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Neuroendocrine Control of  
Broodiness

Takeshi Ohkubo

Abstract

In the majority of vertebrates, survival of offspring to sexual maturation is 
important for increasing population size, and parental investment in the 
young is important for reproductive success. Consequently, parental care is 
critical for the survival of offspring in many species, and many vertebrates 
have adapted this behavior to their social and ecological environments. 
Parental care is defined as any behavior that is performed in association 
with one’s offspring (Rosenblatt, Mayer, Siegel. Maternal behavior among 
nonprimate mammals. In: Adler, Pfaff, Goy, editors. Handbook of behav-
ioral neurobiology. New York: Plenum; 1985. p. 229–98) and is well char-
acterized in mammals and birds. In birds (class Aves), this is due to the high 
level of diversity across species. Parental behavior in birds protects the 
young from intruders, and generally involves nest building, incubation, and 
broody behavior which protect their young from an intruder, and the off-
spring are reared to independence. Broodiness is complexly regulated by 
the central nervous system and is associated with multiple hormones and 
neurotransmitters produced by the hypothalamus and pituitary gland. The 
mechanism of this behavior has been extensively characterized in domestic 
chicken (Gallus domesticus), turkey (Meleagris gallopavo), and pigeons 
and doves (family Columbidae). This chapter summarizes broodiness in 
birds from a physiology, genetics, and molecular biology perspective.
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10.1	 �Broodiness

Parental care is defined as any behavior that is 
performed in association with one’s offspring in 
vertebrates (Rosenblatt et al. 1985). The parental 
behavior is highly diversified in birds. At one end 
of the spectrum, species such as cuckoos (family 
Cuculidae) and cowbirds (Molothrus spp.), 
deposit their eggs in the nests of other birds and 
never engage in parental behavior. The megapo-
des (family Megapodiidae) also do not incubate 
their eggs themselves, but rather bury their eggs in 
a nest mound made of compost to keep them 
warm until hatching. In some species, such as 
chicken and duck, the female displays the parental 
behavior, while male parental care, such as is pro-
vided by the emperor penguin (Aptenodytes for-
steri) in Antarctica for more than 2  months to 
protect and warm the egg, is much rarer. However, 
the most common pattern of parental behavior in 
birds is biparental care, where both males and 
females provide equivalent levels of parental care 
toward their eggs and offspring. Approximately 
90% of avian species are believed to be monoga-
mous, and both sexes exhibit this behavior to 
enhance their reproductive success (Nelson 1995).

The extent of broodiness depends on the devel-
opmental state of the young at hatching. In preco-
cial birds such as chicken, turkey, and duck, the 
chicks are able to independently search for and 
eat food immediately after hatching. Therefore, 
maternal care in chickens involves nest building, 
incubation, and broody behavior, all of which pro-
tect their young from intruders. By contrast, in 
altricial birds, the newly hatched nestlings are 
usually helpless and so the parents take care of 
their chicks until fledging. Consequently, in these 
species, the parents not only carry out nest build-
ing and incubation of the eggs before hatching but 
also feed and brood their young.

10.1.1	 �Characteristics of Incubation 
Behavior

In domestic chicken (Gallus domesticus) and tur-
key (Meleagris gallopavo), incubation behavior is 
triggered by the accumulation of a sufficient num-

ber of eggs to incubate; for example, bantam hens 
lay 10–20 eggs (Lea and Sharp 1982). The onset 
of incubation behavior is preceded by an increased 
frequency of nest visits (Haller and Cherms 1961). 
Furthermore, in laying bantams, the time spent at 
the nest is gradually increased closer to the onset 
of incubation behavior (Lea et  al. 1981). 
Incubation behavior is preceded by an increase in 
the amplitude and duration of a nocturnal surge in 
plasma prolactin (PRL) levels (Sharp 1980) 
which, together with estrogen, stimulates brood 
patch formation (Hutchison et al. 1967; Hutchison 
1975)—a defeathered area on the belly skin that is 
well supplied with blood vessels to effectively 
transfer body heat to the eggs (Jones 1971).

When incubation begins, chicken and turkey 
hens spend almost all of their time at the nest 
warming their eggs, occasionally turning and rear-
ranging them (El Halawani et  al. 1984). During 
this time, nutrient and water intake is drastically 
reduced, which results in a dramatic decrease in 
body weight (Sherry et al. 1980; Zadworny et al. 
1988). When hens are incubating their eggs, they 
display aggressive and defensive behaviors, such 
as clucking (Romanov et al. 2002). Hens can be 
removed from their nest and transferred to a differ-
ent environment to stop the expression of incuba-
tion behavior (El Halawani et al. 1980; Sharp et al. 
1988), but it takes several days to disrupt this. 
Furthermore, in the case of bantams, approxi-
mately 90% of hens never renest following 72 h of 
nest deprivation (Sharp et  al. 1988), and turkeys 
never resume incubation behavior after 5 days of 
nest deprivation (El Halawani et al. 1980). These 
behavioral changes are also under the control of 
hormones, including PRL.

