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Abstract

Transient adenosine signaling has been recently discovered in vivo, where the concentration is on 

average 180 nM and the duration only 3-4 seconds. In order to rapidly screen different brain 

regions and mechanisms of formation and regulation, here we develop a rat brain slice model to 

study adenosine transients. The frequency, concentration, and duration of transient adenosine 

events were compared in the prefrontal cortex (PFC), hippocampus (CA1), and thalamus. 

Adenosine transients in the PFC were similar to those in vivo, with a concentration of 160 ± 10 

nM, and occurred frequently, averaging one every 50 ± 5 s. In the thalamus, transients were 

infrequent, occurring every 280 ± 40 s, and lower concentration (110 ± 10 nM), but lasted twice as 

long as in the PFC. In the hippocampus, adenosine transients were less frequent than in the PFC, 

occurring every 79 ± 7 s, but the average concentration (240 ± 20 nM) was significantly higher. 

Adenosine transients are largely maintained after applying 200 nM tetrodotoxin, implying they are 

not activity dependent. The response to adenosine A1 antagonist 8-cyclopentyl-1,3-

dipropylxanthine (DPCPX) differed by region; DPCPX had no significant effects in the PFC, but 

increased the average transient concentration in the thalamus and both the transient frequency and 

concentration in the hippocampus. Thus, the amount of adenosine available to activate receptors, 

and the ability to upregulate adenosine signaling with DPCPX, varies by brain region. This is an 

important consideration for designing treatments that modulate adenosine in order to cause 

neuroprotective effects.
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Introduction

Adenosine is a neuromodulator that also protects the brain from adverse events such as 

hypoxia or traumatic brain injury.1 Adenosine activates inhibitory A1 receptors which, in 

turn, decrease cAMP concentrations resulting in a decrease in neuronal firing.2 A1 adenosine 

receptors play an inhibitory role, modulating neurotransmitter release and are found both 

presynaptically and postsynaptically.3,4 The A1 antagonist DPCPX increases cell excitability 

while the A1 agonist N6-cyclopentyladenosine decreases excitability.5,6 Adenosine also 

activates excitatory A2A receptors on blood vessels to cause vasodilation, increasing oxygen 

delivery to the brain.7 Changes in extracellular adenosine concentrations have been observed 

on time scales ranging from minutes to hours.8,9,10 However, a faster form of transient 

adenosine release has recently been characterized, which lasts only a few seconds.11 While 

adenosine release can be electrically stimulated,12 recent studies have found transient 

adenosine events that are not stimulated, but spontaneous, and occur randomly.11,13,14 Rapid 

adenosine can modulate electrically-stimulated dopamine release.15 There is also a 

correlation between transient adenosine and transient oxygen events, supporting the 

hypothesis that rapid adenosine serves a neuroprotective role.16 However, there are many 

open questions about mechanisms of spontaneous adenosine release and the source of the 

adenosine that are not easy to decipher in vivo and different in situ or in vitro models are 

needed.

In anesthetized rats, the average concentration of a spontaneous adenosine transient is 170 

nM in the caudate-putamen and 190 nM in the prefrontal cortex (PFC).11 Each event lasts 

approximately 3 s and the average time between two consecutive events ranges from 1-3 min 

depending on the brain region. Adenosine transients are cleared in part by extracellular 

metabolic enzymes such as adenosine deaminase and adenosine kinase as well as 

equilibrative nucleoside transporters.13 While the previous work has elucidated some of the 

functions and mechanisms of transient adenosine, it is unclear if transient adenosine behaves 

in a similar manner throughout the brain. So far, differences in concentration and frequency 

have been discovered in the caudate and PFC but other brain regions are largely unexplored. 

Adenosine is neuroprotective and adenosine transients may play a role in stressful 

circumstances such as hypoxia or ischemia.17 As such, it is important to understand 

adenosine transients in regions typically studied in stroke, including the thalamus and the 

hippocampus.18,19 Defining differences between regions could help determine the extent to 

which adenosine modulation varies throughout the brain.

