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Abstract

Adenosine is important for local neuromodulation and rapid adenosine signaling can occur
spontaneously or after mechanical stimulation, but little is known about how adenosine formed in
the extracellular space for those stimulations. Here, we studied mechanically-stimulated and
spontaneous adenosine to determine if rapid adenosine is formed by extracellular breakdown of
ATP using mice globally deficient in extracellular breakdown enzymes, either CD39 (nucleoside
triphosphate diphosphohydrolase 1, NTPDasel) or CD73 (ecto-5’-nucleotidase). CD39 knockout
(KO) mice have a lower frequency of spontaneous adenosine events than wild-type (WT,
C57BL/6). Surprisingly, CD73KO mice demonstrate sex differences in spontaneous adenosine;
males maintain similar event frequencies as WT, but females have significantly fewer events and
lower concentrations. Examining the mRNA expression of other enzymes that metabolize ATP
revealed tissue nonspecific alkaline phosphatase (TNAP) was upregulated in male CD73KO mice,
but not secreted prostatic acid phosphatase (PAP) or transmembrane PAP. Thus, TNAP
upregulation compensates for CD73 loss in males but not in females. These sex differences
highlight spontaneous adenosine is formed by metabolism of extracellular ATP by many enzymes.
For mechanically-stimulated adenosine, CD39KO or CD73KO did not change stimulation
frequency, concentration, or ty/». Thus, the mechanism of formation for mechanically-stimulated
adenosine is likely direct release of adenosine, different than spontaneous adenosine.
Understanding these different mechanisms of rapid adenosine formation will help to develop
pharmacological treatments that differentially target modes of rapid adenosine signaling, and all
treatments should be studied in both sexes, given possible differences in extracellular ATP
degradation.
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INTRODUCTION

Adenosine is an endogenous nucleoside that plays an important role in physiological and
pathological processes including sleep,! stroke,? vasodilation,3 and inflammation.# Recently,
rapid changes in adenosine have been discovered using fast-scan cyclic voltammetry
(FSCV).>11 One mode of rapid adenosine signaling is spontaneous adenosine events
(without stimulation), which lasts only about 2—-3 seconds and occurs randomly, typically
every 2-3 min.? Another mode of rapid adenosine signaling is evoked by mechanical
stimulation® and lasts about 15-30 s. Both modes of transient adenosine signaling result in
rapid neuromodulation, rapidly regulating dopamine neurotransmission!? and modulating
local blood flow and oxygen levels.1314 However, the mechanisms of extracellular
formation of these two modes of rapid adenosine signaling have not been elucidated, and if
they had different mechanisms of formation, it would allow them to be manipulated by
different drugs.

Extracellular adenosine has two possible mechanisms of formation, it may be formed
intracellularly and then released as adenosine or formed extracellularly via breakdown of
extracellular ATP. For the intracellular pathway, adenosine is formed inside the cell via
cytosolic 5 -nucleotidase, which dephosphorylates AMP,1° and then adenosine itself is
released into the extracellular space via equilibrative adenosine transporters (ENTS) or
vesicular release.16 For the extracellular pathway, adenosine is formed in the extracellular
space after hydrolysis of ATP. ATP is released in the extracellular space by transporters or
through exocytosis.1” The main enzymes that rapidly degrade extracellular ATP to adenosine
are nucleoside triphosphate diphosphohydrolase (NTPDase; e.g., CD39, NTPDase-1) which
degrades ATP or ADP to AMP and ecto-5"-nucleotidase (CD73), which degrades AMP to
adenosine.18 However, adenosine is also formed by other enzymes extracellularly, such as
tissue non-specific alkaline phosphatase (TNAP), which dephosphorylates ATP, ADP, and
AMP,19 and prostatic acid phosphatase (PAP),11:19 which produces adenosine from AMP.11
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Most studies probing the function of adenosine that is formed extracellularly use mice with
global deletion of either CD73 (CD73K0) or CD39 (CD39K0).20-21 For example, deletion
of CD73 leads to an exaggerated inflammatory response?2 and CD73KO increases tumor
growth through NF-xB activity via adenosine A,g receptor signaling.23 Decreasing CD39
expression is correlated with reduced adenosine concentrations,242% and during stroke,
CD39KO mice exhibit larger cerebral infarct volumes and decreased post-ischemic
perfusion.28 For rapid adenosine signaling, in lamina 11 of sagittal spinal cord slices, the
concentration of spontaneous adenosine was decreased by CD73KO and PAPKO.1 Thus,
we hypothesize that spontaneous adenosine signaling in the brain may also be due to
extracellular breakdown of ATP. However, the mechanism of adenosine formation for
mechanosensitive adenosine signaling is unknown. Thus, studies comparing spontaneous
and mechanosensitive adenosine signaling in CD73KO or CD39KO mice would give insight
into the extent that the mechanism of adenosine formation is conserved for these two
discrete types of signaling and may lead to a better understanding of how to manipulate
different modes of adenosine signaling for therapeutic purposes.

