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Cell Panning (2-3 rounds)
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Abstract

Expressions of the growth hormone secretagogue receptor (GHS-R) mRNA and its protein were confirmed in rat fetal spinal cord
tissues by RT-PCR and immunohistochemistry. In vitro, over 3 nM ghrelin and des-acyl ghrelin induced significant proliferation of pri-
mary cultured cells from the fetal spinal cord. The proliferating cells were then double-stained using antibodies against the neuronal pre-
cursor marker, nestin, and the cell proliferation marker, 5-bromo-2’-deoxyuridine (BrdU)}, and the nestin-positive cells were also found to
be co-stained with antibody against GHS-R. Furthermore, binding studies using [***I}des-acyl ghrelin indicated the presence of a specific
binding site for des-acyl ghrelin, and confirmed that the binding was displaced with unlabeled des-acyl ghrelin or ghrelin. These results
indicate that ghrelin and des-acyl ghrelin induce proliferation of neuronal precursor cells that is both dependent and independent of

GHS-R, suggesting that both ghrelin and des-acy! ghrelin are involved in neurogenesis of the fetal spinal cord.

© 2006 Elsevier Inc. All rights reserved.

Keyvwords: Ghrelin: Des-acyl ghrelin: GHS-R; Neurogenesis: Spinal cord; Fetal development

Ghrelin, a peptide hormone secreted from the stomach,
has been identified as the endogenous ligand for the growth
hormone secretagogue receptor (GHS-R), through which
ghrelin stimulates GH release in the pituitary [1]. Two
types of GHS-R, typela and 1b (GHS-Rla and 1b, respec-
tively), have so far been found, and only the former is able
to activate signal transduction of the receptor downstream
linking to phospholipase C, resulting in an increase of
intracellular calcium [2]. Ghrelin consists of 28 amino acids
and is characterized by esterified modification with octano-
ic acid on serine 3, which is essential for activation of
GHSR-1a, although the modification mechanism remains
unknown. On the other hand, the level of des-acyl ghrelin,

* Corresponding author. Fax: +81 985 58 7265.
E-mail address: a0d201u@cc.miyazaki-u.ac.jp (M. Miyazato).

0006-291X/S - see front matter © 2006 Elsevier Inc. All rights reserved.
d01:10.1016/1.bbrc.2006.09.088

which is inactive on GHS-R1a because of a lack of octanoic
acid, is 4 times as high as that of ghrelin in the blood [3]
Many studies have reported that ghrelin has multiple
effects other than GH secretion, including regulation of
food intake [4] and energy metabolism [5], and gastrointes-
tinal coordination [6,7], as well as facilitation of cell surviv-
al, and/or inhibition of apoptosis [8-15]. Although these
multiple functions of ghrelin would account for the very
wide distribution of GHS-R1a, it is debatable whether
GHS-Rla contributes to all of the actions of ghrelin, i.e.
that ghrelin may act as a ligand for other types of receptors
[16]. So far, however, this possibility remains uninvestigat-
ed. and no such alternative receptor has been identified.
We have previously demonstrated that rat fetal growth
was increased by treatment of the mother with exogenous
ghrelin, and that the effect of ghrelin on fetal growth is
diminished by immunization against ghrelin in civo [17].
In addition, we have found that amniotic fluid contains a
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large quantity of des-acyl ghrelin, and that proliferation of
cells from rat fetal skin is also stimulated by treatment with
both ghrelin and des-acyl ghrelin in vitro. On the basis of
these findings, we speculate that both ghrelin and des-acyl
ghrelin play a crucial role in fetal growth, both peptides
acting to facilitate fetal growth not only by enhancement
of maternal appetite but also via direct stimulation of fetal
cell proliferation by transfer of maternal ghrelin to the
fetus.

In the present study, we demonstrated that both ghrelin
and des-acyl ghrelin facilitate neural cell proliferation in cul-
tured cells from the fetal spinal cord, which express both the
GHS-R gene and its protein, and identified these proliferat-
ing cells as neuronal precursor cells. Furthermore, in bind-
ing studies using ['*’I}des-acyl ghrelin, we clarified that
des-acyl ghrelin has at least one binding site in the mem-
brane fraction from fetal spinal cord. These results suggest
that ghrelin and des-acyl ghrelin can facilitate neurogenesis
in the rat fetal spinal cord through both the GHS-R and also
an unidentified GHS-R-independent alternative pathway.

Materials and methods

Primary culture of embryonic spinal cord cells. Embryonic spinal cords
were obtained from a pregnant rat at day 17. The uterus usually contained
10-14 embryos. 10 of which were utilized for primary culture. The whole
spinal cords were mechanically and enzymatically dissociated in papain
solution, and the digestion was stopped by addition of culture medium.
Cells were passed though a strainer, then centrifuged at 1000 rpm at 4 °C
for 10 min and resuspended in DMEM supplemented with NaHCO;.
antibiotics (penicillin, streptomycin: Sigma, MO), and 5% fetal calf serum.
followed by plating onto laminin-coated 96-well plates at 10° cells per well.

Ghrelin and des-acyl ghrelin treatment and cell proliferation assay. Cell
proliferation was measured by Cell Proliferation ELISA with BrdU
{Roche Diagnostic GmbH. Mannheim. Germany) according to the man-
ufacturer’s instructions with some optimization for the present cell con-
ditions as follows. Briefly. after incubation for four days. the cells were
treated with ghrelin or des-acyl ghrelin at a final concentration of
0.003-300 nM tor 12 h. Subsequently. BrdU was added to the cells to label
newly synthesized DNA. followed by further incubation for 6 h. After
incubation. the cells were fixed and denatured. and incubated with anti-
BrdU antibody for 90 min. Each well was washed out and reacted with
substrate solution until color development. The absorbance of the reaction
was measured by an immunoreader. Data were expressed as
means + SEM. The significance ol diiferences between the control and
treated cells was analyzed by Student’s ¢ test. Differences at £ < 0.05 were
considered statistically significant.

Imnumohistochemistry. Frozen sections of the embryonic spinal cord
14 pm thick were prepared from embryos at embryonic day (ED) 17 and
fixed with 4% paratormaldehyde in 0.1 M phosphate bufter for 30 min.
After washing with 0.1 M phosphate buffer. the preparations were incu-
bated with 2% normal goat serum in PBS for 30 min at room temperature.
washed with PBS three times. and incubated overnight at 4 °C with each of
the following primary antibodies: Polyclonal rabbit anti-microtuble-
associated protein 2 {Map2: 1:1000. Chemicon International. Inc.. CA).
anti-neurofilament H (NF-H: 1:1000, Chemicon International). and anti-
GHS-R and monoclonal mouse anti-nestin (1:10.000. Chemicon Interna-
tional). Subsequently. all the sections were washed in PBS and incubated
with Alexa Fluor 488-conjugated goat anti-rabbit 1gG, except the sections
that were incubated with the anti-nestin antibody, for which FITC-con-
jugated goat anti-mouse IgG (1:200. Chemicon International) was used as
the secondary antibody. After washing out the residual antibodies and
embedding of the sections. they were observed using a light microscope.

