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Abstract. Neuroendocrine regulatory peptides
(NERP)-1 and NERP-2 are derived from distinct
regions of VGF, a neurosecretory protein that was
originally identified as a product of a nerve growth
factor-responsive gene in rat PC12 cells. The amino
acid length of human NERP-1 is 26, and that of rat
NERP-1 is 25. Human and rat NERP-2 are both 38
amino acid peptides. NERPs colocalize with vaso-
pressin in the storage granules of the paraventricular

and supraoptic nuclei in the hypothalamus of both rats
and humans. Administration of NERPs suppresses
hypertonic saline- or angiotensin II-induced vaso-
pressin release from the hypothalamus and pituitary.
Thus, VGF is a precursor of multiple bioactive
peptides with diverse neuroendocrine functions, and
NERPs are novel hypothalamic peptides involved in
the control of body fluid homeostasis by regulating
vasopressin release.
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Introduction

The identification of new bioactive peptides is an
important step towards elucidation of novel biological
systems in the body and the development of innova-
tive drugs. A large array of peptide hormones and
neuropeptides function as cell-cell signaling mole-
cules and mediate a variety of physiological processes.
The hypothalamus, which occupies the ventral half of
the diencephalon and lies immediately above the
pituitary gland, functions as an essential interface
between endocrine, autonomic, and somatomotor
systems [1]. It regulates the cardiovascular system,
thermoregulatory responses, and the abdominal vis-
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cera, as well as defensive-aggressive behavior, feeding
behaviors, and sexual and maternal behaviors. Many
neuropeptides serve as signaling molecules in hypo-
thalamic control mechanisms linking the brain and
peripheral organs. The majority of peptide receptors
are G protein-coupled receptors (GPCRs), but the
ligands for these GPCRs have not all been identified.
An endogenous ligand screen using cell lines that
artificially express orphan GPCRs, together with
genetic engineering techniques, has expanded our
understanding of novel cell-cell signaling systems in
the hypothalamus. Some hypothalamic neuropepti-
des, such as orexins [2], ghrelin [3], and neuropeptide
W [4] have been identified as ligands for orphan
GPCRs. However, although an increasing number of
mammalian genomes have been sequenced, the dis-
covery of new bioactive peptides has not increased at
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the expected pace, mostly due to the lack of in vivo
data on bioactive peptides.

Bioactive peptides are cleaved from their precursor
proteins via limited cleavage and often must undergo
post-translational modifications to become biologi-
cally active [5, 6]. Recently, a comprehensive analysis
of all secretory peptides produced by human medul-
lary thyroid carcinoma TT cells identified 230 pep-
tides [7]. Some derive from calcitonin, a peptide
functioning in skeletal conservation and fertilization
[8-10], others from calcitonin gene-related peptide
(CGRP), a potent dilator of blood vessels [11]. Still
others derive from chromogranin, secretogranin, or
other known peptide hormone precursors [12]. Only
10% of the 230 peptides were derived from proteins
annotated as non-secretory peptides in the public
database. Nineteen peptides with C-terminal amida-
tion, the post-translational modification most fre-
quently observed in bioactive peptides [13], were
identified, with 15 corresponding to entire or partial
sequences of calcitonin and CGRP [7]. Of particular
note were two novel amidated peptides with mono-
isotopic masses of 2677.4 and 4062.2 and shorter
fragments with masses of 2521.4 and 3405.2. We
designated these neuroendocrine regulatory peptides
(NERP)-1 and -2 on the basis of their localization and
physiological roles described here. NERPs are de-
rived from distinct regions of the neurosecretory
protein VGF. In this review, we describe distribution
and biological functions of NERPs, and discuss the
role of VGF as a precursor of multiple bioactive
peptides with diverse neuroendocrine functions.

Structures of VGF and NERPs

VGF protein is a neurosecretory protein originally
identified as a product of the nerve growth factor-
responsive gene Vgf in rat pheochromocytoma PC12
cells [14, 15]. This name is based on the selection of
this clone from plate V of a nerve Growth Factor-
induced PC12 cell cDNA library [14]. The Vgf gene is
highly conserved from zebrafish to humans and
encodes a 617-amino acid protein in rats, and a 615-
amino acid protein in humans [15]. The human and
mouse Vgf genes map to chromosome 7q22 and
chromosome 5, respectively [16, 17]. Two introns
interrupt the region encoding the 5’ untranslated
sequence of Vgf, and the entire VGF protein is
encoded by exon 3 [16]. During rat development,
VGF mRNA is expressed in the neural crest cells fated
to become enteric ganglia at embryonic day (E)11.5
and in discrete regions of the brain and the primordia
of the dorsal root, cranial, and sympathetic ganglia at
E13.5 [18]. Thus, VGF expression appears to occur in
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the peripheral nervous system as maturing neurons
cluster to form ganglia. In adult rats, VGF mRNA was
detected in subsets of endocrine cells in the anterior
and posterior pituitary glands, adrenal medulla, pan-
creas, and gastrointestinal tract [19]. VGF mRNA is
also expressed in the brain, spinal cord, dorsal root
ganglia, sympathetic ganglia, and enteric nervous
system, being particularly abundant in the hypothal-
amus, especially in the preoptic, periventricular, para-
ventricular (PVN), supraoptic (SON), suprachiasmat-
ic, and arcuate nuclei [19-22].

