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ABSTRACT

The periparturient period, defined as the period immediately before and after birth, is a
challenging event for both sow and piglets. With piglet preweaning mortality being a
significant issue in the pork industry, the aim of this thesis was to see whether a
particular management strategy could be implemented to improve the survival or
performance of the litter. The overarching hypothesis for this body of work was that
manipulations during the key period would result in more robust piglets better able to
survive to weaning. Chapter 1 identified that the periparturient phase is a period where
sow and litter performance are intrinsically linked, so assistance to sow farrowing
and/or lactation performances would be beneficial to piglets. This led to studies
conducted with dexamethasone, and whether this potent anti-inflammatory steroid
could relieve sows of discomfort and assist in farrowing and early lactation
performance. Administering dexamethasone to sows on the day before farrowing
reduced piglet birthweights (P <0.001), weaning weights (P <0.001), plasma total protein
concentrations (P = 0.001), and colostrum intake of piglets (P = 0.006). When
dexamethasone was given to primiparous sows on the morning of farrowing, no adverse
effects were evident for birth or weaning weights, plasma protein or colostrum intake
(P >0.05), and improvements were seen to the daily weight gain of piglets to weaning
(P = 0.01; Chapter 2). When investigated further, the administration of dexamethasone
on the day of farrowing did not influence the number of pain related behaviours, posture
changes or time spent in lateral recumbency for primiparous and parity one sows (P >
0.05). Considering dexamethasone is a glucocorticoid, we also investigated whether this
maternal treatment was influencing fetal maturity, specifically gut macromolecule
permeability in low birthweight piglets (Chapter 4). The maternal treatment with
dexamethasone did not affect the rate of gut permeation pre-closure (P > 0.05), opening
up further queries as to how dexamethasone was able to improve daily weight gain of
piglets in Chapter 2.

A theme running through the conducted studies was that having control over the
farrowing process may be critical to effectiveness of a tested management technique or
treatment. Maternal dexamethasone may improve piglet performance, but the chances
of unfavorable side effects with improper timing makes these advantages difficult to

realise To have greater control over the timing of farrowing onset, a drug delivery



system was formulated to trigger induction of parturition in sows (Chapter 5). The
deposition of the novel drug delivery system into the vagina successfully resulted in
farrowing onset with similar efficacy as sows induced via localized injection (current
practice). The non-injection formulation of this novel inducing agent for sows has the
potential to provide farmers with better control of the farrowing process, test
management strategies for improving performance and ensure piglets at-risk are

properly managed, in addition to moving away from injectable medications.



“ Anyone who wants to be sure of keeping animal welfare on the
political agenda in the future will need more coherent
arguments than are currently used. That means more science.”

Marian S. Dawkins, Oxford University, 2012
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General Background

As the global human population increases, total consumption of meat and animal
products has risen considerably [1-6]. The pork industry has evolved with this growing
demand by placing importance on increased productivity and output volumes of the
breeding sow [7-9]. Through genetic selection it is now not uncommon for the modern
sow to give birth to 15-20 piglets in a single litter [10]. Although advancements to
productivity are testament to scientific prowess and farming methods, the survival of
piglets in modern production are still subject to a sow’s ability and willingness to
manage the litter during and immediately after farrowing. In intensive production, it is
common for sows in farrowing crates to be restricted from instinctual nesting
behaviours in the hours leading up to parturition [12,13]. This can lead to the sow
experiencing frustration, stress and/or aggression as they lead into the expulsion phase
of farrowing [11-14]. After giving birth to piglets, the sow is then expected to nurse the
entire litter unless fostering techniques are applied. During this time, known as the
periparturient period, the sow and litter experience significant changes as the piglets
must adapt to the challenges of extrauterine life with complete reliance on maternal
lactation output. This is also the time when piglets are at the greatest risk of preweaning
mortality [15] which is a major issue in the pork industry [16-19]. Preweaning piglet
mortality is a significant issue and one that will continue to slow down productivity,
waste resources and cost lives of piglets if not properly addressed. It is therefore
important to review how the sow and litter can be assisted during the periparturient
period to maximize survival and produce more robust piglets that are better able to
survive to and beyond weaning.

The work outlined in this thesis was conducted to see whether a certain strategy,
treatment or management program could be implemented during the periparturient
period to maximize piglet survival and/or growth to weaning. This was investigated by
considering possible issues that can arise with larger litters, conducting experiments that
focused on the general sow, at-risk primiparous sows, then on at-risk piglets. The
pursuit of an effective management strategy led to the development of a non-injectable
induction agent that facilitated farrowing onset during working hours when piggery

staff could intervene if needed. It is hoped this delivery system could be used on farms
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to enable workers to implement a range of effective management strategies to assist the

sow and/or litter.
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Thesis format

Chapter 1 provides a general background on the thesis topic and reasoning for project

aims. It also includes a published literature review titled “Are large litters a concern for

piglet survival or an effectively manageable trait?” that provides scope of the issues that

can arise during farrowing and strategies that have been investigated to assist sow

and/or piglets during this time.

Chapter 2 describes an investigation of the use of a steroidal anti-inflammatory
compound on farrowing performance and piglet survival, entitled ‘Administering

dexamethasone to prepartum sows: effects on sow and piglet performance’. This

published journal article examined whether provision of dexamethasone, a potent anti-
inflammatory compound, prior to farrowing would improve sow performance during

parturition and early lactation.

Chapter 3 took key findings from the previous study and, in efforts to decipher how

dexamethasone improved daily gain in litters of primiparous sows, focused on

behaviour and posture changes, titled Effect of dexamethasone and route of

administration on sow farrowing behaviours, piglet delivery and litter performance’.

Alternative routes for dexamethasone administration were also explored by assessing

permiation of the drug through porcine vaginal mucosa in-vitro.

After finding dexamethasone had little effect on the behaviour of primiparous sows
during and the first 24 h after parturition, Chapter 4 looks at whether dexamethasone

could influence post-partum gut maturation in low birthweight piglets. This paper is

titled ‘Administering glucocorticoids to primiparous sows: effects on macromolecule

uptake by low birthweight piglets’.

With our previous studies requiring sows to be induced to farrow to control timing of
management strategies, Chapter 5 presents the development of a non-injection protocol
for farrowing induction. This study was undertaken as a visiting student to the

Pharmaceutical Innovation and Development Group at the University of South
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Australia. This paper is titled ‘Development of a novel vaginal drug delivery system to

control time of farrowing and allow supervision of piglet delivery’.

Chapter 6 summarizes the main findings from the previous chapters, explores the
possible implications of this research and presents future opportunities for

investigation.

This thesis is presented in a thesis-by publication format. Each chapter contains a journal

article that has either been published or is currently undergoing peer review.

Project aims

The aim of this thesis was to see whether management of the sow and litter around the
periparturient period could improve piglet survival and performance to weaning. If
certain treatments or management strategies could improve survival of at-risk piglets in
a litter and/or growth of piglets to weaning, there would be merit to breeding large litters

for improved production efficiency.

In this investigation it was hypothesised that a particular management strategy could
be implemented to improve survival of the litter. It was also predicted that, during the
periparturient phase, improvements in sow farrowing and/or lactation performance will

directly improve performance of the litter.

To test these predictions, the following project aims were proposed:
1) Determine whether administering dexamethasone during the immediate prepartum
period influences sow and piglet traits important for piglet survival;
2) Find the most appropriate timing for dexamethasone administration;

3) Control the timing of farrowing in order to apply dexamethasone appropriately.

Project aims 1 and 2 were developed from research collated in from the literature review

(Chapter 1.2), and project aim 3 was developed as a result of Chapters 1 —4.
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Simple Summary: In the swine industry, sows are selectively bred for larger litters so,
theoretically, more pigs can be sold per year. As producers continue to increase the
number of piglets born in a litter, it is necessary to review problems that can arise in
larger litters, and whether these issues can be effectively managed and/or require
pharmacological intervention. Additionally, this review will reflect on whether selecting
sows for larger litter sizes is an ethical concern, regardless of how effectively it can be

managed.

Abstract: As sows continue to be selected for greater prolificacy, it is important to review
problems that arise in larger litters, and whether these issues can be appropriately
managed. Although a proportion of piglets in larger litters can be born underweight,
proper supervision around farrowing and adequate colostrum intake has the potential
to improve the survival of low birthweight piglets and their ongoing growth to weaning.
As larger litters can impart greater stress and discomfort on sows, implementing a low-
stress environment leading up to parturition may improve sow performance and
subsequent survival of piglets. Additionally, treating sows with anti-inflammatory
compounds, either dietary or pharmacologically, shows some promise for alleviating
sow discomfort and improving piglet survival in larger litters. Understanding that
selecting sows for larger litters not only affects piglet survival but the well-being of the
sow, the decision to continue selecting for larger litters, regardless of management
strategies, remains a topic of ethical concern

Keywords: farrowing; management piglets; pre-weaning; mortality;
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1. Introduction

As advances in genetics [1-3], reproductive management [4], and nutrition [5,6]
continue to increase the number of piglets a sow can produce per litter [7,8], it is
important to consider the issues that are associated with larger litters, particularly
surrounding piglets and pre-weaning survival. Issues surrounding large litters include
the effects of intrauterine crowding and so birth weight variation, piglet hypoxia during
delivery and litter-mate competition post-partum. Potential management strategies for
improving survival in large litters will be examined, including effective piglet fostering
techniques, altering sow environments to reduce stress and the provision of anti-
inflammatory compounds, both medicinal and dietary, to alleviate discomfort and
improve performance. For this review, litter size is defined as all piglets born in a litter,
born dead and alive, that would have contributed to intrauterine crowding during
development. In turn, studies with varied interpretations of litter size will also be
mentioned. The aim of this review is to identify factors that contribute to high piglet
mortality in large litters, and by doing so suggest interventions that reduce the risk of

piglet death.

2. Issues surrounding larger litters

2.1. Intra-uterine crowding and its impact on piglet development

Although sows have the capacity to conceive larger litters, uterine space and blood
supply are limited resources [9-11]. On average, pregnancy is initiated in sows with the
presence of around 15-20 viable embryos [11]. In an average litter, 9-13 of these embryos
will eventually develop into live born piglets [12] but litters greater than 16 piglets are
no longer uncommon in commercial production [13,14]. In larger litters, the uterus of a
sow is crowded with embryos. When intrauterine crowding occurs, embryos first to
implant can physically restrict the development of later attaching embryos, and this
embryonic competition increases with every successful embryonic attachment [15].
Additionally, once the uterus has surpassed normal limits of uterine space, every
additional littermate is associated with a reduction in individual fetal growth [16,17] In
turn, larger litters are strongly correlated with a proportion of piglets born underweight
(<1.0kg) [8,10]. Observing the performance of 965 litters, Quiniou et al. [7] found larger

litters had a 33 gram decrease in mean birthweight average over ‘normal’ litters at 11
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pigs. As low birth weight piglets have a larger surface area to volume ratio, they are
more susceptible to weakness, hypothermia, and hypoglycemia within the first 24 hours
of life [18]. Thus, low birthweight pigs have an increased risk of pre-weaning mortality
compared to normal weight pigs [19-21]

Quiniou et al. [7] found that selection for larger litters not only reduced the mean
birth weight in the litter, but also the uniformity of birth weight between littermates.
Due to embryonic competition, pigs at the beginning of the order are usually heavier
than subsequent littermates [19]. Variability within a litter makes it more difficult for
low-birth-weight pigs to compete for a teat and ingest an adequate amount of colostrum.
In addition, larger pigs compete indirectly with smaller pigs by draining and having
more milk directed to their respective teats [22]. This indirect competition between
littermates may explain why differences in bodyweight at birth are often maintained
and even exacerbated throughout lactation [23].

In addition to reduced birth weight, intrauterine crowding can retard the
physiological development of the fetus during gestation [24,25]. Intrauterine growth-
restricted (IUGR) piglets are not only physically disproportionate at birth with a
‘dolphin-like” head shape [26] but are also compromised metabolically by immature
intestinal development [27,28] and an increased disturbance in inflammatory and
metabolic profiles [29]. As such, IUGR pigs have a significantly lower capacity for early
survival [26,30], and early management should be prioritized to non-IUGR, low-birth-
weight pigs [31]. Management strategies for improving survival of low-birth-weight
piglets include the provision of an energy source [32], exposure to warmth [33], and
assisting with colostrum intake [34]. Low-birth-weight piglets that survive to market
weight have been found to have similar carcass quality, meat palatability and prime cut
weights as pigs born of normal weight [35]. Prioritizing management towards their
survival in larger litters would therefore be worthwhile from not only an ethical

standpoint, but an economic one.

2.2. Intrapartum Hypoxia and Farrowing Difficulties

In addition to in utero development, issues can arise for larger litters around
farrowing, which can have significant effects on early piglet survival. Problems during
the birthing process can lead to an increased incidence of intrapartum hypoxia [36,37].
When a piglet experiences hypoxia during delivery, the concentration of lactate in the
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blood rises as ATP must be created in the absence of oxygen [38]. Plush et al. [39] found
with every piglet born alive in a litter, the concentration of lactate in piglet cord blood
increased by 0.18 + 0.1 mmol. Intrapartum hypoxia is so hazardous to piglets as even
temporary deprivation of oxygen can cause permanent damage to the brain and central
nervous system [36]. Mota-Rojas et al. [40] found approximately 14% of live-born piglets
in commercial production have reduced viability as a result of experiencing temporary
hypoxia during delivery. Low viability piglets are less likely to consume colostrum post-
partum and have a greater risk of being overlain by the sow [41]. In addition, piglets
that experienced near death hypoxia had abnormal respiratory efforts and cardiac rates
[42], which negatively affect early viability. Lucia et al. [43] found sows giving birth to
more than 12 pigs were twice as likely to have a stillbirth, and eight times more likely to
have a dystocia event requiring manual assistance. Issues arise with larger litters as the
farrowing process usually takes longer [42,43], which increases the risk of farrowing
difficulties [42]. Peltoniemi et al. [44] observed sows with a farrowing duration over 300
min were twice as likely to have a fetal death during or immediately after birth.
Therefore, strategies for reducing farrowing duration in prolific sows should be
examined. Along with increased litter size, farrowing can be prolonged in sows of higher
parity [45] as well as for those sows experiencing abnormally high levels of stress around
parturition [46]. Abnormally high stress and pain responses during parturition increase
circulating catecholamines in sows [47]. As natural inhibitors of oxytocin, higher
concentrations of catecholamines can potentially slow or stop myometrial contractions
[48] and prolong piglet birth intervals to dangerous levels. Further, although an increase
in cortisol is necessary for triggering parturition [49], excessive levels of cortisol may
lead to issues during farrowing. As both prolonged farrowing duration [13] and
increases in litter size [50] have been found to increase circulating levels of cortisol in
the sow, it would be important to review how stress can be minimized leading up to and

during parturition.

2.3. Increased litter competition and insufficient colostrum intake

Once born, a piglet’s survival depends on its ability to effectively compete with
littermates for a teat to suckle colostrum [34]. The more piglets that there are in a litter,
the greater the competition is for teat access, particularly for piglets of lower birth weight
and/or viability [22]. Colostrum is the first secretion of the mammary gland,
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characterized by its richness in dry matter and immunoglobulins [51]. These mammary
secretions are essential for extrauterine survival as they provide piglets with a source of
heat, digestible energy, immunoglobulins and immune cells [52,53]. As the
epitheliochorial placenta of a sow does not permit transfer of antibodies, piglets are
reliant on colostrum for maternal passive immunity transfer and protection from
infection [54]. Absorption of IgG and immune cells by piglets is dependent on timing of
gut closure or visceral maturation and the leakiness of the piglet intestinal mucosa [55].
As well as being vulnerable to pathogens [54], piglets have no brown adipose tissue and
only a small amount of energy to allow the shivering reflex [55,56]. The minimum net
energy required by a 1.0 kg piglet for heat production is between 900 and 1000 kJ on the
first day [54]. Although glycogen body reserves can provide some energy, it only
amounts to approximately 420 kJ/kg BW [55] and a colostrum intake lower than 140-150
g is insufficient to meet energy requirements. Devillers et al. [51] observed piglets
consuming less than 200 g of colostrum had a pre-weaning mortality rate of 43.4%,
whereas piglets who consumed over 200 g had a mortality rate as low as 7.1%. In
addition, it was found that piglets ingesting less than 290 g of colostrum had a 15%
reduction in body weight at weaning [51], a result supported by Quesnel et al. [56] in
their review on colostrum intake and piglet performance. Larger litters do not only have
a greater proportion of piglets born underweight, but also a greater variance in birth
weights within the litter. Le Dividich et al. [54] found colostrum intake in piglets was
reduced by 26 + 1.6 g for every 100 g reduction in birth weight. As colostrum production
is not determined by litter size [42] and the fixed volume of colostrum provided by the
sow must be shared amongst all piglets, there is a lesser chance of low-birth-weight
piglets ingesting an adequate amount of colostrum [57] and they are likely to be

outcompeted for teat access by larger littermates [31].

