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A Circadian Clock and Light/Dark Adaptation Differentially
Regulate Adenosine in the Mammalian Retina
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Although the purine adenosine acts as an extracellular neuromodulator in the mammalian CNS in both normal and pathological condi-
tions and regulates sleep, the regulation of extracellular adenosine in the day and night is incompletely understood. To determine how
extracellular adenosine is regulated, rabbit neural retinas were maintained by superfusion at different times of the regular light/dark and
circadian cycles. The adenosine level in the superfusate, representing adenosine overflow from the retinas, and the adenosine level in
retinal homogenates, representing adenosine content, were measured using HPLC with fluorescence detection in the absence or presence
of blockers of adenosine transport and/or extracellular adenosine synthesis. We report that darkness, compared with illumination,
increases the level of extracellular adenosine, and that a circadian clock also increases extracellular adenosine at night. In addition, we
show that the darkness-evoked increase in the level of extracellular adenosine results primarily from an increase in the conversion of
extracellular ATP into adenosine, but that the clock-induced increase at night results primarily from an increase in the accumulation of
intracellular adenosine. We also show that a slightly hypoxic state increases adenosine content and overflow to an extent similar to that
of the clock. Our findings demonstrate that the extracellular level of adenosine in the mammalian retina is differentially regulated by a
circadian clock and the lighting conditions and is maximal at night under dark-adapted conditions. We conclude that adenosine is a
neuromodulator involved in both circadian clock and dark-adaptive processes in the vertebrate retina.
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Introduction
In the CNS, the purine adenosine plays numerous modulatory
roles in both normal and pathological conditions including the
modulation of neurotransmission, sleeping–waking, blood flow,
inflammation, and pain, and the response to hypoxia and isch-
emia (Dunwiddie and Masino, 2001; Latini and Pedata, 2001).
The extracellular level of adenosine increases in response to var-
ious stimuli such as increased tissue activity, hypoxia, and stress.
The accumulation of extracellular adenosine arises from two dif-
ferent sources, either from the conversion of extracellular ATP
into adenosine via the sequential actions of an ectoATPase and an
ectonucleotidase or from the intracellular conversion of AMP via
the action of an endonucleotidase. In this latter case, if the intra-
cellular concentration of adenosine exceeds that on the outside,
as occurs during ischemia– hypoxia, it is transported out. Clear-
ance from the extracellular space requires reuptake and intracel-
lular breakdown of adenosine by adenosine deaminase or aden-
osine kinase (Dunwiddie and Masino, 2001; Latini and Pedata,
2001).

Although the circadian (24 hr) clock in the suprachiasmatic
nucleus controls sleeping–waking, and although adenosine has
been implicated in the regulation of sleep (Porkka-Heiskanen et
al., 1997; Shiromani et al., 1998; Pace-Schott and Hobson, 2002),
it is not known whether a circadian clock regulates adenosine
levels. Because a variety of cellular processes in the vertebrate
retina exhibit circadian rhythmicity (Cahill and Besharse, 1995;
Barlow, 2001; Mangel, 2001; Green and Besharse, 2004), includ-
ing neural activity (Wang and Mangel, 1996; Ribelayga et al.,
2004), pH (Dmitriev and Mangel, 2000, 2001), and energy me-
tabolism (Dmitriev and Mangel, 2004), and because neural activ-
ity, pH, and energy metabolism regulate adenosine in the CNS
(Doolette, 1997; Dunwiddie and Masino, 2001), we investigated
whether a circadian clock regulates adenosine in the mammalian
retina.

In fact, a growing body of evidence indicates that adenosine is
an important neuromodulator in the vertebrate retina (Blazynski
and Perez, 1991; Paes-De-Carvalho, 2002), as indicated by the
presence of retinal adenosine metabolic pathway enzymes and
receptor subtypes A1 and A2A and by the effects of exogenous
adenosine on the physiology of retinal neurons. However, the
sources of extracellular adenosine in the retina are unknown and
direct measurements of how light/dark adaptation affects endog-
enous adenosine are still lacking.

In the present paper, we studied the mechanisms that regulate
the extracellular level of endogenous adenosine in the mamma-
lian retina in the day and night. Using HPLC with fluorescence
detection to measure adenosine overflow and content, we find
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that light and darkness and a circadian clock modulate the level of
extracellular adenosine, so that it is high in the dark compared
with the light and especially high in the dark at night. We further
establish that darkness and the clock increase the extracellular
level of adenosine through different means, namely, by increasing
the extracellular synthesis of adenosine and by increasing intra-
cellular adenosine content, respectively. Finally, we show that the
clock and a slightly hypoxic state increase adenosine content and
overflow to a similar extent, a finding that supports the idea that
the clock-induced increase in energy metabolism and oxygen
consumption at night produces a slight hypoxia.

Materials and Methods
Tissue preparation. Experiments were performed on superfused retinas
obtained from pigmented Dutch-belted adult rabbits weighing 3.0 – 4.0
kg. Before an experiment, the rabbits were maintained for at least 2 weeks
on a 12 hr light/dark cycle (with lights on at 5:00 A.M.). The care and use
of the rabbits were in accordance with all guidelines of the National
Institutes of Health, the Society for Neuroscience, and the University of
Alabama at Birmingham Institutional Animal Care and Use Committee.

