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Steroidogenic factor 1 (SF-1) is a nuclear receptor that plays important roles in the 

hypothalamic-pituitary-steroidogenic organ axis. Global knockout studies in mice 

revealed the essential in vivo roles of SF-1 in the ventromedial hypothalamic nucleus 

(VMH), adrenal glands, and gonads.  One limitation of global SF-1 knockout mice is 

their early postnatal death from adrenocortical insufficiency. To overcome limitations of 

the global knockout mice and to delineate the roles of SF-1 in the brain, we used 

Cre/loxP recombination technology to genetically ablate SF-1 specifically in the central 

nervous system (CNS).  Mice with CNS-specific knockout of SF-1 mediated by nestin-

Cre showed increased anxiety-like behavior, revealing a crucial role of SF-1 in a complex 

behavioral phenotype. Our studies with CNS-specific SF-1 KO mice also defined roles of 

SF-1 in regulating the VMH expression of target genes implicated in anxiety and energy 

homeostasis. Therefore, present work will focus on the functional roles of SF-1 in the 

VMH linked to anxiety and energy homeostasis. 
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1  

INTRODUCTION 

 
1. STEROIDOGENIC FACTOR 1 

 

1.1 Isolation and identification 

Steroidogenic factor 1 (SF-1) was originally identified as a transcription factor 

involved in regulation of genes encoding the cytochrome P450 steroid hydroxylases. 

Independent studies from two groups revealed a common regulatory element (AGGTCA) 

in the proximal promoter regions of several steroid hydroxylases (Bogerd et al., 1990; 

Rice et al., 1991; Morohashi et al., 1992) Subsequently, a SF-1 cDNA clone was isolated 

independently by two groups using oligonucleotide affinity column (Honda et al., 1993) 

or, based on the similarity of this binding motif to a half-site for nuclear receptor 

proteins, a hybridization probe containing the DNA binding region of retinoid X 

receptor.(Lala et al., 1992) A series of studies then confirmed that SF-1 belonged to the 

nuclear hormone receptor family showing high homology with Drosophila nuclear 

receptor fushi tarazu factor 1 (Ftz-F1), which is involved in fushi tarazu homeotic gene 

expression (Lavorgna et al., 1993). 

 

1.2 Structure 

Nuclear receptors share common structural features such as a zinc finger DNA-

binding domain (DBD), a ligand-binding domain (LBD), and two activation domains 

named activation function 1 and 2 (AF1 and AF2). 
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Figure 1-1. Schematic structural comparison between a canonical nuclear receptor 
and SF-1. N, N-terminal; C, C-terminal; AF1, activation function 1; Hinge, hinge region; 
DBD, DNA-binding domain; LBD, ligand-binding domain; AF2, activation function 2. 
 

SF-1 contains common structural features consistent with other superfamily members, 

harboring a classic Cys2-Cys2 zinc finger DNA-binding domain (DBD) in the N-terminal 

region, a conserved ligand-binding domain (LBD), and activation function 2 (AF2) 

(Figure 1-1). Unlike most nuclear receptors, which dimerize with their partners to 

regulate transcriptional regulation, SF-1 recognizes its cognate element as a monomer; it 

thus is similar to a cohort of nuclear receptors such as nerve growth factor-induced gene-

B (NGFI-B), estrogen-related receptor 1 (ERR1), receptor-related orphan nuclear 

receptor (ROR), and liver receptor homolog/Cyp7a promoter binding factor (LRH-

1/CPF) (Wilson et al., 1993; Mangelsdorf et al., 1995; Nitta et al., 1999). SF-1 has a 

nuclear localization signal in the hinge region adjacent to the DBD spanning from amino 

acids 89 to 101 that mediates shuttling from cytoplasm to nucleus (Li et al., 1999). 

It is a still unanswered question whether transcriptional activity of SF-1 is 

regulated by physiological ligands. Ligand independent modes of regulation have been 

suggested, including co-activator, repressor, phosphorylation, sumoylation, acetylation, 

and ubiquitination (Ito et al., 1997; Ito et al., 1998; Desclozeaux et al., 2002; Komatsu et 

al., 2004; Chen et al., 2005; Chen et al., 2007). The X-ray crystal structure of the ligand-
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binding domain of SF-1 revealed a large binding pocket that was filled with 

phospholipids (Krylova et al., 2005; Li et al., 2005; Wang et al., 2005). Further study 

suggested that SF-1 preferentially binds to eukaryotic phosphatidyl inositol bis- and 

triphosphates, as well as several C12-C16 fatty acids, with high affinity. However, a 

phopholipid-dependent regulation of SF-1 activity has not been confirmed in any 

biological systems, with an exception of a recent study indicating that sphingosine acts as 

a negative regulator of SF-1 action (Wang et al., 2005; Urs et al., 2006). 

 

1.3 Expression 

To delineate potential roles of SF-1 in specific tissues, SF-1 expression was 

studied using both immunohistochemistry and in situ hybridization.  As expected from its 

function as an important regulator in steroidogenesis, SF-1 is expressed in adrenal cortex, 

testicular Leydig and Sertoli cells, and ovarian theca and granulosa cells (Ikeda et al., 

1993; Sasano et al., 1995; Takayama et al., 1995). Additionally, SF-1 expression was also 

detected in the pituitary gonadotropes and the ventromedial hypothalamic nucleus 

(VMH), providing evidence of complex roles of SF-1 in the multiple levels of the 

hypothalamus-pituitary-steroidogenic organs (Ikeda et al., 1994; Ingraham et al., 1994; 

Asa et al., 1996).  

 

1.4 The in vivo roles of SF-1 

Its expression in multiple sites in the hypothalamus-pituitary-steroidogenic organ 

axis suggested that SF-1 potentially performs multiple functions in the endocrine system. 

To address the roles of SF-1 in the hypothalamus-pituitary-steroidogenic organ axis, three
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groups independently used targeted gene knockout methods to disrupt SF-1 function in 

vivo (Luo et al., 1994; Sadovsky et al., 1995; Shinoda et al., 1995). As expected from the 

model that SF-1 is essential in adrenal and gonadal steroidogenesis, SF-1 KO mice 

appeared normal at birth but died by eight days because of acute glucocorticoid and 

mineralocorticoid deficiency (Luo et al., 1994; Sadovsky et al., 1995). Strikingly, SF-1 

KO mice showed complete agenesis of the adrenal glands and gonads with a marked 

increase in plasma ACTH; the latter was consistent with the absence of negative feedback 

regulation by glucocorticoids. Subsequent studies reported that initial development of 

adrenal and gonad started normally without SF-1, but regression of adrenals and gonads 

occurred in later stages of their development. SF-1 KO mice also had female genitalia in 

both sexes because their gonads regressed before male sexual differentiation. 

SF-1 is normally expressed in pituitary gonadotropes. The SF-1 KO mice had 

impaired expression of luteinizing hormone  β (LHβ), follicle-stimulating hormone β 

(FSHβ), the α subunit of glycoprotein hormones (αGSU), and the receptor for 

gonadotropin-releasing hormone, suggesting that SF-1 also regulates key genes at the 

pituitary level of the reproductive axis (Ingraham et al., 1994; Shinoda et al., 1995).  

One striking feature in the brain of SF-1 KO mice is the disorganization of the 

ventromedial hypothalamic nucleus (Ikeda et al., 1995; Shinoda et al., 1995). As 

discussed below, the VMH has been considered as a key hypothalamic nucleus 

participating in regulation of complex metabolic and reproductive events.  Although the 

functional roles of SF-1 in the VMH are still under active investigation, several lines of 

evidence suggested that SF-1 plays crucial roles in normal development of VMH, weight 

regulation, stress response, anxiety regulation, and normal metabolic homeostasis
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(Dellovade et al., 2000; Davis et al., 2004; Dhillon et al., 2006; Bingham et al., 2008; 

Kim et al., 2008; Kim et al., 2008; Zhao et al., 2008), highlighting its complex actions in 

endocrine and autonomic responses. 

 

 

2. VENTROMEDIAL NUCLEUS OF THE HYPOTHALAMUS 

 

2.1. Anatomy 

The hypothalamus is located below the thalamus, just above the brain stem, linking the 

nervous system to the endocrine system through the pituitary gland. Dorsally, it is 

bounded by the zona incerta and cerebral peduncle. Caudally, the hypothalamus merges 

with the periaqueductal gray and ventral tegmental area of the midbrain. The 

hypothalamus consists of many nuclei, as indicated in Table 1-1. These hypothalamic 

nuclei are highly involved in the integration of various endocrine and autonomic signals 

such as mood regulation, circadian rhythm, sexual behaviors, and energy homeostasis. Of 

the many hypothalamic nuclei, the ventromedial hypothalamic nucleus (VMH) uniquely 

expresses SF-1; thus, SF-1 can be used as a tool to explore the functions of the VMH. 

The VMH is a mediobasal group of hypothalamic cells located in the base of the 

diencephalon, adjacent to the third ventricle and lying above the arcuate nucleus (ARC), 

median eminance, and pituitary complex (Figure 1-2). It has an oval shape with a 

bilateral cell group, extending more laterally as it goes rostral to caudal. Its cytostructure 

is easily defined by the surrounding cell-poor, dendrite fiber-rich zone, which provides 

strong neuronal connection to the stria terminalis (Heimer and Nauta, 1969). 
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Table 1-1. The hypothalamic nuclei 

Region Area Name of nucleus 

Medial preoptic nucleus  

Supraoptic nucleus (SO) 

Paraventricular nucleus (PVN) 

Anterior hypothalamic nucleus (AH) 

Medial 

Suprachiasmatic nucleus (SC) 

Lateral preoptic nucleus 

Lateral Nucleus (LH) 

Anterior 

Lateral 

Part of supraoptic nucleus (SO) 

Dorsomedial hypothalamic nucleus (DM) 
Tuberal Medial 

Ventromedial nucleus (VM) 

 

 

The VMH can be subdivided into three subnuclear groups, dorsomedial, central, and 

ventrolateral, depending on their cell types, fiber projections, and packing density (Figure 

1-2 and 1-3). The VMH has also been divided into anterior, middle, and posterior 

depending on histological regions (Van Houten and Brawer, 1978), and it has been 

proposed that these region-centered variations may reflect distinct functional components 

of the VMH. A number of genes expressed in the VMH have been identified (reviewed in 

McClellan, 2006 and Figure 1-3) and the function of the genes has been studied. 
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Figure 1-2. Schematic diagram showing the mediobasal hypothalamic nuclei. 
LH, lateral hypothalamus; PeF, perifornical nucleus; DMH, dorsomedial hypothalamic 
nucleus; dmVMH, dorsomedial VMH; cVMH, central VMH; vlVMH, ventrolateral 
VMH; ARC, arcuate nucleus; ME, median eminence; VMH, ventromedial hypothalamic 
nucleus; Te, terete hypothalamic nucleus; F, fornix; 3V, third ventricle. 
 
 
One recent study used laser-capture microdissection to define VMH-enriched genes 

relative to the other hypothalamic regions (Segal et al., 2005). Similarly, the Ingraham 

laboratory identified ~200 genes highly enriched in neonatal (postnatal day 0) mouse 

VMH tissue, revealing distinct regional patterning in the newly formed VMH (Kurrasch 

et al., 2007). Ongoing studies detailing gene expression patterns in different subregions 

of the VMH likely will provide further insight into neuroendocrine function in the VMH. 

Based on Golgi impregnation approaches, the VMH mainly consists of two major 

forms of neuronal cell types, which were designated categories I and II (Millhouse, 

1978). Category I neurons in the VMH have spindle-like somata measuring 20-30 um
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 along their long axis and 10-15 um across the short axis and make up the large majority 

of VMH neurons. The category II neurons, which account for only for 2% of VMH 

neurons, have larger somata that measure 30-50 um in diameter. Although the 

relationship between these two categories is still uncertain, one possible explanation will 

be that they differ in response to endocrinological environment of the brain (Millhouse, 

1978; Van Houten and Brawer, 1978). 

 

 

 
 

 
 
Figure 1-3. Schematic diagram showing expression patterns of various genes in the 
VMH.
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The VMH can be divided into three subregions: the dmVMH, cVMH, and vlVMH. SF-1 
is expressed in throughout the VMH regions with a gradient from dmVMH (high) to 
vlVMH (low). BDNF, Vglut2, PACAP, and CB1R are expressed throughout the nucleus 
(light green and red). LepR and Crhr2 localize more dosomedially and central than ERα, 
which is expressed only in the ventrolateral quadrant of the VMH. LepR, leptin receptor; 
ERα, estrogen receptor α; BDNF, brain-derived neurotrophic factor; Vglut2, synaptic 
vesicular transporter 2; PACAP, pituitary adenylate cyclase-activating polypeptide; 
CB1R, cannabinoid receptor 1. 
 
 

2.2. Development 

The development of the hypothalamus begins from the ventral portion of the secondary 

prosencephalon; the forebrain will give rise to secondary prosencephalon (Figure 1-4A). 

Signals from the axial mesendoderm including notochord and the prechordal plates (PCP) 

are required for induction of the hypothalamus (Figure 1-4A and B). The axial 

mesendoderm is induced from the organizer and underlies the ventral midline of the 

neuraxis. Several evidences suggested that Sonic Hedgehog (Shh) produced by the 

organizer, the notochord, and the PCP is responsible for the specific cell types in the 

midline of the neural plate, along the whole rostrocaudal axis, including the 

hypothalamus (Ericson et al., 1995; Dale et al., 1997). In addition to Shh, a BMP7 signal 

provided by the PCP also plays an important role in rostralizing the ventral midline (Dale 

et al., 1997; Shimamura and Rubenstein, 1997). 

Although the mechanisms by which the hypothalamus is specified into several 

distinct nuclei remain incompletely understood, some data have emerged that shed light 

on the formation of hypothalamic nuclei. For example, SIM1, a bHLH-PAS transcription 

factor, plays crucial roles in the terminal differentiation of paraventricular (PVN), 

supraoptic (SON), and anterior periventricular (aPV) nuclei, as SIM1 KO mice survived 
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until E14.5/15.5 but the neurons in these regions never terminally differentiated 

(Michaud et al., 1998; Michaud et al., 2000).  

 

 

Figure 1-4. Schematic diagrams of hypothalamic midline cells during development. 
A. Schematic showing the locations of hypothalamus, prechordal plate (PCP), and 
notochord. B Schematic showing neural plate and indicating relative regions of eye field, 
hypothalamus, PCP and notochord (B). 
 

Although the molecular and chemical mechanisms by which the VMH is formed 

remain to be defined, many studies have shown that the SF-1 is essential for proper VMH 
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development and function (Ikeda et al., 1995; Shinoda et al., 1995; Parker et al., 2002; 

Kim et al., 2008; Kim et al., 2008; Zhao et al., 2008); these studies demonstrated that loss 

of SF-1 led to changes not only in VMH cellular topography, but also in neuronal 

connections of the VMH. The VMH becomes a distinct hypothalamic nuclear group 

around between E15 and E17 in the mouse (Tobet et al., 1999) and immunoreactivity of 

SF-1 was detectable from mouse diencephalons as early as E9.5 days (Ikeda et al., 2001). 

The precise roles of SF-1 in VMH development are still less clear and under active 

investigation.  

 

2.3. Neuronal connections 

The major neuronal afferents projecting to the VMH come from the amygdala, lateral and 

medial septum (LS and MS), bed nucleus of the stria terminalis (BNST), anterior 

hypothalamic area (AH), preoptic area (POA), thalamic and epithalamic areas, and dorsal 

midbrain with the medial central gray, and premammillary nucleus (Chambers et al.) 

(Fahrbach et al., 1989; McClellan et al., 2006) (Figure 1-4). The VMH projects major 

efferent connections to the amygdala, preoptic area, the septal region including the 

BNST, peripeduncular area, periaqueductal gray, superior colliculus, mesencephalic 

reticular nucleus, ventral and dosal thalamus including zona incerta and nucleus reuniens, 

and intrahypothalamic area including anterior hypothalamus, ventral premammillary 

nucleus, and periventricular zone (particularly to the arcuate nucleus) (Canteras et al., 

1994; McClellan et al., 2006) (Figure 1-4). One study has detailed the distinct projection 

patterns of the dorsomedial, central, and ventrolateral parts of the VMH (Canteras et al., 

1994); as reported, each subregion of the VMH showed significant differences with
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regard to their projection patterns. Furthermore, there are massive internal connections 

within the VMH (Millhouse, 1973; Nishizuka and Pfaff, 1989).  

 

 

Figure 1-5. The major neuronal connections of the VMH. 
Schematics showing major afferents (A) to the VMH and efferents (B) from the VMH. 
LS, lateral septum; MS, medial septum; BNST, bed nucleus of the stria terminalis; AH, 
anterior hypothalamic area; POA, preoptic area; PM, premammillary nucleus; 3V, third 
ventricle; D3V, dorsal part of third ventricle; Aq, aqueduct.
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Although current understanding of neuronal connections of the VMH is mainly based on 

the results from anterograde and retrograde tracer approaches in adult rodents (Conrad 

and Pfaff, 1976; Fahrbach et al., 1989; Canteras et al., 1994; McClellan et al., 2006), a 

method developed recently made possible to map the topographical connections between 

VMH and arcuate nucleus, giving insights into functional connectivity within 

hypothalamic nuclei (Sternson et al., 2005). 

