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Ovarian follicle selection and development in domestic hens is highly 

regulated. A single small follicle (approximately 6-8 mm in diameter) is 

selected daily and enters the pre-ovulatory hierarchy, continuing to grow until 

ovulation occurs. We investigated the mechanism(s) involved in follicle 

selection and subsequent growth before ovulation.  

In the first study, we found bone morphogenetic protein 15 (BMP15) 

mRNA primarily in the oocyte, and BMP15 protein was detected in 6 and 8 

mm follicles around the time of follicle selection. In addition, BMP15 altered 

mRNA expression of genes associated with follicle selection. Granulosa cell 

culture with BMP15 increased mRNA levels of follicle stimulating hormone 

receptor (FSHR) and decreased both anti-Müllerian hormone (AMH) and 

occludin (OCLN). OCLN protein, a tight junction protein, also decreased, 

suggesting that this oocyte factor may play a pivotal role in follicle selection 

into the pre-ovulatory hierarchy.   

Liver-derived yolk material enters follicles via capillaries in the theca 

layer, ultimately reaching oocytes via paracellular spaces between granulosa 

cells. Yolk is incorporated into the oocyte by receptor-mediated endocytosis. 

OCLN may regulate access of yolk material to the oocyte surface. We 



 

determined expression and regulation of OCLN in small follicles. OCLN mRNA 

expression decreased with increasing follicle size. The regulation of OCLN 

transcripts in laying hens was investigated by granulosa cell culture. BMP15, 

epidermal growth factor (EGF) and activin B decreased OCLN expression, 

whereas activin A increased OCLN mRNA, suggesting local factors may 

regulate yolk access to the oocyte.   

Broiler breeder hens have aberrant follicle development that is 

modulated by limiting feed intake. Restricted diets produce more ordered 

follicle development and yolk uptake, but the causative factors are unknown. 

We examined metabolic-related factors in the liver and global gene expression 

to identify altered transcripts that contribute to abnormal follicular growth. The 

GH/IGF1-axis may be overstimulated in hens on an ad libitum diet and feed 

intake alters genes involved in lipid metabolism. These studies offer new 

insights into specific intra-ovarian and extra-ovarian factors mediating follicle 

selection and growth in the hen. 
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CHAPTER 1 

LITERATURE REVIEW 

Introduction 

Reproductive efficiency is a significant and important economic factor in 

the poultry industry. In 2005, the industry estimated that poor hatchability of 

chickens and turkeys accounted for in excess of $500 million in lost 

productivity [1]. Lost egg production through decreased ovulation rate 

increases the economic burden on the poultry industry. Due to ovulation 

abnormalities, meat type chickens (broilers) often have defective and 

decreased total egg production, when compared to birds selectively bred for 

prolific egg production (layers), which have a well-defined follicular hierarchy. 

Broiler breeding stock (broiler breeders) have selective breeding pressure for 

fast growth and efficient feed conversion, not ovulation rates. When fed ad 

libitum (full feed; FF), broilers become obese and exhibit aberrant follicle 

development, with excessive yolk accumulation resulting in ovarian 

overgrowth. The cause of ovarian overgrowth due to feeding level is unknown. 

This ovarian phenotype can be modulated by restricting feed intake (restricted 

feed; RF). Restricting feed improves egg production and reduces the number 

of growing follicles in broiler breeder hens. Restricting feed is not sufficient, 

however, to increase egg production to levels seen in the layers. Little is 

known about the contributing factors and ultimately the mechanism(s) leading 

to reduced egg production in broilers. 
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Given the economic loss to the poultry industry, it is important to 

research mechanism(s) of follicle selection and yolk accumulation in broilers. 

Understanding the mechanism(s) of follicle selection, especially as it relates to 

yolk production and up-take will help us address the excessive follicle 

development in chickens raised for high growth potential. A better 

understanding of mechanisms will lead to new practices, including but not 

limited to, interventions, breeding selection criteria, and feeding systems that 

may be combined with or potentially replace RF. This could lead to more 

efficient productivity in broilers. 

Overview of Ovarian Development in the Hen 

Embryonic Development 

The primordial germ cells (PGCs) are the precursors to oocytes. These 

specialized cells originate in the central zone of the area pellucida in the 

epiblast, at Hamburg and Hamilton (HH) stage 10 [2]. PGCs migrate to the 

gonadal ridge via the embryonic vasculature [3–6]. By HH stage 15 of 

embryonic development, PGCs  leave the vasculature at the gonadal ridge 

and enter into the embryonic gonads [7]. There is also a visible, uneven 

distribution of PGCs at this time and more PGCs accumulate in the left gonad 

[8].  

In the female embryo, only the left ovary develops into a functional 

organ. The bi-potential, embryonic gonad arises from the ventral surface of the 

embryonic mesonephros and is bilaterally symmetric in the female (ZW) 

embryo until sexual differentiation [2,9]. There are no morphological 
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differences between the ZZ (male) and ZW (female) gonad up until HH stage 

29-30, day 6.5 of the 21 day incubation period. After that, the secondary sex 

cords form at HH stage 31 or day 7 [9]. At this stage, the transcription factor, 

paired-like homeodomain 2 (PITX2), initiates the left-right asymmetry in the 

chick gonad by promoting somatic development and differentiation of the left 

epithelium which is responsible for development of the left ovary [10]. By HH 

stage 36 or embryonic day 10, there is unilateral regression of the right oviduct 

by anti-Müllerian hormone (AMH) and asymmetry between the left and right 

ovary [11,12]. The arrangement of the ovary during embryogenesis consists of 

a thin outer epithelial cortex and inner medulla. Both the left and right female 

gonad begin to express aromatase and produce estrogens, which is essential 

for embryonic ovarian development [13]. The right epithelium lacks estrogen 

receptor alpha (ERα), which inhibits further differentiation of the right gonad 

[13–15]. The left ovary and oviduct both express ERα, permitting development 

of the left gonad and protecting the left oviduct from regression by AMH 

[12,14].  

PGCs differentiate into oogonia and begin to proliferate within the 

embryonic ovary around HH stage 34 or day 8 of incubation [16]. Meiosis in 

the chick PGCs begins at day 15.5 of incubation. The initiation of meiosis 

during embryonic development is associated with a decrease in basic 

fibroblast growth factor (bFGF or FGF2) and an increase in retinoic acid within 

the ovary [17]. Oocytes are arrested in the diplotene stage of meiotic prophase 

I until the luteinizing hormone (LH) surge when they resume meiosis and 
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undergo germinal vesicle breakdown at approximately 4-6 hrs before ovulation 

[18]. Shortly after hatch, oocytes become surrounded by a single layer of 

granulosa cells and form primordial follicles in the cortex of the ovary [18]. 

Primordial follicles are organized in clusters or nests within the ovary [18]. 

Similar to mammals, primordial follicles in the hen function as an ovarian 

reserve throughout the reproductive life span since oogenesis is not observed 

after hatch. Follicle development is initiated around sexual maturation.  

Sexual Maturation 

The time to reach sexual maturation is variable in avian species. In 

domestic birds like the chicken, puberty usually occurs around 20 weeks of 

age, but can vary based on genetic strain, sex and environmental conditions. 

Similar to mammals, sexual maturation in the chicken is dependent on the 

activation of the hypothalamic-pituitary-gonadal axis. Prior to puberty, the 

ovary is small and dormant. As the hen matures and at approximately 15 

weeks of age, plasma levels of estrogens increase [19] and this initiates the 

development of secondary sex characteristics. Estrogen stimulates the 

reddening of the comb and wattle, oviduct development, vitellogenin 

production by the liver and formation of the medullary bone, prior to the first 

ovulation [20]. Chickens are seasonal breeders and require long day 

photostimulation for egg production. When a hen is subjected to more than 12 

hours of light, LH production rapidly increases [21]. The increase in LH leads 

to the first ovulation and the beginning of the reproductive life of the hen.  

Structures of the Adult Ovary 
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The single left ovary in the adult hen contains follicles at various stages 

of development (Figure 1.1). There is a large pool of small follicles 1-8 mm in 

diameter, usually described as prehierarchal follicles. This group of immature 

follicles can be further divided into large white follicles (LWF; 3-5 mm in 

diameter) and small yellow follicles (SYF; 6-8 mm in diameter). Follicles that 

are less than 5 mm in diameter appear white due to the absence of yellow yolk 

material, whereas follicles 6-8 mm in diameter accumulate small amounts of 

yellow yolk, but yolk accumulation is slow until a single follicle is selected 

approximately daily into the pre-ovulatory hierarchy [22,23]. At the time of 

follicle selection, the oocyte begins to rapidly accumulate yolk and grows from 

6-8 mm in diameter to around 40 mm before ovulation [22,23]. There are 

typically 5-7 (F5-F1) pre-ovulatory follicles within the adult ovary which are 

arranged in a size hierarchy; the largest (F1) will ovulate next and subsequent 

follicles will follow (Figure 1.1). This arrangement ensures a constant supply of 

pre-ovulatory follicles for daily egg production. 

A functional follicle produces a mature oocyte and gonadal hormones 

that contribute to the regulation of the ovulatory cycle and follicle development. 

In general, the follicle is made up of tissue layers that surround and support 

the developing oocyte. Immediately surrounding the oocyte is the perivitelline 

layer, which provides a structural fibrous mesh which may support the large 

amount of yolk material within the pre-ovulatory oocyte [24,25]. Granulosa 

cells form the next cell layer surrounding the perivitelline layer and oocyte. 
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Figure 1.1 Ovary from a laying hen. The ovary contains a distinct hierarchy of 

follicles. The largest (F1) ovulates the next day followed by the F2 on the 

following day and so on. The follicles in the hierarchy are selected from the 

pool of growing follicles (6-8 mm). The postovulatory follicle (POF) remains 

after ovulation. The germinal disc (GD) contains the germinal vesicle of the 

oocyte. 
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F1 
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The arrangement of granulosa cells within the follicle depends on the stage of 

follicle development. Granulosa cells in small follicles are arranged in a 

pseudostratified layer while the granulosa cells in pre-ovulatory follicles are 

cuboidal and are arranged one cell thick around the oocyte, with spaces 

between the granulosa cells forming yolk transport channels [22]. The 

granulosa cell layer has many functions throughout follicle development, 

including the production of hormones and growth factors which influence 

follicle development and ovulation. The theca interna, which is a 

heterogeneous mixture of collagen, fibroblasts and steroidogenic thecal cells 

surrounds the basal lamina of the granulosa cell layer. The theca and the 

outer connective tissue layer of the follicle are well vascularized [26], which is 

essential for the delivery of extra-ovarian derived yolk material, growth factors 

and hormones.  

Atretic and post ovulatory follicles (POF; Figure 1.1) are also visible in 

the adult ovary. Follicular atresia typically occurs in small follicles. Atresia in 

large pre-ovulatory follicles rarely occurs under normal physiological 

conditions. Atretic follicles in the hierarchy are usually only seen if there is a 

sudden termination in reproduction because of disease, or adverse 

environmental conditions unfavorable for reproduction [20]. Post-ovulatory 

follicles consist of the remaining follicular tissue after ovulation, including 

granulosa and theca cells. In contrast to the corpus luteum in mammals, the 

post-ovulatory follicle produces low amounts of steroid hormones and 
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regresses shortly after ovulation [27]. The absorption of atretic follicles and 

POF occurs via apoptosis [28]. 

The Oocyte and Germinal Disc Region 

The germinal disc (GD) is made up of the germinal vesicle of the oocyte 

and the surrounding cytoplasm [29]. The germinal disc region (GDR) refers to 

the GD and the granulosa cells that immediately cover and surround the GD 

[29]. It has been proposed that yolk does not accumulate in this area because 

yellow yolk is not seen surrounding the GD [29], and this may be due to 

morphological differences in the granulosa cells in the GDR compared to the 

peripheral granulosa cells. The granulosa cells in the GDR are tightly packed 

and have few microvilli projecting from the granulosa cells into the oocyte [29]. 

Non-GDR granulosa cells have many microvillar projections and are more 

loosely packed which allows the passage of yolk material to the growing 

oocyte [29].  

Granulosa cells in the GDR may also have additional functional roles. 

GDR granulosa cells are mitotically active and produce less progesterone than 

non-GDR granulosa cells [30]. These cells are not fully differentiated, 

compared to peripheral granulosa cells or non-GDR granulosa cells, due, at 

least in part, to their inability to produce large amounts of steroid hormones 

[30]. Epidermal growth factor (EGF), produced by the GD [31–33], may be 

responsible for the proliferation of granulosa cells in GDR. The function of the 

oocyte in follicle development is not fully understood, although the oocyte, 

through bi-directional communication with the cell layers within the follicle, may 
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participate in its own development or regression. Destruction of the GDR at 24 

hours prior to ovulation prevents further follicle development and results in 

follicular atresia [34]. Additional information on the avian oocyte will be 

presented later in the chapter. 

Ovarian Function 

Steroidogenesis  

The ovary is responsible for the production of various steroid hormones 

that are essential for proper development and function of the reproductive 

system. The primary steroid hormones produced within the ovary are 

androgens, estrogens, and progesterone. Production of these hormones is 

primarily under the control of the gonadotropins luteinizing hormone (LH) and 

follicle stimulating hormone (FSH) and their stimulation of second messenger 

systems [35,36]. FSH and LH are heterodimeric glycoproteins which consist of 

a common α subunit and unique β-subunits. FSH and LH bind to their 

receptors within the follicle and activate second messenger systems that are 

responsible for the cellular responses such as gene transcription and 

steroidogenesis.  

Gonadotropin signaling via second messenger systems regulates the 

production of steroid hormone synthesis during follicle development. In the 

chicken, LH-stimulated steroidogenesis in pre-ovulatory granulosa cells is 

mediated by the cyclic adenosine monophosphate (cAMP) protein kinase A 

(PKA) and protein kinase C (PKC) signaling pathways [35,37,38]. In 

prehierarchal follicles PKC signaling modulates steroid production by inhibiting 
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steroidogenic acute regulatory (StAR) transcription [39,40]. Receptors for 

gonadotropins are found in both prehierarchal and pre-ovulatory follicles. The 

responsiveness of the different tissue layers within the ovarian follicle and 

stroma to gonadotropins changes throughout follicle development. It follows 

that production of different steroid hormones also changes depending on 

stage of follicle development [41,42] or timing during the ovulatory cycle [43].   

In contrast to mammals, small (prehierarchal) follicles and ovarian 

stroma within the hen ovary produce most of the estrogens [44], both in the 

presence and absence of LH [41] and FSH [45]. In the absence of 

gonadotropins, steroidogenesis in the theca of 6-8 mm follicles is increased by 

both the PKA and PKC pathways, however, PKC stimulation in the presence 

of LH negatively modulated androstenedione production [45]. Production of 

estrogens in theca cells of small follicles prior to follicle selection occurs 

primarily via the Δ5 pathway [45,46]. The granulosa cells of small white 

follicles and the majority of small yellow follicles are steroidogenically 

incompetent [42], due to an absent or inactive cytochrome P450 cholesterol 

side chain cleavage (P450scc) enzyme, which converts cholesterol to 

pregnenolone [47]. In contrast to the granulosa cell layer, the theca cells 

contain P450scc, 17α-hydroxylase, 3β-hydroxysteroid dehydrogenase and 

P450 aromatase, enzymes necessary to make estrogens from cholesterol [48]  

Pre-ovulatory follicles produce progesterone, testosterone and 

estrogen. At this stage, progesterone, produced by granulosa cells, is the 

dominant steroid hormone [49–51]. Increased follicle stimulating hormone 
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receptor (FSHR) mRNA expression [52] and signaling increase around the 

time of follicle selection and initiate steroidogenesis in the granulosa cells. 

Sufficient cAMP production stimulates the expression of luteinizing hormone 

receptor (LHR) and StAR in the granulosa cells, leading to steroidogenesis 

and progesterone production in this tissue layer [38,53]. Granulosa cells of the 

pre-ovulatory follicles produce increasingly greater amounts of progesterone. 

The largest F1 follicle produces the highest concentration of progesterone via 

the Δ4 pathway [54] which ultimately initiates the LH surge and ovulation [55].  

Ovulatory Cycle 

The ovulatory cycle in the hen is defined by the period from one 

ovulation to oviposition and typically occurs every 24-28 hours in the 

commercial laying hen. The hen will go through a series of daily ovipositions 

without interruption for a period of time, until reaching a pause day. The 

number of eggs laid in a sequence depends on the time between successive 

ovulations, typically a hen will ovulate around 15-45 minutes after oviposition 

[56,57]. Each egg is laid at a slightly later time of the day with the last egg in 

the sequence generally laid late in the day [56]. The next day is a pause day 

and the hen will not lay an egg until the following day. Commercial laying hens 

in their first year of lay have short ovulatory cycles approximating 24 hours, 

which results in long laying sequences and increased egg production [58].   

Circadian rhythm and follicle maturation are important regulators of the 

ovulatory cycle. The circadian rhythm is usually dictated by the light/dark 

cycle. When subjected to a conventional 14 hours of light and 10 hours of 
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darkness, hens will lay within the first 10 hours of the lighted photophase [59]. 

The ovulatory cycle is also dependent on follicle maturation. A mature F1 

follicle must be ready to ovulate in response to the LH surge in order to 

continue egg production [41]. A defined follicular hierarchy of 5-7 pre-ovulatory 

follicles, where only the F1 ovulates, is essential. Disruption of the hierarchy, 

as occurs in broiler breeder hens, will result in decreased egg production or a 

shorter sequence. 

Ovulation 

The interaction between neuroendocrine hormones in the 

hypothalamus, gonadotropins in the pituitary and steroid hormones produced 

in the ovary control ovulation and final maturation of the oocyte. During the 

ovulatory cycle, estrogen production peaks 4-6 hours prior to ovulation, and in 

contrast to mammals, does not stimulate the LH surge, but may help in 

priming the hypothalamic-pituitary system [60] for the LH surge. The LH surge 

in the hen is triggered by a positive feedback mechanism initiated by a rapid 

production of progesterone by pre-ovulatory follicles [55]. High circulating 

progesterone stimulates the release of luteinizing hormone-releasing hormone 

(LHRH) into the hypothalamic/pituitary portal system, resulting in a LH surge 

4-6 hours before ovulation [61]. The follicle ruptures along the avascular 

region of the follicle called the stigma. Collagenase breaks down the follicular 

tissue which causes weakening and rupture of the follicle, and release of the 

ovum into the oviduct [62].  
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Regulation of Follicle Development  

Follicle development in the hen is a highly regulated process that 

results in the daily ovulation of a single yolk filled oocyte. As previously 

discussed, the development of follicles can be divided into several growth 

phases based on yolk accumulation and somatic cell differentiation. Activation 

of primordial follicles and their transition into the primary stage (< 2 mm) of 

follicle development is associated with the formation of a theca interna layer. 

The transition into the prehierarchal pool is associated with the accumulation 

of small amounts of white yolk and differentiation of the theca interna and 

theca externa layers. These small growing prehierarchal follicles can be 

further divided by size, 3-5 mm and 6-8 mm (Figure1.1). Pre-ovulatory follicles 

are selected from the pool of follicles 6-8 mm in diameter. Development of pre-

ovulatory follicles in the final growth phase is characterized by heightened yolk 

uptake and differentiation of the granulosa cells (Figure 1.1).  

Follicle growth in the final growth phase is dependent on the pituitary 

gonadotropins, FSH and LH; however, less is known about how intra-ovarian 

growth factors and metabolic hormones influence follicle development, 

particularly the selection of a single follicle into the final growth phase. A 

growing body of evidence in mammals and chickens indicates that early 

stages of follicle growth are mediated locally by paracrine and autocrine 

factors [63,64]. To date, the bulk of research on follicle selection has focused 

on the differentiation of the granulosa cell layer [64]. Less is known about the 

bi-directional relationship between the granulosa cells and the oocyte and the 
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growth factors required for development. The oocyte produces growth factors 

including EGF [31,32], growth and differentiation factor 9 (GDF9) [65], and 

bone morphogenetic protein 15 (BMP15) [66]. However, limited information is 

available on how these factors may contribute to increased passage of yolk 

material to the oocyte surface for subsequent incorporation into oocytes. It is 

also possible that the oocyte plays an important role in follicular events 

associated with follicle development.  

The Role of Intra-ovarian Growth Factors in Follicle Selection and 

Development 

The first critical transition in follicle development in mammals is the 

activation of primordial follicles from the resting pool. In mammals, growth 

factors from the microenvironment of the follicle keep follicles from activating 

and also stimulate primordial follicle development. Stimulatory factors include: 

KIT ligand, bFGF, GDF9, insulin, insulin-like growth factor 1 (IGF1) and 

insulin-like growth factor II (IGF2) (reviewed in [67]). The function of specific 

growth factors may be species dependent. For example, IGF1 and IGF2 

increased the proportion of primary follicles in cultured human ovarian cortex 

slices [68], however, a similar effect was not observed in cultured bovine 

cortical pieces or cultured rat ovaries [69,70]. It is possible that these factors 

could also influence follicle activation or the number of small follicles growing 

within the ovary of the hen, however, their involvement in these processes 

have not been investigated. Expression of KIT ligand is high during early 

stages of follicle development [71]. Although the function of KIT ligand is 
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largely unknown, abundant expression of KIT ligand is suggestive of a role 

during early stages of follicle development. 

The mechanisms underpinning follicle activation and the selection of a 

single follicle into the follicular hierarchy remain unclear. In mammals, the 

development of follicles from the primordial to the pre-antral stages can occur 

independently of gonadotropins, however, pre-antral follicles are responsive to 

gonadotropins [72,73]. Factors that initiate the activation of primordial follicles 

and growth of prehierarchal follicles in the hen are not well established. It has 

been shown however, that FSH can increase the number of small follicles 

within the hen ovary [74,75]. FSH activity is mediated by binding to the FSHR 

and receptor abundance is highest in the 6-8 mm follicle pool, the stage in 

which selection is believed to occur [76]. The transition into the follicular 

hierarchy is also associated with abundant and functional FSHR expression in 

granulosa cells [52]. A single follicle within the pool of 6-8 mm follicles has 

higher expression of FSHR, and as a result, FSHR abundance is thought to be 

an indication of  follicle selection [52]. Binding of FSH to a functional FSHR 

initiates the final differentiation and maturation of granulosa cells and involves 

increases in the cAMP-activating second messenger system [42]. 

Anti-Müllerian hormone (AMH) 

While there are several factors that have stimulatory effects on follicle 

activation, AMH is thought to exert inhibitory effects on mammalian primordial 

follicle activation and follicle development. AMH is a glycoprotein and a 

member of the transforming growth factor-β (TGF-β) superfamily [77]. The 
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function of AMH signaling activity depends on binding to both its specific type 

II receptor (AMHR2) and one of three different type I AMH receptors (ALK2, 

ALK3, ALK6). Upon receptor binding, AMH phosphorylates and activates 

Smad second messenger proteins [78]. Although AMH was first characterized 

and best known for its role in regression of the paramesonephric ducts in 

mammals and avian species [11,79], it also inhibits follicle activation. In mice 

null for AMH, primordial follicles were depleted at a higher rate than wild-type 

mice [80].  

AMH has a highly regulated pattern of expression during development 

in the hen. Expression is highest in the granulosa layer of small follicles and 

decreases with advanced follicle development [81]. This expression pattern 

suggests that paracrine signaling between somatic cells may be important 

during development and AMH could play a role in ordered follicle selection in 

the hen. AMHR2 has only recently been identified in the chick embryo [82]. 

Recent, unpublished work by our lab indicates that levels of mRNA for AMHR2 

are more abundant in the ooplasm compared to the granulosa of 3 mm 

follicles. Characterization of the receptor in the adult ovary is needed to better 

understand how this differential expression pattern may be associated with 

follicle development.  

There is increasing evidence that the avian oocyte regulates AMH 

expression. Exposure of granulosa cells to oocyte-conditioned media (OCM) 

led to a significant decrease in the levels of mRNA for AMH [81]. In this study, 

the OCM was generated by pooling and incubating small follicles less than or 
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equal to 1 mm in diameter in culture medium containing M199 and 0.1% 

bovine serum albumin for 3 days. Medium containing oocyte and follicular cell 

secreted factors was filter sterilized and then cultured with granulosa cells [81]. 

In a separate experiment, OCM was heat treated at 65° C for 30 min prior to a 

24 hr culture with granulosa cells. Heat-treated OCM did not affect AMH 

expression, indicating the factor(s) responsible for altering AMH are heat-

labile. Although the follicular factor(s) responsible for the decrease in AMH 

expression are unknown, incubation with (GDF9) antiserum did not block the 

effect of OCM on AMH expression, suggesting that it is not GDF9. Another 

oocyte factor, BMP15, may be present in OCM and responsible for the 

regulation of AMH (Chapter 2). Other factors from within the follicle, including 

bone morphogenetic protein 4 (BMP4) and bone morphogenetic protein 6 

(BMP6), increased the expression of AMH when added to cultures of 

granulosa cells of small follicles [83,84]. In addition, vitamin D decreased the 

expression of AMH in granulosa cells of small follicles [85]. Although further 

investigation is needed to clarify the function of AMH in the hen, the highly 

regulated pattern of expression along with the known function in the 

mammalian ovary suggest that it could maintain the orderly selection of a 

single follicle into the pre-ovulatory hierarchy. 

GDF9 and BMP15 

BMP15 and GDF9 are two oocyte-secreted ligands of the TGF-β 

superfamily that influence follicle development in mammals. GDF9 and BMP15 

are synthesized as dimers or heterodimers and bind to cell surface serine-
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threonine kinase receptors [86,87]. Both BMP15 and GDF9 are expressed in 

mice, sheep, cattle, humans [88–90] as well as other vertebrates [65,66,91]. In 

mammals, mRNA for BMP15 has been found in all stages of follicle 

development except the primordial stage [92]. In early stages of mammalian 

follicle development, BMP15 promotes granulosa cell mitosis and inhibits 

FSHR expression [93–95]. Gene deletion studies and naturally occurring loss-

of-function mutations in BMP15 and GDF9 dramatically affect fertility in a 

species in a dose-dependent manner. Mice null for BMP15 are sub-fertile and 

have a decreased ovulation rate [96], whereas mice null for GDF9 are infertile 

due to a block in folliculogenesis at the primary stage [97].  