To characterize neurochemical release, pharmacological experiments are often used and 

brain slice models are widely employed because they allow rapid screening while bypassing 

the blood brain barrier. Brain slices have been used to elucidate the basic mechanisms of 

long-term adenosine release, identifying intracellular and extracellular mechanisms of 

formation.20,21,22,23 In particular, brain slices are convenient models for studying the effects 

of hypoxia and ischemia on adenosine pathways, by restricting the flow of oxygenated 

buffer to the slice.24,25,26,27 Using fast-scan cyclic voltammetry (FSCV), stimulated 

adenosine release has been measured in brain slices as well.12,28 However, it is not as 

obvious whether spontaneous transients will occur in brain slices since only the terminals 

are present. In spinal cord slices of the dorsal horn, the Zylka group did report low frequency 
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transient adenosine changes, occurring every few minutes, that were due to the breakdown 

of ATP in the extracellular space by prostatic acid phosphatase and ecto-5′-nucleotidase.
29,30 However, the extent to which transient adenosine is released in slices from central brain 

regions is unknown.

In this study, we used FSCV with carbon fiber microelectrodes (CFMEs) to characterize 

transient adenosine events in PFC, thalamus, and hippocampus brain slices and define 

differences in how they are regulated by A1 receptors. We also investigated the activity 

dependence of spontaneous, transient adenosine by treating slices with tetrodotoxin (TTX). 

Adenosine frequency, as well as the concentration and duration of events, varied by brain 

region. The effect of the A1 antagonist DPCPX also varied by brain region, showing there 

are regional differences in both the amount of adenosine neuromodulation and the regulation 

of adenosine transients by A1 receptors. TTX had little impact on transient adenosine, 

suggesting an alternative mechanism of release. This work establishes brain slices as a 

platform for pharmacological experiments to understand the mechanism, formation, and 

regulation of transient adenosine release, facilitating experiments that are not feasible in vivo 
due to toxicity or blood-brain barrier permeability. Understanding these differences in how 

transient adenosine is regulated will lead to a better understanding of how much adenosine is 

available in different regions to act as a neuromodulator.

Results and Discussion

Adenosine detection in slices with FSCV

The main goal of this study was to compare spontaneous, transient adenosine efflux in 

multiple brain regions. Adenosine was measured in real-time with FSCV, where it undergoes 

two oxidation processes that are visualized as two oxidation peaks.31 Using a voltage 

waveform from −0.4 V to 1.45 V and back at 400 V/s, the primary oxidation process yields a 

peak at 1.4 V on the cathodic scan. On subsequent scans, a secondary oxidation process 

occurs, giving a peak at 1.2 V on the anodic scan which has less current than the primary 

peak. These peaks are seen in Fig. 1, a 3D color plot of an adenosine transient in the PFC. 

The applied voltage is displayed on the y-axis, time on the x-axis, and the current in false 

color. There are two green/purple peaks in the center of the plot that are due to adenosine 

oxidation, and the secondary peak at 1.2 V always comes after the primary peak at 1.4 V. 

The inset is the cyclic voltammogram, which plots the current at each voltage and is a 

fingerprint for adenosine detection. There is also an artifact at the onset of the adenosine 

transients in situ, seen as a vertical colored line in the color plot (Fig. 1). This artifact is 

largest around 0.5 V, but the duration is much shorter than adenosine release and we 

hypothesize it is due to ionic changes. Additionally, there is a small peak at −0.2 V. 

However, this negative peak is at the start of the anodic scan so it’s more likely to be a 

background shift due to adsorption than a reduction process. To examine how adenosine 

changes over time, the current at the peak potential of the primary oxidation peak (i vs t) is 

shown above the color plot. The duration of a transient is calculated as the time it takes to 

rise from and decline to 10% of the maximum current; this transient lasts about 2.8 s. The 

peak concentration of this transient is 500 nM, converted from the current using a post-

calibration factor, and this is an example of one of the larger transients that are observed.
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Regional variation of spontaneous adenosine—From previous work studying 

stimulated adenosine release and long-term adenosine changes, we hypothesized that there 

would be regional differences in spontaneous adenosine transients in brain slices. Three 

brain regions were chosen: the PFC, where frequent transients had been reported in vivo,11 

and two new regions where spontaneous adenosine had not been explored in vivo: the 

hippocampus CA1 and the thalamus. All of these regions express intermediate to high levels 

of adenosine A1 receptors and are important in memory formation and recollection.32 The 

