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Abstract

Ghrelin, an acylated peptide originally identified in rat stomach as the endogenous ligand for the growth hormone secretagogue receptor
(GHS-R), stimulates both food intake and growth hormone (GH) secretion. Ghrelin is predominantly synthesized by a subset of endocrine cells
in the oxyntic gland of human and rat stomach. Previous studies using immunohistochemistry have shown that ghrelin is also present in the
hypothalamic arcuate nucleus, a region critical for the control of feeding and GH secretion, but its expression pattern in this region and the
details of its molecular form has yet to be clarified. In this report, we examined the presence of ghrelin in the arcuate nucleus using reverse-
phase liquid chromatography combined with radioimmunoassay (RIA) and immunohistochemistry. Neurons in the arcuate nucleus were
observed to react positively to ghrelin antibodies. In addition, we confirmed the existence of ghrelin mRNA expression using the reverse-
transcription polymerase chain reaction (RT-PCR). We also observed the colocalization of GHS-R with neuropeptide Y (NPY) and growth-
hormone-releasing hormone (GHRH) in the arcuate nucleus. The present study clearly indicates that ghrelin is synthesized in the arcuate
nucleus, which will further our understanding of ghrelin’s actions in the central nervous system, including feeding behavior and GH secretion.

© 2004 Elsevier B.V. All rights reserved.
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1. Introduction

Ghrelin, a 28-amino acid peptide with an n-octanoyl
modification that is indispensable for its activity, was
originally discovered in human and rat stomach as an
endogenous ligand for the growth hormone (GH) secreta-
gogue receptor (GHS-R) [1]. Currently, ghrelin homo-
logues have been identified in fish, amphibians, birds, and
many mammals. Ghrelin is predominantly produced in the
endocrine cells of the stomach and is then released into

Abbreviations: AGRP, agouti-related protein; CH3CN, acetonitrile; GH,
growth hormone; GHS-R, growth hormone secretagogue receptor; NPY,
neuropeptide Y; RIA, radioimmunoassay,; RP-HPLC, reverse-phase high-
performance liquid chromatography; RT-PCR, reverse-transcription poly-
merase chain reaction.
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circulation. Gastrectomy in rats decreases plasma ghrelin
concentrations by approximately 80%, indicating that the
stomach is the main source of circulating ghrelin [2].
When administered either centrally or peripherally, ghrelin
stimulates GH secretion, food intake, and body weight
gain [1,3-8]. Several groups have demonstrated that
intracerebroventricular administration of ghrelin induces
food intake by way of neuropeptide Y (NPY) and agouti-
related protein (AGRP) produced in the hypothalamic
arcuate nucleus [8-10]. Central effects of ghrelin on
feeding are also mediated in part by orexin-A and -B
produced in the lateral hypothalamus [11]. These findings
suggest that ghrelin is also synthesized in some regions of
the brain involved in both feeding and GH secretion. We
have already shown using immunohistochemistry that
ghrelin-producing neurons are present in the arcuate
nucleus, a region critical for feeding and GH secretion
[1]. Further verification of the presence of ghrelin and its
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receptor in the arcuate nucleus would solidify current
models of ghrelin’s central activity.

In the present study, we analyzed and characterized
ghrelin-immunoreactive molecules in the arcuate nucleus by
reverse-phase high-performance liquid chromatography
(RP-HPLC) combined with radioimmunoassay (RIA).
Using immunohistochemistry, we investigated the ghrelin-
immunoreactive neurons in the arcuate nucleus. We also
examined the expression of ghrelin mRNA in the arcuate
nucleus by reverse-transcription polymerase chain reaction
(RT-PCR). We also studied the colocalization in neurons of
the ghrelin receptor, GHS-R, with NPY and growth-
hormone-releasing hormone (GHRH). Using these methods,
we demonstrate that ghrelin is synthesized in the arcuate
nucleus.

2. Materials and methods
2.1. Animals

Male Wistar rats weighing 300—350 g (Charles River
Japan, Shiga, Japan) were used in all experiments. Rats,
housed - individually in plastic cages at constant room
temperature in a 12-h light (07:00—19:00)/12-h dark cycle,
were given standard laboratory chow and water ad libitum.
All procedures were performed in accordance with the
Japanese Physiological Society’s guidelines for animal
care. The protocol was approved by the Miyazaki Medical
College Animal Care Research Committee.

