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ABSTRACT

Background: Embryonic neurogenesis and differentiation in the hypothalamic feeding circuitry is under the control of a variety of diffused
morphogens and intrinsic transcription factors, leading to the unique structural and functional characteristics of each nucleus.
Scope of review: The transcriptional regulation of the development of feeding neuroendocrine systems during the period of embryonic
neurogenesis and differentiation will be reviewed here, with a special emphasis on genetic and environmental manipulations that yield an
adverse metabolic phenotype.
Major conclusions: Emerging data suggest that developmental mechanisms can be perturbed not only by genetic manipulation, but also by
manipulations to maternal nutrition during the gestational period, leading to long-lasting behavioral, neurobiological, and metabolic conse-
quences. Leptin is neurotrophic in the embryonic brain, and given that it varies in proportion to maternal energy balance, may mediate these
effects through an interaction with the mechanisms of hypothalamic development.

� 2014 The Authors. Published by Elsevier GmbH. This is an open access article under the CC BY-NC-ND license (http://creativecommons.org/licenses/by-nc-nd/3.0/).

Keywords Leptin; Developmental origins of health and disease; Hypothalamic neurogenesis; Basic helix-loop helix
Homeostatic control over feeding and energy balance is regulated in
large part by the hypothalamus, specifically a network of nuclei
comprising the arcuate nucleus (ARC), ventromedial hypothalamus
(VMH), paraventricular nucleus (PVN) and the lateral hypothalamus
(LH). Work over the past decade has made it clear that the perinatal
life is a critical period for the organization and development of the
feeding circuitry. Genetic disruptions to leptin signaling, as well as
altered maternal nutrition can permanently disrupt this organizational
process leading to an obesity-prone phenotype [1]. Prenatal life is
also a critical period during which a wide range of genetic and
environmental manipulations can alter the structure and function of
the feeding circuitry, leading to adverse metabolic outcomes. This
review is intended to summarize our current understanding of em-
bryonic hypothalamic neurogenesis and differentiation, and apply this
to the context of developmental programming. Understanding the
various genetic and transcriptional mechanisms that govern normal
development may point to novel directions in the study of develop-
mental programming and the role of hormonal and environmental
influences in development.
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1. NEUROGENESIS AND DIFFERENTIATION IN THE
DEVELOPING HYPOTHALAMUS

Neural tube development can be divided into stages, the first of which
is regionalization. During the period prior to embryonic day 10 (E10),
the diencephalic region is separated from surrounding regions by the
influence of organizing signals such as Wingless/integrins (Wnts),
Sonic hedgehog (Shh), Bone morphogenetic proteins (Bmps), and
fibroblast growth factors (Fgfs), culminating ultimately in the induction
of the NK2 homeobox transcription factor Nkx2.1 d a key marker of
hypothalamic tissue (for review, see Ref. [2]). The subsequent
neurogenic period encompasses E12-16 [3,4]. During the neurogenic
period, neural stem cells in the ventricular zone give rise to neural
precursors which, under the influence of factors discussed in this
review, go on to assume their mature phenotype and position. Neu-
rons, astrocytes, and oligodendrocytes all derive from the same pro-
genitor pool, so the proneural transcription factors that characterize the
neurogenic period simultaneously drive neurogenesis and suppress
gliogenesis (for review, see Ref. [5]). This review will begin by covering
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medially situated nuclei, though it should be noted that neurogenesis in
the hypothalamus proceeds in an ‘outside-in’ fashion, with laterally
situated nuclei being born earlier [6] (Figure 1).