Cultured spinal cord cells. which had incorporated BrdU after incu-
bation for 4 days during the ELISA preparation procedure, were fixed
with methanol and glacial acetic acid at —20 °C tor 20 min. After DNA
denaturation with 2 M HCI and blocking with 2% normal goat serum in
PBS for 30 min at room temperature, the fixed cells were incubated
overnight at 4 °C with either anti-Map2 or anti-nestin as the primary
antibody. Afterwards, the cells were incubated at RT for 1 h with the same
secondary antibodies as those used for staining the frozen sections. After
the washing step. the cells were further incubated with rat anti-BrdU
monoclonal antibody (1:1000. Abcam. Cambridge. UK) as a primary
antibody for double staining, followed by incubation with Cy™3conju-
gated donkey anti-rat IgG polyclonal antibody (1:1000. Jackson Immuno
Rescarch Laboratories. Inc.. PA) as the secondary antibody. For double
staining of the GHS-R for either Map2 or nestin. cells fixed with 4%
paratormaldehyde in 0.1 M phosphate buffer were first incubated with
either mouse anti-Map2 or anti-nestin primary antibody. and then with
rabbit anti-GHS-R antibody.

RT-PCR Total RNA was isolated from the spinal cord of embryos at
ED 13. 15. 17, 19. and postnatal day (PD) 0 using Trizol Reagent (Life
Technologies, Inc.. Gaithersburg, MD). Single-strand DNA was generated
from 1 pg of total RNA with the use of Superscript 3 preamplification
reagent (Life Technologies, Inc.. Bethesda, MD) according to the manu-
facturer’s instructions. PCR was carried out using a BD advantage™ 2
PCR Enzyme System (BD Science. CA). The PCR primers specific for
GHS-Rla were 5-GATACCTCTTTTCCAAGTCCTTCGAGCC-3 for
sense and 5-TTGAACACTGCCACCCGGTACTTCT-¥ for antisense
{nucleotides 842-869 and 1001-1025: Accession No. AB001982.
GenBank). and those specific for GAPDH were 3-CGGCAAGTTCA
ACGGCACA-3Y for sense and 5-AGACGCCAGTAGACTCCACGA
CA-¥ for antisense {nucleotides 1002-1020 and 1125-1147; Accession No.
AF106860. GenBank).

Des-acyl ghrelin binding assay. Binding of des-acyl ghrelin to tissue
membranes of fetal spinal cord was studied using [* *I}des-acyl ghrelin as a
radioligand. Membrane fractions (30.000g pellet) were isolated from fetal
spinal cord tissue as described prcviousiy [18-20]). Membranes with a
protein content of 10pg. as determined by the Lowry method. were
incubated at 4 °C for 1 h with increasing concentrations (0.13-16.64 nM)
of ['**Ides-acyl ghrelin in a final volume of 0.5 ml assay buffer (50 mM
Tris-HCL. 2.5mM EGTA, 0.1% BSA, and protease inhibitor cocktail
(Sigma. MO), pH 7.4). Parallel incubations in the presence of 1.0 pM
unlabeted des-acyl ghrelin were used to determine nonspecific binding.
which was subtracted from total binding to yield specific binding values.
For competition assay, tissue membranes were incubated with 0.1 nM
labeled des-acyl ghrelin and either unlabeled des-acyl ghrelin or ghrelin at
4°C for 1 h. After incubation. the reaction solution was filtered through
Whatman GF/B filters. which were then rinsed three times with assay
buffer. The radioactivity of the membranes on the filter was measured with
a gamma counter. Saturation isotherms were transformed using the
method of Scatchard and the maximal number of binding sites ( By,,) and
the dissociation constant ( Ky) were caleulated using the GraphPAD Prism
4 program (GraphPAD Software. CA).

Results
GHS-R mRN A4 and protein expression in fetal spinal cord

Using RT-PCR, we examined GHS-R mRNA expres-
sion in spinal cords obtained from rat fetuses at ED 13.
15. 17. 19, and PD 0 (Fig. la). Abundant levels of GHS-
R mRNA were expressed in the spinal cord in fetuses at
all ages examined, as we have reported previously [17].
We then investigated GHS-R expression at the protein
level by immunohistochemistry. At the same time, we
detected neuronal cells by using antibodies against the neu-
ron-specific markers Map2 and NF-H. as well as nestin for



HEK W Saro et

a m To] M~ (=)} o
[m] (] £ 0 ]
w L (1] w o

b ¢ d

al [ Biochemical and Biophysical Research

‘onuMunicarions 3300 2000« 98603

-.

Fie. 1 ta) Detection of GHS-R mRNA in the rat fetal spinal cord by RT-PCR. The PCR product ampliticd
detected trom embry onic day (ED) 13 o postnatal day (PD) 0. GAPDH mRNA was also detected as an internal control (b1 Inmsun

with primers speaiic for GHS-R Lu was

Wuorescenice

staming with antibodies against nearon marker and GHS-R proteins in the rat tetal spinal cord. Map2-positive (b) and Neuroflument H-positive cells (i
were localized in the gray and white matters. respectively. Immunoreactivity of the neuronal precursor cell marker. nestin, was tound throaghout the spinal

cord but with strongest staining in the white matter (d) GHS-R immunoreactivity was localized in the gray matter (e) and was not ebserved in sections that

huad been exposed to the preadsorbing antibody (f). Bars. 200 pum.

neuroprogenitor cells. Cells immunoreactive for Map2
were located n the core of the spinal cord. the so-called
aray maltter (Fig. Ib). while NF-H immunoreactivity was
confirmed in the white matter (Fig. Ic). Nestin-positive
cells were located 1n all regions. but the most intense stain-
ing wus observed in the white matter (Fig. 1d). GHS-R-
positive stamning was located in the gray matter of the
spinal cord (Fig. le). and the staining was abolished by
pre-absorption of the antibody (Fig. 11).