2.4. Increased incidence of piglet crushing by the sow

One of the leading causes of early piglet mortality is the crushing or overlay of piglets
by the sow [58]. Across pig breeds, litter size is a contributing factor towards higher
crushing incidence [59,60] along with increased sow parity [60], sow movement [58],
poorer maternal behaviours [60] and reduced piglet vitality [61]. Sows that experience
stress and discomfort during the periparturient period are more likely to move around
and increase the likelihood of overlay, especially if the sow ‘flops straight down’ from a
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standing position [58]. As the incidence of sows crushing any piglets was greater for
prolific sows, Andersen et al. [62] theorized that the crushing could be a potential
strategy to reduce maternal investment in larger litters. As for the piglets, those more

susceptible to being overlain are usually weaker and with lower viability [61].

3. Potential strategies for improving survival in large litters.

3.1. Managing colostrum consumption

As low-birth-weight piglets have less energy reserves and a lower capacity for
thermoregulation [20,21], they are especially dependent on adequate colostrum intake
for survival. Moreira et al. [63] observed the chance of low-birth-weight pigs (800-1200
g) surviving to weaning rose over 89% when they received 200 mL of colostrum (50 mL
every 6 h). This finding supports Declerck et al. [34] who found that the correlation
between low colostrum intake and reduced pre weaning survival had the greatest effect
on piglets in the lower-birth-weight bracket. In addition to its role in early survival,
colostrum has a notable effect on the growth and maturation of the neonatal gut [64].
Several bioactive components in colostrum are responsible for activating enzymes along
the intestinal brush border and triggering crypt cell proliferation [63-65]. Insulin-like
growth factor-1 (IGF-1), one of the compounds responsible for gut maturation, is twice
as concentrated in sow colostrum as in milk [66], highlighting the importance of
colostrum for both early survival and regular development. In turn, closer management
around large litters should focus on colostrum ingestion for both low-birth-weight and
low viable piglets. Effective strategies include the split suckling technique [67,68] which
allows lower-birth-weight pigs the opportunity to suck by temporarily crating larger
piglets [68]. When there were more piglets than functioning teats, i.e., teats that provide
adequate volumes of colostrum, the pre-weaning mortality rate in the litter was shown
to increase from 8% to 14%. In circumstances where piglets must be fostered off a sow,
fostering should occur after colostrum ingestion from the maternal sow but before
establishment of teat order by littermates [69]. Deen and Bilkei. [70] observed that low-
birth-weight piglets had a greater chance of survival in litters when larger piglets were

fostered off, and it is recommended that small piglets remain on the maternal sow [68].
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3.2. Inducing sows for increased farrowing supervision

One of the best management strategies for piglet survival in larger litters is adequate
farrowing supervision [71]. If sows give birth during working hours, producers are able
to effectively save piglets at risk by keeping neonates warm [72,73], rescuing overlain
piglets from under sows [74], encouraging suckling behaviours [72], and assisting sows
with farrowing difficulties [73]. To allow for this extra supervision, sows can be induced
to farrow using prostaglandin (PG) F2a or analogues (e.g., cloprostenol) [74]. The
optimal time to induce farrowing is herd specific, but induction should not be performed
prior to two days before the herd average gestation length [75]. The main reason for this
is that the saccular phase of lung development only occurs during the last two weeks of
gestation [76] and inducing too early will result in liveborn pigs with compromised lung
function. To improve the likelihood of sows farrowing 22-32 h post treatment, two
PGF2a injections should be administered approximately 6 h apart [75], which increases
the proportion of sows farrowing the next working day from 55% to 84% [74-76] and

thus allows for closer supervision of piglets during and after birth.

3.3. Treating sows with uterotonics during farrowing

A uterotonic such as oxytocin is administered to stimulate uterine contractions to
shorten farrowing duration [74,76,77]. Although treating sows with oxytocin may
reduce farrowing duration [76], it can cause adverse effects for both sow and piglet.
When oxytocin is administered before any piglet had been born, farrowing can be
prolonged due to the pain of delivery through a potentially incompletely dilated cervix
inducing an acute release of adrenaline, potentially inhibiting further uterine
contractions [74]. When the cervix has completely dilated, as indicated by the delivery
of the first pig, the administration of oxytocin will reduce farrowing duration but can
trigger such powerful and long-lasting uterine contractions that it has been linked with
greater fetal stress, intrapartum hypoxia and stillbirth [74,76,78-80]. Lucia et al. [42]
found the use of oxytocin during farrowing increased the incidence of stillbirth and its
use was not recommended until a minimum of six piglets had been born. An alternative
and less potent uterotonic to oxytocin, carbetocin reduces farrowing duration [81-84],
reduces piglet hypoxia [81,82] and stillbirth rate [83], but was associated with a
reduction in piglet circulating protein concentrations [82] and, presumably, colostrum

uptake [84]. Rather than providing an alternate uterotonic to oxytocin, other
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management strategies that may improve farrowing performance should be considered

to minimize early mortality in larger litters.

3.4. Reducing sow stress to improve farrowing performance

Regardless of the farrowing environment, cortisol concentrations always rise prior to
parturition [85]. Although this rise is expected, it is important to evaluate how stress
around parturition can be controlled to minimize the risk of farrowing issues. Sows
housed in farrowing crates in late gestation have reportedly higher concentrations of
plasma cortisol than do sows housed in pens [86] and this may impact farrowing
performance [87]. Farrowing crates are commonplace housing for farrowing sows [13]
due to their lower space requirements and reduced risk of overlays [88,89]. In
comparison to alternative systems like pens, farrowing crates limit the sow’s movement
to sitting and standing positions, which can increase stress as sows cannot exhibit
natural pre-farrowing behaviours [88,89]. As a way of improving sow well-being and
possibly piglet survival, alternative farrowing environments have been investigated, as

summarized in Table 1.

34



Table 1. Alternative Farrowing environments and their influence on sow and/or piglet

performance

Farrowing environments

Observations

Reference

Farrowing crates vs single
open pens Vs group open
pens

Open pens vs crates

Open pens vs crates

Open pens vs crates vs crates
for 0-4 days postpartum and
then moved into open pen.

Crates that allow 360 degree
movement vs conventional
crates

Freedom farrowing pens vs
crated sows

‘Schmidt’ pens that provide
nesting enrichment vs
conventional crates

-Higher incidence of crushing
in loose housing (both single
and grouped) within first
three days after birth
compared to crated sows.

-Open penned farrowing
increased piglet mortality in
three different sow herds

-Sows housed in open pens
had fewer pain related
behaviours during farrowing
and delivered fewer stillborns

-Crating sows for the first four
days postpartum was
sufficient to reduce piglet
mortality compared to
farrowing in open pens

-Piglet survival improved in
360 crates only when a sow
farrowed in them for their
previous farrowing

-Freedom farrowing pens
allow opportunity to nest
build and greater movement.
Freedom pens reduced rate of
stillbirth and farrowing
duration but increased
crushing incidence

-Open farrowing pen design
showed a tendency towards
more crushing but crated
sows tended to have a higher
incidence of low birthweight
piglets

Nicolaisen et al. [90]

Hales et al. [91]

Nowland et al. [50]

Moustsen et al. [92]

King et al. [93]

Gu et al. [94]

Weber et al. [95]

Although sows in open pen systems have an increased tendency to overlay piglets

compared to conventional crates [92,93,95], evidence of improved farrowing

performance has been observed [50,94,95]. As suggested by Temple Grandin, even if a
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new farrowing environment could reduce sow stress without compromising piglet
survival, the costs and space needed to implement new technologies into commercial
production often requires ‘...more work than doing the research.” [96]. As such, it is
important to review alternative ways to reduce the stress associated with farrowing
confinement for sows rearing larger litters in order to improve farrowing performance.
According to Grandin and Johnson [97], if you cannot give an animal the freedom to act
naturally, then you should think about how to satisfy the emotion that motivates the
behaviour. If a suitable nesting environment cannot be provided for the sow, there may
be another way to satisfy strong nesting desires for confined sows. Baxter et al. found
the provision of a comfortable and flexible lying substrate was enough to “switch off’
nesting behaviour in sows, including pawing and manipulating surrounding substrate
[98]. Damm et al. [99] suggested the sight of a perceived ‘hollow” in front of a sow’s crate
is enough to satisfy nesting behaviour. For crated sows, a change in the surrounding
environment may show improvements to sow behaviour, but there is currently little

evidence of improvement in early piglet survival [100-104].

3.5. Provision of dietary supplements:

During late gestation and lactation, the increased metabolic demand on the sow can
elevate the concentration of free radicals and, in turn, the levels of oxidative stress [105].
In addition to negative effects on sow well-being [106], elevated levels of oxidative stress
around the periparturient period can impair early lactation output and increase risk of
stillbirth [105]. As oxidative stress has been found to increase with litter size [107], it may
be a particular concern for hyper prolific sows. The use of supplemental oil with
antioxidant properties could be a low-cost strategy for reducing oxidative stress. The
supplement’s effectiveness in reducing oxidative stress is affected by oil type, oil quality
(i.e., is it oxidized) and dosage. A summary of antioxidant-based oil supplements and

their effectiveness on sow performance is presented in Table 2.
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Table 2. Factors influencing the effectiveness of oil supplements

Comparison Observations Reference
Oil type (Fish oil vs -Fish oil stimulated greater Yang et al. [108]
Soybean oil) release of anti-inflammatory

Oil type (Fish oil vs Olive
oil)

Oil type (Echium oil vs
Linseed oil vs Fish oil)

Supplement (Oregano oil)
vs no supplement

Oil quality (fresh vs
oxidized)

Dosage of oil supplement

compounds and improved
rate of pre-weaning survival
compared to soybean oil

-Olive oil was more effective
in reducing oxidative stress,
increased milk fat content
and improved rate of pre-
weaning survival compared
to fish oil

-Fish oil stimulated greater
release of anti-inflammatory
compounds compared to
echium and linseed oils

-Oregano oil effectively
reduced oxidative stress on
the first day of lactation and
increased feed intake of sows
three weeks after farrowing

-Fresh corn oil stimulated
greater release of anti-
inflammatory agents and
more effective reduction in
oxidative stress compared to
oxidized corn oil

-Increasing the dose of fish
and linseed oil from 0.5% to
2% stimulated a greater
release of anti-inflammatory
EPA into sow serum.

Shen et al. [109]

Tanghe et al. [110]

Tan et al. [111]

Suetal. [112]

Tanghe et al. [113]

Evidently, oils that stimulated greater release of anti-inflammatory compounds and

reduced oxidative stress show a positive effect on sow performance [109,111] and
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improvements to pre-weaning survival [108,109]. Reducing inflammation can alleviate
discomfort in the sow and bring down stress associated with farrowing a large litter of

piglets in the confinement of a conventional farrowing crate.

3.6. Provision of anti-inflammatory drugs

Providing an anti-inflammatory drug to peripartum sows would have a more rapid
onset of effect than with dietary supplements, and so potentially improve sow and/or
piglet performance. Sows experiencing significant discomfort during farrowing show
lower circulating concentrations of oxytocin [114] due to elevated cortisol triggering the
release of opioids. Lower levels of oxytocin may disrupt rhythmic myometrial
contractions [49,115] and thus prolong the delivery of piglets. As well as risk to piglet
delivery, pain around parturition may increase the level of agitation and activity
displayed by the sow [42]. If anti-inflammatory treatments could diminish this activity,
then there would be more opportunities for piglets to suck with a reduced risk of
overlay. Anti-inflammatory treatment relieves sow pain by blocking certain stages of the
inflammatory process [116]. Treatment can be either non-steroidal (NSAIDs) or steroidal
(glucocorticoids), which have different effects on the body due to their different

solubility and ability to cross cellular phospholipid bilayers [116,117].

3.6.1. Non-steroidal anti-inflammatory drugs (NSAIDs)
NSAIDs are weak organic acids that cannot pass freely through the phospholipid bilayer

and that inhibit cyclooxygenase enzymes (COX I and II) from converting arachidonic
acid into pro-inflammatory prostaglandins [117]. Homedes et al. [118] found the NSAID
ketaprofen improved piglet survival at days two to seven postpartum and that this effect
was most pronounced in large litters. Other studies involving both ketaprofen and
meloxican found no evidence of improved piglet survival [119-122]. As colostrum and
milk production are limiting factors in larger litters, it has been suggested the benefits
of ketaprofen were influenced by the sow’s improved milk production [118]. NSAIDs
have been found to significantly reduce the incidence of constipation in sows [121],
which is important for milk yield due to reduced levels of lipopolysaccharide absorption
and increased levels of circulating prolactin [121]. Prolactin is responsible for triggering
lactogenesis by stimulating the synthesis of lactose, which is required in high amounts

for water to transfer into the mammary alveolar lumen [122]. Further, Mainau et al. [123]
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found that although piglet survival rates were not affected, treating sows with NSAIDs
post-partum improved IgG concentration in the serum of day-old piglets. NSAID may
show improvements to lactation output, but it is not certain whether this translates into

improved piglet survival to weaning.

3.6.2. Steroidal anti-inflammatory drugs

Glucocorticoids (GCs) are a class of steroid hormones that assist in reducing
inflammation in response to biological stress [124]. The in vivo synthesis and secretion
of GCs are regulated by the hypothalamic—pituitary—adrenal axis (HPA) but can also be
administered exogenously [125]. As lipid-soluble steroids, GCs diffuse across the cell
membrane to stimulate a targeted anti-inflammatory response [126,127]. By passing
directly through the cell wall, GCs trigger the ‘switching off’ of genes that code for pro-
inflammatory proteins. Inhibiting the production of chemokines, cytokines and the
enzymes COX I and II will reduce inflammation and pain in the target tissue [128,129].
As well as delivering a targeted response, GCs relieve inflammation at multiple sites
due to their ability to enter any cell type [130], which is why they are a highly effective
anti-inflammatory treatment. Duration, dosage, GC type and mode of application all
have an influence on the effect on the anti-inflammatory effect [128]. The type of GC is
classified by its potency, with plasma half-lives ranging from 80 min (cortisol) to 270
min (dexamethasone) [126]. In addition to the method of treatment, the effect of GCs on
a cell is dependent on the rate of absorption as well as the presence of GC receptors. A
potent GC like dexamethasone should be the most effective GC for relieving
inflammatory pain that arises with farrowing due to its high potency and long half-life.
To exert an effect on genes, GCs must bind to specific receptors present in almost all cells
in the mammalian body [125,128] Once activated, GC receptors (GCRs) dissociate from
chaperone proteins (e.g., HSP90), translocate to the nucleus and bind to GC-responsive
elements for gene expression [126]. In addition to their presence in other organs, GCRs
are highly expressed within the placenta [125, 128] as they are important signaling
hormones during pregnancy [129]. In early gestation, GCs are responsible for detecting
available intrauterine space and modifying fetal development. Towards the end of
gestation, a natural rise in GCs triggers the maturation of organs to prepare the fetuses
for extra uterine life [129,130]. Although GCs can readily cross the placental barrier, the

fetus is protected from GC overexposure by placental 11-B-hydroxysteroid
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dehydrogenase type 2 (11-8-HSD-2) [131]. This enzyme facilitates the conversion of most
of the maternal cortisol into inert 11-keto forms to ensure the fetus has a far lower level
of circulating GCs than the mother [124,131]. The level of GC exposure a fetus receives
during gestation will have lifelong consequences to its physiological “programming’
[126,132]. According to Seckl et al. [125], programming refers to the associations between
perinatal environmental events and later pathophysiology. Regulating fetal GC
exposure is important, as high GC concentrations have been shown to restrict skeletal
development, increase the likelihood of IUGR, and impair normal programming
responses [109,133]. In humans, treating healthy mothers with dexamethasone during
late pregnancy has also shown improvements in the viability of pre-term infants and
improves chances of fetal survival [133]. The effects GCs have on the developing fetuses
are largely dependent on the timing of treatment, stage of fetal development and level
of fetal exposure [123,134]. Treating crated sows with glucocorticoids prior to farrowing
has potential to not only improve well-being of the sow, but the survival and future
growth of piglets. The treatment of sows with glucocorticoids prior to farrowing has the
potential to reduce the pain and inflammatory response, thus resulting in improved sow
well-being and lactation performance. Due to the ability of glucocorticoids to advance
the maturation of visceral organs, glucocorticoids used in conjunction with farrowing
induction may also reduce the risk of underdeveloped viscera (e.g., lungs and
gastrointestinal system) and improve piglet preweaning growth and survival. However,

the appropriate timing and duration of treatment is currently unknown.

