The sex dependent impacts of maternal feed restriction stress
and elevated cortiocosterone in ovo on meat bird growth,

development and hypothalamic gene expression

By
Mandy Ann Bowling

Bachelor of Animal Science (Honours)

A thesis submitted for fulfilment of the requirements for the degree of

Doctorate of Philosophy

Faculty of Science
School of Animal and Veterinary Sciences
Roseworthy Campus
The University of Adelaide

August 2019



Table of Contents

S A N = 1] =SSP 5
LIST Of FIQUIES ...ttt 6
Y 011 =T PSSR 10
Declaration of OrigiNality ..........ooveeiiiiiiiiie e 14
ACKNOWIEAGMENLS ... e e e e e e e e e e 15
THESIS FOIMAL ... 16
o (0T T=Tox 01 18
Chapter 1: Literature REVIEW .......coooe i 19
] (oo 18 Tox 1o o I 20
Developmental Programming......... ... ... i eueueeeuiiiiiiiiiiiiieiiinieesieieenseeeeeeeeneneeeenee 24
Nutrition and Developmental Programming ... 24
Maternal Stress and Developmental Programming ...........cccccevvviiiiiiieeeeeennnns 25
Reprogramming of the Hypothalamic-Pituitary-Adrenal (HPA) AXis .............. 26
Developmental Programming and Meat BirdS.............cooovviiiiiiiieiieecciiiiec e, 29
Meat Bird ProdUCLION .........coooeiiieeeeeeeeeeeeeeeeee e 29
Breeder Hens and Feed ReSIICON..........cooooiiiiiiee e 31
Developmental Programming and Hen Stress..........oooovveeeieeeeeeeee 32
Hypothalamic-Pituitary-Adrenal Axis Reprogramming in Meat Birds................. 34
Hypothalamic-Pituitary-Adrenal Axis Development in Poultry........................ 34
Hypothalamic-Pituitary-Adrenal Axis Reprogramming in Poultry ................... 35
Meat Birds and Maternal Stress Reprogramming ..........ccccoevvvevviviiiieeeeeeeennnnns 36
Developmental Programming, Stress and Sex Specific Effects........................ 37
Maternal Stress and Sex Specific EffectS..........coooviiiiiiiiiiiiiiieeeeeees 37
Maternal Stress and Sex Specific Effects in Avian Species...............ccceeee. 38
Relevance to the Poultry INAUSTEIY .............uuiiiiiiiiiiiiiiiiii 39
=] (=] (=] o= 41
Chapter 2: Effect of Restricted Feed Intake in Broiler Breeder Hens on Their
Stress Levels and The Growth and Immunology of Their Offspring ............. 52
Chapter INtrOAUCTION. .......cooiiiiiiie e 53
Statement of AUTNOISNIP ......ooiiii e 54
Chapter 3: Injection of Corticosterone In Ovo Leads To Reduced Growth and
Sex-Dependent Effects on Organ Weights of Broiler Chickens..................... 65
Chapter INtrOUCTION. .......uu e e e e e e e e eees 66
Y 0111 = Tod PRSP 67



110 o [81e3 To] o IFUTNTTTTT TP 67

Y11 1 T T 69
[T @Yo I [ ] =Tox 1 o] o £ 69
ANIMal HUSDANAIY .....eei e e 71
Sample COollECHION ........ooeiece e e e e e eeeanas 72
Heterophil: Lymphocyte COUNTS........coovvuiiiiiiie e e e e eeanens 74
StatistiCal ANAIYSIS ......oovvieiiiei e 74

RESUIES .. e e 75
BIrd GIrOWLN ..t e e e et e e e e e eeaee 75
Organ WeEIGNTS ... oo e et e e e 77
Heterophil: Lymphocyte RatiO..........ccooeiiiiiieiieeeeeeee e 78

D 1Yo 1K= (o] o 79

CONCIUSION ... 83

ST (=TT 10T 84

Chapter 4: Effects of Corticosterone Injection at Embryonic Day Eleven on
Broiler Growth and Tonic Immobility ........cccccoiiiiii i, 89

Chapter INtrodUCHION. ............uiiii e e e e e 90

SUIMIMBITY .ttt ettt e e e e e et e e e e e e e e e et e e e e e b e e e e e e e e e e nnnn s 91

] o o 18 Tox 1o o I 91

Y13 1 T T 91
IN OVO INJECHIONS ... 91
2] oTo o I T Ta0] o1 [T T T USSR 92
ANIMal HUSDANAIY .....oice e 92
TonIiC IMMODINLY TESt.. ..o e 92
SEALISHICAl TESIS...iiiiiiiiiiiiieeeeeee e 92

TS U 92
Average Daily GaiN.......cooooeeiiiiieeeeeeeeee e 92
Plasma COrtiCOSIEIONE. .........uuuiiie e e e e e e e e et e e e e e e e eeeeaa e e e e e e eeeeenes 92
TONIC IMMODITIEY ... 93

D 1Yo 1= (o] o 93
Average Daily GaiN........oouiiiiiiiii e 93
Plasma COrtICOSEIONE. .........uuuiiie ettt eeeeeeeees 93
TONIC IMMODIILY ... e 93

@0} o T3 01 (0] o P 94

=] (=] (=] o= 95



Chapter 5: Embryonic Hypothalamic Expression of the 1113 Hydroxysteroid
Dehydrogenase Type 1 Gene Differs Between Male and Female Meat Birds
and Administration of Corticosterone In Ovo Reduces Embryonic

Hypothalamic Gene Expression of Multiple Genes.........cccoovvveviiiiiiiiiiiiineeeenn, 96
Chapter INtrOdUCTION. ........cooiiiiiiiee e 97
Y 011 =T PSR 98
] (oo 18 Tox 1o o 1P 99
V=1 o 6 £ 102

[T @Yo TN [ ] =T ox 1 o] £ 102
ANImMal HUSDANAIY .......eiii e 102
= 10 1] 1T o USSR 103
Corticosterone Extraction and ANalysis ... 103
Isolation and Quantification of Total RNA From Hypothalamic Samples ..... 105
Design of Real-Time qPCR @SSAYS ......coeeviiiieeeeeeeeeeeeee e 106
Synthesis of cDNA and Real-Time gPCR ............uuiiiiiiiiiiiiiiiiiiiiiiiiiie 107
gPCR Data NormaliSation...............uuiiiiiieeiiiiiiiice e 107
RESUILS ...t nns 108
ReferenCe GENES......coooeiieeeeeeee 108
Hypothalamic Gene Expression: Embryonic Day 14 ...........ccccccevvviiieeeeennn. 109
Hypothalamic Gene Expression: Post hatCh.............cccoo, 111
RIA: YOIK COIICOSTEIONE. ......uvviiiiie e eeeeieeiiiie e e et e e e e e et e e e e 111
RIA: Serum COrtiCOSIEIONE .......uiiieeeeieeeeiiiie e e e et e e e e e e e e 112
I3 Yo 17 o o 112
Effects of Corticosterone Injection on Gene EXpression............cccccoeeeeeeenn. 112

Hypothalamic Gene Expression Differences Between Males and Females 114

CONCIUSION ... 118
RETEIENCES. ... e 120
Chapter 6: General DISCUSSION ....cccooviiiiiiiii e e e e eenaens 124
] (=] (=] o= 138
Appendix 1: Supporting Publications — Conference Paper........ccccccccvveeeene. 141
Appendix 2: Supporting Publications - Published Paper ........ccccccccvvvvennnnn. 145
Collated REfEIENCES .....ciieeeeeeie e e e e e e e e e e eeeanes 152



List of Tables
Chapter 2

Table 1: Recorded broiler breeder hen behaviours using an ethogram, at 30 s
intervals, for 1 h, daily over 2 wk of lay.

Table 2: Total number of times hens maintained at a low, medium and heavy
bodyweight were observed displaying foraging and pecking behaviours, using an

ethogram with observations taken every 30 s, over 1 h, daily for 2 wk.

Chapter 3

Table 1: Number of birds sampled from each in ovo injection treatment and sex.

Values are number of birds used for blood sampling and organ weight collection

Table 2: Average daily gain (ADG) (g/day) from day 7 until day 42 of male and
female meat birds injected with corticosterone or phosphate buffered saline in ovo
Table 3: Bodyweight from hatch (day 0) until day 42 of male and female meat birds

injected with corticosterone or phosphate buffered saline in ovo

Table 4: Weights (g) of jejunum, spleen and liver relative to body weight at 42 days
old of males and females injected with corticosterone or phosphate buffered saline

in ovo.

Chapter 5

Table 1: Human reference sequence (Refseg) gene names used to search

GenBank and Ensembl databases to find chicken homologs.

Table 2: Average expression stability (M values) of the reference genes for

embryonic and post-hatch samples, determined using geNorm software.



List of Figures

Chapter 1

Figure 1: Possible influence of maternal stress leading to increased DNA
methylation and reduced transcription of the glucocorticoid receptor (GR) gene
within the brain of the offspring. Reduced GR transcription may lead to reduced
negative feedback and increased circulating corticosterone levels. Adapted from

Talge et al. 2007.

Figure 2: Hypothalamic-pituitary-adrenal (HPA) axis function in normal offspring,
offspring of mothers with post-traumatic stress disorder (PTSD) and low cortisol
levels and offspring from stressed mothers with increased cortisol. In the normal
HPA axis, cortisol levels are maintained at a steady level. In PTSD offspring,
glucocorticoid receptor sensitivity is increased, increasing negative feedback
sensitivity and reducing cortisol. In offspring of high cortisol mother glucocorticoid
receptor sensitivity is reduced, reducing negative feedback efficiency and

increasing cortisol.

Figure 3: Generations of meat birds used for genetic selection from pure lines,
through to parent/breeder flocks and the final broiler meat bird. Also shows the
significant impacts of each generation on subsequent generations, through to

broilers. Adapted from (Eenennaam et al. 2014).

Figure 4: Hypothalamic-pituitary-adrenal (HPA) axis development from lay (day 0)
to hatch (day 21) in meat birds. Adrenocorticotropic hormone (ACTH) secretion
begins as early as day 7, with corticosteroids present in the blood by day 10. In the

second half of incubation, negative feedback begins and by day 14 the HPA axis is



functional, with pituitary, adrenal and hypothalamic neurons functioning. By day 16
the adrenals are responsive to increased ACTH levels, producing glucocorticoids in

response to ACTH levels.

Chapter 2

Figure 1: Sex ratio of broiler progeny at hatch from low and heavy bodyweight
breeder hens. Significance was evaluated using a chi-square, Fischer’s exact test

with significance at P < 0.05.

Figure 2: Plasma corticosterone (ng/mL) at 42 days of age in males and females
from low (n=13) and high (n=11) bodyweight hens. Values are mean + SEM.

Significance was evaluated using a two-way ANOVA.

Figure 3: Bodyweight (g) of male progeny from low, medium and heavy hens from
hatch (day 0) until 42 days of age. Weight is mean + SEM. Significance was

evaluated using a repeated measures model with significance at P < 0.05.

Figure 4: Plasma infectious bronchitis virus (IBV) antibody titres at 35 d old in
progeny of low (n=17) and heavy hens (n=15). Values are means + SEM.

Significance was evaluated using a one-way ANOVA with significance at P < 0.05.

Figure 5: Heterophil: lymphocyte ratio of males and females from low, medium and
heavy bodyweight hens. Values are means * SEM (n=36). Significance was
evaluated using a one-way ANOVA with significance at P < 0.05. Labelled means

without a common letter differ, P < 0.05.

Chapter 3

Figure 1: In ovo injection into the chorioallontoic membrane (CAM) at embryonic

day 11 through the air cell of the egg.



Figure 2: Heterophil: lymphocyte ratio at 21 days old of male and female birds
injected with corticosterone (n=17) and phosphate buffered solution (n=10).
Significance was evaluated using a 1-way ANOVA with significance at P < 0.05.

Values are means + SEM.

Chapter 5

Figure 1: Ventral and dorsal view of the dissection of the hypothalamus from the
brain, using a serious of four incisions, two vertical on either side of the cerebellum
and cerebrum and two horizontal above and below the cerebellum to ensure the

hypothalamus was removed whole and intact.

Figure 2: Normalised gene expression of glucocorticoid receptor (GR), corticotropic
releasing hormone (CRH), arginine vasotocin (AVT) and 20-Hydroxysteroid
dehydrogenase (20HSD) mRNA levels at embryonic day 14, of birds injected with
corticosterone or phosphate buffered saline at embryonic day 11. Significance was
evaluated using a 1-way ANOVA with significance at P < 0.05. Labelled means

without a common letter, within a gene, differ, P < 0.05.

Figure 3: Normalised gene expression of 1113 hydroxysteroid dehydrogenase type
1 (118HSD1) mRNA levels at embryonic day 14, of male and female meat birds.
Significance was evaluated using a 2-way ANOVA with significance at P < 0.05.

Labelled means without a common letter differ, P < 0.05.

Figure 4: Proposed effect of elevated corticosterone exposure during embryonic
development on the hypothalamic-pituitary-adrenal (HPA) axis of male and female
meat birds. The elevations in 11B3-hydroxysteroid 1 (11BHSD1) in females allows
faster uptake of corticosterone into cell to activate the glucocorticoid receptor (GR).
Females had a larger reduction in corticotropic-releasing—hormone (CRH) and

8



arginine vasotocin (AVT). Adrenocorticotropic hormone (ACTH) and corticosterone
release are possibly also reduced faster in the females, resulting in a more efficient

negative feedback response

Chapter 6

Figure 1: Hypothalamic-pituitary-adrenal (HPA) axis development in male and
female meat birds after increased corticosterone exposure in ovo. Within the egg,
during embryonic development, females have increased expression of the 11[3-
HSD1 enzyme and uptake the excess corticosterone faster and are then
programmed with increased glucocorticoid receptors. Males have slower uptake
with fewer receptors but have increased receptor sensitivity. At 21 days old, birds
undergo metabolic changes and have increased stress levels. The increased
receptors in females allows then to cope with the stress efficiently, while males take
longer due to a reduction in receptors. Males then overcompensate because their
receptors have increased sensitivity, resulting in a dysfunctional HPA axis. This may
lead to reduced growth, decreased immunity and a reduced ability to respond to

stress.

Figure 2: Generations of meat birds used for genetic selection from pure lines,
through to parent/breeder flocks and the final broiler meat bird. Also shows the
increase in chicken meat production by increased weight of males from less fed
restricted hens at an increase to 1.96kg chicken meat per bird in males and 1.86 kg

in female birds. Adapted from (Eenennaam et al. 2014).



Abstract

Developmental programming is a recognised phenomenon across species.
Programming of offspring during embryonic development to adapt to their
environment can be advantageous, such as improved nutrient efficiency during
times of famine. Incorrect programming, however, can result in lifelong problems,
with evidence in humans of diseases such as diabetes, occurring due to

misprogramming.

Maternal factors, such as nutrition and stress, during pregnancy and egg
development can play a major role in offspring development. Restricted nutrition
and increased stress in mothers can affect lifelong growth, metabolism, behaviour
and immunity of their offspring. There is also evidence of differing effects of
developmental programming between sexes, including response to stress and

metabolism.

Commercial meat birds are intensely selected for growth and thus may be affected
by changes in maternal nutrition and stress. This thesis aimed to identify maternal
factors that may influence, progeny growth, metabolism, development, immunity
and behaviour in commercial meat birds with an emphasis on differences between

male and female progeny.

In the initial experimental trial broiler breeder hens were feed restricted to three
bodyweight groups (low, medium and high). Eggs were collected over a 2-week
period from each group and their progeny grown to 42 days of age. Progeny growth
and immune response to a LPS challenge was measured. Breeder hens at the
lowest bodyweight showed increased stress behaviours and heterophil: lymphocyte

(H:L) ratio. Male progeny bodyweight from low bodyweight hens was reduced from
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35 to 42 days old and females from heavy hens responded to the immune challenge

with a reduced bodyweight and increased H:L ratio at 23 days of age.

The increased stress behaviour and H:L ratio count of hens maintained at the lowest
bodyweight and highest feed restriction, impacted on the growth and immunity of
their offspring. A possible reason behind this was through changes in stress
hormones of the hen, such as corticosterone which may have then impacted on her
offspring. To investigate this theory, commercial meat bird eggs were exposed to
increased corticosterone and the birds grown out to determine the impact of

elevated corticosterone exposure in ovo on meat bird growth and development.

Eggs were injected with corticosterone into the chorioallontoic membrane (CAM) at
embryonic day eleven. Birds were grown to 42 days old, with growth, organ weights,
H:L ratio and behaviour measured. Bodyweights at day 42 were reduced in birds
exposed to increased corticosterone in ovo. This result was similar to the result in
the first experiment where bodyweight was reduced in males from low bodyweight
hens. Although, there were no difference between sexes, it does suggest
corticosterone elevations during embryonic development can impact on growth late

in life with similar results across studies.

There were, however, sex differences in organ weights at day 42. Male birds
exposed to increased corticosterone had increased spleen weights compared to
control males, while in corticosterone exposed females they were reduced. Males
given corticosterone also showed a reduced stress response during the tonic

immobility behavioural test.

The different effects seen between sexes in both the hen restriction trial and the

corticosterone in ovo trial demonstrated that embryonic exposure to cortiocosterone
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is impacting on meat birds throughout their life but can differ between sexes. This
difference between sexes was then incorporated into the final study, which aimed
to detail how corticosterone may be affecting lifelong bird development, growth and
immunity and behaviour through programming of the hypothalamic-pituitary-adrenal

(HPA) axis during development.

To investigate this, gene expression within the hypothalamus of birds given
corticosterone in ovo was measured. Genes measured were the glucocorticoid
receptor (GR), corticotropic releasing hormone (CRH), arginine vasotocin (AVT),
11Rhydroxysteroid dehydrogenase Type 1 (11R-HSD1) and 20-hydroxysteroid
dehydrogenase (20-HSD). At embryonic day 14, the expression of GR, CRH, AVT
and 20-HSD was reduced in birds injected with corticosterone at embryonic day 11.

Expression of 113-HSD1 was increased in females compared to males.

The results of the final trial show that corticosterone exposure in ovo can alter gene
expression of important genes involved in the HPA axis. This could result in a
lifelong programming of the HPA axis and account for the changes in growth, organ

development, immunity and behaviour observed in the previous trials.

It is clear that the impact of maternal stress in broiler breeder hens can impact on
her offspring, likely via increases in stress hormones and alterations of the HPA axis
pathway. It is likely that there are other hormones and pathways impacted and more
research is needed to understand the full effects of hen feed restriction on her
offspring. The differences between sexes further complicates this work and also

warrants further research.

If more can be understood about the impacts of feed restriction on male and female

meat birds, the industry can better understand how management of hens can affect
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the future production, health and welfare of their offspring. With further research in
this area, breeder hen nutrition can be managed to reduce stress and the
developmental programming effects on the subsequent generation to improve
growth, health and welfare of meat birds. Understanding the differences between
how male and female meat birds may be affected by hen feed restriction stress,

may also lead to improved management of birds throughout their lives
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Thesis Format

This thesis contains the findings of three experimental studies investigating the
impact on meat birds of increased maternal stress, through developmental
programming. The studies within this thesis begin with broiler breeder hen feed
restriction stress and the effects on the offspring, through to the effects of the stress

hormone, corticosterone on the developing avian brain.

Chapter 1 provides an introduction and extensive review on the concept of
developmental programming with a focus on maternal stress effects across species.
Possible impacts of maternal stress on the developing Hypothalamic-Pituitary-
Adrenal (HPA) axis in offspring from stressed mothers is also discussed, with
emphasis on feed restriction induced stress and the reprogramming of the HPA axis
in developing meat birds. Finally, differences in progeny development between
males and females are discussed and the potential impacts on the chicken meat

industry is considered.

Chapter 2, the first experiment, entitled, ‘Effect of Restricted Feed Intake in Broiler
Breeder Hens on Their Stress Levels and the Growth and Immunology of Their
Offspring’ focuses on feed restriction and stress in broiler breeder hens, with three
groups of hens maintained at different bodyweights during lay. The flow on effects
of the hen’s bodyweight on the growth and development of their progeny were then
investigated. The progeny were also given an immunological challenge using a
Lipopolysaccharide (LPS) to measure differences in immune response in birds from

hens maintained at differing bodyweights.

Chapter 3, the second experiment entitled, ‘Injection of Corticosterone In Ovo Leads

to Reduced Growth and Sex-Dependent Effects on Organ Weights in Meat Birds’
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utilised in ovo corticosterone injections into eggs and its effects on growth and organ
weights from hatch to day 42 were measured. This experiment was a continuum
from experiment one and was conducted to further understand the effects of
corticosterone on male and female meat bird growth and development. Differences
between sexes was also a focus of this experiment due to the significant sex

differences in growth and immune response discussed in Chapter 2.

Chapter 4 is entitled ‘Effects of Corticosterone Injection at Embryonic Day Eleven
on Broiler Growth and Tonic Immobility’. This chapter continued to explore the
impacts of corticosterone elevations in ovo on growth and behaviour, with

behavioural differences found between sexes.

Chapter 5 is entitled ‘Increased Corticosterone In Ovo Reduces Embryonic Meat
Bird Hypothalamic Gene Expression with Differing Effects in Males and Females’.
Real-time quantitative PCR (gPCR) techniques were employed to further
investigate potential pathways that may be responsible for the differences found in
male and female meat birds exposed to in ovo corticosterone injections in
experiment 2 (Chapter 3). Expression of candidate genes involved in the HPA axis
pathway were measured from embryonic day 14 to day 21 in both male and female

chicks.

Chapter 6, the final chapter, discusses the major findings of each chapter. Final
conclusions are made and impacts to the poultry industry and future research are
discussed. Recommendations for the management of broiler breeder hens and their
offspring are also made, with the aim of reducing the impacts of feed restriction

maternal stress shown throughout this thesis.
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Project Aims

The objective of this thesis was to investigate the effects of chronic feed restriction
in broiler breeder hens, and how subsequent stress can impact both male and

female progeny growth and development through programming mechanisms.

The hypothesis was that increased maternal stress in broiler breeder hens will

impact on the growth, development, behaviour and immunity of their offspring.
The individual projects of this thesis aimed to:

1. Determine the effects of feed restriction and reduced bodyweights on stress
response in broiler breeder hens.

2. Investigate the effects of reduced hen bodyweight on growth and immune
response of their offspring.

3. Assess the effects of elevated corticosterone on both male and female meat
bird growth and organ development using in ovo corticosterone injections

4. Assess the effect of elevated in ovo corticosterone on male and female meat
bird behaviour and stress response

5. Determine the effects of elevated corticosterone on Hypothalamic-Pituitary-
Adrenal (HPA) axis development and gene expression in male and female

meat birds.
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Introduction

The concept of ‘developmental programming’ was first proposed in humans, with
the establishment of the “thrifty phenotype” hypothesis (Hales et al. 1991). The basis
of this hypothesis is that the environment of the mother can significantly influence
the health of her offspring, through ‘programming’ of the offspring’s physiological
systems to better cope with the prevailing environmental conditions. The
evolutionary value of this reprogramming to suit the environment is clear, but in
situations in which the environment changes between generations, potential

‘misprogramming’ may result, consequently reducing viability and health of the

progeny.

Developmental programming and misprogramming effects were demonstrated on a
large scale during the Dutch Famine in the Second World War. During this famine,
pregnant women gave birth to smaller offspring, who later in life experienced rapid
compensatory weight gain, cardiovascular disease, increased insulin levels and
elevated glucose levels (Hales 2001). Programming of these children to be “thrifty”
by their pregnant mothers during famine had altered their metabolism. These
children were programmed to have improved metabolism during times of food
shortage, but in times of ample food this same programming led to metabolic
disorders, known collectively as ‘metabolic syndrome’. The importance of maternal
nutrition during pregnancy was therefore recognised and it has since been realised
that other factors during pregnancy, such as maternal stress can also influence

offspring development (Wadhwa et al. 1993 Couret et al. 2009; Davis et al. 2011).

The effects of maternal stress on developmental programming can be wide-ranging
and have been shown across mammalian species. In humans, reduced birthweight

(Wadhwa et al. 1993) and elevated plasma cortisol (Davis et al. 2011) levels have
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been reported in babies from stressed mothers. In pigs, maternal stress has resulted
in decreased immune cell numbers (Couret et al. 2009) and in rats, prenatal stress
led to increased basal and stress induced circulating corticosterone in the offspring
(Vallée et al. 1999). The across species effects of prenatal stress on their offspring,
particularly increases in circulating corticosterone, are suggestive of an altered
sensitivity of the brain and the hypothalamic-pituitary-adrenal (HPA) axis to stress.
This highlights the implications of maternal stress during embryonic development

and is suggestive of the sensitivity of the brain and HPA axis to stress.