10.2	 �Prolactin and Broodiness

The mechanism that controls broodiness has 
interested avian biologists for a long time, and 
poultry scientists have also sought to clarify how 
incubation behavior is expressed in domestic 
birds, because broodiness causes the ovary and 
oviduct to regress, which results in the cessation 
of egg laying and thus economic losses for the 
poultry industry.
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In 1930s, Oscar Riddle and his colleagues pro-
vided the first evidence that PRL induces broodi-
ness in pigeons and chicken (Riddle et al. 1933, 
1935), and it has since been confirmed that PRL is 
involved in brooding of the chicks (Yamashina 
1952) and incubation behavior (Saeki and Tanabe 
1955). Following the development of a radioim-
munoassay for avian PRL, it has been shown that 
the onset of incubation behavior in chicken is cor-
related with an increase of PRL in the plasma 
(Sharp et al. 1979, 1988), and that the blood PRL 
level remains high throughout the incubation 
period in chicken and turkey (Sharp et  al. 1979, 
1988; Zadworny et  al. 1985, 1988; Kuwayama 
et  al. 1992). Furthermore, active immunization 
against recombinant-derived PRL reduces the 
incidence, delays the development, or prevents the 
occurrence of incubation behavior in birds (March 
et  al. 1994); while administration of ovine PRL 
induces incubation behavior in turkey (El 
Halawani et  al. 1986; Youngren et  al. 1991). 
Therefore, it is well established that PRL is 

involved in the initiation and maintenance of incu-
bation behavior in these strains (Fig. 10.1).

This characteristic increase in blood PRL lev-
els during broodiness is common to both domes-
tic and wild birds. Indeed, plasma PRL levels 
even increase during the breeding season in a 
brood parasite, the brown-headed cowbird 
(Molothrus ater) (Dufty et al. 1987), and in male 
emperor penguins (Aptenodytes forsteri) during 
egg incubation (Lormée et  al. 1999). However, 
the plasma PRL levels differ between precocial 
and altricial birds: in precocial birds belonging to 
the Galliformes and Anceriformes, PRL levels 
rapidly decline following the hatching of chicks 
and can be modified by manipulating the young 
chicks (Kuwayama et al. 1992), while in altricial 
birds, plasma PRL levels decrease more slowly 
after hatching, presumably because brooding by 
the parent(s) is imperative for chicks to survive to 
fledging (Goldsmith 1983).

Since PRL has a specific role in controlling 
incubation behavior, it is expected that the 
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Fig. 10.1  Concentration of plasma PRL increased 
throughout the incubation period, and concentration of 
estradiol decreased at onset of incubation. In addition, 

incubating hens spent over 95% of the day on their nest 
(adapted from Zadworny et al. 1988)
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hypothalamus is the regulatory center for exhib-
iting broodiness. This hypothesis is supported 
by the observation that 125I-labeled PRL specifi-
cally binds with the hypothalamic membrane in 
ring dove (Streptopelia risoria) (Buntin and 
Ruzycki 1987), with the binding sites localized 
in the preoptic area, tuberal hypothalamus, and 
bed nucleus of the pallial commissure (Buntin 
et al. 1993). It has been predicted that the PRL 
receptor (PRLR) in the preoptic hypothalamus 
mediates the expression of parental behavior, as 
lesions in this area block the development of 
incubation behavior in turkey (Youngren et  al. 
1989) and disrupt PRL-induced parental feeding 
behavior in ring dove (Slawski and Buntin 
1995); and injections of PRL into the preoptic 
hypothalamus induce incubation behavior in 
turkey (Opel 1971). Furthermore, the develop-
ment of incubation behavior in ring dove is 
associated with increased c-fos expression and 
the uptake of 2-[14C] deoxyglucose in the preop-
tic hypothalamus (Georgiou et  al. 1995; Sharp 
et  al. 1996). The PRLR receptor in either the 
preoptic hypothalamus or the basal hypothala-
mus may also mediate the suppression of gonad-
otropin secretion (Buntin et  al. 1988), and an 
injection of PRL into the ventromedial hypo-
thalamus induces hyperphagia in ring dove 
(Hnasko and Buntin 1993).

High amounts of PRLR mRNA expression have 
been found in the basal and preoptic hypothalamus 
(Ohkubo et al. 1998a), suggesting the presence of 
indispensable, but perhaps different functions of 
PRL in these two areas. PRLRs in the basal hypo-
thalamus occur in the same area as vasoactive 
intestinal polypeptide (VIP) neurons, which have a 
stimulatory effect on PRL synthesis and release 
(Sharp et al. 1989; Talbot et al. 1991, 1995). Thus, 
these neurons may be the targets for PRL action, 
allowing circulating levels of the hormone to exert 
a negative feedback control over its secretion. This 
is supported by the observation that intracerebro-
ventricular injection of PRL in incubating ring 
doves suppresses the activity of basal hypothalamic 
VIP neurons, as assessed by quantitative immuno-
cytochemistry (Saldanha and Silver 1995).

