again on d33 and d40 in the postweaning pens. Behaviour within the recordings was then scored in The Observer®
software package, according to the coding scheme and ethograms described in
section 4.2.6 and tables 4.1-4.4 respectively. In addition to continuous focal
behavioural observations, teat order (the order in which piglets arrange themselves at
the udder during suckling bouts) was also scored from the farrowing pen recordings.

2.7.2

Biometric measures

Several biometric measures were also recorded. Piglets were weighed individually
within 24 hours of birth and on a weekly basis thereafter (d6, d13, d20, d27, d34, and
d41). Scoring of skin lesions, facial lacerations, and tear staining was conducted as
described in section 4.2.9 and tables 4.5-4.6.
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2.8

Experiment 3

A total of 48 female piglets from eight replicates (litters) were included in this
experiment. Each replicate consisted of six females (i.e. one female per treatment per
post-mortem age group). All piglets were submitted to behavioural and biometric
observations around treatment application as described in section 3.6. Thereafter,
physiological measures performed on blood drawn from live animals and on tissues
collected post-mortem around either 1 or 6 weeks of age.

2.8.1

Blood sampling and haematological analysis

Blood samples were collected between 08:30 h and 10:00 h on either d6 or d41.
Handling, restraint, and blood sampling were carried out at the INRAE institute by
trained and licenced personnel as described in section 5.2.3. Automated analysers
were utilised to determine the following parameters from whole blood samples:
white blood cell count (103/µl); red blood cell count (106/µl); haemoglobin (g/dl);
haematocrit (%); lymphocytes (%); and granulocytes (%), and the plasma
concentrations of cortisol (ng/ml) and haptoglobin (mg/ml). Details on all
instruments, assay kits and procedures used are shown in section 5.2.4.

2.8.2

Tissue sample collection and processing

Piglets were humanely killed for post-mortem tissue collection on either d7 or d42.
Sedation and humane killing were carried out at the INRAE institute by trained and
licenced personnel as described in section 5.2.5. Post-mortem dissection, tissue
collection, and processing for storage were carried out under sterile conditions as
described in section 5.2.6. Tooth length and damage were recorded for all extracted
needle teeth (see section 5.2.7). The tooth pulp and trigeminal ganglia were assessed
for markers of pain using a standard real time reverse transcription quantitative
polymerase chain reaction assay. Details on all instruments, assay kits and
procedures used for sample processing and analysis are shown in sections 5.2.85.2.17.

2.9

Statistical analysis

Statistical analysis was performed within R Studio (R version 4.1.0). For details of
the statistical analysis (R packages and associated procedures) performed on data
collected directly before and after treatment application see chapter 3 section 3.2.4.
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For details of the statistical analysis performed on data from experiment 1 and 2 see
sections 4.2.10 and 5.2.18 respectively.

2.10 Needle tooth histopathology
A small pilot study involving six piglets (one per treatment per age; ages were 6 and
28 days; treatments applied as described in section 2.5.1) was undertaken prior to the
main study for the purposes of training in tissue sampling and processing. Of the
eight needle teeth collected per piglet half were processed as per the main study.
However, the remaining teeth were processed as described in appendix 5 to allow for
histopathological assessment of the damage resulting from tooth resection (e.g. pulp
cavity openings, dentine fractures, haemorrhages, infection, and white blood cell
infiltration). Annotated images representing piglets from each treatment group 1
week after treatment application are shown in chapter 1, figure 1.10.
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3 IMMEDIATE EFFECTS OF TOOTH RESECTION ON
PIGLET BEHAVIOUR
3.1

Introduction

Piglet tooth resection is a highly prevalent farm management intervention in the UK
and EU which is conducted on neonatal piglets without the use of anaesthesia or
analgesia (FAWC, 2011‡). Even when carried out conservatively (i.e. when only the
distal third of the teeth are removed), the resectioning of piglet needle teeth by
clipping and grinding has been shown to significantly damage tooth integrity
commonly resulting in the damage and exposure of the dental pulp (Hay et al., 2004;
see also chapter 5 section 5.3.3). Due to the substantial innervation of piglet dental
pulp and dentine tubules, needle tooth resection by both clipping and grinding is
likely to be painful at the time of application (see section 1.2). Procedural
complications such as the generation of high localised increases in tooth temperature
(>80°C) during extended periods (>2-3 seconds) of grinding (Redaelli et al., 2012)
and splintering or shattering of teeth which can occur during clipping (Hay et al.,
2004) may further increase pain intensity.

The application of tooth resection involves not only tissue damage but also a period
of handling and restraint as well as the temporary removal of the piglet from the
farrowing pen, sow, and littermates. The individual components of the procedure
represent discrete stressors (e.g. pain (Hay et al., 2004; SVC, 1997‡), and perceived
predation threat (Puppe et al., 2005; Rutherford, 2002*), as well as exposure to a
novel environment, and social isolation (Di Giminiani et al., 2016; Nordquist et al.,
2017†; Poletto et al., 2006)). When experienced simultaneously, an additive effect on
piglet stress and stress-associated behaviours is highly probable and has been
observed in previous studies (Hyun et al., 1998; Marchant-Forde et al., 2009;
Noonan et al., 1994). Due to the young age (~1-5 days) of the piglets undergoing
tooth resection, forms of pain and / or stress assessment which require training (e.g.
learning and memory tests) or habituation (e.g. the use of heart rate monitors and
catheters, novel environments, prolonged social isolation, or close proximity of
handlers to the piglet during data collection) are less successful and ethically
problematic as they are especially stressful to younger piglets (Kanitz et al., 2014,
2009; Rand et al., 2002). Passive, indirect behavioural observations (i.e. via digital
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audio-visual recordings) are therefore generally considered the most practical and
appropriate method of assessment.

Although highly visible to farmers at the pen-side, skin lesions caused by intact
needle teeth are generally superficial and transient (Bates et al., 2003; Brown et al.,
1996; Fraser, 1975; Gallois et al., 2005; Weary and Fraser, 1999), whereas injuries
caused by tooth resection are essentially invisible but result in long-term negative
consequences (see sections 1.2.10 and 5.3.3-5.3.4). This visibility factor may explain
farmers’ apparent overestimation of the welfare significance of skin lesions and the
continued wide-spread use of tooth resection within the farming industry (see section
1.1.4). A bias towards emphasising the importance of skin lesions is also present in
the scientific literature; historically, studies have mainly concentrated on the quantity
of skin lesions at the level of the litter when assessing the suitability of tooth
resection and its welfare implications (Brookes and Lean, 1993; Fraser, 1975;
Hansson and Lundeheim, 2012; Holyoake et al., 2004). A small number of studies
have addressed the consequences for piglets undergoing tooth resection in terms of
surgical injuries (Gallois et al., 2005; Hay et al., 2004; Lewis et al., 2005b) and
immediate short-term pain-indicating behaviours (Bataille et al., 2002; Lewis et al.,
2005b; Noonan et al., 1994; Rand et al., 2002). However, none observed the piglets’
behaviour prior to treatment application, nor did they observe the piglets in isolation,
but rather within the farrowing pen alongside conspecifics (the sow and littermates)
which cannot be stopped from exerting temporally variable external influences
(feeding calls, agonistic attacks etc.) on the focal piglet’s behaviour.

When studying the short-term impact of piglet tail docking, Tallet et al. (2019)
observed piglet behaviour in isolation (outwith the farrowing room) for 20 seconds
following treatment. This removed the influence of vocalisations from conspecifics
and minimised the duration of isolation, but also limited the observation period and
did not allow for a comparison of pre- and post-treatment behaviour. In contrast, Di
Giminiani et al (2016) observed piglets for five minutes before and after tail docking
in the presence of a single littermate (within the farrowing room but outwith the
farrowing pen) which allowed for a much longer observation period and a
comparison of pre- and post-treatment behaviour while also reducing isolation stress
(Di Giminiani et al., 2016; Kanitz et al., 2014). However, for each pre- and post-
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treatment observation the randomly selected littermate presents an external influence
on the focal piglet which would have varied within and between observations, as
would the vocalisations and auditory and olfactory stimulations produced by the sow
and other animals within the farrowing room.

In order to appropriately study the immediate short-term effects of commercial
management interventions such as tail docking and tooth resection on piglet
behaviour, a suitable quantity of time must be allocated to observing piglet
behaviour, preferably before and after treatment application in a manner that
minimises both external influences and isolation stress.

3.1.1

Aims

The aims of the experiment within this chapter were: 1) to evaluate the immediate
short term behavioural responses of commercial piglets to needle tooth resection
(removal of the distal third of each needle tooth) for evidence of pain and stress, and
2) to compare the effects of the traditional resectioning method of clipping the teeth
with surgical bone cutters and the current market alternative of grinding the teeth
with a rotating grinder against each other and a sham grinding control treatment to
assess their impact on piglet welfare. The hypotheses being tested were: 1) that
piglets would exhibit behaviours associated with a) stress following treatment
application and b) pain following tooth clipping and grinding; and 2) that clipping
would result in significantly higher levels of pain-related behaviours than grinding.

3.2

Materials and methods

A statement of contributions regarding the work relating to this chapter is presented
in appendix 6.

3.2.1

Animals

120 piglets (Pietrain x (Landrace x Large White) from 20 litters were included in the
experiment. In 12 of the litters, three male and three female piglets were selected and
in the remaining eight litters, six females were selected. In total, the cohort
comprised 36 males and 84 females. All piglets were weighed within 24 hours of
birth and allocated to their treatment group. In the mixed sex litters one male and one
female were assigned to each tooth treatment group. In the female-only litters, two
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females were assigned to each tooth treatment group. Selection criteria are outlined
in section 2.4.1. Housing, handling, and husbandry were as described in section 2.2
and 2.3.

3.2.2

Treatments

On d1, (within 48 hours (19 litters) or 96 hours (1 litter; see section 2.4.1) of birth)
treatments were applied to piglets on an individual basis, one litter at a time as
described in section 2.5. In brief, piglets were randomly allocated to one of three
treatment groups: 1) tooth clipping, 2) tooth grinding, or 3) sham grinding such that
their ranked birthweights were evenly distributed across treatments. Piglets assigned
to the tooth clipping and tooth grinding treatments had approximately one third of the
length of all 8 needle teeth removed using a standard set of sterilised surgical cutters
or a hand-held rotative grindstone on speed setting three respectively. Piglets
assigned to sham grinding (controls) were handled and treated as those which
underwent tooth grinding but with a protective layer of scotch tape covering the
grinder head to allow sound and vibrations (speed setting 3) to be experienced
without resulting in any damage.

Each litter was removed from the farrowing pen on d1 and placed under a heat lamp
in a holding trolley. Selected piglets were taken from the holding trolley individually
to a separate room to undergo tooth treatment and behavioural observations.
Behavioural observations were performed as described in section 2.6.1. In brief,
within the treatment room, the piglet was placed in an observation box for one
minute and its behaviour was recorded using a wide-angle GoPro HERO+ camera
through a central Perspex partition. The piglet was removed from the box and tooth
treatment was applied by a trained handler. Following treatment, the needle teeth
were measured from the gumline to the tip using electronic callipers and the mouth
was checked for blood. The piglet was returned to the observation box and its
behaviours were filmed for another minute before the handler applied an ear tag and
returned the piglet to the holding trolley. The resection tools and observation box are
shown in figures 1.9 and 2.1.Once all experimental piglets had been treated, the
whole litter was returned to the farrowing pen.
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3.2.3

Digital video editing and behavioural analysis

The digital behavioural recordings were edited to produce two separate one minute
video files – one pre-treatment and one post-treatment – for each piglet (240 files in
total). The edited files were randomised and uploaded into the Observer software
package. A list of piglet behaviours with explicit definitions was assembled in a set
of ethograms (see tables 2.1-2.4) and converted into coding schemes within
Observer. Two scorers were familiarised with the ethograms and coding scheme then
trained in behavioural scoring for a minimum of 20 hours using randomly selected
files. Following training, a subset of files was scored by both observers before and
after scoring of the complete dataset was conducted to allow inter- and intra-observer
reliability to be confirmed (see section 2.6.5). As the piglets were allocated to
treatments within litters, scoring of behaviours was divided between the two trained
scorers such that each litter was scored by a single person. At all times, both scorers
were blinded to the treatments and to whether the files were pre- or post-treatment.

3.2.4

Statistical analysis

Statistical analysis of tooth length was conducted on the mean lengths of the canine
tooth pairs and the third incisor tooth pairs on each jaw. For oral behaviours and ear
and tail position, if the associated body part was visible for less than 80 % of
recording, data were considered as missing values. For the remaining recordings,
percentages of time spent performing each behaviour were calculated after excluding
the period when the behaviour was not visible. Due to a very high number of missing
values, tail position could not be analysed. As postural behaviours were always
visible, they are presented in their original format, i.e. duration in seconds. Sitting
and lying (rare behaviours) were combined and are referred to as “resting” hereafter.
Squeals and mixed calls (rare behaviours) were combined and are referred to as highpitched calls” hereafter. The percentage of time spent exploring the walls and the
partition were combined and are referred to as “exploring the walls” hereafter. Some
behaviours (climbing, resting, champing, head flick, high-pitched calls, and ear
movements) were either too rare or too brief to be analysed in terms of frequency or
duration. Therefore, they were transformed into binary variables, i.e. it was
determined whether or not the piglet demonstrated the behaviour during the period of
observation.
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All statistical analysis was performed using R Studio (R version 4.1.0). Live
birthweight (as recorded within 24 hours of birth), length of teeth, duration of
treatment, number of grunts, duration of walking and immobility (i.e. all nonlocomotive postures combined), the percentage of time spent with the ear in each
position (back, plane and front), and the percentage of time exploring the walls,
exploring the shavings, and not exploring were analysed by analysis of variance
(ANOVA) using generalized linear mixed models. Model validity was confirmed via
visual inspection of the residuals using normality q-q plots and frequency distribution
plots. For variables measured only once (birthweight, treatment duration, and tooth
lengths), the statistical model included the treatment as a fixed effect and the sow as
a random error. For variables measured once before and once after treatment
application (number of grunts, duration of walking and immobility, percentage of
time spent with the ear in each position (back, plane and front), percentage of time
spent exploring walls, exploring the shavings, and not exploring), the statistical
model included the treatment, the time and their interaction as fixed effects and the
piglet nested within sow as a random effect. All ANOVA were performed with the
lme procedure from the nlme4 package. When the interaction was not significant, it
was removed from the model. When a treatment × time interaction or a treatment
effect was significant (p < 0.05), post-hoc comparisons between individual means
were performed with the emmeans package using the Tukey’s test.

Binary variables (climbing, resting, champing, head flicks, high-pitched
vocalisations, ear movements, and presence of blood from the teeth) were analysed
by Fisher’s Exact tests using the RVAideMemoire package (procedure: fisher.test).
For variables measured before and after treatment application the treatment effect
was first analysed within times of observation. When no significant treatment was
found, the time effect was analysed across all groups combined. If a significant
treatment effect was found in one or both observation periods, the time effect was
analysed within experimental groups. Where required, pairwise comparisons
between treatments were performed using the Fisher’s test after correction for
multiple comparisons by the false discovery rate method (procedure:
fisher.multcomp).
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Results concerning quantitative variables are presented as adjusted means for the
statistical models ± standard errors (SEM). Results concerning binary variables are
presented as the percentage of pigs bleeding from the teeth or expressing the
behaviour.

3.3
3.3.1

Results
Non-behavioural data

Equal distribution of piglet birthweights across treatments was successfully achieved
with no significant difference in birthweights detected between the three treatment
groups (p > 0.05). There was a significant difference in treatment durations
(p < 0.01) with the sham grinding treatment lasting significantly longer than the
grind and clip treatments (52.5 s ± 1.6 s, 47.9s ± 1.6 s, and 45.9 s ± 1.6 s
respectively; p < 0.05). The percentage of piglets that exhibited minor oral bleeding
following tooth treatment was significantly different between all treatments
(p < 0.001; see table 3.1). No bleeding occurred following sham grinding, whereas
almost all piglets bled after tooth clipping (97.5 %) and nearly a quarter of piglets
bled after tooth grinding (22.5 %). Post-treatment tooth lengths (grouped into four
pairs by tooth type and jaw) were significantly different between treatment groups
(p < 0.001). Teeth were longest in sham piglets, shortest in clip piglets, and
intermediate in grind piglets (p < 0.05). A summary of the main treatment effects
(adjusted means ± SEM for live weight at birth, treatment duration, and paired tooth
lengths, and percentage occurrence for presence of blood, along with p-values and
the results of post-hoc pairwise comparisons) is shown in Table 3.1.

3.3.2

Behavioural data

Body posture
No treatment*time interaction effect or treatment effect were found on the duration
of walking (treatment*time: F2,117 = 0.2, treatment: F2,98 = 1.4; p > 0.05) or being
immobile (treatment*time: F2,117 = 0.4, treatment: F2,98 = 1.2; p > 0.05), however
there was an effect of time for both (walking: F1,119 = 23.1, immobile: F1,119 = 26.1;
p < 0.001). These results relate to a reduction in walking and increase in immobility
that occurred following treatment application (mean durations were 20.1 ± 1.3 s and
14.4 ± 1.3 s for walking and 34.9 ± 1.4 s and 42.3 ± 1.4 s for immobility in the pretreatment and post-treatment periods respectively; see Figure 3.1).
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Table 3.1. Comparison of non-behavioural data between experimental groups. For live weight at birth, length of the teeth, and
duration of treatment data are presented as adjusted means ± SEM. Sham (control) = simulation of grinding, Grind = removal of the top
third of all eight needle teeth by grinding, Clip = removal of the top third of all eight needle teeth by clipping (n = 40 / group).

Sham

Grind

Clip

F/2statistic

Live birthweight, g

1574 ± 40

1556 ± 40

1554 ± 40

F2,98 = 0.1

0.880

Treatment duration, s

53 ± 2a

48 ± 2b

46 ± 2b

F2,98 = 6.5

0.002

Maxillary incisors, mm

5.3 ± 0.1a

4.0 ± 0.1b

3.6 ± 0.1c

F2,98 = 114.2

< 0.001

Mandibular incisors, mm

3.3 ± 0.1a

2.8 ± 0.1b

2.5 ± 0.1c

F2,98 = 33.8

< 0.001

Maxillary canines, mm

3.0 ± 0.1a

2.2 ± 0.1b

1.9 ± 0.1c

F2,98 = 50.0

< 0.001

Maxillary canines, mm

4.0 ± 0.1a

2.9 ± 0.1b

2.4 ± 0.1c

F2,98 = 130.8

< 0.001

Presence of blood, %

0a

22.5b

97.5c

2 = 86.7

< 0.001

a, b, c

Within rows, means followed by different letters differ at p < 0.05

p-value
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Resting generally only occurred directly after the piglet was placed in the
observation box and was observed in only 26 pre-treatment and 17 post-treatment
recordings. No significant effect of treatment was found on the occurrence of this
behaviour before or after treatment application (p > 0.05). The treatments were
therefore combined to analyse the influence of time which was not significant (p >
0.05). Climbing was even rarer (eight pre-treatment and two post-treatment
occurrences). No significant effect of treatment, either before or after treatment
application, or of time was present for the occurrence of climbing during the
observation periods (p > 0.05). A summary of the main time and treatment effects
(percentage occurrences and p-values) for resting and climbing is shown in Table
3.2.

Figure 3.1. Comparison of pre-treatment and post-treatment durations (in
seconds) of walking and being immobile. Data are presented as the adjusted means
with the standard errors displayed as error bars (n = 40 / group / time).

3.3.3

Oral behaviours

No treatment*time interaction or main treatment effect was found for the percentage
of time spent exploring the walls (treatment*time: F2,109 = 1.3, treatment: F2,98 = 0.5,
p > 0.05) or percentage of time spent not exploring (treatment*time: F2,109 = 0.8,
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treatment: F2,98 = 1.2, p > 0.05), however, significant time effects were present for
both (exploring the walls: F1,111 = 34.2, p < 0.001; no exploration: F1,111 = 17.3, p <
0.001). These related to a reduction in exploring the walls and an increase in not
exploring (52.1 ± 2.8 % and 35.8 ± 2.8 % (p < 0.001) for exploring the walls and
27.9 ± 3.0 % and 38.8 ± 3.0 % (p < 0.001) for not exploring in the pre-treatment and
post-treatment periods respectively; see Figure 3.2).

Analysis of the percentage of time piglets spent investigating the wood shavings on
the floor of the observation box revealed a significant treatment*time interaction
(F2,109 = 5.4, p < 0.006) wherein the sham handled piglets increased the time spent on
this behaviour after treatment application but piglets that underwent tooth resection
by grinding or clipping did not (18.5 ± 4.2 % and 33.7 ± 4.1 % for sham piglets, 27.3
± 4.1 % and 23.6 ± 4.2 % for grind piglets, and 13.8 ± 4.1 %, and 18.8 ± 4.1 % for
clip piglets in the pre-treatment and post-treatment periods respectively (p < 0.05)
see Figure 3.3).

There was no time*treatment interaction (F2,117 = 2.2, p > 0.05) effect or main effect
of time (F1,119 = 1.0, p > 0.05) or treatment (F2,98 = 1.2, p > 0.05) on the number of
grunts performed per observation. Their number was relatively highly variable with
only 3 % of the observations with no grunt but 80 % with more than 10 grunts and an
overall mean of 28 with a standard deviation of 19. The occurrence of high-pitched
calls was much less frequent with only 40 % of the observations where they were
detected. There was no treatment effect either before or after treatment application
and no time effect across treatments (p > 0.05; for results summary see Table 3.2).

No piglets exhibited champing prior to treatment application. After treatment,
champing became relatively frequent in all groups although its occurrence differed
significantly between treatments (p < 0.005). As shown in Figure 3.4, more piglets
exhibited champing after tooth clipping than after sham grinding (45 % vs 80 %;
p < 0.008) with grind piglets being intermediate (60 %) but not significantly
different from either the Clip or Sham piglets (p > 0.05).
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Figure 3.2. Comparison of pre-treatment and post-treatment durations
(percentage of observation period) of exploring the walls and not exploring.
Data are presented as the adjusted means with the standard errors displayed as error
bars (n = 37 - 40 / group / time).

Figure 3.3. Comparison of pre-treatment and post-treatment durations
(percentage of observation period) of exploring the wood shavings across tooth
treatments. Data are presented as the adjusted means with the standard errors
displayed as error bars (n = 37 - 40 / group / time). Bars with different letters differ at
p < 0.05.
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Figure 3.4. Comparison of champing occurrence between treatment groups in
the pre-treatment and post-treatment observation periods. Data are presented as
the percentage of piglets observed champing (n = 40 / group / time). For the posttreatment observation period, bars with different letters differ at p < 0.008

3.3.4

Other behaviours

There was no significant effect of treatment (either before or after treatment
application) for the occurrence of head flicking during the observation periods
(p > 0.05), but there was a significant time effect across treatments with more piglets
exhibiting this behaviour after treatment application than before (1.7 % and 19.3 %
for the pre-treatment and post-treatment periods respectively; p < 0.001 (see Table
3.2)).

No treatment*time interaction or main treatment effect was found for the percentage
of time piglets spent with their ear in a back position (treatment*time: F2,91 = 0.1,
treatment: F2,92 = 0.6, p > 0.05) forward position (treatment*time: F2,91 = 0.2,
treatment: F2,92 = 0.7, p > 0.05), or plane position (treatment*time: F2,91 = 0.4,
treatment: F2,92 = 0.4, p > 0.05), however, significant time effects were present for
each ear position (back: F1,93 = 25.5, p < 0.001; forward: F1,93 = 7.7, p < 0.007;
plane: F1,93 = 5.4, p < 0.03). These related to a reduction in ear back (51.5 ± 5.4 % vs
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37.2 ± 5.4 %) and an increase in ear forward (29.9 ± 5.4 % vs 38.1 ± 5.5 %) and ear
plane (14.3 ± 2.6 % and 20.5 ± 2.7 %) from the pre-treatment to post-treatment
period respectively; see Figure 3.5). There was no significant effect of treatment,
either before or after treatment application on the occurrence of ear movements
performed per observation (p > 0.05) and no difference in occurrence between preand post-treatment observations when treatments were analysed together (p > 0.05).
Results for ear position and movements are summarised in table 3.2.

Figure 3.5. Comparison of pre-treatment and post-treatment durations
(percentage of observation period) of ear positions (back, forward and plane).
Data are presented as the adjusted means with the standard errors displayed as error
bars (n = 31 - 38 / group / time).

3.4

Discussion

Within this chapter the immediate short-term responses of commercial piglets to
needle tooth resection were evaluated for evidence of pain and stress by observing
their behaviour before and after the treatment application. Few differences were
observed between treatment groups, whereas numerous changes were observed
between the two periods.
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Table 3.2. Comparison of binary behavioural data between experimental groups and pre-treatment and post-treatment periods.
Data are presented as the percentage of piglets exhibiting the behaviours
Behaviour

Time

Sham

Grind

Clip

Treatment p-value All treatments

Resting1

Before

22.5

20.0

22.5

1.000

21.7

Resting1

After

17.5

15.0

10.0

0.719

14.2

Climbing1

Before

5.0

7.5

7.5

1.000

6.7

Climbing1

After

2.5

0.0

2.5

1.000

1.7

High-pitched

Before

37.5

27.5

52.5

0.076

39.2

After

42.5

42.5

40.0

1.000

41.7

Ear Moving2

Before

65.7

77.8

71.1

0.536

71.6

Ear Moving2

After

69.4

68.6

68.7

1.000

68.9

Head Flick3

Before

0.0

2.5

2.5

0.708

1.7

Head Flick3

After

20.5

15.0

22.5

1.000

19.3

Time p-value

0.178

0.102

vocalisations1
High-pitched

0.793

vocalisations1

1

n = 40 pigs / experimental group; 2 n = 32 to 38 pigs / experimental group; 3 n = 39 or 40 / experimental group

0.764

< 0.001
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3.4.1

Effects of resectioning on handling duration and tooth integrity

Handling durations were not significantly different between the grinding and
clipping treatments, whereas sham grinding lasted significantly longer (5 and 7
seconds respectively) than both. These results are in contrast to previous studies
which commonly report grinding durations to be longer than those for clip and sham
treatment (e.g. (Holyoake et al., 2004; Lewis et al., 2005b; Marchant-Forde et al.,
2009). The duration of sham-grinding was based on the mean duration of grinding
recorded in a small pilot study and was consequently slightly longer than that of
grinding in the actual experiment. The slightly increased duration of sham grinding
may have affected (i.e. reduced) behavioural differences observed between piglets
with resected and intact needle teeth, however, the actual difference was not
substantial therefore this effect, if present, would be relatively small.

Sham ground piglets, as expected, had the longest teeth. In resected piglets, tooth
length differed significantly depending on the method used. The actual difference in
length was small, however, with clipped teeth being an average of only 0.3 mm to
0.5 mm shorter than ground teeth – a fairly small disparity of questionable biological
significance. This is in contrast to some previous studies (e.g.(Hutter et al., 1994;
Lewis et al., 2005b)) which compared the effects of applying a more extreme
clipping treatment against grinding treatments where only the tips of the teeth were
removed. By comparison, within this study, the technicians applying the treatments
were instructed to remove an equal quantity (the distal third) of each needle tooth
regardless of resection method.

As treatment duration and resected tooth lengths were relatively similar, behavioural
differences between the two resection methods can therefore be considered the result
of differences between the techniques themselves. Minor bleeding (from tooth
damage) was observed in 97.5 % of tooth clipped piglets but only 22.5 % of tooth
ground piglets. Given the similarity of lengths removed by both resection methods,
the lower occurrence of bleeding in tooth ground piglets may be due to a
combination of the cauterising effect from the high heat produced by the grinder
(Redaelli et al., 2012) and the higher likelihood of additional fractures and
splintering of the dentine resulting from the compressive forces applied during
clipping (Hay et al., 2004; Popowics et al., 2004, 2001).
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3.4.2

Treatment-related variations in behaviours

This study identified two behaviours which suggest the presence of pain as a
consequence of tooth resection: the duration of time spent exploring the wood
shavings which covered the floor of the observation box; and the occurrence of
champing.

Exploration of the shavings was similar in all three treatment groups prior to tooth
treatment. However, after treatment, sham-handled piglets showed an increased
interest (i.e. duration of exploration) towards the shavings. The increase in this
behaviour was facilitated by a reduction in time spent exploring the observation box
walls and was concurrent with an increase in time spent not exploring. Tooth
resected piglets also exhibited a reduced interest in the box walls after treatment but
did not replace this behaviour by interacting with their environment in other ways;
these piglets, which sustained injuries, simply reduced their overall exploratory
behaviour.

Pigs are a gregarious species in which social deprivation is a known stressor.
Following deprivation of bedding and social contact, pigs will select access to
conspecifics over bedding (Hemsworth et al., 2011) and will also perform operant
tasks to gain as little as 15 seconds of physical access to another pig (Matthews and
Ladewig, 1994). In particular, maternal and littermate deprivation are severe
stressors for neonatal piglets (Kanitz et al., 2014). When first placed in the
observation box, piglets spent over 50 % of their time exploring the walls, suggesting
that they were searching for an exit from the box and a route back to the home pen.
Following treatments, which were applied directly outside the observation box,
piglets were less inclined to explore the walls – possibly because they were aware
that the handler was still present nearby (albeit outwith their visual field). As will be
discussed in section 3.4.3 a reduction in exploratory behaviour, coupled with angling
the ears forward and reducing locomotion indicates a distressed and vigilant affective
state which was observed following all three types of tooth treatment. However, pigs
are highly motivated to root in substrates such as wood shavings (Jensen and
Pedersen, 2007; Studnitz et al., 2007*), and a lack of rooting is associated with the
presence of pain in pigs (Horrell et al., 2001; Malavasi et al., 2006). The increase in
rooting behaviour in sham-handled (uninjured) piglets suggests that once the
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motivation to explore the box walls was reduced, those piglets, although stressed and
vigilant, exhibited an increase in their natural behaviours which was inhibited –
potentially due to pain - in tooth-resected piglets.

Champing (the opening and closing of the mouth without a substrate to chew upon)
was entirely absent prior to treatment but was observed to varying degrees in all
three groups after treatments were applied. Champing (sometimes referred to as
“chomping”, “chewing” or “mastication” albeit with the same definition) has been
reported in the immediate short term following both tooth clipping (Bataille et al.,
2002; Lewis et al., 2005b; Noonan et al., 1994; Rand et al., 2002) and tooth grinding
(Bataille et al., 2002; Lewis et al., 2005b) but also following sham handling (Bataille
et al., 2002; Noonan et al., 1994; Rand et al., 2002).

Noonan et al (1994) observed piglet behaviour during 30 second increments for two
minutes following 5 different treatments: tooth clipping, tail docking, ear notching,
the three treatments applied in combination, and a handling-only control. Both the
tooth clipping and the combined treatment groups exhibited significantly more
champing during each 30 second increment in the first 90 seconds vs. the other
treatments. However, from 90 to 120 seconds, increased champing was only
observed in piglets from the combined treatment group. Thus, the addition of tail
docking and ear notching prolonged the duration of increased champing behaviour
without increasing damage to, or indeed contact with, the piglets’ mouths. The
authors suggested champing in piglets following tooth clipping could be a stressrelated displacement behaviour, a response to pain from tissue damage within the
mouth, or a response to irritation from tooth fragments and / or blood in the mouth,
although they did not examine the oral cavity after treatment application.

Champing in dogs and horses is a known response, particularly in younger animals,
to situations and stimuli which cause anxiety or apprehension (Abrantes, 1997†;
McGreevy, 2004†; Williams, 1974). Previous studies have also reported potential
stress-reducing properties of chewing in rats. Within these studies, rats that were
allowed to chew on a wooden stick during restraint stress showed reductions in
stress-induced impairment of NMDA receptor-mediated long term potentiation
within the hippocampus, corticosterone secretion, and corticotrophin-releasing

95
hormone (CRH) expression (Hori et al., 2004; Ono et al., 2008). It is possible that the
jaw movements involved in chewing and champing are not only a response to stress
but also a behavioural mechanism for reduction of stress in inescapable situations.

However, in the current and previous studies, champing was observed after treatment
application in a graded manner, increasing from sham to grind piglets and further
still from grind to clip piglets, therefore no single causative factor can be determined.
Handling stress occurred following all treatments but cannot be said to have
increased between piglets subjected to sham and actual grinding, nor between the
grinding and clipping treatments (indeed, the noise and vibrations from the grinder
would represent additional, not fewer, stressors compared with the pliers used during
clipping). Jaw restraint was likely to be uncomfortable, but to a similar extent in each
treatment. Tissue injuries, bleeding, and potentially tooth fragments are more
common and / or severe after clipping than grinding but would have been absent
following sham grinding and consequently cannot be the only influencing factors.
Champing is therefore clearly a multifactorial behaviour. It may be instigated by a
combination of stress and oral discomfort but it also appears to be increased by
dental injuries, most likely as a consequence of pain. Regardless of their exact
contribution, the results of the current and previous studies indicate that both pain
and stress are involved in the occurrence of champing following tooth resection and
that tooth clipping is potentially more painful than tooth grinding.

3.4.3

Time-related behavioural variations regardless of treatment

This study identified several behaviours that evolved over time (i.e. differed
significantly between the pre-treatment and post-treatment observations). In all
treatment groups, after treatment application there was a decrease in the duration of
time that piglets spent walking, investigating the walls of the observation box, and
holding their ears back against the sides of their heads. Conversely, the duration of
time spent immobile, not exploring, holding the ears plane, and angling the ears
forward all increased significantly following treatment as did the occurrence of head
flicks. This combination of behavioural changes did not differ between treatment
groups and is therefore most likely a consequence of the isolation, handling, and
restraint involved in treatment application - all of which are known stressors for
piglets (Di Giminiani et al., 2016; Nordquist et al., 2017†; Poletto et al., 2006; Puppe
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et al., 2005; Rutherford, 2002*). The oral and postural behavioural changes represent
a reduction in environmental interaction and activity in general, both of which are
widely accepted and frequently reported as behavioural indicators of fear and stress
in pigs and other animals (Ison et al., 2016*; Prunier et al., 2013*; Sneddon et al.,
2014*).

Head flicks have previously been associated with discomfort due to ear notching
(Noonan et al., 1994; Rand et al., 2002). Here, however, they are likely a
consequence of discomfort due to the firmness of head restraint required during the
procedures. Studies in species including pigs have reported an increase in ears being
held back during / following negative experiences (e.g. sheep (Bellegarde et al.,
2017; Boissy et al., 2011; Guesgen et al., 2016), pigs (Reimert et al., 2013)), whereas
ears forward has been shown to indicate heightened vigilance (e.g. sheep (Boissy et
al., 2011; Reefmann et al., 2009), dogs (Racca et al., 2012)). In this study, after
treatment, the time spent with ears back was reduced and the time with the ears
forward was increased suggesting a heightened alertness to the surroundings outwith
the observation box (i.e. towards the location of the handler). This may indicate a
fear / stress response directed towards the handler, with the piglets potentially
anticipating further negative interactions. This vigilance, and any accompanying
predator induced analgesia effect, may have been sufficient to override any effects of
pain on ear position, especially in socially isolated, young piglets (Di Giminiani et
al., 2016; Rutherford, 2002*). An increase in ear movements between positions has
been reported to indicate negative affective states (e.g. sheep (Guesgen et al., 2016)
and pigs (Tallet et al., 2019) but was not observed in this study. Again, this
behaviour may have been overridden by the heightened vigilance towards the (not
visible, but present) handler meaning the ears remained focussed more consistently
forwards. Alternatively, the discrepancy between (Tallet et al., 2019) and this study
may have been due to 1) a ceiling effect of stress on ear mobility due to the
additional pre-treatment isolation in the current study, 2) the different treatments
applied, (tail docking vs. tooth resection), 3) behaviour only being filmed after
treatment in the previous study (i.e. no controlling for individual piglet variation in
this behaviour), or 4) the angle of the camera, which was straight and at piglet head
height in the current study as opposed to angled from above and may have affected
the visibility of more subtle changes in ear position.

97
3.4.4

Conclusion

The behavioural indicators of pain and stress reported in this chapter are both subtle
and short in duration, however, this should not be conflated with a lack of biological
significance in terms of welfare. Tooth integrity was more severely affected by tooth
clipping than tooth grinding as evidenced by the increased incidence of minor oral
bleeding, which occurred in spite of a relatively similar length of tooth being
removed by both resection methods. Handling and isolation durations were relatively
similar across treatments and resulted in a similar increase in stress-related
behaviours in the immediate short-term as evidenced by the reduction in
environmental interaction and general activity, and the increase in head flicking and
attention (ear positioning) in all three treatment groups. The increase in exploration
of wood shavings in sham handled but not tooth clipped or tooth ground piglets
suggests that clipping and grinding inhibited relaxation due to tissue damage,
indicating that both resection methods may have been painful in the immediate shortterm. Champing behaviour is likely to result from a combination of pain and stress
and was more common in tooth clipped than tooth ground piglets. Therefore,
although handling stress was apparent in all treatment groups, in the immediate
short-term, tooth clipping appears to be more detrimental than tooth grinding when
changes in tooth integrity and behaviour are considered in combination.
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4 SHORT-AND LONG-TERM EFFECTS OF NEEDLE
TOOTH RESECTION ON PIGLET BEHAVIOUR
4.1

Introduction

The majority of EU piglets and over half of those reared within the UK are subjected
to needle tooth resection in the first few days of life (BPEX, 2008‡; FAWC, 2011‡;
Fredriksen et al., 2009). In both regions, commercial pigs reared for pork products
reach slaughter weight (~100kg) at around 6 months of age (Kusec et al., 2008).
Given the scale on which tooth resection continues to be adopted (see section 1.1.4),
the lifespan of commercial pigs reared for meat products, and the early life-stage at
which tooth resection occurs, it is important to determine if there is any long-term
pain resulting from the procedure and, if so, how the resulting pain severity
progresses over time.

The morphology and innervation of piglet needle teeth suggest that pain is a likely
consequence of exposure and lesioning of the dental pulp (see section 1.2) and
previous research has shown that both clipping and grinding the needle teeth can
open the dental pulp cavity, damaging the tissues within and exposing them to
bacterial infection even when tooth length is reduced by as little as one third (Hay et
al., 2004). Both resection methods regularly produce microscopic and macroscopic
dental lesions (e.g. pulp exposure, haemorrhages, fractures, tooth splintering) which
persist up to 48 days after resectioning resulting in pulpitis, pulp necrosis and
gingivitis. The frequency and severity of these lesions is greater following clipping,
even when similar lengths of tooth are removed by both techniques (Gallois et al.,
2005; Hay et al., 2004). Lesions of the oral soft tissues caused by jagged tooth
surfaces and dentine splinters following resection have also been reported (Holyoake
et al., 2004; Hutter et al., 1994; Lewis et al., 2005b) When left intact, the deciduous
needle teeth fall out and are replaced by permanent teeth by 6-10 months of age (Hay
et al., 2004; Holyoake et al., 2004; Tonge and McCance, 1973; Weaver et al., 1969),
however, tooth resection can result in the retention of the deciduous tooth root stubs,
forcing the permanent teeth to erupt at abnormal angles increasing the risk of
breakage, further soft tissue injuries, and periodontal disease (Jacomo and Campos,
2009; Johnson et al., 2003; Van de Wetering, 2011†).
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Hay et al. (2004) indicated that lesions such as those resulting from tooth resection
are known to induce severe pain in humans and, due to the highly conserved
structure, organisation, and innervation of mammalian dental tissues, that it is likely
that such injuries would also be painful to pigs. General behavioural indicators of
persisting pain in pigs include: abnormal body postures, inappetence (evidenced by
anorexia and low body weight / daily weight gain), self-imposed isolation,
desynchronisation from littermates, agitation, reduced physical activity, and
disturbances to teat order and interactive behaviours such as aggression, play, nosing,
chewing, and licking (for reviews see: (Ison et al., 2016; Prunier et al., 2013;
Sneddon et al., 2014)). Injury-specific behaviours identified in relation to painful
conditions in pigs include abnormal use of the injured body part, and guarding,
rubbing, or shaking the injury (Hay et al., 2003; Larsen et al., 2015; Noonan et al.,
1994; Rand et al., 2002; Rutherford et al., 2009; Sutherland et al., 2008; Torrey et al.,
2009). Given that tooth resection results in injuries within the oral cavity, in this
case, alterations to oral behaviours may also be considered injury specific. To date,
only one potentially pain-indicating behaviour (champing; see section 3.4.2) has
been reported as being tooth resection-specific and was limited to the short-term
period (minutes) following resection (Bataille et al., 2002; Lewis et al., 2005b;
Noonan et al., 1994; Rand et al., 2002).

Several studies have assessed the long-term effects of tooth resection on production
performance parameters such as weight gain and mortality. No net effect of treatment
on body weight gain was observed in the majority of studies for tooth clipping (Bates
et al., 2003; Brown et al., 1996; Fraser, 1975; Gallois et al., 2005; Lewis et al.,
2005b; Marchant-Forde et al., 2009) or tooth grinding (Gallois et al., 2005; Lewis et
al., 2005b; Marchant-Forde et al., 2009). Similarly, the majority of studies to date
have reported no significant effect on mortality attributable to either tooth clipping
(Bates et al., 2003; Brown et al., 1996; Gallois et al., 2005; Lewis et al., 2005b;
Weary and Fraser, 1999) or grinding (Gallois et al., 2005; Holyoake et al., 2004;
Lewis et al., 2005b) Unlike production performance parameters, a comprehensive
long-term assessment of pain following tooth resection using behavioural indicators
is currently lacking in the literature. In order to observe behavioural differences
between intact and tooth resected piglets, a suitable ethogram and substantial
durations of continuous focal sampling are required.
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4.1.1

Aims

The aims of the experiment within this chapter were: 1) to evaluate the long-term (up
to 6 weeks post-treatment) behavioural responses of piglets to needle tooth resection
(removal of the distal third of each of the 8 needle tooth) for evidence of pain and
stress, and 2) to compare the effects of clipping the teeth with surgical cutters (pliers)
and of grinding the teeth with a rotating grinder against each other and a sham
griding control treatment to assess their impact on piglet welfare. The hypotheses
being tested were: 1) that piglets which underwent tooth clipping and tooth grinding
would exhibit behaviours associated with pain during the 6 weeks following tooth
resection; 2) that clipping would result in significantly higher levels of pain-related
behaviours; and 3) where present, pain-indicating behaviours would change over
time.

4.2

Materials and methods

A statement of contributions regarding the work relating to this chapter is presented
in appendix 6.

4.2.1

Animals

72 piglets (Pietrain × (Landrace × Large White)) from 12 litters were included in the
experiment. Within each litter, three male and three female piglets were selected to
generate a study cohort of 36 males and 36 females in total. Housing (farrowing and
post-weaning pens), handling and husbandry were as described in section 2.2 and
2.3. Two piglets (one male from the clip treatment in litter 3 and one female from the
grind treatment in litter 5) were removed from the study due to health issues which
were unrelated to the treatments. One male (grind treatment) and one female (sham
treatment) piglet in the first litter were accidentally tail docked by the farm personnel
after tooth treatments had been applied. These piglets remained within the
experiment throughout the 6-week observation period, but their data were not
included in the statistical analysis. Therefore, statistical analysis was conducted on
data collected from the remaining piglets (n per sex per treatment = sham: 12 and 11,
grind: 11 and 11, clip: 11 and 12 for males and females respectively; total n = 68 (34
per sex)).
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4.2.2

Treatments

On d1, treatments were applied to piglets on an individual basis, one litter at a time
as described in section 2.5. Selection criteria are outlined in section 2.4.1. In brief, a
randomised block design was utilised to assign one male and one female from each
litter to one of three treatment groups: 1) tooth clipping, 2) tooth grinding, or 3) sham
grinding, using their ranked birthweight within the litter as a blocking factor. Piglets
assigned to the tooth clipping and tooth grinding treatments had approximately one
third of the length of all 8 needle teeth removed using a standard set of sterilised
surgical cutters or a hand-held rotating grindstone device on speed setting three
respectively. Piglets assigned to sham grinding (controls) were handled and treated
as those which underwent tooth grinding but with a protective layer of scotch tape
covering the grinder head to allow for sound and vibrations (speed setting 3) to be
experienced without resulting in any damage. The tooth resection tools are shown in
figure 1.9. Each litter was removed from the farrowing pen and placed under a heat
lamp in a holding trolley. Selected piglets were taken from the holding trolley
individually to a separate room to undergo tooth treatment and behavioural
observations. Behavioural observations were performed as described in section 2.6.1.
Following treatment, the needle teeth were measured from the gumline to the tip
using electronic callipers and the mouth was checked for blood. After treatments and
observations had been completed, the handler applied an ear tag and returned the
piglet to the holding trolley. Once all experimental piglets had been treated, the
whole litter was returned to the farrowing pen.

4.2.3

Housing

All piglets were housed at the INRAE Saint-Gilles experimental unit as described in
section 2.2. Briefly, for the first 28 days, experimental piglets were reared in their
original litters within 2 × 2.4 m farrowing pens with fully slatted floors containing: a
heat lamp, 2 rubber mats, a wall-mounted metal chain, a food trough and drinker
bowl for the sow, and (from d10) a creep feeder for the piglets. Following weaning
on d28, experimental piglets were transferred (litters unmixed; 6 piglets per pen) to 2
× 2.4 m post-weaning pens with concrete floors containing: approximately 3 kg of
straw bedding (changed on alternate days excluding Sundays), a heat lamp, 2 rubber
mats, a touch-switch drinker, and a free-standing dry feeder.
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4.2.4

Home pen digital visual recordings

Black and white analogic CCTV cameras (TK-C9301EG model, JVC Kenwood, Ang
Mo Kio, SG) were secured above the farrowing and post-weaning home pens of the
12 litters allocated to the behavioural study. At 09:00 h on all filming days, piglets
were marked with their identification numbers (1-6, as marked on their ear tag) using
an animal-safe marking stick to aid on-camera identification. Two hour aerial-view
black and white home-pen recordings were taken from 13:30 h to 15:30 h on d1, d5,
d12, d19 and d26 in the farrowing pens, and again on d33 and d40 in the postweaning pens. The recordings were automatically compressed and stored on a digital
recorder (DVR-8K model, Robert Bosch, Saint-Ouen, FR) before being downloaded
and converted into .AVI files for behavioural scoring in Observer.

4.2.5

Home pen ethograms

A catalogue of piglet behaviours with explicit definitions was compiled. Those
relevant to pain and stress which were clearly visible in the CCTV recordings were
retained and are as shown in Table . The behaviours within this ethogram were
translated into a coding scheme for use within Observer.

4.2.6

Home pen coding scheme

The coding scheme used to score the home pen behaviours contained two groups of
mutually exclusive state events: “Postures” (stand, sit, lie, walk, mount (modifiers:
give or receive), run, other, and not visible), and “Oral behaviours” (chew
(modifiers: sibling, sow, or object), investigate, at teat (modifiers: suckle, massage,
or unclear), sibling suckling (modifiers: give or receive), fight, eat solids, root straw,
and none); alongside two groups of stop-start state events: “alone” and “under sow”;
and four groups of point events: “snout push” (modifiers: sibling, sow, or object),
“single bites and swipes”, “start fight” (modifiers: yes / no / unclear), “end fight”
(modifiers: win / lose / unclear). For the behaviours of chew and snout push, when
the action is directed at the sow or a sibling, a further modifier was incorporated to
identify where on the recipient’s body the action is directed toward (sub-modifiers:
ear, tail or other). Some behaviours in the ethogram were stage-specific: “at teat”,
“under sow”, and all modifiers relating to the sow were specific to the suckling
period in the farrowing pen, while “sibling suckling”, “mount” and “root straw” were
specific to the post-weaning phase.
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Table 4.1. Ethogram for piglet location within home pen
Position

Definition

Alone

For suckling period: Piglet sits or lies with its body over 50 cm away from the rest of the litter and at least 20 cm
away from the sow. Behaviour ends when another piglet comes within one body length of the focus piglet, or
when focus piglet relocates to within 20 cm of sow or within half a meter of other piglets.
For post-weaning period: Piglet sits or lies over 50 cm away from the rest of the litter. Behaviour ends when piglet
is within 50 cm of another piglet.

Under sow*

Two or more of the piglets feet and either its head or body are underneath the standing sow’s body (i.e. within the
sow’s crate area) for one or more seconds. Behaviour ends when either i) one or less feet are under the standing
sow, or ii) neither the piglet’s head nor body are underneath the sow for one or more seconds.

*Under sow was only scored during the suckling period
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Table 4.2. Ethogram for home pen postures (continued on next page)
Posture

Definition

Stand

Piglet’s body is elevated from the ground for one or more seconds in the absence of locomotion. Behaviour ends when
piglet takes three or more consecutive steps in the same direction, or posterior end or whole body touches the ground for
one or more seconds.

Walk

Piglet takes three or more consecutive steps in the same direction within two seconds. Behaviour ends when locomotion
stops for two or more seconds or posterior end or whole body touches the ground for one or more seconds.

Run

Description is as for walk but piglet is moving at an abnormally rapid pace. Behaviour ends when locomotion ends for two
or more seconds or posterior end or whole body touches the ground for one or more seconds or when locomotion slows to
normal walking pace for two or more seconds.

Sit

Piglet is stationary and the posterior end of its body is touching the ground for one or more seconds. Behaviour ends when
body is elevated from the ground for one or more seconds or when whole body is touching the ground for one or more
seconds.

Lie

Piglet is stationary; whole body is touching the ground or other piglets that are lying down. Behaviour ends when either
anterior end or whole body is elevated from the ground for one or more seconds.

Mount*

Piglet places or attempts to place either its front legs or chest on the rump / back of another other piglet for 2 or more
seconds. Mounting piglet may slip off and re-mount during a single bout or mount a different piglet. Behaviour ends when
the weight of the mounting piglet is no longer supported by another piglet for three or more seconds.
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Table 4.2 Ethogram for home pen postures (continued from previous page)
Posture

Definition

Other

Piglet is exhibiting a behaviour that is dissimilar to the behaviours in this ethogram category. Behaviour ends when one of
the behaviours in this category is exhibited.

Not

Piglet’s posture is not visible for three seconds or more. Behaviour ends when piglet’s posture is visible again.

visible
*Mount was only scored in the post-weaning period
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Table 4.3. Ethogram for home pen oral behaviours (continued on next page)
Behaviour

Definition

Mouth

An oral behaviour ends but is not replaced with another for two or more seconds. Behaviour ends when an oral

idle

behaviour begins.

Chew

Piglet places its mouth partially or fully around an inanimate object or body part of itself or a conspecific for two or
more seconds. Piglet may pull away while the object or body part is still firmly held in its mouth. Behaviour ends when
the mouth is not in contact with the object or body part for two or more seconds or pressure is not being visibly applied
(i.e. jaw is relaxed) for five or more seconds.

Investigate Piglet snout is pointed at, and held within approximately five cm, of the wall / floor / an object (including feeder unless
eating) / a conspecific for two or more seconds. Attention may shift between items once investigation behaviour has
begun and physical contact may occur. Behaviour ends either when the piglet’s snout is not pointed (with clear use of
neck muscles) towards anything for two or more seconds or another oral behaviour begins.
At teat

When the sow is lying on her side, the piglet’s head is in contact with the sow’s udder, or (if piglet’s head is covered by
another piglet) piglet is a similar distance and of a similar orientation to the piglet on top of it. Behaviour ends when
there is visibly no contact between the piglet and the udder for three or more seconds or (if piglets head is covered by
another piglet) the posterior is clearly far enough away from the udder that the head could not be in contact with the
udder.

Fight

Piglets give and receive multiple i) rapid bites, ii) head swipes, and iii) pushes to and from one or more conspecifics (or
any combination of these events). Behaviour ends when piglet does not give / receive any i) rapid bites, ii) head swipes,
or iii) pushes to / from any conspecifics for five or more seconds
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Table 4.3. Ethogram for home pen oral behaviours (continued from previous page)
Behaviour

Definition

Eat solids

Piglet snout is within the rim of the feeder for one or more seconds. Behaviour end when piglet takes two or more
consecutive steps away from food bowl or removes snout from food bowl for five or more seconds.

Root straw

Piglet places snout on or into straw (which may be moved around or eaten) for one or more seconds. Behaviour ends
when snout is not in contact with the straw for three or more seconds.

Sibling

Piglet massages and bites or chews at the udder or another piglet (which is lying down) for two or more seconds.

suckling

Behaviour ends when the piglet’s snout is not in contact with the other piglets udder for three or more seconds

Single snout

In a single upwards motion, piglet uses its snout to visibly move or attempt to move an object or a body part of a

push

conspecific or the sow.

Single bite

In single a rapid motion, the piglet either i) places mouth partially or fully around the sows or a conspecifics body part

or swipe

once and then releases (bite) or ii) flicks its head towards a conspecific or the sow (head swipe).

