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To find novel neuropeptide and/or peptide hormone precursors in the avian brain, we performed a cDNA
subtractive screen of the chicken hypothalamic infundibulum, which contains one of the feeding and
neuroendocrine centers. After sequencing 596 clones, we identified a novel cDNA encoding a previously
unknown protein. The deduced precursor protein consisted of 182 amino acid residues, including one
putative small secretory protein of 80 amino acid residues. This small protein was flanked at the N-ter-
minus by a signal peptide and at the C-terminus by a glycine amidation signal and a dibasic amino acid
cleavage site. Because the predicted C-terminal amino acids of the small protein were Gly-Leu-NH2, the
small protein was named neurosecretory protein GL (NPGL). Quantitative RT-PCR analysis demonstrated
specific expression of the NPGL precursor mRNA in the hypothalamic infundibulum. Furthermore, the
mRNA levels in the hypothalamic infundibulum increased during post-hatching development. In situ
hybridization analysis showed that the cells containing the NPGL precursor mRNA were localized in
the medial mammillary nucleus and infundibular nucleus within the hypothalamic infundibulum of 8-
and 15-day-old chicks. Subcutaneous infusion of NPGL in chicks increased body weight gain without
affecting food intake. To our knowledge, this is the first report to describe the identification and localiza-
tion of the NPGL precursor mRNA and the function of its translated product in animals. Our findings indi-
cate that NPGL may participate in the growth process in chicks.

� 2014 Elsevier Inc. All rights reserved.
1. Introduction

Neuropeptides and peptide hormones are bioactive peptides
produced in the central and peripheral nervous systems. They act
as neurotransmitters, neuromodulators, and/or neurosecretory
hormones [1] and contribute to various physiological processes,
such as neuroendocrine, behavioral, sensory, autonomic, emo-
tional, and higher cognitive processes [2]. The identification of no-
vel bioactive peptides can help elucidate the molecular
mechanisms that underlie brain functions. Since the mid 1990s,
DNA database queries have identified many types of orphan G pro-
tein-coupled receptors (GPCRs) that bind unknown ligands. Identi-
fying the natural ligands of orphan GPCRs is referred to as the
‘‘orphan receptor strategy’’ or ‘‘reverse pharmaceutical research’’
[3]. Examples of GPCR deorphanization include the discoveries of
orexin/hypocretin [4], ghrelin [5], and kisspeptin [6]. These bioac-
tive peptides participate in narcolepsy, metabolism, and
reproduction, respectively. However, because of the difficulty in
matching ligands and GPCRs, there have been few recent reports
describing the discovery of novel bioactive peptides, although it
is estimated that over 50 orphan GPCRs for peptidergic signaling
molecules await deorphanization [7]. During the last decade, some
bioactive peptides that act not only in peripheral tissues but also in
the brain have been identified through various approaches. These
peptides include adrenomedullin 2/intermedin [8], neuropeptide
S [9], neuromedin S [10], nesfatin-1 [11], and neuroendocrine reg-
ulatory peptide (NERP) [12]. To date, the cognate receptors for
nesfatin-1 and NERP have not yet been identified.

We recently identified and characterized novel LPXRFamide
peptides, including gonadotropin-inhibitory hormone (GnIH) [13]
and 26RFa/QRFP [14], in the avian brain. Because we are interested
in avian feeding and growth control processes, we sought to iden-
tify previously unknown neuropeptides or peptide hormones in
the chicken hypothalamus that affect feeding behavior and/or the
neuroendocrine control of growth. Food intake, energy expendi-
ture, and body weight gain are closely related to development
and growth in animals. In the mammalian brain, the arcuate
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nucleus (Arc) of the hypothalamus is one of the regulatory centers
that controls feeding and body weight. The Arc produces neuro-
peptide Y (NPY) and a-melanocyte-stimulating hormone (a-
MSH), which are potent orexigenic and anorexigenic factors,
respectively [15]. In addition, the mediobasal hypothalamic region,
including the Arc, contains many cells that produce hypothalamic
hypophysiotropic hormones; these neurosecretory hormones are
released through the median eminence (ME), located on the lower
side of the Arc, into the pituitary gland [16]. Therefore, we chose to
study the chicken hypothalamic infundibulum of the mediobasal
hypothalamic region, which includes the infundibular nucleus
(IN; corresponds to the mammalian Arc) and the ME. To find novel
neuropeptides or peptide hormones, we used a subtractive screen-
ing method and searched for novel cDNAs that encoded precursors
of bioactive peptides. Typically, the precursor protein of a secretory
peptide consists of an N-terminal signal peptide sequence, a bioac-
tive peptide sequence, and a dibasic amino acid sequence (Lys/
Arg–Lys/Arg) in the internal sequence. In addition, approximately
half of all bioactive peptides possess C-terminal amidation, which
is considered necessary for receptor binding and/or protection
against degradative enzymes [17]. For C-terminal amidation, the
Gly residue after the bioactive peptide sequence serves as the ami-
dation donor. The purpose of the present study was to discover a
cDNA that encodes a novel precursor protein with these structural
features.