2. ARCUATE NUCLEUS

The ARC feeding circuitry is characterized by two non-coextensive
neural populations expressing either Pro-opiomelanocortin (POMC) or
Neuropeptide Y (NPY) and Agouti-related peptide (AgRP). Neural pro-
genitors destined to partake in feeding circuitry may become either
orexigenic NPY/AgRP neurons or anorexigenic POMC neurons, and the
opposing nature of these populations brings the issue of cell fate
decisions into sharp relief. POMC mRNA is first detected in the ventral
hypothalamus at E10.5, and NPY expression between E13.5-14.5 [7].
In the period following E13.5, there is a drastic decrease in the number
of POMC neurons [7]. This decrease cannot be accounted for by
apoptosis, rather it seems that these cells begin to assume a NPY/
AgRP phenotype [7]. It is not known what governs this change in cell
fate, but it is clear that these two populations are intimately linked
during development (Table 1).
The ARC develops in the context of a number of homeobox and basic
helix-loop-helix (bHLH) transcription factors with temporally distinct
patterns of expression. Retinal and anterior neural fold homeobox
(Rax), a homeobox transcription factor traditionally defined by its
involvement in early retinal development, is critical for the formation of
the ventral neuroendocrine hypothalamus [8]. Rax is expressed in the
ventricular zone medial to POMC expressing cells at E12.5, the ex-
pected location and time of a transcription factor involved in the
generation of these cells [9]. Using Cre-mediated lineage tracing, Lu
et al., found evidence that Nkx2.1-expressing neurons in the ARC
derived from Rax-expressing lineages [10]. Mice lacking Rax in SIX
homeobox 3 (Six3)-expressing cells do not show ventral hypothalamic
Nkx2.1 expression, nor do they ever express POMC [10]. This appears
to be due to a reassignment of cell fate, as the VMH comes to
ectopically express GABAergic neural marker Gad67 in lieu of the
expected terminal markers. When Rax is specifically knocked out in
Shh-expressing cells, the formation of the VMH is uniquely affectedd
Figure 1: Expression timeline of transcription factors directly im
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these animals retain approximately normal patterns of POMC
expression [10].
The Oligodendrocyte transcription factor family (Olig1 & Olig2) are
bHLH transcription factors expressed medially in the developing CNS,
with the highest densities found in the periventricular regions [11,12].
Contrary to what is suggested by their names, Olig1 and Olig2 have
been implicated not only in oligodendrogenesis but also in neuro-
genesis [11,13]. Lineage tracing experiments indicate that a number of
POMC and NPY cells derive from Olig1 progenitors, and that the ma-
jority of Olig1 expressing cells also express Bone morphogenetic
protein receptor 1A (Bmpr1A) [14]. When Bmpr1A is knocked out in
Olig1 progenitors, affected mice fail to gain weight when transitioning
to solid food [15]. These mice have significantly fewer POMC neurons,
and yet significantly greater numbers of AgRP neurons [14]. Neither of
these outcomes depend on a difference in neurogenesis, leaving
changes in cell fate as a possible mechanism.
The Neurogenins (Ngn1-3) are another family of bHLH transcription
factors important in ARC development. Ngn3 expression begins as
early as E9.5 and extinguishes by E17.5 [16,17]. Cells co-expressing
Ngn3 and POMC are not seen during development, but fate mapping
studies show that many of the earliest born (ca. E10.5) POMC neurons
arose from Ngn3-expressing progenitors d later born POMC neurons
arise from non-Ngn3 expressing progenitors [17]. A large fraction of
NPY neurons also appear to have descended from Ngn3-expressing
progenitors [17]. Ngn3�/� mice show a substantial reduction in the
number of POMC neurons born between E10.5-13.5, though this
number rebounds somewhat by E17.5 [17]. On the other hand, NPY
neuron counts are dramatically increased in Ngn3�/� mice, a differ-
ence that appears as soon as NPY begins to be expressed [18,17].
Mutant mice do not show any changes in overall cell count, implying a
change in cell fate as opposed to altered rates of neurogenesis or
apoptosis [17].
This work has recently been elaborated upon with the generation of a
conditional mutant strain of mice in which Ngn3 is knocked out only in
cells that express the ventral diencephalic marker Nkx2.1 [19]. In
contrast to Ngn3�/� mice, the conditional mutants survive until
adulthood, however they develop early-onset obesity and hyperphagia
plicated in the generation of the hypothalamic feeding nuclei.
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[19]. Similar to Ngn3�/�, conditional knockouts show a substantial
reduction in the number of POMC neurons beginning at E10.5 that
continues into adulthood. Curiously, the number of Cocaine- and
amphetamine-regulated transcript (CART) cells remains at levels
equivalent to wild-type mice, as do the number of estrogen receptor-a
and dynorphin-expressing cells. Because CART and POMC expression
is almost entirely coextensive in the wild-type ARC, these results
suggest that the effects of Ngn3 ablation specifically affect POMC
transcription without affecting the number of cells that could have
expressed POMC. Interestingly, the increases in NPY cell count seen in
the full knockout mice are not seen in the conditional mutants [19].
Given that NPY neurons were shown to be embryonically derived from
POMC-expressing progenitors, with a changeover and corresponding
reduction in the number of POMC expressing cells occurring sometime
after E13.5 [7], the study of Ngn3 raises several interesting questions
about the embryonic origins of these cell populations. It seems that the
ratio of these two opposing groups is plastic, and factors such as Ngn3
may play a role in fine-tuning that ratio.
Members of the Nescient helix-loop-helix (Nhlh) transcription factor
family are critical in the development of both feeding and reproductive
circuits in the hypothalamus. Nhlh2 (also known as NSCL-2) is
expressed in the developing nervous system as early as E9.5 [20,21].
Mice lacking Nhlh2 are hypogonadal, virtually infertile, and develop
adult-onset obesity secondary to reduced spontaneous locomotion
[22,23]. When this model was originally characterized, Nissl staining
revealed an approximately 25% reduction in overall cell number in the
ARC of both male and female Nhlh2�/� mice [22]. These animals were
later revealed to be deficient in GnRH and NPY-expressing cells [24].
Initially, anti-ACTH immunohistochemistry appeared to reveal a deficit
in POMC neurons [22], though subsequent investigation revealed no
difference in POMC mRNA [25]. This discrepancy can be accounted for
by the role of Nhlh2 in the regulation of Prohormone convertase (Pc1/3)
expression [25e27], the absence of which leads to a post-
transcriptional deficit in biologically active POMC cleavage products
like Adrenocorticotropic hormone (ACTH) and a-melanocyte stimu-
lating hormone (a-MSH). This issue was recently made more complex
by the discovery that POMC neurons are indeed reduced in mice when
Nhlh2 is knocked out specifically in GnRH-expressing neurons [27].
This difference becomes greater in magnitude as a function of age
[27], lending importance to the study of POMC regulation over the
lifespan.
Mash1 (also known as Achaete-scute complex 1 (Ascl1)) is homolo-
gous to the Achaete-scute genes found in drosophila. Mash1 is
Table 1 e Effect of global and conditional transcription factor knockout models