Rabbits were dark adapted for at least 1 hr before all experiments.
Rabbits were kept in darkness for 24 – 48 hr at the start of circadian
experiments. They were deeply anesthetized with urethane (1.5 gm/kg,
i.p.), and both eyes were enucleated after additional local intraorbital
injections of 2% xylocaine. Surgery was performed under dim red illu-
mination. The eyeball was opened in the equatorial plane, and cuts were
made to flatten the eyecup. The vitreous humor was removed with an
ophthalmic sponge, and the neural retina from the superior part of the
eyecup was gently peeled away from the pigment epithelium and placed
in a custom-made closed superfusion chamber (1 ml) in a warm water-
bath to maintain the temperature inside the chamber at 33 � 1°C. A
peristaltic pump delivered the superfusion solution at a constant rate of
0.5 ml/min, so that the superfusate inside the chamber was replaced every
2 min. The superfusion solution contained (in mM): 117 NaCl, 3.1 KCl,
30 NaHCO3, 2 CaCl2, 1.2 MgSO4-7H2O, 10 glucose, 0.5 NaH2PO4, and
0.1 L-glutamate. Addition of glutamate to the Ringer’s solution maintains
the glutamate– glutamine cycle and enhances the viability of the retina.
However, we ascertained that glutamate did not interfere with our aden-
osine measurements. Removal of glutamate during a 30 min period dur-
ing the day did not affect adenosine overflow from superfused rabbit
retinas (n � 4) (data not shown). The pH of the superfusate was main-
tained at 7.4 by bubbling with a 5% CO2 gas mixture. Unless specified,
the gas mixture also contained 95% O2. However, in some experiments,
the proportion of O2 was lowered and replaced by N2, but the mixture
always contained 5% CO2. In all the experiments, adenosine was assayed
in 0.5 ml of superfusate, which corresponds to 1 min of superfusion. At
the end of each experiment, the retina was homogenized in a solution
containing 0.1 M perchloric acid, 5 mM EDTA, and 1 mM Na �-
metabisulfite. A fraction of the homogenate (100 �l) was processed to
determine adenosine content. The remainder of the supernatant was
assayed for protein following the method of Lowry et al. (1951).

We used the intact rabbit neural retina, rather than the eyecup prepa-
ration, which consists of the neural retina, pigment epithelium, and cho-
roid, because it has been reported that the pigment epithelium releases
ATP, a possible source of extracellular adenosine (Mitchell, 2001). Thus,
use of the intact neural retina allowed us to directly and clearly investigate
how light/dark adaptation and the circadian clock regulate intracellular
and extracellular adenosine in the neural retina without the presence of
the pigment epithelium to complicate interpretation of the findings. We
recorded the electroretinogram (ERG) during experiments performed in
total darkness to assess the viability of the intact rabbit neural retina
preparation. A series of dim white light flashes (5 sec) with intensity
ranging from �10 log Io to �6 log Io was delivered once every 2 min, 1,
2, and 3 hr after surgery. The maximum, unattenuated intensity (Io) of
full-field white light stimuli from a 100 W tungsten-halogen lamp was
2.0 � 10 3 �W cm �2. Calibrated neutral density filters were used to
control light intensity. The threshold of the ERG in the day was �7 log Io
at all time points. At the maximum intensity tested (�6 log Io), the

amplitude of the b-wave of the ERG, which is primarily generated by
bipolar cells (Stockton and Slaughter, 1989), was 43 � 2 �V after 1 hr and
44 � 0 �V after 3 hr of superfusion (data are from three retinas from
three independent experiments). The kinetics of the b-wave at this light
intensity was also similar after 1 and 3 hr of superfusion. That is, the
time-to-peak was 203 � 26 msec after 1 hr and 175 � 28 msec after 3 hr,
and the half-decay time was 204 � 4 msec after 1 hr and 208 � 8 msec
after 3 hr (n � 3). The amplitude of the sPIII, which is generated by
Muller glial cells in response to light-induced, photoreceptor-mediated
changes in the extracellular K � concentration (Hanitzsch, 1973; Witk-
ovsky et al., 1975), was 168 � 19 and 131 � 2 �V, and the time constant
of the sPIII was 1.85 � 0.03 and 1.92 � 0.17 sec at the same intensity and
time points, respectively (data are from three retinas from three indepen-
dent experiments). These measurements indicate that the sPIII- and
b-waves generated by the intact neural rabbit retina had similar ampli-
tude and kinetics as those typically obtained from the intact rabbit eye
(Dong and Hare, 2002) and rabbit eyecup (Dick et al., 1985), and thus
that the intact neural retinal preparation is physiologically viable.

Adenosine measurements. Reversed-phase HPLC with fluorescence de-
tection was used to determine the total content of adenosine from retinal
homogenates and the amount of endogenous adenosine released into the
superfusate from explanted retinas. The liquid chromatograph and de-
tection system consisted of the following: a 515 HPLC pump (Waters,
Milford, MA), an automatic refrigerated injector (Agilent 1100 series;
Agilent, Waldbronn, Germany), and an adsorbsphere HPLC-silica (C18)
column (250 � 4.6 mm; 5 �m porous silica; Alltech, Deerfield, IL). The
fluorescence detector was an Agilent 1100 Series (Agilent Technologies/
Hewlett-Packard, Huntsville, AL). The excitation– emission wavelengths
were 230 and 399 nm, respectively. The range was typically 100 lux/V. We
used an isocratic mobile phase composed of 0.05 M NH4C2H3O2, pH
adjusted to 6.0 with acetic acid (Fisher Scientific, Pittsburgh, PA) before
addition of 12% methanol (Fisher Scientific). The solution was filtered
with a 0.2 �m pore-size membrane and degassed with helium. The mo-
bile phase flow rate was set to 0.7 ml/min, and the column temperature
was set to 30°C so that the pressure in the column was �1500 �. Before
each experiment, a standard curve was established using various concen-
trations of 1,N 6-etheno-adenosine ranging from 1 to 500 pg per injection
(30 �l). The output signal from the fluorescence detector was digitized by
a DA-5 BAS analog-to-digital converter (BAS, West Lafayette, IN). Con-
trol of the DA-5 and analysis of the chromatograms were performed
using BAS software ChromGraph DA-5 control and ChromGraph Re-
port (BAS), respectively. Analyzed peaks were identified by relative re-
tention times compared with those of external standards and were quan-
tified on the basis of their peak areas.

