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ABSTRACT (250 words) 36 

Striatal adenosine A1 receptor (A1R) activation can inhibit dopamine release. A1Rs on other striatal neurons are 37 

activated by an adenosine tone that is limited by equilibrative nucleoside transporter 1 (ENT1) that is enriched 38 

on astrocytes and is ethanol-sensitive. We explored whether dopamine release in nucleus accumbens core is 39 

under tonic inhibition by A1Rs, and is regulated by astrocytic ENT1 and ethanol. In ex vivo striatal slices from 40 

male and female mice, A1R agonists inhibited dopamine release evoked electrically or optogenetically and 41 

detected using fast-scan cyclic voltammetry, most strongly for lower stimulation frequencies and pulse 42 

numbers, thereby enhancing the activity-dependent contrast of dopamine release. Conversely, A1R 43 

antagonists reduced activity-dependent contrast but enhanced evoked dopamine release levels, even for 44 

single optogenetic pulses indicating an underlying tonic inhibition. The ENT1 inhibitor NBTI reduced dopamine 45 

release and promoted A1R-mediated inhibition, and conversely, virally-mediated astrocytic overexpression of 46 

ENT1 enhanced dopamine release and relieved A1R-mediated inhibition. By imaging the genetically encoded 47 

fluorescent adenosine sensor GRAB-Ado, we identified a striatal extracellular adenosine tone that was 48 

elevated by the ENT1 inhibitor and sensitive to gliotoxin fluorocitrate. Finally, we identified that ethanol (50 49 

mM) promoted A1R-mediated inhibition of dopamine release, through diminishing adenosine uptake via ENT1. 50 

Together, these data reveal that dopamine output dynamics are gated by a striatal adenosine tone, limiting 51 

amplitude but promoting contrast, regulated by ENT1, and promoted by ethanol. These data add to the 52 

diverse mechanisms through which ethanol modulates striatal dopamine, and to emerging datasets supporting 53 

astrocytic transporters as important regulators of striatal function.   54 

 55 

SIGNIFICANCE STATEMENT (119 words) 56 

Dopamine axons in the mammalian striatum are emerging as strategic sites where neuromodulators can 57 

powerfully influence dopamine output in health and disease. We found that ambient levels of the 58 

neuromodulator adenosine tonically inhibit dopamine release in nucleus accumbens core via adenosine A1 59 

receptors (A1Rs), to a variable level that promotes the contrast in dopamine signals released by different 60 

frequencies of activity. We reveal that the equilibrative nucleoside transporter 1 (ENT1) on astrocytes limits 61 

this tonic inhibition, and that ethanol promotes it by diminishing adenosine uptake via ENT1. These findings 62 

support the hypotheses that A1Rs on dopamine axons inhibit DA release and, furthermore, that astrocytes 63 

perform important roles in setting the level of striatal dopamine output, in health and disease.  64 

 65 

 66 

  67 
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INTRODUCTION (638 words)  68 

Striatal dopamine (DA) axons are major strategic sites for striatal neuromodulators to influence DA output 69 

(Nolan et al., 2020; Rice et al., 2011; Roberts et al., 2021; Sulzer et al., 2016). Adenosine acts at A1- and A2A-70 

receptors on diverse neurons in striatum, and exogenous activation of striatal A1-receptors (A1Rs) but not A2-71 

receptors inhibits evoked DA release (Okada et al., 1996; O’Neill et al., 2007; O’Connor and O’Neill, 2008; Ross 72 

and Venton, 2015). Immunocytochemical studies of rat synaptosomes suggest that A1Rs can be localised 73 

directly to striatal DA axons (Borycz et al., 2007), but definitive evidence is lacking and other intermediary 74 

inputs to DA axons have not been excluded. In nucleus accumbens core (NAcC), adenosine can provide tonic 75 

A1R-mediated inhibition of glutamatergic and GABAergic transmission (Brundege and Williams, 2002; Adhikary 76 

and Birdsong, 2021). DA release in NAcC and caudate-putamen has been suggested to be under tonic A1R-77 

mediated inhibition, as A1R antagonists increase extracellular DA levels in rats in vivo measured by 78 

microdialysis (Okada et al., 1996; Solinas et al., 2002; Quarta et al., 2004a, 2004b; Borycz et al., 2007), but 79 

whether these effects were direct and local, or involved intact long-loop circuits was not resolved. 80 

Furthermore, adenosine acts in a frequency-dependent manner on glutamate and GABA transmission across 81 

other nuclei, resulting in a stronger A1R-dependent inhibition of neurotransmission elicited by low-frequency 82 

versus high‐frequency electrical stimulations (e.g. neocortex: Perrier et al., 2019; Qi et al., 2017; Yang et al., 83 

2007; hippocampus: Moore et al., 2003; calyx of Held: Wong et al., 2006). It has not yet been established 84 

whether striatal A1Rs simply inhibit DA neurotransmission, or might also promote contrast in DA signals 85 

released by different firing rates, and whether in turn this is independent from striatal acetylcholine or GABA 86 

circuits which modify DA signal contrast (Rice and Cragg, 2004; Lopes et al., 2019).  87 

Extracellular adenosine concentrations are limited by the activity of nucleoside transporters, most notably the 88 

equilibrative nucleoside transporter type 1 (ENT1) (Young et al., 2008; Nguyen et al., 2015). ENT1 is expressed 89 

in striatum (Jennings et al., 2001; Anderson et al., 2002) and is especially abundant on astrocytes (Peng et al., 90 

2005; Chai et al., 2017). ENT1 on astrocytes can regulate adenosine signalling in striatum and elsewhere (Nagai 91 

et al., 2005; Tanaka et al., 2011; Boddum et al., 2016; Cheffer et al., 2018; Hong et al., 2020), and in dorsal 92 

striatum, astrocytic ENT1 activity modulates reward-seeking behaviours (Hong et al., 2020; Kang et al., 2020). 93 