The HPA axis has a vital role in maintaining the homeostatic balance of stress
hormones. Cortisol maintenance allows for the benefits of short-term cortisol
elevation, for energy mobilisation (Lynn et al. 2003), whilst preventing long-term
elevation and negative effects such as, decreased growth and immune suppression
(Lin et al. 2006). The glucocorticoid receptor (GR) within the paraventricular nucleus
(PVN) of the hypothalamus is vital to the homeostatic regulation of the HPA axis
through negative feedback (Talge et al. 2007). The GR responds to elevated
circulating plasma glucocorticoids, such as cortisol, and as such, the sensitivity of
the GR influences circulating cortisol levels. This is via the negative feedback
mechanism of elevated cortisol cellular uptake and activation of the GR, resulting in

reduced cortisol through the HPA axis pathway (Stephens & Wang 2012).

Increased maternal cortisol levels influence the sensitivity and expression of GRs.
In mothers with high circulating cortisol, the offspring’s circulating cortisol may be
elevated by reduced sensitivity of the GR resulting in reduced negative feedback
(Seckl 2007). The expression of the GR gene is also thought to be reduced through

increased methylation of the promoter region of the glucocorticoid receptor,
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decreasing expression and the number of GR receptors available (Talge et al.

2007).

Conversely, plasma cortisol concentrations may be reduced in offspring of
chronically stressed mothers suffering post-traumatic-stress disorder (PTSD), who
have low circulating plasma cortisol (Yehuda 2002). The low maternal cortisol
concentrations increase GR sensitivity and expression in the offspring, which
reduces circulating plasma cortisol through increased negative feedback sensitivity
(Grossman 2003). The differing responses to maternal stress and resulting changes
to HPA axis development, mean that understanding the impact of maternal stress

is difficult to predict.

Maternal stress and the effects on offspring are not limited to just mammalian
species. In avian species, maternal stress has been shown to increase
corticosterone deposition within the egg in European starlings (Love et al. 2008),
resulting in chicks with reduced growth and HPA axis response (Love et al. 2008).
Domestic, commercial meat birds have been found to be influenced by increases in
corticosterone with changes to the HPA axis leading to lifelong alterations in
behaviour (Ahmed et al. 2014), bodyweight (Janczak et al. 2006; Lin et al. 2006),
blood glucose regulation (Jiao et al. 2008) and plasma corticosterone levels (Lin et
al. 2007). Such dramatic effects of maternal stress on the neuro-endocrine systems
of the offspring are particularly relevant to the chicken meat industry as breeder
hens are subjected to nutritional restriction as a means of maximising reproductive

performance, leading to potential hunger stress.

In Australia, chicken meat production has continued to increase, with 664million

birds produced in 2017/18 (Australian Chicken Meat Federation 2019), with this
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growth likely to continue, as chicken meat is a cheap source of animal protein. This
is due to the rapid growth of meat birds and efficient feed conversion (feed/gain),
with an average weight of 2.9kg and a feed conversion ratio (FCR) averaging 1.6 at
42 days old in mixed-sex Cobb 500 birds (Cobb-Vantress 2019). To produce birds
with this level of efficiency and growth, meat bird production relies on intense

genetic selection at many levels, including the breeder hen flock.

Broiler breeder hens are vital to the cost-effective production of meat birds, with one
hen producing up to 100 meat birds annually (Berghof et al. 2013). The reproductive
performance of the hen (high rate of production of fertile eggs) is therefore crucial
to continual efficient production of meat chickens. To ensure this, hens are
maintained at an optimal weight, using feed restriction, thus retaining a suitable rate
of lay and fertility, as well as preventing metabolic, cardiovascular and skeletal
disease associated with increased weight gain (D'Eath et al. 2009). However, a
side-effect of feed restriction in hens is chronic hunger, with hens feed restricted up
to 45% of their ad libitum feed intake (Buckley et al. 2012). This can lead to a state
of stress in hens (de Jong et al. 2002), which may then impact on their offspring

through developmental programming.

The literature relating to developmental programming and the effects of maternal
stress on the physiology, behaviour, immunity, health and growth of offspring is
explored. Literature on multi-species effects are reported and the programming
effects to the HPA axis and GR receptor examined. The effects of maternal stress

in breeder hens on the multi-billion-dollar poultry industry are reviewed.
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Developmental Programming

Nutrition and Developmental Programming

Developmental programming is now a well-recognised area of research across
species. Environmental influences on the oocyte, embryo or foetus during
development elicit significant lifelong impacts on metabolism, physiology and
behaviour (Chmurzynska 2010). Developmental programming can act as a survival
advantage as the offspring is literally “programmed” by their mother for the same

environment she herself is experiencing (Hales 1992).

The “thrifty phenotype hypothesis” was first described in 1991 by Hales and Barker
(Hales et al. 1991) when they found reduced early life and foetal weight resulted in
non-insulin dependent diabetes. The link between foetal, early life and metabolic
disorders later in life was then established and demonstrated to hold true across
several well-known cases, including the Dutch Famine. In this famine, reduced
nutrition in mothers resulted in smaller offspring, that in later life developed higher
fasting glucose levels, insulin resistance, cardiovascular disease and increased
weight gain (Hales 2001). The role of maternal nutrition and restricted feed during
pregnancy was then recognised as a driver of foetal development and lifelong

health.

As well as being demonstrated in humans, the role of maternal nutrition on
developmental programming in other species has been shown. Extensive research
into the effects of reduced foetal nutrition using intrauterine growth restriction
(IUGR) in sheep research models, has shown reduced lamb birthweights, insulin-
like growth factor (IGF-1) plasma concentrations (Jones et al. 1988) and arterial

blood pressure in IUGR sheep (Louey et al. 2003). In rat models, similar results
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have been seen with reduced birth weight in offspring of feed restricted mothers
(Vickers et al. 2005) and elevated fasting insulin and leptin levels in offspring of
mothers restricted to 30% ad libitum feed intake (Vickers et al. 2001). Rats fed a
diet of reduced protein while pregnant, also resulted in offspring with reduced

pancreatic 3-cell proliferations and islet size (Snoeck et al. 1990).

Maternal Stress and Developmental Programming

As well as nutritional influences, maternal stress during pregnancy can also impact
on lifelong health, through developmental programming. In humans, maternal stress
influences on offspring development have been increasingly documented. Mothers
questioned during pregnancy and identified as stressed, were associated with
smaller children at birth (Wadhwa et al. 1993) and had babies with a reduced head
circumference (Lou et al. 1994). As well as influencing growth, maternal stress
during pregnancy in humans has also been associated with behavioural changes.
Children from stressed mothers have increased cortisol to a heel-prick as babies
(Davis et al. 2011), lower mental and motor development scores at 8 months of age
(Buitelaar et al. 2003) and increased cortisol when first starting school (Gutteling et

al. 2005).

Other species have also shown the effects of maternal stress on offspring. In pigs,
social housing stress of gilts during late pregnancy resulted in reduced adrenal
weight and decreased total white blood cells in piglets from stressed mothers
(Couret et al. 2009). In rats, maternal stress, can lead to increased dysfunction of
the HPA axis, with increased corticosterone levels earlier in life (Vallée et al. 1999)
and a 49% increase in corticotropic-releasing hormone (CRH) levels as adults
(Cratty et al. 1995). The effect of maternal stress is wide-reaching and results in
increased activation of the mother’'s HPA axis, resulting in elevated maternal and
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foetal glucocorticoids (Knackstedt et al. 2005), influencing the developing foetal

HPA axis.

Reprogramming of the Hypothalamic-Pituitary-Adrenal (HPA) Axis

The role of the HPA axis in the stress response is well known. During a stressful
event, neurons in the paraventricular nucleus (PVN) of the hypothalamus are
stimulated to release corticotropic releasing hormone (CRH), which results in an
increase in adrenocorticotropic hormone (ACTH) from the anterior pituitary, which
acts on the adrenal cortex, elevating corticosterone (Herman et al. 2012). Elevation
of corticosterone can have many positive short-term benefits, including mobilisation
of stored energy (Lynn et al. 2003) increased circulating glucose (Lin et al. 2007)
and increased insulin levels (Jiang et al. 2008). However, long-term elevation of
corticosterone can be detrimental, leading to reduced growth (Lin et al. 2006) and
immune changes, including reduced weight of the Bursa of Fabricus and spleen in

chickens (Shini et al. 2008).

Corticosterone, levels are maintained at a homeostatic balance via a negative
feedback loop. When corticosterone levels are elevated, they act on the
glucocorticoid receptors (GR) within the hypothalamus, reducing CRH release and
therefore, corticosterone (Herman et al. 2012). When this feedback mechanism is
unable to maintain this balance, corticosterone levels remain elevated. An
overexposure to cortisol during pregnancy, can affect this feedback loop, by
reducing the sensitivity of the GR and elevating cortisol (Seckl 2007). When this
occurs in avian species, it can result in increased corticosterone deposition within
the egg and as a consequence of this, increased corticosterone exposure to the

embryo (Royo 2008).
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The mechanisms behind differences in negative feedback ‘set points’ and how they
may be affected by maternal stress continues to be researched. One area believed
to be influenced by these changes is the glucocorticoid receptor (GR), expressed
predominately in the paraventricular (PVN) nucleus of the hypothalamus, and higher
glucocorticoid affinity receptors, mineralocorticoid receptors (MR), expressed
throughout the brain (Talge et al. 2007). Both receptors are highly expressed in the
brain during development (Seckl 2007). It is thought that as the levels of
corticosterone increase, the sensitivity of these receptors is decreased, reducing

negative feedback and increasing circulating corticosterone levels (Seckl 2007).

Alternatively, expression of the GR gene may be altered due to methylation of the
promotor region of the gene (Talge et al. 2007). In rodents, increased nurturing
behaviour by the dam, resulted in decreased methylation of the GR gene of the
offspring. As methylation blocks transcription, this would result in increased GR
expression (Weaver et al. 2004). It may therefore also be possible that as the gene
promoter to GR is susceptible to methylation and if methylation is increased by
maternal stress, GR expression would decrease (Talge et al. 2007), see Figure 1
below. Decreased GR gene expression could lead to reduced negative feedback to

glucocorticoids, and increased circulating corticosterone.
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Figure 1. Possible influence of maternal stress leading to increased DNA methylation and reduced
transcription of the glucocorticoid receptor (GR) gene within the brain of the offspring. Reduced GR
transcription may lead to reduced negative feedback and increased circulating corticosterone levels
Adapted from Talge et al. 2007.

Exposure to a stressful event in humans leading to PTSD, can show an opposite
effect (Yehuda 2002). Patients with PTSD have an increase in negative feedback
and reduced cortisol levels (Yehuda 2002). The dexamethasone suppression test
(DST) has also shown significantly higher cortisol suppression in PTSD patients,
indicating increased glucocorticoid receptor sensitivity in these patients (Grossman
2003). These differences in response to cortisol, shown in Figure 2, may be
applicable to poultry and mean that there are possibly differing receptor changes,

and response to stress may be relative to time and the intensity of stress exposure.
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Figure 2: Hypothalamic-pituitary-adrenal axis function in normal offspring, offspring of mothers with
post-traumatic stress disorder (PTSD) and low cortisol levels and offspring from stressed mothers
with increased cortisol. In the normal HPA axis, cortisol levels are maintained at a steady level. In
PTSD offspring, glucocorticoid receptor sensitivity is increased, increasing negative feedback
sensitivity and reducing cortisol. In offspring of high cortisol mother glucocorticoid receptor sensitivity

is reduced, reducing negative feedback efficiency and increasing cortisol.

Developmental Programming and Meat Birds

Meat Bird Production

Meat bird production has grown exponentially, with global chicken meat
consumption expected to reach 51.5kg per person by 2022 (Australian Chicken
Meat Federation, 2019). Chicken meat is likely to continue to be an important protein
source as global population continues to grow and is currently the cheapest animal
protein compared to beef, lamb or pork (Australian Chicken Meat Federation, 2019).
The rapid increase in consumption of chicken meat can be attributed to the intense
genetic section on meat birds over the last 100 years, improving weight gain and

feed efficiency to make these gains (Siegel 2014). Genetic selection of meat birds
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has been so effective that a bird that in 1985 a meat bird was 1.4kg at 35 days old,
eating 3.2 kg of feed, while today they are 2.4kg using 3.7kg of feed at the same
age (Siegel 2014). Such impressive improvements within a short period of time
using selection on production traits has been highly successful. Selection for growth
and fed conversion traits has significantly influenced health and welfare of meat
birds. As a rapidly growing bird, there are many health problems due to this growth,
such as leg deformities, metabolic disorders and heart failure (Zuidhof et al. 2014).
Decreased immunity has also been linked to increased growth in meat birds (Yunis
et al. 2000) due to decreased adaptive immunity and there is also a higher mortality

seen in rapidly growing birds (Cheema 2003).

Variations in growth and health have been driven by nutrition and genetic selection
at many differing genetic levels, from a pedigree bird, to great-grandparent lines,
grandparent lines and through to the parents of meat birds (Siegel 2014; Figure 3).
The heavy and careful selection of particular traits at these different genetic levels,
as mentioned previously, can lead to massive improvements in growth and feed
efficiency as well as other phenotypic changes to health. As seen in the figure below
(Eenennaam et al. 2014), one pure-line female can equate to over three million
meat birds and therefore 5.7 million kg of chicken meat at 1.86kg chicken meat per
bird (Australian Chicken Meat Federation, 2019). The importance of any changes
within these levels has the potential to significantly impact on meat birds. To further
understand what the potential is for such changes, the next level from meat birds,
breeder hens, have the potential to be investigated and the impacts to their offspring

measured.
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Figure 3: Generations of meat birds used for genetic selection from pure lines, through to
parent/breeder flocks and the final broiler meat bird. Also shows the significant impacts of each

generation on subsequent generations, through to broilers. Adapted from (Eenennaam et al. 2014).

Breeder Hens and Feed Restriction

Breeders or parent birds are the fourth and final generation of birds before meat
birds in poultry genetic selection and are parents to meat birds (Australian Chicken
Meat Federation 2019) (see Figure 3). Breeder hens make up an important part of
the production of chicken meat, with 460 million breeder hens used globally to
produce 60 billion meat birds (Berghof et al. 2013). With the same genetic potential
as their meat bird offspring, breeder hens are prone to rapid weight gain which can
result in reduced fertility and lay (Decuypere et al. 2010). To counteract this issue
hens are feed restricted to prevent excess weight gain and ensure continual

production of eggs (Buckley et al. 2012).

The level of feed restriction in breeder hens can vary from 25 to 45% of ad libitum
feed intake (Buckley et al. 2012), although there are cases of restrictions up to 70%

(Puterflam et al. 2006). This level of restriction can equate to a feed restricted bird
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eating 53g/day at 42 to 49 weeks old whereas a bird of the same age fed ad libitum
can eat 161.6g/day (de Jong et al. 2002). These levels of feed restriction are very
effective at reducing hen bodyweight, with restricted hens up to 50% smaller in

bodyweight than hens given access to ad libitum feed (Mench 2002).

A smaller bird is beneficial to the industry as reproductive traits such as fertility, egg
number and egg quality are all negatively impacted by weight gain (Decuypere et
al. 2010). Restricting hens therefore allows for a lighter bird that will maintain a
higher rate of lay and will lay eggs that are of higher hatchability. Whilst there are
industry benefits to feed restriction, there are benefits to the hen herself. Feed
restriction maintains birds at a lighter bodyweight and prevents disorders associated
with rapid weight gain such as, metabolic disorders, cardiovascular disease,

lameness and skeletal problems (D'Eath et al. 2009, Mench 2002).

While there are significant benefits to feed restriction of broiler breeder hens,
selection for high growth rate and high feed intake means feed restriction denies
hens their natural feeding behaviours and nutrient supply. Several studies have
demonstrated indications of hunger in feed-restricted hens such as increased
pecking, hyperactivity increased feed motivation (Sandilands et al. 2006, Mench
2002, Savory 1993), increased drinking to compensate for decreased feed
(Tolkamp 2005) and higher glucose to non-esterified fatty acids (NEFA) ratio (de
Jong et al. 2003). This supports a state of chronic hunger in hens and it is therefore

likely they are also experiencing stress due to feed restriction.

Developmental Programming and Hen Stress
Evidence of chronic stress in breeder hens under feed restriction has been

demonstrated in several different ways, including behavioural and physiological
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measures. The behaviour of feed-restricted hens is largely indicative of negative
affective states. Feed-restricted hens display reduced comfort behaviours, such as
preening which is suggested to be a ‘positive’ behaviour in hens, (Hocking 2006,
Hocking 1993) as well as reduced time standing and sitting (de Jong et al. 2003).
Increases in other negative behaviours such as stereotypies, including object
pecking, have also been seen in restricted hens (Hocking 2006, de Jong et al.
2003), with stereotypic behaviours believed to be used by birds as a way of relieving
stress (Kostal 1992). Other behaviours shown to increase in feed-restricted hens
have been hyperactivity and pacing (Sandilands et al. 2006). Reduced time spent
on activities associated with comfort and increases in stereotypic behaviours and
hyperactivity, suggest feed-restricted birds are stressed. However, physiological

measures also need to be considered when determining stress levels.

Physiological stress in birds can be quantified by corticosterone levels in yolk
(Babacanoglu et al. 2013) plasma (Henriksen et al. 2011), serum (Cook et al. 2009)
and heterophil: lymphocyte cell (H:L) ratios in the blood (Wein et al. 2017). There is
conjecture as to the reliability of both measures as they can be influenced by other
factors, such as circadian rhythms in the case of corticosterone or infections in the
case of H.L ratios (Wein et al. 2017). However, H:L ratios and corticosterone levels
are believed to be highly correlated in low stress situations (Wein et al. 2017) and
although issues exist with both measures, if used together with behavioural
measures can give an indication of avian stress. Both measures have been shown
to be negatively correlated with increased feed restriction in breeder hens (Hocking
et al. 1996), suggesting as feed intake is reduced, corticosterone and H:L ratio

increase, indicating stress is increased in feed restricted breeder hens.
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There is increasing evidence that this chronic stress in breeder hens can lead to
changes within the egg, impacting on the embryo. One change consistently
measured is hormone deposition, particularly corticosterone. Stressed hens are
shown to have elevated corticosterone levels (de Jong et al. 2002) and
corticosterone has been shown to transfer to eggs in poultry (Royo 2008). This then

has the potential to impact their offspring through developmental programming.

Hypothalamic-Pituitary-Adrenal Axis Reprogramming in Meat
Birds

Hypothalamic-Pituitary-Adrenal Axis Development in Poultry

In chickens, development of the HPA axis takes place in several stages, with a fully
functional HPA axis apparent by embryonic day fourteen (Jenkins and Porter 2004).
This makes the HPA axis particularly susceptible to development changes before
this time. As with other avian species, the chicken embryo is exposed to only what
was present in the egg when it was formed and laid, and the embryo will go on to
absorb the hormones and nutrients within the egg (von Engelhardt et al. 2009). This
includes corticosterone, which, if elevated, may impact on several areas of HPA
axis development, such as the glucocorticoid receptors. The HPA axis is not ‘set’
until later in development so is vulnerable to changes throughout embryonic
development, with negative feedback not present until day eleven and production
of glucocorticoids from the adrenals not present until day 16 (Jenkins and Porter

2004), shown below in Figure 4.
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Figure 4: Hypothalamic-pituitary-adrenal (HPA) axis development from lay (day 0) to hatch (day 21)
in meat birds. Adrenocorticotropic (ACTH) secretion begins as early as day 7, with corticosteroids
present in the blood by day 10. In the second half of incubation, negative feedback begins and by
day 14 the HPA axis is functional, with pituitary, adrenal and hypothalamic neurons functioning. By
day 16 the adrenals are responsive to ACTH levels, producing glucocorticoids in response to
increased ACTH levels.

Hypothalamic-Pituitary-Adrenal Axis Reprogramming in Poultry

There is an increasing body of research on avians and developmental
programming, including maternal stress and developmental programming. Some
studies in avians have imitated rodent studies by using restraint stress in birds such
as quails, to study the effects of maternal stress on chicks. There is good evidence
of reduced fertility after increased corticosterone exposure (Schmidt et al. 2009).
Other studies have focused on wild birds, such as European starlings and the
influence of increased in ovo corticosterone, with reductions in HPA axis response
in chicks exposed to elevated corticosterone (Love et al. 2008). Corticosterone and
the HPA axis have also been studied in other species such as Japanese quail and
shown increased yolk corticosterone, reduced growth and increased HPA axis

responsiveness to capture stress (Hayward and Wingfield 2004).
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The results seen in avian species suggest that developmental programming does
occur in chicks from hens exposed to maternal stress and can occur across species.
However, there are some conflicting results, especially around the HPA axis
response, with some studies reporting increases in HPA axis response (Hayward
and Wingfield 2004) and others, a decrease (Love et al. 2008). This suggests that
there may be some variation in bird species, level of corticosterone exposure, timing
of stress exposure, method of stress exposure and the age of the chick when

measurements are taken.

Meat birds and Maternal Stress Reprogramming

As well as wild avian species, developmental programming and maternal stress has
been researched in poultry. Some research has focused on the nutritional
composition of poultry feed, including betaine levels (Gudev 2011), low protein diets
(Rao et al. 2009) and varying vitamin and mineral levels (Rebel et al. 2006, Surai
2000). Stress placed on hens has also been demonstrated to impact on the
composition of the egg. Reductions in egg, yolk (Rozenboim et al. 2007) and
albumen mass (Downing & Bryden 2008) have been found after exposure of hens
to heat or handling stress. These reductions in yolk, aloumen and overall egg mass
then have the potential to impact on the amount of nutrients available to the
developing chick (Henriksen et al. 2011). The effects of developmental
programming on meat bird chicks has been demonstrated in chicks fed either the
same ration as their mother or a different ration, with changes in growth and

abdominal fat found (van der Waaij et al. 2011).

In ovo manipulation has been used to try and better understand how hormone
deposition by hens can impact the embryo (Ahmed et al. 2014b). As with other bird
species, elevated corticosterone levels resulted in smaller progeny (Henriksen et al.
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2013), behaviour changes (Ahmed et al. 2014a) and reduced immunocompetence
in poultry (Henriksen et al. 2013). Elevated corticosterone in ovo has also resulted
in downregulation of the corticotropin releasing hormone (CRH) gene and protein
content of the GR in the hypothalamus (Ahmed et al. 2014b). Downregulation of the
GR gene protein may mean decreased sensitivity of the receptor, resulting in

reduced negative feedback and increased corticosterone.

Maternal stress can go on to have differing effects, as seen in humans with PTSD,
with reduced cortisol levels in children from mothers with PTSD (Yehuda 2002).
Pregnant women present at the September 11 attacks who developed PTSD had
children with lower salivary cortisol during the first year of life and in children of
holocaust survivors these effects were found to be longer lasting, with reduced
urinary cortisol in these children into adulthood (Yehuda 2005). Reduced cortisol in
these children is believed to be due to glucocorticoid receptors becoming more
sensitive as a result of decreased cortisol exposure in utero. These children can
therefore have an oversensitive response to cortisol levels, resulting in an overly
efficient negative feedback loop, reducing cortisol levels. The varying maternal
stress levels may also be an important factor to consider in poultry as to how chicks

will be affected by the hen’s stress response.

Developmental Programming, Stress and Sex Specific Effects

Maternal Stress and Sex Specific Effects

It is becoming increasingly clear that the effects of maternal stress and
developmental programming on animals, are also sex specific. In rats, dams
stressed during pregnancy, have male and female offspring with different HPA axis

programming. Female rats have been shown to have changes within the
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hypothalamus and increased serum corticosterone when born from a mother under
increased stress, while males from stressed mothers did not (McCormick 1995,
Weinstock 1992). Effects of exposure to stress hormones during pregnancy have
also shown sex specific effects on metabolism in rats. Males from a stressed
prenatal environment have been found to have hyperglycaemia and
hyperinsulinemia later in life (O'Regan et al. 2004). Therefore, it is likely that there
IS a sexual dimorphism effect in offspring from mothers with increased
corticosterone. In rats, the increased stress response of females suggests that
negative feedback to the HPA axis is less sensitive in females and corticosterone
levels remain elevated (Tilbrook & Clarke 2006). It has also been previously shown
that corticosterone levels are lower in males and male corticosterone pulses do
differ to females (Lightman et al. 2002). These physiological differences
demonstrate the possibility that males and females will respond differently to

changes in corticosterone levels if exposed during HPA axis development.

