The rain to the wind said,

"You push and I'll pelt.’

They so smote the garden bed
That the flowers actually knelt,
And lay lodged--though not dead.
I know how the flowers felt.

-Robert Frost
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Abstract

Prader-Willi Syndrome (PWS) is a neurodevelopmental disorder that
results from the loss of several paternally expressed genes on chromosome 15g11-
q13. People with PWS have an array of phenotypes including hypotonia and early
failure to thrive, hypogonadism and infertility, growth hormone deficiency and
short stature, childhood onset obesity and hyperphagia, and behavioural problems.
Many of the features of PWS have been linked to hypothalamic dysfunction, but
the contribution of individual genes lost in PWS and their role in hypothalamic
development and function are poorly understood. In order to identify the
contribution of individual PWS candidate genes to the PWS phenotype, transgenic
mouse strains have been developed to examine consequences of gene loss in an
animal model system. One of the genes lost in PWS, with very high expression in
the hypothalamus is MAGELZ2. Early studies of Magel2-null mice have suggested
a role for Magel2 in PWS-associated phenotypes, with circadian rhythm defects
and reduced activity, as well as growth abnormalities including reduced weight
gain prior to weaning, and increased weight gain and obesity as adults. In this
thesis | describe subsequent investigations of the Magel2-null mouse, that confirm
it as a key model for numerous aspects of PWS, including behavioural,

reproductive, and energy balance abnormalities.

Magel2-null mice display subtle reductions in volume in discrete brain
regions, neurochemical changes including reduced hypothalamic dopamine and
serotonin, and behavioural abnormalities suggesting anxiety (Chapter 2). They

have pubertal defects, reduced reproductive capacity and early infertility, and



reproductive changes including abnormal estrous cycles, reduced testosterone and
olfactory impairments (Chapter 3). Magel2-null mice display leptin resistance
prior to their development of obesity, and an absence of leptin-induced activation
of pro-opimelanocortin neurons in the arcuate nucleus of the hypothalamus, a
group of neurons linked to reductions in food intake and increased energy
expenditure (Chapter 4). Taken together with previous findings, this work
indicates a role for MAGEL2 in the pathophysiology of PWS. Future work
targeting abnormal phenotypes in Magel2-null mice may suggest treatment

possibilities for some features of PWS, including obesity.
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Chapter 1. Introduction



1.1 Prader-Willi Syndrome (PWS)
1.1.1 Clinical Findings in PWS

In 1887, Dr. J. Landon Down described an adolescent female with obesity,
hypogonadism, short stature, and cognitive impairment (Down., 1887), attributed
as the first clinical description of Prader-Willi Syndrome (PWS), a
neurodevelopmental disorder identified in a group of children with similar
features combined with hypotonia in the mid-1950s (Prader et al., 1956). The
prevalence of PWS has been estimated between 1/10,000 and 1/30,000, and
occurs equally in both males and females among all races (Cassidy et al., 2012).
In 1981, it was determined that deletions on chromosome 15 are responsible for
causing PWS (Ledbetter et al., 1981). Genetic mechanisms of PWS will be
described later in this chapter.

Major clinical features of PWS include hypotonia and feeding difficulties
during infancy, excessive weight gain during early childhood, hypogonadism,
hyperphagia, developmental delay, and characteristic facial features. Minor
features in PWS include decreased fetal movements, behavioural problems, sleep
apnea, short stature and growth hormone (GH) deficiency, small hands and feet,
hypopigmentation, thick, viscous saliva, esotropia or myopia, speech articulation
defects, and skin picking. A number of supportive findings have also been
described, including high pain threshold, decreased vomiting, osteoporosis,
kyphosis or scoliosis, early adrenarche, adrenal insufficiency, thermoregulation

defects, unusual skill with jigsaw puzzles, and normal neuromuscular studies



(Holm et al., 1993). These features have been used to create a clinical diagnostic
scale for PWS, which is shown in Table 1-1.

Though the diagnostic scale developed by Holm et al. (1993, see Table 1-
1) has been demonstrated accurate in the diagnosis of PWS (Gunay-Aygun et al.,
2001), diagnosis of PWS now relies on genetic testing. Accordingly, features of
PWS are now used to prompt genetic testing to confirm the diagnosis. Because
these features differ by age group, specific criteria have been outlined for different

ages as shown in Table 1.2. Specific genetics of PWS are discussed below.



Table 1.1 Diagnostic criteria for Prader-Willi Syndrome

Major Criteria (1 point each)

Neonatal/infantile hypotonia and poor suck

Feeding problems and failure to thrive during infancy

Weight gain between age 1-6; obesity in the absence of intervention
Characteristic facial features (including low set ears, almond shaped and
down slanted eyes, narrow face, small mouth with thin upper lip)
Hypogonadism

Developmental Delay

Hyperphagia/food foraging/obsession with food

~No o A WD

Minor Criteria (1/2 point each)

1 Decreased fetal movement

Typical Behavioural problems (such as temper tantrums, violent outbursts,
oppositional, manipulative, posessive, stealing, lying)
Sleep disturbance of sleep apnea

Short stature for family by age 15
Hypopigmentation for the family

Small hands and feet for height

Narrow hands with straight ulnar border

Eye abnormalities (esotropia, myopia)

Thick, viscous saliva

Speech articulation defects

Skin Picking

© 00 NO Ol W DN

o
— O

Supportive criteria (no points but strengthen likelihood of diagnosis)

Increased pain threshold
Decreased VVomiting

Scoliosis or Kyphosis

Early adrenarche

Osteoporosis

Thermoregulation defects
Unusual skill with jigsaw puzzles
Normal neuromuscular studies

o ~No b~ wNPE

Clinical diagnosis requires five points (at least four of them major) at age <
3 years; 8 points (at least 5 of them major) at age > 3 years. Adapted from
(Holmetal., 1993)



Table 1.2 Recommended Criteria to Prompt DNA Testing for PWS.

Age at Assessment Features Prompting DNA Testing

0-2 Years Hypotonia with poor suck

2-6 Years Hypotonia with history of poor suck
Developmental delay
Growth failure and accelerated weight gain

6-12 Years History of hypotonia with poor suck (hypotonia often persists)
Developmental delay
Hyperphagia, central obesity if diet uncontrolled

13 Years - Adult Cognitive Impairment (usually mild intellectual disability)
Hyperphagia, central obesity if diet uncontrolled
Hypothalamic hypogonadism
Characteristic behaviour problems

Adapted from (Gunay-Aygun et al., 2001; Cassidy et al., 2012)



1.1.2 Genetics of PWS

PWS is caused by the loss of expression of genes on the paternally derived
chromosome 15q11-g13 (Figure 1.1) (Driscoll et al., 1992, Nicholls and Knepper,
2001). This region of chromosome 15 is differentially imprinted during
gametogenesis, resulting in maternal or paternal specific gene expression, rather
than bi-allelic expression which is seen in non-imprinted genes (Driscoll et al.,
1992). The majority of PWS cases (~70%) result from a spontaneous
microdeletion of the paternally inherited 15q11-913 region (Ledbetter et al., 1981,
Butler and Palmer, 1983, Knoll et al., 1989), another 20-25% of cases result from
maternal uniparental disomy (UPD) for chromosome 15 (Nicholls et al., 1989,
Mascari et al., 1992), and the remaining 5-10% of cases result from imprinting
defects or chromosome 15 translocations that lead to altered methylation and/or
disruption of the paternal 15g11-g13 region (Sutcliffe et al., 1994, Buiting et al.,
1995, Grugni et al., 2008). Loss of the maternally expressed 15911-g13 region,
specifically the UBE3A gene, results in a different disorder, Angelman Syndrome
(AS) (Driscoll et al., 1992, Kishino et al., 1997, Fang et al., 1999).

PWS is a contiguous gene disorder, as it has been shown that the complete
phenotype results from loss of expression of several genes. In the PWS paternal-
only expressed region, there are five polypeptide-coding genes (MKRN3, NDN,
MAGEL2, and the bicistronic SNURF-SNRPN); C150rf2 (a gene biallelically
expressed in testis but only expressed from the paternal allele in brain); several
clusters of C/D box small nucleolar RNA genes (snoRNAs)(including

SNORD115/HBII-52 and SNORD116/HBII-85);
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Figure 1.1 Organization of the Prader-Willi/Angelman Syndrome region on
chromosome 15g11-q13.

Genes shown in blue are maternally imprinted/paternally expressed and their
absence leads to PWS. Genes shown in orange are paternally
imprinted/maternally expressed and their absence leads to AS. Genes shown in
green are not imprinted, and biallelically expressed. BP refers to breakpoints,
which are regions of repeated DNA segments with high rates of recombination.
IC, imprinting centre; Cen, centromere; Tel, telomere. Adapted from (Cassidy et

al., 2012).



and several antisense transcripts (Figure 1.1) (Cassidy et al., 2012). The full PWS
region also includes a number of non-imprinted genes with biparental expression:
NIPAL, NIPA2, CYF1P1 and GCP5 between the two proximal breakpoints (Chai
et al., 2003), and a cluster of three GABA receptor genes, OCA2, and HERC2
near the distal breakpoint.

The NDN and MAGEL2 genes both produce proteins that belong to the
melanoma antigen (MAGE) protein family. The MAGE family of proteins is
characterized by the MAGE homology domain (MHD), a region involved in
protein-protein interactions (Barker and Salehi, 2002). The physiological function
of MAGE proteins remains largely unknown, though evidence points to important
roles in cell cycle progression and apoptosis (Sang et al., 2011). MAGE protein
interactions through the MHD can act to prevent activation of the interacting
protein, and/or prevent their binding to different proteins involved in a number of
cellular processes. For example, one MAGE protein, MAGE-D1 (also known as
NRAGE or DIxin-1), binds the p75 neurotrophin receptor (P75NTR) and prevents
its association with the tyrosine kinase receptor TrkA, leading to inhibition of cell
cycle progression, and facilitation of p75NTR mediated apoptosis (Salehi et al.,
2000). MAGE-DL1 is able to downregulate TrkA expression, and can inhibit nerve
growth factor induced neuronal differentiation by regulating TrkA signaling (Feng
et al., 2010). MAGE-D1 knockout mice have been used to show that interaction
of MAGE-D1 with nuclear receptors affects circadian rhythm (Wang et al., 2010),
and interactions with the serotonin transporter regulate depression-like behaviour

(Mouiri et al., 2012). Thus, the MAGE protein family has the ability to regulate



numerous signaling pathways, leading to changes in various physiologic functions
such as cell cycle regulation and behaviour.

NDN is a small, intronless gene which is widely expressed from early
development through adulthood, with high levels of expression in the central and
peripheral nervous systems (CNS, PNS) (Lee et al., 2000, Muscatelli et al., 2000,
Niinobe et al., 2000). Necdin has been shown to play numerous cellular roles, and
is especially important during development. Necdin promotes the differentiation
of neurons (Maruyama et al., 1991, Kuwajima et al., 2006, Takazaki et al., 2002),
skeletal (Kuwajima et al., 2004, Deponti et al., 2007, Bush and Wevrick, 2008),
and smooth muscle (Brunelli et al., 2004); plays a role in the differentiation and
proliferation of adipocytes (Fujiwara et al., 2012, Bush and Wevrick, 2012); is
involved in the polarization of the cytoskeleton during development (Bush and
Wevrick, 2010); promotes cell cycle exit (Hayashi et al., 1995, Taniura et al.,
2005, Kuwako et al., 2004); and inhibits apoptosis (Deponti et al., 2007, Taniura
et al., 1999, Andrieu et al., 2006, Aebischer et al., 2011). Like NDN, MAGEL?2 is
a small, intronless gene possessing a MHD. The expression of Magel2 in mice
almost exclusively found in the CNS, with especially high levels found in both
developing and adult hypothalamus (Lee et al., 2000, Boccaccio et al., 1999).
Peak levels of expression are seen in the mouse brain between embryonic day (E)
15-E17, which corresponds to the peak of neurogenesis. Also, like necdin, Magel2
has been shown to interact with FEZ1 (fasciculation and elongation protein zeta
1), which further implies that Magel?2 is involved in neuronal development (Lee et

al., 2005). Despite these findings specific cellular roles for the MAGEL?2 protein



remains unknown, though its physiological roles are emerging through studies of
Magel2-null mice, which are the major topic of this thesis.

The SNURF-SNRPN gene is bicistronic and encodes two different
proteins: SmN, a spliceosomal protein involved in mRNA processing, and
SNURF, a polypeptide of unknown function (Glenn et al., 1996, Gray et al.,
1999). Proximally, the SNURF-SNRPN locus overlaps with the PWS imprinting
centre (IC). SNURF-SNRPN serves as a host for the six snoRNA genes located
telomerically, and the UBE3A antisense transcript arises from transcription of
SNURF-SNRPN, and is believed to repress the paternal UBE3A gene (Runte et al.,
2001, Chamberlain and Brannan, 2001).

Numerous snoRNAs are present in the PWS region, most with only a
single copy, though SNORD115 (previously named HBII-52) and SNORD116
(previously named HBII-85) are present in 42 and 29 copies respectively.
snoRNAs are believed to play roles in RNA processing, including regulating
alternative splicing and serving as precursors for microRNAs (miRNA), which
play a role in RNA silencing (Holley and Topkara, 2011). It is thought that a
given snoRNA might have multiple targets, but at this time in humans, only one
target for one PWS snoRNA gene (SNORD115) is known: the serotonin 2C
receptor (Kishore and Stamm, 2006, Doe et al., 2009). In mice, Snord115 has also
been shown to regulate alternative splicing for 5 additional genes: DPM2, TAF1,
RALGPS1, PBRM1 and CRHR1 (Kishore et al., 2010).

Little is known about the remaining PWS candidate genes. MKRN3 (also

known as ZNF127) encodes a RING zinc finger protein that is widely expressed
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but the function of this protein is unknown (Jong et al., 1999a, Jong et al., 1999D).
C150RF2 appears to code for a protein expressed in testis and brain, but has no
mouse ortholog and presently has no known function (Wawrzik et al., 2010).

Recently, three patients with microdeletions encompassing only the
SNORD116 gene cluster have been described with multiple features of PWS
including neonatal hypotonia, hyperphagia and obesity, hypogonadism,
developmental delay, and speech and behavioural problems (Sahoo et al., 2008,
de Smith et al., 2009, Duker et al., 2010). These patients suggest that the majority
of the PWS phenotype can be attributed to loss of this SnoRNA cluster. However,
these patients do not recapitulate the full PWS phenotype, with normal height, and
no or atypical characteristic facial features. Additionally, a female patient with an
atypical chromosome 15 deletion encompassing MKRN3, MAGEL2, and NDN
also displays obesity and developmental delay (Kanber et al., 2009), suggesting
that though SNORD116 may be especially important in PWS, the contribution of
other genes cannot be ruled out.
1.1.4 Brain Regions Implicated in PWS

Many of the clinical features of PWS, including hypogonadism, short
stature, hyperphagia, sleep disorders, thermoregulation defects, and central
adrenal insufficiency are a result of hypothalamic dysfunction. No structural
abnormalities have been observed in the hypothalamus of people with PWS, and
though a reduction in the number of oxytocin (OT) neurons has been observed in
post-mortem PWS brain samples (Swaab et al., 1995), normal numbers of

vasopressin neurons (Swaab et al., 1995) and growth hormone releasing hormone
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(GHRH) neurons (Goldstone et al., 2003) have been shown. It also appears that
the levels of the important hypothalamic neuropeptides neuropeptide Y (NPY)
and agouti-related peptide (AgRP), both involved in increasing appetite, are
normal in PWS subjects (Goldstone et al., 2002), further suggesting that the
hypothalamic defect in PWS is functional rather than structural. The functions of
the hypothalamus are discussed later in this chapter.

Neuroanatomic studies have revealed a number of defects in people with
PWS, though most of these defects are not fully penetrant and the implications of
these findings remain unknown. All people with PWS appear to have enlarged
ventricles (Hashimoto et al., 1998, Miller et al., 2007b). Other notable defects
include small brainstems (Hashimoto et al., 1998), Sylvian fissure abnormalities
(Leonard et al., 1993, Miller et al., 2007a), incomplete insular closure (Miller et
al., 2007b, Miller et al., 2007a), and decreased volume of tissue in the parietal-
occipital lobe (Miller et al., 2007b). Various abnormalities of the pituitary gland
have also been described, including hypoplastic or globular pituitary glands
(Miller et al., 2008), and reduced pituitary height (lughetti et al., 2008).
1.1.5 Behavioural Phenotypes in PWS

People with PWS have a number of behavioural issues beginning in
childhood that greatly impact quality of life. When creating the consensus
diagnostic scale for PWS, Holm et al. (1993) outlined typical PWS behavioural
issues including temper tantrums, violent outbursts, obsessive and/or compulsive
behaviour, stealing, lying, and tendencies to be argumentative, oppositional, rigid,

manipulative, possessive, and stubborn. Many of these behavioural problems
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including temper tantrums, manipulation, and stealing are often increased in
association with food seeking and nutritional control.

Obsessions and repetitive compulsive behaviours have emerged as central
behavioural features in PWS (Dykens et al., 1996, State et al., 1999, Wigren and
Hansen, 2003, Clarke et al., 2002). In many people with PWS, these behaviours
are time consuming, distressing, and lead to adaptive impairment, suggesting full
blown obsessive compulsive disorder (OCD) (Dykens et al., 1996). Some of the
behavioural symptoms in PWS are suggestive of autism, and the comorbidity of
autism spectrum disorders in PWS has been estimated to be between 19-37%
(Veltman et al., 2004, Milner et al., 2005, Descheemaeker et al., 2006).
Psychiatric illnesses such as bi-polar disorder and psychotic episodes have also
been described in people with PWS, and are far more frequent in those with
maternal UPD or IC defects, suggesting gene dosage effects contributes to
psychiatric illness in PWS (Soni et al., 2007, Soni et al., 2008, Sinnema et al.,
2011). Management of behavioural difficulties in PWS includes setting clear,
consistent routines, occupational and speech language therapies, and the use of
various pharmacological agents such as mood stabilizers, selective serotonin
reuptake inhibitors (SSRIs), and antipsychotics (Dykens and Shah, 2003).
However, individual cases of PWS vary greatly, demanding that behavioural
therapy is designed on a patient to patient basis.

1.1.6 Reproductive Function in PWS
Hypogonadism is a major feature of PWS, with cryptorchidism, small

testes, and scrotal hypoplasia in males and hypoplasia of the labia minora and/or
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clitoris in females (Crino et al., 2003). Although the hypogonadism in PWS has
long been considered hypothalamic in nature, with low gonadotropins and
subsequent low gonadal sex hormones, recent studies indicate primary gonadal
deficiencies in both males in females as contributing factors (Hirsch et al., 2009,
Eldar-Geva et al., 2009, Eldar-Geva et al., 2010). Hypogonadism causes delayed,
incomplete, and/or disordered pubertal development in both males and females
with PWS, though normal or even precocious adrenarche is described (Crino et
al., 2003, Hirsch et al., 2009, Eldar-Geva et al., 2010). Females with PWS display
primary amenorrhea or oligomenorrhea and though there have been instances of
successful pregnancies in PWS females (Akefeldt et al., 1999, Schulze et al.,
2001), male fertility has never been reported. Treatment of hypogonadism in PWS
males with testosterone remains controversial, as reports suggest worsening of the
PWS behavioural phenotype (Crino et al., 2003). Recently, human chorionic
gonadotropin (hCG) has been used to address hypogonadism in a cohort of male
PWS patients, showing beneficial effects on virilization and normalized muscle
mass (Eiholzer et al., 2007).
1.1.7 Nutritional Phases and Obesity in PWS

Traditionally PWS has been described as having two distinct nutritional
phases: hypotonia and early failure to thrive followed by hyperphagia leading to
obesity (Gunay-Aygun et al., 2001, Goldstone., 2004). Recently though, the
progression between nutritional phases has been shown to be much more
complex, with seven different nutritional stages described (Table 1.3) (Miller et

al., 2011). Phase 0 occurs in utero with decreased fetal movements, and reduced
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birth weight and length in PWS compared to their unaffected siblings. In Phase 1,
the infant is hypotonic with sub-phase la characterized by feeding difficulties
often leading to failure to thrive. Phase 1a (birth to ~2 years of age) continues into
sub-phase 1b, when the infant grows steadily with weight increasing normally.
Phase 2 (~2-8 years of age) is where weight gain becomes apparent, with phase 2a
showing increased weight gain without change in appetite or caloric intake. In
phase 2b (median onset 4.5 years), increased interest in food first becomes
apparent, with continued weight gain. Phase 3 is when true hyperphagia becomes
apparent, with food seeking behaviours and lack of satiety. Some adults with
PWS progress to Phase 4, which is defined as when an individual previously in
Phase 3 no longer has an insatiable appetite and can feel full (Miller et al., 2011).
The hyperphagia characterized in Phase 3 is believed to be a result of
hypothalamic dysfunction causing lack of satiety (Goldstone., 2004, Miller et al.,

2011).
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Table 1.3 Nutritional Phases in Prader-Willi Syndrome

Phase Median ages Clinical characteristics

. Reduced fetal movements, low birth
Before birth

0 weight
Hypotonia, feeding difficulties, reduced
0-9 months i
1a appetite
I d tit d feeding,
9-25 months mprove' appetite and feeding
1b appropriate growth
Weight gain without increase in
2.1-4.5years . .
2a appetite or caloric intake
Continued weight gain, increased caloric
4.5-8 years . ) .
2b intake and appetite, food preoccupation

8 years- adult
y Hyperphagia, lack of satiety

adulthood o . .
4 Appetite is no longerinsatiable

Adapted from Miller et al., 2011
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Obesity in PWS is primarily central, with reduced visceral fat levels for
the degree of obesity (Goldstone et al., 2001). Obesity in PWS is a result of
hyperphagia and food seeking behaviours combined with decreased caloric
requirements resulting from reduced activity levels and decreased lean mass
compared with unaffected obese individuals (Butler et al., 2007). People with
PWS have significantly elevated levels of ghrelin (Cummings et al., 2002,
DelParigi et al., 2002, Haqq et al., 2003a, Goldstone et al., 2004). Ghrelin is an
appetite stimulating hormone produced mainly by the stomach that acts in the
hypothalamus. While it is tempting to consider hyperghrelinemia as a cause for
hyperphagia in PWS, it has been shown that increases in ghrelin levels precede
the development of hyperphagia in PWS (Erdie-Lalena et al., 2006, Feigerlova et
al., 2008), and pharmacological treatments that reduce ghrelin levels do not affect
weight, appetite, or eating behaviours in PWS (Haqq et al., 2003b, Tan et al.,
2004, De Waele et al., 2008). The role of elevated ghrelin in PWS remains
unclear, and no other hormonal abnormalities related to hyperphagia have been
identified in PWS. Still, obesity and its consequent comorbidities remains the
largest cause of morbidity and mortality in PWS and is a critical area of current
investigation.

1.1.8 Mouse Models of PWS

Because numerous genes are inactivated in PWS, it is difficult if not
impossible to determine how each gene contributes to the PWS phenotype. A
region of conserved synteny for the PWS/AS critical deletion region was found on

mouse chromosome 7C (Chaillet et al., 1991), facilitating the creation of mouse
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models of PWS in which all or only single PWS candidate genes have been
eliminated. Though species differences between mice and humans confounds the
interpretations of findings in these mouse models, similarities between PWS and
mouse models of PWS highlight a role for these models in understanding the
function of PWS candidate genes in a mammalian system.
PWS models with disruption of the entire PWS region

The first PWS mouse model used the IS1CtX autosome mouse, which has
a translocation of a portion of mouse chromosome 7 containing the PWS/AS
region to the X chromosome. Females carrying an unbalanced translocation with
two copies of chromosome 7 plus the portion translocated to the X chromosome
were mated with males carrying a balanced translocation. Male offspring that
inherited the paternal copy of chromosome 7 missing the translocated region and
both the normal chromosome 7 and the X chromosome with the chromosome
translocation maternally were effectively maternally disomic for the PWS critical
gene region. These mice exhibited suckling difficulties and postnatal lethality,
resembling PWS infants.

A second PWS mouse model was created by targeted deletion of the PWS
IC and exons 1-6 of Snrpn (Yang et al., 1998). Examination of paternally
expressed genes in the PWS region including Mkrn3, Ndn, and Ipw revealed an
absence of expression confirming that the PWS-IC is required for normal
expression of PWS candidate genes. These IC-deletion mice displayed reduced
size, mild hypotonia, failure to thrive, and neonatal lethality between 5 and 8 days

after birth. A subsequent study demonstrated that the neonatal lethality of the IC-
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deletion mice to be dependent on strain background (Chamberlain et al., 2004),
and though no severe phenotypes were observed in surviving mice, they remain
severely runted throughout life (Chamberlain et al., 2004, Relkovic et al., 2010).
This model also demonstrates altered editing of the serotonin 2C receptor
(5HT,cR) pre-RNA, and alterations in behaviour associated with this receptor,
including increased impulsivity and food seeking (Doe et al., 2009). The authors
attribute these findings to loss of the Snord115 snoRNA cluster, because
SNORD115 has been associated with altered editing of 5SHT,cR in people with
PWS (Kishore and Stamm, 2006), however, loss of the other PWS candidate
genes in this model cannot be ruled out as contributing factors. Further
behavioural changes have been described in this model, including reduced
locomotion and impaired attention (Relkovic et al., 2010), highlighting a role for
the PWS region in behaviour.

Another model lacking expression of the full PWS critical region was
created by insertion of a large transgene containing the Epstein-Barr virus Latent
Membrane Protein 2A into the mouse chromosome 7 syntenic region, resulting in
a deletion of the entire PWS/AS homologous region. This model produces models
of both PWS and AS depending on the sex of the parent animal (Gabriel et al.,
1999). Mice that inherit the transgene paternally show reduced movement,
growth, and respiratory problems, and typically die within one week of birth.
Though these models are phenotypically similar with respect to failure to thrive

phenotypes, the early lethality prevented in depth study into the PWS phenotype
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in these model systems, necessitating the generation of single-gene targeted
models.
Ndn-null mouse models

Four different mouse models missing expression of necdin have been
generated. The first Ndn-null mouse model described replaced most of the Ndn
sequence with a beta-galactosidase reporter gene (Tsai et al., 1999). These mice
are overtly normal, viable, fertile, and do not develop obesity. A second Ndn-null
mouse model described was created by the insertion of a lacZ transgene into the
necdin open reading frame (Gerard et al., 1999). These Ndn-null mice display
100% neonatal lethality on a C57BI/6J background, attributed to respiratory
defects originating in the respiratory rhythm generator known as the pre-
Botzinger complex (Ren et al.,, 2003, Pagliardini et al.,, 2005). Reduced
innervation of sympathetic nervous system targets, and impaired neuronal
migration have also been observed in this model (Tennese et al., 2008, Miller et
al., 2009). The third Ndn-null mouse model replaced the Ndn promoter region and
most of the open reading frame with a neomycin cassette (Muscatelli et al., 2000).
These Ndn-null mice showed early postnatal lethality of partial penetrance, and
survivors go on to display several phenotypes including increased skin picking
behaviour, improved spatial learning and memory, and reduced gonadotropin
releasing hormone (GnRH) and OT neuron numbers. Additionally, these mice
show higher rates of apoptosis in developing neurons (Andrieu et al., 2006). The
fourth Ndn-null model was created by insertion of a Pgkl/Neomycin reporter

cassette into the Ndn open reading frame. These mice display pain insensitivity,
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increased apoptosis in dorsal root ganglia (Kuwako et al., 2005), cerebellar
granule neurons (Kurita et al., 2006), and cortical neurons (Hasegawa and
Yoshikawa, 2008), as well as defects in the differentiation and migration of
GABAergic neurons in the brain (Kuwajima et al., 2006, Kuwajima et al., 2010).
Taken together, the results from these Ndn-null models suggest an important role
for necdin in the regulation of normal brain development, especially through the
regulation of neuronal differentiation, apoptosis, and migration.
SnoRNA deletion models

A large, radiation-induced deletion that includes the Snord115 locus did
not result in any notable phenotype in mice (Ding et al., 2005). Two different
Snord116-null mice have been described. The first used a Cre-lox strategy to
delete the chromosome 7 region including the Snord116 gene cluster and several
exons of the Ipw locus (Skryabin et al., 2007). These mice display partial neonatal
lethality, and postnatal growth retardation. The second Snord116-deletion mouse
model was also created using a Cre-lox strategy. These mice also display
postnatal growth retardation, and also demonstrate delayed sexual maturation,
increased food intake, increased anxiety, and deficient motor learning (Ding et al.,
2008), supporting a role for Snord116 in several major PWS phenotypes.
Importantly, none of the mouse models described thus far recapitulate the
predominant findings of hyperphagia and obesity seen in PWS, indicating a
different PWS candidate gene or the interaction of multiple PWS genes is

responsible for this phenotype.