PFC is, in part, responsible for cognitive control, connecting working memory and 

personality.33,34 The hippocampus is associated with declarative and spatial memory in both 

humans and rats,35 and the CA1 plays an important role in maintaining an individual’s 

autobiographical memory and ability to mentally place themselves in time frames other than 

the present.36 The thalamus is involved with memory, learning, speech, personality and 

relaying sensory information, all of which can be compromised due to a stroke.37

Fig. 2 shows example color plots and data traces in each region. In the PFC, transients occur 

frequently, with 9 transients happening within this 2 min window (Fig. 2A). In the thalamus, 

transient adenosine events are less frequent with only 3 events in 2 min (Fig. 2B). Although 

the events in the thalamus were relatively infrequent, some do still occur in rapid succession 

which results in a broad range of inter-event times for this region. In the hippocampus CA1, 

transient adenosine events are less frequent than in the PFC but more frequent than in the 

thalamus. Seven transient adenosine events are identified in this 2-minute sample (Fig. 2C). 

Other regions of the hippocampus, including the CA2, CA3, and dentate gyrus were also 

tried, but robust transients were rarely seen in those locations.

In order to evaluate differences in regions statistically, one hour of data was collected from 8 

slices per region. The number of transients varied by region, with 65 ± 17 transients per hour 

in the PFC, 10 ± 2 transients in the thalamus, and 42 ± 7 transients in the CA1. There is an 

overall significant effect of brain region on number of transients (one-way ANOVA, p = 

0.005) and a significant difference between the PFC and the thalamus (Bonferroni post-test, 

p = 0.004), but there is no significant difference between the CA1 and the PFC (p = 0.20) or 

the thalamus (p = 0.28). In all brain regions, the frequency of adenosine events is higher in 

the initial part of the hour (Fig. S1A). However, this drop in frequency was consistent 

between slices and the time measured was the same for all slices. The drop in frequency may 

be due to the tissue being unable to synthesize adenosine, and a previous study found 

improvement by adding ribose and adenine in the perfusion buffer.26 However, adenine is 

electroactive and adding large amounts of it to the slice interferes with adenosine detection 

by FSCV. Alternatively, the increased frequency at the beginning could be due to electrode 

implantation disturbing tissue and causing more release.38 Sample colors plots in Fig. 2 

were taken from the first 10 minutes in their respective experiments when the transient 

frequencies were highest, and trends in concentration, duration, and relative frequency were 

also compared for both 1 hour and the first 10 min, and no differences were observed.

To examine frequency, we compared the distribution of inter-event times, which is the time 

between two consecutive transients. The inter-event times for each region were binned into 

20 second bins and plotted as a cumulative distribution due to the Poisson nature of the 

relative frequency distribution (Fig. 3A). The distribution of inter-event times in the PFC 
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(blue) rises rapidly, indicating a high frequency of events, while the rise for the CA1 (green) 

is slower. In the thalamus (red), the distribution rises very slowly, not even reaching 50% 

until the 120-140 s bin, indicating that half of all transients were more than 2 min apart. A 

Kruskal-Wallis (K-W) test indicates a significant difference in the cumulative inter-event 

frequency distributions (p < 0.0001, n = 510 transients in the PFC, 75 in the thalamus, and 

328 in the CA1). Dunn’s post-tests indicate a significant difference between inter-event time 

distributions for the CA1 and the PFC (p = 0.0007), the CA1 and the thalamus (p < 0.0001), 

and the PFC and the thalamus (p < 0.0001). Table 1 lists the median and mean inter-event 

times for each region.

Fig. 2 also demonstrates that there is a large range of concentrations of adenosine transients. 

Many transients are small, less than 50 nM, and the majority of transients have 

concentrations around or below 100 nM. Larger transients are also observed; for example, 

the large event in the CA1 trace is 350 nM and the largest shown in the PFC is 470 nM. In 

general, larger transients were more likely to be observed in the hippocampus. 

Concentrations ranged from 10 nM up to 2.7 μM and Fig. 3B shows the cumulative 

distribution of transients (50 nM bins). The relative frequency distribution of concentration 

is not Gaussian, so we assume a Poisson distribution, as we did with inter-event time. The 

thalamus has a larger percentage of transients in the small concentration bins causing it to 

reach 100% quickly while the PFC has several transients higher than 200 nM so it takes 

longer to reach 100%. The CA1 has the most large concentration transients, so it takes 

longer for its cumulative frequency curve to rise. A K-W test reveals a main effect of brain 

region for the concentration distribution (p < 0.0001). Dunn’s post-test indicates the 

distribution in the CA1 is significantly different from that in the PFC (p < 0.0001, n = 336 

and 518, respectively) as well as the thalamus (p < 0.0001, n = 336 and 83, respectively). 

