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The Anorexigenic Neuropeptide, Nesfatin-1, Is Indispensable
for Normal Puberty Onset in the Female Rat
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The hypothalamic peptide, nesfatin-1, derived from the precursor NEFA/nucleobindin 2 (NUCB2), was recently identified as anorexi-
genic signal, acting in a leptin-independent manner. Yet its participation in the regulation of other biological functions gated by body
energy status remains unexplored. We show herein that NUCB2/nesfatin-1 is involved in the control of female puberty. NUCB2/nesfatin
mRNA and protein were detected at the hypothalamus of pubertal female rats, with prominent signals at lateral hypothalamus (LHA),
paraventricular (PVN), and supraoptic (SON) nuclei. Hypothalamic NUCB2 expression raised along pubertal transition, with detectable
elevations of its mRNA levels at LHA, PVN, and SON, and threefold increase of its total protein content between late-infantile and
peripubertal periods. Conditions of negative energy balance, such as 48 h fasting or sustained subnutrition, decreased hypothalamic
NUCB2 mRNA and/or protein levels in pubertal females. At this age, central administration of nesfatin-1 induced modest but significant
elevations of circulating gonadotropins, whose magnitude was notably augmented in conditions of food deprivation. Continuous intra-
cerebroventricular infusion of antisense morpholino oligonucleotides (as-MONs) against NUCB2 along pubertal maturation, which
markedly reduced hypothalamic NUCB2 protein content, delayed vaginal opening and decreased ovarian weights and serum luteinizing
hormone (LH) levels. In contrast, in adult female rats, intracerebroventricular injection of nesfatin did not stimulate LH or follicle-
stimulating hormone secretion; neither did central as-MON infusion alter preovulatory gonadotropin surges, despite suppression of
hypothalamic NUCB2. In sum, our data are the first to disclose the indispensable role of NUCB2/nesfatin-1 in the central networks driving
puberty onset, a function that may contribute to its functional coupling to energy homeostasis.

Introduction
Food intake and body energy homeostasis are regulated, at the
hypothalamus and other CNS areas, by a complex neuronal net-
work involving different neuropeptides and transmitters, with
orexigenic or anorexigenic actions (Kalra et al., 1999; Berthoud
and Morrison, 2008; Crowley, 2008; Woods and D’Alessio,
2008). In the search for appetite-regulating molecules, nesfatin-1
was recently identified as an 82 aa neuropeptide, cleaved out from
the N-terminal region of NEFA/nucleobindin 2 (NUCB2), a 396
aa precursor protein of otherwise poorly characterized functions
(Oh-I et al., 2006). Compelling evidence suggests that nesfatin-1
is involved in the central control of food intake, acting as anorec-
tic molecule (Myers, 2006; Oh-I et al., 2006; Colmers, 2007).
Expression of NUCB2 mRNA and/or protein has been demon-

strated in several hypothalamic nuclei, such as arcuate (ARC),
paraventricular nucleus (PVN/PVH), and lateral hypothala-
mus (LHA), as well as in brainstem areas, as the nucleus of the
solitary tract, with pivotal roles in regulation of feeding (Oh-I et
al., 2006; Brailoiu et al., 2007; Foo et al., 2008; Kohno et al., 2008;
Maejima et al., 2009). In addition, colocalization of NUCB2/
nesfatin-1 and key neuropeptide regulators of appetite, such as
POMC (proopiomelanocortin), cocaine- and amphetamine-
regulated transcript (CART), or melanin concentrating hormone
(MCH) (Brailoiu et al., 2007; Foo et al., 2008; Fort et al., 2008),
has been described, and close appositions and regulation between
Neuropeptide Y (NPY) fibers and NUCB2 neurons have been
shown (Price et al., 2008). Likewise, a recent report documented
that nesfatin-1 stimulates oxytocin release at PVN as mechanism
for its anorectic effects (Maejima et al., 2009).

Functional tests have demonstrated that cerebral injection of
nesfatin-1, but not of the other peptide fragments of NUCB2
(nesfatin-2 and nesfatin-3), inhibits food intake (Oh-I et al.,
2006; Shimizu et al., 2009), whereas blockade of NUCB2/nesfatin
expression or actions enhances feeding in adult rats (Oh-I et al.,
2006). Although the mechanisms of action of nesfatin-1 remain
to date ill defined, in part because of the fact that its putative
receptor has not been cloned yet, it has been proposed that its
anorectic effect is not dependent on leptin (Oh-I et al., 2006;
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Shimizu et al., 2009), but rather related with the modulation of
melanocortin, CART, MCH, and/or NPY pathways (Foo et al.,
2008; Fort et al., 2008; Price et al., 2008; Shimizu et al., 2009). This
feature has drawn quite some interest, as situations of leptin re-
sistance, commonly associated with obesity, might still benefit
from pharmacological treatment with nesfatin (Oh-I et al., 2006;
Shimizu et al., 2009).

As a reflection of the intimate connection between the energy
status and other essential body functions, extensive cross talk
between appetite-regulating molecules and several neuroendo-
crine systems has been disclosed in recent years (Fernandez-
Fernandez et al., 2006; Hill et al., 2008). However, potential
functions of nesfatin-1 other than the control of feeding remain
poorly defined, and its putative role in the metabolic gating of
other relevant neurohormonal systems has not been thoroughly
explored (Foo et al., 2008; Goebel et al., 2009; Stengel et al., 2009;
Yosten and Samson, 2009). Concerning metabolic regulation, it
is well known that the onset and maintenance of reproductive
function critically depends on proper fuel reserves, a phenome-
non that relies on a complex regulatory network of central and
peripheral signals in which the adipose hormone, leptin, has been
proven as an essential player (Fernandez-Fernandez et al., 2006;
Hill et al., 2008; Castellano et al., 2009a). Other metabolic hor-
mones are likely to cooperate also in this function (Fernandez-
Fernandez et al., 2006). Yet the (central) transmitting signals and
integrator pathways for such metabolic regulators of reproduc-
tion remain to date mostly unknown.