2.2. Ghrelin radioimmunoassay (RI4)

Acylated ghrelin content was measured by radio-
immunoassay (RIA) recognizing n-octanoylated ghrelin
[12]. To generate anti-ghrelin antisera, synthetic [Cys'?-
ghrelin [1-11] peptide was conjugated to maleimide-
activated mariculture keyhole limpet hemocyanin
(mcKLH; Pierce, Rockford, IL). This antigenic conjugate
solution was administered to three New Zealand white
rabbits. The anti-rat ghrelin [1-11] antiserum (#G606)
specifically recognized n-octanoylated ghrelin and did not
recognize des-acyl ghrelin. Synthetic rat [Tyr*’}-ghrelin
[1-28] was radioiodinated using the lactoperoxidase
method. The '#°I-labeled peptide was purified on a TSK
ODS SIL 120A column by RP-HPLC. Diluted samples or
standard peptide solutions (100 pl) were incubated for 24
h with 100-ul diluted antiserum (final dilution of anti-
ghrelin [1-11] antiserum, 1:620,000). Following addition
of the tracer solution (16,000 cpm in 100 pl), mixtures
were incubated for 24 h. Samples were assayed in
duplicate; all procedures were done at 4 °C. The limit
of detection of rat ghrelin [1-28] on the standard RIA
curve was 0.5 fmol per tube. The respective intra- and
interassay coefficients of variation at 50% binding for
ghrelin RIA were 3.5% and 3.2%. The recoveries of rat

ghrelin [1-28] (1 ng) and '*Lrat ghrelin [1-28] (5000
cpm) added to the plasma samples extracted using Sep-
Pak C-18 cartridges were 92.24+0.4% (S.E.M.) and
88.910.6% (S.E.M.), respectively.

2.3. Quantification of ghrelin in arcuate nucleus

Arcuate nuclei were punched out from the brains of 50
male Wistar rats following anesthesia with pentobarbital
(Nembutal, Abbot Laboratories, Chicago, IL) after an
overnight 12-h fast. These samples were then boiled at
100 °C for 3 min and applied to a Sep-Pak cartridge. The
eluates were subjected to ghrelin RIA, as described above.
Portions of the Sep-Pak eluates were applied to RP-HPLC
on a TSK ODS SIL 120A column (4.6x150 mm, Tosoh,
Tokyo, Japan). RP-HPLC was performed for 40 min at 1.0
ml/min with a linear gradient of acetonitrile (CH;CN;
10—-60%) in 0.1% TFA. All HPLC fractions were quantified
by ghrelin RIA.

2.4. Preparation of anti-GHS-R serum

A [Cys0]-rat GHS-R [342-364] peptide was synthesized
using the Fmoc solid-phase method on a peptide synthesizer
(433A, Applied Biosystems, Foster City, CA) and then
purified by RP-HPLC. The synthesized peptide (10 mg) was
conjugated to maleimide-activated mariculture keyhole
limpet hemocyanin (mcKLH, Pierce; 6 mg) in conjugation
buffer (Pierce). The conjugate was emulsified with an equal
volume of Freund’s complete adjuvant and used to
immunize New Zealand white rabbits by intra- and
subcutaneous injection. Animals were boosted every 2
weeks and bled 7 days after each injection. The specificity
of the antiserum was confirmed by its immunoreactivity
against GHS-R-expressing (CHO-GHSR62 celis) but not
control cells.

2.5. Immunohistochemistry

Three male Wistar rats weighing 250-300 g were used
for immunohistochemical study. To enhance the immunos-
taining of GHS-R-expressing neurons, colchicine (100 ug/
rat) was injected into the lateral ventricle 30 h before
perfusion. Rats were perfused transcardially with 0.1 M
phosphate buffer (pH 7.4) and then with 4% paraformal-
dehyde in 0.1 M phosphate buffer. The hypothalamus was
sectioned into 40-um thick slices at —20 °C using a
cryostat and then treated with 0.3% hydrogen peroxide for
1 h to inactivate endogenous peroxidases. The hypothala-
mic sections were incubated for 2 days at 4 °C, with anti-
ghrelin antiserum diluted 1:1000 or with anti-GHS-R
antiserum diluted 1:1000. The pituitary sections were
incubated for 2 days at 4 °C. with anti-GHS-R antiserum
diluted 1:1000. All of the sections were stained using the
avidin—biotin complex method, as described previously
[13]. We subsequently performed double staining for GHS-
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Fig. 1. Representative RP-HPLC profile of ghrelin extracted from rat
arcuate nucleus. Wet weight (250 mg) of rat arcuate nucleus was analyzed.
Arrow indicates the elution position of n-octanoylated ghrelin.

R vs. either NPY or GHRH in some sections of the
hypothalamic arcuate nucleus. We also performed double
staining for GHS-R vs. GH in some sections of the
anterior pituitary. After the sections of arcuate nucleus and
anterior pituitary were stained with anti-NPY antiserum
(Diasorin, Stillwater, MN; final dilution 1:500) or anti-
GHRH antiserum (Chemicon International, Temecula, CA;
final dilution 1:1000) and with anti-GH antiserum
(NIDDK, National Hormone and Peptide Program, Tor-
rance, CA; final dilution 1:5000), respectively, they were
washed with 100 mM glycine-HCI buffer (pH 2.2). Next,
the sections of arcuate nucleus and anterior pituitary were
stained with anti-GHS-R antiserum using an SG (blue/
gray) substrate kit (Vector Laboratories, Burlingame, CA).
To test for antiseral specificity, preabsorption tests were
done using anti-ghrelin that had been absorbed with 10 pg
of ghrelin and GHS-R antiserum that had been absorbed
with 10 pg of GHS-R.