Proliteracion of spinad cord cells upon treatment with ehrelin

el des-aevt ahnrelin

Primary culture of spinal cord cells from rat fetus at
EDI7 was performed. The cells were cultured with BrdU
for 6 b alter initial incubation for 4 days. and then treated
vith ghrelin and des-ucyl ghrelin for a further 12 h. BrdU is
mcorporated into DNA when cells synthesize DNA during
the S phase of the cell ¢ycle and can be immunodetected
using anti-BrdLl antibody. BrdU-positive cells were detected
under all condittons. irrespective of treatment. although
BrdU positivity was more abundant in cells that had been
cultured wi
treated cells

tnd des-acyl ghrelin than i non-

incredse in the number ol cells

positive for BrdU. we measured cell prolileration by BrdU
ELISA. Treatinenl with both ghrelin (Fig. 2a) and des-acyl
ghrelin (Fig. 2by at over 3 aM significantly increased the
incorporiation of BrdU,

[dentification of the proliferative cell tvpe and cell 1y
expressing GITS-R

Immunofluorescence  double  staming ol cultured
cells treated with ghrelin that had incorporated BrdU
into their DNA was performed to dentify
cells among cultured rat fetal spinal cord cells

proliferating
Cells
with Map2 positivity showed a tvpieal neuron-like shape
with extended dendrites and did not show Brd U positivits
in their nuclei tFig. 3a). Cells with
were pleomorphic and showed BrdU positivity o theu
nuclet. Le.. neuronal precursor cells (Fig. 3b1. In addition
BrdU  positivity was also found in cells that were
unstained by antibodies against both Map2 and nestin
(data not showny. GHS-R-expressing cells w
ined by immunotluorescence double stainmg. as was the
GHS-R

. -1
i - i ! F »
SUD-postive cells

nestin

PDOSIVILEY

case tor cultured cells without Br
immunoreactivity was ohserved in

Lo
(Fig 2
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Binding assay

To identify the presence of the binding site of des-acyl
ghrelin, ['*°I}des-acyl ghrelin binding to membranes from
fetal spinal cord was assayed. Specific, high aftinity and sat-
urable binding of labeled ghrelin were observed
(K4 = 3.467, Bya = 1.061 fmol/mg protein) (Fig. 4a). The
binding of labeled des-acyl ghrelin was displaced by unla-
beled des-acyl ghrelin and ghrelin (Fig. 4b). The ICs, val-
ues for des-acyl ghrelin and ghrelin were 23.52 and
41.60 nM. respectively.

Discussion

Our previous study showed that ghrelin. as well as des-
acyl ghrelin, play important roles in fetal growth, and that
GHS-R mRNA is abundantly expressed in the spinal cord
of rat fetus compared with other tissues [17]. Therefore. we
reasoned that these ligands and their receptor might exert
important actions during neurogenesis of the embryonic
spinal cord. In the present study, in fact. ghrelin and
des-acyl ghrelin both facilitated the proliferation of cells
from fetal spinal cord. In addition. GHS-R mRNA and
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Fig. 4. (a) Representative saturation curve and the Scatchard plot of
['**I}des-acyl ghrelin binding to membranes from the fetal spinal cord.
Binding assay was performed by incubating a fixed amount of membranes
with increasing concentrations (0.13-16.64 nM) of the radioligand. Spe-
cific binding values were obtained by subtracting non-specific binding
from total binding. (b) Displacement curve of ['**Ildes-acvl ghrelin
binding in the presence of unlabeled des-acyl ghrelin or ghrelin. Binding
assay was performed by incubation of fixed amounts of membranes and
labeled ligand with increasing concentrations of either of the unlabeled
ligands.

GHS-R protein were detected in spinal cord tissue, and
neuronal precursor cells in primary culture possessed
GHS-R immunoreactivity, indicating that ghrelin stimu-
lated the proliferation of neuronal precursor cells through
GHS-R. Although the receptor recognizing des-acyl ghre-
lin has not yet been characterized, the present binding
study indicated that there was at least one binding site spe-
cific for des-acyl ghrelin in membranes from fetal spinal
cord tissue. Several recent studies have reported that not
only ghrelin but also des-acyl ghrelin exert a biological
effect even in tissues or cells that do not express GHS-R,
suggesting that these reactions would not require octanoic
acid modification and could be achieved without GHS-R
[11.17,21,22]. Interestingly. many of the effects induced by
both peptides at the cellular level are associated with
cell fate, such as cell sarvival and/or apoptosis as well as
cell proliferation, although activation or inhibition of the
cell survival and proliferation pathways appear to be inde-
pendent of cell type [11]. Thus, it is assumed that the effect
of ghrelin and des-acyl ghrelin on spinal cord cells observed
in the present study could be induced through both the
GHS-R and another unknown pathway.

Recently, Zhang et al. demonstrated that ghrelin acted
directly on dorsal motor nucleus of the vagus neurons to
stimulate neurogenesis, and concluded that neuronal pro-
liferation would result from an increase of calcium concen-
tration associated with cellular depolarization through
activation of GHSR-la by ghrelin [15]. In the present
study, however, diltiazem, a blocker of L-type voltage-de-
pendent calcium channels, did not inhibit proliferation of
spinal cord neuronal cells, inconsistent with dorsal motor
nucleus of the vagus neurons, suggesting that the prolifer-
ation effect was likely mediated via a pathway other than
the calcium increase caused by depolarization of L-type
calcium channels (data not shown). Some studies of the
molecular mechanism involved in the induction of cell pro-
liferation and adhesion by ghrelin have suggested cascades
of intracellular events, such as the MAPK and/or P13 K/
Akt pathways. In hepatoma cells expressing GHS-R, ghre-
lin has been shown to activate the IRS-1-GRB2-MAPK
pathway, downstream from the insulin receptor, but to
inhibit Akt activity [23]. Also in cardiomyocytes and endo-
thelial cells, ghrelin induces phosphorylation of tyrosine,
and both ghrelin and des-acyl ghrelin activate the MAPK .
and Akt pathways [9]. In addition, activation of the MAPK
pathway by ghrelin has also been reported in a rat pituitary
somatotroph cell line [13] and human adrenal zona glome-
rulosa cells [12]. Nanzer has explained the possible path-
ways leading to MAPK activation. resulting from
stimulation of phospholipase C and PKC, or transactiva-
tion of tyrosine kinase receptors via the beta and gamma
subunits of the G protein. Similarly. it is assumed that
the cell proliferation effect of ghrelin and des-acyl ghrelin
in the rat fetal spinal cord might involve activation of
MAPK and/or PI3K/AKt.

In this study. not only neuronal precursor cells but also
neurons seemed to possess GHS-R protein, because the
localization of Map-2-positive cells was consistent ‘with
that of GHS-R-positive cells in sections of spinal cord tis-
sue. These results suggested that ghrelin would play an
unidentified role via GHS-R in neurons of the rat fetus,
for instance during formation of the neuronal network.
Although there is no evidence of any abnormality in
GHS-R-knockout mouse fetus [24], this function as well
as the cell proliferative effect may be concealed by compen-
sating actions of growth factors such as nerve growth
factor.

