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DOPAMINE/MESOTOCIN/NATIVE THAI CHICKEN/PROLACTIN/REARING

BEHAVIOR

Native Thai chicken (Gallus domesticus) is a continuously breeding species
found in the equatorial zone that produces eggs all year. It always expresses high
maternal behaviors. Maternal behaviors are hormonal dependent and initiated with
the onset of incubation behavior and continue through the period when the parents are
taking care of the young (broody/rearing behavior). The expression of such behaviors
is a costly problem, resuiting in substantial loss of potential egg production. The
association of dopamine (DA), mesotocin (MT; the avian homolog of oxytocin), and
prolactin (PRL) with the neuroendocrine regulation of rearing behavior were
investigated in the native Thai chickens. Changes in the numbers of tyrosine
hydroxylase-immunoreactive (TH-ir; as a marker for DA neurons) and MT-
immunoreactive (MT-ir) neurons in the brain of the native Thai chicken were studied
using immunohistochemistry. Plasma PRL levels were determined by enzyme-linked
immunosorbent assay. The plasma PRI levels remained at high levels on the day of
chicks’ hatched and then rapidly decreased within 4 days after they hatched and

remained at low levels through 28 days. Plasma PRL levels in the rearing hens (R)



v

were higher than those of the non-rearing hens (NR) throughout the observation
periods. TH-ir neurons and fibers were extensively distributed throughout the
hypothalamic areas of R and NR native Thai hens and were highly expressed in the
nucleus intramedialis (nl) and nucleus mammillaris lateralis (ML). Significant
decreases in the number of TH-ir neurons of the NR hens when compared to those of
the R hens were observed in the nl after the day of hatch until 14 days of the
observation periods, but there are no significantly differences between R and NR hens
in the ML. MT-ir neurons and fibers were found in discrete regions located closely to
the third ventricle from the levels of preoptic area through the anterior hypothalamus
with the greatest abundance observed in the nucleus supraopticus; pars ventralis
(SOv), nucleus preopticus medialis (POM), and nucleus paraventricularis
magnocellularis (PVN). The numbers of MT-ir neurons in the SOv, POM, and PVN
were low in non-laying hens, gradually increased when hens entered the laying stage,
and peaked in the incubating and rearing hens, Comparisons of MT-ir neurons in the
SOv, POM, and PVN between the R and NR hens were elucidated. The numbers of
MT-ir neurons in these nuclei were high in the R hens which significantly decreased
in the NR hens. These results indicate, for the first time, that DAergic and MTergic
systems play a role in the neuroendocrine reorganization to establish and maintain
maternal behaviors in the native Thai chickens. It is possible that DAergic and
MTergic activities as well as PRL levels during disrupting the rearing behavior might

be related to the contribution of rearing behavior in this equatorial precocial species.
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CHAPTER |

INTRODUCTION

1.1 Rational of the Study

The native Thai chickenGallus domesticus) belongs to genus Gallus of the
family Phasianidae. It is probably originated froine wild jungle fowl in Southeast
Asia and was domesticated approximately 3,000 yegrs by village people. In
Thailand, they have been raised in the countryside many generations.
Traditionally, Thai people raised chickens mostly ¢onsumption, competition, and
recreation. It is not only a main protein food smyrbut it can be sold for
supplemental income for families in the urban a@asvell. Raising the native Thai
chickens is found widespread throughout Thailanthbse it is easy to raise, resistant
to diseases, and acclimatized to the local enviems) especially high temperature.
Beside its meat has a unique taste, it is firmeiture and contains high content of
proteins as well as low fat and cholesterol comtergsulting in high demand by
consumers who prefer low fat white meat. In genenative Thai and imported
broiler chickens are consumed at approximatelyséwme commercial live weight.
However, the native Thai chickens have slower gnaate than those of the imported
ones, which may contribute to differences in prapsrof their meats. There are some
evidences reported that the muscles of native Thatken possess firmer texture,

particularly after cooking than those of the comerarbroilers, and this might be



related to the differences in total and solubléag@n contents between their muscles.
The high price of native Thai chicken has been ga@ng, because the consumers
have acquired a taste of native Thai chicken asgdpularity is rapidly growing.
This situation provides a good opportunity for proithg the native Thai chicken in
industrial scale. Furthermore, recent Thai govemnp®licies are to encourage the
development and the use of natural resources ipastipg of His Majesty the King’'s
concept for self-sufficiency in agriculture. Regagito this concept, the farmers tend
to focus on mixed-farming that is the strategy lietping rural farmers to increase
self-sufficiency. One of the significant naturatoerces of Thailand that needs to be
developed is the native Thai chicken. Recently,nétgve Thai chicken has become a
new economic domestic animal of Thailand with pnélgegrowing demand and
relatively high price. The market price of the matirhai chickens is 2-3 times higher
than those of the imported broilers. Up to daterdghare about 76 million native Thai
chickens in Thailand, which are raised by 2.7 willifarmers. This exported goods
gains income about 2.2 million baht per year.

Although, the native Thai chickens can be raisedeurpoor environmental
conditions such as in the backyard with local feathimum care, and management,
but they have low productivity. The reproductiverfpemance of the native Thai
chicken is much lower than those of the cross lsemtt hybrids, especially egg
laying performance. One of the main causes of lepraductive performance in the
native Thai chickens is the incidence of matermdddviors; incubating, and brooding
or rearing behaviors, which are heritable traitse Dnset of incubation and rearing
behaviors affects the number of egg productionabse it terminates egg laying and

the native Thai hen spends much time for rearingksh respectively. Generally, the



native Thai hen lays eggs 3-4 times per year, €ggs per clutch. Thus, it produces
about 30-40 chicks per year, which is significadwer than that of the imported

hen, which produces eggs all year long (240-270 paygyear). At present, market
demands of the native Thai chickens cannot be metubpplies, mainly because of
their low egg laying performance, and they tendato eggs in clutches rather than
evenly distributed over the year, leading to praducof chicks irregularly. These

cause a problem for producing the native Thai amekcommercially in the poultry

industry in Thailand. Indeed, since it was domes$éd, the native Thai chicken is
never been genetically selected and always exmdagh maternal behaviors, the
heritable traits from their ancestors.

Well establishedly, neurotransmitters, neurohormspmeuromodulators, and
hormones of the hypothalamo-pituitary-gonadal (HR&$ play an important role in
the reproductive cycle of avian species. This HPfs anvolves two major
neuroendocrine systems controlling avian reproductirhese systems include the
gonadotropin releasing hormone/follicle stimulatihgrmone-luteinizing hormone
(GnRH/FSH-LH), and vasoactive intestinal peptidelactin (VIP/PRL) systems and
both systems are influenced by dopamine (DA).

PRL, an anterior pituitary hormone, has been irtdatdo be associated with
the reproductive cycle in several avian specie$ siscturkeys, quails, bantams, ring
doves, pigeons, mallard ducks, and native Thaikeims. PRL has been implicated as
a causative factor in the onset and maintenanceatérnal behaviors, especially play
a significant role in incubation behavior, crop kndroduction and secretion, feeding
of the young, and nest defense. Rearing behavimaiatained by high levels of PRL

and upon hatching. It is very well documented fRBRL is under stimulatory control



by VIP, the avian PRL-releasing factor (PRF). Innjmavian species, the onset and
maintenance of maternal behaviors is correlatet ioitv levels of GnRH, FSH, LH,
and high levels of circulating PRL.

DA is found in both central and peripheral nerveystems of many species
and has several important physiological functiongoived in a wide variety of
behaviors and reproduction. The regulation of PBRtration is under the inhibitory
control of hypothalamic tuberoinfundibular DAergieurons, which releases DA that
acts directly upon PDA receptors located on pituitary lactotrophs iammalian
species. Removal of this DAergic inhibition resuttsan increased PRL release and
hyperprolactinemia. This is not the case in bingbjle removal of hypothalamic
inputs results in the completed cessation of PRtres®mn. In birds, it has been
documented that PRL secretion is tonically stimreddby the VIP; the avian PRF. At
present, unlike the mammalian DAergic strategyR&L control, the role of DA in
the regulation of avian PRL secretion is poorly erstbod. DA neurons are found
throughout the hypothalamus and have been showe tmmunoreactive (ir) for VIP.
DA has been measured and visualized in variousnasgeecies including domestic
fowls, quails, pigeons, zebra finchs, chickens,dangars, collared doves, turkeys,
canaries, and native Thai chickens. Unlike mamméalbas been established that
DAergic influences are involved in both stimulatiremd inhibiting avian PRL
secretion depending on multiple DA receptor subdypeis very well established that
DA plays an intermediary role in PRL secretion,uieiqg an intact VIPergic system
in order to cause the release of PRL. Dynorphirgteain, DA, and VIP all appear to

stimulate avian PRL secretion along a common patheapressingk opioid,



serotonergic, DAergic, and VIPergic receptors atapges arranged serially in that
functional order with the VIPergic system as thmafimediator.

Recently, the presence of hypothalamic VIP-ir, $ymne hydroxylase (TH)-ir
(as a marker for DA), and GnRH-I-ir neurons at elént reproductive stage and
throughout the incubation period have been repoitethe native Thai chickens.
Changes in the number of VIP-ir, TH-ir, and GnRH-hkeurons in the native Thai
chickens are observed across the reproductive st during incubation and nest
deprivation period, which is mirrored directly witkariations in plasma PRL levels.
VIP-ir neurons and fibers are extensively distrd@autthroughout the brain of the
native Thai chickens, and are predominantly exgeksa the diencephalon, where
VIP-ir neurons are highly concentrated within theleus inferioris hypothalami (IH)
and nucleus infundibuli hypothalami (IN) areas. Qs in numbers of VIP-ir
neurons within the IH-IN are directly correlatedthwchanging of plasma PRL levels
throughout the reproductive cycle, suggesting YH& expression in the IH-IN plays
a regulatory role in year-round reproductive aggivof the native Thai chickens.
Further studies reveal that an association existaden DA neurons in the nucleus
intramedialis (nl) and the regulation of the reprciive system in the native Thai
chickens, indicating that the differential expressbof DA neurons in the nl might
play a role in the control of VIP secretion and seduent PRL release in the native
Thai chickens. Moreover, it has been further dertrated that changes in the number
of VIP-ir neurons in the IH-IN are associated witAergic neurons within the nl and
nucleus mamillaris areas, resulting in PRL reldaseduce and maintain incubation
behavior in the native Thai hens. It is then furtsaggested that nesting activity

stimulates PRL secretion by the activation of th&e@ic system, which in turn



stimulates the VIPergic system. These elevated Ré&ls increase nesting activity
and maintain incubation behavior. In several a\spacies, PRL secretion has been
shown to be stimulated by the presence of chickss iormone is indicated to be
associated with parental care, and is known toimedteadily immediately after
hatching in precocial bird species or drop at theé ef the rearing period in altricial
bird species. Moreover, in the native Thai hensrugition of rearing behavior by
removing the chicks from the hens markedly decegt#sma PRL levels, a parallel
decline in the number of VIP-ir neurons in the IM-land an accompanying increase
in the number of GnRH-I-ir neurons in the nuclewsnmissurae pallii (hCPa),
suggesting that the VIPergic system in the IH-INI #ime GnRH system in the nCPa
may be involved in the regulation of the reprodeetheuroendocrine system and the
initiation and maintenance of rearing behaviothia hative Thai chickens.

It is well established that oxytocin (OT) and argen vasopressin (AVP),
neurohypophysial hormones, play an important rolainkg in parturition and
lactation in mammals and regulate a variety of irtggt physiological functions. In
mammals, AVP regulates fluid and electrolyte bagarfdood pressure, and plays a
role in the stress response, whereas OT regulatésug reproductive behaviors and
functions including uterine contraction and milk&jon. The physiological actions of
OT range from the modulation of the neuroendocréeflexes to the establishment of
complex social and bonding behaviors related tordproduction and care of the
offspring. Furthermore, it has been suggested tiatexpression pattern and high
homology of OT receptors may stimulate myometraitcaction, and therefore play a
critical role in oviposition in birds. Both OT aVP have central effects on sexual,

maternal, and social behaviors as well as on menaowy learning. The avian



neurohypophysial hormones have been then charaeteriThe avian antidiuretic
hormone is arginine vasotocin (AVT) and the oxyt@iinciple is mesotocin (MT).

Anatomically, it has been suggested that AVT and May play similar
hypophysiotropic functions in non-mammalian verégbs. MT neurons are found in
the areas of hypothalamic paraventricular nucl®8\), supraoptic nucleus (SON),
and tuberomammillary area in chickens, domestidardd, and Japanese quails. MT
fibers are found at both internal and external lagfethe median eminence. MT is
also detected in areas outside the hypothalamus asian the cerebellum, lateral
septum, optic lobe, pons, and medulla oblongatardlre several lines of evidence,
using domestic chicken as the model, demonstratiagAVT, and not MT, is a key
regulator of oviposition in birds. This finding isomewhat surprising since
structurally MT is mostly like OT. It has been damtrated that plasma AVT levels
transiently increase during oviposition in birdsydathis increase at the time of
oviposition has been correlated with the increaseterine contractility. Moreover,
AVT, but not MT, has been shown to stimulate cattoa of shell gland stripgn
vitro. Taken together, in avian species, the physioddimctions of AVT have been
well established, but the role(s) of MT is far freimderstood.

For successful reproduction, not only sexual afgtivs important, but also
successful care of the young. Maternal behaviarusial to the survival of fertilized
eggs or offspring. The offspring need one or bathepts to provide food, heat, or
protection from any harm. This behavior must bdquared immediately after birth
or hatching of offspring. Maternal behaviors in nmats are composed of nest
building, pup retrieval, crouching, exploration asdiffing of pups, licking and

grooming, and placentophagia. Brooding/rearing biglnan precocial birds consists



of vocal signalling, protection from the environmeand food searching, while in
artricial birds, the young require substantial mtitn for feeding and protection.
Maternal care in birds is included incubation amdoding/rearing behaviors. The
term incubation refers to the maternal care of totted eggs, and brooding is the
maternal care of chicks after hatching. Incubati@mavior in birds is qualified by
sitting continually on their eggs until they aretdied, while brooding or rearing
behavior is directed to the care of newly hatcheidks. Generally, the hens develop
maternal behaviors gradually in four stages; brnogdiitbitting, clucking, and normal
broody behavior. The incidence of maternal behavwmncurs with a pause in laying
and a decrease in plasma gonadal steroid levehasitbeen reported that birds that
exhibit brooding behavior allow chicks to accesd amain underneath their wings
and then provide post-hatching care, whereas Hinds do not show brooding
behavior actively avoided the chicks. Maternal &g are hormonal dependent,
initiated with the onset of incubation behaviordarontinued through the period of
broody behavior.

In mammals, the mechanisms underlying the regulasionaternal behaviors
may be derived from the processes involving in glestation, parturition, or the
regulation of lactation including changes in ciatulg levels of progesterone,
estrogen, OT, and PRL. These hormonal activitiesegse in the medial preoptic area
(MPOA) during the expression of maternal behavio®spparently, some
neuropeptides, neurohormones, and hormones, mtin®T and PRL that play a
key role in the onset of maternal behaviors, acepment in the reorganization of the
neuronal systems controlling energy balance, stegsonse, anxiety, and aggression

in postpartum females as weHunctional neuroanatomical evidence indicatesttieat



appetitive aspects of maternal behaviors are réeggikarough the MPOA interactions
with the mesolimbic DA system. Moreover, the inttiens between the MPOA and
the mesolimbic DA system not only regulate the bo$enaternal behaviors, but also
control its continuance during the postpartum penio rodents.OT seems to be

involved during the onset of maternal behaviorsmammals, hypothalamic neurons
of the PVN and SON are capable of releasing OT diterse neural sites at the time
of birth. Importantly, evidence has shown that @iyological actions at the level of
MPOA, ventral tegmental area, or nucleus accumlmams stimulate the onset of
maternal behaviors.

In birds, MT neurons are found in several brainaareHowever, little is
known regarding the physiological function(s) of MiTbirds. It does not appear to be
involved in aggression, partner preference, caaBoular function as well as plasma
osmolarity. The first evidence reported the rolé/idf in avian brooding behavior has
only been investigated in the turkeys. The numbéMT-ir neurons in the PVN and
nucleus supraopticus, pars ventralis increasednbating hens when compared with
laying hens. In addition, the induction of c-fos NRin MT-ir neurons within these
brain nuclei in incubating hens stimulated with p®uand preventing poult brooding
from taking place by blocking MT receptors suggest MT is essential to the onset
of maternal activities in the turkeys.

As aforementioned, the expression of maternal bermwncluding brooding
and rearing behaviors is a costly problem, resulitmsubstantial loss of potential egg
production. Some evidence suggests that plasma [BRRils also play a role in
terminating egg laying and regulating clutch sizespecies that lay clutches of more

than two eggs. Cessation of egg laying is assatiatgth increased PRL
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concentrations in the turkeys, domestic fowls, aatlve Thai chickens. Obviously,
the reproductive efficiency of native Thai chickeadow in comparison to those of
the imported breeds. Thus, in order to increasgtbduction of native Thai chickens
in Thailand, it is very important to understand theuroendocrine regulation of the
maternal behaviors. To date, it has been well éshedal that incubation behavior in
this species is regulated by the VIP/PRL, GnRH/R$H-and DAergic systems.

However, no data are available that describe ttexrglationship and the functional
aspects of the changes in DAergic and MTergic systeiring rearing/brooding

behaviors in this species. Thus, the objectivethisf dissertation were carried out to
elucidate the neuroendocrine regulation of matebedlaviors in the native Thai
chicken. This dissertation focuses on the role®Af PRL, and MT that associated
with maternal care for their chicks in the nativkal chickens. The results gained
from this study will provide an insight into the ureendocrine mechanism(s)
underlying the regulation of maternal behaviorsthe native Thai chickens. The
knowledge gained from this study can be then a@gptemmercially in poultry

industry to increase egg production of the natitaaithickens in Thailand.

1.2 Resear ch Objectives

1.2.1 To study the changes in plasma PRL levetka regulation of rearing
behavior in the female native Thai chickens.

1.2.2 To study the differential expression of TH (a marka DA) that is
associated with the neuroendocrine regulation afimg behavior in

the female native Thai chickens.
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1.2.3 To study the differential expression of MT acrobe treproductive
cycle of the native Thai chickens

1.2.4 To study the differential expression of MT thatassociated with the
neuroendocrine regulation of rearing behavior ia female native

Thai chickens.



CHAPTER Il

LITERATURE REVIEW

2.1 Native Thai Chicken

Historically, native Thai chickens or Thai indigerso chicken @Gallus
domesticus) have long been in the countryside of Thailande hlative Thai chicken
belongs to genus Gallus of the family Phasianidideas been suggested that the red
jungle fowl Gallus gallus) might be the ancestor of all domestic chickensictv is
found wildly distributed throughout Southeast Agiustic and Nesheim, 1990;
Fumuhito et al., 1994; Hillel et al., 2003; Sawaak, 2010), and it was domesticated
by village people approximately 3,000 years agan&anherited characteristics from
the wild jungle fowl such as maternal behaviorgijimation and rearing or brooding
behaviors) of the native Thai chickens are stibsgly expressed (Beissinger et al.,
1998). Traditionally, the main objectives of ragimative Thai chickens are for
consumption, sport competition, recreation, and &s sale as an additional income
for families. In general, the native Thai chickesu® easy to raise, resistance to
diseases, acclimatized to the local environments|, #lerate a large variety of
available local feed. The native Thai chicken hadoaver growth rate than those of
the imported commercial broilers when raised undersame conditions. However, it
can be raised commercially with lower productiostsduy raising it as free range or

under the farming system in a backyard using ogyésgal feed. It also has been
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reported that high performance breeds lost thewaathges over the native Thai
chickens in terms of weight gain when fed with Idegd (Leotarakul and Pimkamlia,
1999). In addition, the native Thai chicken is wadlapted to the poor conditions of
small farms or simple rural environments. Its resise to diseases and tolerance to
high temperature (heat stress) are considerabhehitpan those of high performance
hybrid breeds. It has been reported that the nathea chickens can adapt to high
temperature, and imported broilers are less totamathe high temperature than those
of Thai indigenous chickens crossbred and Thaigewibus chickens (Aengwanich,
2008). These result in high potential for raisinge tnative Thai chickens
commercially in the urban areas (Kajaroen et &89).

Up to date, in Thailand, there are about 76 millative Thai chickens or 24
% of total chicken production, which are broile's %, layers 15 %, commercial
broiler breeders 5 %, and commercial layer breetle¥s (Department of Livestock
Development, 2011). Native Thai chicken’s meat bhasnique taste and texture
regarding to a delicacy and quite popular amongseorers (Wattanachant et al.,
2005). It also provides higher meat quality witeddat and low cholesterol contents
than those of the imported commercial broilers,ultesy in high demand by
consumers (Wattanachant et al., 2004; Jaturasithal.e 2008; Teltathum and
Mekchay, 2009). The textural characteristics of tiagive Thai chicken’s meat are
similar to the spent hen meat, but there are mifédreht from the imported broiler’s
meat (Wattanachant et al., 2004; Chuaynukool ¢2807). The native Thai chicken
muscles contain higher protein and collagen costbat lower fat content than those
of the broiler muscles (Wattanachant et al., 2004ftanachant, 2008). In addition,

the shear values of native Thai chicken muscleb bt and cooked are higher than
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those of the broiler muscles (Wattanachant eR@D4; 2005; Jaturasitha et al., 2008).
The imported breeds (Bresse and Rhode Island Red)eavier at slaughter and have
higher contents of fat and cholesterol than thdséhe indigenous strains (black-
boned and native Thai chicken; Jaturasitha e8D8). Therefore, there are several
factors such as genotype, rearing system, feed, agescle pH, chemical
composition, microstructure of muscle, postmorteging, and processing methods
contribute to the quality of meat (Chotesangasa &uhgruttananun, 1999;
Jaturasitha et al., 2002; Wattanachant et al., 2U0@&ttanachant, 2008). The firm
texture and low fat and cholesterol meat, free nfgdresidues such as antibiotics,
makes consumers prefer this meat type (Choprakaral.e 2000), and these
advantages of its meat leads to a higher pricetab@utimes higher than those of the
imported commercial broilers in Thailand, Hong Kon@hina, and Japan
(Chotesangasa and Gongruttananun, 1999; Jaturaitak, 2008). Furthermore, it
has been suggested that the native Thai chickepecrlly Pradu Hang Daum breed,
is suitable to be developed as a meat type chickgrading to its lower genetic
distance to broiler strains (Dorji et al., 2011).

The reproductive performance of native Thai chickésn much lower than
those of the cross breeds and hybrid breeds, edlye®gg laying performance, which
is critical to secure a sufficient number of chidks fattening (Chotesangasa et al.,
1994). The production of native Thai chickens i#eglifor the small farm raising
system, but improving the supply of chicks for éaihg needs to be developed
(Haitook et al., 2003). Hatchability is not the plem for commercially producing the
chicks, if the number of eggs per hen is not lichit&enerally, the native Thai hen

lays eggs 3-4 times/year, 4-17 eggs/clutch rathan faying eggs continuously all
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year long. The hen-day egg production of the nafivai hen is lower than that of the
commercial laying hen with the peak productionrative Thai hens and commercial
laying hens are 38.0 % and 75.5 %, respectivelp{€dangasa et al., 1994). The total
number of eggs per hen of native Thai hen is batw&®92 eggs/year, which is
significantly lower than that of 243 eggs/hen/yeérthe imported commercial hen
(Chotesangasa et al., 1994). Thus, with a hatchatg of 80-85 %, a typical hen
produces 25-40 chicks/year (Klinhom et al.,, 200bhe low potential in egg
production of the native Thai chickens causes tlodlpm in order to be produced
commercially in poultry industry in Thailand. Inemative Thai chickens, the main
cause of low egg production and short egg layingodeis the expression of the
maternal behaviors (incubation and rearing behayiorhese behaviors are highly
expressed during egg laying, nesting, and broogergpds, which are certainly not
desired for commercial scale production (Choprakamnad Wongpichet, 2007). In
general, the native Thai chicken takes about 2 wémklaying, 3 weeks for hatching,
and 6-10 weeks for taking care of the chicks. Tioeeg the hen spends about 10-15
weeks for each reproductive cycle (Katawatin et ¥)97; Choprakarn et al., 1998).
Moreover, growth rate of the native Thai chickesignificantly slower than those of
the imported breeds, taking about 4-5 months tolreaarketable size with an 80-85
% carcass (Choprakarn and Wongpichet, 2007). Tinysroving the efficiency of

native Thai chicken production would benefit thellxy industry in Thailand.

2.2 Neuroendocrine Regulation of the Avian Reproduive Cycle

In birds, the regulation of the reproductive systemnolves the interaction of

external stimuli with neuroendocrine mechanismse &kian reproductive system is
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integratively regulated by the hypothalamus, theitary, and the gonads, namely the
hypothalamo-pituitary-gonadal (HPG) axis. It is wemvell established that
neurotransmitters, neurohormones, neuromodulaaois,hormones of this HPG axis
play a pivotal role in reproductive cycle of aviapecies. This axis involves two
major neuroendocrine systems controlling avian aépction including the
gonadotropin releasing hormone/follicle stimulatihgrmone-luteinizing hormone
(GnRH/FSH-LH), and vasoactive intestinal peptidelactin (VIP/PRL) systems and
both systems are influenced by dopamine (DA; Bbatal.,, 2003; Chaiseha et al.,
2003a; Chaiseha and El Halawani, 2005). Moreoveteinperate zone birds such as
turkeys, Canadian geese, Japaneese quails, dtt.ndaroendocrine systems depend
upon the photoperiod as well as the transductionplodtoperiodic information,
resulting in either gonad recrudescence and itecested sexual activity or gonad
regression and the termination of reproductivevagti The final common pathway
regulating these neuroendocrine systems is formgda bsystem of peptidergic
neurons, whose axons terminate around portal esipdl in the external layer of the
median eminence (ME; Chaiseha and El Halawani, R@BBRH stimulates pituitary
gonadotrophs to synthesize and secrete gonadostdpH and LH, which in turn are
responsible for ovarian follicular growth and ouida at the egg laying period.
During the egg incubation period, VIP stimulatetiipary lactotrophs to synthesize
and secrete PRL, and then regression of the gotatied, GnRH and VIP can also
directly affect the gonads via the gonadal recept@sem and Novero, 1993;
Johnson, 2000; Sun et al., 2001).

In birds, it has been well documented that FSH, ard PRL are associated

with the reproductive cycle in several species sagltanvasback ducks, cockatiels,
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emperor penguins, geese, king penguins, mallardgjcal seabirds, turkeys, and
native Thai chickens (Mashaly et al., 1976; Bluhnale 1983a; 1983b; El Halawani
et al., 1984b; 2001; Myers et al., 1989; Wong et B992b; Mauget et al., 1994;
Lormee et al., 1999; 2000; Boos et al., 2007; Hueingl., 2008; Kosonsiriluk et al.,
2008; Sartsoongnoen et al., 2008; Prakobsaeng, &(l1; Chaiyachet et al., 2012).
In the native Thai chickens and turkeys, duringredpctively quiescent stages,
plasma PRL levels are low (El Halawani et al., 198%997; Karatzas et al., 1997;
Kosonsiriluk et al., 2008; Sartsoongnoen et alQ&0 At the onset of incubation
period, plasma progesterone and LH levels staris® continuously and reach the
highest values at about 8 to 2 hours right beforelation (Mashaly et al., 1976).
Plasma FSH levels are low throughout the ovulatygie, but a significant decrease
occurs just before the preovulatory surge of LH a@ndignificant increase occurs
during 3 hours before oviposition as plasma LH lewdecrease (Krishnan et al.,
1993). Plasma LH levels subsequently continue ttirtkeduring the incubating period
(Myers et al., 1989). In contrary, during the pdsmf laying and incubating, plasma
PRL levels rise sharply (El Halawani et al., 1984dbsonsiriluk et al., 2008).

It is well established that PRL is a causativedaor the reduced circulating
FSH and LH levels and subsequently ovarian regmassivhen birds make the
transition from egg laying to incubation period bantam hens, canaries, domestic
chickens, cowbirds, ducks, mallard ducks, nativaiTdhickens, pheasants, pigeons,
ring doves, spotted sandpipers, turkeys, white-oemlvsparrows, and wild starlings
(Sharp et al., 1977; Burke and Dennison, 1980; &olith and Hall, 1980; Goldsmith
et al., 1981; 1984, Dawson and Goldsmith, 1982hBitet al., 1983a; El Halawani et

al., 1984b; 1997; Oring et al., 1986; Hiatt et 4l987; Kosonsiriluk et al., 2008;
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Sartsoongnoen et al., 2008). It has been indida@dPRL acts centrally to reduce LH
levels by reducing GnRH concentrations at the Hyalaimic level (Rozenboim et al.,
1993b). In the turkey hens, the abundance of pLidubunit and PRL mRNAs
expression shows an inverse relationship in photosated/laying and incubating
periods (Wong et al., 1992b). PRL administrationpmesses the photo- and
ovariectomy-induced increases in LH release, dethgsonset of egg laying, and
induces incubation behavior in the laying turkeynd\dEl Halawani et al., 1991).
Changes in LH and PRL circulating levels during teproductive cycle are well
established in birds (Follett, 1984; El Halawaniadt, 1988b). In reproductively
quiescent birds, plasma PRL and LH levels are lohile the levels are increased in
reproductively active laying hens. During the inatibg stage, plasma PRL levels are
dramatically increased (El Halawani et al., 1988barp et al., 1989; Kosonsiriluk et
al., 2008; Sartsoongnoen et al., 2008), while p&ashiH levels are gradually
suppressed (Lea et al., 1981; El Halawani and Rmxen 1993). As mentioned
above, there are abundant evidences indicatingath@creased PRL secretion is the
causative factor for the reduced circulating gomagons’ levels and has been
observed in many avian species. For example, itifayah birds, the onset of
incubation behavior is associated with decliningels of gonadotropins and ovarian
steroid hormones (Sharp et al., 1979; Burke andhi3en, 1980; Bedrak et al., 1981,
Lea et al., 1981), and a sharp elevate in ciraua®RL levels (Goldsmith, 1985;
1991; Lea, 1987; El Halawani et al., 1988b; Sharple 1988). It is this rising PRL
levels, which has been implicated as the causees$ation of ovulation, ovarian
regression, and induction and maintenance of ineu&ehavior. Subsequently, PRL

levels decrease, while LH levels begin to increageen incubation behavior is
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terminated (El Halawani et al., 1988b; Knapp et H988), and as soon as molting is
ended (Bluhm et al., 1983a; 1983b; Mauget et &94). Furthermore, it has been
suggested that high levels of PRL inhibit LH rekegg€adworny and Etches, 1987;
Taira and Beck, 2006). They have reported thatdingeseason is terminated after
PRL concentrations increase above a critical tholelsto suppress GnRH neuronal and
LH activities (Sharp and Blache, 2003). Thus, ih d@ concluded that seasonal
reproductive activity is inhibited by increasingatilating PRL levels, which in turn

suppresses LH release, inhibits follicular develeptn and finally terminates egg
laying (Huang et al., 2008). In addition, immunotmalization against PRL slows

down ovarian follicular development in large whitdlicles into small yellow follicles

and reduces egg laying performance (Li et al., 2011

2.2.1 Gonadotropin Releasing Hormone/Follicle Stimating Hormone-
Luteinizing Hormone System

Pituitary FSH and LH secretion is regulated by teatral nervous system
(CNS) at the hypothalamic level. The hypothalamugtesizes GnRH, which in turn
stimulates the synthesis and secretion of thesadpiropins (Ulloa-Aguirre and
Timossi, 2000; Shalev and Leung, 2003). In both maf and birds, environmental
stimuli transduced by specific receptors influertbe synthesis and secretion of
hypothalamic GnRH, which its secretion occurs aisally from the hypothalamus.
The amplitude and frequency of pulsatiie GnRH retedetermine the pattern of
gonadotropins secretion (Levine and Ramirez, 198@enter et al., 1992). In birds,
GnRH is synthesized by hypothalamic neurons, retkasom the ME into the

hypophysial portal vessels, and transported to diteitary gland, which in turn
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stimulates the synthesis and secretion of pituitgopadotropins. Three types of
GnRH and two types of GnRH receptor have been fautide avian brain (Sun et al.,
2001; Shimizu and Bedecarrats, 2006). Two distiiocims of GNnRH have been
isolated in chicken; cGnRH-I or GnRH-I and cGnRH{King and Millar, 1982;
Millar and King, 1984; Miyamoto et al., 1984; Shewd et al., 1988). To date,
GnRH-III which is first characterized in lamprey &so found in the brain of
songbirds (Bentley et al., 2004). Of the three f@ri&nRH-I is the form that is
directly involved in controlling reproduction inrds (Sharp et al., 1990).

A pulsatile pattern of GnRH release is observednfrthe medial basal
hypothalamus and the preoptic area (P@Ayitro (Li et al., 1994). GnRH neurons
and fibers are found extensively distributed thiomg the avian brain including
chickens (Jozsa and Mess, 1982; Sterling and SH&2; Mikami et al., 1988;
Kuenzel and Blahser, 1991), ducks (McNeill et 2876; Bons et al., 1978), white-
crowned sparrows (Blahser et al., 1986; 1989), degm quails (Foster et al., 1988;
Mikami et al., 1988; Perera and Follett, 1992; aifs et al., 1993; Teruyama and
Beck, 2000), European starlings (Dawson et al.518®ster et al., 1987; Goldsmith
et al., 1989), garden warblers (Bluhm et al., 199igat tits and ring doves (Silver et
al., 1992), turkeys (Millam et al., 1993), dark-dygincos (Saldanha et al., 1994),
house sparrows (Hahn and Ball, 1995), cockerela €al., 2001)canaries (Bentley
et al., 2004), and native Thai chickens (Chaiyaehet., 2012; Sartsoongnoen et al.,
2012). GnRH increases pituitary LH and FSH seanetothin vitro andin vivo
(Millar et al., 1986; Peczely, 1989). Injection@®nRH-I or cGnRH-II stimulates an
increase in plasma LH levels in the domestic h&éhse(mene and Williams, 1999;

Proudman et al., 2006). Incubation of turkey aotepituitary cells with GnRH
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results in an increase in Lptsubunit mMRNA expression and also stimulates LH
secretion (You et al., 1995a). In chickens, GnRHilbins FSH-stimulated
steroidogenesis, but it enhances LH-stimulated gstegone production (Hertelendy
et al., 1982). In 3 weeks old cockerels, GnRH-I haseffect on circulating FSH
levels, but it stimulates LH secretion (Krishnarakf 1993). Furthermore, it has been
indicated that adrenergic stimulation can releasgothalamic GnRH and
subsequently increase gonadotropins secretion ("él,e991).

In avain species, the egg laying period is assegiatith relatively high
concentrations of FSH, LH, and ovarian steroidg] #ms event is regulated by
hypothalamic GnRH (ElI Halawani et al., 1988b). &ctf GnRH-I is the primary
hypophysiotropic factor stimulating the secretiof &H, because active
immunoneutralization against GnRH-1 decreases asid levels and causes a
complete regression of the reproductive system r(Sle al., 1990). However,
seasonal changes in the GnRH-ll-immunoreactive) (Aeurons are observed,
suggesting an involvement of GnRH-II in the neudmrine regulation of avian
reproduction (Maney et al., 1997a; Teruyama andkB2000; Bentley et al., 2004,
Stevenson and MacDougall-Shackleton, 2005).