However, there was no significant difference between the PFC and thalamus (p > 0.99, n = 

518 and 83, respectively). Table 1 gives mean and median event concentrations in each 

region. The mean concentration of each adenosine transient was 160 ± 10 nM in the PFC, 

110 ± 10 nM in the thalamus, and 240 ± 20 nM in the CA1.

Another parameter to compare between brain regions is the event duration, defined here as 

the time it takes for a transient to rise and decline to 10% of its maximum concentration. 

Table 1 compares the mean duration of transients which were 3.4 ± 0.1 s in the PFC, 7.4 

± 0.4 s in the thalamus, and 4.9 ±0.1 s in the CA1. The frequency distribution in Fig. 3C 

shows that the distribution of durations is Gaussian in each brain region, allowing for a one-

way ANOVA for comparison. Overall, there was a main effect of brain region on event 

duration (ANOVA, p < 0.0001). Bonferroni post-tests indicate a significant difference 

between the PFC and thalamus (p < 0.0001), and a significant difference for the CA1 with 

both the PFC (p = 0.01) and the thalamus (p = 0.002).All three regions have transients that 

last less than 2 s. However, the distribution is very narrow, in the PFC, while the distribution 

is broader in the CA1 and even more so in the thalamus.

Because of the drop off of adenosine transients with time, we also repeated this analysis with 

only the first 10 minutes of data (Figs. S1). Frequency of release was higher in the first 10 

min, as expected, (Figs. S1B and C) but the trends were the same, with the PFC producing 

the most frequent events and the thalamus the least frequent events.11 The 10 min. data have 
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similar trends to the 1 hour data, with no changes in the mean concentration or durations of 

transients compared to the 1 hour analysis (Fig. S1D-G). Because the number of transients is 

low in only 10 min, particularly in the thalamus, it would take many more slices to have 

enough transients to fully define the distribution, so the full hour of data from each slice was 

analyzed for the subsequent drug experiments.

Biological Implications of Regional Variations in Adenosine—One of the main 

findings of this work is that the frequency of adenosine transients varies dramatically 

between regions. Past pharmacological experiments in vivo have pointed to the frequency of 

transients as the primary way that transient adenosine is regulated, and this work extends 

that to show frequency has major differences between brain regions.11,39 The median inter-

event time in the thalamus (132 s) is 6 times larger than the PFC (20 s) and 4 times larger 

than the hippocampus (30 s). In the thalamus, the median inter-event time is similar to the 

frequency observed by Zylka’s group in spinal cord slices, where transients were not as 

frequent.29 These differences in frequency show that the number of transient adenosine 

release events that could modulate neurotransmission or blood flow is substantially higher in 

the PFC. In particular, more frequent transients would increase the chance that receptors 

were activated, and the highest frequency transients occur in the PFC which has a lower 

expression of A1 receptors than the thalamus or CA1, so more transients might be needed to 

activate receptors that are more diffuse.32

The concentration of adenosine transients also varied by brain region. The hippocampus 

CA1 had more large events than the other two regions, the largest of which was 2.7 μM. In 

contrast, the highest concentration in the PFC was just over 1 μM and only 400 nM in the 

thalamus. Most events in both the thalamus and the PFC were less than 90 nM, which is 

about the affinity of adenosine for A1 receptors.40 However, these transients are occurring on 

top of the basal concentration of adenosine, which is about 33 nM in the thalamus and 

cortex, and 200 nM in the hippocampus.41,42 Thus, most transients would be large enough to 

active A1 receptors.41 Since excitatory A2A receptors require a higher concentration of 

adenosine to become activated (Kd~150 nM), the wide distribution of transient 

concentrations in the CA1 and PFC may be to differentiate the need for A1 activation versus 

A2A activation.40 In addition, the concentrations are highest in the hippocampus, which has 

lower vascular density, and where adenosine might have to diffuse further to provide blood 

flow modulation.16,43

Duration is important because it, along with concentration, would control how long 

adenosine receptors could be activated. Transient adenosine is cleared fastest in the PFC and 

much slower in the thalamus. Equilibrative nucleoside transporter 1 (ENT1), adenosine 

kinase, and adenosine deaminase are all clearance mechanisms for transient adenosine.13 