21



Magel2-null mouse models

The first Magel2-null mouse model was created by inserting a lacZ
transgene into the Magel2 open reading frame (Kozlov et al., 2007). These mice
are the subject of the data chapters that follow in this thesis, and present numerous
PWS-like phenotypes. Initially, these mice were demonstrated to have notable
circadian rhythm defects, and dramatically reduced activity levels (Kozlov et al.,
2007). Reduced numbers of orexin (ORX) neurons in the lateral hypothalamus,
and subsequent reductions in ORX levels were noted. Subsequent study
demonstrated growth abnormalities reminiscent of PWS, with reduced weight
gain in early life, followed by excessive weight gain and increased adiposity in
adulthood (Bischof et al., 2007). This Magel2-null mouse remains the only PWS
mouse model to demonstrate an obese phenotype.

Chapters of this thesis will describe neuroanatomic and behavioural
alterations ((Mercer et al., 2009), Chapter 2), reproductive impairment ((Mercer
and Wevrick, 2009), Chapter 3), and energy balance abnormalities (Chapter 4) in
this Magel2-null mouse model, clearly demonstrating a role for Magel2 in
numerous PWS phenotypes. A second Magel2-null mouse has recently been
described, using the Cre-lox strategy to delete the Magel2 promoter and part of
the open reading frame (Schaller et al., 2010). These mice display a severe
postnatal lethality due to feeding defects that is rescued with OT injection,
suggesting a role for Magel2 in feeding difficulties and failure to thrive in PWS.
Like the original Magel2-null mouse strain, these mice have reductions in

hypothalamic ORX levels, but in contrast, they also show reductions in
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hypothalamic AVP and OT, though pituitary levels of these neuropeptides are not
different between Magel2-null and control mice. The authors mention, but do not
describe, circadian rhythm defects, infertility, and behavioural differences in their
Magel2-null mice (Schaller et al., 2010), suggesting significant overlap between
the two Magel2-null mouse strains. Reported differences in neuropeptide levels
and postnatal lethality in the Magel2-null mice could be a result of strain
differences (C57BI/6 vs 129Sv/Pas), or the Magel2 targeting strategy, with the
later model deleting the Magel2 promoter, and the earlier model keeping the
promoter intact.

1.2 The Hypothalamus

Numerous features of PWS have been related to hypothalamic defects
including short stature/GH  deficiency, hyperphagia/lack of satiety,
hypogonadism, sleep disturbances, central adrenal insufficiency, and
thermoregulation defects. Though it is poorly understood how individual PWS
candidate genes contribute to hypothalamic development and function, the two
PWS candidate genes with highest hypothalamic expression during development
are Necdin and Magel2 (Lee et al., 2003). This thesis will highlight the roles of
Magel2 in neurochemical, reproductive, and energy balance regulation functions
of the hypothalamus.

1.2.1 Development and Structure of the Hypothalamus

The hypothalamus develops from the ventral diencephalon and can be

identified as a specific cell population as early as E9.5 in the mouse brain (Szabo

et al., 2009). Regulation of Sonic Hedgehog and Nodal signaling are critical for
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early hypothalamic development and patterning (Szabo et al., 2009, Mathieu et
al., 2002, Manning et al., 2006), with Nodal signals required for proper
development of the posterior-ventral region, and Hedgehog signaling favouring
the anterior-dorsal hypothalamus (Mathieu et al., 2002). Generation of the major
nuclei of the hypothalamus takes place between E11 and E15 (Markakis., 2002),
and various transcription factor pathways are critical for the development of these
nuclei, including Sim1, Otp, Nkx2.1, Sf1, Hmx2/Hmx3, Mash1, and Sox3 (Szarek
et al.,, 2010). Together these transcription factors provide a rudimentary
hypothalamic transcription factor code allowing for the identification of
hypothalamic cell types during development.

The vertebrate hypothalamus is a small region of the brain bordered
anteriorly by the optic chiasm and posteriorly by the mammillary body, and is
dorsal to the pituitary gland and ventral to the thalamus. The hypothalamus is the
region of the brain most important for maintaining homeostasis, and is subdivided
into 11 discrete nuclei which perform distinct functions that will be discussed in
detail later. The hypothalamus can be divided into three longitudinally oriented
zones (medial to lateral), the periventricular, medial, and lateral zones. The
periventricular zone is located immediately adjacent to the third ventricle and is
important for autonomic and neuroendocrine regulation. The medial zone is
situated immediately adjacent to the periventricular zone and also plays important
roles in autonomic and neuroendocrine regulation. Finally, the lateral zone, which

is most clearly demarcated by the fornix, is also involved in autonomic regulation.
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These zones can be further subdivided into 4 regions based on anterior-posterior
location: preoptic, anterior, tuberal, and mammillary (Toni et al., 2004).

Hypothalamic nuclei are bilaterally symmetrical, discrete structural
groupings of neurons with specialized functions and can be grouped according to
their locations in the various hypothalamic zones and regions (Figure 1.2). The
arcuate nucleus (ARC) extends from the periventricular zone laterally into the
medial zone, and is located on the floor of the tuberal region. The paraventricular
nucleus (PVN) is located in the periventricular zone, and runs from the anterior
posteriorly to the tuberal region. The supraoptic nucleus (SON) is found
immediately above the optic chiasm in the medial to lateral hypothalamic zones,
in the anterior region. The suprachiasmatic nucleus (SCN) is located on the floor
of the anterior region of the medial zone, below the anterior hypothalamic area
(AHA). The preoptic area (POA) is also located in the medial zone of the
hypothalamus and extends into the lateral zone in the preoptic region. Nuclei
found in the tuberal region of the medial zone include the ventromedial (VMN),
and dorsomedial (DMN) nuclei. The posterior hypothalamic nucleus (PHN), and
the mammillary nucleus (MN) are found in the mammillary region of the medial
zone, and the lateral hypothalamus (LH), which is less clearly defined than other
hypothalamic nuclei, is found in the lateral zone in the tuberal region extending
into the mammillary region.

1.2.2 Functions of Hypothalamic Nuclei

As mentioned above, the overall function of the hypothalamus has long

been associated with the maintenance of homeostasis (Bernard., 1974 [1878]).
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This section will outline in greater detail specific functions of the individual
hypothalamic nuclei, which are indicated in Table 1.4.

Preoptic Area (POA)

The POA is often subdivided into medial and lateral regions. The medial
POA (mPOA) plays a very important role in the regulation of sexual behaviour. It
is here where the majority of GnRH (also known as luteinizing hormone releasing
hormone/LHRH) neurons reside (Naik., 1975, Ibata et al., 1979, King et al.,
1985), releasing GnRH into the median eminence (ME), where it acts on the
anterior pituitary gland to stimulate the release of luteinizing hormone (LH) and
follicle stimulating hormone (FSH). Furthermore, this region of the POA works
with the lateral POA (IPOA) to play an important role in the generation of thirst
(Cambiasso and Chiaraviglio, 1992, Osaka et al., 1993) via noradrenaline
secretion (Miyakubo et al., 2003). The IPOA has also been shown to play an
important role in sleep regulation, specifically the control of non-REM sleep
(Kubota et al., 2002), at least in part by communicating with other hypothalamic

neurons involved in sleep and arousal (Suntsova et al., 2007).
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Figure 1.2 Organization of Hypothalamic Nuclei

Upper: Sagittal view of the brain outlining the location of the hypothalamus.
Lower: Specific locations of hypothalamic nuclei. POA, preoptic area; SCN,
suprachiasmatic nucleus; AHA, anterior hypothalamic area; SON, supraoptic
nucleus; PVN paraventricular nucleus; ARC arcuate nucleus; VMN ventromedial
nucleus; DMN, dorsomedial nucleus; PHN, posterior hypothalamic nucleus; MN,
mammillary nucleus; OC, optic chiasm; ME, median eminence. Adapted from

(Nussey and Whitehead, 2001).
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Table 1.4 Functions of Hypothalamic Nuclei

Preoptic area

Suprachiasmatic nucleus

Anterior hypothalamic area

Supraoptic nucleus

Paraventricular nucleus

Arcuate nucleus

Ventromedial nucleus

Dorsomedial nucleus

Posterior hypothalamic nucleus

Mammillary Nucleus

Lateral hypothalamus

POA

SCN
AHA

SON

PVN

ARC

VMN

DMN

PHN
MN

LH

Sexual behaviour, GnRH production, thirst,
non-REM sleep onset,

Circadian rhythm
Thermoregulation, blood pressure

Fluid balance regulation - production of
AVP, reproduction - production of OT

Production of OT, production of AVP,
production of CRH, production of TRH,
regulation of appetite

Regulation of appetite and metabolism,
reproduction, GHRH release

Satiety, sexual behaviour, circadian rhythm
modulation?

Body weight regulation, circadian rhythm,
stress response

Thermoregulation, wakefulness
Emotion, short-term memory

Food intake, reward and motivation,
wakefulness
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Suprachiasmatic Nucleus (SCN)

In the early 1970’s two independent groups identified the SCN as a critical
area involved in the regulation of circadian rhythms (Moore and Eichler, 1972,
Stephan and Zucker, 1972). Since that time, a very large body of research has
been compiled describing how this small grouping of approximately 20,000
neurons controls circadian rhythm in numerous species (for reviews see e.g.
(Weaver., 1998, Kwon et al., 2011)). Importantly, the SCN has also been shown
to control the rhythms generated in peripheral tissues as well (Bernard et al.,
2007, Mohawk et al., 2012), further underlining its role in body rhythm
generation and control.

Anterior Hypothalamic Area (AHA)

The AHA is often grouped together with the POA in playing a key role in
thermoregulation (Onoe et al., 1992, Boulant., 2000). The AHA also plays a role
in blood pressure regulation, with AHA lesions causing increases in arterial
pressure (Wyss et al., 1990) and increases in AHA neuronal activity being
observed following changes in arterial pressure (Wyss et al., 1999).

Supraoptic Nucleus (SON)

The SON is a small nucleus comprising about 300 magnocellular
neurosecretory cells. The cell bodies of the SON produce either arginine
vasopressin (AVP) or OT. Each SON neuron has a long axon that projects to the
posterior pituitary gland, where AVP and OT are stored prior to their release into
the blood stream. AVP plays an important role in fluid balance regulation, and its

secretion is modulated through changes in osmosensitive currents in the SON
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(Zhang et al., 2009, Zhang et al., 2007). OT plays an important role in
reproduction, and is involved in mating, partuition, and milk let down (Bealer et
al., 2010, Borrow and Cameron, 2012). The SON receives considerable input
from the SCN which is believed to regulate diurnal changes in AVP and/or OT
secretion (Cui et al., 1997).

Paraventricular Nucleus (PVN)

The PVN is an integrative hypothalamic nucleus, containing
magnocellular neurosecretory cells and parvocellular neurosecretory cells that
project to the posterior pituitary and median eminence respectively, and a number
of other neurons expressing various peptides that project throughout the brain.
Like those of the SON, the PVN magnocellular neurons release both OT and
AVP, playing a role in reproductive and osmoregulatory control. PVN
parvocellular neurons project to the ME, where they release corticotropin
releasing factor (CRF) and thyrotropin releasing hormone (TRH), which control
the pituitary secretion of adrenocorticotropic hormone (ACTH), and thyroid
stimulating hormone (TSH) respectively. Centrally-projecting neurons of the PVN
include parvocellular OT cells which project to the brain stem and spinal cord
playing roles in gastric reflexes (Calatayud et al., 1999) and penile erection (Melis
and Argiolas, 2011), parvocellular AVP cells that project throughout the
hypothalamus and also to the brain stem playing roles in thermoregulation
(Madden and Morrison, 2009) and blood pressure regulation (Kc et al., 2010), and
parvocellular CRF cells which likely play a role in stress responses (Busnardo et

al., 2010, Greetfeld et al., 2009). The PVN also plays a key role in energy balance
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regulation, receiving direct projections from neurons in the ARC that respond to
circulating signals of energy balance. Stimulation of the PVN causes a reduction
in food intake, and PVN lesions cause obesity. PVN actions on energy balance
have at least partially been shown to be mediated by CRH (Glowa et al., 1992)
and TRH and its metabolites (Kow and Pfaff, 1991).

Arcuate Nucleus (ARC)

The ARC contains both neuroendocrine neurons and centrally projecting
neurons. Neuroendocrine neurons of the ARC produce either dopamine or GHRH,
and release them into the ME where they act on the anterior pituitary. There,
dopamine inhibits prolactin secretion suppressing milk production (Freeman et
al., 2000), and GHRH stimulates the release of GH, stimulating anabolism (Bluet-
Pajot et al., 1998). Centrally projecting ARC neurons include first order neurons
responsible for energy balance regulation, namely those that produce the
orexigenic neuropeptides NPY and AgRP, and those that produce the
anorexigenic neuropeptides pro-opiomelanocortin (POMC) and cocaine and
amphetamine regulated transcript (CART). Both NPY/AgRP and POMC/CART
neurons respond directly to circulating signals of energy balance including leptin
and insulin (Leibowitz and Wortley, 2004). These neurons send dense projections
to the PVN to ultimately regulate food intake and metabolic expenditure (Morton
et al., 2006). Other centrally-projecting neurons in the ARC express kisspeptin,
which acts directly on GnRH neurons to stimulate GnRH secretion (Messager et
al., 2005, d'Anglemont de Tassigny et al., 2008). The kisspeptin neurons also

inhibit ARC dopamine neurons to regulate prolactin release (Szawka et al., 2010).
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Ventromedial Nucleus (VMN)

The VMN plays a key role in satiety, with VMN disruption leading to
hyperphagia from both increased meal size and number (King., 2006). The VMN
has also been implicated in the control of sexual behaviour, inhibiting lordosis
behaviour in female rats (Matsumoto and Yamanouchi, 2000), and inducing
motivational components of male sexual behaviour through androgen activation
(Harding and McGinnis, 2003, Harding and McGinnis, 2005). The VMN also
appears to play a role in the phase regulation of circadian corticosterone rhythm
(Egawa et al., 1991), and temperature and activity rhythms related to food seeking
(Challet et al., 1997).

Dorsomedial Nucleus (DMN)

The DMN is involved in the regulation of food intake, with DMN lesions
causing hypophagia. The DMN is a site where opioids and glucose act to
stimulate food intake, and is also the area responsible for the feeding response to
an imbalanced diet (Bellinger and Bernardis, 2002). The DMN plays a role in
circadian rhythm and receives both direct and indirect inputs from the SCN (Chou
et al., 2003). The DMN plays an especially important role in food entrainable
circadian rhythms, sending direct projections to orexin neurons in the lateral
hypothalamus which are known to be required in the expression of food entrained
behavioural rhythms (Gooley et al., 2006, Mieda et al., 2006). Recently, the DMN
has been shown to play a primary role in the synaptic integration underlying the
cardiovascular response to emotional stress including increases in heart rate and

mean arterial pressure (Fontes et al., 2011).
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Posterior Hypothalamic Nucleus (PHN)

The PHN plays a role in thermoregulation by evoking shivering
thermogenesis (Thornhill and Halvorson, 1994). The PHN is also an important
hypothalamic area in wakefulness, and restoration of orexin 2 receptors (OX2R)
in the PHN and adjacent mammillary bodies rescues the sleepiness seen in OX2R
null narcoleptic mice (Mochizuki et al., 2011).

Mammillary Nucleus (MN)

The MN region of the hypothalamus plays a role in spatial memory,
specifically short-term memory, through direct and indirect connections to the
temporal lobe (Vann and Aggleton, 2004). The MN has been implicated in fear
conditioning (Conejo et al., 2007) and may also play a role in wakefulness via
OX2R expression (Mochizuki et al., 2011).

Lateral Hypothalamus (LH)

The LH has long since been thought of as a hunger centre, with lesions of
the LH leading to starvation (Anand and Brobeck, 1951). Cell bodies of ORX
producing neurons are found in the LH, ORX having known roles in stimulation
of food intake and wakefulness. Another important function of the LH is reward
and motivation which is also mediated through orexin neurons (Harris et al.,
2005, Aston-Jones et al., 2010).

1.2.3 Expression of Magel2 in the Hypothalamus

Magel2 expression is localized to the brain in both embryos and adults

(Lee et al., 2000, Boccaccio et al., 1999), with highest levels of expression in the

developing mouse brain seen at E15-E17. Expression during brain development is
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highest in hypothalamic regions, with highest levels noted in the SCN, SON, and
POA. High levels are also seen in the ARC and PVN (Lee et al., 2003). A very
similar expression pattern is seen in the adult hypothalamus (Figure 1.3). Highest
levels of Magel2 are seen in the SCN and PVN, with very high expression also
seen in the SON, ARC, VMN, and DMN. Notable levels of Magel2 expression
are also visible throughout the POA (Lein et al., 2007). Based on the expression
pattern of Magel2, it seems likely that this gene could very well play a role in
PWS phenotypes such as those related to sleep disturbances (SCN), reproductive
function (ARC, POA), and energy homeostasis (ARC, PVN, VMN, DMN). As
previously mentioned, Magel2-null mice do indeed show circadian rhythm
disturbances (Kozlov et al., 2007), and alterations in body weight gain (Bischof et
al., 2007). This thesis will describe alterations in behaviour, fertility, and energy
balance regulation in the Magel2-null mouse, confirming its likely contribution to

these PWS phenotypes.
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Figure 1.3 Magel2 Expression in the Adult Mouse Hypothalamus

In situ hybridization of Magel2 expression in coronal sections of the mouse brain.
A-D rostral-caudal. POA, preoptic area; PVN, paraventricular nucleus; SCN,
suprachiasmatic nucleus; SON, supraoptic nucleus; DMN, dorsomedial nucleus;
VMN, ventromedial nucleus; ARC, arcuate nucleus. Images downloaded from
Allen Mouse Brain Atlas [Internet]. Seattle (WA): Allen Institute for Brain

Science. ©2009. Available from: http://mouse.brain-map.org.
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1.3 Regulation of Fertility by the Hypothalamus
1.3.1 The HPG Axis

Normal sexual development and maintenance of fertility requires proper
development and function of the hypothalamic-pituitary-gonadal (HPG) axis
(Figure 1.4). Briefly, GnRH (also known as LHRH) is produced in the
hypothalamus, where it is released into the hypophyseal portal blood stream via
the ME (see Figure 1.2) and is carried to the anterior pituitary gland where it acts
on gonadotroph cells that express the specific GnRH-receptor (Millar., 2005).
GnRH stimulates the gonadotrophs to produce and release FSH and LH, which act
on the gonads to stimulate the production of androgens and estrogens, which
feedback both at the levels of the hypothalamus and the pituitary to inhibit the
production of GnRH and LH/FSH respectively (Vadakkadath, Meethal, and
Atwood, 2005). The HPG axis is critical in controlling puberty, fertility, and
reproductive senescence, and impairments at any level (brain, pituitary, gonad)
can impair these functions.

The initiation of puberty is a result of heightened amplitudes of GnRH
pulsation, which activates the HPG axis, stimulating production of estrogen from
the ovaries and testosterone from the testes (Mauras et al., 1996). The cause of
increased GnRH pulses has been linked to increases in circulating signals, with
leptin thought to play a key role (Mauras et al., 1996, Suter et al., 2000, Elias.,
2012). The conclusion of puberty is generally defined as the attainment of the
ability to reproduce, with the presence of adult levels of sex hormones. The

regulation of fertility through GnRH secretion differs in males and females, with

37



Hypothalamus
GnRH
|
- Anterior -
Pituitary
LH, FSH
._ AN
) )
Estrogens : . Testosterone
Progesterones | + \ 5 Inhibin
Inhibin ST Fe \E 2l 7
Ovary Testis

Figure 1.4 The Hypothalamic-Pituitary-Gonadal axis.

GnRH is produced by the hypothalamus and released into the hypophyseal portal
blood stream, where it stimulates the pituitary to produce LH and FSH. LH and
FSH act on the gonads to produce sex steroids, which form a negative feedback

loop at both the level of the hypothalamus and the level of the pituitary gland to

inhibit further LH/FSH production.
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constant pulse frequency continuing through life in males, and varied pulse
frequency in females controlling the estrous (in humans, menstrual) cycle, with
large GnRH surges triggering ovulation. In males, LH stimulates the production
of testosterone (Veldhuis et al., 2009) and FSH plays an important role in
spermatogenesis (Sofikitis et al.,, 2008). In females, FSH controls follicular
growth, with LH supporting theca cells, which produce hormonal precursors for
estradiol production. An LH surge triggers ovulation of mature follicles, and LH
IS necessary to maintain function of the resulting corpus lutea (Palermo., 2007).

The activity of the HPG axis decreases with age in both males and
females. In females, the availability of follicles is decreased and the ability of
estrogen to act on GnRH neurons to stimulate the LH surge necessary for
ovulation is diminished, leading to irregular cycles and the termination of
reproductive function (Downs and Wise, 2009). Though males retain the potential
for fertility, reduced GnRH pulsatility and reduced ability of LH to stimulate
testosterone production lead to loss of libido and abnormal sperm production
(Keenan and Veldhuis, 2009).
1.3.2 Origin and Regulation of GnRH Neurons

Proper migration and function of GnRH neurons is critical for the
development and maintenance of fertility in mammals. Originating in the
olfactory placode in mid-development, GnRH neurons undertake a lengthy
migration through the brain to their final location in the basal hypothalamus. In
rodent species, GnRH neurons are found distributed within the medial septum,

POA, and AHA, with the majority of cells seen in the mPOA. GnRH neurons are
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also found as caudal as the ARC in sheep and primates (Jasoni et al., 2009).
GnRH neurons in the POA are the most crucial for maintaining reproductive
functions, including regulating puberty (Clarkson and Herbison, 2006), and
generating the preovulatory LH surge (Wintermantel et al., 2006).

In mice, GNRH neurons are generated in the olfactory placode between
E9.5 and E12.5 (Wray et al., 1989, Schwanzel-Fukuda and Pfaff, 1989). GnRH
gene expression is initiated at E11.5 (Schwanzel-Fukuda and Pfaff, 1989), and has
been used to follow the subsequent migration of GnRH neurons through the brain.
The GnRH neurons first migrate through the nasal compartment, in association
with olfactory/vomeronasal axons in association with numerous guidance cues
(reviewed in (Wray., 2001)). They then cross the cribriform plate and penetrate
the brain near the olfactory bulbs, and follow a caudally turning pathway towards
the developing hypothalamus (Wray et al., 1994). Finally, the GnRH neurons
continue to migrate with a transient projection of the vomeronasal nerve in a
caudal and ventral direction towards the basal forebrain (Yoshida et al., 1995).
The GnRH neurons dissociate from the guiding axons of the vomeronasal nerve
and take up their final positions in the hypothalamus, where they form projections
into the ME (Cariboni et al., 2007).

Factors that impair the birth, migration, and projection of GnRH neurons
lead to infertility and/or hypogonadism in humans. For example, anosmin, the
product of the KAL-1 gene which causes Kallman syndrome in people when
disrupted, is critical for olfactory and GnRH neuron migration (Ballabio and

Camerino, 1992) and appears to halt GnRH neuron migration at the cribriform
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plate (Hu and Bouloux, 2011). Interestingly, the PWS candidate gene Necdin has
been shown important in the birth and final projection of GnRH neurons towards
the ME, thus likely playing a role in the hypogonadism phenotype in PWS
individuals (Miller et al., 2009).

It has previously been mentioned that GnRH neurons are negatively
regulated by the sex steroids (estrogen, testosterone, and inhibin) produced under
control of the HPG axis. Many other factors, both physiological and
environmental regulate these neurons to modulate fertility as well. For example,
nutritional status has a profound role in maintenance of fertility, with both excess-
and under-nutrition causing negative regulation of the HPG axis (Hill et al., 2008,
Schneider., 2004). The effects of nutrition on fertility are indirect on GnRH
neurons. As an example, the adipose derived hormone leptin acts on kisspeptin
neurons on the ARC, which then project directly onto GnRH neurons (Castellano
et al., 2010). The leptin-kisspeptin-GnRH connection is especially important in
the progression of puberty (Roa et al., 2009), and the inhibition on GnRH neurons
during pregnancy and lactation (Smith et al., 2010). In seasonally breeding
animals, photoperiod plays a key role in the stimulation and inhibition of GhnRH
neurons, and this regulation has also been related to ARC kisspeptin neurons
(Smith., 2011, Ansel et al., 2011). Dysregulation of circadian rhythm has notable
impact on reproductive function, and is discussed in Chapter 3 of this thesis.

1.4 Hypothalamic Regulation of Energy Balance
Energy balance refers to the process whereby energy reserves are

maintained over a long period of time. Energy input, in the form of nutrient intake
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is balanced by energy expenditure from basal metabolism, thermogenesis, and
physical activity. The hypothalamus has emerged as a major centre for the
homeostatic regulation of energy balance, though numerous other brain areas play
a role in motivation and reward, as well as social influences and their impact on
food intake (Berthoud and Morrison, 2008). Numerous hypothalamic peptides
play key roles in energy balance regulation, and the expression of these peptides
is controlled by peripheral energy balance signals. Hypothalamic peptides and
peripheral signals involved in energy balance regulation are briefly discussed
below.
1.4.1 Hypothalamic Peptides Involved in Energy Balance Regulation

Key regions of the hypothalamus involved in energy balance regulation
include the ARC, PVN, and LH. In these regions neurons express numerous
orexigenic and anorexigenic peptides which act on other brain regions to control
food intake and energy expenditure (Table 1.5).

ARC Peptides

The ARC is the region of the hypothalamus that directly senses circulating
signals of energy balance. Because they directly respond to circulating signals
such as insulin, leptin, and ghrelin (Figure 1.5), neurons of the ARC are often
referred to as first-order neurons in the control of energy balance. The ARC
receives both leptin and insulin through specialized transporters (Bouret., 2008,
Banks., 2004), whereas ghrelin and other signals of energy balance likely act on
the ARC via neuronal projections from circumventricular organs of the brain
which are areas with fenestrated blood-brain barriers (Fry and Ferguson, 2007,

Fry and Ferguson, 2010). The ARC contains two major populations of neurons
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related to energy homeostasis: those that co-express the orexigenic peptides NPY
and AgRP (Hahn et al., 1998), and those that co-express the anorexigenic peptides
POMC, which is processed in these cells to produce a-melanocyte-stimulating
hormone (a-MSH), and CART (Hahn et al., 1998, Elias et al., 2001). Both the
NPY/AgRP and POMC/CART neurons send projections within the hypothalamus
to the PVN (Baker and Herkenham, 1995) and LH (Elias et al., 1998), areas
housing second-order energy balance neurons. The ARC has also been shown to
have a population of neurons that express ghrelin (Kageyama et al., 2008, Cowley
et al., 2003), an orexigenic peptide mainly produced in the stomach that activates
NPY/AgRP neurons (Cowley et al., 2003, Andrews et al., 2008). Also, the
anorexigenic galanin-like peptide (GALP) is synthesized in the ARC (Shioda et

al., 2011).