In summary, we have demonstrated that both the GHS-
R gene and protein are expressed in the rat fetal spinal cord
from ED 13 to PD 0. In primary cultures of fetal spinal
cord cells, ghrelin and des-acyl ghrelin induced cell prolif-
eration effects, whereby neuronal precursor cells possessing
GHS-R protein were increased. Moreover. a binding study
using labeled des-acyl ghrelin showed that specific binding
to des-acyl ghrelin could be displaced by unlabeled ghrelin
and des-acyl ghrelin in membranes from fetal spinal cord.
Taken together, our findings suggest that in the rat fetal
spinal cord. ghrelin and des-acyl ghrelin are involved in
neurogenesis via both GHS-R and an unidentified receptor
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for des-acyl ghrelin. Further examinations to identify this
unknown receptor for des-acyl ghrelin are warranted.
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Summary

Ghrelin, a gastrointestinal peptide, stimulates feeding when administered peripherally. Blockade of the vagal afferent path-
way abolishes ghrelin-induced feeding, indicating that the vagal afferent pathway may be a route conveying orexigenic ghre-
lin signals to the brain. Here, we demonstrate that peripheral ghrelin signaling, which travels to the nucleus tractus solitarius
(NTS) at least in part via the vagus nerve, increases noradrenaline (NA) in the arcuate nucleus of the hypothalamus, thereby
stimulating feeding at least partially through «-4 and 8-, noradrenergic receptors. In addition, bilateral midbrain transections
rostral to the NTS, or toxin-induced loss of neurons in the hindbrain that express dopamine B hydroxylase (an NA synthetic
enzyme), abolished ghrelin-induced feeding. These findings provide new evidence that the noradrenergic system is neces-
sary in the central control of feeding behavior by peripherally administered ghrelin.

Introduction

Ghrelin, a newly discovered member of the family of gut-brain
peptides, functions in feeding control and growth hormone
(GH) secretion by binding to the growth hormone secretagogue
receptor (GHS-R) (Kojima et al., 1999; Nakazato et al., 2001;
Tschop et al., 2000; Wren et al., 2000). This peptide, which is
produced primarily by endocrine cells of the stomach, is re-
leased into the circulation (Date et al., 2000; Domonville de la
Cour et al., 2001). Ghrelin is also produced by neurons of the
hypothalamus, where it serves as part of the neural networks
{Cowley et al., 2003). GHS-R is extensively distributed through-
out the brain, including the hypothalamus and brainstem where
are essential for energy homeostasis. Given the GHS-R expres-
sion pattem, ghrelin, when given centrally, peripherally, or both,
may increase food intake directly via effects on neurons present
in the hypothalamus or brainstem. We recently demonstrated,
however, that blockade of the gastric vagal afferent path-
way abolished peripheral ghrelin-induced feeding (Date et al.,
2002). A similar study demonstrated that intraperitoneal injec-
tion of ghrelin into vagotomized mice did not stimulate food in-
take (Asakawa et al., 2001). These findings suggest that the gas-
tric vagal afferent pathway as well as the humoral pathway may
have some significant part in conveying ghrelin-mediated orexi-
genic signals to the brain.

Several gastrointestinal hormones, including ghrelin, chole-
cystokinin (CCK), peptide YY, and glucagon-like peptide 1,

transmit signals of starvation and satiety to the brain at least in
part via the vagal afferent system (Date et al., 2002; Smith
et al., 1981; Koda et al., 2005; Abbott et al., 2005). Feeding-
related information, travels directly to the nucleus tractus
solitarius (NTS), where it can be converted to additional signals
that transmit a feeling of hunger or fullness to the hypothalamus.
In the present study, we focused on the importance of the neural
pathways from the NTS to the hypothalamus in transmitting
peripheral ghrelin signals.

To investigate the neural pathways involved in the transmis-
sion of ghrelin orexigenic signals from the NTS to the hypothal-
amus, we examined the effects of bilateral midbrain transec-
tions on ghrelin-induced feeding. The NTS contains the A2
noradrenergic cell group, which projects to regions of the hypo-
thalamus that include the arcuate nucleus (ARC) (Sawchenko
and Swanson, 1981). Therefore, we examined the role of the
central noradrenaline (NA) system in peripheral ghrelin feeding
stimulation. Using real-time PCRs, we quantified the expression
of dopamine B hydroxylase (DBH), an enzyme necessary to con-
vert dopamine into NA, within the NTS. We also measured over-
flow NA within or near the ARC after intravenous administration
of ghrelin using in vivo microdialysis. We studied the effects of
adrenergic antagonists and the elimination of NA innervation
within the ARC on ghrelin-induced food intake. Using immuno-
histochemical techniques, we demonstrated that the NPY neu-
rons activated following intravenous administration of ghrelin
are innervated by DBH-containing fibers.
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Figure 1. Effect of bilateral midbrain transections on ghrelin-induced feeding behavior

A} Two hour food intake (mean = SEM) of sham-treated rats after a single intravenous administration of ghrelin {0.1-100 pg/kg). “p < 0.0001 versus saline.
B) Food intake of rats with bilateral midbrain transections after a single intravenous administration of ghrelin (15 and 50 ug/kg). “p < 0.0001t.
C) Food intake of rats with bilateral midbrain transections after single intracerebroventricular administration of ghrelin (5 ng/kg). “p < 0.0001.

Error bars represent the SEM.

Results and Discussion

Midbrain transections and peripheral

ghrelin-induced feeding

To investigate if intravenous administration of ghrelin stimu-
lates feeding via the ascending efferent fibers of the NTS, we
examined ghrelin-induced food intake in rats with bilateral
midbrain transections (Crawley et al. 1984). Before this exper-
iment, we confirmed that there were no significant differences
in body weight or food intake between control and actual
transected groups up to eight days after the surgery (see
Supplemental Results and Figure S1 in the Supplemental
Data available with this article online). There were also no
significant differences in the feeding response after fasting
for 12 hr, energy expenditure, locomotor activity, body fat, or
food preference between the two groups seven days after
surgery {Supplemental Results and Figure S2). Therefore, we
performed feeding experiments using rats seven days after
the surgery. The lowest effective dose of intravenously (i.v.) ad-
ministered ghrelin for rats subjected to sham surgery (sham-
treated rats) was 15 pg/kg; this value was used as the standard
dose in the subsequent experiments (Figure 1A). Intravenous
administration of ghrelin (> 15 pg/kg) significantly increased
food intake (10:00-12:00 hr) in sham-treated rats, whereas

ghrelin-induced feeding was absent in midbrain transected
rats (Figure 1B) (n = 10 per group). Because bilateral midbrain
transections may nonspecifically suppress feeding in response
to ghrelin, we tested the orexigenic effect of centrally adminis-
tered ghrelin in the midbrain transected rats. Intracerebroven-
tricular administration of ghrelin similarly increased food intake
in the transected and control groups (Figure 1C) (n = 7 per
group). This finding demonstrates that bilateral midbrain tran-
sections specifically blocked peripherally administered ghre-
lin-induced feeding, but did not affect centrally administered
ghrelin-induced feeding. Centrally and peripherally adminis-
tered ghrelin may therefore stimulate feeding by distinct mech-
anisms. Midbrain transections severing the ascending efferent
fibers of the NTS block feeding reduction of CCK that transmits
satiety signais to the brain via the afferent limb of the vagus
nerve (Crawley et al, 1984). In contrast, Grill and Smith
showed that CCK-induced feeding reduction is still observed
in chronic decerebrate rats (Grill and Smith, 1988). We de-
scribed some differences in the surgery between midbrain
transection and chronic decerebration in Supplementary
Methods (Grill and Norgren, 1978) (Supplemental Experimental
Procedures).

