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Abstract

Adenosine is an endogenous nucleoside that modulates important physiological processes, such as
vasodilation, in the central nervous system. A rapid, 2—4 seconds, mode of adenosine signaling has
been recently discovered, but the relationship between this type of adenosine and blood flow
change has not been characterized. In this study, adenosine and oxygen changes were
simultaneously measured using fast-scan cyclic voltammetry. Oxygen changes occur when there is
an increase in local cerebral blood flow and thus are a measure of vasodilation. About 34% of
adenosine transients in the rat caudate-putamen are correlated with a subsequent transient change
in oxygen. The amount of oxygen was correlated with the concentration of adenosine release and
larger adenosine transients (over 0.4 uM) always had subsequent oxygen changes. The average
duration of adenosine and oxygen transients were 3.2 seconds and 3.5 seconds, respectively. On
average, the adenosine release starts and peaks 0.2 seconds prior to the oxygen. The A,
antagonist, SCH442416, decreased the number of both adenosine and oxygen transient events by
about 32%. However, the A; antagonist, DPCPX, did not significantly affect simultaneous
adenosine and oxygen release. The nitric oxide (NO) synthase inhibitor L-NAME also did not
affect the concentration or number of adenosine and oxygen release events. These results
demonstrate that both adenosine and oxygen release are modulated via Ao, receptors. The
correlation of transient concentrations, time delay between adenosine and oxygen peaks, and effect
of Ay, receptors suggests adenosine modulates blood flow on a rapid, sub-second time scale.
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Introduction

Adenosine is an endogenous nucleoside involved in many important biochemical processes
throughout the body, including energy balance. Adenosine formation increases during times
of accelerated neuronal activity (Benington and Heller, 1995; Obal and Krueger, 2003), and
it can be released from cells, becoming an extracellular signal that more energy is being
consumed. One way adenosine signals for more energy to be delivered is by acting as a
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vasodilator, increasing blood flow (Phillis, 1989; Pelligrino et al., 2011). Tissue metabolism
has a continuous need for oxygen, which usually is delivered by blood flow (Lowry et al.,
1997a). In stressful conditions, when energy consumption is high, vasodilation occurs and
the amount of oxygen delivered to the tissue is actually higher than during normoxic
conditions. Previous studies showed that the concentration of adenosine in extracellular
space of the brain dramatically increases during conditions such as ischemia (Winn et al.,
1981b; Van Wylen et al., 1986; Paul et al., 2011). Endogenous adenosine acts as a
vasodilator to increase cerebral blood flow (Winn et al., 1981a), an effect primarily mediated
by Ay, receptors located on blood vessels (Shryock and Belardinelli, 1997; Belardinelli et
al., 1998); however, the relationship between adenosine and oxygen and the extent to which
Ay, receptors regulating both adenosine and blood flow changes are not fully known.

Local blood flow increases are measured in several ways. One is hydrogen clearance
(Demchenko et al., 1998; Barbu et al., 2015), where platinum electrodes are used to measure
the clearance of inhaled Hy. Another method for estimating blood flow is measuring changes
in cerebrovascular resistance using laser Doppler spectroscopy (Kusano et al., 2010).
Changes in vessel diameter are also measured to investigate cerebral vasodilation after
pharmacological administration (Ngai et al., 2001). Blood flow changes can be estimated by
monitoring oxygen level changes using blood-oxygen level dependent (BOLD) imaging
(Morton et al., 2002; Mulderink et al., 2002). The increase in oxygen can also be measured
electrochemically, using either amperometry or fast-scan cyclic voltammetry (FSCV)
(Zimmerman et al., 1992; Lowry et al., 1997a). FSCV is useful because it can measure both
neurotransmission and oxygen levels. For example, FSCV has been used to measure
dopamine or norepinephrine levels simultaneously with oxygen levels, using a modified
waveform that scans down to —1.4 V to measure oxygen reduction (Venton et al., 2003;
Bucher et al., 2014). To measure adenosine and oxygen levels, the FSCV waveform can be
modified to scan up to 1.5 V and down to —1.4 V to both oxidize adenosine and reduce
oxygen (Cechova and Venton, 2008).

