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DENOSINE AND THE HOMEOSTATIC CONTROL OF SLEEP:
FFECTS OF A1 RECEPTOR BLOCKADE IN THE PERIFORNICAL

ATERAL HYPOTHALAMUS ON SLEEP–WAKEFULNESS
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arry S. Truman Veteran’s Memorial Hospital, Department of Neurol-
gy, University of Missouri, 800 Hospital Drive, Columbia, MO 65201-
297, USA

bstract—The orexinergic neurons of the lateral hypothala-
us (LH) are critical for wakefulness [McCarley RW (2007)
eurobiology of REM and NREM sleep. Sleep Med 8:302–
30]. Recent evidence suggests that adenosine (AD), a ho-
eostatic sleep factor, may act via A1 receptor (A1R) to

ontrol orexinergic activity and regulate sleep–wakefulness
Thakkar MM, Winston S, McCarley RW (2002) Orexin neurons
f the hypothalamus express adenosine A1 receptors. Brain
es 944:190–194; Liu ZW, Gao XB (2006) Adenosine inhibits
ctivity of hypocretin/orexin neurons via A1 receptor in the
ateral hypothalamus: a possible sleep-promoting effect.
Neurophysiol]. To evaluate the role of AD in the orexinergic
H and its influences on sleep–wakefulness, we designed
wo experiments in freely behaving rats: First, we bilaterally
icroinjected 1,3-dipropyl-8-phenylxanthine (DPX) (1.5 pmol

nd 15 pmol), a selective A1R antagonist into the LH during the
ight cycle and examined its effect on spontaneous sleep–wake-
ulness. Second, we performed 6 h of sleep deprivation. Thirty

inutes before the animals were allowed to enter recovery
leep, 15 pmol of DPX was bilaterally microinjected into the LH
nd its effects on recovery sleep were monitored.

Microinjection of DPX into the orexinergic LH produced a
ignificant increase in wakefulness with a concomitant reduc-
ion in sleep, both during spontaneous bouts of sleep–wakeful-
ess and during recovery sleep. Local administration of DPX

nto the LH produced a significant increase in the latency to
on-REM sleep during recovery sleep. However, total slow
ave (delta) activity during non-REM sleep phase of recovery
leep remained unaffected after DPX treatment.

This is the first study that implicates endogenous
denosine to have a functional role in controlling orexin-
rgic tone and influencing the homeostatic regulation of
leep–wakefulness. © 2008 IBRO. Published by Elsevier
td. All rights reserved.

ey words: orexin, perifornical-lateral hypothalamus, sleep,
denosine, A1 receptor.

Corresponding author. Tel: �1-573-814-6000x53697; fax: �1-573-
84-4249.
-mail address: thakkarmm@health.missouri.edu (M. Thakkar).
bbreviations: AD, adenosine; A1R, adenosine A1 receptor; DPX,
,3-dipropyl-8-phenylxanthine, a selective adenosine A1 receptor an-
e
agonist; LH, orexinergic zone of the perifornical lateral hypothalamus;
EM, rapid eye movement.
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875
he orexinergic zone of the perifornical lateral hypothal-
mus (LH) contains several neuronal subtypes including

he orexin-containing and the melanin concentrating
ormone containing neurons. However, there is strong
nd consistent evidence implicating only the orexin neu-
ons in the regulation of wakefulness (Selbach and
aas, 2006; Datta and Maclean, 2007). While deficiency
f orexinergic neurotransmission resulted in a reduced
akefulness and narcolepsy (Lin et al., 1999; Chen et
l., 2006; Gerashchenko et al., 2001; Chemelli et al.,
999; Thakkar et al., 1999; Thannickal et al., 2000;
ignot, 2004), increased orexinergic tone exerts wake-
romoting effects (Bourgin et al., 2000; Thakkar et al.,
001; Methippara et al., 2000). The orexin neurons ex-
ibited the wake-on/rapid eye movement (REM) –Off
ischarge pattern (W�non-REM�REM) (Alam et al.,
002; Lee et al., 2005; Mileykovskiy et al., 2005).

Several lines of evidence implicate adenosine (AD) to
e the homeostatic regulator of sleep–wakefulness (Basheer
t al., 2004). It has been suggested that during wakeful-
ess, when neural metabolism is highest, AD, a by-product
f neuronal (ATP) metabolism, gradually builds up and
ediates the homeostatic need for sleep (Strecker et al.,
000).