Maternal Stress and Sex Specific Effects in Avian Species

In avian species, elevated corticosterone in ovo has been shown to effect males
and females differently. In quails, males showed decreased growth after exposure
to elevated corticosterone, while female growth was unaffected (Hayward et al.
2006). Females exposed to increased corticosterone showed reduced
corticosterone after a stress series test, whereas exposed males did not differ to
control males, suggesting a decreased response to stress in these females
(Hayward et al. 2006). This is opposite to what was found in rodents, with increased
corticosterone in female rats. These differences could be due to variations in the
HPA axis between species. While there is limited research into the sex specific

effects of maternal stress and increased corticosterone in avians, there is the
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potential that there could be significantly different effects on males and females

exposed to increased corticosterone in ovo.
Relevance to the Poultry Industry

It is well established that broiler breeder hens are chronically hungry due to feed
restriction practices (de Jong et al. 2003) and are likely in a state of chronic stress
(De Jong 2011). With evidence of elevated corticsoterone in feed-restricted breeder
hens (de Jong et al. 2002) and corticosterone depositon into the egg possible in
poultry (Royo 2008), it seems possible that this is influencing offspring of feed-
resticted hens. Feed restriction of breeder hens, while necessary to maintain rate of
lay and fertility of eggs, is a welfare issue for these birds (Mench 2002, D'Eath et al.
2009). The possibility to reduce the level of feed restricion in breeder hens may lead

to improved welfare and reduced stress without compromissing productivity.

Possible flow-on effects from reduced stress in breeder hens are changes to meat
birds through developmental programming. Decreases in circulating corticosterone
concentrations, and changes in gene expression within the HPA axis leading to
lifelong changes to poultry exposed to differing corticosterone levels in ovo have
already been shown (Ahmed et al. 2014b). Chicks exposed to decreased circulating
corticosterone have higher growth, decreased aggressive behaviours (Ahmed et al.
2014a), are larger at hatch and have better immunocompetence (Henriksen et al.
2013). Decreased corticosterone exposure in birds during development from less
feed-restricted hens, and the consequential improvements in growth, behaviour and

immunity would be of significant benefit to the poultry industry.

Substantial research is still needed to understand if reductions in feed restriction in

hens will change egg corticosterone levels to a point that will then go onto lead to
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these changes. Another point of consideration is how these changes will affect
males and females, with evidence in other species of differing impacts on growth
(Hayward et al. 2006) and stress response (McCormick 1995). It is therefore
possible that male and female meat birds may be differently affected by changes to
corticosterone levels within the egg, and in future this could lead to management

changes of poultry based on their sex.

In conclusion, manipulation of the diet and environment of breeder hens and
subsequent effects on her progeny have significant implications for the chicken
meat industry. Alternative management strategies of breeder hens by reducing the
level of feed restriction could lead to a reduction of stress in these hens. While this
could mean improved welfare for hens, it has the potential to have significant
impacts on their offspring. It is possible that reduced feed restriction in hens may
mean reductions in egg corticosterone and embryo exposure, leading to mis- or
reprogramming of the HPA axis. This then has the potential to improve growth and
immunocompetence of these offspring but may occur in a sex-dependent way.
Elevations in corticosterone levels in feed-restricted hens and the possible ongoing
effects on the physiological responses of their progeny, is of significant scientific
and commercial interest to the poultry industry. This thesis explores the evidence
and impacts of developmental programming in avian species, particularly the
relevance and possible impacts to the meat bird industry, through feed-restriction
stress and elevations in corticosterone levels in breeder hens and the impacts on

the growth and development of their progeny.
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Chapter Introduction

The following manuscript was formatted for The Journal of Translational Animal

Science and was accepted for publication (2018).

This chapter paper was the first to investigate how feed restriction stress in broiler
breeder hens can impact on the growth, development and immune response of their

offspring with sex differences also described.

Hen feed restriction is known to cause chronic hunger stress. However, the
downstream effects on progeny is unknown so growth performance, organ weights,

circulating plasma corticosterone and immune response was measured.

Hens were maintained at three separate bodyweights through feed restriction
practices for 10 weeks. Progeny from hens were then grown out to 42 days old and

their growth, organ weights and immune response were measured
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Effect of restricted feed intake in broiler breeder hens on their stress levels and the
growth and immunology of their offspring’
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ABSTRACT: The prenatal environment has been
shown to have significant effects on the lifelong
health of offspring in humans and other spe-
cies. Such effects have not been studied exten-
sively in avian species but could prove important,
especially in the case of severe feed restriction
imposed on broiler breeder hens to prevent obe-
sity and reduce rate of lay. Feed restriction can
potentially affect not only nutrient supply to the
embryo but stress hormone levels within the hen.
This study investigated the impact of nutrient
restriction of the breeder hen on growth rate and
immune responses in the progeny with the objec-
tive to measure the impact of feed restriction
of broiler breeder hens on growth and immune
response of the progeny. Broiler breeder hens
were feed restricted from 24 wk of age and main-
tained at three bodyweights; 3.4, 3.6, and 4.0 kg
until 43 wk of age and behavioral and physio-
logical measures of stress recorded. Chicks were
hatched from each hen treatment and at day 7 vac-
cinated for infectious bronchitis virus (IBV) and
at 16, 18, and 20 d old given an immune challenge

of lipopolysaccharide. Growth and immune
responses of these birds were then recorded. Sex
ratio was affected by hen bodyweight, with a sig-
nificantly increased proportion of males hatched
from heavy hens. Growth rate from 35 to 42 d of
age was reduced in male progeny from low bod-
yweight hens. Female progeny from heavy hens
responded to an immune challenge by reduced
live weight and increased heterophil: lymphocyte
ratio, suggesting a more robust immune response
in these birds than in the progeny from lower bod-
yweight hens. Overall, progeny from heavy hens
had increased antibodies at day 35 to the vaccina-
tion of IBV compared with progeny of low body-
weight hens, also suggesting an improved immune
response in these birds. Breeder hens restricted
to the lowest feed level showed behaviors indic-
ative of increased stress (object pecking) and
an increased heterophil: lymphocyte ratio. Feed
restriction of broiler breeder hens increased indi-
ces of stress in hens and resulted in offspring that
have reduced growth rate and immune response
in a sex-dependent way.

Key words: broiler breeder, feed restriction developmental programming, immune response,
meat chicken, stress
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INTRODUCTION

The concept that early life events affect health
was first demonstrated during the Dutch famine
(Barker, 2004). Early “events” occur during embry-
onic/fetal development, or early postnatal life and
“impacts” can be metabolic, physiological, behav-
ioral, and immunological (Chmurzynska, 2010).
The major environmental factor studied to date
has been maternal nutrition using intrauterine
growth-restriction (IGUR) (Wu et al., 2004) and
dietary composition and level (Armitage ef al.,
2005; Langley-Evans, 2006), with studies confirm-
ing the reprogramming effects of maternal diet
on progeny growth and health. Animals repro-
grammed by early nutrition display “metabolic
syndrome,” which can include diabetes and hyper-
tension (Langley-Evans, 2006; Elahi et al., 2009).
Recently attention has been directed to the effects
of maternal stress reprogramming on immunolog-
ical functioning, with evidence of alterations in
immunity in offspring of stressed mothers in mul-
tiple species, from rodents (Kay, 1998) to livestock
(Couret et al., 2009; He et al., 2014)

Although developmental programming stress
studies have been carried out in several species,
there is limited research in meat chickens. Mothers
of meat chickens, breeder hens, are selected for
rapid, efficient growth of their progeny, leading
to detrimental effects on their production of fer-
tile eggs. The subsequent management practice of
feed restriction of hens leads to chronic hunger
and stress (de Jong et al, 2002; Mench, 2002; de
Jong et al., 2003). Breeder hens are exposed to both
under-nutrition and stress, likely affecting growth
and immunity of their offspring, through develop-
mental programming. The aim of this study was to
measure the impact on the growth and immunity of
progeny from breeder hens feed restricted to differ-
ing bodyweights. We hypothesized that hens kept
at the highest level of feed restriction and lowest
bodyweight would show increased stress and have
offspring with reduced growth and immunity.

MATERIALS AND METHODS

Animal Husbandry

All animal use was approved by the ani-
mal ethics committees of The University of
Adelaide (S-2014-121) and The Department of
Primary Industries and Regions, South Australia
(PIRSA) (#14/14). A total of 36 Cobb 500 broiler
breeder hens were maintained in groups of 12 at

a commercial breeder facility in group pens. Hens
were maintained at three different bodyweights,
low, medium, and high, through feed restriction
on a commercial breeder hen diet. Hens were sep-
arated into treatment groups at 24 wk of age and
remained in these groups for the duration of the
experiment until 43 wk of age. Birds were fed once
a day at a level that would allow for a difference in
bodyweight between groups to be maintained. Feed
intake for hens was increased from 21 wk of age
from an average of 112 g/bird/d to 31 wk of age
where birds were maintained at the maintenance
needed to maintain the desired bodyweights from
each treatment. Low bodyweight’ hens were main-
tained on an average at 3.4 £ 0.1 kg and fed 140 g of
feed/hen/d, “medium-bodyweight” hens were main-
tained on an average at 3.5 + 0.1 kg and fed 145 g of
feed/hen/d and “high-bodyweight” hens were main-
tained on an average at 3.9 + 0.1 kg and fed 160 g
of feed/hen/d. Hens were weighed weekly to ensure
that correct bodyweights were maintained and feed
intake of each group was adjusted to maintain bod-
yweight differences between groups.

Eggs were collected over a 2-wk period from
each group of breeder hens. Eggs from each hen
treatment collected over the 2-wk collection period
were randomized and incubated at 38° and 55%
humidity from days 0 to 15, and then 36.7°C and
60% humidity until hatch at day 21 at Roseworthy
Campus, The University of Adelaide. After hatch
viable chicks were weighed, ID tagged and placed
into group-rearing pens. Birds from each hen treat-
ment group were placed in pens together with chicks
from the same hen group over three replicates.

Standard husbandry procedures were followed
with chicks placed in a shed at 25°C with heat
lamps in each pen and a light cycle of 23 h light for
the first 24 h. From the second day, the light cycle
was changed to 16 h light and the shed tempera-
ture adjusted accordingly. Chicks were fed ad libi-
tum a standard commercial meat bird starter diet
(Ridley Turkey and Meat Chicken Grower) until
3 wk of age and a commercial meat bird finisher
diet (Ridley Turkey and Meat Chicken Finisher)
until 6 wk old. All birds were given an ocular vac-
cination for infectious bronchitis virus (IBV) at day
7, weighed weekly, and feed intake recorded.

Hen Behavior Analysis

Breeder hens were observed daily over 1-h peri-
ods in the morning during the 2-wk egg collection.
Behaviors were recorded using an ethogram at 30-s
intervals and the number of birds displaying each
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behavior at each time point was recorded. The
total numbers of observations for each behavior
and hen group were then added to give an overall
total. The behaviors used (Table 1) were adapted
from a previous study on breeder hen behavior (de
Jong et al., 2003).

Heterophil: Lymphocyte Counts

After blood collection, a drop of blood was
placed onto a glass slide and smeared across the
slide to create a monolayer of cells. The slide was
then fixed in 70% methanol for 60 s and allowed
to dry and later stained with Wright-Giemsa Stain
using a Hematek Stain Pak (Bayer) Automatic
Stainer. All slides were counted at 40X magni-
fication three times by the same counter, under a
blinded analysis. Cells counted were lymphocytes,
heterophils, monocytes, basophils, and eosinophils
until a total of 100 cells were counted. A ratio of
heterophils to lymphocyte cells was then calculated
for each slide.

Sampling

A blood sample was collected from 18 broiler
progeny of each hen treatment group (n = 54).
Samples were collected when birds were 21, 35,
and 42 d old. Birds were sampled via the brachial
vein using a 23-gauge needle and 2-mL syringe
into 4-mL lithium heparin tubes and stored on ice.
Samples were centrifuged at 2000 g for 5 min and
plasma collected and stored at —20°C.

Meat birds were grown until 42 d old and at
day 42, 69 birds (23 per hen group) were eutha-
nized. Birds were dissected and gross organ weight
recorded for duodenum, jejunum, ileum, liver,
heart, proventriculus, gizzard, spleen, and bursa.
Duodenum, jejunum, ileum, gizzard, and proven-
triculus samples were opened and flushed of digesta

Table 1. Recorded broiler breeder hen behaviors
using an ethogram, at 30-s intervals, for 1 h, daily
over 2 wk of lay

Behavior category Observed behaviors

Walking walking/running

Sitting sitting still

Standing standing still

Peck drinker peck drinker (not drinking)

Foraging pecking/scratching litter

Comfort preening, nibbling, stretching, and wing flapping
Peck object peck object, peck cage (not including drinker)
Aggression peck another bird/fighting -

Other any other observed behavior

prior to weighing and sampling. Tissue samples of
the duodenum, jejunum, ileum, liver, spleen, and
bursa were then collected, snap frozen in liquid
nitrogen, and stored at —80°C.

Lipopolysaccharide Injections

Half of the remaining chicks (n = 72) were
given three injections of a lipopolysaccharide
(LPS) injection on alternate days, at 16, 18, and 20
d of age. Birds in each treatment group received an
immune challenge injection of LPS Escherichia coli
055:B5 (Sigma-Aldrich) at a dose rate of 0.5 mg/kg
bodyweight. Dose was determined after a review of
the literature and the protocol was taken from Tan
et al. (2014). The dose, however, was reduced to 0.5
from 1.0 mg/kg to reduce the risk of making the
birds ill. Prior to injection, birds were weighed to
determine dose rate and the injection site was dis-
infected using 70% ethanol. The birds were given
an intra-peritoneal injection beneath the keel bone,
1 to 2 mm under the skin using a 23-gauge needle
and 1-mL syringe. The remaining chicks (n = 74) in
each hen treatment group did not receive the injec-
tion of LPS.

Yolk Immunoglobulin Y

Both egg yolk and serum samples were tested
for Immunoglobulin Y (IgY) concentration. Egg
yolk samples were collected from 20 eggs from
low medium and heavy bodyweight hens (» = 60)
over 1 wk. Medium hens were excluded from ana-
lysis and only low and heavy hen yolks were tested,
due to the larger difference in the hen feed intake
between these two groups. The eggs were weighed
and the yolk collected and stored at —20°C. To test
IgY concentrations in the yolk and serum sam-
ples, a 96 well IgG (Chicken) ELISA kit was used
(Abnova, Sapphire Bioscience) and standard kit
procedure was followed.

For the egg yolk ELISA, IgY was first
extracted using an adapted method (Hamel ez al.,
2006). Briefly, the yolk was defrosted and twice the
amount of Dulbecco’s PBS (Sigma-Aldrich) was
added to the yolk and shaken vigorously. An equal
amount of chloroform (Sigma-Aldrich) was then
added and mixed thoroughly to produce a thick
emulsion which was centrifuged at 1,000 g for
30 min at room temperature. After centrifuging,
three distinct layers were visible with IgY present
in the watery top layer, which was then removed
and aliquoted into 1-mL tubes and stored at —20°C
until analysis.
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Yolk and Plasma Corticosterone

Corticosterone was extracted from yolks
(n = 40) using previously described methods (Cook
et al., 2009). Briefly, the egg yolk (~0.1 g) was taken
and 0.5 mL of distilled water was added and vor-
texed until mixed. The mixture was extracted with
3-mL hexane:diether (30:70 ratio) and vortexed
and left to settle before snap freezing in an ethanol/
dry ice bath. The supernatant was collected, dried,
and 1 mL of ethanol was added to the samples
which were frozen at —80°C overnight. The samples
were centrifuged the next day and the supernatant
taken and dried once more. The samples were then
thawed, resuspended in 500 pL of phosphate buffer
saline, and analyzed.

Extracted yolk and plasma samples from
progeny birds at 23 (» = 53) and 42 d old (n = 54)
were analyzed for corticosterone concentrations.
Samples were analyzed at the University of Western
Australia, Animal Biology Department using a val-
idated Radio Immuno Assay Corticosterone 1251
RIA KIT (MP Biomedical, Orangeburg, NY).

IBV Antibody Analysis

Plasma samples collected at 35 d of age from
offspring of heavy (n=15) and low (n =17) body-
weight hens were analyzed for IBV antibodies, after
vaccination at day 7. Samples were analyzed by
ACE Laboratory Services (Bendigo, Victoria) using
an IBV (Ab) ELISA (BioCheck).

Statistical Analysis

Statistical analysis was performed using the IBM
SPSS statistical program version 21. Hen behavior,
yolk IgY concentration, plasma IBV titres, yolk and
plasma corticosterone, and H:L cell counts were ana-
lyzed using a general linear model (GLM) with fixed
effects of hen bodyweight, gender, and LPS treatment
and interactions fitted into the model. Bodyweight
was analyzed for each bird using repeated meas-

Organ weights were analyzed using a GLM, with day
42 bodyweight fitted into the model as a co-variate.
A Fisher’s exact test was used to determine the sex
ratio of the progeny from each hen bodyweight group.
A P value of <0.05 was deemed significant, with a
P value of >0.05 and <0.10 considered a trend. All
data presented are the mean + SEM.

RESULTS

Hen Behavior

Forage and pecking behaviors differed between
hen bodyweight groups (P < 0.05) (Table 2). Hens
kept at the lowest bodyweight were observed forag-
ing the least number of times (4.8 + 2.7) compared
with medium (23.6 = 2.8) and high bodyweight
hens (13.4 = 3.1). Low bodyweight hens also
pecked objects in the cage more (184 + 6.6) than
medium (137.7 + 6.8) and high bodyweight hens
(132. 8 £ 7.5) (P < 0.05).

Hen Heterophil: Lymphocyte Counts

The H:L counts of white blood cells at 31 wk of
age approached statistical significance (P =0.06). Low
bodyweight hens had a greater H:L ratio (1.03 £ 0.1)
compared with hens maintained at medium
(0.67 £ 0.1) and high bodyweights (0.59 % 0.1).

Yolk and Progeny IgY

No statistical significance (P > 0.05) was found
inegg yolk IgY concentration (ng/mL) in eggs taken
from heavy (64.6 + 6.6) and low bodyweight hens
(66.5 £ 6.7). There was also no statistical difference
(P > 0.05) in blood serum IgY (ng/mL) taken on
day 23 from progeny of low (12.6 £ 3.0) and high
bodyweight hens (13.9 £ 3.0).

Progeny Sex Ratio

The sex ratio of progeny from low and heavy

ures with the same parameters fitted into the model.

bodyweight hens

significantly different

Table 2. Total number of times hens maintained at a low, medium, and heavy bodyweight were observed
displaying foraging and pecking behaviors, using an ethogram with observations taken every 30 s, over 1 h,

daily for 2 wk

Hen weight Forage SEM P-value Peck SEM P-value
Low 4.8 2.7 0.011 184.0° 6.6 <0.001***
Medium 23.6° 2.8 0.007 137.7* 6.8 0.156
High 13.4¢ 3.1 0.011 132.8° 7.5 <0.001***

Values are means + SEM, » = 36. Means in a column with superscripts differ, P < 0.05
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(P < 0.048). A greater proportion of males were
hatched from heavy bodyweight hens (n = 26), com-
pared with lower bodyweight hen offspring (n = 18).
Female hatch rates were opposite and were greater
in lower bodyweight hens (z = 19) and reduced in
heavy bodyweight hen progeny (r» =11) (Figure 1).

Yolk and Plasma Corticosterone

A trend towards significance (P = 0.086) was
found in yolk corticosterone (ng/g) between off-
spring of low (90.8  17.7), medium (74.8 *+ 21.3),
and high (87.3 £ 18.1) hens. The yolk cortico-
sterone concentrations (ng/g) between low and
medium bodyweight hens was significantly differ-
~ent (P =0.045).

At 23 d of age, there was no significant differ-
ence (P > 0.05) in plasma corticosterone (ng/mL)
in offspring from low (89.4 * 10.3), medium
(95.8 + 11.2), and high (120.4 * 17) bodyweight
hens. There was a trend towards a significant differ-
ence in plasma corticosterone (ng/mL) (P = 0.065)
in the interaction between males and females from
high and low bodyweight hens. Females from high
bodyweight hens had increased corticosterone
(139.8 + 31) compared with females from low body-
weight hens (71.4 £ 13.9). In males, the opposite was
seen with decreased corticosterone in males from
high bodyweight hens (101 + 9.8) compared with
males from low bodyweight hens (107.5 £ 13.9).

At 42 d of age, there was also no significant
difference (P > 0.05) in plasma corticosterone lev-
els (ng/mL) between offspring of low (70.7 £ 7.1),
medium (57.3 * 9.3), and high (55.8 * 8.3)

sk
80 -

Count

Heavy Low
Hen Treatment

Figure 1. Sex ratio of broiler progeny at hatch from low and heavy
bodyweight breeder hens. Significance was evaluated using a chi-
square, Fischer’s exact test with significance at P < 0.05.

bodyweight hens. There was a trend towards signif-
icance (P = 0.094) in the interaction of hen bod-
yweight*sex, in plasma corticosterone (ng/mL) in
the offspring at 42 d old between males and females
from high and low bodyweight hens. The oppo-
site was found to day 23, with corticosterone levels
were elevated in females from low bodyweight hens
(82.5 + 11.8) compared with females from high bod-
yweight hens (50.3 + 13.6). In males, plasma cor-
ticosterone levels were reduced in those from low
bodyweight hens (58.8 + 7.8) compared with male
from high (61.3 £ 9.6) bodyweight hens (Figure 2).

Progeny Growth

A significant three-way interaction (P < 0.001)
was found in bodyweight of the progeny, of hen
bodyweight, sex, and age. This interaction showed
an effect of decreased bodyweight (g) in male prog-
eny from low bodyweight hens (2678.9 * 52.9)
compared with males from heavy bodyweight hens
(2906.3 + 46.1) at 42 d of age (Figure 3).

Immunity Challenge and Response to LPS

A significant difference (P = 0.05) was found
at day 35 in plasma antibodies to IBV between
progeny from heavy (n = 15) and low bodyweight
hens (n = 17). Antibody titers to the vaccination
at day 7 were elevated in progeny from heavy hens
(492.7 £ 76.1) compared with progeny from low
bodyweight hens (287.3 % 70.1), as seen in Figure 4.

Heterophil:lymphocyte (H: L) ratios at 23
d of age showed significant differences between
males and females from heavy hens (P < 0.05).
Females from heavy hens had a significantly
greater H: L ratio (0.79 £ 0.15) than males from
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Figure 2. Plasma corticosterone (ng/mL) at 42 d of age in males
and females from low (# = 13) and high (n = 11) bodyweight hens.
Values are mean * SEM. Significance was evaluated using a two-way
ANOVA.
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Figure 3. Bodyweight (g) of male progeny from low, medium, and
heavy hens from hatch (day 0) until 42 d of age. Weight is mean *
SEM. Significance was evaluated using a repeated measures model
with significance at P < 0.05.
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Figure 4. Plasma IBV antibody titers at 35 d old in progeny of low
(n = 17) and heavy hens (n = 15). Values are means + SEM. Significance
was evaluated using a one-way ANOVA with significance at P < 0.05.

heavy hens (0.32 £ 0.07) as well as females from
both low (0.38 + 0.11) and medium bodyweight
hens (0.28 + 0.11). There was no difference seen
between males from heavy (0.32 * 0.07), medium
(0.32 £0.08), and low bodyweight hens (0.42 £ 0.08)
(Figure 5).

There was a significant difference (P < 0.05)
in bodyweight (g) on day 21 between all prog-
eny injected with LPS (798 * 8.7) and controls
(835.7 £ 8.7). After injection with LPS, a significant
difference in bodyweight was observed between
males and females on day 21 (P < 0.05). Female
bodyweights (g) were lower after LPS injection
(786.45 £ 11.7) compared with males that received
LPS (842.8 £9.2).

