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Molecular and neural control of female sexual behavior 

Cindy F. Yang 

 

 

ABSTRACT 

 

In many animals, the display of female sexual receptivity relies on internal states 

such as the hormonal status of the animal.  Female mice, for example, are 

receptive toward males only peri-ovulation, presumably to maximize reproductive 

success.  The sex hormone responsive neural circuits that regulate female 

receptivity remain largely unknown, but are likely sexually dimorphic since males 

do not become receptive under the same hormonal stimuli that induces ovulation 

and receptivity in females.  Progesterone and the progesterone receptor (PR) are 

required for ovulation and female sexual receptivity.  We have generated a 

genetically targeted PR reporter mouse to map a receptivity circuit.  We find that 

PR is expressed in a sexually dimorphic pattern in many brain regions including a 

small pool of neurons in the ventromedial hypothalamus (VMH), a center 

required for receptive behavior.  We find that PR-expressing neurons in the VMH 

send a female specific projection to the anteroventral periventricular nucleus 

(AVPV), a hypothalamic region that is critical for ovulation. These data suggest 

that a sexually dimorphic circuit mechanism coordinates ovulation and 

receptivity.  With the genetic tools we have generated, we can now begin to 

probe the behavioral relevance of PR-expressing neurons.  
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CHAPTER 1 

The control of female sexual behavior 

 

All animals display innate, sexually dimorphic behaviors that are necessary for 

the propagation of their species. In rodents, males readily display mating 

behavior in the presence of a female, whereas female mating behavior can be 

elicited by males only under the proper hormonal milieu, which is dependent on 

the estrous cycle (Beach, 1976). While it is known that ovarian hormones 

estrogen and progesterone are required for female sexual behavior, it is unclear 

how the brain processes these and other internal signals to generate receptive 

behavior. Furthermore, it is not understood how this dimorphic behavior is 

encoded in the brain on a molecular, cellular, or circuit level. 

 

Hormonal basis of sexual receptivity 

Classic gonadectomy and hormone supplementation studies in rodents 

have demonstrated that gonadal steroid hormones play an essential role in sex-

specific behaviors.  The testes secrete testosterone, which is required for mating 

and aggression in males (Champlin et al, 1963; Beeman, 1947).  In contrast, the 

ovaries secrete estrogen and progesterone, the predominant hormones in female 

circulation, in a cyclic pattern to generate the estrous cycle.  A rise in estrogen 

and progesterone levels results in a potentiated burst of gonadotropin-releasing 

hormone from the hypothalamus, leading to a dramatic preovulatory surge of 

luteinizing hormone (LH) from the pituitary (Figure 1) (Mahesh and Muldoon, 
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1987).  While LH triggers ovulation, estrogen and progesterone further act in the 

hypothalamus to generate receptive behaviors in females upon male mating.  

Estrogen and progesterone are essential for ovulation and normal female 

sexual behavior. Female rodents that have been ovariectomized no longer 

produce estrogen and progesterone and are unreceptive to males. In the 

presence of a male, these females will reject mating attempts and run away. 

However, when treated with estrogen and progesterone, ovariectomized females 

will subsequently become receptive to males by slowing down and assuming a 

receptive posture for mounting, called the lordosis reflex (Young, 1941; Bradley, 

1970). Thus estrogen and progesterone are also sufficient for the display of 

sexual receptivity in females (Ring, 1944; Whalen, 1974; Edwards, 1970). Unless 

supplemented with exogenous hormone, ovariectomized females do not undergo 

different stages of the estrous cycle or generate an LH surge (Chappell et al, 

2000; Mahesh and Muldoon, 1987). While many studies have begun to reveal 

the genetic regulation of ovulation in the hypothalamus, it is unclear how the 

brain responds to hormonal signals and controls sexual receptivity in females.  

Male rodents have low circulating levels of estrogen and progesterone and 

do not display receptive behaviors. Even upon gonadectomy and 

supplementation of the same dose of hormones sufficient to elicit receptivity in 

females, castrated males fail to become receptive to male mating attempts 

(Corbier et al, 1983; Södersten et al, 1974). Since male and female brains 

respond differently to the same hormonal regimen, it is likely that there are 

molecular and/or anatomical dimorphisms that give rise to this differential 
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response. The dimorphisms in the brain are likely set up during early 

organizational events (Phoenix et al, 1959). Males experience a surge in 

circulating testosterone levels immediately after birth, while in females the 

ovaries are quiescent until puberty (Motelica-Heino et al, 1988; Corbier et al, 

1992). This male specific neonatal testosterone surge is thought to masculinize 

the brain, permitting the display of male mating and aggression as adults 

(Phoenix et al, 1959; Larsson, 1967; Motelica-Heino et al, 1993; Wu et al, 2009). 

Indeed, male rats that are castrated at birth, but not days later, display sexually 

receptive behavior towards males that attempt to mate (Vega Matuszczyk et al, 

1988). This suggests that absent neonatal hormones, the default behavioral state 

is female. Since the adult male and female brains provide dimorphic neural 

substrates for hormones to act on to generate sex specific behaviors, identifying 

the nature of these differences in the brains in responding to hormones may 

provide insight into the regulation of female sexual behavior. 

 

Molecular basis of sexual receptivity 

The effects of estrogen and progesterone are primarily mediated through 

their cognate receptors, the estrogen receptors (ERs) and the progesterone 

receptor (PR), respectively. These receptors are ligand-activated, zinc-finger 

transcription factors that, upon hormone binding, dimerize and translocate to the 

nucleus to regulate the transcription of target genes (Gronemeyer, 1991). These 

hormone receptors can interact with co-activators or repressors and bind directly 

to DNA sequences called hormone response elements (HREs) in the genome to 
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enhance or repress transcriptional activity of genes, respectively. There are 

many target genes that that are regulated by estrogen or progesterone in 

heterologous cells lines. However, relative to the dramatic changes in behavior 

given estrogen and progesterone, there are surprisingly few known 

transcriptional targets of hormone receptors in the brain.  

Estrogen binds to and activates three distinct receptors: ERα, ERβ, and a 

membrane receptor GPR30, whose function is unknown (Revankar et al, 2005). 

It is thought that estrogen regulates female sexual behaviors primarily by 

signaling through ERα. Females null for ERα display deficits in sexually receptive 

behavior, while ERβ null females display wildtype behaviors when mating 

(Ogawa et al, 1999, 1998; Kudwa and Rissman, 2003). ERα signaling in the 

ventromedial hypothalamus (VMH) seems to be necessary for these behaviors 

(Moffatt et al, 1998). Previous studies have shown that females are less 

receptive to male mounting attempts when ERα is knocked down in the VMH 

using viral delivery of RNAi (Musatov et al, 2006).  

While the requirement of estrogen for sexual receptivity and ovulation in 

mice has been established, it is possible that estrogen signaling may be 

upstream of progesterone signaling in regulating reproductive behaviors. During 

the estrous cycle, an increase in estrogen levels precedes the rise of circulating 

progesterone levels. Interestingly, progesterone levels remain high during estrus 

when females are behaviorally receptive, but estrogen levels are low. In addition, 

estrogen induces PR expression in the hypothalamus (MacLusky and McEwen, 

1978; Brown et al, 1987; Coirini and McEwen, 1990; Moffatt et al, 1998) (Figure 
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2). Thus, increased estrogen levels at the beginning of the estrous cycle 

upregulate PR expression, enabling the brain to achieve maximal signaling 

through the PR as progesterone levels are subsequently elevated. Furthermore, 

PR antagonist RU486 blocks ovulation and female sexual receptivity even in the 

presence of circulating estrogens (Vathy et al, 1989). Though estrogen is 

required for female sexual behavior, it may exert its effects on receptivity by 

controlling progesterone signaling in the brain through PR. 

Progesterone signaling through PR is essential for normal female 

reproductive physiology as well as the display of sexually receptive behaviors 

(Mani et al, 1997; Brinton et al, 2008; Conneely et al, 2002).  Constitutive 

knockout of PR in female mice leads to both a loss of ovulation and profoundly 

diminished levels of receptivity (Lydon et al, 1995; Lydon, 1996).  Since female 

reproductive success depends on the ability to generate receptive behaviors that 

are appropriately timed with the presence of mating stimuli and peak fertility 

periods, it is likely that PR acts centrally in the brain to integrate external cues 

with the internal hormonal state to coordinate different aspects of sexual 

receptivity.  This idea is supported by studies in which intracerebroventricular (or 

hypothalamic) infusions of PR antisense oligonucleotides or the PR antagonist 

RU486 to hormone-primed, adult female rats block the preovulatory LH surge 

and lead to a dramatic decrease in lordosis (Vathy et al, 1989; Ogawa et al, 

1994; Mani et al, 1994b).   

PR is expressed as two isoforms, PR-A and PR-B, which share the same 

ligand- and DNA-binding domains, can regulate transcription, and are often co-
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expressed in the same cells (Mani, 2008; Giangrande et al, 1997). However PR-

B has an additional 164 aa sequence at the N-terminus, which forms a 

transcriptional activation domain. In vitro studies suggest that the two isoforms 

may have different transactivational properties (Jacobsen and Horwitz, 2011). 

Each isoform appears to be expressed in a different pattern in the brain, and the 

presence of two distinct promoters suggests that the two isoforms may have 

subtly different functions or perhaps regulate different transcriptional targets 

(Kato et al, 1994; Numan et al, 1999). Female mice null for either PR-A or PR-B 

exhibit deficits in lordosis responses to estrogen and progesterone priming, 

indicating that both isoforms are necessary for reproductive behavior (Conneely 

et al, 2003; Mani et al, 2006; Guerra-Araiza et al, 2009). Though it is difficult to 

separate the contribution of each isoform, PR is required for regulating female 

sexual receptivity. 

While PR transcriptional activity is essential for normal female 

reproductive physiology as well as the display of sexually receptive behaviors, 

there is also evidence that progesterone can mediate rapid, non-transcriptional 

effects. Putative membrane-associated (PGRMC1) and transmembrane PRs 

(7TMPRα, β, and γ) have been cloned from multiple species (Brinton et al, 2008). 

However, the signaling pathway by which the membrane receptors act and their 

function in the brain are unclear. One possible mode of regulation is through 

dopamine signaling, which has been shown to facilitate receptive behavior.  

Dopamine may interact with membrane receptors to activate DARPP-32 

(dopamine- and adenosine 3’,5’-monophosphate (camp)-regulated 
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phosphoprotein) which could alter the phosphorylation state of PR and its 

coactivators (Mani et al, 2000). Additionally, dopamine may modulate PRs in a 

ligand-independent manner (Mani et al, 1994a, 1996). Progesterone could also 

be acting through its metabolite, allopregnanolone, which is an allosteric 

modulator of GABAA receptors and may be involved in regulating anxiety-related 

behaviors (Bitran et al, 1995; Reddy et al, 2005). These non-transcriptional 

modes of signaling may modulate physiological responses to progesterone, but it 

is unclear if they are involved in regulating female sexual behavior. In any case, 

the molecular pathway of classical intracellular PRs has been well described and 

has been shown to be required for female receptivity.   

 

Complex regulation of PR expression   

 To maximize reproductive success, females must integrate various inputs 

including external sensory information (presence of a male or predator) and 

internal signals (circadian rhythm, energy stores, and hormonal status) to ensure 

that the display of sexually receptive behavior coincides with ovulation. Multiple 

signals converge to generate receptive behavior, and it likely that PR integrates 

many of these signals- circadian, pheromone, metabolism, and hormonal (Levine 

et al, 2001). Since PR appears to control both ovulation and lordosis, it is 

possible that these inputs converge at the level of PR in the hypothalamus to 

coordinate female sexual receptivity via transcriptional regulation of PR. Thus, it 

would be interesting to determine the upstream factors that modulate PR 

expression. 
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The control of PR expression is complex and highly regulated. The PR 

genomic locus spans ~65 kilobases (kb) with an open reading frame encoded by 

8 exons. There are two distinct promoters that drive expression of the two 

transcripts encoding PR isoforms (Savouret et al, 1991; Kraus et al, 1993). PR is 

expressed in different tissues such as the pituitary, mammary glands, ovaries, 

uterus, and the brain (Conneely et al, 2002). Not only is PR expression restricted 

to specific regions of the brain, PR is also regulated dynamically throughout the 

estrous cycle by estrogen (Guerra-Araiza et al, 2009). As estrogen levels 

increase during the estrous cycle, PR expression is induced in the regions within 

the hypothalamus, but not in the cortex or midbrain (MacLusky and McEwen, 

1978). Estrogen-regulated PR expression appears to be controlled by ERα 

(Moffatt et al, 1998). Additionally the two PR isoforms are differentially regulated 

by estrogen in various regions of the brain (Camacho-Arroyo et al, 1998), and 

levels of expression of each of these isoforms changes during development 

(Beyer et al, 2002). Importantly, PR expression is only induced in specific regions 

of the female brain, but this induction is not seen in the male brain (MacLusky 

and McEwen, 1978). Taken together with the complexity in the spatial and 

temporal control of PR expression, this suggests that PR transcriptional 

regulation may contribute to female specific behaviors.   

Regulation of PR by estrogen seems to be required for both the display of 

receptive behavior as well as ovulation (Lauber et al, 1991). It is possible that the 

induction of PR across the estrous cycle coordinates receptive behavior to 

coincide with ovulation. Thus, understanding the transcriptional regulation of PR 
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expression may provide insight into the control of sexual receptivity. While there 

are no full consensus estrogen response elements (EREs) in the human, 

chicken, or rat PR promoters, sequence analysis of the PR locus has led to the 

identification of multiple imperfect EREs in the 5’ region of the gene. These 

sequences conferred estrogen responsiveness to a heterologous promoter when 

linked together and tested in an in vitro reporter assay (Kraus et al, 1994). 