Gene Type Model

Rax Homeobox transcription factor Six3::Cre;Raxflox/null

Bmpr1a Receptor Olig1cre/þBMPR1afx/�

Ngn3 bHLH transcription factor Ngn�/�

Ngn3 bHLH transcription factor Nkx2.1iCre/þ;Ngn3flox/flox

Nhlh2 bHLH transcription factor Nhlh2�/�

Nhlh2 bHLH transcription factor POMC EGFP/GnRH
Cre/NSCL-2DloxP/DloxP

Mash1 bHLH transcription factor Mash1�/�

Mash1 bHLH transcription factor Mash1þ/�

Rbpjk Notch cofactor Rbpjkfl/fl Nkx2.1-creþ/cre

Notch1 Receptor RosaNotchICD/þ

Nkx2.1creþ/cre

x d Absent/ablated; þ Increased; � Decreased; ¼ No change.
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expressed in the retrochiasmic hypothalamic basal plate, as well as in
the ventralmost regions of the nearby alar plate. Mash1�/� mice show
impaired neurogenesis in the ventral diencephalon, impaired expres-
sion of other bHLH transcription factors such as NeuroD, Ngn3, and
Nhlh-2, as well as substantial reductions in the number of both NPY
and POMC expressing neurons by ED17.5 [28]. Importantly, neither
NPY nor POMC expression is completely absent in Mash1�/� embryos,
adding more evidence to the existence of multiple pools of progenitors.
The situation becomes more complex in heterozygous mutants, as
Mash1þ/� mice show an 18% increase in NPY neurons and approx-
imately normal numbers of POMC neurons [28]. bHLH transcription
factors are occasionally interchangeable and this seems to be the case
with Mash1, for when Ngn2 is expressed under the control of the
Mash1 promoter, POMC expression is recovered by E12.5 [28]. The
timecourse of this result suggests that the control of POMC expression
may become more promiscuous as development progresses, allowing
for a higher level of redundancy.
The Notch signaling pathway has recently come into focus in hypo-
thalamic development. Mice lacking Rbpjk, a key downstream effector
of Notch signaling, in Nkx2.1-expressing cells show an expansion of
the ARC and an increased number of POMC neurons [29]. Mash1
expression is increased in these animals, and this could account for the
aberrant POMC expression, as Mash1 is an important factor in the
differentiation of POMC neurons [28]. The number of NPY-expressing
neurons is also increased, and again the results are suggestive of a
role of Mash1 [29]. Mice with a constitutively active Notch1 intracel-
lular domain show a reduction in ARC area and a complete absence of
POMC and NPY neurons [29], mirroring the effects of Mash1 knockout
[28].
The population of POMC neurons in the ARC is a heterogenous group.
POMC neurons may assume either a glutamatergic or GABAergic
phenotype [30], some are primarily responsive to leptin [31], others to
insulin [32], and there are semi-overlapping pools of POMC neurons
that respond to estrogens as well [33,34]. A given neuron’s phenotype
and role in metabolism cannot be inferred solely from its expression of
POMC (or any other neuropeptide)d a complete understanding of that
neuron’s development requires knowledge of its complement of re-
ceptors and ability to participate in signaling cascades, as well as its
synaptic connections. Unless a special effort is made, it is impossible
to tell whether a give neuron has the expected phenotype (beyond
merely expressing a certain neuropeptide), or whether it possesses
latent defects. Future research into the development of ARC feeding
circuits would benefit from exploring not only the number of POMC and
on ARC neurons.

Effect on
POMC neurons

Effect on NPY/AgRP
neurons

Ref

x [10]
� þ [14]
� þ [18,17]
� ¼ [19]
¼ � [22,24,25]
� [27]

� � [28]
¼ þ [28]
þ þ [29]
x x [29]
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NPY/AgRP neurons, but also their complement of receptors and neu-
rotransmitters, for these aspects of cell fate are presumably also
established during the neurogenic period.

