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Water homeostasis is a critical challenge to survival for land mammals. Mice display increased locomotor activity when dehydrated, a
behavior that improves the likelihood of locating new sources of water and simultaneously places additional demands on compromised
hydration levels. The neurophysiology underlying this well known behavior has not been previously elucidated. We report that the
anti-diuretic hormone arginine-vasopressin (AVP) is involved in this response. AVP and oxytocin directly induced depolarization and an
inward current in orexin/hypocretin neurons. AVP-induced activation of orexin neurons was inhibited by a V1a receptor (V1aR)-
selective antagonist and was not observed in V1aR knock-out mice, suggesting an involvement of V1aR. Subsequently activation of
phospholipase C� triggers an increase in intracellular calcium by both calcium influx through nonselective cation channels and calcium
release from calcium stores in orexin neurons. Intracerebroventricular injection of AVP or water deprivation increased locomotor
activity in wild-type mice, but not in transgenic mice lacking orexin neurons. V1aR knock-out mice were less active than wild-type mice.
These results suggest that the activation of orexin neurons by AVP or oxytocin has an important role in the regulation of spontaneous
locomotor activity in mice. This system appears to play a key role in water deprivation-induced hyperlocomotor activity, a response to
dehydration that increases the chance of locating water in nature.
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Introduction
Arginine-vasopressin (AVP) and oxytocin are closely related
peptides. The physiological effect of AVP and oxytocin is medi-
ated through V1a, V1b, V2, and oxytocin receptors. V1a, V1b,
and oxytocin receptors are coupled with the Gq subclass of
G-protein and increase phosphatidylinositol hydrolysis to mobi-
lize intracellular calcium (Birnbaumer, 2000). The V2 receptor is
coupled to Gs. AVP and oxytocin are implicated in a variety of
functions, including regulation of fluid homeostasis, emotion,
social recognition, and reproduction. AVP is well known as an
anti-diuretic hormone in peripheral tissue. AVP is released dur-
ing dehydration. It increases water reabsorption in the kidney. In

contrast, the physiological importance of AVP and oxytocin re-
lease in the CNS is not yet fully understood. Recent studies using
knock-out mice have begun to reveal the physiological role of
AVP and oxytocin in the CNS. V1a receptor knock-out
(V1aR�/�) mice showed abnormalities in spatial memory
(Egashira et al., 2004), social interaction and anxiety (Bielsky et
al., 2005; Egashira et al., 2007), and metabolism (Hiroyama et al.,
2007). Oxytocin knock-out mice revealed that oxytocin plays an
important role in social cognition and social, sexual, and mater-
nal behavior (Winslow and Insel, 2002).

Orexin A and orexin B (also called hypocretin-1 and
hypocretin-2) are a pair of neuropeptides expressed in a specific
population of neurons in the lateral hypothalamic area (de Lecea
et al., 1998; Sakurai et al., 1998). Orexin-producing neurons
(orexin neurons) are implicated in the regulation of sleep/wake-
fulness as well as feeding and drinking behavior, and are in syn-
aptic contact with CNS loci that regulate sleep, wakefulness,
arousal, and energy homeostasis. Orexin neurons densely project
to the monoaminergic and cholinergic nuclei in the hypothala-
mus/brainstem and activate these neurons (Horvath et al., 1999;
Brown et al., 2001; Eggermann et al., 2001; Yamanaka et al.,
2002). Orexin neurons receive abundant inputs from the limbic
system, the raphe nucleus, and the basal forebrain (Sakurai et al.,
2005; Yoshida et al., 2006). Intracellular calcium in orexin neu-
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rons is altered by a number of neuroactive substances, including
cholecystokinin, neurotensin, AVP, oxytocin, neuropeptide Y
(NPY), adenosine, serotonin, and noradrenaline (Fu et al., 2004;
Tsujino et al., 2005; Yamanaka et al., 2006; Liu and Gao, 2007).

Here we studied the mechanism and the physiological impor-
tance of AVP- and oxytocin-induced activation of orexin neu-
rons using a number of transgenic mice, including orexin/EGFP
(Yamanaka et al., 2003a,b), orexin/ataxin-3 (Hara et al., 2001),
and orexin/YC2.1 mice (Tsujino et al., 2005). Slice patch-clamp
recording and digital imaging of orexin neurons showed that
both oxytocin and AVP directly excited orexin neurons through
the V1aR, by a mechanism involving activation of a nonselective
cation channel. This was confirmed by using V1aR�/� mice. Be-
havioral analysis of locomotor activity showed the importance of
AVP activation of orexin neurons in the dehydration-induced
increase in activity.

Materials and Methods
Animal usage. All experimental procedures involving animals were ap-
proved by the University of Tsukuba and Yale University Animal Care
and Use Committees and were in accordance with National Institutes of
Health guidelines. All efforts were made to minimize animal suffering or
discomfort and to reduce the number of animals used.

Animals. Orexin/YC2.1 mice (Tsujino et al., 2005; Yamanaka et al.,
2006) were used for calcium imaging of orexin neurons. Orexin/EGFP
mice (Yamanaka et al., 2003a,b) were used for whole-cell recordings. The
V1aR�/� mice (Egashira et al., 2004) were maintained on a mixed genetic
background (129sv:C57Black/6J � 1:1). V1aR�/� mice were crossed
with orexin/EGFP mice to obtain V1aR�/�; orexin/EGFP mice. Males
and females of V1aR�/�; orexin/EGFP mice were then crossed to gener-
ate V1aR�/�; orexin/EGFP mice, in which V1aR is not expressed, and
EGFP is specifically expressed in the orexin neurons. The littermate mice,
V1aR�/�; orexin/EGFP mice and V1aR�/�; orexin/EGFP mice, were used
for control experiments. Orexin/ataxin-3 mice, in which orexin neurons
are specifically ablated, were used for locomotor analysis (Hara et al.,
2001).

Brain slice preparation. Orexin/YC2.1 mice (3– 8 weeks old), orexin/
EGFP mice (2–3 weeks old), and V1aR�/�; orexin/EGFP mice were anes-
thetized with fluothane (Takeda, Osaka, Japan) or with ketamine and
xylazine. The mice were decapitated under deep anesthesia. Brains were
isolated in ice-cold cutting solution consisting of the following (in mM):
280 sucrose, 2 KCl, 10 HEPES, 0.5 CaCl2, 10 MgCl2, 10 glucose, pH 7.4,
bubbled with 100% O2. Brains were cut coronally into 300 �m slices with
a microtome (VTA-1000S, Leica, Wetzlar, Germany). Slices containing
the lateral hypothalamic area were transferred for at least 1 h to an incu-
bation chamber filled with physiological solution containing the follow-
ing (in mM): 135 NaCl, 5 KCl, 1 CaCl2, 1 MgCl2, 10 HEPES, 10 glucose,
pH 7.4 with NaOH.