2.6. RT-PCR for ghrelin

Total RNA was extracted from the arcuate nuclei of
three Wistar rats by the acid guanidinium thiocyanate—
phenol—chloroform (AGPC) method [14]. First-strand
cDNA was synthesized from 2.5 pg RNA and 7 uM
oligo-(dT),s primer with ReverTra Ace-a-"" (Toyobo,
Osaka, Japan). The resulting cDNA was subjected to
PCR amplification with 2 pM each of the sense and
antisense primers and 2.5 units of Pyrobest DNA polymer-
ase (Takara Shuzo, Shiga, Japan). PCR primers for ghrelin
were 5 -TTGAGCCCAGAGCACCAGAAA-3 (sense) and
5'-AGTTGCAGAGGAGGCAGAAGCT-3' (antisense),
corresponding to nucleotide numbers 112-132 and 437-
458 (Reference 4, GenBank). PCR was conducted in
a reaction volume of 25 ul for 35 cycles comprising
denaturation for 5 s at 94°C, annealing for 10 s at 65 °C,
and extension for 1 min at 72 °C. The PCR products were
electrophoresed on a 2% agarose gel (FMC BioProducts,
Rockland, ME).

3. Results

3.1. HPLC characterization of ghrelin-immunoreactive
molecules and its content in the arcuate nucleus

RP-HPLC coupled with ghrelin RIA was used to analyze
the presence of immunoreactive ghrelin molecules in the
arcuate nucleus. A large peak corresponding to immunor-
eactive ghrelin was eluted at the position of n-octanoylated
ghrelin in arcuate nucleus tissue extract (Fig. 1). The ghrelin
content measured by RIA in the arcuate nucleus was 0.56
pg/mg tissue extract.

3.2. Immunohistochemistry

Neuronal cell bodies immunoreactive for ghrelin were
found in the arcuate nucleus (Fig. 2A and B). No
immunoreactivity for ghrelin was detected in the arcuate
nucleus when normal rabbit serum or antisera preabsorbed
with an excess of ghrelin was applied (data not shown).
Neurons immunostained with GHS-R antisera were also
present in the arcuate nucleus (Fig. 3A). GHS-R immu-
noreactivity colocalized with that of NPY (Fig. 3B) and
GHRH (Fig. 3C) in some neurons in the arcuate nucleus.
GHS-R was also abundantly expressed in the pituitary,

Fig. 2. Immunohistochemical localization of ghrelin in the arcuate nucleus.
(A) Ghrelin-immunoreactive neurons in the arcuate nucleus. Bar, 50 pm.
(B) High magnification of panel (A). Bar, 25 um.
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Fig. 3. Immunohistochemical localization of GHS-R in arcuate nucleus and the anterior pituitary. (A) GHS-R-immunoreactive neurons in the arcuate nucleus
(arrows). (B) GHS-R-immunoreactive neurons (blue-black) colocalized with NPY neurons (brown; arrows) and (C) GHRH neurons (brown; arrows) in the
arcuate nucleus. (D) GHS-R-immunoreactive cells (blue-black) colocalized with GH-producing cells (brown) in the pituitary. Bar, 20 pum in panel (A) to panel
(D). (For interpretation of the references to colour in this figure legend, the reader is referred to the web version of this article.)

where it colocalized with GH-producing cells (Fig. 3D).
No GHS-R immunoreactivity was detected in the arcuate
nucleus or pituitary gland when normal rabbit serum or
antisera preabsorbed with an excess of GHS-R was applied
(data not shown).

3.3. RT-PCR amplification of ghrelin transcript

Using ghrelin-specific primers, an RT-PCR product
corresponding to the predicted 347-bp size of the ghrelin
transcript was present in a rat arcuate nucleus RNA sample
(Fig. 4, left panel) but not present when no template was
used in the reaction (Fig. 4, right panel).

4, Discussion

Ghrelin is a recently discovered gastrointestinal hor-
mone that appears to play a major role in regulating energy
balance [1,3-8]. Ghrelin is predominantly produced in the
X/A-like cells of the stomach and may link the gastro-
intestinal system with hypothalamic control of energy
balance, growth, and digestive functions [15]. Central
administration of ghrelin has been shown to stimulate GH
secretion as well as food intake, fat deposition, and body
growth [1,3-8]. Central administration of ghrelin also
activates various nuclei in rat hypothalamus, including
critical regions for GH and energy homeostasis [8]. These

findings strongly suggest the existence of neurons that
produce ghrelin and/or its receptor in the brain. In situ
hybridization histochemistry has demonstrated expression
of the mRNA encoding the ghrelin receptor GHS-R in the
pituitary, hypothalamus, pancreas, stomach, and other
tissues [16], but immunohistochemical localization of
GHS-R has yet to be confirmed.

