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Abstract Ghrelin is a potent, centrally acting orexigenic
hormone. Recently, we showed that centrally administered
ghrelin is a potent antidipsogenic hormone in 24-h water
deprived rats. In this study, we examined the effect of
intracerebroventricular (icv) injection of ghrelin on
angiotensin II (All)-induced water intake in rats. We also
examined the effects of icv injection of ghrelin on drinking
induced by intraperitoneal injection of an isotonic poly-
ethylene glycol (PEG) solution that causes isotonic hypo-
volemia. Water intake induced by the icv injection of AIl
or ip injection of PEG was significantly reduced after icv
injection of ghrelin, although food intake was stimulated by
the hormone. The drinking induced by AIl was also
inhibited by the icv administration of 4o-phorbol 12, 13-
didecanoate, an agonist of the osmosensitive TRPV4
channel. This study showed that ghrelin is a potent antid-
ipsogenic peptide by antagonizing general dipsogenic
mechanisms including those activated by AIl and hypo-
volemia in rats.
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Introduction

Homeostasis of body fluids is regulated by a balance
between water intake and excretion. In the central nervous
system (CNS), osmoreceptors, which detect changes in
osmotic pressures of body fluids, are important in osmo-
regulation. Osmoreceptors are suggested to be distributed
in the circumventricular organs (CVOs), including the
organum vasculosum of the lamina terminalis (OVLT) and
subfornical organ (SFO) [1]. However, molecular identifi-
cation of this osmoreceptor has not yet been achieved.

The transient receptor potential (TRP) superfamily of
non-selective cation channels is known to be present in
many species [2]. Of six subfamilies, some members of the
TRPV and TRPM subfamilies are temperature sensitive,
and each has a different range of temperature sensitivity.
Previous study showed that TRPV4, one of the members of
TRPV subfamily, is sensitive to osmotic pressure, as well
as temperature [3]. They showed that TRPV4 was activated
by hypotonic stimuli, resulting in an increase in intracel-
lular Ca®>* concentration. Recently, Tsushima and Mori [4]
showed the TRPV4 agonist, 4«-phorbol 12, 13-didecanoate
(40-PDD), decreased angiotensin II (All)-induced water
intake. These reports suggested that the TRP family might
be involved in central regulation of body fluid balance,
including the osmosensing mechanism and water drinking
behavior.

Most species show a close relationship between drinking
and feeding [5, 6]. Approximately 80% of spontaneous
daily water intake is temporally associated with feeding in
rats [7]. Ghrelin, a 28-amino-acid neuropeptide and an
endogenous ligand for the growth hormone secretagogue
receptor (GHS-R), was first isolated from stomach [8].
However, ghrelin is found in the brain and now is recog-
nized as a neuropeptide. In addition to the stimulation of
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growth hormone secretion from the anterior pituitary,
central and peripheral administration of ghrelin strongly
stimulates feeding in mammals [9, 10]. Ghrelin is estab-
lished as a major orexigenic hormone acting not only from
the periphery but also locally in the brain. Ishizaki et al.
[11] reported that intracerebroventricular (icv) and intra-
venous (iv) injection of ghrelin increased plasma arginine
vasopressin (AVP) levels in conscious rats. AVP is well
known as an important hormone involved in body fluid
balance [12]. Thus, it is possible that ghrelin may have a
potent effect on drinking behavior and body fluid balance
in mammals. Our previous study demonstrated that dehy-
dration-induced drinking was significantly inhibited by icv
administration of ghrelin in conscious rats [13]. Recently,
Mietlicki et al. [14] showed that centrally administered
All-induced drinking was reduced by icv administration of
ghrelin.

In the present study, we examined the effects of cen-
trally administered ghrelin, 40-PDD, and desacyl ghrelin
on All- and/or hypovolemia-induced drinking behavior in
conscious rats. Icv administration of AIl and intraperito-
neal (ip) injection of polyethylene glycol (PEG) caused
marked increase of water intake in euhydrated rats.
Peripheral administration of PEG is known to produce a
gradual and progressive reduction in plasma volume
without any change of plasma osmolality and sodium
concentration [15].