PVN Peptides

PVN peptides involved in the regulation of energy balance include CRF
and TRH. CRF expression increases in the presence of a-MSH (Fekete et al.,
2000b). CRF mediates its anorexigenic effects by reducing food intake,
stimulating brown fat thermogenesis, and increasing locomotor activity (Uehara et

al., 1998, LeFeuvre et al., 1987, Buwalda et al., 1998).
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Table 1.5 Hypothalamic Peptides Involved in the Control of Energy Balance

Peptide Location of Synthesis Reference
Orexigenic

Neuropeptide Y (NPY) ARC A

Agouti-related peptide

(AGRP) ARC B

Melanin concentrating

LH

hormone (MCH) ¢

Galanin PVN D

Orexin LH

Ghrelin* ARC (*stomach) F
Anorexigenic

Pro-opiomelanocortin

(POMC) ARC G

Cocaine and amphetamine

regulated transcript (CART) ARC H

Galanin like peptide (GALP) ARC I

Thyrotropin releasing

hormone (TRH) PVN )

Corticotropin releasing PVN K

factor (CRF)

Reference Review Articles: A (Mercer et al., 2011), B (lInytska and Argyropoulos,
2008), C (Griffond and Risold, 2009), D (Fang et al., 2011), E (Tsujino and Sakurai,
2009), F (Kageyama et al., 2010), G (Xu et al., 2011),H (Rogge et al., 2008), |
(Lawrence and Fraley, 2011), J (Lechan and Fekete, 2006), K (Zorrilla et al., 2003).
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Figure 1.5 Model of Hypothalamic Peptide Systems Involved in Energy
Balance Regulation

Peripheral signals are shown at the bottom and control the expression of
hypothalamic peptides, indicated by arrows as either stimulatory (+) or inhibitory
(-). Dashed arrows indicate effects that may be indirect. Orexigenic peptides are
represented by shaded ovals and include NPY, neuropeptide Y; AgRP, agouti-
related peptide; ghrelin; GAL, galanin; MCH, melanin-concentrating hormone;
and ORX, orexin. Anorexigenic peptides include POMC, pro-opiomelanocortin;
CART, cocaine and amphetamine regulated transcript; GALP, galanin-like
peptide; CRF, corticotropin releasing factor; and TRH, thyrotropin releasing
hormone. Hypothalamic areas represented are the ARC, arcuate nucleus; PVN,
paraventricular nucleus; LH, lateral hypothalamus; and VMH, ventromedial
hypothalamus. Reciprocal connections between hypothalamic areas are indicated

by double headed arrows.
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TRH expression and release are stimulated by both a-MSH (Fekete et al., 2000a)
and CART (Fekete et al., 2000c), and inhibited by both NPY (Fekete et al., 2001)
and AgRP (Fekete et al., 2002), indicating that the TRH neurons are key second
order neurons in the regulation of energy balance. TRH mediates its anorexigenic
effects by stimulating the thyroid gland, which leads to reduced food intake and
increased thermogenesis (Choi et al., 2002).
LH Peptides

The LH has two distinct populations of neurons that produce orexigenic
peptides: those that produce the orexins (ORX) (also known as hypocretins),
ORX-A and ORX-B, and those that produce melanin-concentrating hormone
(MCH). ORX stimulates food intake and wakefulness, and is thought to
coordinate food seeking behaviour with wakefulness (Willie et al., 2001, Sakurai.,
2005). Though its role in food intake is unclear, mice missing MCH (Segal-
Lieberman et al., 2003) or its receptor (Marsh et al., 2002) become hyperactive,
suggesting that MCH suppresses energy expenditure.

1.4.2 Peripheral Energy Signals Targeting the Hypothalamus

Numerous peripheral signals circulate in the blood stream and act on the
hypothalamus, to stimulate or inhibit the production of the previously discussed
peptides that are involved in energy balance regulation (Figure 1.5). Leptin, a
hormone secreted by adipose tissue, appears to be the most major peripheral
hormone involved in regulating energy balance. In in vitro studies, leptin inhibits
NPY/AgRP neurons, and activates POMC neurons, leading to reduced food intake

and increased energy expenditure (Gautron and Elmquist, 2011, Benoit et al.,
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2004). Another major peripheral signal of energy balance is insulin, produced by
the pancreas. Like leptin, insulin acts on the ARC to inhibit food intake and
increase energy expenditure (Benoit et al., 2004). The only peripheral orexigenic
hormone is ghrelin, a peptide hormone secreted by the stomach before meals to
stimulate food intake (Cummings., 2006). Ghrelin is also synthesized in a discrete
population of ARC neurons, and both central and peripheral ghrelin act largely by
stimulating ARC NPY/AgRP neurons (Kageyama et al., 2010). A number of
other gut hormones are involved in meal initiation and termination, and have been
shown to signal to the brain to reduce food intake. They include cholecystokinin,
glucagon-like peptide 1, oxyntomodulin, pancreatic polypeptide, and peptide YY
(Murphy and Bloom, 2006).

1.5 Hypothesis and Summary of Studies

When | first joined the Wevrick laboratory in 2006, | was asked to help
create weight gain curves of Magel2-null mice both before and after weaning.
This data collection contributed to the manuscript by Bischof et al. (2007),
showing that the Magel2-null mice were underweight prior to weaning, and
overweight as adults. While completing these measurements, | anecdotally
noticed that the generation of pups from Magel2-null fathers seemed to take
longer than the generation of pups from carrier males who had inherited their
mutant Magel2 allele from their mothers. | also found that I could often identify
the Magel2-null animals by observation, as they appeared less reactive to
examination and handling. During this time, a paper was published identifying a

circadian rhythm defect and reduced activity levels in Magel2-null mice (Kozlov
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et al., 2007), suggesting that Magel2 likely plays a role in various PWS
phenotypes. Based on these early findings, and on the expression patterns of
Magel2 within the hypothalamus (Figure 1.4), | hypothesized that Magel2 would
also be involved in behavioural and reproductive function, and likely played a key
role in both short- and long-term energy balance regulation.

Along with another graduate student in the Wevrick laboratory, Erin
Kwolek, I initiated a behavioural study of the Magel2-null mice to see if some of
the abnormal behaviours | was seeing in these mice were quantifiable and
associated with an anxious phenotype. Indeed, we found that the behaviour of
Magel2-null mice is abnormal, and is accompanied by certain neurochemical
differences and reductions in volume in several discrete brain regions (Mercer and
Wevrick, 2009). These findings are described in Chapter 2.

I began an independent study of reproductive function in Magel2-null
mice in parallel with the behavioural experiments, examining the initiation and
progression of puberty, and adult reproductive function in these mice. | found that
Magel2-null mice have a delay in both the entrance and progression of puberty,
and impaired reproductive function leading to early infertility (Mercer and
Wevrick, 2009). Because the gonads in both male and female Magel2-null mice
were largely normal, it appears these reproductive defects are central in origin,
and likely originating in the hypothalamus. These findings are described in
Chapter 3.

Finally, | returned to studies relating to energy balance, with the

knowledge that the hormone leptin plays important roles in the regulation of
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behaviour (Asakawa et al., 2003, Harvey., 2007) and fertility (Pralong et al.,
2002, Israel and Chua, 2010). | hypothesized that the weight gain and
reproductive phenotypes observed in Magel2-null mice may be a result of
disrupted leptin signaling in the hypothalamus. In experiments aimed at
examining leptin function in Magel2-null mice, | have shown that the mutant
animals are leptin resistant, and this leptin resistance precedes their development
of obesity. Further, I have shown that impaired leptin function in the ARC of
Magel2-null mice is limited to cells which are normally activated by leptin, and
confirmed this impairment in POMC neurons of the ARC. These experiments are
described in Chapter 4.

The results of previously published studies, and the information contained
in this thesis clearly indicate a role for Magel2 in numerous physiological
functions, and suggest a role for MAGEL2 in the pathogenesis of PWS. Further
study to determine a direct cellular role for Magel2 is needed to more completely
understand the contribution of this gene to the various phenotypes discovered in

Magel2-null mice.
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Chapter 2. Regionally reduced brain volume, altered serotonin
neurochemistry, and abnormal behaviour in mice null for the circadian
rhythm output gene Magel2.

This chapter is a modified version of a previously published manuscript
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Wevrick, R. (2009) Regionally reduced brain volume, altered serotonin
neurochemistry, and abnormal behaviour in mice null for the circadian rhythm
output gene Magel2. Am J Med Genet B Neuropsychiatr Genet 150B(8):1085-
1099.

R.E. Mercer completed examination of developmental milestones, examined
numbers and locations of brainstem serotonin neurons and hypothalamic
dopamine neurons, completed the marble burying, novel object, and grooming
studies, and assisted with manuscript preparation. Remaining behavioural tests
were performed at the Centre for Modeling Human Disease in Toronto, Ontario,
and were analyzed by J.M. Bischof, who also assisted with manuscript
preparation. E.M. Kwolek prepared brain samples for neurochemical analysis, and
assisted with the marble burying study. M. van Eede and R.M. Henkelman
performed and analyzed the MRI experiments, and assisted with manuscript

preparation.
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2.1 Introduction

MAGEL2 is a member of the Type Il melanoma-associated antigen gene
(MAGE) protein family, which share a protein—protein interaction domain called
the MAGE homology domain (Chomez et al., 2001, Barker and Salehi, 2002).
Magel2 is expressed in the developing murine central nervous system and in cell
lines that model neuronal differentiation (Boccaccio et al., 1999, Lee et al., 2000).
Magel2 expression is apparent in the hypothalamus, the control center in the brain
for endocrine function, circadian rhythm, appetite, thirst, and thermoregulation
(Moore et al., 2002), with maximal levels in the suprachiasmatic nucleus (a region
of the anterior ventral hypothalamus) and the arcuate nucleus (Lee et al., 2000,
Lee et al., 2003Db).

MAGEL2 and NDN, the gene that encodes the MAGE protein NECDIN,
are among a small set of genes that are typically inactivated in Prader-Willi
syndrome (PWS). PWS is a congenital disorder characterized by symptoms of
varying severity among affected individuals: intellectual disability, hypotonia,
short stature, childhood-onset hyperphagia often leading to obesity, excessive
sleepiness, neuroendocrine abnormalities, and incomplete sexual development
(Gunay-Aygun et al., 2001, Eiholzer and Whitman, 2004, Goldstone., 2004).
While physiological abnormalities in PWS point to a defect in the development or
function of the hypothalamus, the typical behavioural profile suggests deficits in
other parts of the brain also contribute to this complex disorder.

The Wevrick laboratory has previously described a mouse strain carrying
a gene-targeted lacZ insertion into the Magel2 locus, creating a null Magel?2 allele

(Bischof et al., 2007, Kozlov et al., 2007). Magel2-null mice display defective
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maintenance of their circadian rhythm, reduced orexin in the lateral hypothalamus
(Kozlov et al., 2007), and reproductive deficits (Mercer and Wevrick, 2009),
reflecting a phenotype that is consistent with a hypothalamic defect. They also
have substantially reduced total activity measured by 24-hr wheel running but
only slightly reduced food intake. This excessive food intake for their reduced
energy output eventually leads to significantly increased adiposity and a
correspondingly altered metabolic profile (Bischof et al., 2007). To explore a
possible role for the Magel2 gene in learning and behaviour, Magel2-null mice
were subjected to a series of standardized behavioural tests. A high-resolution
magnetic resonance imaging (MRI) study of the brain was performed, and brain
tissue was analyzed for altered levels of biogenic amines. We now report that loss
of Magel2 affects murine behaviour and neurochemistry, and reduces brain
volume, particularly in areas involved in reward, emotion, and memory.

2.2 Materials and Methods

Magel2-null mice

All animal studies were conducted in accordance with the Canadian
Council on Animal Care Guidelines and Policies with approval from the local
Animal Policy and Welfare Committees. The Magel2 mouse colony is maintained
on a C57BI/6 background by breeding heterozygous Magel2-m/+p mice carrying
a maternally inherited Magel2-lacZ knock-in allele with C57BI/6 male mice to
generate heterozygous, functionally wildtype offspring. Heterozygous carrier
males were then bred with wildtype females to produce experimental animals.

This cross generated Magel2+m/-p mice that inherited the gene-targeted allele
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from their fathers, and which are Magel2-null because they lack expression of
Magel2 due to genomic imprinting that silences the maternally inherited allele.
Magel2+/+ littermates serve as controls. Identification of Magel2-null offspring
was determined by PCR genotyping of DNA extracted by ear notch biopsy using
lacZ oligonucleotide primers (LACZ754F 5° CGT GAC TAC CTA CGG GTA
AC; and LACZ1153R 5" AGT TGT TCT GCT TCA TCA GC), which will only
produce a band in mice carrying the targeted Magel2 allele. As a genomic control,
DlIxin oligonucleotide primers (DLXIN1F 5° CCT TGC TTG TGC AGA CCT
TG; and DLXIN2R 5° GGC AGC ATG TGG ACC TTT AG) were used,
producing a band in all mice with successful DNA extraction.

Four to eight mice of each genotype at embryonic day 18 and seven male
mice of each genotype at 20-24 weeks of age were used for neurochemical
profiling. Unless otherwise noted, behaviour tests were performed on adult male
Magel2-null mice and wild-type control littermates, n=5-6 of each genotype,
aged 14-26 weeks, and housed under 12 hr on, 12 hr off lighting at the Centre for
Modeling Human Disease in Toronto, Canada. Fat mass, lean mass, and bone
mineral content were measured using a PIXI-mus instrument. These same male
mice were MRI imaged at 26 weeks of age. The marble burying, novel object
exploration, and grooming tests were performed on male and female age-matched
adult mice (n=12-20 of each sex and genotype) in the animal housing unit at the

University of Alberta.
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Sample preparation for MRI

Magel2-null mice (n=6) and their wild-type littermates (n=6) were
anesthetized at 26 weeks of age with a combination of Ketamine (100 mg/kg,
Pfizer, Kirkland, QC, Canada) and Rompun (20 mg/kg, Bayer, Inc., Toronto, ON,
Canada) via intraperitoneal injection. A previously described sample preparation
protocol for scanning was used with slight modifications (Tyszka et al., 2006).
Thoracic cavities were exposed, and the mice were perfused through the left
ventricle with 30 ml of phosphate-buffered saline (PBS, pH 7.4) at room
temperature (25°C) at a rate of approximately 1 ml/min. This was followed by
infusion with 30 ml of iced 4% paraformaldehyde in PBS. Following perfusion,
the heads were removed along with the skin, lower jaw, ears, and the cartilaginous
nose tip. The remaining skull structures were post-fixed in 4% paraformaldehyde
at 4°C for 12 hr. Following an incubation period of 5 days in PBS and 0.01%
sodium azide at 15°C, the skulls were transferred to a PBS and 2 mM ProHance®
(gadoteridol, Bracco Diagnostics, Inc., Princeton, NJ) contrast agent solution for
at least 7 days at 15°C.

MRI image acquisition

A multi-channel 7.0-T MRI scanner (Varian, Inc., Palo Alto, CA) with a 6
cm inner bore diameter insert gradient set was used to acquire anatomical images
of brains within skulls. Prior to imaging, the samples were removed from the
contrast agent solution, blotted and placed into 13 mm diameter plastic tubes
filled with a proton-free susceptibility-matching fluid (Fluorinert FC-77, 3 M

Corp., St. Paul, MN). Three custom-built, 14 mm diameter solenoid coils with a
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length of 18.3 mm and over wound ends were used to image three brains in
parallel. Parameters used in the scans were optimized for gray/white matter
contrast: a T2-weighted, 3D fast spin-echo sequence, with TR/TE =325/32 msec,
four averages, field-of-view 14 mmx14 mmx25 mm and matrix
size =432 x432 x 780 giving an image with 32 um isotropic voxels. Total
imaging time was 11.3 hr (Henkelman et al., 2006).

Image processing

The 32 um isotropic resolution T2-weighted MRI scans were nonlinearly
aligned to a three dimensional atlas of the mouse brain with 62 structures
identified (Dorr et al., 2008). This process consisted of an initial step in which all
of the MRI scans were nonlinearly aligned to each other using an unbiased group
wise registration algorithm (Kovacevic et al., 2005). Briefly, rigid body
registration was carried out towards a pre-existing image based on the same
mouse strain as reported previously (Collins et al., 1994). All possible pair-wise
12-parameter registrations were then carried out to create an unbiased linear
average model of the entire data set. All images were subsequently nonlinearly
aligned towards the 12-parameter average. The resulting registered MRIs were
resampled and averaged (Kovacevic et al., 2005, Collins et al., 1994). This
iterative procedure was repeated for an additional five generations with
increasingly fine deformation grid-point spacings. The end result was that all 12
scans were deformed into exact alignment with each other in an unbiased fashion.
This allowed for the analysis of the deformations needed to take each mouse's

anatomy into this final atlas space, the goal being to model how the deformation
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fields relate to genotype. Correspondence with the 3D atlas was obtained by
nonlinear alignment of the final stage average MRI with the 40-mouse average
MRI upon which the atlas is based (Dorr et al., 2008).

MRI analysis

Local differences in brain shape related to genotype were assessed by
analysis of the deformation fields (Gaser et al., 1999, Nieman et al., 2006). To
reduce random noise and assure normality under the central limit theorem, the
transformation data were blurred prior to analysis with a Gaussian kernel with a
full width at half maximum of 1 mm, and the logarithm of the Jacobian was
computed for univariate statistical comparison at every image point. This
statistical analysis results in millions of separate statistical tests. In order to
account for an inflated type | error, the False Discovery Rate (FDR) technique
was applied (Genovese et al., 2002) with a 10% FDR threshold. The threshold
corresponded to an uncorrected P-value of 0.00031. The interpretation of these
results is that, on average, 10% of the voxels shown as significant will be false
positives. The volume for each anatomical structure defined in the atlas was
computed for each mouse by integrating the Jacobian of the transformation
mapping the atlas image to the image for that mouse. This procedure has
previously been shown to provide volume estimates comparable to those obtained
by standard stereological methods using tissue sections (Lerch et al., 2008a).

Neurochemical analysis

Brain regions were dissected from embryonic or adult Magel2-null or

wild-type littermate control mice, snap frozen on dry ice, then stored at —80°C.

80



Brain samples were processed for HPLC combined with fluorescence detection to
measure levels of biogenic amines (noradrenaline (NA), dihydroxyphenylacetic
acid (DOPAC), dopamine (DA), 5-hydroxyindoleacetic acid (5-HIAA),
homovanillic acid (HVA), serotonin (5-HT) and amino acids (Trp, Asp, Glu, Asn,
Ser, GIn, Gly, Taur, Ala, GABA)) as described (Parent et al., 2001). Two-way
ANOVA with Bonferroni post-test analysis was performed to analyze the effect of
genotype on measures of dopamine and serotonin pathways, using GraphPad
Prism (San Diego, CA). Immunohistochemistry, confocal microscopy imaging,
and cell counts of mouse brain sections was performed using a primary antibody
directed against tyrosine hydroxylase (TH; Chemicon (Millipore) Billerica, MA)
or against 5-HT (Immunostar, Hudson, WI) as previously described (Pagliardini
et al., 2005).

Behavioural analysis

Male Magel2-null mice and their control littermates were tested in the
following order at the Centre for Modeling Human Disease: modified SHIRPA
for general health, appearance, and neurological reflexes (Rogers et al., 1997),
open field screen, acoustic startle/pre-pulse inhibition screen, tail suspension test,
1-day Rotarod test, learning and memory screen, elevated plus maze, beam test,
and 3-day Rotarod test. Before each test, the mice were acclimatized to the testing
room for at least 30 min. Test rooms were purpose-designed for behaviour testing
and controlled for noise, light, humidity, and ventilation. The same observer
performed all tests at the Centre for Modeling Human Disease and was blinded

with respect to the genotype of the mice. In the open field screen, rearing, time
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spent in the border area, and time spent in the center area were recorded during
the first 5 min. Horizontal and vertical activities were recorded in 5 min intervals
for a total of 30 min. The acoustic startle and pre-pulse inhibition screen is
generally used to assess sensorimotor gating deficits and was performed as
described (Clapcote et al., 2007). The tail suspension test of depressive traits, the
1- and 3-day Rotarod screen, and the elevated plus maze were performed as
described (Soleimani et al., 2008).

The contextual and cued fear conditioning test was performed using the
Video Fear Conditioning system (Med Associates, St. Albans, VT) essentially as
described (Clapcote et al., 2005). The apparatus applied foot shocks and auditory
tones while recording the activity within the chamber, specifically noting freezing
time during the segments of the procedure. Each mouse was acclimatized to the
test chamber for 2 min. without any stimulus, to record baseline activity. A 30 sec
auditory tone was then applied, accompanied by a foot shock in the last 2 sec of
the tone (the conditioning stimulus). Following the shock, the mouse stayed in the
chamber for 30 sec before removal to the home cage. The test of contextual
memory was performed approximately 24 hr after the conditioning session. The
mouse was returned to the test context chamber and freezing behaviour measured
over 5 min. without any stimulus. The mouse was then placed back into the home
cage and allowed to rest for 2 hr before the cued memory test was performed.
During this time, the environment within the testing chamber was changed to
provide an altered context. The grid floor was covered with a plastic sheet, two

pieces of fiberglass were used to create a triangle-shaped chamber, the door was
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covered with black cardboard and 1% acetic acid was used to wipe down the
surfaces. The mouse was placed in the altered context chamber and acclimatized
for 3 min. without any stimulus to obtain a Day 2 pre-tone baseline measurement
of freezing. This was followed by the application of a 3 min. auditory tone, during
which time an additional freezing measurement was made. The mouse was then
placed back into its home cage.

The custom apparatus for the beam test is made up of two platforms (25
cm x 35 cm) that are connected with a 90 cm long round beam (18 mm diameter)
suspended 50 cm above the floor. One platform was brightly illuminated while the
opposite platform was dark and contained a box providing an enclosed safety area
for the mouse. Four consecutive training trials to assist the mouse in navigating
the beam were performed on the first day. On the second day, a single trial that
recorded the latency to traverse the beam and the number of times the hind feet
slipped off was performed.

The one-trial object recognition task (Hammond et al., 2004) was
performed in empty rat test cages (26 cm x 48 cm % 20 cm) in which the mouse
was habituated for 15 min. Two identical “sample” objects (e.g., a 15 ml plastic
tube, a scintillation fluid vial, a syringe barrel) were placed at opposite ends of the
cage, ensuring enough room on all sides of the objects for the mouse to walk. The
exploration time of the sample objects, defined as the head oriented towards
object, 2 cm away or closer, was recorded. The mouse was allowed to explore the
sample objects until a total of 38 sec exploration had occurred. The mouse was

returned to its home cage for a 5 min recovery period, during which time the test
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cage was cleaned with 10% ethanol and a familiar sample object and a new “test”
object were placed in the test cage. The mouse was returned to the test cage, and
the time spent with each object over a 5 min period was recorded. On Day 2, a
“sample” object (used in previous day's test), and a new “test” object were placed
in the test cage. The mouse was introduced to the test environment, and time spent
with each object over a 5 min period was again recorded. Control mice typically
spend more time exploring the test object over a retention time of minutes to days,
suggesting that they recognize the familiar object. For the marble burying
analysis, mice were tested individually in clear mouse cages with 5 cm of
bedding, in the dark. Each mouse was allowed a minimum of 2 hr to acclimate to
the testing room and cage, after which the mice were removed while testers
placed twelve clear glass marbles (0.6 cm in diameter—three rows of four) in
each cage. Mice were returned to the testing cage and were removed to their home
cages after 3 min. The number of marbles that were not buried was recorded.
Marbles were considered buried if covered at least 75% with bedding (Deacon.,
2006). The grooming test was performed in a clean mouse cage with standard
bedding. The grooming pattern (direction, length of time) was observed when the
mouse was placed in the new cage, and after a gentle misting with water (Kalueff
et al., 2007).

Behavioural data were analyzed statistically by t-test except the horizontal
and vertical activity profile, the 3-day Rotarod test, and the fear-conditioning test,
which were analyzed by two-way ANOVA with Bonferroni post-tests, using

GraphPad Prism. Probabilities <0.05 were deemed significant.
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2.3 Results
2.3.1 Expression of Magel2 in the adult mouse brain

Expression of Magel2 in the embryonic brain by RNA in situ
hybridization was previously outlined (Lee et al., 2000, Lee et al., 2003a), and
described expression in the hypothalamus, lateral septal complex, and the bed
nucleus of the stria terminalis by staining for the lacZ reporter gene in brain from
Magel2-null adult mice (Kozlov et al., 2007). To refine the regions of Magel2
expression, we examined the Allen Brain Atlas, an on-line resource that
catalogues RNA in situ hybridization profiles of the adult mouse brain (Lein et
al., 2007). Highest levels of expression were observed in the hypothalamus, with
expression also seen in the medial septal nucleus, lateral septal complex and bed
nucleus of the stria terminalis. Single cells in the outer region of the external
granule layer of the cerebellum also express Magel2, and expression was present
broadly throughout the pons and the medulla, and in the nucleus of the solitary
tract (Figure 2.1).

2.3.2 General behaviour and health of Magel2-null mice

No overt differences in the acquisition of developmental milestones (e.g.,
physical development, rooting reflex, righting reflex, forelimb/hind limb grasping,
or locomotor behaviour (Crawley., 2007) were noted in Magel2-null mice
compared to control littermates from birth to 3 weeks of age, suggesting adequate
muscle tone (see P7 example, Table 2.1). There was a 5-10% reduction in pre-
weaning body weight similar to that previously reported (Bischof et al., 2007). All

adult mice were also healthy, and Magel2-null mice performed normally in a
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formal screen for general health and neurological reflexes (SHIRPA screen
(Rogers et al., 1997)). Adult body composition abnormalities were consistent with
our previous report, with increased fat mass (131% of control, P<0.01) and
decreased lean mass (92% of control, P <0.005), measured by a PIXI-mus small
animal densitometer at 26 weeks. Decreased bone mineral content (87% of
control, P <0.05) was present, but total body mass was not significantly different
between genotypes. Gait and postural abnormalities were occasionally observed
in the home cages, with Magel2-null mice displaying elevated head position
during ambulation and hopping movements with both hind limbs together,

movements that were never observed in wild-type mice.
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Table 2.1 Developmental milestones observed at postnatal day 7 (P7)

Brain Weight Body Length Righting Negative  Forelimb Hindlimb
Weight (g) (9) (cm) Reflex (s) Geotaxis (s)  Grasp Grasp
Control
(n=8) 4.02 +0.08 0.23+0.01 41+0.1 1.8+0.8 111+26 8/8 5/8
Magel2 -null
(n=7) 3.61£0.07 0.23+0.01 39+0.1 2512 11.4+24 717 317
p Value 0.004 n.s. n.s. n.s. n.s. ns. ns.

Righting reflex measures the time in seconds it takes for a pup to roll over when placed on their back. Negative
geotaxis measures the time in seconds for a pup placed on a downward angle (30 °) to rotate to the upwards facing
direction. Grasping tests examined ability to grasp and hold a narrow diameter plastic rod against withdrawl
pressure.
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Figure 2.1 Expression profile of Magel2 in the adult mouse brain by RNA in
situ hybridization, retrieved from the Allen Brain Atlas.

Representative sections of regions of Magel2 expression are shown. Additional
sections that display expression of Magel2 are available from http://www.brain-
map.org. The anatomical description and Nissl stained section from the Allen
reference series are presented on the left, with the corresponding Magel2-labeled
section on the right. In B-D, the coronal level of the section and distance relative
to Bregma ispictorially illustrated in the bottom left corner. (A) Parasagittal
section reveals intense expression in the hypothalamus (HY) including the
preoptic area, the arcuate nucleus, and the paraventricular nucleus, with lesser
expression in the lateral hypothalamus. The expression pattern in the medial
septal nucleus and the lateral septal complex (involved in emotional responses),
and bed nucleus of the stria terminalis was confirmed. The bed nucleus of the stria
terminalis receives major input from the amygdala, which also expresses Magel?2.
Single cells in the outer region of the external granule layer of the cerebellum
(CBX) also express Magel2. (B) Inset from a coronal section showing expression
in the lateral septal complex (LSX) and the bed nuclei of the stria terminalis
(BST) (C) Inset from a coronal section showing expression of Magel2 in the
hypothalamus (HY) and lesser expression in the medial amygdalar nucleus
(MEA) (D) In the brainstem, expression was present broadly throughout the pons
and the medulla (MY), and in the nucleus of the solitary tract, which relays
afferent signals from cranial nerves and peripheral organs to the brainstem,

hypothalamus, and cingulate gyrus. Additionally, Magel2 is expressed in the
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pyramidal cell layer of the olfactory cortex piriform area, and in the hippocampal
formation (CA3 pyramidal layer, dentate gyrus granular and polymorph layers,

and entorhinal area of the retrohippocampus) (not shown)
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2.3.3 Neuroanatomical abnormalities in Magel2-null mice measured by MRI

No gross abnormalities in sections of the Magel2-null mouse brains were
detected by Nissl staining (not shown). To examine the brain more finely and
without the confounding effect of removal from the skull, very high resolution
MRI combined with computer analysis was performed. MRI analysis revealed
reduced brain volume in the mutant mice (3.4% smaller than control brain,
P<0.01). A statistical map of the Jacobian determinant that illustrates the
expansion and contraction of tissue based on genotype was used to find regions of
significant change. In order to account for an inflated amount of false positive
findings due to the number of statistical tests employed, the FDR technique was
applied (Genovese et al., 2002) with a 10% FDR threshold. This means that on
average, 10% of the structures that show significant volumetric change, will be
false positive (zero or one structure in our case). The following regions have a
10% or less chance of being a false positive: the parieto-temporal lobe of the
cerebral cortex (representative single coronal slices in Figure 2.2), the amygdala,
the dentate gyrus of the hippocampus, and the nucleus accumbens, which are
regions of moderate to high Magel2 expression as described above. The mean
difference in volume for these regions was found to be significantly smaller by 4—
5% in Magel2-null mice. Notably, no volumetric differences were present in the
hypothalamus, which typically has maximal Magel2 expression, suggesting that
loss of Magel2 expression in the hypothalamus does not cause structural changes.
The corpus callosum and the olfactory bulbs were also reduced in size by 5%. No

other regions of the brain showed statistically significant changes in size. The
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pituitary gland was normal in size and location, as was the pineal gland, which

forms part of the circadian rhythm output pathway.
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Figure 2.2 High resolution magnetic resonance imaging of the Magel2-null
adult brain.

