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 During development, all amniotes (mammals, reptiles, and birds) form 

extraembryonic membranes, which regulate gas and water exchange, remove 

metabolic wastes, provide shock absorption, and transfer maternally derived nutrients. 

In viviparous (live-bearing) amniotes, both extraembryonic membranes and maternal 

uterine tissues contribute to the placenta, an endocrine organ that synthesizes, 

transports, and metabolizes hormones essential for development. Historically, 

endocrine properties of the placenta have been viewed as an innovation of placental 

amniotes. However, an endocrine role of extraembryonic membranes has not been 

investigated in oviparous (egg-laying) amniotes despite similarities in their basic 

structure, function, and shared evolutionary ancestry.  

 To begin addressing this question, I examined steroidogenesis and steroid 

hormone signaling capability in the chorioallantoic membrane (CAM) of the domestic 

chicken (Gallus gallus), the American alligator (Alligator mississippiensis) and the 

Florida red-belly slider turtle (Pseudemys nelsoni), representing three lineages of the 

amniote phylogeny that reproduce strictly by oviparity. To investigate steroidogenesis, I 
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examined mRNA expression of key steroidogenic enzymes involved in the biosynthesis 

of steroid hormones by real-time quantitative PCR. Further, I examined the CAMs 

capability to synthesize progesterone in vitro in the presence of a steroid precursor by 

explant culture and radioimmunoassay. To investigate steroid hormone signaling, I 

quantified mRNA expression of steroid receptors and confirmed protein expression of 

two steroid receptors; the progesterone and estrogen receptor by 

immunohistochemistry.  

 Collectively, the data presented here indicates that the oviparous CAM is 

steroidogenic and has steroid hormone signaling capability. These findings represent a 

paradigm shift in evolutionary reproductive biology by suggesting that endocrine activity 

of extraembryonic membranes is not a novel characteristic of placental amniotes. 

Rather, we hypothesize that endocrine activity of extraembryonic membranes is an 

evolutionarily conserved characteristic of amniotes. If steroidogenesis and steroid 

signaling in extraembryonic membranes is conserved, this would then suggest that the 

endocrine role of the amniote placenta likely evolved initially in an oviparous ancestor 

and offers a new hypothesis for the evolution of the placenta as an endocrine organ. 

 Despite numerous studies demonstrating the presence of endocrine disrupting 

contaminants in the reptilian and avian CAM, extraembryonic membranes have not 

been established as targets of endocrine disruption. In an attempt to better understand 

the regulation of steroid activity in and the impact of environmental contaminants on 

these tissues; mRNA expression of steroid receptors and steroidogenic enzymes in the 

alligator CAM was examined following estrogenic exposure. I observed a change in 

steroid receptor mRNA expression following exposure to the naturally occurring 
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estrogen, 17β-estradiol. This suggests that xenoestrogens could interfere with 

embryonic development through the steroidogenic pathway of the CAM itself; however, 

more work is needed to better understand the biological impact of environmental 

contaminants on these tissues. 
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CHAPTER 1 
INTRODUCTION1 

 Since ancient Greece, philosopher-biologists have described similarities and 

differences in the structures, which support the developing embryo, between oviparous 

(egg-laying) and viviparous (live bearing) animals [1, 2]. Aristotle, in his treatise, De 

generatione animalium (On the generation of animals), proposed that fetal nutrition in 

viviparous mammals was accomplished by a connection between the fetal and maternal 

circulatory systems via the “umbilicus”. In describing the chick, he ascertained that the 

circulatory system of the embryo was also connected via umbilical cords to two 

membranes; one that surrounded the yolk, and one that lined the inner surface of the 

eggshell. He suggested that the first membrane delivered nutrients from the yolk for 

embryonic development, and in comparing viviparous and oviparous animals suggested 

that “at first this embryo, whether in an egg or in the mother's uterus, lives the life of a 

plant, for it receives its first growth and nourishment by being attached to something 

else.” In describing the second membrane, which he claimed resembled a “chorion” 

(Latin for membrane), suggested that “the relation of the chick to the outermost 

membrane, the sanguineous one, is like that of the mammalian embryo to the uterus” 

[2]. 

 Subsequently, generations of researchers have dedicated their careers to the 

study of extraembryonic membranes and the placenta. While studies focused primarily 

on the extraembryonic membranes of mammals and the chick until the 19th century, we 

now have an increasing number of descriptions of piscine (reviewed in [3]) and 

                                            
1
 A significant part of this chapter is published, see Albergotti L, C., Guillette LJ, Jr. Viviparity in reptiles: 

evolution and endocrine physiology. In: Norris DO, Lopez KH (eds.), Hormones and reproduction in 
vertebrates, vol. 3: Elsevier; 2011: 247-275. 
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squamate (lizard and snakes) placentae and extraembryonic membranes (reviewed in 

[4]. A web of science search reveals that nearly 18,000 scientific papers have been 

published on the placenta or extraembryonic membranes from 1900 to present and that 

does not take into account the early works of the pioneers in this field. Yet, even with 

the staggering amount of research conducted to date, there still remain many 

unanswered questions about the physiology and evolution of extraembryonic 

membranes and the placenta [1].  

 My primary interest concerns the physiology, and more specifically the 

endocrinology, of extraembryonic membranes and the evolution of endocrine signals in 

these tissues. Prior to the early 1900s, the placenta was considered to function as an 

organ of protection, nutrient transfer, gas exchange and waste removal. An endocrine 

role for the placenta was first proposed by Joseph Halban in 1905 [5] and when Egon 

Diczfalusy (1955) went on to suggest that the metabolism (and possibly production) of 

hormones might be a joint effort of the fetus and placenta acting as a “fetal-placental 

unit” his idea was met with great skepticism [6]. The amazing foresight shown by these 

early researchers has led not only to a greater understanding of the endocrinology of 

mammalian pregnancy, but also has led researchers to ask comparative questions 

about the endocrinology of gestation in nonmammalian viviparous vertebrates.  

 The Evolution of Viviparity  

 It is currently estimated that viviparity has evolved independently over 100 times 

within squamate reptiles [7]. This transition in reproductive mode from oviparity to 

viviparity has occurred more frequently in squamates [8] than in any other vertebrate 

lineage including fishes [9, 10], amphibians [11, 12], and mammals [13]. This high 

frequency of occurrence in squamates coupled with a complete absence of viviparity in 



 

21 

other reptiles [7] has made the study of squamate viviparity intriguing for more than a 

century. 

 In order for reptilian viviparity to evolve, viviparous species must overcome three 

major morphological and/or physiological modifications. First, egg retention time must 

be increased so that the embryo completes development in utero. Second, eggshell 

thickness must be decreased to reduce the physical barrier between embryonic and 

maternal environments, so that, at the least, gas and water can effectively be 

exchanged. Third, a placenta must develop to facilitate maternal and embryonic 

exchange [14]. Due to the diversity of viviparous squamates and the number of 

proposed independent origins, these processes could have been achieved through 

different mechanisms, but then again limited by physiological and morphological 

constraints. Here, I provide a brief overview of some of the work that has shaped our 

understanding of these modifications associated with the evolution of viviparity with a 

focus on the evolution of the placenta. In addition, I will present a new hypothesis for the 

evolution of endocrine extraembryonic membranes, including the placenta, of amniotes 

(mammals, reptiles including birds). 

Egg Retention and the Lengthening of Gestation 

 By definition, viviparity requires that the time of egg retention is increased so that 

the embryo completes development in utero. In order to understand the lengthening of 

gestation in squamates, we must understand the physiology of pregnancy and thus, first 

turn our attention to the corpus luteum and its possible role in egg retention. 

 In all vertebrates, the corpus luteum (CL) is a transitory endocrine organ formed 

from the post-ovulatory follicle. Following ovulation, the remnants of the ovarian follicle’s 

granulosa and thecal cell layers undergo luteinization, which involves changes in 
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vascularization, hypertrophy, and the accumulation of lipids [15]. The CL functions in the 

secretion of hormones for some predetermined time period before degenerating 

(luteolysis). The natural lifespan of the CL varies in vertebrates, but is short-lived in 

most mammalian species unless implantation occurs. If implantation is successful, the 

life of the CL is “rescued”, i.e., extended by embryonic factors associated with the 

maternal recognition of pregnancy [15, 16]. In placental mammals, the maternal 

recognition of pregnancy is defined as the prevention of luteolysis by biochemical 

signals of embryonic origin [17], which vary in mammals. Depending on the species, 

maternal recognition of pregnancy can be provided by a number of embryonic factors, 

such as chorionic gonadotropins, interferons, steroids, and peptide hormones [17].  

 The endocrine properties of the CL are most often associated with the secretion 

of progesterone (P4) in non-mammalian vertebrates [18-21], but the CL has also been 

shown to secrete other steroid and peptide hormones in eutherian mammals and 

viviparous squamates [22-24]. In eutherians, P4 is associated with uterine quiescence 

and as such P4 secretion by the CL plays an important role in the maintenance of 

pregnancy until synthesis of this steroid hormone is assumed by the placenta in many 

species [16, 25-27]. The CL is a major source of P4 in reptiles; therefore, it has been 

suggested that the CL in squamates could provide some hormonal control of gravidity 

via the secretion of P4 [14, 20, 28]. 

 In the reptiles that reproduce strictly by oviparity, the tuatara, crocodilians, and 

turtles, the life of the CL is approximately the length of time it takes to shell the eggs (a 

few days to a few weeks) and it deteriorates shortly before or after oviposition [29, 30] 

whereas the CL of squamates is maintained for varying periods of gravidity that can last 
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for weeks or months [31-34]. In oviparous squamates, the presence of an active CL is 

strongly correlated with egg retention and the timing of oviposition coincides with the 

loss of luteal activity [14, 35]. However, viviparous squamates show a great deal of 

variation in the life of corpora lutea with luteolysis occurring well before parturition in 

some species, which precludes any gross generalizations concerning the role of the CL 

alone in the lengthening of egg retention in viviparous species (as reviewed in [36]).

 Maintenance of the CL as well as its correlation with circulating P4 

concentrations is also variable in viviparous squamates. Many studies have determined 

the CL to be the primary source of P4 in viviparous squamates and have reported a 

strong positive correlation between the persistence of the CL during gestation and 

circulating P4 concentrations in viviparous lizards [33, 37, 38] and snakes [39, 40]. 

However, in Sceloporus jarrovi [41] and Chalcides chalcides [32], plasma P4 

concentrations remain elevated late in gestation following luteolysis. In S. jarrovi, 

Guillette et al. (1981) found luteolysis to occur in conjunction with the development of 

the chorioallantoic placenta. This observation led to the hypothesis that another source 

of P4 –the placenta -- could be important in the maintenance of gestation [41]. Such a 

hypothesis mirrors the pattern found in many eutherian mammals in which P4 synthesis 

by the placenta replaces that of the CL during gestation [16].  

 The mechanisms controlling the lengthening of egg retention in squamates are 

still poorly understood. In some species, correlational evidence presents a strong case 

for the role of the CL in the maintenance of gestation; however, in other species we can 

find no such correlation. Likewise, circulating concentrations of P4 during gestation are 

quite variable across viviparous species. In addition, essentially nothing is known about 
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the maternal recognition of pregnancy in viviparous reptiles, but a few studies suggest 

that this phenomenon could occur in viviparous lizards [42, 43]. If maternal recognition 

of pregnancy occurs in reptiles, chemical signals of embryonic origin could function to 

prevent CL deterioration, modify the uterine environment, and increase the length of 

gestation. These embryonic chemical signals could be compounds similar to those 

found in mammals suggesting that the early embryonic expression of cytokines, 

prostaglandins, estrogens and other steroids as well as peptide hormones should be 

investigated in oviparous and viviparous squamates [43]. 

The Reduction of the Eggshell 

 The reduction of the thickness and structure of the eggshell is another requisite 

change for the evolution of viviparity in squamates [14, 44]. Oviparous squamates 

generally lay flexible eggs composed of two layers; a thick inner shell membrane 

composed of proteinaceous fibers and an extremely thin external crust of calcium 

carbonate [45, 46]. Some viviparous species also have a shell membrane present for 

the duration of embryonic development, but an external calcified layer is either absent 

or greatly reduced [44, 47, 48]. All viviparous species examined demonstrate either a 

significant reduction in eggshell thickness or loss of the eggshell altogether [49]. 

However, the debate continues over the timing of eggshell reduction in terms of the 

evolutionary transition to viviparity. One hypothesis proposes that eggshell reduction 

was a refinement of viviparity occurring after complete egg retention had evolved 

whereas the other and more generally accepted hypothesis proposes that a reduction in 

the eggshell evolved concurrently with increasing periods of egg retention and thus is a 

requirement of viviparity [14, 47, 50]. The later hypothesis has been supported by 
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experiments utilizing the lizard, Lacerta vivipara, which demonstrates both parity modes 

in reproductively isolated populations. 

 Heulin and colleagues successfully crossed individuals in the laboratory from 

oviparous and viviparous populations of L. vivpara, generating hybrid F1 females that 

laid eggs with incompletely calcified eggshells and an eggshell thickness (21 μM) 

intermediate between the completely calcified eggshells of oviparous parental 

population (40 μM) and the eggshell membrane (9 μM) of the viviparous parental 

population [51, 52]. Further hybridization experiments of L. vivipara performed by 

Arrayago et al. (1996) resulted in oviposition by hybrid F1 females at an embryonic 

stage of development also intermediate between the oviparous and viviparous 

populations. This artificial experiment directly connects increased time of egg retention 

with decreased thickness of the eggshell, although it does not show a causal 

relationship.  

 Two nonexclusive hypotheses have been put forth to explain the adaptive 

significance of evolving reduced eggshell thickness concurrently with prolonged periods 

of in utero egg retention. The first proposes that decreasing the thickness of the 

eggshell would facilitate gas exchange between maternal and embryonic environments. 

This would be particularly important in later stages of development as oxygen 

requirements of the embryos increase drastically in the exponential growth phase of 

development [50]. However, this hypothesis was not supported when tested in 

oviparous species from the genus Sceloporus [53]. Oviparous Sceloporus species 

exhibit differences in the amount of embryonic development that can be supported in 

utero past the “normal” time of oviposition. Some species, such as Sceloporus scalaris, 
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support advanced embryonic development during extended egg retention experiments, 

while other oviparous Sceloporus species do not. However, in contrast to the above 

proposed hypothesis, these differences in the possible amount of extended in utero 

development were not related to thickness of the eggshell [53]. A second hypothesis 

suggests that reducing eggshell thickness would reduce diffusion distance between 

embryonic and maternal tissues; thereby facilitating the movement of chemical signals 

from the embryo to the mother that could play an important role in the maternal 

recognition of pregnancy [14, 49]. In addition, reducing the eggshell thickness would 

also reduce the diffusion distance for nutrient transfer from mother to the developing 

offspring.  

 A common finding when oviparous and viviparous squamate species are 

compared is that the uterine shell glands are reduced in some capacity and that 

reduction is correlated with a reduction in eggshell thickness. The mechanism by which 

this occurs is still poorly understood but likely involves altered estrogen signaling. 

Uterine shell glands are prominent in all oviparous squamates studied to date, but are 

absent or greatly reduced in the majority of viviparous species. In the viviparous species 

with obvious uterine shell glands, a general reduction in size of the shell gland has been 

reported as in L. vivipara [44] as well as a reduction in the thickness of the endometrial 

stroma as in Pseudemoia. spenceri [54]. Shell glands undergo seasonal changes with 

reproductive cyclicity that match changes in the prominent sex steroid hormones, E2 

and P4; therefore future studies are needed to understand the mechanisms associated 

with shell gland formation and recruitment. Estrogens appear to be central to shell gland 

recruitment, proliferation, and synthesis of secretory material and ERs serve as key 
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modulators in this process. Further, the regulation of the expression of other important 

factors, such as membrane calcium pumps, needs to be examined. While the 

mechanisms by which uterine shell glands and the eggshell are reduced remains 

unresolved, there is evidence that reducing the eggshell evolved concurrently with the 

evolution of extended egg retention and as such should be considered a requirement for 

the evolution of viviparity in squamates. 

The Emergence of the Placenta 

 Placentation is another key characteristic of viviparity in squamates. In all 

viviparous squamates examined, placentae are present and thus appear to be required 

for embryonic survival in utero [14]. Here, we define a placenta as a composite structure 

of maternal and embryonic origin. The embryonic contribution to the placenta consists 

of one or more of the four extraembryonic membranes (yolk sac, chorion, allantois, and 

amnion). These membranes function in the transfer of maternally derived nutrients, 

regulation of gas and water exchange, removal of metabolic wastes, and protection of 

the developing embryo [55, 56]. These basic requirements are crucial for embryonic 

survival and development regardless of whether the embryo is encased within a 

calcified egg in an external nest (oviparous) or maintained within the maternal uterus 

(viviparous) (Figure 1-1). 

 Gas and water exchange with the environment is achieved by two vascularized 

extraembryonic membranes, the chorioallantois and the yolk sac membrane. The 

chorioallantoic membrane (CAM) is formed by the apposition of the non-vascularized 

chorion and highly vascularized allantois and serves as the major respiratory organ of 

the developing embryo. The yolk sac membrane transfers nutrients from the yolk, 

functions in water exchange and has been proposed to act as a secondary gas 
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exchange site supplementing the chorioallantois [1, 14, 57]. To facilitate exchange with 

the environment, these membranes line the inner surface of the eggshell with the 

surface area of the CAM increasing dramatically during development to meet the gas 

demands of the embryo. In viviparous species, the loss of the calcified crust and 

reduction in the protein layer of the eggshell results in apposition of the eggshell or 

extraembryonic membranes to the vascularized uterus allowing exchange between the 

embryo and the maternal environment. 

 Viviparous squamates have two primary types of placentation present during 

gestation, a chorioallantoic placenta and some form of yolk sac placenta [58]. Both 

types of placentas are epitheliochorial in squamates reptiles meaning that the 

extraembryonic membranes are in contact with the uterus through apposition, but the 

embryonic tissue does not erode and invade the uterine lining [59]. The yolk sac 

placenta is typically formed at the abembryonic pole during early stages of embryonic 

development and broadly describes the apposition of omphalopleure (yolk sac) to the 

uterine epithelium. The chorioallantoic placenta (allantoplacenta) is present later in 

development at the embryonic pole and is formed by apposition of the CAM to the 

uterus. Both yolk sac and chorioallantoic placentas demonstrate a wide range of 

morphological diversity and exhibit varying degrees of complexity across squamates 

[reviewed in 4]. 

 Four major types of chorioallantoic placentas have been described in squamates 

and are differentiated by levels of morphological complexity. Weekes [60] described the 

first three of these types and a fourth has been proposed by Blackburn and Vitt [4] The 

simplest and most common type of chorioallantoic placenta, Weekes type I, involves 
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indirect apposition of the CAM to the uterus without any anatomical specializations in 

either structure. A reduced shell membrane encasing the embryo is present and it is this 

structure that lies in contact with the uterine epithelium. In types II and III, we see the 

emergence of the placentome, a specialized region that forms at the embryonic pole 

and brings the chorionic epithelium and uterine epithelium in direct apposition. Here, the 

chorioallantoic epithelium interdigitates with the uterine mucosa, and this region has 

been proposed as a site of histotrophic transfer due to the appearance of absorptive 

chorionic cells and a secretory uterine epithelium [61]. The type IV chorioallantoic 

placenta is the most complex and has been described in the South American lizard 

genus Mabuya [62]. This type of chorioallantoic placenta undergoes extensive 

transformation and demonstrates invagination of the CAM by uterine endometrium 

forming interlocking projections. The placentome and specialized chorionic cells called 

areolae have been suggested to function in nutrient transfer [62]. 

 Oviparous species and viviparous species with a simple placenta (type I) are 

predominately lecithotrophic, meaning that nourishment for embryonic development is 

primarily supplied by the yolk [63]. Therefore, in the transition to viviparity as the period 

of egg retention was increased and eggshell thickness decreased, the major 

requirement of a placental structure was to aid in gas exchange, which appears to be 

the primary role of the type I placenta. Species forming a more complex chorioallantoic 

placenta exhibit differentiation into specialized regions, the placentome and 

paraplacentome. The paraplacentome has been described as possibly functioning as a 

specialized gas exchange organ in Pseudemoia entrecasteauxii [64] and as another site 

of histotrophic transfer in Mabuya mabouya [65]. While the vast majority of viviparous 
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squamates are lecithotrophic, it is common for these species to exhibit some degree of 

placental transport of organic and inorganic nutrients as well [66-69]. 

 In contrast, the condition of matrotrophy is quite rare in squamates. Yet, a few 

species exhibit a high degree of matrotrophy in which the majority of the nutrients 

required for embryonic development are provided by the mother via a placenta. These 

species have microlecithal eggs with little or no yolk present in the oocyte. The New 

World species of the genus Mabuya demonstrate the most extreme form of 

matrotrophy, which surpasses that found in any other squamate reptile and is similar to 

that of eutherian mammals [65]. The specialized type IV chorioallantoic placenta of 

Mabuya heathi provides approximately 99% of nutrients for embryonic development 

[70]. 

An Endocrine Placenta  

 In eutherian mammals, the placenta is an endocrine organ that synthesizes, 

metabolizes, and transports a suite of steroid and peptide hormones crucial for 

embryonic survival and development [71]. P4 is a key placental hormone that plays a 

role in the maintenance of pregnancy [72], timing of birth [73], and promotes growth of 

the embryo [74] and of the placenta itself [74-76]. The first indirect evidence of placental 

P4 synthesis in squamates came from observations in S. jarrovi. In this lizard species, 

maternal plasma P4 concentrations remain elevated after luteolysis and because 

luteolysis occurs in conjunction with the development of the chorioallantoic placenta, 

this led to the hypothesis that another source of P4 - the placenta - could be important 

in the maintenance of gestation [41]. 

 The three-toed skink, Chalcides chalcides also demonstrates elevated plasma 

P4 following deterioration of the CL and formation of the placenta. The chorioallantoic 
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placenta of this species has been shown to be capable of steroidogenesis [32]. Guarino 

et al. (1998) investigated the expression of the steroidogenic enzyme hydroxy-delta-5-

steroid dehydrogenase, 3 beta- and steroid delta-isomerase 1 (HSD3B1), which 

converts pregnenolone (P5) to P4, in the CL and chorioallantoic placenta. They found 

high HSD3B1 activity in the CL during early gestation, but not at late pregnancy, 

whereas the placenta exhibited intense HSD3B1 only at late pregnancy. In-vitro 

synthesis of P4 by the CL was high during early, but not late pregnancy, but P4 

synthesis was highest at late pregnancy in the placenta. This work supports the 

hypothesis of an endocrine chorioallantoic placenta in C. chalcides and models a similar 

pattern found in many eutherian mammals where the placenta assumes the primary role 

of P4 synthesis following deterioration of the CL [32]. 

 In-vitro production of P4 by the chorioallantoic placenta also has been 

demonstrated in the southern snow skink (Niveoscincus microlepidotus). Girling and 

Jones (2003) reported that the chorioallantoic placenta of this species was capable of 

synthesizing P4 when P5 precursor was added to the culture media; however, unlike C. 

chalcides this study did not find significant levels of P4 produced by the placenta in the 

absence of added P5 [21]. 

 The relatively simple, type I chorioallantoic placenta of S. jarrovi can perform in 

vitro metabolism of steroid hormones and synthesis of P4 in the presence of P5 [77]. In-

vitro experiments revealed that placental tissue rapidly clears P4 and corticosterone 

(CORT) from culture media, indicating the ability of the placenta to convert P4 and even 

corticosteroids to other metabolites [77]. Painter and Moore (2005) suggested that 

steroid hormone metabolism by the squamate chorioallantoic placenta could play an 
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important role in the regulation of maternal and embryonic hormone concentrations by 

preventing steroid hormones from freely diffusing between the developing embryo and 

mother. 