We recently identified that astrocytes regulate DA release, owing to their expression of GABA transporters 94 

that regulate tonic GABAergic inhibition (Roberts et al., 2020), but whether ENT1 on astrocytes also modulates 95 

DA output by regulating adenosine tone at A1Rs has not been explored. Additionally, adenosine uptake by 96 

ENT1 is impaired by acute ethanol, which augments extracellular adenosine levels (Nagy et al., 1989, 1990; 97 

Choi et al., 2004) and contributes to the ataxic and hypnotic effects of ethanol through activation of striatal 98 

A1Rs (Meng and Dar, 1995; Phan et al., 1997; Dar, 2001). Acute ethanol reduces DA release evoked in NAcC in 99 

brain slices (Yorgason et al., 2014, 2015), as does chronic intermittent ethanol exposure in mice (Karkhanis et 100 

al., 2015; Rose et al., 2016), raising the question of whether ethanol regulates DA by promoting A1R-mediated 101 

inhibition of DA release.  102 
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Here, we assessed A1R regulation of DA release in NAcC by detecting DA in real-time using fast-scan cyclic 103 

voltammetry and detecting striatal adenosine using the genetically encoded fluorescent adenosine sensor 104 

(GRAB-Ado) (Peng et al., 2020; Wu et al., 2020). We reveal that A1Rs can tonically inhibit DA output though an 105 

ambient adenosine tone, and that A1Rs additionally regulate the activity-sensitivity of DA release, 106 

independently from striatal acetylcholine or GABA inputs. Furthermore, we find that tonic A1R-mediated 107 

inhibition of DA release is regulated by adenosine uptake by ENT1 on astrocytes, and dysregulated by ethanol. 108 

 109 

MATERIALS & METHODS  110 

Animals 111 

All procedures were performed in accordance with the Animals in Scientific Procedures Act 1986 (Amended 112 

2012) with ethical approval from the University of Oxford, and under authority of a Project Licence granted by 113 

the UK Home Office. Experiments were carried out using male and female adult (6−12 week-old) C57BL/6J 114 

mice (Charles River) or heterozygote knock-in mice bearing an internal ribosome entry site (IRES)-linked Cre 115 

recombinase gene downstream of the gene Slc6a3, which encodes the plasma membrane DA transporter 116 

(Slc6a3IRES-Cre mice; B6.SJL-Slc6a3tm1.1(cre)Bkmn/J; Jackson Laboratories stock no. 006660) maintained on a 117 

C57BL/6J background. All mice were group-housed and maintained on a 12-hr light cycle (light ON from 07:00 118 

– 19:00) with ad libitum access to food and water. Data from male and female mice were combined 119 

throughout as no differences in the effects of adenosine A1 receptor agonists or antagonists between sexes 120 

were observed (Table 1). 121 

Stereotaxic intracranial injections  122 

Mice were anesthetized with isoflurane and placed in a small animal stereotaxic frame (David Kopf 123 

Instruments). After exposing the skull under aseptic techniques, a small burr hole was drilled and adeno-124 

associated viral solutions were injected at an infusion rate of 100 nL/min with a 32-gauge Hamilton syringe 125 

(Hamilton Company) using a microsyringe pump (World Precision Instruments) and withdrawn 5 min after the 126 

end of injection. To virally express ChR2 selectively in DA neurons, 600 nL per hemisphere of AAV5-EF1α-DIO-127 

hChR2(H134R)-eYFP (8 × 1012 genome copies per ml; UNC Vector Core Facility) encoding Cre-dependent ChR2 128 

was injected bilaterally into the midbrain (AP −3.1 mm, ML ± 1.2 mm from bregma, DV −4.25 mm from exposed 129 

dura mater) of 6 week-old Slc6a3IRES-Cre mice, following previously described methods (Roberts et al., 2020). To 130 

overexpress ENT1 in striatal astrocytes, 600 nL per hemisphere of AAV5-GfaABC1D-mENT1/mCherry-WPRE (1.6 131 

x 1013 genome copies per ml; Vector Biolabs) encoding a fluorescence protein-fused and functional ENT1 under 132 

the astrocyte-specific abbreviated glial fibrillary acidic protein promoter (GfaABC1D) (Hong et al., 2020; Jia et 133 

al., 2020) or AAV5-GfaABC1D-mCherry-WPRE (6.1 x 1012 genome copies per ml; ETH Zurich Viral Vector Facility) 134 

for control fluorophore expression, was injected bilaterally into nucleus accumbens (AP +1.3 mm, ML ± 1.2 mm 135 

from bregma, DV −3.75 mm from exposed dura mater) of 6 week-old C57BL/6J wild-type mice. To virally 136 

express the fluorescent adenosine reporter GRAB-Ado (Peng et al., 2020; Wu et al., 2020), 800 nL per 137 

hemisphere of AAV9-hSyn-GRAB-Ado1.0m (0.5 x 1013 genome copies per ml; WZ Biosciences) was injected 138 
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bilaterally into nucleus accumbens or dorsal striatum (AP +0.8 mm, ML ± 1.75 mm from bregma, DV −2.40 mm 139 

from exposed dura mater) of 6 week-old C57BL/6J wild-type mice. Mice were used for experiments 2−4 weeks 140 

post-intracranial injection.   141 

Brain slice preparation 142 

Acute brain slices were obtained from 8 – 12-week-old mice using standard techniques. Mice were culled by 143 

cervical dislocation within 1 – 2 hrs after start of light ON period of light cycle and brains were dissected out 144 

and submerged in ice-cold cutting solution containing (in mM): 194 sucrose, 30 NaCl, 4.5 KCl, 1 MgCl2, 26 145 