The function and bioactive form of BMP15 in mammals is species-

dependent. In mono-ovulating species, such as humans and sheep the 

BMP15:GDF9 heterodimer may be a more effective regulator of granulosa cell 

function, whereas the BMP15 and GDF9 homodimers are less potent 

regulators of granulosa cell function. In mice BMP15:GDF9 heterodimers and 

GDF9 homodimers are more potent than BMP15 homodimers [98]. The 

Inverdale ewe, with two inactive copies of the BMP15 gene, is sterile. In 

contrast, a single inactive copy, enhanced ovulation rate resulting in increased 

incidence of twins and triplets [99–101]. In zebrafish, BMP15 inhibits 

premature oocyte maturation by inhibiting gonadotropin- and maturation 

inducing hormone expression [91]. Little is known about the function of BMP15 

in other vertebrates.  
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Alterations in BMP15 signaling also affect ovulation rate. In mammals, 

the function of GDF9 and BMP15 is mediated by binding to type I and type II 

receptor complexes and the activation of downstream signaling cascades 

(Smad) [86]. Both BMP15 and GDF9 bind BMPRII as their type II receptor and 

BMP15 uses BMPR1B (Alk6) as its type I receptor, whereas GDF9 binds to 

transforming growth factor β receptor type 1 (Alk 5). BMP15 and GDF9 are 

paralogs, however they have been shown to activate different Smad signaling 

pathways in vitro. BMP15 activates Smad 1/5/8 and GDF9 activates Smad 2/3 

[102,103]. A mutation in the type 1 receptor for BMP15, BMPR1B (Alk6), 

causes an increase in litter size in sheep [104]. Recently, mRNA expression of 

these receptors has been characterized in chicken pre-ovulatory follicles, and 

both are present in granulosa and theca layers of 6-8 mm follicles [105,106]; 

however, there is no quantitative receptor mRNA or protein data for small 

follicles. There is little known about the regulation of type I and II receptors in 

the hen ovary.  

Both GDF9 and BMP15 have recently been identified and found in the 

avian oocyte. GDF9 was localized to the chicken oocyte and promoted 

granulosa cell proliferation [65]. Messenger RNA for BMP15 was localized to 

the oocyte, by in situ hybridization [66]. In the same study, expression for 

mRNA was also found in granulosa cells in the GDR of pre-ovulatory follicles. 

The function of BMP15 was examined by culturing hen granulosa cells with 

recombinant human BMP15. The biological function of hBMP15 in the hen 

was confirmed by its ability to phosphorylate Smad1 [66]. Elis et al. [66] found 
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that BMP15 treatment of granulosa cells from large pre-ovulatory follicles 

inhibited gonadotropin-induced progesterone production. BMP15 activity 

during follicle selection in the hen may be important in maintaining the orderly 

selection of follicles into the pre-ovulatory hierarchy.  

Epidermal growth factor (EGF) 

Epidermal growth factor (EGF) is also produced by the oocyte in the 

hen [31,32]. EGF is a member of a growth factor family whose members bind 

a common EGF receptor (EGFR). Ligands for EGFR include: EGF, 

transforming growth factor α (TGFα), heparin-binding EGF-like growth factor 

(HB-EGF), amphiregulin (AR), betacellulin (BTC), epiregulin (EPR), and 

epigen [107]. Expression of EGF within the avian follicle was first 

characterized using a polyclonal antibody on frozen sections in both small and 

pre-ovulatory follicles [108]. In this study, expression was documented both in 

the granulosa and theca cell layers [108]. Subsequent studies that 

characterized EGF mRNA and protein expression found expression was 

restricted to the GD and GDR [32,109]. HB-EGF was also found primarily in 

the oocyte [110]. EGFR are located on the granulosa and theca layers within 

the follicle, indicating that paracrine signaling of EGF may be important in 

regulating somatic cell function [109]. The localization of EGF and EGFR 

suggests that EGF could influence granulosa cell differentiation associated 

with follicle selection.  

The function of EGF in the hen has been investigated at various stages 

of follicle development and is associated with proliferation, differentiation and 
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steroidogenesis in the granulosa cells [31,32,40,109,111]. Early research 

found that EGF inhibited LH-stimulated progesterone production in large pre-

ovulatory follicles [112]. Recent information on EGFR signaling, in particular 

the mitogen-activated kinase (MAPK)/ERK signaling pathway in the granulosa 

cells before and after follicle selection, has shed new light on a proposed 

mechanism of granulosa cell differentiation [40,64,111].  

EGFR induced signaling may keep granulosa cells of prehierarchal 

follicles in an undifferentiated state. Prior to follicle selection, undifferentiated 

granulosa cells are highly mitotic and unable to produce large amounts of 

steroid hormones [42]. After follicle selection, FSHR signaling via stimulated 

cAMP production [42] is increased, which initiates the expression of 

steroidogenic acute regulatory protein (StAR), LHR, and P450scc, resulting in 

increased progesterone production. Treatment of granulosa cells from 

prehierarchal follicles with a cAMP agonist (8-br-cAMP) increased 

progesterone production and StAR protein expression and phosphorylation 

[40]. In a simultaneous experiment, progesterone production was enhanced 

when a MAPK inhibitor (U0126) was added to the culture [40]. When the same 

experiment was performed using differentiated granulosa cells from pre-

ovulatory follicles, the MAPK inhibitor decreased progesterone production in 

granulosa cells stimulated with FSH, LH, and 8-br-cAMP [40]. These studies 

indicate that EGFR and MAPK signaling have opposite effects depending on 

the differentiation status of the granulosa cells. Also, phosphorylated MAPK 

levels in granulosa cells are higher in small follicles and then decline shortly 



22 

after follicle selection [40]. Others showed that EGF stimulates proliferation in 

GDR granulosa cells, but has no effect on non-GDR granulosa cells and 

decreases LHR expression [109]. Together these studies highlight the 

importance of EGF in inhibiting premature differentiation of granulosa cells of 

small follicles. They do not explain, however, the increase in FSHR associated 

with follicle selection; other factors within the ovary may contribute to the 

increase in FSHR expression essential for follicle selection. 

Yolk Accumulation 

The ability to rapidly accumulate yolk is an important and visible 

characteristic of a newly selected follicle (6-8 mm). The rapid and final growth 

phase requires the transport of lipid rich, liver-derived yolk material across the 

oocyte membrane in preparation for incubation. Recent research on follicle 

selection in the hen have primarily focused on somatic cell maturation and 

steroidogenesis. These studies have identified important ovarian growth 

factors that promote maturation of somatic cells; however it is important to 

identify how these factors relate to yolk accumulation. Poultry require energy-

rich yolk for the development of precocious chicks. The chick embryo requires 

approximately 60 kcal of energy for embryonic development, most of which is 

derived from the yolk [20]. Yolk material is primarily composed of four different 

fractions after centrifugation, a low-density fraction (70%), water-soluble 

fraction (8%), low-density fraction of the granule (4%) and phosvitin-lipovitellin 

fraction (18%) [113]. The low density fraction is made of very low density 

lipoprotein that is targeted for yolk deposition (VLDLy) which is about 80% lipid 
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by mass, and the lipovitellins originate from the vitellogenins, which are 

phosphoglycoproteins and only about 15% lipid by mass (VTGs) [113]. 

Throughout follicle development, yolk is deposited into the oocyte, although 

the rate rapidly increases upon follicle selection. In small follicles, prior to 

follicle selection, yolk components consist primarily of VTGs and follicles are 

white in appearance. The majority of the yolk accumulated in the rapid growth 

phase is yellow, triglyceride rich VLDLy. VLDLy is a complex made of 

apolipoprotein, VLDL-II and apoB, and is resistant to lipoprotein lipase [114].   

Estrogen stimulates the production of yolk material including VLDL, 

VTGs, apoB, and apoVLDL-II in the liver [115–119]. These studies 

characterized the estrogen-stimulated production of yolk material by injecting 

roosters with estradiol. It is possible that other circulating factors could also 

contribute to yolk synthesis by working synergistically with estrogen. 

Moreover, estrogen alone could not stimulate VTG production in cultured 

hepatocytes, although estrogen was effective in the presence of GH or 

prolactin [120]. It is also known that birds that harbor the dwarfing gene (dw), 

which is a mutation in the growth hormone receptor, have lower yolk weight, 

clutch size, and number of fast growing follicles in the hierarchy [121–123]. 

Thus, GH signaling potentially influences follicle development by modulating 

yolk synthesis. The yolk composition is different in dwarf hens, with dwarf hens 

incorporating more fatty acids from the diet into yolk material, suggesting that 

dw mutation may reduce liver fatty acid synthesis and composition of yolk 

material [124,125].  
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Once yolk material is synthesized and secreted from the liver, yolk is 

delivered to the follicle by the vascular system [126]. Yolk moves from 

capillaries in the theca layer, travels from the basal lamina to the oocyte by 

inter-granulosa cell channels, and is taken-up at the oocyte by receptor-

mediated endocytosis [22]. A single receptor type on the oocyte surface takes 

up both VTG and VLDLy [127–130]. This VLDL/VTG yolk receptor, a 95 kDa 

chicken homologue of the mammalian low density lipoprotein receptor (LDLR), 

has eight ligand binding domain repeats [131] and is called LR8. A mutation in 

the receptor inhibits binding of VLDLy, VTG and rapid yolk accumulation in the 

final growth phase; oocytes rarely ovulate in these hens [127,132]. The mRNA 

and protein for the yolk receptor, LR8, has been detected throughout follicle 

development, even in small follicles before selection into the hierarchy 

[128,133–135]. The ability of the oocyte, a single cell, to grow from 0.15 grams 

to 17 grams in 5-7 days [136] is an incredible physiological feat. This takes the 

coordination of production of yolk material in the liver and cellular 

modifications in both the oocyte and somatic cells in the follicle. Knowledge of 

the processes that support yolk accumulation will also likely increase our 

understanding of follicle selection mechanisms. 

There are two mechanisms that have been proposed to explain the 

selective accumulation of yolk by ovarian follicles. Shen et al. [127] proposed 

that yolk receptors are stored in vesicles within the oocyte and upon follicle 

selection, these receptors are relocated to the oocyte surface. Absent from 

this model is what may control the timing of receptor translocation. Others 
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hypothesized structural changes between granulosa cells allow for increased 

passage of yolk material to the oocyte surface [22,29,137]. Granulosa cells in 

small follicles are tightly packed together and exhibit epithelial cell 

characteristics, including the expression of the tight junction protein occludin 

(OCLN) [137]. Tight junctions are formed by transmembrane proteins including 

OCLN [138] and allow the selective passage of material through intercellular 

spaces.  

OCLN is present in hen granulosa cells and abundance differs at 

different stages of development [137]. OCLN is more abundant in small 

follicles and expression is lower in pre-ovulatory follicles [137]. This change in 

tight junctions may regulate access of yolk to the oocyte surface around the 

time of follicle selection. OCLN is located on the periphery of cells and its two 

extracellular loops interact with other OCLN protein loops on adjacent cells. 

This interaction is essential in sealing the paracellular region between cells 

[139,140]. The regulation of OCLN has been studied only in large pre-

ovulatory follicles, where activin A and FSH increased abundance and TGFα 

decreased OCLN levels [137]. Increasing our understanding of the regulation 

of tight junction proteins in small follicles will broaden our knowledge of the 

tightly regulated structural changes in the somatic cells during follicle 

selection.  

Broiler Breeder Hen Reproduction  

Intense selection pressure for postnatal growth has greatly improved 

growth and meat production efficiency in the broiler industry. Modern broilers 
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grow quickly and can reach market weight in as little as 4-6 weeks [141–143]. 

This genetic selection pressure has contributed to increased growth rate and 

improved feed conversion ratios, and these desirable production traits have 

decreased the cost of production [142,144,145]. Unfortunately, selection for 

these traits in broilers has led to unintended negative consequences that 

affect the physiology of the bird. Several physiological systems have 

compromised function in the broiler. Among the systems affected by fast 

growth are the cardiovascular [146,147], skeletal [148,149], respiratory 

[146,147,150], immune [151] and reproductive systems [152–154]. Broiler 

productivity and further improved efficiencies are compromised if these overall 

health issues are not addressed.  

Feed restriction  

Broiler breeders are the parent flocks to broilers and are raised 

separately rather than in group housing systems used for birds raised for 

consumption. They possess similar growth potential as their broiler progeny, 

but genetic selection for production traits, including fast growth, has led to a 

significant decline in reproductive efficiency. Difference in the egg production 

between layers and broilers has been documented since the early 

development of this specialized meat-type [155]. In order to enhance 

reproductive efficiency, modern broiler breeders are maintained on an intense 

feed-restriction diet (RF) throughout postnatal life [156]. Feed restriction 

improves egg production, although the practice is not sufficient to restore egg 

production to levels similar to laying hens. Average production for a RF broiler 
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at 65 weeks of age is 167.8 eggs per hen housed [157], as compared to 282.5 

eggs per laying hen housed [158], indicating that RF alone only partially 

improves egg production in broilers. The physiological and hormonal 

mechanisms associated with the altered reproductive efficiency due to feeding 

level are unknown.  

There are clear physiological and morphological differences between 

RF and broiler breeders allowed to eat ad libitum (FF). In all studies, 

investigators found that broiler breeders on a FF diet consume excessive 

amounts of feed that results in increased body weight, abnormal number of 

pre-ovulatory follicles, decreased egg production, and increased number of 

abnormal eggs [152,159–164]. There is conflicting evidence on whether there 

is a difference in the number of small follicles on the FF diet (3-10 mm in 

diameter); one report showed lower numbers in FF hens [162], whereas 

another study [152] indicated no difference. Sun et al. [163] showed that the 

weight of the ovarian stroma of FF hens was significantly greater than RF 

hens, indicating that there could be an increased number of small growing 

follicles <1 mm or increased follicle activation in FF hens.  

Linking nutrition level to liver and reproductive traits  

Fatty liver syndrome or fatty liver hemorrhagic syndrome (FLHS) is a 

metabolic disease that has been well characterized in laying hens [165]. The 

disease occurs when there is increased lipogenesis due to overconsumption 

of calories and positive energy balance [165]. FLHS is characterized by 

steatosis, in severe cases hemorrhage, and by the presence of excessive 
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amounts of abdominal fat. Decreased egg production also accompanies the 

disease and is generally the first symptom noticed in diagnosis [166]. The 

disease etiology is not fully understood although it has been proposed that 

estradiol plays an important role [167]. Chen et al. [162] have previously 

reported that FF broilers develop lipotoxicity due to increased lipogenesis, 

higher plasma triacylglycerol (TAG) and non-esterified fatty acids (NEFA). 

They speculate that decreased egg production in FF broilers is due to 

lipotoxicity. A similar phenotype is observed in the postpartum dairy cow. After 

calving there is increased mobilization of fats and non-esterified acid release 

(NEFA) that can result in fatty liver syndrome [168]. There are well 

documented, significant metabolic hormonal changes in the postpartum dairy 

cow including uncoupling of the somatotropic axis leading to decreased 

reproductive function [169]. Generally, when an animal is in good health the 

somatotropic axis is coupled. There is an abundant population of GHR in the 

liver as well as high circulating GH and IGF1. The axis becomes uncoupled at 

initiation of lactation, when the cow goes into negative energy balance [169]. 

Shortly after calving, there is a decline in the abundance of GHR in the liver 

and greater GH concentration and lower IGF1 concentration in the blood 

(reviewed in [170]).  

Hormonal differences in broiler breeders maintained on a RF diet or 

allowed to eat ad libitum have been investigated. Although there is some 

discrepancy in the literature, primarily due to differences in experimental 

design, there seems to be little difference in LH or progesterone production 
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[152,171,172]. Onagbesan et al. [171] found a difference in progesterone and 

estradiol production between FF and RF hens, although hens in this 

experiment were on FF throughout postnatal life. FF hens reached puberty 

before RF hens and therefore it is difficult to determine if the hormonal 

differences were due to feeding level or the timing of sexual maturity [171]. 

Renema et al. [152] found that estradiol was increased in broiler breeders that 

were started on FF at 21 weeks of age, although Onagbesan et al. [171] 

reported higher levels of estradiol in RF hens. Liu et al. [172], found no 

difference in pre-ovulatory patterns of LH, progesterone, or estradiol. 

Additionally, they found no overall differences in estradiol in hens switched 

onto FF at 10 weeks of age, prior to sexual maturity [172]. It is difficult to 

interpret these hormone profiles as a result of feeding level, when there were 

clear differences in the experimental design that could have contributed to the 

discrepancies in these reports. Cultured small white follicles from FF hens 

produced more estrogens than RF hens, although the difference was not 

significant [173]. Androstenedione production was significantly higher in 

cultured small white follicles from FF compared to RF hens, suggesting that 

the steroidogenic capacity of small follicles may be greater in FF broiler 

breeders [173]. Reports on the differences in steroid hormone concentrations 

in FF and RF broiler breeders are inconsistent, which could be due to 

differences in experimental design including the age of the hen, duration of ad 

libitum feed, or time of sampling. Further investigation is needed to clarify 
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ovarian steroid hormone production in response to feed intake in broiler 

breeder hens.  

Only a few studies have considered feed intake effects on production of 

local growth factors that may regulate the rate at which follicles are selected 

into the hierarchy. AMH was more abundant in the ovary of FF hens compared 

to RF hens [164]. When compared to laying hens, broilers also had higher 

expression of mRNA for AMH [164]. Inhibin α and inhibin βA mRNA expression 

in granulosa cells have been shown to be different in FF compared to laying 

hens [174]. Throughout follicle development both inhibin α and inhibin βA 

mRNA levels increased with follicle development in FF broiler breeders, similar 

to laying hens [174]. FF broiler breeders also had significantly higher levels of 

mRNA for inhibin α in the granulosa of F1, F2 and F3 follicles and inhibin βA 

mRNA was also higher in F1 and F2 granulosa cells of FF broiler breeders 

[174]. Further investigation is needed to increase our understanding on how 

feeding level affects local production of growth factors, and how these factors 

influence follicle development in broiler breeders.  

The role of the GH/IGF1 system in mammalian follicle development 

[169] and the importance of this system in the growth characteristics of broiler 

breeders suggest that the GH/IGF1-axis may also be involved in reproductive 

dysfunction in broiler breeders. The GH/IGF1-axis is comprised of GH, growth 

hormone receptor (GHR), IGF1, IGFII, IGF1 receptors, and IGF-binding 

proteins (IGFBP). Generally, the axis functions such that growth hormone 

stimulates hepatic production of IGF1 which stimulates growth [175]. In the 
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chicken, mRNA levels for these hormones are dependent on feeding and 

nutritional status, as during food deprivation or feed restriction plasma levels of 

IGF1 are lowered [176]. Alterations in GH signaling directly contribute to 

reproductive function in chickens. Evidence for this connection was provided 

by a mutation in the GHR gene, or the “dwarfing gene” (dw), in chickens 

[122,177]. Introduction of this gene into hens selected for double ovulations as 

well as into broiler breeder hens, reduced the number of developing follicles, 

thereby improving egg production [123,178]. The improvement in egg 

production was associated with optimal yolk production and up-take, since 

dwarfism decreases yolk production as well as yolk weights [124,125]. In mice, 

disruption of the GHR also results in a reduced number of pre-ovulatory 

follicles and a decreased ovulation rate [179]. GH and IGF1 signaling may 

have role in regulating the number of growing follicles in mammals as well as 

the hen and it warrants further investigation.  

Insulin Growth Factor 1 and 2 

Chicken IGF1 is a 7 kDa protein and differs from the bovine, human, 

and porcine IGF1 protein at 8 amino acids [180]. In the avian ovary, IGF1 is 

expressed in both the theca and granulosa cells of large pre-ovulatory follicles 

[181–183], although expression of IGF1 is more abundant in the theca layer 

[182]. Data from the laying hen indicate that expression of IGF1 may increase 

with follicle development, while expression of IGF2 may be more abundant in 

small follicles [182]. Granulosa cells of large follicles produce both IGF1 and 

IGF2, and significantly more IGF2 than IGF1 in vitro [183]. A more detailed 
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examination of the expression of IGF1 and IGF2 expression in small follicles, 

relative to tissue layer, will lead to a better understanding of their related roles 

in the follicle.  

In the circulation, IGF1 is bound to high affinity binding proteins, the 

insulin-like growth factor binding proteins (IGFBPs). There are 6 high affinity 

binding proteins in vertebrates [184]; however, the IGFBPs are not well 

characterized in the chicken. IGFBP2 and IGFBP5 have been cloned and 

characterized in the chicken [185,186]. In addition, IGFBP2 has been shown to 

be altered during periods of food deprivation, protein was increased during a 

fasting period and then lowered upon refeeding [187].  Expression of mRNA 

for IGFBP2 and IGFBP5 has also been detected in the chicken ovary [188]. 

The function of IGFBPs during follicle development in the hen has not been 

studied as it has in mammals, although IGFBPs were found in both the 

granulosa and theca layers [181,182]. Differences in transcripts for IGF1, 

IGFII, IGFR, IGFBP2 and IGFBP5 were examined in broiler breeder hens on 

FF or RF diet from 4-16 weeks prior to sexual maturation [188]. The study 

found no major differences in transcript abundance in the ovary of hens 

maintained on a RF or FF diet, although the sample size was low (n = 2) and 

may not accurately represent differences. The experiment also investigated 

expression before the ovary was fully developed as expression and regulation 

could differ prior to adulthood and in the adult ovary. The GH/IGF1-axis may 

function differently during a growing period, compared to adult life [175]. In 

addition, a widely referenced study by Hocking et al. [189] showed that broiler 
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breeder hens maintained on a RF diet during lay had significantly higher 

plasma IGF1, compared to FF hens, however the small sample size in their 

experimental design makes the validity of this report questionable. The 

authors sampled 3 birds in each experimental group (RF and FF), then pooled 

the samples and determined plasma concentration by radioimmunoassay 

[189]. The sample size is too low to accurately represent differences.  

The function of IGF1 has been characterized in large pre-ovulatory 

follicles, but little is known about the function in small prehierarchal follicles. In 

pre-ovulatory follicles, IGF1 stimulates granulosa cell proliferation 

[182,183,190,191] and production of progesterone [190,192–194]. The 

function of IGF is mediated by the cell surface receptor, insulin like growth 

factor type 1 receptor, IGF1R. Unlike mammals, chickens do not have a type II 

IGF2/cation-independent mannose-6-phosphate receptor (IGFR2). Both IGF1 

and IGF2 functions are mediated by binding to the IGF1R. Receptor mRNA 

and protein expression has been characterized in pre-ovulatory follicles and is 

most abundant in granulosa cells. Receptor abundance increases with follicle 

development, and is most abundant in the largest F2 and F1 follicles [195]. 

IGF1R is a tyrosine kinase receptor, which is activated upon ligand binding 

[196]. The mechanism of IGF1 stimulation of progesterone production was 

studied in granulosa cells of pre-ovulatory follicles [195]. This study showed 

that treatment of granulosa cells with IGF1 stimulated the tyrosine 

phosphorylation of IGF-1R beta subunit, phosphorylation of ERK and 

phosphorylation of Akt, in both a mixed culture of granulosa cells from F3 and 
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F4 follicles and granulosa cell culture from the F1 follicle [195]. The study also 

showed that treatment with IGF1 decreased Thr172 phosphorylation of AMP 

activated protein kinase (AMPK). AMPK is a serine threonine protein kinase 

that monitors the energy status of the cell [197]. It is activated by an increase 

in AMP/ATP ratio and phosphorylation of Thr172 on its activation loop. 

Activation of AMPK inhibits pathways that consume energy and stimulates 

ATP production through catabolic pathways [198]. Using an AMPK activator 5-

aminoimidazole-4-carboxamide ribonucleoside (AICAR), investigators inhibited 

IGF1-stimulated progesterone production and increased StAR protein and 

ERK MAPK in the mixed culture of granulosa cells from F3 and F4 follicles 

[195]. Although they saw the opposite effect in the granulosa cells from F1 

follicles [195]. This could indicate that energy balance in broiler breeder hens 

(FF vs. RF) affects granulosa cell steroidogenesis and viability differentially at 

different follicle stages. There have been no reports thus far on this signaling 

pathway in the granulosa of prehierarchal follicles, but this could give insight 

into mechanisms of follicle selection, or follicle atresia, especially in FF broiler 

breeders where there is an increased number of follicles selected into the 

follicular hierarchy.    

When chicken GH (cGH) was administered to growing hens during 

sexual development, GH increased development of the ovary, resulting in 

increased estradiol and progesterone production, suggesting that GH may 

also influence initial follicle growth at puberty [199]. It is difficult to determine if 

the function of GH in the ovary is through direct effects or indirectly through 
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IGF1 and the insulin signaling pathway. Culture of prehierarchal follicles with 

cGH or hIGF1 increased estradiol production in vitro, but when they were 

combined, production of estradiol was not additive [200]. Alternatively, a prior 

study found that IGF1 inhibited estradiol production in cultured theca cells of 

SYF [191]. The differences in these two studies could be due to differences in 

the tissue cultured, whole follicles vs. theca cells or the duration of culture, 24 

hr vs. 3 hr. The size of SYF follicles used in Onagbesan et al. [191] was not 

described and could also contribute to the discrepancy in the two studies.  

In mammals, the GH/IGF1 axis plays a critical role in follicle 

development. In the miniature Brahman, a mutation in GHR causes an 

abnormal ovarian phenotype, including a reduced number of follicles [201]. 

Cattle selected for multiple births have greater blood and follicular fluid 

concentrations of IGF1 [202,203]. The global IGF knockout mouse is infertile 

[204,205], although the GH null mouse is fertile [206]. This indicated that GH 

independent production of IGF1 may be sufficient for follicle development. The 

IGF1 liver-conditional knock-out is also fertile which suggests local production 

of IGF1 is adequate to support reproductive function [207]. Conversely, when 

a rat IGF1 transgene was over-expressed specifically in the liver of the global 

IGF1 knockout, mice were sub-fertile [208], suggesting that endocrine-derived 

IGF1 may restore some ovarian function and that IGF1 in the ovary may be 

from both endocrine and paracrine origins. In mammals, IGF1 mRNA is 

present in granulosa cells, whereas IGF2 is found in both granulosa and theca 

cells [209–211].  
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The functions of IGF1 in the mammalian ovary include proliferation, 

differentiation, and survival of follicular cells [212,213]. Importantly, IGF1 acts 

synergistically with gonadotropins [213]. IGF1 increases gonadotropin receptor 

abundance [214] and decreases apoptosis in cultured follicles [215]. The 

function of IGF1 in the ovary is modulated by IGF1BPs, IGF binding protein 

proteases, and IGF1 receptors. IGFBPs regulate bioavailable IGF1, and 

therefore the function of IGF1, by enhancing or decreasing IGF1 receptor 

binding. IGF binding protein proteases function by degrading IGFBPs and 

increasing free IGF1 (reviewed in [216–218]). Bovine granulosa cells produce 

low molecular weight binding proteins, IGFBP2, -4, and -5 and the activity of 

IGFBP2, -4, and 5 decrease with follicle growth; low levels of these binding 

proteins are also associated with dominant follicles [217]. Proteolytic 

degradation of IGFBPs, resulting in increased free IGF1, may be the reason 

for differences in the amount of IGFBPs in dominant vs. subordinate or atretic 

follicles and could be a mechanism for dominant follicle selection [217]. 