Interestingly, ENT1 is expressed at higher levels in the thalamus and cortex, where clearance 

is slower, than in the hippocampus.44 Likewise, the thalamus also exhibits higher activity of 

adenosine deaminase than either of the other two regions.45 Thus, the slow clearance of 

adenosine in the thalamus suggests that ENT1 and adenosine deaminase are not the primary 

mechanisms of transient adenosine clearance. Previously, even when ENT1, adenosine 

kinase, and adenosine deaminase were blocked simultaneously, there was still fast clearance, 

so other mechanisms of clearance may be responsible for the rapid clearance rates in the 
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PFC.13 There is an inverse relationship between frequency/concentration and duration, with 

the thalamus having lower frequencies and concentrations, but longer durations. The longer 

duration may therefore compensate for the lower frequency and allow more receptor 

activation. Alternatively, the need for adenosine may vary among regions, particularly since 

the differences between transients in each region would likely result in different downstream 

effects such as glutamate modulation.

Adenosine transients are similar in vivo and in situ—In the first report of transient 

adenosine measurements in vivo, the mean inter-event time in the PFC was 108 s, whereas it 

is 48 s in brain slices.11 The established detection limit in vivo was 40 nM, but lower 

background noise in slices allows a lower limit of detection, 10 nM. This increased 

sensitivity means more small events are detected and counted, driving both the average 

concentration and the average inter-event time down. Excluding all events in PFC slices 

below 40 nM increases the mean inter-event time from 48 s to 63 s, which is still more 

frequent than in vivo. Excluding these low concentration events also increases the mean 

concentration to 190 nM, the same as the 190 nM average found in vivo. Transient 

adenosine release lasts longer in brain slices than in vivo. The mean duration in vivo in the 

PFC was 2.8 (± 0.1) s whereas in situ, it was 3.6 (± 0.1) s. This may indicate that 

transporters or metabolic processes are impaired in slices compared to in vivo 
measurements. However, the concentrations, frequencies, and durations are still very similar 

between the two models which indicates that slices are a viable method to study transient 

adenosine release and will be useful for understanding mechanisms of release or 

pharmacological studies in the future.

Effect of tetrodotoxin on transient adenosine release—While the mechanism of 

spontaneous, transient adenosine release is unknown, previous research has demonstrated 

that adenosine can be released as adenosine through nucleoside transporters or be formed 

from extracellular metabolism of ATP that is released via exocytosis.9,46,47 Dale’s group has 

shown that rapid, stimulated adenosine in the cerebellum is mainly activity dependent.48 To 

test if spontaneous adenosine release is activity dependent, 200 nM tetrodotoxin (TTX) was 

used to block Na+ channels, inhibiting activity dependent exocytotic release. TTX activity 

was confirmed in the slice by first measuring stimulated dopamine release in the caudate 

putamen, then perfusing with 200 nM TTX in aCSF for 20 minutes. This concentration of 

TTX eliminated the stimulated dopamine signal (Fig. 4A). The electrode was then moved to 

the CA1 in the same slice and transient adenosine detected. Adenosine transients were still 

observed in the CA1 with no significant difference in the mean inter-event time (t-test, 101 

± 9 s TTX vs 79 ± 7 s control p = 0.11) or concentration (t-test,190 ± 10 nM TTX vs 240 

± 20 nM control, p =0.38). When plotting distributions, there is a significant difference in 

the cumulative distribution of inter-event times with TTX (KS test, p < 0.0001) (Fig 4B) but 

not in the cumulative distribution of transient event concentrations (KS test, p = 0.65). The 

slightly lower frequency distribution of transients may be due to downstream effects of other 

neurotransmitters, such as glutamate, that can modulate transient adenosine. Thus, it appears 

that adenosine release events are not primarily due to exocytosis as the frequency and 

concentration of release is largely maintained with doses of TTX that eliminate exocytotic 

release of dopamine. We postulate that the release mechanism of transient adenosine is not 
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activity dependent, but more experiments are need to thoroughly characterize alternative 

routes such as pannexin channels, connexin channels, or nucleoside transporters.13,47 Brain 

slice models were particularly helpful to this experiment as TTX cannot be given to an intact 

animal.