Rearing behavior is essential for reproductive 
success. In altricial birds especially, where post-

hatch care is important for the hatchlings, the par-
ents put a lot of effort into rearing their young, 
including feeding, protecting, and warming them. 
Plasma PRL levels significantly increase during 
late incubation and the post-hatch stage (Buntin 
1996; Sockman et al. 2006; Angelier et al. 2016). 
During the rearing period, the presence of chicks 
is transmitted to the parents as various stimuli, 
including tactile, visual, auditory, and olfactory, 
which modify the neuroendocrine mechanisms 
(Numan and Woodside 2010). This change in the 
internal environment alters the behavior of the par-
ents, which has a significant impact on fledging 
success. There is evidence that plasma PRL levels 
are positively correlated with the frequency of 
feeding and protecting the offspring (Vleck et al. 
1991; Khan et  al. 2001; Duckworth et  al. 2003; 
Smiley and Adkins-Regan 2016), which, in turn, 
increases the number of chicks that successfully 
fledge (Smiley and Adkins-Regan 2016). 
Furthermore, it has been shown that the adminis-
tration of PRL to non-breeding ring doves pro-
motes feeding and care toward the nestlings (Wang 
and Buntin 1999).

By contrast, avian species that hatch precocial 
offspring exhibit crouching behavior immediately 
after their chicks hatch, and this behavior can be 
triggered in Galliformes by introducing newly 
hatched chicks to them (Richard-Yris and 
Leboucher 1987; Opel and Proudman 1989). In pre-
cocial species, the chicks are able to walk and 
search for food immediately after hatching. 
However, hens must protect them from lower tem-
peratures during the first 2 weeks as their thermo-
regulatory mechanisms are not yet mature (Mills 
et al. 1997). These birds also display typical mater-
nal behaviors such as clucking and food calling, 
where clucking (or the “follow-me call”; Field 
et al. 2007) is emitted to initiate following behavior 
in the chicks (Collias and Joos 1953; Collias 1987; 
Field et  al. 2007), and food-calling is emitted to 
attract their young to food that they have found 
(Wauters and Richard-Yris 2002). These rearing 
behaviors from incubation onward are induced by 
tactile stimulation from the newly hatched chicks, 
occasionally in combination with visual and/or 
auditory stimuli, which causes a decline in PRL in 
the plasma (Richard-Yris et al. 1998).
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10.2.1	 �Neuroendocrine Control 
of Pituitary Function 
in Association with Incubation 
Behavior

Reproduction is triggered by external stimuli that 
act on the central nervous system. These stimuli 
include photoperiod, ambient temperature, and 
the presence of eggs and chicks, and are transmit-
ted to the brain via the sensory organs. These sig-
nals are then transmitted to the hypothalamus, 
which regulates the hypothalamus–pituitary–
gonadal axis through the action of a variety of 
neuropeptides and neurotransmitters. The major 
hypothalamic neuropeptides that are involved in 
the regulation of reproduction and incubation 
behavior are gonadotropin-releasing hormone 
(GnRH) and VIP.

Two structurally different forms of GnRH 
have been identified in birds: GnRH-I and 
GnRH-II. Both of these forms stimulate lutein-
izing hormone (LH) in vivo and in vitro (Sharp 
et  al. 1987; Guémené and Williams 1992); 
however, the physiological significance of 
GnRH-II is not yet fully understood. The 
release of GnRH-I (but not GnRH-II) into the 
hypophyseal portal system leads to regression 
of the gonad in domestic chicken (Sharp et al. 
1990). The secretion of GHRH-I is stimulated 
by epinephrine and norepinephrine and inhib-
ited by dopamine (DA) and enkephalins. 
GnRH-I particularly stimulates the secretion of 
LH and follicle-stimulating hormone (FSH) 
from the pituitary gland, which control follicle 
development and the sex steroid hormones in 
the ovary.

10.2.1.1	 �The Role of VIP with  
Dopamine on PRL Release

VIP is a PRL-releasing hormone that acts 
directly on the lactotrophs of the pituitary gland 
in birds to increase the release of PRL 
(Macnamee et  al. 1986; Opel and Proudman 
1988; El Halawani et al. 1990), and also induces 
PRL gene expression in the pituitary gland (El 
Halawani et al. 1997). Avian VIP is a 28 amino 
acid peptide that was originally isolated from 
the intestine of chicken (Nilsson 1975). 

Alternative splicing generates VIP transcripts, 
the most abundant and shortest of which encode 
VIP (Talbot et al. 1995; You et al. 1995a). Active 
immunization against VIP prevents photoin-
duced PRL release (El Halawani et al. 1996) and 
PRL release in incubating chickens (Sharp et al. 
1989), while passive immunization inhibits PRL 
and causes the termination of incubation behav-
ior in chicken (Sharp et  al. 1989). It has also 
been shown that VIP secretion is controlled by 
DA, and so DA also plays an important role in 
controlling incubation behavior. The VIP neu-
ron is widely localized in the basal hypothala-
mus, projecting to the median eminence and 
having axons that terminate in the external layer. 
It has previously been found that VIP concen-
trations in the hypophyseal portal vein are cor-
related with blood PRL levels in turkey (You 
et al. 1995a); and the number of VIP neurons in 
the basal hypothalamus also increases during 
incubation in hens (Sharp et  al. 1989; Cloues 
et  al. 1990; Mauro et  al. 1992). Furthermore, 
both PRL gene expression in the pituitary gland 
and VIP mRNA in the hypothalamus increase in 
response to tactile stimuli in incubating hens 
(Silver et al. 1988; Buntin et al. 1991; Massaro 
et al. 2007).

