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Abstract
Using restriction fragment differential display (RFDD) technology, we have identified the
imprinted gene neuronatin (Nnat) as a hypothalamic target under the influence of leptin. Nnat
mRNA expression is decreased in several key appetite regulatory hypothalamic nuclei in rodents
with impaired leptin signaling and during fasting conditions. Furthermore, peripheral
administration of leptin to ob/ob mice normalizes hypothalamic Nnat expression. Comparative
immunohistochemical analysis of human and rat hypothalami demonstrates that NNAT protein is
present in anatomically equivalent nuclei, suggesting human physiological relevance of the gene
product(s). A putative role of Nnat in human energy homeostasis is further emphasized by a
consistent association between single nucleotide polymorphisms (SNPs) in the human Nnat gene
and severe childhood and adult obesity.

INTRODUCTION
In search for a novel leptin-regulated gene product involved in the control of energy
homeostasis, we used a modified differential display method to compare hypothalamic
mRNA expression profiles between lean wild-type and obese ob/ob mice, and db/db mice.
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In particular, one mRNA fragment pointed to a robustly downregulated gene in genetically
obese mice and was subsequently identified as neuronatin (Nnat).

The Nnat gene was originally discovered from a differential display on the developing rat
brain (1). It exists in two major variants tentatively leading to synthesis of either an α (81
amino acids) or a β (54 amino acids) form of NNAT protein (1–5). Both forms have
potential cleavage sites flanked by basic amino acids as signal peptides (6), but very little is
known about their putative function.

Originally, Nnat was thought to be a brain-specific developmental gene involved in neuronal
differentiation. More recent data, however, have demonstrated Nnat to be abundantly
expressed in several peripheral tissues. In the pancreatic β-cells (7) and adipocytes (8), Nnat
is considered to play important roles in glucose-mediated insulin secretion and adipocyte
differentiation indicating a role in metabolic regulation. In this respect, it is also worth
emphasizing that Nnat is a paternally inherited imprinted gene (9). Genes expressed from
only one allele are often involved in regulation of growth and hence indirectly in the control
of energy and glucose homeostasis (10).

To further understand the putative role of the Nnat gene in the regulation of energy balance,
we initiated a series of studies examining Nnat mRNA and NNAT protein expression in
genetically obese rodent brain. To provide clinical validation of the discovery, genetic
epidemiology was used to examine associations between variations in the Nnat gene and
severe forms of adult and childhood obesity.

Methods and Procedures
Differential display analysis of gene expression in hypothalamic tissue

A modified differential display method, restriction fragment differential display analysis,
RFDD-PCR (11) was used to analyze total RNA isolated from the hypothalamus in C57BL
wt, C57BL/6J:ob/ob, and C57BL/6J:db/db mice (Taconic, Lille Skensved, Denmark).
Briefly, a pool of four hypothalamic tissue samples from each group was subjected to RNA
isolation and processed according to the RFDD-PCR protocol, as described in detail in the
Display Profile kit available from Qbiogene (now MP Biomedicals, Solon, OH). The
resulting gene fragments were resolved on polyacrylamide gels. Gene fragments
representing differentially expressed genes were isolated, cloned, and sequenced using
standard techniques.

Proteins and substances
Two different NNAT fragments were used for the immunization and radioimmunoassay
(RIA) experiments: peptide 1, the 44 amino-acid predicted NNAT α-fragment (sequence:H
FRNPPGTQPIARSEVFRYS LQKLAHTVSRTGRQVLGERRHRAPN-OH); peptide 2, the 23
amino-acid predicted Nnat β-fragment (sequence: H-KLAHTVSRTGR QVLGERRHRAPN-
OH). Peptides for the immunization experiments were synthesized (by liquid phase
synthesis) at Schafer-N (Copenhagen, Denmark) with a purity >95%. Peptides for the RIA
analysis experiments were synthesized (by solid phase synthesis) at Aurigene Discovery
Technologies (Bangalore, India).