4. Conclusion

Based on the literature reviewed, it is evident that larger litters provide significant
challenges for sow and litter management. The current management paradigm is
essentially an economic one, with profit being the primary motivation. The development
of hyper prolific sows fits with the economic paradigm as the modern sow weans more
pigs available for market. However, perhaps we need a more ethical paradigm and
should not be asking how many pigs are weaned, but rather how many pigs died in
order to achieve the numbers weaned. The increased risk of low-birth-weight piglets
with greater weight variation within the litter makes it very difficult for the smaller
piglets to survive to weaning, and many require significant attention and supervision to
survive. On many, if not most, sow farms, the necessary supervision is not available.
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Longer farrowing durations, an increased incidence of stillbirth and intrapartum
hypoxia, inadequate colostrum intake and overlain piglets are issues that need to be
addressed as the industry evolves to accommodate larger litters. Additionally,
understanding that hyperprolific sows have a heightened metabolic demand, greater
susceptibility to oxidative stress, usually longer farrowing duration with greater levels
of discomfort, and an increased tendency to overlay piglets will all be important for
current and future production. Continued research into strategies that will reduce sow
stress and allow them opportunities to display natural nesting behaviour and/or
movement without the risk of overlay, show signs of improvement in both farrowing
and lactation performance. As production science evolves, it is important that the needs
of both the41 Animals 2020, 10, 309 9 of 15 sow and piglets are considered. Evidence-
based management protocols that show improvements to piglet survival, and that may

or may not involve pharmaceutical intervention, should be implemented
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Abstract

There is a considerable gap in available literature regarding the use of prepartum
steroidal anti-inflammatory drugs (SAIDs) despite their ability to provide a targeted
response to pain. The aim of this investigation was to determine whether prepartum
administration of dexamethasone to sows would influence farrowing and/or lactation
processes, with the prediction that it would affect both sow and piglet performance.
Sows were induced to farrow on day 113 of gestation (2 days before their 115 day due
date) and were treated with dexamethasone concurrent with induction (DexInd; n = 20),
24 h after induction (Dex24; n = 20), at induction and 24 h later (Dextwice; n = 19) or no
steroid treatment (Control; n = 20). Treating with dexamethasone at induction reduced
birth and weaning weights (P = 0.001), plasma total protein concentrations (P = 0.001),
and colostrum intake of piglets of multiparous sows (P = 0.006). Treating primiparous
sows with dexamethasone 24 h after induction did not adversely affect piglet weights or
plasma total protein and improved average daily gain in piglets (P = 0.001). Although
no differences were observed for farrowing duration or piglet survival (P > 0.05), further
investigation is required using higher parity sows to qualify whether glucocorticoids

can improve farrowing performance.

Keywords: sow; farrowing; colostrum; piglets; preweaning mortality.
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1. Introduction

Parturition can be a painful process [1] and the provision of analgesia may allow sows
to cope with farrowing and/or lactation processes more effectively. Administering non-
steroidal anti-inflammatory drugs (NSAIDs) to sows has reported effects on sow
performance [2-4] but results are yet to show an improvement to piglet growth and/or
survival. Unlike NSAIDs, glucocorticoids (GCs) pass directly through the phospholipid
bilayer of cells and stimulate an anti-inflammatory response directly within the tissue
[5,6]. After passing through the cell membrane, GC's trigger the ‘switching off” of genes
that code for pro-inflammatory proteins in the nucleus, including chemokines and
leukotrienes [5-7]. As well as delivering a more targeted response, GCs relieve
inflammation at multiple sites due to their ability to enter any cell type [6] which is why
they are an effective anti-inflammatory treatment [7]. Pain-induced stress during
parturition can increase the concentrations of catecholamines in sow plasma [9], which
have the potential to inhibit myometrial contractions and increase complications with
the farrowing process [1]. If sows were treated with a long-lasting GC like
dexamethasone prior to farrowing, the relief from pain during delivery may reduce the
incidence of complications and the incidence of piglet hypoxia or stillbirth [10].

Administering dexamethasone to sows prior to farrowing has the potential to not
only improve farrowing performance, but also colostrum quality and quantity.
Colostrum is the first secretion of the mammary gland and, in addition to the provision
of passive immunity, is essential for providing piglets with heat and digestible energy
to cope with extrauterine life [11]. As dexamethasone can reduce inflammation in
multiple sites, it may reduce the level of proinflammatory cytokine TNF-a, which is
known to disrupt lactose synthesis and inactivate milk secreting cells [12].

In addition to sow performance, administering dexamethasone to sows pre-partum
may have an effect on piglet visceral maturation. Natural GCs are normally regulated
from passing through placental barriers in high amounts due to chaperone proteins
(placental 11-Bhydroxysteroid dehydrogenase type 2) but synthetic GCs are not picked
up as readily [13]. Regulating fetal GC exposure is important as high GC concentrations
have been shown to restrict skeletal development, increase the likelihood of intrauterine
growth restriction and impair normal programming responses [14-17]. The effects GCs
have on the developing fetuses are largely dependent on the timing of treatment, stage
of fetal development and level of fetal exposure [16,18]. It was hypothesized that by
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administering dexamethasone to sows at different times pre-partum, sow and piglet

performance will be affected in different ways.

2. Materials and Methods

2.1. Animals and management

This study was performed in four batch farrowings with an equal spread of parity and
treatment from August 2018 to February 2019 at The University of Adelaide research
piggery with the approval of The University of Adelaide ethics committee (approval
number S2018-038). A total of 79 Large White x Landrace sows (parities one to five) were
moved into individual farrowing crates one week before expected due dates. Sows were
fed twice daily with a commercial diet formulated to meet all nutrient requirements and
had free access to fresh water. At 113 days of gestation (2 days before their 115-day due
date) sows were induced to farrow with 125 pug prostaglandin analogue, cloprostenol
(Juramate®), Jurox Pty, Ltd, Rutherford, NSW, Australia), administered at 0700 h and
again at 1300 h so that farrowing would occur on day 114 of gestation. Only clinically
healthy sows delivering their first piglet between 0730 and 1730 h on day 114 were

included in the study.

2.2. Treatment

At the time of first cloprostenol injection, sows were assigned to treatment by parity so
as to minimize mean parity differences and received an intramuscular injection [20 mg]
of dexamethasone (Dexapent@, Troy Laboratories, Glendenning, NSW, Australia)
either with induction (DexInd; n = 20), 24 h after induction (Dex24; n = 20), with
induction and 24 h later (Dextwice; n =19), or no steroid treatment following induction

(Control; n =20). A timeline of induction and treatments is presented in Figure 1.
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Figure 1. Timeframe outlining the times in which sows were induced to farrow, and treatments
were administered according to the expected 115-day gestation period. On day 113, two days
before the intended due date, sows were given an inducing agent so the following day they
would farrow (one day before intended due date). Treatments were administered either with the
inducing agent (7am on day 113: DexInd), 24 h after the inducing agent (7am on day 114: Dex24),

both times (DexTwice) or no steroid treatment (Control).

2.3. Data collection

Farrowing duration, incidences of dystocia, stillbirths and overlays were recorded as
markers of farrowing performance. Obstetric assistance was provided for sows if piglet
delivery intervals exceeded 40 min, and each intervention recorded as a dystocia event.
At birth of the first and ninth piglet, colostrum protein (%) was measured using a Brix
refractometer [19]. As strong correlations have been observed between Brix
refractometry values and total concentration of IgG protein in both serum and colostrum
[19,20] total protein was determined using a digital Brix refractometer. Upon delivery,
piglets were recorded as liveborn or stillborn, and live piglets weighed and placed back
in their original position behind the sow. At 24 h post farrowing, piglets were weighed
again and their colostrum intake between birth and 24 h calculated using the following

formula [21]:

Cl=-217.4+0.217*t + 1861019*BW/t + BWb*(54.8 - 1861019/t ) * (0.9985 — 3.7*10tfs + 6.1
107 * £2fs
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Where CI = colostrum intake (g), BW = piglet body weight at 24 h, BWb = piglet body
weight at birth, t = time elapsed from birth to first suckling (min).

Devillers et al. [21] proposed that the interval of elapsed time from birth to first
suckling can be estimated as between 15 and 30 min without major error. In this study,
the average interval of time was chosen to be 20 min. Total colostrum yield of the sow
was estimated as the sum of colostrum intakes of all piglets in the litter.

At 24 h post farrowing, piglets 1, 2, 3, 8, 9 and 10 were blood sampled (3 mL) via
vena cava puncture. Using an on-farm centrifuge (3000 rpm x 10 mins) plasma was
extracted from blood samples and assessed for total protein content (%) using a
handheld PAL-IOS™ refractometer (Atago PAL-11S, Starr Instruments, Dandenong
South, Vic, Australia). Based on the 98.8% correlation determined between refractometer
values and the total protein percentage of samples [22], refractometry data are referred
to as plasma protein (%). At day 18, piglet preweaning survival was recorded and piglets

were weighed again.

2.4. Statistical analysis

Data were analyzed using IBM SPSS v20. Data were analyzed for normal distribution
prior to assessment with the exception of binary measurements. Incidences of stillbirth
and dystocia, and piglet preweaning mortality were analyzed with binary logistic
regression with the random term replicate and fixed effects parity group (P1 or P>1),
treatment, and first order interactions. Sow data were assessed using a linear mixed
model with the random term replicate and fixed effects parity group (P1 or P>1),
treatment, and first order interactions. For piglet data, repeated measure analyses were
used with sow identification as the subject and birth order number as the repeated
measure. Replicate was fit as a random term, with treatment, gender, parity group, litter
size group (14, large), birth order group (14, first; 5-9, middle; >9, last) and birth weight
group (1.6 kg, heavy) as fixed effects, with two-way interactions fitted. Litter size was
fit as a covariate for both sow and piglet data. These results were analyzed and presented

as means + standard error of the mean.
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3. Results

The average parity of sows was 1.88 +0.20, and the mean litter size was 11.8 + 0.33, with

neither trait different between treatments. Administering dexamethasone to prepartum

sows had no effect on the duration of farrowing (P =0.8), incidence of dystocia (P =1.00),

stillbirth (P = 1.00), overlay (P = 0.12), preweaning mortality (P = 0.167) or colostrum

yield (P = 0.61) (Table 1). Additionally, dexamethasone did not affect the concentration

of protein in colostrum either at farrowing onset or at the birth of the ninth piglet (Table

1). Administering dexamethasone 24 h after induction [Dextwice, Dex24] did, however,

result in a greater concentration of protein in colostrum compared to sows treated with

dexamethasone only at induction (P =0.17; Table 1).

Table 1: Dex administered either with the inducing agent (7am on day 113; DexInd); 24 h after

the inducing agent (7am on day 144; Dex24) both times (DexTwice) or no steroid treatment

(Control) on mean (+ SE) sow farrowing performance and piglet survival to weaning

Control Dex24 Dextwice DexInd P value

Farrowing duration (mins) 132 +15 149 +15 148 +13 136 +15 0.798
Total born 11.2+8 11.4+ 0.8 11.7 £0.7 11.8+0.8 0.934
Born alive 10.9£0.7 11.3+0.7 11.3+0.7 11.5+0.7 0.943
Dystocia events (%) 04+0.5 2011 19+1.0 20+0.5 1.000
Stillbirths (%) 25+1.1 20+1.0 29+1.1 3.1+1.1 1.000
Incidence of overlay (%) 53+23 21+£1.0 6.3+2.1 83+3.0 0.122
Preweaning mortality (%) 11122 71+£23 124+23 142+22 0.167
Sow colostrum volume (kg) 3.92+0.27 4.16+0.27 3.68+0.25 3.77+0.28 0.604
Protein (%) of colostrum at ~ 26.6**+0.6  27.82+0.5 2812+0.6 25.6°+0.6 0.017
farrowing onset

Protein (%) of colostrum at ~ 25.22*+0.6  26.42+0.5 265 +0.6 24.5°+0.6 0.043
birth of ninth piglet

Brix (%) of piglet plasmaat  6.692+0.13 6.792+0.15 6.15°+0.19 6.21*+0.18 0.026

24 hours post-partum
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Further, piglet plasma total protein at 24 h postpartum was lower when sows were
treated with dexamethasone at induction [Dextwice, DexInd]. For multiparous sows,
the DexInd treatment also resulted in piglets with lower colostrum intake (P = 0.006;

Figure 2).
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Figure 2. Effects of dexamethasone administered a day before farrowing (day 114 of gestation
at 7am) [DexInd], the day of farrowing (day 115 of gestation at 7am) [Dex24], day before (day
114 of gestation at 7am) and on the day of farrowing (day 115 of gestation at 7am) [Dextwice],
or no steroid treatment [Control] on mean (+SE) colostrum intake of piglets. Within parity

groups, means having different superscripts differ (P < 0.05).

Administering dexamethasone to sows with induction and 24 h after had a negative
effect on piglet birthweight for both primiparous sows and multiparous sows (P =

0.001 for both; Figure 3).
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Figure 3. Effects of dexamethasone administered a day before farrowing (day 114 of gestation
at 7am) [DexInd], the day of farrowing (day 115 of gestation at 7am) [Dex24], day before (day
114 of gestation at 7am) and on the day of farrowing (day 115 of gestation at 7am) [Dextwice],
or no steroid treatment [Control] on mean (+SE) piglet birthweights. Within parity groups,
means having different superscripts differ (P < 0.05).

Piglets from multiparous sows that received dexamethasone at induction [DexInd,

Dextwice] also had lower weights at day 18 (P = 0.002; Figure 4).
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Figure 4. Effects of dexamethasone administered a day before farrowing (day 114 of gestation
at 7am) [DexInd], the day of farrowing (day 115 of gestation at 7am) [Dex24], day before (day
114 of gestation at 7am) and on the day of farrowing (day 115 of gestation at 7am) [Dextwice],
or no steroid treatment [Control] on mean (+SE) piglet weights at day 18. Within parity groups,
means having different superscripts differ (P < 0.05).
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Primiparous sows that received dexamethasone 24 h after induction [Dex24] had
piglets with increased daily gain and multiparous sows that received dexamethasone
with induction [DexInd; DexTwice] had piglets with reduced daily gain (P = 0.026;
Figure 5).
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Figure 5. Effects of dexamethasone admnistered a day before farrowing (day 114 of gestation at
7am) [DexInd], the day of farrowing (day 115 of gestation at 7am) [Dex24], day before (day 114
of gestation at 7am) and on the day of farrowing (day 115 of gestation at 7am) [Dextwice], or no
steroid treatment [Control] on mean (+SE) average daily gain to day 18. Within parity groups,
means having different superscripts differ (P < 0.05).

4. Discussion

Dexamethasone both mediates inflammatory processes in sows and potentially affects
fetal visceral maturation. Therefore, it is important to examine its effectiveness when
administered to sows at different times prior to farrowing. The results of this study
suggest dexamethasone can affect aspects of sow and piglet performance, but timing in
relation to the day of farrowing is a critical factor in the outcome. It was identified that
dexamethasone administered to sows concurrent with induction (the day before
farrowing) resulted in negative impacts on both birth and weaning weights. However,
when given on the day of farrowing, no adverse outcomes were observed on either sow
or piglet, indeed, there was some evidence of improved piglet survival.

In this study, no treatment differences were observed for farrowing duration, stillbirths

or need for manual assistance due to dystocia. As a targeted and potent relief from

59



inflammatory pain, dexamethasone was predicted to reduce the incidence of farrowing
complications that would arise from stress, especially in sows with particularly long and
painful farrowings [23]. Across treatments, farrowing duration and the incidence of
dystocia and stillbirth were low, presumably due to most sows being of a lower parity.
Sows of higher parity (P5+) are more likely to experience longer piglet birth intervals
and difficulty during the farrowing process due to weakened uterine tone [9].
Additionally, there may have not been issues during the farrowing process as the
average litter size was only between 10 and 11 piglets. Sows giving birth to more than
12 piglets were more likely to experience prolonged farrowing duration [8] and were
eight times more likely to experience a dystocia event requiring manual assistance [10].
Farrowing difficulties may have been more apparent and potentially responsive to
treatment if the average parity and/or litter size was higher.

As glucocorticoids are important mediators of lactogenesis [24], it was predicted
dexamethasone would actively contribute to lactation processes and affect colostrum
quality. However, dexamethasone did not significantly affect the concentration of
protein in colostrum compared to control sows. Macrina et al. [25] found administering
dexamethasone to heifers at lactation onset increased mammary cell differentiation but
did not improve the concentration of protein in colostrum. In another study with ewes
[26], the provision of dexamethasone seven days before parturition prematurely
activated lactation and reduced colostral IgG concentrations. Considering sows from the
DexInd treatment group had similar concentrations of protein in colostrum compared
to controls, it is unlikely DexInd was impairing colostrum quality. By this time in late
gestation, natural surges of maternal GCs may have already triggered lactogenesis and
there was nothing for exogenous GC treatment to activate. Between treatments,
administering dexamethasone the day before farrowing resulted in lower protein
concentration in colostrum than when dexamethasone was administered the day of
farrowing. Although glucocorticoids can trigger increases in colostrum production [26]
stimulating greater lactogenic activity can also have an inverse effect on IgG
concentrations because the proteins are more diluted in colostral secretions [27].
Considering estimated colostrum yields were not affected by treatment in this study, it
is reasonable to assume another reason for the change in protein concentration.