In this work, we aimed to determine whether NUCB2/
nesfatin-1 participates in the central control of the gonadotropic
axis at puberty. To this end, expression analyses and functional
tests were conducted in female rats. As our data evidenced the
role of nesfatin-1 as putative regulator of female puberty, addi-
tional experimental work was undertaken to evaluate the poten-
tial role of this neuropeptide in the control of gonadotropin
secretion, and specifically of the preovulatory surges, in the adult
female.

Materials and Methods
Wistar female rats, bred in the vivarium of the University of Córdoba,
were used. Experimental procedures were approved by the Córdoba Uni-
versity Ethical Committee and conducted in accordance with the Euro-
pean Union normative for use of experimental animals. Rat nesfatin-1
(1– 82) was purchased from Phoenix Pharmaceuticals. For expression
analyses involving reverse transcription (RT)-PCR or Western blot, hy-
pothalami were dissected out, immediately on decapitation of the ani-
mals, by a horizontal cut �2 mm in depth with the following limits: 1
mm anteriorly from the optic chiasm, the posterior border of mamillary
bodies, and the hypothalamic fissures (Navarro et al., 2004a; Castellano
et al., 2005). The tissues were frozen in liquid nitrogen and stored at
�80°C until used for RNA or protein isolation. Tissue collection for in
situ hybridization (ISH) and immunocytochemical analyses was con-
ducted as described in following sections. For intracerebral injection of
compounds, standard procedures of cannulation of the lateral cerebral
ventricle, followed by acute or chronic intracerebroventricular administra-
tion, were implemented, using previously published protocols (Navarro et
al., 2004a; Castellano et al., 2005, 2006; Roa et al., 2008c).

Experimental designs. As a mean to provide a morphological substrate
for subsequent functional studies, the anatomical distribution of
NUCB2/nesfatin at the hypothalamus was first explored, at the mRNA
and protein levels, in peripubertal female rats, 35-d-old rats being con-
sistently used as representative of this developmental stage, in keeping
with our previous studies (Navarro et al., 2004b; Castellano et al., 2005;
Roa et al., 2009). Thus, in experiment 1, groups of 35-d-old female rats
(n � 5– 6) were killed, and their brains were immediately excised and

processed for ISH or immunocytochemistry (ICC), as described in spe-
cific sections below.

On the basis of this neuroanatomical information, in the second set of
experiments, regulation of hypothalamic expression of NUCB2 by devel-
opmental and metabolic cues was explored at the time of puberty. First,
in experiment 2, groups of female rats (n � 8/age), at the late-infantile
(20-d-old) and peripubertal (35-d-old) stages of postnatal maturation,
were decapitated and hypothalami were obtained and stored at �80°C
for RT-PCR assays. Additional groups of female rats (n � 5– 6) were also
killed at these developmental stages, and their brains were collected for in
situ hybridization, as described below. In addition, in experiment 3,
groups of pubertal (33-d-old) female rats (n � 8/group) were submitted
to 48 h of complete food deprivation; pair-aged females fed ad libitum
served as controls. The animals were decapitated on day 35, when the
hypothalami were excised as described above. Again, additional whole-
brain sections (n � 5– 6) were also obtained from the same experimental
groups in order to perform in situ hybridization. Finally, in experiment 4,
the impact of chronic subnutrition along puberty on the expression of
NUCB2 was monitored. To avoid the confounding factor of fluctuations
in circulating estrogens caused by persistent undernutrition, and its po-
tential impact on NUCB2 expression, these experiments were conducted
in ovariectomized (OVX) rats. Thus, groups of females (n � 8 –10) were
OVX on day 28 and subjected to a protocol of 25% reduction in daily
food intake from day 30 onward. The experiment was terminated on day
36, when animals were decapitated and hypothalami dissected out for
RNA/protein analyses.

In the third set of studies, the effects of nesfatin-1 on gonadotropin
secretion were assessed in pubertal female rats. In experiment 5, groups
(n � 10 –12) of pubertal (35-d-old) female rats were intracerebroven-
tricularly injected with a single bolus of nesfatin-1 at a dose (50 pmol/rat)
that has been previously proven as biologically active in adult rats (Oh-I
et al., 2006). Blood samples were taken by jugular venipuncture 15 and 60
min after intracerebroventricular injection of nesfatin-1. Animals intrac-
erebroventricularly injected with vehicle (physiological saline; 5 �l)
served as controls. In addition, given the impact of negative energy bal-
ance on the hypothalamic expression of NUCB2 documented in initial
experiments, the effects of nesfatin-1 on gonadotropin secretion were
also explored after short-term fasting. Thus, in experiment 6, groups of
pubertal (33-d-old) female rats (n � 10 –12/group) were submitted to
48 h of complete food deprivation; females fed ad libitum were used as
controls. On day 35, the animals were subjected to intracerebroventric-
ular administration of nesfatin-1 (50 pmol/rat), followed by serial blood
sampling for gonadotropin measurement, as described for experiment 5.

To determine the functional relevance of NUCB2/nesfatin-1 signaling
in the control of gonadotropic axis and puberty onset in the female, in
experiment 7, a protocol of disruption of central NUCB2 expression
using antisense morpholino oligonucleotides (as-MONs) was imple-
mented, following previous references (Oh-I et al., 2006). To allow cen-
tral delivery of the oligonucleotides, the animals were implanted
intradermally with osmotic minipumps (1 �l/h delivery rate times 7 d;
Alzet miniosmotic pump model 2001; Durect) that were connected to
intracerebroventricular cannulae. Concentration of as-MONs per
minipump was adjusted to 40 �g/24 �l, in saline. The treatment spanned
from postnatal day 28 to day 35. Two different as-MONs were tested
(MON-Ref and MON-UCO; n � 7/group); pair-aged females infused
with a scrambled oligonucleotide sequence (n � 8/group) served as con-
trols. Along treatment, the animals were monitored for daily food intake,
body weight (BW) gain, and vaginal opening. On day 35, the animals
were killed by decapitation, trunk blood was collected, and tissues were
dissected out and collected for protein analysis (hypothalamus) or weight
(ovary, uterus) recording.