However it is not known whether these enhancers act in the brain to regulate 

estrogen induced transcription.  

To test if the PR promoter alone can drive transcription in the brain, a 

region of the promoter that encompasses both transcriptional start sites for PR-A 

and PR-B was used to generate a reporter construct that could be delivered to 

the rat brain pituitary and brain via viral delivery (Scott et al, 2003). Reporter 

expression was detected in the regions that express PR, the pituitary and 

hypothalamus, but not other brain regions. Additionally, administering estrogen 

increased reporter expression in the hypothalamus, indicating that the promoter 

is estrogen responsive. While PR promoters do not contain complete EREs, it 

has been shown that, at least in human cell lines and with a human PR promoter, 

ERα may indirectly recruit transcriptional machinery to Sp1 binding sites near 

start sites (Petz et al, 2004). While this may account for the estrogen inducibility 

of the promoter, it is possible that enhancers located far from the PR locus could 

give rise to the complex expression profile. Indeed, transcription factor binding 

sites that modulate expression may be found hundreds of kilobases away from 
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the gene. Thus the mechanism by which estrogen signaling induces PR 

expression in the brain is not yet understood.  

   

 Neural loci involved in female sexual receptivity 

 PR is expressed in many regions of the brain, but the region in which PR 

is acting in the brain to regulate female receptive behavior is unknown. The 

hypothalamus is the main target of gonadal hormones and is responsible for the 

neuroendocrine control of many physiological responses and behaviors such as 

circadian rhythm, metabolism, and temperature regulation, in addition to sexual 

behavior (De Vries and Simerly, 2002). Within the hypothalamus, PR is 

expressed in specific regions that have been implicated in female reproduction, 

the anteroventral periventricular nucleus (AVPV) and the VMH. There is a large 

body of literature suggesting that the control of female sexual receptivity resides 

in these regions (Simerly, 1998; Becker, 2008).  

 

Anteroventral periventricular nucleus of the hypothalamus 

 The AVPV is required for generating the LH surge that induces ovulation 

in females (Nance et al, 1977). It consists of a collection of neurons surrounding 

the third ventricle, and many of these neurons express receptors for estrogen 

and progesterone. This region is thought to integrate photoperiodic signals from 

the suprachiasmatic nucleus (SCN) with hormonal cues to trigger ovulation 

(Watson Jr. et al, 1995; de la Iglesia et al, 1995). In addition the AVPV receives 

strong inputs from the medial amygdala (MeA) and the bed nucleus of the stria 
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terminalis (BNST), which relay olfactory information (Simerly, 1998; Hutton et al, 

1998). In rats electrolytic lesions localized to the AVPV block the LH surge 

(Nance et al, 1977). A subset of neurons in the AVPV release a peptide called 

kisspeptin to initiate a cascade of events that ultimately induce ovulation. Based 

on pharmacological and genetic studies, kisspeptin is both necessary and 

sufficient for the generation of the LH surge (Clarkson and Herbison, 2009).  

Kisspeptin activates target neurons in the nearby preoptic area that release 

gonadotropin-releasing hormone (GnRH), which stimulates the pituitary to 

secrete LH (Smith et al, 2006). Anterograde tracing studies show that the AVPV 

provides afferents to the medial preoptic area (MPOA) and other areas in the 

hypothalamus that release GnRH (Gu and Simerly, 1997; Polston and Simerly, 

2006).  

Male rodents do not undergo an LH surge, and it is unclear how the 

differences the brain can generate differences in reproductive physiology. The 

AVPV is sexually dimorphic with the nucleus being larger in females than males 

(Simerly, 1998). Regulation of different genes within this region could also give 

rise to different neuronal output. For example, there are molecular dimorphisms 

within this region that could change the properties of the cells. There are three 

times as many cells that express tyrosine hydroxylase, which generates 

dopamine, in females compared to males (Simerly, 1989). Opioid peptides 

prodynorphin and proenkephalin are also dimorphically expressed in the AVPV 

(Simerly, 1991).  
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The projections from the AVPV also seem to be dimorphic, with more 

projections to the arcuate nucleus and SCN in females compared to males (Gu 

and Simerly, 1997). The BNST also sends dimorphic inputs to the AVPV, where 

the projections are more abundant in the male than in the female (Hutton et al, 

1998). Interestingly, lesions in the neighboring region of the POA in male rats 

lead to an increase in sexually receptive behavior, suggesting that the POA 

provides inhibitory input into the circuit that controls receptivity.  (Yamanouchi 

and Arai, 1985).  

 

Ventromedial hypothalamus 

The VMH has been the most studied region for the control of female 

sexual behavior. Even so, it is comprised of various anatomical subdivisions that 

are not well characterized and has also been implicated in other behaviors 

including aggression, defensive behavior, and feeding (Colpaert and Wiepkema, 

1976; Grossman, 1972; King, 1980). While there are no markers that separate 

these regions anatomically, lesions restricted to components of the VMH show 

that the regulation of different behaviors might be compartmentalized to distinct 

regions or subtypes of cells. In rodents, as well as other species, lesions to the 

lateral portion of the VMH lead to loss of receptivity and lordosis behavior 

(Mathews and Edwards, 1977a; Robarts and Baum, 2007; Kendrick et al, 1995; 

Leedy). However, since these electrolytic lesion techniques are often variable 

and encompass large areas of the hypothalamus, it is difficult to identify which 

cells are responsible for the phenotype. While studies that target the ventrolateral 
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division of the VMH (VMHvl) in rats display a loss of receptivity, different groups 

have shown that these deficits in receptivity can either be permanent or, in some 

cases, recover over time (Pfaff and Sakuma, 1979a; Mathews and Edwards, 

1977b; Clark et al, 1981; Mathews et al, 1983; Pfeifle et al, 1980; La Vaque and 

Rodgers, 1975).  However in guinea pigs lesions targeting the VMHvl have been 

shown to increase female sexual receptivity (Goy and Phoenix, 1963). Electrical 

stimulation to the VMHvl in female rats facilitated the lordosis response (Pfaff and 

Sakuma, 1979b). This increase in receptivity required a period of stimulation 

before changes in behavior were observed, suggesting that the VMH does not 

directly modulate the motor pathway to execute lordosis behavior. Since VMH 

activation seems to require summation over time to facilitate receptivity during 

female mating, it is possible that this region is a site for integrating multiple 

signals to regulate behavior.  

Given its connectivity, the VMH is well poised to integrate multiple signals 

from different neural pathway to generate receptive behavior. The VMH receives 

projections from the anterior hypothalamus, medial amygdala, hippocampus, 

lateral septum, and lateral hypothalamus, POA, BNST (Fahrbach et al, 1989). 

The VMH projects to anterior periventricular hypothalamic regions such as the 

POA, the BNST, parts of the amygdala, and posteriorally to midbrain nuclei as 

well as the periaquaductal gray (PAG) (Canteras et al, 1994). The PAG is a part 

of the efferent motor pathway that gives rise to lordosis behavior. The lordosis 

reflex consists of arching the back, a movement that requires dorsiflexion of the 

vertebrae generated by motoneuron activation of the lumbar epaxial muscles. 
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Tracing studies using a trans-synaptic retrograde virus injected into these 

muscles have delineated the pathway that executes the motor program for 

receptive behavior (Daniels et al, 1999). Along an ascending pathway, labeled 

cells were found in the spinal cord, the medullary reticular formation, PAG, and 

the VMH (Daniels et al, 2001). Many of the cells that were labeled in the VMH 

were concentrated in the ventrolateral region, expressed ERα, and were 

activated during lordosis, as indicated by a marker of neural activity, c-Fos 

(Flanagan-Cato et al, 2006). These studies show that VMH is synaptically 

connected within the circuit that generates female receptive behavior. 

 There are very few molecular markers that are expressed in VMH, and 

even fewer with expression restricted to subdivisions of the VMH, thus making it 

difficult to target this region using traditional genetic methods. One gene that is 

expressed only in the VMH is steroidogenic factor-1 (SF1), an orphan nuclear 

hormone receptor that is required for proper development of the reproductive 

tract and endocrine function (Parker et al, 2002). Brain-specific deletion of SF1 

leads to decreased sexual receptivity and infertility in females (Kim et al, 2010). 

However, the structural anatomy of the VMH and its gene expression is 

disrupted, so it is unclear which cells give rise to the behavioral phenotype (Ikeda 

et al, 1995). Expression of ERα, ERβ, and PR in the VMHvl strongly implicates 

this region as the part of the hypothalamus that regulates female sexual 

behavior. Since estrogen and progesterone receptors activate transcription of 

genes, it is possible that this is how hormones can alter neuronal properties and 

modulate the circuit underlying behavior. Recently we have identified a panel of 
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genes that are expressed in the VMHvl in a sexually dimorphic pattern (Appendix 

C). Interestingly one of these genes, Cckar, a cholecystokinin receptor, is 

regulated by ovarian hormones, and we find that female mice null for Cckar 

exhibit a loss of female mating behavior. While it is unknown where Cckar is 

acting to regulate behavior, it is possible that hormonal regulation of Cckar in 

VMHvl may regulate female-specific mating behavior. Oxytocin receptor is also 

expressed in the VMHvl, and its expression in this region is controlled by gonadal 

hormones (Johnson et al, 1989; Bale and Dorsa, 1995). Oxytocin signaling is 

involved in affliliative behaviors such as maternal care and seems to facilitate 

female sexual receptivity in rodents (Young et al, 1997; Whitman and Albers, 

1995; Arletti and Bertolini, 1985). While the VMH expresses a rich array of genes 

that have been implicated in female specific behaviors, how these genes change 

the properties of the cell is unknown.  

The cell types that are present in the VMH and its projections may also 

inform how these neurons function within a circuit. While the neuronal population 

in this region is heterogeneous, electrophysiological recordings show that many 

cells in the VMH express Vglut2 and are glutamatergic (Tong et al, 2007). The 

VMHvl also contains neurons that release neuropeptides such as substance P, 

proenkephalin, and cholecystokinin (Cck) (Stone, 1996; Suzuki and Kenkyûjo, 

1985). Substance P transmits pain information from the periphery. In the 

hypothalamus substance P-expressing neurons project to the PAG, and 

administration of substance P in the PAG stimulates lordosis behavior (Ricciardi 

and Blaustein, 1994; Dornan et al, 1990, 1987). Proenkephalin binds to opioid 
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receptors, is regulated by estrogen in VMHvl of females but not males, and is 

implicated in female receptivity (Romano et al, 1990). While it is unclear how 

cholecystokinin, the ligand to Cckar, signals in the brain to affect behavior, this 

peptide is regulated by estrogen and appears to affect receptive behavior in 

females (Micevych et al, 1997). The intersection of hormone receptor signaling 

with neurotransmitter and neuropeptidergic pathways will provide insight into how 

these hormone-responsive neurons can modulate the activity of this circuit.  

While many genes are expressed in a sexually dimorphic pattern in the 

VMHvl, the nucleus itself has also been shown to be dimorphic (Flanagan-Cato, 

2011). Overall, the VMHvl volume is larger in males than in females, and cell 

bodies in the male VMHvl are larger than that of females. Also cells in the male 

VMHvl appear to have more dendritic spines than females. This difference in 

anatomy seems to be androgen dependent as the VMHvl in male mice mutant for 

the androgen receptor is feminized (Dugger et al, 2007). How neuroanatomical 

differences contribute to dimorphic behavior between males and females is 

unknown. One possibility is that in females, the VMHvl may control receptive 

behaviors, but these cells in males may be regulating a different behavior. 

Optogenetic activation of a subset of neurons in the lateral region of the VMH in 

males, elicits attack behavior towards both female and male conspecifics as well 

as inanimate objects (Lin et al, 2011). Alternatively, given the cellular and 

anatomical dimorphisms in the VMHvl as well as differences in gene expression, 

it is possible that this nucleus in both sexes could be regulating the same 

behaviors, but functioning to activate behavior in one sex but inhibit in the other. 



 
 

17 

A functional dissection of genetic subsets of neurons within this region will reveal 

how VMHvl neurons contribute to female receptivity and other behaviors. 

 

Molecular and genetic approach to female sexual receptivity 

PR is required for normal female sexual behavior, but it is not clear where 

it is acting in the brain to regulate receptivity. In this thesis I characterize PR 

expression in adult female and male brains and trace the projections of PR-

expressing neurons from the VMHvl (Chapter 2). I find that both the expression 

pattern and projections of PR-expressing neurons are dimorphic between males 

and females. The regulation of PR expression by estrogen in the female brain 

seems to be necessary to induce receptive behavior in females. I examine the 

transcriptional regulation of PR to identify enhancers that give rise to region-

specific and estrogen-inducible PR expression (Appendix A). Finally, I discuss 

experiments aimed to functionally dissect the role of PR-expressing neurons in 

regulating female mating behavior (Chapter 3 and Appendix B). 
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FIGURES 

  

 

        Estrous cycle 

 

 

Figure 1- Mouse estrous cycle  

Increasing titers of estrogen and progesterone act on the hypothalamus, which 

signals the pituitary to release luteinizing hormone (LH). This LH surge triggers 

ovulation, which occurs ~6 hours later. At the same time, elevated levels of 

ovarian hormones further act on the brain to generate receptive behavior towards 

males. Over a 4-5 day estrous cycle, females are in behavioral estrus for 

approximately one day only around the time of ovulation. 
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Figure 2- Estrogen induces PR mRNA expression in the VMHvl and POA   

(A, D) Ovariectomy in adult females leads to loss of PR mRNA expression in the 

POA/AVPV as well as the VMHvl. Scale bar equals 100µm. 

(B, E) Treating ovariectomized females with estrogen 4 weeks post-surgery 

leads to dramatic induction of PR expression in the POA/AVPV and the VMHvl. 

