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Abstract
Oviducts respond to hormonal cues from ovaries with tissue proliferation and differentiation in
preparation of transporting and fostering gametes. These responses produce oviducal
microenvironments conducive to reproductive success. Here we investigated changes in
circulating plasma sex steroid hormones concentrations and ovarian and oviducal mRNA
expression to an in vivo gonadotropin (FSH) challenge in sexually immature, five-month-old
alligators. Further, we investigated differences in these observed responses between alligators
hatched from eggs collected at a heavily-polluted (Lake Apopka, FL) and minimally-polluted
(Lake Woodruff, FL) site. In oviducts, we measured mRNA expression of estrogen, progesterone,
and androgen receptors and also beta A and B subunits which homo- or heterodimerize to produce
the transforming growth factor activin. In comparison, minimal inhibin alpha subunit mRNA
expression suggests that these oviducts produce a primarily activin-dominated signaling milieu.
Ovaries responded to a five-day FSH challenge with increased expression of steroidogenic enzyme
mRNA which was concomitant with increased circulating sex steroid hormone concentrations.
Oviducts in the FSH-challenged Lake Woodruff alligators increased mRNA expression of
progesterone and androgen receptors, proliferating cell nuclear antigen, and the activin signaling
antagonist follistatin. In contrast, Lake Apopka alligators displayed a diminished increase in
ovarian CYP19A1 aromatase expression and no increase in oviducal AR expression, as compared
to those observed in Lake Woodruff alligators. These results demonstrate that five-month-old
female alligators display an endocrine-responsive ovarian-oviducal axis and environmental
pollution exposure may alter these physiological responses.
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1. Introduction
The female reproductive tract exhibits alterations in structure and function developmentally
as well as with seasonal reproductive activity. Oviducts, used here in the comparative sense
meaning structures derived from the embryonic Müllarian duct, respond to endocrine signals
through changes in gene expression, protein synthesis, and morphology with sexual
maturation and reproductive activity. In adult tetrapods, oviducal microenvironments
produced by these changes impact gamete maturation, fertilization, and early embryonic
development [27, 28].

Sex steroid hormone receptors in the oviduct receive endocrine signals and regulate growth,
differentiation, and protein secretion. Ligand binding of oviducal sex steroid hormone
receptors results in a positive feedback that elevates expression levels of sex steroid
hormone receptors, priming the tissue to receive further signals in general [15, 40]. Avian
oviducts respond to estradiol treatments with proliferation of luminal epithelia and
cytodifferentiation of tubular gland cells [4, 33]. Recently, neonatal exposure to the
phytoestrogen genistein has been demonstrated to impact ovarian morphology and ovulation
in mice [27]. This phytoestrogen treatment also impacted the adult reproductive oviducal
environment resulting in decreased fertility. These data are similar to those that have been
reported for decades in which perinatal diethylstilbestrol (DES) treatment, a pharmaceutical
estrogen, alters the development and functioning of mouse and human reproductive tracts
[48].

Estrogens exhibit ‘priming’ of the oviduct for later progesterone responsiveness through
increased progesterone receptor (PR) expression levels [39, 59, 61]. Estrogenic treatment
also increases androgen receptor (AR) mRNA expression in mouse fallopian tubes [55],
suggesting androgen signaling plays a regulatory role in vertebrate oviducts. Further, plasma
androgen concentrations are elevated at ovulation in various vertebrate species, such as in
alligators and humans [7, 23]. A roll for AR signaling is further supported by the
observations that AR-KO mice lack gonadotropin-induced endometrial growth [58] and AR
mediated signaling plays an essential role in estradiol-induced proliferation of rat uterine
epithelia [69]. Androgens and the AR expression also regulate oviducal function in non-
mammalian tetrapods. In leopard gecko, shell gland differentiation positively correlates with
circulating androgen level, whereas AR mRNA expression negatively correlates with the
degree of shell gland differentiation [53]. In chicken oviducts, estrogen and progesterone
induce the transcription of ovoalbumin; co-treatment with androgens enhance this induction
[1]. These results support a role for androgen signaling in oviducal regulation across
tetrapods.