Summary 

 In conclusion, ovarian follicle development in the hen is highly regulated 

and involves the coordination of various intra and extra-ovarian cues for 

optimal follicle selection. Daily selection of a prehierarchal follicle is essential 

for maintenance of a well-organized follicular hierarchy and daily egg 

production. Little is known however about the regulation of follicle selection 

and how the rate of follicle selection is altered by feeding level in broiler 

breeder hens. We hypothesize that factors emanating from the oocyte and 



37 

systemic changes in whole animal metabolism control the orderly selection of 

a single follicle into the pre-ovulatory hierarchy. Accordingly, we investigated 

mechanism(s) involved in follicle selection and growth before ovulation. We 

specifically characterized the expression, function and regulation of the oocyte 

specific factor BMP15 in small follicles around the time of follicle selection. In 

addition, we investigated a possible mechanism of follicle growth including the 

expression and regulation of a tight junction protein OCLN. Finally, we studied 

the interaction between reproductive efficiency and the liver transcriptome in 

broiler breeder hens maintained on a FF and RF diet.   



38 

REFERENCES 

[1] Schaal T, Cherian G. A Survey of the Hatchability of Broiler and Turkey 

Eggs in the United States from 1985 Through 2005. Poult Sci 2007; 

86:598–600. 

[2] Hamburger V, Hamilton HL. A series of normal stages in the 

development of the chick embryo. J Morphol 1951; 88:49–92. 

[3] Eyal-Giladi H, Ginsburg M, Farbarov A. Avian primordial germ cells are 

of epiblastic origin. J Embryol Exp Morphol 1981; 65:139–47. 

[4] Kagami H, Tagami T, Matsubara Y, Harumi T, Hanada H, Maruyama K, 

Sakurai M, Kuwana T, Naito M. The developmental origin of primordial 

germ cells and the transmission of the donor-derived gametes in mixed-

sex germline chimeras to the offspring in the chicken. Mol Reprod Dev 

1997; 48:501–10. 

[5] Tagami T, Kagami H. Developmental origin of avian primordial germ 

cells and its unique differentiation in the gonads of mixed-sex chimeras. 

Mol Reprod Dev 1998; 50:370–6. 

[6] Nakamura Y, Yamamoto Y, Usui F, Mushika T, Ono T, Setioko AR, 

Takeda K, Nirasawa K, Kagami H, Tagami T. Migration and Proliferation 

of Primordial Germ Cells in the Early Chicken Embryo. Poult Sci 2007; 

86:2182–2193. 



39 

[7] Ando Y, Fujimoto T. Ultrastructural Evidence that Chick Primordial Germ 

Cells Leave the Blood-Vascular System Prior to Migrating to the 

Gonadal Anlagen. (germ cells/chick/migration/ultrastructure). Dev 

Growth Differ 1983; 25:345–352. 

[8] Nakamura Y, Yamamoto Y, Usui F, Mushika T, Ono T, Setioko AR, 

Takeda K, Nirasawa K, Kagami H, Tagami T. Migration and proliferation 

of primordial germ cells in the early chicken embryo. Poult Sci 2007; 

86:2182–93. 

[9] Cutting AD, Bannister SC, Doran TJ, Sinclair AH, Tizard MVL, Smith C 

a. The potential role of microRNAs in regulating gonadal sex 

differentiation in the chicken embryo. Chromosome Res 2012; 20:201–

13. 

[10] Guioli S, Lovell-Badge R. PITX2 controls asymmetric gonadal 

development in both sexes of the chick and can rescue the degeneration 

of the right ovary. Development 2007; 134:4199–208. 

[11] Tran D, Josso N. Relationship Between Avian and Mammalian Anti-

Mullerian Hormones. Biol Reprod 1977; 16:267–273. 

[12] Teng CS. Quantification of Müllerian inhibiting substance in developing 

chick gonads by a competitive enzyme-linked immunosorbent assay. 

Dev Biol 1987; 123:255–63. 



40 

[13] Nakabayashi O, Kikuchi H, Kikuchi T, Mizuno S. Differential expression 

of genes for aromatase and estrogen receptor during the gonadal 

development in chicken embryos. J Mol Endocrinol 1998; 20:193–202. 

[14] González-Morán MG. Changes in the cellular localization of estrogen 

receptor alpha in the growing and regressing ovaries of Gallus 

domesticus during development. Biochem Biophys Res Commun 2014; 

447:197–204. 

[15] Andrews JE, Smith CA, Sinclair AH. Sites of estrogen receptor and 

aromatase expression in the chicken embryo. Gen Comp Endocrinol 

1997; 108:182–90. 

[16] Swift CH. Origin of the definitive sex-cells in the female chick and their 

relation to the primordial germ-cells. Am J Anat 1915; 18:441–470. 

[17] He B, Lin J, Li J, Mi Y, Zeng W, Zhang C. Basic fibroblast growth factor 

suppresses meiosis and promotes mitosis of ovarian germ cells in 

embryonic chickens. Gen Comp Endocrinol 2012; 176:173–81. 

[18] Johnson AL. Sturkie’s Avian Physiology. Sixth Edit. Elsevier; 2015. 

[19] Peterson a J, Webster M. Oestrogen concentration in the peripheral 

plasma of maturing pullets. Br Poult Sci 1974; 15:569–72. 



41 

[20] Etches RJ. Reproduction in Poultry. Wallingford, Oxon, UK : CAB 

International; 1996. 

[21] Wilson SC, Cunningham FJ. Effect of increasing day length and 

intermittent lighting schedules in the domestic hen on plasma 

concentrations of luteinizing hormone (LH) and the LH response to 

exogenous progesterone. Gen Comp Endocrinol 1980; 41:546–553. 

[22] Perry MM, Gilbert AB. Yolk transport in the ovarian follicle of the hen 

(Gallus domesticus): lipoprotein-like particles at the periphery of the 

oocyte in the rapid growth phase. J Cell Sci 1979; 39:257–72. 

[23] Marza V, Marza E. The formation of the hen’s egg. Quart J Micr Sci 

1935. 

[24] Bell DJ, Freeman BMA-PY-1971. Physiology and biochemistry of the 

domestic fowl. London: Academic Press; 1983. 

[25] Bakst M. Scanning electron microscopy of the vitelline membrane of the 

hen ovum. J Reprod Fertil 1978. 

[26] Dahl E. Studies of the fine structure of ovarian interstitial tissue. 2. The 

ultrastructure of the thecal gland of the domestic fowl. Z Zellforsch 

Mikrosk Anat 1970; 109:195–211. 



42 

[27] Dick HR, Culbert J, Wells JW, Gilbert AB, Davidson MF. Steroid 

hormones in the postovulatory follicle of the domestic fowl (Gallus 

domesticus). J Reprod Fertil 1978; 53:103–7. 

[28] Tilly JL, Kowalski KI, Johnson AL, Hsueh AJ. Involvement of apoptosis 

in ovarian follicular atresia and postovulatory regression. Endocrinology 

1991; 129:2799–801. 

[29] Perry MM, Gilbert AB, Evans AJ. The structure of the germinal disc 

region of the hen’s ovarian follicle during the rapid growth phase. J Anat 

1978; 127:379–92. 

[30] Tischkau SA, Neitzel LR, Walsh JA, Bahr JM. Characterization of the 

growth center of the avian preovulatory follicle. Biol Reprod 1997; 

56:469–74. 

[31] Yao HH, Bahr JM. Germinal disc-derived epidermal growth factor: a 

paracrine factor to stimulate proliferation of granulosa cells. Biol Reprod 

2001; 64:390–5. 

[32] Volentine KK, Yao HH, Bahr JM. Epidermal growth factor in the germinal 

disc and its potential role in follicular development in the chicken. Biol 

Reprod 1998; 59:522–6. 



43 

[33] Tischkau S a, Bahr JM. Avian germinal disc region secretes factors that 

stimulate proliferation and inhibit progesterone production by granulosa 

cells. Biol Reprod 1996; 54:865–70. 

[34] Yoshimura Y, Tischkau SA, Bahr JM. Destruction of the germinal disc 

region of an immature preovulatory follicle suppresses follicular 

maturation and ovulation. Biol Reprod 1994; 51:229–33. 

[35] Calvo FO, Bahr JM. Adenylyl cyclase system of the small preovulatory 

follicles of the domestic hen: responsiveness to follicle-stimulating 

hormone and luteinizing hormone. Biol Reprod 1983; 29:542–7. 

[36] Tilly JL, Johnson AL. Regulation of androstenedione production by 

adenosine 3’,5'-monophosphate and phorbol myristate acetate in 

ovarian thecal cells of the domestic hen. Endocrinology 1989; 

125:1691–9. 

[37] Bahr JM, Calvo FO. Reproductive Biology of Poultry. British Poultry 

Science; 1984. 

[38] Johnson AL, Bridgham JT. Regulation of steroidogenic acute regulatory 

protein and luteinizing hormone receptor messenger ribonucleic acid in 

hen granulosa cells. Endocrinology 2001; 142:3116–24. 



44 

[39] Tilly JL, Johnson AL. Attenuation of hen granulosa cell steroidogenesis 

by a phorbol ester and 1-oleoyl-2-acetylglycerol. Biol Reprod 1988; 

39:1–8. 

[40] Woods DC, Haugen MJ, Johnson AL. Actions of epidermal growth factor 

receptor/mitogen-activated protein kinase and protein kinase C signaling 

in granulosa cells from Gallus gallus are dependent upon stage of 

differentiation. Biol Reprod 2007; 77:61–70. 

[41] Robinson FE, Etches RJ. Ovarian steroidogenesis during follicular 

maturation in the domestic fowl (Gallus domesticus). Biol Reprod 1986; 

35:1096–105. 

[42] Tilly JL, Kowalski KI, Johnson AL. Stage of ovarian follicular 

development associated with the initiation of steroidogenic competence 

in avian granulosa cells. Biol Reprod 1991; 44:305–14. 

[43] Etches RJ, Cheng KW. Changes in the plasma concentrations of 

luteinizing hormone, progesterone, oestradiol and testosterone and in 

the binding of follicle-stimulating hormone to the theca of follicles during 

the ovulation cycle of the hen (Gallus domesticus). J Endocrinol 1981; 

91:11–22. 



45 

[44] Senior BE, Furr BJ. A preliminary assessment of the source of 

oestrogen within the ovary of the domestic fowl Gallus domesticus. J 

Reprod Fertil 1975; 43:241–7. 

[45] Kowalski KI, Tilly JL, Johnson AL. Cytochrome P450 side-chain 

cleavage (P450scc) in the hen ovary. I. Regulation of P450scc 

messenger RNA levels and steroidogenesis in theca cells of developing 

follicles. Biol Reprod 1991; 45:955–66. 

[46] Lee KA, Volentine KK, Bahr JM. Two steroidogenic pathways present in 

the chicken ovary: theca layer prefers delta 5 pathway and granulosa 

layer prefers delta 4 pathway. Domest Anim Endocrinol 1998; 15:1–8. 

[47] Li Z, Johnson AL. Regulation of P450 cholesterol side-chain cleavage 

messenger ribonucleic acid expression and progesterone production in 

hen granulosa cells. Biol Reprod 1993; 49:463–9. 

[48] Kato M, Shimada K, Saito N, Noda K, Ohta M. Expression of P450 17 

alpha-hydroxylase and P450aromatase genes in isolated granulosa, 

theca interna, and theca externa layers of chicken ovarian follicles 

during follicular growth. Biol Reprod 1995; 52:405–10. 

[49] Wang SC, Bahr JM. Estradiol secretion by theca cells of the domestic 

hen during the ovulatory cycle. Biol Reprod 1983; 28:618–24. 



46 

[50] Etches RJ, Duke CE. Progesterone, androstenedione and oestradiol 

content of theca and granulosa tissues of the four largest ovarian 

follicles during the ovulatory cycle of the hen (Gallus domesticus). J 

Endocrinol 1984; 103:71–6. 

[51] Bahr JM, Wang SC, Huang MY, Calvo FO. Steroid concentrations in 

isolated theca and granulosa layers of preovulatory follicles during the 

ovulatory cycle of the domestic hen. Biol Reprod 1983; 29:326–34. 

[52] Woods DC, Johnson AL. Regulation of follicle-stimulating hormone-

receptor messenger RNA in hen granulosa cells relative to follicle 

selection. Biol Reprod 2005; 72:643–50. 

[53] Johnson AL, Solovieva E V, Bridgham JT. Relationship between 

steroidogenic acute regulatory protein expression and progesterone 

production in hen granulosa cells during follicle development. Biol 

Reprod 2002; 67:1313–20. 

[54] Nitta H, Mason JIAN, Bahr JM. Localization of 31-Hydroxysteroid 

Dehydrogenase in the Chicken Ovarian Follicle Shifts from the Theca 

Layer to Granulosa Layer with Follicular Maturation  ’ 1993; 116:110–

116. 

[55] Johnson PA, Johnson AL, van Tienhoven A. Evidence for a positive 

feedback interaction between progesterone and luteinizing hormone in 



47 

the induction of ovulation in the hen, Gallus domesticus. Gen Comp 

Endocrinol 1985; 58:478–85. 

[56] Etches RJ, Schoch JP. A mathematical representation of the ovulatory 

cycle of the domestic hen. Br Poult Sci 1984; 25:65–76. 

[57] Van Tienhoven A. Neuroendocrinology of avian reproduction, with 

special emphasis on the reproductive cycle of the fowl (Gallus 

domesticus). Worlds Poult Sci J 1981; 37:156–176. 

[58] International H-L. Hy-Line W-36 performance standards manual. 

2012:12. 

[59] Etches RJ, Petitte JN, Anderson-Langmuir CE. Interrelationships 

between the hypothalamus, pituitary gland, ovary, adrenal gland, and 

the open period for LH release in the hen (Gallus domesticus). J Exp 

Zool 1984; 232:501–11. 

[60] Wilson SC, Sharp PJ. Induction of luteinizing hormone release by 

gonadal steroids in the ovariectomized domestic hen. J Endocrinol 1976; 

71:87–98. 

[61] Johnson AL, van Tienhoven A. Plasma concentrations of six steroids 

and LH during the ovulatory cycle of the hen, Gallus domesticus. Biol 

Reprod 1980; 23:386–93. 



48 

[62] Jackson JA, Friberg AC, Bahr JM. Preovulatory changes in 

glycosaminoglycans and collagen content in the stigma region of the 

follicle of the domestic hen. Biol Reprod 1991; 45:301–7. 

[63] Fortune J. The early stages of follicular development: activation of 

primordial follicles and growth of preantral follicles. Anim Reprod Sci 

2003; 78:135–163. 

[64] Johnson AL, Woods DC. Dynamics of avian ovarian follicle 

development: cellular mechanisms of granulosa cell differentiation. Gen 

Comp Endocrinol 2009; 163:12–7. 

[65] Johnson PA, Dickens MJ, Kent TR, Giles JR. Expression and function of 

growth differentiation factor-9 in an oviparous species, Gallus 

domesticus. Biol Reprod 2005; 72:1095–100. 

[66] Elis S, Dupont J, Couty I, Persani L, Govoroun M, Blesbois E, Batellier 

F, Monget P. Expression and biological effects of bone morphogenetic 

protein-15 in the hen ovary. J Endocrinol 2007; 194:485–97. 

[67] Fortune JE. The early stages of follicular development: activation of 

primordial follicles and growth of preantral follicles. Anim Reprod Sci 

2003; 78:135–63. 



49 

[68] Louhio H, Hovatta O, Sjöberg J, Tuuri T. The effects of insulin, and 

insulin-like growth factors I and II on human ovarian follicles in long-term 

culture. Mol Hum Reprod 2000; 6:694–8. 

[69] Derrar N, Price CA, Sirard MA. Effect of growth factors and co-culture 

with ovarian medulla on the activation of primordial follicles in explants 

of bovine ovarian cortex. Theriogenology 2000; 54:587–98. 

[70] Kezele PR, Nilsson EE, Skinner MK. Insulin but not insulin-like growth 

factor-1 promotes the primordial to primary follicle transition. Mol Cell 

Endocrinol 2002; 192:37–43. 

[71] Kundu MC, Wojtusik J, Johnson P a. Expression and regulation of Kit 

ligand in the ovary of the hen. Gen Comp Endocrinol 2012; 179:47–52. 

[72] Hillier SG. Current concepts of the roles of follicle stimulating hormone 

and luteinizing hormone in folliculogenesis. Hum Reprod 1994; 9:188–

91. 

[73] McGee EA, Perlas E, LaPolt PS, Tsafriri A, Hsueh AJ. Follicle-

stimulating hormone enhances the development of preantral follicles in 

juvenile rats. Biol Reprod 1997; 57:990–8. 

[74] Opel H, Nalbandov A V. Follicular growth and ovulation in 

hypophysectomized hens. Endocrinology 1961; 69:1016–28. 



50 

[75] Palmer SS, Bahr JM. Follicle stimulating hormone increases serum 

oestradiol-17 beta concentrations, number of growing follicles and yolk 

deposition in aging hens (Gallus gallus domesticus) with decreased egg 

production. Br Poult Sci 1992; 33:403–14. 

[76] You S, Bridgham JT, Foster DN, Johnson AL. Characterization of the 

chicken follicle-stimulating hormone receptor (cFSH-R) complementary 

deoxyribonucleic acid, and expression of cFSH-R messenger ribonucleic 

acid in the ovary. Biol Reprod 1996; 55:1055–62. 

[77] Massagué J. TGF-beta signal transduction. Annu Rev Biochem 1998; 

67:753–91. 

[78] Massagué J, Chen YG. Controlling TGF-beta signaling. Genes Dev 

2000; 14:627–44. 

[79] Josso N. Interspecific character of the Müllerian-inhibiting substance: 

action of the human fetal testis, ovary and adrenal of the fetal rat 

Müllerian duct in organ culture. J Clin Endocrinol Metab 1971; 32:404–9. 

[80] Durlinger AL, Kramer P, Karels B, de Jong FH, Uilenbroek JT, 

Grootegoed JA, Themmen AP. Control of primordial follicle recruitment 

by anti-Müllerian hormone in the mouse ovary. Endocrinology 1999; 

140:5789–96. 



51 

[81] Johnson PA, Kent TR, Urick ME, Giles JR. Expression and regulation of 

anti-mullerian hormone in an oviparous species, the hen. Biol Reprod 

2008; 78:13–9. 

[82] Cutting AD, Ayers K, Davidson N, Oshlack A, Doran T, Sinclair AH, 

Tizard M, Smith C a. Identification, expression, and regulation of anti-

Müllerian hormone type-II receptor in the embryonic chicken gonad. Biol 

Reprod 2014; 90:106. 

[83] Ocón-Grove OM, Poole DH, Johnson AL. Bone morphogenetic protein 6 

promotes FSH receptor and anti-Müllerian hormone mRNA expression 

in granulosa cells from hen prehierarchal follicles. Reproduction 2012; 

143:825–33. 

[84] Kim D, Ocón-Grove O, Johnson AL. Bone morphogenetic protein 4 

supports the initial differentiation of hen (Gallus gallus) granulosa cells. 

Biol Reprod 2013; 88:161. 

[85] Wojtusik J, Johnson P a. Vitamin D regulates anti-Mullerian hormone 

expression in granulosa cells of the hen. Biol Reprod 2012; 86:91. 

[86] Chang H, Brown CW, Matzuk MM. Genetic Analysis of the Mammalian 

Transforming Growth Factor-β Superfamily. Endocr Rev 2002; 23:787–

823. 



52 

[87] Liao WX, Moore RK, Otsuka F, Shimasaki S. Effect of intracellular 

interactions on the processing and secretion of bone morphogenetic 

protein-15 (BMP-15) and growth and differentiation factor-9. Implication 

of the aberrant ovarian phenotype of BMP-15 mutant sheep. J Biol 

Chem 2003; 278:3713–9. 

[88] Bodensteiner KJ, Clay CM, Moeller CL, Sawyer HR. Molecular cloning 

of the ovine Growth/Differentiation factor-9 gene and expression of 

growth/differentiation factor-9 in ovine and bovine ovaries. Biol Reprod 

1999; 60:381–6. 

[89] Folliculogenesis E, Aaltonen J, Laitinen MP, Vuojolainen K, Louhio H, 

Jaatinen R, Horelli-kuitunen N, Seppa L. Human Growth Differentiation 

Factor 9 ( GDF-9 ) and Its Novel Homolog GDF-9B Are Expressed in 

Oocytes during 1999; 84:2744–2750. 

[90] Galloway SM, McNatty KP, Cambridge LM, Laitinen MP, Juengel JL, 

Jokiranta TS, McLaren RJ, Luiro K, Dodds KG, Montgomery GW, 

Beattie a E, Davis GH, et al. Mutations in an oocyte-derived growth 

factor gene (BMP15) cause increased ovulation rate and infertility in a 

dosage-sensitive manner. Nat Genet 2000; 25:279–83. 

[91] Peng C, Clelland E, Tan Q. Potential role of bone morphogenetic 

protein-15 in zebrafish follicle development and oocyte maturation. 

Comp Biochem Physiol A Mol Integr Physiol 2009; 153:83–7. 



53 

[92] Shimasaki S, Moore RK, Otsuka F, Erickson GF. The bone 

morphogenetic protein system in mammalian reproduction. Endocr Rev 

2004; 25:72–101. 

[93] Otsuka F, Yao Z, Lee T, Yamamoto S, Erickson GF, Shimasaki S. Bone 

morphogenetic protein-15. Identification of target cells and biological 

functions. J Biol Chem 2000; 275:39523–8. 

[94] Otsuka F, Yamamoto S, Erickson GF, Shimasaki S. Bone 

morphogenetic protein-15 inhibits follicle-stimulating hormone (FSH) 

action by suppressing FSH receptor expression. J Biol Chem 2001; 

276:11387–92. 

[95] Otsuka F, Shimasaki S. A negative feedback system between oocyte 

bone morphogenetic protein 15 and granulosa cell kit ligand: its role in 

regulating granulosa cell mitosis. Proc Natl Acad Sci U S A 2002; 

99:8060–5. 

[96] Yan C, Wang P, DeMayo J, DeMayo FJ, Elvin JA, Carino C, Prasad S 

V, Skinner SS, Dunbar BS, Dube JL, Celeste a J, Matzuk MM. 

Synergistic roles of bone morphogenetic protein 15 and growth 

differentiation factor 9 in ovarian function. Mol Endocrinol 2001; 15:854–

66. 



54 

[97] Dong J, Albertini DF, Nishimori K, Kumar TR, Lu N, Matzuk MM. Growth 

differentiation factor-9 is required during early ovarian folliculogenesis. 

Nature 1996; 383:531–5. 

[98] Peng J, Li Q, Wigglesworth K, Rangarajan A, Kattamuri C, Peterson RT, 

Eppig JJ, Thompson TB, Matzuk MM. Growth differentiation factor 

9:bone morphogenetic protein 15 heterodimers are potent regulators of 

ovarian functions. Proc Natl Acad Sci U S A 2013; 110:E776–85. 

[99] Fabre S, Pierre A, Mulsant P, Bodin L, Di Pasquale E, Persani L, 

Monget P, Monniaux D. Regulation of ovulation rate in mammals: 

contribution of sheep genetic models. Reprod Biol Endocrinol 2006; 

4:20. 

[100] Hanrahan JP, Gregan SM, Mulsant P, Mullen M, Davis GH, Powell R, 

Galloway SM. Mutations in the genes for oocyte-derived growth factors 

GDF9 and BMP15 are associated with both increased ovulation rate and 

sterility in Cambridge and Belclare sheep (Ovis aries). Biol Reprod 2004; 

70:900–9. 

[101] McNatty KP, Juengel JL, Reader KL, Lun S, Myllymaa S, Lawrence SB, 

Western A, Meerasahib MF, Mottershead DG, Groome NP, Ritvos O, 

Laitinen MPE. Bone morphogenetic protein 15 and growth differentiation 

factor 9 co-operate to regulate granulosa cell function in ruminants. 

Reproduction 2005; 129:481–7. 



55 

[102] Moore RK, Otsuka F, Shimasaki S. Molecular basis of bone 

morphogenetic protein-15 signaling in granulosa cells. J Biol Chem 

2003; 278:304–10. 

[103] Mazerbourg S, Klein C, Roh J, Kaivo-Oja N, Mottershead DG, 

Korchynskyi O, Ritvos O, Hsueh AJW. Growth Differentiation Factor-9 

Signaling Is Mediated by the Type I Receptor, Activin Receptor-Like 

Kinase 5. Mol Endocrinol 2004; 18:653–665. 

[104] Fabre S, Pierre A, Pisselet C, Mulsant P, Lecerf F, Pohl J, Monget P, 

Monniaux D. The Booroola mutation in sheep is associated with an 

alteration of the bone morphogenetic protein receptor-IB functionality. J 

Endocrinol 2003; 177:435–44. 

[105] Al-Musawi SL, Gladwell RT, Knight PG. Bone morphogenetic protein-6 

enhances gonadotrophin-dependent progesterone and inhibin secretion 

and expression of mRNA transcripts encoding gonadotrophin receptors 

and inhibin/activin subunits in chicken granulosa cells. Reproduction 

2007; 134:293–306. 

[106] Onagbesan OM, Bruggeman V, Van As P, Tona K, Williams J, 

Decuypere E. BMPs and BMPRs in chicken ovary and effects of BMP-4 

and -7 on granulosa cell proliferation and progesterone production in 

vitro. Am J Physiol Endocrinol Metab 2003; 285:E973–83. 



56 

[107] Harris R. EGF receptor ligands. Exp Cell Res 2003; 284:2–13. 

[108] Onagbesan OM, Gullick W, Woolveridge I, Peddie MJ. 

Immunohistochemical localization of epidermal growth factor receptors, 

epidermal-growth-factor-like and transforming-growth-factor-alpha-like 

peptides in chicken ovarian follicles. J Reprod Fertil 1994; 102:147–53. 

[109] Yao HH, Bahr JM. Chicken granulosa cells show differential expression 

of epidermal growth factor (EGF) and luteinizing hormone (LH) receptor 

messenger RNA and differential responsiveness to EGF and LH 

dependent upon location of granulosa cells to the germinal disc. Biol 

Reprod 2001; 64:1790–6. 

[110] Wang Y, Li J, Ying Wang C, Yan Kwok AH, Leung FC. Epidermal growth 

factor (EGF) receptor ligands in the chicken ovary: I. Evidence for 

heparin-binding EGF-like growth factor (HB-EGF) as a potential oocyte-

derived signal to control granulosa cell proliferation and HB-EGF and kit 

ligand expression. Endocrinology 2007; 148:3426–40. 

[111] Woods DC, Haugen MJ, Johnson AL. Opposing actions of TGFbeta and 

MAP kinase signaling in undifferentiated hen granulosa cells. Biochem 

Biophys Res Commun 2005; 336:450–7. 



57 

[112] Pulley DD, Marrone BL. Inhibitory action of epidermal growth factor on 

progesterone biosynthesis in hen granulosa cells during short term 

culture: two sites of action. Endocrinology 1986; 118:2284–91. 