Calcium imaging of orexin neurons. Orexin/YC2.1 mice were used for
calcium imaging. The slices were transferred to a recording chamber
(RC-27L, Warner Instrument, Hamden, CT) at a controlled temperature
of 34°C on a fluorescence microscope stage (BX51WI, Olympus, Tokyo,
Japan). Optical recordings were performed on a fluorescence microscope
equipped with a cooled charge-coupled device (CCD) camera (Cascade
650, Roper Scientific, Tucson, AZ) controlled by MetaFluor 5.0.7 soft-
ware (Universal Imaging, West Chester, PA). YC2.1 was excited through
a 440DF20 filter, and its fluorescent image was subjected to dual emission
ratio imaging through two emission filters (480DF30 for ECFP and
535DF26 for EYFP) controlled by a filter changer (Lambda 10 –2, Sutter
Instruments, Novato, CA). Images were captured at a rate of 1 Hz (300 –
500 ms exposure time) with 2 � 2 binning through a 20� UMPlanFI
water-immersion objective (Olympus).

Electrophysiological recordings. Orexin/EGFP mice were used for
whole-cell recordings. The slices were transferred to a recording chamber
(RC-27L, Warner Instrument) at a controlled temperature of 34°C on a
fluorescence microscope stage (BX51WI, Olympus). Neurons that
showed EGFP fluorescence were subjected to electrophysiological re-

cording. The fluorescence microscope was equipped with an infrared
camera (C2741–79, Hamamatsu Photonics, Hamamatsu, Japan) for in-
frared differential interference contrast imaging and a CCD camera (IK-
TU51CU, Olympus) for fluorescent imaging. Each image was displayed
separately on a monitor (Gawin, EIZO, Tokyo, Japan) and was saved on
a Power Macintosh G4 computer (Apple, Cupertino, CA) through a
graphic converter (PIX-MPTV, Pixcela, Osaka, Japan). Recordings were
performed with an Axopatch 200B amplifier (Molecular Devices, Union
City, CA) using a borosilicate pipette (GC150 –10, Harvard Apparatus,
Holliston, MA) prepared by a micropipette puller (P-97, Sutter Instru-
ments) filled with intracellular solution (4 –10 M�), consisting of the
following (in mM): 145 KCl, 1 MgCl2, 10 HEPES, 1.1 EGTA-Na3, 2
MgATP, 0.5 Na2GTP, pH 7.3 with KOH. Osmolarity of the solution was
checked by a vapor pressure osmometer (model 5520, Wescor, Logan,
UT). The osmolarity of the internal and external solutions was 280 –290
and 320 –330 mOsm/L, respectively. The liquid junction potential of the
patch pipette and perfused extracellular solution was estimated to be 3.9
mV and was applied to the data. Recording pipettes were under positive
pressure while advanced toward individual cells in the slice. Tight seals
on the order of 1.0 –1.5 G� were made by negative pressure. The mem-
brane patch was then ruptured by suction. The series resistance during
recording was 10 –25 M�. The reference electrode was an Ag-AgCl pellet
immersed in bath solution. During recordings, cells were superfused
with extracellular solution at a rate of 1.6 ml/min using a peristaltic pump
(Dynamax, Rainin, Oakland, CA). Depolarization and hyperpolarizing
current pulses were applied to cells at durations of 200 ms at 10 pA steps
at 2 s intervals from the resting membrane potential (�60 mV) set by
varying the intensity of a constantly injected current.

The output signal was low-pass filtered at 5 kHz and digitized at 10
kHz. Data were recorded on a computer through a Digidata 1322A
analog-to-digital converter using p-Clamp software version 8.2 (Molec-
ular Devices). Traces were processed for presentation using Origin 6.1
(Origin Lab, Northampton, MA) and Canvas X (ACD Systems, Saanich-
ton, British Columbia, Canada) software.

Drugs. AVP, oxytocin, and sulfated octapeptide form of cholecystoki-
nin (CCK-8S) (Peptide Institute, Osaka, Japan) were dissolved in extra-
cellular solution and applied by local application. Tetrodotoxin (TTX)
(Wako, Osaka, Japan) was dissolved in extracellular solution at a concen-
tration of 1 �M and applied by bath application. AVP receptor-selective
antagonists SR49059, SSR149415, and SR121463 were kind gifts from Dr.
Serradeil-Le gal (Sanofi-Synthelabo Recherché, France). These antago-
nists were dissolved in DMSO. An oxytocin receptor antagonist,
(d(CH2)5

1, Tyr(Me) 2, Thr 4, Orn 8, des-Gly-NH2
9)-vasotocin (OVTA)

(BACHEM, Bubendorf, Switzerland) was dissolved in distilled water.
GDP-�S (Sigma, St. Louis, MO) was dissolved in the pipette solution.
These selective antagonists were dissolved in extracellular solution with
the vehicle concentration �0.1% and were applied by bath application.

Immunohistochemistry. V1aR�/� and V1aR�/� mice were deeply
anesthetized with diethyl ether and perfused sequentially with 20 ml of
chilled saline and 20 ml of chilled 4% paraformaldehyde in 0.1 M phos-
phate buffer. The brains were removed and immersed in the same fixative
solution for 24 h at 4°C, and then immersed in the 30% sucrose solution
for at least 2 d. The brains were quickly frozen in embedding solution
(Sakura Finetechnical, Tokyo, Japan). For orexin and V1aR double stain-
ing, coronal sections of wild-type and V1aR knock-out mice brains were
incubated with rabbit anti-V1aR antiserum (1/500, Millipore, Billerica,
MA) for 48 h at 4°C. These sections were incubated with Alexa 594-
labeled anti-rabbit IgG (1/800, Invitrogen, Carlsbad, CA) for 1 h at room
temperature (RT). The sections were then incubated with guinea pig
anti-orexin antiserum (1/500) for 48 h at 4°C and incubated with Alexa
488-labeled goat anti-guinea pig IgG (1/800, Invitrogen) for 1 h at RT.
The sections were mounted and examined with a fluorescence micro-
scope (AX-70, Olympus). To confirm the specificity of antibodies, incu-
bations without primary antibody were conducted as a negative control
in each experiment, and no signal was observed.