To determine the amount of adenosine present in the Ringer’s solu-
tion, 500 �l of superfusate was processed directly for derivatization. Der-
ivatization consisted in transforming adenosine into 1,N 6-etheno-
adenosine, a fluorescent compound. This procedure allowed the use of
fluorescence detection, which has a higher sensitivity compared with
direct measurement of adenosine using UV detection (Jacobson et al.,
1983; Perrett, 1987). Adenosine present in 500 �l of superfusate was
derivatized in the presence of 0.5 M chloroacetaldehyde and 0.15 M

NH 4�-acetate, final volume of 650 �l and final pH of 4.5. The solution
was then warmed at 65°C for 2 hr and cooled down on ice. Control
experiments showed that during this procedure, virtually all adenosine
(95–100%) present in the superfusate is derivatized into 1,N 6-etheno-
adenosine. Adenosine was then extracted using an agarose-based resin
(aminophenylboronate agarose; ProMetic Biosciences, Freeport, UK).
Briefly, 500 �l of resin and 400 �l of 1 M NH 4�-acetate, pH 9.5, were
added to each 650 �l sample. After 30 min of rotation at 4°C and centrif-
ugation (14,000 � g at 4°C for 15 min), the supernatant was removed,
and the pellet was washed with 1 ml of cold water. Thereafter, adenosine
was resuspended in 650 �l NH 4�-acetate, pH 3.4, filtered with a 0.2 �m
pore-size membrane to remove the resin and impurities, and 30 �l was
injected into the HPLC system. To determine adenosine content, 400 �l
of water was added to 100 �l of retinal homogenate (final volume of 500
�l) and then processed exactly as described above for 500 �l of superfu-
sate. Because a fraction of etheno-adenosine was usually lost during the
process of extraction, the final values were corrected. The correction was
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achieved using an internal standard of known amount (tubercidin).
Control experiments showed that the presence of tubercidin and adeno-
sine did not impair the derivatization and extraction of each other, and
that an identical fraction of tubercidin and adenosine was lost during the
process. Because the ratio of extraction may vary from one vial to another
(indeed, more or less resin may be lost during the process), it was calcu-
lated for each vial. Typically, the average extraction efficiency was �50%
(i.e., 50% of tubercidin and adenosine was lost during the extraction
step). The value of adenosine was thus corrected for each run by taking
into account the ratio of tubercidin lost (quantity measured at the end/
quantity added at the beginning). The detection threshold of the HPLC
system typically was between 1 and 5 pg per run as determined with
standard solutions. The lowest values of adenosine measured were above
15 pg per run and thus at least three times the detection threshold.

Identification of adenosine metabolic pathways. To determine whether
the source of extracellular adenosine was intracellular or extracellular, we
used a number of selective drugs applied alone or in combination. GMP (1
mM) (Rosenberg et al., 2000) and ��-methylene adenosine diphosphate
(��mADP; 50 �M) (Newman, 2003) were used as selective inhibitors of
5�-ectonucleotidase, and 6-N,N-diethyl-D-�,�-dibromomethylene-ATP
(ARL 67156; 50 �M) (Newman, 2003) was used as a selective inhibitor of
5�-ectoATPase. Plasma membrane transport of nucleosides occurs by
sodium-dependent (nonequilibrative, concentrative) and sodium-
independent (equilibrative) mechanisms, but sodium-dependent, non-
equilibrative transporters are limited to specialized cells and have not
been found in the mammalian retina (Griffith and Jarvis, 1996; Paes-De-
Carvalho, 2002). The sodium-independent, equilibrative transporters
are further subdivided as sensitive (IC50 in the nanomolar range) or
insensitive (IC50 � 1 �M) to N-nitrobenzylthioinosine (NBTI) (Griffith
and Jarvis, 1996). Because both NBTI-sensitive nucleoside transporter
subtypes are expressed in brain tissue (Anderson et al., 1999a,b), we used
10 �M NBTI to maximally and selectively block equilibrative transport.
Proper controls were performed to ensure that every drug we used did
not affect the detection of adenosine. Controls consisted in measuring
adenosine in a solution containing adenosine alone, the drug alone, or
the drug plus adenosine. These solutions were processed for derivatiza-
tion and extraction. None of the drug tested (GMP, NBTI, ��mADP,
ARL 67156) interfered with adenosine derivatization and/or detection.
However, in the case of GMP, extra peaks were present, as reported by
others (Rosenberg et al., 2000). This background was measured in con-
trols and subtracted from the measured values of adenosine. In addition,
although GMP dramatically affected the extracellular levels of adenosine,
it did not affect intracellular adenosine levels when applied for 30 min
during the day (n � 4) (data not shown). These observations are in
agreement with the high selectivity of equilibrative nucleoside transport-
ers for adenosine and the membrane-impermeant properties of GMP.
NBTI (dissolved in dimethyl sulfoxide; 0.01% final) and the other drugs
(dissolved in superfusion solution) were added directly to the superfu-
sion solution. Control experiments indicated that 0.01% dimethyl sul-
foxide had no effect on the level of adenosine (data not shown). Drugs
were applied for a minimum of 15 min.

