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Single-minded 1 (S/M1) mutations are one of the few known causes of
monogenic obesity in both humans and mice. Sim! encodes a transcription factor
essential for formation of the hypothalamic paraventricular nucleus (PVN), and
haploinsufficiency of mouse Sim I causes hyperphagic obesity with increased linear
growth and enhanced sensitivity to a high-fat diet. While the role for Sim/ in the
formation of the hypothalamus has been described, its post-developmental, physiologic
functions have not been well established. Here I present my work in elucidating the role
of hypothalamic Sim ! in hyperphagic obesity.

First, I show that overexpression of SIM1 in transgenic mice causes no obvious
phenotype on a low-fat chow diet but confers resistance to diet-induced obesity on a high
fat diet. I show this change to be due to reduced food intake with no change in energy
expenditure. Additionally, the SIM1 transgene completely rescues the hyperphagia and

partially rescues the obesity of agouti yellow mice, in which melanocortin signaling is

vil



abrogated. Next, I investigate the hypothesis that altered PVN neuropeptide expression
mediates the hyperphagia of Sim /™ mice. I show oxytocin (Oxt) mRNA and peptide are
markedly decreased in Sim/"" mice, and that SimI"" mice are hypersensitive to an Oxt
receptor antagonist, while repeated Oxt injections decrease the food intake and weight
gain of SimI™" mice. Finally, I demonstrate that postnatal CNS deficiency of Sim/ causes
hyperphagic obesity by conditionally deleting Sim1 after birth. I also generate viable
conditional Sim/ homozygotes, demonstrating that adult Sim/ expression is not essential
for neuronal survival. Furthermore, I show that the phenotype of both conventional
heterozygotes and conditional Sim/ homozygotes was not attributable to hypocellularity
of the PVN or changes in projections to the hindbrain.

My work indicates that Sim/ controls food intake but not energy expenditure,
supports the importance of Oxt neurons in feeding regulation, suggests that reduced Oxt
neuropeptide is one mechanism mediating the hyperphagic obesity of Sim/"" mice, and
demonstrates that Sim’s role in feeding regulation is not limited to formation of the
PVN. Collectively, these studies support a physiological role for Sim/ in hyperphagic

obesity after the development of the PVN.
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Obesity

While changes in the environment over the last few decades have resulted in the
current epidemic of obesity (Figure 1.1), much of the variance in individual response to
this environment is genetically determined (Maes et al., 1997; Farooqi and O'Rahilly,
2005; Keith et al., 2006; Wardle et al., 2008). Adult and childhood obesity are rapidly
increasing in prevalence, with around 66.3% of U.S. adults overweight, 32.2% obese, and
nearly 5% extremely obese (Ogden et al., 2006). The same study reported that childhood
obesity has a prevalence of 17.1% among 2-19 year olds in the United States, with an
additional 16.5% of children overweight (Ogden et al., 2006). Obesity is also no longer
an affliction solely of Western society; it has increased worldwide by >75% since 1980
(Flegal et al., 1998) and there are now over 1 billion people who are overweight or obese
(Froguel and Boutin, 2001).

Obesity predisposes to many health problems including type 2 diabetes mellitus,
hypertension, dyslipidemia, liver disease, early coronary and carotid artery pathology,
orthopedic problems, obstructive sleep apnea, psychosocial problems and more
(Kortelainen, 1997; Barlow and Dietz, 1998). These medical issues both are costly and
debilitating. Therefore, there is an urgent need for more research into the biology of
feeding, energy homeostasis, and obesity. However, existing nonsurgical treatment
options for obesity are surprisingly limited and ineffective (Bray and Tartaglia, 2000) —
for most people, no more than a 5%—10% loss of body weight can be maintained through
diet, exercise, and use of the few available anti-obesity medications (Yanovski and
Yanovski, 2002). Additionally, many of these therapeutics have undesirable and

sometimes dangerous side effects, as they affect more than one physiological pathway.



Therefore, there is an urgent need for more research into the biology of feeding, energy
homeostasis, and obesity.

While obesity has been and often still is perceived as a problem with sloth,
gluttony and poor will power, incontrovertible evidence now shows that genetic factors
play a dominant role in determining body weight within a given environment (Barsh et
al., 2000). Obesity clusters within families (Allison et al., 1996), and twin studies have
shown that the concordance of body mass index (BMI) is much higher between
monozygotic than dizygotic twins (74% versus 32%, respectively), despite sharing the
same environments (Stunkard et al., 1990; Barsh et al., 2000). Moreover, the BMI of
adopted children is linearly related to that of both of their biological parents and is
unrelated to that of either adoptive parent, even when there is no direct contact with the
biological parents and the adoptive parents provide the daily menu (Stunkard et al.,
1986). Taken together with other data, the studies suggest an estimated heritability for
obesity of 50% to 90% (Barsh et al., 2000). While common obesity is polygenic, rare
single gene mutations that cause obesity in animal models or in humans have delineated
central nervous system pathways critical for energy homeostasis, and the molecules

encoded by these genes are promising pharmacologic targets.

Central nervous system control of energy balance
The leptin-melanocortin pathway

Neuroanatomic, pharmacologic, and genetic studies (reviewed in (Cone, 2005;
Morton et al., 2006)) have led to the current models of central nervous system regulation

of energy homeostasis. A prominent model and area of study involves leptin, a



circulating hormone secreted by adipocytes in proportion to body fat stores, which acts as
an adiposity signal. This model is especially interesting as all of the currently known
causes of monogenic obesity in humans occur in this pathway (Figure 1.2), and multiple
mouse models of obesity have been generated with mutations in this pathway (Cummings
and Schwartz, 2003; Farooqi and O'Rahilly, 2005). The results of leptin replacement
therapy with people with congenital leptin deficiency are both dramatic and exciting
(Figure 1.3) but have not been replicated in common obesity, likely because of leptin
resistance (Schwartz et al., 2000; Farooqi and O'Rabhilly, 2005).

Leptin binds to receptors in multiple areas of the brain (Balthasar, 2006),
particularly the arcuate nucleus (ARC), which lies near the third ventricle (3V) and the
median eminence (ME). The ME is effectively outside of the blood brain barrier,
allowing circulating leptin to access the ARC. The ARC contains two populations of
neurons that appear to act in opposition to one another: the orexigenic Neuropeptide
y/Agouti related peptide (Npy/Agrp) neurons and the anorexigenic Pro-
opiomelanocortin/Cocaine and amphetamine related transcripts (Pomc) neurons
(Schwartz et al., 2000; Cone, 2005). Leptin receptor activation stimulates Pomc neurons
which release a-MSH (alpha melanocyte stimulating hormone), and inhibits Npy/Agrp
neurons from releasing Npy and Agrp (Schwartz et al., 2000; Cone, 2005). In the ARC,
30% of Pomc neurons have the signaling-competent long form of the leptin receptor
(Cheung et al., 1997). Intraperitoneal leptin injection increases hypothalamic Pomc
mRNA (Schwartz et al., 1997), while fasting induces a low leptin state and decreases it.
Pomc mRNA is also depressed in mice and rats that lack a functioning leptin receptor

(Mizuno et al., 1998).



These ARC neurons project to other central nervous system (CNS) sites,
including the paraventricular nucleus (PVN) (Schwartz et al., 1997), which is the area of
focus of this work (Figure 1.4) and will be discussed in more detail below. a-MSH is the
principal endogenous ligand of both the CNS melanocortin 3 and 4 receptors (Mc3r and
McA4r). Intracerebroventricular (ICV) administration of a-MSH markedly reduces food
intake in rodents. The effect of a-MSH on feeding is principally mediated through the
Mc4r (Huszar et al., 1997; Schioth et al., 1999), while Mc3r is involved in energy
partitioning (Abbott et al., 2000; Butler et al., 2000; Chen et al., 2000). a-MSH binds to
the Mc4r on neurons within and/or innervating the PVN, where it acts to inhibit feeding.
Blockade of the Mc4r impairs leptin’s ability to reduce food intake and body weight
(Satoh et al., 1998). Agrp is a competitive inhibitor of a-MSH at the Mc4r, and its release
potently stimulates feeding. Npy binds to Npy receptors that also stimulate feeding, and
Npy/Agrp neurons also release inhibitory y-Aminobutyric acid (GABA) onto Pomc
neurons (Cowley et al., 2001). 4grp mRNA expression is increased by fasting or by
mutations in leptin or the leptin receptor. Unsurprisingly, overexpression of Agrp leads to
obesity and central injection of Agrp stimulates food intake and reverses leptin-induced

feeding inhibition (Schwartz et al., 2000; Cone, 2005).

Integration of adiposity and satiety signals by second order pathways

Altered feeding in most mouse models of obesity affects termination of feeding
(meal size). Npy-induced hyperphagia arises from consumption of larger meals at a
similar frequency (Leibowitz and Alexander, 1991), and leptin mediates hypophagia by

reducing meal size (Flynn et al., 1998). A major determinant of meal size is the onset of



satiety, a neuroendocrine response involving the gastrointestinal (GI) tract and the
brainstem in a reflex arc. Satiety signals differ from adiposity signals as they respond to
the immediate state of food intake rather than the long term state of body fuel stores.
Signals from the GI tract, mainly the stomach and duodenum, are transmitted via the
vagus nerve to the nucleus of the tractus solitarius (NTS) (Travers et al., 1987), leading to
inhibition of further food intake by a reflex arc (Figure 1.5). Studies in the decerebrate rat
suggest that a connection between the cerebrum and hindbrain is necessary for proper
regulation of feeding (Grill and Kaplan, 2002). Neuroanatomical studies demonstrate
ample connections between hypothalamic nuclei, such as the PVN, and the NTS.
Negative feedback signals transmitted from the GI tract to the NTS are mediated by
gastric stretch receptors and cholecystokinin (CCK) receptors on vagal nerve afferent
termini. CCK is released from the mucosal cells of the duodenum in response to the
presence in the gut lumen of fatty acids and certain amino acids (Moran and Schwartz,
1994). It binds to nearby CCK-A receptors on vagal nerve endings, which transmit a
negative feeding signal to the NTS. CCK’s satiety action is neuroendocrine rather than
endocrine, as both vagotomy and selective afferent vagotomy abolish the effect (Moran,
2000).

Several studies point to an interaction between the adiposity signal in the PVN
and the satiety signal in the NTS. Infusion of a gastric load prior to initiation of feeding in
rats leads to a slight decrease in subsequent food intake (Emond et al., 2001). By itself
ICV injection of leptin causes no acute change in food intake, but greatly diminishes food
intake after a gastric load. In the same study, both an intragastric load and leptin

administration led to similar activation of PVN neurons, and their combined effect was



synergistic. By itself leptin had no effect on NTS neuronal activation, but it caused a
synergistic response when given with a gastric load. A similar interaction has been
demonstrated between leptin and CCK (Moran, 2000). In this study, ICV administration
of leptin by itself did not reduce food intake, but it augmented the reduction of feeding
due to intraperitoneal (IP) administration of CCK. Again, PVN and medial NTS neurons
were synergistically activated by leptin and CCK, as reflected by c-Fos
immunoreactivity.

The PVN in the anterior hypothalamus acts as an integration site for many
pathways involved in energy homeostasis, and anatomic PVN lesions result in
hyperphagic obesity (Leibowitz et al., 1981). The PVN is also one of the main sites of
single-minded 1 (Sim ) expression. In addition to inputs from ARC neurons containing
Npy/Agrp and Pomc/Cart (Elmquist et al., 1999), the PVN has receptors for other
orexigenic and anorexigenic neurotransmitters including serotonin, galanin,
norepinephrine, and opioids. The balance between these orexigenic and anorexigenic
signals to the PVN determines food intake, with leptin acting on both sets of pathways to
reduce feeding. The PVN has five major neuronal subtypes, distinguished on the basis of
the neuropeptide they produce: oxytocin (Oxt), vasopressin (Avp), thyrotropin releasing
hormone (Trh), corticotropin releasing hormone (Crh), and somatostatin (Sst). Three of
these neuropeptides, Oxt, Trh, and Crh, have been shown to inhibit feeding when injected
centrally (discussed in further detail below). There is also Mc4r immunoreactivity in the
PVN, but the precise location of Mc4 receptors that signal to PVN neurons is unclear.
Cowley et al. (Cowley et al., 1999) presented electrophysiologic and immunolocalization

data showing relevant Mc4r receptors on presynaptic GABAergic interneurons within the



PVN. Balthasar et al. (Balthasar et al., 2005) showed genetic evidence that Mc4r in Sim1-
expressing neurons in the PVN or possibly amygdala regulates food intake but not energy
expenditure. It is not known whether the interneurons studied by Cowley et al. (Cowley
et al., 1999) express SimI. Neither study excluded the possibility that Mc4r also acts
presynaptically elsewhere in the brain on neurons that project to the PVN (Balthasar et

al., 2005).

SIM1 and hyperphagic obesity

Now recognized as one of the six known genes involved in monogenic obesity
(Cummings and Schwartz, 2003), Sim! is a mouse homolog of Drosophila Single-minded
which encodes a basic helix loop helix-Per Arnt Sim (bHLH-PAS) transcription factor
(Ema et al., 1996; Fan et al., 1996). The PAS domain is found in many plant, animal, and
prokaryotic proteins that sense environmental or developmental signals such as redox
potential, xenobiotics, and cellular oxygen (Gu et al., 2000). A subfamily of PAS proteins
also contain a basic helix loop helix (bHLH) domain; these bHLH-PAS proteins
heterodimerize with other bHLH-PAS proteins to regulate nuclear transcription of target
genes. One of the best studied bHLH-PAS proteins, the aryl hydrocarbon (dioxin)
receptor (AHR), heterodimerizes with its partner ARNT and translocates to the nucleus in
a ligand-dependent fashion (Hankinson, 1995). By contrast, no ligand has been identified
for SIM1, which is thought to constitutively heterodimerize with its partner ARNT2 and
activate or repress nuclear target genes, based on subcellular localization studies of
Drosophila SIM during development (Ward et al., 1998) and studies of epitope-tagged

mouse SIM1 or eGFP-SIM1 fusion proteins in transfected cells (Woods and Whitelaw,



2002; Yamaki et al., 2004). Multiple bHLH-PAS family members have been shown to
undergo regulated translocation to the nucleus (Hankinson, 1995; Kallio et al., 1998;
Ward et al., 1998; Dekanty et al., 2005; Kwon et al., 2006; Teh et al., 2006) and the
natural localization of Sim1 has remained enigmatic, largely due to the lack of a specific
antibody. Siml has an atypical nuclear localization signal that is potentially a substrate
for phosphorylation (Yamaki et al., 2004). The potential phosphorylation of Siml1,
particularly as a mechanism by which signal transduction and transcriptional regulation is
controlled, has not been studied. Protein phosphorylation of transcription factors can
modulate nuclear translocation, DNA binding activity, protein stability, and protein-
protein interactions including interactions with transcriptional co-activators. A number of
bHLH-PAS proteins — including CLOCK, hPER2, BMAL, ARNT and HIF2-0 — are
known to undergo serine/threonine phosphorylation, which has been shown to modulate
their activity and in some cases their nuclear localization (Conrad et al., 1999; Long et
al., 1999; Lee et al., 2001; Toh et al., 2001; Kondratov et al., 2003; Kewley and
Whitelaw, 2005; To et al., 2006).

Mouse Sim1 is required for terminal migration and differentiation of the neurons
of the PVN, as well as supraoptic (SON) and anterior periventricular (aPV) nuclei of the
hypothalamus (Michaud et al., 1998), which produce the neuropeptides Avp, Oxt, Crh,
Trh, and Sst. Sim/ is prominently expressed in PVN neuronal progenitor cells where it
heterodimerizes with its partner Amt2 (Michaud et al., 2000). The direct transcriptional
targets of Sim1/Arnt2 are not known, although several plexin genes that guide neuronal
migration are directly or indirectly regulated by Sim/ (Xu and Fan, 2007). Based on

overlapping phenotypes and epistasis relationships of knockout mice, Sim1 is thought to
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act in parallel with the transcription factor Otp to maintain expression of another
transcription factor, Pou3f2 (Brn2), which then controls the differentiation of Oxt, Avp,
and Crh neurons in the PVN (Michaud et al., 1998; Acampora et al., 1999; Michaud et
al., 2000; Wang and Lufkin, 2000; Hosoya et al., 2001). Sim ! is part of an evolutionarily
conserved developmental pathway: zebrafish Sim! is required for development of
neurons that produce isotocin, the fish homolog of Oxt (Eaton and Glasgow, 2006).
Recent data have shown that Sim ! is not required for survival of PVN progenitor neurons
as previously thought, at least up until birth, but is essential for proper migration (Xu and
Fan, 2007). SimI expression is detectable in the developing mouse hypothalamus as early
as embryonic day ¢10.5 (Fan et al., 1996). Expression of Sim precedes and is required
for expression of the previously mentioned PVN neuropeptides (Michaud et al., 1998). It
is not known if Sim/ is also required for postnatal development of PVN neuronal
projections. In adults, Sim! is expressed in the PVN and SON as well as in the
basomedial amygdala (Holder et al., 2004), where it may regulate gene expression.
Precedent for dual action of developmental transcription factors comes from POU
domain proteins involved in the formation of anterior pituitary cells and subsequent
production of growth hormone, prolactin, and thyroid stimulating hormone (Holder et al.,
2000; Burbach, 2002).

We described a girl with severe early onset hyperphagic obesity (Figure 1.6),
accelerated linear growth, and a balanced chromosome translocation (Figure 1.7) that
disrupted one allele of SIM1 (Holder et al., 2000). We hypothesized that half-normal
dosage, or haploinsufficiency, of SIM1 was responsible for her obesity phenotype, which

closely resembles that of patients with MC4R mutations (Farooqi et al., 2003). Consistent
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with this hypothesis, a number of patients have been reported with Prader-Willi-like
phenotypes and visible chromosome deletions encompassing SIM (Villa et al., 1995;
Gilhuis et al., 2000; Faivre et al., 2002; Varela et al., 2006). No clear-cut SIM1 loss of
function point mutations have been identified in any severely obese human (Hung et al.,
2007). However, in a recent candidate obesity gene study, nonsynonymous S/M1
sequence variants were seen in 6/379 obese adults vs. 0/378 lean controls (Ahituv et al.,
2007), similar to the frequencies of nonsynonymous MC4R mutations (8 in obese group
vs. 2 in lean group), mutations of which are the most common monogenic cause of early
onset morbid obesity (Farooqi et al., 2003). It was also recently reported that Pima
Indians have a common variation in SIM1 that is associated with a higher BMI (Traurig
et al., 2009).