Human NERP-1 consists of 26 amino acid residues,
while NERP-2 has 38 amino acid residues (Fig. 1A).
The primary sequences of human and rat NERP-1
differ by four amino acids, and those of human and rat
NERP-2 differ by only one amino acid. NERP-1 also
exists in a short version with a single residue N-
terminal deletion, while NERP-2 also exists in a six-
residue N-terminal deleted form. Rat NERP-1 is 25
amino acids long and lacks the arginine residue at the
N-terminus of human NERP-1. NERP-1 is derived
from amino acids 281-306 of human VGF and amino
acids 285-309 of rat VGF, while NERP-2 derives from
amino acids 310—347 of human VGF and amino acids
313-350 of rat VGF. NERPs are novel peptides with
no significant homology to any previously described
peptides.

VGF protein in humans, chimpanzees, rats, and mice
[14, 16, 17] have several paired, basic amino acid
residues that represent potential cleavage sites for
protein convertases of the kexin/subtilisin-like serine
proteinase family [23]. Indeed, human and rat NERP-
1 derive from processing of VGF at a typical dibasic
cleavage site, **AGRR{Q (human) or *?AGRR.Q
(rat) (Fig. 1B). In contrast, human and rat NERP-2 are
cleaved at a non-typical site following a single arginine
within the **GGRIG (human) or **GGR{G (rat)
sequence.

NERPs suppress vasopressin release

Radioimmunoassays (RIAs) using antibodies raised
against the C-terminal regions of rat NERP-1 or
NERP-2 combined with HPLC showed that both
peptides are highly abundant in the rat hypothalamus
[7]. The immunoreactive NERP-1 and NERP-2 con-
tents in the whole rat brain were 6.06 & 0.27 and 4.00
0.17 fmol/mg wet weight, respectively. The whole
hypothalamus contained 14.3 £+ 1.1 fmol NERP-1/mg
wet weight and 12.6 + 1.5 fmol NERP-2/mg wet
weight. Cell bodies with strong immunostaining of
NERPs were observed in the magnocellular neurons
of the SON and PVN [7], which produce the anti-
diuretic neuropeptide vasopressin and the reproduc-
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A
NERP-1

Human 281 RPESALLGGSEAGERLLQQGLAQVEA-NH: 306
Rat 285 LEGSFLGGSEAGERLLQQGLAQVEA-NH2 309

NERP-2

Human 310 <EAEATRQAAAQEERLADLASDLLLQYLLQGGARQRGLG-NH: 347
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Figure 1. (A) Sequence align-
ments of human and rat NERPs.
<E, pyroglutamate. (B) Sche-
matic diagram of peptides de-
rived from VGFE. The numbers
indicate the positions of amino
acid residues in rat VGF protein.
The closed boxes represent
NERP-1 and NERP-2.

Rat 313 <EAEATRQAAAQEERLADLASDLLLQYLLQGGARQRDLG-NH2 350

Exon 1 Exon 2 Exon 3
B e 2 ) 2 4 617
rl | | I—. VGF coding sequence 2.3kb -:l
Intron A Intron B
NERP-1 TLQP-62
VRR-JNH; 556 |-617
285-309
TLQP-21
NERP-2 556-[_]-576
GRR-JINH:
313-350 AQEE-30
588 |-617
LQEQ-19
599 ]-617

tive neuropeptide oxytocin [24]. Vasopressin is a 9-
amino acid peptide that stimulates water reabsorption
in the kidney. NERP immunoreactivity and VGF
mRNA frequently colocalized with vasopressin, but
rarely with oxytocin [7, 25]. Immunogold electron
microscopy revealed the colocalization of NERPs
with vasopressin in storage granules. In addition,
immunoreactive signals for NERPs and vasopressin
are colocalized in magnocellular neurons of the
human SON and PVN. NERP-1 and NERP-2 both
circulate in human plasma, with respective plasma
concentrations of 3.5 + 1.0 and 2.0 + 0.4 fmol/ml.
Although the vasopressin level in the plasma of
normal human subjects increased during osmotic
stimulus by salt-loading, the plasma levels of NERP-
1 and -2 did not change.