In addition, all previous studies of adenosine formation in CD73KO or CD39KO mice were
performed in male mice or did not look for sex differences. Our recent studies show sex
differences in the frequency and concentration of spontaneous adenosine release?” and sex
differences have been elucidated in behaviors mediated by adenosine receptors,28:2% and in
adenosine deaminase activity.3% Many other neuromodulators, such as dopamine, have well
known sex differences in the concentration of stimulated release.3! Therefore, we examined
sex differences in the mechanism of adenosine formation.

In this study, we investigated the effect of CD39 and CD73 on the formation of spontaneous
and mechanically-stimulated adenosine by comparing adenosine in WT mice with mice with
global deletions of CD73 or CD39. Adenosine was measured in the hippocampus, an area
with a high frequency of spontaneous adenosine transients32 that is associated with memory
and learning and adenosine neuromodulation of synaptic transmission during stroke.33-37
Mechanosensitive adenosine signaling is not affected by CD73KO or CD39KO but the
frequency of spontaneous adenosine events was reduced in CD39KO and CD73KO mice.
Sex differences in spontaneous adenosine events were evident in CD73KO mice and were
due to upregulation of TNAP in male CD73KO mice which compensates for CD73 loss.
Thus, spontaneous adenosine is formed by extracellular breakdown of ATP, while
mechanically-stimulated adenosine is not and it may be released as adenosine per se.
Understanding these different mechanisms of rapid adenosine formation will help to develop
pharmacological treatments that differentially target modes of rapid adenosine signaling.

RESULTS

Deletion of CD39 or CD73 results in decreased spontaneous adenosine events

The goal of this study was to investigate the extent to which extracellular metabolism of
ATP by CD39 or CD73 is involved in the formation of spontaneous and mechanically-
stimulated adenosine in the hippocampus of both male and female mice. Adenosine events
varied in WT, CD73KO, and CD39KO mice. In an example color plot of 70 s of data, there
were 3 transient adenosine events in a WT female (Fig. 1A). However, there was only 1

ACS Chem Neurosci. Author manuscript; available in PMC 2021 March 18.



1duosnuen Joyiny 1duosnuey Joyiny 1duosnuen Joyiny

1duosnuep Joyiny

Wang et al.

Page 4

event in the example CD73KO and CD39KO female mice (Fig. 1B and C). Example data
from male mice are shown in Supplementary Fig. 1. The average number of adenosine
events in all mice (males and females) per hour was 57 + 7 in WT, 30 = 5 in CD73KO, and
20 + 2 in CD39KO. There was a significant overall effect of genotype on number of
adenosine events (Fig. 1D, One-way ANOVA, n = 8 animals, 4M and 4F per genotype; p=
0.0002). The number of adenosine events in CD73KO and CD39KO mice were significantly
lower than in WT (Tukey’s test, p=0.0049 and p = 0.0002, respectively). To examine the
frequency of spontaneous adenosine events, the inter-event time between two consecutive
adenosine events was calculated (Fig. 1E). The average inter-event time was 63 = 2 s in WT,
92 £35in CD73KO, and 174 + 7 s in CD39KO. Therefore, transient adenosine events
happened on average once a minute in WT mice while they occurred once every 3 minutes
in CD39KO mice. There was an overall significant difference in the underlying distributions
of inter-event time among all three genotypes (Kruskal-Wallis test, p < 0.0001). Post-tests
revealed a significant difference between WT and CD73KO, WT and CD39KO, as well as
CD73KO and CD39KO (Dunn’s test, all p<0.0001). Thus, spontaneous adenosine events
were most frequent in WT followed by CD73KO and CD39KO.

The average concentration of adenosine events in each genotype was similar with 0.40 +
0.05 pM in WT, 0.37 £ 0.05 uM in CD73KO, and 0.39 + 0.04 pM in CD39KO. There was
no significant overall effect of genotype on spontaneous adenosine concentration (Fig. 1F,
one-way ANOVA, p=0.77). The t;» was calculated from the width at the half peak height.
The average t1p was 1.8 + 0.1 s in WT, 1.6 £ 0.1 s in CD73KO, 1.8 £ 0.09 s in CD39KO,
and they were not significantly different (Fig. 1G, one-way ANOVA, p= 0.13). Thus,
CD73KO0 and CD39KO did not affect the concentration or t1, but significantly decreased
the number and frequency of spontaneous adenosine events.

Deletion of CD73 or CD39 does not affect mechanically-stimulated adenosine in vivo

Mechanical stimulation of adenosine was performed by lowering a carbon-fiber
microelectrode 0.1 pm after 4 hours data collection of spontaneous adenosine. Previous
studies showed that this does not damage cells or cause apoptosis.19 The mechanical
stimulation was repeated every 15 min for a total of 4 stimulations; new tissue was
stimulated every time because the electrode was always moved down. Occasionally, a
mechanical stimulation did not induce detectable adenosine concentrations. In both WT and
CD39KO, 4 out of 32 stimulations did not evoke adenosine, while 2 out of 32 stimulations in
CD73KO (n = 8 animals) did not evoke adenosine. Thus, there was no difference in
frequency of mechanically-evoked adenosine events among the different genotypes.