Intracerebroventricular administration. Male wild-type mice (20 –25 g,
transgene negative littermate of orexin/ataxin-3 mice) or orexin/ataxin-3
hemizygous mice (25–27 g, N10 backcrossed to C57Black/6J) were
housed under controlled lighting (12 h light/dark cycle; light on 8:00
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A.M. to 8:00 P.M.) and temperature (22°C) conditions. Food and water
were available ad libitum. Mice were anesthetized with pentobarbital (50
mg/kg, i.p.) and positioned in a stereotaxic frame (David Kopf Instru-
ments, Tujunga, CA). A guide cannula was implanted into the third
ventricle under sterile conditions. The mice were then housed separately
for a recovery period of at least 7 d. The position of the cannula was
verified by central administration of human NPY (0.3 nmol, Peptide
Institute) to test for a positive response. Mice that ate at least 0.5 g of food
over a 1 h period after injection were used for experiments. Three nano-
grams and 10 ng of AVP were delivered in saline at a volume of 3 �l over
60 s, and the injector was left in position for an additional 60 s to ensure
complete dispersal of the drug. Saline alone was injected in the vehicle
control experiment. Intracerebroventricular injection was initiated at
8:30 A.M. and was completed by 9:00 A.M. The locomotor activity of
individual mice for 5 h after intracerebroventricular injection was assessed
with an infrared activity monitor (Supermex, Muromachi Kikai, Tokyo,
Japan) in Plexiglas cages to which mice had been well habituated. The cham-
bers were light controlled (12 h light-dark cycle; light on 8:00 A.M. to 8:00
P.M.) and sound attenuated. The infrared activity monitor is a sensor
mounted above the cage to detect changes in heat across multiple zones of
the cage through an array of Fresnel lenses. The sensor’s output signals rep-
resenting magnitude of the animal’s movement are digitally converted,
stored in the interface memory, and transferred to a computer.

Water deprivation. Male (8 –9 weeks old) orexin/ataxin-3 mice, wild-
type mice (transgene negative littermate mice), V1aR�/� mice, and wild-
type mice (V1aR�/� mice, littermate mice of V1aR�/� mice) were sub-
jected to water deprivation for 36 h. The locomotor activity under the
water deprivation was assessed with an infrared activity monitor. The
experiment was performed in Plexiglas cages to which mice had been well
habituated for at least 1 week. The locomotor activity during water de-
privation was compared with the basal locomotor activity with water
available ad libitum during sequential recording for 3 d before the water
deprivation stage. Water deprivation was started at the beginning of dark
period (8:00 P.M.). Plasma osmolarity was measured before and after
water deprivation. Blood (50 �l) was sampled from the tail vein. Plasma
(10 �l) was then obtained by centrifugation (4000 rpm for 15 min at
15°C). Plasma osmolarity was measured by using a vapor pressure os-
mometer (model 5520, Wescor).

Statistical analysis. Data were analyzed by unpaired t test, paired t test,
one-way ANOVA, or two-way ANOVA. ANOVA was followed by post
hoc analysis of significance by the Fisher’s protected least significant dif-
ference test using the Stat View 5.0 software package for Macintosh (Aba-
cus Concepts, Berkeley, CA). Probability ( p) values �0.05 were consid-
ered statistically significant.

Results
AVP and oxytocin activates orexin neurons
We previously reported that intracellular calcium is altered in
orexin neurons by a number of peptides, including CCK-8S, neu-
rotensin, AVP, and oxytocin using orexin/YC2.1 mice (Tsujino et
al., 2005). Here we studied the mechanism of AVP- and oxytocin-
induced activation of orexin neurons in detail by slice patch
clamp using orexin/EGFP mice. Under current-clamp mode,
AVP or oxytocin application depolarized the membrane poten-
tial and increased firing frequency in a concentration-dependent
manner (Fig. 1A,F). AVP or oxytocin induced depolarization in
the presence of TTX, suggesting that AVP directly activates the
orexin neurons (Fig. 1B). One micromolar AVP and 1 �M oxy-
tocin significantly increased firing frequency to 604 � 175% (n �
5, p � 0.001, ANOVA) and 378 � 108% (n � 5, p � 0.001,
ANOVA) of control values, respectively (Fig. 1D,G). Membrane
depolarization induced by 1 �M AVP and 1 �M oxytocin in the
presence of TTX was 9.3 � 2.7 mV (n � 5, p � 0.05, ANOVA)
and 11.9 � 3.0 mV (n � 5, p � 0.05, ANOVA), respectively (Fig.
1E,H). AVP-induced depolarization was completely inhibited
by a nonhydrolyzable GDP analog, GDP-�S. AVP (1 �M) appli-
cation induced 0.06 � 0.4 mV in the presence of GDP-�S (500

�M) in the pipette solution (n � 5, p � 0.009, unpaired t test),
suggesting that the depolarization is dependent on an activation of
G-protein. Under voltage clamp, at a holding potential of �60 mV,
AVP and oxytocin induced inward current in orexin neurons (Fig.
1C). One hundred nanomolar AVP and 1 �M oxytocin induced
20.3 � 1.1 pA (n � 10) and 14.6 � 3.1 pA (n � 9), respectively. The
AVP-induced inward current was not inhibited by a high concentra-
tion of strong calcium chelator, BAPTA (10 mM), in the pipette
solution. The AVP (100 nM)-induced inward current was 22.4 � 2.8
pA (n � 5, p � 0.008, unpaired t test) in the presence of BAPTA,
suggesting that the AVP-induced depolarization is independent
from an increase in intracellular calcium. Almost all orexin neurons
tested were depolarized by AVP (94%, 231 of 245). A small number
of orexin neurons showed no response or faint depolarization (6%,
14 of 245). In contrast, most EGFP-negative neurons (89%; 17 of 19
negative cells) showed no response to AVP (Table 1). Because�20%
of orexin neurons show little detectable EGFP, the negative cells
could contain a small proportion of orexin neurons (Yamanaka et
al., 2003b).

Figure 1. AVP and oxytocin excites orexin neurons. A, Under current-clamp mode, AVP (100
nM) application induced depolarization and an increase in firing in the orexin neurons. B, In the
presence of TTX, AVP (10 nM) induced depolarization in the orexin neurons. C, Under voltage-
clamp mode holding at �60 mV, AVP application induced an inward current in the orexin
neurons in the presence of TTX. D, E, AVP induced an increase in firing (D) and depolarization (E)
in a concentration-dependent manner. F, Under current-clamp mode, oxytocin application
induced depolarization and an increase in firing in the orexin neurons. G, H, Oxytocin induced an
increase in firing (G) and depolarization (H ) in a concentration-dependent manner. Peptides
were applied by local application during the period represented by bars. Values are represented
as mean � SEM. *p � 0.05.
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V1aR is involved in AVP-induced activation of
orexin neurons
To identify which receptor is involved in AVP- and oxytocin-
induced activation of orexin neurons, AVP and oxytocin
receptor-selective antagonists were applied. In the presence of
TTX, orexin neurons were subjected to calcium imaging using
the orexin/YC2.1 mice (Tsujino et al., 2005). Four subtypes of
receptors are known for AVP and oxytocin in mammals: V1a,
V1b, V2, and oxytocin receptor. AVP increased the YFP/CFP
ratio, showing that intracellular calcium concentration ([Ca 2�]i)
was increased. AVP-induced an increase in [Ca 2�]i in a
concentration-dependent manner (Fig. 2A,B) (EC50 � 2.8 � 0.8
nM, n � 10 –19). Next, the receptor involved in this response was
studied using receptor-selective antagonists. AVP (10 nM) was
repeatedly applied on the brain slice three to four times. Repeated
application induced almost the same amplitude of [Ca 2�]i in-
crease compared with the first application (Fig. 2C). The first
application was AVP alone, a control experiment. This value was
used for normalization of the following experiments. The second
application was vehicle control. AVP was applied in the presence
of vehicle, which was used to dissolve the selective antagonists.
The third and fourth AVP applications were performed in the
presence of the selective antagonist. Vehicle had little effect on the
AVP-induced increase in [Ca 2�]i. The V1aR-selective antago-
nist, SR49059 (Serradeil-Le Gal et al., 1994, 2002a), significantly
inhibited the AVP-induced increase in [Ca 2�]i in a
concentration-dependent manner (Fig. 2D,E). Ten nanomolar
and 100 nM SR49059 inhibited to 52.9 � 3.9% (n � 9, p � 0.0001,
ANOVA) and 9.3 � 3.4% (n � 9, p � 0.0001, ANOVA) of control
value, respectively (Fig. 2E). In contrast, other receptor selective
antagonists, including the V1b receptor-selective antagonist,
SSR149415 (10 �M, n � 23, p � 0.436, ANOVA) (Serradeil-Le
Gal et al., 2002b), a V2 receptor-selective antagonist, SR121463
(10 �M, n � 21, p � 0.305, ANOVA) (Serradeil-Le Gal, 2001),
and oxytocin receptor-selective antagonist, OVTA (1 �M, n � 9,
p � 0.757, ANOVA) (Pequeux et al., 2002), did not inhibit the
AVP-induced increase in [Ca 2�]i (Fig. 2E). The inhibitory effect
of SR49059 was further confirmed in electrophysiological exper-
iments using orexin/EGFP mice. Under voltage-clamp mode, at a
holding potential of �60 mV, AVP (100 nM) induced 20.2 � 1.1
pA (n � 9) of inward current. This AVP-induced inward current
was significantly inhibited by SR49059 in a concentration-
dependent manner (Fig. 2F). In the presence of 1 and 10 nM

