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Abstract
Neurons in the lateral hypothalamus (LH) that contain hypocretin/orexin have been established as
important promoters of arousal. Deficiencies in the hypocretin/orexin system lead to narcolepsy. The
inhibition of hypocretin/orexin neurons by sleep-promoting neurotransmitters has been suggested as
one part of the sleep regulation machinery. Adenosine has been identified as a sleep promoter and
its role in sleep regulation in the basal forebrain has been well documented. However, the effect of
adenosine on arousal-promoting hypocretin/orexin neurons has not been addressed, despite recent
evidence that immunocytochemical visualization of adenosine receptors was detected in these
neurons. In this study, we examined the hypothesis that adenosine inhibits the activity of hypocretin/
orexin neurons by using electrophysiological methods in brain slices from mice expressing green
fluorescent protein in hypocretin/orexin neurons. We found that adenosine significantly attenuated
the frequency of action potentials without a change in membrane potential in hypocretin/orexin
neurons. The adenosine-mediated inhibition is due to depression of excitatory synaptic transmission
to hypocretin/orexin neurons, since adenosine depresses the amplitude of evoked excitatory
postsynaptic potential and the frequency of spontaneous and miniature excitatory postsynaptic
currents in these neurons. At the cell body of the hypocretin/orexin neurons, adenosine inhibits
voltage-dependent calcium currents without the induction of GIRK current. The inhibitory effect of
adenosine is dose-dependent, pertussis toxin-sensitive and mediated via A1 receptors. In summary,
our data suggest that in addition to its effect in the basal forebrain, adenosine exerts its sleep-
promoting effect in the LH via inhibition of hypocretin/orexin neurons.

INTRODUCTION
The neuropeptide hypocretin/orexin has received tremendous attention because of its role in
sleep and arousal regulation (Kilduff and Peyron 2000; Mieda and Yanagisawa 2002; Siegel
2004; de Lecea and Sutcliffe 2005; Sakurai 2005). First, deficiencies in both peptide content
and receptors of hypocrtin/orexin lead to narcolepsy in mice (Chemelli et al. 1999), dogs (Lin
et al. 1999) and human patients (Nishino et al. 2000; Thannickal et al. 2000). Secondly, the
concentration of hypocretin/orexin fluctuates in animals during the day. In rats, the
hypocretin-1 level in cerebrospinal fluid is high when animals are active and reaches its lowest
level at the end of the inactive period (Fujiki et al. 2001), while the concentration of
hypocretin-1 in the LH and the medial thalamus elevates slowly during the active phase and
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decreases during the resting phase (Yoshida et al. 2001). In squirrel monkeys, the hypocretin-1
concentration in cerebrospinal fluid begins to increase after a few hours of wakefulness, reaches
a plateau in the active phase and falls throughout the inactive phase (Zeitzer et al. 2003).
Thirdly, the pattern of activity of hypocretin/orexin neurons changes along side the behavioral
states of animals (Estabrooke et al. 2001). These neurons are generally active in the dark phase
and basically silent during resting (sleep) in rats (Lee et al. 2005; Mileykovskiy et al. 2005).
Thus, it is proposed that hypocretin/orexin neurons are in a unique position to consolidate
wakefulness (Saper 2006). The modulation of the activity of these neurons is an essential part
of the machinery responsible for sleep and arousal regulation.

Adenosine is an endogenous sleep-promoting neurotransmitter as demonstrated by a variety
of studies (Basheer et al. 2004). First of all, local administration of adenosine and adenosine
receptor agonists into the medial preoptic area, magnocellular cholinergic basal forebrain, stem
cholinergic areas, the laterodorsal and pedenculopontine tegmental nuclei (LDT/PPT) and
pontine reticular formation leads to sleep or reduction of wakefulness (Ticho and Radulovacki
1991; Portas et al. 1997; Marks and Birabil 1998). Secondly, the concentration of adenosine
in the brain changes as the consequence of changes in the behavioral state of the animal. The
extracellular concentration of adenosine decreases during spontaneous sleep in several sleep-
related brain regions including the basal forebrain, cerebral cortex, thalamus, preoptic area of
the hypothalamus, dorsal raphe nucleus and pedunculopontine tegmental nucleus (See review
by Basheer et al. 2004). Adenosine content elevates in the basal forebrain following sleep
deprivation (Porkka-Heiskanen et al. 1997) and remains at a high level throughout the period
of recovery sleep (Porkka-Heiskanen et al. 2000). The sleep-promoting effect of adenosine in
the brain has been demonstrated to be mediated by both A1 (Alam et al. 1999; Strecker et al.
2000; Thakkar et al. 2003) and A2 adenosine receptors (Satoh et al. 1996; 1998). At the cellular
level, adenosine inhibits synaptic transmission, hyperpolarizes membrane potential, mobilizes
intracellular stores of calcium, as well as activates PLC and then PKC via the ionsitol
trisphosphate (IP3)-dependent pathways in the central nervous system (Yoon and Rothman
1991; Li and Perl 1994; Fisher 1995; Ulrich and Huguenard 1995; Lüscher et al. 1997; Biber
et al. 1997; Basheer et al. 2002).

As a potent sleep-promoting neurotransmitter in the CNS, the role of adenosine in sleep
regulation has been well established in brain areas such as the basal forebrain. However, it is
still not known if adenosine exerts its effects on hypocretin/orexin neurons, an essential system
for the maintenance of arousal and wakefulness in the CNS. A recent study by Thakkar and
co-workers (2002) revealing the immunocytochemical visualization of adenosine receptor in
hypocretin/orexin neurons in rats further exemplifies this lack of knowledge.

In the study presented here, the hypothesis that adenosine modulates the activity of hypocretin/
orexin neurons in the LH was examined by using electrophysiological methods in acute brain
slices. Our data suggest that adenosine inhibits the generation of action potentials, excitatory
synaptic transmissions and ion channels via A1 receptors in the hypocretin/orexin neurons.

MATERIALS AND METHODS
Hypothalamic slice preparation

Coronal hypothalamic slices, 300 µm thick, were cut with a vibratome from the brains of mice
postnatal days 14-21 (P14-P21) that expressed GFP under the control of a hypocretin/orexin
promoter (Li et al. 2002; Yamanaka et al. 2003; Horvath and Gao 2005). Briefly, mice were
anesthetized with ether and then decapitated. The brains were rapidly removed and immersed
in cold (4° C) oxygenated cutting solution (containing (mM): sucrose 220, KCl 2.5, CaCl2 1,
MgCl2 6, NaH2PO4 1.25, NaHCO3 26, and glucose 10, pH 7.3 with NaOH). After being
trimmed to contain the hypothalamus and surrounding areas, slices were maintained at room
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temperature in a holding chamber with oxygenated ASCF (5% CO2 and 95% O2) containing
(in mM): NaCl 124, KCl 3, CaCl2 2, MgCl2 2, NaH2PO4 1.23, NaHCO3 26, glucose 10, pH
7.4 with NaOH. Slices were then transferred to a recording chamber after at least 1hr recovery,
and constantly perfused at 33° C with bath solution at a speed of 2 ml/min. All rodent use and
methods are approved by the Yale University Committee on Animal Use.