Fig. 2A-C show examples of mechanically-stimulated adenosine in female WT, CD73KO,
and CD39KO mice after the electrode was lowered 0.1 mm (stimulation indicated by arrow
under plot). The peak adenosine concentration for the example stimulations is 7 uM in WT,
6 UM in CD73KO, and 11 uM in CD39KO mice. Example color plots for male mice are
shown in Supplemental Fig. 2. Fig. 2D and 2E show the average concentration and ty/, of
each successive mechanical stimulation as well as average for all stimulations (in combined
male and female mice). The average concentration of adenosine per stimulation was slightly
lower in CD73KO with a concentration of 8 + 1 uM and compared to 10 + 1 uM in
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CD39KO and 11 £ 1 uM in WT. However, there was no significant overall effect of
genotype or stimulation number on the concentration of mechanically-evoked adenosine
(Fig. 2D, two-way repeated measure ANOVA, n = 8 animals (4M and 4F)/genotype, F(,, 21)
=0.4428, p=0.65 and F(3, g3) = 2.451, p=0.072, respectively). The average ty/, of
mechanically-stimulated adenosine was 7 + 1 s in WT, 8 £ 1 sin CD73KO, 10 £ 1 s in
CD39KO, with no significant overall effect of genotype or stimulation number (Fig. 2E,
two-way repeated measure ANOVA, F(; 21y = 0.8810, p=0.43 and F(3, 43) = 0.4586, p=
0.71, respectively). Overall, CD73KO and CD39KO did not affect the frequency of events,
concentration, or ty;, of mechanically-stimulated adenosine.

Sex differences in spontaneous adenosine in CD73KO mice

For each genotype, we performed experiments in 4 female and 4 male mice. Initial data was
pooled (Fig. 1 and 2), but upon looking at the data by genotype, sex differences were
apparent for the CD73KO mice for spontaneous adenosine. Figure 3 shows the data broken
down by sex for both spontaneous and mechanically-stimulated adenosine. There was a
significant overall effect of genotype (Fig. 3A, two-way ANOVA, F (; 1g) = 7.9, p=0.0003)
but not sex (F(1, 18) = 0.5517, p=0.4672) on the number of adenosine events and a significant
interaction (F (2, 18) = 13.16, p=0.0034). The average number of adenosine events per hour
was 49 £ 9 in male and 66 = 11 in female for WT mice, not statistically different (Tukey
post-test, n = 4 animals/group, p=0.59). However, the number of events varies by sex in the
CD73KO mice with an average number of adenosine events per hour of 57 £ 9 in male and
20 + 3 in female (Tukey’s test, p=0.0196). The male CD73KO mice produce adenosine
transients at the same frequency as WT males but the female CD73KO mice produce many
fewer transients than WT females. The average number of adenosine events per hour was 17
+ 1 in male and 24 + 3 in female for CD39KO and both males and females produce fewer
transients than WT for the CD39KO mice (Tukey’s post-test, WTM vs. CD39KOM:
p=0.049, WTF vs. CD39KOF: p=0.0079), so there were no sex differences for this genotype.

For concentration of each spontaneous adenosine event, there were also sex differences for
CD73KO mice. The concentrations of the first 50 adenosine events were taken from each
animal to avoid bias from the differences in number of events per animal. A two-way
ANOVA of the concentration data revealed a significant overall effect of sex (Fig. 3B, two-
way ANOVA, F (2, 1194) =11.94, p=0.0006) but not genotype (F (2, 1194) = 2.51, p=0.081)
and a significant interaction (F (o, 1194) = 32.12, p<0.0001). For WT mice, females on
average had larger concentrations (0.41 + 0.02 uM) than males (0.32 £ 0.01 uM) (Tukey’s
test, n = 4 animals/group, p=0.0012). The pattern was the same for the CD39KO mice with
an average concentration of 0.45 + 0.02 pM in females and 0.31+ 0.01 pM in males (Tukey’s
test, p< 0.0001). However, the trend was the opposite for CD73KO mice, as males had larger
concentrations (0.39 + 0.02 uM) than females (0.29 £+ 0.01 uM) (Tukey’s test, p=0.0002).
When the data was pooled (Fig. 1), these differences averaged out to no effect, but when the
sexes were separated, it was clear that the pattern of concentration changed in CD73KO
mice.

For mechanically-stimulated adenosine, there is a significant overall effect of sex (Fig. 3C,
two-way ANOVA, F(, 1) = 11.21, p=0.0036) but not genotype (F(,, 1) = 0.9284, p=0.41)
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on concentration of adenosine and a significant interaction (F(2, 1) = 4.710, p=0.023). There
were sex differences for WT mice, as females had lower concentrations (Tukey’s test,
p=0.037). However, the patterns for sex differences were the same for WT and CD73KO, so
the big sex differences that were observed with spontaneous adenosine for WT vs CD73KO
are not evident for mechanically-stimulated adenosine. The average concentration of
adenosine was 9 + 1 uM in male and 11 + 1 pM in female for CD39KO and no significant
sex differences were observed.