We have previously shown that the orexin neurons
xpress adenosine A1 receptor (A1R) (Thakkar et al.,
002). An in vitro study recently reported that AD inhibits
rexin neurons via A1R (Liu and Gao, 2006). To further
valuate the role of AD in the orexinergic LH and its

nfluences on sleep–wakefulness, we examined the effects
f a selective AD A1R antagonist DPX locally administered

nto the LH on spontaneous bouts of sleep–wakefulness
nd on recovery sleep following 6 h of sleep deprivation in
reely behaving rats.

EXPERIMENTAL PROCEDURES

xperimental design

ur first set of experiments monitored the effects of A1R antag-
nist on spontaneous sleep–wakefulness. AD is implicated in the
omeostatic regulation of sleep. Since recovery sleep following
leep deprivation is an essential paradigm to study the homeo-
tatic mechanisms regulating sleep–wakefulness, our second set
f experiments monitored the effects of A1R antagonist on recov-

ry sleep following sleep deprivation.

ved.

mailto:thakkarmm@health.missouri.edu
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nimals

dult male Sprague–Dawley rats were housed under constant
emperature, with ad libitum access to food and water, and with
2-h light/dark (light (02:00 h to 14:00 h) and dark (14:00 h to
2:00 h)) cycle at least 10 days before surgery. All surgeries were
onducted before 14:00 h (before the beginning of the dark pe-
iod). Every effort was made to minimize animal suffering and to
educe the number of animals used. All animals were treated in
ccordance with the American Association for Accreditation of
aboratory Animal Care’s policy on care and use of laboratory
nimals. All experiments were conducted in accordance with the
uide for the Care and Use of Laboratory Animals and approved
y the Animal Research Committee of the Harry S. Truman Me-
orial Veterans Hospital.

urgery

nder sterile condition and using standard surgical protocol (for
etails see Thakkar et al., 2001), the animals (N�9) were im-
lanted with electrodes for recording electroencephalogram and
lectromyogram for determination of behavioral state. Intracere-
ral guide cannulas (22 G, PlasticsOne, Roanoke, VA, USA) were
lso implanted bilaterally at a 90° angle above the target site in the
rexinergic LH (Chen et al., 2006). The target coordinates for the
ip of the injector canulae were: AP �3.3, ML �1.5, DV �8.5
relative to bregma (Paxinos and Watson, 1998)].

Experiments were conducted in a sound-attenuated chamber
ith the same light conditions (light on�02:00–14:00 h) with food
nd water available ad libitum. After 3 days of post-operative
ecovery, the rats were tethered to a lightweight recording cable
nd habituated to the recording setup for at least 7 days before
he experiment was begun and remain tethered until the end of
he experiment except during microinjections.

,3-Dipropyl-8-phenylxanthine (DPX)

PX, a selective A1R antagonist (Daly et al., 1985) was pur-
hased from Tocris Biosciences, Ellisville, MO, USA, and dis-
olved in ethanol to make a stock solution of 500 �M. Subsequent
ilutions were made in saline. Two concentrations, 1.5 and 15
mol (300 nL of 5 and 50 �M) were used in this study.

able 1. Protocol for experiment 1

ay Microinjections

Batch 1 (N�3) Batch 2 (N�3) Batch 3 (N�3)

Saline (0.9%) DPX (1.5 pmol) DPX (15 pmol)
DPX (1.5 pmol) DPX (15 pmol) Saline (0.9%)
DPX (15 pmol) Saline (0.9%) DPX (1.5 pmol)
Saline (0.9%) Saline (0.9%) Saline (0.9%)

All microinjections were performed 6 h before the beginning of the
ark cycle.

able 2. Protocol for experiment 2

ay Treatment Microinj

Batch 1

Sleep deprivation Saline

Sleep deprivation DPX (15

Sleep deprivation was performed for 6 h ending at the onset of dar

ll microinjections were performed 30 min before the onset of recovery sleep.
cquisition of sleep–wakefulness data

leep–wakefulness signals were amplified by EEG machine (Model
5, Astromed Inc., West Warwick, RI, USA) digitized and acquired
128 Hz/channel) by Icelus data acquisition software (build 071503,
uthored by Mark Opp, University of Michigan, Ann Arbor, MI, USA)
nd stored in Dell Desktop computer.