[113] Kuksis A. Yolk lipids. Biochim Biophys Acta - Lipids Lipid Metab 1992; 

1124:205–222. 

[114] Walzem R, Hansen R. Estrogen induction of VLDLy assembly in egg-

laying hens. J … 1999; 129:467S–472S. 

[115] Gruber M, Bos ES, AB G. Hormonal control of vitellogenin synthesis in 

avian liver. Mol Cell Endocrinol 1976; 5:41–50. 

[116] Luskey KL, Brown MS, Goldstein JL. Stimulation of the synthesis of very 

low density lipoproteins in rooster liver by estradiol. J Biol Chem 1974; 

249:5939–47. 

[117] Capony F, Williams DL. Apolipoprotein B of avian very low density 

lipoprotein: characteristics of its regulation in nonstimulated and 

estrogen-stimulated rooster. Biochemistry 1980; 19:2219–26. 

[118] Kirchgessner T, Heinzmann C. Regulation of chicken apolipoprotein B: 

cloning, tissue distribution, and estrogen induction of mRNA. Gene 

1987; 59:241–251. 



58 

[119] Kudzma DJ, St Claire F, DeLallo L, Friedberg SJ. Mechanism of avian 

estrogen-induced hypertriglyceridemia: evidence for overproduction of 

triglyceride. J Lipid Res 1975; 16:123–33. 

[120] Boehm KD, Hood RL, Ilan J. Induction of vitellogenin in primary 

monolayer cultures of cockerel hepatocytes. Proc Natl Acad Sci U S A 

1988; 85:3450–4. 

[121] Banerjee A, Mérat P, Bordas A. Egg and yolk production traits in relation 

to ovum development, liver and liver moisture weight in dwarf and 

normal White Leghorns. Ann Genet Sel Anim 1982; 14:369–80. 

[122] Burnside J, Liou SS, Zhong C, Cogburn L a. Abnormal growth hormone 

receptor gene expression in the sex-linked dwarf chicken. Gen Comp 

Endocrinol 1992; 88:20–8. 

[123] Abplanalp H, Napolitano D, Tai C. The effects of the gene for sex linked 

dwarfing (dw) on egg production and body composition of hens in a line 

selected for high numbers of multiple yolked eggs. J Anim Breed Genet 

1987; 104:304–308. 

[124] Burghelle-Mayeur C, Demarne Y, Mérat P. Influence of the sex-linked 

dwarfing gene (dw) on the lipid composition of plasma, egg yolk and 

abdominal fat pad in White Leghorn laying hens: effect of dietary fat. J 

Nutr 1989; 119:1361–8. 



59 

[125] Burghelle-Mayeur C, Tixier-Boichard M, Merat P, Demarne Y. Influence 

of the sex-linked dwarfing gene (dw) on the contribution of dietary lipid to 

yolk lipid synthesis. Br Poult Sci 1990; 31:197–206. 

[126] Holdsworth G, Michell RH, Finean JB. Transfer of very low density 

lipoprotein from hen plasma into egg yolk. FEBS Lett 1974; 39:275–277. 

[127] Barber DL, Sanders EJ, Aebersold R, Schneider WJ. The receptor for 

yolk lipoprotein deposition in the chicken oocyte. J Biol Chem 1991; 

266:18761–70. 

[128] George R, Barber DL, Schneider WJ. Characterization of the chicken 

oocyte receptor for low and very low density lipoproteins. J Biol Chem 

1987; 262:16838–47. 

[129] Hayashi K, Nimpf J, Schneider WJ. Chicken oocytes and fibroblasts 

express different apolipoproteins-B-specific receptors. J Biol Chem 

1989; 264:3131–9. 

[130] Stifani S, Barber DL, Nimpf J, Schneider WJ. A single chicken oocyte 

plasma membrane protein mediates uptake of very low density 

lipoprotein and vitellogenin. Proc Natl Acad Sci U S A 1990; 87:1955–9. 

[131] Bujo H, Hermann M, Kaderli MO, Jacobsen L, Sugawara S, Nimpf J, 

Yamamoto T, Schneider WJ. Chicken oocyte growth is mediated by an 



60 

eight ligand binding repeat member of the LDL receptor family. EMBO J 

1994; 13:5165–75. 

[132] Nimpf J, Radosavljevic MJ, Schneider WJ. Oocytes from the mutant 

restricted ovulator hen lack receptor for very low density lipoprotein. J 

Biol Chem 1989; 264:1393–8. 

[133] Shen X, Steyrer E, Retzek H, Sanders EJ, Schneider WJ. Chicken 

oocyte growth: receptor-mediated yolk deposition. Cell Tissue Res 1993; 

272:459–71. 

[134] Recheis B, Rumpler H, Schneider WJ, Nimpf J. Receptor-mediated 

transport and deposition of complement component C3 into developing 

chicken oocytes. Cell Mol Life Sci 2005; 62:1871–80. 

[135] Seol HS, Sato K, Matsubara Y, Schneider WJ, Akiba Y. Modulation of 

sterol regulatory element binding protein-2 in response to rapid follicle 

development in chickens. Comp Biochem Physiol B Biochem Mol Biol 

2007; 147:698–703. 

[136] Gilbert AB. The Ovary. In: Bell, DJ Freeman B (ed.), In Physiology and 

Biochemistry of the Domestic Fowl. vol3 ed. 1971:1163–1208. 

[137] Schuster MK, Schmierer B, Shkumatava A, Kuchler K. Activin A and 

follicle-stimulating hormone control tight junctions in avian granulosa 

cells by regulating occludin expression. Biol Reprod 2004; 70:1493–9. 



61 

[138] Furuse M, Hirase T, Itoh M, Nagafuchi A, Yonemura S, Tsukita S. 

Occludin: a novel integral membrane protein localizing at tight junctions. 

J Cell Biol 1993; 123:1777–88. 

[139] Feldman GJ, Mullin JM, Ryan MP. Occludin: structure, function and 

regulation. Adv Drug Deliv Rev 2005; 57:883–917. 

[140] Lacaz-Vieira F, Jaeger MM, Farshori P, Kachar B. Small synthetic 

peptides homologous to segments of the first external loop of occludin 

impair tight junction resealing. J Membr Biol 1999; 168:289–97. 

[141] Griffin HD, Goddard C. Rapidly growing broiler (meat-type) chickens. 

Their origin and use for comparative studies of the regulation of growth. 

Int J Biochem 1994; 26:19–28. 

[142] Havenstein GB, Ferket PR, Scheideler SE, Larson BT. Growth, livability, 

and feed conversion of 1957 vs 1991 broilers when fed “typical” 1957 

and 1991 broiler diets. Poult Sci 1994; 73:1785–94. 

[143] Govaerts T, Room G, Buyse J, Lippens M, De Groote G, Decuypere E. 

Early and temporary quantitative food restriction of broiler chickens. 2. 

Effects on allometric growth and growth hormone secretion. Br Poult Sci 

2000; 41:355–62. 



62 

[144] Schmidt CJ, Persia ME, Feierstein E, Kingham B, Saylor WW. 

Comparison of a modern broiler line and a heritage line unselected since 

the 1950s. Poult Sci 2009; 88:2610–9. 

[145] Zuidhof MJ, Schneider BL, Carney VL, Korver DR, Robinson FE. 

Growth, efficiency, and yield of commercial broilers from 1957, 1978, 

and 2005. Poult Sci 2014; 93:2970–82. 

[146] Tickle PG, Paxton H, Rankin JW, Hutchinson JR, Codd JR. Anatomical 

and biomechanical traits of broiler chickens across ontogeny. Part I. 

Anatomy of the musculoskeletal respiratory apparatus and changes in 

organ size. PeerJ 2014; 2:e432. 

[147] Wideman RF. Pathophysiology of heart/lung disorders: pulmonary 

hypertension syndrome in broiler chickens 2001; 57. 

[148] Julian RJ. Rapid growth problems: ascites and skeletal deformities in 

broilers. Poult Sci 1998; 77:1773–80. 

[149] Knowles TG, Kestin SC, Haslam SM, Brown SN, Green LE, Butterworth 

A, Pope SJ, Pfeiffer D, Nicol CJ. Leg disorders in broiler chickens: 

prevalence, risk factors and prevention. PLoS One 2008; 3:e1545. 

[150] Wideman RF, Rhoads DD, Erf GF, Anthony NB. Review Pulmonary 

arterial hypertension ( ascites syndrome ) in broilers : A review 2007:64–

83. 



63 

[151] Cheema MA, Qureshi MA, Havenstein GB. A comparison of the immune 

response of a 2001 commercial broiler with a 1957 randombred broiler 

strain when fed representative 1957 and 2001 broiler diets. Poult Sci 

2003; 82:1519–29. 

[152] Renema R, Robinson F, Proudman J, Newcombe M, McKay R. Effects 

of body weight and feed allocation during sexual maturation in broiler 

breeder hens. 2. Ovarian morphology and plasma hormone profiles. 

Poult Sci 1999; 78:629–639. 

[153] Reddy PR, Siegel PB. Selection for body weight at eight weeks of age. 

11. Ovulation and oviposition patterns. Poult Sci 1976; 55:1518–30. 

[154] Hocking PM. Effects of body weight at sexual maturity and the degree 

and age of restriction during rearing on the ovarian follicular hierarchy of 

broiler breeder females. Br Poult Sci 1993; 34:793–801. 

[155] Jaap RG, Muir F V. Erratic Oviposition and Egg Defects in Broiler-type 

Pullets. Poult Sci 1968; 47:417–423. 

[156] Cobb-Vantress. Cobb Breeder Nutrition Supplement 2015; 55. 

[157] Cobb-Vantress. Cobb 700 Breeder Management Supplement 2013:1. 

[158] Hy-Line International. W-36 Management Guide 2015 2015:28. 



64 

[159] Hocking PM, Waddington D, Walker M a, Gilbert a B. Control of the 

development of the ovarian follicular hierarchy in broiler breeder pullets 

by food restriction during rearing. Br Poult Sci 1989; 30:161–73. 

[160] Heck A, Onagbesan O, Tona K, Metayer S, Putterflam J, Jego Y, 

Trevidy JJ, Decuypere E, Williams J, Picard M, Bruggeman V. Effects of 

ad libitum feeding on performance of different strains of broiler breeders. 

Br Poult Sci 2004; 45:695–703. 

[161] Yu MW, Robinson FE, Charles RG, Weingardt R. Effect of feed 

allowance during rearing and breeding on female broiler breeders. 2. 

Ovarian morphology and production. Poult Sci 1992; 71:1750–61. 

[162] Chen SE, McMurtry JP, Walzem RL. Overfeeding-induced ovarian 

dysfunction in broiler breeder hens is associated with lipotoxicity. Poult 

Sci 2006; 85:70–81. 

[163] Sun JM, Richards MP, Rosebrough RW, Ashwell CM, McMurtry JP, 

Coon CN. The relationship of body composition, feed intake, and 

metabolic hormones for broiler breeder females. Poult Sci 2006; 

85:1173–84. 

[164] Johnson PA, Kent TR, Urick ME, Trevino LS, Giles JR. Expression of 

anti-Mullerian hormone in hens selected for different ovulation rates. 

Reproduction 2009; 137:857–63. 



65 

[165] Meijering a. Fatty liver syndrome in laying hens— An attempt to review. 

Worlds Poult Sci J 1979; 35:79–94. 

[166] Butler EJ. Lipid metabolism in the fowl under normal and abnormal 

circumstances. Proc Nutr Soc 1975; 34:29–34. 

[167] Polin D, Wolford JH. Role of estrogen as a cause of fatty liver 

hemorrhagic syndrome. J Nutr 1977; 107:873–86. 

[168] Mulligan FJ, Doherty ML. Production diseases of the transition cow. Vet 

J 2008; 176:3–9. 

[169] Lucy MC. Growth hormone regulation of follicular growth. Reprod Fertil 

Dev 2011; 24:19–28. 

[170] Chagas LM, Bass JJ, Blache D, Burke CR, Kay JK, Lindsay DR, Lucy 

MC, Martin GB, Meier S, Rhodes FM, Roche JR, Thatcher WW, et al. 

Invited review: New perspectives on the roles of nutrition and metabolic 

priorities in the subfertility of high-producing dairy cows. J Dairy Sci 

2007; 90:4022–32. 

[171] Onagbesan OM, Metayer S, Tona K, Williams J, Decuypere E, 

Bruggeman V. Effects of genotype and feed allowance on plasma 

luteinizing hormones, follicle-stimulating hormones, progesterone, 

estradiol levels, follicle differentiation, and egg production rates of broiler 

breeder hens. Poult Sci 2006; 85:1245–58. 



66 

[172] Liu HK, Lilburn MS, Koyyeri B, Anderson JW, Bacon WL. Preovulatory 

surge patterns of luteinizing hormone, progesterone, and estradiol-

17beta in broiler breeder hens fed ad libitum or restricted fed. Poult Sci 

2004; 83:823–9. 

[173] Yu MW, Robinson FE, Etches RJ. Effect of feed allowance during 

rearing and breeding on female broiler breeders. 3. Ovarian 

steroidogenesis. Poult Sci 1992; 71:1762–7. 

[174] Safi M, Buys N, Onagbesan OM, Vleugels B, Decuypere E. 

Quantification of inhibin/activin alpha and betaA subunit messenger 

ribonucleic acid by competitive reverse transcription-polymerase chain 

reaction in chicken granulosa cells during follicular development. Biol 

Reprod 1998; 59:1047–54. 

[175] McMurtry JP, Francis GL, Upton Z. Insulin-like growth factors in poultry. 

Domest Anim Endocrinol 1997; 14:199–229. 

[176] Kita K, Tomas FM, Owens PC, Knowles SE, Forbes BE, Upton Z, 

Hughes R, Ballard FJ. Influence of nutrition on hepatic IGF-I mRNA 

levels and plasma concentrations of IGF-I and IGF-II in meat-type 

chickens. J Endocrinol 1996; 149 :181–190. 

[177] Mcmurtry JP. Conference: Nutritional and Developmental Roles of 

Insulin-like Growth Factors between Species Nutritional and 



67 

Developmental Roles of Insulin-like Growth Factors in Poultry 1. 

1998:302–305. 

[178] Bruggeman V, Onagbesan O, Ragot O, Metayer S, Cassy S, Favreau F, 

Jego Y, Trevidy JJ, Tona K, Williams J, Decuypere E, Picard M. Feed 

allowance-genotype interactions in broiler breeder hens. Poult Sci 2005; 

84:298–306. 

[179] Zaczek D, Hammond J, Suen L, Wandji S, Service D, Bartke A, 

Chandrashekar V, Coschigano K, Kopchick J. Impact of Growth 

Hormone Resistance on Female Reproductive Function : New Insights 

from Growth Hormone Receptor Knockout Mice 1 2002; 1124:1115–

1124. 

[180] Ballard FJ, Johnson RJ, Owens PC, Francis GL, Upton FM, McMurtry 

JP, Wallace JC. Chicken insulin-like growth factor-I: amino acid 

sequence, radioimmunoassay, and plasma levels between strains and 

during growth. Gen Comp Endocrinol 1990; 79:459–68. 

[181] Roberts RD, Sharp PJ, Burt DW, Goddard C. Insulin-like growth factor-I 

in the ovary of the laying hen: gene expression and biological actions on 

granulosa and thecal cells. Gen Comp Endocrinol 1994; 93:327–36. 



68 

[182] Armstrong DG, Hogg CO. Insulin-like growth factor I (IGF-I), IGF-II and 

type-I IGF receptor gene expression in the ovary of the laying hen. J 

Reprod Fertil 1996; 106:101–6. 

[183] Onagbesan OM, Vleugels B, Buys N, Bruggeman V, Safi M, Decuypere 

E. Insulin-like growth factors in the regulation of avian ovarian functions. 

Domest Anim Endocrinol 1999; 17:299–313. 

[184] Rosenfeld RG, Hwa V, Wilson E, Plymate SR, Oh Y. The insulin-like 

growth factor-binding protein superfamily. Growth Horm IGF Res 2000; 

10 Suppl A:S16–7. 

[185] Schoen TJ, Mazuruk K, Waldbillig RJ, Potts J, Beebe DC, Chader GJ, 

Rodriguez IR. Cloning and characterization of a chick embryo cDNA and 

gene for IGF-binding protein-2. J Mol Endocrinol 1995; 15:49–59. 

[186] Allander S V, Coleman M, Luthman H, Powell DR. Chicken insulin-like 

growth factor binding protein (IGFBP)-5: conservation of IGFBP-5 

structure and expression during evolution. Comp Biochem Physiol B 

Biochem Mol Biol 1997; 116:477–83. 

[187] Morishita D, Sasaki K, Wakita M, Hoshino S. Effect of fasting on serum 

insulin-like growth factor-I (IGF-I) levels and IGF-I-binding activity in 

cockerels. J Endocrinol 1993; 139 :363–370. 



69 

[188] Heck a., Metayer S, Onagbesan OM, Williams J. mRNA expression of 

components of the IGF system and of GH and insulin receptors in 

ovaries of broiler breeder hens fed ad libitum or restricted from 4 to 16 

weeks of age. Domest Anim Endocrinol 2003; 25:287–294. 

[189] Hocking PM, Bernard R, Wilkie RS, Goddard C. Plasma growth 

hormone and insulin-like growth factor-I (IGF-I) concentrations at the 

onset of lay in ad libitum and restricted broiler breeder fowl. Br Poult Sci 

1994; 35:299–308. 

[190] Onagbesan OM, Peddie MJ. Effects of insulin-like growth factor I and 

interactions with transforming growth factor alpha and LH on 

proliferation of chicken granulosa cells and production of progesterone 

in culture. J Reprod Fertil 1995; 104:259–65. 

[191] Onagbesan OM, Peddie MJ, Williams J. Regulation of cell proliferation 

and estrogen synthesis by ovine LH, IGF-I, and EGF in theca interstitial 

cells of the domestic hen cultured in defined media. Gen Comp 

Endocrinol 1994; 94:261–72. 

[192] Onagbesan OM, Decuypere E, Leenstra F, Ehlhardt D a. Differential 

effects of amount of feeding on cell proliferation and progesterone 

production in response to gonadotrophins and insulin-like growth factor I 

by ovarian granulosa cells of broiler breeder chickens selected for 

fatness or leanness. J Reprod Fertil 1999; 116:73–85. 



70 

[193] Onagbesan OM, Mast J, Goddeeris B, Decuypere E. Effect of TNF-

alpha on LH and IGF-I modulated chicken granulosa cell proliferation 

and progesterone production during follicular development. J Reprod 

Fertil 2000; 120:433–42. 

[194] Lovell TM, Gladwell RT, Groome NP, Knight PG. Modulatory effects of 

gonadotrophins and insulin-like growth factor on the secretion of inhibin 

A and progesterone by granulosa cells from chicken preovulatory (F1-

F3) follicles. Reproduction 2002; 123:291–300. 

[195] Tosca L, Chabrolle C, Crochet S, Tesseraud S, Dupont J. IGF-1 

receptor signaling pathways and effects of AMPK activation on IGF-1-

induced progesterone secretion in hen granulosa cells. Domest Anim 

Endocrinol 2008; 34:204–16. 

[196] Dupont J, LeRoith D. Insulin and Insulin-Like Growth Factor I Receptors: 

Similarities and Differences in Signal Transduction. Horm Res Paediatr 

2001; 55(suppl 2:22–26. 

[197] Kahn BB, Alquier T, Carling D, Hardie DG. AMP-activated protein 

kinase: ancient energy gauge provides clues to modern understanding 

of metabolism. Cell Metab 2005; 1:15–25. 



71 

[198] Zungu M, Schisler JC, Essop MF, McCudden C, Patterson C, Willis MS. 

Regulation of AMPK by the ubiquitin proteasome system. Am J Pathol 

2011; 178:4–11. 

[199] Hrabia A, Sechman A, Gertler A, Rząsa J. Effect of growth hormone on 

steroid content, proliferation and apoptosis in the chicken ovary during 

sexual maturation. Cell Tissue Res 2011; 345:191–202. 

[200] Hrabia A, Sechman A, Rzasa J. Independent, non-IGF-I mediated, GH 

action on estradiol secretion by prehierarchical ovarian follicles in 

chicken. In vitro study. Folia Biol (Praha) 2012; 60:213–7. 

[201] Chase C, Kirby C. Patterns of ovarian growth and development in cattle 

with a growth hormone receptor deficiency. J Anim … 1998; 76:212–9. 

[202] Echternkamp SE, Spicer LJ, Gregory KE, Canning SF, Hammond JM. 

Concentrations of insulin-like growth factor-I in blood and ovarian 

follicular fluid of cattle selected for twins. Biol Reprod 1990; 43:8–14. 

[203] Echternkamp SE, Roberts AJ, Lunstra DD, Wise T, Spicer LJ. Ovarian 

follicular development in cattle selected for twin ovulations and births. J 

Anim Sci 2004; 82:459–71. 

[204] Baker J, Hardy MP, Zhou J, Bondy C, Lupu F, Bellvé a R, Efstratiadis a. 

Effects of an Igf1 gene null mutation on mouse reproduction. Mol 

Endocrinol 1996; 10:903–18. 



72 

[205] Zhou J, Kumar TR, Matzuk MM, Bondy C. Insulin-like growth factor I 

regulates gonadotropin responsiveness in the murine ovary. Mol 

Endocrinol 1997; 11:1924–33. 

[206] Beamer WH, Eicher EM. Stimulation of growth in the little mouse. J 

Endocrinol 1976; 71:37–45. 

[207] Yakar S, Liu JL, Stannard B, Butler A, Accili D, Sauer B, LeRoith D. 

Normal growth and development in the absence of hepatic insulin-like 

growth factor I. Proc Natl Acad Sci U S A 1999; 96:7324–9. 

[208] Wu Y, Sun H, Yakar S, LeRoith D. Elevated levels of insulin-like growth 

factor (IGF)-I in serum rescue the severe growth retardation of IGF-I null 

mice. Endocrinology 2009; 150:4395–403. 

[209] Yuan W, Bao B, Garverick HA, Youngquist RS, Lucy MC. Follicular 

dominance in cattle is associated with divergent patterns of ovarian 

gene expression for insulin-like growth factor (IGF)-I, IGF-II, and IGF 

binding protein-2 in dominant and subordinate follicles. Domest Anim 

Endocrinol 1998; 15:55–63. 

[210] Perks CM, Peters AR, Wathes DC. Follicular and luteal expression of 

insulin-like growth factors I and II and the type 1 IGF receptor in the 

bovine ovary. J Reprod Fertil 1999; 116:157–65. 



73 

[211] Schams D, Berisha B, Kosmann M, Amselgruber WM. Expression and 

localization of IGF family members in bovine antral follicles during final 

growth and in luteal tissue during different stages of estrous cycle and 

pregnancy. Domest Anim Endocrinol 2002; 22:51–72. 

[212] Giudice LC. Insulin-like growth factors and ovarian follicular 

development. Endocr Rev 1992; 13:641–69. 

[213] Kwintkiewicz J, Giudice LC. The interplay of insulin-like growth factors, 

gonadotropins, and endocrine disruptors in ovarian follicular 

development and function. Semin Reprod Med 2009; 27:43–51. 

[214] Mani AM, Fenwick M a, Cheng Z, Sharma MK, Singh D, Wathes DC. 

IGF1 induces up-regulation of steroidogenic and apoptotic regulatory 

genes via activation of phosphatidylinositol-dependent kinase/AKT in 

bovine granulosa cells. Reproduction 2010; 139:139–51. 

[215] Chun SY, Billig H, Tilly JL, Furuta I, Tsafriri A, Hsueh AJ. Gonadotropin 

suppression of apoptosis in cultured preovulatory follicles: mediatory 

role of endogenous insulin-like growth factor I. Endocrinology 1994; 

135:1845–53. 

[216] Spicer LJ. Proteolytic degradation of insulin-like growth factor binding 

proteins by ovarian follicles: a control mechanism for selection of 

dominant follicles. Biol Reprod 2004; 70:1223–30. 



74 

[217] Fortune JE, Rivera GM, Yang MY. Follicular development: the role of the 

follicular microenvironment in selection of the dominant follicle. Anim 

Reprod Sci 2004; 82-83:109–26. 

[218] Jones JI, Clemmons DR. Insulin-like growth factors and their binding 

proteins: biological actions. Endocr Rev 1995; 16:3–34.  

  



75 

CHAPTER 2 

BONE MORPHOGENETIC PROTEIN 15 MAY PROMOTE FOLLICLE 
SELECTION IN THE HEN 

Abstract 

Oocyte-derived members of the transforming growth factor beta 

superfamily, including bone morphogenetic protein 15 (BMP15), are essential 

for normal follicle development in mammals. This study investigated the 

expression, function and regulation of BMP15 during follicle development in 

the hen. BMP15 mRNA expression was analyzed in the ooplasm and 

granulosa cells of 3 mm follicles and was found to be primarily in the ooplasm 

and not in granulosa cells (n = 4; P < 0.01). BMP15 was detected by 

immunoblotting in 6 and 8 mm follicles; however, BMP15 was not detected in 

granulosa cells from 6-8 mm follicles or 2 mm follicles. The expression of 

mRNA for BMP15 receptors (BMPR1B and BMPR2) in granulosa cells 

increased with follicle size (n = 4-6; P < 0.05). The function of BMP15 was 

examined around the time of follicle selection by culturing granulosa cells from 

3-5 mm and 6-8 mm follicles with recombinant human BMP15 (rhBMP15). 

BMP15 increased expression of follicle stimulating hormone receptor (FSHR) 

mRNA and decreased anti-müllerian hormone (AMH) mRNA and occludin 

(OCLN), factors associated with follicle maturation and growth in the hen. 

Hormonal regulation of BMP15 was assessed by whole follicle culture with 

estradiol (E2). E2 (10 ng/ml) increased BMP15 mRNA expression (n = 5; P < 

0.05) in 1 mm follicles. The distinct expression pattern of BMP15 and its 
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receptors, coupled with the effects of BMP15 to increase FSHR mRNA and 

decrease AMH mRNA and OCLN mRNA and protein expression suggest that 

the oocyte may facilitate follicle selection in the chicken. 
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Introduction 

A variety of endocrine, paracrine and autocrine signals in the ovary 

result in growth, maturation and subsequent ovulation of one or more oocytes. 

In the oviparous hen, there is little known about the early stages of follicle 

maturation prior to selection. In mammals, early stages of follicle development 

may be gonadotropin-independent, but most preantral follicles are 

gonadotropin-responsive [1,2]. Bone morphogenetic protein-15 (BMP15), also 

termed growth differentiation factor-9B (GDF-9B), along with growth and 

differentiation factor 9 (GDF9) are oocyte-derived members of the 

transforming growth factor beta superfamily (TGFβ) that contribute to the 

network of signals within the follicle [3]. Comparative biology would suggest 

that oocyte factors, including BMP15, could play a vital role in follicle 

maturation. In oviparous species, oocyte competence is especially important 

as proper accumulation of yolk by the oocyte is closely coordinated with 

steroidogenesis and follicle maturation. The aim of this study was to determine 

the expression, function and regulation of BMP15 in the hen ovary around the 

time of follicle selection. 