NaHCO3, 1.2 NaH2PO4, and 10 D-glucose. Coronal slices 300 μm-thick containing striatum were prepared from 146 

dissected brain tissue using a vibratome (VT1200S, Leica Microsystems) and transferred to a holding chamber 147 

containing artificial cerebrospinal fluid (aCSF) containing (in mM): 130 NaCl, 2.5 KCl, 26 NaHCO3, 2.5 CaCl2, 2 148 

MgCl2, 1.25 NaH2PO4 and 10 glucose. Sections were incubated at 34 °C for 15 min before they were stored at 149 

room temperature (20–22 °C) until recordings were performed. All recordings were obtained within 8 h of 150 

slicing. All solutions were saturated with 95% O2/5% CO2. Before recording, individual slices were hemisected 151 

and transferred to a recording chamber and superfused at ~2.5–3.0 mL/min with aCSF at 31–33 °C. 152 

Fast-scan cyclic voltammetry (FSCV) 153 

Evoked extracellular DA concentration ([DA]o) was measured in acute coronal brain slices using FSCV at 154 

carbon-fibre microelectrodes (7–10 μm diameter) fabricated in-house (tip length 70–120 μm) as used 155 

previously (Roberts et al., 2020). In brief, a triangular voltage waveform was scanned across the 156 

microelectrode (−700 to +1300 mV vs Ag/AgCl reference) at 800 V/s and at a scan frequency of 8 Hz using a 157 

Millar Voltammeter (Julian Millar, Barts and the London School of Medicine and Dentistry). Microelectrodes 158 

were calibrated post-hoc in 2 μM DA in each experimental solution. Microelectrode sensitivity to DA was 159 

between 10 and 40 nA/μM. Signals were attributed to DA due to the potentials of their characteristic oxidation 160 

(500-600 mV) and reduction (−200 mV) peaks. Currents at the oxidation peak potential were measured from 161 

the baseline of each voltammogram and plotted against time to provide profiles of [DA]o versus time. 162 

Recordings were carried out in the nucleus accumbens core (NAcC), within ~100 μm of the anterior 163 

commissure, one site per slice. Electrical or light stimuli were delivered at 2.5 min intervals, which allow stable 164 

DA release to be sustained at ~90–95% of original levels over the typical time course of experiments, in control 165 

conditions (Roberts et al., 2020). In experiments where [DA]o was evoked by electrical stimulation, a local 166 

bipolar concentric Pt/Ir electrode (25 μm inner diameter, 125 μm outer diameter; FHC Inc.) was placed 167 

~100 μm from the recording microelectrode and stimulus pulses (200 μs duration) were given at 0.6 mA. We 168 

applied either single pulses (1p) or trains of 2–20 pulses at 10–100 Hz. In experiments where [DA]o was evoked 169 

by light stimulation in slices prepared from Slc6a3IRES-Cre mice expressing ChR2, DA axons in striatum were 170 

activated by TTL-driven (Multi Channel Stimulus II, Multi Channel Systems) brief pulses (2 ms) of blue light (470 171 

nm; 5 mWmm−2; OptoLED, Cairn Research), which illuminated the field of view (2.2 mm diameter, ×10 water-172 

immersion objective). Data were digitized at 50 kHz using a Digidata 1550A digitizer (Molecular Devices). Data 173 

were acquired and analysed using Axoscope 11.0 (Molecular Devices) and locally written VBA scripts in 174 

Microsoft Excel (2013).  175 
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GRAB-Ado Imaging  176 

An Olympus BX51WI microscope equipped with a 470 nm OptoLED light system (Cairn Research), Iris 9 177 

Scientific CMOS camera (Teledyne Photometrics), 525/50 nm emission filter (Cairn Research), and x10/0.3 NA 178 

water-immersion objective (Olympus) was used for wide-field fluorescence imaging of GRAB-Ado in striatal 179 

slices. Images acquisition was controlled using Micro-Manager 1.4. Electrical stimulations, LED light, and image 180 

acquisition were synchronised using TTL-driven stimuli via Multi Channel Stimulus II (Multi Channel Systems). 181 

Image files were analysed with Matlab R2017b and Fiji 1.5. For experiments measuring changes to basal, non-182 

stimulated extracellular adenosine levels, images (100 ms exposure duration) were acquired every 30 s during 183 

brief exposure (1 s) to blue light (470 nm; 1 mWmm−2; OptoLED, Cairn Research) for a 40 min window. We 184 

extracted fluorescence intensity from the region of interest (ROI; 150 x 150 μm) and derived a background-185 

subtracted fluorescence intensity (Ft) by subtracting background fluorescence intensity from an equal-sized 186 

ROI where there was no GRAB-Ado expression (i.e. cortex). Data are expressed as a change in fluorescence 187 

(ΔF/F0) and were derived by calculating [(Ft-F0)/F0], where F0 is the average background-subtracted 188 

fluorescence intensity (Ft) of the first 20 acquired images (initial 10 mins). For experiments measuring 189 

extracellular adenosine levels in response to trains of electrical stimulation or experiments calibrating GRAB-190 

Ado signals to applications of known concentrations of exogenous adenosine, images were acquired at 10 Hz 191 

(100 ms exposure duration) during continuous blue light (470 nm; 1 mWmm−2; OptoLED, Cairn Research) for a 192 

4 min recording window. For evoked adenosine release, electrical stimulus pulses (100 pulses at 50 Hz, 200 μs 193 

pulse duration, 0.6 mA) were given by a local bipolar concentric Pt/Ir electrode (25 μm inner diameter, 125 μm 194 

outer diameter; FHC Inc.) at the 30 second timepoint. Bath applications of exogenous adenosine were also 195 

applied at the 30 second timepoint. Background-subtracted fluorescence intensity (Ft) was extracted from an 196 