The hypothesis for the sex differences in spontaneous adenosine was that other
compensatory enzymes were upregulated in male CD73KO mice compared to females. In
order to understand the sex differences, quantitative PCR was performed to examine mRNA
expression for some of the compensatory enzymes that can also hydrolyze AMP to
adenosine. In particular, other studies have shown that both forms of PAP, secreted PAP (s-
PAP) and transmembrane PAP (TM-PAP),38 as well as TNAP, also breakdown AMP to
adenosine and thus affect adenosine transients in the spinal cord.1® Only WT and CD73KO
mice were tested, since there were no large sex differences for the CD39KO mice. The
results of the PCR are shown in Figure 4, with data normalized to the expression in WT
females for each group. A two-way ANOVA revealed a significant overall effect of genotype
(two-way ANOVA, F(q, 15) = 8.444, p=0.032) but not sex (F(q, 15) = 1.011, p=0.33) on TNAP
expression and a significant interaction (Fig, 4A, F(y, 15) = 5.6, p = 0.032). TNAP was
upregulated in males of CD39KO mice but not females (Tukey’s test, n = 5 animals/group, p
=0.015 and p=0.92, respectively). Male CD73KO mice had about twice as much TNAP
expression as female CD73KO mice. However, there were no effects sex or genotype for s-
PAP (Fig. 4B, two-way ANOVA, F( 15)=0.87, p=0.36 and F(y,15) = 0.0064, p= 0.94,
respectively) or TM-PAP (Fig. 4C, Two-way ANOVA, F( 15) = 0.002, p=0.94 and F(; 15) =
0.17, p=0.53, respectively).

DISCUSSION

In this study, we investigated the effect of CD39 and CD73 on the formation of spontaneous
and mechanically-stimulated adenosine in male and female mice. Our hypothesis was that in
the CD73KO and CD39KO mice, the number and concentration of adenosine events in the
hippocampus would decrease if the mechanism of adenosine formation was due to
extracellular ATP breakdown. For mechanically-stimulated adenosine, the concentration and
frequency of adenosine was not affected by global deletion of CD39 or CD73. For
spontaneous adenosine, knocking out CD39 or CD73 reduced the frequency of spontaneous
adenosine events. Therefore, spontaneous adenosine is formed through breakdown of
extracellular ATP but mechanically-stimulated adenosine is not. These different mechanisms
of formation for spontaneous and mechanically-stimulated adenosine could be important for
future studies designing drugs to target different modes of adenosine for therapy.

CD73KO mice had interesting sex differences for spontaneous adenosine, where males
produced adenosine events at the same frequency as WT males, but females had
dramatically fewer transients than WT. The cause of these sex differences is upregulation of
tissue nonspecific alkaline phosphatase (TNAP) in CD73KO males, while females had no
changes. Thus, males produce more and larger adenosine transients because they
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compensate for CD73KO by upregulating TNAP, which also can produce adenosine from
ATP. These sex differences confirm that spontaneous adenosine is a result of extracellular
ATP breakdown and that many enzymes contribute to the process. Sex differences in
CD73KO mice should be further explored for other types of adenosine as our studies
indicate adenosine levels may not be low in male CD73KO mice.

Spontaneous adenosine is due to extracellular breakdown of ATP

The main research question of this study is how does global deletion of CD73 or CD39
affect spontaneous and mechanically-stimulated adenosine. The predominant enzyme
responsible for the conversion of extracellular ATP or ADP to AMP is CD39 (NTPDasel)
and for conversion of extracellular AMP to adenosine is CD73 (ecto-5’-nucleotidase).3® The
conversion of adenine nucleotides to adenosine is very fast, as extracellular ATP is broken
down to adenosine within 20 ms*0 and thus on the time scale of FSCV, with data collected
every 100 ms, adenosine concentrations rise quickly and conversion looks instantaneous.
Previous studies have addressed questions of adenosine mechanism of formation with these
micell:19.21.4142 and therefore, we examined spontaneous adenosine events in CD39KO and
CD73KO mice with a hypothesis that they would have lower concentration and lower
frequency of adenosine transients.11

Interestingly, for the aggregate data, concentration of each adenosine transient was not
affected by CD73KO or CD39KO. However, female CD73KO mice had no compensation by
other enzymes and thus had lower adenosine concentrations than WT, which suggests
reducing the amount of enzyme present lowers concentration. Hydrolysis of ATP to
adenosine is such an important pathway that there are redundant, alternative enzymes. For
example, ATP and ADP are also hydrolyzed by NTPDase2 and 3.3 Tissue non-specific
alkaline phosphatase (TNAP) dephosphorylates ATP, ADP, and AMP2® and prostatic acid
phosphatase (PAP) produces adenosine from AMP.11 Thus, even when a major pathway of
ATP metabolism is knocked out, adenosine is still formed by other enzymes. For example,
double knock-out of PAP and CD73 reduced the frequency and concentration of
spontaneous adenosine transients in spinal cord slices by more than 50%,11 but events were
not fully eliminated until a drug was applied to block TNAP.1® Here, we did not check the
CD39KO mice for compensation, because they had no sex differences, but they might have
other upregulated enzymes that could increase the concentration. However, concentration is
likely a proximity issue; if ATP is released near an enzyme that can convert it to adenosine,
we see a full concentration transient, and if it is not (like in the KO mice), we see no event.