Fight ends

After a fight has begun (see “fight” definition) piglet does not give / receive any i) rapid bites, ii) head swipes, or iii)
pushes to / from any conspecifics for five or more seconds

Not visible

The piglet’s head is not visible for three or more seconds. Behaviour ends when piglet is visible

The behaviours eat solids, root straw, and sibling suckling were only scored in the post-weaning period; at teat was only scored during
the suckling period.
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Table 4.4. Ethogram for modifiers of behaviours observed in the home pen
Modifier

Modifier for

Definitions

Suckle

At teat

Piglet has sow’s teat in its mouth for three or more seconds. Teat being suckled on may
change during behaviour. Behaviour ends when teat is not in piglet’s mouth for three or
more seconds.

Massage

At teat

Piglet repeatedly rubs snout on sow’s teat for three or more seconds. Teat being rubbed
may change during massage behaviour. Behaviour ends when piglet is not in contact with
the teat for three or more seconds, or when teat is held in piglet’s mouth for three or more
seconds.

Not clear

At teat

At teat modifiers are not visible or it is not possible to determine which behaviour is being
exhibited for three or more seconds.

Start

fight

fight

Focal piglet was the first one to strike at the beginning of a fight (scored as yes / no /
unsure)

Win fight

Fight ends

Focal piglet gives last strike in a fight (scored as yes / no / unsure)

Recipient

Chew and Snout push,

Action is directed at either: i) an inanimate object, ii) the sow or iii) a sibling. When the
action is directed at the sow or a sibling, a further distinction is made with regards to where
on the recipient’s body the action is directed (ear, tail, or other).

Give

Mount and sibling suckling

The focal piglet is performing the action (i.e. mounting or massaging another piglet)

Receive

Mount and sibling suckling

The focal piglet is being acted upon (i.e. being mounted / massaged by another piglet)
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4.2.7

Home pen behavioural scoring

Training
Prior to beginning the behavioural scoring, scorers completed a minimum of 20
hours of practice scoring using the focal sampling method on short clips of
recordings from experimental litters that were not utilised in the study. This enabled
optimisation of the ethogram and coding scheme and served to familiarise scorers
with the relevant behaviours and their definitions thereby minimising the risk of
errors and order effects.

Pre-study inter-observer reliability testing
To confirm that training had been successful, behavioural scoring of seven farrowing
pen and four post-weaning pen recordings from the first two litters was completed by
both scorers using focal sampling. Due to time constraints, week three recordings
were not included in the final behavioural scoring dataset, therefore the reliability
test data represented 17% and 15% of the total datasets for the suckling and postweaning periods respectively. In each recording, the first hour of behaviour was
scored for a single piglet with no one piglet being scored more than once. Interobserver reliability was then calculated from these scores using the in-built
“Reliability Analysis” tool within Observer. Due to stage-specific behaviours (e.g.
“at teat” which is absent in the post-weaning pen), reliability analysis of behaviour
durations was conducted separately for each stage. Point event behaviours (e.g.
single bites and swipes) are without duration and were therefore analysed separately
and in terms of frequency only. As point events were relatively rare behaviours and
did not differ between stages, one analysis incorporating the results of both stages
was performed for this parameter. However, due to software restrictions related to
coding scheme incompatibilities, point event data had to be exported from Observer
and analysed using Spearman’s correlations in the R software package (2018 version
3.5.1, Inc., Boston, US).

Analyses showed a good correlation between scorers for the durations of both
farrowing pen behaviours (mean k = 0.86; minimum k = 0.76; maximum k = 92,
quartile 1 = 0.83; quartile 3 k = 0.92), and post-weaning pen behaviours (mean
k = 0.88; minimum k = 0.84; maximum k = 93, quartile 1 = 0.85; quartile 3 k =
0.91). A good correlation was also present between scorers for the total number of
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point event behaviours (mean rs = 0.86; minimum rs = 0.72; maximum rs = 0.98; all pvalues ≤ 0.01).

Post-study inter-observer reliability testing
Due to the study design and availability of animals, home pen data collection and the
related behavioural scoring were spread across 13 months. In order to ensure that
scoring accuracy had not drifted during this period, both scorers then re-scored the
seven farrowing pen recordings and four post-weaning pen recordings used in the
initial reliability analysis. As all post-weaning pen recordings were available at this
stage, an additional four piglets from litters three and four were included in the test
(scored as previously described), thereby increasing the total post-weaning
recordings in the reliability test to eight (i.e. 33% of the total dataset). The reliability
analysis within Observer showed a good correlation between scorers had been
maintained for both duration (suckling period: mean k = 0.80; minimum k = 0.76;
maximum k = 0.87, quartile 1 = 0.79; quartile 3 k = 0.81; post-weaning period: mean
k = 0.87; minimum k = 0.76; maximum k = 0.95, quartile 1 = 0.83; quartile 3
k = 0.90), and frequency (mean rs = 0.86; minimum rs = 0.76; maximum rs = 0.97; all
p-values ≤ 0.001) of behaviours.

Home pen behavioural scoring
As the piglets were allocated to treatments within litters, scoring of behaviours was
divided between the two trained scorers such that each litter was scored by a single
person. At all times, both scorers were blinded to the treatments. The two hour
recordings taken on d1, d5, d12, and d26 in the farrowing pen, and d33 and d40 in
the post-weaning pen produced 12 hours of footage to be scored per litter. The
behaviour of each piglet was scored individually using focal sampling with 840
hours of behaviour being scored in total. The resulting data was exported from
Observer into a Microsoft Excel spreadsheet (2010) and organised for statistical
analysis (see section 4.Error! Reference source not found.).

4.2.8

Teat order scoring

Teat order refers to the order in which the piglets arrange themselves at the udder
during feeding bouts. To determine the teat order within each litter, the sows’
functional teats were identified and numbered in ascending order from the anterior to

112
posterior of the udder. Experimental piglets were then observed during feeding bouts
(exclusively during milk let-down where the majority of piglets were at the udder)
and the number of the teat at which they spent the majority of their time during each
feeding bout was noted (Fraser and Jones, 1975).

Training and inter-observer reliability testing
Scorers received a minimum of five hours training in scoring teat order and
identification of functional and non-functional teats. To ensure training had been
successful, an inter-observer reliability test was conducted. Both scorers recorded the
teat order of the 12 experimental piglets in litters one and two during 26 feeding
bouts (i.e. a total of 156 data points for comparison representing approximately 23 %
of the total dataset). Inter-observer reliability was calculated using a Kendall’s W
correlation. Analysis showed a good correlation between scorers (Kendall's
W = 0.944 (uncorrected for ties), and 0.9852 (corrected for ties), p > 0.001)). No
post-study inter-observer reliability test was conducted as the teat order was scored at
the end of the study. For each litter, teat order was scored by the same person that
conducted behavioural scoring for that litter.

Scoring
The teat order of the experimental piglets was scored in each behavioural litter for all
feeding bouts in all recordings. A total of 113 feeding events were observed across
the 12 behavioural litters. The resulting data was exported from Observer into a
Microsoft Excel spreadsheet (2010) and organised for statistical analysis (see section
4.2.10).

4.2.9

Weighing and scoring of skin lesions, facial lacerations, and tear stains

All handling for weighing and scoring of skin lesions and tear stains was carried out
as described in section 2.3. Piglets were weighed individually within 24 hours of
birth and on a weekly basis thereafter (d6, d13, d20, d27, d34, and d41). The number
and location of skin lesions was recorded on a weekly basis (d6, d13, d20, d27, d34,
and d41) directly after weighing. The skin lesion scoring protocol (adapted from
(Turner et al., 2009) is shown in Table 4.5. A minimum of two hours of training was
completed before scoring was carried out. Pre-weaned piglets were removed from
the home pen individually and placed in an observation box beside the pen; weaned
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piglets were assessed within the home pen. Only lesions of approximately 2 cm or
more in length that were deemed to have occurred within the last 24 hours were
scored. Groups of lesions which were less than 2 cm long but found in clusters were
counted as one lesion, while groups of deeper / wider lesions located on the cheeks
(often associated with mild signs of infection) were recorded separately as “facial
lacerations” (present or present and severe). Damage to the tail and ears was also
scored for evidence of necrosis.

Tear staining was scored on a weekly basis (d6, d13, d20, d27, d34, d41) directly
after skin lesion scoring and weighing. A minimum of two hours of training was
completed before scoring was carried out. Pre-weaned and weaned piglets were
assessed in an observation box and the home pen respectively. Tear staining around
the left and right eyes was scored separately for each piglet and in accordance with
the DeBoer-Marchant-Forde Scale (DeBoer et al., 2015) as outlined in Table 4.6.
Unlike previous studies, which have used image analysis software, here the tear
staining was scored macroscopically (by eye) only. Due to handling requirements,
two scorers were present at all times and a consensus on scores for skin lesions,
facial lacerations and tear stains was obtained for each piglet at the time of
observation, therefore no inter-observer reliability tests were required for these
measures.

4.2.10 Statistical analysis
Statistical analysis of weight was conducted on the live weight and the mean daily
weight gain of each week during the 6 weeks of observations. There were no
incidents of ear necrosis and only 4 tail injuries that showed signs of necrosis (all
treated successfully as outlined in section 2.1.), therefore no analysis was carried out
on these parameters. Analysis of skin lesions was conducted on the total number of
lesions on both sides of the anterior, middle, and caudal regions combined.

For facial lacerations and tear staining, only scores of 0, 1, and 2 were recorded. The
scores for left and right sides were identical in 77.2 % of tear staining and 93.6 % of
facial laceration measures and differed by 1 in 22.3 % of tear staining and 6.4 % of
facial laceration, and by 2 in 0.5 % of tear staining measures. Therefore, for both
cheek lacerations and tear stains, the side of the piglet’s face with the highest score
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Table 4.5. Lesion Scoring System (Adapted from Turner et al. 2009)
Criteria

Scores

Definition

Lesions

Absent / Present;

Fresh lesions (bright red lesions or those with intact recent scabs) over 2 cm.

Left / Right;

Groups of lesions under 2 cm in length but close together are classed as one

Anterior / central / caudal

lesion. Lesions located on the anterior (head, neck, shoulders, and front legs),

region

central (flanks, and back), or caudal (rump, hind legs, and tail) regions were
recorded separately.

Tail Biting

Absent / Present

Crusting and blackening (necrosis) of the tail

Damage
Ear Biting Damage Absent / Present; Left / Right

Crusting and blackening (necrosis) of the ear(s)

Facial Lacerations

Absent / Present / Present and

Groups of deeper and / or wider lacerations located on the cheeks often

Severe;

associated with mild signs of infection (i.e. the early stages of greasy pig

Left / Right

disease)
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Table 4.6. DeBoer-Marchant-Forde Tear-Stain Scoring Scale (DeBoer et al.
2015)
Score

Image

Score Description

0

No signs of any staining

1

Staining is barely detectable and area stained
does not extend below the eyelid

2

Staining is obvious and area stained is
approximately < 50 % of total eye area

3

Staining is obvious and area stained is
approximately 50 – 100 % of total eye area

4

Staining

is

severe,

area

stained

is

approximately ≥ 100 % of total eye area, and
area stained does not extend below the mouth
line

5

Staining is severe, area stained is > 100 % of
total eye area, and area stained extends
below the mouth line
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was analysed. Two dichotomised variables were created from the cheek laceration
data: one to compare piglets with and without cheek lacerations; and one to compare
piglets with no or mild cheek lacerations (scores of 0 or 1) and those with severe
cheek lacerations (score of 2). Tear stain scores were also dichotomised in this
manner. These new binary variables were used to analyse cheek laceration and tear
stain data in each week of the 6-week observation period.

For teat order (the teat number at which the piglet suckled), the mean rank was
calculated from the observed feeding bouts in the suckling period on d1, d5, d12, and
d26. In addition, daily and overall stability indexes were calculated for each piglet
using the equation below (Puppe and Tuchscherer, 1999):

Equation 1. Calculation of teat order rank stability
Teat stability = (1 - (number of changes / (number of observed sucklings - 1))) * 100

Where the number of changes is the number of times the piglet is observed suckling
at a teat with a different number (location on the udder) to the one it suckled at
during the preceding suckling event. This includes both changes within each twohour observation period and changes made between successive observation periods.
For analyses of behavioural observations, when a piglet’s body posture or oral
behaviour was visible for less than 75 % of a recording, the behaviour duration data
for the respective behavioural category were considered as missing values for the
piglet in question on that date and thereby removed from the data analyses. For all
non-missing values, percentages of time spent in each body posture and percentages
of time spent performing each oral behaviour were calculated after excluding the
period when the piglet’s body posture or oral behaviour was not visible.
Additionally, when visibility of oral behaviours was below 75 %, point events
(instantaneous behaviours) i.e. snout pushes, fights, and single bites and swipes were
also considered as missing values and removed from the data analyses. As stocking
density, social composition, and physical contents of the pens were substantially
different within the suckling and post-weaning pens, behavioural data from each
period were analysed separately.
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Chewing of conspecifics and snout pushes directed towards conspecifics were both
relatively rare behaviours; in both cases, data relating to each body region (ears, tail,
and other) were therefore combined for analysis and are referred to as “chew
conspecific” and “snout push conspecific” hereafter. The percentage durations of
chewing and snout pushes that were directed towards objects were analysed
separately from those directed towards conspecifics due to potential differences in
motivation and force used in each case. However, for completeness, combined
parameters (“total chewing” and “total snout pushes”) were also analysed. Postures
recorded as “other” were rare and similar to “stand” in terms of apparent energy cost
and purpose and were therefore added to the stand data for analysis.

All statistical analysis was performed using R Studio (R version 4.1.0). Behavioural
variables and their allocated tests and required transformations are presented in table
4.7. ANOVA model validity was confirmed via visual inspection of the residuals
using normality q-q plots and frequency distribution plots.

For ANOVA analysed behavioural variables (analysed separately for the suckling
and post-weaning periods) and for skin lesions (analysed by ANOVA with a square
root transformation), the statistical models included treatment, sex, day, and their 3way and 2-way interactions as fixed effects, and piglet nested within sow nested
within breeding batch as random effects. For birth weight (analysed by ANOVA),
the model included treatment, sex, and their interaction as fixed effects, and piglet
nested within sow nested within breeding batch as random effects. Live weights and
daily weight gains (analysed separately for each week), mean teat order rank and the
overall teat order stability index were also analysed by ANOVA using models which
included treatment, sex, and their interaction as fixed effects, and sow nested within
breeding batch as random effects. All ANOVA were performed using the nlme4
package (procedure: lme). When an interaction was not significant, it was removed
from the model. When an interaction or treatment effect was significant (p < 0.05),
post-hoc comparisons between individual means were performed with the emmeans
package using the Tukey’s test.

Several behavioural variables could not be normalised by transformations and were
therefore analysed by Kruskal and Wallis tests (see table 4.7) using the coin package
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(procedure: Kruskal.test). This allowed for the inclusion of one block effect and
permutation testing via Monte Carlo enumeration. The effects of sex, treatment, and
observation period (day) were analysed separately. For each day, the sex effect was
tested across all treatments and the treatment effect was tested across both sexes;
both models included sow as the block effect. The day effect was tested across all
treatments and both sexes with the piglet as the block effect. Due to the restrictions
of the test, piglets with missing data in one observation could not be included in the
day effect analyses and were therefore removed from the dataset (number of piglets
removed from the day effect analyses were 2 and 14 in the suckling period, and 2 and
4 in the post-weaning period for postures and oral behaviours respectively). Where
required, pairwise comparisons between treatments were performed using the
Kruskal-Wallis test (procedure: Kruskal.test) and manual application of the p-value
adjustment for multiple comparisons by the false discovery rate method in excel.
Binary variables (tear stains and facial lacerations) were analysed by Fisher’s Exact
tests using the RVAideMemoire package (procedure: fisher.test). The effects of sex,
treatment and day were analysed separately. For each day, the sex effect was tested
across all treatments and the treatment effect was tested across both sexes. The day
effect was tested across all treatments and both sexes. Where required, pairwise
comparisons between treatments were performed using the Fisher’s test after
correction for multiple comparisons by the false discovery rate (FDR) method
(procedure: fisher.multcomp).

Results concerning quantitative variables that are analysed by ANOVA are presented
as adjusted means for the statistical models ± standard error of the mean (SEM)
except when reporting effects of two-level factors (e.g. sex effects) for which
original data means ± SEM are presented. Where data were transformed prior to
statistical analysis, results are presented as the adjusted means ± SEM of the
transformed data followed by the original data means ± SEM in parenthesis. Results
concerning quantitative variables that are analysed by Kruskal-Wallis are presented
as the median followed by the first and third quartiles in parenthesis. Results
concerning binary variables are presented as percentages of pigs with each tear stain
or facial laceration score.
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Table 4.7. Statistical test and data transformations for behavioural data
Suckling period

Post-weaning period

Behaviour

Test type

Transformation

Test type

Transformation

Stand1

ANOVA

none

ANOVA

square root

Sit1

ANOVA

log+0.01

ANOVA

square root

Lie1

ANOVA

none

ANOVA

none

Walk1

ANOVA

none

ANOVA

none

Run1

KW

NA

KW

NA

Rest alone1

KW

NA

KW

NA

Mouth idle1

ANOVA

none

ANOVA

none

Investigate1

ANOVA

square root

ANOVA

square root

At udder1

ANOVA

square root

NA

NA

Udder massage1

KW

NA

NA

NA

Suckle1

KW

NA

NA

NA

Under Sow1

KW

NA

NA

NA

Eat (Solids)1

NA

NA

ANOVA

none

Root Straw1

NA

NA

ANOVA

log+1

Sibling suckling1

NA

NA

KW

NA

Chew object /

KW

NA

KW

NA

Fight1,2

KW

NA

KW

NA

Snout push object /

KW

NA

KW

NA

ANOVA

log+1

ANOVA

log+1

KW

NA

KW

NA

conspecific / both1

conspecific / both 2
Single bites and head
swipes2
Instigated / retaliatory
/ won / lost fights2
1

Behavioural duration as a percentage of the observation period, 2 Number of times

the behaviour was performed within the 2-hour observation period. KW = KruskalWallis test
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4.3
4.3.1

Results
Biometric data

Birth weight, live weight, and daily weight gain
Equal distribution of piglet birthweights across treatments was successfully achieved
with no significant difference in birthweights detected between the three treatment
groups (p < 0.05). However, male piglets were found to be significantly heavier at
birth than their female counterparts (1.64 ± 0.05 kg and 1.54 ± 0.05 kg respectively,
p < 0.01). When calculated on a weekly basis, daily weight gain and live weight
were unaffected by treatment (p > 0.05) but were intermittently higher in males than
in females (week 2 daily weight gain: 297 ± 18 g vs. 273 ± 18 g, F1,53=4.8; d27 live
weight: 9.20 ± 0.38 kg vs. 8.74 ± 0.38 kg, F1,52=4.12; d34 live weight: 11.3 ± 0.28
kg vs. 10.7 ± 0.28 kg, F1,53=5.56; p < 0.05 for males and females respectively).
However, no effect of treatment or sex were present for final live weight or daily
weight gain when calculated over the full 6-week period (p > 0.05). A summary of
treatment and sex effects on weight parameters (adjusted means, SEM, F statistics
and p-values for birth, weaning, and final weights, and overall daily weight gain) is
presented in table 4.8.

Skin lesions
No 2- or 3-way interactive effects, or main effects of treatment or sex were found on
the total number of skin lesions (p > 0.05). However, lesion number did vary over
time (F5,335=3.99, p < 0.01), with an increase in lesions from d6 to d13 (1.00 ± 0.17
(1.78 ± 0.29) and 1.55 ± 0.17 (3.71 ± 0.52) respectively, p < 0.01) which was
maintained on d20 (1.56 ± 0.17 (3.53 ± 0.44), p < 0.01 vs. d6). A non-significant
reduction in skin lesions occurred thereafter such that lesion numbers in d27, d34 and
d41 were similar, with values intermediate of d6 and d13 (p > 0.05). Variations in
lesion frequency over time for each treatment group are shown in figure 4.1

Facial lacerations
Facial laceration scores were not affected by treatment or sex (p > 0.05) although an
effect of time was apparent (p < 0.001 and p < 0.01 for percentage of piglets with
scores > 0 and > 1 respectively). The percentage of piglets with facial lacerations
(score > 0) was highest on d6 but declined significantly by d13 (33.8 % vs. 14.7 %,
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p < 0.05), and again between d13 and d27 (14.7 % vs. 2.9 %, p < 0.05) with no
further significant changes observed between d27 and d41 (p > 0.05). Severe facial
lacerations were only observed on d6 (p < 0.01), however, due to very low
occurrence (4 cases in total) pairwise comparisons with other days were not
significant (p > 0.05). The occurrence of facial lacerations over time for each
treatment group is shown in figure 4.2.

Tear staining
Tear stain scores were unaffected by treatment and sex (p > 0.05) but changed over
time (p < 0.05 and p < 0.001 for percentage of piglets with scores > 0 and > 1
respectively). The percentage of piglets with visible tear staining around their eyes
(score > 0) was significantly higher on d13 than d27 (97.1 % and 77.9 %
respectively, p < 0.05) with the remaining scores being intermediate (85.3 % for d6
and d20; 83.8 % for d34 and d41). The percentage of piglets with a tear stain score of
2 was greater on d41 (17.6 %) than on d6, d13, d20 and d27 (0 %, 0 %, 1.5 %, and
1.5 %, respectively, p < 0.01), with d34 (8.8 %) being intermediate. No tear stain
scores above 2 were observed. The occurrence of tear stains over time is shown in
figure 4.3.

4.3.2

Teat order rank and stability

Although an interactive treatment*sex effect was present on the mean teat order rank
(F2,51=3.4, p < 0.05), post hoc pairwise comparisons were not significantly different
(p > 0.05) and there was no main effect of treatment or sex (p > 0.05). No interactive
or main effects of treatment or sex were found on teat order stability across the
suckling period (p > 0.05). Full teat order stability was achieved by 58.82 % of all
piglets by d1, 86.77 % by d5, 88.24 % by d12 and 94.12 % by d26. The effects of
treatment and sex on mean teat order rank and teat order stability are shown in figure
4.4.

4.3.3

Behavioural observations within the home pen

Except for duration of eating solids post-weaning period, no significant 2- or 3-way
interactive effects were found on any behaviour in either period. Running, resting
alone, time spent under the sow, chewing, mounting, sibling suckling, and fighting
were all relatively rare and / or brief behaviours. During observations piglets rested
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Table 4.8. Comparison of main weight parameters between sexes and experimental groups. Data are presented as adjusted means ±
SEM. Sham (control) = simulation of grinding, Grind = removal of the top third of all eight needle teeth by grinding, Clip = removal of
the top third of all eight needle teeth by clipping. For birthweight and final weight, n = 22-23 and 34, and for daily weight gain and
weaning weight, n = 21-23 and 33-34 per group for treatment and sex respectively.

Birth weight,

Sham

Grind

Clip

F statistic

p-value

Male

Female

F statistic

p-value

1.60 ± 0.06

1.59 ±

1.58 ±

0.27

0.764

1.64 ± 0.05a

1.54 ± 0.05b

10.76

0.002

0.06

0.06

295 ± 8

299 ± 8

308 ± 8

1.18

0.317

303 ± 7

298 ± 7

0.54

0.467

9.05 ± 0.40

8.85 ±

9.02 ±

0.34

0.713

9.20 ± 0.38a

8.74 ± 0.38b

4.12

0.048

0.40

0.40

14.1 ±

14.5 ±

0.98

0.384

14.0 ± 0.32

14.4 ± 0.32

1.06

0.309

0.36

0.35

kg
Daily weight
gain, g**
Weaning
weight, kg*
Final weight,
kg
a, b

14.0 ± 0.35

Within rows, means followed by different letters differ at p < 0.05; * Weight on d27 (<24 hours before weaning); **Average daily

weight gain calculated from birth to d41
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Figure 4.1. Mean number of skin lesions per pig over time (scored weekly) from
6 to 41 days of age between treatment groups (sham, clip, and grind) and across
sexes. Statistical analysis was conducted on square root transformed data. Data
presented in the graph are original data means ± SEM (n = 68 per observation and
22-23 per treatment). Observation times with different letters differ at p < 0.01.

Figure 4.2. Occurrence of facial lacerations over time (scored weekly) from 6 to
41 days of age between treatment groups (sham, clip, and grind) and across
sexes. Data presented in the graph are the percentage of piglets with facial
lacerations (n = 68 per observation and 22-23 per treatment). Observation times with
different letters differ at p < 0.05.
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Figure 4.3. Comparison of occurrence of tear stains over time (scored weekly)
from 6 to 41 days of age between treatment groups (sham, clip, and grind) and
across sexes. Top graph: scores > 0; bottom graph: scores > 1. Data presented in the
graphs are the percentage of piglets with tear stain scores over 0 and over 1 (n = 68
per observation and 22-23 per treatment). Observation times with different letters
differ at p < 0.05 and p < 0.01 for scores over 0 and over 1 respectively.
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Figure 4.4. Comparison of occurrence of mean teat order rank and teat order
stability across the suckling period between treatment groups (sham, clip, and
grind) and sexes. Data presented in the graphs are the piglets rank (number) and the
stability (%) for mean teat order rank (top graph) and teat order stability (bottom
graph) respectively (n = 22-23 and 34 per group for treatment and sex respectively).
For all pairwise comparisons p > 0.05
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alone for 0.4 % and 2.4 % of the time within the suckling and post-weaning periods
respectively and were under the sow for 0.7 % of the suckling period observation
time. Global piglet time budgets for the main postures and oral behaviours are
summarised in figure 4.5. Within the suckling period, snout pushes directed at
inanimate objects in the pen were too rare to be analysed separately. The maximum
number of times the behaviour was exhibited by a piglet was 3, 0, 42 and 66 on d1,
d5, d12 and d26 respectively, however, the median, first quartile, and third quartile
values were zero in each observation period.

Body postures and positions
There was no treatment effect on the pre- or post-weaning durations of observed
piglet postures or positions (standing, sitting, lying, walking, running, resting alone,
mounting (in post-weaning period), or time spent under the sow (in the suckling
period); p > 0.05).

Similarly, no sex effect was present on the pre- or post-weaning duration of standing,
sitting, lying, walking, or on time spent under the sow in the suckling period, or
duration of running, mounting, or resting alone in the post-weaning period
(p > 0.05). Although running and resting alone were brief and rare, a significant
effect of sex was found for running on d26 (males: 0.05 % (0.00 / 0.51), females:
0.01 % (0.00 / 0.09), p < 0.01) and resting alone on d12 (males: 0.00 % (0.00 /0.00),
females: 0.00 % (0.00 / 0.20), p < 0.05). The effect of treatment and sex on the main
piglet postures is shown in table 4.9.

No effect of day was observed on walking in the pre- or post-weaning period or on
lying, walking, running, mounting, or resting alone in the post-weaning period
(p > 0.05). However, a significant day effect was observed for standing
(F3,199=19.17; p < 0.0001), sitting (F3,199=5.00; p < 0.01), and lying (F3,199=13.85;
p < 0.0001) within the suckling period. The effects of day on the main piglet
postures are presented in table 4.10.

Although all rare and brief behaviours, day effects were also observed within the
suckling period on durations of running (H3=62.48; p < 0.0001), resting alone
(H3=13.48; p < 0.01), and time spent under the sow (H3=41.35; p < 0.0001).
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Running duration was significantly lower on d1 (0.00 % (0.00 / 0.00)) than on d5
(0.04 % (0.00 / 0.21), p < 0.0001), d12 (0.05 % (0.01 / 0.38), p < 0.0001), and d26
(0.03 % (0.00 / 0.34), p < 0.0001), but not significantly different between d5, d12
and d26 (p > 0.05). Duration of resting alone increased significantly between d1 and
d5 (0.00 (0.00/0.00) vs. 0.00 % (0.00 / 0.05), p < 0.05) and remained stable between
d5 and d12 (p > 0.05) before declining significantly between d12 and d26 (0.00 %
(0.00 / 0.16) vs. 0.00 % (0.00 / 0.00), p < 0.05). Time spent under the sow was
similar on d1 and d5 (p > 0.05), increasing significantly between d5 and d12 (0.00 %
(0.00 / 0.09) vs. 0.06 % (0.00 / 0.71), p < 0.001), and remaining stable between d12
and d26 (p > 0.05).

Orofacial behaviours: agonistic behaviours
There was a significant effect of treatment on single bites and swipes (combined)
within the suckling period (F2,53=4.83, p < 0.05; see figure 4.6), as clip piglets
performed significantly fewer single bites and swipes than sham piglets (1.55 ± 0.23
(7.93 ± 1.29) vs. 1.94 ± 0.23 (11.90 ± 1.74), p < 0.02) with grind piglets being
intermediate (1.80 ± 0.226 (10.57 ± 1.59)) but not significantly different to the other
treatment groups (p > 0.05). A treatment effect was also detected for the number of
retaliatory fights on d33 (H2=7.65, p < 0.05) due to a significant difference between
grind and clip piglets (1.00 (0.00/3.00) vs. 0.00 (0.00/1.00), p < 0.05), with sham
piglets being intermediate (0.50 (0.00/2.00) and not significantly different to either of
the resected treatment groups (p > 0.05). The number of instigated, won, and lost
fights, and the total number of fights in both periods were unaffected by treatment,
alongside fighting duration, and the number of pre-weaning retaliatory fights and
post-weaning single bites and swipes (p > 0.05).

Duration of fighting was significantly affected by sex on d12 (H1=7.28, p < 0.01),
d26 (H1=8.54, p < 0.01), and d40 (H1=5.25, p < 0.05) with the total duration of
fighting being significantly higher in males than in females on all 3 days (see figure
4.7). On d12, males instigated and won more fights and had more fights overall
(instigated fights: 1.00 (0.00/3.00) vs 0.00 (0.00/1.00), H1=9.09, p < 0.01; fights
won: 1.00 (0.00/3.00) vs 0.00 (0.00/1.00), H1=9.29, p < 0.01; total fights: 2.00
(0.00/8.00) vs 1.00 (0.00/4.25), H1=5.44, p < 0.05 for males and females
respectively).
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Figure 4.5 Overall piglet behavioural time budgets in the suckling and post-weaning periods across all treatments, sexes, and
observation days (n=68). Point events, position within the pen, and behaviour modifiers (e.g. at teat: suckling / massaging) are not
shown.
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Table 4.9. Comparison of the effect of treatment and sex effects on the main piglet postures. Data are presented as adjusted means
± SEM (n = 22-23 and 21-23 per treatment group per observation in the suckling and post-weaning periods respectively, and n = 33-34
per sex per observation in both periods).

Treatment (T)
Behaviour

P value

Sham

Grind

Clip

Male

Female

T

S

TxS

Stand1

20.80 ± 2.31

17.60 ± 2.32

19.10 ± 2.31

19.90 ± 2.22

18.40 ± 2.23

0.112

0.214

0.516

Sit1

0.87 ± 0.16

0.83 ± 0.16

0.67 ± 0.16

0.85 ± 0.14

0.73 ± 0.14

0.518

0.467

0.329

(3.49 ± 0.41)

(3.88 ± 0.48)

(3.42 ± 0.43)

(3.80 ± 0.39)

(3.39 ± 0.33)

Lie1

73.50 ± 2.78

76.50 ± 2.80

75.10 ± 2.79

74.10 ± 2.68

76.10 ± 2.68

0.271

0.189

0.717

Walk1

2.03 ± 0.20

1.85 ± 0.20

1.99 ± 0.20

1.96 ± 0.19

1.96 ± 0.19

0.164

0.960

0.975

Stand2

4.74 ± 0.47

4.69 ± 0.47

4.75 ± 0.47

4.67 ± 0.45

4.78 ± 0.45

0.974

0.626

0.490

(25.22 ± 2.49)

(25.68 ± 2.95)

(24.60 ± 2.37)

(24.29 ± 2.07)

(26.02 ± 2.16)

0.87 ± 0.10

0.99 ± 0.10

0.97 ± 0.10

0.86 ± 0.09

1.02 ± 0.09

0.494

0.115

0.090

(1.05 ± 0.20)

(1.25 ± 0.21)

(1.23 ± 0.20)

(0.96 ± 0.14)

(1.39 ± 0.18)

Lie2

71.30 ± 4.96

71.10 ± 4.98

71.20 ± 4.94

72.00 ± 4.81

70.4 ± 4.81

0.993

0.513

0.581

Walk2

1.61 ± 0.21

1.60 ± 0.21

1.79 ± 0.21

1.70 ± 0.20

1.64 ± 0.20

0.577

0.735

0.607

Sit2

1

Sex (S)

Within the suckling period. 2 Within the post-weaning period.
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Table 4.10 Comparison of the effect of day effects on the main piglet postures in the suckling (top table) and post-weaning
(bottom table) periods. Data are presented as adjusted means ± SEM (n = 67-68 and 66-68 per observation in the suckling and postweaning periods respectively)

Behaviour

d1

d5

d12

d26

F statistic

p-value

Stand

14.10 ± 2.39a

16.30 ± 2.40ab

19.80 ± 2.39b

26.50 ± 2.39c

19.17

< 0.0001

Sit

0.98 ± 0.15b

0.54 ± 0.15a

0.63 ± 0.15ab

1.01 ± 0.15b

5.00

0.002

(4.47 ± 0.62)

(2.91 ± 0.44)

(2.80 ± 0.34)

(4.21 ± 0.58)

Lie

79.60 ± 2.89a

78.50 ± 2.89a

75.00 ± 2.88a

67.10 ± 2.88b

13.85

< 0.0001

Walk

1.82 ± 0.21

2.13 ± 0.21

2.09 ± 0.21

1.80 ± 0.21

1.72

0.164

Behaviour

d33

d41

F statistic

p-value

Stand

4.47 ± 0.45a

4.99 ± 0.45b

5.19

0.026

(23.79 ± 2.51)

(26.47 ± 1.65)

1.04 ± 0.08a

0.84 ± 0.08b

6.85

0.011

(1.47 ± 0.20)

(0.89 ± 0.11)

Lie

72.20 ± 4.81

70.10 ± 4.80

0.74

0.392

Walk

1.55 ± 0.20

1.79 ± 0.20

2.06

0.157

Sit

a, b, c

Within rows, means followed by different letters differ at p < 0.05 except for suckling period stand (p < 0.001), and lie (p < 0.01).
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On d26 males had more instigated and retaliatory fights, won and lost more fights,
and had more fights overall (instigated fights: 0.00 (0.00/6.00) vs. 0.00 (0.00/0.00),
H1=5.59, p < 0.05; retaliatory fights: 1.00 (0.00/5.00) vs 0.00 (0.00/1.00), H1=5.49, p
< 0.05; fights won: 1.00 (0.00/3.25) vs. 0.00 (0.00/1.00), H1=9.27, p < 0.01; fight
lost: 1.00 (0.00/2.25) vs 0.00 (0.00/1.00), H1=4.47, p < 0.05; and total fights: 4.50
(0.00/12.00) vs. 0.00 (0.00/4.00), H1=10.92, p < 0.001 for males and females
respectively. No sex effects were detected for any fight parameter on d1 or d5 (p >
0.05).

Within the post-weaning period, the total number of fights on d40 were significantly
affected by sex with males fighting more than females (H1=4.53, p < 0.05; see figure
4.8). No effect of sex was observed on the number of won, lost, retaliatory, or
instigated fights on d40 or any fight parameter on d33 (p > 0.05). Single bites and
swipes were not significantly affected by sex in either observation period (p > 0.05).
The effects of treatment and sex on the number of single bites and swipes in the
suckling period are shown in figure 4.6 and their effects on the duration and number
of fights in both periods are shown in figures 4.7-4.9.

A significant effect of day on single bites and swipes was observed in the suckling
period (F3,183=20.05, p < 0.0001) as the number of single bites and swipes increased
significantly between d1 and d5 (p < 0.05) and between d5 and d12 (p < 0.001) but
remained stable between d12 and d26 (p > 0.05). There was also a significant day
effect on the total number of fights (H3=23.79) and total fighting duration (H3=21.88)
within the suckling period (p < 0.0001). From d1 to d5 a significant increase was
observed for the number (p < 0.001) and duration (p < 0.01) of fights whereas
increases from d5 onwards were not significant for either parameter (p > 0.05). No
effect of day was observed on any agonistic behaviours within the post-weaning
period (p > 0.05). The effects of observation day on agonistic behaviours within the
suckling period are summarised in table 4.11.
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Figure 4.6. Comparison of the number of single head swipes and bites between
treatment groups and sexes across the suckling period. Data are presented as the
number of single head swipes and bites per 2-hour observation period (n= 20-23 and
29-34 per group per observation for treatment and sex respectively). Bars with
different letters show a treatment effect at p < 0.02. Statistics were conducted on
log+1 transformed data. Data are presented as the original data means with the SEM
displayed as error bars.
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Figure 4.7. Treatment (sham, grind, and clip) and sex effects on fighting durations for each observation day within the suckling
period (n= 20-23 and 29-34 per group per observation for treatment and sex respectively). 25th, 50th, and 75th percentiles are
represented by the bottom, midline, and top of the box respectively. Whiskers include datapoints with the interquartile range (IQR) to a
maximum of 1.5 times the IQR, with outliers presented as white dots. No treatment effects were detected (p > 0.05). No sex effects were
detected on d1 or d5 (p > 0.05). Fighting durations were longer in males than females on d12 and d26 (p < 0.01).
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Figure 4.8. Treatment (sham, grind, and clip) and sex effects on total number of fights for each observation day within the
suckling period (n= 20-23 and 29-34 per group per observation for treatment and sex respectively). Boxplot parameters are as described
for figure 4.7. No treatment effects were detected (p > 0.05). No sex effects were detected on d1 or d5 (p > 0.05). Males engaged in a
greater number of fights than females on d12 (p < 0.05), and d26 (p < 0.001).
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Figure 4.9. Treatment (sham, grind, and clip) and sex effects on fighting durations (top) and total number of fights (bottom) for
each observation day within the post-weaning period (n = 21-23 and 32-34 per group per observation for treatment and sex
respectively). Boxplot parameters are as described for figure 4.7. No treatment effects were detected (p > 0.05). No sex effects were
detected on d33 (p > 0.05). Males fought for longer and engaged in a greater number of fights than females on d40 (p < 0.05).
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Table 4.10 Comparison of the effect of day on aggressive behaviours in the suckling period. Data are presented as adjusted means ±
SEM for the log+1 transformed data followed by the original data means ± SEM in parenthesis for single bites and swipes (n = 61-66
per observation), and as the median followed by the first and third percentiles in parenthesis for fight duration and total number of fights
(n = 54 per observation).

Behaviour

d1

d5

d12

d26

F/H statistic

p-value

Single bites and

1.18 ± 0.23a

1.57 ± 0.23b

2.19 ± 0.23c

2.12 ± 0.23c

20.05

< 0.0001

swipes1

(4.17 ± 0.66)

(6.82 ± 1.02)

(13.92 ± 1.86)

( 15.92 ± 2.64)

Fight duration2

0.00 (0.00 / 0.10)a

0.17 (0.00 / 0.54)b

0.14 (0.00 / 1.13)b

0.07 (0.00 / 1.86)b

21.88

< 0.0001

Total fights1

0.00 (0.00/1.00)a

1.00 (0.00/4.00)b

1.00 (0.00 / 7.75)b

1.00 (0.00 / 7.00)b

23.79

< 0.0001

a, b
1

Within rows, means followed by different letters differ at p < 0.01 except for the total number of fights (p < 0.001).

Number of times behaviour occurred per observation. 2 Behaviour duration as a percentage of observation time
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Orofacial behaviours: feeding behaviours
A 3-way treatment*sex*day interaction effect was detected for post-weaning eating
duration (F2,58=3.50; p < 0.05). However, post hoc testing returned no significant
results and there was no main effect of treatment, sex, or observation day (p > 0.05).
Within the suckling period, time spent at the udder and durations of suckling and
massaging the udder were unaffected by treatment, as were giving and receiving
sibling suckling in the post-weaning period (p > 0.05).

A significant sex effect was present for suckling duration on d5 (H1=5.23, p < 0.05)
and d12 (H1=6.90, p < 0.01) with males suckling for significantly longer than
females on both days (see figure 4.11). No sex effect was detected for suckling on d1
or d26, or on any day for time spent at the udder or udder massage (p > 0.05). There
was also no effect of sex on giving or receiving sibling suckling in the post-weaning
period (p > 0.05). The effects of treatment and sex on the duration of suckling,
massaging and time spent at the udder are shown in figures 4.10-4.12.

There was a significant effect of day on time spent at the udder (F3,183=4.92;
p < 0.01) which was higher on d1 than on d5 (p < 0.05) and d26 (p < 0.01) with d12
being intermediate (p > 0.05). A significant day effect was also present on udder
massage duration (H3=44.17; p < 0.0001) which increased significantly between d1
and d5 (p < 0.0001) and remained stable thereafter (p > 0.05). No effect of day was
detected on suckling durations or on giving or receiving sibling suckling in the postweaning period (p > 0.05). The effects of day on feeding related behaviours in the
suckling period are shown in table 4.11.

138

Figure 4.10. Comparison of the duration of time spent at the sow’s udder
between treatment groups and sexes across the suckling period. Data are
presented as the mean percentage of time spent at the udder (n= 20-23 and 29-34 per
group per observation for treatment and sex respectively). For all pairwise
comparisons p > 0.05. Statistics were conducted on square root transformed data.
Data are presented as the original data means with the SEM displayed as error bars.
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Figure 4.11. Treatment (sham, grind, and clip) and sex effects on suckling durations for each observation day within the
suckling period (n= 20-23 and 29-34 per group per observation for treatment and sex respectively). Boxplot parameters are as described
for figure 4.7. No treatment effects were detected (p > 0.05). No sex effects were detected on d1 or d26 (p > 0.05). Males suckled for
longer than females on d5 (p < 0.05), and d12 (p < 0.01).
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Figure 4.12. Treatment (sham, grind, and clip) and sex effects on udder massage durations for each observation day within the
suckling period (n= 20-23 and 29-34 per group per observation for treatment and sex respectively). Boxplot parameters are as described
for figure 4.7. No treatment or sex effects were detected (p > 0.05).
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Table 4.11 Comparison of the effect of day on feeding related behaviours in the suckling period. Data are presented as adjusted
means ± SEM for the square root transformed data followed by the original data means ± SEM in parenthesis for time spent at the udder
(n=61-66 per observation), and the median followed by the first and third percentiles in parenthesis for time spent suckling and
massaging (n = 54 per observation).

Behaviour

d1

d5

d12

d26

F/H statistic

p-value

5.52 ± 0.29a

4.81 ± 0.29b

5.10 ± 0.29ab

4.53 ± 0.29b

4.92

0.003

(33.36 ± 2.23)

(26.20 ± 2.22)

(29.61 ± 2.48)

(24.30 ± 2.08)

Suckle

1.67 (0.06 / 4.47)

1.65 (0.12 / 6.18)

2.00 (0.01 / 8.62)

2.46 (0.00 / 6.37)

1.75

0.626

Massage

0.00 (0.00 / 1.05)a

1.78 (0.09 / 4.79)b

3.47 (0.18 / 6.64)b

2.75 (0.12 / 8.22)b

44.17

< 0.0001

At udder

a, b

Within rows, means followed by different letters differ at p < 0.05 for at udder and p < 0.001 for udder massage.
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Orofacial behaviours: exploratory behaviours
Chewing was a rarely observed behaviour, however, on d40, a significant effect of
treatment was detected for duration of chewing conspecifics (H2=6.642, p < 0.05)
due to a small increase in sham piglets relative to grind piglets (0.00 % (0.00/0.25)
vs. 0.00 % (0.00/0.00); H1=6.42; p < 0.05) with the duration for clip piglets being
intermediate and not significantly different to the other treatment groups (p > 0.05).
No pre- or post-weaning treatment effects were observed on the duration of time
piglets spent investigating, chewing objects, total chewing (of objects and
conspecifics combined), or with their mouths idle (p > 0.05). Within the suckling
period, and on d33 in the post-weaning period, durations of chewing conspecifics
were also unaffected by treatment, as was rooting straw in the post-weaning period
(p > 0.05). Conspecific-directed snout pushes and total snout pushes (towards
objects and conspecifics combined) were unaffected by treatment in the suckling
period, as were object directed, conspecific directed, and total snout pushes in the
post-weaning period (p > 0.05).

Within the suckling period, opposing significant sex effects were present on time
spent chewing objects on d12 and d26 with females chewing objects for longer than
males on d12 (0.00 % (0.00 / 0.17) vs. 0.00 % (0.00 / 0.00) respectively; H1=4.85, p
< 0.05), but less than males on d26 (0.00 % (0.00 / 0.00) vs. 0.12 % (0.00 / 0.47)
respectively; H1=6.82; p < 0.01). Meanwhile, on d40 in the post-weaning period, a
significant sex effect was detected on chewing conspecifics with females doing so
for slightly longer than males (0.00 % (0.00/0.33) vs. 0.00 % (0.00/0.00)
respectively; H1=4.35; p < 0.05). Contrasting sex effects were also present on the
number of snout pushes directed towards conspecifics on d33 and d40 with males
performing this behaviour more than females on d33 (2.00 (1.00/6.00) vs 1.00
(0.00/3.00), H1=6.50, p < 0.05) but less than females on d40 (3.50 (1.00/6.00) vs.
6.00 (1.00/12.00), H1=4.49, p < 0.05).

Sex did not affect the duration of total chewing, investigating, or with the mouth idle
in either observation period (p > 0.05). In the suckling period, the duration of
chewing conspecifics and the number of conspecific directed snout pushes and total
snout pushes were all unaffected by sex. Likewise, no effect of sex was observed on
post-weaning durations of rooting straw, or chewing objects, or the number of object
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directed snout pushes, or total snout pushes (p > 0.05). Treatment and sex effects on
the main exploratory behaviours are shown in table 4.12 and figures 4.13-4.15

Within the suckling period, time spent investigating the pen was significantly
affected by day (F3,183=39.39; p < 0.0001), increasing over time between each
observation day (p < 0.05; see table 4.13). A significant effect of day was detected
for time spent chewing conspecifics (H3=20.36, p < 0.001), due to a small increase
between d1 and d12 that was maintained on d26 (0.00 % (0.00/0.00) vs. 0.02 %
(0.00/0.22) and vs. 0.00 % (0.00/0.27) respectively, p < 0.001). Similarly, significant
effects of day were detected for time spent chewing objects (H3=46.73,
p < 0.0001) due to modest increases in the duration between d5 and d12 (0.00 %
(0.00/0.00) vs. 0.00 % (0.00/0.05), p < 0.001) and between d12 and d26 (0.00 %
(0.00/0.05) vs. 0.00 % (0.00/0.43), p < 0.01). A significant effect of day was also
present on total chewing (H3=37.89, p < 0.0001, see table 4.13) due to a small
increases between d1 and d5, (p < 0.05) and between d5 and d12 (p < 0.05). The
number of snout-pushes directed at conspecifics were also significantly affected by
day within the suckling period (H3=38.66; p < 0.0001) due to a significant increase
between d1 and d5 (0.00 (0.00/2.75) vs. 3.00 (1.00/10.25), p < 0.0001) with no
further significant increases between d5 and d26 (p > 0.05). Additionally, a day
effect was present on the total number of snout pushes in the suckling period
(H3=40.47, p < 0.0001) due to increases between d1 and d5, and d5 and d26
(p > 0.05; see table 4.13).

No effect of day was detected for duration of time spent with the mouth idle in the
suckling or post-weaning period (p > 0.05). Between d33 and d40, significant
increases in snout push conspecifics (2.00 (0.00/5.25) vs.4.00 (1.00/9.00),
H1=4.7022, p < 0.05) and snout push objects (0.00 (0.00/13.25) vs. 8.00
(2.00/15.00), H1=8.3329, p < 0.01) were detected. Total snout pushes also increased
between d33 and d40 (p < 0.01; see table 4.14) for d33 and d40 respectively).
However, no effect of day was detected for total chewing, rooting straw, or
investigating (p > 0.05). Day effects on the main exploratory behaviours in the
suckling and post-weaning periods are shown in tables 4.13 and 4.14 respectively.
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Table 4.12. Comparison of the effect of treatment and sex effects on the main exploratory behaviours. Data are presented as
adjusted means ± SEM (suckling period n = 20-23 and 29-34; post-weaning period n = 21-23 and 32-34 per group per observation for
treatment and sex respectively).

Treatment (T)

P value

Behaviour

Sham

Grind

Clip

Male

Female

T

S

TxS

Mouth idle1

61.60 ± 2.83

62.70 ± 2.86

62.30 ± 2.84

60.40 ± 2.55

63.90 ± 2.60

0.909

0.154

0.716

Investigate1

2.75 ± 0.31

2.46 ± 0.31

2.54 ± 0.31

2.53 ± 0.30

2.64 ± 0.30

0.152

0.394

0.995

(10.18 ± 1.29)

(8.09 ± 1.01)

(8.20 ± 1.12)

(8.54 ± 0.84)

(9.15 ± 1.04)

Mouth idle2

68.90 ± 6.00

69.70 ± 6.02

68.9 ± 6.00

69.80 ± 5.89

68.6 ± 5.90

0.953

0.596

0.438

Investigate2

2.17 ± 0.31

2.18 ± 0.31

2.18 ± 0.31

2.06 ± 0.30

2.29 ± 0.30

0.994

0.078

0.451

(6.66 ± 1.09)

(6.14 ± 0.85)

(5.73 ± 0.93)

(5.46 ± 0.72)

(6.91 ± 0.84)

2.54 ± 0.23

2.49 ± 0.23

2.52 ± 0.23

2.54 ± 0.22

2.50 ± 0.22

0.938

0.744

0.366

(15.59 ± 1.72)

(16.05 ± 1.93)

(14.93 ± 1.57)

(15.48 ± 1.43)

(15.54 ± 1.40)

Root straw2
1

Sex (S)

Within the suckling period. 2 Within the post-weaning period.
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Figure 4.13. Treatment (sham, grind, and clip) and sex effects on total number of snout pushes for each observation day within
the suckling period (n= 20-23 and 29-34 per group per observation for treatment and sex respectively). Boxplot parameters are as
described for figure 4.7. No treatment or sex effects were detected (p > 0.05).
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Figure 4.14. Treatment (sham, grind, and clip) and sex effects on total duration of chewing for each observation day within the
suckling period (n= 20-23 and 29-34 per group per observation for treatment and sex respectively). Boxplot parameters are as described
for figure 4.7. No treatment or sex effects were detected (p > 0.05).
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Figure 4.15. Treatment (sham, grind, and clip) and sex effects on total duration of chewing and total number of snout pushes for
each observation day within the post-weaning period (n = 21-23 and 32-34 per group per observation for treatment and sex
respectively). Boxplot parameters are as described for figure 4.7. No treatment or sex effects were detected (p > 0.05).
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Table 4.13 Comparison of the effect of day on the main exploratory behaviours in the suckling period. Data are presented as
adjusted means ± SEM for the square root transformed data followed by the original data means ± SEM in parenthesis for mouth idle
and investigate (n = 61-66 per observation) and the median followed by the first and third percentiles in parenthesis for total chewing
duration and total number of snout pushes (n=54 per observation).

Behaviour

d1

d5

d12

d26

F/H statistic

p-value

Mouth idle1

62.8 ± 3.04

67.30 ± 3.11

59.50 ± 3.06

59.2 ± 3.15

2.36

0.073

Investigate1

1.68 ± 0.32a

2.21 ± 0.32b

2.94 ± 0.32c

3.51 ± 0.32d

39.39

< 0.0001

(3.82 ± 0.55)

(6.21 ± 0.89)

(10.06 ± 1.03)

(15.63 ± 2.00)

Chew1

(0.00 (0.00/0.00)a

0.00 (0.00/0.12)b

0.11 (0.00/0.31)c

0.12 (0.00/0.79)c

37.89

< 0.0001

Snout push2

(0.00 (0.00 / 2.75)a

3.00 (1.00/10.25)b

3.50 (1.00/12.75)bc

5.50 (2.25/14.00)c

40.47

< 0.0001

a,b,c,d
1

Within rows, means followed by different letters differ at p < 0.05.

Behaviour duration as a percentage of observation time. 2 Number of times behaviour occurred per observation
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Table 4.14 Comparison of the effect of day on the main exploratory behaviours in the post-weaning period. Data are presented as
adjusted means ± SEM for the square root transformed data followed by the original data means ± SEM in parenthesis for mouth idle,
investigate and root straw (n = 65-67 per observation), and the median followed by the first and third percentiles in parenthesis for total
chewing duration and total number of snout pushes (n = 64 per observation).

Behaviour

d33

d40

F/H statistic

p-value

Mouth idle1

69.90 ± 5.90

68.40 ± 5.89

0.42

0.518

Investigate1

2.06 ± 0.30

2.29 ± 0.30

3.02

0.087

(6.31 ± 0.96)

(6.04 ± 0.58)

2.40 ± 0.22

2.63 ± 0.22

3.88

0.053

(14.74 ± 1.42)

(16.27 ± 1.40)

0.02 (0.00/0.13)

0.06 (0.00/0.29)

1.18

0.286

5.00 (1.00/22.25)a

14.00 (6.75/24.75)b

6.89

0.008

Root straw1
Chew1
Snout push2
a, b
1

Within rows, means followed by different letters differ at p < 0.01

Behaviour duration as a percentage of observation time. 2 Number of times behaviour occurred per observation.
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4.4

Discussion

Within this chapter long-term biometric and behavioural responses of commercial
piglets to needle tooth resection were evaluated for evidence of pain and stress over a
6-week period following treatment application. No biometric and only a few
behavioural differences were observed between treatment groups, whereas
differences between males and females were observed for several behaviours, and
numerous temporal differences were evident in both the biometric and behavioural
data.