VGF mRNA levels in both the PVN and SON were
upregulated upon water deprivation in rats (PVN,
153.0 + 13.6%; SON, 161.9 + 12.4%; % of controls),
concomitant with the upregulation of vasopressin
mRNA levels. VGF mRNA levels in the PVN and
SON of salt-loaded rats also increased with vaso-
pressin mRNA level [26]. These in vivo and immuno-
cytochemical observations suggest that NERPs may
be involved in the central control of body fluid
balance. An intracerebroventricular (icv) injection
of hypertonic NaCl or angiotensin II (All) increased
plasma vasopressin levels in rats. This stimulation was
suppressed in a dose-dependent manner by icv

injection of NERP-1 before injection of vasopressin
secretagogues. Similar but weaker effects were ob-
served with NERP-2. Neither nonamidated NERP-1
(NERP-1-Gly) nor nonamidated NERP-2 (NERP-2-
Gly) suppressed vasopressin secretion. The increase in
plasma vasopressin concentrations caused by water
deprivation in rats was also suppressed by icv-admin-
istered NERP-1 or NERP-2. Furthermore, immuno-
neutralization by icv administration of anti-NERP-1
IgG or anti-NERP-2 IgG reversed plasma vasopressin
suppression induced by acute water loading, suggest-
ing that NERPs function as endogenous peptides that
regulate vasopressin secretion. Also, in vitro experi-
ments using rat hypothalamic explants demonstrated
that NERP-1 reversibly suppressed basal and All-
induced vasopressin secretion. NERP-2 had a similar
effect, but NERP-1-Gly and NERP-2-Gly were not
able to suppress vasopressin secretion. Vasopressin-
producing magnocellular neurosecretory cells send
their axons to the posterior pituitary, from which
vasopressin is secreted into the circulatory system [24,
27]. NERPs also suppressed vasopressin secretion
from the posterior pituitary in rats. Thus, NERPs may
be potent endogenous suppressors of vasopressin
secretion.

The neurons that produce vasopressin and oxytocin in
the SON and PVN have characteristic electrophysio-
logical properties and firing patterns [28]. Vasopressin
neurons increase their firing rate both after admin-
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istration of hyperosmotic saline and non-osmotic
stimuli such as hemorrhaging [29, 30]. The major
neural signals that regulate vasopressin neurons are
presynaptic release of glutamate and y-aminobutyric
acid (GABA). Whole-cell patch clamp recording of
the excitatory postsynaptic currents in the SON
suggests that AII increases presynaptic glutamate
release [31]. Hypertonic saline also stimulates vaso-
pressin release through activation of non-N-methyl-
D-aspartate (NMDA) receptor expressed on the
anteroventral third ventricular region [32]. Although
cell-surface receptors and target proteins of NERPs
have not yet been identified, the action of NERPs in
suppression of AII- and NaCl-induced vasopressin
release suggests that they presynaptically inhibit
glutamatergic inputs or enhance GABAergic inputs
to vasopressin neurons (Fig. 2). Further investigation
using whole-cell patch clamp recordings of PVN or
SON slice preparations to examine the effect of
NERPs on synaptic inputs to vasopressin neurons
should elucidate the mechanisms by which NERPs
modulate vasopressin release.

Posterior
pituitary
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Figure 2. Proposed mechanisms
by which NERPs regulate vaso-
pressin secretion. Vasopressin is
synthesized in the PVN and SON
and transported to the posterior
pituitary from where vasopressin
is secreted into the circulation.
Vasopressin secretion is regulat-
ed by excitatory glutamatergic
input and inhibitory GABAergic
input. AII acts on the AII type-1
receptor at the presynaptic ter-
minal of glutamatergic neurons
and increases spontaneous gluta-
mate release, thereby activating
the non-NMDA receptor. The
GABA-evoked GABA, recep-
tor-mediated response suppress-
es excitation of glutamatergic
neurons. NERPs localize in the
vasopressin neurons and sup-
press All-induced vasopressin
release. NERPs may suppress
presynaptic release of glutamate
or stimulate GABA release. non-
NMDA-R, non-N-methyl-D-as-
partate receptor.