For spontaneous adenosine, the aggregate data (Fig. 2) showed a significant decrease in the
number of adenosine transients in both CD73KO and CD39KO mice. CD39 and CD73 are
both extracellular, membrane-bound enzymes,** so knocking them out means that if ATP is
released, it may not encounter an extracellular enzyme to be quickly metabolized to
adenosine. Our electrode is 5-times more sensitive for adenosine than ATP detection, so ATP
that is not metabolized to adenosine is likely not detected, and events are due to adenosine.*>
Some ATP may be broken down by other enzymes, so adenosine formation is not
eliminated, but fewer spontaneous events are detected, and some events might not be above
the limit of detection (40 nM). This theory is validated by male CD73KO, which had higher
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spontaneous event frequencies, but also upregulated TNAP. There is also another possible
explanation for lower frequencies of adenosine events: CD73KO or CD39KO may raise
basal levels of ATP, which could feedback at ATP receptors to inhibit further events. For
example, ATP receptors are located pre-synaptically on glutamate terminals and modulate
glutamate release; 40 if ATP is co-released with glutamate, this would affect the frequency of
the events. Thus, we cannot rule out that CD73KO or CD39KO indirectly affects the
frequency. Previous studies also revealed that spontaneous adenosine transients are regulated
by frequency, not concentration. For example, A; and Ay, receptor antagonists and agonists
change the event frequency dramatically but have little to no effect on concentration.13
Similarly, CD73KO and CD39KO regulate spontaneous adenosine mainly through
frequency, rather than concentration.

Sex differences in spontaneous adenosine in CD73KO mice

The aggregate data that combined males and females suggested that the formation of
spontaneous adenosine was due to ATP breakdown. However, on examining the data by sex,
we noticed many sex differences for the CD73KO mice. In particular, male CD73KO mice
had a similar frequency of transients as WT males, but female CD73KO had dramatically
lower numbers of transients. Sex differences in concentration of transients were also
observed, with higher concentration adenosine transients in females for WT and CD39KO
mice, but lower concentration transients for females in CD73KO mice.

These sex differences led to the hypothesis that other enzymes that metabolize ATP or AMP
may also have sex differences in CD73KO mice. PAP is made in the prostate (hence the
word prostatic in its name) but tm-PAP is widely expressed in non-prostatic tissues,* and
females have it as well.4” However, the gPCR findings showed no sex differences in either
form of PAP but instead in TNAP. TNAP is tissue non-specific, but highly expressed in the
brain,*8 and is a membrane-bound protein that regulates the amount of phosphorylated
compounds. TNAP dephosphorylates tau protein, turning it into a protein suitable for
aggregation and its activity is important for Alzheimer’s disease.4® Upregulation of TNAP
has an important effect on spontaneous adenosine because male CD73KO mice have higher
frequency and larger concentration adenosine events, demonstrating that twice the
expression of TNAP can completely compensate for the lack of CD73. CD73 and TNAP are
known to interact in the body. For example in the heart, extracellular adenosine produced by
CD73 suppresses TNAP activity, which reduces levels of calcification, but blocking CD73
increases TNAP activity.50 In the brain, TNAP is important for producing increases in
extracellular adenosine during ischemia in CD73KO mice, and could compensate almost
completely for the loss of CD73.51 However, none of these studies examined female mice,
and female CD73KO mice might have less neuroprotection via adenosine during stroke due
to lower TNAP levels. The mechanism of sex specific compensation is not yet understood
and should be examined in future studies. These data confirm that spontaneous adenosine is
formed by extracellular metabolism of ATP, but there are other enzymes that play a role
besides the CD73/CD39 pathway.
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Mechanically-stimulated adenosine is not dependent on CD73 and CD39

We also directly investigated the effects of CD73 and CD39 on mechanically-stimulated
adenosine in the same animals spontaneous adenosine events were measured. Our previous
study in brain slices showed that insertion of an electrode and multiple stimulations by
lowering electrode did not significantly damage the tissue.1? For mechanically-stimulated
adenosine, CD73 and CD39 KO did not affect the frequency or concentration of adenosine
events. The frequency of mechanical stimulation evoking adenosine was similar in all
genotypes, with stimulation causing adenosine 88% of the time in WT, 94% in CD73KO,
and 88% in CD39KO mice. The concentration of adenosine per event was also similar in all
genotypes. Females had lower amounts of mechanically-stimulated adenosine in both WT
and CD73KO mice, but the trends were the same between the genotypes and there were no
striking sex differences like for the spontaneous adenosine events. CD39KO mice had
similar concentrations of mechanically-stimulated adenosine for males and females, but the
same average as the other genotypes. Therefore, mechanically stimulated adenosine is not
affected by CD73 and CD39 KO and its mechanism of formation is different than that of
spontaneous adenosine.