We have already shown the possibility that peripheral ghrelin
signals for starvation are transmitted to the neuropeptide Y
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Figure 2 Ghrelin stimulates feeding via the NA system
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A) DBH mRNA levels in rats receiving either ghrelin (15 pg/kg, i.v.} or saline. "p < 0.03 versus saline.
B) Effect of intravenous ghrelin on NA levels within the ARC in sham-treated and midbrain-transected rats. NA levels are represented as percentages of the mean con-
centration of NA in four consecutive dialysate samples taken before ghrelin injection. 'p < 0.01, **p < 0.0001 versus sham saline.

Ermror bars represent the SEM.

neurons of the ARC at least partially via the vagal afferent path-
way {Date et al., 2002). The possibility remains, however, thati.v.
administered ghrelin may bind directly to receptors present on
neurons in the ARC, as the ARC, situated at the base of the
hypothalamus, is incompletely isolated from the general circula-
tion by the blood-brain barrier (Banks and Kastin, 1985; Mer-
chenthaler, 1991). The present study shows that ghrelin-in-
duced feeding was abrogated in transected rats. This result
indicates that neural pathways ascending from the NTS may
play an important role in the transmission of ghrelin orexigenic
signals to the hypothalamus. Conveyed to the NTS, these sig-
nals couid be relayed to the hypothalamus through other trans-
mitters produced by neurons located in the NTS.

NA system and peripheral ghrelin-induced feeding
Although afferent projections from the NTS to the hypothalamus
are not exclusively noradrenergic, the noradrenergic pathway is
the major constituent. We here showed that DBH mRNA levels
increased significantly in the NTS after ghrelin (15 ng/kg) admin-
istration (Figure 2A). Considering that the NTS is the termination
area of the vagal afferent fibers that receive vicerosensory infor-
mation from the gastrointestinal tract, it seems reasonable to ex-
pect that peripheral ghrelin induces Fos expression in the NTS.
We were not, however, able to detect any increase in the num-
ber of Fos-expressing neurons in the NTS (Date et al., 2005).
This finding is consistent with previous data from other groups
{(Wang et al., 2002; Riter et al., 2003). These results may depend
on the fact that peripherally administered ghrelin decreases the
firing rate of gastric vagal afferent fibers by binding to its recep-
tor present in the vagal afferent terminals (Asakawa et al., 2001;
Date et al., 2002). Thus, inhibitory signals caused by peripherally
administered ghrelin may affect DBH expression in the NTS.
Peripherally administered ghrelin and synthetic GHSs primar-
ily activate neurons located in the ARC (Hewson and Dickson,
2000). Most peripheral ghrelin-induced Fos-positive neurons in
the ARC express NPY (Wang et al., 2002; Date et ai., 2002).
NPY and agouti-related protein (AgRP), which are colocalized

in neurons of the ARC, have been implicated in the stimulation

of feeding behavior. Pharmacologicatl examinations indicated
that centrally administered NPY Y-1 receptor antagonists block

the orexigenic effect of ghrelin injected peripherally (Asakawa
et al., 2001). Furthermore, Chen et al. demonstrated that periph-
erally administered ghrelin does not induce food intake in
NPY~'~, AgRP~'~ double-knockout mice (Chen et al., 2004).
These findings suggest that the ARC plays a crucial role in reg-
ulating peripheral ghrelin signals. In order to examine whether
peripherally administered ghrelin affects the release of NA in
the ARC, which is not only a noradrenergic terminal area but
also a target site of peripheral ghrelin signals, we monitored
overflow NA within or near the ARC using a microdialysis sys-
tem. Overflow NA is thought to include both newly released
NA and NA that was not subject to reuptake. Examination of
overflow NA within or near the ARC after intravenous administra-
tion of 15 and 30 ug/kg ghrelin to sham-treated rats (n = 7 per
group) revealed significantly increased NA concentrations
within and near the ARC, reaching 129.7 £ 4.7% and 152.8 =
7.5% of the control levels, respectively (Figure 2B). Ghrelin ad-
ministration, however, did not induce NA release in transected
rats. Hindbrain noradrenergic neurons innervating the hypothal-
amus are implicated in mediation of the feeding response to
glucose deprivation (Ritter et al., 2001), suggesting that the NA
system in the brain contributes significantly to feeding regulation
and/or energy homeostasis. The present study demonstrates
that ghrelin, an orexigenic signal produced in the periphery, in-
creases DBH mRNA levels in the NTS and increases NA levels
within the ARC. These resuits suggest that noradrenergic inputs,
projecting from the hindbrain to the ARC, are critical for the feed-
ing behavior induced by peripheral ghrelin. This study, however,
has yet to elucidate whether peripheral ghrelin signals transmit-
ted via the vagal afferent pathway affect the NA system in the
ARC or whether ghrelin bound to the receptor present in the
area postrema or NTS stimulates it. To clarify this issue, further
examinations to evaluate NA overflow in the ARC of vagotom-
ized animals are needed.

CCK, an anorectic peptide produced by the gastrointestinal.
tract, increases the firing rate of the vagal afferent fibers, and
thereby transmits satiety information to the NTS. Recently,
Sutton et al. showed that the CCK-induced reduction in feed-
ing is modulated by a melanocortinergic pathway through extra-
cellular signal-regulated kinase signaling in the NTS (Sutton
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et al., 2005). There is also a report that fourth ventricular admin-
istration of the MC4-melanocortin receptor antagonist SHU9119
completely blocked the peripherally administered CCK-induced
decrease in feeding (Fan et al., 2004). These findings indicated
that the NTS is crucial for the integration of peripheral ascending
signals with descending signals from the hypothalamus that re-
late to feeding. The precise molecular mechanisms that underlie
the effect of peripheral ghrelin signals on NTS function remain to
be elucidated. To fully understand the noradrenergic pathway
from the NTS to the hypothalamus, further investigations into
the identities of the intracellular signaling systems in the NTS
that are mobilized by peripheral ghrelin, and the signals from
the forebrain that modulate peripheral ghrelin signaling in the
NTS are required.