The tendency towards fewer overlays in Dex24 litters and overall preweaning
mortalities may indicate reduced stress and associated sow movements. However, in
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the absence of sow behavioral monitoring, this suggestion remains speculative.
Machado-Neto et al. [28] found reduced cortisol concentrations in sow colostrum was
correlated with an increase in colostral IgG concentrations. Since dexamethasone and
cortisol have the same biological activities, an increase in dexamethasone may cause the
release of ACTH to be reduced and, in turn, the release of cortisol to be reduced [29].
Future investigations should measure cortisol content in colostrum to see whether
provision of dexamethasone actively reduces this stress hormone.

The administration of dexamethasone one day before farrowing was found to reduce
piglet birthweight. These results are consistent with other sow studies [30-32] as well as
in other species including humans [14] rats [33] and sheep [34]. Whirledge et al. [35]
proposed that the reason dexamethasone restricts fetal growth is the result of a “trade
off in energy reserves. Being a glucocorticoid, dexamethasone can prioritize
partitioning of energy towards organ maturation for early survival over skeletal growth.
This may have been the case in our study as piglets from both DexInd and DexTwice,
although smaller at birth, had the same survival rates as the control piglets. Treating
primiparous sows with dexamethasone at induction only reduced birthweights when it
was also given again the following day [DexTwice]. Repeating a course of steroid
treatment during gestation has shown evidence of growth disturbances in animal and
human studies [36] but the data should be interpreted with caution given the short
period between dexamethasone injection and piglet delivery. Differences between the
effects of dexamethasone at induction and parity groups may be the result of
primiparous control sows having already small piglets. Sows from DexInd treatment
had similar birth and weaning weights between parity groups, but they were only
significantly lower when compared to the piglets from multiparous control sows.
Administering dexamethasone to sows at induction may also impair piglet capacity to
ingest and/or absorb macromolecules. Sows treated with dexamethasone at induction
and 24 h after [DexTwice] had piglets with reduced protein absorption over sows treated
on the day of farrowing [Dex24h], even though colostrum quality was not impaired
between these treatment groups. Dexamethasone has been found to alter intestinal
permeability in piglets, although treatment was administered to 7-day old piglets [30].
As the intestine of a newborn piglet is considerably different to that of a 7-day old [37]
further investigation would be required to understand whether dexamethasone can
affect intestinal absorption of piglets prior to gut closure.
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For multiparous litters, the intake of colostrum was impaired in piglets from DexInd
sows. Consequently, the lower protein absorption of piglets may be a result of ingesting
smaller volumes of colostrum. Piglets from the DexInd sows were physically smaller on
average than other treatment groups, and a lower birthweight is usually accompanied
with a reduced vitality and ability to suck [38]. As there were no differences in piglet
pre-weaning mortality across the treatments, the protein absorption of piglets in the
DexInd group were evidently still sufficient for survival. When dexamethasone was
administered to sows on the day of farrowing it had no negative effects on piglet
birthweight, colostrum intake or protein absorption. In primiparous sows, it also
improved the daily gain of piglets to weaning. De Rensis et al. [31] observed an
improvement to piglet growth rates when sows were treated with dexamethasone, but
only for the first three days postpartum. Improved growth rates were also seen when 7-
day old piglets were injected with dexamethasone directly rather than exposed via
maternal treatment [39]. The reason for this increase in growth may be due to GCs
involvement with growth hormone (GH). In studies where elevated GC levels resulted
in reduced skeletal growth, the concentration of GH in these animals remained normal
[40]. In young rabbits, dexamethasone treatment caused a tissue-specific stimulation of
GH receptor mRNA levels [40]. The effects of dexamethasone in this circumstance were
dose responsive as lower doses of dexamethasone resulted in greater increases in GH

receptor mRNA levels [40].

5. Conclusion

Treating sows with dexamethasone prepartum may improve sow and piglet
performance but only when administered 24 h after an induction protocol. Further
investigation into treating sows with dexamethasone at this time is recommended as it
shows promise of improving daily growth of piglets to weaning. Administering
corticosteroids to sows before the day of parturition is not recommended as we have
evidence of reduced birthweight, colostrum intake, and protein absorption of piglets.
Therefore, taken together this implies that dexamethasone treatment of clinically normal
sows should only be considered in association with farrowing induction. However, the
impact of prepartum dexamethasone administration to sows considered to be at risk of
puerperal disease, indicated by a farm history of farrowing problems, is worthy of
investigation.
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Chapter 3: Effect of dexamethasone and route of
administration on sow farrowing behaviours, piglet
delivery and litter performance.
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Simple Summary: The pain experienced during labor is one that is shared universally.
When sows experience the pain of labor for the first time, the levels of discomfort can
be so stressful that they lash out aggressively at their piglets. Sows new to the birthing
experience may also have problems with delivery or resist nursing the litter for
extended periods of time. To help younger sows during and after delivery, we treated
a group with dexamethasone, a strong anti-inflammatory treatment. It was predicted
that this anti-inflammatory would be able to provide some relief from the
inflammatory pain associated with labor and help younger sows with their birthing
processes and nursing of their litter. As a hormone that can easily pass through cell
walls, it was also predicted that dexamethasone could pass directly through the vaginal
membrane of a sow for a non-injectable treatment alternative.

Abstract: The inflammatory pain and stress some crated sows experience during
farrowing has attendant risks of piglet-directed aggression, reduced teat exposure and
hindered post-partum recovery. To counter this, the steroidal anti-inflammatory
compound, dexamethasone, can be administered. To measure the potential for mucosal
absorption as an alternative to injection, the permeability of porcine vaginal mucosa to
dexamethasone was demonstrated using Franz cell diffusion. These studies found
dexamethasone treatment diffused through vaginal mucosa at a constant rate, with
52.37 + 5.54% permeation in 6 h. To examine in vivo effects on farrowing outcomes,
dexamethasone was administered to gilts and parity one sows on the day of expected

tarrowing. We hypothesized that it would provide relief from farrowing discomfort
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and reduce behaviours threatening piglet survival. Sows were randomly assigned to
receive dexamethasone as an intramuscular injection (n = 23); dexamethasone applied
topically into the vagina (1 = 20), or to receive no dexamethasone (1 = 23). Sows (1 = 66)
and piglets (n = 593) were monitored for performance indicators during farrowing and
early lactation. A subset of sows (n = 24) was also video monitored continuously over
24 h for behaviours associated with pain, postural changes and piglet interactions. No
differences were observed between treatment for farrowing performance, piglet
survival or behavioural changes for sows experiencing their first or second farrowing
(p > 0.05), rejecting the hypothesis that corticosteroid administration will improve sow
farrowing performance. This investigation did, however, show that dexamethasone
can permeate through porcine vaginal mucosa and so can be administered as a non-

injectable treatment.

Keywords: dexamethasone; farrowing; sow behaviour; piglet performance

1. Introduction

Giving birth can be a stressful and painful event for sows [1], with first-time farrowings
being particularly problematic. Primiparous sows tend to be more restless in farrowing
crates [2] and susceptible to piglet-directed aggression [1-5]. Sows savaging piglets may
not necessarily reflect poor maternal ability, but rather a nervous reaction to the pain of
farrowing [5,6] in a restricting, crated environment [3]. Previous reports on sow
savaging found a correlation with more restless behaviours leading up to the expulsion
of the first piglet [4], which is a reportedly painful stage of parturition [1].

Farrowing behaviour and analgesic use have been studied previously [7-9] with
minimal effect on sow performance or subsequent piglet survival. Unlike previously
used anti-inflammatories, the use of a steroidal anti-inflammatory may be more effective
for targeting relief across multiple sites of inflammatory tissue. Dexamethasone is a
synthetic glucocorticoid with potent anti-inflammatory properties [10]. The potency and
multi-targeted action of this drug may provide greater relief compared to other
treatments and reduce aggressive behaviour exhibited by gilts (P0) and first-parity (P1)
sows. Previous investigations into the use of anti-inflammatories [7-9] report

administering treatment at the onset of farrowing or immediately after, once the sow
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has already experienced the pain of piglet expulsion [1]. If the timing of farrowing was
controlled, the anti-inflammatory could be administered in the hours leading up to
parturition and may reduce the incidence of stress-induced piglet-directed aggression.
Because of dexamethasone’s prolonged biological half-life (36-72 h) [11], the analgesic
effects may last beyond parturition and into early lactation. Reducing discomfort may
encourage the sow to lie in the same position rather than making many postural changes
[7,8,12], increasing teat exposure and reducing the incidence of piglet overlay. A
previous investigation into the use of dexamethasone prior to farrowing found a small
improvement to piglet daily gain when gilts were treated on the day of an induced
farrowing [13]. By observing farrowing and early lactation behaviour, it can be
determined what effect, if any, dexamethasone has on the periparturient and early
lactation sow behaviours that could subsequently benefit piglet survival and growth.
A concern with using dexamethasone to relieve discomfort is the need for
intramuscular injection. Injecting a young sow in the hours leading up to parturition
may trigger a stress response, possibly nullifying potential benefits provided by the
analgesic. As a steroid hormone, dexamethasone could potentially enter the
bloodstream by diffusing through the vaginal mucosa, thus removing the need for
injection. A Franz cell diffusion test can be used to measure the permeability of the
vaginal mucosa and so assess the potential bioavailability of the drug when
administered by this route [14]. It was hypothesised that dexamethasone would cross
the vaginal mucosa and have an in vivo effect on sow behaviours and/or piglet neonatal

survival.

2. Materials and Methods
2.1. Permeation of dexamethasone through porcine vaginal mucosa

To assess vaginal permeability in vitro, simulated vaginal fluid (SPVF) was
prepared using the composition reported by Owen and Katz for humans [15] and
adjusted with NaOH to pH 7 [16,17] to simulate conditions in the sow vagina [18,19].
Porcine vaginal tissue was obtained from a local abattoir (Murray Bridge, SA, Australia)
at slaughter and transported to the laboratory in SPVF on ice. The vaginal mucosa was
rinsed three times with saline, stripped from underlying connective tissue and muscle
and stored at —20 °C in aluminum foil for future use. When required, the vaginal mucosa

was hydrated in SPVF at room temperature and mounted onto a Franz diffusion cell.
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Then, 2.5 mg (500 pL) of aqueous dexamethasone sodium phosphate treatment
(Dexapent™, Troy Laboratories, Glendenning, NSW, Australia) and 200 uL SPVF was
added to the mucosal surface in the donor chamber of the Franz cell. Water was heated
in a water bath to 37 °C £ 1 °C and pumped around the receptor chamber. The acceptor
solution (filtered SPVF) was maintained at 37 °C + 1 °C and mixed with a magnetic stirrer
throughout the experiment. Franz cell chambers (PermeGear, Hellertown, PA, USA)

were set up similar to the schematic in Figure 1.

Exposure chamber

Vaginal mucosa

Sampling funnel
Water flows in

Receptor chamber

Water flows out o
Magnetic stirrer

Figure 1. Schematic diagram of Franz diffusion cell.

At designated time points (0.25, 0.5, 1, 1.5, 2, 3, 4, 5 and 6 h), 100 uL of receptor
fluid (SPVF) was sampled from the sampling funnel and replaced with an equal
volume of fresh SPVF. All samples were prepared for liquid chromatography by
adding 50 uL samples to 50 uL mobile phase and vortexed before HPLC analysis.

The separation system consisted of a Lux Cellulose-1 column (Phenomenex
Australia, Lane Cove, NSW, Australia) and 1% formic acid in acetonitrile (solvent
A) and 2% formic acid in water (solvent B) in a 50:50 ratio. The method was based
on the isocratic method used by Karatt et al. [20] with mobile phase A acidified
to obtain sharper peak resolution. Flow rates were set at 0.6 mL/min with the
column temperature at 50 °C and detected using a wavelength of 241 nm.
Calibration graphs were constructed by plotting the peak area with their

corresponding concentrations of dexamethasone (linearity range: 2.5-300
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ug/mL). The sum of the two observable peaks not present in blank SVF was

calculated with r? = 0.99 (Figure 2).

Detafile Name: 25ug mi-mobiephase_3 lod
Sample Name: 25ug, mh-mebilephase
Sarmple 1D 25ugiml

Detector signal intensity
B

Time (min)

Figure 2. Chromatogram of dexamethasone treatment.

Permeability was calculated using the following formula:
x = ((TsV)/OC) x 100%

Where:

x = Cumulative amount of drug through vaginal mucosa (%)

V =Total volume in Franz cell (5.0 mL)

OC = Amount of drug administered in donor compartment (2.5 mg)

Ts = Concentration of the sample taken from Franz cell acceptor solution

Release parameters for the permeation of dexamethasone through porcine vaginal mucosa were
calculated using the analysis program created by Zhang et al. [21].

2.2. Effects of Dexamethasone on Sow and Piglet Performance

2.2.1. Animal Management

Large White x Landrace gilts and P1 sows (sows) were moved into individual
farrowing crates one week before their expected due dates of 116 d after the last
insemination. Gilts and sows were fed twice daily with a commercial diet formulated to
meet all nutrient requirements and had free access to fresh water. At 114 d of gestation,
sows received vulva injections of 125 pg prostaglandin analogue, cloprostenol
(Juramate®, Jurox Pty, Ltd., Rutherford, NSW, Australia), at 0700 and 1300 h to induce
sows to farrow on day 115 of gestation. At 0800 h on day 115, sows were randomly
assigned to receive 20 mg dexamethasone (Dexapent™, Troy Laboratories,
Glendenning, NSW, Australia) either by intramuscular injection (n = 23; DexInj), by
topical vaginal mucosal deposition (n = 20; DexTop) or to serve as non-treated controls

(n=23) with equal parity distribution. To administer the DexTop treatment, a thin sterile

73



tube was inserted 20 cm into the vagina, and treatment was administered followed by a

0.5 mL saline flush.

2.2.2. Data Collection

Farrowing duration, total born litter size, stillbirths, incidence of dystocia and piglet
overlay in the first 24 h postpartum were recorded as indicators of sow performance. If
the piglet delivery interval exceeded 45 min, obstetric assistance was provided for sows,
and it was recorded as a dystocia event. The estimated colostrum intake of piglets was
calculated using their birth and 24 h weights and the equation proposed by Devillers et
al. [22].

CI=-217.4+0.217 x t + 1861019 x BW/t + BWb x (54.8 — 1861019/t) x
(0.9985-3.7 x 10 — 4 x tfs + 6.1 x 10 - 7 x t2fs)
where CI = colostrum intake (g), BWb = piglet body weight at birth, BW = piglet body
weight at 24 h and t = time elapsed from birth to first suckling (min).
Devillers et al. [22] proposed that the interval of elapsed time from birth to first suckling
can be estimated as between 15 and 30 min without major error. In our study, the

average interval was 20 min.

2.2.3. Farrowing Behaviour

A subset of sows was video recorded for 24 h from the onset of farrowing using CCTV
cameras mounted above each farrowing crate. Sows were assigned either to the DexInj
(n =8), DexTop (n =9) or Control (n = 9) treatment group. Continuous state and point
behaviour observations were made by one observer using the ethogram program

BORIS. Potential behavioural indicators of pain were based on Ison et al. [23] (Table 1).

Table 1. Ethogram used for monitoring farrowing behaviour over a 24 h period.

Behaviour Description
Posture Stand Sow is standing.

Sit Sow is sitting

1 Lateral recumbency: udder or at least
Side lie .

the top line or teats are not obscured.
. Sternal recumbency: the udder is

Belly lie u Y " '

obscured under the sow.
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Sponte.meous Tail flick The tail is moved rapidly up and
behaviours down.

In a lateral lying position, the back leg
Back leg forward is pulled forwards and/or in towards
the body.

In a lateral lying position, one or both
sets of legs become tense and are

Back arch pushed away from the body and in
towards the center, forming an arch in
the back.

Paw The sow uses the forepaw to scrape the
floor in a pawing position.

The sow snout flicks quickly

Piglet-directed behind/snaps at the approaching

aggression piglet.
Any event where a piglet is being
Overlay crushed by the sow. Piglets may be

under the sow, squashed at the front of
the crate or under the trotter.

2.2.4. Statistics

Data were analyzed using IBM SPSS v20 statistical software. For the primary
outcome, effects of dexamethasone on observational behavior, data were analyzed using
a general linear model with a negative binomial distribution. The binary measurements
in this investigation (incidence of stillbirth, dystocia, overlay and piglet-directed
aggression) were assessed using a generalized linear model fit with binomial
distribution. Other outcomes of interest (farrowing duration, piglet birth interval, total
piglets born, total piglets born alive and litter size weaned) were measured with a linear
mixed model. All data pertaining to sows was fit with treatment (DexInj, DexTop or
Control) and parity (gilt or first-parity sow) as fixed effects. The model included sow ID
and room (identical farrowing rooms 4 and 5) as random effects.