 

2.4. Anxiety Regulation 

The VMH is involved in the regulation of feeding, anxiety, thermoregulation, and 

sexual behaviors. Furthermore, the nucleus apparently also participates in regulation of 

pain response and cardiovascular control (Hirasawa et al., 1996; Hosoi et al., 1999). Of 

the three regions (dorsomedial, central, and ventrolateral parts) of the VMH, the 

dorsomedial component (dmVMH), together with anterior hypothalamic nucleus and the 

dorsal premammillary nucleus, was considered as part of a distinct circuit, called the 

medial hypothalamic defensive system, that helped to organize innate defensive behavior. 

Also, significant neuronal activation measured by c-Fos immunohistochemistry was 

detected in this area after exposure to a predator, strengthening an idea that the nucleus 

plays important role in defensive behavior and fear and anxiety responses (Canteras et al., 

1997; Dielenberg and McGregor, 2001). Anatomically, the response is connected with 

several regions such as the medial amygdala, lateral septal nucleus, BNST, infralimbic 

and prelimbic pre-frontal cortex, dorsolateral periaqueductal grey (dlPAG), and the 

precommisural nucleus (Canteras, 2002). 
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Of interest, the VMH (especially its dorsomedial component) integrates 

information from two critical amygdaloid nuclei, the medial and basomedial regions, 

which are involved in regulation of defensive responses such as anxiety and fear 

(Canteras et al., 2001; Canteras, 2002). While the molecular mechanisms delineating fear 

and anxiety through the VMH are poorly understood, several published reports specified 

neural connections and molecular function in the VMH. For example, one report 

suggested that substance P plays a critical modulatory role in fear response with the 

medial amygdala (MeA) – VMH – PAG connections (Zhao et al., 2008). Furthermore, 

the differential involvement of GABA/benzodiazepine (BZD) to fearful, anxious, or 

threatening stimuli in MeA, VMH, and PAG was described (Bueno et al., 2005; Herdade 

et al., 2006; Bueno et al., 2007). Among genes highly expressed in the VMH, a number 

are essential for the regulation of fear, anxiety, or stress responses (Steiner et al., 1999; 

Bland et al., 2000; Rios et al., 2001; Zhao et al., 2008). 

 

 

3. STEROIDOGENIC FATOR 1 IN THE VENTROMEDIAL NUCLEUS OF THE 

HYPOTHALAMUS 

 

3.1. Regulation of gene expression 

SF-1 is a unique transcription factor in its expression pattern in the brain because 

its expression is highly limited to the VMH of mice and rats (Ikeda et al., 1995; Parker et 

al., 2002). Studies of knockout mice revealed that SF-1 plays essential roles not only in 

establishing the cytoarchitecture of the VMH but also in the proper positioning of other 
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genes expressed normally in the VMH such as ERα, nkx2.1, and galanin (Shinoda et al., 

1995; Dellovade et al., 2000; Davis et al., 2004). In addition to SF-1, other transcription 

factors are highly expressed within the VMH, albeit with significant expression in other 

brain regions as well. In 1999, the first evidence regarding to direct target gene of SF-1 in 

brain was published, suggesting a subunit (NR2C; GluRε3) of the N-methyl-D-aspartic 

acid (NMDA) receptor channel as a potential target gene of SF-1 in the brain (Pieri et al., 

1999). They used reporter gene analysis and gel mobility shift assay to show SF-1 

coactivates the 5’-flanking region of the gene encoding the ε3 subunit. In  2005, a 

collaboration with the Friedman and Elmquist groups identified a cohort of VMH-

enriched genes as potential SF-1 target genes, including Cbln1, Slit3, TenM2, and EST 

AA982708 (Segal et al., 2005). Subsequent studies revealed that bdnf I and IV transcripts 

are affected by the SF-1 gene dosage, implying that SF-1 regulates the bdnf gene in the 

VMH (Tran et al., 2003; Tran et al., 2006). A recent publication extended considerably 

the list of SF-1 target genes (Kurrasch et al., 2007). 

 

3.2. Homeostatic regulation 

The first clear evidence that SF-1 function in the VMH is related to regulation of 

body homeostasis came from analyses of SF-1 KO mice kept alive with adrenal 

transplants (Majdic et al., 2002). These SF-1 KO mice, which apparently maintained 

normal levels of corticosterone, exhibited marked late onset obesity associated with 

decreased activity and increased leptin and insulin levels, linking SF-1 with the VMH-

related syndrome of obesity. 
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In 2006, Dhillon et al. showed that leptin receptor expression in SF-1 neurons in 

the VMH is critical for normal body-weight homeostasis, suggesting that SF-1 neurons in 

the VMH are important determinants of energy homeostasis (Dhillon et al., 2006). In 

same year, other researchers reported that reduced SF-1 gene dosage in SF-1 +/- mice is 

connected with body weight gain in mice fed either high-fat chow or low-fat chow, 

suggesting that decreased expression of BDNF caused by SF-1 haploinsufficiency in the 

VMH may be linked to the phenotype (Tran et al., 2006). 

A subsequent report showed that glutamate release from SF-1 neurons in the 

VMH plays important roles in regulation of glucose homeostasis (Tong et al., 2007). The 

VMH was previously shown to contain glucose sensing neurons and to play an 

integrative function in glucose homeostasis (Steffens et al., 1988; Routh, 2003). Taken 

together, these findings highly suggest that SF-1 neurons in the VMH play important 

roles in energy homeostasis, at least partly by serving as glucose sensors.  

The role of leptin receptor expression in SF-1 neurons in metabolic regulation 

was independently confirmed (Bingham et al., 2008). Thus, the use of SF-1 regulatory 

sequences to achieve specific inactivation of genes of interest in the VMH has emerged 

as a powerful tool to examine the roles of specific genes in complex behaviors and 

homeostatic networks, and it is anticipated that important insights will continue to 

emerge from this line of investigation.  In addition, further studies are needed to establish 

direct effects of SF-1 in gene regulation in the VMH, since the results to date could 

reflect either developmental impairment of VMH structure or the loss of expression of 

SF-1 target genes.  
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4. RATIONAL OF PRESENT WORK 

As outlined above, SF-1 is a nuclear receptor that plays crucial roles in the 

hypothalamus-pituitary-steroidogenic organ axis. While we have considerable insight 

into target genes of SF-1 in other sites, we know less about its target genes in the VMH. 

To circumvent the limitations of global KO mice and to delineate the in vivo roles of SF-

1 in the VMH, we used Cre/loxP recombination technology to genetically ablate SF-1 

specifically in the central nervous system (CNS). Therefore, understanding of functional 

roles of SF-1 in the VMH using CNS-specific SF-1 KO mice model is main focus of the 

present work, emphasizing roles of SF-1 in regulating the VMH expression of target 

genes implicated in anxiety and energy homeostasis. 
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CHAPTER TWO 
 
 

CENTRAL NERVOUS SYSTEM-SPECIFIC KNOCK OF STEROIDOGENIC 

FACTOR 1 RESULTS IN INCREASED ANXIETY-LIKE BEHAVIOR 

 
INTRODUCTION 

 

Steroidogenic Factor 1 (SF-1, officially designated NR5A1) is a nuclear receptor 

that is expressed in the gonads, adrenal cortex, anterior pituitary, hypothalamus, and 

spleen (Parker et al., 2002).  A number of target genes by which SF-1 mediates 

development and function of the gonads, adrenal cortex, and pituitary gonadotropes have 

been identified. However, the roles of SF-1 in the ventromedial nucleus of the 

hypothalamus (VMH) and its potential hypothalamic target genes remain less well 

understood.  

 Within the CNS, SF-1 is first expressed at approximately embryonic day 9 (E9) 

in the region of the ventral neural tube that forms the hypothalamic primordium (Ikeda et 

al., 2001) and subsequently localizes to the VMH. The VMH, which is linked to 

neurophysiological and behavioral effects that include body weight regulation, 

spontaneous locomotor activity, anxiety-like behavior, and female reproductive behavior, 

is characterized chemoarchitecturally by the positions of cells expressing specific 

proteins within and surrounding the nucleus (Canteras et al., 1994; McClellan et al., 

2006).  Consistent with its early expression during VMH development, SF-1 knockout 

(KO) mice exhibit marked structural perturbation of the VMH (Ikeda et al., 1995; 

Shinoda et al., 1995), and the absence of SF-1 markedly affects the expression and
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location of many neurochemical markers in the mediobasal hypothalamus (Dellovade et 

al., 2000; Tran et al., 2003; Davis et al., 2004). Consistent with a link of the VMH to 

energy homeostasis, adrenal-transplanted SF-1 KO mice exhibited late-onset obesity and 

decreased locomotor activity (Majdic et al., 2002).  

To evaluate SF-1 function in the VMH and to ensure that the effect of the SF-1 

KO reflected direct CNS effects rather than secondary effects of gonadal, adrenal, or 

pituitary insufficiency, we used the Cre-loxP strategy to inactivate SF-1 specifically in 

the CNS. CNS-specific KO of SF-1 (SF-1 KOVMH) dramatically altered the locations of 

cells in and around the VMH and was accompanied by significant changes in the 

expression of several genes, including estrogen receptor α  (ERα) , brain-derived 

neurotrophic factor (BDNF), and the type 2 receptor for corticotropin-releasing hormone 

(Crhr2). Consistent with the decreased expression of BDNF and Crhr2, mice with CNS-

specific KO of SF-1 had increased anxiety-like behavior in a number of behavioral tests.  

These CNS-specific SF-1 KO (SF-1 KOVMH) mice provide a novel genetic model for 

defining the roles of SF-1 in VMH development and function. 
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MATERIALS AND METHODS 

 

Generation and analysis of SF-1 KOVMH mice. 

All animal experiments were approved by the Institutional Animal Care Research 

Advisory Committee at UT Southwestern. Mice homozygous for the floxed (F) SF-1 

allele (Zhao et al., 2001) were crossed with mice heterozygous for the null (N) SF-1 

allele (Luo et al., 1994) carrying the nestin-Cre transgene [JAX Laboratories, strain 

B6.Cg (SJL)-TgN (Nes-Cre)Kln, reference (Tronche et al., 1999)]. The mice have been 

backcrossed on the C57BL/6 background for over 5 generations, thereby minimizing 

potential confounding effects of genetic background on the behavioral studies.  Mice 

designated wild-type (WT) included those with all genotypes except SF-1 F/N, Cre-

positive, as no CNS structural abnormalities or behavioral phenotypes were seen in 

subgroup analyses of mice carrying the WT SF-1 allele or in the F/N mice in the absence 

of the Cre transgene. 

All mice were maintained on a 12-hour light/dark cycle and fed ad libitum on 

regular mouse chow (4% fat by weight). During behavioral studies, mice were analyzed 

individually as described below. 

 

Histology, immunohistochemistry, and in situ hybridization  

Mice were anesthetized and perfused with 4% paraformaldehyde (PFA) in PBS, 

pH 7.4. Brains were post-fixed with 4% PFA in PBS at 40C overnight, cryoprotected in 

30% sucrose for 24 h, embedded in OCT compound, and sectioned at 25 mm on a 

cryostat. Sections for ERα immunohistochemistry were cut at 60 µm using a vibrating



 
 

 

21 

microtome (Leica VT1000S) and processed as described (Dellovade et al., 2000; Davis et 

al., 2004). Sections were stained for Nissl substance with cresyl violet using standard 

procedures. Immunohistochemical procedures were performed using mounted or free-

floating sections through the rostral-caudal extent of the hypothalamus. Paraffin sections 

(7 µm) were used for SF-1 immunohistochemistry with tissues from embryos at E13.5 

and E18.5. Sections were pre-incubated with 0.3 % H2O2 for 15 min, and then 

permeabilized with 0.5 % Triton X-100 in PBS for 20 min. To reduce nonspecific 

reactions, sections were treated with 1.5 % normal serum from the species used to 

generate the secondary antibody. Every other section through the hypothalamus was 

incubated overnight at 4 0C with one of the following antibodies: rabbit anti-SF-1 

(1:1500, a generous gift of Dr. Ken Morohashi), rabbit anti-Ucn 3 (1:19,000, a generous 

gift of Dr. Wylie Vale), rabbit anti-ERα (1:5000 dilution of C1355, Upstate 

Biotechnology, Inc., Lake Placid, NY), rabbit anti-BDNF (1:1000, Santa Cruz 

Biotechnology, Inc.), or goat anti-Crhr2 (1:1500, Santa Cruz Biotechnology, Inc.). After 

washes in PBS, the sections were incubated with fluorescein-conjugated or biotinylated 

secondary antibody for 1 h at room temperature and developed using the Vectastain ABC 

detection system (Vector Laboratories, Inc., Burlingame, CA). Finally, sections were 

rinsed three times in PBS for 10 min and mounted.  In situ hybridization was performed 

on every fourth serial section from four brains each from WT and SF-1 KOVMH mice. 

Probes included BDNF (rat BDNF, 350 bp antisense probe that recognizes all BDNF 

transcripts), and Crhr2 (β form of mouse Crhr2, 1.1kb from 47-1056, accession #: 

NM_009953) labeled with [35S] UTP. Digital images from tissue sections processed for 

brightfield or epifluorescence microscopy were captured and imported into Photoshop. 
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Behavioral studies 

SF-1 KOVMH and WT mice were matched for sex and age, and littermates were 

housed together. The mice were subjected to a standard battery of behavioral tests as 

described (Crawley, 2001; Deacon, 2006).  Mice at 12-16 weeks of age were analyzed in 

behavioral studies. Statistical significance was determined using Student’s t test, two-way 

ANOVA, and repeated measures two-way ANOVA and values represent means ±SEM.   

In the light/dark exploration test, mice were tested in plexiglass activity chambers 

(452020cm) (model ENV-520; Med Associates) that were divided into two parts 

(light:dark=1:1) by a wall containing a door (135 cm) at the level of floor. The test 

mice were always placed in the light chamber with the door closed. After a brief interval, 

the door was opened to allow mice to explore the chambers.  

A commercially available apparatus (San Diego Instruments) was used for the 

elevated plus maze. Mice were placed in the center zone of the maze for 2 minutes and 

then allowed to explore the maze for 15 min. Parameters measured included the 

frequencies of total-, open- and closed-arm entries, as well as the time spent in each zone 

of the maze.  

In the open-field paradigm and to measure locomotor activity in a novel 

environment, Versamax activity monitors (AccuScan Instruments, Columbus, OH) were 

used in 40 x 40 cm open field chambers enclosed in soundproof boxes. Movement was 

measured with infared beams. The time spent in peripheral versus that in the central zone 

and the migration in each zone were measured during a 15 min testing period.   

To measure spontaneous locomotor activity in habitual surroundings, mice were 

maintained for seven days on a standard light/dark cycle with standard food in cages



 
 

 

23 

containing individual running wheels, and wheel-running activity was measured across 

the 24-hour cycle. For each mouse, wheel-running activity was accumulated in 10-min 

bins for 7 days and then averaged to yield one 24-hour profile. Data were then averaged 

and plotted with respect to Zeitgeber time (ZT). 

In the marble-burying paradigm (Deacon, 2006), 20 round glass marbles 

(diameter of approximately 1 cm) were evenly placed in a Perspex cage (21x38x14 cm) 

in five rows of 4 marbles on a 5 cm layer of sawdust bedding that was lightly compressed 

to form a flat surface. After 15-minute exposure to the marbles, the mouse was removed 

from the cage and the buried marbles were counted. Marbles that were at least two-thirds 

covered by sawdust were scored as “buried”.  

 

Cell transfection analyses.  

Cells were cultured at 370C in a humidified incubator containing 5% CO2. Cos-7 

monkey kidney cells were maintained in Dulbecco’s Modified Eagle’s Medium 

supplemented with 10% fetal bovine serum and 100 U/ml penicillin-streptomycin 

(Invitrogen). Mouse Y1 adrenocortical tumor cells were cultured using Ham’s F10 

medium (Mediatech, Inc. Herndon, VA) supplemented with 15% horse serum, 5% fetal 

bovine serum, and 100 U/ml penicillin-streptomycin. Cells were plated in 12-well plates 

at a density of 3x105 cells/well) and then cultured for 24 hours. They then were 

transfected with Fugene 6 (Roche Diagnostics) according to the manufacturer’s 

instructions. Approximately 24 hours after transfection, cells were lysed and luciferase 

activities were determined using the Dual Luciferase Reporter Assay System (Promega) 

with the FLUOstar OPTIMA luminometer (BMG Labtech, Durham, NC). All
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transfections were done in triplicate and repeated in 3 independent experiments. 

The 5’-flanking region of the β isoform of Crhr2 (-2000 to + 109) was amplified 

by PCR and cloned upstream of a luciferase reporter gene in pGL3-basic. To examine the 

role of 2 potential SF-1-responsive elements, site-directed mutagenesis was used to 

mutate sequences corresponding to potential SF-1 responsive elements, all in the context 

of the -2000 promoter construct.  The PCR primers were 5’-CTGAAGATGTCCTCTTA 

AAAAAAAGCACCCACTGTGAGACAG- 3’ for the -1761mutant and 5’-TGCCCTGG 

TGCCCAGGGCTTTTTTTTGGTGGGTAGGTCGGGCAGG-3’ for the +6 mutant. 