xperiment 1: Effect of DPX administration on
pontaneous sleep–wakefulness

he experimental protocol is as described in Table 1. All microin-
ections were performed in the light period between 09:30 and
0:00 h (6 h before dark onset). The microinjection protocol: The
at was disconnected from the recording cable and gently swad-
led in a towel. The injector cannula was gently inserted into the

psilateral guide cannula after removing the stylus. After waiting for
pproximately 1 min, DPX (or saline) was gently injected. The

njector cannula was kept in place for 1 min before retracting. The
ame protocol was repeated on the contralateral side after 1 min.
he rat was reconnected and the behavioral state monitoring was
ontinued for 6 h.

xperiment 2: Effect of DPX administration on
ecovery sleep

he second experiment was begun 1 week after the completion of
he first experiment. The experimental protocol is described in
able 2. Rats were sleep deprived during the last 6 h of the light
ycle (08:00–14:00 h). Sleep deprivation was conducted by gentle
andling (Thakkar et al., 2003b). Bilateral microinjections of either
.9% saline or 15 pmol of DPX (300 nL of 50 �M) was performed
0 min (between 13:30 and 14:00 h) before the animals were
llowed to enter recovery sleep and recovery sleep was monitored
or 3 h.

ocalization of the injection site

ix injections were performed in each animal. On completion of
he experiment, the animals were killed under deep phenobarbital
nesthesia and perfused with 0.9% saline followed by perfusion of
0% formalin. The brains were isolated, blocked and processed
or immunohistochemistry. Orexin-A immunohistochemistry was
sed to illustrate the locations of orexin neurons relative to the
rug injector cannula track (Chen et al., 2006).

nalysis of sleep–wakefulness

he data analysis was performed by Icelus data analysis software
build 111904, authored by Mark Opp, University of Michigan)
sing a Dell Desktop computer. The sleep–wakefulness was vi-
ually scored in 10 s epochs as (1) Wake, which included both
ctive and quiet waking; (2) non-REM sleep; (3) REM sleep.

To emphasize the homeostatic component of sleep regulation
Borbely, 1982), we measured: 1) latency to non-REM and REM
leep and 2) total slow wave activity (total delta activity) during 3 h
f recovery sleep following 6 h of sleep deprivation.

Batch 2 (N�3) Batch 3 (N�3)

Saline DPX (15 pmol)
No treatment

DPX (15 pmol) Saline

The onset of recovery sleep coincided with the onset of dark period.
ections

(N�3)

pmol)

k period.
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Latency to non-REM sleep was defined as the amount of time
etween the injection and the first non-interrupted 60 s bout of
on-REM sleep. Latency to REM sleep was defined the amount of
ime between the injection and the first non-interrupted 30 s bout
f REM sleep. Total slow wave (delta) activity was defined as total
ower in the delta band (1–4.0 Hz) in non-REM sleep during 3 h
f recovery sleep (Wurts and Edgar, 2000).

tatistical analysis

he effect of DPX on the spontaneous sleep–wakefulness was
nalyzed by repeated measure ANOVA followed by Bonferroni’s
ost hoc test (EZAnalyze Ver 3.0. http://www.ezanalyze.com)
hereas paired t-test was used to evaluate the effect of DPX on
ehavioral states during recovery sleep.

RESULTS

ut of a total of nine rats, one rat was discarded due to
oor quality of electrographic signals. Another animal was
“mishit” or the injection sites were not localized in the

rexinergic LH and therefore not included in the data
nalysis.

istology

he localization of the injection tips for each of the animals
s shown in a coronal schematic, Fig. 1 (N�7, adapted
rom Paxinos and Watson, 1998). All injection sites (N�7)
ere in the orexinergic LH between AP levels �3.1 and
3.6. The “missed” injection sites (shown as triangle in
ig. 1A) were posterior (AP��4.2) and not localized in

he orexinergic LH. A representative photomicrograph
epicting the injection site in the orexinergic LH is shown

ig. 1. Schematic representation of the anatomical location of the hist
nimal that received DPX injection outside the orexinergic zone. The
ircles) were located between AP �3.1 and �3.6 and are all mappe
atson, 1998). Microinjections were performed bilaterally in each anim

dentification of unlabeled structures see Paxinos and Watson (1998). In
ite in the midst of orexin neurons in the orexinergic zone of the LH.
n Fig. 1 (inset).
p
l

xperiment 1: Effect of DPX administration on
pontaneous sleep–wakefulness

s there was no significant difference in any behavioral
tate after two saline treatments, behavioral state data
fter two saline treatments was pooled together. Microin-

ection of DPX into the orexinergic LH produced a signifi-
ant change in the behavioral state during the first 3 h (1–3