Immunocytochemistry
The immunocytochemical experiments were performed to confirm the identity of GFP-
expressing neurons as we previously described (Gao et al., 2003). Mice were anesthetized with
ether and perfused transcardially with a fixative consisting of 4% paraformaldehyde in 0.1%
sodium phosphate buffer, pH 7.4 (PB). Sections (30 μm thick) were then cut on a vibratome.
After being washed in a buffer containing 0.1% lysine, 1% BSA, 0.1% Tris and 0.4% Triton
X-100 and blocked with 2% normal goat serum, sections were incubated overnight at room
temperature in a primary rabbit antiserum against hypocretin-2 (a gift from Dr. Anthony van
den Pol, 1:2,000). After several washes with PB, sections were incubated in the secondary
antibody (1:200) conjugated to Texas Red (red) (Vector Laboratories, Burlingame, CA) for 2
hours at room temperature. Specimens were examined with an FV 300 confocal laser scanning
microscope from Olympus (Olympus America, Inc.).

Electrophysiology
Extracellular recording—Extracellular recordings were made in identified hypocretin-
GFP neurons using a glass electrode filled with ACSF (resistance=2-5 MΩ) with a multiclamp
700A amplifier (Axon Instruments, Inc.). The recording electrode was propelled by a
motorized micromanipulator (Sutter MP225, Sutter Instruments, Inc) to approach an identified
hypocretin-GFP neuron. A loose seal was then formed (resistance= 10-20 MΩ) when the
micropipette touched the surface of a neuron. After a 10-minute control was recorded, drugs
were applied to the recording chamber via bath application. The band pass was 10-3000 Hz.
All data were sampled at 500 Hz with an Apple Macintosh computer using Axograph 4.9 (Axon
Instrument).

Whole-cell recording—Whole-cell patch clamp recording was performed on identified
hypocretin-GFP neurons with a Multiclamp 700A amplifier (Axon instrument, CA). The patch
pipettes were made of borosilicate glass (World Precision Instruments) with a Sutter pipette
puller (P-97). The tip resistance of the recording pipettes was 4-6 MΩ after filling with a pipette
solution containing (mM): K-gluconate 135, MgCl2 2, HEPES 10, EGTA 1.1, Mg-ATP 2,
Na2-phosphocreatine 10, and Na2-GTP 0.3, pH 7.3 with KOH. After a gigohm seal and whole-
cell access were achieved, the series resistance was between 20 and 40 MΩ and partially
compensated by the amplifier. Both input resistance and series resistance were monitored
throughout the experiments. Only those recordings with stable series resistance and input
resistance were accepted. Whole-cell voltage clamp was used to observe spontaneous and
miniature excitatory postsynaptic currents (sEPSC and mEPSC) and membrane currents
carried by ion channels. sEPSC were recorded in the presence of bicuculline (30 μM) and
mEPSC were recorded in the presence of bicuculline (30 μM) and tetrodotoxin (TTX, 1 μM).
Whole-cell voltage-dependent calcium currents were examined as reported previously (Gao
and van den Pol 2001; 2002). To examine G-protein activated inwardly rectifying potassium
(GIRK) current, a ramp protocol (from −140 mV to −20 mV, duration 600 ms) was used.
Whole-cell current clamp was used to monitor the evoked postsynaptic potential (EPSP) and
membrane potential in hypocretin/orexin neurons. To trigger evoked EPSPs in hypocretin/
orexin neurons, a bipolar electrode was placed on the medial forebrain bundle (MFB) and a
stimulator (Isostim A320, World Precision Instruments, Inc., Sarasota, Florida, USA) was
used. Drugs were applied to the recording chamber via bath application after at least ten minutes
of control recording.
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All data were sampled at 3-10 kHz and filtered at 1-3 kHz with an Apple Macintosh computer
using Axograph 4.9 (Axon Instruments). Electrophysiological data were analyzed with
Axograph 4.9 and plotted with KaleidaGraph 3.6 (Synergy Software, Reading, PA, USA) and
Igor Pro 5.04 (WaveMetrics, Lake Oswego, OR, USA). Spontaneous and miniature
postsynaptic currents were detected and measured with an algorithm in Axograph 4.9 (Gao
and van den Pol 2001). The frequency of sEPSC and mEPSC was normalized by comparing
the average sEPSC or mEPSC frequency after drug application with 5-minute recordings just
before drug application. Data from all recorded neurons were presented as mean ± S.E. An
ANOVA test was used to examine statistical significance among three groups and the
Kolmogorov-Smirnov test was used to examine significance between two distributions.

Adenosine and bicuculline were purchased from Sigma (St. Louis, MO, USA). Tetrodotoxin
(TTX) and pertussis toxin (PTX) were obtained from Alomone Labs, Ltd. (Jerusalem, Israel).
A1 receptor agonist 2-Chloro-N6-cyclopentyladenosine (CCPA), A1 receptor antagonist 8-
Cyclopentyl-1, 3-dipropylxanthine (DPCPX), A2a receptor antagonist 2-(2-Furanyl)-7-(2-
phenylethyl)-7H-pyrazolo[4,3-e][1,2,4]triazolo[1,5-c]pyrimidin-5-amine (SCH 58261), and
A2b receptor antagonist N-(4-Acetylphenyl)-2-[-(2,3,6,7-tetrahydro-2,6-dioxo-1,3-
dipropyl-1H-purin-8-yl)phenoxy]acetamide (MRS 1706) were obtained from Tocris Cookson,
Inc (Ellisville, MO, USA).

