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Identification of a striatopallidal pathway facilitating sleep and wakefulness
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We have demonstrated that caffeine induces wakefulness by blocking the action of

adenosine on A2A receptors (A2AR) in the nucleus accumbens (NAc; Lazarus M, et al., J Neurosci, Vol. 31,
No. 27, 2011, pp. 10067-10075). Adenosine promotes sleep, however the extent to which these A2AR-positive
NAc neurons contribute to sleep regulation was previously unknown. Pharmacological activation of A2ARs by
the agonist CGS21680 increased non rapid eye movement (NREM) sleep in wild type, but not NAc-specific
A2AR KO mice. Optogenetic and pharmacogenetic activation of NAc A2AR neurons induces robust NREM sleep.
Our observations provide the first direct evidence that A2AR neurons in the NAc are not only involved in
promoting behavioral inactivity but also play a major role in regulating sleep. These findings further
suggest that the NAc might be a key site through which sleep and wakefulness are regulated by behavioral
processes (Lazarus M, et al., Trends Neurosci, Vol. 35, No. 12, 2012, pp. 723).
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The fundamental governing principles for the
regulation of sleep are incompletely
understood and neural substrates that, when
activated, promote non-rapid eye movement
(non-REM, NREM) sleep, also known as slow
wave sleep, remain to be identified.
The motivation to defy sleep and stay awake
for a wide range of life-style choices is often
accompanied by the use of psychoactive
substances, most prominently caffeine. We
have revealed that caffeine induces
wakefulness by blocking adenosine A2A
receptors (A2AR) in the nucleus accumbens
(NAc; Lazarus M, et al. J Neurosci 31,
10067-10075, 2011). Adenosine promotes
sleep and for caffeine to be effective as an
antagonist and cause arousal, excitatory A2AR
must be tonically activated by endogenous
adenosine. A2AR are highly expressed on
neurons of the NAc that also express dopamine
D2 receptors (D2Rs) and enkephalin (Enk), but
the extent to which those A2AR/D2R/
Enk-positive neurons in the NAc contribute to
the regulation of sleep is not known.

2. WHEDHK

We proposed to identify the organization of the
neural circuitry in which locomotion and
motivational behavior drives arousal through
the reciprocal interaction of somnogenic
adenosine and wake-promoting dopamine on
striatopallidal neurons of the striatum. By
combining a new generation of powerful tools
for the remote control of neuronal activity
through in-vivo stimulation and inhibition with
the sleep bioassay system established in our
laboratory, we aim to determine the basal
ganglia control of sleep-wake regulation. This
area of research is currently considered as a
rapidly emerging field in neuroscience.
Especially, we proposed to identify a
striatopallidal pathway from the nucleus
accumbens to basal forebrain and midbrain
areas through which adenosinergic excitatory
neurotransmission induces sleep.

3. WHEDITE

Significant research efforts have recently been
directed at developing genetic-molecular tools
to achieve reversible and cell-type specific in
vivo silencing of neurons in awake, freely
behaving animals. The obvious goal in
developing these tools is to help establish a
causal relationship between the activity of
specific neurons (or neuronal populations) and
behavioral and physiological outcomes. One
tool that has been developed and come close to
achieving the goal of reversible, in vivo
silencing of neurons is  optogenetics

technologies. It would not be an exaggeration
to say that optogenetics has ushered in a new
era of neurobiology by providing a mechanism
that directly links in vivo neuronal activity with
behavioral and physiological outcomes in
freely behaving animals. Another recently
developed system permits the selective and
“remote”  manipulation (activation and
silencing) of neuronal activity via all three
major GPCR signaling pathways (Gi, Gs and
Gq). Termed “designer receptors exclusively
activated by a designer drug” (DREADD)
these systems involve, broadly speaking,
mutant GPCRs that do not respond to their
endogenous ligands but are responsive to
otherwise inert biological compounds. The
usefulness of these systems has been
demonstrated in several recent studies
(Alexander GM, et al. Neuron 2009, 27,
Nawaratne V, et al. Mol. Pharmacol. 2008,
1119).

