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Distinct Roles for Specific Leptin Receptor Signals in the
Development of Hypothalamic Feeding Circuits
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Circulating hormones influence multiple aspects of hypothalamic development and play a role in directing formation of neural circuits.
Leptin is secreted by adipocytes and functions as a key developmental signal that promotes axon outgrowth from the arcuate nucleus
(ARH) during a discrete developmental critical period. To determine the cellular mechanisms by which leptin impacts development of
hypothalamic circuits, we examined roles for leptin receptor (LepRb) signals in neonatal mice. LepRb, ERK, and STAT3 signaling were
required for leptin-stimulated neurite outgrowth from ARH explants in vitro. Neonatal mice with disrupted LepRb—ERK signaling
displayed impaired ARH projections but were able to compensate by adulthood. LepRb—> STATS3 signaling also plays a role in early
circuit formation and controls the ultimate architecture of POMC, but not AgRP, projections. Thus, the developmental actions of leptin on
feeding circuits are dependent on LepRb, and distinct signaling pathways are responsible for directing formation of NPY and POMC

projections.

Introduction

Multiple regions of the hypothalamus interact to modulate en-
ergy homeostasis by integrating cues that signal metabolic state
(Elmquist et al., 2005). The adipocyte-derived hormone leptin
controls energy balance by activating the signaling form of the
leptin receptor (LepRb) in the brain (Ahima and Flier, 2000), and
the arcuate nucleus of the hypothalamus (ARH) represents a key
site of leptin action (Morton et al., 2003; Coppari et al., 2005). In
the ARH, leptin regulates the activity of two oppositely acting sets
of LepRb-expressing neurons by stimulating the anorectic pro-
opiomelanocortin (POMC)-containing neurons and inhibiting
the orexigenic action of neurons that coexpress neuropeptide Y
(NPY) and agouti-related protein (AgRP). Although these POMC
and NPY/AgRP neurons project convergently to several hypotha-
lamic regions, their direct inputs to the paraventricular nucleus of
the hypothalamus (PVH) play a crucial role in regulating energy
balance (Sawchenko, 1998).

Leptin binding to the extracellular domain of LepRb initiates
signaling by activating the associated Jak2 tyrosine kinase, which
phosphorylates specific residues on the intracellular domain of
LepRb (Robertson et al., 2008). Each phosphorylation site re-
cruits distinct intracellular signaling proteins, and LepRb Tyr 54
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mediates the phosphorylation of signal transducer and activator
of transcription-3 (STAT3). Mutation of LepRb Tyr, , 55 produces
a dramatic hyperphagia and obesity in adult animals that rivals
the phenotype of LepRb-null Lepr®”® (db/db) mice, suggesting
that LepRb—STATS3 signaling represents a crucial mediator of
leptin action on energy balance in vivo (Bates et al., 2003). LepRb
Tyregs promotes the activation of the extracellular regulated ki-
nase (ERK) cascade, as well as binding the suppressor of cytokine
signaling-3 to promote feedback inhibition of LepRb (Bjorbaek
et al., 2001; Bjornholm et al., 2007). Mutation of Tyregs in vivo
causes leanness in adult mice, consistent with the importance of
Tyregs-mediated feedback inhibition in the control of energy bal-
ance (Bjornholm etal., 2007). Leptin also activates phosphatidyl-
inositol 3’-kinase (PI3K) and its downstream effectors (including
Akt) in the hypothalamus, but this pathway appears to play a
more modest role in long-term regulation of energy balance (Hill
et al., 2008).

During development, axonal projections ascend from the
ARH to reach the PVH during the second week of life (Bouret et
al., 2004a). Leptin is required for the normal development of
ARH projections: ARH projections to each of its targets are mark-
edly reduced in leptin-deficient Lep”°" (ob/ob) mice, and exog-
enous leptin can rescue these projections if administered during
neonatal life (although not in adulthood) (Bouret et al., 2004D).
The site of action for this neurotrophic action of leptin appears to
be the ARH, because treatment of organotypic explants with lep-
tin promotes neurite outgrowth from ARH neurons (Bouret et
al., 2004b).

