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ABSTRACT

Background: Clinical and preclinical data demonstrate the 
analgesic actions of adenosine. Central administration of 
adenosine agonists, however, suppresses arousal and breath-
ing by poorly understood mechanisms. This study tested the 
two-tailed hypothesis that adenosine A1 receptors in the pon-
tine reticular formation (PRF) of C57BL/6J mice modulate 
breathing, behavioral arousal, and PRF acetylcholine release.
Methods: Three sets of experiments used 51 mice. First, 
breathing was measured by plethysmography after PRF 
microinjection of the adenosine A1 receptor agonist 
N6-sulfophenyl adenosine (SPA) or saline. Second, mice 
were anesthetized with isoflurane and the time to recov-
ery of righting response (RoRR) was quantified after a 
PRF microinjection of SPA or saline. Third, acetylcholine 
release in the PRF was measured before and during micro-
dialysis delivery of SPA, the adenosine A1 receptor antago-
nist 1, 3-dipropyl-8-cyclopentylxanthine, or SPA and 1, 
3-dipropyl-8-cyclopentylxanthine.
Results: First, SPA significantly decreased respiratory 
rate (−18%), tidal volume (−12%), and minute ventila-
tion (−16%). Second, SPA concentration accounted for 
76% of the variance in RoRR. Third, SPA concentration 
accounted for a significant amount of the variance in ace-
tylcholine release (52%), RoRR (98%), and breathing rate 
(86%). 1, 3-dipropyl-8-cyclopentylxanthine alone caused 

a concentration-dependent increase in acetylcholine, a 
decrease in RoRR, and a decrease in breathing rate. Coad-
ministration of SPA and 1, 3-dipropyl-8-cyclopentylxan-
thine blocked the SPA-induced decrease in acetylcholine and 
increase in RoRR.
Conclusions: Endogenous adenosine acting at adenosine 
A1 receptors in the PRF modulates breathing, behavioral 
arousal, and acetylcholine release. The results support the 
interpretation that an adenosinergic-cholinergic interaction 
within the PRF comprises one neurochemical mechanism 
underlying the wakefulness stimulus for breathing.

A DENOSINE has particular relevance to anesthesiol-
ogy due to the good agreement between preclinical and 

clinical data showing that adenosine can provide nonnar-
cotic analgesia.1,2 Long-standing evidence that the adenosine 
antagonist caffeine promotes wakefulness3,4 prompted the 
more recent findings that adenosine promotes sleep5 and 
that opioid-induced decreases in brain levels of adenosine 
contribute to sleep disruption.6,7 The neuronal networks, 
neurotransmitters, and receptor systems by which adenos-
ine alters behavioral arousal and control of breathing remain 
incompletely understood.

An extensive neuronal network and multiple neu-
rotransmitters, including adenosine and acetylcholine, 
regulate the loss of wakefulness during anesthesia8 and 
sleep.9 For example, cholinergic neurotransmission in the 
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What We Already Know about This Topic

•	 Adenosine	 signaling	 in	 the	 central	 nervous	 system	 regu-
lates sleep, pain, and breathing, but the networks, neu-
rotransmitters,	and	receptors	 involved	remain	 incompletely	
 understood

What This Article Tells Us That Is New

•	 Endogenous	adenosine	acting	at	adenosine	A1	receptors	in	
the pontine reticular formation of mouse inhibits breathing, 
behavioral	arousal,	and	acetylcholine		release

•	 Interactions	between	cholinergic	and	adenosinergic	 signal-
ing in the pontine reticular formation regulate normal respi-
ratory	drive	and	contribute	 to	 the	wakefulness	stimulus	 for	
breathing
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pontine reticular formation (PRF) promotes arousal10 and 
adenosine alters arousal, in part, by inhibiting cholinergic 
neurons11 that provide acetylcholine to the PRF.12 Enhanc-
ing cholinergic neurotransmission in the PRF causes a sig-
nificant decrease in the release of acetylcholine within the 
frontal association cortex,13 the rodent homologue of the 
primate prefrontal cortex.14,15 The discovery that activat-
ing adenosine receptors in the prefrontal cortex of mice 
decreases acetylcholine release in the PRF16 encourages 
efforts to better understand the functional significance of 
adenosinergic signaling in the PRF. Therefore, these exper-
iments were designed to test the two-tailed hypothesis that 
adenosine A1 receptors in the PRF of C57BL/6J (B6) mice 
modulate breathing, behavioral arousal, and acetylcholine 
release in the PRF.