SR49509, the AVP-induced current was inhibited to 11.4 � 1.6
pA (n � 14, p � 0.0001, ANOVA) and 1.8 � 1.0 pA (n � 7, p �
0.0001, ANOVA), respectively. However, the V2 receptor antag-
onist, SR121463, did not inhibit AVP-induced current. AVP (100
nM) induced 20.1 � 2.2 pA of inward current in the presence of
SR121463 (10 �M) (Fig. 2F,G), not significantly different from
the current induced in the absence of the V2 receptor antagonist
(n � 6, p�0.97, ANOVA). These results suggest that V1aR is
involved in the AVP-induced activation of orexin neurons.

V1aR immunoreactivity in orexin neurons
To confirm the expression of V1aR in orexin neurons, double-
label immunofluorescence analyses were performed. The merged
picture indicates that almost all orexin-immunoreactive neurons
showed V1aR immunoreactivity (V1aR-ir) (Fig. 3, arrows). We
also observed orexin-negative neurons in the hypothalamus that
express V1aR (Fig. 3, arrowheads). To confirm specificity of the
anti-V1aR antibody, V1aR�/� mice brains were used. Although
the number of orexin-immunoreactive neurons in the V1aR�/�

Table 1. Summary of AVP-induced response in the EGFP (�) orexin neurons and
EGFP (�) non-orexin neurons

EGFP (�) neurons EGFP (�) neurons

n % n %

Activation 231 94 2 11
Inhibition 0 0 0 0
No effect 14 6 17 89

Figure 2. V1aR is involved in AVP-induced activation of orexin neurons. A, B, AVP increased
[Ca 2�]i in the orexin neurons. AVP was applied by bath application during the period repre-
sented by bars. Orexin/YC2.1 transgenic mice brain slices were used for calcium imaging of
orexin neurons. AVP increased [Ca 2�]i in the orexin neurons in a concentration-dependent
manner. The EC50 value was 2.8 � 0.8 nM (n � 10 –19). The 	 ratio is normalized to a high
concentration of AVP application (100 nM). C, A repeated application of AVP (10 nM) induced the
same magnitude of response. AVP (10 nM) was applied by bath application during the interval
indicated by horizontal bars. D, E, SR49059, a V1a receptor-selective antagonist, inhibited
AVP-induced increase in [Ca 2�]i in the orexin neurons. The bar graph summarizes the effect of
AVP and oxytocin receptor-selective antagonists on AVP-induced response in the orexin neu-
rons. In each experiment, AVP (10 nM) was repeatedly applied to the same brain slice three to
four times. The first application was AVP alone. This value was used for normalization of the
following experiments. The second application was vehicle control. AVP was applied in the
presence of each vehicle. The third and fourth AVP application was performed in the presence of
the selective antagonist. SSR149415, a V1b receptor-selective antagonist; SR121463, a V2
receptor-selective antagonist; OVTA, a oxytocin receptor-selective antagonist. The number un-
der the bar graph shows the concentration of the selective antagonist. 0 refers to vehicle control.
F, AVP (100 nM)-induced inward current in the orexin neurons was inhibited by SR49059 in a
concentration-dependent manner, but was not inhibited by SR121463 (10 �M). AVP (100 nM)
was applied by local application during the period represented by bars. Antagonists were ap-
plied by bath application for 2 min before experiments. G, The bar graph summarizes the data in
F. Values are represented as mean � SEM. *p � 0.05.
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mice was not distinguishable from that of
wild-type mice (data not shown), neither
orexin neurons nor other neurons in the
hypothalamus showed V1aR-ir in the
V1aR�/� mice. These results suggest that
orexin neurons express V1aR.

AVP and oxytocin failed to induce an
inward current in orexin neurons in the
V1aR�/� mice
To further confirm the involvement of
V1aR in AVP- and oxytocin-induced acti-
vation of orexin neurons, we generated
V1aR�/�; orexin/EGFP mice, in which the
V1aR gene is deficient throughout the body
and orexin neurons specifically express
EGFP. Basic membrane properties of
orexin neurons in V1aR�/� mice were not
different from our previous reports
(Yamanaka et al., 2003a; Muraki et al.,
2004). Membrane capacitance, resting
membrane potential, and membrane resis-
tance of orexin neurons in V1aR�/�;
orexin/EGFP mice were 30.8 � 3.0 pF
(n � 11), �55.9 � 0.9 mV (n � 11), and 494.6 � 58.6 M�
(n � 9), respectively. Input resistance was calculated from the
slope of the current–voltage relationship obtained by step current
injection in current-clamp mode. CCK-8S was used as a positive
control because we previously found that CCK-8S activates all
orexin neurons by activation of nonselective cation channels via a
CCKA receptor (Tsujino et al., 2005). Although the CCK-8S (30
nM)-induced inward current was not affected by a genotype of
V1aR, the AVP (100 nM)-induced inward current was signifi-
cantly reduced in V1aR�/� and was completely abolished in
V1aR�/� mice (Fig. 4A,C). AVP (100 nM)-induced current in the
orexin neurons in the V1aR�/�, V1aR�/�, and V1aR�/� was
20.9 � 1.1 pA (n � 12), 14.7 � 1.2 pA (n � 6, p � 0.005, vs
V1aR�/�), and 0.0 � 0.0 pA (n � 8, p � 0.0001, vs V1aR�/�),
respectively. On the other hand, CCK-8S-induced inward cur-
rent in the orexin neurons in the V1aR�/�, V1aR�/�, and
V1aR�/� was 15.9 � 1.1 pA (n � 12), 17.5 � 2.0 pA (n � 6, p �
0.39, not significantly different, ANOVA), and 16.8 � 1.3 pA
(n � 8, p � 0.87, not significantly different, ANOVA), respec-
tively. Although higher concentrations of AVP [300 nM (n � 3)
and 1 �M (n � 4)] were applied, these also failed to induce an
inward current in the orexin neurons in the V1aR�/� mice (data
not shown). Not only AVP-induced current but also oxytocin-
induced inward current in the orexin neurons was completely
abolished in V1aR�/� mice. Even a high concentration of oxyto-
cin (up to 3 �M) failed to induce an inward current in V1aR�/�

mice (n � 6) (Fig. 4B,C). These results strongly suggest that
V1aR is the primary receptor that is involved in both AVP- and
oxytocin-induced activation of orexin neurons.

Activation of nonselective cation channels are involved in
AVP- and oxytocin-induced activation of orexin neurons
To examine the properties of the AVP-induced current in more
detail, further electrophysiological experiments were performed.
First, the contribution of Na� to this AVP-induced depolariza-
tion was studied. Experiments were done in which NaCl in the
extracellular solution was replaced by an equimolar concentra-
tion of choline chloride in the presence of TTX (1 �M). When
choline was substituted for sodium, the AVP-induced inward

current was strongly depressed. In Na �-free solution, the AVP
(100 nM)-induced inward current was only 3.5 � 0.5 pA (n �
5, p � 0.0001, ANOVA), suggesting that AVP-induced depo-
larization was primarily dependent on extracellular Na �.
Next, to examine the contribution of calcium ions in this re-
sponse, calcium was removed from the extracellular solution.
Removal of extracellular calcium markedly potentiated the
AVP-induced inward current (Fig. 5A, middle trace, B). In the
presence or absence of calcium ions in the extracellular solu-
tion, the AVP (100 nM)-induced inward currents were 20.3 �
1.1 pA or 179.5 � 5.9 pA, respectively (n � 7, p � 0.0001,
ANOVA). The AVP-induced inward current increased �8.8-
fold in calcium-free solution, suggesting that the AVP-
induced inward current was suppressed by extracellular cal-
cium ions. The reversal potential of the AVP-induced current
in the calcium-free extracellular solution (in mM: 140 NaCl, 2 CsCl,
1 MgCl2, 1 EGTA, 10 HEPES, and 10 glucose) was near 0 mV (6.9 �
1.2 mV, n�6) when measured using a CsCl pipette solution (in mM:
145 CsCl, 1 MgCl2, 10 HEPES, 1.1 EGTA, and 0.5 Na2GTP) (Fig.
5C). The reversal potential of the oxytocin-induced current was also
near 0 mV (�3.1 � 8.9 mV, n � 4) (Fig. 5D). These reversal poten-
tials are consistent with activation of nonselective cation channels in
AVP-induced depolarization of orexin neurons. Several recent re-
ports suggest that the transient receptor potential (TRP) channel
family plays an important role in the receptor-operated influx of
cations (Spassova et al., 2004; Takai et al., 2004). In addition, the
current through TRP channels is known to be suppressed by the
presence of extracellular calcium ions (Lintschinger et al., 2000; Hill,
2001). To examine whether TRP channels are involved in the AVP-
induced response, the effect of SKF96365, which is often used as a
TRP channel blocker (Halaszovich et al., 2000), on the AVP-induced
inward current was tested. SKF96365 significantly inhibited the
AVP-induced inward current in a concentration-dependent man-
ner. In the absence of extracellular calcium ions, the AVP-induced
inward current was suppressed to 64.9 � 10.9 pA (n � 7, p � 0.0001,
ANOVA) and 33.4 � 5.3 pA (n � 9, p � 0.0001, ANOVA) in the
presence of 1 and 10 �M SKF96365, respectively (Fig. 5A, bottom
trace, B).

Figure 3. Orexin neurons express V1aR. Orexin-immunoreactive neurons were located in the lateral hypothalamic area in the
both wild-type (top) and V1aR�/� mice (bottom) (Alexa 488, green). V1aR-immunoreactive neurons were observed in the same
area (Alexa 594, red). V1aR-ir was observed on the somata and dendrites. Immunoreactivity for orexin and V1aR overlaps in the
merged image in the wild-type mice. Arrows indicate that orexin neurons express V1aR. Arrowheads indicate that a non-orexin
neuron in the same area expressed V1aR as well. V1aR-ir was observed in neither the lateral hypothalamus nor the other brain
area in the V1aR�/� mice. Scale bar, 10 �m.
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Both calcium influx and calcium release are involved in AVP-
induced activation of orexin neurons
To investigate the intracellular signal cascade of AVP-induced acti-
vation of orexin neurons, further electrophysiological or calcium
imaging analysis was performed. V1aR is known to couple with a
Gq/11 subclass of G-protein (Birnbaumer, 2000). The activated
phospholipase C� (PLC�) promotes hydrolysis of phosphatidy-
linositol(4,5)-bisphosphate, thereby increasing the intracellular
concentration of diacylglycerol and inositol(1,4,5)-triphosphate
(IP3). The latter stimulates calcium release from the endoplasmic
reticulum (calcium store) via IP3 receptors. This rise in [Ca2�]i

initiates the cascade of calcium-mediated effects. We studied
whether this cascade is involved in AVP-induced activation of orexin
neurons. A selective PLC� inhibitor, U73122, inhibited the AVP-
induced inward current and an increase in [Ca2�]i in a
concentration-dependent manner. In the presence of 1 and 5 �M

U73122, AVP (100 nM)-induced current (20.2 � 1.1 pA, n � 9) was
inhibited to 11.4 � 1.0 pA (n � 9, p � 0.0001, ANOVA) and 5.4 �
0.5 pA (n � 7, p � 0.0001, ANOVA), respectively (Fig. 6A,B). How-
ever, an inactive analog, U73343 (10 �M), had little effect on both
AVP-induced inward current (18.7 � 1.2 pA, n � 6, p � 0.32, not
significantly different, ANOVA) and the increase in [Ca2�]i (83.1 �
6.6% of control values, n � 6, p � 0.082, not significantly different,
ANOVA) (Fig. 6B,C). On the other hand, a selective phosphokinase
C (PKC) inhibitor, calphostin C (100 nM), did not show any effect on
AVP-induced increase in [Ca2�]i, suggesting that PKC is not in-
volved in this response (Fig. 6C).