ISH
A 341 base-pair Nnat complementary DNA fragment was cloned into the pBluescript K+

vector (accession no: x83570; primers: 5′ 672 CATCAACCAGCAGAATGGAC 691, 3′ 1013

TGAGACCAGGGATAA GCAAG 994) and in vitro transcription of linearized plasmids was
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used to generate 33P labeled Nnat sense and antisense probes. In situ hybridization (ISH)
was performed as described previously (12).

Antibodies and immunohistochemistry
Peptides were coupled to bovine serum albumin (fraction V; Roche Diagnostics, Hvidovre,
Denmark) and New Zealand white rabbits (Charles River, Brussels, Belgium) were then
immunized with peptide 1 (n = 4) and peptide 2 (n = 4). Single immunohistochemistry using
DAB as chromogen, and single and double fluorescence immunohistochemistry was
performed as previously described (13,14). Preimmune serum was obtained from all rabbits.
An antibody was generated (333rb), and single immunohistochemistry revealed that blood
collections nos. 4 and 5 generated the best staining (labeled 333rb-4 and 333rb-5). 333rb-4
was used for the immunohistochemical and western blotting experiments, and 333rb-5 was
used for the RIA analyses. Specificity of the 333rb antiserum was tested in an
immunostaining experiment where antibody (333rb-4 and 333-rb-5) was preincubated
overnight at 4 °C with either 1 μmol/l Nnat α-fragment 38–81 (Schafer-N) or 1 μmol/l Nnat
β-fragment 59–81 (Aurigene Discovery Technologies) followed by single immunoreactivity
using DAB as chromogen.

Human hypothalamic tissue was obtained under a personal license to P.J.L. from the Dutch
Brain Bank.

Animal experiments
All animals were housed under a 12-h light, 12-h dark (lights on at 0600 hours) in a
temperature-controlled environment (22–24 °C) with free access to food and water unless
otherwise stated. All experiments were conducted in accordance with internationally
accepted principles for the care and use of laboratory animals and were approved by the
Danish committee for animal research. Two groups of animals were used for ISH
experiments: (i) nine Ob/? and 20 ob/ob mice (C57BL/6J strain; Jackson Laboratories, Bar
Harbor, ME) injected daily for 5 days with leptin (10 ob/ob mice, 1.5 mg/kg; Calbiochem-
Novabiochem, La Jolla, CA) or vehicle (10 ob/ob mice and nine Ob/? mice); (ii) 16 obese
Zucker fa/fa and 16 lean Fa/? littermates (Charles River, Sulzfeld, Germany), half of each
genotype being subjected to a 48-h fast. All animals were killed by decapitation, brains were
removed, snap-frozen on dry ice and stored at −80 °C until further processing. For each
individual ISH experiment, all slides were processed simultaneously and exposed onto the
same X-ray film. Autoradiograms were analyzed on a computerized image analysis system
as area multiplied by intensity following background subtraction (NIH Image 1.60b;
National Institutes of Health, Bethesda, MD).

Western blotting experiments
Protein was extracted from frozen rat hypothalamic tissue blocks using standard techniques.
Extracts were diluted in 1.25xLDS (Invitrogen, Taastrup, Denmark) containing 50 mmol/l
dithiothreitol. The protein concentration was determined using a Bradford kit (Bio-Rad,
Copenhagen, Denmark) as described by the manufacturer. Western blotting and ECL
samples were run on a 12% NuPAGE gel (Invitrogen Novex, NP0342) using the MES
buffer system (Invitrogen), followed by blotting onto PVDF membrane (Invitrogen Novex,
LC2002) as described by the manufacturer. NNAT peptides were detected by enhanced
chemoluminescence: The membrane was blocked overnight in 1× phosphate-buffered saline
(PBS), 10% nonfat dry milk, and 0.1% Tween) at 4 °C. The membrane was washed in PBS
and incubated with NNAT antibody (333rb-4) diluted 1:250 in PBS with 5% nonfat dry milk
for 60 min at room temperature. The membrane was then washed 6 × 5 min in PBS + 0.1%
Tween, then incubated for 60 min in horse-radish peroxidase–coupled anti-rabbit IgG (Cell
Signaling, Danvers, MA) diluted 1:60,000 in PBS with 5% nonfat dry milk followed by 6 ×
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5 min washes in PBS + 0.1% Tween. Detection was performed with a Supersignal West
Femto maximum sensitivity substrate (Pierce, Rockford, IL).