Materials and methods
Animals

Adult male Wistar rats, weighing 200-300 g, were housed
individually in plastic cages in an air-conditioned room
(24 £ 1°C) under a 12-h light (0700-1900)/12-h dark
cycle.

All procedures in the present study were done in
accordance with guidelines on the use and care of labora-
tory animals as set out by the Physiological Society of
Japan and under the control of the Ethics Committee of
Animal Care and Experimentation, University of Occupa-
tional and Environmental Health, Japan.

Surgical procedures

For icv injection of solutions, animals were implanted with
stainless steel cannulae in the lateral ventricle. Animals
were anesthetized (sodium pentobarbital, 50 mg/kg body
weight, ip injection) and then placed in a stereotaxic frame.
A stainless steel guide cannula (550 pm outer diameter,
10 mm length) was implanted stereotaxically at the fol-
lowing coordinates: 0.8 mm posterior to the bregma,
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1.4 mm lateral to midline, and 2.0 mm below the surface
of the left cortex such that a tip of the cannula was 1.0 mm
above the left cerebral ventricle [16]. Two stainless steel
anchoring screws were fixed to the skull, and the cannula
was secured in place by acrylic dental cement.

The animals were then returned to their cages and
allowed to recover for at least 5 days. During the recovery
period, the animals were handled daily.

Central administration of ghrelin, 4a-PDD, desacyl
ghrelin, and AIl

For icv injection of ghrelin, desacyl ghrelin, 40-PDD, All,
or vehicle (sterile 0.9% saline), a stainless steel injector
(300 um, outer diameter) was introduced through the
cannula at a depth of 1.0 mm beyond the end of the guide.
The total volume of injected solution of ghrelin, desacyl
ghrelin, 4¢-PDD, AlI, and saline into the lateral ventricle
was 5 pl. Rat ghrelin and desacyl ghrelin was purchased
from the Peptide Institute (Minoh, Japan). 4¢-PDD and All
were purchased from the Sigma-Aldrich (Tokyo, Japan).
Ghrelin, desacyl ghrelin, 4¢-PDD, and AIl were dissolved
in sterile 0.9% saline.

Experimental procedures

In the first experiment, a dose-response study was per-
formed to confirm the effects of 4¢-PDD on All-induced
water intake. Thirty minutes after icv injection of 4¢-PDD
(1, 3, or 10 nmol) or vehicle, we administered AIl
(96 pmol) or vehicle. After icv injection of All or vehicle,
the animals were put into metabolic cages. We measured
the cumulative water intake 30 and 60 min after icv
injection of AIl. The number of rats was 67 in each group.

In the second experiment, 30 min after icv injection of
ghrelin (1 nmol), 4o-PDD (10 nmol), or vehicle, we
administered AIl (96 pmol) or vehicle. After icv injection
of AIl or vehicle, the animals were put into metabolic
cages. We measured the cumulative water intake and food
intake 15-180 min after icv injection of AIl. Number of
rats was 6-9 in each group. Moreover, 30 min after icv
injection of desacyl ghrelin (200 nmol) or vehicle, we
administered AIl (96 pmol) or vehicle. After icv injection
of AIIl or vehicle, the animals were put into metabolic
cages. We measured the cumulative water intake and food
intake 30 and 60 min after icv injection of AIl. The number
of rats was 6 in each group.