Previous studies have shown that adenosine accumulates in times of stress, such as ischemia,
and can induce vasodilation and change cerebral blood flow. Recently, a new type of rapid
adenosine release has been characterized in the caudate-putamen and prefrontal cortex
regions /n vivo (Nguyen et al., 2014). This spontaneous, transient adenosine release is fast,
lasting only 2 — 5 seconds in the extracellular space (Nguyen et al., 2015). Transient
adenosine release can modulate dopamine neurotransmission on a rapid time scale (Ross and
Venton, 2015). However, it is not known if this rapid mode of adenosine release has an effect
on cerebral blood flow.

The goal of this study was to determine the relationship between transient adenosine and
changes in cerebral blood flow. We tested the hypothesis that spontaneous, transient
adenosine is correlated with vasodilation in local areas of the brain. Adenosine and oxygen
transients were measured simultaneously in caudate-putamen of anesthetized rats using
FSCV. Oxygen release was detected after about 34% of adenosine transients. The
concentrations of adenosine and oxygen changes were correlated and big adenosine
transients were always followed by an oxygen transient. The Ay, antagonist, SCH4424186,
decreased the number of adenosine and oxygen transients and increased the time interval
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between each transient release but A; antagonist, DPCPX, did not. Thus, endogenous
transient adenosine was correlated with transient local vasodilation and both were modulated
through Ay, receptors.

Materials and Methods

Chemicals and Drugs

All components of the phosphate buffered saline (PBS) solution (in mM: 3.0 KCI, 10.0
NaH5PO4, 2.0 NaySOy, 1.2 MgCly, 131.25 NaCl and 1.2 CaCl,, with pH adjusted to 7.4)
were purchased from Fisher Scientific (Fair Lawn, NJ, USA) and used for electrode
calibration. Adenosine was purchased from Sigma-Aldrich (Milwaukee, WI, USA). A 10.0
mM stock solution of adenosine was prepared in 0.1 M perchloric acid (HCIO,) and stored
in the refrigerator. A 1.0 uM adenosine solution was made in PBS on the day of use. All
aqueous solutions were prepared using deionized water (Milli-Q Biocel; Millipore, Billerica,
MA, USA).

8-Cyclopentyl-1, 3-dipropylxanthine (DPCPX, 6 mg/kg, Sigma-Aldrich) and 2-(2-
Furanyl)-7-[3-(4-methoxyphenyl) propyl]-7H-pyrazolo[4,3-e][1,2,4]triazolo[1,5-
c]pyrimidin-5- amine (SCH442416, 3 mg/kg, Tocris, UK) were dissolved in dimethyl
sulfoxide (DMSO, Amresco, Solon, OH, USA), whereas Nw-Nitro-L-arginine methyl ester
hydrochloride ( L-NAME, 100 mg/kg, Sigma-Aldrich) was dissolved in 1 mL heated saline
and all drugs were administered intraperitoneally (i.p). These doses were selected based on
previous experiments that were used in the literature (Orru et al.; Venton et al., 2003;
Nguyen et al., 2014).

Fabrication of Carbon-Fiber Microelectrodes and Fast Scan Cyclic Voltammetry

Carbon-fiber microelectrodes were fabricated by aspirating a 7 um diameter T-650 carbon-
fiber (Cytec Engineering Materials, West Patterson, NJ, USA) into a glass capillary (1.2 mm
x 0.68 mm; A-M System, Inc., Seqium, WA, USA) and pulling it in a vertical micropipette
puller (model PE-21; Narishige, Tokyo, Japan). The extended carbon fiber was cut with a
scalpel to a length of around 100 pum. Prior to use, electrodes were soaked in 2-propanol for
at least 10 minutes and then backfilled with 1 M KCI.

Fast-scan cyclic voltammetry (FSCV) was used to detect adenosine and oxygen with sub-
second temporal resolution. The cyclic voltammetric waveform was generated and the
resulting signals were computer controlled by Tar Heel CV or HDCV (from Mark
Wightman, UNC at Chapel Hill), written in LabVIEW (National Instruments, Austin, TX,
USA). A Dagan Chem Clamp potentiostat (Dagan Corporation; Minneapolis, MN, USA)
was used to apply the potential and measure the current. For simultaneous detection of
adenosine and oxygen, the electrode was scanned from 0 V to 1.45 V, then -=1.4 V and back
to 0 V every 100 milliseconds at 450 V/s. The reference electrode was a Ag/AgCl electrode.
All color plots and cyclic voltammograms were background subtracted to remove any non-
Faradic currents, by subtracting the average of 10 CVs collected no more than 10 seconds
before the event.
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Flow-Injection Apparatus and in vitro Calibrations