The per-voxel results of tests of the Jacobian maps (tissue
compression/expansion) are shown as composite images of four coronal sections
of the Magel2-null (mutant) brain compared to wild-type control (WT) brain. All
colored voxels are significant with a false discovery rate of 10% (n= 6 of each
genotype). The coronal level of each section is pictorially illustrated in the bottom
right corner. Acb, nucleus accumbens, Amg, amygdala, Dgh, dentate gyrus of the

hippocampus, Int, internal capsule, Ptc, parieto-temporal lobe of the cortex.
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2.3.4 Neurochemical analysis of brain regions in Magel2-null embryos and adult
mice reveals altered serotonin and dopamine levels

To examine the neurochemical profile (biogenic amines and their
metabolites, and amino acids) of various brain regions, high performance liquid
chromatography (HPLC) with fluorimetric detection was performed (Table 2.2).
Brain lysates were prepared from the cortex and cerebellum of brains from
embryonic day 18 embryos and from the following brain regions of adult male
Magel2-null and age-matched control mice: olfactory bulb, prefrontal cortex,
cortex, hypothalamus, and cerebellum. No significant neurochemical differences
between Magel2-null and control E18.5 brain samples were detected by two-way
ANOVA (Table 2). A more striking neurochemical imbalance was noted in brain
samples from adult male Magel2-null mice when analysis was performed for
compounds in the catecholamine pathway (effect of genotype (F(1,144)=09,
P <0.003)) and the indolamine pathway (effect of genotype F(1,108)=73,
P <0.0001). On post hoc analysis, the serotonin concentration was decreased
compared to control in the prefrontal cortex, cortex, and the hypothalamus, while
the serotonin metabolite 5-hydroxyindoleacetic acid (5-HIAA) was lower in the
cortex and the hypothalamus in male mice. Brain samples from adult female
Magel2-null mice also demonstrated statistically significant reductions in
serotonin concentrations to 71% (cortex) and 60% (hypothalamus) of control
levels respectively. The concentration of dopamine was decreased in adult male
Magel2-null hypothalamus, but was not significantly different from control in

other regions of the brain or in the female mice. There were no neurochemical
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abnormalities in Magel2-null cerebellum or olfactory bulb samples. Turnover
rates for the catecholamine and indolamine pathways (NA/DA, DOPAC/DA,

HVA/DA, 5-HT/Trypt, 5-HIAA/5-HT) were similar in the two genotypes.
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Table 2.2 Biogenic amine concentrations in brain regions from Magel2-null and control littermate mice

Catecholamine pathway

Indolamine pathway

DA NA DOPAC HVA TYRPT S5HT 5HIAA

E18 cortex

WT 1137 8312 16+1 24+1 158+15 120+ 14 256+ 8

Magel2-null 97+12 93+7 22+2 30+2 10.8+£0.6 109+ 12 286+ 21
E18 cerebellum

WT 52+ 6 123+10 76 £ 23 45+5 16.6+19 195+ 19 678+ 77

Magel2-null 54+9 116+ 15 21+3 28+12 92+14 168 + 32 335+ 78
Adult prefrontal cortex

WT 2658 + 146 376+ 24 723+ 58 581 + 33 32+0.2 441 +21 250+ 30

Magel2-null 2483 + 166 359+ 20 565 + 93 464 + 32 32%0.2 369 + 10 218+ 20
% of WT, p-value 84%, p< 0.01
Adult cortex

WT 873+ 58 375+11 176+ 11 211+11 43+0.1 377+13 295+ 16

Magel2-null 912+ 52 317+14 189+21 206 + 18 41+03 282+ 10 225+9
% of WT, p-value 75%, p<0.001  76%, p<0.01
Adult hypothalamus

WT 783+ 137 587 + 27 196 + 42 328+ 41 48+05 528 + 22 520+ 19

Magel2-null 472+ 75 557 + 25 132+24 246 + 22 4.4+0.6 372+ 18 421+13
% of WT, p-value 60%, p< 0.05 70%, p<0.001  81%, p<0.001

Samples are from male wild-type control (WT) and Magel2 -null (Magel2) mice at embryonic Day 18 (E18, n =8-12 per genotype) or at 20-24 weeks

ofage (adult, n =7 per genotype). Concentrations (mean + SEM) are expressed as ng/g of tissue except for tryptophan, which is expressed as
pg/g tissue. Two-way ANOVA detected a difference between genotypes in the adult samples in both the catecholamine (F (1,144) =9, p < 0.003)
and indolamine (F (1,108) = 73, p <0.0001) pathways. Bonferroni post-test p values are provided only where statistically significantly different

between genotypes at p <0.05.

DA, dopamine; NA, noradrenaline; DOPAC, dihydroxyphenylacetic acid; TRYPT, tryptophan; HVA, homovanillic acid; 5-HT, serotonin; 5-

HIAA, 5-hydroxyindoleacetic acid.
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The reduced concentration of serotonin or dopamine could be caused by a
reduction in the number of dopaminergic or serotonergic neurons in the Magel2-
null mouse brains. To examine this possibility, we first examined the location and
number of dopaminergic neurons (immunoreactive with an antibody against TH
and visualized by confocal microscopy) in the hypothalamus in adult and Magel2-
null male mouse brain sections. We found a comparable number of positively
staining neurons in both genotypes, and no differences in the appearance of the
TH-positive neurons groups in the pre-optic region, the medial basal region, or the
medial dorsal region of the hypothalamus (A11-A15 dopaminergic cell groups,
Figure 2.3). Serotonergic cell groups are primarily located in the brain stem, a
region of low Magel2 expression. Examination of the location and number of
neurons immunohistochemically labeled with an anti-5-HT antibody revealed no
differences in the location or number of serotonergic neurons in the cell groups in
the brain stem (Figure 2.3). The quantitative reduction in dopamine and serotonin
content in the hypothalamus of Magel2-null mice therefore does not appear to be
consequent to neuronal loss, consistent with our finding that there is no
volumetric reduction in either the hypothalamus or the brain stem measured by

structural MRI.
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Figure 2.3 Examination of dopaminergic and serotonergic neuron clusters in
the Magel2-null mouse brain.

(A) Confocal microscopy of adult mouse wild-type control littermate (WT) or
Magel2-null (Magel2) brain sections (20x magnification) labeled for
dopaminergic clusters by immunohistochemistry with an antibody against
tyrosine hydroxylase (top) or for serotonergic clusters with an anti-serotonin
antibody (bottom). Specific brain areas examined are outlined in red on the left
panels of the image. (B) Average number of serotonin expressing cells in the

brainstem of control littermate and Magel2-null mice.
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2.3.5 Magel2-null mice become less active over time in the open field, but have
normal balance and strength
We determined whether behavioural abnormalities existed in adult Magel2-null
mice that could be quantified on formal testing. Motor activity was assessed in an
open field test, measuring rearing, exploratory, and fear-related behaviour
(percent time in the center and the average time per crossing) in the first 5 min of
the test. Off-wall rearing was increased in the Magel2-null mice (Figure 2.4A,
P <0.03), but on-wall rearing, time in the center and time per crossing were not
different between genotypes (Figure 2.4A and data not shown). As expected from
our previous study that measured home cage wheel running activity (Kozlov et
al., 2007), horizontal activity in the open field test was reduced (Figure 2.4B,
P<0.001), and we also observed reduced wvertical activity (Figure 2.4C,
P <0.002). Moreover, while the control mice slightly decreased their levels of
horizontal activity and increased their vertical activity over the 30 min interval,
the Magel2-null mice became less active in both dimensions during the test.
Overall, there was a significant effect of genotype on the results of the open field
test (F(1,48)=16, P<0.0002), with the Magel2-null mice only about half as
active as control in either the horizontal or vertical dimensions by the end of the
30 min test period.

We used the accelerating Rotarod screen to test motor coordination and
balance. The Magel2-null mice had a 50% increase in the latency to fall off the
Rotarod in a single test (Fig. 2.4D, P <0.02), which was unexpected given their

reduced muscle mass and overall reduced activity. The same mice were then
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tested over a 3-day period to assess motor function and learning. As in the 1 day
test, the Magel2-null mice had increased latency to fall from the Rotarod over the
3 days (Figure 2.4E, F(1,30)=15, P<0.0006). For both genotypes, there was
increased latency on Day 3 compared to Day 1 (P <0.05), and this motor learning
was not different in the Magel2-null mice compared to control. As a further test of
motor function and motivation, the time for each mouse to travel along a narrow
beam to reach an enclosed safety platform was measured. There was no difference
between genotypes in the traversing time, nor in the number of times the hind feet
slipped off the beam. A tail suspension test is designed to test for depression-like
behaviour, and is based on the observation that mice subjected to an inescapable
situation will spend more time immobile when displaying depressive behaviour,
but also secondarily measures strength as the mouse struggles against being
suspended. The latency to first immobile period after suspension was not different
between genotypes, nor was the amount of time immobilized at 6 min. Taken
together, the tail suspension test, the Rotarod tests, and the beam test, and the
increase in off-wall rearing in the first 5 min of the open field suggest that motor
ability per se is not compromised in the Magel2-null mice. These tests suggest
that the measurably reduced activity after habituation is not caused by deficient
motor function, but may instead represent passive or anxious behaviour in the

open field.
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Figure 2.4 Motor function testing

A: Measurements of rearing either off the walls or on the walls in the first 5 min
of the open field test. Data are expressed as mean + SEM. Increased off-wall
rearing in the Magel2-null (Magel2) mice versus wild-type control (WT) was
noted; **P <0.05. B,C: Horizontal and vertical activity in an open field
environment over a period of 30 min, measured as number of beam breaks over 5
min intervals, are both reduced in the Magel2-null mice (two-way ANOVA with
main effect of genotype, P <0.0002). D: Latency to fall from an accelerating
Rotarod during a single test is significantly increased in the Magel2-null mice;
**P <0.05. E: Latency to fall from an accelerating Rotarod increases for both
genotypes over three consecutive days indicating normal motor learning. Latency
to fall is significantly increased in the Magel2-null mice (two-way ANOVA, main

effect of genotype P <0.0006).
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2.3.6 Tests of anxiety and learning

The elevated plus maze is a more specific test of anxiety in a novel
environment. The time spent in the open or closed arms, time spent on the end of
the open arms and on the central platform, time spent freezing in the open and
freezing in the center, the number of passes between closed arms, the number of
risk assessments, and the number of head dips were all measured, but no
significant differences between genotypes were detected.

We then used a Pavlovian fear-conditioning test that measures percent of
time spent with total lack of movement (freezing) after an aversive stimulus, and
the learning associated with this stimulus. This test also models anticipatory
anxiety, and requires a combination of amygdalar and hippocampal function.
Each mouse was acclimatized in a test context, then a 30 sec auditory tone was
used as the conditioned stimulus paired with an aversive unconditioned stimulus,
in this case a 2 sec mild foot shock at the end of the tone. After conditioning,
either the test context or the tone typically elicit a state of fear even in the absence
of the foot shock, in a normal mouse. This fear is manifested as freezing, and is
used to measure learning when assessed after 24 hr.

The Magel2-null mice tended towards an increased amount of time spent
freezing during the baseline measurement on Day 1 (1.2 +0.7% for control mice,
124+5.7% for the Magel2-null mice, P<0.09, all values expressed as
mean + standard error of the mean (SEM), Figure 2.5A). The wild-type mice
exhibited an increased freezing rate after the tone (4.9-fold compared to baseline,

P <0.05) and after the foot shock (13.2-fold compared to baseline, P <0.06), as
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expected. In contrast, there was no significant change from the already high
baseline level of freezing in the Magel2-null mice, either after the tone or after the
foot shock (Figure 2.5A). The amount of freezing after the tone also remained
higher in the Magel2-null mice compared to wild-type control (percent freezing
5.7+2.6% in control mice, 23.8 +7.5% in Magel2-null mice, P <0.05). After 24
hr (Day 2), each mouse was placed back into the test context used on Day 1 and
freezing was measured (context in Figure 2.5A). Both genotypes increased
freezing when placed in the test context on Day 2 compared to their Day 1
baseline measurement, indicating normal contextual discrimination, although the
mutant mice had significantly higher absolute freezing rates (P <0.01) (Figure
2.5A). Two hours later, freezing was measured in an altered context, both before
(pre-tone) and after the application of a tone, to measure learning related to the
cued conditioning stimulus. Similarly to the result from the baseline measurement
on Day 1, the Magel2-null mice trended towards increased freezing in the altered
context on Day 2 (pre-tone, 1.6+0.6% for control mice, 6.8+2.3% for the
Magel2-null mice, P <0.07). Freezing to the tone was increased compared to pre-
tone freezing in both genotypes, indicating normal cued conditioning, albeit with
higher absolute rates of freezing in the Magel2-null mice (P <0.001). A two-way
ANOVA analysis of all six data sets with genotype as the between factors variable
revealed a significant effect of genotype on measures of freezing (F(1,48) =36,
P <0.0001). Overall, this test indicates increased anxiety in response to novel

environments or noise, but no measurable abnormality in the learning, memory, or
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emotional components required for the Magel2-null mice to remember the
association between either the context or tone and the foot shock on Day 2.
2.3.7 Magel2-null mice display altered behaviour in novel environments

As a further test to discriminate anxiety from learning, we performed a set
of tests that measure reactions to novel objects in an independent cohort of male
and female mice that were naive to behavioural testing. In a one-trial object
recognition task, each mouse was removed from the home cage and acclimatized
to the test cage in which two objects (e.g., plastic 15 ml tube, 10 ml syringe) were
placed. The total length of time needed to accumulate 38 sec of active object
exploration was recorded. Magel2-null female mice explored the objects more
actively than their control littermates, accumulating 38 sec of exploration time
within 141 +£26 sec, while the control female mice required twice as long to
accumulate the total exploration time (321 £53 sec, P <0.02) (Figure 2.5B). In
contrast, the male mice showed no genotype-specific difference in exploration
time. After removal of the mouse to the home cage for 5 min, one of the objects
was replaced with a novel object of similar size, and the mouse was then returned
to the test cage for 5 min. Wild-type mice typically spend 70% of their time with
the novel object and 30% with the familiar object under this paradigm (Hammond
et al., 2004). These data are presented as a discrimination index (DlI), the
difference between the time with the novel object and the time with familiar
object divided by the total exploration time. In this 5 min interval, the total time

spent exploring was no longer different between genotypes for either sex, but
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Figure 2.5 Fear conditioning test and novel object scenarios reveal abnormal
behaviour in Magel2-null mice

A: Magel2-null mice freeze more than wild-type (WT) control mice in the test
context at baseline and after the auditory tone, but have similar freezing rates after
the foot shock. On Day 2, freezing in the familiar test context was not different
between genotypes, but in contrast, Magel2-null mice freeze more than control at
baseline in the altered context, pre-tone. Also on Day 2, the net amount of
freezing in the novel context either before (pre-tone) or after (tone) the auditory
tone was not different between genotypes. Data are expressed as mean +£ SEM.
Two-way ANOVA detected a main effect of genotype across the six freezing
measurements (P < 0.0001). The fold change (x) in freezing during fear
conditioning is also presented as a ratio of the means. Fold changes in the test
context (tone, shock, Day 2 context) are compared to baseline. Fold changes in
the altered context after the tone are compared to the pre-tone measurement.
Magel2-null mice show a blunted fear reaction to either the test context or to the
tone. B: Female Magel2-null display increased exploratory behaviour when
placed in a cage with two novel objects, with decreased latency to reach 38 sec
total exploration time. Data are expressed as mean + SEM, **P <0.05. C: Control
mice of both sexes and male Magel2-null mice spend more time with the novel
object than with the familiar object, measured after 5 min and after 24 hr, and
presented as a discrimination index (the difference between the time with the
novel object and the time with familiar object divided by the total time). Magel2-

null female mice show no preference for a novel object after 3 min (DI=0,
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**P <(.05). D: Male mice of both genotypes buried similar numbers of marbles
over the three min. test interval. In contrast, female Magel2-null mice buried
significantly fewer marbles than controls; **P <0.05. E: Control mice consume
slightly less food during their first to days in an Accuscan chamber with powdered
food, but increase food consumption to normal levels by Day 3 in the chamber. In
contrast, Magel2-null mice have substantially reduced food intake when initially

placed in the Accuscan chamber, and never attain normal levels of food intake.
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there were differences in the rate of exploration of the novel versus the familiar
object. While male and female wild-type mice and male Magel2-null mice
preferred the novel object with this predicted preference ratio (e.g., female control
mice 67 + 5%, significantly different from 50%, P <0.007, DI=34+9), female
Magel2-null mice showed no preference for the novel object (preference 53 + 6%,
not different from 50%, DI=0=5) (Figure 2.5C). The test was repeated after 24
hr, with one of the objects identical to one from the previous day and the second a
completely novel object. As in the initial test period, Magel2-null female mice
spent more total time exploring the objects (P<0.03). All classes of mice
preferred the novel object (significantly different from 50%, P <0.01 for all
sex/genotypes, Figure 2.5C). One interpretation of this result is that object
memory is intact in Magel2-null mice, but that Magel2-null female mice are
averse to the new object in the 5-min test. As this task requires memory in
addition to motor function and motivation (Crawley., 2008), an alternative
hypothesis is that short-term memory is impaired but long-term memory is
preserved in the female mutant mice.

We used a marble-burying test to further assess behaviour with novel
objects, without a confounding requirement for memory. Mice will normally
exhibit digging behaviour when placed in a cage with marbles on the surface of
the bedding, and a number of psychotropic compounds inhibit or abolish this
behaviour (Deacon., 2006). It remains controversial whether marble burying
simply represents a natural behaviour in mice, or whether increased marble

burying represents an anxious state (Deacon., 2006). The number of marbles
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buried in a 3 min period was measured for male and female mice of both
genotypes. There was no difference between genotypes in the male mice, but
female Magel2-null mice buried significantly fewer marbles than the control mice
(P<0.0001, Figure 2.5D).

Our hypothesis that Magel2-null mice tend to avoid novel objects and are
anxious in novel environments is supported by observations made during a
previous feeding study. In this experiment, male mice were placed in a chamber
with a powdered standard chow dispenser that measured hourly food consumption
over 5 days (Bischof et al., 2007). To avoid confounding the results while the
mice acclimatized to the feeding system, only Days 3, 4, and 5 after placement in
the new cage were used for calculation of food consumption, which was reduced
to 88% of the control amount (Bischof et al., 2007). In a re-analysis of the food
intake data from Days 1 and 2, the Magel2-null mice were observed to consume
only 43% of the control amount on the Day 1 (Magel2-null 1.7 +0.5 g compared
with control, 4.0+£0.2 g, P<0.0005) with three of these eight Magel2 mice
consuming less than 0.08 g of food over 24 hr (Figure 2.5E), and mutant mice
consumed only 66% of wild-type levels on Day 2. These results suggest
avoidance of the novel food source or anxiety in the new type of cage.

2.3.8 Additional tests of behaviour

Mice normally exhibit self-grooming behaviour, and pathological self-
grooming or excessive grooming of cage mates has been interpreted as evidence
of obsessive—compulsive tendencies in mice (Kalueff et al., 2007). We examined

grooming behaviour either under unstimulated conditions in the home cage, or by
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individually spraying the mice with a fine mist of water from a hand spray bottle.
Normal head to tail grooming behaviour was observed in mice of both genotypes.

2.4 Discussion

Magel2 belongs to the MAGE family of proteins, and is most closely
related to MAGED1/NRAGE and necdin. Studies in cell culture and in mice have
implicated necdin in neural differentiation and cell cycle exit, and structural and
function deficits in the nervous system have been identified in necdin-null mice
(Muscatelli et al., 2000, Takazaki et al., 2002, Ren et al., 2003, Lee et al., 2005,
Tennese et al., 2008). MAGED1/NRAGE inhibits cell cycle exit and facilitates
p75 neurotrophin receptor-mediated apoptosis in neuronal cells (Salehi et al.,
2000). While necdin and MAGE-GI were shown to have activities in p75
neurotrophin receptor and E2F1-dependent pathways, similar activities could not
be detected for MAGELZ2, perhaps because only 490 amino acids of the 525
amino acid predicted protein (Lee et al., 2000) were included in the epitope-
tagged expression construct (Kuwako et al., 2004). Although a cellular role for
Magel2 has not been determined, abnormalities in maintenance of behavioural
circadian rhythm, reduced total activity, and reduced food intake in Magel2-null
mice have been described (Bischof et al., 2007, Kozlov et al., 2007). We also
described decreased weight gain before weaning and increased gain after weaning
leading to increased adiposity and reduced lean muscle mass in adult mice. We
have now characterized the neuroanatomy, neurochemistry, and behaviour in mice

null for Magel2 and found deficits in all three areas.
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2.4.1 Magel2-null mice have reduced brain volume and reduced neurotransmitter
levels in discrete regions of the brain

Subtle changes in regional brain volume have been described in a variety
of congenital and progressive genetic disorders, most prominently in human and
mouse studies of schizophrenia (Clapcote et al., 2007, van Haren et al., 2008). In
a recent study of mice with heritable mutations that display behavioural
symptoms, 87% of these strains showed neuroimaging abnormalities including
volumetric changes using high resolution MRI (Nieman et al., 2007). In keeping
with this finding, Magel2-null mice have brain abnormalities that we detected by
MRI. In particular, we noted a 4% bilateral reduction in cortical volume in distinct
regions of the Magel2-null adult mouse brain, including focused regions in the
parietal-temporal lobes, and in the dentate gyrus of the hippocampus underlying
the medial temporal lobe of the cortex. Notably, there were no anatomical
abnormalities in the hypothalamus in Magel2-null mice, suggesting that the
circadian rhythm deficiency in these mice is not structural in origin. These regions
of volumetric reduction in the mouse are also regions of moderate to high levels
of Magel2 expression. A significant volumetric change with a magnitude of 4-5%
is not atypical in mutant mice, and for example changes of a similar magnitude
have been observed using high resolution MRI in a mouse model of Huntington
disease (Lerch et al., 2008b)and between sexes in the C57BL/6 mouse strain
(Spring et al., 2007). Ventriculomegaly was previously observed in Ndn-null
mouse embryos (Lee et al., 2005), but in contrast, brain ventricles were normally

sized in Magel2-null mice. Notably, volumetric changes in specific brain regions
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that are of comparable magnitude to that seen in the Magel2-null mouse brain
(~5%) have been described in studies of children with autism (frontal lobe
enlargement of 5-10% (Amaral et al., 2008)), attention deficit hyperactivity
disorder (cerebrum reductions of 3-5% (Krain and Castellanos, 2006)) and early
onset schizophrenia (e.g., progressive 5-10% reduction in the prefrontal cortex
(Toga et al., 2006)) suggesting that this extent of volumetric change has
neurologically based consequences to mammalian behaviour.

We identified neurochemical abnormalities in brain samples from adult
Magel2-null mice, most notably reduced concentration of serotonin and its
metabolite 5-HIAA to 70-80% of control levels in the prefrontal cortex, cortex
and hypothalamus. We found no difference in the abundance or location of the
serotonergic neuron clusters that are primarily located in the raphe nuclei of the
brainstem. The rostral serotonergic group projects axons throughout the fore- and
mid-brain, where reduced serotonin content was measured in the mutant mice in
this study. In addition, dopamine was reduced to 60% of control values in the
adult Magel2-null hypothalamus, although the number and location of
dopaminergic neurons was not different between genotypes. Dopamine producing
neurons are present in the arcuate nucleus of the hypothalamus where they project
axons to the median eminence to stimulate hormone secretion from the anterior
pituitary. In particular, they control the secretion of the reproductive hormone
prolactin from the pituitary, and dopaminergic pathways in the hypothalamus are
also critical to the regulation of growth hormone releasing hormone action on the

release of growth hormone from the anterior pituitary (Garcia-Tornadu et al.,
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2006). Dopamine concentrations were not altered in other brain regions
suggesting a specific effect of the Magel2 mutation on hypothalamic
dopaminergic neurons.

It is difficult to establish a cause and effect relationship between
neurochemical imbalances and behaviour in mice, particularly as total levels
combine the intracellular and extracellular pools of the neurotransmitters. For
example, many studies implicating serotonin in mood and behaviour use surrogate
markers, such as 5-HT or 5-HIAA levels in cerebrospinal fluid or platelets,
examine the activation of serotonin receptors after pharmacological intervention,
or the effects of depletion of the serotonin precursor tryptophan on behaviour.
Nonetheless, many studies have linked altered serotonergic and dopaminergic
pathways with psychiatric disorders, most notably depression, anxiety, and self-
injurious or obsessive behaviour (Hyman., 2007). Serotonin pathways have also
been implicated in eating disorders (Kaye et al., 2005), and serotonin is intimately
involved in food intake and energy balance at least in part through modulation of
the activity of hypothalamic neurons, particularly through melanocortin-
dependent pathways (Heisler et al., 2006). Serotonin, brain-derived neurotrophic
factor, and the insulin-like growth factor cooperate in the regulation of energy
metabolism and stress response in cells and whole organisms, through their roles
as neurotrophic factors in the central nervous system (Mattson et al., 2004).
Interestingly, mice deficient for brain-derived neurotrophic factor exhibit
abnormal behaviours, including obesity, anxiety, and aggression, and reduced

levels of 5-HT and 5-HIAA in the adult cortex (Gaspar et al., 2003). Further
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studies are needed to determine whether there is a concurrent disruption of the
insulin-like growth factor or brain-derived neurotrophic factor pathways in
Magel2-null mice that could alter the balance of growth and survival of neurons.
2.4.2 Magel2-null mice are hypoactive and react abnormally to novel
environments

We performed assays in Magel2-null mice designed to measure anxiety-
like behaviour, locomotion, balance, neuromuscular function, learning, and
memory. Behavioural tests in animal models can provide surrogate markers for
normal or pathological human behaviour. In transgenic animal studies, interacting
deficits in different processes can influence performance in behaviour tests
(Crabbe and Morris, 2004, Tecott and Nestler, 2004). For example, a Rotarod test
meant to assay motor function and motor learning also assesses vision, motivation
not to fall, grip strength, and balance. The effects of reduced total activity,
reduced muscle mass, and blunted circadian rhythm on the behaviour tests that we
performed also need to be considered in our analysis.

Balance and strength were not impaired by the Magel2 mutation, as
evidenced by normal or improved function in rearing in the open field, time to
cross in the beam test, increased latency to fall from the Rotarod, and equivalent
time spent struggling in the tail suspension test. One interpretation of the
increased latency to fall from the Rotarod is that the Magel2-null mice have
normal strength and balance, as supported by the other tests of motor function, but
have increased motivation not to fall, consistent with their abnormal reaction to

other novel environments. We did however observe a significant reduction in
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open field activity in Magel2-null mice, consistent with previous findings that
used running wheels to monitor 24 hr activity of Magel2-null mice (Kozlov et al.,
2007). This reduction to about 50% of control activity, accompanied by only a
10% reduction in food consumption, causes the obesity in adult Magel2-null mice.

We found no evidence for learning or long-term memory deficiencies in
the 3-day Rotarod test, the 24 hr novel object preference test, or the 24 hr fear-
conditioning test. There was an increase in freezing in the Magel2-null mice on
Day 2 of the fear conditioning test, suggesting they are not grossly impaired in
amygdalar or hippocampal functions required for conditioned learning over 24 hr.
The interpretation of learning in the fear-conditioning test was complicated by the
high baseline freezing rates in the Magel2-null mice, which led to a smaller fold
increase in freezing either to the context or to the tone on Day 2.