3. VENTROMEDIAL HYPOTHALAMUS

Situated lateral to the ARC, the VMH is the other major constituent of
the mediobasal hypothalamus, and a key node in the circuits that
govern reproduction, feeding, and glucose homeostasis. Steroidogenic
factor 1 (Sf1) is a nuclear transcription factor originally identified for its
role in adrenal and gonadal development. Early studies of embryo-wide
Sf1 expression revealed that it is also expressed within the developing
prosencephalon in a region that eventually becomes the VMH [37]. Sf1
expression begins to appear in the brain as early as E9.5 [38], and
remains confined entirely within the VMH through the extent of
development. A VMH-specific enhancer is found in intron 6 of the Sf1
gene affording a mechanism for the strict adherence of Sf1 to the
boundaries of its nucleus [39]. This spatial restriction provides an
excellent opportunity for studying VMH function, as it offers a genetic
target that (within the CNS) is exclusive to cells of the adult VMH. Mice
possessing homozygous disruptions to the Sf1 gene show massive
hypocellularity in the VMH, with sparing of the other hypothalamic
nuclei [40,41]. These mice also show aberrant patterns of ERa and
NPY expression in the presumptive VMH, with these neurons taking on
a much more scattered, medially biased arrangement than normal
[42,41]. Birthdate labeling experiments using the thymidine analog 5-
bromo-20-deoxyuridine (BrDU) between E10.5-15.5 show that VMH
hypocellularity in Sf1�/�mice is not due to differences in neurogenesis
[43,44], leaving a deficit in organization or coalescence of the nucleus
as a possible mechanism. Evidence of this is seen in the expression of
Nkx2.1, which is normally down-regulated as hypothalamic nuclei
establish their terminal identities. Nkx2.1 expression lingers in the
presumptive VMH of Sf1�/� mice [43], suggesting that the nucleus
never reaches a mature state. On the other hand, Brain-derived neu-
rotrophic factor (Bdnf) expression in the VMH is reduced in Sf1�/�

mice, as are efferent projections to anterior hypothalamic and limbic
structures [43].
Given that Sf1 is critical for the development of most of the cell types of
the VMH, it is reasonable to expect that its transcription factor activity is
somewhat selective for genes that are characteristic of the VMH. Sf1
binding sites are found upstream of many genes including: Fezf1,
Nkx2.2, A2bp1 and others [45]. Morpholino-based knockdown of Fezf1
and A2bp1 in zebrafish leads to substantial malformation of the ventral
hypothalamus, attesting to the possibility that these genes are
important downstream mediators of Sf1’s effects [45]. Further study of
these genes in mouse models will likely be required to solidify their
importance in VMH development. Interestingly, some of these tran-
scripts continue to be expressed outside of the VMH in Sf1�/� mice,
for example Nkx2.2 and A2bp1 continue to be expressed in the zona
limitans intrathalamica (ZLI) and dorsal thalamus. It seems, therefore,
that the role Sf1 plays as a transcription factor in the developing VMH is
substituted for by other factors elsewhere in the developing brain.
Being the two major constituents of the mediobasal hypothalamus,
there is a fair bit of overlap between factors contributing to the
development of the ARC and VMH. For example, Rax-expressing
progenitors occupy the ventricular zone medial to Sf1 expressing
cells at E12.5, and lineage tracing indicates that Sf1 neurons derive
from Rax-expressing progenitors [10]. Animals lacking Rax in Shh-
expressing progenitors have an unusual pattern of Sf1 expression in
the VMH as compared to wild-type mice, with approximately normal
Sf1 expression in the ventral and dorsal regions of the VMH, but a
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complete lack of expression in a strip of tissue intermediate to these
domains [10]. vGlut2 and Nkx2.1 are expressed in the VMH at P0, but
these transcripts are also absent in a band of tissue midway through
the dorsoventral extent of the VMH. On the other hand, Gad67 d
normally a marker of DMH neurons d was ectopically expressed in
the very same band of tissue, suggesting a possible reassignment of
cell identity [10].
Mice lacking Mash1 show a number of developmental aberrations in
the ventral hypothalamus. Sf1 neurons are largely absent in these mice
at E10.5, though the generation of these neurons does recover
somewhat by ED12.5 [28]. Ultimately the VMH is strikingly hypocellular
in these animals by E17.5, an effect that shows a dose-dependent
relationship with the Mash1 zygosity [28]. When Ngn2 is knocked
into the Mash1 locus, mice show a recovery in neurogenesis in the
VMH but Sf1 expression does not fully recover [28], indicating a level of
specificity in the regulation of Sf1 expression. Of course, Mash1 is also
active in the nearby ARC, and indeed at E10.5 all POMC neurons also
express Sf1 [28]. The ARC and VMH clearly resolve themselves into
functionally and anatomically distinct nuclei by adulthood, but how this
occurs remains uncertain.