There was also a significant interaction of sex-
*hen bodyweight on day 21 bodyweight (P < 0.05).
Females hatched from heavy hens were affected
by the LPS challenge, with those given the LPS
injection weighing less (755.3 + 27.2) than control
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Figure 5. Heterophil:lymphocyte ratio of males and females from
low, medium, and heavy bodyweight hens. Values are means = SEM
(n = 36). Significance was evaluated using a one-way ANOVA with sig-
nificance at P < 0.05. Labeled means without a common letter differ,
P <0.05.

females (860 + 27.2). Males from heavy hens were
not affected in the same way, with males injected
with LPS weighing the same (848.5 + 18.5) as male
controls (873.3 + 19.3).

At dissection at 42 d old, there was a significant
difference in spleen weight (P < 0.05) with body-
weight at day 42 fitted as a co-variate. Progeny from
heavy bodyweight hens had significantly heavier
gross spleen weight at day 42 (3.0 £ 0.2) compared
with progeny of medium (2.4 £ 0.2) and low body-
weight hens (2.3 £ 0.2).

DISCUSSION

Hen Feed Restriction and Stress

Hens maintained at a low bodyweight from
24 wk old displayed decreased foraging behavior
and increased object pecking. Increased pecking
and reductions in comfort behaviors (such as for-
aging) can indicate chronic hunger in breeder hens,
with correlations between these behaviors and other
measurements of hunger such as feed intake moti-
vation tests and glucose/NEFA ratio (de Jong et al.,
2003). These behaviors, indicative of chronic hun-
ger, were accompanied by changes in the ratio of
heterophil to lymphocytes in the blood, an accepted
indicator of stress in poultry (Miiller ez al., 2011).
We cannot directly attribute stress in the hens to
low feed intake per se as there may be some other
component of low bodyweight that is the trigger to
stress, but whatever it is, it must ultimately relate to
low intake.

Yolk corticosterone levels can reflect plasma
corticosterone levels in hens (Henriksen ez al., 2011).
Surprisingly, hens maintained at a medium level of
feed restriction had the lowest yolk corticosterone
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concentration. These same hens also showed
increased foraging behavior, and this together with
the yolk corticosterone suggests that medium bod-
yweight hens were the least stressed, followed by
heavy hens. This is likely due to an increased level
of feed given to these birds, compared with the low-
est bodyweight hens.

IgY Maternal Transfer

No difference was found in yolk IGY anti-
bodies between hen treatments. There was also no
significant difference between progeny of hens in
plasma IgY, and therefore, it can be assumed that
differences in progeny were not due to the transfer
of IgY antibodies from the hen to the chick.

Progeny Sex Ratio

Sex ratio of chicks hatched was affected by hen
bodyweight, with an increase in males hatched from
heavy bodyweight hens. One possible reason behind
this is the ability of avian species to modify hatch-
ling sex ratio via changes in production of gonadal
steroids, resulting in changes in egg hormone con-
centrations (Henriksen et al., 2011). Testosterone is
thought to be one such hormone behind this abil-
ity to manipulate sex ratios, with increases in yolk
testosterone linked to increases in male born off-
spring (Veiga et al., 2004; Rubolini et al., 2005b).
As testosterone and corticosterone levels can be
influenced by one another; corticosterone levels
can be opposite to testosterone in chicken egg yolk
(Henriksen et al, 2011). The decreased cortico-
sterone within the yolks from heavy hens may there-
fore suggest that testosterone levels were elevated
within these eggs, resulting in increased male hatch-
lings; although testosterone was not measured in
this study, it should be considered in future work.

Progeny Growth

Hen bodyweight did significantly affect the
growth of their offspring, but only in males during
the final week of growth, with males from low bod-
yweight hens significantly lighter than males from
heavy mothers. Yolk corticosterone was increased
in low bodyweight hens, and elevated corticosterone
in hens has been previously linked to decreased
growth in their offspring (Janczak ef al., 2006; Shini
et al., 2009; Ahmed et al., 2014), and could explain
the reduced growth in males from low bodyweight
hens. Previous avian research has also found
reduced growth only in males after corticosterone

exposure (Hayward e al., 2006) as well as behavior
changes in males (Goerlich et al., 2012). It is possi-
ble that males may be more sensitive to changes in
corticosterone levels during development and other
maternal changes (Rubolini ef al., 2005a), and per-
haps, this is why only male growth was affected.

Progeny Immunity and Response to LPS Challenge

Hen bodyweight had a significant effect on the
antibody titer at 35 d of age of their progeny to the
IBV vaccine at day 7. Antibody levels were found
to be elevated in progeny from high bodyweight
hens, compared with those from low bodyweight
hens. This is a significant result as it demonstrates
the impact of the hen bodyweight on the ability
of the progeny to mount an immune response to a
vaccination. The increased antibody titers in prog-
eny of high bodyweight hens suggest an enhanced
immune response of these birds in response to
the vaccination, compared with progeny of low
bodyweight hens.

Spleen weight relative to bodyweight was
also increased in progeny from heavy hens and
although spleen weight as a measure of immunity
is debatable may have affected the antibody titers
to IBV. A reduced spleen weight can be an effect
of increased stress and corticosterone (Post, 2003)
and although not significant, corticosterone within
the yolk was slightly elevated in the low bodyweight
hens. There is therefore the potential that there was
an elevated corticosterone or other glucocorticoid
elevated exposure within the low bodyweight eggs.
These hens did also have elevated H:L counts and
behaviors indicative of stress, which could have
affected the immunity of their offspring, including
spleen size and weight. This reduced spleen weight
may then have gone on to reduce their immune abil-
ity as the spleen in avians is a storage organ of lym-
phocytes (Smith and Hunt, 2004) and their ability
to produce the same amount of antibodies as birds
from high bodyweight hens.

The impact of maternal stress and elevated
glucocorticoids has been demonstrated in mul-
tiple species. In rodents, stressed mothers have
given birth to offspring with decreased leuko-
cyte counts, reduced B cell proliferation (Kay,
1998; Llorente et al., 2002), and reduced anti-
bodies (Gorczynski, 1992; Sobrian et al., 1997),
as seen in this study. Similar findings have also
been shown in primates (Coe et al., 1999), with
decreased T cell response to antigens in offspring
of stressed mothers and decreased white blood
cells in piglets from stressed sows (Couret et al,
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2009). Therefore, the impact of maternal stress on
the immunity of the offspring has been demon-
strated across other species and is likely to occur
in meat birds, as shown in this study and although
the link between larger spleens and increased
immunity has not been definitively shown in avi-
ans (Smith and Hunt, 2004). Spleen size could
have been affected by maternal stress and possi-
bly affected the antibody production in response
to the vaccine. Overall, progeny from less feed-re-
stricted heavy bodyweight hens was exhibiting an
expected response and may be more sensitive to
an immune threat than birds from lower body-
weight hens, under increased feed restriction.

Overall LPS-injected birds had a reduction in
bodyweight at day 21, which might be expected as
the birds partitioned nutrients to mount an immune
response (Klasing, 2007). Voluntary feed intake did
not appear to alter between treatments; however, the
challenge was at a low dose and showed no effect on
bird behavior or feeding. If the challenge dose was
elevated, it is likely that feed intake would decrease.
Differences in response between birds from low
and heavy bodyweight hens were also found, with
increased plasma corticosterone in LPS-challenged
birds from heavy hens. An increased plasma cor-
ticosterone concentration might also be expected
as pro-inflammatory cytokines are elevated, along
with corticosterone (Lu ef al., 2008).

Differences in immune response were also
found within gender between progeny from dif-
ferent bodyweight hens. Females from heavy hens
challenged with LPS were significantly different
from other LPS females, with reduced growth at
day 21 after the challenge, increased H:L ratio, and
increased plasma corticosterone. Males from heavy
hens given LPS showed a similar increase in cor-
ticosterone later at day 42, suggesting they may be
slower to respond than the females.

Reduced bodyweight and increased cortico-
sterone are part of the immune response to the
LPS. The elevation in H:L ratio also suggests the
mounting of an immune response, as heterophils
are part of the avian immune response (Shini ef al.,
2010) and are also elevated with increased cortico-
sterone (Shini et al., 2008). These changes were not
seen in females from low and medium bodyweight
hens, which indicates that these birds were not
mounting the same immune response. Therefore,
the heavy hen females seem more able to respond
to immune problems and although the LPS was
low and did not cause any visible illness, these birds
may be more likely to be able to defend against an
immune challenge.

Reduced bodyweight through feed restriction
in broiler breeder hens appears to induce a stress
response with changes in behavior and H:L counts,
affecting the progeny, possibly related to elevated
corticosteroid levels in the yolk of the developing
embryo. Progeny from these hens was affected in
several ways in a sex-specific way. Males from less
feed-restricted hens grew at a greater rate later in
life and females from these hens mounted a stronger
immune response to an LPS challenge compared
with progeny from hens with heavier feed restric-
tion. The results of this study have serious implica-
tions for the chicken meat industry both in terms of
the welfare of feed-restricted hens but also for the
health and productivity of the progeny meat bird.
Maintaining breeder hens at a heavier bodyweight
may therefore mean that hens are less stressed and
could result in improved growth in male broilers
and immunity in females as well as overall immune
response to vaccination.
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Chapter 3:

Injection of Corticosterone In Ovo Leads to Reduced
Growth and Sex-Dependent Effects on Organ Weights of

Meat Birds
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Chapter Introduction

This experiment followed on Chapter 2 where hen bodyweight and stress were
shown to impact on their progeny. The aim of this experiment was to select a
possible driver for the effects seen in Chapter 2 and measure the impact on meat
birds. The stress hormone corticosterone was selected due to the stress seen in
hens restricted to a lower bodyweight and evidence of the effects of maternal stress
on offspring through changes in stress hormones found in the literature.
Corticosterone was injected directly into meat bird eggs to mimic maternal stress,
removing the factor of the hen. Progeny were then grown again to 42 days old as in

the first experiment, and similar measurements collected.

As significant differences were found between males and females in Chapter 2, this
was also further investigated in this experiment. Birds were sexed and the differing

responses of males and females to the injection of corticosterone also investigated.
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Abstract

Exposure to increased levels of the stress hormone corticosterone can significantly
impact poultry, including meat birds, with potential lifelong changes in growth and
development after corticosterone exposure in ovo. In this study, eggs were injected
at embryonic day eleven with either 1ug/mL corticosterone in phosphate buffered
solution (PBS) or PBS alone, via the chorioallontoic membrane. Birds then
continued through incubation and at hatch were allocated to pens on the basis of
injection treatment and sex. They were then fed a commercial diet ad libitum and
weighed weekly until 42 days old. Organ weights and tissue samples were collected
at 4, 21 and 42 days of age. At 21 days old average daily gain was reduced in
corticosterone males compared to control males. At 42 days old corticosterone-
injected birds had a lower bodyweight and average daily gain (ADG) compared to
controls. At day 42 liver weight was reduced in corticosterone birds. A sex effect
was also found in organ weights at 42 days of age. Jejunum weights were reduced
in corticosterone treated females compared to control females. Spleen weight was
increased in corticosterone males compared to control males. Increased
corticosterone exposure during embryonic development can therefore reduce
growth later in life and variably affect organ weights in meat birds, depending on

sex and age.

Introduction

Corticosterone, a glucocorticoid hormone, is released during times of stress via the
hypothalamic-pituitary-adrenal (HPA) axis (Kandel et al. 2013). Release of
corticosterone from the adrenals serves an important purpose, as this hormone can
elevate circulating glucose levels (Lynn et al. 2003, Lin et al. 2007), providing energy
for stressful situations and restoring homeostasis. Elevation of corticosterone within
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fertile avian eggs at point of lay, can however, have significant impacts on lifelong
growth (Hayward and Wingfield, 2004), behaviour (Ahmed et al. 2014a) and

immunity (Henriksen et al. 2013).

Breeder hens are exposed to chronic stress due to lifelong feed restriction, as
shown by increased ‘negative’ behaviours such as object pecking (Bowling et al.
2018), and increased circulating plasma corticosterone levels (de Jong et al. 2002).
As circulating plasma corticosterone levels are increased within the hen,
corticosterone levels deposited into her eggs also increase (Hayward and Wingfield,
2004). The developing embryo within the egg is then exposed to this increased level
of corticosterone which potentially reprograms the hypothalamus and HPA axis

during development.

In meat chickens exposed to increased corticosterone levels in ovo, reprogramming
of the HPA axis has already been demonstrated, with decreases in the
glucocorticoid receptor (GR) protein within the hypothalamus (Ahmed et al. 2014b).
A flow-on affect to another area of the HPA axis pathway was also shown, with a
downregulation in corticotropic-releasing hormone (CRH) gene expression in meat

birds exposed to increased corticosterone in ovo (Ahmed et al. 2014b).

While, it has been shown that corticosterone exposure can lead to changes to the
HPA axis in meat birds, the possibility of differences between males and females
exposed to increased corticosterone in ovo has not been extensively studied.
Previous studies indicate that male and female meat birds responded differently to
stress, with increased serum corticosterone and central benzodiazepine receptors
(part of the GABAA complex) in males compared to females after a stressful stimulus

(Marin et al. 2002). Sex differences have also been shown in quails exposed to
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elevated corticosterone in ovo, with reduced growth in males, while female growth

remained unaffected (Hayward et al. 2006).

Males and females show variations in the sensitivity of the HPA axis to
developmental programming. Female rats from mothers with elevated
corticosterone, have been shown to also have increased corticosterone while males
did not (Tilbrook and Clarke, 2006). This suggests these females have a reduced
HPA axis feedback mechanism, elevating corticosterone. Therefore, the effects of
maternal corticosterone levels on offspring differ between male and female rats and

the same may be true in poultry, including meat birds.

Reprogramming of the HPA axis and subsequent effects on growth and
development of meat birds has potentially important implications for the poultry
industry. Variations in growth can impact on production and processing of birds, so
any growth differences between sexes imparted by stress hormone exposure, could
have significant economic effects. In this study, the impact of elevated
corticosterone in ovo on growth and organ development in male and female
chickens was quantified. The hypothesis was that embryonic exposure to elevated
levels of corticosteroid in ovo differentially affects the growth and organ

development of male and female meat birds.

Methods

In Ovo Injections
All animal use was approved by The University of Adelaide (S-2015-170) and The
Department of Primary Industries and Regions, South Australia (PIRSA) (#23/15)

ethics committees. A total of 144 Ross 308 fertilised eggs were collected (Baiada
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Poultry Pty. Ltd) and incubated for 21 days at The University of Adelaide,

Roseworthy Campus.

Eggs were incubated at 38°c and 55% humidity from day O to 15, then 36.7°C and
60% until hatch at day 21. At embryonic day eleven 86 eggs were injected with a
previously validated dose of 1ug corticosterone (Sigma-Aldrich) in 100uL phosphate
buffered solution (Ahmed et al. 2014b) and remaining 58 eggs were injected with
the phosphate buffered solution (PBS) only as controls. The dose was determined
from previous studies (Ahmed et al. 2014b), with a higher dose than normal

biological levels chosen to elicit a stronger response as a proof of concept.

More eggs were injected with the corticosterone injection because it was unknown
if there would be a higher embryo loss in this group. Solutions were injected into the
chorioallontoic membrane (CAM) although injecting into the yolk to mimic maternal
stress has been a previously validated method. However, distribution of injected
corticosterone into the yolk may remain close to the embryo and not be evenly
distributed within the yolk up to embryonic day 6, therfore not mimicking the natural
corticosterone deposition into the egg during formation (Engelhardt et al. 2009).
This site was therefore chosen after reviewing previous research, where it was
found to be a safe site with low mortalities and allowed rapid absorption of the

injected substance into the developing embryo (Rodricks et al. 2006).

The timepoint of embryonic day 11 was chosen as the injection timepoint after both
reviewing previous literature and experience of other injection studies conducted by
researchers. A pre-incubation or early embryonic development injection timepoint
would be most suitable as an indication of the impacts of maternal stress. However,

due to concerns of high embryo losses, a later timepoint was chosen. Embryonic
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day 11 was used based on previous cortiocosterone injection studies in poultry

(Ahmed et al. 2014b; Rodricks et al. 2006; Lay and Wilson 2002).

To locate the injection site, eggs were candled to ensure the air cell was at the top,
and the air cell location marked with a pencil. The injection site (through the air cell)
was swabbed with 70% ethanol and a sterile 23G needle and hub used to puncture
the egg, to a depth of 2 mm. The tip of an insulin syringe was inserted into the hole
and the solution injected into the CAM (Figure.1). Once the needle was removed,
the hole was sealed with (Selly’s Glass silicone sealant aquarium safe) and the egg

returned to the incubator as soon as possible.

Injection

Aircell

Chorioallantoic

Amniotic cavity membrane

Embryo

Yolk

Allantoic
membrane

Figure 1: In ovo injection into the chorioallontoic membrane (CAM) at embryonic day 11 through the

air cell of the egg.

Animal Husbandry

At hatch chicks were weighed weekly, feather-sexed and given individual
identification tags. Chicks were then allocated to group rearing pens based on the

in ovo injection they received and by their sex. A total of 85 birds were placed from
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the corticosterone injected treatment (41 males, 44 females) and 37 for the PBS
treatment (16 males, 21 females). This difference was due to a higher number of
eggs injected with corticosterone, due to the possibility of losing embryos due to this

treatment.

Chicks were housed in standard husbandry conditions, in a poultry shed at 25°C
with heat lamps in each pen and a light cycle of 23 hours light for the first 24 hours.
After the second day the light cycle was altered to 16 hours light and the shed
temperature monitored throughout the trial. Birds had ad libitum access to feed and
water and were fed a commercial meat bird starter diet from hatch to day 21 (Ridley
Turkey and Meat Chicken Starter) and a finisher diet from day 21 to 42 (Ridley
Turkey and Meat Chicken Finisher). At seven days post-hatch all birds were given

an intra-ocular vaccination against Infectious Bronchitis Virus (IBV).

All birds were weighed weekly from hatch until 42 days of age (6 weeks). The feed
intake of birds for each group rearing pen was recorded and a weekly feed
conversion ratio (FCR) calculated. The average daily gain of the birds was recorded
using the weekly body weight recording with week 1 from hatch (day 0) to day 7,
week 2 from day 7 to 14, week 3 from day 14 to 21, week 4 from day 21 to 28, week

5 from day 28 to 35 and week 6 from day 35 to 42.

Sample Collection

Blood samples were collected from corticosterone treated males (n=9) and females
(n=5) from and PBS males (n=6) and females (n=6) at day 4. Blood was also
collected at day 21 from corticosterone treated males (n=6) and females (n=12) and
PBS treated males (n=6) and females (n=6). A final blood collection was taken at

35 days of age from corticosterone males (n=11) and females (n=12) as well as
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PBS males (n=3) and PBS females (n=6) (see Table 1). Blood samples were
collected via the jugular vein at all time points for analysis of heterophil/lymphocyte
(H:L) ratio counts. Blood was collected from birds using a 23-gauge needle and 2mL

syringe into 4mL lithium heparin tubes and stored on ice.

As seen in Table 1, at day 4, organ weights were collected from a section of the
previously blood sampled birds including, males (n=9) and females (n=5) from
corticosterone birds and PBS males (n=6) and females (n=6). At 21 days of age,
another sub-set of birds were euthanised and organ weights recorded for
corticosterone injected males (n=13) and females (n=11) as well as PBS males
(n=6) and PBS females (n=6). Finally, at day 42, birds were euthanised and organ
weights collected from corticosterone males (n=38), females (n=30) and PBS males
(n=9) and females (n=6) (Table 1). Numbers vary between treatments and sex as
sex was confirmed after euthanasia during dissection and where it was incorrect
another bird was sampled. Also, as there were more corticosterone birds to begin
with, more were sampled when available. Organ weights of duodenum, jejunum,
ileum, proventriculus, gizzard, liver, heart, spleen and bursa were recorded.

Samples of jejunum, ileum, liver, spleen and bursa were collected, frozen in liquid

nitrogen and stored at -80°C.
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Table 1: Number of birds sampled from each in ovo injection treatment and sex. Values are number

of birds used for blood sampling and organ weight collection.

Day 4 Day 21 Day 35 Day 42

Blood Organ Blood Organ Blood Organ

Corticosterone Males 9 9 6 13 11 38
Corticosterone Females 5 5 12 11 12 30
Phosphate buffered saline 6 6 6 6 3 9
Males

Phosphate buffered saline 6 6 6 6 6 6
Females

Heterophil: Lymphocyte Counts

After blood collection a drop of blood was placed onto a slide and smeared to create
a monolayer of cells. The slide was then fixed in 70% methanol for 30 seconds and
allowed to dry. Slides were later stained with Wright-Giemsa Stain using a Hematek
Stain Pak (Bayer) Automatic Stainer and counted at 100X magnification. Cells were
counted one microscope field at a time until a total of 100 cells were counted, and

from this a ratio of lymphocyte to heterophil cells was calculated.

Statistical Analysis

Analysis was performed using the IBM SPSS program version 21 with a P-value <
0.05 considered significant. A general linear model (GLM) with a LSD test was used
to determine differences in weekly bodyweight, feed eaten, feed conversion ratio
(FCR), average daily gain (ADG) and cell counts. Organ weights were also analysed
using a GLM. The bodyweight was fitted into the model as a co-variate for organ

weights on the corresponding day.
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Results

Bird Growth
At 21 days of age, there was a significant interaction of in ovo injection*sex (P <
0.05). In males, corticosterone in ovo significantly reduced ADG (69.1 + 1.2)

compared to PBS males (77.4 + 2.5), as seen in Table 2.

At day 42 there was a significant effect of the in ovo injection on bird weight (P
=0.032) and average daily gain (P <0.001). Atday 42, corticosterone-injected birds
had a significantly lower ADG (95.9 * 2.5) and bodyweight (3112 + 32.4) compared
to PBS-treated birds ADG (122.7 £ 5.1) and bodyweight (3376.2 + 73.3). Feed eaten
and feed conversion ratio (FCR) were non-significant (P > 0.05) throughout the

study from day 7 to 42 (data not shown).
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Table 2: Average daily gain (ADG) (g/day) from day 7 until day 42 of male and female meat birds injected with corticosterone or phosphate buffered saline in

ovo.
Phosphate Corticosterone Phosphate Buffered Corticosterone Phosphate Buffered
Day | Corticosterone Buffered Saline P value Males Saline Males Females Saline Females P value
D7 |17.2+.3 175+ .5 n.s 178+ .4 17.6+.7 165+ .4 165+ .6 n.s
D14 | 493+ .5 49.4+ .8 n.s 51.1+.6 522+1.3 476+ .7 46.6 £ 1.0 n.s
D21 | 66.7%.9 70.1+1.6 n.s 69.1+1.2 77.4+25 64.2+1.2 62.7 £ 2.0 P =0.009
D28 | 97+ 1.6 98.3+3.2 n.s 97 +£1.6 107 +5.0 89.4+22 89.7+4.1 n.s
D35 | 107.1+1.6 109.8 £3.3 n.s 118.7+£2.3 122.6£5.1 95.6 +2.2 97 +4.1 n.s
D42 | 95.9+2.5 122 +5.1 P<0.001 | 106.8+3.6 126.8+7.9 85+3.3 118.4+6.5 n.s
Table 3: Bodyweight from hatch (day 0) until day 42 of male and female meat birds injected with corticosterone or phosphate buffered saline in ovo
Phosphate Corticosterone Phosphate Buffered Corticosterone Phosphate Buffered
Day | Corticosterone Buffered Saline P value Males Saline Males Females Saline Females P value
DO 472+ .3 47+ 5 n.s 47.1+£05 46.4 £ 0.8 472+ 04 47.7+£0.6 n.s
D7 168.4 +1.7 167.8+3 n.s 169.9+2.4 169.7+£ 4.6 166.9+2.5 165.8 + 3.9 n.s
D14 512.1+3.7 511.5+7 n.s 521.9+5.3 537.5+11.5 502.2+5.2 4955+ 7.8 n.s
D21 977 £ 8.6 1000 * 16.8 n.s 1003.6 +12.5 1062 + 27.8 950.4 +11.9 938.1+18.9 n.s
D28 | 1672.8+18.6 1731+ 40.6 n.s 1752.7 + 27 1860 + 67.9 1593 + 25.7 1601.9 +44.5 n.s
D35 | 2425.3+29.5 2516.8 £ 67.5 n.s 2619 +42.7 2734 + 113 2231.6 £40.8 2299.6 £ 74 n.s
D42 3112 +32.4 3376.2£73.3 P=0.032 | 3375.2+46.4 3611 +122.7 2850.1 + 45.3 3141.4£80.3 n.s

Values are means = SEM, with P < 0.05 considered significant.
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Organ Weights

At day 4, there were no significant differences (P > 0.05) in organ weights between
injection treatments. At day 21, heart weight was significantly reduced (P = 0.042), in
corticosterone males (5.6 £ .2), and increased in females (5.9 + 1.9), compared to PBS
males (6.4 = .3) and females (5.6 + .3). There were no significant differences in
jejunum, ileum, liver, spleen or bursa weights at day 21, between treatment groups or

in the interaction of treatment*sex.