4.4.1

Biometric data

Weight gain
Treatments had no effect on live weights or daily weight gains, and despite males
being an average of 0.10 kg heavier at birth, sex differences in live weights and daily
weight gains were transient when calculated weekly and absent when calculated
across the full 6-week observation period. This lack of sex effect corresponds with
results from several larger previous studies (Baxter et al., 2012; Fraser et al., 1979;
Gallois et al., 2005; Milligan et al., 2001; Škorjanc et al., 2007), and the absence of
treatment effect is in agreement with much of the literature which reports no effect of
tooth clipping (Bates et al., 2003; Brown et al., 1996; Fraser, 1975; Gallois et al.,
2005; Lewis et al., 2005b; Marchant-Forde et al., 2009) or tooth grinding (Gallois et
al., 2005; Lewis et al., 2005b; Marchant-Forde et al., 2009) on weight gain.
However, some studies have reported reduced weight gains within the first (Bataille
et al., 2002; Weary and Fraser, 1999), second and third (Fraser and Thompson, 1991;
Robert et al., 1995) weeks after tooth clipping. Overall, it appears that the
relationship between tooth resection and weight gain ranges from mild and transient
to absent and is prone to strong influence from various factors that fluctuate between
studies and farms including the severity of the treatment and litter size.

Skin lesions and facial lacerations
Body skin lesions and facial lacerations are considered good proxy measures of
fighting between suckling events and fighting at the udder respectively (Fraser, 1975;
Turner et al., 2009). Neither treatment nor sex affected the number of skin lesions, or
the presence or severity of facial lacerations in this study. Previous studies have
reported a reduction in the number and severity of facial lacerations when needle
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teeth were clipped (Bates et al., 2003; Brookes and Lean, 1993; Brown et al., 1996;
Fraser, 1975; Gallois et al., 2005; Hutter et al., 1994; Lewis et al., 2005b; Lewis and
Boyle, 2003; Weary and Fraser, 1999), and also, but to a lesser extent, when these
teeth were ground (Brookes and Lean, 1993; Gallois et al., 2005; Hutter et al., 1994;
Lewis and Boyle, 2003). With the exception of Fraser (1975) and Lewis et al.
(2005b), fighting behaviours were not recorded and only one study (Gallois et al.,
2005) recorded body lesions (within the suckling period), scoring them on a weekly
basis as present or absent on each of the anterior, central and caudal body regions. In
this study, each region showed a transitory (observed once only) decrease in the
presence of body lesions in clipped compared to intact litters with grind litters being
intermediate.

In contrast to the previous studies where treatments were applied to whole litters, in
this study, all treatments (and several non-experimental (intact) piglets in the
suckling period) were present within each litter. The purpose of this study design was
- rather than to compare the damage that can be inflicted by intact and resected teeth
- to test for behavioural evidence of pain (i.e. injury-guarding and changes in
aggression) caused by tooth resection. The lack of treatment effects on the number of
facial lacerations and the number and location of body skin lesions, coupled with a
lack of treatment effect on fighting duration and frequency, suggests that removal of
the distal third of the needle teeth, by clipping or grinding, does not affect a piglet’s
willingness or ability to fight and defend itself during or between feeding events, and
furthermore, that treatment differences in facial lacerations and body skin lesions
reported in previous studies were due to a lack of ability to cause damage rather than
pain from clipping or grinding causing a reduced willingness to fight. This assertion
is supported by the results of Fraser (1975) and Lewis et al. (2005b), who found that
reductions in facial lacerations due to clipping and grinding were not accompanied
by decreases in fighting frequency.

Overall, skin lesions were superficial and low in number, increasing only between d6
and d13. Given that this increase occurred across all treatments and the number and
duration of fights observed on d5 and d12 were similar, it may have resulted from
neck muscle development facilitating an increase in the force of head swipes during
fights. Just over a third of all piglets had facial lacerations on d6 but by d13 this
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number had more than halved. Severe facial lacerations were extremely rare with 4
incidences being scored on d6 only. This sharp decline in facial lacerations is likely
due to a reduction in the number and / or severity in fights at the udder over time
between the first and second weeks of suckling as attempts to disrupt the teat order
subsided (De Passillé et al., 1988; Fraser, 1975; Skok and Skorjanc, 2013, 2014b).

Teat order
Mean teat order rank and teat order stability were not affected by treatment or sex.
Few studies have investigated the effect of tooth resection on teat order rank as they
generally applied treatments to whole litters, however, Fraser and Thompson (1991)
found that when present in the same litter, intact piglets established themselves at
anterior teats more often than clipped piglets, whereas Weary and Fraser (1999)
reported similar teat order ranks for littermates with partially clipped, fully clipped
and intact needle teeth. Analyses of the effect of tooth resection on teat order stability
are also largely absent from the literature, although, in agreement with the current
study, (Fraser, 1975) found no effect of clipping on its establishment or maintenance.

Teat order stability increased over time in accordance with the literature, although
the percentage of piglets achieving full stability on d1 was slightly higher than
expected as previous studies have reported teat order to be poorly established before
day 3 (De Passillé et al., 1988; Fraser, 1975) with full establishment in most litters
being achieved in the second week of suckling, often around day 10 (Camerlink et
al., 2014; De Passillé et al., 1988; Fraser and Jones, 1975; Puppe and Tuchscherer,
1999; Rosillon-warnier and Paquay, 1984; Skok and Skorjanc, 2013, 2014b).
Literature regarding sex effects on teat order ranks and stability is sparse but effects
have been reported as both present (70 % male piglets at the anterior teats:
Sommavilla et al., 2015) and absent (Rosillon-warnier and Paquay, 1984) for teat
order rank previously.

Tear staining
Tear staining in both rodents and pigs is considered to be the result of reddish-brown
porphyrin secretions originating from the Harderian gland (located behind the eye)
which functions under autonomic and endocrine control (Larsen et al., 2019; Payne,
1994*). Where present, tear staining was mild to moderate (scores of 1 to 2 on the

153
DeBoer-Marchant-Forde 0–5 descriptive scale) and was not affected by treatment or
sex. Some day effects were apparent, namely a transitory fluctuation in prevalence
within the suckling period and a greater number of moderate scores on d40 than
throughout the suckling period (with d34 being intermediate). Tear staining does not
appear to have been assessed in relation to tooth resection previously. The increase in
frequency of higher scores with age corresponds with results from previous studies
(DeBoer and Marchant-Forde, 2013; Larsen et al., 2019; Telkänranta et al., 2016),
and may be related to developmental changes in the Harderian gland (as found in rats
(Rodriguez et al., 1992; Wetterberg et al., 1970) and gerbils (Buzzell et al., 1991), or
a compound effect of persistent environmental and / or social stressors at the pen
level (Larsen et al., 2019). The lack of sex effect also corresponds with previous
findings (DeBoer et al., 2015; Larsen et al., 2019).

In rats, tear staining can result from a variety of environmental, social and physical
(pain) stressors (for examples see Burn et al., 2006), and is considered a good
potential non-invasive welfare indicator (Mason et al., 2004), as unlike many other
current welfare indicators, it is not known to be affected by physical activity per se
or excitement (Burn et al., 2006). Although considered in pigs as an indicator of
rhinitic disease (Helke et al., 2015†) and poor air quality (high levels of dust /
ammonia; Straw et al., 2006†), recently, as with rats, tear staining in pigs has been
shown to correlate to various stressors (social isolation and barren environment
(DeBoer et al., 2015), latency to approach novel objects and tail and ear damage
scores (Telkänranta et al., 2016) and low social rank (Marchant-Forde and MarchantForde, 2014)) and some measures of hypothalamus-pituitary-adrenal (HPA) and
sympathetic-adreno-medullar (SAM) axes activation (DeBoer and Marchant-Forde,
2013; Schmitt et al., 2019).

As in the current study, a lack of treatment effect on tear stain prevalence and
severity was also reported in suckling piglets up to 4 weeks after tail docking (Tallet
et al., 2019). The same authors suggest that pain from tail docking may be too mild
to result in tear staining, while Schmitt et al (2019) suggest that their correlation
coefficient for salivary cortisol and tear stains may have been stronger if the eye area
had been cleaned prior to scoring as per previous studies. In some studies, tear stains
were photographed on farm and scored elsewhere; some also utilised Image-J
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software to more accurately calculate the area and perimeter of tear stains. While it is
reasonable to conclude that possible tooth pain associated with removing the distal
third of the needle teeth may be too mild to affect tear staining, further validation of
subjective scoring of tear staining – especially at the pen-side – is essential if it is to
be utilised as an on-farm measure of pig welfare. Furthermore, analysis of the
chemical composition of the tear stains could be undertaken to confirm the presence
of porphyrin and determine its concentration within the stains.

4.4.2

Treatment-related variations in behaviours

Throughout the suckling period clipped piglets performed fewer single bites and
swipes towards littermates than sham piglets, while those with ground teeth were
intermediate and not significantly different to clipped or sham piglets. This initially
appears to be an anomaly as no other aggression-based measures changed across
treatments. However, pigs are reportedly affected by stress-induced analgesia (SIA;
Dantzer et al., 1986; Rushen and Ladewig, 1991) with the stress from fighting being
sufficient to stimulate the SAM axis to rapidly release SIA-inducing catecholamines
(Koopmans et al., 2005a; Martínez-Miró et al., 2016*). It is therefore possible that
potential pain from tooth resection could be suppressed due to adrenaline release
after aggressive interactions first begin. This could, in turn, reverse any inhibitory
effect of pain from tooth clipping on a piglet’s willingness to fight, resulting in
similar numbers and durations of fights regardless of tooth treatment. Meanwhile,
single bites and swipes by their nature occur prior to, and often in the absence of,
reciprocal aggression and are therefore governed by a piglet’s willingness to apply
pressure to the needle teeth in the absence of adrenaline. Pain from clipped teeth
could therefore reduce a piglet’s willingness to bite / make a passing swipe at a
littermate but have little to no effect on fighting behaviour.

However, it is more likely that fighting was simply too rare allow a treatment effect
to be detected in the series of 2-hour observations within this study. Previous studies
have also reported no effect of tooth resection on aggressive behaviours (Fraser,
1975; Lewis et al., 2005b), although as Fraser (1975) only recorded fights at the
udder during brief observations of suckling events, and behavioural observations by
Lewis et al (2005b) were scored using scan sampling coupled with 1 hour and 40
minutes of focal sampling on one male and one female piglet per litter, these studies
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may also have failed to detect a present but subtle effect of tooth resection on
fighting. Lastly, it is possible that rather than avoid fights, piglets may instead alter
the manner in which they fight to minimise pressure applied to the needle teeth.

Only 2 other treatment effects were detected within the current study, both of which
were very small and transitory. Firstly, on d33 grind piglets had on average 1 more
retaliatory fight than clip, but not sham, piglets. However, no other treatment effects
were observed for any fight parameters on d33 or other days. Given that this was a
small, transitory difference, unsupported by the results of related parameters, it is
considered here as biologically irrelevant. Fighting remains a valid behaviour to
measure when assessing the impact of tooth resection on piglet welfare, however, the
length of observations and the parameters analysed may need to be adjusted.
Secondly, on d40 sham piglets chewed on their siblings for slightly longer than
grind, but not clip piglets, however, no other treatment effects were observed on
chewing parameters on d40 or other observation days and the durations and
differences between them were too small to be of any biological relevance.

Studies of long-term behavioural effects of tooth resection are scarce and often
observed a limited number of behaviours and for relatively short periods of time (12
hours: Bataille et al., 2002; 48 hours: Prunier et al., 2004; first half of the suckling
period: Boyle et al., 2002). Nonetheless, these and longer term studies have found
piglet behaviour to be largely unaffected by tooth resection (no effect of clipping
(Fraser, 1975; Lewis et al., 2005b) or grinding (Lewis et al., 2005b) on aggressive
behaviours; no effect of clipping (Bataille et al., 2002; Boyle et al., 2002; Fraser,
1975; Lewis et al., 2005b; Prunier et al., 2004), or grinding (Bataille et al., 2002;
Lewis et al., 2005b; Prunier et al., 2004) on suckling behaviours; no effect of
clipping or grinding on resting or standing durations (Bataille et al., 2002)).
However, some studies have reported increased sleeping durations in clipped piglets
(Lewis et al., 2005b), and reduced activity in clipped (Boyle et al., 2002) and ground
(Lewis et al., 2005b) piglets. Due to the quality of recordings in the current study, it
was not possible to determine whether a piglet’s eyes were open or closed, therefore
sleep could not be included in the ethogram. Lewis et al (2005b) suggest that tooth
resection may have resulted in infection, thereby causing the increased sleep and
reduced activity they observed in clipped and ground piglets. Activity was not
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reduced by clipping or grinding the needle teeth in the current study, possibly due to
lower levels of infectious agents within the farrowing and post-weaning pens.
Alternatively, the different sampling methods and ethogram definitions could be the
source of the discrepancy.

4.4.3

Sex-related behavioural variations (irrespective of treatment)

Males fought more often and for longer than females on d12, d26 and d40. They also
instigated and won more fights on d12 and d26 (and lost and retaliated to more fight
instigations on d26). This indicates that male piglet aggression may begin to surpass
that of females as early as the second week postpartum. The timing of this
behavioural divergence coincides with increased male steroidogenesis and plasma
levels of androgens in piglets which peak 2 to 4 weeks postpartum and are known to
increase aggression (Schwarzenberger et al., 1993; Seyfang et al., 2018).

Suckling durations were longer in males than females on d5 and d12 by 3.73 % and
4.58 % respectively. This corresponds to the temporarily increased weight gain in
male vs. female piglets in the second week of the study (see section 4.3.1). The lack
of sex effect on overall time spent at the udder (massaging, suckling and unclear
combined), indicates that increased suckling in males occurred during group feeding
bouts and was not due to begging behaviour or falling asleep at the udder. It has been
hypothesised that sexual dimorphism in piglet energy allocation (males spending
more energy on body size and composition to increase later reproductive fitness, and
females prioritising thermoregulation and immunocompetence) may be a cause of the
increased mortality and reduced vitality seen in male piglets (Baxter et al., 2012;
Muns et al., 2016*). Suckling is less costly in terms of energy expenditure than udder
massage (Klaver et al., 1981; Špinka and Algers, 1995), and post-feed massage by
one piglet to their chosen teat may increase milk production in neighbouring teats
(Skok and Skorjanc, 2014a*), therefore male piglets may be able to increase their
survival chances by reducing energy expenditure while maintaining milk intake via
outsourcing of udder massage to siblings, resulting in the observed increased
suckling durations. A reduction in male udder massage duration was not observed
within this study, however, possibly due to limited visibility of oral behaviours at the
udder. Studies into sexual dimorphism in suckling behaviour are lacking in the
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literature, therefore further investigation of sex effects on feeding behaviours in
suckling piglets is warranted.

Most exploratory behaviours were not affected by sex, and sex effects on snout
pushes directed towards conspecifics and chewing (of conspecifics and of objects)
were too transitory, inconsistent and / or small to be of any significant biological
relevance. Similarly, resting alone was a short and rare behaviour which was only
higher in females on d12.

4.4.4

Time-related behavioural variations (irrespective of treatment)

Numerous piglet behaviours evolved over time independently of treatment and sex.
Most active behaviours (single bites and swipes, fighting, standing, running,
investigating, chewing, and snout pushes) increased from birth to weaning whereas
lying durations were significantly decreased by weaning age. This pattern of
temporal behavioural changes indicates a continually increasing interest in the
environment beyond the sow after the first days postpartum and an overall increase
in activity which corresponds with behavioural time budgets in the literature for
domestic pigs (Chidgey et al., 2016; Singh et al., 2017; Zhu et al., 2020) and
increased activity in wild piglets as they begin to explore the world beyond the nest
and later to socialise and interact with other litters (D’Eath and Turner, 2009†).
Additionally, crated sows reportedly stand more as the suckling period progresses
providing more floor space for active behaviours in piglets and less time for lying
inactive at the udder (Chidgey et al., 2016; Van Beirendonck et al., 2014).

Between d1 and d5 there was a decrease in time spent at the udder accompanied by
increased durations of udder massage. Across lactation, feeding events decrease in
frequency and duration while inter-nursing durations and sow terminated feeding
events increase (Jensen, 1988; Jensen et al., 1991; Jensen and Recén, 1989; Niwa et
al., 1951; Singh et al., 2017; Špinka and Algers, 1995) thereby reducing the time
piglets spend at the udder over time. In the literature, massage duration is often
divided into pre and post milk let-down massage which vary in duration somewhat
independently of each other in a non-linear fashion (Jensen, 1988; Jensen et al.,
1991; Jensen and Recén, 1989). Previous studies report that duration of sternal
recumbency in sows increases over time, limiting availability of the udder for post-
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feeding massage thus contributing to the reported reduction in massage duration over
time (Chidgey et al., 2016; Harris and Gonyou, 1998; Valros et al., 2002). In the
presence of reduced time at the udder, and an unchanged suckling duration, the
increase in massage duration after d1 in this study suggests that either massage
behaviour on d1 was too subtle to be consistently detected using CCTV recordings,
or the suckling and / or massage behaviours of piglets feeding on the lower row of
teats were too often obscured by overlying of piglets. In either case, massage and
suckling durations within this study should be interpreted with caution due to poor
visibility of oral behaviour at the udder.

Within the post-weaning period, almost no behaviours changed between d33 and
d40. The number of snout pushes (directed towards conspecifics, objects and both
combined) and duration of sitting increased while standing duration decreased. In the
absence of any other temporal behavioural variations within the post-weaning pen,
these changes could be considered as evidence of the piglets becoming accustomed
to their environment over time following the substantial change that weaning
presents.

4.4.5

Conclusion

There was little evidence of behavioural changes in piglets linked to severe or
sustained pain and no biometric or behavioural indication of prolonged stress
attributable to tooth clipping or tooth grinding within this study. This may have been
because 1) the pain from tooth resection was not severe enough to alter piglet
behaviour at an observable level; 2) pain was intermittently suppressed through SIA
and attentional biases due to the high quantity and intensity of social interactions and
distractions within the pen; 3) pigs as prey animals have evolved to hide injuries in
order to reduce the risk of predation; 4) most normal behaviours rarely result in
pressure being applied to the needle teeth; 5) most behaviours that do involve the
application of pressure to the needle teeth were too rare to allow a treatment effect to
be detected; 6) a combination of these factors. The lower number of single bites and
swipes performed by clipped compared with intact piglets within the suckling period
suggests there is some resistance to applying non-essential pressure to the needle
teeth and jaws in the 6 weeks following tooth clipping, which would suggest it
causes prolonged pain, albeit too mild to have any overt effect on behaviour or
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productivity. Tooth grinding, by contrast, gave an intermediate result suggesting that
this resistance, and possibly therefore long-term pain, is less severe (or absent) when
clipping is replaced with grinding. Overall, piglet age, sow behaviour, and available
floor space combined to create a strong effect of time on piglet behaviour, while
piglet sex caused a divergence in fighting behaviour from as early as 2 weeks of age.
However, no overt behavioural differences were observed between piglets with
intact, clipped or ground needle teeth.
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5 SHORT- AND LONG-TERM EFFECTS OF NEEDLE
TOOTH RESECTION ON PIGLET PHYSIOLOGY
5.1

Introduction

Pigs are prey animals that frequently experience intense aggression from their
littermates. Consequently, the presence of humans during direct observations and the
occurrence of aggressive social interactions during remote observations both have
the capacity to produce attentional biases and stress-induced analgesia which are
known to result in temporary reductions in pain perception and the suppression of
pain-indicating behaviours (Dantzer et al., 1986; Koopmans et al., 2005a; Rushen
and Ladewig, 1991; Rutherford, 2002*). Pigs are also a stoic species that exhibit
only subtle behavioural changes in relation to pain and disease (Millman, 2007*;
Mozzachio and Tynes, 2014†; Weary et al., 2006*). Behavioural observations alone
may therefore be insufficient for the identification of pain and pain-associated stress
in piglets subjected to tooth resection in both the short- and long-term periods
following tissue injury.

In order to determine the presence and severity of pain following tooth clipping and
tooth grinding, physiological measures must also be investigated. However, many
physiological measures of pain and stress in pigs are prone to seasonal and circadian
fluctuations, variation between breeds and individuals, environmental and social
influences, sex differences, and age-related changes (Ježek et al., 2018; Joëls and
Baram, 2009*; Martínez-Miró et al., 2016*). As repeated sampling is often
impractical, unethical, or impossible, to avoid drawing spurious conclusions the
analysis of a suite of physiological measures is required.

Systemic indicators of pain and stress
Tissue trauma, such as that induced by tooth resection may initiate the physiological
stress response via the SAM system, HPA axis, and acute phase response (see section
1.3.4 and figures 1.12-1.13). Exposure of the dental pulp, (and indeed, exposure of
the dentine tubules (Love and Jenkinson, 2002*)) provides an easy route for
infectious agents to enter from the oral cavity (Bjørndal and Ricucci, 2014†).
Infections within damaged teeth exacerbate and prolong the inflammatory immune
response thus hindering the healing process and the formation of reparative dentine
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that would otherwise form a barrier to persistent bacterial assault (Cooper et al.,
2014*, 2010*). When left untreated, localised chronic pulpal infections and
subsequent necrosis travel from the site of injury toward the root canal (Bjørndal and
Ricucci, 2014†; Galler et al., 2021*) resulting in chronic apical periodontitis
(Metzger et al., 2009†) with the potential for systemic and possibly fatal
consequences (see sections 1.2.10 and 1.3.3).

Although retrospective (Prunier and Leterrier, 2014*; Weary et al., 2006*) and less
sensitive than most physiological, and some behavioural, indicators of pain and stress
(Meunier-Salaun et al., 1987; Prunier and Leterrier, 2014*), reduced live weight and
daily weight gain have been shown to be consistent indicators of long-term pain
(Ison et al., 2016*; Stasiak et al., 2003*; Weary et al., 2006*) and stress (Li et al.,
2017; Martínez-Miró et al., 2016*; Meunier-Salaun et al., 1987; Mormède et al.,
2007*) in pigs. Conversely, normal weight and weight gain do not prove the absence
of pain and stress (Mozzachio and Tynes, 2014†). Nonetheless, bodyweight
measurements are non-invasive and not subject to observer bias making them
suitable for use as indicators of systemic of pain and stress.

Identification of systemic infection and inflammation can be achieved via analysis of
blood cell populations and plasma concentrations of acute phase proteins. Elevated
red blood cell count, haemoglobin (Hb) levels, and haematocrit (hct; the ratio of the
volume of RBCs to the total volume of blood) have been observed in unthrifty
nursery pigs and are considered indicators of dehydration and possibly malnutrition
(Buzzard et al., 2013), whereas reduced values are indicative of inflammatory
processes, and (potentially infection-induced) anaemia (Hoelzle et al., 2014*; Ježek
et al., 2018; Kim et al., 2017; Odink et al., 1990). Physical trauma, infections, and
systemic inflammation are further characterised by increases in both white blood cell
(WBC) production (leucocytosis) and the neutrophil to lymphocyte ratio (NLR)
which can be used to identify disease and inflammation at a subclinical level
(Chmielewski and Strzelec, 2018*; Faria et al., 2016*; Song et al., 2021), although
these changes can also be induced by the cortisol stress response (Salak-Johnson and
Webb, 2018; Sautron et al., 2015; Widowski et al., 1989). As discussed in chapter 1
(section 1.3.3), increases in circulating Hp, CRP, SAA, and PigMAP are considered
good indicators of APR activation in pigs (Heegaard et al., 2011; Petersen et al.,
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2004*; Skovgaard et al., 2009). Furthermore, CRP and Hp are known to increase in
humans with periodontitis in a disease severity dependent manner (Ebersole et al.,
1997).

Biomarkers for SAM axis activation include the catecholamines (adrenaline and
noradrenaline), alpha-amylase, and chromogranin A (CgA) (Martínez-Miró et al.,
2016*), however, where stressors are prolonged, e.g. in cases of chronic pain, the
influence of the HPA axis becomes more prominent (Godoy et al., 2018*). Cortisol,
as the main glucocorticoid hormone in pigs (Skarlandtová et al., 2011) and primary
active hormone of the HPA axis (Mormède et al., 2007*), is the most commonly
utilised biomarker of stress (Casal et al., 2017; Hart, 2012*; Martínez-Miró et al.,
2016*). As with APPs, baseline cortisol concentrations and the magnitude of the
response to a given stressor can vary substantially depending on numerous factors
including age, time of day, negative social interactions, handling, barren
environments, and food intake (De Jong et al., 2000; Mormède et al., 2007*;
Munsterhjelm et al., 2010; Prunier et al., 1993; Roelofs et al., 2019).

Indicators of pain within the tooth pulp
While haematological analyses can provide a general indication of pain and stress
related to systemic inflammation and / or infection, it is important to examine the
teeth themselves to determine the extent of damage incurred during tooth resection
and the pain that may result. This can be achieved to some extent at the gross
histological level, but to gain a broader understanding of the presence, severity, and
duration of possible pain arising from dental traumas, the cellular / molecular
responses of the damaged and surrounding tissue must also be investigated.

In mammals, the cells within the dental pulp have been shown to respond to tissue
damage and exposure to bacteria by altering the expression of numerous genes
involved in inflammation and pain modulation (Akbal Dincer et al., 2020; Chang et
al., 2003; Mclachlan et al., 2004; McLachlan et al., 2003; Rechenberg et al., 2016*).
The presence of an inflammatory state within the pulp tissue (pulpitis) can be
determined using real time reverse transcription polymerase chain reaction (real time
RT qPCR) assays to identify changes in dental pulp cellular gene expression in tooth
resected piglets relative to age- and sex-matched sham-handled controls. The number
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of studies comparing gene expression in healthy and inflamed human tooth pulps are
relatively low and report on only a small selection of genes. Nonetheless,
upregulation of gene expression for several inflammatory mediators has been
reported in inflamed pulps including mRNA transcripts coding for 1) proinflammatory cytokines such as interleukin (IL)-1, IL-2, IL-6, IL-8, and TNF-α, 2)
anti-inflammatory cytokines such as IL-10, 3) elements of the arachidonic acid
cascade such as the prostaglandin-producing cyclooxygenase 2 (COX-2) and
receptors such as the prostaglandin E2 receptor 2 (EP2), and 4) nociceptor-sensitising
neuropeptides such as SP and CGRP and their receptors (neurokinin-1 (NK1), and
calcitonin gene-related peptide receptor (CGRPR)) (Castillo-Silva et al., 2019;
Chang et al., 2003; Cooper et al., 2014*; Galler et al., 2021*; Killough et al., 2009;
Mclachlan et al., 2004; Rechenberg et al., 2016*).

However, the functions of many of these upregulated proteins (e.g. TNF-α) are
concentration dependent, being inflammatory at higher concentrations but reparative
at lower concentrations (Cooper and Smith, 2014†; El karim et al., 2021*; Galler et
al., 2021*; Khorasani et al., 2020*; Paula-Silva et al., 2009). Furthermore, up to half
of irreversible pulpitis cases in humans are reported to be asymptomatic (Khorasani
et al., 2020*), therefore, to be confident of the presence of pain following tooth
resection, reliable biomarkers are required that have been shown not only to differ in
expression between healthy and inflamed pulps, but also between asymptomatic and
painful pulpitis, for example, IL8 (Akbal Dincer et al., 2020; Galicia et al., 2016),
prostaglandin E2 (PGE2) (Cohen et al., 1985), and CGRP (Awawdeh et al., 2002;
Sattari et al., 2010). The genes selected for expression analysis within the piglet tooth
pulp tissue and a summary of their protein product functions are shown in table 5.1

Indicators of pain within the trigeminal ganglia
Studies of gene expression within the trigeminal ganglia are sparse. However, given
the density and distribution of mammalian nociceptive nerves within the peripheral
dental pulp and proximal regions of the dentine tubules (see section 1.2.6 and figure
1.7), it is highly likely that dental nociceptors will be chronically stimulated
following piglet needle tooth resection, either through persistent pulpal
inflammation, direct nerve damage, or both. This type of sensory stimulation should
result in altered pain-associated gene expression both within the nerve cell bodies
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and the supporting glial cells that reside within the trigeminal ganglia (Elcock et al.,
2001; Gunjigake et al., 2009; Korczeniewska et al., 2020; Okafor et al., 2014*;
Thalakoti et al., 2007; Tsujino et al., 2000; Woolf, 2004*). Genes coding for proteins
known to be involved in pain signalling, peripheral and central sensitisation, and
chronic pain maintenance such as CGRP, EP2, TRPV1, NMDA receptor subunit 2B
(GluN2B), and SP (Ellis and Bennett, 2013*; Ohkura et al., 2018; Sandercock et al.,
2019; Woolf, 2004*), are suitable targets for identifying chronic pain, while those
associated with nerve injury and subsequent axonal spouting such as activating
transcription factor 3 (ATF3) and glial fibrillary acidic protein (GFAP) may provide
evidence of the presence and severity of neuropathic pain due to nerve injury
(Gunjigake et al., 2009; Lee et al., 2017; Tsujino et al., 2000). The genes selected for
expression analysis within the trigeminal ganglia, and a summary of their protein
product functions are shown in table 5.1.

5.1.1

Aims

The aims of the experiment within this chapter were: 1) to evaluate the long-term (up
to 6 weeks post-treatment) physiological responses of piglets to needle tooth
resection (removal of the distal third of each needle tooth) for evidence of pain and
stress, and 2) to compare the effects of clipping the teeth with surgical cutters (pliers)
and grinding the teeth with a rotating grinder against each other and a sham grinding
control treatment to assess their impact on piglet welfare. The hypotheses being
tested were that: 1) tooth resection would result in significant tissue damage and
exposure of the tooth pulp 2) piglets would exhibit haematological indicators of
prolonged stress due to injury and infection following tooth resection, 3) dental pulp
tissue would exhibit changes in mRNA expression indicative of pain processing,
infection, and inflammation following tooth resection 4) neurons within the
trigeminal ganglia would exhibit changes in mRNA expression indicative of pain and
peripheral nerve sensitisation following tooth resection, 5) the consequences of tooth
resection outlined above would be significantly greater following tooth clipping than
tooth grinding.

5.2

Materials and methods

A statement of contributions regarding the work relating to this chapter is presented
in appendix 6.
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Table 5.1 Function summaries for protein products of genes selected for mRNA expression analysis in the needle tooth dental
pulp and trigeminal ganglia of piglets with clipped, ground, and sham ground needle teeth (continued on next page)
Gene

Protein

Protein function

Calcitonin Related

Calcitonin gene related

Neuropeptide involved in pain sensitisation, vasodilation, immunosuppression and

Polypeptide Beta

polypeptide beta

tertiary dentine formation (Caviedes-Bucheli et al., 2008b*)

(CALCB)1,2

(CGRP)

C-X-C Motif

Interleukin-8 (IL-8)

Chemokine Ligand 8

neutrophil attraction). Upregulated in painful pulpitis in humans (Galicia et al.,

(CXCL8)1

2016; Russo et al., 2014*)

Prostaglandin-

Prostaglandin-

Injury inducible enzyme that cleaves cell membrane arachidonic acid to produce

Endoperoxide

endoperoxide synthase

prostanoids including proinflammatory prostaglandin E2 (PGE2) (Nakanishi et al.,

Synthase 2 (PTGS2)1,2

2 (COX-2)

2001)

Prostaglandin E

Prostaglandin E

Receptor for PGE2, a metabolite of arachidonic acid which has different biologic

Receptor 2 (PTGER2)1 receptor 2 (PGE2

1

Chemokine - major mediator of the inflammatory response (via chemotactic

activities in a wide range of tissues, including inflammation (peripheral vasodilation

receptor)

and increased local blood flow) (Omori et al., 2014; Ricciotti and Fitzgerald, 2011*)

Tachykinin Precursor

Substance P (SP) also

Neuropeptide involved in pain sensitisation by 1. acting on axon terminals to reduce

1 (TAC1)2

known as Neurokinin 1

AP firing thresholds, 2. promoting release of blood-borne sensitising agents (e.g.

(NK1)

histamine), and vasodilation (Caviedes-Bucheli et al., 2008b*)

Used for mRNA expression analysis in the tooth pulp. 2 Used for mRNA expression analysis in the trigeminal ganglia
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Table 5.1 (continued from previous page). Function summaries for protein products of genes selected for mRNA expression
analysis in the needle tooth dental pulp and trigeminal ganglia of piglets with clipped, ground, and sham ground needle teeth.
Gene

Protein

Protein function

Ubiquitin C-Terminal

Ubiquitin C-Terminal

Pan-neuronal marker (specifically expressed in neurons). Upregulated in

Hydrolase L1

Hydrolase L1 (UCHL1)

Schwann cells following injury (previously PGP9.5) (Day and Thompson, 2010*;

(UCHL1)2

Lin et al., 1997)

Activating transcription Activating transcription

Neuronally expressed nerve injury marker involved in axonal sprouting (injury

factor 3 (ATF3)2

factor 3 (ATF3)

inducible transcription factor) (Tsujino et al., 2000)

Glutamate Ionotropic

Glutamate NMDA 2B

NR2 subunit of the NMDA receptor ion channel (agonist binding site for

Receptor NMDA Type

subunit (GluN2B; NR2

glutamate, involved in excitatory synaptic transmission in the central nervous

Subunit 2B (GRIN2B)2

subunit of NMDA receptor)

system). Upregulation associated with pain sensitisation.(Garry et al., 2004*)

Transient Receptor

Transient Receptor Potential Vanilloid* ligand-activated non-selective calcium permeant cation channel

Potential Cation

Cation Channel, Subfamily

involved in nociception. Insertion of TRPV1 receptors into neural membrane

Channel, Subfamily V,

V, Member 1

increases heat-related pain sensitivity. Upregulation associated with ectopic

Member 1 (TRPV1)2

(TRPV1 receptor)

orofacial pain following dental injuries. (Matsuura et al., 2013; Watase et al.,
2018; Zhang et al., 2005).

1

Used for mRNA expression analysis in the tooth pulp. 2 Used for mRNA expression analysis in the trigeminal ganglia. *Group of

compounds structurally related to capsaicin.
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Table 5.1 (continued from previous page). Function summaries for protein products of genes selected for mRNA expression
analysis in the needle tooth dental pulp and trigeminal ganglia of piglets with clipped, ground, and sham ground needle teeth.

1

Gene

Protein

Protein function

Glial Fibrillary

Glial Fibrillary

Upregulated in activated (satellite) glial cells, indicates nerve injury in short term, and long

Acidic Protein

Acidic Protein

term - expression potentially indicative of neuropathy (Ellis and Bennett, 2013*; Gunjigake

(GFAP)2

(GFAP)

et al., 2009)

Actin Beta (ACTB)1,2

Beta -Actin

Highly conserved cytoskeletal protein involved in cell motility, structure, and integrity.

(ACTB)

Commonly used as a QPCR reference gene. (Nygard et al., 2007; Sandercock et al., 2017)

Peptidylprolyl

Peptidylprolyl

The encoded protein is a cyclosporin binding-protein involved in cyclosporin A-mediated

Isomerase A

Isomerase A

immunosuppression. A commonly used QPCR reference gene (Uddin et al., 2011)

(PPIA)1,2

(PPIA)

Used for mRNA expression analysis in the tooth pulp. 2 Used for mRNA expression analysis in the trigeminal ganglia
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5.2.1

Animals

48 female piglets (Pietrain x (Landrace x Large White) from 8 litters were included
in the experiment. All piglets were weighed shortly after birth and allocated to their
treatment group. Within each litter, two females were assigned to each tooth
treatment group with one female per treatment group selected to undergo
physiological measures on d7 (PMd7) and the other on d42 (PMd42). Measures were
performed on blood samples taken from live animals and on tissues collected postmortem. Each replicate consisted of six females. A randomised block design was
utilised to assign piglets to their tooth treatment and PM age groups using their
ranked birthweight within the litter as a blocking factor. Housing, husbandry,
handling and criteria for animal selection were as described in sections 2.2-2.4.

5.2.2

Treatment application and tissue collection schedule

On d1 (within 48 hours of birth) piglets underwent tooth treatment and behavioural
observations as described in sections 2.5 and 2.6. In brief, piglets were randomly
allocated to one of three treatment groups: 1) tooth clipping, 2) tooth grinding, or 3)
sham grinding. Piglets assigned to the tooth clipping and tooth grinding treatments
had approximately one third of the length of all 8 needle teeth removed using a
standard set of sterilised surgical cutters or a hand-held rotating grindstone on speed
setting 3 respectively (see figure 1.9). Piglets assigned to sham grinding (controls)
were handled and treated as those which underwent tooth grinding but with a
protective layer of scotch tape covering the grinder head to allow sound and
vibrations (speed setting 3) to be experienced without resulting in any damage.
Piglets were humanely killed for post-mortem tissue collection either seven (PMd7)
or 42 (PMd42) days after treatment application. Blood samples were collected by
trained farm personnel 24 hours in advance on either d6 or d41 respectively.

5.2.3

Blood sampling

Handling and restraint method
A minimum of three and four people were present for each d6 and d41 blood
sampling event respectively. PMd7 piglets were picked up by trained farm personnel
as described in section 2.3.2 and firmly cradled in the handler’s forearm on their
back with their neck extended, to enable easy access to the external jugular vein.
Alternatively, some handlers held the piglets on their stomach and gently tilted their
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heads back to achieve the same result. Small and / or calm PMd7 piglets were
restrained and sampled by one handler; larger and / or more active PMd7 piglets
were restrained by a second handler during the process. D42 piglets were picked up
as described in section 2.3.2 and carried to a purpose-built v-shaped restraint table.
The piglet was then rotated by a minimum of two handlers and placed on its back in
the V-shaped restraint. The piglet’s neck was extended, and legs held firmly
throughout the sampling process. The piglet was then returned to the home pen.

Handling duration and frequency
To ensure handling stress did not alter the results of the haematological analysis
(specifically the plasma cortisol concentration), piglets were handled for a maximum
of two minutes, after which they were returned to the home pen whether sampling
was successful or not. When blood sampling was unsuccessful for a d7 piglet, a
replacement blood sample was taken from the corresponding d42 piglet (i.e. the
sibling from the same tooth treatment group), with their humane killing dates also
being switched. If sampling was also unsuccessful for the substituted piglet, handlers
waited for one hour and attempted a second round of sampling from the original d7
piglet. When sampling was unsuccessful on d41, no substitutions were available
therefore the d42 piglet was returned to the home pen for one hour before sampling
was attempted again. No piglet underwent more than two rounds of sampling
attempts in one day.

Sample collection
A single blood sample (ca. 4 ml) was withdrawn from each piglet approximately 24
hours before humane killing (between 08:30 h and 10:00 h). All blood sampling was
conducted beside the home pen via venepuncture of the external jugular vein using
standard 20-guage, 5 cm needles and plastic Vacutainer® Plus 6 ml K2EDTAsprayed blood collection tubes with BD Hemogard™ closure lids (BD Medical,
Grenoble, Fr.). To avoid microclotting, the collection tubes were slowly inverted
eight to ten times immediately after sampling; then stored on ice and transported to
the on-site laboratory for processing.
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5.2.4

Haematological analysis

Blood cell count and whole blood processing
Once transferred to the laboratory, the blood samples were continually mixed at
room temperature in a tube rotator (20 RPM; VWR, Leicestershire, UK) before
analysis. A haematology analyser (MS9-5s® , Melet Schloesing laboratories, Osny,
FR.) specifically calibrated for piglets was used to analyse a subsample (60 μl) of
whole blood from each sample to determine the total blood cell count.

Blood plasma extraction
The remaining whole blood samples were centrifuged at 2500 × g for 15 minutes at
4°C in a refrigerated rotating head centrifuge (Model 3K10E, Sigma, Osterode am
Harz, DE). A disposable pipette was used to aliquot the plasma fraction into two
sterile polypropylene cryotubes (Cryo.S™ Greiner Bio-One, Frictanhausen, DE)
without aspirating cells from the buffy coat layer. The collected plasma samples were
then stored at -20°C prior to analysis.

Cortisol and haptoglobin assays
At the end of the live experimental phase, the two plasma samples from each piglet
were slowly thawed to room temperature then homogenised in a rotary mixer at 20
RPM. For one set of plasma samples, an automated analyser (AIA 1800; Tosoh
Corporation, Tokyo, JP) and enzyme-linked immunosorbent assay (ELISA) kit (ST
AIA-Pack CORT, Tosoh Corporation, Tokyo, JP) were used to run a single
competitive cortisol immunoassay as per the manufacturer’s instructions. All
samples were analysed within the same assay. The intra- and inter-assay CVs were
4% and 7%, respectively. The limit of sensitivity was 2 ng / ml. For the other set of
plasma samples, an automated analyser (Konelab 20, Thermo Electron Corporation,
Cergy Pontoise, FR) and a single spectrophotometric haemoglobin binding assay
(PHASE™ RANGE Haptoglobin kit; Tridelta Ltd, Kildare, IRL) measuring
absorbance at 620 nm were used to determine plasma haptoglobin concentrations as
per the manufacturer’s instructions. All samples were analysed within the same
assay. All calibrators and samples were diluted 1:3 prior to testing. The intra- and
inter-assay CVs were 7% and 24%, respectively. The limit of sensitivity was 0.033
mg/ml.
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5.2.5

Sedation and humane killing

All sedations and humane killings were conducted by trained and licenced personnel;
a minimum of two trained personnel were present at all times. For each litter within
the physiology study, tissue samples were collected over two post-mortem sessions
(one for PMd7 piglets and one for d42 piglets), with three piglets (one from each
tooth treatment group) being processed within each session. On the morning of
humane killing, piglets were sedated (see protocols below) within the home pen at
one-hour intervals. Sedated piglets were transported to the on-site abattoir, humanely
killed via barbiturate overdose and exsanguinated prior to tissue sample collection.

Original sedation protocol
The following protocol was used for litters one and two. PMd7 piglets were picked
up within the home pen as described in section 2.3.2 and firmly cradled (noninverted) in the handler’s forearm with the limbs and head suitably restrained.
PMd42 piglets were picked up, handled, and restrained as described in section 5.2.3
(see handling and restraint method). A 20-gauge, 5 cm needle was used to administer
a single intramuscular injection into the neck. The injection comprised either 10 mg /
kg of ketamine hydrochloride (Anaestamine® (100 mg/ml solution), Le Vet Beheer,
Oudewater, NL) and 1.5 mg / kg of midazolam hydrochloride (Midazolam
Panpharma® (5 mg/ml solution), Panpharma S.A., Luitré, FR) for piglets under 10
kg, or 5 mg / kg of ketamine hydrochloride, 0.5 mg / kg of midazolam hydrochloride,
and 10 μg / kg of medetomidine hydrochloride (Domitor® (1 mg/ml solution), Orion
Corp., Espoo, FI) for piglets over 10 kg. Once injected, the piglets were placed back
on the floor of the home pen in dimmed lighting to minimize extraneous
environmental stimulation for approximately eight minutes. Achievement of a
satisfactory level of sedation was confirmed by observation of immobility, and nonresponsiveness to tactile and auditory stimulations.

Sedation protocol modifications
Due to logistical issues and legal restraints, it was not possible to secure midazolam
for the sedation of PMd7 piglets in litter three. An alternative sedation protocol was
therefore utilised for these piglets which substituted midazolam for an additional 15
mg / kg of ketamine (final quantity 25 mg / kg). By d42 in litter three, a permanent
source of midazolam has been secured therefore the remaining PMd7 piglets were
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sedated as per the original sedation protocol. However, the litter three PMd42 piglets
were noted to be more agitated and additional dose of midazolam was required to
achieve full sedation for the first piglet in the session (total quantity of midazolam
administered was 1.0 mg / kg), therefore the protocol was adapted for the remaining
PMd42 piglets in litter three onward such that the quantity of midazolam used was
1.0 mg / kg for piglets over 10 kg. The remaining PMd7 piglets were sedated as per
the original sedation protocol.

Humane killing
Once fully sedated, piglets were briefly transported to the on-site abattoir and killed
via intracardial injection of 150 mg / kg of sodium pentobarbitone (Euthatal® (200
mg/ml solution), Vetoquinol S.A., Magny-Vernois, FR). Death was determined by a
lack of respiration and corneal reflexes and confirmed via exsanguination prior to
dissection.

5.2.6

Post-mortem tissue collection and processing

Post-mortem tissue collection, processing and storage are described here in brief; for
full details of the procedures see SOP/RD/ABW/115 (see appendix 2). Surfaces,
instruments, and consumables used in the dissection were pre-sterilised (by the
manufacturer or by on-site autoclave and / or antibacterial spray). The dissection
instruments, dissection pads, and plastic storage tubes used in each PM session were
either certified as free from RNAse and DNA contamination or were treated with a
suitable decontaminant (RNase Away®, Thermo Fisher Scientific Inc., Renfrew,
UK). Dissection instruments and pads were also systematically decontaminated
between dissections during each PM session.

Brain extraction
Following exsanguination, the head was removed (below the jawline and through the
atlanto-occipital joint) and rapidly chilled in crushed ice slush for 5 minutes to arrest
tissue metabolism and degradation. Once chilled, the head was secured (ventral side
up) on the dissection table and the tongue and surrounding soft tissue were removed
with a paring knife. A bone cleaver was then used to split the mandibular and
maxillary jaws sagittally along the median palatine suture. The first cervical vertebra
and occipital bone were then split with a bone cleaver or bone cutting knife for larger
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and smaller piglets respectively. The midline of the sphenoid bone was scraped with
a paring knife followed by manual application of a diagonally downward force; this
process was repeated until the ventral surface of the skull was divided in two. A set
of fine point scissors and a paring knife were used to cut the optic chiasm and free
the brain from the surrounding dura and attached nerve tracts. Once removed, the
brain was submerged in sterile ice-cold phosphate-buffered saline (PBS) until
processed. Removal of the head and collection of the brain and teeth were carried out
by trained personnel.

Brain sectioning and storage
The whole, intact brain was removed from ice-cold PBS, blotted, and placed ventral
side up on a silicone dissection pad. Disposable low-relief (80 x 8 mm) microtome
blades (VWR, Leicestershire, UK) were used to cut the desired brain blocks as
described in SOP/RD/ABW/115 (see appendix 2). In brief, the brainstem and
cerebellum were removed; the brainstem was snap-frozen on dry ice (dorsal side
down) in a pre-chilled aluminium container and the cerebellum discarded. The
anterior part of the brain (from approximately 1 cm anterior to the optic chiasm) was
removed and discarded. The cortex was trimmed around the edges and the remaining
central block of the brain was divided into 3 smaller blocks: a central block
containing the paraventricular nucleus of the hypothalamus; and 2 outer blocks
containing the left and right anterior hippocampus and amygdala. The blocks were
snap-frozen in dry ice (anterior side down) in separate pre-chilled aluminium
containers. These blocks and the brainstem were individually wrapped in aluminium
foil and stored at -80 ºC for future work.

Trigeminal ganglia extraction
The trigeminal ganglion is a small, dura-encased, semi-lunar structure found within
the trigeminal cave (anterior to the internal acoustic meatus). After removal of the
brain, the left and right trigeminal caves were identified and carefully excavated
using rat-toothed forceps and a scalpel. The nerve tracts of the ophthalmic, maxillary,
and mandibular branches of the trigeminal nerve were severed to facilitate removal
of the ganglia which were then submerged in ice-cold PBS until processed.
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Trigeminal ganglia processing and storage
The left ganglion was removed from the ice-cold PBS, blotted, and pinned to a
silicone dissection pad through the excess dura and nerve tract tissue. A combination
of scalpels (sizes 11 and 21) and round-backed dissection pins were used to
decapsulate the ganglion and discard the nerve tracts under a cold light stereo
microscope. The decapsulated ganglion was snap-frozen on dry ice in a pre-chilled 2
ml cryovial (Cryo.S™, Greiner Bio-One, Frictanhausen, DE). The right ganglion was
similarly processed and snap-frozen in the same cryovial. The ganglia were then
stored at -80 ºC pending analysis.

Needle tooth removal and RNA stabilisation
Following removal of the trigeminal ganglia, a hand saw was used by a trained
professional to remove the sections of the left and right maxillary and mandibular
jaws which contained the needle teeth. The teeth were placed in 50 ml skirted
centrifuge tubes (four teeth per tube, left and right side teeth stored separately)
containing 12 ml (three ml per tooth) of RNA stabilisation solution (RNAlater®,
Ambion, Inc., Foster City, CA, USA). The teeth were then incubated at 4 ºC for a
minimum of 24 hours to allow the solution to fully penetrate the tissue.

5.2.7

Needle tooth damage scoring

After incubation, each pair of teeth was removed from the RNAlater® and blotted
dry. The appearance of the surrounding tissue and the orientation and size of the
teeth were used firstly to confirm the side of the mouth that they had been removed
from, and secondly to identify the individual teeth in terms of their type (incisor /
canine) and jaw (mandibular / maxillary). The identified teeth were then measured
from their tip to the gumline before being separated and pared down with a size 21
scalpel. Each tooth was macroscopically scored for the presence / absence of the
following tooth damage parameters (adapted from Hay et al 2004): 1) jagged tooth
resection surface (a proxy measure for the risk of oral soft tissue damage); 2) hairline
fractures (an indicator of minor enamel and dentine damage and potential exposure
of the tooth pulp to infectious agents); 3) pulp exposure (an indicator of significant
damage to the pulpal tissue (including neurovascular tissues) and exposure of the
pulp to infectious agents); and 4) shattering (an indicator of severe pulpal tissue
damage and exposure of infectious agents). The scores for each tooth were agreed
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upon by two assessors; thereafter the teeth were snap-frozen on dry ice and stored at
-80 ºC. As variation in the presence and types of damage to teeth was observed
between piglets of the same treatment group (and indeed between teeth from the
same piglet) an overall tooth damage index (TDI) was formulated. Each tooth was
given a score of 0 if undamaged, 1 if only fractures and / or jagged resection surfaces
were present, 2 if the pulp was exposed, and 3 if the dentine was shattered. Scores
were later weighted by the mass of tooth pulp extracted from each tooth. Individual
tooth scores were summed for each piglet to obtain weighted (wTDI) scores.

During pulp extraction (see section 5.2.8 for methodology), a considerable number of
teeth were observed to contain necrotic dental pulp tissue at the distal (crown) end of
the pulp chamber although in no cases had necrosis spread beyond the distal half of
the pulp chamber. Necrotic pulp tissue was defined as having a putrescent odour
(Yamada et al., 2007) which was distinctly noticeable upon opening the tooth pulp
chamber and was accompanied by the presence of discoloured (Holan and Fuks,
1996; Mejàre et al., 2012*) and / or soft formless tissue (Adams and Jackson, 2010†)
in the distal end of the pulp chamber.

5.2.8

Processing of tissue samples for homogenisation

Following completion of the live experiments, the teeth, brain sections and ganglia
were shipped to the UK on dry ice and stored in a -80 ˚C freezer until required.

Processing of needle teeth for tooth pulp homogenisation
The needle teeth were removed from the -80 ˚C freezer (on a per pig basis) and
placed on dry ice. Each tooth was cracked open with a pair of surgical bone cutting
forceps and the exposed pulp was extracted, weighed, and returned to the dry ice. A
total of 384 teeth were processed in this manner. A combination of fine point straight
and curved tweezers and a variety of dissection needles were required to excavate the
teeth due to natural variation between and within piglets in terms of tooth
morphology and pulp chamber width. All instruments utilised were thoroughly
cleaned and treated with a suitable RNAse and DNA decontaminant (RNaseZap®,
Invitrogen Corp., Ontario, CA) between piglets. The teeth were manipulated at room
temperature for an average of 20 minutes each to facilitate this process. The pulps
collected from each piglet were merged in a single 2 ml cryovial (Greiner Bio-One)
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and returned to the -80 ˚C freezer. Due to the maximum loading capacity of the
homogenisation tubes, the merged pulps were divided into subsamples ≤ 30 mg
directly prior to homogenisation.

Processing of trigeminal ganglia for homogenisation
The trigeminal ganglia of piglets at one and six weeks of age far exceeded the
loading capacity of the homogenisation tubes. It was therefore necessary to cut each
ganglion into as many as 24 separate subsamples, therefore only one ganglion per
piglet was processed. To minimise the risk of tissue degradation during the
subsampling process, a frozen tissue transition solution (RNAlater-ICE®, Ambion,
Inc., Foster City, CA, USA) was utilised. 2 ml cyrovials were filled with 2 ml of
RNAlater-ICE and placed on dry ice for 10 minutes. The ganglia were removed from
the -80 ˚C freezer, weighed on chilled aluminium foil, submerged in the RNAlaterICE (one ganglion per cryovial) then stored at -20 °C for a minimum of 48 hours to
allow the reagent to permeate the tissue. The ganglia were then removed from the
solution, blotted dry, weighed again, and cut into sections of ≤ 30 mg on a
decontaminated dissection surface (chilled from underneath by dry ice) in
preparation for homogenisation.