ROI (150 x 150 μm) ~50 μm from the stimulating electrode and ΔF/F0 was derived by calculating [(Ft-F0)/F0], 197 

where F0 is the average fluorescence intensity over the 10 s window (100 images) prior to onset of electrical 198 

stimulation or bath application of exogenous adenosine.  199 

Drugs  200 

Adenosine (Ado, 25-100 μM), (+)-bicuculline (10 μM), dihydro-β-erythroidine hydrobromide (DHβE, 1 μM), 201 

nitrobenzylthioinosine (NBTI, 10 μM), and tetrodotoxin (TTX, 1 μM) were obtained from Tocris Bioscience. CGP 202 

55845 hydrochloride (CGP, 4 μM), 8-Cyclopentyl-1,3-dimethylxanthine (CPT, 10 μM), and 203 

dipropylcyclopentylxanthine (DPCPX, 2 μM) were obtained from Abcam. Ethanol (EtOH, 50 mM), and N6-204 

cyclopentyladenosine (CPA, 15 μM) were obtained from Sigma-Aldrich. Fluorocitrate (FC) was prepared as 205 

previously described (Paulsen et al., 1987; Roberts et al., 2020). In brief, D,L-fluorocitric acid Ba3 salt (Sigma–206 

Aldrich) was dissolved in 0.1 M HCl, the Ba2+ precipitated with 0.1 M Na2S04 and then centrifuged at 1000 × g 207 

for 5 min. Supernatant containing fluorocitrate was used at a final concentration of 100 µM for 208 

experimentation. 209 

Immunocytochemistry 210 

To confirm viral ENT1-mCherry expression in non-neuronal cells, direct mCherry fluorophore expression was 211 

compared to indirect immunofluorescence for neuronal marker NeuN. ENT1-mCherry expressing mice were 212 
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anaesthetised with an overdose of pentobarbital and transcardially perfused with phosphate-buffered saline 213 

(PBS), followed by 4% paraformaldehyde in 0.1 M phosphate buffer, pH 7.4. Brains were removed and post-214 

fixed overnight in 4% PFA. Coronal sections were cut using a vibrating microtome (Leica VT1000S) at a 215 

thickness of 50 µm and collected in a 1 in 4 series. Sections were stored in PBS with 0.05% sodium azide until 216 

processing. Upon processing, sections were washed in PBS and then blocked for 1 h in a solution of PBS TritonX 217 

(0.3%; PBS-Tx) containing 10% normal donkey serum (NDS). Sections were then incubated in primary 218 

antibodies overnight in PBS-Tx with 2% NDS at 4 °C. Primary antibodies: rabbit anti-NeuN (1:500, Biosensis, R-219 

3770–100). Sections were then incubated in species-appropriate fluorescent secondary antibodies with 220 

minimal cross-reactivity for 2 hours in PBS-Tx with 2% NDS at room temperature. Secondary antibodies: 221 

Donkey anti-rabbit AlexaFluor 405 (1:500, Abcam, ab175651). Sections were washed in PBS and then mounted 222 

on glass slides and cover-slipped using Vectashield (Vector Labs). Coverslips were sealed using nail varnish and 223 

stored at 4 °C. Confocal images were acquired with an Olympus FV3000 Confocal Laser Scanning Microscope 224 

using a x20 and x40 objective and filters for appropriate excitation and emission wave lengths (Olympus 225 

Medical).  226 

 227 

RESULTS  228 

Adenosine A1Rs inhibit striatal DA release  229 

Previous studies have shown that agonists for striatal A1Rs inhibit DA release evoked by discrete electrical 230 

stimulations in dorsal and ventral striatum (O’Neill et al., 2007; O’Connor and O’Neill, 2008; Ross and Venton, 231 

2015). We firstly corroborated these observations in NAcC for DA release evoked by single stimulus pulses and 232 

detected using FSCV in ex vivo coronal slices (Figure 1A). Bath application of A1R agonist CPA (15 μM) reduced 233 

evoked [DA]o by ∼50% (Figure 1B, t(5) = 15.2, p < 0.0001, paired t test). This effect of CPA was prevented by 234 

prior application of A1R antagonist DPCPX (2 μM) (Figure 1B, F(1, 11) = 88.6, p < 0.0001, two-way RM ANOVA for 235 

effect of CPA in the absence vs presence of DPCPX; Figure 1E, t(11) = 9.99, p < 0.0001, unpaired t test), 236 

confirming an action via A1Rs. 237 

Striatal cholinergic interneurons (ChIs) have A1Rs (Alexander and Reddington, 1989; Ferré et al., 1996; Song et 238 

al., 2000; Preston et al., 2009) through which A1R agonists can hyperpolarise ChIs and inhibit ACh release 239 

(Richardson and Brown, 1987; Brown et al., 1990; Preston et al., 2009). Because ChIs operate strong control 240 

over DA release via nAChRs (Jones et al., 2001; Rice and Cragg, 2004; Zhang and Sulzer, 2004), and can mediate 241 

the effects of other striatal neuromodulators on DA (Britt and McGehee, 2008; Hartung et al., 2011; Stouffer et 242 

al., 2015; Kosillo et al., 2016; Lemos et al., 2019), they might indirectly mediate the control of DA by A1Rs. We 243 

explored whether A1Rs can modulate striatal DA release in the absence of these potential actions on ChIs and 244 

nAChRs. We used nAChR antagonist DHβE (1 μM) to inhibit nAChRs as described previously (Rice and Cragg, 245 