 The extraembryonic membranes of oviparous species and placentae of 

viviparous species perform similar functions to meet the gas, water, and nutrient 

demands of the embryo (Figure 1-1). This indicates that very little specialization of 

extraembryonic membranes is required in a transition to viviparity and explains why the 

majority of viviparous species exhibit a relatively simple chorioallantoic placenta that 

appears to predominately function in gas exchange. Yet, evidence indicates that the 

chorioallantoic placenta has additional roles in endocrine processes in squamates. Are 

these specializations unique to the chorioallantoic placentae of viviparous mammals 

and squamates or could the CAM of oviparous species also perform similar functions?  

A New Hypothesis for the Evolution of Endocrine Extraembryonic Membranes 
and the Placenta: Implications for the Evolution of Viviparity 

 We have suggested previously [36], that endocrine properties of chorioallantoic 

placenta are not novel features of viviparous mammals and squamates. Rather, a 

hypothesis was presented stating that the oviparous CAM has endocrine properties, 

which gave rise to an endocrine placenta. The basis for our hypothesis comes from 

studies investigating mammalian [71, 78, 79] and lizard [21] placentae, which revealed 

that both extraembryonic membranes and maternal tissues contribute to hormone 

synthesis and metabolism. Given that extraembryonic membranes share numerous 

similarities in their basic structure and function that are conserved across amniotes [55], 

I hypothesize that the oviparous CAM is an endocrine organ that has the capability to 

synthesize and respond to steroid hormone signaling. 
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 If the CAM of oviparous amniotes is capable of producing and responding to 

embryonic signaling factors, such as steroid hormones, these signaling factors would 

have functions other than the maternal recognition of pregnancy in oviparous species 

and could likely be involved in tissue proliferation, vascularization, and embryonic 

growth. However, these factors would be useful embryonic signals of pregnancy as 

viviparity evolves and endocrine properties of oviparous species could become co-opted 

in a novel environment such as the uterus; thus, facilitating the use of embryonic 

signaling factors in the maternal recognition of pregnancy in viviparous squamates. That 

is, as squamates retained the egg in utero for longer time periods and eggshell 

thickness was reduced, signaling factors synthesized by the extraembryonic 

membranes would be free to communicate with the maternal uterus and could play a 

role in maintaining the life of the corpus luteum and further lengthen gestation until 

“hatching” occurred in utero.  

Specific Hypotheses 

My aim is to determine if steroidogenic activity of extraembryonic membranes is a 

unique characteristic of placental amniotes, or if these membranes also have an 

endocrine role in oviparous non-mammalian species. To investigate this question, I will 

examine steroidogenesis in the CAM of taxa representing the major phylogenetic 

groups of non-mammalian amniotes, which reproduce strictly by oviparity. I specifically 

test the following hypotheses: (1) the molecular mechanisms required to perform steroid 

hormone synthesis are evident in the oviparous CAM (Figure 1-2); (2) the CAM has the 

capability to synthesize steroid hormones; (3) the molecular mechanisms required to 

respond to steroid hormone signals are present in the CAM; (4) the CAM has the 

capability to modulate steroid hormone signals; (5) mRNA expression in the CAM is 
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regulated and levels of steroidogenic enzymes and/or steroid receptors can be altered 

by exposure to endocrine disrupting contaminants (EDCs) during embryonic 

development. 

Significance of Work 

 The presence of steroidogenic activity in the extraembryonic membranes of 

oviparous amniotes would imply a more ancient origin of endocrine activity for these 

membranes than is currently believed. This serves as the first major work to investigate 

steroidogenesis and steroid signaling in the CAM of oviparous amniotes. By focusing on 

three of the major phylogenetic groups of non-mammalian amniotes that reproduce 

strictly by oviparity (birds, crocodilians, and turtles), I attempt to uncover a potentially 

conserved trait within amniotes. In addition, I attempt to determine whether 

steroidogenic activity in the CAM is regulated. It is vital to the understanding of this 

system to reveal this distinction because if gene expression in the CAM is regulated, it 

is possible for gene expression to be altered. EDCs have been identified in the CAMs of 

crocodilians, turtles, and birds [80-82]. Aside from identifying their presence in the CAM, 

it is not currently known whether EDCs could disrupt normal CAM function. However, if 

endocrine activity of the CAM is a conserved trait of amniotes and if steroidogenesis is 

regulated in this tissue, EDCs could potentially interfere with steroidogenesis and 

steroid signaling in the CAM during development. 
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Figure 1-1. The extraembryonic membranes of oviparous and viviparous squamates. 

Oviparous and viviparous amniotes share the same extraembryonic 
membranes, the amnion, chorion, allantois, and yolk sac. These structures 
perform similar functions regardless of reproductive mode indicating that very 
little specialization of extraembryonic membranes is required in an initial 
transition to viviparity. Figure redrawn from Guillette LJ, Jr. The evolution of 
viviparity in lizards. Bioscience 1993; 43:742-751. Artwork by Patpilai 
Kasinpila.  
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Figure 1-2. General overview of the steroid hormone biosynthetic pathway. Cholesterol 
is the substrate for de novo steroid hormone synthesis and steroidogenesis 
proceeds by the conversion of one hormone to another by the action of 
specific enzymes (italicized general class abbreviations shown above arrows, 
see legend for full gene names). The grey shaded region reflects the stress 
hormone pathway; whereas un-shaded regions depict synthesis of sex steroid 
hormones.  
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 CHAPTER 2 
STEROIDOGENESIS AND STEROID SIGNALING IN THE CHORIOALLANTOIC 

MEMBRANE OF THE CHICKEN (GALLUS GALLUS)2 

 A key defining characteristic of amniotes (mammals, reptiles, and birds) is the 

formation of four extraembryonic membranes during embryonic development; the 

amnion, chorion, allantois, and yolk sac [55]. Fusion of the chorion and allantois forms 

either the chorioallantoic placenta in viviparous (live-bearing) species, or the 

chorioallantoic membrane (CAM) in oviparous (egg-laying) species [83]. Both the 

chorioallantoic placenta and CAM perform functions crucial for embryonic survival and 

development [55, 83]. Yet, only the placenta, which is a composite structure composed 

of extraembryonic membranes and maternal decidua, is classified as an endocrine 

organ [71, 83]. 

 The mammalian chorioallantoic placenta synthesizes, transports, and 

metabolizes a suite of steroid and peptide hormones [71, 83, 84]. Of these, placental 

progesterone (P4), plays a key role in the maintenance of pregnancy [72], timing of birth 

[73], and promotes growth of the embryo [74] and placenta [75, 76]. Historically, 

endocrine properties of the placenta have been viewed as an innovation of eutherian 

mammals [83]. However, evidence of an endocrine placenta in three species of 

viviparous lizards [21, 32, 77] has recently called this traditional eutheriancentric view 

into question. 

 Examination of mammalian [71, 78, 79] and lizard [21] placentas has revealed 

that both extraembryonic membranes and maternal tissues contribute to hormone 

synthesis and metabolism. Therefore, I asked whether the extraembryonic membranes 

                                            
2
 Published previously, see Albergotti LC, H.J. Hamlin, M.W. McCoy, L.J. Guillette, Jr. Endocrine Activity 

of Extraembryonic Membranes Extends beyond Placental Amniotes. PLoS ONE 2009; 4(5):e5452.  
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of oviparous amniotes could also play a role in the production of hormones during 

embryonic development. Although some differences do exist in the formation of the 

chorionic ectoderm between placental and oviparous amniotes [85], such an 

investigation is warranted given that the extraembryonic membranes share numerous 

similarities in their basic structure and function that are conserved across amniota. The 

presence of steroidogenic activity in the extraembryonic membranes of an oviparous 

amniote would imply a more ancient origin of endocrine function for these membranes 

than is currently believed. 

 Both the chorioallantoic placenta and CAM are derived from chorion and allantois 

[83, 85]. Therefore, if the CAM has similar steroidogenic properties as the 

chorioallantoic placenta, then it should synthesize key placental hormones, such as P4. 

Here I examined the potential activity of P4 in the CAM of chicken (Gallus gallus). To 

confirm P4 activity I must demonstrate that: (1) the oviparous CAM has the molecular 

mechanisms in place to perform steroidogenesis and synthesis of P4. Indeed, I show 

mRNA expression patterns of key steroidogenic enzymes involved in P4 biosynthesis. 

(2) The CAM is able to synthesize P4. I demonstrate that in vitro P4 synthesis takes 

place in the CAM and is not a product of steroids in the yolk or embryo, by isolating the 

CAM from other tissues and testing for synthesis directly in the presence of a steroid 

hormone precursor. (3) The CAM is capable of responding to the P4 signal through an 

appropriate receptor. Again, I demonstrate, via mRNA expression and protein 

immunolocalization of the progesterone receptor, that the CAM is capable of modulating 

P4 activity. 
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Materials and Methods 

CAM Collection 

 Fertilized chicken (Gallus gallus) eggs were obtained from Charles River 

Laboratories (North Franklin, CT) and staged according to Hamburger and Hamilton 

[86]. CAMs were collected by removing the eggshell directly over the embryo and 

excising CAM away from embryo and yolk sac membrane. CAMs were washed in 1X 

phosphate buffered saline (PBS). 

RNA Isolation and Reverse Transcription 

 Dissected CAM was stored in the RNA preservative, RNAlater® solution 

(Ambion) at 4°C. Total RNA was isolated from CAM with TRIzol® reagent (Invitrogen 

Life Technologies), purified with the SV Total RNA Isolation System (Promega), and 

reverse transcribed with the iScript™ cDNA Synthesis Kit (Bio-Rad). Concentrations 

and quality of RNA samples were evaluated by measuring optical density with a 

NanoDrop™ ND-1000 (Thermo Scientific) and by formaldehyde gel electrophoresis. 

Total RNA was treated with ribonuclease-free deoxyribonuclease I (DNase I; Qiagen) to 

remove any contamination of genomic DNA. 1 μg of total RNA was reverse transcribed 

and complementary DNA (cDNA) was diluted 10-fold and stored at -20°C until RT-

qPCR analysis. 

Real-time Quantitative Polymerase Chain Reaction (RT-qPCR) 

 RT-qPCR analysis was performed on CAM samples from embryonic days 8 

(n=10), 10 (n=17), 12 (n=14), 14 (n=10), 16 (n=14), and 18 (n=12). cDNA was analyzed 

in triplicate by RT-qPCR amplification using an iCycler MyIQ Single Color Real-Time 

PCR Detection System (Bio-Rad). Each 15-μL DNA amplification reaction contained a 

10-fold dilution of 10X Gold Buffer (Applied Biosystems), 3 mM MgCl2, 200 μM dNTPs, 



 

40 

0.04% Tween-20, 0.4% glycerol, 1% DMSO, 500-fold dilution of SYBR Green 

(Invitrogen), 0.01 μM Fluorescein Calibration Dye (Bio-Rad), 0.2 μM of each primer, 

0.67 μL of diluted cDNA, and 0.01 U/μL AmpliTag Gold DNA polymerase (Applied 

Biosystems). RT-qPCR amplification conditions included an enzyme activation step of 

95°C (10 min) followed by 40 cycles (reference genes) or 50 cycles (target genes) of 

95°C (15 sec) and a primer specific combined annealing/extension temperature (1 min). 

The specificity of amplification was confirmed by melt-curve analysis. Triplicate data for 

each gene were averaged and amplification was determined by the absolute 

quantification method [87]. In brief, copy numbers were calculated from the cycle 

threshold value by the linear regression of a standard curve. Standard curves for each 

target gene were generated from a plasmid containing the amplicon of interest. Controls 

lacking cDNA template were included on every RT-qPCR plate to determine the 

specificity of target cDNA. Additionally, to confirm that target cDNA was not 

contaminated by genomic DNA, RT-qPCR was performed with ACTB and PR primers 

on the RNA isolated from every sample. To normalize mRNA expression levels, RT-

qPCR was performed on all samples with five reference genes: actin, beta (ACTB), 

glyceraldehyde-3-phosphate dehydrogenase (GAPDH), ribosomal protein L8 (RPL8), 

RNA polymerase II polypeptide E (POLR2E), and ribosomal protein S13 (RPS13). The 

geometric mean was calculated according to geNORM [88] generating a normalization 

factor (NF) for each sample to correct for potential differences in RNA quality or 

quantity. For each target gene, absolute copy number was divided by the NF. Data are 

reported as relative mRNA expression and represent mean normalized mRNA transcript 

number in copies/μL ± SEM. 
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Cloning and Sequencing of Plasmids 

 RT-qPCR of pooled cDNA was used to generate a PCR product for each primer 

set. Amplified PCR products were separated on a 2% agarose gel and visualized by 

ethidium bromide on a Gel Doc EQ with Quantity One 4.6 software (Bio Rad). RT-qPCR 

products were purified by Wizard® SV Gel and PCR Clean-Up System (Promega) and 

purified samples were confirmed by electrophoresis on a 2% agarose gel. PCR 

products were cloned into a pGEM®-T Vector System (Promega). Plasmid DNA was 

purified using the Wizard® Plus SV Minipreps DNA Purification System (Promega) and 

sequenced on an ABI PRISM® 3100 Genetic Analyzer (Applied Biosystems) using a 

BigDye® Terminator v3.1 Cycle Sequencing Kits (Applied Biosystems). The specificity of 

cloned DNA was confirmed using BLAST against sequences available in Genbank. 

Clone DNA concentration was quantified by NanoDrop™ ND-1000, converted to 

copies/μL, and serially diluted in a solution containing 50 mM Tris-HCl (pH 8.3), 75 mM 

KCl, 3 mM MgCl2, and 5 μg/mL of tRNA. 

RT–qPCR Primers 

 All Primers were designed to amplify mRNA-specific fragments from chicken 

coding sequences (National Center for Biotechnology Information) using Primer3 

software [89] and were synthesized by Eurofins MWG Operon. Primer pairs were 

combined and diluted to a final concentration of 10 μM. Primer sets with specific 

combined annealing/extension temperature used in RT-qPCR are listed in Table 2-1.  

Sexing of Embryos 

 To sex individuals used in RT-qPCR analysis, CAM genomic DNA was extracted 

from TRIzol® reagent (Zhu, Shirley, DNA extraction from TRIZOL organic phase, 

http://med.stanford.edu/labs/vanderijn/Protocols.html). DNA concentration was 

http://med.stanford.edu/labs/vanderijn/Protocols.html
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determined by Nanodrop and diluted to 100 ng/μL. Molecular sexing was performed as 

described in [90]. For in vitro tissue culture, day 18 individuals were sexed by visual 

inspection of embryonic gonads. 

In Vitro Explant Culture 

 CAMs from 7 eggs were collected on embryonic day 18. CAMs were cut into 12 

sections of approximately 0.1g wet weight (mean=0.104g ± 0.0009 SEM) allowing for 

duplicate sections to undergo identical treatment regimes. CAM sections were 

incubated at 37°C on an orbital shaker in L-15 culture media (Invitrogen) either with or 

without cholesterol and cAMP as precursor. Precursor solutions and concentrations are 

based on King et al. 2004 [91]. For cholesterol, 22(R)-Hydroxycholesterol (Sigma) was 

dissolved in 95% ethanol (Fisher) to a final concentration of 10μg/mL and combined 

with 1 mM Dibutyryl cAMP (Sigma). After 2, 4, or 8 hours of incubation, concentration of 

progesterone in the culture media was quantified by solid phase radioimmunoassay 

[92]. To determine background and cross-reactivity of the P4 assay, controls consisting 

of only cholesterol and cAMP were incubated for 8 hours with an average P4 

concentration of 0.337pg/mL/g ± 0.423 SEM. 

Immunohistochemistry and Microscopy 

 Dissected CAM was fixed in 4% paraformaldehyde at 4°C overnight. Tissues 

were washed 3X in 1X PBS and stored in 75% ethanol at 4°C. CAMs were dehydrated, 

paraffin embedded, and sectioned at 8 microns. Tissue sections were deparaffinized in 

citrosolv and rehydrated through graded concentrations of ethanol to 0.1 M Tris buffered 

saline (TBS, pH 7.6). Immunohistochemistry was performed using the Vectastain® 

Universal Quick Kit, R.T.U. (Vector Laboratories) with the following modifications: for 

antigen retrieval, slides were autoclaved for 30 min in 10 mM sodium citrate buffer (pH 



 

43 

6.0). Sections were treated with 3% hydrogen peroxide for 20 min, blocked in normal 

horse serum (NHS) for 1hour, and treated with the Avidin Biotin blocking kit (Vector 

Laboratories). Between all incubation steps, slides were washed in TBS (5 min), 0.1 M 

TBS containing 0.2% Tween 20 (5 min), and again in TBS (5 min). CAM sections from 

day 16 (n=5) and day 18 (n=5) were incubated with a 1:50 dilution of mouse monoclonal 

anti- progesterone receptor antibody (Ab-8), Thermo Scientific. PR Ab-8 recognizes 

both PR isoforms in chicken oviduct [93] and ovary [94]. Sections were treated with 3, 

39-diaminobenzidine for 5 min (Vector Laboratories) and washed in running tap water 

for 5 min. A control section receiving normal horse serum in place of primary antibody 

was included on every slide. Slides were dehydrated, cleared and mounted with 

Permount™ mounting media (Fisher Scientific). Sections were imaged using a Leica 

DMRE microscope under DIC and Leica DFC 300 FX camera with Leica Firecam 

software. 

Statistical Analysis 

 All statistical analyses were performed in the R statistical programming 

environment version 2.8.0 [95]. For gene expression analyses, the total numbers of 

mRNA transcripts for 5 control and 5 target genes from the CAM were determined by 

RT-qPCR. To quantify relative expression of target genes, we divided each sample by a 

normalization factor to yield normalized quantities (copies/μL). Normalization factors 

were estimated as the geometric mean expression of 5 control genes using geNORM 

[88]. Samples displaying a non-specific melt curve were excluded from the analysis and 

account for differences in number of samples between genes. To analyze each target 

gene, we used linear mixed effects models (LMMs) to estimate the parameters for 

relative mRNA expression over the 6 day experiment. For each analysis, embryonic day 
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was treated as a fixed effect, and embryonic day, RT-qPCR plate, and sex of individuals 

were treated as random effects. Model assumptions were evaluated visually via 

examination of residuals and QQ plots and square-root transformations were performed 

when necessary to normalize errors (all genes were square root transformed except 

CYP17A1 which did not require transformation). Outliers were identified from residuals 

and QQ plots and removed from the study (note that inclusion of outliers did not change 

patterns of significance, but were excluded from the final analysis because they have a 

disproportionate influence on mean estimates and caused violations of normality). The 

assumption of homogeneity of variances was met for all genes except HSD3B1, which 

is likely due to the substantial changes in mean expression of HSD3B1 as the embryo 

developed. Thus for HSD3B1 variance was assumed to be a power of the estimated 

mean for each day and the exponent was estimated from the data as part of the 

estimation procedure [96]. 

 For in vitro tissue culture, I used the same analytical approach described above 

using a LMM to estimate P4 concentration in culture media. In this analysis treatment 

(precursor versus control) and time (hour) are fixed effects on P4 concentrations 

(pg/mL/g of CAM tissue) and day of dissection, egg, replicate and sex of individual were 

treated as random effects. P4 concentration was square root transformed and two 

outliers, the largest value for control at 4 hours (206) and the largest value for precursor 

at 8 hours (213) were excluded from the analysis as outliers. 
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Results  

The Chicken CAM has the Required Molecular Mechanisms to Perform 
Steroidogenesis and Synthesis of Progesterone 

 Cholesterol is required for the de novo synthesis of steroid hormones with 

steroidogenesis proceeding by the conversion of one steroid hormone to another by the 

action of specific enzymes [84]. To determine whether the oviparous CAM has the 

molecular mechanisms required for P4 synthesis, I examined mRNA expression of key 

steroidogenic enzymes in the steroid biosynthesis pathway [84, 97] (Figure 2-1). The 

relative levels and timing of mRNA expression were determined by harvesting CAM 

tissue, which forms on embryonic day 5, on embryonic days 8, 10, 12, 14, 16, and 18 

and performing quantitative real-time RT-PCR (RT-qPCR) of mRNA coding for 

steroidogenic acute regulatory protein (StAR), cytochrome P450 11A1 (CYP11A1), 

cytochrome P450, family 17, subfamily A, polypeptide 1 (CYP17A1), hydroxy-delta-5-

steroid dehydrogenase, 3 beta- and steroid delta-isomerase 1 (HSD3B1), and 

hydroxysteroid (17-beta) dehydrogenase 1 (HSD17B1).  

 I show the presence of steroidogenic enzyme mRNA in the CAM of an oviparous 

amniote (Figure 2-2). Overall, there was significant mRNA expression of StAR (F1, 

67=65.222, p< 0.0001), CYP11A1 (F1, 68=58.489, p<0.0001), and CYP17A1 (F1, 

66=80.004, p<0.0001); however, the level of expression did not change significantly 

between embryonic day 8 and 18 for several components of the steroidogenic pathway 

(StAR F5, 67=1.144, p=0.346), (CYP11A1 F5, 66=1.618, p=0.167), (CYP17A1F5, 66=1.787, 

p=0.128). In contrast, I observed a 464 fold increase in HSD3B1, which converts 

pregnenolone (P5) to P4, from day 8 to day 18 of development (F5, 68=89.282, 

p<0.0001). Detection of the steroidogenic enzymes required for the transport and 
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conversion of cholesterol to P4 identifies a molecular mechanism for achieving P4 

synthesis in the CAM. Additionally, the significant increase in HSD3B1 indicates that P4 

synthesis in the CAM potentially increases through development similar to that of the 

chorioallantoic placenta through pregnancy [84, 98]. 

 In contrast, HSD17B1 showed a significant decrease in expression, with mRNA 

expression decreasing to nearly zero by day 18 (F5, 68=16.027, p<0.0001), which could 

be associated with decreasing yolk androgens during development. Early in chick 

development, Elf and Fivizzani [99] reported high levels of androstenedione (A), 

testosterone (T), and dihydrotestosterone in the yolk, which decreased as development 

proceeds. They showed that yolk estradiol-17β remained constant through development 

until increasing on embryonic day 20, which is beyond the duration of our study. 

Because HSD17B1 is a key enzyme in the conversion between A and T [100] (Figure 2-

1), high levels of yolk A and T earlier in embryonic development could explain why 

HSD17B1 mRNA expression in the CAM was initially high and then decreased through 

time. This scenario suggests that the CAM utilizes a maternal source of androgens 

during development. Taken together, our results indicate that the chick CAM has the 

molecular mechanisms in place to perform steroidogenesis in general and P4 synthesis 

in particular. 