In the present study, we identified a cDNA synthesized from
chicken hypothalamic infundibular mRNA that encoded a novel
small secretory protein. The brain regions expressing the small
protein precursor mRNA were investigated using quantitative RT-
PCR and in situ hybridization. We also assessed the effects of the
small protein on growth and feeding behavior in chicks.
2. Materials and methods

2.1. Animals

Male layer chicks (Gallus domesticus, 1–15 days old) were pur-
chased from a commercial company (Nihon Layer, Gifu, Japan)
and housed in a windowless room maintained at 28 �C, with con-
stant lighting. The chicks were provided food and tap water ad libi-
tum. The experimental protocols were in accordance with the
Guide for the Care and Use of Laboratory Animals prepared by
Hiroshima University (Higashi-Hiroshima, Japan).
2.2. RNA and cDNA preparation

Chicks were sacrificed by decapitation. The telencephalon, dien-
cephalon, mesencephalon, cerebellum, and hypothalamic infun-
dibulum were dissected and snap-frozen in liquid nitrogen for
further RNA processing. RNA from chicken brain tissues was ex-
tracted using TRIzol reagent or an RNAqueous-Micro kit (Life Tech-
nologies, Carlsbad, CA, USA) in accordance with the manufacturer’s
instructions.

First-strand cDNA synthesis was performed with RNA isolated
from each brain region. We used a PCR-Select cDNA Subtraction
kit (Clontech Laboratories, Mountain View, CA, USA) for cDNA syn-
thesis in accordance with the manufacturer’s instructions.
2.3. Subtractive cDNA screening

The method used was similar to that described in a previous re-
port [18]. We used PCR-Select cDNA Subtraction and PCR-Select
Differential Screening kits (Clontech Laboratories) for subtractive
screening in accordance with the manufacturer’s instructions.
The subtracted DNA inserts of 596 clones were amplified by PCR
using universal M13 primers. Nucleotide sequences were deter-
mined using an ABI PRISM BigDye Terminator Ready Reaction Cy-
cle Sequencing kit (Applied Biosystems, Foster City, CA, USA), an
ABI PRISM 310 Genetic Analyzer (Applied Biosystems), and DNASIS
Pro software (Hitachi Software Engineering, Kanagawa, Japan). The
nucleotide sequences were further analyzed with a chicken nucle-
otide BLAST search, and previously characterized genes were
omitted.

2.4. Real-time PCR

The differential expression of the unknown nucleotide se-
quences was assessed in a second screen by real-time PCR analysis
of cDNA from different brain regions (telencephalon, diencephalon,
mesencephalon, cerebellum, and hypothalamic infundibulum). A
ReverTra Ace kit (Toyobo, Osaka, Japan) was used for real-time
PCR analyses. One unknown gene was specifically amplified in
the hypothalamic infundibulum. The open reading frame of the un-
known gene was sequenced using the 30-rapid amplification of
cDNA ends (RACE) method with a 30-Full RACE Core Set kit (TaKaRa
Bio, Shiga, Japan) as described previously [19].

Subsequently, the expression of the unknown gene was exam-
ined in different regions of the brain in 1-day-old chicks (n = 5)
and during development in the hypothalamic infundibulum in 1-,
8-, and 15-day-old chicks (n = 5) by amplifying cDNA. The follow-
ing primers were used: sense primer, 50-CTAGGAAAAAGA-
CAGCTTGC-30 and antisense primer, 50-
CTTTCTTCGTCAGAACTGGT-30. PCR amplifications were carried
out with the THUNDERBIRD SYBR qPCR Mix (Toyobo) using the fol-
lowing program: 95 �C for 20 s, followed by 40 cycles of 95 �C for
3 s and 60 �C for 30 s. The PCR products in each cycle were moni-
tored using a StepOne Real-Time Thermal Cycler (Applied Biosys-
tems). mRNA levels in the brain were quantified relative to the
level of b-actin (ACTB) mRNA, which was used as an internal
control.