The mechanism of DAergic regulation of 
VIP in the hypothalamus has been extensively 
analyzed in domestic turkey. Although DA 
inhibits PRL release in mammals (Ben-Jonathan 
and Hnasko 2001), it stimulates VIP release in 
birds. Furthermore, DA has both a stimulatory 
and inhibitory effect on PRL release in birds, 
depending on the subtype of DA receptor 
(Youngren et  al. 1995, 1996). The distribution 
of DA neurons in the hypothalamus has been 
established in a number of species, such as 
chicken (Knigge and Piekut 1985; Moons et al. 
1995), turkey (Al-Zailaie and El Halawani 
2000), Japanese quail (Coturnix japonica; Absil 
et al. 2001), and pigeon (Kiss and Péczely 1987; 
Durstewitz et al. 1998). DA neurons are distrib-
uted extensively through the hypothalamic 
nucleus, as well as in the infundibular nuclear 
complex (INF) where VIP neurons occur and in 
the preoptic area (POA) where GnRH neurons 
are localized.
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DA activity in the hypothalamus is higher 
in incubating bantam hens than in laying or pho-
torefractory hens (Macnamee and Sharp 1989). 
In ring dove, DA activity also increases in the 
periventricular region during the incubation 
period (Lea et  al. 2001). To mediate the DA 
stimuli, VIP neurons express both D1 and D2 
DA receptors, with the relative expression of 
each being modulated by physiological changes. 
Expression of D1 DA receptor is increased dur-
ing incubation stage in the hypothalamus in tur-
key hens. In contrast, whereas D1 DA receptor 
and D2 DA receptor expresses in the anterior 
pituitary gland, D1 DA receptor is not altered, 
but D2 DA receptor is much reduced during 
incubation in turkey hens. There is also evi-
dence that expression of the D2 DA receptor is 
increased in the pituitary gland of photorefrac-
tory hens, which characteristically exhibit hypo-
prolactinemia (Chaiseha et al. 2003).

10.2.1.2	 �Regulation of Gonadal 
Function During Broodiness

The plasma concentrations of LH and steroid 
hormones decrease during broodiness, resulting 
in regression of the ovary. This reduction in 
ovarian function may be associated with an 
increase in PRL (Opel and Proudman 1980; 
Zadworny et al. 1989). The PRL level increases 
at the end of the incubation period in all birds, 
and subsequently declines once the young have 
hatched. The hatching or introduction of chicks 
reduces the levels of circulating PRL in the par-
ents, while the concentrations of LH and ovarian 
steroid hormones gradually increase (Opel and 
Proudman 1989; Lea et  al. 1996; Richard-Yris 
1998). The presence of altricial chicks stimu-
lates PRL release in the parent (Silverin and 
Goldsmith 1984; Ketterson et al. 1990; Lea and 
Sharp 1991), while the removal of chicks imme-
diately induces the release of LH and steroid 
hormones in the rearing chickens (Kuwayama 
et al. 1992). There is also evidence that non-rear-
ing Thai native chicken hens recover laying 
faster than rearing hens. (Fig. 10.2)

Contact stimulation from chicks delays the 
decline in plasma PRL levels in the parent, and 

inhibits the release of gonadotropin and gonadal 
steroid hormones (Chaiyachet et  al. 2013b). A 
rise in plasma gonadotropin is correlated with 
an increase in GnRH-1 mRNA in the hypothala-
mus in chicken (Dunn et  al. 1996; Dunn and 
Sharp 1999). The decline in gonadal function 
during broodiness is presumably an inhibitory 
effect caused by PRL. Systemic administration 
of PRL reduces GnRH-I and GnRH-II mRNA 
expression in the hypothalamus, as well as 
plasma LH in turkey hens (Rozenboim et  al. 
1993). There is also evidence that PRL directly 
suppresses LHβ subunit mRNA expression in 
the anterior pituitary gland of turkey in culture 
(You et al. 1995b).

10.3	 �Molecular Biology of PRL

In the late 1980s, three independent groups 
cloned PRL cDNA from chicken (Hanks et al. 
1989a; Watahiki et al. 1989), which marked the 
start of molecular-based analyses of the PRL 
system in birds. Avian PRL cDNA encodes a 
mature hormone of 199 amino acids and a 30 
amino acid signal peptide, and the overall 
structure of avian PRL is highly conserved 
among vertebrate classes and species (Hanks 
et  al. 1989a; Yasuda et  al. 1991; Noso et  al. 
1992). cDNA cloning made it possible to pro-
duce recombinant protein in other organisms, 
and so recombinant-derived chicken PRL was 
expressed in Escherichia coli, allowing the 
immunological and biological activity of PRL 
to be characterized (Hanks et  al. 1989b; 
Ohkubo et al. 1993). The estimated molecular 
mass of recombinant chicken PRL expressed in 
E. coli is 23 kDa, which is in close agreement 
with the predicted molecular mass based on 
chicken PRL cDNA (Watahiki et al. 1989) and 
turkey PRL cDNA (Karatzas et  al. 1990). 
Recombinant chicken PRL specifically cross-
reacted with anti-chicken PRL antibody (Hanks 
et  al. 1989b) and anti-turkey PRL antibody 
(Ohkubo et al. 1993), and also stimulated pro-
liferation of the pigeon crop sac mucosa with 
the same potency as authentic turkey PRL 
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purified from the anterior pituitary gland 
(Ohkubo et al. 1993) (Fig. 10.3).