NA can utilize at least four distinct receptor subtypes: 24, x5,
B4, and B, (O’'Dowd et al., 1989). We examined which of these
receptors was involved in ghrelin-induced feeding by treatment
with an antagonist for each adrenoceptor. Ghrelin-induced
feeding was attenuated in rats pretreated with either the specific
a4y antagonist prazosin or the specific B, antagonist ICI 118, but
not the a, antagonist yohimbine or the 3, antagonist atenoloi
({Figures 3A and 3B} (n = 7 per group). After injection of these ad-
renergic antagonists intracerebroventricularly (i.c.v.), rats were
observed for behavioral signs of nausea (elongation of the
body, gaping, raising the tail, and lowering the belly to the floor),
ataxia, sedation, and anxiety (locomotion within the cage and
avoidance of the front of the cage). The rats did not exhibit
any of these signs during the testing period. We also tested
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the orexigenic effect of centrally administered ghrelin in rats
treated with prazosin or ICI 118, as these antagonists may non-
specifically suppress feeding in response to ghrelin. Centrally
administered ghrelin increased feeding similarly in the prazosin-
and ICl| 118-treated groups and the control group (Figure 3C).
This result suggests that although NA antagonists specifically
suppressed feeding induced by peripherally administered ghre-
lin, centrally administered ghrelin induces feeding by a mecha-
nism that is independent of the noradrenergic system. Consid-
ering that NA excites approximately 50% of the neurons in the
ARC, probably due to a direct postsynaptic response through
a4~ or B-adrenoceptors (Kang et al., 2000), peripherally adminis-
tered ghrelin may activate NPY/AgRP neurons in the ARC
through the NA system. A recent study also suggested the pos-
sibility that the GABAergic system is involved in ghrelin-induced
feeding. Cowley et al. showed that ghrelin induced depolariza-
tion of ARC NPY neurons and hyperpolarization of ARC pro-
opiomelanocortin (POMC) neurons using hypothalamic slices
(Cowley et al., 2003). Given that NPY/AgRP neurons expressing
are GABAergic, central ghrelin may induce the release of GABA
from NPY axonal terminals and thereby modulate the activity of
postsynaptic POMC neurons.

NA exerts a variety of responses that depend on the type of
neurons and the expression of different adrenoceptor subtypes
(Nicoll et al., 1990). infusion of exogenous NA can cause either
increases or decreases in food intake (references in Wellman,
2000), which may depend on the site of application or changes
in the numbers of adrenoceptors according to the circadian
cycle. For example, NA injection into the hypothalamic para-
ventricular nucleus (PVN) increases feeding through PVN a,-
adrenoceptors, whereas it decreases feeding through PVN
x¢-adrennoceptors (Goldman et al.,, 1985; Wellman et al.,
1993). The circadian pattern in the number of a,-adrenoceptors
within the PVN exhibits a sharp increase in ay-adrenoceptors at
the onset of the dark phase, a time when feeding is greatly
enhanced. Taken together, it may be difficult to determine
whether microinjection of an NA agonist or antagonist into the
hypothalamic nuclei results in a physiologically significant ef-
fect. Therefore, in the present study, we focused on the role of
endogenous NA induced by peripherally administered ghrelin
in the control of food intake. We demonstrated that a,- and

- Bo-receptor antagonists attenuated feeding induced by ghrelin.
This result indicates that a4~ and/or $,-adrenoceptors in the ARC
play an important role in peripheral ghrelin-induced feeding.

To eliminate NA innervation of the ARC, we used DSAP,
a monoclonal antibody specific for DBH, the enzyme that con-
verts dopamine into NA, conjugated to saporin (SAP) {Fraley
and Ritter, 2003). DSAP, an immunotoxin that allows an anti-
body against the NA synthetic enzyme DBH to selectively deliver
the saporin toxin, can successfully destroy hindbrain neurons
that contain DBH (Rinaman, 2003). Bilateral DSAP injections
into the ARC induced an approximately 70% reduction in
DBH-positive neurons in the NTS in comparison to the number
of DBH neurons present in rats treated with an SAP control so-
lution (data not shown). DSAP injections also completely dis-
rupted peripherally administered ghrelin-induced feeding
(Figure 3D) (n = 7 per group). We also tested the orexigenic effect
of centrally administered ghrelin in the DSAP-treated rats. Cen-
trally administered ghrelin increased feeding similarly in the
DSAP-treated group and the control group (Figure 3E) (n = 7
per group). This finding suggests that the noradrenergic system

Noradrenergic signaling in ghrelin-induced feeding

in the ARC is not involved in centrally administered ghrelin-
induced feeding.

There are several catecholaminergic neuronal cell groups in
the hindbrain. DBH-positive neurons projecting to the hypothal-
amus are found within the A2 cell group located in the caudal
medial and commissural NTS and the A1/C1 cell group located
in the ventrolateral medulla (VML). Most NA neurons within the
A2 group directly project to the hypothalamus, central nucleus
of the amygdala, and bed nucleus of the stria terminalis,
whereas the A2 NA neurons also project to these forebrain areas
in part via the A1/C1 group. As viscerosensory signals from the
gastrointestinal tract are carried to the caudal medial and com-
missural NTS via the vagal afferent pathway, NA neurons in A2
may be an integral component of the brainstem circuits that me-
diate ghrelin-induced feeding. Given the projection from the A2
group to the A1/C1 group, these integrative circuits would in-
clude a role for NA neurons in the VML. Our findings suggest
that NA neurons in the hindbrain are necessary to convey ghre-
lin-related orexigenic signais to the hypothalamus.

Innervation of NPY neurons by DBH-containing fibers

To examine the effect of peripheral ghrelin signals ascending
from the NTS on neurons in the ARC, we investigated DBH in-
nervation and ghrelin-induced Fos expression using unilateral
midbrain-transected rats as described previously (Ericsson
et al., 1994; Sawchenko, 1988). We compared DBH innervation
and Fos expression in the ARC ipsilateral and contralateral to
the lesion. Midbrain transections significantly decreased the
DBH-imunoreactive innervation ipsilateral to the lesion (Figures
4A and 4B). This finding is consistent with the fact that the as-
cending catecholamine input to the hypothalamus is largely uni-
lateral. In lesioned rats, peripherally administered ghrelin re-
sulted in a significant increase in Fos expression in the ARC
that was contralateral to the lesion (ipsilateral side, 24.3 + 1.8
neurons; contralateral side, 50.6 + 1.9 neurons; p < 0.001) (Fig-
ures 4C and 4D). When saline was injected i.v. to lesioned rats,
Fos expression did not differ significantly on the two sides of the
brain (ipsilateral side, 11.6 + 1.3 neurons; contralateral side,
11.9 = 1.0neurons; p > 0.1) (data not shown). These resuits sug-
gest that the midbrain transections that were effective in reduc-
ing DBH-positive innervation blocked the response of neurons in
the ARC to peripheraily administered ghrelin.