4. BRIERR

(1) Optogenetic (channelrhodopsin, ChR2)
activation of A2AR neurons in the NAc
induces robust NREM sleep: We investigated
the role of A2AR neurons in the NAc for
sleep-wake regulation by using optogenetic
stimulation of channelrhodopsin-2 (ChR2)
expressed in A2AR neurons of the NAc
(Figure 1). To target ChR2 into A2AR neurons
located in the NAc, we used a transgenic
mouse, in which Cre-recombinase is expressed
under the A2AR promoter (A2AR-Cre;
Durieux PF, et al. Nat Neurosci 12, 393-395,
2009) and Cre-recombinase-dependent adeno-
associated virus (AAV) carrying ChR2
(AAV-EF10-DIO-ChR2-mCherry) was
stereotaxically injected unilaterally into the
NAc of A2AR-Cre mice (NAc-ChR2 mice).
We generated group of NAc-ChR2 mice as
well as control mice by microinjection of
A2AR-Cre mice with AAV containing
mCherry (NAc-mCherry mice), and implanted
electrodes for electroencephalogram (EEQG)
and electromyogram (EMG) and cannulae for
optical fibers above the NAc. Two weeks after
the operation, we stimulated both mouse
groups with 30 ms pulses of blue light at a
frequency of 4 Hz between 22:00 and 23:00
and simultaneously recorded their EEG and
EMG (Figure 1). Robust induction of NREM
sleep was observed during the dark period after
selective activation of A2AR neurons by blue
light (Figure 1), resulting in more than 80%
NREM sleep during optogenetic stimulation.
We confirmed by immunohistochemistry for
the red fluorescent protein mCherry (fused to
ChR2) and NeuN that the expression of ChR2
was restricted to the NAc and additionally, that



neuronal cell loss at the injection site due to
AAV toxicity was absent (data not shown).
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Figure 1. Optogenetic stimulation of A2AR
neurons in NAc-ChR2 and NAc-mCherry
mice. The time course of NREM sleep. Data
are presented as the mean = SEM (n = 4). *p <
0.05, **p < 0.01 compared between mouse
groups, assessed by unpaired Student’s t-test.
(a and b) Blue bar and area indicates the period
of light illumination.

Moreover, after stereotaxic-based brain
microinjections of Cre recombinase-dependent
AAV carrying DREADD into the NAc of
A2AR-Cre mice, robust induction of NREM
sleep can be observed during selective
activation of A2AR neurons by the small
molecule clozapine-N-oxide (data not shown).

(2) Pharmacological activation of A2ARs by
the agonist CGS21680 increased NREM
sleep: When the highly selective A2AR
agonist CGS21680
(2-p-(2-carboxyethyl)phenethylamino-5’-N-eth
ylcarboxamido-adenosine) is infused into the
lateral ventricle of mice, NREM sleep is
induced dose-dependently in wild type (WT),
but not in global A2AR KO mice. We
hypothesized that the sleep-inducing effect of
CGS21680 is mediated by A2ARs on neurons
in the NAc. We stereotaxically injected
bilaterally a Cre-recombinase-expressing AAV
into the NAc of loxP-modified A2AR mice to
generate NAc-A2AR KO mice (NAc; Lazarus
M, et al. J Neurosci 31, 10067-10075, 2011)
and measured sleep after central administration
of vehicle or the A2AR agonist CGS21680
(Figure 2). We infused CGS21680 into the
lateral ventricle of WT and NAc-A2AR KO
mice at 5 pmol/min for 6 hours (20:00 to 2:00)
and recorded their EEG and EMG. Typically,
NREM sleep strongly increased in the control
group (WT mice), but not in the NAc-A2AR
KO mice generated by the AAV-Cre
microinjection (Figure 2). Induction of NREM
sleep in WT mice by the A2AR agonist during
the dark period was followed by a rebound of

wakefulness during the subsequent light period
(data not shown). These findings indicate that
A2ARs in the NAc are specifically required for
the sleep-inducing effect of A2AR agonist
CGS21680.

