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Abstract
Prader–Willi syndrome (PWS) is a genetic disorder characterized by a variety of physiological and behavioral dysregulations,
including hyperphagia, a condition that can lead to life-threatening obesity. Feeding behavior is a highly complex process
with multiple feedback loops that involve both peripheral and central systems. The arcuate nucleus of the hypothalamus
(ARH) is critical for the regulation of homeostatic processes including feeding, and this nucleus develops during neonatal life
under of the influence of both environmental and genetic factors. Although much attention has focused on the metabolic and
behavioral outcomes of PWS, an understanding of its effects on the development of hypothalamic circuits remains elusive.
Here, we show that mice lacking Magel2, one of the genes responsible for the etiology of PWS, display an abnormal development of ARH axonal projections. Notably, the density of anorexigenic a-melanocyte-stimulating hormone axons was reduced
in adult Magel2-null mice, while the density of orexigenic agouti-related peptide fibers in the mutant mice appeared identical
to that in control mice. On the basis of previous findings showing a pivotal role for metabolic hormones in hypothalamic development, we also measured leptin and ghrelin levels in Magel2-null and control neonates and found that mutant mice have
normal leptin and ghrelin levels. In vitro experiments show that Magel2 directly promotes axon growth. Together, these findings suggest that a loss of Magel2 leads to the disruption of hypothalamic feeding circuits, an effect that appears to be independent of the neurodevelopmental effects of leptin and ghrelin and likely involves a direct neurotrophic effect of Magel2.

Introduction
Prader–Willi syndrome (PWS) is a rare genetic disorder characterized by severe hypotonia and a failure to thrive in infancy, which
is followed by hyperphagia, morbid obesity and neurobehavioral
abnormalities. PWS results from a lack of expression of several
paternally inherited, imprinted contiguous genes that are located
in chromosomal region 15q11-13 (1). Among the genes that are

inactivated in PWS, MAGEL2 is of particular interest because it is
highly expressed in brain regions that are involved in metabolic
regulation, including the hypothalamus (2–4).
The central nervous system regulates body weight and energy homeostasis through a distributed and interconnected neural network (5). The hypothalamus has been considered central
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Loss of Magel2 impairs the development of
hypothalamic Anorexigenic circuits
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Results
Magel2 mRNA is expressed during an important period
of hypothalamic development
To assess the potential role of Magel2 in the development of hypothalamic feeding circuits, we first examined the expression
pattern of Magel2 mRNA in the hypothalamus of neonatal mice.
Our results showed that Magel2 mRNA is expressed in the
mouse hypothalamus at postnatal day 10 (P10) (Fig. 1). Notably,
Magel2 mRNA levels were four times higher in the ARH than in
the ventromedial nucleus (VMH), DMH, PVH, lateral hypothalamis area (LHA) and preoptic area (POA) (Fig. 1). Magel2 mRNA expression was also elevated in the suprachiasmatic nucleus
(SCN) (Fig. 1)

Magel2-null mice display abnormal development of
anorexigenic POMC neuronal projections
During development, axonal projections extend from ARH neurons to reach their target nuclei, including metabolically relevant nuclei such as the PVH, during the second week of
postnatal life (18). To examine the development and architecture of the hypothalamic neural circuits involved in feeding regulation in a mouse model of PWS, we used Magel2-null mice

Figure 1. Magel2 mRNA expression in the postnatal hypothalamus. Relative expression of Magel2 mRNA in hypothalamic nuclei of P10 wild-type mice (n ¼ 3
per group). ARH, DMH, lateral hypothalamic area, POA, PVH, SCN and VMH.
Values are shown as the mean 6 SEM. *P < 0.05 versus the ARH.

Figure 2. Development of ARH neural projections is disrupted in Magel2-null
mice. Confocal images and quantification of the density of arcuate DiI-labeled fibers innervating the PVH in P8, P12 and P16 Magel2-null and control pups (n ¼ 4–
6 per group). Values are shown as the mean 6 SEM. *P < 0.05 versus the control.

