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Abstract

As evidence of the threat of endocrine disrupting chemicals (EDCs) is mounting, there is a need to revise our research efforts. EDCs present a novel challenge to the evolved endocrine processes of both humans and wildlife species. Biases in past research allowed for the formation of gaps in out knowledge concerning the identity and effects of EDCs. In order to correct these biases we must employ experimental models and explore a wider range of contaminants, species, effects, and exposure regimes. Here I present an example of a well-understood experimental model that fulfills the deficiencies left by the biases: sheep. A series of experiments conducted in both female and male sheep demonstrate that exposure to steroid hormones during development can alter behavior without causing any noticeable external effects. These alterations to behavior decreased reproductive fitness compared to controls, illustrating the need for the inclusion of behavior in surveys for EDC detection. This, and other experimental models, will begin to help us explore the full range of EDC effects in both humans and wildlife species.
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CHAPTER 1:Endocrine Disrupting Chemicals and Conservation of
Terrestrial Mammals: A Review
Abstract

Endocrine disrupting chemicals (EDCs) present a novel challenge to the evolved endocrine processes of humans and wildlife. To date several biases have resulted in research focused on estrogenic compounds, aquatic species, physiological effects, and adult exposure. We must correct these biases to overcome the gaps in our understanding of EDCs. If we want to explore EDCs and their effects fully, we must investigate a wider range of contaminants, species, effects, and exposure regimes. Experimental models will be an essential tool for completing our understanding. Here I present an example of a well-understood experimental model that fulfills the deficiencies left by the biases: sheep. A series of experiments conducted in both female and male sheep demonstrate that exposure to steroid hormones during development can alter behavior without causing any noticeable external effects. These alterations to behavior decreased reproductive fitness compared to controls, illustrating the need for the inclusion of behavior in surveys for EDC detection. This, and other experimental models, will begin to help us explore the full range of EDC effects in both humans and wildlife species. 

Introduction

Endocrine disrupting chemicals (EDCs) are a subset of environmental contaminants that interfere with the normal development and functioning of endocrine systems (Colborn et al., 1993; Matthiessen, 2003). EDCs are a threat to both humans and wildlife species because they can mimic, block, or alter the actions of natural endogenous hormones. They pose a novel challenge to species that have evolved in the absence of these exogenous compounds, because they disturb important developmental processes such as sexual differentiation (Bigsby et al., 1999), and adult processes such as ovarian and estrous cycles (Cooper et al., 2005). 

Although substantial research has explored EDCs, it has been concentrated on a narrow range of contaminants, effects, and species, creating biases in the literature. Among these biases are a strong focus on estrogenic substances, aquatic species, effects upon adults, and immediate physiological effects. Effects of developmental exposure have largely been ignored, which is interesting because EDC research was originally stimulated by the observation of abnormal developmental patterns in wildlife and humans (Kavlock and Ankley, 1996; Daston, et al., 2003, Harding et al., 2006). These four biases have resulted in gaps in the identification of potentially important EDCs, as well as our knowledge of the potency and timing of their mechanisms and the possible sources of exposure (Daston, et al., 2003).

As evidence of the conservation impacts of contaminant exposure increases, we need to broaden our understanding of EDCs.  We need to study a wider range of contaminants, exposure regimes, and taxonomic groups. Here I discuss the importance of the four biases and why they need to be corrected. Finally, I describe an experimental model that counteracts these deficiencies and demonstrates the potential for behavior as a non-invasive, inexpensive and early indicator of EDC exposure. 

Biases in Research to Date

Estrogenic Contaminants
While all steroid-like substances are theoretically of concern in EDC research, there is a well-documented bias towards the study of estrogenic substances (Propper, 2005). Steroid hormones, specifically androgens and estrogens, play a central role in the process of sexual differentiation during development; they can cause permanent changes in the central nervous system, major organs, and other tissues (Wilson et al., 1980). Environmental contaminants can have estrogenic, androgenic, anti-estrogenic, and anti-androgenic properties. Yet 40-50 percent of articles published on EDCs are concerned only with contaminants that are estrogen agonists (Propper, 2005). This bias is logical because compounds with estrogenic properties are common in our environment. They occur naturally as plant-based phytoestrogens, are produced and excreted by vertebrates, and are also synthesized for pharmaceutical and industrial use. Synthetic estrogenic substances make their way into the environment through sewage effluent (Purdon et al., 1994; Thomas et al., 2001), pesticide use (Singer, 1949) of surfactants (Knaak et al., 1966), plasticizers (Giam et al., 1978; Soto et al., 1991), and oral contraceptives (Harrington et al., 1978). Exposure to estrogenic contaminants has caused a range of detrimental carcinogenic, reproductive and behavioral effects reported in mammals, fish, birds, amphibians, reptiles and invertebrates (Lai, et al., 2002). 

The bias towards estrogen-focused research has been at the expense of our knowledge of other important groups of steroid hormones. For example, androgenic compounds have been identified in multiple classes of contaminants and, while they are suspected of causing endocrine disruption, their effects have not been well studied. In the wild, harmful androgenic effects have been identified for fish, marine mammals, and bears. Possibly the most widely-recognized example of the effects of environmental androgens occurs in externally masculinized female mosquitofish exposed to paper mill effluent (Cody and Bortone, 1997). Jenkins et al. (2003) found that paper mill effluent produced androstenedione, an androgen capable of masculinizing mosquitofish, at biologically active levels in rivers. Trebolone, a cattle growth promoter, has also been measured in rivers contaminated with agricultural run-off and, experimentally, has been shown to masculinize female rats (Durhan et al., 2005). The significant role of androgens in sexual differentiation makes androgenic EDCs especially dangerous; I will discuss this in more detail in the section on exposure during development.

There are also EDCs with anti-androgenic properties, such as Vinclozolin (a fungicide) and DDE (dichlorodiphenyldichloroethene), a metabolite of the insecticide DDT (dichlorodiphenyltrichloroethane). They have been implicated in increased occurrence of human health problems, including male infertility and female breast cancer (Kelce and Wilson, 1997). 

A number of contaminants with anti-estrogenic properties are produced for treatment of diseases in humans (e.g., tamoxifen) and use in pesticides (e.g., ICI, Dioxin) have produced negative side effects in laboratory studies (e.g., Safe et al., 1991). 
Aquatic Species

Most EDC research has focused on aquatic systems. But contamination of terrestrial species is also important. While it is relatively easy to measure the exposure to contaminants and the effects in animals that live in aquatic environments, terrestrial species can be exposed to the same contaminants, and can also suffer in ecologically important ways. 

While there are significant data linking EDCs to aquatic-feeding, terrestrial species, such as bears and falcons, terrestrial species, such as herbivorous mammals, have been overlooked. For my purposes, I consider any species involved in aquatic food chains as aquatic. Table 1 compiles information on EDC associations with harmful effects in aquatic species. Among the unconventional additions to this list of aquatic species are birds such as seabirds that have exhibited effects associated with EDCs in their environment. I have also included mammals such as mink and beluga whales that live in environments contaminated with organochlorines and that have developed reproductive dysfunction and immunosuppression, respectively. The important links in these cases appear to be that the species is part of an aquatic food web.

It is easier to study EDCs in aquatic species than in terrestrial species, because exposure is easier to measure and causal relationships are easier to detect. Thus the bias is understandable, but species in other systems are also affected. Fish have less effective detoxification mechanisms compared to terrestrial species (Waring and Harris, 2005), making the effects of EDCs more conspicuous. However, there are several examples of terrestrial species developing detrimental effects of EDC exposure away from aquatic systems, indicating that effects are possible and should be explored (see Table 2).