The Chicken CAM is Capable of In Vitro Progesterone Synthesis 

 Placental P4 synthesis in mammals is generally elevated from mid to late 

pregnancy [98]; therefore, to investigate P4 synthesis in the CAM, I harvested CAM 

tissue on embryonic day 18 and performed in vitro explant culture. Sections of CAM 

were incubated in culture media for 2, 4, or 8 hours either with or without cholesterol 

(plus cAMP) as a precursor. The concentration of P4 in the culture media was then 
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quantified by radioimmunoassay. If the CAM is steroidogenic, addition of the steroid 

hormone precursor (cholesterol) to the culture media should stimulate increased P4 

production. Indeed, our results showed a significant increase in concentration of P4 in 

the culture media following the addition of cholesterol precursor (F1, 58=46.917, 

p<0.0001) (Figure 2-3). Additionally, I observed a significant interaction between time of 

incubation and addition of precursor to the culture media (F2, 58=3.709, p= 0.0305). This 

result confirms that P4 synthesis can be induced in the chick CAM in the presence of a 

steroid hormone precursor. Further, I found that in the absence of precursor, the CAM 

produced a detectable level of P4 that did not change significantly during the assay 

(mean=34 pg/mL/g ±8.2 SEM, F2, 21=1.626, p=0.2205) (Figure 2-3) suggesting that the 

CAM can exhibit endogenous P4 synthesis, but under the in vitro conditions used here 

this synthesis is likely limited by the lack of precursor. In contrast, a decrease in P4 

concentration during the assay would have indicated that P4 detected at the first time 

point was perhaps the product of hormones leaching from this highly vascularized 

tissue. In sum, our results demonstrate that the chick CAM is capable of in vitro P4 

synthesis. At present, I am unable to comment on the bioavailability of cholesterol in the 

CAM under in vivo conditions as these data do not currently exist.  

The Chicken CAM is Capable of Responding to P4 Signaling Through the 
Progesterone Receptor 

 Finally, I examined the capability of the chick CAM to respond to P4 signaling 

through an appropriate hormone receptor. As in human [101], chick P4 receptor (PR) is 

predominately expressed in two isoforms, PR-A and PR-B [102]. In chicken, the mRNA 

sequences of these isoforms are identical with the exception that PR-B has an 

additional 128 amino acids located at the N-terminus [102]. To identify both PR isoforms 
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in the CAM, I designed primers that recognized the shared mRNA sequence (PR) and 

performed RT-qPCR to examine relative expression during development. I show that 

PR increased significantly through embryonic development (F5, 68=15.897, p<0.0001), 

demonstrating a 758% increase between embryonic day 8 and 18 (Figure 2-4A). I 

hypothesized that the observed increase in PR expression in the CAM could be due to 

autoregulation by P4 and/or upregulation by an estrogen.  

 If CAM PR is under autoregulation, i.e. P4 regulates its own synthesis, one might 

expect that as HSD3B1 and presumably P4 increases, a corresponding decrease in PR 

expression would result [103]. However in placental tissues, P4 has been shown to 

maintain and possibly upregulate PR in rats [76], and to significantly increase the 

expression of PR in humans [104]. Therefore, it is possible that an increase in HSD3B1 

and P4 could result in an increase in PR expression in the CAM. If CAM PR is 

upregulated by an estrogen, I might expect to see an upregulation of both chick PR 

[105] and estrogen receptor alpha (ESR1) [106]. Therefore, I examined ESR1 mRNA 

expression in the CAM and found that ESR1 increased by 307% between embryonic 

day 8 and 18 (F5, 66=14.432, p<0.0001) (Figure 2-4A) suggesting that an estrogen might 

play a role in PR regulation. 

 To determine if PR mRNA is translated at the level of the protein I performed 

immunolocalization of the nuclear PR with an antibody designed to recognize both 

chicken A and B isoforms [93]. I found PR to be localized to the nucleus predominately 

in the chorionic epithelium and in the epithelial cells of mesenchymal blood vessels 

(Figure 2-4B). Positive nuclear staining was also found in the allantoic epithelia and 
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mesenchyme. In total, mRNA expression and protein localization of PR in the CAM 

indicates that this tissue can modulate the activity of P4 during embryonic development. 

Discussion 

 Collectively, our study indicates that the chick CAM is steroidogenic and has the 

capability to both synthesize progesterone and receive progesterone signaling. By 

demonstrating mRNA expression of steroidogenic enzymes, I show that the chick CAM 

has the molecular mechanisms in place to perform steroidogenesis and biosynthesis of 

P4. I demonstrate that the CAM is capable of in vitro synthesis of P4 in the presence of 

a steroid precursor. Additionally, I show that the CAM is capable of modulating P4 

activity through the progesterone receptor.  

 In eutherian mammals, placental P4 plays a key role in the maintenance of 

pregnancy [72], timing of birth [73], and promotes growth of the embryo [74] and of the 

placenta itself [74-76]. Further, P4 has been observed to stimulate blood vessel 

proliferation [107] and maturation [108] in the mouse endometrium. Additionally, P4 has 

been suggested to play a role in human fetoplacental vascularization by regulating the 

proliferation of placental vascular smooth muscle cells [109] and through relaxation of 

placental blood vessels [110]. At present, I can only speculate on the role of P4 in the 

physiology of the CAM. I hypothesize that P4 in the oviparous CAM might be expected 

to serve similar roles as in eutherians contributing to the maintenance of embryonic 

development, timing of hatch, and growth of the embryo and of the CAM. Like the 

placenta, the CAM is a highly vascularized organ; therefore, I suggest that P4 might be 

involved in CAM blood vessel proliferation and maintenance. 

 Our findings represent a paradigm shift in evolutionary reproductive biology by 

indicating that steroidogenic activity of extraembryonic membranes is not a novel 
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characteristic of placental amniotes. Further, I hypothesize that endocrine activity of 

extraembryonic membranes might be an evolutionarily conserved characteristic of 

amniotes. If steroidogenic activity of extraembryonic membranes is evolutionarily 

conserved, then the endocrine role of the amniote placenta is likely to have evolved 

initially in an oviparous ancestor. 

 Our hypothesis that the extraembryonic membranes of amniotes are 

steroidogenic suggests an additional unifying characteristic of amniotes and has 

implications for evolutionary reproductive biology, particularly for the evolution of 

viviparity. It is currently estimated that within squamates (lizards and snakes) viviparity 

has independently evolved approximately 105 times [8]. In the transition from oviparity 

to viviparity in squamates, the period of time that eggs are retained within the uterus is 

increased and the thickness of the eggshell is decreased [14]. Eggshell reduction 

facilitates maternal-fetal gas exchange, but has also been proposed to function in the 

diffusion of chemical signals from the embryo to the mother in order to prolong gestation 

[14]. Thus, secretion of steroid hormones by the oviparous CAM could be important in 

establishing maternal recognition of pregnancy during the evolution of viviparity in this 

group. I suggest that evolutionary tinkering in the timing and spatial expression of 

steroidogenic genes in the CAM could lead to novel endocrine functions in 

communication with the maternal uterus; thus, facilitating the endocrine role of the 

chorioallantoic placenta. 
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Table 2-1. Chicken PCR primers used for RT-Quantitative real-time PCR 

Gene Direction Sequence (5’-3’) Annealing (C) 

RPL8 Sense  CAACCCCGAAACAAAGAAAA 62.4° 

 Antisense  ATACGACCTCCACCAGCAAC  

ACTB Sense  TGCGTGACATCAAGGAGAAG 60.9 

 Antisense  AGAGCTAGAGGCAGCTGTGG  

POLR2E Sense  ATCAACATCACGGAACACGA 60 

 Antisense  GCAGCTCCGTCACTTCTTCT  

GAPDH Sense  TATCTTCCAGGAGCGTGACC 60 

 Antisense  TCTCCATGGTGGTGAAGACA  

RPS13 Sense  AAAGGCTTGACTCCCTCACA 60 

 Antisense  ATGTTTGCGAACAGCAACAG  

StAR Sense  GCCAAAGACCATCATCAACC 61.6 

 Antisense  GACCAAAGCACTCAACAGCA  

CYP11A1 Sense  GGTGTCTACGAGAGCGTGAA 64.4 

 Antisense  GTTGCGGTAGTCACGGTATG  

CYP17A1 Sense  GACATCTTCCCCTGGCTACA 64.4 

 Antisense  CACAGTGTCCCCACAGAATG  

HSD3B1 Sense  TCTCCAGGAAGGAGGCTTTA 62.4 

 Antisense  GTAGAACTGCCCCCTGATGT  

HSD17B1 Sense  GAGAGGGACCACGGTGCTGAT 64.4 

 Antisense  AGTGGCGAACACTTTGAACC  

PR Sense CCCAGTCTCTAACGCAAAGG 65 

 Antisense  GCTCAATGCCTCGTAAAACA  

ESR1 Sense  GATAATAGGCGCCACAGCAT 62.9 

 Antisense  TAGTCGTTGCACACAGCACA  
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Figure 2-1. A simplified version of steroid biosynthesis highlighting the specific 
steroidogenic enzymes investigated. Filled boxes highlight the steroidogenic 
enzymes examined by RT-qPCR. Progesterone (P4) is highlighted as the 
focus of our study. First, the transport protein, StAR is needed to facilitate the 
movement of cholesterol from the outer to inner mitochondrial membrane. 
Cholesterol is then converted to pregnenolone by the action of CYP11A1. 
Pregnenolone can then be converted to either 17α-hydroxypregnenolone by 
CYP17A1 or to P4 by HSD3B1. P4 can either be a final product in this 
pathway or serve as a precursor in the synthesis of glucocorticoids, 
androgens, or estrogens. HSD17B1 functions in the inter-conversion of 
weaker and stronger androgens and estrogens and was included as a marker 
of upstream steroid enzyme activity [84, 97]. 
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Figure 2-2. Relative mRNA expression of steroidogenic enzymes in the chick CAM. RT-
qPCR analysis of mRNA coding for StAR, CYP11A1, CYP17A1, HSD3B1 and 
HSD17B1 on chick embryonic days 8, 10, 12, 14, 16, and 18 Data are 
reported as relative mRNA expression and represent mean normalized 
mRNA transcript number in copies/μL ± SEM. 
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Figure 2-3. Progesterone synthesis in the chick CAM. CAM sections were incubated in 
culture media for 2, 4, or 8 hours either with (circles) or without (squares) 
cholesterol (plus cAMP) as a precursor. Concentration of P4 in the culture 
media is represented as pg/mL of P4 per g of CAM tissue (pg/mL/g). To 
determine background and cross-reactivity of the P4 assay, controls 
consisting of only cholesterol and cAMP were incubated for 8 hours with an 
average P4 concentration of 0.337pg/mL/g ± 0.423 SEM (not shown). 
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Figure 2-4. PR and ESR1 mRNA expression and PR immunolocalization in the chick 

CAM. (A) RT-qPCR analysis of mRNA coding for PR and ESR1 on chick 
embryonic. Data are reported as relative mRNA expression and represent 
mean normalized mRNA transcript number in copies/μL ± SEM. (B, C), PR 
IHC of embryonic day 18 CAM. (B) PR positive section. Nuclear staining of 
PR is localized predominately to the chorionic epithelium (c), and epithelial 
cells of blood vessels (bv). Positive nuclear staining is also present in 
allantoic epithelium (a), and mesenchyme (m). (C) Negative control of 
corresponding CAM section incubated without primary PR antibody does not 
show specific nuclear staining. Scale bar represents 10 microns. 
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CHAPTER 3 
THE CHORIOALLANTOIC MEMBRANE OF THE AMERICAN ALLIGATOR 

(ALLIGATOR MISSISSIPPIENSIS) HAS THE CAPABILITY TO PERFORM STEROID 
BIOSYNTHESIS AND RESPOND TO STEROID HORMONE SIGNALING 

 The mammalian placenta is an endocrine organ that functions in the synthesis, 

transport and metabolism of numerous hormones, including steroid hormones during 

pregnancy [111]. Likewise, it is well established that the ability of the mammalian 

placenta to perform these steroidogenic functions is crucial for the survival, 

development and health of the developing embryo [112, 113]. More recently, it has been 

suggested that disruption of normal placental steroidogenesis not only affects the 

embryo during pregnancy, but can also have long lasting effects into adulthood, a 

condition referred to as the fetal or embryonic origins of adult disease [114, 115]. While 

it is now understood that steroidogenesis is a critical function of the placenta, the 

evolution of steroidogenesis in this organ is poorly understood. We have hypothesized 

previously, that the ability of the placenta to perform steroidogenesis likely evolved in 

the extraembryonic membranes of an oviparous ancestor [36, 116]. 

 Mammals, reptiles and birds compose the group of vertebrates known as 

amniotes. The formation of common extraembryonic membranes during development is 

a defining characteristic of this group and amniote extraembryonic membranes; amnion, 

allantois, chorion and yolk sac, share many structural and functional similarities across 

taxa due to their shared evolutionary ancestry [55]. Within amniotes, the chorioallantoic 

placenta evolved with the transition to viviparity (live-birth) from oviparity (egg-laying) 

and is a composite organ composed of a maternal and an embryonic contribution [4, 

36]. The maternal contribution to the placenta consists of uterine tissues, whereas the 

embryonic contribution consists of extraembryonic membranes [56]. The embryonic 
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components to the placenta are present in all amniotes, regardless of parity mode [36]. 

For instance, the apposition of chorion and allantois forms the chorioallantois, and this 

structure either lines the inner surface of the eggshell and is referred to as the 

chorioallantoic membrane (CAM) in oviparous amniotes or apposes to the maternal 

uterus and forms the chorioallantoic placenta in viviparous amniotes [14, 43]. Likewise, 

the yolk sac is present in all amniotes, but will appose to the maternal uterus and form 

the yolk sac placenta in some, but not all viviparous amniotes [14, 43].  

 Prior to the early 1900s, the mammalian placenta was considered to primarily 

function as an organ of protection, nutrient transfer, gas exchange and waste removal. 

An endocrine role for the mammalian placenta was first suggested by Joseph Halban in 

1905 (as cited in [6]) and for more than half a century an endocrine placenta was 

viewed as an exclusive trait of eutherian mammals. However, eutherian mammals are 

not the only amniotes that reproduce by viviparity and form a placenta. In fact, viviparity 

and placentation has evolved independently over 100 times within the squamate reptiles 

(lizards and snakes) [7, 8]. Although first described in the 1930s, the reptilian placenta, 

like its mammalian counterpart, was thought to act primarily in protection, nutrient 

transfer, gas exchange and waste removal but starting in the early 1980s, evidence of 

an endocrine role for the squamate placenta was obtained (for reviews, see [14, 36, 49]. 

Consequently, a steroidogenic placenta has now been documented in three species of 

viviparous lizards [21, 32, 77] indicating that a steroidogenic placenta is not an 

innovation of eutherian mammals [36]. 

 Steroid biosynthesis is a common characteristic of the mammalian placenta; 

however, the steroidogenic enzymes expressed and thus, the hormones synthesized by 
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the placenta varies among species [111]. That is, in many species the chorioallantoic 

placenta does not express all of the enzymes of the sex or stress steroid synthesis 

pathways. Steroid biosynthesis begins with cholesterol and proceeds by the conversion 

of one steroid hormone to another by the action of specific enzymes [84]. Progesterone 

(P4) biosynthesis is dependent on the steroidogenic enzyme, hydroxy-delta-5-steroid 

dehydrogenase, 3 beta- and steroid delta-isomerase 1 (HSD3B1), which converts 

pregnenolone (P5) to P4 [97]. Androgen biosynthesis requires cytochrome P450, family 

17, subfamily A, polypeptide 1 (CYP17A1) to convert P5 or P4 to 

dehydroepiandrosterone or androstenedione (A), respectively [97]. The biosynthesis of 

estrogens is dependent on the enzyme, cytochrome P450, family 19, subfamily A, 

polypeptide 1 (CYP19A1) to convert A or testosterone (T) to estrone or estradiol 17β 

(E2), respectively [97]. Despite species differences in the levels and timing of 

expression, most eutherian placentae also appear to be targets of the major classes of 

sex and stress hormones and typically exhibit expression of the nuclear steroid 

receptors, such as the progesterone receptor (PR) [117], androgen receptor (AR) [118], 

glucocorticoid receptor (GR) [119], estrogen receptor α (ESR1) [120] and estrogen 

receptor β (ESR2) [121]. 

 Currently, the extraembryonic membranes of oviparous amniotes are believed to 

function in the same primary roles that the placenta was assumed to perform before an 

endocrine role was discovered; i.e. protection, nutrient transfer, gas exchange and 

waste removal. Yet, it has now been established that both the maternal tissues and the 

extraembryonic membranes contribute to steroidogenesis in mammalian [71, 78, 79] 

and lizard [21] placentas. Therefore, one could hypothesize that the extraembryonic 
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membranes of oviparous amniotes, sharing a conserved evolutionary history, could also 

perform steroidogenesis. Recently, our laboratory reported that the extraembryonic 

membranes of one oviparous amniote, the CAM of the chicken (Gallus gallus), has the 

capability to synthesize and respond to the signaling of P4 ([116], Chapter 2). We 

demonstrated that the chicken CAM exhibited mRNA expression of steroidogenic 

enzymes involved in P4 biosynthesis, was capable of in vitro P4 synthesis, and 

exhibited mRNA and protein expression of the PR. This indicated that steroidogenic 

extraembryonic membranes are not an exclusive characteristic of viviparous amniotes 

and we hypothesized that steroidogenic extraembryonic membranes might be an 

evolutionarily conserved characteristic of all amniotes ([116], Chapter 2). 

 Here, I investigated our hypothesis by examining steroidogenesis in the CAM of 

another oviparous archosaurian amniote, the American Alligator (Alligator 

mississippiensis). If the alligator CAM is capable of steroidogenesis, then it should 

express the enzymes required for steroid hormone biosynthesis and the receptors 

required to respond to steroid hormone signaling. First, I investigated whether the 

alligator CAM demonstrates expression of mRNA coding for the nuclear receptor 5A1 

(NR5A1, also named steroidogenic factor-1), a key regulator of steroidogenesis [122] 

and HSD3B1, CYP17A1 and CYP19A1, the key steroidogenic enzymes involved in the 

synthesis of progestins, androgens and estrogens; respectively [97]. Second, I 

investigated if the alligator CAM demonstrates expression of mRNA coding for PR, AR, 

GR, ESR1 and ESR2, the key receptors responding to the signaling of progestins, 

androgens, glucocorticoids and estrogens, respectively [123]. In addition, I examined 

protein immunolocalization to determine if steroid receptor mRNA is translated to a 
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functional protein in the case of PR and ESR1. Further, I examined whether 

steroidogenic factor, enzyme and steroid receptor mRNA are expressed at the same 

levels in the alligator CAM or if there are differences in the relative levels of gene 

expression. 

 In crocodilians, sex is determined by incubation temperature during a critical 

window of embryonic development, referred to as the thermo-sensitive period (TSP). In 

the American alligator, the TSP occurs during the embryonic stages 21 to 24 [124] and 

eggs incubated at 33.0 to 33.5°C result in the development of a male gonad; whereas, 

eggs incubated at 30°C result in the development of female gonad [124, 125]. In the 

placenta, gene expression has been observed to change during the course of 

pregnancy [126, 127] and to be differentially expressed between male and female 

fetuses [128]. Therefore, I examined whether steroidogenic factor, enzyme and steroid 

receptor mRNA expression in the CAM changes between the: 1) three embryonic 

stages corresponding to the stages before, during and after the TSP of sex 

determination, or 2) incubation temperatures which give rise to male or female embryos.  

Materials and Methods 

Egg Collection and Sample Preparation 

 Fieldwork was conducted under permits from the Florida Fish and Wildlife 

Conservation Commission (#WX01310h). During the summer of 2007, 4 clutches of 

American alligator eggs were collected from nests located within Lake Woodruff 

National Wildlife Refuge (Deland, Florida) and were transported to the University of 

Florida for incubation. Within 48 hours of arrival, eggs were candled to assess viability 

and embryos from 2 to 3 eggs per clutch were used to determine the average 

embryonic stage of the clutch based on criteria described by Ferguson [129]. Eggs from 
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each clutch were then evenly distributed for incubation either at a female producing 

temperature (FPT) of 30°C or a male producing temperature (MPT) of 33°C. At 

embryonic stages 19, 23 and 25, CAMs were dissected away from the embryo and 

eggshell, washed in 1X phosphate buffered saline (PBS) and preserved for subsequent 

analysis.  

RNA Isolation and Reverse Transcription  

 Dissected CAM was stored in the RNA preservative, RNAlater solution (Ambion) 

at 4°C overnight and stored at -20°C until RNA isolation. Total RNA was isolated from 

CAM with TRIzol reagent (Invitrogen Life Technologies), purified with the SV Total RNA 

Isolation System (Promega), and reverse transcribed with the iScript cDNA Synthesis 

Kit (Bio-Rad). Total RNA was treated with ribonuclease-free deoxyribonuclease I 

(DNase I; Qiagen) to remove any genomic DNA contamination. Concentrations and 

quality of RNA samples were evaluated by measuring optical density with a NanoDrop 

ND-1000 (Thermo Scientific) and by formaldehyde gel electrophoresis. One μg of total 

RNA was reverse transcribed in 20 µL reaction and complementary DNA (cDNA) was 

stored at -20°C until RT-qPCR analysis. 

Real-time Quantitative Polymerase Chain Reaction (RT-qPCR) 

 RT-qPCR analysis was performed on CAM samples from eggs incubated at 

either the FPT or MPT at embryonic stages 19 (FPT n=8, MPT n=8), 23 (FPT n=8, 

MPT=10) and 25 (FPT n=12, MPT n=9). Complementary DNA was analyzed in triplicate 

by RT-qPCR amplification using an iCycler MyIQ Single Color Real-Time PCR 

Detection System (Bio-Rad). Each 15-μL DNA amplification reaction contained 10 mM 

Tris-HCl (pH 7.84), 50 mM KCl, 3 mM MgCl2, 200 μM dNTPs, 0.5% Tween-20, 0.8% 

glycerol, 2% DMSO, 200-fold dilution of SYBR Green (Invitrogen), 0.01 μM Fluorescein 
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Calibration Dye (Bio-Rad), 0.2 μM of each primer, 0.01 U/μL AmpliTag Gold DNA 

polymerase (Applied Biosystems) and 25-fold dilution of cDNA. RT-qPCR amplification 

conditions included an enzyme activation step of 95°C (8 min) followed by 40 cycles 

(internal control genes) or 50 cycles (target genes) of 95°C (15 sec) and a primer 

specific combined annealing/extension temperature (1 min). The specificity of 

amplification was confirmed by melt-curve analysis. RT-qPCR has been used in 

previous studies to measure mRNA expression levels of each of our target genes in the 

American alligator [130-134]. Primer pairs were combined and diluted to a final 

concentration of 10 μM. Primer sequences, annealing/extension temperatures and 

GenBank accession number or reference are reported in Table 3-1.  

 Triplicate data for each gene were averaged and mRNA expression levels of the 

steroidogenic factor (NR5A1), steroidogenic enzymes (CYP17A1, HSD3B1 CYP19A1) 

and steroid receptors (PR, AR, GR, ESR1, ESR2) were determined by the absolute 

quantification method [87]. In brief, copy numbers were calculated from the cycle 

threshold (Ct) value by the linear regression of an absolute standard curve. Absolute 

standard curves for each target gene were generated from a plasmid containing the 

amplicon of interest at known concentrations as previously reported in ([116], Chapter 

2) (see cloning section below). Controls lacking cDNA template were included on every 

RT-qPCR plate to determine the specificity of target cDNA. Additionally, to confirm that 

target cDNA was not contaminated by genomic DNA, RT-qPCR was performed with 

RPL8 primers on the RNA isolated from every sample.  

RT-qPCR Normalization 

 To normalize mRNA expression levels, RT-qPCR was performed on all samples 

with three internal control genes: actin, beta (ACTB), 18S ribosomal RNA (RN18S1), 
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and ribosomal protein L8 (RPL8). For comparisons of embryonic stage effects within an 

incubation temperature, all samples were normalized using RN18S1 expression. Data 

are reported as relative expression and represent mean normalized mRNA transcript 

percentage in (% of RN18S1). For comparisons of incubation temperature effects within 

each embryonic stage, all samples were normalized using ACTB expression. Data are 

reported as relative expression and represent mean normalized mRNA transcript 

percentage in (% of ACTB).  