Juvenile alligator oviducts respond to in vivo exogenous estrogenic and gonadotropin
treatments. Treatment of 16-month-old female alligators with super-pharmacological doses
of estrone led to pronounced oviducal hypertrophy with tall columnar epithelia surrounding
enlarged lumens [14]. Further, treatment with pituitary extract hypertrophied the oviducts of
20-month-old alligators and increased convolutions and columnar epithelial height, but not
oviducal size or diameter, in six-month-old animals [13]. Thus, similar to observations in
other species [18], immature alligator oviducts are responsive to changes in reproductive
signaling.
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Estrogen and progesterone receptors have been identified and characterized in alligator
oviducts [31, 32, 64] and environmental pollutants, such as DDT (1,1,1-trichloro-2,2-di(4-
chlorophenyl)ethane) found in Lake Apopka, Florida, inhibit in vitro sex steroid hormone
receptor binding kinetics [63]. Alligators from the polluted Lake Apopka have exhibited low
reproductive success in association with elevated endocrine disrupting contaminant
exposures for almost 30 years [22, 41, 43]. While the impact of these contaminants on
alligator gonadal function has been a focus of considerable research [8, 9, 34, 41, 47], the
impact of exposure to these contaminants on oviducal function has received little attention.

In mammals, activin signaling factors, like sex steroid hormones, play a role in regulating
oviducal function. Activins and inhibins are transforming growth factor-β superfamily
signaling ligands that are assembled through the dimerization of discrete subunits. Activin
ligands act as agonists, work through membrane-bound activin receptor complexes,
stimulate SMAD-mediated secondary messenger cascades, and ultimately modulate gene
expression [11]. Homo- or heterodimerization of β subunits, βA (INHBA) or βB (INHBB),
forms activin A (βA-βA), activin B (βB-βB), or activin AB (βA-βB), respectively. Inhibins
or follistatin antagonizes activin signaling. Inhibins are heterodimers of a β subunit and an α
subunit (INHA) forming either inhibin A (βA-α) or inhibin B (βB-α). Follistatin (FST) is a
TGFβ superfamily ligand antagonist that binds and neutralizes secreted activins.

Maternally derived activins have been demonstrated in mammalian oviducts [3, 28] and
critically influence pre-implantation embryogenesis [67]. For example, activins regulate
developmental competence of in vitro-produced bovine embryos [67, 68]. Activin signaling
is necessary for oviducal maintenance, where a loss of activin signaling is associated with
endosalpingiosis, the formation of tubal cysts [5]. Activin receptor binding regulates
intracellular SMAD signaling and ultimately modulation of gene expression through
subsequent SMAD phosphorylation (pSMAD) and nuclear translocation. Mouse oviduct
luminal epithelia express phospholylated SMAD proteins (pSMAD 2/3) and, therefore, are
targets of activin signaling [60]. To date, the expression of oviducal activin signaling factors
has received little-to-no investigation in non-mammalian vertebrates.

We specifically investigated the tube region of five-month-old alligator oviducts,
homologous to the magnum in birds, which is anterior to the utero-tubular junction and
functions to secrete albumen proteins in reproductive adult animals [6, 50]. We examined
the effects of an in vivo FSH challenge on ovarian steroidogenic enzyme mRNA expression
levels, circulating sex steroid hormone concentrations, and oviducal sex steroid hormone
receptors and activin-inhibin-follistatin signaling factor mRNA expression levels. In
previous research, alligator oviducal responses to pituitary extract treatments has been
hypothesized to be indirectly mediated via alteration of ovarian sex steroid synthesis by
gonadotrophin treatment [13], thus we investigated if alligator oviducts express follicle
stimulating hormone receptors (FSHR) and, therefore, could be directly responsive to a
gonadotrophin challenge. We measured proliferating cell nuclear antigen (PCNA) mRNA
expression levels to infer a proliferative oviducal response to treatment. Finally, we
compared basal expression levels and challenge responsiveness observed in alligators
hatched from eggs collected from two Florida lakes; a reference site (Lake Woodruff
National Wildlife Refuge, FL) to those collected from a polluted environment (Lake
Apopka, FL) where alligators have a history of decreased reproductive success and altered
reproductive function [43].