Physiological effects

Major physiological effects of EDCs, those that are physically noticeable or those that lead to dramatic population declines, have been reported and explored in great detail in several ecological systems. In contrast, more subtle, potentially harmful effects have been ignored. Behavioral disruptions have been especially overlooked as a tool for detecting EDCs, despite numerous documented effects across multiple species. Zala and Penn (2004), reviewing the effects of EDCs on behavior, found evidence that several species of fish, amphibians, birds, and mammals exhibited altered behavioral patterns as a result of a range of contaminants including pesticides, plastics and metals. Behavioral effects ranged from obvious alterations in reproductive behavior sequences and alterations in aggression, to more subtle changes in cognition (e.g. learning and memory) and startle responses. 

Even small alterations in behavior can have serious manifestations in social behavior(s) and the resultant fitness of an individual (Zala and Penn, 2004, Clotfelter et al., 2004). Behavior is ecologically important and, in the case of environmental contaminants, could provide a noninvasive method to monitor contamination. However, more research is needed to determine the relationship between toxicants and behavior in specific species before behavior can be used routinely as a biomarker for contamination (Zala and Penn, 2004). 

Developmental Exposure
From an ecological or conservation perspective, immediate physiological effects are important, but more subtle, developmental and behavioral impacts are often crucial, because they impair reproductive success.  During normal sexual differentiation, testosterone and its metabolites (including estrogen) organize many differences between male and female anatomy, physiology, and behavior (Wilson et al., 1980). In mammals, the effects begin in utero with a fundamentally female phenotype that is altered by fetal testosterone production to produce the male phenotype. However, female tissues, including the central nervous system (CNS), organs, and the genital tract, can be partially or fully masculinized during prenatal or perinatal life by exposure to exogenous androgens (Shapiro et al., 2000 and Bentvelson et al., 1995). Thus females are vulnerable to problems caused by exogenous androgen exposure during the organizational phase of development in prenatal or perinatal life. Historically, physiology and behavior of female mammals were only slightly modified by androgens when the female fetus was exposed to her male sibling(s); however, the appearance of novel steroidogenic contaminants in the environment has increased the exposure of the female fetus in some circumstances. 

The dearth of research into the developmental effects of EDCs was exacerbated in 1998 when the Endocrine Disruptor Screening and Testing Advisory Committee designed a process that excluded developmental exposure regimes. The reasoning was that pre- or perinatal exposure regimes were logistically impractical, because they required following organisms long enough to identify the effects of prenatal insult(s) that may not manifest until sexual maturity (Daston et al., 2003). This oversight may seem harmless, but most hormones and endocrine mimics have their largest effects during early critical developmental periods that are important for permanent organizational changes in the individual (e.g. Bigsby et al., 1997). We are underestimating the potential for novel chemicals to be endocrinologically active by only testing them during postnatal life. 

A Model

It is important to expand our understanding of EDCs. To attend to the threat of environmental androgens, for example, we must first identify the possible effects. An experimental model would be especially useful in addressing the effects of EDCs, because we can control the amount and timing of hormone exposure, and make clear comparisons across exposure times for the extent of alteration of both physiology and behavior. We can also make comparisons across taxa. Laboratory rat and mouse models have their advantages, but similar work must be conducted in taxonomically different species, and in particular, in species like those of conservation concern, to form a complete view of important endpoints (Clotfelter, et al., 2004). This is particularly important for detecting prenatal (but long-term) effects in long-lived species. Laboratory rodents are not particularly good models for animals that develop more slowly because effects may decrease, worsen, or be quite variable over the lifespan. 

Here, I examine the impact of intrauterine (developmental) exposure to environmental androgens in a valuable mammalian model: sheep (Ovis aries).  Sheep are a good model for EDCs research because they are a well-studied ungulate that is related to many species of concern. Both physiology and behavior have been studied in sheep for decades. There are established methods for studying sexual differentiation, development and reproduction (e.g. Sharma et al., 2002; Savabieasfahani et al., 2005; Padmanabhan et al., 2006; Steckler et al., 2007). In addition to their similarity to commercially important wild ungulates, sheep are a model for adult human reproduction and timing of prenatal steroid-driven developmental events, making them an important model for understanding human physiology.   

Like most mammals, sheep exhibit sexually dimorphic behavioral patterns across their lifespan, making their behavior both vulnerable to hormonal insults and a good indicator of disruption. Behavioral dimorphisms influenced by prenatal steroid exposure include juvenile play, social behaviors at all ages, and adult reproductive patterns. Sheep also have a long gestation (approximately 147 days), a long developmental period (6-18 months to first breeding season), and live 10-15 years, allowing for detailed analysis of development not possible in short-lived species. Together, these characteristics make sheep an appropriate model for studying more subtle, longer term, behavioral effects of EDCs. 
Effects of Prenatal Androgen in Females

Our research group investigated the effects of prenatal testosterone on the ovarian and neuroendocrine function in female sheep (e.g., Padmanabhan et al., 2006; Sharma et al., 2002). The critical developmental period for neuroendocrine sexual differentiation in sheep occurs from gestational day (GD) 30 to GD 90. If female fetuses are exposed to testosterone (T) for the entire 60 day critical period (T60 females) they show striking physical, physiological, and behavioral effects. They develop fully virilized external genitalia, compromised estradiol positive and negative feedback, hypergonadotropism, multifollicular ovaries, persistent follicles, and masculinized reproductive behavior (reviewed in Padmanabhan et al., 2006). If wildlife species were found with this level of masculinization it would undoubtedly draw attention. The lack of a vaginal opening would prevent any successful copulation and the affected individuals would obviously fail to reproduce. 

However, phenotypically normal individuals may not draw attention unless some dramatic population response is observed. So, the question remains, what, if any, subtle androgenic effects have on the reproduction of phenotypically normal (i.e. not virilized) individuals? Another prenatal treatment in the sheep model begins to answer this question. Female sheep treated with T from GD 60-90 of gestation (T30) are born with normal genitalia, but masculinized urinary posture (suggesting some masculinization of the CNS), and a subtle alteration of the neuroendocrine function, manifested as a delayed onset of the gonadotropin (LH) surge following the estradiol peak prior to ovulation (Sharma et al., 2002). 

A group of T30 females were produced and monitored along with same-age controls for natural behavioral estrus cycles for the first 3 months of their first breeding season. All control females were mated an average of 3 times across the 3 months. Only 25 percent of the T30 females were mated, and even then only once (Steckler et al., 2007). Interestingly, all of the T30 and control females exhibited normal and regular progesterone cycles (Steckler et al., 2007) indicative of normal ovulation.  

To explore why the T30 animals were not mating, our research group tested their reproductive success for 3 years (Steckler et al., 2007 and Roberts et al., under review). Once during each of their first three breeding seasons the females’ estrous cycles were synchronized (which brings them into estrus, see Steckler et al., 2007 for methods); females were monitored for mating behavior and subsequent pregnancies. Across the three years of testing, only 42 percent (5/12) of the T30 females lambed successfully, while 100 percent of controls lambed. During the first two tests the ram was allowed simultaneous access to both control and T30 females. The low rates of mating, pregnancy, and lambing, along with our behavioral observations, indicated that the ram preferred control females over T30 females. This may have been because the T30 females were less attractive than the controls (Roberts et al., under review). In the third year we deprived the male of any contact with control females and produced the highest pregnancy rate in T30 females in a single test; 33 percent (4/12) T30 females successfully lambed. This consistently low rate of reproductive success suggests that the behavioral patterns of T30 females may be more negatively affected by the prenatal exposure than by the genital phenotype and neuroendocrine function. 

Behavior analyses from these tests revealed that the T30 females were producing a variety of patterns of mating behavior. Some females exhibited male-typical mating behaviors, some produced female-typical behaviors, and 18 percent (2/12) of females produced both. At the end of their third year, mating behavior with a male was closely examined under complete hormonal control (Roberts et al., under review). We found that while the T30 females produced, on average, the same proceptive (soliciting) behaviors, not all females would carry through and be receptive. That is, a female would not allow the male to copulate, even if he was courting her. A detailed analysis of the reproductive behaviors can be found in Roberts et al. (under review).  