Although roles for LepRb signals in the control of energy homeo-
stasis have been examined in adult animals, little is known about the
signaling events that mediate the developmental actions of leptin. In
the present study, we examined neurite outgrowth in vitro and used
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axonal labeling and immunohistochemistry in genetically altered
mice in vivo to reveal distinct roles for individual LepRb signals in
establishing patterns of hypothalamic connectivity.

Materials and Methods

Animals and genotyping. Animal usage was in compliance with and approved
by the Institutional Animal Care and Use Committee of the Saban Research
Institute of Childrens Hospital of Los Angeles. All experimental animals were
generated by intercrossing of heterozygous animals on the C57BL/6 back-
ground (n = 6). Neonatal Lepr™®, Lepy"™1Memi/tmIMemi (a]so known as
LeprS1138/51138 o1 5/5) (Bates et al., 2003), Lepr™2Memi/tm2Memi (3150 known
as Leprt?8/L98% or 1/1) (Bjornholm et al., 2007), and wild-type (WT)
littermate mice were identified by genotyping as described previously
(Kowalski et al., 2001; Bates et al., 2003; Bjérnholm et al., 2007),
because the various genotypes are visually indistinguishable until
~3—4 weeks of age. Homozygous transgenic mice that selectively
express the green fluorescent protein GFP and humanized renilla GFP
(hrGFP) in POMC- and NPY-containing neurons, respectively, were
kindly provided by Drs. M. Low (Oregon Health Science University,
Portland, OR) and B. Lowell (Harvard Medical School, Boston, MA),
respectively.

Phosphoproteins immunohistochemistry and analysis. Male WT, POMC—
eGFP, and NPY-hrGFP mice on P10 were injected intraperitone-
ally with leptin (10 mg/kg; Preprotech) or vehicle alone (5 mm Na citrate
buffer) and were perfused 15 min (pAkt staining), 30 min (pERK stain-
ing), or 45 min (pSTAT3 staining) later with a solution of 2% (pSTAT3)
or 4% (pERK and pAkt) paraformaldehyde. Frozen coronal sections
were cut at 30 wm and then processed for immunofluorescence. For
pSTAT3 immunostaining, sections were pretreated for 20 min in 0.5%
NaOH and 0.5% H,0O, in potassium PBS, followed by immersion in
0.3% glycine for 10 min. Sections were then placed in 0.03% SDS for 10
min and placed in 4% normal serum plus 0.4% Triton X-100 plus 1%
BSA (fraction V) for 20 min before incubation for 48 h with a rabbit
anti-pSTAT3 antibody (1:1000; Cell Signaling Technology). For pERK
and pAkt stainings, sections were incubated for 48 h in a rabbit anti-
pERK (1:1000; Cell Signaling Technology) or a rabbit anti-pAkt (1:150;
Cell Signaling Technology). The primary antibodies were localized with
Alexa Fluor 568 goat anti-rabbit IgGs (1:200; Invitrogen). Sections were
then counterstained using bis-benzamide (1:10,000; Invitrogen) to visu-
alize cell nuclei and coverslipped with buffered glycerol, pH 8.5. Slides
were then numerically coded to obscure the treatment group, and
pSTATS3, pERK, and pAkt immunopositive cells were counted manually
by using a Carl Zeiss Imager Z1 microscope and a 20X objective. GFP-
positive cells were visualized using direct fluorescence. Only GFP-
positive cells that had a corresponding bis-benzamide-stained nucleus
were included from our counts. Immunoreactive (IR) cells were counted
for each animals in three sections through the ARH. The mean number of
immunopositive cells per hemisection was compared between groups by
using ANOVA.