2.5. In situ hybridization

To study the localization of cells that contained mRNA encoding
the small protein precursor, 1-, 8-, and 15-day-old chicks (n = 5)
were sacrificed, and their brains were fixed in 4% paraformalde-
hyde solution overnight at 4 �C. After fixation, the brains were
placed in a refrigerated sucrose solution (30% sucrose in 10 mM
phosphate-buffer, pH 7.4) until they sank. The tissues were embed-
ded in Tissue-Tek OCT Compound (Sakura Finetek, Tokyo, Japan)
and sectioned coronally at a thickness of 14 lm with a cryostat
at �20 �C. The sections were then mounted on slides.

The procedure for in situ hybridization was similar to that de-
scribed previously [19]. Digoxigenin (DIG)-labeled antisense and
sense RNA probes were produced from a section of the small pro-
tein precursor cDNA sequence using a DIG RNA Labeling kit with
SP6 and T7 polymerases (Roche Diagnostics, Basel, Switzerland).
The DIG-labeled sense RNA probe, which was complementary to
the antisense probe sequence, was used as a control to verify
specificity.

2.6. Production of the small protein

The 80-amino acid small protein was synthesized with Fmoc
chemistry using a peptide synthesizer (Syro Wave; Biotage, Upp-
sala, Sweden). After synthesis, the small protein was cleaved from
the resin with reagent K (82.5% trifluoroacetic acid, 5% phenol, 5%
thioanisole, 5% H2O, and 2.5% 1,2-ethanedithiol) for 3 h. The small
protein was then purified by reverse-phase high-performance li-
quid chromatography (HPLC) using a C18 column (YMC-Pack Pro
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C18, 10 � 150 mm; YMC, Kyoto, Japan) at a flow rate of 1.0 mL/min
for 40 min with a linear gradient of 40–60% acetonitrile containing
0.1% trifluoroacetic acid. The solvent was evaporated and lyophi-
lized. Intramolecular disulfide bond formation was induced by
incubation in oxidizing solution (0.5 mM glutathione disulfide,
5 mM glutathione, 50% acetonitrile, 1 mM EDTA, 10% DMSO,
0.4 M Tris–HCl, pH 8.5) for 2 days. The mature small protein was
further purified by HPLC and then lyophilized.

2.7. Subcutaneous infusion of the small protein

Chicks were placed in individual cages before the experiments.
They were weighed and divided into experimental treatment
groups as uniformly as possible. Eight-day-old chicks (n = 8) were
infused subcutaneously with the small protein (6 nmol/day) dis-
solved in 30% propylene glycol or with vehicle using an Alzet
mini-osmotic pump (model 2001; delivery rate 1.0 lL/h; DURECT
Corporation, Cupertino, CA, USA) as previously described [20].
The body weight and food weight in the feeder were measured be-
tween 9:00 and 10:00 every day.

2.8. Statistical analysis

Data were analyzed with Student’s t-test or one-way analysis of
variance (ANOVA) followed by the Tukey–Kramer test as a post hoc
test. The significance level was set at P < 0.05. All results are ex-
pressed as the mean ± SEM.

3. Results

3.1. Identification of cDNA encoding a novel protein

Differential screening after subtractive hybridization combined
with suppression PCR yielded 596 cDNA clones that were highly
expressed in the hypothalamic infundibulum. The nucleotide se-
quences were determined by DNA sequencing. Subsequently, 20
unknown nucleotide sequences were further analyzed in a second
screen using real-time PCR. Finally, one cDNA highly expressed in
the hypothalamic infundibulum was selected for further study.
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Fig. 1. Nucleotide sequence and deduced amino acid sequence of the neurosecretory pr
line. The sequence of the predicted 80-amino acid residue mature small protein is pres
dibasic processing site are underlined. Two Cys (C) residues are boxed. The asterisk ind
The nucleotide sequence of the open reading frame was read by
the RACE method. The open reading frame was 549 bp, and the de-
duced protein consisted of 182 amino acid residues (Fig. 1). The
nucleotide sequence has been deposited in the DDBJ/EMBL/Gen-
Bank databases (accession no. AB909129).