(C, F) Nissl stained coronal sections depict location of the POA/AVPV and the 

VMHvl. 
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CHAPTER 2 

Characterization of a female receptivity neural circuit 

 

INTRODUCTION 

For many species the display of sexual receptivity from the female 

depends on the convergence of multiple signals including sensory stimulation 

from the male as well as internal cues of health and fertility.  While it is unclear 

how the brain integrates this information to generate behavior, classical 

gonadectomy studies have shown that ovarian hormones estrogen and 

progesterone are necessary and sufficient to elicit female receptivity in mammals 

(Edwards, 1970; Ring, 1944; Whalen, 1974).  Furthermore, rodents rely on 

ovarian hormones to coordinate the timing of receptivity to occur only around 

ovulation, thus maximizing reproductive success.  The mechanism by which the 

brain achieves such tight regulation of reproductive physiology and behavior is 

unknown.  However, we hypothesize that the neural substrate (and circuit) upon 

which hormones act to generate receptive behavior is sexually dimorphic since 

males are not receptive under the same hormonal stimuli sufficient to induce 

ovulation and receptive behavior in females. 

 Female mice are receptive to males only during the estrus phase of their 

ovulatory cycle.  Increasing levels of hormones secreted by the ovaries trigger a 

series of events along the HPG axis that culminate in ovulation.  At the same 

time these hormones further act on the brain to induce receptive behavior: 

females no longer reject male mating attempts but instead assume a receptive 
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posture to facilitate mating.  Progesterone and its cognate receptor, the 

progesterone receptor (PR), are key mediators of both events (Mani et al, 1997; 

Levine et al, 2001).  Constitutive knockout of PR in females leads to a loss of 

ovulation and profoundly diminished levels of receptivity (Lydon, 1996).  Local 

application of PR antagonist into the hypothalamus also blocks receptivity in rats 

(Vathy et al, 1989).  The neurons and neural circuits that respond to 

progesterone to generate receptive behavior have not been characterized.  

 Several regions of the brain have been implicated in regulating female 

reproductive physiology and behavior (De Vries and Simerly, 2002).  The 

ventromedial nucleus of the hypothalamus (VMH) has been shown to be involved 

in regulating sexually receptive behavior (Pfaff and Sakuma, 1979; Mathews et 

al, 1983; Clark et al, 1981).  Ovulation is regulated from anterior hypothalamic 

nuclei, the preoptic area (POA) and anteroventral periventricular region (AVPV) 

(Simerly, 1998).  To localize PR expression in these and other regions of the 

adult brain, we generated a knock-in reporter mouse that allows visualization of 

both PR-expressing cell bodies as well as projections.   

 We find that PR is expressed in restricted parts of the hypothalamus 

among other brain regions.  In addition PR is expressed in a sexually dimorphic 

pattern in regions implicated in social behaviors, perhaps contributing to the sex-

specific responses to hormones.  Given the expression of PR in the brain and its 

requirement for female receptivity, we wished to map a hormone-responsive 

circuit that could regulate female receptivity.  To target the PR-expressing cells in 

the VMH and probe its connectivity, we generated a PR Cre reporter mouse.  
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Using a conditional viral strategy, we find that PR-expressing neurons in the 

VMH send a female specific projection to the AVPV, suggesting that there may 

be a circuit mechanism coordinating ovulation and receptivity.  As early hormone 

exposure in males sets up many male typical behaviors, we find that treating 

females with testosterone at birth is sufficient to masculinize this female-specific 

circuit.  

 

RESULTS 

Visualization of PR-expression in the adult brain 

While PR has been implicated in the regulation of female receptive 

behavior, the brain regions that express PR in adult mice have not been 

characterized.  To visualize PR expression, we generated a knock-in reporter line 

with an IRES-PLAP-IRES-nLacZ (IPIN) cassette (Shah et al, 2004) (Figure 1A).  

This allows the animal to express a membrane-targeted marker, placental 

alkaline phosphatase (PLAP) as well as a nuclear localized marker, nLacZ. We 

modified the PR locus through homologous recombination in ES cells and 

verified targeting (Supplement).  Insertion of the IPIN cassette 3’ of the PR 

translational stop allows faithful expression of placental alkaline phosphatase 

(PLAP) and nuclear β-galactosidase (βgal) from the PR locus without disrupting 

endogenous expression.  Consistent with previous reports, we find that PR is 

highly expressed in the POA, AVPV, arcuate nucleus, and ventrolateral division 

of the VMH (VMHvl) (Figure 1B-G).  PR is also expressed in regions that have 

been implicated in male-typical social behaviors, the bed nucleus of the stria 
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terminalis (BNST) and the medial amygdala (MeA) (Figure 2).  We were able to 

detect PR expression in regions that have not been previously reported, namely 

in the basal ganglia and basal forebrain. We confirmed expression in each of 

these regions by detection of PR mRNA. 

 

Sexually dimorphic PR expression 

While PR is expressed in the same regions in male and female brains, the 

expression patterns are dimorphic between the two sexes.  There are more PR-

expressing cells in the female POA/AVPV and VMHvl, while in males there are 

more PR-expressing cells in the BNST and MeA (Figures 2 and 3).  Interestingly, 

PR is also expressed in clusters of cells in the male basal forebrain that are 

absent in females.  We previously identified sexually dimorphic clusters of 

androgen receptor-expressing neurons in the basal forebrain (Shah et al, 2004). 

However, it remains to be determined whether PR is co-expressed in the same 

neurons. In regions where PR is expressed in more cells in the female, the 

POA/AVPV and the VMHvl, the pattern of expression appears also to be different 

between males and females. The density of PR-expressing cells is higher in the 

female VMHvl compared to the male (female density, 5,597 ± 220 cells/mm2; 

male density, 3,303 ± 214 cells/mm2, p<0.001).  While the distribution of PR-

expressing cells is different, it is unclear whether there is a molecular difference 

in regulating PR expression or a cellular difference within these regions.  While 

the BNST and MeA contain more cells overall in males as compared to females, 

there are more cells that express PR in the male than can be accounted for by 
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this difference in cell number.  Given that males have barely detectable levels of 

progesterone in their circulation, this dimorphism brings into question the function 

of progesterone signaling in the male brain. 

 

Genetic mapping of a progesterone-responsive neural circuit  

Generating complex social behaviors such as mating requires the 

coordination of a network of brain regions.  To identify which regions may be 

involved in the control female receptive behavior, we attempted to localize the 

projections of PR-expressing neurons in the reporter mouse.  While PR 

expression is fairly restricted in the hypothalamus, it is also expressed widely in 

other brain regions such as the basal ganglia, hippocampus, and cortex.  Given 

this broad expression of PR, projections emanating from PR-expressing neurons 

were found across nearly all brain regions. Thus, it would be difficult to 

differentiate local projections near PR-expressing cells from long-range 

projections originating from distant nuclei.  

Since we were not able to examine progesterone-responsive 

hypothalamic circuits using the PR reporter, we employed a modular viral 

strategy to map projections from the hypothalamus.  The VMHvl is the 

hypothalamic region that regulates female sexual receptivity, so we targeted the 

PR-expressing neurons in this regions to delineate a neural circuit underlying 

female behavior.  We generated a Cre-reporter mouse to manipulate this subset 

of neurons by using the same targeting approach to knock-in an IRES-Cre 
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cassette into the PR locus (Figure 4A).  The expression of the Cre mRNA from 

PR-Cre mouse line recapitulates that of endogenous PR mRNA expression.  

To specifically label the PR-expressing neurons in the VMHvl, we 

stereotaxically injected Cre-dependent lentivirus into the VMHvl of adult male and 

female PR-Cre mice (Figure 4A). The conditional virus expresses GFP in the 

absence of Cre, but expresses PLAP upon Cre-mediated excision of the stop 

cassette.  When we injected the virus into the VMHvl of wildtype animals, we 

detected GFP in cells that were infected, but not PLAP (Figure 4B, D).  When we 

injected the conditional virus into the VMHvl of PR-Cre mice, we were able to 

localize cells in the VMHvl that were labeled with PLAP and trace their processes 

(Figure 4C, E).  We analyzed animals in which we have targeted at >200 neurons 

in the VMHvl and found projections from PR-expressing VMHvl neurons targeting 

multiple brain regions. We consistently observed PR-expressing fibers in the 

POA, the AVPV, and the periaquaductal grey area (PAG) (Figure 5).  Retrograde 

tracing studies along the motor output pathway for lordosis shows that the PAG 

is indeed downstream of the VMH (Daniels et al, 1999).  We occasionally see 

projections to other regions including the BNST, the nucleus accumbens, and 

thalamus.  

 

A sexually dimorphic PR projection 

All of the projections found in the female are also present in the male. 

However, one of the regions, the AVPV, showed a striking dimorphism in the 

density of projections from the PR-expressing VMHvl neurons (Figure 5E-G).  
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While the female AVPV received dense projections from the VMHvl, there were 

extremely sparse projections from the male VMHvl to AVPV.  In the POA and 

PAG, both males and females have the same density of projections from the PR-

expressing neurons in the VMHvl (Figure 5I-K, 5M-O).  This projection not only 

links a region implicated in female sexual receptivity with a region required for 

ovulation, but is also absent in males.  This raises the possibility that the female-

specific VMHvl to AVPV projection may function to coordinate receptivity with 

ovulation. 

 

Neonatal testosterone eliminates dimorphic projection 

Many dimorphisms are set up during early development.  While the 

ovaries are quiescent in females until puberty, male mice experience a surge in 

testosterone immediately following birth (Corbier et al, 1992). This increase in 

testosterone masculinizes the brain on both a molecular and anatomical level.  

To test if the dimorphism in connectivity between the VMHvl and AVPV is set up 

by neonatal testosterone, we attempted to masculinze the brain by mimicking the 

male-specific testosterone surge in females.  We treated female PR-Cre females 

with testosterone at birth, and in adulthood we targeted the VMHvl using the 

conditional PLAP virus.  Subsequent analysis revealed that the dense projections 

from the PR-expressing neurons from the VMHvl to the AVPV were absent 

(Figure 6A-C).  The projections of these testosterone-treated PR-Cre females to 

the POA and the PAG, however, were still intact, and the density of projections 

did not seem to change (Figure 6D-I).  Correspondingly, testosterone-treated 
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females displayed male-typical aggression towards intruder animals in their cage, 

while vehicle-treated animals never attacked (Wu et al, 2009).  This indicates that 

the neural circuits in the female brain have been masculinized such that they now 

generate male-typical behavior.   

 

DISCUSSION 

 PR is required for female receptivity but it is unclear where progesterone 

is acting in the brain to generate behavior.  Using a genetic reporter we show that 

PR is expressed in regions of the brain that regulate ovulation, the POA and 

AVPV, as well as a region implicated in receptive behavior, the VMH.  

Interestingly, there are more PR-expressing cells in females compared to males 

in all of these regions.  Since males do not display receptivity after ovarian 

hormone treatment, it is possible that female-typical PR expression is required 

for female receptive behavior.  Additionally there is a female specific projection 

connecting these two regions, making it a good candidate for functional analysis 

in the coordination of receptivity and ovulation.  

In the BNST and MeA, there are more PR-expressing cells in males.  This 

is surprising, since males have extremely low levels of progesterone in the 

circulation.  However, previous studies have shown that male mice null for PR 

display lower levels of mating behavior and infanticide (Phelps et al, 1998; 

Schneider et al, 2003).  It is possible that these regions are responsible for 

generating male-typical social behaviors.  It has been reported that in the MPOA, 

pre-pubertal males have increased PR expression compared to females 
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(Quadros et al, 2002).  Interestingly, we find that this dimorphism is reversed in 

the adult.  It is possible that hormonal changes during puberty regulate cell 

survival in this region.   

 While PR and PR-expressing neurons are important in the pathway 

regulating receptivity, ERα is also required for female sexual behaviors.  

Knockdown of ERα in the VMHvl results in a loss of female receptivity (Musatov 

et al, 2006).  However, PR expression in the VMHvl is induced by estrogen 

treatment.  In fact this induction of expression by estrogen is likely acting through 

ERα (Moffatt et al, 1998), and PR is co-expressed with ERα in approximately 

70% of the cells in this region (data not shown).  Thus, it is possible that ERα 

regulates female sexual behaviors through induction of target genes such as PR.  

We have previously identified a panel of genes in the VMHvl that are 

expressed dimorphically, and a few of these genes have been shown to regulate 

components of female sexual behavior (Appendix C).  A number of these genes 

are likely co-expressed with PR in the VMHvl, and perhaps PR may be regulating 

or interacting with these genes to control behavior.  Since PR is a nuclear 

hormone receptor that regulates transcription, it is possible that dimorphic PR 

expression also leads to dimorphic expression of target genes. Furthermore, 

some of the genes regulated by PR could enable changes in the properties of 

cells to generate behavior.  Knockdown of PR expression the VMHvl or brain- or 

region-specific deletion of PR using the conditional PR allele will inform us as to 

how PR is acting in these neurons to control receptive behavior. 
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Using a new genetic tool for manipulating PR neurons, the PR Cre 

reporter line, we mapped projections from PR-expressing neurons to different 

parts of the brain that comprise a circuit that may coordinate female sexually 

receptive behavior.  We find that PR-expressing neurons in the VMHvl project to 

the POA, AVPV, and the PAG. The PAG is part of the motor efferent pathway 

that controls receptivity.  We do not know how PR-expressing cells participate in 

the circuit or what the post-synaptic targets are.  The dimorphic projection from 

the VMHvl to the AVPV could function to time the onset of receptive behavior 

with ovulation.  Given that males do not ovulate and do not display receptive 

behavior in response to mating attempts, it is possible that this projection is not 

physically present in males.  Alternatively, it is possible that males have the 

anatomical connection, but we cannot visualize it because of the molecular 

dimorphism in PR expression. 