As aforementioned, GnRH neuronattivity is regulated by photoperiod
(Sharp and Blache, 2003), and photostimulatory tepi@ hypothalamic GnRH
neurons increase GNRH mMRNA transcription and tedizsl (Dunn and Sharp, 1999),
and increase the sensitivity of pituitary cellsGoRH (Davies and Follett, 1975). In
several avian species, GNnRH peptide contents iserdaring long day stimulation
and decrease during photorefractoriness. Changé€3nRH contents are observed

during the avian reproductive cycle. (Dawson et H385; Foster et al., 1987; 1988;
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Goldsmith et al., 1989; Bluhm et al., 1991; Pewrard Follett, 1992; Rozenboim et al.,
1993a; Saldanha et al., 1994; Hahn and Ball, 188kam et al., 1995; Dunn et al.,
1996; Kang et al., 2006; Kuenzel and Golden, 200%).the peak level of
reproductive activity, birds have more GnRH-ir rang and fibers than those of the
sexually inactive or photorefractory ones (Shar@let 1988; 1990; Hahn and Ball,
1995; Parry et al., 1997; Cho et al., 1998; Chdigaet al., 2012; Sartsoongnoen et
al., 2012). GnRH contents of discrete medial prepphfundibulum, and arcuate
samples are higher in the laying hens than thoskeohon-laying hens (Advis et al.,
1985). In temperate zone birds, the turkeys, GnRRRINA is abundance within the
nucleus commissurae pallii (nCPa), organum vasauatolemina terminalis (OVLT),
and nucleus septalis lateralis (SL), and is greatéhe laying hens than those of the
non-photostimulated and incubating hens, while lo@aRH-I MRNA expression is
observed in the photorefractory hens (Kang e28Dg).

In non-temperate zone birds, the native Thai clisk&nRH-I-ir neurons are
distributed in a discrete region lying close to thied ventricle from the POA through
the anterior hypothalamus, with the greatest aboeceldound within the nCPa. The
number of GnRH-I-ir neurons in the nCPa is highestthe laying hens when
compared with those in the other reproductive sta@éest deprivation causes an
increase in the number of GnRH-I-ir neurons innkda of nest-deprived hens when
compared with those of the incubating hens. Highmloer of GnRH-I-ir neurons is
found in the nCPa of non-rearing hens, whereas rfe@eRH-I-ir neurons are
observed in the nCPa of rearing hens. These resulisate, for the first time, an
association of the GnRH system with maternal bedravin this non-photoperiodic,

continuously breeding avian species. The expressiomcubation and brooding
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behaviors of the native Thai chickens might be Ia&gd, in part, by the differential
expression of GNRH-I neurons in the nCPa (Chaiyiaehal., 2012; Sartsoongnoen et
al., 2012).

Indeed, VIP, DA, gonadotropin inhibitory hormon&dagonadal steroids are
considered to be involved in the regulation of Gngddretion (Ramirez et al., 1984;
Sharp et al., 1984; Deviche et al., 2000; Tsutsail.e 2000; Bentley et al., 2004). In
addition, active immunoneutralization against VIRcreases LH and FSHB
MRNAS expression, and is accompanied by a decrieaB&®RL mRNA expression
(Ahn et al., 2001). Taken together, it can be cotet that GnRH plays a significant

role in the neuroendocrine regulation of avian oepiction.

2.2.2 Vasoactive Intestinal Peptide/Prolactin Syste

In birds, the regulation of PRL synthesis and semmanvolves the interaction
of external stimuli with neuroendocrine mechanisarg] these critical stimuli include
photoperiod, ambient temperature, and the presehaesggs and offspring. These
external stimuli and internal stimuli such as eg#and progesterone are important in
initiating and maintaining PRL secretion. Howevteir relative importances vary
with stages of the reproductive cycle (Curlewis92Q It is very well documented that
the regulation of avian PRL secretion and its gerpression are governed by the
hypothalamic VIP, the avian PRL-releasing factoRFP El Halawani et al., 1997,
2001; Chaiseha et al., 1998; Chaiseha and El Halaw899; 2005; Kosonsiriluk et
al., 2008; Prakobsaeng et al., 2011; Chaiyachedl.et2012). Indeed, it has been
established for a long time that avian PRL secret®tonically stimulated by the

hypothalamus (Kragt and Meites, 1965; Bern and INie§68), and that the principal
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PRF is VIP (El Halawani et al., 1997; 2001), whistsecreted from neurons located in
the infundibular nuclear complex (INF) of the caudedial hypothalamus (Sharp et
al., 1989; El Halawani et al., 1997; 2001; Chaisehal., 1998; Chaiseha and El
Halawani, 1999; 2005). To date, VIP is very weltguated as the avian PRF, because
it meets the classical criteria for defining itthe hypophysiotrophic PRF in birds (El
Halawani et al., 1997; 2001).

Variations in VIP immunoreactivity and VIP mRNA athy-state levels
occurring within the hypothalamus, VIP peptide ems in the ME, and plasma VIP
levels in hypophysial portal blood are correlatathwehanges in the circulating PRL
levels throughout the turkey reproductive cycle (ktaet al., 1989; Youngren et al.,
1996a; Chaiseha et al., 1998; Chaiseha and El Haiaw999), and these observed
variations in PRL are, in part, regulated by chanigeVIP receptors at the pituitary
level (Chaiseha et al., 2004). DA also plays aermediary role in PRL secretion.
Unlike mammals, DAergic system influences are imed| in both stimulating and
inhibiting avian PRL secretion, depending upon mplét subtypes of DA receptors
(Youngren et al., 1995; 1996b; Chaiseha et al.,712803a; 2003b), requiring an
intact VIPergic system to cause the release of PRhungren et al.,, 1996b). In
addition, dynorphin, serotonin (5-HT), DA, and VHM appear to stimulate PRL
secretion via a pathway expressirgopioid, 5-HTergic, DAergic, and VIPergic
receptors at synapses arranged serially in thattiftural order with the VIPergic
system as the final mediator (El Halawani et &10D).

In birds, VIP neurons are extensively distributeatghout the hypothalamus
(Yamada et al., 1982; Korf and Fahrenkrug, 1984kavti and Yamada, 1984;

Macnamee et al., 1986; Peczely and Kiss, 1988; Matiral., 1989; Cloues et al.,
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1990; Norgren and Silver, 1990; Hof et al., 1991yeKzel and Blahser, 1994;
Kuenzel et al., 1997, Chaiseha and El Halawani,919%%en Boer-Visser and
Dubbeldam, 2002; Kosonsiriluk et al., 2008; Prale@vg) et al., 2011; Chaiyachet et
al., 2012), especially in the areas of the medm@optic area (MPOA), medial
hypothalamic region, anterior hypothalamus, hyplaiinas pars lateralis, and INF.
During the reproductive cycle in birds, VIP actstba anterior pituitary gland
directly to stimulate PRL synthesis and release (f:ed Vowles, 1986; Macnhamee et
al., 1986; Proudman and Opel, 1988; El Halawanai.et1990b; 1997; Kosonsiriluk et
al., 2008; Prakobsaeng et al., 2011; Chaiyachet aéf 2012). From
immunohistochemistry (IHC) studies, hypothalamid®VMit neurons in the INF and
VIP-ir fibers in the ME correspond to the enhanpé&sma PRL levels in the turkeys
and native Thai chickens (Mauro et al., 1989; Kesdak et al., 2008; Chaiyachet et
al., 2012). Other studies have also demonstratedtireases in the number and cell
size of VIP-ir neurons within this region in thegpons and ring doves during the
periods of hyperprolactinaemia (Peczely and Kis388] Cloues et al., 1990).
Changes in pituitary VIP receptor mRNA expressiae abserved during the
reproductive cycle of the turkeys. Increased patwitVIP receptor mRNA expression
is observed in the turkey hens with normal (layinghigh PRL levels (incubating),
while lower VIP receptor mRNA expression is obsernme the hypoprolactinemic
non-photostimulated and photorefractory turkey hefss suggests that the VIP
receptors located in the INF are involved in PREregon and indicates that PRL
secretion is principally governed by VIP receptatghe pituitary level (Chaiseha et

al., 2004).
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In birds, VIP neuronadctivity is also regulated by photoperiod. In tenspe
zone birds, VIP/PRL secretion is increased gragiuaid progressively in response to
long day photoperiod, and both their release ame gxpression are up-regulated in
the turkey hens, a long day seasonal breeders @Vietual., 1989; Youngren et al.,
1989; Wong et al., 1991; El Halawani et al., 1996ng et al., 1997; Chaiseha et al.,
1998). During activation of the GnRH/FSH-LH systeamthe photosensitive female
turkeys initiates the reproductive activity, gontdpins stimulated-estrogen
secretion, and induces sexual receptivity, andetle@ents prime the VIP/PRL system
to enhance PRL secretion (Wineland and WentwoAi51El Halawani et al., 1983;
1986). Furthermore, it has been established thBt pdrikariya axon terminals have
been found in close apposition to GnRH neuronsénlateral septal organ (LSO) and
POA (Teruyama and Beck, 2001), and an inverseioaktiip between VIP in the INF
and GnRH in the POA has been noted (Deviche e2@00). In addition, a subset of
VIP-ir neurons within the mediobasal hypothalamidH) and septal region has
been proposed to be encephalic photoreceptorsviesd@&ilver et al., 1988; Norgren
and Silver, 1990). Recently, it has been suggebdurkey melanopsin (tOPN4x) in
the hypothalamic premammillary nucleus (PMM), DAlatenin (DA-MEL) neurons
acts as an important component of the photorecestygtem regulating reproductive
activity in temperate zone birds (Kang et al., 2010

In non-temperate zone breeding species, the ndina chicken, VIP-ir
neurons and fibers are extensively distributed ughout the brain and are
predominantly expressed in the diencephalon, wkiéifeir neurons are concentrated
within the nucleus inferioris hypothalami (IH) amdcleus infundibuli hypothalami

(IN) areas. Changes in the number of VIP-ir neuratiin the IH-IN are directly
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correlated with changing in plasma PRL levels tgiout the reproductive cycle.
These results suggest that VIP expression in thiIplays a regulatory role in year-
round reproductive activity in this equatorial bifidosonsiriluk, 2007; Kosonsiriluk
et al., 2008). Further studies indicate that tlfedintial expression of DA neurons in
the nucleus intramedialis (nl) might play a roletle control of VIP secretion and
subsequent PRL release in the tropical non-sedgomaéeding avian species
(Sartsoongnoen et al., 2008). Moreover, it has losgnonstrated that changes in the
numbers of VIP-ir neurons in the IH-IN are assadatvith DAergic neurons within
the nl and nucleus mamillaris (ML) areas, resultingPRL release to induce and
maintain incubation behavior in the native Thai el is further suggested that
nesting activity stimulates PRL secretion throughivation of the DAergic system,
which in turn stimulates the VIPergic system. THevated PRL levels increase
nesting activity and maintain incubation behavidtrakobsaeng et al., 2011).
Recently, it has been reported that the numbekéifir neurons in the IN-IH areas
are high in the rearing hens, whereas the numidewdRair neurons decrease in the
non-rearing hens, and these changes are correlatedplasma PRL levels. These
results indicate that the VIP/PRL system plays rapartant role in neuroendocrine
reorganization to establish the rearing behaviorthis non-seasonal breeding,
equatorial precocial species. The VIP/PRL systemoisonly a key well established
regulator of the incubation behavior, but it is ohxed in the regulation of rearing
behavior as well. It is possible that VIP and treelshe in the number of VIP-ir
neurons in the IH-IN and in turn VIPergic activipd the decrease in PRL levels are

related to their contributions to rearing behawbthe native Thai chickens.
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2.3 Prolactin: Structure, Functions, and Regulatiorof Secretion

2.3.1 The Structure of Prolactin

PRL, a polypeptide hormone, was discovered (Riddlal., 1932), and its
name is based on the findings that an extract efnieopituitary gland causes the
growth of crop sac, stimulates the elaborationropanmilk in pigeons, or promotes
lactation in rabbits (Riddle et al., 1933; Bern aidoll, 1968). It is synthesized in
and secreted from the lactotrophs of the anterituitary gland (Bern and Nicoll,
1968; Velkeniers et al., 1988; Freeman et al., 2000e molecular weight (MW) of
the major form of PRL found in the pituitary glaisdabout 23 kilodaltons (kDa). It is
encoded by a gene consisting of 5 exons and 4nisitf@ooke et al., 1981; Truong et
al., 1984). Variant forms of PRL have been charasd in several mammalian
species, and its variants can be the results efrative splicing of the primary
transcript, proteolytic cleavage, phosphorylatiomglycosylation, and other
posttranslational modifications, and thereby afigriits physiological functions
(Sinha, 1995). PRL is synthesized as a preprohoen{@7 amino acids) in most
mammals (Miller and Eberhardt, 1983). The maturemtome consists of 194-199
amino acids, depending on species. Hormone steiclgr stabilized by 3
intramolecular disulfide bonds. The primary struetof PRL is first reported in the
ovine (Li et al., 1970). The complete amino aciduances of PRLs of more than 25
species have been identified (Sinha, 1995). A coispa of the amino acid sequence
from different species illustrates varying degreésequence homology, reflecting to
a great extent order of the phylogenetic relatiggsshHowever, some 32 amino acids

seem to be conserved among different species (\Katthal., 1989). The homology
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of sequences of PRLs among different species agdghmary structures are shown
in Figures 2.1 and 2.2, respectively.

PRL belongs to the families of growth hormone (GHY placental lactogen
(PL), and its amino acid sequence is similar tes¢hof GH and PL sharing genomic,
structure, and biological features (Boulay and P4dB2; Horseman and Yu-Lee,
1994). Their encoding genes are evolved from a comi@ncestral gene by gene
duplication about 500 million years ago (Niall ét, 4971). In birds, it has been
suggested that the mechanisms, which regulateeit® gxpression may be widely
conserved (Kansaku et al., 2005; Hiyama et al.9B)(However, it has been reported
that PRL is also synthesized by a number of extratary cells/tissues in both
mammals (Ben-Jonathan et al., 1996; Freeman e2@G00; Soares, 2004) and birds
(Berghmam et al., 1992; Ramesh et al., 2000; Chaiset al., 2012), but its
physiological function(s) in these extra-pituitasglis/tissues is far from understood

and needed to be further investigated.
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2 & 222 Sfsadfdsscédsrdadaizddsddcece
Human 97 97 76 76 81 82 81 67 82 64 61 62 72 70 72 73 75 65 58 36 35 36 35 36 36 34 31
Baboon 99 73 73 79 80 80 66 78 61 58 62 70 68 69 70 71 64 54 36 34 34 35 35 35 33 31
Monkey 74 73 79 78 80 66 77 61 56 60 70 67 70 70 72 64 53 37 35 34 35 35 34 34 31
Ovine 99 83 79 BO 74 B4 61 56 58 69 70 71 71 71 59 53 34 34 35 34 34 34 33 30
Bovine 84 80 BO 73 B85 62 56 59 70 70 72 7L 72 60 54 35 34 35 34 34 34 33 30
Porcine 93 06 76 06 66 61 64 79 79 81 81 80 67 61 35 34 35 34 34 34 33 30
Equine 93 73 91 64 61 63 79 79 81 82 80 69 61 35 36 36 35 35 I5 94 30
Camel 72 93 63 61 63 B0 78 83 B4 B4 69 59 37 34 34 356 35 34 33 29
Elephant 76 57 54 57 67 67 66 66 69 57 55 37 36 37 36 36 36 37 91
Fin whale 64 60 61 79 79 80 82 80 66 61 36 35 36 35 35 35 34 31
Rat 8 82 59 60 60 61 60 53 52 30 31 33 31 31 31 31 30
Mouse 72 55 56 56 566 56 48 47 35 32 36 31 51 31 33 31
Hamster 58 58 62 61 60 53 47 36 29 29 29 29 J0 28 28
Chicken 93 90 91 89 72 65 31 36 38 35 35 35 35 31
Turkey 80 00 85 71 64 35 35 35 35 35 36 35 30
Crocodile 99 85 73 66 356 35 35 33 33 33 32 29
Alligator 86 72 65 34 34 34 34 34 34 31 28
Sea turtle 74 66 37 36 38 35 35 35 34 31
Bullfrog 64 40 35 35 35 35 35 34 31
Lungfish 40 35 37 37 87 37 33 81
Sturgeon 46 45 46 47 46 43 36
Catfish 79 68 67 68 64 53
Carp 73 71 73 65 52
Chum salmoen 97 99 69 66
Chinook salmon 98 68 56
Rainbow trout 69 56
Tilapia-188 69
Tilapia-177

Figure 2.1 The percentage of homology sequence of PRLs arddfegent species

(Sinha, 1995).
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PD1 PD2
10 20 30 40 £0 114] 0 80
Human LP ICPGGAARC ~-QVTLROLFDEAVVLSHY IHNLS SEMFSEFDRKRYT-HCRIF ITKAINSCHTSS LATPE CKEQAQOMNG
Daboon LF ICPGGAARC ~~-QV TLROLFDRAVVLSHY IHNLS SEMPSEFDEQYT-HGRSGT ITRAINSCHTSS LFTPEOREQAQQ ING
Monkey LPVCPGGAARC ~=QVTLROLFDRAVVILS HY [HNLS SEMFSEFDKR YT-HGRSGE ITRAINSCHTSS LP TPEOKECAJQ INQ
Cvine TPVCPNGPGNC~-QVSLROLFDRAVMVS i Y IHNLS SEMFNEFDKR YA—QCKSE ITMAINSCHTSS LP TPECKECQAQQTHH
Bovine TEVCPHGPGNC~=QVELRDLFDRAVNVS Y IHDLS SEMFNEFDERYA-QCGKGF ITMAINSCHTSS LPTPEDKECAQOTHH
Porclre LEICPSGAVNC~=QVESLRDLFDEAVILSHY IHNLS SEMFNEFDERYA=QCRGF ITKATINSCHTSS LSTPEDRECASO THH
Equine LEICPSGAVNC ~—QVELRELFDRAVILESRY IHNLS SEMFNEFDERYA-QGRGFVTKAINSCHTSS LETPEDRECAZO IHH
Camel LEICPSGAVNC~—QVELRDLFDRAVILSHY IHNLS SEMFNEFDKR YA—QCRGFMTKALNSCHTSS LSTPEDKECAQQ IHH
Elephant IPVCPRGSVRC~-QVELPDLFDRAVMLS HY ITHSLS SDMFHEFNKDR YA-LCRGF IPRAINSCHTSS [ S TPECKDCQAQQTHH
Fir whale IPICPSGAVNC ~-QVELRDLFDRAVILSHY IHNLS SEMFNEFDKRYA-QCRSEE ITKAINSCHTSS LOTPECKEQADQ IHH
Fat LPVCSGG--DC--QTPLPELFDREVVMLS HY IHTLY TDMF IEFDKQYV-QUREF IAKAINDCPTSS LATPEDKECQAKEVPP
Mouse LPICSAG--DC-—QTSLRELFDRVV I LSHY IHTLY TDMF IEFDKQ YV-QCREFMVEKVINDCPTSS LATPECKECALEVEP
Hamster LPICPGG--NC-=QMELOELFDRVIMLS HY IYMLSADMF IELDKQYA-QCHEF IAKAL SDCPTSS LATPEGEEEAJOVEP
Chicken LPICP IGSVNC~--QVSLGELFDRAVELSHY IHYLSSEIFNEFDERYA-QCGRGF ITKAVNGCHTSS LTTPEDKECADQ ITHE
Turkey LPICSSGSVNC~—QVESLGELFDRAVRLSHY IHFLS SEI FNEFDER YA-QGRGF ITKAVNGCHTSS LTTPECEKECTOQ ITHH
Crocodile LPICPSCESVHC~--QVELCELFDRAVELSRY IHFLS SEMFNEFDER YA-QCROF ITKAVNCCHTAS LTTPEDEKECADQ THH
Alligator LPICPSGSVNC~=-QVSLGELFDEAVELSHY IHFLS SEMFNEFDER YA-QGRGF ITKAVNGCHTAS LTTPEDKECADC IHH
S5ea turtle LPVCPSGSVGT~-QVSLENLFDEAVELSHY THELS SEMFNEFDER YA-QCRGF LTKAI NGCHTSS LTTPEDEKECAQCQ THH
Bullfrog QF ICPNGGTNC-=QIFTSALFDRAVELSHY IHSLS SEMFNEFDERFT-PGRAF LAKSG [SCHTSS LNTPEDKECARQ I OH
Lurgfish LEFICANGS THC~-HQIFLDDLFEFVVE LAHRIHS LT SDMFNEFDERYA-QGRGF ISRATNNCHTSS LTTPECRECASHFHH
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Figure 2.2 Primary structures of PRLs of different speciekindicates the positions
left blank to optimize alignment of amino acid seqeces. (*) indicates the absence of
residues from a genetic variant of tilapia PRL. IBIPRL domain. PD1-PD4 indicates

the four highly conserved domains of the PRLs (&jri995).
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PRL is synthesized and secreted by variety of cditsues, and organs
including the immune cells, mammary epitheliumcplata, deciduas of the pregnant
uterus, and brain (Ben-Jonathan et al., 1996). Mae PRL synthesis is found in the
lacrimal gland, adrenal gland, corpus luteum, @testgland, testis, and pancreas
(Ben-Jonathan et al., 1996; Freeman et al., 200@Yo date, more than 300 different
physiological functions of PRL have been documenfiddudebine, 1983; Bole-
Feysot et al., 1998; Harris et al., 2004) in sugasa as reproduction, osmoregulation,
growth and development, brain and behavior, endomgy and metabolism, and
immunoregulation as well as behaviors such as rograthe nurturing of the young
in different vertebrate species, highlighting thgngicant role of this omnipotent
hormone. It has been further suggested that thsiglogical functions and biological
activities of PRL are, at least in part, regulated additionally posttranslational
modifications such as phosphorylation in the veasiptysiological stages (Hiyama et
al., 2009a).

PRL receptor (PRLR) is a member of the Class | lag® receptor
superfamily that includes the receptors of GH,ifeptrythropoietin, and interleukins
(Bazan, 1989; 1990; Kelly et al., 1991). PL andnate GH also bind the PRLR.
Despite their low sequence homology (30 %), PRL &tdl receptors share some
structural and functional features (Goffin and Kell996). The PRLR is activated by
the binding of a single ligand to the receptor tmetize two identical receptors,
resulting to activation of the Janus kinag&ak2)-kinase associated with the
cytoplasmic domain, which then activates a numbesignalling pathways through
which PRL exerts its physiological effects (Boleyfet et al., 1998; Freeman et al.,

2000). Subsequently, Jak2 phosphorylates tyrosemduies on different target
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proteins, the best identified is termed signalgdarcers and activators of transcription
(Stat). The Jak2-Stat cascade is the major siggaiathway of the PRLR, but other
signalling pathways are also involved in this reoeps well. Activation of mitogen-
activated protein kinases signalling pathway haso ddeen reported in different
cellular systems under PRL stimulation (Bole-Feystt al., 1998). Moreover,
activation of the nucleotide exchange protein, faas been reported (Clevenger et
al., 1995).

Various PRLR isoforms have been identified in déf® cells/tissues in both
mammals and birds (Davis and Linzer, 1989; Ali let B991; Lesueur et al., 1991;
Pitts et al., 2000). Alternative splicing of the IHR gene results in the multiple
isoforms, which differ in the length and compositiof their cytoplasmic tails, and
are named as the short (291 amino acids; Boutal.ef1988) and long (591 amino
acids; Shirota et al., 1990) PRLR isoforms (Haetigl., 2004). PRLR and its mRNA
are found in the mammary gland and the ovary, #s bharacterized sites of PRL
physiological actions in mammals (Nagano and Kel994). cDNAs encoding the
PRLR gene have been cloned in the chickens (Taaakh, 1992), doves, pigeons
(Chen and Horseman, 1994), and turkeys (Zhou 1 296; Pitts et al., 2000). Tissue
distributions of the PRLR mRNA have been reportedhie rats (Nagano and Kelly,
1994; Bakowska and Morrell, 1997), turkeys (Zhowakt 1996; Pitts et al., 2000),
and chickens (Ohkubo et al., 1998).

The PRLR is also found in the CNS and a vareitgails, tissues, and organs
including the pituitary gland, heart, lung, thymwpleen, liver, pancreas, kidney,
adrenal gland, uterus, skeletal muscle, prostaedglepithelial cells, bone, and skin

in mammals (Nagano and Kelly, 1994; Nevalainenlgtl®97; Bole-Feysot et al.,
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1998; Clement-Lacroix et al., 1999). PRLR mRNA egsion is found in the CNS,
choroid plexus, bed nucleus of the stria termin@iNST) , amygdala, central gray of
the midbrain, thalamus, hypothalamus, cerebrakegpdnd olfactory bulb in the rats.
The PRLR is extensively expressed by the immunés,ceind some types of
lymphocytes synthesize and secrete PRL, suggesiaid®RL may act as an autocrine
or paracrine modulator of the immune system (Frekragal., 1995; 1996). In avain
species, PRLR is found in the crop sac, brood pahgioid gland, liver, kidney, leg,
skin, large and small intestines, adipose tissueeral gland, thymus, lymphoid
tissue, spleen, heart, brain, pineal gland, ové&egtis, seminal duct, and oviduct
(Tanaka et al., 1992; Chen and Horseman, 1994; #ta@l., 1996; Ohkubo et al.,

1998; Pitts et al., 2000; Kang et al., 2007; Waingl.e 2009; Xing et al., 2011).

2.3.2 The Physiological Functions of Prolactin in Bds

It has been well established that PRL is associattdthe avian reproductive
cycle (canvasback ducks, cockatiels, emperor pesgugeese, king penguins,
mallards, native Thai chickens, tropical seabials] turkeys: Mashaly et al., 1976;
Bluhm et al.,, 1983a; 1983b; El Halawani et al., 4881997; Myers et al., 1989;
Wong et al., 1992b; Mauget et al., 1994; Lormealgt1999; Lormee et al., 2000;
Boos et al., 2007; Huang et al., 2008; Kosonsirgtilal., 2008; Sartsoongnoen et al.,
2008). During reproductively quiescent stages (egg-laying and rearing stages) of
the turkeys (El Halawani et al., 1984b; 1997) am@ tative Thai chickens
(Kosonsiriluk et al., 2008; Sartsoongnoen et 8008, plasma PRL levels are very
low. During the laying and incubating periods, piasPRL levels increase sharply (El

Halawani et al., 1984b; Kosonsiriluk et al., 2008)s confirmed that this rising PRL
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level causes the cessation of ovulation, ovariagression, and induction and
maintenance of incubation behavior. Changes in B&le expression are also highly
correlated with the reproductive cycle (Knapp et #88; El Halawani et al., 1990a;
Talbot et al., 1991; Wong et al., 1991; You et B95b; Tong et al., 1997). The onset
of incubation behavior is associated with decreapiasma levels of LH and ovarian
steroids and increasing plasma PRL levels (Coggat.,€1979; Burke and Dennison,
1980; Lea et al., 1981; Rozenboim et al., 1993RL Ras been well implicated as a
causative factor for the reduced circulating gom@bons and ovarian regression,
when birds make the transition from egg layingrtoubation period in bantam hens,
canaries, chickens, cowbirds, ducks, mallard ducksive Thai chickens, pheasants,
pigeons, ring doves, spotted sandpipers, turkeysteverowned sparrows, and wild
starlings (Riddle et al., 1935; Breitenbach and &te{959; Hohn, 1959; Sharp et al.,
1977; 1988; Burke and Dennison, 1980; Goldsmith Hatl, 1980; Goldsmith and
Williams, 1980; Goldsmith et al., 1981; 1984; Dawsnd Goldsmith, 1982; Bluhm
et al., 1983a; El Halawani et al., 1984a; 1988&71®ring et al., 1986; Hiatt et al.,
1987; Youngren et al., 1991; Kosonsiriluk et aDQ&; Sartsoongnoen et al., 2008).
PRL circulating levels increase gradually at theedrof incubation behavior and are
maintained at high levels during incubation peri(félaeki and Tanabe, 1955;
Proudman and Opel, 1988), and then decrease teatine levels of reproductively
qguiescent stages, when incubation behavior is texted (El Halawani et al., 1980;
Wentworth et al., 1983).

PRL is involved in many aspects of reproductiveabipgy and behaviors. It
is thought to play an important role in parentahdgors by mediating increases in

incubation, crop milk secretion, feeding of yourgd nest defense (Silver, 1984;
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Janik and Buntin, 1985; Lea et al, 1986; Buntin a&t, 1991). Active
immunoneutralization against PRL reduces the imndedelays the development, or
prevents the occurrence of incubation behavior (Maet al., 1994), whereas
administration of exogenous PRL results to increpaeental behaviors (Lea and
Vowles, 1986; Macnamee et al., 1986; Pedersen,; B8%in et al., 1991; Youngren
et al., 1991).

There are plenty evidences suggesting that PRLs@awple in terminating egg
laying, thus it regulates the clutch size in avigpecies that lay more than 2
eggs/clutch. The cessation of egg laying is assatiaith an increase plasma PRL
levels (Etches et al., 1979; Burke and DennisoB8018@ea et al., 1981; Bluhm et al.,
1983a; Hall and Goldsmith, 1983; Silverin and Guoldh, 1983), and numerous
studies have been suggested that the rise in pl&®Rhalevels during incubating
period may suppress LH secretion (Zadworny anddstch987; Porter et al., 1991; El
Halawani et al., 1993; Sharp et al.,, 1998). Adntiaison of exogenous PRL
suppresses concentrations of FSH and LH in theeyuttens (El Halawani et al.,
1991) and domestic fowls (Sharp et al., 1988).a4 been suggested that PRL acts
centrally to reduce circulating levels of LH by wvethg hypothalamic GnRH levels
(Rozenboim et al., 1993b). During the incubatingqeke suppression of FSH and LH
secretion involves in a mechanism independent @kased PRL secretion (Sharp et
al., 1988; 1989; Lea and Sharp, 1989; Lea et 861 Moreover, PRL may also
directly inhibit ovarian steroidogenesis (Rozenboeén al., 1993b), resulting to
involution of the ovary with reduced ovarian stelamgenesis and regression of the
oviduct (Porter et al., 1991). Additionally, thepreductive activities during long day

photoperiod-stimulated PRL secretion are associatgld increased pituitary PRL
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gene expression, which in turn suppress LH secreinmhibit follicular development,

terminate laying, and induced molting (Huang et2008).

2.3.3 The Regulation of Prolactin Secretion
It has been well established that PRL secretionreigulated by both

stimulatory and inhibitory hypothalamic factorst ltus mainly under tonic inhibitory
control in mammals (MacLeod and Login, 1976; Nell§88; Ben-Jonathan et al.,
1989; Lamberts and MaclLeod, 1990), and the predammbirmammalian PRL-
inhibiting factor (PIF) is DA, which is releaseain a dense neuronal network within
the MBH, namely the tuberoinfundibular dopaminer@itDA) neurons, and serves
as the PIF of PRL secretion (Ben-Jonathan et 8B91Ben-Jonathan and Hnasko,
2001). DA acts directly on DDA receptors located on the pituitary lactotrophs
(Caron et al., 1978; Civelli et al., 1991), and o of this DAergic inhibition leads
to an increase PRL secretion and hyperprolactingMiieoll and Swearingen, 1970;
Nicoll, 1977). DA and its agonists inhibit PRL rate and its gene expression and
proliferation of the lactotrophs (Birge et al., D9 Pawlikowski et al., 1978; Maurer,
1981), indicating that the regulation of PRL seoretand its gene expression are
under inhibitory control of the TIDA neurons (Paatjni et al., 1988; Ben-Jonathan et
al., 1989; Ben-Jonathan and Hnasko, 2001). A Ha#éfof DA levels occurring
immediately after physiological stimuli such as lding (Chiocchio et al., 1979;
Selmanoff and Wise, 1981; Demarest et al., 1983)eisessary for the secretion of
PRL. Supporting byin vitro studies that PRL release in anterior pituitarylsces
stimulated after short term exposure of DA (Fagmu &Neill, 1981; Denef et al.,
1984). PRL surges occurring during proestrous, egy, lactation, and stress are all

associated with the suppression of TIDA neuronéligg and loss of DA inhibition
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of PRL secretion (Freeman et al., 2000; Ben-JonatithHnasko, 2001). There are
numerous studies confirming the physiological raé$A as the PIF. However, it
has been reported that a lower concentration oftltah those required for inhibition
of PRL secretion can stimulate PRL secretioritro (Shin, 1978; Burris et al., 1992;
Porter et al., 1994) and vivo (Arey et al., 1993), suggesting that all lactoh®ave
the potential to respond to both inhibitory andnstiatory effects of DA (Kineman et
al., 1994). The two opposite effects of DA upon Psicretion may be mediated via
distinct guanine nucleotide binding proteins (Gtems), depending on its specific
receptor subtypes (Burris et al., 1992; Niimi ef 8993; Lew et al., 1994).

VIP has been shown to be involved in the regulatdrPRL secretion for
many decades in mammals (Kato et al., 1978; Roiseteal., 1980; Reichlin, 1988)
via a neuroendocrine pathway because of the preseh¥IP in the hypothalamic
nerve endings, the anterior pituitary gland (Bessbal., 1979), and the hypophysial
portal system (Said and Porter, 1979). VIP stined®RL release both vitro (Shaar
et al., 1979; Enjalbert et al., 1980; Matsushitalet 1983) andn vivo (Kato et al.,
1978; Frawley and Neill, 1981). The contents of RRRNA and its protein appear to
be regulated by VIP (Ben-Jonathan et al., 1989; dMgtaal., 1991). VIP fibers are
found intermingle with DAergic neurons in the armanucleus (ARC) and
periventricular nucleus. This study also demossraitat VIP2 receptors are located
on a soma and proximal dendrites of these DA-cointgi neurons. These results,
taken together, suggest that VIP may regulate PBtretion in mammals by
controlling DA delivery to the anterior pituitaryamnd (Gerhold et al., 2001). DA and
5-HT appear to have a complementary interactioandigg PRL secretion. DA and

5-HT are co-localized within neurons in the hypathimus of baboon (Thind et al.,
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1987), and synaptic junctions between 5-HTergior@mesndings and TH-containing
neurons have been identified in the rat hypothatarfiiss and Halasz, 1986). In
addition, it has been reported that DA antagomkibits an increase in 5-HTergic
activity (King et al., 1985), and intraventricul@ajections of 5-HT reduce DA levels
in the hypophysial portal blood in rats (Pilotteddporter, 1981). As aformentioned,
VIP is proposed as a mammalian PRF.

Thyrotropin-releasing hormone (TRH) acts as a hyplaimic PRF in
mammals as well. TRH stimulates PRL secretioritro (Maas et al., 1991) and
vivo (Grosvenor and Mena, 1980; Lafuente et al., 1994) also its gene expression
(Laverriere et al., 1988). In addition, the seanetof PRL induced by TRH occurs
during a transient depression in DAergic activigjotsky and Neill, 1982; Martinez
de la Escalera et al., 1988). However, there arerakcontradictive results that lead
to question of its role as the PRF.

