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Adenosine A, and A,, Receptors in Mouse Prefrontal Cortex
Modulate Acetylcholine Release and Behavioral Arousal

Christa J. Van Dort,2 Helen A. Baghdoyan,' and Ralph Lydic'>
Departments of ' Anesthesiology and 2Molecular and Integrative Physiology, University of Michigan, Ann Arbor, Michigan 48109

During prolonged intervals of wakefulness, brain adenosine levels rise within the basal forebrain and cortex. The view that adenosine
promotes sleep is supported by the corollary that N-methylated xanthines such as caffeine increase brain and behavioral arousal by
blocking adenosine receptors. The four subtypes of adenosine receptors are distributed heterogeneously throughout the brain, yet the
neurotransmitter systems and brain regions through which adenosine receptor blockade causes arousal are incompletely understood.
This study tested the hypothesis that adenosine A, and A, , receptors in the prefrontal cortex contribute to the regulation of behavioral
and cortical arousal. Dependent measures included acetylcholine (ACh) release in the prefrontal cortex, cortical electroencephalographic
(EEG) power, and time to waking after anesthesia. Sleep and wakefulness were also quantified after microinjecting an adenosine A,
receptor antagonist into the prefrontal cortex. The results showed that adenosine A, and A, , receptors in the prefrontal cortex modulate
cortical ACh release, behavioral arousal, EEG delta power, and sleep. Additional dual microdialysis studies revealed that ACh release in
the pontine reticular formation is significantly altered by dialysis delivery of adenosine receptor agonists and antagonists to the prefron-
tal cortex. These data, and early brain transection studies demonstrating that the forebrain is not needed for sleep cycle generation,
suggest that the prefrontal cortex modulates EEG and behavioral arousal via descending input to the pontine brainstem. The results
provide novel evidence that adenosine A, receptors within the prefrontal cortex comprise part of a descending system that inhibits

wakefulness.
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Introduction

States of electroencephalographic (EEG) and behavioral arousal
are modulated by adenosinergic and cholinergic neurotransmis-
sion (Steriade and McCarley, 2005). During prolonged intervals
of wakefulness, adenosine levels increase within the basal fore-
brain and cortex (Benington et al., 1995; Huston et al., 1996;
Porkka-Heiskanen et al., 1997, 2000; Radulovacki, 2005). This
rise in adenosine levels inhibits subcortical cholinergic neurons
known to promote arousal (Porkka-Heiskanen et al., 2002;
Basheer et al., 2004). Caffeine, the most widely used psychoactive
drug (Fredholm et al., 1999), is an adenosine A, and A, , receptor
antagonist, but the mechanisms through which caffeine pro-
motes behavioral arousal are incompletely understood.

There is good agreement that adenosine A, and A, , receptors
in the brainstem of mouse (Coleman et al., 2006), rat (Marks et
al., 2003), and cat (Tanase et al., 2003) contribute to the regula-
tion of arousal. The finding that systemically administered caf-
feine increased wakefulness in adenosine A, but not A, , receptor
knock-out mice was interpreted to demonstrate that caffeine
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promotes wakefulness by antagonizing adenosine A, , but not A,
receptors (Huang et al., 2005). No studies have determined
whether cortical adenosine A, and/or A,, receptors modulate
arousal in wild-type mice.

The prefrontal cortex contributes to arousal state control in
humans (Muzur et al., 2002) and modulates EEG activation in
C57BL/6] (B6) mouse (Douglas et al., 2002). In humans, sleep
deprivation increases adenosine A, receptor binding in the fron-
tal cortex (Elmenhorst et al., 2007). The present study tested the
hypothesis that adenosine A, and A, , receptors in the prefrontal
cortex of B6 mouse modulate multiple measures of arousal, in-
cluding cortical acetylcholine (ACh) release, behavioral arousal,
EEG delta power, sleep, and pontine reticular formation ACh
release. Adenosine A, and A, , receptor agonists and antagonists
were delivered by microdialysis to the prefrontal cortex while
measuring prefrontal cortex ACh release, EEG delta power, and
time required to resume wakefulness after anesthesia. Additional
studies determined whether microinjecting an adenosine A, re-
ceptor antagonist into the prefrontal cortex increases wakeful-
ness and decreases sleep.

Pioneering studies (Jouvet, 1962) revealed that rhythmic os-
cillations between the physiological signs of non-rapid eye move-
ment (NREM) sleep and rapid eye movement (REM) sleep per-
sist after surgical transection that separated the forebrain and
pons. Although the forebrain is not necessary for generating the
ultradian rhythm of REM and NREM sleep, the initial findings of
the present study imply that the prefrontal cortex modulates
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states of sleep and wakefulness via de-
scending input to the pontine brainstem.
Therefore, a final series of experiments
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used dual microdialysis to determine
whether ACh release in the pontine retic-
ular formation is significantly altered by
dialysis delivery of adenosine agonists and
antagonists to the prefrontal cortex.

Materials and Methods

Overview of experiment design. All experiments
adhered to the Public Health Service Policy on
Humane Use and Care of Laboratory Animals
(NIH Publication 80-23, National Academy of
Sciences Press, Washington, DC, 1996) and
were reviewed and approved by the University
of Michigan Committee on Use and Care of 1 mm
Animals. Experiments used adult male B6 mice
(n = 113; The Jackson Laboratory). Mice had
ad libitum access to food and water. Each mouse
was used for only one dialysis experiment, and
only one drug concentration was tested per
mouse.