The mechanism of mechanically-stimulated adenosine could be direct release of adenosine,
instead of ATP. This release of adenosine could be vesicular, as adenosine has been found in
synaptic vesicles.1® Application of tetrodotoxin to block sodium channels or chelating
calcium with EDTA decreased the concentration of mechanically-sensitive adenosine,
suggesting mechanically-stimulated adenosine is activity dependent and vesicular.19 Another
possibility is that adenosine is transported into the extracellular space through equilibrative
nucleoside transporters (ENTS), but past studies showed that inhibiting ENTs with NBTI in
rat brain slices did not affect the concentration of mechanically-stimulated adenosine.10
Finally, pannexin channels are gap junction proteins that are mechanosensitive and could
directly allow adenosine to pass into the extracellular space.>2 This mechanism could be
investigated in further studies.

Implications of different mechanisms of formation for spontaneous and mechanically-
stimulated adenosine

Rapid adenosine signaling is important for rapid modulation of both neurotransmission and
blood flow.8:12-14.53 For example, spontaneous adenosine events increase during ischemia-
reperfusion and provide fast, local neuroprotection.8:14 Therapies that upregulate CD73 or
CD39 would provide even more local neuroprotection, by increasing spontaneous adenosine.
However, they would do very little to protect the brain during trauma that might cause
mechanically-stimulated adenosine events. There is the additional complication that any
therapy that affects CD73 might also affect TNAP levels, which are also critical for
maintaining spontaneous adenosine. In addition, any future studies should examine sex
differences in these enzymes, as compensation may be different in males and females. Thus,
understanding the mechanism of adenosine formation in both sexes is important for an
understanding of how adenosine might be manipulated to provide therapeutic
neuroprotection.
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MATERIALS AND METHODS

Animals and surgery

Chemicals

Wild type C57BL/6J and CD73 deficient (CD73KO, with a C57BL/6 genetic background)
male and female mice were purchased from Jackson Laboratory (Bar Harbor, ME). CD39
deficient (CD39KO) mice onto a C57BL/6 background were kindly provided by Dr. Bruce
N. Cronstein and obtained from Taconic Biosciences (Rensselaer, NY).21 Previous studies
have used the C57B/6J line as a WT comparison for both KO strains.21 All mice were used
between 6-8 weeks of age. Animals were housed with food and water provided ad /ibitum
on a standard 12:12 h light/dark cycle. Mice were anesthetized with 5% isoflurane in 100%
oxygen in an anesthetic chamber and then transferred to a stereotaxic frame (Stoelting,
Wood Dale, IL, USA). Anesthesia was maintained with 1.5-3% in 100% oxygen delivered
via a facemask (Stoelting). Isoflurane levels were adjusted until loss of righting reflex was
observed. A homeothermic blanket system (Stoelting, Wood Dale, IL, USA) was used to
maintain body temperature around 37 °C. Bupivacaine (0.20 mL) (Sensorcaine® MPF; APP
Pharmaceuticals, LLC, Schaumburg, IL, USA) was administered under the skin for local
anesthesia and the surgical site was shaved. Holes were drilled to allow the placement of the
electrode in the hippocampus (AP —2.5 mm, ML + 2.4 mm, and DV -1.8 mm) based on the
atlas of Paxinos and Frankline.>* All experiments were approved by the Institutional Animal
Care and Use Committee of the University of Virginia.

All reagents for the phosphate-buffered saline (PBS) solution were purchased from Fisher
Scientific (Fair Lawn, NJ, USA) and used for electrode calibration, consisting of 3.0 mM
KCI, 10.0 mM NaH,POy, 2.0 mM MgCls,, 131.25 mM NaCl and 1.2 CaCly, with pH
adjusted to 7.4. Adenosine was purchased from Sigma Aldrich (Milwaukee, WI, USA). A
10.0 mM stock solution of adenosine was prepared in 0.1 mM HCIO,4 and stored at 4 °C.
Adenosine was diluted daily in PBS solution to 1uM for calibration of the electrodes. All
aqueous solutions were prepared using deionized water (Milli-Q Biocel; Millipore, Billerica,
MA, USA).

Electrochemical detection of adenosine

Fabrication of carbon-fiber microelectrodes with T-650 carbon fibers was previously
described.13 Cylinder electrodes were used with a 7 pm diameter and exposed length of
150-200 um. Adenosine was detected with fast-scan cyclic voltammetry as previously
described.13:55 The voltage was scanned from —0.4 V to 1. 45 V and back to —0.4 V at 400
V/s, which takes 9.25 ms. The voltage was then held at —0.4 V for 90.75 ms before the
potential waveform was applied again, so the waveform frequency was 10 Hz. Therefore,
adenosine could be detected electrochemically on the subsecond timescale.