Despite the presence of a vaginal opening and an apparently insignificant alteration in the neuroendocrine axis, the T30 females failed to mate and breed successfully, even under synchronized conditions (Steckler et al., 2007). Their behavioral patterns were the cause of this low rate of reproduction. 
Effects of Prenatal Androgen in Males


Our detailed knowledge of sheep also makes them a useful model for testing the effects of EDCs on males. Males in many species have been studied for the effects of estrogenic compounds. However, males are exposed to androgens (and their metabolites) during normal sexual differentiation; perhaps this is why they have not been targeted in studies examining exposure to excess exogenous androgens. A few studies have reported that human males exposed to excess androgen during sexual differentiation can develop physiological anomalies that may lead to testicular failure: decreased testicular volume (Cabrera et al., 2001), low sperm production (Wusthof et al., 1998), and increased incidence of testicular lesions (Stikkelbroek et al., 2003). One behavioral study found that these men may also exhibit more male-typical play than controls as juveniles (Ehrhardt, 1979). To date, adult behavior of human males exposed to androgens in utero has not been explored. A study in male rats found that exposure to testosterone during development results in one significant physical change, manifested as a decreased glans penis weight (Wolf et al., 2002); no behavioral data were collected in this study and reproductive success was not tested.

These studies illustrate the potential for androgenic EDCs to alter and possibly compromise reproductive physiology and behavior in males. Our research group used sheep as a model in a series of experiments to investigate the effects of male prenatal exposure to two androgens. Exposure to testosterone (T), an androgen that can be metabolized to estrogen (aromatizable), was compared to exposure to dihydrotestosterone (DHT), a non-aromatizable, or pure, androgen.  This comparison is important to distinguish between the androgenic and estrogenic actions of aromatizable androgens. Traditionally, the changes in the brain and behavior are thought to be estrogenic actions while the androgenic actions organize external genitalia. Recent data, however, has illustrated effects of pure androgens on the brain. Additionally, non-aromatizable androgenic substances may be the most common androgenic EDCs (e.g., androstenedione found in sewage effluent; Jenkins et al., 2003). Both androgen treatments (T, DHT) were administered from gestational day 30-90. A series of behavioral tests examined reproductive patterns in these males alongside vasectomized control (C) males and gonadectomized control (GDX) males (Roberts et al., unpublished). Behavioral testing was followed by postmortem assessment of testicular development and sperm quality (Bormann et al., under review). 

Behavioral tests examined the reproductive success in the males by specifically assessing their ability to identify potential female mates, display appropriate mating behaviors, and copulate successfully (Roberts et al., unpublished). The first study was observation of free-living behavior before the first breeding season while the males were kept in their birth cohort with same-age, ovary-intact females of each prenatal treatment (T, DHT, and C). The frequency of typical mating and aggressive interactions with other animals of both sexes was recorded. Following the free-living behavior, a set of short tests were conducted. Each male was tested for partner preference, mating with an estrous female, and aggression towards a dominant male in the presence of an estrous female. 

The results of these tests suggest that males exposed to prenatal T are hypermasculinized compared to controls, but that males exposed to prenatal DHT suffer a behavioral deficit. T males are more efficient at identifying estrous females, faster to mate a female, and more aggressive toward the dominant male when compared to controls. In contrast, DHT males do not clearly discriminate between estrous females and other animals, have a longer latency to mate in a one-on-one female mating test compared to controls and do not produce aggressive behavior towards a competitor in the presence of an estrous female. 

In the wild, these two androgen treatments would yield different consequences. Males with behavioral patterns of the hypermasculinized T males would have increased reproductive success: they are selective of their mates and are persistent in mating and defending females. The behavioral effects of DHT, however, are expected to cause a decrease in reproductive fitness. They do not clearly identify potential mates, do not mate quickly, nor do they defend their access to females, which would lead to very few successful matings. 

When we examined the biological potential for the androgen treated males to mate, we were surprised to find that both the T and DHT androgen treatments had potentially detrimental effects. While there was no effect of either androgen treatment on external genitalia (Bormann et al., under review), the testes were affected by both treatments. T males had slightly increased testicular weights and significantly decreased spermatocytes while DHT males had lower free T levels, decreased testicular weights, low sperm motility, fewer live sperm, fewer spermatocytes, and overall altered seminiferous tubules compared to controls (Bormann, et al., under review). Unfortunately, because all of these males were vasectomized to avoid unplanned pregnancies, the effect of these physiological alterations on reproductive success was not tested. I propose, however, that the increased performance of the T males might overcome his somewhat decreased fertility, while the DHT males would be failures both because of poor behavior and extremely poor fertility.

These results suggest that male behavior, like female behavior, can be altered by exposure to androgenic compounds during development. It is likely that further investigation will find that some, but not all, prenatal androgen exposure can alter reproductive success.      

Conclusion

It is clear that we need to broaden our research efforts to gain a complete understanding of EDCs. To be valuable, this effort must include a wider array of environmental contaminants, a full range of taxa, and exploration of non-physiological effects and developmental exposure regimes. There is a need for more experimental models that fulfill these deficiencies and help to identify potential EDCs and to clearly define their effects. The model presented here has already highlighted some important, if largely unknown or overlooked, conservation impacts of EDCs. For both females and males, exposure to androgenic compounds during development can lead to decreased reproductive success without obvious detrimental phenotypic change. 
Although much of our information on EDCs comes from heavily polluted areas or accidents, EDCs are, in fact, a global problem (e.g. Vos et al., 2000). We must look beyond concentrated incidents to further possible effects of contamination. Colborn (1995) suggested the use of wildlife surveys to identify the possibly ‘invisible’ effects of EDCs. Because most species have generation times shorter than humans, wild species can often illuminate the population and transgenerational effects that could affect human populations (Colborn, 1995).  Colborn’s argument strengthens the need for more diverse experimental models that can identify specific indicators for use by researchers so as to enable detection of subtle effects in wildlife species.  

Well-understood and highly applicable models, such as the sheep, will allow us to identify indicators that can be used to detect EDC exposure in other species. Current invasive surveys taking physical measurements could miss EDC effects until the problem has reached population-level damage. While continued use of such physical measures is important, surveys of wildlife toxicity could, at little additional cost, gather important and relevant behavioral data that could help identify exposure early.  
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Table 1: Associations between EDCs in their environment and affected species in aquatic food systems