2. Materials and Methods
We collected American alligator (Alligator mississippiensis, Daudin, 1801) eggs from nests
at Lake Woodruff National Wildlife Refuge and Lake Apopka on June 27 and 28,
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respectively, 2005 (Permit #WX01310) prior to the period of temperature dependent sex
determination [12]. Eggs were candled to assess viability at the University of Florida and
eggs from six Lake Woodruff and five Lake Apopka clutches were used for this study. A
subset of viable eggs from these clutches were systematically intermixed, placed into trays
of damp sphagnum moss, and incubated at a female producing temperature of 30°C. Daily
rotation of trays minimized regional temperature effects within incubators.

Animal procedures conformed to an IACUC approved protocol. Hatching animals were web
tagged with numbered Monel tags and co-housed in a temperature-controlled animal room
in tanks (~20 neonates/0.7 m3), and experienced a 16:8-hour photoperiod with heat lamps
for basking and daily water changes. Ambient room temperatures ranged from 27°C to
31°C. Hatching occurred from August 31 through September 15. Hatch order systematically
assigned animals to treatment groups within an FSH challenge study administered at
approximately five months after hatching (average age = 141 days old; range = 131–153
days old). Challenge study animals received a daily IM injection of either 0.8% sterile saline
vehicle (isotonic to alligator blood) or an FSH dose (50 ng/gram BM) to the base of the tail.
Injections volumes were ~90 μl and were administered between 11:00 and 12:00 h. Animals
either received one injection with necropsy on the following day (Day 2 animals) or one
injection per day for four consecutive days with necropsy on the following day (Day 5
animals). Because reptile FSH preparations are not commercially available, we treated with
ovine FSH (Sigma-Aldrich #F8174). Previous experimentation has shown robust hormonal
and/or gonadal responsiveness to treatment in alligators [9, 37].

Necropsies commenced at 12:00 h on appointed days. Body mass (BM), total length (TL)
and snout-vent lengths (SVL) were recorded. No differences in BM, SVL, or TL were
observed between alligators within the two and five day FSH challenge comparing treatment
group and lake of origin. Overall morphometric means and standard errors of animal body
measures were: BM = 321 ± 8.6 g, SVL = 22.8 ± 0.2 cm, and TL = 46.8 ± 0.5 cm.
Immediately prior to euthanasia, 1 ml of blood was collected from the supravertebral blood
vessel, followed by a lethal dose (0.06 mg/g BM) of sodium pentobarbital (Sigma). Blood
collected in a heparinized Vacutainer (BD Diagnostics) was kept on ice until centrifugation
at 1,500 g for 20 min at 4°C. Plasma was stored at −80°C until radioimmunoassay (RIA).
Plasma E2 and T concentrations were analyzed with a 96-well FlashPlate PLUS system
(Perkin Elmer, Shelton, CT) as previously described [25]. From each animal, one ovary and
the tube region of the oviduct (from alternating sides) were fixed in RNAlater (Ambion)
according to manufacturer’s instructions and then stored at −80°C until RNA extraction.
Standard paraffin histology of the contra-lateral ovary confirmed sex.

Our standard total RNA isolation and reverse transcription (RT) procedures have been
previously reported in detail [41]. Animals with oviducts yielding less that 20 ng/μl total
RNA were excluded from the study. Quantitative real-time PCR (Q-PCR) has been used to
measure mRNA expression in American alligator tissues [24, 34, 44, 46, 47]. Table 1 reports
Q-PCR primer sequence information, annealing temperatures, and accession numbers. The
MyiQ single color detection system (BioRad, Hercules, CA) performed Q-PCR following
manufactures protocol using iQ SYBR Green Supermix (BioRad) in triplicate reaction
volumes of 15 μl with 0.6 μl of RT product (from a 20ul RT reaction containing 160 ng of
total RNA by iScript cDNA synthesis kit, BioRad) and specific primer pairs. Q-PCR
expression levels were calculated using gene specific, absolute standard curves, which
contain the target cDNA at known concentrations. The use of absolute standard curves
allows statistical comparisons of mRNA expression levels of different genes within and
among samples. Sample means were normalized using ribosomal protein 18S mRNA
expression.
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JMP for windows version 7.0.2 (SAS Institute, Cary, NC) performed all statistical analyses.
Morphometric data were log transformed and gene expression ratios were arcsin
transformed to achieve homogeneous variances, as needed. Matched pairs t-tests compared
gene expression levels within vehicle treatment groups to establish baseline dimorphic
expressions. Two-way ANOVA followed by least square means Tukey-Kramer post-tests,
when appropriate, compared body measurements, steroid hormone concentrations, and
mRNA expression levels between control and FSH treatment groups (ANOVA factors:
treatment and lake of origin) for animals in the two-day old and five-day old FSH challenge
studies. Linear regression analysis was performed between selected mRNA expressions.
Significance was set at P < 0.05.