Up to date, various PRFs and PIFs have been olsseénvéoth birds and
mammals such as 5-HT (Chaiseha and El Halawani5;2Cbaiseha et al., 2010),
angiotensin Il (Opel and Proudman, 1988; Steel80},%xytocin/vasopressin (Hyde
and Ben-Jonathan, 1989), peptide histidine isofeu¢Werner et al., 1983; Chaiseha
and El Halawani, 1999; Kulick et al., 2005), antupary adenylate cyclase activating
polypeptide (Miyata et al., 1989; You et al., 2000)

The regulation of avain PRL also involves the iat#ion of external stimuli
with neuroendocrine mechanisms. These critical renmental stimuli include
sensory information (photoperiod, ambient tempeegatetc.), and the presence of
eggs and offspring. These external stimuli andoglenormones such as estrogen and

progesterone are important in initiating and manitgy PRL secretion, and their
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relative importances vary with stages of the repobee cycle (Curlewis, 1992). In
the incubating hens, tactile stimuli from the nest&l eggs maintain the elevated
circulating PRL levels and up-regulate VIP expresqSilver et al., 1988; Buntin et
al., 1991; Massaro et al., 2007).

As aformentioned, the regulation of mammalian PRtrstion and its gene
expression are under the inhibitory control of THBA neurons (Ben-Jonathan and
Hnasko, 2001). However, this is not the case indyibecause removal of these
hypothalamic inputs results in the complete cessati PRL secretion (Tixier-Vidal
et al.,, 1966; Hall et al., 1986). Indeed, it hasgdbeen well established that the
secretion of PRL in birds involves in a tonic stlatary control by the hypothalamus
rather than the inhibitory DAergic system that fdun mammals (Kragt and Meites,
1965; Bern and Nicoll, 1968; El Halawani et al.848; Hall et al., 1986). It has been
further established that the regulation of aviarL BBcretion and its gene expression
is influenced by hypothalamic VIP, the avian PRI KRlawani et al., 1997; 2001,
Chaiseha et al., 1998; Chaiseha and El Halawar®9;12005; Kosonsiriluk et al.,
2008, Prakobsaeng et al., 2011; Chaiyachet ef2@l2). In the past six decades,
several studies confirm the pivotal role of VIPths only avian PRF. For example,
immunoneutralization againt VIP prevents an inceeas circulating PRL levels,
prevents the induction of incubation behavior, egelates content of Li- and
FSH{-subunit mMRNAS, and extends the duration of egmtaperiod, but it does not
prevent spontaneous gonadal regression and md&ingrp et al., 1989; El Halawani
et al.,, 1995; 1996; Dawson and Sharp, 1998; Ahialet2001). Changes in VIP
immunoreactivity, VIP peptide contents in the INKlaME, and VIP mRNA steady-

state levels in the INF are associated with chamggdasma PRL levels throughout
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the reproductive cycle in birds (Mauro et al., 198%aiseha et al., 1998; Chaiseha
and El Halawani, 1999; Kosonsiriluk et al., 2008).

Unlike mammals, DAergic influences are involvedhath stimulating and
inhibiting PRL secretion depending on multiple DAceptor subtypes in birds
(Youngren et al., 1995; 1996b; Chaiseha et al.719003a; Al Kahtane et al., 2003).
In the turkeys, stimulatory DDA receptor mRNA expression has been found to
increase in the hypothalamus of hyperprolactinemmubating hens and in the
pituitary gland of laying hens, and inhibitory, IDA receptor mRNA expression
increases in the pituitary gland of hypoprolactinephotorefractory hens (Schnell et
al., 1999a; 1999b; Chaiseha et al., 2003a). Thisusitory effect of DA on PRL
secretion is regulated by the; DA receptors residing in the INF, where the VIP
neurons are located. In contrast, DA inhibits PRrhtsesis and release by blocking
the action of VIP via the DDA receptors at the pituitary level (Youngren &t a
1996b; 1998; 2002; Chaiseha et al., 1997; 2003aKaltane et al., 2003). In the
turkeys, changes in the DAergic activity during tteproductive cycle mirror the
changes in plasma PRL levels, the number of ViReurons, VIP peptide contents,
and its mRNA expression within the INF (El Halawaial., 1980; 1984b; Mauro et
al., 1989; Wong et al., 1991; Chaiseha et al., 20@B803b). It has been suggested
that the variations in PRL secretion observed a&ctbe reproductive cycle are, in
part, regulated by changes in VIP receptors atpihgtary level (Chaiseha et al.,
2004). It is well established that DA plays an intediary role in PRL secretion,
requiring an intact VIPergic system in order tosmthe release of PRL (Youngren et
al., 1996b). In addition, there are evidences g that dynorphin, 5-HT, DA, and

VIP all appear to stimulate avian PRL secretiomgla common pathway expressing
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k opioid, 5-HTergic, DAergic, and VIPergic receptatssynapses arranged serially in
that functional order with the VIPergic system ks final mediator (EI Halawani et

al., 2001).

2.4 Dopamine: Structure, Functions, and Regulationf Secretion

2.4.1 The Structure of Dopamine

After the discovery, DA is found in both centraldaperipheral nervous
systems of many vertebrate and invertebrate spg¢€adsson and Hillarp, 1956;
Benes, 2001). Chemical name of DA is 4-(2-amindgthgnzene-1,2-diol and the
formula is GH3(OH),-CH,-CH,-NH,. DA is a neurotransmitter/neuromodulator
belonging to a group of catecholamines (CA) andcfioms as a classical
neurotransmitter in the brain. Thus, DA communisabetween neurons and acts
within the anatomically confined neuronal network$ the synapses. Several
significant physiological functions have been répdrinvolving in a wide variety of
behaviors and reproduction. DA is a precursor ofepmephrine (NE) and
epinephrine (E) in the biosynthetic pathway. CA amdblamines such as 5-HT are
referred to as monoamine, a water soluble moletaleis decarboxylated derivatives
of amino acids. CA has distinctive structures, Wwhése the single amine group, a
nucleus of catechol; a benzene ring with two adjatedroxyl groups, and a side
chain of ethylamine or one of its derivatives (Weaedsh and Gilbert, 1973).

The precursor for DA synthesis is tyrosine, whidte tmajority of this
circulating amino acid is from diets, and small ami are derived from
hydroxylation of phenylalanine by phenylalanine toyd/lase at the liver (Missale et

al., 1998). Tyrosine is up taken by the neuronsl #ien converted to DA by two
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enzymes, which are tyrosine hydroxylase (TH) andirdmatic amino acid
decarboxylase (AADC). These enzymes are named wuikyghenylalanine
decarboxylase. TH is the rate-limiting enzyme ins thiosynthetic pathway. TH
converts tyrosine to 3,4-dihydroxyphenylalanine OPA), and L-DOPA is then
catalyzed to DA by AADC. DA is then processed to N¥ DA beta-hydroxylase
(DBH) in some neurons, and these neurons also icoptaenylethanolamine N-
methyl transferase (PNMT) that converts NE to Ee TBA biosynthetic pathway is
shown in Figure 2.3. TH is the most critical enzytnat regulates DA synthesis. TH
gene in humans is localized at chromosome 11p acddes a single form of TH that
can be alternatively spliced (Powell et al., 198#)e mature TH is composed of 4
subunits of approximately 60 kDa each (Kumer andndy 1996). Each monomer is
consisted of an inhibitory regulatory domain at fhéerminus and a catalytic domain
at the C terminus. The catalytic domain contairgedn binding region and a putative
leucine zipper at the C terminus that involvesiteisubunit binding.

DA exerts its physiological actions by binding te specific receptors, which
belongs to the G protein-coupled receptors (GP@Rily. Five distinct subtypes of
DA receptors (-Ds) are found prominently in the CNS of the vertebrapecies
(Contreras et al., 2002). They have been isolatearacterized, and classified into 2
families based upon the basis of their stimulatarinhibitory activities on adenylate
cyclase (Kebabian and Calne, 1979). Thdike DA subfamily comprises of Dand
Ds DA receptors and named theDand Og DA receptors by some researchers

(Monsma et al., 1990; Sibley, 1991). Thgl®e DA subfamily includes B D3, and
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D4 DA receptors. cDNAs characterization of these pemesubtypes reveals that the
D, and B3 DA receptors share high homology in their transimeme sequences, and
the transmembrane sequences gf Dy, and D DA receptors are conserved in the

three receptor subtypes (Missale et al., 1998). DhBA receptor subtype has been
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classified as being stimulatory, and thg@A receptor subtype has been classified as
being inhibitory (Bates et al., 1990; Civelli et,al991; Sibley and Monsma, 1992;
Jarvie and Caron, 1993; Jaber et al., 1996; Stralf2#6). Activation of the Dlike

DA receptors increases adenylate cyclase activaythe G, subunit. Activation of
the Dy-like DA receptors inhibits adenylate cyclase attiwia the G, subunit.
However, the Gand G proteins associated with ion channels and phospBiide
cascade are involved as well (Stoof and Kebabi@®41Sidhu and Niznik, 2000).

In mammals, the distributions of DA receptor suleyphave been well
investigated. They have distinct localization withhe brain, and are expressed in a
tissue-specific manner in the peripheral tissueméBara et al., 1993; Contreras et
al., 2002). In the brain, the,Cand b DA receptors are the most widespread and
expressed at the highest levels (Dearry et al.01B8meau et al., 1991; Missale et
al., 1998; Vallone et al., 2000). The; DA receptor is mainly expressed in the
caudate putamen, nucleus accumbens (Ac), olfactdrgrcle, cerebral cortex, and
amygdala (Mansour et al., 1990; Jackson and Wédshanielsson, 1994). The,D
DA receptors mRNA is highly expressed in the sutisanigra (SN), ventral
tegmental area (VTA), hippocampus, and in antesiod intermediate lobes of the
pituitary gland. However, the amygdale contains I@wvels of B DA receptor
(Mansour et al., 1990; Bouthenet et al., 1991; Wfeiet al., 1991). The DDA
receptor has been found in the SN and VTA, but gxpressed in a minority when
compared with the PDA receptor (Diaz et al., 1994; 1995). The DA receptor is
highly expressed in the frontal cortex, amygdaippbcampus, hypothalamus, and
mesencephalon (Van Tol et al., 1991; O'Malley et92). The b DA receptor is

poorly expressed and restricted to the hippocamiatesal mamillary nucleus, and
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parafascicular nucleus of the thalamus, whereas DheDA receptor is not
significantly expressed (Meador-Woodruff et al.829Tiberi et al., 1991). The low
expression of Pand D DA receptors in the kidney ands DA receptor in the heart
have been reported (Chio et al., 1994).

In birds, there are three;DA receptor subtypes ([, Dig, Dip) have been
characterized and cloned in the chickens (Demchysttyal., 1995). Cloning of
cDNAs encoding the Dand D DA receptors has been reported in the turkeys
(Schnell et al., 1999a; 1999b). The nucleotide sage of the avian DDA receptor
reveals 75 % homology to the mammalian@MA receptor. The Blike DA receptor
has been found in the brain of pigeons (Richfiglchle 1987; Dietl and Palacios,
1988), European starlings (Casto and Ball, 1994aijlg (Ball et al., 1995), chickens
(Schnabel et al.,, 1997; Sun and Reiner, 2000), tarleeys (Schnell et al., 1999a;
Chaiseha et al.,, 2003a). The-like DA receptor has been found in the brain of
pigeons (Richfield et al., 1987), quails (Levenslet 2000), and turkeys (Schnell et
al., 1999a; 1999b; Chaiseha et al., 2003a). Theilwisons of b DA receptor
MRNA has been found widespread throughout the pnaineal gland, cortex,
cerebellum, and also in the pituitary gland of thekeys. The presences of
hypothalamic @ DA and pituitary B DA receptor mRNAs are found to increase in

correlating with the reproductive stages (Chaisstrel., 2003a).

2.4.2 The Dopaminergic System in the Mammalian Brai
DA is primarily synthesized in the CNS, but limiteginthesis occurs in the
adrenal medulla and non-neuronal tissues such asrgas and anterior pituitary

gland (Ben-Jonathan and Hnasko, 2001). The mammalain consists of several
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anatomically distinct DA neuronal systems that efiffin their neurochemical
characteristics and physiological functions. Th&rdhution of CA-containing cells is
first described in the brain of rats. Well docuneety, the CA neurons are organized
into 12 groups, namely Al to A12 from caudal totralsof the brain (Dahlstrom and
Fuxe, 1964). These neurons are located mainly e dftuate and the anterior
periventricular nuclei of the hypothalamus. IHCd#&s using antibodies against the
biosynthetic enzymes including TH, DBH, and PNMTidentify the CA neuronal
groups have been reported (Hokfelt et al., 198984M). In the rats, regarding to the
name of CA cell groups in the CNS (Dahlstrom ande;rul964), there are 17
DAergic/NEergic (A1-A17) and 3 adrenergic (C1-C&)lgroups. Two distinct CA
cell groups are found in the caudal rhombencephaorentrolateral tegmental (Al,
C1) and a dorsomedial group (A2, C2) in the nuckeastus solitarri/area postrema
complex. The A3 cell group is found within the daraccessory inferior olive. The
C3 adrenergic group is found lying along the mielwithin and dorsal to the medial
longitudinal fascicle. NEergic cells are classifietb 4 groups in the pons (A4, A5,
A6, A7). The A6 (locus coeruleus) is the most pnoemt one among these cell
groups. The CA cells in the midbrain are classifieitd 3 groups, A8 (retrorubral),
A9 (SN), and A10 (VTA) based on their localizatiods least 5 distinct CA cell
groups (Al1l-A15) are recognized in the diencephalmd the numbers of DA-
containing neurons are comparable to those in Mhe®l VTA, which are generally
considered to be the major loci of DA neurons ia ltinain (Lookingland and Moore,
2005). The All (caudal diencephalic group) is foumdthe periventricular gray
matter of the thalamus, hypothalamus, and rostralbrain. These A1l neurons

project their axons toward the spinal cord (Skageyband Lindvall, 1985),
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suggesting a role of these neurons in sensory amuceptive processing and
sensorimotor integration (van Dijken et al., 1986yant and McCarson, 2001). The
Al12 (TIDA) neurons are recognized throughout theCA&d in the adjacent part of
the periventricular nucleus of the MBH. Sexual eli#nce in the numbers of TH-ir
neurons in the dorsomental and ventrolateral sufiomiv of the ARC has been
reported (Cheung et al., 1997), implicating thes roll these neurons in the regulation
of pituitary hormone synthesis and secretion (Mpot887). It is very well
established that the regulation of PRL synthests setretion is under the inhibitory
control of TIDA neurons (Ben-Jonathan et al., 198&n-Jonathan and Hnasko,
2001). These TIDA neurons release DA and then D& diectly upon the PDA
receptors located on pituitary lactotrophs (Civedt al., 1991). The A13
incertohypothalamic DA neurons are found clusterythe rostral portion of the
medial zona incerta, whereas the A14 DA neurondaaaed in the periventricular
nucleus. The A15 is divided into 2 groups; Al5d;oapact dorsal group locates in
the ventral portion of the BNST, and more caudalgntral to the anterior
commissure, and Al5v, the ventrolateral neurond @ibove the optic chiasm and
within the supraoptic nucleus (SON). These neur@me abundance in the
ventrolateral hypothalamus of seasonal breedingiepeand believed to mediate
steroid hormones suppression of gonadotropins @@creluring anestrus in ewes
(Tillet and Thibault, 1989; Gayrard et al., 1994&himan et al.,, 1996). The most
rostral DA cell bodies in the brain are found i tA16 (olfactory bulb) and A17

(retina).
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2.4.3 The Dopaminergic System in the Avian Brain

The anatomical distribution of the avian DAergistgyn obviously resembles
to those of mammals (Moons et al., 1994; Reinerlet 1994). DA has been
determined and visualized in several species imuguthe domestic fowls (Knigge
and Piekut, 1985), Japanese quails (Ottinger et18B6; Balthazart et al., 1992,
1998; Bailhache and Balthazart, 1993; Absil et2001), pigeons (Kiss and Peczely,
1987; Berk 1991; Divac et al., 1994; Durstewitakt 1998), zebra finches (Barclay
and Harding, 1990; Bottjer, 1993; Mello et al., 899chickens (Contijoch et al.,
1992; Moons et al., 1994; 1995), budgerigars (Rsbet al., 2001), collared doves
(den Boer-Visser and Dubbeldam, 2002), turkeysZ4@ilaie and EI Halawani, 2000),
canaries (Appeltants et al., 2001), and native Thméckens (Sartsoongnoen et al.,
2008; Prakobsaeng et al., 2011). DA neurons anedfdlroughout the hypothalamus
(Kiss and Peczely, 1987; Reiner et al., 1994, Alafa and El Halawani, 2000) and
have been shown to be immunoreactived for VIP sxthRNA (Mauro et al., 1989;
1992; Hof et al., 1991; Kuenzel et al., 1997; Cehssand El Halawani, 1999). The
localizations of DA-ir neurons in the chicken hyipatamus and hindbrain have also
been reported (Smeets and Gonzalez, 1990; Kuernzal.,e1992). Several DA
neuronal groups have been found in the preoptiotmgiamic areas of the turkeys
(Al-Zailaie and EI Halawani, 2000; Al-Zailaie, 2003ncluding the nucleus
preopticus medialis (POM), nucleus anterior mesialnypothalami (AM),
suprachiasmatic nucleus (SCN), nucleus ventrolidethalami (VLT), nucleus
paraventricularis magnocellularis (PVN), regio tatis hypothalami (LHy), nucleus
ventromedialis hypothalami (VMN), nucleus dorsonadéidi hypothalami (DMN),

nucleus mamillaris medialis (MM), and PMM. The distitions of hypothalamic TH-
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ir positive and DBH-ir negative cells are foundtie turkeys and other avian species
(Kiss and Peczely, 1987; Bailhache and Balthaa®33; Moons et al., 1994; Reiner
et al., 1994; den Boer-Visser and Dubbeldam, 200@)thermore, TH-ir neurons are
predominantly located within the diencephalon ares@emcephalon. Changes in the
number of TH-ir neurons are observed in the nl sxtbe reproductive stages of the
native Thai chickens (Sartsoongnoen et al., 2008¢. presence of DAergic fibers in
the ME has been reported in the Japanese quailhgBae and Balthazart, 1993),
chickens (Moons et al., 1994), and turkeys (Al-Zia] 2003). Given their widespread
distributions as mentioned above, the findings Atperikariya and terminals are
found intermingled with VIP neurons in the INF, GdaReurons in the POA, and
with both VIP and GnRH terminals in the externaldiaof the ME (Contijoch et al.,
1992; Fraley and Kuenzel, 1993), and it is reaslenad consider whether any
regional specificity exists in those DA neuronsttii@ neuroendocrine in nature, i.e.,
controlling the release and expression of VIP/PRId &nRH/FSH-LH systems.
Recent findings demonstrate the existence of DA-Mieurons in the PMM, where
DA and MEL are synthesized and co-localized. Thisdings suggest that the
pattern of 5-HT/CA neuronal distributions and theariable interaction with PMM
DA-MEL neurons during different reproductive stagesmy offer a significant
neuroanatomical basis for understanding the conwbl avian reproductive
seasonality. It also may constitute a criticalwell process involved in the generation
and expression of seasonal reproductive rhythms smggests a previously
undescribed mechanism(s) by which light signalsy gaicess to neural targets in
seasonally breeding temperate zone birds (Al-Zakdial., 2006; Kang et al., 2007;

2009; 2010; Thayananuphat et al., 2007a; 2007kl ;2Bl1Halawani et al., 2009).
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2.4.4 The Physiological Functions of Dopamine in BRis

DA patrticipates in several physiological functiansmammals; for example
food and water intake, body homeostasis, behawaads cognition, motor activity,
regulation of milk secretion, sleep, mood, attamtidearning, and reproduction
(Bertolucci-D’Angio et al., 1990; Cooper and Al-Na&s 1993; Wilson et al., 1995;
Velasco and Luchsinger, 1998; Ben-Jonathan and Kaen&9d01; Hull et al., 2004;
Wellman, 2005). Unlike in mammals, the role of DAthe regulation of avian PRL
secretion is still large obscure for comparingoitthe mammalian DAergic strategy
for PRL regulation. It has been well establisheak thA influences are involved in
both stimulating and inhibiting PRL secretion irds. DA inhibits pituitary PRL
releasan vitro (Harvey et al., 1982; Hall and Chadwick, 1984;|Hlal., 1986; Xu
et al., 1996). DA or its agonist, apomorphine, muPRL secretion in the pigeons
and chickens, and this effect is reversed by theabragonist, pimozide (Hall and
Chadwick, 1983). DA inhibits the release of PRLlwstlated by TRH, hypothalamic
extract, or by previous exposure of the pituitatgng to estrogen in the chickens
(Hall and Chadwick, 1984). Intracerebroventricu(#CV) infusion of DA in the
laying turkey hens can stimulate or inhibit PRL re¢éion depending on the used
concentrations (Youngren et al., 1995). Thereftai@h stimulatory and inhibitory
effects of DA on avian PRL secretion are dependashumultiple subtypes of DA
receptors (Youngren et al., 1996b). These actioasanfirmed by the presence of
both Dy, and D DA receptor mRNAs in the brain and the pituitagji€ of the turkeys
(Schnell et al., 1999a; 1999b; Chaiseha et al.3@P0rhese findings suggest that the
stimulatory effect of DA on PRL synthesis and rekeas regulated via the;[DA

receptors residing in the INF, where the VIP nearare located. DA inhibits PRL
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synthesis and release at the pituitary level veabh DA receptors by blocking the
effect of VIP (Youngren et al., 1996b; 1998; 20@haiseha et al., 1997; 2003a; Al
Kahtane et al., 2003). It has been reported thatal3a activates hypothalamic VIP
gene expression in the INF (Bhatt et al., 2003)difddnally, it has been suggested
that the signalling mechanism(s) underlying thernattion between VIP and DA in
the regulation of PRL secretion involved with pint&inase A (Kansaku et al.,
1998), calcium ion (C&; Hall et al., 1985; Al Kahtane et al., 2003; 2Q0&hd
protein kinase C (Sun and El Halawani, 1995).

There are some evidences suggesting an inhibitoley of DA on GnRH
synthesis and release in both mammals and birdsi(Ba et al., 1984; Sharp et al.,
1984). Several DA neuronal groups have been obdenvthe preoptic hypothalamic
areas (Kiss and Peczely, 1987; Reiner et al., 19B4pgenous DA activates
hypothalamic VIP gene expression, and this inciamepression is exclusively
limited to the INF. This increased VIP mRNA in tidF is correlated with increased
levels of circulating PRL and LH-mRNASs in the anterior pituitary gland (Bhatt et
al., 2003). Furthermore, there is evidence sugugstine involvement of DA in
correlating with GnRH is derived from a dense caoicdgion of TH and GnRH-
containing processes, which located in the lataral mediobasal portion of the
external layer of the ME (Contijoch et al., 1992his finding provides an
opportunity for synaptic interaction between GnRRd &A. DA inhibits GnRH
release via presynaptic inputs at the ME in theclkdms (Contijoch et al., 1992;
Fraley and Kuenzel, 1993). Activation of the DA rens in the ML is associated
with the activation of GhnRH-I and VIP neurons ahd subsequent release of LH and

PRL (Al-Zailaie et al., 2006). The relationship DAergic system in the PMM and
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GnRH-I system in the nCPa during the photo-indurcteproductive activity has been
reported, demonstrating by c-fos mMRNA expressionghinv the PMM are
differentially activated by light and correspondedh a rhythm of photosensitivity
(Thayananuphat et al., 2007a; 2007b). It is furthegested that DA in the PMM that
proposed to be the DA All group is suggested itectfon in controlling the
reproductive seasonality in the temperate zonesbRecently, DA-MEL co-localized
neurons have been found in the PMM and shown tdecyieythmically with
photoperiodic changes (Kang et al., 2007; 2010)-NMAL neurons may constitute a
critical cellular process involved in the generatiand expression of seasonal
reproductive rhythms (El Halawani et al., 2009) {@#°N4x, an important component
of the photoreceptive system (Kang et al., 20I®paddition, it has been reported that
clock gene in the PMM can be induced by long phetigal and light during the daily
photosensitive phase to promote reproductive dgt{izeclerc et al., 2010).

It is well established that DA plays an intermediasle in PRL secretion in
birds, requiring an intact VIPergic system in ortierelease PRL (Youngren et al.,
1996Db). Intracranial infusions of DA are ineffeiwn releasing PRL in turkeys
actively immunized against VIP, suggesting that @fects PRL secretion by
stimulating the release of VIP. This finding is poped with several studies. The
infusion of VIP into the turkey pituitary affectsrapid and substantial increase in
plasma PRL, and this increase is completely supptesvhen DA is infused in
conjunction with VIP (Youngren et al., 1998). Copexssion of B DA receptor
MRNA seen in VIP expressing neurons within the Lafygl INF have been reported
(Chaiseha et al., 2003b). In addition, it has beemd that D DA receptor agonist,

puinpirole, inhibits VIP-stimulated PRL secretiomdaPRL mRNA levels when
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incubated with turkey anterior pituitary cells (Oét1al., 1996). These results support
that DA appears to block the VIP-stimulated relealSERL release by activating,D
DA receptors. To date, it is concluded that dynorph-HT, DA, and VIP all appear
to stimulate avian PRL secretion with the VIPergystem as the final mediator (El
Halawani et al., 2001).

DAergic activity and DA receptors mRNA expressioe ahanged according
the different physiological behaviors and reproduct DAergic activity in the
anterior hypothalamus of bantam hens markedly asge in incubating hens when
compared with laying or nest-deprived hens (Macreared Sharp, 1989). Moreover,
the increasing of stimulatory DA receptors mRNA expression has been found in
hypothalamus of hyperprolactinemic incubating anduifary of laying hens.
However, the inhibitory B DA receptors mRNA expression is increased in the
pituitary of hypoprolactinemic photorefractory he(&chnell et al., 1999a; 1999b;
Chaiseha et al., 2003a). The DAergic expressiomguhe turkey reproductive cycle
parallels the changes in plasma PRL levels andimiAunoreactivity, VIP peptide
content, and VIP mRNA expression within the INF HElawani et al., 1980; 1984a;
Mauro et al., 1989; Wong et al., 1991; Chaiselal.e2003a).

DA also plays a role in many aspects of sexualiiets and reproduction in
birds. It has been reported that DA in the medi@MP facilitates male sexual
behaviors (Hull et al., 1995; Dominguez and HUllp3; Bharati and Goodson, 2006).
Administration of the B DA agonist increases the sexual behavior in quails
(Balthazart et al., 1997). It is hypothesized tBs& neuronal groups within the
posterior hypothalamus, particularly from the nlaymplay a role in the onset of

puberty (Fraley and Kuenzel, 1993). It is possithlat DA neurons located in the
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PVN and ML might influence gonadal maturation (Kmel 2000). It has been
suggested that the rostral A11 DA neurons of thelahhypothalamus are involved
in courtship singing in songbirds such as zebrehis (Bharati and Goodson, 2006).
DA also involves in motor functions and the reglatof food and water intake in

birds (Rieke, 1980; 1981; Deviche, 1984; Ravazid Raschoalini, 1992).

2.4.5 The Regulation of Dopamine Secretion

DA neurons are originally implicated in the regidatof pituitary hormone
secretion based upon the results of early recepitoding and pharmacological
studies showing that DA receptors are located ipophysiotropic regions of the
hypothalamus and pituitary gland (Moore, 1987)mlammals, DA concentrations in
hypophysial portal blood are maintained at phygaally active levels (Ben-
Jonathan et al., 1977; Gibbs and Neill, 1978; Bamathan et al., 1980). The studies
have demonstrated the involvement of the pituitggeific transcription factor (Pit-
1, GHF-1) in the hormonal regulation of PRL tramstional activity including the
inhibitory response to DA (lverson et al., 1990sHglltz et al.,, 1991; Yan et al.,
1991). It is suggested that the inhibitory effectsDA on VIP-induced PRL gene
transcription may result from DA suppression of PifAl Kahtane et al., 2003). A
conserved consensus Pit-1-biding site has beenogedpin the avian and teleost
PRL/GH gene family (Ohkubo et al., 1998). Pit-1 ¢®Mas been cloned in the
turkeys (Wong et al., 1992a; Kurima et al., 1998) ahickens (Tanaka et al., 1991).

In mammals, DA is regulated by estrogen in thedtiyalamus, striatum, Ac,
and frontal cortex in mammals (Ben-Jonathan, 19&strogen enhances PRL

transporter and inhibits hypothalamic DA neurongN@ria et al., 2000). In female
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rats, estrogen modulation of striatal DA transneissinfluences performance on
procedural memorys (Daniel et al., 2006; Quinlaalgt2008). Results from a variety
of in vitro andin vivo experiments are consistent with the hypothesis ¢ésabgen
can protect DA neurons from death that induced bwréety of toxins (Disshon and
Dluzen, 1997; Miller et al., 1998; Honda et al.0@0 Numerous studies in animal
models also provide evidences that estrogen infleerbehaviors regulated by the
striatonigral and mesolimbic DA systems (Becker9%,92000; Diaz-Veliz et al.,
1999). Analyses of TH suggest that estrogen maylagg CA synthesis, but this is
not the primary mechanism of estrogen regulatiomdAf neurotransmission. In the
striatum, estrogen is reported to sharply incre@ge synthesis, possibly via the
regulation TH phosphorylation (Pasqualini et a@93). Increases in TH activity in
the Ac following estrogen treatment have also beported (Hernandez et al., 1991).
In deed, in many cases, estrogen facilitates Déasad within minutes (Ohtsuka et al.,
1989; Becker and Rudick, 1999).

It has been reported that estrogen modulates ypagisc responses to DA.
Chiodo and Caggiula (1983) suggest that estrogedutates the response of DA
neurons in the SN that mediated by somatodendr@iéd autoreceptors.
Administration of estrogen to ovariectomized raéxluces the number of SCN
neurons excited byn vitro DA application (Hsieh and Pan, 1990). Estrogen
pretreatment increases the firing rate of rat sthianeurons in response to
iontophoretcially applied DA (Arnauld et al., 1981)The studies utilized
iontophoretic application of DA and of receptor syle-selective agonists and
antagonists onto striatal neurons to determine hene, or D, receptor activity is

modulated by estrogen (Demotes-Mainard et al., 1¥$irogen has a net facilitatory
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effect on DA neurotransmission by attenuating. [Beceptor inhibition of
neurotransmitter release and reuptake by the DAsparter. Recently, it is suggested
that estrogen might also govern postsynaptic resgmio released DA, enhancing
excitatory (0 receptor-mediated), and reducing inhibitory, (2ceptor-mediated)
components of DA actions. Furthermore, estrogenlitition of PRL release may
also involve in the regulation of both hypothalami& neuronal activity and pituitary
responsiveness to released DA (Etgen et al., 2011).

In contrast to mammals, the studies of the regutatf DA synthesis and
secretion in avian species are limited. In the dapa quails, it is suggested that 12
hours temporal interaction of L-5-hydroxytryptophand L-DOPA administration
maintains reproductive system in stimulated cooditand prevents reproductive
regression in photorefractory birds, but does mev@nt the onset of scotosensitivity.
It is further concluded that the 12 hours tempoeédtionship of circadian 5-HTergic
and DAergic oscillations not only eliminates phefoactoriness, but may also
reestablish photosensitivity in relative photorefasty quails. These results suggest
the regulatory role of neuronal oscillations aneithtemporal interaction in the
regulation of neuroendocrine-gonadal axis with sgpeeference to photosensitivity
or photorefractoriness (Chaturvedi et al., 2006prédver transcription factors, Phox2
and dHAND, are directly interacted with transactivate the poten of the gene
encoding the NEergic biosynthetic enzyme, DBH, anablved in the biosynthesis,
transport, and secretion of NRychlik et al., 2005). To date, it is concludedtth
dynorphin, 5-HT, DA, and VIP all appear to stimelavian PRL secretion with the

VIPergic system as the final mediator (El Halawainal., 2001).
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2.5 Oxytocin/Mesotocin: Structure, Functions, and Rgulation of

Secretion

2.5.1 The Structure of Oxytocin/Mesotocin (OxytocirLike Peptide)

In all vertebrate species, neurohypophysial horra@re synthesized in specific
neuronal groups within the hypothalamus and retbdismn nerve terminals of the
posterior pituitary gland or into the hypophysiarial blood via the ME. The best
known neurohypophysial hormones are arginine vassom (AVP) and oxytocin
(OT) that are found in most mammalian species. &mesurohypophysial hormones
and other related peptides are referred to as #mopressin (VP)/OT family.
However, there are at least 14 additional neuroplggsial hormones that found in
non-mammalian vertebrates (Hoyle, 1998). Cyclosgymeéhe most primitive
vertebrates, possess a single neurohypophysialdm&rarginine vasotocin (AVT),
while other vertebrates possess two neurohypophlysianones; a VP-like hormone
and an OT-like hormone. In birds, the two neurolpfpsial hormones are AVT and
mesotocin  (MT). In addition, several peptides edatto the vertebrate
neurohypophysial hormones have been found in ielestes, suggesting that the
AVT gene in cyclostomes are evolved from an invadée neurohypophysial
hormone-like gene (Murphy et al., 1998).

OT is the first peptide hormone to have its streetdetermined and the first to
be chemically synthesized in biologically activenio(Du Vigneaud et al., 1953). It is
named after the “quick birth”, which it causes doeits uterotonic activity (Dale,
1906). The structure of OT gene is elucidated (lagld Richter, 1984), and the
sequence of OT receptor is reported (Kimura et1#92; Gimpl and Fahrenholz,

2001). OT is found to be the most abundant of 43tified transcripts (Gautvik et al.,
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1996). To date, OT exerts a wide spectrum of ckmaimd peripheral physiological
effects. The physiological actions of OT range friti@ modulation of neuroendocrine
reflexes to the establishment of complex social laodding behaviors related to the
reproduction and care of the offspring. Some O€&rBbalso project from the PVN to
the limbic system including the amygdala, BNST, b&in stem, and spinal cord,
indicating that OT participates in many physiol@jiand behavioral effects (Weindl
and Sofroniew, 1981; Raggenbass, 2001). OT playsmgortant role in several
mammalian reproductive behaviors such as sexuahvibais, induction of uterine
contraction, milk ejection, and maternal behaviffsung et al, 1997; Insel et al.,
2001; Young et al.,, 2001). Overall, the cyclic nampotide OT and its structurally
related peptides facilitate the reproduction invalltebrates at several aspects (Gimpl
and Fahrenholz, 2001).

The distributions of MT neurons are found in theas of SON, PVN, and
tuberomammillary area in the chickens, domestidardd, and Japanese quails. MT
fibers are found at both internal and external layfethe ME (Goossens et al., 1977,
Bons, 1980). MT is also observed in areas outdigehtypothalamus such as in the
cerebellum, LS, optic lobe, pons, and medulla ofpda (Robinzon et al., 1988). The
sequence homologies, sites of expression, andldigmesduction pathways suggest
close functional relationships with known mammalgnd sub-mammalian AVT and
OT receptors (Baeyens and Cornett, 2006).