RESULTS
Adenosine inhibits action potential generation in hypocretin/orexin neurons

The generation and propagation of action potentials (spikes) along axons of hypocretin/orexin
neurons play a substantial role in the function of the LH (Li et al. 2002; Yamanaka et al.
2003; Lee et al. 2005; Mileykovskiy et al. 2005). We performed loose patch clamp recordings
to monitor action potentials in visually identified hypocretin/orexin neurons under voltage
clamp, through which the intracellular content of neurons could be kept intact for a long
recording time. In slices from hypocretin-GFP mice, neurons containing hypocretin/orexin
were easily identified under UV illumination and confirmed by immunocytochemical staining
(van den Pol et al., 1998) (Figure 1 A-C). All GFP-expressing neurons are hypocretin/orexin-
immunopositive. We did notice that about 30 to 40% of hypocrein/orexin-immunopositive
neurons did not show green signals, which may be due to insufficient expression of GFP in
those neurons. Action currents (spikes), as illustrated in Figure 1 D, were readily detected and
verified by complete blockade with tetrodotoxin (TTX, 1μM) (data not shown). After at least
10 minutes of recording of control spikes (2.66 ± 0.48 Hz, n=14), adenosine (100 μM) applied
via bath solution decreased the spike frequency to 66.5 ± 7.8% of control (n=14) in all tested
neurons. The attenuation of the frequency of spikes was sustained as long as adenosine was
present, as illustrated in Figure 1 E. The frequency of spikes recovered to 88.8 ± 9.7% of control
(n=12) 10 minutes after withdrawal of adenosine. The ANOVA test suggested that the
inhibition on action potential generation induced by adenosine in hypocretin/orexin neurons
was significant (Degree of freedom= 39, F= 6.44, P<0.05). Recent data suggest that the firing
rate of hypocretin/orexin neurons is sensitive to changes in the extracellular concentration of
glucose (Burdakov et al. 2006). The extracellular concentration of glucose in the brain is 1-2
mM but not 10 mM which is used in most brain slice preparations including ours (McNay and
Gold, 1999; De Vries et al. 2003). Therefore, the effect of adenosine on the firing rate of spikes
was additionally examined using ACSF containing 2 mM glucose (Figure 1 G). The firing rate
of spikes (5.8 ± 0.8 Hz, n=6, control) was 63.3 ± 3.3 % of control (n=6) during the application
of adenosine and 104.4 ± 4.1 % of control (n=4) after its removal. The decrease in the firing
rate of hypocretin/orexin neurons induced by adenosine in the presence of 2 mM glucose was
significant (Degree of freedom= 15, F= 68.52, P<0.01, ANOVA test).

Liu and Gao Page 4

J Neurophysiol. Author manuscript; available in PMC 2008 January 1.

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript



Adenosine depresses glutamatergic synaptic transmission in hypocretin/orexin neurons
The excitatory inputs to hypocretin/orexin neurons make a remarkable contribution to the
functions of these neurons (Li et al. 2002; Horvath and Gao 2005); particularly the
glutamatergic synaptic transmission which governs the generation of action potentials in
hypocretin/orexin neurons (Li et al. 2002). Here we examined the effect of adenosine on the
frequency of spontaneous excitatory postsynaptic currents (sEPSCs) mediated by glutamate in
hypocretin/orexin neurons held at −60 mV under voltage clamp. sEPSCs were readily recorded
in hypocretin/orexin neurons in the presence of the GABA-A receptor antagonist bicuculline
(30 μM) after the establishment of whole cell configuration (Figure 2). The fact that sEPSCs
were completely blocked in the presence of AP5 (50 μM) and CNQX (10 μM) in all tested
hypocretin/orexin neurons (n=7) suggested that sEPSCs were mediated by glutamatergic
synaptic transmission (Figure 2, inset). As shown in Figure 2 A-B, after a stable baseline of
sEPSCs was recorded, adenosine (100 μM) applied to the recorded neurons via bath application
induced a reduction in the frequency of sEPSCs. The frequency of sEPSCs (14.7 ± 1.8 Hz,
n=9; control) was 61.2 ± 5.6 % of control (n=9) 5 minutes after the onset of application of
adenosine and returned to 103.2 ± 3.4 % of control (n=9) shortly after withdrawal of adenosine
(Figure 2 A and B). The reduction in the frequency of sEPSCs was significant as indicated by
ANOVA (Degree of freedom = 25, F= 38.4, P<0.01). Next, the effect of different
concentrations of adenosine on the frequency of sEPSCs was tested. In the presence of 3, 10
and 30 μM of adenosine, the frequency of sEPSCs was 91.7 ± 4.1 % (Degree of freedom=14,
F= 2.70, P>0.05, ANOVA test), 86.0 ± 3.1% (Degree of freedom= 23, F= 9.04, P<0.01,
ANOVA test), and 78.9 ± 6.8% of control (Degree of freedom=19, F=15.17, P<0.01, ANOVA
test), respectively. In a parallel experiment, we examined the effect of adenosine on the
frequency of sEPSCs in ACSF containing 2 mM glucose, which is not commonly used in brain
slice preparations but is close to physiological levels of glucose in the brain. In this case, the
frequency of sEPSCs (7.6 ± 1.6 Hz, n=8, control) decreased to 67.6 ± 6.3 % of control (n=8)
during the application of adenosine and recovered to 102.7 ± 21.6 % of control (n=3) after its
removal. This attenuation of the frequency of sEPSCs was significant as determined by
ANOVA (Degree of freedom = 18, F=8.126, P<0.01). Altogether, our data suggest that
adenosine induces a dose-dependent inhibitory effect on the frequency of sEPSCs in
hypocretin/orexin neurons.

Hypocretin/orexin neurons receive intensive innervation from other brain areas, which
participate in the modulation of their activity (Sakurai et al. 2005). To examine the hypothesis
that adenosine depresses excitatory inputs to hypocretin/orexin neurons from other brain areas,
evoked excitatory postsynaptic potentials (eEPSPs) were recorded in these neurons under
current clamp via stimulation of the medial forebrain bundle (MFB) with a bipolar electrode
(Figure 3 A), since the MFB provides significant excitatory inputs to the LH (Henny and Jones
2006). To obtain a stable recording of eEPSPs, the membrane potential of hypocretin/orexin
neurons was slightly hyperpolarized to a level between −60 and −70 mV by current injection.
After a stable recording of eEPSPs was obtained, adenosine (100 μM) was applied to the
recorded slices through bath application. As shown in Figure 3 B, adenosine induced a decline
in the amplitude of eEPSPs upon application and attenuation of the amplitude of eEPSPs
recovered after withdrawal of adenosine. The amplitude of eEPSPs (11.4 ±2.5 mV, n=6,
control) was 48.1 ± 6.1 % of control (n=6) in the presence of adenosine and 82.2 ± 10.4 % of
control (n=4) after its withdrawal (Figure 3 C). As suggested by the ANOVA test, this decrease
in the amplitude of eEPSPs was significant (Degree of freedom= 15, F= 22.3, P<0.01). In the
same experiment, the effect of adenosine on the membrane potential of hypocretin/orexin
neurons was examined (Figure 3 D). The membrane potential was −69.9 ± 2.4 mV (n=7) before,
−68.4 ± 2.5 mV (n=7) during and −68.7 ± 2.0 mV (n=7) after the application of adenosine, i.e.,
there was no significant change in membrane potential (Degree of freedom=18, F=0.826,
P>0.05). To further test the direct effect of adenosine on the membrane potential in hypocretin/
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orexin neurons, TTX was applied to the recorded slices to functionally isolate these neurons
(Figure 3 E and F). In the presence of TTX, the membrane potential was −72.3 ± 5.2 mV (n=6)
before, −74.8 ± 4.8 mV (n=6) during and −75.0 ± 4.4 mV (n=6) after the application of
adenosine. Again, there was no change in membrane potential (Degree of freedom=17,
F=0.140, P>0.05). Overall, our results suggest that adenosine depresses the amplitude of
evoked EPSP but has no direct effect on the membrane potential in hypocretin/orexin neurons.