For comparative purposes, the potential role of central NUCB2/
nesfatin-1 signaling in the control of the female gonadotropic axis was
also explored in adulthood. In this set of experiments, adult, virgin fe-
male rats, with at least two consecutive regular 4 d estrous cycles (as
evidenced by daily vaginal cytology), were used. In experiment 8, groups
(n � 10 –12) of adult (�65-d-old) female rats were intracerebroven-
tricularly injected with a single bolus (50 pmol/rat) of nesfatin-1, and
blood sampling was conducted at 15 and 60 min after injection of the
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peptide or vehicle. To avoid the potential confounding factor of changes
in gonadotropin levels in adult females across the estrous cycle, hor-
monal tests were conducted in the morning of metestrus. In addition, in
experiment 9, a similar experimental protocol was applied to groups of
adult, cyclic female rats (n � 10 –12/group) that were submitted to 48 h
of complete food deprivation before hormone testing; intracerebroven-
tricular administration of nesfatin-1 and serial blood sampling for go-
nadotropin measurements were as described for experiment 8. Finally, in
experiment 10, the impact of knocking down hypothalamic NUCB2 lev-
els was explored in adult female rats, taking the preovulatory luteinizing
hormone (LH) and follicle-stimulating hormone (FSH) surges of as sur-
rogate marker of gonadotropic function in cyclic animals. A protocol of
central infusion of MON-UCO, similar to that of experiment 7, was
implemented in adult, virgin female rats; infusion was commenced in the
morning of metestrus and continued for two consecutive cycles. During
this period, the animals were subjected to blood sampling at each of
afternoon/evening of proestrus (referred to as proestrus 1 and protestrus
2), following previously published protocols (Roa et al., 2008b,d). To

minimize the number of hormone determinations, blood sampling was
conducted at 1:00 P.M. and 6:00 P.M. of proestrus 1 (i.e., day 3 of infu-
sion) and at 1:00 P.M., 6:00 P.M., and 8:00 P.M. of proestrus 2 (i.e., day 7
of infusion). Along treatment, the animals were monitored for daily food
intake, BW gain, and estrous cyclicity. At the end of the experiment, the
animals were killed by decapitation and tissues were dissected out and
collected for protein analysis (hypothalamus) or weight (ovary, uterus)
recording.

RNA analysis by semiquantitative RT-PCR. Total RNA was isolated
from hypothalamic samples using the TRIsure reagent (Bioline), follow-
ing the instructions of the manufacturer. NUCB2 mRNA levels were
assayed by RT-PCR, optimized for semiquantitative (semiQ) detection,
using the following primer pair: rNef-forward (5�-GAG GAG ATA AGG
AGC GGG AGG C-3�); rNef-reverse (5�-ATG TGT CAG GAT TCT GGT
GGT TCA-3�); amplicon size, 208 bp. General procedures for RT and
PCR were as described previously. Cycling PCR conditions consisted in a
first denaturing cycle at 97°C for 5 min, followed by 25 cycles of ampli-
fication, defined by denaturation at 96°C for 30 s, annealing at 63°C for

Figure 1. Neuroanatomical distribution of NUCB2 mRNA and prepro-nesfatin in the hypothalamus at puberty. The distribution of NUCB2 mRNA (detected by ISH) and prepro-nesfatin (detected
by ICC) at the hypothalamus of pubertal (35-d-old) female rats is schematically represented in A. The most prominent RNA/protein signals were detected at the LHA, PVH, ZI, and SON. In addition,
fainter NUCB2 mRNA grains were observed at the DMN and the ARC, although no discernible cell clusters could be detected at these sites. Representative photomicrographs of NUCB2 mRNA
expression at these nuclei are presented in B. In addition, representative images of neurons displaying clear nesfatin immunoreactivity in the above nuclei/areas are shown, at two different
magnifications, in C. 3V, Third ventricle; opt, optic nerve.
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30 s, and extension at 72°C for 1 min. A final extension cycle of 72°C for
10 min was included. The number of PCR cycles was defined at optimi-
zation assays, as to allow amplification within the exponential phase
(strong linear relationship between NUCB2 signal intensity and PCR
cycles was detected between cycles 21–33, with a correlation coefficient
r 2 � 0.996), thus supporting the semiQ quantitative nature of our mea-
surements. As internal control, amplification of a 240 bp fragment of S11
ribosomal protein mRNA was performed in parallel in each sample, as
described previously (Navarro et al., 2004a; Castellano et al., 2005). Spec-
ificity of PCR products was confirmed by direct sequencing. Quantifica-
tion of intensity of RT-PCR signals was performed by densitometric
scanning using an image analysis system (1-D Manager; TDI), and values
of the specific target were normalized to those of internal controls to
express arbitrary units of relative expression. In all assays, liquid controls
and reactions without RT resulted in negative amplification.

RNA analysis by ISH. Hybridization analyses were conducted using
specific sense and antisense NUCB2 riboprobes. Templates for riboprobe
synthesis were generated by RT-PCR, following procedures similar to
those of the previous section. Clamp polymerase sequences for T7 or T3
RNA polymerase were added to the 5�-end of the corresponding sense
and antisense primers as follows: rNef-ISH-forward (5�-CAG AGA TCC
AAT TAA CCC TCA CTA AAG GGA GAC GCC AGA CAC GGG ACT
TTA T-3�); rNef-ISH-reverse (5�-CCA AGC CTT CTA ATA CGA CTC
ACT ATA GGG AGA GAT TCT GGT GGT TCA GGT GT-3�). Radiola-
beled NUCB2 sense and antisense riboprobes were transcribed with T7
or T3 RNA polymerase (Promega). The riboprobes were separated from
unincorporated nucleotides using NucAway Spin Columns (Ambion).