	Fish


	Species
	EDC
	Reference

	American Plaice
	Organic compounds
	Nagler and Cyr, 1997

	Baltic Herring
	Chlorinated Hydrocarbons
	Hansen et al., 1985

	Carp
	Sewage effluent
	Folmar et al., 1996

	Cod
	Xenobiotics
	Peterson et al., 1997

	English Sole
	PCBs, PAHs
	Johnson et al., 1988 1997b

	Flounder
	Xenoestrogens
	Matthiessen et al., 1998

	Mosquitofish
	Paper Mill Effluent
	e.g., Howell et al., 1980

	Mummichog
	Heavy Metals
	Weis et al., 2001 

	Perch
	Pulp mill effluents
	Forlin et al., 1999

	Plaice
	Petroleum
	Stott et al.,1983 

	Rainbow Trout
	Sewage effluent
	Harries et al., 1996

Larsson et al., 1999 

	Roach
	Steroids
	Jobling et al., 1998

	Atlantic Salmon
	Organochlorines
	e.g., Breitholtx et al., 2001

	Sand Goby
	Diluted Sewage effluent
	Waring et al., 1996

	Starry Flounder
	Organic compounds
	Spies and Rice, 1988

	Texel Flounder
	Harbor Dredge
	Janssen et al., 1997

	White Sucker
	Bleached Kraft Mill Effluent
	Van der Kraak et al., 1992

	Reptiles and Amphibians

	Species
	EDC
	Reference

	American Alligator
	DDE
	Guillette et al., 1994, 1996

	Salamander
	Sewage treatment
	Rose and Harshbarger, 1977

	Snapping Turtle
	Organochlorines
	De Solla et al., 1998

	Birds

	Species
	EDC
	Reference

	Bald Eagle
	DDE
	Peakall et al., 1973

	Brown Pelican
	Chlorinated hydrocarbon
	Cited in Haegele and Hudson, 1977

	Common Tern
	DDT Metabolites
	Cited in Haegele and Hudson, 1977

	Common Tern
	PHAHs
	e.g. Murk et al., 1996

	Cooper’s Hawk
	DDT Metabolites
	Cited in Haegele and Hudson, 1977

	Cormorant
	Dioxins, PCBs, DDE
	e.g., Dirksen et al., 1995 

Van den Berg et al., 1994

	Crowned Night Heron
	PCBs
	Hoffman et al., 1996


	Falcons
	DDT, DDE
	Fyfe et al. 1976

	Foster’s Tern
	DDT, DDE, TCDD, PCDD, PCB
	Kubiak et al., 1989

	Gulls
	DDT                  

PCBs                

PCBs          

Dioxin
	Bustnes et al., 2001  

Fox et al., 1978

	Herring Gull
	PHAHs
	Moccia et al., 1986

	Osprey
	DDE
	Koeman et al., 1972

	Peregrines
	DDE Pesticides/Methylmercury
	Ratcliffe et al., 1967 

Koeman et al., 1972

	Tern
	PCBs Dioxin
	Kubiak et al. 1989

	Tufted Duck
	Heavy Metals PCBs
	Cited in Vos et al., 2000

	Western Gull
	DDT Metoxychlor OC
	Fry, 1995 

Fry and Toone, 1981

	White-tailed Sea Eagle
	PCBs, DDT 
	Jensen, 1972 

Helander et al., 1982

	Mammals

	Species
	EDC
	Reference

	Beluga Whales
	Organochlorines
	De Guise et al., 1994b

	Black and Brown Bears
	Unknown
	Cattet, 1988

	Dall’s Porpoises
	PCBs and DDE
	Subramanian et al., 1987

	Dolphin species
	DDT and Metabolites PCBs
	Lahvis et al., 1995 
Aguilar and Borrell, 1994

	European Otters
	PCBs
	Cited in Vos et al, 2000

	Gray Seals
	PCBs DDT DDE
	Bergman et al., 1992 Olsson et al., 1994

	Harbor Seals
	PCBs DDT DDE
	Mortensen et al., 1992 

	Humans
	PCBs Pesticides Dibensofurans Dioxin
	 Jacobson et al., 1985

Jacobson and Jacobson, 1996

Guillete, 2000

Rogan et al., 1988

Vreugdenhil et al., 2002

	Mink
	TCDD
	Wren, 1991

	Norway Rats
	PCBs, DDT, Mercury, dioxin (contaminated fish)
	 e.g., Daly, 1991

	Otter
	TCDD
	Wren, 1991

	Polar Bear
	PCBs
	Wiig et al., 1998

	Ringed Seals
	DDE

PCBs
	Helle et al., 1976b    

Olsson et al., 1994 

	Saimaa ringed seal
	Mercury
	Hyvarinen et al., 1998

	Sea Lions
	DDT-like compounds
	Delong et al., 1973

	Striped Dolphins
	TBT
	Scott et al., 1988


Table 2: Terrestrial species examined for EDC effects. 

	Species
	EDC
	Reference

	Robin
	Pesticides
	Ulfstrand et al., 1971

	Sparrowhawk
	DDT Metabolites
	 Cited in Haegele and Hudson, 1977

	Tree Swallow
	PCBs
	 McCarty and Secord 1999a and 1999b


CHAPTER 2: Differential effects of prenatal testosterone on phenotypic and behavioral masculinization and defeminization of female sheep
Abstract 
The process of sexual differentiation leaves genetically female individuals at risk of being masculinized by exogenous androgens. Previous research in sheep indicates that exposure to excess testosterone (T) from gestational day (GD) 30-90 of the 147 day gestation masculinizes and defeminizes behavior as well as genitalia. Lower doses and shorter durations produce animals with varying degrees of genital virilization and alterations of the hypothalamic-pituitary-gonadal (HPG) axis, but the effects on complex behavior and its prediction by the amount of external virilization have not been explored.  We hypothesized that the extent of virilization of external genitalia would not be predictive of the lack of female- or presence of male-typical mating behavior. Two separate experiments were conducted to test this hypothesis. The first compared control females and females exposed to exogenous T from GD 30-90 (T60 females) that have virilized genitalia. The second compared control females and females exposed to T from GD 60-90 (T30 females) that have female-typical genitalia. Both free-living behavior in the flock and hormonally-controlled behavioral tests were used to explore reproductive behavior. T60 and T30 females exhibited more masculinized reproductive behavior than did controls, however the T30 animals also exhibited feminine behavior. T30 females produced proceptive behaviors typical of control ewes, but were less receptive for copulation. T60 females exhibited very little proceptive or receptive behavior.  These data illustrate that variation in the timing or duration of exposure to prenatal T during a critical period for masculinization can have variable effects on defeminization; and T effects on genitalia are not entirely predictive of behavior. 

Introduction
 

In humans and other mammals, sexual differentiation is initiated by genetic sex which will determine the gonadal sex of the individual. Phenotypic expression of sex develops according to the presence or absence of testosterone. If development occurs under normal conditions the genetic, gonadal, and phenotypic sex will be congruent (reviewed in Breedlove and Hampson, 2002). However, this process of sexual differentiation allows for disruptions that may lead to varying amounts of incongruence between the genetic, gonadal, phenotypic and resulting behavioral sex. Females are especially vulnerable to perturbations by excess endogenous and exogenous hormones during the critical period for sexual differentiation. Conversely, male fetuses are exposed to their own gonadal testosterone, which acts throughout the body to both masculinize and defeminize structures and processes. Female tissues, including the brain and genital tract, are also capable of being masculinized and defeminized during development by appropriately timed exposure to exogenous androgens (Bentvelson et al., 1995; Shapiro et al., 2000). 

The disruption of reproductive physiology by excess prenatal testosterone has been demonstrated in multiple species, each illustrating the effects of exposure to androgens during a critical period of fetal or neonatal life (e.g. guinea pig, Phoenix et al., 1959; rat, Wolf et al., 2002; sheep, Clarke et al., 1976a, Wood and Foster, 1998, Robinson et al., 2002; rhesus macaque, Goy et al., 1988; and human, Merke and Bornstein, 2005). The critical developmental period for sexual differentiation of the hypothalamic-pituitary-gonadal (HPG) mechanism in sheep spans days 30-90 of their 147 day gestational period (Clarke et al., 1976a; Wood and Foster, 1998; Robinson et al., 2002). Females treated with testosterone for gestational days (GD) 30-90 (T60) are born with completely virilized genitalia, that is, with a functioning pseudopenis and an empty scrotal sac in place of a vaginal opening. This outward masculinization is accompanied by multiple neuroendocrine and ovarian disruptions such as hypergonadotropism (increased secretion of luteinizing hormone; LH), reduced sensitivity to estradiol negative and positive feedback, as well as the development of multifollicular ovaries (Padmanabhan, et al. 2006). In contrast, females treated for 30 days between GD60-90 (T30, spanning the second half of the critical period) are born with normal external genitalia, but masculinized urinary posture (Clarke et al., 1976b), suggesting some masculinization of the central nervous system (CNS). Additionally, occurrence of alteration of neuroendocrine function in T30 females, manifested as a delayed onset of the gonadotropin (LH) surge following the preovulatory estradiol rise (Sharma et al., 2002, Savabieasfahani et al., 2005), also suggests that the brain is either defeminized or masculinized. 