Adenosine-mediated effect on glutamatergic synaptic transmission is pertussis toxin-
sensitive

Next, we wanted to explore the mechanism underlying adenosine-induced inhibition of
glutamatergic synaptic transmission. Previous evidence suggests that the adenosine receptor-
mediated effect is coupled to the Gi/Go pathway (Dunwiddie and Masino 2001). Pertussis toxin
(PTX) has been demonstrated to block this Gi/Go pathway-mediated effect. After being treated
with PTX (500 ng/ml) for at least two hours, brain slices containing hypocretin-GFP neurons
were transferred to the recording chamber and continuously perfused with ACSF containing
PTX. After a stable recording of sEPSCs was obtained, adenosine (100 μM) was applied to
the recorded slices (indicated by the filled bar in Figure 4 B). The frequency of sEPSCs (12.1
±1.6 Hz, n=7, control) was 83.0 ± 5.5 % of control (n=7) during the application of adenosine
and 99.7 ± 9.4% of control (n=6) after its withdrawal (Figure 4 C). Adenosine induced a modest
inhibition in the frequency of sEPSCs in slices pre-treated with PTX, which was not significant
as indicated by ANOVA (Degree of freedom = 19, F=2.77, P>0.05). Our data suggest that
adenosine-mediated inhibition of the frequency of sEPSCs was PTX-sensitive and probably
mediated via the Gi/Go pathway.

A1 adenosine receptor is responsible for the effect of adenosine on glutamatergic synaptic
transmission

To date, four types of adenosine receptors (A1, A2a, A2b and A3) have been reported. Both
A1 and A2 receptors have been implied to participate in the modulation of sleep (see review
by Basheer et al. 2004). We have already shown that adenosine inhibits action potential
generation and glutamatergic synaptic transmission in hypocretin/orexin neurons. Here, we
asked which receptor types are responsible for this effect. First, the effect of DPCPX, a selective
A1 receptor antagonist, was tested on adenosine-mediated inhibition of the frequency of
sEPSCs. It is noteworthy that the application of DPCPX alone induced only a negligible change
in the frequency of sEPSCs (data not shown); the frequency of sEPSCs in DPCPX serves as
the control for subsequent experiments. In the presence of DPCPX (3 μM) in all solutions,
adenosine (100 μM) did not induce significant change in the frequency of sEPSCs (Figure 5
A-B). The frequency of sEPSCs (14.3 ± 3.0 Hz, n=8, control) was 100.3 ± 1.4 % of control
(n=8) in the presence of adenosine and 104.8 ± 2.2 % of control (n=4) after its withdrawal
(Figure 5 C) (Degree of freedom=19, F=3.556, P>0.05, ANOVA test). To confirm the
involvement of A1 receptor in achieving the effect of adenosine, a selective A1 receptor
agonist, CCPA (1 μM) was used to mimic the effect of adenosine. In the presence of bicuculline
(30 μM), sEPSCs were recorded from identified hypocretin/orexin neurons under voltage
clamp. The selective A1 receptor agonist CCPA was then applied to the recorded slices after
a stable recording of sEPSCs was achieved (Figure 5 D). The frequency of sEPSCs (16.6 ± 2.0
Hz, n=6, control) was 55.6 ± 9.1 % of control (n=6) in the presence of CCPA and was
significantly lower than that in control solution (Degree of freedom=16, F=8.29, P<0.01) as
indicated by ANOVA. After withdrawal of CCPA the frequency of sEPSCs was 69.6 ± 11.6%
of control (n=5) and was significantly lower than the control level (P<0.05, Post Hoc Test).

Next, we examined whether A2 adenosine receptors participate in the adenosine-mediated
inhibition in hypocretin/orexin neurons by using A2 receptor selective antagonists (Figure 6
A-C). Since two subtypes (A2a and A2b) of A2 receptors have been reported (Dunwiddie and
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Masino 2001), the effect of the combined A2 receptor antagonists SCH58261 (1 μM) and
MRS1706 (0.1 μM) on adenosine-mediated inhibition was tested. Whole cell recording was
performed in hypocretin/orexin neurons under voltage clamp at −60 mV. After a stable
recording of sEPSCs was obtained, adenosine (100 μM) was applied to the recorded slices in
the presence of A2 receptor antagonists. The frequency of sEPSCs (12.3 ± 1.9 Hz, n=6, control)
was 68.9 ± 6.0 % of control (n=6) during and 99.9 ± 14.6 % of control (n=6) after application
of adenosine (Figure 6 C) which represents a significant inhibition (Degree of freedom= 17,
F= 3.86, P<0.05, ANOVA test). Our results indicate that in the presence of A2 receptor
antagonists, adenosine still depresses the frequency of sEPSCs.

In conclusion, our data suggest that the adenosine-induced inhibitory effect on glutamatergic
synaptic transmission is mediated by the A1 adenosine receptor.