The time course of the dialysis experiments
and collection and quantification of ACh from
the frontal association area (FrA) is schema-
tized by Figure 1 A. The FrA is the mouse ho-
molog of the prefrontal cortex (Fuster, 2001).
These studies measured prefrontal cortex ACh
release during isoflurane anesthesia. Control
ACh release was determined during dialysis
with Ringer’s before dialysis delivery of adeno-
sine A, and A, , receptor agonists and antago-
nists. An additional dependent measure in-
cluded the time (in minutes) required for
resumption of righting after offset of isoflurane
anesthesia. A second set of experiments con-
ducted during isoflurane anesthesia recorded
the cortical EEG while measuring prefrontal
cortex ACh release and time to waking after an-
esthesia. The dependent measures of time to
waking after anesthesia (Tung et al, 2002,
2005), ACh release in the prefrontal cortex (Kozak et al., 2006), and
decreased EEG delta power (Douglas et al., 2002) are accepted indicators
of behavioral arousal. A third set of experiments was conducted using
intact, unanesthetized mice implanted with a guide tube aimed for the
prefrontal cortex and with EEG and electromyographic (EMG) elec-
trodes, making it possible to microinject drugs into the prefrontal cortex
and record states of wakefulness, NREM sleep, and REM sleep. The final
series of experiments used dual microdialysis in isoflurane anesthetized
mice and followed a design similar to that outlined in Figure 1A. One
dialysis probe was placed in the prefrontal cortex for drug delivery and
one probe placed in the pontine reticular formation for collecting ACh.
The pontine reticular formation is comprised of the pontine reticular
nucleus, oral part (PnO) and caudal part (PnC) (Paxinos and Franklin,
2001).

Surgical preparation, microdialysis, drug concentrations, and HPLC with
electrochemical detection. Mice were anesthetized with 2.0% isoflurane in
0, and placed in a Kopf Model 962 small animal stereotaxic instrument
with a Kopf Model 923-B mouse anesthesia mask (David Kopf Instru-
ments). Delivered isoflurane concentration was measured using a Car-
diocap/5 monitor (Datex-Ohmeda) and decreased to 1.6% for surgery.
Core body temperature was monitored and held constant between 36.5
and 37.5°C throughout the experiment. A skull craniotomy of 1 mm
diameter was made at stereotaxic coordinates 3.0 mm anterior to bregma
and 1.6 mm lateral to the midline (Paxinos and Franklin, 2001) for
placement of a CMA/7 dialysis probe (6 kDa cutoff; 1.0 mm length, 0.24
mm diameter cuprophane membrane; CMA/Microdialysis) in the pre-

Mean + SEM
()
o

% of Control ACh Release

12.5

Figure 1.

Ringer's___

[ARinger's
M Drug

Measure ACh and record EEG Measure time Time

to waking

— ACh C
o
0.75F

T ¢
Dialysis ¢ I
Membrane 0.5 l

0.25f

0

0 1 2 3 4 5 6
Time (min)

37.5 62.5 87.5

Time (min)

112.5

137.5

Study design. A, Schematic timeline of microdialysis experiments. The top row outlines the experimental manipu-
lations, and the bottom row indicates when the dependent measures were obtained. B, The coronal diagram modified from a
mouse brain atlas (Paxinos and Franklin, 2001) illustrates placement of a microdialysis probe in the frontal association area (FrA)
(2.96 mm anterior to bregma), mouse homolog of the prefrontal cortex (Fuster, 2001). The dialysis probe membrane (1 mm
length, 0.24 mm diameter) is drawn to scale. EEG recording electrodes are schematized above the contralateral prefrontal cortex
and were placed at stereotaxic coordinates 2.8 mm anterior to bregma and 2.4 mm posterior to bregma. C, The representative
chromatogram shows an acetylcholine (ACh) peak obtained by microdialysis of the prefrontal cortex. D, Time course of prefrontal
cortex ACh release from a representative experiment in which six sequential samples were collected during control dialysis with
Ringer’s (hatched bars) followed by six samples collected during dialysis with CGS (10 um) (solid bars). Each bar represents 1 ACh
sample from the same mouse.

frontal cortex (Fig. 1 B). For experiments using two microdialysis probes
per mouse, a second craniotomy was made at 4.72 mm posterior to
bregma and 0.7 mm lateral to the midline (Paxinos and Franklin, 2001).
After completing the craniotomies, delivered isoflurane concentration
was reduced and maintained at 1.3%, corresponding to the EC5, or min-
imum alveolar concentration for B6 mouse (Sonner et al., 1999).

The microdialysis probes were perfused continuously (2 ul/min) with
Ringer’s solution (vehicle control) comprised of 147 mm NaCl, 2.4 mm
CaCl,, 4 mm KCl, and 10 uMm neostigmine. Salts used in the Ringer’s
solution were purchased from Fisher Scientific. Drugs delivered to the
prefrontal cortex by microdialysis while measuring ACh in the prefrontal
cortex included the adenosine A,, receptor agonist 2-p-(2-
carboxyethyl)phenethylamino-5"-N-ethylcarboxamidoadenosine  hy-
drochloride [CGS 21680 (CGS)], the adenosine A, , receptor antagonist
4-(2-[7-amino-2-(2-furyl)[1,2,4]triazolo[2,3-a][1,3,5] triazin-5-
ylamino]ethyl)phenol [ZM 241385 (ZM)], the adenosine A, receptor
agonist N °-p-sulfophenyladenosine sodium salt (SPA), and the adeno-
sine A, receptor antagonist 8-cyclopentyl-1,3-dipropylxanthine
(DPCPX). Prefrontal cortex ACh was also measured before and during
dialysis delivery of the adenosine receptor antagonist caffeine. Dual dial-
ysis experiments consisted of delivering CGS, SPA, caffeine, and DPCPX
to the prefrontal cortex while measuring ACh release in the pontine
reticular formation.

DPCPX and ZM were dissolved in dimethylsulfoxide (DMSO) and
diluted in Ringer’s to a final DMSO concentration of 1.0% and 0.07%,
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respectively. SPA, CGS, DPCPX, caffeine, and neostigmine bromide were
obtained from Sigma-Aldrich. ZM was purchased from Tocris.

CMA/7 dialysis membranes, at a flow rate of 2 ul/min, were estimated
to deliver ~5% of the drug concentration used to perfuse the dialysis
probe. This estimate was based on direct measurement of ACh recovery
by the dialysis membrane. Each dialysis probe was placed into a known
concentration of ACh and the amount of ACh recovered by the probe
was quantified. The mean = SEM in vitro recovery of the probes used for
the present experiments was 5.09 = 0.09%. This number agrees with
probe recoveries of 5.85 = 0.35% from previous microdialysis studies in
B6 mice (Coleman et al., 2006). Thus, estimated drug concentrations that
significantly changed the dependent measures ranged from 500 nm to 50
M. A detailed review of the factors that affect microdialysis drug delivery
has been published previously (Watson et al., 2006).