Measurement of Lepr-b mRNA. Lepr-b mRNA levels were quantified
from microdissected ARH with real-time PCR. Briefly, total RNA was iso-
lated from microdissected ARH using TriReagent (Sigma). Lepr-b mRNA
levels were quantified using TagMan One-Step RT-PCR Master Mix (Ap-
plied Biosystems) with ABI Prism 7700 sequence detection system (Applied
Biosystems). The RT-PCR conditions are 50°C, 2 min for reverse transcrip-
tion, followed by 95°C for 10 min and then 40 cycles of 95°C, 15 s and 60°C,
1 min. The standard curve was calculated using a series of 10-, 100-, and
1000-fold dilutions of mRNA extracted from the ARH. The relative copy
number of cyclophilin (primers sets; Applied Biosystems) was quantified,
and the data were expressed as a percentage of maximum ratio of Lepr-b
mRNA compared with cyclophilin mRNA. Primer and probe sets include
the following: LepRb, 5'-GGAGACAGAGGCCCAGACATT-3' (forward),
5'-AAACTTCCCTCCAGTTCCAAAAG-3' (reverse), 5'-AGCAACCCAC
CATGATTTCACCACAAC-3’ (probe); 18S, 5'-CGGCTACCACATCCAA
GGAA-3' (forward), 5'-GGGCCTCGAAAGAGTCCTGT-3’ (reverse), 5'-
CAGCAGGCGCGCAAATTACC-3’ (probe). Ct values ranged from 28 to
30 and from 27 to 29 for Lepr-b and cyclophilin, respectively. The data are
shown as percentage of the ratio in mice on P2.
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Dil implants. Male mouse pups were anesthetized and perfused on
P12, with 4% paraformaldehyde. The brains were removed, numerically
coded to ensure unbiased processing and analysis, and crystals of Dil
(1,1'-dioctadecyl-3,3,3",3"-tetramethylindocarbocyanine  perchlor-
ate) were implanted as described previously (Bouret et al., 2004a)
(Bouret et al., 2004b). Briefly, an insect pin was used to place a small
crystal of Dil (Invitrogen) (20—40 wm in diameter) into the ARH of each
brain under visual guidance. Although it was not possible to completely
limit the tracer to the ARH in any of the cases, similar implants were
achieved in animals of all genotypes. Successful implants were centered
in the ARH and did not involve the ventromedial hypothalamus substan-
tially. Cases with tracer implants that did not extend throughout the
ARH or had aberrant patterns of tracer spread were discarded. After 6
weeks of incubation at 37°C, 80-um-thick sections were collected
through the hypothalamus from each brain and evaluated with both
conventional fluorescence and confocal microscopy.

AgRP and aMSH immunohistochemistry. Anesthetized adult male mice
(P60—P80) were perfused transcardially with 4% paraformaldehyde, and
the brains were frozen and sectioned at 20 wm and then processed for
immunofluorescence as described previously (Bouret et al., 2004b).
Briefly, sections were incubated for 72 h in a rabbit anti-AgRP (1:2000;
Phoenix Pharmaceuticals) or a sheep anti-aMSH (1:40,000; Millipore
Bioscience Research Reagents). The primary antibodies were localized
with Alexa Fluor 488 goat anti-rabbit IgGs or Alexa Fluor 488 donkey
anti-sheep IgGs (1:200; Invitrogen). Sections were counterstained using
bis-benzamide (1:10,000; Invitrogen) to visualize cell nuclei and cover-
slipped with buffered glycerol, pH 8.5.

Quantitative analysis of fibers density. For quantification, four to six
animals per experiments were analyzed. A series of 20 adjacent optical
sections were collected at 1 um intervals through the PVH (two sections
per animal) of animals of each genotype by using a Leica SP-confocal
microscope equipped with a 20X objective (numerical aperture, 0.40;
working distance, 360 wm). Image analysis was performed by using
MetaMorph image analysis software (Universal Imaging) (Bouret et al.,
2004a,b, 2008). Briefly, each image plane was binarized so as to isolate
labeled fibers from background, as well as compensate for differences in
fluorescence intensity, and was then skeletonized so that each fiber seg-
ment was 1 pixel thick. The integrated intensity was then calculated for
each image, which reflects the total number of pixels in the skeletonized
image and was proportional to the total length of labeled fibers in the
image. To avoid over-counting fibers that were thicker than the distance
between planes, each skeletonized image was compared with the prece-
dent one, and pixels appearing in the previous image were rejected auto-
matically. This procedure was performed on 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 fiber density in the volume
sampled.