Analysis of the N-terminal sequence of the deduced protein
with the SignalP program (www.cbs.dtu.dk/services/SignalP/) re-
vealed the presence of a typical 32-amino acid signal peptide
(Fig. 1). The predicted 80-amino acid residue small protein is
flanked at the C-terminus by a dibasic Lys–Arg motif, which consti-
tutes a potential proteolytic processing site (Fig. 1). The precursor
protein also possesses a Gly residue at its C-terminal end that con-
tributes to amidation (Fig. 1). Because the predicted C-terminal
amino acid sequence of the small protein is Gly-Leu-NH2, the small
protein was named neurosecretory protein GL (NPGL). NPGL con-
tains two Cys residues, suggesting intramolecular disulfide bond
formation (Fig. 1).

Subsequently, we performed a TBLASTN search on the genome
database (Ensembl Genome Browser; www.ensembl.org) using
the amino acid sequence of the NPGL precursor. We identified
orthologous genes in human and rat and paralogous genes in
chicken, human, and rat. The alignment of the precursor protein
sequences deduced from the orthologous and paralogous genes
in chicken, human, and rat is shown in the Supplementary data.
Each of the precursor proteins consists of a signal peptide sequence
at the N-terminus, a mature small protein sequence, a Gly amida-
tion donor and a dibasic cleavage site (Lys/Arg–Arg) at the C-termi-
nus of the small protein, and an extended C-terminal sequence. In
addition, two Cys residues were conserved. The alignment revealed
high sequence homology between the predicted mature small pro-
teins. Because the C-terminal amino acid sequence of the mature
small proteins derived from the paralogous genes is Gly-Met-NH2

rather than Gly-Leu-NH2, we named the paralogous small protein
neurosecretory protein GM (NPGM).

3.2. Expression of the NPGL precursor mRNA

The NPGL precursor mRNA levels within different regions of the
brain, such as the telencephalon, diencephalon, mesencephalon,
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cerebellum, and hypothalamic infundibulum, were examined in 1-
day-old chicks by real-time PCR. The NPGL precursor mRNA was
exclusively expressed in the hypothalamic infundibulum; its
expression in other regions of the brain was near background lev-
els (Fig. 2A).

Furthermore, we measured the NPGL precursor mRNA levels in
the hypothalamic infundibulum during post-hatching develop-
ment in 1-, 8-, and 15-day-old chicks. Expression in 8- and 15-
day-old chicks was higher than that in 1-day-old chicks (Fig. 2B).
The expression in 8- and 15-day-old chicks did not differ
significantly.

The localization of cells containing the NPGL precursor mRNA
was further analyzed by in situ hybridization (Fig. 3). Cells express-
ing the NPGL precursor mRNA were distributed in the medial
mammillary nucleus (MM) of the hypothalamic infundibulum in
1-day-old chicks (Fig. 3C), but not in the IN (Fig. 3D). On the other
hand, in 8- and 15-day-old chicks, cells expressing the NPGL pre-
cursor mRNA were localized in the MM and IN of the hypothalamic
infundibulum (Fig. 3E and F). Positive signals were observed with
the antisense probe, but not with the sense probe (data not
shown).

3.3. Effect of subcutaneous small protein infusion

To elucidate the biological actions of NPGL in chicks, we tested
the effects of NPGL infusion on feeding behavior and body weight
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Fig. 2. Real-time PCR analyses of the NPGL precursor mRNA concentrations in
different brain regions (A) and in the hypothalamic infundibulum during develop-
ment in 1-, 8-, and 15-day-old chicks (B). The NPGL precursor mRNA levels were
quantified relative to the level of b-actin (ACTB) mRNA. Each value represents the
mean ± SEM (n = 5). Asterisks indicate statistically significant differences (⁄⁄P < 0.01,
⁄⁄⁄P < 0.001).