All neurohypophysial hormones are nanopeptides vathdisulfide bridge
between cysteine residues 1 and 6. This resulispeptide constituted of a six-amino
acid cyclic part and a carboxy-terminal a-amidati®eee-residue tail. Based on the

amino acid at position 8, these peptides are ¢ledsinto VP/OT families; the VP
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family contains a basic amino acid (lysine, argimjmand the OT family contains a
neutral amino acid at this position (Figure 2.4pléucine in position 3 is essential for
stimulating OT receptors and lysine or arginine position 8 for acting on VP
receptors. The difference in the polarity of thes@no acids is believed to enable the
VP and OT peptides to interact with their specrBceptors (Barberis et al., 1998).
MT is the OT-like hormone that found in most tetnes vertebrates from lung fish to
marsupials, which includes all non-mammalian teddsp (amphibians, reptiles, and
birds). Only two South American marsupials expréss exclusively, whereas all
other marsupials have MT. In the Northern browndsasots (soodon macrourus;
Rouille et al., 1988) and the North American opossuidelphis virginiana,
Chauvet et al., 1985), OT is found together with .MBEken together, MT has the
largest distribution in vertebrates after vasotqdiim) is found in all non-mammalian
vertebrates and isotocin is identified in bony fiBespite this invariability, so far, the
physiological role(s) of these peptides have nanbascribed. It is still unknown
whether the marsupials that are endowed with botha®d MT have two distinct
receptors. The earthworrfjsenia foetida, is the most primitive species from which
an OT-related peptide, annetocin, has been iso(@anhi et al., 1994).

The OT receptor is a member of the rhodopsin-typlags 1), GPCR family.
The seven transmembrane a-helices are the mogdy luighserved among the GPCR
family members. Conserved amino acid residues artften@GPCRs (outlined in black
in Figure 2.5) may be involved in a common mechanfer activation and signal
transduction to the G protein. It is assumed thatswitching from the inactive to the
active conformation is associated with a changethe relative orientation of

transmembrane domains 3 and 6, which then unmagkst&in binding sites.
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1 2 3 4 5] (3] 7 8 ]

Oxytoein Cys Tyr lle Gln Asn Cys Pro Leu GIy(NH,) Placentals, some marsupials,
ratfish (Hydrolagus colliei)

Mesotocin * * * * * * * Ile * Marsupials, nonmammalian
tetrapods, lungfishes

Isotoein * - * Ser U . . e " Osteichthyes

Glumitoein * * * Ser * * * Gin * Skates (Chondrichthyes)

Valitocin * * * * * - = Val - Sharks (Chondrichthyes)

Aspargtocin * * * Asn * * * * * Sharks (Chondrichthyes)

Asvatocin * - * Asn * » . Val - Sharks (Chondrichthyes)

Phasvatocin * * Phe Asn * * = Val * Sharks (Chondrichthyes)

Cephalotocin . = Phe Arg * * = lle - Octopus vulgaris (Molluscs)

Annetocin . Phe Val Arg * " - Thr - Eisenia foefida (Annelids)

Vasotocin * = * * * * * Arg ~ Nonmammalian vertebrates,
cyclostomes

Vasopressin * = Phe - * * ® Arg - Mammals

Lysipressin . = Phe - * * . Lys * Pig, some marsupials

Phenypressin * Phe Phe - * * * Arg * Macropodids (Marsupials)

Loecupressin * Leu * Thr * * » Arg * Locusta migratoria
(Insects)

Arg-conopressin . lle * Arg . . . Arg " Conus geographicus
(Molluscs)

Lys-conopressin * Phe * Arg * - = Lys * Lymnaea stagnalis
(Mollusecs)

Figure 2.4 OT and its related peptides, asterisks indicatmaracid residues that are
identical to the corresponding residues in the @quence (Gimpl and Fahrenholz,

2001).
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OTR MEGALAANWSAEAANASAAPPGAEGNRTAGPPRRNEALARVEVAVLC 47
V2R MILMASTTSAVPGHPSLPSTLPSNSSQERPLDTRDPLLARAELATLS 45
VliaR MRLSAGPDA GPSGNSSPWWPLATGAGNTSREAEALGEGNGPPRDVRNEELAKLEIAVLA 59
V1bR MDSGPLWDANPTPRGTLSAPNATTPWLGRDEELAKVEIGVLA 42

R

OTR  LILLLALSG RTTRQKHSRLFFEM 106
V2R  IVFVAVALSHGLMYLAALARRGRRGHWAPIHVFIG CL- 106
VlaR VTFAVAVLGRISS "_-LALHRTPR KTSRMHLFI # 118
V1bR TVLVLATGGYLAYLLTLGQLGR KRSRMHLEVL 101

*ok ok kk  TM l *Ehkk*hkhkxk Fohkk ko hkhhokkok TM 2 %k ke ke ke

OTR CLATCQPLRSLR RRTDRLAVLATQLGC 164
V2R HRAICRPMLAYRHGSGAHWNRPVLVAH@FS 167
VliaR YIAVCHP LKTLQQPARRSRLMIAAAH LS 178
V1bR YLAVCHP LRSLQQPGOSTYLLIAAPRPLLA 161
& 3k g ok de ke ok ok TM j F g ok ok ok ok ok ke ke ke ek hkkkkhk ok ok ko dkdk ok kk
QTR WAVEIQPWGPKAYITWITLAVYIVIEVIVLATCYG 221
VZR NACFAEPWGRRTYVIWIALMVFVARTLGTAACQV 226
VlaR ATFIQPWGSRAYVIWMTGGIFVARVVILGTCYG 237
V1bR DFGFPHGPRAYLTWTTLAIFVLFVIMLTACYS 220
* % TM 4 e deok ko *hkkhkkhkkhk ™ 5 *hkkhkkhkh Ak
QTR LISFKIWONLRLKTAA AARAAEAPEGAAAGDGGRVALARVSSVKLISKAKIRTVK 275
V2R LIFREIHASLVPGP SERPGGRRRGRRTGSPGEGAHVSAAVAKTVR 271
VlaR FICYNIWCNVRGKTASRQSK GAEQAGVAFQKGFLLAPCVSSVKSISRAKIRTVK 291
V1bR LICHEICKNLKVKTQAWRVGGGGWRTWDRPSPSTLAATTRGLPSRVSSINTISRAKIRTVK 281
ook * ok ok kK

OTR MTFIIVLAFIV@YTIR3FFVOMWS VWDAN APKEASAFIIVMLLAS 333
V2R MTLVIVVVYVL & F1LVQLWAAWD PEAPLEGAPFVLLMLLAS] 329
VliaR MTFVIVTAYI CW*PFFIIQMWSVWDPMSVWTESENPTITITALLGS' 352
V1bR MTFVIVLAYIANAISY SVQMﬁSVﬂDKNAPDEDSTNVAFTISMELGN" 342
dhkhkhhkxkhkhkkhk ™ 6 e ook %k %ok EE R R S R A S TM 7 ok ko ok ok h
OTR GHLFHELVQRFLECSASYLKGRRLGETSASKKSNSSSFVLSHRSSSQRSCSQPSTA 389
V2R SSVSSELRSLL ARGRTPPSLGPQDESCTTASSSLAKDTSS 371

V1aR GHLLQODCVQSFPMCONMKEKFNKEDTDSMSRRQTFYSNNRSPTNSTGMWKDSPKSSKSIKE 413
V1bR SHLLPRPLRHL GGPQPRMRRRLSDGSLSSRHTTLLTRSSCPATLSLSLSLTLSGRPRP 403

VliaR IPVST 418
V1bR EESPRDLELADGEGTAETIIF 424

Figure 2.5 Primary sequence alignments of human OT rece@dR(, human VP2
receptor (V2R), human VP1la receptor (V1aR), and duiiP1lb receptor (V1bR).
The putative transmembrane helices 1-7 are uneerli@asterisks). The residues
conservative within the subfamily (~25% of the wdskquence) are outlined in gray,
while those conservative for the whole GPCR supeifaare outlined in black

(Gimpl and Fahrenholz, 2001).
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OT receptors are functionally coupled tog:@ Class guanosine-5'-
triphosphate binding proteins that stimulate togethwith 3y the activity of
phospholipase @- (PLCf) isoforms. This leads to the generation of indsito
trisphosphate () and 1,2-diacylglycerol (DAG). Pthen triggers Ca release from
intracellular stores, whereas DAG stimulates protenase C, which phosphorylates
unidentified target proteins. Finally, in resporisean increase of intracellular €a
levels, a variety of signal transducing eventsiaitiated. For example, the forming
C&*-calmodulin complexes trigger activation of neurdosrad endothelial isoforms of
nitric oxide (NO) synthase. NO in turn stimulaté® tsoluble guanylate cyclase to
produce cyclic guanosine monophosphate. In smootlscla cells, the C&
calmodulin system triggers the activation of mydgght-chain kinase activity, which
initiates smooth muscle contraction, e.g., in mywrakeor mammary myoepithelial
cells (Sanborn et al., 1998). In neurosecretor{sceising intracellular CH levels
control cellular excitability, modulate their fign patterns, and lead to
neurotransmitter release. Furthermore,”’’Cpromotes processes include gene
transcription and protein synthesis.

The alignments of the three cloned avian neurohlgpsial hormone receptors
and the common features sharing with other recspiorthe neurohypophysial
hormone receptor subfamily and GPCR superfamilyshoevn in Figure 2.6T he first
cloned avian neurohypophysial hormone receptorVihie receptor inGullas gullas,
encodes a putative 370 amino acid protein (Tanl.e@00). Radioligand binding
experiments reveal a binding specificity with tleldwing order of potency AVE
AVP > OT = MT > isotocin. The cloned receptor, expressinGdS7 cells, mediates

AVT-induced phosphatidylinositol turnover and’Gaobilization. The VT1 receptor
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is expressed in the shell gland and brain. Howefterexpression of the VT1 receptor
in the shell gland is confined to the endometrigonggesting that any role(s) it may
play in the induction of uterine contraction woulte limited to a paracrine
mechanism, possibly working through the releaspro$taglandins (Wheatley et al.,
1997). The expression of the VT1 receptor in th@rbsuggests a possible role in
influencing sexual, maternal or social behavioise §enes encoding the three cloned
avian neurohypophysial hormone receptors consigivof exons interrupted by an
intron of variable length. In the case of the VEteptor, the intron consists of 1073
base pairs (bp; Baeyens and Cornett, 2006).

The second cloned VT receptor subtype, the VT2ptecealso from chicken,
has an open reading frame consisting of 425 amoas {Cornett et al., 2003). The
two exons are interrupted by a 708 bp intron. Taceptor, when expressed in COS7
cells, results in AVT stimulated phosphatidylinositurnover and intracellular €&
mobilization. Northern blot analysis shows that YAE2 receptor is also expressed in
the pituitary gland. The expression of VT2 recephathe peripheral tissues could not
be confirmed neither by Northern blot analysis everse transcription polymerase
chain reaction (RT-PCR). IHC study of the antermtuitary gland reveals the
greatest expression of VT2 receptor on corticotsopith more limited expression on
lactotrophs (Jurkevich et al., 2005). Phylogenetimparison of the VT2 amino acid
sequence with those of other AVP/OT receptor famigmbers shows that the VT2
receptor is most closely related to the mammalidb-VP receptor subtype (Figure
2.7). As discussed above, the V1b-VP receptorimanly expressed on corticotrophs
of the anterior pituitary gland and mediates tHeafof AVP on adrenocorticotropic

hormone (ACTH) release, thus playing a key rol¢him mammalian stress response.
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Primary cultures of chicken pituitary cells wheraltbnged with AVT also stimulate
ACTH secretion. In addition, injection of AVT intahe chickens results in
corticosterone secretion from the adrenal cortéwisT the VT2 receptor and the V1b-
VP receptor appear to play similar role in actingtithe hypothalamic-pituitary-
adrenal axis in response to stress (Baeyens ante(f,a2006).

The most recently cloned avian neurohypophysialmoore receptor is a
putative 391 amino acid polypeptide (Gubrij et 2D05). The exons of the gene are
separated by a 1873 bp intron. The receptor appgedre an OT-like because of its
high homology to cloned mammalian OT receptors (f@g2.7), and because it is
expressed in the myometrium of the chicken sheangl It is believed that the
receptor may be important in mediating the myoraktgontractions that are
characteristics of oviposition (Gubrij et al.,, 2009 he evidences supporting this
claim come from both RT-PCR ana situ hybridization (ISH) analyses, which
clearly show that the receptor is expressed in boghmetrium and endometrium of
the shell gland. Other studies have shown thanthemetrium responds vigorously
to AVT even after the endometrium has been striggvealy, suggesting a direct effect

of AVT on the myometrium (Olson and Hertelendy, 398aito and Koike, 1992).
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™1
vt2 MEPGWSWNS~- THSSQTTHST ELQSSQPPAG TPNRTLLQGR DEQLARAEVG VLAAILLVAT
OT-Like MEKLYLAGSG LWANGSLGNG SLQPEDRAAA RNGTADPLKR NEDMAKVEVT VLCLILFLAL
vtl ---MKNFSFP MQDSTHQTES PPHRLLSLTN KSDPVGRPER DEQLAQVEIA VLGVIFLTAS
™2
vt2 TGNLAVLLAV CRRGRKLSRM HLFVLHLALS DLGVALHQVL POMLWEVTYR FAGPDLICRA
OT-Like SGNLCVLLAI HTTRQKHSRM YFFMKHLSIA DLVVAVHQVL PILIWDITFR FY[GPOFLCRL
vtl VGNFILILVL WRRRKKLSRM YVFMLHLSIA DLVVAFHOVL POLIWDITDV FIGPDFLCRI
T™3 T™M4
vt2 VKYLQVLSMF ASTYMLMAMT LDRYVAVCHP LRTLRRPGRQ PCAMVGAAWL LSCLLSTPQI
OT-Like IKYLQVVGMF ASTYMLLLMS LDRCLAICQP LRSLHR--RA DRVSVLLTWL LCLLVSIPQI
vtl IKYLOLLGMF ASTYMIVVMT VDRYQAVCYF MVTFQKKRAL WNIPICTSWS ISLILSLPQV
T™M5
vt2 FIFSLREVQP GSGVUDCWAD FGYPWGARAY ITWTTLCIFL LPVGILTACY SLICREICKN
OT-Like HIFSLRDVG- -NGVYDCWAD FIQPWGPKAY VTWITLMVYI IPVLMLSVCY GLISFKTWQN
vtl FIFSKIEIS- -PGIFECWAE FIQPWGPRAY VTWILVVIFF IPSTILITCQ VKICKIIKRN
Vt2 LKGKTQSCTP VAGGLLAASP SAPCCSQKGS QCPSGQPSRV SSVRTISRAK IRTVKMTFVI
OT-Like VKLKTAHGPP GG-------= ——=—=- QSST ARGGAAFARV SSTRLISKAK IRTVKMTFII
vtl IYVKKQNE== ==—=--cmmem —m—mee YQVT NQKQVLPSRA SSVNCISKAM IKTVKMTIVT
T™M6 ™7

vt2 VVAYVACWAP FFSMOMWSVW DEDAPDDESA DAAFTITMLL ASLSSCCNPC IYMFFSGRPL
OT-Like VLAFIVCWTP FFFVOMWSVW DTNAPQEASP ---FIIAMLL ASLNSCCNPW IYMLYTGHLF
vtl VWAYVLCWSP FFIAQLWSVW FPSGITEGSA ---FTIIMLL GNLNSCTNPW IYMYFCGHIP
vt2 QDTARCLALW GCPPSAPRRQ GSAGSLCSRR TTILSHGLSA GIPLHRGSGT DLSPPEEEAV
OT-Like HDLMRRFLCC SARYLKAR-- ---- PACELS VGRKSHSSSF VLSCRSSSQR SLAQPPAT--
vtl YCTNKQLENT SAQ------= =———-—-ee—o EDSVVTGSIH LVDRDPEENS TCA-------
vt2 TESGTL

OT-Like ------

Vtl -

Figure 2.6 Sequence alignments of cloned avian neurohypoahysormone
receptors. The putative transmembrane helices IT€& underlined. Potential
glycosylation sites in the amino terminus are meblThe amino acid residues that are
conserved within the three receptors are in gré@ée. sequences conserved in the
GPCR superfamily are in orange. Common sequencéimxtracellular loops two
and three and part of the extracellular surfac&afsmembrane 2, which are highly
conserved among other neurohypophysial hormonetacseand may be involved in

ligand binding are boxed (Baeyens and Cornett, 2006
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10ii Monkey OTR (82440)
3 Human OTR {X64878)
PU . Pip OTR (X71796)
o Sheep OTR (XBT986)
Rat OTR (U15280)
47 | b————"Chicken oxytocin-like R (AY&33434)
Bullfrog MesoR (AAD22Z365)
e 100 —l: Treefrog MesoR (BAC23056)
100 Toad MesoR (X93313)
Sucker IsoR (XBT783)
R (K Flounder VasR (AF184966)
9 —:(?ichiid VasR (AF517936)
Sucker VasR (XT76321)
100 Bullfrog VasR (AAD22364)
- . ii: Human V1aR (U19906)
—1 h Sheep ¥V 1uR (L41502)
Ral VIaR (Z.116H)
99 [ane ViaR (AAD20955)
00 Lygle ViaR (AAD19845)
b Chicken VT2R (AY0085272)
———————  Human VIbR (L37112)
100 Rat VbR (D454H)

[T Mouse VIhR (AFDUSE6T)
— Chicken VTIR (AF147743)

46

106

100

fﬂ_{ Snail CPR (U40491)
65 Rat VIR (Z11932)
% Human V2R (L22206)
100 Fig VIR (XT1795}
ki Dog VIR (Y18136)
Sty Cow V2R (X83741)

Snail CPRI1 (U27464)
Cclopus R (ABOYI94S5)

Leech R (AYS60590)

50
Figure 2.7 Phylogenetic relationships of AVP/OT receptor fgnmembers based on
amino acid sequences. Numbers at branch pointdesineed from bootstrap analysis
(1000 repetitions) and represent confidence lifatsthe positions of the branches.
The proportion of differencesp{distance) is represented by the horizontal bar.
Accession numbers are in parenthesis. The abbi@waused are OTR, oxytocin
receptor; MesoR, mesotocin receptor; R, VipR, V2R, vasopressin receptors;
VT1R, VT2R, vasotocin receptors; CPR, conopresseeptor; ISOR, isotocin

receptor. The avian receptors described are in {Badyens and Cornett, 2006).
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2.5.2 The Physiological Functions of Oxytocin in M@amals

It is well established that OT and AVP have plagatle mainly in parturition
and lactation in mammals (de Wied et al., 1993; mMi@on, 2007) that regulate a
variety of important physiological functions. OTIfflls a large number of different
physiological functions as both a circulating hormaoand a neurotransmitter or
neuromodulator. OT is initially discovered basedmpts peripheral effects. The
accidental discovery of the uterus-contractingaffef pituitary extract dates back to
the beginning of the twentieth century (Dale, 1908jer that, Ott and Scott (1909)
discover the milk-ejecting effects of pituitary eadts. Du Vigneaud (1953)
establishes the structure of the active compoundgituitary extracts by isolating,
sequencing, and synthesizing the nanopeptide, dThenstructurally related peptide,
VP. In fact, OT and VP are the first peptides todaguenced and subsequently
synthesized. Both AVP and OT have central effectssexual, maternal and social
behaviors as well as on memory and learning (Kevamd Curley, 2004; Lee et al.,
2009).

OT’s involvement in social memory has been eviddniog the finding that
mice with a null mutation of the OT gene exhibitofmund deficits in social
processing and social recognition (Ferguson e2@D0). In female prairie voles, OT
appears to be especially important in the procégmio-bonding with males. Prairie
voles are a monogamous species that show highslevedocial behaviors including
the formation of strong pair bonds with mates. @flision into the cerebral ventricles
accelerates pair-bonding in the female prairie /obghile infusion of an OT receptor
antagonist prevents pair-bond formation (Williantsak, 1994; Young and Wang,

2004). Plenty of evidences has been collected atitig the roles of OT that plays a
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role in the mediation of a wide spectrum of CNSchions including the onset of
maternal behaviors (Kendrick, 2000), specific nmtitbehaviors and sexual
responsiveness (Argiolas and Gessa, 1991), modulati olfactory sensory input,
modulation of memory functions, aggression, anx{dfgCarthy et al., 1996), adult
pair-bond formation (Young and Wang, 2004), attaehimbehavior, and social
recognition (Insel and Young, 2001; Ferguson ¢t28l02). Recent studies in humans
have also suggested that central OT modulates|smmgaition including increasing
interpersonal trust, eye gaze, face recognitiod,tha ability to infer the emotions of
others based on facial cues (Kosfeld et al., 20@Bnes et al., 2007, Donaldson and
Young, 2008, Guastella et al., 2008, Savaskan .et2808). Moreover, OT also
modulates social behaviors such as social memairgppnding, sexual behavior, and
parental behaviors when released as a neuropejptittee CNS (McCarthy et al.,
1992; Pedersen et al., 1992; Insel et al., 199¢giotas, 1999; Bales et al., 2004;
Winslow and Insel, 2004; Lim and Young, 2006). Rblgical and autonomic
functions, food intake, stress response, and hatatare also influenced by neuronal
OT (de Wied et al., 1993; Verbalis et al., 1995uMann, 2002; Petersson, 2002).
However, unlike VPergic innervation of the forela®T pathways generally do not

exhibit consistent sex differences (Buijs, 1978;iyat al., 1996).

2.5.3 The Physiological Functions of Mesotocin inigls

AVT and MT, the avian neurohypophysial hormones, @nong 16 naturally
occurring neuropeptides found in vertebrates (Mzlngt al., 1960; Acher et al.,
1970; 1997) and reported to be synthesized by meunb the anterior hypothalamus

(Acher et al., 1970), specifically magnocellulaurans of the SON and PVN. AVT
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and MT are important physiological regulators o timterior pituitary gland. It has
been demonstrated that AVP and OT are involvediiact control of hormonal
secretion from pituitary cells botim vivo andin vitro (Childs, 1992; Franci et al.,
1993; Kjaer, 1993). Anatomical and physiologicatadauggest that AVT and, to a
lesser extent, MT may play similar hypophysiotrofuactions in non-mammalian
vertebrates (Mikami and Yamada, 1984; Tennyson.etl885; Tonon et al., 1986;
Castro et al., 1988; Moons et al., 1988; Robinzbale 1988; Romero et al., 1998;
Romero and Wingfield, 2001; Jurkevich et al., 2008)birds, water deprivation is a
potent osmotic stress and has significant effectstie hypothalamic machinery
regulating body homeostasis. In the chickens, pda®tT level increases during
water deprivation, which provides a good correlatoetween plasma level of AVT
and osmolality (Koike et al., 1977; 1979; Arad aklhdhauge, 1984; Arad et al.,
1985; Stallone and Braun, 1986). Results from |8klies indicate that neurons of
the PVN are more sensitive than those of the SOMstootic stimulation caused
either by water deprivation (Chaturvedi et al., 406r injection of hypertonic saline
(Jaccoby et al., 1997), and saline drink (Chatureedl., 1997). Furthermore, there is
a gender-related difference in osmotic control dTArelease and hypothalamic AVT
gene expression in adult Japanese quails (Chaiwetat, 2000).

Oviposition is the expulsion of an egg and requicestraction of the
myometrium of the shell gland and simultaneousxagian of abdominal muscles and
the sphincter between the shell gland and vagineeyBns and Cornett, 2006).
Several lines of evidence, using the domestic @ncks the models, demonstrate that
AVT, and not MT, is a key regulator of oviposition birds (Jurkevich and

Grossmann, 2003). This finding is somewhat sumpgisince structurally MT is most
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like OT, the neurohypophysial hormone in mammalst tistimulates uterine
contractility during parturition (Fuchs et al., 98 andgraf et al., 1983). Numerous
studies have demonstrated that plasma levels of Asiently increase during
oviposition in birds (Arad and Skadhauge, 1984; Wew et al., 1984; Tanaka et al.,
1984; Rice et al., 1985; Shimada et al., 1986)tHeumore, the increase in plasma
AVT levels observed at the time of oviposition leen correlated with increases in
uterine contractility (Shimada et al., 1986). Indle&VT, but not MT, has been
shown to stimulate contraction of shell gland stripvitro (Koike et al., 1988).

In all non-mammalian vertebrate species that haenstudied to date, AVT-
containing magnocellular and parvocellular neurans found in the POA/anterior
hypothalamus in cell groups known as the SON antl PMoore and Lowry, 1998).
In birds, using IHC and ISH methodologies, AVT-aining neurons have been
observed in a number of extra-hypothalamic bragiores (Panzica, 1985; Panzica et
al., 1988; Aste et al., 1996) including the latet@ncephalic region and BNST. The
distribution of AVT in avian species is generallgnegparable to the distribution of
AVP in mammalian species (Sanchez et al., 1991)is Téxtra-hypothalamic
distribution of AVT in birds suggests that in adilit to its peripheral effects, AVT
may influence behaviors as well. Indeed, AVT adsthnation has been shown to
modulate a number of behaviors including vocal@atiManey et al.,, 1997b;
Goodson et al., 1999), sexual behaviors (Kihlsteoxd Danninge, 1972; Castagna et
al.,, 1998), and aggression (Goodson, 1998; Goodsuh Adkins-Regan, 1999).
Utilizing radioligand binding studies have estalid MT-like binding sites in the
kidney of the hens, suggesting that MT may functierregulating urine volume

(Takahashi et al., 1995; 1996; 1997). However, faniiee MT receptor has not yet
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been identified in any avian tissues exceptingcm@nges in the binding affinity and
capacity of MT receptor of the uterus, which mayrékated to oviposition in hens
(Takahashi and Kawashima, 2008). Plasma MT leveds carrelated with renal
perfusion during hemorrhaging, suggesting that Mayrhe involved in renal blood
flow regulation in the domestic fowls (Bottje et.,all989). However, water
deprivation that cause dehydration does not afidgsma MT levels in the white
leghorn cockerels (Robinzon et al., 1990). In aavedral study, MT fails to facilitate
aggression or partner preference following ICV austration in zebra finches
(Goodson et al., 2004).

Duplication of the VT gene in early jawed vertebgtgive rise to two
nanopeptides, which include the mammalian peptideg? and OT. Most non-
mammalian vertebrates express VT and an OT-likéigeguch as isotocin that found
in ray-finned fish, or MT, which is ubiquitously psessed in non-mammalian
tetrapods (Acher, 1972; Hoyle, 1999). All jawed tebrates express their two
nanopeptides in both magnocellular and parvocellmn@urons of the POA and
hypothalamus, which in amniotes are located pripasithin the SON and PVN
(Moore and Lowry, 1998; Goodson, 2008). The parllolee neurons of the PVN
give rise to widespread projections in the rat or@e Vries and Buijs, 1983), and
this is almost certainly the same in other vertsalesions of the PVN in rats
virtually eliminate VP projections to the caudahimstem, but not other areas, and
eliminate OT projections throughout the brain (Dee¥ and Buijs, 1983). Thus,
given the strong similarities of MT and OT systemss likely the case that extra-
hypothalamic MT projections in birds are exclusywelr almost exclusively derived

from the PVN (Goodson and Kingsbury, 2011). Thstfavidence reported the role of
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MT in avian brooding behavior has only been ingeged in the turkeys. The
numbers of MT-ir neurons in the PVN and the nuclsupraopticus, pars ventralis
(SOv) increase in incubating hens when comparel laiting hens. In addition, the
induction of c-fos mMRNA in the MT-ir neurons withthese areas in the incubating
hens stimulated with poults, and preventing poutioding from taking place by
blocking MT receptors suggest that MT is essemtidhe onset of maternal activities

in the turkeys (Thayananuphat et al., 2011).

2.5.4 The Regulation of Oxytocin/Mesotocin Secretio

The PVN also contains parvocellular OT neurons pinafect to the hindbrain,
brainstem, and spinal cord, where OT regulatesnamaic functions (Sofroniew,
1980). Additionally, parvocellular OT neurons aourd in the POA and the LHy,
whereas accessory magnocellular OT neurons aredfagattered across the
hypothalamus. Inn vivo studies, hypothalamic OT gene expression is sétadl
during pregnancy and lactation (Van Tol et al.,&98nd in response to dehydration
(Burbach et al., 1986). OT-ir fibers can be fouhtbtighout the brain including the
Ac, LS, amygdala, and several structures in thelimain, brainstem, and spinal cord
(Sofroniew, 1980; Castel and Morris, 1988). Witk #xception of the hindbrain and
spinal cord projections, which arise from parvadelt neurons in the PVN, the
source of other central OT-containing fibers has Imeen documented. However,
lesion the PVN results in a marked reduction in i©flbers throughout the brain (De
Vries and Buijs, 1983). Little is known about tlegyulation of the release of OT from
these forebrain projections, but they presumablntrdaute significantly to the

regulation of behaviors. Gonadal steroids play rpartant role in mediating the
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regulation of OTR expression. Most peripheral Ondong sites are up-regulated by
estrogens including the pituitary, renal, and ume®TRs (Fuchs et al., 1983; Soloff
et al., 1983; Maggi et al., 1992). The up-regulai® accompanied by an increase in
OTR mRNA accumulation, suggesting that the up-r&guh is consequence of a
genomic estrogen effect on OTR gene transcriptiBneton et al., 1995; Larcher et
al., 1995).

It is very well established that gonadal steromiduding estrogen influence the
hypothalamo-neurohypophysial OT system at a vaoétievels. Moreover, OT acts
centrally to regulate a variety of steroid-regulbbehaviors; male and female sexual
behaviors, parental behaviors, and affiliation (Md8y et al., 1996; Etgen, 2003;
Handa et al., 2012). The promoter of the OT gemgatos a consensus sequence for
an estrogen response element (Richard and Zind¥))18uggesting that estrogen
could stimulate OT-gene transcription. A more cstgsit view emerges for estrogen
regulation of postsynaptic responses to OT in tyy@othalamus. Estrogen increases
OT receptor binding measured by a variety of metshod the female rat
hypothalamus, especially the ventromedial nucl@isbinding sites also increase in
response to estrogen treatment in the olfactorgrttkd, Ac, OVLT, islands of Calleja,
and central amygdala (Schumacher et al., 1993;agEm and McEwen, 1995).
Maximal levels of OT-receptor binding are obserwedjonadally intact female rats
during the period of behavioral estrus (Insel, )99Phere are evidences that
individual hypothalamic neurons express both esinognd OT receptors (Devidze et
al., 2005). Thus, estrogen may increase OT receajansity by regulating OT gene
transcription. Whether estrogens are physiologiegulators of OT biosynthesis in

the CNS also remains to be determined, eventhougteems likely at present.
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However, the nature and functional consequenceprafesterone modulation of
estrogen-induced OT receptors remain to be furtheridated, especially in view of
progesterone’s failure to modulate hypothalamicroeal responses to OT in brain
slices from estrogen-treated female rats (Kow .etl891).

Recently, several observations have suggested tiat GnRH agonist,
triptorelin, stimulates both OT and AVP release nfrasolated hypothalamo-
neurohypophysial system at concentrations of-10° M. The strongest effect is
displayed by triptorelin at a concentration of 1M. Under the conditions of
depolarization, K stimulation, triptorelin affects neither OT nor RVsecretionin
vitro. ICV infusion of triptorelin at a concentration d8’ M significantly stimulates
both OT and AVP secretion into the circulation ghrak and Roszczyk, 2012).
Moreover, CD38, a transmembrane protein with adeeosliphosphate-ribosyl
cyclase activity, plays a critical role in mouseiabbehavior by regulating the release
of OT, which is essential for mutual recognitioriere is a rationale for investigating
single nucleotide polymorphisms (SNPs) in the hu@&38 gene in autism spectrum
disorders (ASD) subjects. These results suggestSN&s in CD38 may be possible
risk factors for ASD by abrogating OT function atidit some ASD subjects can be
treated with OT in preliminary clinical trials (Haghida et al., 2012).

To date, there are limited data available to elateidhe the regulation of MT
secretion in avian species. The first evidence ntegdothe role of MT in avian
brooding behavior shows that is possible that PRL and the state of
hyperprolactinemia may also be of importance in ith@eased number of MT-ir
neurons in the PVN and SOv observed in late incabain the turkey hens

(Thayananuphat et al., 2011).
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2.6 Maternal Behaviors in Mammals and Its Neuroendorine

Regulation

For successful reproduction, not only sexual aistivé important, but also
successful care of the young. Maternal behavigrusial to the survival of fertilized
eggs or offspring. The offspring need one or badhepts to provide food, heat, or
protection from any harm. This behavior must beqrered immediately after birth
or hatching of offspring (Nelson, 2000). Maternahhavior in mammals is composed
of nest building, pup retrieval, crouching, exptova and sniffing of pups, licking
and grooming, and placentophagia (Leckman and Herrd@02). The onset of
maternal responsivity is a prerequisite for all hestyoung interaction. It brings the
mother in contact with her young exposing her tonajue constellation of tactile,
visual, auditory, and olfactory stimuli as well assuckling-induced change in
hormonal state (Numan and Woodside, 2010). Takgather, these promote other
changes in behaviors.

Numerous neurohormones are well known to be inwblmematernal behaviors
in mammals. The important ovarian hormones for prgmmaternal behaviors are
estrogen and progesterone (Pi and Grattan, 199&téim et al., 2000). Due to there
iS no restriction to the passage of steroid horradmam the vascular to the cerebral
compartment, high-affinity binding neurons for tadsormones will be activated in
all parts of the brain simultaneously (Kendrick afelverne, 1991). The pattern of
secretion of steroid hormones during pregnancgnsarkably similar among all non-
primate mammals and is characterized by high lew#lsprogesterone in the
postimplantation period, which decreases prior &otysition with a concomitant

increase in estrogen. This prolonged priming of brain by exposure to high
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progesterone and low estrogen is important foistigpression of sexual behaviors in
mammals, and for genomic activation promoting tlyatisesis of hypothalamic
peptides such as OT, corticotropin releasing hoenoRARL, andf-endorphin
(Kendrick and Keverne, 1992; Broad et al., 1995prébver, levels of estrogen
receptore. and estrogen recept@rmRNA are higher in the rats exhibiting persistent
licking and grooming of pups over the first weekpafstpartum (Champagne et al.,
2003). The steroid hormones of pregnancy are iategrthe induction of maternal
responding, but they do not exclusively code farsth events. They also influence
sexual behaviors, feeding behaviors, and exployab@haviors, and thus have the
recruiting capacity for a wide range of neural eys$ (Kendrick and Keverne, 1992).

It is very well established that OT is the crucredurohormone regulating
maternal behaviors in mammals. The number andd$ig¥l neurons are found to be
greater in the SON, PVN, and LHy on day 1 postparthan those of on day 29 of
pregnancy or during estrus in the rabbits (Cabal.etl996). OT receptor density is
greater in the BNST, LS, and POA in the rats thapldy rapid maternal behaviors
than those of in the slower responders (Francial.et2000). ICV injection of OT
induces the onset of maternal behaviors (Peded®9¥). ICV injection of an OT
antagonist or lesioning in the PVN area delaysahget of maternal behaviors, but
they do not affect any aspects of this behaviagrageveral days of postpartum (van
Leengoed et al.,, 1987; Insel and Harbaugh, 198Bgsd@ results indicate that OT
plays an important role in the onset of maternakibveors.

In additional to regulating the peripheral physmimnecessary for parturition

and lactation, OT plays an important role in iritig maternal nurturing behaviors.