Prior to these studies and lacking any clear-cut human loss of function SIM1
point mutations, confirmation of the gene’s role in obesity came from mouse models.
Sim1 heterozygous knockout (Sim!"") mice show hyperphagic obesity and increased
linear growth (Michaud et al., 2001; Holder et al., 2004). Both the girl with the
(heterozygous) translocation and SimI ™" mice showed normal energy expenditure
(Holder et al., 2000; Michaud et al., 2001; Kublaoui et al., 2006a). Furthermore, Sim/ -
mice have increased susceptibility to high fat (HF) diet-induced obesity (DIO) due to
exacerbation of their hyperphagia (Holder et al., 2004). Based on the similar human and
mouse phenotypes associated with loss of function mutations of SIMI or MC4R and
expression of both genes in the PVN, we hypothesized that normal Sim/ dosage is
required for proper hypothalamic Mc4r signaling (Holder et al., 2000; Holder et al.,

2004). We subsequently confirmed that Sim/ haploinsufficiency impairs melanocortin
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agonist-induced activation of PVN neurons in the Sim /" mouse model (Kublaoui et al.,
2006a). Hypothalamic Mc4r RNA level was not different in Sim ™" vs. Sim1"" mice
(Holder et al., 2004), but expression specifically in the PVN was not measured and
correct interpretation of the results may be confounded by the fact that Mc4r is expressed
in multiple areas in the hypothalamus. The best evidence that Mc4r acts directly in Sim/
neurons comes from the previously mentioned studies by Brad Lowell, Joel Elmquist,
and colleagues (Balthasar et al., 2005). They developed mice with an inactivated Mc4r
allele that can be conditionally reactivated by Cre recombinase, as well as BAC
transgenic mice expressing Cre recombinase under the control of Sim/ regulatory
sequences. Using these mice, they showed that selective expression of Mc4r in Siml
neurons in the PVN and amygdala rescued the hyperphagia but not the reduced energy
expenditure phenotype of Mc4r”" mice. This result was surprising and unexpected, as
neuroanatomic studies suggested that PVN neurons, which send direct projections to
sympathetic preganglionic neurons in the spinal cord (Saper et al., 1976; Swanson and
Kuypers, 1980), would regulate energy expenditure. However, their finding was
consistent with the normal energy expenditure of Sim /" mice (Michaud et al., 2001;
Kublaoui et al., 2006a), as well as our finding that SIM1 transgenic overexpression
reduced food intake but did not change energy expenditure in DIO and 4” mouse models
(Kublaoui et al., 2006b). Recently, we showed that hypothalamic expression of Oxt is
severely reduced and expression of other PVN neuropeptides (Crh, Trh, Avp, Sst)
moderately reduced in Sim/"" mice (Kublaoui et al., 2008). These mice are
hypersensitive to the orexigenic effect of an Oxt receptor antagonist administered

centrally. In addition, central administration of Oxt partially rescued the hyperphagia and
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reduced the weight gain of Sim ™" mice at a dose that did not affect wild-type mice.
These data suggest that reduced Oxt neuropeptide is one mechanism mediating the
hyperphagic obesity of Sim™" mice.

A key question is whether the mechanism of hyperphagic obesity in Sim/ " mice
involves either a fixed developmental defect or a post-developmental, physiologic role of
Sim1 in feeding regulation, possibly through regulation of Mc4r expression, or a
combination of the two. Sim I homozygous knockout (Sim ™) mice lack the PVN entirely
(Michaud et al., 1998). Since anatomic PVN lesions result in hyperphagic obesity
(Leibowitz et al., 1981), a simple hypothesis to explain the phenotype of Sim!"" mice is

that they have a reduced number of PVN neurons compared to Sim1™"

(wild type) mice.
Michaud et al. (Michaud et al., 2001) reported that Sim"" mice have a 24% mean
reduction in the number of PVN neurons compared to controls, with no specific subtype
affected. They concluded that the defect was developmental and that Sim ™" mice have a
“congenital PVN lesion”. However, this conclusion is not consistent with a previous
study showing that bilateral PVN lesions in weanling rats (as opposed to adults) did not
cause hyperphagic obesity (Bernardis, 1984), suggesting that developmental plasticity
can compensate for even severe PVN lesions early in life. We re-examined the PVN cell
number of SimI " mice using a Sim-GFP BAC transgene to mark Sim/ neurons and
found no difference in relative GEP-positive PVN cell counts in Sim /" versus Sim1""*
mice (Kublaoui et al., 2006a). However, the studies of Michaud et al. (Michaud et al.,
2001) and Kublaoui et al. (Kublaoui et al., 2006a) were not done using unbiased

stereologic cell counting and therefore neither may be regarded as conclusive. To further

test whether Sim 1 functions physiologically as well as developmentally, we generated
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BAC transgenic mice overexpressing human S/M1 (Kublaoui et al., 2006b). The PVN of
these transgenic mice was histologically normal. The mice grew normally on a chow diet,
ruling out a nonspecific growth-stunting effect, but were resistant to high fat diet-induced
hyperphagia and obesity compared to nontransgenic littermates. Furthermore, the
transgene partially suppressed the hyperphagia and obesity of Agouti yellow (4”) mice, a
model in which hypothalamic melanocortin signaling is abrogated by ectopic expression
of Agouti, an extra-hypothalamic analogue of Agrp. These results supported a
physiologic role for Sim/ in feeding regulation and suggest that Sim/ acts downstream of
Mcdr signaling. Yang et al. (Yang et al., 2006) reported further evidence that
hypothalamic Sim ! physiologically regulates feeding in adult mice. They acutely
modulated Sim I expression in the PVN of adult mice by stereotaxic injection of
adenoviral constructs expressing either a Sim/ cDNA or a Sim/ siRNA. Overexpression
of Sim1 in the PVN reduced food intake by a peak of 20% seven days after injection,
whereas siRNA inhibition of Sim/ PVN expression increased food intake by a peak of

22% six days after injection.

Oxytocin and feeding

There are conflicting data regarding the role of Oxt in satiety. Neuroanatomic
and pharmacologic studies have characterized a subset of parvocellular PVN Oxt neurons
that respond to leptin and project to the NTS (Kirchgessner et al., 1988; Blevins et al.,
2004). Oxt has been shown to modulate feeding behavior in rats (Arletti et al., 1989;
Olson et al., 1991b), and third ventricular injection of an Oxt antagonist in mice

attenuated the effect of leptin on food intake (Blevins et al., 2004). However, wild-type
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and Oxt”™ mice ingest similar amounts of standard chow under ad libitum baseline
conditions, after overnight food deprivation when drinking water is available, and after
systemic administration of either CCK or D-fenfluramine (Mantella et al., 2003; Rinaman
et al., 2005). On the other hand, Oxt”~ mice display an increased intake of both sweet and
non-sweet carbohydrate solutions (Sclafani et al., 2007). Oxt receptor deficient mice have
been generated but no characterization of their food intake or body weight has been
published (Takayanagi et al., 2005). These data could suggest that Oxt marks the identity
of neurons projecting from the PVN to the NTS but is not itself critical for their action in
meal termination, which could be mediated by classical neurotransmitters such as GABA
or glutamate. Alternatively, Oxt may be an important physiologic regulator of feeding in
normal mice, but there could be developmental mechanisms that compensate for its
absence in Oxt"~ mice. Functional and developmental compensation by hypothalamic
neurons has been demonstrated, most notably in Npy/Agrp neurons. Despite compelling
pharmacological evidence for a prominent role for these two peptides in energy
homeostasis, mice deficient in Npy, Agrp, or both have no demonstrable feeding
phenotype (Qian et al., 2002). Conversely, partial ablation of Npy/4Agrp neurons
postnatally leads to the expected lean phenotype, and complete ablation in adulthood
leads to starvation (Qian et al., 2002; Beuckmann et al., 2004; Bewick et al., 2005; Gropp
et al., 2005; Luquet et al., 2005). Developmental compensation by these neurons appears
to take place postnatally because neonatal ablation had minimal effects on body weight or
feeding regulation (Luquet et al., 2005). Another possible explanation may be species
differences in Oxt action between mice as rats. Taken together, available data suggest the

following pathway involved in the regulation of feeding: the adiposity signal (leptin) is
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sensed in the ARC, transmitted to the PVN and LHA by the melanocortin system
(Pomc/a-MSH/Mc4r), and relayed by parvocellular Oxt neurons (although perhaps not
via Oxt itself) to the NTS to modulate satiety. Certainly this is an oversimplification and
other CNS pathways are involved; for instance, there is considerable evidence that leptin
acts via distributed pathways throughout the CNS to regulate feeding (Balthasar, 2006;
Dhillon et al., 2006; Farooqi et al., 2007). However, the data suggest that this pathway
could be a key pathway controlling food intake. Interestingly, postmortem brains of
patients with Prader-Willi syndrome, a well known human genetic disorder characterized
by severe hyperphagia, show reduced numbers of PVN parvocellular Oxt neurons,

consistent with a role for these neurons in human satiety (Swaab et al., 1995).

Significance

Sim1 encodes a hypothalamic transcription factor that has been shown to be
involved in both human and mouse obesity. Previous work has implicated defective
hypothalamic melanocortin and oxytocinergic signaling in the pathophysiology of
hyperphagic obesity in Sim/ mutant mice. There is a compelling need for selective and
efficient treatments for the obesity epidemic: possible targets of these therapeutics are the
second order neurons and the networks that specifically affect food intake and energy
expenditure. If a physiologic function of Sim/ is confirmed, then Sim/ and its
transcriptional targets become candidates for novel pharmacologic approaches to
modulate food intake and treat obesity and identifying the transcriptional targets of Sim1
and defining the molecular link between Sim/ dosage, Mc4r signaling, and PVN

neuropeptide expression would be extremely significant.
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In this dissertation, I will describe our studies using mouse model systems to
investigate and understand the role of hypothalamic Sim/ in regulating food intake. These
experiments test the hypothesis that Sim/ acts physiologically to regulate food intake, and

help elucidate its function in hypothalamic development and hyperphagic obesity.
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Figure 1.1 Obesity trends in the U.S. as reported by the CDC. Obesity in adults in the
U.S. in 1990, 1995 and 2005, reported as percentages per state. From the CDC’s
Behavioral Risk Factor Surveillance System (BRFSS).
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Figure 1.2 Known causes of monogenic obesity. Genes which, when mutated, cause
severe early onset obesity. Mutations in humans indicated by asterisks, mutants in mice
shown in pink. ARC, hypothalamic arcuate nucleus; POMC, proopiomelanocortin; PC1,
prohormone convertase 1; CPE, carboxypeptidase E; PVN, paraventricular nucleus;
Mc4r, melanocortin-4 receptors. From (Cummings and Schwartz, 2003).
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Figure 1.3 Effects of leptin therapy in leptin deficiency. Clinical response in a 3-
year-old boy with congenital leptin deficiency. Modified from (Farooqi and O'Rahilly,
2005).
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Figure 1.4 Simplified schematic of hypothalamic pathways regulating food intake.
Leptin enters the arcuate nucleus (ARC) via the median eminence (ME), where it inhibits
Npy/Agrp neurons and stimulates Pomc neurons. Npy/Agrp neurons directly and
indirectly inhibit Pomc neurons, through GABA release on Pomc neurons and Agrp
antagonizing the Mc4r. These neurons project to multiple sites to regulate food intake and
energy expenditure.
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Figure 1.5 Pathways from hypothalamus to hindbrain integrating adiposity (leptin)
and satiety (CCK) signals. The hypothalamus is a key target for leptin action, whereas
the satiety effect of CCK involves activation of vagal afferent fibers that terminate in the
NTS. Integration of these inputs can involve the actions of leptin in the ARC (1) or other
hypothalamic areas (2) involving neurons that project to the NTS (3) and influence the
response to CCK (4). In addition, leptin can act directly in the NTS. AP, area postrema;
DMX, dorsal motor nucleus of the vagus nerve; LHA, lateral hypothalamic area; NTS,
nucleus of the solitary tract; PVN, paraventricular nucleus. From (Morton et al., 2006).
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Figure 1.6 Growth curves of SW116. A, Weight from birth to 36 months. B, Weight

from 2 to 12 years.
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SIM1 gene

daisd 1 2

Figure 1.7 The balanced translocation in proband SW116. A, partial karyotype of
SW116 showing balanced translocation. B, Schematic showing that the breakpoint
interrupted SIM1 and separated the start codon and bHLH domain from the rest of the
gene. Modified from (Holder et al., 2000).
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INTRODUCTION

Single-minded 1 (S/M1), which encodes a member of the bHLH-PAS (basic
helix-loop-helix Per Arnt Sim) family of nuclear transcription factors (Emmons et al.,
1999), is one of six genes associated with human monogenic obesity (Farooqi and
O'Rahilly, 2005). SIM1 was first implicated in body weight regulation by a balanced
translocation that disrupted the gene in a girl with early-onset obesity, hyperphagia, and
accelerated linear growth (Holder et al., 2000). Visible deletions of the region of
chromosome 6 containing S/M1 have also been associated with early-onset obesity in
boys and girls (Turleau et al., 1988; Villa et al., 1995; Gilhuis et al., 2000; Faivre et al.,
2002). Heterozygous disruption of the murine Sim/ gene leads to an analogous phenotype
of hyperphagic obesity, increased linear growth, and enhanced sensitivity to diet-induced
obesity (DIO) (Michaud et al., 2001; Holder et al., 2004). Homozygous mutant mice die
shortly after birth and exhibit failure of terminal differentiation of the neurons of the
paraventricular (PVN) and supraoptic nuclei of the hypothalamus (Michaud et al., 1998).
In adult mice the Sim! gene is expressed in the PVN and supraoptic nuclei as well as the
basomedial amygdala and a subset of lateral hypothalamic neurons (Holder et al., 2004).

The phenotype of Sim ! heterozygous mice is similar to that of melanocortin 4
receptor (Mc4r) knockout mice (Huszar et al., 1997), and the girl with heterozygous
SIM1 disruption (Holder et al., 2000) clinically resembles children with heterozygous
MC4R mutations (Vaisse et al., 1998; Yeo et al., 1998). The triad of hyperphagic obesity,
increased linear growth, and enhanced DIO sensitivity is also seen in other mouse
mutations, including Agouti yellow (4”) (Miller et al., 1993; Lu et al., 1994), brain-

derived neurotrophic factor (Bdnf) conditional knockout (Rios et al., 2001), and
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hypomorphic alleles of TrkB, the Bdnf receptor (Xu et al., 2003). Impaired hypothalamic
melanocortin signaling is proposed to underlie this phenotype in all of these models
(Wisse and Schwartz, 2003), leading us to hypothesize a similar signaling defect in
humans or mice with Sim/ haploinsufficiency (Holder et al., 2000; Holder et al., 2004).
Although coexpression of Mc4r and Sim1 within hypothalamic neurons has not been
directly demonstrated, expression of Mc4r specifically in Sim I neurons of the PVN and
amygdala completely rescued the hyperphagia of Mc4r null mice (Balthasar et al., 2005),
further supporting a cellular interaction between Sim/ and Mc4r in appetite regulation.

Two mechanisms have been proposed for this interaction. Sim/ heterozygotes
may have a developmental defect leading to reduced numbers of PVN neurons, including
Mcdr neurons (Michaud et al., 2001). Alternatively, adult Sim/ heterozygotes may have
abnormal transcriptional regulation of target genes impinging on the Mc4r signaling
pathway (Holder et al., 2004). The in vivo transcriptional targets of Sim1 are not known,
but Mc4r does not appear to be directly regulated by Sim1 because hypothalamic Mc4r
expression was not reduced in Sim/ heterozygotes (Holder et al., 2004). Experiments
testing proposed mechanisms of interaction between Sim1 and Mc4r using Sim ! loss-of-
function mutations are confounded by the absence of mature PVN neurons in Sim/
homozygous knockout mice. As an alternative means to test whether Sim1 modulates
Mcd4r signaling in adult mice, we overexpressed Sim/ via BAC transgenesis. We show
that the transgene conferred resistance to DIO and also rescued the hyperphagia of 4
mice, in which melanocortin signaling is abrogated. Our findings support a

postdevelopmental, physiologic role for Sim/ in feeding regulation.
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RESULTS

Generation of SIM1 transgenic mice

A human SIM1 BAC transgene was used to distinguish its expression from that of the
endogenous mouse Sim/ gene. The amino acid sequences of human S/M1 and mouse
Sim1 proteins are 96% identical (Chrast et al., 1997). The BAC clone contains the SIM1
transcription unit and 65 kb of 5°- and 58 kb of 3’- flanking sequences (Figure II.1A).
The 5° end of the insert contains part of an RNA helicase gene whose pattern of
expression is different from SIM1, suggesting that all SIM1 5’ regulatory sequences are
present within the BAC. Two transgenic lines were obtained, a high copy number line
(HSTG18) and a low copy number line (HSTG26) (Figure 1.1, B and C). Human SIM1
mRNA was quantitated in the hypothalamus by real-time PCR using primers with
identical binding sites in human S/M1 and mouse Sim ! transcripts (Figure I11.1D). The
HSTGI18 line displayed approximately 35-fold expression and the HSTG26 line
displayed 2.5-fold expression of the human S/M 7 mRNA relative to the mouse Sim/
mRNA. These measurements were corroborated by direct sequencing of RT-PCR
products (data not shown). Despite abundant hypothalamic SIM1 expression, HSTG18
mice had no visible phenotype (Figure 1I.1E) and normal PVN histology (Figure II.1, F

and G).

Growth and feeding behavior of SIM1 transgenic mice
Three-week-old mice were weaned onto chow containing 4% [low fat (LF)] or 35% [high
fat (HF)] dietary fat, allowed to feed ad libitum, and weighed weekly (Figure 11.2, A-D).

Growth of transgenic and wild-type mice on the LF diet was indistinguishable. By
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contrast, transgenic mice gained considerably less weight on the HF diet than their wild-
type littermates. The high-expressing HSTG18 mice (Figure 11.2, A and B) were more
resistant to DIO than the low-expressing HSTG26 mice (Figure 11.2, C and D). The
transgenes had similar effects on males and females.

Subsequent studies used the high-expressing HSTG18 line. We measured weekly
food intake of male HSTG18 mice and wild-type littermates on LF and HF diets (Figure
1.3, A-D). On LF, weekly food intake differed significantly between transgenic and
wild-type mice at only five time points, and cumulative food intake did not differ
significantly at any time point, although there was a trend toward decreased food intake
in the transgenic mice. On HF, SIM transgenic mice ate significantly less than their
wild-type littermates at almost every time point after 5—6 weeks of age, reflected by both

weekly and cumulative food intake measures.

Energy expenditure, activity, and body composition of SIM1 transgenic mice

To determine whether resistance to DIO in SIM] transgenic mice was due solely to
decreased food intake, we measured energy expenditure, locomotor activity, and feeding
efficiency in transgenic mice and wild-type littermates on LF and HF diets (Figure 11.4,
A-F). Regardless of diet, SIM] transgenic mice exhibited normal energy expenditure and
locomotor activity in both the light and dark cycles. SIM1 transgenic mice also exhibited
normal feeding efficiency. Regardless of diet, the oxygen consumption rate, carbon
dioxide production rate, and respiratory quotients of transgenic mice were the same as
wild-type littermates (data not shown). In both wild-type and transgenic mice, the

respiratory quotient was appropriately lower in mice fed a HF diet (data not shown).
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Body composition of SIM1 transgenic mice on LF was no different from that of wild-type
littermates (data not shown). On HF, SIM1 transgenic mice had significantly less fat mass

than wild-type littermates (15.3 vs. 18.9%, P <0.01).

Pomc regulation by HF in SIM1 transgenic mice

Pomc expression in the hypothalamus is induced after switching mice from a LF to a HF
diet and has been proposed to be part of the physiologic hypophagic response
(Ziotopoulou et al., 2000). Because reduced Sim/ dosage impairs this response (Holder
et al., 2004), we asked whether overexpression of SIM1 affects hypothalamic Pomc
induction by HF. Figure I1.5A shows that in contrast to wild-type mice, Pomc was not
induced by HF in SIM1 transgenic mice. Npy and Agrp mRNA levels did not show any
significant changes in response to the HF diet and did not differ significantly between

wild-type and transgenic mice (Figure I1.5, B and C).

Effect of SIM1 transgene on A’ obesity

Given that Sim! is expressed in Mc4r PVN neurons (Balthasar et al., 2005) and Sim/
heterozygous mice are resistant to the anorectic effects of hypothalamic melanocortin
signaling (Kublaoui et al., 2006a), we asked whether overexpression of SIM1 would
rescue the phenotype of 4” mice. Figure I1.6 shows that the SIMI transgene partially
rescued 4” obesity. The effect was more prominent in females than males. To investigate
the mechanism of the partial rescue of 4" obesity by the SIM1 transgene, food intake and
feeding efficiency were measured in 4” mice and littermates that carry the SIM1

transgene (Figure I1.6, E-H). The transgene completely normalized food intake of 4”
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mice but had no effect on feeding efficiency. Body composition analysis revealed that
A’/SIM1 transgenic mice had reduced fat mass, compared with 4” mice. Fat mass was
reduced by 17% in females and 19% in males. Lean mass was also slightly reduced in

females (4%) but not males (Figure 11.7).