Adenosine inhibits glutamatergic synaptic transmission at presynaptic terminals
Next we determined whether the attenuation in frequency of sEPSCs induced by adenosine
occurred pre- or postsynaptically; this was accomplished through the measurement of miniature
excitatory postsynaptic currents (mEPSCs). In the presence of bicuculline (30 μM) and TTX
(1 μM), mEPSCs were recorded in hypocretin/orexin neurons under voltage clamp at −60 mV.
A change in the frequency of mEPSCs is generally due to modulations at presynaptic terminals,
while a change in the amplitude is normally due to modulations at postsynaptic components
(Bekkers and Stevens 1995; Gao and van den Pol, 2001). After a stable baseline of mEPSCs
was recorded in hypocretin/orexin neurons, adenosine (100 μM) was applied to recorded
neurons via bath application in the presence of bicuculline and TTX (Figure 7 A-B). The
frequency of mEPSCs (12.2 ± 0.8 Hz, n=6, control) was 72.2 ± 3.0 % of control (n=6) in the
presence of adenosine and 90.7 ± 3.4 % of control (n=6) after its removal representing a
significant decrease (Degree of freedom= 17, F=29.89, P<0.01, ANOVA test) (Figure 7 C).
The effect of adenosine on the amplitude of mEPSCs was examined in our study as well. The
cumulative probability curve was plotted for the amplitude of mEPSC events detected before
and during the application of adenosine (Figure 7 D) and no significant difference was seen in
any of the recorded hypocretin/orexin neurons, as indicated by the Kolmogorov-Smirnov test
(P>0.05, Figure 7 D).

In a parallel experiment, the adenosine-mediated effect on the frequency and amplitude of
mEPSCs was tested in the presence of DPCPX (Figure 7 E-F). The application of DPCPX
alone induced only a negligible change in the frequency of mEPSCs (data not shown); the
frequency of mEPSCs in DPCPX serves as the control for subsequent experiments. The
frequency of mEPSCs (5.7 ± 1.9 Hz, n=6, control) was 104.4 ± 8.3 % of control (n=6) in the
presence of adenosine and 123.4 ± 17.8 % of control (n=6) after its withdrawal when DPCPX
was in all solutions (Figure 7 E); this change was not significant as determined by ANOVA
(Degree of freedom=17, F=1.203, P>0.05). As shown in Figure 7 F, cumulative probability
curves were plotted for the amplitude of mEPSC events detected before and during the
application of adenosine and no change in amplitude was observed as suggested by the
Kolmgorov-Smirnov test (P>0.05). Our experiments indicate that the selective A1 receptor
antagonist DPCPX could eliminate the adenosine-induced inhibitory effect on the frequency
of mEPSCs. Consistent with the results reported above, the inhibitory effect of adenosine on
the frequency of mEPSCs was intact in the presence of A2 receptor antagonists (Figure 7 G).
The frequency of mEPSCs (6.23 ± 1.1 Hz, n=7, control) was 70.1 ± 5.1 % of control (n=7) in
the presence of adenosine (100 μM) and 93.8± 9.4 % of control (n=7) after its removal when
SCH58261 (1 μM) and MRS1706 (0.1 μM) were present in all solutions; this attenuation was
significant (Degree of freedom=20, F=6.53, P<0.01, ANOVA test). As shown in Figure 7 H,
cumulative probability curves were plotted for the amplitude of mEPSC events detected before
and during the application of adenosine in the presence of A2 receptor antagonists SCH58261
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(1 μM) and MRS1706 (0.1 μM); there was no change in amplitude as revealed by the
Kolmogorov-Smirnov test (P>0.05).

In summary, our results indicate that adenosine inhibits glutamatergic synaptic transmission
in hypocretin/orexin neurons presynaptically.

Inhibition of voltage-dependent calcium currents by adenosine
We have demonstrated how adenosine modulates glutamatergic transmission presynaptically
in hypocretin/orexin neurons. It is intriguing to ask if adenosine directly modulates the cell
bodies of these neurons, since there was evidence that these soma possess adenosine receptors
in rats (Thakkar et al. 2002). Previous reports demonstrated that adenosine directly
hyperpolarizes the membrane potential of the soma of nerve cells and inhibits the influx of
calcium ions at neuronal cell bodies by modulating the G-protein coupled inwardly rectifying
potassium (GIRK) currents and voltage-dependent calcium currents (Dunwiddie and Masino
2001). Therefore, we tested whether adenosine modulates ion channels carrying calcium and
GIRK currents at the cell bodies of hypocretin/orexin neurons. To monitor whole-cell calcium
currents a voltage step from −80 mV to −20 mV (100 ms duration) was applied to the recorded
neurons in the presence of TTX (1 μM) plus TEA (40 mM) in the bath solution and Cs+ in the
pipette solution (Figure 8 A-C). After a stable recording of whole cell calcium currents was
obtained in hypocretin/orexin neurons under voltage clamp (clamped at −80 mV), adenosine
(30 μM) was applied to recorded neurons. The amplitude of whole-cell calcium currents
(758.05 ± 92.35 pA, n=5, control) was 77.94 ± 4.02% of control (n=5) during the application
of adenosine and 104.11 ± 6.53 % of control (n=4) after its removal (Figure 8 C), indicating a
significant depression of the whole-cell calcium currents (Degree of freedom=13, F=12.69,
P<0.01, ANOVA test). In addition, since it has been reported that the Gi/Go pathway couples
to the GIRK current in hypocretin/orexin neurons (Fu et al. 2004; Xie et al. 2006), we tested
whether adenosine induces the GIRK current in hypocretin/orexin neurons (Figure 8 D). A
ramp (from −140 mV to −20 mV, 600 ms duration) was applied to the recorded hypocretin/
orexin neurons under voltage clamp in the presence of TTX and Cd2+. After recording a stable
baseline of membrane current response to the ramp protocol, adenosine (100 μM) was applied
to the recorded neurons and membrane currents were recorded. A typical I-V relationship of
membrane currents responding to the test ramp is shown in Figure 8 D. The amplitude of
membrane currents was 109.5 ± 14.9 % of control (n=8) in the presence of adenosine and 86.3
± 8.0% of control (n=4) after its withdrawal, which was not significantly different from that
of control (Degree of freedom=19, F=0.929, P>0.05, ANOVA test). It appears that adenosine
did not induce a detectable GIRK current in hypocretin/orexin neurons.

In conclusion, adenosine inhibits voltage-dependent calcium currents and does not induce
GIRK current in hypocretin/orexin neurons.