In the third experiment, after ip injection of PEG (MW
2700-3500, 20 ml/kg) or vehicle, the animals were
deprived of water for 6 h. Six hours later, we administered
ghrelin (1 nmol), 4a-PDD (10 nmol), or vehicle. After icv
injection of solutions, the animals were put into metabolic
cages. We measured the cumulative water intake and food
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intake 15-180 min after icv injection of solutions. The [ vehicle Al
number of rats was 6 in each group. ] 4aPDD (1 nmol) + All
150 - B3 4aPDD (3 nmol) + All
Measurement of total protein, sodium, and hematocrit B 4aPDD (10nmol) + All
in plasma 2
3=
. . . < < 4004
Plasma concentration of total protein and sodium were § -;
measured by the automatic analyzer (Hitachi 710, Hitachi, g T
Ibaraki, Japan) to confirm the isotonic hypovolemia caused o £
by ip administration of PEG. Hematocrit (Hct) was mea- % g 504
sured by using a Hct capillary tube (Terumo Co. Ltd, '232
Tokyo, Japan). Tt
(8]
Statistical analysis 0

A mean deviation from control (percentage) £ SEM was
calculated from data obtained from measurement of the
cumulative water drinking and food intake, Hct, plasma
total protein, and sodium. Each group within an experiment
was compared with the vehicle-treated group. The data
were analyzed using a one-way fractional ANOVA fol-
lowed by a Bonferroni correction for multiple comparisons.
The statistical significance was set at P < 0.05.

Results

Dose response study of icv injection of 40-PDD on
All-induced water intake

In the dose response study using 4o-PDD, water intake was
significantly inhibited 30 and 60 min after icv injection of
40-PDD (10 nmol) in comparison with vehicle (Fig. 1).
We could confirm the antidipsogenic effect of 4¢-PDD on
All-induced water intake, as previously reported [4].
However, the effects of icv injection of 4¢-PDD (1 and
3 nmol) were not different from that of vehicle-injected
controls (Fig. 1). Therefore, we used a dose of 10 nmol 4o-
PDD in subsequent experiments.

Effects of icv injection of ghrelin on All-induced water
intake

Water intake was significantly increased after icv injection
of AII (96 pmol) in comparison with control rats (Fig. 2a).
All-induced water intake was significantly inhibited 15—
120 min after icv injection of ghrelin (1 nmol) or 4¢-PDD
(10 nmol) in comparison with vehicle (Fig. 2a), as previ-
ously reported [4, 14]. The effect of ghrelin was similar to
40-PDD at 15-120 min (Fig. 2a). However, the effect of
ghrelin was relatively transient compared with 4«-PDD,
and 180 min after icv injection, the effect of ghrelin was no
longer different from that of vehicle-injected controls

30 min 60 min

Time after icv injection

Fig. 1 Effects of intracerebroventricular (icv) injection of 40¢-PDD
(1, 3, and 10 nmol) or vehicle on cumulative water intake for 30 and
60 min after icv injection of angiotensin II (AZl) (100 ng) in
conscious rats. Data for cumulative water intake are expressed as
the mean £ SEM (n = 6-7). *P < 0.05, compared with vehicle-
injected rats

(Fig. 2a). Thus, the inhibition with 40-PDD was greater
than that of ghrelin 180 min after injection (Fig. 2a).
Food intake was significantly increased 120 min after
icv injection of ghrelin in comparison with vehicle
(Fig. 2b). This effect lasted 180 min after icv injection of
ghrelin (Fig. 2b). Food intake did not change after injection
of 40-PDD or All in comparison with vehicle (Fig. 2b).
We also examined the effects of centrally administered
desacyl ghrelin on All-induced water intake. Water intake
did not change 30 and 60 min after icv injection of desacyl
ghrelin (200 nmol) in comparison with vehicle (Fig. 3).

Effects of icv injection of ghrelin on PEG-induced
water intake

The Hct and concentrations of total protein and sodium in
plasma after ip injection of PEG are shown in Table 1. Hct
and plasma concentrations of total protein were signifi-
cantly increased after ip injection of PEG (P < 0.01) in
comparison with control (euhydrated) rats and vehicle-
treated rats. In all groups, plasma concentration of sodium
did not change significantly.