Unless specified, all compounds were purchased from Sigma-Aldrich
(St. Louis, MO).

Statistics. All data are expressed as the mean � SEM of n values. The
measured values of adenosine were normalized to the protein content of
each retina. To test whether adenosine release varies with the time of
collection and/or experimental manipulation, statistical analysis was
performed with a one-way repeated-measurements ANOVA, followed
by Student–Newman–Keuls multiple comparison test, using GraphPad
InStat 3.02 (GraphPad Software, San Diego, CA). To compare two
groups of independent values, Student’s t test was used.

Results
Measurement of adenosine efflux from the superfused
rabbit retina
Rabbit neural retinas were isolated during the day and superfused
(0.5 ml/min) for up to 3 hr in the dark. Superfusate (0.5 ml) was
collected every 10 min, and adenosine was assayed (Fig. 1). Aden-

osine was detectable in the superfusate at every time point over
the course of the experiment. Although a surge in adenosine
overflow was typically observed immediately after surgical isola-
tion of retinas, adenosine overflow from in vitro neural retinas
gradually decreased with time and stabilized after 45 min. For this
particular reason, in each of the following experiments, the reti-
nas were allowed to recover from surgery for 45 min in the dark
before collecting the superfusate and/or using experimental
manipulations.

Effect of time of day and lighting conditions on
adenosine release
To determine whether light affects adenosine release, a back-
ground light (white light in the low photopic range; 0.2 �W/cm 2)
was applied for 15 min after a 45 min period in the dark. Exper-
iments were performed both during the day [Zeitgeber time (ZT)
4 –7, where ZT 0 was dawn] and night (ZT 16 –19). Light clearly
decreased adenosine overflow at both times of day (Fig. 2A,B).
Under these conditions, adenosine overflow recovered to normal
dark levels after a 30 min period in the dark. Kinetic analysis of
the recovery showed that maximum levels were reached 15 min
after lights were turned off (Fig. 2C). Increasing light intensity
resulted in a more pronounced decrease in adenosine release (Fig.
2D). However, at high intensities, adenosine overflow did not
recover to its initial level after a 30 min period of darkness, an
effect likely related to the fact that the in vitro neural retinas,
which were isolated from the pigmented epithelium, appeared
completely bleached from the high intensity illumination. Lower
light intensities were also tested. Application of a background
light in the scotopic range (intensity of 0.002 �W/cm�2) for 15
min after a 45 min period in the dark during the day or night did
not affect adenosine overflow. In contrast, a background light in
the mesopic range (intensity of 0.02 �W/cm�2) did not have an
effect during the day but significantly decreased adenosine over-
flow at night (�22 � 3%; p 	 0.01; paired Student’s t test; n � 4)
(data not shown). These observations establish a threshold light
intensity for the modulation of adenosine overflow and confirm
that the rabbit retina is more sensitive to light at night than dur-
ing the day, as reported previously (Brandenburg et al., 1983).

Interestingly, adenosine overflow was higher under dark-

Figure 1. Determination of adenosine overflow from intact superfused rabbit neural retinas.
Dark-adapted rabbit neural retinas were isolated during the day and superfused at the rate of
0.5 ml/min for up to 3 hr in the dark. Superfusate (0.5 ml) was collected every 10 min, and the
amount of adenosine in the superfusate was measured. A, Typical example of an HPLC chro-
matogram. The retention time was 30 min for adenosine and 44 min for the internal standard
tubercidin. Adenosine and tubercidin amount were determined by integration of their peak
area. B, Time course of adenosine overflow from isolated rabbit neural retinas. Adenosine over-
flow was high immediately after surgical preparation of the in vitro retinas but stabilized at a
lower level after 45 min. Data are from four retinas � SEM.
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adapted conditions during the night compared with the day
(�27 � 5% from five independent experiments; p 	 0.001; Stu-
dent’s t test) (Fig. 2A,B). These observations suggest that the level
of extracellular adenosine is also regulated by a circadian clock
(see Fig. 5).

How does darkness increase adenosine overflow?
To determine how darkness increases adenosine overflow, the
effects of darkness were tested in the presence of the adenosine
transport blocker NBTI (10 �M) and in the presence of NBTI plus
the 5�-ectonucleotidase inhibitor GMP (1 mM). Experiments de-
picted in Figure 3 show that under light-adapted conditions, ap-
plication of NBTI alone increased adenosine overflow and re-
versed the light-induced decrease in adenosine overflow, a
finding consistent with a flux of adenosine directed from the
extracellular space toward the intracellular compartment. More-
over, NBTI did not prevent the dark-induced increase in extra-
cellular adenosine, suggesting that the effects of darkness are me-
diated primarily by an increase in the extracellular production of
adenosine rather than its intracellular formation. Additional ap-
plication of GMP in the presence of NBTI decreased adenosine
levels to an undetectable value, providing additional evidence for
an extracellular origin of adenosine. Using the same experimental
design, application of NBTI plus ��mADP (50 �M), which also
selectively blocks 5�-ectonucleotidase, and NBTI plus ARL67156
(50 �M), an inhibitor of 5�-ectoATPase, dramatically decreased
extracellular adenosine as well (Fig. 3B). Similar results were ob-
served during the day (Fig. 3A,B) and night (Fig. 3C,D). How-
ever, note that in the presence of NBTI, adenosine levels were
increased to a greater extent during the day compared with the

night. In the absence of NBTI, application of GMP (1 mM),
��mADP (50 �M), or ARL67156 (50 �M) alone for 30 min in the
dark dramatically decreased adenosine overflow down to unde-
tectable values both during the day and night (data not shown).
Considered together, these observations demonstrate that under
dark conditions, extracellular adenosine is primarily produced
extracellularly. In addition, the specific effects of ARL67156 fur-
ther indicate that the primary substrate for adenosine synthesis is
likely ATP.