RIA analysis
Five hundred microliters of reconstituted sample or standard in assay buffer (0.04 mol/l
PBS, pH 7.4, 58 μmol/l human serum albumin, 0.1 mol/l NaCl, Trasylol 400000 KIE/L, and
sodium-EDTA 0.5 mol/l, pH 7.4) was incubated for 48 h with 200 μl antiserum (333rb-5)
diluted 1:8,000 in 0.04 mol/l PBS (pH 7.4, 58 μmol/l human serum albumin). Samples were
added 100 μl radiolabeled peptide (NNAT α-fragment 38–81), diluted 1:1,500 in 0.04 mol/l
PBS (pH 7.4, 58 μmol/l HS), incubation for another 48 h before separation of bound and
free peptide was performed by absorption to plasma-coated activated charcoal. Following
centrifugation, the supernatant and charcoal precipitates were counted using synthetic rat
NNAT α-fragment 38–81 (Schafer-N) and NNAT β-fragment 59–81 (Aurigene Discovery
Technologies) as standards. All procedures were performed at 4 °C. The coefficients of
variation within and between assay were between 3 and 16% (n = 17).

Cell culture experiments
PC12 cells were cultured in a humidified atmosphere containing 5% CO2 in medium
composed of RPMI 1640 added with fresh 2 mmol/l L-glutamine, 10% heat-inactivated
donor horse serum, 5% heat-inactivated fetal calf serum, and Pen/Strep (100 U/ml penicillin
and 100 μg/ml streptomycin). Confluent cultures were used as undifferentiated PC12 cells.
Differentiation of PC12 cells was obtained by growing PC12 in normal- or serum-reduced
medium containing nerve growth factor (250 ng/ml final concentration). HEK293 cells were
cultured in a humidified atmosphere containing 5% CO2 in a medium composed of D-MEM
(+GlutaMax) added 10% heat-inactivated fetal bovine serum and Pen/Strep (100 U/ml
penicillin and 100 μg/ml streptomycin). The cells were transfected with three different
plasmids in a 3:1 FuGENE:DNA ratio: (i) control (PcDNA3.1D/V5-HIS/lacZ): 18 μl
FuGENE, 1.66 μl plasmid, 580 μl Opti-MEM; (ii) NNAT-α (full-length complementary
DNA clone inserted into pcDNA-3 vector): 18 μl FuGENE, 4.41 μl plasmid, 578 μl Opti-
MEM; (iii) NNAT-β (full-length complementary DNA clone inserted into pcDNA-3 vector):
18 μl FuGENE, 5 μl plasmid, 577 μl Opti-MEM.

Hypothalamic, white adipose tissue, pancreas, and pituitary gland RIA
A total of 20 male Wistar rats (200 g; Taconic, Lille Skensved, Denmark) were housed
under standard laboratory conditions with ad lib access to food and water. Two experimental
groups were included in the study: (i) 15 rats with ad lib access to food and water; (ii) five
rats fasted for 48 h but with ad lib access to drinking water. The rats were decapitated, and
the brains were rapidly removed. Hypothalamus, pituitary gland, pancreas, and epididymal
fat were dissected and immediately frozen on dry ice before storage at −80 °C until
extraction. Each sample was weighed and boiled in 10 volumes of demineralized water for
25 min followed by homogenization and centrifugation. The supernatant was decanted. The
sediment was homogenized with five volumes of 0.5 mol/l acetic acid, mixed with the
boiling water supernatant, then centrifuged before the supernatant was decanted and freeze-
dried. Before analysis, the dried extract was reconstituted in assay buffer and analyzed in
duplicate.