The occurrence of multiple isoforms of PRL in 
the anterior pituitary gland has been established in 
turkey (Proudman and Corcoran 1981; Corcoran 
and Proudman 1991; Arámburo et  al. 1992; 
Karatzas et al. 1993) and chicken (Arámburo et al. 
1992), and is known to result from posttransla-
tional modification. Some of these isoforms are 
known to be glycosylated (Proudman and 
Corcoran 1981; Corcoran and Proudman 1991; 
Karatzas et al. 1993). Glycosylated PRL has also 
been observed in the pituitary gland of mammals 
(Lewis et al. 1989; Young et al. 1990; Bollengier 
et  al. 1993) and reptiles (Noso et  al. 1992). In 
mammals, glycosylated PRL exhibits less biologi-
cal activity in stimulating mitogenesis in the 
pigeon crop sac (Lewis et al. 1989) and the Nb2 
cells (Markoff et al. 1988; Sinha et al. 1991) than 
non-glycosylated PRL, but exhibits greater lacto-
genetic activity (Young et al. 1990). The propor-
tion of glycosylated PRL in the pituitary gland of 
turkey embryos increases alongside increases in 
the PRL content (Bédécarrats et  al. 1999a). It 
should also be noted that, in turkey, there is a larger 
amount of glycosylated PRL in the pituitary gland 
during incubation than in any other physiological 
condition (Bédécarrats et  al. 1999b). Thus, the 
occurrence of glycosylated PRL may modify 
physiological properties, such as incubation 
behavior.

The PRL gene has been cloned and character-
ized in a number of birds, including turkey 
(Kurima et  al. 1995), chicken (Ohkubo et  al. 
2000), and duck (Kansaku et al. 2005). The avian 

PRL gene possesses common exon/intron 
arrangements and exhibits a length of approxi-
mately 6 kb from the first exon to the last exon in 
these species. The chicken PRL gene has been 
mapped to chromosome 2 in the chicken genome 
(Miao et al. 1999), while the turkey PRL gene is 
localized on chromosome 3.

10.3.1	 �Transcriptional Regulation 
of the PRL Gene

Lactotrophs and somatotrophs are mainly local-
ized in the cephalic and caudal lobes, respec-
tively, of the anterior pituitary gland in birds 
(Hansen and Hansen 1977; Józsa et  al. 1979; 
Ramesh et al. 1996). PRL mRNA expression is 
markedly higher in incubating hens than in lay-
ing hens (Talbot et al. 1991). During incubation, 
the lactotrophs increase in size in the pituitary 
of turkey hens. In addition, localization of the 
lactotrophs and somatotrophs is altered, with 
PRL-producing cells becoming spread across 
half of the ventral region of the caudal lobe of 
the anterior pituitary gland in turkey (Ramesh 
et  al. 1996). It is known that mammosomato-
trophs that can differentiate into both lacto-
trophs and somatotrophs exist in the 
adenohypophysis in mammals (Porter et  al. 
1990), and the same characteristic cells are also 
observed in the pituitary gland of turkey, where 
they act as PRL-producing cells during incuba-
tion (Ramesh et  al. 1998). The termination of 
incubation behavior causes a decline in the 
blood PRL level, the induction of apoptosis of 
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Fig. 10.3  Recombinant-derived 
chicken (White Leghorn) PRL 
increased the weight of pigeon crop 
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to that induced by turkey PRL 
purified from pituitary gland (adapted 
from Ohkubo et al. 1993)
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the lactotrophs, and the disappearance of the 
mammosomatotrophs in turkey hens (Ramesh 
et al. 2001).

The regulation of PRL gene expression in 
association with broodiness has also been thor-
oughly investigated. During the incubation period, 
PRL mRNA in the pituitary gland is upregulated 
in chicken (Talbot et  al. 1991; Shimada et  al. 
1991) and turkey (Wong et al. 1991; Ramesh et al. 
1996). VIP is a major PRL-releasing factor in 
birds, which contributes to the maintenance of 
incubation behavior in chicken (Sharp et  al. 
1989). VIP also plays an important role in control-
ling PRL gene expression in the anterior pituitary 
gland in chicken (Sharp et al. 1989; Talbot et al. 
1991, 1995; Kansaku et  al. 1995) and turkey 
(Youngren et al. 1994; El Halawani et al. 1995). It 
has been shown that thyrotrophin-releasing hor-
mone (TRH) stimulates PRL gene expression in 
the chicken pituitary gland (Shimada et al. 1991), 
as previously observed in mammals (Murdoch 
et al. 1985; Laverrière et al. 1988).