The present study shows that ghrelin-immunoreactive
neurons exist in the ventral portion of the arcuate nucleus,
which is consistent with a previous published report [1].
Furthermore, we demonstrated ghrelin immunoreactivity in
the arcnate nucleus using RP-HPLC combined with RIA.
Ghrelin mRNA expression was also found in the arcuate
nucleus. These results imply that the arcuate nucleus may
be a major source of ghrelin in the central nervous system
of rats. In addition, GHS-R was expressed in NPY- and

| Arcuate
No template

bp

ghrelin | 347

Fig. 4. Representative agarose gel showing the RT-PCR product
corresponding to ghrelin mRNA amplified from rat arcuate nucleus.
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GHRH-immunoreactive neurons of the rat arcuate nucleus,
suggesting that central ghrelin directly affects these
neurons which enhance feeding and GH secretion. We
also demonstrated that GH-producing cells in the anterior
pituitary express GHS-R. This finding indicates that
ghrelin also induces GH secretion via an endocrine as
well as a neural pathway.

In summary, the present study demonstrated the expres-
sion of an active n-octanoylated form of ghrelin in the
arcuate nucleus. Given the expression of GHS-R in NPY-
and GHRH-producing neurons, central ghrelin is expected
to play an important role in appetite stimulation, energy
homeostasis, and GH secretion. Such identification of
ghrelin in the brain will facilitate the investigation of the
link between peripheral factors relaying starvation or satiety
signals and central ghrelin pathways. Further examination of
the distribution of GHS-R-immunoreactive cells throughout
the brain and peripheral tissues could lead to discovery of
novel functions of ghrelin.
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Peptidome database is aimed to comprehensively accumulate the fact data
for the peptides present in the specific cells, tissues and organisms. In this
database, the peptide data are stored based on their hydrophobicity,
charges and molecular masses. By minimizing the degradation, the data
are deduced to reflect the endogenous forms of the peptides. Thus, this
database is expected to provide a new basement for peptide research,
especially for identifying new endogenous and bioactive peptides.

Keywords: peptidome, fact database, endogenous peptides, 2-dimensional
HPLC, mass spectrometry.

Introduction

Peptides play crucial roles in many physiological events as hormones,
neurotransmitter and local mediators, but no database for endogenous peptides is
available. This is mainly due to the following facts; i) peptide contents are extremely
low, ii) most peptides in the cells are degradation products of proteins, and iii) peptides
are easily susceptible to proteolysis during extraction and purification. Moreover,
peptides are generated from precursor proteins by specific cleavages, and the cleavage
sites are often different in different tissues. Modification of the peptides, such as
amidation, is also essential for eliciting biological activity. As the processing,
including cleavage and modification, is the most important feature of bioactive
peptides and is difficult to deduce from the DNA sequences, fact data for endogenous
peptides must be accumulated in order to advance peptide research.

Despite these problems and difficulties, we demonstrated that endogenous
peptides can be detected at substantial levels by minimizing the degradation of
proteins and peptides. By separating peptides by 2-dimensional (2D) chromatography
composed of ion exchange and reverse phase high performance liquid chromatography
(HPLC), a huge number of peptides were detected by the recently advanced mass
spectrometers. In 1999, we undertook the Peptidome project, which is aimed to
comprehensively analyze all peptides in the cells and tissues, to store the data based on
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Figure 1. Profiling procedures of the Peptidome database.
Peptides are separated by the 2D-HPLC, and each fraction is submitied to the MS
analysis. Major peaks are further analyzed by the tandem mass spectrometers.

the physiocochemical properties of peptides along with other related information [1].

Results and Discussion

Pig and mouse brain were collected immediately after sacrifice, diced and
boiled in water for more than 5 min to inactivate proteases. After cooling, peptides
were homogenized and extracted with 1 M acetic acid. The crude peptide fraction
was prepared by the batch-wise treatment with C-18 resin and SP-Sephadex columns,
which was separated by Sephadex G-50 gel filtration to remove remaining proteins.
The peptide fraction was devided into two fractions of Mr<3,000 and 3,000<Mr<6,000.
Fach fraction was separated into 70 fractions by SP-2SW ion exchange HPL.C with a
linear gradient elution of HCOONH, (pH 3.8) from 10 mM to 1.0 M in the presence of
10% CH;CN. Seventy fractions thus obtained were each subjected to reverse phase
HPLC on a C-18 column with a linear gradient elution of CH;CN in the presence of
0.1% trifluoroacetic acid (or formic acid), and separated into 75 fractions. By this
2D-HPLC system, peptides were separated into about 5,000 fractions, and an aliquot
of each fraction was submitted to MALDI-TOF mass spectrometric (MS) analysis and
peak lists of the peptides were stored. For de novo sequencing of the peptides,
another aliquot was submitted to EST-Q-TOF or MALDI-TOF-TOF MS analysis, and
these data were stored in the database (Fig. 1).