Fig. 3. Schematic representation and photomicrographs illustrating the distribution
of cells expressing the NPGL precursor mRNA in the hypothalamic infundibulum.
The location of the hypothalamic infundibulum is shown in the coronal brain
illustration (A). Cells expressing the NPGL precursor mRNA in the medial
mammillary nucleus (MM) and infundibular nucleus (IN) within the hypothalamic
infundibulum are represented by dots in the illustration (B). Photomicrographs of
cells expressing the NPGL precursor mRNA in the MM (C and E) and IN (D and F)
were obtained after performing in situ hybridization with coronal brain sections
from 1- (C and D) and 15-day-old (E and F) chicks. The arrowheads indicate positive
cells. Scale bars = 50 lm.
gain. NPGL infusion significantly increased body weight gain in
chicks until 3 days after surgery (Fig. 4A). On the other hand, NPGL
did not affect food intake at any of the time points examined,
although there was a trend toward increased food intake (1 day
after surgery: P = 0.077; 3 days after surgery: P = 0.057) (Fig. 4B).
4. Discussion

In the present study, we identified a cDNA encoding a novel 80-
amio acid residue protein in the hypothalamic infundibulum. This
small neurosecretory protein, which does not belong in any of the
known protein families in animals, was designated NPGL after the
last two C-terminal amino acids. The precursor protein contains an
N-terminal signal peptide and the NPGL protein followed by a Gly
amidation signal and a dibasic amino acid cleavage site, as well as
the precursors of other bioactive peptides [4–6,8–14]. This struc-
ture suggests that NPGL is a secretory signaling molecule. After a
database search, we identified two paralogous genes encoding
NPGL and NPGM in birds and mammals (Supplementary data).
The amino acid sequences of the predicted mature NPGL and
NPGM molecules are highly conserved, whereas the sequences
after the dibasic cleavage site are very different. Furthermore,
NPGL possesses two Cys residues, which likely form an intramolec-
ular disulfide bond. The positions of the Cys residues are the same
in NPGL and NPGM. Therefore, these two genes may have derived
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from a common ancestral gene. Future studies will investigate the
biological actions of NPGL and NPGM in various animals.

The NPGL precursor mRNA was exclusively expressed in the
hypothalamic infundibulum. The expression level was low just
after hatching and increased until the chicks were 8 days old. These
data are consistent with the morphological observations from
in situ hybridization studies. Some cells expressing the NPGL pre-
cursor mRNA were scattered in the MM within the hypothalamic
infundibulum in 1-day-old chicks. On the other hand, in 8- and
15-day-old chicks, intense signals were detected in both the MM
and IN. These results suggest that NPGL is necessary for post-
hatching development and growth. Although the functional signif-
icance of the MM in the avian brain is not well understood, the
function of the avian IN appears to be identical to that of the mam-
malian Arc, a brain center that controls feeding and body weight
[21]. We speculated that NPGL participates in feeding behavior.
Therefore, NPGL was administered to chicks by acute intracerebro-
ventricular injection. However, we did not observe a significant ef-
fect on food intake (data not shown). Given that the avian
hypothalamic infundibulum in the mediobasal hypothalamic re-
gion appears to contain many hypothalamic hypophysiotropic hor-
mones [22], it is possible that NPGL is released into the pituitary
gland via the ME to act as a hypothalamic hypophysiotropic hor-
mone. Therefore, we investigated the effect of subcutaneous
chronic infusion of NPGL on development and growth. NPGL in-
creased body weight gain when compared with vehicle. However,
NPGL did not significantly affect daily food intake. Taken together,
these findings suggest that NPGL acts on the pituitary gland, partic-
ularly on somatotropic cells, through the blood, promotes the re-
lease of growth hormone, and accelerates somatic growth in
chicks. In future studies, we will investigate the effect of NPGL
on growth hormone release in vitro and in vivo. In addition, the ef-
fects of NPGL on energy expenditure and the weight of visceral tis-
sues, including fat and muscle, remain to be investigated.

The effect of NPGL on body weight gain lasted for 3 days after
the beginning of infusion. The effect disappeared 4 days after infu-
sion, when body weight gain was similar to that in vehicle-treated
chicks. The transient effect of NPGL may be attributable to the
gradual denaturation of NPGL in the osmotic minipump. In the
present study, we used disulfide-bonded NPGL because the re-
duced form of NPGL became insoluble. Thus, disulfide bonding
may be necessary for the solubility, stability, and activity of NPGL.
Future studies should focus on phenotypic analysis of NPGL over-
expression and/or knockdown in chicks to determine the exact
physiological functions of NPGL.

In summary, we identified a novel secretory molecule, NPGL, in
the chicken hypothalamus that may have a physiological role in
growth regulation. Identification of the cognate receptor for NPGL
will help elucidate the mechanisms of NPGL activity in the chicken
brain. The receptor for NPGL may be present in the orphan GPCR
libraries [7]. We are searching for the cognate NPGL receptor.
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