(19–21). Magel2 is one of the protein-coding genes in the PWS
domain (21,22). We first investigated whether Magel2-null mice
displayed changes in the pattern of ARH axonal projections by
implanting the fluorescent axonal tracer DiI into the ARH of
Magel2-null and control neonatal mice. Although the overall
distribution of ARH DiI-labeled fibers was relatively similar between Magel2-null and control neonatal mice, we observed clear
differences in the density of the labeled fibers. In the PVH of P8
Magel2-null mice, there were 1.8 times fewer labeled axons
when compared to the control mice (Fig. 2). The density of ARH
axons in the PVH was increased in both Magel2-null and control
mice on P12 and P16, but those of Magel2-null remained 1.5–2.0
times lower (Fig. 2).
To determine whether the defect in ARH projections that
was observed in Magel2-null neonatal mice was permanent, we
performed
immunohistochemical
labeling
for
alphamelanocyte stimulating hormone (aMSH) and agouti-related
protein (AgRP), which are two key neuropeptidergic factors expressed in the ARH. aMSH is a cleavage product of POMC and

Downloaded from https://academic.oup.com/hmg/article-abstract/25/15/3208/2525793 by guest on 12 August 2019

to this regulation, in part because this brain region can integrate
hormonal, autonomic and somatomotor control mechanisms
and, in turn, induce a variety of neuroendocrine and homeostatic
responses. At the core of this hypothalamic regulatory network
is the arcuate nucleus of the hypothalamus (ARH). The ARH contains two chemically distinct neuronal populations that have opposite roles in energy balance regulation: pro-opiomelanocortin
(POMC) neurons, which are anorexigenic, and agouti-related peptide/neuropeptide Y (AgRP/NPY) neurons, which are orexigenic.
NPY/AgRP and POMC neurons provide overlapping projections to
other parts of the hypothalamus, including the paraventricular
(PVH) and dorsomedial (DMH) nuclei of the hypothalamus, to exert effects on feeding and energy balance (6,7).
Because of the importance of the hypothalamus in the control of eating and energy balance, it has been suggested that impairments of hypothalamic development during perinatal life
may result in lifelong metabolic dysregulation (8–10). In mice,
ARH neural projections develop primarily during the first 3
weeks of postnatal life and a variety of animal models of obesity
and metabolic programming have been associated with impairments in hypothalamic development (11–14). While it is not yet
known whether PWS causes alterations to hypothalamic development, hyperghrelinemia is recognized as an endocrine hallmark of patients with PWS (15), and elevated levels of ghrelin
are found as early as infancy, which is significantly earlier than
the onset of obesity and hyperphagia (16,17). Notably, neonatal
ghrelin has recently emerged as a critical regulator of hypothalamic development, supporting the hypothesis that PWS might
be associated with alterations in hypothalamic development.
In this study, we examined whether loss of Magel2 influences the development and organization of hypothalamic circuits involved in feeding and energy balance regulation. On the
basis of the recently documented role of neonatal metabolic
hormones in brain development and lifelong metabolic regulations (10), we also studied the temporal patterns of circulating
leptin and ghrelin levels in Magel2-null mice during important
periods of hypothalamic development. Furthermore, we tested
the ability of Magel2 to directly influence axon growth in vitro.
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Normal levels of ghrelin and leptin in Magel2-null
neonates
Hyperghrelinemia is one of the hallmark symptoms of PWS,
and patients with PWS display elevated levels of circulating
ghrelin as early as 2 years of age, i.e. before they develop obesity
and hyperphagia (16,17). In addition, recent data from our laboratory revealed that chronic neonatal hyperghrelinemia in mice
resulted in the abnormal development of projection pathways
from the ARH, leading to lifelong metabolic disturbances (23).
On the basis of these observations, we next examined whether
Magel2-null mice display abnormally elevated ghrelin levels
during early life. Magel2-null and control mice were sacrificed
on P8, P12, P16 and P60 (adult), and trunk blood was collected
and assayed for total and acylated ghrelin. Magel2-null mice displayed elevated levels of total ghrelin at P8 (Fig. 5A). However,
levels of the acylated form of ghrelin (the ‘active’ form) were
normal in P8 Magel2-null mice (Fig. 5B). In addition, the levels of
both total and acylated ghrelin appeared similar between
Magel2-null and control mice at P12 and at P16 (Fig. 5A and B).

