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Loss of NSCL-2 in Gonadotropin Releasing Hormone
Neurons Leads to Reduction of Pro-Opiomelanocortin
Neurons in Specific Hypothalamic Nuclei and Causes

Visceral Obesity
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Regulation of sexual reproduction and energy homeostasis are closely interconnected, but only few efforts were made to explore the
impact of gonadotropic neurons on metabolic processes. We have used Nscl-2 mutant mice suffering from adult onset of obesity and
hypogonadotropic hypogonadism to study effects of gonadotropin releasing hormone (GnRH) neurons on neuronal circuits controlling
energy balance. Inactivation of Nscl-2 in GnRH neurons but not in pro-opiomelanocortin (POMC) neurons reduced POMC neurons and
increased visceral fat mass, suggesting a critical role of GnRH cells in the regulation of POMC neurons. In contrast, absence of POMC
processing in the majority of Nscl-2-deficient POMC neurons had no effect on energy homeostasis. Finally, we investigated the cellular
basis of the reduction of GnRH neurons in NSCL-2 mutants using a lineage tracing approach. We found that loss of Nscl-2 results in
aberrant migration of GnRH neurons in Nscl-2 mutant mice causing a lineage switch of ectopically located GnRH neurons.

Introduction

Onset of puberty is controlled by awakening of gonadotropin
releasing hormone (GnRH) neurons, which start to release
GnRH in a pulsatile manner, leading to activation of GnRH-
dependent hypothalamic—pituitary—gonadal axis, gametogene-
sis, and increase in gonadal steroid production (Sisk and Foster,
2004). Absence of GnRH neurons or mutations of the GnRH gene
results in hypogonadotropic hypogonadism. Multiple signals are in-
volved in the reemergence of GnRH secretion at puberty. One of the
most important permissive signals is acquisition of sufficient body
energy reserves, which is sensed, among others, by two key metabolic
hormones, leptin and ghrelin, illustrating the impact of metabolic
signals on the onset of puberty (Roa et al., 2010).

The close relationship of regulation of sexual reproduction
and energy homeostasis is also evident in the phenotype of Nscl-2
mutant mice. During development, Nscl-2 (also known as Nhlh2
for nescient helix—loop—helix 2) is expressed in GnRH neurons as
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well as in multiple areas of the CNS and PNS. In adult mice,
NSCL-2 is found in the paraventricular (PVN) and arcuate (Arc)
nuclei of the hypothalamus (Kriiger et al., 2004), in which its
expression is stimulated by food intake and leptin injection (Vella
et al., 2007). Nscl-2 mutant mice show an adult onset of obesity
with increased visceral fat depots and reduced fertility (Good et
al., 1997; Kriiger et al., 2004). So far, it was not clear whether loss
of NSCL-2 expression in GnRH neurons is responsible for reduc-
tion of GnRH neurons and reduced fertility of Nscl-2 mutants,
although it has been demonstrated that NSCL-2 and its close
relative, NSCL-1, are concomitantly involved in the control of
differentiation and migration of GnRH neurons probably via regu-
lation of necdin expression (Kriiger etal., 2004). In response to leptin
signaling, NSCL-2 regulates expression of the prohormone
convertase 1/3 (PC1/3) in hypothalamic neurons (Fox and
Good, 2008), which is required for proteolytic processing of
pro-opiomelanocortin (POMC) into ACTH and a-melanocyte-
stimulating hormone (a-MSH). a-MSH restricts food intake by sig-
naling via melanocortin-4 receptor (MC4-R) and mediates
increased energy expenditure (Elmquist, 2001). Conversely,
a-MSH also plays a role in the reproductive system (Crown et
al., 2007). Hence, NSCL-2-mediated generation of a-MSH
might represent a link between energy homeostasis and fertil-
ity (Jing et al., 2004).

The importance of metabolic control of puberty onset and
sexual maturation is well investigated. In contrast, very little at-
tention has been paid to a possible signaling modality from cells
controlling reproductive maturation (i.e., the GnRH system) to
cells that govern feeding and energy expenditure. Only a recent
report demonstrated a direct contact of GnRH fibers to POMC
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neurons in the Arc (Sotonyi et al., 2010). Here, we explored pro-
cesses mediating effects of the reproductive system on energy
homeostasis by targeted inactivation of the Nscl-2 gene in distinct
cell populations of female mice.

Materials and Methods

Mice. Generation and genotyping of NSCL-2~/~ (Kriiger et al., 2004),
POMC-GFP (Cowley et al., 2001), Deleter—Cre (Schwenk et al., 1995),
GnRH-Cre (Yoon et al., 2005), and POMC-Cre (Balthasar et al., 2004)
strains have been described previously. To generate a conditionally inac-
tive Nscl-2 allele, the genomic sequence of Nscl-2 derived from the
129S7AB2.2 genomic BAC clone (bMQ-306K18) was inserted via gap
repair into the pKOIIV2 targeting vector and modified by insertion of
loxP sites. All strains were maintained on a C57BL/6 genetic background
after backcrossing for at least three generations.

Experimental mice were compared with wild-type littermate controls
or mice carrying a single floxed allele (NSCL-2"*"/*). Animals were de-
rived from breeding between animals that were heterozygous and ho-
mozygous for the floxed Nscl-2 gene and carried the respective Cre allele.
In case of infertility, heterozygous animals were used. Mice were housed
in groups of two to four at 25°C using a 12 h light/dark cycle and fed a
standard pellet chow (Altromin) with water ad libitum. All animal exper-
iments were done in accordance with the National Institutes of Health
Guide for the Care and Use of Laboratory Animals (Publication 85-23,
revised 1996) and according to the regulations issued by the Committee
for Animal Rights Protection of the States of Hessen (Regional Govern-
ment Office of Darmstadt) and Saxony-Anhalt. Animal experiments at
the University of Szeged were approved by the local institutional animal
care and use committee in accordance with the National Institutes of
Health guidelines for animal care.