To determine the source of the AVP-induced calcium mobi-
lization, calcium imaging was performed in calcium-free extra-
cellular solution. The AVP-induced increase in [Ca 2�]i was sig-
nificantly inhibited by 87.9 � 4.6% (n � 9, p � 0.0001, ANOVA)
relative to control values by removal of calcium ion from the
extracellular solution. Additionally, pretreatment of thapsigargin

(1 �M) for 5 min, which depletes intracel-
lular calcium stores, also inhibited AVP-
induced [Ca 2�]i to 55.2 � 5.9% (n � 9,
p � 0.0001, ANOVA) of control value. The
AVP-induced increase in [Ca 2�]i was also
inhibited to 63.7 � 9.2% (n � 5, p �
0.0001, ANOVA) of control value by pre-
treatment of xestospongin C (3 �M), an IP3

receptor antagonist (Oka et al., 2002) for 5
min (Fig. 6D). These results suggest that an
activation of PLC� followed by an increase
in [Ca 2�]i through both calcium influx
from the extracellular space and calcium
release from intracellular calcium stores
are involved in the AVP-induced activa-
tion of orexin neurons via V1aR.

Activation of orexin neurons through
V1aR is important in the regulation of
locomotor activity and water
deprivation-induced behavioral
responses
To investigate the physiological impor-
tance of AVP- or oxytocin-induced activa-
tion of orexin neurons in mice, AVP was
injected into the third ventricle in wild-
type and orexin/ataxin-3 transgenic mice.
At this age (10 weeks), almost all orexin
neurons are ablated in orexin/ataxin-3
mice (Hara et al., 2001). AVP was injected

at the early light phase (8:30 A.M.), and locomotor activity was
then monitored for 5 h after injection during the light period
(9:00 A.M. to 2:00 P.M.). Vehicle alone (saline) was used as con-
trol experiment. Wild-type mice intracerebroventricularly in-
jected with AVP (10 ng) showed a significant increase in locomo-
tor activity (n � 6) (Fig. 7A). AVP induced an increased in
locomotor activity in a dose-dependent manner (Fig. 7C). Total
locomotor activity for 3 h after saline, 3 and 10 ng AVP injection
was 2548 � 605 (n � 6), 4546 � 783 (n � 6, p � 0.037, ANOVA)
and 5026 � 990 (n � 6, p � 0.011, ANOVA) of control values,
respectively. In contrast, AVP failed to increase locomotor activ-
ity in the orexin/ataxin-3 transgenic mice (n � 6) (Fig. 7B,C).
Total locomotor activity for 3 h after saline, 3 and 10 ng AVP
injection was 2553 � 327 (n � 6), 2216 � 460 (n � 6, p � 0.88,
not significantly different, ANOVA) and 2685 � 825 (n � 6, p �
0.72, not significantly different, ANOVA), respectively (Fig. 7C).
These results suggest that the orexin neurons has an important
role in the AVP-induced locomotor activity. This view is also
supported by our finding that spontaneous locomotor activity of
V1aR�/� mice was significantly lower than that of wild-type lit-
termate mice (Fig. 7D). Spontaneous locomotor activity is repre-
sented by an average of sequential recordings for 3 d. Total loco-
motor activity of V1aR�/� mice and V1aR�/� mice in the dark
period (12 h, 8:00 P.M. to 8:00 A.M.) was 62,656 � 10,008 (n � 6)
and 49,292 � 3199 (n � 9, p � 0.12, not significantly different,
unpaired t test), respectively. Total locomotor activity of
V1aR�/� mice and V1aR�/� mice in the light period (12 h, 8:00
A.M. to 8:00 P.M.) was 15,462 � 2078 (n � 6) and 9647 � 1157
(n � 9, p � 0.013, unpaired t test), respectively; and for the whole
day (24 h), it was 78,119 � 8445 (n � 6) and 58,940 � 3415 (n �
9, p � 0.02, unpaired t test), respectively. To further investigate
the physiological importance of AVP-induced activation of
orexin neurons, wild-type mice and orexin/ataxin-3 mice were

Figure 4. AVP and oxytocin failed to induce an inward current in the orexin neurons in the V1aR�/� mice. A, Under voltage-
clamp mode at a holding potential of�60 mV, CCK-8S (30 nM) and AVP (100 nM) were sequentially applied on the orexin neurons.
The top trace is recorded from wild-type mice (V1aR�/�; orexin/EGFP mice). The bottom trace is recorded from V1aR�/�

(V1aR�/�; orexin/EGFP mice) mice. Although CCK-8S (30 nM)-induced inward current was observed in both V1aR�/� and
V1aR�/� mice, AVP (100 nM)-induced inward current was completely abolished in the orexin neurons in the V1aR�/� mice. B,
Oxytocin (3 �M) failed to induce inward current in orexin neurons in the V1aR�/� mice as well. C, The bar graph summarizes the
data in A and B. Peptides were applied by local application during the period represented by bars. Values are represented as
mean � SEM. *p � 0.05.
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subjected to water deprivation. The locomotor activity during
water deprivation was compared with spontaneous locomotor
activity in ad libitum drinking (basal locomotor activity). Water
deprivation increases the activity of vasopressin neurons in the
supraoptic nucleus (SON) and paraventricular nucleus (PVN)
and increases AVP concentration in the CSF (Szczepanska-
Sadowska et al., 1983; da Silveira et al., 2007). After 36 h of water
deprivation, the plasma osmolarity was significantly increased in
both wild-type mice and orexin/ataxin-3 mice. Plasma osmolarity
of wild-type mice before and after water deprivation was 311.2 �
1.6 and 335.3 � 2.1 mOsm/L, respectively, n � 6, p�0.0005,
paired t test). Plasma osmolarity of orexin/ataxin-3 mice before
and after water deprivation was 308.8 � 1.4 and 330.3 � 2.4
mOsm/L, respectively, n � 4, p�0.005, paired t test). Water de-
privation significantly increased locomotor activity in the dark
period in wild-type mice (Fig. 7E,F). An increase in locomotor
activity was found in the early dark period. The locomotor activ-
ity for 3 h (8:00 –11:00 P.M.) in the dark period was 11,198 �
2973 (basal) and 17,591 � 3342 (water deprivation, n � 6,
p�0.0015, paired t test). The difference in locomotor activity in
the early dark period could be caused by AVP release from mag-
nocellular neurons, but hypothetically, could also relate to AVP
release from parvocellular neurons of the suprachiasmatic nu-

cleus (SCN), the circadian clock in the hypothalamus. In con-
trast, water deprivation did not induce an increase in locomotor
activity in the orexin/ataxin-3 mice either in the light period or
dark period. The locomotor activity for 3 h (8:00 –11:00 P.M.) in
the dark period was 8351 � 2134 (basal) and 8434 � 1159 (water
deprivation, n � 4, p�0.47, not significantly different, paired t
test). V1aR�/� mice were also subjected to water deprivation to
confirm an involvement of V1aR in water deprivation-induced
increase in locomotor activity (supplemental Fig. 1, available at
www.jneurosci.org as supplemental material). Wild-type mice
(V1aR�/� mice, littermate of V1aR�/� mice) increased locomo-
tor activity in the dark period during water deprivation. The
locomotor activity for 3 h (8:00 –11:00 P.M.) in the dark period
was 25,955 � 5556 (basal) and 36,154 � 7057 (water deprivation,
n � 4, p�0.018, paired t test). However, V1aR�/� mice failed to
increase locomotor activity during water deprivation. The loco-
motor activity for 3 h (8:00 –11:00 P.M.) in the dark period was
17,256 � 1979 (basal) and 18,259 � 2673 (water deprivation, n �
5, p�0.38, not significantly different, paired t test). Plasma osmo-
larity of wild-type mice before and after water deprivation was
311.3 � 2.2 and 329.5 � 6.8 mOsm/L, respectively, n � 4,
p�0.0034, paired t test). Plasma osmolarity of V1aR�/� mice
before and after water deprivation was 309.0 � 2.0 and 335.8 �
4.2 mOsm/L, respectively, n � 5, p�0.005, paired t test). These
results suggest that AVP-induced activation of orexin neurons
might be involved in increasing locomotor activity during water
deprivation.