A flow-injection apparatus was used to calibrate the electrode in concentrations of adenosine
and oxygen after in vivo experimentation (Strand and Venton, 2008). Electrodes were
calibrated with 1.0 UM adenosine in PBS buffer. To calibrate oxygen concentration, air- and
nitrogen-saturated PBS buffers were used. Oxygen concentrations were measured in various
mixtures of nitrogen- and air-saturated PBS with volume ratios of 2:1, 5:1, 10:1, and 15:1
using D.O. 6+ dissolved oxygen meter (Eutech Instruments Pte Ltd. Singapore). The
concentration of oxygen in each solution was compared to nitrogen-saturated PBS, which
contains no oxygen. Peak reduction currents for oxygen were used for calibration, shown in
Fig. S1.

Animals and Surgery

Male Sprague-Dawley rats (250 — 350 g; Charles-River, Wilmington, MA, USA) were
housed on a 12:12-h light/dark cycle with food and water provided ad libitum. Rats were
initially anesthetized with isoflurane (1 mL/100 g rat weight) and then injected with
urethane (1.5 g/kg, i. p.). The surgical site was shaved and the rat was placed in a stereotaxic
frame. Bupivacaine (0.25 mL) (Sensorcaine® MPF, APP Pharmaceuticals, LLC;
Schaumburg, IL, USA) was administered under the skin for local anesthesia. Holes were
drilled for electrode placement after the skull was exposed using a stereotaxic drill.
Electrodes were placed in the caudate-putamen (+ 1.2 mm anterior-posterior (AP), + 2.0 mm
mediolateral (ML), and - 4.5 mm dorsoventral (DV). A Ag/AgCl reference electrode was
inserted on the contralateral side of brain. The body temperature of the rat was maintained at
37 °C using an isothermal pad (FHC, Bowdoin, ME, USA). All experiments were approved
by the Institutional Animal Care and Use Committee of the University of Virginia.

Data Collection and Analysis

Electrodes were implanted and equilibrated for at least 30 minutes with the applied
waveform prior to data collection. Data were excluded if less than 10 transients were
observed within the initial 30 minutes. If robust transients were not found, a new electrode
was inserted and up to five electrodes were tried for each animal. After transients were
identified, the electrode placement was optimized and data were collected for four hours.

Principal component regression analysis was used to identify adenosine and oxygen
transients. A training set was obtained using the five largest and most definitive adenosine
transients for each rat in vivo (Nguyen et al., 2014). For oxygen, a training set was compiled
for the five different concentrations of oxygen that were measured /n vitro. The oxidation
peak of adenosine and the reduction peak of oxygen were filtered using a Fourier transform
1 Hz filter to reduce noise.

Statistical Analysis

Statistical analyses were performed using GraphPad Prism (GraphPad Software Inc., San
Diego, CA, USA), or OriginPro 7.5 (Origin Lab Corporation, Northampton, MA, USA). A
student’s #test was used to compare the effects of the drugs on pre- and post-drug response
of the number and concentrations of adenosine and oxygen transients. The distribution of
inter-event times of adenosine and oxygen transients was analyzed using a Kolmogorov-
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Smirnov (KS) test. Some data points for adenosine and oxygen inter-event times are not
shown in order to better show the lower inter-event times where changes are more obvious
after drug administration. However, all data for inter-event times were used for statistical
analyses. Statistical significance was designated at p < 0.05 and all data are presented as
mean + standard error of the mean (SEM) or standard deviation (SD).

Adenosine and oxygen cyclic voltammetry in vivo

Fast-scan cyclic voltammetry at a carbon-fiber microelectrode was used to simultaneously
detect fast changes in adenosine and oxygen with sub-second temporal resolution. The
potential was scanned from 0 V to 1.45V, then to —1.4 V and back to 0 V at 450 V/s every
100 milliseconds as shown in Figure 1A. The double layer charging at the electrode
produces a large but stable background current and can be subtracted out to obtain a
background-subtracted cyclic voltammogram (Figure 1B and 1D). Oxidation of adenosine
results in two oxidation peaks in the background-subtracted cyclic voltammogram. With this
waveform, the primary oxidation of adenosine occurs right after the switching potential at
1.27 V on the cathodic scan because of slow electron transfer. A secondary oxidation occurs
at 1.26 V on the anodic scan. The reduction of oxygen occurs at —=1.3 V on the cathodic
scan. A representative color plot is shown in Figure 1C. In the color plot, time is plotted on
the abscissa, electrode potential is plotted on the ordinate, and the current is depicted in false
color. The green/purple ovals represent the adenosine oxidation currents. The top oval is the
primary oxidation and the bottom oval is the secondary oxidation of adenosine. The
secondary oxidation is slightly delayed in time from the primary oxidation because it is due
to the oxidative byproduct formed after the primary oxidation. For oxygen, the dark blue
area around —1.3 V is the reduction of oxygen. Because the oxidation of adenosine and
reduction of oxygen occur at different potentials, adenosine and oxygen release can be
detected simultaneously.