What is the origin of the basal level of adenosine?
The previous set of experiments suggests that under dark-
adapted, compared with light-adapted, conditions, extracellular
adenosine originates primarily from the extracellular synthesis of
adenosine. Using a similar approach, we investigated the origin of
the basal levels of adenosine that are observed during the day
under light-adapted conditions. As shown previously (Fig. 3), 15
min of light application decreased adenosine overflow compared
with the level measured after 45 min of dark adaptation (Fig. 4A).
Under these conditions, superfusion of NBTI (10 �M) increased
adenosine overflow, an effect consistent with a flux of adenosine
directed toward the intracellular space. Additional superfusion of
GMP (1 mM) dramatically decreased adenosine overflow, an ef-
fect similar to that observed under dark-adapted conditions and
consistent with an extracellular origin of the purine. Application
of ��mADP (50 �M) and ARL67156 (50 �M) under the same
conditions provided additional evidence for an extracellular ori-
gin of adenosine (Fig. 4B). These observations indicate that the
mechanisms regulating the extracellular level of adenosine are

Figure 2. Effect of light illumination and time of day on the extracellular level of adenosine.
A, B, Dark-adapted rabbit neural retinas were isolated during the day ( A) and night ( B) and
superfused in the dark (D) for 45 min, at the end of which light (L; 0.2 �W/cm 2) and dark
conditions alternated as indicated. C, After a 15 min light exposure at 0.2 �W/cm 2, adenosine
release recovered rapidly to its initial dark levels within 15 min. Note that adenosine levels
measured at the end of the initial 45 min period in the dark were higher during the night
compared with the day (A, B). D, Brighter intensities of light (ranging from 0.2 to 200 �W/cm 2)
applied during the daytime further decreased adenosine overflow. No recovery after a 30 min
period of darkness was observed after a 15 min application of the most intense light. L1, 0.2
�W/cm 2; L2, 2 �W/cm 2; L3, 20 �W/cm 2; L4, 200 �W/cm 2. A fraction of superfusate (0.5 ml)
was collected at the end of every period indicated and adenosine assayed. Data are from four to
five retinas per condition � SEM; **p 	 0.01, ***p 	 0.001 between the indicated pairs (A, B)
or when compared with D (45�) (C, D) (Student–Newman–Keuls multiple comparison test).

Figure 3. Dark-induced increase in adenosine overflow requires the extracellular production
of adenosine from ATP. Isolated neural retinas were superfused in the dark (D) for 45 min after
surgery in the day (A, B) and night (C, D). Thereafter, the retinas were superfused in the presence
of light (L) for 30 min (15 min without drug followed by 15 min with 10 �M NBTI). The effect of
darkness was then tested in the presence of NBTI (10 �M) and NBTI plus GMP (1 mM) (A, C), NBTI
plus ��mADP (50 �M), or NBTI plus ARL67156 (50 �M) (B, D). A 15 min period of recovery was
allowed between the consecutive applications of NBTI plus ��mADP and NBTI plus ARL67156
(B, D). Although darkness stimulated the accumulation of extracellular adenosine in the pres-
ence of NBTI, addition of an inhibitor of the extracellular synthesis of adenosine suppressed the
dark-induced increase in adenosine levels. These observations suggest that the dark-induced
increase in the extracellular level of adenosine is of extracellular origin. Note that the effects of
NBTI were more pronounced during the day than during the night. A fraction of superfusate (0.5
ml) was collected at the end of every period indicated and adenosine assayed. Data are from four
to five individual retinas per condition � SEM; *p 	 0.05, **p 	 0.01, ***p 	 0.001 when
compared with D (45�) (Student–Newman–Keuls multiple comparison test).
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similar in light- and dark-adapted conditions (i.e., they both rely
on the extracellular conversion of ATP into adenosine).

The finding that a basal level of adenosine overflow was still
present under light-adapted conditions, even at the highest light
intensity used (200 �W/cm 2) (Fig. 2D), but was reduced to an
undetectable level after blockade of the extracellular conversion
of ATP into adenosine, indicates that ATP is released into the
extracellular space under light-adapted conditions. Because light
stimulation depolarizes neurons in the ON-pathway (e.g., ON-
bipolar cells, ON-amacrine cells) and increases the release of syn-
aptic vesicles from them, we investigated whether the basal level
of extracellular adenosine originates from ON-pathway neurons
by studying the effects of the metabotropic glutamate agonist
L-(�)-2-amino-4-phosphonobutyric acid (APB), which selec-
tively blocks all ON light responses (Slaughter and Miller, 1981),
on adenosine overflow. Application of APB (50 �M) for 30 min
under bright light conditions (200 �W/cm 2) during the day had
no effect on the basal level of extracellular adenosine (n � 4)
(data not shown), suggesting that the fraction of ATP responsible
for the basal level of extracellular adenosine is of glial (non-
neuronal) origin (Newman, 2003).