Human genetic studies
The human populations genotyped in this study have been described elsewhere (15–17). The
study protocol was approved by all local ethics committees, and informed consent was
obtained from each subject before participation in the study. Genotyping was done by the
Applied Biosystems SNPlex Technology (Applied Biosystems, Naerum, Denmark) based on
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the oligonucleotide ligation assay combined with multiplex PCR target amplification
(http://www.applied-biosystems.com). The chemistry of the assay relies on a set of universal
core reagent kits and a set of single nucleotide polymorphism (SNP)–specific ligation probes
allowing a multiplex genotyping of 48 SNPs simultaneously in a unique sample. A quality
control measure was included by using specific internal controls for each step of the assay
(according to the manufacturer’s instructions). Allelic discrimination was performed through
capillary electrophoresis analysis using an Applied Biosystems 3730xl DNA Analyzer and
GeneMapper 3.7 software. Duplicate samples were assayed with a concordance rate of
100%. All SNPs were in Hardy–Weinberg equilibrium in the control group (P > 0.05).

Statistical analysis
Statistical analysis was performed by analysis of variance unless otherwise stated. Tests for
deviation from Hardy–Weinberg equilibrium and for association were performed with the de
Finetti program (http://ihg.gsf.de/cgi-bin/hw/hwa1.pl). TDT test has been performed using
XDT and Aspex TDT programs (http://aspex.sourceforge.net/).

RESULTS
Identification of Nnat as a leptin-regulated transcript

The RFDD-PCR analyses of hypothalamic mRNA expression profiles between lean wild-
type and genetically obese mice identified several gene fragments. These were isolated,
cloned, sequenced, and subjected to bioinformatic analysis. One mRNA fragment was
robustly downregulated in both ob/ob and db/db mice, and identified as Nnat (Figure 1a).
Subsequent ISH experiments identified Nnat mRNA in several hypothalamic areas,
including the hypothalamic paraventricular nucleus (PVN), the arcuate nucleus (Arc), the
ventromedial and dorsomedial hypothalamic nucleus (DMH), and the lateral hypothalamic
area (LHA) (Figure 1b–d; Figure 2a–d). The comparison of obese and wild-type mice
revealed a significant decrease in Nnat mRNA levels in the DMH/LHA of ob/ob mice
(Figure 1f), and 5 days of once-daily injection with leptin to ob/ob mice normalized Nnat
mRNA expression in the DMH and LHA (Figure 1f). Also in fasted obese (fa/fa) and lean
(Fa/?) Zucker rats, a significant effect of genotype was demonstrated in the DMH and PVN
(Figure 1g,h), as well as a significant effect of genotype and fasting. A significant effect of
fasting was also observed in the Arc, ventromedial hypothalamic nucleus, and LHA with a
nearly identical down-regulation of Nnat expression in fasted rats of both genotypes (data
not shown).