Slides with hypothalamic sections from the selected experimental
groups were fixed in 4% paraformaldehyde, pretreated with acetic anhy-
dride, rinsed in 2� sodium citrate, sodium chloride (SSC), delipidated in
chloroform, dehydrated in graded ethanols, and then allowed to air dry
before the hybridization. Riboprobes were denatured and dissolved in
hybridization solution at a concentration of 0.1 pmol/ml. The mix was
heat denatured and added to prewarmed hybridization buffer, before
application to each slide (100 �l/slide). The sections were then cover-
slipped and placed in humidity chambers at 55°C for 16 h. After hybrid-
ization, the slides were washed in 4� SSC at room temperature and
placed into 10 mg/ml RNase (Roche Biochemicals) for 30 min at 37°C.
After sequential washes at 2� SSC (RT) and 0.1� SSC (62°C), the sec-
tions were dehydrated, dipped in Kodak NTB emulsion, and stored at

4°C for 8 –9 d. Slides were then developed, dehydrated in graded eth-
anols, and cleared in Citrasol, and coverslips were applied with Permaslip
(Sigma-Aldrich).

For quantitative analysis, all NUCB2 mRNA-containing sections were
analyzed unilaterally. Slides from all of the animals were read under
dark-field illumination with custom-designed software enabled to count
the total number of cells (grain clusters) and the number of silver grains
per cell (gpc). Cells were counted as NUCB2 mRNA positive when the
number of silver grains in a cluster exceeded that of background. Thus,
cell counts represent the number of cells that achieved detection thresh-
old, whereas grains per NUCB2 cell reflect a semiQ index of mRNA
content.

Brain ICC. Brain specimens were excised from pubertal (35-d-old)
female rats immediately on decapitation of the animals (n � 5– 6). The
tissues were fixed in Bouin solution for 24 h, and slabs containing the
hypothalamus were processed for paraffin embedding. Six-micrometer-
thick sections were cut and processed for immunohistochemical detec-
tion of NUCB2/prepro-nesfatin, using a specific polyclonal antibody
obtained from Phoenix (reference no. H-003-22). After dewaxing and
rehydration in graded ethanol series, sections were incubated in 2% hy-
drogen peroxide in methanol for 30 min to inhibit endogenous peroxi-
dase. After being washed in distilled water, sections were immersed in 10
mM citrate buffer and autoclaved at 1.5 atm for 3 min. Thereafter, sec-
tions were allowed to cool at room temperature, washed in PBS, blocked
with normal rabbit serum, and incubated overnight with the primary
antibody (diluted 1:300). The sections were then processed according to
the avidin– biotin peroxidase complex method, according to the manu-
facturer’s instructions. Finally, sections were counterstained with he-
matoxylin. As control for specificity of ICC detection, ICC reactions
were performed after preabsorption of the primary antiserum over-
night at 4°C with nesfatin-1 peptide (Phoenix). In addition, negative
controls were run routinely in parallel by replacing the primary anti-
body by preimmune serum.

Protein analysis by Western blot. Hypothalamic total protein lysates (30
�g) were subjected to SDS-PAGE on 10% polyacrylamide gels, and elec-
trotransferred on polyvinylidene difluoride membrane (Millipore).
Membranes were probed for 16 h at 4°C in the presence of a 1:1000
dilution of the primary antibody against rat NUCB2/Nesfatin-1. Protein
detection was performed using horseradish peroxidase-conjugated sec-
ondary antibodies and enhanced chemiluminescence reagents (GE

Figure 2. Developmental regulation of hypothalamic NUCB2 expression along puberty. In A, ISH analyses of NUCB2 mRNA levels at LHA, PVN, and SON at two stages of postnatal sexual
maturation: late-infantile (20 d of age) and peripubertal (35 d of age); representative photomicrographs of these nuclei at the two age points are presented. In addition, quantitative data, including
counting of total number of cells (clusters) and the number of silver grains per cell (gpc) for each nuclei and age point, are presented as mean � SEM in B. Finally, in C, hypothalamic NUCB2 protein
levels in the above developmental stages are shown, with representative Western blots and semiQ data being included. *p � 0.05 versus 20-d-old group (Student’s t test). Scale bars, 50 �m.
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Healthcare). At least four hypothalami were used per group. The anti-
serum against rat NUCB2/prepro-nesfatin (reference no. H-003-22;
Phoenix) was used. As internal control, tubulin protein content per
lane was assayed using a similar protocol and primary rabbit anti-
serum (dilution, 1:10,000) against rat tubulin from Abcam.

NUCB2 as-MONs. Specific antisense MONs (Gene Tools) were de-
signed to block NUCB2 translation by targeting the region surrounding
or immediately upstream the ATG starting codon, as described in detail
previously (Oh-I et al., 2006). Of note, two different as-MONs were
designed: anti-NUCB2 MON-Ref (5�-CTC TGA AGA TGA GGT GGA
GGA CCA T-3�), taken from a previous publication (Oh-I et al., 2006);
and anti-NUCB2 MON-UCO (5�-TCA CAG ATG AGG CCA CTG AGA
TCA G-3�), optimized for maximal suppression of translation according
to the instructions of manufacturer. As control, a scramble oligonucleo-
tide sequence (5�-CCT CTT ACC TCA GTT ACA ATT TAT A-3�), of
similar composition but mixed order of bases, was infused to pair-aged
female rats.

Hormone measurements. Serum LH and FSH levels were determined in
a volume of 25–50 �l using a double-antibody method and radioimmu-
noassay kits supplied by the National Institutes of Health (Dr. A. F.
Parlow, National Institute of Diabetes and Digestive and Kidney Dis-
eases, National Hormone and Peptide Program, Torrance, CA). Rat LH-
I-10 and FSH-I-9 were labeled with 125I using IODO-GEN tubes,
following the instructions of the manufacturer (Pierce). Hormone con-
centrations were expressed using reference preparations LH-RP-3 and
FSH-RP-2 as standards. Intraassay and interassay coefficients of varia-
tion were �8 and 10% for LH, and �6 and 9% for FSH, respectively. The
sensitivity of the assay was 5 pg/tube for LH and 20 pg/tube for FSH. For
each hormone, all samples were measures in the same assay. Accuracy of
hormone determinations was confirmed by assessment of rat serum sam-
ples of known hormone concentrations.