The concentrations of the adenosine A, , receptor agonist CGS and
antagonist ZM were based on a microdialysis study in mouse pontine
reticular formation where dialysis with 3 um CGS caused a significant
increase in ACh release and dialysis with 0.03 um ZM blocked the CGS-
induced increase in ACh release (Coleman et al., 2006). The concentra-
tions of the adenosine A, receptor agonist SPA and antagonist DPCPX
were based on a microdialysis study in cat pontine reticular formation
where dialysis with 8.8 mm SPA caused a significant decrease in ACh
release and dialysis with 100 um DPCPX blocked the SPA-induced de-
crease in ACh release (Tanase et al., 2003).

The concentrations of caffeine used in the present study were based on
studies that delivered caffeine to the brain by microdialysis (Okada et al.,
1996, 1997; Carter, 1997; Alaraj et al., 1998; Materi et al., 2000; Materi
and Semba, 2001). For the present experiments, the caffeine concentra-
tions delivered to the microdialysis probe included 1, 10, 100, and 1000
M. Based on estimates of 5% drug delivery through the dialysis mem-
brane, caffeine concentrations delivered to the brain ranged from 0.05 to
50 uMm. The affinity of caffeine is ~55 uMm for adenosine A, receptors and
~50 uM for adenosine A, receptors (Daly et al., 1986). These affinities
indicate that the concentrations of caffeine used in the present study
elicited receptor specific effects.

Each mouse was used for only one dialysis experiment. Only one con-
centration of a single drug or only one agonist plus antagonist combina-
tion was tested per mouse. A CMA/110 liquid switch was used to dialyze
with Ringer’s followed by Ringer’s containing drug. Dialysis samples
were collected every 12.5 min. Six samples were collected during dialysis
with Ringer’s (control), and then six samples were collected during dial-
ysis with drug (Fig. 1 D). Each 25 ul dialysis sample was injected into an
HPLC system (Bioanalytical Systems). The sample was carried through
the system in 50 mm Na,HPO, mobile phase, pH 8.5, at a flow rate of 1
ml/min. ACh and choline were separated by an analytical column and
then broken down into hydrogen peroxide by an immobilized enzyme
reactor column. The hydrogen peroxide was detected by a platinum
electrode (0.5 V applied potential) in reference to an Ag*/AgCl elec-
trode. ChromGraph software (Bioanalytical Systems) was used to digitize
and quantify the resulting chromatograms (Fig. 1C) compared with a
series of ACh standards. The percentage of a known ACh solution recov-
ered by the probe was determined before and after every experiment. If
the preexperiment and postexperiment probe recoveries were signifi-
cantly different by ¢ test, the data from that experiment were discarded.

Time to resumption of wakefulness after anesthesia. When microdialysis
sample collection was completed, the dialysis probe was withdrawn from
the brain, the scalp incision was closed, and anesthesia was discontinued.
Mice were removed from the stereotaxic frame and placed in dorsal
recumbency under a heat lamp. The time to righting and resumption of
normal weight-bearing posture was recorded. The resumption of right-
ing response provides an established measure of the time for the onset of
wakefulness after anesthesia (Bignall, 1974; Kubota et al., 1999; Tung et
al., 2002, 2005; DeMarco et al., 2004; Kelz et al., 2008).

EEG recording and power spectral analysis. Electrodes for recording the
EEG were constructed from 0.13 mm diameter stainless steel wire (Cal-
ifornia Fine Wire) and were implanted above the cortex, contralateral to
the microdialysis probe. The stereotaxic coordinates for the two EEG
electrodes were 2.8 mm anterior to bregma and 2.4 mm posterior to
bregma with both at 1.5 mm lateral to the midline. The EEG was recorded
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during dialysis with Ringer’s (control; 75 min) and during dialysis with
drug (75 min). The EEG signal was amplified and filtered at 0.3 and 30 Hz
using a Grass Model P511K amplifier. The amplified and filtered EEG
was digitized and recorded using Spike2 (Cambridge Electronic Design)
software at a sampling rate of 128 Hz. Fast Fourier transform (FFT)
analysis was used to compute EEG power (V?) in 0.5 Hz increments for
EEG frequencies ranging from 0.5 to 25.0 Hz. Sample bins were 10 s in
duration. During each experiment the 10 s bins were sampled every 250 s
and EEG power was computed for 18 bins during Ringer’s dialysis and 18
bins during dialysis drug delivery. Differences in the baseline activity of
the EEG can vary as a function of electrode construction, electrode place-
ment, and animal. Therefore, the effects of each drug on EEG delta power
were compared with baseline measurements only within the same group
of animals, and a different group of animals was used for each drug.

Recording sleep in the freely behaving mouse. Mice were stereotaxically
implanted under isoflurane anesthesia with EEG and EMG recording
electrodes and a guide tube aimed for the prefrontal cortex as described
above. The guide tube was placed at a 45° angle at coordinates 3 mm
anterior to bregma and 0.5 mm lateral to the midline (Paxinos and
Franklin, 2001). The EEG recording electrodes were constructed as de-
scribed above and the EMG recording electrodes were constructed from
AS632 biomed wire (Cooner Wire Company). The guide tube, two stain-
less steel anchor screws (Small Parts), EEG and EMG electrodes, and a
plastic pedestal (Plastics One) containing the electrodes were adhered to
the skull using dental acrylic. The mice were allowed to recover for 1 week
and were conditioned to handling and being placed in a Plexiglas record-
ing chamber (BAS Raturn system; Bioanalytical Systems).

The day before the experiment, mice were placed in the recording
chamber between 4:00 and 5:00 P.M. and left overnight. On the day of the
experiment a 50 nl microinjection of 100 uMm (1.5 ng) DPCPX or saline
containing 1% DMSO (vehicle) was injected over 1 min. This 1 min
microinjection occurred between the hours of 9:00 and 10:00 A.M., fol-
lowed by a 2 h recording to quantify sleep and wakefulness. The EEG and
EMG signals were amplified with a Grass Instruments model 15RXi am-
plifier. Signals were filtered (EEG: 0.1-30 Hz; EMG: 10-100 Hz), digi-
tized at 128 Hz, and recorded using Icelus Acquisition software (Opp,
1997). Each mouse received 2 microinjections that were separated by 1
week. States of wakefulness, NREM sleep, and REM sleep were scored in
10 s bins. The EEG power spectra were quantified using FFT analysis.