Electron microscope immunohistochemistry demonstrated
that NPY-immunoreactive perikaryon and dendritic process of-
ten received synapses from DBH-containing axon terminals
(Figures 4E-4G). Approximately 40%-50% of hypothalamic
NPY neuron innervation arises from catecholaminergic neurons
in the hindbrain (Everitt and Hokfelt, 1989). NPY, a potent orexi-
genic peptide, is thought to be the final mediator of ghrelin feed-
ing signals. To examine the anatomical finkage of NPY neurons,
which are activated by ghrelin, with DBH-immunoreactive fi-
bers, we performed immunohistochemistry. Intravenous ghrelin
injection significantly increased Fos expression in 53% of the
NPY neurons in the ARC (Figure 4H), in accordance with previ-
ous studies (Date et al., 2002). Triple labeling immunofluores-
cence demonstrated that 54% of these NPY neurons in the
ARC induced to express Fos by ghrelin treatment were inner-
vated by DBH-immunoreactive fibers (Figure 4f). These results
suggest that ghrelin signals activate NPY neurons via the norad-
renergic pathway ascending from the NTS to the ARC, resulting
in increased feeding.
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Figure 4. The effect of unilateral midbrain transections on ghrelfin-induced Fos
axpression and activation of NPY neurons by ghrelin via the catecholaminergic
pathways

A) DBH- mmunorsactive fibers project to the ARC contralateral to the lesion

B) DBH-immunoreactive nnervation ipsidateral to the lesion decreases as com
pared to that on the contralateral sde

C) Peripherally administerad ghreln (15 wg/kg) induces Fos proten axprassion
:ontralateral to the lasion

D) Ghrelin-induced Fos axprassion ipsilateral to the lesion decreasas as compared
to that on the contralateral side

E) DBH-immunoreactive axon terminal makiwkg synapses with immunonagahive
fendritic process (arrow, synapse)

The present study focused on the hypothesis that the neural
pathway from the brainstem to the ARC plays a crucial role in
transmitting peripheral ghrelin signals and peripheral ghrelin
requlates feeding at least partially via NA-mediated neuronal
transmission. Although the central circuits for feeding may
have been altered in response to bilateral midbrain transections
or DSAP treatment, the results shown here are consistent with
the hypothesis. The hypothesis, if correct, is a counterpoint to
the most widely accepted model for neuroendocrine energy bal-
ance regulation. We have shown previously that penpheral ghre-
lin-induced feeding is absent in either vagotomized or capsai-
cin-treated rats. We showed here that ghrelin-induced feeding
is also canceled in midbrain transected rats. Thus, it may
seem that peripheral ghrelin signals for starvation are transmit-
ted to the hypothalamus only via the vagal afferent pathway
and neural pathways from the NTS. However, we have to con-
sider the possibility that vagotomy and/or midbrain transections
affect several peripheral substances as well as central circuits
relative to feeding. In addition. the present study has yet to ad-
dress the direct relationship between peripheral ghrelin signals
via the vagal afferent pathway and the NA system in the ARC
Taken together, it may be difficult to assert that peripheral ghre-
lin signals are transmitted only via the neural pathways We
therefore, think that the humoral pathway and the neural path-
way are important routes to convey peripheral energy balance
information to the brain. Very recently, we found that peripher-
ally administered leptin decreased 2 hr and 4 hr food intake in
vagotomized, midbrain transected, and sham-operated rats
and the leptin-induced reduction in feeding was less pro-
nounced in vagotomized and transected rats than in the
sham-operated rats (unpublished data). These findings suggest
that the vagal afferent pathway and/or the ascending efferent
pathway from the brainstem to the hypothalamus are necessary
elements for the effectual action of leptin on feeding and energy
homeostasis. Feeding is requlated by a complicated interaction
of many orexigenic and anorectic signals; sophisticated interac-
tions between humoral pathways and neural pathways may be
necessary to maintain energy homeostasis. We have shown
that the central noradrenergic system is a candidate to mediate
peripheral ghrelin signals. Although the pathways linking penph-
eral ghrelin to NA transmission are likely to be more complicated
given the remarkable number of signals that provide input to the
NTS and ARC, we believe that this study provides an important
clue to understanding the feedback loops linking the brain and
peripheral tissues in the control of feeding and energy
homeostasis

Experimental procedures

Experimental animals
We maintained male Wistar rats (Charles River Japan, Inc ), weighing 255 9 =

2 0 g, under controlled temperature and light conditions (0800-2000 hr iight)

F} DBH-immunoreac

ve axon tenmindl making synapses
tve dendritic process (arow, synapse)

G) DBH-immunoreactive axon terminal making synapsa:
trve penkaryon (arrow. synapsa)

H) intravenous administration of ghralin {15 yg/kg) uprequiates Fos expression
NPY naurons of the ARC (arrows) (blue, Fos; grean, NPY)

1) Fitty-four percent of ghreln-activated NPY neurons receive projections from
DBH-immunoraactive tiders (arrows) (blue, Fos, green. NPY. red. DBH) g, Goig
pparatus. v, third ventricle. The scale bar represents, respectively, 100 um

(A and B), 200 um (C and D), 400 nm (E=G), and 50 um (H and 1)
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For feeding and microdialysis experiments, an intravenous cannula was im-
planted into the right jugular vein of each rat under anesthesia. We performed
unilateral or bilateral midbrain transections 5 days after implantation, as de-
scribed details in the Supplemental Experimental Procedures. To confirm
that the transection surgeries were successful, the brains were immuno-
stained using an anti-DBH antiserum diluted 1:1000 (Chemicon intemational,
Inc.) by the avidin-biotin complex method (Date et al., 1999) after the feeding
tests were completed (Figure S3A). To facilitate the penetration of a micro-
dialysis probe, a guide cannula {500 um outside diameter; AG-12, Eicom)
was stereotaxically implanted 1.0 mm above the ARC (0.2 mm lateral to
the midline, 2.4 mm caudal to the bregma, and 9.0 mm ventral to the dura),
fixed to the skull with acrylic dental cement, and sealed with a dummy can-
nula (350 um external diameter; AD-12, Eicom). To inject adrenergic receptor
antagonists into the rats, we implanted intracerebroventricular cannulae into
the lateral cerebral ventricle. To block noradrenergic innervation of the ARC,
we microinjected either a SAP-conjugated DBH-specific mouse monocional
antibodies (DSAP; Advanced Targeting Systems; 42 ng/0.2 ! in phosphate
butfer {pH 7.4], n = 6) or SAP-conjugated normal mouse IgG (SAP control so-
lution) (Advanced Targeting Systems; 8.82 ng/0.2 pi, n = 6) bilaterally into the
ARC (Ritter et al., 2001). Only animals exhibiting progressive weight gain after
these surgeries were used in subsequent experiments. All procedures were
performed in accordance with the Japanese Physiological Society's guide-
lines for animal care.