For measurements pertaining to the piglet (colostrum intake, survival of piglets to
24 h and piglet survival to weaning), outcomes were assessed using a general linear
model with sow as the subject and birth order as the repeated measure. Fixed effects
included sow treatment (DexInj, DexTop or Control), piglet gender (male/female) and
birth weight group (<1.0 kg, low; 1.1-1.35 kg, medium; >1.35 kg, heavy) All data in the

investigation were analysed with a confidence limit set at 95% (p < 0.05).
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3. Results

In Vitro Permeability of Dexamethasone through the Vaginal Mucosa

Over the 6 h of the Franz cell test, dexamethasone passed through the vaginal mucosa
in an increasing linear function (Figure 3).
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Figure 3. In vitro permeation of dexamethasone treatment (%) through porcine vaginal
mucosa using Franz diffusion cells over time (minutes). Simulated vaginal fluid was used
for the donor and acceptor solutions, and cells were incubated at 37 °C + 1-°C. The diffusion
tests were run six times and are presented as the mean + standard deviation (SD) of the
mean.

The rate at which dexamethasone diffused across the vaginal mucosal membrane is best
described by Makoid-Banakar, with an > = 0.9851 and a magnitude of data or AIC =
33.67 (Figure 4, Appendix A).

Diffusion of drug with Makoid—Banakar prediction

100
90 ® Observed

Diffusion of drug through vaginal mucosa (%)

0 T

0 50 100 150 200 250 300 350 400
Time (min)

Figure 4. A diffusion profile of dexamethasone treatment through porcine vaginal mucosa in-
vitro fitted by Makoid—-Banakar model (F = kMB x t» x Exp(-k x t). 72 adjusted = 0.9871 and AIC
=39.2.
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3.2. Farrowing performance parameters.

As shown in Table 2, treatment had no significant effect on farrowing performance, with
no differences in the duration of farrowing (p = 0.214), piglet birth interval (p = 0.289) or
stillbirths (p = 0.655), although gilts had comparatively shorter birth intervals compared
to P1 sows (p = 0.006; Gilts = 11.53 + 1.3 min; Sows = 18.06 + 1.9 min). There was also a
trend towards higher incidence of dystocia for P1 sows compared to gilts (p = 0.068; Gilts
=28 +7%; P1 =54 + 12%), but no differences between treatment groups was evident (p =
0.263). No treatment effects were observed for the colostrum intake of piglets (p =0.718),
but differences in intake were observed across the three piglet birthweight groups, with
intake increasing with increasing body weight (BW) (p = 0.001; Low BW =278.1+7.0 g;
Medium BW =326.2 +4.9 g; Large BW =349.4 + 5.0 g). The provision of dexamethasone
had no effect on incidence of overlay (p = 0.393) or piglet survival in the first 24 h (p =
0.872), although a trend was observed for survival to weaning (p = 0.094) (Table 2).
Table 2. Effects of dexamethasone administered the day of farrowing (0700 h, gestation day

115) as a vulval injection (DexInj), applied topically into the vagina (DexTop), or no
treatment (Control) on mean (+SE) sow and piglet performance indicators.

Control DexInj DexTop p Value
Farrowing duration (min) 232 +£26 157 +42 170 +31 0.214
Piglet birth interval (min) 17.1+1.8 132+1.7 141+1.7 0.289
Incidence of dystocia (%) 47 +11 21+8 42 +11 0.263
Incidence of stillbirth (%) 67 +10 68+9 57 +11 0.655
Total piglets born 11.7£0.5 11.7£0.5 11.8+0.3 0.943
Total piglets born alive 11.3+£0.6 11.1+£0.6 11.0+0.6 0.952
Colostrum intake (g) 319.3+6.7 313.5+6.5 320.3+6.5 0.718
Incidence of overlay in 24 h (%) 57 +11 39+10 57 +11 0.393
Piglet survival to 24 h (%) 89.6+£2.8 91.5+27 90.9+28 0.872
Litter size weaned 104 +0.3 10.6 +0.3 10.6 +0.3 0.855
Survival of piglets to weaning (%) 799+29 88.8+£29 86.6 £3.0 0.094

Over the 24 h observational period, no differences were observed in individual or

total pain behaviours among treatments (p > 0.05; Table 3). The incidence of piglet-
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directed aggression and time spent on the side were all similar between treatment

groups.

Table 3. Effects of dexamethasone administered the day of farrowing (0700 h, gestation day
115) as a vulval injection (DexInj), applied topically into the vagina (DexTop), or no steroid
treatment (Control) on mean (+SE) sow behaviours during 24 h from onset of farrowing. The
number of sows that displayed any piglet-directed aggression is expressed as a percentage
over the total treatment group (95% CI). In addition, the time each sow spent in the laying
position (udder exposed) is presented as a percentage over the total 24 h observation period.

Control DexInj DexTop p Value
Back arch 99+37 41+1.6 58+24 0.256
Leg up 12.3+4.9 43+18 76+29 0.199
Pawing 8.8+3.2 6.0+£25 34+15 0.321
Tail flick 01+0.1 12+0.5 04+0.1 0.088
Total pain behaviours 225+4.6 155+4.9 19.0+4.6 0.525

Total position changes 77.3+11.8  538+11.8 693123 0.382

Piglet-directed
aggression (%)
Time spent on side (%) 81.6 +3.6 87.8+3.6 82.8+3.8 0.350

50+5 25+4 22+4 0.269

4. Discussion

4.1. Franz Cell Permeation Test

Within 6 h, half of the dexamethasone passed through the sow vaginal mucosa, closely
following Makoid-Banakar release model kinetics. As predicted, the lipophilic
properties of the steroid enabled rapid diffusion across the vaginal mucosal membrane.
This rate of diffusion in the present study was slower than permeability reported by
Zang et al. [24], who found 60% of dexamethasone sodium phosphate in a film passed
through rabbit buccal mucosa within the first 2.5 h. Differences between release studies
could be due to differences in an animal model (sow vs. rabbit), mucosa type (vaginal
vs. buccal) and/or properties of drug delivery formulation (injectable solution vs. buccal
film). With evidence of permeation, future investigations should track the concentration
of dexamethasone in sow plasma over time, measuring the concentration with HPLC-
mass spectrometry.

Although the treatment used in our study is a dexamethasone product, the two
definite peaks present in chromatographs suggest possible traces of another active

constituent within the formulation [25]. When Xiao et al. [25] tested a solution with 1%
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betamethasone in pure dexamethasone, small and large peaks presented on the
chromatographs. These peaks increased with increasing concentrations of the solution,
similar to what was found with the chromatograph in our study. Bentamethasone is a
chemical isomer with similar anti-inflammatory properties to dexamethasone [25].With
this considered, the permeation rate of dexamethasone through the vaginal mucosa
cannot be definitively defined without clarifying these two peaks against pure
betamethasone standard reference. Our chromatographs did give evidence for the
passage of dexamethasone through porcine vaginal mucosa, which concurs with our

initial hypothesis.

4.2. Animal Treatment

With the confirmation of dexamethasone permeating through porcine vaginal
mucosa in vitro, we tested it in vivo by deposition onto sow vaginal mucosa. Our data
did not show evidence of dexamethasone affecting sow performance or farrowing
behaviours. These results are similar to studies using non-steroidal anti-inflammatory
(NSAIDs) meloxicam [8], and analgesic butorphanol [7] on post-partum sows. Mainau
et al. [8] proposed that the lack of NSAID effect on farrowing performance was the result
of administering treatment too late, but treatment in our study was administered before
the expulsive phase of farrowing. Our data would suggest the lack of treatment effect
on sow behaviour was not the result of administration before or after farrowing onset.
Further, the potency of the anti-inflammatory agent used may also not be a critical factor
in changing sow performance, as the use of the potent analgesic, butorphanol showed
no differences to pain related behaviours within the first 48 h postpartum [7]. What was
observed was a significant reduction in posture changes during the 48 h after treatment,
which may have reduced the risk of piglet crushing during the nursing period. This may
explain why a trend was observed in our data for improved piglet survival for
dexamethasone-treated sows.

Lay et al. [26] suggested that anti-inflammatory compounds have little effect on the
farrowing sow due to the restrictive nature of farrowing crates. An increase in the
nociceptive threshold is mediated by endogenous opioids, which can be inhibited when
a sow is restricted from maternal behaviours leading up to parturition [1]. Nowland et
al. [27] observed fewer pain-related behaviours (tail flicking, back leg forward, and

straining) when sows were housed in open pens over traditional crates. In another
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investigation, Nowland et al. [28] found less pain-related behaviours in crated sows
when they had access to straw in the lead up to farrowing (n = 12) [29]. Although the
number of sows used for the behavioral studies was similar to those reported by
Nowland et al. [28], a larger sample size of predominately primiparous sows should
increase the chances of observing restless behaviours, aggressive tendencies, or animals
with a higher susceptibility to pain during parturition. Why the provision of an anti-
inflammatory does not provide the same analgesic response is something that should be
assessed further, particularly if it is coupled with an improvement in farrowing
performance. The use of anti-inflammatories may be more beneficial in sow herds that
have higher preweaning mortality rates [29] or pre-existing conditions where analgesia
would alleviate discomfort [30,31]. Additionally, the effects of dexamethasone may be
more evident in larger populations, as the levels of discomfort experienced during

parturition can be subjective to the individual [1].

5. Conclusions

Administering dexamethasone on the day of an induced farrowing did not affect
sow behaviours during parturition and early lactation. This would imply that some level
of pain and/or discomfort is normal during parturition and the immediate post-partum
period and, as such, would not be responsive to anti-inflammatory treatments. It is
possible that a beneficial effect of steroid would be evident only under conditions of
abnormal levels of pain or distress, as potentially indicated by elevated levels of pre-

weaning mortality.
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Appendix A

Table Al. Release parameters of fitted experimental data for in vitro permeation of
dexamethasone through porcine vaginal mucosa. The best fit model will have a closest
coefficient value to 1.0 (#? adjusted) and a lower magnitude of data (AIC). Highlighted

is the model that was deemed the best fit for the data.

Goodness of

Model Name Equation Fit Parameter Value
r? adjusted 0.9627
Zero order F=koxt
AIC 48.53
) 2 adjusted 0.9785
First order F=100 x (1 - Exp(~k1 x t))
AIC 42.92
) i r? adjusted 0.9206
Higuchi F = kn x 05
AIC 56.00
) 2 adjusted 0.9766
Hixson-Crowell F=100x (1 - (1-kHC x t)?)
AIC 43.80
2 adjusted 0.9758
Hopfenberg F=100x (1-(1-kHB x t))
AIC 4493
. 2 adjusted 0.9871
Makoid-Banakar F=kMB x tm x Exp(=k x t)
AIC 39.29
x(1—(1- 2/3) — = 2 adjusted 0.8977
Baker—Lonsdale 3/2 x (1 - (1 - F/100)¥3) - F/100 = kBL 2 adjuste
x f AIC 58.53
2 adjusted 0.9850
Peppas-Sahlin F=Fix tmn+o x t2m 7 aduste
AIC 40.80
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Abstract

Glucocorticoids are essential regulators of late fetal development, with effects on organ
maturation being time specific. As gut maturation in the piglet occurs at the end of
gestation, it was hypothesised that treating sows with dexamethasone before farrowing
would accelerate enteric maturation in piglets and improve macromolecular absorption.
Primiparous sows were induced to farrow by injections of cloprostenol at 0700 and 1300
h at 2 d before due date (d114) and assigned either no further treatment (Control) or an
intramuscular injection of 20 mg dexamethasone at 24 h after first cloprostenol injection.
Low birthweight (<1.0kg) and normal birthweight (1.0kg - 1.3 kg) piglets were given 3 h
unrestricted access with the sow before oral administration of a marker solution, FITC-
D (25 mg/ml), diluted in phosphate buffered saline. Blood samples were taken at 2 h and
4 h post gavage and plasma assayed for FITC-D using fluorescence spectrometry (480
nm, 520 nm). Although treating gilts with dexamethasone pre-partum did not influence
the absorption of FITC-D in progeny, there was a trend observed for piglets in smaller
litters and a greater absorption of FITC-D at the fourth hour (P = 0.66). These results
suggests maternal treatment of dexamethasone in late gestation does not influence

uptake of macromolecules in newborn piglets, but litter size may play an important role.

Keywords: piglet; gut; newborn, glucocorticoids; dexamethasone
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1. Introduction

Gilts are an important part of breeding herd [1], yet their progeny can be a serious
constraint to productivity on farm [2]. Due to competition with maternal resources for
growth [3] gilt progeny are susceptible to restricted development in utero [4,5] causing
slower growth rates and increased mortality [1,2]. The severity of this restricted
development can be assessed by head morphology [6,7] but any piglet born under 1000
grams is at risk of disease susceptibility and impaired growth [7].

Piglet growth is determined, in part, by uterine capacity and development of the
placenta [8]. Whilst uterine capacity is limited, placental development can be affected by
prenatal exposure to natural or synthetic glucocorticoids (GCs). GCs act as an important
developmental switch [9] able to enhance (but not initiate) expression of genes in
accordance with critical stages of fetal development [10,11]. Exposing the fetus to high
levels of GCs during mid gestation can alter genes coding for skeletal growth and stunt
birthweight [12]. In contrast, exposure to the same GCs in very late gestation can trigger
maturation of specific organs in preparation for birth [9]. Reported effectiveness of GC
fetal exposure and development depends on the time when the organ of interest is most
sensitive to GC uptake.

The link between maternal glucocorticoid (GC) exposure and fetal organ
maturation has been researched in a variety of mammalian models [13-15] but its effects
on the gastrointestinal tract of piglets is less studied. In the piglet, gastrointestinal
maturation occurs in the late fetal and early neonatal stages [10] which is predicted to be
the time in which GC receptors in the gut are most responsive. Gut function of newborn
piglets is critical for survival as piglets acquire immunity by absorbing
immunoglobulins from colostrum [16,17]. Effective absorption of these macromolecules
prior to gut closure will protect piglets from early onset disease and lays the microbial
foundation for future survival [18].

Gut permeability in the newborn piglet is regulated by enterocyte gap junctions,
and the distribution and function of these gap junctions determine the efficiency by
which macromolecules can pass into circulation [19]. In the final week of gestation, sows
with a low concentration of GCs gave birth to piglets with less functioning gap junctions
and a lower absorption rate of IgG proteins [20]. Having high concentration of GCs
before farrowing may allow for final development of gap junctions and improve
intestinal permeability of neonates.
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To measure gap junction distribution and function, several studies have used non-
toxic molecular markers. Westrom et al [21] found Fluorescein isothiocyanate-dextran
(FITC-D) could be used to assess the gut function of newborn piglets [21,22]. The level of
fluorescence indicates the amount of dextran present, providing a simple and effective
measurement of absorption. It is predicted that maternal gilt exposure to synthetic GCs
will increase the concentration of FITC-D in the plasma of low birthweight piglets and,

in turn, indicate an increased absorptive capacity for macromolecules.

2. Materials and Methods

2.1. Sow Management

Large White x Landrace gilts were moved into individual farrowing crates one week
before their expected due date. Sows were fed a commercially formulated diet at 2.5
kg/d and had free access to fresh water. Two days before their expected farrowing date,
gilts received vulva injections of 125ug of the prostaglandin F2a analogue, cloprostenol
(Juramate®, Jurox Pty, Ltd, Rutherford, NSW, Australia; PGF), at 0700 and 1300 h. At 24
h after the first PGF injection, gilts were assigned to receive an intramuscular injection

of 20 mg dexamethasone (Dex; n=7) or to act as non-injected controls (Control; n=7).

2.2. Experiment

From delivery, piglets were allowed 3 h of free access to the sow udder for consumption
of colostrum. At 3 h after delivery, the two lightest piglets in the litter (0.94 + 0.02 kg)
and two normal birthweight piglets (1.32 + 0.02 kg) were removed from each gilt and
placed in a creche under infrared heat (34°C). Using a piglet feeding tube, piglets
received 10 mL/kg body weight FITC-D (4,000 Daltons, 25 mg/mL; Sigma Aldrich)
dissolved in 0.9% saline. Piglets remained in the creche until blood sampling was
completed via anterior vena cava venipuncture at 2 and 4 h after receiving FITC-D.
Following the 4 h bleed, the piglets were placed back on their sow. Blood samples were
centrifuged for 10 min at 3000 rpm and plasma stored at -20°C until required for FITC-

D assay.

2.3 FITC-D analysis:
Samples were thawed at 4°C prior to assay and protected from light. Plasma samples (50

uL) were diluted with 1.9 mL saline prior to plate loading. Diluted samples (60 uL) and
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standards were assayed in triplicate on flat bottom black 96-well plates (Sigma Aldrich)
using a Synergy MX plate reader (Biotek Instruments, Bedfordshire, UK) at an excitation
wavelength of 480 nm and emission wavelength of 520 nm [21]. Concentrations of FITC-
D were calculated using the formula generated by the standard curve of each plate (R2
>0.97). To calculate relative absorption, total concentrations (ug/mL) were converted to
mg/mL, divided by administered concentration (25 mg/mL * volume given by
birthweight) and expressed as a percentage of absorption. All samples were protected

from light during assay and read immediately after the plate was loaded.