The T60 females that are fully virilized express more male-typical behavior than control females as both lambs and adults (Orgeur, 1995 and Fabre-Nys and Venier, 1991). Behavior of the T30 females, the non-virlilizing model, has not been studied. Despite the presence of a vaginal opening and an apparently minor alterations in the HPG axis (Sharma et al., 2002, Savabieasfahani et al., 2005) T30 females failed to mate or successfully conceive after being bred (Steckler et al., 2007). These data suggest that behavioral patterns of T30 females may be more negatively impacted by the prenatal testosterone exposure than the rest of the phenotype. 

Because the duration of the critical period spans 60 days, and not all aspects of the CNS and peripheral masculinization and defeminization occur simultaneously, we hypothesized that genital masculinization would not predict behavioral masculinization/defeminization and prenatal testosterone excess would significantly alter behavior in the absence of phenotypic virilization. The approach we took was to compare the reproductive-related behaviors of the T30, the non-virilized model, and T60, the fully virilized model, to unexposed controls under multiple conditions. 

Methods

Animal Generation and Maintenance

All animal procedures were approved by the University of Michigan Committee for the Use and Care of Animals. Two groups of Suffolk ewes were generated during two successive breeding seasons. Adult Suffolk ewes were purchased from a local breeder and moved to a farm inspected and approved by both the United States Department of Agriculture and University of Michigan Department of Laboratory Animal Medicine. In preparation for breeding, the ewes were fed a daily ration of 0.5 kg of shelled corn and 1.0–1.5 kg alfalfa hay/ewe for 2–3 weeks. In order to determine the date of mating during breeding, a mixture of paint and grease was applied daily to the chests of rams in the flock (raddled rams). Daily monitoring allowed visual confirmation of marks left by the rams and date of mating was recorded. Once bred, ewes were maintained on pasture and supplemented with 1.25 kg alfalfa/brome mix hay/ewe. 

Ewes were randomly assigned for generation of control (C) or prenatal T-treated females. The ewes received twice weekly 2 ml i.m. injections of 100 mg T propionate (Sigma–Aldrich Corp., St. Louis, MO, USA; T) in cottonseed oil.  For generating the T60 animals, T treatment lasted between days 30 and 90 of the 147 day gestational period (T60).  The T30 animals were generated the following breeding season. They received the same T treatment between days 60-90 of gestation.

Six weeks prior to expected lambing, pregnant ewes were fed an enriched diet consisting of 0.5 kg shelled corn, 2 kg alfalfa hay and 250 mg chlortetracycline (aureomycin)/ewe/day. Lambing occurred each year between early March and early April. Throughout this time lactating ewes were provided a ration of 1 kg shelled corn and 2–2.5 kg of alfalfa hay/ ewe/day. Lambs were weaned at approximately 8 weeks of age. Post weaning, female lambs were moved to the University of Michigan’s Sheep Research Facility, where they were kept in their same-age cohort, always able to freely interact with the other animals. In both studies, the lambs had commercial sheep food pellets (Shur-Gain, Elma, NY, USA) and alfalfa hay available ad libitum until they reached a body weight of 40kg. At that time they were provided a diet containing 15% crude protein until 6 months of age. All lambs and ewes were provided water and minerals ad libitum and were treated regularly with antihelmintics to minimize parasitic infection. Throughout the testing period all lambs were kept at the Sheep Research Facility. 

In the T60 cohort, 6 T-treated rams and 4 control rams were kept in the flock to provide inter-sex interactions throughout development and adult observations. The males were vasectomized at 3-3.5 months of age to avoid unplanned pregnancy. Data was collected on a total of 22 control ewes, only 11 of which were born with the T60 cohort (from 9 ewes; 10 from twins and 1 from triplets), and 18 T60 females (from 17 ewes; 4 singletons, 11 from twins, and 3 from triplets). Eleven controls were purchased from the same source that had provided the breeder ewes. These same-age control females were brought to the facility at 10 weeks of age and raised in parallel.  Free living behaviors were collected on the animals throughout their first breeding season. A subset of randomly chosen unrelated animals from each treatment was tested for mating behavior following two forms of hormonal manipulation, as described below. 

Since no significant differences were observed between growth trajectory or behaviors of controls born at the facility and those purchased from the dealer in the first year, we purchased all control lambs for the second year from the same flock that had provided the breeder ewes for generating T30 females.  The 12 control females were brought to the facility at 10 weeks and raised in parallel with the 12 T30 females (from 9 ewes; 3 singletons, 5 with twins and 4 from triplets).  The behavior of the 12 control animals did not differ from the previous year in-house or purchased lambs. Free-living behaviors of all lambs were observed before and during their first breeding season, beginning at 24 weeks of age.  At the beginning of the first breeding season of the T30 cohort, one vasectomized male was added to the flock for mating and estrus data collection.  

Behavioral tests of T60 females

Free Living Estrus Detection

Throughout the first mating season, from 6-10 months of age, ewes were observed daily in order to monitor their estrus cycles (T60: N=22 controls, 19 T-treated). Estrous cycles were recorded in two manners. First, raddled rams were used to monitor behavioral estrus in the group. Raddle marks were recorded daily. A female was considered in estrus if a new, heavy and evenly distributed paint mark was found. Secondly, blood samples were collected from the females by venipuncture twice weekly and assayed for plasma progesterone (P4) concentrations to monitor development of cyclicity. Behavior was compared with progesterone cycles, allowing us to determine whether estrous behaviors preceded normal P4 rises of the estrous cycle and, thereby, discriminate between mountings related to rank or other social behaviors besides copulation. This combined data collection also allowed us to determine the regularity of behavioral estrous cycles. Further detailed analysis of behaviors was done under the following conditions. 

PGF2α-Synchronized Group Mating Test 

At approximately 8 months of age, lambs were injected with 20 mg prostaglandin F2( (PGF2(, 5 mg/mL Lutalyse; Pfizer Animal Health, Kalamazoo, MI, USA), to synchronize estrus (N=10 control and 10 T60).  Eight untreated controls and 7 untreated T60 were observed in parallel. A single injection was administered and then repeated 11 days later to induce luteolysis in the ewes and initiate natural estrus. Interactions between the males and females in the flock were observed and recorded using a mating ethogram developed from Banks (1964) and our own observations (Table 1). Behavior was recorded for 90 minutes twice a day for three days after the second injection. The frequency of each behavior was then recorded for each animal and averaged for each group. 

Hormone-Induced Individual Mating Test

Mating behavior of test ewes towards with males was examined at about 10 months of age (N=7 Control and 6 T-treated). Ewes were treated with two controlled internal drug releasing implants containing progesterone (CIDR; device type-G, CIDR-G; InterAg, implanted subcutaneously) for 10 days followed by estradiol implants (4 x 30 mm estradiol-filled silastic capsules, implanted subcutaneously) 16 hours after progesterone removal.  Approximately 20 hours after the estradiol is implanted control females reliably enter estrus. Each ewe was placed in a 30m2 pen with familiar, same-age cohort alpha (highest ranking) and beta (second highest ranking) males from the flock.  Interactions were video taped for 5 minutes and analyzed for the frequencies of the various male- and female-typical mating behaviors exhibited by the test ewe.

Behavioral tests of T30 females

Free Living Estrus Detection

Free living behavioral estrus was monitored using a raddled ram as described above, during the first breeding season (T30: N=12 controls, 12 T30). Blood samples and hormone assays were collected for the month of December only, and thus, were not used to support the determination of behavioral estrus.

PGF2α-Synchronized Group Mating Test 

As described above, females were synchronized with two injections of PGF2( and observed using the mating ethogram (N= 12 control and 12 T30) at approximately 8 months of age. Behavior was video recorded from 7:30am to 5:30pm for three days after the second injection. 