In the hen, pre-ovulatory follicles are arranged and maintained in a size 

hierarchy (F1-F5), where the largest (F1) follicle will ovulate next and the 

second largest (F2) will follow on the subsequent day. Daily selection of a 

single prehierarchal follicle from a larger pool of follicles is required to maintain 

the pre-ovulatory hierarchy. Similar to mammals, there is increasing evidence 

for the involvement of TGFβ superfamily members in initiating follicle selection 
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[4–6]. Our lab has identified the oocyte as the primary source of GDF9 in the 

hen ovary [7]. Messenger RNA for BMP15 has been localized by in situ 

hybridization to the hen oocyte in prehierarchical follicles (50 µm to 7 mm) of 

mature ovaries and in small follicles (25 µm to 500 µm) of immature ovaries 

[8]. BMP15 mRNA (by quantitative RT-PCR) in larger follicles was more 

abundant in the germinal disc region than in isolated granulosa cells [8].  

In mammals, BMP15 plays an important role in promoting the growth 

and differentiation of ovarian follicles [9] and there is evidence for species-

specific differences in BMP15 function among mammals [10]. Mice null for 

BMP15 are sub-fertile, with little change in folliculogenesis although they have 

defects in ovulation [11]. The Inverdale ewe, with two inactive copies of the 

BMP15 gene, is sterile while a single inactive copy of BMP15 in sheep results 

in increased ovulation rate and a heightened incidence of twins and triplets 

[12,13]. BMP15 is synthesized as a dimer or heterodimer with GDF9 and binds 

to cell surface serine-threonine kinase receptors [14,15]. The function of 

BMP15 is mediated through binding to serine threonine kinase BMP receptor 

complexes made of a type 1 and type 2 receptor: bone morphogenetic protein 

receptor, type IB (BMPR1B) and bone morphogenetic protein receptor, type II 

(BMPR2) [3,16]. The BMP15 receptor complex subsequently phosphorylates 

Smad (mothers against decapentaplegic homolog) proteins, activating the 

Smad1/5/8 pathway [16]. Proper function of BMP15 receptors also seems 

important for maintaining species specific ovulation rate. Mutations in the 

BMP15 receptor BMPR1B (Alk6) cause increased litter size in sheep [17]. The 
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presence of BMP15 and GDF9 receptors has been shown in pre-ovulatory 

follicles of the hen and mRNA expression was characterized in the granulosa 

and theca layers of prehierarchal 6-8 mm follicles [18,19]. There are no data, 

however, on mRNA expression levels of the receptors from smaller follicles.  

In the hen, there are distinct developmental changes in granulosa cell 

mRNA expression of follicle stimulating hormone receptor (FSHR), anti-

müllerian hormone (AMH) and occludin (OCLN), which play important roles in 

follicle selection. One follicle in the pool of 6-8 mm follicles has a higher 

abundance of mRNA for FSHR [20] which may allow the granulosa layer to 

become FSH-responsive, resulting in increased cAMP production and 

expression of genes associated with granulosa cell differentiation. AMH mRNA 

expression in the hen significantly declines as follicle size increases; it is most 

abundant in small follicles approximately 1 mm in diameter. mRNA expression 

for AMH significantly decreases from 5 mm follicles to 6-12 mm follicles [6], 

when follicle selection is believed to occur. Although the function of AMH in the 

hen is not known, the temporal expression of AMH in granulosa cells parallels 

mammalian expression during follicle development with higher mRNA 

expression in preantral-stage follicles [21]. AMH null mice are fertile but 

develop an increased number of small growing follicles, ultimately resulting in 

a significant premature depletion of follicles from the ovary [22]. The regulated 

temporal expression of AMH in the hen could allow orderly selection of a 

single follicle into the pre-ovulatory hierarchy. 
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Yolk production and accumulation is imperative for follicle growth. 

Estradiol (E2) produced in small follicles of the hen stimulates the production 

of yolk in the liver and the yolk is subsequently incorporated into the oocyte by 

receptor-mediated endocytosis.  Chickens have a unique very low density 

lipoprotein receptor homolog (LR8; LDL receptor relative with eight binding 

repeats) localized on the oocyte membrane [23]. Although small follicles 

express LR8 mRNA and protein, they fail to take up yolk. Tight junction 

proteins including occludin (OCLN) regulate paracellular permeability [24,25]. 

It has been suggested that OCLN, present in granulosa cells, may regulate 

access of yolk to the oocyte surface around the time of follicle selection [26]. 

Expression of protein for OCLN is lower in the granulosa cells of hierarchical 

follicles actively accumulating yolk as compared to small follicles [26]. 

To date, the function of BMP15 in the hen has been examined only in 

later stages of follicle development after selection [8]. We hypothesize that 

BMP15 may be important in regulating aspects of early follicle selection in the 

hen ovary because of its role in follicle development in mammals and the 

identification of BMP15 mRNA in the hen ovary. 

Materials and Methods 

Animals 

Single-comb White Leghorn hens (Babcock B300 strain) were housed 

in individual cages and maintained on a lighting schedule of 15 h of light and 9 

h of darkness. All hens received ad libitum access to feed and water. Egg 

production was recorded daily. Hens within their first year of lay and with 
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consistent laying patterns were selected and euthanized and their ovaries 

were collected within 2 h of ovulation and immediately placed in ice-cold 

Krebs-Ringer bicarbonate buffer. The Institutional Animal Care and Use 

Committee of Cornell University approved all animal procedures and 

techniques.  

Tissue Isolation and Quantitative Real-Time PCR 

We isolated ooplasm and granulosa cells from 3 mm follicles from 

individual hens (n = 4) according to the procedure described by Wang et al. 

(2007). In a separate experiment, granulosa cell layers from 3-5, 6-8, 9-16 mm 

follicles and whole < 2 mm follicles were isolated (n = 4-6 hens). RNA was 

extracted using RNAeasy Mini Kit with an on-column ribonuclease-free 

deoxyribonuclease treatment (Qiagen Inc., Valencia CA). Reverse 

transcriptase reactions were performed using 1µg of total mRNA in a 20 µl 

volume using the high capacity cDNA RT kit (Applied Biosystems, Foster City, 

CA). Primer pairs (BMPR1B, BMPR2, BMP15, OCLN) spanning introns were 

designed using Primer3 software for SYBR green assays [28]. For FSHR and 

AMH, TaqMan primers and probes were designed with Primer Express 

Software 2.0 (Applied Biosystems, Foster City, CA). Primer and probe 

sequences can be found in Table 1. Primer efficiencies for all primers used 

were within 87-104.2% as calculated by amplification of the standard curve.   

Quantitative real time PCR reactions (AB StepOnePlus Real-Time PCR 

System) were set up in a volume of 25 µl in duplicate with a final concentration 

of 1X Power SYBR Green (Applied Biosystems, Foster City, CA, USA) and 
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300 nM of primer pairs. All reactions were normalized to 18S rRNA (Applied 

Biosystems, Foster City, CA, USA) and samples were run in duplicate.  

Table 2.1 Primer and Probe sequences used in qRT-PCR analysis. 

 

Control reactions containing no template and reactions lacking reverse 

transcriptase were also run. The unknown sample expression was determined 

from the standard curve, and normalized to 18S. PCR reactions for the 

TaqMan assays (FSHR, AMH) were conducted in a 25 µl reaction in duplicate 

with 1x TaqMan universal PCR Master Mix (Applied Biosystems, Foster City, 

CA) and 900 nM of primers and 250 nM of probe or 50 nM of 18S primers and 

200 nM of probe (Applied Biosystems, Foster City, CA). 18S has been used as 

a reference RNA in the ovary [4,29] and in our experiments, 18S expression 

did not vary by treatment. 

Gene 
Symbol 

Accession 
Number 

Primer Sequence Probe 
Product 

Size 

BMP15 AY725199 
forward:5’ –ACATGCTGGAGCTGTACCAA-3’ 
reverse: 5’-GACACGGAGAAGGTGCTCA-3’ 

NA 197 

BMPR1B 205132 
forward 5’ –TTCTGGTGGACATTTGGTCA-3’ 
reverse 5’-GACAGTCACCGAGATCAGCA-3’ 

NA 220 

BMPR2 374147 
forward 5’-CATCAGAGCCCTCATTGGAT-3’ 
reverse 5’ –GGCAATGTTGTCATGTTCCA-3’ 

NA 197 

OCLN 396026 
forward 5’ –GCTCCGCAGCTCTTCTACA-3’ 
reverse 5’ –TGGTTCACCCCTCCGTAGTA-3’ 

NA 242 

FSHR U51097 
forward 5’-GCACCTTCCAAGCCTCAGATAT-3’ 
reverse 5’ -CCCTATGGACGACGGGTAAA-3’ 

TGTTAATATCA
AACACAGGCCT 

70 

AMH U61754 
forward: 5’-CCCCTCTGTCCCTCATGGA3’; 
reverse: 5’-CGTCATCCTGGTGAAACACTTC3’ 

AGCTCCTCTTT
GGCTCA 

71 
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Western Blot  

 Protein lysates were made using Tris-Triton lysis buffer from 2, 6 and 8 

mm whole follicles and granulosa cells from 6-8 mm follicles were used from 

individual hens (n = 3 individual hens). Protein concentrations were 

determined using a BCA Protein Assay Kit (Thermo Scientific Waltham, MA). 

Forty micrograms of total protein lysate were subjected to SDS-PAGE under 

denaturing conditions on a 12% Tris-HEPES gel (Pierce Biotechnology 

Rockford, IL). Protein was transferred to methanol-activated PVDF membrane 

and blocked with 5% non-fat dry milk in 1X Tris-buffered saline with 0.1% 

Tween-20 (TBST). The membrane was incubated with a custom-made primary 

antibody made in a rabbit against chicken BMP15. The immunizing peptide 

(15-mer; CLPGYLRDAGGDKSD) was synthesized, purified and then 

conjugated to KLH for immunization (GenScript, Inc Piscataway, NJ). The 

primary antibody (at a dilution of 1:750 in TBST with 1% non-fat dry milk) was 

incubated with the membrane for 2 h at room temperature. The membrane 

was washed and then incubated with a goat anti-rabbit HRP-conjugated 

second antibody (Santa Cruz Biotechnology, Santa Cruz, CA) at a 

concentration of 1:5000 in TBST with 5% non-fat milk for 1 h at room 

temperature. To determine band specificity to cBMP15, the custom cBMP15 

antibody was neutralized with 80 µg of the immunizing peptide (10 times the 

antibody protein concentration) before incubation of blocked blots. Prior to 

imaging, membranes were incubated with 4 ml LumiGLO chemiluminescence 

substrate (KPL, Gaithersburg, MD) for 1 min. Western blot images were 
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visualized and imaged using a Fluor Chem HD2 imager (Alpha Innotech, 

Santa Clara, CA). 

Function of BMP15 - Granulosa Cell Culture 

 Granulosa cells were isolated and pooled from 3-5 and 6-8 mm follicles 

from two hens for each replicate experiment (n = 6 replicates), then washed 

and dispersed according to our previous report [30]. Viability and cell number 

were determined using trypan blue exclusion and a hemocytometer. 

Granulosa cells (2.2-3 x 106 cells per well) were plated in 6-well culture dishes 

with 1.5 ml M199 +10% fetal bovine serum (FBS) [+ 1% Antibiotic-Antimycotic 

(ABAM)] (Life Technologies, Foster City, CA) and were cultured for 24 h at 37o 

C with 5% CO2. After 24 h, the medium was replaced with M199 + 0.1% 

bovine serum albumin (BSA) [+ 1% ABAM] and treatments were administered: 

0, 1, 10 or 25 ng/ml rhBMP15 (R&D Systems, Minneapolis, MN). In the hen, 

recombinant human BMP15 (rhBMP15) has been shown to have biological 

function (the ability to phosphorylate Smad1) [8]. Cells were returned to the 

incubator for an additional 24 h and subsequently terminated. RNA and 

protein were collected for qRT-PCR and western blot analysis, respectively. 

RNA was extracted as described above and relative levels of mRNA for 

FSHR, AMH and OCLN were determined using qRT-PCR. A rabbit anti-

chicken occludin antibody (F44 serum), donated by Dr. Mikio Furuse from 

Kobe University Japan [31], was used in western blot analysis (described 

above). The membrane from each experiment (n = 4) was incubated with the 

primary anti-chicken occludin antibody (F44 serum) at a dilution of 1:2000 in 
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TBST with 1% non-fat dry milk for 2 h at room temperature. The membrane 

was washed and then incubated with a goat anti-rabbit HRP-conjugated 

antibody (Santa Cruz Biotechnology, Santa Cruz, CA) at a concentration of 

1:5000 in TBST with 5% non-fat milk for 1 h at room temperature. The blots 

were then imaged as described above.  

Regulation of BMP15 - Follicle Culture 

 Whole follicles (1 mm) from individual hens were isolated under a 

dissecting microscope. One hen was used for each experiment in a replicate, 

three 1 mm follicles were placed in an individual well in a 96 well plate (n = 5 

replicate experiments). Follicles were cultured at 37° C under an atmosphere 

of 5% CO2 in a total volume of 250 µl for 10 h. Treatments consisted of: 0, 1, 

10 ng/ml estradiol (E2) (Sigma-Aldrich, St. Louis, Mo). Estradiol was 

solubilized in 100% ethanol to a concentration of 1 mg/ml and further diluted in 

M199 to a working concentration of 1 µg/ml E2. The control treatment in the 

E2 culture experiment consisted of M199 + 0.1% BSA [+ 1% ABAM] and 10 

ppm ethanol, the equivalent amount of ethanol in the 10 ng/ml E2 treatment. 

Follicles were collected and RNA was extracted for analysis of BMP15 

expression by qRT-PCR. 

Statistics 

 Data were analyzed by a one-way ANOVA and when there was a 

significant F ratio P < 0.05, means were compared using LS Means test. P 

values of < 0.05 were considered significant. All statistical analysis was 

conducted using Jmp 10 software. (SAS Institute Inc., Cary, NC, USA).  
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Results  

BMP15 mRNA Expression  

 As expected from previously reported in situ hybridization results [8], 

real time PCR analysis of BMP15 mRNA showed significantly higher steady-

state levels (P < 0.01) in the ooplasm as compared to the granulosa cells of 3 

mm follicles (Figure 2.1).  

BMP15 Protein Expression 

 BMP15 protein was detected in 6 and 8 mm follicles as a single band 

around 50 kDa in the promature form [15,32–34]. No expression was noted in 

2 mm follicles or in the granulosa cells from 6-8 mm follicles by Western blot 

analysis. Pre-incubation of the antibody with the immunizing peptide markedly 

reduced detection of BMP15 in 6 and 8 mm follicles (Figure 2.2). 

BMP15 Receptor Expression  

Real time PCR analysis indicated that mRNA for both BMPR1B and 

BMPR2 significantly increased (P < 0.05) in granulosa cells during follicle 

development (Figure 2.3). There was a gradual increase (P < 0.05) in 

expression of BMPR1B (Figure 3A) during follicle development and BMPR2 

(Figure 3B) mRNA expression was significantly greater (P < 0.05) in the 6-8 

mm and 9-16 mm than in earlier stages.  

Function of BMP15 

The function of BMP15 was examined using a granulosa cell culture 

system.  
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Figure 2.1 BMP15 levels of mRNA in the ooplasm and granulosa of 3 mm 

follicles. RNA was isolated from the ooplasm and granulosa cells of 3 mm 

follicles (n = 4 replicate experiments). Bars represent the mean ± SEM and 

bars with different letters differ significantly (P < 0.01). 



88 

Expression of mRNA for FSHR was numerically increased by 10 ng/ml 

rhBMP15 and was significantly increased (P < 0.05) at the 25 ng/ml dose in 

granulosa cells from both 3-5 mm and from 6-8 mm follicles (Figure 2.4A). 

AMH mRNA decreased with increasing dose of rhBMP15 except at the highest 

dose of 25 ng/ml rhBMP15 in granulosa cells from both 3-5 and 6-8 mm 

follicles (Figure 2.4B; P < 0.05). Additionally, OCLN mRNA (Figure 2.4C; P < 

0.01) and OCLN protein (Figure 2.4D) decreased in granulosa cells treated 

with 10 and 25 ng/ml of rhBMP15. OCLN was more abundant in untreated 

granulosa cells from 3-5 mm follicles as compared to 6-8 mm follicles (Figure 

4D).   

Regulation of BMP15 

BMP15 mRNA was increased in the presence of estradiol and 

significantly increased at 10 ng/ml of estradiol (Figure 2.5; P < 0.05).  

Discussion 

To our knowledge, this is the first documentation of BMP15 expression, 

function and regulation in prehierarchal follicles of the hen. We confirmed that 

BMP15 mRNA expression is primarily in the oocyte (Figure 2.1) and we found 

that BMP15 receptor mRNA expression in granulosa cells increased with 

follicle development (Figure 2.3) [8]. Exogenous BMP15 increased mRNA for 

FSHR and decreased mRNA for both AMH and OCLN (Figure 2.4), important 

factors in follicle selection. We also found that BMP15 mRNA was increased 

by E2 (Figure 2.5).  



89 

 

 

 

 

 

Figure 2.2 Representative Western blot of chicken BMP15 (n = 3 replicates). 

Protein was isolated from whole follicles 2, 6, and 8 mm in diameter and 

granulosa cells from 6-8 mm follicles. BMP15 was detected around 50 kDa in 

6 and 8 mm follicles with little or no detectable presence in 2 mm follicles or in 

granulosa cells from 6-8 mm follicles. Specificity of the antibody was 

determined by pre-incubation of the antibody with the immunizing peptide; 

blocking the antibody markedly reduced detection of BMP15 in 6 and 8 mm 

follicles (Blocked).  
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Figure 2.3 Levels of mRNA for BMP15 receptors. (A: BMPR1B; B: BMPR2) in 

<2 mm whole follicles and granulosa layers from various size follicles (3-5 mm, 

6-8 mm, 9-16 mm) (n = 4-6 replicate experiments). Bars represent the mean ± 

SEM and bars with different letters differ significantly (P < 0.05) in the amount 

of A) BMPR1B and B) BMPR2. 
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Figure 2.4 Function of BMP15 in small follicles. Levels of mRNA for A) FSHR, 

B) AMH, and C) OCLN with increasing dose of BMP15 in cultured granulosa 

cells from 3-5 (left) and 6-8 mm follicles (right) (n = 6 replicate experiments). 

Bars represent the mean ± SEM relative to the control and bars within a follicle 

size range with different letters (A, B or a, b) differ significantly (P < 0.05). 

Statistical comparisons were made within follicle size groups. D) 

Representative Western blot analysis of OCLN expression with increasing 

dose of BMP15 in cultured granulosa cells from 3-5 and 6-8 mm follicles (n = 4 

replicate experiments). 
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Figure 2.5 Estradiol regulates BMP15 expression in cultured 1 mm whole 

follicles. BMP15 mRNA levels in response to estradiol (E2) at 0, 1, or 10 

ng/ml. Bars represent the mean ± SEM relative to the control and bars with no 

common letters differ significantly (P < 0.05) (n = 5 replicate experiments). 
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  Steady-state levels of mRNA for BMP15 were approximately 40-fold 

higher in the ooplasm than the surrounding granulosa layer of 3 mm follicles, 

consistent with other vertebrate species where the primary source of BMP15 

in the ovary was the oocyte [35].  Al-Musawi et al. (2007), found very faint 

detection of BMP15 mRNA by semi-quantitative PCR in the theca layer of 6-8 

mm follicles, although this was not a pure cell layer [18]. We cannot rule out 

the possibility that other cell types produced small quantities of BMP15. We 

used 3 mm follicles to compare expression of BMP15 mRNA in the ooplasm 

and granulosa cells because the granulosa layer cannot be readily isolated 

from smaller follicles and excessive yolk complicates ooplasm isolation from 

larger follicles. Our custom-made BMP15 antiserum detected the predicted 

promature form of BMP15, a single approximate 50 kDa band present in 

prehierarchal 6 and 8 mm whole follicles, but the protein was low or 

undetectable in granulosa cells and in small 2 mm follicles. Our antibody did 

not detect alternate forms of BMP15 on Western blot at any stage of 

development. By Western blot, BMP15 protein was detected in ovine follicular 

fluid primarily as the unprocessed promature form, suggesting that the mature 

form was detected at low or undetectable levels in isolated ovarian tissue [36]; 

when in-vitro expression systems were used, however, BMP15 was primarily 

detected in multiple forms by Western blot [15,32–34]  

Protein expression confirmed that 6 and 8 mm follicles translated 

BMP15 mRNA (Figure 2.2). This pattern of expression was similar to another 

oviparous vertebrate, the European seabass, in which BMP15 mRNA was 
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detected during early stages of follicle development but protein expression 

was at low or undetectable levels until the lipid vesicle stage or beginning of 

secondary growth phase [37]. In addition, in the rat ovary, expression of 

BMP15 mRNA and protein detected by in situ hybridization and 

immunohistochemistry also increased with follicle development [33]. The 

expression of mRNA for BMP15 receptors, BMPR1B and BMPR2, increased 

with follicle development in the hen (Figure 2.3), potentially indicating there 

was is an increase in responsiveness to BMP ligands, including BMP15 with 

follicle development. Other BMP ligands in addition to BMP15 interact with 

BMPR1B and BMPR2 [3]. The expression patterns of BMP15, along with 

BMPR1B and BMPR2, support the likelihood of paracrine signaling between 

the oocyte and the granulosa cells around the time of follicle selection (6-8 

mm).  

Small follicles (< 1 mm) in the hen ovary grow slowly until they either 

undergo atresia or are selected at approximately 6-8 mm into the pre-ovulatory 

hierarchy. Although mechanisms of selection remain unknown, FSH, AMH and 

OCLN expression change after selection [6,26,38].  Due to alterations in 

mRNA expression of these genes in response to BMP15 treatment, we 

postulate that BMP15 has a role in initiating follicle selection. BMP15 

significantly increased FSHR mRNA and decreased both AMH mRNA and 

OCLN mRNA and protein in granulosa cells from both 3-5 and 6-8 mm follicles 

(Figure 2.4). The abundance of FSHR has previously been proposed as an 

indication of follicle selection. One follicle in the 6-8 mm follicle pool has higher 
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levels of mRNA for FSHR than other follicles in the same group [20]. The 

highest dose of BMP15 (25 ng/ml) increased mRNA for FSHR with no effect 

on mRNA levels for AMH. Lower doses of BMP15 decreased AMH mRNA 

potentially allowing FSHR mRNA to increase, suggested by the numerical but 

not significant increase in FSHR at 10 ng/ml BMP15 (Figure 2.4). Around the 

time of follicle selection when FSHR increases [20], AMH expression 

significantly decreases in the hen, similar to mammals [6,39]. BMP15 has also 

been shown to increase mRNA for both FSHR and AMH in human granulosa 

cells [40]. In contrast, in mice BMP15 inhibits FSHR mRNA [41]. These studies 

suggest that the function of BMP15 signaling in granulosa cells may be 

species dependent. Other BMPs, including BMP4 and BMP6 have been found 

to increase both FSHR and AMH in the hen [4,5]. Our studies on in vivo 

derived tissue support a negative correlation between AMH and FSHR around 

the time of follicle selection [42]. Although the function of AMH in the hen is not 

clear, in mammals AMH inhibits primordial follicle activation, thus allowing a 

normal progression of follicle development [22]. Previously, our lab found that 

an oocyte factor (in oocyte-conditioned media) decreased AMH mRNA in 

cultured granulosa cells [6]. The effect could not be blocked by pre-incubation 

of the oocyte-conditioned medium with a GDF9 antibody, suggesting the factor 

was not GDF9, but it could have been BMP15. In the current study, culture of 

granulosa cells with rhBMP15 mimicked the effect of OCM on AMH mRNA 

expression, by significantly decreasing AMH mRNA (Figure 2.4B). Similarly, in 

mammals, AMH mRNA has been shown to be regulated by the oocyte [43].  
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The size of the oocyte in the hen increases dramatically after selection 

due to yolk accumulation. Prior to follicle selection, access to the yolk receptor 

on the oocyte surface may be inhibited by tight junctions formed by adjacent 

granulosa cells [26]. OCLN protein is decreased in the F1 follicle as compared 

to small follicles [26]. In this study, granulosa cells from 3-5 mm and 6-8 mm 

follicles treated with rhBMP15 had significantly lower OCLN mRNA (Figure 

2.4C) and protein expression (Figure 2.4D). Therefore, the oocyte may 

participate in its own growth through BMP15 effects on OCLN, allowing yolk 

access to LR8, the yolk receptor on the oocyte surface.  

We analyzed 1 mm whole follicles to study the regulation of BMP15  

because they have better viability when cultured for extended periods of time 

and expressed BMP15 [8]. In contrast to mammals, small follicles of the hen 

have a higher concentration of E2 and a greater capacity to produce E2, than 

larger follicles [44–47]. In the hen, E2 is produced in the theca cells, 

specifically the theca externa [48]. Among other functions, E2 production is 

necessary during follicle development to stimulate yolk production in the liver 

[49]. Estrogen receptors, estrogen receptor alpha (ESR1) and estrogen 

receptor beta (ESR2) are found in the ovarian stroma and in small 

prehierarchal and large pre-ovulatory follicles in the hen [50]. We found that 

E2 significantly increased the production of BMP15 mRNA (Figure 2.5A). It is 

possible that E2 has a paracrine effect to promote BMP15 production in the 

oocyte. Adequate E2 production from surrounding somatic cells may signal the 
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oocyte to initiate maturational changes in granulosa cells, including decreasing 

OCLN to allow an increase in yolk accumulation. 

In conclusion, this study demonstrates the possible role of the oocyte in 

promoting follicle selection in the hen. Through the production of BMP15, the 

oocyte plays an important role in regulating the surrounding somatic cells 

during follicle selection. BMP15 increases FSHR mRNA and decreases both 

AMH mRNA and OCLN mRNA and protein. The direction of these changes in 

FSHR, AMH, and OCLN are hallmarks of follicle selection. This results in 

further differentiation of the granulosa cell layer, allowing yolk to access the 

yolk receptor, culminating in rapid growth of the oocyte before ovulation.  
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CHAPTER 3 

OCCLUDIN EXPRESSION AND REGULATION IN SMALL FOLLICLES OF 

THE LAYER AND BOILER BREEDER HEN 

Abstract 

Synchronized yolk accumulation and follicle development are essential 

for egg production in oviparous species. In the domestic hen, small follicles 

(1<mm) grow until they either undergo atresia or are recruited (6-8 mm) into 

the pre-ovulatory hierarchy where they rapidly accumulate yolk before 

ovulation. Follicle development in the laying hen is tightly regulated with yolk 

accumulation, resulting in efficient egg production. In contrast to laying hens, 

broiler breeder hens have aberrant follicle development characterized by 

multiple large pre-ovulatory follicles, resulting in low egg production. Yolk is 

incorporated into the oocyte by an avian specific yolk receptor (LR8). It is 

believed that occludin (OCLN), a tight junction protein, mediates paracellular 

transfer of yolk material. We hypothesized that there may be differences in key 

regulators of yolk accumulation in laying hens that exhibit highly regulated yolk 

uptake and in broiler breeder hens with easily disrupted yolk accumulation. In 

the first experiment, we investigated the mRNA expression for LR8 and the 

expression and regulation of mRNA for OCLN in laying hens. LR8 mRNA was 

expressed in the ooplasm of small follicles, but levels decreased with 

increasing follicle size (p<0.01). Similarly, OCLN mRNA was highest in the 

small follicles within the ovary and decreased with increasing follicle size. 