Circadian control of the extracellular level of adenosine
Because (1) adenosine release in darkness was greater during the
night than during the day (Fig. 2), (2) a circadian clock decreases
retinal pH (Dmitriev and Mangel, 2000, 2001) and increases ret-
inal energy metabolism (Dmitriev and Mangel, 2004), and (3) an
increase in energy metabolism and/or decrease in pH increase the
level of adenosine in the CNS (Doolette, 1997; Dunwiddie and
Masino, 2001), we investigated whether a circadian clock regu-
lates adenosine release in the rabbit retina. Intact neural rabbit
retinas were isolated during the subjective day [Circadian time
(CT) 5; lights off �17 hr in constant darkness] and subjective
night (CT 17; lights off �29 hr in constant darkness) and were
superfused in constant darkness for 45 min after surgery under
dim red illumination. At the end of the incubation period, both
adenosine overflow and the retinal content of adenosine were
assayed. Adenosine overflow displayed a subjective day–night

difference with �30% increase during the subjective night ( p 	
0.01) (Fig. 5A). Adenosine content also increased significantly by
�25% during the subjective night ( p 	 0.05) (Fig. 5B). These
measurements indicate that a circadian clock increases adenosine
overflow and content during the subjective night compared with
the subjective day. Although light (at the intensity used, 0.2 �W/
cm 2) decreased adenosine overflow compared with darkness
both during the day and night (Figs. 2– 4, 6B), light had no effect
on adenosine content during the day (Fig. 6A).

Effect of hypoxic conditions on extracellular and intracellular
levels of adenosine
Because experimental ischemia, anoxia, and hypoxia increase
adenosine content in the CNS (Dunwiddie and Masino, 2001;
Latini and Pedata, 2001), we studied whether anoxia and hypoxia
increase adenosine content and release in the rabbit retina. We
investigated whether changing the proportion of oxygen in the
gas mixture that bubbles the superfusion solution affected aden-

Figure 4. Basal level of extracellular adenosine relies on the extracellular production of
adenosine from ATP. Dark-adapted rabbit neural retinas were isolated during the day and
superfused in the dark (D) for 45 min, after which light (L; 0.2 �W/cm 2) was applied constantly
for the remainder of the experiment (the first 15 min without any drug). Thereafter, the effects
of NBTI (10 �M), NBTI plus GMP (1 mM) ( A), NBTI plus ��mADP (50 �M), or NBTI plus ARL67156
(50 �M) ( B) were tested. A 15 min period of recovery was allowed between the consecutive
applications of NBTI plus ��mADP and NBTI plus ARL67156 ( B). A fraction of superfusate (0.5
ml) was collected at the end of each period, and adenosine was assayed. Although light stimu-
lation decreased adenosine overflow, superfusion of NBTI increased it, and addition of an inhib-
itor of the extracellular synthesis of adenosine dramatically decreased it. These observations
indicate that the light-evoked decrease in adenosine overflow is mediated by a decrease in the
extracellular conversion of ATP into adenosine. Data are from four retinas per condition � SEM;
*p 	 0.05, ***p 	 0.001 when compared with D (45�) (Student–Newman–Keuls multiple
comparison test).

Figure 5. A circadian clock increases adenosine overflow and content in the rabbit retina at
night. Neural rabbit retinas were isolated during the subjective day (gray bar) and subjective
night (dark bar) and superfused in the dark for 45 min, at the end of which adenosine was
assayed in the superfusate ( A) and the retina ( B) (see Materials and Methods for details). Data
are from five retinas per condition � SEM; *p 	 0.05, **p 	 0.01 when compared with
subjective day (Student’s t test).

Figure 6. Anoxia and hypoxia increase adenosine content and overflow. Dark-adapted rab-
bit neural retinas were isolated during the day and superfused in the dark (D) for 45 min, at the
end of which light (L; 0.2 �W/cm 2) was applied for the remainder of the experiment. After 15
min in normoxic conditions (5% CO2–95% O2 ), hypoxia–anoxia was applied for 30 min, at the
end of which adenosine content ( A) and the amount of adenosine in the superfusate ( B) were
assayed. A, Effects of different anoxic– hypoxic conditions on retinal adenosine content. After
45 min in darkness, a 15 min light exposure did not significantly change adenosine content
( p � 0.5). However, a subsequent 30 min period under anoxic conditions (5% CO2– 0% O2 /
90% N2 ) led to a dramatic accumulation of intracellular adenosine. Under hypoxic conditions,
the effect on adenosine content was greater when the proportion of oxygen was lower (ranging
from 5 to 15%). The amount of adenosine content at night is shown for comparison. A slightly
hypoxic (15% O2 ) condition increased adenosine content to the same extent as the circadian
clock at night. Note that only one anoxic– hypoxic condition was tested per experiment, be-
cause the retina was homogenized at the end of the anoxic– hypoxic period. B, Effects of differ-
ent anoxic– hypoxic conditions on the extracellular level of adenosine. Adenosine overflow was
measured at the end of each treatment illustrated in A. The amount of adenosine measured in
the superfusate paralleled the amount of intracellular adenosine. That is, decreasing the pro-
portion of oxygen in the gas mixture dramatically increased adenosine overflow. Data are from
four to five retinas per condition � SEM; *p 	 0.05, **p 	 0.01, ***p 	 0.001 when com-
pared with D (45�) day (Student–Newman–Keuls multiple comparison test).
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osine content and/or overflow in our conditions. Neural rabbit
retinas were isolated during the day and were superfused under
normoxic conditions (5% CO2–95% O2) in constant darkness for
45 min and then for 15 min in the presence of light (0.2 �W/
cm 2). Thereafter, the light was kept on, and the retinas were
superfused for 30 additional min with a superfusion solution of
the same composition but bubbled with different gas mixtures.
Different concentrations of oxygen were tested, ranging from 0 to
15% (5% CO2– balanced with N2). Under anoxic conditions (0%
O2), both adenosine overflow and the retinal content of adeno-
sine were dramatically increased by �300% (Fig. 6). Increasing
the proportion of oxygen in the mixture decreased the effect of
hypoxia down toward initial values (Fig. 6). Interestingly, the
effect of a slightly hypoxic (15% O2) solution on adenosine con-
tent and release was similar to that of the circadian clock at night
(Fig. 6).