 

Electrophoretic mobility shift assays.  

Duplex oligonucleotides containing the sequences of potential SF-1-responsive 

elements were labeled with 32P by fill-in with Klenow fragment and used as probes for 

electrophoretic mobility shift assays as described (Cho et al., 2004). Nuclear extracts 

from mouse Y1 adrenocortical tumor cells were used as a source of SF-1. Labeled probes 

were incubated with nuclear extracts (5-10 mg) at room temperature for 30 min in 10 nM 

HEPES, pH 7.9, 0.1 mM EDTA, 0.25 mM l-dithiothreitol, 0.01% Nonidet P-40, and 10% 

glycerol. In some reactions, a rabbit antiserum raised against full-length SF-1 (1 ml) was 

included in the binding reaction.  Unlabeled duplex oligonucleotides were added as 

specific competitors at 5-, 10- and 100-fold molar excesses. The reactions were resolved 

by electrophoresis on a 6% polyacrylamide gel in 0.25 X TBE at 120 V for 3 hours, and 

the dried gels were then analyzed by Phosphorimager scanning (Molecular Dynamics).    
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RESULTS 

 

The conditional deletion strategy inactivates SF-1 expression selectively in the 

hypothalamus. 

The conditional (F) SF-1 allele was generated as described (Zhao et al., 2001); 

mice homozygous for the F allele showed no apparent phenotype and were fertile. To 

define specific roles of SF-1 in the brain, we combined the F allele and the original null 

(N) allele (Luo et al., 1994) with a nestin-Cre transgene that directs Cre expression to the 

CNS (Tronche et al., 1999).  

We first examined SF-1 expression in different tissues of adult mice with various 

genotypes. SF-1 immunoreactivity in adult mice with the F/N, nestin-Cre positive 

genotype (designated SF-1 KOVMH) was normal in the adrenal cortex, gonads (ovary and 

testis), and the anterior pituitary (Figure 2-1). Thus, Cre-mediated recombination directed 

by the nestin-Cre transgene does not affect SF-1 expression in sites outside of the brain. 

In addition to the structural integrity of the adrenal cortex and gonads, hormonal 

analyses of the nestin-Cre SF-1 KO mice established that these organs also were 

functionally intact.  Thus, as shown in Table 2-1, no differences were seen in plasma 

levels of corticosterone (peak or trough), testosterone (males), or estradiol (females).  

We next determined the effect of nestin-Cre-mediated SF-1 recombination on 

VMH structure and SF-1 expression.  In coronal sections at this level (Figure 2-2), the 

mediobasal hypothalamus in WT mice contains three major groups of cells: the VMH, 

the dorsomedial hypothalamic nucleus (DMH), and the arcuate nucleus (ARC).  As 

revealed by Nissl staining (Figure 2-2A), the WT VMH has a characteristic oval structure
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and expresses immunoreactive SF-1 (Figure 2-2C) with a gradient from dorsomedial 

(highest) to ventrolateral (lowest).  A striking effect was seen when the nestin-Cre 

transgene disrupted SF-1; the VMH nuclear organization was not discernible (Figure 2-

2B), closely resembling the global SF-1 KO mice (Ikeda et al., 1995; Shinoda et al., 

1995).  Moreover, there was complete loss of SF-1 immunoreactivity in the mediobasal 

hypothalamus (Figure 2-2D).   

Although the mouse VMH first emerges as a distinct nucleus at E15-17, SF-1 is 

expressed by neural precursors at E9, and the birthdates of VMH neurons range from 

E10-E14. To determine when the nestin-Cre transgene inactivated SF-1, we examined 

SF-1 expression beginning at E13.5 (Figure 2-3, top panels).  Cells containing 

immunoreactive SF-1 in the WT brain clustered in the ventral diencephalon; the 

developing pituitary also expressed SF-1 (data not shown).  In the SF-1 KOVMH section, 

the number of SF-1-expressing cells was considerably diminished at E13.5.  Similar 

decreases in hypothalamic expression were observed in serial sections throughout the 

region of the presumptive VMH (data not shown).  In analyses of SF-1 immunoreactivity 

at E18.5 (Figure 2-3, bottom panels), we observed complete loss of SF-1 

immunoreactivity throughout the region of the developing VMH.  Collectively, these 

studies indicate that SF-1 inactivation by the nestin-Cre transgene predominantly has 

occurred by E13.5, with complete silencing by E18.5.         

The nestin-Cre-mediated inactivation of SF-1 also caused a marked redistribution 

of cells containing immunoreactive ERα in the mediobasal hypothalamus.  In brain 

sections from WT mice, ERα-containing cells were tightly localized to the ventrolateral 

region of the VMH and the ARC nucleus (Figure 2-4A and C).  Although unchanged in 
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number, these ERα-positive cells in sections from the SF-1 KOVMH mice were displaced 

medially (Figure 2-4B and C), closely resembling the global SF-1 KO mice (Dellovade et 

al., 2000; Stallings et al., 2002).  Thus, these mice reveal striking effects of SF-1 

disruption on both VMH cytoarchitecture and SF-1 expression in a manner highly 

reminiscent of global SF-1 KO mice.  

 

SF-1 KOVMH mice have increased anxiety-like behavior 

Based on observations made by an observer blinded to genotype, SF-1 KOVMH 

mice repeatedly tried to escape when attempts were made to handle them or their cages. 

To assess “anxiety-like” behavior systematically, we used several different test 

paradigms (Crawley, 2001; Deacon, 2006). Similar results were obtained when statistical 

analyses were limited to subgroups of the same sex (data not shown), suggesting that the 

behavioral effects of the SF-1 KOVMH were not sexually dimorphic. 

First, we performed a light/dark exploration test, as described in Materials and 

Methods. SF-1 KOVMH mice exhibited significantly reduced exploratory behavior in the 

light chamber and preferentially stayed in the dark chamber (Figure 2-5, top panel).  

Similarly, studies with the elevated plus maze showed that SF-1 KOVMH mice spent 

significantly more time in the closed arms and less time in the open arms than did WT 

controls (Figure 2-5, middle panel).  Overall activity, as measured by total arm entries, 

did not differ significantly between SF-1 KOVMH and WT mice; open-arm entries, 

however, differed significantly between the two genotypes (Figure 2-5, bottom panel).   

In the open field test, SF-1 KOVMH mice spent significantly less time in the center 

zone (Figure 2-6, top panel) and traveled less distance in this zone (Figure 2-6, middle
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panel) relative to WT mice. In the marble-burying test (Deacon, 2006), the SF-1 KOVMH 

mice buried a significantly greater number of marbles during the observation period 

(Figure 2-6, bottom panel), again consistent with increased anxiety-like behavior. 

Collectively, these multiple tests consistently demonstrated increased anxiety-like 

behavior in SF-1 KOVMH mice, at least as assessed by standard tests of mouse behavior.  

In global SF-1 KO mice given adrenal transplants, spontaneous locomotor 

activity was diminished significantly relative to WT controls (Stallings et al., 2002).  We 

therefore also examined the effect of the SF-1 KOVMH on locomotor activity in adult 

mice. Consistent with the anxiety-like behavior described above, locomotor activity was 

significantly increased in SF-1 KOVMH mice when the mice were subjected to the “stress” 

of transfer into a new cage (Figure 2-7B and C).  By contrast, and consistent with 

previous results (Majdic et al., 2002), wheel-running activity was significantly decreased 

in SF-1 KOVMH mice after the mice were acclimated to their cages. As shown in Figure 2-

7A, the pattern of activity throughout the 24 hours did not differ appreciably in the WT 

and SF-1 KOVMH mice.  However, daily activity was decreased considerably in SF-1 

KOVMH mice relative to WT littermates. These data, consistent with those obtained with 

the global SF-1 KO mice (Stallings et al., 2002), suggest that the previously observed 

chronic decrease in locomotor activity reflects inactivation of SF-1 specifically in VMH 

neurons. 

 

VMH expression of BDNF and Crhr2 is decreased in SF-1 KOVMH mice 

The phenotype of the SF-1 KOVMH mice resembles in several respects that described in 

mice with heterozygous inactivation or conditional KO of BDNF (Lyons et al., 1999; 
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Kernie et al., 2000; Rios et al., 2001), and BDNF expression reportedly is decreased in 

the mediobasal hypothalamus of global SF-1 KO mice (Tran et al., 2003).  In addition, 

high BDNF expression in the neonatal VMH has been described (Sugiyama et al., 2003), 

and SF-1 is expressed at high levels specifically in the embryonic and perinatal VMH 

(Ikeda et al., 1995; Roselli et al., 1997).  In situ hybridization studies showed that BDNF 

transcripts were decreased considerably in the region of the VMH in adult SF-1 KOVMH 

mice (n=4; Figure 2-8A), consistent with studies that used a β-galactosidase knock-in 

allele to assess BDNF expression in neonatal, global SF-1 KO mice (Tran et al., 2003). In 

contrast, levels of BDNF transcripts in the ARC nucleus, hippocampus, and other brain 

regions examined were comparable in WT and SF-1 KOVMH mice (Figure 2-8A). To 

confirm the decreased VMH expression of BDNF mRNA at the level of protein in CNS-

specific KO mice, we used immunohistochemical analyses. BDNF immunoreactivity was 

preserved in the ARC nucleus but was decreased considerably in the region of the VMH 

in the SF-1 KOVMH section (Figure 2-8B).  These studies point to an effect of the CNS-

specific KO of SF-1 on BDNF expression and are consistent with the model that 

decreased levels of BDNF contribute to the behavioral phenotype in these mice.  

Targeted disruption of the gene encoding the type 2 receptor for corticotropin-

releasing hormone, designated Crhr2, is also associated with increased anxiety-like 

behavior (Bale et al., 2000; Coste et al., 2000; Kishimoto et al., 2000).  Of note, Crhr2 is 

highly expressed in cells of the VMH, where its expression is stimulated by leptin 

(Nishiyama et al., 1999).  We therefore used in situ hybridization to examine expression 

of Crhr2 transcripts.  In sections from CNS-specific KO brains, expression in most brain
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regions was comparable to that in sections from WT brains (data not shown).  However, 

Crhr2 transcripts in the VMH were selectively decreased in the SF-1 KOVMH brain 

(Figure 2-8C).  Consistent with this, immunohistochemical analyses also revealed 

decreased expression in the VMH but not the ARC in the SF-1 KOVMH mice (data not 

shown). These findings suggest that the decreased Crhr2 expression also results from 

impaired SF-1 function in the VMH.  

Although CRH can activate Crhr2, the physiologic ligand(s) may be related 

peptides termed the urocortins.  In particular, urocortin 3 (Ucn 3) has been implicated in 

appetite regulation, locomotor activity, and anxiety-like behavior, including direct actions 

in the VMH (Ohata et al., 2000; Valdez et al., 2003).  In sections from WT mice, 

immunoreactive Ucn 3-positive fibers clustered densely at the VMH periphery, with only 

a few fibers extending into the interior of the nucleus (Figure 2-8D) (Parker et al., 2002).  

In SF-1 KOVMH mice (Figure 2-8D), this fiber organization was markedly disrupted, and 

Ucn 3 fibers extended throughout the region where the VMH normally resides. 

 

SF-1 directly regulates Crhr2 promoter activity  

Of the anxiety-related genes studied here, previous studies demonstrated that 

BDNF is a direct target gene of SF-1 (Tran et al., 2006). We next performed similar 

experiments to explore whether Crhr2 is also a direct SF-1 target.  Inspection of the 

sequence around the transcription site of Crhr2 β, the isoform that is expressed in the 

VMH, revealed two sequences matching the binding requirements for SF-1 (Figure 2-

9A). As shown in Figure 2-9B, oligonucleotides containing each sequence formed a 

specific complex in electrophoretic mobility shift assays; these complexes were
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supershifted by the addition of an anti-SF-1 antiserum and were inhibited in a dose-

dependent manner by unlabeled competitors, confirming that they contained SF-1 and 

were specific. 

To determine whether SF-1 could stimulate Crhr2 promoter activity, we 

performed transient cotransfection experiments as described in Materials and Methods. 

As shown in Figure 2-9C, SF-1 stimulated promoter activity of Crhr2 5’-flanking 

sequences in COS-7 cells; a lower, but still significant 2.5 fold-induction was seen in Y1 

adrenocortical cells, which endogenously express SF-1. Mutation of the putative SF-1-

responsive element at -1761 did not affect promoter activity or SF-1 induction; in 

contrast, mutation of the element at +6 diminished both basal promoter activity and the 

response to SF-1 (Figure 2-9C). Collectively, these studies argue strongly that Crhr2 is a 

direct target of SF-1.         
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DISCUSSION 

 
In this study, we generated mice with selective inactivation of SF-1 in the CNS, 

confirming the direct role of CNS expression of this nuclear receptor in VMH 

development and directly linking SF-1 and the VMH with complex traits such as anxiety-

like behavior and locomotor activity.    

Although many SF-1 target genes have been identified in the gonads, adrenal 

cortex, and pituitary gonadotropes (Parker et al., 2002), our understanding of SF-1 target 

genes in VMH neurons is more limited.  Both the NMDA subunit (Pieri et al., 1999) and 

BDNF (Tran et al., 2006) have been reported as direct SF-1 target genes.  In a separate 

approach, laser capture microdissection was used to identify genes that were expressed 

selectively in the VMH relative to the DMH and ARC, including the neuropeptide 

cerebellin and the membrane receptor tenM/2 (Segal et al., 2005). Recently, Ingraham 

and colleagues used microdissection to examine VMH-enriched gene expression in 

samples from neonatal mice (Kurrasch et al., 2007). Potential direct target genes for SF-1 

identified in their studies include the transcription factors Fezf1 and Nkx2.2, Nptx2, and 

A2bp1. Although Crhr2 did not reach their threshold for VMH-specific expression, it was 

expressed in the neonatal VMH; the use of newborn pups likely preferentially highlighted 

developmental genes and excluded some genes that are not highly expressed until later in 

life.  

Studies described here have defined direct roles of SF-1 in the CNS in the 

establishment of the VMH. Whether these effects involve terminal differentiation, 

migration of SF-1 neurons into the proper location, or both remains to be established. In
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accord with prior results (Dellovade et al., 2000; Stallings et al., 2002), cells containing 

immunoreactive ERα in this study were found in more medial positions compared to 

sections from WT mice. In addition, the distribution of urocortin 3-immunoreactive fibers 

in the mediobasal hypothalami differed considerably between WT and SF-1 KOVMH mice.  

These data are consistent with the model that the absence of SF-1 markedly perturbs the 

cellular elements in the region of the VMH and possibly causes a redistribution of 

afferents to aberrantly positioned cells (Davis et al., 2004).  

A consistent finding in the current study was that SF-1 KOVMH mice have 

increased anxiety-like behavior as assessed in multiple independent paradigms, including 

the light/dark test, elevated plus maze, open field test, locomotor activity in a novel 

environment, and marble burying. Despite our previous finding of obesity in global SF-1 

KO mice rescued by adrenal transplantation, body weights of the WT and SF-1 KOVMH 

mice studied here did not differ significantly (data not shown). Thus, the increased 

anxiety-like behavior and decreased wheel running in habitual surroundings of the SF-1 

KOVMH mice cannot be attributed to obesity. 

Likewise, the increased anxiety-like behavior was not sexually dimorphic, as 

both male and female SF-1 KOVMH mice showed highly significant increases in anxiety-

like behavior relative to WT mice of the same sex. Finally, although we have not 

performed the full battery of behavioral tests, we have not observed any obvious increase 

in anxiety-like behavior in male parents that carry the nestin-Cre transgene but are 

heterozygous for SF-1 function. Although we cannot completely exclude effects of the 

nestin-Cre transgene itself (Forni et al., 2006), we believe that the changes in VMH
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structure and gene expression and the increased anxiety-like behavior largely reflect the 

absence of SF-1 in VMH neurons.  

The VMH has been characterized as part of a medial hypothalamic defensive 

system that plays a key role in response to potential predators (Dielenberg et al., 2001; 

Canteras, 2002). This defensive system may also be important when considering anxiety-

like behavior, as predators may be considered “anxiety” provoking in animal models 

(McGregor et al., 2004). In agreement with this, SF-1 KOVMH mice in the current study 

had decreased expression or altered distribution in the mediobasal hypothalamus of 

several genes implicated in anxiety-like behavior, including BDNF, Crhr2, and Ucn 3.  

These findings link SF-1 expression in mouse VMH neurons with the neural circuitry 

associated with anxiety-like behavior and raise the possibility that SF-1 may play similar 

roles in human beings. 

We anticipate that ongoing efforts will identify other genes implicated in anxiety-

like behavior that are expressed both in the VMH and in other sites, such that the 

previously described SF-1/Cre transgene (Bingham et al., 2006) can be used to define 

specific roles in the VMH in the setting of normal function in other sites. At least for 

BDNF and Crhr2, the available data suggest direct induction by SF-1 in cells that contain 

both proteins (Tran et al., 2006 and this study). Further analyses such as chromatin 

immunoprecipitation assays will be needed to establish that SF-1 actually occupies the 

putative SF-1-responsive elements of these genes to regulate their expression.  

