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ARTICLE INFO ABSTRACT

Keywords: Rapid adenosine signaling, on the time frame of seconds, has been discovered in the brain that can modulate
Adenosine neurotransmission or blood flow. Rapid adenosine release can occur spontaneously or be evoked after a me-
In vivo

chanical stimulation, but these two modes of adenosine have not been compared. Here, we compared sponta-
neous and mechanically-stimulated adenosine release in the prefrontal cortex, striatum, and hippocampus of
anesthetized mice. For spontaneous adenosine, the number of adenosine events in the prefrontal cortex (40 + 4
per hour) was significantly lower than in the striatum (54 + 3) or hippocampus (56 *+ 3). Similarly, the
concentration per transient was lower in the prefrontal cortex but highest in the striatum. For mechanically-
stimulated adenosine, the peak concentration in the prefrontal cortex (8 = 2uM) and striatum (8 * 1uM)
were significantly lower than in the hippocampus (16 + 2pM). Comparing the two modes, the hippocampus
had high mechanically-stimulated concentration and high spontaneous frequency, while the prefrontal cortex
had lower spontaneous frequency and mechanically-stimulated release. However, there is no pattern with the
striatum and thus no direct correlations between spontaneous and mechanically-stimulated adenosine. Thus,
there may be different pools of adenosine or mechanisms of formation for these two modes. Because of the high
frequency of spontaneous events and high concentration of mechanically-stimulated release in the hippocampus,
there may be some areas that have stronger adenosine signaling and thus stronger neuromodulatory control by

Mouse brain regions

Fast-scan cyclic voltammetry
Mechanically-stimulated release
Spontaneous release

adenosine.

1. Introduction

Adenosine is an endogenous nucleoside that functions as a neuro-
modulator and neuroprotector in the central nervous system, particu-
larly during stroke and traumatic brain injury (Lusardi, 2009). While
adenosine builds up slowly during pathological events, our lab has also
discovered rapid modes of adenosine signaling, lasting only a few sec-
onds (Nguyen et al., 2014, Ross et al., 2014). The function of rapid
adenosine is to provide rapid, local neuromodulation; rapid adenosine
modulates phasic dopamine release and is correlated with transient
oxygen increases (Ross and Venton, 2015; Wang and Venton, 2017).
There are different modes of rapid adenosine release and it is important
to understand how they vary in order to understand the neuromodu-
latory effects of adenosine in different regions.

Adenosine signaling varies by brain region, and the mechanism of
action varies due to how it is stimulated (Cunha, 2008). In this work,
we compare two modes of rapid adenosine signaling for the first time.
The first mode is spontaneous adenosine, with no stimulation applied.

This mode is important during ischemia-reperfusion injury, where
spontaneous adenosine frequency increases (Ganesana and Venton,
2018). The second mode of rapid adenosine is mechanically-stimulated
release, where small trauma, such as moving an electrode or probe near
the electrode, causes transient adenosine elevation (Ross et al., 2014).
This type of adenosine signaling may be important in traumatic brain
injury or other physical injuries, which are known to trigger surges in
adenosine (Lusardi, 2009). Here, we use mice, because of the future
possibilities of studying transgenics, to characterize spontaneous and
mechanically-stimulated adenosine events using fast-scan cyclic vol-
tammetry. The brain regions chosen were the Cgl of prefrontal cortex,
striatum, and CA1l of hippocampus because these are common brain
regions for both traumatic brain injury and memory studies (Kogan
et al., 2000). The prefrontal cortex participates in working memory, the
striatum is associated with procedural memory, and the hippocampus
plays an important role in memory formation. Spontaneous adenosine
varied regionally in frequency and concentration, while mechanically-
stimulated adenosine varied regionally in concentration. However,
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there was not a clear correlation between spontaneous and mechani-
cally-stimulated adenosine, suggesting that the mechanisms of release
may not be the same. The hippocampus did have the highest frequency
of spontaneous adenosine and the highest concentration of mechani-
cally-stimulated adenosine, so some regions may have more adenosine
neuromodulatory effects.

2. Methods
2.1. Animals and surgery

Male C57BL/6J mice were purchased from Jackson Laboratory (Bar
Harbor, ME) at 6-8 weeks old and housed on a 12:12-h light/dark cycle
with food and water provided ad libitum. Mice were anesthetized with
4% isoflurane in 100% oxygen for induction and anesthesia maintained
with 1.5-3% in 100% oxygen delivered via a facemask (Stoelting, Wood
Dale, IL, USA). A heating pad was used to sustained mouse body tem-
perature around 37 °C. The surgical site was shaved and bupivacaine
(0.10 mL, APP Pharmaceuticals, Schaumburg, IL, USA) was adminis-
tered under the skin for local anesthesia. In a stereotaxic frame, the
skull was exposed and holes were drilled to allow the placement of the
electrode in the prefrontal cortex (AP +1.3 mm, ML + 0.2 mm, and DV
-1.5 mm), striatum (AP +1.1 mm, ML + 1.5 mm, and DV -3.0 mm), or
hippocampus (AP -2.5 mm, ML + 2.4 mm, and DV -1.8 mm). All ex-
periments were approved by the Institutional Animal Care and Use
Committee of the University of Virginia.

