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Xenobiotics that interfere with normal endocrine function have been designated as 

endocrine-disrupting contaminants (EDCs).  Environmental exposure to EDCs and 

adverse effects on development and reproductive physiology have been documented in 

numerous wildlife populations.  In this dissertation, alligators from Lake Apopka, FL, are 

examined as a case study of a population chronically exposed to EDCs that has 

experienced poor reproductive success and compared to alligators from Lake Woodruff 

National Wildlife Refuge, a reference population of minimal anthropogenic influence that 

has exhibited consistently high reproductive success.  In comparing parameters relevant 

to development and endocrine function between these two populations and with alligators 

experimentally exposed to various EDCs, two specific questions are addressed: (1) what 

endpoints, with regard to sexual differentiation and gonadal function, are affected during 

embryonic development by EDCs in the alligator, and (2) do these alterations persist 

beyond neonatal development? 



xii 

Snout-vent length, body mass, and phallus size were significantly smaller in Lake 

Apopka neonates, which also exhibited higher plasma testosterone (T) concentrations 

compared to Lake Woodruff neonates.  Embryonic exposure to estradiol at an egg 

incubation temperature that normally produces males resulted in females that exhibited 

intermediate gonadal aromatase activity relative to control males and females, and 

masculinized brain aromatase activity.  A female biased sex ratio was observed among 

hatchlings exposed to p,p’-DDE at 100 parts per billion (ppb) wet egg mass, whereas no 

effect on sex determination was observed for toxaphene.  Male neonates treated with 10 

and 0.01 ppb toxaphene had higher plasma T concentration than control males.  

Significant post hatching mortality and lower mRNA concentrations for SF-1 and StAR, 

two genes coding for factors involved in the regulation of de novo steroidogenesis, were 

observed in 13-month old alligators from Lake Apopka compared to alligators from Lake 

Woodruff.  In addition, juveniles from Lake Apopka exhibited a loss of sexual 

dimorphism in four of the six genes examined. 

These data establish endpoints susceptible to perturbation by embryonic exposure 

to EDCs and provide evidence of persistent alterations in alligators relevant to 

reproduction.  Future research is needed to determine the ability of individuals exposed to 

EDCs as embryos to reproduce successfully as adults. 
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CHAPTER 1 
INTRODUCTION 

Background 

Endocrine Disrupting Contaminants 

In recent years, the field of toxicology has expanded from being primarily 

concerned with lethality and carcinogenicity to including adverse effects on reproduction 

and development resulting from low-dose exposure to environmental contaminants.  

Although reproductive impairment in wildlife exposed to pesticides was made public as 

early as 1962 in Rachel Carson’s Silent Spring (Carson, 1962), the multi-disciplinary 

approach to reproductive and developmental toxicology did not become widespread until 

the past 10-15 years.  During this time, a host of man-made chemicals ranging from 

organochlorine (OC) pesticides to alkylphenol polyethoxylate surfactants to the 

polychlorinated biphenyls (PCBs) used for various industrial purposes has been 

implicated in developmental and reproductive abnormalities (Colborn et al., 1993).  

Many xenobiotics that have adverse effects on embryonic development and functioning 

of the reproductive system are thought to act by interfering with the normal functioning 

of the endocrine system and therefore have been designated as endocrine-disrupting 

contaminants (EDCs) (Guillette and Crain, 2000). 

EDCs can affect internal chemical signaling pathways in an organism in a variety 

of ways.  For instance, some contaminants have been shown to interact directly with 

receptors (Vonier et al., 1996; Rooney and Guillette, 2000; Guillette et al., 2002).  In 

such cases, the compound can either inhibit (Kelce et al., 1995) or stimulate (Parks et al., 
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2001) expression of target genes for that receptor.  Alternatively, some environmental 

contaminants have been shown to inhibit specific enzymes involved in hormone synthesis 

or degradation, such as the steroidogenic acute regulatory (StAR) protein (Walsh et al., 

2000a) or members of the cytochrome P450 (CYP) enzyme family (Wilson and LeBlanc, 

2000; Gunderson et al., 2001).  Finally, some man-made compounds have been shown to 

interact with plasma proteins that function as transporters of specific hormones to protect 

them from hepatic degradation and excretion (Crain et al., 1998b; Cheek et al., 1999). 

Hormonally active compounds are commonly grouped based on the signaling 

pathway they are shown to disrupt.  Many studies of EDCs have focused on the 

estrogenicity of pesticides such as DDT (1,1,1-trichloro-2,2-bis (p-chlorophenyl) ethane) 

(Fry and Toone, 1981; vom Saal et al., 1995; Vonier et al., 1996) or sewage effluent 

(Purdon et al., 1994; Harries et al., 1997), whereas others implicate environmental 

contaminants such as DDE (1,1-dichloro-2,2-bis (p-chlorophenyl) ethylene) (Kelce et al., 

1995) and the fungicide vinclozolin (Gray et al., 1994) as anti-androgens.  Additionally, 

PCBs and OCs have been implicated in the disruption of thyroid activity (Goldey et al., 

1995; Cheek et al., 1999; Desaulniers et al., 1999).  The exact mechanism(s) through 

which each of these chemicals work remains unclear, but it appears that the effects are 

species and dose dependent.  Because the endocrine system regulates so many 

physiological processes, any perturbations in that system can have profound impacts on 

reproductive and/or developmental processes. 

Much of the initial data concerning endocrine altering substances come from 

infants exposed to the synthetic estrogen diethylstilbestrol (DES) given to ~7 million 

pregnant women in the USA between 1947 and 1971 in an attempt to prevent pregnancy 

problems.  A high incidence of endocrine-related abnormalities, including reproductive 
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tract cancers, cryptorchidism, hypospadias, and infertility, have been observed in DES-

exposed children and adults (Newbold, 1995).  Laboratory studies on pregnant mice fed 

DES have resulted in many of the same symptoms appearing in the offspring following in 

utero exposure (Bern, 1992).  More recent laboratory studies have shown that some 

pesticides induce effects similar to those seen in DES-exposed embryos.  DDT and its 

analog methoxychlor (bis-p-methyoxy DDT) both show an affinity for binding to 

estrogen receptors in MCF-7 cells and induce similar behavioral abnormalities in the 

offspring from pregnant mice fed DES (vom Saal et al., 1995). 

Examples from Wildlife 

Of the vertebrate wildlife populations studied to date, perhaps the most well 

defined examples of EDC exposure come from 1) fish-eating birds of the Laurentian 

Great Lakes and southern California, 2) fish below sewage outfalls and paper pulp mills, 

and 3) alligators from contaminated lakes in south and central Florida.  That many of 

these case studies involve long-lived predators feeding in aquatic environments is 

evidence of the bioaccumulating nature of many xenobiotics.  In the Great Lakes region 

DDT, DDE, PCBs and polychlorinated dibenzodioxins (PCDDs) have been implicated in 

population declines and/or reproductive impairment of Forster’s terns (Sterna forsteri), 

double-crested cormorants (Phalacrocorax auritus), herring gulls (Larus argentatus), and 

bald eagles (Haliaeetus leucocephalus) among others (for reviews see Grasman et al., 

1998; National Research Council [NRC], 1999).  Some of the symptoms associated with 

these populations include eggshell thinning, skewed sex ratios, behavioral deficits, and 

teratogenicity.  The herring gulls of Lake Ontario were hit particularly hard in the 1960s 

and ‘70s when OC and PCB contamination peaked.  A high incidence of embryonic and 

chick mortality, abnormal gonad development, female-female pairings, and supernormal 
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clutches in which multiple females lay eggs in a single nest was reported during this time 

(Fox, 1992).  As contaminant levels have declined, reproductive success has increased 

among these colonies.  In Clear Lake, California, application of DDT to control Dutch 

elm disease and DDD (1,1-dichloro-2,2-bis (p-chlorophenyl) ethane) to control gnats 

resulted in a well-documented case of ecological magnification in invertebrates, fish, and 

birds. Reproductive failure was reported among western grebes (Aechmophorus 

occidentalis) following the first year of pesiticide application, ultimately resulting in 

significant adult mortality five years later (Fry, 1995). 

Examples of EDC exposure in fish come from many geographic locations and 

involve a diverse range of species.  Nonetheless, there are commonalities in the 

chemicals they are exposed to and the affected indices that are observed.  For instance, 

lake whitefish (Coregonus clupeaformis) exposed to bleached kraft mill effluent and 

white sucker (Catostomus commersonii) exposed to pulp mill effluent have depressed 

circulating testosterone (T) concentrations (Munkittrick et al., 1992; 1994).  Furthermore, 

delayed sexual maturation and reduced gonado-somatic index has been observed in perch 

(Perca fluviatilis) exposed to bleached kraft mill effluent in the Baltic Sea (Sandstrom, 

1994) and wild roach (Rutilus rutilus) collected from UK rivers contaminated with large 

volumes of treated sewage effluent (Jobling et al., 2002a; 2002b).  Unidentified 

androgenic substances, as confirmed through androgen receptor binding assays (Parks et 

al., 2001) in water samples downstream from a pulp mill on the Fenholloway River in 

Florida, have led to masculinized anal fins of female mosquitofish (Toft et al., 2004).  

When compared to the nearby Econfina River, which does not receive paper mill 

effluent, females from the Fenholloway River were smaller, exhibited greater variation in 

estradiol-17β (E2), and were less likely to be pregnant.  Males from both rivers had 
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similar sperm counts, but the testes were larger and greater variation in T concentration 

was observed in male fish from the Fenholloway compared to the Econfina River (Toft et 

al., 2004). 

Alligators and Lake Apopka 

Like the birds of the Great Lakes region and southern California, the initial 

indication of reproductive impairment in alligators from Lake Apopka, FL, was the lack 

of recruitment of juveniles into the population.  Following nearly 40 years of pesticide 

and nutrient runoff from adjacent agricultural operations, Lake Apopka was subject to a 

large pesticide spill in 1980 from the former Tower Chemical Company.  The spill 

consisted primarily of dicofol (contaminated with DDT and its metabolites, DDD and 

DDE) and sulfuric acid (U.S. Environmental Protection Agency, 1994).  In the years 

following the spill, alligator egg viability rates (1983-1986) and juvenile population 

density (1981-1987) declined significantly (Woodward et al., 1993).  Yolk samples taken 

from Lake Apopka alligator eggs during this time (1984 and 1985) had significant 

concentrations of several OC pesticides and metabolites including toxaphene, dieldrin, 

DDE, DDD, DDT, trans- and cis-chlordane, and trans-nonachlor (Heinz et al., 1991).  In 

more recent years, egg viability rates have increased but still remain below those of two 

reference sites, Lake Woodruff National Wildlife Refuge (NWR) and Orange Lake 

(Masson, 1995; Rice et al., 1996).  Also, little decline has occurred in the concentrations 

of various OC pesticide residues in tissues obtained from alligators from Lake Apopka 

over the last two decades (Guillette et al., 1999a). 

Although recruitment has improved since the 1980’s, many abnormalities related to 

development, endocrine function, and reproduction continue to be reported in hatchling 

and juvenile alligators from Lake Apopka.  For the purposes of this dissertation, neonates 
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are defined as alligators < 1 month of age; hatchlings are defined as alligators < 1 year of 

age, whereas juveniles are considered any animal > 1 year but < 90 cm snout-vent length 

(SVL), the approximate minimum size at sexual maturity.  When compared to juveniles 

from Lake Woodruff NWR, Lake Apopka males have lower concentrations of circulating 

T (Guillette et al., 1997a; Crain et al., 1998a; Guillette et al., 1999a).  In addition to Lake 

Apopka, several other Florida lakes that have experienced significant agricultural and/or 

municipal influences also show depressed plasma T concentrations in juvenile males 

including Lake Okeechobee (Crain et al., 1998a; Gunderson et al., 2004) and lakes 

Griffin and Jessup (Guillette et al., 1999b).  Both males and females from Lake Apopka 

have also exhibited elevated estradiol-17β (E2) compared to Lake Woodruff NWR 

juveniles (Guillette et al., 1999b; Milnes et al., 2002).  Other developmental 

abnormalities reported in Lake Apopka alligators include reduced phallus size in 

juveniles (Guillette et al., 1999a; 1999b; Pickford et al., 2000), polyovular and 

polynuclear ovarian follicles and poorly organized seminiferous tubules in 6-month 

hatchlings (Guillette et al., 1994), and altered cranial morphology in neonates (Milnes et 

al., 2001) relative to Lake Woodruff NWR and/or Orange Lake alligators. 

Objectives 

Understanding the mechanisms through which EDCs affect an organism and 

identifying common alterations are important in detecting exposure in both humans and 

wildlife.  Ultimately, evaluating the reproductive potential of exposed individuals is 

crucial to ensuring the continued success of those populations.  Due to the lipophilic and 

bioaccumulating nature of many suspected EDCs, such as OCs and PCBs, individuals 

living in a contaminated environment experience two major stages of contaminant 

exposure.  First, the embryo is likely exposed to whatever contaminants the mother is 
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capable of transferring to the embryonic environment via oocyte maturation or gestation, 

depending on the mode of reproduction.  Embryonic exposure to hormonally active 

compounds may have unique consequences due to the profusion of cell proliferation and 

differentiation in the developing embryo (Bern, 1992).  Secondly, offspring will 

experience environmental exposure throughout growth and reproductive maturation. 

To fully recognize the physiological consequences of EDCs on a population, 

organizational disruptions must be separated from activational effects.  That is, persistent 

developmental abnormalities resulting from embryonic exposure (organizational) must be 

recognized separately from transient abnormalities caused by environmental exposure 

(activational) (Guillette et al., 1995a).  It has been suggested that the abnormalities 

reported in Lake Apopka alligators are organizational disruptions resulting from some 

component of the embryonic environment precluding normal embryogenesis and leading 

to persistent endocrine dysfunction (Guillette et al., 1995a).  To examine this idea in 

detail, I developed three major hypotheses to be tested in this dissertation. 

1. Developmental differences related to sexual differentiation and endocrine function 
exist in neonatal alligators from Lake Apopka relative to a reference site, Lake 
Woodruff NWR. 

2. Experimental in ovo exposure to selected EDCs will induce developmental 
alterations in neonatal alligators from a reference population similar to those 
described in neonates from Lake Apopka. 

3. Differences in endocrine function induced by the embryonic environment persist in 
juvenile alligators. 

Rationale 

Sub-lethal exposure to EDCs can have far reaching consequences for both wildlife 

and human populations if reproductive success is compromised.  Although direct 

extrapolation of the effects of EDCs on wildlife species to humans cannot be made, many 

of the molecular, cellular, and physiological processes regulated by the endocrine system 
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are conserved throughout vertebrate evolution and a weight of evidence approach can be 

used in guiding future policy decisions (NRC, 1999).  In addition to their own intrinsic 

value, each wildlife population is a critical part of an ecosystem that depends upon inter-

species relationships to maintain the processes that provide humans with necessary 

commodities such as clean air, water, soil, and food.  Exposure to EDCs that reduces 

reproductive success within a population can upset the balance of processes that maintain 

a healthy ecosystem. 

As a long-lived top predator and a species of aesthetic and commercial importance 

in Florida, the alligator serves as an ideal sentinel of wetland ecosystem health.  The 

alligator is an oviparous species that produces a single clutch of eggs during a 

synchronous reproductive cycle (Guillette et al., 1997b).  This allows for the coordinated 

collection of a large number of eggs enabling adequate sample sizes for ecotoxicological 

experimental designs.  The alligator also exhibits temperature-dependent sex 

determination (TSD), where the egg incubation temperature during a thermosensitive 

period of embryonic development determines the sex of the offspring (Lang and 

Andrews, 1994).  Females are typically produced at temperatures below 31oC and males 

produced at or above 33oC, and a mixed ratio of males and females are produced at 

intermediate temperatures (Lance and Bogart, 1994; Lang and Andrews, 1994).  While 

molecular mechanisms of sex determination have not been worked out in TSD species, 

experimental exposure to natural and synthetic steroids have been shown to override the 

effects of temperature on sex determination (Crews et al., 1994).  Thus, alligators are 

susceptible to experimental manipulations of incubation temperature and hormonal 

milieu to facilitate the investigation of temperature and sex-specific developmental 

patterns and indices.  Although the time to sexual maturity (10+ years) makes trans-



9 

 

generational studies of alligators impractical, Lake Apopka provides an opportunity to 

investigate the effects of chronic exposure to xenobiotic chemicals on a long-lived 

species and determine how this exposure affects embryonic development. 

That the abnormalities reported in Lake Apopka alligators could be caused by 

exposure to OC pesticides as opposed to industrial chemicals or metals is supported by 

analyses of contaminant concentrations in various alligator tissues.  Whereas elevated 

yolk and serum OC concentrations were reported (Heinz et al., 1991; Guillette et al., 

1999a) in samples from Lake Apopka when compared to Lake Woodruff NWR and 

Orange Lake, no differences in PCB concentrations were found among these lakes 

(Guillette et al., 1999a).  Metal and metalloid concentrations in all 3 lakes were well 

below suggested toxic levels and levels previously reported in alligators from the 

Everglades and Georgia (Burger et al., 2000). 

Other proposed hypotheses to explain the abnormalities reported in Lake Apopka 

alligators include nutritional and genetic differences.  Nutritional differences resulting 

from several decades of nutrient and contaminant loading impacting prey species 

composition is a plausible explanation that has not been studied to date.  Previous 

research has shown dietary differences and altered egg yolk lipid composition to be 

associated with reduced egg viability in captive alligators (Noble et al., 1993).  If the prey 

species composition has been drastically altered on Lake Apopka, it is possible that 

essential nutrients are lacking in the diet, thus leading to deficiencies in specific fatty 

acids or nutrients incorporated into the egg yolk during vitellogenesis.  Genetic 

differences seem an unlikely cause based on the lack of genetic diversity found among 

alligator populations in the southeastern U.S. (Adams et al., 1980).  More recently, no 

genetic marker could be found to distinguish populations (including Lake Apopka, 
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Orange Lake, and Lake Woodruff NWR) across Florida using microsatellite DNA (Davis 

et al., 2002). 