3. Results
3.1. Circulating Sex Steroid Hormone Concentrations

The two-day FSH challenge did not alter circulating estradiol-17β (E2) concentrations (Fig.
1A), or circulating testosterone (T) concentrations (Fig. 1C). Testosterone concentrations of
Lake Apopka vehicle-treated animals were greater than those of vehicle-treated Lake
Woodruff animals, but levels in two-day FSH challenged animals, from both lakes, did not
differ from vehicle control levels (Fig. 1C).

The five-day FSH challenge increased both circulating E2 concentrations (Fig. 1B; p <
0.001) and T concentrations (Fig. 1D; p = 0.041) with no differences by lake of origin.
However, mean circulating E2 concentrations increased 2.7 times, compared to only 1.3
times for T concentrations.

3.2. Ovarian Steroidogenic Enzyme mRNA Expression Levels
The two-day FSH challenge increased ovarian CYP11A1 mRNA expression (Fig. 2A;
treatment effect p = 0.001), however it did not alter ovarian CYP17A1 (Fig. 2C) and
CYP19A1 aromatase mRNA expression levels (Fig. 2E). Ovarian 18S mRNA expression
levels were not different between treatment groups (data not shown).

The five-day FSH challenge significantly increased ovarian CYP11A1, CYP17A1, and
CYP19A1 mRNA expression along with circulating E2 and T concentrations. The FSH
challenge resulted in a treatment effect which increased ovarian CYP11A1 side chain
cleavage (Fig. 2B; p = 0.014) and CYP17A1 17-alpha-hydroxylase (Fig. 2D; p < 0.001)
mRNA expression levels. Further, the challenge resulted in a treatment and a lake of origin
effect for ovarian CYP19A1 aromatase mRNA levels, with FSH treatment increasing
expression (Fig. 2F; p < 0.001) so that Lake Woodruff animals exhibited greater expression
levels than females from Lake Apopka (p = 0.025). Ovarian 18S mRNA expression levels
were not different (data not shown).

3.3. Oviducal mRNA expression levels
The two-day FSH challenge did not alter expression levels of any oviducal mRNA examined
(data not shown) and 18S mRNA expression levels showed no differences.

In the five-day FSH challenge, expression levels of ESR1 in vehicle treated oviducts (Fig.
3A) were greater than PR and AR expression levels (p < 0.001 for both, Figs. 3B and 3C
respectively) and two orders of magnitude greater than those of ESR2 (Fig. 3D). We
measured low levels of follicle stimulating hormone receptor (FSHR) in vehicle treated
oviducts (Fig. 3E), as compared to sex steroid hormone receptor expression levels.
Comparing activin-inhibin subunit mRNA expression levels in alligator oviducts, INHA
mRNA levels (Fig. 2F) were two orders of magnitude less that INHBA and INHBB levels
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(Fig 3. G,H, respectively). Further, vehicle treated oviducts expressed greater levels of
INHBA than INHBB (p = 0.046)

In contrast to the two-day challenge, the five-day FSH challenge resulted in some increased
mRNA expression levels. Lake Woodruff animals exhibited increases in PR mRNA
(treatment effect; p < 0.001) and AR mRNA expression levels (treatment by lake effect; p =
0.044), while only PR mRNA levels increased in Lake Apopka animals (Figs. 3B,C,
respectively). Oviducal expression levels of PR and AR mRNA from challenged Lake
Woodruff animals were linearly correlated (R2 = 0.53, p = 0.039), unlike those from Lake
Apopka alligators (R2 = 0.09, p = 0.52). FSHR expression levels increased with FSH
treatment (treatment effect; p < 0.001). No changes were observed in expression levels of
activin-inhibin subunits with FSH treatment as compared to vehicle treated levels (Figs. 3F-
H); though FSH stimulated INHBA mRNA expression levels were still greater than INHBB
(p < 0.001). However, FST expression levels (Fig. 3I) increased in challenged animals
(treatment effect; p = 0.004). We observed increased PCNA mRNA expression levels (Fig.
3J) with FSH challenge (treatment effect; p = 0.001).