DISCUSSION
The role of adenosine in promoting sleep has been well documented in cholinergic neurons in
the basal forebrain (Basheer et al. 2004). However, the effect of adenosine on the LH,
particularly on the arousal/wakefulness promoting hypocretin/orexin neurons has not been
examined despite the fact that adenosine receptors exist in these neurons in rats (Thakkar et
al. 2002). In this study, we report the novel finding that adenosine exerts an inhibitory effect
on hypocretin/orexin neurons in the LH. Activation of the A1 adenosine receptor attenuated
the generation of action potentials and inhibited voltage-dependent calcium currents in these
neurons. The inhibition in the generation of action potentials might be due to the inhibitory
effect of adenosine on the excitatory synaptic transmission to the hypocretin/orexin neurons
since adenosine did not have direct effects on membrane potential or conductance in these
cells.
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Adenosine inhibits the activity of hypocretin/orexin neurons
Adenosine has been reported to exert both inhibitory and stimulatory effects in the CNS. Its
inhibitory effect is usually mediated via the A1 receptor, while its stimulatory effect is usually
mediated by the A2 receptor (Dunwiddie and Masino 2001). In the LH, our data showed that
adenosine caused a dose-dependent inhibition in hypocretin/orexin neurons. Adenosine was
able to significantly decrease the frequency of sEPSCs at a low concentration of 10 μM and
the maximum inhibition was obtained when the concentration of adenosine reached 100 μM
(Figure 2 C). Although the concentration of adenosine used in our experiments is high
compared to reports that its extracellular concentration in the basal forebrain, thalamus,
striatum and cerebellar cortex ranges from 40 nM to 270 nM (Ballarin et al. 1991; Pazzagli et
al. 1994, 1995; Porkka-Heiskanen et al. 2000), we believe that the nanomolar levels of
extracellular adenosine in vivo may be the residue of intensively released adenosine, which
maintains a tonic modulatory role. In our experiments, a tonic inhibition of synaptic
transmission by endogenous release of adenosine was not observed, since application of the
A1 receptor antagonist DPCPX induced little change in the frequency of sEPSCs and mEPSCs
(data not shown). We believe that this is probably due to a relatively quiescent state of the
neurons in our slice preparations and washout of adenosine during slice preparation, storage
and perfusion in the recording chamber. We do not exclude the possibility of intensive release
of endogenous adenosine under other conditions in brain slices.

Four types (A1, A2A, A2B and A3) of adenosine receptors exist in the central nervous system
(Dunwiddie and Masino 2001; Ribeiro et al. 2003). The distribution of these subtypes has been
examined in brain regions such as the amygdala, cortex, cerebellum, hippocampus, nucleus
tractus solitarius, olfactory bulb, spinal cord, and thalamus (Review by Ribeiro et al. 2003).
Immunocytochemical staining for the A1 adenosine receptor has revealed its existence in the
hypocretin/orexin neurons of the LH in rats (Thakkar et al. 2002). In this study, the expression
of functional A1 adenosine receptor in the LH of mice was demonstrated (Figure 5 and 6). The
A1 receptor exists not only on the cell bodies of hypocretin/orexin neurons but also on
presynaptic terminals innervating these neurons as suggested by our data (Figures 7 and 8),
which is similar to previous reports on other neuronal types in the CNS (Chen and van den Pol
1997; Wetherington and Lambert 2002).

Mechanism of adenosine-mediated inhibition in hypocretin/orexin neurons
The inhibitory effect of adenosine was blocked in slices pre-treated with PTX, suggesting the
involvement of the Gi/Go pathway in signaling triggered by the A1 adenosine receptor (Figure
4). This finding is in line with previous reports (Park et al. 2001). Based on our current results,
we believe that adenosine exerts its inhibitory effect on the arousal-promoting hypocretin/
orexin neurons in the LH at multiple sites as illustrated in Figure 9.

Presynaptic terminals—Adenosine inhibits synaptic transmission via the depression of
neurotransmitter release at presynaptic terminals in many brain areas including the
hippocampus (Yoon and Rothman 1991; Manzoni et al. 1994), cerebellar cortex (Kocsis et al.
1984), thalamus (Ulrich and Huguenard 1995), SCN (Chen and van den Pol 1997) and spinal
cord (Li and Perl 1994). Consistent with previous reports, our data suggest that adenosine
inhibits glutamatergic synaptic transmission to the hypocretin/orexin neurons by two possible
mechanisms. The fact that adenosine decreased the frequency of sEPSCs and the amplitude of
evoked EPSPs suggests that it could reduce the release of glutamate by inhibition of calcium
channels at presynaptic terminals as reported by Wu and Saggau (1997), since both sEPSCs
and evoked EPSPs are due to calcium-dependent release of glutamate driven by the propagation
of action potentials to nerve terminals. The other mechanism may involve the direct inhibition
of the release apparatus, which is supported by the fact that adenosine decreased the frequency
of mEPSCs, i.e. the quantal release of glutamate form nerve terminals (Figure 7). The direct
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interaction of presynaptic adenosine receptor with the machinery responsible for synaptic
vesicle exocytosis has been reported (Scholz and Miller 1992). The origin of the excitatory
presynaptic terminals that are modulated by adenosine could be from both local circuitry such
as the glutamatergic circuits proposed by Li and co-workers (2002) and afferent fibers from
other brain areas such as the MFB as suggested in this study (Figure 3).

Postsynaptic neurons—In addition to modulation of neurotransmitter release by
adenosine in CNS neurons, ion channels at cell bodies of central neurons are targets of
adenosine-mediated modulation as well. Calcium channels responsible for Ca2+ influx during
action potentials are modulated directly or indirectly via adenosine receptors. For instance,
adenosine inhibits calcium currents via the A1 receptor in sensory neurons (Kasai and Aosaki
1989), pyramidal neurons of the hippocampus (Scholz and Miller 1991; Mogul et al. 1993;
Wu and Saggau 1994), sympathetic neurons (Zhu and Ikeda 1993), and GABAergic neurons
in the SCN (Chen and van den Pol 1997). The activation of A2 receptor leads to potentiation
of the P-type calcium channel in neurons of the brainstem (Umemiya and Berger 1994). In this
study, we demonstrate that adenosine inhibits whole-cell voltage-dependent calcium currents
in hypocretin/orexin neurons (Figure 8A-C), which is in line with the inhibitory effect mediated
by A1 receptor mentioned above and suggests that functional A1 receptor is expressed in
hypocretin/orexin neurons in mice. As an important regulator of membrane excitability, the
GIRK current is triggered by activation of G-protein coupled adenosine A1 receptor in relay
neurons in the thalamus (Pape 1992), pyramidal neurons of the hippocampus (Lüscher et al.
1997; Takigawa and Alzheimer 2002; Wetherington and Lambert 2002), cholinergic neurons
in the magnocellular preoptic nucleus and substantia innominata (Arrigoni et al. 2006) and
neurons of the locus coeruleus (Pan et al. 1995). In contrast, our results demonstrate that
activation of adenosine receptor does not induce GIRK current in hypocretin/orexin neurons
(Figure 8), suggesting that the A1 receptor does not couple to GIRK channels in these neurons.
This result is consistent with our finding that adenosine does not directly modulate membrane
potential in hypocretin/orexin neurons (Figure 4), which is a distinct property of the GIRK
current in these cells (Fu et al. 2004; Xie et al. 2006).