Discussion
In this study, we monitored endogenous adenosine overflow
from intact neural rabbit retina to investigate how it is regulated.
We demonstrate for the first time that adenosine in the CNS is
modulated by a circadian clock, an endogenous neural process.
Moreover, our observations indicate that although both the light-
ing conditions and a circadian clock modulate the extracellular
level of adenosine, light/dark adaptation and the circadian clock
likely act through different mechanisms. Specifically, our results
indicate that the clock-induced increase in the level of extracel-
lular adenosine at night results primarily from an increase in the
level of intracellular adenosine, but that the dark-evoked increase
results primarily from an increase in the extracellular conversion
of ATP into adenosine. These observations are discussed in more
detail below.

Environmental lighting conditions modulate the extracellular
synthesis of adenosine
Our findings indicate clearly that the extracellular level of aden-
osine is controlled directly by the environmental lighting condi-
tions. Indeed, the level of extracellular adenosine was the highest
under dark-adapted conditions and decreased when a light back-
ground was present. In addition, we found that the suppressive
effect of light on extracellular adenosine increased with light in-
tensity. Although it was not possible under our experimental
conditions (retina isolated from the epithelium) to observe full
recovery of the extracellular adenosine level in the dark after a
period of intense light illumination, our observations nonethe-
less indicate that during bright light illumination, the extracellu-
lar level of adenosine is likely the lowest. Overall, our results are in
complete agreement with the darkness- and nighttime-
mimicking effects of exogenous adenosine in the vertebrate ret-
ina that have been reported previously (Blazynski and Perez,
1991; Rey and Burnside, 1999; Paes-De-Carvalho, 2002; Sun et
al., 2002; Stella et al., 2003).

The source of extracellular adenosine was investigated further
using various pharmacological manipulations. First, we found
that both basal light and dark levels of extracellular adenosine
were increased in the presence of NBTI (Fig. 3). These observa-
tions indicate that under both conditions, the flux of adenosine is
directed from the extracellular space toward the intracellular
compartment, suggesting that extracellular adenosine is formed
extracellularly. The effect of NBTI likely resides in the fact that it
reduces the transport of adenosine from the extracellular space to
the intracellular compartment, leading to extracellular accumu-
lation. This hypothesis was further strengthened by the finding

that application of GMP, ��mADP or ARL67156, alone or in
combination with NBTI, decreased adenosine overflow down to
undetectable values (Fig. 3). These independent observations are
consistent with an extracellular conversion of ATP into adeno-
sine and demonstrate that the extracellular synthesis of adeno-
sine, which is increased by darkness, represents the main source
of extracellular adenosine in the mammalian retina (Fig. 7). Pos-
sible sources of extracellular ATP include ATP released in synap-
tic vesicles and/or by Muller glial cells (Dunwiddie and Masino,
2001; Latini and Pedata, 2001; Newman, 2003). Indeed, our ob-
servations indicate that a basal level of extracellular adenosine is
still present under light-adapted conditions, and that this level is
not affected when activity in the ON-pathway is blocked by APB
(Slaughter and Miller, 1981), suggesting that part of the extracel-
lular ATP likely originates from glial cells and is not modulated by
light and darkness.

Although our measurements indicate that light/dark adapta-
tion modulates the level of extracellular adenosine from synapti-
cally released ATP, our measurements cannot distinguish which
neuronal types release the ATP that is converted into adenosine.
Moreover, because light stimulation increases the release of syn-
aptic vesicles from some cell types (e.g., ON-bipolar cells) and
decreases it from others (e.g., photoreceptors, OFF-bipolar cells),
it is possible that light stimulation produces opposite effects on
different neuronal types with respect to extracellular adenosine.
Our observations therefore indicate the overall effect of light and
dark adaptation on extracellular adenosine and may represent an
underestimate of the effects of light and dark adaptation on ex-
tracellular adenosine with respect to specific neuronal types.

Figure 7. Schematic representation of the dual control of the extracellular level of adenosine
by light/dark adaptation and a circadian clock in the mammalian retina. In constant-dark con-
ditions, extracellular adenosine is synthesized from ATP released by synaptic terminals and glial
cells via the sequential actions of the ectoATPase and the ectonucleotidase (ectoNTase). Light
decreases the level of ATP released from synaptic terminals and thus decreases the level of
extracellular adenosine. Although the flux of adenosine is always directed in an inward direction
[i.e., the concentration of adenosine is always higher in the extracellular space (e.s.) compared
with the intracellular space (i.s.)], the intensity of the flux is lowered at night as a result of the
action of a circadian clock. Indeed, the clock increases the intracellular content of adenosine at
night, thereby lowering the gradient between the two compartments and the intensity of the
inwardly directed flux of adenosine. This clock effect then leads to an accumulation of the purine
in the extracellular space at night. The clock either stimulates intracellular adenosine synthesis
by the endonucleotidase (endoNTase) at night or inhibits adenosine breakdown by adenosine
deaminase (ADA) and adenosine kinase (AK) at night. See Discussion for more details. T, Equili-
brative nucleoside transporter.
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Circadian control of extracellular adenosine
How does the circadian clock increase the extracellular level of
adenosine during the subjective night? Because our observations
indicate that the flux of adenosine is always directed inward un-
der normal physiological conditions, as indicated by the positive
effect of NBTI on the extracellular level of adenosine in the day
and night (Figs. 3, 4), it can be concluded that the clock does not
increase the extracellular level of adenosine during the subjective
night by increasing the net flux of adenosine from the intracellu-
lar compartment toward the extracellular space. In addition,
blockade of the adenosine transporter during the day under dark-
adapted conditions increased the extracellular level of adenosine
to nighttime values, whereas the same treatment barely affected
the level of the purine at night (Fig. 3). This observation suggests
that the clock likely reduces the inwardly directed flux of adeno-
sine at night rather than increases the extracellular production of
adenosine at night.