Nnat-immunization and characterization of antibodies
NNAT-α (44aa) and NNAT-β (23aa) were synthesized and subsequently used for
immunization of New Zealand rabbits. One antibody (333rb) gave rise to cellular NNAT
staining in both rat and human brain sections (Figure 3a–d). Preimmune serum from rabbit
333rb did not give rise to any staining (Figure 3a) and preabsorbtion of 333rb antibody with
either NNAT-α or NNAT-β abolished all staining (data not shown). In western blots, 333rb
recognized both the NNAT-α and NNAT-β peptides used for immunization and only two
bands (corresponding in size to full-length NNAT-α and NNAT-β peptides; Figure 4c). In
RIA analyses, dilution curves of tissue extracts were found to parallel the NNAT-α standard
curve (data not shown), and data from the transfection experiments showed high levels in
transfected and low in nontransfected cells. Taken together, the immunohistochemical,
western blotting, and RIA analyses suggest that the 333rb antibody specifically binds to
NNAT peptides and provides no evidence for crossreactivity to other peptides/proteins.
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Nnat-immunoreactivity in rodent and human hypothalamus
Immunohistochemical analysis revealed expression of NNAT protein largely confined to
limbic structures including the amygdala and bed nucleus of stria terminalis, as well as to
the hypothalamic nuclei expressing Nnat mRNA (Figure 2). Because of the important role
played by the lateral hypothalamic area in controlling the behavioral aspect of food intake
and because a high number of NNAT-ir positive cells were observed in this area in the
human hypothalamus, we focused our attention to this area in the phenotypic
characterization studies. Double fluorescence immunohistochemistry revealed NNAT-
immunoreactive neurons colocalizing with CART (cocaine- and amphetamine-regulated
transcript), MCH (melanin- concentrating hormone), and orexin-expressing neurons in the
LHA (Figure 3e–h), but not with CART neurons in the Arc (data not shown). The cellular
localization of NNAT was evaluated by confocal microscopy (Figure 4a,b). It has previously
been suggested that NNAT is a membrane-associated protein because the N-terminal part of
both NNAT-α and NNAT-β are rich in hydrophobic amino acids (1–3). However, our
confocal microscopy images suggested that NNAT protein is predominantly located in the
cytoplasma (Figure 4a,b).

Characterization of hypothalamic NNAT protein using RIA and western blotting
The cellular staining characteristics of NNAT led us to a further characterization of NNAT
proteins. A western blot of hypothalamic brain extracts yielded bands with a size equivalent
to unprocessed forms of NNAT. No secreted peptides with lower mass as predicted by the
SignalP server could be identified (Figure 4c). Consequently, we developed a RIA method
to determine the fate of NNAT protein synthesized in PC12 cells (18,19). Although the RIA
method readily detected NNAT protein in PC12 lysate, we were unable to detect NNAT
protein in the cell media suggesting that PC12 cells do not secrete NNAT protein (Table 1).
This was also evident using transfected HEK293 cells with plasmids encoding full-length
NNAT-α and NNAT-β (Table 1) suggesting that NNAT is a cytoplasmic protein not bound
for secretion. In order to associate changes in Nnat mRNA expression with changes in
protein levels, we examined the effect of 48-h fasting on NNAT protein levels in male
Wistar rats and found a near significant effect in the hypothalamus of fasted rats. A small
reduction of NNAT protein levels following fasting was also observed in white adipose
tissue, but not in the pituitary or pancreas (Table 1).