The dimorphic projection from the VMHvl to the AVPV appears to be 

established early during development. At birth males, but not females, 

experience a testosterone surge that masculinizes the brain and behavior 

(Corbier et al, 1992).  We show that females given testosterone at birth lose the 

VMHvl to AVPV projection.  Since females are not exposed to high levels of 

hormones until puberty, this suggests that the projection is present in a default 

state.  The testosterone could be acting through the androgen receptor to set up 

this dimorphism, or it could be converted into estrogen and act through the 

estrogen receptor. Testosterone could also be regulating PR expression in the 

VMHvl or the survival of PR-expressing neurons, which could then give rise to a 
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dimorphic projection to the AVPV.  The mechanism by which testosterone sets 

up this dimorphism remains to be determined.  

It is unclear how PR-expressing neurons in the VMHvl relay information to 

their downstream targets.  The output of the VMH is primarily excitatory, but the 

PR-expressing neuronal pool may contain heterogeneous cell types.  Since there 

are few markers in the VMHvl to allow molecular profiling of these cells, one way 

we can determine how these neurons function in the circuit is by recording from 

their downstream targets.  We now also have a means to genetically target a 

subset of VMHvl neurons, so we can silence these cells to test their requirement 

in regulating female sexual behavior or stimulate them using optogenetic 

techniques.  Functional dissection of this circuit will provide insight into the 

regulation of female sexual behavior by hormone-responsive neural circuits. 

 

EXPERIMENTAL PROCEDURES 

Animals 

Mice were housed in a rodent barrier facility at UCSF with a 12 hour:12 hour 

light-dark cycle. Food and water were available ad libitum. All experiments 

involving animals were performed in accordance with IACUC protocols at UCSF. 

The PR reporter mice were generated by inserting an IRES-PLAP-IRES-nlsLacZ 

(PR-IPIN) in the the 3’ UTR of the PR gene after the stop codon using previously 

described strategies (Shah et al., 2004). The PR-IRES-Cre mice were generated 

using the same strategy using an IRES-Cre cassette. Animals were maintained 
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on a mixed background (C57Bl/6J and 129/Sv). Animals were group-housed by 

sex after weaning at 3 weeks of age. 

 

Stereotaxic surgery 

Sexually naïve PR-IRES-Cre and wildtype female  mice between 10–30 weeks 

old were used. All surgical procedures were performed under 2.5% avertin 

anesthesia. Each mouse was placed in a stereotaxic frame, and 0.8µl of 

lentivirus (~2 × 109 packaged genomic particles total) in PBS was injected into 

VMHvl (anteroposterior -0.78, mediolateral, ±1.48 dorsoventral −5.8) over 10 min 

using a 2µl Hamilton syringe at 100nl/min. The needle was left for an additional 

10 min and then withdrawn slowly. All coordinates are relative to Bregma. 

 

Hormone treatment 

For hormonal manipulation of neonatal females, pups were treated on the day of 

birth (P1) with a single 50µL injection of hormone, 100 µg testosterone 

propionate (Sigma) in sesame oil, or vehicle alone, subcutaneously. 

  

Histology 

Sexually naive, group-housed, age-matched mice were used in all histological 

studies. PLAP or βgal activity was visualized in 80 µm thick brain sections 

obtained from mice homozygous for the PR-IPIN allele. Immunolabeling was 

performed on 65 µm brain sections obtained from mice homozygous for the PR-
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IPIN allele. We used previously described protocols to process these sections 

(Shah et al, 2004; Wu et al, 2009).  

 

In Situ Hybridization 

Message for PR was localized by ISH as described in Wu et al and Appendix C. 

Briefly, mice were perfused with 4% paraformaldehyde (PFA). Brains were 

dissected, post-fixed, and sectioned at 100 µm with a vibratome (Leica). Sections 

were treated with proteinase K (10 µg/mL, Roche) and fixed at room 

temperature. Sections were then acetylated and equilibrated to hybridization 

solution for 2-5 hours at 65°C, followed by incubation at 65°C overnight in 

hybridization buffer containing 0.5 µg/mL digoxigenin-labeled RNA probe. The 

following day, sections were washed in high stringency buffers and then 

incubated for 12-18 hours at 4°C in buffer containing alkaline phosphatase-

conjugated sheep anti-digoxigenin antibody (1:2000, Roche). Section were then 

incubated for 6 hours at 37°C in staining solution containing nitro blue tetrazolium 

and 5-bromo-4-chloro-3-indolyl- phosphate (Roche). Finally, sections were 

washed, post-fixed, and mounted on glass slides.  

 

Image Analysis 

All comparisons of sex specific PLAP-stained projections were quantified using 

NIH ImageJ software. The experimenter was blinded with respect to sex and 

hormonal manipulations. Images of individual sections were taken at 5X 

magnification at a resolution of 1.4 megapixels with bright field illumination on an 
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upright microscope. Images were then converted in Adobe Photoshop to 

grayscale. For all sections with relevant staining, a 30x300 pixel area adjacent to 

the third ventricle was highlighted, and the intensity of staining was then 

quantified using NIH ImageJ software. Background values were subtracted from 

the total intensity values. All histological analyses were performed blinded to 

hormonal manipulation and sex. 

 

Counting 

To count the immunolabeled βgal+ cells in PR-IPIN animals, 65 µm thick 

sections from the POA to VMH were imaged with confocal microscopy to collect 

Z-stacks (3.9 µm step) through the entire section and processed as described 

previously (Wu et al, 2009). Immunolabeled cells in the central 3 optical slices in 

each section were counted. In each Z-stack, the region of interest was outlined 

and βgal+ cells were counted by an experimenter blind to the sex of the animal.  

 

 Data analysis 

Quantitation of behavioral and histological data was performed blind to 

relevant variables, including sex, genotype, and hormone treatment. To analyze 

categorical data, we used Fisher’s exact test. For other comparisons, we first 

analyzed the distribution of the data with the Lillefors’ goodness-of-fit test of 

normality. Datasets not violating the test of normality were analyzed with 

Student’s t-test; otherwise we used non-parametric analyses (Kolmogorov-

Smirnov, ks-test).  
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Figure 1- Reporter expression recapitulates endogenous PR expression 

(A) Schematic of the IRES-PLAP-IRES-nuclear LacZ (IPIN) construct that was 

targeted to the PR locus. 

(B, E) Nissl stained coronal sections indicate regions magnified in (C-D, F-G). 

The anteroventral periventricular region (AVPV) and the preoptic area (POA) of 

the hypothalamus are both implicated in ovulation. Lesions in the ventromedial 

hypothalamus (VMH) result in a loss of receptivity in females.  
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(C, F) Coronal sections of PR-IPIN mice stained for βgal activity. Staining in (C) 

is localized mostly to the AVPV. In (F) the cluster of cells to the left marks the 

ventrolateral division of the VMH (VMHvl), and there are cells expressing βgal in 

the arcuate nucleus to the right, by the third ventricle. Scale bars equal 100µm. 

βgal activity in PR-IPIN mice is detected in regions that express PR mRNA (D, G) 

in the AVPV and VMH. 
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Figure 2- PR expression is upregulated in female hypothalamus 

(A-B, D-E) Coronal sections showing the POA/AVPV and VMHvl from brains of 

adult female and male brains harboring the PR-IPIN allele stained for βgal. There 

are more cells in the female POA/AVPV and VMHvl. The distribution of neurons 

in both these regions also appears to be different. Scale bars equal 100 µm.  

(C, F) Quantitation of sexual dimorphism in βgal+ neurons. Mean and standard 

error (SEM) are shown (n = 6; * p ≤ 0.04).  
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Figure 3- Increased PR expression is restricted regions of the male brain  

(A, E, I) Brain regions magnified in (B-C, F-G, J-L) are indicated on Nissl stained 

coronal sections by red boxes. The medial amygdala (MeA) and the bed nucleus 

of the stria terminalis (BNST) have been implicated in male-specific behaviors, 

while the functional role of the basal forebrain is unknown.   

(B-C, F-G, J-L) Coronal sections from adult female and male PR-IPIN brains 

stained for βgal. All scale bars equal 100 µm.  

(D, H, L) Quantitation of sexual dimorphism in βgal+ neurons. Mean ± SEM; n ≥ 

3; p ≤ 0.01.  
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Figure 4- Genetic tracing of PR-expressing projections 

(A) Genetic strategy to target PR-expressing neurons. We generated a knock-in 

PR-IRES-Cre reporter line to stereotaxically inject conditional viruses and 

manipulate PR-expressing neurons. To label these cells and their projections, we 

designed a lentivirus to conditionally express PLAP. Upon infection of PR-/Cre- 
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neurons, the virus ubiquitously expresses EGFP, since the stop cassette 3’ to 

EGFP prevents expression of PLAP. However, if the virus infects PR+/Cre+ 

neurons, the loxP-flanked EGFP-stop cassette will be excised, allowing 

translation of PLAP in that cell. (LTR, long terminal repeat; CPPT, central 

polypurine tract; Ub, ubiquitin C promoter; WPRE, woodchuck hepatitis virus 

post-transcriptional regulatory element) 

(B-E) Conditional PLAP lentivirus labels PR+ cells and their projections only in 

PR-Cre mice. We targeted the virus to the VMHvl of WT and PR-Cre mice via 

stereotaxic injection. No expression of PLAP was detected in WT animals (B), 

but fibers were observed in PR-Cre injected animals (C). Labeling of EGFP, 

which is expressed in PR-/Cre- cells, confirms that the VMHvl was successfully 

targeted in both conditions (D, E).   
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Figure 5- Sexually dimorphic PR projection from the VMHvl to the AVPV 

(A-C) Conditional PLAP lentivirus was injected into the VMHvl of PR-Cre females 

and males (boxed in red, A). While the number of PR-expressing neurons that 

were labeled varied depending on the targeting, only animals with >200 neurons 

expressing PLAP (per side) were analyzed for projection intensity (B, C).   

(D-F) The PR+ projection from the VMHvl to the AVPV is female specific. The red 

box in (D) indicates the region of interest. The PR-expressing neurons in the 

VMHvl project heavily to the AVPV (E), but this projection is absent in males (F).  
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(H-J, L-N) PLAP staining of projections to the POA (I, J) and PAG (M, N) do not 

appear to be different between males and females.  

(G, K, O) Quantitation of PLAP projections from PR-expressing neurons in the 

VMHvl. (Mean ± SEM; n ≥ 11; * p ≤ 0.001) 

All scale bars equal 100 µm.  
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Figure 6- Regulation of sexually dimorphic PR projection from the VMHvl to 

the AVPV 

(A-B) Females treated neonatally with testosterone (NT) exhibited a 

masculinized projection from PR-expressing cells in the VMHvl to the AVPV. 

Similar to males, the dense periventricular PLAP fibers were absent.  

(D-E, G-H) The PR projections from the VMHvl to the POA and PAG were both 

intact in NT females and did not appear to be affected by testosterone treatment.  

(G, F, I) Quantitation of PLAP projections from PR-expressing neurons in the 

VMHvl. (Mean ± SEM; n ≥ 7; * p ≤ 0.001) 

All scale bars equal 100 µm.  
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Chapter 3 

Future studies in female sexual behavior 

 

 The female brain integrates various external and internal signals to 

generate receptive behavior only around the time of ovulation. Progesterone 

signaling through the PR is required for female receptivity (Mani et al, 1997). 

Here we use PR as a genetic tool to identify the neurons that are responsive to 

progesterone and utilize genetically encoded tracers to visualize their projections, 

thus delineating a putative female receptivity circuit. We find that not only are 

there dimorphic populations of neurons that express PR, but also that the 

projection from the VMHvl, a region involved in female receptive behavior, to the 

AVPV, a region required for ovulation, is present only in females. These findings 

suggest the intriguing possibility that this dimorphic projection plays a role in 

coordinating the display of female receptivity with ovulation. 

 

Dimorphic expression of PR in the brain  

 How is the dimorphism in PR expression established? There are more 

PR-expressing neurons in the female AVPV/POA and VMHvl, but more neurons 

in the male BNST and MeA. These differences are too large to be explained 

simply by sex differences in cell number, indicating that the sex differences 

reflect a dimorphism in gene expression.  

 To understand how PR-expressing neurons process and integrate 

signals, it will be important to examine the molecular profile of these neurons by 
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identifying markers that are co-expressed. We recently performed a microarray 

screen to identify genes that are dimorphically expressed in the hypothalamus 

(Appendix C). Of these dimorphic genes, Cckar is induced by estrogen and 

appears to have overlapping expression with PR in the VMHvl. Interestingly, 

knocking out Cckar results in deficits in female receptivity. Thus, if PR and Cckar 

are expressed in the same neurons, it is possible that these genes act in concert 

to regulate female sexual behavior. Using the PR-IPIN mice we can now begin to 

co-localize the expression of PR with other dimorphically expressed genes in the 

brain to provide insight into the cellular and molecular mechanisms that generate 

female receptivity. 

While much evidence suggests that PR regulates female sexual 

receptivity by acting specifically in the VMHvl, we have not tested whether these 

neurons are necessary or sufficient to generate behavior. With the tools that we 

have developed, we can begin to address the function of PR-expressing neurons 

in the VMHvl. In earlier studies aimed at localizing brain regions required for 

lordosis behavior, it is likely that the electrolytic lesions or chemical ablations 

targeting the VMH also caused damage to neighboring hypothalamic regions or 

fibers of passage. Bypassing these issues, the PR-Cre mouse line provides 

specificity in targeting a population of neurons in the VMHvl. Stereotaxic delivery 

of Cre-dependent viral vectors will permit functional manipulation of PR-

expressing neurons in a region specific manner. We have developed a capase 3-

based, conditional adeno-associated virus (AAV) that can effectively kill neurons 

that express Cre (Appendix B). While we can test the function of PR-expressing 
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neurons, we can also use this modular strategy to kill a genetically specified 

subset of neurons in any given Cre line. Thus, these tools enable a functional 

dissection of neuronal populations in controlling behavior. For greater temporal 

resolution, complementary genetic techniques such as optogenetics and 

designer GPCRs (RASSLs and DREADDs) may be utilized to manipulate 

neuronal output and control behavior. 