DISCUSSION

The phenotype of Sim ! haploinsufficiency is strikingly similar to that of Mc4r
knockout mice, and both genes are expressed within the PVN, lateral hypothalamus, and
amygdala. Sim/ is necessary during fetal development for normal terminal differentiation
of PVN neurons but continues to be expressed in the PVN, amygdala, and lateral
hypothalamus in adult mice, suggesting that it may also function physiologically in
energy homeostasis. To test this hypothesis, we generated SIM7 BAC transgenic mice
and asked whether overexpression of SIM1 leads to either a lean phenotype or resistance
to DIO, opposite to the phenotype of reduced Sim/ expression. We used a human SIM 1
BAC clone to differentiate it from the mouse gene. Human and mouse Sim1 proteins are
96% identical in amino acid sequence. The BAC we chose includes extensive 5’- and 3°-
flanking sequences and showed a copy number-dependent hypothalamic expression level,
suggesting that it contains all the necessary regulatory elements to drive appropriate SIM1
expression. Furthermore, the BAC insert spans a genomic region similar to that of a
mouse BAC that drives enhanced green fluorescent protein expression (Gong et al., 2003)
with the same pattern as the endogenous Sim/ gene (Fan et al., 1996; Ziotopoulou et al.,
2000). Two transgenic lines were generated, a high expresser and a low expresser.

Neither line had a weight phenotype on a LF chow diet. Whereas it might seem surprising
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for overexpression of a developmental transcription factor to have only subtle phenotypic
effects, SIM1 acts as a heterodimer, and its dimerization partner, ARNT2 (aryl
hydrocarbon receptor nuclear translocator-2) in the hypothalamus (Michaud et al., 2000),
may be limiting in the transgenic mice. Alternatively, there could be translational
regulation of the SIM1 transcript. No suitable SIM1 antibody is presently available to test
this possibility.

Although neither transgenic line showed any body weight phenotype on a chow
diet, we previously showed that Sim/ heterozygous mice have enhanced susceptibility to
DIO (Holder et al., 2004). Consequently we examined the effect of the transgene on
weight gain of animals fed a HF diet. The high-expressing line of mice was resistant to
DIO, whereas the low-expressing line showed a similar trend that did not reach statistical
significance, probably due to inter-animal variability. These data suggest a dose-
dependent action of SIM1 on feeding behavior. We examined the mechanism of DIO
resistance in the high-expressing line. These mice ate significantly less of the HF diet
than their wild-type littermates but showed no difference in basal metabolic rate or total
energy expenditure. Additionally, SimI heterozygous mice are hyperphagic but have
normal energy expenditure (Michaud et al., 2001; Kublaoui et al., 2006a). Our results are
consistent with the findings of Balthasar et al. (Balthasar et al., 2005), who showed that
Mc4r- and SimI-expressing neurons in the PVN or amygdala function solely in the
control of food intake, with energy expenditure being regulated by Mc4r neurons
elsewhere in the brain. The fact that SIM[-overexpressing mice on a LF diet are not lean

may be due to redundant mechanisms that defend normal body weight.
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Overexpression of SIM1 partially rescued the obesity of the 4” mouse, suggesting
that Sim1 acts downstream of Mc4r. There is also direct evidence from the Sim/
heterozygous mouse that Sim1 functions downstream of the MC4R (Kublaoui et al.,
2006a). The fact that the transgene completely rescued the hyperphagia of 4” mice but
had no effect on their feeding efficiency and only partially rescued their body weight
suggests that it has little or no effect on their energy expenditure, which is known to be
reduced (Yen et al., 1983; Yen et al., 1984; Yen et al., 1994). This inference is also
consistent with the model that Mc4r PVN neurons act specifically in feeding regulation
(Balthasar et al., 2005; Kublaoui et al., 2006a) and with the findings of normal energy
expenditure in both Sim ! heterozygous mice (Michaud et al., 2001; Kublaoui et al.,
2006a) and SIM1 transgenic mice.

Short-term exposure to the HF diet induced hypothalamic Pomc expression in
wild-type but not SIM1 transgenic mice. The mechanism of this induction is not clear, but
it may be part of the physiologic response to dietary fat (Ziotopoulou et al., 2000),
whereby the increased caloric density of the HF diet leads to increased Pomc expression
causing a compensatory reduction in food intake. The lack of Pomc induction by the HF
diet in the transgenic mice may reflect an already maximal activation of Mc4r signaling
and negative feedback on Pomc expression. The mechanism of feedback is unclear but
could involve projections from the PVN to the arcuate nucleus (Cummings and Schwartz,
2003). The lack of change in Npy or Agrp expression argues against a leptin-mediated
effect.

The increased weight of Sim I heterozygotes is due mostly to increased fat mass

(Holder et al., 2004). However, they also exhibit increased lean mass and increased
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length. The SIM1 transgenic mice on HF had decreased fat as well as lean mass,
compared with wild-type littermates. 4” and Mc4r"™ mice are also longer than littermates
(Wolff, 1963; Huszar et al., 1997; Martin et al., 2006). The mechanism of the changes in
lean mass in any of these models is unknown.

Sim1 has been implicated in the regulation of food intake in the homeostatic
response to dietary fat (Holder et al., 2004). Reduction and increase in Sim/ dosage have
opposite effects on body weight regulation. Reduced gene dosage leads to increased
sensitivity to DIO, and increased gene dosage leads to resistance, with higher SIM1
expression correlated with greater resistance. The molecular mechanisms underlying this
SimlI dosage effect are unclear. The most parsimonious explanation for the phenotype of
SIM1 overexpression is that in addition to its developmental role, Sim has a physiologic
function in energy homeostasis. Taken together with our previous work and the work of
Balthasar et al. (Balthasar et al., 2005), we propose that Sim1 acts downstream of Mc4r
within PVN neurons to regulate food intake. Identification of relevant Siml
transcriptional targets in hypothalamic melanocortin neurons is needed to elucidate the

molecular mechanism of its effect on feeding regulation.

METHODS

Animals

Unless otherwise stated, C57BL/6 mice from the National Cancer Institute, aged 6-9
weeks, were used. 4” mice were purchased from Jackson Laboratories (Bar Harbor, ME).
Mice were fed ad libitum and kept on a 12-h light,12-h dark cycle (0700-1900 h light).

All experimental protocols were approved by the University of Texas Southwestern
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Institutional Animal Care and Use Committee and are in accord with accepted standards

of humane animal care.

Generation of SIM1 transgenic mice

CsCl-purified supercoiled DNA from BAC clone RP11-621C20 was microinjected into
C57BL/6 fertilized pronuclei. Three founders showed germline transmission of the
transgene, and transgenic lines were established and maintained by backcrossing to
C57BL/6 mice. Sim! transgenic mice were genotyped using PCR primers specific for the
human SIM1 gene, 5’-CAA TTG AGA CCT TAA GGG TGC T-3" and 5’-CTC ACA
TCG GCC TCC TTC ACA-3’. All experiments used mice from N10 or later generations.
RT-PCR with human-specific primers confirmed that the transgene was expressed in
kidney and brain, like endogenous mouse Sim /. Two lines showed relatively low
expression; one of these was not studied further.

Transgene copy number determination

BamHI-digested mouse liver DNAs were hybridized with a 1:1 mixture of **P-
radiolabeled human S/M1 and mouse Sim! genomic fragments that detected bands of
approximately 5 kb (mouse Sim /) and approximately 10 kb (human SIM1). Hybridization
intensities were quantitated using a STORM phosphor imager (Amersham, Piscataway,

NJ).

Real-time PCR
Real-time PCR was performed as previously described (Holder et al., 2004). Briefly,

hypothalami from fresh brains were dissected with a block (David Kopf Instruments,
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Tujunga, CA), using the following landmarks: posteriorly, posterior aspect of median
eminence; anteriorly, 5 mm anterior to the median eminence; dorsally, the thalamus;
laterally, medial to the dentate gyrus. Total RNA was extracted using Tripure reagent
(Roche Applied Science, Indianapolis, IN). Quantitative real-time PCR was performed
using an MJ Research Opticon instrument (Bio-Rad, Hercules, CA) and the QuantiTect
HotStart SYBR green qPCR kit (QIAGEN, Valencia, CA). Measurements were
normalized to S-actin mRNA levels. Primers sequences were 5’-GCC CTC CTG CTT
CAG ACC TC-3’ and 5’-CGT TGC CAG GAA ACA CGG-3’ (Pomc), 5’-CAG CAG
AGG ACA TGG CCA GAT ACT AC-3’ and 5°-GGG CGT TTT CTG TGC TTT CCT
TCA TT-3’ (Npy), 5’-TCC CAG AGT TCC CAG GTC TAA GTC-3’ and 5’-GCG GTT
CTG TGG ATC TAG CAC CTC-3’ (4grp), 5°-GAC GAT GCT CCC CGG GCT GTA
TTC-3’ and 5°-TCT CTT GCT CTG GGC CTC GTC ACC-3’ (B-actin), 5’-GAG GCA
GGC AGG TAC TT-3’ and 5’-CTG ACC ACA CTA TCT TCA T-3’ (human SIM1 and
mouse Sim1). All reactions were subjected to 40 cycles of amplification (denaturation at
94 C for 15 sec, annealing at 53 C for 30 sec, and extension at 72 C for 30 sec). Standard
curves were generated using reference cDNA prepared from normal mouse hypothalamus
and used to normalize measurements from experiment to experiment. All measurements
were made in the exponential phase of the real-time PCR, as described by the
manufacturer (Bio-Rad). Reactions were performed in triplicate and the results averaged.

The coefficient of variation was less than 15% for each set of measurements.
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Nissl staining

Mice were deeply anesthetized with pentobarbital (7.5mg per 0.15 ml, ip) and
transcardially perfused with 10 ml heparinized saline (10 U/ml, 2 ml/min) followed by 10
ml phosphate-buffered 4% paraformaldehyde (2 ml/min). Brains were removed,
postfixed for 24 h in 4% paraformaldehyde, and then equilibrated in 30% sucrose in PBS
for 72 h. Brains were coronally sectioned (8 um) on a cryostat. Sections containing the
PVN were from bregma -0.58 to -1.22 mm according to The Mouse Brain in Stereotaxic
Coordinates (Paxinos and Franklin, 2001). Sections were delipidated in 1:1
alcohol/chloroform overnight and then rehydrated through 100 and 95% alcohol to
distilled water. Sections were stained in 0.1% cresyl violet solution for 3—5 min and
rinsed in distilled water. They were then dehydrated through 95 and 100% ethanol for 3

minutes each and cleared with xylene for 3 minutes.

Growth and feeding studies

Mice were genotyped and weaned onto their respective diets at 3 weeks of age and fed ad
libitum with either a low-fat diet (Teklad, Madison, WI; 2.94 kcal/g, with 46.8%
available carbohydrate, 4.0% available fat, and 24.0% available protein) or a high-fat diet
(Research Diets, New Brunswick, NJ; 5.24 kcal/g, with 26.3% available carbohydrate,
34.9% available fat, and 26.2% available protein). Cohorts used to measure food intake
were individually housed. Otherwise mice were group housed. Food consumption and
body weight were measured weekly, and data were analyzed and plotted as mean + SE.
Feeding efficiency was calculated by dividing the change in body mass (milligrams) by

the food intake (kilocalories) over a 2-week period.
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Metabolic and body composition studies

Indirect calorimetry was performed using a 12-cage equal flow CLAMS calorimeter
(Columbus Instruments, Columbus, OH). Mice were habituated to the metabolic cages
for 2 d prior to beginning data acquisition. Nuclear magnetic resonance analysis of body
composition was performed using a Bruker minispec mq10 nuclear magnetic resonance
analyzer. Live mice were individually analyzed by the machine, and then the collected

data were further analyzed and plotted as mean + SE.

Data analysis

Data were analyzed using Microsoft Excel (Redmond, WA) and plotted using Prism
software (GraphPad Software, San Diego, CA). Unless otherwise noted, means were
compared using unpaired, two-tailed ¢ tests, with Welch’s correction if F test indicated
unequal sample variances. Multiple comparisons were performed using one-way
ANOVA with Newman-Keuls multiple comparison post hoc test. Differences were

considered statistically significant if P < 0.05.
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Figure 1.1 Generation of SIM1 transgenic mice. A, Map of human S/M7 BAC clone.
B, Southern blot showing human SIM transgene (10 kb band) in transgenic mice and
mouse SimI gene (5 kb band) in transgenic and wild-type mice. C, Quantitation of
Southern blot showing approximate copy number of human S/M1 transgene in both lines.
D, Quantitation of total human SIM1 plus mouse Sim! transcripts in transgenic versus
wild-type mouse hypothalamus by real-time PCR. E, Gross appearance of 20 week old
male wild-type (left) and transgenic (right) mice on a LF diet. F, Nissl stain of coronal
section of adult brain through the PVN in female wild-type and G, transgenic HSTG18

mice.
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Figure 11.2 Growth curves of transgenic lines on HF and LF diet. A, Males, HSTG18
vs. wild-type littermates. Curves on LF are superimposed. LF: transgenic n=8, wild-type
n=12. HF: transgenic n=5, wild-type n=10. *P<0.01 from 5 weeks onward on HF. B,
Females, HSTG18 vs. wild-type littermates. LF: transgenic n=5, wild-type n= 8. HF:
transgenic n=15, wild-type n=7. *P<0.05 from 9 weeks onward on HF. C, Males,
HSTG26 vs. wild-type littermates. LF: transgenic n=9, wild-type n=9. HF: transgenic
n=11, wild-type n=7. Weights were not significantly different on either diet. D, Females,
HSTG26 vs. wild-type littermates. LF: transgenic n=9, wild-type n=9. Weights were not
significantly different on a low fat diet. HF: transgenic n=9, wild-type n=9. *P<0.05 at
weeks 6, 7 and 12. Mice were group housed with the same sex and weighed weekly.
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Figure 11.3 Feeding studies of male HSTG18 transgenic mice vs. wild-type
littermates. A, Weekly and B, cumulative food intake on LF diet. ¥P<0.05. C, Weekly
and D, cumulative food intake on HF diet. *P<0.05 from 6 weeks onward. Mice were
weaned onto their respective diets at 3 weeks of age and individually housed. Food intake

was determined weekly.
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Figure 11.4 Energy expenditure, activity, and feeding efficiency in HSTG18
transgenic vs. wild-type mice. A, D, Energy expenditure of males during light and dark
cycles. B, E, Total activity of males during light and dark cycles. C, F, Feeding efficiency
of males at various ages. A, B, C, LF diet. D, E, F, HF diet. Mice were habituated to the
CLAMS metabolic cages for two days before the data were collected over the following
three days. For A-F, transgenic n=6, wild-type n=06.
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Figure 11.5 Pomc, Npy, and Agrp expression in HSTG18 transgenic vs. wild-type
mice. A, Wild-type mice but not SIM1 transgenic mice induce hypothalamic Pomc when
fed a HF diet. B, C, Npy and Agrp expression is not affected by diet or genotype (n =4
for each condition).
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Figure 11.6 Partial rescue of obesity and normalization of food intake of A’ mice by
SIM1 transgene. A, Gross appearance of wild-type and HSTG18 transgenic mice. B
Gross appearance of 4” and A”/HSTG18 transgenic mice. C, Mean weight of females on
LF diet. Wild-type n=5, HSTG18 n=4, 4" n=7, 4’/HSTG18 n=5. *P<0.05 from week 5
onward for 4”/HSTG18 vs. A”. D, Mean weight of males on LF diet. Wild-type n=12,
HSTG18 n=7, 4" n=6, A”/HSTG18 n=10. *P<0.05 from week 13 onward for 4’/HSTG18
vs. A”. E, Average daily food intake in females age 5-7 weeks. F, Average daily food
intake in males age 5-7 weeks. G, Average feeding efficiency in females age 6-7 weeks.
H, Average feeding efficiency in males age 6-7 weeks. Multiple groups were compared
using one-way ANOVA with Newman-Keuls Multiple Comparison post hoc test. Groups
with different letters are significantly different P<0.01. Groups with the same letter are
not significantly different.
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Figure 11.7 Body composition of wild-type, HSTG18 transgenic, A’, and A//HSTG18
transgenic mice. A,D Total body mass. B,E Fat mass. C,F Lean mass. A-C, females:
wild-type n=5, HSTG18 n=4, 4” n=7, A”/HSTG18 n=5. D-F, males: wild-type n=12
HSTG18 n=7, A n=6, A”/HSTG18 n=10.
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INTRODUCTION

Single-minded 1 (SIM1) encodes a member of the basic helix-loop-helix Per Arnt
Sim family of nuclear transcription factors (Ward et al., 1998) and is one of six genes
implicated in human monogenic obesity (Hung et al., 2007). A balanced chromosomal
translocation that disrupts one allele of SIM was identified in a girl with severe early-
onset obesity, hyperphagia, and accelerated linear growth (Holder et al., 2000). Recently,
nonsynonymous SIM1 sequence variants were found in 6 of 379 obese adults vs. 0/378
lean controls (Ahituv et al., 2007), similar to the frequencies of nonsynonymous MC4R
mutations (eight in obese group vs. two in lean group in the same study), the most
common monogenic cause of early-onset morbid obesity and also associated with tall
stature (Farooqi et al., 2003).

Heterozygous inactivation of the murine Sim/ gene (Sim1”") leads to an
analogous phenotype of hyperphagic obesity and increased linear growth, with enhanced
sensitivity to diet-induced obesity (Michaud et al., 2001; Holder et al., 2004).
Homozygous Sim1 knockout mice die shortly after birth and exhibit failure of terminal
migration and differentiation of the neurons of the paraventricular (PVN), supraoptic
(SON), and anterior periventricular nuclei of the hypothalamus (Michaud et al., 1998; Xu
and Fan, 2007), which produce the neuropeptides arginine vasopressin (Avp), oxytocin
(Oxt), CRH, TRH, and somatostatin (Sst). Michaud et al. (Michaud et al., 2001) reported
that SimI ™" mice have a 24% reduction in PVN cellularity measured by Nissl staining,
with no specific neuropeptide subtype affected, leading them to propose that the
phenotype of hyperphagic obesity is due to a hypothalamic developmental defect. By

contrast, we found no difference in the number of PVN Sim I neurons in Sim! ™ vs.
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Sim1""* mice, using a SimI-enhanced green fluorescent protein (GFP) transgenic reporter
to mark these neurons (Kublaoui et al., 2006a). In the absence of a gross neuroanatomic
defect in SimI™" mice, it is unclear which PVN neurons are important for the regulation
of feeding behavior by Sim /. Of the neuropeptides produced in the PVN, Oxt (Arletti et
al., 1989, 1990; Olson et al., 1991b; Olson et al., 1991a), TRH (Choi et al., 2002; Steward
et al., 2003), and CRH (Krahn et al., 1986; Krahn et al., 1990; Vettor et al., 2002; Valassi
et al., 2008) have consistently been shown to have an anorectic effect when given
centrally to rodents.

Sim1 is expressed postdevelopmentally in the PVN and supraoptic nucleus
(SON) as well as the basomedial amygdala and a subset of lateral hypothalamic neurons
(Holder et al., 2004). The Sim"" phenotype is suggestive of defective hypothalamic
melanocortin signaling (Wisse and Schwartz, 2003), and we hypothesized that Sim/
physiologically regulates body weight by modulating PVN Mc4r signaling (Holder et al.,
2004). Consistent with this hypothesis, PVN neurons of Sim/"" mice showed impaired
activation in response to peripheral injection of melanotan II, a melanocortin receptor
agonist (Kublaoui et al., 2006a). Furthermore, transgenic overexpression of human S/M/
partially suppressed both diet-induced and Agouti yellow (4”) obesity by reducing
feeding (Kublaoui et al., 2006b). Moreover, viral-mediated overexpression of Sim! in the
PVN of adult mice reduced food intake, whereas small interfering RNA-mediated
inhibition of Sim 1 expression increased food consumption (Yang et al., 2006). These
findings suggest that Sim/ acts postdevelopmentally to regulate feeding.