ig. 2. Bilateral local microinjections of a selective A1R antagonist,
PX into the orexin-rich perifornical hypothalamus increased the
mount of time spent in wakefulness and decreased the amount of

ime spent in both non-REM and REM phases of sleep during 3 h of
pontaneous bouts of sleep–wakefulness during the light period com-
ared with saline treatment. Repeated measures ANOVA followed by
onferroni’s post hoc test revealed that the maximum effect was

identified injection sites. Triangles represent the “missed” sites in one
ites were posterior (AP �4.2) to the target site. All other sites (black
is one coronal brainstem section (�3.3, adapted from Paxinos and
viations: f�fornix; mt�mammillothalamic tract; 3V�third ventricle. For
presentative photomicrograph depicting the localization of the injection
r�50 �m.
ologically
missed s
d onto th
al. Abbre
roduced by the highest (15 pmol/300 nL) dose of DPX. * P�0.05;
evel of significance (see text for details).

http://www.ezanalyze.com
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) after treatment. There was no change in any behavioral
tate during the next 3 h (4–6 h) after treatment (data not
hown).

As illustrated in Fig. 2A, wakefulness was significantly
ncreased during the first 3 h after DPX administration
F�11.99; DF�20; P�0.001, one-way RM ANOVA] as
ompared with wakefulness following saline injections.
ost hoc test (Bonferroni’s) revealed that only the 15 pmol
ose of DPX increased wakefulness (t�4.6; P�0.05) as
ompared with saline treatment.

There was a significant reduction in non-REM [F�6.91;
f�20; P�0.01, one-way RM ANOVA] and REM sleep
F�3.896; df�20; P�0.05, one-way RM ANOVA] following
PX treatment. Bonferroni’s test revealed a significant

eduction in non-REM (t�4.4; P�0.05) and REM sleep
t�4.2; P�0.05) with the 15 pmol dose as compared with
on-REM sleep following saline treatment (Fig. 2).

ig. 3. (A) Bilateral local microinjections of a 15 pmol/300 nL of A1 rec
significant decrease in both non-REM and REM phases of sleep wit

nderstand the onset and the progression of the effect of DPX on re
roduce arousal especially during first 30 min, we analyzed the beha
ilateral local microinjections of a 15 pmol/300 nL of A1 receptor antag

ncrease in wakefulness (B) with a concomitant decrease in non-REM
ny significant change when the data were analyzed in smaller time
ecovery sleep following sleep deprivation is a direct measure of the

andling. The animals were treated with DPX (15 pmol/300 nL) 30 min before the
see text for details).
xperiment 2: Effect of DPX administration on
ecovery sleep following 6 h of sleep deprivation

s illustrated in Fig. 3A, DPX treatment produced a signif-
cant increase [t�5.74, P�0.01; paired t-test] in wakeful-
ess with a concomitant reductions in non-REM [t�5.42,
�0.01, paired t-test] and REM phases [t�3.16, P�0.05]
uring 3 h of recovery sleep.

In order to understand the onset and the progres-
ion of the drug effects on recovery sleep, we conducted
ne grain analysis of behavioral state during recovery
leep in smaller time bins of 30, 90 and 180 min of
ecovery sleep. While there was no change in any be-
avioral state during first 30 min post-DPX injection,
ignificant increases in wakefulness (P�0.05) with a
oncomitant decreases in non-REM (P�0.05) were ob-
erved 90 and 180 min post-DPX injections (Fig. 3B and

tagonist, DPX into the orexin-rich perifornical hypothalamus produced
mitant increase in wakefulness during 3 h recovery sleep. In order to
leep and since handling of the animals for microinjection is likely to
te data in smaller time bins. Excluding the first 30 min post-injection,
X into the orexin-rich perifornical hypothalamus produced a significant
) during 90 and 180 min of recovery sleep. REM sleep did not show
. We used the sleep deprivation–recovery sleep paradigm because
tatic regulation of sleep. Sleep deprivation was performed by gentle
eptor an
h a conco
covery s

vioral sta
onist, DP
sleep (C
bins (D)
homeos
y were allowed to enter recovery sleep. * P�0.05; level of significance
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C). REM sleep did not show any significant change
Fig. 3D).

There was a significant increase [t�2.49, P�0.05,
aired t-test, Fig. 4A] in latency to non-REM sleep follow-

ng DPX treatment as compared with after saline treat-
ent. Latency to REM sleep was unaffected (data not

hown). In contrast, a non-significant decrease in total
low wave activity [t�0.791, P�0.46, paired t-test, Fig. 4B]
as observed during 3 h of recovery sleep.

