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ABSTRACT
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This thesis identifies two new players, phoenixin and tackykinin receptor-3, in the
reproductive axis of the chicken. Phoenixin is known to upregulate pituitary gonadotropinreleasing hormone receptor (GnRH-R) messenger RNA (mRNA) and tachykinin receptor-3 to
generate GnRH pulsatility in mammals. Through database search, we confirm that these
neuroproteins are encoded in the chicken genome. The full-length mRNA sequences were identified
by 5’ and 3’ rapid-amplification of complementary DNA ends and annotated. Phoenixin mRNA
was detected and quantified in various tissues via conventional and semi-quantitative PCR,
respectively (in diencephalon, pituitary, ovary, gut and heart). In the diencephalon and pituitary of
different strain, phoenixin was differentially expressed with age. Tackykinin receptor-3 mRNA is
differentially expressed across tissues (diencephalon>pituitary>ovary) and in an age-dependent
manner in the pituitary. The function of phoenixin was explored through treatment of sexually
immature primary chicken pituitary cells and, unlike rodents no independent modulation of
GnRH-R-III/I was detected.

DEDICATION

To my grandfather and mother.
I am continually inspired by their strength and perseverance.

iii

ACKNOWLEDGEMENTS

I would like to thank Dr. Grégoy Bédécarrats for his guidance and the opportunity to pursue my
Masters of Science degree. I would also like to thank my committee members, Dr. John Cant and Dr.
Julang Li, for their helpful comments and questions along the way.
The staff and people of the department of Animal Biosciences, Arkell Poultry Research Station,
Burnbrae Farms, Thies Electrical Distributing Company, and Genomics Facility at the University of
Guelph were all integral to the completion of this thesis.
I am thankful for the excellent help and technical expertise provided by Dr. Laura Ellestad and
Dr. Seong Kang in pituitary cell culture and Dr. Jan Ruijter in LinRegPCR.
The many and sometimes heated discussions of past and present lab members (Dr. Nerine Joseph,
Kelsey Ottens, Mikayla Baxter, Brendan Robbins, Charlene Hanlon, Adriana Rodriguez and Kayo
Takeshima) were instrumental in gaining different perspectives and developing a love for the lab.
Lastly, I would also like to thank my family, friends and other colleages for their support through
this process.

iv

TABLE OF CONTENTS
LIST OF FIGURES ..................................................................................................................... ix
LIST OF TABLES ....................................................................................................................... xi
LIST OF ABBREVIATIONS .................................................................................................... xii
INTRODUCTION......................................................................................................................... 1
1

Chapter: LITERATURE REVIEW..................................................................................... 3
1.1

The hypothalamic-pituitary-gonadal axis......................................................................... 3

1.2

GnRH/GnIH receptors...................................................................................................... 6

1.2.1

GnRH-Rs/GnIH-R expression .............................................................................................. 6

1.2.2

Modulation by sex-steroids ................................................................................................... 8

1.2.3

GnRH-R/GnIH-R intracellular signaling mechanisms ....................................................... 10

1.3

GnRH/GnIH ligands ....................................................................................................... 11

1.3.1

GnRHs/GnIH protein expression ........................................................................................ 12

1.3.2

GnRH production and pulsatility ........................................................................................ 13

1.4

Phoenixin........................................................................................................................ 14

1.4.1

Expression and function ...................................................................................................... 14

1.4.2

Implication on LH release ................................................................................................... 15

1.5

Tachykinin receptor-3 and associated KNDy components ............................................ 15

1.5.1

Expression of KNDy components....................................................................................... 16

1.5.2

Tachykinin receptor-3 activation and downstream effects ................................................. 23

1.6

Summary and hypotheses ............................................................................................... 28
v

2

CHAPTER: CLONING OF THE CHICKEN PHOENIXIN AND TACHYKININ

RECEPTOR-3 CDNA AND STUDY OF THEIR GENE EXPRESSION IN THE
REPRODUCTIVE AXIS ........................................................................................................... 30
2.1

Introduction .................................................................................................................... 30

2.2

Materials and methods ................................................................................................... 31

2.2.1

Database search and mapping of phoenixin and tachykinin receptor-3 .............................. 31

2.2.2

Tissue collection ................................................................................................................. 32

2.2.3

RNA extraction, cDNA synthesis, and conventional PCR ................................................. 32

2.2.4

Construction of 5‘ and 3‘ RACE ready cDNA library ........................................................ 34

2.2.5

Amplification of 5‘ and 3‘ cDNA ends ............................................................................... 34

2.2.6

Purification of 5‘ and 3‘ cDNA ends .................................................................................. 35

2.2.7

Verification of the full-length cDNA sequences and alignment with genomic databases .. 36

2.2.8

Gene and protein homology ................................................................................................ 36

2.2.9

Semi-quantitative PCR ........................................................................................................ 37

2.2.10

Statistics .............................................................................................................................. 38

2.3

Results ............................................................................................................................ 38

2.3.1

Phoenixin and tachykinin receptor-3 mRNA are present in the chicken genome ............... 38

2.3.2

Cloning and sequencing of the phoenixin 5‘ and 3‘ cDNA ends ........................................ 45

2.3.3

Cloning and sequencing of the tachykinin receptor-3 5‘ and 3‘ cDNA ends...................... 50

2.3.4

Expression of phoenixin and tachykinin receptor-3 in various tissues ............................... 59

2.3.5

Semi-quantitative expression of phoenixin and tachykinin receptor-3 in diencephalon and

pituitary over 15/29/70-WOA ............................................................................................................. 61
vi

2.3.6

Age dependent expression of phoenixin in the diencephalon over sexual maturity ........... 64

2.3.7

Age dependent expression of phoenixin in the pituitary over sexual maturity ................... 66

2.3.8

Age dependent expression of tachykinin receptor-3 in the diencephalon over sexual

maturity ............................................................................................................................................. 68
2.3.9

2.4

Age dependent expression of tachykinin receptor-3 in the pituitary over sexual maturity . 70

Discussion ...................................................................................................................... 72

2.4.1

The full length phoenixin peptide is conserved in the genome ........................................... 72

2.4.2

The full length tachykinin receptor-3 is conserved in the genome ..................................... 73

2.4.3

Phoenixin mRNA qualitative and semi-quantitative expression......................................... 75

2.4.4

Tachykinin receptor-3 mRNA qualitative and semi-quantitative expression ..................... 76

2.5
3

Summary ........................................................................................................................ 77
CHAPTER: EFFECTS OF PHOENIXIN PEPTIDE ON PRIMARY CHICKEN

PITUITARY CELLS IN VITRO ............................................................................................... 79
3.1

Introduction .................................................................................................................... 79

3.2

Materials and methods ................................................................................................... 80

3.2.1

Animals and tissue collection ............................................................................................. 80

3.2.2

Dispersed pituitary cell culture ........................................................................................... 81

3.2.3

Experimental design ............................................................................................................ 82

3.2.4

Sample processing, q-PCR and data analysis ..................................................................... 84

3.2.5

Statistical analysis ............................................................................................................... 85

3.3

Results ............................................................................................................................ 86

vii

3.3.1

Phoenixin-20 does not regulate GnRH-Rs/GnIH-R mRNA levels in chicken primary

pituitary cells in culture....................................................................................................................... 86
3.3.2

Phoenixin-20 may potentiate 17β-estradiol downregulation of GnRH-R-III mRNA levels...
............................................................................................................................................. 90

3.3.3

3.4

Phoenixin may prevent the GnRHII induced downregulation of GnIH-R mRNA levels ... 90

Discussion ...................................................................................................................... 93

3.4.1

Effects of phoenixin on GnRH-R‘s/GnIH-R mRNA levels in cultured primary chicken

pituitary cells. ...................................................................................................................................... 93
3.4.2

Time course stimulation of primary chicken pituitary cells with phoenixin did not

modulate GnRH-R/GnIH-R mRNA levels. ........................................................................................ 94
3.4.3

Possible interactions between phoenixin and 17β-estradiol to modulate GnRH-R-III and

GnIH-R mRNA levels......................................................................................................................... 95
3.4.4

Pre-treatment with phoenixin may influence chicken pituitary cell response to GnRHII

stimulation........................................................................................................................................... 98

3.5

Summary ...................................................................................................................... 100

CONCLUSION ......................................................................................................................... 101
REFERENCES .......................................................................................................................... 103
Supplementary .......................................................................................................................... 117
Appendix A ................................................................................................................................ 129
Appendix B ................................................................................................................................ 134
Appendix C ................................................................................................................................ 138

viii

LIST OF FIGURES
FIG. 1.1 OVERVIEW OF THE REPRODUCTIVE AXIS IN THE RAT AND CHICKEN ............................................... 5
FIG. 2.1 LOCATING AND MAPPING PHOENIXIN IN THE CHICKEN GENOME, AND DETECTION OF ITS MRNA
TRANSCRIPT......................................................................................................................................... 41

FIG. 2.2 LOCATING AND MAPPING TACHYKININ RECEPTOR-3 IN THE CHICKEN GENOME, AND DETECTION
OF ITS MRNA TRANSCRIPT. ................................................................................................................. 42

FIG. 2.3 PCR AMPLIFIED AND SEQUENCED PHOENIXIN (567 BP, I) AND TACHYKININ RECEPTOR-3 MRNA
(450 BP, II) FRAGMENTS. ..................................................................................................................... 44
FIG. 2.4 PHOENIXIN 5‘ (A) AND 3‘ (B) RACE AMPLIFIED PCR PRODUCTS SEPARATED ON A 1.8% LOW
MELT AGAROSE GEL. ........................................................................................................................... 46

FIG. 2.5 FULL LENGTH PHOENIXIN MRNA SEQUENCE ................................................................................ 47
FIG. 2.6 MULTIPLE SEQUENCE ALIGNMENT OF THE PHOENIXIN/SMIM20 PROTEINS.................................. 48
FIG. 2.7 GENE SYNTENY IMMEDIATELY SURROUNDING THE SMIM20 GENE ............................................. 49
FIG. 2.8 FULL-LENGTH TACHYKININ RECEPTOR-3 AMPLIFIED PCR PRODUCT............................................ 52
FIG. 2.9 FULL LENGTH TACHYKININ-RECEPTOR 3 MRNA SEQUENCE ......................................................... 53
FIG. 2.10 MULTIPLE SEQUENCE ALIGNMENT OF TACHYKININ RECEPTOR-3 PROTEIN ................................. 55
FIG. 2.11 GENE SYNTENY SURROUNDING THE TACHYKININ RECEPTOR-3 GENE ......................................... 56
FIG. 2.12 MULTIPLE SEQUENCE ALIGNMENT OF TACHYKININ RECEPTOR-3‘S 5‘REGION ............................ 57
FIG. 2.13 MULTIPLE SEQUENCE ALIGNMENT OF CHICKEN TACHYKININ RECEPTOR-1, -2 AND -3 ............... 58
FIG. 2.14 PHOENIXIN (PNX) AND TACHYKININ RECEPTOR-3 (TACR3) TISSUE-SPECIFC EXPRESSION ....... 60
FIG. 2.15 PHOENIXIN MRNA EXPRESSION IN TISSUES OVER 15-, 29- AND 70-WOA .................................. 62
FIG. 2.16 TACHYKININ RECEPTOR-3 MRNA EXPRESSION IN TISSUES OVER 15-, 29- AND 70-WOA .......... 63
FIG. 2.17 PHOENIXIN MRNA ABUNDANCE IN DIENCEPHALON OVER SEXUAL MATURITY (7/11/18/25/41WOA).................................................................................................................................................. 65
FIG. 2.18 PHOENIXIN MRNA ABUNDANCE IN PITUITARY OVER SEXUAL MATURITY (7/11/18/25/41-WOA)
............................................................................................................................................................ 67
ix

FIG. 2.19 TACHYKININ RECEPTOR-3 MRNA ABUNDANCE IN DIENCEPHALON OVER SEXUAL MATURITY
(7/11/18/25/41WOA) .......................................................................................................................... 69
FIG. 2.20 TACHYKININ RECEPTOR-3 MRNA ABUNDANCE IN PITUITARY OVER SEXUAL MATURITY
(7/11/18/25/41-WOA)......................................................................................................................... 71
FIG. 3.1 PRIMARY CHICKEN PITUITARY CELLS AFTER TREATMENT WITH DIFFERENT DOSES OF PHOENIXIN
(100/1000 NM) OR VEHICLE (0 NM) FOR 4 HOURS. ............................................................................. 88
FIG. 3.2 PRIMARY CHICKEN PITUITARY CELLS AFTER TREATING WITH EITHER VEHICLE (MEDIA) OR
PHOENIXIN (1000NM) FOR 4, 8, 12, 18, 24 AND 36 HOURS. ................................................................. 89

FIG. 3.3 PRIMARY CHICKEN PITUITARY CELLS EITHER VEHICLE TREATED (0 NM), TREATED WITH
PHOENIXIN

(100 NM) (PNX), PHOENIXIN IN COMBINATION WITH ESTRADIOL (10 NG/ML OR 0.036

NM) (E2), OR E2 ALONE FOR 4 HOURS. ............................................................................................... 91

FIG. 3.4 PRIMARY CHICKEN PITUITARY CELLS PRE-TREATED WITH EITHER VEHICLE (MEDIA) OR
PHOENIXIN

(100NM) FOR 36 HOURS AND THEN SUBSEQUENTLY STIMULATED WITH EITHER VEHICLE

(MEDIA) OR GNRHII (10NM) FOR 4 HOURS. ....................................................................................... 92

x

LIST OF TABLES
TABLE 2.1 PCR MIXES USED FOR EXPRESSION OF PHOENIXIN AND TACHYKININ RECEPTOR-3 MRNA. ..... 34
TABLE 3.1 SUMMARY OF T-TEST STATISTICAL ANALYSES OF PRIMARY CHICKEN PITUITARY CELLS
TREATED WITH EITHER VEHICLE (MEDIA) OR PHOENIXIN-20 (100 OR 1000NM) FOR 4 HOURS. ......... 87

.

xi

LIST OF ABBREVIATIONS

AA, amino acid;
ACTB, β-Actin;
ARC, arcuate nucleus;
ARE, AU-rich element;
AVPV, anteroventral periventricular nucleus;
BLASTp/n, basic local alignment search tool for protein or nuclec acid;
CAST, castrated;
cDNA, complementary deoxyribonucleic acid;
Cq, quantification cycle;
DYN, dynorphin;
ERα, estrogen receptor alpha;
ERβ, estrogenreceptor beta;
EST, expressed sequence tags;
FSH, follicle stimulation hormone;
Gαs/ Gαq/ Gαi, g-protein subunit;
GAPDH, glyceraldehyde-3-phosphate dehydrogenase;
GFP, green fluorescent protein;
GPCR, g-protein coupled receptor;
GPR54, g-protein receptor 54;
GnRH, gonadotropin-releasing hormone;
GnIH, gonadotropin-inhibitory hormone;
IP, inositol phosphate;
KCl, potassium chloride;

xii

KISS, kisspeptin;
KNDy, kisspeptin-neurokinin B-dynophin;
KOR, κ--opioid receptor;
LH, luteinizing hormone;
LSL, Lohmnann Selected Leghorn;
LB, lysogeny broth;
ME, median eminence;
mRNA, messenger ribonucleic acid;
NCPa, the nucleus of the hippocampal commissure;
NGSP, nested gene-specific primer;
NPFF, neuropeptide FF;
PCR, polymerase chain reaction;
pDYN, prodynorphin;
PKA, protein kinase A;
PNX, phoenixin;
POA, pre-optic area;
PR, progesterone receptor;
PVN, paraventricular area;
RFRP, RFamide-related peptide;
siRNA, single interfering RNA;
SMIM20, small integral membrane protein 20;
TAC, tachykinin;
TACR3, tachykinin receptor-3;
TM, transmembrane;
TSS, transcription start sites;
UTR, untranslated region;
xiii

WOA, weeks of age;

Amino Acids (1-letter, 3-letter, full name)
A, Ala, alanine;
C, Cys, cysteine;
D, Asp, aspartic acid;
E, Glu, glutamic acid;
F, Phe, phenylalanine;
G, Gly, glycine;
H; His, histidine;
I; Ile, isoleucine;
K; Lys, lysine;
L; Leu, leucine;
M; Met, methionine;
N; Asn, asparagine;
P; Pro, proline;
Q; Gln, glutamine;
R; Arg, arginine;
S; Ser, serine;
T; Thr, threonine;
V; Val, valine;
W; Trp, tryptophan;
Y; Tyr, tyrosine;

Pyro, pyroglutamic acid;

xiv

Nucleic Acids (1-letter, full name)
A, adenine;
T, thymine;
G, guanine;
C, cytosine;
U, uracil

xv

INTRODUCTION

Today‘s laying hens have the incredible ability to produce about one egg per day, or over 305
eggs per year (Agriculture and Agrifood Canada‘s 2013 subsector report, www.agr.gc.ca) compared to an
average of 293 eggs per year in 1993. This increase may be due to a number of factors including but not
limited to: improved genetic selection and breeding methods, feeding and lighting regimens, and housing
and management. However, an in-depth understanding of how avian reproduction is systematically
regulated is needed to better understand how these factors can affect parameters like the rate of egg
production.
A novel peptide named ‗Phoenixin‘ was identified three years ago by Yosten et al. (2013) and
shown to play a role in the rat‘s reproductive axis. More specifically, the application of phoenixin to
primary rat pituitary cultures did not impact the secretions of luteinizing hormone (LH),
adrenocorticotropic hormone, thyroid stimulating hormone, prolactin, and growth hormone. Although,
when cells were pre-treated with phoenixin then subsequently stimulated with gonadotropin-releasing
hormone (GnRH), LH release was significantly enhanced (Yosten et al., 2013). They proposed that
phoenixin is able to upregulate the GnRH-receptor (GnRH-R) mRNA, thus playing a valuable role in
regulating gonadotropin release. However, evidence of phoenixin‘s presence, expression and implications
in the chicken were not known at the start of this thesis.
A population of neurons containing Kisspeptin, Neurokinin-B, and Dynorphin peptides, and their
cognate receptors (abbreviated ‗KNDy‘), present in mammals, amphibians and fish (Joseph et al., 2013)
has come to be recognized as the ‗critical control center‘ for regulating reproduction (see reviews by
Lehman et al., 2010; Maeda et al., 2010). The KNDy neuron regulates the ovulatory cycle by modulating
the pulsatile release of GnRH from the hypothalamus; GnRH being essential for the downstream
production of gonadotropins and sex steroids from the pituitary and gonads, respectively. Loss,
disruptions or mutations of kisspeptin (KISS)/neurokinin-B (TAC3) and/or receptors can result in
impaired fertility and hypogonadism in male and female humans, rats and mice (KISS: Lapatto et al.,
1

2007; d‘Anglemont de Tassigny et al. 2007. G-protein receptor-54/GPR54: de Roux et al., 2003;
Seminara et al., 2003. TAC3/Tachykinin receptor-3: Topaloglu et al., 2009; Young et al., 2010. All:
Gürbüz et al. 2012). However, since KISS and GPR54 have not been found in the chicken genome
(Delfino et al., 2010; Tena-Sempere et al. 2012; Joseph et al., 2013; Pasquier et al., 2014), existence and
characterization of other components of this system in the chicken are needed (Joseph et al., 2013).
In particular, identifying and characterizing the phoenixin and neurokinin receptor-3 (aka
tachykinin receptor-3) proteins in the chicken is necessary to understand their importance in the control of
the reproductive axis. At the same time, exploratory comparative research like this could help elucidate
species similarities or differences in reproductive strategies.
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1.1

CHAPTER: LITERATURE REVIEW

The hypothalamic-pituitary-gonadal axis

Proper functioning of the reproductive axis is necessary for reaching sexual maturity, maintaining
normal cyclicity and the propagation of a species. Physiologically important to the reproductive axis of
vertebrates are the hypothalamus, pituitary, and gonadal organs. Working collectively, this system is
commonly referred to as the hypothalamic-pituitary-gonadal (HPG)-axis.

The presence of key

reproductive signals across vertebrates has been elucidated (Tena-Sempere et al., 2012; Joseph et al.,
2013; Pasquier et al., 2014; Ogawa and Parhar, 2014) and sheds light on species similarities and
differences in the control of the HPG axis. One or more GnRH/Receptor and gonadotropin-inhibitory
hormone (GnIH)/Receptor (or homologous) pairs are present across jawed and jawless fish, amphibians,
reptiles, birds, and mammals (Joseph et al., 2013; Ogwaga and Parhar, 2014), suggesting their
unequivocal importance in mediating gonadotropin synthesis and release. To generalize, GnRH and GnIH
are produced by the hypothalamus which then acts on the pituitary to stimulate and inhibit LH and
follicle-stimulating hormone (FSH), respectively (Bonney and Cunningham, 1977; Millar et al., 1986;
Tsutsui et al., 2000; Ciccone et al., 2004). The gonadotropins act on the gonads (i.e. the chicken ovary or
testicles) to modulate steroidogenesis (i.e. produce sex steroids like estrogen and progesterone), and
gametogenesis (e.g. the recruitment and development of an ovarian follicle) (Brown et al., 1975; Huang et
al., 1979) (Fig. 1.1). Each of these endogenous signals has particular properties; GnRH, GnIH, FSH and
LH are peptide hormones which are lipophobic and travel freely in blood; whereas estrogen,
progesterone, and testosterone are steroid hormones which are lipophilic and can readily diffuse across
the cell wall. Signals like these may have functionally important roles in the reproductive axis at a time,
location, sex, and environment—dependent fashion, and may provide feedback by either acting in favor
or opposition of the perturbation. Therefore, when there is little to no information available about the
3

expression or actions of these hormones in the chicken, mechanisms used by mammals and fish will be
described.
Our search began prior to the publication of Joseph et al. (2013) when proteins like GnRH,
GnRH-R, KISS, GPR54, TAC3 and tachykinin receptor-3 had been established in many species to be
critical for reproduction. At that time, GnRH and GnRH-R‘s had already been studied by our lab and
others in the chicken, and it was known that KISS and GPR54 were not present in the chicken genome.
So, phoenixin and tachykinin receptor-3 actions in the reproductive axis are reviewed with the hope of
introducing them as players in the chicken reproductive axis. Presuming these proteins have roles in the
chicken that are similar to mammals and fish, background surrounding the modulation of the GnRH-R
and generation of the GnRH pulse will be detailed below (Fig. 1.1).

4

Fig. 1.1 Overview of the reproductive axis in the rat and chicken as it applies to this thesis. The major
organs (hypothalamus; pituitary; gonads), hormones (GnRHI/II; GnIH; LH; FSH; estradiol; progesterone)
and investigative hormones (KNDy-Kisspeptin/Neurokinin B/Dynorphin; Phoenixin) involved. From the
top of the rat axis working down, the KNDy neuron excites the GnRHI neuron in the hypothalamus
subsequently releasing GnRHI which travels down the hypophyseal portal vascular system to stimulate
the production and release of pituitary LH and FSH. GnRHII and GnIH may yet be shown to travel the
hypothalamo-pituitary portal. Similar to the human and mouse, mammalian GnRHII (mGnRHII) has been
shown present in the hypothalamus of the rat (Chen et al., 1998), but its full-length mRNA is not yet
identified (Mongiat et al., 2006). GnRHI is more potent at stimulating the rat pituitary, and GnRHII is
more potent at stimulating the chicken pituitary (as indicated by thicker arrows), whereas GnIH is known
to reduce LH and FSH production from the pituitary. LH and FSH then travel the systemic blood to
stimulate steroidogenesis and folliculogenesis from the gonads. Steroids like estradiol and progesterone
can provide positive or negative feedback to hormones produced by the hypothalamus or pituitary.
Phoenixin is expressed in the rat hypothalamus and pituitary, but it is unknown whether the phoenixin
produced from the hypothalamus or produced from the pituitary, or both, effectively upregulates GnRH-R
mRNA in the pituitary. Comparatively, it is unknown whether phoenixin and colocalized NDy
components are present and carry out the same roles in the chicken as they have been shown in the rat
reproductive axis. Diagram modified from Bédécarrats et al. (2006).
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1.2

GnRH/GnIH receptors

Chickens express two GnRH-R‘s: GnRH-R-I and GnRH-R-III (previously labelled GnRH-R-II)
(Sun et al. 2001a, b; Shimizu and Bédécarrats, 2006). GnRH-R-I and GnRH-R-III are g-protein coupled
receptors (GPCR‘s), encoded on chromosome 10 of the chicken genome, which share 53% amino-acid
identity (Joseph et al., 2009). GnRH-R-I and GnRH-R-III can bind both GnRHI and GnRHII, although
GnRHII is more potent in activating both receptors (Sun et al., 2001b; Shimzu and Bédécarrats, 2006;
Joseph et al., 2009).
Chickens also express two GnIH-receptors: RFamide-related peptide receptor (RFRPR) and
neuropeptide FF receptor (NPFFR). RFRPR (aka GPR147/NPFFR1/GnIH-R) is located on chromosome
6 in the chicken genome, whereas NPFFR (aka GPR74/NPFFR2) is located on chromosome 4 in the
chicken genome (Ikemoto and Park, 2005). Although RFRPR shares 62% amino-acid identity with
NPFFR in the transmembrane domain regions, identity is weak (15-18%) in the N- and C- terminal tails
(Ikemoto and Park, 2005). These receptors bind RFamide-related peptide (aka GnIH/NPVF/RFRP;
SIRPSAYLPLRF-NH2) and NPFF peptide (c-terminal LPXRF-NH2; X= L or Q) (Yin et al., 2005;
Ikemoto and Park, 2005). However, COS-7 cells transiently transfected with chicken RFRPR are
substantially more responsive to chicken GnIH/LPLRF-NH2 than cells transfected with chicken NPFFR;
as indicated by a more effective reduction of an inhibitory g-protein (Gαi2) mRNA levels, suggesting
higher specificity/potency (Ikemoto and Park, 2005). Thus, RFRPR has been further identified as the
GnIH-R.