2.2. Chemicals

Electrodes were calibrated in phosphate-buffered saline (PBS) so-
lution (3.0mM KCl, 10.0mM NaH,PO,4, 2.0mM MgCl,, 131.25mM
NaCl and 1.2 CaCly, all from Fisher, Fair Lawn, NJ) with pH adjusted to
7.4. A 10.0 mM stock solution of adenosine (Sigma Aldrich, Milwaukee,
WI, USA) was prepared in 0.1 mM HClO,4 and this was diluted daily in
PBS solution to 1 uM for calibration of the electrodes.

2.3. Electrochemistry

Fabrication of carbon-fiber microelectrode with T-650 carbon fiber
was previously described (Wang and Venton, 2017). Cylinder elec-
trodes 150-200 ym long and 7 um in diameter were used. Fast-scan
cyclic voltammetry was used to detect adenosine (Wang and Venton,
2017) and the electrode was scanned from —0.4V to 1.45 V and back
to —0.4V with a frequency of 10 Hz at 400 V/s.

2.4. Data analysis and statistics

Transient adenosine events were identified and characterized using
an automated algorithm (Borman et al., 2017) and adenosine events
were confirmed by an analyst to exclude any signals that were not
adenosine. The primary oxidation peaks of adenosine in Fig. 1A were
filtered using a Fourier transform 1Hz filter to reduce noise. All sta-
tistics were performed in GraphPad Prism 6 (GraphPad Software Inc.,
San Diego, CA, USA). All data are shown as mean + SEM. Statistical
significance was designated at p < 0.05.

3. Results

In this study, regional differences in spontaneous and mechanically-
stimulated adenosine were compared in vivo in anesthetized mice.
Rapid changes of adenosine were monitored in the prefrontal cortex
(PFQ), striatum (STR), and hippocampus (HPC) using fast-scan cyclic
voltammetry. Adenosine is identified by its two characteristic oxidation
peaks in the cyclic voltammogram (top) and false color plots (bottom,
Fig. 1A-C) (Nguyen et al., 2014).

Spontaneous adenosine events have been reported in vivo and in
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brain slices in rats (Lee and Venton, 2018; Nguyen et al., 2014; Wang
and Venton, 2017) but these are the first measurements in vivo in mice.
For spontaneous adenosine (Fig. 1), adenosine transients were mea-
sured continuously in anesthetized mice for 4 h. Multiple, short ade-
nosine events are depicted in the color plot, and marked on the con-
centration vs. time traces, which show how adenosine varies over time.
In the prefrontal cortex, there are only 2 adenosine transient events in
this example 80s window (Fig. 1A) while in the striatum and hippo-
campus, there are 3 events in an 80 s window (Fig. 1B and C). Events
are short, with an average half width around 2s in all regions. The
number of adenosine events varied by region; on average, there were
40 *= 4 adenosine events per hour in the prefrontal cortex, 54 + 3
events in the striatum and 56 + 3 events in the hippocampus, an
overall significant effect of brain region (Fig. 1D, one-way ANOVA,
n = 8 animals/region, p = 0.0033). The number of adenosine events in
the prefrontal cortex was significantly lower than in the striatum or
hippocampus (Tukey's post-test, p = 0.011 and p = 0.0056, respec-
tively). To examine the frequency, the inter-event time, the time be-
tween 2 consecutive events, was calculated. The mean inter-event time
was 87 * 3s in the prefrontal cortex, 66 *+ 2s in the striatum and
64 = 2s in the hippocampus. There was a significant effect of brain
region on the underlying distributions of inter-event times (Fig. 1E,
Kruskal-Wallis test, p < 0.0001) and the prefrontal cortex frequency
was significantly lower than the striatum or hippocampus (post-hoc
Dunn's test, p < 0.0001 and p < 0.0001, respectively).

The mean concentration per event was 0.239 = 0.005uM in the
prefrontal cortex, 0.315 = 0.009pM in the striatum, and
0.285 *= 0.005pM in the hippocampus (Fig. 1F). Because of the large
number of transients, there is an overall effect of brain region (One-way
ANOVA, p < 0.0001, n = 1279 PFC, 1739 STR, 1779 HPC) and each of
these groups is significantly different than the other (HPC vs. STR:
p = 0.0072, HPC vs. PFC: p < 0.0001, STR vs. PFC: p < 0.0001).