2.4. Statistical analysis:

All data were analysed using IBM SPSS v20. Prior to analysis, data were examined for
normal distribution. The sow treatment (control; dexamethasone), piglet gender (male;
female), birthweight category (low < 1.1 kg; normal >1.3 kg) and litter size (smaller <11
piglets; larger > 12 piglets) were fit as fixed effects with two-way interactions fitted. Data
were analysed with significance held at the 95% level of confidence and defined as
statistically different when P < 0.05. Data were analysed and are presented as means *

standard error of the mean.
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3. Results

The average concentration of FITC-D in piglet plasma increased over time, with
maternal treatment of dexamethasone having no effect on absorption for either time
points (Figure 1).
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Absorption of FITC-D (%)

Control Dex Control Dex
2hrs post gavage 4hrs post gavage
Figure 1. Effects of dexamethasone (Dex) or Control administered on the day of induced
farrowing (day 115 of gestation at 7 am) on the relative absorption of FITC-D (25 mg/kg

BW) in the plasma of newborn piglets 2 and 4 hrs after ingestion. Significant differences

at P <0.05 are represented with a and b superscripts.

No two or three-way factors affected the absorption of FITC-D, although a trend was
observed between litter size and absorption at the fourth hour post gavage (P=0.066)
(Table 1).

Table 1. The effect of litter size (smaller < 11; larger > 12 piglets), gender and birthweight
(low < 1.1kg; normal > 1.3kg) on the relative absorption of FITC-D (25 mg/kg BW) in the
plasma of newborn piglets 2 and 4 hours after ingestion. Data presented as means +
standard error of the mean and defined as statistically significant when P < 0.05.

Hours post P value
gavage
Litter size 2hrs Smaller 8.49 + 0.59 P=0.116

Larger: 9.92 = 0.64
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4hrs Smaller: 14.85 + P=0.066
0.85

Larger: 17.37 +
0.92

Gender 2hrs Male: 9.52 + 0.62 P=0.479

Female: 8.89 + 0.61

4hrs Male: 16.52 + 0.88 P=0.577

Female: 15.52 +
0.87

Birthweight 2hrs Low: 9.49 + 0.60 P=0.521

Normal: 8.92 +
0.63

4hrs Low: 16.83 £ 0.85 P=0.299

Normal: 15.52 +
0.90

4. Discussion

As glucocorticoids (GCs) are important triggers of intestinal maturation, prenatal
exposure to dexamethasone was predicted to influence gut permeability in newborn
piglets. It was also assumed that low birthweight piglets would be more likely to suffer
from relatively lower gut maturation and be more susceptible to treatment influence. As
no significant differences were observed for FITC-D uptake, it is likely that the
administration of dexamethasone to gilts on the day of farrowing has no influence on
neonatal molecular absorption. Although the dose was on the high end of the
therapeutic range (20mg) timing in relation to fetal development is a vital factor for
glucocorticoid effects [14,23] and administering dexamethasone to sows on the day of
farrowing is likely not the time for any change, be it positive or negative, to occur. A
trend towards greater FITC-D absorption and smaller litter size (P = 0.066) was noticed

at four hours post gavage. Following the same protocol as Westrom et al. [21] piglets had
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three hours opportunity to suckle, although colostrum intake was not measured. With
the intake of colostrum being unmeasured, it cannot be certain whether all low
birthweight piglets received a similar amount prior to FITC-D ingestion. Jensen et al.
[24] found the absorption of macromolecules increased significantly if piglets were given
hourly feeds of colostrum (15 mL/kg/h). There is a possibility that piglets born to a
smaller litter had a greater opportunity to suckle colostrum prior to FITC-D treatment
and a greater capacity for absorption as observed in the study conducted by Jensen et
al. [24]

After piglets were gavaged with the FITC-D solution, the concentration of FITC-D
in the plasma increased significantly from the second hour to the fourth hour. Jensen et
al. [24] and Westrom [21] found absorption of molecular markers increases with time,
particularly when piglets ingested colostrum prior to molecular treatment. In our
investigation, the absorption of FITC-D was greater than the 1.34% absorption reported
by Westrom et al. [21], which may be due to the use of a smaller fluorescently labelled
dextran. Although smaller, the dextran used in this investigation (4,000 Dalton) was still
large enough to be excluded upon macromolecular closure, as also reported for newborn
pigs [21] and adult mice [25]. Further, Woting et al. [25] also reported 70 kDa and 4 kDa
molecules moved at same rate through the intestinal wall, although this information was
not gathered on our newborn piglets.

The absorption of FITC-D was also no different between normal and low
birthweight piglets. Wang et al. [26] found low birthweight piglets had an even greater
absorptive capacity for FITC-D (4kDa) but attributed this to compromised barrier
function post closure. Although good gut permeability is important for uptake of
immunoglobulins, improper gut closure in piglets can lead to bacterial infection and
early mortality [26]. As addressed earlier, the severity of growth restriction in utero can
be assessed using head morphology [6]. Although all LBW piglets in this study were
under 1000 grams at birth, not many were characterized with the distinct ‘“dolphin” head
shape that marks a piglet with severe IUGR. Had more piglets been born with severe
IUGR, higher absorptive capacity for FITC-D may have been observed as was seen by
Wang et al. [26]. The effect of dexamethasone for growth restricted piglets may not be in
the uptake of macromolecules pre-closure, but the ability of the gut to close properly

following ingestion of colostrum. Any further investigation into gut performance of
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growth restricted piglets should therefore look at gut performance before and after

intended closure.

5. Conclusion

The administration of dexamethasone to sows the day of farrowing did not have an
effect on the molecular transfer of FITC-D in low birthweight piglets. It is not certain
whether synthetic glucocorticoids can improve gut performance in low birthweight
piglets, or the timing of treatment needs to be earlier than what was given in this
investigation. In future investigations, observing gut performance of low birthweight
piglets should not only be a measure of absorptive capacity at birth, but the ability of

the gut to close properly after a 24-hour period.
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Chapter 5: Development of a novel drug delivery
system for sows to control the timing of piglet
delivery and improve farrowing supervision.
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Abstract: The swine industry has evolved significantly in the recent decades, but this has come
at considerable expense to piglet survival. Breeding sows for greater prolificacy has been
accompanied by a greater proportion of piglets being born underweight, of lower vigor, and
higher susceptibility to early mortality. Inducing sows to farrow during working hours has the
potential to increase piglet survivability, but non-therapeutic injectable products are often
discouraged on farms. We aimed to design and develop a novel vaginal drug delivery system
(NVDDS) that could reliably trigger luteolysis and induce parturition. To achieve this, two
vaginal tablets containing the luteolytic agent cloprostenol were formulated to be inserted
together: one would release constituents immediately on insertion (immediate release; IR) and
the other would release cloprostenol in a controlled manner (controlled release; CR). The two
formulations (IR and CR) were evaluated for drug release, swelling and bio-adhesion in
conditions simulating the sow vaginal environment. The IR tablet released the drug completely
for 5 min whereas the CR tablet took 5 h to release 50% of the drug. Furthermore, the release
kinetics were evaluated by fitting the dissolution profiles into different mathematical models.
Both IR and CR tablets were best fitted by the Makoid-Banakar model which assumes release
by summation of different mechanisms. The in vitro performance of the optimized formulations
was studied with 161 Large White x Landrace sows of varying parity (0-5). The sows were
assigned to five groups. Group 1 (SI) received a single vulval injection of cloprostenol at 0700 h
(n = 32), group 2 (SDI) received the same dose split in two parts, at 0700h and 1300h (n = 33).
Group 3 (IRT) animals were administered an IR tablet at 0700h (n = 32), while group 4 (IRCRT)
received both IR and CR tablets at 0700 h (n=33). Group 5 was untreated and served as a control
(n = 32). The interval to farrowing was longer (p < 0.001) for controls than for treated sows, but
there were no differences among cloprostenol treatments for timing of farrowing. The finding
confirms the efficacy of the NVDDS for induction of farrowing in sows.

Keywords: sow; farrowing; cloprostenol; veterinary; vaginal deposit
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1. Introduction

Pre-weaning mortality continues to be an ongoing issue for the pork industry [1-3] with the
majority of piglet loss occurring during the first 3 to 7 days of lactation [4-6]. In the absence
of human intervention, newborn piglets are susceptible to a multitude of issues during and
after farrowing including hypoxia, inadequate colostrum intake, and overlay by sows [7].
Although multiple strategies have been developed to improve early piglet survival [8-11],
most are dependent on the presence of farm personnel to supervise the farrowing.

To allow for closer management of the neonatal litter, sows can be induced to farrow to
provide a greater likelihood of piglet delivery during working hours. The injection of
prostaglandin F2«, or an analogue (e.g., cloprostenol), can trigger regression of the corpora
lutea ending progesterone secretion and stimulating piglet delivery within 22-36 h [12]. To
increase the likelihood of a terminal luteolysis, treatments can be administered using the
so-called split-dose protocol where the product is administered in the morning and again
approximately 6 h later [13]. Using the split-dose protocol, the proportion of sows
farrowing the following working day increased from 56% to 84% [13]. A graphical

explanation of this process is presented in Figure 1.

First dose Incomplete regression and

resurgence of progesterone
/ g prog Second dose

| —~1

T

Complete regression of
corpora lutea

Progesterone Concentration

0 1 2 3 4 5 6 7 8

Hours after Treatment

Figure 1. Graphical representation of how progesterone concentrations fluctuate when sows are
given a luteolytic agent (i.e., cloprostenol). The first dose can trigger complete regression for
successful induction (orange line) or incomplete regression causing an unsuccessful induction
(grey line). Administering a second luteolytic dose 6 hours after the first should trigger complete
regression and result in a successful induction (blue line)[12-14]

Provided the treatment is given within the final two days of the herd-specific due date,

induction of parturition is a safe and effective measure for improving piglet survival
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[7,8,15]. However, in commercial practice, a major constraint in the use of induction is the
need for injectable treatments that can be acutely painful and stressful to sows [15]. For this
reason, many commercial farms are against the use of injectables for non-medicinal
purposes, which limits the potential for luteolytic agents in production.

The present study describes the development of novel vaginal drug delivery systems
(NVDDS) containing the synthetic prostaglandin, cloprostenol. The NVDDS was designed
to control the release of cloprostenol after tablet placement in the sow vagina. Super-
disintegrants are often included in IR tablets to achieve faster disintegration [16]. For the
controlled release (CR), the drug release rate from the tablet can be controlled over time
using slow-release polymers either alone or in combination. A hypothetical result for IR

and CR NVDDS is presented in Figure 2.
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Figure 2. Graphical representation of how progesterone concentrations in sows are predicted to respond to
the IR and CR formulations. An ideal RR NVDDS would trigger onset of luteolysis (orange and blue line).
Administering the CR NVDDS should release cloprostenol gradually, triggering complete regression and
result in a successful induction (orange line). Without the CR NVDDS, risk of resurgence due to non-
terminal luteolysis could result in an unsuccessful induction (blue line).

To achieve the desired release profile of cloprostenol from CR, hydroxypropyl
methylcellulose (HPMC) can be used for its biodegradability and non-toxic properties
[17,18]. This cellulose-based polymer will swell and form a gel-like matrix to control release
of an incorporated drug into the surrounding fluid. Different viscosity grades and
quantities of HPMC will determine how well the polymer will relax with volume
expansion, allowing cloprostenol, a highly water-soluble drug, to diffuse out of the tablet

matrix [19,20]. The CR NVDDS must not only release optimally but should be
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mucoadhesive while the drug is releasing to ensure retention. Different concentrations and
gradients of HPMC and lactose should be compared to identify an optimal formulation.
Previous reports determined that a 50% dose [13,21] of prostaglandin or its analogue
injected into the vulva was as effective as an intramuscular injection at the full label dosage.
Therefore, in the present study, NVDDS was formulated to deliver relatively low
cloprostenol into the vagina either immediately after insertion (IR) or to release in a
controlled manner over a sustained period (CR). Our hypothesis was that the double
administration of cloprostenol via IR and CR NVDDS will be just as effective at inducing

sow parturition as the traditional ‘split dose’ [12,14] intravulval delivery protocol.

2. Materials and Methods

2.1. High Performance Liquid Chromatography (HPLC)

Using the method outlined by Kalikova et al. [22], enantiomers were separated and
quantified. The separation system consisted of a Lux Cellulose-1 column (Phenomenex, Pty,
Ltd, Lane Cove, NSW Australia) acetonitrile-sodium dihydrogenphosphate (pH 3; 20 mM)
(1:2, v/v) as the mobile phase. HPLC was performed using a Shimadzu LC system
(Shimazu Corporation, Kyoto, Japan) with a column temperature set to 20 °C, a flow rate of
0.7 mL/min, and a wavelength 274 nm. Retention time of cloprostenol was 6.5 min (linearity

range: 2.5-30 pg/mL; r2 = 0.99) as presented in Figure 3.
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Figure 3. HPLC chromatogram of (+)-cloprostenol was separated into its two enantiomers using
the method outlined by Kalikova et al. [22]

2.2. NVDDS Preparation

The IR tablet was formulated to release constituents immediately on contact with biological
fluid and be sturdy enough to resist tablet breakage prior to use. Kiccolate ND-2HS (5.4
mg) was used as a super disintegrant, Magnesium stearate (1.8 mg) and Aerosil 200 (1.8
mg) were added for improving flowability, and Microcrystalline cellulose KG-802 (19 mg)

was used for tablet compressibility. Mannitol (60 mg) and anhydrous lactose (85.5 mg)
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were used as fillers to obtain the desired final weight of each tablet (186 mg). These
compounds were shaken thoroughly before a racemic mixture of cloprostenol (125 ug) was
ground into the mixture. To ensure even drug dispersion, tablet mix was incorporated with
cloprostenol in small amounts and shaken thoroughly between each addition. For the CR
tablet, cloprostenol (125 pg) was combined with Magnesium stearate (1.8 mg), Aerosil 200
(1.8 mg), Microcrystalline cellulose PH-102 (19 mg) and Mannitol (60 mg). Between CR
formulations, different viscosity grades of HPMC and ratios of HPMC and anhydrous

lactose were tested, as presented in Table 1.

Table 1. Composition of each tablet in controlled-release formulations (CR1-CR6). Hypermellose
was obtained from the Dow Chemical Company as METHOCELL K100 Premium CR, K15M
Premium CR, K4M Premium CR, and E50 Premium.

Formulatio Lactose HPMCK100 HPMC HPMC HPMC E50 HPMC % Lactose %

n (mg) (mg) K15 (mg) K4 (mg)  (mg) (wlw) (wlw)
CR1 85 20 - - - 10 46
CR2 85 15 5 - - 10 46
CR3 60 - 15 30 - 24 32
CR4 55 - - 50 27 29
CR5 60 - 20 - 20 23 32
CR6 55 - - 30 20 26 29

2.3.

24.

Once all the tablet ingredients were thoroughly mixed in a polythene bag, the tablets were
prepared by direct compression method.

For each formulation, ten tablets were weighed, measured for thickness using a vernier
caliper (Copley Scientific, Colwick, Nottingham, UK) and hardness tested using a digital
force gauge (Electrolab model EH-01P; Cupertino, CA, USA) for peak breaking point (KPI).

Friability Test

For the selected formulations IR and CR6, a sample of tablets (n = 35) was taken from the
batch, dedusted, and weighed together. Tablets were then placed in a dual drum tablet
friability tester (EF-2 Friabilator USP, Electrolab Pty, Ltd., Goregaon East, Mumbeai, India)
rotated 100 times and dedusted prior to reweighing. The difference in weight before and

after was expressed as the percentage lost.

Drug Content Uniformity

For the selected formulations IR and CR6, a sample of tablets (n = 10) was taken from the
batch. Each tablet was dissolved in a 100 mL volumetric flask of Milli-Q water and assessed

for total drug content using HPLC. The acceptance value was calculated using the formula:
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2.5.

2.6.

2.7.

M-X)+kxs

where M = reference value, X = mean of individual contents, k = acceptability constant (2.4),

and s = standard deviation.

Dissolution Study

To assess the release behaviour of the developed formulations, each tablet was placed into a
vial containing 10 mL of Milli-Q water and the vials were rotated at 25 rpm at 37 +1 °C [23].
One millilitre of samples was withdrawn at each sample time. The medium was kept at a
constant volume by refilling it with fresh water. The withdrawn samples subsequently
were filtered through a 0.45 um filter and assayed by HPLC.

Release studies were conducted on each formulation with three tablets and average values

were plotted against time.