Presentation of data and statistics. Hormone determinations were con-
ducted in duplicate (n � 10 samples/group). RT-PCR analyses were
performed in duplicate from at least four to five RNA samples per group.
Western blots were performed in duplicate (n � 4 protein samples/
group). Hormonal and semiQ RNA data are presented as mean � SEM.
Results were analyzed using Student’s t test or ANOVA followed by Stu-
dent–Newman–Keuls multiple-range test (SigmaStat 2.0; SPSS). A value
of p � 0.05 was considered significant.

Results
Hypothalamic distribution of NUCB2/nesfatin mRNA
and protein at female puberty
The expression and anatomical distribution of NUCB2 mRNA,
as well as of prepro-nesfatin protein, was qualitatively explored in
the hypothalamus of female rats at the time of puberty, by a
combination of ISH and ICC. Identification of the nuclei con-
taining NUCB2/nesfatin-expressing neurons was done according
to the L. W. Swanson rat brain atlas (Swanson, 2004). ISH assays
demonstrated prominent staining of NUCB2 mRNA clusters,
representing NUCB2-positive neurons, in the following hypo-
thalamic nuclei: LHA, paraventricular nucleus (PVN/PVH), su-
praoptic nucleus (SON), and zona incerta (ZI). Additionally,
scattered and fainter NUCB2 expression was observed also at the
dorsomedial nucleus (DMN) and ARC (Fig. 1A,B). A close
match between the patterns of mRNA expression and prepro-
nesfatin distribution at the hypothalamus was detected, as our
ICC assays detected clearly discernible, nesfatin-positive neurons
at the LHA, PVN, and SON, with diffuse and weaker immunore-
activity being observed also at the ARC and, to a lesser extent, the
DMN (Fig. 1C). Specificity of the above mRNA and protein de-
terminations was demonstrated by the use of sense probes (ISH)
and preabsorption of primary antibody (ICC), which yielded
negative results (data not shown).

Developmental and metabolic regulation of NUCB2
expression at puberty
Based on the positive (neuroanatomical) detection of NUCB2/
nesfatin at the hypothalamus, putative changes of its mRNA and
protein levels were explored along the pubertal transition and in
conditions of metabolic stress, such as acute fasting and chronic
food deprivation at puberty, by a combination of semiQ RT-
PCR, ISH, and Western blot. Of note, quantitative information
about nucleus-specific NUCB2 mRNA levels was obtained by
ISH analyses from the hypothalamic areas with the most promi-
nent expression of this transcript, namely LHA, PVN (which ex-
tended partially to ZI), and SON. In contrast, because of the
absence of clear cell clusters, such quantification was not possible
at the ARC and DMN with our current software.

Although analysis of NUCB2 mRNA levels in whole hypotha-
lamic fragments by semiQ RT-PCR failed to evidence any consis-
tent changes between late infantile (20-d-old; BW, 30.4 � 1.8 g)
and pubertal (35-d-old; BW, 112.2 � 3.48 g) female rats (data not
shown), nucleus-specific ISH analyses did demonstrate an unam-
biguous, significant increase of NUCB2 mRNA levels at the LHA,
PVN, and SON between these two ages (Fig. 2A). Yet the pattern
of distribution of NUCB2 mRNA within the hypothalamus was
grossly similar in infantile and pubertal females. The above quan-
titative changes in RNA profiles were in good agreement with the
threefold increase in NUCB2 protein levels detected by Western
blot during the pubertal transition (Fig. 2B). Of note, our protein
analyses of hypothalamic tissue conducted using a primary anti-
body against rat nesfatin-1 consistently detected a single band of

Figure 3. Effects of short-term fasting on hypothalamic expression of NUCB2 at pu-
berty. In A, hypothalamic mRNA levels of NUCB2 in pubertal female rats either fed ad
libitum [control (Con)] or fasted for 48 h (F-48). Representative RT-PCR assays and semiQ
data (mean � SEM; n � 4 independent determinations, done in duplicate) are presented.
In B, hypothalamic NUCB2 protein levels at fed and fasted conditions are shown, with
representative Western blots and semiQ data being presented. **p � 0.01 versus control
group (Student’s t test).
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42 kDa, which appeared to correspond to NUCB2/prepro-
nesfatin protein, according to its expected size and antibody data
sheet (as provided by the manufacturer). In contrast, despite pos-
itive identification of synthetic nesfatin-1 (1–82) in our Western blot
analyses (data not shown), no clearcut detection of such 82 aa pep-
tide, of predicted 9.7 kDa molecular weight, was observed in our
protein assays of pubertal hypothalamic samples, in line with previ-
ous findings in different tissues from adult rats (Stengel et al., 2009).

Contrary to the observed increase in NUCB2 mRNA and pep-
tide content along pubertal maturation, fasting for 48 h of puber-
tal female rats, which reduced body weight (71.28 � 2.2 vs
101.0 � 2.76 g in controls fed ad libitum), induced a decrease of
relative NUCB2 mRNA levels, as evidenced by semiQ RT-PCR
assays in whole hypothalamic fragments (Fig. 3A). Of note, how-
ever, our ISH assays failed to demonstrate any consistent change
in NUCB2 mRNA expression at the hypothalamic nuclei with
more prominent expression, namely LHA, PVN, and SON (data
not shown). Notably, because of the absence of clear clusters of
positive cells, ISH signals at DMN and ARC could not be quan-
tified with our current software, thus leaving open the possibility

of eventual changes in such areas of diffuse/weak expression of
NUCB2. In any event, the decrease in relative NUCB2 mRNA
levels, as detected by semiQ RT-PCR, was associated with a
marked reduction in NUCB2 protein content in hypothalamic
tissue (Fig. 3B). Likewise, chronic undernutrition along puberty,
which overtly decreased body weight gain (80.18 � 1.87 vs 99.2 �
2.59 g in animals fed ad libitum, at day 36 postpartum) induced a
significant �30% decrease in NUCB2 mRNA levels (Fig. 4A),
and resulted in a dramatic �80% drop of NUCB2 protein content at
the hypothalamus (Fig. 4B). Noteworthy, sustained food restriction
during puberty was applied to OVX rats, to avoid the potential con-
founding factor of dynamic fluctuations in endogenous levels of sex
steroids because of persistent food deprivation.