In the course of the separation and analysis, degrees of hydrophobicity, net
positive charges and molecular masses of the peptides are determined and estimated,
which are employed as major parameters to register the peptide information in the
Peptidome database, in addition to their sequences and names [1]. To normalize the
2D-HPLC system, we use a series of synthetic peptides of 11 amino acids with
different numbers of positive charges and different hydrophobicity as standards. The
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Figure 2. Analysis data for the pig brain peptides of 3,000<Mr<6,000.
The peptides were separated by 2D-HPLC (a), analyzed by the mass spectrometers (b),
and finally shown in the virtual 3D-space (c).

positive charge is estimated based on the elution times of the standard peptides, and
the hydrophobicity is expressed as a percent CH;CN concentration where the peptide
is eluted.

In Fig. 2, the analysis data for the pig brain peptides of 3,000<Mr<6,000 are
indicated step by step. Fig. 2a shows the 2D-HPLC profile of the peptides prepared
from 5 g equivalents of the tissue. The absorbance at 210 nm is indicated by the
density. Fraction 30 eluted at 60-62 min was then separated by reverse phase HPLC
and each fraction was analyzed by the MALDI-TOF. MS analysis data of each
fraction are serially plotted against m/z in Fig. 2b, and the density indicates the ion
count. Bands with different density indicate the peptides. By accumulating 70
figures like the middle panel, all peptides are drawn in the virtual 3D-space composed
of hydrophobicity, positive charge and molecular mass, as shown in Fig. 2c. By the
aid of the software, we can freely rotate, zoom in and out this 3D drawing. If you
click one ball, you will be able to check the peptide data and information so far as it
has been sequenced and annotated.

In the case of pig brain peptides, we analyzed 2 g equivalents of the tissue, and
detected 6,573 and 10,215 peptides in the Mr<3,000 and 3,000<Mr<6,000 fractions,
respectively.  As for about 25% of the detected peptides, the structural information is
assumed to be obtained by the MS analysis, although a portion of them has been
determined. In the case of mouse brain, we have so far analyzed the peptides in the
Mr<3,000 fraction using 0.8 g equivalent of the tissue and detected 4,058 peptides.
Among them, about 500 peptide sequences have been determined, and these data are
available through the web page of the Peptidome project (www.peptidome.org).

In the case of mouse brain peptides, about 20% of the sequenced peptides are
derived from the peptide hormone precursors and the secretory proteins. However,
most of other peptides are derived from cytoplasmic, nuclear, mitochondorial,
membrane proteins and so on.  Several examples of the peptide/precursor relationship
are shown in Fig. 3. The peptides derived from proenkephalin A, protachykinin and
proopiomelanocortin are considered to be cleaved by prohormone convertases (PO), ie.
cleaved at the consecutive basic amino acids. In the cocaine- and amphetamine
regulated transcript (CART), the peptide cleaved at the single arginine residues is
observed, and many possible degradation products are detected in the case of
procholecystokinin. We found that the regular secretory protein is processed in a
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Figure 3. Examples of the peptides identified in the mouse brain extracts.
Most peptides derived from the hormone precursor are cleaved by the PCs,
but some unique processing patterns are also observed in other cases.

manner similar to that of the peptide hormone precursor. In another case, a unique
peptide is present with high abundance but is not flanked by typical processing signals.
Although it is necessary to confirm whether these peptides are endogenously present, I
am sure that these data will help elucidate endogenous molecular forms and processing
profiles of peptides and proteins.

To measure the biological activity, more amounts of peptides are required as
compared with those used for the MS analysis even if the highly sensitive screening
system is employed. We also separated the pig brain peptides by the large scale
2D-HPLC under the conditions identical to the peptide analysis. An aliquot of each
fraction was submitted to the screening, and another aliquot was subjected to the MS
analysis to confirm the elution positions. By utilizing the normalized 2D-HPLC as a
common platform, data for endogenous peptides, biological activity and their related
information can be accumulated, which is expected to increase the chance of discovery
of the new bioactive peptides [2,3].

