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Abstract
AIM: To explore the mechanism for interactions of 
leptin with ghrelin and orexin in the arcuate nucleus 
(ARC) activating neuropeptide Y (NPY) neurons during 
physiological regulation of feeding.
METHODS: Single neurons from ARC of adult rats 
with matured feeding function were isolated. [Ca2+]i 

was measured to monitore their activities. The time 
course of leptin effects on ghrelin-induced versus  
orexin-induced [Ca2+]i increases in NPY neurons was 
studied.
RESULTS: Administration of ghrelin or orexin-A at 
10-10 mol/L increased cytosolic Ca2+ concentration 
([Ca2+]i) in NPY neurons isolated from the ARC of adult 
rats. Upon administration of leptin at 10-14-10-12 mol/L, 
ghrelin-induced [Ca2+]i increases were initially (< 10 
min) inhibited but later restored, exhibiting a transient 
pattern of inhibition. In contrast, orexin-induced 
[Ca2+]i increases were inhibited by leptin in a long-
lasting manner. Furthermore, a prior administration of 
leptin inhibited orexin action but not ghrelin action to 
increase [Ca2+]i.
CONCLUSION: Leptin counteracted ghrelin effects 

transiently and orexin effects long-lastingly in NPY 
neurons. The transient property with which leptin 
counteracts ghrelin action in NPY neurons may allow 
the fasting-associated increase in ghrelin levels to 
activate NPY neurons in the presence of physiological 
leptin and to stimulate feeding. 
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INTRODUCTION
Food intake is controlled by the feeding regulatory 
centers, in which the arcuate nucleus (ARC) in the 
hypothalamus is considered the first order center that 
senses and integrates a variety of  central and peripheral 
factors[1]. In the ARC, neuropeptide Y (NPY) neurons 
that coexpress agouti-related peptide (AgRP) are 
mandatory for feeding[2,3], while proopiomelanocortin 
(POMC) neurons are essential for satiety[1]. Orexin-A 
and -B (hypocretin-1 and -2) are orexigenic peptides[4] 
localized in neurons in the lateral hypothalamus (LH)[5], 
an area implicated in feeding behavior[6]. Fasting and 
lowering glucose concentrations increase prepro-orexin 
mRNA level[4] and cytosolic Ca2+ concentration ([Ca2+]i) 
in orexin neurons[7], suggesting a possible physiological 
role of  orexins in feeding. Ghrelin is an orexigenic 
peptide released predominantly from the stomach[8-10] 
and also from the intestine and pancreas[11-13]. Ghrelin 
is the only one orexigenic peptide of  the peripheral 
origin known. The plasma concentration of  ghrelin 
increases before meals and rapidly declines upon food 
intake[14]. Orexin levels might also change during a day, 
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since this peptide is implicated in regulation of  sleep/
wakefulness[15]. These rhythmic changes in ghrelin and 
orexin levels may alter their inputs on the feeding center 
and thereby regulate feeding. Both ghrelin[9,16-17] and 
orexin[18] stimulate food intake primarily by activating 
NPY neurons in the ARC.

Leptin, a powerful anorectic hormone produced and 
released from the adipocytes, is present constantly in 
the plasma at the nanomolar range[14] and is considered 
to enter the brain through the blood-brain barrier[19]. 
Therefore, leptin is likely to act continuously on the 
feeding center and thereby modulate the efficacy of  
orexigenic substances. The primary action of  leptin 
in the feeding center is inhibition of  NPY neurons 
as well as activation of  POMC neurons in the ARC. 
The obesity syndrome in ob/ob mice resulting from 
lack of  functional leptin is attenuated by the loss 
of  neuropeptide Y[20]. Therefore, elucidation of  the 
interaction of  leptin with ghrelin and with orexin 
in the ARC NPY neurons may provide a clue to 
understand the neuronal mechanisms for physiological 
regulation of  feeding. It has recently been shown that 
leptin counteracts ghrelin action to increase cytosolic 
free [Ca2+]i in NPY neurons in the ARC, and that the 
PI3-kinase (phosphatidylinositol 3-kinase)-PDE3 
(phosphodiesterase 3) signaling plays a key role in the 
leptin action[17]. In the present study, we isolated single 
neurons from ARC of  adult rats with matured feeding 
function and monitored their activities by measuring 
[Ca2+]i. We studied the time course of  leptin effects on 
ghrelin-induced vs orexin-induced [Ca2+]i increases in 
NPY neurons.