The conditioned fear test revealed a significant difference between
genotypes not related to learning or memory: male Magel2-null mice have
increased time spent freezing under baseline conditions, indicating increased
anxiety in the test chamber. It is unlikely that reduced activity accounts for this
increase in freezing during the 2 min baseline measurement, as there was only
minimal difference in horizontal or vertical activity between genotypes in the first
5 min of the open field test. Rather, there was a progressive decline in activity of
the Magel2-null mice over the following 25 min in the open field. In a test used as
a proxy for anxiety in rodents, we found no inter-genotype difference in marble
burying activity in male mice, nor was there any difference in the time male mice

spent with objects in the cage. In contrast, female Magel2-null mice spent more
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time exploring objects placed in a cage, did not display novel object preference
when placed back into the test chamber after a 5 min interval, and were less likely
to bury marbles placed on the surface of the bedding. In summary, the object-
based tests with the female mice suggest a combination of poor short-term
memory for novel objects and decreased motivation to manipulate objects in the
cage. Interestingly, sex-specific differences in behavioural responses to novel
objects were also observed in a serotonin-depletion mouse model of
developmental brain disorders (Hohmann et al., 2007). Further studies of anxiety-
like behaviour in these mice using drugs that interact in dopaminergic and
serotonergic pathways will be necessary to fully understand the extent of the
behavioural deficiencies that results from loss of Magel?2.
2.4.3 Abnormalities of brain and behaviour: comparison with PWS

In PWS, psychiatric symptoms often develop during childhood and can
include mood instability, obsessive—compulsive disorder, autism spectrum
disorder, cognitive rigidity, anxiety, and addictive behaviour towards to food and
other substances (Cassidy and Morris, 2002, Vogels et al., 2004, Soni et al., 2007,
Soni et al.,, 2008). Structural changes in the brain have been detected in
individuals with PWS by MRI, and include enlarged ventricles (100% of
individuals tested), decreased brain volume in specific regions, particularly the
parietal and occipital lobes (all children over age 5 and adults), and
polymicrogyria (60%) (Miller et al., 2007), while a thin corpus callosum and
reduced myelination are occasionally noted (Miller et al., 2007, Miller et al.,

1996, Miller et al., 2008, Yamada et al., 2006, lughetti et al., 2008). Although
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abnormalities of sleep, appetite, thirst, and fertility suggest hypothalamic
dysfunction, radiologically evident abnormalities of the hypothalamus have not
been described to date in PWS. Imbalances of neuropeptides have been noted but
not generally replicated, and brain serotonin has not been directly measured in
individuals with PWS. Elevated levels of the serotonin metabolite 5-HIAA and
neuropeptide Y were found in cerebrospinal fluid from a small sample of children
with PWS compared to non-PWS children, although levels of 5-HIAA were
comparable to matched obese children so this may not be a PWS-specific finding
(Akefeldt and Mansson, 1998, Akefeldt et al., 1998, Akefeldt et al., 2001).
Finally, a constellation of behaviour problems that includes temper tantrums,
obsessive—compulsive behaviour, mood instability, skin picking, and maladaptive
behaviour typifies people with PWS and sets them apart from other intellectually
disabled individuals. A dysfunction of the hypothalamic-pituitary axis likely
accounts for relative growth hormone deficiency, poor appetite regulation, and
sleep disorders. Other aspects are thought to have mixed origins:
hypogonadotropic hypogonadism may have both hypothalamic and gonadal
components (Brandau et al., 2008), hyperphagia stems from decreased satiation
but also has components of obsessive—compulsive symptoms that may originate in
the amygdala, thalamus, or orbitofrontal cortex. Maladaptive behaviour and
cognitive deficiencies suggest a disorder of the frontal lobe and associated
structures.

Although the extrapolation of murine studies to human behaviour must be

approached with caution, studies of genetically engineered mice have successfully
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recapitulated the fundamental behavioural aspects of the respective human genetic
disorder in many cases (Crawley., 2008). In this case, general behavioural
similarities between Magel2-null mice and common findings in PWS include
anxiety-related traits particularly in new environments, a short-term memory
deficit, and decreased voluntary activity; however, we did not identify
abnormalities of learning in the mice that would parallel the intellectual disability
that is essentially universal in PWS suggesting the contribution of a different
gene(s) or a mouse-human difference in this respect.

Almost all individuals with PWS lack expression of multiple genes,
including loss of function of MAGEL2 and NECDIN, and most PWS candidate
genes are moderately to highly expressed in the brain (Lee et al., 2003a). It is
unclear how much contribution to the PWS phenotype is made by each of the
deleted genes. Comparison with other mouse strains carrying individual PWS
gene deletions may be informative, although few behavioural studies have been
performed to date. The Wevrick laboratory previously showed that mice lacking
necdin are underweight at birth (Pagliardini et al., 2005), while another necdin-
null strain has normal weight (Andrieu et al., 2006). A preliminary behaviour
study of the latter strain of mice showed no behavioural changes in an open field
test, but clear motor and sensory deficits secondary to neuronal defects in the
developing nervous system (Andrieu et al., 2006). Two mouse strains lacking the
snoRNAs MBII-85 suffer from post-natal mild to severe growth retardation
before weaning (Skryabin et al., 2007, Ding et al., 2008). Behaviour of MBII-85

mutant mice is also abnormal, with differences in tests of anxiety but not working
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or spatial memory, although a comparison group of similarly runted mice was not
used in that study (Ding et al., 2008). Thus, mice with individual deficiencies of
three PWS candidate genes all have altered patterns of growth and behaviour
consistent with a multigenic origin for deficits in PWS.

A report of a child with atypical PWS carrying a chromosome deletion of
175 kb (Sahoo et al., 2008), and reports of individuals with PWS carrying
translocations involving chromosome 15q11 that concurrently disrupt the activity
of a set of small nucleolar RNAs (HBII-85) (e.g., (Schule et al., 2005) and
references therein), implicate the disruption of this region in the etiology of PWS
while de-emphasizing the potential role of other genes. It is not possible to assess
whether imprinting in the brain during pre-natal development of these rare
individuals is affected by such sizeable genomic alterations within this complex
imprinted region, thereby impinging on the normal expression of genes regulated
by imprinting center transcript disrupted by these genomic events (Horsthemke
and Buiting, 2006). Firm evidence for the relative role of specific genes in
abnormalities of brain and behaviour in typical PWS therefore remains to be
found. Our studies of this mouse model for Magel2-deficiency do however
suggest an important contribution of loss of Magel2 to circadian dysfunction and
predisposition to narcolepsy, increased adiposity and reduced muscle mass,
learning and behaviour, and infertility (Mercer and Wevrick, 2009), with a minor
contribution to post-natal failure to thrive. Mouse models that examine the effect
of ablation of individual PWS genes or these genes in combination will allow

further dissection of this complex neurobehavioural condition.
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Chapter 3: Loss of Magel2, a Candidate Gene for Features of Prader-Willi

Syndrome, Impairs Reproductive Function in Mice

This chapter is a modified version of a previously published manuscript

Mercer, R.E., and Wevrick, R. (2009) Loss of Magel2, a Candidate Gene for
Features of Prader-Willi Syndrome, Impairs Reproductive Function in Mice.

PL0S One. 4(1):e4291.

With the exception of testosterone, LH, and FSH assays, R.E. Mercer completed
all the experiments in this chapter. These assays were performed by the University
of Virginia Centre for Research in Reproduction Ligand Assay and Analysis

Core.
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3.1 Introduction

The master pacemaker of circadian rhythm lies in the suprachiasmatic
nucleus (SCN) of the hypothalamus. Neurons in the SCN send axonal projections
to hypothalamic and non-hypothalamic target regions involved in reproduction,
including the medial preoptic area, the gonadotropin-releasing hormone (GnRH)
neurons, and the autonomic nervous system. Alterations to circadian rhythm,
either through surgical hypothalamic lesions or genetic mutation, have
downstream effects on circadian behaviour and hormonal function. In animal
models, circadian disruption is often associated with a decrease in reproductive
performance. Mutations in key circadian rhythm genes affect female fertility
through irregular estrous cycles, pregnancy failure, and reduced survival to
weaning in rodents (Miller et al., 2004, Kennaway et al., 2004, Boden and
Kennaway, 2006). Male circadian mutant mice typically have normal
reproductive capacity, although Bmall deficiency can cause infertility (Alvarez et
al., 2008) and clock419 male mice sire smaller litters (Dolatshad et al., 2006). A
disruption of the circadian output gene VPAC2R causes an age-related decline in
male fertility associated with seminiferous tubular degeneration and associated
hypospermia (Asnicar et al., 2002).

Altered patterns of sleep and decreased reproductive capacity coincide in
several disabling human genetic disorders, including Prader-Willi syndrome
(PWS), Smith-Magenis syndrome, and Fragile-X syndrome. PWS is a contiguous
gene deletion syndrome generally recognized at birth because of severe

hypotonia, hypogonadism, and failure to thrive, followed by developmental delay,
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hyperphagic obesity, and relative growth hormone deficiency in early childhood
(Gunay-Aygun et al.,, 2001). Hypogonadotropic hypogonadism typically
manifests as hypoplastic external genitalia and delayed gonadal maturation, with
delayed menarche and oligomenorrhea in females, and cryptorchidism and
hypogonadism in males (Eiholzer et al., 2006). While there are two reports of
successful pregnancies in women with PWS following hormonal induction, male
fertility has never been reported (Eiholzer et al., 2006, Burman et al., 2001, Crino
et al., 2003). Excessive daytime sleepiness and nighttime sleep disruptions
frequently occur in PWS, although disruption of the circadian rhythm per se has
not been described.

People with PWS have congenital loss of function of at least five genes
including MAGEL2, encoding a member of the MAGE family of proteins (Lee et
al., 2000, Boccaccio et al., 1999). In mice, Magel2 is highly expressed in the
hypothalamus, and Magel2 RNA has a circadian profile of expression in the SCN
(Kozlov et al., 2007, Lee et al., 2003). Mice with a targeted deletion of Magel2
have altered circadian patterns of food consumption and wheel running activity
that point to a deficiency in circadian output from the SCN (Kozlov et al., 2007).
We noted reduced weight gain between birth and weaning and increased adiposity
in adult Magel2-null mice, with reduced food intake and activity levels (Bischof
et al., 2007). We postulated that the hypothalamic defect that we propose causes
abnormalities of circadian rhythm and metabolism in Magel2-null mice could be
accompanied by reduced fertility. We now report that loss of Magel2 alters

reproductive function in both male and female mice.
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3.2 Materials and Methods

Mouse breeding and handling

Animal procedures were approved by the University of Alberta Animal
Policy and Welfare Committee. The Magel2 mouse colony was maintained on a
C57Bl1/6 background by breeding Magel2—/+ female mice carrying a maternally
inherited Magel2-lacZ knock-in allele with C57BI/6 male mice to generate
heterozygous, functionally wild-type offspring. Because of imprinting that
silences the maternally inherited allele, Magel2-null mice retain expression only
from the paternally inherited lacZ knock-in allele (Kozlov et al., 2007). C57BI/6
female mice were bred with Magel2—/+ male mice carrying a maternally inherited
Magel2-lacZ knock-in allele. This cross generated Magel2 +/— mice carrying a
paternally inherited lacZ knock-in allele (Magel2-null, no expression of Magel2)
and Magel2 +/+ (control littermate) offspring. Mice were genotyped from ear
notch biopsies as described in Chapter 2. Mice were weaned between three and
four weeks of age unless otherwise stated and then housed 3-4 per cage with food
(PicoLab Mouse Diet 20, LabDiet) and water ad libitum, and maintained under
12:12 light dark conditions.

Puberty and estrous cycle examinations

Female mice used for timing of puberty were weaned at 21 days of age,
and inspected daily for the occurrence of vaginal opening. Beginning on the day
of vaginal opening, vaginal smears were obtained from the mice using a fine
tipped swab as described (Goldman et al., 2007). Smears were briefly stained in

Modified Wright Stain (WS16, Sigma-Aldrich, St. Louis, MO, USA) and
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examined under a light microscope, with the observer blind to the genotype of the
mouse. Smears were characterized as diestrus if mostly polymorphonuclear
leukocytes were present, proestrus when mostly small nucleated and some
cornified cells were present, and estrus when the smear was completely cornified.
Age at first estrus was recorded as the day when the first fully cornified smear
occurred. Beginning at 9 or 26 weeks of age, daily vaginal smears were taken to
monitor estrous cycles, for a minimum of 21 days. Representative data from
individual mice are shown in Figure 3.4. For fertility measurements, mice were
paired at specific ages and monitored for pregnancy. Males were removed when
the female was visibly pregnant, and the cage monitored for the timing of birth of
the litter.

Gonadal histology

Testes and ovaries were dissected from Magel2-null and control mice at
10 and 24-26 weeks of age. Tissues were fixed in 10% neutral buffered formalin
(Sigma-Aldrich HT50-1-1, St. Louis, MO, USA), processed into paraffin,
sectioned at 5-8 um, and stained with hematoxylin and eosin for histological
analysis. Sections were prepared by the Histology Core Facility of the Alberta
Diabetes Institute, Edmonton, Alberta.

Immunohistochemistry of GnRH in the brain

For immunohistochemistry, brains from 10- or 26-week old control and
Magel2-null mice were perfused and fixed in 4% paraformaldehyde, and cut
coronally into 150 um sections using a vibratome. Sections were left at 4°C in

25% sucrose in PBS for 24 h to dehydrate. Sections were washed 3 times with
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PBS, and then incubated with a GnRH antibody (PA1-121, Affinity Bioreagents,
Golden, CO, USA, diluted 1:1000) in 2% normal goat serum with 0.3% TritonX-
100 at 4°C with gentle shaking for 48 h. Sections were washed in PBS, and then
incubated with a goat anti-rabbit secondary antibody labeled with Alexa Fluor 594
(Invitrogen, Carlsbad, CA, USA) at 1:1000 dilution in 2% normal goat serum and
0.3% TritonX-100 for 2 h at room temperature in the dark. Sections were then
washed thoroughly with PBS, mounted on slides using ProLong Gold (Invitrogen,
Carlsbad, CA, USA), and analyzed by confocal microscopy.

Hormonal assays

Blood for analysis of reproductive hormones was obtained by cardiac
puncture. Serum was purified by centrifugation, and stored at —20°C until
radioimmunoassay was performed. Testosterone, LH, and FSH levels were
analyzed by the University of Virginia Centre for Research in Reproduction
Ligand Assay and Analysis Core (supported by the Eunice Kennedy Shriver
NICHD/NIH Grant U54-HD28934).

Olfaction tests

On the first day of the buried food test, a 2cm® piece of sharp cheddar
cheese was placed in each mouse's home cage. The following day, mice were
subjected to a 24 h fast beginning just before lights out. After this 24 h period, the
mice were habituated to clean 29x19x13 cm filter top cages with approximately 5
cm deep bedding for a minimum of 20 min. The mouse was then briefly removed
and an approximately 2cm?® piece of sharp cheddar cheese was buried under the

bedding with random placement along a cage side, avoiding the corners. The
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mouse was reintroduced to the cage and latency to find the cheese was recorded.
Each mouse was tested three times with a minimum 48 h period separating test
periods.

A three choice olfactory preference test was administered to assess
pheromone odor preference. Each mouse was tested in a clean 48x26x21 cm
plexiglass cage containing 3 small (7x7x3 cm) containers filled with either clean
bedding (unused autoclaved wood shavings), male-soiled bedding (collected and
pooled from cages containing singly housed sexually experienced C57BL/6
males), or female-soiled bedding (collected and pooled from cages housing 3-4
female mice with at least 2 in the active state of estrous as assessed by vaginal
appearance (Champlin et al., 1973)). Bedding was used on the same day it was
collected. These containers were placed randomly on either side and in the centre
of the cage. Mice were habituated to the test arena for a minimum of 10 min. prior
to introduction of the olfactory stimuli. The time spent by each mouse
investigating each type of bedding was recorded over a 10 min. time period. For
each mouse, the time spent with each of the three containers was divided by the
total time spent investigating the containers to arrive at a percent time with each
choice of bedding.

Statistical analysis

Fertility rates were analyzed by Fisher's exact test. Testosterone, LH, and
FSH levels were compared using a two-tailed Mann-Whitney U test. Otherwise,
statistical analyses of differences between genotypes were performed using the

two-way ANOVA function of the GraphPad Prism 4 software package, or
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Student's paired t-tests. Differences with p<0.05 after correction for multiple t-
testing were considered significant.
3.3 Results

Magel2-null mice were previously constructed by gene-targeted
replacement of the open reading frame of Magel2 with a lacZ reporter cassette
(Kozlov et al., 2007), and are maintained on a C57BL/6 background. Mice that
inherit the gene-targeted allele from their fathers are “Magel2-null” and lack
expression of Magel2 because of genomic imprinting that silences the maternally
inherited wild-type allele. Young Magel2-null mice are relatively healthy and
fertile and display no overt physiological abnormalities, but do display abnormal
behaviour on formal testing (Mercer et al., 2009). We noted no differences in the
anatomy of the external or internal reproductive organs of Magel2-null mice at
birth, and in particular did not detect any male mice with cryptorchidism.
3.3.1 Magel2-null females display delayed and lengthened puberty

Female mice were monitored for puberty by inspection for vaginal
opening and age at first estrus. Magel2-null females display a slight but
significant delay of 1.4 days in age at vaginal opening (Table 3.1, p<0.0004) and
an additional delay of 5.3 days in age at first estrus (Table 3.1, p<0.008)
indicating defects in both the initiation and duration of puberty. It has been
established that rodents that are underweight at the normal time of puberty can
exhibit delayed vaginal opening and delayed onset of estrus (Kennedy and Mitra,

1963). Although Magel2-null pups are underweight prior to weaning (Bischof et
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al., 2007) no significant differences in the weights of the pups were observed

during the time of pubertal examination (P28—P40).

Table 3.1 Onset of puberty based on vaginal opening and first estrus

Control (n) Magel2-null (n)
Age at vaginal opening 29.5+0.31 (18) 30.9+£0.18 *(17)
(d)
Age at first estrus (d) 31.3+£0.87 (7) 36.6 £ 1.41** (7)

Data shown are mean + S.E.M., differences between control and Magel2-null
were significant( *p<0.0004, **p<0.008)

3.3.2 Magel2-null mice show early reproductive decline with infertility by 24
weeks of age

To test whether loss of Magel2 affects fertility, we paired either Magel2-
null mice or their control littermates with 6-10 week old C57BL/6 mice. We then
noted whether a litter was born, and the number of days until the litter was born,
with pairs split when the female was visibly pregnant. The fertility rate for
pairings between control littermate mice and C57BL/6 mice was over 80%
(Figure 3.1A, control littermates aged 7-35 weeks grouped together). In contrast,
pairings between Magel2-null and C57BL/6 mice were less successful (Figure
1A, Magel2-null mice split into three age categories). While 71% of C57BL/6
females paired to 7 to 14-week old Magel2-null males became pregnant,
significantly fewer (17%, p<0.001) of C57BL/6 females paired with 19 to 24-

week old Magel2-null male mice became pregnant. Furthermore, no pregnancies
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have been observed in C57BL/6 females paired with Magel2-null males older
than 24 weeks of age (p<0.001, Figure 3.1A, n = 12 in each age category).
Magel2-null females were also less fertile and displayed declining fertility with
age. Although 63% of 7 to 14-week old Magel2-null females became pregnant
when paired with C57BL/6 males, significantly fewer (20%, p<0.01) 19 to 24-
week old Magel2-null females became pregnant, and no litters have been born to
mutant females paired beyond 24 weeks of age, even when housed with fertile
C57BL/6 males for over 60 days (p<0.001, Figure 3.1A, n = 8-10 in each
category).

Furthermore, for both male and female Magel2-null mice that were
eventually successful in breeding, the interval between pairing and birth was
significantly extended at all ages. Daily examination of the female mice for the
presence of vaginal plugs indicative of mating revealed that as with C57BL/6
mice, most Magel2-null females mated with C57BL/6 males and C57BL/6
females mated with Magel2-null males had litters within 20 days of the positive
plug date, indicating that there was no decreased survival of entire litters. Rather,
the mean number of days between pairing and mating was extended to 9 days for
pairings involving Magel2-null males, compared to the C57BL/6 mean of 4 days
that is consistent with the estrous cycle of wild-type female mice (Figure 3.1B, n
= 14 of each genotype). For matings involving Magel2-null females, the interval
between pairing and mating was further extended to a mean of 12 days (Figure

3.1B, n = 12 of each genotype).
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The mean litter size sired by Magel2-null males was similar to the size of litters
sired by functionally wild-type Magel2—/+ male mice carrying a maternally
inherited Magel2-lacZ knock-in allele, suggesting adequate number of sperm and
comparable embryonic viability. Ninety-six percent of pups sired by Magel2-null
males survive until weaning, a number consistent with the typical 95% weaning
rate of control mice in the same environment. In contrast, the average litter size
born to Magel2-null females was slightly but significantly smaller than controls
(Magel2-null 6.4 pups versus control 7.8 pups, p<0.05, n = 10-15 litters per
genotype), indicating fewer owvulations or increased embryo resorptions. The
Magel2-null females frequently cannibalized their litters within two days of birth,
and we had no litters that survived to weaning born to Magel2-null females older
than 10 weeks of age (n = 8). Of female Magel2-null mice younger than 10 weeks
old, we were only able to successfully wean two litters to Magel2-null females in
our conventional breeding facility, and survival to weaning was 50-60%, much
less than the typical weaning rate of 95%. Surviving pups from Magel2-null dams
were of normal size and weight at weaning, suggesting intact ability of Magel2-

null female mice to lactate and foster offspring despite low rates of survival of the

pups.
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Figure 3.1 Reduced fertility in Magel2-null mice compared to controls.

(A) Fertility rate was measured by pairing mice and monitoring the cages for
births, with pairs split when the female mouse was visibly pregnant. The fertility
rate is the percentage of pairings that resulted in a litter, for each age group. The
control littermate fertility rate includes mice aged 7-35 weeks. The fertility rate
for Magel2-null mice is split into three age categories as marked. All mice tested
were paired with C57BL/6 mice that were 6-10 weeks old. Declining fertility in
the Magel2-null mice of both sexes is evident by 19 weeks of age, with infertility
beyond 24 weeks of age. (B) Breeding interval was determined by subtracting
gestational length from the number of days between pairing and birth. Extended
breeding intervals are seen in both male and female Magel2-null mice. *p<0.001;

**n<0.01 for Magel2-null versus control, error bars represent SEM.

143



3.3.3 Magel2-null males have reduced testosterone, but normal leutinizing
hormone and follicle-stimulating hormone levels

Magel?2 is expressed predominantly in the brain, so effects on reproductive
systems presumably originate in the nervous system. Hypothalamic regulation of
reproductive function is controlled by GnRH neurons, which stimulate the release
of leutinizing hormone (LH) and follicle-stimulating hormone (FSH) from the
pituitary. To rule out an intrinsic GnRH neuron deficit, we sectioned perfused
brains of 10 week-old female mice, and both 10 and 24 week-old male mice, then
performed immunohistochemistry with a GnRH antibody. No difference was
observed in neuron number or GnRH content between the Magel2-null and
control brains at either age, indicating that loss of Magel2 does not cause loss or
displacement of GnRH neurons.

We next measured key reproductive hormones controlled by GnRH
secretion in a group of 20-26 week-old male mice. Mean serum testosterone
levels were significantly lower Magel2-null mice (Magel2-null 6.1+1.4 ng/ml
versus control 20.24+9.9 ng/ml, p<0.03). Subsequent measurement of LH and FSH
levels revealed low-normal LH levels (Magel2-null 0.12+0.03 ng/ml versus
control 0.16x0.04 ng/ml, not significant (n.s)), and normal FSH levels (Magel2-
null 32.8+2.6 ng/ml versus control 36.8+3.2 ng/ml, n.s).

3.3.4 Reproductive histology is normal in Magel2-null males but age-related
changes are present in ovaries of Magel2-null female mice

To determine whether low testosterone levels were associated with

histological changes in the testes or impaired spermatogenesis, we compared the
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testes of control and Magel2-null males. At both 10 and 26 weeks of age there
was no difference in the weights of the testes between genotypes, and the
architecture of the testes and epididymus were histologically normal in Magel2-
null males (Figure 3.2). The quantity, morphology, and motility of sperm
recovered from the epididymus at both ages were also normal, suggesting that
despite reduced testosterone, the male reproductive organs develop and function
sufficiently to produce a normal number and quality of gametes.

Reduced reproductive rates in the female mice could be explained by a
suboptimal  uterine  environment, early pregnancy failure, impaired
folliculogenesis, missed ovulations, or a combination of these events. There was
no difference in the gross anatomy or weight of ovaries and uteri collected from
Magel2-null females at 26 weeks of age. Because female Magel2-null mice that
were positive for the presence of a vaginal plug had litters at the same frequency
as wild-type, and litter size was only slightly reduced, it is unlikely that Magel2-
null females have any uterine changes or early pregnancy losses that could
explain their reproductive failure. To examine folliculogenesis, diestrus ovaries
from 10- and 24-week Magel2-null and control females were collected, and
examined for the presence and quantity of developing follicles and corpora lutea.
At 10 weeks of age, there was no histological difference between Magel2-null and
control ovaries, with comparable numbers of Graafian follicles and corpora lutea
present (Figure 3.3 A-B). In contrast, 26-week old Magel2-null females showed
an absence of corpora lutea in 10/14 ovaries collected, despite having normal

numbers of developing and mature follicles, indicating normal
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Figure 3.2 Testicular histology in Magel2-null males.
(A, C) Hematoxylin and eosin stained paraffin sections of control testes from 10
(A) and 24 week old (C) males. (B, D) Sections from Magel2-null males at both

10 (B) and 24 weeks (D) show no difference from control sections.
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Figure 3.3 Ovarian histology in Magel2-null females.

(A, C) Hematoxylin and eosin stained paraffin sections of control ovaries from 10
(A) and 24 week old (C) females. (B, D) Sections from Magel2-null females at 10
weeks (B) show no difference from control sections, while sections from 24 week

females are notably lacking corpora lutea (indicated by *)(D).
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folliculogenesis with missed ovulations in most Magel2-null females (Figure 3.3
C-D).
3.3.5 Magel2-null females have abnormal estrous cycles that worsen with age

A normal mouse estrous cycle is defined as 4-5 days in length, with two
days in diestrus, one day in proestrus, and one to two days in estrus (Goldman et
al., 2007). To determine the reason for extended mating intervals in the female
mice, we analyzed the regularity of their estrous cycles. Cyclicity was examined
by daily sampling of the vaginal epithelium starting at 8 weeks of age for a
minimum of 35 days. The stages of estrous can be easily distinguished
cytologically, with nucleated smears during proestrus, cornified smears during
estrus, and leukocytic smears during diestrus. Representative profiles from
individual female mice are shown in Figure 3.4. The control mice consistently had
4-5 day cycles, with 2 leukocytic smears followed by one nucleated smear and
one to two cornified smears (Figure 3.4 A-B). In contrast, the Magel2-null mice
had abnormal and extended estrous cycles, with few nucleated smears, and
lengthened periods with only cornified smears (Figure 3.4 C-D). An additional set
of 26 week-old Magel2-null and control females were also monitored for estrous
cyclicity over a 21 day period, and though the control females still displayed
regular cycles (Figure 3.4 E-F), the Magel2-null females had even more
disruption in their cycling pattern, with only 25% experiencing proestrus (Figure
3.4 G-H). This type of abnormal cycling is similar to that detected in female mice

defective in the Clock circadian rhythm protein (Miller et al., 2004), and is
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Figure 3.4 Magel2-null females display longer and irregular estrous cycles
determined by vaginal cytology.

Representative examples of estrous cycling patterns from two individual female
mice of each genotype are shown for each of the two ages tested. (A-B) 10 week
old control females display regular 4-5 day cycles while 10 week old Magel-2
null females spend longer periods in estrus and diestrus, and experience fewer
proestrus events (C-D). At 26 weeks of age, control females still display regular
cycles (E-F) while Magel2-null animals have further deteriorated cycling patterns
(G-H). The X-axis represents individual days of examination. The Y-axis

represents estrus stage: E, Estrus; D, Diestrus; P, Proestrus.
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consistent with increased time to mating, reduced fertility with age, and fewer
corpora lutea as the ovulatory proestrus period is missed with increased frequency
as the female mice age.