Hormone-Induced Individual Mating Test

The same protocol used with the T60 group was applied to a subset of the T30 group at the end of their third breeding season, approximately 34 months of age (N=4 control and 8 T30). The 8 control and 4 T30 females that were not included had become pregnant during a previous breeding trial and their data are presented elsewhere (Steckler et al., 2007). An additional 4 control females born in the following year’s cohort (approximately 22 months of age) were tested to balance the experiment (i.e. N=8 controls, 22 and 34 months of age; 8 T30, 34 months). Only one male was used for testing, he was the highest ranking male and familiar to all females. 

Statistical Analysis

Initial comparison was between controls born in the facility and those that were purchased and brought to the facility at 8-10 weeks of age.  There were no differences in behavioral attributes of in-house and purchased controls.  Hence for treatment comparisons, all controls are included.

Free Living Estrus Detection


For animals in each year, the average date of first behavioral estrus, number of cycles and cycle interval were analyzed using ANOVA. The number of animals cycling was compared using a chi-squared analysis. 

PGF2α-Synchronized Group and Hormone-Induced Individual Mating Test

For each of these tests in both years, the frequency of each behavior was recorded for each animal and averaged for each group. Whenever the assumptions were met, parametric statistics were used to compare the groups. Multivariate ANOVA was used to compare the average number of displays in each category of behavior and each behavior separately (listed in the mating ethogram, Table 1). If assumptions were not met, the non-parametric test, Kruskal-Wallis, was used to compare the individual behaviors. To test the overall group differences when non-parametric testing was required, the total number of displays of all behaviors within each behavioral category (e.g., proceptive, receptive or male-typical behavior) were used to compare the categorical effect of treatment. Additionally, for all data, chi-squared analysis was used to compare the number of control and T-treated females that displayed each behavior. 

Results

Free Living Estrus 

T60 


Only 15.8% of the T60 females exhibited regular cycles of behavioral estrus whereas 95% of the control females cycled regularly (Figure 1). All control and T60 ewes that exhibited behavioral estrus produced normal progesterone rises (not shown) after behavioral estrus, indicating the normal relationship between ovulation and copulation. There was no difference between the groups in the onset of puberty, as determined by timing of progesterone cycles and male interest. However, significant differences were found between the groups in the number of cycles and the interval between cycles over the course of the breeding season (Table 2, only those that cycled were included in analysis). T60 females had fewer cycles of longer duration than controls.   

T30

As presented in Steckler, et al. (2007), the T30 females exhibited behavioral estrus earlier than the purchased controls. However, there was no difference between the purchased controls of the second year (Oct 19 + 3 days; Steckler et al., 2007) and those from the first year in the onset of the breeding season (Table 2) or the regularity of cycles in the controls.  All control females were marked by the raddled ram an average of 3 times during the period of estrus detection. Significantly fewer (3/12) T30 females were marked during this time, each only once (Steckler, et al., 2007). The samples collected for progesterone analysis indicated that all control and T30 ewes had normal ovarian hormone cycles when tested in the month of December (data not shown).  

PGF2α-Synchronized Group Mating Test 

T60

T60 females produced significantly higher frequencies of male-typical behaviors than controls (multivariate Wilks’ Lambda F = 4.823, P= .011; Table 3). All females displayed relatively low frequency of female-typical behavior (data not shown), thus data collected was insufficient for multivariate analysis.  Chi square analysis revealed that significantly more T60 females displayed male-typical courting and mating behaviors than controls (Table 3 and Figure 2). A trend towards significance also was detected for more T60 females displaying the ‘prepare to mount’ behavior than control females (χ²=3.50, p = .055).  Trends were also detected for more controls to display female ‘stand’ and ‘lookback’ behaviors than T60 females (both χ²=3.11, p = .082). Significantly more control females were mounted by a male than T60 females (χ²=9.41, p<.001; Figure 3).  

T30

T30 females produced significantly higher numbers of male-typical behaviors than controls (multivariate Wilks’ Lambda F = 2.856, P= .038; Table 4; Fig 4).  Female-typical behavior was not displayed at significantly different frequencies between the control and T30 groups (multivariate Wilks’ Lambda F = 2.299, P= .088; data not shown).  Chi square analysis showed that significantly more control females (9/12) displayed the ‘lookback’ behavior than T30 (4/12) females (χ²=8.83, p <.001). Significantly more controls were mated than T30 females (χ²=8.71, p <.001, Figure 5). 

Hormone-Induced Individual Mating Test

T60


All T60 females exhibited some male- and female-typical behaviors in the presence of a male following progesterone and estradiol treatment.  All control females also exhibited female-typical behavior, but only one control female displayed any male-typical behavior. Significantly more female behavior overall was produced by control females (Wilks’ Lambda F = 5.575, p= .022; Table 5). Males were more attracted to control females then T60 females. Whereas 80% of the control females were mounted by the male, only 11% of the T60 females were mounted (χ²=9.41, p<.001). Data was insufficient in controls to perform multivariate analysis on male-typical behaviors. However, forty percent of the T60 females mounted the male and sixty percent engaged in male-typical aggression towards the male while no controls exhibited either behavior. 

T30


Based on the total number of courtship behaviors exhibited by the males towards the females, the controls were significantly more attractive overall than the T30 females (Mann-Whitney U = 52.000, p = .034; Table 6). Specifically, controls received significantly higher frequencies of follows (χ²=5.33, p=.022), sniffs (χ²=5.33, p=.022), preparation to mount (χ²=8.71, p=.041), mounts (χ²=12.44, p <.001) and thrusting (χ²=12.44, p <.001) behaviors from the male than T30 females (Table 6). 


There was a trend towards significance for controls to produce more proceptive behaviors overall than T30 females (Mann-Whitney U = 49.500, p = .061). However, ‘lookback’ was the only individual behavior that was displayed at significantly higher frequencies by controls (Mann-Whitney U = 50.000, p = .045; Table 6). Chi square analysis revealed that there were no differences in the number of animals that produced any of the proceptive behaviors. More control females than T30 females were receptive, standing for the male to mount (χ²=7.27, p=.007). In addition, among those that were receptive, controls stood for males to mount and copulate at significantly higher frequencies than T30 females (Mann-Whitney U – 53.500, p = .021; Table 6). Unlike T60 females, T30 females were not aggressive towards the male and did not attempt to mount the male, nor did the controls. 

Discussion 

Our findings clearly document that reproductive behavioral patterns of both the T60 and T30 females differ from that of control females. However, the T60 females were both masculinized and defeminized, while the T30 females retained proceptive female-typical behaviors in addition to their masculinized patterns. Our results support the hypothesis that prenatal testosterone exposure can significantly alter behavior in the presence of very minor or no other physiological or phenotypic anomalies, as illustrated by the altered patterns in mating behavior of the non-virilized T30 females. This differential programming is most likely related to timing rather than duration of T exposure. Clarke et al. (1976b) found that later T exposure (GD90-140) did not masculinize urinary posture or voiding patterns, while exposure from 30-80, 50-100, or 70-120 days masculinized voiding and posture even though only the first two groups developed a penis.

Free-living flock behavior and hormone-induced behavior produced consistent results within each group. Throughout the study, control females retained their female-typical patterns of mating behavior, although a few infrequent male-typical behaviors were seen with hormone manipulation. T60 females consistently presented low levels of female mating behavior and high numbers of male-typical mating behaviors and aggression. Interestingly, estrous induction by PGF2α increased the male-typical, but not female-typical behavior in the T60 females. Recreating an artificial follicular phase in C and T60 females with estradiol implants also produced increased male-typical behavior in T60, but not C females. Together these data suggest that during monitoring of free living flock behavior, the T60 females’ own estrogen was driving their behavior. The behavioral data following PGF2α and hormonal manipulation suggests that expression of male-typical behavior may cycle with estrogen across estrous cycles. We did not collect blood samples frequently enough to test this hypothesis, but it could be tested in future studies

The T30 group showed the greatest variation in patterns of reproductive behavior. Some T30 females exhibited only male-typical behaviors while others only exhibited female-typical behaviors. There were also two females in this group that exhibited both male and female behaviors. These females, while in estrus, moved back and forth between the ram, where they were proceptive, to courting the estrous control ewes. A summary of the behaviors displayed by the groups during the PGF2α test is provided as a review of the results of this study and the T60 study (Figure 6).