Moreover, the total ghrelin levels were increased in adult
Magel2-null mice, whereas acylated ghrelin levels appeared normal in adult mutant mice (Fig. 5A and B). Because leptin exerts
a neurotrophic effect on ARH neurons during postnatal life
(24,25) we also examined leptin levels, and they appeared normal in Magel2-null mice (Fig. 5C). These findings suggest that
the abnormal development of arcuate POMC projections observed in Magel2-null mice is not likely caused by changes in
ghrelin or leptin levels during critical periods of development
but is rather the consequence of other intrinsic factors.

Magel2 promotes axon growth in vitro
Because the neurodevelopmental defects observed in Magel-null
mice unlikely involve hormonal factors, we next evaluated the
ability of Magel2 to directly influence axon growth in vitro. To
this aim, we stably expressed Magel2 in mouse neuroblastoma
N2a cells (Fig. 6A), which do not express endogenous Magel2.
The pcDNA (vector) was stably expressed as control (Fig. 6A).
We then differentiated these cells and measured axon growth.
Compared with the control N2a cells, the length of anti- growth
associated protein-43 (GAP-43)-positive neurites extending from
each cell was 2 times longer in cells expressing high levels of
Magel2 (Fig 6B–D). In addition, the proportion of cells displaying
axons was 2.5 times greater in cells expressing high levels of
Magel2 (Fig. 6C and D). These observations provide direct evidence that Magel2 functions as an essential factor for neurite
outgrowth.

Discussion
It is generally accepted that PWS leads to a variety of neuroendocrine and metabolic alterations that likely due to hypothalamic dysregulation (26). However, the association between

Figure 3. Altered aMSH neural projections to the PVH in Magel2-null mice. Confocal images and quantification of (A) aMSH and (B) AgRP immunoreactive fibers innervating the PVH in adult (P60) Magel2-null and control mice (n ¼ 4–5 per group). V3, third ventricle. Values are shown as the mean 6 SEM. *P < 0.05 versus the control.
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represents an important anorectic signal, whereas AgRP is a
major orexigenic regulator produced in the ARH. The density of
aMSH fibers in the PVH of Magel2-null mice was 2-fold lower
than that observed in control mice (Fig. 3A). A substantial reduction in the density of aMSH-labeled fibers was observed in both
the parvocellular and magnocellular regions of the PVH (data
not shown). Similar decreases in aMSH fiber densities were also
observed in the DMH, which is another terminal field of ARH
projections, and in the ARH itself (Fig. 4A and C). We also examined the density of neural projections that contained AgRP; in
contrast to neural projections that contained aMSH, the density
of AgRP-labeled fibers innervating the PVH, DMH and ARH appeared normal in Magel-null mice (Figs 3B, 4B and 4D).
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PWS genes and the development of hypothalamic feeding circuits has not been examined. The axonal labeling experiments
presented here show that mice lacking Magel2, one of the genes
inactivated in PWS, display disrupted development of ARH axonal projections when compared to wild-type mice. Notably,
some of the most severely affected projections were those that
contained aMSH, a neuropeptide that acts as a major negative
regulator of energy balance. In contrast, neural projections that
contained AgRP, a neuropeptidergic factor that drives feeding
behavior, appeared relatively unaffected in Magel2-null mice.
Our in vitro experiments also suggest that these changes in neural wiring likely involve a direct neurotrophic effect of Magel2.
The precise mechanisms that underlie the reduction in
POMC fiber density in Magel2-null mice remain unknown.
Because of the observation that PWS patients exhibit hyperghrelinemia during infancy (16,17), before the onset of hyperphagia, as well as recent findings in our laboratory showing that
neonatal ghrelin plays a critical role in the normal development
of arcuate axonal projections (23), we initially hypothesized that
Magel2-null mice would exhibit prematurely elevated levels of
ghrelin that could disrupt the development of ARH projections.
However, the levels of the acylated form of ghrelin (the ‘active’
form) appeared normal in Magel2-null mice. Another hormonal
factor that is involved in hypothalamic development is leptin.
Leptin levels exhibit a surge during the first 2 weeks of postnatal
life, and the loss of leptin or its receptors is associated with the
altered development of ARH projections (24,25). Intriguingly,
adult Magel2-null mice display central leptin resistance (27).
However, Pravdivyi et al. (28) recently reported a normal leptin
response in the hypothalamus of Magel2-null mice until the
postnatal age of 4 weeks. Moreover, our data indicate that leptin
levels are similar between Magel2-null and control neonates.
Together, these observations suggest that changes in ghrelin or