Isolated ARH explant cultures. Brains were collected from P6 mice of each
genotype and sectioned at 200 wm with a vibroslicer. The ARH was then
carefully dissected out of each section under a stereomicroscope. Explants
were cultured onto a rat tail collagen matrix (Millipore) in EOL-1 serum-free
medium as described previously (Bouret et al., 2004b). Beginning on the first
day in vitro, each explant was transferred to fresh EOL-1 medium containing
either leptin (5 ug/ml; Peprotech) or vehicle alone (5 mm Na citrate buffer)
(n = 5-7 cases per group). For the experiments using inhibitors, U0126
[1,4-diamino-2,3-dicyano-1,4-bis(o-aminophenylmercapto)butadiene]
(10 pm; Cell Signaling Technology) or LY294002 [2-(4-morpholinyl)-8-
phenyl-1(4 H)-benzopyran-4-one] (5 um[scap]; Calbiochem) was added 30
min before leptin. After 72 h, the explants were fixed in paraformaldehyde,
and neurites extending from the explants were stained with 8 III tubulin
(TuJ monoclonal antibody; Babco). The overall length and density of neu-
rites was analyzed by collecting digital pictures of the explants that extend
through their entire thickness and evaluated by using the MetaMorph soft-
ware as described previously (Bouret et al., 2008). Briefly, each image was
deconvolved, binarized according to threshold criteria to isolate labeled fi-
bers from background, as well as to compensate for differences in fluores-
cence intensity, and then skeletonized so that each fiber segment was 1 pixel
thick. The integrated intensity was calculated in four different regions of



1246 - J. Neurosci., January 25,2012 - 32(4):1244-1252

interest (100 X 100 wm) spaced at 100, 200, 300, 400, and 500 wm extending
radially from the edge of the explants.

Statistical analysis. Datasets were analyzed for statistical significance using
Statview (SAS Institute) for a Kruskal-Wallis ANOVA, with a Fisher’s least
significant difference post hoc comparison.

Results

Functional LepRb signaling in neonatal ARH neurons

To assess the role for LepRb in mediating the developmental
actions of leptin on ARH neurons, we first examined the expres-
sion of Lepr-b mRNA in the ARH of neonatal mice. The ARH
contained relatively low levels of Lepr-b mRNA at P2 and P6, but
levels increased markedly by P10 (Fig. 1A). This increase in
Lepr-b mRNA coincides with the postnatal leptin surge (Ahima et
al., 1998) and the period when ARH projections are developing
(Bouret et al., 2004a).

Leptin acts via multiple intracellular signaling pathways, in-
cluding STAT3, ERK, and PI3K— Akt, to modulate cellular and
organismal physiology (Robertson et al., 2008) (Fig. 1A). We
initially used the immunohistochemical detection of phosphor-
ylated (activated) forms of STAT3 (pSTAT3), ERK (pERK), and
Akt (pAkt) to examine the ability of leptin to activate these path-
ways in neonatal ARH neurons in postnatal mice. Peripheral in-
jection of leptin in WT mice on P10 robustly induced pSTAT3
immunoreactivity after 45 min (Fig. 1B). Similarly, leptin in-
creased the number of pERK-IR neurons after 30 min (Fig. 1C)
and pAkt-IR neurons within 15 min (Fig. 1 D). Thus, leptin acti-
vates these signaling pathways in the early postnatal ARH, as in
adults.

Trophic action of leptin on ARH neurons requires specific
LepRb signals

To understand whether LepRb and specific LepRb signaling
pathways might participate in the neurotrophic actions of leptin,
we performed a series of in vitro experiments using pharmaco-
logical and genetic manipulations of LepRb signaling. Previously,
we demonstrated that leptin acts directly on ARH cells to pro-
mote neurite outgrowth from explanted neonatal ARH tissue in
vitro (Bouret et al., 2004b). Addition of leptin (5 wg/ml) to the
culture medium for 72 h increased the density of TuJ-stained
neurites extending 100400 um from the edge of WT ARH ex-
plants relative to control explants maintained without leptin (Fig.
2A,B). In contrast, leptin failed to promote increased neurite
outgrowth in explants derived from neonatal LepRb-null db/db
mice (Fig. 2A, B), demonstrating the requirement for LepRb for
this neurotrophic action of leptin.