Approach 

Overview 

The overall approach to investigating the organizational disruption of development 

and sexual differentiation in contaminant-exposed alligators is schematically illustrated in 

Figure 1-1.  Figure 1-2 lists some of the alterations relevant to future reproductive fitness 

that are expected following embryonic exposure to estrogenic and anti-androgenic 

contaminants.  Because each natural system contains numerous biotic and abiotic 

characters that can potentially influence development, true replication of the scenario 

present in Lake Apopka cannot be obtained.  Rather, Lake Apopka is used as a case study 

of a chronically exposed population that has experienced poor reproductive success, and 

Lake Woodruff NWR is used as a reference population of minimal anthropogenic 

influence that has exhibited consistently high reproductive success.  Invoking the 

principle of parsimony or Occam’s razor, simplified experimental exposures to 

contaminants relevant to Lake Apopka are conducted to reveal mechanisms of 

contaminant-induced developmental abnormalities.  Finally, we will investigate the 

persistence of developmental abnormalities present in Lake Apopka hatchlings.  By 

raising a subset of animals from both study sites in a controlled environment, we can 

limit differences in contaminant exposure to embryonic origins.  All work described in 

this dissertation involving the use of experimental animals was performed under the 

guidelines specified by the Institutional Animal Care and Use Committee at the 

University of Florida. 
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Neonatal Development and Sexual Differentiation 

Chapter 2 examines developmental and endocrine-related indices in neonatal 

alligators from Lake Apopka in comparison to those of Lake Woodruff NWR, thereby 

limiting contaminant exposure to that derived via maternal contribution.  We compared 

several reproductive and developmental parameters, including hatch rates, primary sex 

determination, and somatic indices.  Furthermore, we examined plasma T concentrations 

and aromatase activity, the conversion of androgens to estrogens, in an effort to establish 

relative gonad endocrine function shortly after hatching.  Finally, we compared phallus 

size among males and oviducal epithelial cell height (ECH) among females—androgen 

and estrogen dependent tissues, respectively.  This is the first extensive comparison of 

neonatal alligators from Lake Apopka and Lake Woodruff NWR.  It will be used to 

delineate developmental differences present in both sexes upon hatching. 

Experimental Exposures 

Chapter 3 examines the effects of temperature and estrogen exposure on sexual 

differentiation of the brain and gonad with regard to aromatase activity.  Estradiol-17β 

was used as a surrogate for a number of environmental contaminants known to induce 

female development at male-producing temperatures in the alligator (Guillette et al., 

2000) and interact with the alligator estrogen receptor (aER) (Vonier et al., 1996; 

Guillette et al., 2002). 

Chapters 4 and 5 examine two of the OC contaminants found in the highest 

concentration in either serum or egg yolk samples from Lake Apopka, p,p’-DDE and 

toxaphene.  Although p,p’-DDE has been shown to have a weak affinity for the aER 

(Vonier et al., 1996), previous studies on mammals indicate DDE acts as an anti-

androgen (Gray et al., 2001).  Very little is known about the sub-lethal effects of 
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toxaphene, and it has been found in relatively high concentrations in alligator egg yolks 

from Lake Apopka when compared to egg yolks from several other central Florida lakes 

(Heinz et al., 1991).  We evaluated primary sex ratios at intermediate and male-producing 

temperatures, along with plasma T and gonad steroidogenic activity in the resulting 

neonates.  We also examined thyroid morphology and function, oviducal ECH, and 

phallus size in selected treatment groups. 

Persistence of Endocrine Dysfunction and Conclusions 

Chapter 6 examines the persistence of differences between Lake Apopka and Lake 

Woodruff NWR in steroidogenesis at the molecular level.  Alligators hatched from eggs 

obtained from both study sites were maintained in captivity for 13 months prior to 

collecting gonad tissues for real-time, quantitative PCR (Q-PCR).  Relative mRNA 

expression of transcription factors, transport proteins, and catalytic enzymes involved 

with gonadal steroid production are compared among sexes and study sites. 

Finally, Chapter 7 will provide a summary of conclusions, place them in the 

context of the field of reproductive and developmental toxicology, and offer direction for 

future research. 

Expected Benefits 

The results of these studies are expected to reveal targets of organizational 

disruption in light of the abnormalities reported in juvenile alligators living in Lake 

Apopka.  Two questions specifically addressed are (1) what endpoints, with regard to 

sexual differentiation and gonadal function, are affected during embryonic development 

by EDCs in the alligator, and (2) do these alterations persist beyond neonatal 

development.  In a broader sense, this dissertation will provide insight into the different 
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modes of action that EDCs have on developmental processes that can potentially lead to 

reduced reproductive success. 

 
 

Figure 1-1. Schematic illustration of the experimental approach to investigating the 
organizational disruption of development in contaminant-exposed alligators. 
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Figure 1-2. Expected developmental alterations resulting from embryonic exposure to 

estrogenic and anti-androgenic environmental contamiants. 
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CHAPTER 2 
ALTERED NEONATAL DEVELOPMENT AND ENDOCRINE FUNCTION IN 

Alligator mississippienesis ASSOCIATED WITH A CONTAMINATED 
ENVIRONMENT1 

Introduction 

The ability of environmental contaminants to influence reproduction and 

development in vertebrates via disruption of the endocrine system is widespread.  While 

the mechanisms through which xenobiotics act can be complex and vary greatly among 

species, determining the reproductive potential of exposed individuals is crucial to the 

continued success of affected populations.  Due to the lipophilic and bioaccumulating 

nature of many suspected EDCs, such as organochlorines, individuals living in a 

contaminated environment experience two major stages of contaminant exposure with 

regard to reproductive potential.  Initially, the embryo is likely exposed to whatever 

contaminants the mother is capable of transferring to the embryonic environment via 

oocyte maturation or gestation, depending on the mode of reproduction.  Secondly, 

offspring will experience environmental exposure throughout growth and reproductive 

maturation.  These effects could be further complicated through altered maternal 

epigenetic contribution to the embryonic environment.  It has been hypothesized that a 

number of abnormalities, including depressed egg viability, reported in alligators from 

Lake Apopka, FL, USA, are the result of organizational disruption (Guillette et al., 

1995a).  That is, some component of the embryonic environment (e.g., contaminants, 

yolk hormones, nutrients, etc.) is precluding normal embryogenesis leading to persistent 

                                                 
1 This chapter has been accepted for publication in Biology of Reproduction (Milnes et al., In press) 
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endocrine and reproductive dysfunction.  In order to assess the persistence of 

organizational disruptions and differentiate them from the effects of environmental 

exposure (i.e., activational), we have attempted to establish the initial state of 

developmental and physiological indices of a contaminant-exposed population of 

alligators (Lake Apopka) relative to a reference site. 

Numerous comparative studies of Lake Apopka alligators have found alterations in 

plasma hormone concentrations, reproductive tract morphology, steroidogenesis, hepatic 

steroid degradation, and greater serum contaminant concentrations in juveniles compared 

to Lake Woodruff (for review see Guillette et al., 2000).  While most of these studies 

focused on juvenile alligators (> 1 year, but < 90 cm snout-vent length) living in their 

respective lakes, only Guillette et al. (1994; 1995b) and Crain et al. (1997) examined 

hatchlings (< 1 year) obtained as eggs from Lake Apopka and Lake Woodruff.  When 

compared to Lake Woodruff hatchlings, 6-month old Apopka hatchlings exhibited 

depressed plasma testosterone (T) concentrations in males and elevated estradiol-17β (E2) 

concentrations in females (Guillette et al., 1994).  Interestingly, in vitro gonad cultures 

from those same animals showed a different pattern of steroidogenesis in that Apopka 

females had depressed E2 and males had elevated E2 production (Guillette et al., 1995b).  

Crain et al. (1997) found depressed plasma T concentrations in captive-reared 9-month 

old Apopka females, but did not detect any differences in plasma E2 concentrations.  

However ovarian aromatase activity, or the conversion of androgens to estrogens, was 

significantly lower in Lake Apopka hatchlings than in Woodruff hatchlings.  While some 

of the results from the hatchling alligators have been consistent with the juvenile field 

studies, there is sufficient data to suggest that disruptions of embryonic and hatchling 

development are further modified by environmental exposure to contaminants during the 
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period of growth and sexual maturation.  For example, in a comparison of juvenile 

alligators from seven Florida lakes, Guillette et al. (1999b) found no difference in plasma 

T among small (30 to 79 cm total length) males from lakes Apopka and Woodruff.  In 

contrast, circulating T was significantly lower in large (80 to 130 cm total length) 

Apopka males when compared to Woodruff.  In the same study, small Apopka females 

exhibited elevated plasma E2, but no differences were found between large females from 

the two lakes. 

The purpose of this study is to document relevant developmental endpoints in 

neonatal alligators (< 1 month old) from Lake Apopka in comparison to a reference site, 

Lake Woodruff NWR.  We then evaluate any differences in light of those reported in 

older hatchlings and juveniles from the same populations.  In this study, we compare 

several reproductive and developmental parameters to include hatch rates, primary sex 

determination, egg mass, hatchling mass, and snout-vent length.  Somatic indices of liver, 

thyroid, and spleen mass relative to body mass are also evaluated.  Furthermore, we 

examine circulating testosterone levels and aromatase activity via in vitro E2 production 

in an effort to establish relative gonad endocrine function shortly after hatching.  Finally, 

we compare phallus size among males and oviduct epithelial cell height among 

females—androgen and estrogen dependent tissues, respectively. 

Materials and Methods 

Egg Collection and Incubation 

Alligator eggs were collected from Lake Apopka and Lake Woodruff NWR, 

Florida, USA in June 1999 in collaboration with the Florida Fish and Wildlife 

Conservation Commission.  Following transport to the University of Florida, Gainesville 

eggs were candled to determine fertility and viability by presence of a vascularized, 
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opaque band indicative of development of extraembryonic membranes associated with 

the embryo.  Six clutches from each lake were selected for the study with the requirement 

of having at least 20 banded (presumably viable) eggs.  One egg from each clutch was 

opened to determine embryonic stage based on criteria described by Ferguson (1985), to 

ensure each clutch was within the first two weeks post-oviposition.  Three eggs from 

each clutch were incubated at 30 and 33.5oC, temperatures known to produce all females 

and all males, respectively.  Ten eggs per clutch were incubated at 32oC, an intermediate 

temperature that produces both sexes.  Eggs were incubated in damp sphagnum moss in 

30 x 40 cm pans.  Eggs were randomly assigned to incubation pans, and pans were 

rotated daily within each incubator to avoid regional temperature effects within the 

incubators. 

Dissections and Tissue Cultures 

Between 10 and 20 days post-hatching, snout-vent length (SVL), and body mass 

(BM) were determined prior to drawing a blood sample and administering a lethal dose 

(0.5 mg/g body mass) of sodium pentobarbitol.  Paired gonad-adrenal-mosonephros 

(GAM) complexes were removed immediately and placed in 1.0 ml of media 199 (Gibco 

BRI, Gaithersburg, MD) supplemented with 100 ng/ml androstenedione to determine 

aromatase activity, or the conversion of androstenedione to E2.  Following 5 hours of 

incubation at 32oC, culture media was removed and stored at –72oC until assayed for E2.  

Both GAMs were fixed in Bouins fixative for histological determination of sex.  Thyroid, 

spleen, and liver were also removed and weighed to the nearest mg. 

Radioimmunoassays 

Plasma T and culture media E2 concentrations were measured by 

radioimmunoassay previously validated for alligators (Guillette et al., 1994; 1995b).  
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Samples were prepared in duplicate, extracted twice in 5 ml of diethyl ether, dried under 

a constant stream of filtered air, and then reconstituted in borate buffer (100 μl; 0.05 M; 

pH 8.0).  Extraction efficiencies for E2 and T were 97% and 96% respectively.  Bovine 

serum albumin was added at a final concentration of 0.19% for E2 and 0.15% for T to 

reduce nonspecific binding.  Antibody (Endocrine Sciences, Tarzana, CA) was then 

added in 200 μl of borate buffer at a final concentration of 1:55,000 for E2 and 1:25,000 

for T.  Finally, radiolabeled steroid ([2,4,6,7,16,17-3H] Estradiol at 1 mCi/ml; [1,2,6,7,-

3H] Testosterone at 1 mCi/ml; both from Amersham Biosciences, Piscataway, NJ) was 

added at 12,000 cpm per 100 μl to bring the final volume to 500 μl.  Inter-assay variance 

tubes were similarly prepared from 3 pools of juvenile alligator plasma.  Standards for 

both E2 and T were prepared in duplicate at 0, 1.56, 3.13, 6.25, 12.5, 25, 50, 100, 200, 

400, and 800 pg/ml.  Assay tubes were then vortexed for 1 min and incubated overnight 

at 4oC.  Bound-free separation was performed by adding 500 μl 5% charcoal / 0.5% 

dextran, pulse vortexing, and centrifuging the tubes at 2000x g for 30 min.  500 μl of the 

supernatant was then drawn off and diluted with 5 ml of scintillation cocktail, and 

counted on a Beckman LS 5801 scintillation counter.  Minimal detectable concentrations 

of E2 and T were 3 and 6 pg/ml, respectively.  Intra-assay variance averaged 3.0% for E2 

and T.  Inter-assay variance for E2 and T was 8.8 and 14.9%, respectively. Hormone 

concentrations were determined using commercially available software (Microplate 

Manager 4.0, Biorad, Hercules, CA). 

Histology 

One GAM from each animal was embedded in paraffin; serial sectioned at 6 μm, 

and stained using a modified Massons trichrome (Presnell and Schreibman, 1997).  Two 
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independent observers examined each GAM for presence of testicular or ovarian tissue.  

Histological determination of sex was established using criteria described by Forbes 

(1940) and more recently Smith and Joss (1993).  Medullar sex cord proliferation and a 

reduced cortex characterized testes, whereas ovaries were identified by the presence of 

lacunae in the medulla and germ cells in the hypertrophied cortex.  The majority of 

ovaries observed also included a continuous portion of the oviduct (94 of 97).  Five cross 

sections of oviduct, evenly distributed throughout the length of the tissue were selected 

for measurement of epithelial cell height (ECH).  In each cross section, four epithelial 

cells distributed ~90o from one another were measured at 200X magnification using an 

ocular micrometer.  The measurements were then converted to the nearest 0.1 μm with 

the use of a stage micrometer. 

Phallus Measurements.   

Immediately after dissections, whole carcasses were fixed in neutral buffered 

formalin.  Following fixation and histological determination of sex, the phallus was 

removed from each male and measured under a stereoscope at 40X magnification with 

the aid of a calibrated ocular micrometer to the nearest 0.025 mm.  The two 

measurements taken, tip length and cuff diameter, were based on previously established 

criteria (Guillette et al., 1996b; Pickford et al., 2000).  The tip length was measured from 

the front edge of the cuff to the most distal point along the posterior surface of the 

phallus, and the cuff diameter was measured at the widest point along the anterior-

posterior axis. 

Statistics 

All analyses were performed using The SAS System for Windows version 9.0 

(SAS Institute Inc., Cary, NC).  Hatch rates across all three temperatures and sex 
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determination at 32oC were compared between lakes using chi-square tests.  Continuous 

variables were log transformed prior to analyses to reduce heterogeneity of variance 

(Sokal and Rohlf, 1995).  One-way analysis of variance (ANOVA) was used to compare 

egg mass between lakes.  An initial set of ANOVAs was conducted at 32oC to determine 

if sexual dimorphism was present in any of the morphometric indices prior to comparing 

means between lakes.  No sexual dimorphism was detected for BM, SVL, liver, thyroid, 

or spleen mass (all Ps > 0.05); so males and females were combined at 32oC for those 

variables.  All further ANOVAs and analyses of covariance (ANCOVA) were performed 

with PROC GLM as two-way factorials using lake and incubation temperature as the 

independent variables.  When the main effect of lake or the interaction of lake and temp 

were significant (P < 0.05), least square means were analyzed using Tukey-Kramer post-

hoc comparisons.  Body mass and SVL were adjusted for egg mass and compared by 

ANCOVA.  Organ weights (liver, thyroid, and spleen) and phallus measurements (tip and 

cuff) were compared using BM and SVL, respectively, as covariates. 

Results 

Hatch Rates and Sex Determination 

No difference in hatch rate (Figure 2-1a) was observed between lakes (X2 = 2.4, df 

= 1, P = 0.12).  Lake Apopka (AP) produced 76 viable hatchlings (79.2%) from 96 eggs, 

whereas Lake Woodruff (WO) produced 84 viable hatchlings (87.5%).  It is important to 

note that these rates are based on eggs culled from all eggs for their apparent viability.  

That is, these figures do not represent clutch viability of all eggs and clutches obtained 

from the respective lakes.  All hatchlings incubated at 30oC developed as females (AP, N 

= 16; WO, N = 12), whereas all but one hatchling from each lake incubated at 33.5oC 

were male (AP, N = 12; WO, N = 16).  There was no detectable difference in sex ratios at 
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32oC (X2 = 3.19, df = 1, P = 0.07).  Of the 47 Apopka hatchlings, 36 (76.6%) were 

female, whereas 33 of 55 (60%) Woodruff hatchlings from the intermediate temperature 

developed as females (Figure 2-1b). 