Effect of A1 antagonism on transients in each of the brain regions—
Spontaneous adenosine release is mediated by A1 receptors but the extent to which this 

occurs in different brain regions is not known.11 A1 receptors are inhibitory G protein 

coupled receptors, lowering cAMP levels and subsequently decreasing cell excitability.2 

Adenosine modulates glutamate and GABA release through activation of presynaptic A1 

autoreceptors.49 DPCPX is a high affinity inhibitor of adenosine A1 receptors (Ki = 0.5 nM).
50 Brain slices were bathed in aCSF containing 100 nM DPCPX50 before and during 

measurements of adenosine. Fig. 5 shows sample color plots and concentration traces. The 

number of transients in each region is about the same as control (Fig. 2), but the 

concentrations do change, particularly in the thalamus and hippocampus where larger 

transients are more commonly observed after DPCPX. The average number of transients per 

hour in the PFC (65 ± 8) after DPCPX was exactly the same as control slices (65 ± 17). The 

average number of transients were also not significantly different in other regions, going up 

only slightly after DPCPX in the thalamus from 10 ± 2 to 13 ± 3, (t-test, p = 0.49, n = 8) and 

in the CA1 from 42 ± 7 to 51 ± 12 (t-test, p = 0.31, n = 8). Fig. 6 shows cumulative 

frequency distributions for each brain region with and without DPCPX. There is no change 

in cumulative distribution of inter-event times in PFC slices treated with DPCPX (KS-test, p 
= 0.15) or in the thalamus (KS-test, p = 0.14). However, there was a significant increase in 

the inter-event time distribution in the CA1 (KS-test, p = 0.003), as the transients became 

more frequent (Table 1). This significant change in frequency is interpreted with some 

caution because the number of transients did not also significantly change.

The average concentration of all transient adenosine events in the PFC remained unchanged 

with DPCPX, but the distribution of concentrations increased significantly in the CA1 (KS, 

p < 0.0001) and the thalamus (KS, p < 0.0001). This means that there were more large 

transients after A1 inhibition. The change was particularly large in the thalamus, where the 

event concentration doubled with DPCPX. Thus, DPCPX had more of an effect on 

concentration than frequency, with large changes in both the CA1 and thalamus. However, 

DPCPX had little effect in the PFC on either frequency or concentration. No significant 

difference was anticipated of DPCPX on duration since A1 receptors are not responsible for 

clearance. The only significant effect was in the thalamus, where duration decreased with 

DPCPX, but the sample size was small.

Biological implications of regional differences in response to A1 antagonist—
DPCPX blocks the inhibitory effects of adenosine A1 receptors and previous work in vivo 
shows that adenosine transients increased in frequency in both the PFC and caudate-putamen 

after DPCPX.11 In contrast, in PFC slices, there were no significant differences in the inter-

event time, concentration, or duration of adenosine transients when perfused with 100 nM 

DPCPX. As described above, adenosine transients in situ occur at a higher frequency than in 
vivo and the PFC has the highest rate of adenosine transients, so it is possible that A1 

receptors may not be able to increase the rate in this region. DPCPX did have effects in both 
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the CA1 and thalamus. It is especially interesting that the concentration shifts in the 

hippocampus, where it was already large without drug. The average concentration in the 

CA1 after DPCPX indicates that a higher proportion of transients here are large enough to 

activate A2a receptors, and thus may better link adenosine signaling to blood flow.40 There 

was also a significant increase in the concentration of transients in the thalamus with 

DPCPX which would also shift more transients to values that are able to activate A2a 

receptors.

These results are interesting because they show that A1 receptors may not regulate adenosine 

transients to the same magnitude in all brain regions. A1 receptors are highly expressed in 

both the thalamus and the hippocampus while moderately expressed in the cortex.32 Thus, 

the effects may be correlated to A1 expression levels. A1 receptors may have less effect in 

the PFC, leading to the higher frequency without drug and no change in frequency when 

they are blocked with A1 antagonist DPCPX. A1 receptors self-regulate adenosine release 

and these results are important because A1 receptor antagonists might be used to increase the 

amount of adenosine available to act as a neuroprotective agent, particularly during events 

that stress the tissues such as ischemia or physical damage.5,11 However, the regional 

differences suggest that the drug might not be equally effective in all regions, showing that 

regulation of adenosine neuromodulation via A1 activation states may differ regionally.