Water intake was significantly increased after ip injec-
tion of PEG (20 ml/kg) in comparison with control rats
(Fig. 4a). PEG-induced water intake was significantly
inhibited 15—60 min after icv injection of ghrelin (I nmol)
in comparison with vehicle and 4o-PDD (10 nmol)
(Fig. 4a). However, 120 min after icv injection, the effect
of ghrelin was not different from that of vehicle-injected
controls (Fig. 4a).
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Fig. 3 Effects of intracerebroventricular (icv) injection of desacyl
ghrelin (200 nmol) or vehicle on cumulative water intake for 30 and
60 min after icv injection of angiotensin II (AIl) (96 pmol) in
conscious rats. Data for cumulative water intake are expressed as the
mean = SEM (n = 6-7)

Food intake was significantly increased 60 min after icv
injection of ghrelin in comparison with vehicle (Fig. 4b).
This effect lasted for 180 min after icv injection of ghrelin
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60 120 180
Time after icv injection (min)

(Fig. 4b). Food intake did not change after injection of 4a-
PDD in comparison with vehicle (Fig. 4b).

Discussion

The present study demonstrates that centrally administered
ghrelin causes the inhibition of PEG-induced as well as
All-induced water intake in rats. We measured water intake
together with food intake using metabolic cages after icv
injection of ghrelin or 40-PDD. In both All-induced and
PEG-induced water intake, icv injection of ghrelin potently
decreased water intake, while icv injection of 4«-PDD
decreased All-induced water intake as previously reported
[4], and did not change PEG-induced water intake. More-
over, All-induced water intake was not significantly
affected by centrally administered desacyl ghrelin.
Central administration of AIl is known to have rapid and
large dipsogenic effect in rats [17]. It has been hypothe-
sized that AII acts on the CVOs, including the OVLT and
SFO. The neurons in the OVLT and SFO are osmosensitive
and AII sensitive in the rats [1, 18, 19]. Centrally admin-
istered AIl induced c-fos protein (Fos) in the OVLT and
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Table 1 Effects of ip injection of polyethylene glycol on hematocrit (Hct), plasma concentration of total protein, and sodium 6 h after treatment

Hct (%) Total protein (g/dl) Plasma Na™ (mEq/l)
Control 41.7 £ 049 6.0 £0.17 142 £ 0.7
Vehicle (saline ip + water deprivation) 41.1 £ 0.30 5.7 £0.10 140 + 0.9
PEG (PEG ip + water deprivation) 48.6 £ 1.08%* 7.0 £ 0.24%* 140 + 0.7

PEG Polyethylene glycol. Values represent mean + SEM (n = 6-8)
*#*P < 0.01, compared with other groups

s
L]
J

Fig. 4 Cumulative water intake
(a) and food intake (b) for
15-180 min after
intracerebroventricular (icv)
injection of ghrelin (1 nmol),
40-PDD (10 nmol), or vehicle
in hypovolemia rats induced by
ip injection of polyethylene
glycol (PEG). Data for
cumulative water intake and
food intake are expressed as the
mean + SEM (n = 6-8).

*P < 0.05 and **P < 0.01,

-]
1

Cumulative water intake (ml)
o™

= <} -control
—l— PEG + vehicle
~——de— PEG + ghrelin

compared with vehicle-injected 15 20
ats T 8

rats. 'P < 0.05 and "'P < 0.01,

compared with 4a-PDD-injected

rats

Cumulative food intake (g)

15 30

SFO in rats [20]. Our previous study showed that centrally
administered ghrelin did not induce Fos in the OVLT and
SFO [13]. It is possible that centrally administered ghrelin
may excite inhibitory neurons directly or indirectly to
attenuate All-induced water intake in rats. This point
should be clarified by further study.