   

Dimorphic projection of PR-expressing circuit 

PR-expressing neurons in the VMHvl project dimorphically to the AVPV. 

Since neurons in the AVPV regulate the release of LH to induce ovulation, it is 

possible that this projection, which is only present in females (Chapter 2), is 

required to coordinate the timing of ovulation (Levine et al, 2001). While ovarian 

hormones trigger the LH surge in females, the same hormones do not generate 

such a surge in males, indicating that ovulation is under dimorphic regulation. It is 

tempting to speculate that the female-specific VMHvl to AVPV projection 

contributes to this dimorphic neuroendocrine control. To determine if this 

projection is sufficient for ovulation, we can use optogenetics to stimulate the PR-

expressing VMHvl to AVPV projection and test if females can mount an LH surge 

in response to hormone challenge. Furthermore, it would be interesting to 

determine if PR-expressing neurons in the AVPV send reciprocal projections 

back to the VMHvl. These types of experiments will eventually allow us to 

determine the specific functions of subsets of neurons in regulating behavior. 
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Conclusions 

One of the fundamental goals of neuroscience is to determine how the 

brain generates complex behaviors. We focused on innate, sexually dimorphic 

behaviors such as female receptivity because animals within the species display 

the same repertoire of behaviors, indicating that these behaviors are genetically 

hardwired in the brain. Taking advantage of genetic engineering in mice, we were 

able to reduce the complexity of the brain by developing tools that allow us to 

study a genetically defined population of neurons that express PR. While we 

have identified dimorphic populations of PR-expressing neurons as well as 

dimorphic projections, the next goal is to determine the function of these neurons 

in generating behavior. Understanding how hormone-responsive neurons 

integrate multiple cues and how they signal to their downstream targets will help 

piece together the neural circuit underlying the control of female sexual 

receptivity. 
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Appendix A 

Transcriptional regulation of PR in the brain 

 

The expression of PR is dynamically regulated across the estrous cycle, and this 

gene is expressed in specific regions of the brain (MacLusky and McEwen, 1978; 

Simerly et al, 1996; Numan et al, 1999; Guerra-Araiza et al, 2009). Even within 

the hypothalamus, PR expression is restricted to few regions including the AVPV, 

POA, and VMHvl. Given the critical role of PR in female sexual behavior, 

understanding the transcriptional control of PR expression may reveal how the 

brain uses molecular cues to generate receptive behavior.  

Though PR expression is spatially restricted in the brain, PR is expressed 

in diverse tissues including the pituitary, ovaries, and uterus. PR can be induced 

by distinct signals in different tissues- an LH signaling cascade induces PR 

transcription in ovarian cells but not in the brain.  Estrogen induces PR 

expression in the hypothalamus but not the cortex, amygdala, or ovaries.  

However, canonical estrogen response elements (EREs) have not been defined 

in the promoters that initiate PR expression, suggesting that EREs may exist 

elsewhere in the genomic DNA or within the surrounding locus.  Finally, PR is 

expressed in ontogenically separate areas, the diencephalon and telencephalon, 

and this is likely due to specific regulation in anatomically distinct regions of the 

brain. Given the complexity of the PR genomic locus and expression pattern, it is 

likely that there are distinct regulatory elements that enable region- and tissue-

specific expression. To identify these elements, our strategy was to use multiple 
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screens to narrow down potential enhancer sequences (in silico, molecular 

approaches) then generate transgenic mice with putative enhancers to determine 

the expression pattern from these sequences (Figure 1). 

 

In silico analysis for evolutionarily conserved regions 

Mammalian enhancers can be located in proximity to the genes that they 

regulate or in many instances they can be located hundreds of kilobases away.  

The genomic locus of PR extends almost 70kb, and the neighboring genes are 

150 kb upstream and 20 Kb downstream. With over 200kb of non-coding 

sequence, we began to identify putative enhancers across this complex genomic 

locus by first narrowing down the sequences to screen. Since PR expression in 

the brain is conserved across most vertebrates, including birds and reptiles, we 

reasoned that functional elements controlling PR expression should be 

conserved across evolutionarily distant species. The ECR genome browser 

allows comparisons of genomic sequences from multiple species (Loots et al, 

2002).  We looked for evolutionary conserved regions (ECRs) that are found in 

divergent species, including humans and opossums, the most distant mammalian 

species that has been sequenced, as well as chicken and the blowfish, Takifugu 

rubripes. We used stringent parameters (300bp homology, >70% sequence 

identity) to identify ECRs in the promoter, intronic regions, 5’ and 3’ untranslated 

regions, as well as intergenic regions to the neighboring genes. While there were 

many conserved regions across the entire PR locus, we discarded repetitive 



 62 

sequences and putative coding regions for unannotated genes and in the end 

had 12 ECRs.  

 Since PR expression is induced by estrogen in specific regions of the 

brain, enhancers that regulate PR expression likely contain transcription factor 

binding sites for estrogen receptors. We additionally screened the 12 ECRs for 

estrogen response elements, including the full consensus sequence (AGGTCA 

NNN TGACCT), half-sites, or degenerate versions of the canonical sequence. 

While all sequences contained ERE half-sites and some had multiple half sites, 

there were only a few ECRs that contained near perfect EREs, ECR4 and ECR9, 

and ECR12.  

 

Molecular screen for estrogen inducible enhancers 

 Having identified multiple potential estrogen receptor binding sites within 

ECRs, we then sought to determine if these sequences are estrogen-responsive 

using molecular and biochemical assays. We first tested the enhancer activity of 

each ECR using an in vitro reporter assay. We generated reporter constructs 

using a minimal promoter driving a luciferase reporter and assays for reporter 

activity in the presence of estrogen or vehicle. Using MCF-7 cells, a human 

breast cancer cell line that expresses estrogen receptor α (ERα), we found that 

ECR 4, but not ECR 9 or 12, is able to drive reporter activity when cells were 

treated with estrogen (Figure 2A).  

 Previous studies have identified estrogen receptor target sites in MCF-7 

cells (Carroll et al, 2006).  Genomic fragments that interacted with ERα were 
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isolated using chromatin immunoprecipitation (ChIP) and sequenced the DNA 

fragments.  Using a genome browser to map out where ERα binds in the 

genome, ECR4, ECR9, and ECR12 were found to interact with estrogen receptor 

in this cell line. 

While these sequences may act as enhancers in vitro, in a cell line derived 

from human breast cancer cells, they may not drive any estrogen dependent 

transcriptional activity in the mouse brain. To test if any of these ECRs may be 

acting as enhancers in vivo, we used ChIP assays to determine which ECRs 

interact with ERα in the brain. We ovariectomized two groups of wildtype females 

and treated one group with vehicle and the other with estrogen, thus allowing 

comparison of ERα binding to the ECRs given estrogen. The chromatin was 

prepared from microdissected tissue from the POA and VMH of adult mice to 

enrich for cells that express PR and ERα. We used an antibody against ERα for 

the ChIP and found an enrichment of binding of ECR4 to ERα in the estrogen-

treated hypothalamus compared to vehicle treated hypothalamus (Figure 2B).  

 

Generation of transgenic animals and analysis 

Of the various ECRs we screened, ECR4 not only was estrogen 

responsive in vitro, but also interacted with ERα in the hypothalamus, thus 

making it a good candidate for transgenic analysis. We generated the reporter 

construct using an HSP68 minimal promoter driving transcription of nuclear beta-

galactosidase (β-gal) (Figure 3A). We included 1kb of sequence surrounding 

ECR4 in case there were binding sites in the neighboring sequence that were not 
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included in the ~0.5kb of the highly conserved sequence. Pronuclear injection of 

the construct was performed by the Gladstone transgenic core facility. Thirty-five 

pups were generated from these injections, and there were 4 founders (lines 8, 

16, 20, 27) that were positive for the transgene by PCR analysis.  

 In screening for reporter expression, we found that all of the lines that 

carry the transgene express β-gal in the brain. While β-gal is expressed in 

regions where PR is expressed in the hypothalamus, the expression was not 

limited to these regions. Instead, for line 27, virtually all regions of the brain 

expressed β-gal, while lines 20 and 16 had sparse expression (Figure 3B). The 

expression pattern of line 8, while broad, seemed to be the most restricted within 

the hypothalamus. It is possible that additional regulatory elements are required 

to limit the expression to the POA/AVPV and VMHvl.  

Additionally, to see if transcriptional activity of ECR 4 in vivo is sensitive to 

estrogen treatment, we ovariectomized two groups of transgenic mice, and after 

4 weeks, treated one group with estrogen (10µg/day for 3 days) and the other 

with vehicle. We found that in line 8, the expression of the reporter did not 

change with treatment of estrogen. So while ECR4 appeared to interact with ERα 

in cells and an in the hypothalamus, it did not display estrogen-induced 

transcriptional activity in brain. It is possible that this enhancer requires the 

presence of neighboring DNA in order to be able to activate transcription of target 

genes. Further analysis with larger fragments of genomic DNA surrounding 

ECR4 will be required to determine if this putative enhancer plays a role in 

recapitulating PR expression in vivo. 
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FIGURES  
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Figure 1- Screen for PR enhancers  

We first used the rVISTA program to identify evolutionarily conserved regions 

(ECRs). Then we screened the DNA sequences for estrogen response elements 

(EREs) and tested the resulting ECRs for ability to be activated by estrogen as 

well as interacting with ERα in the brain. Finally, we used the ECR and 

neighboring DNA in transgenic assays to analyze the resulting expression 

pattern in the brain.  

opossum 

mouse 

chicken 

rvista.decode.org 
 PR 



 66 

Figure 2  
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Figure 2- ECR4 displays estrogen-responsive enhancer activity in vitro 

(A) The reporter construct consists of the ECR and a minimal promoter (Pmin) 

driving the expression of luciferase. ECR4, but not ECR9, is able to drive 

estrogen-induced reporter expression in luciferase reporter assays.   

(B) ECR4, but not ECR9, is enriched in ChIP pulldowns with ERα antibody in the 

hypothalamus when the female is treated with estrogen.  This indicates that ERα 

interacts with ECR4 in the brain in the presence of hormones. 
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Figure 3- Expression pattern of ECR4 transgenic lines 

(A) Construct used to generate transgenic mice. ECR4 is placed 5’ to the 

minimal HSP68 promoter driving nuclear LacZ expression followed by a 

polyadenylation sequence (pA). 

(B) βgal activity in ECR4 transgenic lines do not match PR-IPIN reporter activity. 

Line 8 displayed the most restricted expression in the PR-expressing areas, but 

reporter expression was not estrogen sensitive. 
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Appendix B 

Functional characterization of PR-expressing neurons in the VMHvl 

 

While PR is required for female reproductive behaviors, it is unclear whether PR-

expressing neurons in the brain are necessary for the display of female 

receptivity. Previous studies have shown that VMHvl neurons are activated upon 

mating with males (Polston and Erskine, 1995). Interestingly in males, the VMHvl 

is also active during mating and aggression (Wersinger et al, 1993; Lin et al, 

2011). While this region is recruited during mating behaviors, it is unknown 

whether the activity or presence of the PR-expressing subset of neurons is 

necessary to generate female receptive behavior. To test this, we utilized the 

same modular viral strategy as before, but we developed a new conditional viral 

vector to genetically ablate PR-expressing neurons.  

 

Genetic ablation of PR-expressing neurons in the VMHvl 

 We hypothesize that PR-expressing neurons in the VMHvl are required for 

female sexual receptivity. To this end, we sought to develop and validate viral 

tools to kill neurons in vivo. First, we generated viruses using diphtheria toxin 

subunit A (DTA), a universal cell lethal toxin, or tBid, the truncated form of a Bcl2-

family death-inducing gene (Brockschnieder et al, 2006; Wei et al, 2000). While 

DTA and tBID were both effective in killing rapidly diving cells (HEK293T cells) in 

cell culture, these genes were not effective in killing neurons in the adult mouse 

brain. We observed only limited loss of PR-expressing neurons in the 
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hypothalamus of PR-Cre mice infected with conditional DTA- or tBID-expressing 

viruses after 8 weeks, and most PR-expressing neurons remained viable.   

In collaboration with Dr. James Wells and his lab, we developed a viral 

vector that conditionally expresses an engineered form of caspase 3, called 

taCasp3 (TEV protease-activatable caspase 3; TEV, Tobacco Etch Virus) (Gray 

et al, 2010). Caspase 3 is an executioner caspase that induces apoptosis upon 

activation by upstream signaling factors (Lakhani et al, 2006). In the cell, 

caspase 3 activity is highly regulated to prevent indiscriminate cell death. It is 

found in its inactive state as a procaspase with cleavable subunits, p17 and p12. 

When the cell initiates the apoptotic pathway, the procaspase is cleaved into its 

subunits by initiator caspases (capases 8, 9, 10). The two subunits then interact 

to form an active caspase 3. Taking advantage of this activation feature, the 

Wells lab developed a TEV protease-cleavable version of caspase 3 by 

substituting the endogenous cleavage site between the p17 and p12 subunits 

with a TEV protease cleavage site (Figure 1A). Thus, activation of the taCasp3 

requires coexpression of TEV protease in the same cell. taCasp3 and TEV 

protease can be expressed from the same transcript using a T2A sequence 

(Tang et al, 2009). By inserting a T2A sequencing between the two genes, the 

cell translational machinery can read through the 5’ gene and “skip” to express 

the gene in the 3’ position.  

To test the ability of the engineered capase 3 to kill cells, we expressed 

the taCasp3-T2A-TEV construct in HEK293T cells and assayed caspase activity. 