Comparison across the two studies suggests that the T30 females were less aggressive than T60 females. This may relate to the timing (60-90 as opposed to 30-90 in T60) or duration (30 days in T30 vs 60 days in T60) of prenatal T. Alternatively other factors may have contributed to this difference. For instance, the number and origin of the males used for behavioral testing after PGF2α synchronization differed between the T60 and T30 tests. Two males, who had been living with the T60 females since birth, were used while testing the T60 females. In contrast, only one male was used while testing the T30 females. This male was introduced at the beginning of the breeding season, was one year older and thus larger than the test females.  Price et al (1996) found that heterosexual experience was vital to the development of sexual performance of rams, which includes aggressive guarding of estrous ewes from other animals exhibiting sexual interest. It is possible that we may have inadvertently masked aggression exhibited by the T30 animals towards the male during the test because of the size and experience advantage of the male used. 

As a way of identifying estrous individuals in both mating tests, we relied on the ‘mount’ behavior of the males. One limitation of the use of measurements such as mounting to determine sexual roles of the test females is that, in general, sexual performance can be affected by genital abnormalities, ambulatory difficulties, smooth muscular coordination, and sexual inexperience (Katz and McDonald, 1992). Thus, the low percentage of animals that were successfully mounted during mating tests with the virilized animals (T60) may have been due to lack of interest of the male because the females lacked vaginal openings as opposed to a lack of proper female-typical behavior. That genitalia are not the only important physical factor, is suggested by one of the twelve non-virilized females in the T30 group that was ignored by the male despite her correct display (to our analysis) of all proceptive and receptive behaviors following estrous synchronization with PGF2α. Since T30 females have intact female-typical external genitalia, neither the genitalia nor the behavior were preventing interest from the male. Indeed, the next year, that female was impregnated by a different ram (Steckler, et al 2007). Perhaps the very minor changes in ovarian cycles, even of T30 females, are sufficient to alter their attractiveness. For example, vaginal odors are dependent on pH, which can alter vaginal flora (Ungerfeld and Silva, 2005). Ungerfeld and Silva (2005) have demonstrated that vaginal flora plays a key role in female attractiveness.  Whether there is alteration in vaginal flora of T30 females remains to be investigated.

The results of the hormone-primed mating test suggest that all genetically female individuals will produce some female behavior under hormone manipulation and in the presence of the male. The marked decrease in the receptive ‘stand’ behavior exhibited by both the T60 and T30 groups indicate that affected individuals would not successfully reproduce. The T30 group for this test was biased by the omission of females that had become pregnant in an earlier breeding trial (see Steckler, et al., 2007). Thus, those females that produced only the female-typical behavioral patterns in the PGF2α test were excluded. However, had all T30 females been included, the consistency of results between the PGF2α and hormone-primed behaviors for the other animals indicates that the conclusions would be the same.   

The differences in behavioral patterns between the T60 and T30 groups suggest that exposure for the full 60 days of the critical period is necessary for complete defeminization while exposure during only the second half of the critical period (30 days) is sufficient for varying degrees of masculinization and loss of receptivity, while retaining much of the  proceptive behavior patterns. A few previous studies have also demonstrated separation of the effects of androgens on defeminization and masculinization. Goy et al. (1988) manipulated the time period of androgen exposure in rhesus macaques. The early and late groups differed in both genital virilization and male-typical behavior. However, female-typical behavior was not closely examined. Female rats are defeminized by early postnatal T exposure during a critical period, but complete masculine behavior only occurs with prenatal T as well (Hoepfner and Ward, 1988). Our results indicate the opposite pattern in sheep. Shorter, late exposure (GD60-90) is enough to masculinize behavior, but complete defeminization only occurs with longer, early exposure (GD30-90). 

Although we can only speculate as to the exact hormonal mediation of the decreased receptive behavior in the T30 females, the documented delay in timing of onset of LH surge may play a role. The delay in LH could be the result of a perturbation in the function of gonadotropin releasing hormone (GnRH) and this would have direct implications for behavior.  Hormone signaling between the hypothalamus, pituitary and the ovaries coordinate ovulation and sexual behavior (Caraty et al., 2002). There also seems to be distinct roles for GnRH and estradiol on female sexual behavior. Estradiol from the mature ovarian follicle is responsible for the initiation of estrous behavior. GnRH secretion triggered by the same rise in estradiol maintains behavioral estrus for a longer period of time (Caraty et al., 2002). These results illustrate the essential role of endocrine hormones in reproductive behavior and the importance of coordinated development of ovaries, HPG axis and brain areas that control behavior (such as ventromedial hypothalamus, preoptic area and amygdala) to ensure correct synchronization of behavior and ovulation. 

Alternatively, it is possible that different brain regions are responsible for proceptive and receptive behaviors. If true, these regions may be masculinized/defeminized at different stages of sexual differentiation, such that the T30 treatment did not coincide with the differentiation of the brain region responsible for proceptive behavior but did alter the region responsible for receptive behavior. Further research is necessary in order to clearly identify the brain region(s) responsible for the behavioral disruption. 


In summary, this study provides a detailed analysis of programming of male- and female-typical behaviors as a function of prenatal testosterone exposure. The variation in time and duration of exposure resulting in significant behavioral differences in T-treated groups indicates important subdivisions of events within the prenatal period of sexual differentiation. Although virilization of the external genitalia appears to be correlated with complete defeminization of behavior, masculinization of behavior occurred independently of genital virilization. Despite the female-typical genitalia present in the T30 females, they fail to successfully reproduce due to behavioral perturbations (Steckler et al., 2007). Our data do not clarify the role of the testosterone metabolites, estradiol and dihydrotestosterone, on the organization of sheep reproductive behaviors. However, previous work strongly suggests that masculinization and defeminization of reproductive behaviors is the consequence of the estrogenic action of testosterone (Clarke, et al., 1976a; Masek et al., 1999).
There are multiple potential sources of excess testosterone, both natural and unnatural, that put females at risk for masculinization and/or defeminization. Cases of natural exposure to testosterone-like androgens occur in species with multiple young (e.g. mice, Meisel and Ward, 1981) and via genetic disorders that increase endogenous androgens (e.g. Congenital Adrenal Hyperplasia in humans, e.g. Merke and Bornstein, 2005; Dittman et al., 1990). Unnatural masculinization and defeminization can also result from exposure to environmental sources of exogenous androgen (e.g. pulp and paper mill effluent, Parks, et al., 2001; Trebolone acetate, a cattle growth stimulator, Durhan et al., 2005). Considering these findings and the increasing risk of exposure to androgens that can act like testosterone during development due to increased environmental contamination, the need for continued research is clear. 
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Tables and Figures

Table 1: Sheep Reproductive Behaviors. 

	Female Proceptive Behaviors
	

	Approach
	Female walks up to male.

	Passby
	Female approaches male and then walks away.

	Look Back
	While standing in front of the male, the female turns her head to the side to look at the male.

	Ear Wiggle
	The female moves her ears back and forth.

	Tail Wag
	The female moves her tail from side to side.

	Female Receptive 

Behaviors
	

	Stand
	The female stands still when male approaches or positions herself directly in front of the male.

	Male Sexual Behaviors
	

	Follow
	Animal walks after female.

	Call
	Animal emits low grumbling call towards female.

	Nudge
	Animal pushes on female using his muzzle.

	Sniff
	Also called nosing, the animal approaches the female from behind and pushes

his face into the female’s perineum.

	Flehmen
	After sniffing female genitalia and/or urine animal tilts head upward, curls lips so as to expose teeth and remains in this position for several seconds.