Identification of NNAT SNPs associated with morbid obesity
Using a tagging SNP procedure in the BLCAP locus, we genotyped six SNPs in 2,764 lean
subjects with normal glucose tolerance, 813 obese children, and 896 class III obese adults,
all French whites, and unrelated. In this initial design, we had a statistical power of 80% to
detect an odds ratio of 1.16 (minor allele frequency of 0.2, pα = 0.05). One SNP located in
the 3′ region of Nnat (rs6090836) showed association with childhood obesity, class III adult
obesity, and pooled severe forms of obesity (Table 2), which remained significant (P < 0.05)
following the application of a simple Bonferroni correction for multiple testing. In a second
step, we genotyped nine additional SNPs in partial linkage disequilibrium (0.8 < r2 < 1) with
rs6090836, according to the HapMap database, in order to find the potential causative SNP
in the obesity-associated linkage disequilibrium block by odds ratio comparison. The nine
SNPs showed nominal association with class III adult obesity and severe forms of obesity
(data not shown). However, one SNP (rs6019102) located in the 3′ region of Nnat and
showing strong linkage disequilibrium with rs6090836 was clearly the most strongly
associated with childhood obesity, class III adult obesity, and severe forms of obesity (Table
2). To assess the evidence against rs6019102 being the sole causal variant in the region, we
used a two-SNP logistic regression model with both rs6090836 and rs6019102 in the whole
group of obese and control subjects, as previously described (20). We were unable to
distinguish between the effects of rs6090836 and rs6019102 on risk for severe obesity. In
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order to exclude a potential undetected stratification effect, we genotyped the SNP
rs6019102 in 154 families (N = 741) discordant for class III obesity, of Swedish descent, and
we observed overtransmission of the C risk allele to class III (BMI ≥40 kg/m2) obese
offsprings (transmitted = 62%, P one-sided = 0.019), but no significant preferential
transmission of the paternally or maternally inherited alleles (data not shown). We then
assessed whether the rs6019102 was associated with quantitative variation of BMI and body
fat mass, using data from a recently published whole genome association study in a US
whites general population (N = 1,000) for in silico replication (17). Because the rs6019102
SNP was not included in the 500K Affymetrix array, we selected a surrogate in complete
linkage disequilibrium with this SNP (rs3764718, r2 = 1). Rs3764718 polymorphism was
significantly associated with variation of BMI and body fat mass (P = 0.0051 and P =
0.0049, respectively). These results suggest that genetic variation at the Nnat locus is
associated with susceptibility to severe forms of obesity and quantitative variation of body
fat mass in humans.

DISCUSSION
In the current study, we have identified Nnat mRNA expression (Nnat) to be under the
influence of leptin signaling. Subsequent analysis of Nnat mRNA expression in obese ob/ob
mice and obese fa/fa rats confirmed these initial findings. Fasting reduces Nnat mRNA
levels in several hypothalamic nuclei involved in appetite regulation in both lean and obese
Zucker rats indicating that hypothalamic Nnat is influenced by both leptin-dependent leptin-
independent metabolic perturbations. The similar localization of NNAT-immunoreactivity in
rodent and human brain could indicate that NNAT protein plays a similar functional role in
both species. A significant association between Nnat SNPs and human obesity supports a
role in metabolic regulation.

Although Nnat expression has been investigated in a number of developmental studies (1–
3), no studies have examined possible physiological regulation of Nnat mRNA levels in
adult rats. In the current study, we found the expression of Nnat mRNA and NNAT protein
to be largely confined to limbic structures including the amygdala, bed nucleus of stria
terminalis, as well as the mediobasal hypothalamus. In the present study, we have
concentrated the neuroanatomical study of Nnat-expressing cells to hypothalamic nuclei, as
this was the brain region demonstrating leptin-dependent regulation of Nnat mRNA
expression in ob/ob mice. Although the Arc is considered the major central sensor of leptin,
Nnat mRNA expression in this hypothalamic nucleus was unaffected by disruptions in leptin
signaling. Immunohistochemical analysis revealed that NNAT in the Arc was expressed in
tanycytes and not in neurons.

Interestingly, the DMH and PVN represented the only sites where Nnat mRNA levels were
influenced by disruptions in leptin signaling. However, Nnat mRNA expression was
regulated by fasting in most examined hypothalamic nuclei including the DMH, PVN,
ventromedial hypothalamic nucleus, and Arc, as well as the lateral hypothalamic area. In the
PVN, NNAT-immunoreactive cell bodies were predominantly located in the magnocellular
portion of the PVN containing the oxytocinergic and vasopressinergic hypophysiotropic
neurons. A lower number of cell bodies were also located in the medial parvocellular
division in accordance with the ISH data. NNAT expression in the DMH was mainly
restricted to the compact part of the nucleus. This part of the DMH also expresses NPY
mRNA that has been implicated in appetite regulation (21). It is tempting to speculate that
NNAT mRNA and protein are found in these neurons, but colocalization between NNAT
and NPY would have to be done using ISH techniques because these neurons do not
accumulate peptide to facilitate visualization of cell bodies. Further anatomical studies are
needed to elucidate the phenotype of the NNAT-ir neurons in the PVN and the DMH. Given
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the important role of lateral hypothalamic neurons in appetite and body-weight regulation
(22) and the finding of numerous NNAT-immunoreactive cell bodies in the human and rat
hypothalamus, we examined colocalization between NNAT and MCH, and CART and
orexin. In the lateral hypothalamic area, NNAT was found to be colocalized with both
MCH, orexin, and CART. These findings together with the observed effects of fasting in the
LHA could indicate that NNAT plays a functional role in these neurons.