Reproductive and metabolic phenotyping. Reproductive success was de-
termined by mating mutant mice in individually ventilated cages (IVCs)
with wild-type control mice known to be fertile for at least 1 month or as
long as a litter was generated. Female mice subjected to measurement of
body fat were kept in small groups together with control female mice in
IVCs and fed a standard pellet chow (Altromin) and water ad libitum. No
contact with males was allowed. Energy expenditure and food intake was
determined using the PhenoMaster System (TSE Systems) by measuring
water intake, food intake, and gas exchange (O, and CO,) as described
previously (Jordan et al., 2011). Adult female mice were acclimated for
4 d in metabolic chambers before recordings (3 d) were started. Leptin
injections (150 ug/kg body weight in PBS) were given 10 h after onset of
the light cycle at the time of lowest plasma leptin level (Arble etal., 2011).
Mice were transcardially perfused with PBS, followed by 4% paraformal-
dehyde 30 min after the treatment.

Antibody and LacZ staining. For immunofluorescence, stainings were
done using standard procedures. The following antibodies were used:
anti-a-MSH (catalog #123811; Abcam); rabbit anti-c-Fos (catalog #2c-
253; Santa Cruz Biotechnology); rabbit anti-GnRH (LR-5) (provided by
Dr. Robert Benoit, McGill University, Montreal, Quebec, Canada);
mouse anti-GnRH (HU) (provided by Dr. Henryk Urbanski, Oregon
Health and Science University, Portland, OR); and rabbit anti-hACTH
(provided by Dr. A. F. Parlow, Pituitary Hormones and Antisera Center,
Harbor-University of California, Los Angeles Medical Center, Torrance,
CA). The anti-hACTH antibody does not react against unprocessed
POMC and shows no cross-reactivity against other pituitary hormones.
LacZ staining of cryosections (20—200 wm) was performed as described
previously (Kriiger et al., 2004). Statistical analysis was performed with
Student’s t test. The level of significance was set at p << 0.05. Data were
presented as mean * SEM.

Western blot analysis. Western blot analyses were accomplished fol-
lowing standard procedures. Bound antibodies were visualized using the
enhanced chemiluminescence system (ECL*Plus; GE Healthcare Phar-
macia) as described previously (Jordan et al., 2011).

Serum estradiol enzymatic immunoassay. Mouse serum was collected
by venipuncture of the caudal vena cava. Estradiol was measured accord-
ing to the protocol of the manufacturer (Mouse/Rat Estradiol ELISA;
Calbiotech) (Haisenleder et al., 2011).
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Results

Constitutive loss of Nscl-2 results in reduction of
POMC-expressing cells in the medial preoptic area and the
posterior hypothalamus

Nscl-2 mutant mice suffer from adult onset of obesity. The find-
ing that NSCL-2 is coexpressed with POMC in the Arc has raised
the possibility that NSCL-2 directs development and/or mainte-
nance of POMC neurons and thereby controls body weight. To
determine more precisely the number of POMC-expressing neu-
rons in Nscl-2 mutant mice, we took advantage of POMC-GFP
mice, which express GFP under control of the POMC promoter
(Cowley et al., 2001). Analysis of POMC—-GFP/NSCL-2""" mice
revealed a significant reduction of the number of POMC-
expressing neurons in 15- to 21-week-old female Nscl-2 mutant
mice in the medial preoptic area (MPO) (up to 50%) and poste-
rior hypothalamus (PH) (up to 60%) (Fig. 1 B,C). Surprisingly,
prepubertal NSCL-2"/" female mice at 3 weeks (MPO, 185 *
15%; Arc, 115 = 10%; PH, 111 = 3%) and 6 weeks (MPO, 193 =
16%; Arc, 112 *+ 17%; PH, 201 * 23%) after birth showed a clear
increase of POMC-expressing neurons in the MPO, Arc, and PH
together with an ectopic localization of POMC-GFP-positive
cells in the medial mammillary nucleus (MM) (Fig. 1A). The
number of POMC-expressing neurons in Nscl-2 mutants de-
clined only after puberty at 9 weeks after birth (MPO, 40 * 8%;
Arc, 82 * 8%; PH, 50 = 19%) (Fig. 1A), suggesting that the onset
of puberty and associated regulatory circuits have an impact on
the regulation of POMC expression. We also found a strong re-
duction of POMC-processing POMC neurons in the Arc as indi-
cated by the absence of ACTH (Fig. 1), which is a product of
POMC processing. No processing of POMC to ACTH was seen in
POMC-expressing neurons located in the MPO and PH of con-
trol mice and NSCL-2~/~ mutant mice (and in a minority of
POMC neurons in the Arc), indicating that these neurons do not
signal via the classical cleavage products of POMC but probably
by other means (Fig. 1B-D). Previously, it had been demon-
strated that NSCL-2 controls processing of POMC to ACTH
most likely by regulation of PC1/3, which cleaves POMC in hy-
pothalamic POMC-expressing neurons (Jackson et al., 1997; Jing
etal.,2004). Obviously, this regulatory mechanism is not active in
a subpopulation of POMC neurons in the Arc that still expresses
the POMC-GFP reporter (Fig. 1B,D).