Second, mechanically-stimulated adenosine release was studied
(Fig. 2). Other studies have demonstrated ATP release, which could be a
precursor to adenosine, due to mechanical perturbation, swelling, shear
stress or cell stretching (Xia et al., 2012) (Wan et al., 2008). Here, a
carbon-fiber microelectrode was lowered 0.1 mm to mechanically per-
turb the tissue. Fig. 2A shows an example of mechanically-stimulated
adenosine in the hippocampus, where adenosine increases immediately
after lowering the electrode (at 30s) with a peak concentration of
21 uM, and a half width of 4.8 s. The extra peaks in the color plot might
be background subtraction errors due to ionic changes that affect the
double layer charging current.

In each animal, 4 stimulations were performed, every 15 min, and
the electrode was continually lowered so new tissue was stimulated
each time (although we have shown previously the same tissue can be
mechanically-stimulated multiple times) (Ross et al., 2014). Fig. 2B
shows the concentration of mechanically-evoked adenosine for 4 suc-
cessive stimulations in each region. Overall, there was a significant
effect of brain region on the concentration of mechanically-evoked
adenosine but no effect of stimulation number (Fig. 2B, two-way re-
peated measures ANOVA, n =7 animals/group, Fp, 12) = 4.567,
p < 0.033 and F(3 1s = 2.070, p = 0.14, respectively). The con-
centration of mechanically-evoked adenosine was on average
8 + 2uM in the prefrontal cortex, 8 + 1uM in the striatum, and
16 = 2puM in the hippocampus, a significant effect of region (Fig. 2C,
one-way ANOVA, p = 0.0005). The concentration in the hippocampus
was significantly higher than in the striatum (Tukey's multiple com-
parisons test, p = 0.048).

To examine correlations between spontaneous and mechanically-
stimulated adenosine, stimulated adenosine concentration vs. sponta-
neous concentration or number of spontaneous events were plotted
(Fig. 2D and E). The graphs show that there is little correlation between
spontaneous and stimulated adenosine throughout the brain. However,
the prefrontal cortex did have the least stimulated release and the least
number and concentration of transients. There were not strong trends
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Fig. 1. Spontaneous, transient adenosine release in various brain regions. Example release in the A) prefrontal cortex (PFC), B) striatum (STR), and C) hippocampus
(HPQC). Cyclic voltammograms of adenosine have the two characteristic oxidation peaks. Concentration vs. time traces derived from primary oxidation of adenosine
(top); adenosine transients marked with stars. Example 3-D color plots show release events in an 80 s time window. Adenosine oxidation is the green/purple area in
the middle of the plot. D) Number of adenosine events per hour (main effect, One-way ANOVA, n = 8 animals/group, p = 0.0033). The number of adenosine events
was significantly lower in the PFC than the STR and HPC (Tukey's test, p = 0.011 and p = 0.0056, respectively). E) Inter-event time histogram. The underlying
distributions of were significantly different (Kruskal-Wallis test, p < 0.0001) and all regions significantly different from each other. F.) Mean concentrations per
event were significantly different (One-way ANOVA, p < 0.0001, n = 1279 PFC, 1779 HPC, 1739 STR) and PFC was lower than STR (p < 0.0001) and HPC
(p < 0.0001) and the STR was greater than the HPC (p = 0.0072). Error bars are SEM.

for the other regions. Spontaneous adenosine event concentrations in
the striatum are higher while stimulated release are lower, leading to
the conclusion that the two modes of adenosine are not correlated.