4004 O Vehicle
g CGS21680
- 5 pmol/min
L=
= 300+
£
£
200
o
7]
=
L
o 1004
=z
0_

WT  'NAc-A,R
KO

Figure 2. The sleep-inducing effect of A2AR
agonist CGS21680 was abolished in
NAc-A2AR KO mice. The time course total
time of NREM sleep for 7 h after the start of
CGS21680 infusion. Data are presented as the
mean £SEM (n = 5). **p<0.01 compared to
the vehicle control, as assessed by paired
Student’s t-test.

(3) Projections of A;,R NAc neurons to
wake-promoting areas: To better understand
the functions of these receptors in sleep,
projections of A2AR neurons were mapped
utilizing AAV encoding humanized Renilla
green fluorescent protein (hrGFP) as a tracer
for long axonal pathways (Figure 3).
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Figure 3. Anterograde tracing of A2AR
neurons in the NAc.

The Cre-dependent AAV was injected into the
NAc of A2AR-Cre mice. Immuno-
histochemistry was then used to visualize
hrGFP, highlighting the perikarya of the A2AR
neurons in the injection sites, and their axons
in projection regions. The data revealed that
A2AR neurons exhibit medium-sized and
either round or elliptic perikarya with their
processes within the NAc. Moreover, the
projections from the Acb distributed to
wake-promoting nuclei in the forebrain,
diencephalon, and brainstem, including the



basal forebrain (substantia innominata and
horizontal limb of the diagonal band of Broca),
lateral ~ hypothalamus, tuberomammillary
nucleus and ventral tegmental area (Figure 4).
The results supply a solid base for
understanding the roles of the A2AR and
A2AR neurons in the NAc in the regulation of
sleep (Zhang J, et al. Front Neuroanat 7, 43,
2013).

Basal forebrain Lateral hypothalamus

Figure 4. Projections of A;4,R NAc neurons
to wake-promoting areas. hrGFP-immuno-
reactivity in the NAc visualized by fluorescent
and ABC techniques. Abbreviations are as
follows: SI, substantia innominata; HDB,
horizontal limb of the diagonal band of Broca;
LHa, Ilateral hypothalamus;VTM, ventral
tuberomammillary nucleus; VTA, ventral
tegmental area. Scale bar = 100 um.

(4) Conclusion and Significance: The key
neural substrates for sleep remain to be
identified. Our findings that activation of
A2AR neurons and adenosine receptors in the
NAc strongly promote sleep provide the first
direct evidence for a major role of the
adenosinergic system of the NAc in control of
the sleep-wake cycle. A2AR activation may be
a novel strategy for the treatment of insomnia
and brain-permeable A2AR agonists or
allosteric enhancers may constitute a new class
of sleeping pills. Moreover, adenosine
represents a state of advanced energy
consumption due to absence of all
energy-bearing phosphate groups of adenosine
triphosphate (ATP), the ultimate ‘energy
currency’ of all living organisms, and ATP
depletion, elevation of extracellular adenosine
and increase of sleep are positively correlated.
Adenosine inhibits the activity of cholinergic
arousal centers in the brainstem via adenosine
Al receptors under conditions of increased
metabolic demand. Adenosine also activates

A2ARs on inhibitory medium spiny projection
neurons in the NAc to restrain the arousal
system and induce sleep. Such sleep prevents
cognitive underperformance and excessive
emotionality, which may lead to wrong
decisions or bad choices. Caffeine that blocks
the action of adenosine in the NAc counteracts
fatigue and increases alertness; for this reason,
caffeine is the most widely used psychoactive
compound.
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