To investigate whether POMC-expressing neurons in the Arc,
compared with those in the MPO and PH, would react differently
to leptin signaling, we monitored expression of c-Fos in POMC-
expressing neurons as an indirect marker of neuronal activity.
The low basic c-Fos activity in POMC neurons of the Arc after 4 h
of fasting increased strongly when animals were injected intra-
peritoneally with leptin (Fig. 1 E,F). No differences in c-Fos ac-
tivity were detected between POMC-expressing neurons of
NSCL-2"/~ and NSCL-2"/~ littermates in the Arc. Surprisingly,
we observed a decrease of c-Fos activity in POMC-expressing
neurons located within the MPO and PH, suggesting that
POMC-expressing neurons located outside the Arc react differ-
ently to leptin stimulation and hence might fulfill a different
functional role (Fig. 1 E, F). Similar to the situation in the Arc, we
did not find differences in c-Fos activity after leptin stimulation
between NSCL-2*/~ and NSCL-2~'~ POMC-expressing neu-
rons of the MPO and PH (Fig. 1E). Together, our results reveal
that POMC-expressing neurons in the Arc react differently to
leptin compared with those in the MPO and PH but that this
differential response to leptin was not affected by the absence of
NSCL-2 in remaining POMC-expressing neurons.
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Figure 1.  Reduction of POMC neurons in constitutive Nsc/-2 mutants after puberty. 4, Number of POMC—EGFP-positive neurons at different juvenile stages in POMC—EGFP/NSCL-2""~ (n =6,

black bars) and POMC—EGFP/NSCL-2~"~ (n = 6, white bars) female mice. B, Number of POMC—GFP-positive (black and white bars) and ACTH-positive (striped bars) bars of adult (15—-21 weeks old)
POMC—EGFP/NSCL-2*/~ and POMC—EGFP/NSCL-2~~ female mice. C, ACTH and GnRH staining of representative sections from the Arc and MPO of adult POMC—EGFP/NSCL-2*/~ and POMC—
EGFP/NSCL-2~/~ female mice. DMH, Dorsomedial nucleus hypothamamus. D, Double staining for ACTH (red) and POMC—EGFP (green). E, Number of POMC—GFP/c-Fos-positive cells in POMC—
EGFP/NSCL-2~ mice without (gray bars) and after (black bars) leptin treatment and POMC—GFP/c-Fos-positive cells in POMC—EGFP/NSCL-2~"~ mice (white bars). F, Representative sections of
the Arc of adult POMC—FGFP/NSCL-2~ female mice after c-Fos staining. Thickness of all sections, 50 wm. *p << 0.05; **p << 0.01; ***p << 0.001.

Expression of NSCL-2 in hypothalamic POMC neurons
controls processing of ACTH but not regulation of POMCs
numbers and visceral fat mass accumulation

To investigate whether continuous presence of NSCL-2 is neces-
sary for expression of PC1/3, required for processing of POMC in

mature POMC-expressing neurons, we generated mice carryinga
conditionally active Nscl-2 allele (NSCL-2""""*) by inserting
loxP sites upstream and downstream of the main coding exon 3 of
Nscl-2, which contains the bHLH DNA-binding domain. We
bred NSCL-2*"/*F mjce with POMC~Cre mice (Balthasar et al.,
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2004). This cross yielded POMC-Cre/
NSCL-28/0xP/AoxP ice that lack Nscl-2 in
all POMC-expressing cells but retain
Nscl-2 expression in other cells, such as
GnRH neurons. Immunohistochemical
and Western blot analysis of these mice re-
vealed a severe reduction of ACTH-positive
and a-MSH-positive neurons and fibers
within the hypothalamus (Fig. 2A), which
closely resembled the absence of ACTH
staining in constitutive Nscl-2 knock-out
mice (Fig. 1C), corroborating previous re-
sults (Jing et al., 2004). However, a rela-
tively small number of ACTH-positive
neurons remained in the POMC-Cre/
NSCL-281xP/AIoxP hice (~500 neurons)
similar to the situation in constitutive 30

B .
POMC Cre/

Nscl-2 mutants (Fig. 1B), again indicating g 25
that expression of PC1/3 does not depend gt
on NSCL-2 in all neurons. 220
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visceral (111 = 35%) and subcutaneous
fat depots compared with POMC-Cre/
NSCL-22/P/+ and wild-type controls
(Fig. 2 B, E) despite the absence of proper
POMC processing to a-MSH and ACTH
in most POMC neurons (Fig. 2). It was
surprising to note that the failure to gen-
erate «-MSH and ACTH in the majority
of POMC neurons had no discernible ef-
fect under normal feeding conditions on
body weight regulation and acquisition of
visceral fat depots. We also analyzed the daily metabolism of
POMC-Cre/NSCL-2%1P/210xF mice by indirect calorimetry and
measurement of food and water intake. We were unable to find
statistically significant differences in any of these parameters
compared with wild-type control mice (data not shown).

In addition to anorexigenic POMC neurons, feeding and weight
control is also affected by orexigenic NPY-AgRP neurons, which
contact and regulate GnRH neurons via the NPY receptor Y5 (Li et
al.,, 1999; Campbell et al., 2001). In addition, NPY-mediated activa-
tion of the Y5 receptor inhibits release of luteinizing hormone (LH)
(Raposinho et al., 1999). Therefore, we wanted to know whether
inactivation of Nscl-2 in NPY-AgRP neurons would recapitulate
aspects of the obesity and infertility phenotype seen in constitutive

Figure2.

Arc MM PH

Inactivation of Niscl-2in POMCneurons prevents processing of POMCand ce-MSH but does not cause obesity. 4, Left, Western
blot analysis of ACTH expression after selective inactivation of Nsc/-2in POMC neurons in POMC—Cre/NSCL-22/%2 mice. Right, Immu-
nostaining of sections through the dorsomedial nucleus hypothalamus (DMH) of POMC—Cre/NSCL
POMC—Cre/NSCL-2*""""" mice reveals reduced presence of ACTH (brown) and c-MSH (green) fibers. Increased body weight (B) and
visceral fat mass () in Deleter—Cre/NSCL-2°""""~ (white bar) but not in POMC—Cre/NSCL-2*/""~ (gray bar in E) mice. D, Hypogo-
nadism in Deleter—Cre/NSCL-2""/2" (white bar) but not in POMC~Cre/NSCL-2*""2 mice (gray bar). C, F, Normal numbers of
POMCand GnRH neurons in POMC—Cre/NSCL-22"#"210** compared with POM(—Cre/NSCL-2°*/* mice. Mice used for analysis were 5- 8
months old. **p << 0.01; ***p << 0.001.