Egg, Hatchling, and Tissue Morphometrics 

Mean egg mass was greater for eggs from Lake Woodruff (86.9 + 0.68g) when 

compared to Lake Apopka (77.7 + 0.72g) (F = 80.05; df = 1, 156; P < 0.0001).  When 

adjusted for egg mass, hatchling BM (F = 8.97; df = 6, 151; P = 0.003) and SVL (F = 

5.13; df = 6, 151; P = 0.02) varied between lakes, with Woodruff hatchlings have greater 

BM at 32 and 33.5oC and greater SVL at 32oC (Figure 2-2).  No differences were 

detected in liver mass (F = 2.84; df = 6, 150; P = 0.09) or thyroid mass (F = 1.06; df = 6, 

147; P = 0.30) between lakes (Figures 2-3a and 2-3b).  Differences in spleen mass 

(Figure 2-3c) were detected between lakes (F = 7.36 df = 6, 150; P = 0.003), with 

Woodruff hatchlings having larger spleens than Lake Apopka at 32oC.  Oviduct ECH did 

not vary between lakes (F = 0.18; df = 3, 90; P = 0.67).  After adjusting for SVL, phallus 

tip length (F = 12.37; df = 4, 49; P = 0.001) and cuff diameter (F = 19.31; df = 4, 49; P < 

0.0001) were greater in Lake Woodruff males than Lake Apopka males at 32 and 33.5oC 

(Figure 2-4). 
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Figure 2-1.  Alligator egg viability (a) and primary sex determination at 32oC (b) for 

Lake Apopka (AP) and Lake Woodruff NWR (WO). 
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Figure 2-2.  Snout-vent length (a) and body mass (b) of neonatal alligators from Lake 

Apopka and Lake Woodruff.  Bars represent least-square means adjusted for 
egg mass + 1 S.E., and asterisks denote significant difference between lakes 
within an incubation temperature.  *P < 0.05; **P < 0.01;***P < 0.001. 
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Figure 2-3.  Thyroid (a), liver (b), and spleen (c) mass of neonatal alligators from Lake 

Apopka and Lake Woodruff.  Bars represent least-square means adjusted for 
body mass + 1 S.E., and asterisk denotes significant difference between lakes 
within an incubation temperature.  *P < 0.01. 
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Figure 2-4.  Phallus cuff diameter and tip length of neonatal alligators from Lake Apopka 

and Lake Woodruff.  Bars represent least-square means adjusted for snout-
vent length + 1 S.E., and asterisks denote significant difference between lakes 
within an incubation temperature.  *P < 0.05; **P < 0.005. 

Plasma Testosterone and Aromatase Activity 

All animals had detectable concentrations of plasma T (Figure 2-5a).  Plasma T 

concentration did not vary between sexes at 32oC within either lake (P > 0.05); however 

we chose to analyze males and females separately a priori due to the physiological role 

of plasma steroids on sexual differentiation.  Among females, Lake Apopka hatchlings 

had higher circulating T concentrations (F = 19.11; df = 3, 93; P < 0.0001) at both 30 and 

32oC when compared to hatchlings from Lake Woodruff.  Similarly, Lake Apopka males 

had higher plasma T (F = 16.4; df = 3, 56; P = 0.0002) at 32 and 33.5oC.  Aromatase 

activity varied greatly between males and females, with females producing nearly an 

order of magnitude more E2 per paired-GAM than males (Figure 2-5b).  Male E2 

production was above detection limits in most samples, but did not vary between lakes (F 
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= 1.15; df = 3, 56; P = 0.29).  Among females no difference in E2 production could be 

detected (F = 2.31; df = 3, 89; P = 0.13) between lakes. 

 

 
 
Figure 2-5.  (a) Plasma testosterone (T) concentrations and (b) aromatase activity 

determined via in vitro estradiol (E2) production from androstenedione in 
neonatal alligators from Lake Apopka and Lake Woodruff.  Bars represent 
means + 1 S.E., and asterisks denote significant difference between lakes 
within a sex and incubation temperature.  *P < 0.05; **P < 0.01. 
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Discussion 

Although not statistically significant, the low p-values from the inter-lake 

comparisons of hatch rates and sex determination at 32oC suggest these endpoints should 

still be considered for future studies.  The selection criteria for clutches required a high 

number of what appeared to be viable eggs approximately 2 weeks into the incubation 

period.  Previous reports of low egg viability on Lake Apopka indicate that the majority 

of embryonic mortality took place during the first 10 days post-oviposition (Masson, 

1995).  Our data indicate that considerable embryonic mortality continues to take place 

after the first two weeks following oviposition in Lake Apopka eggs when compared to 

Lake Woodruff.  Egg treatment studies, in which developing embryos were exposed to 

environmental contaminants in similar concentrations measured in Lake Apopka egg 

yolk, have shown that some of the contaminants are capable of inducing female 

development at intermediate and male producing temperatures.  These contaminants 

include p,p’-DDE, p,p’-DDD, and trans-Nonachlor (Crain, 1997; Matter et al., 1998; 

Rooney, 1998).  That Lake Apopka eggs produced 76.6% females whereas Lake 

Woodruff produced 60% females at 32oC warrants further investigation into a possible 

bias in sex determination for Lake Apopka hatchlings incubated at intermediate 

temperatures. 

Mean egg mass from Lake Apopka was nearly 10% less than Lake Woodruff.  This 

difference between studies in relative egg mass could be partially explained by our 

preferential selection of clutches with a high number of presumably viable eggs for this 

study.  At this time it is unclear if any relationship exists between mean egg mass and egg 

viability.  In a previous study (Milnes et al., 2001), we observed that mean egg mass on 

Lake Apopka was greater than that of Lake Woodruff and there was no difference in 
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hatchling mass; meaning a smaller percentage of the total egg mass was converted to 

hatchling mass during development.  Likewise, in the current study we found that Lake 

Woodruff hatchlings incubated at 32oC were larger than Lake Apopka hatchlings after 

adjusting for egg mass.  Currently, there are no published data regarding egg or egg yolk 

hydration, nutrient, or energy content from these two populations.  Future efforts should 

include determining water and energy content of eggs from these lakes, in addition to 

examining nutritional profiles such as vitamins, proteins, and fatty acids. 

Of the somatic indices of liver, thyroid, and spleen mass, only spleen mass showed 

any differences between lakes after correcting for body mass.  Previous work indicates 

that like the mammalian spleen, the crocodilian spleen is involved with initiation of the 

cellular immune response (Tanaka and Elsey, 1997), and is susceptible to alterations 

following exposure to environmental contaminants (Rooney et al., 2003).  Exposure to 

estrogenic compounds, such as the synthetic estrogen DES, is known to induce immune 

depression in mice (Kalland et al., 1979).  Smaller spleen size in Lake Apopka hatchlings 

could be an indicator of immunosuppression following in ovo exposure to a number of 

contaminants that have been shown to bind to the alligator estrogen receptor (aER) 

(Vonier et al., 1996). 

Unlike previous studies using slightly older hatchlings or juveniles from Lake 

Apopka where plasma T was depressed, these data show elevated plasma T in Apopka 

neonates compared to Woodruff animals of the same age.  This supports the hypothesis 

that contaminant-induced alterations of the endocrine system can be further modified 

during the period of post-embryonic and early juvenile development.  The mechanisms 

by which circulating T concentrations are increased in neonatal male alligators from Lake 

Apopka are unknown.  Two potential explanations that have yet to be tested in neonates 
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from Lake Apopka include a decrease in hepatic metabolism or an increase in gonadal 

synthesis. 

The interaction of endogenous E2, localized production of insulin-like growth 

factor I (IGF-I), and their respective receptors are known to influence oviduct 

morphology in the alligator and other reptiles (Cox and Guillette, 1993; Guillette et al., 

1996a).  Due to the presence of chemicals in alligator eggs known to competitively bind 

the aER (Vonier et al., 1996; Guillette et al., 2002), and previous research indicating 

hypertrophy of the oviduct epithelial cell layer following embryonic exposure to E2 

(Crain et al., 1999), we predicted ECH would be greater in the Apopka hatchlings.  Our 

data indicate that the chemical milieu of Lake Apopka eggs did not induce hypertrophy of 

the oviduct epithelium when compared to Lake Woodruff.  One possible explanation is 

that the contaminant mixture’s binding affinity and ability to activate aER in an agonistic 

manner was insufficient to elicit a response in neonatal animals.  Although a wide array 

of chemicals can bind the aER, these could act as agonists or antagonists.  Crain et al. 

(1999) found a significant increase in ECH only at the highest dose of E2 applied, 14 

parts per million (wet egg mass), suggesting the neonatal oviduct is not as sensitive to 

estrogenic stimulation as other indices of estrogenic exposure such as gonadal 

differentiation.  Furthermore, our in vitro data suggest no difference in endogenous 

stimulation of epithelial cell hypertrophy through ovarian aromatase activity. 

Previous work from our laboratory has shown a positive relationship between 

circulating androgens, body size and phallus size in juvenile alligators (Guillette et al., 

1996b; 1999b).  Our data are consistent with those studies in that animals from Lake 

Apopka exhibit smaller phallus size than animals from Lake Woodruff.  Although in 

contrast to previous studies, we also found higher plasma T concentration in Apopka 
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neonates.  As is the case in mammals, the non-aromatizable androgen, 5α-

dihydrotestosterone (DHT), appears to have a stronger influence than T on phallus 

development in alligators (Pickford et al., 2000).  Whether or not animals from Lake 

Apopka have reduced 5α-reductase activity is currently unknown.  Of the organochlorine 

contaminants detected in Apopka alligator egg yolks, p,p’-DDE (1,1-dichloro-2,2-bis(p-

chlorophenyl)ethylene) is found in the greatest concentration (Heinz et al., 1991), and has 

been shown to bind the androgen receptor in an antagonistic manner (Kelce et al., 1995).  

Current investigations are underway to examine the effects of in ovo exposure to p,p’-

DDE and phallus development in alligators. 

We have observed developmental and endocrine-related differences consistent with 

the hypothesis that some component of the embryonic environment is responsible for 

inducing organizational changes prior to hatching in alligators from Lake Apopka when 

compared to Lake Woodruff.  In such a long-lived species it is difficult to determine the 

consequences of these developmental abnormalities relative to reproductive fitness.  That 

the comparisons between neonates from these two populations were not uniform with 

previous research using older hatchling and juvenile alligators from the same study sites 

leads us to propose that further modifications associated with ontogenetic changes in 

endocrine function and post-hatching exposure to contaminants are significant.  Future 

studies in which parallel comparisons of captive-raised and wild-caught animals from 

these two populations should help delineate organizational from activational disruptions 

in Lake Apopka’s alligators. 
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CHAPTER 3 
EFFECTS OF INCUBATION TEMPERATURE AND ESTROGEN EXPOSURE ON 

AROMATASE ACTIVITY IN THE BRAIN AND GONADS OF EMBRYONIC 
ALLIGATORS2 

Introduction 

During embryonic development in reptiles, steroids influence sexual differentiation 

of the gonad and the brain.  In many vertebrates, the presence or absence of sex-specific 

chromosomes ultimately determines sexual differentiation.  In others, environmental 

influences such as temperature can be the pivotal factor in determining ovarian or 

testicular development.  Temperature-dependent sex determination (TSD), in which egg 

incubation temperature determines the sex of the developing embryo, exists in many 

reptiles including all crocodilians, most turtles, and some lizards (Pieau, 1996).  In the 

American alligator (Alligator mississippiensis), incubation temperatures near the low 

(30oC) and high (34.5oC) end of the viable range produce all females, whereas 

temperatures near 33oC produce all males (Lang and Andrews, 1994).  Incubating eggs 

collected from a Louisiana population, Lang and Andrews (Lang and Andrews, 1994) 

produced 100% males at 32.5oC and 33oC, and 84% males at 33.5oC.  Unpublished data 

from our lab incubating alligator eggs from north central Florida over a six-year period 

has resulted in ~80% males at 33oC, and 100% males at 33.5oC, suggesting the existence 

of geographic variation in response to incubation temperature.  The temperature sensitive 

period (TSP) in alligators has been shown to occur during the third quarter of 

                                                 
2 This chapter is published in Environmental Health Perspectives (Milnes et al., 2002b) 
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development where the bipotential gonad commits to either ovarian or testicular 

development (Smith and Joss, 1993; Lang and Andrews, 1994). 

Unlike mammals, where female differentiation appears to be the default in absence 

of androgens (Norris, 1997), estrogens appear to play a key role in the sexual 

differentiation of non-mammalian vertebrates including birds (Andrews et al., 1997) and 

reptiles (Pieau, 1996).  The administration of exogenous estrogens prior to the TSP can 

override the effects of male incubation temperatures on sexual differentiation in the 

freshwater turtle Trachemys scripta (Sheehan et al., 1999) and alligators (Lance and 

Bogart, 1994; Crain et al., 1997).  This indicates that the undifferentiated gonad responds 

either directly to estrogen or indirectly by way of some estrogen-sensitive, extragonadal 

tissue. 

The aromatase enzyme complex (aromatase cytochrome P450 and the flavoprotein 

NADPH-cytochrome P450 reductase) is responsible for the conversion of androgens to 

estrogens.  Aromatase activity has been detected in the gonad, brain, liver and adipose 

tissue of many vertebrate species.  The role of this steroidogenic enzyme is sex and tissue 

dependent, and varies according to the developmental stage of the organism.  Most 

research on aromatase and TSD in reptiles has focused on gonadal aromatase activity.  

Treatment of eggs with aromatase inhibitors causes male development at female 

producing temperatures in T. scripta (Crews et al., 1994) and prevents normal ovarian 

development in the alligator (Lance and Bogart, 1992).  However, gonadal aromatase, 

which exhibits increased mRNA expression and estrogen synthesis only near the end of 

the TSP in crocodilians (Smith and Joss, 1994; Smith, 1995; Gabriel et al., 2001) and 

turtles (Desvages and Pieau, 1992; Willingham et al., 2000a) does not appear to be the 

primary signal for ovarian development.  Two questions remain, what is the normal 
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signaling mechanism that causes ovarian development and how is this signal duplicated 

at male producing temperatures in the presence of exogenous estrogens? 

Recent research suggests that the brain plays a role in sexual differentiation in TSD 

species.  Sexually dimorphic transcription of the aromatase gene has been detected in 

diamondback terrapin embryos (Malaclemys terrapin) during the early stages of sex 

determination, with a greater abundance of aromatase transcripts in the female brain 

(Jeyasuria and Place, 1998).  During the second half of the TSP, aromatase activity 

increases in the male brain to levels greater than the female brain (Jeyasuria and Place, 

1998).  Willingham et al. (2000a) measured aromatase activity in the brains of male and 

female T. scripta embryos and found increasing activity levels in female brains that were 

higher than males at the beginning of the TSP.  Aromatase activity of both sexes 

decreased following the end of the TSP, and dropped below detection levels in females 

prior to hatching (Willingham et al., 2000a).  In contrast to the sexually dimorphic brain 

aromatase expression reported in turtles, no significant differences were found in brain 

mRNA of alligator embryos incubated at male and female producing temperatures 

(Gabriel et al., 2001).  Although substantial evidence implicating the brain in directing 

gonadal differentiation is lacking, temperature appears to influence sexual differentiation 

of the brain during embryonic development in some TSD species. 

Like several TSD species of turtles in which low doses of estrogenic compounds 

cause the development of female offspring at male-producing temperatures, the alligator 

has become a model for screening environmental contaminants for estrogenicity.  Several 

pesticides and pesticide metabolites that induce ovarian development at environmentally 

relevant concentrations include o,p’-DDE , p,p’-DDE (Matter et al., 1998), p,p’-DDD 

(Crain, 1997), and trans-nonachlor (Rooney, 1998).  Although the mechanism by which 
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these compounds influence sexual differentiation is poorly understood, all show some 

affinity for the alligator estrogen receptor (aER) (Vonier et al., 1996).  The modern-use 

herbicide atrazine shows a weak affinity for the aER (Vonier et al., 1996) and causes 

testicular aromatase activity uncharacteristic of males or females, but does not cause sex-

reversal (Crain et al., 1997). 

While the feminizing action of estrogenic compounds has been well documented in 

terms of gonadal morphology in alligators, little is known about the functional 

consequences of chemically induced sex reversal.  Field studies of several contaminated 

lakes in Florida have shown a number of functional abnormalities in female alligators 

including elevated ovarian synthesis of testosterone (T), elevated hepatic degradation of 

T, and reduced ovarian synthesis of estradiol-17β (E2) (for review see Guillette et al., 

2000).  Because nothing is known concerning the incubation conditions of the animals 

obtained for these studies it is unknown if any were sex-reversed as a result of embryonic 

contaminant exposure. The possibility exists that the differences observed in the exposed 

populations are due in part to altered endocrine function in sex-reversed females. 

Given the uncertainty of the mechanisms and consequences of chemically induced 

sex-reversal, we conducted an initial study to examine the timing and levels of aromatase 

activity in the brain and gonads of putative female, male, and sex-reversed female 

alligator embryos.  The purpose of this study was to determine if sexual dimorphism in 

whole brain aromatase activity could provide a means of directing gonadal differentiation 

and to compare aromatase activity in the brain and gonads of E2 sex-reversed females to 

control males and females. 
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Materials and Methods 

Animals and Tissue Collection 

Six clutches of alligator eggs were collected from Lake Woodruff National Wildlife 

Refuge, Florida, within the first two weeks post-oviposition.  Eggs were transported to 

the University of Florida, Gainesville, and incubated in damp sphagnum moss at an 

intermediate temperature of 32oC until reaching embryonic stage 19.  Fifteen eggs from 

each clutch were systematically assigned to three treatment groups and three dissection 

stages within each treatment group to avoid clutch effects within the experiment.  

Treatment groups consisted of control females incubated at 30oC, control males incubated 

at 33.5oC, and sex-reversed females incubated at 33.5oC and treated topically with 90 μg 

E2 dissolved in 50 μl of 95% ethanol at stage 19.  Previous studies showed that alligator 

eggs incubated at male producing temperatures treated with similar doses of E2 result in 

100% female hatchlings (Lance and Bogart, 1994; Lang and Andrews, 1994; Crain et al., 

1997).  Additional eggs (3-4 per clutch) were incubated at each temperature to verify the 

appropriate stages for dissection of each clutch. 

Ten embryos from each treatment group were selected for dissection at stages 20 

(early TSP), 22 (middle TSP) and 24 (late TSP).  Upon reaching the appropriate stage, 

embryos were decapitated immediately upon removal from the egg.  Brains and paired 

gonad-adrenal-mesonephros complexes (GAMs) were removed, flash frozen in liquid 

nitrogen, and stored at –70oC until assayed.  Entire GAMs were used due to the difficulty 

in separating the three tissues and published research showing that the majority of 

aromatase activity takes place in the gonad portion of the complex (Smith, 1995). 
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Aromatase Activity Assay 

The tritiated water assay used to measure aromatase activity was a modification of 

methods described by Lephart and Simpson (1991) and Willingham et al. (2000a).  All 

buffers and reagents were purchased from Sigma Chemical Co., St. Louis, MO, unless 

otherwise specified.  Whole brains or paired GAMs were homogenized over ice in 100 μl 

of homogenate buffer (RPMI-1640 culture medium supplemented with 25 mM Hepes 

and 1 mM dithiothrietol) in microcentrifuge tubes using a handheld pellet pestle (Kontes, 

Vineland, NJ).  Tissue homogenates were transferred to glass culture tubes along with 

400 μl of substrate buffer.  Substrate buffer consisted of homogenate buffer 

supplemented with1 mM NADPH, 10 mM α-D-glucose-6-dehydrogenase, 1 unit/ml 

glucose-6-dehydrogenase, and 0.8 μM [1β-3H] androstenedione (DuPont NEN Research 

Products, Boston, MA).  Culture tubes were covered with parafilm and incubated on a 

shaker at 32oC. 