Statistics. ACh release was expressed as percentage of ACh measured
during dialysis with Ringer’s (control condition). Drug main effects on
prefrontal cortex ACh release and time to waking after anesthesia were
analyzed using one-way ANOVA. Post hoc analyses included Dunnett’s
statistic, Tukey—Kramer multiple-comparisons test, and Student’s ¢ test
(GBStat v6.5.6, Dynamic Microsystems). Drug effects on EEG delta
power (0.5-4 Hz) were evaluated using two-way repeated-measures
ANOVA to assess a treatment main effect, frequency main effect, and
drug-by-frequency interaction. Post hoc analysis determined the effect of
treatment on a given frequency band of the EEG (SAS v9.1.3, SAS Insti-
tute). Nonlinear regression analysis of the concentration—response data
provided coefficients of determination (r?) for each drug (GraphPad
Prism software v4.0a for Macintosh, GraphPad Software). The percent-
age of recording time spent in wakefulness, NREM sleep, and REM sleep,
as well as drug effects on ACh release in the pontine reticular formation
were analyzed using Student’s ¢ test (GBStat v6.5.6, Dynamic Microsys-
tems). Data are reported as mean = SEM. A probability value of p = 0.05
was considered to be statistically significant.

Histology. Seven days after microdialysis experiments and 3 d after
microinjection experiments, mice were deeply anesthetized and decapi-
tated. The brains were removed, frozen, and sectioned coronally (40 um
thick). The sections were fixed with hot (80°C) paraformaldehyde vapor
and stained with cresyl violet. The location of a glial scar caused by the
microdialysis probe or microinjector was determined by comparing
stained sections with a mouse brain atlas (Paxinos and Franklin, 2001).
Results were included in the group data only for experiments in which
histology confirmed that the microdialysis probe or microinjector was
placed in the prefrontal cortex. Similar histological analyses were per-
formed for the dual microdialysis experiments to confirm probe place-
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ment in the prefrontal cortex and pontine reticular formation for each
mouse.

Results

Figure 1A illustrates the within-subjects design used for the mi-
crodialysis experiments. ACh release was quantified during 75
min of dialysis with Ringer’s (control) followed by an additional
75 min of dialysis with Ringer’s (negative control) or Ringer’s
containing drug. Results of the negative control experiments con-
firmed that ACh release was stable during 150 min of isoflurane
anesthesia. One-way ANOVA revealed no significant difference
in total anesthesia time (284 = 2 min) across all microdialysis
experiments. Histological analysis confirmed that all microdialy-
sis and microinjection sites were within the FrA of the prefrontal
cortex.

An adenosine A, , receptor agonist increased

waking phenotypes

The first set of studies was designed to determine whether micro-
dialysis delivery of the adenosine A, , receptor agonist CGS to the
prefrontal cortex increased waking phenotypes, which included
increased cortical ACh release, decreased time to waking after
anesthesia, and cortical EEG activation (Fig. 2) (n = 21 mice).
CGS caused a significant drug main effect on ACh release within
the prefrontal cortex (Fs ;) = 12.8, p = 1.9 X 10™%) (Fig. 2A)
and time required for resumption of wakefulness after isoflurane
anesthesia (Fs,,) = 6.4, p = 0.0042) (Fig. 2 B). The rightmost
point in Figure 2, A and B, shows that the adenosine A, , receptor
antagonist ZM (0.1 uM) coadministered with CGS (10 + ZM)
blocked the effects of CGS (10 uMm) on ACh release and anesthesia
recovery time. Figure 2C illustrates that CGS also decreased delta
power in the cortical EEG. FFT analyses confirmed a decrease in
EEG delta power caused by CGS. Two-way repeated-measures
ANOVA revealed no frequency-by-drug interaction but post hoc
analyses comparing the means at each frequency between treat-
ments revealed that delta power from 0.5 to 1.0 Hz was signifi-
cantly reduced by CGS. The ANOVA included eight frequency
conditions (0.5-4.0 Hz every 0.5 Hz) and two treatment condi-
tions (Ringer’s or CGS).

Waking phenotypes were decreased by an adenosine A,
receptor agonist

Additional experiments in another group of mice (Fig. 3) (n =
21) determined whether microdialysis delivery of the adenosine
A, receptor agonist SPA to the prefrontal cortex reduced ACh
release and arousal. ANOVA revealed a significant main effect of
SPA on prefrontal cortex ACh release (Fs 14y = 25.0,p = 1.03 X
10 ~°) (Fig. 3A) and the amount of time required for resumption
of waking after anesthesia (F4 4, = 46.5,p = 1.8 X 1079 (Fig.
3B). Coadministration of the adenosine A, receptor antagonist
DPCPX (100 um) with SPA (10 mm) blocked the effects of SPA
(10 + DPCPX in Fig. 3A,B). Figure 3C illustrates that SPA in-
creased EEG delta power. Two-way repeated-measures ANOVA
identified a significant drug effect (F; ,,) = 62.5,p = 0.01),and a
significant frequency-by-drug interaction (F, 4 = 9.3, p =
0.0002). Post hoc analyses revealed that SPA significantly in-
creased EEG delta power in the 0.5-2.5 Hz band.