At day 42, the interaction of in ovo injection*sex had a significant effect on jejunum
weight (P = 0.041), with corticosterone decreasing jejunum weights in females (28.8 =
1.0) compared to PBS females (33.8 £ 1.6). Spleen weight was also significant for in
ovo injection*sex (P < 0.001), with significantly increased spleen weight in

corticosterone males (3.3 £ .2) than in PBS males (1.7 £ .4), shown in Table 3.

At day 42 liver weight was reduced significantly in corticosterone-injected birds (P =
0.013). Liver weight in corticosterone birds was reduced (63.6 + 1.5) compared to PBS
birds (72.7 £ 3.2). There were no significant effects (P > 0.05) of injection or the
interaction of injection*sex on ileum, gizzard, proventriculus, heart and bursa at 42

days old.
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Table 4: Weights (g) of jejunum, spleen and liver relative to body weight of 42-day old males and females injected with corticosterone or phosphate buffered saline in ovo

Phosphate

Corticosterone

Phosphate Buffered

Corticosterone

Phosphate Buffered

Organ Corticosterone Buffered Saline P value Males Saline Males Females Saline Females P value
Jejunum | 29.1 + .6 (0.93%) 32.2 + 1.3 (0.95%) P=0.039 |30.1+1.1(0.91%) 29.3+ 2.1 (0.81%) 28.8+ 1.0 (1.01%) 33.8 + 1.6 (1.08%) P =0.041
Spleen | 3.1+ .1 (0.10%) 2.5+ .2 (0.07%) P=0.014 |3.3+0.2(0.10%) 1.7 + 0.4 (0.18%) 2.8+0.1 (0.10%) 3.2 £ 0.3 (0.10%) P < 0.001
Liver 63.6 + 1.5 (2.04%)  72.7+3.2(2.15%) P =0.013 | 62+ 2.6 (1.80%) 60.2 + 5 (1.70%) 67 + 2.1 (2.40%) 73.7 + 3.5 (2.30%) n.s

Values are mean + SEM, with P < 0.05 considered significant\

Heterophil: Lymphocyte Ratio

There was no significant difference (P > 0.05) in heterophil: lymphocyte ratio between injection treatments at day 4. On day 21 there was a

significant interaction between in ovo injection and sex (P = 0.044) on heterophil: lymphocyte (H:L) ratio. Females showed a decrease in H:L

ratio (0.52 £ 0.04) when injected with corticosterone in ovo, compared to PBS females (0.67 = 0.07), shown in Fig. 2. There were no significant

differences with either male or female birds at day 35.
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Figure 2: Heterophil: lymphocyte ratio at 21 days old of male and female birds injected with
corticosterone (n=17) and phosphate buffered solution (n=10). Significance was evaluated using a 1-

way ANOVA with significance at P < 0.05. Values are means = SEM.
Discussion

The original hypothesis that growth will be affected by in ovo corticosterone injection
was supported in the study. Bodyweight gain was depressed at day 42 post-hatch in
birds injected with corticosterone, in accord with the findings of Ahmed et al. (2014a).
The reduction in growth and average daily gain could be due to metabolic changes in
the bird as it matures. In both this study and that of Ahmed et al. (2014b), the effect of
corticosterone on growth appears to begin later in life, perhaps reflecting physiological
or metabolic adjustments at this time. At 28 days post-hatch, meat bird growth
dynamics, specifically fat deposition, undergoes a switch from adipocyte hyperplasia
(increases in cell numbers) to adipocyte hypertrophy (increases in cell size) (Cherry et
al. 1984). The rapid weight gain of meat birds and this change in metabolism from day
28, is reminiscent of obesity seen in humans in middle age (Palmer and Kirkland,
2016). This increase in fat deposition can then go on to also cause oxidative,

inflammatory and metabolic stress (Rudich et al. 2007) along with increases in stress
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kinases, intracellular toxins, proinflammatory adipokines and hypoxia (Kléting and

Bliiher, 2014).

Increases in oxidative, inflammatory and metabolic stress due to increasing fat
deposition from day 28, may potentially led to increased stress on the birds as they
continued to rapidly gain weight. Corticosterone males had a reduction in average daily
gain at 21 days old compared to control males and are therefore potentially affected
by this change in metabolism earlier than females, leading to a reduction in weight.
This could be due to males growing faster than female meat birds. However, as fat
deposition was not measured in this study, it is unknown if these birds did have
increased fat deposition leading to stress. This would need to be investigated in future

studies.

A reduced liver weight relative to bodyweight may also be indicating changes in
metabolism of corticosterone-injected birds as the liver is the source of insulin-like
growth factor-1 (IGF-I) (Sjogren et al. 1999). It has been suggested that changes in
maternal diet and increases in glucocorticoids, such as corticosterone, can reduce
hepatocyte development and liver growth, impacting on IGF-1 levels (El Khattabi et al.
2003; Scanes 2011). As IGF-1 is important in the regulation of growth, reduced levels
can lead to reductions in growth (Sjogren et al. 1999), and these changes in the liver
may have altered growth potential in corticosterone birds, leading to an overall reduced

bodyweight in the final week.

The original hypothesis relating to male and females, was that male and female growth
and organ weights would be affected differently by exposure to increased
corticosterone in ovo. This hypothesis was also proven, in relation to organ weights. In
female birds, corticosterone in ovo, decreased jejunum weight, at day 42, while in
males it was heavier, although not significantly. This could be a result of the earlier
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metabolic changes seen in male corticosterone birds at day 21, where they had a
reduced average daily gain. The jejunum of these birds may have compensated to
increase absorption, resulting in a heavier jejunum relative to body weight at day 42.

Heart weight relative to bodyweight was also differentially affected between males and
females at 21 days old. Females exposed to corticosterone had an increased heart
weight, while for males the opposite was found. Heart weight has been found to be
reduced in meat birds at day 35, due to corticosterone exposure from 21 days of age
(Lin et al. 2006) and in laboratory rats, differences in cardiovascular physiology, such
as hypertension, have been seen in females exposed to glucocorticoids in utero
(O’Regan et al. 2004). This could be similar in female meat birds, with increased heart
weights after corticosterone possibly indicating an increased work rate of the
cardiovascular system. However, there was no increases in female mortality in
corticosterone-treated birds due to heart failure in this study, which may possibly be
due to the short lifespan of meat birds. This could be an area investigated in future
research, with detailed measures, of the cardiovascular system of meat birds after

exposure to corticosterone, such as histology.

At 42 days old, male and female spleen weight was also affected differently, with the
in ovo corticosterone injection increasing spleen weight in males and decreasing
spleen weight in females. This could act as an advantage in these males, as increased
spleen weight may indicate increased immune cell capacity (Smith and Hunt 2004).
This could also be investigated further with detailed measurements of the spleen such
as lymphoid density of the spleen, to gain a better understanding of the impacts on the

spleen and immunity of elevated corticosterone in ovo.

Overall, the organ weight results showed significant differences between males and
females. In corticosterone treated males an increased jejunum weight may have been

advantageous, allowing a potential for improved nutrient absorption, reduced heart
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weight possibly reducing the risk of heart failure and increased spleen size increasing
immune capacity. However, in corticosterone treated females the opposite may be said
as reduced jejunum weight could reduce growth potential, increased heart weight may
perhaps increase cardiovascular problems and reduced spleen weight could impact

on immunity.

Sex differences were seen in H:L ratio counts at day 21. In females, there was a
reduction in H:L ratio count in females injected with corticosterone, which may indicate
a reduction in stress, as H:L ratio counts can be indicative of stress in poultry (Mtller
et al. 2011). As mentioned previously, adrenocorticoid responses have been shown to
be sex-dependent in meat birds, with increased corticosterone in males after an
induced stress (Marin et al. 2002). While information is still limited in meat birds, there
is mounting evidence that males may be more susceptible to changes in stress
response (Marinmet al. 2002). However, in rats, females showing reduced
corticosterone are believed to have a less sensitive HPA axis and reduced negative
feedback (Tilbrook and Clarke 2006). Therefore, it is still difficult to understand how
the male and female meat bird HPA axis differs and how they will respond to elevated

corticosterone in ovo.

The differences in male and female stress and HPA axis responsiveness are not yet
completely understood, but one possible explanation is an effect of estrogen on
corticosteroid response. Estrogen can increase the enzyme 11B-hydroxysteroid
dehydrogenase (11R-HSD), responsible for converting corticosterone to inactive
cortisone (Kaludjerovic and Ward 2012). Females, with their higher estrogen levels,
have increased levels of 11R3-HSD and an increased ability to break down
corticosterone (Kaludjerovic and Ward 2012), possibility enabling them to have an

increased resistance to increased corticosterone levels.
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The inability of males to break down the increased in ovo corticosterone as effectively
as females, due to lower estrogen levels, may mean male birds are exposed to higher
corticosterone levels for longer, resulting in increased glucocorticoid receptor
sensitivity as well as flow on affects to other areas of the HPA axis pathway, such as
CRH (Ahmed et al. 2014b). To further understand these changes, the effects of
corticosteroids on expression of hypothalamic genes such as GR, CRH and 113-HSD
need to be measured in male and female birds. Such studies will elucidate the
mechanisms generating the sex-dependent effects of steroids on chicken development

and growth.

Conclusion

Administration of corticosterone in ovo can result in reductions in growth and organ
development later in the life of meat birds. Reductions in growth later in the life of meat
birds exposed to increased corticosterone could have significant implications for the
poultry industry. Stress in the breeder hen and subsequent elevated corticosteroid
levels in the eggs will reduce growth and production in meat birds from these hens.
The differences between males and females is also important to the industry due to
sex variations in stress response, and organ development and the resulting differing
effects this could have on the growth, stress and immune response. These
discrepancies may mean management practices in breeder hens need to be modified
to reduce stress, and male and female meat birds managed differently, to optimise

their production and health.
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Chapter 4

Effects of Corticosterone Injection at Embryonic Day

Eleven on Broiler Growth and Tonic Immobility
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Chapter Introduction

This chapter is a conference paper that was presented at and formatted for the
Australian Poultry Science Symposium (APSS) in Sydney Australia, in 2017. The work

in this chapter details part of the previous experiment, not included in Chapter 3.

The focus of this chapter was behavioural stress response measured through the tonic
immobility test. This was researched because of previous work detailing changes to
the hypothalamic-pituitary-adrenal (HPA) axis that impacted on behaviour (Ahmed et
al. 2014a) and behavioural stress response (Wang et al. 2013). It was not known
however; how male and female meat birds would respond and how increased
corticosterone had programmed their HPA axis behavioural stress response.
Therefore, the speed of male and female behavioural stress response was measured

using the tonic immobility test.
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EFFETCS OF CORTICOSTERONE INJECTION AT EMBRYONIC DAY ELEVEN ON
BROILER GROWTH AND TONIC IMMOBILITY

M.BOWLING?, R. FORDER? B. HUGHES? and P.HYND?

Summary

Elevated corticosterone in ovo can have significant lasting impacts in avian species,
including poultry. Stress in broiler breeder hens can lead to elevated corticosterone in
the egg, exposing the developing embryo, leading to lifelong changes. This study
aimed to mimic these effects by injecting broiler eggs with corticosterone or phosphate
buffered solution at embryonic day eleven, into the chorioallontoic membrane.
Differences were seen in growth during the final week, with corticosterone injected
birds lighter. Behavioural changes were also observed in males, using tonic immobility
testing, at day 14 (P < 0.05). These changes show that exposure to elevated
corticosterone at embryonic day eleven has long-term impacts on chick growth and
behaviour. Further research into this area and larger trials using this injection time point
would are needed to be conducted to further look at these changes.

Introduction

Hens exposed to an environment of increased stress can have significantly elevated
circulating corticosterone levels (de Jong et al. 2002), increasing deposits of
corticosterone within the egg (Saino et al. 2005). Embryos within the egg are exposed
to this increase in corticosterone during development, and changes to the
hypothalamic-pituitary-adrenal (HPA) axis can occur (Ahmed et al. 2014b). These
changes can then go onto to impact the lifelong health of the embryo with reductions
in growth (Hayward and Wingfield, 2004) immune response (Henriksen et al. 2013)
and changes in behaviour (Ahmed et al. 2014a). In humans and other species these
changes occur through a process known as developmental programming and have
been proven to have significant impacts later in life (Barker et al. 2006). This area is
still being researched and understood, and this study aimed to further understand the
lifelong impacts of in ovo exposure of elevated corticosterone in chicken embryos on
lifelong growth and behaviour.

Methods

In Ovo Injections

A total of 144 eggs were collected from Baiada hatchery and incubated at the
Roseworthy Campus, University of Adelaide. At embryonic day eleven 96 eggs were
injected with corticosterone (1ug in 100ul phosphate buffer solution) and the remaining
eggs injected with the phosphate buffered solution (PBS) only. This dose rate was
chosen as it was used in previous studies (Ahmed et al. 2014a; Ahmed et al. 2014b)
as a high dose and has therefore been demonstrated to have measurable effects
throughout the lifetime of the embryo. Also, corticosterone concentrations can vary
substantially between eggs and hens (Janczak et al. 2006) and as we had no control
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over the hens, we wanted to ensure the dose was high enough that the corticosterone
group was significantly elevated compared to the control group. Solutions were
injected into the chorioallontoic (CAM) membrane using a 1mL insulin syringe and
needle after a hole was made using a 23G needle. After the injection, the hole was
sealed, and the egg continued through incubation as normal.

Blood Sampling

At 35 days of age, 32 birds were blood sampled via the jugular vein. Samples were
centrifuged at 3500rpm for five minutes, and the plasma collected and stored at -20°C.
Samples were then sent to the School of Animal Biology, University of Western
Australia where they underwent Radioimmunoassay testing for corticosterone using a
Corticosterone 1251 RIA KIT (MP Biomedical, Orangeburg, NY).

Animal Husbandry

After hatch, chicks were weighed, feather sexed and placed into treatment pens.
Chicks from each treatment (corticosterone or PBS) and sex were placed together.
Chicks were monitored daily for signs of ill health and unwell birds were culled.
Throughout the trial chicks had ad libitum access to water and a commercial broiler
diet and were individually weighed weekly for the duration of the trial (6 weeks).

Tonic Immobility Test

All birds undertook a tonic immobility test (TI) at 14 days of age. Birds were placed
onto their back and restrained for 20 seconds, where after the restraint was removed
and birds allowed to flip over onto their front. The time taken for birds to do this was
recorded in seconds, with a maximum score of 60 seconds possible. Results from the
test were then placed into categories of slow or fast responses, with fast being 0-29
seconds and slow being 30-60 seconds.

Statistical Tests

Statistical tests were performed using the IBM SPSS program, version 21 with a P
value < 0.05 considered significant. A Fischer's exact test was used for the tonic
immobility data.

Results

Average Daily Gain

During the six week grow out trial, birds that were injected with corticosterone and PBS
in ovo, a maintained similar average daily gain (ADG) throughout the first five weeks
of the trial. However, a significant split is seen between the two groups from week five
to week six, whereby week six corticosterone injected birds had a significantly lower
ADG (96.45 £ 3.82) compared to PBS treated birds (121.82 + 6.47).

Plasma Corticosterone
At day 35, plasma corticosterone (ng/mL) was significantly (P < 0.05) different between

corticosterone and PBS injected birds. Corticosterone treated birds had significantly
lower levels (66.6 + 4.03) compared to PBS birds (88.7 + 4.8).
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Tonic Immobility

At day 14, no significant difference was seen between response times in the tonic
immobility test between in ovo injection treatments (P > 0.05). There was however a
significant difference in speed between males injected with corticosterone and PBS (P
< 0.05). A higher number of corticosterone injected males were slow to flip over (n=23)
than were fast (n=11).

Discussion

Average Daily Gain

Average Daily Gain (ADG) was unaffected for the majority if the trial but was
significantly impacted by treatment during the final week of growth. Corticosterone
treated birds grew less during this final week than PBS birds, with other trials reporting
similar reductions in growth after exposure to increased corticosterone in ovo (Ahmed
et al. 2014a). Corticosterone can have many lasting impacts on the body, and if
elevated can mean decreased IGF-1 (Scanes, 2011), which may lead to a reduction in
growth. Unfortunately, IGF-1 levels were not recorded in this trial, so it is unclear if
there were differences between treatments.

Also, broilers grow rapidly, with a 400% increase in broiler growth in the last 50 years
(Zuidhof et al. 2014) and therefore develop much faster than other species. In humans
and other species exposed to altered uterine environments, metabolic diseases
including diabetes can arise (Hales, 2001), but are often not seen until later in life
(Barker et al. 2006). This may explain why these changes in the broilers were not
observed until the final week of growth. However, metabolic measures were not
recorded in this trial so future work would need to include these measures on birds that
have been exposed to elevated corticosterone in ovo to better understand the impacts
on metabolism and growth and why they are occurring.

Plasma Corticosterone

In this study plasma corticosterone was significantly different between in ovo
treatments at day 35. However, the kit used read the results at an elevated level,
impacting on the final results although the results were verified by those conducting
the test. Surprisingly, the birds injected with corticosterone had lower levels than the
PBS injected birds which may mean that there is a down-regulation of corticosterone
occurring later in the life of the bird. Impacts on growth were still seen from day 35,
with corticosterone still supressing growth as in other trials with increased
corticosterone exposure in ovo (Hayward and Wingfield 2004). This suggests that
there may be an interaction effect of corticosterone, but this would need much more
study to understand.

Tonic Immobility

Tl is used to assess the fear response in birds, with the speed of the response
indicating the level of fear/stress the bird is experiencing (Wang et al. 2013). At day 14
only males showed a significant difference in speed, with corticosteroid treated males
responding slower, while females remain unaffected. Other studies have shown similar
results with corticosterone treated birds responding slower to the test (Ahmed et al.
2014a). Males were affected while females were not, and this may mean that they are
more sensitive to the corticosterone elevation. A similar study where birds were

93



exposed to an early life stress resulted in a dampened response to the stress (Goerlich
et al. 2012). Male offspring of these birds also had a dampened stress response,
suggesting males may be more sensitive to corticosteroid changes during
development. However further research into understanding mechanisms behind these
behavioural changes and differences between males and females.

Conclusion

Injection into the CAM at embryonic day 11 can be used in poultry to mimic the stress
levels of feed restricted breeder hens. Using this technique, we found reductions in
average daily gain of corticosterone treated birds in the final week of growth, which
may be due to changes in growth factors and metabolic disorders but more work in this
area is need. Behaviour was also altered, with males impacted at day 14 and
responding slower to the test. The reasons for this sex effect are unclear but may be
due to increased sensitivity in males to corticosterone but more work to investigate this
is needed. Elevated corticosterone in ovo can have significant impacts on broiler
growth and behaviour but the reasons for these changes needs to be researched
further to better understand the mechanisms behind them.
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Chapter 5

Embryonic Hypothalamic Expression of the 113 Hydroxysteroid
Dehydrogenase Type 1 Gene Differs Between Male and Female
Meat Birds and Administration of Corticosterone In Ovo Reduces

Embryonic Hypothalamic Gene Expression of Multiple Genes
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Chapter Introduction

The third and final experiment is presented below in chapter 5. In experiment 2,
(chapter 3), differences were found in birds after a corticosterone injection in ovo, with
reduced growth later in life. There were also differences between sexes, in

corticosterone levels and organ weights.

Also, in chapter 4, further evidence was presented for differences between males and
female hypothalamic-pituitary-adrenal (HPA) axis programming in response to
elevated corticosterone in ovo. The delay in response of males exposed to
corticosterone in the tonic immobility test demonstrated a reduced ability to respond to
a stress and indicated reprogramming of their HPA axis compared to control males.
Females, however, were not affected and because of this sex differences in gene

expression within the hypothalamus was investigated.

In this experiment, the effects of corticosterone on the HPA axis pathway and negative
feedback were measured. This meant measuring the gene expression of target genes
in the hypothalamus of male and female birds. To understand the earlier impacts of
corticosterone on meat birds, samples were collected from embryonic day 11 through
to 21 days old. From this, it was hoped that an understanding of the effects of
corticosterone on the HPA axis regulation of target genes in meat birds would be
gained, including the differences between males and females. This could then help to

explain differences found in the first and second experiments.
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Abstract

The importance of corticosterone during a stressful event is well documented. The
impact of extended elevations of corticosterone are also well understood, with
documented evidence of reduced immunity and growth. The impact of exposure to
increased corticosterone during embryonic development on the hypothalamic-pituitary-
adrenal (HPA) axis is also now beginning to be understood. However, there is limited
understanding on the impacts on meat birds, particularly differences between males
and females. The aim of this study was to investigate the effects of elevated

corticosterone in ovo on male and female meat bird hypothalamic gene expression.

Meat bird eggs were injected at embryonic day 11 with corticosterone (1ug
corticosterone in 100ul in phosphate buffered solution via the chorioallanatic
membrane. Hypothalamic gene expression of the glucocorticoid receptor (GR),
corticotropic releasing hormone (CRH), arginine vasotocin (AVT), 20-Hydroxysteroid
dehydrogenase (20HSD) and 11 Hydroxysteroid dehydrogenase type 1 (113HSD1)
were measured at embryonic day 14, hatch, day 7 and day 21. At embryonic day 14
gene expression of GR, CRH, AVT and 20HSD were significantly reduced in
corticosterone birds, compared to PBS birds and 11R3HSD1 was reduced in males

compared to females.

The reduction in expression of genes of the HPA axis pathway (GR, CRH, AVT) in birds
exposed to increased corticosterone indicate that increased exposure to corticosterone
during development can impact on the avian brain. This in turn has the potential to
permanently alter the HPA axis function of these birds and create lifelong impacts on
growth and immunity. The reduction in 11BHSD1, an enzyme involved in converting
glucocorticoids into an active form, in males could indicate a decreased ability in males

to cope with increases in corticosterone during embryonic development. To further
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understand these impacts, further research is needed to truly understand the lifelong

impacts of increased cortiocosterone on meat birds and potential sex differences.

Introduction

Avians, like all vertebrates, when exposed to environmental stressors, can rapidly
increase circulating glucocorticoids, including corticosterone (Herman et al. 2012).
Short term elevations in corticosterone and cortisol can help survival and the ability to
cope with stressful situations. This is due to increases in circulating glucose, insulin
release and mobilisation of stored energy (Lin et al. 2007; Jiang et al. 2008). Elevated
corticosterone also increases heart rate, respiration rate and blood pressure
(Silverman et al. 2005) and these physiological changes allow a rapid response to

stress as part of the ‘fight or flight’ response.

Corticosterone and cortisol are therefore very important in responding to stress and
increasing the ability to survive in dangerous situations. However, if corticosterone
levels are prolonged for extended periods of time, detrimental effects can result. This
can include decreased growth (Lin et al. 2006) and reduced immunity through the
suppression of cytokine release from immune cells and diversion of nutrients from the

immune and digestive systems (Silverman et al. 2005).

Elevated circulating glucocorticoids in avian species including poultry, can lead to
increased corticosterone deposition into the yolk of eggs (Royo 2008, Almasi et al.
2012). Increased exposure to corticosterone in ovo has been shown to negatively
impact avian post-hatch development, including reduced growth, (Hayward and
Wingfield 2004), increased aggression, delayed stress-response behaviour (Ahmed et
al. 2014b) and reduced adaptive (humoral) immune response (Henriksen et al. 2013).

Such lifelong effects have been linked to alterations during embryonic development in
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receptors involved in the hypothalamic-pituitary-adrenal (HPA) axis negative feedback

(Seckl 2007).

The two major receptors for glucocorticoids are the mineralocorticoid receptor (Type
1) and glucocorticoid receptor (Type 2) (Bossis et al. 2004). The glucocorticoid receptor
(GR), is located throughout the brain including the paraventricular nucleus (PVN)
(Kloet et al. 2008) where it responds to high levels of corticosterone, activating the HPA
axis negative feedback response (Bossis et al. 2004). The HPA axis feedback loop
then allows the restoration of homeostatic levels of corticosterone (Herman et al.
2012). This negative feedback loop reduces the release of corticotropic-releasing-
hormone (CRH) and arginine vasopressin (AVP) (vasotocin in avians) via neurons
within the PVN of the hypothalamus (Bossis et al. 2004). Ultimately, the release of
adrenocorticotropic hormone (ACTH) from the anterior pituitary is reduced due to CRH
and AVP reductions, and in turn corticosteroid release is also reduced, maintaining

homeostasis (Bossis et al. 2004).