Compared to plasmids expressing taCasp3 but not TEV protease, the taCasp3-
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T2A-TEV construct strongly induced caspase activity in vitro as measured by a 

fluorometric assay using cleavage of caspase 3-specific (DEVD) fluorescent 

substrate as a readout (Figure 1B). 

In order to kill PR-expressing neurons in the mouse hypothalamus, we 

encoded the taCasp3 in an adeno-associated virus (AAV). In this viral vector a 

strong, ubiquitous promoter (EF1a) drives expression of taCasp3-T2A-TEV, and 

the flex switch system confers Cre-dependent specificity (Schnutgen et al, 2003). 

The flex switch consists of two heterospecific loxP sites flanking the taCasp3 and 

TEV protease-coding region in the reverse 3’ to 5’ orientation (Figure 2A). The 

inverted open reading ensures that taCasp3 is not expressed in cells that do not 

express Cre. In cells that express Cre, recombination events causes the 

taCasp3-T2A-TEV coding region to be inverted and allows expression of the 

construct in the correct 5’ to 3’ orientation. Furthermore, the loxP sites are 

excised to prevent additional inversions. This modular viral strategy provides 

regional specificity by delivering AAV-flex-taCasp3 to the brain and genetic 

specificity by enabling ablation of any subset of neurons that express Cre. 

We generated AAV encoding the taCasp3-T2A-TEV (UNC Vector Core; 

AAV-flex-taCasp3) and tested the Cre-dependent, apoptotic activity of the virus 

in HEK293T cells. We transfected cells with a plasmid expressing GFP-Cre and 

added 1, 2, or 3µl of high titer AAV-flex-taCasp3 (3 x 1012 viral particles/ml). After 

one week, there was a dramatic loss of GFP-Cre expressing cells with increasing 

volumes of virus compared to uninfected GFP-Cre cells (Figure 2B). With 

successful verification of cell death-inducing properties of the virus, the next 
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experiment was to test if this vector was able to kill PR-expressing cells in PR-

Cre mice. 

We injected AAV-flex-taCasp3 into females that were heterozygous for the 

PR-IPIN and also harbored either a WT or a PR-Cre allele. By using PR reporter 

mice, we are able to detect of loss of PR-expressing neurons by staining for 

nuclear βgal. We targeted the VMHvl bilaterally and injected a large volume of 

virus (1µl per side). After four weeks of incubation, we sectioned the brain and 

immunostained for βgal expression. Our data show that while the βgal 

expression in the VMHvl of mice with a WT allele appeared unperturbed, the 

majority of βgal-expressing neurons were absent in PR-Cre females (Figure 3).  

With the ability to genetically kill PR-expressing VMHvl neurons, we can now 

begin to probe the function of these neurons in regulating female sexual 

behavior. 

 

Dissecting the function of PR-expressing neurons in behavior 

Destroying the VMHvl of female rats lead a loss of receptive behaviors.  

However, reports in behavioral changes following VMH lesions vary, and the 

extent of the phenotype seems to depend on the methodology, extent of the 

lesion, and assay for receptivity (Pfaff and Sakuma, 1979a; Mathews and 

Edwards, 1977; Pfeifle et al, 1980; Mathews et al, 1983; Clark et al, 1981). Some 

studies even observed a recovery of receptive behavior or even enhanced levels 

of lordosis (La Vaque and Rodgers, 1975; Pfaff and Sakuma, 1979b). Thus, 

while the VMHvl seems to be involved in controlling female receptivity, it is 
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unknown which neurons are involved and how they participate in the receptivity 

circuit. Since PR is required for female receptive behavior, we hypothesize that 

killing PR-expressing neurons in the female VMHvl will lead to a deficit in 

receptivity. To be able to detect a loss in behavior, the females will need to be 

maximally receptive during the assay to sensitize the detection of a decrease in 

behavior. Thus, after bilaterally injecting AAV-flex-taCasp3 into the VMHvl of PR-

Cre female mice, we will ovariectomize them and allow 4 weeks for recovery. For 

mating assays, we can then prime them with hormones to ensure that they are 

receptive.  

The VMH is not only involved in regulating female mating behavior, but it 

has also been shown to regulate metabolism as well as male aggression (King, 

1980; Lin et al, 2011). Since the VMH is functionally heterogeneous collection of 

neurons, it is possible that PR-expressing neurons may be involved in other 

social behaviors as well. Recently, it has been shown that the activation of the 

VMHvl in males is sufficient to drive attack behaviors toward intruders (Lin 

Anderson 2001). While resident males will readily display aggressive behavior 

toward intruder males, females will not show aggression towards intruders unless 

they are nursing pups (Gammie, 2005). This form of maternal aggression may 

also be regulated by the VMH and could be under the control of neurons that 

express PR.  

To test if the PR-expressing neurons in the VMHvl are required for 

maternal aggression, we will inject females bilaterally with AAV-flex-taCasp3, but 

instead we will leave the ovaries intact so that they would be able become 
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pregnant and give birth to pups. After recovery, we will first track estrous cycle by 

monitoring changes in vaginal cytology to ensure that these females have normal 

ovulatory cycles. Then upon giving birth we will test these females in maternal 

care in pup retrieval assays. Mice that are nursing will keep their pups gathered 

together in the nest, and if a pup is displaced from the nest the mother will 

retrieve the pup. Finally, we will test the mothers in aggression assays by 

removing the pups from the mother’s home cage and placing a strange male into 

the cage. Mother that have given birth recently will attack intruder males 

presumably to protect her young. 

To identify the neural locus of control regulating receptive behavior, it is 

important to determine the requirement of PR-expressing neurons in female 

sexual behavior. While genetically ablating these neurons is a good way to 

ensure complete loss of neuronal output, this may cause circuit level changes 

over time. Instead, to test the acute role of PR-expressing cells, it would be 

useful to be able to inactivate these neurons and observe a loss of the behavior 

in real time. Additionally, if relieving the inhibition on these cells leads to recovery 

of the behavior, this would make a strong case that the activity of these neurons 

in required to generate behavior. To this end we can utilize halorhodopsin 

(NpHR3.0) or designer GPCRs to modulate neural output in a precise manner. 

Using the genetic strategy outlined above and the tools developed in this thesis, 

it will be possible to map out the neural circuit underlying female sexual behavior. 
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Figure 1- TEV-activatable caspase-3 (taCasp3) induces cell death 

(A) taCasp3 encodes the two domains of caspase 3 linked by a TEV protease 

recognition site (red). Cleavage of taCasp3 by TEV protease (TEV) allows 

formation of an active caspase, which will induce cell death.  

(B) Expression of the taCasp3-2A-TEV construct leads to high levels of caspase 

activity in vitro. Caspase activity (relative units) is detected when taCasp3 is co-

expressed with TEV protease, but not when it is expressed alone. 
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Figure 2 
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Figure 2- Conditional AAV-flex-taCasp3 kills cells in vitro  

(A) Strategy to conditionally express and activate taCasp3 from an adeno-

associated viral vector. taCasp3 can be coexpressed with TEV protease in the 

same cells using the T2A peptide linker. The coding region for taCasp3-T2A-TEV 

is inverted and flanked by heterospecific loxP sites. Upon recombination in the 

presence of Cre, the taCasp3-T2A-TEV sequence inverts into the correct 

orientation and is expressed. (ITR, inverted terminal repeat; EF1a, elongation 

factor 1a promoter; WPRE, woodchuck hepatitis virus post-transcriptional 

regulatory element; pA, polyadenylation signal) 

(B) In vitro testing of the AAV-flex-taCasp3 shows efficient killing of cells with 

Cre. Different wells containing HEK293T cells were transfected with a plasmid 

expressing GFP-Cre. Conditions with different volumes of virus (1, 2, and 3µl) 

were tested. A dose-dependent loss of GFP-Cre cells was observed after one 

week of incubation with the virus.  
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Figure 3- Loss of PR+ neurons following injection of conditional taCasp3 

virus into the VMHvl of female PR-Cre mice 

(A) Injection of AAV-flex-taCasp3 into the VMHvl of female mouse that bears a 

PR-IPIN allele (PRLacZ/+). PR-expressing cells are intact as visualized by 

detection of βgal.  

(B) Female mouse with PR-IPIN and PR-Cre alleles (PRLacZ/Cre) loses most of the 

PR-expressing neurons in the VMHvl. There are very few βgal-positive nuclei 

visible, and most of the staining is likely cellular debris. 
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SUMMARY 

Sex hormones such as estrogen and testosterone are essential for sexually 

dimorphic behaviors in vertebrates. However, the hormone-activated molecular 

mechanisms that control the development and function of the underlying neural 

circuits remain poorly defined. We have identified numerous sexually dimorphic 

gene expression patterns in the adult mouse hypothalamus and amygdala. We 

find that adult sex hormones regulate these expression patterns in a sex-specific, 

regionally-restricted manner, suggesting that these genes regulate sex typical 

behaviors. Indeed, we find that mice with targeted disruptions of each of four of 

these genes (Brs3, Cckar, Irs4, Sytl4) exhibit extremely specific deficits in sex 

specific behaviors, with single genes controlling the pattern or extent of male 

sexual behavior, male aggression, maternal behavior, or female sexual behavior. 

Taken together, our findings demonstrate that various components of sexually 

dimorphic behaviors are governed by separable genetic programs. 
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INTRODUCTION 

Sexually reproducing animals display sex-specific social behaviors. Genetic 

studies have elucidated some of the rules that control such behaviors in mice. 

These studies show that estrogen sets up the repertoire of sexual and territorial 

behaviors, and testosterone controls the extent of these displays in males (Wu et 

al., 2009; Ogawa et al., 2000; Raskin et al., 2009; Juntti et al., 2010; Kudwa and 

Rissman, 2003; Kudwa et al., 2006; Wu and Shah, 2011). However, the 

molecular pathways employed by these overarching hormonal mechanisms to 

influence neural circuits underlying sex-typical behaviors are poorly understood. 

 Sex steroids can be regarded as master regulators of sex-specific 

behaviors (Morris et al., 2004; Baum, 2003). The developmental influence 

(organizational role) of sex hormones can lead to enduring effects on brain and 

behavior. By contrast, in adults sex steroids elicit reversible changes (activational 

role) in neural circuits and behavior. Gonadal hormones bind to distinct nuclear 

hormone receptors that are essential for sex-typical displays (Scordalakes and 

Rissman, 2003; Raskin et al., 2009; Kudwa and Rissman, 2003; Wersinger et al., 

1997; Juntti et al., 2010; Ogawa et al., 2000; Lydon et al., 1995). These receptors 

directly regulate gene expression by binding DNA (Mangelsdorf et al., 1995), and 

they can initiate non-transcriptional signaling via mechanisms such as 

interactions with intracellular kinases and transmembrane receptors (Foradori et 

al., 2008; Lishko et al., 2011; Micevych and Dominguez, 2009; Revankar et al., 

2005; Vasudevan and Pfaff, 2008; McDevitt et al., 2008). Sex hormones or their 

metabolites can also bind to neurotransmitter receptors to gate their activity 
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(Henderson, 2007). Such non-transcriptional signaling can control neural function 

at time scales that allow real time modulation of behavior. 

 Prior work has identified genes downstream of sex hormones that regulate 

sexually dimorphic behaviors (Kayasuga et al., 2007; Wersinger et al., 2002; 

Nelson et al., 1995; Winslow and Insel, 2002). The relative paucity of such genes 

is in contrast to the diversity of these behaviors, and suggests that the underlying 

neural circuits may be regulated largely by non-transcriptional hormone signaling. 

These genes may also be difficult to identify because they are expressed at low 

levels or in a few neurons. We used an unbiased approach to identify genes that 

are downstream of sex hormones and that control dimorphic behaviors. We 

reasoned that such genes are expressed dimorphically; using microarrays, we 

therefore sought to identify sex differences in gene expression in the 

hypothalamus since this region is essential for dimorphic behaviors and contains 

sex hormone receptor expressing neurons. We identified 16 genes with sexually 

dimorphic expression in the hypothalamus and medial amygdala (MeA).  Adult 

sex hormones control the expression of most of these genes, suggesting that 

they regulate dimorphic behaviors. Indeed, we find that mice singly mutant for 

four of these genes exhibit deficits in specific components of male mating, 

intermale aggression, maternal behavior, or female sexual receptivity. Thus, our 

results show that dimorphic behaviors are modular in the sense that components 

of these displays are genetically separable. 
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RESULTS 

Identification of sex differences in gene expression in the hypothalamus 

We compared gene expression between adult male or female hypothalamus and 

whole brain using dual color microarrays (Figure 1A) (Verdugo and Medrano, 

2006). Our gene profiling and subsequent analysis were devised to identify 

dimorphic hypothalamus-enriched mRNAs. We disregarded Y-specific genes, X-

linked genes with Y paralogs, and genes involved in X-inactivation, because they 

were not hypothalamus-enriched. Our analysis identified 84 sexually dimorphic 

candidate transcripts (Table S1).   

 We screened all 84 genes for sexually dimorphic expression by in situ 

hybridization (ISH) through the adult forebrain (Figure 1A-C’’’). Putative 

dimorphisms were validated by ISH on ≥ 2 more pairs of males and females. 