Caffeine and an adenosine A, receptor antagonist but not an
adenosine A, , receptor antagonist enhanced waking
phenotypes

Having demonstrated that exogenous adenosine A, and A, re-
ceptor agonists delivered to the prefrontal cortex alter waking
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Figure 2.  Microdialysis delivery of CGS to the prefrontal cortex increased all measures of
arousal. (GS caused a concentration-dependent increase in ACh release (A), decrease in time to
waking after anesthesia (B), and decrease in EEG delta power (C). Each point in 4 and B plots
data from three mice. Post hoc Dunnett’s statistic showed that CGS (10 wum) significantly (*p <
0.01) increased ACh release and decreased time to righting after anesthesia, and that coadmin-
istration of the antagonist ZM with CGS (10 + ZM) blocked these effects. Comparison of the two
functions shown in A and B by regression analysis indicates that ACh release in the prefrontal
cortex accounted for 99.9% of the variance in time to waking after anesthesia. The EEG power
spectra in Crepresent an average from three additional mice. The inset in € shows representa-
tive 10 s EEG recordings during dialysis with Ringer’s or Ringer’s containing CGS. The black bar
(lower left of €) indicates significantly different EEG delta frequencies between Ringer's and (GS
dialysis.

phenotypes, additional mice (Fig. 4) (n = 42) were used to deter-
mine whether endogenous adenosine acting at adenosine A,
and/or A,, receptors modulates the same arousal phenotypes.
Dialysis delivery of caffeine caused a significant, concentration-
dependent increase in ACh release within the prefrontal cortex
during anesthesia (F, ;) = 3.5, p = 0.049) (Fig. 4 A) and decrease
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Figure3. Dialysis administration of SPA to the prefrontal cortex decreased dependent mea-

sures of arousal. SPA caused a concentration-dependent decrease in ACh release in the prefron-
tal cortex (A) and an increase in time required for resumption of wakefulness after anesthesia
(B). Asterisks (*p << 0.05, **p << 0.01) indicate concentrations of SPA that caused a significant
difference compared with Ringer’s control (0 mm SPA) by post hoc Dunnett's statistic. Coadmin-
istration of the antagonist DPCPX with SPA (10 + DPCPX) blocked the effects of SPA on both
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shown in 4 and B indicate that ACh release accounted for 90.2% of the variance in wake-up
time. Each pointin A and B summarizes results from three mice. €, EEG power spectra averaged
for three mice during dialysis with Ringer's (control) or Ringer’s containing SPA. The inset (C)
shows two 10 s EEG recordings, and the black bar indicates the frequencies at which SPA caused
asignificant increase in EEG power.

in the time required for resumption of waking after anesthesia
(Fa,10) = 6.9, p = 0.0061) (Fig. 4B). Dialysis delivery of the
adenosine A, receptor antagonist DPCPX also caused a signifi-
cant, concentration-dependent increase in prefrontal cortex ACh
release (F(s ,,) = 201.7,p = 3.8 X 10 ') (Fig. 4A) and a signif-
icant, concentration-dependent decrease in time required for re-
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averages results from three mice. Post hoc Dunnett’s analysis identified concentrations of caf-
feine and DPCPX that caused a significant (*p << 0.05, **p << 0.01) change from Ringer's
control. Application of regression analyses to compare ACh release (4) and time to righting (B)
revealed that ACh release in the prefrontal cortex accounted for 93% of the variance in time to
righting after anesthesia for caffeine, 92% for DPCPX, and 0.4% for ZM. Dialysis administration
of ZM to the prefrontal cortex did not alter either dependent measure of arousal.

sumption of waking after anesthesia (Fs ;,, = 8.2, p = 0.0014)
(Fig. 4B). In contrast, dialysis delivery of five concentrations of
the adenosine A, , receptor antagonist ZM to the prefrontal cor-
tex did not alter prefrontal cortex ACh release (Fig. 4 A) or time to
waking after anesthesia (Fig. 4 B). To maintain selectivity for the
A, , receptor (Linden et al., 1999; Lopes et al., 1999), greater
concentrations of ZM were not tested.

Adenosine A, receptors in prefrontal cortex modulate ACh
release and arousal: efficacy and potency comparisons
Derivation of the concentration—response data for a selective an-
tagonist of the adenosine A, receptor (DPCPX), the adenosine
A, , receptor (ZM), and the mixed antagonist (caffeine) made it
possible to gain insight into the relative efficacy and potency of
these drugs for altering ACh release and anesthesia wake up time.
Figure 4 A shows that dialysis delivery of DPCPX produced the
greatest increase in ACh release, ZM did not alter ACh release,
and caffeine caused a significant increase in ACh release. The
percentage of variance in ACh release accounted for by the three
antagonists was 100% for caffeine, 99% for DPCPX, and 30% for
ZM. Figure 4 B suggests that DPCPX and caffeine were equally
efficacious in shortening the time required for resumption of
wakefulness, and DPCPX was more potent than caffeine. Across
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Figure 5.  Caffeine and DPCPX activated the cortical EEG. Power spectral analysis of the

cortical EEG revealed that caffeine (4) and DPCPX (B) significantly decreased EEG delta power.
Dialysis delivery of ZM (C) did not decrease EEG delta power. The insets show 10's EEG recordings
from the same mouse during dialysis with Ringer’s or Ringer's containing drug. Black bars
(lower left of A and B) indicate delta frequency bands that showed significantly decreased
power during dialysis with caffeine and DPCPX. Each graph represents data obtained from three
mice.

the range of concentrations examined, ZM did not shorten time
to resumption of righting. The percentage of variance in anesthe-
sia recovery time accounted for by the three antagonists was 97%
for DPCPX, 89% for caffeine, and 15% for ZM.

Caffeine and an adenosine A, receptor antagonist but not an

adenosine A,, receptor antagonist decreased EEG delta power
Caffeine delivered to the prefrontal cortex significantly decreased
EEG delta power in the contralateral cortex (Fig. 5A4). Two-way
repeated-measures ANOVA revealed no frequency-by-drug in-
teraction but post hoc analyses comparing the means at each fre-
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quency between treatments indicated that caffeine depressed
EEG power at 1.0 Hz. The DPCPX-induced decrease in EEG delta
power is shown in Figure 5B. Two-way repeated-measures
ANOVA revealed significant frequency-by-drug interaction
(F7,14) = 43.2, p < 0.0001), and post hoc analyses showed that
DPCPX depressed EEG power in the 0.5-3.5 Hz range. Figure 5C
illustrates that the adenosine A, , receptor antagonist ZM did not
alter EEG delta power.