Conclusions

Here, we demonstrate regional differences in spontaneous, transient adenosine release in 

brain slices. The release frequency is highest in the PFC, while the hippocampus has the 

largest concentration, and the thalamus has the longest duration. Because frequency, 

concentration, and duration control the amount of adenosine available to act at receptors, the 

profile of rapid adenosine release varies between regions. Adenosine release was still 

maintained after TTX, showing that the mechanism is not likely activity-dependent. More 

studies are needed to determine the mechanism of release. The TTX studies do demonstrate 

that slices are useful for pharmacological studies where the drug might be lethal if given to 

the intact animal. A1 inhibition with DPCPX increased the concentration of adenosine 

transients in the hippocampus and the thalamus but not in the PFC. The differences in 

regulation by A1 inhibition show that drugs that regulate adenosine release also have 

different effects in different regions. Overall, this study is important because if shows the 

amount of adenosine available to provide neuromodulatory and neuroprotective effects 

varies by brain region, and that regional difference may be an important consideration when 

designing experiments to promote the neuroprotective effects of adenosine.

Experimental

Slice preparation

Protocols for animal experiments were approved by the Animal Care and Use Committee at 

the University of Virginia. Male Sprague-Dawley rats weighing between 250-350 grams 

were housed in a university vivarium and were provided food and water ad libitum prior to 

experimentation. Rats were anesthetized with isoflurane (approximately 1mL/100g) in a 

desiccator and promptly beheaded. The brain was quickly removed and placed in a beaker of 
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cold (0-5°C) oxygenated aCSF to recover for 2 minutes. 400 μm thick coronal slices were 

collected from the PFC and thalamus. 400 μm thick sagittal slices were collected from the 

hippocampus. Slices were made with a Leica vibratome (LeicaVT1000S, Bannockburn, IL), 

and kept in a beaker of oxygenated aCSF at 37°C in a water bath for 1 hour of recovery. 

During experiments, 37°C oxygenated aCSF was perfused over the slices at a rate of 2 mL/

min. Approximate coordinates are +4.6 mm anterior-posterior (AP), +2.0 mm mediolateral 

(ML), and −2.0 mm dorsoventral (DV) for the PFC; −3.1 mm AP, +3.0 mm ML, and −6.0 

mm DV for the thalamus, and −4.5 mm AP, +3.8 mm ML, and −3.0 mm DV for the CA1 

region of the hippocampus (Fig. S2). After allowing the slice and the electrode to equilibrate 

in the slice chamber, electrodes were implanted 75 μm into the tissue. Once the electrode 

was implanted and the background stabilized (approximately 5 min), FSCV data was 

collected for 1 hour. After experimentation, each electrode was calibrated with 1 μM 

adenosine. Depending on the length and taper of the electrode, the calibration factor varied 

between 6 and 37 nA/μM with most electrodes around 13 nA/μM.

Chemicals

Slices were kept in oxygenated artificial cerebral spinal fluid (aCSF), as described 

previously.51 aCSF was comprised of 126 mM NaCl, 2.5 mMKCl, 1.2 mM NaH2PO4 

monohydrate, 2.4 mM CaCl2 dihydrate, 1.2 mM MgCl2 hexahydrate, 25 mM NaHCO3, 11 

mM glucose, and 15 mM tris(hydroxymethyl)aminomethane and was adjusted to pH 7.4 

immediately prior to experimentation. A 10 mM stock solution of adenosine was prepared in 

0.1 mM HClO4 and this was diluted daily in aCSF to 1 μM for post-calibration of the 

CFMEs. One mM stock solutions of 8-cyclopentyl-1,3-dipropylxanthine (DPCPX, Sigma-

Aldrich) were prepared in dimethyl sulfoxide (DMSO) and kept frozen until used. Stock 

DPCPX was added to perfusion aCSF to make a 100 nM solution and slices were perfused 

for 15 min before the electrode was implanted and adenosine measurements made while 

DPCPX was perfused. Tetrodotoxin (TTX, Tocris) was reconstituted to 3 mM in 0.2 M 

citrate buffer, diluted to 50 μM aliquots, and kept frozen until used. 50 μM aliquots were 

added to perfusion aCSF to make a 200 nM working solution and perfused over slices in the 

same manner as DPCPX. After each experiment all solutions and surfaces that came into 

contact with TTX were treated with 10% bleach to deactivate residual TTX.