1.2.1

GnRH-Rs/GnIH-R expression

GnRH-R-I and GnRH-R-III mRNA is expressed in discrete parts of the hypothalamus (including
anterior hypothalamus), cerebellum, anterior pituitary, spleen and gonads (Sun et al., 2001a; Joseph et al.,
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2009). Overall, GnRH-R-III is more highly expressed in the pituitary than GnRH-R-I mRNA (Joseph et
al., 2009). Individually, GnRH-R-I mRNA is more heavily expressed in the pituitary than the preoptic
area of the hypothalamus (POA), mediobasal hypothalamus [typically including arcuate nucleus (ARC),
ventromedial nucleus and dorsomedial nucleus], brain cortex, testes, liver and kidney of the sexually
mature male chicken (Sharp and Ciccone, 2005). Similarly, GnRH-R-III is more highly expressed in the
anterior pituitary of sexually immature broiler chickens than the ovary/testes (Joseph et al. 2009).
Changes in chicken GnRH-R-I mRNA over sexual maturity have not been identified (possibly because of
its low or negligible expression); however, GnRH-R-III mRNA has been shown to be differentially
expressed depending on sexual maturity (Shimizu and Bédécarrats, 2006; Joseph et al., 2009). GnRH-RIII mRNA is less abundant at 14 weeks of age (WOA) in males/females white leghorns (layer) pituitary
than at 23/30-WOA (~15-25-fold) when the birds have been photostimulated or are sexually mature,
respectively (Shimizu and Bédécarrats, 2006). However, this is not true for the broiler breeder chicken. In
the broiler chicken, GnRH-R-III mRNA is more abundant in the sexually immature (6-WOA) than
sexually mature (24-WOA) male anterior pituitary (8.4-fold); whereas GnRH-R-III mRNA is less
abundant in the sexually immature than sexually mature female anterior pituitary (2.8-fold) (Joseph et al.,
2009). Using a specific antibody developed by our lab, we showed that GnRH-R-III protein is
significantly

less

abundant

in

sexually

immature

(6/16/21/22-WOA;

photostimulated/non-

photostimulated) than sexually mature (35-WOA) female/male Plymouth Barred Rock chicken
(McFarlane et al., 2011) corroborating the previous finding. While the pattern of expression of GnRH-RIII mRNA and protein in the layer over sexual maturity is consistent (as indicated above), a reason for the
difference in GnRH-R-III mRNA between strains for the male is unknown. So, further focus will be
placed on the layer chicken.
GnIH-R mRNA is expressed in various parts of the white leghorn chicken brain (diencephalon,
telencephalon, optic tectum and olfactory bulb), pituitary gland, and ovary (Ikemoto and Park, 2005;
Maddineni et al., 2008a). Comparatively, NPFFR mRNA seems more widely expressed: in brain
(diencephalon, telencephalon, optic tectum, cerebellum, olfactory bulb and medulla oblongata), pituitary,
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spinal cord, eyeball, ovary/testis, atria/ventricles, liver, adrenal gland and spleen (Ikemoto and Park,
2005). Conventional PCR indicats GnIH-R mRNA to be most predominant in the pituitary of White
Leghorn in comparison to other tissues (Ikemoto and Park, 2005), however this analysis is qualitative.
Semi-quantitative analysis showed that GnIH-R mRNA is 8.8-fold more highly expressed in the
diencephalon than the anterior pituitary or ovary of the sexually immature chicken (Maddineni et al.,
2008a). GnIH-R mRNA abundance increases in the diencephalon and decreases in the anterior pituitary
during sexual maturation (16/26-WOA), respectively (Maddineni et al., 2008a; Shimzu and Bédécarrats,
2010). Whereas, NPFFR mRNA expression patterns during sexual maturation in the chicken has yet to be
shown.
The sexually mature layer hen‘s pituitary was immunostained with GnRH-R-III antibody and
immunoreactive GnRH-R-III was found present in the periphery of cephalic and caudal regions of the
anterior pituitary (McFarlane et al., 2011). Similarly, cephalic and caudal regions of the anterior pituitary
of sexually mature laying hens were immunoreactive for GnIH-R in the, and most notably in the
periphery (Maddineni et al., 2008a). Several cells expressing GnIH-R protein also seemed to express LHβ
mRNA, and some cells expressing GnIH-R protein also express FSHβ mRNA (Maddineni et al., 2008a).
GnRH-R-III and GnIH-R have also been indicated to be colocalized in the anterior pituitary (as found in
Bédécarrats et al., 2009). Therefore, GnIH-R and most likely GnRH-R-III are expressed on gonadotrope
producing cells.

1.2.2

Modulation by sex-steroids

Research suggests sex-steroids are at least in part responsible for modulating the chicken GnRHR-I and GnIH-R.
GnRH-R-I-Ra mRNA (full length subtype) is more abundant in the POA and anterior pituitary of
castrated (CAST) sexually immature males than intact and CAST sexually immature males given
intramuscular estrogen (alternate days, for 2 weeks; euthanized at 8-WOA) (Sun et al., 2001a). This
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finding suggests that the POA and anterior pituitary are essential sites for sex-steroid feedback in the
chicken, and estradiol may be necessary to negatively regulate GnRH-R-Ia mRNA abundance. However,
this may only be true for sexually immature cockerels. Sun et al. (2001a) did not find that intramuscular
injection of estradiol into sexually mature males (20-month old) made any difference in GnRH-R-I
mRNA in the POA, basal hypothalamus, anterior pituitary, or testis. It is possible that these sites become
desensitized to estrogen, and/or that alternative systems exist to regulate GnRH-R-I mRNA once males
become sexually mature.
No information currently exists on regulation of chicken GnRH-R-III mRNA. Since GnRH-R-III
is the pituitary—specific GnRH-R in chickens and is most heavily expressed in the sexually mature
female compared to sexually immature chicken, it is possible that steroid hormones act to upregulate the
GnRH-R-III mRNA. In layer chickens, sex-steroids (estradiol, testosterone and progesterone) typically
peak together around 3 to 4 weeks before the start of lay (Senior, 1974; Peterson and Webster, 1974).
Subsequently, estradiol exhibits a sharp decrease within a couple of weeks and plateaus while
progesterone follows a general decline towards the end of production independent of changing day-length
(Tanabe et al., 1981; Su and Silversides, 1996). Similarly, testosterone exhibits a sharp decrease around
the start of lay (Decuypere et al., 1985; Singh et al., 2013). Further investigation and discussion of GnRHR-III modulation by estradiol is included in chapter 3.
In vivo, estrogen alone (0.5 mg/kg BW), or in combination with progesterone (0.17 mg/kg BW)
given on alternate days for one week has been shown to downregulate GnIH-R mRNA in the anterior
pituitary of sexually immature female chickens (Maddineni et al., 2008a). Progesterone alone did not
significantly decrease GnIH-R compared to the control (Maddineni et al., 2008a). This was suggested to
be due to a lower amount of progesterone receptor (PR) in the anterior pituitary of the sexually immature
hen, as estradiol has been shown to increase PR sites (as % bound progesterone) in the immature and nonlaying hen (Kawashima et al. 1979). As a matter of fact, an antibody specific for detecting progesterone
has failed to detect PR in the anterior pituitary of the immature (1-9-WOA) female (Warren strain) (Gasc
and Baulieu, 1988). In contrast the PR was strongly detected in immature chickens (male/female) treated
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with estradiol (Gasc and Baulieu, 1988) supporting results found by Maddineni et al. (2008a). Therefore,
estradiol can play a role in downregulating GnIHR in the sexually immature female chicken.
It must be noted that sex-steroid receptor abundance changes during sexual maturation of the hen.
PR immunoreactive cells are found in the POA and ARC of the hypothalamus (Gasc and Baulieu, 1988).
Camacho-Arroyo et al. (2007) found that PR-β (full length isoform) is more abundant in the
hypothalamus of the sexually mature white leghorn hen (12 month old) than sexually immature (1.5
months old) and aged (48 month old) hens. This is slightly different for white leghorn males where PR-β
expression is significantly more abundant in the aged (48 month old) hypothalamus than sexually
immature/mature (1.5/12 month old) hypothalamus (Camacho-Arroyo et al., 2007). Although not
quantitative, estrogen receptor α (ERα) appears to decrease in abundance (via immunocytochemistry) in
the Hyline W36 (layer-type) female chicken hypothalamus with age (Hansen et al., 2003). Quantitatively,
androgen receptor is significantly less abundant in discrete areas of the sexually immature (2-WOA)
female/male budgerigar brain compared to sexually mature (1-3 years old) as determined by in situ
hybridization (Matsunaga and Okanoya, 2008).
Of importance, 61% of pituitary LH—producing cells contain ERα and 38% of pituitary LH
producing cells contain androgen receptor (Sun et al., 2012). However, only 5% of the ERα—expressing
cells express androgen receptor at least in sexually mature male leghorns (Sun et al., 2012). Further
quantitation with PR is necessary, however it has been reported that the majority of LH cells expressed
PR while FSH cells comparatively express less PR in sexually immature 18-21-WOA females (Gasc and
Baulieu, 1988). Little overlap and changed expression with age might suggest these LH—producing cells
are differentially regulated by sex-steroids over sexual maturity. Therefore, GnRH-R/GnIH-R responses
to estrogen alone or in combination with progesterone/androgens may be different in sexually immature
versus sexually mature hens.

1.2.3

GnRH-R/GnIH-R intracellular signaling mechanisms
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GPCR‘s are 7-transmembrane (TM) domain proteins that couple with g-proteins to activate
secondary messenger systems and generate an intracellular response. Knowing that these systems exist
and how they may interact is important to predict function.
GH3 cells transiently transfected with chicken GnRH-R-I or GnRH-R-III and stimulated with
chicken GnRHI and GnRHII ligands exhibited a dose dependent increase in inositol phosphate (IP)
production (Shimizu and Bédécarrats, 2010). The increase in IP would suggest these receptors are
involved in the phosphoinositol system and are coupled with Gαq. GnRH-R-III, once activated, has also
been shown to increase CRE-Luc activity [as indicator of cyclic AMP (cAMP) / protein kinase A (PKA)
activity] (Shimzu and Bédécarrats, 2010), suggesting coupling to Gαs. Thus, there is good evidence that
the chicken GnRH-R-I and GnRH-R-III can couple to both Gαq, and Gαs.
When the GnIH-R is activated, there does not seem to be any effect on phospholipase C activity,
IP3 concentration, or CRE-Luc activity (Bédécarrats et al., 2009; Shimzu and Bédécarrats, 2010).
However, when GH3 cells were transiently co-transfected with GnRH-R-III and GnIH-R, treatment with
GnIH peptide effectively reduced GnRH-stimulated CRE-Luc activity, in a dose responsive manner
(Shimizu and Bédécarrats, 2010). This means that GnIH-R couples to Gαi (in support of Gαi2 modulation
by GnIH/LPLRF-amide earlier) and GnRH-R-III and GnIH-R have interacting intracellular mechanisms
possible through modulation of adenylyl cyclase activity and ion channels (Bédécarrats et al., 2009).
Thus, there is good evidence that the chicken GnIH-R couples Gαi and not Gαq or Gαs.

1.3

GnRH/GnIH ligands

Chickens express two GnRH ligands with 70% identity; GnRHI (pEHWSYGLQPG-NH2) and
GnRHII (pEHWSHGWYPG-NH2) are encoded on chromosome 22 and 4 of the chicken genome,
respectively.
GnIH

(SIRPSAYLPLRF-NH2),

or
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related

peptides

(RP-1:

SLNFEEMKDWGSKNFLKVNTPTVNKVPNSVANLPLRF-NH2)

(RP-2:

SSIQSLLNLPQRF-NH2)

from the same prepropeptide, are encoded on chromosome 2 (Ikemoto and Park, 2005). NPFF-like
peptide and NPAF peptide (with c-terminal QPRF-NH2) from the same prepropeptide, categorized as a
RF-amide subgroup NPFF group, are encoded on chromosome 33. However since more research on the
NPFF group surrounds around their applied anorectic effects and these peptides have not yet been isolated
from the chicken, the NPFF group will no longer be discussed.

1.3.1

GnRHs/GnIH protein expression

Initially, an antibody against synthetic mammalian GnRH [(Arg8) GnRHI; mGnRH] has been
used to localize GnRH in the chicken hypothalamus (detects GnRHI and cross-reactive for GnRHII).
Using this antibody, mGnRH cell bodies (perikarya) had been identified in the POA, paraventricular area
(PVN), the nucleus of the hippocampal commissure (previously named bed nucleus of pallial
commissure; NCPa), fibre tracts in the ME and septal area of Brown Leghorn hens (Sterling and Sharp,
1982). After the identification of chicken GnRHI in 1982 (King and Millar, 1982a, b) and chicken
GnRHII in 1984 (Miyamoto et al., 1984), synthetic antibodies either directed against the full cGnRH-I
and cGnRHII peptides or directed towards the C-terminal of GnRH-I and GnRH-II (heptapeptides to
avoid possible cross-reaction) were developed. Both antibodies detected GnRHI and GnRHII in the
diencephalon and confirmed previously noted areas of the hypothalamus (Sharp et al., 1990; Van Gils et
al., 1993). Similarly, full and partial cGnRHI antibodies recognized GnRHI in the median eminence,
suggesting release into the portal vascular system. Although only the antibody directed against C-terminal
GnRH-II recognized GnRHII immunoreactive fibers and terminals in coronal sections of the median
eminence (Van Gils et al., 1993). Irrespective of these findings, active immunization against GnRHI and
GnRHII of 6-8 month old ISA Brown hens (with high titre for GnRHI and GnRHII) was shown to reduce
egg production of GnRHI immunized hens but not GnRHII immunized hens (Sharp et al., 1990). Also,
LH production was indicated to be significantly reduced in GnRHI immunized hens compared to non12

immunized hens 12 weeks after start (Sharp et al., 1990). This not only suggests GnRHI to be the primary
regulator of egg production but a larger role in LH production. Thus, further roles of GnRHI in the
chicken are discussed below.
GnIH mRNA/peptide (quailGnIH) is expressed in the PVN (Chowdhury et al., 2012) and also
found immunoreactive (by antibody generated against chicken GnIH) in the POA, NCPa, periventricular
nucleus (area located in third ventricle wall), ME and septal area of old (120-WOA) female chickens
(Maddineni, 2008), suggesting coexpression and possible areas of interaction with GnRH. GnIH mRNA
may be differentially expressed with age in the ovary, but GnIH mRNA is not differentially expressed in
the hypothalamus with age (Ciccone et al., 2005; Maddineni, 2008; Maddineni et al., 2008b;).

1.3.2

GnRH production and pulsatility

In the chicken, there is a clear inverse relationship between GnRH protein concentration in the
hypothalamus—and LH levels in the plasma 6 to 8 hours before oviposition (egg lay) (Knight et al.,
1984). This is suggested to be due to depletion of stored GnRH for quick stimulation of LH release
(Knight et al., 1984). Accordingly, a single injection of GnRH (20ug/kg) in sexually mature (43 and 104WOA) laying hens has been shown to significantly increase plasma LH concentrations within 6-minutes
(Williams and Sharp, 1978), suggesting good association between the two peptides. It is important to note
that the ability of GnRH to stimulate LH release is not the same over age. While a 25-WOA Ross-Brown
female has a significantly higher (2-fold) basal release of GnRH from the basal hypothalamus than 8WOA, the ability of intravenous ovine GnRH to stimulate plasma LH release is significantly higher in 8to 12-WOA than 20- to 25-WOA female (Knight et al., 1985). It is possible that the pre-pubertal rises in
sex-steroids are responsible for decreasing GnRH neuron excitation threshold thereby promoting GnRH
release in the sexually mature bird (Knight et al., 1985). However, unlike the traditional KNDy neuron,
the GnRH neuron does not possess sex-steroid receptors in the mammal (Estradiol: Herbison et al., 1992)
(Progesterone: Fox et al., 1990; Skinner et al 2001) (Androgen: Huang et al., 1993). Though not fully
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investigated, this absence of steroid receptors may also be true for the chicken (Sterling et al., 1984).
GnRH is released in pulses that last 14 minutes every 21 minutes, atleast from cultured male
Japanese quail mediobasal hypothalamic-POA (Li et al., 1994). While we do not have direct evidence of
GnRH pulsatility in the hen, most of our evidence stems from pulsatile-like levels of LH and FSH. LH
and FSH release from the pituitary is significantly dose responsive (Hattori et al., 1986). There are
significant differences in LH/FSH concentrations throughout the day in sexually mature broiler breeder
males (Vizcarra et al., 2004) with approximately 1 LH pulse per hour in 83-WOA broiler breeder hens
(Senthilkumaran et al., 2006). Likewise, in the laying hen, plasma concentrations of LH have been shown
to change (Knight et al., 1984), and these changing LH levels have a 54% correlation with progesterone
levels in the laying turkey as indicator of next egg (Liu et al., 2001). Therefore, based on evidence in the
quail and parallelism with LH, there is reason to believe that GnRH release is pulsatile in the layer
chicken.

1.4

Phoenixin

Phoenixin is close in similarity to FMRF-like peptide (www.phoenixpeptide.com, phoenixin
sequences; SDPFLRF-NH2) (83.3%); suggesting a close relationship with the FMRF-amide class. The
full-length phoenixin mRNA has not been identified in the chicken and, to our knowledge, the roles of
phoenixin in the chicken have not yet been characterized (Fig. 1.1). Since the commencement of this
project, phoenixin‘s cognate receptor(s) have been identified (see chapter 3.4.1).

1.4.1

Expression and function

‗Phoenixin‘, a proteolytic cleaved peptide hormone 14- or 20- amino acid (AA) in length from the
same preprohormone extracted from bovine heart and rat brain has recently been found to upregulate
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expression of GnRH-R mRNA in cycling female rat pituitary and immortalized mouse pituitary
gonadotropes (Yosten et al., 2013). Immunoreactive phoenixin is expressed in areas of the hypothalamus
(such as PVN, supraoptic nucleus, ARC and ME), brainstem and anterior/posterior pituitary (Yosten et
al., 2013). Intracerebroventricular injection of single interfering RNA (siRNA) targeting phoenixin coding
mRNA did not cause any differences in body weight or hypothalamic-ME vasopressin content but
significantly increased time to next estrus by about 2.3 days (Yosten et al., 2013). Whether treatment
continues to disrupt estrus cyclicity following the first cycle after treatment is unknown.

1.4.2

Implication on LH release

24-h pre-treatment of female rat primary anterior pituitary cells with 1000 nM Phoenixin-20
amidated peptide significantly, although temporarily, increases GnRH-stimulated LH release (Yosten et
al., 2013). GnRH-stimulated LH release was not affected in male pituitary cells (Yosten et al., 2013),
suggesting phoenixin may prime anterior pituitary cells from females differently than those from males.
Male and female cells were also stimulated with KCl to induce LH release (Richardson et al., 1982)
through membrane depolarization and subsequent hormone exocytosis. Although KCl increased LH
release, there was no significant difference between phoenixin pre-treated versus control in either male or
female primary pituitary cultures (Yosten et al., 2013). Thus, phoenixin does not directly alter LH
synthesis/release, but conceivably increases the number of biologically active GnRH-R‘s in females.

1.5

Tachykinin receptor-3 and associated KNDy components

Tachykinin receptor-3 is part of a tachykinin receptor GPCR family and its preferential ligand is
TAC3 (typically 10 to 11 AA in length) from the family of tachykinin‘s with a common c-terminal
fragment (FXGLM-NH2), but may also bind tackykinin‘s substance P (TAC1) and neurokinin A (TAC2)
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with weaker affinity (Shigemoto et al., 1990). The full-length chicken tachykinin receptor-3 mRNA has
not yet been identified and a functional role has not yet been characterized in the chicken (Fig. 1.1).
GPR54 is another GPCR which binds KISS (10, 13, 14 or 54 AA in length; RF-NH2 family). However, it
is important to note that KISS can also activate GnIHR/NPFFR (GPR147/GPR74), whereas NPFF and
neuropeptide SF (ligands bound by GnIHR/NPFF) do not activate GPR54 (Oishi et al., 2011). At present,
there is no evidence for KISS or GPR54 presence in the chicken genome. κ-opioid receptor (KOR) is an
opioid receptor selective for peptides like dynorphin (DYN) A (1-8,1-17) or DYN B (1-13) cleaved from
the prepropeptide prodynorphin (PDYN; DYN); however DYN A and DYN B are also potent at µ- and δopioid receptors (Day et al., 1993). To our knowledge, DYN and KOR are present in the chicken genome
but full-length mRNAs have not been identified.

1.5.1

Expression of KNDy components

Tachykinin receptor-3 is expressed in the hypothalamus (in particular the POA, supraoptic
nucleus, lateral hypothalamus, PVN, periventricular and ME), amygdala and zona incerta in animals such
as the human, guineapig and rat (Mileusnic et al., 1999; Yip and Chahl, 2001; Navarro et al., 2011a);
regions that are conserved independent of the different methodologies used. Female ovine and rodent
comparatively express more TAC3/DYN/KISS/PR immunoreactivity in the ARC, anteroventral
periventricular nucleus (AVPV; area located within POA) and/or periventricular nucleus than males or
prenatally androgenized females (Goubillon et al., 2000; Cheng et al., 2010; Clarkson and Herbison,
2006). It is possible that tachykinin receptor-3 is also sexually dimorphic in the chicken and prenatal
exposure to sex-steroids can affect later ‗NDy‘ neuronal expression. Tackykinin receptor-3 mRNA is
differentially expressed depending on age/sexual development/stage of estrus in other animals (further
details presented in chapter 2).
The colocalization of KISS, TAC3, DYN and cognate receptors in the brain of various mammals
has been detailed (see Lehman et al., 2010 supplementary) and will not be reviewed here. However, if we
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consider KISS mRNA expression to be representative of the KNDy neuronal expression system in the
hypothalamus, the densest populations of these neurons resides in the ARC, AVPV, and periventricular
nucleus as determined in adult female C57BL/6 mouse (Smith et al., 2005a). Contrary to the GnRH
neuron, components of the KNDy neuron express sex-steroid receptors particularly in the ARC and
AVPV (Coifi et al., 1994; Foradori et al., 2002; Smith et al., 2005a, b). By inference, the ARC and AVPV
are indeed important regions for gonadal steroid feedback on the GnRH neuron.
TAC3 also has close appositions to 39% of GnRH neurons in the rostral-POA, and its fibers run
alongside GnRHs‘ in the ME of the adult ewe (Goubillon et al., 2000) and tachykinin receptor-3 mRNA
has been located in 50% of isolated GnRH producing cells originating from the rostral-POA and medial
septal areas of the diestrus female mouse brain [two GnRH-(green fluorescent protein) GFP transgenic
mice] (Todman et al., 2005). Apparently in the POA of adult male mice, GnRHI is not coexpressed with
tachykinin receptor-3 whether CAST or intact (Navarro et al., 2011b). Besides tachykinin receptor-3,
most GnRH neurons from the male mouse brain expresses GPR54 (>90%), and this total number does not
change over sexual maturity (8-19 day old to >60 day old) (Han et al., 2005). More recently, KOR has
been colocalized with 74.4% and 97.4% of GnRH neurons of regularly cycling ewes and in the POA of
female rats, respectively (Weems et al., 2016). Weems et al., (2016) also noted that while previous studies
have not detected KOR on GnRH cell bodies, this study was more sensitive by implementing a heatinduced epitope retrieval system (HIER); an antigen retrieval technique used to restore antibody binding.
Clearly, while tachykinin receptor-3 is differentially expressed between the two sexes and may act in
coordination with other KNDy components to modulate the GnRH pulse (discussed later), it is possible
TAC3 may activate tachykinin receptor-3 and directly modulate the GnRH pulse in females.
Tachykinin receptor-3 is not only expressed in the hypothalamus in fish, Biran et al. (2014)
recently localized tachykinin receptor-3 (b subtype; TACR3b) mRNA in every LH producing cell and in
30% of FSH producing cells of the sexually mature tilapia pituitary. Similarly, TAC3 mRNA is expressed
in sexually mature tilapia LH producing cells and less so in FSH producing cells (Biran et al., 2014).
Interestingly, KISS and GPR54 protein have also been colocalized in LH producing cells of sexually
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mature rats of both sexes (Richard et al., 2008). KOR and DYN are also expressed in the pig anterior
pituitary gland; KOR mRNA is significantly less abundant at the end of the luteal phase of the pig (days
13-15) than during the follicular phase (day 16-17/19-20) and beginning of the luteal phase (days 3-5 and
8-10) (Wylot et al., 2008). Conversely, DYN mRNA is significantly less expressed in the pig anterior
pituitary between days 8-10 of the luteal phase than days 13-15/16-17 luteal/follicular phase (Wylot et al.,
2008). Thus, there is good association between changing KOR and DYN expression levels and timing of
estrus cycle in the pig. As a matter of fact, when KOR is activated by agonist (50.488), GnRH-stimulated
LH and FSH release is significantly decreased, but when GnRH is absent, only LH release is significantly
decreased in luteal/follicular phase gilts primary anterior pituitary cells (Wylot et al., 2013). Even though
KOR is shown to impact LH/FSH release and may be more bioactive in the presence of GnRH, it is
important to note that its role may not be exclusive of other traditionally colocalized KNDy components.
Therefore, as we will discuss below, KNDy neuron components plays a significant role in the
reproductive axis from the level of the hypothalamus and pituitary.

1.5.1.1

KNDy modulation by sex-steroids

TAC3 mRNA is significantly more abundant in the ARC of CAST adult female rats than CAST
adult female or CAST rats given estradiol subcutaneously (Navarro et al., 2011a). TAC3 is significantly
reduced with high (167 µg/kg) but not low dose (8.3 µg/kg) of subcutaneous estradiol implants in the
ARC of 13 day and 60 day CAST or CAST and GnRH deficient mice (Gill et al., 2012). Similarly, in the
uterus of mature ovariectomized rat-mouse, subcutaneous or intraperitoneal injection of estradiol
(compared to a control) significantly reduces tachykinin receptor-3 mRNA expression (Pinto et al., 1999;
Pinto et al 2009).
When adult male mice are CAST, KISS1 mRNA levels are increased by 3.5-fold and decreased by
90% and 78% in the ARC, AVPV and periventricular region, respectively (Smith et al., 2005a). By
applying testosterone (7-days implant) or by utilizing ER or androgen receptor knockout model male mice
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(since testosterone and estradiol treatment worked similarly), testosterone or estrogen significantly
reversed the effect by increasing KISS1 mRNA levels in the AVPV, but reducing KISS1 mRNA levels in
the ARC below intact levels (Smith et al., 2005a). In female mice, the effect of CAST on KISS1 mRNA
is similar to males, and by applying estradiol implant for a week to CAST animals, KISS1 mRNA is
significantly reversed or increased in the AVPV and decreased in the ARC (Smith et al., 2005b).
However, when applying estradiol to CAST female ERα knockout models there was no effect, and when
applying estradiol to CAST female ERβ knockout models, KISS1 mRNA is similarly increased in the
AVPV and decreased in the ARC (Smith et al., 2005b). Similar effects of estradiol on ARC and AVPV
regions on KISS1 mRNA were also found by Gottsch et al. (2009). For example, estradiol applied
subcutaneously increases KISS1 mRNA in the AVPV of CAST adult female mice (10-13-WOA) but not
ERα-/- or ERαAA/- (where ERα does not bind estrogen response elements, ERE‘s) CAST female mice
(Gottsch et al., 2009). Conversely, estradiol applied subcutaneously decreases KISS1 mRNA in the ARC
of CAST adult female mice (10-13-WOA) and ERαAA/- but not ERα-/- (Gottsch et al. 2009). Interestingly,
estradiol applied subcutaneously decreases DYN mRNA in the ARC of CAST adult female mice (10-13WOA) but not ARC of CAST ERαAA/- /ERα-/- mice (Gottsch et al., 2009). Thus, estradiol differentially
regulates DYN/KISS1 mRNA abundance in the ARC and AVPV; where KISS1 ARC regulated by ERα,
and KISS1 AVPV and DYN ARC is regulated by ERα and ERα-binding ERE.
It must be noted that steroid hormone receptors are also positively or negatively regulated by sexsteroids and or ovarian factors depending on location (Brown and MacLusky, 1993; Simerly et al., 1996).
In brief, plasma estradiol exhibits an inverse relationship with ER mRNA quantity (no correlation with
PR mRNA quantity) in the AVPV region of cycling adult female rat, with highest quantity of ER mRNA
during the estrus/metestrus (Simerly et al., 1996), whereas ER mRNA quantity in the ARC and
ventromedial nucleus of the female rat is most abundant during diestrus/proestrus than estrus (Shughrue et
al., 1992). PR is least abundant (about 2-fold) in the AVPV in the first half of proestrus compared to last
half of proestrus, and subsequent estrus, metestrus and diestrus cycles (Simerly et al., 1996). Estradiol
increases PR in ARC and ventromedial nucleus by about 3-fold in CAST female rats (Lauber et al.,
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1991), thus likely up regulated in the ARC and ventromedial nucleus during diestrus/proestrus. Clearly,
sex-steroid receptor levels can be affected by the presence of sex-steroids in site-specific regions. Perhaps
the levels of these receptors are important for KNDy signaling. In fact, KISS‘s ability to stimulate LH and
FSH secretion in the proestrus-estrus transition (preovulatory surge) in the female rat plasma is severely
attenuated or negligible when the female cycling rat is pretreated with ERα antagonist or PR antagonist
subcutaneously (Roa et al., 2008a; Roa et al., 2008b). Fascinatingly, KISS‘s ability to stimulate LH and
FSH secretion/secretory mass during the proestrus-estrus transition is augmented when the cycling female
rat is pretreated with ERβ antagonist (Roa et al., 2008a; Roa et al., 2008b). Thus, the blockade or
availability of these sex-steroid receptors for stimulation may influence KISS gonadotropin response.