asopressin

Phenotype of Vgf~ mice and the activities of other
VGF-derived peptides

Vgf™ mice showed a significant lack of body weight
gain at postnatal day 3 [16]. After weaning, the body
weight of Vgf™™ mice was 50-70% that of wild-type
littermates. Whereas Vgf~” mice showed increased
oxygen consumption compared to wild-type and Vgf "'
littermates, they had normal core body temperature
and sympathetic tone and low circulating thyroid
hormone levels [16]. Energy homeostasis is regulated
by distinct hypothalamic regions: i) the arcuate nucleus,
which contains populations of neurons expressing the
orexigenic factors neuropeptide Y (NPY) and agouti-
related protein (AgRP) [33, 34], and the anorexigenic
factors pro-opiomelanocortin (POMC) (from which a-
melanocyte stimulating hormone derives) and cocaine-
amphetamine regulated transcript [35]; ii) the lateral
hypothalamus, which contains the orexigenic peptides
orexin-A and -B [2] (also known as hypocretin-1 and -2
[36]) and melanin-concentrating hormone [37]; and iii)
the PVN, which contains the anorexigenic cortico-
tropin-releasing hormone [38]. The mRNA level of
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POMC in Vgf~ mice was downregulated, while that of
NPY and AgRP was upregulated [39]. Additional
phenotypes of Vgf”’™ mice include delay of puberty,
abnormal sexual behavior, small reproductive end
organs, and shortening of the circadian rhythm. These
reproductive abnormalities are thought to be associ-
ated with the suppression of gonadotropin-releasing
hormone release from the hypothalamus and of sex
hormones, follicle stimulating hormone, and lutenizing
hormone from the pituitary [16]. The phenotypes of
Vgf”™ mice suggest that VGF is an endogenous
modulator of neuropeptide release in the hypothala-
mus.

Several types of VGF-derived peptides have been
detected in the rat brain, bovine pituitary, and human
cerebrospinal fluid [40-48]. Immunoblotting of PC12
cells or rat brain extracts using an antibody raised
against the C-terminal region of VGF showed the
presence of peptides with molecular weights of
approximately 20 kDa (VGF20/NAPP-129), 10 kDa
(VGF10/TLQP-62), and 2 kDa (VGF2/LQEQ-19 and
AQEE-30) (Fig. 1B) [42, 44]. These VGF-derived
peptides are detected in dense core secretory granules
of neuronal and neuroendocrine cells [42, 44].

We demonstrated that NERP-2 colocalized with
orexins, but not the melanin-concentrating hormone,
in the lateral hypothalamus of rats. Icv administration
of NERP-2 induced Fos, a marker of neuronal
activation, in the orexin neurons. Icv administration
to rats of NERP-2, but not NERP-1, enhanced food
intake in an orexin-dependent manner (paper in
submission).

These peptides possess multiple biological activities,
functioning in synaptic plasticity, antidepression,
penile erection, autonomic activation, and increases
in energy expenditure [43, 44, 47, 48]. Icv adminis-
tration of TLQP-21 increased energy expenditure and
prevented diet-induced obesity in mice on a high fat
diet [46] and decreased food intake in Siberian
hamsters [49]. VGF-derived peptides are enriched in
the secretory granules which are preferentially se-
creted upon cell membrane depolarization [43]. The
storage of multiple species of VGF-derived peptides
in secretory granules and widespread expression of
VGF throughout the central and peripheral nervous
systems and endocrine tissues are similar to the
patterns seen for the chromogranin-secretogranin
family [50]. Chromogranins and secretogranins, col-
lectively known as “granins”, are a unique group of
acidic, soluble secretory proteins with molecular
weights ranging from 21 to 67.5 kDa [50]. Granin-
derived polypeptides regulate the secretion of other
peptides in autocrine, paracrine, and endocrine fash-
ions. The degree of similarity in the expression pattern
and characteristic protein sequences of VGF with
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proteins from the chromogranin-secretogranin family
suggests the potential involvement of NERPs in the
regulation of peptide release.

Concluding remarks and future perspectives

In conclusion, VGF is synthesized exclusively in
neuronal and neuroendocrine cells, and VGF-derived
peptides appear to regulate the release of peptides or
hormones via the regulated secretory pathway.
NERPs are novel bioactive peptides involved in
body fluid homeostasis that appear to modulate the
actions and secretion of other neuropeptides in an
autocrine, paracrine, or endocrine fashion. We dem-
onstrated that NERP-2, but not NERP-1, stimulated
feeding behavior in rats and mice. We also found that
NERP-producing cells are widely distributed in the
endocrine and neuroendocrine cells in systemic or-
gans. Further studies of NERPs and their receptors
will pave the way for elucidating unknown extracel-
lular signaling mechanisms as well as understanding
the roles of NERPs not only in body fluid homeostasis,
but also in the regulation of various physiological
phenomena.
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