Leptin secreted by adipocytes activates receptors in the arcuate nucleus (ARC),

increasing proopiomelanocortin expression and stimulating release of a-MSH by ARC
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neurons that project to the PVN and LH (Schwartz et al., 1997). This hypothalamic
adiposity signal is integrated with hindbrain satiety signals such as cholecystokinin
(CCK), mediated by vagal afferents (Matson et al., 1997; Matson and Ritter, 1999;
Matson et al., 2000; Matson et al., 2002; Morton et al., 2005). Neuroanatomic evidence
suggests that the PVN is central to this interaction (Schwartz et al., 2000; Baskin et al.,
2001). In rats, the neurons responsible for this interaction may be parvocellular
oxytocinergic neurons in the posterior PVN projecting to the hindbrain and spinal cord
(Kirchgessner et al., 1988; Rinaman, 1998; Blevins et al., 2003; Liu et al., 2003b). Fourth
ventricular injection of an Oxt receptor antagonist attenuated the effect of leptin on food
intake, suggesting that Oxt itself is an important signal in addition to classical
neurotransmitters (Blevins et al., 2004). Interestingly, patients with Prader-Willi
syndrome, a human genetic disorder characterized by severe obesity, have a 42%
reduction of parvocellular PVN Oxt neurons (Swaab et al., 1995). Additionally, the levels
of circulating Oxt in these patients are abnormally low for their degree of obesity
(Hoybye, 2004). The gene regulatory network that controls Oxt cell development is
conserved in vertebrate species as diverse as zebrafish, chicks, and mice (Caqueret et al.,
2005; Eaton and Glasgow, 2006). Zebrafish Sim/ is required for the development of
neurons that produce isotocin, the fish homolog of Oxt (Eaton and Glasgow, 2006). It is
not known whether the Oxt gene is also a transcriptional target of Sim /.

To further examine the effect of Sim/ haploinsufficiency on PVN neuronal
function, we evaluated expression of PVN neuropeptides in Sim/™ mice. We also
compared the regulation of Oxt and CRH in these mice in response to fasting and

refeeding. We further investigated the effect of an oxytocin receptor antagonist, OVT
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(d(CH,)s, Tyr(Me)*,0rm®-Oxytocin) on food intake in Sim!"" vs. wild-type mice and
tested whether PVN Oxt neurons in wild-type mice are activated by an Mc4r-selective
agonist. Finally, we measured the effect of chronic intracerebroventricular (ICV) Oxt
injections on food intake and body weight of Sim/™" and wild-type mice. Our findings
support the role of PVN Oxt neurons and Oxt itself in the regulation of feeding and

suggest a neuroendocrine mechanism for the hyperphagia of Sim/"" mice.

RESULTS

Sim1*" Mice Exhibit Reduced Expression of PVN Oxt

To determine which PVN neurons are sensitive to reduced Sim/ dosage, we compared the
hypothalamic mRNA levels of the neuropeptides CRH, TRH, Oxt, Sst, and Avp in
SimI"" and wild-type mice. All nRNAs were decreased in Sim” mice, with the greatest
reduction (-80%) in Oxt (Figure II1.1). We next performed immunostaining for Oxt and
CRH, for which suitable antibodies were available, to determine whether the reductions
in hypothalamic mRNAs resulted in reduced PVN neuropeptide levels. Oxt but not CRH
immunoreactivity was demonstrably reduced (Figure 111.2). Although difficult to
determine in the absence of another marker of Oxt neurons, the marked reduction in Oxt
immunoreactivity may reflect a decreased number of Oxt neurons rather than reduced
staining within existing neurons (Figure II1.2). The reduction in Oxt immunoreactivity
was evident throughout the PVN. There was a similar reduction in Oxt peptide expression

in the SON (data not shown).
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Sim1*" Mice Fail to Regulate Hypothalamic Oxt in Response to Feeding State
Wild-type mice showed reduced Oxt mRNA levels in the hypothalamus with fasting that
were restored with refeeding, whereas CRH mRNA displayed the opposite pattern
(Figure I11.3). This was consistent with previous studies (Verbalis et al., 1986; Jang and
Romsos, 1998). By contrast, Oxt mRNA in Sim/™" mice was not changed by fasting or
refeeding, although these mice showed normal regulation of CRH expression in response

to feeding state (Figure 111.3).

Oxt Is Colocalized in a Subset of Sim1 Neurons in the PVN

To determine whether PVN Sim [ neurons coexpress Oxt, we used a Sim /-GFP
transgenic mouse line as reported previously (Kublaoui et al., 2006a). Figure I11.4A
shows two color immunofluorescent detection of Oxt (red) and GFP (green) in PVN
sections harvested from a wild-type mouse not pretreated with colchicine. The result

shows that Oxt is colocalized with GFP in a subset of Sim/ neurons in the PVN.

PVN Oxt Neurons Are Activated by Central Injection of an Mc4r-Selective Agonist

To determine whether PVN Oxt neurons might be germane to the defective melanocortin
response of SimI"" mice, we treated wild-type mice ICV with the Mc4r agonist cyclo(-
Ala-His-D-Phe-Arg-Trp-Glu)- NH; and tested the response of Oxt neurons using
induction of c-Fos immunoreactivity as a marker of neuronal activation. This agonist is
highly selective for the Mc4r (>90-fold selectivity over Mc3r and >3400- fold selectivity
over Mc5r) (Bednarek et al., 2001). In mice it acts centrally to reduce 2 hour food intake

by 50% at a dose of 1 ug (Navarro et al., 2005). Figure 111.4B shows two color
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immunofluorescent detection of c-Fos (red) and Oxt (green) in hypothalamic sections
harvested 6 h after ICV injection of the Mc4r agonist or artificial cerebrospinal fluid
(aCSF) from a wild-type mouse pretreated with colchicine. The result shows that c-Fos
was robustly induced in many PVN Oxt neurons at this time point. A control colchicine-
pretreated animal that received aCSF vehicle showed negligible c-Fos immunoreactivity.
PVN Oxt immunoreactivity decreased after Mc4r agonist treatment in both wild-type and
SimI"" mice (data not shown). This decrease, coupled with the already low level of Oxt
immunoreactivity in Sim/"”" mice, precluded simultaneous detection or quantitation of c-

Fos- and Oxt-positive neurons in these animals.

Central Oxt Receptor Antagonist Administration Exacerbates Hyperphagia of Sim1*"
Mice

We hypothesized that reduced Oxt neuropeptide levels in Sim " mice might render these
mice hypersensitive to further inhibition of Oxt signaling. To test this hypothesis, we
treated SimI"" mice and wildtype littermates ICV with the Oxt receptor antagonist OVT
(d(CH,)s, Tyr(Me)*,0rn®-Oxytocin). An OVT dose of 0.5 pg did not affect feeding of
wild-type mice but increased the food intake of the already hyperphagic Sim ™" mice by

approximately 50% (Figure IIL5).

Central Oxt Injection Rescues Hyperphagic Obesity of Sim1*" Mice
To further substantiate the role of Oxt deficiency in the phenotype of Sim!™" mice, we
tested whether Oxt replacement could rescue their hyperphagia and obesity. Sim /" mice

and wild-type littermates were injected twice daily ICV with either 10 ng of Oxt or
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vehicle (aCSF). Daily food intake and body weight were measured over 12 days. Oxt
normalized food intake of Sim1”" mice but had no effect on food intake of wild-type mice
(Figure II1.6A), arguing against a nonspecific anorectic effect such as nausea. Repeated
Oxt injections also led to decreased weight gain compared with vehicle treatment in
SimI"" mice but not their wild-type littermates (Figure I11.6B). Mice were weighed again
after a 12 day washout period after completion of ICV injections. Sim /" mice that had

previously received Oxt or aCSF gained a similar amount of weight (Figure II11.6C).

Wild-Type Mice Are Insensitive to High Doses of ICV Oxt but Respond to the Oxt
Receptor Antagonist OVT

Having shown that food intake of SimI"" mice was sensitive to both OVT and Oxt at
doses that did not change food intake of wild-type mice, we sought to investigate the
dose-response of wild-type mice to both agents. ICV Oxt has been consistently shown to
reduce food intake of rats at doses of 1-4 nmol (~1-4 pg) (Arletti et al., 1989, 1990;
Olson et al., 1991b) but not mice (Gimpl and Fahrenholz, 2001). ICV OVT blocks
anorexia in rats at doses of 9 nmol (~9 ug). Doses of Oxt as high as 1 pg failed to inhibit
food intake in wild-type mice (Figure II11.7A). On the other hand, OVT was capable of

increasing food intake in wild-type mice at a dose of 1.5 pug (Figure I11.7B).

DISCUSSION
We previously showed that Sim " mice have normal hypothalamic Mc4r mRNA
levels but blunted anorexia and activation of PVN neurons in response to the Mc3r/Mc4r

agonist melanotan II (Kublaoui et al., 2006a). The total number of PVN neurons was
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unchanged in Sim/"" mice, and these neurons appeared to induce c-Fos normally in
response to another stimulus, hypertonic saline. We also showed that overexpression of
SIM1 rescued hyperphagia of 4" mice, with no effect on energy expenditure (Kublaoui et
al., 2006b). These findings led us to propose that Sim/ functions downstream of Mc4r in
the PVN.

Sim1 is necessary for the development of all PVN neurons. Given that mouse
Sim1 is required for the development of neurons of the PVN, SON, and anterior
periventricular nucleus expressing AVP, Oxt, CRH, TRH, and Sst, we hypothesized that
one or more of these neuronal populations may be affected by Sim/ haploinsufficiency
and that this may mediate the hyperphagic obesity of SimI™" mice. Microarray expression
profiling revealed that Oxt mMRNA was reduced in the hypothalamus of SimI"" mice
compared with controls (data not shown). These results were confirmed in the present
study using quantitative RT-PCR, revealing a marked (~80%) reduction in Oxt
expression in Sim " mice, with a similar decrease in Oxt peptide as measured by
immunohistochemistry. The reduction in Oxt peptide in the PVN appeared to be global
and likely affected both magnocellular and parvocellular neurons, although these
populations cannot be distinguished morphologically or anatomically in mice ((Castel
and Morris, 1988) and J. Elmquist, personal communication). Other PVN neuropeptide
mRNAs were reduced in Sim " mice, but to a much lesser degree than Oxt.

It is unclear whether reduced Oxt expression in Sim /" mice was due to a
decreased number of Oxt neurons or to decreased Oxt expression in most of
these neurons below the threshold for immunodetection. Presently we have no way other

than Oxt expression to mark these neurons. By contrast, CRH neurons did not show



58

measurable reduction in either number or peptide expression, suggesting that Sim/
haploinsufficiency preferentially affects Oxt neurons. These findings are consistent with
a conserved role for Sim/ in development of Oxt (or isotocin in zebrafish) neuronal
lineages (Eaton and Glasgow, 2006).

The Oxt promoter has not been well characterized, even in the well-known
context of regulation by estrogen (Ivell and Walther, 1999; Koohi et al., 2005).
Inspection of the upstream or downstream 5 kb of genomic sequence with Regulatory
VISTA (rVISTA) (Loots et al., 2002) and the UCSC Genome Browser (Kent et al., 2002)
did not reveal any conserved binding sites for Sim1 or its heterodimer partner Arnt2,
suggesting that if Sim1 physiologically regulates Oxt expression, the mechanism is
indirect.

There is a large body of literature supporting the role of Oxt and Oxt neurons in
regulation of feeding in both humans and rodents. Patients with Prader-Willi syndrome
have a 42% reduction of parvocellular PVN Oxt neurons (Swaab et al., 1995). Plasma
Oxt levels are elevated in subjects with common obesity and decrease after gastric
banding (Stock et al., 1989), suggesting that there may be Oxt resistance analogous to
leptin resistance. Centrally administered Oxt has been shown to reduce food intake in
rats, and this effect is blocked by Oxt receptor antagonists (Arletti et al., 1989, 1990;
Olson et al., 1991b). Oxt is secreted into the bloodstream by magnocellular neurons in
response to exogenous CCK, and serum Oxt levels are directly proportional to the degree
of inhibition of food intake by this treatment (Verbalis et al., 1993). Despite these
observations, peripheral administration of Oxt at physiological levels does not modulate

food intake in rats, suggesting that peripheral release takes place in parallel with central
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effects on feeding. Peripheral administration of Oxt in rats at high doses has been shown
to reduce food intake by some investigators (Arletti et al., 1989, 1990) but not others
(Verbalis et al., 1993).

Neuroanatomic and pharmacological studies in rats point to parvocellular PVN
Oxt neurons that project monosynaptically to the hindbrain as being important in satiety.
Oxt receptor expression in the mouse hindbrain is greatest in the nucleus of the solitary
tract (NTS). A known satiety center (Gould and Zingg, 2003), and there is evidence that
Oxt preferentially regulates food intake in the hindbrain (Blevins et al., 2004).
Furthermore, oxytocinergic projections to the nucleus of the solitary tract in newborn rats
come solely from the PVN (Rinaman, 1998). Disruption of PVN oxytocinergic fibers
projecting to the hindbrain leads to hyperphagic obesity (Kirchgessner et al., 1988).
Furthermore, PVN Oxt neuron axonal projections interact with NTS neurons that are
activated by CCK (Blevins et al., 2003). Finally, Baskin and colleagues (Blevins et al.,
2003; Blevins et al., 2004) characterized a subset of parvocellular PVN Oxt neurons that
both respond to leptin and project to the NTS and showed that injection of OVT into the
fourth ventricle attenuated the effect of leptin on food intake. These results support the
notion that PVN parvocellular Oxt neurons transmit hypothalamic adiposity signals to the
NTS, where they are integrated with gut satiety signals. Furthermore, there is evidence
that the parvocellular PVN itself also integrates adiposity signals such as leptin with
satiety signals from the NTS. This integration is then followed by modulation of NTS
neurons that reduce meal size. This evidence comes from the work of Moran and
colleagues (Emond et al., 1999), who showed that leptin modulates CCK induced c-Fos

in both the PVN and NTS, as well as the work of Verbalis and colleagues (Olson et al.,
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1992), who showed that CCK activates oxytocinergic parvocellular PVN neurons that
then project to the dorsal vagal complex (dorsal motor nucleus of the vagus and NTS).

Further evidence for the role of PVN Oxt neurons in feeding regulation comes
from a report showing an effect of ghrelin on these neurons (Olszewski et al., 2007). In
this study, Levine and colleagues showed that the Oxt receptor antagonist OVT
exacerbated ghrelin-induced hyperphagia. Others have shown that parvocellular and
magnocellular PVN Oxt neurons are activated by insulin (Griffond et al., 1994).
Hypothalamic Oxt has also been implicated in the regulation of food intake during
pregnancy (Douglas et al., 2007).

Studies of a Sim I-GFP transgenic mouse showed that essentially all cells in the
PVN expressing NeuN, a marker of neurons but not glial cells, were also GFP positive
(our unpublished results). Based on these and other data (Balthasar et al., 2005), we
proposed that all adult mouse PVN neurons express Sim/ (Kublaoui et al., 2006a). Here
we showed that Oxt colocalized in a subset of Sim1 neurons (Figure I11.4A).
Colocalization of Oxt and Mc4r has been previously demonstrated in mouse PVN
neurons (Liu et al., 2003). It is also clear from the work of Balthasar et al. (Balthasar et
al., 2005) that Mc4r is expressed in PVN Sim1 neurons. Together, the data indicate that a
subset of PVN neurons coexpress Simi, Mc4r, and Oxt. Our previous results suggest that
Sim1 functions downstream of Mc4r (Kublaoui et al., 2006a), and we show here that
proper Oxt expression is dependent upon Sim1. Thus, there may exist a molecular
pathway from Mc4r to Sim1 to Oxt within PVN neurons, although the notion of a linear

relationship is likely an oversimplification of the relevant circuits.



61

Our results further bolster the relevance of PVN Oxt neurons in the melanocortin
feeding circuitry by showing that these neurons are activated by a centrally administered
Mc4r-selective agonist (Figure I111.4B). Regulation of Oxt neurons by melanocortin
agonists is not limited to the PVN but has also been shown in the SON, where a-MSH
induces the release of Oxt from the dendrites of magnocellular neurons while inhibiting
its secretion from nerve terminals in the posterior pituitary (Sabatier et al., 2003; Sabatier,
2000).

A key question is whether reduced expression of Oxt is causally related to the
hyperphagia of SimI”" mice. To answer this question, we examined the effect of both an
Oxt receptor antagonist and Oxt on food intake in SimI"" vs. wild-type. We reasoned that
if Oxt simply marks absent or defective PVN neurons in Sim /" mice but is not itself
involved in feeding regulation, then treatment with Oxt or an Oxt receptor antagonist
should not differentially affect food intake of SimI" vs. wild-type mice. On the other
hand, if Oxt deficiency is mechanistically related to the hyperphagia of Sim!™" mice, then
administration of an Oxt receptor antagonist might exacerbate and administration of Oxt
might ameliorate their hyperphagia.

The results of our pharmacological experiments clearly support the conclusion
that Oxt neuropeptide deficiency per se contributes to the hyperphagic obesity in Sim1""
mice. Further experiments are required to address the neuronal mechanism of Oxt action.
For instance, Oxt may act as a neuromodulator of synaptic signaling by classical
neurotransmitters released in the NTS by parvocellular PVN neuronal projections.

Despite the large body of evidence implicating Oxt in food intake regulation,

wild-type and Oxr” mice ingest similar amounts of standard chow ad libitum, after
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overnight food deprivation when drinking water is available, and after systemic
administration of either CCK or D-fenfluramine (Mantella et al., 2003; Rinaman et al.,
2005). On the other hand, Oxt”~ mice display an increased intake of both sweet and non-
sweet carbohydrate solutions (Sclafani et al., 2007). Oxt receptor-deficient mice have
been generated, but no characterization of their food intake or body weight has been
published (Takayanagi et al., 2005). There are several possible explanations for the
apparent discrepancy between genetic models and anatomic and pharmacological data.
Oxt may mark the identity of neurons projecting from the PVN to the NTS but not be
critical for their action in meal termination, which could be mediated by classical
neurotransmitters such as GABA or glutamate. Our results argue against this possibility.
Alternatively, Oxt may be an important physiological regulator of feeding in normal
mice, but there could be developmental mechanisms that compensate for its absence in
Oxt” mice. Functional and developmental compensation by hypothalamic neurons has
been demonstrated, most notably in Npy/Agrp neurons. Despite compelling
pharmacological evidence for a prominent role for these two peptides in energy
homeostasis, mice deficient in Npy, Agrp, or both have no demonstrable feeding
phenotype (Qian et al., 2002). On the other hand, partial ablation of Npy/Agrp neurons
postnatally leads to the expected lean phenotype, and complete ablation in adulthood
leads to starvation (Qian et al., 2002; Beuckmann et al., 2004; Bewick et al., 2005; Gropp
et al., 2005; Luquet et al., 2005). Developmental compensation by these neurons appears
to take place postnatally, because neonatal ablation had minimal effects on body weight
or feeding regulation (Luquet et al., 2005). We hypothesize that similar developmental

compensation explains the absence of a feeding phenotype in Ox¢’ mice. These
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compensatory mechanisms may involve compensation by other PVN neuropeptides
implicated in feeding regulation, i.e. CRH or TRH. These compensatory mechanisms
may be intact in Oxt”" mice and impaired in Sim /" mice, which show moderately
decreased mRNA levels of CRH and TRH.

Another explanation for the lack of a feeding phenotype in Oxt” mice may be
species differences. Our results do not support this possibility. Whereas ICV Oxt
consistently reduces food intake of rats (Arletti et al., 1989, 1990; Olson et al., 1991b), no
such hypophagic effect has been demonstrated in mice (Gimpl and Fahrenholz, 2001).
We too could not find such an effect of ICV Oxt on wild-type mice. On the other hand,
we were able to demonstrate that OVT increased food intake in wild-type mice. These
results in wild-type mice, coupled with our results in SimI"” mice, support the hypothesis
that Oxt exerts a tonic inhibition of feeding in mice. This is consistent with the work of
Blevins et al. (Blevins et al., 2003) in rats, who also concluded that Oxt exerts a tonic
stimulatory effect on NTS neurons that reduce meal size by showing that fourth
ventricular administration of OVT blunted CCK-induced satiety.