Microinjecting an adenosine A, receptor antagonist into the
prefrontal cortex of unanesthetized B6 mice increased
wakefulness and decreased NREM sleep

The foregoing results encouraged another set of experiments us-
ing intact, unanesthetized mice (Fig. 6) (n = 8) to determine
whether prefrontal cortex administration of the adenosine A,
receptor antagonist DPCPX altered sleep and wakefulness. Com-
pared with microinjection of saline (Fig. 6A), DPCPX increased
wakefulness by 25.0% (t,) = 13.1, p = 1.5 X 10 °) and de-
creased NREM sleep by 40.3% (t,,) = 13.4,p = 1.1 X 1077).
Figure 6 B-D summarizes the averaged EEG power spectra dur-
ing wakefulness, NREM sleep, and REM sleep. Insets show rep-
resentative EEG and EMG recordings from the same mouse after
microinjection of DPCPX. Wakefulness was characterized by a
mixed-frequency EEG and high-amplitude EMG. NREM sleep
was characterized by high delta power (0.5-4 Hz) in the EEG and
alower-amplitude EMG. REM sleep was characterized by a high
theta power (5-8 Hz) in the EEG and a low-amplitude EMG.
Figure 6 B-D demonstrates that EEG power spectra were not dif-
ferent following microinjection of saline or DPCPX. Sleep archi-
tecture was normal after microinjection of DPCPX, and REM
sleep always followed NREM sleep.

Dialysis delivery of adenosine A, and A, , receptor agonists
and antagonists to the prefrontal cortex altered pontine
reticular formation ACh release

This section reports the results from dual dialysis experiments in
which drugs were delivered to the prefrontal cortex while ACh
release was simultaneously measured in the pontine reticular for-
mation (Fig. 7A). Histological analysis confirmed that all micro-
dialysis sites were within the FrA of the prefrontal cortex and the
pontine reticular formation (Paxinos and Franklin, 2001). The
group data showed that CGS, an adenosine A, , receptor agonist,
delivered to the prefrontal cortex significantly (¢, = 9.8, p <
0.001) increased ACh release in the pontine reticular formation
(Fig. 7B). Microdialysis delivery of the adenosine A; receptor
agonist SPA to the prefrontal cortex significantly (¢, = 8.1, p <
0.001) decreased ACh release in the pontine reticular formation
(Fig. 7B). Dialysis delivery of caffeine significantly (t,, = 21.4,
p < 0.0001) increased ACh release in the pontine reticular for-
mation (Fig. 7C). Dialysis delivery to the prefrontal cortex of the
adenosine A, receptor antagonist DPCPX significantly (¢, =
16.0, p < 0.0001) increased ACh release in the pontine reticular
formation (Fig. 7C).

Discussion

This is the first study to demonstrate that pharmacological ma-
nipulation of prefrontal cortex adenosine A; and A,, receptors
alters behavioral and EEG arousal and modulates cholinergic
neurotransmission in the prefrontal cortex and the pontine retic-
ular formation. The present data suggest that one mechanism by
which adenosine in the prefrontal cortex diminishes behavioral
arousal is by decreasing ACh release within the pontine reticular
formation. Previous studies of adenosine A, receptor knock-out
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Figure6. DPCPXincreased wakefulness. Microinjection of the adenosine A, receptor antag-
onist DPCPX into the prefrontal cortex caused a significant (*p << 0.0001 by Student’s ¢ test)
increase in wakefulness and decrease in NREM sleep (A). The EEG power spectra did not differ
following microinjection of saline and DPCPX during waking (B), NREM sleep (C), or REM sleep
(D). EEG data were analyzed in 0.5 Hz increments and represent the average from eight mice.
The insets show 10 s EEG and EMG recordings after microinjection of DPCPX.

mice suggested that caffeine modulates arousal solely via
adenosine A,, receptors (Huang et al., 2005). As discussed
below, the present data show that in the prefrontal cortex
endogenous adenosine acting at adenosine A, receptors de-
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Figure7. Adenosine A, and A, receptor agonists and antagonists delivered to the prefron-
tal cortex (PFC) significantly altered ACh release in the pontine reticular formation (PRF). A, The
sagittal diagram modified from a mouse brain atlas (Paxinos and Franklin, 2001) shows place-
ment of one microdialysis probe in the PFC and a second microdialysis probe in the PRF. The
dialysis probe membranes are drawn to scale (1 mm length, 0.24 mm diameter). The distance
between the two probe tips is 8.56 mm. The laterodorsal tegmental (LDT) and pedunculopon-
tine tegmental (PPT) nuclei provide cholinergic input to the PRF. B, Dialysis administration of
the adenosine A, , receptor agonist (GS to the PFC caused a significant increase in PRF ACh
release, whereas PFC SPA, an adenosine A, receptor agonist, caused a significant decrease in
PRF AChrrelease. €, PRF ACh release was also increased by PFCadministration of caffeine and the
adenosine A, receptor antagonist DPCPX. Each drug was tested in three mice.

creases arousal and that caffeine blocks the effects of endoge-
nous adenosine on arousal by antagonizing prefrontal cortex
adenosine A, receptors.

Adenosine A, and A, , receptor agonists had opposite effects
on waking phenotypes

Dialysis administration of the adenosine A,, receptor agonist
CGS caused a concentration-dependent increase in ACh release
(Fig. 2A) and decrease in the time to waking after anesthesia (Fig.
2 B). The increase in prefrontal cortex ACh release parallels find-
ings in the pontine reticular formation of B6 mouse where dial-
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ysis delivery of similar concentrations of CGS also caused an
increase in ACh release (Coleman et al., 2006). This same study
(Coleman etal., 2006) found that CGS caused a biphasic concen-
tration—response curve for ACh release by activating adenosine
A, receptors at higher concentrations (Klotz, 2000; Halldner et
al., 2004; Lopes et al., 2004). In the present study, microdialysis
with 30 uM CGS caused no change in ACh release or anesthesia
recovery time, suggesting that at dialysis concentrations >10 um,
CGS loses specificity for the A, , receptor and binds to the aden-
osine A, receptor. The findings that the CGS effects were concen-
tration dependent and blocked by the antagonist ZM (Fig. 2 A, B)
support the interpretation that adenosine A,, receptors in the
prefrontal cortex respond to exogenous agonists by increasing
ACh release and behavioral arousal and decreasing EEG slow-
wave activity.