4. Discussion
4.1. Basal expression levels and FSH challenge responses

Alligator ovaries shows dynamic morphological development and concomitant changes in
mRNA expression levels during the first months post-hatching [44, 47]. Under laboratory
grow out conditions, we have observed formation of ovarian follicles with enlarged,
diplotene-arrested oocytes and a complement of granulosa within a complete basement
membrane and associated thin thecal compartments between three- and five-months post-
hatching. Here we demonstrate that during this developmental period, alligator reproductive
tracts are responsive to an in vivo gonadotrophin stimulation. This would be induced by way
of increased expression of steroidogenic enzymes, elevated circulating sex steroid hormone
concentrations, and alteration of oviducal mRNA expression levels of sex steroid hormone
receptors, activin signaling factors, and cell proliferation markers. Gonads of immature
animals are often described as being quiescent (defined as inactive, quiet, at rest) and are
assumed unresponsive until the initiation of brain-pituitary-gonad axis maturation at
puberty. We have shown that the post-hatching alligator ovary is developmentally dynamic.
Further, it is “listening” for endocrine signals and the reproductive tract, both gonad and
oviduct, is competent to respond to received stimulation.

CYP11A1 side chain cleavage is the first enzyme of the steroidogenic cascade and
synthesizes pregnenolone, the precursor to all other steroid hormones, from cholesterol
substrate. In immature chicken ovaries, exogenous FSH induces steroidogenesis by
increasing CYP11A1 mRNA expression and subsequent progesterone synthesis [26]. In
five-month-old alligator ovaries, we observed increased CYP11A1 mRNA expression with a
single FSH injection. This treatment, however, did not alter circulating E2 or T
concentrations.

In the five-day FSH challenge, we observed treatment induced increases in CYP17A1 and
CYP19A1 mRNA expression levels, the steroidogenic enzymes responsible for androgen
synthesis and the aromatization of androgens to estrogens, respectively. Concomitantly, E2
and T concentrations increased. In light of a greater increase in E2 concentrations compared
to T in FSH challenged animals, increased androgen synthesis related to increased
CYP17A1 mRNA expression most likely resulted in increased aromatization of resulting
androgens into estrogens, and thus only the observed minor elevation of T concentrations.
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We observed dimorphic mRNA expression levels of oviducal sex steroid hormone receptors
in oviducts of saline treated alligator in which ESR1 >PR/AR > ESR2. These results are
parsimonious with observations in other vertebrates. Greater mRNA expression levels of
ESR1 than ESR2 has been measured in rat [49, 65] and bovine oviducts [62]. This
dimorphism in rat oviducts is in agreement with localization of expression; ESR1 has been
detected in all cell types in rat and mouse oviducts, whereas ESR2 expression appears to be
restricted to the epithelial cell compartment [49, 54]. Further, expression levels of PR and
AR mRNA levels in rat oviducts were intermediate to greater ESR1 and lower ESR2 mRNA
levels [49]. With FSH treatment, we observed no change in ESR1 or ESR2 but increased
expression of PR mRNA in oviducts of all animals and increased AR mRNA in oviducts of
Lake Woodruff animals. In light of these results, we posit that ESR1 signaling plays a
greater signaling role in alligator oviducts than ESR2 and also PR and AR regulate oviducal
physiology.