-QAo#/AOP mice compared with

Nscl-2 mutants, in particular because NSCL-2 is strongly expressed
in the Arc, in which NPY-AgRP pacemaker neurons are located
(van den Top et al., 2004). Surprisingly, NPY-AgRP—Cre/NSCL-
QAloxP/AloxP e (Kaelin et al., 2004) did not show any abnormalities
inbody weight regulation (96 * 7%), visceral fat mass accumulation
(84 = 9%), and hypogonadism (uteri weight, 115 = 5%) compared
with NSCL-2"*""*" and wild-type control animals. Similar results
were obtained when analyzing Kisspeptin—Cre/NSCL-28/0xF/AlexP
mice (Mayer etal., 2010) (body weight, 103 = 13%; visceral fat mass,
113 = 6%; uteri weight, 90 = 8%). We concluded that loss of
NSCL-2 expression in NPY-AgRP and Kisspeptin neurons is not
relevant for adult onset of obesity and hypogonadism in Nscl-2
mutants.
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Figure3. Reduction of POMC neurons after inactivation of Nsc/-2 in GnRH neurons or after ablation of GnRH neurons. 4,
Reduction of GnRH neurons in female GnRH—Cre/NSCL-22/"/A1 (n = 8, white bars) and virtually complete absence in
GnRH—Cre/DTA female mice (n = 4, striped bars) compared with GiRH—Cre/NSCL-2*"**/* mice (n = 5, black bars). B,
Hypogonadism in GnRH~-Cre/DTA (striped bar) but not in GnRH—Cre/NSCL-2/*"/A1*" (white bars) and GnRH—Cre/NSCL-
2807 (black bars) female mice as indicated by the weight of the uteri. C, Increase of visceral fat mass in GnRH—Cre/
NSCL-2A1X/A10® famale mice (white bars) and GnRH—Cre/DTA female mice (n = 4, striped bars) compared with GnRH—
Cre/NSCL-22"""/* mice (black bar). D, Representative macroscopic images of visceral fat masses and the sizes of uteri and
gonads in different models. Uteri were injected with trypan blue to improve visibility. £, Reduction of POMC—EGFP neurons
in the MPO and PH of POMC~EGFP/GnRH—Cre/NSCL-2*/*""A1® (n = 7, white bars) and POMC~EGFP/GnRH—Cre/DTA (n =
4, striped bars) adult female mice compared with POMC—EGFP/GnRH—Cre/NSCL-22"* control mice (n = 5, black bars).
F, Reduction of POMC—EGFP neurons in the MPO, Arc, and PH of adult male POMC—EGFP/GnRH—Cre/NSCL-22P/A1% (n =
5, white bars) mutants compared with POM(—EGFP/GnRH—Cre/NSCL-2*""*'* control mice (n = 4, black bars). G, Reduc-
tion of GnRH neurons in male GnRH—Cre/NSCL-22P/A1% (n = 5 white bars) compared with GnRH—Cre/NSCL-222"/*
(n = 4, black bars) mice. H, Normal testis weight of adult male GnRH—Cre/NSCL-22"®/A*" (white bars) compared
with GnRH—Cre/NSCL-2*""""* mice (black bars). I, Increase of visceral fat mass in male GnRH—Cre/NSCL-22/0P/AloxP
mutants (n = 5, white bars) compared with GnRH—Cre/NSCL-2°"* mice (black bar). *p < 0.05; **p < 0.01;
*xp < 0,001,
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Deleter—Cre/NSCL-
mice displayed a clear increase in
body weight and visceral fat depots (Fig.
2B,E). As expected, POMC-Cre/NSCL-
2AloxP/RIoxP mice did not show signs of hy-
pogonadotropic hypogonadism (uteri
weight, 112 = 8%) (Fig. 2D) and infer-
tility and generated normal numbers of
GnRH neurons (Fig. 2C).

In contrast,
2AloxP/AlaxP

Inactivation of Nscl-2 in GnRH neurons
leads to reduction of the number of
POMC-expressing cells

The reduction of POMC neurons in
Deleter—Cre/NSCL-221*P/A1xP in the pres-
ence of normal POMC numbers in
POMC—Cre/NSCL-241*P/AoxP mice sug-
gested that NSCL-2 controls the number
of POMC-expressing neurons indirectly
probably via a different population of
neurons. The transition from supernu-
merary (before puberty) to missing
POMC neurons (after puberty) in NSCL-
27/~ animals suggested involvement of
neurons that play a central role in gonadal
and behavioral maturation. GnRH neu-
rons have been identified to exert such a
function at puberty onset. Therefore, we
generated GnRH-Cre/NSCL-2810x/AloxPy
POMC-GFP mice, in which the Nscl-2
gene is specifically inactivated in GnRH
neurons and analyzed the number of
POMC neurons in these mice. We de-
tected a severe reduction of POMC
neurons in GnRH-Cre/NSCL-2810xF/AloxP
mutants (MPO, 70 * 3%; Arc, 81 * 7%;
PH, 40 = 5%), which recapitulated the
reduction of POMC neurons in the MPO
and PH of Deleter—Cre/NSCL-2%/xF/AloxP
mice (Fig. 3E). Interestingly, the reduc-
tion of POMC neurons in GnRH-Cre/
NSCL-2800xP/AlexP mytants was associated
with a significant increase in visceral fat
mass (202 = 15%), demonstrating that
the absence of NSCL-2 in GnRH neurons
affected POMC numbers and regulation of
energy homeostasis (Fig. 3C,D). However,
the increase of visceral fat mass in GnRH-
Cre/NSCL-28"20xP mutants was clearly
below the increase seen in Deleter—Cre/
NSCL-28*P/AoxP mjce, indicating that ad-
ditional NSCL-2-dependent mechanisms
that do not involve POMC and GnRH neu-
rons contribute to the adult onset of obesity
in constitutive NSCL-2"/"~ and Deleter—Cre/
NSCL-281P/AoxP ice (Fig. 2E).