Polymer Swelling for CR NVDDS

To assess tablet bio-effectiveness in vitro, the artificial vaginal solution was formulated to
simulate the pH and temperature of sow vaginal secretions in late gestation (Appendix B).
Simulated porcine vaginal fluid (PSVF) was prepared using the composition reported by
Owen and Katz for humans [24] and adjusted with NaOH to a pH of 7. The pH was
adjusted to suit the vaginal conditions of Large White x Landrace sows in late gestation
(Appendix B) as well as reports on porcine vaginal environment by Lorenzen et al. [25].
The rate of medium uptake for each tablet formulation was assessed using the method of
Chaibva et al. [26]. Dry tablets were weighed using an electronic balance and fixed onto a
pre-weighed plastic square. The tablets were covered with 10 mL of PSVF and rotated at 10
rpm at 37 + 5°C for ten hours. Every hour, tablets were removed from PSVF, blotted lightly
with kimtech tissue paper, and weighed. Swelling was assessed using the following
equation:

Swelling (%) = {(W; — W,)/ Wo} = 100

where Wo = dry tablet weight and Wt = swollen tablet weight.

CR NVDDS Bio-Adhesion Test

Porcine vaginal tissue was obtained from a local slaughterhouse (Murray Bridge, SA,
Australia) and transported in PSVF (pH =7) on ice to the laboratory. The vaginal tissue was
removed from surrounding tissue, rinsed three times with isotonic saline solution [27], and

stored in aluminium foil at 20 °C for later analysis as described by Hiorth et al. [28].
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Vaginal mucosa

CR tablets were fixed onto a stainless-steel probe with cyanoacrylate adhesive on a
hydraulic press. Porcine mucosa was thawed in PSVF (pH 7) at 37 + 1 °C for 60 min using a
magnetic stirrer and heated disk [28] and secured into the mucoadhesion rig suspended in
PSVF at 37 °C = 1 °C. The TA .XTplus texture analyser (Arrow Scientific, Pty, Ltd,
Gladesville, NSW, Australia) evaluated bio-adhesion force, with a schematic diagram

presented in Figure 4.

Test Probe =

CR Tablet e,
\\.
o >

Mucoadhesion rig

Heat pad

Figure 4. TA. XT PLUS texture analyzer set up. The vaginal mucosa was cut to appropriate size to fit

mucoadhesion rig support ring and the probe. Prior to testing, the vaginal mucosa was hydrated in PSVF

for 15 min at 37 + 1 °C.

2.8.

Following the method of Hiorth et al. [28] for the evaluation of vaginal tablets, the probe
with the attached tablet was moved down to the tissue at 1 mm/s until contacting the
vaginal mucosa, applying a contact force of 5.0 g for 30 s. The probe was then separated at a
speed of 0.1 mm/s until the tablet was detached (Fmax). Each batch was evaluated in

triplicate.

In vivo testing of NVDDS

After assessing the activity of selected formulations, the chosen CR (CR6) and the IR tablets
were tested in vivo using sows housed at the University of Adelaide Roseworthy Piggery
with approval from institutional ethics committee (AECS09:34706). Approximately seven
days before farrowing, Large White x Landrace sows (n=161) were moved into individual

farrowing crates where they remained for the duration of the trial. Sows had free access to
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fresh water and were fed twice daily with a standard pelleted diet formulated to meet all
nutrient requirements. Two days before their expected due date (day 113 of gestation),
sows were assigned to one of five treatments: SI, SDI, IRT, IRCRT or control.

e SI: Injection of 250 ug cloprostenol (Juramate®, Jurox Pty, Ltd, Rutherford, NSW,
Australia) into the vulva at 0700 hours;

e SDI: Injection of 125 ug cloprostenol into the vulva at 0700 hours and again at
1300 hours;

e IRT: Insertion of IR tablet at 0700 hours and again at 1300 hours; For each vaginal
deposition, the tablet applicator was sanitised (F10SC Veterinary Disinfectant),
rinsed with water and lubricated (Obstetrical Lubricant, ZebraVet, Sherwood,
QLD, Australia)

e IRCRT: Insertion of IR and CR (formulation CR6) tablets at 0700 hours.

e  Control: No cloprostenol administration

Data recorded were the interval from treatment administration to the delivery of the first
piglet (min), total born litter size, piglet birthweights and piglet pre-weaning mortality.
2.9. Statistics
A one-way ANOVA was used to analyse in vitro data using IBM SPSS v20 statistical software
package and data are presented as mean + standard error of the mean. Confidence limit was set
at 95% (P < 0.05). In vivo sow data were assessed using a general linear mixed model with the
random terms room (Identical farrowing rooms 1 - 5) Sow ID and farrowing batch (April, May

or June 2021) and fixed effects parity group (PO - P5) and treatment.

3. Results
3.1. Tablet physical properties
IR and CR tablet thickness and hardness results are presented in Table 2.

Table 2. Physical properties of tablets for the immediate release and controlled-release

formulations (CR1-CR6) (n = 10).

Formulation Thickness (cm) Hardness (kgf)
IR 2.54 +0.00 439+0.12
CR1 2.44+0.00 12.96+ 0.47
CR2 2.47 +0.00 13.25+04
CR3 2.53+0.01 13.96 £ 0.15
CR4 2.56 +0.00 13.67 +0.12
CR5 2.55+0.01 13.24£0.12
CR6 2.55+0.00 13.74 £ 0.13
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3.2. Dissolution studies

3.2.1. IR-NVDDS

The IR-NVDDS disintegrated within 5 min of contact with surrounding fluid, with
complete release of cloprostenol (Figure 5). Incorporating the super-disintegrant,

Kiccolate, provided instantaneous disintegration [30] to enhance drug dissolution rate.

100 ¢ ¢ °
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Time (min)

Figure 5. In vitro release profile of cloprostenol IR formulation. Each data point is mean *

standard error of the triplicate.

3.2.2. CR-NVDDS

The CR tablet formulations released cloprostenol gradually over a six or eight-hour
period, with dissolution profiles presented for the formulations CR1 — CR6 (Figure 6).
Formulations CR1 and CR2 had the highest viscosity grade (K100) of all formulations
but the lowest proportion of HPMC in each tablet. Combining lower viscosity grade
(K15 and K4) with double the amount of HPMC (CR3) resulted in a slower release after
the fourth hour. For CR5 and CR6, incorporating E50 with K15 and K4, respectively,
produced optimal release of cloprostenol at the desired rate with ~50% release by the

fifth hour. CR6 achieved the target release profile and was selected for the in vivo study.
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Figure 6. In vitro release profiles of cloprostenol CR NVDDS formulations. Each data point is the
mean + standard error of the triplicate. Formulation CR6 displayed favorable release and was

assessed over an eight-hour time period.

3.3. Mechanism of drug release

Mathematical models are employed to better understand the mechanism of drug release
from dosage forms. The mathematical model that best fits the dissolution data helps to
predict the release kinetics of the drug. To understand mechanism of cloprostenol
release from the IR and CR6 tablet formulations, several mathematical models were
employed to fit the experimental data to the theoretical curve (see Appendix A). The
data from the dissolution studies conducted were fitted into the individual kinetic
models and the goodness of fit of the experimental release with predicted release profile
was evaluated using three common statistical criteria in combination; the adjusted R2,

the RMSE, and the AIC.
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The release profile of cloprostenol from IR tablets was fitted by first order, Hopfenberg,
Peppas-Sahlin and Makoid-Banakar release kinetics, with R2 value of 1.00. First order
release kinetics describe the drug release rate from the pharmaceutical dosage form is
proportional to the amount of drug remaining in its interior. The amount of drug
released decreases by unit of time. The Makoid-Banakar release model, on the other
hand, assumes total drug release is the result of several mechanisms such as burst
release, controlled and diffusional release among others. Hopfenberg assumes that the
rate-limiting step of drug release is the erosion of the matrix itself while, in Peppas-
Sahlin, the drug release is controlled by both Fickian diffusion and case II relaxations.
Comparing the models using other statistical criteria, Makoid-Banakar perfectly fits the
release of the drug from IR tablets. The release of the drug from IR tablet, in our case,
could be due to a burst release. Release of the drug from CR6 tablet was best described

by a Makoid-Banakar release model with an adjusted R2 value of 0.9776 (Figure 7).
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Figure 7. A release profiles of cloprostenol tablets fitted by Makoid-Banakar model.
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3.4. Swelling tests

The swelling profiles for NVDDS formulations CR1-CR6 are shown in Figure 8.
Formulation CR1 exhibited non-uniformity between tablets, indicated by large error
bars. After the eighth hour, the tablet weights decreased as the matrix erodes.
Formulations CR5 and CR6 show similar swelling profiles that gradually increases from
hours one to eight and then decline in the hours following as the formulation starts to

erode.
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Figure 8. Swelling profiles for controlled release formulations CR1-CR6. Each data point is mean

+ standard error of the triplicate.

The visual differences between formulations containing a low concentration of HPMC
(CR1), and the desired formulation containing 26% HPMC (CR6), are presented in
Figure 9. CR6 exhibited even swelling within the triplicate across hours 1, 5 and 10
(Figure 9a). For CR1, physical differences were observed between the tablet triplicates

with uneven tablet swelling and erosion (Figure 9b).
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CR1 Tablet C

Figure 9. Formulation CR6 (A) and CR1 (B) after 1, 5 and 10 hours of being submerged in PSVF.

Uneven tablet erosion is evident between CR1 triplicates (B), as indicated by the arrow.

3.5. Bio-adhesion tests

Following the method outlined by Hiorth et al [29] for vaginal drug delivery in women,
we determined the maximum detachment force for testing CR formulations. The values
for CR2- CR6 (Figure. 10) were similar to those reported in the study for HPMC based
tablets (0.14 + 0.9 Fmax [N]). CR3 and CR6 had the highest mean detachment forces but

were still within the values reported by Hiorth et al. [29]. Formulation CR1 had a
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significantly lower detachment force than other formulations (0.06 + 0.01 Fmax [N]) and
a lower value than what was reported by Hiorth et al. [29].
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Figure 10. Mean detachment force Fmax (Newtons) for controlled release formulations
CR1- CR6 as measured by a TAXT plus Texture Analyzer (n=3). Formulations with
significant differences in mean detachment force (at the 95% level of confidence; P value

<0.05) are represented by different superscripts (4, b or c).

3.6. Selected formulations uniformity and friability tests

From the results of previous in vitro testing, NVDDS formulation CR6 was selected to
test in sows along with the IRNVDDS. The formulated tablet batches selected for in vivo
study were assessed for tablet uniformity with test results presented in Table 3. The
content uniformity scores for selected tablets (n=10) fit within the maximum allowed

acceptance value (L1 <15 for solid dosage tablets).

Table 3. Testing selected formulations for tablet uniformity (n=10).

Desired Uniformity
Average drugStandard
NVDDS Formulation  Drug value score (L1
content (ug) Deviation
content (ug) <15)
Immediate Release (IR) 125 127.4 4.87 10.45
Controlled Release
125 126.7 6.52 13.92

Formulation 6 (CR6)
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Friability testing was also conducted on selected formulations with no physical signs of
cracking, cleaved or broken tablets after 100 rotations in tablet friabilator. The
percentage of tablet loss (n=35 tablets) must fit within the maximum acceptance value

(Percentage lost % < 1%). Values are presented in Table 4.

Table 4. Testing selected formulations for tablet friability (n=35).

Original =~ weightWeight after 100Percentage lost

NVDDS Formulation.

(8) rotations (g) (%) <1%
Immediate Release (IR) 6.591 6.586 0.075
Controlled Release

6.503 6.495 0.123
Formulation (CR6)

3.7. In vivo tests
There were no differences among treatments for sow parity, mean litter size, average

piglet birthweight or preweaning survival rate, as presented in Table 5.

Table 5. Effects on sow performance of cloprostenol administered either as a single vulval
injection at 0700 h, vulval injection at both 0700 and 1300 h, insertion of a rapid release (IR)
NVDDS at 0700 and 1300 h, or both IR and controlled release (CR6) tablets at 0700 h or untreated
controls. The statistical significance of mean values are presented as a P-value, where P < 0.05

indicates a significant result at the 95% level of confidence.

Control  SI SDI IRT IRCRT P-value
Parity 263+16 256+1.6 225+1.6 230+1.6 203+1.6 0.585
Total Born 11.94+0.5 1247 +0.6 13.38+0.7 1248+0.3 12.6+0.2  0.486
Born Alive 11.25+04 11.66+0.5 12.28+0.6 11.73+0.3 11.94+04 0.730

Birthweight (kg) 1.38+0.05 1.44+0.04 1.28+0.05 1.36+0.05 1.30+0.02 0.272

Preweaning
90.9+1.99 91.43+1.58 91.61+1.51 90.04+2.67 89.89 £2.05 0.962
survival (%)

All sows receiving cloprostenol, regardless of dose or route of administration, had
shorter intervals to farrowing than the control sows (P = 0.001). The average times to

farrow after treatment administration were all within the 23 - 32 hours expected for
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successful farrowing induction [14]. No significant differences were observed between
sows that were induced by injection or IM and CR tablets (Figure 11). Sows that received
a single injection of cloprostenol had the same induction success rate as those that

received a split dose.
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Figure 11. Time taken (minutes) for sows to farrow from time of treatment application to birth of
the first piglet. The sows were assigned to five groups. Group 1 (SI) received a single vulval
injection of cloprostenol at 0700 h (n=32), group 2 (SDI) received the same dose split in two parts,
at 0700 and 1300 h (n=33). Group 3 (IRT) animals were administered an IR tablet at 0700 h (n=32),
while group 4 (IRCRT) received both IR and CR tablets at 0700 h (n=33). Group 5 was untreated
and served as a control (n=32). Formulations with significant differences in mean detachment
force (at the 95% level of confidence; P value < 0.05) are represented by different superscripts (a,
b or ¢).

4. Discussion

The dissolution test results of IR tablet demonstrated the formulation achieved the rapid
release of cloprostenol. The super-disintegrant (Kiccolate) resulted in rapid and
complete breakdown of the tablet when hydrated by aqueous media (PSVF). Adding
microcrystalline cellulose (PH102) into the IR formulation strengthened the tablet at
lower compaction forces [31] and provided a sturdy tablet that could still break down
rapidly in biological fluid. The developed formulations also resisted chipping or
capping after 100 spins in the Tablet Friabilator; not obviously cracked, cleaved, or

broken tablets were present in the tablet testing samples after tumbling.
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The drug release profiles of CR tablet formulations showed both the viscosity grade and
quantity of HPMC polymer contributed to tablet release properties. CR3 had lower
HPMC viscosity grade than CR1 and CR2, but a higher concentration of HPMC,
resulting in slower release after the fourth hour. Similar results have been reported in
other studies [32,33] with higher concentrations and viscosity grade slowing down the
release of water-soluble actives. Increasing the concentration of HPMC allows more
molecules to pack together and form a matrix with greater viscosity [33]. Reducing the
HPMC viscosity grade and keeping the higher concentrations of HPMC provided an
even release of cloprostenol into the dissolution fluid every hour. Similarly, Vueba et al.
[34] found the combination of high and low HPMC viscosity grades increased gel
heterogeneity and provided stable uptake of fluid. Finer HPMC particles allow rapid
and uniform hydration of HPMC molecules and a more controlled drug release over
time [35].

With the lowest concentration and highest viscosity grade of HPMC, formulation CR1
presented an uneven release of cloprostenol and an unreliable swelling profile between
tablet samples. The concentration of HPMC in this formulation (10%) was lower than
the “percolation threshold” reported in other studies [32,36] and may have contributed
to the difference in swelling percentage observed in Figure 9(B). Although HPMC
concentrations as low as 10% (w/v) have been reported [19,37-39], low levels of HPMC
and high lactose content can be associated with sudden changes in matrix integrity and
inconsistent results [39,40]. Substances with higher particle size require higher
concentrations to percolate the tablet [40,41], so combining with lower viscosity grade
may improve tablet robustness. In Figure 8, formulations CR1 and CR2 showed signs of
erosion after the eighth hour yet CR3 retained a strong gel matrix with no signs of core
erosion. At the surface of the gel tablet layer, formulations containing greater
concentrations of HPMC are less susceptible to erosion as there are more polymetric
chains to withstand forces surrounding the gel [38]. Concentrations of HPMC below the
critical polymer concentration cannot withstand the shear forces surrounding the gel for
as long, and erosion occurs at a faster rate [42].

In addition to having an unstable release, CR1 also had the weakest detachment force.
CR6 and CR3 had higher HPMC concentrations (>24%) and the higher concentration
have also been found to increase mucoadhesive strength in previous studies [38,43].
Increasing the concentration of HPMC in tablet formulations increase the likelihood of
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chain entanglement between the hydroxl groups and amide groups of the mucin layer
[39].

The optimized formulation for controlled release of cloprostenol was CR6, containing
both high and low viscosity grades of HPMC (E and K) and a higher concentration of
HPMC (26%, w/v). The results of in vitro testing indicate a combination of viscosity
grades and a concentration within reported percolation thresholds for HPMC is
important for a reliable, even release rate of cloprostenol.

In vivo studies with periparturient sows indicated a successful release of cloprostenol
from tablets and diffusion through vaginal mucosa to initiate luteolysis. No differences
were observed between single and double injection of cloprostenol, indicating the
treated sow herd did not experience incomplete luteolysis.