Our initial analysis of the NNAT protein sequence led to the suggestion that various
posttranslational forms of Nnat may serve as secreted neuropeptides. However, western
blots suggested that hypothalamic NNAT-immunoreactivity corresponds to the full-length
peptide sequence. Taken together with the lack of axonal and bouton-like structure labeling,
these data speak against an intravesicular posttranslational processing. Furthermore, cell
lines expressing the Nnat genes did not spontaneously release the peptide.

Although the physiological role of Nnat in brain function is largely unknown, the relevance
of Nnat for human metabolic regulation was supported by the significant association
between Nnat SNPs and human obesity. Several linkage and association studies have
identified obesity loci to numerous regions of the human genome (23,24). Using genome-
wide association scans, genetic variants of a number of loci have been identified, including
FTO, MC4R, TMEM18, KCTD15, GNPDA2, SH2B1, MTCH2, and NEGR1(25–27). All of
these loci are located with close proximity to genes that are highly expressed in the central
nervous system. Thus, it is not unlikely that novel candidate genes linked to human obesity,
like Nnat, encode a protein preferentially expressed in the central nervous system.

Very few functional studies addressing the molecular mode of action of Nnat have been
published. Overexpression of Nnat in human aortic endothelial cells triggers activation of
NF-κB-regulated genes (28). Apparently, Nnat-induced activation of NF-κB is mediated via
PI3-kinase activation. If data obtained in aortic cell lines are universally transferable to
neurons and other cell types of the central nervous system, a focal point for interaction with
endogenous mediators of energy homeostasis exists as both insulin and leptin employ these
intracellular signaling pathways in hypothalamic neurons (29).

Nnat is also expressed in peripheral tissues such as adipocytes and cells in pancreatic islets.
In adipose tissue, it has been suggested that Nnat is involved in the regulation of
adipogenesis (8). In the endocrine pancreas, it has been suggested that Nnat plays a role in
glucose-stimulated insulin secretion from β-cells (7). Congruently, these data suggest that
Nnat could be a key player in several tissues important in energy homeostasis.