Materials and Methods
Three sets of experiments were performed using procedures 
described in detail previously.16–19 First, microinjection and 
whole body plethysmography were used to test the effects on 
breathing of activating adenosine A1 receptors in the PRF. 
Second, microinjections were made to determine whether 
administering an adenosine A1 receptor agonist directly into 
the PRF modulates behavioral arousal by altering the time 
to recovery of righting response after isoflurane anesthesia. 
Finally, microdialysis was performed to deliver an adenos-
ine A1 receptor agonist and antagonist to the PRF of anes-
thetized mice while quantifying acetylcholine release in the 
PRF, breathing rate, and time to resumption of righting after 
isoflurane anesthesia.

Animals and Drug Solutions
Protocols for animal experiments were approved by the 
University of Michigan Committee on Use and Care of 
Animals and complied with the Guide for the Care and Use 
of Laboratory Animals, 8th Edition (National Academy of 
Sciences Press, Washington, DC, 2011). Adult, male, B6 
mice (n = 51; Jackson Laboratory, Bar Harbor, ME) were 
housed in temperature and humidity controlled rooms 
with constant illumination and ad libitum access to food 
and water. Drugs delivered to the PRF by microinjection 
or microdialysis included the adenosine A1 receptor agonist 
N6-sulfophenyl adenosine (SPA; Sigma-Aldrich, St. Louis, 
MO) and the adenosine A1 receptor antagonist 1,3-dipropyl-
8-cyclopentylxanthine (DPCPX; Sigma-Aldrich). A 
microinjection volume of 50 nl was delivered over a 1-min 
period. Salts for Ringer’s solution (147 mM NaCl, 2.4 mM 
CaCl2, 4 mM KCl, 10 µM neostigmine) were purchased from 
Fisher Scientific (Pittsburgh, PA). Neostigmine bromide was 
obtained from Sigma-Aldrich, as was dimethylsulfoxide. 
Drug solutions for intracranial administration were prepared 
immediately prior to use. For microdialysis delivery, DPCPX 
was dissolved in dimethylsulfoxide and diluted in Ringer’s 
solution to a final dimethylsulfoxide concentration of 1.0%. 
SPA was dissolved in Ringer’s solution.

Implantation of Intracranial Guide Tubes for 
Microinjection Experiments
Briefly, mice (n = 12) were anesthetized with 2% isoflu-
rane (Abbott Laboratories, North Chicago, IL) delivered in 
100% O2, then transferred to a Kopf Model 962 stereotaxic 
frame with a Kopf Model 923-B mouse anesthesia mask 
(David Kopf Instruments, Tujunga, CA). Delivered isoflu-
rane concentration was decreased to 1.6% and measured 
continuously using a Cadiocap/5 monitor (Datex-Ohmeda, 
Louisville, CO). Warm water was pumped through a heat-
ing pad (TP400 T/Pump Heat Therapy System, Gaymar, 
Orchard Park, NY) to maintain core body temperature at 
37ºC. A craniotomy was made above the colliculi to enable 
access to the PRF. One 26-gauge stainless steel guide tube 
occluded with a removable stylet (Plastics One, Roanoke, 
VA) was aimed for stereotaxic coordinates 4.7 mm posterior 
to bregma, 0.7 mm lateral to the midline, and 5 mm ventral 
to bregma.20 Dental acrylic (Jet Acrylic Self Curing Resin 
and Liquid, Lang Dental Manufacturing Company Inc., 
Wheeling, IL) was applied to hold the guide tube in place. 
Isoflurane delivery was then stopped and animals were 
observed until they were ambulatory. Mice were allowed 
to recover from surgery for 7 days before being used for 
experiments.