Following 9 hours of incubation for brains and 6 hours for GAMs, 1.5 ml of 

chloroform was added to halt the reaction.  The volume of the aqueous phase was brought 

up to 900 μl with the addition of 400 μl of deionized water.  Culture tubes were then 

pulse vortexed and centrifuged at 2000x g for 15 min.  A 600-μl aliquot of the aqueous 

phase was transferred to a new tube, and 600 μl of 5% charcoal/0.5% dextran was added 

before the tube was vortexed and centrifuged at 2000x g for 15 min.  Five ml of 

scintillation fluid (Scintillation BD, Fisher Scientific, Pittsburgh, PA) was added to 300 

μl supernatant and the tube was counted on a Beckman scintillation counter (Beckman 

Instruments, Schaumburg, IL). 
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Aromatase activity is proportional to the amount of tritiated water produced by the 

cleavage of hydrogen from androstenedione at the 1β-position.  Activity was calculated 

by multiplying the sample decays per minute (dpm) by 3, subtracting the background 

(blank tube), and dividing by the dpm of substrate originally added.  This percentage was 

then multiplied by the mass of substrate added and expressed as fmol / tissue / hr.  

Sensitivity of the assay was defined as twice the mean dpm of blank tubes, which 

corresponded to ~ 8 fmols/tube/hr. 

Statistics 

 Statistical analyses were performed with StatView for Windows (SAS Institute 

Inc., Cary, NC).  Single-classification analysis of variance (ANOVA) was used to test for 

differences across stages within a treatment group and among treatment groups within a 

stage.  A two-way ANOVA was not performed as part of the analysis because a 

comparison of all possible combinations of stage and treatment was not consistent with 

the purpose of this study.  Fisher’s PLSD was used to make pair-wise comparisons with 

the level of statistical significance set at p < 0.05. 

Results 

GAM Aromatase Activity 

No difference in GAM aromatase activity (Figure 3-1) was detectable among 

treatment groups at stage 20 (p = 0.302), and no differences were detectable between 

stages 20 and 22 within any treatment group.  However, enzyme activity at stage 22 in 

control females was lower than control males (p = 0.012) and sex-reversed females (p = 

0.014).  Stage 24 was marked by a dramatic increase in enzyme activity in control 

females (p < 0.0001), whereas control males exhibited a slight decrease in aromatase 

activity (p = 0.022) from stage 22.  A moderate increase in aromatase activity was 
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detected in E2-treated females (p = 0.0009) that was higher than control males (p = 

0.0001) and lower than control females (p < 0.0001) at stage 24. 

 
 
Figure 3-1. Gonad-adrenal-mesonephros (GAM) complex aromatase activity (fmol / 

GAM / hr) in female (30oC), male (33.5oC) and sex-reversed female 
(33.5oC+E2) alligator embryos during the early (stage 20), middle (stage 22), 
and late (stage 24) stages of the temperature sensitive period. 

Brain Aromatase Activity 

Brain aromatase activity (Figure 3-2) increased from stage 20 to 22 in all treatment 

groups, and no differences among treatment groups were detectable at these two stages (p 

= 0.359 and 0.806, respectively).  From stage 22 to stage 24, aromatase activity level 

increased in control males (p = 0.011) and females (p = 0.001), and no difference was 

detected between these two groups at stage 24 (p = 0.084).  No change in aromatase 

activity occurred in sex-reversed females from stage 22 to 24 (p = 0.631), and stage 24 



40 

 

sex-reversed females were lower than control females (p = 0.013) and were not different 

from control males (p = 0.363). 

 
 
Figure 3-2.  Brain aromatase activity (fmol / brain / hr) in female (30oC), male (33.5oC) 

and sex-reversed female (33.5oC+E2) alligator embryos during the early (stage 
20), middle (stage 22), and late (stage 24) stages of the temperature sensitive 
period. 

Discussion 

Similar to previous studies (Desvages and Pieau, 1992; Smith and Joss, 1994; 

Smith, 1995; Willingham et al., 2000a), aromatase activity in the GAM did not increase 

until the end of the temperature sensitive period (TSP).  It is likely that gonadal 

aromatase activity is associated with ovarian development, as it increased significantly 

between stages 22 and 24 in both control and sex-reversed females.  The proliferation of 

cortically located germ cells and regression of medullary sex cords occurs during these 
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stages in alligators incubated at female-producing temperatures (Smith and Joss, 1993).  

However, temperature shift experiments by Lang and Andrews (1994) show sex 

determination to occur between stages 20 and 22 when shifting from 30 to 33oC.  

Aromatase activity alone does not appear to initiate ovarian differentiation as evidenced 

by the low activity levels in both males and females during the early stages of the TSP. 

The data presented in this study indicate that the GAM of sex-reversed females is 

neither male- nor female-like with regard to aromatase activity at stage 24.  This is 

especially interesting since E2 exposure at male producing temperatures results in ovarian 

differentiation, as opposed to an inter-sexed gonad (Lance and Bogart, 1994; Crain et al., 

1997).  That aromatase in the sex-reversed females was significantly lower than control 

females and higher than control males suggests embryonic exposure to E2 and incubation 

temperature affects steroidogenic enzyme levels and/or activity.  Apart from directing 

ovarian differentiation of the gonad, exogenous estrogen could disrupt a number of 

feedback mechanisms along the hypothalmo-pituitary-gonad axis, such as gonadotropin 

release, causing suppression of aromatase synthesis relative to control females (Norris, 

1997).  Incubation temperature, regardless of sex, has been shown to influence plasma 

steroid concentrations.  In the red-eared slider, plasma E2 in females from intermediate 

incubation temperatures was significantly lower than juveniles from the all female-

producing temperature and no different than that of males from the intermediate 

temperature (Rhen et al., 1999).  This effect could be mediated by the presence of anti-

Müllerian hormone (AMH), which has been shown to decrease aromatase synthesis in 

fetal ovaries of several mammal species (Vigier et al., 1989).  Western et al. (1999) 

detected expression of AMH in alligator embryos incubated at male-producing 

temperatures beginning at stage 22, but not at female-producing temperatures at any 
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stage.  AMH expression was limited to the medullary cells of the developing testes 

(Western et al., 1999), demonstrating a need to examine ovarian differentiation of sex-

reversed females on a morphological level (e.g., in situ hybridization for AMH mRNA) 

relative to untreated embryos as well as measuring multiple hormones. 

Results of recent studies on aromatase in the brain of TSD species have differed 

according to species and endpoint measured.  In the diamondback terrapin, transcripts of 

the aromatase gene were in greater abundance in females during the first half of the TSP 

and then higher in males during the second half (Jeyasuria and Place, 1998).  When 

aromatase enzyme activity was measured in the brain of red-eared slider embryos, 

females exhibited an increase early in the TSP whereas males showed no significant 

increase throughout the same period (Willingham et al., 2000a).  In the alligator, 

transcripts of the aromatase gene did not differ between sexes and showed no significant 

increase for any stage of development (Gabriel et al., 2001).  In contrast, our data indicate 

an increase in enzymatic activity throughout the TSP in both sexes with slightly higher 

activity levels in putative females at stage 24, indicating that gene expression does not 

necessarily reflect enzyme activity levels.  Furthermore, E2-induced sex reversal resulted 

in brain activity levels similar to control males, suggesting that sex-reversed females do 

not function as normal females in all tissues. 

Because an increase in aromatase activity occurred early in the TSP, but did not 

differ between sexes, it is difficult to determine the role of brain aromatase activity with 

regard to sex determination.  If the increase in brain aromatase activity is sufficient to 

increase circulating E2 concentrations, temperature-dependent expression of the estrogen 

receptor (ER) could be the key to gonadal differentiation.  That is, a slight increase in 

circulating E2 resulting from aromatase activity in the brain early in the TSP, coinciding 
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with an increase in ER expression in the gonad could lead to ovarian differentiation.  

Bergeron et al. (1998) measured ER transcripts in the gonads of red-eared slider embryos 

and found higher concentrations in the gonads of embryos incubated at female-producing 

temperatures at the beginning of the TSP.  However, it is unknown if the estrogen 

produced locally in the brain is capable of crossing the blood-brain barrier to an extent 

great enough to affect circulating steroid concentrations.  Furthermore, translation of ER 

transcripts to functional receptor proteins should be confirmed before strong inferences 

are made regarding the interplay of aromatase activity and ER expression in sex 

determination. 

Contrary to the results from the gonads, levels of aromatase activity in the brain of 

sex-reversed females is not different from that of control males, indicating E2 exposure 

did not override the effects of incubation temperature on enzyme activity in the brain.  

Studies on eutherian mammals have shown the presence of α-fetoprotein, which binds to 

circulating E2, prevents maternal E2 from crossing the blood-brain barrier of embryos 

developing in utero (Milligan et al., 1998).  While α-fetoprotein has not been reported in 

any reptile, cytosolic binding proteins have been described in the alligator that show an 

affinity for E2 and to a lesser extent synthetic steroids and contaminants (Crain et al., 

1998b).  Conley et al. (1997) reported high concentrations of steroids (E2, testosterone, 

and androstenedione) in alligator egg yolks that decline significantly during the TSP.  

The presence of steroid binding proteins in developing embryos could function as a 

means to protect the embryo from high concentrations of maternal steroids deposited in 

the yolk during vitellogenesis and prevent feminization of the brain following embryonic 

exposure to exogenous E2. 
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Estradiol-exposure studies serve as a valuable model, but cannot always predict the 

effects of estrogenic contaminants because the pathways through which these compounds 

work vary widely.  Although many of the environmental estrogenic compounds shown to 

cause sex reversal are capable of binding to the aER (Vonier et al., 1996), many differ 

from natural estrogens in hepatic degradation rates, binding affinity for plasma proteins, 

and binding affinity for other nuclear and membrane-bound receptors.  As the results of 

E2 exposure differed between the brain and gonad in this study, special considerations 

should be given to which endpoints are monitored in organisms exposed to estrogenic 

compounds.  Estrogens and aromatizable androgens have been shown to override the 

effect of incubation temperature on sex determination (Crews et al., 1994; Lance and 

Bogart, 1994; Crain et al., 1997), but few studies have looked beyond gross morphology 

of the gonad. 

In the present study, E2 exposure at male-producing temperatures resulted in inter-

sexed gonadal and male-like brain aromatase activity in female embryos.  Although our 

study did not examine specific brain regions, this study demonstrates that the gonad and 

brain respond to differing degrees following exogenous estrogen treatment.  This is 

extraordinary given the fact that the response in any given region of the brain would be 

tempered by the fact the entire brain was homogenized.  Future studies should examine 

aromatase activity in distinct regions of the brain associated with sexual differentiation 

such as the pre-optic area and the hypothalamus.  Further research is warranted to 

determine if alterations in enzyme activity occur following contaminant-induced sex 

reversal and whether or not they persist in light of the endocrine alterations reported in 

field studies of exposed alligator populations.  These data clearly demonstrate that 

environmental contaminants could alter the differentiation of the gonad morphologically 
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while having only partial influence on the differentiation of gonadal physiology.  

Moreover, gonadal differentiation could be affected differently from the response seen in 

the brain.  Such differences could be associated with the timing of exposure or exposure 

dosage as modified by physiological phenomena such as the transfer of chemicals across 

the blood-brain barrier.  Given the pervasive influence of the hypothalamo-pituitary-

gonadal axis in numerous endocrine activities including reproduction, growth and 

metabolism, understanding the effects of environmental estrogens and antiestrogens is 

essential if we are to determine the impact these compounds have on development and 

reproduction of many wildlife species.  Only a thorough assessment at the tissue, cellular, 

and molecular levels can determine the full impact of a chemically altered embryonic 

environment. 
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CHAPTER 4 
DEVELOPMENTAL ALTERATIONS AS A RESULT OF IN OVO EXPOSURE TO 

THE PESTICIDE METABOLITE P,P’-DDE IN Alligator mississippiensis3 

Introduction 

Although use of the pesticide DDT (1,1,1-trichloro-2,2-bis (p-chlorophenyl) 

ethane) has been severely restricted in many industrialized nations, its widespread use in 

tropical regions along with the persistence of its metabolites has maintained its status as 

an environmental contaminant of concern.  Early investigations into its toxicity in non-

target organisms include the suppressive effects of DDT and its metabolites on male 

secondary sex characteristics in the rooster (Burlington and Lindeman, 1950).  After 

several decades of use and subsequent ban in the U.S., many studies began to focus on 

the metabolites of DDT; DDD (1,1-dichloro-2,2-bis (p-chlorophenyl) ethane) and DDE 

(1,1-dichloro-2,2-bis (p-chlorophenyl) ethylene).  Most notable was the association 

between DDE exposure and eggshell thinning in a variety of bird species (Peakall et al., 

1973; Ratcliffe, 1973).  The primary metabolite formed under aerobic conditions is p,p’-

DDE.  This metabolite is extremely persistent in soil and sediments, lipophilic, and 

readily bioaccumulates in the adipose tissue of animals at the top of the food chain 

(Kleinow et al., 1999).  This poses a unique set of problems for oviparous vertebrates in 

which maternal transfer and concentration of nutrients in the lipid-rich yolk ensures 

offspring will be subject to contaminant exposure at the earliest life history stages. 

                                                 
3 This chapter is in review for publication in General and Comparative Endocrinology. 
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The potential for environmental contaminants to disrupt development and sexual 

differentiation has been well documented in all vertebrate classes.  Many of these 

contaminants interact with the endocrine system and can be classified as hormone 

agonists or antagonists.  The classification depends on a number of factors including, but 

not limited to, receptor binding affinity, proliferation or inhibition of specific hormone 

mediated processes, and the development of sexually dimorphic traits.  The reptilian egg 

bioassay has become a useful tool in assessing the hormone-like effects of embryonic 

contaminant exposure on sex determination in certain wildlife species (Crews et al., 

1994).  Many species of turtles and all crocodilians experience environmental sex 

determination where the incubation temperature is the primary sex-determining factor 

(Lang and Andrews, 1994).  Experimental studies have shown that exposure to 

steroidogenic or steroid inhibiting substances can alter the effect of temperature on sex 

determination.  Current research suggests that chemical induced sex-reversal is mediated 

through interaction with steroid receptors or alterations in steroidogenic enzymes.  Both 

natural and synthetic estrogens can induce female development at male-producing 

temperatures in the red-eared slider, Trachemys scripta (Bergeron et al., 1999; Sheehan et 

al., 1999), and alligators (Lance and Bogart, 1992; Crain et al., 1997).  It has also been 

shown in alligators that inhibition of aromatase activity, the enzyme that converts 

androgens to estrogens, can induce male development at temperatures that normally 

produce males and females (Lance and Bogart, 1992).  In addition to screening for 

alterations in sex determination, the egg bioassay is a useful tool for determining more 

subtle effects on hormone-related endpoints.  For instance, alligators exposed in ovo to 

estradiol-17 β (E2) exhibited greater oviducal epithelial cell height (ECH) than controls 

(Crain et al., 1999).  In T. scripta, exposure to chlordane and/or Aroclor 1242 during 
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embryonic development resulted in altered steroid concentrations (Willingham et al., 

2000b). 

The classification of p,p’-DDE as an estrogen or androgen agonist or antagonist can 

vary depending on the taxa and assay used for screening (Guillette and Iguchi, 2003).  

For example, p,p’-DDE acts as an estrogen agonist in T. scripta in that in ovo exposure at 

typically male-producing temperatures results in ovarian development in the majority of 

hatchlings (Willingham and Crews, 1999; Willingham, 2004).  In contrast, p,p’-DDE 

failed to influence sex determination in the green sea turtle (Chelonia mydas) (Podreka et 

al., 1998) and the common snapping turtle (Chelydra serpentina) (Portelli et al., 1999).  

Matter et al. (1998) were able to influence sex determination in alligators with p,p’-DDE 

at an intermediate temperature, but not at a typically male-producing temperature.  

Vonier et al. (1996) found that p,p’-DDE is capable of binding to the alligator estrogen 

receptor (ER), but has a very low affinity relative to the endogenous ligand, E2.  When 

put through a series of short term estrogenicity tests, p,p’-DDE exhibited low binding 

affinity for human and rabbit ER, was unable to induce vitellogenin production in 

juvenile rainbow trout, and showed a greatly reduced ability to induce MCF-7 cell 

proliferation relative to E2 and its parent compound o,p’-DDT (Andersen et al., 1999).  In 

the rat, p,p’-DDE acts as an androgen antagonist by inhibiting androgen dependent 

growth and sexual differentiation (Gray et al., 2001).  DDE can inhibit the binding of 

androgens to the human androgen receptor (hAR) (Kelce et al., 1995) and alter androgen-

dependent gene expression in the rat (Kelce and Wilson, 1997). 

In the current study, alligators were treated in ovo with low, but environmentally 

relevant, concentrations of p,p’-DDE.  This contaminant is of particular interest due to its 

predominance among organochlorines detected in various alligator tissues from Lake 
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Apopka, Florida (Heinz et al., 1991; Guillette et al., 1999a), a population with well 

documented developmental and reproductive abnormalities (for review see Guillette et 

al., 2000).  The purpose was to compare the effects of p,p’-DDE exposure to similar 

concentrations of E2, a positive estrogenic control, and untreated controls to determine if 

this ubiquitous contaminant is hormonally active in the alligator—an established wildlife 

model for endocrine disrupting contaminants.  We evaluated primary sex ratios at 

intermediate and male-producing temperatures, along with plasma testosterone (T) and 

gonad aromatase activity in the resulting neonates.  We also examined oviducal ECH and 

phallus size—estrogen and androgen responsive tissues, respectively. 

Materials and Methods 

Egg Incubation and Treatments 

All field and laboratory work was conducted under permits from the Florida Fish 

and Wildlife Conservation Commission and US Fish and Wildlife Service.  Six clutches 

of alligator eggs were collected from Lake Woodruff National Wildlife Refuge, Florida 

in June 1999 within the first two weeks post-oviposition.  One egg from each clutch was 

opened to determine embryonic stage based on criteria described by Ferguson (1985).  