In conclusion, the present study demonstrates that hypothalamic Nnat mRNA expression is
influenced by leptin and by fasting. The SNP data from human populations demonstrate
association between obesity and SNPs in the Nnat locus. Collectively, these data indicate
that hypothalamic NNAT could be involved in the regulation of energy homeostasis. Given
the widespread expression of Nnat, it seems that conditional knockout models should be
employed in order to tease out the relative significance of NNAT protein in the various
organs involved in metabolic processes.
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Figure 1.
Hypothalamic Nnat mRNA expression. (a) Image from part of the RFDD analysis showing
the gene fragment representing neuronatin (586–669 base pairs, Gb: AK003004)
downregulated (absent) in ob/ob and db/db mice. (b–d) Radioactive ISH with antisense
probe on rat hypothalamus (b, PVN; c, VMH and Arc; d, Arc and DMH). (e) Radioactive
ISH with sense probe. (f) Nnat mRNA levels in the DMH and LHA of lean Ob/? mice, and
in vehicle- or leptin-treated ob/ob mice. (g,h) Nnat mRNA levels in lean and obese Zucker
rats showing reduced Nnat mRNA expression in the DMH (g) and PVN (h) of leptin
receptor–deficient and fasted animals. Data in f–h are means ± s.e.m.; asterisk indicate P <
0.05 (ANOVA followed by Fisher’s post hoc test or Student’s t-test). DMH, dorsomedial
hypothalamic nucleus; ISH, in situ hybridization; LHA, lateral hypothalamic area; PVN,
paraventricular nucleus; RFDD, restriction fragmented differential display.
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Figure 2.
Microphotographs of NNAT-immunoreactivity (left panels) and Nnat mRNA expression
(dark-field images obtained from emulsion right panels) juxtaposed to illustrate overlap
between NNAT-ir and Nnat mRNA. ARC, arcuate nucleus; DMHc, dorsomedial
hypothalamic nucleus compact part; LHA, lateral hypothalamic area; PVN, paraventricular
nucleus.
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Figure 3.
Immunohistochemical analysis of NNAT protein in the rat and human brain. (a) No staining
is seen in the PVN using preimmune serum from rabbit 333rb. (b) NNAT-ir cell bodies in
the PVN using serum from rabbit 333rb immunized against processed NNAT-α. (c) NNAT-
ir in the LHA of the human brain. (d) CART-ir in the LHA of the human brain. (e–h)
Double immunofluorescence showing colocalization (arrows) between CART-ir (e,f),
MCH-ir (g) and orexin-ir (h) neurons with NNAT (red) in the LHA of the rat. Bars = 100
μm (a,b,e,g,h) and 10 μm (c,d,f). LHA, lateral hypothalamic area; PVN, paraventricular
nucleus.
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Figure 4.
(a,b) Confocal laser microphotographs of NNAT-ir in a (a) neuron and (b) glial cell from
the rat DMH and periventricular nucleus, respectively. Staining is seen throughout the
cytoplasm in both structures. (c) Western blot. Lane 1, brain extract + 10 ng NNAT-α (37–
81); lane 2, 10 ng NNAT-β (32–54); lane 3, brain extract; lane 4, 10 ng NNAT-α (37–81).
The antibody recognizes both peptides used for the immunization experiments. In rat brain
extract, two bands appear (arrows) of ~9,000 and 6,000 kDa corresponding to unprocessed
forms of NNAT-α (1–81) (predicted mass = 9,211 kDa) and NNAT-β (1–54) (predicted
mass = 6,127 kDa), respectively. DMH, dorsomedial hypothalamic nucleus.
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Table 1

RIA analysis of NNAT protein

NNAT pmol/g free-fed
(n = 5)

NNAT pmol/g 48-h fast
(n = 5)

NNAT pmol/g cell lysate
(n = 2)

NNAT pmol/g culture
medium (n = 2–3)

PC12 undifferentiated 26.85 ± 1.95 0.0 ± 0.0

PC12 differentiated 23.20 ± 2.40 2.55 ± 2.55

HEK293 cntr 38.40 ± 10.40 0.0 ± 0.0

HEK293-α 304.5 ± 166.5 0.0 ± 0.0

HEK293-β 382.5 ± 27.5 0.0 ± 0.0

Hypothalamus 1.14 ± 0.12 0.84 ± 0.08

Pituitary gland 6.93 ± 0.61 6.75 ± 1.72

WAT 0.51 ± 0.04 0.38 ± 0.13

Pancreas 0.41 ± 0.04 0.38 ± 0.13

RIA analysis of hypothalamus, pituitary gland, WAT (epididymal), and pancreas extracts from free-fed and fasted animals. In the hypothalamus
and WAT, a near significant (P < 0.1) decrease of NNat protein was observed in fasted animals. RIA analysis of cell lysate and cell media from
PC12 cells and HEK cells transfected with either control plasmid (cntr) or a plasmid containing full-length NNAT-α complementary DNA or full-
length NNAT-β complementary DNA showed NNAT protein in cell lysates but never in the media—suggesting that NNAT proteins are not
secreted.

HEK, human embryonic kidney; RIA, radioimmunoassay; WAT, white adipose tissue.
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