ICV infusions of OT stimulate a rapid onset of fallaternal behaviors in estrogen-
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primed female rats (Pedersen and Prange, 1979rdeedet al., 1982). OT infusions
only facilitate a rapid onset of maternal behaviorgirgin females, when tested in a
novel cage (Fahrbach et al., 1986) or are rendanegdmotic (Wamboldt and Insel,
1987). However, there is a convergence of eviddnm@ many studies that OT

neurotransmission is indeed involved in regulating onset of maternal behaviors.
The rapid onset of maternal behaviors is delayedeldycing OT neurotransmission
either by injecting an OTR antagonist (van Leengeedl., 1987), infusing an anti-

OT antibody (Pedersen et al., 1985), or lesionimegRVN of the hypothalamus (Insel
and Harbaugh, 1989). OT also has a role in thesitian from pup avoidance to

maternal behaviors, but OT is less necessary fmthintenance or performance of
maternal behaviors.

OT appears to be modulating maternal behaviorsugiraactions in at least
three brain regions; the MPOA, VTA, and olfactorylth Infusions of OTR
antagonist into the MPOA and VTA prevent parturidats from retrieving pups or
from assuming a nursing posture over pups (Pedatah, 1994). OT receptors in
both areas are increased at the time of parturigon the levels of OT receptor
MRNA are elevated in the MPOA during pregnancy @peseh et al., 1994; Young et
al., 1997; Meddle et al., 2007).

Several studies in rodents mentioned above sugthedt OT regulates
maternal motivation. However, fascinating studiessheep suggest that OT also
plays a role in the establishment of the motheanhfbond, a form of social
attachment. Unlike rodents, ewes develop highlgdile maternal behaviors only
toward their own lamps. Central infusions of OT und short latency maternal

responses to foreign lamps in estrogen-primed €kesdrick et al., 1987). Maternal
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behaviors in sheep develop at the onset of padardr can be stimulated artificially

with vaginocervical stimulation. In either casee tbnset of maternal behaviors is
associated with an increase in OT release in skbeasn structures including the

olfactory bulb, MPOA, and PVN (Kendrick et al., 3981992; da Costa et al., 1996;
Arrati et al.,, 2006). Administration of OT directinto the PVN by retrodialysis

appears to be as potent for inducing maternal Ingnds vaginocervical stimulation

(da Costa et al., 1996). These results suggesOhatelease within the PVN during

parturition, may, via positive feedback, coordintite release of OT in several other
central sites, facilitating the onset of materrethdviors and induction of the selective
bond with the lamp.

It is well documented that PRL participates in podion of maternal
behaviors (Donner et al., 2007), and steroid hoewsoare required for PRL-
stimulated maternal behaviors (Bridges et al., J9P&L plays an important role in
the initiation and maintenance of lactation, retegahe production and composition
of milk, and participates in maternal behavior dagan (Bridges and Ronsheim,
1990; Numan and Woodside, 201Meurotransmitters are also implicated in
development of the nervous system (Mattson, 1988pn and Kater, 1989) and of
brain sex differences and maternal behaviors (Plessa et al., 1994). Previous
reports demonstrate that gamma-aminobutyric acAB/& participates via GABAA
receptors in the development of sex differencabanrat brain (Segovia et al., 1996).
Neonatal administration of the GABAA agonist, dipam (DZ), to the male rats and
the GABAA antagonist, picrotoxin (PTX), to the felmaats alter sex differences in
adult parental behaviors and in the number of aarglfactory bulb mitral cells in

adulthood (Segovia et al.,, 1996). 3a,5a-reducedostroids regulate GABAA
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receptor in a similar way to DZ, therefore it isasenable to speculate that these
neurosteroids regulate maternal behaviors in alainway to benzodiazepines
(Mellon et al., 2001). 3a,5a-reduced neurosteraads synthesized from both
progesterone and deoxycorticosterone by the stageitlc enzymes 5a-reductase (5a-
R) and 3a-hydroxysteroid dehydrogenase with thenéorbeing the rate-limiting
enzyme othe reaction. 5a-R enzyme is expressed as twonsezysa-R1 and 5a-R2,
which are both present in different brain regiamduding prefrontal cortex (Sanchez
et al., 2005Torres and Ortega, 2006), and may be implicateshaternal behaviors
of the rat.

The MPOA contains estrogen receptor (Shughrue.etl@97), progesterone
receptor (PR; Numan et al., 1999), PRLR (Bakowshkd Klorrell, 1997), and OT
receptor (Champagne et al., 2004). Estrogen, PRd,RLs have all been shown to
stimulate the onset of maternal behaviors when omgcted into the MPOA
(Bridges et al., 1990; 2001). OT has also been sitovact on the MPOA to stimulate
maternal behaviors (Pedersen et al., 1994). More®&telzenberg and Numan (2011)
propose that steroids might interact with DA withthe MPOA to promote
reproductive behaviors. Hull and colleagues haesgmted the best evidence for this
idea in the context of male sexual behaviors (Bitmad Hull, 1987; Hull et al., 1999;
Hull and Dominguez, 2006). In support of the ideattestrogen-DA interactions
within the MPOA might also promote maternal behasjidhere are data indicating
that in the absence of estradiol benzoate (EBjrtreat, administration of the DA
receptor agonist directly into the MPOA can promate immediate onset of full
maternal behaviors in the hysterectomy and ovamnegtrats on day 15 (Stolzenberg

et al., 2007). Because of the facilitatory effecE8 action on the MPOA is replicated



80

by D, DA receptor stimulation of the MPOA, a simple mmeetation is that DDA
receptor stimulation of the MPOA substitutes fotr@gen action at the estrogen-

receptor to facilitate the onset of maternal beti@v{Stolzenberg and Numan, 2011).

2.7 Maternal Behaviors in Birds

Maternal behaviors are displayed by most mothees gfarturition and serve
the immediate provision of care and defense foir theung (Brunton and Russell,
2008). In fact, the life maintenance of each spesedepended upon the presence of
precise maternal care in the period that the dkittependent on the mother (Swain et
al., 2007). The patterns of maternal care in mammmahsist of internal incubation of
eggs during gestation, delivery of the young atyséion, and maternal care until
weaning (Rosenblatt, 2003). The mechanisms unaegrlyhe regulation of these
behaviors may be derived from the processes invgliri gestation, parturition, or the
regulation of lactation including changes in cietilg levels of progesterone,
estrogen, OT, and PRL (Numan, 1994; Ziegler, 20R@&senblatt, 2002), and these
hormonal activities increase in the POA, the ahed involved in maternal behaviors
(Featherstone et al., 2000). In addition, the drpee that new mothers gain during
interacting with their newborn young has long teramsequences, and stimuli from
the young also promote maternal responsivenessaailifate the maternal behaviors
(Fleming and Sarker, 1990).

Maternal care in birds is included incubation aneoding or rearing
behaviors. Incubation refers to the maternal cérenbatched eggs and brooding is

the maternal care of chicks after hatching (El Malai et al., 1988a; Nelson, 2000).
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Incubation behavior is qualified by sitting contatly on their eggs until hatching,
while brooding or rearing behavior is directed e tcare of newly hatched chicks
(Richard-Yris et al.,, 1983; El Halawani et al., 888 Ruscio and Adkins-Regan,
2004; Sharp, 2009). In general, the hens develdpme behaviors gradually in four
stages; brooding, titbitting, clucking, and nornbabody behavior (Ramsay, 1953).
These incidences concur with a pause in layingasmnificant long term fall in the
plasma levels of ovarian steroids (Richard-Yrialgt1983; 1988). Brooding behavior
consists of sheltering chicks under the wings, ilgathe chicks to food or away from
danger, and calling to the young in some specias(€t al., 1978). Birds that express
brooding behavior allow the chicks to access amdare underneath their wings,
whereas birds that do not exhibit brooding behaawmvided the chicks (Ruscio and

Adkins-Regan, 2004).

2.7.1 Incubation Behavior and Its Neuroendocrine Rgulation

The physiology and behavior associated with indobabehavior are the
complex ones. These physiological changes incllelated circulating PRL levels,
reduced circulating gonadotropins levels, redugesiiating gonaldal steroids levels,
ovarian regression, cessation of laying, and altereurotransmitter activities in the
brain. The behavioral patterns that associated wittubation behavior include
nesting activity, nest protection activity, and emaa (El Halawani et al., 1988a). The
initiation of incubation behavior is related to tweg frequency and egg laying.
Nesting frequency increases in conjunction with deselopment of an increase in
PRL levels until the first day of incubation. Whéme hens stop laying, nesting

activity progressively extends to occupy the nesstnof the day and has transformed
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to complete incubation behavior (Lea et al., 19&I)ring incubation behavior, the
hens sit on their clutches, persistently turn teggs, rearrange the eggs to guarantee
that they are well covered, and associate withcgesation of egg laying, clucking,
and loss of feathers from the breast to form a dnpatch. The incubation behavior
and the cessation of egg laying begin after thes le@gumulated a full clutch of their
eggs. In the bantam hens, they have accumulatad abe?0 eggs per clutch. In the
native Thai hens, they have accumulated about 18gh8 per clutch. However, the
turkey hens may incubate their eggs although ray sgg laying (Lea and Sharp,
1982). The same number of eggs is laid whetherobreggs are removed from the
nests, while the birds are still laying in somealbi{Moss and Watson, 1982).

In most avian species that exhibit incubation beradevelop a defeathered,
edematous, and hyperemic area of skin includingt mbthe caudal ventral thoracic
and portion of the cranial ventral abdominal regioso called brood patch. This
brood patch develops just before the onset ofrtbelation behavior and functions to
facilitate heat transfer from the hen to the eggs the transmission of tactile stimuli
to the hen (El Halawani et al., 1988a). Tactilensii at the brood patch appear to be
mediated the suppression of PRL levels than bytawydor visual stimuli (Opel and
Proudman, 1985). It has reported that anesthepigedo the brood patch suppresses
the PRL concentrations in the incubating ducks I(bladl Goldsmith, 1983). Evidence
suggests that the brood patch formation begins tabodays before the onset of
incubation behavior (Lea et al., 1981). In the cesaand white crowned sparrows,
administration of estrogen accompanied with PRIlultesn the development of the
brood patch (Bailey, 1952; Steel and Hinde, 19B8)ing this behavior, birds eat and

drink very little and lose their weights, and tisight loss has been reported in the
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turkeys (Zadworny et al., 1985), bantam chickers/(8y, 1979), geese (Akesson and
Raveling, 1981), ducks (Gatti, 1983), and nativaiTd¢hickens (Kosonsiriluk, 2007).
In general, incubation behavior is terminated wttenchicks are hatched, but it may
persist for a prolonged period if the nest stilhtaans unhatched eggs. Several wild
birds that incubate their infertile eggs persist &out 50 % longer than that of
normally require hatching them (Skutch, 1962). Bgrprolonged incubation period,
the bantam hens show more ingestive behaviors asdeeding and drinking than
searching behaviors such as foraging or random imgilend these behaviors are
reversed when the duration of incubation incre&ap, 1997).

The onset of incubation behavior is associated wiétlining levels of
gonadotropins and gonadal steroids and increasinBRL (Lea et al., 1981; El
Halawani et al., 1988a; El Halawani and Rozenbdi@®3). This rising PRL level has
been implicated as the cause of cessation of owuolabvarian regression, and
induction and maintenance of incubation behavioubsgquently, PRL level
decreases, whereas LH level begins to elevate witabation behavior terminates
(El Halawani et al., 1988a; Knapp et al., 1988)] #me molting is ended (Bluhm et
al., 1983a; 1983b; Mauget et al., 1994). LH levegibs to increase at the onset of
hatching (Sharp et al., 1979; Goldsmith and Wilkarh980; Hall, 1987; Zadworny et
al., 1988; Kuwayama et al., 1992) or when presefdtke chicks (Richard-Yris et al.,
1987a; 1987b; 1995; Sharp et al., 1988; Lebouehal., 1990; 1993).

Well documentedly, the increased in PRL concemngtimaintains incubation
behavior (Sharp et al., 1988). Incubation behavwofacilitated by the combined
physiological actions of estrogen, progesterond,RRRL in the turkeys, (El Halawani

et al., 1986). In addition, stimulus of nesting mains high circulating PRL levels in
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the incubating hens. Removal of the incubation @éyskand native Thai hens from
their nests results in a dramatic decrease in @aBRL levels (EI Halawani et al.,

1980; Proudman and Opel, 1981; Prakobsaeng @0&l9; 2011; Prakobsaeng, 2010).
The degree of incubation behavior and the plasredeof PRL and LH are depended
on rearing conditions (Bedecarrats et al., 199ddifionally, the peripheral nervous

inputs act on the onset of incubation behavior el (Book et al., 1991). The nucleus
tuberis, POM, nucleus ovoidalis, and paleostriaprimitivum areas are indicated to

be involved in the incubation behavior (Georgioalet1995).

2.7.2 Rearing Behavior

Maternal experiences, neurotransmitters, neurohoesio neromodulators,
hormones, and stimuli from the young interact impgex events to promote maternal
responsiveness in both mammals and birds. The ssipre of rearing behavior in
birds results from the presence of chicks, indutciregemergence of specific maternal
behaviors and produces maternal vocalizations asatucking and food calling. The
hens display physical contact with the chicks bgodiing the chicks for longer
durations after hatching, while clucking and foaalling are regularly behaviors
exhibited in hens rearing of the chicks (Richards¥at al., 1995; 1998b; Ruscio and
Adkins-Regan, 2004). In galliform birds, precociewly hatched chicks can walk,
feed, see, and hear after hatching, but they casffettively thermoregulate during
the first 2 weeks after hatching. Brooding by thatennal hens therefore can help
them to survive (Mills et al., 1997).

Brooding behavior consists of the hens allowing ttlecks to nestle

underneath its slightly raised wings, while assuymna distinct crouching posture
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(Hess et al., 1976). Stimuli from the chicks amadly involved in the establishment,
appearance, and maintenance of this behavior (Riefias and Leboucher, 1987,
Opel and Proudman, 1989). Brooding behavior canindeced in the chickens,
turkeys, and Japanese quails by introducing thdynkeatched chicks to them, which
the hens present immediate maternal care respqigelard-Yris et al., 1983;
Richard-Yris and Leboucher, 1986; 1987; Opel anouéman, 1988; Leboucher et
al., 1990; 1991, 1993; Ruscio and Adkins-Regan420@ has been further suggested
that the physical contact between hen and chid&sgaor in combination with visual
and/or auditory stimuli originating from the chicinduces the brooding behavior
(Maier, 1963; Richard-Yris and Leboucher, 1987;Haid-Yris et al., 1998b). A bond
is formed between the broody hen and chicks, aacdlicks learn to respond to the
maternal food calling, distress call, and to thexsh@urring sound (Wauters and
Richard-Yris, 2002; 2003; Edgar et al., 2011). Ehesaternal-offspring bonds are
strengthen by repeated exposure of the chicks ¢oht#m, accompanied by food,
guidance, and protection (Wauters and Richard-Y2#¥)1). Repeated exposure to
maternal calls may be impotant for the developnnpost-hatch species-specific
maternal call recognition during embryonic develent (Gottleib, 1976; Jain et al.,
2004). The chicks are self-sufficient after hatchin precocial species, but parents
still serve an important protective function, whallso teaching the chicks about food
avoidance and food preference (Nicol and Pope, ;1886ol, 2004). It has been
suggested that changes in PRL concentrations magléted to the large changes in
intermediary and water metabolism that occurredindurbrooding behavior
(Zadworny et al., 1985). Precocial chicks can lialfimprinting on their parents in

the first few days after hatching (Rodgers, 1993|s\t al., 1997). The relationships
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between the mothers and the precocial young has ingestigated during their first
days of life, the characteristics of mothers infloe the emotional and social
behavioral development of their young (Bertin andngrd-Yris, 2005; Richard-Yris
et al., 2005).

PRL’s role has been well established as an incobgiromoting hormone, it
has been implicated in the regulation of behavaitgons associated with care of the
young after hatching as well (Buntin, 1986; VIetR98). PRL secretion is stimulated
by exposure of the hens’ tactile and visual stinfidim the chicks, and in the mean
time PRL facilitates and stimulates the expressdrmmaternal behaviors such as
incubating, brooding, or feeding (Angelier and GbRs2009). An elevated PRL
secretion is involved in the transition from sextmlparental activity (Sharp et al.,
1998). Therefore, the levels of PRL are most elvaduring the rearing period
(Buntin, 1996). This is reflected in changes ircelating PRL levels with different
maternal care behaviors in birds. Depending upersfiecies, either sharp declines or
slow decreases of PRL concentrations after hatcthage been documented
(Goldsmith and Williams, 1980; Dittami, 1981; Oriegal., 1986; Hall, 1987; Oring
et al., 1988, Kosonsiriluk et al., 2008; Sartsomegnet al., 2008). In galliform birds,
PRL facilitates the induction of rearing behaviBRL injection induces the display of
the maternal covering stance normally adopted dubirooding behavior (Opel and
Proudman, 1980). PRL concentrations generally decihaply after the chicks are
hatched in precocial species, and the presencikeothicks can modify this rate of
declined PRL (Dittami, 1981; Opel and Proudman,98n incubating hens, the
replacement of chicks for eggs or the appearanahioks at hatching is associated

with an elevate in plasma LH levels and a markecradese in plasma PRL levels
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from the high levels presented during incubatiomigae (Zadworny et al., 1988;
Leboucher et al., 1991; Richard-Yris et al., 1998a)fact, exposure to chicks can
induce maternal behaviors in the incubating, nauwating, and ovariectomized
hens, which show markedly differences in circulgtiavels of ovarian steroids and
patterns of PRL secretion (Richard-Yris et al., 2®8Leboucher et al., 1991; Lea et
al.,, 1996). The young of altricial species are edajointly by both parents. The
columbiforms such as pigeons and ring doves feed tewly hatched chicks by
regurgitating crop milk, which is produced by epital mucosa cells that proliferated
in response to PRL and ultimately slough from ttepac wall (Buntin, 1996; Wang
and Buntin, 1999). In addition to stimulating th@qgbuction of crop milk, the elevated
PRL levels during the early post-hatching phase m@map promote the display of
parental behaviors that are essential for transfgthe crop milk to the young squabs
(Buntin et al., 1991). PRL circulating levels begpndecrease after the chicks achieve
their thermal independence, and they do not reqomastant brooding from the

mothers (Goldsmith, 1991).

2.7.3 Neuroendocrine Regulation of Rearing Behavior

PRL is involved in many aspects of reproductivegaipgy and behaviors in
both birds and mammals. It is very well establistiead PRL play a significant role in
maternal behaviors in birds. It plays a pivotakroil parental behaviors by mediating
increases in incubation behavior, crop milk produdsecretion, feeding of the
young, and nest defense (Silver, 1984; Janik andtiBul985; Lea et al., 1986;
Buntin et al., 1991). The roles of PRL in the intlme and maintenance of maternal

behaviors have been extensively elucidated. Insbifte circulating levels of PRL are
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low before and during egg laying, increase befareibation, are maintained at high
levels during incubation period, and then decresaseply to basal levels immediately
after the chicks are hatched (bantams: Sharp ,e1@f9; mallard ducks: Goldsmith
and Williams, 1980; Japanese bantams: Zadwornl,et985; 1988; Gifujidori hens:
Kuwayama et al., 1992; native Thai chickens: Kosdok et al., 2008;
Sartsoongnoen et al., 2008).

There are growing evidences exist to link the nmatebehaviors with an
increase in PRL secretion in birds. High circulgtiPRL levels are well known to be
associated with rearing behavior in the chickeriga(f et al., 1979; 1988; Bedrak et
al., 1981; Lea et al., 1981; Hoshino and Wakits829turkeys (Burke and Dennison,
1980; Proudman and Opel, 1981), mallard ducks (&with and Williams, 1980),
Auatralian black swans (Goldsmith, 1982), and mafi\hai chickens (Chaiyachet et
al., 2012). PRL is very well accepted as a cru@etfor to the onset and maintenance
of broodiness in birds. In addition, it has beeggasted that the patterns of PRL
secretion are mediated by the exhibition of patefte@haviors (Dawson and
Goldsmith, 1982). PRL also acts, in part, at theaglal level to reduce estrogen
production and causes the regression of large avdallicles in the chickens and
turkeys (Opel and Proudman, 1980; Zadworny et1£89). The studies in which
broody chickens (Sharp et al., 1979), ducks (Goittsrand Williams, 1980), and
Auatralian black swans (Goldsmith, 1982) have badswed to hatch and rear the
chicks have shown that PRL levels decrease whennthéation period is ended.
Further result from the duck suggests that thig dnay occur on or right before the
day of hatching (Goldsmith and Williams, 1980)h#és been reported in the turkeys

that the drop in PRL levels at the end of incubag®riod might be related to the
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pipping and hatching eggs, and the consequentitimngo maternal behaviors
(Wentworth et al., 1983; Opel and Proudman, 1989).

Brooding behavior is associated with low levelsLéf and ovarian steroids.
The onset of maternal behaviors is accompanied bigrificant long term fall in
plasma LH levels. LH secretion may be inhibitedibgreased plasma PRL levels,
indicating that high levels of circulating PRL svblved in the onset or maintenance
of brooding behavior and the possibility of an gatialdal role in birds (Bedrak et al.,
1981; Sharp et al., 1988; Zadworny et al., 19889)9Previous studies have reported
the relationship between circulating PRL levels anobding behavior in the parents
of precocial young, revealing that the gradual dase of plasma PRL levels is related
to the decline in brooding behavior with the agecloicks (Dittami, 1981; Opel and
Proudman, 1989). In shorebirds and red-necked mda, facultatively polyandrous
and only males care for the eggs and chicks, plaBRi levels in broody males
decrease gradually with increasing age of the lwd@tatto-Trevor et al., 1990). In
several avian species, circulating PRL levels dectiramatically at the time of hatch
(Goldsmith and Williams, 1980; Dittami, 1981; Gatath, 1982; Hall and
Goldsmith, 1983; Wentworth et al., 1983). PRL stiabes the growth and
development of specialized epithelial cells linithg crop sac, leading to production
of crop milk, which is fed to the newly hatchedtire pigeons and ring doves. This
rise in PRL concentration is associated with theebror maintenance of incubation
and rearing behaviors in a number of free-livinggeine species (Goldsmith, 1991;
Buntin, 1996). In the turkey hens, endocrinologiga@rameters and production
performances are changed during the expressiomoofling behavior (Guemene and

Williams, 1992). Plasma LH levels decrease progveks while plasma PRL levels
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increase during the hens exhibit broodiness. Hayels of PRL are then maintained
for a long period throughout the brooding behavémd cause the decrease in
ovulation rate and egg production. Additionalig, vitro study illustrates that PRL

synthesis and secretion are high in the pituitdand of broody hens, and these
changes are related to brooding behavior (Hoshmaovdakita, 1989).

PRL is involved in maternal behaviors and PRL re¢eds presented
throughout the rearing period in galliform birdRIP secretion in broody hens is
facilitated by the presence of chicks, and thosgh Hevels of plasma PRL levels
maintain rearing behavior (Sharp et al., 1988). Phesence of chicks induces the
emergence of specific maternal behaviors in manpnaspecies (Maier, 1963;
Richard-Yris et al., 1983; Richard-Yris and LeboeichL987; Leboucher et al., 1990;
1993; Wang and Buntin, 1999). Substitution of thgseby chicks induces maternal
behaviors in incubating, non-incubating, and owaddmized hens (Richard-Yris et
al., 1987a; 1995; 1998a; Leboucher et al., 1999318ea et al., 1996). In the mean
time, PRL levels decline, whereas levels of ovaséeroids remain at low levels
(Richard-Yris et al.,, 1987a; Sharp et al., 1988bdwecher et al., 1990). Physical
contact with newly hatched chicks during broodinguts also slows down the
decrease of PRL release and inhibits LH and estragéease in maternal hens
(Leboucher et al., 1993). Moreover, on the day wtignks are introduced, brooding
hens immediately show maternal responses in cotifumavith plasma estradiol
levels slightly decrease. Thus, it is possible i@ coexistence of newly hatched
chicks may suppress LH synthesis and secretiorhe@fhien in the normal/natural
breeding cycle (Kuwayama et al., 1992). Broodinbaweor progressively declines,

when the chicks grow older and become fledged,ihgaid a shap fall in PRL levels
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(Richard-Yris et al., 1987a; 1989; Sharp et al.88)9 Thus, plasma PRL levels
decrease after the eggs are hatched, the levelmnrdngh for several days, decline
gradually as the chicks are broods, and then réaetbasal levels by the time the
chicks are fledged. The expression of maternal\aelsaresults from the presence of
chicks and the introduction of chicks induces apdmo plasma PRL levels and a
moderate increase in levels of LH and ovarian gderan the incubating domestic
chickens (Richard-Yris et al., 1987a; 1995; Sharplg 1988; Opel and Proudman,
1989; Leboucher et al., 1990; 1993; Lea et al.,6)98nd turkeys (Opel and
Proudman, 1988). Taken together, these featuregestighat maternal care and
particularly physical contact with the young chickay play a key role in producing
these differences (Richard-Yris et al., 1995).

It is well established that the presence of chicksbits the hypothalamo-
adenohypophysis-ovarian axis in the incubating ramatbrooding hens (Richard-Yris
et al., 1983; 1987a; 1987b; Sharp et al., 1988)idaversa, physical contact with the
chicks induces brooding behavior, an immediateifaPRL levels, and a gradual rise
in LH levels (Richard-Yris et al., 1998b). Aftertbhing the chicks, the circulating
levels of LH start to increase gradually, while gotea PRL levels begin to decline
(Sharp et al., 1979; Zadworny et al., 1988). It basn stated that PRL is not released
at an increased rate during the hens are carinthéar young. The bantam hens stop
exhibiting broody behavior between 4-10 weeks after chicks are hatched and
correspond to the time when the levels of LH elevatthe levels found in the laying
hens (Sharp et al., 1979). In contrast, plasma Ré&ls remain at high levels after
hatching, and then decrease when body mass andus&usize of the young are

closed to those of the hens, the maternal carevimehthen decline linearly with



92

brooding behavior as well (Boos et al., 2007).dms avian species, stimuli from the
young or from the parent-young interactions maymote or sustain the elevated in
PRL levels. A definite threshold in circulating PRavels is necessary to promote
and/or maintain post-hatching maternal behaviorgrecocial birds. Hens rearing
chicks and subsequent hens that are removed thigie €hicks exhibit an abruptly

increase in plasma LH levels concurrently with thezrease of plasma PRL levels
(Leboucher et al., 1990). Similarly with broodingfufidori hens, plasma PRL levels

decrease dramatically on the day of hatching, @athr minimum values about 1
week after hatching, while levels of LH and estrogeadually increase after hatching
and reach the maximum values immediately afteré¢ineoval of chicks (Kuwayama

et al., 1992).

IHC studies revealed that the expression of PR inmoreactivity in the tuberal
hypothalamic area (TR) decreases in the broodints les VIP immunoreactivity
increases (Askew et al., 1997; Clark et al., 1998ygesting that progesterone may
act on PR in the TR to inhibit VIP release and sgogently to delay PRL release until
the incubation behavior has become firmly establisfLea et al., 2001). It is further
suggested that PR in the POA mediates the expres$imcubation behavior, while
PR in the TR is involved in the control of neuroeadne function(s) (Askew et al.,
1997). During the transition from egg laying to thmarenting period, PR
immunoreactivity decreases in the TR. The DAergiiviay and the numbers of MT-
ir neurons occurred in specific neuronal regionsluding the PVN, nucleus
dorsomedialis anterior thalami, and SOv are sigaiftly increased in the incubating
hens when compared with those of the laying hees @t al., 2001; Thayananuphat

et al., 2011). When the hens make the transitiomfincubating eggs to brooding of
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the young, the majority of c-fos mMRNA expressionthg MT-ir neurons is observed
within the PVN and SOv, while the majority of c-fesRNA expression in the
DAergic neurons is observed in the ventral parthef POM (Thayananuphat et al.,
2011). So far, in birds, the brain areas that Hasaen implicated in the regulation of
parental behaviors are the POA, ventromedial ngctéuhe hypothalamus, and PVN
(Slawski and Buntin, 1995; Schoech et al., 199&% &eal., 2001). Lesion of the POA
disrupts PRL-induced parental feeding behavior he ting doves (Slawski and
Buntin, 1995). The expression of an immediate egdge protein products, fos-like
immunoreactivity (fos-ir), in the brains of broodiming doves and Japanese quails
during given tactile to their young reveals higmsigy of fos-ir in the POA, LHy, LS,
MPOA, and BNST than those of the parents not altbteecontact with their young
(Ruscio and Adkins-Regan, 2004; Buntin et al., 3006V injections of 3 DA or
OT receptor antagonists into hens brooding poolgr 80 % of those hens fail to
brood their poults, and they have lower c-fos mRiNAhe dorsal part of POM and
the medial part of the BNST areas, indicating tinat DAergic, through its PDA
receptor and the MTergic systems may play a rolegulating brooding behaviors in
birds (Thayananuphat et al., 2011). ICV injectidr©d also causes a dose-dependent
decrease in feed intake, feeding time, and peckiguency. These results suggest
that OT might play a unique role in inducing a ataf arousal in chickens that
resembles fear/anxiety and also in reducing fetakenby acting on MT and/or VT
receptors (Jonaidi et al., 2003).

Up to date, there are limited data available trestcdbe the interrelationship
and the functional aspect of the changes in therBid@nd the MTergic systems with

those in PRL levels during maternal behaviors srnhtive Thai chickens. Therefore,
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this dissertation was designed to investigate ana@ation between the DAergic and
MTergic systems as well as the important role oL RiRthe regulation of rearing
behavior in the native Thai chickens. The findimgsned from this dissertation will
provide an insight into the neuroendocrine meclma(s¥ underlying the regulation of
maternal behaviors in the native Thai chickens. Kim@wvledge gained from this study
can be then applied commercially in poultry indydty increase egg production of

native Thai chickens in Thailand.
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CHAPTER Il
THE DOPAMINERGIC-PROLACTIN SYSTEM
INVOLVEMENT IN BROODING BEHAVIOR OF THE

NATIVE THAI CHICKEN

3.1 Abstract

Native Thai chicken Gallus domesticus) is a continuously breeding species
found in the equatorial zone that produces eggyedr, which is independent of
photoperiodic cues. It always expresses high makdxehaviors. Maternal behaviors
are hormonal dependent and initiated with the omdeincubation behavior and
continue through the period when the young arentpkare by parent (broody/rearing
behavior). It is well established that dopaminer(id@@ergic) neurotransmission is
involved in the neuroendocrine regulation of théaaweproductive cycle. Previous
studies have demonstrated that the DAergic inpuh fthe nucleus intramedialis (nl)
and nucleus mammillaris lateralis (ML) to vasoaetintestinal peptide (VIP) neurons
in the nucleus inferioris hypothalami and nuclem$umndibuli hypothalami and
subsequent prolactin (PRL) release are a key ragubd incubation behavior in the
native Thai chickens. To date, there are limitedadavailable that describe the
interrelationship and the  functional aspects of thehanges In
neurohormones/neurotransmitters/hnormones involveanaternal behaviors during

the hens take care of their chicks. It is well knawat the initiation and maintenance
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of maternal behaviors is correlated with plasma B&lels. However, a role of the
DA/PRL system in rearing behavior has never beaai@dted in birds. Therefore, the
objective of this study was to identify the DA nenal groups that associated with the
neuroendocrine regulation of rearing behavior ikiLecretion in the native Thai
chickens. Incubating native Thai hens were useddanded into two groups. Hens in
the first group were allowed to care for their ési¢or 28 days (rearing hens; R) after
hatching. In the second group, chicks were remdra@d the hens immediately after
hatching for 28 days (non-rearing hens; NR). Blsathples were collected in the R
and NR hens (n=6) for determining plasma PRL leudifzing enzyme-linked
immunosorbent assay. Immunohistochemical technidugrosine hydroxylase (TH,
the rate-limiting enzyme for DA biosynthesis as arker for DAergic activity) were
used to compare the differential expression of D&urons within the individual
hypothalamic areas of R hens with those of NR ofés. results revealed that the
TH-ir neurons and fibers were extensively distrdzuthroughout the brain of R and
NR native Thai hens and were predominantly expcegséhe nl and ML areas. The
expression of hypothalamic TH-ir neurons in theleus septalis lateralis, nucleus
anterior medialis hypothalamic, organum paraveunlaie, regio lateralis
hypothalami, and nucleus perventricularis hypotimalareas were also observed. A
dense accumulation of TH-ir neurons was found erthof R hens. High density of
TH-ir fibers was found in the nucleus mamillaris diais and median eminence of
both treatment groups. Changes in the number ofr Fidurons within the nl and ML
areas were compared between the R and NR hensfi&ighdecreases in the number
of TH-ir neurons of the NR hens when compared witbse of the R hens were

observed in the nl after the day of hatch untildb4s of the observation periods. In
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both treatment groups, the difference of TH-ir &g was not found after 14 days
through 24 days of the time periods of observatidre number of TH-ir neurons in
the ML was high during the rearing period, but éhare no significant differences
between the two groups. However, in the R hensntimber of TH-ir neurons in the
ML tended to decrease after 17 days of rearingkshielasma PRL levels remained at
high levels on the day the chicks were hatched,thed rapidly decreased after the
day of hatch, and remained at low levels throughbet28 days of observed rearing
period. Comparisons of plasma PRL levels between Rhand NR hens were
elucidated. In the R hens, plasma PRL levels wegl Wwhen compared to those of
the NR hens. The levels of plasma PRL were decdems¢he hens that had their
chicks removed and reached the lowest levels byrting week of deprivation from
the chicks. The present results clearly indicatassociation between DA neurons in
the nl and ML with the degree of hyperprolactinenibe differential expression of
DA neurons in the nl and ML might play a regulatooje in rearing behavior of this
species. Disruption of rearing behavior decreasesitmber of DA neurons in the nl
and ML and accompanied with the declined plasma RRels, implicating that the
activities of the DAergic and VIP/PRL systems andanced to initiate and maintain
the rearing behavior. Disruption of rearing behawoppresses the hypothalamic
DAergic and VIPergic activities and reduces cirtalg PRL levels. In conclusion,
the present findings indicate, for the first tirtteat the DAergic system plays a pivotal
role in neuroendocrine reorganization to estaldisth maintain maternal behaviors in
the native Thai chickens. The decline in DAergitivaty and PRL levels during
disrupting the rearing behavior might be relatedthe contribution of rearing

behavior in this equatorial precocial species.
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3.2 Introduction

Two neuroendocrine systems play pivotal roles edttian reproduction. One
system involves chicken gonadotropin releasing looenl (cGnRH-1 or GnRH) and
the subsequent secretion of follicle stimulatingrmhone (FSH) and luteinizing
hormone (LH; GnRH/FSH-LH system). A further systemvolves vasoactive
intestinal peptide (VIP) and the subsequent sexretif prolactin (PRL; VIP/PRL
system). Both systems are governed by dopamine BbAtt et al., 2003; Chaiseha et
al., 2003).