Behavioral Conditioning and Quantification of Breathing
During the surgical recovery period, mice were conditioned 
to the testing procedures by daily handling, and by being 
placed in a whole-body plethysmography chamber for unre-
strained mice (PLY 3211; Buxco Electronics Inc., Troy, NY). 
A 2-h baseline recording of breathing was then obtained 
for each mouse. Microinjections were performed between 
11:00 AM and 1:00 PM. A manual microdrive connected to 
a 31-gauge microinjector was used to deliver saline (vehicle 
control) or the selective adenosine A1 receptor agonist SPA 
(8.8 pmol/50 nl, equivalent to 3.9 ng/50 nl). Every mouse 
received one microinjection each of saline and SPA, with a 
minimum of 3 days between microinjections in the same 
mouse. As schematized by figure 1A, immediately after the 
microinjection mice were placed in pre-calibrated, tem-
perature controlled (26–28°C) plethysmography chambers. 
Dependent measures of breathing were obtained in 5-min 
bins for 2 h, yielding a total of 24 bins per mouse.

Measurement of Time to Resumption of Righting after 
Anesthesia
Mice (n = 6) were implanted with a guide tube as described 
above and experiments began after the 7-day recovery period. 
Mice were anesthetized with 2.5% isoflurane in 100% O2 
delivered for 7 min. Anesthesia was maintained with 1.5% 
isoflurane for 60 min, then saline or SPA (0.088, 0.88, 2.78, 
or 8.8 pmol/50 nl, equivalent to 0.039, 0.39, 1.239, or 
3.9 ng/50 nl, respectively) was microinjected into the PRF. 
Anesthesia was continued for an additional 15 min, then 
isoflurane delivery was discontinued and mice were placed 
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in dorsal recumbency on a heating pad. The time to right-
ing and resumption of normal weight bearing posture was 
recorded. Time to resumption of righting is an established 
surrogate measure of the time needed to regain wakefulness 
after discontinuing the delivery of an anesthetic drug.16,17,21

In Vivo Microdialysis and High Performance Liquid 
Chromatography with Electrochemical Detection
A third group of mice (n = 33) was anesthetized with 2% 
isoflurane in 100% O2, and placed in a stereotaxic frame. 
Monitoring procedures were the same as described above. 
A midline incision was made in the scalp, followed by a 
craniotomy at stereotaxic coordinates 4.7 mm posterior 
to bregma and 0.7 mm lateral to the midline.20 A CMA/7 
dialysis probe (6 kDa cutoff; 1.0 mm length, 0.24 mm 
diameter cuprophane membrane; CMA/Microdialysis, 
North Chelmford, MA) was aimed for the PRF.  
The delivered isoflurane concentration was reduced and 

maintained at 1.3%, which corresponds to the EC50 or 
minimum alveolar concentration (1) for B6 mice.22

The microdialysis probe was perfused continuously (2 µL/
min) with Ringer’s solution (control). A CMA/110 liquid 
switch was used to change the dialysis solution from Ringer’s 
solution to Ringer’s solution containing a drug. One dialysis 
sample (25 μL) was collected every 12.5 min. Control levels 
of acetylcholine release were determined during dialysis with 
Ringer’s solution prior to dialysis delivery of the adenosine 
A1 receptor agonist SPA (0.001, 0.01, 0.1, 1 and 10 mM) 
and antagonist DPCPX (0.001, 0.01, and 0.1 mM). Drugs 
were delivered for 62.5 min. As described in detail,16 approxi-
mately 5% of the drug concentration that is delivered to the 
dialysis probe is estimated to cross the dialysis membrane and 
enter the brain. Thus, drug concentrations that were tested 
for effects on the dependent measures are estimated to have 
ranged from 0.05 to 500 µM. Each mouse was used for 
only one microdialysis experiment, and only one concentra-
tion of the drug was tested per mouse. After the last dialysis 
sample was collected, the microdialysis probe was removed 
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. 
Temperature under the heat lamp was maintained between 
28 and 32°C. The time (min) required for resumption of 
righting was recorded.

Dialysis samples were injected offline into a high per-
formance liquid chromatography system for electrochemi-
cal detection of acetylcholine (Bioanalytical Systems, West 
Lafayette, IN). The amount of acetylcholine recovered by the 
microdialysis probe was tested before and after every experi-
ment by placing the probe in an acetylcholine solution of 
known concentration. Data from an experiment were elimi-
nated if a significant difference by t test was seen between the 
pre- and postexperiment probe recoveries.