We next wanted to know whether the
decline of POMC-expressing neurons
in  GnRH-Cre/NSCL-22P/AxP muytants
was associated with reduction of GnRH
neurons. Immunohistochemical staining
revealed a 20% reduction (80 * 6%) of
GnRH neurons, establishing a clear correla-



10464 - J. Neurosci., June 19, 2013 - 33(25):10459 —10470

tion between reduction of GnRH and POMC neurons. Notably, the
reduction was slightly but significantly below the 33% reduction of
GnRH numbers seen in Deleter—Cre/NSCL-22/""21 mice (Figs.
2C, 3A). Surprisingly, the loss of NSCL-2 in GnRH neurons and the
reduction of GnRH neurons in GnRH-Cre/NSCL-22/AxP
tants did not result in a hypogonadotropic hypogonadism (uteri
weight, 110 = 8%) or impaired fertility. In fact, measurement of
estradiol levels revealed normal concentrations of estradiol in the
serum of GnRH-Cre/NSCL-22"21*P mutants compared with
GnRH-Cre/NSCL-2*"*** mice, whereas estradiol levels were sig-
nificantly decreased in ovariectomized mice and Deleter—Cre/ NSCL-
2AloxP/AoXP mytants (see Fig. 5]). Our study mainly focused on
female mice, but we also determined the number of POMC and
GnRH neurons in male GnRH-Cre/NSCL-22"2F mutants, We
found a similar reduction of the number of POMC-EGEFP (Fig. 3F)
and GnRH (Fig. 3G) neurons as in female mice and a similar increase
in visceral fat mass (Fig. 3I) but normal testis weights (Fig. 3H),
corroborating our findings in female mice (Fig. 3A—E). Although the
reduction of GARH neurons in GnRH-Cre/NSCL-22/AxF 1y
tants did not cause infertility or reduction of estradiol levels, we
cannot rule out other indirect effects of the reduced number of
GnRH neurons on visceral obesity and reduction of POMC-
expressing neurons. However, we observed a reduction of POMC
neurons during postnatal development (Fig. 4A) before accumula-
tion of visceral fat commenced (Fig. 4C), which excludes that reduc-
tion of POMC-expressing neurons is caused by visceral obesity.

Complete ablation of GnRH neurons recapitulates the loss of
POMC neurons in GnRH-Cre/NSCL-2*"*"/A"*" mutants

To directly address the question whether loss of GnRH neurons
reduces the number of POMC neurons and to exclude the possi-
bility that aberrant synaptic inputs from remaining Nscl-2 mu-
tant GnRH neurons contributed to the decline of POMC
neurons, we crossed GnRH-Cre/POMC-GFP mice to flox—
STOP-DTA mice (Brockschnieder et al., 2004). In these mice,
Cre-recombinase-mediated removal of the STOP cassette results
in activation of diphtheria toxin A (DTA) and ablation of all cells
expressing Cre recombinase. Immunohistochemical staining of
GnRH neurons disclosed a virtually complete absence of GnRH
neurons in GnRH-Cre/POMC-GFP/DTA mice (0.9 *= 0.2%)
(Fig. 3A). Interestingly, the number of POMC neurons decreased
to the same extent as in GnRH-Cre/NSCL-2//A0xP mice
(MPO, 62 * 9%; Arc, 88 * 10%; PH, 39 = 6%), confirming our
assumption that inputs from NSCL-2-dependent GnRH neurons
control the number of POMC neurons either directly or indi-
rectly (Fig. 3E). Ablation of GnRH neurons also resulted in a
similar increase of visceral fat mass (220 * 10%) as in GnRH-
Cre/NSCL-2%10xP/21xF mjce (Fig. 3C,D). Together, our data sug-
gest that the increase in visceral fat mass follows the loss of POMC
neurons and is not simply caused by altered concentrations of sex
steroids in GnRH—Cre/NSCL-2%*"/A1F mutants, although we
cannot exclude that secondary mechanisms contribute to this
phenomenon.

The absence of GnRH neurons also resulted in hypogonado-
tropic hypogonadism and infertility. The weight of uteri and size
of ovaries in GnRH—Cre/ POMC-GFP/flox—~STOP-DTA mice was
strongly reduced (uteri weight, 20 £ 17%), although the reduc-
tion was less pronounced compared with Deleter—Cre/ NSCL-
2AloxP/AoXP (1teri weight, 4 = 0.6%) (Figs. 2D, 3 B,D), which
indicates that additional regulatory circuits distinct from the
GnRH system but dependent on NSCL-2 affect maturation of
secondary sexual characteristics. In contrast, the release of
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Figure 4.  Reduction of POMC—GFP neurons precedes development of visceral obesity in

GnRH—Cre/NSCL-22""/2* female mice. A-C, Reduction of POMC—EGFP neurons in the MPO
and PH (black bars) of female POMC—FGFP/GnRH—Cre/NSCL-22"PAF mutants versus
POMC~EGFP/GnRH—Cre/NSCL-2 "' littermates at different ages compared with the in-
crease of visceral fat mass (white bars).

follicle-stimulating hormone and LH was completely dependent
on the presence of GnRH neurons (data not shown).