Continual exposure of GRs to corticosterone can lead to dysfunction of the HPA axis
stress response. Long term elevated circulating corticosterone reduces the sensitivity
of the receptor, leading to a disruption in the negative feedback loop, resulting in
corticosterone levels remaining elevated (Seckl, 2007). Long-term exposure to
stressful events can increase receptor sensitivity and HPA axis negative feedback and
significantly decrease corticosterone levels (Grossman et al. 2003). This is seen in
people experiencing Post Traumatic Stress Disorder (PTSD) (Yehunda 2001) where
exposure to high stress trauma, results in an increased GR sensitivity and a ‘blunted’

HPA axis response (Algamal et al. 2018).

As evidence increases as to the effects of stress hormones on the HPA axis in
mammals, there is also evidence in avians, particularly when exposed to elevations
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within the egg. In European Starlings, HPA axis response was reduced after exposure
to increased corticosterone in ovo (Love et al. 2008), while HPA axis response was
increased in Japanese Quails (Hayward and Wingfield, 2004). Differences between
sexes have also been shown, with exposure to elevated corticosterone resulting in
reduced growth in male Japanese quail, while female growth was unaffected (Hayward

et al. 20006).

In chickens, elevated corticosterone in ovo has resulted in smaller progeny (Henriksen
et al. 2013; Ahmed et al. 2014b), behavioural changes, such as increased aggression
(Ahmed et al. 2014a), reduced tonic immobility response (Henriksen et al. 2013), as
well as reduced immunity (humoral immune response to a challenge) and reduced
weight of the Bursa of Fabricius (Henriksen et al. 2013). The HPA axis pathway has
also been shown to be impacted by increased corticosterone in ovo, with
downregulation of the CRH gene and protein content of the GR in the hypothalamus
(Ahmed et al. 2014b). Sex differences have been shown after early life stress in

chickens, with improved associated learning in male chicks (Goerlich et al. 2012).

The impacts on the embryonic gene expression of genes along the HPA axis pathway,
after increased exposure to corticosterone in ovo, has not been demonstrated in meat
birds. Sex differences have also not been studied in meat birds embryonically.
Therefore, the aim of this experiment was to investigate the effects of elevated

corticosterone in ovo on HPA axis development in male and female meat birds.

It was hypothesised that increased corticosterone exposure in ovo would decrease
glucocorticoid receptor sensitivity, affecting the expression of CRH, AVT and enzymes
11R3-HSD (Type 1 and 2) and 20-HSD. It was also hypothesised that hypothalamic gene
expression of genes in the HPA axis pathway would be different between male and

female birds after exposure to increased corticosterone in ovo.
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Methods

In Ovo Injections

Fertilised chicken eggs (Ross 308) were collected from Baiada Poultry Pty. Ltd and
incubated at the Roseworthy Campus, The University of Adelaide. All animal use was
approved by The University of Adelaide (S-2016-132) and The Department of Primary

Industries and Regions, South Australia (PIRSA) (#18 / 16) ethics committees.

Eggs (288) were left to pre-warm at room temperature (25°C) for two hours before
being set at day zero in the incubator at 38°C and 55% humidity until embryonic day
15. From embryonic day 18 to hatch (day 21), eggs were incubated at a reduced
temperature of 36.7°C and increased humidity of 60%. On embryonic day seven, all
eggs were candled, and 20 eggs removed due to infertility/early embryo death and 268

eggs remaining in the experiment.

At embryonic day eleven, 134 eggs were removed from the incubator and injected with
1ug corticosterone (Sigma-Aldrich) 100ul in phosphate buffered solution (PBS). The
remaining 134 eggs acted as controls and were injected with the PBS solution only.
Both solutions were injected through the air cell at the top of the egg, into the
chorioallontoic membrane (CAM) using a 25G 1 2 inch gauge needle and 1ml insulin

syringe. The injection site was sealed with silicon and the egg returned to the incubator.

Animal Husbandry

At hatch 105 chicks were weighed and feather-sexed, chicks were placed into group
rearing pens based on treatment (corticosterone or PBS) and sex, with a maximum of
10 birds per pen. Standard poultry husbandry procedures were followed, with
temperature, water, feed and general chick condition monitored daily. The initial light
period was 1 hour of darkness and 23 hours of light during the first 24 hours and from

day two onwards was kept at 8 hours of darkness and 16 hours of light. All birds had
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ad libitum access to water and a commercial meat bird feed (Ridley Turkey and Meat
Starter). Each week birds were weighed (days 7, 14 and 21), feed intake per pen

recorded and feed conversion ratio (FCR) calculated.

Sampling

A sub-section of birds were culled and tissue samples and weights collected at
embryonic day fourteen, hatch (day zero), day seven and day twenty-one. At
embryonic-day fourteen, 40 embryos were euthanized, weighed, dissected and
samples of yolk, hypothalamus, taken and frozen in liquid nitrogen. The remaining
embryos continued as normal through incubation. At hatch (day 0), and day seven, 24
chicks (6 per treatment and sex) were weighed, blood sampled and euthanised. Tissue
samples collected of the brain (hypothalamus), collected and frozen in liquid nitrogen.
On the final day of the experiment at day 21, the remaining 80 birds from each
treatment, corticosterone males (n=18) and females (n=22), PBS males (n=13) and
females (n=27) were weighed, blood sampled and euthanized. Again, samples were
again collected of the brain (hypothalamus) from 6 birds per treatment and sex and

frozen in liquid nitrogen.

Corticosterone Extraction and Analysis
Yolk samples were collected at embryonic day eleven (n=36), from corticosterone
(n=17) and PBS injected (n=16) eggs. Samples was collected at the same time as

embryos were sampled, using a 2mL syringe, stored on ice and later at 2°C until

analysis.

Extraction of cortiocosterone from yolks was carried out as by Cook et al. 2009. In this
method, ~0.1 g of yolk was taken and added to 0.5 mL of distilled water and vortexed
until mixed. For extraction 3mL hexane: diether (30:70 ratio) was added and vortexed.

After being left to settle, the mixture was snap frozen in an ethanol/dry ice bath. Later,
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after thawing, the supernatant was removed, dried and 1mL of ethanol added, and the
solution frozen overnight at -80°C. The following day the samples were centrifuged,
and the supernatant again collected and dried again. For analysis, samples were
thawed and resuspended in 500uL of phosphate buffered saline. Samples were
analysed using a validated Radio Immuno Assay Corticosterone 1251 RIA KIT (MP,
Biochemical, Orangeburg, NY) at the University of Western Australia, Animal Biology

Department.

Hypothalamus Collection

Hypothalamus tissue was also collected at embryonic day fourteen, hatch, day 7 and
day 21. To collect the tissue, the brain was removed from the skull with a cut made
horizontally along the skull from ear to ear in a circle, at which point the skull was
removed. The brain was then carefully removed from the skull, beginning with the
cranial end and slowly edged out until past the cerebellum and then the brain stem
was cut, and the intact brain removed. The hypothalamus and surrounding tissue were
removed by using a serious of four incisions, two vertical on either side of the
cerebellum and cerebrum and two horizontal above and below the cerebellum to
ensure the hypothalamus was removed whole and intact, as shown in Figure 1. To
ensure removal of the entire hypothalamus, surrounding tissue was also captured, due
to the difficultly in visualising the hypothalamus, particularly at embryonic day 14. The
collected tissue was also trimmed before gene expression testing as much as possible

to remove surrounding tissue.
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Figure 1: Ventral and dorsal view of the dissection of the hypothalamus from the brain, using a serious
of four incisions, two vertical on either side of the cerebellum and cerebrum and two horizontal above

and below the cerebellum to ensure the hypothalamus was removed whole and intact.

Isolation and Quantification of Total RNA From Hypothalamic Samples

Total RNA was extracted using a RNeasy Plus Universal Kit (Qiagen, Hilden,
Germany). Approximately 100-200 mg (age dependent) of frozen (-80°C) hypothalamic
tissue was homogenized in 2mL of QlAzol Lysis Reagent (Qiagen, Hilden, Germany),
aliquoted (1 mL) and stored at -80°C. Thawed QIAzol homogenates were combined
with gDNA eliminator solution (100 pL) and chloroform (180 pL) then centrifuged at
12,0009 for 15 minutes at 4°C. The upper aqueous solution (300 yL) and 70% ethanol
(300 uL) were mixed and transferred onto a RNeasy column. The remaining wash and
collection steps were run to the manufacturer’s specifications. RNA was eluted in 60

pL of RNase free water.

RNA purity and concentration were measured using UV spectrophotometry (Nanodrop
1000; Thermo Scientific, Wilmington, DE). The 260/280 ratios ranged between 2.04-
2.15 and final concentrations between 324 ng/pl — 1272 ng/ul. RNA integrity was

confirmed on a subset of samples (n=12) by 1% agarose gel electrophoresis with clear
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28S and 18S bands visible. A further subset of samples (n=9) were validated using a
Tapestation 2200 (Aligent). Values for all samples were above the acceptable RIN

range (>8.0) and ranged between 8.6 and 9.4.

Design of Real-Time gPCR assays

Oligonucleotides for quantitative PCR assays were designed for reference genes; Beta
Actin (ACTB), TATA-binding protein (TBP) and Glyceraldehyde-3-phosphate
dehydrogenase (GAPDH) and genes of interest (GR, 20-HSD, CRH, 11R3HSD & AVT).
(Table 1) using the GenBank database (National Centre for Biotechnology Information;
NCBI) database and the Ensembl chicken genome browser (Gallus gallus). Two sets
of exon-intron spanning primers were designed per gene using Primer 3 design
software (version 4.0) (http://bioinfo.ut.ee/primer3-0.4.0/). Amplicon sizes were
between 80 and 250 bp in length and primers spanned exon-intron boundaries greater
than 500 bp in length. Suitability of primers for gPCR assays were validated by the

following criteria: slope between (3.3-3.5) and R? > 0.93-0.99.

Table 1: Real-Time gPCR Primers

RNA Target Gene Name Direction' Oligonucleotide Sequence (5'-3') Accession no.?
GR Glucocorticoid receptor F GGTGTTCTTACTTGTGGCAGC NM_001037826.1
R GTTCCTTCCAGCGCAGAGAT
20-HSD 20-Hydroxysteroid F GAAGGTGTGTGGTGCTGGAG XM_015299436.1
dehydrogenase (carbyl R ACAATCGCCAATCCAATCCCT
reductase)
CRH Corticotropic-releasing |F CAGAGGCAGAGGAAGGACG NM_001123031.1
hormone R GCTGCTGAGGGAAGAAATCG
118-HSD1  |118 Hydroxysteroid F GGTTCTCATCCCCTTGCTGG XM _417988.5
dehydrogenase type 1 R TCCCGTCACGATCACTCTCT
AVT Arginine Vasotocin F TGCTACATCCAGAACTGCCC NM_205185.2
R AAGCAGCGACCCCTGTTC
ACTB Beta Actin F AATGGCTCCGGTATGTGCAA NM_205518.1
R GGCCCATACCAACCATCACA
GAPDH Glyceraldehyde-3- F TGTGACTTCAATGGTGACAGC NM_20435
phosphate R GCTATATCCAAACTCATTGTCATACC
dehydrogenase
TBP TATA-binding protein  |F TCAGCAGCTATGAGCCAGAA NM_205103
R CTGCTCGAACTTTAGCACCA

F = forward primer; R = reverse primer
2GenBank accession number
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Synthesis of cDNA and Real-Time gPCR

RNA concentrations were normalised to 40n/uL using a liquid handling robotics system
(EpMotion 5075; Eppendorf, Hamburg, Germany). Complementary DNA was
synthesised from 400ng of total RNA using the High Capacity cDNA synthesis kit
(Applied Biosystems, Carlsbad, CA) and carried out to the manufacturer’s
specifications. Reactions were incubated for 2 hours at 39°C and the reverse

transcriptase was inactivated at 65°C for 20 minutes. Stock cDNA was diluted 1:4 with

10mM Tris (pH 8.0; Ambion) and kept at -80°C.

Prior to running qPCR, stock cDNA (1:4) was diluted (1:20) with PCR grade water.
SYBR-based (PowerSyber Green; Life Technologies) PCR reagent (19uL) was
combined with 10uL of 1:20 cDNA. The SYBER/cDNA (5uL) was transferred in
triplicate onto a 384-wellMicroAmp plate (Applied Biosystems). For each gene, a 5-
point standard curve of pooled cDNA (1:4) was diluted in nuclease-free water 4-fold to;
1:8, 1:32, 1:128, 1:512 and 1:2048 was ran with a no template control (NTC).
Quantitative PCR was performed on a 384-well real-time PCR machine (7900HT;

Applied Biosystems).

gPCR Data Normalisation

Gene expression analysis and normalisation was conducted in accordance with the
method described in Vandesompele et al. 2002. Prior to analysis of the genes of
interest, reference genes were selected. Reference genes analysed were Beta Actin
(ACTB), TATA-binding protein (TBP) and Glyceraldehyde-3-phosphate

dehydrogenase (GAPDH).

Following the method describe in Vandesompele et al. 2002 a M-value was generated
for each gene. The M value is a reflective of the stability of the reference gene

compared to the other reference genes, with a lower M-value is indicative of increased
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stability (Vandesompele et al. 2002). To calculate the M values, the delimited data text
files from each PCR run were used and exported to the geNorm spreadsheet. The
reaction efficiency of each gene assay was determined from the standard curve and
applied to a ACt quantification model to calculate the relative quantities between
samples. The non-normalised data was then transferred to the GeNorm software to

calculate the M value of the reference genes and normalisation of the genes of interest.

The M values were then used to rank genes in order of their stability, with the most
stable genes used for normalisation. A pairwise variation analysis was used between
the normalisation factor Vn/n+1, to determine the number of reference genes needed
for accurate normalisation. The Vn/n+1 measures the effect of adding more genes to
the normalisation factor (the effect is calculated as the geometric mean of the
expression values of the selected reference genes), as described in Vandesompele et

al. 2002.

The gPCR run output data was entered into the geNorm spreadsheet (geNorm) for
normalisation. After analysis of the reference genes using the M Value, all reference
genes were used for normalisation. The reference genes were then used to analyse
the genes of interest measurements using geNorm, using geometric averaging
(Vandesompele et al. 2002). Statistical analysis of the normalised relative PCR data
was performed using a general linear model in the IBM SPSS program version 21 with
a P-value < 0.05 considered significant. The embryonic and post hatch reference

genes and genes of interest were analysed separately.
Results

Reference Genes
It is recommended that at least three reference genes be used for normalisation in

gPCR (Vandesompele et al. 2002). The three reference genes chosen for both
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embryonic and post-hatch samples had acceptable M values (< 1.5), when analysed

in geNorm (Table 2).

Table 2: Average expression stability (M values) of the reference genes for embryonic and post-hatch

samples, determined using geNorm software

Reference Gene M value Embryonic M value

Post hatch
Beta Actin (ACTB) 0.462 0.404
TATA-bind protein (TBP) 0.379 0.349
Glyceraldehyde-3-phosphate dehydrogenase 0.57 0.525
(GAPDH)

Hypothalamic Gene Expression: Embryonic Day 14
Relative gene expression was successfully measured for GR, CRH, AVT, 20HSD and
11RHSD1 in day 14 embryos. Gene expression of GR, CRH, AVT and 20HSD were

significantly reduced in corticosterone birds, compared to PBS birds (Figure 2).
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Figure 2: Normalised gene expression of glucocorticoid receptor (GR), corticotropic releasing hormone
(CRH), arginine vasotocin (AVT) and 20-Hydroxysteroid dehydrogenase (20HSD) mRNA at embryonic
day 14, of birds injected with corticosterone or phosphate buffered saline at embryonic day 11.
Significance was evaluated using a 1-way ANOVA with significance at P<0.05. Labelled means without

a common letter within a gene, differ P<0.05.

Expression of 113 hydroxysteroid dehydrogenase type 1 (11B3HSD1) hypothalamic
RNA was significantly greater in females, compared to males, irrespective of treatment

(P<0.05; Figure 3).
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Figure 3: Normalised gene expression of 11 hydroxysteroid dehydrogenase type 1(11R3HSD1) mRNA
at embryonic day 14, of male and female meat birds. Values are mean + SEM and were statistically

significant, with significance evaluated using a 1-way ANOVA with significance at P<0.05.

Hypothalamic Gene Expression: Post hatch

Post hatch (hatch, day 7 and day 21) relative gene expression was successfully
measure for glucocorticoid receptor (GR), corticotropic-releasing hormone (CRH) and
20-hydroxysteroid dehydrogenase (20HSD). There were no significant differences (P
>0.05) between treatments or sex in gene expression for GR, CRH, 20HSD at hatch,

day 7 or day 21.

RIA: Yolk Corticosterone

There was no significant difference (P > 0.05) in yolk corticosterone (ng/g) at embryonic
day 14 between eggs injected with corticosterone or PBS. There was also no
significant effect P > 0.05 of sex or the interaction of injection treatment and sex, in

yolk corticosterone.
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RIA: Serum Corticosterone
At hatch, there was no significant effect of injection treatment or sex on corticosterone
levels (P >0.05). On days 7 and 21 post hatch, serum corticosterone (ng/ml) remained

similar for treatment and sex, with no significant differences (P > 0.05) found.

Discussion

Effects of Corticosterone Injection on Gene Expression

Hypothalamic expression of genes encoding the GR, CRH, AVT and 20HSD were
reduced at embryonic day 14 in corticosterone treated birds. The reduction in
expression of GR is potentially due to the exposure of increased corticosterone at
embryonic day 11 and the HPA axis negative feedback response consequently

activated.

The GR is part of corticosterone regulation and response to elevations of
corticosterone via the HPA axis negative feedback response. The mineralocorticoid
receptor (MR), located within the Hippocampus, is believed to be more involved in
circadian rhythms of corticosterone (Bossis et al. 2004). Therefore, although both
receptors are impacted by alterations in corticosterone levels, the GR responses to
changes in short term corticosterone changes, such as the elevations in corticosterone

experienced by the birds injected in ovo.

When the injection was given at embryonic day 11, the negative feedback loop
responded as though it was a normal elevation in corticosterone from the adrenal
glands. This in turn resulted in decreased gene expression of GRs as the response
continued and corticosterone levels were reduced. Following the reduction in GRs, the
gene expression of CRH and AVT were also reduced as they are also part of the HPA

axis feedback loop (de Kloet 1995).
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The expression of the ACTH gene was unfortunately not successfully measured but
could be assumed to also be decreased as CRH and AVT were reduced and are
directly involved in ACTH regulation (McEwin et al. 1998). Expression of the enzyme
20HSD, involved in deactivating corticosterone to its inactive form (20-
dihydrocorticosterone) (Kucka et al. 2006), was reduced which indicates corticosterone

regulation was implicated and levels reduced, through negative feedback.

However, yolk corticosterone was not shown to be significantly different in birds given
the corticosterone injection. This may be due to the timing of the measurements which
was three days post the injection, which is substantial in a 21-day incubation period.
Hormonal regulation of corticosterone is rapid, and levels would have returned to
normal within that time, while gene expression, however, is longer lasting (Kloet et al.

2008).

Differences in hypothalamic gene expression were not observed post hatch (day 0 to
21). However, the changes in embryonic gene expression could influence the ability of
the birds to regulate the HPA axis negative feedback response later in life. Previous
studies in chickens have shown decreases in the expression of GRs in older birds at

113 days of age (Ahmed et al. 2014a) exposed to increased corticosterone in ovo.

This may be due to embryonic exposure, resulting in an increased sensitivity or
enhanced efficiency of the HPA axis response. Previous work found that piglets
exposed to the increased maternal stress had reductions in hypothalamic GR binding
sites, indicating a possible programming for an enhanced HPA axis response (Kanitz
et al. 2003). It is therefore possible, that the later life increases in GR expression in
birds exposed to corticosterone in ovo indicates the HPA axis and these receptors have
been programmed to be more sensitive. Birds are then able to respond faster later in
life under a short-term stress event, with increased expression. However, this response
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may also prove detrimental under a chronic, sustained stress as the efficiency could

lead to an overreaction of the HPA axis and altered ability to respond to stress.

To better understand the effects of corticosterone in ovo on long term development, a
longer-term period of growth of the birds is needed. Measurements of gene expression
and hormone levels (corticosterone, ACTH, CRH) within the embryo and later in life
can then be better compared. It is also important to understand how stress later in life
impacts the HPA axis of birds exposed to increased corticosterone in ovo and the
effects of short versus long term stressors, including through behavioural

measurements of stress such as tonic immobility.

The mechanism of corticosterone delivery also needs to be further investigated, to
better mimic maternal deposition. The injection into the CAM was chosen as a proof of
concept and to ensure delivery of the corticosterone and absorption and survival of the
embryo. However, perhaps injecting multiple times may better reflect the sustained
increased exposure to corticosterone by embryos naturally as the yolk is gradually

absorbed by the developing embryo.

Hypothalamic Gene Expression Differences Between Males and Females

At embryonic day 14, there were sex differences in the gene expression of 113
hydroxysteroid dehydrogenase (11BHSD1), with increased expression in female birds,
regardless of treatment. The role of 113HSD1 is to increase intracellular uptake of
corticosterone (Wang et al. 2014). An increase in this enzyme could allow increased
uptake of corticosterone into the cell to activate GR receptors, and in turn initiate a
faster HPA axis negative feedback response. An increase in 11BHSD1 could therefore
be advantageous in times of increased corticosterone and allow female birds to

respond faster than males.
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Although there was no effect of injection treatment, the increased levels of 11BHSD1
may have helped females exposed to corticosterone respond to the sudden increase
in corticosterone. Females were potentially able to respond to the spike in
corticosterone after the in injection at embryonic day 11 faster than males, due to the

increase intracellular uptake of corticosterone activating GRs, as shown in Figure 4.
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Figure 4: Proposed effect of elevated corticosterone exposure during embryonic development on the
hypothalamic-pituitary-adrenal (HPA) axis of male and female meat birds. The elevations in 113-
hydroxysteroid 1 (11BHSD1) in females allows faster uptake of corticosterone into cell to activate the
glucocorticoid receptor (GR). Females had a larger reduction in corticotropic-releasing—hormone (CRH)
and arginine vasotocin (AVT). Adrenocorticotropic hormone (ACTH) and corticosterone release are

possibly also reduced faster in the females, resulting in a more efficient negative feedback response.

In other avian studies, differences have also been found between male and female

HPA axis responsiveness, with evidence suggesting a faster HPA axis response in
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females. Female quails exposed to corticosterone as hatchlings, showed a reduced
stress response to capture restraint stress at 22 days of age, compared to males
(Marasco et al. 2012). In adult domestic chickens injected with CRH, female birds had
a 50% reduced corticosterone response compared to male birds given the same
injection (Madison et al. 2007). Together these results suggest that female birds are
able to respond to elevated stress and corticosterone faster than males and restore

corticosterone levels faster.

There is, however, limited evidence of the differences between male and female
chickens after exposure to increased corticosterone in ovo. Studies conducted in other
species have found differences between males and females after embryonic exposure
to maternal stress and stress hormones. Male rats from mothers exposed to restraint
stress in late gestation showed increased anxiety behaviour as adults compared to
their female counterparts (Brunton et al. 2011). Postnatal stress of rats separated from
their mothers during their first week of life also showed sex differences with attenuated
plasma ACTH and corticosterone response to restraint stress in adult males but not
females (Gehrand et al. 2018). Gene expression in male rats from mothers stressed in
late pregnancy has also been shown to be different, with increased mRNA expression

of the CRH Type 1 receptors (Brunton et al. 2011).

Although not avian studies, the results in rats also suggest differences between the
male and female HPA axis, particularly after exposure to stress during gestation or
early in life. The increase in anxiety behaviour in males indicates a more responsive or
overactive HPA axis and stress response, while the attenuated ACTH and
corticosterone may suggest the opposite. However, while ACTH and corticosterone
levels were reduced in male rats, this was not reflected in hypothalamic, pituitary or

adrenal mRNA expression (Gehrand et al. 2018). Therefore, there are still questions

116



around how gene expression can influence corticosterone release in males and

females, not mammals, but avians too.