Histological Analysis of Microinjection and 
Microdialysis Sites
Mice were deeply anesthetized and decapitated 7 days after 
microdialysis experiments, and 3 days after microinjection 
experiments. Brains were immediately removed and frozen, 
and coronal sections of 40 μm thickness were obtained. The 
sections were mounted serially on glass slides and fixed with 
hot paraformaldehyde vapor (80°C). The location of each 
microdialysis or microinjection site was determined by com-
paring the cresyl-violet stained sections with an atlas of the 
mouse brain.20 Results from an experiment were included in 
the group data only when histology confirmed that the micro-
dialysis probe or microinjector had been placed in the PRF.

Statistical Analysis
Descriptive and inferential statistics were run using Prism 
5 (GraphPad, La Jolla, CA, version 5.0d for MAC OS X). 
Dependent measures of breathing obtained by whole-body 
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Fig. 1. Study design for obtaining plethysmographic mea-
sures of breathing, and results from histological localization 
of microinjection sites. Sagittal and coronal schematics were 
modified from a mouse brain atlas.20 (A) The top row summa-
rizes the sequence of procedures used to quantify the effects 
of the adenosine A1 receptor agonist N6-sulfophenyl adenos-
ine (SPA) on breathing. The bottom row reports the amount 
of time required for each procedure. (B) Filled red circles indi-
cate the microinjection sites. All sites were localized to the oral 
(PnO) and caudal (PnC) pontine reticular nuclei, of which the 
pontine reticular formation is comprised. The numbers shown 
at the top right of each coronal drawing correspond to the 
distance (mm) posterior to bregma. The sagittal schematic of 
the mouse brain has vertical lines that delineate the anterior-
to-posterior range of microinjection sites. (C) The coronal dia-
gram illustrates a permanently implanted guide tube contain-
ing a removable microinjection cannula in the PnO.
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plethysmography were analyzed by paired t test, two-way 
ANOVA for repeated measures, and a Bonferroni correction. 
The effects on the time to righting of microinjecting SPA 
into the PRF were tested by one-way ANOVA and a Dun-
nett’s multiple comparisons test. Acetylcholine release was 
expressed as a percent of the mean acetylcholine measured 
during dialysis with Ringer’s solution (control condition). 
Drug main effects on acetylcholine release, time to resump-
tion of righting after anesthesia, and breathing rate during 
anesthesia were analyzed using one-way ANOVA followed 
by a Dunnett’s test or Tukey-Kramer multiple comparisons 
test. Nonlinear regression analysis was used to determine 
the amount of variability in acetylcholine release, anesthesia 
recovery time, and breathing rate accounted for by the con-
centration of SPA or DPCPX that was used for dialysis of the 
PRF. Analyses were independently confirmed by the Uni-
versity of Michigan Center for Statistical Consultation and 
Research. Analyses were performed using Statistical Analysis 
System v9.2 software (SAS Institute, Cary, NC). The regres-
sion approach used a general linear model in which dose was 
considered to have a linear effect while ignoring correlations 
among observations on the same mouse. Data are reported 
as mean ± SEM. A P value of ≤ 0.05 was considered to indi-
cate a statistically significant effect.

Results

SPA Depressed Breathing
The first set of experiments (figs. 1–3) determined that 
microinjection of the adenosine A1 receptor agonist SPA 
into the PRF of awake mice significantly depressed breath-
ing. All microinjection sites were histologically confirmed to 
be in the PRF (fig. 1, B and C). Average stereotaxic coor-
dinates for the 12 injection sites were 4.9 ± 0.08 mm pos-
terior to bregma, 0.6 ± 0.03 mm lateral to the midline, and 
4.7 ± 0.07 mm ventral to bregma.20