3.3.6 Male Magel2-null mice have reduced olfactory preference for estrous
female odor

Olfaction is essential for appropriate reproductive behaviour in both sexes, and
mice with deficient olfaction can also have reproductive deficits (Yoon et al.,
2005). To determine if olfaction is affected in Magel2-null mice, we first tested
eight male and female mice of each genotype for their ability to find buried food
after a 24 h fast. Although 10-week old Magel2-null males and females showed
no difference in latency to find the buried food compared to control littermates
(Figure 3.5A), at 24 weeks of age both the male and female Magel2-null mice
took significantly longer to locate the buried food than control mice (Figure
3.5B). We then measured the length of time that fasted male mice spent
investigating a dried vanilla spot painted on the inside of the cage, during a five
minute test period. The Magel2-null mice spent only 0.75 s investigating the
vanilla spot, far less than the mean time of 6.7 s for the control mice (p<0.001, n =
8 mice of each genotype).

To investigate if this apparent olfactory defect affects mating behaviour,
we tested olfactory preference in 24 week old male mice by monitoring the time
mice spent investigating one of three choices of bedding: 1) bedding soiled by
sexually experienced male mice, 2) bedding soiled by female mice in estrus, or 3)

unsoiled, clean bedding. We first compared the time spent with soiled bedding
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(percent of time spent with soiled bedding, sum of choices 1 and 2) to the time
spent with clean bedding. Both control and Magel2-null males had a clear
preference for soiled bedding, spending 82% of their time with soiled bedding and
only 17% with clean bedding (Figure 3.5C).
We then compared the ratio of time spent with bedding soiled by a sexually
experienced male versus bedding soiled by an estrus female (choices 1 and 2).
Control males showed a clear preference for female-soiled bedding over male-
soiled bedding. In contrast, the Magel2-null males showed no preference for
either male-soiled or female-soiled bedding, spending a similar percentage of their
investigation time with either of these two choices (Figure 3.5C).

We conclude that loss of Magel2 causes reduced reproductive fitness in
both male and female mice, with early-onset decline in fertility, irregular estrus

cycles in females, and altered olfactory preference in males.
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Figure 3.5 Altered olfaction in Magel2-null mice.

(A) Latency to find buried food tested in 10-week old male mice. (B) 24 week-old
male Magel2-null mice have increased latency to locate the food following a fast
in the buried food olfaction test. (C) Three way olfactory preference test. For both
genotypes, the percent time spent with clean bedding is less than the percent time
with soiled bedding (i.e. the sum of the percent time spent with female-soiled
bedding and the percent time spent with male-soiled bedding). However, within
the time spent with the two soiled bedding choices, control males prefer female-
soiled bedding, while Magel2-null males spend an equivalent amount of time with
the male-soiled bedding as they do with the female-soiled bedding. * p<0.05

(control vs. Magel2-null), error bars represent SEM.
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3.4 Discussion

The aim of these studies was to observe reproductive changes in mice
following the loss of the PWS candidate gene Magel2, which had previously been
shown to cause hypothalamic dysfunction in the areas of circadian function
(Kozlov et al., 2007) and metabolism (Bischof et al., 2007). We now show that
loss of Magel2 affects both male and female reproduction, causing reduced
fertility and early infertility in both males and females, delayed puberty and
irregular estrus cycles in females, and low testosterone, and impaired olfaction
and olfactory preference in males.

Young Magel2-null mice of both sexes are able to breed, producing
relatively normal litters. Some reduced fertility in male mice with only
preliminary investigation in female mice was previously reported in Magel2-null
mice (Kozlov et al., 2007). Normal C57BL/6 mice show an age-related decline in
fertility beginning at about 6 months of age, with acyclicity in females beginning
around 12 months of age (Goldman et al., 2007). This decline is typically
associated with histological changes including vacuolization of seminiferous
tubules and increased Leydig cell number in males (Takano and Abe, 1987) and
overall loss of follicles and a reduction in developing follicles in females (Gosden
et al., 1983). Because the early loss of fertility seen in our mice was not
accompanied by these histological changes in the gonads, it does not seem that
loss of reproductive ability is linked to accelerating aging in the testes or ovaries

in mice lacking Magel2.
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Magel2-null females have a delay in the onset of puberty, contrasting with
the ClockA19 females that display normal timing of both vaginal opening and
vaginal estrus (Miller et al., 2004). The onset of puberty in other circadian mutant
mice has not been described, though an isolated report suggests a slight delay in
puberty in Bmall knockout mice (Boden and Kennaway, 2005). We have
previously reported an early failure to thrive in Magel2-null neonates followed by
adult-onset weight gain and increased adiposity (Bischof et al., 2007), but this
weight difference is no longer apparent at the normal timing of puberty.
Intriguingly, it has been shown that protein restriction during neonatal
development can impair adult fertility by delaying puberty and accelerating
reproductive decline in female rats (Guzman et al., 2006), so it is possible that the
early failure-to-thrive seen in Magel2-null pups contributes to both their delay in
puberty and their later reproductive difficulties, but is unlikely to be the sole cause
of infertility.

Abnormal estrous cycles in rodents can result from perturbations at any
level of the hypothalamic-pituitary-gonadal axis. Because Magel2-null females
show no anatomical differences of external or internal reproductive organs, and
their ovaries have grossly normal folliculogenesis with mature Graafian follicles,
ovarian steroidogenesis is not likely perturbed and is therefore not a likely culprit
for abnormal estrous cycling in these mice. Rising levels of estrogens produced by
developing follicles in the ovary feed back to the hypothalamus, amplifying
GnRH pulses, and to the pituitary, sensitizing it to increasing GnRH. The

combination of these hypothalamic and pituitary effects result in a precisely timed
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surge of LH on the afternoon of proestrus, which leads to ovulation some 10-12 h
later (Goldman et al., 2007). Cytological examination of the vaginal epithelium
revealed few proestrus events in Magel2-null females, coupled with reduced or no
corpora lutea in the ovary suggestive of missed ovulation. Normal folliculogenesis
in the female Magel2-null mice, and normal pituitary hormone levels (LH, FSH)
in Magel2-null males, suggests a defect in the hypothalamic response to rising
estrogen levels, perturbing the precision of the reproductive system. Poor
responsiveness could occur despite normal numbers and placement of GnRH
neurons. Abnormal estrous profiles and differential ovulation rates have
consistently been shown in the ClockA19 mice (Miller et al., 2004, Kennaway et
al., 2004, Dolatshad et al., 2006), which do not show a LH surge following
proestrus (Miller et al., 2004). Like the Magel2-null females we describe here, the
ClockA19 mice also have an approximate one pup decrease in litter size, which
has been attributed to a reduction in the number of ova per ovulation (Kennaway
et al., 2004), but how these ovulations are occurring in the absence of an LH
surge remains unexplained.

By the time male Magel2-null mice become functionally infertile around
the age of 24 weeks, they have significantly lower testosterone levels than
controls. Testosterone is produced by Leydig cells in the testes following
stimulation by LH pulses from the pituitary gland, which are regulated by
rhythmic pulses of GnRH controlled by the SCN. Low testosterone and infertility
have been reported in mice lacking Bmall, a core circadian gene also expressed in

Leydig cells. These mice have a threefold increase in serum LH, which indicates a
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defect in the ability of Leydig cells to produce testosterone (Alvarez et al., 2008).
Magel?2 is not expressed in adult mouse testes (Boccaccio et al., 1999), and we did
not detect Magel2-LacZ reporter gene expression in Leydig cells in adult Magel2-
null mice. Serum LH levels were not significantly different in the Magel2-null
males compared to controls, which indicates impaired hypothalamic or pituitary
response to the reduced testosterone seen in these mice. Because the structure of
the GnRH system appears intact in Magel2-null mice, and no testicular
abnormalities were detected, abnormal regulation between the central and
peripheral components of the hypothalamic-pituitary-gonadal axis is a possible
explanation for reduced testosterone levels in the Magel2-null mice.

Sexual motivation and successful reproduction in rodents is highly
dependent on olfactory ability, with anosmic mice failing to breed (Yoon et al.,
2005). Normal male rodents also show a clear preference for estrus female odors
compared to male odors, and rats that do not display an olfactory preference for
females generally do not copulate (Portillo and Paredes, 2004). Magel2-null mice
of both sexes develop an olfactory defect between 10 and 24 weeks of age as
evidenced by increased time to find food following a fast. Because the null mice
also showed reduced foraging and digging during these tests, and because they are
generally hypoactive (Kozlov et al., 2007, Bischof et al., 2007)the increased time
cannot specifically be attributed to an olfactory defect, and may partially result
from decreased food-motivation. Consistent with this idea, during the olfactory
preference tests, Magel2-null mice clearly preferred soiled bedding over clean

bedding, indicating functional olfactory detection. However, while control male
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mice prefer estrus female odor, Magel2-null mice did not discriminate between
bedding soiled by males or soiled by females, indicating a defect in the detection
or response to pheromone cues. Pheromone detection in the mouse has been
shown to be a result of a direct neural connection between the main olfactory
epithelium and the hypothalamic GnRH neuron system (Yoon et al., 2005,
Mandiyan et al., 2005), warranting additional examination of the olfactory system
in Magel2-null mice. Low sexual motivation resulting from reduced testosterone
and an inability to respond to female odor cues is the most likely explanation for
impaired reproductive function in Magel2-null males.

The reduced fertility of Magel2-null mice is consistent with that seen in
other circadian mutant mice, but subtler than the infertility and incomplete sexual
maturation seen in PWS. Delayed and/or partial puberty is often observed in girls
with PWS, with late-onset or absent menarche, and amenorrhea or
oligomenorrhea in most cases (Burman et al.,, 2001, Crino et al., 2003).
Occasional cases of premature pubarche and true precocious puberty have been
described in a proportion of PWS individuals, usually occurring secondary to
obesity (Crino et al., 2003). Males with Prader-Willi syndrome typically have
hypogonadism, and display Sertoli-only histology in their seminiferous tubules
(Eiholzer et al., 2006, Hamilton et al., 1972, Katcher et al., 1977). A recent study
of hormone levels in people with PWS aged 16 years and older demonstrated
testosterone levels below the normative range in 19 of 23 males, and LH levels
below the normative range in 5 of 24 males, while FSH levels were variably low,

normal, or high in the same cohort (Brandau et al., 2008). Because several genes
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are lost in PWS, combined loss of Magel2 and other Prader-Willi candidate genes
may have an additive deleterious effect. For example, mice lacking a different
PWS gene encoding a second MAGE protein, necdin, show a reduction in GhnRH
neuron number in the hypothalamus (Miller et al., 2008, Muscatelli et al., 2000).
Loss of GnRH neuron number, consequent to loss of necdin, coupled with loss of
proper feedback circuitry from loss of MAGEL?2, would be predicted to have a
more serious effect on reproductive function in individuals with PWS with
congenital absence of both genes. Further, failure to thrive associated with loss of
the snoRNA HBII-85 could contribute to later infertility in PWS, although
fertility was reportedly normal in two independent strains of mice deficient for the
murine ortholog MBI1-85/Snord116 (Ding et al., 2008, Skryabin et al., 2007).
Further studies on reproductive and other hypothalamic functions in
Magel2-null mice under conditions of worsened (e.g. through exposure to
constant darkness) or improved (e.g. by pharmacological reinforcement of the
circadian period or more stringent photoperiods) circadian function may provide
compelling evidence for additional examination and regulation of circadian
rhythm in people with PWS. Our results further highlight the role of Magel2 in
normal hypothalamic function, and add additional support for the role of circadian

rhythm in reproduction.
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Chapter 4. Magel2 is required for leptin-mediated responses in POMC

neurons in mice.

This chapter is a modified version of a manuscript submitted for publication.

Magel?2 is required for leptin-mediated responses in POMC in mice. R.E. Mercer,
S.D. Michaelson, M.J.S. Chee, T.A. Atallah, R. Wevrick, and W.F. Colmers.

R.E Mercer completed all of the experiments in this chapter. S.D. Michaelson
assisted with slide preparation for Figures 3 & 4, assisted with data collection for
Figure 6 1,K, and assisted with manuscript preparation. M.J.S. Chee assisted with
data collection for Figure 2A, and Figure 6 C,E, and F. T.A. Atallah was a
summer student supervised by R.E. Mercer who assisted with data collection and

analysis for Figures 3 &4.
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4.1 Introduction

Energy balance is regulated in part by the coordinated action of
specialized neurons within the hypothalamus of the brain, which sense circulating
signals of energy stores such as the adipocyte derived hormone leptin (Ahima and
Lazar, 2008). The arcuate nucleus (ARC) is a key hypothalamic region involved
in energy balance regulation, and a major site for leptin action. Two distinct
populations of ARC neurons expressing either Neuropeptide Y (NPY) and
Agouti-related peptide (AgRP) or pro-opiomelanocortin (POMC) have opposing
effects on energy balance. NPY and AgRP, via different mechanisms, stimulate
food intake and reduce energy expenditure, with the overexpression of both
leading to obesity (Graham et al., 1997, Ollmann et al., 1997, Tiesjema et al.,
2009). In contrast, POMC is processed into several shorter peptides including a-
MSH, which reduces food intake and stimulates energy expenditure through
melanocortin responsive neurons in the paraventricular nucleus and elsewhere.
Mutations that affect processing or lead to loss of expression of the POMC gene
also cause obesity in mice and humans (Yaswen et al., 1999, Coll et al., 2005,
Smart et al., 2006, Krude et al., 2003, Farooqi et al., 2006, Creemers et al., 2008,
Challis et al., 2004).

Impaired hypothalamic regulation of energy balance is found in numerous
genetic forms of human obesity, including congenital deficiency of leptin
(Montague et al., 1997), leptin receptor mutations (Clement et al., 1998), MC4R
melanocortin receptor mutations (Faroogi et al., 2003), and Bardet-Biedl

Syndrome (Seo et al., 2009), and may also contribute to the severe hyperphagia
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and obesity seen in people with Prader-Willi Syndrome (PWS), the most common
syndromic genetic obesity disorder in humans (Cassidy and Driscoll, 2009),
(Cassidy., 1997, Gunay-Aygun et al., 2001). People with PWS typically have a
loss of function of several contiguous genes, including MAGEL2.

We previously showed that gene-targeted mice lacking Magel2 expression
become overweight with increased adiposity as adults (Bischof et al., 2007), and
are subfertile with delayed puberty, irregular estrous cycles, and early onset
infertility (Mercer and Wevrick, 2009). As obesity and infertility are common in
animal models with impaired leptin signaling (Israel and Chua, 2010), we
hypothesized that impaired leptin signaling may also underlie these findings in
Magel2-null mice. We now report that Magel2-null mice do indeed display
physiological leptin resistance, that leptin resistance precedes the development of
increased adiposity, and that leptin-mediated responses in POMC neurons are
specifically inactivated in these animals.

4.2 Materials & Methods

Mouse breeding and handling

All animal procedures were approved by the University of Alberta Animal
Care and Use Committee in accordance with the guidelines of the Canadian
Council on Animal Care. Mice were weaned between 3-4 weeks of age and then
group housed 3-5 per cage with food (PicoLab Rodent Diet 5001) and water ad

lib., and housed under a 12:12 light:dark cycle.
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Magel2-null and GFP reporter mice

Magel2-null mice were previously generated via gene-targeted
replacement of the open reading frame of Magel2 with a lacZ reporter cassette
(Kozlov et al., 2007). The Magel2 mouse colony is maintained on a C57BI/6
background by breeding heterozygous Magel2-m/+p mice carrying a maternally
inherited Magel2-lacZ knock-in allele with C57BI/6 male mice to generate
heterozygous, functionally wildtype offspring. Heterozygous carrier males were
then bred with wildtype females to produce experimental animals. This cross
generated Magel2+m/-p mice that inherited the gene-targeted allele from their
fathers, and which are Magel2-null because they lack expression of Magel2 due to
genomic imprinting that silences the maternally inherited allele. Magel2+/+
(wildtype) littermates serve as controls. Mice were PCR genotyped from ear notch
biopsies using oligonucleotide primers spanning the lacZ transgene, and the
Magel2 open reading frame (NLG37F 5° ATG GCT CCA TCA GGA GAA C;
and LACZR2 5 GGG ATA GGT CAC GTT GGT GT). Presence of GFP was
identified with oligonucleotide primers targeting the GFP gene sequence (GFPF
S’AAGTTCATCTGCACCACCG; and GFPR
5 TCCTTGAAGAAGATGGTGCG).

In order to identify specific neurons within the hypothalamus that express
the signaling form of the leptin receptor (LepRb) we crossed Magel2-m/+p carrier
males with previously described homozygous LepRbE®™" females (Leshan et al.,
2006, Leshan et al., 2009), which express green fluorescent protein in LepRb+

bEGFP

cells. This cross produces Magel2xLepR mice, lacking expression of Magel2
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but expressing LepRb®®™", and control LepRb=C™ littermates carrying a wildtype
Magel2 gene. To identify POMC neurons within the hypothalamus, Magel2-m/+p
carrier males were crossed with homozygous POMCE®™ females (The Jackson
Laboratory stock #009593, Bar Harbor, ME, USA), which express green
fluorescent protein under the transcriptional control of POMC genomic sequences
(Cowley et al., 2001). This cross produces Magel2xPOMCE®™ mice, lacking
expression of Magel2, and control POMCE®™ littermates that are wildtype for
Magel?2.

Food withdrawal and refeeding

Male adult (12-16 weeks of age) Magel2-null and control mice were
singly housed for at least one week prior to the beginning of the experiment. At
the onset of the study, mice were weighed and then subjected to a 48 h fast
beginning at 1600h. Body weight was recorded following 24 h and 48 h of
fasting, and food intake and body weight change were measured during refeeding
for 3 days. Food intake was measured by weighing food before and after each
procedure, taking care to account for food spilled in the bottom of the cage.

Leptin and melanocortin sensitivity assays

Magel2-null and control male mice were singly housed for at least one
week before the start of the experiment. One week before leptin injections, all
animals were injected every 24 h for 3 days with phosphate buffered saline, pH
7.3 (PBS). Body weight and food intake were measured during this time. On day
1 of the experiment, food was removed from the cages at 1500h. At 1600h, mice

were injected intraperitoneally (ip) with either 2.5 mg/kg mouse recombinant
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leptin (Dr. A.F. Parlow, National Hormone and Peptide Program, NHPP-NIDDK,
Torrance, CA, USA) or PBS. Food was returned to the cage, and food intake
measurements were taken 2, 4, 16, and 24 h later. After 3 days recovery, the
experiment was repeated with the animals that received PBS in the first round
receiving leptin in the second round and vice versa. To assess the responsiveness
of the melanocortin system, we used the synthetic melanocortin agonist
melanotan-11 (MT-II, Phoenix Pharmaceuticals, Burlingame, CA, USA), which
acts on both MC3 and MC4 receptors (Hruby et al., 1995, Cowley et al., 1999).
The melanocortin responsiveness experiment was performed as indicated in the
leptin sensitivity assay, only instead of leptin, mice were injected ip with 2.5
mg/kg MT-II.

Leptin stimulation and immunohistochemistry

Adult (12-16 weeks) Magel2xPOMCE®™ and control mice of both genders
were handled daily for 2 weeks, including one week of PBS injections in order to
minimize injection-related c-fos responses in the brain. On the day of sacrifice,
mice were injected ip with either 2.5 mg/kg recombinant mouse leptin or PBS 45
min. before being anesthetized with pentobarbital sodium (Euthanyl, Bimeda
MTC, Cambridge, ON, Canada). Anesthetized mice were perfused directly into
the left ventricle of the heart with 25 ml cold PBS followed by 30 ml of 4%
paraformaldehyde. Brains were removed and submerged in 4% paraformaldehyde
for 24 h at 4°C, and then cryoprotected in 25% sucrose for an additional 48 h at
4°C before being frozen on dry ice in Shandon Cryomatrix (Thermo Scientific,

Pittsburgh, PA, USA) and kept at -80°C until sectioning. Coronal 30 um sections
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of the hypothalamus were cut sequentially on a cryostat and collected as free-
floating sections in 4 series, and stored in 0.02% sodium azide in PBS at 4°C until
use. For pSTAT3 immunohistochemistry (IHC), sections were pretreated with 1%
NaOH and 1% H,0, in H0 for 20 min, 0.3% glycine in PBS for 10 min, and
0.03% sodium dodecyl sulfate in PBS for 10 min. Subsequently, sections were
blocked for 1 h with 3% normal goat serum in PBS/0.3% Triton X-100, and then
incubated overnight with pSTAT3 antibody (1:1000, 9131 Cell Signaling,
Danvers, MA, USA) in PBS/0.3% Triton X-100. The following day, sections
were washed with PBS/0.3% Triton X-100 and incubated for 2 h with goat anti-
rabbit secondary antibody labeled with Alexa Fluor 594 (Invitrogen, Carlsbad,
CA, USA). For c-fos and POMC IHC, sections were washed 3 times in PBS, and
then blocked for 30 min. in 3% normal serum in PBS/0.3% Triton X-100.
Sections were then incubated for 48 h at 4°C with primary antibody (c-fos (Ab-5),
1:2000, PC-38, Millipore, Billerica, MA, USA; POMC, anti-GFP, 1:4000,
ab13970, AbCam). Sections were washed 3 times with PBS/0.3% Triton X-100
and then incubated for 2 h with goat anti-rabbit secondary antibodies labeled with
Alexa Fluor 594 or goat anti-chicken secondary antibodies labeled with Alexa
Fluor 488 (Invitrogen, Carlsbad, CA, USA) as appropriate at 1:500 dilution in
PBS/0.3% Triton X-100, for 2 h at room temperature, in the dark. Following
secondary antibody staining, sections were washed thoroughly with PBS,
mounted on slides using ProLong Gold (Invitrogen, Carlsbad, CA, USA), and
images captured using a Zeiss LSM510 confocal microscope. For cell counting in

the arcuate nucleus, sections were organized in a rostral to caudal manner through
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the hypothalamus according to the mouse brain atlas (Rosen et al., 2000). For
pSTATS3, cells were counted using MetaMorph Imaging Suite (Molecular
Devices, Sunnyvale, CA, USA), and for c-fos and POMC, cells were counted
using Image J (National Institutes of Health, Bethesda, MD, USA).

Slice preparation and electrophysiology

Brains from 6-12 week old male and non-estrous female mice carrying a
LepRbE™ or POMCE® transgene were rapidly removed and sliced for patch
clamp electrophysiology recordings. Slicing and electrophysiology procedures
were similar to those previously described (Chee et al., 2010, Chee et al., 2011).
Slices were incubated for at least 1 h at room temperature in carbogenated
artificial cerebrospinal fluid (aCSF) containing the following (in mM): 124 NacCl,
3 KCI, 1.3 MgSQq, 1.4 NaH,PQy4, 2.5 glucose, 7.5 sucrose, 26 NaHCO3; and 2.5
CaCl, (osmolarity 300-305 mOsm/L), prior to each experiment. For
electrophysiology, slices were continuously perfused (2-4 mil/min) with warm
(32-34°C), carbogenated aCSF. Epifluorescent illumination was briefly used to
identify cells expressing green fluorescence, at which time the light source was
switched to infrared-differential interference contrast imaging to obtain whole-cell
recordings. Thin-walled glass pipettes (World Precision Instruments Inc.,
Sarasota, FL, USA), pulled from a two-stage microelectrode puller (Narishige
Scientific, Japan), had resistances of 5-7 MQ when backfilled with an internal
solution containing (in mM): 126 K-gluconate, 4 KCI, 10 HEPES, 5 MgATP, 0.3
NaGTP, 1 EGTA, 0.3 CaCl, and 0.02% neurobiotin (pH adjusted to 7.25 with

KOH, osmolarity adjusted to 280 mOsm/L). Visualized-patch whole-cell
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recordings were obtained from patch pipettes attached to a headstage of an
Axoclamp 2A amplifier (Axon Instruments). Electrophysiological recordings in
current- and voltage-clamp modes were filtered at 3 kHz and sampled at 5-10 kHz
via a Digidata 1322A interface (Molecular Devices) interface connected to a
computer running PCLAMP 9.2 software (Molecular Devices). Data were stored
and analyzed using a computer equipped with Clampex 10.2 (Molecular Devices).
Stock solutions of mouse recombinant leptin were prepared in PBS (pH 7.8),
while stock solutions of human NPY (Peptidec Technologies Ltd.,Pierrefonds,
QC, Canada) were prepared in HPLC grade water, then stored at -20°C. NPY and
leptin were diluted into aCSF from concentrated stock solutions to experimental
concentrations immediately before use. These were perfused into the recording
chamber by gravity for a minimum of 3 min. After each successive drug
application, the slice was continuously washed with aCSF for a minimum of 10
min. before the next addition of drug. A stable and reversible change in membrane
potential of at least 2mV from baseline appearing within a few minutes of the
onset of drug application was considered a valid pharmacological response.

Statistical analysis

Statistical analyses of differences between genotypes were performed
using the Student’s unpaired t-test or the Fisher’s Exact Test functions of the
GraphPad Prism 5 software (GraphPad, La Jolla, CA, USA). Measurements are
reported as the mean + SEM. Differences with p<0.05 after correction for
multiple t-testing were considered significant, whereas p values greater than 0.05

were considered not significant (n.s.).

172



4.3 Results

4.3.1 Magel2-null mice lose less weight during a fast, and eat less food and gain
less weight after fasting.

Leptin maintains homeostatic control of weight, regulating ingestive behaviour
and energy expenditure in response to changes in nutritional energy availability.
The fall in circulating leptin that occurs with food deprivation normally causes
increased feeding when food is reinstated, restoring normal weight and fat mass
(Ahima and Lazar, 2008). However, refeeding-associated weight gain and
hyperphagia are dysregulated in mice with diet-induced obesity (Becskei 2009) or
mice carrying mutations that selectively ablate POMC neurons (Xu et al., 2005a,
Xu et al., 2007) or decrease levels of hypothalamic neuropeptides (Bannon et al.,
2000, Segal-Lieberman et al., 2003, Patel et al., 2006). To determine if Magel2 is
important for compensatory responses after fasting, we subjected mice to a
prolonged (48 h) fast. While control mice lost 16% of their body weight after 48 h
of fasting Magel2-null mice lost significantly less body weight (12% of initial
weight), consistent with their previously noted reduced locomotor activity (Figure
4.1A). We then refed the fasted mice, and measured food intake and body weight
over the next 3 days. Body weight returned to baseline within 2 days of refeeding
in control mice, but Magel2-null mice remained underweight even after 3 days
(Figure 4.1A). Food intake was similar before fasting (Figure 4.1B), but Magel2-
null mice ate less food during the initial 24 h recovery period (Figure 4.1C),

resulting in a significantly reduced food intake ratio compared with control mice
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(Figure 4.1D). These results suggest that the hypothalamic pathways required for
compensatory refeeding are defective in the Magel2-null mice.

4.3.2 Magel2-null mice lack the anorexigenic response to peripherally
administered leptin

Magel2-null mice have excess adipose tissue, and high levels of circulating leptin
suggesting reduced leptin sensitivity. At 20 weeks of age, Magel2-null mice are
14% heavier than control mice (Figure 4.2A). To examine whether Magel2-null
mice are sensitive to exogenous leptin, we measured food intake in singly housed
male mice using a crossover study design in which the same animals received
either ip leptin (2.5 mg/kg) or PBS approximately 1 week apart. In control leptin-
treated mice, food intake was reduced by about 30% in the 24 h following leptin
injection, as expected. However, leptin-treated Magel2-null mice showed no
reduction in food intake following ip leptin (Figure 4.2B). Excess adiposity can
decrease leptin sensitivity even in the absence of a genetic mutation (Van Heek et
al., 1997, Munzberg et al., 2004). We therefore repeated this study in younger (6-
week old) mice, where there is no difference in body weight between Magel2-null
and control animals (Figure 4.2C). Leptin treatment in young control mice again
caused a reduction of approximately 35% in 24 h food intake compared to PBS
treatment. In contrast, there was no reduction in 24 h food intake in leptin-treated
young Magel2-null mice (Figure 4.2D), so that leptin insensitivity precedes
excessive weight gain in Magel2-null mice. These results suggest that Magel?2 is

required for the anorexigenic effect of leptin in mice.
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Figure 4.1 Magel2-null mice have abnormal weight recovery and
compensatory refeeding after fasting.