DA is a neurotransmitter/neuromodulator found athbcentral and peripheral
nervous systems of many vertebrate species (Beadamm and Hnasko, 2001). In
mammals, DAhas the main physiological function to inhibit tledease of PRL from
the anterior pituitary gland as the principle PRbibiting factor (PIF). The
concentrations of DA in hypophysial portal bloode amaintained at the
physiologically active levels (Ben-Jonathan et #977; Gibbs and Neill, 1978; Ben-
Jonathan et al., 1980), and the pituitary lactdtsopontain DA receptors (Caron et al.,
1978; Cronin et al.,, 1978; Goldsmith et al., 1979)has been suggested that DA
which is released from the hypothalamic tuberoidfbolar DA (TIDA) neurons
serves as the hypophysiotropic PIF in mammals (Berathan et al., 1989; Ben-
Jonathan and Hnasko, 2001) and is mediated thrthegBy DA receptors located on
the pituitary lactotrophs (Civelli et al.,, 1991)ADand its agonists attenuate PRL
secretion, PRL gene expression, and lactotrophlfgration (Shaar and Clemens,
1974; Lamberts and MacLeod, 1990). Removal of Bgergic inhibition results in

an increase in PRL secretion and hyperprolactinemianammals (Nicoll and
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Swearingen, 1970; Nicoll, 1977). However, this ist the case in birds, where
removal of hypothalamic inputs results in the costgudl cessation of PRL secretion.

In birds, it has been reported and well establighati DAergic influences are
involved in both stimulating and inhibiting of amaPRL secretion. DA inhibits
pituitary PRL releasen vitro (Harvey et al., 1982; Hall and Chadwick, 1983; |+l
al., 1986; Xu et al., 1996). In the turkeys, ingbroventricular infusion of DA can
either stimulate or inhibit PRL secretion dependupn the concentrations used
(Youngren et al., 1995). Both stimulatory and intuty effects on avian PRL
secretion are depended on multiple subtypes of &&ptors (Youngren et al., 1996).
It is suggested that DA stimulates PRL secretiothathypothalamic level via the;D
DA receptors residing in the infundibular nucleamplex (INF), where the VIP
neurons are located. DA inhibits PRL at the pityifavel via the D DA receptors by
blocking the action of VIP, the avian PRL-releasfagtor (Youngren et al., 1995;
1996; Chaiseha et al., 1997; 2003; Al Kahtane.e2803). It is very well established
that DA plays an intermediary role in PRL secretioequiring an intact VIPergic
system in order to cause the release of PRL (Yamg@t al., 1996). Dynorphin,
serotonin (5-HT), DA, and VIP all appear to stintalavian PRL secretion along a
pathway expressinge opioid, 5-HTergic, DAergic, and VIPergic receptoas
synapses arranged serially in that functional oxién the VIPergic system as the
final mediator (El Halawani et al., 2001).

Maternal care in birds is included incubation amdokling/rearing behaviors.
The term incubation refers to the maternal carendfatched eggs and brooding is the
maternal care of chicks after hatching (El Halawetral., 1988). Incubation behavior

in birds is qualified by sitting continually on theeggs until they hatch, while



193

brooding or rearing behavior is directed to theeaairnewly hatched chicks (Richard-
Yris et al.,, 1983; El Halawani et al.,, 1988; Rus@ad Adkins-Regan, 2004,
Prakobsaeng et al., 2011; Chaiyachet et al., 20G2nerally, the hens develop
maternal behaviors gradually in four stages; bnogdiitbitting, clucking, and normal
broody behavior (Ramsay, 1953). The incidence demal behaviors concurs with a
pause in laying and a decrease in plasma gonagtaigtevels (Richard-Yris et al.,
1983). It has been reported that, birds that ekhitioding behavior allow chicks to
access and remain underneath their wings, wheieds that do not show brooding
behavior actively avoided the chicks (Ruscio an&iAdRegan, 2004).

It is well known that PRL regulates maternal bebesvin various species. The
role of PRL in the induction and maintenance ofaenadl care has been extensively
studied (Harris et al., 2004). In mammals, PRL bedo increase toward the end of
gestation, when it is crucial for inducing milk prection. In combination with
progesterone and estrogen, PRL reduces the lat#hogset of maternal behaviors
(Bridges and Ronsheim, 1990). In several avianiepestich as bantams (Sharp et al.,
1979; 1988), mallard ducks (Goldsmith and Williard®80), domestic ducks (Hall
and Goldsmith, 1983), Japanese bantams (Zadwor.,e1988), and native Thai
chickens (Kosonsiriluk et al., 2008), it has beoven that PRL concentrations are
low before egg laying, increase slightly during dgging, increase sharply before
incubation and are maintained at high levels durmgibation, and then decrease
rapidly to basal levels immediately after hatchihg young. Abundant evidences
have linked maternal behaviors in several aviarispewith increased PRL secretion.
High PRL levels are known to be associated withotnag behavior in the chickens

(Sharp et al., 1979; 1988; Bedrak et al., 1981; éteal., 1981; Hoshino and Wakita,
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1989), turkeys (Burke and Dennison, 1980; ProudarahOpel, 1981), mallard ducks
(Goldsmith and Williams, 1980; Boos et al., 2008\)yans (Goldsmith, 1982), and
native Thai chickens (Chaiyachet et al., 2012). Stuglies in which broody chickens
(Sharp et al., 1979), ducks (Goldsmith and Williarh880), and swans (Goldsmith,
1982) have been allowed to hatch and rear the ydumge shown that PRL
concentrations decline at the end of the incubgtiemod. Tactile stimuli from poults
decrease circulating PRL in incubating hens witheggs and nests (Opel and
Proudman, 1988). Physical contact, as well as Vso@d/or auditory stimuli from the
young chicks, is clearly involved in the appearaacel maintenance of maternal
behaviors (Richard-Yris and Leboucher, 1987; Oped aProudman, 1989).
Furthermore, PRL has been implicated as a causttoter for reduced circulating
gonadotropins and ovarian regression when birds sbm egg laying to incubation
behavior in the chickens, turkeys, pigeons, phdasamallard ducks, cow birds, and
native Thai chickens (Breitenbach and Meyer, 19568ldsmith and Williams, 1980;
Bluhm et al., 1983; Lea and Sharp, 1989; Zadwotngl.e 1989; El Halawani et al.,
1997; Kosonsiriluk et al., 2008; Sartsoongnoen.e808). It is apparent that PRL is
involved in many aspects of reproductive physiolagg behaviors. It plays a pivotal
role in parental behavior by mediating increasesaubation, crop milk production
and secretion, feeding of young, and nest defeSgee(, 1984; Janik and Buntin,
1985; Lea et al., 1986; Buntin et al., 1991; Prale@ng et al., 2011).

In contrast of the temperate zone seasonal breesfiagies, the native Thai
chicken Gallus domesticus) is a continuously breeding species found in theasayial
zone that produces eggs all year, which is indepeindf photoperiodic cues

(Kosonsiriluk, 2007; Sartsoongnoen, 2007; Kosohiret al., 2008). The native Thai
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chicken is the domesticated chicken without gerslection. The reproductive cycle
of the native Thai chicken is divided into four reguctive stages; non-egg laying,
egg laying, incubating eggs, and rearing chicks s@fsiriluk, 2007). It always
expresses high maternal behaviors, which is adideittrait from the ancestor, the
wild jungle fowl (Austic and Nesheim, 1990; Hillet al., 2003; Sawai et al., 2010).
Maternal behaviors are hormonal dependent andiediwith the onset of incubation
behavior and continue through the period when theng are taking care by parent
(broody/rearing behavior; Prakobsaeng, 2010). Hewethere are limited data
regarding the neuroendocrine regulation of reatvepavior in this non-temperate
zone gallinaceous bird. Recently, it has been estblished that incubation behavior
in this species is regulated by the VIP/PRL, GnR¥HF_H, and DAergic systems
(Sartsoongnoen et al., 2006; 2008; 2012; Kosouokiet al., 2008; Prakobsaeng et al.,
2011). Plasma PRL and LH levels across the reptoducycle of the native Thai
chickens have been reported. Changes in numbergIRir neurons within the
nucleus inferioris hypothalami (IH) and nucleusummdibuli hypothalami (IN) areas
are directly correlated with changing plasma PRlele throughout the reproductive
cycle, suggesting that VIP expression in the IHefNhe native Thai chickens plays a
regulatory role in year-round reproductive actiiosonsiriluk, 2007; Kosonsiriluk
et al., 2008; Sartsoongnoen et al., 2008). Moreowdnas been demonstrated that
changes in the number of VIP-immunoreactive (imoas in the IH-IN are associated
with DAergic neurons within the nucleus intrameignl) and nucleus mamillaris
(ML) areas, resulting in PRL release to induce mraihtain incubation behavior in the
native Thai chickens. It is further suggested thasting activity stimulates PRL

secretion through activation of the DAergic syst&rhich in turn stimulates VIPergic
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system. The elevated PRL levels increase nestitigitgcand maintain incubation
behavior (Prakobsaeng et al., 2011; Sartsoongnbeah, 2012). Recently, disruption
of rearing behavior in the native Thai hens by remg the chicks from the hens
markedly decreases plasma PRL levels, a paralidingein the number of VIP-ir
neurons in the IH-IN, and an accompanying incraasthe number of GnRH-I-ir
neurons in the nucleus commissurae pallii (nCRaggssting that the VIPergic system
in the IH-IN and the GnRH system in the nCPa maynbelved in the regulation of
the reproductive neuroendocrine system and thetioih and maintenance of rearing
behavior in this non-seasonal breeding, equatpredocial species (Chaiyachet et al.,
2010; 2012).

To date, there are limited data available that iles¢he interrelationship and
the functional aspects of the changes in neurohoesioeurotransmitters/hormones
involved in maternal behaviors during the hens tedee of their chicks. Therefore,
the objective of this study was to identify the D&uronal groups that associated with
the neuroendocrine regulation of rearing behavi@PRL secretion in the native Thai
chickens. Immunohistochemistry (IHC) was condudtedeveal the distributions of
tyrosine hydroxylase (TH)-ir (as a marker for DAQumons and fibers in the brain of
native Thai chickens. Differences in the numbeiMBifir neurons within individual
hypothalamic areas at the different time periodseafing and non-rearing hens after
the incubating eggs were hatched were compareddBlamples were collected from
the rearing and non-rearing hens for determiniragmpla PRL levels by an enzyme-
linked immunosorbent assay (ELISA). The findingsddferential expression of DA
neurons within the individual hypothalamic aread anbsequence of PRL secretion

may provide an insight into the mechanism(s) urydegl the neuroendocrine
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regulation of brooding behavior in the native Tichickens, which could help to

improve the productivity of the native Thai chickan Thailand.

3.3 Materials and Methods

3.3.1 Experimental Animals

Female and male native Thai chickerG. domesticus), Pradoohangdam
breed, were used. They were reared and housediddles: 1 mature rooster) in
floor pens equipped with basket nests under natiglal (approximately 12 hrs of
light and 12 hrs of darkness; 12L: 12D). Each heas wdentified by wing band
number. Feed and water were givahlibitum. One hundred and two female native
Thai chickens, 22-24 weeks old, were used. Aftécthag their chicks, the hens were
divided into 2 groups; rearing (R) and non-rear(iNR) hens. The R hens were
allowed to rear the chicks naturally. The NR hensrevdisrupted from rearing
behavior and not allowed to rear their chicks byoging them from their chicks to
another pen. Both groups were reared with the reatoosters. All the hens were
checked four times per day and classified as brivedsing hens throughout the
experiment. During rearing behavior, the hens raethiwith their chicks, displayed
aggressive behavior, and emitted a characterisgh-pitched vocalization, when
they were approached by humans and/or the maleh&hdluffed her feathers and
crouched over the chicks, whether she encouragedhitks to go under her wings,
and the types of vocalizations to protect and/edfthe chicks (Opel and Proudman,
1989; Edgar et al., 2011; Thayananuphat et al.1 20he animal protocols described
in this study were approved by Suranaree Univerdifiiechnology Animal Care and

Use Committee.



198

3.3.2 Experimental Design
3.3.2.1 Experiment |

To determine the effects of removing chicks frore tiens on plasma PRL
levels at different time periods of the R hens cared with those of the NR hens, one
hundred and two female and twelve male native Thaikens, 24 weeks old, were
used. The chickens were randomly divided into drfpens (8-9 hens: 1 rooster) and
observed their behaviors dailikfter hatching their chicks, all hens were dividatb
two groups; R and NR groups as described abovedBamples were collected from
the brachial vein of each hen prior to euthanizi wentobarbital sodium (Nembutal,
Ceva Sante Animale, Libourne, France) at diffetené periods (day 4, 7, 10, 14, 17,
21, 24, and 28) of the R and NR groups (n=6). Bleamples were fractionated by
centrifugation, and the plasma samples were staref0 °C until used to determine
the plasma PRL levels by an ELISA. A postmortemnexation of each hen was

performed to confirm its reproductive status.

3.3.2.2 Experiment Il

To determine the distributions of TH-ir neurons diers in the brain of the
native Thai hens at the different time periods ltd R and NR hens, twenty four
female and four male native Thai chickens, 22-24ekseold, were used. After
hatching, all the hens were divided into two grqupsand NR groups (n=6). In the R
group, the hens were allowed to take care of #tteoks for 4 and 10 days, whereas in
the NR groups, the hens were deprived from thdgkshat the same time periods of
the R group. Both groups were raised in floor petith the roosters and observed

their daily behaviorsThe brain of each hen was pressure-perfused, sedtiwith a
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cryostat, and processed by IHC to visualize andyaeahe changes in the number of
TH-ir neurons throughout the brain. A postmortenaraimation of each hen was

performed to confirm its reproductive status.

3.3.2.3 Experiment Ill

To study the association of DA neurons with theraendocrine regulation of
rearing behavior, one hundred and two female arehtyvfive male native Thai
chickens, 22-24 weeks old, were used. After hat;hime hens were divided into two
groups; R and NR groups. The R hens were allowedaothe chicks naturally. The
NR hens were disrupted from rearing behavior artchltowed to rear their chicks by
removing them from the chicks to another pen. Bpthups were raised in floor pens
with the roosters and observed their daily behaviéht the hens were checked four
times per day and classified as broody/rearing hieraighout the experiment. To
compare the time courses in changes in the nunfb&Her neurons in the nl and
ML areas, both R and NR hens were then sacrifitetifferent time periods (day of
hatch, day 4, 7, 10, 14, 17, 21, 24, and 28; nfi@) ¢hey started to rear their chicks
or after the chicks were removed. The brains werslfby pressure perfusion prior to
sectioning in a cryostat and further processedH® to visualize and analyze the
changes in the number of TH-ir neurons in the nd &fL areas. A postmortem

examination of each hen was performed to confiemaproductive status.

3.3.3 PRL Hormone Assay
Plasma PRL levels were determined using an ELISAoming to a

previously described method (Kosonsiriluk et a00&). Briefly, plates were coated
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with 100 pl of AffiniPure goat anti-rabbit antibodfdackson ImmunoResearch
Laboratories, Inc., West Grove, PA, USA), which vadidsited in 0.05 M potassium
phosphate buffer (pH 7.4) at the dilution of 1:2@hd incubated overnight at 4 °C.
Surfaces were blocked by addition of blocking solut(100 pl per well of 0.4 %
casein in 0.15 M phosphate buffered saline (PBS; H2) containing 1.0 mM
ethylenediaminetetraacetic acid (EDTA) and 0.02Hinérosal). After incubation,
the plates were washed three times in 0.03 M PBIS/(R) containing 0.05 % Tween
20. The assay buffer was 0.15 M PBS (pH 7.2) cairtgi0.1 % casein, 1.0 mM
EDTA, and 0.02 % thimerosal. Fifty microliters aimnsples (10 ul plasma diluted in
40 pl of assay buffer) or standards containing l@mcPRL (kindly provide by Dr.
A.F. Parlow, National Hormone and Peptide Prograk8A) were added and 25 pl
each of biotinylated-PRL (1:50,000 dilution), arabbit anti-chicken PRL (kindly
provide by Dr. John Proudman, USDA, USA) at 1:20,@dution were then added
into the reaction and incubated overnight at 4 A@er incubation, the plates were
washed and 0.1 ml of streptavidin horseradish pdase (1:5,000 dilution) were
added. After incubation at room temperature fors the plates were washed and 0.1
ml ABTS reagent (0.04 % 2,2’-azino-bis-3-ethylbdmzoline-6-sulfonic acid and
0.015 % HO, in 0.1 M citrate phosphate buffer, pH 4.0) wereledl After 1 hr of
incubation at room temperature, the color reactvas then measured at 405 nm in an
ELISA reader (Tecan Group Ltd., Mannedorf, Switaed). The assay of plasma
PRL levels in native Thai chickens was validatedadlsws. Pooled plasma samples
of the native Thai chickens produced a dose-resgponsve that paralleled with the
chicken PRL standard curve. The plasma samples wetermined in duplicate

within a single assay. The intra-assay coefficinvariation was 9.165 % and the
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sensitivity was 3.9 ng/ml.

3.3.4 Processing of Tissues for Immunohistochemigtr

Prior to perfusion, each hen was intravenouslycie@ with 3,000 units of
heparin (Baxter Healthcare Corporation, Deerfidld, USA), and then euthanized
with pentobarbital sodium (Nembut&eva Sante Animale). The head was removed
and immediately fixed by pressure perfusion via ¢heotid arteries with 100 ml of
PBS (pH 7.4) for 3-5 min, followed by 650 ml of aeshly prepared 4 %
paraformaldehyde in 0.1 M PBS (pH 7.4) for 30 miccading to a method
previously described by Sartsoongnoen et al. (200B¢ brain was then dissected
intact from the skull and soaked in 20 % sucrosthePBS (pH 7.4) at 4 °C for 48
hrs or until it is saturated for cryoprotection.eThrain was then frozen in powdered
dry ice for 1 hr, and stored at -35 °C until see#id. Frozen brains were sectioned in
the coronal plane at a thickness of 16 um usingyastat (Microtome cryostat
HM525, Microm International GMbH, Walldorf, Germgnysections were mounted
onto chrome alum-gelatin-coated glass slides with $ections per slide and stored
desiccated at -20 °C until used for IHC. Six adpaections of each individual brain
area were processed by IHC to visualize and andhgechanges in the number of

TH-ir neurons.

3.3.5 Immunohistochemistry
Changes in the number of TH-ir neurons in the bddifik and NR hens by
IHC were conducted according to a previously déscrimethod (Sartsoongnoen et

al., 2008; Prakobsaeng et al., 2011). The primad/ secondary antibodies used for
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detecting the TH-ir neurons were primary mouse notomal antibody raised directly
against TH (ImmunoStar, Inc., Hudson, WI, USA) &l"3-conjugated AffiniPure
donkey anti-mouse immunoglobulin G (Jackson Immues®Erch Laboratories, Inc.),
respectively. Six adjacent sections of the indialdiaypothalamic areas from the R
and NR hens at different time periods were thaweodm temperature prior to use.
The sections were rehydrated in the PBS (pH 7.4B88bmin at room temperature.
After removing from the PBS, the sections were timenbated with 60 ul of primary
antibody at 1:1,000 dilution in the PBS (pH 7.4)ntoning 1 % bovine serum
albumin and 0.3 % Triton-X 100 at 4 °C overnighaimoist chamber. Subsequently,
the sections were then washed three times withPB8 (pH 7.4) for 5 min each.
After washing, 60 pl of secondary antibody at 1:8@0tion in the PBS (pH 7.4) was
applied under dark conditions onto the section Jildes were further incubated in a
moist dark chamber at room temperature for 1 hghed with the PBS (pH 7.4) three
times for 5 min each, and then mounted with DPX mtant (Sigma-Aldrich, Inc.,
Steinheim, Germany). Microscopic images of therbssctions were visualized and

further analyzed.

3.3.6 Image Analysis

Microscopic images of the brain sections of theshemere visualized under a
fluorescence microscope (Nikon ECLIPSES8O0i, Tokyapah) using a cooled digital
color camera (Olympus DP72, Tokyo, Japan). The e@nagere captured and stored
by DP72-BSW Software (Olympus, Tokyo, Japan). Tifieregntial expression of TH-
ir neurons and fibers in each individual area ef binain was visualized and analyzed.

The number of TH-ir neurons of six adjacent sediavas counted manually to
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determine changes in the numbers of TH-ir neuronthé individual hypothalamic
areas. The TH-ir neurons counted from the six afjasections of each hen (6 hens
per area) for each treatment group were averageéteymine the numbers of TH-ir
neurons counted per section in each brain area.nié&n values were compared
between the R and NR hens at different time peridas avoid double-counting
neurons with cell bodies that appeared on two adjasections, sections were viewed
under 400x magnification, and only neurons withed&tble nuclei were included in
the analysis. To aid in the documentation of nenat@mical results, the nomenclature
and schematic diagrams from the stereotaxic afldBeobrain of the chick (Kuenzel
and Masson, 1988) and the chicken hypothalamusn#alend van Tienhoven, 1982)
were used to illustrate the TH immunoreactivity.eThpecificity of the anti-TH
antibody was tested by omission of the primarykady during that step of IHC. No

immunostaining of TH was observed in the contratisas.

3.3.7 Statistical Analysis

Significant differences in the plasma PRL levelgéms + SEM) according to
each treatment group and the number of TH-ir neurpneans + SEM) in the
individual hypothalamic areas according to eaclattinent group were compared
utilizing one-way analysis of variance (ANOVA). 8ificant differences between the
treatment groups were computed utilizing the TukeySD Test. Differences were
considered significant if the P-value was less tBa0b. All statistical tests were
analyzed using the SPSS for Windows Software (@erdi3.0, SPSS Inc., Chicago,

IL, USA).
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3.4 Results

3.4.1 Experiment |

The plasma PRL levels of R and NR hens at diffetiem¢ periods are shown
in Table 3.1 and Figure 3.1. On the day the chiskse hatched, the plasma PRL
levels remained at high levels (P<0.05; 138.74 £524g/ml), then rapidly decreased
after 4 days of hatching (50.43 + 11.40 ng/ml), eerdained at low levels throughout
the observed rearing period (day 7; 27.83 + 3.99,1D; 27.29 * 4.64, day 14; 27.51
+ 2.98, day 17; 31.44 + 11.36, day 21; 31.72 + 28/ 24; 30.52 + 3.84, day 28;
32.61 £ 5.50 ng/ml). In the NR group, when the kkiwere removed from the hens
after hatching, the plasma PRL levels (ng/ml) were at day 4 (26.73 £ 2.34), day 7
(28.86 + 4.55), day 10 (25.62 + 3.81), day 14 (22t35.60), day 17 (23.31 + 2.29),
day 21 (16.03 £ 2.20), day 24 (18.03 £ 2.39), aad 28 (18.29 + 5.70). During the
observed rearing period, plasma PRL levels of tHeeRs were compared with those
of the NR hens. The levels of plasma PRL signifiyadecreased at 21 days after the
chicks were removed from the hens (P<0.05; R21R@N 31.72 + 2.83 vs 16.03 +
2.20 ng/ml) and 24 days (P<0.05; R24 vs NR24; 3&.8284 vs 18.03 + 2.39 ng/ml).
However, the plasma PRL levels were not differeztiMeen the R and NR hens at day
4 to day 17 and day 28. Taken together, in the & ,hglasma PRL levels were high
when compared to those of the NR hens. Disruptiaearing behavior by removing

the chicks was accompanied by a precipitous declipégasma PRL levels.

3.4.2 Experiment Il
As revealed by IHC, the expressions of hypothalafttir neuronswere

observed at day 4 and day 10 of the R and NR nalivaei hens across the
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hypothalamic areas; nucleus septalis lateralis ,(Si)cleus anterior medialis
hypothalami (AM), nucleus suprachaiasmaticus, paedialis (SCNm), organum
paraventriculare (PVO), regio lateralis hypothaldirty), nucleus perventricularis
hypothalami (PHN), nl, and ML (Table 3.2, Figure2-3.5). The greatest density of
TH-ir neurons was observed in the nl and ML ardéagufe 3.5). A few number of
TH-ir neurons were also found in the SL and PHNbath R and NR hens. A dense
accumulation of TH-ir fibers were found in the nadieminence (ME) and nucleus
mamillaris medialis (MM) as shown in Figure 3.6.eTttistributions of TH-ir neurons
were also found in the other areas of day 4 andl@ayn both groups. Some of the
TH-ir neurons were found in the AM, LHy, and PVO loth groups (Table 3.3,
Figures 3.7 and 3.8). The results revealed thathtghest accumulation of TH-ir
neurons was found within the nl of R hens at dgqya&ble 3.3; Figures 3.7 and 3.8;
R4; 39.17 + 3.45ells), and day 10 (Table 3.3; Figures 3.7 andREK); 39.83 + 1.82
cells), whereas the number of TH-ir neurons in @iswdecreased in the NR hens
(P<0.05; NR4; 24.71 £ 1.1eells and NR10; 27.79 = 2.4&lls). TH-ir neurons
abundance was also observed in the ML (Table 3g8irés 3.7 and 3.8; R4 vs NR4;
39.71 + 2.0%s 32.38 + 3.48ells, R10 vs NR10; 42.04 + 5.94 vs 39.13 * 4.2} e

but the difference between treatment groups wastatistically significant (P>0.05).

3.4.3 Experiment IlI

The differential expression of TH-ir neurons in thieof R and NR hens are
illustrated in Figures 3.9-3.11. The number of THheurons in the nl of R and NR
hens are shown in Figure 3.9 and Table 3.4. Whempaoed between the R and NR

groups, TH-ir neurons counted (cells) significardBcreased in the NR hens at days
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4,7, 10, and 14 (P<0.05; R4 vs NR4; 39.17 + 38124/71 + 1.12, R7 vs NR7; 42.88
+ 1.56 vs 22.83 + 1.51, R10 vs NR10; 39.83 + 1.82V.79 + 2.42, R14 vs NR14;
35.50 £ 1.92 vs 24.46 + 3.22). The number of THeurons showed no difference
after 14 days at the time periods of observatiawuhh 24 days in both groups.
However, at day 28, the number of TH-ir neurons sigaificantly different between
the R and NR hens (P<0.05; R28 vs NR28; 21.46 & 2s213.63 £ 0.89 cells)

The differential expression of TH-ir neurons in & of R and NR hens are
also shown in Figures 3.12-3.14. The numbers ofifTikéurons in the ML of R and
NR hens are shown in Figure 3.12 and Table 3.4.nTineber of TH-ir neurons (cells)
in the ML markedly declined after the day of ha&rid through 14 days of the rearing
period, but there are no significantly differentveeen both groups. (P>0.05; R4 vs
NR4; 39.67 + 2.02 vs 32.38 + 3.43, R7 vs NR7; 4®1325 vs 32.79 + 1.81, R10 vs
NR10; 42.04 + 5.94 vs 39.13 = 4.24, R14 vs NR14561 5.92 vs 44.08 = 5.74). In
the R group, the number of TH-ir neurons in the tdhded to decrease after 17 days
of rearing chicks. In the NR group, TH-ir neuronghe ML stayed at the same levels
from day 4 throughout day 14 and then sharply ¢e=me at day 17 during the
observation time periods. The distribution pattesh3H-ir neurons in the nl and ML
areas were consistent in every R hens. When the heme removed from their

chicks, the number of TH-ir neurons decreased i@ $same discrete patterns.



Table 3.1 Mean + SEM of plasma PRL concentrations (ng/mlyearing and non-rearing native Thai hens at diffedays of rearing
periods (n=6). Significant differences between nseaneach group at different time points are deshbe different letters (P<0.05) and

"P<0.05 for a comparison between group at a givea foint.

Group Days Following of Chicks’ Deprivationfrom Hens

Day of Hatch 4 7 10 14
Rearing 138.74 + 24.58 50.43 + 11.49 27.83 +3.99 27.29 +4.64 27.51 +2.98
Non-rearing N/A 26.73+2.34 28.86 + 4.55 25.62 +3.81 22.34 +5.6D

L0¢



Table 3.1 Mean + SEM of plasma PRL concentrations (ng/mlyearing and non-rearing native Thai hens at diffedays of rearir.
periods (n=6). Significant differences between nseaneach group at different time points are deshbe different letters (P<0.05) and

"P<0.05 for a comparison between group at a givea foint (Continued).

Group Days Following of Chicks’ Deprivationfrom Hens

17 21 24 28
Rearing 31.44 +11.3% 31.72 +2.8% 30.52 +3.8% 32.61 +5.59
Non-rearing 23.31+2.28 16.03 £ 2.20 18.03 + 2.3 18.29 + 5.7D

80¢
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Figure 3.1 Changes in plasma PRL concentrations of rearinignam-rearing native Thai hens after the day oflhétrough 28 days of
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observation period (n=6). Values are presented eenmt SEM. Significant differences between meansaich group at different time

points are denoted by different letters (P<0.0%) &x0.05 for a comparison between group at a givea fioint.
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Table 3.2 Abbreviations of brain areadlomenclature and abbreviations are from a

stereotaxic atlas of the brain of the chick (Kuém@rel Masson, 1988).

SL Nucleus septalis lateralis

AM Nucleus anterior medialis hypothalami
SCNm Nucleus suprachaiasmaticus, pars medialis
PVO Organum paraventriculare

LHy Regio lateralis hypothalami

PHN Nucleus perventricularis hypothalami

ME Eminentia mediana (Median eminence)

nl Nucleus intramedialis

MM Nucleus mamillaris medialis

ML Nucleus mamillaris lateralis

VI Ventriculus tertius (Third ventricle)
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Figure 3.2 Schematic coronal brain sections illustrating theeas where the
expression of TH-ir (black dot) was observe&[¥). The sampling regions for
counting the number of TH-ir neurons in the nl add (D) are represented by
rectangles. Coronal illustrations were redrawn fribve stereotaxic atlas of the chick

brain (Kuenzel and Masson, 1988).



Table 3.3The number of TH-ir neurons in the individual hypaiamic areas of rearing (R) and non-rearing (N®Rive Thai hens (n=6).

Values are presented as mean + SEM. Significafgrdiices between means in each group at differeasare denoted by different

letters (P<0.05) andP<0.05 for a comparison between group in each area.

Group Hypothalamic Area

AM LHy ML ni PHN PVO SL
R4 10.67+0.28  10.29+2.89 39.71+2.08 39.17+348  525+0.68 1158+1.33 6.79+0.49
NR4 10.17+0.88 517+060 3238+3483 2471+1.12 400+04f 879+1.05 558+0.6§
R10 10.71£0.99  6.25+052 42.04+592 39.83+1.87 338+020 992+068 7.88x1.04
NR10 1096 +1.2%Y  479+062 39.13+424 27.79+2.43 4.04+036 11.21+0.8% 6.00+0.62

A4
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SCNm

Figure 3.3Photomicrographs illustrating the distributionsTéf-ir neurons and fibers
in the hypothalamus of rearing (R) and non-reaf{MB) native Thai hens at day 4.

For abbreviations, see Table 3.2. Scale bar = 100 u
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Figure 3.3Photomicrographs illustrating the distributionsTéf-ir neurons and fibers
in the hypothalamus of rearing (R) and non-reafiB) native Thai hens at day 4.

For abbreviations, see Table 3.2. Scale bar = 0(@ontinued).
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VIII SCNm

SCNm

Figure 3.4Photomicrographs illustrating the distributionsTéf-ir neurons and fibers
in the hypothalamus of rearing (R) and non-rea(lB) native Thai hens at day 10.

For abbreviations, see Table 3.2. Scale bar = 100 pu
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Figure 3.4Photomicrographs illustrating the distributionsTéf-ir neurons and fibers
in the hypothalamus of rearing (R) and non-rea(B) native Thai hens at day 10.

For abbreviations, see Table 3.2. Scale bar = 0(@ontinued).
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Figure 3.5Photomicrographs illustrating the distributionsTéf-ir neurons and fibers
in the nucleus intramedialis (M) and nucleus mamillaris lateralis (MC) of the
native Thai chicken. Rectangles indicate areas fromhich following
photomicrographs are taken. Higher magnificationhef TH-ir neurons in the nBj

and ML D). For abbreviations, see Table 3.2. Scale bar grd0
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Figure 3.6 Photomicrographs showing the accumulations of THibers in the
nucleus mamillaris medialis (MMA) and median eminence (ME) of the rearing
native Thai hens. Rectangles indicate areas fromshniollowing photomicrographs
are taken. Higher magnification of the TH-ir newsan the MM B) and ME D). For

abbreviations, see Table 3.2. Scale bar =50 pum.
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Table 3.4The number of TH-ir neurons (Mean + SEM) in theand ML of rearing and non-rearing native Thai handifferent days of

the observation periods (n=6). Significant differes between means in each group at different toimgpare denoted by different letters

(P<0.05) andP<0.05 for a comparison between group at a givea fioint.

Area  Group Days Following of Chicks’ Deprivationfrom Hens
Day of Hatch 4 7 10 14
ni Rearing 39.96 + 1.42 39.17 + 3.4% 42.88 + 1.58 39.83 +1.8% 35.50 + 1.9%
Non-rearing N/A 2471 +1.12 22.83 + 1.5¥C 27.79 +2.42 24.46 + 3.2
ML Rearing 38.13 + 4.47 39.67 + 2.09 41.13+6.25 42.04 +5.9% 51.50 + 5.92
Non-rearing N/A 32.38 +3.4%8 32.79+1.8F 39.13+4.22 44.08 +5.74

Tcc



Table 3.4The number of TH-ir neurons (Mean + SEM) in theand ML of rearing and non-rearing native Thai handifferent days of

the observation periods (n=6). Significant differes between means in each group at different toimgpare denoted by different letters

(P<0.05) andP<0.05 for a comparison between group at a givea fioint (Continued).

Area Group Days Following of Chicks’ Deprivationfrom Hens
17 21 24 28
ni Rearing 18.92 + 2.02 16.96 + 2.19 16.79 + 2.14 21.46 +2.28
Non-rearing 13.88 + 1.8 17.67 +2.45° 16.17 + 2.1% 13.63 + 0.89
ML Rearing 21.00 + 1.78 16.79 + 3.16 15.50 + 1.65 20.96 + 3.4%
Non-rearing 21.71 + 4.38° 18.38 + 2.2% 19.83 + 2.56 13.13 + 0.92

(A4
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Figure 3.10 Photomicrographs illustrating the distributions Tf-ir neurons and
fibers in the nucleus intramedialis (W) and nucleus mamillaris lateralis (MB) at
the day of hatch in the native Thai hens. For abatens, see Table 3.2. Scale bar =

50 pm.
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Figure 3.11 Photomicrographs illustrating the distributions Tf-ir neurons and
fibers in the nucleus intramedialis (nl) of reari(i®) and non-rearing (NR) native
Thai hens on different days following the initiati@f rearing or non-rearing their

chicks. For abbreviations, see Table 3.2. Scale=ld410 pum.
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Figure 3.11 Photomicrographs illustrating the distributions Tf-ir neurons and
fibers in the nucleus intramedialis (nl) of reari(®) and non-rearing (NR) native
Thai hens on different days following the initiati@f rearing or non-rearing their

chicks. For abbreviations, see Table 3.2. Scale Hal00 pm (Continued).
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Figure 3.13 Photomicrographs illustrating the distributions Tf-ir neurons and
fibers in the nucleus mamillaris lateralis (ML) @faring (R) and non-rearing (NR)
native Thai hens at day 4, day 7, day 10, and dhyollowing the initiation of
rearing or non-rearing their chicks. For abbrewviasi, see Table 3.2. Scale bar = 100

pm.
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Figure 3.14 Photomicrographs illustrating the distributions Tf-ir neurons and
fibers in the nucleus mamillaris lateralis (ML) @aring (R) and non-rearing (NR)
native Thai hens at day 17, day 21, day 24, and2&jollowing the initiation of
rearing or non-rearing their chicks. For abbrewvias, see Table 3.3. Scale bar = 100

pm.
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3.5 Discussion

The results of this present study clearly demotestaa association between
the hypothalamic DAergic system and circulating R&lels during rearing behavior
in the native Thai chickens. The results revealkedrdifferences in the number of
TH-ir neurons in the nl and ML and plasma PRL levatween hens rearing chicks
and non-rearing chicks, indicating a pivotal role tbe DAergic and VIP/PRL
systems in the initiation and maintenance of reabehavior in this tropical and
continuous breeding species.