Fast-scan cyclic voltammetry (FSCV) was used to detect and quantitate adenosine on a sub-
second time scale.?>=57 The FSCV waveform and data were collected through computer
controlled HDCV software (University of North Carolina, Chapel Hill, NC, USA). A Dagan
Chem Clamp potentiostat (Dagan Corporation, Minneapolis, MN, USA) with Pine headstage
(Pine instruments, Durham, NC) was used to apply the potential. All adenosine FSCV data
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is background subtracted, by taking a background scan 5 seconds before an adenosine event
and subtracting the current from that scan from the current when adenosine was present.
Adenosine was identified with an oxidation peak at 1.3 V on the cathodic scan and 1.2 V on
the anodic scan in the cyclic voltammograms (Fig. 1LA-1C, top) and 3-D color plots (Fig.
1A-1C, bottom), where adenosine oxidation is the green/purple area in the middle of the
color plot.16 Concentration vs. time traces (middle) were derived from corresponding 3-D
color plots at the potential for the primary oxidation peak, which was converted to
concentration using a calibration factor. An automated algorithm was used to identify

adenosine transients, and confirmed adenosine events are starred on the concentration traces.
58

Quantitative real-time polymerase chain reaction

The hippocampus was flash frozen after removal and stored at —80 °C prior to RNA
extraction and RT-qPCR analyses. RNA was isolated from ~25 mg of mouse hippocampus
tissue in 0.6 mL of TRIzol (Invitrogen, Life Technologies, Carlsbad, CA, USA) according to
the manufacturer’s instructions. RNA was purified using the RNeasy Mini protocol (Qiagen,
Hilden, Germany). Isolated RNA was quantified using a NanoDrop spectrophotometer
(Thermo Scientific, Wilmington, DE, USA), with samples selected only with A260/A280
ratios between 1.8 and 2.1. 700 micrograms of RNA was reverse transcribed using the
iScript cDNA Synthesis kit (Bio-Rad, Hercules, CA), according to the manufacturer’s
instructions. The cDNA was stored at —80 °C until use.

Primers were designed using primer-BLAST (http://www.nchi.nlm.nih.gov) (Table 1) or
were taken from the literature (CD73%9, actb0, TNAPL9). All primer pairs spanned an exon
to avoid amplification of genomic DNA. RT-qPCR was performed on a CFX Connect
Detection System (Bio-Rad, Hercules, CA) using Sso Advanced Universal SYBR Green
Mix (Bio-Rad, Hercules, CA). Reactions were carried out in 20 uL total volume, with 150
ng cDNA and 100 nM of each primer. The following amplification program was used in all
RT-gPCRs: 95 °C for 2 min, and 40 cycles of 15 s at 95 °C and 15 s at 60 °C. The specificity
of each amplified reaction was verified by a dissociation curve analysis after 40 cycles and
by 2% agarose gel electrophoresis. Each sample was analyzed in quadruplicate wells and
NTC “no-template controls” (without cDNA in the PCR) were included.

Serial 10-fold dilutions of each plasmid were used to generate a standard curve and
amplification efficiencies (E) were determined based on the slope (M) of the log-linear
portion of each standard curve (E = 10-1/M -1). Serial 2-fold dilutions were used to
generate a standard curve, and amplification efficiencies (E) were determined based on the
slope (M) of the log-linear portion of each standard curve (E = 10"YM -1 * 100). The
minimum information for publication of quantitative real-time PCR experiments (MIQE)
guidelines (Bustin et al. 2009) was used to promote implementation of experimental
consistency and to increase the integrity of our results.

Data Analysis and Statistics

Transient adenosine events were first identified and analyzed using a new automated
algorithm,8 adenosine events were then confirmed by an analyst to exclude any signals that
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were not adenosine. The primary oxidation peaks of adenosine in Figure 1A-1C were
filtered using a Fourier transform 1 Hz filter to reduce noise. All data were shown as mean +
SEM and all statistics were performed in GraphPad Prism 6 (GraphPad Software Inc., San
Diego, CA, USA). One-way or two-way ANOVA with post hoc Tukey’s test or a Student’s
unpaired #test was performed on the number, concentration and ty, of transient adenosine to
assess differences between knockout and wile type mice. The distribution of inter-event time
of adenosine events was analyzed using Kruskal-Wallis test with post-hoc Dunn’s test. Some
data points for adenosine inter-event time (longer times) were not shown in order to better
show the lower inter-event time where changes were more obvious. However, all data for
inter-event time were used for statistical analyses. Statistical significance was designated at
p<0.05.

Supplementary Material

Refer to Web version on PubMed Central for supplementary material.

ACKNOWLEDGMENTS

This work was supported by grants from NIH (RO1NS076875, EB026497) to BJV. We thank Dr. Bruce N.
Cronstein from University of New York School of Medicine for providing us with the CD39 KO mice.