The transactivation of genes is complexly reg-
ulated by transcription factors and other regula-
tory molecules that are directly or indirectly 
associated with the target gene. Transcription of 

the chicken PRL gene has been extensively inves-
tigated (Ohkubo et  al. 2000). Pituitary-specific 
transcription factor (Pit-1) is involved in regulat-
ing transcription of the PRL gene, as well as the 
growth hormone and thyroid-stimulating 
hormone-β (TSHβ) genes (Steinfelder et  al. 
1992). The PRL gene in mammals possesses sev-
eral putative Pit-1 binding sites in the PRL pro-
moter. The proximal promoter region of the PRL 
gene is highly conserved between chicken and 
mammals, with two putative Pit-1 binding sites 
corresponding to the P2 and P3 regions of the rat 
PRL promoter (Mangalam et al. 1989) being con-
served in the chicken and turkey PRL promoter 
(Ohkubo et  al. 2000). Pit-1 dependent gene 
expression is enhanced by cyclic adenosine 
monophosphate (cAMP) (Peers et al. 1991; Liang 
et al. 1992; Gaiddon et al. 1995) and other factors 
(Howard and Maurer 1995) interacting with the 
proximal promoter region. In an analysis that 
used the gel mobility shift assay and luciferase 
assay, it was shown that a putative Pit-1 binding 
element between −76 and −133 in chicken PRL 
binds with Pit-1 to activate its promoter, which is 
stimulated by an increase in intracellular cAMP 
(Ohkubo et al. 2000) (Fig. 10.4).

–1255 –431
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–1366 luc

–1366del luc

–1117 luc

–938 luc
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–248 luc
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–41 luc

pGL-2 basic

(kb) 1.0 0.5 0 2 4 6 8 10 12
Arbitrary units

Cont
Forskolin

Fig. 10.4  Forskolin activated the PRL gene promoter in GH3 cells, which indicates that cAMP is involved in transac-
tivating PRL gene (adapted from Ohkubo et al. 2000)
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There is evidence that cyclic AMP responsive 
element binding protein (CBP) (Chrivia et  al. 
1993) and p/CAF (Yang et al. 1996) form a coact-
ivator complex, which interacts with nuclear 
coactivator to mediate the nuclear receptor func-
tion (Torchia et  al. 1997). This mechanism is 
involved in the Pit-1 dependent activation of the 
PRL gene. CBP stimulated by cAMP directly 
binds to the POU-specific domain of Pit-1 and 
induces PRL promoter activity (Tolón et al. 1998; 
Xu et al. 1998). It has been reported that VIP, a 
PRL-releasing factor in birds, increases the cel-
lular cAMP concentration in the perfused chicken 
anterior pituitary gland (Kansaku et  al. 1998), 
which induces PRL gene expression in the 
chicken anterior pituitary gland (Kansaku et  al. 
1995). Thus, the cAMP/protein kinase A (PKA) 
pathway may involve VIP-dependent PRL gene 
expression in the chicken anterior pituitary. In 
addition, the VIP receptor expresses predomi-
nantly in the cephalic lobe of the anterior pitu-
itary gland, where PRL-producing cells are 
localized in chicken (Kansaku et  al. 1998). 
Therefore, PRL gene expression in chicken may 
be cooperatively promoted by Pit-1 and cAMP-
induced CBP, which probably form a complex, 
by binding to the proximal Pit-1 binding site.

10.3.2	 �PRL Receptor (PRLR)

The cDNA of avian PRLR was first isolated from 
chicken in 1992 (Tanaka et al. 1992), followed by 
pigeon (Chen and Horseman 1994), turkey (Zhou 
et al. 1996), and various other birds such as duck 
(Anas platyrhynchos) and great tit (Parus major). 
The PRLR gene has been mapped to the Z chro-
mosome in chicken (Dunn et  al. 1998). Avian 
PRLR possesses two repeated ligand-binding 
domains, as is found in reptilian PRLR (Kato 
et al. 2005). This double extracellular domain is 
the result of the duplication of exons 3–7 of 
mammalian PRLR, and so 5′-rapid amplification 
of cDNA ends (5′-RACE) suggested that at least 
ten non-coding exons are located upstream of the 
initiation codon in chicken PRLR (Bu et  al. 

2013), and tissue-specific transcription of PRLR 
is regulated by alternative promoters on the 
PRLR gene. In addition, truncated PRLRs that 
lack extracellular and transmembrane domains 
have been cloned in the testis of sexually mature 
chickens (Mao et al. 1999; Tanaka et al. 2000), 
and an alternative promoter is also involved in the 
transcription of these testis-specific isoforms 
(Tanaka et al. 2000).

It has been suggested that the variety of actions 
of PRL is accompanied by complex mechanisms 
involved in the transcription of PRLR in the tar-
get tissues of chicken. PRLR is categorized as a 
class I cytokine receptor, which has several fea-
tures in common with intracellular signal trans-
duction, such as the WSXWS motif and Box 1 
(Bazan 1989, 1990; Itoh et al. 1990; Lebrun et al. 
1995). The overall structure of avian PRLR is 
similar to that of mammals, except the extracel-
lular domain has two homologous repeated units. 
Each repeated region has all cysteine pairs and a 
WSXWS motif that is characteristic of the con-
served ligand-binding domain in mammalian 
PRLRs (Kelly et  al. 1991). An in-vitro binding 
assay showed that the membrane-proximal PRL-
binding domain specifically binds with PRL in 
chicken and pigeon PRLR (Chen and Horseman 
1994; Bu et al. 2013).