Cloning and Sequencing of Plasmids 

 RT-qPCR of pooled cDNA was used to generate a PCR product for each primer 

set and amplified PCR products were separated on a 2% agarose gel and visualized by 

ethidium bromide on a Gel Doc EQ with Quantity One 4.6 software (Bio Rad). RT-qPCR 

products were purified by Wizard® SV Gel and PCR Clean-Up System (Promega) and 

purified samples were confirmed by electrophoresis on a 2% agarose gel. PCR 

products were cloned into a pGEM®-T Vector System (Promega). Plasmid DNA was 

purified using the Wizard® Plus SV Minipreps DNA Purification System (Promega) and 

sequenced on an ABI PRISM® 3100 Genetic Analyzer (Applied Biosystems) using a 

BigDye® Terminator v3.1 Cycle Sequencing Kits (Applied Biosystems). The specificity of 

cloned DNA was confirmed using BLAST against sequences available in Genbank. 

Clone DNA concentration was quantified by NanoDrop™ ND-1000, converted to 

copies/μL, and serially diluted in a solution containing 50 mM Tris-HCl (pH 8.3), 75 mM 

KCl, 3 mM MgCl2, and 5 μg/mL of tRNA. 

Immunohistochemistry and Microscopy 

 Dissected CAM was fixed in 4% paraformaldehyde at 4°C overnight. Tissues 

were washed in 1X PBS and stored in 75% ethanol at 4°C. CAMs were dehydrated, 
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paraffin embedded and sectioned at 8 microns. Tissue sections were deparaffinized in 

citrosolv and rehydrated through graded concentrations of ethanol to dionized water. 

Immunohistochemistry was performed using the Vectastain® Universal Quick Kit, 

R.T.U. (Vector Laboratories) with the following modifications: for antigen retrieval, slides 

were autoclaved for 30 min in 10 mM sodium citrate buffer (pH 6.0). Sections were 

treated with 3% hydrogen peroxide for 20 min at room temperature, blocked in normal 

horse serum (NHS) for 1h, and treated with the Avidin Biotin blocking kit (Vector 

Laboratories). Between all incubation steps, slides were washed in 0.1 M Tris buffered 

saline (TBS, pH 7.6) (5 min), 0.1 M TBS containing 0.2% Tween 20 (5 min), and again 

in TBS (5 min). CAM sections from stage 19 (n=3), stage 23 (n=2) and stage 25 (n=3) 

were incubated at a 1:50 dilution of mouse monoclonal anti- progesterone receptor 

antibody (Ab-8) or a 1:1000 dilution of mouse monoclonal anti-estrogen receptor (Ab-

10), Thermo Scientific. Sections were treated with 3, 39-diaminobenzidine (Vector 

Laboratories) for 1.5 min for PR or 30 sec for ESR1 and washed in running tap water for 

5 min. A control section receiving normal horse serum in place of primary antibody was 

included on every slide. Slides were dehydrated, cleared and mounted with Permount™ 

mounting media (Fisher Scientific). Sections were imaged using an Olympus BX60 

microscope under differential inference contrast (DIC) and Zeiss AxioCAM MR3 camera 

with Zeiss AxioVision LE 4.8.2 software. 

Statistical Analysis 

 All statistical analyses were performed in the R statistical programming 

environment version 2.13.1 [95]. For gene expression analyses, the total numbers of 

mRNA transcripts for 3 internal control and 9 target genes from the CAM were 

determined by RT-qPCR. For internal control gene analysis, I used linear mixed effects 
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models (LMMs) to estimate mRNA expression. In these analyses embryonic stage and 

incubation temperature were fixed effects on mRNA expression and RT-qPCR plate 

was treated as a random effect. Model assumptions were evaluated visually via 

examination of residuals and QQ plots and log or square-root transformations were 

performed when necessary to normalize errors. 

 To quantify relative expression of target genes, I normalized each sample to 

RN18S1 expression for comparisons of embryonic stage effects within an incubation 

temperature and to ACTB expression for comparisons of incubation temperature effects 

within each embryonic stage. I used two different normalization genes for these 

analyses because I was unable to isolate a single control gene that was unaffected by 

both incubation temperature and embryonic stage, see results section for further 

explanation. I used LMMs to compare relative mRNA expression for the three 

embryonic stages. In these analyses, embryonic stage was treated as a fixed effect, 

and RT-qPCR plate and maternal clutch were treated as random effects. Inclusion of 

maternal clutch; however, did not significantly reduce model deviance and was 

excluded from the model for all genes except NR5A1 and CYP17A1 at the FPT. Model 

assumptions were evaluated visually via examination of residuals and QQ plots and log 

or square-root transformations were performed when necessary to normalize errors. 

Outliers were identified from residuals and QQ plots and removed from the study (note 

that inclusion of outliers did not change patterns of inference, but were excluded from 

the final analysis because they have a disproportionate influence on mean estimates 

and caused violations of normality). The assumption of homogeneity of variances was 

met for all genes. Two samples were lost in preparation for the RT-qPCR run of NR5A1 
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and account for the difference in the number of starting samples for NR5A1 as 

compared to the other genes. 

 To analyze each target gene for incubation temperature effects within an 

embryonic stage, I used unpaired, two-sided Student’s t-test to compare means from 

CAMs incubated at the FPT to means from CAMs incubated at the MPT within each 

embryonic stage. Assumptions of normality were evaluated with a two-sided F-test and 

log transformations were performed when necessary to normalize errors. In the event 

that error structure could not be normalized by transformation as was the case in ESR1 

at embryonic stage 23, the Welch (Satterthwaite) approximation for the effective 

degrees of freedom was used.  

Results  

Internal Control Expression among Embryonic Stages and between Incubation 
Temperatures 

A significant change was observed in each of our internal control genes 

associated with developmental conditions, either among embryonic stages or between 

incubation temperatures. I found that both ACTB and RPL8 expression was different 

among embryonic stages, but neither ACTB nor RPL8 were differentially expressed 

between incubation temperatures (Figure 3-1). In contrast, RN18S1 expression was not 

different among embryonic stages, but was differentially expressed between the two 

incubation temperatures (Figure 3-1). In an attempt to correct for this problem, the 

geometric mean was calculated according to geNORM [88], which generated a 

normalization factor (NF) for each sample. Unfortunately, the NF was also different 

among embryonic stages as well as between incubation temperatures (Figure 3-1). Due 

to these limitations, I was unable to perform multiple comparisons between embryonic 
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stages and incubation temperatures and was confined to making comparisons of 

incubation temperature effects within each embryonic stage and embryonic stage 

effects within each incubation temperature. 

Steroidogenic Factor, Enzyme and Steroid Receptor Expression among 
Embryonic Stages 

 I identified for the first time, the presence of steroidogenic factor and enzyme 

mRNAs in the CAM of an oviparous reptile. At both the female and male producing 

temperatures, mRNA expression levels of steroidogenic factor and enzymes exhibited 

the general pattern NR5A1 > HSD3B1 ≈ CYP17A1 > CYP19A1. At all three stages, 

NR5A1 was the highest expressed factor and CYP19A1 was the lowest expressed 

enzyme, whereas HSD3B1 and CYP17A1 were expressed at similar relative levels 

(Figure 3-2, Figure 3-3).  

 The effect of embryonic stage on the level of steroidogenic factor and enzyme 

mRNA in the alligator CAM was examined at the two incubation temperatures. At both 

incubation temperatures, there was significant mRNA expression of the steroidogenic 

factor and enzymes (Table 3-2). At the female producing temperature (FPT), the level of 

expression did not change significantly among embryonic stages for CYP19A1 (Figure 

3-2). However, mRNA expression of NR5A1 decreased 2.6 fold, HSD3B1 decreased 

7.5 fold and CYP17A1 decreased 6.5 fold between embryonic stages 19 and 25 (Figure 

3-2). At the male producing temperature (MPT), mRNA expression of NR5A1 decreased 

2.4 fold, HSD3B1 decreased 9 fold and CYP17A1 decreased 4.5 fold between 

embryonic stage 19 and 25 (Figure 3-3). In contrast, CYP19A1 expression increased 

1.5 fold between embryonic stage 19 and 25 (Figure 3-3).  
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 Additionally, I show for the first time the presence of steroid receptor mRNAs in 

the CAM of an oviparous reptile. At both incubation temperatures and all three 

embryonic stages, the mRNA expression levels of steroid receptors exhibited the 

pattern GR > ESR1 > PR > AR > ESR2 (Figure 3-4, Figure 3-5). GR was the most 

highly expressed steroid receptor and ESR2 was the lowest expressed receptor, ESR1 

exhibited the second highest level of relative expression and was expressed at 

approximately an order of magnitude higher than PR and AR, which had similar relative 

levels of expression, but with PR > AR (Figure 3-4, Figure 3-5).  

 At both incubation temperatures there was significant expression of steroid 

receptor mRNA (Table 3-2). At the FPT, the level of expression did not change 

significantly among embryonic stages for PR (Figure 3-4); however, mRNA expression 

of AR decreased 3.8 fold and GR and ESR1 both decreased 2 fold between embryonic 

stage 19 and 25; whereas, ESR2 expression increased 12.3 fold between embryonic 

stage 19 and 25 (Figure 3-4). At the MPT, the expression of ESR1 did not change 

significantly among embryonic stages (Figure 3-5). However, the expression of PR 

decreased 1.8 fold, AR decreased 4 fold and GR decreased 2.8 fold between 

embryonic stage 19 and 25; whereas, ESR2 increased 2 fold between embryonic 

stages 19 and 23 (Figure 3-5).  

Steroidogenic Factor, Enzyme and Steroid Receptor Expression between 
Incubation Temperatures 

 Next, I examined the effect of incubation temperature on the level of mRNA 

expression at three embryonic stages. At embryonic stage 19, the expression of 

CYP17A1 and CYP19A1 was not different between CAMs incubated at the FPT or MPT 

(Table 3-3). However, NR5A1 expression was 1.5 fold greater and HSD3B1 expression 
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was 2.8 fold greater in CAMs incubated at the MPT than at the FPT (Table, 3-3, Figure 

3-6). Additionally at stage 19, the expression of AR, GR and ESR1 was not different 

between CAMs incubated at the FPT or MPT (Table 3-3), whereas PR expression was 

1.3 fold greater and ESR2 expression was 4 fold greater in CAMs incubated at the MPT 

than at the FPT (Table, 3-3, Figure 3-6).  

 At embryonic stage 23, the expression of steroidogenic factor and enzyme 

mRNA was not different between CAMs incubated at the FPT or the MPT (Table 3-3). 

Likewise, the expression of PR, AR and ESR2 was not different between the incubation 

temperatures (Table 3-3). However, GR expression was 1.4 fold greater and ESR1 

expression was 1.9 fold greater in CAMs incubated at the FPT than the MPT (Table 3-3, 

Figure 3-7).  

 Finally, at embryonic stage 25, expression of steroidogenic factor and enzymes, 

as well as the expression of steroid receptor mRNAs was not different between CAMs 

incubated at the FPT or the MPT (Table 3-3).  

PR and ESR1 Immunolocalization 

 For two of the steroid receptors, I sought to determine if PR and ESR1 mRNA 

was translated to protein. I performed immunolocalization of the nuclear PR and ESR1 

and observed that both PR (Figure 3-8) and ESR1 (Figure 3-9) were predominately 

localized to the nucleus in the chorionic and allantoic epithelium and in the epithelial 

cells of mesenchymal blood vessels. Positive nuclear staining of both PR and ESR1 

was also present to a lesser degree in the mesenchyme.  

Discussion 

 All amniote embryos form common extraembryonic membranes during 

development, thus studies of steroidogenesis in the chorioallantoic membrane from 
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oviparous vertebrates can increase our understanding of how the chorioallantoic 

placenta evolved as an endocrine organ. Albergotti et al. ([116], Chapter 2) were the 

first to evaluate the presence of steroidogenic enzymes in the CAM of an oviparous 

amniote and found that the chicken CAM exhibited mRNA expression of steroidogenic 

acute regulatory protein (StAR) ,cytochrome P450 11A1 (CYP11A1), HSD3B1, 

CYP17A1 and hydroxysteroid (17-beta) dehydrogenase. Like the chicken, the alligator 

CAM exhibited mRNA expression of HSD3B1 and CYP17A1. In addition, I have shown 

the expression of mRNA coding for CYP19A1 and the steroidogenic factor, NR5A1, for 

the first time in the CAM of an oviparous amniote. The presence of steroidogenic factor 

and enzyme mRNAs supports our hypothesis that the alligator CAM has the potential at 

the molecular level to regulate and synthesize steroid hormones. NR5A1, belongs to the 

steroid receptor family of transcription factors and is considered a master regulator of 

steroidogenesis [122]. In the alligator CAM, NR5A1 was more highly expressed than 

any of the steroidogenic enzymes examined, suggesting a role for NR5A1 in the 

regulation of steroidogenesis in this tissue. HSD3B1 and CYP17A1 were expressed at 

greater relative levels than CYP19A1, possibly suggesting that the CAM synthesizes 

progestins and androgens at a higher level than estrogens.  

 In eutherian placentae, it is typical to see differences in the steroidogenic factors 

and enzymes expressed and species-related differences are evident in the expression 

of HSD3B1, CYP17A1 and CYP19A1 as well as the corresponding hormones 

synthesized [111]. HSD3B expression and the ability to synthesize P4 appear to be a 

fundamental characteristic of steroidogenic placentae (except canine) [127, 135-137], 

although the timing and level of expression varies and species differences are evident in 
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the isoforms of HSD3B expressed in the placenta [97]. CYP17A1 expression and 

androgen biosynthesis is present in the placenta of some species, such as rat, pig, 

sheep and cow [126, 135, 136, 138, 139]; but is lacking in the horse, baboon and 

human placenta, requiring these species to utilize a non-placental source of androgens 

for placental synthesis of estrogens [72, 111, 140]. Expression of CYP19A1 and the 

ability to synthesize estrogens is found in the placenta of human, horse, cow, pig and 

sheep; however, CYP19A1 and estrogen biosynthesis is lacking in the mouse and rat 

placenta [135, 139, 141, 142]. Given that eutherian placentae vary in how 

steroidogenesis is accomplished and what steroid hormones are synthesized, it is not 

surprising that the alligator CAM would also reflect differences in the relative levels of 

steroidogenic enzymes expressed and the potential steroid hormones synthesized. 

 Albergotti et al.([116], Chapter 2) reported the presence of steroid receptors in 

the CAM of an oviparous amniote; that is, they found that the chicken CAM exhibited 

both mRNA and protein expression of the PR and mRNA expression of ESR1. Like the 

chicken, PR and ESR1 mRNAs were present in the alligator CAM and I have also 

shown mRNA expression of AR, GR and ESR2 for the first time in an oviparous CAM, 

which supports our hypothesis that the oviparous CAM has the molecular capability to 

respond to steroid hormone signaling. In addition, I have demonstrated that mRNA is 

translated to the protein level for at least two of the steroid receptors examined, PR and 

ESR1.  

 I observed that GR was the most highly expressed steroid receptor with average 

expression an order of magnitude higher than ESR1. ESR1, which demonstrated the 

second highest level of expression was an order of magnitude higher than PR and AR, 
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which had similar levels of relative expression, but with PR > AR. ESR2 was also 

present in the alligator CAM, but was expressed at relatively low levels. The levels of 

steroid receptor expression found here could reflect the relative importance of the 

alligator CAM to be able to respond to glucocorticoids, estrogens, progestins and 

androgens, respectively. However, it is well established that transcription does not 

always reflect translation to functional protein. As with the steroidogenic factor and 

enzymes reported above, future work has to examine the translation of mRNAs into 

active proteins before we can establish function or signal reception in the CAM tissues 

of the American alligator. Unfortunately, there is very little known about how the relative 

levels of steroidogenic factor, enzyme and steroid receptor mRNA compare to one 

another in the placenta. Many studies have identified the presence of or quantified the 

expression of one or two of these factors in a single study, but to the best of my 

knowledge, a comparison of the relative levels of mRNA as undertaken here in the CAM 

has not been conducted in placental tissues.  

 In the placenta, GR in conjunction with the placental enzyme, 11 -hydroxysteroid 

dehydrogenase (11  HSD), which catalyzes the interconversion of biologically active 

and inactive glucocorticoids, are important regulators of glucocorticoid action [119]. 

Glucocorticoids have been shown to be influence placental gene expression [143-145], 

placental and fetal growth [145], placental vascularity [146] and timing of birth [147]. 

During pregnancy, the human placenta synthesizes increasing concentrations of E2 and 

P4 [117]. E2 acting through ESR1 has been suggested to promote normal placental 

development [120] and both ESR1 and ESR2 appear to play a role in human 

trophoblast differentiation [121]. E2 also plays a role in the regulation of placental P4 
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synthesis, which occurs in conjunction with autoregulation by P4 itself, acting through 

PR [117, 148]. P4 is not only instrumental in the maintenance of pregnancy [72] and 

timing of parturition [73], but has also been shown to promote placental [74, 75] and 

fetal [74] growth and is suggested to play a role in human fetoplacental vascularization 

[109, 110]. AR mediated actions of androgens on the placenta remain speculative at 

this point in time; however, recent work has demonstrated the presence of AR mRNA 

and protein in human placenta and also noted that AR mRNA expression is increased in 

placentae from preeclamptic pregnancies [118]. Currently, I can only speculate on the 

role of steroid hormones in the physiology of the alligator CAM. I hypothesize that 

steroid hormones might have similar roles as in eutherians and act to regulate gene 

expression, influence differentiation, development, growth and vascularization of the 

CAM as well as play a potential role in the maintenance of embryonic development, 

timing of hatch and growth of the embryo. 

 Placental gene expression has been observed to change with development [126, 

127] and fetal sex [128]; therefore, I investigated whether steroidogenic factor, enzyme 

and steroid receptor mRNA expression in the CAM changes among the embryonic 

stages corresponding to before, during and after the TSP or the incubation 

temperatures which give rise to either a male or female embryo. Overall, I found that all 

of the genes examined changed among the embryonic stages of our study either at one 

or both of the incubation temperatures (Figure 3-2 through Figure 3-4) and several 

genes were expressed differently between incubation temperatures (Figure 3-6, Figure 

3-7) suggesting that steroidogenic factor, enzyme and steroid receptor mRNA 

expression is affected by conditions, such as developmental stage and temperature. 
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With the exception of CYP19A, which increased in expression between stage 19 and 25 

in CAMs incubated at the MPT and ESR2, which increased in expression between 

stage 19 and 25 in CAMs at both incubation temperatures, all of the genes exhibiting 

significant changes among embryonic stages showed decreased expression at stage 25 

relative to stage 19 or 23. This general pattern of decreased gene expression at stage 

25 suggests that the CAM could shut down steroidogenesis at this point in embryonic 

development. The staging system used for the alligator (and many other species) is 

based on the accumulation of morphological traits and the stage numbers used are 

somewhat deceiving as they imply a linear time scale. However, alligator developmental 

stages are not linear in terms of the embryonic days between each stage [149]. Stage 

25 is late in the developmental process and since this tissue will be discarded at hatch, 

the CAM could shut down steroidogenesis or even processes in general ,as evident 

from decreased expression of ACTB and RPL8 at stage 25 (Figure 3-1).  

 I note that our results showing either no change in expression among embryonic 

stages or decreased mRNA expression at stage 25 relative to stage 19 or 23 are 

different than our previous report on the chicken CAM, in which expression of HSD3B1, 

PR and ESR1were found to increase between day 8 and 18 of development [116]. One 

possible explanation for this discrepancy is that our study did not survey gene 

expression across embryonic development in the same manner as in the chicken CAM, 

which examined expression on a linear time scale of days rather than by stages and 

spanned the days immediately following the formation of the CAM to right before hatch, 

making it difficult to directly compare the patterns of expression between these two 

studies. Despite these distinctions; however, it does appear that the chicken and 
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alligator CAM could differ in the developmental expression of these genes. We have 

limited developmental data on embryonic plasma concentrations of steroid hormones in 

the American alligator. However, it has been shown that plasma concentrations of P4 

are highest around the TSP period (stages 21.5 to 22.5 for males; 20 to 23.5 for 

females), declining thereafter and remaining low for the second half of incubation [150]. 

This pattern is in stark contrast to embryonic plasma P4 in the chicken, which steadily 

increases from day 9 to day 20 [151] and could possibly account for the differences I 

observed between alligator and chicken CAM expression of HSD3B1 and PR. 

 The placenta has historically been viewed as an asexual organ; however, a 

growing number of studies are reporting sexually dimorphic patterns of placental gene 

expression between male and female fetuses (as reviewed in [152]). For example, Mao 

et al. (2010) [153] reported that murine placental expressions of several isoforms of 

HSD3B as well as ESR1 are influenced by fetal sex and maternal diet. Within the same 

dietary groups, ESR1 was upregulated in female placentae relative to male placentae 

and Hsd3b5 was upregulated in male placentae relative to adjacent female placentae 

[153]. At the embryonic stage immediately prior to the TSP, I observed that the alligator 

CAM exhibited a temperature dependent pattern of expression of NR5A1, HSD3B1, PR 

and ESR2 with CAMs incubated at the MPT showing higher levels of expression than 

those incubated at the FPT (Figure 3-6). Additionally, I found that during the TSP, the 

alligator CAM showed a temperature dependent pattern of expression of GR and ESR1 

with CAMs incubated at the FPT showing higher levels of expression than those 

incubated at the MPT (Figure 3-7).  
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 While the underlying molecular mechanisms of temperature sex determination 

(TSD) remain unresolved, it has been suggested that temperature can either directly or 

indirectly stimulate or suppress the expression of steroidogenic factors, enzymes and 

steroid receptors [154-157] that could play a role in TSD. Because sex has yet to be 

determined at embryonic stage 19 in the alligator, the temperature dependent 

expression that I observed at this stage could simply be a direct or indirect result of 

incubation temperature, i.e., the higher temperature of the MPT enhanced CAM 

expression of NR5A1, HSD3B1, PR and ESR2 or it could suggest that embryo 

physiology is different between embryos fated to develop as male or female prior to the 

stage of actual gonadal differentiation. Likewise, the temperature dependent expression 

of ESR1 and GR observed in the CAM during the period of sex determination could 

again simply be a result of incubation temperature or it could reflect a sexually 

dimorphic pattern of gene expression in this tissue, but at this time I am unable to 

distinguish between these possibilities.  

 Our study demonstrates that the oviparous alligator CAM has the molecular 

mechanisms in place to perform biosynthesis of progestins, androgens and estrogens. I 

have not demonstrated; however, that the alligator CAM has the molecular mechanisms 

to perform de novo steroid synthesis, which would require demonstration of STAR [158] 

and CYP11A1 [97]. Albergotti and Guillette [36] suggested a model for the evolution of 

endocrine function in the reptilian yolk sac and CAM in which the CAM evolved the 

ability to biotransform yolk steroids as well as synthesize steroid hormones de novo. It is 

well established that the yolk of oviparous amniotes is a rich source of maternally 

derived steroid hormones [159]. While the majority of studies have focused on the 
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abundance and distribution of A, T and E2 in the yolk, recent work has indicated that P4 

is present in considerably greater concentrations than both E2 and T in American 

alligator yolk [160]. Typically, yolk steroid concentrations are initially high and then begin 

to decline at some point during embryonic development [99, 161, 162]. Yolk P4 

concentrations are highest at oviposition and then decline through embryonic 

development in the red-eared slider turtle (Trachemys scripta) [161]. Yolk A, T and E2 

concentrations are relatively stable between embryonic stage 16 to 21 in the American 

alligator, but then decline dramatically in subsequent stages [163]. If the CAM is indeed 

capable of converting maternal yolk hormones, then decreasing yolk steroids through 

development could result in decreased substrate available for these processes.  