leptin signaling are not likely mediators of the disrupted development of ARH projections observed in Magel2-null mice.
MAGEL2 is a member of the type II melanoma antigen
(MAGE) family (29). The human MAGEL2 gene and its mouse homolog Magel2 are located in the human 15q11-q13 chromosome
and mouse 7C region, respectively (30). This gene encodes a
ubiquitin ligase enhancer, which is required for endosomal protein recycling (31). During development, Magel2 is initially expressed in the mouse central nervous system, including the
neural tube, telencephalon, hindbrain, midbrain and hypothalamus, as early as embryonic day 9 (2–4). The highest levels of
Magel2 mRNA are found in E15-E17 embryos. Magel2 continues
to be expressed in the hypothalamus during postnatal life, with
a particularly high level of expression found in the arcuate and
suprachiasmatic nuclei (our findings and 4). In agreement with
this elevated expression of Magel2 in the SCN, recent data indicate that Magel2 plays a role in the regulation of circadian
rhythm (4,32). Our in vitro data also revealed that Magel2 can directly act as a developmental factor by promoting axon growth.
Previous data reported that necdin, which is another member of
the type II MAGE family and shares 51% amino acid sequence
homology to MAGEL2 (22,33), influence neurotrophin signaling,
cytoskeletal rearrangement, as well as neurite extension and
axon bundling and pathfinding (34–37). Together these observations indicate that PWS locus genes, including Magel2 and necdin, can exert direct neurotrophic actions and influence brain
development.
Many of the features of PWS suggest that brain abnormalities play an important role in the clinical phenotype. The most
common hypothesis is that hypothalamic and pituitary dysfunction is responsible for many of the features of this syndrome. Consistent with the idea that PWS results in a variety of
structural and functional brain alterations, magnetic resonance
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Figure 4. Disruption of hypothalamic aMSH neural projections in Magel2-null mice. Quantification of (A, C) aMSH and (B, D) AgRP immunoreactive fibers innervating
the (A, B) ARH and (C, D) DMH in adult (P60) Magel2-null and control mice (n ¼ 4–5 per group). Values are shown as the mean 6 SEM. *P < 0.05 versus the control.
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Materials and Methods
Animals

Figure 5. Plasma ghrelin and leptin levels in Magel2-null mice. (A) Total plasma
ghrelin levels, (B) acylated ghrelin and (C) leptin levels in P8, P12, P16 and adult
(P60) Magel2-null (red bars) and control (black bars) mice (n¼ 4–5 per group).
Values are shown as the mean 6 SEM. *P < 0.05 versus the control.

imaging (MRI) analyses have shown a reduction in brain volume
in Magel2-null mice and in individuals with PWS (38,39). In addition, functional imaging (fMRI) has shown an altered response
of the brain of patients with PWS to metabolic cues, such as glucose and food stimuli (40,41). However, the study of changes in
specific neural systems using MRI and fMRI has been limited, in
part, by instrument resolution. Nevertheless, immunohistochemical approaches have revealed that Magel2-null mice and
PWS patients display a dramatic reduction in the number of
oxytocin neurons in the PVH (20,42). Remarkably, a single subcutaneous injection of oxytocin in Magel2-null mice at birth is
sufficient to rescue the neonatal suckling deficiencies that cause
neonatal death as well as ameliorate social and cognitive behavior in adults (20,43). These findings support a role for oxytocin in feeding systems during early development. More
recently, data from Dr. Wevrick’s lab show that adult Magel2-