Increased visceral fat mass accumulation after ovariectomy or
reproductive senescence is associated with reduction of
GnRH and POMC neurons

So far, we demonstrated that genetic manipulation of the number
of GnRH neurons resulted in a reduction of POMC-expressing
neurons and increased visceral mass accumulation, which pro-
vides a mechanistic explanation for the close association between
hypogonadism and obesity. We reasoned that the gain in visceral
body fat both in reproductively senescent women (Ley et al.,
1992) as well as in mice after ovariectomy (Yepuru et al., 2010)
might be based on a similar mechanism. Therefore, we investi-
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gated whether the absence of signals from the gonads after ovari-  bertal) and 8 weeks (postpubertal) of age and compared with
ectomy and reproductive senescence in female mice might also  corresponding sham-operated mice. Regardless of the time point
reduce the number of GnRH cells and thereby affect POMCneu-  of ovariectomy, operated mice showed an increase of the overall

rons and visceral obesity. Ovaries were surgically removedintwo ~ body weight compared with control groups (Fig. 5A) and, more
groups of female POMC—-GFP mice (n = 5) at 3 weeks (prepu-  significantly, of the visceral but not of the subcutaneous fat,
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which strongly resembled changes seen in GnRH-Cre/NSCL-
2AloxPIAloxP mice (Fig. 3D). Interestingly, we observed a significant
reduction of GnRH neurons (68 = 11%) and POMC neurons in
the MPO and PH (MPO, 52 = 8%; Arc, 94 = 6%; PH, 45 * 4%)
in ovariectomized compared with sham-operated mice at 21
weeks of age (Fig. 5 B, C,E), phenocopying the reduction of GnRH
and POMC neurons in GnRH-Cre/NSCL-2%1*"/A1F muytants.
Similar results were obtained in groups of reproductively senes-
cent female POMC—-GFP mice with and without visceral obesity
at 20 months of age (n = 5) (Fig. 5G). We found a reduction of
GnRH neurons (74 = 4%) and POMC-GFP neurons within the
MPO and PH (MPO, 41 = 5%; Arc, 93 * 6%; PH, 27 = 2%) of
reproductively senescent mice with visceral obesity but not in
non-obese mice (Fig. 5F,I). To investigate whether remaining
POMC neurons are functionally active, we analyzed the expres-
sion of c-Fos after injection of leptin. No significant differences in
the number of c-Fos-positive POMC neurons were observed in
the Arc of obese compared with non-obese reproductively senes-
cent mice, although we detected a slight reduction in the PH (Fig.
5H). Together, the reduction of GnRH neurons in ovariecto-
mized and reproductively senescent mice was associated with the
same decline of POMC neurons and the same increase of visceral
obesity as in our genetic models based on the deletion of Nscl-2 in
GnRH neurons or ablation of GnRH neurons. Of course, it is
not unlikely that, in contrast to our genetic models, the reduc-
tion of estrogen secretion in ovariectomized (Fig. 5]) and re-
productively senescent mice had additional effects on visceral
fat mass accumulation.

Aberrant accumulation of Nscl-2-deficient, GaRH-neuron-
derived cells in septal regions is associated with diminished
colonization of the Arc by GnRH-expressing neurons

So far, we demonstrated that inactivation of Nscl-2 in GnRH
neurons leads to a reduction of GnRH neurons and prevents
survival of regular numbers of POMC neurons, resulting in in-
crease of visceral fat mass. However, it remained unclear in which
anatomical location the depletion of GnRH neurons occurred
and why GnRH neurons were lost after inactivation of NSCL-2.
GnRH neurons are defined by expression of GnRH, which makes
it difficult to follow the fate of these cells, once GnRH expression
is lost. To circumvent this problem and to enable permanent
tracing of GnRH-derived cells, we generated GnRH-Cre/ NSCL-
2MxP* IRosa26LacZ mice and GnRH-Cre/NSCL-28/xP/AloxF)
Rosa26LacZ mice. In these mice, all cells that once expressed
GnRH are permanently labeled by expression of LacZ regardless
of the current state of GnRH activity. Quantitative assessment
revealed that 95 = 1% of all GnRH-expressing cells were also
LacZ positive (Fig. 6 A, B), indicating the validity of this tracing
approach. We assume that the failure to detect GnRH-Cre-
induced LacZ expression in all GnRH neurons is attributable to
technical limitations of double labeling.

In GnRH-Cre/NSCL-2*"*""" |Rosa26LacZ mice, the majority
of GnRH-derived cells switched off GnRH expression and be-
came located to septal areas. Only a relatively small population
completed the journey from the olfactory placode to the MPO
and Arc and retained GnRH expression (Fig. 6C). Apparently,
maintenance of GnRH expression and terminal differentiation of
GnRH neurons depend critically on acquisition of correct ana-
tomical locations in the MPO and the Arc, which is achieved only
by a minority of GnRH-derived cells in the absence of NSCL-2.
Interestingly, the number of GnRH-positive and LacZ-positive
cells declined in the Arc of GnRH-Cre/NSCL-2%/*F/AlexPy
Rosa26LacZ mutants (Arc—-GnRH, 31 * 14%; LacZ, 69 = 2%),
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Figure6.  Accumulation of GnRH neurons in the septum after inactivation of Nsc/-2 in GnRH

neurons. Lineage tracing of neurons that have expressed GnRH during development using
GnRH—-Cre and Rosa26LacZ reporter mice with and without inactivation of Nsc/-2 in GnRH neu-
rons. A, B, Double staining of coronal sections through the hypothalamus of GnRH—Cre/NS(L-
AP F 1R0SA26LacZ mice for GnRH (brown) and LacZ (blue) reveals that only a small fraction
of neurons (~5%) that have expressed GnRH during development maintain GnRH expression
during adulthood. Number of GnRH—Cre/NSCL-2°"*"*/R0SA26LacZ and GnRH protein
double-positive cells (black bar) and GnRH—Cre/NSCL-2*/"/*+ ROSA26LacZ-negative, GnRH-
protein-positive cells (gray bar). ¢, Quantitative evaluation of LacZ- and GnRH-positive cells in
different brain regions of GnRH—Cre/NSCL-2%'*/R0SA26LacZ (n = 5, black bars) and
GnRH—Cre/NSCL-22//A* [ROSA26LacZ (n = 4, white bars) adult female mice. Note the
increased number of LacZ-positive cells between the anterior olfactory nucleus (AON) and nu-
cleus of the diagonal band (NDB) as well as decreased number of GnRH- and LacZ-positive cells
in the MPO of GnRH—Cre/NSCL-2°""A1® IR0SA26LacZ mice. *p < 0.05; **p < 0.01.