2004; Threlfell et al., 2012), after which subsequent application of CPA nonetheless reduced evoked [DA]o 246 

evoked by single stimulus pulses by ~50% (Figure 1C, t(4) = 15.9, p < 0.0001, paired t test), an effect not 247 

different from that seen in the absence of DHβE (Figure 1C, F(1, 9) = 1.22, p = 0.29, two-way RM ANOVA: main 248 
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effect of drug; Figure 1E, t(9) = 1.21, p = 0.259, unpaired t test), indicating that A1Rs can suppress DA release 249 

independently from any indirect effects via ChI inputs to nAChRs.  250 

DA release throughout striatum is also under tonic inhibition by GABA through action at GABAA and GABAB 251 

receptors (Lopes et al., 2019; Roberts et al., 2020), and we tested whether A1Rs require this GABA input to 252 

inhibit DA release. However, in the presence of GABAA and GABAB receptor antagonists, bicuculline (10 μM) 253 

and CGP 55845 (5 μM) respectively, the A1R agonist CPA (15 μM) significantly reduced [DA]o evoked in NAcC by 254 

single electrical pulses by ~40% (Figure 1D, t(4) = 6.10, p = 0.0036, paired t test), an effect that was not 255 

significantly different from that seen in the absence of GABA receptor antagonists (Figure 1D, F(1, 9) = 0.019, p = 256 

0.892, two-way RM ANOVA: main effect of drug; Figure 1E, t(9) = 0.259, p = 0.802, unpaired t test), indicating 257 

that A1 receptor agonists can inhibit DA release independently from indirect effects acting via striatal GABA 258 

modulation of DA.  259 

To further test whether the inhibition of DA release by A1Rs requires the co-activation of other striatal neuron 260 

types or inputs, we tested whether A1Rs modulate DA release evoked optogenetically by targeted light 261 

activation of DA axons. Optogenetic activation of DA axons minimises the activation of other striatal neurons 262 

that occurs with non-selective electrical stimulation; optogenetically evoked DA release is independent of at 263 

least nAChR input (Threlfell et al., 2012; Melchior et al., 2015). We expressed ChR2-eYFP in DA neurons and 264 

axons in Slc6a3IRES-Cre mice using an established viral approach (Figure 1F) as we previously described (Roberts 265 

et al., 2020). CPA suppressed [DA]o evoked in NAcC by single brief (2 ms) blue light pulses (Figure 1G, t(7) = 266 

16.2, p < 0.0001, paired t test), indicating that A1Rs can inhibit DA release independently from not just ChI 267 

input to nAChRs but also without requiring the coincident activation of inputs from other neuron types, 268 

suggesting that A1R inhibition of DA release could be via direct action on DA axons, although actions via an 269 

unidentified tonically active input that is not GABA are possible.  270 

Striatal A1Rs enhance the frequency- and activity-sensitivity of DA release  271 

Previous studies exploring whether striatal A1Rs regulate DA release have predominantly focused on the 272 

effects on release evoked by single, discrete stimuli, and impact on release by the full range of physiological 273 

relevant frequencies has not been explored. Adenosine acts in a frequency-dependent manner on glutamate 274 

and GABA transmission in other brain nuclei, resulting in a stronger A1R-dependent inhibition of 275 

neurotransmission elicited by low-frequency versus high‐frequency electrical stimulations, and therefore 276 

operating like a high-pass input filter on neurotransmitter release (e.g. neocortex: Perrier et al., 2019; Qi et al., 277 

2017; Yang et al., 2007; hippocampus: Moore et al., 2003; calyx of Held: Wong et al., 2006). Other inputs and 278 

mechanisms that inhibit DA release by single stimuli can also promote the frequency dependence of DA 279 

release e.g. GABA (Lopes et al., 2019; Roberts et al., 2020) consistent with a reduction in the initial release 280 

probability and a consequent relief of some short-term depression (Condon et al., 2019). Using optogenetic 281 

activation, we observed a sizeable enhancement in the 5p:1p ratio (for 25 Hz) of light-evoked [DA]o in the 282 

NAcC following application of CPA (Figure 1H, t(7) = 10.4, p < 0.0001, paired t test), suggesting that striatal A1Rs 283 

might promote the sensitivity of DA release to firing rate.  284 
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We used electrical stimulation to investigate the effects of A1R activation on DA release across a full range of 285 

physiological DA neuron firing frequencies (1, 10, 50 and 100 Hz), with varying pulse numbers (5, 10, 15 and 20 286 

p). These experiments were carried out in the presence of nAChR antagonist DHβE (1 μM) to eliminate the 287 

effects of ChIs which profoundly restrict the apparent frequency- and activity-sensitivity of evoked DA release 288 

(Rice and Cragg, 2004; Zhang and Sulzer, 2004). A1R activation by CPA (15 μM) inhibited DA release inversely 289 

and significantly with stimulation frequency (Figure 2A-B, F(3, 18) = 53.9, p < 0.0001, one-way RM ANOVA), such 290 

that CPA significantly increased the frequency-dependence of evoked DA release (Figure 2C, F(1, 7) = 38.2, p = 291 

0.0005, two-way RM ANOVA: main effect of drug; F(3, 21) = 23.0, p < 0.0001, frequency x drug interaction). In 292 

addition, A1R activation by CPA inhibited DA release in a manner that varied inversely with number of pulses in 293 

a train (50 Hz) (Figure 2D-E, F(6, 24) = 31.1, p < 0.0001, one-way RM ANOVA) which significantly increased the 294 

pulse-dependence of evoked DA release (Figure 2F, F(1, 7) = 46.7, p = 0.0002, two-way RM ANOVA: main effect 295 

of drug; F(4, 28) = 28.2, p < 0.0001, pulse number x drug interaction). Therefore, striatal A1R do not simply inhibit 296 