Correlation of adenosine and oxygen

To determine whether the oxygen signal was delayed from the adenosine signal, the starting
points of adenosine and oxygen peaks were measured and compared (Figure 2). Current
versus time traces are plotted at the primary oxidation potential of adenosine and the
reduction potential of oxygen, which help identify the timing of the events. In this example,
adenosine starts to rise about 0.1 second before oxygen starts to change. The CV shows that
the first CV that has a clear adenosine signal does not have an oxygen peak that is
discernible from the noise. On average, adenosine started to increase 0.2 + 0.03 seconds
before oxygen, indicating the adenosine transient occurs before the release of oxygen.

Additionally, the time difference between the peak adenosine and oxygen concentration was
calculated for each set of transients and plotted in 0.1 second bins (Figure 3A). Further
supporting that adenosine comes first, the mean and median of delay time for the oxygen
peak were 0.4 seconds and 0.2 seconds, respectively, which means if an oxygen transient
was observed, the oxygen usually peaked 0.2 seconds after the adenosine peak.
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Figure 3B shows a correlation plot of the concentration of spontaneous adenosine vs. the
oxygen concentration. Data are only plotted for adenosine transients that occurred with an
oxygen transient. There is a linear relationship between the transient adenosine
concentration and the oxygen concentration. The correlation coefficient is 0.63, indicating
that 63 percent of the variance in oxygen concentration is due to the variance in spontaneous
transient adenosine concentration.

To further understand how often adenosine was released with an oxygen event, a plot was
made of binned adenosine concentration vs. percentage of transient adenosine events with an
accompanying oxygen event (Figure 3C). The minimum concentration of adenosine that was
ever released with an oxygen event was 0.02 pM, which is higher than 0.01 pM, the lowest
concentration of adenosine that we can detect. When the concentration of adenosine was
0.15 uM, about 50 percent of adenosine events were released with oxygen, and when the
concentration of adenosine was 0.4 pM or higher, all adenosine events had oxygen transients
that followed. Overall, because most adenosine release events were low concentration, 34%
of measured adenosine events were accompanied by an oxygen transient.

The duration of adenosine and oxygen changes were both fast, demonstrating that that
adenosine and oxygen are available to mediate responses in the extracellular space for only a
few seconds. The durations of adenosine and oxygen release events were 3.2 + 1.9 seconds
and 3.5 + 1.9 seconds, respectively. High concentration release events of adenosine or
oxygen had a longer duration because it takes a longer time to clear higher concentrations
(Ross et al., 2014).

Adenosine and Oxygen Transients Over Time

Spontaneous adenosine and oxygen events were continuously measured for four hours and
comparison made between the first two hours and second two hours as a control for
pharmacology experiments. The number of transients was averaged for each animal, and the
plot shows box and whisker plots with the median and quartiles in the box and the range
marked by the whiskers (Fig. 4A and B). The variance is large due to differences from
animal to animal and there were no significant changes in the number of adenosine or
oxygen transients between first two hour and second two hour time periods (n = 6, paired &
test, p=0.13 and p = 0.89, respectively). To examine the frequency, the time between
consecutive transients was plotted as a histogram (Figure 4C and 4D). The adenosine
transients occur closer together than the oxygen transients because not all adenosine
transients were followed by oxygen release. The distribution of inter-event times for the first
two hours and second two hours were compared using the Kolmogorov- Smirnov (KS) test
and were not significantly different (n = 6 animals, p=0.51 and p = 0.46, respectively). The
average cumulative concentration of released adenosine was plotted by adding the peak
concentrations of adenosine over time and then the concentrations were divided by the
number of animals. While the average cumulative concentration traces of both all adenosine
and oxygen transients show higher concentration in second two hours (Figure 4E and 4F),
the maximum cumulative concentrations, which is maximum cumulative concentration from
each animal, were not significant for adenosine or oxygen transients (student’s paired £test,
n =6 animals, p=0.064 and p = 0.087, respectively). The median event concentration was
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calculated per animal and box and whisker plots are plotted in Figure 4G and 4H for all
adenosine, adenosine transients with oxygen (Ad w/O,) and oxygen concentrations. There
were no significant effects of time on the median concentrations of transients (paired #test, n
=6, p=0.099, p=0.22, and p= 0.43, respectively). Thus, the number of transients, inter-
event time, or concentrations of adenosine and oxygen transients do not change over four
hours of data collection. In addition, a four hour control experiment was also performed by
injecting the vehicle, DMSO, after 2 hours. The administration of DMSO did not affect the
number of transients, inter-event time, or concentration of adenosine or oxygen transients
(Figure S2).