1.5.1.2

Inactivating mutations or knockout

Apart from GnRH-R, mutations in tachykinin receptor-3 are one of the most common causes of
normosmic idiopathic hypogonadotropic hypogonadism (niHH) in humans (Gürbüz et al., 2012). This is
when humans (with normal sense of smell) fail to advance through puberty and subsequently display
reduced levels of gonadotropins and sex-steroids levels. For example, in a study by Young et al. (2010),
one male and two female siblings admitted to the study with congenital-HH and DNA sequenced to
confirm homozygous for mutation in tachykinin receptor-3 resulting in truncated receptor. All had
seemingly normal iron/ferritin/prolactin levels, learning abilities, and height/weight and brain scan of
pituitary/olfactory bulb (MRI). However these patients were presented with low serum LH and FSH
levels and both females (23 and 26 years old) never started their menstrual cycle. Upon 6-month estrogenprogestin treatment to the 23 year old female, sex-gland development increased in size (uterus length) and
the menstrual cycle initiated/regulated. Subsequently, after 18 days of pulsatile GnRH treatment
(subcutaneous), the 23 year old‘s serum LH/FSH/estradiol‘s levels were increased, uterine wall
appropriately lined and follicle recruited allowing the woman to successfully conceive, carry out
pregnancy and give birth. Similar diagnoses are seen for female and males presented with homozygous
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mutation for TAC3 (Young et al., 2010). Null tachykinin receptor-3 female mice, however are able to
advance through puberty and have normal basal LH and FSH levels, but display irregular and long
metestrus/diestrus cycles and produce fewer litters and fewer pups per litter than wild type (Yang et al.,
2012). Null tachykinin receptor-3 male mice have significantly lower testes weight, and lower FSH, but
normal numbers of GnRH neurons in the POA, and reproduce normally (number of litters 3/number of
pups per litter 8 over 12 weeks) (Yang et al., 2012). The reason for the disparity between human and
rodent fertility with mutated/null tachykinin receptor-3 are not fully known. However, as Plant (2006)
pointed out, rodents (like guineapig), unlike primates (like monkey/human) (remarkably even when
monkeys and guineapigs are gonadectomized), lack a LH/FSH hiatus (suggestive of different GnRH
activity) between infancy and puberty (where there are higher levels of gonadotropin release at infancy
and puberty). Thus it would be attractive to speculate that the ‗resurgence‘ of GnRH
pulsatility/gonadotropin release into puberty (Plant, 2006) is dependent on presence of tachykinin
receptor-3 in the primate. However, by studying redundant pathways existing to stimulate GnRH in the
rodent may help clarify spontaneous sexual maturity and realize different reproductive strategies used by
different animals.
Humans and mice with mutations or knockout in KISS/GPR54 fail to advance through puberty
(de Roux et al., 2003; Seminara et al., 2003; Messager et al., 2005; Lapatto et al., 2007; d‘Anglemont de
Tassigny et al., 2007) and tended to have significantly lower LH and FSH levels than control or normal.
On the contrary, zebrafish with combinations of KISS1-/-/KISS2-/- or GPR54-1-/-/GPR54-2-/- gene
knockout (those KISS systems known present in the zebrafish genome) advance through puberty
normally, have normal gamete development, can mate and produce healthy offspring, but have lower
GnRHIII and FSHβ mRNA levels; also slightly lower LHβ in females but only significantly lower LHβ
in males (Tang et al. 2015). This not only suggests that the roles of KISS and GPR54 are not well
translated across species, but other players that typically act upstream or in concert with KISS and GPR54
such as TAC3 and tachykinin receptor-3 may also be dispensable for the fish. Interestingly, DYN (Sharifi
et al., 2001) and KOR knockout mice advance through puberty and are fertile, so maybe DYN and KOR
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are not essential for GnRH neuron steroid feedback in mouse.
Nevertheless, these KNDy neurons may only need to effectively activate a small subset of GnRH
neurons for normal cycling and fertility. In Herbison et al., (2008) study for example, transgene
compromisation of a region close to epha5 results in some or most GnRH neurons migrating from the
olfactory placode (during embryogenesis) were used to assess the number of GnRH cells needed for
reproduction (otherwise normal number of neurons and neuronal distribution indicated). The total number
of GnRH neurons peptide content through the medial septum-anterior hypothalamus area in these normal
female mouse (wildtype; n = 569), hemizygous GNR23 mouse (hemiGNR23; 22% of total n = 193 in
rostral-POA) and homozygous GnR23 mouse (hmzGNR23; 7% of total n = 66 in rostral-POA) were
different. Male mice are similar: wildtype (n~500), hemiGNR23 (n~200), hmzGNR23 (n~80). All mice
(surprisingly) advanced through puberty normally. Males testes weight were stepwise significantly lower
(wildtype>hemiGNR23>hmzGNR23) which was in line with significantly lower quantity of FSH
(wildtype = hemiGNR23> hemiGNR23=hmzGNR23), however LH was not significantly affected and all
males were able to mate with females with normal time to first litter, number of litters and number of
pups per litter. Female‘s had similar time to first estrus (vaginal smear), no apparent differences in basal
LH and FSH (single-point measurement); however, hmzGNR23 had significantly longer estrus cycle
length (~9 vs 6 days), less number of litters over time (1 versus 4/5; 4 months‘ time) and less pups per
litter (4 versus 6), and hemiGNR23 and hmzGNR23 had no LH surge. Further investigation showed that
there was no difference in LH secretion from wildtype and hmzGNR23 stimulated with GnRH, and all
genotypes (wildtype,hemiGNR23,hmzGNR23) were not differently activated (c-fos) in CAST/estradiol
and progesterone treated mice (50% of GnRH neurons). So, in both sexes the basal LH response and sexsteroid milieu/feedback do not seem affected by lower numbers of GnRH neurons; however lower
numbers of GnRH neurons in the female may fail to stimulate the LH surge, and in the male mouse,
reduce basal FSH secretion. Thus, particularly in the female, basal LH and FSH secretion only needs to be
activated by a small subset of GnRH neurons.
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1.5.2

Tachykinin receptor-3 activation and downstream effects

Shigemoto et al. (1990) used voltage clamp to determine the electrical activity of rat tachykinin
receptor-3 via injection into Xenopus oocyte. Treatment of these cells with 100 nM TAC3 every 60
minutes results in a significant inward current; in contrast, this response is significantly reduced for every
10 minute application suggesting the receptor becomes desensitized with higher frequency treatment
(Shigemoto et al., 1990). Chinese hamster ovary cells stably transfected with tackykinin receptor-3 (7.6
pmol/mg protein; 19x104 receptors/cell) treated with TAC3 results in a significant induction of IP2 (1000
nM- 45-fold) and IP3 (1000 nM, 8-fold; 100 nM, 7-fold) formation after 10 minutes, however,
comparatively higher concentrations of peptide were needed to stimulate increase in cAMP
concentrations (Nakajima et al., 1992). Application of TAC3 also stimulated increases in AC activity
which was more pronounced in combination with GTP (Nakajima et al., 1992); suggesting coupling and
linkage of both Gs and Gq and the inward current described above a result of increased Ca2+ which was
confirmed in a study by Topaloglu et al. (2009) (HEK293 cells transiently transfected with tachykinin
receptor-3 and stimulated with TAC3).

1.5.2.1

Stimulation at the level of the hypothalamus

TAC3 is able to stimulate ARC slices from adult male mice and alter kisspeptin neuron firing
frequency. For example, blockage of tachykinin receptor-1 and tachykinin receptor-3 supressed the
stimulatory effect of TAC3 on KISS neuron electrical activity by 60% (de Croft et al., 2013). In contrast,
in another study, tachykinin receptor-3 antagonism alone decreased the TAC3 effect on ARC KISS1
electrical activity in CAST adult male mice to 35% of control (Navarro et al., 2011b). Therefore, it is
possible that the presence of endogenous sex-steroids like testosterone decrease KISS1 cell sensitivity to
TAC3 (de Croft et al., 2013). In fact, Ruka et al. (2013) showed that individual KNDy neurons from a
CAST transgenic male mouse have higher firing rates (via voltage clamp) than KNDy neurons from an
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intact male mouse (also fluorescent for TAC3 and from ARC) when stimulated with the TAC3 analog
senktide; and DYN A more strongly inhibits the firing frequency of intact male mice (by 91%) than
CAST mice (by 50%). However, the order of KNDy neuron exposure to KNDy peptides matters: treating
with DYN A before or after senktide treatment to CAST male mice does not significantly affect senktide
induced firing rate, whereas pre-treating with DYN A (but not after senktide treatment) to intact male
mice significantly decreases senktides ability to increase firing rate (Ruka et al., 2013). Tachykinin
receptor-3 activation at the level of the hypothalamus is important to characterize seeing as kisspeptin is
traditionally thought to be the final mediator regulating the GnRH pulse.
There is good evidence to suggest tachykinin receptor-3 is upstream KISS and GnRH. Briefly, in
sexually immature CAST rhesus monkeys with desensitized tachykinin receptor-3 (with continuous
intravenous senktide infusion), KISS and GnRH-stimulated LH release were similar compared to
monkeys without desensitized tachykinin receptor-3, whereas senktide induced LH release was blunted
compared to monkeys without desensitized tachykinin receptor-3 (Ramaswamy et al., 2011). However,
after desensitization of GPR54 (continuous infusion of kisspeptin; and by inference possible
desensitization of GnIH-R), slightly lower GnRH stimulated LH response and negligible KISS stimulated
LH response is seen, and senktide induced LH response (compared to non-GPR54 desentitized) is
significantly blunted (Ramaswamy et al., 2011). In the mid-pubertal female rhesus monkey (~34 months
of age), KISS is pulsatile with a significant pulse every 59 minutes, secreting about 2.1 pg/mL total and
release being significantly higher 5 hours after lights are out compared to 5 hours before lights turn off
(12 hour light/dark); and these KISS peaks are significantly correlated with GnRH peaks (immediately or
10 minute prior) 76.5% of the time, with 1 nM needed to effectively stimulate GnRH from the stalk-ME
(Keen et al., 2008). By conjecture, TAC3 may be released similarly as to stimulate KISS. Based on the
above information, neuroanatomical expression data (not included for sake of brevity; see Lehman et al.,
2010), and heavy expression of GPR54 with almost all GnRH neurons (described earlier), KISS is
upstream GnRH, and tachykinin receptor-3 is principally upstream KISS and GnRH.
Nonetheless, activation of tachykinin receptor-3 directly and consistently stimulated GnRH
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release from normal adult male mouse (and KISS1 knockout male and female mice) ME slices (as
determined by microelectrodes placed by GnRH cell bodies or between GnRH neurons), but rarely or no
stimulation of GnRH from POA (Gaskins et al., 2013; Ruka et al., 2013). Interestingly, the magnitude of
GnRH release from the stimulation with either senktide (10 nM) or potassium in artificial cerebro-spinal
fluid (20 mM) from normal adult male mice ME were similar (Gaskins et al., 2013), suggesting TAC3
excites GnRH neurons potentially through altering intracellular calcium and or potassium levels.
Returning back to our initial discussion, it is not clear how sex-steroid treatment of the two
women with mutations in tachykinin receptor-3 initiated menses. Newer research supports the idea that
TAC3 acts directly on the ovary to stimulate sex-steroid production. For example, TAC3 injected
intraperitoneally to zebrafish significantly upregulates ovarian LH-R (12 hour, not 3 or 6hour),
cytochrome p450 family II subfamily A member 1 (cyp11a1; aka cholesterol side-chain cleavage enzyme;
6 and 12 hour but not 3hour) and cyp19ala mRNA (aka aromatase; 3 and 6 hour, not 12 hour), but not
FSH-R, steroidogenic acute regulatory protein (STAR) or hydroxy-delta-5-steroid dehydrogenase (hsd3b)
mRNA (over 3,6 or 12 hours) (Qi et al., 2016). Analogous with zebrafish follicles, human granulosa cell
tumor cell line (COV434) treated with testosterone and or stimulated with TAC3/senktide increased
estradiol levels almost 2-3-fold after 6 to 12 hours of treatment (Qi et al., 2016). It was subsequently
determined that TAC3/senktide activates CREB (through PKA and calmodulin-dependent pathway, but
not PKC) and ERK (which can be blocked by inhibitors PD9858 and U0126) (Qi et al., 2016). This is of
great importance in polycystic ovarian syndrome (PCOS) patients, where granulosa cells collected from
six patients (undergoing in vitro maturation treatment) had significantly lower abundance of tachykinin
receptor-3 mRNA (but not TAC3 mRNA) levels compared to granulosa cells collected from patients
without PCOS (undergoing in vitro maturation or in vitro fertilization) (Qi et al., 2016). Thus, TAC3 may
not only have important initial roles in pulsatile GnRH at the hypothalamus and intern LH/FSH secretion
at the pituitary, but initial roles in sex-steroid modulation at the level of the ovary.

1.5.2.2

Stimulation at the level of the pituitary
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Intraperitoneal injection of TAC3 to sexually mature tilapia in vivo induces an increase of LH and
FSH from the caudal vein blood after 2 hours (Biran et al., 2014). Similarly, in vitro treatment of primary
pituitary cells from sexually mature male tilapia with TAC3 stimulates LH and FSH release; and 1 nM of
TAC3 or GnRH (but not 10/100/1000 nM) are comparatively effective in stimulating LH release (Biran et
al., 2014). Rats on the other hand express little to no TAC3 in the pituitary (Merchenthaler et al., 1992),
and we do not know at this time whether TAC3 is secreted into the hypothalamic-pituitary portal and acts
on tachykinin receptor-3 sites in the pituitary. Therefore, more research revolving around downstream
effects of TAC3 or analog on the pituitary secretion in the rat is discussed below.
Senktide given intracerebroventricularly to intact adult male mice and diestrus cycing female rats
can stimulate increases in plasma LH and FSH release (Navarro et al., 2011b), however, when GPR54 is
knocked-out in male mice senktide‘s ability to stimulate LH and FSH release (via intracerebroventricular
injection) is absent (García-Galiano et al., 2012). This supports the above discussion suggesting chief
TAC3 binding sites are upstream KISS and corroborates with earlier studies showing decreases in LH and
FSH release as a result of knockout or null mutations in tachykinin receptor-3. This work is also in
agreement with Ruiz-Pino et al. (2015) where blockage of DYN (by nor-binaltorphimine/nor-BNI
antagonist) and stimulating with senktide (via intracerebroventricular injection) in male rats elicits a
significant increase in LH and FSH release. Similarly, when ARC KNDy neurons are ablated by
stereotaxic injection of TAC3-Saporin (with MePhe7-NKB conjugate; with >90% reduction in TAC3),
most sexually mature female rats (n = 3/4) remain in constant diestrus (94% of the time versus 49% of the
time in control; over 30 days). Then in the same study, 30 days after stereotaxic injection (treatment and
vehicle control) rats were CAST (during diestrus morning) and given subcutaneous estradiol and
subcutaneous progesterone capsules which elicited an LH surge in all rats (Mittelman-Smith et al., 2016).
Though, not only did ARC KNDy neuron ablated rats have significantly less LH and FSH release before
sex-steroid administration, but administration of sex-steroids elicited a 3X increase in LH and ~1.3X
greater FSH release than blank(vehicle)-saporin animals (Mittelman-Smith et al., 2016). Thus, while
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TAC3 is in part responsible for an increase in LH and FSH release, KNDy neurons of the ARC nucleus
area are together responsible for a dominant negative feedback effect on pituitary LH and FSH secretion.
Intracerebroventricular injection of TAC3 (2 nmol) into adult female CAST goats (3-8 years old)
increased number of multiple unit activity (MUA) volleys (as electrode placed caudal to ARC-by KNDy
neurons) and mean duration of MUA, besides decreasing MUA amplitude and LH area under the curve
(less LH concentration over time) (Wakabayashi et al., 2010). However, when these animals were
subcutaneously implanted with estradiol concentrations comparable to luteal phase, there were no
apparent differences in MUA or LH area under the curve compared to the control (vehicle treated)
(Wakabayashi et al., 2010). DYN administered to adult female CAST goats can increase the intervolley
interval, whereas nor-BNI (DYN antagonist) can decrease the intervolley interval and increase MUA
volley duration (Wakabayashi et al., 2010). So, besides tachykinin receptor-3, KOR also holds important
roles in modulating KNDy action potential. KISS-10 (analog) administration, however, may stimulate LH
secretion but does not alter MUA (electrode positioned by posterior ARC) in adult CAST male goats
(Ohkura et al., 2009). This corroborates with other findings in the intact adult female human where
tachykinin receptor-3 antagonist reduces LH pulsatility (via intravenous cannula every 10 minutes) in the
intact adult female human, where KISS stimulation reestablishes LH pulsatility (Skorupskaite et al.,
2016). Thus, TAC3 and DYN are conceivably important mediators of KISS stimulated GnRH pulsatility
which has downstream effects on LH and FSH release.
Interestingly, returning back to the above rats with KNDy neuron ARC ablation (tac3-saporin),
these rats have significantly lower ovary weights (26 mg versus 43 mg control average), less corpora
lutea, 3-fold significantly greater type III follicular atresia (stage where ooplasm is expulsed into the
stroma of follicle), and significantly reduced area of endometrium (Mittelman-Smith et al., 2016).
Therefore it must be noted that expression and functioning of the KNDy neuron components from the
ARC must also be linked to proper functioning at the level of the ovary.

1.5.2.3

How may ‘NDy’ affect GnRH/LH/FSH secretion in the chicken?
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Despite the chicken genome being incomplete, genes typically neighboring KISS or GPR54 in
mammals or amphibians have not been found colocalized with KISS or GPR54 in the chicken (Pasquier
et al., 2014). Exceptions in the avian clad include a possible KISS2-like peptide identified in the mallard
duck, zebra finch and rock pigeon, however, the predicted open reading frame lacks a dibasic N-terminal
end proteolytic cleavage site suggesting this peptide is degraded or non-functional (Pasquier et al., 2014).
Perhaps, there is redundancy or receptor cross-talk needed to stimulate the GnRH pulse in the chicken? It
is possible GnRH stimulatory pathways are yet to be identified, or that redundancy exists such that
peptides like: NPFF, TAC1, TAC2, TAC3 and DYN compensate through other regulatory mechanisms
(de Croft et al., 2013; Tang et al., 2015). For a more detailed review on KISS and known associated
peptides function in animals other than the chicken, readers are recommended to consult the
comprehensive book published in 2013 by multiple scientists in the field (Kauffmann and Smith, 2013).
In female mice, approximately 30% of GnRH neurons and 15% of KISS neurons are apposed by
GnIH fibers and contain GnIHR mRNA (Rizwan et al., 2012), so it is possible that NDy-GnRH pulse
generating neurons may also be affected by GnIH. In fact, KISS‘s stimulatory effect on GnRH mRNA is
reduced by GnIH in immortalized mouse hypothalamus cells (mHypoA-GnRH/GFP) (Gojska et al.,
2014); suggesting GnIH may be upstream or dominant to KNDy. Nevertheless, this is just the beginning
of research for a possible colocalized NDy system and surrounding affectors in chickens and we can only
speculate how GnRH and or downstream LH and FSH are regulated. Hence, tachykinin receptor-3 and
TAC3 are without question important regulators of reproduction and promising modulators of GnRH
pulsatility in the chicken.

1.6

Summary and hypotheses

This review first focuses on the current understanding of GnRH-R/GnIH-R expression and GnRH
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pulsatility before delving into newer peptides not yet characterized in the chicken. A secondary focus of
the literature review was to incorporate information surrounding sex-steroids which will be particularly
important as further chapters are discussed. Considerable detail surrounding expression and action of
proteins are laid out to understand time and or location of importance. Phoenixin is introduced as a
pituitary GnRH-R regulator that can have downstream effects on LH release. Whereas, tachykinin
receptor-3 is presented largely as a hypothalamus GnRH pulse modulator and also impacts LH release
from the pituitary; and undoubtedly more findings exploring tachykinin receptor-3‘s role in sex-steroid
production from the level of the ovary are to come. To us, and hopefully to others studying reproduction,
an animal model such as the continuously ovulating chicken is indeed of interest to those wishing to study
a reproductive axis independent of KISS and GPR54 circuitry.
As follows, my hypotheses are;
1.

Phoenixin is present in the chicken genome and expressed in the hypothalamus and or

pituitary so that it may participate in upregulating GnRH-R-III.
2.

Tachykinin receptor-3 is present in the chicken genome and expressed in the

hypothalamus so that it may regulate GnRH release.
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2

CHAPTER: CLONING OF THE CHICKEN PHOENIXIN AND TACHYKININ
RECEPTOR-3 CDNA AND STUDY OF THEIR GENE EXPRESSION IN THE
REPRODUCTIVE AXIS

2.1

Introduction

Phoenixin was first identified by Yosten et al., (2013) from a database of amino acid sequences
that contained proteolytic cleavage sites and were heavily conserved across species. An antibody towards
the phoenixin sequence was synthesized and the 14- or 20- AA peptide was later extracted from bovine
heart and rat hypothalamus (Yosten et al., 2013). Tachykinin receptor-3 has a longer documented history.
Early studies pointed to the existence of multiple substance P receptor subtypes based on the effect and
relative potency of TAC1, its C/N-terminal ends and analogs, and related tachykinins. However, this
classification was abandonned after collective findings suggesting TAC2 and TAC3 preferably act on
different but related receptors (Laufer et al., 1985; Quirion et al., 1984; Masu et al., 1987; Shigemoto et
al., 1990). For example, TAC1 and TAC2 weakly displace radio-labelled eledoisin binding compared to
TAC3 in tachykinin receptor-3 transfected COS cells (Shigemoto et al., 1990). Subsequently, the bovine,
rat and human tachykinin receptor-3 mRNAs were sequenced (Masu et al., 1987; Shigemoto et al., 1990;
Huang et al., 1992; Buell et al., 1992).
Based on the literature in various species, phoenixin and tachykinin receptor-3 may play
significant roles in the reproductive axis of the chicken. Phoenixin is implicated in upregulating the
GnRH-R in immortalized mouse and primary rat pituitaries (Yosten et al., 2013). Whereas, tachykinin
receptor-3 in part with other peptides generates the GnRH pulse in mammals, with KISS and GPR54
acting as the final mediator (Lehman et al., 2010; Maeda et al., 2010). However, since KISS and GPR54
have not been found in the chicken genome and therefore cannot relay KNDy neuron stimulus (TenaSempere et al. 2012; Joseph et al., 2013; Pasquier et al., 2014), it raises questions regarding the presence
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and expression of other KNDy neuron components.
Unlike the human and mouse genome, improvements to the current draft of the chicken genome
assembly are still underway (Wang et al., 2007; Warren et al., 2014; Howe and Wood, 2015); and to our
knowledge, the full-length sequence of chicken phoenixin and tachykinin receptor-3 mRNAs, or their
expression, have not been reported. In addition to the coding regions, the 5‘ and 3‘ untranslated regions
can yield insight into transcriptional and translational control. And, expression of these genes can suggest
important regions or times of activity. So, to gain a better understanding of the role of phoenixin and
tachykinin receptor-3 in the chicken reproductive axis, the following aims were developed:
(i)

Identify phoenixin and tachykinin receptor-3 in the chicken genome.

(ii)

Sequence the full-length phoenixin and tachykinin receptor-3 cDNAs.

(iii)

Characterize the abundance of these mRNAs in different tissues and at different ages of
sexual maturation.

And, the following hypotheses were established:
(i)

Phoenixin is present in the chicken genome and expressed in the diencephalon and
pituitary so that it can upregulate GnRH-R-III.

(ii)

Tachykinin receptor-3 is present in the chicken genome and expressed in the
diencephalon so that it can modulate the GnRH pulse.

2.2

2.2.1

Materials and methods

Database search and mapping of phoenixin and tachykinin receptor-3

Literature and genome searches for chicken phoenixin and tachykinin receptor-3 genes and
proteins were conducted. The predicted chicken genes and protein seqeunces were then inputted into
different genomic databases, basic local alignment search tool (BLAST) or BLAST-like (BLAT)
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alignment tool to confirm the identity and assess the reliability of the given nucleotide and protein
sequence

(NCBI,

https://blast.ncbi.nlm.nih.gov/Blast.cgi;

http://useast.ensembl.org/Multi/Tools/Blast?db=core;

and

UCSC

Ensemble

https://genome.ucsc.edu/cgi-

bin/hgBlat?command=start).

2.2.2

Tissue collection

Tissue samples (diencephalon and pituitary, gut, gonad and heart) from 15-WOA (n = 5), 29WOA (n = 4) and 70-WOA (n = 4) Lohmnann Selected Leghorn (LSL)-Lite female chickens (Arkell
Poultry research station, University of Guelph-OMAFRA, Guelph, ON) were collected, rapidly snap
frozen in liquid nitrogen then stored at -80°C until RNA extraction. Birds were reared in individual cages
according to Arkell research station‘s standard operating protocol and were photostimulated at 18-WOA
with a switch from 10 hours to 14 hours of light per day.
A second set of tissues samples (diencephalon and pituitary) was also collected from a
commercial flock of Lohmann Brown-Lite females (Burnbrae farms, Lyn, ON). In that case, tissue
samples were first stored in RNA later (Life technologies, #AM7021), transferred to 4°C overnight and
then transferred to a –80°C freezer until RNA extraction. Tissues included 10 individual diencephalon
and pituitary samples collected from birds at 7-, 11-, 18-, 25-, and 41-WOA. Birds were reared on the
floor according to Burnbrae Farms‘ standard operating protocol and pullets were exposed to a 9-hour
photoperiod from 6-WOA until 16-WOA where then lighting was increased by 1 hour and increased
weekly until 18-WOA. Then at 18-WOA hens were transferred to an adult free run barn and lighting was
subsequently increased by 30 min weekly until 23-WOA (and 14.5-hour photoperiod).

2.2.3

RNA extraction, cDNA synthesis, and conventional PCR

Total RNA from diencephalon, pituitary, ovary, gut and heart tissues was extracted with TRIzol
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(Life technologies, 15596) according to the manufacturer‘s instructions (Life technologies,
MAN0001271, December 13/2012) with some modifications (See Appendix A for the full protocol used).
Tissues were homogenized in 0.6 to 1 mL of TRIzol reagent using a sonic dismembrator (Fisher, Model
100, PA, USA) until no clumps could be seen. Chloroform (Fisher, BP1145) was used to separate the
RNA phase from protein/DNA and after collection of the aqueous phase, total RNA was precipitated with
500 µL isopropanol (Fisher, BP2618). In addition, due to the small size of pituitary samples, 4 µg of
glycogen (Fisher, FERR0551) was added to promote precipitation of RNA. The RNA pellets were
washed with 70 or 75% ethanol, resuspended in sterile deionized water (30/100 µL) and stored at -80°C
until reverse transcription. Concentration and purity of RNA samples were quantified using a Nanodrop
(Thermo Scientific, Wilmington, USA) and an absorbance ratio [260/280 nm] of 1.8-2.1 was considered
acceptable. Ten µg of RNA samples were subsequently treated with DNase (RQ1 DNase I, Promega,
M6101) for 30 min at 37°C to remove any genomic DNA contamination and then heated to 65°C to
deactivate the DNase enzyme. RNA was reverse transcribed (1 to 2 µg) with Superscript II (Thermofisher
scientific, 180640) according to the manufacturer‘s instructions (Thermofisher scientific, 11904, v.March
5, 2007) with Oligo (dT)18 primer (1 µM) in 20 µL. Once the cDNA was synthesized, 1 µL (0.5 U) of
RNase H (NEB, M0297) was added to the reaction to remove RNA templates, incubated for 20 min at
37°C and stored at -20°C until use (See Appendix A for the full protocol used).
Conventional PCR was conducted to qualitatively detect phoenixin and tachykinin receptor-3
mRNA in LSL-Lite tissues using a Peltier thermal cycler (PTC-200, Watertown, Massachusetts, USA).
Primer sequences were designed to span exon boundaries (Primer3; http://bioinfo.ut.ee/primer3-0.4.0;
Appendix B) and PCR products were amplified using PCR mix #1 (Table 2.1) and the following cycling
conditions unless otherwise indicated:


Phoenixin, 95°C, 3 min; 35 cycles of 93°C, 30 sec, 60°C, 30 sec, 72°C, 30 sec; and 72°C, 10 min.