Recently, three groups reported that comprehensive analysis of peptides in the
cell, tissue and body fluid can provide valuable information of the endogenous
peptides [4-6]. Accumulation of these data in the common database will give us the
solid basement for discovery of unidentified endogenous and bioactive peptides.
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Abstract

Calcitonin receptor-stimulating peptide-1 (CRSP-1) is a peptide recently identified from porciﬁe brain by monitoring the cAMP
production through an endogenous calcitonin (CT) receptor in the renal epithelial cell line LLC-PK,;. Here we investigated the
effects of CRSP-1 on the ion transport and growth of LLC-PK, cells. CRSP-1 inhibited the growth of LLC-PK, cells with a higher
potency than porcine CT. CRSP-1 enhanced the uptake of Na* into LLC-PK, cells more strongly than did CT and slightly
reduced the **Ca*" uptake. The enhancement of the Na* uptake was abolished by 5-(N-ethyl-N-isopropyl) amiloride, a strong
Nat/H" exchanger (NHE) inhibitor for NHE1, even at a concentration of 1 x 1078 M, although other ion transporter inhibitors
did not affect the ?Na™ uptake. These results indicate that CRSP-1 enhances the Na™ uptake by the specific activation of
NHE]. Taken together, CRSP-1 is considered to be a new regulator for the urinary ion excretion and renal epithelial cell growth.
© 2005 Elsevier Inc. All rights reserved.

Keywords: Calcitonin receptor-stimulating peptide; Calcitonin; Calcitonin receptor; cAMP; LLC-PK, cell; Na®/H" exchanger; 5-(N-Ethyl-N-iso-

propyl) amiloride; cAMP-dependent protein kinase

Calcitonin receptor-stimulating peptide-1 (CRSP-1)
is a strong and specific agonist for the calcitonin (CT)
receptor, its stimulatory activity for the cAMP produc-
tion is 10-fold and more than 100-fold stronger than
porcine CT in LLC-PK cells and COS-7 cells expressing
the CT receptor, respectively [1].

Measurement of CRSP-1 concentration in various
porcine tissues by radioimmunoassay showed that the
pituitary gland and thyroid gland contain the highest
levels of CRSP-1 in the pig, although this peptide is
widely distributed throughout the central nervous sys-
tem. In the in vivo experiment, the bolus administration

of CRSP-1 into rats significantly reduced the plasma.

Ca”" level. We assumed that the CRSP-1 secreted from
the pituitary giand and thyroid gland into the systemic
circulation stimulated the CT receptor and regulated

" Corresponding author. Fax: +81 6 6835 5349,
E-mail address: minamino@ri.ncve.go.jp (N. Minamino).

0006-291X/$ - see front matter © 2005 Elsevier Inc. All rights reserved.

doi:10.1016/).bbrc.2005.02.131

the physiological events in the kidney and the bone.
Thus, we focused on the effect of CRSP-1 on the renal
function in this study. LLC-PK; is one of the most char-
acterized renal tubular epithelial cell lines [2-4]. This cell
line abundantly expresses the CT receptor [5] and is of-
ten used for the analysis of the cell physiological func-
tion of CT in the renal epithelial cells. As CRSP-1
stimulates the cAMP production in LLC-PK, cells more
potently than does CT, we examined the effect of CRSP-
1 on LLC-PK, cells to elucidate the cell physiological
function of CRSP-1 in the renal epithehial. In this study,
therefore, we investigated the effects of CRSP-1 on ion
uptake into LLC-PK; cells and their growth.

Materials and methods

Materials. Synthetic CRSP-1 and salmon CT were prepared and
purchased as described previously [1]. 125 Jabeled deoxybromouridine
('¥1-DU), #NaCl, and **CaCl, were purchased from Amersham
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Biosciences (Buckingham, UK). Benzthiazide, furosemide, 4-acetami-
do-4'-isothiocyanostilbene-2,2'-disulfonic acid (SITS), bumetanide,
and 5-(N-ethyl-N-isopropyl) amiloride (EIPA) were purchased from
Sigma (St. Louis, MO, USA).

Cell culture. LLC-PK, cells and opossum kidney (OK) cells were
cultured with Dulbecco’s modified Eagle’s medium (DMEM) and
minimum essential medium, respectively, supplemented with 10% fetal
bovine serum (FBS), 100 pg/ml penicillin, and 100 U/ml streptomycin
in a humidified atmosphere of 95% air-5% CO, at 37 °C.

Measurement of cAMP production in LLC-PK; cells. LLC-PK,
cells were harvested, seeded at a density of 1 x 10° cell/well on 48-well
plates, and cultured for 24h. The cells were washed twice with
DMEM/Hepes (20 mM, pH 7.4) containing 0.5 mM of 3-isobutyl-1-
methyl xanthine (IBMX, Sigma) and 0.05% bovine serum albumin
(DMEM/Hepes/IBMX solution), and were incubated in the same
medium for 30 min at 37 °C. The incubation medium was then re-
placed with 150 ul medium, in which the sample of interest was dis-
solved, and further incubated at 37 °C for another 30 min. Aliquots
(100 pl) of the incubation media were succinylated, evaporated, and
then submitted to radioimmunoassay for cAMP, as reported previ-
ously [1].