The insertion of the IR NVDDS was able to successfully induce farrowing 24-34 hours
after application. At the very least, the IR tablet was able to disintegrate and release
cloprostenol, and enough of this cloprostenol permeated through the vaginal mucosa
for luteolysis to be triggered. Whether the CR6 tablet helped to prevent incomplete
luteolysis during this period requires further testing on larger sow herds.

The induction of parturition had no effect on birthweight, piglets born alive or
percentage of preweaning survival. Results are similar to those previously reported for
survival of the litter for sows induced two days before intended due date [44]. Straw et
al. [39] found lighter birthweights for induced sows but similar weights by day 12.
Conversely, Gunvaldsen et al. [38] reported similar birthweights between induced and
non-induced litters, but found average daily gain was lower for piglets born to induced
sows [45]. Further investigation into growth rate of piglets vs number of days in
gestation is recommended to understand the possible side effects of implementing an

induction protocol in commercial production.

5. Conclusions

Vaginal formulations offer potential for a non-injectable route for cloprostenol to
successfully induce sows to farrow during the working day. The immediate release
NVDDS formulation was able to disintegrate and release 100% of active constituents
within 5 min and tablets did not show obvious signs of being cracked, cleaved, or broken

in friability tests. Formulating a sustained release NVDDS with 26% HPMC (w/v) and a
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combination of polymers K15 and E50 produced a tablet with a desirable, even release
of cloprostenol, resistant to early erosion, tablet uniformity and appropriate bio-
adhesion in vitro. As the sample of sows used in this study did not show signs of
incomplete luteolysis, it is not evident how effective IR and CR tablets are for reliably
inducing farrowing over a single IR dose. Future investigations should test the
effectiveness of IR and CR NVDDS on larger sow populations, particularly where there
is evidence of single dose administrations of cloprostenol being not as reliable for

inducing sows over the split dose method.
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Appendix A: Release parameters of fitted experimental data for cloprostenol IR and CR

6 tablets.
Model Goodness of
Equation IR CR6
name fit parameter
R2 adjusted 0.4457 0.9599
Zero orderF =k0 x t RMSE 1372.1250 24.1740
AIC 35.2909 49.3825
R2 adjusted 1.0000 0.9359
First orderF =100 x [1 - Exp(-k1 x t)] RMSE 0.0002 38.5851
AIC —28.3566 53.5908
R2 adjusted 0.8308 0.8815
Higuchi F=kH xt0.5 RMSE 418.8915 71.3687
AIC 30.5449 59.1257
R2 adjusted 0.9695 0.9494
Hixson-
F=100x[1-(1-kHC xt)3] RMSE 75.5287 30.4404
Crowell
AIC 23.6925 51.4569
R2 adjusted 1.0000 0.9548
Hopfenbe
F=100x[1-(1-kHB x t)n] RMSE 0.0000 27.1928
rg
AIC —245.5330 51.2398
R2 adjusted 1.0000 0.9776
Makoid
F=kMB x tn x Exp(-k x t) RMSE 0.0000 13.4826
Banakar
AIC Perfect fit 45.5384
R2 adjusted 0.9330 0.8418
Baker-
3/2 x[1-(1-F/100)2/3] - F/100 = kBLx t165.8327 95.2837 95.2837
Lonsdale
AIC 26.8384 61.7267
R2 adjusted 1.0000 0.9602
Peppas-
F=kl xtm +k2 xt2m RMSE 0.0000 23.9593
Sahlin
AIC -249.0782 50.7130

Notes: F, Percentage of drug released at time t; k0, Zero order release constant; k1, First

order release constant; kH, Hi-guchi release constant; kkP, Release rate constant, and bn,

diffusional release exponent; kHC, Release constant relevant to Hixson-Crowell model;

kHB, Combined constant corresponding to Hopfenberg model in which kHB = k0/(CO0 x
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a0) where kO, erosion rate constant, C0, initial drug concentration in the matrix, a0,
initial radius for a slab/cylinder/sphere structure, and n, 1, 2, and 3 for the slab, cylinder,
and sphere structure, respectively; kBL, Combined constant related to Baker-Lonsdale
model in which kBL =[3 x D x Cs/(r02 x C0) where D, diffusion coefficient, Cs, saturation
solubility, r0, initial radius for a sphere/cylinder/slab structure, and C0, initial drug
concentration in the matrix; ckl, Constant relevant to the Fickian kinetics, and ck2,

constant relevant to Case-II relaxation kinetics, and cm, diffusional release exponent.

Appendix B: Composition of simulated vaginal fluid (SVF) as reported by Owen and

Katz for human system [25], with pH adjusted to 7.

Component Concentration (g/L)
NaCl 3.51
KOH 1.40
Ca(OH)2 0.222
Bovine Serum Albumin 0.018
Lactic Acid 2.00
Acetic Acid 1.00
Glycerol 0.16
Urea 0.4
Glucose 5.0
Porcine mucin type III 15
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Appendix C: Data collected on Large White x Landrace sows for optimization of PSVF.

Sow parity Days until due date Vaginal pH Temperature
1 1 7 37.8
1 2 8 38.1
1 0 7 39.1
1 2 7.5 37.7
3 3 7 38.1
4 3 7 37.9
0 3 7.5 38

0 1 7 38.2
2 0 8 37.7
3 0 7.5 37.7
4 0 7 36.5
2 0 6.5 38.2
1 1 7.5 38.2
2 0 7 38

4 0 8 38.5
1 0 7 38

6 2 7.5 38

4 1 6.5 38.1
4 0 7.2 37.5
3 1 6.5 37.6
1 2 7 38.2
1 1 7.5 37.5
4 0 7 37.2
3 1 6.5 38.5
Average 7.1 37.9
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Discussion

At the beginning of this thesis, it was predicted that a certain management strategy
could be implemented around farrowing to help improve litter performance. Chapter 1
presented insight into approaches that showed promise, particularly in the area of the
peripartum sow. Use of analgesia, alternative farrowing environments and therapeutic
anti-inflammatory products led to the hypothesis that the periparturient period is a time
in which the sow and piglets are intrinsically linked. The idea of treating sows with a
potent analgesic in Chapter 1 was developed in the hopes that relieving sow discomfort
would improve subsequent performance of her litter. This in itself was not an original
idea, with Chapter 1 giving examples of where anti-inflammatory and analgesic
medications were tested on sows around farrowing, but the type and timing of steroid
anti-inflammatory drug (SAID) treatment could provide new scientific knowledge.
Dexamethasone is an anti-inflammatory steroid, meaning it can pass directly through
cell walls and deliver relief to inflamed tissue across multiple sites. Results from Chapter
2 found timing of treatment in relation to parturition had a significant effect on treatment
outcome. A risk to an effective treatment outcome was evident following
dexamethasone administration one day before farrowing. Sows receiving
dexamethasone treatment at this time had piglets with lower birthweights and reduced
colostrum intake, and a lower blood protein uptake at 24 h. These unfavorable results
lasted to weaning, with piglets from these sows having significantly lower weights at
day 18 after dexamethasone administration. In contrast, when the sow received
dexamethasone treatment on the day of farrowing, the daily gain of piglets showed
slight improvements but with no significant differences in birth and weaning weights.
In humans, the use of dexamethasone in late gestation remains controversial for a similar
reason [1-2]. Benefits are seen in the survival of preterm babies [3-6], but this may be at
the expense of short- and long-term health of the infant [7,8]. Another factor to consider
is the long-term health of the mother. In rodent models, treatment of pregnant rats with
dexamethasone in late gestation resulted in lower feed intakes and reduced body mass
[9]. Although these results had no long-term impact at six months post weaning, the
reduced feed intake may have negatively impacted lactation. Conversely, Plush et al.
[10] found feed intake was increased when sows were given SAIDs on day 114 of
gestation which would have a positive implication on sow body mass. In the current
study, no differences were evident in piglet weaning weights, suggesting
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dexamethasone did not have significant effects on sow milk yields. With such a potent
treatment, a follow up investigation could study the future pregnancy and weaning
performances of sows originally treated with dexamethasone to determine whether
dexamethasone had any long-term implications. Such an investigation may provide
greater insight into whether dexamethasone affects short and/or long-term conditions
of the sow in ways that could affect future breeding ability.
One of the key findings of the first investigation was that dexamethasone increased daily
weight gain in piglets born to primiparous sows. Dexamethasone is a synthetic
glucocorticoid, a steroid hormone that has a multitude of roles in the mammalian body
[11]. Glucocorticoids have targeted anti-inflammatory properties, but they also have a
significant role in late maturation of the fetus. Considering dexamethasone has the
ability to bypass chaperone proteins that usually inhibit influx of corticosteroids, there
is a possibility it could have affected the piglet in utero. Gilts are usually physically
smaller than sows, and their progeny are susceptible to restricted development [12,13].
Because of this, there is a possibility that dexamethasone was influencing late
maturation of an otherwise underdeveloped piglet which resulted in an improvement
to piglet daily gain. Whether dexamethasone was influencing the daily gain of piglets
through improvements to gilt farrowing/lactation performance or via late fetal
programming was inconclusive, which led to the formation of Chapters 3 and 4.
Chapter 3 investigated the younger sow, parity 0 and 1, and the effects of
dexamethasone when given on the day of farrowing. Previous investigators identified
negligible impacts of analgesia on farrowing and lactation performance [14-16] but most
were administered late in the farrowing process or post-partum. It was therefore
predicted that treatment timing was going to have a profound effect on pain related
behaviours, farrowing performance, and nursing positions over 24 h during and after
birth. The hours leading up to the delivery of the first piglet is one that is considered
particularly painful [17], so dexamethasone was to be administered prior to this phase.
The prediction was that dexamethasone was providing inflammatory relief from
discomfort associated with farrowing/lactogenesis and was encouraging more restful
behaviours in the primiparous sow. If the majority of dexamethasone-treated sows
presented a higher proportion of time on their side 24-h post parturition, the litter could
have a greater chance of accessing colostrum for healthy gut formation. Although the
first investigation (Chapter 2) did not present any differences in colostrum intake
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between dexamethasone treated and control gilts, it could be that more of the litter had
a chance to suckle and fewer piglets struggled with weight gain during the nursing
phase. Our investigation found these speculations to be inconclusive, as no significant
differences were observed in behaviours between dexamethasone-treated and control
sows (Chapter 3). The procedure of injecting sows with dexamethasone may have
masked any treatment benefits as it could have been triggering acute pain and stress in
the gilts in the hours leading up to parturition. In addition, the two intravulval
prostaglandin injections administered the day prior to farrowing made some sows
nervous around workers and researchers. To overcome possible effects of the injection
protocol, dexamethasone was also applied as a mucosal deposition into the vagina.
Results of diffusion testing in vitro showed dexamethasone has potential to permeate
through porcine vaginal mucosa in a constant manner, albeit slower than intramuscular
injection. This test gave evidence that an otherwise injectable treatment can be
administered in a way that imparts less stress and/or discomfort on the periparturient
sow. Young sows and gilts are known for being particularly restless and stressed leading
up to farrowing [18], so it was thought this less invasive administration of treatment
would prevent an associated stress response. Although human models have shown
dexamethasone had an analgesic effect during labor in conjunction with other analgesics
[19-21], no differences were observed in posture changes, aggression, or pain related
behaviours in sows. The number of sows used for the behavioral studies were similar to
other investigations involving pain behaviours [22, 23] but a larger sample size of
predominately primiparous sows should increase the chances of observing restless
behaviours, aggressive tendencies or animals with a higher susceptibility to pain during
parturition. With little evidence of dexamethasone affecting sow behaviour and
lactation processes, it was suggested dexamethasone may be affecting final maturation
in the piglet, as outlined in Chapter 4. When a piglet is born significantly underweight
(<1.0 kg), they are at increased risk of early mortality and low growth rates to and after
weaning [24]. For the investigation in Chapter 4, the focus was on how maternal
dexamethasone could possibly improve enteric function in underweight piglets
immediately after birth. This prediction was developed on the understanding
dexamethasone has been found to increase the survival in preterm human infants [25]
but its effects on the gastrointestinal tract was less understood. In our investigation,
maternal treatment with dexamethasone had no evident effect on macromolecular
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uptake of low or normal birthweight piglets, leading to uncertainty as to whether
dexamethasone improved gut performance. With a larger pool of animals, this
investigation could be furthered by assessing the responses of piglets that have visual
evidence of intrauterine growth restriction. Another approach would be to follow litters
of dexamethasone treated gilts through and beyond weaning, comparing the gut
morphology of piglets at slaughter, along with backfat depth and hot and cold carcass
weights. Such an investigation could provide further insight into the long-term effects
of dexamethasone on piglets and whether it is worth pursuing as a treatment.

In all of the investigations, understanding when the sow/gilt was going to farrow

was important to timing the treatment. This was highlighted in Chapter 2, which
showed the provision of dexamethasone can have either positive or negative
implications for piglet performance depending on the time relative to parturition. The
uncertainty of treatment timing relative to parturition can be reduced if farrowing
induction is practiced. However, many commercial production systems are resistant to
the use of injectables for non-medicinal purposes, which is one of the reasons farrowing
induction is not a more common practice. In addition, the acute pain and distress
associated with injections may outweigh any benefits provided by farrowing induction
or an anti-inflammatory treatment such as dexamethasone.
This is why alternate ways to control farrowing onset were sought. In the final study an
idea is presented that reflects an evolving attitude towards the original question
proposed. Rather than questioning ‘what management strategy do we need to improve
litter survival’ it should be ‘how can we make current and future strategies possible to
improve litter survival? To reiterate, this thesis was formulated with the idea that a
management strategy can be implemented around the periparturient period to improve
performance of piglets to weaning. Perhaps not completely surprising a ‘golden bullet’
strategy or discovery was not found within the scope of these studies. In the review of
literature in Chapter 1, a multitude of studies across years of research showed a range
of different approaches to this very question. Maybe the reason a single management
strategy to improve piglet survival during parturition hasn’t been found is because there
is no ‘golden bullet’. Maybe a combination of different strategies that aid both the
farrowing sow and piglets (particularly those at-risk of early mortality) would show
improvements to pre-weaning survival. A problem that exists from a number of issues
should be approached with a number of strategies.
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This is what led to the formulation of a non-injectable induction protocol as presented
in Chapter 5. This delivery system would be beneficial for one of two reasons. Firstly, to
allow future scientists to research the farrowing process during the day on farms that
would consider a non-injectable induction. Secondly, to allow farmers to implement said
strategies to improve the performance of the litter. Such a strategy would require very
strict record keeping of gestation days, as sows should only be induced no more than
two days before their calculated due date [16]. Attention would also need to be placed
on possible adverse effects of inducing sows to farrow prior to their due date and
whether it outweighs the benefit of any management practice (i.e., it would be beneficial
to include non-induced sows as one of the control treatments in such a study).
The concept of an injection-free delivery system shows promise, and areas of
improvement could be implemented in future investigations. Combining rapid and
controlled release tablets into a single delivery system with a dual layer would provide
a more practical application for delivery (both to sow and the person applying the
treatment). Pharmacokinetic studies on the passage of cloprostenol through plasma
analysis would be ideal for refining dosage of the tablet, something that was considered
during formulation and testing in Chapter 5. Considering the size of sows and the small
concentration of cloprostenol required to initiate luteolysis, pharmacokinetics could be
first tested on a smaller animal model for refinement. In addition, mucosal irritation tests
would be important to ensure the tablet does not aggravate sensitive sow vaginal tissue.
Another opportunity would be to use this novel drug delivery system to deliver
other hormones/medicines or therapeutics. An example would be to incorporate the
hormone GnRH into an immediate and extended release to bring on the onset of estrus
in sows, eliminating the need for injectable application and the requirement of
subsequent doses. The drug delivery system could also be formulated for use in other
animal models (with understanding of unique vaginal pH environments) and with
drugs that present a more challenging water solubility (which would adjust the focus of
extended release onto tablet matrix erosion rather than matrix swelling).
The formulation of a non-injectable induction protocol may also make investigations on
dexamethasone treatment at farrowing on primiparous sows possible on larger scale
farms. As previously mentioned, targeting larger populations would help strengthen
the power of the study and give greater insight into how this steroid hormone influences
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the short- and long-term performance of both sow and piglet. Using injection-free
applications for both induction agent and dexamethasone, the behaviours of the sow
could be extended to measuring sow feed and water intake (requiring installation of
measured feeders), body condition of the sows before and after lactation period and the
continued monitoring of litter growth after weaning.

The projects conducted as part of this thesis have led to the understanding that the
periparturient period is critical to piglet survival, provided greater insight into how a
steroidal anti-inflammatory product will influence the survival and performance of
piglets to weaning and has provided a tangible protocol for delivering both inducing
agents and dexamethasone treatment to sows without injection, reducing chances of
sows getting stressed around the presence of a researcher. It is hoped these studies have
satisfied the question rephrased from the initial thesis question: to make current and
future strategies possible for improving litter survival through the continued

development of non-injectable induction and anti-inflammatory alternatives.
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