Tachykinin recptor-3 and β-Actin (ACTB), 95°C, 3 min; 35 cycles of 95°C, 30 sec, 59.6°C, 30
sec, 72°C, 30 sec; and 72°C, 10 min.

PCR products were separated on a 2.0% agarose gel and visualized with ethidium bromide. Specificity of
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amplicons was confirmed by sequencing PCR products (Genomics Facility, Advanced Analysis Centre,
University of Guelph, Guelph, Ontario) after excision from the agarose gel and purification with a
QIAquick Gel Extraction Kit (Qiagen, 28704). Sequence files were visualized, edited and aligned with
DNAdynamo software (http://www.bluetractorsoftware.co.uk/).

Table 2.1 PCR mixes used for expression of phoenixin and tachykinin receptor-3 mRNA.
PCR mix #1
PCR mix #2
PCR
Phoenixin
Tachykinin
PCR
Phoenixin/tachykinin
component
receptorcomponent
receptor-3/ACTB
3/ACTB
Water
To 50 µL
To 50 µL
Water
To 50 µL
10X Buffer A
1X (1.5 mM
1X (1.5 mM
5x GoTaq
1X
with MgCl2
MgCl2)
MgCl2)
Flexi buffer
dNTPs
0.2 mM each
0.2 mM each
MgCl2
1 mM
Primers
1 µM
1 µM
dNTPs
0.2 mM each
DMSO
10%
Primers
1 µM
Taq (Fisher,
3.75 U
2.5 U
GoTaq Flexi
2.5 U
F600035)
DNA
polymerase
(Promega,
M8295)
Template
2 µL
2 µL
Template
2 µL

2.2.4

Construction of 5‘ and 3‘ RACE ready cDNA library

RNA from a 15-WOA LSL-Lite diencephalon (Bird #4) was used for the preparation of fulllength 5‘ and 3‘ cDNA libraries. The RNA quality was first verified using a Nanodrop (260/280=1.8) and
integrity checked on a 1.2% denaturing formaldehyde agarose gel. A total of 2.5 µg was reverse
transcribed into 5‘ and 3‘ full-length cDNA using the SMARTer RACE 5‘/3‘ kit (Clontech, 634860), as
per directions, and stored in 10 µL Tricine-EDTA buffer (according to directions) before use.

2.2.5

Amplification of 5‘ and 3‘ cDNA ends

Phoenixin and tachykinin receptor-3 5‘ and 3‘ ends were amplified by two rounds of PCR, first
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using a gene specific primer (gsp) with a universal long primer (supplied by Clontech) and subsequently
using a nested gene-specific primer (ngsp) with a universal short primer (supplied by Clontech or
synthesized by Life technologies) (Phoenixin; 95°C, 2 min; 35 cycles of 95°C, 30 sec, 57°C, 30 sec,
72°C, 2 min; and 72°C, 5 min) (Tachykinin receptor-3; 95°C, 2 min; 35 cycles of 95°C, 30 sec, 60°C 30
sec, 72°C, 2 min; and 72°C, 5 min). All gsp/ngsp primers were designed with primer 3, with the aim of
overlapping the 5‘gsp/ngsp to poly-A tail and the 3‘gsp/ngsp to 5‘ UTR amplicons (For cloning strategy
see: Clontech SMARTer RACE 5‘/3‘ kit user manual, Pg 9, 634860). See Appendix B for the list of
primers used. Pnx 3‘GSP primer was used for the second round of amplification as it was thought to be
more specific.
Both phoenixin and tachykinin receptor-3 5‘ and 3‘ ends were amplified in 50 µL volumes with
final concentrations containing: 2.5 U GoTaq Flexi DNA polymerase (Promega, M8295), 1X colourless
GoTaq Flexi buffer, 1 mM MgCl2, 0.5 mM each nucleotide mix, 0.5 µM universal short/long/gsp/ngsp
primer, and 2 µL RACE cDNA.

2.2.6

Purification of 5‘ and 3‘ cDNA ends

Race products were run on a 1.8% low melt agarose gel with ethidium bromide and bands of
interest (Tachykinin receptor-3-5‘: 772 bp, 3‘: 1487 bp) (Phownixin-5‘: 261 bp, 3‘: 572 bp) were excised,
purified using a QIAquick Gel Extraction Kit and DNA concentration and yield were quantified by
Nanodrop. Purified products were then cloned into a linearized plasmid (pRace, Clontech, 634860; or
pdrive, Qiagen, 231122), transformed into Stellar competent cells (Protocol PT5055-2, Clontech), and
bacteria were grown overnight at 37°C on lysogeny broth (LB) agar plates containing: ampicillin (100
µg/mL), X-gal (40 µg/mL) and IPTG (0.1 mM, final concentration) for screening. When correctly
inserted, DNA amplicons disrupt the expression of the β-Galactosidase enzyme, preventing degradation
of the X-gal substrate and resulting in white positive colonies; whereas self-ligated vectors result in
proper expression of the β-galactosidase enzyme leading to blue negative colonies. Single positive
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colonies were then further grown in 3 mL LB medium containing ampicillin (100 µg/mL) for 17 hours
and, plasmids were purified using the QIAprep spin miniprep kit (Qiagen, 27104) according to the
manufacturer‘s instructions. Presence of proper insert was then first verified by PCR and/or restriction
enzyme digestion and then sequenced.

2.2.7

Verification of the full-length cDNA sequences and alignment with genomic databases

Amplicon sequences were aligned and edited with DNAdynamo software. Putative full-length
mRNA sequences were generated by overlapping sequenced fragments. Criteria to be considered fulllength were that the sequences encoded the full predicted open reading frame (Hubbard et al., 2005),
assuming similar homology to other species. New primers designed to span the full-length phoenixin and
tachykinin receptor-3 mRNA were then designed using Primer3 (Appendix C). A newly prepared cDNA
sample from another 15-WOA LSL-Lite diencephalon (Bird #5) was used to amplify full-length
sequences with the following cycling conditions:


Phoenixin, 95°C, 2 min; 35 cycles of 95°C, 30 sec, 59.6°C, 30 sec, 72°C, 30 sec; and 72°C, 10
min



Tachykinin receptor-3, 95°C, 2 min; 35 cycles of 95°C, 30 sec, 55°C, 40 sec, 72°C, 2 min; and
72°C, 10 min.

Full-length PCR products were gel purified, inserted into the pDrive plasmid, transformed into stellar
competent cells, grown, purified and sequenced as described above. After sequences were confirmed for
accuracy, the full-length tachykinin receptor-3 sequence (KP835539) and phoenixin (KR150684) were
submitted to NCBI Genbank.

2.2.8

Gene and protein homology
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Multiple nucleotide and amino acid sequence alignments for presentation in this chapter were
conducted with MUSCLE (v.3.8, www.ebi.ac.uk/Tools/msa/muscle). EMBOSS Matcher was used to
retrieve identity/similarity (i.e. hydrophobicity and charge) between pairs of local alignments (v.2.0u4,
www.ebi.ac.uk/Tools/psa/). For species alignments, birds (mallard duck, zebra finch, budgerigar,
turkey) and out-groups (rat, human, zebrafish) were used for most comparisons to chicken. Reference
sequences for other species and genes are identified in Supplementary material.

2.2.9

Semi-quantitative PCR

Semi-quantitative PCR (qPCR) was performed using a Rotorgene 3000 (Corbett Research, Sydney,
Australia) with reactions containing 10 µL Fast SYBR green mix (Thermo fisher scientific, 4385618), 1
µM of each sense and antisense primers (Life technologies or Sigma), 6 µL molecular biology grade
water, and 2 µL of template (as determined appropriate from cDNA dilution curves). cDNA from LSLLite birds were diluted 1/8 while cDNA from Brown-Lite samples birds were diluted 1/10. Primers were
designed using the Pimer3 software and sequences were selected to span one or more introns. Primer
sequences (and associated sequence accession number), location relative to translational start and
optimization of qPCR assays are described in detail in Appendix B. Each sample was run in duplicate
(with criteria for technical replicates being within 0.5 cycles and quantified before 35 cycles) with cycling
conditions presented in Appendix B. A reference sample (diencephalon and/or pituitary pool in triplicate)
as well as negative controls (non-reverse transcribed and water in duplicate) were also included in each
run; and a melt curve or agarose gel was performed after each run to assess specificity of amplification.
The Cqs (quantification cycles), where amplification of the cDNA product reaches an exponential (loglinear) phase proportional to the amount of starting cDNA input, along with mean amplicon efficiencies
of each reaction, were determined with LinRegPCR (version 2016.0; http://www.hartfaalcentrum.nl/).
Factor-qPCR (version 2016.0, http://www.hartfaalcentrum.nl/) was used to remove run-to-run variation
and correct Cq‘s for possible differences in efficiency. Tissue, age and location were used as the
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combined condition for correction of Cq values before being exported. Relative quantification was
determined with the delta delta Ct method (Livak and Schmittgen., 2001) (Eq. 2.1), and normalized to the
geometric mean of two reference genes (ACTB and Glyceraldehyde-3-Phosphate Dehydrogenase,
GAPDH) for determination of individual sample fold differences relative to the calibrator (indicated in
the text). The geometric mean of more than one reference gene was chosen to normalize samples relative
expression since the expression of all genes can change with cellular state of growth, and constitutive
reference genes, which may be transcribed relatively constantly, are also subject to their own noise or
oscillations (Vandesompele et al., 2002).
(-(Sample(CqTarget -CqGeomean Ref1,2 )-Calibrator(CqTarget -CqGeomean Ref1,2 )))

FC=2

Eq. 2.1
2.2.10 Statistics

For samples from the LSL-Lite birds, a two-way ANOVA with Tukey‘s HSD (honest significant
difference) and multiplicity adjusted p-values was used to determine if tissues and age have an effect on
gene expression. For samples from the Brown-Lite birds, a one-way ANOVA Tukey's HSD test with
multiplicity adjusted p-values were used to determine if age had an effect on gene expression. Graphpad
Prism 6 (v.6.04, GraphPad Software, Inc., La Jolla, CA, USA) was used for comparing gene expression
data. Fold-changes were subjected to logarithmic transformation to improve the normal distribution and P
values of less than 0.05 were considered statistically significant.

2.3

2.3.1

Results

Phoenixin and tachykinin receptor-3 mRNA are present in the chicken genome
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The human phoenixin protein retrieved from Yosten et al. (2013) was searched against the
chicken proteome and genome. The protein and nucleotide sequence, NP_001138902/NM_001145430,
found in the chicken databases was found to be most similar to the human. The predicted amino acid and
nucleotide sequences were built from 2 EST sequences (BU307818 and CR523170) and aligned with
more than 99% homology to NCBI/UCSC/Ensemble chicken genome assemblies (2.1/4.0). The
nucleotide sequence was mapped to chromosome 4 (reverse strand) with at least 3 possible exons.
Interestingly, the first 125 nucleotides could not be aligned (Fig. 2.1).
A predicted nucleotide sequence encoding chicken tachykinin receptor-3 was found in Biran et
al., (2012) (XM_001232173.1). The predicted nucleotide sequence was based on a whole genome
shotgun sequence (NW_003763740), apparently supported by 3 EST‘s and 4 proteins, and encodes two
conserved domains, a rhodopsin family transmembrane receptor (pfam00001) and an olfactory receptor
(CI10458). The predicted nucleotide sequence was 100% identical to the whole genome shotgun sequence
on which it was based, and aligned very well (100%) to NCBI/UCSC/Ensemble chicken genome
assemblies (2.1/4.0). As for tachykinin receptor-3, this nucleotide sequence was also mapped to
chromosome 4 (forward strand) and was predicted to encompass 6 exons (UCSC; chicken genome
assembly 4.0) (Fig. 2.2).
Therefore, the first phoenixin primers were constructed based on expressed sequence tag (EST)
evidence (Fig. 2.1B) and the first tachykinin receptor-3 primers were constructed based on a predicted
sequence that was generated by NCBI prediction program GNOMON (Fig. 2.2B). The first predicted
tachykinin receptor-3 sequence [XM_001232173.1 (version December 2011)] contained a matching
nucleic acid to protein sequence (with great homology to other species), however, this sequence contained
an additional 83-AA where subsequent automated predicted sequences did not [XM_001232173.2
(version June 2013), XM_001232173.3 (version January 2016)]. This led to the failure of some primers.
Phoenixin was first amplified from cDNA of a 15-WOA female diencephalon and the expected
567 bp amplicon successfully sequenced (Fig. 2.3A). The phoenixin mRNA was found to be 100%
identical to the target cDNA sequence (NM_001145430). Tachykinin receptor-3 was also first amplified
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from cDNA of a 15-WOA female diencephalon. The 450 bp amplicon was sequenced (Fig. 2.3B) and
found to be more than 98% identical to NCBI, Ensembl and UCSC assemblies (2.1/4.0).
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Fig. 2.1 Locating and mapping phoenixin in the chicken genome, and detection of its mRNA transcript. I)
Alignment of predicted chicken phoenixin NM_001145430 to chromosome 4 (reverse strand) of the
chicken genome assembly Galgal 4.0 (UCSC). Nucleotides in blue indicate encoding sequence. II)
Schematic representation of the predicted chicken phoenixin (NM_001145430) aligned to the chicken
genome. White numbers represent the exons location. Working primers refers to the primers designed and
experimentally successful. III) Phoenixin mRNA amplicon (567 bp) from a 15-WOA diencephalon (lane
4). Lane 5 corresponds to the negative control water sample while lanes 1, 2 and 3 correspond to
amplification of ACTB (265 bp) as positive control from the diencephalon of a 15- (lane 1) or 29-WOA
bird (lane 2, lane 3: water negative control). Gel photo credit to Kelsey Ottens (2013).
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Fig. 2.2 Locating and mapping tachykinin receptor-3 in the chicken genome, and detection of its mRNA
transcript. I) Alignment of predicted chicken tachykinin receptor-3 (XM_001232173.1) to chromosome 4
(forward strand) of the chicken genome assembly Galgal 4.0 (UCSC). Nucleotides in blue indicate that
encoding sequence II) Schematic representation of the predicted chicken tachykinin receptor-3
(XM_001232173.1) aligned to the chicken genome. White numbers refer to the exons location. Working
primers refers to the primers designed and experimentally successful. III) Tachykinin receptor-3 mRNA
amplicon (450 bp) from a 29-WOA diencephalon (lane 4). Line 5 corresponds to the negative control
water sample while lanes 1, 2 and 3 correspond to amplification of ACTB mRNA (265 bp) as positive
control from the diencephalon of a 15 (lane 1) or 29-WOA bird (lane 2, lane 3: water negative control)
(Figure on next page).
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Fig. 2.3 PCR amplified and sequenced phoenixin (567 bp, I) and tachykinin receptor-3 mRNA (450 bp,
II) fragments. Primers used to amplify transcripts are boxed in red. Codons making up the open reading
frame of the full putative proteins are shown underneath respective nucleotide triplets (formatted with
http://www.fr33.net/translator.php). In (I), the non-coding region refers to not being found in assembly
4.0 (NCBI/UCSC).
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2.3.2

Cloning and sequencing of the phoenixin 5‘ and 3‘ cDNA ends

The full-length phoenixin cDNA was built from 16 reads, including 2 reads from the 5‘ RACE
and 8 reads from the 3‘ RACE. At the beginning of the sequencing project, the predicted phoenixin
5‘UTR contained unknown gaps (represented by N on sequencing reads). With the completion of our fulllength sequence, the 5‘ UTR appeared to be shorter in length than expected and did not include regions
we previously sequenced. Although two expressed sequence tags in the Genbank database do show longer
5‘UTR (BU307818, CR523170) (See Fig.S 1), the 261 bp band was the most prominent, and other bands
were confirmed to be artefactual (Fig. 2.4A). The obtained full-length phoenixin cDNA (excluding the
poly-A tail) is 726 bp long, contains a full open reading frame protein homologous to other species
sequenced, encodes the 20 AA peptide shown by Yosten et al., (2013), and includes two additional
downstream open reading frames (ORFs) (+310 to +417 and +523 to +606) (Fig. 2.5).
The full-length phoenixin (aka SMIM20/small integral membrane protein 20) protein is a stable,
predominately positively charged protein, with an isoelectric point of 9.98, where the protein carries no
net charge. The protein has the formula, C359H552N94O89S1, a molecular weight of 7,640.9 g/mol, and an
estimated half-life of 30 hours, at least in mammalian reticulocytes in vitro as determined by studies done
on β-galactosidase and modifying N-terminal residues (http://web.expasy.org/protparam/). Conversely,
the 20-AA phoenixin is considered unstable based on dipeptide composition and length and carries a
predominately negative charge with an isoelectric point of 4.37. The protein has the formula,
C102H155N25O29, a molecular weight of 2195.5 g/mol, and an estimated half-life of 4.4 hours
(http://web.expasy.org/protparam/). In SMIM20, the residues +1 to +4 are predicted to be intramembranous, +5 to +27 a transmembrane domain, and +28 to +67 extra-membranous (NCBI/Protter,
v.1.0, http://wlab.ethz.ch/protter/).
Our full-length phoenixin mRNA sequence is 99.8% identical to the chicken genome assembly
4.0 (UCSC) and spans 3 exons (See Fig.S 2). Differences between our sequence and that of the genome
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assembly 4.0 exist at nucleotide positions +465 and +574 being ‗g‘ and ‗a‘ instead of ‗c‘ and ‗g‘ in
assembly 4.0, respectively. The chicken 20-AA phoenixin peptide and full 67-AA phoenixin protein
displayed close identity/similarity to other species (Fig. 2.6). For instance, the 20-AA chicken phoenixin
peptide is closely identical/and similar in amino acid property to other species (rat-90%/100%, human90%/100%, mallard duck-95%/100%, zebra finch-90%/95%, budgerigar-85%/95%, turkey-100%/100%
and zebrafish-65%/85%). In contrast, SMIM20 protein is somewhat less identical yet similar in amino
acid property to other species (rat-77.3%/90.9%, human-76.1%/91.0%, mallard duck-91.4%/96.6%, zebra
finch-88.1%/91%. Budgerigar-80.6%/92.5%, turkey-92.5%/92.5% and zebrafish-59.7%/74.2%). The
chicken, rat, human and zebrafish, however, display great conservation of close protein-coding transcripts
to the phoenixin gene (Fig. 2.7).

Fig. 2.4 Phoenixin 5‘ (A) and 3‘ (B) RACE amplified PCR products separated on a 1.8% low melt
agarose gel. Both PCR products were excised, purified and sequenced.
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Fig. 2.5 Full length phoenixin mRNA sequence including 5‘ UTR (from -25 to -1), coding region (+1 to
+204), and 3‘ UTR (from +205 to +701). The deduced amino acid sequence is presented under the mRNA
sequence and the predicted 20 AA secreted peptide (Yosten et al., 2013) is represented in bold characters.
The forward arrow indicates the predicted start of translation and the * represents the stop codon. The
▼symbol indicates exon boundaries. Circle with number 1 followed by the dashed underline indicates a
putative transmembrane helix. Bold nucleotide triplets encoding start and stop codons in the 3‘UTR
indicate possible downstream ORFs. Poly-A-adenylation signals (AATAAA and ATTAAA) are
underlined while a putative cis-regulatory AU-rich element (ARE) is double-underlined.
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Chicken
Rat
Human
Mallard_duck
Zebra_finch
Budgerigar
Turkey
Zebrafish
*

--MARLFRTLVIFGGFAAVVGAAFYPIYFRPLLLPEEYKREQSINRAGIVQENIQPPGLKVWSDPFGRKMAAARNLRTALIFGGFISMVGAAFYPIYFRPLLRLEEYQKEQAVNRAGIVQEDVQPPGLKVWSDPFGRK--MSRNLRTALIFGGFISLIGAAFYPIYFRPLMRLEEYKKEQAINRAGIVQEDVQPPGLKVWSDPFGRK-----------IFGGFVAVVGAALYPIYFRPLLLPDEYKKEQSINRAGIVQEDIQPPGLKVWSDPFGRK--MAALARTLGIFGAFVAVVGAAFYPIYFRPLLLPEEYKKEQSINRAGIVQEDIQPAGLKVWSDPFGRK--MAGLYRTVGIFGGFVALVAAAFYPIYFRPLLMPEEYKKEQSVNRAGVVQEDIQPAGLKVWSDPFGRK--MAGLSRTLGIFGCFVAVVGAAFYPIYFRPLLLPEEYKREQSINRAGIVQENIQPPGLKVWSDPFGRK--MSSSKRITLIFGGFVAAVAAAFYPIFFHPLTHSEDYKQVQKVNRAGVNQADIQPVGVKVWSDPYKPKS
*** * : :.**:***:*.**
::*:. * :****: * ::** *:******: *

Fig. 2.6 Multiple sequence alignment of the phoenixin/SMIM20 proteins across different species:
chicken, rat, human, mallard duck, zebra finch, budgerigar, turkey, and zebrafish. Grey highlighted
sequence represents putative 20-AA phoenixin peptide. * represents identical AA across species. (:) and
(.) denotes strong and weak AA similarity across species, respectively.
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Fig. 2.7 Gene synteny immediately surrounding the SMIM20 gene in four different species: the chicken
(5.0 primary assembly, I), rat (6.0 primary assembly, II), human (GRCH38.P2 primary assembly, III) and
zebrafish (GRCz10 primary assembly, IV). Arrow depicts orientation on chromosome: facing left (for
reverse strand) or right (for forward strand).
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2.3.3

Cloning and sequencing of the tachykinin receptor-3 5‘ and 3‘ cDNA ends

The full-length tachykinin receptor-3 cDNA was built from 20 reads including 8 from the
5‘RACE and 4 from the 3‘RACE. When sequencing the 5‘ end, the anchor primer was mistaken for the 5‘
end, and an extra 6 bp were included in the 5‘ primer intended to sequence the full-length tachykinin
receptor-3 mRNA. This probably made expressing the full-length more difficult and could explain extra
bands present when expressing the full-length tachykinin receptor-3 mRNA (Fig. 2.8). Nevertheless, the
full-length tachykinin receptor-3 mRNA isolated from immature chicken diencephalon is 2046 bp (not
including the poly-A tail), includes three different transcription start sites and two alternative
polyadenylation sites; and contains an upstream ORF (MKQFTQRWLF) in front of the putative 439 AA
tachykinin receptor-3 protein (Fig. 2.9).
Tachykinin receptor-3 is a stable, predominately positively charged protein, with an isoelectric
point of 9.54, where the protein carries no net charge. The protein has the formula, C 2267H3445N587O601S24,
a molecular weight of 49,308.3 g/mol, and an estimated half-life of 30 hours, at least in mammalian
reticulocytes in vitro (http://web.expasy.org/protparam/). There are 5 n glycosylation sites at residues
+10/18/38/46/407 which carry a [S/T,X,N] motif important for receptor folding and trafficking (Protter,
v.1.0) (4 at N-terminal/1 at C-terminal; whereas human contains 3 at N-terminal). The hydropathicity
profile follows that of a GPCR: +1-62 (intra), +63-85 (TMD1), +86-97 (extra), +98-120 (TMD2), +121134 (extra), +135-154 (TMD3), +155-174 (intra), +175-197 (TMD4), +198-216 (extra), +217-239
(TMD5), +240-272 (intra), +273-295 (TMD6), +296-309 (extra), +310-332 (TMD7) and +333-439
(intra), where intra-/extra- and TMD# means intracellular/extracellular and transmembrane domain,
respectively (TMHMM Server, v2.0, http://www.cbs.dtu.dk/services/TMHMM/). There are 23 serine and
threonine residues located in the carboxy terminal region, of which 4 sites (beginnings at +167, +369,
+398, +414 and +416) carry the [R/K,X,S/T] motif which would suggest tachykinin receptor-3, like many
other GPCRs are regulated by PKC phosphorylation and desensitized. The motif [E/D,R,Y] beginning at
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residue +155 was identified as a potentially important site for protein-protein interactions and determining
receptor activity.
Our tachykinin receptor-3 mRNA sequence is 99.9% identical to the assembly 4.0 (UCSC) and
spans 5 exons (See Fig.S 3). Differences between our sequence and that of the assembly 4.0 exist at
positions +462, +1431 and +1693 with ‗a‘, ‗c‘ and ‗t‘ instead of ‗g‘, ‗t‘ and ‗c‘, respectively, and our
sequence contains a ‗cgg‘ before the poly-A tail. In addition to being easily identified as a G-proteincoupled receptor with 7-transmembrane domains with online protein visualization programs such as ITasser (http://zhanglab.ccmb.med.umich.edu/I-TASSER/), protter (v.1.0) and TMHMM Server
(http://www.cbs.dtu.dk/services/TMHMM/) (not shown), there were three significant ‗CCTWHYTTCCT‘
patterns (from -113 to -87 bp) (as identified by SCOPE, v2.1.0, http://genie.dartmouth.edu/scope/). With
W indicating ‗A/T‘, H indicating ‗A/C/T‘, and Y indicating ‗C/T‘ nucleotide. MotifFinder
(http://www.genome.jp/) found this and two other regions (-168 to -83, +302 to +342, +1142 to 1191) to
contain a VWFC domain signature (VWFC_1). Functionally, the VWFC domain is thought to help form
larger protein complexes (Schaller et al., 2008), which would substantiate the formation of the GPCR and
the seven transmembrane domains. There are two TATA-like sequences (-33/-30, +192/+195) and a
downstream core element (DCE subelements I/II/III) (Lee et al., 2005) which supports the finding of
multiple transcription start sites. An imperfect (13/15 nucleotide match) glucocorticoid responsive
element (ATYACNnnnTGATCW) was identified at position -182 to -168 bp (Beato, 1989) and a mouse
glucose/insulin responsive element (Wang et al., 2000) was detected at position -272 to -276 bp
(AGCAAAA). However, further tests are needed to determine if these response elements are functional.
The chicken tachykinin receptor-3 protein is closely identical/ or similar in amino acid property to
other species [rat-82.1%/89.0%, human-83.4%/90.5%, mallard duck-91.8%/94.5%, zebra finch90.3.%/94.8%, budgerigar-89.4/94.8%, turkey-97.0%/97.4% and zebrafish (tacr3a)-69.6%/83.1%] (Fig.
2.10). Gene synteny surrounding the tachykinin receptor-3 transcript in the chicken/other vertebrate
genomes is shown (Fig. 2.11). Avian species share a unique CT-rich region in the 5‘ UTR (See Fig. 2.12)
and the chicken shows high overall similarity with turkey (93.2%, 0.4% gap), mallard duck (84.3%, 3.5%
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gap), zebra finch (76.3%, 3.5% gap) and budgerigar (74.4%, 4.2% gap) suggesting closely evolved
function. The family of tachykinin receptors (1/2/3) has been found to be similar in the rat (Takahashi et
al., 1992), thus alignment of chicken tachykinin receptor family (with predicted TM domains carried over
from Takahashi et al., 1992) was completed (Fig. 2.13). Chicken tachykinin receptor-3 protein is closely
related (%identity, %similarity, %gap) to tachykinin receptor-1 (61.3%, 77.8%, 1.0% gap), and receptor-2
protein (57.9%, 73.6%, 1.5% gap).