5.2.9

Tissue homogenisation

A standard RNA extraction kit (ReliaPrep™ RNA Miniprep Systems, Promega,
Southampton, UK) was used for all homogenisation, RNA extraction and
purification steps. Homogenisation was performed with 2 ml lysing matrix D (LMD)
tubes (MP Biomedicals UK, Cambridge, UK) and an automated homogenising
instrument (FastPrep-24™ 5G, MP Biomedicals, Cambridge, UK). All plastic ware
used (tubes, spin columns, and filter pipette tips) were certified sterile and RNAsefree and good laboratory practice was followed at all times to minimise the risk of
RNAse contamination. All solutions and tubes, unless otherwise stated, were
provided within the RNA extraction kit and were certified sterile and RNAse-free.

Tooth pulp homogenisation
LMD tubes, each filled with 500 μl of lysis buffer (a 1:51 solution of 1-thioglycerol
in LBA buffer), were placed in the homogeniser’s standard tube holder assembly
(QuickPrep™ Adapter) and chilled on ice for five minutes. Tooth pulp subsamples
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were transferred from storage (at -80 ˚C) and placed directly into the LMD tubes (≤
30 mg per tube); the tube holder assembly was then loaded into the homogenising
instrument. The tooth pulps were homogenised for 40 seconds on speed setting 4 (6
m / s) and immediately placed on ice until the solution became clear again
(approximately 15 to 30 minutes).

Trigeminal ganglia homogenisation
To maximise protection from RNAse activity, the RNAlater-ICE®-treated trigeminal
ganglia were handled as though snap-frozen only. The pre-cut subsamples were
removed from storage (at -20 ˚C) and held on dry ice. A cryogenic adapter
(CoolPrep™ Adapter, MP Biomedicals UK, Cambridge, UK) for the automated
homogeniser was filled with dry ice and empty LMD tubes then run on a 40 second 6
m/s homogenisation cycle to powder the dry ice and chill the LMD tubes. Directly
after, 500 μl of lysis buffer (1:51 1-thioglycerol in LBA buffer), and the ganglia
subsamples (one per tube) were added to the LMD tubes. The ganglia underwent two
homogenisation cycles on speed setting 4 (6 m / s), each lasting 40 seconds. The
LMD tubes were then transferred to the homogeniser’s standard tube holder
assembly (QuickPrep™ Adapter), and a further four homogenisation cycles of the
same speed and duration were carried out with three minutes of chilling on ice
between each cycle. After the final homogenisation cycle, the LMD tubes were
placed on ice until the solution became clear again (approximately 15 to 30 minutes).

5.2.10 Total RNA extraction and purification
RNA extraction and purification of samples were consistent for both tooth pulp and
trigeminal ganglia. Some ganglia lysates and associated solutions did, however,
require additional centrifugation during washing steps, due to their relatively high
lipid content. All centrifugation, vortexing and pipetting was performed using a
Mikro 20 microcentrifuge (Hettich, Tuttlingen DE), a Rotamixer vortexer (Nickel
Electro Ltd., Avon, UK), Maxymum Recovery™ filter pipette tips (Axygen Inc.,
California, US), and Finnpipette® F1 pipettes (Thermo Scientific, Helsinki, FI). All
solutions, unless otherwise stated were provided within the ReliaPrep RNA
extraction kit.
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Total RNA extraction
500 μl of RNA Dilution Buffer was added to the lysate in the LMD tubes. The
solution was vortexed for 10 seconds and incubated at room temperature for 1
minute, then transferred to sterile, RNAse-free 1.5 ml microcentrifuge tubes (Starlab,
Milton Keynes, UK), and centrifuged at 10,000 × g for three minutes. The eluate was
transferred to fresh centrifuge tubes and the pellet discarded. RNAse-free 100 %
isopropanol (340 μl; Fisher Scientific, Leicestershire, UK) was added to the eluate
and vortexed for five seconds. Minicolumns, nested inside collection tubes, were
then filled with 700 μl of the sample solution and centrifuged at 13,000 × g. The
liquid in the collection tubes was discarded and this step was repeated using the
remaining sample solutions. A final 13,000 × g centrifugation was carried out to
ensure all sample solution liquid had passed through the minicolumn leaving the
dehydrated RNA attached to the membrane (additional centrifugation was required
for some samples).

Total RNA purification
Concentrated RNA Wash Solution (RWA; for the removal of salts from the column)
was diluted 7:19 with RNAse-free 95 % ethanol (Fisher Scientific, Leicestershire,
UK) and added to the minicolumns (500 μl of diluted RWA per column).
Minicolumns were then centrifuged at 13,000 × g for 30 seconds and the liquid in the
collection tube discarded (additional centrifugation was required for some samples).

Lyophilised DNAse I was resuspended with nuclease-free water (NFH2O; volume as
per manufacturer’s instructions and dependent on kit size). The following reagents
were then combined in a sterile, RNAse-free tube (volumes are per sample; order of
addition as written): 24 μl of Yellow Core Buffer; 3 μl of 0.09M MnCl2; and 3 μl
rehydrated DNAse I. An additional 2 reactions-worth were made up per session to
account for potential pipetting losses. A 30 μl aliquot of the resulting solution
(DNAse I mix; for the removal of genomic DNA from the column) was pipetted
directly onto the membrane of each minicolumn and left to incubate at room
temperature for 15 minutes.

Concentrated Column Wash Solution (CWE; for the removal of residual proteins and
pigments from column) was diluted 2:5 with RNAse-free 95 % ethanol and added to
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the minicolumns (200 μl of diluted CWE per column). Minicolumns were
centrifuged at 13,000 × g for 15 seconds (additional centrifugation was required for
some samples). Diluted RWA (500 μl) was then added to each minicolumn and
centrifuged at 13,000 × g for 30 seconds. The minicolumns were then transferred to
new collection tubes. A further 300 μl of diluted RWA was added to each
minicolumn and centrifuged using the fastest setting (16249 × g) for two minutes (on
rare occasions, additional centrifugation was required for some samples).
The minicolumns were then transferred to 1.5 ml elution tubes. NFH2O (30 μl) was
pipetted directly onto the membrane of each minicolumn and centrifuged at 13,000 ×
g for one minute. The purified total RNA subsamples were then reconciled to
produce a single sample of total RNA from each tissue type per piglet. Samples were
then stored at -80 ˚C.

5.2.11 Fluorometric determination of total RNA concentration
The concentrations of total RNA extracted from the tooth pulp and trigeminal
ganglia samples were determined using a high sensitivity RNA quantitation kit
(Invitrogen™ Qubit® RNA High Sensitivity (HS) Assay kit, Thermo Scientific,
Renfrew, UK) and an Invitrogen™ Qubit® Fluorometer, (version 3.0; Thermo
Scientific, Renfrew, UK) as described in appendix 3. The mean concentration ±
standard error of the mean (SEM) for the tooth pulp and trigeminal ganglia samples
were 191.5 ng / μl ± 17.1 ng / μl and 197.4 ± 11.6 respectively.

5.2.12 Electrophoretic determination of total RNA integrity
The integrity of the total RNA extracted from the tooth pulp and trigeminal ganglia
samples was determined using an automated analyser (Agilent 2200 Tapestation
System) in conjunction with the Agilent RNA ScreenTape kit comprising RNA
ScreenTape, RNA ScreenTape Sample Buffer, and RNA ScreenTape Ladder as
described in appendix 3. For the purpose of downstream real-time qPCR work,
sample suitability was defined as follows: RINe ≥ seven - good to excellent; RINe
between six and seven - sub-optimal but usable with caution; RINe ≤ six - unusable.
The mean RINe value means ± SEM for the tooth pulp and trigeminal ganglia
samples were 8.0 ± 0.1 and 7.8 ± 0.2 respectively.
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5.2.13 Reverse transcription of mRNA into cDNA
The messenger RNA (mRNA) within the total RNA samples was converted into
complimentary DNA (cDNA) using the GoScript™ Reverse Transcription System
kit (Promega UK, Southampton, UK). In order to preferentially reverse transcribe the
mRNA (for gene expression analysis via qPCR) the oligo(dT)15 primer (and not the
random primers) provided within the kit were utilised. All reagents used were
supplied within the kit. All reagents, tubes and filter pipette tips were certified sterile
and RNAse-free and good laboratory practice was followed at all times to minimise
the risk of sample contamination. RNA samples obtained from the tooth pulp and the
trigeminal ganglia were processed in separate sessions.

Selection of total RNA template quantity
For valid gene expression analysis using quantitative PCR, the quantity (i.e. weight)
of RNA template added to the reverse transcription reactions should be standardised
across all samples (Bustin et al., 2009*; Ståhlberg et al., 2004); furthermore, for the
purposes of this assay, the selected template quantity must be achieved within 4 μl of
sample solution (pure or diluted with NFH2O) for all samples. Due to this restriction
and the number of samples with total RNA concentrations of less than 125 ng / μl
(calculated fluorometrically; see appendix 3), a template of 0.25 μg was selected.
Samples with higher RNA concentrations were diluted with an appropriate volume of
NFH2O.

Reverse transcription
The total RNA samples and kit reagents were thawed on ice for approximately 60 to
90 minutes, vortexed for two to three seconds, and centrifuged for 10 seconds at
10,000 × g. For each sample, the appropriate volumes of total RNA sample and
NFH2O (combined to produce a 4 μl solution containing 0.25 μg of total RNA) were
added to 1 μl of oligo(dT)15 primer in a 200 μl PCR tube (Thermo Scientific,
Renfrew, UK). The PCR tubes were firmly sealed and incubated in a heat block at
70 °C for five minutes to denature the secondary structures of the RNA. The tubes
were then removed and immediately chilled in ice water for a minimum of five
minutes to allow the oligo(dT)15 primers to anneal to the poly-A tail at the 3’ end of
the mRNA strands. Once chilled, the tubes were centrifuged for 10 seconds at
10,000 × g to collect the condensate and help maintain the original volume and then
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held on ice until required.

A 1.5 ml microcentrifuge tube was placed on ice and used to prepare the reverse
transcription reaction mix (RT mix). Per sample, the RT mix consisted of: 7.5 μl of
NFH2O, 3 μl of GoScript™ 5X Reaction Buffer; 2 μl of 25nM MgCl2; 1 μl of 10 μM
PCR Nucleotide Mix (final concentration 0.5 mM of each deoxyribose nucleoside
triphosphate (dNTP)); 0.5 μl of Recombinant RNasin® Ribonuclease Inhibitor (40
units per μl); and 1 μl of GoScript™ Reverse Transcriptase. Approximately 10 %
(five reactions-worth) excess RT mix was included to compensate for potential
pipetting losses. The RT mix was vortexed at for five seconds, centrifuged for 10
seconds at 10,000 × g, and then put back on ice.
15 μl aliquots of the RT mix were added to each oligo(dT)15-primed sample, giving a
total volume of 20 μl per PCR tube. During this step, the inside of the PCR tube lid
was gently washed out with RT mix to collect any remaining evaporate. The PCR
tubes were sealed tightly and incubated in a heat block at 25 °C for five minutes,
then transferred directly to a second heat block and incubated at 42 °C for one hour
to allow reverse transcription to occur. To inactive the reverse transcriptase and stop
the reaction, the PCR tubes were heated at 70 °C for 15 minutes. The cDNA product
was diluted 1:10 with NFH2O (180 μl of NFH2O added to give 200 μl diluted cDNA
product per sample).

No reverse transcription controls
To accommodate a no reverse transcription control (NoRT) in the downstream qPCR
analysis, the process described above was also carried out on RNA pooled from three
randomly selected samples but with 1 μl of NFH2O added to the RT mix in place of
the reverse transcriptase.

5.2.14 In silico oligo primer design
Target gene sequences for all reference genes and genes of interest were obtained
from the National Center for Biotechnology Information (NCBI) online genetic
sequence (RefSeq) database (https://www.ncbi.nlm.nih.gov/gene). Primers for the
selected target gene sequences were designed and checked for target specificity using
the NCBI’s online primer design software tool, Primer-BLAST
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(https://www.ncbi.nlm.nih.gov/tools/primer-blast). The parameters selected for
primer design are presented in appendix 4. The selected, target-specific primers were
then checked for the presence and strength of secondary structures (self-dimers,
hetero-dimers and hairpins) using the online OligoAnalyzer Tool software on the
Integrated DNA Technologies (IDT) website (https://eu.idtdna.com/calc/analyzer).
As a general rule, primers containing hairpin structures with melting temperatures
above 50 °C and/or self- and hetero-dimers with Gibbs free energy change (ΔG)
values lower than -7 were discarded. Primers with values closer to zero for self- /
hetero-dimer ΔG and hairpin structure melting temperatures were preferentially
selected for in vitro testing. A list of the primers designed and their attributes are
provided in table 5.4.
The selected primers were ordered from IDT and were normalised to 100 μM either
in IDTE buffer by IDT prior to shipping, or in-house with NFH2O (volume as stated
on the primers specification sheet provided by IDT). Working solutions (4 μM) were
prepared by diluting the 100 μM stock solutions 1:25 with NFH2O. The 100 μM
stock solutions and 4 μM working solution aliquots were stored at -20 °C until
required.

5.2.15 In vitro primer optimisation
Pooled cDNA samples from each tissue type were used to test and optimise their
respective primers. During optimisation steps, primer pairs which produced melt
curves with multiple products due to genomic DNA contamination were discarded.
Primer concentration optimisation was completed once per primer pair; efficiency
testing was completed once per primer pair per tissue sample type.

Primer concentration optimisation
For each tissue type and gene being tested, optimal forward and reverse primer
concentrations were determined in a standard qPCR reaction (see section 5.2.16 for
details) using a pooled cDNA sample and a 200 nM to 400 nM concentration matrix
as shown in Table 5.2. For each primer pair being tested, the combination of forward
and reverse primer concentrations that best amplified the gene (i.e. reached the cycle
threshold in the lowest number of thermal cycles) was selected. For each primer pair,
a primer mix solution was prepared; the forward and reverse primer concentrations
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within the primer mix were such that the addition of 1 μl of the mix to a 20 μl qPCR
reaction provided the optimal final concentration of both the forward and reverse
primer. The concentrations and volumes of forward and reverse primers in each
primer mix solution and their final concentration in the qPCR reactions are shown in
Table 5.3

Primer efficiency testing
The efficiency of each primer pair was tested using a 1:2 dilution series covering five
dilution points. For each dilution point (run in triplicate), 5 μl of the appropriately
diluted pooled cDNA was added to a standard qPCR reaction (see section 5.2.16 for
details) with the optimised forward and reverse primer concentrations. The slopes
and R2 values of the standard curves produced were assessed for each primer pair
within the associated qPCR software package (MXPro, Agilent Technologies Inc.,
Waldbronn, DE). MXPro calculates primer efficiency from the linear regression plot
using the following equation:

Equation 2. Calculating primer efficiency from a standard curve
Efficiency = 10(–1/slope)-1

All efficiencies of selected primers were required to be within 10% of each other and
primers with efficiencies lower than 90% and higher than 110%, were discarded.
Efficiencies for all primers used within the study are shown in table 5.4.

5.2.16 Real time RT qPCR protocol
Gene expression was quantified by means of real-time quantitative polymerase chain
reaction (qPCR) using an automated analyser (Stratagene MX3005P instrument) and
its associated MXPro software package in conjunction with a standard SYBR Green
qPCR Mastermix, (Brilliant III Ultrafast SYBR Green qPCR Mastermix), all of
which were purchased from Agilent Technologies Inc. (Waldbronn, DE). The 96well PCR plates, qPCR strip caps (Thermo Scientific, Renfrew, UK), filter pipette
tips, and combi-tip pipette tips (Combitips advanced®, Eppendorf, Hamburg, DE)
were certified sterile and PCR clean; good laboratory practice was followed at all
times to minimise the risk of contamination. Reagents were loaded into the 96-well
plates within a reverse airflow PCR workstation using Finnpipette® F1 pipettes and
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an automated dispensing pipette (Multipipette® E3, Eppendorf, Hamburg, DE)
which were used solely for PCR within the workstation. Both the pipettes and the
workstation were disinfected and then UV-treated for 30 minutes at the start and end
of each qPCR assay.

Preparation of solutions and qPCR plate loading
The cDNA samples, Mastermix kit, and primers were removed from storage at
-20 °C and thawed on ice for approximately 90 minutes. For each gene being
investigated, the following was combined in a PCR-clean 1.5 ml microcentrifuge
tube (Starlab) per well: 3.7 μl of NFH2O; 10 μl SYBR Green Mastermix; 0.3 μl
1:500 ROX reference dye (pre-diluted 1:500 with NFH2O); 1 μl of primer mix
solution (see table 5.3 for the optimised primer concentrations selected for each
primer pair). Aliquots (15 μl) of these solutions were pipetted into their designated
wells using an automated Multipipette® and 5 ml combi-tip pipette tips (one pipette
tip per gene being tested). All pipetting thereafter was performed with standard filter
pipette tips and Finnpipette® F1 pipettes with tips being discarded after one use to
avoid contamination.
For wells designated to sample analysis, 5 μl of cDNA solution was added per well
to give a final volume of 20 μl per well. No template controls (NTC) were included
to check for contamination of reagents and formation of primer dimers; no reverse
transcription (NoRT) controls were also included to check for genomic DNA
contamination. The NoRT and NTC controls were achieved by replacing the 5 μl of
cDNA solution with 5 μl of NoRT solution (see section 5.2.13) or NFH2O
respectively. All samples and controls were run in triplicate. Once filled, the wells
were sealed with PCR-clean strip caps. The wells were inspected for errors and
bubbles; where necessary, bubbles were burst with a PCR clean pipette tip. The plate
was then spun in a manual centrifuge to ensure all liquid was pooled and suitably
mixed in the bottom of the wells.

PCR thermal cycling parameters
The qPCR plate was loaded into a Stratagene MX3005P instrument. The MXPro
software was used to label the wells by content and select a standard qPCR
programme with a dissociation (melt) curve. The program selected began with
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Table 5.2. Concentration optimisation matrix for forward and reverse primers. Optimised final primer concentrations (nM) within
the qPCR reaction wells ranges were between 200 nM – 400 nM for all primers used within this study
Reverse primer

Forward primer concentration

concentration

200nM

300nM

400nM

200nM

1μl F, 1μl R, 2.7μl NFH2O

1.5μl F, 1μl R, 2.2μl NFH2O

2μl F, 1μl R, 1.7μl NFH2O

300nM

1μl F, 1.5μl R, 2.2μl NFH2O

1.5μl F, 1.5μl R, 1.7μl NFH2O

2μl F, 1.5μl R, 1.2μl NFH2O

400nM

1μl F, 2μl R, 1.7μl NFH2O

1.5μl F, 2μl R, 1.2μl NFH2O

2μl F, 2μl R, 0.7μl NFH2O

F = forward primer solution, R = reverse primer solution, NFH2O = nuclease free water. For the qPCR reaction, each well contained:
primers + H2O (combined volume: 4.7μl), Mastermix (10μl), 1/500 ROX (0.3μl), cDNA (5μl). Total volume of solution in well: 20μl
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Table 5.3. Optimised primer information. Optimised forward and reverse primer concentrations (μM) and volumes (μl) for the
working primer mixes used to load the qPCR plates and the final forward and reverse primer concentrations (nM) in the qPCR plate
wells.
Tissue

Primer

Final conc. in wells (nM)

Conc. in primer mix (μM)

Volume in 1 ml primer mix (μl)

Fwd primer

Rev primer

Fwd primer

Rev primer

Fwd primer

Rev primer

NFH2O

Pulp/ TG

ACTB

400

300

8

6

80

60

860

Pulp / TG

PPIA

400

400

8

8

80

80

840

Pulp

IL8

400

400

8

8

80

80

840

Pulp

PTGER2

200

200

4

4

40

40

920

Pulp / TG

PTGS2

300

200

6

4

60

40

900

Pulp / TG

CALCB

400

300

8

6

80

60

860

TG

TAC1

400

200

8

4

80

40

880

TG

ATF3

200

200

4

4

40

40

920

TG

GFAP

200

400

4

8

40

80

880

TG

GRIN2B

200

200

4

4

40

40

920

TG

TRPV1

300

400

6

8

60

80

860

TG

UCHL1

300

200

6

4

60

40

900

Fwd = forward, Rev = reverse. TG = trigeminal ganglia. NFH2O = nuclease free water.
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incubation at 95 °C for 3 minutes to activate the qPCR reaction, followed by 40
cycles of cDNA amplification. Each amplification cycle consisted of 5 seconds of
incubation at 95 °C (denaturation) and 20 seconds of incubation at 60 °C (annealing).
The disassociation curve was then produced by incubating the plate at 95 °C for one
minute, at 55 °C for 30 seconds and lastly at 95 °C for a further 30 seconds.

5.2.17 Gene expression fold-change calculations
With each qPCR amplification cycle, the number of copies of target cDNA within
each well should double. This results in an increase in fluorescence within the well
which is recorded by the Stratagene MX30005P instrument and reported in the user
interface of the MXPro software. The point at which the fluorescence within a given
well reaches the threshold level is known as the Cycle threshold (Ct) value; the lower
the Ct value, the quicker the threshold was reached, therefore the more copies of that
particular gene were present in the original sample. However, in order to assess this
data, the mean Ct value of each well was converted into fold-changes in gene
expression relative to those of the control (sham) treatment group using the 2-∆∆Ct
method (Livak and Schmittgen, 2001; Schmittgen and Livak 2008). Using this
method, firstly the ∆Ct values must be calculated for all treatment and control groups
using the following equation:
Equation 3. Calculating ∆Ct
∆Ct = gene of interest Ct – reference gene geomean Ct

Where the gene of interest is a gene that is expected to be affected by the treatments
that have been applied (e.g. CXCL8) and the reference gene geomean is the geomean
of two or more reference genes (genes which have been empirically shown to exhibit
stable expression across treatments within the tissue types of interest; in this study,
ACTB and PPIA).
Next, the 2-∆∆Ct values must be calculated for the non-control treatment groups:

Equation 4. Calculating 2-∆∆Ct
2-∆∆Ct = 2-(mean treatment ∆Ct – mean control ∆Ct)
Where the mean treatment ∆Ct is the mean ∆Ct of the treatments expected to alter
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Table 5.4 Attributes of primers selected for gene expression analysis in piglet tooth pulp and trigeminal ganglia (continued on
next page).
Gene
ACTB1,2
PPIA1,2
CXCL81

Forward Primer

Ref. Ct value

Efficiency (%)

NTC Ct

NoRT Ct

GAT CAG CAA GCA GAA TGC AAC TAA

19.461

102.11

Clear

6 Ct1 and 10 Ct2 >

GGA GTA CG

CAG TCC GC

18.812

101.02

CGT CTC CTT CGA

CCA CCC TGG CAC

20.641

98.01

GCT GTT TG

ATA AAT CC

19.522

102.72

CCC GTG TCA ACA

GGA AAG GTG TGG

33.1

101.3

Clear

Clear

TGA CTT CC

AAT GCG TA
ATC AGT GGG CAC

27.831

97.11,2

Clear

Clear1,2

AAA GTT GC

19.552
Clear

Clear1,2

CALCB1,2 AGC CTA TGT CCA
GAG GAA GAC
PTGS21,2
PTGER21
UCHL12
TRPV12

Reverse Primer

than Ref. Ct
Clear

6 Ct1 and 9 Ct2 >
than Ref. Ct

ATC CAA TGG GAA TTT GCC GTC TTG

24.981

97.21

ATG AGT GTG A

TAA CAG CAT

32.192

100.82

GCT CCT TGC CTT

ACG CAT GAG TCT

28.97

94.3

Clear

Clear

TCA CAA TTT

CAG AAC AG
18.58

102.7

Clear

Clear

24.5

96.1

Clear

Clear

CCC AGC ATG AGA TGC CAA TGG TCT
ACT TCA GG

GCT TCA TA

TTT AAG CTG AAC

GGA AGT ACT GAA

CAC ACC GT

TCC CTC GG
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Table 5.4 (continued). Attributes of primers selected for gene expression analysis in piglet tooth pulp and trigeminal ganglia
Gene

Forward Primer

ATF32

GTC ACG AAA GCC CAG CAT TCA CAC

GRIN2B2
TAC12
GFAP2

GAG GTA G

TCT CCA GT

TCT ACA AAC CAA

CCA GCA CCA ACC

GGG AGT CG

AGA ACT T

GGA GCC CTT TGA

AAT TGA GGA ATC

GCA TCT TC

AGC ATC CGG

AGG AAG ATC CAT CCT CAT ATT GCG
GAC GAG GA

1

Reverse Primer

Ref. Ct value

Efficiency (%)

NTC Ct

NoRT Ct

28.33

99.5

Clear

Clear

31.79

99.5

Clear

> 6 Cts > TG Ct

20.92

95.6

17 Ct > than TG Ct

>14 Ct > than TG Ct

23.54

99.5

Clear

Clear

TGC GAA TC

= in tooth pulp, 2 = in trigeminal ganglia. Primer efficiency was calculated from 5 point 1:2 standard curve dilution series. Ref. Ct = Ct

for the relevant gene in age- and treatment-pooled tissue samples at optimal primer concentrations. NoRT Ct values ≥ 6 Cts above the Ct
for the gene of interest, and NTC Ct values close to 40 (TAC1 weak primer dimer) are reported here but were deemed suitable for use as
melt curves were consistently free from secondary products.
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gene expression (i.e. the clip and grind treatments in this study) and the mean control
∆Ct is the mean ∆Ct of the control group to which the treatment groups are being
compared (i.e. the sham handled control group in this study within which no tooth
damage occurred).

The data from the MXPro software was exported into a Microsoft Excel spreadsheet
(2010) and analysed using the 2-∆∆Ct method as outlined above.

5.2.18 Statistical analysis
Statistical analyses of weight data were conducted on the live weight and the mean
daily weight gain between birth and post-mortem for PMd7 and PMd42 piglets and
additionally between birth and weaning for PMd42 piglets. Analyses of needle tooth
length were conducted on the mean needle tooth length (MNTL; i.e. mean length of
the 8 needle teeth per pig) 1) immediately after tooth resection (d1) and 2) after postmortem tooth collection. Tooth damage analyses were conducted on the total number
of teeth with each type of damage (fractures, shattering, jagged surface, pulp
exposure, and necrosis) and mean weighted TDI scores (calculated as described in
section 5.2.7). Analyses of mRNA expression was conducted on ∆Ct values (Ct
values that have been normalised to the geomean value of the reference genes
(ACTB and PPIA) of the same piglet). Results of mRNA expression are presented in
written form as ∆Ct values (group means ± SEM) and, where results are significant,
as mean fold changes of resection treatments relative to the sham treatment mean.

All statistical analysis was performed using the R Studio (R version 4.1.0). Variables
and their allocated tests and required transformations are presented in table 5.5.
ANOVA model validity was confirmed via visual inspection of the residuals using
normality q-q plots and frequency distribution plots.

For ANOVA analysed variables (live weights (at birth and d7/d42), mean daily
weight gains (birth to d7/d42 and birth to weaning), tooth length (d1 and d7/d42),
percentage tooth length change (between d1 and PM), haematological measures,
wTDI scores, and gene expression), the statistical models included treatment, day of
post-mortem, and their 2-way interactions as fixed effects and sow nested within
breeding batch as random effects. All ANOVA were performed using the nlme4

192
package (procedure: lme). When an interaction was not significant, it was removed
from the model. When an interaction or treatment effect was significant (p < 0.05),
post-hoc comparisons between individual means were performed with the emmeans
package using the Tukey’s test.

Tooth damage variables (fractures, jagged resection surface, shattered dentine,
exposed pulp, necrosis) could not be normalised by transformations and were
therefore analysed by Kruskal and Wallis tests (see table 5.5) using the coin package
(procedure: Kruskal.test). This allowed for the inclusion of one block effect (sow)
and permutation testing via Monte Carlo enumeration. Each treatment group was
analysed separately for an effect of age at PM on each tooth damage variable. Where
no effect was present for any treatment group, effects of treatment were analysed
across both PM age groups. For variables that differed significantly with PM age in
one or more treatment groups, treatment effects were analysed separately for PMd7
and PMd42 piglets. Where required, pairwise comparisons between treatments were
performed using the Kruskal-Wallis test (procedure: Kruskal.test) and manual
application of the p-value adjustment for multiple comparisons by the false discovery
rate method in Microsoft excel.

Results of quantitative variables that are analysed by ANOVA are presented as
adjusted means for the statistical models ± SEM. Where data were transformed prior
to statistical analysis, results are presented as the adjusted mean and SEM of the
transformed data followed by the original data mean and SEM in parenthesis. Results
of quantitative variables that are analysed by Kruskal-Wallis are presented as the
median followed by the first and third quartiles in parenthesis. Results concerning
quantitative variables are presented as adjusted means for the statistical models ±
SEM.
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Table 5.5. Statistical test and data transformations
Measure

Test type

Transformation

Live weight at birth, MDWG (birth to

ANOVA

None

Cortisol conc., Haptoglobin conc.

ANOVA

Square root

Haemoglobin conc., WBC count, RBC

ANOVA

None

ANOVA

None

Kruskal-Wallis

NA

ANOVA

None

ANOVA

None

weaning and birth to PM)

count, % Lymphocytes,
% Granulocytes, % Haematocrit
MNTL (d1),
% change in MNTL (d1 to PM)
Fractures, shattered dentine, exposed
tooth pulp, jagged tooth resection
surface, tooth pulp necrosis
Weighted mean tooth damage index
scores
Gene expression (all genes in tooth
pulp and trigeminal ganglia tissues)

5.3
5.3.1

Results
Weight data

Equal distribution of piglet birthweights across treatments was successfully achieved
with no significant difference in birthweights detected between the three treatment
groups (p > 0.05) in either PM age group (p > 0.05). Treatment did not affect mean
live weight at PM which was 2.77 ± 0.40 kg and 15.48 ± 0.40 kg for PMd7 and
PMd42 piglets respectively. Mean daily weight gains (MDWG) from birth to PM
(and from birth to weaning for PM42 piglets) were also unaffected by treatment for
both PM age groups (p > 0.05). A summary of PM age and treatment effects
(adjusted means and SEM for live weights (birth and PM) and MDWG from birth to
PM, along with p values) is shown in table 5.6.
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5.3.2

Haematological data

One piglet (clipped PMd42 treatment group) was removed from the cortisol analysis
due to a technical (sampling) error. No significant interactive effect of treatment and
PM age group or main effect of treatment were observed for any of the recorded
haematological variables, and no main effect of PM age group was observed for
plasma haptoglobin concentrations, plasma cortisol concentrations, percentage of
lymphocytes, or percentage of granulocytes (p > 0.05). White blood cell counts were
significantly higher in PMd42 than PMd7 piglets (20.8 x 103 ± 1.31 x 103 / µl vs.
17.0 x 103 ± 1.31 x 103 / µl, F1,37=4.67, p < 0.05), red blood cell count (6.51 x 106 ±
0.17 x 106 / µl vs. 4.34 x 106 ± 0.17 x 106 / µl, F1,37=84.65, p < 0.0001), percentage
haematocrit (35.70 ± 1.04 % vs. 30.60 ± 1.04 %, F1,37=17.32, p < 0.001), and
haemoglobin concentration (10.72 ± 0.26 g / dl vs. 9.68 ± 0.26 g / dl, F1,37=11.81,
p < 0.01). A summary of treatment and PM age group effects on the main recorded
haematological variables (adjusted means, SEM, and p-values) is shown in table 5.7.

5.3.3

Macroscopic needle tooth damage

Tooth length
Within treatment groups, immediately after tooth treatment application (d1), mean
remaining needle tooth length (MNTL) was similar for PMd7 and PMd42 piglets
(p > 0.05). There was a significant effect of treatment on d1 MNTL (F2,37=65.95,
p < 0.0001), with both methods of resection reducing MNTL significantly (sham:
3.84 ± 0.17 mm vs. grind: 3.84 ± 0.17 mm and vs. clip: 2.55 ± 0.17 mm;
p < 0.0001). There was also a significant difference between resection methods as
the d1 MNTL of grind piglets was 0.31 ± 0.12 mm longer than that of clip piglets
(p < 0.05). A similar pattern was present for MNTL at PM, however, MNTL at PM
was significantly higher for PMd7 than PMd42 piglets (3.21 ± 0.16 mm vs. 2.63 ±
0.16 respectively, p < 0.0001). A summary of PM age and treatment effects on
MNTL on d1 and at PM (adjusted means, SEM, and p-values) is shown in table 5.6.

Tooth damage
The number of teeth per piglet that had fractures, shattered dentine, and exposed pulp
were not significantly different between PM age groups (p > 0.05). These variables
were therefore analysed across PM ages. Jagged resection surface and necrotic pulp
were not significantly different between PM age groups for sham or grind treatment
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Table 5.6. Effects of treatment (sham, clip, grind) and PM age on liveweight (LW) and mean needle tooth length (MNTL) at
birth and post-mortem (PM) and mean daily weight gain (MDWG) from birth to PM (n = 8 pigs / treatment / week). Data are
presented as adjusted means ± SEM
Treatment

Day of PM

P value

Sham

Grind

Clip

D7

D42

Treatment

PM day

T x PM day

LW at birth, kg

1.53 ± 0.07

1.49 ± 0.07

1.53 ± 0.07

1.50 ± 0.06

1.54 ± 0.06

0.90

0.62

0.79

LW at PM, kg

9.23 ± 0.45

8.90 ± 0.45

9.26 ± 0.45

2.77 ± 0.40

15.48 ± 0.40

0.75

< 0.0001

0.93

MDWG, g/d

260 ± 13.4

244 ± 13.4

267 ± 13.4

181 ± 11.90

333 ± 11.90

0.34

< 0.0001

0.71

MNTL (d1) mm

3.84 ± 0.17a

2.85 ± 0.17b

2.55 ± 0.17c

3.16 ± 0.16

3.00 ± 0.16

<0.0001

0.10

0.58

MNTL (PM),

3.77 ± 0.17a

2.79 ± 0.17b

2.22 ± 0.17c

3.21 ± 0.16x

2.63 ± 0.16y

<.0001

< 0.0001

0.15

mm
a, b, c

Within rows, treatment means followed by different letters differ significantly (p < 0.05 for comparison of grind vs. clip MNTL

(d1), and p < 0.0001 for all other significant pairwise comparisons).
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Table 5.7. Effects of tooth resection treatment (sham, grind, clip) and age at post-mortem (PMd7 and PMd42) on plasma and
blood characteristics (n = 8 pigs / treatment / PM age group except PMd42 clipped plasma cortisol (n = 7)).
Treatment (T)

Age (A)

P value

Sham

Grind

Clip

PMd7

PMd42

T

A

TxA

20.40 ± 1.57

17.10 ± 1.57

19.10 ± 1.57

17.00 ± 1.31a

20.80 ± 1.31b

0.31

0.04

0.34

Blood lymphocytes, %1

55.80 ± 2.61

56.50 ± 2.61

57.30 ± 2.61

56.30 ± 2.30

56.70 ± 2.30

0.88

0.87

0.73

Blood granulocytes, %1

42.10 ± 2.63

41.40 ± 2.63

40.70 ± 2.63

41.40 ± 2.32

41.50 ± 2.32

0.90

0.94

0.74

Number of red blood

5.44 ± 0.20

5.40 ± 0.20

5.44 ± 0.20

4.34 ± 0.17a

6.51 ± 0.17b

0.99

< 0.0001

0.96

10.30 ± 0.30

10.20 ± 0.30

10.10 ± 0.30

9.68 ± 0.26a

10.72 ± 0.26b

0.91

0.0015

0.34

5.99 ± 0.38

6.10 ± 0.38

6.14 ± 0.39

5.75 ± 0.35

6.40 ± 0.35

0.94

0.053

0.97

(37.56 ±

(40.88 ±

(39.57 ±

(35.59 ± 3.18)

(43.24 ±

2.89)

5.15)

3.94)

0.82 ± 0.12

1.01 ± 0.12

0.87 ± 0.12

0.87 ± 0.10

0.93 ± 0.10

0.51

0.68

0.45

(0.85 ± 0.19)

(1.27 ± 0.35)

(0.97 ± 0.28)

(1.04 ± 0.26)

(1.02 ± 0.19)

Number of white blood
cells, 103/µl1

cells, 106/µl1
Blood haemoglobin,
g/dl1
Plasma cortisol, ng/ml2

Plasma haptoglobin,
mg/ml2
1

3.28)

Adjusted means ± SEM. 2Adjusted means ± SEM of square root transformed data (used for the statistical analysis) followed by original

data means ± SEM in parenthesis. a,b Within rows, means followed by different letters differ significantly (p values as shown in table).
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groups (p > 0.05). However, PMd7 clip piglets had significantly more teeth with
jagged resection surfaces and fewer teeth with necrotic pulp than PMd42 clip piglets
(jagged resection surfaces: 6.50 (3.75/7.25) vs. 3.00 (2.00/4.25), H1=5.90, p < 0.05;
necrotic pulps: 0.50 (0.00/2.25) vs. 3.50 (2.75/5.00), H1= 5.70, p < 0.05 for PMd7
and PMd42 respectively), therefore treatment effects for these variables were
analysed separately for each PM age group.

The number of teeth with fractures, shattered dentine, and exposed tooth pulp were
significantly affected by tooth treatment (H2=21.77, H2=25.64, and H2=33.22
respectively; p < 0.0001). Clip piglets had more fractured teeth than sham or grind
piglets (clip: 1.00 (0.75/2.00) vs. sham: 0.00 (0.00/0.00), p < 0.0001; and vs. grind:
0.00 (0.00/0.00), p < 0.01) with no significant difference between sham and grind
treatments (p > 0.05). The same pattern was observed for number of shattered teeth
(clip: 2.50 (1.75/4.00) vs. sham: 0.00 (0.00/0.00), p < 0.0001; and vs. grind: 0.00
(0.00/1.00) p < 0.001; sham vs. grind p > 0.05). However, the number of teeth with
pulp exposed was significantly different in all treatments (p < 0.0001 for sham: 0.00
(0.00/0.00) vs. grind: 6.00 (4.00/6.25), and vs. clip: 7.00 (6.00/7.25); and p < 0.001
for grind vs. clip).

The number of teeth with jagged resection surfaces were also significantly affected
by treatment in both PMd7 and PMd42 piglets (PMd7: H2=14.54, p < 0.0001;
PMd42: H2=10.05, p < 0.01). In both PMd7 and PMd42 groups, the number of teeth
with jagged resection surfaces were similar following sham and grind treatments
(p > 0.05), but significantly higher in clip piglets (clip PMd7: 6.50 (3.75/7.25) vs.
sham PMd7: 0.00 (0.00/0.00), and vs. grind PMd7: 1.00 (0.00/2.00), p < 0.05; and
clip PMd42: 3.00 (2.00/4.25) vs. sham PMd42: 0.00 (0.00/0.00), and vs. grind
PMd42: 1.00 (0.00/1.75), p < 0.05). A significant treatment effect was detected for
the number of necrotic teeth in both PMd7 and PMd42 piglets (PMd7: H2=7.31,
p < 0.05; PMd42: H2=14.04, p < 0.0001), however, no pairwise comparisons were
significant between PMd7 treatment groups (p > 0.05). PMd42 grind and clip piglets
had significantly more necrotic teeth than PMd42 sham piglets (sham PMd42: 0.00
(0.00/0.00) vs. grind PMd42: 2.50 (2.00/4.00), and vs. clip PMd42: 3.50 (2.75/5.00),
p < 0.05) but did not differ significantly from each other (p > 0.05).
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Weighted mean tooth damage index (wTDI) scores (calculated as described in
section 5.2.7) were similar in PMd7 and PMd42 piglets (p > 0.05) but differed
significantly between treatment groups (F2,37=198.28, p < 0.0001). Sham piglets had
significantly lower wTDI scores than clip piglets, with grind piglets being
intermediate but significantly different from both sham and clip piglets (sham: 0.84 ±
0.69, vs. grind: 12.76 ± 0.69, and vs. clip: 18.34 ± 0.69, p < 0.0001). A summary of
PM age and treatment effects on individual tooth damage parameters and wTDI
scores are presented as boxplots in figures 5.1-5.6.

5.3.4

Gene expression within the tooth pulp

Gene expression for both reference genes (ACTB and PPIA) and their geomean were
stable across treatment groups (Ct value variations of 0.5 or less both across and
between PM age groups). Within the tooth pulp, no significant interactive effects of
treatment and PM age group on gene expression were detected (see table 5.9). Gene
expression (∆Ct values) for CXCL8, CALCB, and PTGS2 were not significantly
different between PM age groups (p > 0.05). A summary of the effects of treatment
and PM age on tooth pulp gene expression (adjusted means ± SEM of ∆Ct values) is
presented in table 5.8.

There was a significant treatment effect on CALCB expression (F2,37= 29.94,
p < 0.0001). Irrespective of PM age (i.e. time since tooth treatment application) sham
piglets had significantly lower ∆Ct values (i.e. higher gene expression) than both
grind and clip piglets (sham: 8.70 ± 0.34 vs grind: 9.77 ± 0.34, p < 0.01 and vs. clip:
11.07 ± 0.34, p < 0.0001) and ∆Ct in clip piglets was significantly higher than in
grind piglets (p < 0.001). Fold changes of gene expression in the clip and grind
treatment groups relative to the sham treatment group are shown in figure 5.7.

There was also a significant treatment effect on expression of CXCL8 (F2,37= 166.58,
p < 0.0001). Irrespective of PM age, sham piglets had significantly higher ∆Ct
values (i.e. lower gene expression) than both grind and clip piglets (sham: 11.02 ±
0.51 vs. grind: 2.64 ± 0.51, and vs. clip: 2.00 ± 0.51, p < 0.0001). No significant
difference was detected between ∆Ct values for grind and clip piglets (p > 0.05) Fold
changes of gene expression in the clip and grind treatment groups relative to the
sham treatment group are shown in figure 5.8.
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Figure 5.1. Comparison of number of teeth per piglet with fractures between
treatment groups (sham, grind, and clip) across both post-mortem age groups.
The number of teeth with fractures was not significantly different between sham and
grind piglets (p > 0.05) but was higher in clip piglets compared with both sham
(p < 0.0001) and grind (p < 0.01) piglets. 25th, 50th and 75th percentiles are
represented by the bottom, midline, and top of the box respectively. Whiskers
include datapoints out with the interquartile range (IQR) to a maximum of 1.5 times
the IQR, with outliers presented as white dots.
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Figure 5.2. Comparison of number of teeth per piglet with shattered dentine
between treatment groups (sham, grind, and clip) across both post-mortem age
groups. The number of teeth with shattered dentine was not significantly different
between sham and grind piglets (p > 0.05) but was higher in clip piglets compared
with both sham (p < 0.0001) and grind (p < 0.001) piglets. Boxplot parameters are as
described in Figure 5.1.
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Figure 5.3. Comparison of number of teeth per piglet with exposed dental pulp
between treatment groups (sham, grind, and clip) across both post-mortem age
groups. The number of teeth with exposed dental pulp was significantly lower in
sham than clip and grind piglets (p < 0.0001), and higher in clip piglets compared
with grind piglets (p < 0.001). Boxplot parameters are as described in Figure 5.1.
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Figure 5.4. Comparison of number of teeth per piglet with jagged resection
surfaces between treatment groups (sham, clip, and grind) and post-mortem age
groups (PMd7 and PMd42). The number of teeth with jagged resection surfaces in
sham and grind piglets was not affected by age at post-mortem (p > 0.05). PMd7 clip
piglets had more teeth with jagged resection surfaces than PMd42 clip piglets (p <
0.05). In both post-mortem age groups, the number of teeth with jagged resection
surfaces was similar in sham and grind piglets (p > 0.05), but higher in clip piglets (p
< 0.05). Boxplot parameters are as described in Figure 5.1.
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Figure 5.5. Comparison of number of teeth per piglet with necrotic tooth pulp
between treatment groups (sham, clip, and grind) and post-mortem age groups
(PMd7 and PMd42). The number of necrotic teeth in sham and grind piglets was
not affected by age at post-mortem or by treatment in PMd7 piglets (p > 0.05).
PMd7 clip piglets had fewer necrotic teeth than PMd42 clip piglets (p < 0.05).
PMd42 grind and clip piglets had significantly more necrotic teeth than PMd42 sham
piglets (p < 0.05) but did not differ significantly from each other (p > 0.05). Boxplot
parameters are as described in Figure 5.1.
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Figure 5.6. Comparison of weighted tooth damage index (wTDI) scores between
treatment groups (sham, clip, and grind) across both post-mortem age groups.
wTDI scores were significantly lower in sham piglets than in grind and clip piglets
(p < 0.0001) and significantly higher in clip piglets than in grind piglets
(p < 0.0001). Boxplot parameters are as described in Figure 5.1.
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A significant treatment effect on PTGS2 expression was also detected (F2,37= 7.67,
p < 0.01). Irrespective of PM age, sham piglets had significantly higher ∆Ct values
(i.e. lower gene expression) than both grind and clip piglets (sham: 7.50 ± 0.29 vs.
grind: 6.65 ± 0.29, p < 0.05, and vs. clip: 6.38 ± 0.29, p < 0.01). No significant
difference was detected between ∆Ct values for grind and clip piglets (p > 0.05).
Fold changes of gene expression in the clip and grind treatment groups relative to the
sham treatment group are shown in figure 5.9.

A significant effect of age at PM (F(1,37)= 45.53, p < 0.0001) was present for
PTGER2. Across treatments the PMd7 piglets had higher ∆Ct values (i.e. lower gene
expression) than PMd42 piglets (10.05 ± 0.146 vs. 9.26 ± 0.146, p <0.0001). Across
PM age groups, a significant treatment effect was observed (F2,37=5.56, p < 0.01) as
sham piglets had significantly higher ∆Ct values (i.e. lower gene expression) than
clip piglets (9.89 ± 0.16 vs. 9.82 ± 0.16, p < 0.01) while grind ∆Ct values were
intermediate and not significantly different from those of sham or clip piglets (9.67 ±
0.16, p > 0.05). However, when treatments were compared within each age group, no
significant pairwise comparisons were detected (p > 0.05). Fold changes of gene
expression in the clip and grind treatment groups relative to the sham treatment
group across PM age groups are shown in figure 5.10.
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Table 5.8. Effects of tooth resection treatment (sham, grind, clip) and age at post-mortem (PMd7 and PMd42) on gene
expression in the tooth pulp (n=8 pigs/treatment/PM age group). Data are presented as the adjusted means ± SEM of the gene ∆Ct
values. Lower ∆Ct values indicate higher gene expression
Gene

Treatment (T)

Age (A)

P value

Sham

Grind

Clip

PMd7

PMd42

T

A

TxA

CALCB

8.70 ± 0.34a

9.77 ± 0.34b

11.07 ± 0.34c

9.86 ± 0.31

9.83 ± 0.31

<0.0001

0.91

0.16

CXCL8

11.02 ± 0.51a

2.64 ± 0.51b

2.00 ± 0.51b

4.85 ± 0.46

5.59 ± 0.46

<0.0001

0.11

0.98

PTGS2

7.50 ± 0.29a

6.65 ± 0.29b

6.38 ± 0.29b

7.08 ± 0.26

6.60 ± 0.26

0.002

0.054

0.43

PTGER2

9.89 ± 0.16a

9.67 ± 0.16ab

9.41 ± 0.16b

10.05 ± 0.15

9.26 ± 0.15

0.010

<0.0001

0.86

a,b,c

Within rows, treatment means followed by different letters differ significantly (p < 0.05).
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Figure 5.7 Comparison of CALCB gene expression in piglet needle tooth pulp at
PM following tooth treatment (tooth clipping, tooth grinding and sham grinding; n
= 16 per treatment). Data are presented as the fold-change in gene expression
relative to the sham treatment mean. Fold-change standard deviations are displayed
as error bars. Bars with different letters differ significantly (sham vs. grind: p < 0.01;
sham vs. clip: p < 0.0001; grind vs. clip p < 0.001).
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Figure 5.8 Comparison of CXCL8 gene expression in piglet needle tooth pulp at
PM following tooth treatment (tooth clipping, tooth grinding and sham grinding; n
= 16 per treatment). Data are presented as the fold-change in gene expression
relative to the sham treatment mean. Negative fold-change standard deviations are
displayed as error bars (positive standard deviations (grind: 1557.33; clip: 983.32)
omitted due to impact on y-axis scale). Bars with different letters differ at
p < 0.0001.
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Figure 5.9. Comparison of PTGS2 gene expression in piglet needle tooth pulp at
PM following tooth treatment (tooth clipping, tooth grinding and sham grinding; n
= 16 per treatment). Data are presented as the fold-change in gene expression
relative to the sham treatment mean. Fold-change standard deviations are displayed
as error bars. Bars with different letters differ significantly (sham vs. grind: p < 0.05;
sham vs. clip: p < 0.01).
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Figure 5.10 Comparison of PTGER2 gene expression in piglet needle tooth pulp
at PM following tooth treatment (tooth clipping, tooth grinding and sham grinding;
n = 16 per treatment). Data are presented as the fold-change in gene expression
relative to the sham treatment mean across both age groups. Fold-change standard
deviations are displayed as error bars. Bars with different letters differ significantly
(p < 0.01).
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5.3.5

Gene expression within the trigeminal ganglia

Within the PMd7 age group one sham and one clip piglet were removed from the
trigeminal ganglia gene expression analysis as the integrity of the RNA obtained
from their tissue samples was too low. Gene expression for both reference genes
(ACTB and PPIA) and their geomean were stable across treatment groups (Ct value
variations of 0.5 or less both across and between PM age groups). A
significant interactive effect of treatment and PM age group was observed for the
TAC1 expression; however, the treatment effect was not significant for either PM
age group (p > 0.05), although a significant effect of age at PM was observed
(F(1,33)=28.28, p < 0.0001; see table 5.10).

There was a significant treatment effect for GFAP (F2,35=3.37, p < 0.05) which was
due to a significant difference between sham and grind piglets (sham: 5.07 ± 0.22 vs.
grind: 4.58 ± 0.22, p < 0.05) with clip piglets intermediate (4.78 ± 0.22) and not
significantly different to sham or grind (p > 0.05). Fold changes of gene expression
in the clip and grind treatment groups relative to the sham treatment group are shown
in figure 5.11.

No effect of treatment was detected for the remaining genes analysed within the
trigeminal ganglia (CALCB, UCHL1, ATF3, GRIN2B, TRPV1, and PTGS2;
p > 0.05). A significant effect of age at PM was found for CALCB (F1,35= 10.83,
p < 0.01), UCHL1 (F1,35=37.29, p < 0.0001), ATF3 (F1,35=9.66, p < 0.01), and
GRIN2B (13.40 ± 0.27, F1,35=19.20, p < 0.001), but not TRPV1 or PTGS2 (p >
0.05). A summary of the effects of treatment and PM age on trigeminal ganglia gene
expression (adjusted means ± SEM of ∆Ct values) is presented in table 5.9.

212
Table 5.9. Effects of tooth resection treatment (sham, grind, clip) and age at post-mortem (PMd7 and PMd42) on gene
expression in the trigeminal ganglia (n=8 pigs/treatment/PM age group except PMd7 sham and PMd7 clip (n=7)). Data are presented
as the adjusted means ± SEM of the gene ∆Ct values. Lower ∆Ct values indicate higher gene expression.
Gene

1

Treatment (T)

Age (A)

P value

Sham

Grind

Clip

PMd7

PMd42

T

A

TxA

GFAP

5.07 ± 0.22a

4.58 ± 0.22b

4.78 ± 0.22ab

4.88 ± 0.21

4.74 ± 0.21

0.0458

0.38

0.84

CALCB

-0.05 ± 0.08

-0.06 ± 0.08

-0.06 ± 0.08

0.07 ± 0.07

-0.18 ± 0.07

0.99

0.002

0.17

TAC11

1.84 ± 0.10a

1.80 ± 0.10a

1.63 ± 0.10ab

1.76 ± 0.08

1.44 ± 0.08

0.99

<0.0001

0.031

TAC12

1.38 ± 0.10b

1.40 ± 0.10b

1.55 ± 0.10ab

PTGS2

12.5 ± 0.27

12.2 ± 0.27

12.5 ± 0.27

12.4 ± 0.27

12.4 ± 0.26

0.051

0.97

0.75

TRPV1

5.56 ± 0.10

5.41 ± 0.10

5.49 ± 0.10

5.49 ± 0.09

5.49 ± 0.09

0.31

0.94

0.13

GRIN2B

13.00 ± 0.28

13.20 ± 0.28

13.30 ± 0.28

12.9 ± 0.28

13.4 ± 0.27

0.12

0.0001

0.83

UCHL1

-0.68 ± 0.06

-0.79 ± 0.06

-0.73 ± 0.06

-0.83 ± 0.06

-0.63 ± 0.06

0.074

<0.0001

0.91

ATF3

9.36 ± 0.13

9.23 ± 0.12

9.47 ± 0.13

9.19 ± 0.11

9.52 ± 0.11

0.15

0.004

0.60

Values for PMd7 piglets only. 2 Values for PMd42 piglets only. a,b Within rows, treatment means followed by different letters differ

significantly (p < 0.05).
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Figure 5.11 Comparison of GFAP gene expression in piglet trigeminal ganglia at
PM following tooth treatment (tooth clipping, tooth grinding and sham grinding; n
= 16 per treatment). Data are presented as the fold-change in gene expression
relative to the sham treatment mean. Fold-change standard deviations are displayed
as error bars. Bars with different letters differ significantly at p < 0.05.
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5.4

Discussion

Within this chapter the long-term physiological responses of commercial piglets to
needle tooth resection were evaluated for evidence of pain and stress over a 6-week
period following treatment application. No differences in weight or haematological
measures were observed, suggesting a lack of systemic infection and inflammation
for up to 42 days after tooth resection by both clipping and grinding. These results
are supported by the distal localisation of pulp necrosis (where present) which
indicates that infection was still localised within the pulp chamber at the time of
post-mortem observation. Tooth damage measures and mRNA expression within the
tooth pulp were significantly affected by tooth resection and, overall, more so by
clipping than grinding. Both resection methods appear to induce an inflammatory
state within the tooth pulp that was sustained up to 42 days post-treatment. Within
the trigeminal ganglia, most likely due to technical limitations of the methodology, it
was not possible to distinguish between treatments using neuronal gene expression,
and glial gene expression provided only limited evidence that grinding caused
damage to the dental nerves that remained unresolved up to 42 days after treatment
application, potentially providing a mechanism for the manifestation of long term
chronic inflammatory, or neuropathic pain due to tooth grinding in these piglets.