To better understand expression of genes involved in the HPA axis pathway, such as
GR, CRH and 11BHSD1 and the advantages there may be for female meat birds,
measurements of embryonic gene expression should be taken throughout
development. The delivery of corticosterone should also be altered, with a more
sustained exposure of the corticosterone throughout development to understand how
longer-term exposure to elevated corticosterone effects males and females. Also, if
females are indeed able to activate the HPA axis negative feedback sooner.
Measurements of hormones, including corticosterone, CRH and ACTH would also give
further understanding of the differences in the HPA axis of male and female meat birds

during embryonic development.

There were no differences between male and female post hatch 11BHSD1 gene
expression. This may have, as already discussed been due to the measurements only
continuing until day 21. As already discussed earlier, the birds may not have undergone
significant stress during this time. Therefore, it would be beneficial to measure the gene
expression differences in 11BHSD1 past day 21 to understand if gene expression

differs between males and females later in life.

However, the difference may only be present during embryonic development and
benefit females at this time, allowing them to perhaps be programmed for later life.
This could allow females to potentially be better able to cope with stressful situations,
such as being in an outdoor production system. Further research is needed to
understand differences in male and female HPA axis development in male and female

meat birds.
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Conclusion

The sensitivity of the avian HPA axis during embryonic development to changes in
corticosterone levels was evident in this study. Key genes involved in the regulation of
corticosterone levels were significantly downregulated at embryonic day 14 after
exposure to elevated corticosterone in ovo. There is the potential for alterations in HPA
axis gene expression during embryonic development to lead to an increased HPA axis

sensitivity as shown in other species.

This altered state of HPA axis function and ability to respond to stressful events later
in life could have wide ranging impacts on growth, development and performance of
meat birds. Although birds may be able to respond to stress faster with an increased
HPA axis sensitivity, if they are exposed to a sustained stress this could result in a
malfunction of the HPA axis. If left unable to appropriately cope with stress, there would
likely be ramifications in other physiological areas, leading to reduced growth and

performance.

Male and females may also respond differently to stress, with this study showing
differences in gene expression during embryonic development between sexes. While
these differences were not seen post-hatch there is the possibility that if grown to full
maturity there will be differences due to the HPA axis programming in ovo. There are
also many other factors, such as hormonal differences, that could influence sex
differences in growth and stress response. To fully understand this, birds need to be

grown to full maturity and the differences between males and females investigated.

Once the differences between sexes and the impacts of increased exposure to
corticosterone in ovo are better understood, practices of meat birds can be used to
manage these differences. This could involve understanding how the life stage of the
hen or living conditions may influence cortiocosterone deposition into the egg and the
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level of exposure likely to her offspring. It could also mean managing males and
females separately, such as placing females in a free-range system as they may cope
with the increased stress better than males. More understanding, however, is needed

to develop management strategies beneficial to male and female meat birds.
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Chapter 6

General Discussion
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Developmental programming is a relatively recent scientific notion, and its importance
first began to be understood during the Second World War. The role of maternal
nutrition during pregnancy on lifelong health was revealed during the Dutch Famine,
with children born at this time smaller due to restricted maternal nutrition. The famine
ended with the war and these children then had access to normal nutrition and were
able to catch up in growth. Later in their lives, however, they experienced issues with
weight gain, cardiovascular disease and metabolic disorders, including increased
insulin and glucose levels (Hales 2001). It has since been recognised that the problems
experienced by people born during the Dutch Famine were from programming by their
mother for a thrifty, efficient phenotype. This thrifty phenotype was not needed after the

famine, however, and instead of being an advantage, it led to disease later in life.

As with maternal nutrition, maternal stress can affect offspring development across
species. Stress during pregnancy has led to reduced birthweight in humans (Wadhawa
et al. 1993), reduced immune cell numbers in pigs (Couret et al. 2009) and increased
corticosterone levels in rats (Vallee et al. 1999). In avians, similar consequences of
maternal stress to offspring have been observed with behavioural changes such as
altered stress response and aggression, reduced growth (Janczak et al. 2006, Ahmed

et al. 2014) and reduced humoral immunity (Henriksen et al. 2013).

Reductions in growth, immunity and altered stress response in avians is a major issue
to the meat bird industry relying on the production of rapidly growing, healthy birds.
Broiler breeder hen feed restriction leading to chronic stress (de Jong et al. 2002)
potentially makes meat birds susceptible to the effects of maternal stress. The initial
aim of this project was to determine if feed restriction and reduced bodyweight in broiler
breeder hens leads to chronic stress in these hens, and whether this stress impacts

on the growth and development of their progeny.
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As discussed in chapter 2, the first hypothesis was that low bodyweight hens
maintained under the highest level of feed restriction would show increased signs of
stress, was supported. Hens maintained at the highest level of feed restriction and
lowest bodyweight, demonstrated behaviours indicative of increased stress and had a
higher H:L ratio, together indicating increased stress in these birds (Babacanoglu et al.

2013).

The second hypothesis that hens with increased stress and reduced bodyweight would
have offspring with reduced growth and immunity was also supported. Acquired
immunity was reduced in offspring of low bodyweight hens, with reduced spleen
weights and antibodies at day 35 to the earlier Infectious Bronchitis Virus (IBV) vaccine.
Interestingly, differences in growth were sex dependent. It was found that growth rate
was reduced in later life (days 35-42) only in males from low bodyweight hens, similar
to previous avian studies (Goerlich et al. 2012). This reduction in growth in male meat
birds impacts directly on production, with birds weighing less at day 42 than those from

heavier hens.

Chapter 2 gives an overall picture of the potential impacts of maternal feed restriction
and stress on progeny through developmental programming. Unfortunately, the broiler
breeder hen treatments used were not replicated with only one group of hens per
bodyweight treatment (low, medium & high). Hen treatments were not replicated
because the research was carried out at a commercial facility with limited space
available. Hens were also not selected until close to coming into lay and ideally should
have been selected at hatch and their individual diets controlled from that point. More
measurements from the hens, such as circulating corticosterone and other hormones
throughout lay, would also have been informative to give a better understanding of hen
corticosterone hormone fluctuations as they came into lay, reached peak lay and aged.

Other circulating hormones involved in growth and metabolism that are transferred
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from the hen to the egg, such as triiodothyronine (Ho et al. 2011) and IGF (Al-Musawi
et al. 2012) would be useful to further understand influences of the hen on offspring

growth hormones.

In terms of the offspring, the effects seen on the immune response were subtle and in
future perhaps a stronger or different immune challenge could be used. The dose of
LPS used in this trial was milder at 0.5mg/kg, compared to the previous study the dose
and procedure was modelled on, at 1mg/kg (Tan et al. 2014). While this was used to
ensure birds did not become ill and suffer, however, a slight increase in the dose may
have led to a more obvious immune response. Also, using a different challenge, such
as exposing birds to previously used 'dirty' litter could illicit a stronger immune
response. A more detailed look at the immune response of the birds would have been
beneficial, including spleen lymphoid composition and circulating lymphocyte
cytokines, such as interferon-y (IFN-y) and tumour-necrosis factor-a (TNF-a), between

treatment groups (Erf 2004).

Also, in future work, measuring a range of hormones such as, testosterone, throughout
the growth of the birds, and genes involved in their regulation, would help in
understanding the reasons behind sex differences. Testosterone was unfortunately not
measured in this experiment as the sex differences seen were unexpected and yolk
samples had already been used for previous testing. Testosterone should, however,
be considered in future work in meat birds to determine the role it may play on growth

and HPA axis responsiveness through developmental programming.

The effects of hen stress on their offspring were demonstrated by the first experiment.
The next experiment followed on from this work by focusing on a model of maternal
stress, employed to explore the effects on meat bird growth and development and
differences between males and females in more detail.
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In ovo corticosterone injection was chosen to mimic stress experienced by the breeder
hen and the subsequent corticosterone elevation within the egg (Babacanoglu et al.
2013). The advantage of injecting corticosterone directly into the egg, was that it
eliminated the various other factors of the hen, such as age, diet, flock size,
environment, feeding schedule, lighting schedule, social ranking within the flock and
disease, allowing the focus to be directly on the effects of elevations in corticosterone.
A disadvantage, however, was eggs were collected from an unknown and uncontrolled
hen population, and so initial cortiocosterone levels within the egg were unknown. The

effect of this was reduced, however, with the randomisation of eggs across treatments.

This model allowed us to assess the effects of elevated corticosterone on meat bird
growth and organ development in both male and female birds. The hypothesis that
embryonic exposure to elevated levels of corticosteroids in ovo would differently affect
the growth and organ development of male and female birds was partially supported.
Corticosterone treated birds followed the same trend as male birds from low

bodyweight hens, with decreased growth from days 35 to 42, but not earlier in life.

These results were comparable with those found in chapter 2, validating the model of
corticosterone injection as a mechanism of developmental programming changes in
offspring from stressed hens. In chapter 2, birds were exposed to naturally occurring
levels of corticosterone and although not statistically significant, at 42 days of age
males from low bodyweight hens had decreased corticosterone compared to males
from high bodyweight hens, along with reduced growth. In chapter 3, there was no sex
difference, with growth supressed in both male and female corticosterone exposed

birds.

Further evidence of the different effects on males and females exposed to elevated
corticosterone exposure was observed when behaviour and stress response were
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tested. Males injected with corticosterone in ovo had an increased response to a
stressful stimulus (being placed onto their back) during the tonic immobility test,
compared to control males. In females there was no difference between treatments.
The mechanisms behind differences between male and female stress response were

further explored, in chapter 5.

The evidence of altered responses to corticosterone between males and females was
shown in chapter 2, with male growth reduced and stress response altered in chapters
2 and 3, respectively. To understand the reason behind these sex differences to
corticosterone exposure, the hypothalamic-pituitary-adrenal (HPA) axis was
considered. Previous literature around the HPA axis has shown differences between
male and females in mammalian HPA axis and stress responses (Tilbrook and Clarke
2006). There is, however, limited research into meat bird sex specific HPA axis and the
effects of elevated corticosterone on HPA axis development and lifelong stress
response. Chapter 5, therefore aimed to address this gap by investigating differences
between male and female meat bird HPA axis development after exposure to elevated

corticosterone in ovo.

Similar to chapter 4, eggs were injected with corticosterone, and gene expression of
genes associated with the HPA axis including, glucocorticoid receptor (GR),
corticotropic releasing hormone (CRH), arginine vasotocin (AVT) and the enzymes 113
hydroxysteroid dehydrogenase (113-HSD) and 20-hydroxystreroid dehydrogenase
(20HSD) were measured. Gene expression was measured at embryonic day 14, when
the HPA axis is functional, at hatch, at 7 days of age and 21 days old. These time points
were chosen to determine the initial expression during embryonic development and
later in life to understand if programming of the HPA axis in ovo affects HPA axis gene

expression post hatch.
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It was hypothesised that increased corticosterone exposure would decrease GR
sensitivity, affecting the expression of CRH, AVT and enzymes 113-HSD (type 1) and
20-HSD. Decreased expression of GR, CRH and AVT expression in corticosterone
injected birds at embryonic day 14 was observed. No differences in gene expression,
however, were found post-hatch, partly disproving the hypothesis. This may highlight
the short-term changes in gene expression in ovo but the impacts of these changes in
gene expression later in life when birds are under stress, needs to be further

researched.

It was also hypothesised that GR sensitivity would also be increased in males
compared to females. Interestingly, differences in hypothalamic gene expression were
observed in male and female birds at embryonic day 14. Gene expression of 1103-
HSD1 was increased in female birds by 2-fold compared to males. 113-HSD1 is
involved in increasing intracellular uptake of available corticosterone to activate the
GR, stimulating a negative feedback response leading to reductions in CRH, ACTH
and corticosterone release (Wang et al. 2014). Therefore, if females have higher levels
of this enzyme at embryonic day 14, they may be able to cope with an increase in
corticosterone and increase intracellular uptake of corticosterone. Corticosterone
release from the adrenals is then reduced with the increased activation of the GR and

increased negative feedback.

It could therefore be hypothesised, based on the results of the experiments presented
in thesis, that the increased uptake of corticosterone to activate GR’s may have
resulted in an increased number of GR receptors in females during embryonic
development. Male GR’s, however, potentially became over-sensitised as they have
decreased 113-HSD1 enzyme gene expression during embryonic development, and

uptake is slower.
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The altered GR expression could result in decreased GR numbers, which would need
to be measured using immunohistochemistry. The sensitivity of the GR would then set
the birds with different abilities to cope with stress during post-hatch growth and
development. Therefore, male birds are not able to respond as efficiency to increases
in stress. This may prove to be a significant issue as meat birds undergo metabolic
changes at approximately 21 days of age onwards, with increased fat deposition
(Cherry et al. 1984), potentially leading to increased metabolic and physiological
stress. Females that have been programmed with potentially increased GR’s, can
respond to increased levels of corticosterone and restore homeostasis relatively
quickly. Males, who may have fewer GR receptors to respond with, take longer to begin
to restore homeostasis. This could account for the elevated plasma corticosterone
levels in males in chapter 2 at day 21. The increased sensitivity of the male GR’s could
have resulted in an over-response to the increased corticosterone levels, leading to a
decrease in corticosterone, as seen at day 35 in males in chapter 2. The fluctuating
and delayed response of males to the increased metabolic stress then potentially
resulted in the decreased growth in males from low bodyweight hens, reduced
immunity in males from heavy hens compared to females in chapter 2 and the

increased stress response time in chapter 4 (see Figure 1).
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Figure 1: Hypothesis of the impact of increased maternal stress and increased corticosterone in ovo on
hypothalamic-pituitary-adrenal (HPA) axis development in male and female meat birds. Within the egg,
during embryonic development, females have increased expression of the 113-HSD1 enzyme and
uptake the excess corticosterone faster and are then programmed with increased glucocorticoid
receptors. Males have slower uptake with fewer receptors but have increased receptor sensitivity. At 21
days old, birds undergo metabolic changes and have increased stress levels. The increased receptors
in females allows then to cope with the stress efficiently, while males take longer due to a reduction in
receptors. Males then overcompensate because their receptors have increased sensitivity, resulting in
a dysfunctional HPA axis. This may lead to reduced growth, decreased immunity and a reduced ability

to respond to stress.
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The differences found between males and female GR and HPA axis development after
exposure to corticosterone is a significant step towards understanding chronic feed
restriction in broiler breeder hens and how maternal stress can impact on growth and
development of progeny. Continued research into male and female meat bird GR
numbers throughout embryonic and post-hatch life, using methods such as

immunohistochemistry is warranted.

Further investigation is needed into the change in gene expression of the GR from pre-
hatch embryonic life through to the final week of post hatch production at 42 days of
age. The effect of increased corticosterone on GR expression has been demonstrated
here at embryonic day 14 to day 21 but measuring changes beyond this point is
required. Similarly, CRH and ACTH expression also need to be further investigated.
Adrenal gland weights and cell histology, particularly the glucocorticoid secreting layer
(zona fasciculate) (Mescher 2010) could also be measured to understand potential
differences between males and female abilities to secrete corticosterone hormone.
Together, this would give a more thorough understanding of the entire HPA axis

pathway in male and female meat birds.

The effects of sex hormones, testosterone and estrogen also need to be further
considered. Unfortunately, due to limited samples and resources they were not
measured in this study. However, a further understanding of changes in these
hormones in both male and female meat birds and their possible interaction with

corticosterone expression and uptake is important.

The effects on growth of birds found suggest further investigation and measurements
of metabolism and body composition is necessary. Measurements of hormone levels
involved in growth, metabolism and appetite such as, thyroid-releasing hormone
(TRH), triiodothyronine, IGF, insulin and leptin throughout the life of the birds, including

133



embryonic levels, would help further understand growth of meat birds after exposure
to increased corticosterone in ovo. Measurements of fat deposition and percentage
would also be needed to understand metabolism changes and where weight is being

lost or gained in birds.

Another important measurement that needs to be considered in future studies is the
impact of maternal stress and elevated cortiocosterone on nutritional composition of
the egg. Previously, maternal stress has been shown to reduce not only overall egg
mass, but yolk (Rozenboim et al. 2007), albumen and shell mass as well (Dowing &
Bryden 2008). The high fat yolk and albumin contain important proteins vital for energy
during early chick development (Romanoff & Romanoff 1949). Reductions in yolk and
albumen mass through maternal stress and corticosterone may impact on the lifelong
development of the chick. Future research into the impacts of corticosterone elevations
in ovo due to maternal stress need to not only consider the impacts on cortiocosterone
and other hormones, but egg nutritional composition as well. Alternations in yolk and
albumen mass due to corticosterone elevations may impact on the early growth and

development of chicks and the lifelong growth potential of meat birds.

Corticosterone exposure, either maternally or deposited via an in ovo injection to the
developing avian embryo can affect embryonic gene expression, lifelong development
and thus reduce growth, decrease organ weights, decrease circulating corticosterone
levels and decrease immune response later in life. These effects are possibly due to
reprogramming of the HPA axis in meat birds. Management of broiler breeder hens
may therefore, need to be evaluated and the levels of feed restriction kept at a level
that maintains hen health and production, as well as reduces stress. The level of hen
feed restriction could be reduced to a point where hens continue to lay eggs and

maintain a suitable weight but are not as chronically hungry and therefore, as stressed.

134



Due to the genetics of broiler breeder hens they will always need to be maintained
under a level of feed restriction but finding the best possible balance to reduce their
stress levels and maintain production will benefit the hens, their offspring and the
industry. Not only would increases in hen feed intake benefit hen welfare, by reducing
chronic stress experienced by broiler breeder hens, the negative effects seen in meat
bird progeny of feed restricted stressed hens would be reduced. This would benefit the
meat bird industry with birds showing increased growth and higher final bodyweights
at processing, as well as an increased ability to cope with stress and pathogens, also

improving growth and reducing moralities.

Significant differences between males and females were also shown across
experiments. Males were more susceptible to the effects of both feed restriction stress
in their mothers and increased corticosterone exposure during embryonic
development. The reduced growth in males from feed restricted stressed hens, from
day 35 to 42 may mean it is benefical to cull an process males at day 35, to combat

the cost of feeding for the final week if growth is reduced.

Management of female meat birds could also be altered, with female stress reponse
and immunity not as affetcted by maternal feed restriction stress as males. Female
meat birds may be considered more suitable to a free-range environment as they are
less susceptible to the negative effects of increased corticosterone exposure in ovo
than males. Female meat birds were not affected by the stress test and could perhaps
cope better with the potenital increased stress of being outdoors, due to factors such
as changing climate condtions. They also had improved immunity when from heavy
hens and may therefore be better suited to the increased pathogen exposure of being

in an outdoor system.

135



The effects of developmental programming continue to significantly affect lifelong
health across species. The impacts on avians, particularly meat birds are only
beginning to be understood. Within this thesis, further evidence of the effects of
developmental programming have been shown through maternal stress and increases
in corticosterone in ovo. The reduction in growth and organ development in meat birds
due to developmental programming may have significant effects in the poultry industry.
Reduced growth during the final week due to maternal stress could result in reduced

profit, with smaller birds produced by day 42.

The sex effects shown could also impact on production. Male birds seemed to be more
sensitive to the effects of developmental programming through increased
corticosterone, with reduced growth, immunity and stress response. Males affected in
this way would also cost the meat bird industry with smaller birds produced and
potentially more birds becoming sick and even dying due to reduced immune and

stress response capabilities.

Males in Chapter 2 from high bodyweight, low feed restricted hens, were on average
225g heavier at 42 days of age, than those from lighter, high feed restricted hens. In
Chapter 1, it was shown that where one pure bred female can equate to over three
million meat birds and 5.7 million kg of meat at 1.86kg chicken meat per bird (Australian
Chicken Meat Federation 2019). If it as assumed that the extra 225g liveweight
equated to approximately 125g of increased chicken meat in males, there is the
potential for 1.96 chicken meat per bird. If this was applied to half the birds prodcued
from the single less feed restricted hen as male offspring, it would equate to an

increase of up to 5.9 million kg of chicken meat, as shown in figure 2.
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Figure 2: Generations of meat birds used for genetic selection from pure lines, through to parent/breeder

flocks and the final broiler meat bird. Also shows the increase in chicken meat production by increased
weight of males from less fed restricted hens at an increase to 1.96kg chicken meat per bird in males

and 1.86 kg in female birds. Adapted from (Eenennaam et al. 2014).

Through this thesis, the effetcs on breeder hens and their progeny through
corticosterone have been shown. Breeder hen welfare and stress coping ability are
reduced with increased feed restriction and the offsrping’s growth, development,
immune and stress response are also reduced. This also impacts on the welfare of the
hens and their progeny and production, with increased stress and reduced immunity

potentially leading to increased morbiity and mortality.

Together these effects only represent the impacts of increased corticosterone due to
maternal stress on meat birds, through developmental programming. There is likely to
be many more effects of maternal stress on meat birds through other mechanisms and
pathways such as epigenetic changes and other hormone changes within the egg.
Therefore, continuing research in developmental programming in meat birds is
important to understand how treatment of the hen effects meat birds and how to limit

these effects and continue to improve bird health, welfare and production.
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Appendix 1. Supporting Publications — Conference Paper

The following is work undertaken during the PhD and presented at an international

scientific conference. The presenting author is underlined.

Prenatal Programming of Broiler Growth and Immunity through Maternal
Bodyweight

Combined Meeting of the Incubation and Fertility Research Group (IFRG) Workshop
on Fundamental Physiology and Perinatal Development in Poultry (PDP) 2015

Meeting, Berlin Germany
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Prenatal Programming of Broiler Growth and Immunity through Maternal
Bodyweight
M. Bowling?, P. Hynd?!, R. Forder?!, B. Hughes?, S. Weaver!

Poultry CRC, PO Box U242, University of New England, Armidale, NSW 2351, Australia
'School of Animal and Veterinary Science, University of Adelaide, Roseworthy Campus,
Adelaide 5005, SA, Australia

2South Australian Research and Development Institute, Roseworthy Campus, South Australia
5371, Australia

Perinatal programming occurs in many species, causing lasting effects on progeny health and
development. Progeny immunity can also be influenced by programming effects on the mother
and may be of significance in broiler birds. Broiler breeder hens are fed restricted to 50% of
their ad libiutm feed intake, leading to a state of chronic hunger throughout their lives. This
persistent hunger can cause stress to hens which may lead to a perinatal programming effect
on their offspring. Changes to broiler immunocompetence through perinatal programming
could have significant impacts on the broiler industry as broilers are prone to poor immunity.

This study examined the link between maternal stress caused by feed restriction in hens and
the ability of their offspring to respond to an immune challenge.

To achieve this 36 Cobb 500 broiler breeder hens were selected and maintained, through fed
restriction at three separate body weights; 3.4kg, 3.6kg and 4.0kg. Hen behaviour was
observed daily using an ethogram over two weeks of lay. 200 eggs were collected, and 170
viable chicks were hatched, weighed and placed into group rearing pens of ten birds from the
same hen treatment group, with three replicates of each group.

Half of the chicks from each hen were given a series of three injections of lipopolysaccharide
(LPS) E.coli O55:B5 at 16, 18 and 20 days old. Birds were injected at a dose rate of 0.5 mg/kg
bodyweight, intraabdominally. Blood samples were collected from three birds per pen on days
21 and 35 for heterophil/lymphocyte (H/L) counts. H/L counts were completed by counting one
hundred cells per slide, three times. Birds were grown until 42 days old and 70 were
euthanised, sexed and dissected with organs and breast muscle weighed.

Behaviour results from breeder hens maintained at a lower bodyweight showed increased
pecking behaviour (P>0.05) compared to those hens at a higher bodyweight. Increased object
pecking in breeder hens is thought to indicate an unfulfilled hunger drive and may indicate
stress in these birds. Progeny from the hens also demonstrated differences in growth from day
35 to 42 (P=0.59) but in male birds only. Males from heavy hens grew heavier in this week,
followed by medium progeny and finally low bodyweight progeny which were the lightest.
Differences between males from each hen treatment show perinatal programming effects on
chick growth did occur and can influence bird growth.

Sex effects were also observed on day 23 H/L counts (P>0.05) with female progeny from heavy
hens having a higher H/L ratio than male birds from all hens and females from low and medium
bodyweight hens. These results also show a perinatal effect with females from heavy progeny
more sensitive to the LPS immune challenge and increased immune cell numbers.