Fig. 2.8 Full-length tachykinin receptor-3 amplified PCR product separated on a 1.8% low melt agarose
gel. The tachykinin receptor-3product was subsequently excised, purified, cloned and sequenced to verify
accuracy and completeness of the full-length cDNA.
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Fig. 2.9 Full length tachykininreceptor
3
mRNA
sequenceincluding 5‘ UTR (from 280 to -1), coding region (+1 to
+1320), and 3‘ UTR (from +1321
to +1766). The deduced amino
acid sequence is presented under
the mRNA sequence. The forward
arrow indicates the predicted start
of translation and the * represents
the stop codon. The ▼ symbol
indicates exon boundaries. Circle
with
number
1/2/3/4/5/6/7
followed by the dashed underline
indicate putative transmembrane
helices (TMHMM Server, v2.0).
Bold start and stop codon in the
5‘UTR indicate possible start/end
of upstream ORF. Bold N amino
acids
represent
predicted
glycosylation sites (Protter, v.1.0).
The forward diamond arrows at
+104 bp and +237 bp indicate
alternative transcription start sites
(TSS‘s). The reverse diamond
arrow at +1728 bp indicates
alternative polyadenylation site. A
polyadenylation
signal
(AATAAA) is underlined while
putative cis-regulatory elements
are
identified:
glucose
responsive/insulin
responsive
element (GRE/IRE) (dash-dot
box),
glucocorticoid-responsive
element (GRE) (dash box), and
AU-rich elements (AREs) (doubleunderlined).
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Chicken
Rat
Human
Mallard_duck
Zebra_finch
Budgerigar
Turkey
Zebrafish

MNSVSAA-NW------------NVSMS-----------SRWNMSLAAAGDPWG--QALGV
MASVPRGENWTDGTVEVGTHTGNLSSALGV--------TEWLAL--QAGNFSS---ALGL
MATLPAAETWIDGGGGVGADAVNLTASLAAGAATGAVETGWLQLLDQAGNLSSSPSALGL
MTSVPTA-NW--------------SLS-----------SRWNSSL---GDPWG--QALGA
MTSVPTA-KW------------NMSIS-----------SRWNVSLAEAGDPWG--QALEA
MTSVPTA-NG------------NMSMS-----------SRWNMSLAAVGDPWG--EELGA
MNSVPTA-NW------------NASMS-----------SRWNMSLAAAGDPWG--QALEV
MAQSQNG-----------------------------------------SNLTG------*
.
.: .

Chicken
Rat
Human
Mallard_duck
Zebra_finch
Budgerigar
Turkey
Zebrafish

PAGNASTPVA---ANFSNQFVQPSWRIALWSLAYGGVVAVAIFGNLIVIWIILAHKRMRT
PATTQAPSQVR--ANLTNQFVQPSWRIALWSLAYGLVVAVAVFGNLIVIWIILAHKRMRT
PVASPAPSQPW--ANLTNQFVQPSWRIALWSLAYGVVVAVAVLGNLIVIWIILAHKRMRT
PAGNASAPAA---ANFSNQFVQPSWRIALWSLAYGAVVAVAIFGNLIVIWIILAHKRMRT
PAANASAPVASSAGNFSNQFVQPSWRIALWSLAYGGVVAVAVFGNLIVIWIILAHKRMRT
SAGNASSPVASSAANFSNQFVQPFWRIALWSLAYGGVVAVAVFGNLIVIWIILAHKRMRT
PAGNASIPVA---ANFSNQFVQPSWRIALWSLAYGGVVAVAIXGNLIVIWIILAHKRMRT
--------------NFTNQFVQPPWRVALWSVAYSSILAIAVFGNLIVMWIILAHKRMRT
*::****** **:****:**. ::*:*: *****:***********

Chicken
Rat
Human
Mallard_duck
Zebra_finch
Budgerigar
Turkey
Zebrafish

VTNYFLVNLAFSDASMAAFNTLINFIYALHSEWYFGEAYCRFHNFFPITAVFASIYSMTA
VTNYFLVNLAFSDASVAAFNTLINFIYGLHSEWYFGANYCRFQNFFPITAVFASIYSMTA
VTNYFLVNLAFSDASMAAFNTLVNFIYALHSEWYFGANYCRFQNFFPITAVFASIYSMTA
VTNYFLVNLAFSDASMAAFNTLINFIYALHSEWYFGEAYCRFHNFFPITAVFASIYSMTA
VTNYFLVNLAFSDASMAAFNTLINFIYALHSEWYFGEAYCRFHNFFPITAVFASIYSMTA
VTNYFLVNLAFSDASMAAFNTLINFIYALHSEWYFGEAYCRFHNFFPITAVFASIYSMTA
VTNYFLVNLAFSDASMAAFNTVINFIYALHSEWYFGEAYCRFHNFFPITAVFASIYSMTA
VTNYFLLNLAFSDASMAAFNTLINFVYATHGDWYFGEAYCKFHNFFPVTSVFASIYSMSA
******:********:*****::**:*. *.:**** **.*:****:*:********:*

Chicken
Rat
Human
Mallard_duck
Zebra_finch
Budgerigar
Turkey
Zebrafish

IAVDRYMAIIDPLKPRLSATATKVVIGSIWILAFLLAFPQCLYSITKVMPGRTLCYVAWP
IAVDRYMAIIDPLKPRLSATATKIVIGSIWILAFLLAFPQCLYSKIKVMPGRTLCYVQWP
IAVDRYMAIIDPLKPRLSATATKIVIGSIWILAFLLAFPQCLYSKTKVMPGRTLCFVQWP
IAVDRYMAIIDPLKPRLSATATKVVIGSIWILAFLLAFPQCLYSITKVMPGRTLCYVAWP
IAVDRYMAIIDPLKPRLSATATKVVIGSIWILAFLLAFPQCLYSITKVMPGRTLCYVAWP
IAVDRYMAIIDPLKPRLSATATKVVIGSIWTLAFLLALPQCLYSITKVMPGRTLCYVAWP
IAVDRYMAIIDPLKPRLSATATKVVIGSIWILAFLLAFPQCLYSITKVMPGRTLCYVAWP
IAVDRYMAIIHPLKPRLSATATKVIIVCIWVLAVVLAFPLCFFSTIKKLPKRTLCYVAWP
********** ************::* .** **.:**:* *::* * :* ****:* **

Chicken
Rat
Human
Mallard_duck
Zebra_finch
Budgerigar
Turkey
Zebrafish

GGPKQHFTYHVIVIVLVYCFPLLVMGITYSVVGITLWGGEIPGDTSDKYHEQLKAKRKVV
EGPKQHFTYHIIVIILVYCFPLLIMGVTYTIVGITLWGGEIPGDTCDKYHEQLKAKRKVV
EGPKQHFTYHIIVIILVYCFPLLIMGITYTIVGITLWGGEIPGDTCDKYHEQLKAKRKVV
GGPNQHFTYHVIVIVLVYCFPLLVMGITYSIVGITLWGGEIPGDTSDKYHEQLKAKRKVV
GGPKQHFTYHIIVIVLVYCFPLLVMGITYSMVGITLWGGEIPGDTSNKYHEQLKAKRKVV
GGPKQHFTYHVIVIVLVYCFPLLVMGITYSIVGITLWGGEIPGDTSNKYHEQLKAKRKVV
GGPKQHFMYHVIVIVLVYCFPLLVMGITYSVVGITLWGGEIPGDTSDKYHEQLKAKRKNM
RPSEDPFMYHIIVAMLVYVLPLVVMGINYTIVGLTLWGGEIPGDSSDNYQGQLRAKRKVV
.:: * **:** :*** :**::**:.*::**:**********:.::*: **.**** :

Chicken
Rat
Human
Mallard_duck
Zebra_finch
Budgerigar
Turkey

KMMIVVVMTFAICWLPYHTYFIVTGIYQQLNRWKYIQQIYLASFWLAMSSTMYNPIIYCC
KMMIIVVVTFAICWLPYHVYFILTAIYQQLNRWKYIQQVYLASFWLAMSSTMYNPIIYCC
KMMIIVVMTFAICWLPYHIYFILTAIYQQLNRWKYIQQVYLASFWLAMSSTMYNPIIYCC
KMMIVVVLTFAICWLPYHTYFIVTGIYQQLNRWKYIQQIYLASFWLAMSSTMYNPIIYCC
KMMIVVVLTFAICWLPYHIYFIVTGIYQQLNRWKYIQQIYLASFWLAMSSTMYNPIIYCC
KMMIVVVLTFAICWLPYHIYFIVTGIYQQLNRWKYIQQIYLASFWLAMSSTMYNPIIYCC
-----------------------------------------------------------C
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Zebrafish

KMMIIVVVTFAFCWLPYHVYFLVTGLNKQLARWKFIQQIYLSIMWLAMSSTMYNPIIYCC
*

Chicken
Rat
Human
Mallard_duck
Zebra_finch
Budgerigar
Turkey
Zebrafish

LNRRFRAGFKRAFRWCPFIELSSHDELELKAARFHPTRQSSLYAVSRMESSTTVVLDTND
LNKRFRAGFKRAFRWCPFIQVSSYDELELKTTRFHPTRQSSLYTVSRME-SVTVLFDPND
LNKRFRAGFKRAFRWCPFIKVSSYDELELKTTRFHPNRQSSMYTVTRME-SMTVVFDPND
LNKRFRAGFKRAFRWCPFIEVSSHDELELKAARFHPTRQSSLYAVSRMESSMTVVLD--D
LNKRFRAGFKRAFRWCPFIEVSSYDELELKAARFHPTRQSSLYAVSRMDSSMTVVLDTND
LNKRFRAGFKQAFRWCPFIEMSSYDELELNAARFHPTQQSSLYAVSRMESSMTMVFDTSD
VK---------------------------------------------------------LNSRFRAGFKRVFRWCPFVQVSDYDELELRAMRHKVARQSSMYTMSRMETTVVTVCDPS::

Chicken
Rat
Human
Mallard_duck
Zebra_finch
Budgerigar
Turkey
Zebrafish

GDNSHPSRKKKAAPRNASFNGCSQRNSKAVSTASSFVSSLNTAGDDYS
GDPTKSSRKKRAVPRDPSANGCSHRGSKSASTTSSFISSPYTSVDEYS
ADTTRSSRKKRATPRDPSFNGCSRRNSKSASATSSFISSPYTSVDEYS
GENSHASRKKKAALRDVSFNGCSRRNSKTISAASSFLSSPHTSADDYS
GDSMHASHKKRAAPRDLNFNGCSQRNSKTVSTASSLISSLHASADVYS
GDNTHASRKKRAAPKDTSFNGCSRKNSKTVSTAASLISSLHTSADDYS
--------------------------------------------DLPS
-EPNTQPGRKSLLNHHHHHNGCS--NPAKSKEITYMQSDPK---EEFS
: *

Fig. 2.10 Multiple sequence alignment of tachykinin receptor-3 protein aligned to other species. Other
species being: the rat, human, mallard duck, zebra finch, budgerigar, turkey and zebrafish (tacr3a). *
represents identical AA across species. (:) and (.) denotes strong and weak AA similarity across species,
respectively.
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Fig. 2.11 Gene synteny surrounding the tachykinin receptor-3 gene in three different species: the chicken
(5.0 primary assembly, I), rat (6.0 primary assembly, II) and human (GRCH38.P2 primary assembly, III).
Arrow depicts orientation on chromosome: facing left (for reverse strand) or right (for forward strand).
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Chicken
Turkey
Mallard_duck
Zebra_finch
Budgerigar

CTCCTTCAGCAAAACCAAAAGCAAGAGGTGGCTGCACAGAGGAGGAATGAAACAA---TT
CTCCTTCAGCAAAACCAAAAGCAAGAGGTGGCTGCACAGAGGAGGAATGAGACTC---TT
CTCCTTCAGCAAAACCAAAAGCAAGAGGTGGCTGTGCAGAGGAGGAATGGGACTCTGTTC
CTCCTTAAGCAAAATCAAAAGCAAGA---GGCTGTACAGAGGAGAAACAGGATGCTGTTC
TTCTTTCAGCAAAATCAAAAGCAAGAGGTGGCTGTACAGAGGAGCAATAGGATGCTGCTC
** ** ******* ***********
***** ******** **
*
*

Chicken
Turkey
Mallard_duck
Zebra_finch
Budgerigar

TACCCAGAGATGGCTCTTCTGATTTAGCTAGTACAGCATTTCTAACAGTTTGATCAGCAC
TATCCAGAGATGGCTCTTTTGATTCAGCTAGTACAGCATTTCTAACTGTTTGAACAGCAC
TACCCAGAGGTAGCTCTCCTGCTTCAGCTAGTGCAGCATCTCTAACAGGCTGACCAGCAC
TACTCCAAGGTAGCTCTCCTGACGTGTCTGTCACAGCATTTCTAACAGTTTGAACAGCAT
TACCCAGAGGTTACTCTCCAGTCTCAGCTGGTACAGCATTTCTAACAG-TTGAACAGAGT
** * ** * ****
*
**
****** ****** * *** ***

Chicken
Turkey
Mallard_duck
Zebra_finch
Budgerigar

AGACAAAGCTTTCTC-TGACAGCTCTCTCCTTCCCAGTTCTT-GCTGTGCTGCCTAACTT
AGCCAAAGCTTTCTC-TGACAGCTCTCTCCTTCCCAGTCCTT-GCTGTGCTGCCTAACTT
AGCCAAAGCTTTTTC-TGACAGCTCTCTCCTCCCCAGTACTTGGCTGTGCTGCCTAACTT
AGCCAAAGATTTTTTGCGACAGAGTTTTTCTTTCCAGTACCT-GCTGTACTGCCTTACTT
GGCCAAAGCTTTTCC--AGCAGGTTTCTCATTCCCACTGCCT-GCTGTGCTGCCTCACTT
* ***** ***
***
* * * *** * * * ***** ****** ****

Chicken
Turkey
Mallard_duck
Zebra_finch
Budgerigar

CCTTTTTTCCTTCTTTCCTCTTCTTATCTTTTTAGGGGGATTCTGGAGGGT--AGGG-AG
CCTTTTTTCCTTCTTTCCTCTTCTTATCTTTTTGGGGGGATTCTGAAGGAT--AGGGCAG
CTTGTTTCCTTCCTTTCCTCTTAT----CTTTGGGGGGGATTTCGGAGGGTCGGGGG-AG
CCCCTTTTCTTCCTTCCCTCTTCTTATCTGTTGGTGGGGGTTTTGGAGGGT--TGGG-AG
CCTTTTTTCTTTCTTTCTTCTTCTTACCTGTTTGTGGTGATTTCGGTGGGC--TGCA-AG
*
*** * * *** * **** *
**
** * ** * **
*
**

Chicken
Turkey
Mallard_duck
Zebra_finch
Budgerigar

AGGGAGGTGGGAGAGAT-----ATTCCCTGAAGAAAGGAGAGGACCATCCGAG
TGGGAGGTGGGAGAGAT-----ATTCTCTGAAGAAAGGAGAGCAACATCCAAG
CGGGAGGTGGGAGAGCC-----GTTCCCTGAAGACAGGAGAGGAACATCCGAG
AGGGAGGTGGGAAAGGTACATCATTCCTGGAAGAGAGGAAAGAAACACGCAAG
AGGGGGCTGGGAGAGGCACATCATTTCTGGAACTGAGGAGAGGAACATCCAAG
*** * ***** **
**
***
**** ** * ** * **

Fig. 2.12 Multiple sequence alignment of tachykinin receptor-3‘s 5‘region across bird species. Potential
promoter regions immediately in front of putative translation start of the mallard duck, turkey, zebra finch
and budgerigar were collected and trimmed to match the length of the chicken 5‘ region. * indicates
identical nucleotides across bird promoter regions.
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Fig. 2.13 Multiple sequence alignment of chicken tachykinin receptor-1, -2 and -3. * represents identical
AA across species. (:) and (.) denotes strong and weak AA similarity across receptors, respectively.
Predicted transmembrane domains (TMD) of the rat carried over from Takahashi et al., (1992).
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2.3.4

Expression of phoenixin and tachykinin receptor-3 in various tissues

Phoenixin mRNA was detectable in all tissues (diencephalon, pituitary, ovary, gut, and heart) and
at both ages examined (15- and 29-WOA) (Fig. 2.14I). Tachykinin receptor-3 mRNA was detectable in
the diencephalon and pituitary of both 15- and 29-WOA birds (Fig. 2.14IIi). Upon further tests using PCR
mix #2, tachykinin receptor-3 mRNA was also detectable in the 29-WOA ovary (Fig. 2.14IIii).
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Fig. 2.14 Phoenixin (PNX) and tachykinin receptor-3 (TACR3) tissue-specifc expression. A cDNA pool
of either sexual immature (15-WOA) or sexual mature (29-WOA) tissue was used and PCR products
were separated on 2% agarose gel. Phoenixin mRNA is expressed in all tissues (I). Tachykinin was
detected in the diencephalon and pituitary (IIi), and upon replication, weakly detected in the ovary (IIii).
1) 15-WOA diencephalon, 2) 70-WOA pituitary, 3) 29-WOA ovary, 4) 29-WOA heart, 5) 15-WOA gut
and 6) water control.
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2.3.5

Semi-quantitative expression of phoenixin and tachykinin receptor-3 in diencephalon and
pituitary over 15/29/70-WOA

The main effect of tissue on phoenixin mRNA abundance was significant (P<0.0001). However,
a significant interaction between tissue and age was detected (P = 0.0002), so we cannot generalize
phoenixin being more abundant in one tissue versus another, or at one age versus another (P = 0.067).
Phoenixin mRNA levels were 4.5-fold more abundant in the diencephalon at 15-WOA (M = 1.00, SD =
0.50, n = 5) than 29-WOA (M = 0.22, SD = 0.13, n = 3)(P = 0.0004), but not different from 70-WOA (M
= 0.45, SD = 0.24, n = 4); 3-fold more abundant in the gut at 29-WOA (M = 0.54, SD = 0.33, n = 4) than
70-WOA (M = 0.18, SD = 0.04, n = 4) (P = 0.0175) but not different from 15-WOA (M = 0.29, SD =
0.19, n = 5); and 3-fold less abundant in the heart at 70-WOA (M = 0.09, SD = 0.03, n = 3) than 15-WOA
(M = 0.28, SD = 0.12, n = 5) (P = 0.0129) and 29-WOA (M = 0.27,SD = 0.12, n = 4) (P = 0.0225),
respectively (Fig. 2.15).
A two-way ANOVA with Tukey‘s multiple comparisons for tachykinin receptor-3 mRNA
abundance revealed that the main effect of age was not statistically significant (P = 0.3987), nor was there
any interaction between tissue and age (P = 0.1119). However, the effect of tissue was significant (P =
<0.0001). Tachykinin receptor-3 mRNA is on average 5.1-fold more abundant (M = 0.86, SD = 0.28, n =
11) in the diencephalon than the pituitary (M = 0.17, SD = 0.11, n = 12) (P<0.0001) which is on average
8.5-fold more abundant than in the ovary (M = 0.02, SD = 0.02, n = 10) (P<0.0001). Additionally,
tachykinin receptor-3 mRNA was 3-fold less abundant in 15-WOA ovary (M = 0.01, SD = 0.01, n = 5)
than 29-WOA ovary (M = 0.03, SD = 0.02, n = 4) (P = 0.0124). Any differences between these ages and
70-WOA ovary (M = 0.015, n = 1) could not be made since others failed to amplify (believed to be due to
very low or negligible level of abundance) (Fig. 2.16).
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Fig. 2.15 Phoenixin mRNA expression in tissues over 15-, 29- and 70-WOA. Distribution of individual bird transcript abundance (I) and mean and
SEM of transcript abundance (II) are shown. Fold abundance was normalized with ACTB and GAPDH reference genes and is relative to the 15WOA diencephalon group using the 2-ΔΔCt method. Significantly different means are represented by different letters (Tukey‘s HSD, P<0.05).
Letters refer to tissue-specific age differences.
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Fig. 2.16 Tachykinin receptor-3 mRNA expression in tissues over 15-, 29- and 70-WOA. Distribution of individual bird transcript abundance (I)
and mean and SEM of transcript abundance (II) are shown. Fold abundance was normalized with ACTB and GAPDH reference genes and is
relative to the 15-WOA diencephalon group using the 2-ΔΔCt method. Significantly different means are represented by different letters (Tukey‘s
HSD, P<0.05). Letters above horizontal bars represent differences between tissues, whereas letters below horizontal bars refer to tissue-specific
age differences.
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2.3.6

Age dependent expression of phoenixin in the diencephalon over sexual maturity

One-way ANOVA analysis revealed that there was no significant effect of age on phoenixin
mRNA abundance in the diencephalon (P = 0.1129) (Fig. 2.17), and simple effects with Tukey‘s multiple
comparisons, does not show any pairwise differences (P>0.05).
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Fig. 2.17 Phoenixin mRNA abundance in diencephalon over sexual maturity (7/11/18/25/41-WOA).Distribution of individual bird transcript
abundance (I) and average and SEM of phoenixin mRNA abundance (II) at different WOA. Phoenixin fold abundance was normalized with ACTB
and GAPDH reference genes is relative to the 7-WOA diencephalon group using the 2-ΔΔCt method. There were no significant differences in
diencephalon phoenixin mRNA abundance over 7-, 11-, 18-, 25- and 41-WOA (Tukey‘s HSD, P>0.05).
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2.3.7

Age dependent expression of phoenixin in the pituitary over sexual maturity

There was a significant effect of age on phoenixin mRNA abundance in the pituitary between 7-,
11-, 18-, 25- and 41-WOA (P = 0.0494) (Fig. 2.18). However, Tukey‘s pairwise comparisons did not
detect any significant differences between individual ages (P>0.05).

66

Fig. 2.18 Phoenixin mRNA abundance in pituitary over sexual maturity (7/11/18/25/41-WOA). Distribution of individual bird transcript
abundance (I) and average and SEM of phoenixin mRNA abundance (II) at different WOA. Phoenixin mRNA was normalized with ACTB and
GAPDH reference genes and is relative to the 7-WOA pituitary group using the 2-ΔΔCt method. There were no significant differences in pituitary
phoenixin mRNA abundance over 7-, 11-, 18-, 25- and 41-WOA (Tukey‘s HSD, P>0.05).
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2.3.8

Age dependent expression of tachykinin receptor-3 in the diencephalon over sexual maturity

There was no significant effect of age on tachykinin receptor-3 mRNA abundance in the
diencephalon (P = 0.3598) (Fig. 2.19).
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Fig. 2.19 Tachykinin receptor-3 mRNA abundance in diencephalon over sexual maturity (7/11/18/25/41WOA). Distribution of individual bird
transcript abundance (I) and average and SEM of tachykinin receptor-3 mRNA abundance (II) at different WOA. Tachykinin receptor-3 mRNA
was normalized with ACTB and GAPDH reference genes and is relative to the 7-WOA diencephalon group using the 2-ΔΔCt method. There were
no significant differences in diencephalon tachykinin receptor-3 mRNA abundance over 7-, 11-, 18-, 25- and 41-WOA (Tukey‘s HSD, P>0.05).
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2.3.9

Age dependent expression of tachykinin receptor-3 in the pituitary over sexual maturity

There was a significant effect of age on tachykinin receptor-3 mRNA abundance in the pituitary
(P = 0.0021) (Fig. 2.20). Tachykinin receptor-3 mRNA was 2.5-fold less abundant at 41-WOA (M = 0.40,
SD = 0.36, n = 9), than 7-WOA (M = 1.00, SD = 0.52, n = 6) (P = 0.0111) and 2.4-fold less abundant at
41-WOA than 18-WOA (M = 0.97, SD = 0.36, n = 10) (P = 0.0016). All other pairwise combinations
were non-significant (P>0.05).
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Fig. 2.20 Tachykinin receptor-3 mRNA abundance in pituitary over sexual maturity (7/11/18/25/41-WOA). Distribution of individual bird
transcript abundance (I) and average and SEM of tachykinin receptor-3 mRNA abundance (II) at different WOA. Tachykinin receptor-3 mRNA
was normalized with ACTB and GAPDH reference genes and is relative to the 7-WOA pituitary group using the 2-ΔΔCt method. Significantly
different means are represented by different letters (Tukey‘s HSD, P<0.05).
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2.4

Discussion

To reiterate, one of the goals of the project were to sequence the full-length phoenixin and
tachykinin receptor-3 mRNAs including 5‘ UTR and 3‘UTR ends. This improves the chicken mRNA
databases and provides insight into transcriptional (i.e. cis-regulatory elements) and translational (i.e.
upstream ORF‘s) control. The second goal was to characterize these genes expression in different tissues
and at different ages. This improves our knowledge on where phoenixin and tachykinin receptor-3 are
expressed in the chicken and offers suggestions on major site- or time-specific roles.

2.4.1

The full length phoenixin peptide is conserved in the genome

From initially sequencing an internal fragment of the phoenixin cDNA, we characterized the 5‘
and 3‘ regions and submitted a full-length cDNA sequence. At the beginning the sequencing project, the
predicted phoenixin 5‘UTR was unknown in published databases (contained a string of N‘s). Although
our full-length phoenixin mRNA did not extend into the unknown region, the most recent assembly (5.0)
now has this completed with published expressed sequence tag‘s (ESTs).
Two other ESTs published to NCBI show longer 5‘ UTR (BX933175, CR523170), and all EST‘s
published to NCBI aligning to this sequence (CR523170, BX933175, BU307818, BX935882) show 1-13
bp more in 3‘ UTR length. These differences most likely come from either alternative start of
transcription and/or alternative splicing. To confirm this hypothesis, a more detailed analysis based on
tissue, strain and age are required, especially as sequences submitted to databases have originated from
different tissues (small intestine/heart/muscle/head/diencephalon) collected from different breeds
(Compton 15I, layer/broiler, White Leghorn Hisex or Lite), at different ages (adult/immature/stage36) and
possibly different sex (not described).
The presences of downstream ORFs in the 3‘ region in the chicken phoenixin are also common in
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other vertebrate (human, rat, zebra finch, turkey, and turtle) phoenixin genes. These vertebrate genes
carried at least two downstream ORFs (not shown). Whether these are coding or non-coding small open
reading frames is not known. However, the chicken‘s rather long phoenixin 3‘ region and the presence of
multiple polyadenylation signals might suggest one or both are translated (Andrews and Rothnagel,
2014). Downstream proteins or non-coding regions like these can affect biochemical activity such as the
splicing, transport, and expression of the main open reading frame protein (Conne et al., 2000). Thus,
careful examination of the translated products should ensue.
Protein coding genes immediately surrounding the SMIM20 transcript in human, rat and chicken
are well conserved. Phoenixin genes in other vertebrates such as the zebra finch, turkey, and turtle
exhibited same gene neighbours as the chicken and rat (not shown), suggesting in these vertebrates, this
region is subject to less evolutionary pressure (Skinner and Griffin, 2012). Based on gene synteny and
similarity/identity of the SMIM20 protein with other species it is probable the chicken secretes the
phoenixin peptide with conserved roles on the reproductive axis.
Yosten et al. (2013) reported a possible half-estrogen response element (ERE) in the human
proximal promoter region of SMIM20. Since similar half or full motifs are not found in the proximal
region in other species (chicken, zebra finch, turtle and zebrafish), and this element is not within
reasonable distance to another half motif to make a functional unit, it is likely inactive (Deeley et al.,
1993). Further evidence supports this bioinformatic analysis, as estradiol treatment does not impact
phoenixin mRNA levels in ovariectomized mice, although the authors suggest a link between higher
endogenous levels of estrogen and lower phoenixin mRNA levels in the hypothalamus and pituitary of the
rat (Tullock and Samson, 2014).