In ovo FSH treatment results in oviducal responsiveness in chickens. Treated embryos
display enlarged oviducal size, increased maturation state, increased mitotic index of
epithelial cells, and increased PR immunoreactivity [18, 19]. This responsiveness was
hypothesized to be an indirect effect of FSH stimulation by way of elevated ovarian sex
steroid hormone production. However, studies have reported FSHR expression in human
fallopian tubes and these tissues could be a direct target of gonadotropin signaling, with
endometrial expression fluctuating with menstrual cycle [36, 70]. Further, FSHR mRNA is
present in the bovine cervix (homologous to the alligator uterotubular junction) and these
levels positively correlate with circulating FSH concentrations [56, 57]. Therefore, we
cannot rule out a direct effect of FSH treatment on alligator oviduct physiology. We
measured FSHR expression in alligator oviducts and these levels were increased with FSH
treatment. These results suggest a direct gonadotropin signaling effect on the oviduct.
However, in light of low expression levels (on par with those of ESR2 mRNA) this
signaling pathway may not be a dominant factor in oviducal regulation when compared to
sex steroid hormone receptors.

We are the first to report mRNA expression of activin-related signaling factors in a non-
mammalian oviduct. Expression levels of INHBA, INHBB, and INHA were dimorphic and
similar to expression levels observed in the reproductive tracts of mammals, including
humans [3, 16, 28, 52]. In mouse oviduct, INHBA and INHBB are abundantly expressed
when compared to weak INHA expression [28]. Therefore, the elevated expression of
INHBA and INHBB subunits in alligator oviduct supports a hypothesis that an activin-
enriched (i.e. predominantly beta subunit expression) oviducal milieu could be common
across vertebrates.

Like activins, FST is believed to play a beneficial role in oocyte competence and early
embryogenesis [38]. Follistatin is expressed in human endometrial cells and this expression
fluctuates with reproductive state [29, 30]. It is hypothesized that epithelial-derived FST
regulates the levels of bioavailable activin in the uterine lumen. Our demonstration of FST
mRNA expression level responsiveness to FSH challenge suggests the presence of an
activin-follistatin regulatory system in alligator oviducts. Further, this regulation is present
and competent in the oviducts of a five-month old alligator.

To infer a proliferative oviducal response to the FSH challenge, we measured mRNA
expression levels of PCNA, a sliding ring clamp that interacts with DNA polymerase during
DNA replication and expression is maximal around the S phase of the cell cycle [35]. We
measured increased expression with FSH challenge. This elevation of mitotic activity is
most likely a result of oviducal stimulation by way of elevated circulating sex steroid
hormones. However, an alternative hypothesis of a direct influence of FSH on oviducal
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proliferation exists. In cultured rat granulosa cells, FSH stimulation in the presence of
activin A results in a synergistic increase in DNA synthesis, marked by increased PCNA
mRNA and protein [10]. We have observed the expression of FSHR and INHBA in alligator
oviduct and, therefore, a putative pathway to FSH induced elevation of PCNA expression.

4.2. Environmental contaminant exposure
Alligators used in this study were hatched from eggs collected from two Florida lakes; a
reference site (Lake Woodruff National Wildlife Refuge) and a polluted environment (Lake
Apopka). Lake Apopka alligators have a history of decreased reproductive success and
altered reproductive function [43] concomitant with persistently high body burden levels of
organochloride pesticide contamination, including DDT and deriviatives such as p,p′-DDE
(1,1-dichloro-2,2-bis ethylene) [17]. The DDT metabolite p-p′-DDE can modulate aromatase
gene expression [2], possesses anti-androgenic activity through competatatively binding the
androgen receptor without activiating AR-dependent pathways [20, 21], and has been linked
to the reproductive and endocrine alterations in alligators [22, 42]. Organochloride pesticide
contaminants are conveyed in alligators from mother to eggs and result in poor clutch
viability [51].

When offspring from these two lakes are compared, we observed a lake of origin difference
in ovarian CYP19A1 mRNA expression and a lake by treatment difference in oviducal AR
mRNA expression levels. In previous studies from our laboratory, we observed no
differences in basal ovarian CYP19A mRNA expression levels between juveniles from
Lakes Woodruff and Apopka [34, 41, 47]. However, here we demonstrated a lake of origin,
ovarian aromatase expression difference in FSH-challenged alligators with Lake Apopka
alligators expressing lower levels of aromatase mRNA when compared to Lake Woodruff
alligators[46]. Alligator ovaries undergo substantial morphological alteration during the
months post-hatching, including follicle formation and granulosa and thecal cell
development [44, 45]. We hypothesize that during this period of dynamic ovarian
development, an FSH challenge, as performed in this study, reveals physiological
differences in endocrine responsively between Lake Woodruff and Lake Apopka female
alligators not readily observed when basal expression levels are examined alone. In support
of this hypothesis, we have recently observed a lack of response, to an FSH challenge, in
ovarian CYP19A1 mRNA expression levels in five-day-old alligator from Lake Apopka
[46].