A) Body weights of adult male mice subjected to a 48 hour fast and a 72 hour
refeeding period. Magel2-null mice lost less weight while fasting, and recovered
less weight during refeeding. B) 24h food intake pre-fast and C) post-fast. D)
Magel2-null mice have a reduced food intake ratio compared to controls.
Controls, n=6, Magel2-null, n=6. Values are means + SEM. *p<0.05, compared

by Student’s t-test.
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4.3.3 Magel2 deficiency reduces leptin-mediated phosphorylation of STAT3 and
induction of c-fos expression in the arcuate nucleus

We next examined the activation of the leptin receptor by measuring levels
of phosphorylated STAT3 (pSTAT3) (Bjorbaek et al., 1997, Munzberg et al.,
2003, Piper et al., 2008), in the ARC following a single ip leptin (2.5 mg/kg)
injection. While few pSTAT3 positive neurons were seen in the ARC following
PBS injection in both Magel2-null and control animals (Figure 4.3A, C, E),
numerous pSTAT3 positive cells were seen in the ARC of both genotypes after
leptin injection (Figure 4.3B, D). Nonetheless, detailed cell counts throughout the
ARC revealed a 30-35% reduction in pSTAT3 positive cells in Magel2-null mice
compared to control (Figure 4.3E). Next, we measured the induction of c-fos, an
immediate early gene marker of neuronal activation that is detected in POMC but
not NPY neurons in the ARC after leptin injection (Dragunow and Faull, 1989,
Elias et al., 1999).

Baseline c-fos immunoreactivity was observed in PBS-injected control
animals (Figure 4.4A, C, E), and leptin treatment caused a significant increase in
c-fos expression in both control and Magel2-null mice (Figure 4.4B, D, E),
particularly in more posterior regions of the ARC where the majority of leptin
sensitive POMC neurons are located (Williams et al., 2010). Interestingly, both
baseline (PBS) and leptin-induced c-fos positive cells were reduced in number in

Magel2-null mice compared to control (Figure 4.4E).
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Figure 4.2 Peripherally administered leptin fails to reduce food intake in
Magel2-null mice.

A) Body weights of 20 week old male mice and B) 24 hour food intake following
leptin or PBS (saline) injections. Leptin reduced food intake in control mice,
while leptin-treated Magel2-null mice showed no significant change in food
intake. Controls, n=10, Magel2-null, n=10. C) Body weights of 6 week old male
mice and D) 24 hour food intake following leptin or PBS injections. Leptin
reduced food intake in control but not Magel2-null mice. Controls, n=7, Magel2-
null, n=6. Values are means + SEM. *p<0.05, compared between genotypes by

Student’s t-test.
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Figure 4.3 pSTATS3 activation in ARC neurons in leptin-treated mice.

A-D) Representative IHC images showing pSTAT3 immunoreactivity following
ip PBS (saline) and leptin injection. Scale Bar 100 um. E) Magel2-null mice have
fewer pSTATS3 positive cells following leptin injection. Values are means + SEM.
*p<0.05, Magel2-null compared to control, #p<0.05, leptin-injected compared to

saline-injected, by Student’s t-test.
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4.3.4 Magel2-null mice have reduced numbers of ARC POMC neurons

POMC neurons form an important part of the hypothalamic energy
balance neurocircuitry, and are activated in response to leptin (Cowley et al.,
2001). Fewer leptin-induced pSTAT3 and c-fos immunoreactive cells were
observed in the ARC of Magel2-null mice, particularly in areas previously shown
to contain higher levels of leptin-sensitive POMC neurons. We therefore counted
POMC/EGFP positive neurons in the ARC of Magel2xPOMCE®™ and control
mice, and found on average 39% fewer POMC+ neurons in the Magel2-null mice
than in controls (Figure 4.5). This reduction was most prominent in the more
posterior region of the ARC, where a 52% reduction in POMC positive cells was
found (Figure 4.5C). Thus, loss of POMC could partially but not fully explain the
reduction seen in leptin-induced pSTAT3 and c-fos expression in the ARC of

Magel2-null mice.
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Figure 4.4 Expression of c-fos in ARC neurons following leptin injection.

A-D) Representative images of c-fos IHC following ip PBS and leptin injection.
Scale Bar 100 pum. E) Leptin induced c-fos expression in both Magel2-null and
control mice compared to PBS. At both baseline and following leptin treatment,
Magel2-null mice had significantly fewer c-fos positive cells compared to
controls. Values are means + SEM. *p<0.05, compared between genotypes by

Student’s t-test.
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Figure 4.5 Magel2-null mice have fewer ARC POMC neurons.

A-B) Representative images of GFP (POMC) IHC. Scale bar 100 um. C) Magel2-
null mice have fewer GFP expressing (POMC) cells at all levels of the ARC
(Bregma -1.28, 39% reduction, *P <10'®; Bregma -1.64, 27% reduction, *P <10’
Bregma -2.12, 52% reduction, *P <0.01), compared between genotypes by

Student’s t-test. Values are means + SEM.
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4.3.5 Leptin fails to activate POMC neurons in the ARC of Magel2-null mice

To directly examine leptin responses in ARC neurons, we performed
whole-cell  visualized-patch  recordings of  fluorescent  neurons in
Magel2xLepRb=®™ and control mice (sample cell shown in Figure 4.6 A, B).
First, the resting membrane potential (RMP) of LepRb+ neurons (Figure 4.6C)
was comparable in the two genotypes. NPY hyperpolarizes the majority of leptin-
responsive ARC cells (Figure 4.6D) (Acuna-Goycolea and van den Pol, 2005,
Roseberry et al., 2004). Application of either 100 nM or 300 nM NPY produced a
robust hyperpolarization in virtually all ARC LepRb+ neurons tested in both
Magel2-null and control slices, indicating that the loss of Magel2 does not
interfere with normal NPY signaling (Figure 4.6E-F). We then examined the
leptin (100 nM) responses in LepRb+ neurons in the ARC. Leptin normally
activates (depolarizes) POMC neurons, and inhibits (hyperpolarizes) NPY
neurons (Cowley et al., 2001, van den Top et al., 2004), so we expected to
observe both responses in the mixed neuronal populations represented by LepRb+
cells in the ARC. Indeed, leptin induced both hyperpolarizing and depolarizing
responses in slices from control mice, with a few unresponsive cells. All cells,
including leptin-unresponsive cells, exhibited a normal electrophysiological
response to 300 nM NPY. In striking contrast, in slices from Magel2-null mice,
we did not observe neurons with depolarizing responses to leptin. Hyperpolarizing
responses were seen at a frequency comparable to controls, while leptin-
unresponsive cells (which nevertheless showed normal NPY responses) were

present in much higher numbers (Figure 4.61). These results suggest that the
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inhibitory action of leptin is unaffected in ARC LepRb+ neurons of Magel2-null
mice, but that the excitatory effect of leptin, typically observed at POMC neurons,
is selectively absent in Magel2-null mice.

To more directly examine the population of neurons specifically activated
by leptin in the ARC, we identified POMC neurons using crosses with mice
expressing GFP in POMC cells (Magel2xPOMCE®™ and littermate controls). As
with LepRb+ neurons in the ARC, POMC neurons from control and Magel2-null
animals did not differ in their RMP (Figure 4.6J). We then tested leptin (100 nM)
responses in POMC+ cells located in the posterior and medial regions of the
ARC, where a large number of POMC neurons are leptin sensitive (Williams et
al., 2010). Leptin induced depolarization in the majority of POMC neurons from
control mice, but no depolarizing effects were seen in response to leptin in
Magel2-null mice. This confirms that POMC neurons in these animals are indeed

insensitive to acute administration of leptin (Figure 4.6K).
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Figure 4.6 Magel?2 is required for the leptin-induced depolarizing response in
POMC neurons.

Example of a LepRbF¢™

positive neuron identified for electrophysiological
recordings using: A) infrared-differential interference contrast and B)
epifluorescence imaging. Scale bar, 10 um. C) Mean RMP of ARC LepRb+
neurons. D) Current clamp recording of a LepRb®®™ neuron showing the
hyperpolarizing effect of 300 nM NPY. There was no change in the magnitude of
hyperpolarization between control and Magel2-null neurons treated with either E)
100 nM or F) 300 nM NPY. G-H) Current clamp recordings of typical responses
to 100 nM leptin in G) depolarizing neurons, and H) hyperpolarizing neurons. 1)
Changes in RMP with application of 100 nM leptin to ARC LepRb¥®"" neurons.
Circles represent individually tested neurons. Depolarizing, hyperpolarizing, and
unresponsive neurons were found in control slices, while only hyperpolarizing
and unresponsive neurons were found in Magel2-null slices. J) Mean RMP of
ARC POMCE®™ neurons. K) Changes in RMP caused by application of 100 nM
leptin to ARC POMCE®™ neurons. Depolarizing responses were observed in

control but not Magel2-null mice. RMP values are means = SEM. *p<0.05,

compared between genotypes by Fishers Exact Test.
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4.3.6 Magel2-null mice are hypersensitive to the melanocortin agonist MT-I1

A failure of POMC neurons to depolarize in response to leptin is predicted
to cause loss of release of a-MSH. In other animal models of leptin insensitivity,
an enhanced anorexigenic response to a-MSH or the melanocortin agonist MT-II
occurs (Enriori et al., 2007, Hansen et al., 2001, Scarpace et al., 2003, Li et al.,
2004). We therefore examined the effect of the synthetic melanocortin agonist
MT-I1I on food intake in Magel2-null mice. Mice were fasted for 24 hours, then
injected with MT-11 (2.5 mg/kg ip). Compared to PBS-injected control fasted
mice, MT-II injected control mice consumed 50% less food over the first 2 h of
refeeding. After this time there was no significant difference in food intake
between control mice injected with MT-II or PBS. In contrast, Magel2-null mice
injected with MT-1l had a greater reduction in food intake compared to PBS
injection, and this decrease was still evident after 24 h (Figure 4.7). This result
suggests that the melanocortin system is chronically upregulated in Magel2-null
mice, likely as a result of the loss of melanocortinergic tone from ARC POMC

neurons.
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Figure 4.7 Effects of ip MT-11 on food intake.

Food intake following 2.5 mg/kg injection of MT-I1I or saline in 24 h fasted mice.
MT-11 significantly reduced food intake for the first 2 h following a fast in control
mice, but this effect was no longer present by 4 hours. In Magel2-null mice, MT-
Il reduced food intake to a greater extent and this effect was still evident 24 hours
after injection. Values are means + SEM. *p<0.05, compared between genotypes

by Student’s t-test.
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4.4 Discussion

Mice lacking Magel2 have increased adiposity with proportionately
increased leptin, suggesting leptin insensitivity (Bischof et al., 2007, Kozlov et
al., 2007). Here, we show that Magel2-null mice are physiologically resistant to
the effects of exogenously applied leptin, both before and after the onset of
increased adiposity. Further, this leptin resistance is accompanied by a 39%
reduction in the number of POMC neurons in the ARC, and by a complete
absence of leptin-induced depolarization responses in the remaining POMC
neurons. Magel2 is therefore essential for normal leptin signaling in POMC
neurons, and for the differentiation, proliferation, or survival of this population of
neurons. Loss of POMC neuronal activation is accompanied by an exaggerated
anorexigenic response to exogenous melanocortins, suggesting compensatory
upregulation of downstream melanocortin response pathways in Magel2-null
mice. The role of MAGEL2 in melanocortin-associated neuronal pathways may
provide important insights into dysfunctional ingestive behaviour and obesity in
Prader-Willi syndrome.

Insensitivity to peripheral leptin has been demonstrated in diet-induced
and genetic models of obesity (El-Haschimi et al., 2000, Rahmouni et al., 2008,
Prpic et al., 2003, Lin et al., 2000). In principal, a failure to respond to acutely or
chronically elevated leptin could be caused by reduced transport across the blood
brain barrier, or by an intrinsic defect in leptin-responsive neurons. In the latter
case, leptin insensitivity could be caused by failure of leptin either to inhibit the

orexigenic drive (in NPY neurons), or to activate the anorexigenic drive (through
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POMC neurons), or both mechanisms, as in congenital leptin insensitivity in mice
carrying an inactive form of the leptin receptor (LepR® mice). Although the
anorexic response to peripherally administered leptin is absent in the Magel2-null
mice, the electrophysiology results demonstrate that many arcuate hypothalamic
neurons that express the leptin receptor remain leptin sensitive. Specifically,
Magel2-null ARC slices have a similar the number of neurons displaying
inhibitory responses to leptin as slices from control animals, and these responses
are of similar amplitude. Moreover, the remaining POMC neurons retain
sensitivity to NPY, so the loss of the leptin-mediated excitatory response is not
indicative of a global cellular defect within the ARC. This retention of leptin-
mediated inhibitory responses is consistent with the modest level of obesity in
Magel2-null mice compared with that seen in the total leptin impairment present
in Lep® mice, which lack leptin, or Lepr® mice.

Indeed, several mouse strains have been constructed in which leptin
signaling pathways are selectively impaired in POMC neurons. Mice engineered
without leptin receptor expression only in POMC neurons display a mild obese
phenotype, with a large increase in fat mass (Balthasar et al., 2004, van de Wall et
al., 2008), similar in magnitude to that previously reported in Magel2-null mice
(Bischof et al., 2007). A similar degree of obesity and adiposity is seen with the
inactivation of STAT3 in POMC neurons (Xu et al., 2007). Unlike the Magel2-
null mice, the POMC-STAT3 mutants remain sensitive to peripheral leptin,
however they display defects in compensatory refeeding following food

deprivation leading to reduced weight regain, similar to what we have observed in
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Magel2-null mice (Xu et al., 2007). Rapid effects of leptin action on ARC leptin
receptors have been linked to increased PI3K signaling (Morrison et al.,
2005)(Morrison et al., 2005, Xu et al., 2005b). Accordingly, pharmacological
blockade of PI3K signaling inhibits leptin induced activation of POMC neurons
(Hill et al., 2008). Targeted deletion of PI3K signaling in POMC neurons also
eliminates leptin induced activation of POMC neurons, and significantly blunts
the reduction in food intake seen with intracerebroventricular leptin
administration (Hill et al., 2008). Interestingly, these mice do not appear to have
any defects in weight gain or body composition, though a different strategy aimed
at downregulation of PI3K in POMC neurons does lead to a modest obesity
phenotype and increased sensitivity to DIO (Hill et al., 2009). Compared with the
present results shown in Magel2-null mice, investigating a role for Magel2 in
PI3K signaling is warranted.

Several possible underlying causes might explain the complete absence of
depolarizing responses to leptin seen in the Magel2-null mice. One might be a
reduction in the numbers of POMC neurons that express the leptin receptor itself.
Approximately half the number of additional neurons expressed leptin-induced
pSTAT3 in the ARC of Magel2-null mice. Furthermore, we observed fewer GFP-
expressing neurons in the ARC of Magel2xPOMCE®™ than in control POMCECF
mice wildtype for Magel2. While we also observed fewer cells expressing c-fos in
ARC of Magel2-null mice than in controls, this was also true in animals not
receiving leptin, and the net increase with leptin of c-fos-expressing neurons was

not different. Nonetheless, the reductions in numbers do not account for the
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complete absence of excitatory electrical responses to leptin observed in POMC
neurons.

Excitatory responses to leptin are mediated by a complex signaling
cascade in POMC neurons (Qiu et al., 2010). Activation of LepRb results in
sequential activation of Jak2, phosphatidyl inositol-3-kinase (PI3K) and
phospholipase y1 (PLCyl), which in turn operates a nonselective cation channel
of the TRPC family (Qiu et al., 2010). Given the complexity of this intracellular
signaling pathway, we speculate that that Magel2 may participate in this cascade.
Consistent with this hypothesis, preliminary investigations of leptin-activated
neurons in the ventromedial nucleus (VMN) also points to a specific defect in
depolarization responses. In the VMN, some neurons depolarize in response to
leptin, rare cells hyperpolarize, and the majority of cells do not respond to leptin
administration (Chee et al., 2010, Shiraishi et al., 2000, Dhillon et al., 2006).
Although we found this to be the case in control VMN neurons, VMN neurons
from Magel2-null mice appear deficient in depolarizing responses suggesting that
Magel?2 is likely to be important for the integrity of the LepRb-TRPC signaling
cascade in several neurochemical subtypes of neurons.

Fasting in rodents induces a state of negative energy balance that is
reflected by dramatic decreases in circulating leptin levels (Ahima and Lazar,
2008, Frederich et al., 1995, Ahima et al., 1996) and compensatory hyperphagia
on re-feeding. Deficiencies in fasting-induced hyperphagia and compensatory
weight gain are found in models of POMC neuronal degradation or in POMC-

specific STAT3 mutant mice (Xu et al., 2005a, Xu et al., 2007). Thus, appropriate
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regulation of POMC neurons in the ARC is critical to normal responses to food
deprivation, which are clearly impaired in Magel2-null mice. Other hypothalamic
pathways could also contribute to dysfunctional feeding behaviour in Magel2-null
mice. For example, orexin neurons normally activate NPY and inhibit POMC
neurons to stimulate increases in food intake (Muroya et al., 2004), and ablation
of orexin neurons in the lateral hypothalamus causes a loss of fasting-induced
arousal and defense of body weight during fasting (Yamanaka et al., 2003). In
fact, Magel2-null mice have fewer orexin neurons and a reduction in
hypothalamic levels of orexin-A neuropeptide (Kozlov et al., 2007, Schaller et al.,
2010), which could contribute to the impaired compensatory hyperphagia
responses in the Magel2 null mice.

Notably, the anorexic response to melanocortins is intact and indeed
hyperactivated in Magel2-null mice, suggesting that melanocortin receptors in the
paraventricular nucleus are not impaired by loss of Magel2. Further examination
of melanocortin responsiveness in Magel2-null mice could provide compelling
evidence for potential therapeutic intervention in PWS. The exact biochemical
roles of Magel2 and how it participates in neuronal differentiation and/or survival
as well as cellular activation in response to leptin remain to be determined. In
summary, our results demonstrate that expression of Magel2 is critical for leptin
responses in POMC neurons in the ARC and for energy homeostasis in mice. It
will be important to address whether loss of MAGEL2 in people with PWS
likewise contributes to disrupted ingestive behaviour and energy homeostasis in

this disorder.
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When 1 joined the Wevrick laboratory, the Magel2-null mouse was newly
developed, and no published data existed on its neonatal or adult phenotypes. Two
projects were underway, one in the laboratory of our collaborator Dr. Colin
Stewart, examining activity rhythms in Magel2-null mice based on the circadian
expression of high Magel2 levels in the SCN, and the second in the Wevrick
laboratory examining growth and metabolism in the Magel2-null mice. Both of
these studies were fruitful, and were published in 2007 (Kozlov et al., 2007,
Bischof et al., 2007).

My first experimental examination of the Magel2-null mice involved the
daily weighing of neonatal pups, and the weekly weighing of adult mice to help
determine growth differences between Magel2-null and control mice. Indeed, we
were able to demonstrate that similar to PWS, Magel2-null mice were
underweight prior to weaning, and overweight as adults (Bischof et al., 2007).
The adult Magel2-null phenotype was coupled with a notable change in body
composition, with significantly increased adipose tissue mass and reduced lean
mass, which is also reminiscent of PWS (Butler et al., 2007, Reus et al., 2011).
This type of body composition defect suggests reduced resting metabolic rate, and
in support of this idea, it was also shown that the Magel2-null mice gain their
excess weight despite consuming less food than control mice (Bischof et al.,
2007). The Magel2-null mice are not truly hypophagic however, as their reduction
in food intake (~10%) is not great enough to compensate for the large reductions

in their voluntary activity levels (Kozlov et al., 2007). Taken together, it is clear
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that the obesity seen in Magel2-null mice is due to overall reductions in energy
expenditure.

This early study completed in the Wevrick Laboratory led to my further
investigations on Magel2-null mice which have been described in this thesis.
Differences in responsiveness during handling and weighing of the mice initiated
the behavioural and neurochemical studies described in Chapter 2; difficulties in
breeding from Magel2-null males compared to carrier males to obtain pups for
weighing initiated the reproductive studies described in Chapter 3; and curiosity
about the mechanisms of weight gain and adiposity led to the leptin-focused
studies described in Chapter 4. | believe that these studies highlight that the
Magel2-null mouse is indeed a valuable and appropriate model for numerous
PWS phenotypes, and thus, that MAGEL2 plays a notable role in the etiology of
PWS. Overall results and insights from these studies are highlighted below.

5.1 Loss of Magel2 Causes Brain Volume, Neurochemical, and Behavioural
Changes

5.1.1 Overall and regional reductions in brain volume in Magel2-null mice

Using high resolution MRI, our collaborators found that the total brain
volume in Magel2-null mice was reduced by approximately 3-4% compared to
control mice. Specifically, reductions of ~4-5% in volume were observed in the
parieto-temporal lobe, amygdala, dentate gyrus, nucleus accumbens, olfactory
bulb, and corpus callosum (Figure 2.2). These brain areas are distinct from the
brain regions that have been identified as abnormal or reduced in PWS

(Hashimoto et al., 1998, Miller et al., 2007a, Miller et al., 2007b). Notably, no
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structural differences were observed in the hypothalamus or pituitary glands of
Magel2-null mice. It is likely that the specific changes seen in the brains of people
with PWS are caused or contributed to by the loss of other PWS candidate genes,
for example, enlarged ventricles have been observed in Ndn-null mice (Lee et al.,
2005).

Despite their dissimilarity with regional reductions in brain volume seen in
PWS, the regional reductions seen in Magel2-null mice have important
implications for brain development and function in these animals. Two of the
regions of reduced brain volume seen in Magel2-null mice, the amygdala and the
nucleus accumbens, are known to play key roles in the development of anxiety.
Interestingly, anxiety in people with panic disorder have been associated with
reductions in amygdala volume (Hayano et al., 2009). It is possible that
reductions in these brain areas may contribute to the anxious phenotype observed
in Magel2-null mice. Despite these possibilities, the contribution of regionally
reduced brain volume to physiological phenotypes observed in Magel2-null mice
is unclear.

5.1.2 Altered serotonin and dopamine levels in Magel2-null mice

To examine biogenic amines and their metabolites, as well as specific
amino acid levels in the brains of both late-embryo and adult Magel2-null mice,
brains were sub-dissected into various regions, and processed through high
performance liquid chromatography with fluorescence detection. No differences
were detected between Magel2-null and control embryos at E18 (Table 2.2),

though only cortex and cerebellum were examined. In contrast, in Magel2-null
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male mice aged 20-24 weeks, there were reductions in both dopamine (DA),
serotonin (5HT), and the serotonin metabolite 5-hydroxyindoleacetic acid (5-
HIAA) seen in discrete brain regions. DA was reduced by approximately 40% in
the hypothalamus, where 5HT was reduced by 16, 25, and 30% in the prefrontal
cortex, cortex, and hypothalamus, respectively. 5-HIAA levels were comparable
between Magel2-null and control in the prefrontal cortex, but reduced 24 and 19%
in the cortex and hypothalamus (Table 2.2). Despite the reductions in DA and
5HT observed, Magel2-null mice had comparable numbers of DA and 5HT
producing neurons in the hypothalamus and brainstem (Figure 2.3), suggesting the
neurochemical reductions are due to a functional vs. a structural defect. This
finding has intriguing implications towards specific phenotypes seen in the
Magel2-null mouse, and perhaps people with PWS.

Most of the DA present in the hypothalamus is produced locally, in
specialized neurons with cell bodies mostly found in the ARC (Bjorklund and
Dunnett, 2007, van den Pol et al., 1984). Dendrites of these neurons project
throughout the hypothalamus, and major axons extend into the ME to release DA
into the hypophyseal portal blood (van den Pol et al., 1984, Ershov et al., 2002).
Here, the major effect of DA is to inhibit the release of prolactin (Lamberts and
Macleod, 1990), but it has also been shown to stimulate GH secretion through
regulation of GHRH neurons (Garcia-Tornadu et al., 2010). Elevated levels of
circulating prolactin impair the HPG axis via GnRH neurons, and lead to irregular
cycling and anovulation in females and hypogonadism in men (Bolyakov and

Paduch, 2011, Bachelot and Binart, 2007). Therefore, reduced hypothalamic
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dopamine in the Magel2-null mouse may contribute to their fertility defects (see
Chapter 3), and perhaps the reduced GHRH responsiveness that has been
described in these mice as well (Tennese and Wevrick, 2011).

Within the hypothalamus, DA neurons send projections to the VMH, LH,
DMH, PVN, and elsewhere (van den Pol et al., 1984). In both the VMH and LH,
DA release has been linked to the regulation of meal size and number (Fetissov et
al., 2002, Meguid et al., 1995, Meguid et al., 1997), suggesting a potential role for
reduced hypothalamic DA in the food intake alterations observed in Magel2-null
mice (Kozlov et al., 2007, Bischof et al., 2007).

In the brain, SHT plays a critically important function in the regulation of
numerous functions, including regulating mood and behaviour, reproduction, and
food intake and body weight. 5SHT regulates these actions by acting through a
number of different receptor types. The SHT 2C receptor (5HT,cR) is highly
expressed in the hypothalamus, and has clear roles in regulating energy
homeostasis within the ARC and PVN (Heisler et al., 2003, Heisler et al., 2006,
Lam et al., 2008), and in the regulation of the hypothalamic-pituitary-adrenal axis
(Heisler et al., 2007). Notably, 5HT.cR is differentially edited, and the isoforms
present in people with PWS differ from those found in control individuals
(Kishore and Stamm, 2006). Changes in 5HT,cR editing have been found in
transgenic mice with a PWS IC deletion, which leads to loss of expression of
genes in the PWS region (Kishore et al., 2010, Doe et al., 2009). Mice with
altered 5HT,cR RNA editing display phenotypes reminiscent of PWS including

neonatal hypotonia, growth deficiency, obesity, and hyperphagia (Doe et al.,
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2009, Morabito et al., 2010). The reduction of 5HT release seen in Magel2-null
mice coupled with abnormal 5HT,cR editing seen in PWS IC deletion mice may
have strong implications in the etiology of PWS. In support of this, treatment of
people with PWS with selective serotonin reuptake inhibitors (SSRIs), has been
associated with a decrease in skin-picking and OCD-like behaviour (Hellings and
Warnock, 1994, Warnock and Kestenbaum, 1992), and the onset of menses
(Warnock et al., 1995), though these findings are not consistent among all people
with PWS. Still, it is clear that the SHT system plays a role in PWS, and appears
to be at least partially regulated by Magel2.

5.1.3 Abnormal behaviour in Magel2-null mice

We subjected the Magel2-null mice to a number of behavioural tests,
performed both in house and at a specialized centre for rodent behavioural studies.
Though reductions in locomotor behaviour were confirmed (Figure 2.4A-C), we
did not observe any significant changes consistent with reductions in muscle
function (Figure 2.4D-E), learning, or memory in the Magel2-null mice (Figure
2.5A). However, we did observe anxiety-like behaviour in Magel2-null females,
with reduced marble burying and avoidance of novel objects (Figure 2.5B-D).
Interestingly, sex-specific differences in anxiety and novelty behaviour have been
observed in a model of serotonin depletion (Hohmann et al., 2007), but in this
case, the male mice were affected while female animals did not display a
behavioural change. We were unable to detect any evidence of obsessive or
compulsive behaviour in the Magel2-null mice, though the behavioural testing

undertaken did not specifically target this type of behaviour. Additional
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behavioural tests such as home cage grooming activity over time, and closer
analysis of locomotion patterns could clarify the presence or absence of
obsessive/compulsive behaviour in Magel2-null mice (Wang et al., 2009).

5.2 Loss of Magel2 Causes Reproductive Impairment

5.2.1 Puberty is delayed and elongated in Magel2-null females

There is some controversy about the observations used to examine puberty
in laboratory mice, but it is generally accepted that the age at vaginal opening is a
good indicator of pubertal initiation, and the age of vaginal estrus are useful
surrogate markers in female animals (Safranski et al., 1993). Evaluation in males
is more complicated with less obvious external signs of puberty, though age of
preputial separation is occasionally used as a surrogate marker (Korenbrot et al.,
1977), despite being poorly coordinated with elevating testosterone levels and
sexual behaviour. As a result, I limited my pubertal examinations in Magel2-null
mice to females, and found a delay in the timing of vaginal opening, and an
extended time period between vaginal opening and the appearance of vaginal
estrus (Table 3.1), suggesting impaired regulation of puberty in mice missing
Magel2. Changes in pubertal onset and duration have not been identified in other
circadian rhythm mutant mice (Miller et al., 2004), suggesting that this phenotype
in the Magel2-null mice is not simply a consequence of disrupted circadian
rhythm.