Incubation temperature and treatment groups were assigned systematically to avoid 

clutch effects within a treatment or temperature group.  Temperature assignments 

consisted of a temperature that produces males and females, 32o C, and a male-producing 

temperature, 33.5o C.  Eleven eggs were assigned to each temperature-treatment 

combination.  Treatment groups consisted of 100, 0.1, and 0.0001 parts per billion (ppb) 

p,p’-DDE (ChemServ, West Chester, PA) or E2 (Sigma Chemical Co., St. Louis, MO) 

based on a mean egg mass of 90 g.  Treatments were delivered topically, dissolved in 50 

μl of 95% ethanol as previously described (Crain et al., 1997; Milnes et al., 2004).  
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Untreated and vehicle control groups were also assigned to each incubation temperature.  

Additional eggs from each clutch were incubated at each temperature to verify the 

appropriate stage (19) for treatment—just prior to the thermo-sensitive period of sex 

determination.  Eggs were maintained in 40 x 50 cm nesting boxes filled with damp 

sphagnum moss placed inside commercial incubators.  Nesting boxes were rotated daily 

within each incubator, and certified thermometers placed in each nesting box were 

checked daily until hatching. 

Dissections and Tissue Cultures 

Between 14 and 21 days post-hatching, a 2 ml blood sample was drawn from the 

post-cranial sinus, placed in heparinized Vacutainer® tubes, and centrifuged at 1,500g for 

20 min.  Plasma was drawn off and stored at -72oC until assayed for testosterone (T).  

Immediately following the blood sample, neonates were euthanized with a lethal dose 

(0.5 mg/g BM) of sodium pentobarbital (Sigma Chemical Co., St. Louis, MO).  Paired 

gonad-adrenal-mosonephros (GAM) complexes were removed immediately and placed in 

1.0 ml of media 199 (Gibco BRI, Gaithersburg, MD, USA) prepared as described by 

Milnes et al. (2004).  Culture media was supplemented with 100 ng/ml androstenedione 

to determine aromatase activity, or the conversion of androgens to estrogens.  Following 

5 hours of incubation at 32o C, culture media was removed and stored at –72oC until 

assayed for E2.  Both GAMs and the oviduct, where applicable, were fixed in Bouin’s 

fixative for histological analyses. 

Radioimmunoassays 

Plasma T and culture media E2 concentrations were measured by 

radioimmunoassay previously described and validated for alligators (Guillette et al., 

1994; Guillette et al., 1995b).  Minimal detectable concentrations of E2 and T were 3 and 
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6 pg/ml, respectively.  Intra-assay variance averaged 2.4% for E2 and 2.7% for T; and 

inter-assay variance for E2 and T was 8.8 and 14.9%, respectively.  Hormone 

concentrations were determined using commercially available software (Microplate 

Manager 4.0, Biorad, Hercules, CA, USA). 

Histology 

The sex of each individual was determined following histological preparation of the 

GAM.  Briefly, one GAM from each animal was embedded in paraffin, serial sectioned at 

6 μm, and stained using a modified Masson’s trichrome (Presnell and Schreibman, 1997).  

Identification of the gonad as either testis or ovary was based on criteria described by 

Forbes (1940) and more recently Smith and Joss (1993).  Ovaries were identified by the 

presence of lacunae in the medulla and germ cells in the hypertrophied cortex, whereas 

medullar sex cord proliferation and a reduced cortex characterized testes. 

Five cross sections of oviduct, evenly distributed throughout the length of the tissue 

were selected for measurement of epithelial cell height (ECH).  In each cross section, 

four epithelial cells distributed ~90o from one another were measured at 400X 

magnification using an ocular micrometer.  The measurements were then converted to the 

nearest 1.0 μm with the use of a stage micrometer. 

Phallus Measurements 

Whole carcasses were fixed in neutral buffered formalin immediately after 

dissections.  Following histological determination of sex, the phallus was removed from 

each male and measured under a stereoscope at 40X magnification with the aid of a 

calibrated ocular micrometer to the nearest 0.025 mm.  The tip length was measured from 

the front edge of the cuff to the most distal point along the posterior surface of the 

phallus, and the cuff diameter was measured at the widest point along the anterior-
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posterior axis.  The two measurements taken have clearly defined landmarks and were 

based on previously established criteria (Guillette et al., 1996b; Pickford et al., 2000). 

Statistics 

Chi squared contingency tables were used to compare sex ratios among treatment 

groups, and to the appropriate controls.  One-tailed tests of significance were used to 

compare treatment groups to controls as we expected a female biased sex ratio in E2 and 

DDE treated animals based on previously published studies (Matter et al., 1998; 

Willingham and Crews, 1999; Willingham, 2004).  Morphological data and plasma T 

values were analyzed by two-way analysis of variance (ANOVA) using treatment and 

dose as the independent variables.  These data were log transformed in order to normalize 

the distributions prior to statistical analyses.  Reported values represent non-transformed 

means + 1 standard error.  The distribution of the culture media E2 concentrations could 

not be normalized using standard transformations, therefore these data were analyzed 

using the nonparametric Kruskal-Wallis test.  We also conducted an F-test for equality of 

variance, as changes in variance have been shown to be associated with chemical 

exposure (Orlando and Guillette, 2001).  All differences were considered significant at P 

< 0.05. 

Results 

Sex Determination 

The sex ratio for each treatment group is shown in Figure 4-1.  No difference 

between the control and vehicle group was detected at either temperature, so subsequent 

comparisons with treatments were made against combined control + vehicle.  At 32oC, 

50% of the controls were female compared to 100% for the positive control, E2, at the 

middle (0.1 ppb) and high (100 ppb) doses.  The percentage of females produced at 32oC 
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increased relative to controls following treatment with 100 ppb p,p’-DDE (P = 0.03).  No 

effect on sex determination was observed at the lower doses of DDE at 32oC, or among 

any of the DDE treatments at the male-producing temperature, 33.5oC.  Only the highest 

dose of E2 elicited significant sex-reversal at 33.5oC (P = 0.009). 

Plasma Testosterone and Aromatase Activity 

Plasma T concentrations for males and females are summarized in Figures 4-2 and 

4-3, respectively.  Two-way ANOVA (treatment x dose) for plasma T revealed no 

difference among groups for males (P = 0.59) or females (P = 0.84).  GAM aromatase 

activity, reported as pg of E2 produced per paired GAM, was nearly 7-fold higher in 

females when compared to males.  Aromatase activity was detectable in all males, but did 

not vary among treatment groups (P = 0.49).  Similarly, no differences were detected 

among females (P = 0.24) from any treatment group (Figure 4-4).  Interestingly, 

aromatase activity in the high dose E2 treated females from 33.5oC was not significantly 

different from control or ethanol treated females at 32oC, but the variance was greater in 

the E2 treatment group when compared to the vehicle controls (P = 0.03).  In contrast, the 

variance from the high dose E2 females incubated at 32oC is reduced when compared to 

controls (P = 0.04). 
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Figure 4-1.  Sex ratios of alligators incubated at 32oC (A) or 33.5oC (B) and exposed in 

ovo to p,p’-DDE or estradiol-17β (E2).  Treatment values represent μg/kg wet 
egg mass.  Bars with asterisks denote a significant difference (P < 0.05) 
between that treatment and the combined control and vehicle groups. 
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Figure 4-2.  Plasma testosterone (T) concentrations (mean + 1 SE) in neonatal male 

alligators incubated at 32oC and 33.5oC and exposed in ovo to p,p’-DDE or 
estradiol-17β (E2).  Treatment values represent μg/kg wet egg mass.  
Superscript a denotes treatment group that resulted in 1 male, b denotes 
treatment groups that resulted in all females. 

 
 
Figure 4-3.  Plasma testosterone (T) concentrations (mean + 1 SE) in neonatal female 

alligators incubated at 32oC and 33.5oC and exposed in ovo to p,p’-DDE or 
estradiol-17β (E2).  Treatment values represent μg/kg wet egg mass. 
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Figure 4-4.  Gonad-adrenal-mesonephros (GAM) aromatase activity in neonatal female 

alligators determined via estradiol (E2) production from androstenedione.  
Bars represent means + 1 SD.  The superscript a denotes variance is less than 
controls, whereas b denotes variance greater than vehicle (ethanol) treatment 
group. 

Oviduct and Phallus Morphology 

Oviducts appeared structurally homogeneous through the length of the tissue and 

exhibited a clearly defined epithelial cell layer.  No differences were observed in 

oviductal ECH among females (P = 0.77), and averaged 11.1 + 0.55 μm among controls.  

Phallus tip length (P = 0.97) and cuff diameter (P = 0.75) were not significantly different 

among males from any of the treatment groups.  Tip length and cuff diameter averaged 

1.59 + 0.06 and 1.39 + 0.04 mm, respectively, for controls. 

Discussion 

The response to E2 at the intermediate and male-producing temperatures underlies 

the significance of the interaction of dose and temperature on sex determination.  At the 

intermediate temperature (32oC), 0.0001 mg/kg E2 produced all females; whereas 0.1 

mg/kg at the male-producing temperature (33.5oC) resulted in 37.5% females.  Previous 
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work from our lab has produced 100% females at 33.0oC using 0.014 mg/kg E2 (Crain et 

al., 1997), indicating a greater than 10-fold increase in sensitivity following a 0.5oC 

decrease in temperature.  A similar interaction between dose and temperature has been 

described for the red-eared slider at intermediate temperatures (Wibbels et al., 1991; 

Wibbels and Crews, 1995), where a Michaelis-Menton fit showed no threshold dose for 

E2 at a male-biased temperature (Sheehan et al., 1999).  

Our results indicate that p,p’-DDE is capable of influencing sex determination at 

intermediate temperatures when applied topically at 100 ppb or 0.1 mg/kg wet egg mass.  

This dose is at least an order of magnitude lower than what has previously been shown in 

the alligator (Matter et al., 1998).  Like the study by Matter et al. (1998), we were unable 

to show significant sex reversal with p,p’-DDE at the male-producing temperature, 

reaffirming the gonad’s response to a combination of temperature and chemical milieu.  

At doses as low as 0.0007 mg/kg, p,p’-DDE was shown to cause male to female sex 

reversal in the red-eared slider at a temperature that produced a mixed sex ratio 

(Willingham, 2004).  In contrast, doses as high as 0.543 mg/kg in the green sea turtle and 

6.25 mg/kg in the common snapping turtle failed to produce more females than the 

controls (Podreka et al., 1998; Portelli et al., 1999).  Both of these studies used strongly 

male-biased incubation temperatures.  Furthermore, background concentrations of DDE 

were measured in representative samples from those studies, and ranged from 0.001 to 

0.005 mg/kg—an order of magnitude above the effective dose shown by Willingham 

(2004).  That the controls resulted in largely male-biased sex ratios indicates that the 

temperature was capable of overriding at least the background DDE contamination—

possibly explaining the incongruity across studies. 
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Embryonic exposure to p,p’-DDE or E2 did not affect plasma T, and concentrations 

in sex reversed females were no different than control females.  While the nonparametric 

analysis of ranked means failed to detect a difference in aromatase activity among 

females, the highest dose of E2 did affect the variance about the mean at both 

temperatures.  At 32oC, where all the individuals exposed to 0.1 mg/kg E2 developed as 

females, the variance was reduced relative to controls.  At the male producing 

temperature, the same dose of E2 resulted in a mixed ratio and increased variance in 

aromatase activity in the E2 sex reversed females.  Aromatase activity in two individuals 

from that treatment group, one male and one female, was nearly 4 times greater than the 

average female.  It is important to note that these two individuals were from different 

clutches, and that the gonad from the male appeared histologically similar to other testes 

examined.  While the mechanisms by which variance is affected are poorly understood, 

we feel changes in phenotypic variance are important indicators of chemical perturbation. 

In addition to examining sex determination and gonad function at low 

concentrations, our goal was to determine if p,p’-DDE would act in an estrogenic or 

antiandrogenic fashion, as suggested by previous research.  Specifically, we examined 

oviductal ECH, an estrogen responsive tissue, and phallus size, an androgen responsive 

tissue.  Results from this portion of the study are inconclusive in describing the hormonal 

activity of DDE.  Currently there are no detailed studies addressing the ontogenetic 

expression of steroid receptors in reproductive tissues of embryonic or neonatal 

alligators.  However, previous work from our lab has shown an increase in oviduct ECH 

following in ovo treatment with 14 ppm E2 (Crain et al., 1999), and a significant 

relationship between the androgen, dihydrotestosterone, and phallus size in hatchling 

alligators (Pickford et al., 2000).  While we were able to override the effects of 
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incubation temperature on sex determination, neither DDE nor E2 treatment elicited a 

response in the oviduct or phallus.  These results suggest gonadal differentiation is more 

sensitive to chemical perturbation than primary sex characteristics in neonatal alligators. 

In this study we attempted to determine the effects of in ovo exposure to p,p’-DDE 

on 1) differentiation of the gonad, 2) endocrine function, and 3) hormone sensitive tissue 

morphology.  The alligator was chosen as an appropriate model species based on past 

studies that show each of these endpoints are labile and changes in these endpoints have 

been associated with chemical perturbation of the endocrine system.  Our data show that 

p,p’-DDE is capable of influencing differentiation of the gonad but failed to influence 

gonadal function and primary sex characteristics at the concentrations examined.  Perhaps 

most significant in this study was the sensitivity of the gonad to low doses and changes in 

temperature.  Future studies concerning the ability of environmental contaminants to alter 

sex determination must take into account the sensitivity of the reptilian gonad to the 

interaction of dose and temperature. 
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CHAPTER 5 
DEVELOPMENTAL EFFECTS OF EMBRYONIC EXPOSURE TO TOXAPHENE IN 

THE AMERICAN ALLIGATOR (Alligator mississippiensis)4 

Introduction 

Our laboratory, in collaboration with other researchers, has performed a number of 

experimental studies exposing developing embryos to various persistent and non-

persistent pesticides.  Using the American alligator (Alligator mississippiensis), egg 

dosing studies with total egg pesticide exposures of 10 parts per million (ppm) or lower 

of several DDT metabolites, trans-Nonachlor, or 2,3,7,8-tetrachlorodibenzo-p-dioxin 

(TCDD), and atrazine have produced alterations in sex determination, endocrine function, 

secondary sex characteristics and/or gonadal anatomy that are similar to those reported in 

wild populations exposed to these compounds (Crain et al., 1997; Matter et al., 1998; 

Rooney, 1998; Crain et al., 1999; Guillette et al., 2000).  Similar studies have 

documented contaminant-induced sex reversal and alteration of steroid hormone profiles 

in the freshwater turtle, Trachemys scripta elegans (Willingham and Crews, 1999; 

Willingham et al., 2000b).  These experimental studies have begun to provide the causal 

relationships between embryonic pesticide exposure and reproductive abnormalities that 

have been lacking in descriptive field studies of wild populations.  An understanding of 

the developmental consequences of endocrine disruption in wildlife can lead to new 

indicators of exposure and a better understanding of the most sensitive life-history stages 

and the consequences of exposure during these periods. 

                                                 
4 This chapter is published in Comparative Biochemistry and Physiology, Part C (Milnes et al., 2004) 
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In contrast to the organochlorines that have served as traditional environmental 

concerns, such as DDT and its metabolites, little is known of the endocrine disruptive 

effects or even developmental effects of embryonic exposure to toxaphene.  Toxaphene is 

a complex mixture of at least 1010 polychlorinated monoterpenes derived from the 

chlorination of camphene (Korytár et al., 2003).  It is a broad-spectrum insecticide and 

miticide that persists in soil for long periods of time (1 to 14 years) (Keith, 1997).  Use of 

toxaphene was banned in the United States in 1982 (Briggs, 1992); however recent 

studies show high concentrations (0.1 – 2.5 ppm) of toxaphene in various biota and tissue 

types in the Southeastern U.S. (Maruya and Lee, 1998). 

In the present study, our goal was to examine the possible effects of toxaphene on 

embryonic development and endocrinology in the American alligator.  The focus of this 

study stems in part from the relatively high concentration of toxaphene detected in 

alligator egg yolks collected from Lake Apopka compared to other Florida lakes.  Heinz 

et al. (1991) reported toxaphene concentrations of 0.05 to 13.0 ppm in Lake Apopka 

alligator eggs.  Recently unpublished egg yolk analyses indicate concentrations in eggs 

collected from Lake Apopka range from 0.29 – 40.5 ppm with a mean concentration of 

9.4 ppm (L. Richey, College of Veterinary Medicine, University of Georgia, pers. 

comm.).  Adult alligators are capable of bioaccumulating large amounts of lipophilic 

contaminants in tissues due to their long life spans and status as a top predator.  This 

poses potential problems for developing embryos, which must utilize the lipid rich yolk 

deposited by females in the oocyte as their major source of energy for development.  The 

endpoints examined include basic morphological measurements such as body size and 

organ weights as well as indices of endocrine function including endocrine tissue 

morphology, plasma steroid concentrations, and in vitro hormone production.  These 
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endpoints were chosen based upon their use as classic markers of toxicology (liver) or 

more recent use as biomarkers of disruption of the endocrine system (thyroid and 

gonads). 

Materials and Methods 

Egg Incubation and Treatments 

Ten clutches of eggs were collected from Lake Woodruff National Wildlife Refuge, 

Florida, USA, in June 2000 under permit from the Florida Fish and Wildlife 

Conservation Commission within the first two weeks post-oviposition.  Following 

transport to the University of Florida, Gainesville, eggs were candled to determine 

fertility by presence of an opaque band indicative of development of extraembryonic 

membranes associated with the embryo.  One egg from each clutch was opened to 

determine the exact embryonic stage based on criteria described by Ferguson (1985).  

Incubation temperature and treatment groups were assigned systematically to avoid 

clutch effects within a treatment or temperature group.  Eggs were incubated at 32oC, a 

temperature that produces both males and females, or 33.5oC, an all male-producing 

temperature (Ferguson and Joanen, 1983). 