PRLR mRNA is expressed widely in the cen-
tral and peripheral tissues of chicken (Tanaka 
et al. 1992; Ohkubo et al. 1998a, b) and turkey 
(Zhou et al. 1996), which reflects the expression 
of PRL with its many physiological functions. It 
has been shown that the hypothalamus, which is 
expected to be a regulatory center for broodiness, 
has a high level of PRLR mRNA expression in 
chicken (Ohkubo et  al. 1998a, b) and turkey 
(Zhou et al. 1996), as does the anterior pituitary 
gland (Ohkubo et al. 1998a, b; Zhou et al. 1996). 
PRL suppresses mRNA expression of the LHβ 
subunit in chicken (Kansaku et al. 1994) and tur-
key (You et  al. 1995b), and the level of LHβ 
mRNA expression in the cephalic and caudal 
lobes of the anterior pituitary gland are inversely 
correlated with the expression levels of PRL 
mRNA in bantam hens (Kansaku et  al. 1994). 
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Therefore, PRL may directly regulate pituitary 
function. In the peripheral tissues, a high level of 
PRL mRNA expression is found in the kidney 
and skin in chicken (Ohkubo et al. 1998a), and in 
the kidney and adrenal gland in turkey (Pitts et al. 
2000). Localization of PRLR in these tissues is 
consistent with PRL playing a role in osmoregu-
lation (Harvey et al. 1984; Murphy et al. 1986), 
brood-patch formation (Hutchison et  al. 1967), 
and molting (Juhn and Harris 1958). In mam-
mals, there are multiple isoforms of PRLR as a 
result of alternative splicing, which differ in the 
size of the intracellular domain and modulate 
physiological actions by altering intra-cellular 
signaling (Kelly et al. 1991). However, different 
isoforms have not been identified in birds.

10.3.2.1	 �Signal Transduction of PRL
In mammals, it has been established that PRL 
coupled with PRLR phosphorylates Janus kinase 
2 (JAK2), which, in turn, phosphorylates signal 
transducer and activator of transcription 5 
(STAT5) resulting in signal transduction 
(Gouilleux et  al. 1994; Miyoshi et  al. 2001). 
Avian PRLR also activates the JAK2-STAT5 
pathway via PRL in vitro. Despite avian PRLR 
having two repeated ligand-binding domains, 
PRL specifically binds with the second domain 
that is close to the transmembrane region to 
transduce its signal (Bu et al. 2013).

In ring dove, phosphorylated STAT5 (pSTAT5) 
becomes localized in the brain as a result of vari-
ous physiological states. The pSTAT5-
immunoreactive (pSTAT5-ir) cells are distributed 
in the POA, suprachiasmatic nucleus (SCN), 
paraventricular nucleus (PVN), ventromedial 
nucleus (VMN), lateral hypothalamic region 
(LHy), and tuberal hypothalamic region (TU) in 
the hypothalamus, and in the lateral septum (LS) 
and lateral bed nucleus of the stria terminalis 
(BSTL), which are also known to contain local-
ized PRLR.  The density of pSTAT5-ir cells is 
higher in all of these regions except TU during 
the late incubation stage, when the PRL level 
peaks, than during the pre-laying stages, such as 
courtship and nest building, when plasma PRL 

concentrations are low (Buntin and Buntin 2014). 
Pigeon-administered PRL results in a similar dis-
tribution of pSTAT5-positive cells in the brain to 
that which occurs in pigeons during the breeding 
season, and also significantly increases the num-
ber of pSTAT5-ir cells in the POA, PVN, and 
TU.  PRL binding sites are distributed in these 
areas, and c-fos immunoreactive cells are induced 
when the parent is introduced to its hatchling 
(Buntin et al. 2006). VIP-expressing neurons are 
localized in the TU (den Boer-Visser and 
Dubbeldam 2002) and mesotocin is expressed in 
the PVN (Goossens et al. 1977; Barth et al. 1997; 
Bons 1980; Thayananuphat et  al. 2011). 
Mesotocin is also associated with parental behav-
ior, with mesotocin neurons increasing during 
late incubation in turkey (Thayananuphat et  al. 
2011). Thus, multiple pathways are suggested in 
PRL signaling, with the JAK2-STAT5 pathway at 
least partly being involved in regulating parental 
behavior in birds.

10.4	 �The Genetics of Incubation 
Behavior

Broodiness is essential for the breeding success 
of birds. However, during domestication, several 
strains that never get broody have been estab-
lished, such as White Leghorn. The red jungle-
fowl (Gallus gallus), which is believed to be the 
ancestor of domestic chicken (Akishinonomiya 
et al. 1994, 1996), and other strains that have not 
undergone large amounts of genetic selection still 
exhibit incubation behavior, though. Incubation 
behavior in chicken is influenced by environmen-
tal factors, such as high temperatures, photope-
riod, and the existence of a nest and egg. However, 
different individuals from a particular strain 
within the same environment exhibit variation in 
the occurrence and frequency of incubation 
behavior, indicating that there is a genetic basis 
to incubation behavior in chicken.