DA release, but have a dynamic outcome depending on activity, that promotes the contrast in DA signals 297 

released by different activity.  298 

Adenosine operates a tonic inhibition on DA release 299 

We next addressed whether A1Rs provide an endogenous inhibition of DA release levels and support the 300 

contrast in DA signals released by different activity. Previous in vivo microdialysis studies indicate that 301 

endogenous adenosine might even exert a tonic A1R-mediated inhibition of DA release, as systemic dosing or 302 

intrastriatal infusions of A1R antagonists (as well as competitive A1 and A2A receptor antagonist caffeine 303 

(Solinas et al., 2002; Quarta et al., 2004b)), increase extracellular striatal DA levels (Okada et al., 1996; Quarta 304 

et al., 2004a; Borycz et al., 2007). These effects might involve indirect actions via long loop circuits that are 305 

intact in vivo that could modulate DA neuron firing in midbrain. We tested therefore whether endogenous 306 

inhibition of DA release by A1Rs could be localised to the NAcC and whether it occurs without co-activation of 307 

other neurons, indicative of an tonic inhibition of DA release, by exploring the effects of A1R antagonists on DA 308 

release in NAcC evoked either electrically or optogenetically in coronal striatal slices. 309 

Application of the A1R antagonist CPT (10 μM) significantly enhanced [DA]o evoked by single or five pulses (50 310 

Hz) of electrical stimulation by ~30-40% (Figure 3A, 1p: t(6) = 5.10, p = 0.0022; 5p: t(6) = 5.13, p = 0.0022; paired 311 

t tests), and in turn, decreased the ratio of [DA]o evoked by 5p:1p (Figure 3B, t(6) = 3.72, p = 0.0099, paired t 312 

test), indicative of an underlying regulation of DA release by endogenous adenosine. Caffeine (20 μM) also 313 

significantly enhanced [DA]o evoked by single or five pulses (50 Hz) of electrical stimulation by ~20-10% (Figure 314 

3C; 1p: t(5) = 3.69, p = 0.014; 5p: t(5) = 3.49, p = 0.018; paired t tests) and decreased the ratio of [DA]o evoked by 315 

5p:1p ratio (Figure 3D, t(5) = 3.59, p = 0.016, paired t test). We then investigated whether A1R-mediated 316 

inhibition of DA release by endogenous adenosine might arise through an ambient adenosine tone, by 317 

exploring whether A1R antagonist CPT could promote DA release when evoked using optogenetic stimulation 318 

to activate DA axons selectively without co-activation of other striatal cell types that might provide a source of 319 

endogenous adenosine. CPT significantly enhanced [DA]o evoked by single and five pulses (25 Hz) of light in 320 

Slc6a3IRES-Cre ChR2-expressing mice by ~20-30% (Figure 3E, 1p: t(7) = 5.58, p = 0.0008; 5p: t(7) = 5.51, p = 0.0009; 321 
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paired t tests) and decreased the ratio of [DA]o evoked by 5p:1p (25 Hz) (Figure 3F, t(7) = 13.50, p < 0.0001, 322 

paired t test). These data therefore suggest that striatal DA release is under tonic inhibition by an ambient 323 

adenosine tone at A1Rs, which promotes contrast in DA signals released by different activity.  324 

ENT1 on astrocytes is a regulator of tonic A1R-mediated inhibition of DA release  325 

We next tested the hypothesis that striatal ENT1 and, by association, astrocytes, by governing ambient 326 

adenosine levels (Nagai et al., 2005; Young et al., 2008; Tanaka et al., 2011; Nguyen et al., 2015; Cheffer et al., 327 

2018; Hong et al., 2020), might determine the level of tonic A1R-mediated inhibition of evoked DA release in 328 

NAcC. We first inhibited ENT1 activity by pre-treatment of slices with the selective ENT1 inhibitor NBTI (10 μM, 329 

for 45 – 60 min), which has previously been shown to increase adenosine levels in striatum (Pajski and Venton, 330 

2010). ENT1 inhibition itself attenuated [DA]o evoked by single and five pulses (50 Hz) of electrical stimulation 331 

(Figure 4A; 1p: t(12) = 4.38, p = 0.0009; 5p: t(12) = 3.02, p = 0.0107; unpaired t tests). Furthermore, after pre-332 

treatment with NBTI, the A1R antagonist CPT (10 μM) enhanced [DA]o evoked by single electrical pulses to a 333 

significantly greater degree than in control slices (Figure 4B, F(1, 12) = 27.17, p = 0.0002, two-way RM ANOVA: 334 

main effect of drug). CPT decreased the ratio of [DA]o evoked by 5p:1p (50 Hz) in both conditions (Figure 4C, 335 

F(1, 12) = 35.48, p < 0.0001, two-way RM ANOVA: main effect of drug), but there was a significant statistical 336 

interaction between NBTI and CPT (Figure 4C, F(1, 12) = 9.48, p = 0.0096, two-way RM ANOVA: NBTI x CPT 337 

interaction) borne out by a greater decrease in this ratio in slices pre-treated with NBTI compared to control 338 

slices (Figure 4D, t(12) = 3.08, p = 0.0096, unpaired t test). These data suggest that ENT1 regulates, and in 339 

particular limits, how A1 receptors tonically inhibit DA release and support its associated activity-sensitivity.  340 

We then tested conversely whether an upregulation of ENT1 specifically on astrocytes could diminish the level 341 

of endogenous A1R-mediated inhibition of DA release. We targeted fluorescence-tagged ENT1 to astrocytes in 342 

the NAcC (Figure 4E-F) using a viral approach already validated for striatal astrocytes (Hong et al., 2020; Jia et 343 

al., 2020). Astrocyte-targeted ENT1-overexpression (ENT1-OX) increased [DA]o evoked by single and five pulses 344 