 In addition to maternal yolk steroids, another possibility is that the CAM is 

utilizing hormones synthesized by the embryo. In contrast to yolk steroids, which are 

present at high concentrations at ovulation, the embryo doesn’t begin synthesizing 

steroid hormones until after gonadogenesis [164, 165]. Here, I have discussed yolk and 

embryo as “sources of precursors” as if they were independent entities; however, the 

yolk sac, embryo and CAM are all connected through circulation and the more realistic 

picture is that there is significant interplay and transfer of chemical messengers 

between the “individual” compartments [36]. The fact that the oviparous CAM expresses 

steroidogenic enzymes, which could play a role in converting yolk steroids, raises some 

interesting possibilities. Currently, it is still not fully understood how steroids are 

mobilized from the yolk to the embryo, and how and where yolk steroids are 

metabolized and exert their actions [159]. Despite numerous studies documenting a 

decrease in yolk steroids during embryonic development, the explanation for this 
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phenomenon remains to be elucidated [159, 166]. Recently, Paitz et al. showed that 

whole egg hormone concentrations in European starlings (Sturnus vulgaris) decline 

during embryonic development and that exogenous T in the yolk was metabolized by 

yolk – albumen - extraembryonic membrane homogenates, supporting a hypothesis that 

a decrease in yolk steroid concentrations is due to metabolism rather than dilution by or 

leaching to the albumen [167].  

 I hypothesize that the CAM plays a role in the biotransformation of steroid 

hormones deposited in the yolk and synthesized by the embryo. Steroid metabolism in 

the eutherian placentae facilitates the regulation of maternal and fetal hormone 

environments and the placenta is commonly thought of as a “barrier” that metabolizes 

active hormones to inactive metabolites to prevent the diffusion of potentially harmful 

hormones between the mother and fetus. However, metabolism of biologically inactive 

steroid metabolites to their active forms is also an important feature of the placenta. For 

example, estrogen sulfotransferase in the placenta catalyzes the sulfoconjugation of 

active estrogens and renders them hormonally inactive [112, 168]; whereas, steroid 

sulfatase catalyzes the hydrolysis of inactive, conjugated steroids and converts them 

into biologically active hormones [112, 169]. It was recently reported that estrogen 

sulphotransferase activity is increased in the yolk and extraembryonic membranes of 

the red-eared slider turtle [162] during the period of incubation when yolk E2 

concentrations have been observed to decline naturally [162] and radioactive labeled 

E2 was shown to be converted to a water-soluble metabolite [170]. From these 

observations, the authors suggested “that the extra-embryonic membranes of oviparous 
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amniotes may serve an important role in metabolizing maternal steroids, just as they do 

in placental mammals [167]. 

 The chicken ([116], Chapter 2) and alligator studies suggest that at the molecular 

level, the oviparous CAM of archosaurs shares the ability to synthesize steroid 

hormones. In addition, these two studies suggest that at the molecular and protein level, 

the archosaurin CAM shares the ability to respond to steroid hormone signaling. 

Collectively, our findings support the hypothesis that steroidogenesis and steroid 

hormone signaling of extraembryonic membranes could be an evolutionary conserved 

characteristic of amniotes. However, more work is needed and future studies should 

attempt to investigate protein and functional levels of steroid biosynthesis and steroid 

hormone signaling in oviparous extraembryonic membranes. 
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Table 3-1. Alligator PCR primers used for RT-Quantitative real-time PCR 

Gene Direction Sequence (5’-3’) 
Annealing 
(C) 

GenBank 
accession  
number or 
reference 

ACTB Sense  ATGAGGCCCAAAGCAAAAGA 60 DQ421415 

 Antisense  CCCAGTTGGTGACAATGCC   

RN18S1 Sense  GTCCGAAGCGTTTACTTTGA 59.2 AF173605.1 

 Antisense  TCTGATCGTCTTCGAACCTC   

RPL8 Sense  GGTGTGGCTATGAATCCTGT 62.9 Katsu et al. (2004) 

 Antisense  ACGACGAGCAGCAATAAGAC   

NR5A1 Sense  CAGTCTCGAATGTGAAATACCTGGA 66.4 AF180296 

 Antisense  CGCGTTGGCCTTCTCCT   

CYP17A1 Sense  CCAGAAAAAGTTCACCGAGCAC 62.9 DQ007997 

 Antisense  CGGCTGTTGTTGTTCTCCATG   

HSD3B1 Sense  GTGATCCCATCTGCAATGGTG 60 Milnes et al. (2008) 

 Antisense  CCATCTGCCTTCAGGACATGTT   

CYP19A1 Sense  CAGCCAGTTGTGGACTTGATCA 62 AY029233 

 Antisense  TTGTCCCCTTTTTCACAGGATAG   

PR Sense  AAATCCGTAGGAAGAACTGTCCAG 67.5 AB115911 

 Antisense  GACCTCCAAGGACCATTCCA   

AR Sense  TGTGTTCAGGCCATGACAACA 66.5 AB186356 

 Antisense  GCCCATTTCACCACATGCA   

GR Sense  AAAAAACTGTCCCGCATGCC 66.5 AF525750 

 Antisense  CGTTGGACTGCTGAATTCCTTT   

ESR1 Sense AAGCTGCCCCTTCAACTTTTTA 66.5 AB115909 

 Antisense  TGGACATCCTCTCCCTGCC   

ESR2 Sense  AAGACCAGGCGCAAAAGCT 65 AB115910 

 Antisense  GCCACATTTCATCATTCCCAC   
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Table 3-2. Statistic summary of RT-Quantitative real-time PCR on the alligator CAM at 
three embryonic stages. 

Gene 
Incubation 
temperaturea 

Expression of 
mRNAb 

Expression among 
embryonic stagesb 

Expression 
between stages 

NR5A1 FPT F1, 13= 4349.97, *** F2, 13= 6.18, ** 19>25 

HSD3B1  FPT F1, 22= 100.4, *** F2, 22= 8.72, ** 19>25 

CYP17A1 FPT F1, 14= 6687.67, *** F2, 14= 37.87, *** 19>25 

CYP19A1 FPT F1, 23= 9679.71, *** F2, 23= 0.3, ns ns 

NR5A1 MPT F1, 21= 13533.94, *** F2, 21= 7.21, ** 19>25 

HSD3B1  MPT F1, 21= 176.09, *** F2, 21= 23.98, *** 19>25 

CYP17A1 MPT F1, 21= 2637.19, *** F2, 21= 18.24, *** 19>25 

CYP19A1 MPT F1, 22=34.34, *** F2, 22=3.81, * 19<25 

PR FPT F1, 23= 11665.37, *** F2, 23= 2.0, ns ns 

AR FPT F1, 23= 6082.12, *** F2, 23= 10.76, *** 19>25 

GR FPT F1, 23= 7670.70, *** F2, 23= 7.66, ** 19>25 

ESR1 FPT F1, 22= 269.03, *** F2, 22= 5.55, * 19>25 

ESR2 FPT F1, 22 =94.51, *** F2, 22 =8.01, ** 19<25 

PR MPT F1, 22= 18703.15, *** F2, 22= 7.21, ** 19>25 

AR MPT F1, 22= 2390.45, *** F2, 22= 10.75, *** 19>25 

GR MPT F1, 22= 41.94, *** F2, 22= 17.66, *** 19>25 

ESR1 MPT F1, 22= 192.21, *** F2, 22= 3.56, ns ns 

ESR2 MPT F1, 22=7.54, ** F2, 22=3.82, ** 19<23 
aFPT = female producing temperature; MPT = male producing temperature  
bData presented as F(df)=, p-value= 

*** p<0.0001 

** p<0.01 

* p<0.05 

ns=not significant 
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Table 3-3. Statistic summary of RT-Quantitative real-time PCR on the alligator CAM at 
two incubation temperatures. 

Gene Stage 19a  
FPT vs. 
MPTb Stage 23a 

FPT vs. 
MPTb Stage 25a 

NR5A1 t(13)=2.30, * FPT<MPT t(16)=0.25, ns ns t(18)=1.23, ns 

HSD3B1  t(14)=2.42, * FPT<MPT t(16)=1.34, ns ns t(19)=0.54, ns 

CYP17A1 t(14)=0.43, ns ns t(16)=1.81, ns ns t(19)=1.73, ns 

CYP19A1 t(14)=0.95, ns ns t(16)=0.66, ns ns t(19)=1.50, ns 

PR t(14)=2.29, * FPT<MPT t(16)=1.87, ns ns t(19)=0.17, ns 

AR t(14)=1.28, ns ns t(16)=0.44, ns ns t(19)=0.59, ns 

GR t(14)=0.30, ns ns t(16)=2.26, * FPT>MPT t(19)=1.52, ns 

ESR1 t(14)=1.14, ns ns t(12.15)=2.85, ** FPT>MPT t(19)=0.50, ns 

ESR2 t(14)=2.60, * FPT<MPT t(16)=0.51, ns ns t(19)=1.78, ns 
a Data presented as t(df)=, p-value= 
b FPT = female producing temperature; MPT = male producing temperature 

** p=0.01 

* p<0.05 

ns=not significant 
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Figure 3-1. mRNA expression of internal control genes in alligator CAM. RT-qPCR 
analysis of mRNA coding for ACTB, RPL8, and RN18S1 at embryonic stages 
19, 23 and 25 in CAMs incubated at the FPT (filled circles) or MPT (open 
squares). The normalization factor (NF) generated according to geNORM is 
also shown. ACTB, RN18S1 and RPL8 data are reported as mRNA 
expression and represent mean mRNA transcript number in copies/μL ± 
SEM. NF data are reported as normalized expression and represent the 
geometric mean of the three internal control genes ± SEM. 

.
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Figure 3-2. Relative mRNA expression of steroidogenic factor and enzymes in the 
alligator CAM incubated at the FPT. RT-qPCR analysis of mRNA coding for 
NR5A1, HSD3B1, CYP17A1, and CYP19A1at embryonic stages 19, 23, and 
25. Data are reported as relative mRNA expression and represent mean 
normalized mRNA transcript percentage in (% of RN18S1) ± SEM. 
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Figure 3-3. Relative mRNA expression of steroidogenic factor and enzymes in the 
alligator CAM incubated at the MPT. RT-qPCR analysis of mRNA coding for 
NR5A1, HSD3B1, CYP17A1, and CYP19A1at embryonic stages 19, 23, and 
25. Data are reported as relative mRNA expression and represent mean 
normalized mRNA transcript percentage in (% of RN18S1) ± SEM.  
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Figure 3-4. Relative mRNA expression of steroid receptors in the alligator CAM 
incubated at the FPT. RT-qPCR analysis of mRNA coding for PR, AR, GR, 
ESR1, and ESR2 at embryonic stages 19, 23, and 25. Data are reported as 
relative mRNA expression and represent mean normalized mRNA transcript 
percentage in (% of RN18S1) ± SEM.  
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Figure 3-5. Relative mRNA expression of steroid receptors in the alligator CAM 
incubated at the MPT. RT-qPCR analysis of mRNA coding for PR, AR, GR, 
ESR1, and ESR2 at embryonic stages 19, 23, and 25. Data are reported as 
relative mRNA expression and represent mean normalized mRNA transcript 
percentage in (% of RN18S1) ± SEM.  
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Figure 3-6. Relative mRNA expression of NR5A1, HSD3B1, PR, and ESR2 in the 
alligator CAM between incubation temperatures at embryonic stage 19. FPT 
data are represented as filled circles and MPT data are represented as open 
squares. Data are reported as relative mRNA expression and represent mean 
normalized mRNA transcript percentage in (% of ACTB) ± SEM. 
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Figure 3-7. Relative mRNA expression of GR and ESR1 in the alligator CAM between 
incubation temperatures at embryonic stage 23. FPT data are represented as 
filled circles and MPT data are represented as open squares. Data are 
reported as relative mRNA expression and represent mean normalized 
mRNA transcript percentage in (% of ACTB) ± SEM. 
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Figure 3-8. PR immunolocalization in the alligator CAM. (A) Positive nuclear staining of 
PR was localized to the chorionic epithelium (c) and epithelial cells of blood 
vessels (bv). (B) Nuclear staining was also observed in the allantoic 
epithelium and mesenchyme (m). (C) Positive CAM section corresponding to 
the (D) negative control incubated without primary PR antibody. Negative 
control CAM section did not show specific nuclear staining. Scale bar 
represents 50 microns. 
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Figure 3-9. ESR1 immunolocalization in the alligator CAM. (A) Positive nuclear staining 
of ESR1 was localized to the chorionic epithelium (c) and mesenchyme (m). 
(B) Nuclear staining was also observed in the allantoic epithelium and (C) in 
the epithelial cells of blood vessels (bv). (D) Negative control of 
corresponding CAM section shown in (C) incubated without primary ESR1 
antibody did not show specific nuclear staining. Scale bar represents 50 
microns. 
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CHAPTER 4 
THE OVIPAROUS CHORIOALLANTOIC MEMBRANE OF THE RED-BELLY SLIDER 

TURTLE (PSEUDEMYS NELSONI) HAS THE CAPABILITY TO SYNTHESIZE 
PROGESTERONE AND RESPOND TO STEROID HORMONE SIGNALING  

The formation of a single extraembryonic membrane during development, the yolk 

sac, characterizes the ancestral condition of vertebrates [1, 56]. In addition to the yolk 

sac, the amniote (reptile, bird and mammal) ancestral condition is characterized by the 

formation of three additional extraembryonic membranes, the amnion, chorion and 

allantois [1]. These four extraembryonic membranes of the amniote egg gave rise to the 

placenta, which Mossman (1987) described as an apposition of extraembryonic 

membranes to uterine tissues “for the purpose of physiological exchange” [56]. 

Thus, it is not surprising that the amniote extraembryonic membranes of oviparous 

(egg-laying) species and placentae of viviparous (live-bearing) species perform similar 

functions to meet the gas, water, and nutrient demands of the embryo [56]. Of the four 

extraembryonic membranes, the chorion and allantois fuse early in embryonic 

development to form either the chorioallantoic membrane (CAM) in oviparous species or 

the chorioallantoic placenta in viviparous species [83]. Both the CAM and the 

chorioallantoic placenta are highly vascularized structures and perform respiratory 

functions by providing gas exchange between the developing embryo and its external 

environment [171, 172], i.e., the nest environment in oviparous species or the uterine 

environment in viviparous species.  

 We have previously stated ([36], Chapter 1), that this conservation of basic 

functions of amniote extraembryonic membranes indicates that little specialization of 

these membranes is required in the transition from oviparity to viviparity. This explains 

why the majority of viviparous squamates (lizards and snakes) exhibit a relatively simple 
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chorioallantoic placenta that appears to predominately function in gas exchange. The 

CAM and chorioallantoic placenta are organs of transport, not only of gases, but also of 

water and other inorganic ions essential for embryonic development, such as calcium, 

potassium and phosphorus ([173], as reviewed in [174]). In some viviparous species, 

the chorioallantoic placenta takes on additional roles in the transfer of nutrients, and in 

the most complex placental types, will transport all or the majority of nutrients the 

embryo requires for development (as reviewed in [174, 175]).  

 Still another transport function of the chorioallantoic placenta involves the 

transfer of steroid hormones between maternal and fetal environments [176]. Yet, the 

chorioallantoic placenta not only transports steroid hormones, but also synthesizes, 

metabolizes and responds to an array of hormones critical for embryonic development 

and survival [111, 153, 177, 178]. In eutherian mammals, progesterone (P4) 

synthesized by the placenta promotes uterine quiescence and the maintenance of 

pregnancy [179], timing of parturition [73], and fetal [74] and placental growth [75, 76]. 

Placental P4 synthesis is not an exclusive characteristic of eutherian mammals as the 

ability to synthesize P4 has been demonstrated in even the simplest chorioallantoic 

placenta of viviparous squamates [77], which is simply an apposition of the CAM to the 

uterine epithelium without any anatomical specializations in either structure [41]. 

Further, placental P4 synthesis is not an exclusive characteristic of the maternal 

contribution to the placenta and it is now evident that maternal and extraembryonic 

tissues alike contribute to steroidogenesis in mammalian [71, 78, 79] and lizard [21] 

placentae. Therefore, we hypothesized that CAMs of oviparous amniotes, sharing 
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conserved basic functions and evolutionary history, could also perform steroidogenesis 

and respond to steroid signaling [36, 116]. 

 Albergotti et al. demonstrated that the CAM of one oviparous amniote, the 

chicken, shares the capability of chorioallantoic placentae to synthesize and respond to 

the signaling of P4 ([116], Chapter 2). The chicken CAM exhibited mRNA expression of 

steroidogenic enzymes involved in P4 biosynthesis, was capable of in vitro P4 

synthesis, and exhibited mRNA and protein expression of the progesterone receptor 

(PR), which indicated that steroidogenic and steroid responsive extraembryonic 

membranes are not exclusive characteristics of viviparous amniotes ([116], Chapter 2). 

In addition, I have demonstrated that the CAM of another oviparous amniote, the 

American Alligator (Alligator mississippiensis), exhibits mRNA expression of 

steroidogenic enzymes and mRNA and protein expression of the PR and estrogen 

receptor α (ESR1) (Chapter 3). Our previous studies in the chicken and alligator 

suggest that the oviparous CAM of archosaurs shares the capability to synthesize 

steroid hormones at the molecular level and respond to steroid hormone signaling at the 

molecular and protein level. Collectively, this work supports our hypothesis that 

steroidogenesis and steroid hormone signaling of extraembryonic membranes could be 

an evolutionary conserved characteristic of amniotes. 

Here, I moved beyond oviparous archosaurs and investigated the potential steroid 

activity in the CAM of the Red-belly Slider Turtle (Pseudemys nelsoni). The placement 

of turtles in the amniote phylogeny remains unresolved [180]. However, birds, 

crocodilians, turtles and the tuatara represent the main lineages of extant amniotes that 

reproduce strictly by oviparity [7, 180, 181]. The aim of our study was to investigate a 
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third branch of the oviparous amniote phylogeny in an attempt to uncover a potentially 

conserved trait of amniote extraembryonic membranes.  

 I examined the capability of the turtle CAM to perform steroid synthesis and 

respond to steroid hormone signaling. If the turtle CAM has similar steroidogenic 

properties as the chorioallantoic placenta, then it should synthesize key placental 

hormones, such as P4. To investigate steroid hormone synthesis, I examined the ability 

of the turtle CAM to perform in vitro P4 synthesis. Likewise, if the turtle CAM has similar 

steroid signaling properties as the chorioallantoic placenta, then it should have the 

capability to respond to signaling through steroid receptors. To investigate steroid 

hormone signaling, I examined turtle CAM expression of mRNA coding for PR, 

androgen receptor (AR), ESR1 and estrogen receptor β (ESR2), which are the key 

receptors responding to the signaling of progestins, androgens, and estrogens, 

respectively. In addition, to determine if steroid receptor mRNA is translated to protein, 

immunolocalization of the PR was examined.  

Materials and Methods 

Egg Collection 

 Annual reproduction and nesting of the Florida red-belly turtle roughly coincides 

with that of the American Alligator. It has been reported by others [182] and observed by 

myself that P. nelsoni routinely lay their eggs in the nest mounds of the American 

alligator. During the summers of 2007, 2008 and 2009, Florida red-belly turtle eggs 

were collected from alligator nests located within Lake Woodruff National Wildlife 

Refuge (Deland, Florida) and transported to the University of Florida for incubation. 

Within 48 hours of arrival, embryos from 1 to 2 eggs per clutch were used to determine 

the average embryonic stage of the clutch based on criteria described by Yntema [183]. 
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Eggs from each clutch were incubated at a female producing temperature (FPT) of 30°C 

[184]. 

RNA Isolation and Reverse Transcription  

 In 2007 and 2009, CAMs were collected at embryonic stages 16, 19 and 22, and 

were dissected away from the embryo, yolk and eggshell, washed in 1X phosphate 

buffered saline (PBS) and stored in the RNA preservative, RNAlater solution (Ambion) 

at 4°C overnight and stored at -20°C until RNA isolation. Total RNA was isolated from 

CAM with the SV Total RNA Isolation System (Promega), and reverse transcribed with 

the iScript cDNA Synthesis Kit (Bio-Rad). Concentrations and quality of RNA samples 

were evaluated by measuring optical density with a NanoDrop ND-1000 (Thermo 

Scientific) and by formaldehyde gel electrophoresis. Total RNA was treated with 

ribonuclease-free deoxyribonuclease I (DNase I; Qiagen) to remove any genomic DNA 

contamination. One μg of total RNA was reverse transcribed in 20 µL reaction and 

complementary DNA (cDNA) was stored at -20°C until RT-qPCR analysis. 

Real-time Quantitative Polymerase Chain Reaction (RT-qPCR) 

 RT-qPCR analysis was performed on CAM samples from different clutches at 

embryonic stages 16 (n=18), 19 (n=12) and 22 (n=19). Complementary DNA was 

analyzed in triplicate by RT-qPCR amplification using an iCycler MyIQ Single Color 

Real-Time PCR Detection System (Bio-Rad). Each 15-μL DNA amplification reaction 

contained 10 mM Tris-HCl (pH 7.84), 50 mM KCl, 3 mM MgCl2, 200 μM dNTPs, 0.5% 

Tween-20, 0.8% glycerol, 2% DMSO, 200-fold dilution of SYBR Green (Invitrogen), 0.01 

μM Fluorescein Calibration Dye (Bio-Rad), 0.2 μM of each primer, 0.01 U/µL AmpliTag 

Gold DNA polymerase (Applied Biosystems) and 25-fold dilution of cDNA. RT-qPCR 

amplification conditions included an enzyme activation step of 95°C (8 min) followed by 
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40 cycles (internal control genes) or 50 cycles (target genes) of 95°C (15 sec) and a 

primer specific combined annealing/extension temperature (1 min). The specificity of 

amplification was confirmed by melt-curve analysis.   

 Triplicate data for each gene were averaged and mRNA expression levels of the 

steroid receptors (PR, AR, ESR1, ESR2) were determined by the absolute 

quantification method [87]. In brief, copy numbers were calculated from the cycle 

threshold (Ct) value by the linear regression of an absolute standard curve. Absolute 

standard curves for each target gene were generated from a plasmid containing the 

amplicon of interest at known concentrations. Controls lacking cDNA template were 

included on every RT-qPCR plate to determine the specificity of target cDNA. 

Additionally, to confirm that target cDNA was not contaminated by genomic DNA, RT-

qPCR was performed with protein phosphatase 1 gamma (PP1) primers on the RNA 

isolated from every sample. All sample means were normalized using PP1 expression. 

Data are reported as relative expression and represent mean normalized mRNA 

transcript percentage in (% of PP1). 

Cloning and Sequencing of Plasmids 

 RT-qPCR of pooled cDNA was used to generate a PCR product for each primer 

set. Amplified PCR products were separated on a 2% agarose gel and visualized by 

ethidium bromide on a Gel Doc EQ with Quantity One 4.6 software (Bio Rad). RT-qPCR 

products were purified by Wizard® SV Gel and PCR Clean-Up System (Promega) and 

purified samples were confirmed by electrophoresis on a 2% agarose gel. PCR 

products were cloned into a pGEM®-T Vector System (Promega). Plasmid DNA was 

purified using the Wizard® Plus SV Minipreps DNA Purification System (Promega) and 

sequenced on an ABI PRISM® 3130 Genetic Analyzer (Applied Biosystems) using a 
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BigDye® Terminator v3.1 Cycle Sequencing Kits (Applied Biosystems). The specificity of 

cloned DNA was confirmed using BLAST against sequences available in Genbank. 