The findings from this present study reveal that TH-ir neurons and fibers
were extensively distributed throughout the brdiiRcand NR native Thai hens and
were predominantly expressed in the nl and ML areBHse expression of
hypothalamic TH-ir neurons in the SL, AM, PVO, LHgnd PHN areas were also
observed. A dense accumulation of TH-ir neurons feasd in the nl of R hens.
High density of TH-ir fibers was found in the MM &ME of both treatment groups.
Changes in the number of TH-ir neurons within thamd ML areas were compared
between the R and NR hens. Significance decreast® inumber of TH-ir neurons
of the NR hens when compared with those of the i& neere observed in the nl after
the day of hatch until 14 days of the observati@niquls. The number of TH-ir
neurons showed no difference after 14 days aitnhe periods of observation through
24 days in both groups. The number of TH-ir neuranthe ML was high during the
rearing period, but there was no significantly eliént between both groups.
Decreasing of TH-ir neurons in the nl and ML areéshe R and NR hens after 14
days after hatching were the same pattern. ThenaaPRL levels remained at high

levels on the day the chicks were hatched, and sharply decreased after the day of
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hatch, and remained at low levels throughout the d28/s rearing period.
Comparisons of plasma PRL levels between the RNfRidhens were elucidated. In
the R hens, plasma PRL levels were high when cosdpir those of the NR hens.
The levels of plasma PRL were decreased in hensh#tatheir chicks removed and
reached the lowest levels by the third week of s from the chicks. Taken
together with the above findings of hypothalamic -iFHlistributions, this study
clearly indicates an association between DA neuionthe nl and ML with the
degree of hyperprolactinemia. These present firddiage implicated an enhanced
activity of the DAergic and VIP/PRL systems in timiiation and maintenance of
rearing behavior. Disrupting the rearing behaviapmesses the hypothalamic
DAergic and VIPergic activities and reduces cirtni@PRL levels.

In this present study, the plasma PRL levels reathiat high levels on the
day chicks were hatched, and then significantlyeksed by day 4 after hatching and
remained at low levels throughout the observedngareriod.The levels of plasma
PRL were low in the NR hens when compared to tlidsbe R hens and reached the
lowest levels until 28 days of rearing period. Thesult corresponds with previous
findings that the decreases in the number of VIReurons in the IH-IN of nest-
deprived hens (Prakobsaeng et al., 2011) and clgpkived hens (Chaiyachet et al.,
2012) mirror the decreases in plasma PRL levels tla@y come back into lay within
18 days after nest deprivation (Prakobsaeng ek@l]l) and 21 days of removing
chicks (Chaiyachet et al., 2012), which is corregfgal with increases in ovary and
oviduct weights at the time when the hens returtayo(Prakobsaeng et al., 2011;
Chaiyachet, 2012; Chaiyachet et al., 2012). Furédwilences supporting the above

findings include the demonstrated changes in theban of GnRH-I-ir neurons
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observed in the nCPa of native Thai hens are aiaglwith the reproductive stages.
The greatest number of GnRH-I-ir neurons is foundaying hens, then slightly
decreases in incubating hens, and declines toaivest levels during the rearing
stage (Sartsoongnoen et al., 2012). Furthermandjest the effects of nest-deprived
and chicks removing, the native Thai hens shovgaifstant increase in the number
of GnRH-I-ir neurons in the nCPa (Prakobsaeng, 20Chaiyachet, 2012;
Sartsoongnoen et al.,, 2012), while the number d®?-WIneurons in the IH-IN
decreases and ovary and oviduct weights increaberss start the new laying cycle
after nest deprivation or removal the hatched ahi@Rrakobsaeng et al., 2011;
Chaiyachet et al., 2012). These findings clearlynoestrate that PRL is involved in
the initiation and maintenance of rearing behaworthis galliform species. The
external cues such as physical contact with chackkthe presence of chicks are also
involved in the maintenance of plasma PRL levels$ maring behavior. Removal of
chicks from caring of the hens disrupts rearingdvédr, decreases plasma PRL
levels, induces ovarian recrudescence, increasasy and oviduct weights, and
finally induces the hens to come back to lay in tiesv cycle(Prakobsaeng et al.,

2011; Chaiyachet, 2012; Chaiyachet et al., 2012).

The results in this present study are consistetit wrevious findings that
plasma PRL levels begin to fall immediately aftetdning and continue to decline
for about one week after the day of the chickshatehed (Sharp et al., 1979; Lea et
al., 1981; Zadworny et al., 1985; 1988; Leboucheale 1990; Kuwayama et al.,
1992; Kosonsiriluk et al., 2008). As demonstrategbrievious studies of gallinaceous
species, changes in plasma PRL levels are obsewmeds the reproductive cycle.

Plasma PRL levels are found to be low in non-layimemns, gradually increase in
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laying hens, continue to rise and reach the higlesdls in incubating hens, and
immediately decline to the basal levels, when theshare caring for their young (El
Halawani et al., 1984; Kosonsiriluk et al., 200&rtSoongnoen et al., 2008). In
several avian species, circulating PRL levels decliramatically at the time of
hatching (Goldsmith and Williams, 1980; Dittami,819 Goldsmith, 1982; Hall and
Goldsmith, 1983; Wentworth et al., 1983). In thgquns and doves, PRL stimulates
the growth and development of specialized epitheélis lining the crop sac, leading
to formation of crop milk, which is fed to the ngwhiatched chicks. The rise in PRL
concentrations is associated with the onset or tea@mce of egg incubation and care
for the young in a number of free-living passempecies (Goldsmith, 1991; Buntin,
1996). In addition, the expression of incubatiomdaor changes endocrinological
parameters and production performances in the yunkas (Guemene and Williams,
1992). When the hens exhibit incubation behavidgsmpa LH levels decrease
progressively, while plasma PRL levels increasetéPet al., 1991). High circulating
levels of PRL are maintained for a long period tiyloout incubation behavior and
cause the decrease in ovulation rate and egg piodudloreover,in vitro studies
demonstrate that PRL synthesis and release are ihigihe pituitary gland of
incubating hens, and these changes are relatettadating behavior (Hoshino and
Wakita, 1989).

In this present study, circulating PRL levels af R hens were compared with
those of the NR hens during 28 days of the obsemadng period. The results show
differences in plasma PRL levels between the RNIRchens. In the R hens, plasma
PRL levels were higher than those of the NR herdicating the secretion of PRL in

the R hens is facilitated by the presence of chaia stimulates maternal behaviors,
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which in turn suppress the gonadal activity (Shetr@l., 1988; Richard-Yris et al.,
1995). Furthermore, it has been reported that #res lthat are allowed to rear their
chicks return to lay later than the hens that aot allowed to rear their chicks
(Chaiyachet, 2012; Chaiyachet et al., 2012). Séwstualies provide evidences that
PRL is not released at an increased rate, whil&éns are caring for their young, but
it is involved in the initiation and/or maintenancEmaternal behaviors and has an
antigonadal role (Sharp et al., 1979; 1988; Bedrakl., 1981; Kuwayama et al.,
1992; Leboucher et al., 1993; Richard-Yris et d995; Boos et al., 2007;
Kosonsiriluk et al., 2008). In galliform birds, PR4 involved in maternal behaviors.
The presence of chicks induces the emergence offisp@aternal behaviors in many
avian species (Maier, 1963; Richard-Yris et al.839Richard-Yris and Leboucher,
1987; Leboucher et al., 1990; 1993; Wang and Burit#99). Replacement of the
eggs by chicks induces maternal behaviors in iniodpa non-incubating, and
ovariectomized hens (Richard-Yris et al., 1987;5;98998; Leboucher et al., 1990;
1993; Lea et al., 1996). Physical contact with ryeladtched chicks during brooding
bouts slows down the decrease of PRL secretionrdnioits LH and estradiol release
in maternal hens (Leboucher et al., 1993). Thuss, fossible that coexistence of the
newly hatched chicks may suppress LH secretiothefhien in the natural breeding
cycle (Kuwayama et al., 1992). Furthermore, it gywwell demonstrated that the
presence of chicks inhibits the pituitary-ovariatsgRichard-Yris et al., 1987; Sharp
et al., 1988) and non-brooders (Richard-Yris etl&83; 1987).

It has been further suggested that the physicalacbietween the hen and
chicks, alone or in combination with visual and&oditory stimuli originating from

the chick, induces the brooding behavior (Maie63,Richard-Yris and Leboucher,
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1987; Richard-Yris et al., 1998). A bond is formieetween the broody hen and
chicks, and the chicks learn to respond to the matdood calling, distress call, and
to the hens purring sound (Wauters and Richard;2082; 2003; Edgar et al., 2011).
These maternal-offspring bonds are strengthen pgated exposure of the chicks to
the hen, accompanied by food, guidance, and prote¢tVauters and Richard-Yris,
2001). Repeated exposure to maternal calls magnperiant for the development of
post-hatch species-specific maternal call recogmitiuring embryonic development
(Gottleib, 1976; Jain et al., 2004). The chicks se#f-sufficient after hatching in
precocial species, but parents still serve an itapomprotective function, while also
teaching the chicks about food avoidance and faetepence (Nicol and Pope, 1996;
Nicol, 2004). It has been suggested that changései®PRL levels may be related to
the large changes in intermediary and water metaholthat occurred during
brooding behavior (Zadworny et al., 1985). Predociacks can be filial imprinting
on their parents in the first few days after haigh{Rodgers, 1995; Mills et al.,
1997). The relationships between the mothers aedptiecocial young has been
investigated during their first days of life, thieacacteristics of mothers influence the
emotional and social behavioral development ofrtlyeung (Bertin and Richard-
Yris, 2005; Richard-Yris et al., 2005).

In the current study, utilizing TH as a marker @A neurons, no significant
differences in the number of TH-ir neurons in the &M, PVO, PHN, and LHy of R
and NR hens were observed during 4 and 10 day®arfng versus non-rearing
chicks after the day of hatch. These results ansistent with the previous findings
studied in the native Thai chickens indicating thanges in the number of TH-ir

neurons in the AM, nucleus paraventricularis maegfiolaris, and ML are less
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dramatic during the reproductive cycle, and noificant differences are observed in
these hypothalamic areas in non-laying, layingulbating, and R hens. The TH-ir
neurons are found to be abundant in the nl and MLthe numbers of TH-ir neurons
in the nl are low in non-laying and significantipcrease in incubating birds
(Sartsoongnoen et al, 2008; Prakobsaeng et all)2The highest density of TH-ir
neurons found within the nl increases during intioimeand decreases when the hens
are deprived from their nests (Prakobsaeng e2@L1). Previous studies suggest that
the expression of VIP neurons in the IH-IN follogihatching of the young may, in
part, account for the difference in reproductivaunoendocrine responses of this
equatorial bird (Kosonsiriluk et al., 2008). It hiasen demonstrated that changes in
the number of VIP-ir neurons in the IH-IN are asatad with alterations in DAergic
neurons within the nl and ML, the release of PRid anduction and maintenance of
incubation behavior in the native Thai chickenshas further been suggested that
nesting activity stimulates PRL secretion by thévation of the DAergic system,
which in turn stimulates the VIP system. The eledalPRL levels increase nesting
activity and maintain incubation behavior (Prakasn 2010; Prakobsaeng et al.,
2011). In addition, nest deprivation results in réased TH-ir neurons in these
hypothalamic areas, paralleling decreased VIP-iurows in the IH-IN, and
subsequence decreased PRL secretion (Prakobsaaing?ét1).

Recently, it has been suggested that the VIP/PRLesy plays a significant
role in neuroendocrine reorganization to estabiisiternal behaviors in the native
Thai chickens. It is possible that the decline imiber of VIP-ir neurons and in turn
the decrease in VIPergic activity and the decréadeRL secretion in the NR hens

are related to their contribution to rearing theckb. Both the number of VIP-ir
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neurons and circulating PRL levels decline shagitgr the chicks are hatched, and
these declines are further accelerated if the aemsleprived of their chicks. These
findings taken together with the previous findingsaltricial birds that circulating
PRL levels remain elevated after the young areheatsuggest that the activity of the
VIP/PRL system and its contribution to maternaldabrs are related to the extent of
maternal care required for the hatched young. Thhsse data well support an
association of the neuronal interactions between @mRH-lergic, VIPergic, and
DAergic systems in the neuroendocrine regulatiorregroductive activity in the
native Thai chickens.

The present findings reveal a dense accumulatioHbr fibers located
within the MM and the external layer of ME. Thessults are consistent with the
previous studies in mammals, which have been stegethat these areas are
involved in the regulation of PRL secretion. PRLcretion is regulated by the
inhibitory control of TIDA neurons (A1l2 DA group)esiding in the INF (Ben-
Jonathan et al., 1989; Ben-Jonathan and Hnaskd,)2@bich release DA that acts
directly upon the B DA receptors located on pituitary lactotrophs @livet al.,
1991). However, these results are not in a goodesgyent with the studies in birds,
since it has been suggested that the TIDA neunoitérds are absent (Reiner et al.,
1994), and the DAergic system in the avian hypaiimais may not be the primary
PIF (Kiss and Peczely, 1987). It has been repotted the TIDA is lack of
hypothalamic TH-ir neurons in birds (Kiss and Pé&gzd987; Bailhache and
Balthazart, 1993; Moons et al., 1994; Appeltantalgt2001). Furthermore, previous
study has reported that TH immunoreactivity foundhe tuberal hypothalamus is

limited to a single discrete area of the MM andhe external layer of ME, where
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only TH-ir fibers are found (Sartsoongnoen et2008; Prakobsaeng et al., 2011). In
the chickens, TH-ir neurons in the nl is correspmhdo the mammalian A11 DA

group (Moons et al., 1994; Lookingland and Mooi@)%), which consists of neurons
that may play a role in the onset of puberty (Fradaed Kuenzel, 1993). Also, the

A1l DA group is shown to be involved in the reguatof reproductive seasonality

in the turkeys (Thayananuphat et al., 2007), am@adtivity reflects the performance
of courtship singing in zebra finches (Bharati a@dodson, 2006). No double-

labeled immunoreactive neurons for both TH and DAyBroxylase, the enzyme for

noradrenalin biosynthesis, are found in the hydathas of quails (Bailhache and

Balthazart, 1993), turkeys (Al-Zailaie, 2003), avttier avian species (Reiner et al.,
1994). Therefore, it is suggested that TH-ir nearfmund in the nl of the native Thai

chickens could be the DAergic neurons.

It is well known that steroid hormones are involviedthe regulation of
maternal behaviors in mammals within the medialopte area (MPOA). The
MPOA area contains estrogen receptors (Shughrual.et1997), progesterone
receptors (Numan et al., 1999), PRLR (Bakowska Modell, 1997), and oxytocin
(OT) receptors (Champagne et al., 2004). Estro§®lL., and placental lactogens
have all been shown to stimulate the onset of matdrehaviors when microinjected
into the MPOA (Bridges et al., 1990; 2001). OT laéso been shown to act on the
MPOA to stimulate maternal behaviors (Pedersen.e1994). In this present study,
DA neurons that found in the nl may be interachv@XT within the MPOA to initiate
and/or promote reproductive behaviors (Stolzenbargh Numan, 2011), and this is
supported by the idea in the context of male sekahbhviors (Bitran and Hull, 1987;

Hull et al., 1999; Hull and Dominguez, 2006). Irpport of the idea that estrogen-DA
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interactions within the MPOA might also promote eratl behaviors, there are data
indicating that in the absence of estradiol beretr@atment, administration of the D
DA receptor agonist directly into the MPOA can paiman immediate onset of full
maternal behaviors in the hysterectomy and ovammeygtrats on day 15 (Stolzenberg
et al., 2007).

In this present study, the number of TH-ir neuronthe nl was high after the
day of hatch and remained at high levels until Bsdof taking care of chicks,
indicating the possibility that DA is the cruciakurotransmitter/neurohormone to
initiate the maternal behaviors in the native Tefaickens. In order to maintain the
maternal behaviors, it may be involved with otheurmhormones/hormones and/or
external stimuli such as eggs and chicks. In som@naspecies, stimuli from the
young or from parent-young interactions may pronuwteustain elevated circulating
PRL levels (Buntin, 1996), suggesting that physmahtact familiar with auditory,
and/or visual stimuli from chicks during the reariperiod slows down the decrease
of PRL secretion and inhibits gonadotropins andriavasteroid hormones (Richard-
Yris and Leboucher, 1987; Richard-Yris et al., 19B398; Leboucher et al., 1993). It
has been further suggested that the presenceakschad no effect on PRL secretion
but tends to maintain its level (Sharp et al., 29B&hard-Yris et al., 1995). A
definite threshold in circulating PRL levels is Besary to promote and/or maintain
post-hatching maternal behaviors in the precodialsb(Boos et al., 2007). Indeed,
depending on the species, either a sharp declin@ stow decrease of PRL
concentrations after hatching has been reporteddé@uth and Williams, 1980;
Dittami, 1981; Oring et al., 1986; 1988; Hall, 1983pel and Proudman, 1989;

Richard-Yris et al., 1995; 1998; Setiawan et alQ&. In those species, although
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PRL concentration during rearing period is lowearttthat of incubation period, the
level remains higher than those of non-rearing dBe®s et al., 2007), suggesting
that PRL is likely involved in parental care aftetching (Criscuolo et al., 2002).
Moreover, the recent findings reveal the numbeYIéf-ir neurons in the IH-IN area
is high in the R hens, whereas the number of ViReurons decreases in the NR hens
as compared to their respective R hens. Duringrélaeing period, changes in the
VIP-ir neurons within the IH-IN are correlated wigtlasma PRL levels, suggesting
that the VIP/PRL system plays a significant rolen@uroendocrine reorganization to
establish rearing behavior in the native Thai chick(Chaiyachet et al., 2012).

In conclusion, the present findings indicate, fbe first time, that the
DAergic system plays a pivotal role in neuroendoenieorganization to establish and
maintain maternal behaviors in the native Thai kémns. The differential expression
of DA neurons in the nl and ML might play a regolgtrole in rearing behavior of
this bird. Disruption of rearing behavior decreases number of DA neurons in the
nl and ML and accompanied with the declined plagt®d levels, implicating that
the activities of the DAergic and VIP/PRL systemre &nhanced to initiate and
maintain the rearing behavior. Disrupting the megribehavior suppresses the
hypothalamic DAergic and VIPergic activities andbsequent reduced circulating
PRL levels. The decline in DAergic activity and catitating PRL levels during
disrupting the rearing behavior might be relatedtite contribution of rearing

behavior in this equatorial precocial species.
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CHAPTER IV
ROLE OF MESOTOCIN ON MATERNAL CARE OF

CHICKS IN THE NATIVE THAI HEN

4.1 Abstract

Native Thai chickensGallus domesticus) is a continuously breeding species
found in the equatorial zone that produces eggsedr, which is independent of
photoperiodic cues. It always expresses high maltdrehaviors. Maternal behaviors
are hormonal dependent and initiated with the omdeincubation behavior and
continue through the period when the young arentpkare by parent (broody/rearing
behavior). Oxytocin (OT) is known to induce and uate maternal behaviors in
mammals via supraoptic nucleus and paraventricalenleus (PVN), whereas the
physiological function(s) of mesotocin (MT; the awi homolog of OT) is poorly
understood in birds. The mechanisms underlyingelgelation of maternal behaviors
in mammals may be derived from the processes im@iw the gestation, parturition,
or the regulation of lactation including change<irtulating levels of progesterone,
estrogen, OT, and prolactin (PRL). To date, thene lanited data available that
describe the interrelationship and the functionapeats of the changes in
neurohormones/neurotransmitters/hormones involvedaternal behaviors during the
hens take care of their chicks. It is well showat tthe initiation and maintenance of

maternal behaviors is associated with the VIP/PRdtesn. However, a role of the
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MTergic system in rearing behavior has never belkmidated in this species.
Therefore, the aim of this study was to identifg T neuronal groups that may be
associated with the reproductive regulatory syst¢nafid also involved with the
neuroendocrine regulation of rearing behavior ire thative Thai chickens.
Immunohistochemistry (IHC) was conducted to revds distributions of MT-
immunoreactive (ir) neurons and fibers in the br@fimative Thai chickens. Changes
in the number of MT-ir neurons of the individualgoghalamic areas were compared
across the reproductive cycle. Differences in thmiper of MT-ir neurons within the
individual hypothalamic areas at the different tiperiods of rearing (R) and non-
rearing hens (NR) after the incubating eggs weteheal were compared as well. As
revealed by IHC, the MT-ir neurons and fibers weistributed in a discrete region
lying close to the third ventricle through the aide hypothalamus with the greatest
abundance found within the nucleus preopticus nisdiROM), nucleus supraopticus;
pars ventralis (SOv), and PVN, nucleus ventroléiterdnalami, and regio lateralis
hypothalami. Small numbers of MT-ir neurons alsanf@ in the nucleus preopticus
periventricularis, nucleus perventricularis hypddinai, nucleus anterior medialis
hypothalami, nucleus suprachiasmaticus; pars megdtehctus septomesencephalicus,
and nucleus dorsolateralis anterior thalami; paegmocellularis. Small groups of
MT-ir fibers were also found in the organum vaseulm lamina terminalis, organum
subseptale; organum interventriculare, and the reakelayer of the eminentia
mediana. To determine the changes in the numbBtTeir neurons within the SOv,
POM, and PVN areas across the reproductive stalgesjative Thai chickens were
divided into four reproductive stages: non-eggrngyiNL), egg laying (L), incubating

eggs (B), and rearing chicks (R). The results riededhat there were more MT-ir



261

neurons presented in the POM and PVN than that tfe SOv. The numbers of MT-
ir neurons were low in the SOv, POM, and PVN of tie group, then gradually
increased in the L hens, and peaked in the B agb&os. Most notably, the numbers
of MT-ir neurons in these hypothalamic areas diggila fluctuations across the
reproductive cycle and appeared to be the highbehwhe hens had shifted from egg
laying period to rearing chicks. Changes in the benof MT-ir neurons within the
SOv, POM, and PVN areas were compared between thedRNR hens. Significant
decreases in the number of MT-ir neurons of theldRs when compared to those of
the R hens were observed in the POM and PVN dfeeday of hatch throughout 28
days of the observation periods, while within th@vs the MT-ir neurons were
significantly different between the R and NR hefteraseven days through 28 days of
the observation periods. However, the numbers ofiMIeurons in SOv, POM, and
PVN were higher in the R hens when comparing wih NR hens. The numbers of
MT-ir neurons were sharply decreased in the NR hEhnese findings indicate, for the
first time, that the MTergic system plays a pivotalle in neuroendocrine
reorganization to establish and maintain materehbiiors in this equatorial precocial
species. The decline in MTergic activity duringrdging rearing behavior might be
related to the contribution of rearing behaviothis bird. The results further suggest
the role of MT in these hypothalamic nuclei duritige period of rearing chicks
resembles that of OT in these similar brain stmeguduring the parturition and

lactation in mammals.
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4.2 Introduction

For successful reproduction, not only sexual afgtivé important but also
successful care of the young. Maternal behaviorusial to the survival of fertilized
eggs or offspring. The offspring need one or badhepts to provide food, heat, or
protection from any harm. This behavior must beqrered immediately after birth
or hatching of the offspring (Nelson, 2000). Matdribehaviors in mammals are
composed of nest building, pup retrieval, crouchegloration and sniffing of pups,
licking and grooming, and placentophagia (Leckmad Herman, 2002). The onset
of maternal responsibity is a prerequisite forrabither-young interaction. It brings
the mother in contact with her young exposing bea tinique constellation of tactile,
visual, auditory, and olfactory stimuli as well assuckling-induced change in
hormonal state (Numan and Woodside, 2010). Takgather, these promote other
changes in behaviors.

Most mothers display maternal behaviors after piidn and serve the
immediate provision of care, defense for their @fiisg, and maintain in the period
that the child is dependent on the mothers (Swhail.e2007; Brunton and Russell,
2008). In mammals, the patterns of maternal caresisb of internal incubation of
embryos during gestation, delivery of the youngaaturition, and maternal care until
weaning (Rosenblatt, 2003). The mechanisms undeylthe regulation of maternal
behaviors may be derived from the processes innglin the gestation, parturition, or
the regulation of lactation including changes inculating levels of progesterone,
estrogen, oxytocin (OT), and prolactin (PRL). Thésemonal activities increase in
the medial preoptic area (MPOA) of the hypothalandusing the expression of

maternal behaviors (Ziegler, 2000). Apparently, samuropeptides, neurohormones,
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and hormones, most notably OT and PRL that plagyar&le in the onset of maternal
behaviors, are prominent in the reorganizationh& heuronal systems controlling
energy balance, stress response, anxiety, andsaggnen postpartum females as well
(Numan and Woodside, 2010).

Maternal care in birds is included incubation amdolding/rearing behaviors.
The term incubation refers to the maternal carendfatched eggs and brooding is the
maternal care of chicks after hatching (El Halawetral., 1988). Incubation behavior
in birds is qualified by sitting continually on iheeggs until they hatch, while
brooding or rearing behavior is directed to thesaairnewly hatched chicks (Richard-
Yris et al., 1983; El Halawani et al., 1988; Rus@od Adkins-Regan, 2004,
Prakobsaeng et al., 2011; Chaiyachet et al., 20G2nerally, the hens develop
maternal behaviors gradually in four stages; bnogdiitbitting, clucking, and normal
broody behavior (Ramsay, 1953). The incidence demal behaviors concurs with a
pause in laying and a decrease in plasma gonaglaidtevels (Richard-Yris et al.,
1983). It has been reported that, birds that eklblmoding behavior allow chicks to
access and remain underneath their wings, whereds that do not show brooding
behavior actively avoided the chicks (Ruscio an&iAdRegan, 2004).

It has been well known that OT plays a pivotal riolgarturition and lactation
in mammals (de Wied et al., 1993). However, it hasn reported that OT is both a
hormone, released from the neurohypophysis, arelieotransmitter/neuromodulator,
released at synapses in the brain (Numan, 1994)lved during the onset of maternal
behaviors. Hypothalamic neurons of the paravertiawucleus (PVN) and supraoptic
nucleus (SON) are capable of releasing OT intoouarineural sites at the time of

birth. Furthermore, there are evidences showing) @k can stimulate the onset of
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maternal behavior at the levels of MPOA, ventrgintental area (VTA), or nucleus
accumbens (Ac; Pedersen et al., 1994; OlazabaYandg, 2006).

Mesotocin (MT) is the avian homolog of OT (Acher at, 1970). MT-
immunoreactive (ir) neurons were found in severairbareas such as the nucleus
supraopticus; pars ventralis (SOv), and PVN (Gawss#t al.,, 1977; Bons, 1980).
However, little is known regarding the physiolodi¢éanction(s) of MT in birds. It
does not appear to be involved in aggression, @anmeference, cardiovascular
function as well as plasma osmolarity (Robinzomlet1994; Goodson et al., 2004),
but it may participate in renal blood flow (Bottgt al., 1989). The first evidence
reported the role of MT in avian brooding behawhas only been investigated in the
turkeys. The numbers of MT-ir neurons in the PVN &0Ov increase in incubating
hens when compared with laying hens. In additibe, induction of c-fos mRNA in
the MT-ir neurons within these brain nuclei in ibating hens stimulated with poults,
and preventing poult brooding from taking placedgcking MT receptors suggest
that MT is essential to the onset of maternal &e& in the turkeys (Thayananuphat
et al., 2011).

Native Thai chicken Gallus domesticus) is domesticated without genetic
selection. The reproductive cycle of the native iTtlaicken is divided into four
reproductive stages; non-egg laying, egg layinguliating eggs, and rearing chicks
(Kosonsiriluk, 2007). It always expresses high makbehaviors which is a heritable
trait from the ancestor, the wild jungle fowl (Aicsand Nesheim, 1990; Hillel et al.,
2003; Sawai et al., 2010). Maternal behaviors amenbnal dependent and initiated
with the onset of incubation behavior and contittreugh the period when the young

are taking care by parent (broody/rearing behavygkobsaeng, 2010). However,
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there are limited data regarding the neuroendoaegelation of rearing behavior in
this non-temperate zone gallinaceous species. Rgcénhas been well established
that incubation behavior in this species is regadiy the vasoactive intestinal peptide
(VIP)/PRL system, chicken gonadotropin releasingntame-l (cGnRH-1 or GnRH)
and the subsequent secretion of follicle stimutatmormone (FSH) and luteinizing
hormone (LH; GnRH/FSH-LH system), and dopaminerd@Aergic) system
(Sartsoongnoen et al., 2006; 2008; 2012; Kosouokiet al., 2008; Prakobsaeng et al.,
2011). Plasma PRL and LH levels across the reptoducycle of the native Thai
chickens have been reported (Kosonsiriluk, 2007rtsBangnoen et al, 2008).
Changes in the numbers of VIP-ir neurons within riaeleus inferioris hypothalami
(IH) and nucleus infundibuli hypothalami (IN) arease directly correlated with
changing in plasma PRL levels throughout the repctde cycle, suggesting that
VIPergic neurons in the IH-IN plays a regulatoryeron year-round reproductive
activity in the native Thai chickens (KosonsiriluRQ07; Kosonsiriluk et al., 2008;
Sartsoongnoen et al., 2008). Moreover, it has ltkgnonstrated that changes in the
number of VIP-ir neurons in the IH-IN are assodateth DAergic neurons within
the nucleus intramedialis and nucleus mamillaresasy resulting in PRL release to
induce and maintain incubation behavior in the v@afrhai chickens. It is further
suggested that nesting activity stimulates PRL efgmr through activation of the
DAergic system, which in turn stimulates the VIRergystem. The elevated PRL
levels increase nesting activity and maintain iratidn behavior (Prakobsaeng et al.,
2011; Sartsoongnoen et al., 2012). Recently, dismpof rearing behavior in the
native Thai hens by removing the chicks from thashearkedly decreases plasma

PRL levels, a parallel decline in the number of ¥ieurons in the IH-IN, and an



266

accompanying increase in the number of GnRH-l-iuraes in the nucleus
commissurae pallii (hCPa), suggesting that the ¥JResystem in the IH-IN and the
GnRH system in the nCPa may be involved in the legigun of the reproductive
neuroendocrine system and the initiation and maariee of rearing behavior in this
precocial species (Chaiyachet et al., 2010; 2012).

To date, there are limited data available that iesche interrelationship and
the functional aspects of the changes in neurohoesioeurotransmitters/hormones
involved in maternal behaviors during the hens e of their chicks. Therefore, the
aim of this study was to identify the MT neuronabgps that may be associated with
the reproductive regulatory system(s) and also lued with the regulation of
maternal behaviors in the native Thai chickens. imahistochemistry (IHC) was
conducted to reveal the distributions of MT-ir s and fibers in the brain of native
Thai chickens. Changes in the number of MT-ir naarof individual hypothalamic
areas were compared across the reproductive d&1tferences in the number of MT-
ir neurons within individual hypothalamic areadts different time periods of rearing
(R) and non-rearing hens (NR) after the incubatiogs were hatched were compared.
The findings of differential expression of MT withindividual hypothalamic areas
may provide an insight into the mechanism(s) uryitegl the regulation of brooding
behavior in the native Thai chickens, non-seasdmakding, equatorial precocial

species.
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4.3 Materials and Methods

4.3.1 Experimental Animals

Female and male native Thai chicke@s domesticus), Pradoohangdam breed,
ranging between 22-24 weeks of age, were used. Weeg reared and housed (7-8
females: 1 mature rooster) in floor pens with nbaskets under natural light
(approximately 12 hrs of light and 12 hrs of dads1el2L: 12D). Feed and water were
providedad libitum. The animal protocols described in this study wegsproved by

Suranaree University of Technology Animal Care &isé Committee.

4.3.2 Experimental Design
4.3.2.1 Experiment |
To determine the distributions of the MT-ir neurarsl fibers in the brain of
the native Thai chicken, laying hens (hens thaewertheir first laying cycle and had
been laying for 7 days; n = 6), were used. Thenlgraiere pressure-perfused prior to
sectioning in a cryostat and further processingHy. A postmortem examination of

each hen was performed to confirm its reproduciiagus.

4.3.2.2 Experiment Il
To determine the changes in the number of MT-irroes! within the SOv,
nucleus preopticus medialis (POM), and PVN areassacthe reproductive stages,
twenty-four female and three male native Thai cbnsk 22-24 weeks old, were used
and were divided into four reproductive stages @):=non-egg laying (NL; hens that
had never laid eggs), egg laying (L; hens in thest laying cycle and that had been

laying for 7 days), incubating eggs (B; hens thad Istopped laying and exhibited
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incubating behavior for 10 days), and rearing chi@iR; hens that had been rearing
chicks for 14 days). The brains were fixed by puesgperfusion prior to sectioning in
a cryostat and further processed for IHC. A postemrexamination of each hen was

performed to confirm its reproductive status.

4.3.2.3 Experiment IlI

To study the association of MT-ir neurons with tie@iroendocrine regulation
of rearing behavior, one hundred and two femalé/@athai chickens, 22-24 weeks
old, were used. After hatching, the hens were edithto two groups; rearing (R)
and non-rearing (NR) hens. The R hens were alldwedar the chicks naturally. The
NR hens were disrupted from rearing behavior artcaltowed to rear their chicks by
removing them from the chicks to another pen. &hh&in both groups were reared in
floor pens with the roosters and observed theitydagehaviors.All the hens were
checked four times per day and classified as brwedyng hens throughout the
experiment. During rearing behavior, the hens reethiwith their chicks, displayed
aggressive behavior, and emitted a characterigjichitched vocalization when they
were approached by humans and/or the male. Thefln#ad her feathers and
crouched over the chicks, whether she encouragediitks to go under her wings,
and the types of vocalizations to protect and/edfthe chicks (Opel and Proudman,
1989; Edgar et al., 2011; Thayananuphat et al.1 20l compare the time courses in
changes in the number of MT-ir neurons in the imdiial brain nuclei, both R and
NR hens were then sacrificed at different time qusi(day of hatch, day 4, 7, 10, 14,
17, 21, 24, and 28; n=6) after they started to tieair chicks or after the chicks were

removed. The brains were fixed by pressure penfugrer to sectioning in a cryostat
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and further processed for IHC. A postmortem exatonaof each hen was

performed to confirm its reproductive status.