Further experiments are needed to determine the site of action of Oxt in rescuing
the hyperphagia of Sim/™" mice and whether Sim I haploinsufficiency leads to a
developmental reduction in Oxt neurons or a postdevelopmental reduction of Oxt
expression. Any reduction in the number of PVN neurons must be subtype specific.
Because there is no difference in the total PVN Sim/ neuron count of Sim ™" mice vs.
wild-type mice (Kublaoui et al., 2006a), a reduction in the number of Oxt neurons may be
due to fate switching. Additional experimental approaches, such as conditional postnatal

Siml inactivation, are needed to determine whether the decrease in Oxt expression in
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SimI"" mice is developmental or regulatory. Regardless, our results support the
importance of the oxytocinergic pathway from the PVN to the NTS in feeding regulation
and suggest that reduced Oxt expression is responsible for much of the hyperphagia of
SimI"" mice (Figure I11.8). Further study of the PVN to NTS oxytocinergic pathway may
be relevant to our understanding of other genetic causes of human obesity such as Prader-

Willi syndrome or MC4R mutations.

METHODS

Animal Care

C57BL6 mice (6—8 wk of age) from the National Cancer Institute were used unless
otherwise stated. Mice were kept on a 12 hour light, 12 hour dark cycle and fed a low-fat
chow diet (Global diet 2016; Teklad, Madison, WI) ad libitum. Generation, breeding, and
genotyping of Sim ™" mice were previously described (Holder et al., 2004). All
experimental protocols were approved by the University of Texas Southwestern

Institutional Animal Care and Use Committee.

Real-Time PCR

Hypothalami from fresh brains were dissected with a block (David Kopf Instruments,
Tujunga, CA) as described (Shinyama et al., 2003), using the following landmarks:
posteriorly, posterior aspect of median eminence; anteriorly, 5 mm anterior to the median
eminence; dorsally, the thalamus; laterally, medial to the dentate gyrus. Total RNA was

extracted using Tripure reagent (Roche Applied Science, Indianapolis, IN). Quantitative
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real time PCR was performed using an ABI 3700 instrument (Applied Biosystems, Foster
City, CA) and the QuantiTect HotStart SYBR green qPCR kit (QIAGEN, Valencia, CA).
Neuropeptide measurements were normalized to S-actin or GAPDH mRNA levels.
Primers sequences were 5°-GAG GAC CTG CGA CTA GAC TGA C-3’ and 5°-CAG
CAG CTC TGC CAA GAA GTA-3’ (Sst); 5°-GTT GAG AGA CTG AAG AGA AAG
G-3’ and 5’-GGA CGA CAG AGC CAC CAG-3’ (CRH); 5’-CTT TGA TCT TCG TGC
TAA CTG GT- 3’ and 5’-CTT CAA CGT CTT CCT CCT TCT C-3’ (mTRH); 5’-CTC
TGA CAT GGA GCT GAG ACA G-3’ and 5’-AGG GCA GGT AGT TCT CCT CCT-3’
(AVP); 5’-TGGCTTACTGGCTCTGACCT-3’ and 5’-AGG CAG GTA GTT CTC CTC
CTG- 3’ (Oxt). Tagman primers were used for determining Oxt and CRH mRNA levels
for feeding state experiments (4331182 and 4351372; Applied Biosystems, Foster City,
CA). 5-GAC GAT GCT CCC CGG GCT GTA TTC-3’ and 5’-TCT CTT GCT CTG
GGC CTC GTC ACC-3’ (f-actin) and GAPDH (4352339E, Applied Biosystems) were

used for normalization. All reactions were performed at 53°C annealing temperature.

Cannulation (ICV)

Mice were anesthetized with ketamine (117 mg/kg) and xylazine (7.92 mg/kg). After
shaving the head and applying a microbicide, each animal was placed in a stereotaxic
chamber (Stoelting, Wood Dale, IL). A sagittal section was cut and the skin was clipped
back. Bregma coordinates were visually determined, and the location of the lateral
ventricle was calculated (0.2 mm posterior; 1.0 mm lateral; 2.1 mm deep to skull
surface). The site of cannulation on the skull surface was marked. The skull was

punctured using an engraving Dremel bit. The guide cannula (C315GS-4/spc; Plastics
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One, Roanoke, VA) was inserted and glued to the skull surface with dual cure paste
(031458550; Den-mat, Santa Maria, CA). A dummy cannula (or dust cap) was placed
inside the guide cannula (C315DCS-4/spc; Plastics One). The scalp was closed with
dissolvable sutures. Upon waking, the animal was injected ip with 0.1 mg/kg of Buprenex
(buprenorphine hydrochloride) for analgesia. Mice were then allowed to recover for 1
week. Cannula placement was tested by examining the effect of 0.2 pg of angiotensin I1

on drinking behavior as described elsewhere (Johnson and Epstein, 1975).

Injections (ICV)

Individually housed mice were habituated to handling and injections with aCSF for at
least 1 week before experimentation. Single injections were made manually using an
internal cannula (C315IS-4/spc; Plastics One) connected to PE-50 tubing and a Hamilton
syringe. Drug or vehicle (2 ul) was injected over a 30-sec period.

OXT Wild-Type vs. Sim1*". Female mice (6-12 weeks of age) were equally divided into
the following groups matched for age and weight (wild-type aCSF, n = 7; wild-type Oxt,
n=7; Siml" aCSF, n = 5; and Sim!"" Oxt, n = 8). After 1 week of habituation to twice
daily ICV injection, mice were injected with 10 ng of Oxt (H2510; Bachem Bioscience,
Inc., King of Prussia, PA) or vehicle, twice a day for 12 days (at the onset of the dark
cycle and 6 hours later). Food intake and body weight were recorded daily. Food intake
was analyzed by two-way ANOVA (group vs. time) and body weight change was
analyzed with one-way ANOVA (group). Both analyses were done with a Bonferroni
posttest to determine intergroup significance. On day 24, 12 days after the last injection,

body weight was measured again and compared with body weight on day 12.
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Posttreatment body weight change for the groups was compared using one-way ANOVA
with a Bonferroni posttest.

Wild-Type OVT vs. Sim1*". Mice were ICV injected at the onset of the dark cycle with
2 ul aCSF to determine baseline food intake. Mice were injected 24 h later with 0.5 ug
OVT (d(CHy)s, Tyr(Me)z,OrnS—Oxytocin; H4928, Bachem). Food intake was measured at
1 hour intervals for 6 hours. The experiment was repeated the following week. Food
intake from the two aCSF measurement days was averaged for each mouse, and food
intake from the two OVT measurement days was averaged for each mouse. OVT food
intake was normalized to aCSF food intake for each mouse. Means were calculated for
each treatment and compared using a paired ¢ test.

Wild-Type Oxt. After 1 week of habituation to daily ICV injection, 6- to 10-week-old
female wild-type mice were injected at the onset of the dark cycle with aCSF, 50 ng, 250
ng or 1pug of OXT. Food intake was normalized to aCSF food intake. Means were
calculated for each treatment, and the groups at each time point were compared using
one-way ANOVA.

Wild-Type OVT. After 1 week of habituation to daily ICV injection, 6- to 10-week-old
female wild-type mice were injected at the onset of the dark cycle with aCSF on day 1
and 1.5 pg OVT on day 2. Food intake was normalized to aCSF food intake for each
mouse. Means were calculated for each treatment, and the groups at each time point were

compared using a paired ¢ test.
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Immunohistochemistry

For colocalization of c-Fos and Oxt, 8-week-old female C57BL/6 mice received 1 pg
colchicine ICV 24 hours before subsequent experimental procedures. For c-Fos
experiments, mice were ICV injected with 3 pg of the Mc4r-selective agonist or vehicle
(aCSF) 4 hours before intracardiac perfusion. The Mc4r selective agonist cyclo(f-Ala-
His-D-Phe-Arg-Trp-Glu)-NH, was purchased from Phoenix Pharmaceuticals
(Burlingame, CA). SimI-GFP transgenic mice were not colchicine treated, and
immunohistochemistry was performed as described previously (Kublaoui et al., 2006a).
Mice were deeply anesthetized with pentobarbital (7.5 mg /0.15 ml, ip) and transcardially
perfused with 10 ml of heparinized saline (10 U/ml, 2 ml/min) followed by 10 ml of
phosphate-buffered 4% paraformaldehyde (2 ml/min). Brains were removed, postfixed
for 24 hours in 4% paraformaldehyde, and then equilibrated in 30% sucrose in PBS for
72 hours. Immunohistochemistry was performed as described elsewhere (Beuckmann et
al., 2004; Kublaoui et al., 2006a). Briefly, brains were coronally sectioned (35 um) on a
freezing microtome (Leica SM 2000R; Wetzlar, Germany) and stored in PBS at 4 C.
Sections were incubated for 16 hours in mouse anti-Oxt antiserum (MAB5296, 1:5000,
Millipore Corp., Billerica, MA) or rabbit anti-CRH antiserum (AB-02, 1:800; Advanced
Targeting Systems, San Diego, CA) and then incubated with either Cy-3 affiniPure goat
antimouse IgG secondary antiserum or Cy-3 affiniPure goat antirabbit IgG secondary
antiserum (115-165-166, 111-165-003, 1:400; Jackson ImmunoResearch Laboratories,
Inc., West Grove, PA) for 2 hours at room temperature. Sections were placed in 4’,6-
diamidino-2-phenylindole (DAPI) (0.2 pg /ml, 236276; Roche, Indianapolis, IN) and

then mounted and coverslipped using Vectashield (H-1000; Vector Laboratories,
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Burlingame, CA). Images of sections containing PVN were captured on an Olympus
BX61 microscope using Cytovision software (Applied Imaging Corp., San Jose, CA). For
fluorescent c-Fos and Oxt double labeling, sections were incubated for 16 hours in rabbit
anti-Fos antiserum (Ab-5; 1:3000 dilution; Calbiochem, La Jolla, CA) and mouse anti-
Oxt antiserum. Sections were then incubated with Cy-3 goat antirabbit IgG secondary
antiserum and Cy-2 affiniPure goat antimouse IgG secondary antiserum (115-225-166,
1:400; Jackson ImmunoResearch) for 2 hours at room temperature. Sections were treated
with DAPI and mounted as described above. For fluorescent GFP and Oxt double
labeling, sections were incubated for 48 hours in rabbit anti-GFP antiserum (A6455,
1:5000; Molecular Probes, Eugene, OR) and mouse anti-Oxt antiserum. Sections were
then incubated with fluorescein isothiocyanate goat antirabbit IgG secondary antiserum
and Cy-2 affiniPure goat antimouse IgG secondary antiserum (115-225-166, 1:400;
Jackson ImmunoResearch) for 2 hours at room temperature. Sections were treated with
DAPI and mounted as described above. Cell counts and densitometry were determined
using ImagelJ software (National Institutes of Health, Bethesda, MD). Each side of a
section was counted separately, and counts from six sides were averaged for each animal.
Densitometry was performed on images that were captured with identical settings using

the Integrated Density function after background subtraction.

Data Analysis
Data were analyzed using Microsoft Excel and plotted using Prism software (GraphPad
Software, San Diego, CA). Values are means + SEM. Unless otherwise noted, means

were compared using two-tailed ¢ tests, with Welch’s correction if F test indicated
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unequal sample variances. Differences were considered statistically significant if P <

0.05.
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Figure 111.1 Sim1*" mice exhibit reduced mRNA expression of PVN neuropeptides.
Real-time PCR showing hypothalamic expression of Sst, Crh, Trh, Avp and Oxt mRNA
in Sim1"" mice compared to wild-type mice (n=5 for each group). Groups were compared
using a two-tailed unpaired t-test (*p<0.05; **p<0.01; ***p<0.001). Error bars indicate
SEM.
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Figure I111.2 Sim1*" mice exhibit reduced expression of PVN Oxt but not Crh
peptide. A, Representative images of immunohistochemical analysis of Oxt and Crh
peptides in PVN of Sim!"" mice compared to wild-type mice (captured with 10X and
20X objectives). B, Cell counts and densitometry measurements of Oxt and Crh
immunohistochemistry. For B, groups were compared using a two-tailed unpaired t-test
(*p<0.05; **p<0.01; ***p<0.001). Error bars indicate SEM. Numbers of animals are
shown in the figure.



73

Hypothalamic Oxt expression

125+
O WT

1004 =

75+

Percent control

254

Fed Fasted Refed Fed Fasted Refed

Hypothalamic Crh expression
200~ %
175+ i il
150~
125+
1004 &

75-
50+
25+

0

0wt
&R sim1”

Percent control

Fed Fasted Refed Fed Fasted Refed

Figure 111.3 Sim1*" mice fail to regulate Oxt mMRNA expression in response to
feeding state. Real-time PCR showing hypothalamic expression of Crs and Oxt mRNAs
in fed, fasted and refed Sim " mice vs. wild-type mice (n=5 for all groups except wt
fasted and Sim1™" refed, where n=4). Each sub-group (e.g. wt Oxt) was analyzed using
one-way ANOVA with Newman Keuls multiple comparison post-test. (*p<0.05 indicates
that the fasted group is significantly different from the fed or refed groups).
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Figure 111.4 Oxt is colocalized with Sim1 in PVN neurons and PVN Oxt neurons are
activated by central Mc4r selective agonist injection. A, Representative image
showing colocalization of Oxt is in CY3 (red) and Sim /-GFP is in FITC (green), captured
at 20X. Mice were not pretreated with colchicine. B, Colocalization of Oxt and c-Fos
after aCSF or Mc4r selective agonist (3pg) ICV. After Mc4r selective agonist treatment,
most c-Fos' neurons in the region shown are Oxt" and many Oxt' neurons are c-Fos"
(arrows). c-Fos is in CY3 (red) and Oxt is in CY2 (green), captured at 20X. Mice were
pretreated with colchicine.
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Figure I111.5 Central administration of Oxt antagonist OVT exacerbates
hyperphagia of Sim1*" mice at a dose that does not affect food intake of wild-type
mice. After one week of habituation to daily ICV injection, mice were injected at the
onset of the dark cycle with aCSF on day 1 and 0.5ug OVT on day 2. OVT food intake
was normalized to aCSF food intake for each mouse. Means were calculated for each
treatment and compared using a paired t-test (n=14 for wt group, n=11 for Sim 1"
group,***p<0.001.)
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Figure 111.6 Central Oxt injection rescues hyperphagia and reduces weight gain of
Sim1*" mice but does not affect food intake or weight gain of wild-type mice.

A, B, After one week of habituation to twice daily ICV injection, mice were injected
twice daily with either aCSF or 10ng Oxt. Food intake and body weight were measured
daily for 12 days. Food intake was analyzed by two-way ANOVA (group vs. time) and
body weight change with one-way ANOVA (group). Both analyses were done with a
Bonferroni post-test to determine intergroup significance. C, 12 days after the last
injection (day 24) body weight was measured again and compared to body weight on day
12. Groups were compared using one-way ANOVA with a Bonferroni post-test. For A,
*p<0.05; **p<0.01; ***p<0.001. For B and C, groups with different letters are
statistically different (p<0.05). n=7 for WT aCSF, n=5 for Sim! """ aCSF, n=7 for WT Oxt,
n=8 for Het Oxt.
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Figure 111.7 Wild-type mice are insensitive to high doses of ICV Oxt but are
sensitive to the Oxt antagonist OVT. A, After one week of habituation to daily ICV
injection, mice were injected at the onset of the dark cycle with either aCSF or 50ng,
250ng or 1pg of Oxt. Food intake was normalized to aCSF food intake for each mouse.
Means were calculated for each treatment, and the groups at each time point were
compared using one-way ANOVA (n=9, p=NS). B, After one week of habituation to
daily ICV injection, mice were injected at the onset of the dark cycle with aCSF on day 1
and 1.5ug OVT on day 2. Food intake was normalized to aCSF food intake for each
mouse. Means were calculated for each treatment and the groups at each time point were
compared using a paired t-test. (n=11, *p<0.05; **p<0.01; ***p<0.001).
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SATIETY

Figure 111.8 Model showing ARC adiposity signals, e.g., leptin relayed via a-MSH to
PVN parvocellular Oxt/Sim1 neurons projecting to the hindbrain, where they are
integrated with satiety signals. PVN Sim [ neurons may also integrate satiety signals from
reciprocal projections from the NTS (not shown) with adiposity signals from the ARC

and elsewhere in the brain.
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INTRODUCTION

Single-minded 1 (S/IM1) encodes a hypothalamic transcription factor in the
bHLH-PAS (basic helix loop helix-Per Arnt Sim) family (Ward et al., 1998) and is one of
only a handful of genes associated with human monogenic obesity (Holder et al., 2000;
Farooqi and O'Rahilly, 2005). Sim1 homozygous mice (Sim!™") die perinatally and lack
the anterior periventricular, paraventricular (PVN), and supraoptic (SON) hypothalamic
nuclei (Michaud et al., 1998) due to failure of terminal migration and differentiation of
the Sim 1 neurons (Xu and Fan, 2007). These nuclei, responsible for the production of
multiple neuropeptides including oxytocin (Oxt), vasopressin, corticotropin-releasing
hormone, thyrotropin-releasing hormone, and somatostatin, has long been implicated in
energy balance from studies in multiple animal models (Heinbecker et al., 1944;
Leibowitz et al., 1981). Sim1 heterozygotes (Sim1"") show hyperphagic obesity,
increased linear growth and enhanced susceptibility to diet-induced obesity (Holder et al.,
2004), associated with defective melanocortin 4 receptor (Mc4r) signaling (Kublaoui et
al., 2006a) and reduced hypothalamic Oxt expression (Kublaoui et al., 2008); the
phenotype is partially rescued by intracerebroventricular (ICV) Oxt administration
(Kublaoui et al., 2008).

Whether the obesity phenotype of Sim /" mice is the result of a developmental or
post-developmental hypothalamic defect is uncertain. Michaud et al. reported a mean
reduction of 24% in the PVN cellularity of SimI”" mice and attributed their hyperphagic
obesity to this congenital lesion of the hypothalamus (Michaud et al., 2001). Using a
Sim 1-GFP reporter transgene, we found no difference in the number of Sim [-expressing

cells in SimI""" vs. SimI'" mice (Kublaoui et al., 2006a). Furthermore, we showed that
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Sim1 transgenic overexpression did not affect hypothalamic morphology but partially
rescued C57/B16 diet-induced obesity as well as hyperphagia and obesity of Agouti
yellow mice, which have defective Mc4r signaling (Kublaoui et al., 2006b).
Subsequently, Yang et al. (2006) reported that viral-mediated changes in Sim /
hypothalamic expression in adult mice were inversely correlated with food intake, also
supporting a physiologic role for Sim/ in regulating food intake.

In order to dissociate the neuroanatomic and physiologic functions of Sim/ in
feeding regulation, we used two CamKII-Cre lines, Cre93 and Crel59, to conditionally
delete Siml in the postnatal brain (Minichiello et al., 1999; Rios et al., 2001). We bred
viable conditional postnatal CNS homozygous Sim/ knockout mice and measured their
growth and feeding behavior. We examined the cellularity of germline Sim/
heterozygotes and conditional postnatal Sim/ homozygotes using unbiased stereology, as
well as PVN projections to the hindbrain and median eminence in germline Sim /
heterozygotes using retrograde tract tracing. We also assessed the expression of Sim1,
Oxt and Mc4r mRNAs in the hypothalamus of mice with conditional postnatal Sim/
deletion.

Another significant question is which neuronal subtype in the PVN is responsible
for the hyperphagic obesity of Sim/"" mice. The PVN has five major neuronal subtypes,
distinguished on the basis of the neuropeptide they produce: oxytocin (Oxt), vasopressin
(Avp), thyrotropin releasing hormone (Trh), corticotropin releasing hormone (Crh), and
somatostatin (Sst). Oxt, Trh, and Crh have all been shown to have anorectic effects when
injected into the hypothalamus, and all three neuropeptide mRNAs are reduced in Sim [

heterozygotes, especially Oxt. Previous studies by others have implicated Oxt neurons in
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feeding behavior (Arletti et al., 1989; Olson et al., 1991b; Blevins et al., 2003), and Oxt
neurons projecting from the PVN to the NTS are thought to form part of the link between
adiposity and satiety signals (Kirchgessner et al., 1988; Blevins et al., 2003). Also of
note, Sim is part of a conserved genetic pathway for Oxt neuron development (Eaton and
Glasgow, 2006). Although Oxt neurons are present in Sim /"~ mice, Oxt mRNA and
peptide levels are dramatically reduced and central injections of Oxt rescue their
hyperphagia (Kublaoui et al., 2008).