4. PARAVENTRICULAR HYPOTHALAMUS

The PVN is one of the main recipients of projections arising from POMC
and AgRP/NPY neurons in the ARC. These neurons innervate the
various neurosecretory neurons and interneurons of the PVN to bring
about behavioral and homeostatic changes associated with the hor-
monal status sensed by the ARC. Orthopedia (Otp) is a homeobox
transcription factor named because its homeodomain sequence in
mice possesses features in common with the Otx and Antennapedia
sequences in Drosophila. Otp�/� mice are severely growth retarded,
and invariably die by day 3 of postnatal life. These mice have severe
deficits in PVN and Supraoptic nucleus (SON) formation, as evidenced
by a generalized lack of cells in these regions, as well as a large
reduction in the PVN and SON marker Calbindin D28K as compared to
heterozygous mutants [46,47]. Homozygous mutants showed a
complete absence of thyrotropin-releasing hormone (TRH),
corticotrophin-releasing hormone (CRH), somatostatin, oxytocin (OT),
and vasopressin (AVP) cells [46,47]. This phenotype may be partly
accounted for by reductions in neurogenesis between E10-12.5 [46].
Alterations in neural migration are also evident in this model, as cells
labeled with the null Otp allele seem to migrate ventrolaterally to a
position not seen under normal conditions [46].
The Single-minded homolog 1 gene (Sim1) is a bHLH PAS domain
transcription factor. The PAS domain, so named for its presence in
Period, Aryl hydrocarbon receptor nuclear translocator, and Sim pro-
teins allows for dimerization between other proteins in this family [48].
Sim1 is expressed throughout the PVN and SON of adult mice; its
pattern of expression does not appear to segregate magnocellular and
parvocellular compartments in the PVN [48]. Sim1�/� mice show
hypocellularity in the PVN and SON, though they maintain normal
numbers of cells in the other nearby nuclei. Magnocellular neuro-
peptides AVP and OT are absent in these animals, as are parvocellular
products CRH and TRH [48]. Sim1 is co-expressed with the related
bHLH-PAS transcription factor Aryl hydrocarbon receptor nuclear
translocator 2 (Arnt2) in the PVN and SON, forming heterodimerized
transcription factors that are essential for development of these re-
gions [49,50]. Sim1 and Arnt2 transcription begin during cell migration
out of the ventricular zone, after the final cell division is completed
[49,48]. Interestingly, while the PVN and SON do not form if either of
Sim1 or Arnt2 is missing, certain other domains that express one or the
H. This is an open access article under the CCBY-NC-ND license (http://creativecommons.org/licenses/by-nc-nd/3.0/).
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other do remain, suggesting that neuroendocrine development of these
regions involves different combinations of bHLH heterodimers [49]. The
homeodomain transcription factor Otp is likely upstream of Sim1, as
Otp expression remains normal in Sim1�/� mice, but Sim1 expression
is disrupted in Otp�/� mice [46]. The complete absence of Sim1 is
lethal, but beyond that there is a doseeresponse relationship between
the gene and an obese phenotype. Sim1 haploinsufficiency leads to
obesity in both humans and mice [51,52]. Haploinsufficient mice show
evidence of compensatory physiological changes including hyper-
leptinemia, hyperinsulinemia, elevated energy expenditure [53], and
increased POMC expression in the ARC [54]. These mice show
hypocellularity in the PVN and a marked decrease in both parvocellular
and magnocellular-derived hormones [52].

5. LATERAL HYPOTHALAMUS

The two varieties of LH neurons of particular interest in the study of
feeding are those that express orexin and those that express Melanin-
concentrating hormone (Mch). Orexin neurons are born almost entirely
on E12 [55], though Orexin mRNA does not appear until E18 [56]. Mch
neurons are born earlier by comparison, with a neurogenic peak at E11
[57]. Mch mRNA is first expressed in rats at E13, protein expression is
detected soon after, with a progressive increase in expression as
embryonic development progresses [58]. Mch neurons develop under
the influence of Sonic hedgehog (Shh), Nkx2.1, as well as Nkx2.2 [57].
Deletion of Shh leads to a deficit in both Mch and Orexin neurons
[59,57]. Unlike the previous nuclei mentioned, there has yet to emerge
a transcription factor or morphogenic signal that clearly regulates the
formation of the LH. The apparent paucity of embryological research
into this nucleus may be due to the fact that it is a rather large and
heterogenous region and the neurons that relate to feeding make up a
relatively small percent of the LH. Factors that govern the formation
and migration of these neurons may be particularly subtle.

6. EARLY-LIFE INFLUENCES ON DEVELOPMENTAL PROCESSES

Hypothalamic development is readily affected by genetic manipula-
tions, with outcomes ranging from mild hypocellularity and altered
differentiation to the complete absence of one or more cell populations.
Manipulations that affect the prenatal environment also affect hypo-
thalamic development d a phenomenon known as developmental
programming. While genetic and programming models often differ in
the severity of their outcomes, they may have a similar mechanistic
basis. In order to explore this, a brief review of programming models
known to affect hypothalamic morphology is in order.

7. MATERNAL FOOD RESTRICTION

Exposing pregnant animals to food restriction during gestation leads to
offspring that demonstrate relative hyperphagia. This is accompanied
by a reconfiguration of hypothalamic peptide expression to support a
hyperphagic phenotype, including reduced POMC expression in the
ARC [60], and increased NPY expression in the ARC upon postnatal
exposure to a high-fat diet [61]. Interestingly, these animals also
demonstrated a generalized hypocellularity in the ARC as revealed by
hematoxylin/eosin staining [60]. These animals also showed re-
ductions in POMC and NPY immunopositive neurons d a result that
mirrors the observed alterations in mRNA expression [60]. Desai et al.
found evidence that prenatal food restriction (50% of ad lib from E10 to
term) leads to decreased neurogenesis and retarded migration in the
hypothalamus over the late embryonic period in rats [62]. In another
MOLECULAR METABOLISM 3 (2014) 813e822 � 2014TheAuthors. Published by Elsevier GmbH. This is an open
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study, offspring of food restricted dams showed evidence of increased
proliferation in the ARC, VMH, PVN and median eminence [63]. The
earliest proliferative timepoint investigated here was E19, long after
the critical period for generating feeding-relevant neurons. The result,
therefore, may reflect an increase in the rate of the gliogenesis that
normally takes place later in development.