These studies revealed 16 dimorphically expressed genes (Figure 1D). These 

encode a neuropeptide (CART), GPCRs (Cckar, Brs3, Gpr165), 

neurotransmitter-gated ion channels (Gabrg1, Glra3), intracellular signaling 

proteins (Dgkk, Irs4, Pak3, Rps6ka6, Sytl4), a transcription factor (ERa), a 

protease (Ecel1), and those with poorly understood function (Chodl, Greb1, 

Nnat). Although the neural function of most of these genes is unknown, they 

largely encode signaling proteins that could regulate neuronal function and 

behavior acutely. Many of these genes (Dgkk, Gabrg1, Greb1, Pak3, Rps6ka6) 

are implicated in various human disorders that occur with sex-skewed ratios 

(Morrow et al., 2008; Ghosh et al., 2000; Enoch et al., 2009; Yntema et al., 1999; 

van der Zanden et al., 2011). Seven of these 16 genes are X-linked (Figure 1D), 
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a distribution unlikely to occur by chance (p < 1x10–4). The X-linked genes are 

not simply female-upregulated because they escape X-inactivation. Rather, with 

the exception of Brs3, whose expression is upregulated only in females, the 

expression of other X-linked genes is upregulated only in males or in distinct 

regions in both sexes (Figures 2-4, S1). Thus, our screen has yielded many 

dimorphic transcripts with unexpected features and whose functions in dimorphic 

behaviors are unknown. 

 

Complex patterns of sexually dimorphic gene expression  

We find dimorphic gene expression in the hypothalamus, the bed nucleus of the 

stria terminalis (BNST), and MeA (Figures 2-4, S1). The BNST was included in 

our tissue dissection for gene profiling since it is intermingled with hypothalamic 

areas, expresses sex hormone receptors, and regulates dimorphic behaviors 

(Emery and Sachs, 1976; Simerly et al., 1990; Gammie and Nelson, 2001). By 

contrast, the MeA was not included in our dissection and it is surprising that 

many of these genes are dimorphic in the MeA. The MeA receives pheromonal 

input essential for social behaviors and it provides afferents to the BNST and 

most hypothalamic centers with dimorphic gene expression (Figure 4A) 

(Canteras et al., 1995; Dulac and Wagner, 2006). Thus, sex differences within 

the MeA could influence pheromonal information relayed to the BNST and 

hypothalamus. The sex differences in gene expression within these regions are 

restricted to specific neuronal pools that are thought to control dimorphic 

behaviors (Cooke et al., 1998; Simerly, 2002; Blaustein, 2008). These include the 
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BNSTmpm (posteromedial area of the medial BNST), BNSTmpl (posterolateral 

area of the medial BNST), MeApv (posteroventral MeA), MeApd (posterodorsal 

MeA), and the POA (preoptic area), VMHvl (ventrolateral area of the 

ventromedial nucleus), PMV (ventral premamillary nucleus), and periV (rostral 

periventricular region) in the hypothalamus (Figures 2-4, S1). 

 Of these 16 genes, 10 are male-upregulated, 2 are female-upregulated, 

and 4 exhibit a compound dimorphism such that each is upregulated in the 

female VMHvl and in ≥1 male brain region (Figures 2-4, S1). All 16 transcripts 

were also expressed in a non-dimorphic pattern in other discrete brain regions 

(Figure S2B). Microarray studies cannot reveal such complexity in expression 

patterns, validating the utility of ISH. A microarray study previously identified 

Sytl4 as being male-upregulated in the brain (Yang et al., 2006), although its 

dimorphic expression was not confirmed or localized histologically. We find Sytl4 

to be upregulated in the male BNSTmpm (Figure 1B-C’’’; 2A, B). Male-

upregulated POA expression of Gabrg1 has been described in the rat (Nett et al., 

1999), and our data extend these findings to the mouse. Some but not other 

studies have reported sexually dimorphic ERa expression in rodents (Lauber et 

al., 1991; Simerly et al., 1990; Shughrue et al., 1992; Koch and Ehret, 1989). Our 

results show unequivocal sex differences in ERa expression (Figures 4A, S1S’-

L’’, S2A). 

 These 16 genes are not expressed in white matter, and they label cells 

that appear to bear a neuronal morphology. We find genes that are upregulated 

in the female BNSTmpm and MeApd and in the male BNSTmpl even though 
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these regions contain more neurons in the other sex (Figures 2, 4A, S1) 

(Guillamón et al., 1988; Holmes et al., 2009; Morris et al., 2008a; Shah et al., 

2004; Wu et al., 2009). Most sex differences in gene expression also withstand 

normalization to neuronal number in RT-qPCR studies (Figure S2A). Thus, the 

sex difference in gene expression cannot be accounted for solely by dimorphic 

neuronal numbers. 

 

Testicular hormones control sex differences in gene expression 

Castration of adult males abrogates sex-typical behaviors (McGill and Tucker, 

1964; Beeman, 1947). We tested if these deficits are accompanied by altered 

dimorphic gene expression by performing ISH in adult male castrates and 

controls. The expression of most male-upregulated genes is downregulated in 

castrates and appears feminized (Figures 2, 3, 4B). Brs3 and ERa, which are 

normally female-upregulated, were upregulated in male castrates (Figures 2, 4B). 

Thus, testicular hormones enhance, inhibit, or leave unaffected gene expression 

in a region-specific manner, suggesting that they utilize distinct molecular 

mechanisms to drive male-typical behaviors. The expression profile in castrate 

males is plastic, and testosterone provision restores expression of most genes to 

levels observed in intact males (Figure S3). Thus, testosterone can masculinize 

expression of most genes we have identified. 

 

Restricted control of sexual dimorphisms in gene expression by ovarian 

hormones   
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Castration rapidly eliminates estrous cycling and female sexual behavior (Allen 

and Doisy, 1923; Wiesner and Mirskaia, 1930; Ring, 1944), and we compared 

gene expression between adult castrate females and controls. In contrast to the 

wholesale changes in gene expression in male castrates, we observed highly 

circumscribed changes in castrate females. Castration reduced expression of 

Cckar and Greb1 without affecting other genes (Figures 3, 4C). Our list of genes 

may underrepresent estrous cycle-regulated transcripts since we prepared 

hypothalamic mRNA from several males or females. Regardless, sex hormones 

control dimorphic expression of most genes we have identified in adult males but 

not females. 

 

Individual genes control discrete components of male-typical behaviors  

ERa is dimorphically expressed (Figures 4A, S1, S2A) and controls dimorphic 

behaviors. We sought to determine whether other genes in our list also regulate 

such behaviors. Male and female mice null for Brs3, Cckar, Irs4, and Sytl4 are 

fertile but their behavior in standard tests of dimorphic displays is unknown 

(Ladenheim et al., 2008; Fantin et al., 2000; Gomi et al., 2005; Kopin et al., 

1999). We first ascertained that sexual differentiation of brain regions in which 

these genes are dimorphically expressed is unaffected, at least as revealed by 

normal ERa expression in the mutant strains (Figure S6). We next examined 

these mutants for deficits in a range of sex-typical behaviors (Figure 5A). 

 Male mating is elicited with an estrus female, and it consists of 

chemoinvestigation (sniffing), ultrasonic vocalization (USV), mounting, and 
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intromission (penetration), which can culminate in ejaculation. By contrast, an 

intruder male is sniffed and attacked by a resident male (Miczek et al., 2001). 

Male residents also mark territory with many urine spots (Desjardins et al., 1973). 

Cckar and Irs4 mutant males were similar to WT siblings in these male-typical 

displays (Figure S4A-T), whereas Brs3 (Table S2) and Sytl4 mutants exhibited 

behavioral deficits. 

 Sytl4–/Y mice showed specific changes in some but not all mating 

parameters (Fig. 5B-G). They sniffed females less but intromitted in more 

assays, differences that were also confirmed with additional statistical analyses 

(p < 0.01; data not shown). Although the females allowed intromission, males 

only ejaculated in a subset of assays as expected (Figure 5D, H). WT males who 

ejaculate show a reduced latency to intromit and intromit faster after the first sniff 

(Figure 5I, J). These differences are significant and an indicator of subsequent 

ejaculation. Although Sytl4-/Y and WT males ejaculated equivalently, loss of Sytl4 

function decorrelated mating pattern from ejaculation (Figure 5D, I, J). Sytl4-/Y 

mice mated in a manner similar to ejaculatory WT males regardless of 

ejaculation. 

 Sytl4 mutants do not have pervasive deficits. They attack males and mark 

urine like WT males (Figure S4U-Z). We also found no deficits in movement, 

general activity, and social interactions such as grooming (data not shown). 

Sytl4–/Y mice emit USV to females but not males, indicating that they discriminate 

between the sexes (Figure 5C). Although Sytl4 regulates insulin release in vitro, 

Sytl4 mutants have normal insulin titer and a mild decrease in blood glucose 
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(Wang et al., 1999; Gomi et al., 2005). There are also no overt changes in 

testosterone that could alter mating. The mean and the distribution of serum 

testosterone titer was similar between Sytl4 null and WT males (WT, 7.2 ± 2.7 

nM; Null, 11.6 ± 4.9 nM; n ≥ 13; p > 0.9), with the titer always exceeding the 

receptor Kd. Testosterone levels were also similar between Sytl4 null and 

controls at a younger age (Table S3). Thus, Sytl4 controls specific components 

of male mating. 

 

Individual genes control discrete components of female-typical behaviors  

We tested females null for Brs3, Cckar, Irs4, or Sytl4 for deficits in female-typical 

behaviors. Females reject male mating attempts except during a peri-ovulatory 

period (estrus) when they are sexually receptive. Nursing females retrieve pups 

that wander from the nest and attack intruders in the cage (Gandelman, 1972). 

The mouse estrous cycle is ~5 days. Mutants and controls of each strain had 1 

cycle within a 5 day period (n = 3-8/genotype/strain; p ≥ 0.5), indicating that these 

genes are not essential for estrous cyclicity. Brs3 or Sytl4 null females behaved 

similar to WT siblings (Figure S5). By contrast, Irs4 and Cckar mutants exhibited 

deficits in female-typical behaviors.   

 Irs4 mutants mated, delivered litters, and weaned them in a WT manner 

(Figure S5, Table S4). In tests of pup retrieval, control and mutant mothers 

retrieved pups and they did so with similar latencies (Figure 6A, B), but Irs4–/– 

mothers took longer to retrieve all pups (Figure 6C). Irs4 mutants were also 

impaired in maternal aggression such that fewer Irs4–/– mothers attacked 



 94 

intruders (Figure 6D, Movies S1, S2). However, when Irs4 mutants attacked, they 

did so in a WT fashion (Figure 6E-I). Thus, the circuit for maternal aggression 

appears intact in Irs4–/– females, but it may be activated less frequently than in 

WT. 

 Irs4 mutants do not have systemic deficits. Irs4 is homologous to 

intracellular adaptor proteins essential for insulin receptor signaling (Burks and 

White, 2001). However, Irs4–/– females maintain normal weight and blood 

glucose and insulin titers (Fantin et al., 2000). The mutants also showed WT 

activity in social interaction and motor performance (Table S4). Thus, Irs4 is 

specifically required for maternal behaviors that may be essential for pup survival 

in nature because mouse pups are altricial and adults are infanticidal toward 

young of other mice. 

 Although Cckar, a cholecystokinin receptor, can control feeding and 

metabolism (Pirnik et al., 2010), Cckar null mice are normoglycemic and maintain 

normal body weight (Whited et al., 2006). Studies in rats have been inconclusive 

on the role of CCK and Cckar in the estrous cycle and female receptivity 

(Akesson et al., 1987; Hilke et al., 2007; Oro et al., 1988; Dornan et al., 1989; 

Babcock et al., 1988; Bloch et al., 1987; Holland et al., 1997; Mendelson and 

Gorzalka, 1984). We find a diminution in receptivity in Cckar–/– females such that 

they do not readily permit intromission or ejaculation (Figure 7A). This deficit is 

not due to reduced interest by WT males who mounted all females equivalently 

(Figure 7A). Even in assays with intromission, Cckar mutants allowed fewer 

mounts to progress to intromission (Figure 7B, Movies S3, S4). Sexually 
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experienced WT females permit more intromissions; although experienced 

Cckar–/– females allowed more intromissions, they were always less receptive 

than controls (Figure 7C). 

 Cckar expression in the VMHvl requires ovarian hormones (Figures 3, 

4C). Estrogen, which elicits receptivity via ERa in the VMHvl (Musatov et al., 

2006), induces Cckar in the VMHvl (Figure 7H, I). By contrast, estrogen, which 

does not elicit receptivity in males, did not induce Cckar in the male VMHvl 

(Figure 7J, K). We do not yet know if Cckar expression in the VMHvl drives 

receptivity. Nevertheless, Cckar is induced in the female VMHvl by hormones 

that drive estrus and receptivity, and Cckar is essential for normal receptivity. 

 We next tested whether Cckar regulates receptivity in adults. We induced 

estrus in castrate WT females and injected devazepide or lorglumide, structurally 

distinct, specific, competitive Cckar antagonists (Berna et al., 2007). Strikingly, 

these antagonists reduced sexual receptivity (Figure 7E, G). In contrast to our 

findings with Cckar mutants, WT males intromitted and ejaculated normally with 

antagonist-treated females (Figure 7A, D, F). This difference may reflect a 

developmental role of Cckar in the underlying circuit. The behavioral deficits 

observed in Cckar mutants or antagonist-treated females do not reflect 

sensorimotor obtundation because they displayed normal general mobility and 

social interactions (data not shown). Cckar mutant females also exhibited normal 

maternal behaviors (Figure S5P-U). Thus, our results show that Cckar functions 

in adult females to control sexual behavior. 
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DISCUSSION 

Our studies reveal a cellular and molecular representation of gender of inordinate 

complexity in the hypothalamus and amygdala. The genes we have identified 

provide an entry point for understanding the physiology of dimorphic neural 

circuits. Our findings also provide evidence for separable genetic programs that 

control particular components of sexually dimorphic behaviors. 