Additional eggs from each clutch were incubated at each temperature to verify the 

appropriate stage (19) for treatment—just prior to the thermo-sensitive period of sex 

determination (Lang and Andrews, 1994).  Treatment groups (n = 13 / treatment / 

temperature) consisted of 10 parts per million (10 ppm), 10 parts per billion (10 ppb), and 

10 parts per trillion (10 ppt) technical grade toxaphene (Fisher Scientific, Pittsburg, PA, 

USA) based on a mean egg mass of 90 g.  Treatments were delivered topically, in 50 μl 

of 95% ethanol (EtOH), to each clutch upon reaching stage 19 of development.  

Treatments were administered with a pipette over the highly vascularized, topside of the 
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opaque band.  Half of the controls (n = 14 / temperature) from each temperature were 

treated topically with 50 μl of EtOH alone.  Upon hatching, neonates were web-tagged 

for identification and maintained in 40 x 30 cm plastic enclosures in ~ 5 cm water. 

Dissections and Tissue Cultures 

Culture medium 199 (Sigma Chemical Co., St. Louis, MO, USA) was prepared 

according to manufacturer’s instructions and sterilized with a bottle top filter.  Aliquots 

of media were supplemented aseptically under a laminar flow hood each day for gonad 

and thyroid cultures.  Fifteen ml of culture media was supplemented with 0.3 mg 

progesterone in 5 μl methanol for a final concentration of 100 ng progesterone/ml media 

for gonad cultures.  Ten ml of thyroid culture media was supplemented with 500 mI.U. 

bovine TSH in 10 μl of H2O for a final concentration of 0.5 mI.U. bTSH/ml media. 

Between 3 and 4 weeks post-hatching, snout-vent length (SVL), and body mass 

(BM) were determined prior to drawing a 3 ml blood sample and administering a lethal 

dose (0.5 mg/g body mass) of sodium pentobarbital (Sigma Chemical Co., St. Louis, MO, 

USA).  Blood samples were centrifuged in heparinized Vacutainers™ at 1500 g for 20 

min; after which plasma was drawn off and stored at –70oC until assayed.  Paired gonad-

adrenal-mesonephros (GAM) complexes were removed immediately, weighed and placed 

in autoclaved borosilicate culture tubes with 1.0 ml of media 199 supplemented with 

progesterone to determine in vitro testosterone (T) and estradiol-17β (E2) production.  

Similarly, thyroids were removed, weighed, and cultured in 0.5 ml of media 199 

supplemented with bTSH.  Following 5 hours of incubation at 32oC, culture media was 

removed and stored at –70oC until assayed and both GAMs and thyroids were fixed and 

processed in Bouin’s fixative for histopathology and identification of sex.  The liver was 

also removed, weighed, fixed and processed for histopathological analysis. 
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Radioimmunoassays 

Plasma and in vitro steroid concentrations were analyzed by radioimmunoassay 

previously validated for alligators (Guillette et al., 1994; 1995b).  Male plasma and gonad 

culture media samples were assayed for T, whereas E2 was measured in plasma and 

gonad culture media from females.  Samples were extracted twice in 5 ml of diethyl 

ether, dried under a constant stream of filtered air, and then reconstituted in borate buffer 

(100 μl; 0.05 M; pH 8.0).  Extraction efficiencies for E2 and T were 97% and 96%, 

respectively.  Bovine serum albumin (BSA, Fisher Scientific, Pittsburg, PA, USA) in 100 

μl of borate buffer was added at a final concentration of 0.19% for E2 and 0.15% for T to 

reduce nonspecific binding.  Antibody (Endocrine Sciences, Tarzana, CA, USA) was 

then added in 200 μl of borate buffer at a final concentration of 1:55,000 for E2 and 

1:25,000 for T.  Finally, radiolabeled steroid ([2,4,6,7,16,17-3H] Estradiol at 1 mCi/ml; 

[1,2,6,7,-3H] Testosterone at 1 mCi/ml; both from Amersham Int., Arlington Heights, IL, 

USA) was added at 12,000 cpm per 100 μl to bring the final volume to 500 μl.  Inter-

assay variance tubes were similarly prepared from 3 pools of juvenile alligator plasma.  

Standards for both E2 and T were prepared in duplicate at 0, 1.56, 3.13, 6.25, 12.5, 25, 50, 

100, 200, 400, and 800 pg/tube.  Assay tubes were then vortexed for 1 min and incubated 

overnight at 4oC.  Bound-free separation was performed by adding 500 μl 5% charcoal / 

0.5% dextran, pulse vortexing, and centrifuging the tubes at 2000 g for 30 min.  500 μl of 

the supernatant was then drawn off and diluted with 5 ml of scintillation cocktail, and 

counted on a Beckman LS 5801 scintillation counter.  Hormone concentrations were 

determined using commercially available software (Microplate Manager 4.0, Biorad, 

Hercules, CA, USA).  Because we were primarily concerned with total steroid 
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production, and the entire gonad is included in the GAM, values for in vitro 

steroidogenesis were reported on a per paired GAM basis as opposed to per mg of tissue. 

Thyroid culture media was assayed for thyroxin (T4) as previously validated for 

alligators (Crain et al., 1998a).  Briefly, 100 μl of culture media was combined with 300 

μl borate buffer containing BSA and γ-globulin for a final concentration of 1 and 0.4%, 

respectively.  Then 100 μl antibody (Endocrine Sciences, Tarzana, CA, USA) in borate 

buffer was added at a 1:400 dilution.  Finally, 50,000 cpm of L-[125I]-thyroxin (NEN Life 

Science Products, Inc., Boston, MA, USA) was added in 100 μl borate buffer for a final 

volume of 600 μl.  Standards in fresh culture media were similarly prepared at 

concentrations of 50, 100, 200, 400, 800, 1600, 3200, 6400, and 12800 pg / 100 μl.  

Assay tubes were incubated at 37oC for 2 hours and 25oC for 1.5 hours.  Separation of 

bound vs. free hormone was performed by adding 1.5 ml of 60% ammonium sulfate (aq), 

centrifuging at 1500 g for 30 minutes, then pouring off the supernatant.  This process was 

repeated using 2.0 ml of 9:11 saturated ammonium sulfate:0.5% BSA in borate buffer.  

Remaining radioactivity was counted on a Beckman Gamma counter and unknown 

concentrations were determined using Microplate Manager 4.0 software (Biorad, 

Hercules, CA, USA). 

Histology 

One GAM and the thyroid from each animal was embedded in paraffin, serial 

sectioned at 6 μm, and stained using a modified Masson’s trichrome (Presnell and 

Schreibman, 1997).  Two independent observers examined each GAM for presence of 

testicular or ovarian tissue.  Histological determination of sex was established using 

criteria described by Forbes (1940) and more recently Smith and Joss (1993).   
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Morphological analyses of seminiferous tubules (ST) and thyroids were performed 

using Scion Image Beta 4.0.2 (Scion Corporation, Frederick, MD, USA).  Digital images 

(200x) of cross-sections were taken of twelve STs per male and six thyroid follicles per 

animal evenly distributed throughout the serial sections of the entire tissue.  For example, 

every fourteenth cross-section would be analyzed from a thyroid consisting of 85 serial 

sections.  The diameter of the STs was measured as an indicator of testicular 

development.  For each thyroid follicle, four epithelial cell heights (ECH) and the colloid 

area (CA) of the follicle were recorded as an indicator of thyroid activity. 

Statistics 

All statistical analyses were performed using StatView for Windows (SAS 

Institute, Inc, Cary, NC).  Initial comparisons were made to determine if EtOH treated 

animals differed from untreated controls for all analyses.  Chi squared tests were used to 

determine if toxaphene exposure affected sex determination at either incubation 

temperature.  Analyses of variance (ANOVA) of morphological traits and hormone 

concentrations were used to compare toxaphene-treated neonates with controls within an 

incubation temperature.  Due to the significance of negative results in toxicological 

studies, p-values are reported for all statistical tests.  Whenever significant variation 

existed among treatment groups, Fisher’s protected least-significant difference was used 

to compare treatment groups to controls. 

Results 

Ethanol Treatement and Sex Determination 

EtOH treatments had no effect when compared to untreated controls for any of the 

endpoints examined, therefore EtOH-treated and untreated controls were combined for 

pair-wise comparisons to toxaphene-treated alligators.  No difference in sex ratios could 
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be detected among treatment groups and controls at 32oC (p = 0.853).  At 32oC, 83% of 

the controls were females whereas females made up 83, 76, and 70% of the high, medium 

and low-dose toxaphene-treated animals, respectively.  At 33.5o C, all animals developed 

as males regardless of treatment group.  Due to the small number of males at 32oC and to 

eliminate the potential effects of incubation temperature and/or sex, further statistical 

comparisons were conducted among either 32oC females or 33.5oC males. 

Morphology 

No differences in morphological indices of body or organ size could be detected 

among treatment groups for BM, SVL, liver mass, and thyroid mass.  Means and p-values 

are reported for females and males in Table 5-1.  Paired GAM mass did not differ among 

male or female treatment groups (Table 5-2), and presented no obvious pathologies.  

Ovaries were identified by the presence of lacunae in the medulla and germ cells in the 

hypertrophied cortex, whereas ST proliferation and a reduced cortex characterized testes.  

No difference in ST diameter could be detected among males.  Thyroids primarily 

consisted of colloid filled follicles surrounded by a single, distinct layer of epithelial 

cells.  ECH and CA of the thyroid did not differ among treatment groups for females or 

males.  Means and p-values for ST diameter, thyroid ECH, and CA are also reported in 

Table 5-2 for males and females. 

Endocrinology 

In vitro T4 production did not differ among treatment groups for females or males.  

No differences could be detected in plasma E2 (p = 0.68) or in vitro E2 production (p = 

0.573) among females (Figure 5-1).  In males, plasma T concentrations were significantly 

different (p = 0.028,) among treatment groups with the middle (p = 0.006) and low (p = 

0.017) dose treatment groups having greater circulating concentrations than the controls 
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(Figure 5-2A).  Interestingly in vitro T (Figure 5-2B) did not differ among male treatment 

groups (p = 0.519) and mean T production did not reflect the differences observed in 

plasma concentrations. 

Table 5-1. Morphological traits of male and female neonatal alligators incubated at 32o 
and 33.5oC.   

  32oC Females 33.5oC Males 
Trait Mean + S.E. P-value Mean + S.E. P-value 
Body Mass (g) 52.38 + 0.51 0.957 53.18 + 0.52 0.874 
SVL (cm) 13.39 + 0.05 0.594 13.31 + 0.04 0.168 
Liver (mg) 1038.9 + 14.5 0.868 1081.6 + 12.6 0.733 
Thyroid (mg) 6.2 + 0.3 0.978 5.8 + 0.2 0.646 
No differences were detected among treatment groups so means were combined for 
toxaphene-treated and control animals.  P-values are reported for analysis of variance 
among treatment groups within each incubation temperature. 
 
Table 5-2. Paired gonad-adrenal-mesonephros (GAM) mass, seminiferous tubule (ST) 

diameter, thyroid epithelial cell height (ECH), colloid area (CA), and in vitro 
thyroxin (T4) production in male and female neonatal alligators incubated at 
32o and 33.5oC.   

  32oC Females 33.5oC Males 
Trait Mean + S.E. P-value Mean+ S.E. P-value 
Paired GAM (mg) 39.7 + 0.6 0.871 31.6 + 0.5 0.405 
ST diameter (μm) NA NA 43.2 +  0.587 
Thyroid ECH (μm) 7.6 + 0.2 0.078 7.9 + 0.1 0.809 
Thyroid CA (μm2) 1595.9 + 81.4 0.941 1735.4 + 82.0 0.555 
In vitro T4 (pg/ml) 66474.7 + 5784.0 0.212 63732.6 + 4379.0 0.663 
No differences were detected among treatment groups so means were combined for 
toxaphene-treated and control animals.  P-values are reported for analysis of variance 
among treatment groups within each incubation temperature. 
 

Discussion 

These results suggest that toxaphene does not have a profound impact on 

morphological development of the gonad or thyroid in alligators at the concentrations 

used.  Gross morphological measurements do not examine specific mechanisms of action, 

but rather serve as final endpoints for numerous physiological processes (e.g., 

metabolism, mitosis, differentiation, etc.).  Of the morphological endpoints examined,  
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Figure 5-1. (A) Plasma estradiol-17β (E2) concentrations and (B) in vitro E2 production 

(means + S.E.) in female neonatal alligators following in ovo toxaphene 
exposure.  Sample size is shown for each treatment group. 
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Figure 5-2. (A) Plasma testosterone (T) concentrations and (B) in vitro T production 

(means + S.E.) in male neonatal alligators following in ovo toxaphene 
exposure.  Sample size is shown for each treatment group.  *, significantly 
different from control group (p < 0.05). 
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perhaps it is most surprising that liver mass was not affected following toxaphene 

exposure.  Hedli et al. (1998) reported an increase in liver mass, and total hepatic 

cytochrome P450 (CYP) in CD1 mice following oral administration of toxaphene.  In the 

yellowtail flounder (Pleuronectes ferrugineus) toxaphene has been shown to alter lipid 

composition in the liver (Scott et al., 2002) and increase storage of total and neutral lipids 

in isolated hepatocytes (Fåhræus-Van Ree and Spurrell, 2000).  Because exposure 

occurred as a single episode during early development, it is possible that the liver 

recovered from any effects on morphology; sub-cellular responses, if any, may have been 

induced and could help explain the differences in plasma T concentrations observed. 

Possible mechanisms of altered plasma steroid concentrations include alterations of 

hypothalamic-pituitary stimulation, steroidogenic enzyme expression, and hepatic 

biotransformation (metabolism and clearance).  That we did not see a monotonic dose 

response is not an uncommon phenomenon when measuring physiological response to 

environmental contaminants.  One general explanation of nonmonotonic dose response 

involves the stimulation of feedback response systems that are antagonistic to the initial 

response (NRC, 1999).  For example, if the initial response to toxaphene at low doses is 

an increase in plasma T, the antagonistic feedback response could be decreased 

hypothalamic-pituitary stimulation or increased hepatic metabolism once plasma T 

reaches a critical concentration.  The in vitro gonad culture was used as an indication of 

steroidogenic enzyme activity in the gonad at the time of dissection.  Previous research 

has shown that the gonads of hatchling and juvenile alligators respond to gonadotropin 

stimulation (Guillette et al., 1995b; Edwards et al., 2004).  Because no gonadotropic 

stimulant was used during the tissue culture, enzyme activity is assumed to be 

representative of recent in vivo hypothalamic-pituitary stimulation, or lack thereof.  
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While toxaphene exposure at the middle and low doses increased circulating T 

concentration in males, the in vitro data suggest gonadal synthesis was not directly 

affected.  However, the tissue culture, which used progesterone as a precursor substrate, 

did not account for several of the rate determining steps of steroidogenesis including the 

intramitochondrial transfer of cholesterol to the P450scc enzyme, the side-chain hydrolysis 

of cholesterol, or action of 3β-hydroxysteroid dehydrogenase (HSD) on pregnenolone.  

Future work should focus on the steroidogenic pathway prior to progesterone synthesis, 

steps that are known to be rate limiting and affected by environmental contaminants 

(Walsh et al., 2000b; Walsh and Stocco, 2000).  On the other hand, it is entirely possible 

that the discord between plasma T and in vitro T production could be explained by 

altered hepatic metabolism of T in exposed animals.  Gunderson et al. (2001) has shown 

differences in hepatic metabolism of androgens among alligator populations from sites 

with varying levels of contamination. 

Studies of toxaphene’s binding affinity for steroid receptors indicate that it is not as 

hormonally active as other organochlorine compounds tested.  In rainbow trout, 

toxaphene did not bind to the trout estrogen receptor and had no affinity for testosterone 

or cortisol receptors (Knudsen and Pottinger, 1999).  Vonier et al. (1996) demonstrated 

that toxaphene was unable to displace native steroid from either the progesterone or 

estrogen receptor in alligators.  Furthermore, toxaphene does not induce vitellogenesis, a 

common indicator of estrogenic activity, in carp hepatocytes (Smeets et al., 1999).  A few 

studies have found limited toxaphene binding affinity for steroid receptor in some cell 

lines; however, the overwhelming evidence seems to support the case for limited 

hormonal activity at the level of the receptor. 
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An important consideration of this study is that technical grade toxaphene was 

used, whereas environmental exposure in wildlife is more likely to involve toxaphene 

metabolites that differ in structure and composition from the chemical used in this study.  

In addition, the topical application most likely results in a conservative estimate of 

effective dose.  Meaning that the amount of toxaphene each embryo was actually exposed 

to is likely lower than the amount applied to the surface of the eggshell.  Podreka et al. 

(1998) found that 34% of the 1,1-dichloro-2,2-bis(p-chlorophenyl)ethylene (DDE) 

applied to turtle eggs was absorbed into the egg, and only 8 % was incorporated into the 

embryo.  An alternative to topical application is to inject the contaminant directly into the 

egg.  At this point it is not known if this approach will result in an unacceptable 

occurrence of embryonic mortality in this species, and warrants further investigation. 

The significance of this study is that technical grade toxaphene was unable to 

induce developmental abnormalities similar to those reported in alligators living in a lake 

contaminated with a variety of organochlorine contaminants.  In fact, the increase in 

plasma testosterone in toxaphene-treated males is opposite of what has been documented 

in juvenile alligators from Lake Apopka when compared to males from a reference 

population (Guillette et al., 1994).  Since toxaphene is found in very high concentrations 

relative to other organochlorine concentrations in Lake Apopka alligator eggs, it was 

important to characterize any effects toxaphene alone might have on embryonic 

development.  At this time, it is unclear how embryonic and environmental exposure to a 

mixture of compounds including toxaphene metabolites will affect development in 

alligators, but should be the subject of future investigations. 
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CHAPTER 6 
PERSISTENT ALTERATIONS IN STEROIDOGENIC ENZYMES AND INCREASED 

POST HATCHING MORTALITY ASSOCIATED WITH ALLIGATORS FROM A 
CONTAMINATED ENVIRONMENT 

Introduction 

Alterations in circulating steroid concentrations are commonly associated with 

aquatic vertebrates exposed to endocrine-disrupting contaminants (EDCs).  Depressed 

plasma androgens and / or elevated estradiol-17β (E2) are often characteristic of males 

exposed to antiandrogenic or estrogenic xenobiotics.  For example, summer flounder 

(Paralichthys dentatus) experimentally exposed to E2, o,p’-DDT and octylphenol all 

exhibited reduced plasma testosterone (T) (Mills et al., 2001).  The octylphenol-exposed 

males also had elevated plasma E2 concentrations (Mills et al., 2001).  In white sturgeon 

(Acipenser transmontanus) from the Columbia River, WA, plasma T and 11-

ketotestosterone (11-KT) concentrations were negatively correlated with p,p’-DDE levels 

found in the liver (Foster et al., 2001).  Largemouth bass (Micropterus salmonoides) 

living downstream from a coal-fired electric plant and a chemical manufacturing plant in 

the Escambia River, FL, had lower plasma T concentrations than fish from a nearby 

reference site (Orlando et al., 1999).  In mosquitofish (Gambusia holbrooki), whole body 

T concentrations were lower in males from highly contaminated Lake Apopka compared 

to Lake Orange (a reference site) during the month of January, when T and E2 

concentrations normally peak (Toft et al., 2003). 