MATERIALS AND METHODS
Animals and preparation of single neurons from the 
ARC of adult rats
Adult male Sprague-Dawley (SD) rats were maintained 
on a 12-h light/dark cycle and given conventional 
food and water ad libitum. The ARC was isolated from 
the brain of  5-8-wk-old SD rats and single neurons 
were prepared according to the procedures reported 
previously[16,21] with slight modifications. Briefly, rats 
were anaesthetized with an intraperitoneal injection of  
carbamic acid ethyl ester (900 mg/kg) and decapitated, 
and their brains were removed. Brain slices containing 
the ARC were prepared and the whole ARC of  the 
left and right sides was cut out. The dissected tissues 
were washed with 10 mmol/L HEPES-buffered 
Krebs-Ringer bicarbonate buffer (HKRB) containing  
10 mmol/L glucose. Then they were incubated in HKRB 
supplemented with 20 U/mL papain (Sigma Chemical 
Co., St. Louis, MO), 0.015 mg/mL deoxyribonuclease, 
0.75 mg/mL bovine serum albumin and 1mmol/L 
cysteine for 15 min at 36℃ in a shaking water bath, 
followed by gentle mechanical trituration for 5-10 min. 
After trituration, the cell suspension was centrifuged at 
100 × g for 5 min. The pellet was resuspended in HKRB 
and distributed on coverslips. The cells were kept at 20℃ 

in moisture-saturated dishes for up to 10 h. The animal 
protocols were approved by the Jichi Medical School 
Institute of  Animal Care and Use Committee.

Measurements of [Ca2+]i in single neurons of the ARC
At 2 to 10 h after cell preparation, [Ca2+]i was measured 
by ratiometric fura-2 microfluorometry in combination 
with digital imaging as previously reported[16,21]. Briefly, 
following incubating with 2 mmol/L fura-2-AM for  
30 min at room temperature, the cells were mounted in 
a chamber and superfused with HKRB at 1 mL/min at 
34℃. Fluorescence images due to excitation at 340 nm 
and 380 nm were detected every 8.0 s with an intensified 
charge-coupled device (ICCD) camera, and the ratio 
image was produced by an Argus-50 system (Hamamatsu 
Photonics Co., Hamamatsu, Japan). Ratio values were 
converted to [Ca2+]i according to calibration curves. Data 
were taken from the cells identified as neurons by the 
procedures reported previously[16,21].

Post-[Ca2+]i imaging immunocytochemistry and 
identification of NPY neurons
Neurochemical identification of  the neurons that 
exhibited [Ca2+]i responses were performed according 
to the original method[22] with slight modification[16]. 
Briefly, the cells were fixed with 4% paraformaldehyde 
over night. They were blocked in 10% normal goat 
ser um (NGS) and in 0 .1 mol/L PBS for 1 h at 
room temperature. Primary antiserum against NPY 
(DiaSorin, Stillwater, MN) was diluted 1:1000 in PBS 
containing 1.5% NGS and was incubated 24 h at 4℃. 
The antiserum were then rinsed and incubated with 
biotinylated secondary antibody raised against rabbit 
IgG (Vector Laboratories Inc., Burlingame, CA; diluted 
at 1:400) for 1 h at room temperature. The secondary 
antibody was rinsed, and the sections were labeled with 
avidin-peroxidase complex (ABC kit, Vector) for 1 h 
and color-developed with 3,3'-diaminobenzidine (DAB). 
Control experiments were carried out by omitting the 
primary antiserum.