A1, Azg, and NO Modulation of Oxygen Response

To investigate the relationship between adenosine and blood flow changes, we tested the
effects of Aq and Ay, receptor drugs on simultaneous adenosine and oxygen transients. For
all pharmacological experiments, two hours of baseline data were collected and then the
drug was administered and data were collected for additional two hours.

The A1 receptor antagonist, DPCPX, was administered at 6 mg/kg, i.p. The number of
adenosine and oxygen transients did not significantly changed after DPCPX, although there
was a trend towards more oxygen transients (Figure 5A and 5B, student’s paired #test, n = 8
animals, p=0.47 and p = 0.055, respectively). Administration of DPCPX did not
significantly change the underlying inter-event time distributions for either transient
adenosine or oxygen release (Figure 5C and 5D, KS test, n= 8 animals, p=0.69 and p=
0.87, respectively). The average cumulative concentration of both adenosine and oxygen
transients were lower after DPCPX administration (Figure 5E and 5F), but the differences of
maximum cumulative concentrations were not significant (student’s paired #test,n =8
animals, p=0.31 and p= 0.46, respectively). There was a significant decrease in median
event concentration for all spontaneous adenosine transients (student’s paired #test,n =8
animals, p=0.016) (Figure 5G), but DPCPX did not significantly affect the median event
concentration of Ad w/O, or oxygen transients (student’s paired £test, n = 8 animals, p=
0.093 and p = 0.086, respectively) (Figure 5G and 5H). Thus, A; receptor blockade with
DPCPX did not change the number, concentration or inter-event time of simultaneous
adenosine and oxygen release but only decreased the median concentration of all adenosine
transients.

SCH442416 (3 mg/kg, i.p.), an Ay, receptor antagonist, was administered to test the extent
to which Ay, receptors mediated the oxygen transients. SCH442416 significantly decreased
the average number of adenosine transients from 132 to 90 (paired & test, n = 7 animals, p=
0.023) and oxygen transients from 49 to 33 (paired #test, n = 7 animals, p= 0.030). In
addition, SCH442416 increased the mean inter-event time for adenosine transients from 53
to 77 seconds and for oxygen from 129 to 216 seconds. The underlying inter-event time
distributions of both adenosine and oxygen transients were significantly different than pre-
drug (n = 7 animals, KS test, p=0.0016 and p = 0.044, respectively) (Figure 6C and 6D).
The average cumulative concentration of both adenosine and oxygen transients were lower
after SCH442416 administration, but only the maximum cumulative concentrations of
adenosine transient significantly decreased (paired #test, n = 7 animals, p = 0.030); There is
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no significant change in maximum cumulative concentrations of oxygen (paired £test, n =7
animals, p=0.17). SCH442416 significantly decreased the median adenosine event
concentration of all adenosine transients, but not the median concentration of Ad w/O, and
oxygen (paired £test, n =7, p=0.041, p=0.73, and p= 0.66, respectively). Therefore,
blocking Ao, receptors did not change the concentration of oxygen release, but both
adenosine and oxygen were released less frequently.

To test the extent to which the oxygen signals were dependent on nitric oxide (NO) nitric
oxide (NO) synthase was inhibited using L-NAME(100 mg/kg, i.p)(ladecola et al., 1994;
Venton et al., 2003). There were no significant differences between before and after L-
NAME in terms of number of transients, inter-event time, or concentration of adenosine or
oxygen transients (Figure S3). These results confirm that NO does not play a role in
simultaneous adenosine and oxygen release and therefore, this transient vasodilation does
not rely on NO.