Measurement of "I-DU uptake into LLC-PK; cells. The cells were
harvested, seeded at a density of 2 x 10* cell/well on 24-well plates, and
cultured for 48 h. The cells at 70% confluence were washed with 0.5 mi
serum-free DMEM, replaced with DMEM containing 10% FBS and
the peptide of interest, and incubated for 2 h at 37 °C. Then, '*’I-DU
(4 x 10° cpm/50 pl in the DMEM) was added and further incubated for
5h at 37 °C. Following the incubation, the cells were washed twice
with ice-cold phosphate-buffered saline, incubated on ice for 30 min
with 5% trichloroacetic acid, washed twice with 99.5% ethanol, and
then solubilized in a buffer containing 0.1 M NaOH, 2% Na,COs, and
1% SDS (500 pl/well). The radioactivity in each well was counted using
a v counter (ARC-1000, Aloka, Tokyo, Japan).

Measurement of intracellular cAMP accumulation in OK cells. OK
cells were harvested, seeded at a density of 2 x 10° cell/well on 24-well
plates, and cultured for 24 h. Porcine CT receptor cDNA ligated into
peDNA 3.1 expression vector (Promega, Madison, WI, USA) was
transfected into the OK cells using Lipofectamine Plus (Invitrogen,
San Diego, CA, USA) according to the manufacturer’s protocol, and
further incubated for 24 h. The cells were washed twice with DMEM/
Hepes/IBMX solution and incubated in the same medium for 30 min
at 37°C. The incubation medium was then replaced with 250 pl
medium, in which the sample of interest was dissolved, and further
incubated at 37 °C for another 10 min. Following the incubation, the
medium was replaced with 99.5% ethanol, and the cells were frozen at
—80 °C for 24 h. The cells were lysed by repeated pipetting, and the
debris of the lysate was removed by centrifuging at 12,000g for 5 min.
The supernatant was evaporated, and the resulting pellet was dissolved
in DMEM/Hepes/IBMX solution. Aliquots (100 ul) of the incubation
media were succinylated, evaporated, and then submitted to radioim-
munoassay for cCAMP as reported previously [1].

Measurement of Beaft uptake into LLC-PK; cells. LLC-PK, cells
were harvested, seeded at a density of 2 x 10° cells on 6-well plates, and
cultured for 2 days. The cells were washed twice with a calcium-free
Hanks’ solution, and replaced with the calcium-free Hanks’ solution
containing **Ca* (37 kBq/ml), in the absence or presence of CRSP-1
at a concentration of 1 x 107% M. Following incubation at 37 °C for
10 min, the cells were washed three times with ice-cold washing buffer
(140 mM KCI, 5 mM MgCl,, 20 mM Hepes (pH 7.4), 80 mM sucrose,
and 1 mM EGTA), and the radioactivity incorporated into the cells
was measured using a Topcount scintillation counter (Packard, Mer-
iden, CT, USA).

Measurement of *’Na* uptake into OK cells and LLC-PK. 1 cells. OK
cells expressing recombinant CT receptor or LLC-PK, cells were
harvested, seeded at a density of 2 x 108 cells/well on 6-well plates, and
cultured for 2 days. The cells were washed twice with a Hanks’-choline
chloride solution (137 mM choline chloride, 5.4 mM KCl, 4.2 mM

NaHCO3, 3 mM Na,HPO,, 0.4 mM KH,P0O,, 1.3 mM CaCl,, 0.5 mM
MgCl,, 0.8 mM MgSO,, 10 mM glucose, and 5 mM Hepes, pH 7.4).
Then, the Hanks-choline chloride->>Na* (37 kBq/ml) solution con-
taining CRSP-1 (1 x 10® —1 x 10 M) alone, one of ion transporter
inhibitors (1 x 10 M) alone, CRSP-1 (1x 10 M) and one of ion
transporter inhibitors (1 x 10 M), or CRSP-1 (1 x 10°¢ M) and EIPA
(1x10° —1x10° M) was administered. Following incubation at 37 °C
for 10 min, the cells were washed three times with ice-cold saline, and
the 22Na™ uptake into the cells was measured using a y-counter (Cobra
5003, Packard).

Statistical analysis. Statistical analysis was performed using a one-

* way analysis of variance with repeated measurements, combined with a

multiple comparison (Scheffe’s F test). These analyses were carried out
using StatView 5.01 (SAS Institute, Cary, NC, USA). The data are
expressed as means + SEM. P values less than 0.05 were considered
significant.