Figure 2 shows representative traces of breathing recorded 
from a single, unrestrained B6 mouse. Compared to saline 
(control) injection (fig. 2A) breathing was markedly 
slowed within 5 min after microinjection of SPA (fig. 2B) 
and continued to decrease over the next 30 min (fig. 2, C, 
D, and E). Figure 3 summarizes the group data from the 
plethysmographic studies of breathing. Figure 3, A, C, 
and E plot measures of breathing averaged for 2 h after 
microinjection of SPA and saline into the PRF. These 
data were analyzed by paired t test. SPA significantly 
decreased the respiratory rate (fig. 3A; t = 3.4; df = 11; 
P = 0.0028), tidal volume (fig. 3C, t = 3.4; df = 11; P = 
0.0032), and minute ventilation (fig. 3E, t = 5.9; df = 11;  
P < 0.0001). In additional experiments, co-administration of 
DPCPX (100 µM) and SPA (8.8 mM) diminished the SPA-
induced decrease in minute ventilation by 24%. Considered 
together, these findings of significant respiratory depression 
across a 2-h period justified a detailed time-course analysis of 
changes in breathing caused by SPA. Measures of breathing 

depicted at 9 time points after microinjection are plotted in 
figure 3, B, D, and F. Two-way repeated measures ANOVA 
and a Bonferroni correction were used to analyze the data. 
For respiratory rate (fig. 3B) there was a significant main-
effect of time after injection (F = 15.8; df = 8, 176; P < 
0.0001) and time-by-drug interaction (F = 4.8; df = 8, 
176; P < 0.0001). Post hoc analysis using a Dunn’s multiple 
comparisons test revealed that SPA significantly decreased 
breathing rate 25 min (P < 0.05) after microinjection into 
the PRF. For tidal volume (fig. 3D) there was a significant 
main-effect of time after injection (F = 34.4; df = 8, 176; P 
< 0.0001) and a significant time-by-drug interaction (F = 
4.4; df = 8, 176; P < 0.0001). SPA significantly decreased 
tidal volume at 25 min (P < 0.05) and 30 min (P < 0.01) 
after administration. Minute ventilation (fig. 3F) showed 
a significant main-effect of time after injection (F = 37.8;  
df = 8, 176; P < 0.0001), drug treatment (F = 4.2; df = 1, 
176; P = 0.05), and a significant time-by-drug interaction  
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Fig. 2. Microinjection of N6-sulfophenyl adenosine (SPA) into 
the pontine reticular formation altered respiratory rhythm. 
Each of the five frames show 8 s of recording from the same 
mouse obtained during one session in the plethysmography 
chamber. These recordings are representative of the group 
data. Breathing waveforms are labeled to indicate expiration 
(E) and inspiration (I). (A) Respiratory rate after microinjec-
tion of saline was about 170 breaths/min in this animal. (B–E) 
Breathing traces show decreasing respiratory rate across 
time (5, 10, 20, and 30 min after injection of SPA). (E) SPA 
caused irregular breathing and long periods of apnea.
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(F = 7.6; df = 8, 176; P < 0.0001). SPA significantly decreased 
minute ventilation 20 min (P < 0.05), 25 min (P < 0.001) 
and 30 min (P < 0.01) after microinjection.

SPA Delayed Resumption of Righting after Isoflurane 
Anesthesia
A second set of experiments in a separate group of mice was 
designed (fig. 4A) to determine whether a microinjection of 
the adenosine A1 receptor agonist SPA into the PRF modu-
lates behavioral arousal. Microinjection sites from the six 
mice used for this study were confirmed to be within the 
PRF (fig. 4, B and C). The average location of the injection 
sites was 5.0 ± 0.2 mm posterior to bregma, 0.7 ± 0.04 mm 
lateral to the midline, and 4.6 ± 0.08 mm ventral to bregma.20 
One-way ANOVA demonstrated a significant effect of SPA 
concentration on the time required for resumption of right-
ing after discontinuation of isoflurane anesthesia (fig. 4D) (F 
= 22.1; df = 4, 22; P < 0.0001). Dunnett’s multiple compari-
sons test identified the 8.8 pmol/50 nl concentration of SPA 
as causing a significant increase in recovery time (P < 0.05). 
Nonlinear regression analysis showed that the concentration 
of SPA accounted for 76% of the variance in wake-up time 
after anesthesia.