As with aromatase expression, FSH challenge did not increase oviducal AR mRNA
expression in five-month-old Lake Apopka animals, as compared to Lake Woodruff
females, but the pattern for this gene was different. That is, oviducal tissues from Lake
Apopka females exhibited higher expression levels of AR mRNA prior to treatment and
when stimulated showed a slight increase in expression. In contrast, the oviducal tissues
obtained from Lake Woodruff females had low levels of AR mRNA and showed a
significant response to FSH challenge with increased expression. We hypothesize, that this
difference in Lake Apopka alligator oviducal AR mRNA basal levels and responsiveness
could be the result of increased AR signaling during development. AR signaling during
oviduct development is important, as demonstrated in the mouse, and that exposure in ovo
and post-hatching to maternally-contributed, anti-androgenic contaminants, such as p-p′-
DDE in yolk could influence signaling. That is, even though p,p′-DDE has been
demonstrated to be anti-androgenic – an antagonist of the receptor - in many species, it also
has shown some affinity for the ER and has been shown to influence sex determination in an
estrogenic fashion in at least one study of alligators and a freshwater turtle [66]. Given the
presumed background of low androgens during the development of a female, we
hypothesize that any altered androgenic or estrogenic signaling during development could
alter future responsiveness to stimulation. In light of the growing understanding of the role
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androgen signaling plays in oviducal regulation, this physiological difference could forecast
pathologies in the reproductive competence of mature Lake Apopka alligators that need to
be examined in the future.

5. Conclusions
In this study, we have shown that five-month-old female alligators display a responsive
reproductive ovarian-oviducal axis. In vivo gonadotropin treatments increased circulating
estradiol concentrations, ovarian steroidogenic enzyme mRNA expression levels, and
oviducal mRNA expression levels of sex steroid hormone receptors, activin-binding
proteins, and mitotic factors. Taken together, these results show that the reproductive tracts
of female alligators during this period of dynamic development are competent to receive and
respond to endogenous endocrine signals. Additionally, we have shown differences in some
observed physiological responses between alligators collected from areas of differing levels
of pesticide contamination highlighting the potential impact of variable environmental
quality on alligator sexual development and function.
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Abbreviations

AR androgen receptor

CYP11A1 cytochrome P450, family 11, subfamily A, polypeptide 1 (side chain
cleavage)

CYP17A1 cytochrome P450, family 17, subfamily A, polypeptide 1 (17-alpha-
hydroxylase)

CYP19A1 cytochrome P450, family 19, subfamily A, polypeptide 1 (aromatase)

DDT 1,1,1-trichloro-2,2-di(4-chlorophenyl)ethane

DES diethylstilbestrol

ESR1 estrogen receptor 1 or alpha

ESR2 estrogen receptor 2 or beta

E2 estradiol-17β

FSHR follicle stimulating hormone receptor

FST follistatin

INHA inhibin alpha subunit

INHBA inhibin beta A subunit

INHBB inhibin beta B subunit

PCNA proliferating cell nuclear antigen

p,p′-DDE 1,1-dichloro-2,2-bis ethylene

PR progesterone receptor

SVL snout-vent length
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T testosterone

TL total length
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Highlights

• Five-month-old female alligators display an endocrine-responsive ovarian-
oviducal axis.

• Relative oviducal mRNA expression levels of sex steroid hormone receptors and
activin signaling factors are similar to those observed in other vertebrates.

• In vivo FSH treatments increased circulating estradiol and testosterone and
some ovarian and oviducal mRNA expressions.

• Differing levels of pesticide contamination exposure correlated to differences in
CYP19A1 and AR mRNA expression levels.