2.4.2

The full length tachykinin receptor-3 is conserved in the genome

To the best of our knowledge, ours is the first identified full-length chicken tachykinin receptor-3
cDNA, which aligns with the current draft of the chicken genome. Multiple transcription start sites were
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found within the 5‘ sequence. The locations of these sites are peculiar as the N-terminal region of the
coded tachykinin receptor-3 would be truncated, if still translated. All 3 transcription start sites are found
in exon 1. No other transcript variants, duplicated transcripts, or isoforms of the tachykinin receptor-3
protein have been identified/described in birds or mammals to date (Zhang et al., 2016). Zebrafish are
apparently an exception, with three gene‘s known to encode tachykinin receptor-3 (TACR3a1, TACR3a2,
TACR3b/TACR3L) and both ‗a‘ forms located on the same chromosome (Zhou et al., 2012). A 560-bp 5‘
RACE product that does not cover the full coding region was described by Medhurst et al., (1999) in
rabbit brain, but the smaller size was thought to be due to a challenging GC-rich region which is difficult
to sequence. However, this was not an issue for chicken tachykinin receptor-3 (5‘UTR= 46% GC, fulllength without poly-A tail = 45% GC). It is possible our alternative 5‘ ends are true alternate splice
variants or degraded intermediates which are capped (Lim and Maquat, 1992). Because a second
polyadenylation site was sequenced, and there are two TATA-like sequences along with a downstream
core element (important for initiation of transcription) in the vicinity of the +104 bp transcriptional start
site, the alternative splice variants hypothesis is most plausible.
Many authors have suggested a common ancestral tachykinin/receptor gene (Shigemoto et al.,
1990; Hershey et al., 1991; Takahashi et al., 1992, Zhou et al., 2012) to explain how tachykinin 1/2/3 and
their receptors (particularly in the transmembrane domain regions) share similar characteristics including
amino acid identity. Zhou et al. (2012) further suggested the ancestral tachykinin/receptor gene (n = 1)
underwent two rounds of genome duplication (n = 4), a loss of one tachykinin/receptor in fish (n = 3)
before evolution of mammals, and a subsequent duplication in teleost species (n = 6). No reference was
given to birds, early amphibians, or insects. The presence of tachykinin receptor-3 along with known and
possible tachykinin receptor-1 and -2 genes, respectively (Genbank: AF131057, XM_015278722), may
now better support this theory assuming close evolution with mammals. However, as the chicken
tachykinin 1 (substance P) and 2 (neurokinin A) are encoded by the same gene (Genbank: BK008126),
and tachykinin 3 is encoded separately (Genbank: XM_015300406/XM_015300407), this theory may not
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apply. Thus, our recent results on the chicken tachykinin receptor-3 mRNA may help clarify the origin
and divergence of the tachykinins and their receptor genes.
The chicken shares common ‗ATTTA‘ sequences or AU-rich elements (AREs) in the 3‘ UTR
with the human and rat (Takahashi et al., 1992; Shigemoto et al., 1990), which are regions purported to be
important for regulation of gene transcription. With a unique CT-nucleotide rich region (polypyrimidine
tract) which only seemed to be common in birds, the 5‘ UTR is not well conserved between mammals and
chickens. The element ‗AGCAAAA‘, is thought to act in upregulating gene expression in high
glucose/insulin states by repressing transcription factor binding (Wang et al., 2000) and the negative
acting glucocorticoid responsive element ‗ATYACNnnnTGATCW‘ has been reported in the rat
tachykinin receptor-1 (Takahashi et al., 1992). Upstream ORF‘s like MKQFTQRWLF can decrease
downstream translation by as much as 13 to 39% (Calvo et al. 2009). However, these upstream sequences
can be bypassed under stressful conditions when less eukaryotic initiation factor 2-ternary complex is
available for recruitment to the 40S ribosomal unit. Whether these potential regulatory sequences have
functional significance in the chicken is unknown. Other response elements previously proposed on the
human tachykinin receptor-3 (AP-1, AP-2, SP-1, cyclic-AMP) (Takahashi et al., 1992) were not present
in this full-length sequence. Thus, it is possible post-transcriptional regulation works differently between
humans and the chicken. Much like phoenixin, further evidence for these possible regulatory elements is
needed to improve the annotation of these cDNA sequences. Nevertheless, tachykinin receptor-3 is
present in the chicken genome and may play important roles in the reproductive axis.

2.4.3

Phoenixin mRNA qualitative and semi-quantitative expression

We showed that Phoenixin is expressed in the diencephalon, pituitary, ovary, gut, heart and testis
(See Fig.S 4). While it was interesting to note that phoenixin mRNA is expressed 4.5-fold higher in the
diencephalon at 15-WOA compared to 29-WOA in the LSL-Lite birds (P = 0.0004), we did not see any
significant effect of age in the Brown-Lite flock (P>0.05). Although these two studies cannot be directly
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compared (differences in strains, age/time of collection, environment/location), it is possible that with
more intermediate or identical time points there would be similar findings. Alternatively, macrodissection
of the diencephalon may not have been consistent across time points as diencephalon boundaries are not
easily identifiable and some specific nucleus may have been missed. There were no main effects of age on
phoenixin mRNA in the pituitary of either the LSL-Lite/Brown-Lite flocks. The 3-fold increase in
phoenixin mRNA in the LSL-Lite‘s gut at 29-WOA than 70-WOA (P = 0.0175) and 3-fold more
abundant in the LSL-Lite‘s heart at 15- and 29-WOA than 70-WOA (P = 0.0225) was unexpected.
Phoenixin‘s differential expression in these tissues could suggest functions other than upregulation of
GnRH-R mRNA. Phoenixin has been detected in many tissues (hypothalamus, heart, thymus,
oesophagus, stomach, spleen, pancreas, lung, pituitary, kidney, jejunum, duodenum, ileum, cerebrum,
pons, colon) of the adult rat (Yosten et al., 2013). From the previous list, the phoenixin peptide was
shown to be more highly expressed in the hypothalamus and heart of the adult rat (Yosten et al., 2013).
Conversely, this not true for the chicken (Fig.S 5). Thus, phoenixin mRNA is widely expressed, but
whether phoenixin modulates GnRH-R expression in the chicken is still unknown and further analyses are
presented in the following chapter.

2.4.4

Tachykinin receptor-3 mRNA qualitative and semi-quantitative expression

Tachykinin receptor-3 mRNA is expressed in the diencephalon, pituitary, ovary, and testis (See
Fig.S 6). It is clear that from semi-quantitive PCR, tachykinin receptor-3 mRNA is found to be in greater
abundance in the diencephalon>pituitary>ovary. The difference between diencephalon and pituitary
expression was observed in both the LSL-Lite (5-fold) and Brown-Lite (~13-fold) birds (See Fig.S 7).
This finding could suggest that tachykinin receptor-3 plays a larger role in the diencephalon than the
pituitary. In the Brown-Lite flock, tachykinin receptor-3 mRNA was 2.5-fold more abundant at 7- and 18WOA than 41-WOA, respectively, which implies that tachykinin receptor-3 mRNA has age-related roles
in the pituitary. Whether this change is related to sexual maturation and gonadotropin release remains to
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be determined. Furthermore, it is still unknown whether the activation of tachykinin receptor-3 stimulates
GnRH release in the chicken. Although tachykinin receptor-3 mRNA expression has been detected in
various tissues such as the eye, urinary bladder and kidney of rat (Tsuchida et al., 1990) and lung, liver,
skeletal muscle, adrenal gland, and heart of the human (Pinto et al. 2004), it is most heavily expressed in
the brain and central nervous system (Tsuchida et al., 1990; Shigemoto et al., 1990; Buell et al., 1992).
Interestingly, hypothalamic tachykinin receptor-3 mRNA expression has been shown to be more abundant
during diestrus in rats compared to other stages of the estrus cycle (Navarro et al. 2011a), and when
mature female rats are ovariectomized compared to ovariectomized given estradiol (Navarro et al.,
2011a). Yet tachykinin receptor-3 mRNA is comparatively lower in abundance in pre-pubertal compared
to pubertal female rats (Navarro et al. 2012), and total body abundance is lower in pre-pubertal zebrafish
than pubertal zebrafish (Biran et al. 2012). Future studies will be necessary to tease out the functional
significance of tachykinin receptor-3, and on identifying other components of a potential KNDy
alternative system in chickens.

2.5

Summary

Phoenixin and tachykinin receptor-3 were successfully identified in the chicken genome and fulllength cDNA were successfully sequenced. Considerable progress in annotating these genes has been
made, and the full-length sequence including 5‘ and 3‘ untranslated regions may provide clues on posttranscriptional regulation. However, more experimental evidence for the apparent regulatory motifs needs
to be conformed to add biological meaningfulness to the roles of phoenixin and tachykinin-receptor-3.
Conservation of phoenixin and tachykinin receptor-3 across species advocates for their evolutionary
importance and expression of the mRNA in expected regions of the reproductive axis (diencephalon,
pituitary, and ovary) strongly supports a role for these neuroproteins in the reproductive axis in the
chicken. Differential expression during maturation of phoenixin mRNA in gut and heart tissues and
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tachykinin receptor-3 mRNA in pituitary was also shown.
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3

CHAPTER: EFFECTS OF PHOENIXIN PEPTIDE ON PRIMARY CHICKEN
PITUITARY CELLS IN VITRO

3.1

Introduction

Two GnRH-receptor subtypes are expressed in the chicken pituitary: GnRH-R-I and GnRH-R-III
(Sun et al., 2001b; Shimizu and Bedecarrats, 2006). GnRH-R-III mRNA has been shown to be 1373-fold
more abundant than GnRH-R-I mRNA at sexual maturity (Joeseph et al., 2009), and GnRH-R-III mRNA
and protein levels increase during sexual development (Shimizu and Bedecarrats, 2006; McFarlane et al.,
2011) suggesting GnRH-R-III plays a chief role modulating gonadotropin release (Joseph et al., 2009). In
the rat pituitary, phoenixin has been shown to upregulate GnRH-R mRNA (Yosten et al., 2013), and in
the chicken diencephalon, phoenixin mRNA is more abundant at 15 WOA than 29 WOA (Chapter 2).
Based on these studies, we hypothesized that phoenixin is expressed in the chicken hypothalamus and or
pituitary so that it may participate in upregulating GnRH-R-III mRNA during the transition from pullet to
sexually mature hen. However, since the GnRH-R-I subtype is also expressed (albeit at very low levels)
in the chicken pituitary, and chicken GnRH-R-I is more phylogenetically and structurally similar to the
mammalian subtype (not shown), phoenixin may also participate in modulating GnRH-R-I mRNA. The
chicken‘s reproductive axis is under a dual stimulatory (GnRH; GnRH-R) and inhibitory (GnIH; GnIH-R)
control, where GnIH-R (GPR147) mRNA levels fluctuate in an opposite manner to GnRH-R-III levels,
and activation of these proteins results in interferences in intracellular signalling (Shimizu and
Bedecarrats, 2010; for review Bedecarrats et al. 2009). The possibility of phoenixin affecting the
expression of GnIH-R has not yet been investigated and it is possible that while upregulating GnRH-RIII, phoenixin may also downregulate GnIH-R. Interestingly, estradiol and GnRH have each been shown
to upregulate expression of GnRH-receptor mRNA and protein in the rat, cow, and ewe (Schoenemann et
al., 1985; Gregg et al., 1990; Kaiser et al., 1997; Turzillo et al., 1998; Cheon et al., 1999). Estradiol
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delivered intramuscularly over two weeks in chickens was shown to downregulate pituitary GnIH-R
compared to the control (Maddineni et al. 2008a). Thus, an interaction between phoenixin and estradiol in
chicken pituitary cells is possible.
In order to test our main hypothesis, we set out to culture chicken pituitary cells in vitro.
However, with no immortalized chicken pituitary cell line available, we opted to use primary culture.
After initial tests with pituitary fragments, it was decided to use dispersed cells, as it enables us to test a
more homogeneous cell population and thus gives us a more precise and homogeneous response.
Specific objectives were:
(i)

Determine if phoenixin upregulates GnRH-R-III mRNA

(ii)

Determine if estradiol or GnRH upregulates GnRH-R-III mRNA, and explore whether
phoenixin may interact with estradiol or alter GnRHII effects on gonadotrope cells.

(iii)

3.2

3.2.1

Validate the cell culture protocol

Materials and methods

Animals and tissue collection

Sexually immature females from two different strains were used to carry out these experiments.
LSL were used for all experiments presented in this chapter except for the phoenixin time-course trial
where sighted Smokey Joe‘s (Strain of White Leghorns) were used (Arkell Poultry Research Station,
University of Guelph-OMAFRA, Guelph, ON).
Dissections took place between the hours of 12:30 and 14:30. Animals were euthanized on the
farm by cervical dislocation in accordance with Canadian Council for Animal Care‘s humane animal
protocol and then decapitated. The skin above the head was removed and the skull opened. The optic
nerves were cut and the brain was pulled back to cut the hypophyseal portal system connecting the
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hypothalamus to the pituitary. Forceps were used to break the sella turcica bone, and the pituitary
leveraged out of the base of the skull. Pituitaries were immediately immersed in cell culture media
(described in 3.2.2) warmed to 37°C and carried from the farm to the laboratory in a thermos pre-warmed
to 37°C. Pituitary dispersion started within the hour after collection. Body weights prior to euthanasia
and/or ovary weights post-mortem were also determined to confirm the birds were indeed sexually
immature.

3.2.2

Dispersed pituitary cell culture

Initial tests using pituitary fragments were inconclusive (See Fig.S 8, Fig.S 9, Fig.S 10). Thus, we
proceeded with the culture of dispersed primary cells following a protocol similar to Van As et al. (2006)
with modifications suggested by Dr. Seong Kang and Dr. Laura Ellestad (personal communication).
Following collection, individual pituitaries were rinsed with 1x PBS (without Ca2+/Mg2+) then placed in a
petri dish with culture media where they were diced into approximately 1 mm3 pieces with a scalpel (with
No. 10/15 surgical blade). Pituitary dices were transferred to a 50-mL conical tube and washed twice with
PBS (250 x g, 5 min). A volume of 10 mL of trypsin (0.25%, SH30042, Thermo Fisher Scientific, MA,
USA) was added to the diced pituitaries and incubated for 30 min at 37°C on an orbital shaker (VWR,
DS-500, 63 rpm) to facilitate cell dispersal. The trypsin was then inactivated by addition of 10 mL of
media containing 10% FBS and further incubating for another 5 min at 37°C on the orbital shaker.
Pituitary dices and dissociated cells were further processed by mechanically pipetting up and down
several times and then were passed through a 70-µM nylon filter (431751, Durham, NC, USA) to remove
cell debris and minimize clumps. Pituitary dices that did not pass through the filter were then subjected to
an additional trypsinization and mechanical dispersion until all were dispersed and no remnants were left
on the filter. Dispersed cells were then recovered by centrifugation (200 x g, 5 min), washed twice with
25 mL of PBS, and resuspended into 4 to 5 mL of culture media. Cell viability and concentration were
assessed by trypan blue exclusion (Gibco, 15250, NY, USA) using a Neubauer haemocytometer (La
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Fontaine) and inverted microscope (Hund Wetzlar) (See Appendix C for more information).
Approximately 1.5 million cells were retrieved per pituitary, values in line with reports from
immature broiler-breeder chicken and quail (Vasilatos-Younken, 1986; Connolly and Callard, 1987). To
obtain sufficient amounts of RNA for quantitative analyses, a total of 2 million viable cells was plated per
well in poly-D-lysine and laminin coated 48-well plates in 200 µL of media (Falcon, 087721C) and
cultured in a Steri-cycle CO2 incubator (model 370, OH, USA) at 37°C, 5% CO2. Media was changed
after 24 hours of culture to replenish nutrients and remove dead cells, and cells were cultured for a total of
48 hours before experiments begun.
The complete culture media formulation was: Medium 199 with Earl‘s salts (without phenol red)
(M3769, Sigma, MO, USA) supplemented with 2.2 g/L final concentration L-glutamine (BP379, Thermo
Fisher Scientific, MA, USA), 0.1 g/L final concentration sodium bicarbonate (BP328, Thermo Fisher
Scientific, MA, USA), 1% BSA (BP1600, serum-fraction V, Thermo Fisher Scientific, MA, USA), and
1% penicillin-streptomycin (SV30010, Thermo Fisher Scientific, MA, USA). Freshly supplemented
culture media (250 mL volumes) was prepared every 2 weeks to avoid the accumulation of ammonia from
breakdown of glutamine, as glutamine‘s half-life can be anywhere around 6-20 days at 37°C depending
on the base media (Schneider et al. 1996).

3.2.3

Experimental design

Since the 20-AA form of phoenixin was shown to be the major product from the rat
hypothalamus (mass spectrometry analysis) (Yosten et al., 2013), and confers best identity and similarity
(90%) to the chicken sequence (Chapter 2), the rat/mouse/human/bovine phoenixin-20 from phoenix
pharmaceuticals (AGIVQEDVQPPGLKVWSDPF-NH2; 079-03, Burlingame, CA, USA) was used for all
the following cell culture experiments. Upon receipt, phoenixin-20 was stored at 4°C according to
companys‘ instructions until diluted into 1000 µM and 100 µM stocks with sterile water, and stored at -
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80°C until use.
The 17β-estradiol used to stimulate chicken pituitary cells (Sigma, E2758, St. Louis, Missouri,
USA) was solubilized in ethanol before dilution to various stock concentrations and stored at -80°C. The
final concentration of ethanol was less than 1/10,000 of medium similar to criteria set in another study
using primary chicken pituitary cells (Chen et al., 2010).
Chicken GnRH-II (pyro-EHWSHGWYPG-NH2; American Peptide Company, Sunnyvale, CA),
stored at 20°C, was previously obtained and used by our lab (Joseph et al., 2009). Chicken GnRH-II was
preferred over chicken GnRH-I as it has been shown to be more potent at stimulating luteinizing hormone
release or inositol phosphate production in primary chicken anterior pituitary cells (Chou et al., 1985) and
COS-7 cells transfected with chicken GnRH-R-I and GnRH-R-III (Joseph et al., 2009). As well, cultured
immature female quail primary anterior pituitary cells have been shown to lack LH response to GnRHI, at
least until photostimulation occurs (Connolly and Callard, 1987). All experiments were based on the
timing and availability of immature chickens.

3.2.3.1

Phoenixin dose-response

Dispersed pituitary cells from 90-day-old Lohmann White Leghorns (n = 30) were either vehicletreated (media) or treated with different doses of phoenixin (100 and 1000 nM) for 4 hours (n = 4 wells
per treatment). This experiment was repeated a second time with dispersed pituitary cells from 91 day old
Lohmann White Leghorns (n = 27 pituitaries; n = 2 wells per treatment). Results from the two separate
occasions were collated for statistics and graphs.

3.2.3.2

Phoenixin time-course (4/8/12/18/24/36 hours)

Pituitary cells from 81, 88 and 89-day-old Smokey Joe chickens (15 pituitaries were used per
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day) were either vehicle-treated (media) or treated with 1000 nM phoenixin over 0, 4, 18 and 36 hours (n
= 1 well per time treatment). Similarly, 32 pituitaries from 109 days old Smokey Joe chickens were either
vehicle-treated or treated with 1000 nM phoenixin over 8, 12, 18 and 24 hours (n = 3 wells per time
treatment). Results from the four separate occasions were collated for statistics and graphs.

3.2.3.3

Combined effect of 17β-estradiol and phoenixin

Pituitary cells from 100-day-old White Lohmann Leghorns (n = 30) were either vehicle treated
(media), treated to phoenixin alone (100 nM), estradiol alone (10 ng/mL or 0.036 nM), or phoenixin in
combination with estradiol (n = 4 wells per treatment) for 4 hours.

3.2.3.4

Stimulation with GnRHII after phoenixin pre-treatment

Dispersed cells collected from 101-day-old White Lohmann Leghorns (n = 30) were either
vehicle treated (media) or pre-treated with phoenixin (100 nM) for 36 hours, and then either vehiclestimulated (media) or stimulated with GnRHII (10 nM) for 4 hours (n = 4 wells per treatment).

3.2.4

Sample processing, q-PCR and data analysis

RNA was extracted with TRIzol (Life technologies, 15596) according to the manufacturer‘s
instructions (Life technologies, MAN0001271, December 13/2012) with some modifications (See
Appendix A for the full protocol used). After removing media from plates, 500 µL of Trizol was added
and cells were lysed by pipetting the lysate up and down several times. Cells were further homogenized
for an additional 10 seconds using a sonic dismembrator (Fisher, Model 100). After chloroform phase
separation, 4 µg of glycogen (FERR0551, Thermo Fisher Scientific, MA, USA), 25 µL of 3 M sodium
acetate, and 500 µL of isopropanol were added to improve RNA precipitation. The RNA pellet was then
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rinsed with 80% ethanol and resuspended in 6 to 8ul of molecular biology grade water (51200, Lonza,
ME, USA) and stored at -80°C until reverse transcribed. Nucleic acid quality and concentration were
quantified using a Nanodrop 8000 (Thermo Scientific, Wilmington, USA) and all samples showed a
260/280 ratio ≥1.8, with a yield of 1500 to 2500 ng per 2 million cells initially plated, with the exception
of the phoenixin time course (3.2.3.2), where some yields were reduced.
A total of 1 µg of RNA was reverse transcribed with Superscript II (180640, Thermo Fisher
scientific, MA, USA) according to the first-strand synthesis system (Thermo Fisher Scientific, 11904,
v.March 5, 2007) with Oligo (dT)18 primer (Thermo Fisher Scientific, desalted, 1 µM final concentration)
in 20 µL. Once the cDNA was synthesized, 1 µL (0.5 U) of RNase H was added to the reaction to remove
DNA/RNA hybrids, incubated for 20 min at 37°C and stored at -20°C until used for qPCR (See
Appendix B for the full protocol used).
Semi-quantitative PCR was performed similarly to section 2.2.9 with the exception of using 2 µL
of diluted 1/10 cDNA sample for each reaction. For the GnIH-R assays, these included 0.0125 mM final
concentration of autoclaved and filter sterilized ammonium sulfate. Again, each sample as well as
negative and positive controls were run in duplicate/triplicate (with criteria for technical replicates being
within 0.5 cycles) with cycling conditions presented in Appendix B, and melt curves performed on each
reaction to assess specificity. Treatment and/or treatment time were used as the combined condition for
correction of Cq values before being exported from Factor-qPCR. Relative transcript abundance was
determined with the Pfaffl method (Pfaffl et al., 2001), using the efficiency corrected data and normalized
to the geometric mean of two reference genes (ACTB and GAPDH) for determination of mean fold
change (also known as normalized relative quantity, NRQ) (Eq. 3.1).
̅

NRQ=

̅

ETarget (XCqcontrol -XCqtreatment )
Geomean (ERef1

̅ Cq
̅
(X
control -XCqtreatment)

,ERef2

̅ Cq
̅
(X
control -XCqtreatment)

)
Eq. 3.1

3.2.5

Statistical analysis
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An unequal variances t-test (Welch) was used for the phoenixin dose-response experiment, and
unequal n two-way ANOVA with Sidak‘s multiple comparisons test was used to analyze the phoenixin
time-course experiment. Fold abundances were logarithm transformed before statistical analyses. Tests
were conducted using GraphPad Prism 6 (v.6.04, GraphPad Software, Inc., La Jolla, CA, USA) with P
values of <0.05 considered statistically significant.

3.3

3.3.1

Results

Phoenixin-20 does not regulate GnRH-Rs/GnIH-R mRNA levels in chicken primary pituitary
cells in culture

Treatment of dispersed primary chicken pituitary cells with phoenixin-20 for 4 hours did not
significantly modulate GnRH-R-III, GnRH-R-I or GnIH-R mRNA levels at any dose tested (100 nM and
1000 nM) compared to the control (P>0.05) (Table 3.1; Fig. 3.1).
Similar to the dose response, stimulation time had no effect as treatment of dispersed primary
chicken pituitary cells with phoenixin-20 did not significantly impact GnRH-R-III (P = 0.9641), GnRHR-I (P = 0.9936) or GnIH-R (P = 0.9652) mRNA levels at any of the 4, 18, and 36 hour time points
compared to the control (Fig. 3.2).
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Table 3.1 Summary of t-test statistical analyses of primary chicken pituitary cells treated with either vehicle (media) or phoenixin-20 (100 or
1000nM) for 4 hours.
0 nM

100 nM

1000 nM

0 nM

100 nM

I: t(1.533) = 0.1246, P = 0.9152
II: t(1.758) = 0.2266, P = 0.8443
III: t(1.561) = 0.5851, P = 0.6317
1000 nM I: t(1.839) = 0.3130, P = 0.7862
I: t(1.829) = 0.5811, P = 0.6247
II: t(1.732) = 0.2261, P = 0.8450 II: t(1.384) = 0.4121, P = 0.7350
III: t(1.940) = 0.3369, P = 0.7691 III: t(1.734) = 0.2283, P = 0.8434
I) GnRH-R-III, II) GnRH-R-I and III) GnIH-R mRNA levels
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Fig. 3.1 Primary chicken pituitary cells after treatment with different doses of phoenixin (100/1000 nM)
or vehicle (0 nM) for 4 hours. Means and SEM‘s of two independent experiments are shown. Fold
abundances of I) GnRH-R-III, II) GnRH-R-I and III) GnIH-R mRNA‘s are relative to the non-treated
control and normalized to GAPDH and ACTB mRNA using the Pfaffl method. There were no significant
differences in expression among treatments (P>0.05).
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Fig. 3.2 Primary chicken pituitary cells after treating with either vehicle (media) or phoenixin (1000nM) for 4, 8, 12, 18, 24 and 36 hours. Means
and SEM‘s from three independent experiments (4 and 18 hours; vertical lined bars) or two independent experiments (36 hours; grey bar) are
shown. Means of one independent experiment (8, 12 and 24 hours; black bars with white spots) is also shown. Fold abundance of: I) GnRH-R-III,
II) GnRH-R-I and III) GnIH-R mRNA‘s at each timepoint are relative to the non-treated controls at that time point (4/8/12/18/24/36 hour) and
normalized to GAPDH and ACTB mRNA using the Pfaffl method. The non-treated control at each time point was removed from the figure for
ease of visualization (fold abundance=1.0). There were no statistical differences (P>0.05) in GnRH-R-III, GnRH-R-I and GnIH-R mRNA
expression between treatments (over 4/18/36 hours).
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3.3.2

Phoenixin-20 may potentiate 17β-estradiol downregulation of GnRH-R-III mRNA levels

This experiment was only conducted once and statistical analysis on a biological replicate of one
is not appropriate. Thus, trends are discussed.
Compared with the first experiments, there did not appear to be any differences in GnRH-R-III,
GnRH-R-I and GnIH-R mRNA levels between pituitary cells either vehicle-treated or treated with 100nM
phoenixin-20 for 4 hours. Interestingly, estradiol and/or estradiol in combination with phoenixin may
have an effect on GnIH-R mRNA and GnRH-R-III mRNA levels. However, further experiments would
be needed to confirm whether this is indeed significant (Fig. 3.3).