To test whether conditional Sim/ deficiency in Oxt neurons is sufficient to cause
hyperphagic obesity, we used an Oxt-Cre transgene to conditionally delete Sim [
specifically in Oxt neurons. Oxt-Cre transgenic mice were generated by Dr. David Olson
in the laboratory of Dr. Bradford Lowell at Beth Isracl Deaconess Medical Center,
Boston, MA. We created Oxt-neuron specific Sim/ heterozygotes and homozygotes and
measured their growth and feeding behavior. We also assessed the expression of Sim/,

and Oxt mRNAs in the hypothalamus of these mice.

RESULTS

Validation of Cre-loxP Sim1 inactivation

Previously, germline Sim/ heterozygous mice were generated using a floxed Sim/ allele
that contained 3 loxP sites and a pGK-Neo cassette crossed with an Ella-Cre transgene
(Holder et al., 2004). From the same floxed Sim/ line, a 2 loxP allele was created by
excising the pGK-Neo cassette. These two loxP sites flank the first exon of Sim I, which

contains the start codon and the first 17 amino acids of Sim /.
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To confirm that recombination of this floxed Sim/ allele would recapitulate a
Sim 1 null allele, we used a ubiquitously expressed Ella-Cre to achieve germline deletion
and studied the progeny. Three week old mice were weaned onto a high fat diet
containing about 35% dietary fat (HF), allowed to feed ad /ibitum, and weighed weekly
(Figure IV.1, A-B). After one week on the HF diet, both male and female Sim 1
heterozygotes weighed significantly more than their controls. At 8 weeks of age, Sim 1
heterozygous males weighed 44% more (Figure IV.1 A) and Sim 1 heterozygous females
weighed 73% more (Figure IV.1 B) than control littermates on the HF diet. Similar sex
differences have been observed previously (Holder et al., 2004). Heterozygotes of either
gender continued to gain weight until the experiment was terminated at 12 weeks of age.
PCR showed that the recombined floxed Sim1 allele was the expected size (Figure IV.1
C); the 371bp band shows the wild type allele and the 160bp band shows the recombined
allele. These results recapitulated the previously reported phenotype of Sim !

heterozygotes (Holder et al., 2004), confirming the utility of the floxed Sim/ allele.

Expression of CamKII-Cre in the PVN and SON

To conditionally delete Sim I postnatally, we obtained two CamKII-Cre lines that have
been previously described, CamKII-Cre93 and CamKII-Cre159, hereafter referred to as
Cre93 and Crel59 (Minichiello et al., 1999; Rios et al., 2001). In both of these lines, the
Cre transgene expression is driven by the a-calcium/calmodulin-dependent protein kinase
II (CamKII) promoter, which is expressed in postmitotic neurons (Minichiello et al.,
1999). Cre93 was reported to begin expression shortly after birth with wide activation at

P21 (Rios et al., 2001), and Cre159 expression was not reported until after P15, with full



86

recombination occurring around P28 (Minichiello et al., 1999; Rios et al., 2001). Both
lines showed transgene expression in the hypothalamus, but the PVN and SON were not
specifically examined at the time.

To confirm expression of the Cre transgene in these hypothalamic nuclei, both
lines were crossed to a Rosa26-eYFP line, which contains a STOP cassette flanked by
loxP sites inserted between the Rosa26 promoter and eYFP and expresses eYFP only in
cells producing Cre recombinase (Srinivas et al., 2001). We then performed
immunohistochemistry on adult progeny to detect eYFP in the PVN and SON. Cre93,
Rosa26-eYFP double transgenic mice exhibited strong staining in the PVN as well as the
SON in both males and females (Figure IV.2, A-D). Crel59, Rosa26-eYFP double
transgenic mice also showed staining in the PVN (Figure IV.3, A-B) in both sexes,
although it was not as strong as the Cre93 staining, and staining in the SON was
negligible (data not shown). Some eYPF expression at P10 was also noted (data not
shown), which is earlier than the previously reported start of expression at P15
(Minichiello et al., 1999; Rios et al., 2001), but still well after the formation of the PVN

and SON.

Growth and feeding behavior of conditional postnatal Sim1 heterozygous mice

Some Cre transgenes cause weight phenotypes themselves (Schmidt-Supprian and
Rajewsky, 2007). To control for possible effects of the Cre93 and 159 transgenes on
weight, three week old transgenic mice were weaned onto a low fat diet (LF). Cre93 mice
and wild type littermates were weighed weekly from age 9-18 weeks (Figure [V.4, A-B),

with no observable difference in weight. Cre159 mice and wild type littermates were
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weighed every three weeks from age 9-18 weeks (Figure IV.4, C-D), also with no
observable difference in weight.

To achieve conditional postnatal Sim! heterozygous deletion, we first crossed the
floxed Sim1 mice (SimF"/") to the Cre93 line. Genotyping of tail and liver biopsies of
progeny (not shown) confirmed the absence of germline recombination due to aberrant
transgene expression (“delta effect”). Three week old progeny were weaned onto a HF
diet and weighed weekly (Figure IV.5, A—B). After two weeks on the HF diet, both male
and female heterozygotes (cHet93: Cre93, SimI"'™) weighed significantly more than their
littermate controls. At 8 weeks of age, heterozygous males weighed 23% more (Figure
IV.5 A) and heterozygous females weighed 36% more (Figure IV.5 B) than control
littermates on the HF diet. Heterozygotes of either gender continued to gain weight until
the experiment was terminated at 12 weeks of age. To determine if the obesity of the
cHet93 mice was due to hyperphagia, male cHet93 mice and littermate controls were
weaned at 3 weeks on a LF diet, individually housed, and their body weights and food
intakes measured weekly. cHet93 mice also became significantly obese on a LF diet after
5 weeks of age (Figure IV.6 A), preceded by significant hyperphagia at 4 weeks of age
(Figure IV.6 B). The cumulative excess food intake by cHet93 mice was an average of
80 grams per mouse over the 9 week period they were monitored. Additionally,
measurements of the Cre93" and Sim 1" littermates confirmed that in the absence of
Sim1 recombination the Cre transgene or the floxed Sim1 allele alone did not cause

weight or feeding differences
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Effects of conditional postnatal homozygous deletion of Sim1 on body weight, length,
food intake, and gross appearance

Conventional homozygous inactivation of Sim/ results in death shortly after birth
(Michaud et al., 2001; Holder et al., 2004). To determine if conditional postnatal
homozygous Sim1 inactivation also results in lethality, we generated cKO mice (Cre,
Sim1™™) by crossing cHet mice with Sim /™™ mice. Male cHet mice caused aberrant
germline recombination in their progeny, so only the progeny of female cHet mice were
used. Genotyping of tail biopsies or postmortem livers (data not shown) confirmed the
absence of germline recombination in these progeny.

Conditional postnatal Sim/ homozygotes created with the Cre93 transgene
(cK093: Cre93, Sim1™™) were viable and showed no visible signs of illness. Sim/ has
been suggested to act in a dose-dependent manner (Kublaoui et al., 2006b), so we weaned
cK093, cHet93 mice and littermate controls at 3 weeks of age onto a LF diet measured
their and body weights weekly. cKO93 mice developed even more severe obesity than
cHet93 mice (Figure IV.7 A) and exhibited increased length (Figure IV.7 B). A similar,
but less dramatic weight phenotype was observed in cKO159 (cKO159: Crel59, Sim ™™
and cHet159 (cHet159: Cre93, Sim/™™) mice on a LF diet (Figure IV.8, A-B).

To determine if the obesity of cKO93 mice was due to hyperphagia, mice were
weaned at onto a LF diet, housed individually, and their food intake and body weights
measured weekly. The mice exhibited hyperphagia before becoming grossly obese
(Figure IV.9 A), with male cKO93 mice consuming about 25% more calories per week

and female cKO93 mice consuming about 40% more calories per week than littermate
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controls (Figure IV.9 B). The obesity phenotype was clearly observable at age 12 weeks

on the LF diet (Figure IV.9 C).

Stereologic analysis of the number of cells in the PVN of germline Sim1 heterozygotes
and conditional postnatal Sim1 homozygotes

We used unbiased stereologic analyses to determine whether a reduction in cellularity of
the PVN accounts for the hyperphagic obesity of Sim1™ or cKO93 mice, . There was no
statistically significant difference in the number of Nissl-stained cells in the PVN of wild-
type vs. germline Sim/ heterozygotes (p = 0.2433) (Figure IV.10), in agreement with our
previous results using nonstereologic methods (Kublaoui et al., 2006a). Additionally,
there was no statistically significant difference in the number of PVN cells or between
controls vs. cKO93 (p = 0.0952) (Figure 1V.10). Thus loss of PVN neurons did not

explain the hyperphagic obesity observed in these mice.

Retrograde tract tracing in germline Sim1 heterozygotes

Another possible cause of the hyperphagic obesity of Sim/"" mice is faulty development
of projections of PVN Sim [ neurons to the hindbrain or the median eminence (ME). To
test this possibility, we used retrograde tract tracing to examine these projections in adult
mice. Projections to the ME were traced using Fluoro-Gold (FG) (Figure IV.11, A-D),
and retrograde tract tracing from the dorsal vagal complex (DVC) was accomplished by
using the cholera toxin b subunit (CTb) (Figure IV.11, E-H). The results clearly

demonstrated the presence of intact projections from the PVN to the DVC and ME that
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were qualitatively indistinguishable from those seen in wild-type controls. We did not

attempt to quantitate projections due to injection site variability.

Expression of Sim1, Oxt and Mc4r mRNAs in conditional postnatal Sim1 inactivation
As no suitable antibodies are available for Sim1 immunohistochemistry, we assessed the
efficiency of Sim/ recombination in the conditional postnatal Sim I heterozygotes and
homozygotes by measuring hypothalamic Sim/ mRNA levels. We found Sim ! to be
reduced by around 60% in cHet93 and over 90% in cKO93 (Figure [V.12 A) compared to
control littermates. The Crel59 transgene showed a more moderate reduction of Sim /
mRNA of about 30% in the cHet159 and about 40% in the cKO159 (Figure IV.13 A)
compared to controls, probably accounting for the less severe weight phenotypes
observed in these mice.

As oxytocin has been implicated in the hyperphagic obesity of Sim1"" (Kublaoui et
al., 2008), we also used qPCR to measure Oxt¢ levels. The amount of Oxt reduction
correlated well with Sim I reduction: Oxt expression was reduced in the cHet93 by around
50% and the cKO93 by around 90% (Figure [V.12 B), and in the cHet159 by around 30%
and the cKO159 by around 40% (Figure IV.13 B), all compared to their respective
control littermates.

We previously reported that Mc4r expression in the whole hypothalamus was not
decreased in Sim ! heterozygotes (Holder et al., 2004). However, we observed a trend
toward decreased Mc4r expression in the whole hypothalamus of the cKO93 compared to

controls that was not statistically significant (data not shown). Using laser capture
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microdissection to isolate the PVN, we saw a significant decrease in Mc4r expression in

both germline Sim/ heterozygotes (30%) as well as cK0O93 (70%) (Figure V.12 C).

Expression of Oxt-Cre in the PVN and SON

We obtained Oxt-Cre transgenic mice from Dr. David Olson in the laboratory of Dr.
Bradford Lowell. Their initial data generated from crossing these Oxt-Cre mice to
Rosa26-eYFP reporter mice showed, at maximum, recombination in 35% of Oxt neurons
of the PVN and SON (Figure 1V.14 A). In our hands, we saw a greater amount of
recombination in the PVN and SON (Figure IV.14 C-D). To confirm that this
recombination was in oxytocin neurons, we then performed a double
immunohistochemistry for Oxt and eYFP (Figure IV.15 A-D), with Oxt represented by
red and eYFP represented by green. The yellow coloring indicating colocalization of
eYFP and Oxt was extensive, suggesting that recombination was occurring largely in
oxytocin neurons. Mice were not pretreated with colchicine, so the extent of oxytocin

expression may be greater than we observed.

Growth of mice with oxytocin neuron conditional Sim1 deletion

To test whether conditional Sim/ deficiency in Oxt neurons is sufficient to cause
hyperphagic obesity, we crossed Oxt-Cre mice with Sim/ floxed mice. Three week old
mice were weaned onto a HF diet and weighed weekly (Figure IV.16 A-B). The OxtCre"
and Sim """ littermates confirm that the Cre transgene and floxed allele do not cause

significant weight differences on their own. No significant differences were seen between

cHet-Oxt (OxtCre, Sim1™™) and the littermate controls even at 20 weeks of age, although
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the male data (Figure IV.16 A) suggested a possible trend towards obesity. We then used
cHet-Oxt mice to breed cKO-Oxt (OxtCre, Sim1™™), who were also weaned onto a HF
diet and weighed weekly (Figure IV.17 A-B). Again, we saw no difference in weight of
cHet-Oxt or cKO-Oxt in either sex. The experiment was terminated early because of

these results and the qPCR data.

Expression of Sim1 and Oxt mRNAs in oxytocin neuron conditional Sim1 deletion
Concurrent to the cKO-Oxt experiment, we collected hypothalami from cHet-Oxt mice
that had completed that study and performed qPCR. Our results indicated no reduction of
expression of Sim! (Figure IV.18 A) or Oxt (Figure IV.18 B) in heterozygotes compared

to control littermates.

DISCUSSION
Evidence for both developmental (Michaud et al., 1998; Michaud et al., 2001) and post-
developmental roles (Kublaoui et al., 2006b; Yang et al., 2006) for Sim! exist; to answer
which is important for the regulation of feeding, we took advantage of CamKII-Cre
expression in post-mitotic neurons to generate conditional postnatal Sim/ deficient mice.
The results of our studies strongly support a postnatal role for Sim/ in hyperphagic
obesity.

As some Cre transgenes have been reported to cause weight phenotypes
(Schmidt-Supprian and Rajewsky, 2007), it was important for us to confirm that neither

of the Cre lines would confound our results. To control for possible Cre effects, we
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collected weight curves of the Cre93 and 159 transgenes compared to their wild type
littermates out to 18 weeks, which is older the ages of the mice used in the conditional
Sim1 knockout experiments. Additionally, we included Cre positive, loxP negative
controls in our conditional experiments. None of our Cre transgenes had a significant
effect on any parameters that we observed.

The sex differences in some of our results are consistent with commonly
observed differences between male and female responses; many studies have shown
variance in response to high-fat diets, regulation of the neuropeptide Y signaling system
in the hypothalamus, and leptin levels (Kennedy et al., 1997; Zammaretti et al., 2007;
Huang et al., 2008; Hwang et al., 2009). While there is not a clear-cut explanation for
these differences, sex hormone levels may be involved.

Given the incomplete efficiency of conditional gene inactivation in most Cre-
loxP systems, including Cre159 (Minichiello et al., 1999), and the fact that these
experiments were conducted on animals of mixed background, the conditional deletion of
Sim1 with Cre93 and 159 exhibited a robust phenotype. The development of early onset
obesity even on a low fat diet suggests that the hyperphagic obesity of Sim 1 deficient
mice is largely, if not entirely, due to a physiological effect of Sim/ haploinsufficiency
rather than a fixed developmental defect. Additionally, we were successful in creating
viable conditional Sim/ homozygous mice lacking 90% of Sim [ expression. The severity
of hyperphagic obesity correlated with the reduction of Sim ! expression in conditional
heterozygotes vs. homozygotes and in Cre93 vs. Crel159 progeny, corroborating our

previous inference from studies of germline heterozygotes and Sim ! overexpressing
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transgenics that Sim [ has dose dependent effects (Holder et al., 2004; Kublaoui et al.,
2006b).

Whether or not the PVN of Sim ! heterozygous mice is hypocellular is contested.
Conventional Sim I homozygous mice lack the PVN and SON and die shortly after birth
(Michaud et al., 1998). While the absence of these nuclei in these mice was originally
attributed to cell death or fate switching (Michaud et al., 1998), it has since been shown
that the Sim/” neurons survive until birth, but do not properly migrate (Xu and Fan,
2007). As germline SimI homozygous mice do not survive postnatally, they were unable
to determine the survival of Sim I neurons beyond birth. Initial reports on the
conventional Sim I heterozygous mice showed a 24% decrease in cellularity (Michaud et
al., 2001), but our data did not show a decrease in the number of Sim I neurons (Kublaoui
et al., 2006a). While the differing findings could represent genetic background effects,
neither our previous data nor those of Michaud et al. were corrected for double-counting,
e.g., by the method of Abercrombie (Abercrombie and Johnson, 1946) or by using a
stereological technique (Coggeshall and Lekan, 1996). Our cKO93 mice allowed us to
examine whether ongoing Sim/ expression is needed for the survival of PVN neurons
into adulthood as well as to further address the relationship between PVN cellularity and
hyperphagic obesity in Sim-deficient animals. If there were a reduction in PVN
cellularity in conventional Sim/ heterozygotes, then this would be expected to be more
magnified in cKO93 mice. Using unbiased stereological analysis, we show that neither
conventional Sim/ heterozygotes nor conditional Sim/ homozygotes have significant
hypocellularity. The normal cellularity of the PVN even in adult cKO93 mice strongly

argues that hypocellularity is not the mechanism of hyperphagia in SimI deficiency and
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definitely dissociates the hyperphagic obesity of these mice from the formation of the
PVN. We cannot rule out a small, selective deficit of a subpopulation of PVN neurons,
but as all PVN neurons are affected in SimI”" mice, we consider this unlikely.

Another possible developmental defect that could cause the hyperphagia of these
mice is the abnormal development of PVN neuronal projections. Neurogenesis of the
mouse and rat PVN is completed by 13-15 days post-coitum, 8-10 days before birth
(Angevine, 1970; Shimada and Nakamura, 1973; Karim and Sloper, 1980) and therefore
prior to the expression of our Cre93 and 159 lines. However, PVN neuronal projections —
in particular, oxytocinergic neurons projecting to the NTS — continue to develop
postnatally. Data from mice are not available, but in rats, the development of PVN to
hindbrain projections (reviewed in (Rinaman, 2006)) is completed by postnatal day 20.
We examined the projections from the PVN to the hindbrain as well as the median
eminence (ME) in conventional Sim ! heterozygotes and wild type littermates and saw no
qualitative difference. Together with the results from the conditional heterozygotes and
homozygotes, these results argue strongly that the hyperphagic obesity of these mice is
not due to a fixed developmental defect (Michaud et al., 2001) and support the hypothesis
that Sim1 plays a physiologic role in feeding regulation (Kublaoui et al., 2006a; Kublaoui
et al., 2006b; Yang et al., 2006).

Sim1 is closely associated evolutionarily with oxytocin neurons (Eaton and
Glasgow, 2006). The previous observation of reduced oxytocin (Oxt) expression in Sim!
heterozygotes (Kublaoui et al., 2008) was reproduced in mice with conditional postnatal
Sim1 deficiency. The present findings show that the amount of Sim/ reduction correlates

with the amount of Oxt reduction, which in turn correlates with the severity of
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hyperphagic obesity. These results support previous findings indicating the importance of
Oxt deficiency in mediating the phenotype of Sim/ deficient mice (Kublaoui et al., 2008).
Although the most likely cause of the differing severity of obesity between the cKO93
and cKO159 mice is the difference in the levels of Sim/ and Oxt reduction, we cannot
rule out the possibility that later expression of the Cre159 line could also be a factor.

We previously showed that PVN neurons of Sim " mice are hyporesponsive to
activation by MTII, an MC3R/MC4R agonist (Kublaoui et al., 2006a), with no reduction
of Mc4r expression in whole hypothalamus of these mice (Holder et al., 2004). However,
in the present study using LCM to isolate the PVN, we found that Mc4r expression was
decreased by > 30% in Sim!"" mice and > 70% in cKO93 compared to their respective
control littermates. To our knowledge, this is the first time that another gene has been
shown to affect Mc4r expression.