Moore et al. Page 15

Gen Comp Endocrinol. Author manuscript; available in PMC 2013 January 15.

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript



Fig. 1.
Circulating plasma concentrations of 17β-estradiol (A,B) and testosterone (C,D) in five-
month-old female alligators following FSH challenges (50 ng/gram BM daily) of two (A,C)
and five (B,D) days duration: vehicle control treatments (Veh) or follicle stimulating
hormone treatments (FSH). Bars report mean ± SEM and shading denotes animals hatched
from eggs collected from: closed bars = Lake Apopka and open bars = Lake Woodruff.
Horizontal lines over bars denote indicate statistical significance by treatment. Differing
letter above bars indicate lake of origin by treatment statistical significances.
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Fig. 2.
Ovarian mRNA expression levels of steroidogenic enzymes CYP11A1 (A,B), CYP17A1
(C,D), and CYP19A1 (E,F) in five-month-old female alligators following FSH challenges
(50 ng/gram BM daily) of two (A,C,E) and five (B,D,F) days duration: vehicle control
treatments (Veh) or follicle stimulating hormone treatments (FSH). Bars report mean ± SEM
and shading denotes animals hatched from eggs collected from: closed bars = Lake Apopka
and open bars = Lake Woodruff. All mRNA expression sample means are normalized using
18S ribosomal expression levels. Horizontal lines with capitol letters over bars denote
indicate statistical significance by treatment. Brackets with lower case letters above bars
indicate lake of origin statistical significances.
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Fig. 3.
Oviducal mRNA expression levels of ESR1 (A), PR (B), AR (C), ESR2 (D), FSHR (E),
INHA (F), INHBA (G), INHBB (H), FST (I), and PCNA (J) in five-month-old female
alligators following FSH challenges (50 ng/gram BM daily) of five days duration: vehicle
control treatments (Veh) or follicle stimulating hormone treatments (FSH). Bars report mean
± SEM and shading denotes animals hatched from eggs collected from: closed bars = Lake
Apopka and open bars = Lake Woodruff. All mRNA expression sample means are
normalized using 18S ribosomal expression levels. Horizontal lines with capitol letters over
bars denote indicate statistical significance by treatment. Differing letter above bars indicate
lake of origin by treatment statistical significances.
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Table 1

Gene Forward Primer (5′ - 3′) Anneal (°C) Product (bp) Accession

Reverse Primer (5′ - 3′)

CYP11A1 TCTGGAGTCAGTGTGCCATGTC 60.0 101 DQ007995

TCATGCTCACCGCATCGAT

CYP17A1 CCAGAAAAAGTTCACCGAGCAC 60.0 108 DQ007997

CGGCTGTTGTTGTTCTCCATG

CYP19A1 CAGCCAGTTGTGGACTTGATCA 63.8 79 AY029233

TTGTCCCCTTTTTCACAGGATAG

ESR1 AAGCTGCCCCTTCAACTTTTTA 66.5 72 AB115909

TGGACATCCTCTCCCTGCC

ESR2 AAGACCAGGCGCAAAAGCT 66.0 72 AB115910

GCCACATTTCATCATTCCCAC

AR TGTGTTCAGGCCATGACAACA 67.5 103 AB186356

GCCCATTTCACCACATGCA

PR AAATCCGTAGGAAGAACTGTCCAG 67.5 71 AB186354

GACCTCCAAGGACCATTCCA

FSHR GAAATTACCAAACGAGGTTTTTCAA 60.0 81 DQ010157

GGGCAGGAAACTGATTCTTGTC

INHBA ACCCACAGGTTACCGTGCTAA 63.8 67 DQ010152

GCCAGAGGTGCCCGCTATA

INHBB GGGTCAGCTTCCTCCTTTCAC 64.7 70 DQ010153

CGGTGCCCGGGTTCA

INHA ACAATCCACTTGTCCCAGCC 70.0 68 DQ010151

CAACTGCCACCGCGC

FST CGAGTGTGCCCTCCTCAAA 66.5 65 DQ010156

TGCCCTGATACTGGACTTCAAGT

PCNA AGCAGAAGACAATGCAGACAC 62.0 199 FJ824113

TGCATCTCCAATATGGCTTAG
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