OCLN mRNA expression was higher (p < 0.01) in the granulosa cells of 
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smaller follicles (3-5 mm) when compared to the granulosa cells from larger 

follicles and OCLN mRNA was more abundant in the germinal disc region of 

the granulosa cell layer than the non-germinal disc region (p < 0.05). The 

regulation of OCLN mRNA in laying hens was investigated using epidermal 

growth factor (EGF) and activin B, which both decreased OCLN mRNA 

expression, while activin A increased OCLN (p < 0.05). In the second 

experiment, restricted fed (RF) broiler breeder hens were randomly divided 

into two groups. One pen of hens was given ad libitum access to feed (FF; 

n=11) and one pen remained on RF (n=11) for six weeks. OCLN mRNA 

expression in the granulosa cells of 3-5 mm follicles of FF hens was lower 

compared to RF hens (p< 0.05) and yolk weights were higher in the FF group 

(p < 0.01). LR8 mRNA expression in small whole follicles (< 3 mm) did not 

differ between groups. We conclude that paracrine or autocrine factors within 

the oocyte may regulate OCLN mRNA expression. In addition, increased yolk 

accumulation in FF broiler breeder hens could be associated with changes in 

tight junctions and therefore, yolk access to LR8 on the oocyte surface. 
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Introduction 

Propagation of oviparous species is dependent upon proper yolk 

accumulation during follicle development. The energy that drives 

embryogenesis is derived from liver-synthesized yolk material which is 

deposited into the oocyte prior to ovulation. The ovary of an adult hen consists 

of ovarian follicles at several different stages of development and the stages 

are distinguished by the amount of yolk material present. The single left ovary 

contains a large pool of small, slow-growing follicles, 1 to 8 mm in diameter 

and a smaller pool of fast-growing pre-ovulatory follicles (approximately 5-7) 

arranged in a size hierarchy (F5-F1). The largest follicle (F1) is next to ovulate 

and the second largest will subsequently ovulate the next day. The 

arrangement of follicles in the pre-ovulatory hierarchy ensures a regular and 

constant supply of yolk-filled oocytes for efficient egg production. As follicles 

leave the hierarchy through ovulation, a single follicle 6-8 mm in diameter is 

selected and becomes the smallest in the hierarchy (F5). Relatively little is 

known about the mechanisms of how a newly selected follicle undergoes the 

morphological and physiological changes in order to accumulate 

approximately 17 grams of yolk material [1] and transform from 6-8 mm to 40 

mm in diameter [2] in 5-7 days. A better understanding of yolk uptake could 

potentially lead to improved ovulation rate in some birds.  

In the hen, yolk is incorporated into the oocyte by receptor mediated 

endocytosis [3–5]. The yolk receptor (LR8) is a chicken homologue of the 

mammalian low density lipoprotein receptor (LDLR) with eight ligand binding 
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domain repeats [6]. LR8 is essential for yolk accumulation and oocyte growth. 

The importance of LR8 is evident in hens that carry a mutation in the gene, as 

the mutation results in reduced yolk accumulation and the absence of a 

follicular hierarchy [3,7]. Messenger RNA for LR8 is most abundant in small 

white follicles (< 5 mm) as compared to any larger follicle stages [8], although 

a systematic investigation of the pattern of mRNA expression in small follicles 

has not been conducted. Protein expression of LR8 in the oocyte has been 

well characterized in the laying hen [9] and is present throughout follicle 

development even before yolk accumulation occurs. In addition, LR8 is found 

in small oocytes of immature birds that do not actively accumulate yolk [10]. 

The function of LR8 in small follicles is unclear. Morphological or structural 

changes within the follicle could modulate yolk access to the receptor and 

explain why LR8 is present before rapid yolk accumulation.   

 In the hen, ovarian follicles consist of a single oocyte surrounded by 

layers of somatic cells. Granulosa cells encircle the growing oocyte. The 

germinal disc contains the nuclear material of the oocyte and the structure and 

function of the granulosa cell layer is different around the germinal disc, 

compared to granulosa cells distal to the germinal disc (GD) [11]. A basement 

membrane separates the granulosa cell layer from the vascularized theca 

layer which forms the outermost somatic cell layer of the follicle. Yolk is 

synthesized in the liver and delivered to the follicle via the vascular system 

and then must travel between granulosa cells to reach the yolk receptor on the 

surface of the oocyte. Increased yolk accumulation is associated with 
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increased permeability of the granulosa cell layer [12]. Altered tight junctions 

between granulosa cells surrounding the oocyte may facilitate the rapid uptake 

of yolk by allowing increased access of yolk material to LR8 on the oocyte 

surface [13]. The abundance of the tight junction protein occludin (OCLN) 

located on the periphery of granulosa cells may modulate yolk passage 

between the granulosa cells and therefore oocyte yolk accumulation [13]. 

Alternatively or additionally, LR8 could be stored in vesicles within the oocyte 

and could be inserted into the vitelline membrane during later stages of 

development [9] facilitating yolk accumulation.  

The function of OCLN has been studied in a variety of epithelial and 

endothelial tissues in normal and disease states [14]. OCLN is involved in both 

adhesion [15,16] and sealing of the paracellular space for selective passage of 

nutrients [17]. In addition, OCLN has been shown to be an important barrier in 

Xenopus embryos. Embryos expressing OCLN with a truncated COOH 

terminus were permeable to a biotin tracer [18]. OCLN is expressed in the 

ovary of several species including the oviparous hen [13] and zebrafish [19], 

as well as the primate [20]. The structure of OCLN consists of N- and C- 

terminal cytoplasmic domains and two extracellular loops that interact with 

OCLN protein loops on adjacent cells [14]. The extracellular interaction 

between cells is important in maintaining tight junction integrity and disruption 

of the loop-loop interaction increases epithelial permeability [21]. In the laying 

hen, OCLN protein is differentially expressed during follicle development [13]. 

OCLN protein expression is most abundant in small follicles and is low in pre-
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ovulatory follicles [13]. The temporal expression of OCLN in the hen ovary 

suggests that it could function by sealing the paracellular space between 

granulosa cells, preventing the transport of yolk material before selection into 

the pre-ovulatory follicular hierarchy.  

There have been limited studies on the mRNA and protein expression 

and regulation of LR8 and OCLN in the hen. Schuster et al. (2004) were the 

first to document the expression of OCLN protein in small and large follicles 

but they studied OCLN in whole small follicles and in the granulosa cells from 

large follicles, so the results from the two tissues are not directly comparable 

[13]. This study also suggested that activin A, follicle stimulating hormone 

(FSH) and transforming growth factor α (TGFα) regulate the protein 

expression of OCLN in granulosa cells from large follicles [13].  

In the first experiment of this study, we determined the expression of 

mRNA for LR8 as well as the expression and regulation of OCLN mRNA in 

small follicles of laying hens around the time of follicle selection when the rate 

of yolk accumulation begins to increase. In the second experiment in this 

study, LR8 and OCLN mRNA expression were investigated in broiler breeder 

hens, which uniquely exhibit excessive yolk accumulation when allowed to 

feed ad libitum.  

Materials and Methods 

Animals  

In the first experiment, single-comb white leghorn (Babcock B300 

strain) laying hens in their first year of lay were housed in individual cages and 
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given ad libitum access to feed and water throughout postnatal life. Hens were 

maintained on a light schedule of 15 h of light and 9 h of darkness. Egg 

production from individual hens was recorded daily. Hens with regular laying 

patterns were selected and ovaries were collected within 2 h of ovulation for 

tissue collection and granulosa cell culture experiments. 

In the second experiment, Cobb 700 broiler breeder hens were reared 

in floor pens and maintained on a commercial restricted feeding program 

according to primary breeder guidelines [22] from 2 weeks of age. During their 

peak egg production, determined by the highest percentage of laying hens, 22 

hens were selected and randomly divided into two groups. One pen of hens 

was given ad libitum access to feed (FF; n = 11), and one pen remained on 

RF (146 g/bird/day; n = 11) for 6 weeks prior to euthanasia. Two hens in the 

RF group and 1 hen from the FF group were excluded from the analysis 

because their ovaries were regressed at the termination of the experiment. 

The Institutional Animal Care and Use Committee of Cornell University 

approved all animal procedures and techniques. 

Tissue collection  

The ooplasm and surrounding granulosa cells were isolated from 3 mm 

follicles and pooled separately from individual laying hens (n = 4 laying hens) 

according to the procedure described by Wang et al. [23]. In a separate 

experiment, individual (1, 2, 3, 4, 5, and 6 mm) whole follicles (n = 4-6 laying 

hens) and in separate hens granulosa cell layers from 3-5, 6-8, 9-16 mm and 

F1 follicles (n = 4-6 laying hens) were collected for RNA extraction. Granulosa 
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cells were isolated in 4° C Krebs buffer. The granulosa cell layer was gently 

removed by shaking the follicle wall in Krebs buffer. The granulosa cell layers 

were subsequently pooled from each hen according to follicle size (3-5, 6-8, 9-

16 mm) and RNA was immediately extracted.  

To determine expression of OCLN mRNA in the germinal disk and non-

germinal disk regions of the granulosa cell layer, F1 and F4 follicles were split 

in half (n = 4-6 hens). One half contained the germinal disc and the associated 

granulosa cells (GD region; GDR) [24] and the other half contained granulosa 

cells that did not contain the germinal disc (non germinal disc). 

In the second experiment, whole 3 mm follicles (3 from each hen) were 

collected from FF and RF hens for LR8 mRNA expression analysis (n = 8-10 

broiler hens in each group). Granulosa cells from 3-5 mm (n = 6-8 broiler hens 

in each group) and 6-8 mm (n = 3-5 broiler hens in each group) follicles were 

collected from broiler breeder hens for RNA extraction. Eggs were collected 

daily, over the 6 week period from all FF and RF hens. The eggs were cracked 

and yolk was separated from albumin to record yolk weight as an indication of 

yolk accumulation. 

 RNA isolation and cDNA synthesis 

RNA extraction was conducted using an RNAeasy Mini Kit (Qiagen Inc., 

Valencia CA) immediately after tissue collection. All extractions were 

conducted with an on-column ribonuclease-free deoxyribonuclease treatment 

(Qiagen Inc., Valencia CA). Reverse transcriptase reactions were performed 

using 1 µg of total mRNA in a 20 µl volume using the high capacity cDNA RT 
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kit (Applied Biosystems, Foster City, CA). The primer pair for LR8 was 

previously described [8]: F 5’-GCCAGGATCGTAGACTTGTGCTC 3’ and R 5’-

CACATGAAGTAGCCAGCCAATGC 3’. The OCLN primers were: F 5’-

GTCTGTGGGTTCCTCATCGT-3’ and R 5’- GTTCTTCACCCACTCCTCCA- 

3’. These primers were designed to span introns using Primer3 software for 

SYBR green assays [25]. 

PCR analysis 

Quantitative real time PCR reactions (ABI StepOnePlus Real-Time 

PCR System) were set up in a 25 µl reaction volume. Standard curve and 

samples were run in duplicate with a final concentration of 1X Power SYBR 

Green (Applied Biosystems, Foster City, CA, USA) and 300 nM of primer 

pairs. Control reactions containing no template and reactions lacking reverse 

transcriptase were also run in duplicate. The unknown sample expression was 

determined from the standard curve and normalized to 18S mRNA (Applied 

Biosystems, Foster City, CA).  

Granulosa cell culture 

Granulosa cells were isolated from 3-5 and 6-8 mm follicles from 2 hens 

for each replicate experiment (n = 2-7 replicates), washed and dispersed 

according to our previous report [26]. Viability and cell number were 

determined using trypan blue exclusion and a hemocytometer. Granulosa cells 

(2.2 - 3 x 106 cells per well) were plated in 6-well culture dishes with 1.5 ml 

M199 +10% FCS [+ 1% ABAM antibiotic antimycotic] (Life Technologies, 

Foster City, CA) and were cultured for 24 h at 37o C with 5% CO2. After 24 h, 
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the medium was replaced with M199 + 0.1% BSA [+ 1% ABAM] and 

treatments were administered: 0, 10 or 100 ng/ml human activin B (R&D 

Systems, Minneapolis, MN); 0, 10, 100, 200 ng/ml rhIGF1 (Life Technologies, 

Foster City, CA); 0, 50, 100 ng/ml human activin A (National Hormone and 

Pituitary Program); 0, 25, 100 ng/ml oFSH (this is a prep #AFP4117A National 

Hormone and Pituitary Program); 0, 10, 100 ng/ml; mouse EGF (R&D 

Systems, Minneapolis, MN).  After treatments were added cells were returned 

to the incubator for an additional 24 h, then cultures were terminated and RNA 

was subsequently extracted from the cells according to the above procedure. 

Western blot 

Protein lysates were made from the granulosa cells of 3-5 mm and F1 

follicles from laying hens (n = 4 individual hens). The protein lysate 

concentrations were determined using a BCA Protein Assay Kit 

(Thermoscientific Waltham, MA). Twenty-five micrograms of total protein 

lysate were subjected to SDS-PAGE under denaturing conditions on a 12% 

polyacrylamide gel (Pierce Biotechnology Rockford, IL). Protein was 

transferred to methanol-activated PVDF membrane and blocked with 5% non-

fat dry milk in 1X Tris-buffered saline with 0.1% Tween-20 (TBST). The 

membrane was incubated with a chicken OCLN primary antibody for 2 h at 

room temperature (at a dilution of 1:2000 in TBST with 1% non-fat dry milk). 

This chicken specific antibody was made in a rabbit and was obtained from Dr. 

Miko Furuse [27]. The membrane was washed and then incubated with a goat 

anti-rabbit HRP-conjugated second antibody (Santa Cruz Biotechnology, 
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Santa Cruz CA) at a concentration of 1:5000 in TBST with 5% non-fat milk for 

1 h at room temperature. Prior to imaging, membranes were incubated with 4 

ml LumiGLO chemiluminescence substrate (KPL, Gaithersburg, MD) for 1 min. 

Western blot bands were visualized and recorded using a Fluor Chem HD2 

imager (Alpha Innotech, Santa Clara, CA). 

Statistical analysis 

qRT-PCR expression data were analyzed using a one-way ANOVA. In 

the case of significant F values (F < 0.05), means were compared using LS 

Means test and P values of < 0.05 were considered significant. An ANOVA 

was used to determine an overall difference in the yolk weights of RF vs. FF 

hens during the experiment. Yolk weights were then averaged for each week 

of the six week experiment and compared by treatment group using a one-way 

ANOVA. All statistical analysis was done using Jmp10 software (SAS Institute 

Inc., Cary, NC, USA).  

Results 

Expression of mRNA for LR8 and OCLN with follicle development 

LR8 mRNA expression was examined in the ooplasm and granulosa 

cells of 3 mm follicles. After normalization to 18S RNA, qRT-PCR analysis 

confirmed that LR8 expression is primarily in the ooplasm (Figure 3.1A). In 

individual whole follicles (1 to 6 mm in diameter) from laying hens (Figure 

3.1B), steady state levels of mRNA for LR8 decreased with increasing follicle 

size.  
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Figure 3.1 Relative levels of LR8 mRNA in the small follicles of the hen. A. 

LR8 mRNA was found primarily in the ooplasm compared to the granulosa of 

3 mm follicles (n = 4 hens; P < 0.01). B. mRNA levels decreased with 

increasing follicle size in whole follicles 1-6 mm in diameter (n = 4-6). Bars 

represent the mean ± SEM and bars with different letters differ significantly (P 

< 0.05)
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OCLN mRNA expression was most abundant in small whole follicles and 

decreased with increasing follicle size (Figure 3.2A). OCLN was significantly 

greater in the granulosa cells of 3-5 mm follicles compared to granulosa cells 

from larger follicle stages. (Figure 3.2B). 

OCLN protein expression 

Using the chicken specific antibody for OCLN, we detected a band for 

OCLN at approximately 60 kDa. Protein expression of OCLN was similar to 

mRNA expression and was more abundant in the granulosa cells of 3-5 mm 

follicles compared to granulosa cells of F1 follicles (Figure 3.2C). 

Expression of mRNA for OCLN in the germinal disc and non-germinal disc of 

pre-ovulatory follicles 

In pre-ovulatory follicles, OCLN mRNA was higher in granulosa cells 

containing the germinal disc region than the non-germinal disc granulosa cells 

of F4 and F1 follicles (Figure 3.3). OCLN mRNA was also greater in the F4 GD 

compared to the F1 GD. 

Paracrine and autocrine factors regulate OCLN mRNA expression in 

granulosa cells of small follicles 

In this study, we found that epidermal growth factor (EGF) decreased 

OCLN mRNA in granulosa cells from 3-5 mm follicles (Figure 3.4A). Activin B 

also decreased OCLN mRNA levels in 3-5 mm follicles (Figure 3.4B), while 

activin A increased expression of OCLN in the granulosa of both 3-5 mm and 

6-8 mm follicles (Figure 3.4C). 
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Figure 3.2 OCLN mRNA and protein expression during follicle development in 

the hen. A. OCLN mRNA was most abundant in small follicles (1-2 mm) and 

decreased with increasing follicle size in small whole follicles (n = 4-7 hens) B. 

OCLN mRNA expression was greater in the granulosa cells from 3-5 mm 

follicles compared to the granulosa cells from 6-8, 9-16 mm and F1 follicles (n 

= 4-7) Bars represent the mean ± SEM and bars with no common letters differ 

significantly (P < 0.05) C. Representative Western blot of OCLN detected in 

isolated from granulosa cells of 3-5 mm and F1 follicles (n = 4 replicate 

experiments) 
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Figure 3.3 Relative levels of OCLN mRNA in the germinal disc region and 

non-germinal disc region in granulosa cells from F4 and F1 follicles. OCLN 

was more abundant in the germinal disc region than in the non-germinal disc 

region in both the F4 and F1 follicles. mRNA expression of OCLN was also 

more abundant in the germinal disc region of the F4 vs. the germinal disc 

region of the F1 follicle, indicated by an asterisk. Bars represent the mean ± 

SEM and bars with different letters differ significantly (P < 0.05; n = 4-6) 
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Figure 3.4 Regulation of OCLN mRNA expression in the granulosa cells of 3-5 

and 6-8 mm follicles. OCLN in response to: A. EGF at 0, 10, 100 ng/ml (n = 6 

replicate experiments) B. Activin B at 0, 10, 100 ng/ml (n = 6 replicate 

experiments) C. Activin A at 0 50 100 ng/ml (n = 2-4 replicate experiments) D. 

FSH at 0, 25, 100 ng/ml (n = 4 replicate experiments) Bars represent the 

mean ± SEM and bars with no common letters differ significantly (P < 0.05). 
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Figure 3.5 Representative image of a FF (A) and RF (B) ovary. The FF ovary 

contains multiple large pre-ovulatory follicles which is associated with 

decreased egg production. 
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Figure 3.6 LR8 and OCLN mRNA expression in FF and RF hens. A. LR8 

mRNA expression was no different in FF hens compared to RF hens. B. 

OCLN mRNA was more abundant in the granulosa cells of 3-5 mm follicles 

from RF hens than in the granulosa cells of 6-8 mm follicles of RF hens. There 

was no difference in the expression of OCLN in the granulosa cells of 3-5 mm 

follicles compared to the granulosa cells of 6-8 mm follicles from FF hens. 

OCLN was lower in the granulosa of 3-5 mm follicles in FF hens compared to 

RF hens (n = 3-8). Bars represent the mean ± SEM and bars with different 

letters differ significantly (P < 0.05).
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oFSH (Figure 3.4D) and hIGF1 (data not shown) had no effect on OCLN 

mRNA expression in granulosa cells from both follicle sizes. 

mRNA expression of LR8 and OCLN in FF and RF broiler breeder hens 

Broiler breeder hens that are allowed ad libitum access to feed develop 

an excessive number of yolky follicles (Figure 3.5). In the second experiment, 

levels of mRNA for LR8 and OCLN were assessed in broiler breeder hens 

raised on an industry recommended RF diet, or allowed ad libitum access to 

feed (FF). Messenger RNA for LR8 was not different in 3 mm follicles of FF 

and RF hens (Figure 3.6A). Similar to laying hens (Figure 3.2B), OCLN levels 

were significantly higher in the granulosa of 3-5 mm follicles from RF hens 

compared to the granulosa of 6-8 mm follicles in RF hens (Figure 3.6B). In 

contrast, in FF broiler breeder hens, OCLN mRNA was not different in the 

granulosa from 3-5 mm as compared to 6-8 mm follicles. OCLN mRNA was 

also significantly lower in the granulosa of 3-5 mm follicles of FF hens 

compared to 3-5 mm follicles of RF hens (Figure 3.6B).  

Yolk mass in RF and FF broiler breeder hens  

The overall yolk weight was significantly greater in FF hens compared 

to RF hens (p < 0.01). During the first two weeks of ad libitum access to feed 

FF hens had similar yolk weights to RF hens. Eggs laid from FF hens during 

each week after the first two weeks of the experiment contained yolks that 

weighed significantly more than the egg yolks of RF hens (Figure 3.7).  
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Figure 3.7 Average yolk weight for each week was calculated for FF and RF 

hens. Eggs were collected throughout the 6 week experiment and yolks were 

separated and weighed for each day. In week 3 to week 6 of the experiment, 

the average yolk weight in FF hens was significantly greater than RF hens 

(asterisks indicate p < 0.01)  
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Discussion 

The purpose of this study was to investigate a proposed mechanism of 

yolk accumulation in laying and broiler breeder hens. Schuster et al. (2004) 

first proposed that the tight junction protein OCLN in granulosa cells inhibits 

yolk uptake in the avian ovary. In the laying hen ovary, yolk accumulation by 

the oocyte is synchronized with follicle selection [13]. Small prehierarchal 

follicles (1-8 mm) take up yolk precursors at a slower rate than pre-ovulatory 

follicles (F5-F1). In the first experiment, we characterized the expression of 

LR8 and OCLN in small follicles and the regulation of OCLN in the laying hen. 

When a follicle is selected (6-8 mm) and joins the pre-ovulatory hierarchy, the 

inhibition of yolk accumulation is abolished and within days the follicle grows 

nearly 20-fold before ovulation. Laying hens have optimal yolk accumulation 

and efficient egg production, which make them an excellent model to study 

OCLN regulation. In the second experiment, we assessed the expression of 

LR8 and OCLN in broiler breeder hens which exhibit excessive yolk 

accumulation when allowed to eat ad libitum.  

Expression of the LR8 gene is critical for yolk accumulation and growth 

of pre-ovulatory follicles as a mutation in LR8 inhibits oocyte growth in the pre-

ovulatory stage [7]. Previous work determined that LR8 is expressed in pools 

of small follicles [8,10], and is inversely correlated with yolk accumulation. 

Given that yolk accumulation differs among follicle stages, we wanted to 

examine the mRNA expression pattern of LR8 in small follicles around the 

time of follicle selection when yolk accumulation is heightened. Quantitative 
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PCR indicated that mRNA for LR8 was expressed primarily by the oocyte and 

that mRNA expression in individual whole follicles decreased with increasing 

follicle size (1-6 mm) (Figure 3.1). Previous reports have also indicated that 

LR8 was expressed in small follicles and in immature and mature hens prior to 

follicle selection [8,10]. These studies, however did not investigate the 

expression in individual follicles. Our data, along with previous work [8–10], 

demonstrate that the oocyte of small follicles has the mRNA and protein for 

the LR8 receptor necessary for yolk accumulation, although very little yolk 

accumulates before follicle selection occurs. Yolk must travel between 

granulosa cells to interact with LR8 on the oocyte surface. The granulosa cells 

could, therefore, inhibit the function of LR8 by inhibiting yolk passage to the 

receptor on the oocyte surface. 

The model that Schuster et al. (2004) proposed suggests that the tight 

junction protein OCLN could be responsible for the differences in yolk 

accumulation at different stages of follicle development, based on differences 

in levels of OCLN in small whole follicles and the granulosa cells of the F1 

follicle [13]. In agreement with the model, OCLN levels in the granulosa cells 

and in whole follicles decreased with follicle development (Figure 3.2). In 

addition, the granulosa cells in the GDR had higher mRNA expression than 

granulosa cells in the non-GD region (Figure 3.3). Together, these data 

support that there is a critical temporal regulation of OCLN that may be 

essential for ordered yolk accumulation to occur. The mechanism by which 

yolk accumulation and selection into the hierarchy are linked remains 
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unknown, but this could be controlled by intra-ovarian growth factors as the 

granulosa cell layer may not yet be responsive to gonadotropins prior to 

selection [28].     

OCLN expression and its regulation and barrier function in tight junction 

complexes have been examined in a variety of different animals and tissues 

but little is known about the role of OCLN in the ovary of the oviparous hen 

(reviewed in [14,29]). There are other barrier proteins in the tight junction 

complex that could have similar or redundant functions including claudins [30]. 

Expression and function of claudins have not yet been characterized in the 

avian ovary and their involvement in the selective passage of yolk material 

cannot be eliminated. We examined the regulation of OCLN in the granulosa 

cells of small 3-5 and 6-8 mm follicles, when yolk uptake is increasing. In a 

previous study we found that the oocyte factor bone morphogenetic protein 15 

(BMP15) significantly decreased OCLN mRNA and protein expression [31]. 

Oocyte factors may participate in the decrease in OCLN and in the transition 

of follicles into the pre-ovulatory hierarchy. We also previously showed that 

BMP15 increased follicle stimulating hormone receptor FSHR mRNA and 

decreased anti-Müllerian hormone (AMH) mRNA and OCLN mRNA and 

protein, which are all hallmarks of follicle selection (Chapter 2). Growth 

differentiation factor 9 (GDF9) is also an oocyte specific factor and has been 

shown to regulate tight junctions in the ovary of zebrafish [32]. Bi-directional 

communication between the oocyte and follicular cells could influence the rate 
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of yolk accumulation and facilitate follicle selection into the pre-ovulatory 

hierarchy.  