Two major molecular forms of ghrelin were found in the
stomach and plasma: acylated ghrelin, which has n-octa-
noylated serine in position 3, and desacyl ghrelin [21].
Acylation is essential for the binding of ghrelin to the
GHS-R, and although desacyl ghrelin does not bind to the
GHS-R, it may be biologically active [21-23]. Previous
studies showed that centrally administered desacyl ghre-
lin can increase [24] or decrease [25] food intake. Matsu-
da et al. [26] showed that desacyl ghrelin inhibits acyl

=——spi— PEG + 4aPDD
e e
60 120 180

Time after icv injection (min)

i
i

60 120 180
Time after icv injection (min)

ghrelin-induced orexigenic activity in goldfish. They sug-
gested that desacyl ghrelin might have an unknown
receptor, which was different from ghrelin-binding recep-
tor. We showed that centrally administered ghrelin inhib-
ited All-induced water intake, while desacyl ghrelin did not
have the effect on All-induced water intake (Fig. 3). These
results suggested that GHS-R might hold the key to clari-
fying the mechanism of antidipsogenic effect of ghrelin.
Thus, further studies are required to demonstrate the rela-
tionship of ghrelin and GHS-R in the regulatory system of
drinking in the CNS.

Peripheral administration of PEG is known to produce a
reduction in plasma volume without any change of plasma
osmolality [15]. In PEG-administered rats, we observed a
significant increase in Hct and plasma concentration of
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total protein, but not in plasma concentration of sodium
compared with controls (Table 1). Hct and plasma con-
centrations of total protein were significantly increased
after ip injection of PEG (P < 0.01) in comparison with
control (euhydrated) rats and vehicle-treated rats. In all
groups plasma concentration of sodium did not change
significantly. Therefore, isotonic hypovolemia occurred in
PEG-administered rats. Centrally administered 4o-PDD did
not change PEG-induced water intake (Fig. 4). As TRPV4
is sensitive to osmotic pressure [3], the lack of effect of 4o~
PDD on PEG-administered rats was expected. On the other
hand, centrally administered ghrelin did inhibit PEG-
induced water intake. These results suggest that ghrelin and
40-PDD have different sites of action related to water
drinking in the CNS in rats and the inhibition due to cen-
trally administered ghrelin is caused not only by osmo-
sensitive sites in the CNS but by other areas, including
unknown centers that regulates water intake.

In the present study, although All-induced water intake
was increased 120-180 min after icv injection of ghrelin
(1 nmol/rat), these increases may be caused by the feed-
ing-associated drinking (prandial drinking) as food intake
markedly increased after 60 min of injection (Fig. 2a, b).
The prandial drinking was also observed 60-180 min
after icv injection of ghrelin in the PEG-treated rats
(Fig. 4a, b). It is interesting that antidipsogenic effects of
ghrelin precede the orexigenic effect. Previously our
study also showed this same phenomenon in dehydrated
rats [13]. However, this phenomenon was not shown in
the report by Mietlicki et al. [14]. Although it is difficult
to explain this difference, differences between Wistar and
Sprague-Dawley rats might account for the apparent
discrepancy.

Generally, it is recognized that water intake is controlled
by two major systems, osmolality and water volume [27].
Moreover, AIl acts as a major system regulating water
intake independent of osmolality and extracellular volume
[28]. Centrally administered 4o-PDD inhibited All-induced
water intake and did not change hyperosmolality-induced
water intake [4]. We showed that centrally administered
40-PDD did not change PEG-induced water intake, which
is not related to osmolality. These results suggested that
40-PDD may have an important role on All-induced water
intake. A recent study showed that All-induced drinking
was reduced by icv injection of ghrelin [14]. In our pre-
vious and present studies, we showed that centrally
administered ghrelin inhibited water intake in dehydrated,
All-induced, PEG-induced thirsty rats [13]. These results
suggested that ghrelin and 40-PDD may have different
action sites related to water drinking in the CNS in rats.
Especially ghrelin is a potent antidipsogenic peptide and
may be an important key to clarify the general dipsogenic
mechanisms in the CNS.
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