To correlate [Ca2+]i and immunocytochemical data, 
photographs of  all the cells in the microscopic field 
subjected to [Ca2+]i measurements were taken at the end 
of  [Ca2+]i imaging. Based on these photographs, the cells 
in which [Ca2+]i was recorded were correlated with their 
corresponding immunocytochemical results.

Criteria for [Ca2+]i responses and determination of 
response amplitude
Ghrelin, orexin-A and leptin were administered to the 
superfusion solution. Amplitudes of  [Ca2+]i increases 
in response to agents were calculated by subtracting 
pre-stimulatory basal [Ca2+]i levels from peak [Ca2+]i 
levels. When increases in [Ca2+]i took place within  
5 min after addition of  agents and their amplitudes were 
150 nmol/L or larger, they were considered responses. 
Suppression by leptin was judged by the following criteria. 
In Figures 1 and 2, when the peak amplitude of  ghrelin-
induced [Ca2+]i increase was decreased to a level of  40% 

6348    ISSN 1007-9327   CN 14-1219/R    World J Gastroenterol     November 7, 2008     Volume 14      Number 41

www.wjgnet.com



or smaller for at least 5 min and the recovery of  [Ca2+]i 
increase was observed after washing out leptin, it was 
considered inhibition. In Figure 3, repetitive additions 
of  ghrelin or orexin-A twice induced repeated [Ca2+]i 
increases, and the second challenge to ghrelin or orexin-A 
was performed in the presence of  leptin. When the 

amplitude of  the [Ca2+]i response to the second addition 
was less than 150 nmol/L, it was considered inhibition.

Solutions and chemicals
The measurements were carried out in HKRB solution 
composed of  129 mmol/L NaCl, 5.0 mmol/L NaHCO3, 
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Figure 1  Ghrelin- and orexin-induced [Ca2+]i increases were suppressed by leptin in a transient or long-lasting manner in NPY neurons. A-D: Ghrelin and 
orexin-A at 10-10 mol/L increased [Ca2+]i in single neurons isolated from the ARC, and these [Ca2+]i increases were suppressed by administration of leptin at 10-12 mol/L 
(A, C) and 10-14 mol/L (D). Following [Ca2+]i measurements, the neurons in (A) and (C) were proved to contain NPY by immunocytochemistry using anti-NPY antibody (A, 
C; right panels). The bars indicate 10 mm. E: Leptin inhibited ghrelin-induced [Ca2+]i increases in a greater number of neurons in 2-7 min after administration than in 
10-15 min. In contrast, leptin inhibited orexin-A-induced [Ca2+]i increases in the majority of neurons in 2-7 min and 10-15 min after administration. The numbers above 
the bars indicate the number of neurons inhibited by leptin over that responded to ghrelin or orexin-A. F: The number of neurons whose [Ca2+]i responses to ghrelin 
or orexin-A were suppressed by leptin in either a transient or long-lasting manner is expressed by percentage. The numbers above the points indicate the number of 
neurons inhibited by leptin in the specified manner over that responded to ghrelin or orexin-A.
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Figure 2  Leptin suppresses ghrelin-induced and orexin-induced [Ca2+]i increases via different signaling pathways in NPY neurons. A-G: Effects of inhibitors 
for signaling molecules on the leptin action against ghrelin and orexin. Preincubation for 1 h with 50 mmol/L LY294002, an inhibitor for PI3-kinase, interfered with leptin 
action to suppress [Ca2+]i responses to ghrelin (A), but not orexin (B). Preincubation for 1 h with 100 nmol/L wortmannin, another PI3-kinase inhibitor, little affected the 
leptin suppression of orexin-induced [Ca2+]i increases (C). Preincubation for 30 min with 10 mmol/L milrinone, a PDE3 inhibitor, blocked the leptin action to suppress 
[Ca2+]i responses to ghrelin (D), but not orexin (E). Preincubation for 30 min with 10 mmol/L U0126, an inhibitor for MAP-kinase, little affected the leptin action to 
suppress orexin-induced [Ca2+]i increases (F). Preincubation for 30 min with a STAT3 inhibitor peptide at 500 mmol/L, did not significantly alter the leptin suppression 
of orexin-induced [Ca2+]i increases (G). H: The number of neurons whose [Ca2+]i responses to ghrelin or orexin were suppressed by leptin in the presence of inhibitors 
is expressed by percentage. The numbers above the bars indicate the number of neurons inhibited by leptin over that responded to ghrelin or orexin-A. I: Reduction of 
amplitudes of [Ca2+]i responses to ghrelin or orexin-A by leptin is expressed by percentage. aP < 0.05, bP < 0.01 vs control. The data regarding ghrelin in H and I were 
in part taken from our previous paper[17].
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4.7 mmol/L KCl, 1.2 mmol/L KH2PO4, 1.8 mmol/L 
CaCl2, 1.2 mmol/L MgSO4, and 10 mmol/L N-2-
hydroxyethylpiperazine-N'-2-ethanesulfonic acid (HEPES) 
at pH 7.4. Fura 2-acetoxymethylester was obtained 
from Dojin Chemical (Kumamoto, Japan). Ghrelin 
and orexin-A were obtained from Peptide Institute, 
Inc. (Osaka, Japan), Leptin was from R&D Systems 
(Mineapolis, MN).