3.3.3

Phoenixin may prevent the GnRHII induced downregulation of GnIH-R mRNA levels

As above, this experiment was only conducted once and statistical analysis on a biological
replicate of one is not appropriate. Thus, trends are discussed.
Similar to the first experiments, there did not appear to be any differences in GnRH-R-III, GnRHR-I and GnIH-R mRNA levels between phoenixin-pre-treated, vehicle-stimulated cells and vehicle-pretreated, vehicle-stimulated cells. Although a role for GnRHII on GnIH-R mRNA has not been established
in the chicken, it appears as if GnIH-R mRNA is less abundant in vehicle-pre-treated, GnRHII-stimulated
cells than phoenixin-pre-treated, GnRHII-stimulated cells. Further experiments will be needed to
determine whether an effect or possible interaction exists (Fig. 3.4).
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Fig. 3.3 Primary chicken pituitary cells either vehicle treated (0 nM), treated with phoenixin (100 nM)
(PNX), phoenixin in combination with estradiol (10 ng/mL or 0.036 nM) (E2), or E2 alone for 4 hours.
Fold abundance of: I) GnRH-R-III, II) GnRH-R-I and III) GnIH-R mRNA‘s are relative to the non-treated
control and normalized to GAPDH and ACTB mRNA using the Pfaffl method.
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Fig. 3.4 Primary chicken pituitary cells pre-treated with either vehicle (media) or phoenixin (100nM) for
36 hours and then subsequently stimulated with either vehicle (media) or GnRHII (10nM) for 4 hours.
Fold abundance of: I) GnRH-R-III, II) GnRH-R-I and III) GnIH-R mRNA‘s are relative to the non-treated
control and normalized to GAPDH and ACTB mRNA using the Pfaffl method.
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3.4

3.4.1

Discussion

Effects of phoenixin on GnRH-R‘s/GnIH-R mRNA levels in cultured primary chicken pituitary
cells.

In the first published report on phoenixin, Yosten et al. (2013) treated primary pituitary cells from
random-cycling rats with different doses of phoenixin-20 (0/1/10/100nM) in vitro and tested differential
expression of GnRH-R mRNA. It was reported that 100 nM was necessary to significantly increase
GnRH-R mRNA by approximately 41% (Yosten et al., 2013). In our study, treating primary chicken
pituitary cells with phoenixin-20 at dosages of 100 nM or 1000 nM in vitro for 4 hours did not
significantly modulate chicken GnRH-R-III, GnRH-R-I or GnIH-R mRNA levels (P>0.05). The
concentrations of phoenixin used in our study were based on the published observations from the rat and
it is possible that a wider range of doses may have been more appropriate. However, our highest dose
(1000 nM) can be considered supra-physiological for most hypothalamic peptides. For example, GnRH
and GnIH both display in vitro effective dose (ED) 50 between 1 to 10 nM (Shimizu and Bedecarrats,
2006; Joseph et al., 2009; Shimizu and Bedecarrats, 2010). Like any other neuroendocrine system, the
effect of a ligand is intimately linked to its receptor affinity, and the amplitude of any response generally
depends on receptor density. The receptor for phoenixin has just been identified in rodents (Treen et al.,
2016) and is yet to be characterized in chickens (discussed below).
It is also possible that the two amino acids that differ from the human/rat/mouse/bovine
phoenixin-20 peptide to the newly sequenced chicken phoenixin may impact its structure and/or
biological activity. Instead of an aspartate residue with a negatively charged side chain at physiological
pH in position 7 in the rat peptide, chicken phoenixin contains an asparagine with a neutral side chain.
The valine at position 8 in the rat is replaced with an isoleucine in the chicken peptide, although both
amino acids are hydrophobic and hydrocarbon chained. Since both valine and isoleucine have similar
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properties (as previously mentioned), usually buried within the protein core, lie in β–sheet formation and
non-reactive, these are thought to be reasonably well substituted (Betts and Russell, 2003) and likely do
not compromise protein structure or the receptor‘s affinity for the phoenixin ligand. As well, since both
aspartate and asparagine are polar, they too are thought to be well substituted (Betts and Russell, 2003).
The presence of the negative charge on the aspartate could indicate interaction with other positively
charged cofactors (Betts and Russell, 2003); meaning participation in the structural integrity or activation
of the phoenixin peptide. Whether the absence rather than the presence of this charge makes any
discernible changes to the chicken peptide cannot be disregarded and should be investigated. However,
for this thesis, we opted to test the commercially available and already studied rat peptide.
There are several residues in phoenixin that could be important for receptor binding, but the fact
that phoenixin-14 and phoenixin-20 bind to rat pituitary RC-4B/C cells with similar affinity (Yosten et
al., 2013) suggests that amino acids important for binding are likely within the 14-AA chain. Further
protein modelling and/or functional studies (e.g., site-directed mutagenesis) will be useful to confirm
essential residues, which may be simpler now that a recent study has identified the phoenixin receptors,
which happen to be g-protein coupled receptors (GPCR‘s) (Treen et al., 2016). From a simple genomic
database search, two putative receptors in the rat can be successfully found in the chicken genome
(GPR173 aka GPR27 in chicken genome and GPR15, but not GPR25). A BLAST search reveals no
homologous GPR25 gene in the chicken genome, or GPR25-like transcripts around putative gene
neighbours. Obviously, more research surrounding the presence, expression, and functionality of these
receptors would be helpful to determine if the differences from this study and the study done by Yosten et
al. (2013) are indicative of species differences. Nevertheless, our studies do not support phoenixin
independently modulating GnRH-R-III, GnRH-R-I, or GnIH-R mRNA after 4 hours treatment so we
moved forward with testing differential expression of the GnRH-R and GnIH-R over longer duration of
treatment with the highest dose tested.

3.4.2

Time course stimulation of primary chicken pituitary cells with phoenixin did not modulate
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GnRH-R/GnIH-R mRNA levels.

Yosten et al. (2013) treated alphaT3-1 cells (a mouse gonadotrope cell line) with 100 nM
phoenixin-20 in vitro for 1.5, 2 and 4 hours, and tested differential expression of GnRH-receptor mRNA.
It was reported that phoenixin treatment significantly increased GnRH-R mRNA by approximately 23%
and 14% at 2 and 4 hours, respectively (Yosten et al., 2013). In our study, treating primary chicken
pituitary cells with 1000 nM phoenixin-20 in vitro for 4, 18, and 36 hours did not significantly modulate
the chicken GnRH-R-III, GnRH-R-I or GnIH-R mRNA expression (P>0.05). However, we cannot
exclude the possibility that these genes abundances were significantly affected at earlier or intermediate
time-points. Recent evidence by Treen et al. (2016) shows that 100 nM phoenixin significantly increases
the GnRH-R mRNA in a mouse hypothalamic cell line (mHypoA-GnRH/GFP) at 2 and 8 hours, but
seemingly not significant at 4 and 24 hours which was suggested to be due to receptor desensitization and
resensitization. Although possible, we do not know whether phoenixin receptors are desensitized via
internalization, downregulation or through impaired G-protein interaction (Bunemann and Hosey, 1999).
It also remains unknown if the biphasic expression of GnRH-R mRNA in Treen et al. (2016) reflects
changes in the basal turnover rate or stability of the GnRH-R mRNA. Further studies may want to
investigate this in more detail.

3.4.3

Possible interactions between phoenixin and 17β-estradiol to modulate GnRH-R-III and GnIH-R
mRNA levels

In Maddineni et al. (2008a), the pituitary abundance of GnIH-R in sexually immature chickens
(16 WOA) was significantly downregulated by about 40% after treatment with estradiol (0.5 mg/kg),
administered intramuscularly every other day for a week. In our study, treatment of primary chicken
pituitary cells with estradiol (10 ng/mL or 0.036 nM) in vitro for 4 hours seemed to decrease GnIH-R
mRNA compared to the control (1.17-fold). A possible lower reduction observed in our in vitro study
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compared to Maddineni et al. (2008a) may be due to the concentration of estradiol applied to the cells.
The concentration of 17β-estradiol needed to significantly inhibit GnRH-stimulated LH release in
dispersed male chicken pituitaries after 30 min of incubation was 0.1 nM (King et al., 1989). However,
the concentration used in our study was significantly higher than total circulating concentration of 17βestradiol routinely measured in our laboratory (Baxter et al., 2014) and others (Senior, 1974; Tanabe et
al., 1981). Also, the study by Maddineni et al., (2008a) was performed in vivo where estradiol treatment
could not be separated from combined effects by other hypothalamic, pituitary and/or ovarian factors.
Thus, further research exploring the impact of different dosages of estradiol, and/or different
combinations of estradiol and peptide effects on the quantity of GnIH-R mRNA in the chicken pituitary in
vitro would be beneficial to more precisely define modulation of this receptor.
In the literature, estradiol has been shown to significantly increase pituitary GnRH-R protein (as a
measure of bound radioactive GnRH-analog) in the ovariectomized ewe and cow (Gregg et al., 1990;
Schoenemann et al., 1985) and significantly increase GnRH-R mRNA in pituitaries of ovariectomized the
ewe (Turzillo et al., 1998) within 8 to 24 hours of treatment. While estradiol applied subcutaneously to
ovariectomized rats tends to increase the GnRH-R mRNA after two days of treatment (but not reaching
significance), GnRH-R mRNA is significantly downregulated after seven days (Kaiser et al., 1993). This
is in agreement with Bauer-Dantoin et al. (1993) and Kakar et al. (1994) where GnRH-R mRNA levels
have been shown to be differentially expressed over the estrous cycle in the intact rat with the lowest
abundance is seen during estrus. In 20-month old cockerels, GnRH-R-I mRNA was significantly more
abundant in castrated (CAST) than sham-operated/CAST and estradiol-treated (5mg/kg BW, alternate
days for two weeks) animals. However sham-operated and CAST and estradiol-treated were not
significantly different. This suggests sex-steroids in particular estrogen may be a primary downregulator
of GnRH-R-I (Sun et al., 2001a). Independent of the species, sex and sexual maturity differences between
these studies, it is possible that with a longer treatment time, more biological replicates and/or inclusion
of other sex-steroids, our study would have displayed a larger modulation of the GnRH-R (I/III) mRNA.
Estradiol, in contrast to other forms of estrogen, may bind to either its cognate receptors
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ERα/ERβ with similar affinity (Zhu et al., 2006). Upon binding, estradiol can activate many intracellular
signaling cascades including but not limited to: i) PLC/PKC, ii) Ras/Raf/MAPK, iii) PI3K/AKT and iv)
cAMP/PKA activation (Marino et al., 2006). ERα (isoforms identified as 66/61) and ERβ are known to be
expressed in the avian pituitary (Griffin et al., 2001; Lakaye et al., 1998), and 17β-estradiol shows higher
uptake in the hen‘s anterior pituitary than other head or body tissues (Kawashima et al., 1987), supporting
the importance of the pituitary in mediating estrogenic actions. However, no clear evidence of any
difference in relative abundance of these receptors in the chicken pituitary could be found in the literature.
Determining the relative abundance of these receptors may help us better understand the location and
timing of where estradiol primarily exerts its effects. If similar to the sexually mature rat (after
ovariectomy), the gonadotrope cell population expresses about twice as much ERα than ERβ (26 vs. 17%)
(Mitchner et al., 1998), suggesting more influence of estrogenic actions on gonadotropic cells through
ERα. Strengthening this receptor‘s importance and mode of action, a recent study utilizing pituitarygonadotrope ERα knockout (identified as PitEsr1ko) mice show that mice with absent gonadotrope ERα
are either subfertile or have elevated serum LH and E2 levels but no LH surge (Singh et al., 2009). Also,
complete ERα knockout mice and plasma membrane-only ERα (so no nuclear receptor) mice exhibit
similar body composition (fat/water content) and LH/FSH secretion (Pedram et al., 2009). This not only
proposes that ERα at the level of the pituitary is critical for reproduction but may implicate nonmembrane pituitary ERα in negative and positive feedback mechanisms (Singh et al., 2009).
Interestingly, in our study treatment of chicken pituitary cells with estradiol and phoenixin
resulted in what appears to be a 1.26-fold reduction in GnRH-R-III mRNA levels (similar to tachykinin
receptor-3 mRNA in Fig.S 11) compared to the control. We used immature female chickens as GnRH-RIII mRNA has been shown to be lower at that stage before being upregulated during sexual maturation
(Shimizu and Bedecarrats, 2006; Joseph et al., 2009). Estradiol or agonists applied to ERα- and ERβexpressing, GnRH-secreting rat neurons exhibit dosage-dependent mechanisms. Hu et al. (2008)
demonstrated that ERα agonists at low concentrations reduces cAMP production, while an ERβ agonist or
high concentration of estradiol stimulates cAMP production. Lin and Conn (1998) show that from testing
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GnRH-R-Luciferase activity in GGH3 cells (progenitor GH3 with stably transfected with GnRH-R),
cAMP significantly promotes the activation of the GnRH-R gene transcription and potentiates GnRH
activation of GnRH-R gene transcription. Given this difference after estradiol and phoenixin treatment, it
would be interesting to speculate that the intracellular availability of cAMP would therefore affect GnRHR-III mRNA abundance.
Nonetheless, if this experiment is replicated it is important to note that the pituitary response may
not be similar at different stages of sexual maturity or during ovulation. Results from dispersed rat
pituitary cells have indicated that ERα and ERβ are differentially expressed over the estrous cycle,
lowermost during estrus (Childs et al., 2001). Thus, while we may observe some trends after estradiol or
phoenixin and estradiol treatment in the chicken, the study needs to be replicated.

3.4.4

Pre-treatment with phoenixin may influence chicken pituitary cell response to GnRHII
stimulation

Previous studies have shown that pulsatile (0.2 nM, 6 min/h) GnRH treatment for 6 hours or
continuous 0.2 nM GnRH treatment over 3 and 6 hours but not 12/24 hours increases GnRH-R mRNA
compared to a control (Cheon et al., 1999). This is in agreement with others. When 1 or 2.5 nM of GnRH
is applied to dispersed immature/adult rat pituitary cells, GnRH-R protein (as a measure of bound
radioactive GnRH-analog) expression over 0 to 4 hours is reduced, but then over 4 to 10 hours it is
increased, following a biphasic trend (Conn et al., 1983; Loumaye et al., 1983). Similarly, Yosten et al
(2013) demonstrated that 10 nM of GnRHI applied to dispersed male rat pituitary cells significantly
increased GnRH-R mRNA after 4 hours of treatment by approximately 80%, but not after 2 hour
treatment; and overnight pre-treatment with 1000 nM phoenixin-20 potentiated GnRH-stimulated increase
of GnRH-R at 2 hours (~25% control-pretreated vs. ~58% phoenixin-pretreated), but not at 4 hours. Since
mRNA typically precedes protein expression, it would be interesting to speculate that phoenixin mediates
a downward shift in the effective concentration (EC50) needed for GnRH to upregulate GnRH-R in rats.
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While GnRHII is perhaps better known for eliciting differences in reproductive behaviour in
white-crowned sparrows, marmoset monkeys and musk shrews (Maney et al., 1997; Barnett et al., 2005;
Kauffman et al., 2005), GnRHII and GnRHI have each been shown to stimulate LH and FSH release from
primary chicken pituitary cells (Millar et al., 1986; Hattori et al., 1986), and GnRHII and GnRHI
stimulate similar calcium oscillations in neonatal rat gonadotropes (Balík et al., 2009). Subsequently, it
was thought these hormones might work similarly. Results from transfected COS-7 cells show that
GnRH-R-III has a higher affinity for GnRHII than GnRHI (35-fold) (Jospeh et al., 2009), and since
GnRH-R-III is more highly expressed in the chicken pituitary than GnRH-R-I, GnRHII could play a
greater role through GnRH-R-III. In the current study, dispersed chicken pituitary cells either vehicle-pretreated or phoenixin-pretreated and subsequently stimulated with 10 nM GnRHII for 4 hours seemed to
increase FSH mRNA ~2-fold compared to the control (Fig.S 12). This suggests to us that the receptor for
GnRHII is responding. Though further experiments will be needed to determine whether this is significant
and whether phoenixin further enhances GnRHII mediated increase in FSH mRNA. These results are
encouraging, especially since the concentration of GnRHII used is higher than the calculated ED50 of LH
(0.06 nM) and FSH (0.03 nM) as determined using dispersed chicken pituitary cells (Millar et al., 1986),
and the half-life of GnRHII in the hen is indicated to be around 3 min (Sharp et al., 1987).
In the chicken, GnRH-R-III, GnRH-R-I or GnIH-R mRNA levels from phoenixin-pretreated,
vehicle-stimulated cells did not seem different from vehicle-pretreated, vehicle-stimulated cells; GnIH-R
mRNA from vehicle-pretreated, GnRHII-stimulated cells appeared less abundant than GnIH-R mRNA
from phoenixin-pretreated, GnRHII-stimulated cells. Hence, it‘s possible an interaction between GnRHII
and phoenixin exists. Although, an independent effect of GnRHII on GnIH-R mRNA in the chicken
anterior pituitary is unknown. One should note that as we have been using GnRHII as test substance to the
immature chicken pituitary, the pituitary response with age may be different with the abundance of
GnRH-R-III (Joseph et al., 2009). Thus, with repetition our study could indicate a potential interaction
between phoenixin and GnRHII on GnIH-R mRNA, and possible synergistic effect of GnRHII and
phoenixin on FSH mRNA.
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3.5

Summary

While Yosten et al (2013) showed the phoenixin peptide able to upregulate GnRH-receptor
mRNA expression from rodent pituitary cells; phoenixin independently modulating GnRH-R-III/GnRHR-I/GnIH-R in the chicken is inconclusive. We cannot discount species difference in the control of
GnRH-R(s)/GnIH-R mRNA, or true upregulation was missed through tissue factors in these studies. A
difference between our study and the studies done by Yosten et al (2013) and Treen et al., (2016) is the
physiological age at which the pituitaries were taken. Yosten et al (2013) and Treen et al., (2016) used
adult rat/mouse brains which could have been sufficiently primed by steroids like estrogen or GnRH to be
sensitive to peptides like phoenixin. Our study took advantage of young chicken pituitaries which may
not be responsive to independent phoenixin treatment at this time. No studies as of yet have conclusively
shown factors up/downregulating the chicken GnRH-R‘s in vitro; this is the first to our knowledge that
could implicate estradiol and phoenixin negatively regulating GnRH-R-III mRNA and a possible
interaction between phoenixin and GnRHII on GnIH-R mRNA. To support our culture methods our preliminary results are in agreement with previous research, GnIH-R mRNA may be regulated by estradiol
and FSH mRNA (rather than proteins) may be regulated by GnRHII treatment.
Herein we present a successful way to culture avian pituitary cells, extract the RNA, reverse
transcribe the mRNA species and test differential expression via qPCR. New direction is given to the role
of phoenixin in the pituitary where phoenixin may be an active player in steroid/peptide feedback
mechanisms in the chicken. Nonetheless, these results do not support the notion of phoenixin
independently modulating GnRH-R-III, GnRH-R-I or GnIH-R mRNA in immature and nonphotostimulated primary chicken pituitary cells.
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CONCLUSION

It has been three years since the initial publication on phoenixin and 29 years since the initial
sequencing of tachykinin receptor-3 mRNA from bovine stomach. Phoenixin is a 14-AA or 20-AA
peptide and the 20-AA form was shown to increase GnRH-R mRNA in the rodent pituitary in vitro.
Tachykinin receptor-3 is a GPCR with a critical role in generating GnRH pulsatility in mammals.
As part of this thesis, phoenixin and tachykinin receptor-3 were identified in the chicken genome,
and both are encoded on chromosome 4. Phoenixin was identified from EST sequences and a
chromosome shotgun sequence, whereas, tachykinin receptor-3 was identified as a predicted sequence
based on a chromosome shotgun sequence and homology to other species. The phoenixin and tachykinin
receptor-3 mRNAs were first detected in the diencephalon of layers and an internal fragment was
sequenced. Subsequently, a 5‘/3‘ RACE was carried out and the full-length chicken phoenixin and
tachykinin receptor-3 mRNAs were successfully sequenced and submitted to GeneBank. With the
sequencing of the full protein coding regions, translation of the neuroproteins is more optimistic. And
from sequencing the 5‘ and 3‘-UTR, it can help us understand how the gene and possible protein is
regulated. Future studies supporting phoenixin and tachykinin receptor-3‘s presence in the chicken
genome may like to identify where these genes are encoded relative to the centromere.
Phoenixin and tachykinin receptor-3 mRNAs spatial and temporal expression were investigated.
Phoenixin was expressed in all tissues tested (diencephalon, pituitary, gonads, gut and heart). Although
phoenixin mRNA was differentially expressed in the diencephalon of LSL-Lite over 15, 29 and 70-WOA,
phoenixin was not differentially expressed in the diencephalon of Brown-Lite over 7, 11, 25 and 41WOA. On the otherhand, phoenixin mRNA was differentially expressed with age in the pituitary of the
Brown-Lite, suggesting phoenixin could be expressed from the hypothalamus, pituitary, or both and act to
upregulate GnRH-R-III in the chicken pituitary. Tachykinin receptor-3 mRNA is expressed in the
diencephalon, pituitary and gonads and is differentially expressed between these tissues in LSL-Lite
(diencephalon>pituitary>ovary) and Brown-Lite (diencephalon>pituitary) chickens. As well, tachykinin
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receptor-3 mRNA was shown to be differentially expressed in the pituitary over sexual maturity
(7/11/25/41-WOA). The higher abundance of tachykinin receptor-3 mRNA in the diencephalon in
comparson to other tissues supports its critical role in generating the GnRH pulse in the hypothalamus.
Tachykinin receptor-3‘s expression and differential expression with age in the pituitary and ovary
supports possible roles in pituitary and ovary hormone production in the chicken. Therefore, phoenixin
and tachykinin receptor-3 mRNAs are expressed in tissues known important to their function in
mammals. Further studies supporting the expression of phoenixin and tachykinin receptor-3 may like to
detect these protein products.
The function of the 20-AA peptide phoenixin on chicken pituitary cells was also investigated.
Dispersed primary chicken pituitary cells were cultured to examine a possible effect of phoenixin on
pituitary specific GnRH-R-III mRNA. However, independent effects of phoenixin on immature chicken
pituitary cells were not conclusive. Future studies may focus on investigating the combined effects of
phoenixin and sex-steroids and/or whether phoenixin effectively upregulates pituitary GnRH-R-III
protein.
Going forward, I hope this thesis will serve as a launching pad for further investigations of
phoenixin and tachykinin receptor-3 in the reproductive axis of the chicken. Both proteins may yet be
shown to play a valuable role in the chicken reproductive axis.
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(NP_001138904.1), mallard duck (XP_005019324.2), zebra finch (DQ213329.1), budgerigar
(XP_005142932.1), turkey (XP_003205931.1) and zebrafish (NP_001289553.1).

Fig.2.10. Tachykinin receptor-3 protein reference sequences for: the rat (NP_058749), human
(NP_001050),

mallard

duck
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zebra

finch

(XP_002193689),

budgerigar

(XP_005148703), turkey (XP_010708179) and zebrafish (tacr3a) (AEK96310.1).

Fig. 2.12: Potential tachykinin receptor-3 promoter regions for: mallard duck (XM_005029699, 1.0
primary assembly), turkey (XM_010709877, 5.0 primary assembly), zebra finch (XM_002193653,
3.2.4 primary assembly) and budgerigar (XM_005148646, 6.3 primary assembly).

Fig. 2.13: Chicken tachykinin receptor-1(AF131057), and tachykinin receptor-2 (XM_015278722).
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*********************************************************************************************** ****
TGCATTTCAAGGTAGAACTGAAGATGAACTTCAATTATTTCTTCGTACACTGAAGTATGCCTTTGGGCGTCGCTGGAGAAGATTTCTGATTATGCTGTGT
TGCATTTCAAGGTAGAACTGAAGATGAACTTCAATTATTTCTTCGTACACTGAAGTATGCCTTTGGGCGTCGCTGGAGAAGATTTCTGATTATGCTGTGT
TGCATTTCAAGGTAGAACTGAAGATGAACTTCAATTATTTCTTCGTACACTGAAGTATGCCTTTGGGCGTCGCTGGAGAAGATTTCTGATTATGCTGTGT
TGCATTTCAAGGTAGAACTGAAGATGAACTTCAATTATTTCTTCGTACACTGAAGTATGCCTTTGGGCGTCGCTGGAGAAGATTTCTGATTATGCTGTGT
TGCATTTCAAGGTAGAACTGAAGATGAACTTCAATTATTTCTTCGTACACTGAAGTATGCCTTTGGGCGTCGCTGGAGAAGATTTCTGATTATGCTGTGT
****************************************************************************************************
GGGCACATGAGGAGCAATAAATGCTACTGGTTGGAAAGCCAAGAGGAGGAAACATCCCAGTTTTGGCAGGGTGCTGTGGCACAATGGACAGACTGCTAGA
GGGCATATGAGGAGCAATAAATGCTACTGGTTGGAAAGCCAAGAGGAGGAAACATCCCAGTTTTGGCAGGGTGCTGTGGCACAATGGACAGACTGCTAGA
GGGCATATGAGGAGCAATAAATGCTACTGGTTGGAAAGCCAAGAGGAGGAAACATCCCAGTTTTGGCAGGGTGCTGTGGCACAATGGACAGACTGCTAGA
GGGCACATGAGGAGCAATAAATGCTACTGGTTGGAAAGCCAAGAGGAGGAAACATCCCAGTTTTGGCAGGGTGCTGTGGCACAATGGACAGACTGCTAGA
GGGCATATGAGGAGCAATAAATGCTACTGGTTGGAAAGCCAAGAGGAGGAAACATCCCANGTTTGGCAGGGTGCTGTGGCACAATGGACAGACTGCTAGA
***** ***************************************************** ***************************************

BX933175.1
CR523170
5’/3’ RACE
BX935882.1
BU307818.1
BX933175.1
CR523170
5’/3’ RACE
BX935882.1
BU307818.1
BX933175.1
CR523170
5’/3’ RACE
BX935882.1
BU307818.1
BX933175.1
CR523170
5’/3’ RACE
BX935882.1
BU307818.1
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BX933175.1
CR523170
5’/3’ RACE
BX935882.1
BU307818.1
BX933175.1
CR523170
5’/3’ RACE
BX935882.1
BU307818.1
BX933175.1
CR523170
5’/3’ RACE
BX935882.1
BU307818.1

GAGGTGACTGTTTTTTGTGTTAAGAAGTAAAATATTTACTTCCTTGAGAAAAAGGAAGAAGAATTATTTTTGTGGTTAATCTGTAAACATTTGGAGAACA
GAGGTGACTGTTTCTTGTGTTAAGAAGTAAAATATTTACTTCCTTGAGAAAAAGGAAGAAGAATTATTTTTGTGGTTAATCTGTAAACATTTGGAGAACA
GAGGTGACTGTTTCTTGTGTTAAGAAGTAAAATATTTACTTCCTTGAGAAAAAGGAAGAAGAATTATTTTTGTGGTTAATCTGTAAACATTTGGAGAACA
GAGGTGACTGTTTTTTGTGTTAAGAAGTAAAATATTTACTTCCTTGAGAAAAAGGAAGAAGAATTATTTTTGTGGTTAATCTGTAAACATTTGGAGAACA
GAGGTGACTGTTTCTTGTGTTAAGAAGTAAAATATTTACTTCCTTGAGAAAAAGGAAGAAGAATTATTTTTGTGGTTAATCTGTAAACATTTGGAGAACA
************* **************************************************************************************
AATTATGAATAGACTAAATTATGCAGACCACTGCAGTTTCCTCCCTAGTTTGAAAATTACTTTCTGTGGTTTAATTGTGAAAACATGATAGAAGTTTATA
AATTATGAATAGACTAAATTATGCAGACCACTGCAGTTTCCTCCCTAGTTTGAAAATTACTTTCTGTGGTTTAATTGTGAAAACATGATAGAAGTTTATA
AATTATGAATAGACTAAATTATGCAGACCACTGCAGTTTCCTCCCTAGTTTGAAAATTACTTTCTGTGGTTTAATTGTGAAAACATGATAGAAGTTTATA
AATTATGAATAGACTAAATTATGCAGACCACTGCAGTTTCCTCCCTAGTTTGAAAATTACTTTCTGTGGTTTAATTGTGAAAACATGATAGAAGTTTATA
AATTATGAATAGACTAAATTATGCAGACCACTGCAGTTTCCTCCCTAGTTTGAAAATTACTTTCTGTGGTTTAATTGTGAAAACATGATAGAAGTTTATA
****************************************************************************************************
CTAAGAGAGACTGGTGAAGATTTGCTCTCTCTTAGGCAGAATATAACATGGTGAGTGAGAATTTGTGCATTAAAATTTCTTCCGTTC--------CTAAGAGAGACTGGTGAAGATTTGCTCTCTCTTAGGCAGAATATAACATGGTGAGTGAGAATTTGTGCATTAAAATTTCTTCCATTC--------CTAAGAGAGACTGGTGAAGATTTGCTCTCTCTTAGGCAGAATATAACATGGTGAGTGAGAATTTGTGCATTAAAATTTCTTCC------------CTAAGAGAGACTGGTGAAGATTTGCTCTCTCTTAGGCAGAATATAACATGGTGAGTGAGAATTTGTGCATTAAAATTTCTTCCC-----------CTAAGAGAGACTGGTGAAGA-TTGCTCTCTCTTAGGCAGAATATAACATGGTGAGTGAGAATTTGTGCATTAAAATTTCTTCCATTCAAATCAAAA
******************** **************************************************************

Fig.S 1Multiple sequence alignment of chicken phoenixin mRNA sequences (5‘ to 3‘). These are ESTs from various tissue sources: BX933175
(White Leghorn,Hisex/stage36/head tissue), CR523170 (Compton Line 15I/adult/small intestine tissue), BX935882 (layer and broiler/adult/muscle
tissue) and BU307818.1 (Compton line15I/adult hen/heart tissue) were aligned with our full length phoenixin mRNA sequence obtained by
5‘/3‘RACE (LSL-Lite/immature hen/diencephalon tissue). Underline represents region previously not encoded in Gallus gallus assembly (4.0).
Grey highlights represent putative 67-AA phoenixin protein start (ATG) and stop (TAA) codons. *represents identical nucleic acid across all
sequences.
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Fig.S 2 Illustrations of phoenixin mRNA aligned to the chicken genome. Phoenixin transcript aligned to Assembly 4.0 (NCBI; I) screen shot to
further support what was an unknown region preceding the phoenixin transcript. The phoenixin transcript is also aligned to genome assembly 5.0
(NCBI) in a figure drawn to scale (aligned KR150684; II) and screenshot (NCBI; reflecting ESTs; III) to support improved (and current) genomic
annotation.
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Fig.S 3 Illustrations of tachykinin receptor-3 mRNA aligned to the chicken genome. Tachykinin receptor-3 transcript aligned to Assembly 4.0
(NCBI; reflecting XM_001232173.2, I) screen shot to show chromosomal location prior to the newest draft (Assembly 5.0). The tachykinin
receptor-3 mRNA is also aligned to genome assembly 5.0 (NCBI) in a figure drawn to scale (aligned KP835539 sequence; II) and screenshot
(NCBI;
reflecting
XM_001232173.3;
III)
to
support
improved
(and
current)
genomic
annotation.
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Fig.S 4 Expression of phoenixin (I) and ACTB (II) mRNA from diencephalon, pituitary, gonad, gut and heart cDNA pools. Tissues were collected
from female layers of 15 (n = 5) and 29 WOA (n = 4), and male/female broilers of 60 WOA (n = 5, 60M/60F) (Ross, Meat-type bird) (Petrolia,
ON).
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Fig.S 5 Phoenixin mRNA abundance in diencephalon and pituitary over sexual maturity (7/11/18/25/41-WOA) presented as fold abundance and
SEM. Phoenixin mRNA is relative to the 7 WOA diencephalon group and normalized with ACTB and GAPDH reference genes and using the 2ΔΔCt
method.