Discussion

Here we demonstrate that spontaneous, transient changes in adenosine and oxygen are
correlated in the caudate-putamen. Transient changes in oxygen release are an indicator of
increased blood flow. Adenosine transients were followed by oxygen release about one-third
of the time, and the concentration of adenosine and evoked oxygen changes are correlated.
Typically, the oxygen release started and peaked about 0.2 seconds after the adenosine
transient. A receptors do not have an effect on simultaneous adenosine and oxygen release
while Ay, receptors modulated the number of adenosine and oxygen transients. Thus,
spontaneous adenosine transients are correlated with oxygen release, particularly when the
adenosine release is large, suggesting adenosine modulates blood flow on a rapid, sub-
second time scale.

Transient adenosine and blood flow changes on arapid time scale

Transient release of adenosine has recently been characterized, showing that adenosine can
signal on a rapid time scale (Nguyen et al., 2014, 2015; Nguyen and Venton, 2015).
Transient adenosine modulates phasic dopamine release, but the modulation only occurs
when adenosine is present (Ross and Venton, 2015). However, the extent to which this rapid
mode of adenosine signaling can transiently mediate vasodilation was unknown. Most
previous studies of adenosine mediating blood flow correlated changes that lasted for
minutes. For example, cerebral blood flow increased at 4" minute of intravenous infusion of
adenosine (Soricelli et al., 1995). One of the faster studies of adenosine build up found that
cerebral adenosine was elevated within 5 seconds after the onset of ischemia, and they
hypothesized that this rapid rise of adenosine caused vasodilation associated with ischemia
(Winn et al., 1979).

Our method is unique in that both adenosine and oxygen changes can be measured
simultaneously with sub-second temporal resolution. The results clearly demonstrate that
transient adenosine and oxygen release are correlated. The increase in adenosine always
precedes the oxygen increase, with a median delay time between the peak adenosine and
oxygen concentrations of 0.2 seconds. The appearance and clearance of both adenosine and
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oxygen are fast, with an average duration of only 3 seconds. Other physiological stimuli,
such as a tail pinch, cause vasodilation that lasts for minutes (Lowry et al., 1997b). Changes
in oxygen due to electrical stimulations have been measured, including a first peak that is
not mediated by adenosine, which occurs within 3 — 4 seconds after stimulation, and a
second peak mediated by adenosine that occurs 10 — 30 seconds after the stimulation and
lasts for 20 seconds(Venton et al., 2003). Therefore, our data here is the fastest reported
correlation between adenosine release and shifts in blood flow and the duration of the
oxygen changes are much shorter than with other stimuli.

The concentration of spontaneous adenosine and oxygen changes were also correlated.
Previous studies also found a correlation between the concentration of adenosine and the
dilation magnitude of pial artery (Shin et al., 2000; Hein et al., 2013). While about one-third
of adenosine transients were accompanied by changes in oxygen, high concentration
adenosine transients (over 0.4 uM) were always followed by oxygen release. Low
concentrations of adenosine were not always correlated with oxygen release, likely because
the event did not cause sufficient receptor activation. However, some smaller adenosine
transients did cause oxygen release. Our electrodes only measure in one discrete location,
and it is possible that for some smaller amounts of adenosine, the electrode was not at the
center of the release, making the event look smaller. Also, there may be differences in global
blood flow that would affect local blood flow and consequently modulate delivery of oxygen
(Shimosegawa et al., 1995).

Role of Adenosine Receptors in Mediating Adenosine and Blood Flow Changes

The effects of adenosine are mediated by four G-protein coupled receptors, A1, Aza, Ao,
and Ag (Fredholm et al., 2001). Aq and Ay, receptors are highly expressed in the caudate-
putamen of the brain (Fredholm et al., 2000; Cieslak et al., 2008). A; receptors mediate the
inhibitory modulation of phasic dopamine release by transient adenosine in the caudate-
putamen (Ross and Venton, 2015). Both stimulated and spontaneous adenosine release are
self-regulated by A, receptors, which have autoreceptor characteristics (Cechova et al.,
2010; Nguyen et al., 2014). Here, our study showed that blocking A; receptors decreased the
concentration of adenosine transients but did not significantly affect on the number of
transients or inter-event times. In contrast, our previous study found a significant decrease in
the inter-event time of transient adenosine release but no change in concentration after
DPCPX (Nguyen et al., 2014). That study used a different FSCV waveform that did not
sweep to the low potentials necessary for oxygen reduction. While the effects were slightly
different here, they are consistent with A; receptors being inhibitory and self-regulating
transient adenosine. The concentration of oxygen did not decrease because the concentration
of adenosine that correlated with oxygen did not decrease; i.e. the large adenosine transients
were still correlated with oxygen release. The number of oxygen transients was the same,
indicating that A receptors do not mediate vasodilation.