It is notable that decreased Mc4r expression is consistent with our previous data
showing resistance of Sim/ heterozygous mice to the effect of MTII on food intake as
well as c-Fos activation in the PVN (Kublaoui et al., 2006a). While the decrease in PVN
Mc4r expression is intriguing, we do not yet know if this deficiency is partially or fully
responsible for the obesity phenotype of Sim [ deficient mice. Inactivation of Mecp2 in
Sim 1 neurons is sufficient to cause hyperphagic obesity without a decrease in Mc4r
(Fyffe et al., 2008), but it has also been demonstrated that Mc4r expression in Sim/
neurons controls food intake (Balthasar et al., 2005). It is not clear if there is direct
regulation of Mc4r or Oxt by Sim 1, or Oxt by Mc4r, but PVN Oxt neurons and Oxt itself
are known to interact with leptin and CCK in the NTS to control food intake (Blevins et

al., 2003; Blevins et al., 2004). In addition we showed that ICV replacement of Oxt
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rescued the hyperphagia of Sim heterozygous mice (Kublaoui et al., 2008). It is unclear
if Mc4r activation and Oxt expression and activity are in a linear pathway, or if they
function in parallel. If they are in parallel pathways, it is unclear which is the
predominant cause of the hyperphagic obesity of Sim/ deficient mice.

Whether these decreases in Oxt and Mc4r represent defects in specific signaling
pathways, or are part of a global dysfunction of these neurons has yet to be determined.
Neither gene has been shown to be a direct transcriptional target of Sim1 (Liu et al.,
2003a). The previously observed abnormal response of PVN neurons in Sim!™" mice to
MTII but not to hypertonic saline (Kublaoui et al., 2006a) suggests a selective defect. On
the other hand, it is possible that Sim is required to maintain the differentiated gene
expression program of PVN neurons, and as with neuroanatomic lesions (Heinbecker et
al., 1944; Leibowitz et al., 1981), the predominant phenotypic effect of global PVN
dysfunction is a change in feeding regulation. Further neuroendocrine studies of
conditional Sim/ homozygotes should allow us to resolve this issue.

Our results with the Oxt-Cre mice were inconclusive. No weight phenotype was
observed, even on a high fat diet at 20 weeks of age. While initial data suggested that this
Cre transgene would cause widespread recombination in the Oxt neurons, we observed
no decrease in the amount of Sim/ expression. Although it is likely that the Oxt-Cre
transgene did not cause a decrease in Sim/ due to lack of recombination of the floxed
allele, it is also possible that we could not detect the small difference since the qPCR was
of the hypothalamus and not solely the PVN and SON. The lab that created these mice
have concluded that the transgene is ineffective and have been working on creating

another line. It is, however, a possibility that our results were correct and that Sim 1
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deficiency in oxytocin neurons is not sufficient to cause hyperphagic obesity, particularly
if the reported Sim/ interneurons are the critical neurons for the obesity phenotype
(Cowley et al., 1999).

Regardless of the specific mechanism(s) by which Sim/ deficiency causes
hyperphagia, our results corroborate previous findings that Sim/ acts postnatally in a
dosage-sensitive manner to regulate feeding (Yang et al., 2006). Sim/ and it’s yet to be
identified transcriptional target genes are thus potential targets for pharmacologic agents
for the treatment obesity. Importantly, Sim/ neurons in the PVN (and/or possibly
amygdala) that express Mc4r regulate food intake but not energy expenditure, and the
predominant phenotype of Sim/ deficiency appears to be hyperphagia. Therefore,
targeting Sim I neurons for appetite suppression may have fewer side effects than other

therapeutic strategies.

METHODS

Animals and genotyping

Studies were performed in animals of mixed genetic background; therefore littermates
were used as controls for all experiments. Animals were group housed and maintained in
a temperature-controlled room under a standard 12 h:12 h light-dark cycle with ad
libitum access to water and low fat (LF), low phytoestrogen diet (Teklad Global Diet
2016) unless specifically indicated otherwise. All experimental protocols were approved
by the UT Southwestern Institutional Animal Care and Use Committee and are in accord
with accepted standards of humane animal care. Male and female C57B1/6 mice were

obtained from the National Cancer Institute at 4-5 weeks of age for breeding. Floxed
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Sim1 mice (The Jackson Laboratory (JAX) stock number 007570, Sim1™"), whose first
exon of Sim1 is flanked by 2 loxP sites, were obtained as previously described (Holder et
al., 2004). Ella-Cre mice were obtained from JAX (stock number 003314) and exhibit
early widespread Cre recombinase expression (Lakso et al., 1996). a-
calcium/calmodulin-dependent protein kinase II-Cre (CamKII-Cre) 93 and 159 lines were
obtained from Rudolf Jaenisch, Whitehead Institute, Cambridge, MA and have been
previously described (Minichiello et al., 1999; Rios et al., 2001). Oxt-Cre transgenic mice
were generated by Dr. David Olson in the laboratory of Dr. Bradford Lowell at Beth
Israel Deaconess Medical Center, Boston, MA. He subcloned a fragment of genomic
DNA containing all Oxt exons plus 10 kb of upstream flanking sequences as well as the
vasopressin gene and flanking sequences. He then inserted an open reading frame
encoding Cre recombinase and a polyadenylation signal after the initiator methionine
codon of the Oxt gene. To prevent vasopressin overexpression, he deleted its initiator
methionine and 5’ flanking sequences. The resulting construct was injected into pronuclei
of fertilized mouse oocytes, and a transgenic line expressing Cre recombinase in the
hypothalamus was obtained. Rosa-eYFP (Srinivas et al., 2001) mice were obtained from
the Jackson Laboratory (JAX stock number 006148).

Genomic DNA was isolated from tail biopsies using HotSHOT as previously
described (Truett et al., 2000) and postmortem liver biopsies using Wizard Genomic
DNA Purification Kit (Promega, Madison, WI), and was genotyped using polymerase
chain reaction (PCR). The floxed Sim/ allele was detected using primers L2R 5’-GAC
TTT TCT TTC ATC GTG TCT CGG-3’ and Z1F 5’-CAT TCG TGT CTT CCC GGA

GCA AAC TTC-3’. The Rosa-eYFP transgene was detected using the primers described
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on The Jackson Laboratory’s website (http://jaxmice.jax.org/); 2163 Rosa 5’-GCG AAG

AGT TTG TCC TCA ACC-3’, 2164 Rosa 5’-GGA GCG GGA GAA ATG GAT ATG-
3°,2165 Rosa 5’-AAA GTC GCT CTG AGT TGT TAT-3". To detect Cre transgenes
primers Cre800 5°’-GCT GCC ACG ACC AAG TGA CAG CAA TG-3’ and Crel1200 5°-
GTA GTT ATT CGG ATC ATC AGC TAC AC-3’ (Holtwick et al., 2002) were used
with OL260 5’-CAT ACT GCA TGT GTC TTG GTG GGC TGA GCC-3’ and OL261

5’-GAA TCC TGT GCA ATA CTC ACC ACT CCA GGC-3’ as internal controls.

Growth and Feeding Studies

Mice were genotyped and weaned onto their respective diets at three weeks of age and
fed ad libitum with either a low fat (LF), low phytoestrogen diet (Global Diet 2016;
Teklad, Madison, WI; 3.2 kcal/g, with 56.0% available carbohydrate, 4.2% crude fat, and
16.7% crude protein) or a high fat (HF) diet (D12492; Research Diets, New Brunswick,
NJ; 5.24 kcal/g, with 26.3% available carbohydrate, 34.9% available fat, and 26.2%
available protein) unless stated otherwise. Animals of both sexes were group housed,
except cohorts used to measure food intake which were individually housed. Food
consumption and body weight were measured weekly, and data were analyzed and

plotted as mean + standard error.

Tissue collection for immunostaining and stereology
For immunostaining and stereology, mice were deeply anesthetized with pentobarbital
(7.5mg/0.15ml, IP) and transcardially perfused with 10 ml of heparinized saline (10U/ml,

2 ml/min) followed by 10 ml of phosphate-buffered 4% paraformaldehyde (PFA). Brains
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were removed, post-fixed for 24 hours in 4% PFA, and then equilibrated in 30% sucrose
in PBS for 72 hours. Brains were coronally sectioned (35 um for immunostaining, 50 pm

for stereology) on a sliding microtome (Leica SM 2000R; Wetzlar, Germany).

Immunohistochemistry
Immunohistochemistry was performed as described previously (Beuckmann et al., 2004;
Kublaoui et al., 2006a; Kublaoui et al., 2008). For fluorescent YFP labeling, 35 pum
coronal brain sections that had been stored in PBS at 4° were permeabilized and blocked
in 3% normal goat serum/0.3% Triton X-100 for 1 hour, incubated at 4° overnight in GFP
antibody (FITC) (1:5,000, ab6662, Abcam Inc., Cambridge, MA). Sections were placed
in 4’,6-diamidino-2-phenylindole (DAPI) (0.2 ug /ml, 236276; Roche, Indianapolis, IN)
for 10 minutes and then mounted on plus coated slides and coverslipped using
Vectashield (H-1000; Vector Laboratories, Burlingame, CA). For fluorescent GFP and
Oxt double labeling, sections were incubated for 48 hours in rabbit anti-GFP antiserum
(A6455, 1:5000; Molecular Probes, Eugene, OR) and mouse anti-Oxt antiserum. Sections
were then incubated with fluorescein isothiocyanate goat antirabbit IgG secondary
antiserum and Cy-2 affiniPure goat antimouse IgG secondary antiserum (115-225-166,
1:400; Jackson ImmunoResearch) for 2 hours at room temperature. Sections were treated
with DAPI and mounted as described above. Images of sections containing PVN and
SON were captured on an Olympus BX61 microscope using Cytovision software
(Applied Imaging Corp., San Jose, CA).

For diaminobenzidine tetrahydrochloride (DAB) staining of YFP positive cells,

brain sections were pretreated with 0.3% hydrogen peroxide in PBS for 30 minutes at
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room temperature and then blocked with 3% normal goat serum/0.3% Triton X-100/PBS
for 2 hours at room temperature. Sections were incubated overnight at 4° with GFP rabbit
primary antiserum (1:80,000, A6455, Molecular Probes, Eugene, OR) in 0.3% Triton X-
100/PBS. After washing in PBS, sections were incubated in biotinylated goat anti-rabbit
secondary antibody diluted in 0.3% Triton X-100/PBS (1:600, BA-1000, Vector
Laboratories, Burlingame, CA) for 30 minutes and then washed in PBS, followed by
Horseradish peroxidase strepaviden diluted in 0.5% Triton X-100/PBS for 30 minutes
(1:500, SA-5004, Vector Laboratories, Burlingame, CA), both at room temperature. After
washing in PBS, the sections were incubated in a solution of hydrogen peroxide charged
DAB (DAB Chromogen, Dako North America, Inc., Carpinteria, CA) in 0.05% Tris pH
7.6 with nickel enhancement. Sections were mounted on plus coated slides, air-dried,
dehydrated in graded ethanols, cleared in xylenes, and coverslipped with Permount
(Fisher Scientific, Pittsburgh, PA). Images of sections containing PVN and SON were
captured on a Leica DM2000 with Microfire camera and PictureFrame 2.0 software

(Optronics, Goleta, CA).

Stereological analyses

Nissl staining was performed as previously described (Gerfen, 2003). Briefly, coronal

sections (50 um) were mounted on plus coated slides and allowed to dry, then incubated

for one minute in thionin solution, washed in water, dehydrated in graded ethanols,

cleared in xylenes and coverslipped with Permount (Fisher Scientific, Pittsburgh, PA).
For stereological analyses the PVN of Nissl stained serial sections were outlined

at low magnification (4%, 0.16 numerical aperture, UPlanApo, Japan) on the live
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computer image as described previously (Chakraborty et al., 2008) and with the help of
The Mouse Brain in Stereotaxic Coordinates (Paxinos and Franklin, 2001). The optical
fractionator (West et al., 1991) was used to estimate the total number of cells in the
regions of interest. A 100x immersion oil, 1.3 numerical aperture objective (UPlanFI,
Olympus, Japan) was used to achieve optimal optical sectioning during stereologic
analysis. All counts were done by the same investigator, who was blinded to the genotype
of the animals. The Stereo Investigator v8 software (Micro-BrightField Inc., Wiliston,
VT) placed disector frames using a systematic-random design within each contour
outlining a 70x77 um grid to give ~10 counting frames per section, and the Nissl stained
cells were counted within 20x20 pum optical disectors in the x—y axis. The final
postprocessing thickness of the sections, as measured by the microcator, was on average
12 um, so the counting frame height was kept at 10 pm for all sections studied to keep a 1
um guard zone. Bilateral PVN cell counts were estimated using the optical fractionator to
count sections with periodicity n=2, and 5-6 serial sections from each brain were counted.
The cell number estimates did not depend on a direct measurement of the volume of
reference of the region considered because of the use of the optical fractionator, and
therefore the shrinkage of the tissue during histologic processing does not influence the
precision of these estimates (Chakraborty et al., 2003). On an average 300—500 cells were
sampled in the PVN in each animal. The Coefficient of Error (Gundersen, m=1) was
0.05 or less for all samples.

Quantitative analyses were performed using a computer assisted morphometry
system consisting of an Olympus BX61 microscope equipped with an LEP XY

computer/joystick controlled motorized stage (LUDL Electronic Products Ltd,
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Hawthorne, NY), a Microfire digital camera (Optronics, Goleta, CA), a Dell computer,
and Stereolnvestigator§ software. Images of sections containing PVN were captured on a
Leica DM2000 with Microfire camera and PictureFrame 2.0 software (Optronics, Goleta,

CA).

Retrograde labeling of PVN neurons
In order to label PVN neurons that send monosynaptic projections to the dorsal vagal
complex (DVC) (Saper et al., 1976), mice were stereotactically injected with the
retrograde tracer cholera toxin b subunit (CTb 1% in 0.9% saline; List Biological
Laboratories, Campbell, California; product#104; lot#10427B1). Briefly, mice were
anesthetized with Ketamine HCl/Xylazine HCI (80/12 mg/kg, i.p.) and restrained in a
Kopf stereotaxic apparatus. A glass micropipette connected to an air pressure injector
system was positioned via the stereotaxic manipulator. CTb was unilaterally injected into
the DVC (+0.16 from the obex, £0.23 mm lateral, -0.36mm from the surface of the
brainstem). After injection, the micropipette was removed and the incision was closed
with surgical staples. Injection site was confirmed by immunostaining hindbrain sections.
In order to simultaneously label PVN neurons that send projections to the median
eminence (Horvath, 1998), the same mice received a single intraperitoneal injection of

Fluoro-Gold (FG) (100pg/mouse in 0.9% saline; Fluorochrome, Inc., Englewood, CO).

Perfusion and histology for retrograde tract tracing
Seven days post-surgery, mice were deeply anesthetized with chloral hydrate (500 mg/kg,

1.p.), and then were perfused transcardially with 0.9% saline followed by 10% formalin
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(Sigma Aldrich, St. Louis, MO). The brain was removed, postfixed 2 hours, and
submerged in 20% sucrose overnight at 4°C. Coronal sections were cut at 25um using a
freezing microtome (1:5 series). Sections were collected in 0.1 M phosphate buffered
saline (PBS) (pH 7.4), transferred in a cryoprotectant solution and stored at -20°C. After
washing in PBS, brain sections were pretreated with 0.3% hydrogen peroxide in PBS for
15 minutes at room temperature. Sections were incubated overnight in a goat polyclonal
antibody raised against CTb (1:50,000; List Biological Laboratories; product# 703; lot#
7032A3) in 3% normal donkey serum (Jackson ImmunoResearch Laboratories Inc., West
Grove, PA) with 0.25% Triton X-100 in PBS (PBT). This antibody has been validated to
detect CTb-labeled neurons in the rat central nervous system (Fuzesi et al., 2008).
Another series of sections were incubated in a rabbit polyclonal antibody raised against
FG (1:20,000; Chemicon, cat#AB153, lot#L.V1446350) in 3% normal donkey serum
PBT. This antibody has been validated to detect FG-labeled neurons in the rat central
nervous system (Kaufling et al., 2009).

After washing in PBS, sections were incubated in biotinylated donkey anti-rabbit
IgG (Jackson ImmunoResearch Laboratories Inc., West Grove, PA; cat#711065152,
lot#77648; 1:1,000) or biotinylated donkey anti-goat IgG (Jackson ImmunoResearch
Laboratories Inc., West Grove, PA; cat# 705065147, lot# 72100; 1:1,000) for 1 hour at
room temperature, followed by a solution of ABC (Vectastain Elite ABC Kit; Vector
Laboratories, Burlingame, CA; 1:1,000) dissolved in PBS for 1 hour. After washing in
PBS, the sections were incubated in a solution of 0.04% diaminobenzidine
tetrahydrochloride and 0.01% hydrogen peroxide (Sigma Aldrich, St. Louis, MO). It

resulted in the accumulation of punctate brown precipitate in the cytoplasm of
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retrogradely-labeled neurons. DAB-labeled sections were mounted on gelatin-coated
slides, air-dried, dehydrated in graded ethanols, cleared in xylenes, and coverslipped with
Permaslip (Alban Scientific, St Louis, MO). DAB staining was viewed using an
Axioskop2 microscope (Zeiss, Oberkochen, Germany) using brightfield optics. Digital
images were captured using an Axiocam digital camera and Axiovision 3.1 software

(Zeiss, Oberkochen, Germany).

Quantitative Real Time PCR
Hypothalamic tissue for qPCR was collected as previously described (Kublaoui et al.,
2006b). Hypothalami were dissected from fresh brains with a mouse brain block (Model
PA 002; David Kopf Instruments, Tujunga, CA), using the following landmarks:
posteriorly, posterior aspect of median eminence; anteriorly, Smm anterior to the median
eminence; dorsally, the thalamus; laterally, medial to the dentate gyrus. Total RNA was
extracted using Tripure reagent (Roche Applied Science, Indianapolis, IN). cDNA was
generated using an iScript cDNA Synthesis kit (Bio-Rad Laboratories, Hercules, CA).
Alternatively, tissue was isolated from the PVN using laser capture
microdissection (LCM). Briefly, mice were sacrificed and brains dissected manually and
frozen immediately. The frozen brains were mounted in Tissue-Tek OCT 4583
compound (Sakura, Tokyo, Japan) and then were sectioned on a cryostat (Leica,
Nussloch, Germany) to a thickness of 30 um. Sections were adhered to Silane (2%)
treated glass membrane slides (Molecular Devices, Sunnyvale, CA). Sections were
prepared for 1 minute in 70% EtOH and then dipped in water. Sections were stained with

a filtered thionin solution for 2 minutes. Next, sections were rinsed and dehydrated with
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EtOH, and finally cleared with xylene for 5 minutes. All solutions were made with
autoclaved 0.1% DEPC water. The PVN region was microdissected out of a series of 20
evenly spaced thionin-stained sections using a Veritas LCM system (Molecular Devices,
Arcturus Bioscience, Sunnyvale, CA). The collected tissue, adherent to the underside of
the LCM cap, was then dissolved in digestion buffer (Stratagene, La Jolla, CA) and
frozen at -80°C. Later, RNA was extracted from these samples using the Picopure RNA
isolation kit (Arcturus Bioscience, Sunnyvale, CA). Approximately 20 evenly spaced
sections were pooled to eliminate any potential rostrocaudal gene expression bias.
Typical pools contained around 600 ng of RNA. Microdissected RNA was reverse
transcribed using iScript (Bio-Rad, Hercules, CA) and then pre-amplified with Tagman
PreAmp master mix kit (Applied Biosystems, Foster City, CA).