4. Discussion

The concentrations of spontaneous and mechanically-stimulated
adenosine varied by brain region but were not correlated. Each spon-
taneous event was relatively small, typically only a few hundred na-
nomolar, which is higher than typical basal levels reported by micro-
dialysis (~40nM) but similar to kainate-evoked release (Carrozzo
et al., 2012). Hundreds of nanomolar levels are sufficient to activate
inhibitory A, receptors and excitatory Ao, receptors. Mechanically-sti-
mulated adenosine was larger, in the range of 8-16 uM, so it would
activate all adenosine receptors, including lower affinity A, and Aj
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receptors. However, there was not a direct correlation between con-
centration of mechanically-stimulated and spontaneous adenosine. The
prefrontal cortex had the lowest concentration of each type of adeno-
sine, but the striatum had opposite trends with lower stimulated ade-
nosine and higher spontaneous adenosine. These first comparisons of
spontaneous and stimulated adenosine suggest that there are different
release mechanisms or the pools of adenosine may be different. Extra-
cellular formation of adenosine is mainly through metabolism of ATP
via CD39 and CD73 enzymes (Street et al., 2011). Adenosine can also be
formed intracellularly and released to extracellular space via vesicular
release or equilibrative adenosine transporters. Spontaneous adenosine
may be exocytotic, but the larger mechanically-stimulated release may
be due to channels opening up or other stress mechanisms (Xia et al.,
2012), although past work has suggested that cells are not damaged by
mechanical stimulation (Ross et al., 2014). Future studies could
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Fig. 2. Mechanically-stimulated adenosine. A) Example mechanically-evoked adenosine in the hippocampus. Electrode was lowered 0.1 mmat 30s (arrow).
Concentration vs. time trace (top) shows adenosine peak concentration was 21 pM. B) Average data for four consecutive mechanical stimulations in the prefrontal
cortex (PFC), striatum (STR), and hippocampus (HPC) in vivo. 4 consecutive stimulations were performed every 15 min. There was a significant effect of brain region
on the concentration of mechanically-evoked release (two-way repeated measures ANOVA, p < 0.033). C) Average concentrations significantly vary by region (One-
way ANOVA, p = 0.0005) and concentration in the hippocampus was significantly higher than in the prefrontal cortex and striatum (post hoc Tukey's test, p = 0.012
and p = 0.0004, respectively). D) Mechanically-stimulated release concentration vs. spontaneous release concentration. There appears to be no correlation. E)
Mechanically-stimulated concentration vs. number of spontaneous transients per hour. There appears to be no correlation. Error bars are SEM.

investigate these different mechanisms, but the concentrations for the
two modes do not appear to be correlated.

Spontaneous and mechanically-stimulated adenosine were mea-
sured for the first time in mice, which is useful for future experiments in
genetically-altered mice to study the release and formation mechanisms
of rapid adenosine. Mice have frequent spontaneous adenosine events
in each region, more frequent than previous studies in the rat (Nguyen
et al.,, 2014). Interestingly, the basal concentrations of adenosine in
mice are reportedly lower than rats (Delaney and Geiger, 1996), but the
concentrations per event in mice were higher than those previously
observed in rats (i.e. striatum: 0.3 uM in mice compared to 0.17 uM in
rats) (Nguyen et al., 2014). Mechanically-stimulated adenosine was also
larger in mice than rats with 8 = 2 pM observed here in the prefrontal
cortex compared to 3.3 + 0.6 uM in rats. However, the electrode was
also slightly larger (150-200 pm in mice compared to 50-100 pm in
rats), so the amount of perturbation and adenosine detected may be
larger.

Spontaneous adenosine is most often regulated not by the con-
centration of transients but by the frequency of events. Frequent release
of spontaneous adenosine may be related to ATP consumption during
intense neuronal activity. Regional differences were observed in the
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number of spontaneous events, with the hippocampus having the
highest frequency of events. The hippocampus also has the highest
concentration of mechanically-stimulated adenosine. However, the
striatum had lower mechanically-stimulated adenosine, but also fairly
high numbers of spontaneous events. The prefrontal cortex had the
lowest frequency of spontaneous events and the lowest stimulated re-
lease (Fig. 2E). In the prefrontal cortex, A; and A, receptors modulate
cortical acetylcholine (Van Dort et al., 2009), but in the striatum and
hippocampus, they also regulate other neurotransmitters, including
glutamate and GABA (Sperlagh and Vizi, 2011). In addition, A,p re-
ceptors regulate glucose metabolism in the prefrontal cortex and hip-
pocampus but not striatum (Lemos et al., 2015). The hippocampus is a
critical area for memory formation and retrieval, so it may be necessary
for it to have higher adenosine neuromodulation.

The role of both modes of adenosine would be to act as a neuro-
modulator, modulating neurotransmission and blood flow. Spontaneous
transients are particularly short, with a half width of only 2, and thus
they would function locally. The concentration of mechanically-sti-
mulated adenosine is 10-fold higher and a half width of more than 55,
so the neuromodulation would be able to activate more cells and act at
a greater region. Thus, mechanically-stimulated release may be able to
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provide more neuroprotection by activating additional adenosine re-
ceptors. Spontaneous adenosine on the other hand is regulated by fre-
quency and not by concentration and would provide lower levels of
neuroprotection and neuromodulation, but on a more frequent basis.
More comparisons of their mechanism of action as well as mechanism
of release are needed, but these studies suggest that there are regional
differences in both spontaneous and mechanically-stimulated adenosine
but that spontaneous and stimulated release are not generally corre-
lated.
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