Clone DNA concentration was quantified by NanoDrop™ ND-1000, converted to 

copies/μL, and serially diluted in a solution containing 50 mM Tris-HCl (pH 8.3), 75 mM 

KCl, 3 mM MgCl2, and 5 μg/mL of tRNA. 

RT–qPCR Primers 

 All primers were designed using Primer3 software [36] and were synthesized by 

Eurofins MWG Operon. With the exception of PP1, all primers were designed to amplify 

mRNA-specific fragments from P. nelsoni coding sequences (NCBI). For PP1, primers 

were designed from a partial mRNA sequence for Trachemys scripta (DQ848991.1), 

cloned and sequenced as described above. Blast results indicated a (109/111) 98% 

identity in PP1 sequences between T. scripta and P. nelsoni. The two single nucleotide 

differences between the species were not found in either the forward or reverse primer 

region, allowing the use of this primer set for P. nelsoni. All primer pairs were combined 

and diluted to a final concentration of 10 μM. Primer sequences, annealing/extension 

temperatures and GenBank accession numbers are reported in Table 4-1.  

In Vitro Explant Culture 

 In 2008, CAMs were collected at embryonic stages 23 to 24. Sections of CAM 

were cut to approximately 0.1g wet weight (mean= 0.108g ± 0.001SEM). CAM sections 

were incubated at 30°C on an orbital shaker in L-15 culture media (Invitrogen) either 

with (n=18) or without (n=21) cholesterol and cAMP as precursor. Precursor solutions 

and concentrations are based on King et al. 2004 [91]. For cholesterol, 22(R)-

Hydroxycholesterol (Sigma) was dissolved in 95% ethanol (Fisher) to a final 

concentration of 10μg/mL and combined with 1 mM Dibutyryl cAMP (Sigma). After 8 
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hours of incubation, concentration of progesterone in the culture media was quantified 

by solid phase radioimmunoassay [92]. To determine background and cross-reactivity of 

the P4 assay, controls consisting of only cholesterol and cAMP (absence of CAM) were 

incubated for 8 hours. In the absence of CAM, all samples were below the limit of 

detection of the assay. 

Histology, Immunohistochemistry and Microscopy 

 In 2009, dissected CAM was fixed in neutral buffered formalin, washed in 1X 

PBS and stored in 75% ethanol. CAMs from stage 16 (n=3), stage 19 (n=3) and stage 

22 (n=3) were dehydrated, paraffin embedded, and sectioned at 5 microns. Standard 

hematoxylin and eosin staining was performed with stains from Surgipath. 

Immunohistochemistry was performed using the Elite ABC Mouse IgG Kit (Vector 

Laboratories). Tissue sections were deparaffinized in xylene, transferred to 100% 

ethanol, treated with 3% hydrogen peroxide in methanol (10 min) and rehydrated 

through graded concentrations of ethanol to dionized water (dH20). Antigen retrieval 

was performed by heating slides to 95 to 97°C(25 min) in Trilogy solution (Cell Marque), 

rinsed in dH20, and placed in 0.1 M Tris buffered saline containing 0.2% Tween 20 

(TBS-T) for 5 minutes. Sections were treated with the Avidin Biotin blocking kit (Vector 

Laboratories) and then blocked in normal serum (20 min). Sections were incubated with 

a 1:100 dilution of mouse monoclonal anti- progesterone receptor antibody (Ab-8) 

(Thermo Scientific) overnight at 4˚C. Sections were incubated with secondary antibody 

(30 min) and ABC reagent (5 min). Slides were washed in TBS-T between all incubation 

steps. Sections were treated with 3, 39-diaminobenzidine (5 min) (Vector Laboratories) 

and washed in water (5 min). A negative control section receiving concentration 

matched IgG controls were included on every slide. Slides were dehydrated, cleared 
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and mounted with Cytoseal™ XYL Mounting Medium (Richard-Allan Scientific®). 

Sections were imaged using an Olympus BX60 microscope under differential inference 

contrast (DIC) and Zeiss AxioCAM MR3 camera with Zeiss AxioVision LE 4.8.2 

software. 

Statistical Analysis 

 All statistical analyses were performed in the R statistical programming 

environment version 2.13.1 [95]. For gene expression analyses, the total numbers of 

mRNA transcripts for 1 internal control and 4 target genes from the CAM were 

determined by RT-qPCR. To quantify relative expression of target genes, each sample 

was normalized by PP1 expression. To analyze each target gene, I used linear mixed 

effects models (LMMs) to compare relative mRNA expression over the three stage 

experiment. For each analysis, embryonic stage was treated as a fixed effect, and RT-

qPCR plate, maternal clutch and collection year were treated as random effects. 

Collection year did not significantly reduce the deviance in the data explained by the 

model and was excluded from the model for all genes. Likewise, maternal clutch did not 

significantly reduce the deviance in the data explained by the model and was excluded 

from the model for all genes except AR. Model assumptions were evaluated visually via 

examination of residuals and QQ plots and log transformations were performed on all 

target genes. The assumption of homogeneity of variances was violated for two genes 

(PR and ESR1) and so I weighted the variance for each stage according to a power law 

function that was estimated from the data as part of the model fitting procedure [96]. 

 For in vitro tissue culture, an unpaired, two-sided Student’s t-test was used to 

compare the mean concentration of P4 in the culture media from CAMs incubated with 

L15 media only (absence of precursor) to CAMs incubated with L-15 media plus 
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cholesterol and cAMP (precursor). The assumption of normality was evaluated with a 

two-sided F-test. A Student’s t-test assuming unequal variances was also used to 

compare the concentration of P4 in the culture media from CAMs with L15 media only 

(absence of precursor) to a hypothetical mean of zero. 

Results 

The Turtle CAM is Capable of In Vitro Progesterone Synthesis 

 The effect of steroid precursor addition on the concentration of P4 in culture 

media was analyzed. There was a significant increase in the concentration of P4 in the 

culture media following the addition of cholesterol precursor plus cAMP (t(37)=2.77, 

p=0.008, mean=1362.18 pg/mL/g ± 126.32 SEM) (Figure 4-1). Further, a significant 

concentration of P4 in the culture media in the absence of precursor, but in the 

presence of CAM was found (t(20)= 11.57, p<0.0001, mean=955.2 pg/mL/g ± 82.57 

SEM) (Figure 4-1).  

The Turtle CAM is Capable of Responding to Steroid Hormone Signaling 

 The relative levels of steroid receptor mRNA in the CAM exhibited the pattern 

ESR1 > ESR2 > AR > PR (Figure 4-2). At all three embryonic stages, ESR1 was the 

most highly expressed steroid receptor and PR was the lowest. The relative levels of 

steroid receptor mRNAs were separated by an order of magnitude or greater. 

 The effect of embryonic stage on the level of mRNA expression was analyzed in 

the turtle CAM. Overall, there was significant mRNA expression of PR (F1,45 = 3932.05, 

p <0.0001), AR (F1,33 = 1235.5, p <0.0001), ESR1 (F1,45 = 742.9, p <0.0001) and ESR2 

(F1,45 = 669.5, p <0.0001). However, the level of expression did not change significantly 

among embryonic stages for ESR1 (2,45 = 2.52, p =0.0916) and ESR2 (F2,45 = 2.72, p 

=0.0764) (Figure 4-2). In contrast, PR expression increased 2.3 fold (F2,45=3.67, 
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p=0.0335) and AR expression increased 7.0 fold (F2,33=29.36, p<0.0001) between 

embryonic stages 16 and 22 (Figure 4-2). To determine if PR mRNA was translated to 

protein, immunolocalization of the nuclear PR was performed. Nuclear PR staining was 

evident throughout the chorionic and allantoic epithelia, mesenchyme and epithelial 

cells of mesenchymal blood vessels (Figure 4-3). 

Discussion 

 Oviparity is the ancestral reproductive mode of amniotes [56, 172, 185]. Within 

this group of vertebrates; birds, crocodilians, turtles and the tuatara represent the major 

lineages of extant amniotes that reproduce strictly by oviparity [7, 180, 181]. In contrast, 

both squamate and mammalian lineages are represented by two reproductive modes, 

with some species reproducing by oviparity and others reproducing by viviparity [181] 

(Figure 4-4). We previously hypothesized that endocrine extraembryonic membranes 

are not an exclusive trait of viviparous amniotes, but rather are a conserved 

characteristic of amniotes independent of reproductive mode [36, 116]. To that end, 

steroid synthesis and/or steroid signaling potential has now been demonstrated in the 

CAMs of two oviparous species, the chicken and alligator ([116], Chapter 2, Chapter 3). 

Our current study examined steroid hormone synthesis and signaling in a third branch 

of the oviparous amniote phylogeny. Here, I demonstrate that the turtle CAM can 

perform steroid synthesis and has steroid hormone signaling capabilities (Figure 4-4), 

lending further support for our hypothesis that endocrine activity of extraembryonic 

membranes is a conserved trait of amniota. 

 Albergottti et al. were the first to demonstrate that the oviparous CAM of chicken 

has the capability to perform in vitro P4 synthesis ([116], Chapter 2). Our current study 

shows that in vitro P4 synthesis can also be induced in the CAM of another oviparous 
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amniote, the Florida red-belly slider turtle. To be confident that the P4 quantified in the 

culture media was synthesized by the turtle CAM, I removed CAM tissue from the egg 

and tested for synthesis directly in the presence of a steroid hormone precursor. I 

hypothesized that if the CAM was steroidogenic, then addition of the steroid hormone 

precursor to the culture media would stimulate increased P4 production. Our results 

showed a significant increase in the concentration of P4 in the culture media following 

the addition of precursor (Figure 4-1), confirming that P4 synthesis can be induced in 

the turtle CAM. In addition, I found a significant concentration of P4 in the culture media 

in the absence of precursor suggesting that the turtle CAM exhibits endogenous P4 

synthesis. However, the CAM is a highly vascularized tissue and it is possible that the 

P4 detected in the culture media in the absence of precursor could be the result of P4 

synthesized by or mobilized from a source other than the CAM, which simply leached 

from the CAM to the culture media at the time of dissection. While, the data were not 

able to tease apart the question of endogenous P4 synthesis at this time, the power of 

this experimental approach is its ability to definitively show that the turtle CAM has the 

ability to synthesize P4 in the presence of a steroid hormone precursor.  

 The concentrations of P4 in the culture media reported in the turtle CAM assay 

are substantially higher than those previously reported in the chicken ([116], Chapter 2). 

In the presence of precursor, the average concentration of P4 in the culture media after 

8 hours of incubation was 101.12 pg/mL/g ± 10.22 in the chicken as compared to 

1362.18 pg/mL/g ± 126.32 in the turtle and in the absence of precursor was 43.65 

pg/mL/g ± 7.14 in the chicken and 955.2 pg/mL/g ± 82.57 in the turtle. It seems highly 

unlikely that the extreme differences in concentration of P4 between these two studies 
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could be explained by laboratory procedures. While a different shipment of the P4 

antibody used in the radioimmunoassay between these studies could introduce some 

variation in the results, the Guillette laboratory has a long history with this technique and 

different shipments of antibodies produce consistent results with values between 

shipments being less than two times different. Our results indicate that the 

concentration of P4 in the culture media was 13 times higher in the presence of 

precursor and 22 times higher in the absence of precursor in the turtle as compared to 

the chicken. This suggests that there are considerable differences in the CAMs ability to 

synthesize P4 and perhaps in the level of endogenous P4 production between these 

two species, at least late in embryonic development when these experiments were 

performed. Species differences in CAM P4 synthesis might be influenced by differences 

in circulating levels of maternally deposited yolk hormones or those synthesized by the 

embryo, as well as the levels the steroidogenic enzymes and steroid receptors 

expressed in the CAM. 

 Steroid hormone biosynthesis begins with cholesterol and requires the action of 

specific steroidogenic enzymes to convert one hormone to another. In the biosynthesis 

of P4, cholesterol is converted to pregnenolone (P5) by the action of cytochrome P450 

11A1 (CYP11A1). P5 can then be converted to P4 by the action of hydroxy-delta-5-

steroid dehydrogenase, 3 beta- and steroid delta-isomerase 1 (HSD3B1) [97] (Figure 4-

5). Thus, the turtle CAMs demonstrated ability to synthesize P4 from cholesterol 

indicates that the steroidogenic enzymes, CYP11A1 and HSD3B1, are present and 

functional in this tissue. CYP11A1 and HSD3B1 mRNAs have previously been 

demonstrated in the chick CAM and HSD3B1 in the alligator CAM ([116], Chapter 2, 
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Chapter 3). Further, the chick CAM also demonstrated in vitro synthesis of P4 from 

cholesterol ([116], Chapter 2). Therefore, the CAMs of three oviparous amniotes have 

now been shown to express steroidogenic enzymes either at the molecular level alone 

(alligator), the molecular and functional level (chicken) or the functional level alone 

(turtle); thus, supporting our hypothesis that a conserved characteristic of the oviparous 

CAM includes the capability to perform steroidogenesis (Figure 4-4). 

 The importance of placental P4 in the maintenance of pregnancy is well 

established in eutherian mammals [179]. However, oviparous amniotes, such as birds, 

crocodilians and turtles lay their eggs at early embryonic stages prior to the 

development of extraembryonic membranes [53, 86, 129, 183] indicating that this would 

not be a logical function of CAM P4 in these species. Yet, if we consider additional roles 

of placental P4, we find potential functions of P4 in the oviparous CAM. First, P4 

promotes protein synthesis and general growth [186], both of the placenta [74-76] and 

of the fetus [74]. In addition, P4 stimulates the proliferation of blood vessels [107] and 

plays a role in fetoplacental vascularization [109, 110]. The CAM, like the chorioallantoic 

placenta, undergoes dramatic growth during development and functions as a support 

structure for the growing embryo. Thus, one could hypothesize that P4 synthesized by 

the CAM could play a role in promoting CAM and embryonic growth. Moreover, both the 

CAM and chorioallantoic placenta are highly vascularized organs; therefore, it seems 

reasonable to suggest that P4 could have a role in CAM blood vessel proliferation and 

vascularization. For example, vascular endothelial growth factor (VEGF) and fibroblast 

growth factor (FGF) are important regulators of placental [187] and CAM angiogenesis 

[188, 189]. P4 has been shown to induce the expression of VEGFs [190] and FGFs 
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[191]; therefore, it would be interesting to know how P4 affects VEGF and FGF 

expression and vascularization in the CAM. I suggest that future work should investigate 

these processes as first steps in determining potential functions of P4 in the oviparous 

CAM.  

 Progestins, estrogens and androgens exert their actions on target cells primarily 

through binding and activation of the PR, estrogen receptors (ERs) and AR, 

respectively. As members of the steroid hormone superfamily, these receptors act as 

ligand-dependent transcription factors to regulate gene expression [84, 192]. Steroid 

hormone receptor mRNA and protein expression was demonstrated in the oviparous 

CAMs of chicken and alligator ([116], Chapter 2, Chapter 3). Here, for the first time, I 

show the presence of PR, AR, ESR1 and ESR2 mRNA and protein expression of PR in 

the CAM of a turtle (Figure 4-2, Figure 4-3). The presence of steroid receptor mRNA 

and protein in the turtle CAM lends additional support for our hypothesis that the 

capability to respond to steroid hormone signaling is a conserved characteristic of the 

oviparous CAM. In the turtle CAM, the relative levels of mRNA were separated by an 

order of magnitude or more and exhibited the pattern ESR1 > ESR2 > AR > PR. The 

levels of steroid receptor expression found here could reflect the relative importance of 

the turtle CAM to be able to respond to estrogens, androgens and progestins, 

respectively. Yet, it is well recognized that mRNA expression does not always result in 

protein expression. Further, transcript levels do not necessarily reflect translation levels. 

Therefore, future studies are needed to examine the translation of the steroid receptor 

mRNAs into active proteins before we can establish function of PR, AR and the ER’s or 

true signal reception of AR and the ER’s in the turtle CAM.  
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 Placental [126, 127, 193] and CAM ([116], Chapter 2, Chapter 3) steroidogenic 

enzyme and steroid receptor mRNAs have been observed to change during 

development. Therefore, I investigated steroid receptor mRNA expression in the turtle 

CAM at three embryonic stages corresponding to before (stage 16), during (stage 19) 

and after (stage 22) the thermo-sensitive period (TSP) of sex determination. Embryonic 

stages surrounding the TSP were chosen with the hypothesis that this developmental 

period would correspond to increased steroid signaling activity in the embryo and CAM, 

thereby increasing the chances of detecting and quantifying differences in CAM steroid 

receptor mRNAs. Overall, I found that PR and AR exhibited changes among the 

embryonic stages suggesting that steroid receptor mRNA expression is affected by 

developmental stage in these two genes.  

 In the turtle CAM, both PR and AR showed increased expression at stage 22 

relative to stage 16. This pattern is similar to the one observed in the chick CAM, where 

PR exhibited very low expression early in development, but increased substantially 

between day 8 and 18 of development ([116], Chapter 2). However, the pattern of 

expression in the turtle CAM contrasts with that of the alligator, which showed a 

decrease in PR and AR mRNAs between embryonic stage 19 and 25 in CAM’s 

incubated at the male producing temperature and in AR at the female producing 

temperature (Chapter 3). Currently, there is very little developmental data on placental 

steroid receptor expression through gestation. However, in the junctional zone of the rat 

chorioallantoic placenta, PR binding sites increased between days 14 and 20 of 

pregnancy [178]. Thus, it appears that the chick and turtle CAM, by demonstrating 

increased PR mRNA expression during the developmental period examined, could 
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resemble the pattern of PR in the rat placenta, but without protein analyses in the CAMs 

these studies are not directly comparable. Unfortunately, developmental expression 

patterns of AR in the placenta are not available for comparison.  

 It is well recognized that vertebrate yolk contains maternally derived steroid 

hormones deposited into the egg at oviposition [99, 160, 163]. However, how yolk 

steroid hormones are mobilized to and what functions they provide for the developing 

embryo is less clear. It is becoming increasingly evident; however, that yolk hormones 

are mobilized to and metabolized by the embryo [167] and extraembryonic membranes 

[162, 170]. Thus, we have hypothesized that the CAM can respond to and biotransform 

circulating yolk steroid hormones in addition to those synthesized by the embryo and 

CAM [36]. Concentrations of yolk steroids, such as estradiol 17β (E2), testosterone (T) 

and P4, are typically highest at oviposition and subsequently decline during embryonic 

development [155, 161, 163]. Thus, yolk steroids might be important early sources of 

hormones prior to steroidogenic capability coming on line in the embryo or CAM, an 

idea that is supported by the presence of steroid receptor mRNAs in the embryo prior to 

it’s ability to perform steroid synthesis [194]. Yolk steroids could be biotransformed by 

the CAM to synthesize different hormone products and/or for the degradation of 

biologically active hormones to less active forms, thus acting to buffer embryonic 

exposure to potentially harmful levels of steroid signals at inopportune times in 

development [36].  

 Moreover, we previously hypothesized that the oviparous yolk sac membrane 

(YSM), in addition to the CAM, would have the ability to respond to and biotransform 

maternally deposited yolk steroids [36]. The bird YSM functions in the transport and 
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conversion of maternally deposited lipids in the yolk to the embryo [195, 196]. 

Therefore, I build on our previous hypothesis, which suggested that in mobilizing yolk 

lipids and steroids, the YSM could deliver these substances to the CAM, thereby 

providing substrates for steroidogenesis in this tissue [36], and further hypothesize that 

the YSM also has the capability itself to metabolize yolk steroids and perform 

steroidogenesis (Figure 4-6). In support of this hypothesis, I have recently observed that 

the chick YSM exhibits mRNA expression of steroidogenic enzymes and steroid 

receptors and protein expression of PR and ESR1 (Albergotti, unpublished data) (Figure 

4-4). 

 Collectively, our hypothesis suggests that the oviparous amniote has an 

integrated system of steroid synthesis and metabolism in which the embryo and 

extraembryonic membranes function together to regulate the steroid milieu of the 

developing embryo (Figure 4-6). Moreover, we have suggested that this system has 

been co-opted and modified to serve a viviparous mode of reproduction, but likely did 

not evolve in response to viviparity [36]. Rather, steroidogenesis and steroid signaling in 

extraembryonic membranes is likely older than even amniotes, as the ancestral 

condition of vertebrates is characterized by the formation of a single extraembryonic 

membrane, the YSM [1, 56] and the yolk of fishes and amphibians contains signaling 

molecules, such as steroid, thyroid and retinoid hormones that are mobilized to the 

developing embryo ([197-203], Fujikura and Suzuki, 1991 as cited by [204]). 