5.4.1

Systemic markers of pain and stress

Weight data
Tooth resection had no effect on live weights or mean daily weight gains up to 42
days after treatment. This corresponds to an overall lack of treatment effect on
weight data within the behavioural experiment (chapter 4) of this study and agrees
with much, though not all, of the previous literature (see section 4.4.1 for further
discussion).

Haematological data
Plasma concentrations of total cortisol were in accordance with ranges reported for
healthy piglets of similar ages in previous studies (Borghetti et al., 2006; Hessing et
al., 1994; Kanitz et al., 2009; Llamas Moya et al., 2007; Marchant-Forde et al., 2009;
Prunier et al., 2005) and were unaffected by tooth clipping and tooth grinding at both
7 and 42 days post-treatment. This is in accordance with previous studies that report
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piglet tooth clipping and grinding to induce only minor, short-term (≤ 15 minutes
post-treatment) increases in plasma cortisol concentrations (cortisol sampled
at: 2-5, 15, 30, 60, 90, 120, 180 min: (Bataille et al., 2002; Prunier et al., 2005) 45
min, 4 h 48 h, 1, 7, 14 days: (Marchant-Forde et al., 2009), and 1 and 29 days:
(Llamas Moya et al., 2006)). Cortisol has been shown to vary with numerous
biological and environmental factors including age (Kanitz et al., 2009; Llamas
Moya et al., 2007; Prunier et al., 1993; Ruis et al., 1997), weight (Čobanović et al.,
2020; Hillmann et al., 2008), sex (Ruis et al., 1997), breed (Merlot et al., 2012),
enriched/unenriched environments (Merlot et al., 2012; Morgan et al., 2019;
Munsterhjelm et al., 2010), time of day (Adcock et al., 2006; Ekkel et al., 1996;
Munsterhjelm et al., 2010; Prunier et al., 1993; Ruis et al., 1997), social stress
(Kanitz et al., 2014; Koopmans et al., 2005a; Ruis et al., 1997)) and food
consumption (Koopmans et al., 2005b). While most of these factors were controlled
for in the experimental design it was not possible to control for the proximity of food
consumption or aggressive interactions to blood sampling which may have resulted
in inter-individual variations thereby contributing to the lack of treatment effect.
Weaning at 28 days of age has been shown to increase plasma cortisol concentrations
in pigs 2 weeks after weaning (Salak-Johnson and Webb, 2018) and may therefore
have contributed to the age effect on cortisol observed in this study. It must also be
considered that any stress and/or pain from tooth resection at 7 and 42 days posttreatment may be of too low an intensity to stimulate the HPA axis to release cortisol
at a detectable level (Prunier et al., 2005).

Plasma haptoglobin concentrations were comparable with reported ranges for healthy
pigs (Čobanović et al., 2020; Llamas Moya et al., 2007; Martin et al., 2005; Piñeiro
et al., 2009; Pomorska-Mól et al., 2012) but did not vary significantly with age. Agerelated variations are reported in the literature and show a peak around day 5 (Llamas
Moya et al., 2007; Martin et al., 2005) with both increases (Piñeiro et al., 2009;
Pomorska-Mól et al., 2012) and decreases (Martin et al., 2005) reported in the
following weeks (within which time blood samples were collected for the current
study) therefore the lack of age effect in the current study is not unexpected.
Haptoglobin concentrations were unaffected by tooth clipping and tooth grinding at
both 7 and 42 days post-treatment. Similarly, Llamas Moya et al (2006) reported no
effect of tooth clipping or grinding on plasma concentrations of APPs (SAA and
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CRP) at 1 and 29 days after treatment application relative to untreated controls. In
later work, the same authors reported that tooth clipping combined with tail docking
and ear notching only resulted in an overall trend (p=0.006) for a 0.1 ng / ml increase
in haptoglobin concentrations compared with untreated controls measured 1, 3, 5,
and 7 days after treatment application, with SAA being unaffected by treatment
across the same timescale (Llamas Moya et al., 2007) and furthermore, that surgical
castration did not affect plasma concentrations of CRP, SAA or haptoglobin 1, 2, 3,
4, 12, 24, 48, or 72 hours after treatment (Llamas Moya et al., 2008).

Given the variable responses of APPs to different pathologies, the suitability of
haptoglobin to detect inflammation and / or subsequent infections arising from tooth
resection should be considered. The primary function of haptoglobin is the binding of
free haemoglobin in the blood thereby reducing iron availability and limiting the
growth of invading bacteria and anti-inflammatory properties are also reported
(Petersen et al., 2004*), although it is suggested to be more suitable for detecting
acute as opposed to chronic inflammation (Alsemgeest et al., 1994; Horadagoda et
al., 1999; Petersen et al., 2004*). Baseline concentrations of haptoglobin have been
shown to be highly variable in pigs and it is recommended that a combination of
APPs be measured to ensure detection of porcine pathologies (Heegaard et al., 2011;
Pomorska-Mól et al., 2012). However, haptoglobin is reported to be substantially
elevated in pigs by various infections (both natural and experimentally induced),
surgery, and experimentally induced inflammation (for review see: Petersen et al.,
2004*). Moreover, Parra et al (2006) reported haptoglobin to be the most reliable and
sensitive positive APP (compared with CRP, SAA, Pig-MAP, and albumin) for
porcine pathology as they found it to be significantly and substantially increased not
only in diseased pigs, but also - and more so than for other positive APPs - in pigs
experiencing inflammation due to bitten tails and ears, arthritis and other sources.
Petersen et al (2002a; 2002b) also reported increased haptoglobin concentrations in
ear- and tail-bitten pigs, while Heinonen et al (2010) found tail biting to cause
increases in multiple APPs (CRP, SAA and Hp). It is therefore reasonably likely that
the haptoglobin assay would have detected systemic inflammation and / or infections
from tooth resection had they been present.
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As expected from the literature, the number of red and white blood cells, percentage
haematocrit, and concentration of haemoglobin all increased with age, while no age
effect was observed for the percentage of lymphocytes and granulocytes (comparable
to the NLR). All of these parameters were appropriate for their expected reference
ranges (Ekert Kabalin et al., 2008; Friendship et al., 1984; Loynachan, 2012†;
Ventrella et al., 2017) and were unaffected by either method of tooth resection.
Haematological reference ranges are notoriously wide for pigs (Loynachan, 2012†),
and it could be argued that studies reporting these values have invariably included
pigs with subclinical conditions making them of limited value for the identification
of subclinical disease and less severe pain and stress states in piglets. Nonetheless,
the NLR is considered a good indicator of subclinical pathology and stress
(Chmielewski and Strzelec, 2018*; Faria et al., 2016*; Salak-Johnson and Webb,
2018; Sautron et al., 2015; Song et al., 2021; Widowski et al., 1989) and overall
these results (supported by the cortisol and haptoglobin concentrations) indicate that
the pigs within all treatment groups and both ages were of generally good health and
lacked signs of anaemia, malnutrition, dehydration, severe or chronic pain / stress,
and systemic infection and inflammation (Buzzard et al., 2013; Chmielewski and
Strzelec, 2018*; Faria et al., 2016*; Hoelzle et al., 2014*; Ježek et al., 2018; Kim et
al., 2017; Odink et al., 1990; Salak-Johnson and Webb, 2018; Sautron et al., 2015;
Song et al., 2021).

5.4.2

Effects of resectioning on tooth integrity

Tooth length
MNTL immediately after treatment was longer in sham handled than tooth resected
piglets. Clipping resulted in a significantly lower MNTL than grinding which were
approximately 2/3 and 3/4 that of the sham group respectively, however, at 0.3 mm
(as per chapter 3 where n = 120, see section 3.4.1) the difference between clipped
and ground MNTL is considered to be of questionable biological relevance. MNTL
at PM followed a similar pattern between treatment groups but was shorter for
PMd42 than PMd7 piglets. These results suggest that oral behaviours that produce
tooth wear in domestic pigs may cause modest reductions in MNTL over time in the
absence of any tooth resection application. However, tooth resection either partially
or completely removes enamel which is harder and has a higher wear resistance than
dentine (Chun et al., 2014) meaning resected teeth should be more prone to being
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worn down. Furthermore, jagged tooth resection surfaces, which were most common
in clipped piglets, were observed less often within this group on d42 than d7 (see
discussion below), suggesting that the surfaces were worn flat in the interceding
weeks. A larger cohort or a longer period between treatment and tooth collection
may have provided stronger evidence of an effect of tooth clipping on subsequent
tooth wear.

Tooth damage
Fractures and splintering were most common in the teeth of clipped piglets and rare
in grind piglets which did not differ significantly in prevalence from sham piglets for
either measure. Histological studies of damage caused by tooth resection are rare,
however these results are in agreement with previous studies that have reported tooth
fractures as a consequence of tooth resection with higher incidences in clipped than
ground teeth (Gallois et al., 2005; Hay et al., 2004) with no effect of time from
treatment to tooth assessment (Hay et al., 2004), and splintering as a result of tooth
clipping (Hutter et al., 1994; Burger 1983 cited in: Holyoake, Broek and Callinan,
2004). Jagged tooth resection surfaces were rare to absent in grind and sham piglets
but common in clipped piglets although the median number of teeth affected per
piglet was halved from d7 (6.5) to d42 (3.0). This measure has not been reported in
previous studies but the treatment effect parallels that of fractures and splintering and
is likely due to the same factors. As discussed, the reduction in incidence over time
seen within the clipped treatment group can be attributed to attrition of the resection
surface resulting in a smoother surface over time.

A high prevalence of pulp exposure (i.e. opening of the pulp cavity) was observed in
resected teeth. No effect of time after treatment was observed and on average in
clipped piglets the pulp was exposed in 7 out of 8 teeth compared with 6 out of 8
teeth following grinding. Similar results were found in previous studies which
reported a greater frequency of pulp exposure in clipped than ground teeth with no
effect of time up to 48 days post-treatment pulp (Hay et al., 2004; Hutter et al.,
1994). While even partial loss of enamel without exposure of the pulp or dentine can
lead to an inflammatory response within the tooth pulp (Galler et al., 2021*),
exposure of the pulp (and indeed removal of the enamel and dentine to within 0.5
mm of the pulp cavity) have been shown to result in high levels of neutrophil
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infiltration and subsequent pulp necrosis in human teeth which were not observed
when a greater thickness of dentine was retained (Izumi et al., 1996; Cooper et al.,
2011). Removal of even one third of the length of the needle teeth in piglets, which
often results in pulp exposure, is therefore sufficient to induce inflammation and
infection within the tooth pulp which will ultimately lead to pulp necrosis.

Pulp necrosis was observed at both d7 and d42 in resected teeth only, however, its
incidence was too low to return a significant treatment effect for pairwise
comparisons on d7. By d42 a significant effect of tooth resection was apparent, and
necrosis was observed in significantly more clipped than ground teeth. Conversely,
Hay et al (2004) found necrosis to be more common in ground than control teeth
with clipped teeth being intermediate and not significantly different to the other
treatments and furthermore did not observe any necrosis until 27 days after treatment
application. These discrepancies may be due to technical differences in treatment
application within and between the studies including 1) variation in the quantity of
tooth removed (both studies intended the removal of the top third of each tooth,
however length remaining was not recorded by Hay et al), 2) the maximum
temperature applied to the teeth during grinding due to the length of time the grinder
was in contact with the teeth (Redaelli et al., 2012), 3) the grinder speed setting
selected (not reported in Hay et al), and 4) the pressure applied by the handler during
the procedure. Natural differences in the composition and proliferation rates of oral
microbiota may also have influenced the onset of necrosis.

Necrosis is the result of cell death and a loss of pulp vitality due to persistent
bacterial infection and / or chronic inflammation of the pulp tissue (Cooper et al.,
2014*; Galler et al., 2021*; Hong et al., 2020). Pulp infections are initially highly
localised around the injury site, however, as the affected tissue becomes necrotic
bacteria are able to move into the surrounding areas where the process repeats until
infection reaches the apical foramen from where it can spread to the surrounding
periodontal tissue and beyond (Bjørndal and Ricucci, 2014†; Galler et al., 2021*;
Metzger et al., 2009†). Within this study, the area of necrosis observed was restricted
to the distal region of the pulp chamber indicating that all infections were still
localised within the tooth pulp up to 42 days after tooth clipping and grinding. A
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longer time between treatment application and tooth sample collection would likely
show a progression of necrosis although this remains to be investigated.

Overall, as indicated by the TDI scores, damage to the teeth was more severe when
resection was conducted by clipping rather than grinding and the type of damage
incurred is unlikely to happen naturally. These results are to be expected as enamel is
a hard but brittle material, better suited to resisting damage from shear forces (Chun
et al., 2014). Compared to humans, pigs have a thinner enamel layer which makes
their teeth more prone to fracturing under compressive force (Popowics et al., 2004,
2001). Consequently, compared to the shear forces applied during grinding, the high
compression forces associated with tooth clipping are likely to result in more enamel
fractures, splintering, jagged resection surfaces, and therefore a higher incidence of
pulp exposure, greater tissue damage, and an increased surface area of pulp tissue
exposed to harmful oral bacteria, ultimately resulting in a greater frequency of pulp
tissue necrosis.

5.4.3

Effects of resectioning on gene expression within the tooth pulp

Expression of CXCL8 was greatly upregulated in the pulp of resected teeth at both
d7 and d42. Overall, expression was upregulated approximately 331-fold and 519fold in the pulp of ground and clipped teeth respectively when compared with the
control (sham ground) tooth pulps. No significant difference was observed between
resection methods due to large variation within both resection groups although both
positive and negative standard deviations in the grind treatment were much greater
than those within the clip treatment.

Low-level constituent expression of the CXCL8 gene and production of IL8 occurs
within the odontoblast layer at the periphery of the pulp in healthy teeth and is
upregulated in response to bacterial products such as the endotoxin,
lipopolysaccharide (LPS) (Farges et al., 2011; Huang et al., 1999; Levin et al., 1999).
Expression of CXCL8 and IL8 production also occur in various other dental pulp cell
types including endothelial cells, macrophages, lymphocytes, immature dendritic
cells and fibroblasts in response to bacteria and their by-products (Galler et al.,
2021*; Goldberg and Hirata, 2017*; Huang et al., 1999; Russo et al., 2014*). IL-8 is
a pro-inflammatory C-X-C subfamily chemokine known to be one of the main
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inflammatory response mediators in dental pulp (Khorasani et al., 2020*). It has
numerous pro-inflammatory properties but is best known for its ability to exert
intense chemotactic influences via haptotactic gradients on neutrophils (Huang et al.,
1999; Levin et al., 1999). Neutrophils dominate the acute inflammatory response and
contribute to wound healing, but paradoxically are also responsible for significant
collateral tissue damage during their migration through the pulp tissue and
extracellular killing mechanisms (i.e. neutrophil extracellular traps (NETs)) thereby
contributing considerably to chronic inflammation (Caielli et al., 2012*; Castanheira
and Kubes, 2019*; Cooper et al., 2014*; Holder et al., 2019).

Several studies have reported the upregulation of CXCL8 and IL8 in carious and
inflamed dental pulps, compared with healthy pulps (Akbal Dincer et al., 2020;
Galicia et al., 2016; Huang et al., 1999; Levin et al., 1999; Mclachlan et al., 2004;
McLachlan et al., 2005). Galicia et al (2016) reported not only a 35.9-fold increase in
CXCL8 expression in inflamed compared with healthy pulps, but also that compared
with moderately to severely painful pulpitis, expression of CXCL8 in mild to
asymptomatic pulpitis was 0.14-fold (i.e. 86%) lower. While Akbal Dincer, et al.
(2020) found IL8 concentrations within inflammed pulp samples tended to be higher
in patients reporting a pain rating of 6 to 10 than of 1 to 5. Given the substantial and
sustained upregulation of CXCL8 in the pulp of clipped and ground piglet teeth
within the current study it appears that tooth resection by both methods induces
chronic pulpitis which was likely to be painful in the majority of cases.

PTGS2 expression within the pulp of resected teeth was also upregulated
at both d7 and d42. Overall, expression was upregulated approximately 1.8-fold and
2.2-fold in the pulp of ground and clipped teeth respectively when compared with the
control (sham ground) tooth pulps, with no significant difference observed between
resection methods.

PTGS2 or COX-2 is the inducible isozyme of prostaglandin-endoperoxide synthase
(PTGS) or cyclooxygenase (COX) and codes for the COX-2 enzyme (Ricciotti and
Fitzgerald, 2011*). This enzyme is involved in the critical, rate-limiting step of
prostanoid synthesis from arachidonic acid (Nakanishi et al., 2001). The
prostaglandin produced activates nociceptors and contributes to both peripheral and
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central sensitisation (Olgart and Kerezoudis, 1994*; Sacerdote and Levrini, 2012*;
Voscopoulos and Lema, 2010*). The PTGS2 gene, enzyme and the prostanoids it
produces (e.g. PGE2), are expressed at very low levels in uninflamed tissues
including dental pulp (Cohen et al., 1985; Galicia et al., 2016; Nakanishi et al., 2001;
Ricciotti and Fitzgerald, 2011*) but are upregulated in inflamed pulp (Cohen et al.,
1985; Galicia et al., 2016; Jain et al., 2013*; Olgart and Kerezoudis, 1994*), most
notably in pulp fibroblast cells (Nakanishi et al., 2001) which make up the bulk of
the cells in dental pulp (Killough et al., 2009). Cohen et al (1985) found that
concentrations of PGE2 were not only doubled in asymptomatic inflamed vs.
uninflamed pulps, but almost 14 times higher in inflamed pulps that were painful
compared with asymptomatic pulps. However, while Galicia et al (2016) reported a
6.8-fold upregulation of the PTGS2 gene in inflamed vs. healthy human pulp, which
was higher but comparable with that found in the current study (a ~2-fold increase in
resected teeth), they did not find a significant difference between PTGS2 expression
in painful and asymptomatic pulpitis. Overall, the small but significant and persistent
upregulation of PTGS2 in pulps from resected teeth supports the evidence from
CXCL8 expression in terms of the presence of long-term inflammation but not
necessarily long-term pain.

PTGER2 expression was relatively low in all treatment groups and was affected by
piglet age at PM. A small (1.39-fold) upregulation was detected in clipped piglets
when PM age groups were analysed together but no treatment effect was detected
within either PMd7 or PMd42 piglets when analysed separately.
The PTGER2 gene codes for EP2 – one of 4 receptors for the COX-2-produced
inflammatory arachidonic acid metabolite, PGE2 (Ricciotti and Fitzgerald, 2011*).
PGE2 is the most highly conserved prostanoid and the main product of the
arachidonic acid cascade (Sood et al., 2014). Its action depends mainly on which of
its receptors it binds to (Ohkura et al., 2017; Ricciotti and Fitzgerald, 2011*; Sluter et
al., 2021*). Although the abundance and PGE2 binding affinity of EP2 is
comparatively low in most tissues (Fujino et al., 2002; Ricciotti and Fitzgerald,
2011*), it is the most highly expressed PGE2 receptor in tooth pulp within which the
normally abundant EP4 is largely absent (Chang et al., 2006). PGE2 activation of the
EP2 receptor induces second messenger signalling, both directly activating the
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intracellular cAMP/PKA/CREB and EP2 ‑Gs‑axin‑pathways, and creating a
significant amount of cross-talk with other signalling pathways to produce an array
of functions dependent on numerous interactions (Chang et al., 2016; Sun and Li,
2018*). Known functions of EP2 activation include osteogenesis (Chang et al., 2016),
vasodilation (Omori et al., 2014), angiogenesis (Ohkura et al., 2017; Sluter et al.,
2021*), potentially reparative dentine production (Ohkura et al., 2017), and chronic
inflammation (Ricciotti and Fitzgerald, 2011*; Sun and Li, 2018*). PGE2-EP2
signalling has been repeatedly shown to invoke excessive and maladaptive
inflammation by altering the expression of various cytokines and through
vasodilatory action in other tissues (Omori et al., 2014; Sluter et al., 2021*; Sun and
Li, 2018*). However, in vitro co-expression of EP2 and COX-2 was found to result in
only small (~1.2-fold) significant increases in COX-2 activity (Haddad et al., 2012),
and increases in EP2 receptor protein and PTGER2 expression in response to overexpression of the COX-2 enzyme were found to be small (<1.25 and <1.20
respectively) and non-significant (Sood et al., 2014). This corresponds with the
similarly modest upregulation of PTGER2 expression in the current study which is
likely to have occurred as a response to the PTGS2 upregulation that occurred within
the dental pulp of resected teeth.

CALCB expression within the pulp of resected teeth was downregulated
at both d7 and d42. Overall, expression was downregulated approximately 0.47-fold
and 0.19-fold in the pulp of ground and clipped teeth respectively when compared
with the control (sham ground) tooth pulps. The downregulation in clipped tooth
pulp was significantly larger than in the pulp from ground teeth.

The CALCB gene codes for CGRP, a neuropeptide hormone synthesised in
peptidergic neurons (including trigeminal nociceptive C-fibres) but also dental pulp
cells such as fibroblasts (Buck et al., 1999; Castillo-Silva et al., 2019; Iyengar et al.,
2019; Price and Flores, 2007; Tancharoen et al., 2005). CGRP is a potent vasodilator
that exerts later, stronger, and longer lasting effects than the commonly co-expressed
neuropeptide, SP (Awawdeh et al., 2002; Berggreen and Heyeraas, 1999; Brain et al.,
1985). SP and CGRP exert augmentative vasodilatory effects (Gazelius et al., 1987),
and can both stimulate cytokine release from pulpal fibroblasts (Yamaguchi et al.,
2004) and angiogenesis (Galler et al., 2021*). However, their effects on
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inflammation are complex and divergent, with SP acting as an immunostimulant and
CGRP being largely immunosuppressant (Caviedes-Bucheli et al., 2008a, 2008b;
Holzmann, 2013*; Okiji et al., 1997). CGRP is also understood to promote dentin
formation via fibroblast proliferation and production of BMP-2 (Bongenhielm et al.,
1995; Calland et al., 1997; Kline and Yu, 2009; Zhang and Fukuyama, 1999). The
mRNA and products of CGRP and SP are both found in healthy human pulp from
both primary and permanent teeth (Awawdeh et al., 2002; Rodd and Boissonade,
2002; Tancharoen et al., 2005) and these proteins have been reported to be
upregulated due to dental caries and pulpitis in humans (Akbal Dincer et al., 2020;
Awawdeh et al., 2002; Castillo-Silva et al., 2019; Caviedes-Bucheli et al., 2004;
Killough et al., 2009; Rodd and Boissonade, 2002, 2000) and in symptomatic vs
asymptomatic pulpitis in humans (Awawdeh et al., 2002).

However, a series of studies investigating the relationship between pulpal CGRP
expression and axonal sprouting in injured rat teeth have shown that while staining of
CGRP-expressing nerve fibres showed marked temporary increases when only the
dentine was directly injured (< 21 days following lesions to the upper dentin (Byers
et al., 1990; Taylor et al., 1988), ~35 days following deep dentinal lesions which
resulted in reparative dentine formation (Byers et al., 1990)), exposure of the pulp
and direct pulp tissue damage resulted in nerve degeneration (die-back) at sites of
pulp injury and inflammation with sprouting confined to the adjacent areas (and in
association with apical lesions when they occurred) (Khayat et al., 1988; Kimberly
and Byers, 1988). Moreover, in cases of pulp exposure, necrosis was a common and
progressive feature associated with the progressive die-back of nerve fibres through
the pulp chamber towards the apical foramen (Khayat et al., 1988; Kimberly and
Byers, 1988).

Overall these studies showed CGRP staining increased following milder dental
injuries but was in fact reduced with increasing severity of pulpal injury. In support
of these findings, Grutzner et al (1992) found that in rat teeth, acid-etched deep
dentine injuries (within 0.25 mm of the pulp chamber) and pulp exposure reduced
pulpal immunoreactive CGRP (iCGRP) concentrations down to 60 % and 45 % of
baseline values respectively. The discrepancy between these results and the results
from human pulpitis studies (and some studies in rats that showed upregulated CGRP
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expression following pulp exposure (e.g. Buck, Reese and Hargreaves, 1999) are
likely due to variable establishment rates of infections and inflammation resulting
from 1) differences in the type and severity of the injury (as evidenced by the highly
variable reactions resulting from minor variations in mild pulp injures incurred
during pulp exposure even within the same study (Byers et al., 1990; Khayat et al.,
1988; Kimberly and Byers, 1988), and 2) variations in the types and quantities of
bacterial contaminants from salivary microbiota (Khayat et al., 1988), both of which
are likely to have been more severe in experimentally injured rat teeth than in
humans with pulpitis. Rat pulp exposure was achieved using dental burs on
anesthetised rats with a relatively high level of precision resulting in minimal direct
damage to the pulp. In the current study, both the damage to the dentine and pulp
caused by tooth resection and the resulting pathogenic infections and inflammation
were undoubtedly more severe than in previous rat and human studies.

Although the functions of CGRP are varied and somewhat paradoxical,
given the observed upregulation of CXCL8 and PTGS2 following tooth resection in
the current study, the reduction of CGRP expression in severely injured and inflamed
pulp within the literature, and the known immunosuppressant and reparative
properties of CGRP, the reduction on CALCB expression within the pulp of clipped
and ground teeth appears to provide supporting evidence of a prolonged and extreme
inflammatory state within the pulp of resected pig teeth. The greater reduction
observed in clipped tooth pulp suggests greater inflammation in this group, likely due
to the more severe pulp tissue damage caused by clipping compared with grinding,
however, regardless of the method employed, the resulting pulpitis appears to remain
unresolved up to 42 days after tooth resection.

5.4.4

Effects of resectioning on gene expression within the trigeminal ganglia

In humans, some 20,000-35,000 primary afferent, mainly pseudo-unipolar neurons
populate the human trigeminal ganglia supported by around 100 times as many nonneuronal (including glial (satellite and Schwann) cells) (LaGuardia et al., 2000;
Messlinger et al., 2020*; Messlinger and Russo, 2019*). This information appears to
be lacking in pigs but it is reasonable to assume a similar ratio of neuronal to nonneuronal cells is present in the porcine trigeminal ganglia, therefore when assessing
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gene expression responses within the ganglia as a whole, it was logical to investigate
glial as well as neuronal gene expression.

GFAP expression within the trigeminal ganglia of tooth ground piglets was
significantly upregulated at both d7 and d42, while that of clipped piglets was
intermediate and not significantly different to that of either sham or grind piglets.
There was no effect of age at PM in any treatment group. Overall, expression was
upregulated approximately 1.4-fold in grind piglets (a mean increase only 0.2-fold
higher than in clipped piglets).

GFAP codes for an intermediate filament protein of the same name which is
expressed in glial cells including the astrocytes and SGCs of the CNS and PNS
respectively. In their “resting” state, astrocytes and SGCs are involved in the
maintenance and protection of neuronal cells (Hanani and Verkhratsky, 2021*;
Laskawi and Wolff, 1996) but will respond to nervous system insults, including
peripheral nerve trauma and inflammation with reactive gliosis (Ellis and Bennett,
2013*; Hanani and Spray, 2020*; Hanani and Verkhratsky, 2021*; Pekny and
Nilsson, 2005*; Pekny and Pekna, 2016*). Reactive gliosis is an umbrella term for a
wide variety of biochemical, molecular, and functional changes that occur in
astrocytes and SGCs with the purpose of repair and maintenance of neurological
function (Avraham et al., 2020; Escartin et al., 2021*; Sofroniew, 2020*), however,
substantial opportunities for dysfunction exist and reactive gliosis is implicated in a
large range of neuropathies (Hanani and Verkhratsky, 2021*; Pekny and Pekna,
2016*). The type and magnitude of alterations in molecular expression during
reactive gliosis change over time and are dependent on the type of instigating insult
and the affected tissue (Sofroniew, 2020*). Despite this, some features of the process
are generally conserved. Upregulation of GFAP is considered to be one such
“hallmark” of both activated astrocytes and SGCs (Hanani and Spray, 2020*;
Notturno et al., 2009; Pekny and Nilsson, 2005*; Stephenson and Byers, 1995),
however, a lack of GFAP upregulation cannot be taken as an absence of nerve injury
(Escartin et al., 2021*). For example, while inflammation has been shown to induce
glial upregulation of GFAP in both rats and mice, sciatic nerve injuries that elicited
this response in rats have failed to do so in mice (Jager et al., 2020; Mohr et al.,
2021).
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SGC activation as evidenced by GFAP upregulation has previously been observed in
the trigeminal ganglia of rats following infra-orbital nerve injury (Vit et al., 2006),
pulp exposure by dental drilling (Liu et al., 2018; Stephenson and Byers, 1995),
complete Freund’s adjuvant (CFA) induced pulpitis (after pulp exposure by drilling
that was subsequently covered) (Filippini et al., 2018; Matsuura et al., 2013; Watase
et al., 2018), and molar extraction (Gunjigake et al., 2009). Following maxillary
molar extraction, activation of SGCs in rat trigeminal ganglia was observed to spread
from those encasing injured neurons that previously innervated the extracted teeth, to
those associated with uninjured neurons in the mandibular nerve region of the
trigeminal ganglia, indicating cross-excitation via glia-glia interactions (Gunjigake et
al., 2009). Stephenson and Byers (1995) observed a similar result in a subset of rats
following pulp exposure and capping, although in these animals activation had also
spread to regions innervating the ophthalmic branch of the trigeminal nerve. Such
cross-excitation was not observed following milder dental injuries (Liu et al., 2018;
Stephenson and Byers, 1995). Furthermore, following induced pulpitis, not only was
activation of SGCs shown to spread from SGCs associated with the injured neurons
of inflamed teeth to those surrounding uninjured neurons innervating adjacent
uninflamed teeth (Matsuura et al., 2013) and the SGCs of uninjured neurons
innervating the facial skin (Watase et al., 2018), but in both cases the uninjured
neurons exhibited upregulation of TRPV1 indicating the presence of ectopic
(neuropathic) tooth and facial pain respectively.

The upregulation of GFAP in the trigeminal ganglia of tooth ground piglets indicates
that grinding of the teeth caused inflammation, nerve injury, or both, at a level
sufficient to induce reactive gliosis in the SGCs of the trigeminal ganglia and that
this process was ongoing up to 42 days after treatment. Following clipping, a smaller
and non-significant GFAP upregulation was detected. However, gene expression
within the pulp indicates that the duration and severity of inflammation was
comparable between resection methods. Furthermore, compared with grinding,
clipping resulted in slightly shorter remaining tooth length and more severe damage
in terms of fractures, dentine splintering, jagged resection surfaces, pulp exposure,
and bleeding, suggesting that if anything, severe inflammation and damaged pulp
nerves are more – not less - likely to occur in clipped teeth. Several factors may have
contributed to this discrepancy: 1) The heat generated during grinding may have
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exacerbated GFAP upregulation in directly affected SGCs and / or increased the
number of activated SGCs though cross-excitation. Indeed, studies reporting SGC
activation (evidenced by GFAP upregulation) following pulp exposure invariably use
a dental drill to achieve pulp exposure, albeit under irrigation; 2) Given the high
inter-individual variation in gene expression, the loss of data from one of the clipped
piglets may have caused a reduction in statistical power sufficient to render the
clipped treatment result non-significant; 3) The use of whole-ganglion analyses
resulted in signal dilution masking all but the most severe gene expression changes
and GFAP upregulation was only apparent in the grind treatment due to extensive
cross-excitation via glia-glia interactions; 4) Partial / total inhibition of SGC
activation may have resulted from an (undetected) downregulation of neuronal
CGRP that was more severe in clipped piglets. The downregulation of CALCB in the
tooth pulp was greater following clipping than grinding, and nerve die-back due to
severe pulp injury and inflammation is associated with a reduction in neuronal CGRP
expression (see section 5.4.3). Moreover, SGCs in the trigeminal ganglia of humans,
rats and monkeys have been shown to express CGRP receptors (Eftekhari et al.,
2015, 2010) and binding of CGRP to these receptors is reported to result in direct
activation SGCs in rats (Li et al., 2008); 5) Concentrations of a particular bacteria /
bacterial by-products / host response proteins within clipped tooth pulp activated
concentration-dependent signalling pathways that resulted in the temporary delay of
SGC activation or the reparative SGC functions involving GFAP upregulation by
means other than reduced CGRP stimulation.

Regardless of the cause for the discrepancy between treatments, it appears that
grinding the needle teeth causes enough damage to activate the SGCs of the
trigeminal ganglia and may also result in chronic and /or neuropathic pain although
further investigation using single-cell analyses and analysis of gene expression
within the brainstem and brain is required to confirm or refuse this hypothesis.

There were no effects of treatment on any of the remaining genes investigated in the
trigeminal ganglia. Expression of GRIN2B and ATF3 reduced with age while
CALCB, TAC1, and UCHL1 expression increased and PTGS2, TRPV1, and GFAP
were unaffected. Expression of UCHL1 was highest followed by CALCB then
TAC1. UCHL1 encodes a highly conserved protein of the same name that is
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expressed constituently in most neurons and neuroendocrine cells and is estimated to
constitute 5-10% of all neuronal cytoplasmic protein (Day and Thompson, 2010*).
The high UCHL1 expression detected confirmed that the lack of treatment effects
observed for the other neuronal genes being investigated was not due to insufficient
overall numbers of neuronal cells within the trigeminal ganglia samples. The protein
is immunohistochemically undetectable in PNS Schwann cells under normal
circumstances but both gene and protein are upregulated in these cells following
nerve transection (Lin et al., 1997). Results from the current study suggest that either
injuries to the nerves within the tooth pulp caused by clipping and grinding were not
severe enough to elicit upregulation of UCHL1, or the ratio of affected Schwann
cells to unaffected ganglionic cells was too low to be detected by whole ganglion
expression analysis.

CALCB and TAC1 encode for the neuropeptides CGRP and SP found in ~50 % and
~33 % of trigeminal neurons respectively (Goto et al., 2017*; Messlinger et al.,
2020*) which is reflected in their relative expression levels in table 5.10. Both
proteins are understood to contribute to pain facilitation, nociceptor sensitisation, and
hyperalgesia (Iyengar et al., 2017*) and are modulated in response to tooth pulp
injury and inflammation (Buck et al., 1999; Grutzner et al., 1992; Sacerdote and
Levrini, 2012*). In spite of their relatively high expression observed within the pig
trigeminal ganglia, the lack of treatment effect could potentially be due to a lack of
peripheral sensitisation following tooth resection up to d42. However, as discussed,
there may have been a substantial upregulation within the affected neurons that was
not detectable using whole ganglion analysis. Moreover, neuropeptide responses to
inflammation and nerve injury are differential (Garry et al., 2004*) therefore
contrasting effects on their expression are likely to have occurred following tooth
resection, further complicating the detection of either effect when analysing the gene
expression of all ganglionic cells in unison.

TRPV1 encodes a receptor of the same name that is co-expressed with CGRP in
trigeminal ganglia neurons (Price and Flores, 2007). Its upregulation in rats
following tooth pulp inflammation and nerve injury is associated with the production
of ectopic neuropathic pain (Matsuura et al., 2013; Watase et al., 2018). Despite the
substantial amount of damage that tooth clipping and grinding caused, and the
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significant upregulation of GFAP indicating SGC activation following tooth
grinding, no change in TRPV1 expression was detected. Although the absence of an
effect may indicate a lack of sensitisation following treatment, as TRPV1 is only
expressed in a subset of neurons it is likely that signal dilution from unaffected
ganglionic cells would have been capable of masking TRPV1 modulation if it did
occur. Furthermore, CGRP, SP, and TRPV1 regulation in the injured A- and C-fibres
of rat dorsal root ganglia (DRG) can be in direct contrast with each other (i.e.
upregulation of a gene in one neuron type is simultaneously accompanied with
downregulation of the same gene in the other) (Tran and Crawford, 2020*), which
would further impede detection of changes in gene expression in whole ganglia
analyses.

Expression of PTGS2 (encoding COX-2 enzyme as discussed in section 5.4.3) and
GRIN2B (encoding GluN2B - a subunit of the NMDA receptor ion channel that
binds glutamate and is implicated in hyperalgesia following repetitive or chronic Adelta and C-fibre stimulation (Garry et al., 2004*)) was very low in all treatment
groups, and treatment effects on their expression were not detected on d7 or d42.
Single cell analysis of the expression of these genes would likely be of use in future
work as, again, treatment effects in the affected neurons may have been diluted
beyond detection rather than absent. ATF3 expression was moderate to low relative
to the other genes analysed in the trigeminal ganglia. It codes for a same-name
protein commonly used as a marker of neuronal damage (Tsujino et al., 2000). Given
the upregulation of GFAP in grind piglets, an upregulation of ATF3 in this group
would be logical, however, no such response was detected. This lends support to the
theory that gene expression regulation was obscured by the sheer number of
unaffected cells within the ganglia. However, gene expression after injury is
dynamic. The peak in upregulation of ATF3 is likely to have preceded that of GFAP
by several days (Gunjigake et al., 2009; Nascimento et al., 2014) and could quite
conceivably have subsided by the time tissue samples were taken on d7 and d42.
Without a means of continual assessment, short-term but biologically important
changes in expression of various genes may go undetected due to their absence at the
exact time of tissue collection relative to injury.
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Overall little evidence of the activation of neural pain pathways was obtained from
real time qPCR analysis of gene expression within the trigeminal ganglia. However,
upregulation of GFAP 7 and 42 days after tooth grinding indicates that considerable
nerve damage and / or inflammation occurred in this group, potentially resulting in
cross-excitation of ganglionic cells (reactive gliosis) which has been implicated in
the development of chronic pain in humans. Dilution effects and potentially the
timing of tissue sampling are likely to have contributed to the general lack of gene
regulation observed.

5.4.5

Conclusion

Tooth resection, even when only a third of the length of the tooth is removed, results
in substantial injuries, and physical damage from tooth clipping was more severe
within this study. Over time, and without medical intervention, the injuries sustained
are likely to cause progressive inflammation and necrosis in the pulp ultimately
resulting in the spread of infection to tissues outside the pulp chamber. The
haematological, histological and gene expression analyses conducted within this
study suggest that although infections within the pulp chamber did not progress to a
systemic level within a 42 day period, tooth clipping and grinding cause immediate
acute nociceptive and inflammatory dental pain and may result in chronic
inflammatory tooth pain. Moreover, grinding may produce long-term neuropathy.
However, differences in the modality of pain induced by the two methods appear to
exist, making a direct comparison of the methods in terms of piglet welfare difficult
to fully justify at present.
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6 GENERAL DISCUSSION
6.1

Aims and hypotheses of the study

This study aimed firstly to determine whether there is physiological and / or
behavioural evidence of pain and / or stress in the short- and long-term periods
following needle tooth resection, and secondly whether resection by grinding or
clipping is less detrimental to piglet welfare. The main hypotheses of the study were:
1) tooth resection results in pain and stress at the time of application, 2) damage to
the needle teeth is more severe following tooth clipping than tooth grinding at a
macroscopic level; 3) tooth resection causes both short term (within days) and long
term (over weeks) pain and stress; 4) short- and long-term pain in piglets subjected to
neonatal tooth resection can be assessed using behavioural and physiological (e.g.
transcriptional, endocrine, and haemato-immunological) indicators; 5) tooth resection
induces short- and long-term pathological changes in the peripheral nerves
innervating the teeth and gingiva after tooth resection; and 6) clipping the needle
teeth with surgical cutters and grinding them with a rotating grind stone has different
consequences in terms of behavioural and physiological indicators of pain.

6.2
6.2.1

Discussion of study findings
Hypothesis 1: Tooth resection results in pain and stress at the time of
application.

Within this study, there was some behavioural evidence to support the hypothesis
that tooth resection is stressful at the time of application. Irrespective of the treatment
method, directly after resection, piglets spent less time walking and investigating the
walls of the observation box, and spent more time being immobile and nonexploratory. Overall these behavioural changes represent reduced activity and
interest in the environment which are known indicators of stress in pigs and other
animals (Ison et al., 2016*; Prunier et al., 2013*; Sneddon et al., 2014*). Increases in
the number of head flicks and the time spent with ears angled forward suggest some
discomfort from general handling (Noonan et al., 1994; Rand et al., 2002) and
increased vigilance towards the (present but not visible) handler (Boissy et al., 2011;
Racca et al., 2012; Reefmann et al., 2009) respectively. Potential behavioural
evidence of pain was limited to an increase in the time spent investigating the wood
shavings after sham-handling that did not occur after tooth clipping or grinding, and
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a greater occurrence of champing in tooth clipped compared with sham ground
piglets. These treatment effects represent an inhibition of natural behaviour
(potentially induced by pain from tooth resection) (Horrell et al., 2001; Jensen and
Pedersen, 2007; Malavasi et al., 2006; Studnitz et al., 2007*) and abnormal injuryspecific behaviour (potentially induced by pain from tooth clipping; see chapter 3,
section 3.4.3) respectively. However, these and results from previous tooth resection
studies suggest that champing is a multifactorial behaviour potentially influenced by
stress and non-nociceptive oral stimulation such as vibrations and the presence of
blood and / or tooth fragments within the oral cavity (Noonan et al., 1994).
Nonetheless, as pain is a potential causative factor, both of these behavioural changes
merit further investigation.

In species such as pigs that satisfy the physiological criteria for the capacity to feel
pain (see section 1.3.4), tissue damage has the potential to cause pain (Prunier and
Leterrier, 2014*). Mild bleeding was observed in almost all tooth clipped and nearly
a quarter of tooth ground piglets indicating a high frequency of pulp exposure and
tissue damage. The handlers ensured that the tongue, lips and cheek tissue did not
come into contact with the clippers or grinder during tooth resection. Tooth
treatments were carried out carefully and no accidental injuries to these tissues were
observed. Post-resection blood was also confirmed to originate from the resected
tooth surface via visual inspection. Given that the proximal regions of the dentine
layer are innervated (see section 1.2.6) and that the odontoblastic layer, dentine and
enamel of fully formed teeth are avascular (Goldberg et al., 2011*; Yoshida and
Ohshima, 1996), the presence of bleeding shows that, in affected piglets, at a
minimum, the highly sensitive nociceptive A-delta fibres and odontoblast cells would
have been damaged resulting in nociceptive signalling (Byers et al., 2003*; Byers
and Narhi, 1999*; Fried et al., 2011*; Hildebrand et al., 1995*; Narhi, 1990*) and an
inflammatory response (Durand et al., 2006; Farges et al., 2011; Levin et al., 1999;
Staquet et al., 2008; Veerayutthwilai et al., 2007). Furthermore, in cases of tooth
resection where bleeding did not occur, these nerve fibres and odontoblast cells are
still likely to have been activated, often by direct cell damage, but also by the
compressive forces exerted during tooth clipping and the shear forces and extreme
heat applied during grinding (Byers and Narhi, 1999*; Chung and Oh, 2013*;
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Hildebrand et al., 1995*; Hossain et al., 2019*; Redaelli et al., 2012; Tominaga and
Tominaga, 2005*).

Overall, hypothesis 1 is supported by the study results which indicate that tooth
resection is both stressful and potentially painful, although behavioural evidence of
pain is limited, possibly due to a masking effect from handling and isolation stress.

6.2.2

Hypothesis 2: Damage to the needle teeth is more severe following tooth
clipping than tooth grinding at a macroscopic level.

As discussed above and in chapter 3 (see sections 3.3.1 and 3.4.1), bleeding was
more common after tooth clipping than tooth grinding. Furthermore, of the 48 female
piglets also included in the physiological study, at the macroscopic level, those with
clipped teeth had a higher incidence of tooth fractures, pulp exposure, jagged
resection surfaces, and dentine splintering than ground or sham ground piglets,
although no significant difference in the age of onset, or the occurrence, of dental
pulp necrosis in clipped and ground piglets was observed. These results agree with
the small amount of macroscopic and microscopic data available within the literature
(Gallois et al., 2005; Hay et al., 2004; Holyoake et al., 2004; Hutter et al., 1994),
although the results for the age of onset and occurrence of necrosis did not agree with
the (microscopic) results reported by Hay et al 2004, who reported no significant
difference in the occurrence of necrosis between clipped and ground teeth and a later
onset of necrosis (d27 onwards) than in the current study (d7 onwards). Overall,
hypothesis 2 is supported by the results of this study, which show that when
relatively similar quantities of tooth are removed, clipped teeth incur more
macroscopically visible damage compared with those that are shortened by grinding.

6.2.3

Hypotheses 3, 4, and 5: Tooth resection causes both short- and long-term
pain and stress that can be assessed using behavioural and transcriptional,
endocrine, and haemato-immunological indicators, and results in
pathological changes in the associated peripheral nerves.

The reduced number of single head swipes / bites performed by tooth clipped piglets
suggests that this behaviour, which involves pressure being applied to the needle
teeth, may be aversive to piglets that have had their teeth clipped whereas piglets
with ground teeth performed this behaviour with almost the same frequency of sham

236
handled piglets. A direct correlation cannot be made between behavioural and
physiological data as they were not obtained from the same individuals. However,
this subtle behavioural effect does correspond with the greater frequency and severity
of macroscopic tooth damage and the more pronounced downregulation of dental
pulp CALCB gene expression in clipped tooth pulp compared with that from ground
teeth and the very slight upregulation of PTGER2 detected in clipped but not ground
tooth pulp within the physiological study. For the remaining genes analysed within
the tooth pulp, differences between clipped and ground teeth were not statistically
significant although the treatment means of CXCL8 and PTGS2 upregulation were
greater for clipped teeth.

Beyond the treatment effect on single bites and swipes, no behavioural evidence of
pain or stress was detected on aggressive behaviours in the days and weeks following
tooth resection by either clipping or grinding. This discrepancy between the effect of
clipping on bites and swipes compared with other aggressive behaviours could be
explained by several potential contributing factors. Firstly, as discussed in chapter 4
section 4.4.2, the number and duration of fights may have been unaffected by pain
from tooth resection due to stress-induced analgesia (SIA) as this phenomenon has
been reported in pigs (Dantzer et al., 1986; Rushen and Ladewig, 1991) and
catecholamines are rapidly released by pigs during fights (Koopmans et al., 2005a;
Martínez-Miró et al., 2016*). More realistically, fighting may have been too rare to
allow a treatment effect to be detected in the series of 2-hour observations within this
study. Previous studies have also reported no effect of tooth resection on aggressive
behaviours (Fraser, 1975; Lewis et al., 2005b), however, as Fraser (1975) only
recorded fights at the udder during brief observations of suckling events, and
behavioural observations by Lewis et al (2005b) were scored using scan sampling
coupled with 1 hour and 40 minutes of focal sampling on one male and one female
piglet per litter, these studies may also have missed a subtle effect of tooth resection
on fighting. Lastly, it is possible that rather than avoid fights, piglets instead alter the
manner in which they fight to minimise pressure applied to the needle teeth. Fighting
remains a valid behaviour to measure when assessing the impact of tooth resection
on piglet welfare, however, the length of observations and the parameters analysed
may need to be adjusted.
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Oral behaviours relating to feeding were also unaffected by treatment. Although poor
visibility of oral behaviour at the udder reduced the quantity of suckling and udder
massage data available, the lack of treatment effect on these udder directed
behaviours in this study is consistent with much of the literature (Bataille et al.,
2002; Boyle et al., 2002; Fraser, 1975; Lewis et al., 2005b; Prunier et al., 2004) and
is logical when one considers the importance of suckling to a piglet’s survival and
the lack of direct needle tooth stimulation that suckling involves. As discussed in
chapter 1 (section 1.2.1), piglets rely on colostrum and milk for nutrition, immunity,
energy and growth factors that are vital to their survival (Rooke and Bland, 2002*;
Skok and Skorjanc, 2014a*; Xu et al., 2000*) and will starve and die within days if
they do not suckle successfully (Newberry and Wood-Gush, 1985). As such, only the
most severe levels of pain are likely to override a piglet’s motivation to suckle (and
to massage as this behaviour plays a role in stimulating milk let-down by the sow via
oxytocin release (Widowski et al., 2008*) and potentially impacts on future milk
provision (Špinka and Algers, 1995)).

It is also important to note that rather than indicating a lack of pain, suckling may
present a way to reduce pain in both humans and other animals. Non-nutritive
suckling has been shown to shorten the duration of behavioural indicators of distress
(crying and increased heart rate) in human neonates following heel stick (Corbo et
al., 2000; Field and Goldson, 1984) and to increase thermal and mechanical pain
thresholds in neonatal rats (Anseloni et al., 2004; Blass et al., 1995). In both species,
similar pain and distress reducing effects were also found with nutritive suckling
(Blass et al., 1995; Blass and Watt, 1999) and the ingestion of milk in the absence of
suckling (Blass, 1997; Blass and Fitzgerald, 1988; Blass and Watt, 1999). Thus in
piglets with oral injuries there could be a balancing out of motivations to avoid using
the mouth against motivations to suckle for comfort and pain relief which serves to
further mask any treatment effects due to pain from tooth resection.

Furthermore, massaging the udder and suckling do not involve the use of the needle
teeth: massaging involves moving the snout up and down in a vigorous rooting
motion (Hay et al., 2003; Špinka and Algers, 1995), while suckling creates contact
with, and / or deformative negative pressure on, only 3 regions of the oral cavity that
are innervated by the trigeminal nerve – the lips, the tongue and the hard palate
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(Holman et al., 2013; Thexton et al., 2004). Therefore neither massaging nor
suckling equate to direct stimulation of the needle teeth or adjacent soft tissues and
are therefore unlikely to be altered as a means to guard against stimulating the
injured needle teeth. However, these behaviours could be affected in cases where
tooth resection leads to injury and infection of the tongue, cheeks or gums, and when
pulpal infections progress to periodontitis within the suckling period as both of these
situations have the potential to instigate a systemic inflammatory response and
secondary infections such as polyarthritis (Brown et al., 1996; Cave et al., 2012;
Courbon et al., 2019; Ebersole et al., 1997; FAWC, 2011‡; Hansson and Lundeheim,
2012; Marchesan et al., 2012; Sandal et al., 2016) consequently resulting in an
overall reduction in activity and increase in sleeping behaviour (Dantzer et al.,
2008*; Hart, 1988*; Millman, 2007*). These points are discussed in further detail in
chapter 1 (see sections 1.2.10, 1.3.1, and 1.3.3 - 1.3.5).

Another situation where tooth resection may impact significantly on suckling and / or
udder massage is when nerve damage due to clipping or grinding results in ectopic
orofacial pain due to cross-excitation of undamaged neurons within the trigeminal
ganglia. Within the physiology study, an upregulation of GFAP gene expression was
detected within the trigeminal ganglia of piglets with ground teeth (alongside a
smaller and non-significant increase in GFAP following clipping). This was the only
change in gene expression that was detected in the trigeminal ganglia within the
current study, most likely due to the use of whole ganglia analysis, as a large number
of unaffected cells would have been present in the samples leading to a substantial
dilution effect on gene expression changes making them difficult to detect (see
chapter 5, section 5.4.4.). As such the upregulation of GFAP in ground piglets is
likely to be substantially larger than the results in this study would suggest. This
result therefore not only provides evidence of nerve damage due to tooth grinding,
but may also indicate neuronal cross-excitation and potentially ectopic orofacial pain
as well (Gunjigake et al., 2009; Matsuura et al., 2013; Stephenson and Byers, 1995;
Watase et al., 2018). Despite this result, no corresponding behavioural change in
suckling or massage behaviour was observed in the ground piglets within the
behavioural study. This may be due to a lack of ectopic pain, insufficient behavioural
data due to poor visibility at the udder (and / or the selected timings or durations of
behavioural observations), or the piglet’s motivational priorities (i.e. that the
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motivation to ingest colostrum and / or milk outstrips the motivation to guard the
affected tissues against potentially painful mechanical stimulation). Although these
behaviours were unaffected within the current study, their use in future studies is
warranted, especially if more than the distal third of the needle teeth is removed or
soft tissue injuries are apparent.