In summary, SF-1 KOVMH mice have decreased locomotor activity and increased 

anxiety-like behavior.  Although the mechanisms underlying these effects remain to be 

defined, analyses of gene expression revealed alterations in VMH expression of key
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mediators of anxiety-like behavior, including BDNF and Crhr2, both of which can be 

directly regulated by SF-1.  Future studies that define how SF-1 modulates the expression 

of these and other genes in VMH neurons will undoubtedly provide new insights into the 

complex pathways by which the VMH and other hypothalamic nuclei regulate key 

physiological functions.  
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Table 2-1. Plasma hormone levels in WT and CNS-specific SF-1 KO mice. 
 

Hormone Genotype Level 

WT 161.2±15.5 (n=19) 
Peak* 

KO 165.9±19.4 (n=21) 

WT 31.5±7.8 (n=10) 
Corticosterone 
(ng/ml) 

Trough* 
KO 28.7±5.3 (n=6) 

WT 1.1±0.45 (n=8) 
Testosterone (ng/ml) - Male 

KO 1.3±0.33 (n=14) 

WT 6.3±4.33 (n=9) 
Estradiol (pg/ml) - Female 

KO 5.7±2.09 (n=18) 
 

*Mice were bled from 5:00 to 6:30pm for peak and from 7:30 to 9:00am for trough. 
 All differences as measured by Student’s t test were non-significant. 
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Figure 2-1. Effect of the nestin-Cre transgene on SF-1 expression in other sites of 
SF-1 expression.  
Sections from the indicated tissues were analyzed by immunohistochemistry for SF-1 
expression as described in Materials and Methods. c, cortex; m, medulla; f, follicle; i, 
interstial cells. 
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Figure 2-2. Effect of CNS-specific SF-1 inactivation on VMH structure and SF-1 
immunoreactivity.  
As described in Materials and Methods, brains from adult mice of the indicated 
genotypes were prepared and sections from the mid-region of the VMH were processed 
for cresyl violet Nissl staining (A and B) or immunohistochemistry for SF-1 protein (C 
and D).  DMH, dorsomedial hypothalamic nucleus; VMH, ventromedial hypothalamic 
nucleus; Arc, arcuate nucleus.  
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Figure 2-3.  The nestin-Cre transgene inactivates the conditional SF-1 allele in utero.  
Mouse embryos were harvested from timed-pregnant dams at embryonic day 13.5 or 
E18.5 and embryos were processed and genotypes determined.  SF-1 immunoreactivity 
was determined in sections from comparable regions of the developing hypothalamus of 
WT and SF-1 KOVMH embryos.  Top: Sagittal sections of embryos harvested at E13.5. 
Bottom: Coronal sections of embryos harvested at E18.5.  
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Figure 2-4.  CNS-specific KO of SF-1 alters the distribution of ERα -positive 
neurons in the mediobasal hypothalamus. 
Immunohistochemistry was performed and ERα-positive cells were counted in 80 µm 
wide columns as described in Materials and Methods. In WT mice, most immunoreactive 
cells were located laterally (columns 5-7, 400-560 µm from the 3rd ventricle).  In SF-1 
KOVMH mice, ERα-immunoreactive cells were located significantly more medially 
(p<0.01, Genotype x Column ANOVA).  
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Figure 2-5. SF-1 KOVMH mice have increased anxiety-like behavior in the light/dark 
and elevated plus maze.  
The light/dark test and elevated plus maze were performed as described in Materials and 
Methods. In the light/dark test, SF-1 KOVMH mice spent significantly more time in the 
dark chamber and significantly less time in the light chamber than WT controls 
(*p<0.01). In the elevated plus maze, time spent in each compartment (top) and the total 
numbers of entries into each compartment (bottom) are shown. The SF-1 KOVMH mice 
spent significantly less time in the open compartment, significantly more time in the 
closed compartment (**p<0.01), and had significantly fewer entries into the open 
compartment (***p<0.05). 
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Figure 2-6. SF-1 KOVMH mice exhibit increased anxiety-like behavior in open-field 
and marble-burying tests.  
In the open field test, the times spent in the peripheral and central zones and migration in 
each zone were measured. The SF-1 KOVMH mice spent significantly more time in the 
peripheral zone and significantly less time in the center zone (*p<0.05) and migrated 
significantly more distance in peripheral zone and less in center zone (**p<0.01). 
Increased anxiety-like behavior of SF-1 KOVMH mice in the marble-burying test. The 
marble-buring test was performed as described in Materials and Methods. SF-1 KOVMH 
mice buried significantly more marbles during the test interval than WT controls 
(***p<0.001). 
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Figure 2-7.  Locomotor activity of WT and SF-1 KOVMH mice in habitual and novel 
settings.  
A. Locomotor activity in a habitual setting was measured with a running wheel as 
described in Materials and Methods for adult WT and SF-1 KOVMH mice. The 0-12 on the 
x axis indicates daytime (light) and 12-24 indicates nighttime (dark). Zeitgeber time (ZT) 
is plotted on the x axis, and the average number of wheel turns is plotted on the y axis. 
Vertical bars indicate standard error of the mean.  Wheel running activity was 
significantly lower in SF-1 KOVMH mice than in WT controls. B. Locomotor activity of 
WT and SF-1 KOVMH mice also measured in a novel environment. SF-1 KOVMH mice 
showed significantly higher numbers of beam breaks/min over a 15 min period. The data 
(A and B) were expressed as mean±SEM and analyzed by repeated measures two-way 
ANOVA followed by Bonferroni's post hoc correction. (p<0.05, genotype x time). C. 
Total movement of WT and SF-1 KOVMH mice situated in a novel environment is shown 
as total distance (cm) of movement versus time. SF-1 KOVMH mice showed significantly 
higher movement than WT controls (*p<0.01). 
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Figure 2-8.  Gene expression in the hypothalamus of SF-1 KOVMH mice.  
Brain sections of adult mice were prepared and gene expression was analyzed by in situ 
hybridization and immunohistochemistry. Sections shown represent a low power view 
(A) and high power views (B, C and D) of the middle of the VMH in its rostral-caudal 
extent. A. BDNF expression. The arrowhead shows the region of the VMH.   B. 
Immunohistochemistry for BDNF protein.  The insert (b) shows the cytoplasmic staining 
of the anti-BDNF antibody.  3V, third ventricle; Arc, arcuate nucleus. C. Expression of 
Crhr2 transcripts as determined by in situ hybridization. The arrow indicates the region of 
the VMH. D. Immunohistochemical detection of Ucn 3-positive fibers in mediobasal 
hypothalamus.  



 
 

 

53 

 
 
 
 
 
 



 
 

 

54 

Figure 2-9. SF-1 directly regulates Crhr2 expression.  
A. Schematic of the Crhr2 promoter and location of putative SF-1-responsive elements. 
The consensus SF-1 binding sites are the reverse complement of the sequences shown. 
Also shown are specific mutations in putative SF-1 responsive elements as described in 
Materials and Methods. B. SF-1 specifically binds the putative elements in 
electrophoretic mobility shift assays. Electrophoretic mobility shift experiments using Y1 
adrenocortical nuclear extracts and duplex oligonucleotide probes containing the putative 
SF-1 responsive elements were performed as described in Materials and Methods. * 
indicates reactions that included a specific anti-SF-1 antiserum. C. SF-1 stimulates Crhr2 
promoter activity in transient cotransfection experiments in a manner that requires the 
putative SF-1-responsive element at +6. Transient transfection experiments were 
performed in Cos-7 and Y1 cells as described in Materials and Methods. Mutation of the 
putative SF-1-responsive element at +6 abolished SF-1 stimulation in transient 
cotransfection assays. The data were expressed as mean±SEM and analyzed by two-way 
ANOVA followed by Bonferroni's post hoc correction. (p<0.0001, SF-1 transfection x 
Crhr2 promoter constructs). 
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CHAPTER THREE 
 

STEROIDOGENIC FACTOR 1 REGULATES EXPRESSION OF THE 

CANNABINOID RECEPTOR 1 IN THE VENTROMEDIAL  

HYPOTHALAMIC NUCLEUS 

 
INTRODUCTION 

 
Steroidogenic Factor 1 (SF-1, officially designated NR5A1) is a nuclear receptor 

that plays multiple roles throughout the hypothalamic-pituitary-steroidogenic organ axis. 

A number of target genes of SF-1 have been identified in the gonads, adrenal cortex, and 

pituitary gonadotropes (Parker et al., 2002; Val et al., 2003). Within the brain, SF-1 is 

expressed only in the ventromedial nucleus of the hypothalamus (VMH). The molecular 

basis for this highly restricted expression and the roles of SF-1 in the VMH and its 

potential hypothalamic target genes remain incompletely understood. 

The VMH has been implicated as an important brain region for the regulation of 

appetite (Jamshidi and Taylor, 2001), energy balance (Hetherington and Ranson, 1940; 

Majdic et al., 2002; Sternson et al., 2005), anxiety (Zhao et al., 2008), sexual behavior 

(Canteras et al., 1994; Robarts and Baum, 2007), and thermogenesis (Preston et al., 

1989). The nucleus serves as a satiety center that provides excitatory input to POMC 

neurons in the arcuate nucleus (ARC), thereby helping to activate anorexigenic neuronal 

pathways (Sternson et al., 2005). Many genes that regulate energy balance are expressed 

in the VMH, including membrane receptors, transporters and neuropeptides (Segal et al., 

2005; Kurrasch et al., 2007). 
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SF-1 is a key transcription factor in establishing the cytoarchitecture of the 

VMH. The SF-1 neurons in the VMH have been implicated in energy homeostasis and 

contribute to the sensing of important regulators of energy balance such as leptin (Dhillon 

et al., 2006; Bingham et al., 2008) and glucose (Tong et al., 2007). Global SF-1 KO mice 

exhibited delayed-onset obesity (Majdic et al., 2002), further suggesting important roles 

for SF-1 in the regulation of energy homeostasis in the VMH. In mice with CNS-specific 

KO of SF-1, the VMH structure was again disrupted and the mice exhibited marked 

increases in anxiety-like behavior. As a result of this disruption, the mice had decreased 

hypothalamic expression of BDNF and the type 2 receptor for corticotrophin-releasing 

hormone. 

One neurotransmitter/receptor system that has recently been implicated in the 

regulation of energy homeostasis is the endogenous cannabinoid/cannabinoid receptor 

system. Endogenous ligands for this system are derived from arachidonic acid and 

interact with a G protein-coupled receptor designated cannabinoid receptor 1 (CB1R). 

The cannabinoid system was initially characterized because tetrahydrocannabinol, the 

active species in marijuana, interacts with the CBRs. More recently, genetic knockout 

models that specifically inactivate components of the cannabinoid system, specific 

agonists and antagonists, and drugs that inhibit enzymes that degrade the endogenous 

cannabinoids have provided the tools to dissect the functions of the cannabinoid system 

at the whole-animal, cellular, and molecular level, implicating it in complex behaviors 

that include feeding and anxiety-like behavior. 

Based on the relatively high level of CB1R expression in the VMH and the 

association of CB1R with hypothalamic regulation of energy homeostasis and other
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complex behaviors, we extended our studies of the VMH disruption caused by 

conditional inactivation of SF-1. Experiments described below show that the absence of 

SF-1 is associated with markedly decreased expression of CB1R and with diminished 

response to systemic administration of drugs that affect CB1R function. 
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MATERIALS AND METHODS 

 

Animal Care 

All mouse care and experimental procedures were approved by the Institutional 

Animal Care Research Advisory Committee at UT Southwestern or at Albert Einstein 

Medical Center. Mice were housed at room temperature with a 12-hour light/dark cycle 

(light on at 6am) with regular mouse chow (Teklad mouse/rat diet 7001; 3.82kcal/g, gross 

energy, 4.25% kcal from fat) and water provided ad libitum. The generation of SF-1 

KOVMH (SF-1nCre; F/-) mice was described previously (Zhao et al., 2008). 

 

Drugs  

The CB1 agonists, methanandamide (MA) and arachidonyl-2′-chloroethylamide 

hydrate (ACEA), and the CB1 antagonist AM251 were purchased from Sigma-Aldrich 

(St. Louis, MO).  MA was dissolved in saline solution containing 2% 

polyoxyethylenesorbitan monoleate (Tween 80, Sigma) and 20% ethanol, ACEA was 

suspended in saline solution with 1% Tween 80, and AM251 was dissolved in saline 

containing 2% Tween 80 and 10% DMSO.  All drugs were injected i. p. in a volume of 1 

µl/g body weight. 

 

Nocturnal food intake and body weight studies 

The WT (SF-1nCre; F/+), heterozygous (SF-1F/-), and SF-1 KOVMH (SF-1nCre; F/-) 

mice were individually housed beginning at 4 weeks of age. Body weight and food intake 

were monitored 3 or 4 times per week until 9 weeks of age. Matched littermates with
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comparable food intake and weights (21-23 g for males and 18-19 g for females) were 

used for these studies. At day 65, food was removed from the cages at 6 PM and mice 

were fasted for 24 hours; thereafter, they were administered the indicated drugs via i.p. 

injection and food intake was monitored over 3 hours. 

 

Slice preparation for electrophysiology 

Transverse brain slices were prepared from SF-1/eGFP mice at postnatal age 21-

28 days. Animals were anesthetized with a mixture of ketamine and xylazine. After 

decapitation, the brains were transferred into a sucrose-based solution bubbled with 95% 

O2-5% CO2 and maintained at ~3°C. This solution contained (mM): sucrose 248; KCl 2; 

MgCl2 1; KH2PO4 1.25; NaHCO3 26; sodium pyruvate 1; and glucose 10. Transverse 

coronal brain slices (200 µm) were prepared using a vibratome. Slices were equilibrated 

with an oxygenated artificial cerebrospinal fluid (aCSF) for > 1 hour at 32ºC prior to 

transfer to the recording chamber. The slices were continuously superfused with aCSF at 

a rate of 1.5 ml/min containing (in mM): NaCl 113; KCl 3; NaH2PO4 1; NaHCO3 26; 

CaCl2 2.5; MgCl2 1; and glucose 5 in 95% O2/5% CO2 at room temperature.  

 

Electrophysiological studies 

Brain slices were placed on the stage of an upright, infrared-differential 

interference contrast microscope (Olympus BX50WI, Olympus America Inc., Center 

Valley, PA) mounted on a Gibraltar X-Y table (Burleigh, Olympus America Inc., Center 

Valley, PA) and visualized with a 40X water immersion objective by infrared microscopy 

(DAGE MTI camera). Membrane potentials were recorded at room temperature (25-
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26°C) with an Axopatch 200B Patch-Clamp amplifier. CNQX (10µM), DL-amino-

phosphonovaleric acid (DL-AP-5, 50µM), picrotoxin (100µM) and strychnine (1µM) 

were continuously present in aCSF. The internal solution contained (mM): K acetate 115; 

KCl 10; MgCl2 2; EGTA 0.2; HEPES 10; Na2ATP 1; Na2GTP 0.5; and phosphocreatine 

5. Pipette resistance ranged from 2.5 to 4MΩ.  WIN 55212-2 and AM251 were purchased 

from Sigma-Aldrich and dissolved in DMSO at 10,000 X the final concentration. Effects 

of the CB1R agonist compared to control were analyzed using Student t tests (Origin 7.0). 

Differences were considered significant when the p value was <0.05. All statistical results 

are given as means ± the standard error of the mean (SEM).  

 

Immunohistochemistry and in situ hybridization 

Immunohistochemistry and in situ hybridization (ISH) were performed as 

described (Zhao et al., 2008). Briefly, floating or mounted sections from adult brain (age 

12-18 weeks if not specified) were used for immunohistochemistry and in situ 

hybridization. Images were captured with a Nikon E1000 automated microscope 

connected with a Nikon digital camera (DXM 1200F).  

Rabbit anti-SF-1 antibody [1:1,500, (Kim et al., 2008)] was used for SF-1 

immunohistochemistry.  Samples were incubated with a biotin-conjugated anti-rabbit 

secondary antibody (1: 1,000) from Vector Laboratory (BA-1000, Burlingame, CA) for 2 

hours, followed by incubation for 1 hr in a solution of avidin-biotin complex (Vectastain 

Elite ABC kit, Vector Laboratory, Burlingame, CA).  Finally, signals were visualized 

with DAB substrate kit (SK-4100, Vector Laboratory). 
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For immunofluorescent analysis of pERK activation in the VMH, mice at 9 

weeks were fasted for 24 hours and then fed for 1 hour after MA (1mg/kg) administration. 

Mice were anesthetized with tribromoethanol (Avertin, 250mg/kg/BW) and perfused via 

cardiac puncture with 4% paraformaldehyde (PFA, Sigma) in PBS (pH7.4). After 

cryoprotection using 30% sucrose, brains were sectioned at 20 µm on a cryostat (Leica 

CM1900, Bannockburn, IL). Rabbit anti-pERK antibody (1:100, Cell Signaling 

Technology, #4376, Denvers, MA) was incubated overnight and followed by Cy3-

conjugated goat anti-rabbit IgG (Jacson Laboratory, West Grove, PA) as secondary 

antibody. 