Data presentation and statistical analysis
The data are presented as the mean ± SE (n: number of  
neurons). Each study was based on at least 7 neurons 
prepared from at least 3 rats. Student’s paired or unpaired 
t-test was used to evaluate differences and values of  P < 
0.05 were considered to be significant.

RESULTS
Leptin inhibits ghrelin- and orexin-A-induced [Ca2+]i 
increases in NPY neurons
Single neurons isolated from the ARC were superfused 

with HKRB and subjected to measurements of  [Ca2+]i 
with fura-2 fluorescence imaging. Administration of  
ghrelin or orexin-A at 10-10 mol/L for 40-50 min into 
superfusion solutions increased [Ca2+]i in a continuous 
manner (Figure 1A and B) as reported previously[16-18]. 
The [Ca2+]i increases in response to ghrelin and orexin 
took place in an oscillatory manner. The peaks of  [Ca2+]i 
responses to ghrelin [486 ± 49 nmol/L (n = 33)] and 
orexin-A [433 ± 47 nmol/L (n = 27)] were significantly 
(P < 0.001) higher than the corresponding basal [Ca2+]i 
levels prior to administration of  the peptides [107 ±  
12 nmol/L (n = 33) for ghrelin; 110 ± 10 nmol/L (n = 
27) for orexin].

Both ghrelin-induced (Figure 1A) and orexin-
induced [Ca2+]i increases (Figure 1C) were inhibited by 
administration of  10-12 mol/L leptin in the ARC neurons, 
which were subsequently proven to be immunoreactive 
to NPY (Figure 1A and C, right panels). The results 
that leptin counteracts ghrelin and orexin actions on 
[Ca2+]i in the ARC NPY neurons confirm previous  
reports[16-18].

A

0                      20                     40

800

600

400

200

0

[C
a2+

]i  
(n

m
ol

/L
)

t /min

Ghrelin 10-10 mol/LGhrelin

B

0                     20                      40

800

600

400

200

0

[C
a2+

]i  
(n

m
ol

/L
)

t /min

Ghrelin 10-10 mol/LGhrelin

Leptin 10-12 mol/L

C

0                     20                    40

800

600

400

200

0

[C
a2+

]i  
(n

m
ol

/L
)

t /min

Orexin 10-10 mol/LOrexin

D

0                 20                40                60

800

600

400

200

0

[C
a2+

]i  
(n

m
ol

/L
)

t /min

Orexin 10-10 mol/LOrexin

Leptin 10-12 mol/L

60

40

20

0
Control

3/14

8/16

1/17
1/9

Orexin
Ghrelin

N
eu

ro
ns

 in
hi

bi
te

d 
(%

)