In the post-weaning period, feeding was also unaffected by treatment, again this may
be due to a lack of pain from tooth resection at this stage. However, as food was
provided ad libitum feeding was irregular and highly variable between observations
and it is possible that 4 hours of total observation during the post-weaning period
may have been insufficient to detect a treatment effect. Additionally, the eruption of
other deciduous teeth can inhibit or encourage weaned piglets to consume solid feed
depending on the age at which the teeth erupt (Tucker et al., 2010) but was not
recorded in the current study. Such a variable influence may well have masked any
treatment effects on feeding behaviour due to tooth resection. Regardless, as with
suckling and massage behaviour, it is advisable to retain measures of feeding in
future studies of the welfare impacts of tooth resection, although longer or more
frequent observations would likely be beneficial.

The lack of haematological evidence of systemic infection, inflammation or stress
(i.e. no treatment effects on blood cell population dynamics or on the plasma
concentrations of haptoglobin, haemoglobin or cortisol) within the physiological
experiment is in accordance with the lack of treatment effect on daily weight gain
and live weight (observed across both the behavioural and physiological
experiments) and the lack of treatment effect on the more general behavioural
indicators of pain and stress in the home pen (e.g. durations of suckling, feeding,
standing, walking, resting, and exploratory behaviours) within the behavioural
experiment. This also agrees with the majority of the literature which has reported
piglet behaviour to be generally unaffected by tooth clipping or grinding (Bataille et
al., 2002; Fraser, 1975; Lewis et al., 2005b; Prunier et al., 2004). However, results
from some studies suggest that more severe clipping (to the gumline) increases
sleeping durations (Boyle et al., 2002; Lewis et al., 2005b) and that tooth resection
reduced active behaviours including locomotion, play and social behaviours
(clipping: (Boyle et al., 2002); grinding (of tooth tips only): (Lewis et al., 2005b)).
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Although these effects were intermittent and observations were restricted to the preweaning period, these types of behavioural changes are reminiscent of sickness
behaviour (Hart, 1988*), a highly conserved behavioural response to a range of viral,
bacterial, and parasitic infections that is mediated by pro-inflammatory cytokines
(most notably IL-1β and TNF-α) and precedes clinical signs of disease (Dantzer et
al., 2008*; Millman, 2007*).

Lewis et al (2005b) suggest that the increase in sleeping and inactivity observed after
clipping and grinding in their study may be a sickness behaviour response to
infections arising from oral lesions acquired during, and / or subsequent to, tooth
resection. In the current study, the presence / absence of oral lesions was not
recorded, however, no damage to the oral region beyond the teeth themselves was
observed during tooth resection or when measuring the teeth and checking the oral
cavity for bleeding immediately after treatment application. Furthermore, within the
physiology study, it was observed that necrosis of the tooth pulp was only apparent
around the resection surface and had not passed beyond the distal half of the pulp
chamber in any of the teeth. Although this finding was not confirmed at the
microscopic level, it indicates that apical abscesses and periodontitis were likely
absent in both clipped and ground teeth and therefore probably would not have given
rise to systemic infections or subsequent sickness behaviours. It is therefore
considered that when tooth resection is limited to the distal third of the needle teeth
and care is taken to avoid damage to the soft tissues of the mouth during treatment
application, systemic effects may take longer than 42 days to manifest. However, the
investigation of additional measures (see section 6.6) is still recommended.

Overall, hypotheses 3, 4, and 5 are partially supported by the results of this study.
There is no behavioural or physiological evidence of stress per se in the days or
weeks following tooth resection, although as pain is a physical stressor, evidence of
pain may be considered as evidence of stress. The behavioural and physiological data
indicate that tooth clipping caused more severe tooth damage and a more pronounced
inflammatory response within the tooth pulp, which was likely to be painful and may
have been responsible for a subtle form of injury guarding in tooth clipped piglets,
although no overt behavioural effects were apparent. Furthermore, nerve damage
from tooth grinding lead to a significantly greater level of reactive gliosis within the
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trigeminal ganglia and may have resulted in neuropathic pain, although whole
ganglia analysis appears to have a limited capacity for the detection of altered gene
expression in the neurons associated with the needle teeth. The physiological effects
of tooth clipping and grinding remained unresolved up to 42 days after tooth
resection was performed.

6.2.4

Hypothesis 6: Clipping and grinding have different consequences in terms
of pain

As discussed above, there were both similarities and differences in the behavioural
and physiological consequences of tooth clipping and tooth grinding. Overall, tooth
clipping resulted in a higher incidence of bleeding at the time of treatment
application, a higher incidence and greater severity of pulp exposure, and a
potentially more severe inflammatory response within the pulp. These physiological
indicators of pain in clipped piglets correspond to a greater likelihood of champing
shortly after tooth clipping and a reduced frequency of agonistic behaviour (single
head swipes and bites) in the suckling period compared with sham handled and tooth
ground piglets. Together these results indicate that a more severe, inflammatory pain
results from tooth clipping compared with tooth grinding. However, there may have
been a chronic or potentially neuropathic element to pain from tooth grinding that
was less pronounced (i.e. smaller and not statistically significant when using whole
ganglia analysis) in tooth clipped piglets. Overall hypothesis 6 is supported by the
results of the current study.

6.3

Cost-benefit analysis of tooth resection

In order to apply the findings of this study to the real world, the welfare
consequences of leaving the needle teeth intact must be compared with what is now
known about the consequences of both clipping and grinding the needle teeth. The
purpose of tooth resection is to limit the quantity and severity of skin lesions on the
piglets’ faces and the sow’s udder in order to maximise milk consumption and
thereby increase the growth and survival rates of suckling piglets. Deep wounds may
occasionally become infected resulting in facial necrosis and exudative epidermitis
(greasy pig disease) which cause further welfare and production concerns. However,
tooth resection can only be justified from a welfare perspective if the pain from skin
lesions is greater than the pain from tooth resection, and even then, only if tooth
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resection results in a significant reduction in skin lesions. In terms of productivity,
given the additional handling required, tooth resection can only be justified if piglets
with resected teeth consume more milk and have improved growth and survival rates
– at least up to weaning. Consideration should also be given to how prevalent and
detrimental (to welfare as well as productivity) infections from skin lesions are
compared with those resulting from tooth resection. Alternative, less invasive
management practices that reduce fighting at the udder and minimise the risk of skin
infections, such as reductions in litter sizes and hygiene improvements, should also
be considered.

The primary purpose of livestock health checks on commercial farms is to identify
and ameliorate health issues that have the potential to result in productivity losses.
External injuries such as skin lesions and subsequent skin infections (e.g. EE) can be
easily identified during basic pen-side visual assessments even when they are mild
and / or localised (Park et al., 2013). Contrastingly, detection of pulpitis, mouth
lesions, gingivitis, and periodontitis would require the capture and restraint of
individual pigs – a time consuming and stressful procedure with implications for
productivity losses (Rushen et al., 1999*). Furthermore, the risk of systemic
infections from tooth resection is not well known and, although polyarthritis may be
possible to observe from the pen-side due to the presence of swollen joints and
lameness (McOrist, 2014†), other serious potential complications such as
endocarditis and brain abscesses are likely to go undetected. As discussed in section
6.2, this lack of easily visible welfare consequences is supported by the bulk of the
literature, wherein little behavioural or physiological evidence of pain or stress due to
tooth resection has been reported to date. However, studies which examine the teeth
or oral cavity following tooth resection by both clipping and grinding repeatedly find
considerable tooth damage, lesions to the soft tissues of the mouth, and signs of
infections such as pulpitis and gingivitis (Bataille et al., 2002; Gallois et al., 2005;
Hay et al., 2004; Holyoake et al., 2004; Hutter et al., 1994; Lewis et al., 2005b).
Results from the current study regarding the extent and persistence of tooth damage
and changes in gene expression support these findings and suggest that pain from
tooth resection may be considerably underestimated.
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6.3.1

Risk of pain and infection from resecting or leaving the needle teeth intact

Within this study, just over a third of all piglets had facial lacerations on d6 but by
d13 this number had more than halved. Severe facial lacerations were extremely rare
with just 4 incidences being scored on d6 only (i.e. these injuries healed either
partially (to the level of a superficial injury) or completely within a week of being
recorded as severe). This sharp decline in facial lacerations is likely due to a
reduction in the number and / or severity in fights at the udder over time as attempts
to disrupt the teat order subsided (De Passillé et al., 1988; Fraser, 1975; Skok and
Skorjanc, 2014b, 2013) and is in accordance with the literature which shows that
facial injuries inflicted by the needle teeth of siblings are mainly superficial and
transient, with severe injuries being rare and largely restricted to the first days of life
(Bates et al., 2003; Brown et al., 1996; Hansson and Lundeheim, 2012; Holyoake et
al., 2004; Lewis et al., 2005b; Lewis and Boyle, 2003; Reese and Straw, 2005‡),
although one study did find facial injuries in several litters with intact needle teeth
were severe enough to warrant their removal from the study (Weary and Fraser,
1999). Beyond potential pain from the lesions themselves, the injuries can become
infected with harmful bacteria such as Staphylococcus hyicus and Fusobacterium
necrophorum - major causative agents of exudative epidermitis and facial necrosis
respectively. Such infections result in poor welfare and production losses and may be
fatal if left untreated (Park et al., 2013; Penny et al., 1971*).

Tooth resection, on the other hand, is commonly applied to all piglets (see section
1.1.4) and causes permanent tooth damage (see section 5.4.2). Even when only the
distal third of the needle teeth are removed and great care is taken to avoid damage to
the soft tissues of the mouth, both clipping and grinding appear to cause severe and
prolonged pulpitis and nerve damage which are likely to be painful as evidenced by
changes in gene expression within the dental pulp (see section 5.4.3). Altered gene
expression in the trigeminal ganglia also suggests that grinding may lead to chronic
and / or neuropathic pain (see section 5.4.4). Exposure of the dental pulp is common
when the distal third of the needle tooth is removed and guaranteed when the tooth is
clipped near the gumline. Over time, such injuries lead to progressive inflammation,
pulp necrosis, and infection (Cooper et al., 2014*; Galler et al., 2021*; Hong et al.,
2020), infection of the root canal (Bjørndal and Ricucci, 2014†; Galler et al., 2021*),
and chronic apical periodontitis (Metzger et al., 2009†), with a risk of polyarthritis
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(Brown et al., 1996; Done et al., 2012†; FAWC, 2011‡; Hansson and Lundeheim, 2012)
and various other, potentially fatal, secondary (systemic) infections such as
pneumonia, brain abscesses, cardiovascular disease, and sepsis (Bali et al., 2015*; Li
et al., 2000*; Metzger et al., 2009†; Seymour et al., 2007*). The closer to the gumline
the tooth is resected, the shorter the distance necrosis (and therefore infections) need
to travel before they can spread to the surrounding tissues.

6.3.2

Effect of tooth resection on skin lesions

Previous studies have reported a reduction in the number and severity of facial
lacerations when needle teeth were clipped (Bates et al., 2003; Brookes and Lean,
1993; Brown et al., 1996; Fraser, 1975; Gallois et al., 2005; Holyoake et al., 2004;
Hutter et al., 1994; Lewis et al., 2005b; Lewis and Boyle, 2003; Weary and Fraser,
1999), and also, but to a lesser extent, when these teeth were ground (Brookes and
Lean, 1993; Gallois et al., 2005; Holyoake et al., 2004; Hutter et al., 1994; Lewis and
Boyle, 2003), although Hansson et al (2012) found no effect of grinding on litter
facial lesion scores. Lesions to the sow’s udder were not recorded in the current
study but have been reported as rare or absent in some studies (Brown et al., 1996;
Robert et al., 1995). However, one study reported up to 75% and 60 % of sows as
having at least 1 teat lesion and 1 scabbed teat respectively, prior to farrowing (Lewis
et al., 2005a) which supports the theory that a considerable amount of udder lesions
are likely to be caused by interactions with the environment or the sow’s claws rather
than the piglets needle teeth (Brown et al., 1996; Lewis et al., 2005a). These
additional causes of udder lesions may explain the inconsistent results of tooth
resection on udder lesions which range from little (Gallois et al., 2005) or no effect
(Bataille et al., 2002; Brown et al., 1996; Holyoake et al., 2004; Lewis et al., 2005a)
of either clipping or grinding, to a substantial reduction in udder lesions from both
resection methods (Hutter et al., 1994) and a complete lack of udder lesions where
teeth were ground (Hansson and Lundeheim, 2012).

6.3.3

Effect of tooth resection on productivity

In the current study tooth resection did not impact on piglet live weight or daily
weight gain. This absence of treatment effect is in agreement with much of the
literature which reports no effect of tooth clipping (Bates et al., 2003; Brown et al.,
1996; Fraser, 1975; Gallois et al., 2005; Lewis et al., 2005b; Marchant-Forde et al.,
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2009) or tooth grinding (Gallois et al., 2005; Lewis et al., 2005b; Marchant-Forde et
al., 2009) on weight gain. However, some studies have reported reduced weight
gains within the first (Bataille et al., 2002; Weary and Fraser, 1999), second and third
(Fraser and Thompson, 1991; Robert et al., 1995) weeks after tooth clipping. Overall,
it appears that the relationship between tooth resection and weight gain ranges from
mild and transient to absent. Similarly, the majority of studies to date have reported
no significant effect on mortality attributable to either tooth clipping (Bates et al.,
2003; Brown et al., 1996; Gallois et al., 2005; Lewis et al., 2005b; Weary and Fraser,
1999) or grinding (Gallois et al., 2005; Holyoake et al., 2004; Lewis et al., 2005b).

6.3.4

Summary

Overall, growth and survival rates are not consistently affected by tooth resection.
However, routine tooth resection, as it is currently utilised, affects a greater number of
animals for a longer period of time than facial lesions from intact needle teeth.
Potential pain from tooth resection is also likely to be more severe than from facial
lesions in the majority of cases, although the presence and severity of pain from facial
lesions (and udder lesions) and the central processing of nociceptive signals from
resected teeth are yet to be investigated. Studies comparing the prevalence of
infections arising from skin lesions and tooth resection would be beneficial but are
also currently lacking within the literature.

6.4

Tooth resection in relation to other potentially painful management
interventions

Commercial piglets are subjected to a number of potentially painful mutilations and
management procedures including identification by tattooing / ear tagging, castration,
tail docking, vaccine and iron injections. Legally all UK pigs must undergo some form
of permanent identification (ear tagging / tattooing) and approximately 80 % of UK
pigs are still subjected to tooth resection and tail docking, whereas castration has been
almost completely eliminated within the UK and Ireland, as has tail docking in
Lithuania, Finland, Norway, Sweden, and Switzerland, although these practices are
still highly prevalent elsewhere (Connor and Cowan, 2020; De Briyne et al., 2018;
Fredriksen et al., 2009). Where these procedures continue to be implemented, they are
generally conducted in close succession, and are likely to result in an additive effect
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on piglet stress (Hyun et al., 2005, 1998; Marchant-Forde et al., 2014; Morrow-Tesch
et al., 1994; Noonan et al., 1994).

Although studies directly comparing pain and stress between these interventions are
rare, the available physiological and behavioural data suggest that pain and / or stress
from castration is greater than ear tagging, tail docking and tooth resection at / around
the time of application (Backus and McGlone, 2018; Numberger et al., 2016; Prunier
et al., 2005). However, no long term comparative studies appear to have been
conducted. This is of particular concern with respect to potential underestimation of
pain and welfare consequences of tooth resection due to the progressive nature of
dental injuries involving pulp exposure. It may well be that over time, as injuries from
castration, ear tagging, and tail docking heal, infections and inflammation from tooth
injuries increase in severity until they have a much greater detrimental effect on piglet
welfare.

6.5
6.5.1

Limitations of the study
Equipment and logistical constraints

Before and after tooth resection the video camera used to record piglet behaviour was
mounted at piglet eye height in order to obtain still images from recordings for use in
piglet grimace scale work. This unfortunately reduced visibility of the tail and ear
position. Furthermore, oral behaviours were not always visible when the piglets
faced towards the back of the observation box. In future studies, the use of 3 video
cameras (one in front, one behind and one above of the piglet) in conjunction with
simultaneous multi-channel recording software (e.g. GeoVision) and a customised
observation box would allow for continuous visibility of oral behaviours and tail and
ear positions. With regards to the home pen behavioural recordings, for a variety of
logistical reasons (e.g. the farrowing schedule, staff and recording equipment
availability, etc.), it was not possible to have cameras set up above the experimental
farrowing pens prior to tooth resection therefore no pre-treatment home pen
behaviours could be recorded. Similarly, behaviour immediately upon return to the
farrowing pen could not be recorded. In terms of the recordings themselves, the
quality of the home pen recordings for behavioural scoring was sub-optimal (black
and white and of a relatively low resolution). Furthermore, for logistical reasons the
video cameras had to be positioned at an angle above the pen therefore not all areas
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of the pen were visible at all times. Overall, this restricted the behaviours available
for analysis (e.g. sleeping could not be consistently separated from resting with eyes
open, chewing was not consistently visible, etc.). However, recordings from several
camera angles would be required to rectify this issue and compromises on camera
heights and positions would likely still be required to avoid the equipment being
manipulated and / or damaged by piglets.

6.5.2

Financial constraints

Needle teeth from 1 and 4 week old piglets which had undergone tooth clipping,
tooth grinding and sham grinding from a pilot study were sectioned and stained with
Masson’s trichrome by staff at the Edinburgh University Easter Bush
Pathology Laboratory (see appendix 5 for the protocol summary and annotated
images of stained sections). However, it was not possible to conduct a full
histological analysis of teeth from the current study due to the considerable cost of
processing fees, therefore damage assessment was restricted to what could be
observed macroscopically. Ideally, due to their variable response intensity and
duration to different immune challenges, additional APPs (e.g. CRP) would have
been analysed in combination with haptoglobin for more sensitive disease detection
(Heegaard et al., 2011). Plasma and salivary cortisol are generally considered more
suitable measures of acute rather than chronic stress. Due to highly variable baseline
values in pigs, repeated sampling of salivary cortisol (which reflects only the free
(i.e. biologically active) fraction of circulating cortisol (Martínez-Miró et al., 2016*))
within the post-weaning period may have been more suitable than a single plasma
sample (Mormède et al., 2007*). However, collection of saliva samples from
neonatal / pre-weaning piglets is not feasible as they do not voluntarily chew on the
sampling substrate (A. Prunier, personal communication).

6.5.3

Methodological constraints

Due to the age at post-mortem and the ratio of male to female piglets of suitable
weights required for the behavioural and physiological studies, it was not possible to
use the same piglets / litters for both studies. Furthermore, blood sampling, and the
removal of three littermates on d7 may have caused variable behavioural disruptions
within the litter. Consequently, behavioural and physiological responses to tooth
resection cannot be directly linked or compared across the studies. However,
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treatments were applied consistently across piglets from the behavioural and
physiology studies with very similar mean remaining tooth lengths recorded for the
corresponding treatment groups in both studies.

Immediately after tooth resection, the remaining lengths of the 8 needle teeth were
measured prior to the post-treatment behavioural observations. Although the duration
of tooth measuring was relatively consistent (60 ± 8 seconds (mean ± SD) as
calculated from recording durations in the final 3 litters of the study only) this delay
between treatment and post-treatment observations may have resulted in reductions
in treatment effects for short-lived pain-related behaviours such as champing or head
flicks. During the home pen behavioural observations, oral behaviours and postures
were scored and analysed separately therefore the number of fights / single bites and
head swipes at the udder and those between suckling events were not analysed
separately. This and other potential modifications to the data analysis are discussed
in section 6.6.

Within the physiological study, only female piglets were included which avoided a
potential source of variability between animals, although consequently potential sex
effects could not be analysed. Sex differences in mechanical nociceptive thresholds
and tolerance exist in human adults and to a lesser extent in older (prepubescent)
children but are reportedly absent in younger children (Schmitz et al., 2013). A lack
of sex effect on mechanical nociceptive thresholds in Landrace × Yorkshire piglets
up to the second week of life has also been reported (Janczak et al., 2012). However,
given the sex differences in pain hypersensitisation pathways recently identified in
mice (microglial in males and (potentially peripheral) immune system in females
(Lopes et al., 2017; Mapplebeck et al., 2016*)) and sex differences in gene
expression within the trigeminal ganglia following infraorbital nerve constriction in
rats (Korczeniewska et al., 2018) caution is still advisable with regards to
generalising the results from the current study to male piglets. Similar studies in
males (and other breeds of pig) would be beneficial to determine the presence and
extent of any sex (and / or breed effects) on the physiological responses to tooth
resection.
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The use of whole trigeminal ganglia to analyse gene expression modulation in
peripheral nerves may have led to a tissue dilution effect (Korczeniewska et al.,
2020), which may have obscured evidence of changes in neuronal and possibly glial
gene expression following tooth resection. Lastly, due to concerns regarding the
validity of commercially available porcine primers, the primers for the RT-qPCR
analysis were designed and tested in-house. As such, when primers could not be
empirically validated for use, only a limited number of attempts to redesign and
validate the primers could be justified in terms of cost and time, therefore some
genes initially identified as being of interest could not be included in the study.

6.6

Future directions

Reductions in behavioural / physiological responses to injuries following application
of analgesics or local anaesthetics is considered to be a good indication of the
presence of pain in animals (Sneddon et al., 2014*). Given the evidence of potential
short- and long-term pain due to tooth resection in the present study, further research
involving the use of pain relief (i.e. inclusion of a control treatment group wherein
tissue damage from tooth resection occurs but pain is removed / minimised) is
required. While multiple studies have shown that pain indicating behaviours (e.g.
vocalisations, defensive / escape-related movements) exhibited by piglets during
castration can be reduced by local analgesics and / or anaesthetics (Hansson et al.,
2011; Kluivers-Poodt et al., 2012; Leidig et al., 2009; Marx et al., 2003; Rault and
Lay, 2011; Walker et al., 2004), to date only one study (Rand et al., 2002) appears to
have investigated the effects of analgesics (an oral dose of 12 % sucrose solution – a
notably mild analgesic) on pain-related behaviours due to tooth resection.
Consequently, before studies investigating the consequences of pain-free / painminimised tooth resection can be conducted, the intended method of pain relief must
first be validated. As reviewed by Jirkof (2017), to ensure that pain from the specific
injury types sustained is suitably ameliorated for the duration of the study, the
pharmacodynamics and pharmacokinetics of the chosen drug must first be
determined for the breed, age, and sex of piglets involved. Furthermore, any side
effects (including the impact of administration route and frequency) on the
behavioural and physiological indicators being investigated (and on piglet welfare in
general) must also be determined. Despite these complications, results from such
studies would be highly valuable and should be pursued. Firstly, as they would
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provide considerable clarification on the presence / absence, severity, and duration of
pain arising from tooth resection, and secondly, if results were to indicate that pain
was present and could be ameliorated by a particular form of pain relief, this
information could be directly utilised by farmers and veterinarians in order to
improve the welfare of commercial piglets – either through a reduction in the use or
severity of tooth resection, or through the use of a recommended pain relief protocol.

6.6.1

Physiological directions

A considerable amount of work remains to be undertaken in order to determine the
full physiological response of pigs to tooth resection. Within this study, tissue
sampling was conducted 7 and 42 days after treatment application, however,
infections were likely to be localised within the tooth pulp at these stages. Longer
periods between tooth resection and tissue sampling, and the use of additional APPs,
(e.g. SAA, CRP, Pig-MAP, Albumin, TTR, TF, Apo AI) are required to map disease
progression and determine whether, and at what stage, tooth resection gives rise to
systemic disease. Cortisol could be repeatedly sampled to investigate the effects of
tooth resection on circadian cortisol patterns, or in conjunction with behavioural
testing to determine if tooth resection impacts on HPA axis responsiveness.

Although the effects of tooth resection on the peripheral nervous system were
assessed in this study, analyses of central / descending modulation of pain signals
were not included. Given the potential for the involvement of pain activated
endogenous opioid systems and the GABAergic descending pain inhibition systems,
gene expression analysis of the brainstem (Vc and C1-C2) to investigate the potential
presence of secondary sensitisation (e.g. via upregulation of GRIN2B and the
subsequent increase in NMDA receptors in the post-synaptic membrane) and
modulation of gene expression in inhibitory and excitatory interneurons would be of
considerable value in determining how nociceptive signals due to pulpitis are
perceived by pigs. The brainstems of the piglets within the physiology study were
collected and could be utilised for these purposes. Previous studies in experimentally
stressed rats (Luo et al., 1994; Makino et al., 1995; Nappi and Rivest, 1995) and taildocked piglets (Oberst et al., 2015) suggest that within the brain, HPA axis
regulation in relation to anxiety / chronic stress from tooth resection could be
investigated through analysis of CRH and CRHR1 expression in the amygdala and
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the PVN of the hypothalamus. Again, the brain sections required for this experiment
were collected from piglets within the physiology study of this project and analysis
of these tissues would allow results to be linked to results from the trigeminal ganglia
and tooth pulp.

As discussed, whole ganglia analysis of gene expression following tooth resection
may have led to a dilution effect, making changes in gene expression difficult to
detect. As only one ganglia per piglet was used, the second ganglia could be
sectioned and analysed for treatment effects on protein or mRNA expression using
immunohistochemistry or in situ hybridisation, respectively. Due to the somatotopic
organisation of the trigeminal ganglia (Kerr and Lysak, 1964; Messlinger and Russo,
2019*), this type of analysis would allow for the detection of changes in protein /
gene expression in the neurons that innervate resected teeth and their associated glial
cells without signal dilution from unaffected ganglionic cells. Furthermore, it should
reveal the presence / absence of cross-excitation of glial cells and neurons across all
three branches of the trigeminal nerve (Gunjigake et al., 2009; Matsuura et al., 2013;
Stephenson and Byers, 1995; Watase et al., 2018).

Adult mammalian hippocampal neurogenesis is stress-sensitive and its inhibition has
been demonstrated in experimentally stressed rats, mice, and birds (Robertson et al.,
2017). As the hippocampus was collected during post-mortem dissection of the
piglets from the physiology study, sections of the brain could be allocated to
immunohistochemistry staining of dentate gyrus using bromodeoxyuridine (BrdU; a
marker of newly-generated cells) and Hu (a neuron-specific protein) to determine if
tooth resection results in stress-induced neurogenesis inhibition, although this
technique may be better suited to pigs older than those in the current study. The tooth
pulp and trigeminal ganglia samples that have already been processed for RT-qPCR
analysis could also be used for whole transcriptome analysis in order to provide a
more complete overview of the tissue responses to tooth resection and a better
understanding of the balance (or imbalance) between inflammation and repair at the
time of sampling.

The gene expression results within this study were obtained by processing tissue
samples from post-mortem dissections and have provided evidence that tooth
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resection causes prolonged inflammation in the tooth pulp. However, the
development of methods to measure changes in dental gene expression in live pigs
are also required. The use of absorbent paper strips has recently been used to sample
gingival crevicular fluid from humans. The results showed changes in expression of
NKA, SP, IL-8, and MMP-8 which correlated to changes in these proteins within the
tooth pulp and was able to distinguish between healthy teeth and those with
symptomatic irreversible pulpitis (Akbal Dincer et al., 2020). However, the
procedure would still require adaptations (or substantial habituation) for use in pigs if
general anaesthesia is to be avoided due to the requirement of extensive drying of the
teeth and gums to avoid samples being contaminated with saliva.

Although the function and distribution of dental nerves is highly conserved in
mammals (see section 1.2.6), information regarding the innervation of pig teeth is
currently limited. The nociceptors of pigs and humans have similar conduction
velocities, axonal excitability, and distribution, and are considered functionally more
similar than those of humans and rodents (Herskin and Di Giminiani, 2018†; Obreja
and Schmelz, 2013†), however, histological studies of the innervation of primary pig
teeth at birth and during the following days and weeks would be beneficial in order
to confirm the depth to which porcine dentine is innervated at ages where tooth
resection is normally applied. Longitudinal histological studies of the progression of
pulpitis, pulp necrosis, pulpal infections and the appearance and progression of
periodontitis in pigs following tooth resection are also recommended. Data from such
studies could provide a timescale within which systemic complications are most
likely to arise and could help clarify the relationship between tooth resection and
potentially fatal secondary infections. This would allow for a more accurate
comparison of the most severe welfare outcomes of resecting and leaving the needle
teeth intact than is currently possible. Lastly, deciduous tooth stub retention is
associated with abnormal angles of tooth projection from the gum and increased risk
of tooth breakage and periodontal disease. Retention of one or more deciduous
incisor tooth stubs was found to occur in 15 % of mature (cull) sows and has been
linked to the practice of tooth clipping (Johnson et al., 2003). Further research into
the link between tooth resection and tooth stub retention is therefore highly
recommended.
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6.6.2

Behavioural directions

Within this study, piglet behaviours were scored and analysed for variations in
duration and / or frequency. The brevity and subtlety of the behavioural indicators of
pain and stress detected within this study and the lack of supporting overt
behavioural differences mean they cannot be utilised for pen-side welfare
assessments following tooth resection. However, the videos from directly before and
after tooth treatments could be scored for piglet emotionality using qualitative
behavioural analysis (Rutherford et al., 2012) and behavioural data collected from
the home pen video recordings could be further analysed for detection of
asynchronous behaviours and combinations of oral and postural behaviours (e.g.
sitting with an absence of oral behaviour). Some oral behaviours could also be
merged and reanalysed to allow for comparison with other studies. For example,
behavioural differences following piglet castration with and without analgesia have
been reported when all behaviours directed towards littermates (nosing, chewing,
licking, aggression, and playing) were analysed together as a measure of social
interaction (Van Beirendonck et al., 2011).

Behavioural pattern sequencing analysis could also be applied to the data from both
the home pen and the pre- and post-treatment recordings by utilising the Observer
THEME software package to identify temporal behavioural patterns (T-patterns) –
and disruptions to these patterns - that are impossible to identify through simple
observation (Magnusson, 2000). Reductions in the frequency, variety, and
complexity of these behavioural patterns are associated with stressors such as
hunger, environmental stress, and potentially painful diseases in animals (Alados et
al., 1996; Hocking and Wu, 2013; Macintosh et al., 2011; Marıá et al., 2004; Sinclair
et al., 2015). Furthermore, with the rise of Precision Livestock Farming (PLF),
automated behaviour scoring may eventually be able to identify these and other
subtle behavioural changes following painful interventions such as tooth resection.
PLF has already been successfully utilised to identify pens at risk of tail biting
outbreaks using automatic scoring of tail positions in pigs (D’Eath et al., 2018).

Given that fighting and post-weaning feeding were relatively rare and variable
behaviours, longer home pen behavioural observations that focus on these behaviours
may also be of value in future studies. There is also the potential for studies looking
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at more detailed parameters of these behaviours (e.g. latency to bite during fights, the
use of bites vs. other aggressive behaviours, frequency of visits to the feeder when
more dominant piglets are present, etc.). Tooth treatments could also be applied to
one side of the face only (i.e. as per Weary and Fraser (1999)) in order to investigate
injury guarding behaviours such as preferential use of the intact teeth when chewing
or fighting.

There is also the potential for the use of a piglet grimace scale (PGS) for the
detection of surgical pain in pigs from still images of piglet faces around the time of
tooth resection, as has been performed for other potentially painful mutilations such
as tail docking and castration (Di Giminiani et al., 2016; Gottardo et al., 2016;
Viscardi et al., 2017; Vullo et al., 2020). Of the numerous facial action units
available for analysis, orbital tightening has shown the most promise in terms of
inter-observer reliability (Gottardo et al., 2016; Vullo et al., 2020) and ability to
identify which piglets which have undergone tail docking (Di Giminiani et al., 2016),
however, the method is yet to be suitably validated in pigs.

Beyond recording and scoring behaviours, the presence and severity of pain from
tooth resection could be tested for using various forms of preference / motivational,
cognitive, and affective state tests. Although pigs are generally easy to train for
operant conditioning tasks and cognitive tests (Kornum and Knudsen, 2011*), these
approaches are dependent on the success of training and habituating piglets to the
equipment, environments, and procedures including handling and human presence
and are therefore unlikely to be suitable in the days and potentially weeks
immediately after treatment application. However, if long term pain is present
following tooth resection these tests could prove useful in its identification and
potentially quantification.

Lame broilers show a preference for feeds laced with analgesics with consumption of
feed increasing with increasing lameness severity (Danbury et al., 2000). Similarly, a
preference for consumption of liquids containing analgesics has been demonstrated
in arthritic rats which can be reduced through the administration of other analgesics
(Colpaert et al., 2001). Animals can also be trained to associate one of two identical
chambers with the administration / availability of analgesia. Following
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experimentally induced chronic inflammation, rats have been shown to make longer
and / or more frequent visits to the analgesia-associated chamber in comparison with
control animals (Sufka, 1994). Similar experiments could be designed to assess selfadministration of analgesia in pigs following tooth resection.

Pain and stress are reported to have negative impacts on memory and learning and to
result in negative cognitive biases in humans and animals cognition (Destrez et al.,
2013; Khera and Rangasamy, 2021*; Knapman et al., 2010; Mendl et al., 2009*).
Tasks designed to test memory and learning in pigs (e.g. recognition tasks, sequential
choice / free choice maze tasks, food reward based spatial memory tasks, etc.
(Gieling et al., 2011*; Kornum and Knudsen, 2011*)) could be adapted to test for
reduced performance in relation to pain and stress following tooth resection.
Similarly, cognitive bias tests could be developed to assess the affective state of
piglets with resected needle teeth relative to intact piglets although for all cognitive
assessments, caution should be exercised when interpreting the results as it is
generally considered that further validation of their use in pigs is required (Gieling et
al., 2011*; Kornum and Knudsen, 2011*; Paul et al., 2005*).

6.7

Concluding remarks

The current study has shown that substantial prolonged and progressive tissue
damage results from both clipping and grinding the needle teeth of neonatal piglets,
even when only the distal third of these teeth is removed. Acute stress from handling
and isolation during the resection procedure makes it difficult to identify behavioural
evidence of pain during this period. Furthermore, no overt behavioural changes occur
within the home pen in the days and weeks following tooth resection by either
method, most likely because 1) the effects of tooth resection on pulp vitality and
disease progression are initially highly localised within the pulp chamber; 2) beyond
bites and head swipes, few of the oral behaviours that piglets engage in require direct
pressure to be applied to the needle teeth; and 3) the vital importance of gaining and
maintaining access to colostrum and milk within the suckling period make injury
guarding in the days and weeks following treatment less likely. General pain and / or
stress indicating behaviours such as increased sleeping may occur in piglets where
dental infections have spread and systemic inflammation or infection is present,
however, this was not the case for the piglets within this study in the 42 days
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following tooth resection, possibly because the teeth were only shortened by
approximately only one third of their original length. However, physiological
indicators of inflammatory pain after both tooth clipping and tooth grinding, and
nerve injury and potentially chronic / neuropathic pain following tooth grinding were
present from 7 days and up to 42 days post-treatment.

The results of this study indicate that tooth resection by both clipping and grinding
results in long-term pain and that pen side behavioural assessments alone are not
sufficient for its detection. The permanent and progressive tissue damage resulting
from tooth resection is likely to be more painful than the generally superficial and
transient skin lesions inflicted by intact needle teeth, however, further study is
required to quantify the presence and severity of pain associated with such skin
lesions, and to further quantify pain resulting from tooth resection in order to provide
unequivocal evidence of which is more painful. For both injury types, pain severity
and welfare consequences should be considered alongside pain duration and the
number of animals affected. The damage caused by clipping is more severe than that
caused by grinding at a macroscopic level, however, due to differences in the
modality of pain induced by the two resection methods, a direct comparison of the
methods in terms of piglet welfare is difficult to fully justify.

257
7

BIBLIOGRAPHY

Abrantes, R., 1997. Dog language: an encyclopaedia of canine behaviour, 1st ed.
Dogwise Publishers, Wenatchee, WA, pp. 83-84
Adams, J.E., Jackson, S.J., 2010. The effects of injury and the inflammatory
response, in: Bullough, P.G. (Ed.), Orthopaedic Pathology. Mosby, Maryland
Heights, MO, pp. 81–108. https://doi.org/10.1016/b978-0-323-05471-3.00004-8
Adcock, R.J., Kattesh, H.G., Roberts, M.P., Saxton, A.M., Carroll, J.A., 2006.
Relationships between plasma cortisol, corticosteroid-binding globulin (CBG)
and the free cortisol index (FCI) in pigs over a 24 h period. J. Anim. Vet. Adv.
5, 85–91.
Aguilera, G., Nikodemova, M., Wynn, P.C., Catt, K.J., 2004. Corticotropin releasing
hormone receptors: two decades later. Peptides 25, 319–329.
https://doi.org/10.1016/j.peptides.2004.02.002
AHDB, 2021. 2019 pig cost of production in selected countries. Warwickshire, UK.
Akbal Dincer, G., Erdemir, A., Kisa, U., 2020. Comparison of neurokinin A,
substance P, interleukin 8, and matrix metalloproteinase-8 changes in pulp
tissue and gingival crevicular fluid samples of healthy and symptomatic
irreversible pulpitis teeth. J. Endod. 46, 1428–1437.
https://doi.org/10.1016/j.joen.2020.07.013
Alados, C.L., Escos, J.M., Emlen, J.M., 1996. Fractal structure of sequential
behaviour patterns: an indicator of stress. Anim. Behav. 51, 437–443.
https://doi.org/10.1006/anbe.1996.0040
Algers, B., Blokhuis, H.J., Broom, D.M., Costa, P., Domingo, M., Guemene, D.,
Hartung, J., Koenen, F., Muller-graf, C., David, B., Osterhaus, A., Pfeiffer,
D.U., Roberts, R., Sanaa, M., Salman, M., Michael, J., Vannier, P., Wierup, M.,
Wooldridge, M., 2007. Scientific opinion of the panel on animal health and
welfare on a request from the commission on animal health and welfare in
fattening pigs in relation to housing and husbandry, The EFSA Journal.
Alonso, M.E., González-Montaña, J.R., Lomillos, J.M., 2020. Consumers’ concerns
and perceptions of farm animal welfare. Animals 10, 1–13.
https://doi.org/10.3390/ani10030385
Alsemgeest, S.P., Kalsbeek, H.C., Wensing, T., Koeman, J.P., van Ederen, A.M.,
Gruys, E., 1994. Concentrations of serum amyloid-A (SAA) and haptoglobin
(HP) as parameters of inflammatory diseases in cattle. Vet. Q. 16, 21–23.

258
https://doi.org/10.1080/01652176.1994.9694410
Amir, R., Liu, C.N., Kocsis, J.D., Devor, M., 2002. Oscillatory mechanism in
primary sensory neurones. Brain 125, 421–435.
https://doi.org/10.1093/brain/awf037
Andersen, I.L., Nævdal, E., Bøe, K.E., 2011. Maternal investment, sibling
competition, and offspring survival with increasing litter size and parity in pigs
(Sus scrofa). Behav. Ecol. Sociobiol. 65, 1159–1167.
https://doi.org/10.1007/s00265-010-1128-4
Anil, S.S., Anil, L., Deen, J., 2002. Challenges of pain assessment in domestic
animals. J. Am. Veterin. Med. Assoc. 220, 313–319.
Anseloni, V., Ren, K., Dubner, R., Ennis, M., 2004. Ontogeny of analgesia elicited
by non-nutritive suckling in acute and persistent neonatal rat pain models. Pain
109, 507–513. https://doi.org/10.1016/j.pain.2004.02.031
Avraham, O., Deng, P.Y., Jones, S., Kuruvilla, R., Semenkovich, C.F., Klyachko,
V.A., Cavalli, V., 2020. Satellite glial cells promote regenerative growth in
sensory neurons. Nat. Commun. 11, 1–17. https://doi.org/10.1038/s41467-02018642-y
Awawdeh, L., Lundy, F.T., Shaw, C., Lamey, P.-J., Linden, G.J., Kennedy, J.G.,
2002. Quantitative analysis of substance P, neurokinin A and calcitonin generelated peptide in pulp tissue from painful and healthy human teeth. Int. Endod.
J. 35, 30–36.
Backus, B.L., McGlone, J.J., 2018. Evaluating environmental enrichment as a
method to alleviate pain after castration and tail docking in pigs. Appl. Anim.
Behav. Sci. 204, 37–42. https://doi.org/10.1016/j.applanim.2018.04.009
Baintner, K., 2007. Transmission of antibodies from mother to young: evolutionary
strategies in a proteolytic environment. Vet. Immunol. Immunopathol. 117,
153–161. https://doi.org/10.1016/j.vetimm.2007.03.001
Bali, R.K., Sharma, P., Gaba, S., Kaur, A., Ghanghas, P., 2015. A review of
complications of odontogenic infections. Natl. J. Maxillofac. Surg. 6, 136–143.
https://doi.org/10.4103/0975-5950.183867
Bataille, G., Rugraff, Y., Meunier-Salaün, M.-C.C., Bregeon, A., Prunier, A., 2002.
Conséquences comportementales, zootechniques et physiologiques de
l’épointage des dents chez le porcelet. Journées la Rech. Porc. 34, 203–209.
Bates, R.O., Hoge, M.D., Edwards, D.B., Straw, B.E., 2003. The influence of canine

259
teeth clipping on nursing and nursery pig performance. J. Swine Heal. Prod. 11,
75–79.
Bateson, P., 1991. Assessment of pain in animals. Anim Behav 42, 827–839.
Baumann, H., Gauldie, J., 1994. The acute phase response. Immunol. Today 15, 74–
80. https://doi.org/10.1016/S1567-7443(03)80059-5
Baxter, E.M., Jarvis, S., Palarea-Albaladejo, J., Edwards, S.A., 2012. The weaker
sex? The propensity for male-biased piglet mortality. PLoS One 7(1), e30318.
https://doi.org/10.1371/journal.pone.0030318
Beaumont, C., Lebihan-Duval, E., Mignon-Grasteau, S., Leterrier, C., 2010. The
European experience in poultry welfare - a decade ahead. Poult. Sci. 89, 825–
31. https://doi.org/10.3382/ps.2009-00359
Bellegarde, L.G.A., Erhard, H.W., Weiss, A., Boissy, A., Haskell, M.J., 2017.
Valence of facial cues influences sheep learning in a visual discrimination task.
Front. Vet. Sci. 4:188. https://doi.org/10.3389/fvets.2017.00188
Berggreen, E., Heyeraas, K.J., 1999. The role of sensory neuropeptides and nitric
oxide on pulpal blood flow and tissue pressure in the ferret. J. Dent. Res. 78,
1535–1543. https://doi.org/10.1177/00220345990780090801
Berkovitz, B., Shellis, P., 2018. General introduction, in: Berkovitz, B., Shellis, P.
(Eds.), The Teeth of Mammalian Vertebrates. Academic Press, London, UK, pp.
1–24. https://doi.org/https://doi.org/10.1016/B978-0-12-802818-6.00001-6
Bermond, B., 2001. A neurophysiological and evolutionary approach to animal
consciousness and animal suffering. Anim. Welf. 10, S47-62.
Bishop, M.A., 1995. Is rabbit dentine innervated? A fine-structural study of the
pulpal innervation in the cheek teeth of the rabbit. J. Anat. 186, 365–372.
Bishop, M.A., Yoshida, S., 1992. A permeability barrier to lanthanum and the
presence of collagen between odontoblasts in pig molars. J. Anat. 181, 29–38.
Bjørndal, L., Ricucci, D., 2014. Pulp inflammation: from the reversible pulpitis to
pulp necrosis during caries progression, in: Goldberg, M. (Ed.), The Dental
Pulp: Biology, Pathology, and Regenerative Therapies. Springer, Berlin, DE,
pp. 125–139.
Blass, E.M., 1997. Milk-induced hypoalgesia in human newborns. Pediatrics 99,
825–829.
Blass, E.M., Fitzgerald, E., 1988. Milk-induced analgesia and comforting in 10-dayold rats: opioid mediation. Pharmacol. Biochem. Behav. 29, 9–13.

260
https://doi.org/10.1016/0091-3057(88)90266-3
Blass, E.M., Shide, D.J., Zaw-Mon, C., Sorrentino, J., 1995. Mother as shield:
differential effects of contact and nursing on pain responsivity in infant rats evidence for nonopioid mediation. Behav. Neurosci. 109, 342–353.
Blass, E.M., Watt, L.B., 1999. Suckling- and sucrose-induced analgesia in human
newborns. Pain 83, 611–623.
Boaitey, A., Minegishi, K., 2020. Who are farm animal welfare conscious
consumers? Br. Food J. 122, 3779–3796. https://doi.org/10.1108/BFJ-08-20190634
Boissy, A., Aubert, A., Désiré, L., Greiveldinger, L., Delval, E., Veissier, I., 2011.
Cognitive sciences to relate ear postures to emotions in sheep. Anim. Welf. 20,
47–56.
Bongenhielm, U., Hægerstrand, A., Theodorsson, E., Fried, K., 1995. Effects of
neuropeptides on growth of cultivated rat molar pulp fibroblasts. Regul. Pept.
60, 91–98. https://doi.org/10.1016/0167-0115(95)00115-8
Borghetti, P., De Angelis, E., Saleri, R., Cavalli, V., Cacchioli, A., Corradi, A.,
Mocchegiani, E., Martelli, P., 2006. Peripheral T lymphocyte changes in
neonatal piglets: relationship with growth hormone (GH), prolactin (PRL) and
cortisol changes. Vet. Immunol. Immunopathol. 110, 17–25.
https://doi.org/10.1016/j.vetimm.2005.09.001
Boyle, L.A., Boyle, R.M., Lynch, P.B., 2002. Effect of tooth clipping on piglet
behaviour, in: Proceedings of the British Society of Animal Science. Annual
Meeting, York, UK. p. 226.
BPEX, 2014. The BPEX Yearbook 2013-2014. Key industry statistics, pig
performance data and details of pig health improvement projects. Warwickshire,
UK.
BPEX, 2008. Structure of the UK pig industry: economic and policy analysis group
survey of Assured British Pig producers. Warwickshire, UK.
Brain, S.D., Williams, T.J., Tippins, J.R., Morris, H.R., MacIntyre, I., 1985.
Calcitonin gene-related peptide is a potent vasodilator. Nature 313, 54–56.
https://doi.org/10.1038/313054a0
Brambell, F.W.R., 1965. Report of the technical committee to enquire into the
welfare of animals kept under intensive livestock husbandry systems (Brambell
Report), Command Paper 2836. London, UK.