Quantitative real-time PCR was performed using TagMan Universal PCR Master
Mix with an ABI 3700 instrument (Applied Biosystems, Foster City, CA). Tagman
assays were used to measure Sim/, Oxt, and Mc4r mRNA levels (Mm00441390 ml,
MmO00726655 s1 and Mm00457483 s1; Applied Biosystems, Foster City, CA). For
Mcdr, which does not contain an intron, a parallel experiment using mock reverse
transcribed samples from LCM tissue was used as a control for genomic DNA
contamination, and showed negligible PCR product. Mouse Gapdh (4352339E, Applied
Biosystems, Foster City, CA) was the endogenous control used for normalization.
Standard curves were generated using reference cDNA prepared from control mouse
hypothalamus or PVN. All measurements were made in the exponential phase of the real-

time PCR. Reactions were performed in triplicate and the results averaged. Results were
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analyzed using SDS 2.3 software (Applied Biosystems, Foster City, CA) and Microsoft

Excel.

Statistical Analysis

Data were analyzed using Microsoft Excel and Prism5 software (GraphPad Software, San
Diego, CA) and are presented as mean + SEM. Single comparisons were made using
unpaired, two-tailed Student’s t-test. Multiple comparisons were performed using one-
way ANOVA with Tukey’s post hoc test. Differences were considered statistically

significant if p<0.05.
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Figure IVV.1 Recombination of floxed Sim1 allele with Ella-Cre. A-B, Sim1
heterozygous mice generated with Ella-Cre on a high fat diet. A, Males (Ella Het, n = 13;
control, n = 14) B, Females (Ella Het, n = 14; control, n = 7). C, The genotypes of
germline and Ella heterozygotes and wild types shown by PCR. The 371bp band shows
the wild type allele and the 160bp band shows the recombined allele. Groups were

compared by unpaired two-tailed t-test. * p<<0.05 and ***p<0.005. Error bars indicate
SEM. WT, Wild type.
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Figure 1V.2 CamKI1-Cre93 is expressed in the PVN and the SON. Mice expressing
eYFP under the control of the Rosa26 promoter were bred with CamKII-Cre93 mice. A-
B, The PVN (A) and SON (B) of an adult female mouse. eYFP is represented by green
and DAPI is shown in blue. C-D, The PVN (C) and SON (D) of an adult male mouse.

Scale bar: 200pm.
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Figure 1V.3 Hypothalamic CamKI1-Crel59 expression includes the PVN. Mice
expressing eYFP under the control of the Rosa26 promoter were bred with CamKII-
Crel59 mice. A, The PVN of an adult female mouse. B, The PVN of an adult male
mouse. Scale bar: 200um.
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Figure 1V.4 Cre93 and 159 transgenes on a low fat diet. A-B, Growth curves of mice
carrying the Cre93 transgene (A, Males: Cre93, n=5; WT, n = 5; B, Females: Cre93, n =
4; WT, n =4). C-D Growth curves of mice carrying the Cre159 transgene (C, Males:
Crel59,n=11; WT, n=11; D, Females: Cre159,n="7; WT, n = 11). Mice were weaned
at 3-4 weeks of age and weights monitored between 9 to 18 weeks of age. Error bars
indicate SEM.
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Figure IV.5 Conditional postnatal Sim1 heterozygotes on a high fat diet. Growth
curves of male male (A) and female (B) conditional heterozygotes (cHet93: Cre93,
Sim1"'™) after being weaned onto high fat at 3 weeks of age. Mice were group housed
with the same sex and weighed weekly. Males (cHet93, n = 12; control, n = 15), Females
(cHet93, n = 7; control, n = 7). Groups were compared by unpaired two-tailed t-test. *
p<0.05, **p<0.01 and ***p<0.005. Error bars indicate SEM.
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Figure 1V.6 Conditional postnatal heterozygotes on a low fat diet. A, Growth curves
of male conditional heterozygotes on a low fat diet. B, Weekly food intake of male
cHet93 mice on a low fat diet. (cHet93, n=7; Cre93", n = 6; SimI"", n=15; WT, n = 6).
Mice were individually housed to monitor food intake and weight weekly. Multiple
comparisons were performed using one-way ANOV A with Tukey’s post hoc test. Error
bars indicate SEM. WT, Wild type.



115

>

407 0<0.005 after 6 weeks

‘g (ANOVA)
s 304
=2
b 20-
=
% -e- cKO93
= 104 =+~ cHet93
=+ control
c L] L] Ll Ll L]
4 6 8 10 12

age (weeks)

B -

10+

length (cm)

control cHet93 cK093

Figure IV.7 Postnatal conditional Sim1 homozygotes on a low fat diet. A, Weekly
growth curves showing male conditional SimI homozygotes (cKO93: Cre93, Sim1™"),
heterozygotes (cHet93) and their littermate controls on a low fat diet. Mice were group
housed with the same sex and weighed weekly. (cKO93; n =5, cHet93; n =7, control n =
6). B, Nose to anus length of male cKO93 mice at 13 weeks of age. (cKO93, n=5;
cHet93, n = 7; control n = 6). Multiple comparisons were performed using one-way
ANOVA with Tukey’s post hoc test. **p<0.01. Error bars indicate SEM.
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Figure 1V.8 Crel59 conditional postnatal heterozygotes and homozygotes on a low
fat diet. A-B, Weekly growth curves showing conditional Sim/ homozygotes (cKO159:
Crel59, SimI™™), heterozygotes (cHet159: Cre159, SimI"'™) and their littermate controls
on a low fat diet. Mice were group housed with the same sex and weighed weekly. (A,
Males: cKO159, n = 2; cHet159, n = 7; control n = 8; B, Females: cKO159, n = §;
cHet159, n = 9; control n = 17). Multiple comparisons were performed using one-way
ANOVA with Tukey’s post hoc test. Error bars indicate SEM.
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Figure 1V.9 Food intake and gross appearance of postnatal conditional Sim1
homozygotes on a low fat diet. A, Weekly food intake of cKO93 male and female mice
at 6 weeks of age on a low fat diet compared to control littermates. (Males: cKO93, n =
13; control n = 13; Females: cKO93, n = 7; control n = 16). B, Gross appearance of
control littermates and cKO93 female mice on a low fat diet at 12 weeks of age (left =
control, right = cK093). Mice were individually housed to monitor food intake and
weight weekly. ***p<0.001. Error bars indicate SEM.
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Figure 1VV.10 Unbiased stereologic analyses of the PVN of germline Sim1
heterozygotes and conditional postnatal Sim1 homozygotes. Unbiased stereologic cell
counting of the PVN of female WT vs. Sim/"" and control vs. cKO93 mice (WT, n = 5;
SimI'", n = 6; control, n = 5; cKO93, n = 5). WT vs. SimI"", p=0.2433; control vs.
cKO093, p =0.0952. All counting was done by the same investigator, who was blinded to

the genotypes of the mice. Groups were compared by unpaired two-tailed t-test. WT,
Wild type.
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Figure V.11 Projections from the PVN to the median eminence (ME) and the dorsal
vagal complex (DVC) in germline Sim1 heterozygotes. A-D, projections to the ME
were traced using Fluoro-Gold (FG) in wild type and Sim /™" mice. E-H show retrograde
tract tracing from the DVC using the cholera toxin b subunit (CTb) in wild type and
Sim1"" mice. The estimated distance from Bregma of each rostrocaudal level of the PVN

is indicated. 3v, third ventricle. Scale bar: 200um.
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Figure 1V.12 Quantitative real time PCR analysis of hypothalamic expression of
Sim1 and Oxt, and Mc4r expression in the PVN. A, Sim1 expression in the whole
hypothalamus of male cHet93 and cKO93 compared to their control littermates. B, Oxt
expression in the whole hypothalamus of male cHet93 and ¢cKO93 compared to their
control littermates. (cHet93, n = 6; cKO93, n = 6; control, n = 4). C, Mc4r expression in
the PVN of SimI"" mice and cKO93 compared to their respective control littermates
(WT, n=6; Siml"", n=5; control, n = 5; cKO93, n = 6). Groups of two were compared
by unpaired two-tailed t-test, and multiple comparisons were performed using one-way
ANOVA with Tukey’s post hoc test. **p<0.01, ***p<0.001. Error bars indicate SEM.
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Figure 1V.13 Quantitative real time PCR analysis of hypothalamic expression of
Sim1 and Oxt. A, Siml expression in the whole hypothalamus of female cHet159 and
cKO159 compared to their control littermates. B, Oxt expression in the whole
hypothalamus of male cHet159 and cKO159 compared to their control littermates.
(cHet159, n =3, cKO159, n = 3, control, n = 2). Multiple comparisons were performed

using one-way ANOVA with Tukey’s post hoc test. *p<0.05, ***p<0.001. Error bars
indicate SEM.
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Figure 1V.14 Oxt-Cre expression in the PVN and SON. Mice expressing eYFP under
the control of the Rosa26 promoter were bred with Oxt-Cre. A, Cre expression data from
David Olson showing recombination in about 35% of Oxt neurons in the PVN and SON.
B-D, Cre expression data from our lab showing recombination in the PVN and SON.
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Figure 1V.15 Oxt-Cre recombination colocalizes with Oxt immunostaining. Mice
expressing e Y FP under the control of the Rosa26 promoter were bred with Oxt-Cre. A-D,
Double immunohistochemistry data showing eYFP and Oxt positive neurons in the PVN.
eYFP is represented by green, Oxt by red, and DAPI is shown in blue. Yellow indicates

colocalization of eYFP and Oxt.
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Figure 1V.16 Oxt-Cre conditional heterozygotes on a high fat diet. A, Growth curves
of male conditional heterozygotes (cHet-Oxt: Oxt-Cre, Sim!™'™) on a high fat diet up to 20
weeks of age. (cHet-Oxt, n =5, OxtCre', n =5, SimI"", n=6, WT, n = 5). B, Growth
curves of female conditional heterozygotes on a high fat diet up to 20 weeks of age.
(cHet-Oxt, n = 6, OxtCre", n =7, Sim! * ﬂ, n=7, WT, n = 6). Multiple comparisons were
performed using one-way ANOVA with Tukey’s post hoc test. Error bars indicate SEM.
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Figure 1V.17 Oxt-Cre conditional homozygotes on a high fat diet. A, Growth curves
of male conditional homozygotes (cKO-Oxt: Oxt-Cre, Sim™™") and heterozygotes on a
high fat diet up to 20 weeks of age. (cKO-Oxt, n =5, cHet-Oxt, n = 8, control, n =9). B,
Growth curves of female conditional homozygotes and heterozygotes on a high fat diet.
(cKO-Oxt, n =5, cHet-Oxt, n = 2, control, n = 10). Multiple comparisons were performed
using one-way ANOVA with Tukey’s post hoc test. Error bars indicate SEM.
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Figure 1V.18 Quantitative real time PCR analysis of hypothalamic expression of
Sim1 and Oxt mRNAs. A, Sim! expression in male cHet-Oxt compared to their control
littermates. B, Oxt expression in male cHet-Oxt compared to their control littermates.
(control, n = 3, cHet-Oxt, n = 3). Groups were compared by unpaired two-tailed t-test.

Error bars indicate SEM.
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The results of these studies strongly support a postdevelopmental, physiological role for
Sim1, and certainly highlights the importance of Sim/ in the development of hyperphagic
obesity. Much work remains to be done in order to fully understand the function of Sim1.

Further characterization of the cKO93 mice could yield interesting and important
results. Our new finding of reduction of PVN Mc4r expression in these mice is intriguing,
but we do not yet know if this deficiency is partially or fully responsible for the obesity
phenotype of Sim I deficient mice. It is not clear if there is direct regulation of Mc4r or
Oxt by Siml, or Oxt by Mc4r. It is also uncertain if Mc4r activation and Oxt expression
and activity are in a linear pathway, or if they function in parallel. If they are in parallel
pathways, which is the predominant cause of the hyperphagic obesity of Sim/ deficient
mice will need to be determined. Recently, Nesfatin-1 was shown to regulate PVN
oxytocin signaling that causes a reduction in food intake (Maejima et al., 2009); the
relationship between Sim 1 and Nesfatin-1 is not yet known and could prove to be one of
our pathway’s missing links.

Additionally, whether these decreases in Oxt and Mc4r represent defects in
specific signaling pathways, or are part of a global dysfunction of these neurons has yet
to be determined. The previously observed abnormal response of PVN neurons in Sim "
mice to MTII but not to hypertonic saline (Kublaoui et al., 2006a) suggests a selective
defect. On the other hand, it is possible that Sim/ is required to maintain the
differentiated gene expression program of PVN neurons, and as with neuroanatomic
lesions (Heinbecker et al., 1944; Leibowitz et al., 1981), the predominant phenotypic

effect of global PVN dysfunction is a change in feeding regulation.
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Another area of interest is the status of the other PVN/SON neuropeptides in
these mice. We saw a modest reduction in the Sim ™" mice that may or may not be
exacerbated in the cKO93. We have also not done immunostaining for any of these
neuropeptides, so while we know that Oxt mRNA is decreased, we have not confirmed
protein levels. As their hypothalamic Oxt is severely decreased, are these mice able to
successfully breed and/or keep their pups alive? We have also never investigated the
circulating levels of these neuropeptides or the hormones they control.

Recently we have started investigating possible behavioral differences in Sim1™
mice, and while there have been some suggestive trends, nothing has been significantly
different. The cKO93 mice could again prove useful in this area, as it is likely that any
mild phenotype in Sim /" mice would be exacerbated in cKO93 mice. Metabolic cages
may be able to help us establish whether the hyperphagia manifests in the form of larger
meals or more frequent meals.

Previously we were able to rescue the hyperphagia of SimI™" mice with Oxt
injections; would this also apply to our cKO93 mice? As shown in the data presented
here, we saw no difference in projections from the PVN to the DVC and ME in Sim""
mice, but we have yet to show that in the cKO93 mice.

An unexpected tangent of the research above was the creation of mice that appear
to lack a defined PVN and SON. These mice were created when male Cre93, Sim1™™
were bred with female Sim1™? mice; aberrant recombination occurs in the testes of the
males, causing germline deletion of the floxed allele. Progeny that should have been

Cre93, Sim1™" (cK093) were in fact Cre93, Sim1”". These mice are viable and were
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indistinguishable from other cKO93 by weight. They came to our attention because 1)
their Cre negative littermates who should have been Sim1™" in fact already contained an
aberrant germline recombined allele (Sim1™"), and 2) when the brains from these mice
were Nissl stained, the lack of dense nuclei where the PVN and SON should have been
was apparent. Neither we nor Carol Elias were able to observe any other affected areas of
the brain; specifically the amygdala, which also expresses Sim I, seems to be intact in
these mice. This lack of PVN and SON created many questions that we would like to
answer. Are the nuclei not there because the neurons have not migrated properly, or have
they died? If they are alive, where are they located, and are they functional? It is believed
that the neuropeptides produced by the PVN are necessary for life, so if the neurons are
dead or non-functional how are these mice alive? We do not currently possess an assay to
track these neurons, but we can test the mRNA expression of the neuropeptides in the
hypothalamus. If they are not present in the hypothalamus, circulating levels should also
be evaluated. As it is believed that the death of germline Sim/ homozygotes is due to
neuroendocrine insufficiency, these mice may be useful in confirming or disproving this.
While our studies show a postnatal role for Sim 1, we cannot claim a
postdevelopmental role yet, as the projections and connections of the neurons may still be
forming when Cre93 and 159 begin expressing. Therefore, we plan to use a tamoxifen
inducible CaMK-CreER "™ mouse line (Erdmann et al., 2007). Using this transgene, we
should be able to induce SimI recombination well after the brain is fully formed. We are
also working on importing other various Cre lines (Crh, Trh, and the new Oxt) to answer
the question of neuronal subtype importance. As mentioned previously, both Cre93 and

159 lines show expression in both the PVN and the amygdala, and we have not been able
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to differentiate between the roles of Sim1 in the PVN vs. the amygdala. If Cre lines could
be obtained that expressed specifically in one or the other, this could finally give us
answers to this area of questions. Alternatively, viral-mediated Cre expression could be
used to inactivate Sim/ with spatial specificity.

Another unanswered question is whether it is the neuropeptides or the neurons
that happen to express them that are important in mediating the hyperphagic obesity of
Sim1 deficient mice. Our Oxt rescue injection data would imply that at least Oxt is
important, but it is possibile that these neuropeptides are merely markers for neurons that
use GABA and glutamate for signaling (van den Pol, 2003; Cone, 2005). We plan to use
diphtheria toxin expressed in specific neuronal subtypes to ablate these neurons in
adulthood. This technique was previously used to determine the function of NPY/Agrp,
and showed that while neonatal ablation effected feeding minimally, ablation in adults
resulted in rapid starvation (Luquet et al., 2005).

Research on the transcriptional targets and native localization of Sim/ have been
confounded by the lack of a specific antibody. While the creation of a specific antibody
would be ideal, this has proven to be an expensive and thus far fruitless endeavor. One of
the best studied bHLH-PAS proteins, the aryl hydrocarbon (dioxin) receptor (AHR),
heterodimerizes with its partner ARNT and translocates to the nucleus in a ligand-
dependent fashion (Hankinson, 1995). By contrast, no ligand has yet been identified for
SIM1, which is thought to constitutively heterodimerize with its partner ARNT2.

Multiple bHLH-PAS family members have been shown to undergo regulated
translocation to the nucleus (Hankinson, 1995; Kallio et al., 1998; Ward et al., 1998;

Dekanty et al., 2005; Kwon et al., 2006; Teh et al., 2006), but the natural localization of
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Sim1 has remained enigmatic. Sim1 has an atypical nuclear localization signal that is
potentially a substrate for phosphorylation (Yamaki et al., 2004). The potential
phosphorylation of Siml, particularly as a mechanism by which signal transduction and
transcriptional regulation is controlled, has not been studied. Protein phosphorylation of
transcription factors can modulate nuclear translocation, DNA binding activity, protein
stability, and protein-protein interactions including interactions with transcriptional co-
activators. A number of bHLH-PAS proteins are known to undergo serine/threonine
phosphorylation, which has been shown to modulate their activity and in some cases their
nuclear localization (Conrad et al., 1999; Long et al., 1999; Lee et al., 2001; Toh et al.,
2001; Kondratov et al., 2003; Kewley and Whitelaw, 2005; To et al., 2006)

Lacking a specific antibody, we hope to use microarrays with the cKO93 to
elucidate some of the genes Sim/ deficiency is affecting, though this will still not tell us
which DNA sequences Sim1 specifically binds to and therefore which are being directly
regulated. A possible different approach is to make a mouse line that has a tagged-Sim [
allele knocked in. This could allow us to perform experiments such as ChIP-chip and
ChIP-Seq to look at Sim1 transcriptional targets. It would also allow us to look at in vivo
localization of Sim1 under various circumstances; for example, in different feeding-
related states. SIM1 is generally thought to be constitutively localized to the nucleus,
based on developmental studies of the homologous Drosophila Singleminded (Sim) gene
and cell culture studies of epitope-tagged mammalian Sim1 or Sim/-GFP fusion proteins.
However, in our preliminary immunohistochemical and immunocytochemical studies of
hypothalamic tissue and cultured cells, we observed that a substantial proportion of

native Sim1 is actually cytoplasmic or perinuclear in vivo. Conclusive data would be
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useful in understanding the regulation of Sim1, whether by subcellular localization,
phosphorylation state, ligand alone or in combination.

Here we have shown that Sim/ haploinsufficiency causes human and mouse
phenotypes similar to that of mutations in the melanocortin-4 receptor (hyperphagic
obesity, increased linear growth, sensitivity to dietary fat) and also that overexpression of
SIM1 in mice protects against diet induced obesity. We have now shown that conditional
postnatal Sim I haploinsufficiency, after the formation of the PVN, is sufficient to cause
hyperphagic obesity. Furthermore, we show that the PVN of Sim1 heterozygotes is
normocellular, and PVN neurons project normally to the median eminence and hindbrain.
Additionally, we show that a conditional Sim homozygous knockout is viable,
demonstrating that Sim/ is not required for postnatal survival of PVN neurons. Using the
conditional knockout, we find that Mc4r and Oxytocin expression are dependent upon
Sim1 dosage, corroborating our earlier work implicating Sim/ in the leptin-melanocortin-
oxytocin signaling pathway regulating food intake. Our results provide new mechanistic
insights into the hyperphagic obesity phenotype of Sim/ deficiency in humans and mice
and suggest that Sim/ and the genes it regulates may provide new targets for drugs to

treat obesity.
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