Functional Implications
It is widely accepted that adenosine participates in sleep induction via the A1 receptor in several
brain areas. On the one hand, adenosine directly inhibits neurons promoting wakefulness in
many brain regions (Arrigoni et al. 2001; 2006; Kohlmeier and Leonard 2006). On the other
hand, adenosine disinhibits neurons that directly depress neurons in wakefulness-maintaining
brain regions such as the ventrolateral preoptic nucleus (VLPO), which is a key regulator of
the behavioral state that promotes sleep (Chamberlin et al. 2003). In this study, our data
revealed a new potential site of action of adenosine in light of its function in sleep regulation.
We find that adenosine depresses action potentials in hypocretin/orexin neurons via the A1
adenosine receptor, which is achieved by a possible attenuation of excitatory inputs to these
neurons within (local) and outside (afferent fibers from the MFB) of the LH. The excitatory
inputs onto the hypocretin/orexin neurons are of considerable importance to the functioning
of this system (Li et al. 2002; Horvath and Gao 2005); a reduction in the excitatory afferents
to the hypocretin/orexin system by adenosine greatly attenuates its excitability and limits its
capability to control its targets. Adenosine may also restrain the function of the hypocretin/
orexin neurons by depressing the calcium influx via voltage-dependent calcium channels
during action potentials. Voltage-dependent calcium channels at cell bodies play a critical role
in excitation-transcription coupling in neurons (Catterall 1998), since the calcium influx via
calcium channels is required for activation of the cAMP- and calcium-dependent transcription
factor CREB (Bading et al. 1993; Abel et al. 1997; Rajadhyaksha et al. 1999) and transcription
of immediate-early genes triggered by neuronal activity (Murphy et al. 1991; Rajadhyaksha et
al. 1999). In our case, the inhibition of calcium currents in the hypocretin/orexin neurons by
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adenosine would decrease excitation-dependent synthesis and release of hypocretin/orexin.
Altogether, we propose that it is highly possible for adenosine to reduce wakefulness by
attenuating the output of the hypocretin/orexin system in the LH in addition to its actions in
other brain areas, which could be the subject of a follow-up study. A recent report just emerged
that application of A1 adenosine receptor agonist, N6 cyclopentyladenosine (CPA), into the
perifornical lateral hypothalamic area promotes sleep in rats (Kumar et al. 2006, SFN Abstrsct).

In summary, our results showing that adenosine decreases the generation of action potentials,
excitatory synaptic transmission and calcium currents in hypocretin/orexin neurons reveal a
new role for adenosine in sleep regulation, which is complementary to the current framework
of sleep research.
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Fig.1.
Adenosine depresses the frequency of action potentials in hypocretin/orexin neurons. A-
C, double labeling of hypocretin/orexin neurons in brain slices. A, expression of GFP in
hypocretin/orexin neurons under the control of a specific hypocretin/orexin promoter. B,
immunocytochemical staining of hypocretin/orexin immunoreactive neurons (red). C, green
and red signals overlap in hypocretin/orexin neurons indicated by arrows. All GFP-expressing
neurons are hypocretin/orexin positive. Scale bar: AC, 15 μm. D-G, loose patch recordings of
spikes (action currents) in visually identified hypocretin/orexin neurons were performed in
slices from P14-21 mice expressing GFP in hypocretin/orexin neurons. D, sample traces of
action currents recorded at various stages of our experiments under voltage clamp with loose
patch recordings are presented. E, the time course of a typical experiment shows that adenosine
(100 μM) applied to the recorded neuron attenuated the frequency of spikes. This attenuation
was reversible upon the removal of adenosine. Application of adenosine is indicated by the
filled bar. F, pooled data for frequency of spikes from all hypocretin/orexin neurons examined
in our experiments are presented. An ANOVA was used to examine the significance of
difference among all three groups. An asterisk “*” indicates P<0.05. G, pooled data for
frequency of spikes from all 6 hypocretin/orexin neurons examined in ACSF containing 2 mM
glucose are presented. An ANOVA was used to examine the significance of difference among
all three groups. A double asterisk “**” indicates P<0.01.
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Fig.2.
Adenosine decreases the frequency of sEPSCs in hypocretin/orexin neurons. Experiments
were performed in the presence of bicuculline (30 μM) in all solutions and sEPSCs were
recorded in hypocretin/orexin neurons held at −60 mV under voltage clamp. The frequency of
sEPSCs decreased rapidly in the presence of adenosine (100 μM). Sample traces recorded in
our experiments at various stages are presented in A and the time course of a typical experiment
is plotted in B. Application of adenosine is indicated by the filled bar in B. C, pooled data from
all tested hypocretin/orexin neurons at different concentrations of adenosine show that the
inhibitory effect of adenosine on the frequency of sEPSCs is dose-dependent. The symbol “**”
indicates P<0.01 (ANOVA test). D, frequency of sEPSCs obtained from all hypocretin/orexin
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neurons (n=8) examined in ACSF containing 2 mM glucose demonstrated that adenosine
depressed the frequency of sEPSCs in hypocretin/orexin neurons (**, P<0.01, ANOVA). Inset,
sample traces demonstrated that sEPSCs were completely blocked by ionotropic glutamate
receptor antagonists AP5 and CNQX (n=7), suggesting a tone of glutamatergic transmission.
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Fig.3.
Adenosine attenuates the amplitude of evoked EPSPs in hypocretin/orexin neurons.
Whole-cell patch clamp experiments were performed in the presence of bicuculline (30 μM)
in all solutions and the stimulating electrode was placed on the medial forebrain bundle (MFB).
Evoked EPSPs (eEPSPs) were recorded in hypocretin/orexin neurons under current clamp and
presented in A. In order to obtain a stable recording of eEPSP without triggering action
potentials, hyperpolarizing current was injected to the recorded neurons to maintain the
membrane potential between −60 to −70 mV. The amplitude of eEPSPs declined in the presence
of adenosine and recovered after its removal. The time course of a typical experiment is plotted
in B. C, pooled data from all experiments show that the amplitude of eEPSPs is significantly
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decreased by the application of adenosine (**, p<0.01, ANOVA). D, pooled data from all
experiments show that the membrane potential of hypocretin/orexin neurons does not change
(P>0.05, ANOVA). E-F, the membrane potential of hypocretin/orexin neurons recorded in the
presence of TTX (1 μM). E, a sample trace from our experiments is presented (M.P., −68.0
mV). The application of adenosine is indicated with the filled bar and the dotted line represents
the baseline of the recording. F, pooled data from all experiments show that adenosine does
not cause any changes in membrane potential in the presence of TTX (P>0.05, ANOVA).
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Fig.4.
Adenosine-mediated inhibition of frequency of sEPSCs was abolished in the presence of
pertussis toxin (PTX). All experiments were performed in slices treated with PTX (500 ng/
ml) for two hours in advance. sEPSCs were recorded in hypocretin/orexin neurons under
voltage clamp in the presence of bicuculline (30 μM) in all solutions. A, sample traces of
sEPSCs recorded at various stages of our experiment. B, the time course of a typical experiment
is shown. Application of adenosine is indicated by the filled bar. C, pooled data from all tested
neurons showing that the frequency of sEPSCs does not significantly decrease in the presence
of adenosine in slices pre-treated with PTX (P>0.05, ANOVA).
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Fig.5.
A1 adenosine receptor is responsible for the effect of adenosine in hypocretin/orexin
neurons. Whole-cell recordings were performed in hypocretin/orexin neurons held at −60 mV
under voltage clamp. Bicuculline (30 μM) was present in all solutions. In the presence of
DPCPX (3 μM), a selective A1 receptor antagonist, adenosine (100 μM) was applied to
recorded neurons after a stable recording of sEPSCs was obtained and its effect on the
frequency of sEPSCs was monitored. Sample traces are presented in A and the time course of
a typical experiment is shown in B. Application of adenosine is indicated by the filled bar above
the time course plotting. C, pooled data from all neurons examined in our experiments show
that adenosine does not inhibit the frequency of sEPSCs in the presence of DPCPX (P>0.05,
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ANOVA). D, experiments were performed in ACSF containing bicuculline (30 μM). After a
stable recording of sEPSCs was obtained, a selective A1 receptor agonist, CCPA was applied
to the recorded neurons. Data from all tested hypocretin/orexin neurons are pooled and
presented here. The frequency of sEPSCs significantly declined in the presence of CCPA and
after its removal (**, p<0.01; *, P<0.05, ANOVA).
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Fig.6.
A2 adenosine receptors are not responsible for the effect of adenosine in hypocretin/
orexin neurons. Whole-cell recordings were performed in hypocretin/orexin neurons held at
−60 mV under voltage clamp. Bicuculline (30 μM) was present in all solutions. Selective A2
receptor antagonists, MRS 1706 and SCH 58261, were applied to the recorded neurons. After
a stable recording of sEPSCs were obtained, in the presence of MRS 1706 and SCH 58261,
adenosine (100 μM) was applied and its effect on the frequency of sEPSCs was monitored.
Sample traces are presented in A and the time course of a typical experiment is shown in B. In
the presence of MRS 1706 and SCH 58261, the frequency of sEPSCs declined in the presence
of adenosine (100 μM) and recovered after its withdrawal. Application of adenosine is indicated