Similar alterations in circulating steroid concentrations have been reported in 

aquatic vertebrates other than fish.  When exposed to 25 ppb atrazine, the African clawed 
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frog (Xenopus laevis) exhibited a 10-fold decrease in T concentrations (Hayes et al., 

2002).  Several studies that compared steroid concentrations in American alligators 

(Alligator mississippiensis) from multiple Florida lakes have shown that plasma T is 

depressed in alligators from lakes contaminated with organochlorine pesticides and 

organic nutrients (Guillette et al., 1994; Crain et al., 1998a; Guillette et al., 1999b; 

Gunderson et al., 2004).  Furthermore, male and female alligators from highly 

contaminated Lake Apopka exhibited elevated plasma E2 when compared to alligators 

from a reference population, Lake Woodruff National Wildlife Refuge (NWR) (Crain et 

al., 1998a; Guillette et al., 1999b; Milnes et al., 2002). 

As discussed in Chapter 1, there are numerous potential mechanisms for altering 

circulating steroid concentrations including changes in synthesis, availability of transport 

binding proteins, and hepatic degradation.  The focus of this study is on gonadal 

steroidogenesis.  The numerous cases documenting alterations in circulating steroid 

concentrations has led researchers to examine steroidogenesis in contaminant-exposed 

vertebrates.  Steroidogenesis (Figure 6-1) is the biochemical pathway by which 

cholesterol is initially converted to the 21-carbon (C21) steroid pregnenolone by the 

cytochrome P450 (CYP) enzyme designated side chain cleavage (CYP11A1 or SCC).  

Pregnenolone is then converted by a series of hydroxysteroid dehydrogenases and CYP 

enzymes to mineralocorticoids and glucocorticoids in the adrenal glands (not shown) or 

sex steroids such as C19 androgens and C18 estrogens in the gonads (Miller, 1988; 

Norris, 1997).  The majority of research on steroidogenesis has focused on enzymes 

downstream from the conversion of cholesterol to pregnenolone such as 3β-

hydroxysteroid dehydrogenase (3β-HSD) and various CYP enzymes such as 17α-

hydoxylase / 17,20 lyase (CYP17 or 17α-hydroxylase) and aromatase (CYP19).  These 
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studies generally rely upon whole tissue or steroidogenic tissue homogenates incubated in 

culture medium supplemented with a steroid substrate such as progesterone or 

androstenedione.  Following incubation, steroids downstream from the substrate are 

measured in the culture medium as an indicator of relative activity of the corresponding 

enzyme(s). 

 
 
Figure 6-1.  The steroidogenic pathway associated with sex steroid production.  Adapted 

from Norris (1997). 
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The steroidogenic pathway appears to be affected by numerous compounds, 

including herbal supplements, pharmaceuticals, pesticides, and industrial contaminants.  

For example, exposure to the phytoestrogen genistein resulted in decreased testicular T 

production in medaka with a comparable reduction in plasma T concentration (Zhang et 

al., 2002).  Similarly, goldfish exposed to bleached sulfite mill effluent showed a 

reduction in testicular T and 11-KT synthesis when compared to control males (Parrot et 

al., 1999).  In alligators obtained from eggs collected from Lake Apopka, Guillette et al. 

(1995b) found elevated testicular E2 production in males and lower ovarian E2 production 

in females compared to animals from a reference population, Lake Woodruff NWR.  

Some studies have shown alterations in activity of specific enzymes.  For instance, the 

enzyme responsible for the conversion of androgens to estrogens, aromatase, is usually 

expressed in a sexually dimorphic manner in various tissues including the gonads, liver, 

and brain.  The herbicide atrazine was shown to increase gonadal aromatase activity in 

male alligators to levels similar to control females following embryonic exposure (Crain 

et al., 1997). 

Noticeably absent from previous studies relating contaminant exposure to altered 

steroid concentrations in non-mammalian systems, are studies of the transcription factors 

and proteins involved in regulating steroidogenesis prior to the conversion of cholesterol 

to pregnenolone.  Steroidogenic factor-1 (SF-1) is a member of the nuclear receptor 

superfamily.  It is directly involved in regulating transcription of the 3-hydroxy-3-

methylglutaryl-CoA (HMG-CoA) synthase gene, which is necessary for the synthesis of 

cholesterol (Mascaro et al., 2000).  Furthermore, it has been shown to bind to the 

promoter region of the cholesterol SCC gene in association with hormonally regulated 

steroidogenesis (Hu et al., 2004).  Although cholesterol SCC is the first chronically 
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regulated step in the steroidogenic pathway, its activity is limited by the availability of 

intramitochondrial cholesterol.  The steroidogenic acute regulatory protein (StAR) is 

responsible for mediating the transfer of cholesterol from the outer to the inner 

mitochondria membrane (Stocco and Clark, 1996).  In mammalian systems, 

environmental contaminants have been shown to alter expression of the StAR gene and 

protein.  Post-transcriptional disruption of StAR was observed following treatment of 

MA-10 (mouse Leydig tumor) cells with the antifungal drugs econazole and miconazole 

(Walsh et al., 2000a), whereas the insecticides, Lindane (organochlorine) and Dimethoate 

(organophosphate) inhibit steroidogenesis by disrupting transcription of StAR mRNA 

transcription (Walsh and Stocco, 2000; Walsh et al., 2000c). 

Possibly related to effects on sex steroid signaling, certain environmental 

contaminants have been shown capable of altering primary sex determination – especially 

in species with temperature-dependent sex determination (TSD).  The egg incubation 

temperature during a particularly thermo-sensitive period of development is the primary 

factor influencing the sex of reptiles with TSD.  However, numerous studies have shown 

that natural and synthetic steroids are capable of overriding the effects of temperature that 

typically produce both sexes or all males (Crews et al., 1994; Lance and Bogart, 1994; 

Wibbels and Crews, 1995).  Two, well-characterized model species for investigating the 

effects of EDCs on sex determination are the freshwater turtle, Trachemys scripta, and 

the American alligator.  In both species, a number of organochlorine contaminants that 

have been detected in Lake Apopka alligator tissues have been shown to induce male to 

female sex reversal, including p,p’-DDE, p,p’-DDD, and trans-Nonachlor and chlordane 

(Crain, 1997; Matter et al., 1998; Rooney, 1998; Willingham and Crews, 1999).  

Furthermore, a previous study comparing neonatal alligators incubated at a temperature 
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that produces both sexes resulted in 76% females from Lake Apopka compared to 60% 

from Lake Woodruff NWR (Chapter 2). 

While a host of studies provide evidence that environmental contaminants are 

associated with alterations of the endocrine system, few have looked at the persistence of 

contaminant-induced effects on the endocrine system of non-mammalian vertebrates.  In 

particular, we know little about how embryonic exposure to environmental contaminants 

manifests itself beyond neonatal development in long-lived species.  The goal of this 

study is to examine the persistence of contaminant-induced alterations in endocrine 

function and determine the mechanisms through which embryonic exposure to EDCs 

alter steroidogenesis in alligators at the molecular level.  This will be accomplished by 

comparing mRNA expression of transcription factors (SF-1), regulatory proteins (StAR), 

and enzymes (SCC, 3β-HSD, 17α-hydroxylase, and aromatase) involved in 

steroidogenesis in the gonads of juvenile alligators obtained as eggs from a highly 

contaminated site, Lake Apopka, to animals from a reference site, Lake Woodruff.  In 

addition, we will examine endpoints previously examined in neonates from these two 

study sites (Chapter 2) or that are significant to embryonic exposure to EDCs, to include 

embryonic mortality, somatic indices, sex determination, and post hatching mortality. 

Materials and Methods 

Egg Incubation and Tissue Collection 

Alligator eggs were collected from Lake Apopka and Lake Woodruff NWR under 

permits from the Florida Fish and Wildlife Conservation Commission and US Fish and 

Wildlife Service in June 2001.  At embryonic stage 19, the stage just prior to the thermo-

sensitive period of sex determination, ten viable eggs from each of six clutches from both 

study sites were selected.  Eggs were incubated as previously described (Milnes et al., 
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2004) at 32oC, a temperature known to produce males and females.  Upon hatching, 

neonates were web-tagged with a unique identification number and maintained in 

greenhouse enclosures under natural light conditions for 13 months at the University of 

Florida.  Animals were fed commercial alligator chow (Burris Mill and Feed, Inc., 

Franklinton, LA) ad libitum and water changes were performed every other day.  

Animals were checked each day for general health, and dead animals were immediately 

removed and placed in Bouin’s fixative for future determination of sex. 

Thirteen months post hatching body mass (BM) and snout-vent length (SVL) were 

determined to the nearest 1.0 g and 1.0 mm, respectively.  Juveniles were euthanized with 

a lethal dose (0.5 mg/g BM) of sodium pentobarbital (Sigma, St. Louis, MO), and sex 

was determined under 10X magnification.  Females were identified based upon the 

presence of an oviduct and the comparatively larger, textured, and light pink ovary, 

whereas the testis of males has a smooth, dark red appearance.  Gonads were removed, 

weighed to the nearest 1.0 mg, flash frozen in liquid nitrogen, and stored at -72oC.  The 

thyroid, liver, and spleen were also removed and weighed to the nearest 1.0 mg as 

somatic indices of development. 

RNA Isolation and Primer Design 

The right gonad of each animal was homogenized in TRIzol reagent (Invitrogen, 

Carlsbad, CA) using 1 ml TRIzol for every 100 mg of tissue, and total RNA was isolated 

using a chloroform/phenol extraction.  The aqueous phase was collected and RNA was 

precipitated in isopropanol, washed in 80% ethanol, and dissolved in DEPC treated 

water.  All samples were then purified using the RNeasy kit (QIAGEN, Chatsworth, CA).  

Total RNA concentration was determined with a spectrophotometer and the quality of 

each sample was verified on an agarose gel.  First strand cDNA synthesis was carried out 
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on 1.2 μg total RNA in the presence of SuperScript II RNase H- Reverse Transcriptase 

and Oligo (dT) 12-18 Primer (Invitrogen). 

Nucleotide sequences for alligator SF-1 (Accession No. AY029233) and aromatase 

(Accession No. AF180296) have been reported elsewhere (Western et al., 2000; Gabriel 

et al., 2001).  A partial sequence for StAR (Accession No. AB186356) was kindly 

provided by S. Kohno (University of Florida, Dept. of Zoology).  Gene sequences of 

three key enzymes in the steroidogenic pathway were not available prior to this work.  

We generated partial sequences using degenerative oligonucleotides derived from 

conserved regions of these genes from other species as PCR primers to amplify fragments 

of the alligator SCC, 3β-HSD, and 17α-hydroxylase genes (Table 6-1).  Amplified 

fragments were sequenced using the ABI PRISM 3100 and BigDye Terminator Cycle 

Sequencing kit (Applied Biosystems, Foster City, CA), and checked for nucleotide and 

amino acid homology using BLAST (http://www.ncbi.nlm.nih.gov/BLAST/).  Real-time 

PCR primers were designed using Primer Express (Applied Biosystems), and are reported 

in Table 6-2. 

Quantitative Real-Time PCR 

Quantitative real-time PCR (Q-PCR) was performed using SYBR Green PCR 

Master Mix in the ABI Prism 5700 (Applied Biosystems) following manufacturer’s 

protocol in a reaction volume of 15 μl as previously described by our lab (Katsu et al., 

2004).  Conditions for Q-PCR were 2 min at 50°C, 10 min at 95°C, and 40 cycles of 

95°C for 15 sec, 60°C for 1 min.  The relative expression of mRNA in each sample was 

calculated from a standard curve obtained from a serially diluted, pooled sample.  Each 

sample was run in triplicate and normalized for the expression of ribosomal L8 (Katsu et 

al., 2004). 
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Table 6-1.  Forward and reverse degenerative primers used to amplify fragments of 
cholesterol side chain cleavage (SCC), 3β-hydroxysteroid dehydrogenase (3β-
HSD), and 17α-hydroxylase / 17,20 lyase (17α) in alligator gonad RNA. 

Gene Forward Primer (5’ – 3’) 
Reverse Primer (5’ – 3’) 

Product Size (bp) 
(Accession No.) 

SCC TWTGGBCCCATYTACAGGGAGAA 
AKCATCTCGGTRACRYTGGCCT 586 (DQ007995) 

3β-HSD CTBGTCATCCACACDGCTTC 
TGWGCCTTTYTGTAGGAGAA 596 (DQ712232) 

17α CCCNTGGCTNMAGATHTTCCCCA 
CCAGGAAGAGGAAGAGCTCC 624 (DQ007997) 

 

Table 6-2.  Forward and reverse primers used for quantitative real-time PCR. 

Gene Forward Primer (5’ – 3’) 
Reverse Primer (5’ – 3’) 

Product 
Size (bp)  

SF-1 CAGTCTCGATGTGAAATACCTGGA 
CGCGTTGGCCTTCTCCT 67 

StAR GTTGGACCGCGAGATTTTGT 
TGTTGAGCCGCGTCTCTTAGT 54 

SCC TCTGGAGTCAGTGTGCCATGTC 
TCATGCTCACCGCATCGAT 101 

3β-HSD GTGATCCCATCTGCAATGGTG 
CCATCTGCCTTCAGGACATGTT 109 

17α CCAGAAAAAGTTCACCGAGCAC 
CGGCTGTTGTTGTTCTCCATG 108 

Aromatase CAGCCAGTTGTGGACTTGATCA 
TTGTCCCCTTTTTCACAGGATAG 79 

 

Statistical Analysis 

The SAS System for Windows version 9.0 (SAS Institute Inc., Cary, NC) was used 

for all analyses.  Hatching success, sex ratios, and post hatching mortality were compared 

between lakes using chi-square tests.  Measurements of body size and organ weights were 

log transformed to reduce heterogeneity of variance (Sokal and Rohlf, 1995).  An initial 

one-way analysis of variance (ANOVA) was used to determine if sexual dimorphism was 

present in any of the somatic indices within each lake prior to comparing means between 
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lakes.  No sexual dimorphism was detected for BM, SVL, liver, thyroid, or spleen mass 

(all Ps > 0.05); so males and females were combined for those variables.  Both SVL and 

BM varied between lakes, therefore thyroid, liver, and spleen mass were compared 

between lakes using BM as a covariate.  Relative expression of each steroidogenic gene, 

expressed as a ratio with L8, was arcsin transformed prior to two-way ANOVA (lake x 

sex).  When overall variation was significant (P < 0.05), least square means were 

analyzed using Tukey-Kramer post-hoc comparisons. 

Results 

Mortality and Sex Determination 

Embryonic and post-hatching mortality are summarized in Figure 6-2.  Eggs from 

Lake Apopka produced 48 viable hatchlings out of 60 eggs, whereas Lake Woodruff 

NWR produced 54.  This difference was not statistically significant (P = 0.125).  

However, following 13 months under standardized conditions, the percentage of post-

hatching mortality was significantly higher among Lake Apopka animals compared to 

those from Lake Woodruff NWR (P < 0.0001).  An overall difference in sex ratios was 

detected between study sites (P = 0.049).  The female biased sex ratio from Lake 

Woodruff NWR (33:21 female:male) and a male biased sex ratio from Lake Apopka at 

hatching (20:28, female:male) was exacerbated by female biased post-hatching deaths.  

As a result, Lake Apopka was represented by 8 females and 19 males at the time of 

necropsy, and Lake Woodruff NWR was represented by 33 females and 19 males. 
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Figure 6-2.  Embryonic and post hatching mortality up to 13 months of age.  Asterisk 

denotes significant difference between lakes (P < 0.05). 

Body Size and Somatic Indices 

Snout-vent length and BM (Figure 6-3) were greater in Lake Apopka juveniles 

compared to Lake Woodruff NWR (P = 0.0003 for SVL and BM).  No differences were 

detectable in thyroid (P = 0.716), liver (P = 0.593), and spleen (P = 0.947) mass. 

 
 
Figure 6-3.  Mean (+ SE) snout-vent length (SVL) and body mass (BM) in 13-month old 

alligators.  Asterisk denotes significant difference between lakes (P < 0.05). 
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Steroidogenic Gene Expression 

Lake Woodruff males exhibited higher levels of gene expression for SF-1 (P = 

0.039) and StAR (P = 0.027) than Lake Apopka males, whereas no differences were 

detected between females (Figure 6-4).  Juveniles from Lake Woodruff NWR exhibited 

sexual dimorphic expression of all genes examined (Figures 6-4 through 6-6), whereas 

only 17α-hydroxylase and aromatase (Figure 6-6) were expressed in a sexually 

dimorphic pattern in juveniles from Lake Apopka.  Expression of SF-1 and StAR in 

Apopka males appeared slightly feminized in that male expression was not different than 

females from either lake.  In contrast, no differences could be detected in expression of 

SCC and 3β-HSD in females from Lake Apopka when compared to males from either 

lake (Figure 6-5).  Males typically displayed 0.5 – 3 times higher expression levels of all 

genes with the exception of aromatase, which was nearly 40-fold greater in females than 

males from both lakes. 