(50 Hz) of electrical stimulation compared to targeted mCherry controls (Figure 4G, 1p: t(15) = 3.29, p = 0.0049; 345 

5p: t(15) = 3.49, p = 0.0033; unpaired t tests). Furthermore, with ENT1-OX, the A1R antagonist CPT (10 μM) 346 

enhanced [DA]o evoked by single electrical pulses to a significantly lesser degree than in mCherry controls 347 

(Figure 4H, F(1, 15) = 20.12, p = 0.0004, two-way RM ANOVA: main effect of drug). CPT decreased the ratio of 348 

[DA]o evoked by 5p:1p (50 Hz) in ENT1-OX and mCherry controls (Figure 4I, F(1, 15) = 46.28, p < 0.0001, two-way 349 

RM ANOVA: main effect of drug), but there was a significant statistical interaction between ENT1-OX and CPT 350 

(Figure 4I, F(1, 15) = 9.54, p = 0.0075, two-way RM ANOVA: ENT1-OX x CPT interaction), which was borne out by 351 

a smaller decrease in this ratio following CPT application in ENT1-OX than in controls (Figure 4J, t(15) = 3.09, p = 352 

0.0075, unpaired t test). Together, these data suggest that ENT1 on astrocytes in particular can support 353 

adenosine uptake and set the level of inhibition and regulation of activity-dependence of DA release by 354 

ambient adenosine acting at A1Rs.  355 

To resolve directly whether ENT1, and astrocytes, govern striatal adenosine levels, we detected adenosine 356 

levels by imaging the recently developed GRAB-Ado sensor (Peng et al., 2020; Wu et al., 2020), a virally 357 
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expressed genetic reporter, injected into striatum (Figure 5A). We confirmed that striatal GRAB-Ado sensor 358 

fluorescence responded to adenosine concentrations in a concentration-dependent manner on application of 359 

exogenous adenosine to slices (Figure 5B, F(3,35) = 28.73, p < 0.0001, one-way ANOVA), and with a large range 360 

of dF/F. To assess the impact of ENT1 on ambient adenosine tone in NAcC, we imaged GRAB-Ado fluorescence 361 

before and after ENT1 inhibition, in the absence of any stimulation. Bath application of ENT1 inhibitor NBTI (10 362 

μM) increased fluorescence compared to vehicle controls (Figure 5C, F(1,18) = 57.8, p < 0.0001, two-way RM 363 

ANOVA: main effect of NBTI), indicating that ENT1 limits extracellular adenosine levels. To test whether ENT1 364 

on astrocytes participate in this mechanism, we tested whether metabolic inhibition of astrocytes limited ENT1 365 

function. We pre-treated slices with the gliotoxin fluorocitrate (100 μM, for 45 – 60 min), which has been 366 

established to induce metabolic arrest in astrocytes, render them inactive and prevent the effects of astrocytic 367 

transporters (Paulsen et al., 1987; Henneberger et al., 2010; Bonansco et al., 2011; Boddum et al., 2016; 368 

Roberts et al., 2020). The effects of ENT1 inhibitor NBTI on GRAB-Ado fluorescence were occluded after pre-369 

treatment with fluorocitrate (Figure 5D, F(1,14) = 14.32, p = 0.002, two-way RM ANOVA: main effect of FC).  370 

To further characterise and validate the role of ENT1 and astrocytes in striatal adenosine signalling, we 371 

explored their impact on the dynamics of extracellular adenosine transients evoked electrically by trains of 372 

electrical stimulation (100 pulses, 50 Hz) (Figure 5E). Evoked increases in extracellular adenosine 373 

concentrations exhibited relatively extended rise times (~30 sec) and clearance times as reported previously in 374 

cultured hippocampal neurons and acute hippocampal and medial prefrontal cortex mouse brain slices (Wu et 375 

al., 2020), and surprisingly release was activated via a mechanism that was not prevented by Nav blocker TTX 376 

(1 μM). (Figure 5E, F(3,29) = 13.60, p < 0.0001, one-way ANOVA; TTX vs control: p > 0.99, Sidak’s multiple 377 

comparisons). In slices pre-treated with the ENT1 inhibitor NBTI (10 μM, for 45 – 60 min), the peak of evoked 378 

adenosine levels was attenuated (Figure 5E, F(3,29) = 13.60, p < 0.0001, one-way ANOVA; NBTI vs control: p = 379 

0.001, Sidak’s multiple comparisons), but the clearance time constant was extended (Figure 5F, F = 8543, p < 380 

0.0001, extra-sum-of-squares F test; control: τ = 108.4, NBTI: τ = 564.5), indicating reduced release and uptake, 381 

and seen previously in cultured hippocampal neurons (Wu et al., 2020). In slices pre-treated with the gliotoxin 382 

fluorocitrate (100 μM, for 45 – 60 min), both the peak level of adenosine and the time constant for clearance 383 

were elevated (Figure 5E, F(3,29) = 13.60, p < 0.0001, one-way ANOVA; FC vs control: p = 0.049, Sidak’s multiple 384 

comparisons; Figure 5F, F = 8543, p < 0.0001, extra-sum-of-squares F test; control: τ = 108.4, FC: τ = 217.0), 385 

indicating that ENT1 on astrocytes support adenosine uptake 386 

EtOH increases tonic A1R-mediated inhibition of DA release  387 

Our data indicate that astrocytic ENT1 function regulates tonic A1R-mediated inhibition of DA output in NAcC. 388 

Acute exposure to ethanol is documented to increase extracellular adenosine levels in many brain nuclei, 389 

including striatum, via inhibition of adenosine uptake by ENT1 (Nagy et al., 1989, 1990; Choi et al., 2004). 390 