Ay, receptors are highly expressed on cerebral blood vessels (O’Regan, 2005; Pelligrino et
al., 2010; Mills et al., 2011), and are located on endothelial cells (Coney and Marshall,
1998). In addition, A,, receptors play a protective role in hypoxia/ischemia, as Ay,
antagonists protect against brain damage after hypoxia (Phillis, 1989; Monopoli et al., 1998;
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Melani et al., 2003). In the brain, the density of A, receptors in the basal ganglia is about 20
times greater than other brain regions (Svenningsson, 1999; Lopes et al., 2004). The number
of both adenosine and oxygen transients were reduced by the A,, antagonist, SCH4424186,
while the concentration of adenosine transients that caused oxygen and oxygen transients
stayed the same. These results suggest that A,, receptors have self-regulating properties by
modulating adenosine concentrations (Cechova et al., 2010). While the link between Ay,
receptors on endothelial cells regulating blood flow had been previously established, this
work shows that the Ao, antagonist can function by lowering the amount of adenosine
transients and therefore oxygen transients.

Our results definitely show that adenosine and oxygen transients in the brain are correlated,
especially for large adenosine transients which are always accompanied by oxygen
transients. This leads to the question of whether the adenosine transients cause the oxygen
changes. The delay time of 0.2 seconds between the start of the adenosine transient and the
oxygen transient demonstrates that the adenosine transients come first. The distance between
blood vessels in the brain is about 50 um, and diffusion of adenosine to a blood vessel, 25
pm at most, would take less than 0.5 seconds. Thus, the time delay is of the correct order of
magnitude for adenosine diffusion. The proposed mechanism of adenosine causing
vasodilation and oxygen increases is by acting at A,, receptors on endothelial cells, and the
expected result that would confirm this is a decrease in the number of oxygen transients
compared to adenosine transients. Instead, the observed result is that the Ay, antagonist
causes adenosine and oxygen transients to decrease proportionally, a 32% decrease for both.
This proportional decrease is harder to interpret; it does not definitively show that the
adenosine transients were working at the Ao, receptor, but it does confirm that the receptor
is important for regulating adenosine transients and thus oxygen transients. Therefore, there
are two possible explanations for the data: (1) adenosine transients cause the oxygen
transients or (2) a large metabolic event causes the release of both adenosine and other
vasodilatory molecules that lead to the oxygen increases. We tested L-NAME to block NO
production to test the hypothesis that NO might also play a role in these oxygen
changes(Venton et al., 2003). No effect was seen, indicating that these oxygen changes were
not due to inducible nitric oxygen synthase made NO. However, there are other sources of
NO and other vasodilatory signals such as pH and CO» that have not been ruled out (Hylland
etal., 1996; Venton et al., 2003; Yoon et al., 2012). Nevertheless, the bulk of the evidence
points towards adenosine causing the oxygen changes although the exact mechanism has not
been delineated. A more definitive approach in the future would be to try these experiments
in mice and test the effects of global Ay, knock outs or even specific Ay, KO just on the
blood vessels to test causation.

In conclusion, this study provides evidence that spontaneous, transient adenosine are
correlated with transient oxygen changes. The subsequent oxygen changes occur quickly,
usually within about 0.2 seconds, and the clearance is fast, lasting only about 3.5 seconds.
Our study also shows that A, receptors regulate this transient vasodilation, by modulating
the number of adenosine transients that are correlated with oxygen transients. Because
adenosine is rapidly metabolized,(Haskd et al., 2008) adenosine signaling is likely local
rather than systemic and could transiently affect local blood flow (Nguyen et al., 2015).
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Future research will focus on whether transient adenosine cause local vasodilation and
increase oxygen release.

Supplementary Material

Refer to Web version on PubMed Central for supplementary material.
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