Results
Fig. 1A shows the dose-dependent elevation of cAMP

levels in the LLC-PK; cells stimulated with porcine
CRSP-1, salmon CT, and porcine CT. CRSP-1, as well
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Fig. 1. Effects of CRSP-1, salmon CT, and porcine CT on cAMP
production (A) and '*’I-DU uptake (B) into LLC-PK cells. The cells
were stimulated with porcine CRSP-1 (closed circle), salmon CT (open
square) or porcine CT (open circle). (A) Dose-dependent increase of
¢AMP concentration in the culture medium of LLC-PK; cells. (B)
Dose-dependent reduction of 'I-DU uptake into LLC-PK, cells.
Bach point represents the mean+SEM of three separate
determinations.
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as salmon CT and porcine CT, stimulated the cAMP
production, and the potency order of the three peptides
in the stimulatory activity of cAMP production was
salmon CT > CRSP-1 > porcine CT. Since the increase
of the intracellular cAMP concentration induces a
change n growth of a variety of cell types, we next eval-
uated the effect of these peptides on the growth of the
LLC-PK; cells by measuring the '*’I-DU uptake into
chromosomal DNA. Parallel to the dose-dependent ele-
vation of the cAMP production, these three peptides re-
duced the '*’I-DU uptake into LLC-PK cells with the
order of potency being salmon CT > CRSP-1 > porcine
CT (Fig. 1B).

We next investigated the effects of CRSP-1 on ion
transport. The effect of CRSP-1 on the **Ca®" uptake
into LLC-PK, cells is shown in Fig. 2. CRSP-1 signifi-
cantly but weakly reduced the *’Ca** uptake at a con-
centration of 1x 107°M, and the effect of CRSP-1 on
the reduction was weaker than that of salmon CT. A sig-
nificant reduction of **Ca** uptake was not observed
when LLC-PK; cells were stimulated with CRSP-1 at
a concentration of 1x 1077 M (data not shown).

Fig. 3A shows the time course of *Na* uptake into
LLC-PK; cells in the absence or presence of CRSP-1.
The #?Na* uptake into LLC-PK cells was observed even
at 0.1 min and reached a plateau at 60 min. When the cells
were stimulated with CRSP-1 at a concentration of
1 x 1077 M, the *Na* uptake was significantly enhanced
at 5min and the enhancement reached a maximum at
10 min. Based on this result, we incubated the LLC-PK;
cells with peptides and “*Na* for 10 min, and observed
the enhancement of **Na™ uptake into the cells (Fig.
3B). CRSP-1 enhanced the *Na™ uptake into LLC-PK,
cells from a concentration of 1 x 10~% M. The potency or-
der of the **Na* uptake-increasing activity was salmon
CT > CRSP-1 > porcine CT and was in agreement with
that of cAAMP production. Thus, we studied the effect of
CRSP-1 on the **Na™ uptake in greater detail.

To verify that the activation of the CT receptor by
CRSP-1 induces *Na* uptake, porcine CT receptor
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Fig. 2. Effects of CRSP-1, salmon CT, and porcine CT on **Ca®"
uptake. The cells were incubated with “*Ca®" only (control), with
43Ca* and salmon CT (sCT, 1 x 107° M) or porcine CRSP-1 (CRSP-
1, I x 1076 M). Each bar represents the mean + SEM of three separate
determinations. *P < 0.05; **P < 0.001.
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Fig. 3. Time course and dose-dependent enhancement of *Na™*
uptake into LLC-PK; cells. (A) LLC-PX; cells were incubated with
22Nat in the absence (closed triangle} or presence of 1x 107" M of
CRSP-1 (closed square) for 0.1, 5, 10, 30, 60, and 120 min. (B) LLC-
PK, cells were incubated with 2 ?Na* only or with ®Na™ and the
indicated concentrations of porcine CRSP-1 (closed circle), salmon CT
(open square), and porcine CT (open circle) for 10 min. Each point
represents the mean + SEM of three separate determinations.
*P <0.05; **¥P < 0.001.

c¢cDNA inserted into mammalian expression vector
(pcDNA-CTR) was transfected into OK cells, and the
#2Na™ uptake into the cells was measured in the presence
of CRSP-1. CRSP-1 stimulated the cAMP production in
OK cells, only when pcDNA-CTR was transfected into
the cells (Fig. 4A). Parallel to the elevation of cAMP
production, the **Na* uptake into OK cells was en-
hanced with CRSP-1 (Fig. 4B). These results confirm
that CRSP-1 actually enhanced the **Na* uptake
through the CT receptor-cAMP pathway.

To determine which Na™ transporter is activated with
CRSP-1, we administered various transporter inhibitors,
such as furosemide (Na'/K*/Cl™ cotransporter inhibi-
tor), benzthiazide (Na'/CI™ cotransporter inhibitor),
EIPA (Na'/H"' exchanger inhibitor), SITS (Cl™/bicar-
bonate exchanger inhibitor), and bumetanide (Na*/K™/
CI™ cotransporter inhibitor), into the culture medium of
LLC-PK; cells at a concentration of 1 x 107 M, and
measured their effects on the CRSP-1-induced **Na™* up-
take. Although furosemide, bumetanide, benzthiazide or
SITS did not alter the *Na™ uptake, EIPA abolished the