To determine which LepRb-activated signals might be re-
quired for leptin-stimulated neurite outgrowth, we treated WT
ARH explants with pharmacologic inhibitors of ERK and PI3K
during leptin-stimulated neurite outgrowth assays. Exposure of
ARH explants to U0126 (an inhibitor of MEKK]1, the upstream
activator of ERK) prevented the leptin-induced increase in neu-
rite outgrowth observed in control cultures 72 h after leptin treat-
ment (Fig. 2A, C). In contrast, treatment with LY294002 (which
inhibits PI3K activity) failed to block leptin-stimulated ARH
neurite outgrowth (Fig. 24, C). Thus, leptin-stimulated neurite
outgrowth in neonatal mouse ARH explants requires the activity
of the ERK pathway, but not PI3K.

Given the lack of pharmacologic inhibitors specific for
STATS3, we examined the importance of this pathway by deter-
mining the trophic effect of leptin in explants from Lepr®17#/5113%
(s/s) mice, which contain a LepRb molecule mutant for Tyr, ;55
(and thus null for STAT3 signaling) (Bates et al., 2003). Leptin
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failed to enhance neurite outgrowth in ARH explants derived
from s/s mice (Fig. 2A, B), demonstrating that LepRb—STAT3
signaling is required to transduce the growth promoting proper-
ties of leptin in vitro. Similarly, leptin failed to promote increased
neurite outgrowth in explants derived from neonatal I/l mice
(Fig. 2A,B). Together, these data suggest important roles for
LepRb—ERK and LepRb—STAT?3 signaling in initial axonal
outgrowth during ARH circuit formation.

Development of ARH projections requires LepRb

To establish a role for LepRb in mediating the neurodevelopmen-
tal actions of leptin in vivo, we used Dil axonal labeling to evaluate
projections from the ARH in db/db mice that lack LepRb. The
density of Dil-labeled fibers in the PVH of db/db mice at P12 was
half that observed in WT animals (Fig. 3). The distribution pat-
tern of labeled fibers in the PVH was similar between db/db and
WT mice, however, suggesting that LepRb deficiency alters the
density but not the pattern of innervation. The disruption of
ARH projections in db/db mice phenocopies that observed pre-
viously in leptin-deficient 0b/ob mice (Bouret et al., 2004b), in-
dicating that LepRb mediates the developmental actions of leptin
on ARH projections.

To determine the downstream LepRb signaling pathways me-
diating the developmental actions of leptin, we studied the post-
natal development of ARH projections in s/s mice (Bates et al.,
2003). The density of ARH-derived Dil-labeled fibers in the PVH
of s/s mice was significantly reduced compared with that of WT
mice, although the effect was less severe than that seen in the
db/db animals (Fig. 3). In contrast, the density of ARH projec-
tions to the PVH in neonatal Lepr*****%* mice (I/l; mutant for
the ERK-activating Tyrog5 of LepRb) (Bjornholm etal., 2007) was
similar to that observed in db/db mice (Fig. 3). Thus, much as the
ERK and STAT3 signaling pathways are required for leptin-
stimulated ARH neurite outgrowth in vitro, the LepRb residues
that control these signaling pathways are important for the
early development of ARH—PVH projections in vivo. The
intermediate early developmental phenotype of mice mutant
for LepRb—STATS3 signaling suggests the potential impor-
tance of STAT3 for the promotion of some, but not all, LepRb-
regulated projections.

Distinct LepRb signaling pathways mediate formation of
orexigenic versus anorexigenic ARH projections

To explore the potential cell-type specificity of the pathways ef-
fected by LepRb on ARH—PVH projections, we initially exam-
ined the ability of leptin to activate STAT3 and ERK in POMC
and NPY/AgRP neurons of neonatal animals by determining the
colocalization of leptin-stimulated pSTAT3 and pERK immuno-
reactivity with GFP in the ARH of transgenic mice expressing
GFP in POMC- and NPY-containing neurons. This analysis re-
vealed that leptin stimulated pSTAT3- and pERK immunoreac-
tivity, respectively, in 35 and 20% of POMC neurons in the ARH
of P10 mice (Fig. 4). Similarly, leptin stimulated pSTAT3 and
pERK immunoreactivity, respectively, in 60 and 30% of NPY
neurons in the ARH of P10 mice (Fig. 5). Thus, there exists no
major divergence in signal activation by cell type, and such a
mechanism cannot explain the differences in early ARH—PVH
circuit development observed in the s/s compared with I/] and
db/db lines.