Magel2-null mice (Jax Mice stock number 009062) (19) were used
in this study. Mice were housed in individual cages under specific pathogen-free conditions and maintained in a temperaturecontrolled room with a 12-h light/dark cycle. The animals were
provided with ad libitum access to water and standard laboratory
chow (Special Diet Services). The Magel2 mouse colony was
maintained on a C57Bl/6 background by breeding Magel2þ/- female mice that carried a maternally inherited Magel2-lacZ
knock-in allele with C57Bl/6 male mice to generate heterozygous, functionally wild-type offspring. Because of imprinting
that silences the maternally inherited allele, Magel2-null mice retained expression only from the paternally inherited lacZ knockin allele. C57Bl/6 female mice were bred with Magel2þ/- male
mice that carried a maternally inherited Magel2-lacZ knock-in allele. This breeding strategy generated Magel2þ/ mice that carried a paternally inherited lacZ knock-in allele (Magel2-null) and
Magel2þ/þ (control littermate) offspring. Mice were genotyped
prior to sacrifice. For all experiments, 1 day after birth, the litter
size was adjusted to six pups to ensure adequate and standardized nutrition until weaning (P22). Only male mice were studied.
Animal usage was in compliance with and approved by the
Institutional Animal Care and Use Committee of the Saban
Research Institute of the Children’s Hospital of Los Angeles, and
all experiments were performed in accordance with the
European Communities Council Directive of November 24, 1986
(86/609/EEC) regarding mammalian research

Ghrelin and leptin assays
Male Magel2-null and control mice were decapitated on P8, P12,
P16 and P60 (adult) (n ¼ 4–5 per group), and trunk blood was collected in a chilled tube containing Pefabloc (AEBSF, Roche
Diagnostics). Total and acylated ghrelin as well as leptin levels
in the plasma were assayed using enzyme-linked immunosorbent assay (ELISA) kits (Millipore) as previously described
(23,47).

Measurement of Magel2 mRNA
The ARH, VMH, DMH, PVH, LHA, SCN and POA of P10 wild-type
mice (n ¼ 3) were microdissected. Briefly, mice were decapitated,
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null mice display a reduction in the number of POMC-positive
cells, which is accompanied by a reduced density of aMSH fibers
innervating the PVH (27,28). Our data expand upon these findings and show that the loss of Magel2 results in the widespread
disruption of aMSH-containing projections to each terminal
field involved in appetite regulation, including those to the PVH,
DMH and ARH. Our data also suggest that these structural alterations are developmentally acquired. However, not all of the
neuropeptidergic systems involved in feeding regulation appear
to be disrupted in PWS. For example, the number of AgRP/NPY
and GHRH neurons in the infundibular nucleus (human equivalent of the mouse ARH) (44,45) and of orexin neurons in the lateral hypothalamus (46) is not altered in PWS. In addition, our
data indicate that AgRP-containing projections are not disrupted in Magel2-null mice. Nevertheless, the marked reduction
in aMSH-containing fibers compared to AgRP axons in Magel2null mice suggests an elevated ratio of orexigenic to anorexigenic projections in this mouse model of PWS.
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showing GAP-43-immunopositive fibers, an axonal marker, in N2a cells transfected with a Magel2 or an empty (pcDNA) vector.

fresh brains were collected in RNALater (Ambion) and sectioned
at 200 mm using a vibratome. Regions of interest were then identified under a steromicroscope and dissected out using a 1-mm
diameter sample corer. Total RNA was isolated using the
Arcturus PicoPure RNA isolation kit (Invitrogen). cDNA was generated with the high-capacity cDNA Reverse Transcription Kit
(Applied Biosystems). Quantitative real-time polymerase chain
reaction (PCR) analysis was performed using TaqMan Fast
Universal PCR MasterMix. mRNA expression was calculated using the 2-ddCt method after normalization with Gapdh as a
housekeeping gene. Inventoried TaqMan Gene Expression
Assays
for
Magel2
(Mm00844026_s1)
and
Gapdh
(Mm99999915_g1) were used. All assays were performed using
an Applied Biosystem 7900 HT real-time PCR system.