8. MATERNAL OBESITY

Rats prenatally exposed to a high fat diet show increased body weight
and hyperleptinemia in adulthood [64]. P1 offspring of obese dams had
decreased NPY, POMC, and ObRB expression in the ARC, as well as
decreased expression of the intracellular leptin signalers STAT3 and
SOC3 [65]. Differences in neuropeptide expression are also seen in
other feeding nuclei. P0 pups of high-fat diet consuming dams had
marked increases in the number of Orexin and MCH mRNA expressing
cells in the LH, as well as increases in Galanin, Enkephalin, and
Dynorphin expression in the PVN [66]. Interestingly, these changes
were accompanied by evidence of increased neural proliferation in the
PVN and LH, as measured by the incorporation of BrDU given at
timepoints ranging from E11-E15 [66]. Interestingly, BrDU labeled
neurons showed a high rate of co-localization with Orexin and MCH
mRNA in the LH, and with Galanin, Enkephalin and Dynorphin in the
PVN, indicating that the surplus neurons assumed an orexigenic
neuropeptidergic identity in these feeding areas [66].

9. MATERNAL INSULIN RESISTANCE

Maternal diabetes is often a confound in studies of maternal obesity,
but it can be studied on its own and there is great benefit in doing so.
Indeed, both human and animal data suggest that maternal diabetes
can predispose offspring to obesity and metabolic disorders inde-
pendent of maternal obesity [35]. Maternal diabetes in mice realized
through injection of streptozotocin (STZ) on E5.5 leads to obesity,
hyperphagia, and hyperglycemia in offspring [36]. This is accompanied
by attenuated central leptin sensitivity, and paradoxically elevated
numbers of POMC expressing neurons [36]. In fact, similar effects on
POMC neuron population are seen in offspring of dams heterozygous
for a functioning insulin receptor [35]. NPY/AgRP neurons remain at
normal levels in both models [35,36]. Neurogenesis in this model has
not yet been studied in depth, so the origin of these surplus POMC
neurons remains to be discovered.

10. MATERNAL PROTEIN DEPRIVATION

Maternal protein deprivation is typically accomplished against the
background of an isocaloric diet and can be interpreted as a model of
low-quality nutrition, rather than frank under-nutrition. The phenotype
of offspring subjected to maternal protein restriction is not unlike that
seen in other developmental models, with adult-onset obesity and
glucose intolerance being key features [67,68]. Protein restriction
leads to reduced brain volume in general, though reductions in regional
volume and density are not universal: many regions appear to remain
unchanged. In offspring of dams fed an isocaloric, 8% protein diet,
morphological alterations of specific hypothalamic nuclei were vari-
able. The PVN, for example, showed a decrease in volume but an
increase in density. The VMH, in contrast, showed increased volume
and increased density [69]. The volume and cell density of the ARC
remained at levels equivalent to control animals in this study, however
protein restricted offspring did have significantly fewer NPY immuno-
positive cells [69]. A detailed survey of embryonic neurogenesis and
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differentiation remains to be conducted using this model, though these
morphological changes do raise interesting questions.