Leptin 10-12 mol/L

E

Figure 3  Prior treatment with leptin 
suppressed [Ca 2+] i responses to 
subsequent administration of orexin, 
but not ghrelin, in NPY neurons. A, C: 
Repeated administrations of ghrelin or 
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Leptin inhibits ghrelin-induced [Ca2+]i increases 
transiently and orexin-A-induced [Ca2+]i increases long-
lastingly in NPY neurons
Typical results of  the effects of  leptin on [Ca2+] i 
responses to ghrelin and orexin-A are shown in Figure 1;  
leptin at 10-12 mol/L inhibited ghrelin-induced [Ca2+]i 
increases in a transient manner (Figure 1A) and orexin-
induced [Ca2+]i increases in a longer-lasting manner (Figure 
1C) during the 20 min period of  leptin administration. 
Among 20 neurons that exhibited [Ca2+]i responses to 
ghrelin, administration of  10-12 mol/L leptin inhibited 
[Ca2+]i increases in 9 neurons (45%) during the earlier 
2-7 min of  leptin treatment, but only in 4 neurons 
(20%) later in the 10-15 min period of  treatment  
(Figure 1E), showing attenuation of  the counteracting 
effect of  leptin for ghrelin in the later period (Figure 1F).  
In contrast, among 20 neurons that exhibited [Ca2+]i 
responses to orexin, administration of  10-12 mol/L leptin 
inhibited [Ca2+]i increases in 12 neurons (60%) during the 
2-7 min of  leptin treatment, and in 10 neurons (50%) in 
the 10-15 min period of  treatment (Figure 1E), showing 
a long-lasting counteracting effect of  leptin (Figure 1F).  
The long-lasting effect was also evoked by leptin at a 
lower concentration of  10-14 mol/L (Figure 1D). Leptin 
at both 10-14 mol/L and 10-12 mol/L counteracted ghrelin-
induced [Ca2+]i increases predominantly in a transient 
manner and orexin-induced [Ca2+]i increases mainly in a 
long-lasting manner (Figure 1F).

Pretreatment with leptin inhibited orexin-induced, but 
not ghrelin-induced, [Ca2+]i increases in NPY neurons
The data that leptin inhibited ghrelin-induced [Ca2+]i 
increases transiently prompted us to hypothesize that 
efficacy of  leptin is attenuated by time. Therefore, we 
examined whether prior administration of  leptin is less 
effective in counteracting ghrelin action. Repetitive 
addit ions of  ghrel in or orexin-A twice induced 
repeated [Ca2+]i increases twice in a similar manner  
(Figure 3A and C). Following infusion of  leptin that 
had started 8 min in advance, the addition of  ghrelin 
induced [Ca2+]i increases with amplitudes comparable to 
those in the control without leptin (Figure 3B), and the 
similar result was observed in the majority of  neurons 
(Figure 3E). This result indicates a marked attenuation 
of  inhibitory ability of  leptin by time. In contrast, 
infusion of  leptin that started 8 min in advance inhibited 
[Ca2+]i responses to the addition of  orexin-A in 8 of  16 
orexin-responsive neurons (50%) (Figure 3D and E). 
This incidence of  the inhibition by leptin administered 
in prior to orexin was comparable to the inhibition by 
leptin administered after orexin (12 of  20 neurons, 60%) 
(Figure 1E). These data indicate that the ability of  leptin 
to counteract orexin action is well preserved without 
appreciable attenuation.

We next examined whether the difference in the 
time dependence of  leptin action on ghrelin-vs orexin-
induced [Ca2+]i increases could involve different leptin 
signaling mechanisms in NPY neurons. Leptin is 