123

Fig.S 6 Expression of tachykinin receptor-3 (I) and ACTB (II) mRNA from diencephalon, pituitary, gonad, heart and gut cDNA pools. Tissues
were collected from female layers of 15 (n = 5) and 29 WOA (n = 4), and male/female broilers of 60 WOA (n = 5, 60M/60F) (Ross, Meat-type
bird) (Petrolia, ON).
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Fig.S 7 Tachykinin receptor-3 mRNA abundance in diencephalon and pituitary over sexual maturity (7/11/18/25/41-WOA) presented as fold
abundance and SEM. Tachykinin receptor-3 mRNA is relative to the 41 WOA pituitary group and normalized with ACTB and GAPDH reference
genes and using the 2-ΔΔCt method. Significantly different means are represented by different letters (Tukey‘s HSD, P<0.05). Letters above
horizontal bars represent differences between tissues, whereas letters below horizontal bars refer to tissue-specific age differences.
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Fig.S 8 Pituitary fragments pre-incubated in media with serum (10% FBS) for 2 hours before phoenixin
treated (0/100/1000 nM) for 4 hours and detection of GnRH-R-III mRNA. 16-WOA White Lohmann
Leghorns pituitary fragments were cultured similarly to Maddineni et al. (2008a), except each cut into
approximately 4 equal sized pieces (n = 3 pituitaries per treatment) with a scalpel and then placed into a
24-well plate with 0.5 mL media for pre-incubation (37°C, 5% CO2, 60rpm). Gene abundance and SEM
normalized to ACTB and GAPDH and relative to the vehicle-treated control (0 nM). Possible differences
in efficiency were corrected manually [Cq‘= Cq *(Log2 (1+Efficiency))] before fold differences were
determined using delta delt ct method.
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Fig.S 9 Pituitary fragments pre-incubated in media without serum for 4 hours before phoenixin treated (0,
100 and 1000 nM; n = 3, 3 and 4 respectively) for 4.5 hours and detection of GnRH-R-III mRNA. 12WOA Rhode Island Red pituitary fragments were cultured similarly to Maddineni et al. (2008a), except
each cut into approximately 4 equal sized pieces with a scalpel and then placed into a 24-well plate with
0.5 mL media for pre-incubation (37°C, 5% CO2, 60rpm). Gene abundance and SEM normalized to
ACTB and GAPDH and relative to the vehicle-treated control (0 nM). Possible differences in efficiency
were corrected manually [Cq‘= Cq *(Log2 (1+Efficiency))] before fold differences were determined using
delta delt ct method.
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Fig.S 10 Pituitary fragments pre-incubated in media without serum for 4 hours before phoenixin treated
(0, 100 and 1000 nM; n = 3, 3 and 4 respectively) for 4.5 hours and detection of GnRH-R-I mRNA. 12WOA Rhode Island Red pituitary fragments were cultured similarly to Maddineni et al. (2008a), except
each cut into approximately 4 equal sized pieces with a scalpel and then placed into a 24-well plate with
0.5 mL media for pre-incubation (37°C, 5% CO2, 60rpm). Gene abundance and SEM normalized to
ACTB and GAPDH and relative to the vehicle-treated control (0 nM). Possible differences in efficiency
were corrected manually [Cq‘= Cq *(Log2 (1+Efficiency))] before fold differences were determined using
delta delt ct method.
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Fig.S 11 Primary chicken pituitary cells either vehicle treated (0 nM), treated with phoenixin (100 nM)
(PNX), phoenixin in combination with estradiol (10 ng/mL or 0.036 nM) (E2), or E2 alone for 4 hours.
Fold abundance of: tachykinin receptor-3 (TACR3) mRNA is relative to the non-treated control and
normalized to GAPDH and ACTB mRNA using the Pfaffl method.
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Fig.S 12 Primary chicken pituitary cells pre-treated with either vehicle (media) or phoenixin (100nM) for
36 hours and then subsequently stimulated with either vehicle (media; -GnRHII) or GnRHII (10nM) for 4
hours. Fold abundance of FSH is relative to the non-treated control and normalized to GAPDH and
ACTB mRNA using the Pfaffl method.
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APPENDIX A

Diencephalon tissue RNA extraction with TRIzol
Homogenization
1. Place tissue in tubes (Hypothalamus-50 mL polypropylene with 3 mL TRIzol on ice; P
2. Homogenize until no tissue debris left or until solution gets too warm (on setting #4, approx. 30
seconds)
a. If feel solution gets too warm place on ice and allow to cool
3. Transfer contents to 1.5 mL polypropylene tubes (14 tubes)
4. Add 0.25 mL more TRIzol to each tube (make up to 4 ml TRIzol total)
5. Vortex, 15 seconds
6. Incubate at room temperature for 5 minutes
Phase separation
7. Add 0.2 mL chloroform to each tube
8. Vortex, 15 seconds
9. Incubate at room temperature for 5 minutes
10. Vortex, 15 seconds
11. Centrifuge 12 000 x g for 20 minutes at 4°C
12. Transfer top clear aqueous layers (approximately 500 µL) to new sterile 1.5 mL polypropylene tubes
(42)
13. Add 0.4 mL chloroform to each tube
14. Vortex, 15 seconds each
15. Incubate on ice for 5 minutes
16. Vortex, 15 seconds
17. Centrifuge 12 000 x g for 15 minutes at 4°C
18. Transfer top aqueous layer (approximately 900 µL) to new sterile 1.5 mL tubes (24)
RNA precipitation
19. Add 1 volume of isopropanol (used 500 µL)
20. Vortex, 15 seconds
21. Let precipitate for 15 minutes at room temperature
a. Alternatively, leaving the RNA precipitating for 2 hours in fridge or overnight in-20°C
freezer
22. Vortex, 15 seconds
23. Centrifuge 12 000 x g for 10 minutes at 4°C
24. Discard supernatant (or keep aside in case of pipetting up pellet)
Ethanol wash
25. Add 1 mL 75% EtOH (during this step, transfer all same sample RNA pellets into one tube)
26. Vortex, 15 seconds (ensure all pellets were suspended in ethanol)
27. Centrifuge 7500 x g for 5 minutes at 4°C
28. Repeat steps 24, 25, 26 and 27 once more
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Suspending RNA
29. Carefully remove supernatant using p1000, then briefly centrifuge down and use p10 pipette to
remove supernatant
30. Allow air dry for 5-10 minutes (usually 5 minutes under our fume hood)
31. Resuspend pellet in RNase-free water, volume depending on pellet size (100 µL works well, may
need to dilute further)
32. Continue with RNA quality and quantity check (Gel/Nanodrop) or store at -80°C until further use
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Pituitary tissue RNA extraction with TRIzol
Homogenization
1. Place tissue in 1.5 mL polypropylene tube with 500 µL TRIzol on ice
2. Homogenize until no tissue debris left or until solution gets too warm (on setting #4, approx. 30
seconds)
a. If feel solution gets too warm place on ice and allow to cool
3. Add 0.5 mL more TRIzol (make up to 1 ml TRIzol total)
4. Vortex, 15 seconds
5. Incubate at room temperature for 5 minutes
Phase separation
6. Add 0.2 mL chloroform
7. Vortex, 15 seconds
8. Incubate at room temperature for 5 minutes
9. Vortex, 15 seconds
10. Centrifuge 12 000 x g for 20 minutes at 4°C
11. Transfer top clear aqueous layer (approximately 500 µL) to new sterile 1.5 mL polypropylene tube
12. Add additional 0.2 mL chloroform to each tube
13. Vortex, 15 seconds
14. Incubate on ice for 5 minutes
15. Vortex, 15 seconds
16. Centrifuge 12 000 x g for 15 minutes at 4°C
17. Transfer top aqueous layer (approximately 450 µL) to new sterile tube
RNA precipitation
18. Add 1 volume (500 µL) of isopropanol and 2 µL of 2 µg/ µL glycogen to each sample
19. Vortex, 15 seconds
20. Let precipitate overnight at -20°C
21. Vortex, 15 seconds
22. Centrifuge 12 000 x g for 10 minutes at 4°C
23. Discard supernatant (or keep aside in case of pipetting up pellet)
Ethanol wash
24. Add 1 mL 75% EtOH
25. Vortex, 15 seconds (ensure all pellets were suspended in ethanol)
26. Centrifuge 7500 x g for 5 minutes at 4°C
27. Repeat steps 24, 25, 26 and 27 once more
Suspending RNA
28. Carefully remove supernatant using p1000, then briefly centrifuge down and use p10 pipette to
remove supernatant
29. Allow air dry for 5-10 minutes (usually 5 minutes under our fume hood)
30. Resuspend pellet in Rnase-free water (used 30 µL)
31. Continue with RNA quality and quantity check (Gel/Nanodrop) or store at -80°C until further use.
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Pituitary cell extraction with TRIzol
Homogenization
1. Remove cell medium
2. Add 500 µL of TRIzol to each well of 48 well plate and pipette up and down several times.
3. Homogenize with (on setting #4, approx. 10 seconds)
a. If feel solution gets too warm place on ice and allow to cool
4. Add 0.5 mL more TRIzol (make up to 1 mL TRIzol total)
5. Vortex, 15 seconds
6. Incubate at room temperature for 5 minutes
Phase separation
7. Add 0.2 mL chloroform
8. Vortex, 15 seconds
9. Incubate at room temperature for 5 minutes
10. Vortex, 15 seconds
11. Centrifuge 12 000 x g for 20 minutes at 4°C
12. Transfer top clear aqueous layer (approximately 500 µL) to new sterile 1.5 mL polypropylene tube
13. Add additional 0.2 mL chloroform to each tube
14. Vortex, 15 seconds
15. Incubate on ice for 5 minutes
16. Vortex, 15 seconds
17. Centrifuge 12 000 x g for 15 minutes at 4°C
18. Transfer top aqueous layer (approximately 450 µL) to new sterile tube
RNA precipitation
19. Add 1 volume (500 µL) of isopropanol, 2 µL of 2 µg/ µL glycogen and 50 µL (3M) sodium acetate
20. Vortex, 15 seconds
21. Let precipitate overnight at -20°C
22. Vortex, 15 seconds
23. Centrifuge 12 000 x g for 10 minutes at 4°C
24. Discard supernatant (or keep aside in case of pipetting up pellet)
Ethanol wash
25. Add 1 mL 75% EtOH
26. Vortex, 15 seconds (ensure all pellets were suspended in ethanol)
27. Centrifuge 7500 x g for 5 minutes at 4°C
28. Repeat steps 24, 25, 26 and 27 once more
Suspending RNA
29. Carefully remove supernatant using p1000, then briefly centrifuge down and use p10 pipette to
remove supernatant
30. Allow air dry for 5-10 minutes (usually 5 minutes under our fume hood)
31. Resuspend pellet in Rnase-free water (between 5-7 µL), volume depending on pellet size
32. Continue with RNA quality and quantity check (Gel/Nanodrop) or store at -80°C until further use
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Reverse Transcription with Superscript II
1. To make the RNA/primer mix, combine the following components in a sterile 0.2 ml eppendorf:
Component
RNA (1µg total RNA)
10mM dNTP
Oligo dT18 (20uM)
Molecular biology grade water
Total
2.
3.
4.
5.

1 Rxn
1 µL
1 µL
To 11 µL

Control
1 µL
1 µL
To 11 µL

Vortex and centrifuge briefly
Incubate at 65°C for 5 minutes
Place on ice for >1minute
To make the reaction mix, combine the following components in a separate sterile 0.2 mL eppendorf:
Component
1 Rxn Control
5X First strand (or RT) buffer 4 µL
4 µL
50mM MgCl2
2 µL
2 µL
0.1M DTT and
2 µL
2 µL
* reaction mix made ahead of time and kept as stock solution

6.
7.
8.
9.
10.
11.
12.
13.
14.
15.

Add 8 µL of reaction mix to RNA/primer mix
Vortex and centrifuge briefly
Incubate at 42°C for 2 minutes
Place on ice and add 1 µL SuperScript II RT; For control tube, add 1 µL dH2O instead
Vortex and centrifuge briefly
Incubate at 42°C for 50 minutes and then at 70°C for 15 minutes
Add 1 µL (0.5 U) Rnase H to each tube
Vortex and centrifuge briefly
Incubate at 37°C for 20 minutes
Store at -20°C or use immediately
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APPENDIX B
Table A 1 Primers used for the different molecular tests. qPCR primers designed to span at least one intron. Sense refers to coding, and antisense
refers to non-coding DNA strand. Primer location given for reference to size of amplicon and start of translation. Nucelotide sequence
(GATTACGCCAAGCTT or XXXXXX) in italics refers to ligating and anchor primer, respectively. Full length mRNA used as sequence reference
where available.
Gene name
(alternative
name)
Gapdh
(Gapd)
Actb
(β-actin)
Pnx
(C4H4ORF52)

Molecular test

Position

Sequence (5‘ to 3‘)

qPCR

5‘GSP-RACE

+202 to +221
+375 to +353
+803 to +821
+1067 to +1049
-180 to -163
+387 to +368
+59 to +78
+219 to +202
+368 to +345

5‘NGSP-RACE

+221 to +197

3‘GSP-RACE

+156 to +180

Full length PCR

5‘GSP-RACE

-4 to +16
+692 to +712
+202 to +221
+632 to +651
+425 to +444
+640 to +622
+506 to +482

5‘NGSP-RACE

+477 to +453

3‘GSP-RACE

+259 to +281

Sense: AATGGGCACGCCATCACTAT
Antisense: AGCTGAGGGAGCTGAGATGA
Sense: GTATGGAGTCCTGTGGTAT
Antisense: CACATCTGCTGGAAGGTGG
Sense: AGCGTCGGAGCGACAGAG
Antisense: CTGCCAAAACTGGGATGTTT
Sense: CCGCCTTCTACCCCATCTAC
Antisense: CCACGCTGGCAACATTACTT
Antisense:
GATTACGCCAAGCTTTCCTCCTCTTGGCTTTCCAACCAG
Antisense:
GATTACGCCAAGCTTGCACCACGCTGGCAACATTACTTTC
Sense:
GATTACGCCAAGCTTCCAGCCTCCAGGGTTAAAAGTGTGG
Sense: CGCCATGGCCAGGCTGTTCC
Antisense: GGATGGAAGAAATTTTAATGCACAA
Sense: GTGGTGGCAGTGGCTATTTT
Antisense: ATGCTGTTTTGGACCTCCTG
Sense: TCTTCGCCAGCATCTACTCC
Antisense: GACCTCCTGGCCATGCTAC
Antisense:
GATTACGCCAAGCTTGAGAGCCTGGGTTTCAAGGGATCAA
Antisense:
GATTACGCCAAGCTTGGCCATGTACCTGTCCACAGCAATC
Sense:
GATTACGCCAAGCTTAAGCGCATGAGGACCGTGACCAA

PCR & qPCR
PCR
qPCR

Tacr3
(NKBR)

PCR
qPCR
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Genbank/Ensemble
accession
number,
Literature reference
K01458
L08165
KR150684

KP835539

3‘NGSP-RACE

+295 to +319

Full length PCR

-280 to -194
+1695 to +1666
+451 to +470
+628 to +609
+304 to +323
+539 to +520
+374 to +393
+444 to +425
+128 to +148
+211 to +185

GnRH-RIII

qPCR

GnRH-R-I

qPCR

GnIH-R
(GPR147)
FSH-β

qPCR
qPCR

Sense:
GATTACGCCAAGCTTAACTTGGCCTTCTCTGATGCCTCCA
Sense: XXXXXXCTCCTTCAGCAAAACCAAAAGCAAGAG
Antisense: ATACACTCAAGACAGAAGACCATCTGAAGT
Sense: ATGTACGCCTCCGCCTTCGT
Antisense: GCAGGGTGACGGTGTGGAAG
Sense: AATGTGACGGTGCAGTGGTA
Antisense: GTGTGCACGTGGAAGAGAAA
Sense: GCATGTCTGTCTCCGCCTCT
Antisense: GTGGACGATGCAGCGAAACC
Sense: CCACGTGGTGCTCAGGATACT
Antisense: AGGTACATATTTGCTGAACAGATGAGA
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AY895154
AJ304414 and
XM_015292070
AB120326
AY029204; Baxter,
2015

Table A 2 qPCR cycling conditions
Amplicon

Initial denature

Cycling conditions

Actb
Gapdh
Pnx
Tacr3
GnRH-R-III
GnRH-R-I
GnIH-R
FSH
.

95°C
95°C
95°C
95°C
95°C
94°C
95°C
95°C

40x(95°C
45x(95°C
45x(95°C
55x(95°C
40x(95°C
55x(95°C
50x(95°C
40x(95°C

for 10min
for 10min
for 10min
for 10min
for 10min
for 10min
for 10min
for 10min

for 15s, 57°C
for 10s, 56°C
for 10s, 57°C
for 10s, 59°C
for 15s, 58°C
for 10s, 57°C
for 10s, 57°C
for 15s, 60°C

for 15s, 72°C
for 20s, 72°C
for 30s, 75°C
for 15s, 72°C
for 15s, 72°C
for 15s, 72°C
for 15s, 72°C
for 20s, 72°C
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for 30s, 82°C
for 30s, 77°C
for 15s)
for 20s, 78°C
for 30s, 91°C
for 25s, 80°C
for 15s, 78°C
for 20s, 76°C

for 15s)
for 15s)
for 10s)
for 15s)
for 15s)
for 15s)
for 15s)

Initial melt temperature (Held
for 45s and then held for 5s
on rising 1˚C until 95˚C
57°C
56°C
57°C
59°C
58°C
57°C
57°C
60°C

Fig. A 1 Gapdh, Actb, GnRH-R-III, GnRH-R-I and GnIH-R qPCR products amplified from positive control 11WOA pituitary tissue cDNA (n =
20; represented as +T) and pituitary cell culture cDNA from 109 day old pituitaries (n = 12 non-treated controls; represented as +C) along with
negative controls: non-reverse transcribed RNA from each experiment (denoted with – before T/C) and water. All products were run on the same
1.8% agarose gel and the qPCR‘s and gel repeated twice. The correctly sized 174 bp, 265 bp, 178 bp, 236 bp and 71 bp bands were visible for
Gapdh, Actb, GnRH-R-III, GnRH-R-I and GnIH-R mRNA, respectively. The designed GnRH-R-III amplicon amplifies both full-length and
GnRH-R-III_V2 (Shimizu and Bedecarrats, 2006). The designed GnRH-R-I amplicon amplifies both full-length (GnRH-Ra) and possibly a newly
predicted splice variant (NCBI, XM_015292070), but supposedly not cGnRH-Rb (Sun et al., 2001a). The designed GnIH-R amplifies two splice
variants (a retained intron of 312 bp) and the full-length (Ikemoto and Park 2005). No primer dimer formation was seen.
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APPENDIX C
Dispersion and Plating of Primary Chicken Pituitary Cells
Dispersal
1 Empty pituitary glands and medium to small petri dish (55 mm x 10 mm)
2 In two more petri dishes, transfer each pituitary gland through 10 mL PBS (with gentle agitation) to
10 mL sterile medium 199
3 Mince pituitary glands using a sterile scalpel and forceps (~1 mm3)
4 Transfer minced pituitaries to 50 mL conical tube and centrifuge
4.1 All centriguations done at 250 x g for 5 minutes
5 Wash with 25 mL PBS twice
6 Add 10 mL 0.25% trypsin (30 minutes, 63 rpm, 37°C)
7 Add 10 mL Medium 199 containing 10% FBS (5 minutes, 63 rpm, 37°C)
8 Pipette the cells up and down with 25 mL strippette several times
9 Filter the cells through a pre-wet nylon mesh (70 µM) and rinse
10 Re-trypsinize fragments that do not pass through the filter (15 minutes, 63 rpm, 37°C) and more
forcefully pipetted up and down until no more fragments were seen on the filter
11 Wash with 25 mL PBS twice
12 Resuspended in 4 or 5 mL Medium 199
Plating
13 Mix cell media well, then added 10 µL of cell suspension to 10 µL of trypan blue (for trypan blue
exclusion test). Count viable cells with a haemocytometer and determine cell concentration (Eq. 0.1).
̅

(

)
Eq. 0.1

14 Concentrate cells to 2 million cells/200 µL or 10 million/mL
15 Plate 200 µL or 2 million cells per well in 48-well well plate pre-coated with poly-D lysine and
laminin
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Medium rationale

Since sodium bicarbonate-buffered Medium 199 facilitates GnRH-I hormone stimulated LH
release from chicken pituitary cells after 48 hours of culture, and HEPES buffered Medium 199 or sodium
bicarbonate/HEPES buffered DMEM does not (Liu et al., 1996), the former medium was used. Phenol red
(as a PH indicator) was not included in our medium as it has estrogen mimicking effects (Berthois et al.
1986), and shown to reduce GnRH-I stimulated LH release (Liu et al., 1996). Fetal bovine serum (FBS)
or chicken serum was not included in the culture media as it is not well defined (may contain various
hormones/peptides/growth factors). Though, 1% bovine serum albumin (serum-fraction V, Fisher,
BP1600, NJ, USA) was added to the media to help maintain PH, and act as a transport molecule (Francis,
2010) and 1% penicillin-streptomycin used to help prevent bacterial/fungal contamination.

Dispersal enzyme

When developing this protocol, trypsin was preferred over collagenase as our trypsin protocol more
readily gave higher viable cell yields after dispersion (similarly to Vasilatos-Younken, 1986), and trypsin
rather than collagenase dispersed pituitary cells have been shown to secrete significantly more basal LH
(Liu et al., 1996), suggesting trypsin dispersed cells may remain more responsive after dispersal.

Cell viability and density

Cell viability upon plating was between 62-92% for the different days dispersed. Cells were
considered dead when blue was taken up by the cell indicating the integrity of the membrane was
compromised. An example of the stringency for determining dead cells is indicated in Fig.A2 with
arrows. Approximately 30-50% of initiall viable cells survive by the second day of culture according to
initial trypan blue exclusion tests carried out to optimize the culture. Ideally it would have been
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appropriate to record final cell viability via trypan blue exclusion (or other viability indicator) at the end
of each experiment to know approximately how many cells were effectively treated in culture. For this
study, we were interested in the gonadotrope population, which represent about 5-20% of the total
pituitary cells, at least stained with biotinylated-GnRH and depending on time of estrus in rats (Llyod and
Childs, 1988). However, given the limitations of the present study, determining survival would have
required considerably more animals and resources. Thus, while use of primary pituitary cells in culture
may have disadvantages and development of an immortal cell line would be very advantageous at this
time having this working protocol opens up many opportunities for testing differential RNA abundance in
isolation.

Plating

In initial tests carried out to culture these cells, poly-D lysine and laminin coating to well plates
seemed to provide greater attachment for these cells compared to collagen and regular tissue-culture
treated wells. Thus, poly-D lysine was used for subsequent dispersed cell culture experiments.
Poly-D lysine (Sigma, P6407) and Laminin (Novus Biologicals, NBP178301) were solubilized
with cell culture water and stored as 1mg/ml stocks at -20 and -80°C, respectively. Poly-D lysine and
laminin were added to cell culture water at a final concentration of 0.1mg/ml and 0.005mg/ml,
respectively and sterile filtered before adding 200ul to 48-well plates. The cell culture plates were left to
incubate at room temperature for 6-12 hours with substrate, then subsequently rinsed with PBS twice,
sterilized under UV light for 30 minutes, and left to dry for approximately 4-6 hours. Plates were used
immediately or stored at 4°C (wrapped with parafilm and kept in ziplock bags) for up to 4 weeks before
new plates were made.
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Fig.A2: Phase contrast
microscopy of chicken
primary pituitary cells in
culture. I) An image of
chicken pituitary cells on
a haemocytometer (20X
objective) undergoing a
trypan blue exclusion test.
Arrows
are
pointing
towards non-viable cells.
Other cells are considered
viable, and debris was not
counted. II) An image of
chicken pituitary cells
after being cultured two
days (10X objective).
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