Discussion 

Although there was no statistical difference in embryonic mortality, the percentage 

of eggs that gave rise to viable hatchlings from each study site was remarkably similar to 

previous results (Chapter 2).  As previously mentioned, these represent eggs that appear 

viable at the end of the first third of development (stage 19), as indicated by a highly 

vascularized, opaque band where the extraembryonic membranes have attached to the 

inner egg shell membrane.  The slightly higher incidence of embryonic mortality in 

Apopka alligators combined with a greater incidence of post hatching mortality resulted 

in the loss of 55% of the individuals from Lake Apopka compared to 13% in alligators 

from Lake Woodruff NWR at 13 months of age.  There was no obvious cause or 

commonly observed symptoms related to post hatching deaths, which occurred 
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sporadically throughout the 13 months,  And although slightly skewed towards females, 

there was no detectable difference in the percentage of each sex that died from Lake 

Apopka. 

 
 
Figure 6-4.  Mean (+ SE) expression of (A) SF-1 and (B) StAR in 13-month old 

alligators.  Bars with different superscripts are significantly different at P < 
0.05. 
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Figure 6-5.  Mean (+ SE) expression of (A) SCC and (B) 3β-HSD in 13-month old 

alligators.  Bars with different superscripts are significantly different at P < 
0.05. 
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Figure 6-6.  Mean (+ SE) expression of (A) 17α-hydroxylase and (B) Aromatase in 13-

month old alligators.  Bars with different superscripts are significantly 
different at P < 0.05. 

Based on previous work with contaminants found in Lake Apopka eggs, we 

expected a greater percentage of females from Lake Apopka when compared to Lake 

Woodruff NWR.  Similar to previously described sex ratios (Chapter 2), Lake Woodruff 

clutches resulted in 61% females.  In contrast, Lake Apopka clutches produced 41% 

females compared to 76% females reported in Chapter 2.  These ratios include 

individuals that died after hatching but prior to 13 months of age, but not individuals that 



89 

 

died prior to hatching.  The possibility exists that eggs highest in contaminant 

concentrations, hence more likely to result in female hatchlings, are also most likely to 

fail to produce a viable hatchling.  Furthermore, there appears to be a strong clutch effect 

on sex ratios following incubation at intermediate temperatures (Bull et al., 1982), and an 

association between maternally derived yolk steroids and sex determination in some TSD 

species (Janzen et al., 1998; Bowden et al., 2000).  Conely et al. (1997) described 

significant annual and inter-clutch variation in alligator egg yolk steroid concentrations 

from Louisiana, with a significant decrease in concentrations coinciding with the thermo-

sensitive period of sex determination.  Therefore, an examination of egg yolk steroids in 

association with inter-clutch variation in sex ratios is warranted for future studies. 

That SVL and BM were greater in Lake Apopka hatchlings compared to Lake 

Woodruff NWR was not expected as the animals were raised under identical conditions 

and previous work has shown Lake Apopka neonates were the same size or smaller than 

those from Lake Woodruff (Milnes et al., 2001; Chapter 2).  One possible explanation is 

that only the most robust individuals from Lake Apopka were represented at 13 months 

of age, thus biasing the estimate of mean size.  Another possibility is that endocrine 

function related to metabolism and growth such as thyroid function or growth hormones 

are differentially affected in animals from Lake Apopka.  Alterations in the relationship 

between size and thyroxine (T4) concentrations have been shown in juveniles from Lake 

Apopka compared to Lake Woodruff NWR (Crain et al., 1998a), and variation in T4 

concentration was reported in juvenile alligators from several sites in central Florida 

(Bermudez et al., In press) and the Everglades drainage basin (Gunderson et al., 2002) 

varying in pesticide and nutrient contamination.  Thyroid morphology and relevant gene 

expression in these animals is currently being examined for publication elsewhere. 



90 

 

Expression of SF-1 is typically positively correlated with steroidogenic activity 

(Giguere, 1999), and StAR and SCC are regarded as the acute and chronically regulated 

rate limiting steps in steroidogenesis, respectively (Miller, 2002).  We observed lower 

relative expression of mRNA for SF-1 and StAR in male alligators from Lake Apopka 

relative to Lake Woodruff NWR.  Lower expression of SF-1 could reduce the synthesis 

of cholesterol or the activity of steroidogenic enzymes such as cholesterol SCC, and 

lower expression of StAR could reduce the availability of cholesterol to steroidogenic 

enzymes (see Figure 6-1).  These results provide a potential mechanism for previous 

studies that found lower plasma T concentrations in hatchling and juvenile males from 

Lake Apopka compared to Lake Woodruff NWR (Guillette et al., 1994; Crain et al., 

1998a; Guillette et al., 1999b; Gunderson et al., 2004). 

The generally higher expression of steroidogenic genes in males compared to 

females, and the lack of sexual dimorphism in juveniles from Lake Apopka is consistent 

with reported circulating concentrations of sex steroids in juvenile alligators from these 

study sites (Guillette et al., 1999b).  Our results regarding expression of the aromatase 

gene are consistent with expected differences between sexes, but are contrary to previous 

studies showing elevated plasma E2 in males and females from Lake Apopka relative to 

Lake Woodruff NWR (Guillette et al., 1999b; Milnes et al., 2002).  Previous studies 

examining in vitro estradiol production or aromatase activity in alligators from these two 

sites also show varying results.  No differences in aromatase activity were reported in 

neonates from Lake Apopka and Lake Woodruff NWR (Chapter 2), whereas Guillette et 

al. (1995b) found lower E2 production in 6-month old female alligators from Lake 

Apopka relative to females from Lake Woodruff.  Similarly, Crain et al. (1997) observed 

depressed aromatase activity in 9-month old alligators from Lake Apopka compared to 
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Lake Woodruff NWR.  The apparent lack of reconciliation between circulating E2 and 

gonad aromatase activity could be indicative of the major regulatory sites of 

steroidogenesis occurring upstream in the steroidogenic pathway.  In other words, the 

availability of substrate to the aromatase enzyme, which is modulated by multiple genes, 

could be the limiting factor as opposed to transcription or translation of aromatase. 

It is important to emphasize that these results do not represent an acute, 

toxicological response to chemical exposure, but rather a functional divergence at the 

organismal level to diverse embryonic environments.  The specific mechanism of how 

embryonic exposure to environmental contaminants could permanently alter gene 

expression is not known.  We offer three potential explanations for permanent changes in 

mRNA expression of steroidogenic genes.  First, a shift in homeostatic regulation at the 

level of the pituitary or hypothalamus could lead to differential stimulation of the gonads 

by gonadotropic hormones.  Second, changes in the constitutive expression of receptors 

for gonadotropic hormones in steroidogenic tissues could alter secondary messenger 

stimulated induction of steroidogenesis.  And lastly, differences in mRNA expression 

patterns could be explained by morphological alterations in steroidogenic tissues.  For 

instance, a reduction in the density of Leydig or granulosa cells would be perceived as a 

decrease in mRNA expression derived from whole gonad homogenates. 

The results of this study document persistent differences in development and 

endocrine function between juvenile alligators from a highly contaminated and a 

reference population.  This is the first study to show alterations in mRNA expression 

patterns for steroidogenic genes in alligators associated with a contaminated 

environment.  While highly sensitive and generally predictive, quantification of mRNA 

expression is further modulated by post transcriptional and translational regulatory 
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processes.  Because this study focused on mRNA expression, caution must be observed 

in the interpretation of the data without reconciling them to enzyme activity and 

circulating steroid concentrations.  Current studies are underway examining steroidogenic 

enzyme activity and plasma steroid concentrations in these animals.  That these animals 

were raised under identical conditions in a controlled environment supports the 

hypothesis that embryonic exposure to environmental contaminants results in permanent 

organizational alterations in endocrine function.  That the differences between lakes did 

not necessarily parallel a similar study examining neonates from the same study sites 

suggest contaminant induced alterations can vary in phenotypic expression with 

ontogenetic development. 
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CHAPTER 7 
SUMMARY AND CONCLUSIONS 

Objectives and Results 

Over the last four decades increasing scientific evidence has demonstrated that 

many species have experienced severe declines, local or global extinctions.  Other 

populations have shown no obvious decline but individuals of those populations exhibit 

symptoms of stress resulting in reduced fecundity, offspring survival and increased 

susceptibility to disease.  Many examples have become common knowledge to the 

general public, such as worldwide declines in amphibian and shark populations and 

extensive loss of coral reefs.  The mechanisms underlying these and other changes are 

poorly understood, yet these declines are clearly the result of complex phenomena 

involving human influences, including wide scale environmental pollution.   

A small group of scientists, from numerous disciplines, met in 1991, and generated 

a consensus statement which included the following: “We are certain of the following: A 

large number of man-made chemicals that have been released into the environment, as 

well as a few natural ones, have the potential to disrupt the endocrine system of animals, 

including humans” (Colborn and Clement, 1992).  Since that declaration, a wide array of 

chemical contaminants has been documented to disrupt normal endocrine function, 

termed endocrine disrupting contaminants or EDCs.  EDCs disrupt the normal cell-to-cell 

signaling required for development, growth, and reproduction among other activities in 

vertebrates and invertebrates alike (Guillette and Crain, 2000).  Chemicals, with the 

potential to disrupt the endocrine system, function through a variety of mechanisms. 
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This dissertation briefly introduced the concept of EDCs in Chapter 1 and went on 

to test a number of hypotheses.  Specifically, I provided a brief review of documented 

associations between exposure to anthropogenic contaminants and alterations in 

endocrine function, sexual differentiation, and reproductive success in a variety of taxa, 

including the alligators of Lake Apopka.  Figure 1-1 offered the conceptual approach to 

investigating ‘organizational’ disruption in the alligator relevant to morphological and 

physiological differences reported in juvenile alligators living in Lake Apopka relative to 

Lake Woodruff National Wildlife Refuge (NWR).  The overall objectives were (1) to 

determine what endpoints related to sexual differentiation and gonadal endocrine function 

are susceptible to perturbation by endocrine-disrupting contaminants (EDCs) during 

embryonic development, and (2) to characterize the persistence of these alterations 

beyond neonatal development.  The following three hypotheses were tested to achieve the 

objectives.  

1. Developmental differences related to sexual differentiation and endocrine function 
exist in neonatal alligators from Lake Apopka relative to a reference site, Lake 
Woodruff NWR. 

2. Experimental in ovo exposure to selected EDCs will induce developmental 
alterations in neonatal alligators from a reference population similar to those 
described in neonates from Lake Apopka. 

3. Differences in endocrine function induced by the embryonic environment persist in 
juvenile alligators. 

Figure 7-1 summarizes some of the effects observed in neonatal alligators exposed 

naturally or experimentally in ovo to various environmental contaminants.  The initial 

study (Chapter 2) established basic indices of developmental differences present in 

neonatal alligators from Lake Apopka prior to environmental exposure to contaminants.  

Snout-vent length (SVL) and body mass (BM) were significantly smaller in Lake Apopka 
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alligators, and neonates from Lake Apopka exhibited higher plasma testosterone (T) 

concentration compared to Lake Woodruff.  Phallus tip length and cuff diameter was 

smaller in males from Lake Apopka, whereas no differences were noted in oviduct 

epithelial cell height (ECH).  Previous studies have examined alligators 6 mo after 

hatching or as juveniles two to three years of age.  These studies observed similar results 

for penis size but males displayed significantly lower plasma concentrations of 

testosterone (Guillette et al., 1994; 1999a; 1999b).  These data suggest that a relatively 

complex ontogenic response is occurring (see below). 

 
 
Figure 7-1. Observed developmental alterations resulting from embryonic exposure to 

estrogenic and anti-androgenic environmental contamiants. 
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A number of environmental contaminants are known to induce female development 

at male-producing egg incubation temperatures in alligator embryos (Guillette et al., 

2000), and interact with the alligator estrogen receptor (aER) (Vonier et al., 1996; 

Guillette et al., 2002).  In chapter 3, the effects of estradiol (E2) induced sex reversal on 

aromatase activity in the brains and gonads of embryonic alligators were described.  

Exposure to E2 at normally male-producing temperatures resulted in females that 

exhibited gonadal aromatase activity intermediate to control males and females.  

Interestingly, brain aromatase activity exhibited the masculinized pattern, suggesting that 

temperature remained a dominant force in controlling the expression of this enzyme in 

the brain.  These data suggest that regulation of the activity of various enzymes in the 

steroidogenic pathway, in this case, aromatase, is apparently under complex regulation by 

hormones and abiotic factors, such as temperature. 

Chapters 4 and 5 examined the two organochlorine (OC) pesticide derived 

contaminants found in the highest concentration in either serum or egg yolk samples from 

Lake Apopka, p,p’-DDE and toxaphene.  The positive estrogenic control, E2, elicited an 

increase in the percentage of females produced at a dose of 100 and 0.1 parts per billion 

(ppb) at the intermediate temperature (32oC) and 100 ppb at the all male producing 

temperature (33.5oC).  A female biased sex ratio was observed among hatchlings exposed 

to p,p’-DDE at 100 ppb, whereas no effect on sex determination was observed for p,p’-

DDE at the all male producing temperature or any dose/temperature combination of 

toxaphene.  Both p,p’-DDE and E2 failed to influence plasma T concentration, however 

plasma T concentration was higher in animals treated with 10 and 0.01 ppb toxaphene 

than control males.  These data demonstrate that gonadal differentiation is highly 

sensitive to chemical perturbation relative to the other endpoints examined, and that the 
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interaction of dose and temperature should be taken into account in future studies.  The 

toxaphene-induced increase in plasma T is consistent with differences observed between 

neonates from the two study sites, but most of the results from the treatment studies show 

that the application of single compounds will not induce the same suite of developmental 

abnormalities described in alligators from Lake Apopka.  That is, alligator eggs from 

Lake Apopka have tens, if not hundreds, of xenobiotic chemicals in the yolk as well as 

endogenous hormones, such as E2, deposited in the oocyte during oogenesis.  The 

interaction of these compounds will lead to various phenotypes, although many of the 

morphological and physiological abnormalities reported previously and in these chapters, 

such as alterations in steroidogenesis, appear consistently over the last 15 years of study. 

Chapter 6 revisited various morphological and life history endpoints previously 

examined in neonates (Chapter 2) but related these endpoints to markers of 

steroidogenesis at the molecular level in juvenile alligators from Lake Apopka and Lake 

Woodruff NWR.  The animals used in this study were raised in captivity under controlled 

conditions for 13 months, thus limiting possible confounding factors other than the 

embryonic environment.  A male biased sex ratio and significant post hatching mortality 

was observed in alligators from Lake Apopka.  Males from Lake Apopka exhibited lower 

mRNA concentrations for SF-1 and StAR—two genes coding for factors involved in the 

regulation of de novo steroidogenesis.  In addition, juveniles from Lake Woodruff 

showed a sexual dimorphic pattern of expression for all genes examined, whereas Lake 

Apopka exhibited no sexual dimorphism for SF-1, StAR, SCC, or 3β-HSD.  These data 

establish persistent alterations in development and endocrine function between juvenile 

alligators from a highly contaminated and a reference population.  That the differences 
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between lakes were not parallel between neonates and juveniles suggest contaminant-

induced alterations can vary in phenotypic expression with ontogenic development. 

Significance and Perspective 

The direct results of this dissertation provide further substantiation of alterations in 

development, survivorship, sexual differentiation, and endocrine function induced 

through embryonic exposure to environmental contaminants.  Perhaps most significant 

are the data that establish evidence of persistent changes in gene expression, presumably 

of maternal origin (e.g., genetics and contaminant load), that could contribute to 

compromised reproductive success in the adult.  The organizational hypothesis, as it 

relates to EDCs and decreased reproductive success, states that the disruption of 

developmental processes results in permanent alterations in morphology and/or 

physiology that ultimately compromise reproductive success.  The alterations in gene 

expression related to steroidogenesis shown in juvenile alligators from Lake Apopka 

could potentially lead to altered reproductive physiology in adults.  For example, a 

permanent decrease in the expression of transcription factors or enzymes involved in 

androgen synthesis could result in abnormal or decreased sperm production, territorial 

and courtship behavior —androgen driven processes in vertebrates.  Likewise, permanent 

changes in ovarian steroid synthesis could be disruptive to the female reproductive cycle, 

which relies on seasonal fluctuations in estrogens for the timing of oogenesis among 

other processes. 

The success of any population, human or wildlife ultimately depends upon survival 

and successful reproduction as opposed to survival alone (Stearns, 1992).  Alligators have 

adapted their reproductive strategy to a type III survivorship curve, meaning they produce 

a large number of offspring with a low probability of survival.  As individuals attain 
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sexual maturity, the mortality rate decreases.  Alligator populations in central Florida can 

withstand a loss of up to 50% of the estimated annual recruitment without a detectable 

decrease in population density, as evident by the monitored harvesting of eggs and 

hatchlings for commercial purposes on selected lakes (Rice et al., 1999).  However, 

maintaining these populations over multiple generations is dependent on successful 

reproduction; that is, the production of sexually mature adults capable of producing 

viable offspring that can also attain sexual maturity. 

The Tower Chemical Company spill on Lake Apopka occurred in 1980.  From 

1983 to 1986 egg viability was at an all-time low (~20%) and the juvenile population 

declined from 1981-1987 (Woodward et al., 1993).  This period of time could be 

indicative of the toxicological effects of contaminant exposure in juveniles and adults.  

Since the initial decline, egg viability and the number of juvenile alligators has gradually 

increased (Masson, 1995; Rice et al., 1996).  The current level of embryonic and post 

hatching mortality on Lake Apopka does not appear immediately detrimental to the 

population, however nothing is known concerning the fecundity of newly recruited 

individuals.  Continued monitoring of egg viability and post hatching mortality are 

necessary to evaluate the reproductive success of the current juvenile cohort. 

From an evolutionary perspective the cost of altered reproductive success in a 

species that takes 10 to 15 years to attain sexual maturity (Wilkinson and Rhodes, 1997) 

is difficult to predict.  If the currently surviving offspring are selected for traits that 

confer a resistance to contaminants, how do these traits contribute or detract from 

reproductive success?  Although speculative, we could be observing the gradual recovery 

of Lake Apopka’s alligators in terms of population size, but simultaneously be reducing 

the heritable variation and ability to cope with future challenges in a changing 
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environment (see Fox, 1995).  As more chemicals are identified that disrupt development, 

the charge for the current and future generations is to evaluate the consequences of 

altered embryogenesis in terms of future reproductive fitness.  This undoubtedly will be 

particularly challenging in long-lived species such as humans or alligators. 
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