In situ hybridization for CB1R was performed on every fourth serial section from 

at least five brains. The mouse CB1R probe was generously provided by Dr. Joel 

Elmquist (UT-Southwestern, Dallas, TX) and included CB1R sequences from 953 to 

1557. 

 

Cell culture and transfection analyses 

Cell culture conditions were previously described (Zhao et al., 2008). HEK 293 

human embryonic kidney cells were maintained in Dulbecco’s Modified Eagle’s Medium 

(DMEM) supplemented with 10% fetal bovine serum (FBS) and 100 U/ml penicillin-

streptomycin (Invitrogen, Carlsbad, CA). Neuro2A mouse neuroblastoma cells were 

cultured using Minimum Essential Media (Invitrogen) containing nonessential amino 

acids, 10% FBS, and 100 U/ml penicillin-streptomycin. Y1 mouse adrenocortical tumor 

cells were grown in Ham’s F10 medium (Mediatech, Herndon, VA) supplemented with 

15% horse serum, 5% FBS, and 100 U/ml penicillin-streptomycin. 
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For immunoblotting analyses, Neuro2A cells were plated in 6-well culture plates 

at a density of 5x105 cells per well and cultured in the growth media for 20-24 hours 

before transfection. Cells were transfected with Fugene 6 (Roche Diagnostics, 

Indianapolis, IN) according to the manufacturer’s instructions. After 24 hours, cells were 

treated with MA for differing time periods. Cells were then lysed in 100 ul of lysis buffer 

containing protease and phosphatase cocktails (Roche Diagnostics) and followed by 

gentle shaking on ice for 10 min. Supernatants were collected and resolved on 10-12% 

SDS-polyacrylamide gels for 2 hours and then transferred to nitrocellulose membrane 

(Bio-Rad, Hercules, CA). Commercially available antibodies from Cell Signaling 

Technology (Denvers, MA) were used; rabbit anti-phospho ERK (1:1,000, #4376), rabbit 

anti-ERK (1:2,000, #9102), rabbit anti-phospho JNK (1:2,500, #9251), and rabbit anti-

phospho Stat3 (1:1,000, #9131) for primary reaction. Signals were detected by 

horseradish peroxidase-conjuated secondary antisera. The chemiluminescence was 

visualized with Lumi-Light Western Blotting Substrate (Roche Diagnostics), and the 

images were detected by Kodak Biomax MR film. The bands were quantified with the 

ImageJ program (NIH, http://rsb.info.nih.gov/ij/). 

 

Electrophoretic mobility shift assays 

Duplex oligonucleotides containing the putative SF-1 binding sites at -233 and -

101 were labeled with 32P by fill-in with Klenow fragment (New England Biolabs, 

Newton, MA) and used as probes for electrophoretic mobility shift assays as described 

(Zhao et al., 2008). Oligonucleotide probes were 5’-GGGCGCCGAGCACCAGGGC 

CGTCCCTCCTAG-3’ for the site -233 (WT, top strand), 5’-GCTAGGAGGGACGGC
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CCTGGCGCTCGGCGCCCACT-3’ for the site -233 (WT, bottom strand), 5’-GGGCG 

CCGAGCGCCAAAACCGTCCCTCCTAG-3’ for site -233 (M, top strand), 5’-GCTA 

GGAGGGACGGTTTTGGCGCTCGGCGCCCACT-3’ for the site -233 (M, bottom 

strand), 5’-GCGCTGCCAGGGCAGGACAAAGGCTCATT-3’ for site -101 (WT, top 

strand), 5’-GAATGAGCCTTTGTCCTGCCCTGGCAGCG-3’ for site -101 (WT, 

bottom strand), 5’-GCGCTGCCAAAACAAAACAAAAACTCATT-3’ for site -101 (M, 

top strand), 5’-GAATGAGTTTTTGTTTTGTTTTGGCAGCG-3’ for site -101 (M, 

bottom strand). Boldface represents SF-1 binding sites and mutated sequences. Unlabeled 

duplex oligonucleotides were used for competition experiment at 2-, 5-, 10-, and 100-fold 

molar excesses. Where indicated, a rabbit anti-mouse SF-1 antiserum (1 µl) was included 

in the binding reaction. Nuclear extract was prepared from mouse Y1 adrenocortical 

tumor cells, which endogenously express SF-1, as described (Zhao et al., 2008). 

 

Real Time Q-PCR analysis of RNA from purified hypothalamic cells expressing a SF-

1/eGFP transgene 

E16.5 embryos were harvested and cells prepared as described (Segal et al., 

2005). Total RNA was prepared from 10,000-15,000 FACS-enriched cells using TRIzol 

(Invitrogen, Carlsbad, CA), DNase I treatment (Qiagen, Valencia, CA), and RNeasy 

columns (Qiagen).  2.5-25 ng of RNA was then amplified using the WT-Pico Kit 

(NuGEN, San Carlos, CA).  In a final volume of 10 µl, the real-time PCR assays 

contained 1 ng of amplified RNA, 150 nM of each primer, and 5 µl of SYBR Green PCR 

Master Mix (Applied Biosystems, Foster City, CA).  PCR reactions were performed on 

an Applied Biosystems 7900HT and relative mRNA levels were calculated using the
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comparative ΔΔCt  method (Applied Biosystems user bulletin #2). Comparisons were 

made to samples from cells harvested from WT embryos using cyclophilin as the 

reference gene.  Real time primers were designed using Primer Express software (Perkin-

Elmer Life Sciences, Downers Grove, IL) and validated using a standard curve 

comparison to cyclophilin.  Primers used were forward (F) and reverse (R) CB1R (F) 5’-

GTGCCGAGGGAGCTTCTG-3’ and (R) 5’-TCTTTGATTAGGCCAGGCTCAA-3’, 

Cyclophilin (F) 5’-TGGAGAGCACCAAGACAGACA-3’ and (R) 5’-TGCCGGAGTCG 

ACAATGAT-3’. Twelve different pools (3 WT male, 3 KO male, 3 WT female, and 3 

KO female) were analyzed. Since no sexual dimorphism was noted, the data were 

combined as WT (n=6) or KO (n=6). 
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RESULTS 

 

SF-1 is required for CB1R expression in the VMH  

We used SF-1 KOVMH mice to explore potential regulatory roles of SF-1 in CB1R 

expression in the VMH. As shown in Figure 3-1, the effects of this conditional 

inactivation to abolish SF-1 immunoreactivity and perturb VMH structure (Figure 3-1A) 

were consistent with our previous findings (Zhao et al., 2008). As described (Mailleux 

and Vanderhaeghen, 1992; Gonzalez et al., 1999), CB1R transcripts in WT mice were 

expressed in many brain regions, including the cerebral cortex, amygdala, hippocampus, 

and hypothalamus (Figure 3-1B and C). CB1R expression was generally preserved in the 

SF-1 KOVMH mice (Figure 3-1B) but was decreased considerably in the region where the 

VMH normally resides (Figure 3-1B and C). These results indicate that the CNS-specific 

KO of SF-1 selectively impairs CB1R expression in the VMH, suggesting that it may be 

a direct target of SF-1 in the VMH neurons. 

 

Electrophysiological regulation of SF-1 neurons by CB1R  

To demonstrate colocalization of CB1R and SF-1 in VMH neurons, we first used 

quantitative RT-PCR assays with RNA samples prepared from neurons that express a SF-

1/enhanced green fluorescent protein (eGFP) transgene (Stallings et al., 2002). CB1R was 

expressed in these SF-1 neurons, and the level of CB1R expression was decreased by 

>50% in eGFP-positive cells isolated from SF-1 KO mice (Figure 3-1D). These studies 

demonstrate that SF-1 neurons express CB1R and further suggest that SF-1 may regulate 

their expression of CB1R. The finding that some CB1R expression persists in the absence 
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of SF-1 suggests that other transcription factors also activate CB1R expression in VMH 

neurons; it further suggests that the decreased levels of CB1R transcripts detected by in 

situ hybridization (Figure 3-1) may reflect both decreased transcript levels and greater 

dispersion of SF-1 neurons within the mediobasal hypothalamus, as previously described 

(Majdic et al., 2002).   

 To explore possible functional effects of cannabinoid signaling in SF-1 neurons, 

we used the same SF-1/eGFP transgene described above to mark SF-1-positive and SF-1-

negative VMH neurons. As described in Materials and Methods, presynaptic influences 

were eliminated by preincubation with a cocktail of inhibitors of glutamate, GABAA, and 

glycine receptors and whole-cell patch-clamp recordings were collected in slice 

preparations that included the VMH. The average action potential frequency in SF-1 

neurons was 6.2±1Hz (Figure 3-2).  

We first examined the direct effect of cannabinoids on the firing rate of these SF-

1/eGFP-positive neurons. After at least 10 min of stable recording of action potentials, 

the CB1R receptor agonist WIN 55212-2 (1uM) was added to the bath medium. WIN 

55212-2 reduced the frequency of action potentials in ~60% of SF-1/eGFP-positive 

neurons tested (9 of 14 neurons; Figure 3-2A). In the affected neurons, treatment with 

WIN 55212-2 significantly decreased the firing rate of SF-1 neurons from 6.2±1Hz to 

2.6±0.8Hz (Figure 3-2C), which was associated with a statistically insignificant 

hyperpolarization of membrane potential (control: −45±1.5 mV, plus WIN: −47 ± 1.7 

mV; n = 9). The effect of WIN 55212-2 to decrease excitability of SF-1 neurons was 

blocked by the CB1R antagonist, AM251, suggesting that the effect is specific for CB1R 

(data not shown). In contrast to the direct effect of cannabinoids on SF-1 neurons, the 
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action potential frequency of SF-1/eGFP-negative VMH neurons in our slice preparations 

was not significantly altered by treatment with WIN 55212-2 (firing rate: control: 

5.2±2Hz, plus WIN 55212-2: 4.8±2Hz; membrane potential: control, −48±2.5mV; plus 

WIN, −43 ± 1.8mV; Figure 3-2B and C). These results thus show that functional CB1R is 

expressed in SF-1 neurons whose activity can be inhibited by a CB1R agonist. 

Based on the effects of the SF-1 KO on CB1R expression in the VMH and of the 

CB1R agonist on action potential frequency of SF-1 neurons, we examined the impact of 

the CNS-specific SF-1 KO—and the resulting perturbation of VMH structure and CB1R 

expression—on the in vivo response to systemic administration of drugs that affect the 

cannabinoid system. Since the effects of cannabinoids on food intake involve 

hypothalamic action (Jamshidi and Taylor, 2001) and the VMH is  a prominent site of 

CB1R expression (Berrendero et al., 1998; Gonzalez et al., 1999), we examined CB1 

agonist and/or antagonist effects on nocturnal food intake in SF-1nCre;F/+ (WT) and SF-

1nCre;F/- (KO) mice. After 24 hours of fasting, mice were systemically administered either 

of two different CB1R agonists, MA and ACEA, or the antagonist AM251, and then 

nocturnal food intake was measured over 3 hours as described in Materials and Methods. 

Consistent with a previous report that rats given MA ate significantly more food in a 

partial satiety state (Chambers et al., 2004), administration of MA or ACEA to WT mice 

significantly increased food intake (Figure 3-3A and B). This increased food intake was 

significantly diminished in SF-1 KOVMH mice (Figure 3-3A and B). Consistent with the 

apparent preservation of VMH structure and SF-1 immunoreactivity (Figure 3-1), mice 

heterozygous for the SF-1 KO (SF-1F/-) responded to treatment with the CB1R agonists in 

a manner indistinguishable from WT mice (K. Kim, unpublished observation). 
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 The CB1R antagonist AM251 significantly inhibited food intake in WT mice, 

but its anorexic effect was significantly reduced in SF-1 KOVMH mice relative to WT 

mice (Figure 3-3C). Taken together, these results argue that SF-1 regulation of CB1R 

expression in the VMH plays an important role in cannabinoid-induced effects on food 

intake. 

 

SF-1 directly regulates CB1R promoter activity 

We next asked if CB1R is a direct target of SF-1 transcriptional regulation. 

Inspection of the 5’-flanking sequence of CB1R identified 16 potential SF-1-binding sites 

(Busygina et al., 2003). In electrophoretic mobility shifts assays, 13 of these 16 potential 

sites formed specific SF-1-related complexes that were supershifted by the addition of an 

anti-SF-1 antiserum (data not shown). The boxes in Figure 3-4A depict the 13 sites in the 

CB1R 5-flanking region that bound SF-1. 

We next performed transient transfection analyses to examine whether SF-1 

could stimulate CB1R promoter activity. As shown in Figure 3-4B and C, SF-1 

stimulated activity of CB1R sequences spanning -1565 to +48 (-1565/+48) in both Y1 

cells and 293 cells. These data suggest that SF-1 can directly stimulate CB1R promoter 

activity.  

To identify which, if any, of the 13 putative SF-1-responsive elements might 

mediate this induction, we made 5’-deletion constructs that included CB1R sequences 

from -1466 to +48 (-1466/+48), -1259/+48, -906/+48, -395/+48, -266/+48, -195/+48, and 

-75/+48 (Figure 3-4A). We then analyzed promoter activities of these constructs via 

transient transfection in 293 cells (Figure 3-4C). Deletion of 5’-flanking sequences from 
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-1565 to -266 did not significantly affect SF-1 stimulated CB1R promoter activity. In 

contrast, deletion of sequences from -266 to -75 completely abolished SF-1 activation of 

promoter activity, implying that the sites at -233 and -101 may mediate SF-1 regulation 

(Figure 3-4C).  

To examine directly the roles of these two CB1R promoter sites in SF-1 

regulation, we mutated the respective sequences in the context of the promoter region 

from -266/+48. Oligonucleotides that incorporated these mutations failed to bind SF-1 in 

gel mobility shift assays (Figure 3-5A), whereas oligonucleotides containing native 

sequences at -233 and -101 specifically inhibited the SF-1 complex in a dose-dependent 

manner (Figure 3-5A).  

To further define the roles of the sites at -233 and -101 in SF-1 regulation of 

CB1R promoter activity, we examined the promoter activity and regulation by SF-1 using 

various mutated constructs (Figure 3-5B). Mutation of the site at -233 alone did not 

significantly impair SF-1 induction of CB1R promoter activity, whereas mutation of both 

elements virtually abolished the response to SF-1. These results suggest that SF-1 directly 

stimulates CB1R promoter activity, predominantly via the element at  -101 (Figure 3-5C). 

 

 

SF-1 regulates CB1R-mediated ERK activation both in cultured cells and in vivo 

CB1R is a G protein-coupled receptor that signals via Gαi/o to activate cellular 

responses, including c-Jun N-terminal kinase (JNK), signal transducer and activator of 

transcription (STAT) 3, and the MAP kinase pathway (He et al., 2005; Jordan et al., 

2005; He et al., 2006). If CB1R is a bona fide target of SF-1, it is plausible that
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modulation of SF-1 could increase its expression in a manner that affected one of these 

CB1R-mediated signaling pathways. To address SF-1 regulation of CB1R-mediated 

cellular responses, we used mouse neuroblastoma Neuro2A cells, which endogenously 

express CB1R but do not express SF-1. First, we used real time PCR assays to examine 

whether transfection of Neuro2A cells with SF-1 induces their expression of CB1R 

transcripts. These studies showed that introduction of SF-1 in the Neuro2A cells 

increased CB1R transcripts by approximately 4-fold (Figure 3-6A).  

Treatment of Neuro2A cells with MA (1 uM) increased phosphorylation of ERK, 

and this increase was significantly potentiated by SF-1 transfection (Figure 3-6B and C). 

Unlike the dynamic change of ERK phosphorylation by MA treatment, the levels of p-

JNK and p-STAT3 were not affected by MA treatment (Figure 3-6B). To determine if 

Gαi/o mediates the potentiation of ERK phosphorylation by SF-1 overexpression, we pre-

treated cells with pertussis toxin, which inhibits Gαi/o-mediated signaling, or AM251, a 

CB1R antagonist. The potentiation of ERK phosphorylation by SF-1 overexpression was 

completely abolished by pretreatment with either pertussis toxin or AM251 (data not 

shown), indicating that the potentiation of ERK activation by SF-1 overexpression is 

CB1R agonist-dependent and requires the Gαi/o-mediated pathway.  