Electrochemistry

Adenosine transients were measured using FSCV with CFMEs as described previously.31 

Briefly, electrodes were fabricated by aspirating a 7 μm diameter T-650 carbon fiber (Cytec 

Engineering Materials, West Patterson, NJ, USA) into a glass capillary. The capillaries were 

pulled on a vertical puller and the exposed fiber subsequently cut to ~50 μm. Traditionally, 

the tips of electrodes are sealed with epoxy to prevent buffer from leaking into the capillary. 

However, we have found that this decreases our electrodes’ sensitivity to adenosine 

transients (Fig. S3). If there is a long taper to the glass to ensure a watertight seal, the epoxy 

step is unnecessary to electrode fabrication. Waveform generation and cyclic voltammogram 

collection was performed through HDCV (from UNC Chemistry, Chapel Hill, NC) with a 

Dagan ChemClamp potentiostat (Dagan Corporation; Minneapolis, MN, USA). The 

waveform used for adenosine detection scans from a holding potential of −0.4V to a 

switching potential of +1.45V at a rate of 400V/s and a frequency of 10Hz.
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Data Analysis and Statistics

Adenosine transients were analyzed using the principal components analysis (PCA) in the 

HDCV Analysis software as describe previously.11 Briefly, the 5 largest transients from each 

slice were used to create a training set to which other transients would be compared. The 

principal components were extracted and the raw data was then transformed into a 

concentration vs time trace to identify and quantify transients while excluding any signal 

that generated excessive residual current. Transients collected for TTX experiments were 

analyzed using a new automated algorithm and compared with control slices analyzed in the 

same manner.52 All statistics were performed using Graphpad Prism 6. Mean values are 

given ± standard error of the mean (SEM). The times between consecutive transients, or 

inter-event time, were pooled and binned in 20 second bins for cumulative frequency graphs. 

The inter-event times of the three brain regions were compared with each other using the 

Kruskal-Wallis test (non-parametric, unpaired, one-way ANOVA). Comparison of the 

impact of TTX and DPCPX on inter-event time was analyzed with the Kolmogorov-Smirnov 

test (non-parametric, unpaired t-test). 8 brain slices were used for each brain region with no 

more than 3 slices coming from the same animal (each group of 8 slices was from at least 4 

different animals). 8 additional slices were used for each brain region for TTX experiments 

as well as DPCPX experiments. There was no noticeable effect of different coordinates 

within each region.

Supplementary Material

Refer to Web version on PubMed Central for supplementary material.
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Figure 1. 
Adenosine transient in the hippocampus. The color plot shows all data, with scanned voltage 

on the y-axis, time on the x-axis, and current depicted in color. A horizontal slice in the 3D 

color plot results in the i vs t plot (above) and a vertical slice gives the cyclic voltammogram 

at a given time (inset).
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Figure 2. 
Concentration traces (top) and 3D color plots (bottom) for the (A) PFC, (B) thalamus, and 

(C) CA1. Adenosine transients are marked with stars in the concentration traces, which are 

all scaled the same to highlight the variety of concentrations in each region.
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Figure 3. 
Differences in (A) interevent time (K–W test, p < 0.0001), (B) concentration (K–W test, p < 

0.0001), and (C) duration (ANOVA, p < 0.0001) between the prefrontal cortex, thalamus, 

and CA1 region of the hippocampus. All are n = 8 slices.
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Figure 4. 
Effect of TTX. (A) 200 μM TTX eliminated stimulated dopamine release in caudate of a 

sagittal slice. (B) In the same slices, but in the hippocampus, there was no effect of TTX on 

the mean interevent time or concentration, but there was a significant effect of TTX on the 

interevent time distribution. K–S test, **** p <0.0001. (C) There was no significant effect of 

TTX on the concentration of adenosine transients in the CA1 (K–S test).
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Figure 5. 
Concentration changes (top) and 3D color plots (bottom) for the (A) PFC, (B) thalamus, and 

(C) CA1 when treated with 100 nM DPCPX. Verified adenosine transients are marked with 

a star in the concentration traces.

Lee and Venton Page 19

ACS Chem Neurosci. Author manuscript; available in PMC 2019 March 21.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



Figure 6. 
Cumulative distributions of the interevent times (top) and concentrations (bottom) of 

adenosine transients in the PFC (left), thalamus (middle), and CA1 (right). Control is black, 

and treated with 100 nM DPCPX is red. A K–S test was performed for all graphs, and 

significant differences are marked by asterisks, **p < 0.01, ****p < 0.0001.
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