To determine whether the defects in ARH projections ob-
served in LepRb signaling mutant mice were permanent and/or
affected formation of both the orexigenic AgRP and anorexigenic
POMC neural pathways, we performed immunofluorescent la-
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Figure 1.  LepRbsignaling in neonatal ARH neurons. 4, Real-time PCR was used to compare levels of the long form of leptin receptor (LepRb) mRNA in the ARH of WT mice killed on P2, P6, P10,
and P18 (n = 4 per group). B-D, Confocal images and quantitative comparisons of pSTAT3-IR, pERK-IR, and pAkt-IR cells (red fluorescence) 45 min (B), 30 min (C), and 15 min (D) after
intraperitoneal administration of leptin (10 mg/kg) or vehicle alone (VEH) on P10 pups (n = 4 per group). V3, Third ventricle. The values shown are mean = SEM. 4, *p << 0.05 versus P2 and P6;
B-D, *p < 0.05 versus vehicle. Scale bar, 25 pm.
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Figure2. Effect of leptin signaling blockade on leptin-induced ARH neurite outgrowth in vitro. A, B, Isolated organotypic cultures of ARH from P6 WT, db/db, s/s, and I/ mice (n = 5-7 per case)
were incubated for 72 h with serum-free medium containing leptin (5 ug/ml) or lacking leptin and then immunostained with 3 |11 tubulin, a marker of neurites. 4, C, Isolated organotypic cultures
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Figure 3.  Development of ARH projections in mice mutant for LepRb signaling. Confocal
images (A) and quantification (B) of ARH fibers, labeled with the anterograde tracer Dil, inner-
vating the PVH of P12 WT, db/db, /5, and I/ mice (n = 4— 6 per group). The values shown are
mean = SEM. *p << 0.05 versus WT; *p << 0.05 versus db/db. Scale bar, 180 pm.

beling of AgRP and aMSH in adult (P80) db/db, s/s, and I/l mice.
As for the axonal labeling study in neonates and similar to our
previous observations in ob/ob mice, the density of AgRP- and
aMSH-IR fibers was significantly reduced in the PVH of adult
db/db mice relative to that of WT animals (Figs. 6, 7). In contrast
to the marked perturbation in the density of ARH projections to
the PVH observed in neonatal mice, in adult I/l mice, both AgRP
and aMSH staining were similar to that of littermate control
mice (Figs. 6, 7). Thus, these data suggest that, although the
LepRb—ERK pathway is required for the early development
of ARH—PVH projections, other ERK-activating pathways or
signals compensate to normalize this pathway.

As in I/l mice, the density of AgRP immunostained fibers in
adult s/s animals was comparable with that of WT littermates
(Fig. 6). In contrast, however, the density of aMSH-IR fibers in
the PVH remained significantly lower in the adult s/s mice (Fig.
7). Hence, disruption of LepRb—STATS3 signaling specifically
perturbs the architecture of the ARH POMC circuitry but spares
the AgRP circuit. This is consistent with the disruption of numer-
ous other parameters of POMC neuron function and the sparing
of AgRP neuron regulation in the obese s/s animals (Bates et
al., 2003). Thus, LepRb—ERK and LepRb—STATS3 signaling
play distinct roles in the development and architecture of the
ARH—>circuitry.

Discussion

It is well documented that STAT3-dependent signaling plays a
major role in a number of leptin-driven hypothalamic functions
in mature animals, including body weight regulation, feeding,
lactation, and regulation of thyroid function (Bates et al., 2003;
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Gao et al., 2004). Evidence for activation of other signaling path-
ways is less clearly defined, but both PI3K-mediated activation of
AKT and activation of MAPK signaling may also contribute to
cellular regulation of energy balance by leptin (Robertson et al.,
2008). Despite the lack of a clear regulatory effect of leptin on
food intake in neonatal animals (Mistry et al., 1999), all three of
these pathways appear functional in developing ARH neurons.
Moreover, the results presented here indicate that distinct LepRb
signaling pathways are required for normal development of hy-
pothalamic neural projections that later convey the effects of lep-
tin on energy balance. We found significant disruptions in ARH
projections in both neonatal and adult db/db mice that were vir-
tual phenocopies of those observed previously in leptin-deficient
ob/ob mice (Bouret et al., 2004b). These data indicate that the
LepRb, which is expressed and competent during the time of the
postnatal leptin surge, mediates the developmental actions of
leptin on ARH projections. Notably, both NPY- and POMC-
containing projections appear affected by LepRb deficiency, and
in vitro studies with organotypic explants cultures suggest that
leptin acts via the LepRb directly on ARH neurons to promote
neurite extension during postnatal life.