Abbreviations

WT Wild-type

KO Knockout

PAP prostatic acid phosphatase

FSCV Fast-scan cyclic voltammetry

CD39 triphosphate diphosphohydrolase 1

CD73 ecto-5’-nucleotidase

ENTSs equilibrative adenosine transporters

NTPDase triphosphate diphospholydrolase
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Figure 1. Spontaneous adenosine in the hippocampus.
Example adenosine events in females of (A) wild-type (B) CD73KO, and (C) CD39KO

mice. Adenosine can be identified in cyclic voltammograms (top) by its primary oxidation
peak at 1.3 V on the cathodic scan and secondary oxidation peak at 1.2 V on the anodic
scan. Concentration vs. time traces (middle) were derived from corresponding 3-D color
plots (bottom). Adenosine oxidations are the green/purple area in the middle of the color
plot. (D) Number of adenosine events per hour (One-way ANOVA, n = 8 animals (4M/4F)/
genotype, overall effect p=0.0002, Tukey’s test, ** p<0.01, ***p < 0.001). (E) Inter-event
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time distributions. The underlying inter-event time distributions of adenosine were
significantly different (Kruskal-Wallis test, overall effect p < 0.0001, Dunn’s test, **** p <
0.0001). (F) Mean concentrations of each adenosine event did not vary by geneotype (One-
way ANOVA, n = 8 animals/genotype, p=0.77). (G) Average ty/» did not significantly differ
by genotype (One-way ANOVA, n = 8 animals/genotype, p= 0.13).
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Figure 2. Mechanically-stimulated adenosine in the hippocampus.
Example of mechanically-stimulated adenosine in female (A) wild-type, (B) CD73KO, and

(C) CD39KO mice. Electrode was lowered 0.1 mm at 30 s (arrow). Concentration vs. time
traces show the peak concentration of adenosine. Four consecutive stimulations were
performed every 15 min for totally 4 stimulations. (D) Concentration of mechanically-
stimulated adenosine, shown by stimulation number. Red dashed lines are the average for all
4 stimulations for each genotype. There was no significant effect of genotypes or stimulation
number on concentration of mechanically-stimulated adenosine (Two-way repeated measure
ANOVA, n = 8 animals (4M and 4F)/genotype, p=0.65 and p= 0.072, respectively). (E) t1»
of mechanically-stimulated adenosine, by stimulation number. Red line is average for all
stimulations. There was no significant effect of genotypes or stimulation number on ty;, of
mechanically-stimulated adenosine (Two-way repeated measure ANOVA, n=8 (4M/4F) p=
0.43 and p=0.71, respectively).
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Figure 3. Sex differences in spontaneous (A-B) and mechanically-stimulated (C) adenosine.
(A) Number of spontaneous adenosine events per hour, broken down by sex in each

genotype. There is a significant interaction of genotype and sex on number of adenosine
events (Two-way ANOVA, n = 4 animals/group, F (, 18) = 7.9, p = 0.0034, Tukey post- test
data is marked for important differences and full post-test data is in Table S1). (B)
Concentration of individual adenosine transients in each genotype. There is a significant
interaction of genotype and sex on concentration of adenosine events (Two-way ANOVA, n
= 200 transients/group, F (2, 1194) = 32, p < 0.0001. Tukey’s post-test data shown, with full
post-test data given in Table S2). (C) Concentration of mechanically-stimulated adenosine.
There is a significant interaction of genotype and sex on concentration of mechanically-
stimulated adenosine (Two-way ANOVA, n = 4 animals/group, F (2, 18) =4.7, p = 0.023).
Tukey’s post-test data is shown and full post-test results are in Table S3. * p<0.05 **
p<0.01, ***p < 0.001, ****p < 0.0001
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Figure 4. mRNA expression of other ATP breakdown enzymes in the hippocampus of wild-type
(WT) and CD73KO mice.

(A) The mRNA expression of TNAP in CD73KO males is significantly higher than in males
of WT (2-way ANOVA, Tukey’s test, n = 5 animals/group, p=0.015), but TNAP is not
upregulated in females (p=0.92). (B) For s-PAP, there are no significant differences by
genotype or sex. (C) For TM-PAP, there are no significant differences by genotype or sex.
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Gene Accession Forward Oligo Sequence 5’ — 3’ Reverse Oligo Sequence 5’ — 3’ Amplicon Reference

ID Number size (bp)

CD73 NM_011851 AGTTCGAGGTGTGGACATCGTG | ATCATCTGCGGTGACTATGAATGG | 118 Takedachi et
al, 2012%°

Actb NM_007393 CCTCCCTGGAGAAGAGCTATG TTACGGATGTCAACGTCACAC 157 Thomas et al,
2014

TNAP NM_007431 CTGACTGACCCTTCGCTCTC TCATGATGTCCGTGGTCAAT 116 Street et al,
201319

T™- NM_207668 CCACCAAGTGCTGAGGGTTATC | TGAGAGACGTCCCCAAGGTC 157

PAP

S-PAP NM_207668 CCACCAAGGACGGAATTAAAGC | TGGGGAAATCAGTCCTTCGC 137
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