Figure 5. Activation of nonselective cation channel is involved in the AVP-induced activation
of orexin neurons. A, AVP-induced inward current was dramatically increased in Ca 2� free
solution (middle trace, n � 7). This increased current was inhibited by pretreatment of
SKF96365, a nonselective cation channel blocker, in a concentration-dependent manner.
SKF96365 was applied by bath application for 2 min before experiment. AVP (100 nM) was
applied by local application during the period represented by bars. B, The bar graph summarizes
the data in A. C, D, Current–voltage relationship obtained by step current injection protocol
using a CsCl pipette. C, The steady-state current at the end of the step current injection is plotted
in a current–voltage relationship. I–V curve shows that the reversal potential of the AVP (1 �M)
and oxytocin (1 �M)-induced current was 6.9 � 1.2 mV (n � 6) and �3.1 � 8.9 mV (n � 4),
respectively. Under current-clamp mode, current was injected (�80 pA to 10 pA, in 10 pA
increment at a duration of 200 ms). Open circles indicate control and filled circles indicate AVP (1
�M) or oxytocin (1 �M) application. Values are represented as mean � SEM. *p � 0.05.
[Ca 2�]o, Extracellular calcium concentration.

Figure 6. Both calcium influx through nonselective cation channel and calcium release from
intracellular calcium stores via an IP3 receptor are involved in AVP-induced activation of orexin
neurons. A, B, U73122, a selective PLC� inhibitor, inhibited AVP-induced inward current in a
concentration-dependent manner. However, U73343, an inactive analog of U73122, had little
effect on AVP-induced inward current. C, AVP-induced increase in [Ca 2�]i was also inhibited by
U73122. On the other hand, calphostin C, a selective PKC inhibitor, had little effect on it. D,
AVP-induced increase in [Ca 2�]i was almost abolished in the Ca 2� free extracellular solution.
AVP-induced increase in [Ca 2�]i was also inhibited by thapsigargin and xestospongin C, an
inhibitor of ATP-dependent calcium uptake into the calcium store and a selective IP3 receptor
antagonist, respectively. Values are represented as mean � SEM. *p � 0.05. Xest C, Xesto-
spongin C.
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Discussion
In the present study, we show that orexin neurons are directly
excited by AVP and oxytocin through the V1aR. Subsequently,
a mechanism of activation of PLC�, nonselective cation chan-
nels and the IP3 receptor are involved in this response. Anal-
ysis of locomotor activity revealed that AVP-induced activa-
tion of orexin neurons is involved in the regulation of
spontaneous locomotor activity and water deprivation-
induced hyperlocomotor activity. These data suggest that the
orexin system is involved not only in arousal related to energy
homeostasis, but also arousal related to other homeostatic
systems including water balance.

The mechanism of
AVP-induced depolarization
AVP and oxytocin are closely related pep-
tides containing 9 aa. These peptides acti-
vate neurons in the lateral septum
(Raggenbass et al., 1987), paraventricular
nucleus (Inenaga and Yamashita, 1986),
and subfornical organ (Anthes et al., 1997).
In the present report, AVP activated al-
most all orexin neurons (231 of 245). In
contrast, the majority of cells not express-
ing EGFP did not respond to AVP, under-
lining the selectivity of the response to the
orexin neuron system. A few neurons that
did not express EGFP did respond to vaso-
pressin; these may be the orexin-negative
cells that express V1aR immunoreactivity.
It is also possible that these neurons are
melanin-concentrating hormone neurons
that are also located in the lateral hypotha-
lamic area and are believed to be involved
in feeding behavior and energy homeostasis.

The AVP-induced depolarization or in-
ward current is not affected by TTX, sug-
gesting a postsynaptic effect (a direct ef-
fect). Multiple lines of evidence suggest
that V1aR is involved in AVP- and
oxytocin-induced activation of orexin
neurons. AVP-induced activation of the
orexin neurons was inhibited by a selective
V1aR antagonist in a concentration-
dependent manner, but not by the other
receptor-selective antagonists (V1b, V2,
and oxytocin receptor antagonists). Addi-
tionally, V1aR immunoreactivity was ob-
served in orexin neurons. These results are
strongly supported by the results using
V1aR�/� mice. Although the basic mem-
brane characteristics of orexin neurons in
V1aR�/� mice were not distinguishable
from those of the wild-type animal, the
AVP-induced response in orexin neurons
was significantly decreased in V1aR�/�

mice and was completely abolished in the
V1aR�/� mice. Even a high concentration
of oxytocin (3 �M) failed to induce an in-
ward current in the orexin neurons in the
V1aR�/� mice. This result strongly sug-
gests that not only AVP but also oxytocin-
induced inward current is mediated via
V1aR in the orexin neurons.

Here we found that AVP activated nonselective cation chan-
nels in orexin neurons, similar to the channel activated by
CCK-8S (Tsujino et al., 2005). The inward current induced by
AVP was strongly potentiated by the removal of extracellular
calcium ions and was inhibited by SKF96365. These characteris-
tics are similar to those of nonselective cation channels activated
by CCK-8S in orexin neurons, suggesting that the same nonse-
lective cation channels (probably TRP channels) might be in-
volved in the AVP-induced response. However, there is a differ-
ence in the source of calcium mobilization between the AVP-
induced and the CCK-8S-induced responses. The CCK-8S-
induced increase in [Ca 2�]i was not inhibited by thapsigargin