From this study, a link between hen bodyweight and progeny growth and immunity via perinatal
programming, was demonstrated through differences in growth and H/L counts. The
mechanism behind these differences needs to be investigated further as well as the differences
between males and females observed in this study.

142



REFERENCES

Ahmed, A. A.,, W. Ma, Y. Ni, S. Wang, and R. Zhao. 2014a. Corticosterone in ovo modifies
aggressive behaviors and reproductive performances through alterations of the
hypothalamic-pituitary-gonadal axis in the chicken. Anim Reprod Sci 146: 193-201.

Ahmed, A. A, W. Ma, Y. Ni, Q. Zhou, and R. Zhao. 2014b. Embryonic exposure to
corticosterone modifies aggressive behavior through alterations of the hypothalamic
pituitary adrenal axis and the serotonergic system in the chicken. Horm Behav 65: 97-
105.

Barker, D. J., S. P. Bagby, and M. A. Hanson. 2006. Mechanisms of disease: in utero
programming in the pathogenesis of hypertension. Nat Clin Pract Nephrol 2: 700-707.

Bordone, L., L. M. Schrott, and S. B. Sparber. 1997. Ontogeny of Glucocorticoid Receptors in
the Hyperstriatum-Hippocampus-Parahippocampal Area and Optic Tectumof the
Embryonic Chicken (Gallus domesticus) Brain. Journal of Neuroendocrinology 9: 753-
761.

Bossis, I., S. Nishimura, M. Muchow, and T. E. Porter. 2004. Pituitary expression of type | and
type Il glucocorticoid receptors during chicken embryonic development and their
involvement in growth hormone cell differentiation. Endocrinology 145: 3523-3531.

Cook, N. J., R. Renema, C. Wilkinson, and A. L. Schaefer. 2009. Comparisons among serum,
egg albumin and yolk concentrations of corticosterone as biomarkers of basal and
stimulated adrenocortical activity of laying hens. British Poultry Science 50: 620-633.

de Jong, I. C., S. van Voorst, D. A. Ehlhardt, and H. J. Blokhuis. 2002. Effects of restricted
feeding on physiological stress parameters in growing broiler breeders. Br Poult Sci 43:
157-168.

Goerlich, V. C., D. Natt, M. Elfwing, B. Macdonald, and P. Jensen. 2012. Transgenerational
effects of early experience on behavioral, hormonal and gene expression responses to
acute stress in the precocial chicken. Horm Behav 61: 711-718.

Grossman, R. et al. 2003. Dexamethasone Suppression Test Findings in Subjects With
Personality Disorders: Associations With Posttraumatic Stress Disorder and Major
Depression. American Journal of Psychiatry 160: 1291-1298.

Hales, C. N. a. B., D.J.P. 2001. The thrifty phenotype hypothesis. British Medical Bulletin 60:
5-20.

Hayward, L. S., J. B. Richardson, M. N. Grogan, and J. C. Wingfield. 2006. Sex differences in
the organizational effects of corticosterone in the egg yolk of quail. Gen Comp
Endocrinol 146: 144-148.

Hayward, L. S., and J. C. Wingfield. 2004. Maternal corticosterone is transferred to avian yolk
and may alter offspring growth and adult phenotype. General and Comparative
Endocrinology 135: 365-371.

Henriksen, R., S. Rettenbacher, and G. G. G. T. 2013. Maternal corticosterone elevation during
egg formation in chickens (Gallus gallus domesticus) influences offspring traits, partly
via prenatal undernutrition. Gen Comp Endocrinol 191: 83-91.

Herman, J. P., J. M. McKlveen, M. B. Solomon, E. Carvalho-Netto, and B. Myers. 2012. Neural
regulation of the stress response: glucocorticoid feedback mechanisms. Braz J Med
Biol Res 45: 292-298.

Janczak, A. M., B. O. Braastad, and M. Bakken. 2006. Behavioural effects of embryonic
exposure to corticosterone in chickens. Applied Animal Behaviour Science 96: 69-82.

Jiang, K. J. et al. 2008. Corticosterone administration and dietary glucose supplementation
enhance fat accumulation in broiler chickens. British Poultry Science 49: 625-631.

Kucka, M., K. Vagnerova, P. Klusonova, |. MikSik, and J. Pacha. 2006. Corticosterone
metabolism in chicken tissues: Evidence for tissue-specific distribution of steroid
dehydrogenases. General and Comparative Endocrinology 147: 377-383.

Levitt, N. S., R. S. Lindsay, M. C. Holmes, and J. R. Seckl. 1996. Dexamethasone in the Last
Week of Pregnancy Attenuates Hippocampal Glucocorticoid Receptor Gene
Expression and Elevates Blood Pressure in the Adult Offspring in the Rat.
Neuroendocrinology 64: 412-418.

143



Lin, H. et al. 2007. Effects of Diet and Stress Mimicked by Corticosterone Administration on
Early Postmortem Muscle Metabolism of Broiler Chickens. Poultry Science 86: 545-
554.

Rao, K. et al. 2009. Maternal low-protein diet programmes offspring growth in association with
alterations in yolk leptin deposition and gene expression in yolk-sac membrane,
hypothalamus and muscle of developing Langshan chicken embryos. Br J Nutr 102:
848-857.

Royo, F., Mayo, S., Carlsson, H.E. and Hau, J. 2008. Egg corticosterone: a
noninvasivemeasure of stress in egg-laying birds. Journal of Avian Veterinarians 22:
310-314.

Saino, N., M. Romano, R. P. Ferrari, R. Martinelli, and A. P. Moller. 2005. Stressed mothers
lay eggs with high corticosterone levels which produce low-quality offspring. J Exp Zool
A Comp Exp Biol 303: 998-1006.

Scanes, C. G. 2011. Hormones and metabolism in poultry, update of hormone action-focus in
metabolism, growth and reprouctiom. Update on mechanisms of hormone action-focus
on metabolism, growth and reproduction 111-132.

Seckl, J. R. 2007. Glucocorticoids, developmental ‘programming’ and the risk of affective
dysfunction. 167: 17-34.

Talge, N. M. et al. 2007. Antenatal maternal stress and long-term effects on child
neurodevelopment: how and why? Journal of Child Psychology and Psychiatry 48: 245-
261.

Vandenborne, K. et al. 2005. Corticosterone-induced negative feedback mechanisms within
the hypothalamo-pituitary-adrenal axis of the chicken. J Endocrinol 185: 383-391.

Vandesompele, J. et al. 2002. Accurate normalization of real-time guantitative RT-PCR data
by geometric averaging of multiple internal control genes. Genome Biology 3:
research0034.0031.

Wang, S. et al. 2013. Effect of corticosterone on growth and welfare of broiler chickens showing
long or short tonic immobility. Comp Biochem Physiol A Mol Integr Physiol 164: 537-
543.

Wang, S. et al. 2014. Differential expression of hypothalamic fear- and stress-related genes
in broiler chickens showing short or long tonic immobility. Domestic Animal
Endocrinology 47: 65-72.

Zuidhof, M. J., B. L. Schneider, V. L. Carney, D. R. Korver, and F. E. Robinson. 2014. Growth,
efficiency, and yield of commercial broilers from 1957, 1978, and 2005. Poult Sci 93:
2970-2982.

144



Appendix 2: Supporting Publications - Published Paper

Developmental programming: a new frontier for the poultry industry?
The following manuscript was published in the Journal of Animal Production Science
and includes work undertaken during the PhD.

Reference:

P.l Hynd, S. Weaver, N.M Edwards, N.D Heberle and M. Bowling (2016)
Developmental programming: a new frontier for the poultry industry? Journal of Animal

Production Science, 56, 1223-1238

145



CSIR0 FUBLISHING

Animal Production Seience, 2006, 56, 12331238
Tt ek ded org 1L 107 1LAAN 15373

Developmental programming: a new frontier for the poultry

industry?

P I Hynd™®, 5. Weaver®, N. M. Edwards™, N. D. Heberle™ and M. Bowling™

“erhoal of Animal and Veterinary Sciences, The University of Adelaide, Roseworthy Campus,

Roseworthy, 54 5371, Australia.

#orresponding author. Email: philip hynd@adel aide adu au

Abstract. Increasing evidence that the matemal environment influences the programming of developing embry s and
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Introduction

Theimpactofmatemal eny ironmen ton subsequent phrsiological
fimction and health of the mesulting offipring has been well
demonstrated in humans and other mammals for more than
50 years mow, but it was the discovery that low-hirthweight
babikes werc mone susceptible to candiovascular pathologics,
metabolic syndrmome and cancers that ignited interest in the so-
called “developmental origing ofhealth and disease” (Barker and
Martyn 1992; Seckl 2004; Symonds & al 2007). Interestingly,
while most atention was initially paid to the pathophysiolo gical
comsequences of matemal undemurition and its effecs on
endocring, candiovascular and metabolic function, it & now
clear that developmental programming also mtluences brain
development and behaviour {Sarkar er al. 2008). Such changes
mean the matemal environment can also be reflected in the
behaviowr of progeny. Given increasmg interest in the welfare
of'animals, developmental programming events with subsequent
effects on the behaviour, stress sensitivity and immune function
of progeny are of great interest in animal production sy stems,
Studies m pigs, which have large within-liter vanances 1n
birtarcight, reflecting the werme micro-cnvmonmeent, demonstraie
that mamny of the chan ges in the development of the progemy take
place inembryonic life (soc review by Foocroft efal. 2009). The
mechanisms of this epigenetic programming are the subject of
intense scrutiny in bbomtory rodents and sheep (2.g. see review
by Murgatroyd and Spengler 2011; Gatford e af. 2010), with

Journal compilation & CSIRO 2016

increasing focus on the mle of specific mutrients and their so-
called “mutrigenomic” cffects (Burdge ef al, 2007,
Developmental programming has enommous  potential
apphicaton m the poultry industry, perhaps more s0 than in
any other. Broiler chickens now spend almost 40% of ther
lives it 0w, 4 conscquence largely of faster growth to market
weight with little change i time ir ovo. Recent studies have
highlighted the protound effect of the environment ir ove on
the phenotypic development of the resulting chicken (Ho er al.
2011). These authors demonstrated a dmmatic effect of the
embryonic environment on embryonic body mass, heart rate
and development rate. In an clegant design, the effect of
breod-specific yolk composition on chicken phenotype was
investigated by transferring broiler and layer chicken embryos
from their natural yolk envimonments to mecprocal swap yolk
environments (broiler embryo to Byer yolk; layer embryo to
broiler yolk) and comparing these with homaologous transters.
Broilers transferrad to layer volks exhibited heart rates similar
to layers rased on layer yolks, Similary, development rate and
body mass of embryos were significantly affected by swapping
to adifferent yolk environment. In other words, fhe yolk source
influenced embryo developmentmore than did embryo genotype,
at least for the traits measured. This is an iniriguing finding
because it elevates the importance of maternal envimnment
relative o genotype in determining phenotype. Testosterone
concentrations wers higha and rucdothymonine levels wene

wewrw pul ish s me swfoumnal s'an

146



123 Animal Prodwue Gon Seienee

lower in broiler versus layer yolks, leading these authors o
conclude that at least part of the yolk effect may relate to the
effect of these homones on develn . These exciting results
suggest that avians provide a useful model of developmental
programming. The avian embryos arereadily accessible, they can
be cultured ev-ovo (a8 per Ho er al. 2011), the embryonic
environment can be manipulated readily by in owo injection of
prospectve agents inio the yolk sac, albumen or chorioallantoie
membrane, and the developmental stages are mpidly taversed.
Perhaps mon: importanthy, it also demonstrates avery significant
opportumity for the poultry industry to apply epigenctic or
hiochemical agents with programming potential via the diet of
the broiler breeder hen and transferned to the embryo by transfer
to the yolk. The continued presence of potential programming
‘agents’ within the egg throughout the entire cmbryonic
development phase (unlike placental animals whene transfier of
mutrients and hormones can be vanahle and moderated), makes
avians particularly susceptible to reprogramming ovents.
Broiler breeder hens that carry the genes for potential high
ad libirum intkes, high growth mtes and low feed conversion
matins are resmicted-fed to as little as 60% of their ad fibinm
intake © moease repmductive cfficiency, cgg-shell guality
and hatchability, and to reduce costs. Such regimes might be
expected to imposs significant stress on the hens and have come
under scrutiny from an animal welfare perspective (Hocking
et al, 2001). Indesd, these authors reported behavioural and
homonal indices of stress in the restricied hens compared with
ad fibinem fed hens. Given the demonstrated impacts of yolk
homone composition (Ho ef al. 200 1) on embryo dev clopment
and, particularly, the mle of corticosternids in repmo gramming
embryos {Edwands and McMillen 2002), the potential impact
of foed restriction and stress in breader hens on avian embryo
programmming and subsequent health and production 15 evident.
Many of the programming events an: associated with changes o

Henbodyweight kg
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the semsitivity of the hypothalamo—pituitary—adrenal (HPA)
moig, which 1= reset by vanous stress conditons m the mother
during pregnancy | Edwards and McMilken 2002; Seckl 2004,
CGilover eral. 2010; Zhang er al. 2011).

The present paper explores the impacts of the nake and
composition of bmoiler breeder hem mfions on organ
development, growth and immmme stams of their progeny. We
posed the following questions: (1) do mesricted-fed  hens
demonstrate  behaviowral and hommonal indices of  stress;
{2) docs feed restriction m breeder hens have an impact on
the growth of organs in the developing embryo; (3) does fead
restriction in breeder hens have an impact on indices of immume
fimction i their progeny; (4) docs fieed restriction in breeder
hen have an mpact on growth performance of their progeny;
(5) & there an effect of brocder hen diet composition on the
performance of her progeny when they ane swapped 0 a dict of
different composition?

(1) Do feed-restricted breeder hens demonstrate
behavioural and hormonal mdices of stress?

A wide range of bodyweights in a flock of bmiler breeder hens at
a commercial breeder facility (HiChick Pty Lid, Kammda, SA,
Australia) was achieved initially by different stocking density
and then by allocating the birds to three groups on the basis of
bodyweight, and feeding them to maimtam these differences
(Fig. 1). The three groups (L= low bodyweight, M =medium
bodyweight, and H=high bodyweight) comprised 12 hinds/
group and wene differentially fed from Week 23 to Week 48,

Various behaviours were scored in the hens a8 mdicators of
positive welfare (foraging=pecking and scratching at liter)
and negative welfare (object pecking). Serum samples were
assayad for comicosteroid comcentrations by using an avian-
specific ELISA assay.

24 26 26 37 28 29 30 31 32 33 34 35 36 37 38 30 4D 41 42 43 44 45 46 47 48

Fig 1.

Age (wesks)
Badyweights (keof hens mainteined at low (L), medium (M) and high (H) badyweights

throughowt sexw] devdopment (Weels 24-30) and during egg laying (Weels 3045 Vahes

are meears 4 sem
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Dhfferential feeding of the breeder hens was associated with
changes m the frequency of object peckmg (Fig. 2) and foragmg
behaviours (Fig. 3). Hens maimtaned at medium or high
bodyweights had lower frequencies of object pecking and
higher froquencies of foraging behaviours, than did those
maintained at low bodyweights.

Hen feed-restnetion treatments wene ako mreflected 1n
differences  in serum corticosieroid conceentmtions  at
31 weeks of age (Fig. 4).

Hens mesincted-fed to low bodyweights (industry practice)
had circulating concentrations of corticostenoid almost double
those of hens fed at higher mies, We are currently assaying the

cormesponding concentrations of cortcosteroid in the yolks of

the eges from the three bodyweight groups.

(2) Does fed restriction in bens have an impact on
the growth of organs in the developing embryof
The embryos of the differentially fod hens had similar patterns
of organ growth (heart, gerard, duodenum, jejumum, dewm,
proventriculus), although  there
differential progrmmming in liver weights (Fig. 5) and a
tendency (F=10.12) for spleen weights of progeny of L hens to
be hghter (Fig. 6).

For some traits such as breast muscle weight, there was
evidence of a "sex-by-hen feading level” ineraction (P < 0L05;
Fig. 7).

(3) Does feed restriction in breeder hens have an impact
on immune function in their progeny?
Challenging the grooaing progeny with bactenal hpopolysacchande
(LPS) depressad bodyweight, averaged across hen treatment
and sex at Day 21, by 6% (P < 0.05). Hen feeding lovel
affected the LPS response, bt there was a =zignificant
imteraction with sex (Fig. E). The bodyweight at Day 21 of the
female progeny of the H level hens was significantly reduced
relative 0 comtrols.

Hen feeding level also affected the ratio of heemophil to
Iymphocytes, agan with a sigmficant interacton with se
Femalk: progeny of H level hens had significantly (P < 0.01)
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Fig.l. Effectofbodywsghtofbresderhans onpacking fequency (packing
2t cage o chject=a ‘negative’ behaviow) Hen tmatments wem fosd
resiriction to mainizn bodyweights at Jow (L), medium (M) or high {H)
levels. Values are means - s.2m. Different superscrips indicate sigmificant
{7 < 000N | i Fherences.

was some  evidence of
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mone heterophil numbers and reduced lymphocyt numbers,
such that the heterophil: lymphocyte rato was markedly
mereased (Fig. W),
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Fig. 3. Effectofhadywsight of bresder hens on the frequency of *foragmg”
hehaviours {litter scraiching orpecking ai liter =a ‘positive” behanviour]) Hen
teatments were Bad mstniction to maintam badyws ghisat ow (L), medium
(M) or high {H) levels. Values are means + s em. Dhfferent supersaripts
imdicate sigmi ficnt (F < 0.0 ) differences.
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(4) Does feed restriction in hens alter the growth
performance of their progeny?

There was a significant interaction between progeny sex and
the impact of hen bodyweight treatment on grovath o Week
42 (P = 0.05), Male progeny of hens on medium and high
bodyweight regimes were significantly heavier than those from
the low hen bodyweight group (Fig. 10), The differences among
all groups were significant (P = 005).

(5) Is there an effect of breeder hen diet composition

on the performance of her progeny on a diet of different
composition?

Broiler breeder hens were placed onin two diets differing in the
Major grain component {corn versus wheat) bt similar in all
other nutntional specifications. The progeny of these hens wene
then placed onto four diets in a recipmocal oross-ox peniment
such that the four groups reflected hen and progeny mtions,
mespectively, as follows: (1) comiwheat; (2) corn'com; (3)

0020+

00254

0 T T d
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Hen feeding level

Splean welght (g)
[=] [=] [=]
= =
° p @

Fig. . Effect of differential hen fasding on spleen waght of embryms
Dary 20 Values are meams & sem. Mo sigmficant (P=0.12) diflerence
were detectel.
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wheat'wheat; and (4 ) wheat'com. The growth performance of
progeny that changed their diet type from that of their mothers,
comparzd with those thatsmyed on the same ration, was assessed
(Fig. 11). Progeny that were allocated o the same grain type as
maternal grew faster than those allocaied to a different majority
grain sounce than matemal,

Progeny on a different major grain to the matemal diet had
almost dowble the mortality mte o fthose fed the same major grain
as fhe matemnal diet

Discussion

Cur hypothesis 15 that feed resrictions m breeder hens as a
means of maximizing reproductive performance 15 a practice
that imposes significant stress on the breeder hen, This stess,
in furm, will be reflected in imereased arculating concentrations
of corticosternids, which will be tansferred to the yolk of the
developing eggs. The embryos exposed to these enhanced
corticosteronds will be reprogmammed to survive the hamsh
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Fig. B. Effect of Hpopolysaccharide (LPE) mjsctions an badyweights
af progeny of the H levd hens a1 Day 21, Vales 2 means 4 zem
Dhfierent supemcripts mdicte significant (F < 0.05) differences. OOM,
omtrals {no LPS mjections).
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environment ‘anticipated” by the hen. This reprogramming wall
havevarable impacts on the progeny, depending on e extent to
which the posthaich environment is correctly for incomeetly )
anticipated. In the case of the broiler chicken, the posthatch
nutnitional environment docs not reflect that anticipated by the
restricted-fod hen, Whercas some of the outcomes of this
‘misprogramming” may be beneficial {¢.g. enhanced efficiency
of growth), other ouicomes may be negative, particularly in
relation to the finctioning of the immune system and possible
lomger-term effects oncardiacand metbolic function, It is likely
that many of the pathological effects of indermurition during
embryonic or fital development that are scen m mammals
{(hypertension, hyperglycacmia, increased HPA axis activity
and anxiety behaviowr; Seckl 2004) apply also to chickens.
Leg weakness, cardiac poblems and aggressive behaviour
may at least in part be associaied with underfecding of the
breeder hen. These pathologies may be particularly prevalent
in broiler chickens because of the mpid growth environments to
which they am cxposed posthaich. In mammals, growth
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restriction in wrero, subscquent low birthweight, and rapid
catchup growth postmatlly, & predictive of the nsk of
cardiovascular disease in adult life (Irving er al. 2000),

The preliminary dat presented here provide some support for
this hypothesis, Restricted-fed hens showed increased freguency
of negative behaviours such as spot pecking, in agreement
with Hockang ef af, {2001), and reducad behaviours indicative
of positive welfare, The serum corticosieroid concentrations in
restricted-fed hens were almost double those of better-fed hens.
Hocking e al. (2001) similardy showed elevated cortioosiemid
concentrations in restricted-fed hens, compared with hens fed
ad libitwm and those on a less-severe restriction. Restricted
fecding of the hens appeams to be a practice that produces
stress i the hens.

We are yet to measune the oo onding concentrations of
corticosteroid in the yolk of differentially fod hens, If they ane
higher in restricted-fed hens, as we would expect, we would
anticipate from evidence n mammals, that this would be
reflected in effects on behaviour of the resulting progeny (Van
den Bergh er al, 2005), High concentrations of cortisol during
embryonic and fetal development in mammak am associted
with a reprogramming of the hypothalamo—pimitary-adrenal
axis such that downregulation of GR. and MR meceptors in the
hippocampus resulis in reduced sensitivity to circulating cortisol,
and, hence, a eduction in negative feedback (Levitt eral, 1996,
Welberg and Seckl 2001), The circulating concentrations of
cortizo]l remain high in these animalk and this has an impact on
hehaviour and other aspects of physiology (see review by Sackl
2004,

Repmgramming of the HPA axis in non-avian species often
differs between sexes, Weinstock o al, (1992, for example,
demonstrated sex-specific responses to prematal stress. The
pretiminary data on sex differences in response to matemal
nutrition reported in the present paper suggest sex-specific
progmmming cffects in avians. Only male progeny wens
influenced by maternal mutrition in terms of growth rate, while
females showed responses to matemal nutntion i terms of
heterophil : lymphocyte mto and response to LPS challkenge.
There was also a sex-specific response of development of
certain organs, such as the breast muscle, to matemal nutntion,
implying different programming events between the sees.

Developmentil programming i chickens appears to be
influenced not only by fecd restriction in the breeder hens, but
also by the composition of the diet. Changing the predominant
grain in the ration of the progeny compared with the ration of
the hen appeared to mfluence the response of the progeny toa
disease challenge, Chickens that wene exposed to a grain type
different from what their mothers were fied wene mone prone to
the debilimting effects of an infectious challenge. This supports
the notion that specific nutrients can act a8 programming agents
to influence chicken health and paves the way for extensive
studies of the intemction betweoen matemal diet and progeny
health.

The mechanisms underpinning fetal and  embryonic
programming have yet to be clucidated. The prevailing
paradigm 15 that the murntonal envronment infuences
methylation reactions and microRMA expression, which in
turn aker chromatm structure, gene expression and protein
production with conscquent phenotype changes (sec review
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by Chango and Progrbny 2015) We (Dr T. Crowley, Ma
5. Weaver, Mr A, Keybum, Dr P. Hynd) plan to measure the
microRMA profiles of the yolks of the differentially fed hens
from the experiments described i the presemt paper,
determine the extent to which the microRMNAs are altered by
dictary intake, At present, our hypothesis on the impact of hen
dictary intmke 15 focussmg on siress induction by mesincted
feeding and the well known effects of corticosternids on
embryonic development However, the preliminary data on the
gram-=wapping experiment imply a poential effect of specific
nuinents on phenotype progamming that may not relate o
glucocorticond exposure.

Tremendous gains have been made in the broiler industry
over the past few decades through the application of genetic
selection, nutritional science and management Developmental
programmming and epigenctics have the potential to contnbute o
ongoing progress in the broiler industry to achieve i
not only in production efficiency, but also in the health and
welfare of the breeder hen and her offspring.
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