Onset of puberty has long been linked to appropriate stores of energy in
both rodents and humans (Kennedy., 1969, Frisch and McArthur, 1974), and it is

clear that the adipose derived hormone leptin plays a central role, with mice
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lacking either leptin or its receptor being infertile and failing to initiate puberty,
and leptin treatment rapidly inducing puberty in adult mice lacking leptin (Chehab
et al., 1996). Low doses of leptin have also been shown to induce early puberty in
normal mice (Ahima et al., 1997, Chehab et al., 1997). These findings support the
hypothesis that Magel2-null mice may have impairments in leptin signaling
pathways that contribute to their reproductive problems, including altered
initiation of puberty and early onset infertility.
5.2.2 Magel2-null mice show early reproductive decline and infertility by 24
weeks of age

To examine the effect of Magel2 on fertility, | paired Magel2-null mice of
both genders with young, control C57BL/6 mates with proven fertility, and
measured the proportion of pairs who successfully produced litters, the length of
time between pairing and mating, and the size and survival of litters born. Normal
C57BL/6 mice have a high fertility rate and are identified by the Jackson
Laboratory (stock #000664) as excellent breeders, reliably producing litters up to
and beyond 7 months of age. In line with this, | observed fertility rates among
control littermates to be greater than 80% between the ages of 7 and 35 weeks
(Figure 3.1A). In contrast, at even young ages (7-14 weeks), the proportion of
Magel2-null sires or dams producing litters was decreased compared to control
pairings, and the fertility rate of both Magel2-null males and females showed
significant decline by 19-24 weeks of age, with fertility rates lower than 25%.
Strikingly, neither male nor female Magel2-null mice were able to produce litters

beyond 24 weeks of age, indicating infertility (Figure 3.1A).

211



C57BL/6 mice show an age-related decline in fertility beginning at about 6
months of age. This decline is typically associated with gonadal changes
including a reduction in developing follicles in females (Gosden et al., 1983), and
increased Leydig cell number and seminiferous tubule vacuolization in males
(Takano and Abe, 1987). Similar changes were not seen in the Magel2-null mice
(Figures 3.2, 3.3), indicating that the reproductive decline and infertility seen in
these animals is not a result of premature aging of the reproductive system.
Female Magel2-null mice show normal numbers and development of ovarian
follicles, but do show a notable absence of corpora lutea in their ovaries by 24
weeks of age (Figure 3.3D), suggesting that a loss of ovulation likely underlies
their infertility. No histological abnormalities are seen in the testes of Magel2-null
mice, and they appear to produce normal numbers of healthy motile sperm,
suggesting that their infertility is not due to gonadal changes. Taken together,
these results indicate that infertility in these mice is related to central components
of the HPG axis.

Among the Magel2-null mice that were fertile, | also noticed significant
lengthening of the pairing to mating interval in both males and females. In the
female Magel2-null mice this can be explained by their lengthened and irregular
estrous cycles, which were frequently missing the proestrus stage (Figure 3.1B).
The proestrus stage of the estrous cycle is the ovulatory stage, the absence of this
stage indicating an absence of ovulation (Goldman et al., 2007). In confirmation
of this idea, | noted a number of ovaries in young Magel2-null females did not

have corpora lutea, and a reduction in corpora lutea in the remaining ovaries
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(Figure 3.3B), suggesting reduced ovulations. Since ovulation is triggered by a
surge of LH acting on mature follicles, which are present in the Magel2-null
females, it appears that LH surge generation is impaired in these mice, indicating
reduced responsiveness of GnRH neurons to follicle derived estrogens, or a
pituitary defect in the responsiveness to GnRH. The normal development of
follicles, which occurs in response to FSH, in the Magel2-null mice, suggests that
this defect is more likely related to impaired regulation of GnRH neurons in
response to ovarian hormones. Impaired regulation of GnRH neurons in response
to gonadal sex hormones is also suggested in the Magel2-null male mice which
show reduced testosterone levels, despite normal levels of LH and FSH. If
testosterone was properly feeding back to the hypothalamus, low testosterone
levels would cause increased GnRH pulsatility that would then lead to elevated
levels of LH and FSH. Taken together, these results suggest that impaired
responsiveness of central components of the HPG axis are responsible for the
reduced fertility rate and increased time between pairing and mating in Magel2-
null mice.

Another factor contributing to the poor reproductive success in mice
missing Magel?2 is likely the observed olfactory abnormality that develops after 10
weeks of age in both male and female mice (Figure 3.5), with increased latency to
find a buried food item following a fast. Sexual motivation and successful
reproduction in rodents is dependent on intact olfactory ability with anosmic mice
failing to breed (Yoon et al., 2005). This defect appears to have a motivational

component, as Magel2-null mice are able to find an invisible vanilla-scented spot
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placed in their cage, but spend much less time investigating this odor. Also,
during olfactory preference testing, Magel2-null male mice clearly spend more
time with soiled bedding, however, importantly, they show no preference for
female estrus soiled bedding compared to male soiled bedding. A lack of female
olfactory preference in males has been shown in non-copulating rats (Portillo and
Paredes, 2004), and impaired olfaction in females can lead to dysregulated estrous
cycling and poor maternal behaviour (Vandenbergh., 1973), which was also
observed in Magel2-null females, who display frequent cannibalizations and
dramatically reduced litter size at weaning compared to birth. Pheromone
detection in the mouse has been shown to be a result of a direct connection
between the main olfactory epithelium and GnRH neurons (Yoon et al., 2005,
Mandiyan et al., 2005, Wang et al., 2007), again suggesting improper regulation
of GnRH neurons as a major contributor to the reproductive deficits seen in
Magel2-null mice. Coupling reduced responsiveness of GnRH neurons resulting
from Magel2 loss with the reduction in GnRH neuron number, and ME
projections resulting from loss of Ndn (Miller et al., 2008), suggests that
MAGEL2 and NDN may have an additive role in the completely infertile PWS
phenotype.

5.3 Loss of Magel2 Impairs Leptin Signaling

The regulation of energy balance by the hypothalamus is due to the
coordinated action of specialized neurons which sense circulating signals of
energy stores such as adipose derived hormone leptin (Ahima and Lazar, 2008).

Leptin receptors (LepR) are located throughout the brain, and are present in at
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least six different isoforms (LepRa-LepRf) (Fei et al., 1997, Lee et al., 1996).
LepRDb, also known as the long receptor isoform, is the signaling form of the
LepR (Lee et al., 1996, Baumann et al., 1996), and is expressed at high levels in
the hypothalamus, especially within the ARC, DMH, VMH, and MN (Elmquist et
al., 1998, Mercer et al., 1996). Activation of LepRb by the binding of leptin
activates numerous signaling pathways (Figure 5.1). The involvement of leptin in
the regulation of energy balance and fertility, both of which are perturbed in
Magel2-null mice (Bischof et al., 2007)(Chapter 3 of this Thesis), and the overlap
of LepRb expression with areas of high Magel2 expression prompted an in depth
study of leptin function in Magel2-null mice, focusing on the ARC, where leptin
activates POMC neurons, and inhibits NPY neurons.
5.2.1 Magel2-null Mice are Resistant to Peripherally Administered Leptin
Magel2-null mice are overweight, with excessive adipose tissue as adults
(Bischof et al., 2007). I administered a 2.5 mg/kg dose of leptin to 20-24 week old
control and Magel2-null mice, to see if | could observe reductions in food intake.
While a significant reduction in food intake was seen in the control mice, no
reduction was seen in Magel2-null mice (Figure 4.2B). This suggests leptin
insensitivity, which was expected in these mice as at this age they are heavier than
controls (Figure 4.2A) and (Bischof et al., 2007), and leptin insensitivity has
repeatedly been shown in both diet-induced and genetic models of obesity (El-
Haschimi et al., 2000, Prpic et al., 2003, Lin et al., 2000, Rahmouni et al., 2008,
Marsh et al., 1999). What was unexpected, was the finding that Magel2-null mice

are already insensitive to the peripheral anorexic effects of leptin at 6 weeks of
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age (Figure 4.2D), when they are not different in weight from control mice. This
suggests that the leptin insensitivity seen in Magel2-null mice is intrinsic, and
directly due to the loss of Magel2. However, because the obesity seen in Magel2-
null mice is moderate compared to the massive obesity seen in mice with
complete leptin insensitivity due either to the loss of leptin itself (ob/ob mice
(Ingalls et al., 1950)) or the leptin receptor (db/db mice (Hummel et al., 1966))
(Coleman., 2010), leptin appears to have some action in Magel2-null mice,

despite no longer causing an acute reduction in food intake.
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Figure 5.1 Leptin Signaling Pathways

Binding of leptin (L) to LepRb leads to phosphorylation (P) of the intracellular
portion of the receptor, which stimulates numerous signaling pathways including
JAK-STAT, MAPK, and PI3K. Activation of these pathways leads to changes in
gene transcription and ion channel function. Increased SOCS3 production has
been indicated as a negative regulator of continued JAK-STAT signaling.

Figure modified from Sigma-Aldrich *“Effects of Peptides™ website available at

(http://www.sigmaaldrich.com/life-science/cell-biology/obesity-

research/learning-center/effects-of-peptides.html)(2012); Adapted from (Harvey

and Ashford, 2003).
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To examine the ability of peripheral leptin to activate LepRb in the ARC, |
measured levels of STAT3 phosphorylation (pSTAT3) with and without leptin
treatment, and compared levels between control and Magel2-null mice. There was
no difference in baseline pSTAT3 between Magel2-null and control mice, and
though leptin caused a significant increase in pSTATS3 levels in both genotypes,
levels in Magel2-null mice were lower than those seen in control mice (Figure
4.3). This supports the idea that Magel2-null mice maintain some response to
peripheral leptin administration, but that they demonstrate a degree of leptin
insensitivity due to Magel?2 loss.

5.2.2 Leptin fails to activate ARC POMC neurons in Magel2-null mice

To directly examine the responsiveness of LepRb+ neurons in the ARC, |

bred Magel2 +/- carrier males with females homozygous for GFP expression in

LepRb neurons (LepRbF¢™

) provided by Dr. Martin J. Myers (Leshan et al.,
2006). This cross produced both Magel2-null and control littermates, all of which
express GFP in LepRb neurons. LepRb+ neurons in the ARC include NPY and
POMC neurons, both of which are inhibited by NPY itself (Acuna-Goycolea and
van den Pol, 2005, Ghamari-Langroudi et al., 2005, Roseberry et al., 2004).
Using whole-cell visualized-patch recordings of GFP+ neurons, | determined that
there is no difference in resting membrane potential (RMP) of Magel2-null and
control LepRbE™ mice (Figure 4.6C). There was also no difference in the
magnitude of hyperpolarization induced by NPY in the GFP+ neurons (Figure

4.6E-F), providing evidence that ARC LepRb+ neurons are similar between

Magel2-null and control mice, and that Magel2 is not required for normal NPY
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signaling. Since leptin normally depolarizes POMC neurons and hyperpolarizes
NPY neurons (Cowley et al., 2001, van den Top et al., 2004), | expected a mixed
population of responses in LepRb®®™" neurons. Indeed, this was the case in
control mice, however the Magel2-null mice never exhibited depolarizing
responses to leptin, suggesting a specific insensitivity to leptin in ARC neurons
normally activated by leptin which include POMC neurons. This finding is in line
with the lack of anorexia seen with peripherally administered leptin in the
Magel2-null mice, as activation of POMC neurons is necessary for the release of
the anorexigenic peptide a-MSH.

To confirm a defect in ARC POMC neurons in Magel2-null mice, | bred
carrier Magel2 +/- males with females that express GFP in POMC neurons
(POMCE®™) (Cowley et al., 2001). Again, no difference in RMP was observed in
GFP+ neurons between Magel2-null and control mice, and these neurons

bE™ mice,

responded normally to NPY (Figure 4.6J). As implicated in the LepR
POMCE®™ neurons in Magel2-null mice were never activated by leptin (Figure
4.6K) reaffirming the specific role of Magel2 in leptin signaling in POMC
neurons. Further, | observed a reduction in the number of GFP+ neurons in
Magel2-null mice, indicative of a loss of POMC neurons, suggesting that Magel2
or the leptin response it mediates may be important for the development or
survival of this neuronal population in general. Further study is needed to
determine when POMC neuron loss occurs, but since my experiments were

completed in young (6-10 week) mice, the loss does not appear to be age-related

or secondary to the development of obesity.
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Other ARC neurons normally activated by leptin include Kisspeptin
neurons, which directly activate GnRH neurons to control puberty and fertility
(Han et al., 2005, Irwig et al., 2004, Messager et al., 2005). Since no activating
leptin responses were seen in LepRb+ neurons in Magel2-null mice at all, rather
than being specific to POMC neurons directly, it appears that Magel2 is involved
in the transduction of stimulatory leptin responses in general. Further study into
other LepRb+ expressing neuron populations throughout the brain, including
those in the VMN, DMN, MN regions of the hypothalamus will better describe
the role of Magel2 in leptin signaling.

5.4 Addressing Phenotypic Consequences of Magel2-loss
5.4.1 Potential Interventions in Magel2-null Mice

Because of the varied phenotypes identified in Magel2-null mice,
individual targeting of each affected system is likely to produce the greatest
recovery of normal physiology in these animals. A number of interventions come
to mind to address some of the physiologic deficits encountered in Magel2-null
mice, and some of these are discussed below.

Growth hormone treatment

GH treatment has greatly improved the quality of life of many people with
PWS, with improved body composition and increased linear growth, increased
physical activity, as well as improvements in behaviour, psychosocial
development, and preservation of cognitive function (Carrel et al., 2010, de Lind
van Wijngaarden et al., 2009, Sanchez-Ortiga et al., 2011, Whitman et al., 2002,

Siemensma et al., 2012). Magel2-null mice have demonstrated body composition
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changes, with reduced lean mass and excess adipose tissue (Bischof et al., 2007).
They have also been demonstrated to have reductions in insulin-like growth factor
1 (IGF-1) levels, and defective ghrelin-stimulated GH release, but normal GH
release following GHRH administration (Tennese and Wevrick, 2011). This
suggests an intact pituitary store of GH, with hypothalamic dysregulation of
GHRH neurons in Magel2-null mice. Administration of GH or GHRH analogues
to GHRH knockout mice have shown effective in normalizing growth and body
composition, though effects on physical activity were not measured (Alba et al.,
2005, Alba et al., 2006). Based on this model, it is likely to predict that body
composition may normalize in Magel2-null mice by reduceing adipose tissue
mass and increasing lean mass; however, the current availability of GH treatment
in people with PWS would not make this an effective use of research dollars.
Oxytocin treatment

Reductions in the number of OT neurons and the level of circulating OT
have been observed in people with PWS (Swaab et al., 1995, Hoybye., 2004).
Recently, it has been shown that OT therapy in PWS had beneficial effects such
as increasing trust and reducing disruptive behaviours (Tauber et al., 2011).
Reductions in hypothalamic OT have recently been reported in Magel2-null mice,
and a single OT injection is reported to have dramatic effects on their immediate
feeding ability and survival (Schaller et al., 2010). In rodents, OT has
demonstrated to play an important role in sexual motivation and copulatory
behaviour in both male and female rodents, with administration of OT antagonists

reducing mating behaviour (Borrow and Cameron, 2012, Waldherr and Neumann,
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2007). OT also has demonstrated roles in promoting maternal care (Bosch and
Neumann, 2012), a type of behaviour likely reduced in Magel2-null mice
evidence by their high rates of litter cannibalization and reduced survival of pups
to weaning (Chapter 3). It would be interesting to see if OT therapy in Magel2-
null mice had beneficial effects on the, mating, mothering, or other behavioural
defects observed. Such effects could strengthen the justification for OT therapy in
people with PWS with an aim to improve social function and reduce behavioural
Issues.
Melanocortin treatment

In Chapter 4 of this thesis, 1 have shown that Magel2-null mice have
reduced activation of POMC neurons in response to leptin. This suggests that
these mice have reduced release of a-MSH in regions of the hypothalamus
receiving POMC neuronal projections. Further, | demonstrated that administration
of a melanocortin agonist, MT-II, has increased effectiveness in reducing food
intake in Magel2-null mice compared to controls, indicating an upregulation of
the melanocortin system downstream of POMC neurons. Repeated administration
of MT-Il has been shown to cause weight reduction in obese mice and rats
(Strader et al., 2007, Pierroz et al., 2002, Li et al., 2004), and intermittent
administration appears to remain effective in the promotion of weight loss,
reducing sensitization to repeated drug exposure (Zhang et al., 2010). | predict
that repeated dosing of overweight Magel2-null mice with MT-Il will lead to
weight loss and perhaps improvement in body composition. Additionally, it would

make sense that weaning Magel2-null mice onto a regime of MT-11 would prevent
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their development of obesity, which is likely contributed to by their perceived
energy deficit related to the insensitivity of POMC neurons to leptin. If correct,
these hypotheses have strong implications for the use of melanocortin therapy to
assist in the management of obesity in people with PWS. A concern with this type
of therapy in obese and non-obese humans is the associated increase in blood
pressure and heart rate seen with melanocortin agonists (Greenfield., 2011). This
concern may be minimized in the PWS population if similar to Magel2-null mice,
they display increased anorectic sensitivity to melanocortin agonism. This could
lead to a lower dose or reduced dosing schedule of the melanocortin agonist
preserving effects on weight loss while minimizing cardiovascular side effects.

It seems clear that addressing various physiologic concerns in Magel2-null
mice is complicated by the breadth of the identified phenotypes, suggesting
combinational therapy may be needed, as has been observed in people with PWS.
Finding a cellular link between the systems affected by Magel2 loss may identify
pharmacological targets that would allow targeting of multiple systems at once.
One intriguing possibility for this would be the manipulation of TRPC channel
activation.

5.4.2 TRPC Channel Activation as a Potential Mediator of Magel2-related
Phenotypes

Canonical transient receptor potential (TRPC) channels are a family of 7
members widely expressed in most tissues, including high levels in the brain and
hypothalamus (Riccio et al., 2002). TRPC channels are nonselective, calcium-

permeable cation channels, and their activation leads to calcium influx into the

223



cells expressing them (Abramowitz and Birnbaumer, 2009). Impaired TRPC
channel activation has been identified in a number of disease states, and a large
number of diseases and complex syndromes map to chromosomal loci that contain
TRP channel genes (Abramowitz and Birnbaumer, 2009, Abramowitz and
Birnbaumer, 2007).

In the ARC, both POMC and kisspeptin neurons mediate their leptin
induced depolarizations via activation of TRPC channels (Qiu et al., 2010, Qiu et
al., 2011). 5HT action on 5HT,cRs in POMC neurons has also been linked to
TRPC channel activation. Outside of the ARC, TRPC channels have shown to be
important in transmitting light-activated signals to the SCN in the regulation of
circadian rhythms (Warren et al., 2006), and in transmitting the kisspeptin signal
to GnRH neurons in the POA (Zhang et al., 2008). Leptin responses in the
premammillary region of the hypothalamus has also been associated with TRPC
channel activation (Williams et al., 2011). Taken together, activation of TRPC
channels has been implicated in the proper functioning of all the major systems
that appear impaired by loss of Magel2, including those involved in circadian
rhythm, fertility, and energy balance regulation. A key experiment that would
lend strong support for the role of impaired TRPC channel activation in Magel2-

null mice would be examining activation of GnRH neurons by kisspeptin using a

EGFP EGFP
C H

similar strategy as the leptin study in POM mice, as GnR mice
currently exist and are available for study (Spergel et al., 1999). Investigation into
the association of Magel2 with TRPC channel components and/or signaling

regulators may establish a cellular role for Magel2, which has remained elusive
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thus far. Pharmacologic targeting of TRPC channels is in its infancy, and a lack of
specific agonists for treatment is a current limitation on the potential therapeutics
of TRPC channel modulation (Abramowitz and Birnbaumer, 2009). Further
identifying diseases and syndromes with affected TRPC channel activation will be

an important driver in the development of these compounds.

5.5 Hypothalamic dysfunction in other forms of genetic obesity and their
relation to PWS/Magel2-null mice

A number of other obesity syndromes, notably Bardet-Biedl Syndrome
(BBS), display hypothalamic dysfunction. BBS is a heterogeneous genetic
disorder with mutations in fifteen genes being described (Guo and Rahmouni,
2011). Aside from obesity, other features of BBS include retinopathy, renal
defects, polydactyly, learning disabilities, and hypogonadism. BBS is caused by
abnormal ciliary function, and BBS proteins typically localize to the basal body
and ciliary axoneme (Guo and Rahmouni, 2011, Zaghloul and Katsanis, 2009).
Both necdin and Magel2 have been shown to interact with BBS4 and BBS8 (Lee
et al., 2005), suggesting the cause of hypothalamic dysfunction and obesity may
be similar between PWS and BBS. In mice, Bbs2, Bbs4, and Bbs6 have
demonstrated critical roles in leptin receptor signaling, especially related to the
leptin-melanocortin system (Seo et al., 2009). Bbs2, Bbs4, and Bbs6 single
deletion mice are hyperphagic and obese, with reduced locomotor activity,
elevated leptin levels and impaired leptin responsiveness, and reduced POMC
levels, suggesting BBS mediates obesity through disruption of the leptin-

melanocortin signaling pathway (Rahmouni et al., 2008). These findings are
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highly similar to findings in Magel2-null mice, including those described in detail
in Chapter 4, suggesting overlap in the mechanism of obesity in these mouse
models, and the idea that PWS and BBS candidate genes may function together in
various cellular processes.

Most single gene causes of obesity in humans also have underlying
hypothalamic dysfunction. People with mutations in the leptin gene are severely
obese with hyperphagia, hypogonadotropic hypogonadism, and delayed puberty
(Montague et al., 1997, Rau et al., 1999, Gibson et al., 2004). Similarly, leptin
receptor deficiency leads to severe obesity, but also disrupted behaviour including
social dysfunction and impulsivity and stubbornness, as well as delayed puberty
and hypogonadotropic hypogonadism (Clement et al., 1998, Farooqi et al., 2007).
These phenotypes are reminiscent of the PWS and Magel2-null mouse
phenotypes, supportive of a role for leptin signaling pathways in the
hypothalamus in the development of PWS.

In mice, loss of the transcription factor single-minded homolog 1 (Sim1l)
leads to significant hypoplasia of the hypothalamus, including complete loss of
the SON and PVN, and early postnatal lethality (Michaud et al., 1998). Because
of the lethality of Sim1-/- mice, studies have used Siml+/- mice to examine the
function of Siml in hypothalamic development and function. Sim1+/- mice are
obese, hyperphagic, and hyperleptinemic (Michaud et al., 2001), and have
reduced expression of CRH, AVP, TRF and almost complete loss of OT
expression (Kublaoui et al., 2008). Postnatal Siml deficiency causes similar

phenotypes of the germline Siml deficiency, with hyperphagic obesity and
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reduced OT expression (Tolson et al., 2010). The postnatal targeting strategy
allowed for the generation of viable conditional Siml-/- mice, which also
displayed obesity and hyperphagia. Importantly, both postnatal Sim1-/- and +/-
mice had a drastic reduction in the expression of the melanocortin 4 receptor
(Mc4R) in the PVN (Tolson et al., 2010), again linking the leptin-melanocortin
system to obesity in the hypothalamus. Indeed, mutations in the Mc4R are the
most common genetic cause of human obesity, accounting for approximately 5%
of all cases (Vaisse et al., 2000, Farooqi et al., 2003).

Taken together, the findings presented in this thesis on Magel2-null mice
are in line with previously described models of obesity with hypothalamic
dysfunction, supporting the idea that Magel2 is impacting energy homeostasis
through action in the leptin-melanocortin signaling pathway. Further
understanding of leptin-melanocortin signaling is important not only for
understanding syndromic and genetic forms of obesity, but also for common diet-
induced obesity, which often leads to dysfunction of leptin-melanocortin
pathways in the hypothalamus (Horvath et al., 2010)(Enriori et al., 2007).

5.6 Summary of the Magel2-null Mouse as a Model for PWS

To date, no single mouse model of PWS has recapitulated the full PWS
phenotype, supporting the idea that PWS results from the loss of multiple genes in
the chromosome 15911-q13 region. Some important phenotypes of PWS appear
to be present in nearly all mouse models examined, including failure to thrive,
aspects of which have been seen in Ndn-null mice (Gerard et al., 1999, Muscatelli

et al., 2000), Snord116-null mice (Skryabin et al., 2007, Ding et al., 2008), and
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Magel2-null mice (Bischof et al., 2007, Schaller et al., 2010). Importantly, no
mouse model thus far has been able to fully recapitulate the dramatic hyperphagia
and obesity seen in PWS, though Magel2-null mice do consume an excess level of
food based on their energy expenditure, and do develop a moderate degree of
obesity (Kozlov et al., 2007a, Bischof et al., 2007). This may be related to species
differences between mice and humans, with hedonic and behavioural aspects of
human behaviour being especially difficult to model and assess in mice (Crawley.,
2007, Crawley., 2008).

The Magel2-null mouse has emerged as a strong PWS model by
demonstrating a role in numerous PWS phenotypes. Table 5.1 outlines findings in
Magel2-null mice that relate to PWS, largely based on the PWS diagnostic criteria
outlined in Table 1.1. I and others have indeed shown that loss of Magel2 leads to
numerous PWS phenotypes, which are hypothalamic in origin. With notable
circadian rhythm defects, energy balance abnormalities, dysregulation of several
hypothalamic-pituitary axes, and behavioural abnormalities seen in Magel2-null
mice, there is strong evidence to support a role for MAGEL2 in the
pathophysiology of PWS.

Despite this phenotypic overlap, Magel2-null mice are not a perfect
model for PWS. Some of the PWS phenotypes seen in Magel2-null mice are less
severe than seen in people with PWS. This could be a result of species
differences, but is very likely a result of the multiple genes lost in PWS. For
example, though Magel2-null mice have delayed puberty and early-onset

infertility, both male and female mice do present a window of fertility and appear
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to have normal gonadal structure. Coupling the defects seen in Magel2-null mice
with the loss of GnRH neurons and the reduced projections of GnRH neurons to
the ME seen in Ndn-null mice (Muscatelli et al., 2000, Miller et al., 2009), a more
severe reproductive phenotype is predicted. Though they do not develop obesity,
Ndn-null mice show increased potential for adipose differentiation, and increased
adiposity on a high-fat diet (Bush and Wevrick, 2012), which would likely
exacerbate the weight gain and adiposity seen in Magel2-null mice. Though not
conclusively demonstrated, if altered editing of the 5HT,cR seen in the IC
deletion PWS mouse model is a result of loss of Snord115 or another PWS gene
other than Magel2, this could also exacerbate the behavioural and energy balance
defects seen in Magel2-null mice. Altered 5HT,cR editing independent of
Magel2-loss could also worsen the HPA defects that have been described in
Magel2-null mice (Tennese and Wevrick, 2011). Other PWS phenotypes
including developmental delay, ocular phenotypes, and characteristic facial
features have not been observed in Magel2-null mice, suggesting that other PWS
candidate genes underlie the development of these traits.

Though not a perfect model of PWS, the Magel2-null mouse model
provides insight into a number of key phenotypes associated with PWS, and also
provides further insight to leptin signaling in the hypothalamus, understanding of
which is important for understanding mechanisms of obesity in general.
Determining a cellular role for Magel2 will help suggest and develop therapeutic

avenues for the impaired physiology seen in Magel2-null mice, and the translation
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of these therapies to people with PWS could lead to significant quality of life

improvement for these individuals.
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Table 5.1 PWS Phenotypes Recapitulated in Magel2-null Mice

PWS Phenotype

Magel2 -null Mouse Finding

Reference

Neonatal hypotonia and poor suck

Failure to Thrive

Delayed/Incomplete puberty,
Hypogonadism, Infertility

Hyperphagia and Obesity

Behavioural Problems

GH Deficiency, short stature

Sleep disturbances, daytime sleepiness

Central adrenal insufficency

Scoliosis or Kyphosis

Impaired Suckling
Adult reduction in lean mass

Neonatal Lethality
Low pre-weaning body weight

Delayed/extended puberty, early
onset infertility

Increase energy intake for energy
expenditure

Adult Obesity with increased
adipose mass

Leptin Insensitivity

Anxious phenotype, avoicance of
novel objects

Impaired GH release, Low IGF1-
Levels

Circadian rhythm defects,
fragmented activity

Dysregulation of Hypothalamic-
pituitary-adrenal axis

Kyphosis

(Schaller et al., 2010)
(Bischof et al., 2007)

(Schaller et al., 2010)
(Bischof et al., 2007)

(Mercer and Wevrick, 2009 - Chapter 3)

(Kozlov et al., 2007; Bischof et al., 2007)

(Bischof et al., 2007; Mercer et al.,
submitted - Chapter 4)
(Mercer et al., submitted - Chapter 4)

(Mercer et al., 2009 - Chapter 2)

(Tennese and Wevrick, 2010)

(Kozlov et al., 2007)

(Tennese and Wevrick, 2010)

Wevrick Laboratory, unpublished data
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