 

Sex differences in gene expression in the brain 

In contrast to the rich array of dimorphisms in mammalian behaviors and 

neuroanatomy, few dimorphisms in gene expression have been identified in the 

brain, and the dimorphic function of most of these genes is unknown (De Vries, 

1990; Simerly, 2002; McCarthy, 2008; Cahill, 2006; Gagnidze et al., 2010; 

Dewing et al., 2003). Since most neural functions are common to both sexes, 

molecular dimorphisms are likely embedded in shared neural circuits. This has 

made it difficult to prospectively identify dimorphisms in gene expression beyond 

genes such as those unique to the Y chromosome or genes involved in X-

inactivation (Rinn and Snyder, 2005; Rinn et al., 2004). Many dimorphisms in 

gene expression have been observed in more homogenous tissues such as liver 

(van Nas et al., 2009; Clodfelter et al., 2006; Yang et al., 2006; Rinn et al., 2004). 

The Allen Institute of Brain Science (http://mousediversity.alleninstitute.org/) have 

examined expression of ~70 genes by ISH to reveal additional sexual 

dimorphisms in the adult mouse brain; this approach, while powerful, would 

require enormous resources if conducted with all genes. By contrast, we used 
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microarrays to identify potential sex differences in gene expression followed by 

ISH validation; this approach has yielded a new set of sexually dimorphic genes. 

One drawback of our approach is the limited sensitivity of microarrays in 

detecting transcripts present at low abundance. Indeed, our list of dimorphic 

mRNAs does not include other dimorphically expressed genes such as the 

androgen receptor, aromatase, or ERb (Shah et al., 2004; Wu et al., 2009; 

Roselli and Resko, 1987; Wolfe et al., 2005). Nevertheless, our results provide a 

general strategy to identify genes controlling dimorphic behaviors by first 

identifying genes expressed in a sexually dimorphic manner. 

 Many dimorphic genes we have identified harbor estrogen responsive 

elements (EREs; data not shown), and ERs may directly regulate transcription of 

such genes. Indeed, ERa is found on some of these EREs in breast cancer cells 

(Carroll et al., 2006). Sex chromosome linked genes can influence sexual 

differentiation of the brain independent of sex hormones (Arnold et al., 2003). All 

X-linked genes we have identified are regulated by sex hormones, suggesting 

that these represent a distinct set of X-linked genes. There are many imprinted 

genes in the mouse brain, with a subset being dimorphically imprinted (Gregg et 

al., 2010b, 2010a).  One of these, Nnat, is expressed from the paternal allele 

(Kagitani et al., 1997; Gregg et al., 2010b). We show that Nnat is dimorphically 

upregulated in distinct hypothalamic areas in the two sexes, indicating significant 

complexity in the control of Nnat expression. 

 Adult castrates lose behaviors typical of their sex but do not behave like 

the opposite sex. Thus, a castrate male mouse does not attack males, but it does 
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not display female-typical receptivity. We find that some, but not all, genes switch 

their sex-typical expression pattern following castration, thereby providing a 

molecular correlate in the brain of the intermediate behavioral state of castrates. 

These dimorphic genes may also control morphological plasticity controlled by 

adult sex hormones in regions such as the MeApd, VMHvl, and POA (Morris et 

al., 2008b; Cooke, 2006; Dugger et al., 2008, 2007; Balthazart et al., 2010; 

Konishi, 1989). 

 

Genetic control of sexually dimorphic behaviors 

Our findings, in conjunction with previous work (Wu and Shah, 2011), suggest a 

model in which sex hormones govern a sexually dimorphic gene expression 

program such that individual genes regulate specific components of dimorphic 

behaviors. Such a model may be premature since we understand very little about 

how these genes influence behavior. For example, Sytl4 is upregulated in the 

male BNSTmpm and Sytl4 mutants, similar to male rats following surgical BNST 

lesions, mate aberrantly (Emery and Sachs, 1976). Nevertheless, Sytl4 

expression in a small set of non-BNST neurons makes it difficult to conclude that 

Sytl4 functions in the BNST to control mating. In future studies, conditional 

genetic manipulations will permit a better understanding of gene function in 

discrete neuronal pools. The genes we have identified can also be used to 

engineer such conditional genetic manipulations. Thus, genes expressed in the 

VMHvl could potentially be used to identify neurons that control attacks in mice 

(Lin et al., 2011). 
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 Individual genes can control complex behaviors as well as reflexive 

displays (Winslow et al., 1993; Brown et al., 1996; Scheller et al., 1983; Nishimori 

et al., 1996; Osborne et al., 1997; de Bono and Bargmann, 1998; Bendesky et 

al., 2011; Liu et al., 2011). We have identified many genes that control sex-

specific behaviors. Mice mutant for these genes show deficits in specific 

behavioral parameters such that the sex-typical repertoire of behaviors is 

retained and other dimorphic interactions are unaffected. Our findings suggest 

that it may be possible to deconstruct all sex-typical displays into genetically 

separable behavioral components. Analogous genetic wiring of dimorphic 

behaviors may also operate in fruitflies and worms (Von Schilcher, 1976; Garcia 

et al., 2001), which employ non-hormonal mechanisms of sexual differentiation 

(Cline and Meyer, 1996; Manoli et al., 2006; Dickson, 2008). The notion that a 

behavior can be deconstructed into a suite of genetically encoded behavioral 

modules is similar to findings that complex neuropsychiatric conditions may also 

consist of discretely heritable traits (Kellendonk et al., 2009). Such studies have 

also revealed that different mutations in a gene can lead to distinct phenotypes 

(Zoghbi and Warren, 2010). It will be interesting to determine if mice mutant for 

the genes we have identified also exhibit other behavioral phenotypes. 

 Genetic wiring of components of dimorphic behaviors has intuitive appeal 

since these behaviors are subject to stringent selection. Such wiring allows 

evolutionary modulation of a reproductive behavior without disrupting it entirely. 

Social experience can modify sex-specific behaviors (Insel and Fernald, 2004), 

and it will be interesting to test if it alters sexually dimorphic expression of genes 
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that control these behaviors. In summary, our findings suggest that sexually 

dimorphic displays may be a composite of behavioral routines that are genetically 

separable. It is possible that all innate social behaviors can be deconstructed 

similarly. In the case of sexually dimorphic displays, it will be important to identify 

all the underlying genes, and to understand how these genes act within neural 

circuits to influence social interactions. 
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EXPERIMENTAL PROCEDURES 

Animals 

Adult mice were used for all studies. Mice null for Brs3, Cckar, Irs4, and Sytl4 

have been described previously (Kopin et al., 1999; Ladenheim et al., 2008; 

Fantin et al., 2000; Gomi et al., 2005). All studies were in accordance with 

IACUC protocols at UCSF. 

 

Microarray 

MEEBO arrays (Verdugo and Medrano, 2006) were used for all hybridizations. 

Different normalization schemes for microarray analysis make distinct 

assumptions about the data. We performed various normalizations to generate a 

list-of-list of dimorphic genes that were robust to different normalizations and 

enriched in the hypothalamus compared to whole brain. 

 

Histology 

We performed ISH on serial coronal sections spanning the rostrocaudal extent of 

the hypothalamus and MeA. To identify sex differences in gene expression, we 

performed ISH from male and female brains in parallel. This procedure precludes 

variability of signal:noise arising from lot-to-lot changes in reagents and permits 

direct sex comparison of expression. 

 

Behavioral Assays 



 102 

Testing was initiated, recorded, and analyzed as described previously (Juntti et 

al., 2010; Wu et al., 2009). We tested the role of Cckar in sexual receptivity once 

with sexually experienced females. Estrus was induced and, 20 min prior to 

being introduced to a sexually experienced WT male resident for 30 min, females 

were injected intraperitoneally with 50 µL of Devazepide (500 µg; Tocris) or 

Lorglumide (500 µg; Sigma) resuspended in DMSO and saline, respectively. In 

preliminary studies we failed to observe any effect of Lorglumide at a low dose of 

50 µg/female. The antagonist doses we chose were based primarily on studies of 

gastric emptying and feeding with doses up to 250 µg/mouse. We increased this 

higher dose 2-fold to permit more antagonist to reach neurons and used 500 

µg/adult mouse for further studies. 

 

Statistical Analysis 

Quantitation of data was performed blind to relevant variables, including sex, 

genotype, and drug treatment. Unless otherwise specified, we performed the 

following statistical tests. Categorical data was analyzed by a Fisher’s exact test. 

For other comparisons, we first tested the distribution of the data with Lilliefors’ 

goodness-of-fit normality test. Data not violating the test were analyzed with 

parametric tests (Student’s t test) and other data was analyzed with the non-

parametric Wilcoxon rank sum test. 
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FIGURE LEGENDS  
Figure 1: Identification of sexually dimorphic gene expression in the adult 

mouse brain 

(A) Strategy to identify sex differences in gene expression. Boxed areas in Nissl 

stained coronal sections depict the dissected regions. 

(B-C’’’) Expression of Sytl4 mRNA in serial coronal sections through the 

forebrain, with more rostral sections on top. Upregulated Sytl4 mRNA in the male 

BNST (insets). 

(D) List of genes with sexually dimorphic expression. 

*, X-linked gene; ‡, imprinted gene.  Scale bar =  1 mm.  Inset scale bar = 100 

µm. 

See also Figure S1 and Table S1. 

 

Figure 2: Sexually dimorphic expression of Sytl4 and Brs3 

Sytl4 (A-D) and Brs3 (E-L) mRNA expression in coronal sections. Brains from 

male and female were processed in parallel whereas those from castrate male or 

female were processed in separate studies and are shown here (and Figure 3) 

for comparison purposes. 

(A-D) More Sytl4 mRNA in the male BNSTmpm. 

(E-L) Less Brs3 mRNA in the male BNSTmpm and MeApd. 

(M, N) Boxed areas in Nissl stained sections outline the BNST (M) and MeA (N) 

regions shown in (A-H) and (I-L), respectively. Scale bar (A-L) = 100 µm. 
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Figure 3: Sexually dimorphic expression of Cckar and Irs4 

Cckar (A-P) and Irs4 (Q-X) mRNA expression in coronal sections. 

(A-L) More Cckar mRNA in the male BNSTmpm, POA, and MeApd. 

(M-P) More Cckar mRNA in the female VMHvl. 

(Q-T) More Irs4 mRNA in the VMHvl of the female and castrate female. 

(U-X) More Irs4 mRNA in the male PMV. 

(Y, Z, A’-C’) Boxed areas in Nissl stained sections outline the BNST (Y), POA 

(Z), MeA (A’), VMHvl (B’), and PMV (C’), respectively. Scale bars = 50 µm. 

 

Figure 4: Sexual dimorphism in gene expression and its control by adult 

sex hormones 

Heat map of log10-transformed fold differences in mRNA expression. 

(A) Individual genes are upregulated in ≥1 brain region in one sex or in distinct 

regions in both sexes. A brain region can show upregulated expression of distinct 

genes in both sexes. Red = male-upregulated, green = female-upregulated. 

(B) Most male-upregulated genes are downregulated after castration. Red = 

male-upregulated, yellow = no change, green = castrate male-upregulated. 

(C) Most genes show similar expression in intact and castrate females. Red = 

female-upregulated, yellow = no change, green = castrate female-upregulated. 

Heat map scale spans from red to green. Black = not sexually dimorphic or not 

expressed. p < 0.05 for all changes shown in green or red; p > 0.05 for yellow 

cells. 

See also Figures S2, S3. 



 116 

 

Figure 5: Sytl4 is required for patterning male sexual behavior 

(A) Mice mutant for Brs3, Cckar, Irs4, or Sytl4 were tested for deficits in various 

sex- specific displays. 

(B) Sytl4–/Y residents (Null) sniff WT female intruders less than Sytl4+/Y residents 

(Control). 

(C) All residents vocalize more to WT female than to WT male intruders. 

(D) Sytl4–/Y residents intromit WT female intruders in more tests. 

(E-G) The latency, number, and duration of mounts and intromissions are 

unaffected in Sytl4 mutants. 

(H) No difference in fraction of mounts that proceed to intromission between 

males that ejaculate and males that do not. Receptivity index = (# of mounts with 

intromission)/(# of all mounts). 

 (I, J) Control males that ejaculate show a shorter latency to intromit and proceed 

faster from the first sniff to the first intromission compared to controls who do not 

ejaculate. These behavioral parameters are decorrelated with ejaculation in null 

males. 

Mean ± SEM; n ≥ 14 animals/genotype; * p < 0.04; ** p < 0.01. 

See also Figure S4 and Tables S2, S3. 

 

Figure 6: Irs4 is essential for maternal behaviors 

(A, B) Irs4–/– (Null) and Irs4–/+ (Control) mothers retrieve pups (A), and the latency 

to retrieve the first pup is similar between the two groups (B). 
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(C) Irs4 null mothers take longer to retrieve all pups. 

(D) Fewer Irs4 null mothers attack intruder males. 

(E-I) When Irs4 null mothers attack intruders they do so similar to control 

mothers. 

Mean ± SEM; n ≥11/genotype; * p < 0.04. 

See also Figure S5, Table S4, and Movies S1, S2. 

 

Figure 7: Cckar is essential for female sexual behavior 

(A) WT males mount Cckar null or WT females equivalently, but fewer mutant 

females allow males to intromit or ejaculate.  

(B) Lower receptivity index in Cckar–/– females. 

(C) Lower receptivity index in sexually experienced Cckar–/– females. 

(D, F) WT males mount, intromit or ejaculate equivalently with females treated 

with vehicle or Cckar antagonists. 

(E, G) Both Cckar antagonists reduce sexual receptivity of females. 

(H-K) Estrogen increases Cckar mRNA in the VMHvl of castrate females. 

Mean ± SEM; n ≥ 21 (A-C); n ≥ 12/treatment (D-G); n ≥ 3/treatment (H-K); * p < 

0.05, ** p <  0.01, *** p ≤ 0.001.  Scale bar = 100 µm. 

See also Figures S5, S6, and Movies S3, S4. 
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SUPPLEMENTARY MATERIAL 
 
All supplementary material for this Appendix may be found online at: 
 
http://www.cell.com/  

 




	Title Page CY.pdf
	thesis 022012 change.pdf
	Pub agreement CY.pdf