To further ascertain that the potentiation of ERK activation by SF-1 is directly 

mediated by CB1R in the Neuro2A cells, we showed that this effect was abolished 

following introduction of multiple siRNAs that specifically targeted CB1R (K. Kim, 

unpublished observation). These data collectively establish that pERK potentiation by 

SF-1 is directly mediated by CB1R. 
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 Based on the potentiation of CB1R-mediated ERK phosphorylation by SF-1 in 

cultured cells, we wondered if a similar effect also took place in vivo. Indeed, systemic 

administration of MA to WT (SF-1nCre; F/+) mice significantly increased p-ERK 

immunoreactivity in the VMH. Consistent with the in situ hybridization studies (Figure 

3-1B and C), MA-induced phosphorylation of ERK in the VMH was markedly impaired 

in SF-1 KOVMH mice (Figure 3-7).  
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DISCUSSION 

 

Results presented here show that SF-1 directly regulates CB1R via its 5’-flanking 

region and that the CNS-specific KO of SF-1 has significant effects on the response of 

food intake to exogenously administered CB1R agonist and antagonists. Specifically, we 

have demonstrated that CB1R expression was impaired in the VMH when we selectively 

removed SF-1 in the CNS, implicating SF-1 in CB1R expression in the VMH. We further 

found that CB1R co-localized with SF-1 expression in VMH neurons and that 

cannabinoids decreased excitability of SF-1 neurons but had no effect on non-SF-1 

neurons. Recent evidence suggests that cannabinoid and leptin signals are integrated in 

lateral hypothalamic neurons (Jo et al., 2005). A similar integration may also occur in SF-

1 neurons in the VMH, whose action potential frequency is inhibited by CB1R agonists 

(Figure 2) but increased by leptin (Dhillon et al., 2006). These results suggest that 

integration of cannabinoid and leptin signals may regulate feeding behavior in the VMH. 

Although SF-1 clearly is a key factor in VMH development, its specific roles in 

VMH function remain incompletely understood. We recently identified the corticotropin-

releasing hormone (Crh) receptor 2 as a direct target of SF-1, providing a plausible 

molecular basis for the increased anxiety-like behavior seen in SF-1 KOVMH mice (Zhao 

et al., 2008). Although CB1R in the brain also has been implicated in the regulation of 

anxiety, the key regions for emotional regulation apparently are the amygdala, 

hippocampus, and cortex. These sites do not express SF-1, and thus it cannot regulate 

their expression of CB1R. However, impairment of CB1R expression by genetic ablation 

of SF-1 may also contribute to the increased anxiety-like behavior, as the VMH is known
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to be a critical brain region for defensive responses to predators (Dielenberg et al., 2001; 

Canteras, 2002). Moreover, the acute administration of the CB1 antagonist SR141716A 

induced anxiety-like responses in certain behavioral tests (Navarro et al., 1997), and 

global CB1R KO showed increased anxiety-like behavior (Haller et al., 2002; Uriguen et 

al., 2004).  

Both NMDA subunit (Pieri et al., 1999) and BDNF (Tran et al., 2006) have been 

identified as direct targets of SF-1 in the VMH. A recent report expanded considerably 

the list of SF-1 targets in the VMH, including several cell adhesion molecules such as 

Amigo2, Cdh4, Sema3a, Slit3, and Netrin3 and other genes that are highly expressed in 

the VMH, such as Fezf1, Nptx2, Nkx2-2, and A2bp1 (Kurrasch et al., 2007). Our results 

show that SF-1 can regulate CB1R expression directly, expanding the group of target 

genes to this G protein-coupled receptor, which has become an exciting target for drug 

development (Mackie, 2006). 

Given that CB1R activation by cannabinoids leads to phosphorylation of STAT3, 

JNK, and ERK (He et al., 2005; Jordan et al., 2005; Eljaschewitsch et al., 2006), we 

sought to determine if SF-1 has a role in signaling mediated by CB1R activation. As 

shown in Figure 6, transfection of Neuro2A cells with SF-1 induced CB1R expression 

and potentiated CB1R-mediated ERK phosphorylation. Activation of STAT3 or JNK by 

CB1R has been implicated in neurite outgrowth (He et al., 2005; Jordan et al., 2005; He 

et al., 2006), but the precise effects of CB1R-dependent ERK phosphorylation following 

CB1R activation are not fully understood. Activation of ERK has been related to the 

regulation of proliferation and differentiation (Johnson and Lapadat, 2002), and this 

pathway, like SF-1 itself, may play important roles in the differentiation/migration of 
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VMH neurons. Studies presented here show that systemic administration of a CB1R 

agonist is associated with increased levels of immunoreactive phospho-ERK in VMH 

neurons, suggesting that CB1R also couples to the MAP kinase pathway in the VMH 

(Figure 3-7).   

Although behaviors modulated by cannabinoids are regulated by complex 

interactions among structures such as the ventral tegmental area, medial forebrain bundle, 

nucleus accumbens, and amygdala (Gardner, 2005), the hypothalamic nuclei surrounding 

the third ventricle are central to CB1R-mediated energy balance (Di Marzo et al., 2001; 

Jamshidi and Taylor, 2001; Kirkham et al., 2002; Soria-Gomez et al., 2007). For example, 

direct administration of the CB1 agonist ANA into the VMH significantly increased food 

intake, while the CB1R antagonist SR141716 inhibited the AEA induction of food intake 

(Jamshidi and Taylor, 2001) and infusion of ANA into the nucleus accumbens shell 

(NAcS) showed hyperphagic effects with marked activation of hypothalamic nuclei 

involved in feeding behaviors (Soria-Gomez et al., 2007). These results implicate 

hypothalamic CB1R in orexigenic actions of cannabinoids. In agreement with these 

studies, we observed that administration of CB1R agonists (e.g., MA and ACEA) 

increased food intake in WT mice (Figure 3A and B); this increased food intake was 

blunted significantly in mice with CNS-specific KO of SF-1 (Figure 3A and B). Likewise, 

administration of the specific CB1R antagonist AM251 markedly suppressed food intake 

in WT mice, but suppression was significantly impaired in SF-1 KOVMH mice (Figure 3-

3C). These data imply that the lack of CB1R expression in VMH neurons may be a factor 

in the behavioral effects exhibited by SF-1 KOVMH mice (e.g., increased anxiety-like 

behavior and adiposity) (Majdic et al., 2002; Zhao et al., 2008). 
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A number of reported interactions between the cannabinoid system and 

neuropeptides involved in energy homeostasis provide insights into potential roles of the 

cannabinoid system on food intake and hypothalamic regulation. For example, SF-1 

neurons in the VMH express leptin receptor and leptin signaling in SF-1 neurons is 

required for normal energy homeostasis (Dhillon et al., 2006; Bingham et al., 2008); 

similarly, these SF-1 neurons express CB1R and SF-1 directly regulates the CB1R 

promoter (this study). Leptin negatively regulates endocannabinoid production (Di Marzo 

et al., 2001) and modulates food intake by inhibiting the orexigenic neuropeptide NPY in 

ARC (Cowley et al., 2001; van den Top et al., 2004). There are conflicting data regarding 

the cannabinoid system and neuropeptide Y (NPY) regulation. Stimulation of the 

cannabinoid system with ANA and CP55,940 reportedly augmented NPY release in the 

rat hypothalamus (Gamber et al., 2005), suggesting that activation of the cannabinoid 

system in the hypothalamus generated orexigenic effects by augmenting NPY levels. In 

contrast, others have proposed that cannabinoids modulate energy balance by NPY-

independent mechanisms (Di Marzo et al., 2001). Consistent with the latter model, 

hypothalamic NPY expression was not affected by activation of the cannabinoid system 

by the CB1R agonist MA (data not shown) or by the perturbed VMH expression of 

CB1R in the VMH in SF-1 KOVMH mice. Rather, the orexigenic effect of cannabinoids 

may involve other neuropeptides such as corticotrophin-releasing hormone (Cota et al., 

2003), cocaine-amphetamine regulated peptide (Osei-Hyiaman et al., 2005), pro-

opiomelanocortin (Ho et al., 2007) and ghrelin (Kola et al., 2008). 

In summary, our data identify CB1R as a novel target of SF-1 in the VMH, providing 

clear evidence that SF-1 plays important roles in the regulation of CB1R expression as
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well as in CB1R-mediated regulation of food intake. Further, the excitability of SF-1 

neurons is directly inhibited by CB1R agonists, which may be an important factor in 

homeostatic regulation by the VMH. Future studies that identify downstream modulators 

whose activity is controlled by cannabinoid signaling in SF-1 neurons will provide new 

insights into how SF-1 maintains CB1R-mediated energy balance in the VMH and will 

hopefully identify other genes that determine how the VMH and other hypothalamic 

nuclei regulate various physiological functions. 
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Figure 3-1. SF-1 is necessary for CB1R expression in the VMH. 
A. Immunohistochemical analysis showing SF-1 expression in mice of the indicated 
genotypes. Relative to WT (SF-1nCre; F/+) and heterozygous (SF-1F/- ) mice, SF-1 
expression in the VMH is markedly diminished in SF-1 KOVMH mice (SF-1nCre;F/-). Scale 
bar= 200 µm. B. Lower power magnification of CB1R mRNA expression in brains from 
mice of the indicated genotypes. In situ hybridization revealed CB1R transcripts in the 
cerebral cortex, hippocampus, amygdala, and hypothalamus. CB1R mRNA expression in 
the VMH was specifically abrogated in SF-1 KOVMH mice. Arrowheads indicate the 
VMH. Scale bar= 500 µm. C. Higher magnification view of CB1R mRNA expression in 
the mediobasal hypothalamus. CB1R is expressed at high levels in the VMH, where its 
expression is decreased considerably in the SF-1 KOVMH mice. 3V, third ventricle. Scale 
bar= 200 µm. D. The effect of SF-1 on the expression of CB1R in eGFP-positive neurons 
isolated from WT and SF-1 KO mice. RNA was isolated from FACS-purified SF-
1/eGFP-positive neurons from WT and SF-1 KO mice and analyzed by real-time PCR 
assays as described in Materials and Methods. 
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Figure 3-2. Activation of CB1R decreases action potential frequency in SF-1 
neurons. 
A. Sample traces from a SF-1/eGFP-positive neuron recorded before, during, and after 
application of the CB1R agonist WIN 55212-2 (1 µM) in current clamp configuration. 
Treatment with WIN 55212-2 markedly decreased action potential frequency of SF-1 
neuron. (Top panel: scale bar: 50mV, 2min). The bottom panel shows activity of the 
same SF-1 neuron on an expanded time scale before and immediately after application of 
WIN 55212-2. Scale bar: 50mV, 2s. Vm=-45mV. B. Sample traces from a SF-1/eGFP-
negative VMH neuron recorded before and after application of WIN 55212-2 (1 µM) in 
current clamp configuration. The CB1R agonist did not alter the firing rate of SF-
1/eGFP-negative neurons. Scale bar: 50mV, 0.5s. Vm=-50mV. C. Pooled data of the 
frequency of action potentials in SF-1/eGFP-positive and -negative VMH neurons before 
and after treatment with WIN 55212-2 (9 and 7 neurons, respectively; *p < 0.05). Error 
bars represent SEM. 
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Figure 3-3. CNS expression of SF-1 contributes to CB1R-dependent effects on 
nocturnal food intake and body weight.  
Effects of MA (A), ACEA (B), and AM251 (C) on nocturnal food intake in WT (SF-
1nCre; F/+) and SF-1 KOVMH (SF-1nCre; F/-) mice. After 24 h of fasting, mice were injected 
with either vehicle (veh), the CB1R agonists MA (1mg/kg) or ACEA (3mg/kg), or the 
CB1R antagonist AM251 (5mg/kg), and nocturnal food intake was measured hourly 
thereafter for 3 hours as described in Materials and Methods. Injection of MA or ACEA 
significantly stimulated nocturnal food intake in WT mice (*p<0.01, t-test); their effects 
on appetite were insignificant in SF-1 KOVMH (**p>0.1, t-test). Treatment with the CB1R 
antagonist AM251 significantly inhibited food intake in both WT and SF-1 KO mice 
(*p<0.01, t-test), but the effect was significantly greater in WT mice (‡p<0.05, t-test). 
Graphs represent means ± SEM and data were analyzed by mutifactorial ANOVA with 
repeated measure (strain x drug x time, p<0.05). 
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Figure 3-4. SF-1 directly regulates CB1R expression.  
A. Schematic diagram of the 5’-flanking region of the mouse Cb1r gene, including the 
location of potential SF-1 binding sites. Shown below are the 5'-deletion constructs. B. 
CB1R promoter activity is significantly stimulated by SF-1 in mouse Y1 adrenocortical 
cells and human HEK 293 kidney cells in a dose-dependent manner (*p<0.001, t-test). C. 
5’-deletion analysis of SF-1 binding sites that regulate the CB1R promoter. 293 cells 
were co-transfected with SF-1 and the deletion constructs shown in Figure 4A. Deletion 
of putative SF-1 binding sites in the -246 and -108 constructs significantly decreased 
promoter activity (**p<0.001, one-way ANOVA). 
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Figure 3-5. The SF-1-responsive element at -101 is required for SF-1 regulation of 
CB1R promoter activity. 
A.  Electrophoretic mobility shift assays with the potential SF-1 binding sites at -233 and 
-101 in the CB1R promoter.  Oligonucleotides comprising the CB1R promoter elements 
at -233 (left panel) and -101 (right panel) formed specific complexes with SF-1, whereas 
probes with mutation of the SF-1 core motif (M) failed to form this complex. * indicates 
reactions that included 1 ul of an anti-SF-1 antiserum. Competition analysis revealed that 
the complexes formed with the -233 and -101 elements were specific. Unlabeled 
oligonucleotide competitors at the indicated molar excesses (2, 5, 10, and 100X) 
specifically inhibited SF-1 binding to the -233 and -101 elements, with complete 
abrogation of binding at the 100X molar excess. Oligonucleotides with mutations in the 
SF-1 binding motif (see Materials and Methods) did not inhibit the SF-1 complex. M, 
mutated probe.  B. Schematic diagram of promoter constructs examined by transient 
transfection analyses. Empty squares indicate putative SF-1 binding sites and filled 
squares represent sites that were mutated. C. The SF-1 binding sites at -101 is crucial for 
SF-1 regulation. The indicated CB1R promoter constructs were transfected with or 
without SF-1 in 293 cells (left panel) and without SF-1 in Y1 cells (right panel). Mutation 
of the -233 site alone did not significantly impair SF-1 induction, whereas mutation of 
both the -233 and the -101 sites abolished SF-1 induction in 293 cells and markedly 
impaired promoter activity in Y1 cells (*p<0.01, one-way ANOVA). 
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Figure 3-6. SF-1 stimulates CB1R expression and CB1R-mediated ERK 
phosphorylation in Neuro2A neuroblastoma cells. 
A. Transfection with SF-1 stimulates endogenous expression of CB1R transcripts in 
Neuro2A cells. Neuro2A cells were transiently transfected with either pcDNA3.1 or with 
the same vector expressing SF-1, and levels of CB1R transcripts were determined by 
real-time PCR assays as described in Materials and Methods. B. Transfection of Neuro2A 
cells with an expression plasmid for SF-1 selectively stimulates CB1R-mediated 
induction of ERK phosphorylation in Neuro2A cells. Immunoblot analyses showed that 
transfection of Neuro2A cells with an SF-1 expression plasmid dramatically induced 
MA-induced ERK phosphorylation at 5 and 10 min without affecting the total level of 
immunodetectable ERK, p-JNK, or p-STAT3. C. Time course quantitating the SF-1 
stimulation of MA-mediated ERK phosphorylation in Neuro2A cells shown in B. Black 
bars indicate cells transfected with pcDNA3.1 and white bars represent cells transfected 
with SF-1. SF-1 expression significantly stimulated ERK phosphorylation (2.9-fold) at 5 
and 10 minutes after MA treatment (*p<0.05, n=5, t-test). The data were expressed as 
mean±SEM and analyzed by repeated two-way ANOVA (SF-1 transfection X time, 
p<0.01). 
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Figure 3-7. Administration of MA to WT but not SF-1 KOVMH mice significantly 
stimulates ERK phosphorylation in the VMH.  
WT and SF-1 KO mice were treated with MA and cells that contained phospho-ERK 
were quantified in sections of the mediobasal hypothalamus as residing in the 
dorsomedial (dm), central (c), or lateral (lat) regions of the VMH. A. Representative 
sections of immunoreactive phospho-ERK in vehicle- and MA-treated WT and SF-1 
KOVMH mice. B. The ERK phosphorylation induced by MA injection was significantly 
diminished in SF-1 KOVMH mice. Bars represent means±SEM (*p<0.01, **p<0.05, n=3, 
t-test). 
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CHAPTER FOUR 
 
 

CONCLUSIONS AND FUTURE DIRECTIONS 

 

I. CONCLUSIONS 

 
As noted in Chapter 1, our understanding of the mechanisms by which SF-1 affects the 

development and function of the VMH has lagged considerably behind progress in the 

adrenal cortex, gonads, and pituitary gonadotropes. The studies described here were 

largely motivated by the desire to close this gap. As an experimental basis to address 

these questions, we chose to use mice with a CNS-specific KO of SF-1 function, thus 

avoiding confounding effects of neonatal lethality or combined defects at multiple levels 

of the hypothalamic-pituitary-steroidogenic organ axis. With these CNS-specific SF-1 

KO mice, we determined the physiological and neuroanatomical roles of SF-1 in the 

VMH, focusing particularly on the modulation of anxiety and energy homeostasis and on 

genes that have been implicated in these processes. 