11. LEPTIN AS A NEUROTROPHIC FACTOR

The emerging evidence that prenatal nutrition can alter hypothalamic
development in specific ways raises the question of how maternal
nutrition is communicated to the fetus. Leptin is an ideal candidate to
fill such a role, given that it is a hormonal signal of energy balance with
known postnatal neurotrophic effects [70]. The rodent placenta pro-
duces little leptin, yet is permeable to leptin derived from the maternal
side of circulation [71]. Circulating leptin in pregnant rats gradually
climbs over the course of pregnancy, reaching a peak at the end of
gestation [72,71]. This dynamic is correlated with increased placental
expression of short isoforms of the leptin receptor, thereby offering a
mechanism for the increase in transplacental exchange [71]. In rats,
term fetuses of obese dams consuming a high-fat diet had elevated
serum insulin and leptin as compared to control fetuses of non-obese
dams [73], suggesting that fetal leptin does reflect maternal energy
balance.
The embryonic brain is sensitive to leptin, and can respond to it in
meaningful ways. ObRb is expressed throughout the rodent brain as
early as E10.5, though hypothalamic expression does not begin until
ED14 [74,75]. Leptin’s physiological and behavioral effects develop
over time. The JAK2/STAT3 signaling pathway regulated by leptin
develops gradually in rodents, reaching adult levels of function by P13
[76]. The prenatal signaling pathways activated by leptin are some-
what less studied, but several investigations have begun to do so.
Primary cultures derived from ED18 mouse hypothalamus do not show
STAT3 phosphorylation upon leptin exposure, but do show decreased
NPY and POMC expression [77]. Interestingly, the JAK2/STAT3
pathway is not generally disabled in these cells, as ciliary neurotrophic
factor (CNTF) exposure can still induce pSTAT3 [77].
Emerging data from in vivo and in vitro experiments strongly suggest
that leptin acts as a neurotrophic factor. Progenitor cells of the ven-
tricular zones express ObRb mRNA as early as E12.5 [74]. Mice
possessing the ob/ob mutation that deprives them of secreted leptin
have significantly reduced brain weight, volume, and cortical volume
as compared to wild-type animals [78]. Functional leptin signaling
plays a role in cortical development, as ob/ob mice show reduced
neurogenesis beginning on ED14 and cortical hypocellularity by E16
[79]. This is likely attributable to a neurotrophic effect of leptin, as
neurosphere cells derived from the embryonic cortex showed
increased proliferation when exposed to leptin in the culture medium
[79]. Neurons throughout the hypothalamus of these animals show
reduced cross-sectional areas, though the LH is not affected in this
way, and is thus unique among the nuclei examined [78]. The ob/ob
mutation is also associated with mild hypocellularity in both the ARC
and VMH in the C57BL/6J background strain [80]. The absence of an
effect in the LH may be due to its lateral position and the fact that the
cells of the LH are, on average, born earlier than those of the medial
nuclei. Since ObRb expression in the developing hypothalamus does
not begin until ED14, it could be that neurons born before that time-
point are simply unaffected by the presence or absence of leptin, or
that leptin affects cell fate but not neurogenesis itself.
Leptin is capable of inducing neurosphere proliferation in tissue
derived from the embryonic diencephalon, and this process is
dependent on intact Notch, STAT3, and ERK signaling [81]. The neu-
rotrophic potency of leptin can be modified by early-life under-nutri-
tion. Neurosphere cultures harvested from newborn rat pups exposed
to gestational food restriction show reduced proliferation under
818 MOLECULAR METABOLISM 3 (2014) 813e822 � 2014 The Authors. Published by Elsevier Gmb
standard conditions, as well as an impaired neurotrophic response to
leptin added to the culture medium [62]. These findings neatly com-
plement evidence of reduced embryonic neurogenesis in undernour-
ished fetuses [62]. The JAK2/STAT3 pathway is generally thought to be
hyporesponsive to leptin during the early phases of neurodevelopment
[77], yet inhibition of STAT3 signaling severely curtails leptin’s ability to
induce nestin expression, indicating a role for JAK/STAT3 signaling in
leptin’s neurotrophic effects [81]. It may be the case that because the
neural progenitor population is relatively small compared to the pop-
ulation of the hypothalamus in general, localized pSTAT3 responses in
the ventricular zone were obscured in broader investigations. On the
other hand, the neurotrophic effects of leptin may be owed to some
form of cross-talk with other JAK2/STAT3-based neurotrophins, which
function normally throughout development [77].
Taken together, these results show that embryonic neurogenesis (or
the conditions of adult hypo- and hypercellularity that are used to infer
the rate of embryonic neurogenesis) is positively correlated with
gestational nutrition. That is to say, conditions of nutritional excess
lead to increased rates of proliferation and adult hypercellularity, while
conditions of privation lead to the opposite. By the virtue of link be-
tween maternal nutrition and fetal leptin exposure, as well as the
evidence that leptin acts as a neurotrophic factor, there seems to be
sufficient circumstantial evidence to implicate leptin in the genesis of
these effects. To be sure, leptin is not the only possible factor in this
equation. The glucocorticoids, for example have known effects on
developmental programming [82], but since they impair the passage of
leptin across the placental barrier [71], leptin may be the more
fundamental factor. What remains to be determined, then, is how
leptin might act on the developmental processes known to govern
embryonic neurogenesis, migration, and differentiation in the various
hypothalamic nuclei known to regulate food intake.