DiI implants
Magel2-null and control mouse pups (n ¼ 4–6 per group) were
perfused on P8, P12 and P16 with 4% paraformaldehyde. The
brains were removed and numerically coded to insure unbiased
processing and analysis. Crystals of 1,1’-dioctadecyl-3,3,3’,3’tetramethylindocarbocyanine perchlorate (DiI; Santa Cruz) were
implanted as previously described (24). Briefly, an insect pin
was used to place a crystal of DiI (15 mm in diameter) into the
ARH of each brain under visual guidance. After incubation in
the dark for 2 weeks at 37 C, hypothalamic sections were collected from each brain and evaluated by confocal microscopy as
described below.

were then frozen and sectioned at a 30-mm thickness and processed for immunofluorescence using standard procedures (24).
The primary antibodies used for immunohistochemistry included rabbit anti-AgRP (1:4000, Phoenix Pharmaceuticals) and
sheep anti-aMSH (1:40 000, Millipore). The primary antibodies
were visualized with Alexa Fluor 488 goat anti-rabbit IgGs or
Alexa Fluor 568 donkey anti-sheep IgGs (1:200, Invitrogen).
Sections were counterstained using bis-benzamide (1:10 000,
Invitrogen) to visualize cell nuclei and coverslipped with
Fluoromount (Sigma-Aldrich).

Quantitative analysis of fiber density
Two sections through the PVH, ARH and DMH from animals of
each experimental group were acquired using a Zeiss LSM 710
confocal system equipped with a 20X objective. Slides were numerically coded to obscure the treatment group. Image analysis
was performed using ImageJ analysis software (NIH). For the
quantitative analysis of fiber density (for DiI, a-MSH, AgRP),
each image plane was binarized to isolate labeled fibers from
the background and to compensate for differences in fluorescence intensity. The integrated intensity, which reflects the total number of pixels in the binarized image, was then calculated
for each image. This procedure was conducted for each image
plane in the stack, and the values for all image planes in a stack
were summed. The resulting value is an accurate index of the
density of the processes in the volume sampled (24).

N2a cell culture and transfection
AgRP and aMSH immunohistochemistry
Magel2-null and control mice (n ¼ 4–5 per group) were perfused
transcardially with 4% paraformaldehyde at P60. The brains

N2a cells were cultured in Dulbecco’s modified Eagle’s medium
supplemented with 10% fetal bovine serum, GlutaMAXTM-I,
100 U/ml penicillin and 100 mg/ml streptomycin at 37  C in 5%
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Figure 6. Magel2 promotes neurite outgrowth. (A) Relative expression of Magel2 mRNA in N2a cells transfected with a Magel2 or an empty (pcDNA) vector. (B)
Quantification of neurite length and (C) percentage of cells with neurites in N2a after transfection with a Magel2 or an empty (pcDNA) vector. (D) Representative images

3214

| Human Molecular Genetics, 2016, Vol. 25, No. 15

CO2 in a humidified atmosphere. To induce differentiation,
growth medium was carefully removed and then replaced with
Neurobasal medium supplemented with GlutaMAXTM-I for 3
days. For transfection, approximately 5  104 cells were plated
into 24-well plates. Cells were transfected with either Magel2
(Genscript) or pcDNA3.1(þ) (Invitrogen) plasmid using
Lipofectamine LTX with PLUS reagent (Invitrogen) according to
the manufacturer’s instructions.

Immunocytochemistry and quantification of neurite
outgrowth

Statistical analysis
All values were expressed as the mean 6 SEM. Statistical analyses were conducted using GraphPad PRISM (version 5.0a).
Statistical significance was determined using unpaired, twotailed Student’s t tests and a two-way analysis of variance followed by the Bonferroni post hoc test when appropriate. P < 0.05
was considered statistically significant.
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