 Collectively, our study indicates that the turtle CAM has the capability to perform 

in vitro P4 synthesis, respond to androgens and estrogens at the molecular level, and 

respond to progestins at the molecular and protein level. Future studies are needed to 
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better understand steroidogenesis and steroid signaling in the oviparous CAM as well 

as the YSM. I suggest that protein and functional assays are of the upmost importance 

in future investigations. While immunolocalization of the PR has been demonstrated in 

three oviparous CAMs to date, demonstration of protein expression of key steroidogenic 

enzymes are lacking. Likewise, I suspect that the CAM has the capability to synthesize 

not only P4, but also estrogens, androgens and glucocorticoids and future work should 

investigate extraembryonic membrane synthesis of these and other peptide hormones 

associated with the chorioallantoic placenta.  
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Table 4-1. Turtle PCR primers used for RT-Quantitative real-time PCR 

Gene Direction Sequence (5’-3’) Annealing (C) 

GenBank 
accession 
number 

PP1 Sense  TCCTGCTGGCCTACAAGATT 63.7 DQ848991.1 

 Antisense  CGCCTCTTGCACTCATCATA   

PR Sense  CCAGCATGTCGATTGAGAAA 60 AB301062.1 

 Antisense  GCTGCTGGAGTGCAACAATA   

AR Sense  ATGTCCTGGAAGCCATTGAG 68 AB301061.1 

 Antisense  CTCTCCCCAAGCTCATTCAG   

ESR1 Sense ATCATTTGGGTCCAGCAGTC 60.5 AB301060.1 

 Antisense  TAAGAATACCACGGGGCTTG   

ESR2 Sense  ACGCTTCGAGGTCAAAGAAA 60 AB548299.1 

 Antisense  GCCATATTCCGCGTATCATC   

 

http://www.ncbi.nlm.nih.gov/nucleotide/158828575?report=genbank&log$=nucltop&blast_rank=1&RID=A5PFSP3C016
http://www.ncbi.nlm.nih.gov/nucleotide/158828573?report=genbank&log$=nucltop&blast_rank=2&RID=A5SGRDUM01S
http://www.ncbi.nlm.nih.gov/nucleotide/304434501?report=genbank&log$=nucltop&blast_rank=1&RID=A5SD1RBK016
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Figure 4-1. Progesterone synthesis in the turtle CAM. CAM sections were incubated in 

culture media for 8 hours either without (open squares) or with (filled circles) 
cholesterol (plus cAMP) as a precursor. Concentration of P4 in the culture 
media is represented as pg/mL of P4 per g of CAM tissue (pg/mL/g). To 
determine background and cross-reactivity of the P4 assay, controls 
consisting of only cholesterol and cAMP (absence of CAM) were incubated 
for 8 hours. In the absence of CAM, all samples were below the limit of 
detection of the assay. 
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Figure 4-2. Relative mRNA expression of steroid receptors in the turtle CAM. RT-qPCR 
analysis of mRNA coding for, PR, AR, ESR1, and ESR2 at embryonic stages 
16, 19, and 22. Data are reported as relative mRNA expression and represent 
mean normalized mRNA transcript percentage in (% of PP1) ± SEM. 
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Figure 4-3. Histology and immunolocalization of PR in turtle CAM. (A) H&E staining in 
the turtle CAM showing the allantoic epithelium (a), mesenchyme (m) and 
chorionic epithelium (c). (B) Positive nuclear staining of PR was localized to 
both epithelial layers, the mesenchyme and to the epithelial cells of blood 
vessels (bv). (C) Positive CAM section corresponding to the (D) negative 
control receiving concentration matched IgG. Scale bar represents 50 
microns. 
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Figure 4-4. Amniote reproductive modes and evidence of steroid hormone synthesis 
and/or steroid signaling in extraembryonic membranes and placentae. Birds, 
crocodilians, turtles and the tuatara represent the major lineages of extant 
amniotes reproducing only by oviparity (filled circles); whereas, lizards, 
snakes and mammalian lineages are represented by two reproductive modes, 
with some reproducing by oviparity and others reproducing by viviparity (open 
circles). Previous studies have demonstrated that the chorioallantoic placenta 
(open squares) and the yolk sac placenta (open diamonds) have the ability to 
perform steroid synthesis and/or respond to steroid hormone signaling in the 
viviparous lineages noted. There have been no investigations of such in 
snakes. We have previously demonstrated that the oviparous CAM (filled 
squares) of chicken and alligator has the capability to perform 
steroidogenesis and/or respond to steroid hormone signaling. This study 
demonstrates that this capability extends to a turtle. Further, we have 
observed that this capability is also evident in the chick YSM (filled diamonds) 
(Albergotti, unpublished data). Taken together, these findings suggest that 
endocrine extraembryonic membranes could be conserved characteristics of 
amniota. Phylogeny adapted from Ezaz T, Stiglec R, Veyrunes F, Marshall 
Graves JA. Relationships between vertebrate ZW and XY sex chromosome 
systems. Curr Biol 2006; 16:R736-R743 [205]. 
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Figure 4-5. A simplified version of progesterone biosynthesis. Filled boxes highlight 
steroidogenic enzymes required for the conversion of cholesterol to 
progesterone (P4). Cholesterol is converted to pregnenolone (P5) by the 
action of CYP11A1. P5 can then be converted to P4 by the action of 
HSD3B1.  
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Figure 4-6. Model for the evolution of endocrine function in the amniote yolk sac (YSM) 
and chorioallantoic membrane (CAM). This model proposes that initially the 
YSM mobilized yolk lipids and steroids to embryonic circulation (pathway 1). 
With the evolution of amniotes, the YSM also mobilized yolk lipids and 
steroids to the CAM (pathway 1’). Subsequently, the YSM (pathway 2) and 
CAM (pathway 3) acquired the ability to convert yolk steroids to 'protect' the 
developing embryo and/or provide 'developmental signaling' as well as the 
ability to synthesize steroid hormones de novo prior to the evolution of 
viviparity. Figure adapted from Albergotti LC, Guillette LJ, Jr. Viviparity in 
reptiles: evolution and endocrine physiology. In: Norris DO, Lopez KH (eds.), 
Hormones and reproduction in vertebrates, vol. 3: Elsevier; 2011: 247-275. 
[36]. 
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CHAPTER 5 
ESTROGENIC EXPOSURE AFFECTS CHORIOALLANTOIC MEMBRANE GENE 

EXPRESSION AND TIMING OF HATCH IN THE AMERICAN ALLIGATOR 
(ALLIGATOR MISSISSIPPIENSIS) 

 The highly vascularized chorioallantoic membrane (CAM) is formed by the fusion 

of two extraembryonic membranes, the chorion and allantois [55]. In viviparous, i.e. live-

bearing amniotes (mammals, reptiles and birds), the CAM apposes the maternal uterus 

and together these tissues form the chorioallantoic placenta. The chorioallantoic 

placenta is a transient organ that serves as in the maternal-fetal exchange of gases, 

metabolic wastes, nutrients and chemical messengers [56]. In the absence of contact 

with maternal circulation, the CAM of the self-contained oviparous egg serves as the 

major site of respiration, as a repository for metabolic wastes [55], and in the transfer of 

essential electrolytes [173]. Following parturition, the placenta is no longer needed and 

is discarded at birth. Similarly, the CAM is discarded at hatching and much of the CAM 

tissue is left in the eggshell as the hatchling emerges [82].  

 In the 1970s, David Peakall and colleagues began developing techniques that 

allowed CAM tissue collected after hatching to be used as a nonlethal and noninvasive 

indicator of embryonic exposure to persistent environmental contaminants [206, 207]. 

This line of research was initially undertaken in an attempt to understand the onset and 

accumulation of the pesticide, 1,1,1-trichloro-2,2-bis(4-chlorophenyl)ethane (DDT) in 

peregrine falcon (Falco peregrinus) eggs in regards to population declines. Using 

museum preserved eggshells, Peakall demonstrated the absence of 2,2-bis-(p-chloro 

phenyl)-1,1-dichloroethylene (DDE), a major metabolite of DDT, in eggshell membranes 

collected before the production of DDT and a subsequent increase of DDE in eggshell 

membranes thereafter [207]. This seminal study not only revealed that contaminants 
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could accumulate in eggshell membranes, but also that it was possible to use a 

nonlethal source to gather this information. It was suggested that CAM exposure to 

environmental contaminants could arise internally, i.e. contaminants maternally 

deposited into the yolk enter circulation and are transported to the CAM or sequestered 

to the allantois [82], or externally, i.e. contaminants in the nest environment are 

transported across the eggshell and are transported to the CAM, which lines the inner 

surface [208, 209]. 

 The use of eggshell membranes to estimate contaminant burdens in the egg was 

validated by Peakall et al. (1983) in a comparison of CAM and whole egg 

concentrations of DDE and polychlorobiphenyls (PCBs) in peregrine falcons [210]. 

Subsequent studies in great blue herons (Ardea herodiasfannini) [211], loggerhead sea 

turtles (Caretta caretta) [82], and the American Alligator (Alligator mississippiensis) 

[212] have all revealed a strong positive relationship between the concentrations of 

organochlorine contaminants in the CAM and those in the egg. Further, a laboratory 

study conducted in the chicken (Gallus domesticus) demonstrated that organochlorine 

contaminant concentrations in the CAM could be used to estimate contaminant load not 

only in the egg, but also in the laying hen. In addition, a significant relationship between 

CAM contaminant load and hepatic enzyme activity in chicks and hens was 

demonstrated indicating that CAM contaminant concentration could be used as an 

indicator of a biological response [80]. 

 The chemicals mentioned above have now been demonstrated to behave as 

endocrine disrupting contaminants (EDCs). The EDC hypothesis, originally articulated in 

1991, suggested that many man-made and naturally occurring chemicals had the ability 
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to disrupt the normal functioning of the endocrine system at concentrations currently 

found in our environment [213]. The vast majority of EDC studies have described 

steroid receptor-mediated interactions where an environmental contaminant interferes 

with function by either binding the receptor and thus, behaving as a hormone agonist or 

by blocking receptor binding and thereby behaving as a hormone antagonist [214, 215]. 

However, there is increasing evidence that EDCs can also alter steroid action through 

disruption of steroid hormone synthesis via modification of steroidogenic enzyme 

pathways and through disruption of steroid hormone metabolism via inhibition of 

enzymes involved in steroid elimination (as reviewed in [215]).  

 All EDCs are not estrogenic in their actions; however, estrogenic-mediated 

actions continue to dominate the field of EDC research [214]. One such xenoestrogen, 

Bisphenol A (BPA, 2,2-bis-(4-hydroxyphenyl)-propane) has been the subject of great 

interest and controversy in recent years [216]. Originally synthesized in 1891, BPA was 

shown to have the estrogenic properties as early as the 1930s [217]. However, BPA 

was passed over as a pharmaceutical estrogen [218] and instead is used today in the 

manufacture of polycarbonate plastics and epoxy resins. As one of the highest-volume 

chemicals produced worldwide, BPA is ubiquitous and widespread in our environment 

[219, 220] and is present in many common consumer products, such as in the lining of 

food and beverage cans, plastic bottles, and dental sealants [221].  

 Aside from identifying the presence and accumulation of environmental 

contaminants in the CAM, there is currently very little known concerning if and how 

these chemicals impact this tissue. Yet, an investigation of cytochrome P4501A-

catalyzed deethylation of 7-ethoxyresorufin (EROD) activity in the CAMs of chicken 
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[208, 222] and Eider duck (Somateria mollissima) [222] revealed that EROD activity was 

not only present in the chicken and duck CAM, but was also induced 10-50 fold in the 

chick CAM following exposure to PCB 126 [208] and 5 fold in the duck CAM following 

exposure to β-naphthoflavone (BNF) [222]. Granberg et al. (2003) further investigated 

the binding of labeled polycyclic aromatic hydrocarbons (PAHs) in the chicken CAM and 

demonstrated that PCB 126 and BNF exposure increased PAH binding in the 

endothelial cells of CAM blood vessels [209]. Overall, the findings from these studies 

suggested that the CAM 1) expresses CYP genes important in the biotransformation of 

xenobiotics, 2) has the capability to biotransform environmental contaminants, and 3) 

could be a target of EDC action [208, 209, 222].  

 It has recently been demonstrated that the CAMs of chicken, American alligator 

and Red-belly slider turtle (Pseudemys nelsoni) exhibit steroid hormone synthetic  

activity and are targets of steroid signaling as they exhibit steroid hormone receptors 

([116], Chapters 2, 3, 4). Therefore, I hypothesized that the presence of EDCs in the 

CAM could potentially interfere with steroid signaling and or steroidogenesis in this 

tissue. To investigate this hypothesis, mRNA expression was examined in the American 

alligator CAM following exposure to a naturally occurring estrogen, 17β-estradiol (E2) 

and an environmental estrogen, BPA. It has now been demonstrated that BPA behaves 

as an estrogen agonist by binding the estrogen receptor (ER) not only in mammalian 

species, but also in nonmammalian vertebrates, including chicken, the green anole 

lizard (Anolis carolinensis), the African clawed frog (Xenopus laevis) and the rainbow 

trout (Oncorhynchus mykiss) (reviewed in [223]) and that BPA, like E2, can stimulate 

the transcription of ER mRNA [224]. In addition, both E2 and BPA also have the ability 
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to bind the progesterone receptor (PR) [225] and induce PR mRNA transcription [226, 

227]. Furthermore, E2 and BPA have been shown to affect the expression and activity 

of steroidogenic enzymes, but the direction of change reported is inconsistent. For 

example, E2 and BPA have been reported to both stimulate [228, 229] and inhibit [230-

232] CYP19 (also called aromatase) gene expression or activity. In addition, E2 was 

reported to increase 3β-hydroxysteroid dehydrogenase activity [233, 234], while E2 and 

BPA were reported to decrease the expression or activity of this same enzyme [235-

237]. The reported differences cited here likely reflect species, tissue/cell, and 

mechanism specific responses as even within human placental studies, opposite effects 

of E2 and BPA on CYP19 expression have been reported [228, 232]. 

 Here, I investigated whether estrogenic exposure affects steroid hormone 

processes in the CAM through receptor-mediated actions by examining mRNAs coding 

for estrogen receptor α (ESR1), estrogen receptor β (ESR2) and PR. In addition, I 

examined whether CAM steroidogenic enzyme actions were affected by estrogenic 

exposure by examining mRNAs coding for cytochrome P450, family 19, subfamily A, 

polypeptide 1 (CYP19A1), and hydroxy-delta-5-steroid dehydrogenase, 3 beta-and 

steroid delta-isomerase 1 (HSD3B1), the key steroidogenic enzymes involved in the 

synthesis of estrogens and progestins; respectively [97]. Our study attempts to 

determine whether CAM steroid signaling and/or steroidogenesis are regulated in 

response to estrogenic exposure. The question of regulation is vital to the 

understanding of this system because if gene expression in the CAM is regulated as 

such, it is possible for gene expression to be altered by exposure to xenoestrogens. In 

addition, developmental estrogenic exposure has been demonstrated to affect the 
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timing of birth, as well as fetal and neonatal growth patterns in a number of organisms, 

such as rodents, ewes, and Japanese medaka fish (Oryzias latipes) [238-241]. 

Therefore, the effect of in ovo estrogenic exposure on the timing of hatch and hatchling 

body morphometrics of alligators was also investigated.  

Materials and Methods 

Egg Collection 

 Fieldwork was conducted under permits from the Florida Fish and Wildlife 

Conservation Commission and the U.S. Fish and Wildlife Service. During the summer of 

2009, American alligator (Alligator mississippiensis) eggs were collected from nests 

located within Lake Woodruff National Wildlife Refuge (Deland, Florida) and were 

transported to the University of Florida for incubation. Within 48 h of arrival, eggs were 

candled to assess viability and embryos from 2 to 3 eggs per clutch were used to 

determine the average embryonic stage of the clutch based on criteria described by 

Ferguson [129]. Eggs from six clutches for gene expression analyses or five clutches for 

hatching analyses were evenly distributed into treatment groups and incubated at a 

female producing temperature of 30°C.  

In Ovo Exposure  

 At embryonic stage 20 (immediately prior to the thermal sensitive period of sex 

determination), eggs were weighed to the nearest 0.05 grams and received one of the 

following treatments applied topically to the eggshell; 95% ethanol vehicle control (0.5 

μL/g of egg weight), 17β-Estradiol (0.014μg/g of egg weight), or Bisphenol A (1.4 μg/g 

of egg weight). Following treatment, eggs were allowed to air dry at room temperature 

for 10 minutes and returned to the incubator. The timing of exposure, treatment 
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application, and doses of BPA and E2 are based on studies in another crocodilian, 

Caiman latirostris [242, 243].  

CAM Collection, RNA Isolation, Reverse Transcription and Real-time Quantitative 
Polymerase Chain Reaction (RT-qPCR) 

 CAM samples were dissected away from the embryo and eggshell at 12, 24, 48 

and 72 hours post exposure, washed in 1X phosphate buffered saline (PBS),stored in 

the RNA preservative, RNAlater solution (Ambion) at 4°C overnight and stored at -20°C 

until RNA isolation. Total RNA was isolated, reverse transcribed and complementary 

DNA was analyzed in triplicate as described in Chapter 3. RT-qPCR was performed on 

CAM samples collected at 12 hours (vehicle control n=11, BPA n=11, E2 n=12), 24 

hours (vehicle control n=12, BPA n=11, E2 n=12), 48 hours (vehicle control n=12, BPA 

n=13, E2 n=11), and 72 hours (vehicle control n=12, BPA n=12, E2 n=12). Primer pairs 

were combined and diluted to a final concentration of 10 μM and are reported in Table 

5-1. Triplicate data for each gene were averaged and mRNA expression levels of the 

steroid receptors (ESR1, ESR2, and PR) and steroidogenic enzymes (HSD3B1 and 

CYP19A1) were determined by the absolute quantification method [87] as previously 

described in Chapter 3. Controls lacking cDNA template were included on every RT-

qPCR plate to determine the specificity of target cDNA. Additionally, to confirm that 

target cDNA was not contaminated by genomic DNA, RT-qPCR was performed with 

RPL8 primers on the RNA isolated from every sample. To normalize mRNA expression 

levels, RT-qPCR was performed on all samples with ribosomal protein L8 (RPL8). Data 

are reported as relative expression and represent mean normalized mRNA transcript 

percentage in (% of RPL8).  
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Hatch Data 

Hatch dates were recorded for every animal and timing of hatch was calculated as 

the difference between embryonic stage 20 and the day of hatching. At hatching, body 

mass (BM), tail girth (TG), snout-vent length (SVL), and total length (TL) were 

measured.  

Statistical Analysis 

 All statistical analyses were performed in the R statistical programming 

environment version 2.13.1 [95]. For gene expression analyses, the total numbers of 

mRNA transcripts for 1 internal control and 5 target genes from the CAM were 

determined by RT-qPCR. To quantify relative expression of target genes, I normalized 

mRNA expression of each sample to RPL8. I used linear mixed effects models (LMMs) 

to compare relative mRNA expression between the treatment groups at each discrete 

time period. In these analyses, in ovo exposure was treated as a fixed effect, and RT-

qPCR plate and maternal clutch were treated as random effects; however, maternal 

clutch did not significantly reduce model deviance and was excluded from the model for 

all genes. Model assumptions were evaluated visually via examination of residuals and 

QQ plots and log or square-root transformations were performed when necessary to 

normalize errors. Outliers were identified from residuals and QQ plots and the largest 

value of ESR1 and ESR2 in the E2 treatment at 72 hours and the largest value of 

HSD3B1 in the BPA treatment at 48 hours, were removed from the study (note that 

inclusion of these values did not change patterns of inference, but were excluded from 

the final analysis because they had a disproportionate influence on mean estimates and 

caused violation of normality). The assumption of homogeneity of variances was met for 

all genes. The RT-qPCR plate set up accounts for the difference in the number of 
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degrees of freedom between genes. The same analytical approach described above 

was used to estimate the effect of in ovo exposure on the timing of hatch and hatchling 

body morphometrics. In these analyses in ovo exposure was treated as a fixed effect 

and maternal clutch was treated as a random effect.  

Results  

Steroid Receptor and Steroidogenic Enzyme Expression in the CAM Following 
Estrogenic Exposure 

The effect of estrogenic exposure on the level of mRNA expression in the CAM at 

four discrete time periods was analyzed. The level of mRNA expression was not 

different among the treatment groups at any of the time periods examined for ESR2 

(Figure 5-2), PR (Figure 5-3), CYP19A1 (Figure 5-4), or HSD3B1 (Figure 5-5), a 

summary of statistical analyses are presented in Table 5-2. Likewise, ESR1 expression 

was not different among the treatment groups at 12 hours, 24 hours, or 48 hours post 

exposure. However, ESR1 mRNA in the E2 treatment group was upregulated 1.4 fold 

relative to the vehicle control and 1.6 fold relative to the BPA treatment group at the 72 

hour time period (F2,25=5.21, p=0.01) (Table 5-2, Figure 5-1). 

The Effect of Estrogenic Exposure on Timing of Hatch 

The effect of estrogenic exposure on the timing of hatch was analyzed and it was 

observed that alligators exposed to BPA and E2 in ovo hatched earlier than those 

exposed to the vehicle control (F2,70=7.4, p=0.0012) (Figure 5-6). The average time to 

hatch for BPA and E2 exposed animals was 45.1 ± 0.4 and 45.0 ± 0.4 days, 

respectively, whereas the average time to hatch in vehicle exposed animals was 46.5 ± 

0.7 days (Figure 5-6).  
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Hatchling Body Morphometrics Following Estrogenic Exposure 

Next, the effect of estrogenic exposure on body morphometrics at hatch was 

analyzed. Body mass (F2,70=1.22, p=0.30), tail girth (F2,70=0.20, p=0.82), total length 

(F2,70=0.007, p=0.94), and snout-vent length (F2,70=0.72, p=0.49) were not different 

among the treatment groups (Figure 5-7). 

Discussion 

 It is well established that persistent environmental contaminants accumulate in 

the CAM [206] and it appears that this tissue has the capability to biotransform these 

compounds [208, 209, 222]. Indeed, it has even been suggested that “the CAM could 

represent a first line of metabolic defense against certain toxic compounds penetrating 

the shell” [209]. The majority of pollutants identified in CAM studies are classified as 

EDCs, i.e. chemicals that can interfere with the normal functioning of the endocrine 

system by modifying steroid hormone receptor and steroidogenic enzyme mediated 

actions (reviewed in .[215]. Our previous studies in the chicken, alligator and turtle 

indicates that the CAM has the capability to respond to steroid hormone signaling and 

perform steroidogenesis ([116], Chapters 2, 3, 4). Therefore, I examined whether 

exposure to either a naturally occurring estrogen (E2) or a synthetic estrogen (BPA) 

could potentially interfere with steroid signaling and or steroidogenesis in the alligator 

CAM. Here, I demonstrate that estrogenic exposure affected steroid receptor mRNA 

expression by showing that topical application of E2 resulted in upregulation of CAM 

ESR1.  

 In general, E2 upregulates ESR1, ESR2 and PR (as reviewed in [244]), and in 

addition has been shown to upregulate or downregulate CYP19A1 [228-231] and 

HSD3B1 [233-235] dependent on species and tissue/cell types. Therefore, I expected 
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that if the CAM was responsive to estrogenic treatment, I could potentially observe a 

change in mRNA expression of any of these genes following estrogenic exposure. Yet, 

based on previous studies and as will be explained in subsequent paragraphs, I 

predicted that the effect of E2 exposure on CAM ESR1 should be greater than that on 

ESR2 and/or PR. As there is less consistency in steroidogenic enzyme responses to 

E2, I predicted that transcription of these genes could be affected by exposure, but that 

either an upregulation or downregulation was possible and that the magnitude of 

change would likely be less than that of ESR1.  

 Our finding that E2 resulted in an upregulation of ESR1 only after 72 hours 

suggests that topically applied E2 did not penetrate the eggshell in sufficient 

concentration to elicit a response in CAM ESR1 until between the 48h and 72h 

collection time points. This result coupled with a complete absence of an observed 

effect in ESR2 and PR or the steroidogenic enzymes could suggest that; 1) the dose of 

E2 was only sufficient to effect ESR1 expression, 2) CAM steroid receptors exhibit a 

differential response to E2.or 3) the time series used was insufficient to capture a 

response in mRNA expression beyond that of ESR1.  

 It has been reported that E2 is a more potent activator of ESR1 than ESR2 [245, 

246] and has higher binding affinity for ER than PR [225]. ESR1 and ESR2 have distinct 

expression patterns in tissue distribution studies [247] and while both were identified in 

the CAM, ESR1 relative expression was on average 10 orders of magnitude higher than 

that of ESR2, suggesting that ESR1 is the predominant subtype of ER expressed in this 

tissue. In addition, PR relative expression in the CAM was on average an order of 

magnitude lower than that of ESR1. Thus, the low dose of E2 used in our study may not 
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have been sufficient to induce ESR2 and PR mRNA expression. Likewise, ESR1 mRNA 

expression is approximately 10 and 1 order(s) of magnitude higher than that of 

CYP19A1 and HSD3B1, respectively, which again could explain why E2 did not induce 

a change in mRNA expression of the steroidogenic enzymes examined. 

 A differential response of ESR1 and ESR2 to E2 has been noted in other gene 

expression studies. In the chicken, in ovo E2 exposure on the first day of incubation 

resulted in increased ESR1 mRNA expression in male gonads on day 10 of incubation, 

whereas gonadal ESR2 expression was unaffected by E2 exposure in either sex [248]. 

Likewise, Sabo-Attwood et al. (2004) showed that large mouth bass (Micropterus 

salmoides), hepatic expression of ERs differed in response to E2, with E2 inducing a 

response in ESR1, but not in ESR2 [249]. Therefore, it is possible that the ERs are not 

regulated in the same fashion by E2 in the CAM.  