Effects of nesfatin-1 on gonadotropin secretion at puberty
and adulthood
In addition to expression analyses of NUCB2, gonadotropin re-
sponses to nesfatin-1 were explored in pubertal female rats, in fed
and fasting conditions. For comparative purposes, similar exper-
iments were also conducted in adult, cyclic female rats. As shown
in Figure 5A, intracerebroventricular injection of 50 pmol/rat
nesfatin-1 evoked a significant rise of circulating LH levels that
peaked at 15 min (twofold increase over controls injected with
vehicle) and remained elevated at 60 min after injection. Simi-
larly, FSH levels at 15 min after intracerebroventricular adminis-
tration of nesfatin-1 were elevated (5.29 � 1.3 vs 2.67 � 0.45
ng/ml in vehicle-injected animals), although this difference fell
shortly below the limit of statistical significance ( p � 0.07). De-
spite the prevailing lowering of its circulating levels (0.65 � 0.12
vs 1.32 � 0.31 ng/ml in controls fed ad libitum), fasting for 48 h
significantly augmented the magnitude of LH responses to intra-
cerebroventricular injection of nesfatin-1. Thus, a ninefold ele-
vation of serum LH levels was observed at 15 min after nesfatin-1
administration to fasted female rats (Fig. 5B). Likewise, net FSH
responses to nesfatin-1 (at 15 min) were also increased in females

Figure 4. Effects of chronic undernutrition along puberty on hypothalamic expression of
NUCB2. In A, hypothalamic mRNA levels of NUCB2 in pubertal OVX female rats, either fed ad
libitum [Co-ad lib (Con)] or subjected to 25% reduction in daily food intake along puberty
[Undernutrition (UN)]. Representative RT-PCR assays and semiQ data (mean � SEM; n � 5
independent determinations, done in duplicate) are presented. In B, hypothalamic NUCB2 pro-
tein levels in fed and 25% food-restricted conditions are shown, with representative Western
blots and semiQ data being presented. **p � 0.01 versus control group (Student’s t test).

Figure 5. LH secretory responses to nesfatin-1 in pubertal female rats, at fed and fasting
conditions. Serum LH concentrations at 15 and 60 min after intracerebroventricular injection of
a single bolus (50 pmol/rat) of nesfatin-1 or vehicle are shown. Tests were conducted in pubertal
females, either fed ad libitum (A) or fasted for 48 h before testing (B). For comparative purposes,
similar hormonal tests were conducted in adult female rats at metestrus, either at fed (C) or 48 h
fasting (D) conditions. Please note that the y-axis is broken at a certain range to allow proper
representation of fed and fasted responses in pubertal animals with the same scale. **p � 0.01
versus vehicle-injected group (ANOVA followed by Student–Newman–Keuls multiple-range
test). Error bars indicate SEM.
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subjected to 48 h fasting (7.99 � 1.18 vs 5.29 � 1.3 ng/ml in
nonfasted controls injected with nesfatin-1). In clear contrast,
LH levels in cyclic female rats at metestrus failed to raise after
intracerebroventricular injection of nesfatin-1, either in fed or
fasting conditions (Fig. 5C,D). Likewise, nesfatin-1 did not
modify circulating FSH levels in adult females, at none of the time
points (15 and 60 min) and conditions (fed ad libitum and 48 h
fasting) tested (data not shown).

Inhibition of NUCB2/nesfatin-1 delays puberty onset
To assess the functional relevance of NUCB2/nesfatin-1 in the cen-
tral control of puberty onset, an in vivo antisense MON approach
was applied, following previous references (Oh-I et al., 2006). To
achieve a maximal degree of NUCB2 suppression, two different as-

MONs were independently tested for intra-
cerebroventricular infusion along the
pubertal transition: (1) anti-NUCB2
MON Ref, which was synthesized as de-
scribed previously (Oh-I et al., 2006), sur-
rounding the ATG start codon (position
�8 to 	17); and (2) anti-NUCB2 MON
UCO, which targeted a 5�-end region up-
stream of the ATG codon (position �69
to �44), to enhance interference of
NUCB2 translation, as recommended by
the manufacturer. After completion of
protocols of 7 d intracerebroventricular
infusion, NUCB2 protein contents were
assayed at the hypothalamus; Western
blots revealed that, whereas as-MON
Ref evoked only a marginal decrease in
NUCB2 protein content, central adminis-
tration of as-MON UCO induced a dra-
matic suppression of the peptide levels at
the hypothalamus that dropped to nearly
20% of control values in females infused
with scrambled oligos (Fig. 6A).

In this model, phenotypic and hor-
monal analyses were applied to monitor
progression of puberty. Infusion of any of
the two anti-NUCB2 MON failed to in-
duce overt changes in terms of body
weight gain (Fig. 6B), or daily food intake
(data not shown), along treatment. How-
ever, intracerebroventricular administra-
tion of MON against NUCB2 induced a
delay in the timing of puberty, with a
much greater effect in terms of later oc-
currence of vaginal opening being ob-
served in females infused with as-MON
UCO (Fig. 6B), a phenomenon that nar-
rowly paralleled the decrease in hypotha-
lamic NUCB2 protein levels. In good
agreement, treatment with this as-MON
induced a significant reduction in termi-
nal ovarian weights; a slight trend toward
decrease in uterus weight was also ob-
served but did not reach significance be-
cause of high variability among samples
(Fig. 6B). Finally, chronic infusion with
anti-NUCB2 MON resulted also in the
lowering of circulating LH levels at the
end of the treatment, a phenomenon that

was of higher magnitude and reached statistical significance in
pubertal females infused with anti-NUCB2 MON UCO (Fig. 6B).