Food intake

First, rat ghrelin (Peptide Institute, Inc.) at 0.1-100 pg/kg (100 pl), or saline
alone (100 ui) was administered i.v. at 1000 hr to ad libitum-fed rats that
had undergone a sham operation (n = 7 per group). Second, rat ghrelin (15
or 50 ug/kg [100 ul]) was administered i.v. to rats that had undergone bilateral
midbrain transection. Third, rat ghrelin (15 or 50 ug/kg {100 ul}) was adminis-
tered i.v. to rats that had been treated with either DSAP or SAP contro! solu-
tion. Fourth, ghrelin (5 pg/kg [10 uf]) was injected i.c.v. at 1000 hr into rats that
had undergone bilateral midbrain transections or sham operations, or into
rats that had been treated with either DSAP or SAP control solution. The
dose of centrally administered ghrelin (5 ng/kg) is often used as a standard
while investigating the effect of i.c.v.-administered ghrelin on food intake un-
der various conditions {Nakazato et al., 2001; Kamegai et al., 2000; Toshinai
et al., 2003). Thus, this dosage is recognized as the most appropriate in con-
stantly inducing food intake when administered i.c.v. Therefore, this dosage
was also selected as a standard to evaluate i.c.v. administered ghrelin in-
duced feeding. After ghrelin injection, rats were immediately retumed to their
cages. Two hour food intake was then measured.

Quantitative RT-PCR

Two hours after intravenous administration of ghrelin (15 pg/kg) or saline to
rats, total RNA was extracted from the NTS using TRIZOL Reagent (invitro-
gen Corp.). Quantitative RT-PCR for DBH was conducted with a LightCycler
system (Roche Diagnostics) using a LightCycler-Fast Start DNA Master
SYBR Green 1 kit (Roche) and the following primer set for rat DBH: 5'-
CTAGGGCCCTGGGCGCCAAGGCATT-3 and 5-GCCAGAGGAGTCGCG
CCGGCCTT-3'. Known amounts of DBH cDNA were used to obtain a stan-
dard curve. Rat rRNA levels were also measured as an internal control.

Microdialysis

One week after midbrain transection, the rats were lightly anesthetized with
isoflurane, and the dummy cannula was replaced with a microdialysis probe.
The tip of the microdialysis probe, covered with hollow fibers (1.0 mm in
length, 220 pm extemal diameter, regenerated cellulose membrane with
a molecular weight cutoff of 48 kDa; Eicom), was set to extend 1 mm beyond
the guide cannula to reach the ARC. Microdialysis was performed under free-
moving conditions. A microinfusion pump was used to continually perfuse
the probe with modified physiological Ringer's solution (147 mM NaCl, 4
mM KCi, and 2.3 mM CaCl, [pH 6.5}) at a constant flow rate of 1 u/min. To
measure NA, chromatographic analysis of dialysates was carmied out by
HPLC with electrochemical detection as described previously {ishizuka
et al.,, 2000). The perfusate from the ARC was automatically injected into
the HPLC every 20 min. After a 3 hr stabifization period, baseline NA levels
were assessed in four consecutive dialysate samples. At the end of each
experiment, rats were sacrificed with an overdose of pentobarbital sodium;
the brains were then fixed in 10% neutral buffered formalin. Placement of
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the microdialysis probe was verified histologically in 40-um cresyt violet-
stained coronal sections (Figure S3B).

Effect of adrenoceptor blockers on ghrelin-induced feeding

At 0930 hr, rats were i.c.v. administered either vehicle alone (saline, n=6) or
one of the specified adrenergic receptor antagonists: prazosin (selective a,
antagonist: 0.6 or 1.2 ug/kg, n = 6 each) (Sigma Chemical Co.}, yohimbine
{selective a, antagonist: 1.0 ng/kg, n = 6) (Sigma), atenolol (selective 84 an-
tagonist: 0.8 ug/kg, n = 10) (Sigma), or ICl 118 (selective B, antagonist: 0.5
or 1.0 ug/kg, n = 6 each) (Sigma). Thirty minutes after adrenergic receptor an-
tagonist injection, ghrelin (50 pg/kg) was administered intraperitoneally to
rats; 2 hr food intake was measured. We also tested the orexigenic effect
of centrally administered ghrelin in rats that had been injected with prazosin
or{CI 118. Thirty minutes after prazosin (1.2 ug/kg, n=6) or ICt 118 (1.0 ng/kg,
n = 6) injection, ghrelfin (5 pg/kg) was administered i.c.v. to rats; 2 hr food
intake was measured. The rats fasted between the two injections.

immunohistochemistry

Ghrelin (15 ug/kg) or saline was injected i.v. into rats 80 min before transcar-
dial perfusion with fixative containing 4% paraformaldehyde (n = 5 per
group). The brains of animals were then cut into 20-um thick sections. The
sections were first incubated with anti-c-Fos antiserum (1:500, Santa Cruz
Biotechnology), and then with Alexa Flour 350-conjugated donkey anti-
goat IgG (Molecular Probes, Inc.). Next, samples were incubated with
anti-NPY antiserum (1:500, ImmunoStar, Inc.), then with Alexa Flour 488-
conjugated chicken anti-rabbit IgG (Molecular Probes, Inc.). Finally, the
samples were incubated with anti-DBH antiserum (1:1,000, Chemicon Inter-
national, Inc.), then with Alexa Flour 568-conjugated goat anti-mouse igG
{Molecular Probes, Inc.). Samples were then observed under a BH2-RFC mi-
croscope (Olympus Corp.). We counted the number of Fos-immunoreactive
cells in the bilateral ARCs (bregma: —2.30 to —3.30 from Paxinos and
Watson's rat brain atlas). Sections from unilaterally transected rats were
also incubated with anti-DBH antiserum, and then with Alexa Fiour 568-
conjugated goat anti-mouse IgG (Molecular Probes, Inc.). A significant
(>60%) depletion of DBH-immunoreactive fibers was determined by semi-
quantitative comparison of the strength of the DBH-positive innervation of
the ARC ipsilateral and contralateral to the lesion by two independent ob-
servers (Sawchenko, 1988). Sections from unilaterally transected rats were
incubated with anti-c-Fos antiserum (Santa Cruz Biotechnology), and then
stained by the avidin-biotin complex method (Date et al., 1999). The number
of Fos-immunoreactive celis was compared in the ARC ipsilateral and con-
tralateral to the letion. Fos-expressing cells of the ARC in a 0.7-mm right
triangle (0.245 mm?) were counted in every fifth section (ten tissue sections
per rat) using a celi-counting program written for NiH Image (v1.62; NiH}.

Electron microscope immunohistochemistry

Three Wistar rats were perfused as described above. The brain was cut into
30-40 um thick sections using an Oxford vibratome (Oxford Instruments).
Electron microscope immunohistochemistry was performed using anti-
NPY antiserum and anti-DBH antiserum as described previously (Toshinai
et al., 2003).

Statistical analysis

We analyzed groups of data (means + SEM) using analysis of variance
(ANOVA) and post hoc Fisher tests. p values less than 0.05 were considered
to be significant (two-tailed tests).

Supplemental data

Supplementai Data include Supplemental Resuits, Supplemental Experi-
mental Procedures, Supplemental References, and three figures and can
be found with this article online at http://www.cellmetabolism.org/cgi/
content/full/4/4/323/BC1/.
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