Figure 7. A, B, Intracerebroventricular injection of AVP increased spontaneous locomotor activity in the light period in wild-
type mice but not in orexin/ataxin-3 mice. AVP was injected into the third ventricle. The arrow shows the timing of intracerebro-
ventricular injection. Intracerebroventricular injection was initiated at 8:30 A.M. and was completed by 9:00 A.M. Saline alone
was injected in the vehicle control experiment. The locomotor activity of individual mice for 5 h after intracerebroventricular
injection was assessed with an infrared activity monitor in Plexiglas cages to which mice had been well habituated. C, The bar
graph summarizes the data for 3 h after injection (9:00 A.M. to 12:00 P.M.) in A and B. D, Basal locomotor activity of V1aR�/�

mice is lower than wild-type mice. Basal locomotor activity is the average of sequential recordings for 3 d. E, Water deprivation
induced an increase in activity in the dark period in wild-type mice (top graph) but not in orexin/ataxin-3 mice (bottom graph).
Water deprivation was started at the beginning of the dark period (arrows in the graph). The dark period is indicated by gray bars.
F, The bar graph summarizes the data in E. The locomotor activity for 3 h (8:00 –11:00 P.M.) was summarized. Values are
represented as mean � SEM. *p � 0.05. Orexin/ataxin-3, orexin/ataxin-3 transgenic mice. DP, Dark period (12 h: 8:00 P.M. to
8:00 A.M.). LP, Light period (12 h: 8:00 A.M. to 8:00 P.M.). Basal, Basal locomotor activity. WD1, Water deprivation in the first dark
period. WD2, Water deprivation in the second dark period.
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(Tsujino et al., 2005). In contrast, the AVP-induced response was
sensitive to both thapsigargin and xestospongin C. The AVP-
induced increase in [Ca 2�]i was inhibited �50% of control value
by these compounds. Additionally, U73122 significantly inhib-
ited both AVP-induced inward current and the increase in
[Ca 2�]i. An involvement of PLC� downstream of V1aR is also
found in cultured cortical neurons (Son and Brinton, 2001).
These results suggest that the calcium influx from the extracellu-
lar solution is the main source of the CCK-8S-induced response,
whereas both calcium influx and calcium release from intracellu-
lar calcium stores are involved in the AVP-induced response.

Physiological significance of AVP and oxytocin-mediated
activation of orexin neurons
Where might an AVP or oxytocin input to orexin neurons arise?
AVP or oxytocin neurons are located in the SON, SCN (So-
froniew and Weindl, 1980), PVN, bed nucleus of stria terminalis
(Armstrong et al., 1980; Sawchenko and Swanson, 1982; Rosen et
al., 2006), or central amygdala (Dubois-Dauphin et al., 1989).

Osmotic stimuli activate SON neurons (Mason, 1980) and
increase c-fos protein expression in AVP and oxytocin neurons in
the SON and PVN (Pirnik et al., 2004; Arnhold et al., 2007).
These increases in the release of AVP and oxytocin from SON and
PVN might be involved in an activation of orexin neurons under
dehydration. Alternatively, an increase in AVP or oxytocin con-
centration in the CSF might activate orexin neurons via a hu-
moral mechanism. On the other hand, recent analyses of afferents
to orexin neurons revealed that orexin neurons receive innerva-
tions from neurons in the amygdala (Sakurai et al., 2005; Yoshida
et al., 2006). The amygdala is implicated in the generation of
emotions such as fear and anxiety. This pathway is believed to
play an important role in fear- and anxiety-induced arousal.
V1aR antagonist has been shown to block aggressive behavior
(Ferris et al., 2006). In addition, V1aR�/� mice display an impair-
ment of social interaction (Bielsky et al., 2005) and reduced
anxiety-related behavior (Egashira et al., 2007), suggesting that
AVP and oxytocin may be involved in excitatory inputs from the
amygdala to orexin neurons.

What is the physiological role of AVP- and oxytocin-induced
activation of orexin neurons? Intracerebroventricular injection
of AVP induced an increase in locomotor activity in wild-type
mice during the light period. However, AVP failed to induce
hyperlocomotor activity in orexin/ataxin-3 mice. This suggests
that AVP-induced hyperlocomotor activity is mediated via acti-
vation of orexin neurons. Intracerebroventricular injection of
orexin increased not only feeding behavior and arousal (Espana
et al., 2002) but also spontaneous locomotor activity (Nakamura
et al., 2000; Matsuzaki et al., 2002), in good agreement with our
results. Intracerebroventricular injection of AVP or oxytocin in-
creased the time spent in the waking state in rats (Arnauld et al.,
1989) and increased the heart rate (Diamant and De Wied, 1993).
These effects might be mediated via activation of orexin neurons
through V1aR because activation of orexin neurons resulted in an
increase in arousal (Nishino, 2007) and sympathetic tone
(Shirasaka et al., 2003). Under dehydration, AVP concentration
increases in the blood and CSF (Szczepanska-Sadowska et al.,
1983). It acts in concert with the sympathetic nervous system and
renin-angiotensin system to maintain circulation. In peripheral
tissues, AVP directly induces vasoconstriction and antidiuresis
for volume control. In the CNS, AVP modulates the baroreflex
and increases sympathetic outflow. In parallel with these effects,
AVP increases locomotor activity through the activation of
orexin neurons. Involvement of the V1aR-mediated activation of

orexin neurons in the regulation of spontaneous locomotor ac-
tivity is also supported by the finding that spontaneous locomo-
tor activity of V1aR�/� mice was significantly lower than that of
wild-type mice.

Although it is well known that dehydration induces hyperlo-
comotor activity in animals (Finger and Reid, 1952; Hall, 1955),
the mechanism for this, as yet, has not been elucidated in detail.
Water deprivation induced hyperlocomotor activity in wild-type
mice but not in orexin/ataxin-3 mice during the early dark period.
Additionally, V1aR�/� mice failed to increase locomotor activity
during water deprivation. These results suggest that activation
of orexin neurons through V1aR is involved in the water
deprivation-induced hyperlocomotor activity in mice. We previ-
ously reported that intracerebroventricular injection of orexin A
increases water intake, and water deprivation for 24 h upregulates
orexin mRNA in rats (Kunii et al., 1999). These findings suggest
that orexin neurons are involved in drinking behavior as well as
feeding behavior. The increase in locomotor activity appears to
be a response to dehydration aimed at maintaining fluid ho-
meostasis. Such action might increase the chance of finding new
sources of water. A similar type of response was observed during
food deprivation. Food deprivation increases the time spent
awake and also induces hyperlocomotor activity in mice through
activation of orexin neurons (Yamanaka et al., 2003b). Activation
of orexin neurons during an emergency situation such as dehy-
dration or hunger might increase the likelihood of survival for
animals in nature.

Mechanistically, AVP- and oxytocin-induced activation of
orexin neurons is mediated through V1aR. Activation of PLC� is
involved in the intracellular signaling cascade downstream of
V1aR and leads to an increase in intracellular calcium ion con-
centration via both calcium influx through the nonselective cat-
ion channels and calcium release from calcium stores through the
IP3 receptor. The activation of orexin neurons by AVP or oxyto-
cin has an important role in the regulation of spontaneous loco-
motor activity in mice. This system appears to play a key role in
water deprivation-induced hyperlocomotor activity, a response
to ensure survival for dehydration. This response increases the
chance of locating water in nature. Our finding that both AVP
and oxytocin directly excited the orexin arousal system also sug-
gests that the orexin system may be involved in arousal related to
a number of behaviors including responses to stress, maternal
behavior, and aggression.
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