Alterations of ARH neuronal development appear to be cou-
pled to at least two major LepRb signaling pathways. Despite the
ability of leptin to promote STAT3, ERK, and Akt activation in
neonatal ARH neurons, only STAT3 and ERK (but not PI3K) are
required for normal development of ARH projections. The den-
sity of ARH projections to the PVH was clearly reduced in s/s
mice compared with that of WT littermates, but the effect was not
as dramatic as that seen for the receptor mutant (db/db). Remark-
ably, in adult s/s mice, the density of AgRP immunostained fibers
was comparable with that of WT littermates, but the density of
aMSH-IR fibers was clearly reduced in the PVH of s/s mice, sug-
gesting that development of projections to the PVH from POMC
neurons is more dependent on STAT?3 signaling than is the de-
velopment of projections from NPY neurons. This cell-type spec-
ificity of leptin during development may explain the sparing of
many ARH projections in the s/s mice. Alternatively, STAT3 sig-
naling may be coupled less efficiently to neurotrophic response of
ARH neurons than it is to regulatory processes that impact food
intake in adults. However, we cannot exclude that changes in
immunostaining observed in the PVH of s/s mice are not attrib-
utable to alterations in peptide synthesis, transport, or release.
Tract tracing analyses in adult mice using, for example, Phaseolus
vulgaris leucoagglutinin injections in the ARH coupled with var-
ious peptide markers or genetically targeted axonal markers
would be required to confirm that apparent defects in the densi-
ties of peptidergic axons in the PVH are attributable to true
changes in the organization of hypothalamic circuits. Neverthe-
less, the observation that AgRP-containing projections appear
relatively normal in mature s/s mice is consistent with previous
data suggesting normal regulation of AgRP neurons in s/s animals
(Bates et al., 2003). These findings also suggest that other LepRb
signaling pathways, distinct from STAT3, are involved in the de-
velopment of ARH AgRP/NPY projections.

Our in vitro data also demonstrate that leptin stimulates ARH
neurite outgrowth independently of PI3K signaling, suggesting
that this signaling pathway is unlikely to contribute to the estab-
lishment for ARH projections. Nevertheless, the LepRb— PI3K/
Akt pathway appears crucial for the regulatory effect of leptin on
feeding and energy balance in mature animals (Robertson et al.,
2008), perhaps through activation of established ARH projec-
tions to the PVH. In addition, it remains possible that PI3K sig-
naling is involved in other developmental events in hypothalamic
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circuitry, such as synapse formation and remodeling, and that
leptin may influence neuronal excitability through the PI3K/Akt
pathway in the developing hypothalamus as it does in adults (Hill
et al., 2008).

MAPK signaling through ERKSs is characteristic of neurotro-
phin action and leads to various and partially overlapping trophic
effects on neurons, ranging from neuronal differentiation and
plasticity to regulation of neuronal survival (Huber et al., 2003;

Zhou and Snider, 2006). Here we provide in vitro evidence that
MAPK signaling is important for the growth-promoting action of
leptin on ARH neurites during development. Consistent with
these findings, the ability of ARH axons to reach the PVH by P12
is severely disrupted in I/l mice, which lack the capacity to activate
ERK phosphorylation via LepRb. In sharp contrast with the
marked reduction in ARH axons that succeed in reaching the
PVH in neonatal I/l mice, the density of both AgRP- and aMSH-
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Figure 6.  Arcuate AgRP neural projections in adult mice mutant for LepRb signaling. Confo-
calimages (4) and quantification (B) of AGRP-IR fibers in the PVH of adult (P60) WT, db/db, /s,
and /I mice (n = 4—6 per group). V3, Third ventricle. The values shown are mean = SEM.
*p << 0.05 versus db/db. Scale bar, 180 m.