12. LEPTIN INTERACTS WITH PRONEURAL TRANSCRIPTION
FACTORS AND MORPHOGENS

Positioned as it is at the intersection of prenatal nutrition and neuro-
genesis, the theory that leptin signaling unites the two has a good deal
of esthetic appeal. However, a thoroughly characterized model of how
gestational hypo- or hyperleptinemia could act on the developmental
machinery to bring about the changes it is implicated in has not yet
emerged. The following section will review the available evidence
supporting such a link. Because the relationship between leptin and
the mediators of neurodevelopment has not been thoroughly explored
in the embryonic brain, it will be necessary, in this instance, to venture
beyond this context and explore the putative relationship in adulthood,
or in other systems. Extrapolations such as these are not intended to
provide direct evidence for the posited link between leptin and neu-
rodevelopment, but rather to demonstrate that such a link as at least
theoretically possible, and therefore a worthy avenue for future
research.
The Bmp family of morphogens have a plausible link to the develop-
mental effects of leptin. A growing body of evidence suggests the
existence of a novel form of interaction between the two signalers.
Bmp4, like leptin, is capable of activating STAT3. This occurs indirectly
through a novel signal transduction pathway involving the serinee
threonine kinase FKBP12/rapamycin-associated protein (FRAP), the
ultimate result of which appears to allow for a synergistic interaction
between Bmp4 and signalers that exploit the JAK/STAT3 pathway
(Cntf, etc.) [83]. The extent to which leptin interacts with this pathway
is presently unknown, but given that this form of signal integration is
capable of regulating cellular fate, it would be an interesting area for
H. This is an open access article under the CCBY-NC-ND license (http://creativecommons.org/licenses/by-nc-nd/3.0/).
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future research. Recent evidence further supports the possibility of an
interaction between Bmp signaling and leptin. Injection of leptin into P7
mice leads to an increase in pSMAD expression in the ARC, indicating a
leptin-induced activation of the canonical Bmp signal transduction
pathway [14]. While this has not yet been tried in the embryonic brain,
it seems reasonable to suspect that the same interaction can occur
there as well. This is especially interesting in light of the recently
discovered importance of Bmp signaling in regulation the pre- and
post-natal development of the ARC feeding circuitry [14].
There is limited evidence that leptin can affect the expression of Shh.
One study showed that leptin can induce Shh and Ptc expression in
primary rat hepatic stellate cells through interactions between the
ObRb receptor and the PI3K/Akt signaling pathway [84]. This pathway
is active in the adult [85] and neonatal brain, but does not have a role in
the postnatal neurotrophic effects of leptin [86]. Given Shh’s role in
promoting the formation of the ventral diencephalon, and the fact that
several of the bHLH transcription factors that govern hypothalamic
neurogenesis are downstream of hedgehog signaling [87], it is
tempting to speculate that leptin’s pro-neurogenic effects on the
embryonic mediobasal hypothalamus involve Shh in some fashion.
This becomes a complicated matter to test in vivo, as models of
maternal obesity presumably raise serum cholesterol, and post-
translational modification of the Shh peptide with cholesterol is an
important regulator of its function [88], thereby confounding the effects
of cholesterol and leptin [66].
A great deal of the refinement and differentiation that takes place
throughout the embryonic hypothalamus is regulated by homeobox
transcription factors, and emerging evidence points to a link between
these and leptin signaling. Nkx2.1 is critical for the development of
the ventral hypothalamus [89], and continues to be expressed into
adulthood [90,91]. Nkx2.1 is upregulated by fasting in adult animals
[91], and down-regulated by both central and peripheral leptin in-
jection [90]. In the adult brain, Nkx2.1 serves to regulate the
expression of feeding peptides by upregulating AgRP and down-
regulating POMC. In the embryonic brain, this regulatory property may
in fact be important in terminal differentiation of these cell pop-
ulations. Bsx, another hypothalamically expressed homeobox tran-
scription factor [92] was recently shown to be regulated by energy
status in adulthood, increasing under the influence of exogenous
ghrelin or fasting, and decreasing in response to leptin or refeeding
[93]. Bsx is co-expressed with AgRP and NPY in the ARC, and ap-
pears to be critical in regulating their constitutive and fasting-induced
gene expression [94].
Some bHLH transcription factors are also known to be regulated by
leptin in the adult. Of those investigated, Sim1 presents a relatively
strong case. Peripheral leptin is capable of upregulating PVN Sim1
expression in the adult [54]. Fetal leptin may do the same thing, and if
that is the case then this relationship could mean that gestational
undernourishment and the hyperphagic phenotype it can produce in
offspring mimics, in some capacity, Sim1 haploinsufficiency. The bHLH
transcription factor Nhlh2 is expressed in the ARC and PVN into
adulthood, and is strongly implicated in energy balance regulation,
having been shown in several [95,96] (but not all [97]) studies to be
regulated acutely by leptin in adult animals. Nhlh2 is often colocalized
with POMC in ARC neurons [25], however it does not directly affect
POMC mRNA expression. Rather, Nhlh2 regulates the expression of the
PC 1/3 enzymes that cleave the POMC prepropetide into its biologically
active forms [26,25]. Importantly, Nhlh2 is a dimerization partner for
STAT3, its availability in developing neurons may regulate the tran-
scriptional response to leptin in adulthood and in early life. This is likely
of particular importance for STAT3-dependent neurodevelopmental
MOLECULAR METABOLISM 3 (2014) 813e822 � 2014TheAuthors. Published by Elsevier GmbH. This is an open
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processes such as the postnatal outgrowth of axons from POMC
expressing ARC neurons [86].

13. CONCLUSION

The successful implementation of adult homeostatic function depends
on the successful development of the hypothalamus, and in an era of
epidemic obesity it is crucial to thorough understand that develop-
ment. The genetic control of embryonic neurogenesis and differenti-
ation is increasingly well understood, and with this understanding
comes a raft of new opportunities for exploring the mechanisms of
developmental programming. This review explores the possibility that
leptin is a novel neurotrophic factor acting as a bridge between these
domains. Further research along these lines offers exciting implica-
tions for a deeper understanding of the development of metabolic
systems.
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