We hypothesized that other paracrine or autocrine factors regulate 

OCLN expression in follicles around the time of follicle selection. Previously, 

EGF was found to be present in the oocyte of the hen [33,34]. We found that 

EGF decreased OCLN expression in the granulosa of 3-5 mm follicles (Figure 

4.A). In mammals, EGF increased proliferation and inhibited apoptosis in 

granulosa cells [35,36]. TGFα is an EGFR ligand [37] and it also decreased 

OCLN expression in pre-ovulatory follicles of the hen [13]. Activin and inhibin 

are related members of the transforming growth factor β (TGFβ) superfamily 

[38]. They are dimeric proteins with a common beta subunit. The activin dimer 

is formed by disulfide linkage of two β subunits, forming either activin A (βA 

βA), activin AB (βA βB) or Activin B (βB βB). The subunits have been shown to 

be produced at different stages of hen follicle development [39,40]. Activin B 

significantly decreased OCLN mRNA expression (Figure 4B) in granulosa of 3-

5 mm follicles, while activin A increased OCLN mRNA expression in the 

granulosa cells from both follicle stages (Figure 3.4C). Expression of mRNA 

for the βB subunit in the granulosa cell layer peaks when follicles are 6-8 mm in 

diameter [41]. Granulosa cell production of immunoreactive βB-subunit is also 

highest at this follicle stage [39]. Follistatin is a binding protein of activin A and 

is abundantly produced in small yellow follicles 5-12 mm [42]. The relative 

abundance of activin A and follistatin could aid in facilitating follicle selection. 

The concentration of follistatin increases around the time of follicle selection 
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[42], which could decrease the function of activin A at later stages of 

development. The activin A to follistatin ratio secreted from follicle wall 

explants has also been shown to decrease when follicles are 6-9.9 mm in 

diameter, before increasing in pre-ovulatory follicles [40]. Given that activin A 

increased OCLN mRNA expression, higher production of activin A in small 

follicles in birds may play a role in maintaining OCLN expression. It is possible 

that at follicle selection, available activin A is lowered and in combination with 

high levels of βB subunit, activin B is sufficient to initiate the decrease in 

expression of OCLN.  

This is the first study to report LR8 and OCLN mRNA expression in 

broiler breeder hens maintained on a RF or FF diet. When broiler breeder 

hens are allowed to feed ad libitum, their ovaries develop more yolk-filled 

follicles than when feed is restricted (Figure 3.6) which results in decreased 

egg production [43,44]. This emphasizes the importance of regulated yolk 

accumulation for optimal egg production in oviparous species. Although LR8 

mRNA expression did not change between the two groups (Figure 3.5A), the 

decrease in OCLN mRNA expression in broiler breeder hens on a FF diet may 

allow premature yolk accumulation, or an increase in the number of follicles 

actively accumulating yolk. It is possible that feeding level alters expression of 

ovarian growth factors that influence follicle development. The inhibin α 

subunit in large pre-ovulatory follicles is more abundant in broiler breeder hens 

compared to laying hens, indicating that the inhibin/activin subunits may be 

differentially expressed in the ovary of birds with divergent egg production and 
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reproductive efficiencies [45]. In support of prior work, we show that 

inhibin/activin subunits modulated OCLN mRNA expression. Yolk weights 

were also significantly higher in FF hens (Figure 3.7), indicating that individual 

follicles are talking up more yolk, in addition to the increased number of 

follicles.  

In conclusion, our data support the model that LR8 is constitutively 

expressed and essential for yolk accumulation. In contrast, OCLN may be 

more dynamically regulated and therefore, responsible for modulating effects 

on yolk accumulation. Communication between the oocyte and follicular cells 

could influence the rate of yolk accumulation and facilitate rapid growth of the 

follicle into the pre-ovulatory hierarchy. The directional change in OCLN 

expression and regulation by local factors suggest that mechanisms within the 

follicle are responsible for the progression of follicular growth. The FF broiler 

breeder hen may have decreased ability to regulate OCLN expression, 

resulting in increased yolk accumulation and an increased yolk accumulation 

and an increased number of follicles actively accumulating yolk. 
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CHAPTER 4 

FEEDING LEVEL IS ASSOCIATED WITH ALTERED LIVER 

TRANSCRIPTOME AND FOLLICLE SELECTION IN THE HEN 

Abstract 

Follicle development in the hen is a highly efficient and regulated 

process. Maintenance of a well ordered follicular hierarchy is essential for 

optimum follicle selection and subsequent egg production in hens. As a result 

of intense selection pressure for postnatal growth, broiler breeder hens 

develop excessive follicles and a disordered hierarchy. Feed restriction 

decreases these reproductive inefficiencies, but the hormonal mechanisms 

underlying the differential effect of feeding level on follicle development are 

unknown. We examined the relationship between the metabolic and 

reproductive axis in broiler breeder hens by investigating the growth 

hormone/insulin-like growth factor 1 axis and the liver transcriptome of broiler 

breeders maintained on a feed-restricted diet (RF) or an ad libitum (FF) diet. 

Cobb 700 broiler breeder hens in their first year of lay were reared using a RF 

feeding program according to primary breeder guidelines. During peak 

production (determined by the highest percentage of laying hens), birds were 

randomly divided into two groups. One pen of hens was given FF (n=11), and 

one pen remained on RF (146 g/bird/day, as suggested by the primary 

breeder; n=11) for six weeks prior to euthanasia. FF hens had decreased egg 

production (p<0.01), an increased ovarian weight (p<0.05), increased number 

of large follicles (p<0.01), and a disordered follicular hierarchy compared to RF 
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hens. Interestingly, liver weights were also significantly lower in the RF group 

(p<0.01) and liver morphology (examined by hematoxylin and eosin staining) 

showed lipid accumulation in hepatocytes of FF hens. In the second 

experiment, we used high-throughput RNA sequencing technology (Illumina 

HiSeq) to investigate the gene expression pattern in FF and RF broiler breeder 

hens. Liver ssRNA-seq libraries were prepared and run on Illumina HiSeq, 

generating 22-33 million reads per sample (n = 3; each group). Reads were 

aligned to UCSC galGal4 using Tophat (v2.0.13) and transcripts were counted 

using Cufflinks/Cuffdiff (v.2.2.1). A MDS plot was generated to evaluate the 

variance among biological replicates, and identify sample outliers. 

Differentially expressed (DE) genes were determined using EdgeR’s 

generalized linear models (glm), which identified 120 DE genes in FF and RF 

hens (p<0.01; FDR<0.05). Further functional annotation and pathway analysis 

indicated that differentially expressed genes in our data set were involved in 

lipid metabolism. These studies suggest that increased feed intake in FF hens 

may over stimulate GH and IGF1 signaling and increase de novo lipogenesis 

which could contribute to the reproductive dysfunction in FF hens. These 

findings provide insight into hormonal mechanisms of the integrated metabolic 

and reproductive axis in broiler breeder hens. 
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Introduction  

Obesity-related ovulatory dysfunction affects reproductive outcomes in 

a variety of species, including food animals and humans. The most common 

ovulatory disorder that contributes to obesity-related infertility in humans is 

polycystic ovarian syndrome (PCOS), affecting approximately 10% of 

reproductive age women [1]. PCOS is associated with both metabolic and 

reproductive dysfunction. Approximately 85% of women with PCOS are insulin 

resistant [2] and there is an increased prevalence of obesity [3]. Women with 

PCOS are also at a higher risk for developing non-alcoholic fatty liver disease 

and chronic inflammation [4,5]. Metabolic related reproductive dysfunction in 

broiler breeder hens exhibits many similarities to the human PCOS condition. 

Positive energy balance in these birds results in ovulation abnormalities [6], 

metabolic dysfunction [7], and inflammation [8]. Fundamental knowledge 

regarding the interaction between metabolism and follicle development in the 

hen is lacking.  

In the hen, the liver serves as an important regulator of follicle 

development and species propagation. The liver synthesizes yolk material [9] 

that is subsequently incorporated into the oocyte before ovulation [10]. During 

embryogenesis, the yolk material serves as an energy reserve for cellular 

functions involved in development. In the adult ovary, follicle development is 

tightly regulated with yolk accumulation [11]. A single follicle from a pool of 6-8 

mm follicles is selected daily into the pre-ovulatory hierarchy. Pre-ovulatory 

follicles are arranged in a size hierarchy determined by the abundance of yolk 
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(F5-F1). The largest (F1) follicle is destined to ovulate next, and the second 

largest F2 will ovulate the following day. Small follicles within the ovary (< 8 

mm) do not actively take up large amounts of triglyceride rich yolk material; 

however, upon follicle selection into the pre-ovulatory hierarchy, follicles 

rapidly increase the rate of yolk accumulation before ovulation. The liver is 

essential for yolk production, however, it is unclear how altered liver function 

affects yolk production and uptake. 

Follicle development in the commercial laying hen is highly efficient, 

although over-consumption of feed can lead to the development of a metabolic 

disease known as fatty liver syndrome or fatty liver hemorrhagic syndrome 

(FLHS) [12]. This disease is associated with decreased egg production or 

ovulation rate, steatosis in the liver and in some cases hemorrhage in the liver 

[13]. FLHS is also associated with increased double ovulations and abnormal 

eggs [14], suggesting that liver pathologies can negatively affect follicle 

development and yolk accumulation. Although there is very little known about 

the mechanistic etiology of the disease, the relationship between feed intake 

and reproductive efficiency is obvious and a major problem for the poultry 

industry.  

Intense selection pressure for growth rate and feed efficiency in broiler 

or meat-type birds has resulted in ovarian dysfunction in the adult hens. Broiler 

breeders must be maintained on a feed management program, where feed is 

restricted throughout the majority of postnatal life to suppress growth and 

optimize egg production [15]. Hens allowed ad libitum access to feed for even 



145 

short periods of time lose the ability to maintain a pre-ovulatory hierarchy, 

resulting in an abnormal ovulation rate [7,16]. Feed restriction improves egg 

production, although the management practice is not sufficient to restore egg 

production to levels similar to those seen in commercial laying hens. 

Therefore, reproductive efficiency related issues are a great concern for the 

welfare and sustainability of the modern broiler industry.  

The hormonal and metabolic mechanism(s) that control efficient egg 

production in response to feeding level remain unclear. It is well known that 

changes in energy balance can affect follicle development in mammalian 

species, especially changes in the growth hormone, insulin-like growth factor 1 

axis (GH/IGF1-axis). An animal in good health, has a coupled GH/IGF1-axis, 

which is associated with abundant growth hormone receptor (GHR) in the liver 

and high concentration of IGF1 in the blood. The axis can become uncoupled 

under negative energy balance, which is characterized by a decrease in GHR 

and the liver fails to respond to GH resulting in low circulating IGF1 [17]. 

Uncoupling of the GH/IGF-axis has been studied in the high producing dairy 

cow, where it is associated with infertility [18]. During food deprivation in young 

broiler chickens, plasma levels of IGF1 are lowered. Published data are 

inconclusive relative to IGF1 levels in broiler hens subjected to feed restriction 

(see Chapter 1) and it is unclear how alterations in the GH/IGF1-axis affect 

fertility in domestic poultry [19].  

Many studies have investigated the morphological differences in the 

ovary and the circulating plasma concentrations of reproductive hormones 
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associated with feeding in broiler breeder hens. The studies have reported 

little difference in the circulating levels of progesterone or luteinizing hormone 

[16,20,21]. Plasma estradiol (E2) concentrations have also been investigated 

and there is conflicting evidence on whether ad libitum feeding increases or 

decreases the circulating plasma concentration [16,20,21]. E2 production in 

the ovary stimulates the production of yolk material in the liver [22–26]. It is 

possible that changes in liver metabolic signaling affecting whole animal 

physiology contribute to the aberrant follicle development in broiler breeder 

hens. We investigated the effects of feeding level on the GH/IGF1-axis, E2 

production and on global gene expression in the liver of broiler breeder hens 

on an ad libitum (FF) or restricted (RF) diet. 

Ovarian dysfunction in FF hens is associated with lipotoxicity and an 

enhanced pro-inflammatory response [7,8]. Broiler breeder hens become 

obese if allowed ad libitum access to feed. Previously, our lab conducted a 

microarray analysis on the ovarian stromal tissue from FF and RF hens and 

found very few differentially expressed genes (unpublished data), indicating 

the mechanistic signal for increased yolk uptake and reproductive dysfunction 

may be extra-ovarian. Due to little differences in gene expression in the ovary, 

the minimal changes in plasma reproductive hormone concentrations and the 

evidence for metabolic effects associated with feeding level in broiler breeder 

hens, we investigated changes in the liver transcriptome of FF and RF broiler 

breeder hens and the possible factors contributing to abnormal follicle 

development, yolk production and accumulation in broiler breeder hens. 
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Changes in the liver transcriptome of FF vs. RF hens provided novel insight 

into possible mechanisms that relate ad libitum feed access to ovarian 

dysfunction. The purpose of this study was twofold. First we investigated the 

growth hormone, insulin-like growth factor 1 axis (GH/IGF1-axis) associated 

with feeding level and reproductive function in broiler breeder hens, next we 

used RNAseq analysis to identify the effects of feeding level on the liver 

transcriptome of ad libitum fed (FF) and restrictive fed (RF) broiler breeder 

hens. 

Materials and Methods 

Animals 

Broiler Breeder chicks (Cobb 700; one day old) were donated from 

Cobb-Vantress and reared in floor pens at Cornell University Poultry Research 

Farm according to the primary breeder guidelines [27]. Chickens were 

maintained on the recommended restricted feeding program described in the 

primary breeder management guide from 2 weeks of age. During peak egg 

production, determined by the highest percentage of laying hens (at 

approximately 38 weeks of age), 22 hens were selected and randomly divided 

into two groups. One pen of hens was given ad libitum access to feed (FF; n = 

11) and one pen remained on RF (146 g/bird/day; n = 11) for 6 weeks prior to 

euthanasia. During this study hens were housed in floor pens with free access 

to nest boxes. Eggs were collected from the pen and daily egg production was 

recorded. Egg production was calculated by the total number of eggs collected 

each day divided by the number of hens in each pen. During the experiment 
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all hens were maintained on a light schedule of 15 hr of light and 9 hr of 

darkness. The Institutional Animal Care and Use Committee of Cornell 

University approved all animal procedures and techniques. 

Tissue Collection, Ovarian Morphology 

Once a week throughout the 6 week experimental period, hens were 

weighed and blood samples were collected at the same time of day. At the 

end of the study, all hens were weighed and euthanized with CO2 for 

necropsy. In the FF group one hen was excluded from the analysis and two 

hens from the RF group were excluded because ovaries were regressed at 

necropsy. Weights of tissues and number of follicles 3-5 mm, 6-8 mm, and > 8 

mm were recorded. Liver tissue and ovarian tissues were stored in RNAlater 

(Life Technologies, Foster City, CA) at -80°C until RNA extraction. Liver tissue 

used in histochemistry and immunohistochemistry was processed as 

described below. 

RNA extraction and qRT-PCR 

Total RNA from all tissue samples was extracted using RNeasy Mini Kit 

with on-column DNase digestion (Qiagen Inc., Valencia CA). Reverse 

transcriptase reactions were performed with 1 µg of total mRNA in a 20 µl 

volume using the high capacity cDNA RT kit and RNase Inhibitor (Applied 

Biosystems, Foster City, CA).  

Quantitative real time PCR reactions (AB StepOnePlus Real-Time PCR 

System) were set up in a volume of 25 µl in duplicate with a final concentration 

of 1X Power SYBR Green (Applied Biosystems, Foster City, CA, USA) and 
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300 nM of primer pairs. All reactions were normalized to 18S rRNA (Applied 

Biosystems, Foster City, CA, USA). All samples were run in duplicate. Control 

reactions containing no template and reactions lacking reverse transcriptase 

were also run. Relative abundance of each sample for every gene target was 

determined from the standard curve, and normalized to 18S (Applied 

Biosystems, Foster City, CA). Primer pairs were designed to span introns 

using Primer3 software [28]. Primer pair sequences, product size, and primer 

efficiencies can be found in Table 4.1.  

Histochemistry  

Liver samples from FF and RF hens were fixed in 10% formalin for 24 h 

and embedded in paraffin. Tissue sections were deparaffinized, stained with 

hematoxylin-eosin (H&E) at the Cornell Histology Lab and examined under 

light microscopy at 20x magnification. 

Liver tissue samples for oil red O staining and immunohistochemistry 

were flash-frozen in liquid N2 and then stored at -80°C. Liver tissue samples (n 

= 3 each group) were embedded and mounted at Cornell University Histology 

Lab in OCT embedding material. The embedded tissue was cryosectioned to 

approximately 6 µM thick at -20°C, mounted onto slides, air-dried and then 

frozen at -80°C until they were used for oil red staining and 

immunohistochemistry. Oil red staining was conducted at the Cornell 

University Histology lab according to Mehlem et. al [29] and counterstained 

with eosin. Slides were then examined and imaged under light microscopy at 

20x magnification. 
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Table 4.1 Primer sequences used in qRT-PCR including product size and  

efficiency. 
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Immunohistochemistry 

Slides were prepared with liver cryosections as described above and 

stored at -80°C until analysis. Slides were removed from the freezer and 

allowed to air dry for approximately 15 min, fixed in cold acetone for 30 sec, 

and then washed 3 times with PBS. The slides were incubated overnight at 

4°C with 1:200 rabbit antiserum to human IGF1 (#AFP4892898, purchased 

from the National Hormone and Peptide Program) in 10% normal goat serum 

(NGS) while the negative controls were incubated with 10% NGS only. The 

slides were washed, and then incubated with AlexaFlour 488 goat anti-rabbit 

IgG at a concentration of 1:1000 at room temperature for 1 hr, and then 

washed 3 times with PBS. A small drop of ProLong Gold mounting solution 

(which contains DAPI stain; Life Technologies, Foster City, CA) was applied to 

the coverslip. Slides were then imaged using a Spot RT Slider camera under 

fluorescent microscopy using a Nikon eclipse E600 at 20x magnification.  

Radio-immunoassay 

Concentrations of plasma estradiol and estradiol in the culture media of 

incubated whole follicles were determined using estradiol Coat-A-Count 

radioimmunoassay kits (Diagnostics Product Corporation, Los Angeles, CA). 

Assays were run according to manufacturer guidelines. The analytical 

sensitivity for the estradiol kit is 8.0 pg/ml. Standards in the kit were assayed in 

triplicate and all plasma and media samples were assayed in duplicate. The 

mean intra-assay coefficient of variation (CV) for the plasma estradiol assay 

was 9.09%.   
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Follicle Culture/Culture Media RIAs 

Following necropsy ovarian follicles were placed in cold KREBS 

solution. Follicles were separated by size and cultured in Medium 199 

(Invitrogen, Foster City, CA) and 10 mM HEPES (Invitrogen, Foster City, CA) 

referred to as M199. Whole follicles were cultured in 12x75 mm borosilicate 

glass culture tubes (three 1 mm follicles; three 3 mm follicles; two 6 mm) 

(Fisher Scientific, Pittsburgh, PA) with 1 ml of M199. The tubes were 

incubated in a 37°C shaking water bath for 3 h, the M199 was then transferred 

to 1.5 ml microcentrifuge tubes and stored at -20°C until assayed. Estradiol 

concentrations were determined by RIA as described above and the intra-

assay CV was 7.91%.  

Statistical Analysis 

A one-way ANOVA was used to assess the differences between the FF and 

RF for all parameters measured using Jmp10 software (SAS Institute Inc., 

Cary, NC, USA). 

RNA Sequencing sample preparation 

RNA was extracted from the frozen liver of 3 FF and 3 RF broiler 

breeder hens and 3 laying hens using an RNeasy Mini Kit with on-column 

DNase digestion (Qiagen Inc., Valencia CA) according to manufacturer’s 

guidelines. RNA quality was analyzed on an Aligent Bioanalyzer (Aligent 

Technologies, Santa Clara, CA) and all samples had 260/280 ratios > 2 and 

RIN numbers > 8. Strand-Specific RNA sequencing library preparation was 

done in the laboratory of Dr. James Giovannoni at the Boyce Thompson 
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Institute for Plant Research, Cornell University, Ithaca, NY 14853 according to 

a previously described protocol [30]. Sequencing was performed at the Cornell 

University Genomics Core Facility using Illumina HiSeq 2000/2500 technology 

and all samples were run on a single lane (n = 3; each group). 

Prior to sequence alignment, the sequencing quality of the data was 

determined using FastQC. Reads were aligned to UCSC galGal4 using Tophat 

(v2.0.13) and an alignment summary can be found in Appendix 1. Transcripts 

were counted using Cufflinks/Cuffdiff (v.2.2.1). A multidimensional scaling plot 

(MDS plot) was generated to evaluate the variance among biological 

replicates and to identify sample outliers. One hen from the FF group was 

taken out of the analysis because the MDS plot indicated it was an outlier. 

Differentially expressed (DE) genes were determined using EdgeR’s 

generalized linear models (glm) [31]. Gene network analysis was conducted 

using Ingenuity Pathway Analysis (IPA) [32]. The analysis was used to identify 

functional pathways represented in our differentially expressed gene set. The 

software uses a Fisher’s exact test to determine significance and networks 

were considered statistically significant with a p-value of < 0.05.  

Results 

Ovarian and Hepatic Morphology 

Egg production (hen/day/egg) was significantly different (p < 0.01) between FF 

and RF hens. Before necropsy, a live body weight for each hen was recorded 

and was used to correct for organ weight. Figure 4.1 is a representative 

example of the abnormal follicle development of the FF hens with multiple, 
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unordered pre-ovulatory follicles compared to the normal RF ovary. The 

weight of the fat pad, liver, and ovary were corrected for body weight and can 

be found in Table 4.2. All organ weights were significantly different by feeding 

level (Table 4.2). The total number of follicles in each size category (3-5 mm, 

6-8 mm and > 8 mm) was also significantly different based on FF or RF 

treatments. (Table 4.2).   

The liver from FF hens was a pale yellow color at necropsy and H&E 

staining of the liver exhibited increased lipid accumulation in the hepatocytes 

of FF hens compared to RF hens (Figure 4.2). Based on oil red O staining 

there was abundant lipid accumulation in the FF hen compared to the RF hen 

(Figure 4.2).  

mRNA Expression of mRNA for GHR, IGF1, ESR1, ESR2 

GHR and IGF1 mRNA transcripts were significantly higher (p < 0.01, 

GHR; p < 0.04, IGF1; n = 9-10) in the liver of FF hens, compared to RF hens 

(Figure 4.3 A,B). In contrast, feeding level had no effect on levels of mRNA for  

estrogen receptor alpha (ESR1) and estrogen receptor beta (ESR2) (Figure 

4.3 C,D). 

Immunohistochemistry 

IGF1 protein was detected by immunohistochemistry in FF and RF hens (n = 3 

FF; 3 RF; Figure 4.4). The protein abundance supports mRNA levels, with 

very little protein for IGF1 detected in RF hens (Figure 4.5B). 

Plasma E2 and Whole Follicle Production of E2 
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Blood samples were collected once weekly at the same time of day. 

Individual laying patterns were unknown; therefore, we were unable to control 

for fluctuations in E2 levels in irregularly laying hens. We found no difference 

in plasma E2 levels between FF and RF hens (Figure 4.5A) throughout the 

study. There was no significant effect of feeding level on the accumulation of 

E2 in incubations of small whole follicles (Figure 4.5B)   

 

Table 4.2 Differences in egg production, body weight, tissue weights and 

follicle numbers in hens maintained on FF or RF for 6 weeks (n = 9-10 hens 

per group). 

 

 

 

 FF RF P value 

Egg/hen/day 0.72 0.85 <0.01 

BW (kg) 5.19 3.67 <0.01 

Fat pad weight (g) / body weight (g) 0.0251 0.0104 <0.01 

liver wt (g) / body weight (g) 0.0299 0.0187 <0.01 

ovary wt (g) / body weight (g) 0.0188 0.0143 <0.03 

Follicles >8 mm 9.7 5.6 <0.01 

3-5 mm follicles 28 22 <0.04 

6-8 mm follicles 15 11 <0.03 
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Figure 4.1 Effect of feeding level on ovarian morphology. Representative 

picture the ovary of a broiler breeder hen after 6 weeks on A). ad libitum feed 

and B). restricted feed 
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Figure 4.2 Effect of feeding level on liver morphology. A). Representative 

picture of the liver of a FF and B). RF broiler breeder hen. C). Representative 

photomicrographs (20x; insets 20x) of H&E and oil red O staining (insets) in 

the liver of FF and D). RF hens. Note the liver of FF hens is characterized by 

large cells containing many lipid droplets. Scale bar = 100 µm 
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Sequencing and Mapping to the Genome 

Approximately 234 million 100 base pair single-end reads were 

generated using Illumina HiSeq 2000/2500 technology to sequence the cDNA 

libraries. This resulted in an average of 26,004,524 reads per sample. The 

reads were aligned to UCSC galGal4 using Tophat (v2.0.13). An average 

alignment summary can be found in Appendix 1. The transcripts were counted 

using Cufflinks/Cuffdiff (v.2.2.1) and a multidimensional scaling plot (MDS) plot 

was generated using Bioconductor EdgeR software. The MDS plot identified 

bird 342 as a sample outlier and this animal also had a lower read count and 

was removed from further analysis (Appendix 1). Differentially expressed 

genes were determined using the Bioconductor EdgeR package. The analysis 

yielded 120 genes that were differentially expressed at least > 2 fold in 

response to feeding level (> 2 fold; p < 0.01; false discovery rate, FDR < 0.05). 

Of these 120 genes, 69 were down-regulated and 51 up-regulated (Figure 

4.6). The fold change caused by feeding level in the liver ranged from −199.38 

to 39.48 (Appendix 2). Ingenuity Pathway Analysis (IPA) was used to identify 

functional enrichment of the differentially expressed genes (Figure 4.7). Gene 

networks were generated using IPA to show association between the 

differentially expressed genes and biological function. “Concentration of Lipid” 

was identified and genes involved in “Hepatic Steatosis” were overlaid on the 

“Concentration of Lipid” network and are outlined in magenta Figure 4.8 and 

Table 4.3.  
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Figure 4.3 Effect of feeding level on levels of mRNA for GHR, IGF1, ESR1 

and ESR2 in FF and RF hens. A). GHR and B). IGF1 mRNA was more 

abundant in FF hens as compared to RF hens. C). ESR1 and D). ESR2 

mRNA was not altered by feeding level. Bars represent the mean ± SEM (n = 

8-10 hens per group; asterisk indicates significant difference, p<0.05). 
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Discussion 

In the first experiment of this study we identified morphological 

differences in the liver and ovary and characterized plasma concentration and 

whole follicle production of E2 in FF and RF broiler breeder hens. Consistent 

with previous studies, ad libitum access to feed for six weeks caused an 

increase in body weight, decreased egg production, along with increased 

number of large pre-ovulatory follicles [7,16,33–37]. We also found that 

feeding level affects the number of small follicles, both 3-5 mm and 6-8 mm. 