261
Breward, J., Gentle, M.J., 1985. Neuroma formation and abnormal afferent nerve
discharges after partial beak amputation (beak trimming) in poultry. Experientia
41, 1132–1134.
Brookes, J., Lean, I., 1993. Teeth clipping in piglets. Proc. Br. Soc. Anim. Prod. 75–
75. https://doi.org/doi:10.1017/S0308229600024016
Brown, J.M.E., Edwards, S.A., Smith, W.J., Thompson, E., Duncan, J., 1996.
Welfare and production implications of teeth clipping and iron injection of
piglets in outdoor systems in Scotland. Prev. Vet. Med. 27, 95–105.
https://doi.org/10.1016/0167-5877(96)01013-6
Buck, S., Reese, K., Hargreaves, K.M., 1999. Pulpal exposure alters neuropeptide
levels in inflamed dental pulp and trigeminal ganglia: evaluation of axonal
transport. J. Endod. 25, 718–721.
Burn, C.C., Peters, A., Mason, G.J., 2006. Acute effects of cage cleaning at different
frequencies on laboratory rat behaviour and welfare. Anim. Welf. 15, 161–171.
Bustin, S.A., Benes, V., Garson, J.A., Hellemans, J., Huggett, J., Kubista, M.,
Mueller, R., Nolan, T., Pfaffl, M.W., Shipley, G.L., Vandesompele, J., Wittwer,
C.T., 2009. The MIQE Guidelines: Minimum Information for publication of
quantitative real-time PCR Experiments. Clin. Chem. 55, 611–622.
https://doi.org/10.1373/clinchem.2008.112797
Buzzard, B.L., Edwards-Callaway, L.N., Engle, T.E., Rozell, T.G., Dritz, S.S., 2013.
Evaluation of blood parameters as an early assessment of health status in
nursery pigs. J. Swine Heal. Prod. 21, 148–151.
Buzzell, G.R., Menendez-Pelaez, A., Blank, J.L., Nonaka, K.O., Reiter., R.J., 1991.
Effects of gender, age, and castration on porphyrin concentration and melatonin
synthesis in the Harderian glands of the Mongolian gerbil, Meriones
unguiculatus. Can. J. Zool. 69, 151–155.
Byers, M.R., Dong, W.K., 1983. Autoradiographic location of sensory nerve endings
in dentin of monkey teeth. Anat. Rec. 205, 441–454.
https://doi.org/10.1002/ar.1092050409
Byers, M.R., Matthews, B., 1981. Autoradiographic demonstration of ipsilateral and
contralateral sensory nerve endings in cat dentin, pulp, and periodontium. Anat.
Rec. 201, 249–260. https://doi.org/10.1002/ar.1092010205
Byers, M.R., Narhi, M.V.O., 1999. Dental injury models: experimental tools for
understanding neuroinflammatory interactions and polymodal nociceptor

262
functions. Crit. Rev. Oral Biol. Med. 10, 4–39.
https://doi.org/10.1177/10454411990100010101
Byers, M.R., Närhi, M. V., Dong, W.K., 1987. Sensory innervation of pulp and
dentin in adult dog teeth as demonstrated by autoradiography. Anat. Rec. 218,
207–215. https://doi.org/10.1002/ar.1092180216
Byers, M.R., Neuhaus, S.J., Gehrig, J.D., 1982. Dental sensory receptor structure in
human teeth. Pain 13, 221–235.
Byers, M.R., Suzuki, H., Maeda, T., 2003. Dental neuroplasticity, neuro-pulpal
interactions, and nerve regeneration. Microsc. Res. Tech. 60, 503–515.
https://doi.org/10.1002/jemt.10291
Byers, M.R., Taylor, P.E., Khayat, B.G., Kimberly, C.L., 1990. Effects of injury and
inflammation on pulpal and periapical nerves. J. Endod. 16, 78–84.
https://doi.org/10.1016/S0099-2399(06)81568-2
Caielli, S., Banchereau, J., Pascual, V., 2012. Neutrophils come of age in chronic
inflammation. Curr. Opin. Immunol. 24, 671–677.
https://doi.org/10.1016/j.coi.2012.09.008
Calland, J.W., Harris, S.E., Carnes, D.L., 1997. Human pulp cells respond to
calcitonin gene-related peptide in vitro. J. Endod. 23, 485–489.
https://doi.org/10.1016/S0099-2399(97)80306-8
Camerlink, I., Ursinus, W.W., Bolhuis, J.E., 2014. Struggling to survive: early life
challenges in relation to the backtest in pigs. J. Anim. Sci. 92, 3088–3095.
https://doi.org/10.2527/jas.2013-7537
Carda, C., Peydro, A., 2006. Ultrastructural patterns of human dentinal tubules,
odontoblasts processes and nerve fibres. Tissue Cell 38, 141–150.
https://doi.org/10.1016/j.tice.2006.01.002
Carroll, J.A., Berg, E.L., Strauch, T.A., Roberts, M.P., Kattesh, H.G., 2002.
Hormonal profiles, behavioral responses, and short-term growth performance
after castration of pigs at three, six, nine, or twelve days of age. J. Anim. Sci.
84, 1271–1278.
Casal, N., Manteca, X., Peña L, R., Bassols, A., Fàbrega, E., 2017. Analysis of
cortisol in hair samples as an indicator of stress in pigs. J. Vet. Behav. Clin.
Appl. Res. 19, 1–6. https://doi.org/10.1016/j.jveb.2017.01.002
Castanheira, F.V.S., Kubes, P., 2019. Neutrophils and NETs in modulating acute and
chronic inflammation. Blood 133, 2178–2185. https://doi.org/10.1182/blood-

263
2018-11-844530
Castillo-Silva, B.E., Martínez-Jiménez, V., Martínezcastañón, G.A., Medina-Solís,
C.E., Aguirre-López, E.C., Castillo-Hernández, J.R., Niño-Martínez, N., PatiñoMarín, N., 2019. Expression of calcitonin gene-related peptide and pulp
sensitivity tests in irreversible pulpitis. Braz. Oral Res. 33:e007, 1–10.
https://doi.org/10.1590/1807-3107BOR-2019.VOL33.0077
Cave, N.J., Bridges, J.P., Thomas, D.G., 2012. Systemic effects of periodontal
disease in cats. Vet. Q. 32, 131–144.
https://doi.org/10.1080/01652176.2012.745957
Caviedes-Bucheli, J., Camargo-Beltrán, C., Gómez-la-Rotta, A.M., Moreno, S.C.-T.,
Abello, G.C.M., González-Escobar, J.M., 2004. Expression of calcitonin generelated peptide (CGRP) in irreversible acute pulpitis. J. Endod. 30, 201–204.
https://doi.org/10.1097/00004770-200404000-00004
Caviedes-Bucheli, J., Lombana, N., Azuero-Holguín, M.M., Munoz, H.R., 2006.
Quantification of neuropeptides (calcitonin gene-related peptide, substance P,
neurokinin A, neuropeptide Y and vasoactive intestinal polypeptide) expressed
in healthy and inflamed human dental pulp. Int. Endod. J. 39, 394–400.
https://doi.org/10.1111/j.1365-2591.2006.01093.x
Caviedes-Bucheli, J., Moreno, G.C., López, M.P., Bermeo-Noguera, A.M., PachecoRodríguez, G., Cuellar, A., Muñoz, H.R., 2008a. Calcitonin gene-related
peptide receptor expression in alternatively activated monocytes /macrophages
during irreversible pulpitis. J. Endod. 34, 945–949.
https://doi.org/10.1016/j.joen.2008.05.011
Caviedes-Bucheli, J., Muñoz, H.R., Azuero-Holguín, M.M., Ulate, E., 2008b.
Neuropeptides in dental pulp: the silent protagonists. J. Endod. 34, 773–788.
https://doi.org/10.1016/j.joen.2008.03.010
Chang, M.-C., Chen, Y.-J., Tai, T.-F., Tai, M.-R., Li, M.-Y., Tsai, Y.-L., Lan, W.-H.,
Wang, Y.-L., Jeng, J.-H., 2006. Cytokine-induced prostaglandin E2 production
and cyclooxygenase-2 expression in dental pulp cells: downstream calcium
signalling via activation of prostaglandin EP receptor. Int. Endod. J. 39, 819–
826. https://doi.org/10.1111/j.1365-2591.2006.01156.x
Chang, M.-C., Lin, S.-I., Lin, L.-D., Chan, C.-P., Lee, M.-S., Wang, T.-M., Jeng, P.Y., Yeung, S.-Y., Jeng, J.-H., 2016. Prostaglandin E2 stimulates EP2, adenylate
cyclase, phospholipase C, and intracellular calcium release to mediate cyclic

264
adenosine monophosphate production in dental pulp cells. J. Endod. 42, 584–
588. https://doi.org/10.1016/j.joen.2015.12.011
Chang, Y.-C., Yang, S.-F., Huang, F.-M., Liu, C.-M., Tai, K.-W., Hsieh, Y.-S., 2003.
Proinflammatory cytokines induce cyclooxygenase-2 mRNA and protein
expression in human pulp cell cultures. J. Endod. 29, 201–204.
https://doi.org/10.1097/00004770-200303000-00009
Chidgey, K.L., Morel, P.C.H., Stafford, K.J., Barugh, I.W., 2016. Observations of
sows and piglets housed in farrowing pens with temporary crating or farrowing
crates on a commercial farm. Appl. Anim. Behav. Sci. 176, 12–18.
https://doi.org/10.1016/j.applanim.2016.01.004
Chmielewski, P.P., Strzelec, B., 2018. Elevated leukocyte count as a harbinger of
systemic inflammation, disease progression, and poor prognosis: a review. Folia
Morphol. 77, 171–178. https://doi.org/10.5603/FM.a2017.0101
Christan, C., Dietrich, T., Hägewald, S., Kage, A., Bernimoulin, J.P., 2002. White
blood cell count in generalized aggressive periodontitis after non-surgical
therapy. J. Clin. Periodontol. 29, 201–206. https://doi.org/10.1034/j.1600051x.2002.290303.x
Chun, K.J., Choi, H.H., Lee, J.Y., 2014. Comparison of mechanical property and role
between enamel and dentin in the human teeth. J. Dent. Biomech. 5, 1–7.
https://doi.org/10.1177/1758736014520809
Chung, G., Oh, S.B., 2013. TRP channels in dental pain. Open Pain J. 6, S31–S36.
https://doi.org/10.2174/1876386301306010031
Čobanović, N., Stanković, S.D., Dimitrijević, M., Suvajdžić, B., Grković, N.,
Vasilev, D., Karabasil, N., 2020. Identifying physiological stress biomarkers for
prediction of pork quality variation. Animals 10, 641.
https://doi.org/10.3390/ani10040614
Cohen, J.S., Reader, A., Fertel, R., Beck, F.M., Meyers, W.J., 1985. A
radioimmunoassay determination of the concentrations of prostaglandins E2 and
F2α in painful and asymptomatic human dental pulps. J. Endod. 11, 330–335.
https://doi.org/10.1016/S0099-2399(85)80039-X
Cohen, S.P., Mao, J., 2014. Neuropathic pain: mechanisms and their clinical
implications. BMJ 348:f7656. https://doi.org/10.1136/bmj.f7656
Colpaert, F.C., Tarayre, J.P., Alliaga, M., Bruins Slot, L.A., Attal, N., Koek, W.,
2001. Opiate self-administration as a measure of chronic nociceptive pain in

265
arthritic rats. Pain 91, 33–45.
Connor, M., Cowan, S.L., 2020. Consumer evaluation of farm animal mutilations.
Res. Vet. Sci. 128, 35–42. https://doi.org/10.1016/j.rvsc.2019.10.006
Cook, N.J., 2012. Review: minimally invasive sampling media and the measurement
of corticosteroids as biomarkers of stress in animals. Can. J. Anim. Sci. 92,
227–259. https://doi.org/10.4141/CJAS2012-045
Cooper, P.R., Holder, M.J., Smith, A.J., 2014. Inflammation and regeneration in the
dentin-pulp complex: a double-edged sword. J. Endod. 40, S46–S51.
https://doi.org/10.1016/j.joen.2014.01.021
Cooper, P.R., McLachlan, S., Simon, S., Graham, L.W., Smith, A.J., 2011.
Mediators of inflammation and regeneration. Adv. Dent. Res. 23, 290-295.
https://doi.org/10.1177/0022034511405389
Cooper, P.R., Smith, A.J., 2014. Inflammatory processes in the dental pulp, in:
Goldberg, M. (Ed.), The Dental Pulp: Biology, Pathology, and Regenerative
Therapies. Springer, Berlin, DE, pp. 97–112. https://doi.org/10.1007/978-3-64255160-4
Cooper, P.R., Takahashi, Y., Graham, L.W., Simon, S., Imazato, S., Smith, A.J.,
2010. Inflammation-regeneration interplay in the dentine-pulp complex. J. Dent.
38, 687–697. https://doi.org/10.1016/j.jdent.2010.05.016
Corbo, M.G., Mansi, G., Stagni, A., Romano, A., van den Heuvel, J., Capasso, L.,
Raffio, T., Zoccali, S., Paludetto, R., 2000. Nonnutritive sucking during
heelstick procedures decreases behavioral distress in the newborn infant. Biol.
Neonate 77, 162–167.
Courbon, G., Rinaudo-Gaujous, M., Blasco-Baque, V., Auger, I., Caire, R., Mijola,
L., Vico, L., Paul, S., Marotte, H., 2019. Porphyromonas gingivalis
experimentally induces periodontis and an anti-CCP2-associated arthritis in the
rat. Ann. Rheum. Dis. 78, 594–599. https://doi.org/10.1136/annrheumdis-2018213697
Cullis, J.O., 2011. Diagnosis and management of anaemia of chronic disease: current
status. Br. J. Haematol. 154, 289–300. https://doi.org/10.1111/j.13652141.2011.08741.x
D’Eath, R.B., Jack, M., Futro, A., Talbot, D., Zhu, Q., Barclay, D., Baxter, E.M.,
2018. Automatic early warning of tail biting in pigs: 3D cameras can detect
lowered tail posture before an outbreak. PLoS One 13(4), e0194524.

266
https://doi.org/10.1371/journal.pone.0194524
D’Eath, R.B., Turner, S.P., 2009. The natural behaviour of the pig, in: MarchantForde, J.N. (Ed.), The Welfare of Pigs. Springer, West Lafayette IN, pp. 13–46.
https://doi.org/10.1007/978-1-4020-8909-1_5
Dagevos, H., 2021. Finding flexitarians: current studies on meat eaters and meat
reducers. Trends Food Sci. Technol. 114, 530–539.
https://doi.org/10.1016/j.tifs.2021.06.021
Danbury, T.C., Weeks, C.A., Chambers, J.P., Waterman-Pearson, A.E., Kestin, S.C.,
2000. Self-selection of the analgesic drug carprofen by lame broiler chickens.
Vet. Rec. 146, 307–311. https://doi.org/10.1136/vr.146.11.307
Dantzer, R., Bluthé, R., Tazi, A., 1986. Stress-induced analgesia in pigs. Ann. Rech.
Vétérinaires 17, 147–151.
Dantzer, R., O’Connor, J.C., Freund, G.G., Johnson, R.W., Kelley, K.W., 2008.
From inflammation to sickness and depression: when the immune system
subjugates the brain. Nature 9, 46–57. https://doi.org/10.1038/nrn2297
Dardaillon, M., 1988. Wild boar social groupings and their seasonal changes in the
Camargue, southern France. Zeitschrift für Säugetierkd. 53, 22–30.
Dawkins, M.S., 2008. The science of animal suffering. Ethology 114, 937–945.
https://doi.org/10.1111/j.1439-0310.2008.01557.x
Dawkins, M.S., 1990. From an animal’s point of view: motivation, fitness and
animal welfare. Behav. Brain Sci. 13, 1–61.
Day, I.N.M., Thompson, R.J., 2010. UCHL1 (PGP 9.5): neuronal biomarker and
ubiquitin system protein. Prog. Neurobiol. 90, 327–362.
https://doi.org/10.1016/j.pneurobio.2009.10.020
Dayas, C. V., Buller, K.M., Crane, J.W., Xu, Y., Day, T.A., 2001. Stressor
categorization: acute physical and psychological stressors elicit distinctive
recruitment patterns in the amygdala and in medullary noradrenergic cell
groups. Eur. J. Neurosci. 14, 1143–1152. https://doi.org/10.1046/j.0953816X.2001.01733.x
De Briyne, N., Berg, C., Blaha, T., Palzer, A., Temple, D., 2018. Phasing out pig tail
docking in the EU - present state, challenges and possibilities. Porc. Heal.
Manag. 4:27. https://doi.org/10.1186/s40813-018-0103-8
De Dios Teruel, J., Alcolea, A., Hernández, A., Ruiz, A.J.O., 2015. Comparison of
chemical composition of enamel and dentine in human, bovine, porcine and

267
ovine teeth. Arch. Oral Biol. 60, 768–775.
https://doi.org/10.1016/j.archoralbio.2015.01.014
De Jong, I.C., Prelle, I.T., Van De Burgwal, J.A., Lambooij, E., Korte, S.M.,
Blokhuis, H.J., Koolhaas, J.M., 2000. Effects of environmental enrichment on
behavioral responses to novelty, learning, and memory, and the circadian
rhythm in cortisol in growing pigs. Physiol. Behav. 68, 571–578.
De Passillé, A.M.B., Rushen, J., 1989. Suckling and teat disputes by neonatal piglets.
Appl. Anim. Behav. Sci. 22, 23–38. https://doi.org/10.1016/01681591(89)90077-4
De Passillé, A.M.B., Rushen, J., Hartsock, T.G., 1988. Ontogeny of teat fidelity in
pigs and its relation to competition at suckling. Can. J. Anim. Sci 68, 325–338.
https://doi.org/10.4141/cjas88-037
DeBoer, S.P., Garner, J.P., McCain, R.R., Lay, D.C., Eicher, S.D., Marchant-Forde,
J.N., 2015. An initial investigation into the effects of isolation and enrichment
on the welfare of laboratory pigs housed in the PigTurn® system, assessed
using tear staining, behaviour, physiology and haematology. Anim. Welf. 24,
15–27. https://doi.org/10.7120/09627286.24.1.015
DeBoer, S.P., Marchant-Forde, J.N., 2013. Tear staining as a potential welfare
indicator in pigs, in: Proceedings of the 47th Congress of the International
Society for Applied Ethology. Florianopolis, Brazil, p. 125.
https://doi.org/10.3920/978-90-8686-779-0
Decaluwé, R., Maes, D., Wuyts, B., Cools, A., Piepers, S., Janssens, G.P.J., 2014.
Piglets’ colostrum intake associates with daily weight gain and survival until
weaning. Livest. Sci. 162, 185–192. https://doi.org/10.1016/j.livsci.2014.01.024
Desborough, J.P., 2000. The stress response to trauma and surgery. Br. J. Anaesth.
85, 109–117. https://doi.org/10.1093/bja/85.1.109
Destrez, A., Deiss, V., Lévy, F., Calandreau, L., Lee, C., Chaillou-Sagon, E., Boissy,
A., 2013. Chronic stress induces pessimistic-like judgment and learning deficits
in sheep. Appl. Anim. Behav. Sci. 148, 28–36.
https://doi.org/10.1016/j.applanim.2013.07.016
Devillers, N., Farmer, C., Le Dividich, J., Prunier, A., 2007. Variability of colostrum
yield and colostrum intake in pigs. Animal 1, 1033–1041.
https://doi.org/10.1017/S175173110700016X
Devillers, N., Le Dividich, J., Prunier, A., 2011. Influence of colostrum intake on

268
piglet survival and immunity. Animal 5, 1605–1612.
https://doi.org/10.1017/S175173111100067X
Devor, M., 2006. Sodium channels and mechanisms of neuropathic pain. J. Pain 7,
S3–S12. https://doi.org/https://doi.org/10.1016/j.jpain.2005.09.006
Di Giminiani, P., Brierley, V.L.M.H., Scollo, A., Gottardo, F., Malcolm, E.M.,
Edwards, S.A., Leach, M.C., 2016. The assessment of facial expressions in
piglets undergoing tail docking and castration: toward the development of the
Piglet Grimace Scale. Front. Vet. Sci. 3:100.
https://doi.org/10.3389/fvets.2016.00100
Di Giminiani, P., Edwards, S.A., Malcolm, E.M., Leach, M.C., Herskin, M.S.,
Sandercock, D.A., 2017. Characterization of short- and long-term mechanical
sensitisation following surgical tail amputation in pigs. Sci. Rep. 7:4827.
https://doi.org/10.1038/s41598-017-05404-y
Done, S., Williamson, S.M., Strugnell, B.W., 2012. Nervous and locomotor systems,
in: Zimmerman, J.J., Karriker, L.A., Ramirez, A., Schwartz, K.J., Stevenson,
G.W. (Eds.), Diseases of Swine. Wiley-Blackwell, Chichester, UK, pp. 294–
328.
Dong, W.K., Chudler, E.H., Martin, R.F., 1985. Physiological properties of
intradental mechanoreceptors. Brain Res. 334, 389–395.
https://doi.org/10.1016/0006-8993(85)90239-2
Drake, A., Fraser, D., Weary, D.M., 2008. Parent-offspring resource allocation in
domestic pigs. Behav. Ecol. Sociobiol. 62, 309–319.
https://doi.org/10.1007/s00265-007-0418-y
Dray, A., 2008. Neuropathic pain: emerging treatments. Br. J. Anaesth. 101, 48–58.
https://doi.org/10.1093/bja/aen107
Dubin, A.E., Patapoutian, A., 2010. Nociceptors: the sensors of the pain pathway. J.
Clin. Invest. 120, 3760–3772. https://doi.org/10.1172/JCI42843
Durand, S.H., Flacher, V., Roméas, A., Carrouel, F., Colomb, E., Vincent, C.,
Magloire, H., Couble, M.-L., Bleicher, F., Staquet, M.-J., Lebecque, S., Farges,
J.-C., 2006. Lipoteichoic acid increases TLR and functional chemokine
expression while reducing dentin formation in in vitro differentiated human
odontoblasts. J. Immunol. 176, 2880–2887.
https://doi.org/10.4049/jimmunol.176.5.2880
Ebersole, J.L., Machen, R.L., Steffen, M.J., Willmann, D.E., 1997. Systemic acute-

269
phase reactants, C-reactive protein and haptoglobin, in adult periodontitis. Clin.
Exp. Immunol. 107, 347–352. https://doi.org/10.1111/j.1365-2249.1997.270ce1162.x
Eftekhari, S., Salvatore, C.A., Calamari, A., Kane, S.A., Tajti, J., Edvinsson, L.,
2010. Differential distribution of calcitonin gene-related peptide and its receptor
components in the human trigeminal ganglion. Neuroscience 169, 683–696.
https://doi.org/10.1016/j.neuroscience.2010.05.016
Eftekhari, S., Salvatore, C.A., Johansson, S., Chen, T.B., Zeng, Z., Edvinsson, L.,
2015. Localization of CGRP, CGRP receptor, PACAP and glutamate in
trigeminal ganglion. Relation to the blood-brain barrier. Brain Res. 1600, 93–
109. https://doi.org/10.1016/j.brainres.2014.11.031
Egan, C.A., Bishop, M.A., Hector, M.P., 1996. An immunohistochemical study of
the pulpal nerve supply in primary human teeth: evidence for the innervation of
deciduous dentine. J. Anat. 188, 623–631. https://doi.org/10.1046/j.1365263x.1999.00096.x
Egan, C.A., Hector, M.P., Bishop, M.A., 1999. On the pulpal nerve supply in
primary human teeth: evidence for the innervation of primary dentine. Int. J.
Paediatr. Dent. 9, 57–66. https://doi.org/10.1046/j.1365-263x.1999.00096.x
Eisenberg, J.F., Lockhart, M., 1972. An ecological reconnaissance of Wilpattu
National Park, Ceylon. Smithsonion Contrib. to Zool. 101, 1–118.
Ekert Kabalin, A., Balenović, T., Valpotić, I., Pavičić, Ž., Valpotić, H., 2008. The
influence of birth mass and age of suckling piglets on erythrocyte parameters.
Vet. Arh. 78, 307–319.
Ekkel, E.D., Dieleman, S.J., Schouten, W.G.P., Portela, A., Cornelissen, G., Tielen,
M.J.M., Halberg, F., 1996. The circadian rhythm of cortisol in the saliva of
young pigs. Physiol. Behav. 60, 985–989. https://doi.org/10.1016/S00319384(96)00107-2
El karim, I.A., Cooper, P.R., About, I., Tomson, P.L., Lundy, F.T., Duncan, H.F.,
2021. Deciphering reparative processes in the inflamed dental pulp. Front. Dent.
Med. 2:651219. https://doi.org/10.3389/fdmed.2021.651219
Elcock, C., Boissonade, F.M., Robinson, P.P., 2001. Changes in neuropeptide
expression in the trigeminal ganglion following inferior alveolar nerve section
in the ferret. Neuroscience 102, 655–667. https://doi.org/10.1016/S03064522(00)00508-X

270
Ellis, A., Bennett, D.L.H., 2013. Neuroinflammation and the generation of
neuropathic pain. Br. J. Anaesth. 111, 26–37. https://doi.org/10.1093/bja/aet128
Ellison, B., Brooks, K., Mieno, T., 2017. Which livestock production claims matter
most to consumers? Agric. Human Values 34, 819–831.
https://doi.org/10.1007/s10460-017-9777-9
Elwood, R.W., 2012. Evidence for pain in decapod crustaceans. Anim. Welf. 21,
S23–S27. https://doi.org/10.7120/096272812X13353700593365
Escartin, C., Galea, E., Lakatos, A., O’Callaghan, J.P., Petzold, G.C., Serrano-Pozo,
A., Steinhäuser, C., Volterra, A., Carmignoto, G., Agarwal, A., Allen, N.J.,
Araque, A., Barbeito, L., Barzilai, A., Bergles, D.E., Bonvento, G., Butt, A.M.,
Chen, W.-T., Cohen-Salmon, M., Cunningham, C., Deneen, B., De Strooper, B.,
Díaz-Castro, B., Farina, C., Freeman, M., Gallo, V., Goldman, J.E., Goldman,
S.A., Götz, M., Gutiérrez, A., Haydon, P.G., Heiland, D.H., Hol, E.M., Holt,
M.G., Iino, M., Kastanenka, K. V., Kettenmann, H., Khakh, B.S., Koizumi, S.,
Lee, C.J., Liddelow, S.A., MacVicar, B.A., Magistretti, P., Messing, A., Mishra,
A., Molofsky, A. V., Murai, K.K., Norris, C.M., Okada, S., Oliet, S.H.R.,
Oliveira, J.F., Panatier, A., Parpura, V., Pekna, M., Pekny, M., Pellerin, L.,
Perea, G., Pérez-Nievas, B.G., Pfrieger, F.W., Poskanzer, K.E., Quintana, F.J.,
Ransohoff, R.M., Riquelme-Perez, M., Robel, S., Rose, C.R., Rothstein, J.D.,
Rouach, N., Rowitch, D.H., Semyanov, A., Sirko, S., Sontheimer, H., Swanson,
R.A., Vitorica, J., Wanner, I.-B., Wood, L.B., Wu, J., Zheng, B., Zimmer, E.R.,
Zorec, R., Sofroniew, M. V., Verkhratsky, A., 2021. Reactive astrocyte
nomenclature, definitions, and future directions. Nat. Neurosci. 24, 312–325.
https://doi.org/10.1038/s41593-020-00783-4
FAOSTAT, 2021. Food and Agriculture Organization of the United Nations.
FAOSTAT Statistical Database [Rome] http://www.fao.org/faostat/en/#compare
(accessed 9.13.21).
Farges, J.C., Alliot-Licht, B., Renard, E., Ducret, M., Gaudin, A., Smith, A.J.,
Cooper, P.R., 2015. Dental pulp defence and repair mechanisms in dental caries.
Mediators Inflamm. 2015:23025. https://doi.org/10.1155/2015/230251
Farges, J.C., Carrouel, F., Keller, J.F., Baudouin, C., Msika, P., Bleicher, F., Staquet,
M.J., 2011. Cytokine production by human odontoblast-like cells upon Toll-like
receptor-2 engagement. Immunobiology 216, 513–517.
https://doi.org/10.1016/j.imbio.2010.08.006

271
Faria, S.S., Fernandes, P.C., Silva, M.J.B., Lima, V.C., Fontes, W., Freitas, R.,
Eterovic, A.K., Forget, P., 2016. The neutrophil-to-lymphocyte ratio: a narrative
review. Ecancer 10:702. https://doi.org/10.3332/ecancer.2016.702
Faulkner, P.M., Weary, D.M., 2000. Reducing pain after dehorning in dairy calves. J.
Dairy Sci. 83, 2037–2041. https://doi.org/10.3168/jds.S0022-0302(00)75084-3
FAWC, 2011. Opinion on mutilations and environmental enrichment in piglets and
growing pigs. London, UK.
FAWC, 2009. Farm animal welfare in Great Britain: past, present and future.
London, UK.
Ferrari, C. V, Sbardella, P.E., Bernardi, M.L., Coutinho, M.L., Jr, I.S.V., Wentz, I.,
Bortolozzo, F.P., 2014. Effect of birth weight and colostrum intake on mortality
and performance of piglets after cross-fostering in sows of different parities.
Prev. Vet. Med. 114, 259–266. https://doi.org/10.1016/j.prevetmed.2014.02.013
Field, T., Goldson, E., 1984. Pacifying effects of nonnutritive sucking on term and
preterm neonates during heelstick procedures. Pediatrics 74, 1012–1015.
https://doi.org/https://doi.org/10.1542/peds.74.6.1012
Filippini, H.F., Scalzilli, P.A., Costa, K.M., Freitas, R.D.S., Campos, M.M., 2018.
Activation of trigeminal ganglion satellite glial cells in CFA-induced tooth pulp
pain in rats. PLoS One 13(11), e0207411.
https://doi.org/https://doi.org/10.1371/journal.pone.0207411
Fink, R.B., Kish, S.J., Byers, M.R., 1975. Rapid axonal transport in trigeminal nerve
of rat. Brain Res. 90, 85–95.
Flecknell, P., Leach, M., Bateson, M., 2011. Affective state and quality of life in
mice. Pain 152, 963–964. https://doi.org/10.1016/j.pain.2011.01.030
Foisnet, A., Farmer, C., David, C., Quesnel, H., 2010. Relationships between
colostrum production by primiparous sows and sow physiology around
parturition. J. Anim. Sci. 88, 1672–1683. https://doi.org/10.2527/jas.2009-2562
Fokkema, S.J., Loos, B.G., Slegte, C., Van Der Velden, U., 2002. A type 2 response
in lipopolysaccharide (LPS)-stimulated whole blood cell cultures from
periodontitis patients. Clin. Exp. Immunol. 127, 374–378.
https://doi.org/10.1046/j.1365-2249.2002.01753.x
Fraser, D., 2005. Animal welfare and the intensification of animal production: an
alternative interpretation. FAO readings in ethics report. Rome, Italy.
Fraser, D., 1975. The ‘teat order’ of suckling pigs: II. Fighting during suckling and

272
the effects of clipping the eye teeth. J. agric. Sci., Camb 84, 393–399.
https://doi.org/10.1017/S002185960005259X
Fraser, D., Jones, R.M., 1975. The “teat order” of suckling pigs I: Relation to birth
weight and subsequent growth. J. agric. Sci., Camb 84, 387–391.
Fraser, D., Thompson, B.K., 1991. Armed sibling rivalry among suckling piglets.
Behav. Ecol. Sociobiol. 29, 9–15. https://doi.org/10.1007/BF00164289
Fraser, D., Thompson, B.K., Ferguson, D.K., Darroch, R.L., 1979. The “teat order”
of suckling pigs III. Relation to competition within litters. J. agric. Set., Camb
92, 257–261.
Fredriksen, B., Font i Furnols, M., Lundström, K., Migdal, W., Prunier, A., Tuyttens,
F.A.M., Bonneau, M., 2009. Practice on castration of piglets in Europe. Animal
3, 1480–1487. https://doi.org/10.1017/S1751731109004674
Fredriksson, M., Gustafsson, A., Åsman, B., Bergström, K., 1998. Hyper-reactive
peripheral neutrophils in adult periodontitis: generation of chemiluminescence
and intracellular hydrogen peroxide after in vitro priming and FcγR-stimulation.
J. Clin. Periodontol. 25, 394–398. https://doi.org/10.1111/j.1600051X.1998.tb02461.x
Fredriksson, M.I., Figueredo, C.M.S., Gustafsson, A., Bergström, K.G., Åsman,
B.E., 1999. Effect of periodontitis and smoking on blood leukocytes and acutephase proteins. J. Periodontol. 70, 1355–1360.
https://doi.org/10.1902/jop.1999.70.11.1355
Fried, K., Arvidsson, J., Robertson, B., Brodin, E., Theodorsson, E., 1989. Combined
retrograde tracing and enzyme / immunohistochemistry of trigeminal ganglion
cell bodies innervating tooth pulps in the rat. Neuroscience 33, 101–109.
Fried, K., Sessle, B.J., Devor, M., 2011. The paradox of pain from the tooth-pulp:
low-threshold “algoneurons”? Pain 152, 2685–2689.
https://doi.org/10.1016/j.pain.2011.08.004
Friendship, R.M., Lumsden, J.H., McMillan, I., Wilson, M.R., 1984. Hematology
and biochemistry reference values for Ontario swine. Can. J. Comp. Med. 48,
390–393.
Fristad, I., Bletsa, A., Byers, M., 2010. Inflammatory nerve responses in the dental
pulp. Endod. Top. 17, 12–41.
Fujino, H., West, K.A., Regan, J.W., 2002. Phosphorylation of glycogen synthase
kinase-3 and stimulation of T-cell factor signaling following activation of EP2

273
and EP4 prostanoid receptors by prostaglandin E2. J. Biol. Chem. 277, 2614–
2619. https://doi.org/10.1074/jbc.M109440200
Gabay, C., Kushner, I., 1999. Acute phase proteins and other systemic responses to
inflammation. N. Engl. J. Med. 340, 448–454.
Gaje, P.N., Ceausu, R.A., 2020. Cell types of the dental pulp behind the odontoblast.
Res. Clin. Med. 4, 16–18.
Galicia, J.C., Henson, B.R., Parker, J.S., Khan, A.A., 2016. Gene expression profile
of pulpitis. Genes Immun. 17, 239–243.
https://doi.org/10.1038/gene.2016.14.Gene
Galler, K.M., Weber, M., Korkmaz, Y., Widbiller, M., Feuerer, M., 2021.
Inflammatory response mechanisms of the dentine-pulp complex and the
periapical tissues. Int. J. Mol. Sci. 22, 1480.
https://doi.org/10.3390/ijms22031480
Gallois, M., Le Cozler, Y., Prunier, A., 2005. Influence of tooth resection in piglets
on welfare and performance. Prev. Vet. Med. 69, 13–23.
https://doi.org/10.1016/j.prevetmed.2004.12.008
Garratt, M., Gaillard, J.-M., Brooks, R.C., Lemaître, J.-F., 2013. Diversification of
the eutherian placenta is associated with changes in the pace of life. Proc. Natl.
Acad. Sci. U. S. A. 110, 7760–7765. https://doi.org/10.1073/pnas.1305018110
Garry, E.M., Jones, E., Fleetwood-Walker, S.M., 2004. Nociception in vertebrates:
key receptors participating in spinal mechanisms of chronic pain in animals.
Brain Res. Rev. 46, 216–224. https://doi.org/10.1016/j.brainresrev.2004.07.009
Gazelius, B., Edwall, B., Olgart, L., Lundberg, J.M., Hökfelt, T., Fischer, J.A., 1987.
Vasodilatory effects and coexistence of calcitonin gene-related peptide (CGRP)
and substance P in sensory nerves of cat dental pulp. Acta Physiol Scand. 130,
33–40. https://doi.org/doi: 10.1111/j.1748-1716.1987.tb08108.x
Gazerani, P., 2021. Satellite glial cells in pain research: a targeted viewpoint of
potential and future directions. Front. Pain Res. 2:646068.
https://doi.org/10.3389/fpain.2021.646068
Gentle, M.J., 2011. Pain issues in poultry. Appl. Anim. Behav. Sci. 135, 252–258.
https://doi.org/10.1016/j.applanim.2011.10.023
Gentle, M.J., 2001. Attentional shifts alter pain perception in the chicken. Anim.
Welf. 10, S187–S194.
Gentle, M.J., Hunter, L.N., Waddington, D., 1991. The onset of pain related

274
behaviours following partial beak amputation in the chicken. Neurosci. Lett.
128, 113–116.
Gieling, E.T., Nordquist, R.E., van der Staay, F.J., 2011. Assessing learning and
memory in pigs. Anim. Cogn. 14, 151–173. https://doi.org/10.1007/s10071-0100364-3
Glasgow, S.D., McPhedrain, R., Madranges, J.F., Kennedy, T.E., Ruthazer, E.S.,
2019. Approaches and limitations in the investigation of synaptic transmission
and plasticity. Front. Synaptic Neurosci. 11:20.
https://doi.org/10.3389/fnsyn.2019.00020
Godoy, L.D., Rossignoli, M.T., Delfino-Pereira, P., Garcia-Cairasco, N., Umeoka,
E.H. de L., 2018. A comprehensive overview on stress neurobiology: basic
concepts and clinical implications. Front. Behav. Neurosci. 12:127.
https://doi.org/10.3389/fnbeh.2018.00127
Goldberg, M., 2011. Pulp healing and regeneration: more questions than answers.
Adv. Dent. Res. 23, 270–274. https://doi.org/10.1177/0022034511405385
Goldberg, M., Farges, J.-C., Lacerda-Pinheiro, S., Six, N., Jegat, N., Decup, F.,
Septier, D., Carrouel, F., Durand, S., Chaussain-Miller, C., DenBesten, P., Veis,
A., Poliard, A., 2008. Inflammatory and immunological aspects of dental pulp
repair. Pharmacol. Res. 58, 137–147. https://doi.org/10.1016/j.phrs.2008.05.013
Goldberg, M., Hirata, A., 2017. The dental pulp: composition , properties and
functions. JSM Dent 5(1):1079.
Goldberg, M., Kulkarni, A.B., Young, M., Boskey, A., 2011. Dentin: structure,
composition and mineralization: the role of dentin ECM in dentin formation and
mineralization. Front. Biosci. (Elite Ed) 3, 711–735.
https://doi.org/10.2741/e281
Goldberg, M., Smith, A.J., Nagai, N., 2004. Cells and extracellular matrices of dentin
and pulp: a biological basis for repair and tissue engineering. J. Hard Tissue
Biol. 13, 55–72.
Goodis, H.E., Bowles, W.R., Hargreaves, K.M., 2000. Prostaglandin E2 enhances
bradykinin-evoked iCGRP release in bovine dental pulp. J. Dent. Res. 79,
1604–1607. https://doi.org/10.1177/00220345000790081301
Goto, T., Iwai, H., Kuramoto, E., Yamanaka, A., 2017. Neuropeptides and ATP
signaling in the trigeminal ganglion. Jpn. Dent. Sci. Rev. 53, 117–124.
https://doi.org/10.1016/j.jdsr.2017.01.003

275
Gottardo, F., Scollo, A., Contiero, B., Ravagnani, A., Tavella, G., Bernardini, D., De
Benedictis, G.M., Edwards, S.A., 2016. Pain alleviation during castration of
piglets: A comparative study of different farm options. J. Anim. Sci. 94, 5077–
5088. https://doi.org/10.2527/jas.2016-0843
Graf, B., Senn, M., 1999. Behavioural and physiological responses of calves to
dehorning by heat cauterization with or without local anaesthesia. Appl. Anim.
Behav. Sci. 62, 153–171. https://doi.org/10.1016/S0168-1591(98)00218-4
Grant, C., 2004. Behavioural responses of lambs to common painful husbandry
procedures. Appl. Anim. Behav. Sci. 87, 255–273.
https://doi.org/10.1016/j.applanim.2004.01.011
Graves, H.B., 1984. Behavior and ecology of wild and feral swine (Sus scrofa). J
Anim Sci 58, 482–492.
Gregory, N.G., Grandin, T., 2007. Animal welfare and the meat market, in: Animal
Welfare and Meat Production. CAB international, Cambridge, MA, pp. 148–
162.
Grutzner, E.H., Garry, M.G., Hargreaves, K.M., 1992. Effect of injury on pulpal
levels of immunoreactive substance P and immunoreactive calcitonin generelated peptide. J. Endod. 18, 553–557. https://doi.org/10.1016/S00992399(06)81213-6
Gruys, E., Toussaint, M.J.M., Niewold, T.A., Koopmans, S.J., 2005. Acute phase
reaction and acute phase proteins. J. Zhejiang Univ. Sci. 6B, 1045–1056.
https://doi.org/10.1631/jzus.2005.B1045
Guesgen, M., Beausoleil, N., Minot, E., Stewart, M., Stafford, K., Morel, P., 2016.
Lambs show changes in ear posture when experiencing pain. Anim. Welf. 25,
2016. https://doi.org/10.7120/09627286.25.2.171
Gunjigake, K.K., Goto, T., Nakao, K., Kobayashi, S., Yamaguchi, K., 2009.
Activation of satellite glial cells in rat trigeminal ganglion after upper molar
extraction. Acta Histochem. Cytochem. 42, 143–149.
https://doi.org/10.1267/ahc.09017
Haddad, A., Flint-Ashtamker, G., Minzel, W., Sood, R., Rimon, G., BarkiHarrington, L., 2012. Prostaglandin EP1 receptor down-regulates expression of
cyclooxygenase-2 by facilitating its proteasomal degradation. J. Biol. Chem.
287, 17214–17223. https://doi.org/10.1074/jbc.M111.304220
Hajishengallis, G., 2015. Periodontitis: from microbial immune subversion to

276
systemic inflammation. Nat. Rev. Immunol. 15, 30–44.
https://doi.org/10.1038/nri3785
Hanani, M., Spray, D.C., 2020. Emerging importance of satellite glia in nervous
system function and dysfunction. Nat. Rev. Neurosci. 21, 485–498.
https://doi.org/10.1038/s41583-020-0333-z
Hanani, M., Verkhratsky, A., 2021. Satellite glial cells and astrocytes, a comparative
review. Neurochem. Res. 46, 2525–2537. https://doi.org/10.1007/s11064-02103255-8
Hansson, M., Lundeheim, N., 2012. Facial lesions in piglets with intact or grinded
teeth. Acta Vet. Scand. 54:23. https://doi.org/10.1186/1751-0147-54-23
Hansson, M., Lundeheim, N., Nyman, G., Johansson, G., 2011. Effect of local
anaesthesia and / or analgesia on pain responses induced by piglet castration.
Acta Vet. Scand. 53:34.
Harris, M.J., Gonyou, H.W., 1998. Increasing available space in a farrowing crate
does not facilitate postural changes or maternal responses in gilts. Appl. Anim.
Behav. Sci. 59, 285–296. https://doi.org/10.1016/S0168-1591(98)00142-7
Harrison, R., 1964. Animal Machines - the New Factory Farming Industry. Vincent
Stuart, London, UK.
Hart, B.L., 1988. Biological basis of the behavior of sick animals. Neurosci.
Biobehav. Rev. 12, 123–137.
Hart, K.A., 2012. The use of cortisol for the objective assessment of stress in
animals: pros and cons. Vet. J. 192, 137–139.
https://doi.org/10.1016/j.tvjl.2012.03.016
Hartsock, T.G., Graves, H.B., 1976. Neonatal behavior and nutrition-related
mortality in domestic swine. J. Anim. Sci. 42, 235–241.
Haug, S.R., Heyeraas, K.J., 2003. Effects of sympathectomy on experimentally
induced pulpal inflammation and periapical lesions in rats. Neuroscience 120,
827–836. https://doi.org/10.1016/S0306-4522(03)00269-0
Hay, M., Rue, J., Sansac, C., Brunel, G., Prunier, A., 2004. Long-term detrimental
effects of tooth clipping or grinding in piglets: a histological approach. Anim.
Welf. 13, 27–32.
Hay, M., Vulin, A., Génin, S., Sales, P., Prunier, A., 2003. Assessment of pain
induced by castration in piglets: behavioral and physiological responses over the
subsequent 5 days. Appl. Anim. Behav. Sci. 82, 201–218.

277
https://doi.org/10.1016/S0168-1591(03)00059-5
Heegaard, P.M.H., Stockmarr, A., Pĩeiro, M., Carpintero, R., Lampreave, F.,
Campbell, F.M., Eckersall, P.D., Toussaint, M.J.M., Gruys, E., Sorensen, N.S.,
2011. Optimal combinations of acute phase proteins for detecting infectious
disease in pigs. Vet. Res. 42:50. https://doi.org/10.1186/1297-9716-42-50
Heinonen, M., Orro, T., Kokkonen, T., Munsterhjelm, C., Peltoniemi, O., Valros, A.,
2010. Tail biting induces a strong acute phase response and tail-end
inflammation in finishing pigs. Vet. J. 184, 303–307.
https://doi.org/10.1016/j.tvjl.2009.02.021
Helke, K.L., Ezell, P.C., Duran-Struuck, R., Swindle, M.M., 2015. Biology and
diseases of swine, 3rd ed, Laboratory Animal Medicine. Academic Press,
Cambridge, MA. https://doi.org/10.1016/B978-0-12-409527-4.00016-X
Hemsworth, P.H., Smith, K., Karlen, M.G., Arnold, N.A., Moeller, S.J., Barnett, J.L.,
2011. The choice behaviour of pigs in a Y maze: effects of deprivation of feed,
social contact and bedding. Behav. Processes 87, 210–217.
https://doi.org/10.1016/j.beproc.2011.03.007
Hennig-Pauka, I., Menzel, A., Boehme, T.R., Schierbaum, H., Ganter, M., Schulz, J.,
2019. Haptoglobin and C-reactive protein - non-specific markers for nursery
conditions in swine. Front. Vet. Sci. 6:92.
https://doi.org/10.3389/fvets.2019.00092
Henry, M.A., Luo, S., Levinson, S.R., 2012. Unmyelinated nerve fibers in the human
dental pulp express markers for myelinated fibers and show sodium channel
accumulations. BMC Neurosci. 13:29. https://doi.org/10.1186/1471-2202-13-29
Herpin, P., Damon, M., Le Dividich, J., 2002. Development of thermoregulation and
neonatal survival in pigs. Livest. Prod. Sci. 78, 25–45.
https://doi.org/10.1016/S0301-6226(02)00183-5
Herskin, M.S., Di Giminiani, P., 2018. Pain in pigs: characterisation, mechanisms
and indicators, in: Špinka, M. (Ed.), Advances in Pig Welfare. Woodhead
Publishing, Duxford, UK, pp. 325–355. https://doi.org/10.1016/B978-0-08101012-9.00011-3
Herskin, M.S., Jensen, K.H., 2000. Effects of different degrees of social isolation on
the behaviour of weaned piglets kept for experimental purposes. Anim. Welf. 9,
237–249.
Herskin, M.S., Thodberg, K., Jensen, H.E., 2015. Effects of tail docking and docking

278
length on neuroanatomical changes in healed tail tips of pigs. Animal 9, 677–
681. https://doi.org/10.1017/S1751731114002857
Hessing, M.J.C., Hagelsø, A.M., Schouten, W.G.P., Wiepkema, P.R., Van Beek,
J.A.M., 1994. Individual behavioral and physiological strategies in pigs.
Physiol. Behav. 55, 39–46. https://doi.org/10.1016/0031-9384(94)90007-8
Hildebrand, C., Fried, K., Tuisku, F., Johansson, C.S., 1995. Teeth and tooth nerves.
Prog. Neurobiol. 45, 165–222. https://doi.org/10.1016/0301-0082(94)00045-J
Hillmann, E., Schrader, L., Mayer, C., Gygax, L., 2008. Effects of weight,
temperature and behaviour on the circadian rhythm of salivary cortisol in
growing pigs. Animal 2, 405–409. https://doi.org/10.1017/S1751731107001279
Hocking, P.M., Wu, K., 2013. Traditional and commercial turkeys show similar
susceptibility to foot pad dermatitis and behavioural evidence of pain. Br. Poult.
Sci. 54, 281–288. https://doi.org/10.1080/00071668.2013.781265
Hoelzle, L.E., Zeder, M., Felder, K.M., Hoelzle, K., 2014. Pathobiology of
Mycoplasma suis. Vet. J. 202, 20–25. https://doi.org/10.1016/j.tvjl.2014.07.023
Hokfelt, T., Zhang, X., Wiesenfeld-Hallin, Z., 1994. Messenger plasticity in primary
sensory neurons following axotomy and its functional implications. Trends
Neurosci 17, 22–30.
Holan, G., Fuks, A.B., 1996. The diagnostic value of coronal dark-gray discoloration
in primary teeth following traumatic injuries. Pediatr. Dent. 18, 224–227.
Holder, M.J., Wright, H.J., Couve, E., Milward, M.R., Cooper, P.R., 2019.
Neutrophil extracellular traps exert potential cytotoxic and proinflammatory
effects in the dental pulp. J. Endod. 45, 513-520.e3.
https://doi.org/10.1016/j.joen.2019.02.014
Holman, S.D., Waranch, D.R., Campbell-Malone, R., Ding, P., Gierbolini-Norat,
E.M., Lukasik, S.L., German, R.Z., 2013. Sucking and swallowing rates after
palatal anesthesia: an electromyographic study in infant pigs. J Neurophysiol
110, 387–396.
Holyoake, P.K., Broek, D.J., Callinan, A.P.L., 2004. The effects of reducing the
length of canine teeth in sucking pigs by clipping or grinding. Aust. Vet. J. 82,
574–576. https://doi.org/10.1111/j.1751-0813.2004.tb11207.x
Holzmann, B., 2013. Modulation of immune responses by the neuropeptide CGRP.
Amino Acids 45, 1–7. https://doi.org/10.1007/s00726-011-1161-2
Hong, H., Chen, X., Li, K., Wang, N., Li, M., Yang, B., Yu, X., Wei, X., 2020.

279
Dental follicle stem cells rescue the regenerative capacity of inflamed rat dental
pulp through a paracrine pathway. Stem Cell Res. Ther. 11:333.
https://doi.org/10.1186/s13287-020-01841-1
Horadagoda, N.U., Knox, K.M.G., Gibbs, H.A., Reid, S.W.J., Horadagoda, A.,
Edwards, S.E.R., Eckersall, P.D., 1999. Acute phase proteins in cattle:
discrimination between acute and chronic inflammation. Vet. Rec. 144, 437–
441. https://doi.org/10.1136/vr.144.16.437
Hori, N., Yuyama, N., Tamura, K., 2004. Biting suppresses stress-induced
expression of corticotropin-releasing factor (CRF) in the rat hypothalamus. J.
Dent. Res. 83, 124–128. https://doi.org/10.1177/154405910408300208
Horrell, R.I., A’Ness, P.J., Edwards, S.A., Eddison, J.C., 2001. The use of nose-rings
in pigs: consequences for rooting, other functional activities, and welfare. Anim.
Welf. 10, 3–22.
Hossain, M.Z., Bakri, M.M., Yahya, F., Ando, H., Unno, S., Kitagawa, J., 2019. The
role of transient receptor potential (TRP) channels in the transduction of dental
pain. Int. J. Mol. Sci. 20:526. https://doi.org/10.3390/ijms20030526
Howroyd, P.C., 2020. Dissection of the trigeminal ganglion of nonrodent species
used in toxicology studies. Toxicol. Pathol. 48, 30–36.
https://doi.org/10.1177/0192623319854338
Huang, G.T.-J., Potente, A.P., Kim, J.-W., Chugal, N., Zhang, X., 1999. Increased
interleukin-8 expression in inflamed human dental pulps. Oral Surg Oral Med
Oral Pathol Oral Radiol Endod 88, 214–220. https://doi.org/10.1016/S10792104(99)70118-6
Hultén, F., Persson, A., Eliasson-Selling, L., Heldmer, E., Lindberg, M., Sjögren, U.,
Kugelberg, C., Ehlorsson, C.-J., 2004. Evaluation of environmental and
management-related risk factors associated with chronic mastitis in sows. Am.
J. Vet. Res. 65, 1398–1403. https://doi.org/10.2460/ajvr.2004.65.1398
Hutter, J.W., Van Der Velden, U., Varoufaki, A., Huffels, R.A.M., Hoek, F.J., Loos,
B.G., 2001. Lower numbers of erythrocytes and lower levels of hemoglobin in
periodontitis patients compared to control subjects. J. Clin. Periodontol. 28,
930–936. https://doi.org/10.1034/j.1600-051x.2001.028010930.x
Hutter, S., Heinritzi, H., Reich, E., Ehret, W., 1994. Efficacité de différentes
méthodes de résection des dents chez le porcelet non sevré. Rev. Med. Vet.
(Toulouse). 145, 205–213.

280
Hyun, Y., Ellis, M., Curtis, S.E., Johnson, R.W., 2005. Environmental temperature,
space allowance, and regrouping: additive effects of multiple concurrent
stressors in growing pigs. J Swine Heal. Prod 13, 131–138.
Hyun, Y., Ellis, M., Johnson, R.W., 1998. Effects of feeder type, space allowance,
and mixing on the growth performance and feed intake pattern of growing pigs.
J. Anim. Sci. 76, 2771–2778. https://doi.org/10.1054/math.2001.0420
Ibuki, T., Kidol, M.A., Kiyoshima, T., Terada, Y., Tanaka, T., 1996. An
ultrastructural study of the relationship between sensory trigeminal nerves and
odontoblasts in rat dentin / pulp as demonstrated by the anterograde transport of
wheat germ agglutinin-horseradish peroxidase (WGA-HRP). J Dent Res 75,
1963–1970. https://doi.org/10.1177/00220345960750120801
Ison, S.H., Clutton, R.E., Giminiani, P. Di, Rutherford, K.M.D., 2016. A review of
pain assessment in pigs. Front. Vet. Sci. 3:108.
https://doi.org/10.3389/fvets.2016.00108
Ivanovs, I., Mihelsons, M., Boka, V., 2012. Stress response to surgery and possible
ways of its correction. Proc. Latv. Acad. Sci. Sect. B Nat. Exact, Appl. Sci. 66,
225–233. https://doi.org/10.2478/v10046-012-0014-z
Iwata, K., Takeda, M., Oh, S.B., Shinoda, M., 2017. Neurophysiology of orofacial
pain, in: Farah, C., Balasubramaniam, R., McCullough, M. (Eds.),
Contemporary Oral Medicine. Springer, Cham., pp. 1–23.
https://doi.org/10.1007/978-3-319-28100-1_8-1
Iyengar, S., Johnson, K.W., Ossipov, M.H., Aurora, S.K., 2019. CGRP and the
trigeminal system in migraine. Headache 59, 659–681.
https://doi.org/10.1111/head.13529
Iyengar, S., Ossipov, M.H., Johnson, K.W., 2017. The role of calcitonin gene-related
peptide in peripheral and central pain mechanisms including migraine. Pain 158,
543–559. https://doi.org/10.1097/j.pain.0000000000000831
Jacomo, D.R. do E.S., Campos, V., 2009. Prevalence of sequelae in the permanent
anterior teeth after trauma in their predecessors: a longitudinal study of 8 years.
Dent. Traumatol. 25, 300–304. https://doi.org/10.1111/j.16009657.2009.00764.x
Jager, S.E., Pallesen, L.T., Richner, M., Harley, P., Hore, Z., McMahon, S., Denk, F.,
Vægter, C.B., 2020. Changes in the transcriptional fingerprint of satellite glial
cells following peripheral nerve injury. Glia 68, 1375–1395.

281
https://doi.org/10.1002/glia.23785
Jain, N., Gupta, A., Meena, N., 2013. An insight into neurophysiology of pulpal pain:
facts and hypotheses. Korean J. Pain 26, 347–355.
https://doi.org/10.3344/kjp.2013.26.4.347
Janczak, A.M., Ranheim, B., Fosse, T.K., Hild, S., Nordgreen, J., Moe, R.O.,
Zanella, A.J., 2012. Factors affecting mechanical (nociceptive) thresholds in
piglets. Vet. Anaesth. Analg. 39, 628–635. https://doi.org/10.1111/j.14672995.2012.00737.x
Janssens, C.J.J.G., Helmond, F.A., Wiegant, V.M., 1995. The effect of chronic stress
on plasma cortisol concentrations in cyclic female pigs depends on the time of
day. Domest. Anim. Endocrinol. 12, 167–177.
Jensen, M.B., Pedersen, L.J., 2007. The value assigned to six different rooting
materials by growing pigs. Appl. Anim. Behav. Sci. 108, 31–44.
https://doi.org/10.1016/j.applanim.2006.10.014
Jensen, P., 1988. Maternal behaviour and mother-young interactions during lactation
in free-ranging domestic pigs. Appl. Anim. Behav. Sci. 20, 297–308.
https://doi.org/10.1016/0168-1591(88)90054-8
Jensen, P., Recén, B., 1989. When to wean - observations from free-ranging
domestic pigs. Appl. Anim. Behav. Sci. 23, 49–60.
https://doi.org/10.1016/0168-1591(89)90006-3
Jensen, P., Stangel, G., Algers, B., 1991. Nursing and suckling behaviour of seminaturally kept pigs during the first 10 days postpartum. Appl. Anim. Behav. Sci.
31, 195–209. https://doi.org/10.1016/0168-1591(91)90005-I
Ježek, J., Starič, J., Nemec, M., Plut, J., Oven, I.G., Klinkon, M., Štukelj, M., 2018.
The influence of age, farm, and physiological status on pig hematological
profiles. J. Swine Heal. Prod. 26, 72–78.
Jirkof, P., 2017. Side effects of pain and analgesia in animal experimentation. Lab
Anim. (NY). 46, 123–128. https://doi.org/10.1038/laban.1216
Joëls, M., Baram, T.Z., 2009. The neuro-symphony of stress. Nat. Rev. Neurosci. 10,
459–466.
Johnsen, D., Johns, S., 1978. Quantification of nerve fibres in the primary and
permanent canine and incisor teeth in man. Archs Oral Biol. 23, 825–829.
Johnson, E.W., Ellis, M., Curtis, S.E., 2003. Dental disease in sows: early findings,
in: Allen D. Leman Swine Conference. Champaign, IL, p. 32.