whereas the number of LacZ-positive but not GnRH-positive
cells increased in septal areas and the diagonal band of Broca
(DBB) (septal-GnRH, 78 = 15% and LacZ, 203 = 13%; DBB-
GnRH, 92 = 10% and LacZ, 262 * 8%) (Fig. 7). These changes
corresponded to an accumulated absolute increase of LacZ and
decrease of GnRH neurons (Fig. 6C). The absence of NSCL-2 in
GnRH neurons obviously leads to precocious termination of mi-
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gration and subsequent loss of GnRH ex-
pression but does not affect survival
of Nscl-2-deficient GnRH-derived cells,
which accumulate in more anterior re-
gions of the brain, such as septal regions
and the DBB. The specific reduction of
GnRH neurons in the MPO and Arc of
GnRH—-Cre/NSCL-2%10¥F/AoxP mice raises
the possibility that lack of synaptic inputs
from this particular population of GnRH
neurons on POMC neurons is responsible
for decreased survival of POMC neurons.

Discussion

A plethora of signals, including metabolic
hormones and neuropeptides, has been
identified that confers the nutritional sta-
tus to hypothalamic centers controlling
reproduction. It has long been noted that
the state of energy reserves is instrumental
for the onset of puberty in mammals (Par-
ent et al., 2003). The necessity of a cou-
pling between nutritional status and onset
of puberty is particularly evident for fe-
males that need considerable energy re-
serves to successfully maintain pregnancy
and nurse offspring. In contrast, surpris-
ingly little attention has been paid to the
possible impact of neuronal circuits con-
trolling reproduction on the regulation of
energy reserves, although there is clear
evidence of a close association between
hypogonadism and obesity, such as in pa-
tients suffering from adiposogenital dys-
trophy (Babinski-Froehlich syndrome),
Prader-Willi syndrome, and Turner syn-
drome (Lempp, 1957; Kriiger et al., 2004;
Ostberg et al., 2005). Moreover, it is well
established that reproductive senescence
is associated with gains in visceral body fat
in both reproductively senescent women
(Ley et al., 1992) and mice after ovariec-
tomy (Yepuru et al., 2010), further em-
phasizing the inverse correlation between
reproductive abilities and obesity.

The deletion of Nscl-2 in distinct
neuronal subpopulations reveals a link
between obesity and infertility

Here, we have shown that loss of Nscl-2 in
GnRH neurons causes a decline of the
number of GnRH neurons and a decrease
of POMC-expressing neurons. Our work
provides a molecular concept for a better
understanding of the effects of sexual
maturation on body weight regulation
and provides evidence for a bidirectional
flow of information between systems con-

<«

septal nucleus; NDB, nucleus of the diagonal band; SF, sep-
tofimbrial nucleus; MS, medial septal nucleus.
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trolling sexual reproduction and energy
balance. Interestingly, obesity has also
been described in some patients suffering
from Kallmann syndrome, characterized
by loss of GnRH neurons (Dod é et al,,
2006; Abreu et al., 2008). However, obe-
sity is not evident in all Kallmann patients,
which might be attributable to the com-
plex nature of the disease and additional
phenotypic effects of genes causing this
condition (Sarfati et al., 2010).

Using a panel of cell-type-specific Cre-
recombinase driver mice, we analyzed the
role of a loss of Nscl-2 expression for adult
onset of obesity and hypogonadotropic
hypogonadism in different neuronal cell
populations. We did not detect any in-
crease of visceral fat mass or infertility
after inactivation of Nscl-2 in POMC neu-
rons, which are well known for their role
in regulating energy balance and neuroen-
docrine functions. These results were sur-
prising because we found an absence of
a-MSH and ACTH production in the ma-
jority of POMC neurons lacking Nscl-2,
which corroborates the critical role of
NSCL-2 in directing expression of PC1/3.
Obviously, expression of a-MSH and
ACTH in the majority of POMC neurons
is dispensable for normal body weight
regulation, at least under our experimen-
tal conditions. In contrast, the POMC neurons, in which expres-
sion of PC1/3 (or another pro-hormone convertase) does not
depend on NSCL-2, seem sufficient to prevent obesity, defective
adrenal development, and altered pigmentation seen in POMC
knock-out mice (Yaswen et al., 1999). In addition, it is possible
that a large POMC precursor protein or other molecules that
might be produced in Nscl-2-deficient POMC neurons have yet
unknown functions in the melanocortin pathway. Such mecha-
nisms might be particularly important for POMC neurons in the
MPO and PH, which do not normally process POMC. Despite
these open questions, we can rule out that the metabolic changes
in Nscl-2 mutants are attributable to decreased a-MSH and
ACTH expression in POMC neurons.