Spontaneously occurring mutations are accu-
mulated in specific populations during the 
domestication process, allowing strains that do 
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not exhibit incubation behavior to be established. 
Research of relationship between incubation 
behavior and heredity has been demonstrated for 
a long time. Punnett and Bailey (1920) pointed 
out that more than one independent autosomal 
gene is involved in the regulation of incubation 
behavior. Goodale et  al. (1920) hypothesized 
that non-broody hens lack an allele that is 
involved in incubation behavior or possess an 
inhibitory gene(s) for the behavior—and this 
hypothesis is supported by the finding that the 
offspring that result from mating two different 
strains exhibit a higher incidence of broodiness 
(Hutt 1949). In addition, several researchers 
have reported that genes on the sex chromosome 
may be involved in broodiness (Warren 1930; 
Roberts and Card 1933; Saeki 1957; Saeki and 
Inoue 1979). However, Hays (1940) found no 
evidence for Z-linked genes being associated 
with broodiness in a study on a population of 
Rhode Island Red chickens. A recent analysis 
using an F1 generation cross of males from a 
non-broody breed (White Leghorn) and females 
from a broody breed (bantam) also showed that 
the major genes that affect incubation behavior 
may not be localized on the Z chromosome 
(Romanov et al. 1999)—and this finding is con-
sistent with the reanalysis by Mead and Curnow 
(1983) of the data obtained by Saeki (1957) and 
Saeki and Inoue (1979).

PRL plays a fundamental role in the initia-
tion and maintenance of incubation behavior in 
domestic chicken (El Halawani et  al. 1986; 
Youngren et  al. 1991; March et  al. 1994). 
Hormonal action occurs via a specific receptor 
that is expressed in the target tissues, which 
also involve a specific signal transduction path-
way. With regard to PRL signaling, the major 
pathway involves PRLR activating the JAK2-
STAT5 cascade, and molecular analyses have 
revealed that the PRLR and JAK2 genes are 
localized on the Z chromosome (Dunn et  al. 
1998; Wong et al. 2004. Therefore, it is likely 
that genes on the Z chromosome are involved in 
incubation behavior. However, it is unlikely 

that it is a loss of function of PRLR and JAK2 
that accounts for the difference in the manifes-
tation of incubation behavior between non-
broody and broody breeds. Northern blot 
analyses have shown that the PRLR transcripts 
expressed in the tissues of White Leghorn and 
bantam hens are the same size, and that the 
localization and amount of PRLR mRNA also 
does not differ between the two breeds (Ohkubo 
et  al. 1998a). Furthermore, White Leghorn 
PRLR expressed in chicken hepatoma cells 
phosphorylates STAT5 and activates the STAT5 
inducible gene after PRL stimulation 
(Fig. 10.5); and as with other genes related to 
the PRL system, both recombinant-derived 
White Leghorn and bantam PRL proliferate 
pigeon crop sac mucosa (Hanks et  al. 1989b; 
Ohkubo et  al. 1993), indicating that PRL is 
functional regardless of the behavioral differ-
ence. There is also evidence that VIP is able to 
induce PRL release from the anterior pituitary 
gland in White Leghorn (Ohkubo et al. 1998), 
strongly suggesting that the absence of incuba-
tion behavior in this breed cannot be explained 
by an inability of VIP to stimulate PRL release. 
Therefore, together these findings show that 
PRL and PRLR are not causative genes for the 
lack of broodiness in White Leghorn (Fig. 10.6).

A quantitative trait loci (QTL) analysis based 
on an F2 generation established from White 
Leghorn and Silkie, a broody breed, indicated 
that particular QTL that are associated with 
incubation behavior are not located on the Z 
chromosome or chromosome 2, where the PRLR 
and PRL genes respectively are localized 
(Basheer et  al. 2015). By contrast, significant 
QTL that affect incubation status and the early 
onset of incubation behavior have been found on 
chromosomes 1, 5, 8, 13, 18, 19, and 26, and 
linkage group E22C19W28. The peak position 
of these loci on chromosome 5 matches the larg-
est selective sweep between domesticated 
chicken breeds and red junglefowl (Rubin et al. 
2010), and there are several genes associated 
with photoperiodism and reproduction, such as 
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thyroid-stimulating hormone receptor (TSHR) 
and thyroid hormone deiodinase 2 (DIO2), in 
chicken (Nakao et al. 2008). A single nucleotide 
polymorphism (SNP) analysis showed that the 
peak position of the QTL is close to TSHR 
(Basheer et  al. 2015), which is a characteristic 
locus for the selective sweep of the Silkie breed 

(Fan et al. 2013). As for DIO2, TSHR is a key 
trigger for the onset of seasonal breeding and 
increases the synthesis of triiodothyronine. 
Therefore, these findings suggest that the thyroid 
hormone axis is involved not only in seasonal 
reproduction, but also in the expression of incu-
bation behavior in birds.
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