Dialysis administration of the adenosine A, receptor ago-
nist SPA caused a concentration-dependent decrease in ACh
release (Fig. 3A) within the prefrontal cortex and an increase
in time required for resumption of waking after anesthesia
(Fig. 3B). The decrease in ACh release and the increase in time
to waking after anesthesia were blocked by coadministering
the adenosine A, receptor antagonist DPCPX. These findings
are consistent with previous data showing that dialysis deliv-
ery of SPA to cat pontine reticular formation caused a decrease
in ACh release and an increase in the time required to awaken
after anesthesia (Tanase et al., 2003). The SPA-induced de-
crease in prefrontal cortex ACh release is similar to the finding
that muscimol, a GABA, receptor agonist, delivered to rat
prefrontal cortex decreased sensory-evoked ACh release in so-
matosensory cortex (Rasmusson et al., 2007). The present data
demonstrate that adenosine A, receptors in the prefrontal cor-
tex decrease ACh release, as well as behavioral and EEG
arousal.

Available evidence indicates a role for both adenosine A,
and A,, receptors in the regulation of sleep—wake states. For
example, systemic or intracerebroventricular administration
of the adenosine A, receptor agonist N °-cyclopentyladenosine
to rat causes a concentration-dependent increase in slow-wave
activity during NREM sleep, mimicking the EEG changes that
occur with sleep deprivation (Benington et al., 1995). In cat,
microdialysis delivery of the adenosine A, receptor antagonist
cyclopentyltheophylline to the basal forebrain increases wake-
fulness and decreases NREM sleep and REM sleep (Strecker et
al., 2000). Dialysis delivery of the adenosine A, receptor ago-
nist cyclohexyladenosine to cat basal forebrain decreases
wakefulness and increases sleep (Strecker et al., 2000). Sleep
deprivation in rat causes a significant increase in basal fore-
brain adenosine A; receptor mRNA (Basheer et al., 2001)
and protein (Basheer et al., 2007), and a decrease in basal
forebrain adenosine A,, receptor mRNA (Basheer et al.,
2001). These results are consistent with the conclusion that
basal forebrain adenosine A, receptors contribute to the sleep
inducing action of adenosine. Adenosine A, receptor binding
is also upregulated in the cortex and corpus striatum after
REM sleep deprivation in rat (Yanik and Radulovacki, 1987).
In humans, sleep deprivation increases adenosine A, receptor
binding with the highest binding in the orbitofrontal cortex
(Elmenhorst et al., 2007). Thus, the present finding that aden-
osine A, receptors in the prefrontal cortex mediate the sleep
promoting effect of adenosine fit well with data from intact
rat, cat, and human.
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Endogenous adenosine in the prefrontal cortex decreases
arousal by actions at adenosine A, receptors

The adenosine A,, receptor antagonist ZM blocked the CGS-
induced enhancement of waking phenotypes, but ZM alone did
not alter prefrontal cortex ACh release (Fig. 4A), time to waking
after anesthesia (Fig. 4B), or EEG delta power (Fig. 5C). These
results suggest that in B6 mouse endogenous adenosine does not
alter arousal through adenosine A,, receptors in the prefrontal
cortex. The present finding that the adenosine A,, receptor an-
tagonist ZM did not alter waking phenotypes in wild-type B6
mice differs from a previous study reporting that caffeine pro-
moted wakefulness in adenosine A, but not A, receptor knock-
out mice (Huang et al., 2005). The data from the knock-out mice
were interpreted to suggest that caffeine promotes wakefulness
via blockade of adenosine A, , receptors, not adenosine A, recep-
tors (Huang et al., 2005). There are three major differences be-
tween the previous (Huang et al., 2005) and present studies. First,
the concentrations of caffeine used in the Huang et al. (2005)
study (5, 10, and 15 mg/kg) have been shown to induce locomo-
tor activity (Fredholm et al., 1999; Lindskog et al., 2002). There-
fore, the increase in wakefulness reported by Huang et al. (2005)
may have been secondary to an increase in locomotor activity.
Second, the Huang et al. (2005) study administered caffeine sys-
temically by intraperitoneal injection, whereas all the drugs in the
present study were delivered only to the prefrontal cortex. Third,
the Huang et al. (2005) study used knock-out mice in contrast to
the present use of intact, normal mice. A potential limitation of
knock-out mice is that the absence of a gene during development
can lead to compensatory changes by other genes (Robert, 1998;
Crawley, 2000). Adenosine A, (Stenberg et al., 2003) and adeno-
sine A,, (Urade et al., 2003) receptor knock-out mice each sur-
vive development with no major defects and show normal circa-
dian sleep—wake cycles compared with wild-type mice (Stenberg
etal., 2003; Urade et al., 2003). These findings suggest that com-
pensatory changes do occur.

In contrast to the effects of ZM, the adenosine A, receptor
antagonist DPCPX caused a significant, concentration-
dependent increase in ACh release within the prefrontal cortex
(Fig. 4A), decrease in time for resumption of waking after anes-
thesia (Fig. 4B), and decreased EEG delta power (Fig. 5B). The
DPCPX data show, for the first time, that behavioral and EEG
arousal are reduced by endogenous adenosine acting at adeno-
sine A, receptors in the prefrontal cortex of B6 mouse. This in-
terpretation is also supported by the caffeine data. Caffeine
caused a significant, concentration-dependent increase in ACh
release within the prefrontal cortex (Fig. 4 A), decrease in time to
waking after anesthesia (Fig. 4B), and decrease in EEG delta
power (Fig. 5A).