We found that reduction of the number of GnRH neurons
caused by inactivation of Nscl-2 in these cells and a complete
ablation of all GnRH neurons was associated with a decline of
POMC-expressing numbers and an increase in visceral fat mass.
Interestingly, the reduction coincided with the onset of puberty,
suggesting that the well-known change of activity of GnRH neu-
rons at puberty prevents cell death of a subpopulation of POMC
neurons or prevents cessation of POMC expression. The fact that
the reduction of POMC-expressing neurons occurred after pu-
berty fits nicely with the adult onset of obesity in Nscl-2 mutant
mice and is consistent with an important role of a subset of
POMC neurons in the increase of visceral fat mass. Our results
show that the absence of a group of POMC-expressing neurons
but not the missing release of a-MSH and ACTH from Nscl-2
mutant POMC neurons is linked to the increase of visceral fat
mass. Interestingly, this subgroup of POMC neurons seems not
to respond to leptin stimulation as indicated by the absence of
c-Fos expression after administration of leptin. The results from
our genetic models were also corroborated by analysis of ovari-
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ectomized and reproductively senescent mice, which show an
increase of visceral fat mass. Effects of the lack of estrogen on
body weight have been mostly explained by direct influence of
steroid hormones on the metabolism ignoring a potential influ-
ence on regulatory neuronal cell populations (Mattiasson et al.,
2002). However, we found that ovariectomy and reproductive
senescence lead to a reduction of GnRH and POMC neurons
together with an increase of visceral fat mass strikingly pheno-
copying the loss of Nscl-2 in GnRH neurons. We postulate that
the newly discovered functional link between GnRH and POMC
neurons plays an import part in the development of visceral obe-
sity after reproductive senescence and ovariectomy, although the
reduction of female sex hormones will have a direct effect on the
metabolism of white adipose tissue. Despite the accumulated ev-
idence, we cannot completely rule out that the loss of Nscl-2 in
GnRH neurons initiates other processes that cause visceral obe-
sity independent of the reduction of POMC neurons. However,
we can exclude that such hypothetic mechanisms rely on major
changes in estrogen production because female GnRH-Cre/
NSCL-28/0xP/AloxP mytant mice showed normal serum estradiol
concentration, were fertile, and bred normally.

At present, we do not know whether the missing subpopu-
lation of POMC neurons exerts a specific role in the regulation
of fat mass or whether reduction of the absolute number of
POMC neurons is important, nor do we know the precise
mechanism behind this phenomenon. Conversely, we ob-
served a reduction of the number of POMC neurons before
increase of visceral obesity, which argues against a secondary
reduction of POMC neurons caused by metabolic processes.
Our results are in line with the central role of POMC neurons
in the regulation of body weight and energy homeostasis. Figure
8 depicts our current view of NSCL-2/POMC neuron-dependent
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processes in cellular systems controlling reproduction and energy
balance.

NSCL-2 has multiple functions in the regulation of

body weight

The increase of visceral fat mass in GnRH-Cre/NSCL-2"/*F/AloxP
mice only partially recapitulates the adult onset of obesity in con-
stitutive Nscl-2 mutant mice, suggesting that several distinct
NSCL-2-dependent mechanisms are involved in the regulation of
body weight. In fact, it has been reported recently that NSCL-2
directly regulates the MC4R promoter, which might explain re-
duced hypothalamic expression of MC4R mRNA in constitutive
Nscl-2 knock-out mice (Wankhade and Good, 2011). Interest-
ingly, specific inactivation of the leptin receptor in POMC neu-
rons (Balthasar et al., 2004) yielded a similar increase of fat mass
as conditional inactivation of NSCL-2 in GnRH neurons (which
resulted in a reduction of the number of POMC neurons). Based
on their results, Balthasar et al. concluded that leptin-mediated
regulation of MC4R via a-MSH plays only a small role in con-
trolling body weight, leading to the hypothesis that MC4R-
independent actions of leptin could be mediated by additional
factors released by POMC neurons, such as the neuropeptide
CART (cocaine and amphetamine-regulated transcript) (Elias et
al., 1998) or the neurotransmitter glutamate (Collin et al., 2003).
Our data are in agreement with this hypothesis because the lack of
a-MSH generation in the majority of POMC neurons (in
POMC—Cre/NSCL-2310xF/A1xP mice) failed to increase fat mass,
whereas loss of a subset of POMC neurons (in GnRH—Cre/NSCL-
2hloxPIAloxP mjce) enlarged the visceral fat. Nevertheless, it is pos-
sible that other not yet identified mechanisms contribute to the
obesity phenotype because NSCL-2 is widely expressed in the
developing CNS and PNS.

Loss of Nscl-2 leads to precocious termination of migration of
GnRH neurons and initiates a switch in cell fate

We previously speculated that the severe reduction of GnRH
neurons in Nscl-2 mutant mice is most likely caused by a cell-
autonomous migration defect (Kriiger et al., 2004), but we were
unable to definitively prove this hypothesis because we could not
trace Nscl-2-defective GnRH neurons that had lost GnRH expres-
sion. The inactivation of Nscl-2 in GnRH neurons combined with
activation of a stable cellular marker allowed us to resolve this
shortcoming and trace Nscl-2-deficient GnRH neurons. The ac-
cumulation of Nscl-2-deficient GnRH-neuron-derived cells in
septal areas and the DBB, which are situated along the migratory
path of GnRH neurons to the MPO and Arc, suggests precocious
termination of migration and reinforces our original hypothesis
that NSCL-2 is involved in the transcriptional control of migra-
tion of GnRH neurons. It was also interesting to note that GnRH
neurons located at an ectopic position “forgot” their initial iden-
tity and adopted a different fate as indicated by the loss of GnRH
expression. It is tempting to speculate that GnRH neurons receive
specific signals at their location within the MPO and Arc to main-
tain identity and function.

Together, the analysis of the function of NSCL-2 in multiple
distinct neuronal cell populations in the hypothalamus unveiled
a hitherto unknown regulatory role of NSCL-2-dependent
GnRH neurons in the control of POMC cells and visceral fat
mass. Our study might provide a starting point for a more thor-
ough analysis of the impact of the reproductive system for the
control of energy expenditure and regulation of fat mass.
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