	Paw
	The animal raises one of the front paws and kicks in the direction of the female.  Every extension of the paw is counted, even if the paw is not placed back onto the ground.

	Head Over
	Animal stands at side or behind female with head and neck over her back.

	Prepare to Mount
	The animal approaches female from behind and lifts head up as if preparing to raise front legs, a transition position that leads to a mount.

	Mount
	The animal straddles the rear quarters of the female with front legs. 

	Male Aggressive Behaviors
	

	Head Butt
	Both animals wind their heads back and slam head onto head.  This behavior was frequently exhibited after the animals moved backwards and then charged at each other with heads held high until just before collision.

	Body Slam
	One of the animals slams its head into any part of the other’s body besides the head.


Table 2: Summary of Behavioral Cyclicity in Control and T60 females during first 3 months of first breeding season. 
	
	Control
	T60

	Average first behavioral estrus
	Oct 12  ±  2.8 Days
	Oct 9  ±  6.3 Days

	Average number of cycles
	4.5 ± .28
	2.2 ± .8

	Average cycle interval
	17.2 ± .7 Days
	24.0 ± 6.0 Days

	Percent cycling regularly

	95%
	15.8%


Table 3: Male-typical behaviors in Control and T60 females in group mating test following PGF2α treatment.
	Male-Typical

Behaviors
	Control (N=10)
	T 60

(N=9)
	Univariate

F-Values
	Univariate

P-Values

	
	
	
	
	

	Follow


	.200† ± .133+
2/10‡

	4.00 ± 1.48

8/9


	7.286
	.015

	Call


	0.00

0/10
	2.11 ± .807

7/9


	7.654
	.013

	Nudge/Sniff


	.300 ± .153

3/10


	2.89 ± 1.26

8/9


	4.613
	.046

	Flehmen


	0.00

0/10
	.444 ± .242

3/9


	3.767
	.069

	Paw
	.100 ± .100

1/10


	1.78 ± .619

6/9


	7.966
	.012

	Headover


	0.00

0/10
	1.44 ± .503

6/9


	9.220
	.007

	Prepare to Mount


	0.00

0/10
	.778 ± .401

3/9


	4.216
	.056

	Mount


	.100 ± .100

1/10


	2.00 ± .645

7/9


	9.408
	.003

	Aggressive


	1.40 ± .897

4/10


	1.67 ± .764

5/9


	0.050
	.826


† Mean number of displays 
+ Standard error of the mean

‡ Number of animals that exhibited behavior

Table 4: Male-typical behaviors in Control and T30 females in group mating test following PGF2α treatment.

	Male-Typical Behaviors
	Control

(N=12)
	T 30

 (N=12)
	Univariate

F-Values
	Univariate

P-Values

	
	
	
	
	

	Follow


	.167† ± .112+

2/12‡


	4.08 ± 1.21

9/12


	10.406
	.004

	Call


	0.00

0/12


	2.08 ± .900

5/12


	5.359
	.030

	Nudge/Sniff


	.167 ± .112

2/12


	6.00 ± 2.00

8/12


	8.512
	.008

	Flehmen


	0.00

0/12


	.333 ± .142

4/12


	5.500
	.028

	Paw


	.083 ± .083

1/12


	1.50 ±.925

5/12


	2.326
	.142

	Headover


	.083 ± .083

1/12


	1.17 ±.588

4/12


	3.326
	.082

	Prepare to Mount


	0.00

0/12


	1.83 ± .563

8/12


	10.648
	.004

	Mount


	.083 ± .083

1/12


	3.67 ± 1.50

6/12


	5.658
	.026

	Aggressive


	.667 ± .225

6/12
	6.17 ±1.66

10/12
	10.841
	.003


† Mean number of displays 
+ Standard error of the mean

‡ Number of animals that exhibited behavior

Table 5: Female-typical reproductive behaviors in Control and T60 females after 

progesterone and estradiol treatment. 

	Female-Typical

Behaviors
	Control 

(N=7)
	T 60 

 (N=6)
	Univariate

F-Values*
	Univariate

P-Values*

	
	
	
	
	

	Female Approach
	2.57† ± .528+
6/7‡

	14.8 ± 4.23

6/6


	9.741
	.010

	Lookback


	1.71 ± .360

6/7


	1.33 ± .615

4/6


	.308
	.590

	Ear Wiggle


	0/7


	.333 ± .211

2/6


	2.962
	.113

	Tail Wag


	0/7


	.500 ± .342

2/6


	2.538
	.139



	Female Stand


	2.86 ± .634

7/7


	0/6


	17.210
	.002


† Mean number of displays 
+ Standard error of the mean

‡ Number of animals that exhibited behavior

Table 6: Summary of female reproductive behaviors in Control and T30 females after 

progesterone and estradiol treatment. 
	Behavioral 

Categories
	Control 

(N=8)
	T 30 

 (N=8)
	Mann-Whitney U Values*
	P-Values*

	Attractiveness

	Follow
	3.125† ± .875+
8/8‡

	1.375 ± .844

4/8


	50.500
	.047

	Nudge
	0/8
	1.375 ± .822

3/8
	20.000
	.064

	Sniff
	4.750 ± 1.319

8/8
	1.625 ± .653

4/8
	51.000
	.043

	Flehmen
	0/8
	0.250 ±  .250

2/8
	28.000
	.317

	Headover
	0.125 ± .125

1/7


	0.125 ± .125

1/8
	32.000
	1.00

	Prepare to mount
	1.625 ± .625

5/8


	0.375 ± .375

1/8
	47.000
	.070

	Mount
	1.125 ± .227

7/8
	0/8
	59.500
	.002

	Thrusting
	1.125 ± .227

7/8
	0/8
	59.500
	.002

	Proceptive

	Female Approach
	1.500 ± .681

5/8


	0.625 ±.263

4/8
	38.500
	.463

	Passby 


	0.875 ± .581

2/8
	0.375 ±.263

2/8


	34.000
	.783

	Lookback


	1.750 ± .559

6/8
	0.375 ± .183

4/8
	50.000
	.045

	Ear Wiggle


	0/8


	0/8


	--
	--

	Tail Wag


	0.750 ± .412

3/8


	0/8


	41.500
	.190

	Receptive

	Stand


	3.875 ± .611

8/8


	1.375 ± .885

3/8


	53.500
	.021


† Mean number of displays, + Standard error of the mean, ‡ Number of animals that exhibited behavior

Figure Legends
Figure 1. Percent of control and T60 females cycling during the breeding season. Significantly more control females cycled than T60 females (χ²=26.66, p<.001).

Figure 2. Male-typical behaviors that were displayed by significantly more T60 females than controls following PGF2α treatment: Follow: χ²=12.63, p<.001; Call: χ²=16.99, p<.001; Nudge/Sniff: χ²=10.38, p<.001; Paw: χ²=9.54, p<.001; Headover: χ²=9.54, p<.001 and Mount: χ²=8.83, p<.001. Dark bars = control, hatched black =T60. 

Figure 3. Percent of T60 and C females that were mounted by the male during the PGF2α  group test. Significantly more controls were mounted when compared to the T60 females (χ²=9.41, p<.001).

Figure 4. Chi square analysis revealed that the number of animals displaying male-typical behaviors differed significantly between the control and T30 females following PGF2α treatment: Follow: χ²=8.22, p<.001; Call: χ²=6.316, p<.001; Prepare to mount: χ²=12, p<.001; and Mount: χ²=5.05, p<.001. Dark bars = control, hatched black = T30. 

Figure 5. Percent of each group that were mated by the male during the PGF2α group test. Significantly more controls females mated than T30 females (χ²=8.71, p<.001).

Figure 6. Summary graphs of the percent of animals displaying any male- or female-typical behavior patterns when induced into estrus with PG2( for T60 (A) and T30 (B). Dark bars = control, hatched black =T.
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Figure 3
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Figure 4
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Figure 5
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Figure 6
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