Adenosine A1 Receptors in the PRF Modulate 
Acetylcholine Release and Behavioral Arousal
Figure 5A outlines the design used for the microdialysis 
studies. Figure 5B summarizes the results of the histological 

analysis, which confirmed that all 18 microdialysis sites from 
experiments using SPA were localized to the PRF. Average 
stereotaxic coordinates were 4.9 ± 0.03 mm posterior to 
bregma, 4.8 ± 0.04 mm ventral to bregma, and 0.6 ± 0.04 mm 
lateral to the midline.20 These stereotaxic coordinates were 
used to place the microdialysis probe (fig. 5C) for drug 
delivery into the PRF while simultaneously measuring 
acetylcholine release (fig. 5D). Figure 6A shows that dialysis 
administration of SPA to the PRF caused a concentration-
dependent decrease in acetylcholine release (F = 5.8;  
df = 5, 24; P < 0.0001) within the PRF. Figure 6B shows that 
dialysis delivery of DPCPX to the PRF caused a concentration-
dependent increase in acetylcholine release (F = 16.9; df =3, 14; 
P < 0.0001). SPA (fig. 6C) caused a concentration-dependent 
increase in the time to resumption of righting after anesthesia 
(F = 110.1; df = 5, 12; P < 0.0001). In contrast, DPCPX (fig. 
6D) caused a concentration-dependent decrease in the time to 
resumption of righting after anesthesia (F = 74.1; df = 3, 8; 
P < 0.0001). SPA (fig. 6E) caused a concentration-dependent 
decrease in breathing rate (F = 25.2; df = 5, 12; P < 0.0001). 
DPCPX (fig. 6F) also caused a concentration-dependent 
decrease in breathing rate (F = 8.7; df = 3, 8; P = 0.007). 
Nonlinear regression analyses revealed that the concentration 
of SPA accounted for 52% of the variance in acetylcholine 
release, 98% of the variance in wake-up time, and 86% of the 
variance in breathing rate. Across all experiments there was no 
significant difference in the amount of time (min) that mice 
were exposed to isoflurane (i.e., total anesthesia time).
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Fig. 3. Microinjection of N6-sulfophenyl adenosine (SPA) into the pontine reticular formation significantly depressed breathing. 
Graphs illustrate respiratory rate (A, B), tidal volume (C, D), and minute ventilation (E, F) quantified by plethysmography after micro-
injection of SPA and saline. Asterisks indicate a significant (P < 0.05) difference from saline (vehicle control). Data are from 12 mice.
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Dialysis delivery of the adenosine A1 receptor antago-
nist DPCPX was used to determine whether endogenous 
adenosine acting at adenosine A1 receptors in the PRF mod-
ulates acetylcholine release, recovery time from general anes-
thesia, and rate of breathing. The 12 microdialysis sites from 
experiments with DPCPX were histologically confirmed to 
be in the PRF (fig. 5B). Average stereotaxic coordinates for 
these dialysis sites were 4.9 ± 0.04 mm posterior to bregma, 
4.8 ± 0.05 mm ventral to bregma, and 0.6 ± 0.06 mm lateral 
to the midline.20 Nonlinear regression analyses revealed 
that the concentration of DPCPX accounted for 77% of 
the variance in acetylcholine release, 95% of the variance in 
wake-up time, and 48% of the variance in breathing rate. 
One-way ANOVA showed there was no significant differ-
ence in total anesthesia times across experiments.

A final set of experiments (fig. 7) determined that the 
effects of SPA on acetylcholine release in the PRF and 
behavioral arousal were blocked by coadministration of the 
adenosine A1 receptor antagonist DPCPX. The microdialy-
sis sites from three experiments in which SPA and DPCPX 
were coadministered were histologically confirmed to be 
in the PRF (fig. 5B) at 4.6 ± 0.14 mm posterior to bregma, 

4.70 ± 0.05 mm ventral to bregma, and 0.8 ± 0.00 mm lateral 
to the midline.20 One-way ANOVA identified a significant 
drug main-effect on acetylcholine release (fig. 7A; F = 5.3; df 
= 2, 9; P = 0.03) and anesthesia recovery time (fig. 7B; F = 
114.1; df = 2, 6; P < 0.0001). The Tukey/Kramer post hoc test 
demonstrated that coadministration of SPA and DPCPX to 
the PRF blocked the SPA-induced decrease in acetylcholine 
release within the PRF (fig. 7A, P < 0.05) and blocked the 
SPA-induced increase in wake-up time from anesthesia (fig. 
7B, P < 0.01). One-way ANOVA found no significant dif-
ference in the total anesthesia time.