Liu and Gao Page 24

J Neurophysiol. Author manuscript; available in PMC 2008 January 1.

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript



by the filled bar. C, pooled data from all neurons examined in our experiments show that the
inhibitory effect of adenosine was intact in the presence of selective A2 receptor antagonists
(**, P<0.01, ANOVA).
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Fig.7.
Adenosine inhibits the frequency but not the amplitude of miniature EPSCs. mEPSCs
were recorded in hypocretin/orexin neurons held at −60mV under voltage clamp in the presence
of bicuculline and TTX in all solutions. A-C, after a stable recording of mEPSCs was obtained,
adenosine (100 μM) was applied to the recorded neuron via bath solution. Sample traces of
mEPSCs recorded at various stages of our experiments are shown in A and the time course of
a typical experiment is presented in B. The filled bar above the trace in B indicates the
application of adenosine. C, pooled data of frequency of mEPSCs from all tested neurons
indicate that the frequency of mEPSCs significantly declines in the presence of adenosine and
recovers after its withdrawal (**, P<0.01, ANOVA). D, accumulative probability curves for
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the amplitude of mEPSC events detected before and during application of adenosine are
generated and plotted. There is no significant difference between events in control and
adenosine groups as indicated by the Kolmogorov-Smirnov test. Solid line: control, 2770
events; dotted line: plus adenosine, 1937 events. E-F, the effect of adenosine on the frequency
and amplitude of mEPSCs was examined in the presence of DPCPX, a selective A1 receptor
antagonist. Adenosine does not inhibit the frequency and amplitude of mEPSCs in the presence
of DPCPX as suggested by ANOVA (P>0.05, E) and the Kolmogorov-Smirnov test (P>0.05,
F). In F, solid line: control, 1228 events; dotted line: plus adenosine, 1170 events. G-H,
experiments were performed as described above in the presence of A2 receptor antagonists
(SCH 58261 and MRS 1706). In their presence, adenosine significantly depresses the frequency
(G, **, P<0.01, ANOVA) but not the amplitude of mEPSCs (H, P>0.05, Kolmogorov-Smirnov
test). In H, solid line: control, 1450 events; dotted line: plus adenosine, 974 events.
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Fig.8.
Adenosine inhibits voltage-dependent calcium currents in hypocretin/orexin neurons. A,
sample traces of whole-cell voltage-dependent calcium currents recorded at various stages in
our experiments are shown. Voltage-dependent calcium currents were induced in hypocretin/
orexin neurons held at −80 mV under voltage clamp with a voltage step from −80 mV to −20
mV. B, the time course of a typical experiment is shown. The application of adenosine (30
μM) is indicated as the filled bar above the time course curve. Letters a, b and c indicate time
points when sample traces were recorded. C, pooled data from all tested neurons were analyzed
and plotted, which demonstrate that the amplitude of voltage-dependent calcium currents
significantly decreases in the presence of adenosine (30 μM) (**, P<0.01, ANOVA). D, the I-
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V relationship of membrane currents induced by a ramp pulse (from −140 mV to −20 mV,
duration=600 ms) before, during and after the application of adenosine is shown. There is no
significant GIRK current in the presence of adenosine.
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Fig.9.
A schematic graph illustrates pathways mediating the effect of adenosine in hypocretin/
orexin neurons. Activation of A1 receptor occurs both at presynaptic terminals innervating
hypocretin/orexin neurons and at cell bodies of these neurons. At presynaptic terminals,
adenosine might depress voltage-dependent calcium channels which leads to a reduction in
calcium-dependent glutamate release. Adenosine might also directly inhibit calcium-
independent exocytosis of vesicles containing glutamate. At the soma of hypocretin/orexin
neurons, adenosine inhibits voltage-dependent calcium channels but does not induce a GIRK
current. A1R: A1 adenosine receptor; VDCC: voltage-dependent calcium channel; iGluR:
ionotropic glutamate receptor.
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