The nighttime decrease in inward-directed adenosine flux in-
tensity could result from a decrease in transport activity or an
increase in the intracellular content of adenosine. Direct mea-
surements of the retinal content of adenosine indicate that the
clock increases intracellular adenosine content at night, com-
pared with the day (Fig. 5B). These data are in agreement with an
increase in the intracellular concentration of adenosine at night
and not with a decrease of transporter activity, because the latter
possibility would produce a decrease in retinal adenosine content
at night. Together, these data indicate that the circadian clock
increases the intracellular content of adenosine at night, which
leads to a decrease in the inwardly directed flux of adenosine and
an increase in the accumulation of the purine in the extracellular
space (Fig. 7).

It is likely that the clock-induced increase in the level of intra-
cellular adenosine at night is a consequence of the circadian
clock-induced increase in energy metabolism that has been ob-
served at night in fish and rabbit retinas (Dmitriev and Mangel,
2000, 2001, 2004). Because an increase in energy metabolism
likely induces the intracellular accumulation of AMP, a substrate
for adenosine, the nighttime clock-induced increase in energy
metabolism and neural activity may thus represent the means by
which the clock increases the intracellular production of adeno-
sine. An attractive hypothesis is that oxygen consumption may
increase at night as a result of the action of the clock, so that a
slightly hypoxic condition is generated. Our data agree with this
hypothesis, because the clock and slight hypoxia (15% O2) in-
creased adenosine content and adenosine overflow to a similar
extent (Fig. 6). In fact, dark adaptation during the day has been
reported to decrease the oxygen tension of the mammalian retina
and especially in the synaptic layers and outer nuclear layer,
where it reaches 0 mmHg (Linsenmeier, 1986; Ahmed et al.,
1993). If the clock produces a slight hypoxic-like state at night,
then the resultant increase in adenosine may have a neuroprotec-
tive effect (Dunwiddie and Masino, 2001; Latini and Pedata,
2001; Paes-De-Carvalho, 2002) in addition to its neuromodula-
tory role.

A possible role for the circadian clock in adenosine-mediated
homeostatic sleep
The differential regulation of extracellular adenosine in the retina
by a circadian clock and light/dark adaptation (i.e., neural activ-
ity) suggests an explanation for how the circadian clock in the
brain regulates sleep. It has been proposed that the accumulation
of extracellular adenosine during waking acts as an endogenous
somnogen and constitutes in part the physiological basis of ho-

meostatic sleep need (Porkka-Heiskanen et al., 1997; Shiromani
et al., 1998). That is, the longer one is awake and active, the
greater the accumulation of extracellular adenosine and the pro-
pensity to fall asleep. However, the increase in sleep propensity
that occurs as wakefulness–neural activity is prolonged must be
integrated with the circadian-mediated regulation of sleep.
Moreover, although prolonged wakefulness–neural activity
might increase the extracellular accumulation of adenosine by
increasing the conversion of extracellular ATP into adenosine,
the accumulation of extracellular adenosine will be minimized if
the inwardly directed flux of adenosine remains active.

Our present results, which demonstrate that the retinal circa-
dian clock and light/dark adaptation (i.e., neural activity) differ-
entially regulate the extracellular level of adenosine, suggest a
mechanism by which the suprachiasmatic nucleus (SCN) clock
and homeostatic sleep might interact. Specifically, a circadian-
evoked increase in intracellular adenosine that occurs concomi-
tantly with a wakefulness–neural activity-evoked increase in ex-
tracellular adenosine would augment the accumulation of
extracellular adenosine by decreasing its inwardly directed trans-
port. This decrease in the inwardly directed transport of adeno-
sine might occur typically in the late afternoon in diurnal ani-
mals, when the effects of the SCN clock and neural activity are
high, and toward the end of the night in nocturnal animals, when
the effects of the SCN clock and neural activity are high. In rod-
dominated retinas, such as are found in most mammals including
humans, neural activity and the effects of the retinal clock are
both high at night, leading to the decrease in the inwardly di-
rected transport of adenosine that we have observed. Thus, our
results are consistent with an adenosine-mediated two-process
model of sleep regulation in which a circadian-induced increase
in intracellular adenosine and a wakefulness–neural activity-
induced increase in extracellular adenosine act synergistically to
enhance the concentration of extracellular adenosine.

In summary, direct measurements of endogenous adenosine
overflow and content in the mammalian retina demonstrate for
the first time in the CNS that a circadian clock and dark-adaptive
processes regulate the neuromodulator adenosine. These results
indicate that the dark-evoked increase in the level of extracellular
adenosine results primarily from an increase in the extracellular
conversion of ATP into adenosine, but that the clock-induced
increase at night results primarily from an increase in the level of
intracellular adenosine. Moreover, the results suggest that a
clock-induced increase in energy metabolism and neural activity
at night produces a slight hypoxia-like state that then increases
the level of intracellular adenosine.
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