labeled fibers in the PVH of adult I/l mice appears to be normal,
suggesting that these peptidergic pathways retain considerable plas-
ticity beyond P12. However, because aMSH-immunopositive fibers
may originate from neurons located in the ARH or in the nucleus of
the tractus solitarius (Sawchenko and Swanson, 1983; Broberger et
al., 1998), it is also possible that compensatory changes may occur in
brainstem POMC projections when arcuate projections are dimin-
ished and that these projections may be responsible for part of the
normal pattern of aMSH innvervation observed in adult I/l mice.
Both ERK and STATS3 signaling pathways participate in the
control of axon outgrowth in other neural systems (Doherty et
al., 2000; Liu and Snider, 2001; Conway, 2006). However, molec-
ular events that link these signals to cellular mechanisms control-
ling axon outgrowth and targeting remain unknown. Axonal
outgrowth implies cytoskeletal rearrangements that contribute to
growth cone extension, which often involves growth-associated
proteins interacting with actin microfilaments or microtubules
(Dent and Gertler, 2003). Notably, in cultured neurons, LepRb is
concentrated at axonal growth cones in which it induces forma-
tion of dendritic filopodia (Shanley et al., 2002; O’Malley et al.,
2007). Leptin has also been reported to influence growth cone
morphogenesis through LepRb signaling in developing cortical
neurons (Valerio et al., 2006). Moreover, the global impairment
of ARH projection pathways observed in db/db mice supports the
notion that defects in LepRb signaling affect the ability of arcuate
neurons to extend axons to their targets rather than affecting
target-dependent mechanisms. Consistent with this hypothesis,
leptin induces neurite extension when coincubated with organo-
typic explants of the ARH, confirming that the neurotrophic ef-
fects of leptin have a direct site of action within the ARH (Bouret
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Figure 7.  aMSH neural projections in adult mice mutant for LepRb signaling. Confocal im-
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et al., 2004b). Also, neonatal leptin-induced LepRb signaling, as
evidenced by pERK labeling, was primarily restricted to the ARH
and was not observed in ARH terminal fields, such as the PVH
and lateral septum (Bouret et al., 2004a), adding additional sup-
port to the importance of a direct site of action for leptin on ARH
axonal growth. However, expression of LepRb does not seem
sufficient for the developmental actions of leptin. For example,
LepRD is expressed by neonatal dorsomedial hypothalamus
(DMH) neurons (Caron etal., 2010), yet these projections appear
to develop normally in 0b/ob mice (Bouret et al., 2004b). It is also
important to note that hypothalamic circuits appear to remain
remarkably plastic during development and may have built-in
redundancy. This property may explain the efficacy of leptin
treatment in reducing body weight in adult mice, despite the
permanent disruption in ARH projections, because leptin signal-
ing in ob/ob mice may occur via different neural pathways, per-
haps via intact LepRb—DMH projections.

In conclusion, these findings define crucial roles for distinct
LepRD signals in the development and ultimate architecture of spe-
cific hypothalamic pathways involved in the regulation of energy
balance. These results reveal that STAT3 and MAPK signaling me-
diates distinct aspects of development of peptidergic projections
from the ARH to the PVH, which may contribute to the distinct
metabolic phenotypes seen in the s/s and I/l mutants (Bates et al.,
2003; Bjérnholm et al., 2007). Our data underline the importance of
LepRb—STATS3 signaling in control of ARH POMC neural projec-
tions and indicate a novel role for LepRb—MAPK action in the
development of ARH projections. In addition, the differential dis-
ruption of NPY/AgRP and POMC projections in mature mice pro-
vide evidence of cell-specific roles of individual LepRb signals in the
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development of hypothalamic neural projections, whereas the sus-
tained defects of both peptidergic pathways in db/db mice suggest a
convergent impact of multiple cellular signals on the architecture of
ARH projections. A better understanding of the relationship be-
tween these cell-type-specific developmental signaling pathways and
various genetic and environmental cues will be crucial as we seek to
understand perinatal programming of the hypothalamus and
obesity.
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