Previous studies of urethane anesthetized rats examined
the effects of adenosine receptor agonists and antagonists on
ACh release in somatosensory cortex evoked by electrical
stimulation of the pedunculopontine tegmental nucleus (Ma-
teri et al., 2000). Dialysis delivery of adenosine or the adeno-
sine A, receptor agonist N °-cyclopentyladenosine to the so-
matosensory cortex decreased evoked ACh release in the
somatosensory cortex, and this decrease in evoked ACh release
was blocked by the adenosine A, receptor antagonist DPCPX
(Materi et al., 2000). Both the Materi et al. (2000) study and
the current data agree that adenosine A, receptor agonists
decrease cortical ACh release. In contrast to the present re-
sults, neither the adenosine A,, receptor agonist CGS, the
adenosine A, receptor antagonist DPCPX, nor the adenosine
A, and A,, receptor antagonist caffeine delivered to the so-
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matosensory cortex altered evoked ACh release (Materi et al.,
2000). The differences between the Materi et al. (2000) find-
ings and the present research may reflect the fact that the two
studies used different species, different brain regions, and different
anesthetics.

The recordings of sleep and wakefulness also demonstrate that
adenosine A, receptors in the prefrontal cortex contribute to the
regulation of EEG and behavioral arousal. Microinjection of the
adenosine A, receptor antagonist DPCPX into the prefrontal cor-
tex increased wakefulness and decreased NREM sleep (Fig. 6 A).
Following microinjection of saline and DPCPX, the mice exhib-
ited normal behavioral phenotypes of grooming and locomotor
behavior. Quantitative EEG analyses of wakefulness, NREM
sleep, and REM sleep following saline (control) or DPCPX mi-
croinjections revealed similar spectral characteristics during all
states. Although the data summarized by Figure 6 are limited to a
single concentration of DPCPX, the results are consistent with a
previous study showing that DPCPX promotes wakefulness (Ta-
nase et al., 2003). Considered together with the microdialysis
results, the microinjection data support the interpretation that
DPCPX enhanced wakefulness and decreased sleep, at least in
part, by increasing prefrontal cortex ACh release. Thus, multiple
lines of evidence support the interpretation that endogenous
adenosine acting through adenosine A, receptors in the prefron-
tal cortex inhibits wakefulness.

Prefrontal cortex adenosine A, and A, , receptors modulate
behavioral arousal by altering pontine reticular formation
ACh release

Dialysis delivery of CGS, caffeine, and DPCPX to the prefrontal
cortex increased pontine reticular formation ACh release, and
SPA decreased pontine reticular formation ACh release (Fig. 7).
The Figure 7 data are consistent with the interpretation that pre-
frontal cortex adenosine A, and A, , receptors in B6 mouse mod-
ulate behavioral arousal, in part, via a descending pathway that
alters ACh release in the pontine reticular formation. This infer-
ence is supported by evidence that the prefrontal cortex projects
to pontine brain regions known to modulate behavioral arousal
such as the locus ceruleus and the cholinergic laterodorsal teg-
mental nucleus (Arnsten and Goldman-Rakic, 1984). Another
region that may contribute to the regulation of arousal by pre-
frontal cortex adenosine is the basal forebrain. The prefrontal
cortex and basal forebrain have reciprocal projections that are
involved in the regulation of sensory input from the somatosen-
sory cortex (Golmayo et al., 2003; Rasmusson et al., 2007; Gy-
engési et al., 2008).

How do the present data showing that prefrontal cortex
administration of DPCPX increases wakefulness (Fig. 6) and
that caffeine, CGS, and DPCPX increase PRF ACh release (Fig.
7) fit with previous data (Leonard and Lydic, 1997) indicating
that ACh release in the PRF increases during REM sleep? One
answer is that descending input from prefrontal cortex is not
limited to activating cholinergic laterodorsal tegmental (LDT)
and pedunculopontine tegmental (PPT) neurons that dis-
charge selectively during REM sleep (Steriade et al., 1990),
releasing ACh in the pontine reticular formation (Lydic and
Baghdoyan, 1993). Prefrontal cortex may activate LDT/PPT
cholinergic neurons that discharge during both wakefulness
and REM sleep (Steriade et al., 1990). Descending input from
the prefrontal cortex may also activate monoaminergic neu-
rons that are known to discharge maximally during wakeful-
ness (Steriade and McCarley, 2005). Endogenous GABA of
unknown origin also increases in the pontine reticular forma-
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tion during wakefulness relative to isoflurane anesthesia (Va-
nini et al., 2008). Thus, ACh is one of many molecules in the
pontine reticular formation that generates wakefulness. Addi-
tional brain regions must be considered and adenosine recep-
tors in prefrontal cortex may also promote wakefulness, in
part, by increasing ACh release in the thalamus. It should be
clear that these speculations are testable and that the present
results encourage future neurochemical studies designed to
specify how the forebrain and brainstem interact to generate
and maintain wakefulness.

Conclusions

The prefrontal cortex contributes to the regulation of sleep
and wakefulness (Muzur et al., 2002) and the present results
show for the first time that adenosine A, and A, receptors in
the prefrontal cortex of B6 mouse modulate behavioral
arousal, cortical ACh release, EEG delta power, and sleep. Caf-
feine is an adenosine A, and A, , receptor antagonist and data
from humans and rodents indicate that caffeine promotes
arousal by enhancing cortical cholinergic transmission. Caf-
feine enhances psychomotor vigilance, in part, by activating
the human prefrontal cortex (Higashi et al., 2004) and sys-
temic administration of caffeine increases ACh release in the
prefrontal cortex of rat (Acquas et al., 2002). Attention de-
manding tasks increase ACh release in the prefrontal cortex
(Kozak et al., 2006) and morning consumption of caffeine is
an effective countermeasure for cognitive deficits known to be
associated with sleep inertia (Van Dongen et al., 2001). Micro-
dialysis delivery of caffeine, DPCPX, and ZM in the present
study demonstrates that blocking adenosine A, receptors in
the prefrontal cortex increases ACh release in the prefrontal
cortex. The present results also provide functional evidence
for a descending pathway from the prefrontal cortex to the
pontine reticular formation. Given the known role of the pre-
frontal cortex in executive function (Fuster, 2001) the results
suggest one pathway for top-down, volitional modulation of
arousal. The ability of the executive cortex to recruit input
from the ascending reticular activating system (Moruzzi and
Magoun, 1949) may provide one mechanism allowing sleep-
deprived individuals to cope with attention demanding tasks
(Chee et al., 2008).
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