 

CNS-specific SF-1 KO mice 

The CNS-specific SF-1 KO (SF-1 KOVMH) mice were generated as described in 

Chapter 2. The expression of SF-1 outside of the VMH (e.g., the anterior pituitary, 

adrenal cortex, and gonads) in SF-1 KOVMH mice was comparable to that in WT 

counterparts (Figure 2-1). In addition, levels of steroid hormones such as corticosterone, 

testosterone, and estradiol were indistinguishable from those in WT mice (Table 2-1), 

suggesting that SF-1 KOVMH have functionally intact steroidogenic organs. In contrast, 
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the characteristic organization of the VMH was not discernable and SF-1 

immunoreactivity was markedly decreased (Figure 2-2); these findings are highly 

reminiscent of the global SF-1 KO mice (Ikeda et al., 1995; Shinoda et al., 1995). In 

addition, developmental studies revealed that SF-1 inactivation by the nestin-Cre 

transgene predominantly occurred by E13.5, with complete silencing by E18.5 (Figure 2-

3). The nestin-Cre-driven inactivation of SF-1 also caused a marked dislocation of 

neurons expressing ERα in the mediobasal hypothalamus (Figure 2-4), again resembling 

effects of the global SF-1 KO (Dellovade et al., 2000; Davis et al., 2004). Although 

others have suggested that SF-1 function is independent from the formation and 

migration of neuronal precursors (Tran et al., 2003), our results with conditional ablation 

of SF-1 in the VMH highly imply that SF-1 contributes, at least, in the process of 

development of neural precursors, as nestin is expressed in neural stem and precursor 

cells.   

 

Anxiety-like behavior in SF-1 KOVMH mice 

Although their roles may differ somewhat among species, a number of 

neurotransmitters, including glutamate and GABA, have been implicated in the response 

to stress. Also, the sympathetic nervous system participates in the acute stress reaction 

via the local release of norepinephrine at nerve terminals and the generalized release of 

epinephrine from the adrenal medulla. Finally, the hypothalamic-pituitary-adrenal axis is 

markedly upregulated by acute and chronic stress, resulting in increased secretion of 

corticotropin-releasing hormone, adrenocorticotrophic hormone, and glucocorticoids 

(either corticosterone in rodents or cortisol in human beings).   A considerable body of 
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evidence suggests that dysregulation of these stress responses may be an important 

component of neuropsychiatric diseases such as affective disorders, generalized anxiety 

disorder, and obsessive-compulsive disorder. In human beings, diagnosis of these 

disorders is usually based on a structured psychiatric interviews, but animal models such 

as mouse and rat are based on reproducibility, behavioral symptoms, neuroanatomical 

abnormalities, and neurochemical abnormalities (Crawley, 2001). Multiple lines of 

evidence show that SF-1 KOVMH mice exhibit considerably increased anxiety-like 

behavior compared to their wild-type counterparts, both in open behavior in cages and in 

multiple standardized paradigms, such as light/dark test, elevated plus maze, open field 

test, locomotor activity in a novel environment, and the marble-burying test (Figure 2-5, 

2-6, and 2-7). In a similar context, a social interaction test revealed that SF-1 KOVMH 

mice interacted significantly less with their partner compared to their WT counterparts 

(K. Kim, unpublished observation). In this context, ablation of SF-1 from the VMH may 

be related to social phobia, stress disorder, or generalized anxiety disorder, since SF-1 

KOVMH mice showed a more severe phenotype when they were exposed to stress (e.g., 

hand swing above the mice, introduction to new cage, open field, or presence of marbles 

in cage) and the mice also exhibited impaired social interaction.  

 The anxiety-like behavior was not sexually dimorphic, since both male and 

female SF-1 KOVMH mice showed significantly increased anxiety-like behavior relative to 

WT mice of the same sex. Administration of the anxiolytic benzodiazepine, midazolam 

(0.75mg/kg), suppressed the anxiety phenotype in the elevated plus maze and open field 

test; thus, effects in other brain region presumably mediate this anxiolytic effect. 

Nonetheless, a report describing functions of GABAA receptors in the VMH in regulating 
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anxiety and panic-related defensive responses (Bueno et al., 2007) and the observation 

that SF-1 is required for proper GABAergic neuron formation in the VMH (Dellovade et 

al., 2000; Davis et al., 2004) argue that SF-1 neurons in the VMH may play a critical role 

in the response to anxiolytic drugs such as the benzodiazepines. 

Some mouse lines with a nestin-Cre transgene that included the nestin promoter 

and an enhancer found in the second intron reportedly had phenotypes that were directly 

related to toxic effect(s) of the transgene itself, including occasional development of 

hydrocephalus (Betz et al., 1996; Forni et al., 2006). Specifically, two of the resulting 

mouse lines, named balancer 2 (bal2) and bal3, occasionally were associated with early 

postnatal lethality (Betz et al., 1996). Even though we used a different transgene that has 

not been linked to phenotypes independent of Cre-mediated recombination (Betz et al., 

1996; Forni et al., 2006), we also looked for transgene-related effects. No discernable 

abnormality was seen in male or female mice with the cre/+, cre/+;F/+, and cre/+;+/-  

genotypes, indicating that the increased anxiety-like behavior in SF-1 KOVMH mice can 

be attributed to the removal of SF-1 from the VMH rather than an intrinsic effect of the 

transgene. 

Based on robust neuronal activation in the VMH in response to potential 

predators (Dielenberg et al., 2001; Canteras, 2002), the VMH is part of a medial 

hypothalamic defensive system. This system and the neurons that mediate it may play 

important roles in anxiety-like behavior, because predators may be associated with 

anxiety in rodent models. Consistent with this concept (Figure 2-8), we found that SF-1 

KOVMH mice had decreased expression or altered distribution in the mediobasal 

hypothalamus of several genes implicated in anxiety-like behavior, including 
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brain-derived neurotrophic factor (BDNF), the type 2 receptor for corticotrophin-

releasing hormone (Crhr2), and urocortin 3 (Ucn3; Figure 2-8). These findings suggest 

that SF-1 expression in the mouse VMH is closely connected with the neural circuitry of 

anxiety-like behavior and raise the possibility that SF-1 may play similar roles in VMH 

neurons of human beings. Since VMH neurons (and especially those of the dmVMH) 

have extensive connections with the basolateral (BLA) and the medial (MeA) nuclei of 

the amygdala in fear or anxiety-related neuronal circuits, comparison of neuronal 

connections between the VMH and discrete regions of the amygdala in SF-1 KOVMH and 

WT mice should provide additional insights into SF-1 functions in VMH neurons and 

homeostatic regulation.  

 

Energy homeostasis and SF-1 neurons of the VMH 

The VMH long has been implicated as an important brain region for the 

regulation of appetite and energy homeostasis (Hetherington and Ranson, 1940; Jamshidi 

and Taylor, 2001; Sternson et al., 2005). The VMH neurons have been implicated in 

satiety sensing, increasing excitatory input to pro-opiomelanocortin (POMC) neurons in 

the arcuate nucleus (ARC) and thereby activating anorexigenic neural circuits. More 

specifically, SF-1 neurons in the VMH have been shown to play major roles in energy 

homeostasis, mediating central regulation by such important signals as leptin and glucose 

(Dhillon et al., 2006; Tong et al., 2007; Bingham et al., 2008; Zhang et al., 2008). 

Given that SF-1 neurons in the VMH are closely associated with energy 

homeostasis, we explored links between potential SF-1 target genes and homeostatic 

regulation in the VMH. One gene that has been associated with hypothalamic regulation 
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of energy homeostasis is the cannabinoid receptor 1 (CB1R) (Jamshidi and Taylor, 2001). 

CB1R is highly expressed in SF-1 neurons of the VMH, and SF-1 is required for CB1R 

expression in the VMH (Figure 3-1), indicating that SF-1 plays an essential role in the 

regulation of CB1R expression in the VMH. We therefore used electrophysiological, 

pharmacological, and biochemical approaches to extend our knowledge of SF-1 

regulatory roles associated with homeostatic function of CB1R in the VMH. First, to 

explore possible functional effects of cannabinoid signaling in SF-1 neurons, we used an 

SF-1/eGFP transgene (Stallings et al., 2002) to identify SF-1-positive and negative 

neurons in hypothalamic slice preparations. Using whole-cell patch-clamp recording 

technology, the application of the CB1R agonist WIN 55212-2 to SF-1 neurons reduced 

the frequency of action potentials in approximately 60% of neurons (Figure 3-2A and C). 

This effect of WIN 55212-2 was specific for SF-1 neurons, since SF-1/eGFP-negative 

neurons showed no response (Figure 3-2B and C). Moreover, a specific CB1R antagonist, 

AM251, blocked the effect of WIN 55212-2 in SF-1/eGFP-positive neurons (data not 

shown). These results suggest that functional CB1R is expressed in SF-1 neurons, whose 

activity can be regulated by a CB1R agonist. 

Based on the effects of the SF-1 KO on CB1R expression in the VMH, we 

examined the impact of SF-1 in the VMH on the in vivo response to systemic 

administration of drugs that affect the cannabinoid system. Since hypothalamic function 

is critical for the effects of cannabinoids on energy intake (Jamshidi and Taylor, 2001) 

and CB1R is highly expressed in the VMH, we systemically administered CB1R agonists 

(MA and ACEA) or an antagonist (AM251) to SF-1nCre;F/+ (WT) and SF-1nCre;F/- (SF-1 

KOVMH) mice and then monitored nocturnal feeding for 3 hours post-injection (Figure3-
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3). Administration of CB1R agonists significantly increased the food consumption in a 

partial satiety state; this increase in food intake was significantly blunted in SF-1 KOVMH 

mice compared to their WT counterparts (Figure 3-3A and B). In addition, the anorexic 

effect of the AM251 was significantly diminished in SF-1 KOVMH mice (Figure 3-3C), 

arguing that regulatory roles of SF-1 on CB1R expression in the VMH play an important 

role in cannabinoid-induced effects on energy intake. The potential role of CB1R in 

appetite regulation and obesity has sparked considerable interest in the development of 

selective CB1R antagonists that might be used to treat obesity.  The selective CB1R 

antagonist SR141716 was effective in reducing food intake and body weight in mice and 

rats (Chaperon et al., 1998; Colombo et al., 1998). In addition, recent studies have 

demonstrated that blocking the endocannabinoid system with SR141716 or with CB1R 

antagonists such as rimonabant may have similar effects in humans (Despres et al., 2005; 

Van Gaal et al., 2005; Pi-Sunyer et al., 2006; Scheen et al., 2006). Although these reports, 

together with the studies described here, strongly suggest that the CB1R plays crucial 

roles in the control of appetite, further studies, studies using tissue-specific activation or 

inactivation of the endocannabinoid system are needed to delineate the functional roles of 

endocannabinoid system in appetite regulation. 

It has been reported that CB1R transcripts are co-expressed in the hypothalamus 

with neuropeptides involved in modulation of energy balance, such as corticotrophin-

releasing hormone (CRH), cocaine- and amphetamine-regulated transcript (Gamber et 

al.), orexin/hypocretin, and melanin-concentrating hormone (MCH) (Cota et al., 2003), 

suggesting that endocannabinoid signals may also interact with other neuropeptides in 

regulation of energy homeostasis. Subsequent studies also showed complex connections
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between the endocannabinoid system and neuropeptides such as NPY and ghrelin 

(Gamber et al., 2005; Hentges et al., 2005; Kola et al., 2008). In the lateral hypothalamus 

(LH), the anorexigenic effect of leptin is mediated at least partly by decreasing the 

synthesis and release of endocannabinoids (Jo et al., 2005), while endocannabinoid 

signals in the PVN inhibit the release and expression of corticotrophin-releasing hormone 

under negative control of leptin (Malcher-Lopes et al., 2006), again linking 

endocannabinoids with leptin signals in hypothalamic nuclei. Our data, together with the 

work of others, strongly suggest that leptin and endocannabinoid signals also play 

antagonistic roles in SF-1 neurons in regulating appetite-related neuronal circuits in the 

VMH (Dhillon et al., 2006; Kim et al., 2008). 

It is well established that endocannabinoids not only participate in feeding –

related neuronal circuits, but also influence other physiological processes such as mood 

regulation and reproduction (Brown and Dobs, 2002; Maccarrone et al., 2002; Lafenetre 

et al., 2007). The endocannabinoid system emerged recently as a crucial modulator of 

anxiety and fear response. Although discrepant results in the effects of CB1R antagonists, 

such as SR141716 and AM251, in regulation of anxiety have been reported (Navarro et 

al., 1997; Arevalo et al., 2001; Kathuria et al., 2003; Rodgers et al., 2003; Lafenetre et al., 

2007), several pharmacological approaches have consistently shown that systemic 

administration to mice increased anxiety. The antagonists are highly selective, as effects 

of CB1R antagonists disappeared in CB1R KO mice. Therefore, the results highly 

indicate that CB1R likely is activated by endocannabinoids to regulate anxiety. Similarly, 

CB1R KO mice largely showed increased anxiety-like behaviors. These lines of evidence
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suggest that decreased CB1R expression caused by lack of SF-1 function in the VMH 

may in part reflect the anxiety phenotype seen in SF-1 KOVMH mice. 

However, genes related to anxiety or metabolic regulations are expressed in the 

VMH, including BDNF, ERα, Crhr2, and LepR. In addition, the presence of CB1R and 

ECs in the amygdala and hippocampus, and other brain regions which regulate emotion, 

anxiety, and aversive learning imply that the increased anxiety-like behavior and late-

onset obesity (discussion will be followed) seen in SF-1 KOVMH could be independent of 

the impairment of the CB1R caused by SF-1 ablation in the VMH. Therefore, tissue-

specific inactivation and reactivation (Xu et al., 2008) of CB1R by crossing with tissue-

specific Cre mice or  stereotactic injection of adenovirus (AdV) or adeno-associated 

(AAV) virus (Iwatate et al., 2003) mediating Cre recombinase expression will be needed 

to delineate more definitive regulatory roles  of CB1R in specific brain regions. 

Furthermore, sterotactic injection of CB1 antagonists/agonists together with tissue-

specific RNAi approaches will also be good options to address this question. 

Recently, it has also been reported that CB1R is expressed in adult Leydig cells, 

with negative correlation with cell division, and also is detected in Sertoli cells (Cacciola 

et al., 2008; Cacciola et al., 2008). These results suggest that a direct functional 

association between CB1R and SF-1 extends outside of the brain, as SF-1 plays critical 

roles in testes development and function by regulating its target genes (Hatano et al., 

1994; Shen et al., 1994; Parker et al., 2002). 

 

Identification of novel SF-1-responsive genes 
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In the VMH, physiological roles of SF-1 and its target genes have long been 

elusive. A recent report considerably expanded the list of SF-1 targets in the VMH, 

including cell adhesion molecules such as Amigo2, Cdh4, Sema3a, Slit3, and Netrin3 and 

other genes that are highly expressed in the VMH, such as Fezf1, Nptx2, Nkx2-2, and 

A2bp1 (Kurrasch et al., 2007).  The roles of these genes in the complex phenotype seen 

with selective knockout of SF-1 in the VMH remains an important area for future studies. 

Of the anxiety-related genes expressed in the VMH (Figure 2-8), BDNF has been 

characterized as a direct target gene of SF-1 (Tran et al., 2006). Consistent with our 

results, mice in which BDNF is conditionally deleted in the postnatal brain, especially in 

the VMH and DMH, showed increased anxiety-related behaviors, such as hyperactivity 

and preference of dark environment (Rios et al., 2001).  Thus, it is almost certain that 

impaired BDNF expression is an important component of the behavioral phenotype seen 

in the CNS-specific SF-1 KO mice. 

Previous studies showed that Crhr2-null mice exhibited anxiety-like behavior 

with hypersensitivity to stress (Bale et al., 2000; Kishimoto et al., 2000), suggesting that 

it might also be involved in the phenotype in our knockout mice. We therefore explored 

promoter sequences of the β form of Crhr2, the isoform that is expressed in the VMH, to 

examine whether it also might be a target gene of SF-1. Inspection revealed two 

sequences matching binding requirements for SF-1 (5’-TGACCT-3’ at position -1761 

and 5’-TTACCT-3’ at position +6). Both electrophoretic mobility shift assays with 

oligonucleotides containing each sequence and transient cotransfection experiments 

implicated the Crhr2 element at +6 as a potential SF-1 regulatory site, suggesting that 

Crhr2 in the VMH is a direct target of SF-1. Taken together, these results indicate that 
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SF-1 in the VMH is involved in anxiety-like behavior by modulating the expression of its 

target genes.   

 The data described in Chapter 3 suggested that CB1R was a direct target of SF-1 

in the VMH. Further studies (Chapter 3), including electrophoretic mobility shift assays 

and transient transfection experiments, identified a site at -101 (5’-AGGGCAGGACA-

3’) that is required for SF-1 regulation of CB1R promoter activity, again strongly 

suggesting that SF-1 directly stimulates CB1R promoter activity (Figure 3-4 and 3-5). As 

indicated, the VMH participates in modulating many endocrine and autonomic responses 

and SF-1 plays a key role in establishment of the VMH. The endocannabinoid system 

also plays an important role in fundamental developmental processes and 

neurotransmitter maturation, together with energy homeostasis and anxiety regulation as 

noted above, in the brain (Fernandez-Ruiz et al., 2000).  CB1R expression and 

cannabinoid binding is first detected at approximately embryonic day 11 to 14 in rats--

well after SF-1 expression commences at ~E9.5. This temporal relationship is consistent 

with the model that SF-1 regulates CB1R expression. Therefore, along with CB1R-

mediated energy homeostasis and anxiety regulation, the direct modulation of CB1R by 

SF-1 in the VMH may be one important mechanism in the development and migration of 

VMH neurons.  