DISCUSSION

he results of our study suggest that blockade of A1R in
he orexinergic LH, by local microinjection of a selective
1R antagonist DPX, produced a significant increase in
akefulness with a concomitant reduction in sleep during
pontaneous bouts of sleep–wakefulness and during re-

ig. 4. (A) Bilateral local microinjections of a 15 pmol/300 nL of A1
eceptor antagonist, DPX into the orexin-rich perifornical hypothala-
us produced a significant increase in the latency to the non-REM
hase of recovery sleep. Latency to non-REM sleep is an indicator of
leep propensity. Increased latency to the non-REM sleep phase of
ecovery sleep suggests that the DPX-treated animals were less
leepy as compared with saline treated animals. (B) Total slow wave
delta activity) during recovery sleep remained unaffected following
ilateral local microinjections of a 15 pmol/300 nL of A1 receptor
ntagonist, DPX into the orexin-rich perifornical hypothalamus. *
�0.05; level of significance (see text for details).
overy sleep. To our knowledge, this report is the first to s
mplicate the interaction of AD and orexins in the homeo-
tatic regulation of sleep.

As described above, we had one “mishit” animal with
he injection site outside the orexinergic zone. There was
o effect of DPX (both doses, data not shown) on any
ehavioral state during spontaneous sleep–wakefulness
r during recovery sleep (DPX dose�15 pmol) suggesting
hat the DPX effects were site specific.

We found an increase in wakefulness with concomitant
eductions in non-REM and REM sleep during spontaneous
leep–wakefulness following local infusion of a selective A1R
ntagonist into the LH. This results are not surprising be-
ause: 1) orexin neurons are wake-active and reduction in
rexinergic tone reduced wakefulness (McCarley, 2007).
) AD is a somnogen, implicated to mediate sleep via A1
eceptor (Radulovacki et al., 1984; Alam et al., 1999, 2006;
lanco-Centurion et al., 2006; Thakkar et al., 2003a,b;
hakkar and Mallick, 1996; Portas et al., 1997). 3) Orexin
eurons are reported to express A1R (Thakkar et al.,
002). 4) There is in vitro evidence implicating adenosin-
rgic inhibition of orexin neurons via A1R (Liu and Gao,
006) and 5) A recent in vivo study reported that activation
f AIR by local application of A1R agonist, N6-cyclopen-

yl-AD into the lateral hypothalamic promotes sleep (Ku-
ar et al., 2006).

Since recovery sleep is a direct measure of sleep
omeostasis, we studied the effects of blockade of A1R on
ecovery sleep. To build up maximum sleep pressure and
llow its optimal measurement, we performed 6 h of sleep
eprivation during the light period, when the animals nor-
ally sleep. Our sleep deprivation ended coincident with

ights off, the time when the animals normally wake up, and
hus allow a measure of post-deprivation sleep without any
ceiling effect” (Thakkar et al., 2003b). Handling of the
nimals for microinjection may cause arousal, especially
uring the first 30 min, that could delay the onset of sleep
Pollock and Mistlberger, 2003). Thus, in addition to cumu-
ative 3 h analysis of behavioral state during recovery
leep, we also analyzed behavioral state in smaller time
ins of 30, 90 and 180 min.

Our results suggest that blockade of A1R increased
akefulness, reduced recovery sleep, and increased la-

ency to non-REM sleep. Sleep latency is a robust mea-
ure of sleep propensity. Thus, increased latency to non-
EM sleep suggested that the animals treated with DPX
ere less sleepy as compared with animals treated with
aline. Total slow wave delta activity is another marker of
he homeostatic sleep drive. However, although there was a
ecrease in total slow wave (delta) activity following DPX

reatment, the effect was not significant. These findings are
onsistent with a prior report that systemic injection of caf-
eine (a non-specific AD receptor antagonist) reduced recov-
ry sleep but did not change compensatory slow-wave activ-

ty during recovery sleep (Wurts and Edgar, 2000).
While there was a significant decrease in REM sleep

uring the cumulative 3 h of recovery sleep, no change in
EM sleep was observed when the data were analyzed in

maller time bins, suggesting a milder effect.
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Our study suggests that AD acting via A1R in the
rexin rich LH may have a key role in the regulation of
leep–wakefulness by reducing the activity of the orexin
eurons in the LH, in addition to its actions in other brain
reas and further reinforces the role of AD as a homeo-
tatic regulator of sleep.
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