 It is also possible that since ESR1 was unaffected by E2 exposure until 72 hours 

post application that our time series was insufficient to detect a response to E2 in ESR2, 

PR and steroidogenic enzyme mRNAs. This might seem unlikely based on a topical 

application study in the slider turtle (Trachemys scripta) which showed that labeled E2 

applied to the eggshell peaked within embryos at 25 hours after application, but could 

be detected as early as 2 hours after application [250]. However, the turtle and alligator 

eggshell are vastly different in their porous nature [45] and at this point I can only 

speculate on the timing and concentration of topically applied E2 that penetrated the 

interior of the egg (see further discussion concerning internal dose below); but my 

findings suggest that the temporal transfer of E2 across the eggshell was less efficient 

than that reported in the turtle. 
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 While BPA has been demonstrated to exhibit estrogenic actions in numerous 

studies, it has been shown in competitive binding assays that BPA was 1000 to 10,000 

and 1000 to 2,300 times less potent than E2 in the mammalian and non-mammalian 

species examined, respectively (as reviewed in [223]). This could explain why an 

upregulation of ESR1 in response to E2, but not BPA was observed in our study. It is 

important to note that the estrogenic exposures of this study were the result of a one 

time topical application to the eggshell and the concentrations applied to the eggshell, 

were considered low doses of E2 and BPA. The doses, method of delivery, and timing 

of exposure were based on studies in another crocodilian, Caiman latirostris, which 

demonstrated effects of estrogenic exposure in post hatching animals [242, 243]. While 

internal dose, i.e., the concentration of E2 or BPA penetrating the interior of the egg, 

was not determined in this study, previous work examining the applied versus internal 

dose in the marine turtle (Chelonia mydas) revealed that only 34% and 8% of DDE 

applied topically at embryonic stage 21 was found in the egg and embryo, respectively 

at stage 28 [251]. Thus, it is fairly safe to assume that the internal doses of E2 and BPA 

of our study were considerably lower than those applied externally and might account 

for the lack of response in ESR2, PR, CYP19A1 and HSD3B1 mRNA expression to E2 

and BPA exposure and ERS1 in BPA exposure.  

 Prematurity, either being born too soon or too small, is a leading cause of human 

infant mortality and morbidity [252, 253]. In the United States, the occurrence of human 

preterm birth has increased more than 20% and low birth weight has increased 10% 

from 1990 to 2006 [254]. In analyzing the distribution of spontaneous singleton births, 

Davidoff et al. (2006) showed that the average gestation time decreased by a week 
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between 1992 and 2002 [255]. There has been much speculation on whether increased 

exposure to environmental contaminants, such as BPA, could play a role in the 

increased occurrence of preterm birth and low birth weight [253] 

 Diethylstilbestrol (DES), a synthetic, non-steroidal estrogen that was ironically 

prescribed as a treatment for preterm birth and problematic pregnancies in the 1950s 

and 1960s has been associated with premature birth in humans [256] [257]. DES 

exposure in rats was shown to affect the length of gestation and either increased or 

decreased gestation length dependent on the timing of exposure [241]. A number of 

EDCs with estrogenic potential have been correlated with preterm birth including 

cadmium [258], organochlorine pesticides [259, 260], PCBs [261] and BPA [262]. BPA 

exposure has also been observed to cause premature hatching in medaka [239]. Here, I 

showed that in alligators both E2 and BPA exposure accelerated timing of hatch 

compared to vehicle controls. While the average difference between estrogenic 

exposed and vehicle treated animals was small, the effect of premature hatching could 

have significant implications and warrants further investigation.  

 It has also been suggested that increased estrogenic exposure during embryonic 

development can negatively affect fetal growth [263]. BPA exposure has been shown to 

decrease fetal body weight in rats [238], birth weight in ewes [240] and hatch size in 

medaka [239]. However, our study did not detect an effect of estrogenic exposure on 

alligator hatchling body morphometrics. In addition to decreasing fetal and birth body 

weight, in utero BPA exposure has been shown to increase body weight as animals age 

[220]; thus, it will be important to examine whether in ovo estrogenic exposure 

influenced post hatching growth rate in the alligators from our study.  
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 The CAM has been utilized as a nonlethal indicator of embryonic exposure to 

environmental contaminants in numerous oviparous bird and reptile species [206]. It is 

likely that CAM contaminant exposure could arise from sources both internal and 

external to the shelled egg. Internal exposure could arise from maternal transmission, 

i.e. off-loading of contaminants to the yolk [264]. Contaminants present in the yolk could 

then be transported to the CAM via circulation. Previous studies in the loggerhead sea 

turtle and American alligator have demonstrated that PCBs are present in the egg prior 

to CAM formation. However, these compounds are readily transported to the CAM upon 

its development [82, 212]. In addition, external exposure could arise in the nest 

environment. The close proximity of the CAM to the eggshell and it’s highly vascularized 

nature facilitate the CAMs primary role of gas exchange with the external environment. 

In addition, the CAM mobilizes calcium from the eggshell to the embryo [265]. In light of 

this, it seems likely that contaminants, which come in contact with the eggshell, perhaps 

through contact with contaminated feathers or feet of brooding parents in avian nests or 

contaminated nesting material in reptilian nests, could be transported to the CAM.  

 It is evident from previous studies in the American alligator and other species 

with temperature sex determination, that E2 and other chemicals applied topically have 

the ability to penetrate the eggshell and cause embryonic sex reversal [250, 266, 267]. 

Very little is known concerning the extent of contaminant transmission across the 

eggshell in natural environments. Yet a recent laboratory study attempted to investigate 

the transmission of contaminants across the eggshell of a reptilian species as they 

would be exposed in the natural environment, i.e., through contaminated nesting 

material. Solla et al. incubated snapping turtle (Chelydra serpentina) eggs in soil 
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contaminated with various pesticides and found that internal transmission of pesticides 

increased with duration of contaminant exposure [268] suggesting that reptilian eggs 

incubated in natural environments likely absorb contaminants from nesting substrate 

throughout incubation. 

 To my knowledge no studies have quantified BPA in the CAM, yet BPA has been 

measured in placental tissues of rats [269] and humans [270]. While acute BPA 

exposure studies indicate that BPA is rapidly metabolized and excreted in adult animals, 

it has been suggested that lower metabolism during fetal development could result in 

decreased clearance [271]. As the CAM and chorioallantoic placenta are derived from 

the same extraembryonic membranes and perform similar functions during 

development, it thus stands to reason that the CAM could be exposed to BPA and play 

a role in its metabolism and excretion. This idea is supported by the finding that labeled 

BPA injected into the yolk of Japanese quail (Coturnix japonica) on day 3 of embryonic 

development was observed in the allantoic fluid on days 10 and 15 of incubation with 

more pronounced radioactive labeling on day 15 compared to day 10 [272]. 

 The observation that ESR1 mRNA was upregulated in the CAM following in ovo 

E2 exposure in conjunction with our previous findings that CAM steroidogenic enzymes 

and steroid receptor mRNAs are affected by developmental timing ([116], Chapters 2, 3, 

4) and incubation temperature (Chapter 2) indicate that gene expression in the 

oviparous CAM is regulated. While more work is needed to understand the regulation of 

steroid pathways in the CAM, establishing that gene expression in the oviparous CAM is 

regulated suggests that it is possible for gene expression to be altered in this tissue. 

Our study indicates that estrogenic exposure affects mRNA expression in the CAM and 
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thus, suggests that environmental contaminants acting through estrogenic pathways 

could impact CAM gene expression. Dose response studies examining steroid 

signaling, steroid synthesis and steroid metabolism mediated actions in response to 

EDCs known to bioaccumulate in this tissues are needed. Further, our previous studies 

have demonstrated the presence of the androgen receptor and glucocorticoid receptor 

in the CAM (Chapter 3, Chapter 4) and future studies should investigate whether these 

receptors are affected by exposure to naturally occurring or synthetic androgens and 

glucocorticoids. As BPA has been demonstrated to strongly bind the human estrogen-

related receptor γ (ERRγ) [273], which is highly expressed in the placenta [274], I 

suggest that future work should also investigate if the CAM expresses EERγ and how 

ERRγ expression might be affected by estrogenic exposure.  
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Table 5-1. Alligator PCR primers used for RT-Quantitative real-time PCR 

Gene Direction Sequence (5’-3’) 
Annealing 
(C) 

GenBank 
accession  
number or 
reference 

RPL8 Sense  GGTGTGGCTATGAATCCTGT 62.9 Katsu et al. (2004) 

 Antisense  ACGACGAGCAGCAATAAGAC   

PR Sense  AAATCCGTAGGAAGAACTGTCCAG 67.5 AB115911 

 Antisense  GACCTCCAAGGACCATTCCA   

ESR1 Sense AAGCTGCCCCTTCAACTTTTTA 66.5 AB115909 

 Antisense  TGGACATCCTCTCCCTGCC   

ESR2 Sense  AAGACCAGGCGCAAAAGCT 65 AB115910 

 Antisense  GCCACATTTCATCATTCCCAC   

CYP19A1 Sense  CAGCCAGTTGTGGACTTGATCA 62 AY029233 

 Antisense  TTGTCCCCTTTTTCACAGGATAG   

HSD3B1 Sense  GTGATCCCATCTGCAATGGTG 60 Milnes et al. (2008) 

 Antisense  CCATCTGCCTTCAGGACATGTT   
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Table 5-2. Statistic summary of RT-Quantitative real-time PCR on the alligator CAM at 
four time periods post exposure. 

Gene 12 houra  24 houra 48 houra 72 houra 

ESR1 2,22=2.60, ns 2,23=0.82, ns 2,24=0.77, ns 2,24=5.21, * 

ESR2 2,22=1.02, ns 2,23=0.22, ns 2,24=2.20, ns 2,24=0.21, ns 

PR 2,27=2.57, ns 2,27=1.46, ns 2,28=0.16, ns 2,26=0.29, ns 

CYP19A1 2,27=1.22, ns 2,27=0.16, ns 2,28=0.86, ns 2,26=0.07, ns 

HSD3B1 2,27=0.38, ns 2,27=0.12, ns 2,27=0.63, ns 2,26=0.69, ns 
a Data presented as F(df)=, p-value= 

** p<0.01 

* p<0.05 

ns=not significant  

 
 



 

139 

 

Figure 5-1. Relative mRNA expression of ESR1 in the CAM following estrogenic 
exposure. RT-qPCR analysis of mRNA coding for ESR1 at 12, 24, 48, and 72 
hours following topical application of 95 % ethanol vehicle control (open 
squares), BPA (grey diamonds), or E2 (solid circles). Data are reported as 
relative mRNA expression and represent mean normalized mRNA transcript 
percentage in (% of RPL8) ± SEM. 

 



 

140 

 

Figure 5-2. Relative mRNA expression of ESR2 in the CAM following estrogenic 
exposure. RT-qPCR analysis of mRNA coding for ESR2 at 12, 24, 48, and 72 
hours following topical application of 95 % ethanol vehicle control (open 
squares), BPA (grey diamonds), or E2 (solid circles). Data are reported as 
relative mRNA expression and represent mean normalized mRNA transcript 
percentage in (% of RPL8) ± SEM. 
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Figure 5-3. Relative mRNA expression of PR in the CAM following estrogenic exposure. 
RT-qPCR analysis of mRNA coding for PR at 12, 24, 48, and 72 hours 
following topical application of 95 % ethanol vehicle control (open squares), 
BPA (grey diamonds), or E2 (solid circles). Data are reported as relative 
mRNA expression and represent mean normalized mRNA transcript 
percentage in (% of RPL8) ± SEM. 
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Figure 5-4. Relative mRNA expression of CYP19A1 in the CAM following estrogenic 
exposure. RT-qPCR analysis of mRNA coding for CYP19A1 at 12, 24, 48, 
and 72 hours following topical application of 95 % ethanol vehicle control 
(open squares), BPA (grey diamonds), or E2 (solid circles). Data are reported 
as relative mRNA expression and represent mean normalized mRNA 
transcript percentage in (% of RPL8) ± SEM. 
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Figure 5-5. Relative mRNA expression of HSD3B1 in the CAM following estrogenic 
exposure. RT-qPCR analysis of mRNA coding for HSD3B1at 12, 24, 48, and 
72 hours following topical application of 95 % ethanol vehicle control (open 
squares), BPA (grey diamonds), or E2 (solid circles). Data are reported as 
relative mRNA expression and represent mean normalized mRNA transcript 
percentage in (% of RPL8) ± SEM. 
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Figure 5-6. The effect of estrogenic exposure on timing of hatch. Timing of hatch was 
recorded for animals exposed in ovo at stage 20 to either 95% ethanol vehicle 
control (open squares), BPA (grey diamonds), or E2 (solid circles). Timing of 
hatch was calculated as the difference between embryonic stage 20 and day 
of hatching. Data represent mean hatch day ± SEM. 
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Figure 5-7. The effect of estrogenic exposure on hatchling body morphometrics. Body 
mass, tail girth, snout-vent length and total length was recorded upon 
hatching for animals exposed in ovo at stage 20 to either 95 % ethanol 
vehicle control (open squares), BPA (grey diamonds), or E2 (solid circles). 
Data represent mean values ± SEM. 
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CHAPTER 5 
SUMMARY, CONCLUSIONS AND FUTURE DIRECTIONS 

Summary and Conclusions 

While the placenta was first proposed to function as an endocrine organ in the 

early 1900s [5], the role of steroid hormone synthesis, metabolism and signaling 

continues to be defined in the placenta today [275-277], and the evolution of these 

functions in the placenta remains as a fundamental research question [278]. Prior to my 

work, it was known that the embryonic contribution to the mammalian placenta performs 

steroid hormone synthesis and responds to steroid hormone signaling via steroid 

receptors [113, 279-283] (Figure 6-1). In addition, the ability to perform steroid hormone 

synthesis had been demonstrated in the embryonic contribution to the squamate 

placenta in one species of viviparous lizard [21] (Figure 6-1). As the embryonic 

contributions to mammalian and squamate placentae, i.e. the extraembryonic 

membranes, are also present in birds and oviparous reptiles, I looked to the precursor 

of the amniote placenta in an attempt to understand its evolution of endocrine function.  

Results from Chapter 2 showed that the chicken chorioallantoic membrane (CAM) 

expressed mRNA coding for steroidogenic enzymes required for steroid biosynthesis, 

had the ability to perform progesterone (P4) synthesis, and showed mRNA expression 

of estrogen receptor α (ESR1) and mRNA and protein level expression of the 

progesterone receptor (PR). This represented the first examination of steroid activity in 

the CAM of an oviparous amniote and demonstrated that steroidogenesis and steroid 

signaling in extraembryonic membranes are not exclusive characteristics of placental 

mammals and squamates. Although, the oviparous CAM of birds might have proven 

unique in this regard, we hypothesized that CAM steroid activity would extend to other 
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oviparous species, thus representing an additional unifying characteristic of amniotes 

and a possible explanation for how the placenta evolved as an endocrine organ. 

 In Chapter 3 and Chapter 4, I investigated this hypothesis in the CAMs of other 

oviparous amniotes, the American alligator and Florida red-belly slider turtle, 

respectively. Chapter 3 showed that the alligator CAM expressed mRNA coding for 

some of the steroidogenic enzymes identified in the chicken as well as mRNA and 

protein level expression of PR. In addition, Chapter 3 identified a regulator of 

steroidogenesis (NR5A1 also called SF-1), the steroidogenic enzyme (CYP19A1 also 

called aromatase) and estrogen receptor β (ESR2), androgen receptor (AR) and 

glucocorticoid receptor mRNAs and ESR1 protein for the first time in an oviparous 

reptile CAM. Chapter 4 revealed that the turtle CAM also expressed mRNA coding for 

ESR1, ESR2 and AR and mRNA and protein level expression of the PR. In addition, 

Chapter 4 showed that the turtle CAM, like the chicken, had the ability to perform P4 

synthesis.  

 Collectively, results from Chapters 2 through Chapter 4 showed that the CAMs of 

species representing three branches of the extant oviparous amniote phylogeny had the 

capability to perform steroidogenesis and respond to steroid hormone signaling (Figure 

6-1) and supports our hypothesis that these features could be a conserved trait of 

amniote extraembryonic membranes, regardless of reproductive mode. If 

steroidogenesis and steroid signaling in extraembryonic membranes is conserved, this 

would then suggest that the endocrine role of the amniote placenta likely evolved 

initially in an oviparous ancestor and offers a new hypothesis for the evolution of an 

endocrine placenta.  
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 In Chapter 2 through Chapter 4, the mRNA expression of some genes was 

observed to change during development. In addition, Chapter 3 showed that mRNA 

expression of some genes was affected by incubation temperature. These results 

suggested that the expression of genes involved in steroid synthesis and signaling 

could be regulated in this tissue. Chapter 5 attempted to determine if CAM steroid 

receptors and/or steroidogenic enzymes were regulated in response to estrogenic 

exposure. Chapter 5 showed that a one time, low dose of the naturally occurring 

estrogen, 17β-estradiol, applied topically to the alligator eggshell resulted in an 

upregulation of CAM ESR1. While an effect on CAM gene expression was not observed 

in response to the synthetic estrogen, Bisphenol A, results from Chapter 5 nonetheless 

suggested that steroid activity in the CAM, which is known to accumulate environmental 

contaminants [206] could be affected by exposure to xenoestrogens.  

 In squamates, the transition from oviparity to viviparity involves changes in the 

timing of egg retention, thickness of the eggshell, and the development of a placenta 

[14]. With the over 100 independent evolutionary origins of viviparity in squamate 

reptiles [7, 8], it seems equally likely that the transition in reproductive mode; 1) may not 

be an exceedingly difficult one to make and 2) may occur in response to various 

selective forces, but likely involves similar molecular, cellular and morphogenic 

pathways. Therefore, we should not be surprised to find that many of the required 

molecular, cellular and organ level characteristics of viviparity, including endocrine 

signaling, were already present in the oviparous ancestors allowing them to be modified 

for a viviparous mode of reproduction. However, differences in the use of various 
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pathways and mechanisms and timing associated with these processes would likely 

occur.  

 From the previous work described in Chapter 1 and my work presented here, I 

suggest the following to have evolved concurrently with live-birth and consider them 

requirements of viviparity; intrauterine retention of the egg for the duration of embryonic 

development, reduction of the eggshell, and formation of a fully functioning placenta that 

includes not only the exchange of gases, waste and nutrients, but also endocrine 

signals as well. In light of my findings, it is likely that embryonic endocrine signals from 

the extraembryonic membranes play a key role in the maternal recognition, 

establishment, and maintenance of gestation in viviparous squamates. Given that the 

CAM is present in all birds, reptiles, and mammals, why has viviparity not evolved in 

birds or in the other reptiles (tuatara, crocodilians and turtles)? Simply put, the presence 

of a steroidogenic CAM is not enough in itself to facilitate a transition from oviparity to 

viviparity in the absence of extended egg retention in conjunction with continued 

embryonic development and decreased eggshell thickness. Egg retention is brief in 

birds and crocodilians, whereas egg retention is extended in some species of turtles 

and in the tuatara [53]. However, embryonic development is arrested in turtles and 

presumed to be so in the tuatara as little embryonic development occurs in utero and 

embryos are at the gastrula stage at the time of oviposition [53]. Thus, oviposition 

occurs at early stages of development prior to development of the CAM in birds, 

crocodilians, turtles, and the tuatara [53, 284]. In contrast, oviparous squamates 

typically retain eggs in utero past the time of CAM development, on average for one-

third to one-half of embryonic development [284, 285]. Moreover, if the thickness of the 
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eggshell is not reduced in utero, then embryonic or extraembryonic signals that might 

play a role in further extending egg retention will not be in communication with the 

maternal uterus.  

Future Directions 

 We currently understand much about the morphological and physiological 

attributes of viviparity, but despite a century of inquiry, many major questions remain. 

The molecular mechanisms involved in the suite of physiological (especially endocrine), 

anatomical, and developmental modifications associated with the evolution of viviparity 

have only begun to be explored. Determining the extent of steroid hormone synthesis, 

metabolism and signaling in the oviparous extraembryonic membranes, specifically the 

CAM and yolk sac membrane (YSM) could shed light on the physiological mechanisms 

associated with the evolution of viviparity.  

 In this regard, a full investigation of the CAMs ability to synthesize steroid 

hormones, beyond P4 is needed. In addition to P4, the synthesis and metabolism of 

estrogens, androgens and glucocorticoids hormones play pivotal roles in the placenta 

during pregnancy [111]. Therefore, establishing the ability to synthesize and metabolize 

these hormones not only in the CAM, but also in the YSM would greatly increase our 

understanding of the role of steroid hormones in oviparous extraembryonic membranes. 

The ability of the chicken and turtle CAM to synthesize P4 from cholesterol indicates 

that CYP11A1 and HSD3B1 are functional in this tissue; however, demonstrating 

protein expression of steroidogenic enzymes is needed. Furthermore, determining the 

correlation between;1) mRNA and protein levels of expression of steroidogenic 

enzymes and steroid receptors and 2) steroidogenic enzyme and steroid receptor levels 
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of protein expression is needed to understand steroid hormone mechanisms of action in 

these tissues.  

We have speculated that steroid hormones in the CAM might regulate gene 

expression, influence differentiation, development, growth and vascularization of the 

CAM as well as play a potential role in the maintenance of embryonic development, 

timing of hatch and growth of the embryo. While results from Chapter 5 showed an 

effect of estrogenic exposure on CAM ESR1 expression and timing of hatch, 

demonstrating more than a correlation between these two observations will likely prove 

difficult. However, examining gene expression and morphological effects of in ovo 

exposure to multiple doses of naturally occurring and synthetic hormones across 

multiple developmental time points would help define the function of steroid hormone 

synthesis and signaling in the CAM. 

 In addition to steroid hormones, the embryonic contribution to the placenta 

synthesizes a suite of peptide hormones, neurohormones, growth factors and cytokines 

that modulate placental hormone production and release through endocrine, paracrine 

and autocrine mechanisms [71]. Many of these factors, such as activin [286], prolactin, 

growth hormone, placental lactogen [287], transforming growth factor-β, platelet-derived 

growth factor, fibroblast growth factor, epidermal growth factor (as reviewed in [189]), 

interleukin-6 [288], and prostaglandin E [289] have all been shown to affect 

angiogenesis in the chicken CAM. This suggests that the oviparous CAM has the 

mechanisms in place to respond to many important modulators of placental chemical 

signaling pathways. Therefore, determining how these factors might also modulate 
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hormone production and release in the oviparous extraembryonic membranes will be 

important in future studies.  

Finally and most importantly, future studies must continue to examine 

steroidogenic and steroid signaling capabilities in the extraembryonic membranes of 

other oviparous amniotes to either support or refute our hypothesis that this is a 

conserved characteristic of amniotes (Figure 6-1). High priority should be given to 

examining the CAM and YSM of oviparous lizards, snakes and mammals, and to 

comparative studies of steroidogenic and steroid signaling capabilities of these tissues 

between closely related oviparous and viviparous squamate species. Further, should 

our hypothesis be supported through future research efforts it will be important to 

investigate steroid activity in the YSM of fishes and amphibians as this is the ancestral 

extraembryonic membrane of vertebrates and the only extraembryonic membrane of 

anamniotes.  
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Figure 6-1. Evidence of endocrine extraembryonic membranes in amniotes. Previous 

studies (black diamonds) demonstrated that the embryonic contributions to 
the chorioallantoic and yolk sac placenta have the ability to perform steroid 
synthesis and respond to steroid hormone signaling in the viviparous taxa 
noted The work presented here (black squares) provided evidence that the 
oviparous CAM of the taxa noted shares that capability. In addition, I have 
recently observed steroidogenesis and steroid signaling capabilities in the 
YSM of chicken (grey squares, data not shown here). Open circles denote 
current holes in our understanding of this system and where future research 
efforts are needed. 
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