Inhibition of NUCB2/nesfatin-1 fails to alter gonadotropin
surges in adult females
Given its predicted role in puberty (see above), the impact of
knocking down hypothalamic expression of NUCB2/nesfatin-1
on gonadotropic function was also explored in adult, cyclic fe-
male rats. A protocol of as-MON infusion, using anti-NUCB2
MON UCO, similar to that applied to pubertal rats, was imple-
mented. As was the case for immature animals, hypothalamic
NUCB2 protein contents were markedly decreased (�75% re-
duction) after central administration of anti-NUCB2 MON for
7 d (Fig. 7A). Neither body weight gain nor daily food intake was

Figure 6. Knockdown of hypothalamic NUCB2/nesfatin-1 and puberty onset in the female rat. In A, the design and in vivo
efficiency of anti-NUCB2 morpholino oligonucleotides (as-MONs) is presented. The sequence and relative position (relative to ATG
start codon) are shown for the two anti-NUCB2 MON used in this study: as-MON Ref, taken for a previous reference (Oh-I et al.,
2006), and the newly designed anti-as-MON UCO. In addition, hypothalamic NUCB2 protein contents in groups of females infused
with either anti-as-MON Ref or UCO, as well as in control rats infused with a scramble oligonucleotide, are presented as represen-
tative Western blots and semiQ data. **p � 0.01 versus control group (ANOVA followed by Student–Newman–Keuls multiple-
range test). In B, the impact of chronic intracerebroventricular infusion of as-MONs to pubertal female rats (between day 28 and
day 35) on different indices of puberty onset is documented. Body weights (BW), vaginal opening (V.O.), uterus and ovarian
weights, and terminal serum LH levels are presented for the three experimental groups: (1) controls (Co) infused with scramble
oligonucleotide, (2) females infused with as-MON Ref, and (3) rats infused with as-MON UCO. *p � 0.05 versus control group
(ANOVA followed by Student–Newman–Keuls multiple-range test). Error bars indicate SEM.
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overtly altered by this protocol of as-MON infusion (data not
shown). Moreover, vaginal estrous cyclicity was grossly preserved
during the infusion period in anti-NUCB2 MON-treated fe-
males, which also displayed conserved preovulatory LH and FSH
surges. Thus, blood sampling at the afternoon/evening of each
proestrus during the treatment (two phases, 4 d apart) demon-
strated that the magnitude of LH and FSH peaks was similar
between controls and female rats intracerebroventricularly in-
fused with as-MONs (Fig. 7B).

Discussion
NUCB2/nesfatin-1 has recently emerged as appetite-suppressing
signal, presumably acting at key hypothalamic and brainstem
centers, in a leptin-independent manner (Oh-I et al., 2006;
Shimizu et al., 2009). Our current expression and functional data
strongly suggest that, in addition, this novel neuropeptide system
is involved in the stimulatory control of the gonadotropic axis at
puberty in the female rat, a function that may contribute to the
central coupling of reproductive maturation and the energy re-
serves of the organism.

This study is the first to provide a detailed neuroanatomical
characterization of NUCB2/prepro-nesfatin distribution in the
hypothalamus at the time of puberty. Our present data are in
agreement with the hypothalamic location of NUCB2 mRNA
originally reported in adult male rats (Oh-I et al., 2006), with
prominent signals being detected in the LHA (which expanded
toward ZI), followed by PVH, SON, and, at lesser intensity, ARC
and DMN, the latter not being observed in adult animals. Yet,
despite this conserved pattern of distribution, our expression
analyses in pubertal animals demonstrated that hypothalamic
NUCB2 mRNA/protein levels are under the control of develop-
mental cues, as NUCB2 mRNA levels significantly raised at LHA,
PVN, and SON, and total prepro-nesfatin content increased by
threefold, along the transition between late-infantile and peripu-
bertal periods. The functional relevance of such developmental
activation of nesfatin system in the timing of puberty is rein-
forced by our pharmacological and functional knockdown data
(see below).

In addition to developmental cues, conditions of negative en-
ergy balance, coupled to suppressed gonadotropin secretion
and/or puberty onset, were associated also to detectable changes
of NUCB2 expression. Thus, short-term fasting resulted in re-
ductions of NUCB2 mRNA and protein levels at the hypothala-
mus of pubertal rats. Of note, however, our ISH analyses failed to
detect significant variations in NUCB2 mRNA expression at the
LHA, PVN, and SON, thus indirectly suggesting that these
changes (as measured by semiQ RT-PCR) may take place at other
nuclei, such as the ARC, where the fainter and scattered pattern of
distribution of the signal hampered reliable quantifications by
ISH. Likewise, hypothalamic NUCB2 mRNA and protein levels
were consistently reduced by a protocol of chronic undernutri-
tion (25% daily food restriction) along the pubertal transition.
Altogether, the above findings are compatible with a potential
positive role of NUCB2/nesfatin-1 signaling in the activation of
the gonadotropic axis at puberty, although the populations of
nesfatin neurons sensitive to developmental and metabolic cues
seem to be different. Also of interest, our protein analyses did not
detect mature nesfatin-1 peptide in whole hypothalamic frag-
ments, in line with previous observations in rat brain and periph-
eral tissues, a finding that might suggest a postsecretory cleavage/
regulation of NUCB2 (Stengel et al., 2009), which remains so far
unexplored.

The functional involvement of NUCB2/nesfatin-1 in the pos-
itive control of the gonadotropic axis at puberty was further evi-
denced by our acute pharmacological tests, which demonstrated
that intracerebral injection of nesfatin-1 elicited a modest but
detectable elevation of LH and, to a lesser extent, FSH levels in
pubertal females fed ad libitum. Of interest, gonadotropin re-
sponses to nesfatin-1 were dramatically augmented after 48 h
fasting, despite the prevailing decrease in circulating LH levels.
This observation is compatible with a predominant permissive
action of nesfatin-1 in gonadotropin control. Thus, in normal
metabolic conditions, responses to exogenous nesfatin are mod-
est, but these are exacerbated by the prevailing reduction of its
endogenous tone after food deprivation, a phenomenon that has
been previously documented for other gonadotropin secreta-
gogues (Castellano et al., 2005, 2009b).