Discussion
The results show for the first time that endogenous adenos-
ine, acting at adenosine A1 receptors in the PRF, modulates 
breathing, behavioral arousal, and acetylcholine release in 
the PRF. The potential clinical significance of these mecha-
nistic data is discussed relative to evidence that cholinergic 
neurotransmission in the PRF modulates breathing and pro-
motes electroencephalographic activation that is characteris-
tic of wakefulness.
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Adenosine in the PRF Depressed Breathing by Actions at 
Adenosine A1 Receptors
Respiratory depression secondary to the loss of wakefulness 
is of key relevance to sleep-disorders medicine23 and 
anesthesiology.8 Although adenosine is known to modulate 
breathing24,25 and adenosine receptor antagonists are used to 
treat respiratory disorders such as asthma,26,27 the neuronal 
networks through which adenosine alters breathing are not 
understood. Adenosine A1 receptors are distributed widely in 
the human PRF and in the cerebral cortex.28 The respiratory 
recordings of figure 2 illustrate that microinjection of SPA 
into the PRF caused a prolonged depression of breathing. 
After microinjection of SPA, breathing was characterized by 
frequent episodes of apnea and by prolonged inspiration with 
occasional inspiratory gasps. Respiratory rate, tidal volume, 
and minute ventilation averaged over 2 h after microinjection 
of SPA into the PRF were significantly depressed compared 

to measures of breathing after saline (control) injections 
(fig. 3, A, C, and E). The finding that the SPA-induced 
decrease in respiratory rate was concentration-dependent 
(fig. 6E) identifies receptor mediation as one underlying 
mechanism. The results are consistent with in vitro data 
showing that bath application of an adenosine A1 receptor 
agonist depresses respiratory-related phrenic discharge.29 The 
present results also extend the in vitro data from the spinal 
cord29 by identifying the PRF as a supraspinal region where 
enhancing adenosinergic neurotransmission at adenosine A1 
receptors suppresses breathing (figs. 3 and 6).

Although the PRF contains no neurons that generate 
respiratory rhythm, the depression of breathing caused by 
microinjecting the adenosine A1 receptor agonist SPA into the 
PRF (figs. 1–3) is consistent with documented connections 
between the PRF and ponto-medullary respiratory nuclei.30 
The fact that the PRF does not contain neurons that generate 
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the respiratory rhythm may, in part, account for the finding 
that DPCPX did not increase breathing relative to the 
saline control (fig. 6F). This is speculative, but fits with the 
interpretation that the respiratory depression caused by SPA 
resulted from the adenosinergic inhibition of wakefulness-
promoting acetylcholine (fig. 6A). An additional limitation 
associated with the figure 6 data is that inferences about 
breathing are based solely on measures of respiratory 
rate. The PRF is a component of the reticular activating 
system, and stimulation of this reticular core has long been 
known to activate both primary and secondary muscles of 
breathing.31 The gradual decline in the stimulating effect of 
wakefulness on respiratory rate also can be visualized in the 
time course data from mice that received saline injections 
(fig. 3, B, D, and F). By 120 min after the saline injection 
these mice displayed decreased grooming and locomotor 
activity, indicative of diminished arousal, and a decrease in 
all measures of breathing.

An Adenosine A1 Receptor Agonist Decreased 
Behavioral Arousal
Time to resumption of righting following isoflurane anes-
thesia was significantly prolonged by microinjection of SPA 
into the PRF (fig. 4D). Dialysis delivery of SPA to the PRF 

also caused a concentration-dependent increase in anes-
thesia recovery time (fig. 6C). The PRF contributes to the 
regulation of sleep and wakefulness,9 anesthesia,32,33 and 
nociception.34–37 The finding that delivery of SPA to the PRF 
decreased behavioral arousal in B6 mice is consistent with 
data obtained from rat38 and cat39 showing that adenosine 
agonists in the PRF depress wakefulness. The SPA-induced 
increase in time required for resumption of wakefulness (fig. 
6C) and the DPCPX-induced reduction in wake-up time 
(fig. 6D) were both concentration-dependent, indicating 
mediation by adenosine A1 receptors. The DPCPX-induced 
promotion of arousal (fig. 6D) is consistent with data from 
asthma patients indicating that adenosine antagonists that 
cause a dose-dependent stimulation of breathing can also 
produce the unwanted side effect of sleep suppression.40