4.3.3 Processing of tissues for immunohistochemigtr

Prior to perfusion, each bird was intravenouslyedtgd 3 ml of heparin
(Baxter Healthcare Corporation, Deerfield, IL, US00 U/ml) and then euthanized
with pentobarbital sodium (Nembutal, Ceva Santenfate, Libourne, France). The
head was removed and immediately fixed by presgarfusion via the carotid
arteries with 100 ml of phosphate buffered salPBS, pH 7.4) for 3-5 min, followed
by 650 ml of a freshly prepared 4 % paraformaldehiyd0.1 M PBS (pH 7.4) for 30
min according to a method previously described gkébsaeng et al. (2011). The
brain was then dissected intact from the skull smaked in 20 % sucrose in the PBS
(pH 7.4) at 4 °C for 48 hrs or until saturated éoyoprotection. The brain was then
frozen in powdered dry ice for 1 hr, and stored3& °C until sectioned. Frozen
brains were sectioned in the coronal plane at gkmieiss of 16 pm using a cryostat
(Microtome cryostat HM525, Microm International GMp Walldorf, Germany).
Sections were mounted onto chrome alum-gelatinecbaglass slides, with two
sections per slide, and stored desiccated at -20Si< adjacent sections were
processed by IHC to visualize changes in the nurob&iT-ir neurons in the SOv,
POM, and PVN areas. The stereotaxic atlas of taemkof the chick (Kuenzel and
Masson, 1988) was used to choose the sectionsitimigtghese nuclei. For each area,
the sections were chosen starting with the modtalosection that contained each

nucleus and every sections until the nucleus desaqgal from view. The plane that



270

expressed the greatest density of MT-ir neuronsaliasen to analyze. These planes

of sections have been previously published (Thayaplaat et al., 2011).

4.3.4 Immunohistochemistry

The methods used to determine the MT distributitmsughout the brain of
the laying hens and within individual brain regiasfshens in different reproductive
states has been previously described (Thayananeplat, 2011). The primary and
secondary antibodies used for detecting the MTeurans and fibers were primary
rabbit polyclonal antibody directed against OT (lomoStar, Inc., Hudson, WI,
USA) and CyM3-conjugated AffiniPure donkey anti-rabbit immunuigllin G
(Jackson ImmunoResearch Laboratories, Inc., Wesvé&GPA, USA), respectively.
Briefly, tissue sections of the individual hypotialic areas from the hens were
thawed to room temperature prior to use. They wehydrated with the PBS (pH
7.4) for 30 min at room temperature. After the RB8ioval, the sections were then
incubated with 60 pl of primary antibody dilutedl@00 with the PBS (pH 7.4)
containing 1 % bovine serum albumin (BSA) and 0.3T#ion-X 100 at 4 °C
overnight in a moist chamber. Subsequently, traeslwere then washed three times
with the PBS (pH 7.4) for 5 min each. After washif ul of secondary antibody at
1:500 dilution in the PBS (pH 7.4) were applied @ndlark conditions onto the
sections. Slides were further incubated in a niesk chamber at room temperature
for 1 hr, washed with the PBS (pH 7.4) 3 times 3omin each, and then mounted
with DPX mountant (Sigma-Aldrich, Inc., Steinhei@ermany). Microscopic images

of the brain sections were visualized and furthealywed. The numbers of MT-ir
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neurons were counted according to previously desdrimethods (Prakobsaeng et al.,
2011; Thayananuphat et al., 2011).

The specificity of used antibody is tested by poseaption control and was
performed to verify the specificity of these pepsdo MT. Briefly, tissue sections
were incubated overnight with normal rabbit ser@, antibody diluted 1:1000 with
the PBS (pH 7.4), and 1 % BSA pre-absorbed withut®dml of MT (Bachem,
Torrance, CA, USA) or vasotocin (VT; Bachem) dillit#:1000 with the PBS (pH
7.4) and 1 % BSA. Pre-absorption of OT antibodyhviitT completely abolished the
staining of neuronal cells compared to tissuesnsthiwith non-preabsorbed MT.

Immunostaining with normal rabbit antisera alsolesbed the staining (Figure 4.2).

4.3.5 Image analysis

Microscopic images of the brain sections were \lizad with a fluorescence
microscope (Nikon ECLIPSES8Oi, Tokyo, Japan) usingpaled digital color camera
(Olympus DP72, Tokyo, Japan). The images were cagtand stored by DP72-BSW
Software (Olympus, Tokyo, Japan). The differengigbression of MT-ir neurons and
fibers in each individual area of the brain wasiglzed and analyzed. The numbers
of MT-ir neurons in six adjacent sections were d¢ednmanually to determine
changes in the numbers of MT-ir neurons in thewvidial hypothalamic areas. The
MT-ir neurons counted from the six adjacent sedifor each hen (6 hens per area)
for each treatment group were averaged to deterthme&umbers of MT-ir neurons
counted per section in each brain area. The melevavere compared across the
reproductive stages and between the R and NR hedsdferent time periods. To

avoid double-counting neurons with cell bodies thgpeared on two adjacent
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sections, sections were viewed under 400x magtidicaand only neurons with
detectable nuclei were included in the analysis. al@ in the documentation of
neuroanatomical results, the nomenclature and satrendiagrams from the
stereotaxic atlas of the brain of the chick (Kuénaed Masson, 1988) and the
chicken hypothalamus (Kuenzel and van TienhoveB21%ere used to illustrate the

MT immunoreactivity.

4.3.6 Statistical Analysis

Significant differences in the number of MT-ir neas (means + SEM) in the
individual hypothalamic areas according to eaclattnent group were compared
utilizing one-way analysis of variance (ANOVA). 8ificant differences between the
treatment groups were computed utilizing the TugkeSD Test. Differences were
considered significant if the P-value was less tBab. All statistical tests were
analyzed using the SPSS for Windows Software (@aréi3.0, SPSS Inc., Chicago,

IL, USA).

4.4 Results

4.4.1 Specificity of Antibody to Mesotocin

The MT-ir neurons are shown (Figures 4.2A and J.ZBe-absorption of OT
antibody with 10 pg/ml of MT completely abolishdaetstaining of neuronal cells
(Figures 4.2C and 4.2D) comparing with tissuesnsthiwith non-preabsorbed MT
(Figures 4.2A and 4.2B) or tissues stained with-ghyeorbed VT (Figures 4.2E and
4.2F). Immunostaining with normal rabbit antisefaoaabolished the MT staining.

This result appeared to be consistent in all tissoeluding the SOv (Figures 4.2A,
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4.2C, and 4.2E) and PVN areas (Figures 4.2B, 4aP0,4.2F). These results indicated

that OT antibody used in this experiment is cresstive to MT, but not VT.

4.4.2 Experiment |

Localization study of MT by IHC in the laying nagivlhai chickens revealed
that the distribution and appearance of MT-ir nesraere spanned the length of the
hypothalamus from the preoptic region, the antelygpothalamus to the end of the
septal region. MT fibers were mainly bilaterallycéded along the third ventricle and
also distributed in a discrete region lying closelte third ventricle from the level of
preoptic area (POA) through the anterior hypothalar(rable 4.1; Figures 4.1 and
4.3-4.6), and very dense fibers were observed enettternal layer of the eminentia
mediana (ME; Figure 4.7). Schematic representatainthe distributions of MT-ir
neurons and fibers throughout the brain are shawfigure 4.1. The distributions of
MT-ir neurons in Figures 4.4-4.6 are shown by sdu&ndiagrams of coronal
sections in the hypothalamic regions from the stasac atlas of the chick brain
(Kuenzel and Masson, 1988).

As revealed by IHC, the MT-ir neurons and fibersravelistributed in a
discrete region lying close to the third ventritteough the anterior hypothalamus
(Figures 4.3-4.6), with the greatest abundance dowithin the SOv (Figures 4.4A
and 4.4F), POM (Figures 4.4A-4.4E), nucleus veateshlis thalami (VLT; Figures
4.5A and 4.5E), regio lateralis hypothalami (LHygure 4.5A, 4.5F, 4.5G, 4.6A, and
4.6G), and PVN (Figures 4.5A, 4.5B, 4.5D, 4.6A, G.6and 4.6D). Higher
magnification of the MT-ir neurons is shown in Figut.3, illustrating an oval shape

with monopolar process neurons in the POM and P$tNall numbers of the MT-ir
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neurons also found in the nucleus preopticus pefiiaellaris (POP; Figure 4.4A),
nucleus perventricularis hypothalami (PHN; Figu4esA and 4.5D), nucleus anterior
medialis hypothalami (AM; Figures 4.5A, 4.5C, 4.6And 4.6F), nucleus
suprachiasmaticus; pars medialis (SCNm; FiguresA 4&and 4.5C), tractus
septomesencephalicus (TSM; Figure 4.5H), and nacldarsolateralis anterior
thalami; pars magnocellularis (DLAmc; Figure 4.6B).small group of MT-ir

neurons was found at the end of PVN area (Figutd)4.Small groups of the MT-ir

fibers were also found in the organum vasculosumnra terminalis (OVLT; Figures
4.4A-4.4D), organum subseptale; organum intervemimre (SSO; Figure 4.6B), and

the external layer of the eminentia mediana (MGuFes 4.7B-4.7D).

4.4.3 Experiment Il

The numbers of counted MT-ir neurons in three hiyalaimic areas including
the SOv, POM, and PVN were compared across th@daptive stages (Table 4.2,
Figures 4.8-4.11). In all areas examined, the wffgal distributions of MT-ir
neurons were observed across the reproductivesst@ge results revealed that there
were more MT-ir neurons presented in the POM (Fegwt.8B and 4.10) and PVN
(Figures 4.8C and 4.11) than that of in the SOgyFas 4.8A and 4.9). Within the
SOv, the numbers of MT-ir neurons were low in thie gtoup (24.00 £ 4.31 cells),
then markedly increased in the L group (37.87 84.2lls), and reached the highest
density in both B (P<0.05; 54.54 + 5.43 cells) adyroups (38.50 £ 4.96 cells).
However, the numbers of MT-ir neurons were sligllijcreased when the hens made
the transition from incubating to rearing behavi@figures 4.8A and 4.9). In contrast,

within the POM and PVN areas, the numbers of MTaurons (cells) were low
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during the reproductively quiescent stage (POM585: 7.65, PVN; 33.29 + 2.85),
then markedly increased when the hens began t@@; 72.08 + 4.56, PVN; 44.21
+ 3.28) and further incubate their eggs (P<0.05MP©0.08 + 3.21, PVN; 75.00 £
6.73), and reach the highest level at the reargrgpg (P<0.05; POM; 96.83 * 3.81,
PVN; 81.00 + 3.89). The MT-ir neurons in the POM ahown in Figures 4.8B and
4.10, whereas the MT-ir neurons in the PVN are shawFigures 4.8C and 4.11.
Most notably, the numbers of MT-ir neurons in thégpothalamic areas displayed
fluctuations across the reproductive cycle and ammeto be the highest when the

hens had shifted from egg laying period to readhigks.

4.4.4 Experiment Il

To elucidate the association of MT-ir neurons witie neuroendocrine
regulation of rearing behavior, changes in the nemslof MT-ir neurons within the
SOv (Table 4.3, Figures 4.12 and 4.13), POM (Tdle Figures 4.14 and 4.15), and
PVN (Table 4.3, Figures 4.16 and 4.17) areas ofRhlkeens were compared with
those of the NR hens at different time periods. fidseilts revealed that the numbers
of MT-ir neurons within the SOv (Table 4.3 and Fgu4.12), POM (Table 4.3 and
Figure 4.14), and PVN (Table 4.3 and Figure 4.1f6he R hens were significantly
(P<0.05) higher than that of the NR hens. Changdisd number of MT-ir neurons in
the POM of R and NR hens at different time of negnperiods are shown in Figures
4.14 and 4.15. Within the POM, the MT-ir neuronsrevligher in the R hens than
that of the NR hens after the day of hatch (91.6832 cells) through the observed
rearing periods (P<0.05; R4 vs NR4,; 84.88 + 6.048$%3 + 3.85, R7 vs NR7; 88.79

+13.04 vs 51.42 + 5.23, R10 vs NR10; 94.17 + 9%886.96 + 5.29, R14 vs NR14,
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85.33 £ 3.32 vs 35.13 £ 6.01, R17 vs NR17; 73.883'# vs 42.63 + 5.37, R21 vs
NR21; 74.75 + 2.03 vs 48.21 *+ 3.18, R24 vs NR24484+ 5.07 vs 48.29 + 2.92,
R28 vs NR28; 80.29 + 2.58 vs 42.96 * 2.47 cellsithil the SOv, the MT-ir neurons
were not significantly different between the R &l hens after four days of rearing
periods (P>0.05; R4 vs NR4; 43.54 + 8.33 vs 34.(092, R7 vs NR7; 41.83 + 9.49
vs 21.17 = 3.50 cells), but the differences of M&-ir neurons were observed
between the R and NR hens after seven days onge@eriods (P<0.05; R10 vs
NR10; 40.17 + 4.41 vs 20.38 = 2.80, R14 vs NR14538t 4.96 vs 20.42 + 3.65,
R17 vs NR17; 33.75 + 2.66 vs 14.63 + 1.99, R21 /&N 42.58 + 8.32 vs 19.88 +
1.79, R24 vs NR24; 39.83 + 8.13 vs 16.33 + 1.218 R NR28; 32.79 + 3.11 vs
15.13 + 3.15 cells). The changes of MT-ir neuramghe PVN were significantly
greater than that of the NR hens after day of hé®st0.05; 117.46 + 8.72 cells) and
through 28 days of rearing time periods (P<0.05yR4AR4; 105.79 £ 2.60 vs 53.54
+ 2.98, R7 vs NR7; 110.00 + 5.90 vs 52.92 + 2.870Rs NR10; 88.88 + 3.77 vs
51.71 + 1.15, R14 vs NR14; 85.33 £+ 3.32 vs 55.58.&2, R17 vs NR17; 88.00 %
8.13 vs 39.21 + 2.62, R21 vs NR21; 80.63 + 2.9&88%3 + 2.51, R24 vs NR24,
75.67 £ 5.02 vs 40.79 % 2.48, R28 vs NR28; 84.38.15 vs 33.33 £ 3.62 cells).
Interestingly, the numbers of MT-ir neurons in N of the R hens remained high
after day of hatch and until 7 days, and then #ijgtieclined through 28 days of
rearing periods (Figures 4.16 and 4.17). All R heaared their chicks (after
hatching), immediately display brooding/rearing débr, including vocalization,
feather fluffing, crouching posture and slightlyldiag their wings away from the
body, pulling chicks with their beaks under theadly and between the body and the

wings, during the period of observation.



277

Table 4.1 Abbreviations of brain areadlomenclature and abbreviations are from a

stereotaxic atlas of the brain of the chick (Kuéraal Masson, 1988).

POM Nucleus preopticus medialis

POP Nucleus preopticus periventricularis

OVLT Organum vasculosum lamina terminalis

SOv Nucleus supraopticus; pars ventralis

CA Commissura anterior

PHN Nucleus perventricularis hypothalami

PVN Nucleus paraventricularis magnocellularis

TSM Tractus septomesencephalicus

VLT Nucleus ventrolateralis thalami

LHy Regio lateralis hypothalami

AM Nucleus anterior medialis hypothalami

SCNm Nucleus suprachiasmaticus; pars medialis

SSO Organum subseptale, Organum interventriculare
DLAmMc Nucleus dorsolateralis anterior thalami; pa@gnocellularis
ME Eminentia mediana (Median eminence)

VI Ventriculus tertius (Third ventricle)

Pit Pituitary
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Figure 4.1 Schematic diagrams of coronal sections illustratimg distributions of
MT-ir neurons (black dot) and fibers (small blacit)dthroughout the brain of the
native Thai chicken. Sections are presented instaioto caudal order frorA to D.
Coronal illustrations are redrawn, with the givesoiinates, from the stereotaxic

atlas of the chick brain (Kuenzel and Masson, 1988)
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Figure 4.2 Photomicrographs demonstrating the MT-ir neuronh@SOv A, C, E)

and PVN B, D, F) areas. Brain sections iA and B stained with OT antibody,
whereas sections i€ andD are stained with OT antibody pre-absorbed with 10
png/ml of MT, whereas sections EhandF are stained with OT antibody pre-absorbed
with 10 pg/ml of VT. For abbreviations, see Tablé. &cale bar = 100 unA( C, E),

scale bar =50 unB( D, F).
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Figure 4.3 Photomicrographs illustrating the distributions MfT-ir neurons and
fibers in the nucleus preopticus medialis (POMN); and nucleus paraventricularis
magnocellularis (PVNEC) of the native Thai chicken. Rectangles indicataa from
which following photomicrographs are takeB) Higher magnification of the MT-ir
neurons fromA) showed an oval shape with monopolar process nsurmthe POM.
(D) Higher magnification of MT-ir neurons in the PVRor abbreviations, see Table

4.1. Scale bar = 100 um(B), scale bar = 50 untC( D).
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Figure 4.4 Photomicrographs illustrating the distributionshT-ir neurons and fibers
in the preoptic area at A8.8 of schematic diagramfiscoronal sections of the
hypothalamic regions of the native Thai chicker. &abreviations, see Table 4.1. Scale

bar = 200 umA), scale bar = 100 unB(C, D, E, F).
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Figure 4.5 Photomicrographs illustrating the distributionsMT-ir neurons and fibers
in the preoptic area at A8.2 of schematic diagramhscoronal sections of the
hypothalamic regions of the laying native Thai &eic. For abbreviations, see Table

4.1. Scale bar = 200 um), scale bar = 100 unB(C, D, E, F, G, H).
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Figure 4.6 Photomicrographs illustrating the distributionsMT-ir neurons and fibers
at A7.8 of schematic diagrams of coronal sectiohshe hypothalamic regions and
more lateral regions of the native Thai chickenr. &abreviations, see Table 4.1. Scale

bar = 200 umA), scale bar = 100 unB(C, D, E, F, G).
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Figure 4.7 Photomicrographs illustrating the distribution offANt neurons in the end
of nucleus paraventricularis magnocellularis (P\A; in the native Thai chicken.
MT-ir fibers were found in the external layer oétmedian eminence (MB, C, D).

There was no MT-immunoreactivity observed in theipary (Pit). For abbreviations,

see Table 4.1. Scale bar = 200 pAnB), scale bar = 100 un€( D).
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Table 4.2 The number of MT-ir neurons within the individuaydothalamic areas
(SOv, nucleus supraopticus, pars ventralis; POM|eus preopticus medialis; PVN,
nucleus paraventricularis magnocellularis) in tregive Thai chicken at different
reproductive stages (NL, non-egg laying; L, eggirgy B, incubating eggs; R,
rearing chicks). Values represent the means + SBEB#Mp)( Values with different

superscripts are significantly different (P<0.05)hwm each group.

Hypothalamic Reproductive Stage
Area
NL L B R
SOv 24.00+4.31 37.87+42% 5454+543 3850+ 4.98
POM 55.58 +7.65 72.08+4.58 90.08+3.21® 096.83+3.8%

PVN 33.29+288 4421+328 75.00+6.73 81.00+3.89
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Figure 4.8 Number of MT-ir neurons in the nucleus supraoptiquars ventralis
(SOv; A), nucleus preopticus medialis (PONB), and nucleus paraventricularis
magnocellularis (PVNC) in the native Thai chicken at different reproduetstages
(NL, non-egg laying; L, egg laying; B, incubatinggs; R, rearing chicks). Values

with different letters are significantly differe(®<0.05; n=6).
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Figure 4.9 Photomicrographs illustrating the distributions MifT-ir neurons and
fibers in the nucleus supraopticus; pars vent(&iSv) during different reproductive
stages (NL, non-egg laying; L, egg laying; B, inatibg eggs; R, rearing chicks). For

abbreviations, see Table 4.1. Scale bar = 100 pm.
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Figure 4.10 Photomicrographs illustrating the distributions MTT-ir neurons and
fibers in thenucleus preopticus medialis (POM) during differegpproductive stages
(NL, non-egg laying; L, egg laying; B, incubatinggs; R, rearing chicks). For

abbreviations, see Table 4.1. Scale bar = 100 pm.
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Figure 4.11 Photomicrographs illustrating the distributions MT-ir neurons and
fibers in the nucleus paraventricularis magnocafial (PVN) during different
reproductive stages (NL, non-egg laying; L, eggirgy B, incubating eggs; R,

rearing chicks). For abbreviations, see Table @chle bar = 100 pm.



Table 4.3The number of MT-ir neurons (Mean + SEM) in the tlucleus supraopticus; pars ventralis (SOv), mggbeeopticus medialis
(POM), and nucleus paraventricularis magnocellsldRVN) of rearing and non-rearing native Thai habdifferent days of the

observation periods (n=6). Significant differenbegween means in each group at different time pan¢ denoted by different letters

(P<0.05) andP<0.05 for a comparison between group at a givea foint.

Area Group Days Following of Chicks’ Deprivationfrom Hens
Day of Hatch 4 7 10 14
SOv Rearing 48.00 + 7.01 43.54 + 8.33 41.83 + 9.49 40.17 + 4.41 38.50 + 4.98
Non-rearing N/A 34.00+9.92 21.17 +3.3D 20.38 +2.80 20.42 + 3.65
POM Rearing 91.63 +8.32 84.88 + 6.07 88.79 + 13.04 94.17 +9.38 85.33 +3.3%
Non-rearing N/A 48.63 +3.85 51.42 +5.23 46.96 + 5.28 35.13 + 6.0%
PVN Rearing 117.46 + 8.72 105.79 + 2.68° 110.00 + 5.98" 88.88 + 3.7F" 85.33 + 3.3%"
Non-rearing N/A 53.54 +2.98 52.92 + 2.87 51.71 + 1.1% 55.58 + 1.62

06¢



Table 4.3The number of MT-ir neurons (Mean £ SEM) in theleus supraopticus; pars ventralis (SOv), nucleaspgiicus medialis
(POM), and nucleus paraventricularis magnocellsldRVN) of rearing and non-rearing native Thai habdifferent days of the

observation periods (n=6). Significant differenbegween means in each group at different time pané denoted by different letters

(P<0.05) andP<0.05 for a comparison between group at a givea fioint (Continued).

Area Group Days Following of Chicks’ Deprivationfrom Hens
17 21 24 28
SOv Rearing 33.75+ 2.6b 42.58 + 8.3 39.83+ 8.1 32.79 +3.1%
Non-rearing 14.63 +1.99 19.88 + 1.79 16.33 +1.71 15.13 +3.15
POM Rearing 73.83+2.79 74.75 + 2.0 84.42 +5.07 80.29 + 2.58
Non-rearing 42.63 +5.37 48.21 +3.18 48.29 +2.92 42.96 + 2.47
PVN Rearing 88.00 + 8.1%%" 80.63 + 2.96 75.67 +5.09 84.38 + 4.18"
Non-rearing 39.21 +2.62 38.63 +2.51 40.79 + 2.4% 33.33 +3.62
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Figure 4.13 Photomicrographs illustrating the distributions MfT-ir neurons and
fibers in the nucleus supraopticus; pars vent(&83v) of rearing (R) and non-rearing
(NR) native Thai hens on different days followirgetinitiation of rearing or non-

rearing their chicks. For abbreviations, see Tdlle Scale bar = 100 pum.
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Figure 4.13 Photomicrographs illustrating the distributions MfT-ir neurons and

fibers in the nucleus supraopticus; pars vent(&83v) of rearing (R) and non-rearing
(NR) native Thai hens on different days followirgetinitiation of rearing or non-
rearing their chicks. For abbreviations, see Tablé. Scale bar = 100 pum.

(Continued).
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Figure 4.15 Photomicrographs illustrating the distributions MfT-ir neurons and
fibers in the nucleus preopticus medialis (POM)e#ring (R) and non-rearing (NR)
native Thai hens on different days following théiation of rearing or non-rearing

their chicks. For abbreviations, see Table 4.1leSoar = 100 pum.
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Figure 4.15 Photomicrographs illustrating the distributions MfT-ir neurons and
fibers in the nucleus preopticus medialis (POM)e#ring (R) and non-rearing (NR)
native Thai hens on different days following théiation of rearing or non-rearing

their chicks. For abbreviations, see Table 4.1leSogar = 100 um (Continued).
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Figure 4.17 Photomicrographs illustrating the distributions MfT-ir neurons and
fibers in the nucleus paraventricularis magnocatial(PVN) of rearing (R) and non-
rearing (NR) native Thai hens on different daydofelng the initiation of rearing or

non-rearing their chicks. For abbreviations, seleldd.1. Scale bar = 100 um.
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Figure 4.17 Photomicrographs illustrating the distributions MfT-ir neurons and
fibers in the nucleus paraventricularis magnocatial(PVN) of rearing (R) and non-
rearing (NR) native Thai hens on different daydofelng the initiation of rearing or
non-rearing their chicks. For abbreviations, sedldal.1. Scale bar = 100 pum.

(Continued).
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4.5 Discussion

This study investigates the association of the Mibersystem with
rearing/brooding behavior in the native Thai chitkeThe results reveal that the MT-
ir neurons and fibers were found predominantlyh@ diencephalon with the highest
abundance in the SOv, POM, and PVN. The resultoodstrate marked differences in
the number of MT-ir neurons in the SOv, POM, and\P&tross the reproductive
cycle, indicating that the MTergic system withiresie nuclei is associated with the
reproductive cycle in this tropical species. Fumhere, the MT-ir neurons in the SOv,
POM, and PVN were higher in the R hens when contbtyéhose of the NR hens.
The MT-ir neurons were sharply decreased in thehgRs. These findings indicate,
for the first time, that MTergic system plays a qidd role in neuroendocrine
reorganization to establish and maintain matereakliors. The decline in MTergic
activity during disrupting rearing behavior mighe¢ loelated to the contribution of
rearing behavior in this equatorial precocial speciThe results further suggest the
role of MT in these nuclei during the period ofnieg chicks resembles that of OT in
these similar brain structures during the parwmitand lactation in mammals.

In the present study, the distributions of MT-iurens and fibers in the brain
of the native Thai chickens were revealed. The nigjof MT-ir neurons were
distributed closely to the third ventricle withimet POA area of the hypothalamus. The
greatest density of MT-ir neurons were found pramity within the SOv, POM,
VLT, LHy, and PVN areas. Small numbers of the MThaurons were also observed
within the POP, AM, PHN, SCNm, DLAmc, and TSM. Shalmbers of the MT-ir
fibers were found in the OVLT, SSO, and the exterager of the ME. The

anatomical distributions of MT immunoreactivity fnothis present study were similar
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to those of reported previously in chickens, domestallards, and Japanese quails
(Goossens et al., 1977; Bons, 1980). FurthermbeeMT-ir neurons were also found
in areas outside the hypothalamus such as theaiknebh LS, optic lobe, pons, and
medulla oblongata in the chickens (Robinzon et1&88). However, previous studies
in mammals found that OT-ir fibers can be foundtiyhout the brain including the
Ac, lateral septum, amygdala, and several strusturéhe hindbrain, brainstem, and
spinal cord (Sofroniew, 1980; Castel and Morris8&89 With the exception of the
hindbrain and spinal cord projections, which afigen parvocellular neurons in the
PVN, the source of other central OT-containing fdo@as not been documented.
However, lesion of the PVN results in a marked otidn in OT-ir fibers throughout
the brain (De Vries and Buijs, 1983). Little is kmoregarding to the regulation of the
release of OT from these forebrain projections, they presumably contribute
significantly to the regulation of behaviors. Goaksteroids play an important role in
mediating the regulation of OT receptor (OTR) espren. Most peripheral OT-
binding sites are up-regulated by estrogen inclydive pituitary, renal, and uterine
OTRs (Fuchs et al., 1983; Soloff et al., 1983; Madal., 1992). This up-regulation is
accompanied by an increase in OTR mMRNA accumulasoggesting that the up-
regulation is consequence of a genomic estrogeettetin OTR gene transcription
(Breton et al., 1995; Larcher et al., 1995).

The results of this present study provide evidethe¢ the MTergic system is
associated with the reproductive cycle in the mafihai chicken, a tropical species.
There were more MT-ir neurons presented in the P&l PVN than that of in the
SOv. The numbers of MT-ir neurons were gradualtyeased in the POM and PVN,

when birds make transition from eggs laying to beting period and remained at the
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highest level in the rearing chick period. Thessults are consistent with previous
study in the turkeys, the seasonally breeding birgigorting that the MT-ir neurons
increase in the PVN and SOv of the incubating hehen compared to the laying
ones (Thayananuphat et al., 2011). Similarly, & baen reported in mammals that OT
mediates complex social and reproductive behawimisiding mating behavior, pair-
bond formation, and maternal behaviors. In additionthe role in regulating the
peripheral physiology necessary for parturition dmctation, OT plays a significant
role in initiating maternal nurturing behavior aslivIntracerebroventricular infusions
of OT stimulate a rapid onset of full maternal bebes in estrogen-primed female rats
(Pedersen and Prange, 1979; Pedersen et al., M8&over, the studies in mammals
demonstrate that the MPOA contains estrogen recegi@bughrue et al., 1997),
progesterone receptor (Numan et al., 1999), PReptec (Bakowska and Morrell,
1997), and OTR (Champagne et al., 2003). EstroB&i,, and placental lactogens
have all been shown to stimulate the onset of matdrehaviors when microinjected
into the MPOA (Bridges et al., 1990; 2001). OT ladso been shown to act on the
MPOA to stimulate maternal behaviors (Pedersen let E994). Moreover,
Stolzenberga and Numan (2011) propose that stenoigist interact with DA within
the MPOA to promote reproductive behaviors. Hulll @olleagues have presented the
best evidence for this idea in the context of nsmrual behaviors (Bitran and Hull,
1987; Hull et al.,, 1999; Hull and Dominguez, 20086). support of the idea that
estrogen-DA interactions within the MPOA might alsmmote maternal behaviors,
there are data indicating that in the absence tradisl benzoate (EB) treatment,
administration of a DDA receptor agonist directly into the MPOA can ipaie an

immediate onset of full maternal behaviors in tlystbrectomy and ovariectomy rats
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on day 15 (Stolzenberg et al., 2007). Becauseefatilitatory effect of EB action on
the MPOA is replicated by DDA receptor stimulation of the MPOA, a simple
interpretation is that DDA receptor stimulation of the MPOA substitutes éstrogen
action at the estrogen receptor to facilitate theset of maternal behaviors
(Stolzenberga and Numan, 2011).

Changes in the number of MT-ir neurons were obsenvehe SOv, POM, and
PVN of R and NR hens, and the numbers of MT-ir oesrin these hypothalamic
nuclei were compared between the R and NR henall these hypothalamic nuclei,
the MT-ir neurons were significantly higher in thens presented with chicks than
those of the hens deprived their chicks. In addito find that the MT-ir neurons in
the POM vary across the reproductive stages, tgkeebt density of MT-ir neurons
were observed in the R hens when compared to tbbsiee NR hens. It has been
suggested that these MT neuronal groups in the Ry be conserved for the
maternal care for the chicks during the rearingavedr. This result supports those
reported in mammalian species (Numan and SheeB&d, Numan and Insel, 2003).
OT appears to be regulating maternal behaviorsgimqahysiological actions in at
least three brain regions; the MPOA, the VTA, amel olfactory bulb (OB). Infusions
of OTR antagonist into the MPOA and VTA preventtpaent dams from retrieving
pups or from assuming a nursing posture over pBpddrsen et al., 1994). OTRs are
found to be increased in the MPOA and VTA at theetiof parturition, and the mRNA
expression of OTR is elevated in the MPOA duringgmancy (Pedersen et al., 1994;
Young et al.,, 1997; Meddle et al., 2007). It hagrbdurther suggested that OT
regulates maternal motivation in rodents. Howewascinating studies in sheep

suggest that OT plays a role in the establishmetiteomother-infant bond, a form of



305

social attachment as well. Unlike rodents, eweseligv highly selective maternal
behavior toward their own lambs only and rejecteign lambs. Infusions of OT
induce short latency maternal responses to forlagms in estrogen-primed ewes
(Kendrick et al., 1987). In sheep, maternal behavilevelop at the onset of parturition
or can be artificially stimulated with vaginoceraicstimulation. Additionally, high
concentration of estrogen receptor is found at @drons in the MPOA in the rabbits
(Caba et al., 2003). In the rats, OTRs mRNA iseased during pregnancy and/or at
parturition in the SON, OB, MPOA, bed nucleus o ttria terminalis, and medial
amygdala (Young et al., 1997; Meddle et al., 206iOwever, some evidences suggest
that the POA is important for the expression ofenal behaviors (Featherstone et al.,
2000). In birds, it has emerged as a crucial sitephysiological action of PRL in
relation to parental care based upon the bindingliss. Lesions to the POA
specifically disrupt PRL-induced parental feedinghile sparing PRL-induced
hyperphagia in the ring doves (Slawski and Burt®95). Concordant with this result
is the fact that expression of the immediate egeliye, c-fos, is enhanced in the POA
of doves in association with 2 weeks of incubatiehavior (Sharp et al., 1996).

The numbers of MT-ir neurons were compared inSx and PVN of R and
NR hens. As mentioned above, the numbers of MTeurons within these nuclei of
the R hens were significantly higher than thathef NR hens. In the R hens, the MT-ir
neurons were found the greatest within both nuaféér the chicks hatched and
remained at the high level through the observedngaeriod. Within the PVN, the
MT-ir neurons were higher in the R hens in compuarito their respective NR hens
through the observation period. However, the MTreurons in the SOv were

significantly different between the R and NR hefieraday 7 of rearing period. These
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results are in good agreement with previous studiesammals (van Leengoed et al.,
1987). An increase in the number of OT-ir neuranebserved in the PVN of the rats
during the parturition (Jirikowski et al., 1989).itiin the PVN, OT concentrations
increase in post-parturient ewes and maternal hehag induced after OT
retrodialysis in the PVN of ewes treated with egéo and progesterone (Da Costa et
al., 1996). The number of OT neurons expressingrbgeneous nuclear RNA in the
SON increases at the end of parturition in lactptiats comparing with virgin or
pregnant rats (Douglas et al., 1998). Fos-ir nesiiarthe PVN and SON were more
abundance in the parturient and lactating rats thase in the virgin or pregnant rats.
High numbers of these Fos-ir neurons were co-lpedliwith OT neurons in the SON
and PVN in the parturient rats (Lin et al., 1998he results of this present study
imply the role of MT in the SOv and PVN during bddag behavior in birds is similar
to the role of OT in the SON and PVN during pattan and lactation in mammals. It
has been suggested that OT, released within the BwWhhg parturition, may
coordinate the release of OT in other central sitaspositive feedback mechanism,
facilitating the onset of maternal behaviors aslwslthe induction of bonding (Da
Costa et al., 1996; 1999). Thus, it might be thgeca birds that the presented of
chicks mediate the hens to maintain their mateozait via the MTergic system
situated in the PVN area as similar in mammals.

In conclusion, the present findings clearly demiaista relationship between
the MTergic system and maternal behaviors in the@d hai chicken, a non-seasonal
breeding, equatorial precocial species. The reselisal markedly different in the
numbers of MT-ir neurons in the SOv, POM, and P\@rxbas the reproductive cycle,

indicating that the MTergic system is associatethwie reproductive state of the
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birds. The differential expressions of the MT-irunens were observed within the
SOv, POM, and PVN between the hens rearing chickk teens deprived of their
chicks. Furthermore, the numbers of MT-ir neuranghie SOv, POM, and PVN were
higher in the hens rearing their young, whereasntimabers of MT-ir neurons were
sharply decreased in the NR hens. These resultsateda pivotal role of the MTergic
system in the initiation and maintenance of broghfearing behavior through the

same nuclei that mainly regulated maternal behaviomammals.
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