These small follicles typically produce most of the circulating E2 in hens [38]. 

Although the number of estrogenic follicles was higher in the FF group (Table 

4.2), plasma E2 did not differ between groups (Figure 4.5). In addition, levels 

of mRNA for estrogen receptors, ESR1 and ESR2, were not affected by 

feeding level (Figure 4.3). Together, these data suggest that FF hens lose the 

ability to maintain a follicular hierarchy and the increased number of yolk filled 

follicles in FF hens (Figure 4.1) may not be directly linked to E2 production or 

altered expression of ESR1 and ESR2 mRNA.   

The liver synthesizes yolk material in oviparous species, which is 

essential for follicle development. The avian liver increases in weight around 

puberty due to the increased lipid synthesis, in preparation of egg production 

[39]. Liver morphology, examined by H&E, showed abnormal retention of lipids 

in hepatocytes of FF hens (Figure 4.2), suggesting that metabolic function may 

be altered by feeding level. 
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Figure 4.4 Immunohistochemistry for IGF1 in the broiler breeder liver. A.) FF 

liver section stained with IGF antiserum (green) as well as DAPI (blue) to 

indicate nuclei B.) RF liver section stained with IGF1 antiserum and DAPI 

(blue). Scale bar = 100 µm 

 



162 

 

Figure 4.5 Effect of feeding level on plasma E2 concentrations and 

whole follicle production of E2. A.) Plasma E2 concentration in FF and RF 

hens on weeks 0, 2, 4 and 6 of the 6 week experiment were no different B.) 

Feeding level did not affect E2 accumulation in the medium after 3 h 

incubation in small 1, 3, and 6 mm follicles. Bars represent the mean ± SEM  

(n = 8-10 hens per group)
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  It is generally considered that E2 is the primary stimulus for the 

production of yolk material, including very low density lipoprotein (VLDL), 

vitellogenins (VTGs), apolipoprotein B (apoB) and apolipoprotein VLDL-II 

(apoVLDL-II) [22–25]. It is possible that other circulating factors could also 

contribute to yolk synthesis by working synergistically with estrogen. 

Moreover, estrogen alone could not stimulate VTG production in cultured 

hepatocytes, although estrogen was effective in the presence of GH or 

prolactin [40]. It is also known that birds that harbor the dwarfing gene (dw), 

which is a mutation in the growth hormone receptor, have lower yolk weight, 

clutch size, and number of fast growing follicles in the hierarchy [41–43]. Thus, 

GH signaling potentially influences follicle development by modulating yolk 

synthesis. The yolk composition is different in dwarf hens, because they 

incorporate more fatty acids from the diet into yolk material, suggesting that 

dw mutation may reduce liver fatty acid synthesis and composition of yolk 

material [44,45]. These hens are more tolerant to ad libitum feeding, and 

exhibit more normal ovarian phenotype, similar to RF hens [34]. In this study, 

FF broiler breeders exhibited aberrant follicle development and higher GHR 

and IGF1 transcript levels compared to RF broiler breeders. The effects of 

feed intake on abnormal follicle development could be manifested through 

heightened GH/IGF1 signaling and potentially other liver metabolic pathways.  

To further elucidate genes involved in liver dysfunction associated with 

altered yolk lipid production, we used high-throughput RNA sequencing 

technology (Illumina HiSeq) to identify and quantify the changes in gene  
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Figure 4.6 Volcano plot of differentially expressed genes in the liver of broiler 

breeder hens in response to feeding level. Blue points represent genes with 

>2 fold change (p<0.01; FDR<0.05). Red points indicate >4 fold change and 

(p<0.05; FDR<0.05). 120 genes were differentially expressed > 2 fold in 

response to feeding level, 69 were down-regulated and 51 up-regulated in FF 

vs. RF. 
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expression in the liver of broiler breeders maintained on a FF or RF diet. To 

our knowledge, this is the first study to identify genes that may contribute to 

the increased yolk lipid production in FF hens. Our analysis found 120 genes 

that were differentially expressed in terms of steady-state mRNA ( > 2 fold 

change; p < 0.01; FDR < 0.05) and of these 120 differentially expressed genes 

(Appendix 2)(Figure 4.6), functional analysis using IPA revealed 23 of the 120 

differentially expressed genes in our data set were involved in lipid 

metabolism. A summary of the functional analysis can be found in Figure 4.7. 

We hypothesized that VTG would be differentially expressed because it has 

been shown that FF hens have increased yolk output [46]. Interestingly, VTG 

was not significantly different in FF vs. RF hens, although it was one of the 

most abundantly expressed genes. IGF1 was approximately 29 fold higher (p 

< 0.01; FDR < 0.06) and GHR was approximately 1.66 fold higher (p < 0.06; 

FDR < 0.4) in the FF hens compared to RF hens in our RNAseq data set, 

which supports our qRT-PCR analysis.  

The physiological response to extreme positive energy balance is to 

maintain homeostasis, by storing excess energy as fat. Excess carbohydrates 

from the diet can be converted to fatty acids through the process of de novo 

lipogenesis [47].  It has been shown that FF broiler breeder hens have a 

significant shift in plasma lipid profile including increased triacylglycerol (TAG) 

and increased non-esterified free fatty acids (NEFA) [7]. The lipid dysfunction 

associated with ovulatory dysfunction in broiler breeders may parallel and in 

some cases model impaired reproduction in mammals, including humans. 
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Figure 4.7 Significance levels of functions of differentially expressed hepatic 

genes in response to feeding level. The threshold was set at p = 0.05 on the 

Y-axis. The X-axis shows functions of differentially expressed genes. 
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Figure 4.8 Differentially expressed genes associated with lipid concentration. 

This network shows the directional expression of our differentially expressed 

genes and their correlative relationship with lipid concentration. Genes 

involved in hepatic steatosis are outlined in magenta. Genes highlighted in 

green are down regulated, red and pink are up-regulated and the color of the 

line indicates the relationship with activation of the function (orange = 

predicted activation; yellow = inconsistent with state of downstream molecule 

or function; grey = effect not predicted).  
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Table 4.3 Differentially expressed genes associated with lipid concentration. 

Gene ID and corresponding fold change of differentially expressed genes 

found in Figure 4.8 (p<0.01; FDR<0.05)

Gene ID Fold Change 

INHBA 12.88 

GATM 4.66 

DIO2 4.55 

DHCR24 4.12 

PLIN2 3.99 

DHCR7 3.92 

ENPP2 3.51 

CYP7A1 3.01 

BCMO1 2.93 

HMGCR 2.68 

JUN 2.08 

UGT8 -2.25 

ABCD2 -2.41 

CIDEA -2.67 

NAPEPLD -2.87 

SLCO2A1 -3.90 

FABP5 -4.18 

PPARGC1A -4.75 

CIDEC -5.80 

SCTR -6.06 

PCK1 -6.99 

CPT1A -7.55 

LOC102724428/SIK1 -11.34 
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There are many similarities in FF broiler breeder hens and women with PCOS, 

including dyslipidemia and ovarian dysfunction. Similar to the broiler breeder 

hen, PCOS women have higher serum triglyceride and VLDL levels [7,48,49]. 

Approximately 70% of PCOS patients have abnormal serum lipid levels [50]. 

The lipid dysfunction in some women with PCOS is associated with being 

overweight and weight loss can improve both the metabolic and reproductive 

function in these women [51]. Similarly, controlling body weight by restricting 

feed in broiler breeder hens improves ovulation rate and follicle development 

(Table 4.2). Metformin is a drug that is widely used to treat metabolic and 

ovulatory dysfunction in PCOS women. The primary target for metformin is the 

liver where it decreases lipogenesis and improves insulin signaling (reviewed 

in [52]). Metformin has also been shown to improve ovulation rate, decrease 

androgen production, and improve menstrual cycling in women with PCOS 

[53]. This drug may provide a new intervention for FF broiler breeders to 

decrease lipid synthesis and improve egg production.  

In conclusion, increased feeding level is associated with increased 

GHR and IGF1 mRNA expression, but does not alter estradiol plasma levels 

or individual follicle production of E2. It is possible that selection for increased 

growth, associated with enhanced activity of IGF1 and GH, along with 

increased feed intake disrupts the ability of the liver to maintain nutrient 

homeostasis, which may have altered nutritional coupling of feed intake to 

follicle development. Suppression of the axis, by feed restriction or a mutation 

in the GHR gene, contributes to a more normal progression of follicle 
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development. In addition, analysis of global gene expression in the liver 

identified 23 genes that are associated with lipid metabolism which may affect 

whole animal physiology, production of yolk and growth factors that influence 

reproductive efficiency in broiler breeder hens. Interventions that reduce de 

novo lipogenesis may be beneficial in ameliorating the reproductive 

dysfunction in FF broiler breeder hens as these types of therapies have been 

beneficial for women with PCOS [52].  
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CHAPTER 5 

SUMMARY INTERPRETATIONS AND FUTURE DIRECTIONS 

 

Ovarian follicle development in the domestic hen is highly regulated and 

results in efficient production of gametes. The pre-ovulatory hierarchy ensures 

a constant supply of follicles for daily ovulation and subsequent egg 

production, although the mechanisms that underlie the selection and transition 

of follicles into the follicular hierarchy have remained elusive. Maintenance of 

the follicular hierarchy is closely tied to ovulation rate, as disruption of the 

hierarchy which is observed in broiler breeder hens results in decreased egg 

production and abnormal ovulations [1,2]. The goal of the experiments 

presented in this dissertation was to elucidate mechanisms involved in follicle 

selection and the cause of excessive follicle development in broiler breeders. 

This work has identified intra-ovarian and metabolic factors that contribute to 

orderly selection and growth of a single (6-8 mm) follicle into the pre-ovulatory 

hierarchy, thereby facilitating the supply of pre-ovulatory follicles for ovulation.  

The first study demonstrates the potential role of the oocyte in 

orchestrating follicle selection in the hen. Bone morphogenetic protein 15 

(BMP15) is produced by the oocyte (Chapter 2). We optimized a method of 

isolating ooplasm from 3 mm follicles [3], which enabled us to investigate the 

abundance of mRNA for BMP15 in the ooplasm compared to granulosa cells. 

We found that BMP15 mRNA is produced primarily by the oocyte. An earlier 

study identified expression by in situ hybridization in the oocyte and in the 
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granulosa cells surrounding the germinal disc by qRT-PCR [4]. Our data could 

indicate that the expression found in the germinal disc region may be due to 

ooplasm contamination from isolation of the granulosa cells. Granulosa cells in 

the germinal disc region are in close contact with the germinal disc [5].  

BMP15 may facilitate follicle selection in the hen. Follicle selection is 

associated with the differentiation of the granulosa cell layer and the rapid up-

take of liver derived yolk material. The abundance of FSHR in granulosa cells 

may be an early marker of follicle selection, as a single follicle in a pool 6-8 

mm follicles has higher expression of FSHR [6]. We found that BMP15 

increased mRNA for follicle stimulating hormone receptor (FSHR) and 

decreased anti-Müllerian hormone (AMH) mRNA and occludin (OCLN) mRNA 

and protein. These factors are involved in initiating differentiation of the 

granulosa cell layer and allowing yolk to access the yolk receptor, resulting in 

rapid growth of the oocyte before ovulation. Other BMP ligands including 

BMP4 and BMP6 have been shown to increase both FSHR and AMH mRNA 

in granulosa cells around the time of follicle selection [7,8]. These data 

suggest that other local growth factors may work synergistically or oppose the 

function of BMP15 at this time of development. Our lab has also characterized 

the expression and investigated the effects of growth differentiation factor 9 

(GDF9), a paralog of BMP15 [9]. In the hen, GDF9 increases the proliferation 

of granulosa cells [9]. In mammals, BMP15 and GDF9 have been found to 

form homodimers and heterodimers which can influence their function [10,11]. 

It will be important that future investigations assess the combined function of 
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GDF9 and BMP15 on the initiation and differentiation of the granulosa cell 

layer. Producing and purifying recombinant chicken BMP15 and GDF9 

homodimers and heterodimers and assessing their efficacy on altering 

granulosa cell function through activation of downstream Smad signaling 

pathways will also broaden our knowledge on the function of these proteins 

during follicle development in non-mammalian species. 

Experiments that knock-down the expression of BMP15 during follicle 

development will also increase our understanding of the function of BMP15 in 

the hen. These experiments could be done using morpholino anti-sense 

technology to knock-down the expression of BMP15 by the oocyte in small 

follicles (1-6 mm in diameter). We hypothesize this will prevent the decrease in 

expression of OCLN and AMH in granulosa cells and prevent the increase in 

expression of FSHR and inhibit follicle selection. This technology has also 

been used in zebrafish follicles in vitro to inhibit gene expression of BMP15 

[12]. The system works by attaching an antisense oligos to a morpholino ring. 

The construct is then injected into a cell and blocks translation initiation. 

Although this technology has not been applied to avian oocytes, we have 

successfully cultured whole follicles and maintained viability of the oocyte over 

a 24 h period. Since our lab routinely cultures whole follicles, and this 

morpholino technology is successful in other model organisms, we believe this 

will be an effective and innovative approach to knock down BMP15 expression 

and investigate the function during follicle development.  
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The second study, focused on expression and regulation of the avian 

specific yolk receptor (LR8) and the tight junction protein occludin (OCLN) in 

our laying hen model and the broiler breeder hen. Yolk is incorporated into the 

oocyte by the avian specific yolk receptor LR8 [13]. The yolk receptor is 

constitutively expressed during follicle development, yet the rate at which yolk 

up-take occurs is highly regulated with follicle selection. It is believed that 

OCLN mediates paracellular transfer of yolk material to the oocyte [14]. We 

found that feeding levels altered OCLN expression in broiler breeder hens but 

had no effect on LR8 mRNA expression. This indicates that the oocyte 

expression of LR8 may not be responsible for excess yolk accumulation in the 

full feed (FF) broiler breeders. Increased or premature down regulation of tight 

junction proteins by intra or extra-ovarian factors may result in increased yolk 

accumulation in FF broiler breeder hens.  

There are other tight junction proteins involved in forming tight junction 

complexes including claudins [15], which have not been characterized in the 

avian ovary, but could also play a role in yolk access to LR8 on the oocyte. 

Claudins have been found to have a barrier function, where their regulation is 

associated with changes in paracellular permeability of the blood testes barrier 

and blood brain barrier (reviewed in [14]). The investigation of other tight 

junction proteins as well as permeability assays of the granulosa cell layer 

throughout follicle development will strengthen our yolk accumulation model. It 

will also be important to determine the expression and regulation of tight 

junction proteins in other tight junction complexes, including Sertoli cell tight 
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junctions in broiler breeder testes. Fertility in broiler breeder males has also 

significantly declined as broilers have been selected for fast growth [16]. This 

could be attributed to disruption of tight junction barriers in the testes. 

We also investigated the regulation of OCLN in laying hens and, in 

addition to BMP15 from our previous study, we found that EGF and activin B 

decreased OCLN mRNA, while activin A increased the expression of OCLN in 

small follicles (Chapter 3). Future studies should investigate the regulation of 

these factors within the ovary of FF and feed-restricted (RF) hens to 

understand how intra-ovarian factors could influence premature or increased 

yolk accumulation in FF broiler breeders. In addition, we believe that systemic 

hormonal feedback mechanisms, such as the somatotropic axis, may also be 

altered by feeding level and could alter ovarian function including regulated 

yolk accumulation. 

In mammals, the function of insulin-like growth factor 1 (IGF1) has been 

well characterized. In the ovary, IGF1 promotes proliferation, differentiation, 

and survival of follicular cells [17] and acts synergistically with gonadotropins 

to promote folliculogenesis [18]; however, investigation of IGF1 function in the 

avian ovary during follicle selection is limited. We examined the relationship 

between the metabolic and reproductive axis in broiler breeder hens by 

investigating the GH/IGF1 axis and ovarian function in broiler breeders 

maintained on a FF or RF diet. FF hens had decreased egg production, 

increased ovarian weight, and increased number of follicles at all follicle 

stages, including expanded follicular hierarchies compared to RF hens. 
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Interestingly, liver weights were also significantly higher in the FF group and 

liver morphology (examined by hematoxylin and eosin staining and oil red O 

staining) showed lipid accumulation in hepatocytes of FF hens, suggesting 

increased yolk or lipid production in the liver. Plasma estradiol and estradiol 

production in whole follicles were not altered by feeding level. Estradiol is 

considered the primary stimulus for yolk production, although estrogen 

receptors as well as circulating estradiol were not different in FF and RF 

broiler breeder hens. There may be other factors including GH and IGF1 that 

contributed to increased lipid yolk production of yolk, and in combination with 

altered OCLN expression, may have resulted in increased yolk uptake in 

broiler breeders. 

We found expression of IGF1 mRNA to be significantly higher in FF 

hens compared to RF hens. Expression of growth hormone receptor (GHR) 

mRNA was also significantly higher in FF hens. The results suggest a 

correlation between elevated expression of mRNA for IGF1 and GHR and 

disordered follicle selection. Genetic selection pressure for increased growth 

may have made broiler breeders highly sensitive to changes in the GH/IGF-

axis. Dwarf hens have a mutation in the GHR and when this mutation was 

introduced into hens that were selected for double ovulation or broiler breeder 

hens, improved egg production and a reduced number of developing follicles 

resulted [1,19]. Our data suggest that the GH/IGF1-axis may be suppressed in 

RF hens by feed restriction. We hypothesize that the interaction between the 

GH/IGF1-axis and liver function results in increased reproductive efficiency in 
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RF hens. We also investigated the liver transcriptome of FF and RF broiler 

breeders to further elucidate pathways involved in the dysregulation of the 

metabolic and reproductive axis in FF broiler breeder hens, in hopes it would 

provide new targets for intervention. Pathway analysis indicated many of our 

differentially expressed genes are involved in lipid metabolism. This suggests 

that overfeeding results in a metabolic disorder and potentially alters the 

nutritional coupling to feed intake and reproductive function. Increased fatty 

acid accumulation within cells, including germ cells, can lead to mitochondrial 

dysfunction. In mammals, increased lipid content in the follicular fluid has been 

shown to alter mitochondrial function and impair oocyte quality [20]. Future 

studies to investigate oocyte mitochondrial function in RF and FF hens will be 

essential to understand how feeding level affects gamete quality.  

Obesity related ovarian dysfunction impacts the poultry industry through 

lost production and affects human health through impaired fertility. The over-

developed ovary, along with metabolic disturbances found in the FF broiler 

breeder, resembles human polycystic ovarian syndrome (PCOS). PCOS is the 

most common form of anovulatory infertility in women, and is estimated to 

affect approximately 10% of women [21]. The ovarian phenotype of the FF hen 

resembles the human PCOS ovary where selection of a dominant pre-

ovulatory follicle fails to occur. Our lab has previously found that AMH is higher 

in FF hens compared to RF hens [22]. Higher AMH expression [23] and liver 

dysfunction were also found in women with PCOS [24]. Further mechanistic 
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research on the interaction between metabolism and ovarian dysfunction in 

the broiler breeder could provide a new avian model for human PCOS.  
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APPENDICIES 

 

Appendix 1 RNAseq alignment summary of mapped reads to the galGal4 
genome assembly 

  

 

 

 

cDNA library reads mapped reads 
percent mapped 

reads 

13257 38664524 22915107 59.3% of input 

13270 35397276 17598967 49.7% of input  

53 28377681 14235007 50.2% of input 

244 32079452 16786626 52.3% of input 

432 1296309 744394 57.4% of input 

339 17944444 10622861 59.2% of input 

480 27644480 15833872 57.3% of input 

485 24850227 12641117 50.9% of input 

489 27786323 16056400 57.8% of input 
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Appendix 2 Differentially expressed genes in the liver of FF (n = 2) broiler 

breeder hens compared to RF (n = 3) broiler breeder hens with > 2 fold 

change and p < 0.01; FDR < 0.05  

Gene 
Fold 

Change P Value FDR 

GAL1 39.48 2.09E-07 5.39E-05 

BUB1 25.97 8.93E-31 3.90E-27 

G0S2 19.38 1.57E-13 1.38E-10 

*INHBA 12.88 1.18E-17 1.72E-14 

AACS 11.45 2.60E-22 5.68E-19 

XKR9 11.05 0.000292411 0.016602852 

TRIM7 7.80 6.46E-07 0.00012843 

GAL7 7.59 0.000446065 0.021797105 

ATP6V0D2 6.82 0.001194834 0.044269603 

C5ORF13 6.42 4.49E-08 1.64E-05 

SMYD1 5.22 0.000872215 0.035308555 

GATM 4.66 9.24E-08 2.52E-05 

DIO2 4.55 0.001177491 0.043999927 

LEAP2 4.33 3.42E-08 1.48E-05 

DHCR24 4.12 3.72E-08 1.48E-05 

PLIN2 3.98 2.86E-05 0.002780018 

DHCR7 3.92 2.45E-11 1.79E-08 

HOOK1 3.81 2.18E-05 0.002386579 

ELOVL6 3.78 0.000152815 0.01027859 

ENPP2 3.51 2.29E-05 0.002438762 

WWP1 3.44 1.11E-09 5.41E-07 

SKP2 3.41 2.57E-07 6.25E-05 

MSMO1 3.38 3.19E-06 0.000497681 

CCDC104 3.38 0.001041782 0.04066669 

DNAJC6 3.29 0.000177527 0.011248501 

CD99 3.27 0.000599218 0.027716716 

HDAC9 3.14 0.000601388 0.027716716 

SLC25A15 3.09 0.000996889 0.039343426 

NCAM1 3.08 0.000172686 0.011226178 

AGRN 3.05 6.11E-06 0.000835227 

CYP51A1 3.04 3.13E-05 0.002975843 

CYP7A1 3.02 2.00E-05 0.002252036 

AP3S1 3.00 4.28E-07 9.85E-05 

BCMO1 2.93 2.39E-05 0.002484404 

MAPK6 2.86 2.34E-06 0.000409773 
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Appendix 2 (continued) 

CDK6 2.72 0.000113389 0.008197879 

FAM125B 2.68 8.76E-05 0.00732723 

HMGCR 2.68 3.32E-05 0.003092532 

HSPA5 2.54 0.000602262 0.027716716 

RSU1 2.51 0.000332607 0.018132279 

PRRG1 2.40 0.000764182 0.031819089 

SQLE 2.37 9.04E-05 0.00732723 

FGF1 2.35 0.001357824 0.049470045 

GJA1 2.33 0.000155805 0.010320884 

MGST3 2.33 0.000244094 0.014618863 

CRELD2 2.33 5.46E-05 0.004678647 

PHF14 2.23 0.000393696 0.020490927 

RHOF 2.15 0.000981326 0.039343426 

THYN1 2.12 0.001060008 0.041011974 

JUN 2.08 0.000761944 0.031819089 

TRABD 2.05 0.001168205 0.043999927 

RFFL -2.08 0.000439093 0.021797105 

RNF166 -2.10 0.001344732 0.04940476 

FBLN1 -2.17 0.00054532 0.02591455 

C14H17ORF103 -2.17 0.00084178 0.034394978 

C17H9ORF7 -2.21 0.000404813 0.020579562 

SGK196 -2.24 0.000763783 0.031819089 

UGT8 -2.25 0.000284613 0.01637271 

SHISA5 -2.30 0.000663074 0.02928242 

LOC415664 -2.30 0.000448705 0.021797105 

C22H2ORF42 -2.36 0.000174607 0.011226178 

PPP1R16B -2.36 0.000756628 0.031819089 

ABCD2 -2.41 0.000402794 0.020579562 

B3GNT2 -2.45 0.000678808 0.029677478 

KTI12 -2.54 0.000443841 0.021797105 

CYP4V2 -2.62 2.73E-05 0.002775351 

ACOX1 -2.64 0.000530701 0.025496966 

CIDEA -2.67 0.000116255 0.008197879 

SMAD1 -2.73 4.45E-05 0.004054074 

HIST1H110 -2.74 0.000213969 0.012992645 

ITGB5 -2.77 0.000340084 0.018132279 

MIB2 -2.86 2.47E-06 0.000415315 

NAPEPLD -2.87 0.000651094 0.029046748 

CYP2H1 -2.96 0.000998884 0.039343426 

GJB1 -2.96 0.000116017 0.008197879 

BMPR1B -2.99 0.000111653 0.008197879 
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Appendix 2 (continued) 
 

IGLL1 -2.99 0.001378292 0.049800771 

MARCKSL1 -3.01 0.000195915 0.012063926 

MAL2 -3.04 0.000336208 0.018132279 

MMD -3.04 1.42E-05 0.001725595 

CPN1 -3.10 0.00027392 0.015967737 

MRPL38 -3.10 3.78E-06 0.000550207 

RHOB -3.11 9.05E-05 0.00732723 

DNAJC12 -3.16 2.83E-05 0.002780018 

STAT4 -3.33 0.000337305 0.018132279 

SUPT3H -3.48 8.07E-06 0.001051784 

NIM1 -3.50 0.00012316 0.008546922 

GCH1 -3.64 3.75E-06 0.000550207 

CREM -3.69 4.66E-05 0.004154483 

C3H6ORF154 -3.71 9.30E-05 0.007389258 

PDE4B -3.82 9.63E-05 0.007389258 

ATIC -3.85 0.000126068 0.008612049 

SLC22A5 -3.88 2.01E-05 0.002252036 

SLCO2A1 -3.91 2.92E-06 0.0004733 

DUSP4 -4.00 0.000392691 0.020490927 

HMGCS1 -4.04 4.19E-06 0.00059102 

FABP5 -4.19 8.18E-06 0.001051784 

CISH -4.23 0.001156409 0.043963672 

CDCA9 -4.26 2.23E-06 0.000405588 

NFKBIA -4.55 0.000827724 0.034139712 

PPARGC1A -4.75 0.000633215 0.028837678 

C18H17ORF106 -5.03 9.53E-05 0.007389258 

SLC16A1 -5.37 6.83E-08 2.13E-05 

MT4 -5.57 0.000304709 0.017079334 

CIDEC -5.80 5.06E-07 0.000110608 

SCTR -6.06 3.96E-10 2.47E-07 

FBF1 -6.22 5.33E-10 2.91E-07 

PCK1 -7.00 0.000271854 0.015967737 

MT3 -7.21 1.50E-05 0.00176738 

CDK3 -7.23 4.83E-05 0.004224887 

CPT1A -7.55 9.07E-06 0.001133073 

IGFBP1 -7.62 9.44E-07 0.000179433 

HMGCL -7.92 0.000116129 0.008197879 

CYP2C18 -10.32 7.31E-08 2.13E-05 

TSHB -11.05 0.00073708 0.031819089 

SIK1 -11.34 5.85E-07 0.000121868 
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Appendix 2 (continued) 

IGFBP2 -13.80 5.48E-08 1.84E-05 

TSKU -19.35 0.001110508 0.042588954 

DIO3 -86.05 9.89E-16 1.08E-12 

BF1 -199.38 0.000192935 0.012050187 
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