The above biological profile (i.e., permissive role) prompted
us to address the relevance of nesfatin signaling in the timing of
puberty by the use of knocking-down strategies in vivo. Our as-
MON approach provided strong support for an essential, indis-
pensable role of NUCB2/nesfatin-1 signaling in the control of
female puberty, since knocking down of NUCB2 levels at the

Figure 7. Knockdown of hypothalamic NUCB2/nesfatin-1 and preovulatory surges in
the cyclic rat. In A, hypothalamic NUCB2 protein contents in groups of females infused
with either as-MON UCO or a scramble oligonucleotide (controls) are presented, with
representative Western blots and semiQ data being shown. **p � 0.01 versus control
group (ANOVA followed by Student–Newman–Keuls multiple-range test). In B, the lack
of impact of chronic intracerebroventricular infusion of anti-NUCB2 MON UCO to adult
female rats during two consecutive cycles is documented. During this time period, LH and
FSH levels at the afternoon/evening of the corresponding proestrus (1 and 2) were mon-
itored in control animals (Co) infused with a scramble oligonucleotide and rats treated
with as-MON UCO. Error bars indicate SEM.
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hypothalamus was tightly coupled to significantly delayed pu-
berty onset, as evidenced by conventional phenotypic and hor-
monal indices. Admittedly, however, occurrence of first estrus
could not be monitored in our experiments because of the lack of
vaginal opening in the majority of as-MON infused animals. Two
different as-MONs, with different efficiencies in terms of NUCB2
suppression, were applied, with a close match being detected be-
tween the degree of inhibition of hypothalamic expression of
NUCB2 and the impact in terms of timing of puberty. This ob-
servation, together with the fact that control females (which dis-
played normal puberty) were infused with a scrambled MON,
rule out the possibility of a spurious, nonspecific effect of our
approach in terms of puberty disruption. Also of interest, despite
effective suppression of NUCB2 at the hypothalamus, no signif-
icant effects in terms of body weight gain or daily food intake
were detected in our experiments. This may be attributable to the
fact that puberty is a developmental stage when body growth is set
at maximal speed, a situation that may obscure subtle actions of a
given neuropeptide on the above metabolic parameters. In any
event, comparison of the effects of NUCB2 knockdown in
terms of body weight (lack of effect) and reproductive matu-
ration (suppression) makes it tenable to propose that the de-
gree of redundancy is higher for appetite-controlling networks
(as indispensable function for individual survival) than for
those governing puberty (a dispensable phenomenon in peri-
ods of adverse energy conditions).

In contrast to pubertal females, exogenous administration of
nesfatin-1 did not cause any detectable changes in the circulating
levels of gonadotropins in adult, cyclic female rats. In good agree-
ment, suppression of hypothalamic NUCB2 failed to overtly af-
fect a hallmark index of adult gonadotropic function in the
female, namely the preovulatory surges of gonadotropins, despite
the fact that the overall reduction of prepro-nesfatin-1 levels in-
duced by as-MON infusion was grossly similar to that evoked in
immature females. Although the possibility that blockade of
NUCB2 translation was insufficient at key hypothalamic nuclei
cannot be completely excluded, these observations strongly sug-
gest that, in contrast to our observations at puberty, nesfatin
signaling seems less critical (if not totally dispensable) for the
occurrence of LH and FSH preovulatory surges. These findings
point out substantial developmental differences in the relative
importance of NUCB2/nesfatin-1 in the neuroendocrine control
of the female gonadotropic axis. Intriguingly, our protocols of
(effective) knocking-down of NUCB2 at the hypothalamus did
not cause major detectable changes in daily food intake or body
weight gain in adult female rats, in contrast with previous data in
adult male rats and mice (Oh-I et al., 2006; Shimizu et al., 2009).
These observations may suggest a more prominent role of nesfa-
tin signaling in the control of feeding in male rodents, in keeping
with recent reports (Xu et al., 2009). In this context, the potential
role of this neuropeptide in the control of male puberty and
gonadotropic function warrants additional investigation.

Admittedly, despite our present data, characterization of the
specific neuroendocrine mechanisms and pathways whereby
nesfatin-1 regulates the gonadotropic axis at puberty remain to
be completed, and will require additional neuroanatomical (e.g.,
quantitative ICC and colocalization techniques) and functional
analyses. Nonetheless, nesfatin-1 is known to be expressed in
hypothalamic areas primarily involved in the control of repro-
duction, and NUCB2-positive neurons have been shown to co-
express and/or regulate different neuropeptide systems with
proven roles in the central regulation of reproductive function
(Oh-I et al., 2006; Brailoiu et al., 2007; Foo et al., 2008; Price et al.,

2008). On the latter, the ability of nesfatin-1 to stimulate oxytocin
release at PVN has been recently demonstrated (Maejima et al.,
2009), oxytocin being a positive regulator of female pubertal mat-
uration (Parent et al., 2008). In addition, the potential interplay
of NUCB2 neuronal pathways with other key regulators of the
gonadotropin-releasing hormone/gonadotropic axis, as the re-
cently discovered kisspeptin system (Roa et al., 2008a), merits
specific investigation. Intriguingly, colocalization of NUCB2 and
phosphor-mammalian target of rapamycin (mTOR) has been
very recently described in discrete neuronal populations at the
hypothalamus (Inhoff et al., 2010), mTOR being a putative reg-
ulator of Kiss1 gene expression (Roa et al., 2009). Finally, as the
effects of nesfatin-1 on food intake have been proposed as leptin-
independent (Oh-I et al., 2006; Shimizu et al., 2009), it will be
interesting to explore whether NUCB2/nesfatin signaling might
also participate in mediating the influence of metabolic signals
other than leptin on puberty onset and gonadotropin secretion.

In sum, our data are the first to substantiate the putative re-
productive roles of NUCB2/nesfatin-1 as essential regulator of
the gonadotropic axis at puberty in the female rat. In contrast,
hypothalamic nesfatin signaling seems to be dispensable for the
generation of the preovulatory surges of gonadotropins in the
adult, cyclic female. Present results expand our current knowl-
edge on the neuroendocrine signals responsible for the control of
puberty onset and its eventual coupling with energy homeostasis,
and contribute to the characterization of the whole spectrum of
biological actions of nesfatin-1 as potential therapeutic target in
the management of body weight disorders.
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