 

SF-1 KO in the VMH leads to late-onset obesity 

Subsequent to the initial work with global SF-1 KO mice kept alive with adrenal 

transplants, several studies suggested the involvement of SF-1 and SF-1 neurons in the 

regulation of energy homeostasis (Majdic et al., 2002; Dhillon et al., 2006; Tran et al., 
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2006; Tong et al., 2007; Bingham et al., 2008; Zhang et al., 2008). Collectively, these 

studies have provided important new insights into the molecular mechanisms underlying 

the regulation of energy homeostasis by the VMH. To take an integrative approach to the 

direct effects of SF-1 in the VMH on body weight homeostasis, body weights were 

monitored in SF-1 KOVMH mice and their WT littermates over a 1 year period. Relative to 

WT littermates, SF-1 KOVMH mice showed significant weight gain beginning at 42 weeks 

of age.  This result was somewhat surprising, as the global SF-1 KO mice started to show 

significant body weight increase from 8 weeks of age (Majdic et al., 2002). The global 

SF-1 KO mice with transplanted adrenals showed functionally intact HPA axis, based on 

corticosterone and ACTH level. In addition, levels of hormones (Table 2-1) and 

expression of SF-1 in other sites (Figure 2-1) outside of the VMH in SF-1 KOVMH mice 

highly suggest that the HPA and HPG axes of SF-1 KOVMH mice are functionally intact. 

Although we largely confirmed previous findings with global SF-1 KO mice 

transplanted with adrenals, some differences between the two studies should be noted. 

First, two different mouse models were used. Global SF-1 KO mice lacked SF-1 from 

earliest developmental stages, while SF-1 KOVMH mice had a later ablation of function. 

Consistent with the difference in timing, the cytoarchitecture of the VMH differed in 

these two models. Indeed, tracing of SF-1 neurons using the SF-1/eGFP transgene 

revealed a wider dispersion of SF-1 neurons throughout the mediobasal hypothalamus in 

both global SF-1 KO and SF-1 KOVMH mice; however, the degree of perturbation was 

much worse in global SF-1 KO mice (Davis et al., 2004), suggesting that they have more 

drastic effects in the VMH. In addition, global SF-1 KO mice may have subtle 

differences in their patterns of glucocorticoid secretion, as VMH lesions have been linked 
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to abnormal circadian rhythm (Parkinson and Weingarten, 1990; Choi et al., 1998). 

Therefore, if SF-1 ablation from the VMH causes similar effect seen in the VMH-lesion 

models, phenotypic differences between previous and present studies may at least partly 

be attributed to this fact.  

It has been suggested that the VMH may be involved in diet-induced 

thermogenesis in rodents, as rats that were resistant to diet-induced obesity (DIO) became 

susceptible to high-fat diet after a VMH lesion (Oku et al., 1984). Subsequently, other 

lines of evidence also supported this idea (Dhillon et al., 2006; Bingham et al., 2008). We 

therefore examined the functional importance of SF-1 in the VMH in calorie overload to 

test whether SF-1 in the VMH linked to the diet-induced thermogenesis. Accordingly, 

body weight changes in SF-1 KOVMH mice and their WT littermates fed medium fat diet 

(35% fat) were monitored. Indeed, SF-1 KOVMH mice gained significantly more weight 

compared to WT littermates in a relatively short time period (data not shown), highly 

implying that there is impaired adaptive response to energy overload in SF-1 KOVMH 

mice.  

Largely consistent with our previous findings (Majdic et al., 2002), SF-1 KOVMH 

mice at 45 to 55 weeks of age showed significantly increased cumulative food intake 

compared to their littermates (unpublished observation) and significantly decreased 

energy expenditure as measured by VO2, heat production, and movement (data not 

shown). Therefore, the late-onset obesity observed in SF-1 KOVMH mice reflects both 

increased food intake and decreased energy expenditure. 

Elevated postprandial glucose levels are observed in SF-1 KOVMH mice ; thus, the 

mice have impaired glucose tolerance (data not shown). At 20-30 weeks of age, even 
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before they are obese relative to wild-type mice, the SF-1 KOVMH mice also showed 

postprandial hyperinsulinemia and impaired hypoglycemic response to insulin in an 

tolerance test (ITT, data not shown). Several VMH genes linked to the elevation of 

glucose level or insulin resistance have been reported. For example, mice in which bdnf 

was selectively ablated in the adult VMH and DMH showed hyperglycemia and 

hyperinsulinemia, suggesting that BDNF in the VMH is one important component of this 

homeostatic regulation (Rios et al., 2001; Unger et al., 2007), albeit with a report that 

selective depletion of BDNF in SF-1 neurons did not elicit obesity in mice (Tran et al., 

2006; Tong et al., 2007). Hyperinsulinemia also was observed in mice in which the leptin 

receptor was deleted specifically in SF-1 neurons in the VMH (Bingham et al., 2008). In 

these Lepr KOVMH mice, hyperinsulinemia appeared at a very early age, before any 

detectable difference in body composition. Consistent with this result, selective 

inactivation of suppressor of cytokine signaling 3 (Socs3, a potential mediator of central 

leptin resistance) in SF-1 neurons improved glucose and insulin sensitivity in both fed 

and fasted state (Zhang et al., 2008). Furthermore, silencing of ERα in the VMH by local 

injection of adeno-associated viral vectors mediating RNA interference resulted in a 

marked increase in body weight and food intake together with hyperglycemia, glucose 

intolerance, and reduced energy expenditure (Musatov et al., 2007).  

Previous studies identified bdnf as a direct target gene of SF-1 (Tran et al., 2006; 

Zhao et al., 2008). We also found that localization of ERα in the VMH was markedly 

altered in global SF-1 and SF-1 KOVMH (Davis et al., 2004; Zhao et al., 2008). Thus, the 

late-onset obesity seen in SF-1 KOVMH may be connected with impaired expression of 

bdnf and/or aberrant expression of ERα.  We next sought other molecular mechanisms 
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underlying the phenotype of SF-1 KOVMH mice. Since we knew that leptin signaling plays 

important roles in SF-1 neurons regulating energy homeostasis (Dhillon et al., 2006; 

Bingham et al., 2008), we used in situ hybridization to examine leptin receptor expression 

in SF-1 KOVMH mice. Ablation of SF-1 in SF-1 KOVMH mice selectively impaired the 

expression of leptin receptor in the VMH, providing another clue into the metabolic 

phenotype of SF-1 KOVMH mice. In addition, quantitative RT-PCR with RNA isolated 

from purified neurons using the SF-1/eGFP transgene showed significantly decreased 

expression of leptin receptor in SF-1 KOVMH, arguing strongly that it is a direct target of 

SF-1 in the VMH (Stallings et al., 2002; Kim et al., 2008; Zhao et al., 2008). In 2007, 

conditional gene KO was used to show a homeostatic regulatory role of the excitatory 

neurotransmitter glutamate in SF-1 neurons by specifically deleting the vglut2 glutamate 

vesicular transporter (Tong et al., 2007). These studies indicate that the neurotransmitter 

glutamate, in addition to neuropeptides, also plays essential roles in regulation of energy 

homeostasis in SF-1 neurons of the VMH. This information led us to examine the 

expression of vglut2 in mice with SF-1 KOVMH to examine potential roles in our 

phenotype seen. Indeed, vglut2 expression was impaired in the VMH of SF-1 KOVMH 

(data not shown). Taken together, multiple potential SF-1 target genes can be implicated 

in the late-onset obesity in SF-1 KOVMH mice described above, and it is very likely that 

effects on multiple genes exert a collective effect (which may be additive or even 

antagonistic).  

Although our studies have focused on genes that are positively regulated by SF-1, 

and thus likely are direct targets of its transcriptional activation, it is likely that the 

expression of other genes is increased in SF-1 KOVMH mice in a manner that could reflect 
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either normal repression of their expression by SF-1 or secondary effects of impaired 

expression of other direct targets. Decreased expression of selected genes as a result of 

SF-1 over-expression has been defined in the adrenal cortex (Shibata et al., 2004; 

Gummow et al., 2006). In addition, expression levels of pituitary adenylate cyclase 

activating polypeptide (PACAP) and guanine deaminase were increased in purified SF-

1/eGFP neurons from SF-1 KO mice relative to WT mice (Segal et al., 2005). Taken 

together, functional identification of such genes will provide additional insights into the 

full roles of SF-1 in the VMH.   

A final important area for future research is to distinguish between direct effects 

due to the loss of SF-1 function in adult VMH neurons and secondary effects of the 

absence of SF-1 during key developmental processes. For example, we have shown that 

the distribution of fibers containing urocortin 3 is disrupted in the region of the VMH in 

SF-1 KOVMH mice. Given that SF-1 neurons do not synthesize appreciable amounts of 

urocortin 3, this almost certainly is an example of secondary effects of the absence of SF-

1 as neuronal connections are forming during development. To address this question 

more directly, a delayed inactivation of SF-1 after its developmental effects have 

occurred would be very informative. In one approach, excision of SF-1 in the VMH can 

be accomplished using a transgenic mouse line expressing Cre recombinase under the 

direction of α-calcium/calmodulin-dependent protein kinase II (CamKII), which drives 

expression in post-mitotic neurons (Rios et al., 2001). Crossing Cre mice with ROSA26-

lacZ reporter mice revealed temporal and spatial expression of Cre recombinase driven 

by this transgene, revealing extensive activation at P21 in the hypothalamus including the 

VMH, cortex, hippocampus, and brainstem (Rios et al., 2001).  
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Another strategy to differentiate between these two mechanisms is to make an 

inducible knockout of SF-1 using a tamoxifen-activated ER fused to Cre. Without 

tamoxifen, the fusion protein is sequestered outside of the nucleus and recombination at 

the SF-1 locus will not occur. Following the addition of tamoxifen, which should readily 

cross the blood-brain barrier to enter the CNS, temporally controlled KO of SF-1 will 

occur. Using either strategy, we expect that deletion of SF-1 at later developmental stages, 

after the VMH neurons have established appropriate connections with neurons from 

adjacent regions, may give answer on the question.  

 

Summary 

In summary, studies with SF-1 KOVMH mice described here have defined specific 

roles of SF-1 in VMH function independent of any effects on steroid hormones or other 

changes (Kim et al., 2008; Zhao et al., 2008). Using these mice, we have been able to 

implicate SF-1 and the VMH in anxiety-like behavior, energy homeostasis, and a 

metabolic syndrome. We further have identified specific SF-1 target genes whose 

decreased expression likely contributes to these phenotypes.  Ongoing studies using these 

mice and other reagents will undoubtedly extend our understanding of how the VMH 

develops and participates in complex homeostatic processes.  
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II. FUTURE DIRECTIONS 

 

I. Postnatal disruption of SF-1 in the VMH 

Although it has been suggested that SF-1 function is required for later stages of VMH 

development (Tran et al., 2003), our results clearly show that early expression of SF-1 

affects the later migration of VMH neurons (Davis et al., 2004). Since the nestin-Cre 

transgene is expressed in proliferative neuronal precursors at around E12 to E13 before 

the architecture of VMH is established, it is likely that SF-1 is ablated during mitotic cell 

division in the VMH of SF-1 KOVMH mice. Consequently, the results described here 

could reflect either developmental impairment of VMH structure or the loss of expression 

of SF-1 target genes. Therefore, one of the future works will be centered to the 

elucidation of SF-1 effects on post-mitotic neurons in the VMH, as discussed above.  

In addition to the approaches discussed above, stereotactic injection of adeno 

(AdV) or adeno-associated (AAV) virus mediating Cre recombinase expression (Iwatate 

et al., 2003) into the VMH after completion of the VMH development will be a good tool 

to address this question. An additional method would be stereotatic RNAi injection 

(Yang et al., 2009) against SF-1 specifically into VMH after VMH development will 

provide insight into SF-1 effects in post-mitotic neurons of the VMH 

 

II. Molecular mechanism of CB1R regulation 

What is the physiological cue to induce CB1R expression by SF-1 in the VMH? 

In Chapter III, we have suggested that SF-1 regulates CB1R expression and 

regulatory roles of SF-1 on CB1R in the VMH are essential for CB1R-mediated cellular 



109 

 

responses and energy homeostasis. Although crystallographic studies with the mouse and 

human SF-1 ligand binding domain suggested that several bacterial phospholipids such as 

phosphatidyl glycerol, phosphatidyl ethanol, or phosphatidyl ethanolamine fortuitously 

bound in its hormone-binding pocket, the physiological relevance of these lipids remains 

unclear (Krylova et al., 2005; Li et al., 2005; Wang et al., 2005). Nonetheless, SF-1 

activity clearly is regulated by signaling events including phosphorylation, acetylation, or 

sumorylation (Jacob et al., 2001; Desclozeaux et al., 2002; Komatsu et al., 2004; Krylova 

et al., 2005). The results presented here do not delineate the physiological mechanisms 

initiating CB1R regulation by SF-1. Therefore, one of the future works will be focused on 

the elucidation of the physiological cues required to induce CB1R expression by SF-1 in 

the VMH.  

 

Are additional transcription factors involved in regulation of CB1R expression? 

As reported (Borner et al., 2007; Borner et al., 2007; Borner et al., 2008), 

promoter analysis together with transient transfections revealed that CB1R expression is 

regulated in lymphoctes by several transcription factors including AP-1, NF-kB, and 

NFAT. Furthermore, transcriptional regulation of CB1R in T cells was mediated by 

cannabinoids such as Δ9-tetrahydrocannabinol (THC) through STAT6; however in 

neuronal cells, treatment with CBs induced down-regulation of CB1R mRNA (Romero et 

al., 1997; Breivogel et al., 1999; Borner et al., 2008), suggesting that other factors could 

be involved in regulation of CB1R in the VMH. Therefore, one of the future works will 

be centered on the elucidation of other factors involved in regulation of CB1R in the 

VMH.  
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III. Searching for genes delineating physiological function of the VMH. 

Although several SF-1 target genes have been identified in the VMH, including a 

subunit (NR2C; GluRε3) of the NMDA receptor, Cbln1, TenM2, EST AA982708, 

BDNF, Amigo2, Cdh4, Sema3a, Slit3, Netrin3, Fezf1, Nptx2, Nkx2-2, A2bp1, Crhr2, 

and CB1R (Pieri et al., 1999; Segal et al., 2005; Tran et al., 2006; Kurrasch et al., 2007; 

Kim et al., 2008; Kim et al., 2008; Zhao et al., 2008), only the physiological relevance of 

BDNF, Crhr2, and CB1R has been elucidated among putative SF-1 target genes. In 

addition to SF-1 target genes, genes expressed outside of SF-1 neurons including ERα in 

the VMH may also play critical roles in the regulation of VMH-mediated physiological 

function. Thus, to understand function of the VMH, physiological roles of SF-1 and other 

genes expressed in the nucleus should be address. To delineate these questions, 

characterization of SF-1 target genes as well as genes expressed in the VMH will be 

crucial. Therefore, to understand the specific physiological roles of the VMH in relation 

to genes expressed in the nucleus, future studies will be focused on searching for 

additional SF-1 target genes in the VMH and understanding of genes expressed outside of 

SF-1 neurons. These studies will provide new insight into how the nucleus regulates 

complex physiologies. 

 

IV. Determine whether SF-1 KOVMH mice have impaired neuronal connections in 

the VMH. 

As described in the Chapter I, major neuronal afferents coming into the VMH are 

from the amygdala, lateral and medial septum, BNST, AH, POA, thalamic epithalamic 

area, and the dorsal midbrain with the medial central gray, and premammillary nucleus 
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(Figure 1-4). The VMH sends efferents to the amygdala, preoptic area, BNST, 

peripeduncular area, periaqueductal gray, superior colliculus, mesencephalic reticular 

nucleus, the bentral and dorsal thalamus, and intrahypothalamic area, ventral 

premammillary nucleus, and periventricular zone (Figure 1-4). These neuronal 

connections play essential roles in regulation of VMH-mediated homeostasis and 

physiology (McClellan et al., 2006). We assume that the complex phenotypes seen in SF-

1 KOVMH mice may be contributed to by the loss of proper neuronal afferent or efferent 

connections of the VMH. Therefore, one of the future plans will be focused on whether 

specific ablation of SF-1 in the VMH causes abnormal neuronal connections. 

 

V. Determine whether SF-1 neurons in the VMH are glucose-sensing neurons. 

The VMH has been known to be a hypothalamic nucleus that monitors glucose 

status and mediates a sympathoadrenal response (Borg et al., 1994; Borg et al., 1997). In 

addition, the VMH has been suggested to be a place that integrates signals of autonomic 

activity that directly affects glucose metabolism (Yoshimatsu et al., 1984; Steffens et al., 

1988). In the present study, SF-1 KOVMH mice exhibited a significant increase of 

postprandial glucose level and impaired glucose homeostasis measured by GTT and ITT, 

highly indicating that SF-1 neurons are involved in regulation of glucose homeostasis in 

the VMH. Therefore, characterization of whether SF-1 neurons in the VMH are 

glucosensing neurons will be one of future plans.  
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