linked to several signaling pathways, which include 
phosphatidylinositol 3 (PI3)-kinase and, its downstream 
effecter phosphodiesterase 3 (PDE3)[23], signal transducer 
and activator of  transcription 3 (STAT3)[24], and mitogen-
activated protein (MAP)-kinase[25]. We have previously 
shown that leptin suppresses ghrelin-induced [Ca2+]i 
increases via PI3-kinase- and PDE3-, but not MAP-kinase- 
and STAT3-, mediated pathway[17]. Therefore, whether 
these signaling mechanisms could be involved in the leptin 
action to counteract orexin-induced [Ca2+]i increases was 
examined. Pretreatment with inhibitors for PI3-kinase, 
LY294002 (Figure 2A) or wortmannin (data not shown), 
blocked the leptin action to suppress [Ca2+]i responses to 
ghrelin in both the response incidence (Figure 2H) and 
response amplitude (Figure 2I). Likewise, pretreatment 
with an inhibitor for PDE3, milrinone, blocked the leptin 
action against ghrelin (Figure 2D, H and I). These results 
confirm previous report[17]. In contrast, LY294002 (Figure 
2B), wortmannin (Figure 2C) and milrinone (Figure 2E) 
failed to significantly affect the leptin suppression of  
orexin-induced [Ca2+]i increases in both the response 
incidence and amplitude (Figure 2H and I). Furthermore, 
pretreatment with a MAP kinase inhibitor U0126 (Figure 
2F) or a STAT3 inhibitor peptide (Figure 2G) little altered 
the leptin ability to inhibit [Ca2+]i responses to orexin in 
both the response incidence and amplitude (Figure 2H 
and I), the results similar to those reported for ghrelin-
induced [Ca2+]i increases[17].

DISCUSSION
The present data indicate that leptin inhibits ghrelin-
induced [Ca2+]i increases in a transient manner and orexin-
induced [Ca2+]i increases in a long-lasting manner. The 
transient action of  leptin to inhibit ghrelin-induced [Ca2+]i 
increases is not due to insufficient concentration of  leptin, 
since leptin at a lower concentration of  10-14 mol/L is 
already maximal in counteracting the ghrelin effect[17] and 
more specifically in exhibiting the transient inhibitory 
property (Figure 1F). Furthermore, the transient property 
for leptin inhibition of  ghrelin-induced [Ca2+]i increases 
is neither due to excessive concentration of  ghrelin, 
since the ghrelin concentration of  10-10 mol/L used in 
the present study is close to a maximal, but never super-
maximal concentration in activating NPY neurons[16]. 
Therefore, the transient manner with which leptin 
counteracts ghrelin action reflects the intrinsic property 
of  interaction between leptin and ghrelin.

The present study clearly indicated that the leptin 
signaling underlying the inhibition of  [Ca2+]i responses 
to orexin-A in NPY neurons is distinct from that 
to ghrelin. The transient action of  leptin to inhibit 
ghrelin-induced [Ca2+]i increases in NPY neurons may 
be mediated by the leptin signaling via PI3-kinase and 
PDE3, since the inhibitors for these enzymes block the 
leptin action (Figure 2A and D)[17]. The ghrelin signaling 
via the cAMP system could be the target for this leptin 
signaling[17]. On the other hand, the long-lasting action 
of  leptin to counteract orexin-induced [Ca2+]i increases 
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was not affected by inhibitors for PI3-kinase, PDE3, 
MAP-kinase and STAT3, well known leptin signaling 
molecules. This result suggests that the long-lasting 
counteracting action of  leptin for orexin is mediated 
by a yet unidentified leptin signaling, which may long-
lastingly inhibit the orexin-stimulated PLC-PKC-IP3 
pathway reported previously[18], though further study is 
definitely needed to elucidate the signaling interaction 
between leptin and orexin.

The transient nature with which leptin counteracts 
the ghrelin action on NPY neurons may serve as the 
neuronal mechanism that allows fasting-associated 
increases in ghrelin levels to activate the ARC NPY 
neurons in the continuous presence of  leptin[14] and 
thereby stimulate feeding.

Both ghrelin and orexin have been suggested to be 
concerned with obesity and type 2 diabetes[26,27]. Based 
on the present results, leptin resistance could alter the 
sensitivity to ghrelin and orexin in the ARC NPY neurons, 
which may alter the energy metabolism and thereby 
influence the pathogenesis of  obesity and type 2 diabetes.
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