282
Jontell, M., Okiji, T., Dahlgren, U., Bergenholtz, G., 1998. Immune defense
mechanisms of the dental pulp. Crit. Rev. Oral Biol. Med. 9, 179–200.
https://doi.org/10.1177/10454411980090020301
Kakoli, P., Nandakuma, R., Romberg, E., Arola, D., Fouad, A.F., 2009. The effect of
age on bacterial penetration of radicular dentin. J Endod. 35, 78–81.
https://doi.org/10.1016/j.joen.2008.10.004.
Kanitz, E., Hameister, T., Tuchscherer, M., Tuchscherer, A., Puppe, B., 2014. Social
support attenuates the adverse consequences of social deprivation stress in
domestic piglets. Horm. Behav. 65, 203–210.
https://doi.org/10.1016/j.yhbeh.2014.01.007
Kanitz, E., Puppe, B., Tuchscherer, M., Heberer, M., Viergutz, T., Tuchscherer, A.,
2009. A single exposure to social isolation in domestic piglets activates
behavioural arousal, neuroendocrine stress hormones, and stress-related gene
expression in the brain. Physiol. Behav. 98, 176–185.
https://doi.org/10.1016/j.physbeh.2009.05.007
Kattesh, H.G., Brown, M.E., Masincupp, F.B., Schneider, J.F., 1996. Protein-bound
and unbound forms of plasma cortisol in piglets after castration at seven or 14
days of age. Res. Vet. Sci. 61, 22–25. https://doi.org/10.1016/S00345288(96)90105-8
Kerr, F.W.L., Lysak, W.R., 1964. Somatotopic organization of trigeminal-ganglion
neurones. Arch. Neurol. 11, 593–602.
https://doi.org/10.1001/archneur.1964.00460240025003
Khayat, B.G., Byers, M.R., Taylor, P.E., Mecifi, K., Kimberly, C.L., 1988.
Responses of nerve fibers to pulpal inflammation and periapical lesions in rat
molars demonstrated by calcitonin gene-related peptide immunocytochemistry.
J. Endod. 14, 577–587. https://doi.org/10.1016/S0099-2399(88)80054-2
Khera, T., Rangasamy, V., 2021. Cognition and pain: a review. Front. Psychol.
12:673962. https://doi.org/10.3389/fpsyg.2021.673962
Khorasani, M.M.Y., Hassanshahi, G., Brodzikowska, A., Khorramdelazad, H., 2020.
Role(s) of cytokines in pulpitis: latest evidence and therapeutic approaches.
Cytokine 126:154896. https://doi.org/10.1016/j.cyto.2019.154896
Killough, S.A., Lundy, F.T., Irwin, C.R., 2009. Substance P expression by human
dental pulp fibroblasts: a potential role in neurogenic inflammation. J. Endod.
35, 73–77. https://doi.org/10.1016/j.joen.2008.10.010

283
Kim, H.-K., Kim, S.-H., Ryu, J.-K., 2017. Changes in the blood components caused
by water intake. Korean J. Clin. Lab. Sci. 49, 227–232.
https://doi.org/10.15324/kjcls.2017.49.3.227
Kim, J., Lee, G., Chang, W.S., Ki, S.H., Park, J.C., 2021. Comparison and contrast of
bone and dentin in genetic disorder, morphology and regeneration: a review. J.
Bone Metab. 28, 1–10. https://doi.org/10.11005/JBM.2021.28.1.1
Kimberly, C.L., Byers, M.R., 1988. Inflammation of rat molar pulp and
periodontium causes increased calcitonin gene‐related peptide and axonal
sprouting. Anat. Rec. 222, 289–300. https://doi.org/10.1002/ar.1092220310
Klaver, J., van Kempen, G.J.M., de Lange, P.G.B., Verstegen, M.W.A., Boer, H.,
1981. Milk composition and daily yield of different milk components as
affected by sow condition and lactation / feeding regimen. J. Anim. Sci. 52,
1091–1097. https://doi.org/10.2527/jas1981.5251091x
Kline, L.W., Yu, D.C., 2009. Effects of calcitonin, calcitonin gene-related peptide,
human recombinant bone morphogenetic protein-2, and parathyroid hormonerelated protein on endodontically treated ferret canines. J. Endod. 35, 866–869.
https://doi.org/10.1016/j.joen.2009.03.045
Kluivers-Poodt, M., Houx, B.B., Robben, S.R.M., Koop, G., Lambooij, E.,
Hellebrekers, L.J., 2012. Effects of a local anaesthetic and NSAID in castration
of piglets, on the acute pain responses, growth and mortality. Anim. Int. J.
Anim. Biosci. 6, 1469–1475. https://doi.org/10.1017/S1751731112000547
Knapman, A., Heinzmann, J.-M., Holsboer, F., Landgraf, R., Touma, C., 2010.
Modeling psychotic and cognitive symptoms of affective disorders: disrupted
latent inhibition and reversal learning deficits in highly stress reactive mice.
Neurobiol. Learn. Mem. 94, 145–152.
https://doi.org/10.1016/j.nlm.2010.04.010
Koopmans, S.J., Ruis, M., Dekker, R., Van Diepen, H., Korte, M., Mroz, Z., 2005a.
Surplus dietary tryptophan reduces plasma cortisol and noradrenaline
concentrations and enhances recovery after social stress in pigs. Physiol. Behav.
85, 469–478. https://doi.org/10.1016/j.physbeh.2005.05.010
Koopmans, S.J., Van Der Meulen, J., Dekker, R., Corbijn, H., Mroz, Z., 2005b.
Diurnal rhythms in plasma cortisol, insulin, glucose, lactate and urea in pigs fed
identical meals at 12-hourly intervals. Physiol. Behav. 84, 497–503.
https://doi.org/10.1016/j.physbeh.2005.01.017

284
Korczeniewska, O.A., Husain, S., Khan, J., Eliav, E., Soteropoulos, P., Benoliel, R.,
2018. Differential gene expression in trigeminal ganglia of male and female rats
following chronic constriction of the infraorbital nerve. Eur. J. Pain 22, 875–
888. https://doi.org/10.1002/ejp.1174
Korczeniewska, O.A., Katzmann Rider, G., Gajra, S., Narra, V., Ramavajla, V.,
Chang, Y.-J., Tao, Y., Soteropoulos, P., Husain, S., Khan, J., Eliav, E., Benoliel,
R., 2020. Differential gene expression changes in the dorsal root versus
trigeminal ganglia following peripheral nerve injury in rats. Eur. J. Pain 24,
967–982. https://doi.org/10.1002/ejp.1546
Kornum, B.R., Knudsen, G.M., 2011. Cognitive testing of pigs (Sus scrofa) in
translational biobehavioral research. Neurosci. Biobehav. Rev. 35, 437–451.
https://doi.org/10.1016/j.neubiorev.2010.05.004
Kuner, R., 2010. Central mechanisms of pathological pain. Nat Med 16, 1258–1266.
https://doi.org/10.1038/nm.2231
Kusec, G., Kralik, G., Djurkin, I., Baulain, U., Kallweit, E., 2008. Optimal slaughter
weight of pigs assessed by means of the asymmetric S-curve. Czech J. Anim.
Sci. 53, 98–105.
LaGuardia, J.J., Cohrs, R.J., Gilden, D.H., 2000. Numbers of neurons and nonneuronal cells in human trigeminal ganglia. Neurol. Res. 22, 565–566.
https://doi.org/10.1080/01616412.2000.11740719
Lainson, P.A., Brady, P.P., Fraleigh, C.M., 1968. Anemia, a systemic cause of
periodontal disease? J. Periodontol. 39, 35–38.
https://doi.org/10.1902/jop.1968.39.1.35
Larsen, M.L.V., Gustafsson, A., Marchant-Forde, J.N., Valros, A., 2019. Tear
staining in finisher pigs and its relation to age, growth, sex and potential pen
level stressors. Animal 13, 1704–1711.
https://doi.org/10.1017/S1751731118003646
Larsen, T., Kaiser, M., Herskin, M.S., 2015. Does the presence of shoulder ulcers
affect the behaviour of sows? Res. Vet. Sci. 98, 19–24.
https://doi.org/10.1016/j.rvsc.2014.11.001
Laskawi, R., Wolff, J.R., 1996. Changes in glial fibrillary acidic protein
immunoreactivity in the rat facial nucleus following various types of nerve
lesions. Eur Arch Otorhinolaryngol 253, 475–480.
Latremoliere, A., Woolf, C.J., 2009. Central sensitization: a generator of pain

285
hypersensitivity by central neural plasticity. J. Pain 10, 895–926.
https://doi.org/10.1016/j.jpain.2009.06.012
Lay, D.C., Friend, T.H., Randel, R.D., Bowers, C.L., Grissom, K.K., Jenkins, O.C.,
1992. Behavioral and physiological effects of freeze or hot-iron branding on
crossbred cattle. J. Anim. Sci. 70, 330–336.
https://doi.org/10.2527/1992.702330x
Le Dividich, J., Rooke, J.A., Herpin, P., 2005. Nutritional and immunological
importance of colostrum for the new-born pig. J. Agric. Sci. 143, 469–485.
https://doi.org/10.1017/S0021859605005642
Lee, C.S., Ramsey, A.A., Brito-Gariepy, H. De, Michot, B., Podborits, E., Melnyk,
J., Gibbs, J.L., 2017. Molecular, cellular, and behavioral changes associated
with pathological pain signaling occur after dental pulp injury. Mol. Pain 13, 1–
15. https://doi.org/10.1177/1744806917715173
Leidig, M.S., Hertrampf, B., Failing, K., Schumann, A., Reiner, G., 2009. Pain and
discomfort in male piglets during surgical castration with and without local
anaesthesia as determined by vocalisation and defence behaviour. Appl. Anim.
Behav. Sci. 116, 174–178. https://doi.org/10.1016/j.applanim.2008.10.004
Levin, L.G., Rudd, A., Bletsa, A., Reisner, H., 1999. Expression of IL-8 by cells of
the odontoblast layer in vitro. Eur. J. Oral Sci. 107, 131–137.
https://doi.org/10.1046/j.0909-8836.1999.eos107209.x
Lewis, E., Boyle, L., 2003. The pros and cons of teeth clipping, in: Proceedings of
the Pig Farmers Conference. Longford, Republic of Ireland, pp. 11–21.
Lewis, E., Boyle, L.A., Brophy, P., O’Doherty, J. V., Lynch, P.B., 2005a. The effect
of two piglet teeth resection procedures on the welfare of sows in farrowing
crates. Part 2. Appl. Anim. Behav. Sci. 90, 251–264.
https://doi.org/10.1016/j.applanim.2004.08.007
Lewis, E., Boyle, L.A., Lynch, P.B., Brophy, P., O’Doherty, J. V., 2005b. The effect
of two teeth resection procedures on the welfare of piglets in farrowing crates.
Part 1. Appl. Anim. Behav. Sci. 90, 233–249.
https://doi.org/10.1016/j.applanim.2004.08.022
Li, J., Vause, C. V., Durham, P.L., 2008. Calcitonin gene-related peptide stimulation
of nitric oxide synthesis and release from trigeminal ganglion glial cells. Brain
Res. 1196, 22–32. https://doi.org/10.1016/j.brainres.2007.12.028
Li, X., Kolltveit, K.M., Tronstad, L., Olsen, I., 2000. Systemic diseases caused by

286
oral infection. Clin. Microbiol. Rev. 13, 547–558.
Li, Y., Song, Z., Kerr, K.A., Moeser, A.J., 2017. Chronic social stress in pigs impairs
intestinal barrier and nutrient transporter function, and alters neuro-immune
mediator and receptor expression. PLoS One 12(2), e0171617.
https://doi.org/10.1371/journal.pone.0171617
Lin, W., Hsieh, S., Huang, I., Griffin, J.W., Chen, W., 1997. Ultrastructural
localization and regulation of gene product 9.5. Neuroreport 8, 2999–3004.
Linde, A., Goldberg, M., 1993. Dentinogenesis. Crit. Rev. Oral Biol. Med. 4, 679–
728.
Liu, H., Zhao, L., Gu, W., Liu, Q., Gao, Z., Zhu, X., Wu, Z., He, H., Huang, F., Fan,
W., 2018. Activation of satellite glial cells in trigeminal ganglion following
dental injury and inflammation. J. Mol. Histol. 49, 257–263.
https://doi.org/10.1007/s10735-018-9765-4
Llamas Moya, S., Boyle, L.A., Lynch, P.B., Arkins, S., 2008. Effect of surgical
castration on the behavioural and acute phase responses of 5-day-old piglets.
Appl. Anim. Behav. Sci. 111, 133–145.
https://doi.org/10.1016/j.applanim.2007.05.019
Llamas Moya, S., Boyle, L.A., Lynch, P.B., Arkins, S., 2007. Age-related changes in
pro-inflammatory cytokines, acute phase proteins and cortisol concentrations in
neonatal piglets. Biol Neonate Neonatol. 91, 44–48.
https://doi.org/10.1159/000096970
Llamas Moya, S., Boyle, L.A., Lynch, P.B., Arkins, S., 2006. Influence of teeth
resection on the skin temperature and acute phase response in newborn piglets.
Anim. Welf. 15, 291–297.
Lobb, W.K., Zakariasen, K.L., Mcgrath, P.J., 1996. Endodontic treatment outcomes:
do patients perceive problems? J. Am. Dent. Assoc. 127, 597–600.
https://doi.org/10.14219/jada.archive.1996.0271
Loeser, J.D., Melzack, R., 1999. Pain: an overview. Lancet 353, 1607–1609.
https://doi.org/10.1016/S0140-6736(99)01311-2
Lonardi, C., Scollo, A., Normando, S., Brscic, M., Gottardo, F., 2015. Can novel
methods be useful for pain assessment of castrated piglets? Animal 9, 871–877.
https://doi.org/10.1017/S1751731114003176
Loos, B.G., 2005. Systemic markers of inflammation in periodontitis. J. Periodontol.
76, 2106–2115. https://doi.org/10.1902/jop.2005.76.11-s.2106

287
Loos, B.G., Craandijk, J., Hoek, F.J., Wertheim-van Dillen, P.M.E., van der Velden,
U., 2000. Elevation of systemic markers related to cardiovascular diseases in the
peripheral blood of periodontitis patients. J. Periodontol. 71, 1528–1534.
https://doi.org/10.1902/jop.2000.71.10.1528
Lopes, D.M., Malek, N., Edye, M., Jager, S.B., McMurray, S., McMahon, S.B.,
Denk, F., 2017. Sex differences in peripheral not central immune responses to
pain-inducing injury. Sci. Rep. 7: 16460. https://doi.org/10.1038/s41598-01716664-z
Lopes, F.M., Markarian, R.A., Sendyk, C.L., Duarte, C.P., Arana-Chavez, V.E.,
2006. Swine teeth as potential substitutes for in vitro studies in tooth adhesion: a
SEM observation. Arch. Oral Biol. 51, 548–551.
https://doi.org/10.1016/j.archoralbio.2006.01.009
Love, R.M., Jenkinson, H.F., 2002. Invasion of dentinal tubules by oral bacteria. Crit
Rev Oral Biol Med 13, 171–183.
Loynachan, A.T., 2012. Cardiovascular and hematopoietic systems, in: Zimmerman,
J.J., Karriker, L.A., Ramirez, A., Schwartz, K.J., Stevenson, G.W. (Eds.),
Diseases of Swine. Wiley-Blackwell, Chichester, UK, pp. 189–198.
Lundy, F.T., Linden, G.J., 2004. Neuropeptides and neurogenic mechanisms in oral
and peridontal inflammation. Crit Rev Oral Biol Med 15, 82–98.
Luo, X., Kiss, A., Makara, G., Lolait, S.J., Aguilera, G., 1994. Stress-specific
regulation of corticotropin releasing hormone receptors and receptor mRNA in
the parvicellular and magnocellular hypothalamus of the rat. J Neuroendocr. 6,
601–608.
Lusk, J.L., Norwood, F.B., 2011. Animal welfare economics. Appl. Econ. Perspect.
Policy 33, 463–483. https://doi.org/10.1093/aepp/ppr036
Macintosh, A.J.J., Alados, C.L., Huffman, M.A., 2011. Fractal analysis of behaviour
in a wild primate: behavioural complexity in health and disease. J. R. Soc.
Interface 8, 1497–1509. https://doi.org/doi:10.1098/rsif.2011.0049
Maes, D.G.D., Dewulf, J., Piñeiro, C., Edwards, S., Kyriazakis, I., 2019. A critical
reflection on intensive pork production with an emphasis on animal health and
welfare. J. Anim. Sci. 98, S15–S26. https://doi.org/10.1093/jas/skz362
Magnusson, M.S., 2000. Discovering hidden time patterns in behavior: T-patterns
and their detection. Behav. Res. methods, instruments, Comput. 32, 93–110.
Makino, S., Schulkin, J., Smith, M.A., Pacak, K., Palkovits, M., Gold, P.W., 1995.

288
Regulation of CRHR mRNA in the rat brain and pituitary by glucocorticoids
and stress. Endocrinology 136, 4517–4525.
Malavasi, L.M., Nyman, G., Augustsson, H., Jacobson, M., Jensen-Waern, M., 2006.
Effects of epidural morphine and transdermal fentanyl analgesia on physiology
and behaviour after abdominal surgery in pigs. Lab. Anim. 40, 16–27.
Mapplebeck, J.C.S., Beggs, S., Salter, M.W., 2016. Sex differences in pain: a tale of
two immune cells. Pain 157, S2–S6.
Marbach, J.J., Hulbrock, J., Hohn, C., Segal, A.G., 1982. Incidence of phantom tooth
pain: an atypical facial neuralgia. Oral Surg Oral Med Oral Pathol. 53, 190–193.
https://doi.org/10.1016/0030-4220(82)90285-7
Marchant-Forde, A.E.M., Marchant-Forde, J.N., 2014. Social status and tear staining
in nursery pigs, in: Proceedings of the 48th Congress of the International
Society for Applied Ethology. Vitoria-Gasteiz, Spain, p. 145.
Marchant-Forde, J.N., Lay, D.C., McMunn, K.A., Cheng, H.W., Pajor, E.A.,
Marchant-Forde, R.M., 2014. Postnatal piglet husbandry practices and wellbeing: the effects of alternative techniques delivered in combination. J. Anim.
Sci. 92, 1150–1160. https://doi.org/10.2527/jas2013-6929
Marchant-Forde, J.N., Lay, D.C., McMunn, K.A., Cheng, H.W., Pajor, E.A.,
Marchant-Forde, R.M., 2009. Postnatal piglet husbandry practices and wellbeing: the effects of alternative techniques delivered separately. J. Anim. Sci.
87, 1479–1492. https://doi.org/10.2527/jas2013-6929
Marchesan, J.T., Morelli, T., Lundy, S.K., Jiao, Y., Lim, S., Inohara, N., Nunez, G.,
Fox, D.A., Giannobile, W.V., 2012. Divergence of the systemic immune
response following oral infection with distinct strains of Porphyromonas
gingivalis. Mol Oral Microbiol. 27, 483–495. https://doi.org/10.1111/omi.12001
Marfurt, C.F., Turner, D.F., 1983. Sensory nerve endings in the rat oro-facial region
labeled by the anterograde and transganglionic transport of horseradish
peroxidase: a new method for tracing peripheral nerve fibers. Brain Res. 261, 1–
12. https://doi.org/10.1016/0006-8993(83)91277-5
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APPENDIX 1: SRUC SOP: Sedation and euthanasia of pigs
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Date of Issue: February 2014
Review Date: February 2018
Version: 02

Log of updates
Version
00

Amendments

Effective

New SOP

1. Purpose & Scope
Procedure for the sedation and euthanasia of pigs for post mortem dissection and
tissue collection at Cockle Park Research Farm (University of Newcastle).

Performing this procedure will require a minimum of 2 appropriately HO
trained persons to be present.

2. Safety precautions
•

•
•

Animal handling: Wear appropriate protective clothing (boiler suit,
boots [steel toe caps for pigs >80kg]) do not attempt to lift larger pigs
without an appropriate lifting aid (e.g. stretcher/trolley jack)
Handle needles with care to avoid risk of minor cuts
Handling sedative & controlled drugs: Take care to avoid
accidental self injection of these drugs, read risk assessments and
know who to contact and what to do if accidental self injection occurs.

3. Materials required
3.1 Drugs
• Ketaset (Ketamine 100mg/ml) 10ml
• Domitor (Medetomidine 1mg/ml) 10ml
• Midazolam (5mg/ml) 10 x 2ml
• Euthatal (sodium pentobarbitone) 100 ml
3.2 Equipment
• Syringes (1ml, 5ml, 10ml and 20ml)
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•
•
•
•
•
•
•
•

Needles ( 23Gx1”, 21Gx1.5”, 18Gx2”, 23G butterfly line)
Catheter (22G x 1”, 24G x 1”)
1.5m extension line
Gauze swabs
Sterets
Disposable Nitrile gloves
Blue Hospital Roll
Timer

4. Procedures
4.1 Sedation
• One female pig will be pre-selected for euthanasia based upon random
allocation from the appropriate treatment/docking age/neuroma stage
group. The pig will be weighed to determine the required doses for sedation
and euthanasia.
• The pig will be sedated within home pen building before transport to a
treatment pen (inroom 2 in the BNS building) with either:
A) ketamine (10mg/kg) and midazolam (1.5mg/kg) (pigs under 10kg)
or
B) ketamine (5mg/kg), midazolam (0.5mg/kg) and medetomidine (10µg/kg)
(pigs over 10kg)
injected intramuscularly in the neck. The pig will then be left alone, if possible
in dimmed light, for approximately 10 min.

4.2 Euthanasia
•

When the pig is appropriately sedated (immobile animal, absence of
reaction to noise and tactile stimulation) the ear vein will be catheterized
and animal will be euthanized by injection of Euthatal (sodium
pentobarbitone 150mg/kg i.v.). If i.v. route is not suitable i.e. if the ear
veins are too narrow to catheterise successfully then Euthatal will be
administered intracardially.

•

Once respiratory arrest and loss of corneal reflex have been confirmed,
the pig is transferred to the post-mortem room. Animals will be
exsanguinated to confirm death before dissection.
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APPENDIX 2: SRUC SOP: Pig brain, needle teeth and trigeminal
ganglia dissection and processing for gene expression studies

SOP Number: RD/ABW/115

Date of Issue: February 2014

Written By: Anna Sinclair

Review Date: February 2019

Approved By: Dale Sandercock

Version: 01

1. Purpose & Scope
Procedures for the collection and preservation of pig trigeminal ganglia, needle teeth,
and brain, samples for gene expression and neuropeptide studies
2. Safety precautions
• Transport and handle Dry (CO2) ice and liquid nitrogen (N2) with care:
wear appropriate personal protective equipment (PPE) such as thermal gloves,
and eye protection and protective clothing (e.g. boiler suit/lab coat).
• Handle blades with care: avoid risk of minor cuts
• Training: Removal of the head, opening of the skull and collection of the
needle teeth involve sharp tools and careful technique. To minimise the risk of
injuries and damage to tissue samples, these procedures should be carried out
by trained staff only. These procedures must not be conducted when working
alone.

3. Material required
• Assorted sizes polystyrene (Igloo) boxes with lids (separate containers for
holding crushed ice for chilling solutions and for dry ice to maintain and store
snap frozen samples)
• Dry Ice, powdered (5-10 kg per 3 pigs)
• Liquid nitrogen ~ 0.5 L for ~3 hours (fill container (e.g. ~2 L) and return
excess after)
•

Crushed ice

•

1 litre of chilled sterile PBS (per 3 pigs)

•

500ml 70% ethanol

•

Bone cutting knife for small piglets

•

Bone cleaver (N.B. NOT MEAT CLEAVER) for larger pigs:
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•

Paring/boning knife for releasing the brain from the dura

•

Small scissors

•

Polypropylene dissection board

•

Aluminium tubs (4 per pig)

•

50ml skirted centrifuge tubes (11 per 3 pigs)

•

Aluminium foil squares (4 x (~ 9 cm x 9 cm) per pig)

•

Fine point forceps

•

Size 11 and 21 scalpel handles and blades

•

Dissection needles

•

High profile vibratome blades (75 x 14 mm)

•

Disposable Nitrile gloves

•

Blue Hospital Roll

•

Permanent marker pens

•

RNAlater (3ml per tooth)

•

Sterile disposable pastettes

•

Lidded plastic tubs

•

Cell culture dishes

•

Cellstor pre-filled pots (20ml 10% neutral buffered formalin)*

•

Cryovials, Screw top, Starfoot, 2ml

•

2 x Cell culture dish, sterile 145 x 20mm pre-filled with Sylgard and
powdered graphite

•

Cold light stereo microscope

•

RNaseZap decontamination solution, 250ml

•

Anti-bacterial spray

•

Anti-bacterial handwash

*Required for histopathology teeth only – not for use for protein/gene expression
work
4. Procedures
Before beginning the dissection
Prior to use, label all tubes with:
1. Pig ID #
2. Tissue type,
3. Date
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4. Initials
5. Order within tube if necessary (e.g. left then right etc.)
6. Name of liquid if necessary
Prior to use, label tin foil with:
1. Pig ID #
2. Date
3. “ANT” (for blocks 1, 2, and 3) or “DOR” (for brainstem)
4. Block # (1, 2, or 3) or “brainstem”
a. Block 1 = right amygdala, anterior hippocampus
b. Block 2 = PVN, centre
c. Block 3 = left amygdala, anterior hippocampus

Before removing the brain from the skull prepare in advance powdered dry-ice. Prior
to use, store labelled brain and ganglia tubes and labelled tin foil on dry ice.
It is suggested that that when using this SOP tissues are dissected out and processed
in the following order:

(1)
I.

BRAIN REMOVAL
Place the euthanized pig its back on a table and remove the head by cutting
from below the jaw through to the atlanto-occipital joint, which is severed by
inserting the knife into the joint and cutting the ligaments, dura and spinal cord.

II.

III.

Once removed place the head in water-ice for approximately 5 minutes.

Once chilled, place the head on the post mortem table with the throat facing
upwards (i.e. ventral side up). The head should be secured in a clamp (wrapping
kitchen roll around the areas which are in contact with the clamp can provide
better purchase and minimise risk of slippage and subsequent injury during
dissection).

IV.

Using a sharp paring knife, cut through the throat tissue on the inner sides of
the mandible to allow the tongue to be detached and disposed of.
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V.

Using a bone cleaver* carefully spilt both the mandibular and maxillary jaws
in a straight line in the sagittal plane (lengthways) along the median palatine
suture from the tip of the snout, stopping when level with the eyes (see
APPENDIX 1 – Image 1). N.B. If the bone is split beyond this point
without caution, the brain may be damaged.

VI.

Use the bone cleaver* to split open the posterior/caudal end of the skull
(through the centre of the hyoid process and into the occipital bone, again
taking care not to damage the brain – see APPENDIX I – Image 2).Use a
paring knife to carefully slice/scrape along the midline of the sphenoid bone
until the ventral surface of the skull is fully split into two halves. If necessary,
pressure may be applied by hand to aid separation of the skull hemispheres
(see APPENDIX I- Image 3). The paring knife or a small scissors can be used
to cut away the surrounding tissues while taking care not to cut into the
trigeminal nerve/ganglia. N.B. the optic nerve should be cut to avoid
tearing the optic chiasm when removing the brain. The optic chiasm is
needed as a landmark during sectioning for in situ work later on.

*N.B. For smaller piglets, the bone cleaver can be replaced with a bone cutting
knife. Bone cleaver must not be substituted with a meat cleaver / a light-weight
cleaver as these may not be strong enough to cut through the bones and could
break/bounce off the bone resulting in injury. For pigs of larger sizes a dissection
chisel and hammer may be required to split the vertebra.

VII.

The isolated brain should be stored in ice cold PBS on ice, while the
trigeminal ganglia are collected.

(2)
I.

TRIGEMINAL GANGLIA REMOVAL
Locate the trigeminal cave and ganglia: the closest obvious landmarks to the
trigeminal ganglia are i) the internal acoustic meatus – a hard, off-yellow
bony structure protruding slightly where the acoustic nerves enter the skull which sits immediately posterior to the trigeminal cave, and ii) the optic
nerve // oculomotor nerve – a large firm smooth white nerve protruding
noticeably which enters the skull anterior to the trigeminal cave. The
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trigeminal cave is a cerebrospinal fluid-containing arachnoidal pouch
protruding from the posterior cranial fossa. It houses the trigeminal ganglia
which is encased within layers of dura and is not immediately obvious.
However, the soft tissue of the pouch can be located by feel as the
surrounding areas of bone are covered by a thin layer of dura only and are
therefore much harder to the touch.

N.B. Care should be taken to avoid cutting into the ganglia when separating it
from the internal acoustic meatus. Removal of the brain can result in semidetachment and minor shifts in the position of the ganglia. Soak up excess blood
with a tissue prior to making any incisions to minimise the risk of cutting the
ganglia.

II.

Giving the trigeminal cave a reasonably wide birth, slice through the thin
layer of dura above the cave with a scalpel. Grasp the dura tissue with a fine
tip forceps or rat tooth tweezers to help pull away the dura layer while
continuing the incision around the sides of the cave. Once the outer layer of
dura has been separated, the scalpel can be used to carefully cut
through/scrape away the soft arachnoidal tissue until two nerves are visible
(one smaller nerve exiting the skull through the smaller, semi-obscured
foramen lateral to the ganglion and another much larger nerve exiting the
skull through the larger, anterior foramen).

III.

A small scalpel should be used to sever the nerves - as deep within their
respective foramen as possible.

IV.

The trigeminal ganglia and the remaining attached nerves should then be
freed from the dura using the scalpel and placed in a container of ice cold
PBS on ice until the brain has been sectioned and stored.

(3)

TOOTH COLLECTION / PROCESSING
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I.

If additional personnel are available, they should remove the teeth while the
brain and ganglia are being processed. Otherwise, teeth can be extracted at
the end of the procedure.

II.

A handsaw should be used to cut through the jaws, removing the needle teeth
in pairs (incisor 3 and the canine together) on both jaws and both sides of the
skull.

N.B. for each needle tooth pair there is usually one relatively straight root and one
at a roughly 45 degree angle. Care should be taken not to cut through the tooth
roots during extraction if possible.

III.

For histological analysis, the teeth should then be stored in 20ml of 10% nonbuffered formalin (NBF) at room temperature.

IV.

For gene expression analysis, the teeth should then be stored in 50 ml
centrifuge tubes with 3ml per tooth of RNAlater for 24 hours at 4 degrees
Celsius. Teeth from the upper and lower jaw of each side can be stored
together. If enough soft tissue remains attached to the teeth, the ridged hard
palate should be identifiable allowing tooth position to be known if required.

V.

After 24 hours, the teeth should be removed from the RNAlater and freed of
as much excess tissue as possible while taking care not to cut into the tooth
roots which may cross under the other tooth. The pairs of teeth should then be
separated and placed (canine first, then incisor if location data are required)
into a 2ml cryotube before being stored at minus 80 degrees Celsius.

(4)
I.

BRAIN SECTIONING
Cut the required sections (see dissection procedure) and place them into the
aluminium tubs at an angle which allows the minimum amount of splaying.
Place the tub on powdered dry ice, again at the most suitable angle. Leave the
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blocks to freeze and process the trigeminal ganglia (see trigeminal ganglia
processing procedure).

II.

Once the ganglia are processed, remove the brain blocks individually and place
them onto the chilled and pre-labelled aluminium foil. Wrap the blocks so that
the anterior side of the block is on top of the part of the foil labelled “ANT” (or
dorsal on “DOR” for the brainstem). This is essential for correctly
orientating the frozen brain prior to sectioning it for In Situ hybridisation.

III.

Carefully place the wrapped blocks in their labelled, pre-chilled 50 ml tubes
(or sealable sample bags if sections are wider than the tube diameter). The
brainstems of all 3 pigs may be stored together in an additional appropriately
labelled tube.

IV.

Full tubes can be transferred to liquid nitrogen to free up space in the dry ice
container. Only place sample bags in the liquid nitrogen if they are properly
sealed. Samples should be moved to storage in a -80C freezer once all samples
have been collected.

(5)

OBTAINING BRAIN BLOCKS FOR ANALYSIS (Photographs in
APPENDICES II & III for reference)

Use vibratome blades to make cuts

I.

II.

Weigh entire brain as soon as it is removed (optional).

Place the brain on the dissection board with the ventral side facing up
(brainstem on top, cerebellum underneath)

III.

Cut immediately behind mammillary bodies which are located posterior to the
optic chiasm and anterior to the intracranial fossa to separate the cerebellum
and brainstem from the rest of the brain (see APPENDIX II).
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IV.

Cut through the anterior part of the brain approximately 1cm in front of optic
chiasm (>1cm if unsure)

The brain is now in 3 pieces (A, B, and C from front to back)

V.

Discard the cerebellum and trim any remaining excess tissue from the
brainstem. Place the brainstem in an aluminium tub, dorsal side facing down,
place on powdered dry and store as previously described (see APPENDIX III
– Images 1-3)

VI.

VII.

Discard the anterior section

Take the remaining middle piece of brain (SECTION B) and place it anterior
face down on cutting board (optional: turn dissection pad 180 degrees so that
the cortex is furthest from you)

VIII.

Cut into 3 sections using a diagonal line which avoids cutting through the
hippocampus (see APPENDIX III – Images 4 & 5)

IX.

If required, trim the top of the central block to remove the cortex, leaving a
block containing the bilateral PVN (optional: turn the central block so that the
anterior side is now up and the 3rd ventricle is visible to improve orientation
before trimming. Leave a few mm of tissue above the 3rd ventricle when
trimming then turn the block back over so that it is facing anterior side down
again). Blot with tissue to remove excess blood. Place this block in an
aluminium tub, anterior side facing down, and place on powdered dry ice.

X.

Take left hand block (right section of brain: block 1) and trim off the cortex,
leaving the anterior hippocampus and amygdala within the block). Blot tissue
to remove excess blood. Place this block in an aluminium tub, anterior side
facing down, and place on powdered dry ice (see APPENDIX III – Image 6)

XI.

Repeat for right hand block (left section of brain: block 3)
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V.

Transfer all brain blocks onto their pre-labelled and pre-chilled aluminium foil.
Wrap and place in the pre-labelled, pre-chilled centrifuge tubes. Full tubes can
be transferred to liquid nitrogen to free up space in the dry ice container.
Samples should be moved to storage in a -80C freezer once all samples have
been collected

Note! Collect the pituitary as a control tissue for glucocorticoid and
mineralocorticoid receptor studies

(6)
I.

GANGLIA PROCESSING
Remove the left ganglion from the ice cold PBS solution and dab it dry with
absorbent tissue.

II.

Place under the microscope on a cell culture dish which has been pre-filled and
set with Sylgard and powdered graphite (at least 48 hours in advance) and pin
it into place through the excess dura and/or nerve tissue taking care to avoid
piercing the ganglion.

III.

The ganglion is a small, smooth and firm semi-lunar structure with a creamy /
pale yellow colour. It is encapsulated by the reddish-white dura but once this
has been removed, the ganglion should stand out from the whiter, striated nerve
bundles which precede and follow it.

IV.

Using a scalpel, remove as much of the excess nerve tissue and dura as possible
without damaging the ganglion. The dissection needles may be more suitable
than the scalpel as their sharp tip and rounded side allows them to slip between
the ganglia and the encapsulating tissue without cutting the ganglia.

V.

Once a suitable amount of excess tissue has been removed, place the left
ganglion in its pre-labelled and chilled cryovial and place it on the powdered
dry ice

VI.

Repeat this process for the right ganglion and leave the tube on dry ice while
the brain sections are wrapped and stored.
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VI.

Full tubes can be transferred to liquid nitrogen to free up space in the dry ice
container. Samples should be moved to storage in a -80C freezer once all
samples have been collected.
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APPENDIX II
PIG BRAIN ANATOMICAL LANDMARKS
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APPENDIX III
PIG BRAIN SECTIONING FOR ISH

Optic chiasm

Optic chiasm
Optic chiasm
Brainstem
Brainstem

Brainstem

Cerebellum

1. Place brain ventral side
up to cut sections.
Label dissection plate
to avoid confusion later

2. Cut off anterior portion
at least 1cm in front of
optic chiasma (across
dotted line)

Posterior
hippocamp
us

Posterior
hippocamp
us

3.

Cortex

Cut off brainstem and
cerebellum (across
dotted line). Discard
cerebellum and snapfreeze brainstem
BLOCK 3

Cortex

BLOCK 1

Cortex
BLOCK 2
Posterior
hippocamp
us
4. Roll brain forward onto 5. Optional step: Rotate
the anterior side
dissection plate 180
(posterior side facing
degrees so that the
up and cortex is
cortex is now furthest
closest). Then either i)
away before making
Make cuts either side of
the cuts described in
the brain stem as shown
step 4 (see dottted
by dotted lines (L & R
lines in the relevant
sections contain
image for cutting
hippocampus and
angle)
amygdala, central
section PVN), OR ii) go
to step 5

6. Trim off the excess cortex
(across dotted lines) while
retaining the areas of interest
and freeze blocks in labelled
aluminium foil on dry ice
noting orientation and aspect
for processing. Ensure the
correct blocks go into the
correct foil wrappers: block
1=right block, 2=middle,
3=left (N.B. block numbers
reversed in labels in image
above as brain had been
rotated 180 as per the
optional step number 5)
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10 APPENDIX 3: Determination of total RNA concentration and integrity

Fluorometric determination of total RNA concentration
The concentrations of total RNA extracted from the tooth pulp and trigeminal
ganglia samples were determined using a high sensitivity RNA quantitation kit
(Invitrogen™ Qubit® RNA High Sensitivity (HS) Assay kit, Thermo Scientific,
Renfrew, UK) and an Invitrogen™ Qubit® Fluorometer, (version 3.0; Thermo
Scientific, Renfrew, UK), with the sample and standard solutions being analysed in
the specified thin-walled, clear 0.5 ml PCR tubes (Qubit® assay tubes, Thermo
Scientific, Renfrew, UK). All reagents used were provided within the kit. All
reagents, tubes and filter pipette tips were certified sterile and RNAse-free and good
laboratory practice was followed at all times to minimise the risk of sample
contamination. The Qubit® RNA HS Reagent and all solutions containing it were
protected from light as consistently as possible throughout the procedure. RNA
solutions obtained from the tooth pulp and the trigeminal ganglia were analysed in
separate sessions.

Preparation of solutions
RNA samples (stored at -80 ˚C) were thawed slowly on ice for approximately one to
two hours. The calibration standards (rRNA concentrations 0 ng / μl and 10 ng / μl in
TE buffer for standard one and standard two respectively) required storage at 4 ˚C
and were therefore equilibrated to room temperature (~30 minutes) prior to use due
to the temperature sensitivity of the assay. The Qubit® working solution (Qubit®
reagent 1:200 in Qubit® buffer) was prepared in a 15 ml centrifuge tube (Starlab,
Milton Keynes, UK). Working solution (200 μl) was prepared for each sample and
each calibration standard, with a further 400 μl included per assay run to compensate
for potential pipetting losses. The two standard solutions were then prepared by
combining 190 μl of working solution with 10 μl of stock solution of the appropriate
calibration standard; the 48 sample solutions were prepared by combining 199 μl of
working solution with 1 μl of the appropriate RNA sample. The assay tubes were
then vortexed at for two to three seconds and incubated at room temperature for two
minutes.
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Instrument calibration and sample analysis
Calibration of the Qubit® 3.0 Fluorometer was undertaken prior to each assay. On
the Fluorometer’s interactive screen, the assay type (RNA: High Sensitivity) and
calibration mode were selected. The standard solutions were placed in the
Fluorometer’s sample chamber for sequential analysis and the fluorometer was autocalibrated accordingly. Following calibration, the sample volume (1 μl) and units
(ng / μl) were selected. The samples were then passed through the fluorometer which
calculated their unknown total RNA concentrations using the standard curve
produced in the calibration step. The lower and upper detectible limits of the assay
for initial sample concentrations were 250 pg / μl and 100 ng / μl respectively.
Samples with RNA concentrations above the upper detectible limit were serially
diluted with NFH2O (Promega, Madison, US) and the assay repeated until suitable
sample dilutions were determined and their concentrations obtained. The mean
concentration ± standard errors for the tooth pulp and trigeminal ganglia samples
were 191.5 ng / μl ± 17.1 ng / μl and 197.4 ± 11.6 respectively.

Electrophoretic determination of total RNA integrity
The integrity of the total RNA extracted from the tooth pulp and trigeminal ganglia
samples was determined using an automated analyser (Agilent 2200 Tapestation
System) in conjunction with the Agilent RNA ScreenTape kit comprising RNA
ScreenTape, RNA ScreenTape Sample Buffer, and RNA ScreenTape Ladder. The
analyser, associated software packages (2200 TapeStation Controller Software, and
TapeStation Analysis Software), loading tips, and kit components were purchased
from Agilent Technologies Inc. (Waldbronn, DE); all reagents used were provided
within the ScreenTape kit. The kit reagents, 96-well PCR plates and adhesive foil
seals (Thermo Scientific, Renfrew, UK), loading tips, and filter pipette tips were
certified sterile and RNAse-free and good laboratory practice was followed at all
times to minimise the risk of sample contamination. The RNA ScreenTape Sample
Buffer and all solutions containing it were protected from light as consistently as
possible throughout the procedure. The lower and upper detectable limits of the assay
are 25 ng / μl and 500 ng / μl respectively; where required, prior to commencing the
assay, RNA samples were diluted with NFH2O to within the assay’s functional
range. RNA samples obtained from the tooth pulp and the trigeminal ganglia were
analysed in separate sessions.
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Preparation of sample and ladder solutions
The RNA samples (stored at -80 ˚C) were thawed slowly on ice for approximately
one to two hours. The RNA ScreenTape Ladder (stored at -20 ˚C) was thawed on ice
for approximately 30 to 60 minutes and the RNA ScreenTape and Sample Buffer
(stored at 4 ˚C) were equilibrated to room temperature (~30 minutes). The reagents
were vortexed at for two to three seconds then spun down in a microcentrifuge (20
seconds at 10,000 x g. For each sample tissue type, 48 samples and one ladder were
analysed, therefore a standard 96 well PCR plate was utilised. RNA Sample Buffer
(5 μl) was pipetted into each of the 49 wells used per assay. RNA Ladder (1 μl) was
added to well one, and 1 μl of RNA sample was added to the remaining 48 wells. A
foil seal was secured across the plate which was then vortexed at 2000 RPM for one
minute using an IKA™ MS3 Digital Vortex Mixer with a 96-well plate adapter (IKA
Works, Inc., Staufen, DE). The plate was then spun down in a centrifuge and the
samples and ladder were denatured by heating at 72 ˚C for three minutes, held at 4 ˚C
for two minutes and centrifuged again prior to analysis.

Sample analysis
Due to the nature of the Tapestation System, no pre-assay calibrations were required.
The RNA ScreenTape, loading tips, and sample plate were placed in their respective
chambers within the TapeStation instrument. The TapeStation software packages
were used to input the assay type (Eukaryote RNA) and start the assay. The
TapeStation System uses electrophoresis to produce electropherograms and
determine the molecular weights of nucleic acids within samples (functional range:
100 to 6000 nucleotides). This information is then analysed using proprietary
algorithms to determine the RNA integrity score (RINe number) ranging from one to
10 with 10 representing the highest RNA quality. For the purpose of downstream
real-time qPCR work, sample suitability was defined as follows: RINe ≥ seven - good
to excellent; RINe between six and seven - sub-optimal but usable with caution; RINe
≤ six - unusable. The RINe value means ± standard errors for the tooth pulp and
trigeminal ganglia samples were 8.0 ± 0.1 and 7.8 ± 0.2 respectively.
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11 APPENDIX 4: List of required parameters for assessment of primer design
specificity secondary structures
Table 1: Primer-BLAST (https://www.ncbi.nlm.nih.gov/tools/primer-blast)

parameters for determining specificity of oligo primers designed using the
NCBI online genetic sequence (REfSeq) database
(https://www.ncbi.nlm.nih.gov/gene).
Information required

Settings ("normal")

Accession, gi, or FASTA
sequence

e.g. accession number of
a known gene:
XM83657.2
Fill in as required

Use my own forward (F)
primer (5'->3' on plus
strand)
Use my own reverse (R)
primer (5'->3' on minus
strand)
Number of primers to
return
PCR product size
Primer melting temps

Exon junction span

Exon junction match

Fill in as required

10

12

Min: 80
Max: 180
Min: 58°C
Optimal: 60°C
Max: 62°C
Max difference between
F and R primers: 2°C

Min: 70
Max: 150
Min: 57°C
No change
No change
Max difference between F
and R primers: 1°C or 2°C
(in some cases primer
specificity increases when
reduces to 1°C)
No change

Yes (if possible). May
have to re-run blast
without preference)
Exon at 5' side: 7
Exon at 3' side: 4
Leave box unchecked

Intron length range

Min: 1000

Organism

Fill in as required

Fill in as required

Intron inclusion

Specificity check
Search mode
Database
Exclusion

Suggested settings for
hard-to-find primers
e.g. accession number of a
predicted gene: X

Max: 1000000
Check box
Automatic
RefSeq mRNA
Leave box unchecked
Sus scrofa (include homo
sapien if interested)

No change
No change
Can try checking this box
– may make the primer
more specific
Min: < 1000 (reduce value
when introns are small)
No change
No change
No change
No change
No change
No change
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Table 1 continued:
Information required
Entrez query (optional)
Primer specificity
stringency
Max target size
Splice variant handling
Max number of Blast
target sequences
Blast expect (E) value
Blast word size
Max primer pairs to
screen
Max targets to show (for
designing new primers)
Max targets to show (for
pre-designed primers)
Max targets per sequence

Settings ("normal")
Blank
Drop down selections:
2, 2, 5, 6
4000
Leave box unchecked
50000
30000
7

500

20
1000

GC clamp
Max poly-X
Max 3' Stability
Max GC in primer 3' end
Secondary Structure
Alignment Methods
TH: Max Template
Mispriming
TH: Max Self
Complementarity
TH: Max Pair
Complementarity
TH: Max Primer Hairpin
Max Template
Mispriming
Max Self
Complementarity
Max Pair
Complementarity

100
Min/Optimal/Max: All
blank
Min: 18
Optimal: 20
Min: 40
Max: 60
0
3
9
4
Leave both boxes
unchecked
Primer: 40.00
Pair: 70.00
Any: 45.0,
3': 35.00
Any: 45.0,
3': 35.00
24
Primer 12.00
Pair 24.00
Any: 8.0
3': 3.00
Any: 8.0
3': 3.00

Excluded regions

Leave blank

Overlap junctions

Leave blank

PCR Product Tm
Primer size
Primer GC content %

Suggested settings for
hard to find primers
No change
No change
No change
No change
No change
No change
No change
This can be increased to
increase specificity; but
may result in a loss of
potential primers being
returned
No change
No change
No change
No change
No change
No change
No change
No change
No change
No change
No change
5
No change
No change
No change
No change
No change
No change
No change
No change
No change
No change
No change
No change
No change
No change
Fill as required for
difficult to find primers
No change
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Table 1 continued:
Information required
5' side overlaps
3' side overlaps
Concentration of
monovalent cations (salt
- KCl)
Concentration of
divalent cations (salt –
MgCl2+)
Concentration of dNTPs
Salt correction formula
Table of thermodynamic
parameters
Annealing Oligo
Concentration
SNP handling
Repeat filter
Low complexity filter
Hybridization oligo
Hyb Oligo Size

Hyb Oligo tm

Hyb Oligo GC%

Settings ("normal")
7
4

Suggested settings for
hard to find primers
No change
No change
No change

100 mM
No change
2.5 mM
0.6 mM
SantaLucia 1998
SantaLucia 1998
50
Leave box unchecked
Automatic
Check box
Leave box unchecked
Min: 18
Optimal: 20
Max: 27
Min: 57.0°C
Optimal: 60.0°C
Max: 63.0°C
Min: 20.0
Optimal: 50
Max: 80.0

No change
No change
No change
No change
No change
No change
No change
No change
No change
No change
No change
No change
No change
No change
No change
No change
No change

Table 1: Suggested alterations to the primer parameters are examples based on
experience and advice from trained personnel, however, further/alternative
alterations can be applied. Results will vary depending on the DNA target, primer
sequences, assay specifications, etc. Primer suitability will vary depending on a large
number of interacting factors and must ultimately be determined empirically through
laboratory testing.
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Table 2: Integrated DNA Technologies (IDT) online OligoAnalyzer Tool
(https://eu.idtdna.com/calc/analyzer) parameters for screening target-specific
primers for problematic secondary structures.
Target type
Oligo (primer)
concentration
Na+ concentration
Free Mg++ concentration
dNTPs concentration

Check primers for

Hairpin structure
parameters for primer
rejection

Self-dimer /heteroprimer-dimer

DNA
0.25 µM (default setting = 0.2 µM)
100 mM (default setting = 50 mM)
2.5 mM (default setting = 3 mM)
0.6 mM (default setting = 0.8 mM)
Hairpins, self-dimers, and hetero-dimers.
Primer-dimers and hairpins occur when part of the
primer is complementary to itself or the other primer
in the primer pair.
Melting temperature (Tm) ≥ 60 °C. Ideally a Tm ≤ 40
°C should be selected but for some primers in this
study a Tm of ≤ 50 °C was accepted.
Complex and/or closed off hairpin structures are of
greater concern and should be avoided
Gibbs free energy change (ΔG) ≤ -7. Ideally a ΔG ≥ 5 should be selected but for some primers in this
study a ΔG ≥ -6 was accepted. The lower the value
the more base pairs are expected to prime against
other primer strands and the more energy is required
to break the primer to primer bonds

Table 2: The parameters selected within this table are based on the assay
specifications, advice provided on the IDT website and from trained personnel.
Stricter or more relaxed parameters can be used. Primer suitability will vary
depending on a large number of interacting factors and must ultimately be
determined empirically through laboratory testing.
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12 APPENDIX 5: Pilot study needle tooth histopathology protocol

A small pilot study involving six piglets (one per treatment per age; ages were six
days and four weeks; treatments applied as described in section 2.5.1 was undertaken
prior to the main study for the purposes of training in tissue sampling and processing.
Of the eight needle teeth collected per piglet, only half were processed as per the
main study; the remaining teeth were instead stored in pairs in containers prefilled
with 20 ml of 10% neutral buffered formalin (NBF; 4% formaldehyde) solution
(VWR International, Randor, PA). After incubating at room temperature for 10
weeks, the teeth were transferred to fresh NBF-filled containers and stored at 4˚C for
a further 10 weeks, then transferred to a 10% EDTA decalcifying solution (pH 7.4;
10 ml of solution per tooth; room temperature incubation) and shipped to the
Edinburgh University Easter Bush Pathology Laboratory for further processing by
trained professionals. The needle teeth of two suitably aged piglets (nonexperimental piglets, both dead from natural causes) were also processed and
shipped to the laboratory for use as “test teeth” as the required incubation period for
the decalcification of piglet needle teeth was unknown at the time. Individual test
teeth were to be periodically processed for sectioning and staining to determine the
required duration of decalcification.

The EDTA solution was changed every 8 to 10 days with the pilot study teeth being
decalcified for a total of 35 days, after which the teeth were rinsed for 1 hour with
water and processed using a standard instrument on the long process setting. In brief,
the stages of the long process were i) dehydration of the teeth in alcohol for 3 hours
(with 5 solution changes), ii) tissue clearing (i.e. alcohol removal) by immersion in
xylene solution (3 hours with 3 solution changes), iii) tissue infiltration and
embedding with liquid paraffin wax (3 hours with 3 wax changes), and iv) chilling.
From the embedded teeth 5 µm sections were cut and stained with Masson’s
trichrome to allow damage resulting from tooth resection (e.g. pulp cavity openings,
dentine fractures, haemorrhages, infection, and white blood cell infiltration) to be
observed.
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13 APPENDIX 6: Table of contributions
Table 1. Contributions to the study
Task
Chapter 3
Experimental design
Tooth treatment allocations
Tooth treatment application and ear tagging
Tooth measurements and oral blood check
Behaviour filming, recording of treatment durations
AV file editing and randomisations for blind scoring,
Ethograms
Observer coding schemes
Training for behavioural scoring
Behavioural scoring
Inter-observer reliability test analysis
Statistical analysis training
Statistical analysis
Chapter 4
Experimental design
Camera installation
Behavioural filming
Weighing of piglets
Training for teat order, skin lesion, facial laceration, and tear
stain scoring
Scoring of teat order, skin lesion, facial laceration and tear
stains
CCTV file editing and conversion for use in Observer
Ethograms
Observer coding schemes
Training for behavioural scoring
Behavioural scoring
Inter-observer reliability test analysis (teat order and
behavioural scoring)
Statistical analysis training
Statistical analysis
Chapter 5
Experimental design
Blood sample collection
Blood analysis (cell count, cortisol assay, haptoglobin assay)
Piglet sedation and humane killing
Brain extraction
Tooth collection
Trigeminal ganglia collection
Brain dissection
Processing of tissue samples for storage
Needle tooth histopathology
Training for tooth damage scoring
Tooth damage scoring
Table 1. Contributions to the study continued

Performed by
AP, DS, CT, PB, AS
AS
INRAE farm staff
AR
AS
AS
AS
AS
AS
AS, AR
AS
AP
AS
AP, DS, CT, PB, AS
INRAE staff
AS
AS, AR, INRAE staff
AP, AS
AS, AR
AS
AS
AS
AS
AS, AR
AS
AP
AS
AP, DS, PB, AS
INRAE staff
INRAE staff
INRAE staff
INRAE staff
AR
AS
AS
AS
UoE staff
AP, AS
AR, AS
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Task

Performed by

Chapter 5 continued
Tissue processing for homogenisation training
DS
Tissue processing for homogenisation
AS
RNA extraction and purification training
JC
RNA extraction and purification
AS
RNA concentration and integrity check training
JC
RNA concentration and integrity checks
AS
RNA reverse transcription training
JC
RNA reverse transcription
AS
RT-qPCR training (including primer design and
JC
optimisation)
RT-qPCR (including primer design and optimisation)
AS
Statistical analysis training
AP, SM, DS
Statistical analysis
AS
Thesis
Thesis write-up
AS
Thesis write-up feedback
DS, AP, PJ, CT, RD
General guidance and supervision
DS, AP, PJ, CT, RD
AS: Anna Sinclair (PhD student, SRUC/INRAE/UoE); DS: Dale Sandercock
(primary supervisor, SRUC); RD (supervisor, SRUC), AP: Armelle Prunier
(supervisor, INRAE), CT: Celine Tallet (supervisor, INRAE), PB: Paula Brunton
(supervisor, UoE); JC: Jennifer Coe (laboratory technician, SRUC); SM: Stephen
Meek (researcher, Roslin Institute). Piglet health and welfare management and
routine husbandry (e.g. ear tattooing, iron injections, vaccines, provision of straw and
food, etc.) were conducted by trained staff at the INRAE institute in Rennes, France.