The finding that behavioral arousal was depressed by SPA 
should not be interpreted to imply effects that are restricted to 
the adenosine A1 receptor subtype. The increase in the time to 
resumption of righting caused by SPA (figs. 4D and 6C) is in 
agreement with the discovery that delivery of the adenosine A2A 
receptor agonist 2-p-(2-carboxyethyl) phenethylamino-5’-N-
ethylcarboxamidoadenosine (CGS) into the PRF of B6 mice 
decreased wakefulness.41 The A2A receptor agonist, 2-p-(2-car-
boxyethyl)phenethyalamino-5′-N′ethylcarboxamidoadenosine, 
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also decreased the time to righting when delivered to the pre-
frontal cortex of B6 mice.16 The prefrontal cortex42 and the 
PRF contribute to the regulation of sleep and wakefulness, 
but adenosine A1 receptor-mediated alterations in behavioral 
arousal are not limited to these two brain regions. Throughout 
wide areas of the brain, conditional deletion of the adenos-
ine A1 receptor gene impairs the normal rebound increase in 
electroencephalographic slow wave activity that follows sleep 
restriction.43

Endogenous Adenosine in the PRF Modulates Behavioral 
Arousal and Breathing by Altering Acetylcholine Release
Systemic administration of the acetylcholinesterase inhibi-
tor physostigmine to humans reverses propofol anesthesia,44 
and microinjection of neostigmine into the PRF of B6 mice 
activates the electroencephalogram.19 Administration of 
the adenosine A1 receptor agonist, SPA, into the PRF by 
microdialysis caused a significant, concentration-dependent 
decrease in acetylcholine release within the PRF (fig. 6A), 
and an increase in the time required for resumption of wak-
ing after anesthesia (fig. 6C). The adenosine A1 receptor 
antagonist, DPCPX, delivered into the PRF caused a con-
centration-dependent increase in acetylcholine release (fig. 
6B) and a corresponding decrease in the time required for 
resumption of wakefulness (fig. 6D). Coadministration of 
SPA and DPCPX blocked the SPA-induced decrease in ace-
tylcholine release (fig. 7A) and the SPA-induced increase in 

time to waking after anesthesia (fig. 7B). These findings are 
consistent with data from cat showing that dialysis delivery 
of SPA to the PRF caused a decrease in acetylcholine release 
and an increase in the time required to recover after anes-
thesia.39 Thus, these results are generalizable across several 
species. Finally, the DPCPX data indicate that endogenous 
adenosine acting at adenosine A1 receptors in the PRF of B6 
mice decreases behavioral arousal and inhibits acetylcholine 
release in the PRF.

In summary, the finding that the adenosine agonist, SPA, 
delayed emergence from anesthesia suggests that adenosine 
receptors in the PRF suppress wakefulness. In addition, the 
concentration-dependence (fig. 6) and antagonist blocking 
(fig. 7) data support the conclusion that the adenosinergic 
inhibition of wakefulness, breathing, and acetylcholine release 
in the PRF is mediated by adenosine A1 receptors. Choliner-
gic neurons in the laterodorsal tegmental and pedunculopon-
tine tegmental nuclei promote arousal, and stimulation of the 
laterodorsal tegmental/pedunculopontine tegmental nuclei 
increases acetylcholine release in the PRF.45 Adenosine A1 
receptors in the PRF are located presynaptically on choliner-
gic laterodorsal tegmental/pedunculopontine tegmental neu-
rons,11 and laterodorsal tegmental neurons are inhibited by 
activating presynaptic or postsynaptic adenosine receptors.46 
These results support and extend the previous in vitro data by 
specifying the functional outcomes of activating adenosine 
A1 receptors in the PRF. The results, for the first time, also 
identify the adenosinergic-cholinergic interaction in the PRF 
as a component of normal respiratory drive contributing to 
the wakefulness stimulus for breathing.47
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