Given that ethanol also attenuates evoked DA release in NAc (Yorgason et al., 2014, 2015; Karkhanis et al., 391 

2015; Rose et al., 2016), we tested whether acute ethanol exposure might increase tonic A1R-mediated 392 

inhibition of DA release via impaired ENT1 function. We pre-treated slices with ethanol (2–3 hrs), at a 393 

concentration (50 mM) that correlates to a blood alcohol concentration of 230 mg/dl in humans and is 394 
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consistent with what late-stage alcoholics achieve (Brick and Erickson, 2009). We first confirmed that pre-395 

treating slices with ethanol using this paradigm reduced [DA]o evoked by single and five pulses (50 Hz) of 396 

electrical stimulation in NAcC (Figure 6A, 1p: t(12) = 2.74, p = 0.018; 5p: t(12) = 2.67, p = 0.020; unpaired t tests). 397 

Next, we found that the effect of A1R antagonism with CPT (10 μM) on [DA]o evoked by single electrical pulses 398 

was elevated compared to control slices (Figure 6B, F(1, 12) = 18.04, p = 0.0011, two-way RM ANOVA: main 399 

effect of drug). A1 receptor antagonism with CPT decreased the ratio of [DA]o evoked by 5p:1p (50 Hz) (Figure 400 

6C, F(1, 12) = 68.51, p < 0.0001, two-way RM ANOVA: main effect of drug), and there was a significant interaction 401 

between ethanol and CPT (Figure 6C, F(1, 12) = 9.36, p = 0.0099, two-way RM ANOVA: ethanol x CPT interaction), 402 

which was borne out by a more pronounced decrease after ethanol than in control slices (Figure 6D, t(12) = 403 

3.16, p = 0.0082, unpaired t test). To test directly whether ethanol in this paradigm impaired adenosine uptake 404 

by ENT1, we imaged tonic extracellular adenosine levels with the GRAB-Ado sensor during application of ENT1 405 

inhibitor NBTI (10 μM). NBTI increased tonic extracellular adenosine levels in NAcC to a significantly lesser 406 

degree in slices preincubated with ethanol than controls (Figure 6E, F(1,17) = 11.30, p = 0.0037, two-way RM 407 

ANOVA: main effect of drug; t(17) = 2.60, p = 0.019, unpaired t test). These data indicate that tonic A1R-408 

mediated inhibition of DA axons by adenosine in the NAcC is elevated by acute ethanol exposure, paralleled by 409 

an underlying attenuated uptake of adenosine uptake by ENT1.   410 

 411 

DISCUSSION (1,636 words) 412 

Here, we reveal that DA release in NAcC is under a tonic inhibition by ambient adenosine levels acting at A1Rs, 413 

and that ENT1, located at least in part on striatal astrocytes, governs the level of this tonic inhibition. 414 

Moreover, we reveal that ethanol promotes A1R-inhibition of DA release, through elevating adenosine levels 415 

by diminishing adenosine uptake via ENT1. These data support the emerging concept that astrocytes play 416 

important roles in setting the level of striatal DA output, in health and disease.  417 

Direct versus indirect actions of A1Rs  418 

Our data provide functional evidence for direct regulation of DA release by A1Rs. Immunocytochemical studies 419 

in rat striatal synaptosomes indicate that dopaminergic axons can contain A1Rs (Borycz et al., 2007), but direct 420 

immunocytochemical evidence in situ is currently lacking. We excluded indirect actions of A1Rs via key 421 

candidate pathways, namely cholinergic inputs that act via nAChRs and GABAergic networks that act via 422 

GABAA/GABAB receptors on DA axons. Previous reports have excluded effects of glutamatergic modulation 423 

(Borycz et al., 2007; O’Connor and O’Neill, 2008). Moreover, we found that A1R agonists inhibited DA release 424 

evoked by even single short optogenetic stimulation of ChR2-expressing DA axons, which should not co-425 

activate other striatal neurons, suggesting that the location(s) for A1Rs that regulate DA are either a currently 426 

undisclosed tonically active cell type with currently unknown actions on DA or, more parsimoniously, DA axons 427 

themselves. 428 
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Tonic inhibition  429 

A1R antagonists enhanced DA release evoked by single short optogenetic stimulation, suggesting that A1R 430 

activation does not require stimulation of any other network, and is tonically activated by an ambient striatal 431 

adenosine tone. An adenosine tone at striatal A1Rs has previously been described on glutamate inputs in NAcC 432 

(Brundege and Williams, 2002; Choi et al., 2004). Extracellular adenosine concentrations in the brain have 433 

been suggested to be in the range of 25–250 nM under basal conditions, which are sufficient to activate high-434 

affinity A1Rs (Dunwiddie and Masino, 2001). In further support for a resting adenosine tone in NAcC, we could 435 

detect extracellular adenosine with the GRAB-Ado sensor, following application of an ENT1 inhibitor, in the 436 

absence of any striatal stimulation. The source of adenosine is still undetermined, but can arise from the 437 

catabolism of ATP from neuronal and non-neuronal sources (Latini and Pedata, 2008), including astrocytes 438 

(Corkrum et al., 2020).  439 

A1Rs modify DA signal contrast for firing frequency 440 

We found that A1R activation not only limits the overall amplitude of DA output, but promotes the contrast in 441 

DA signals released by different firing rates and pulse numbers, and vice versa, A1R antagonists reduce this 442 

contrast. The strength of A1R-mediated inhibition of DA release varied with adenosine concentration, resulting 443 

from ENT1 inhibition or overexpression, and furthermore, was greater for lower frequencies of activation of 444 

DA axons. These data indicate that an adenosine tone preferentially limits DA output during the lower 445 

frequencies of DA neuron activity that represent tonic activity, while leaving relatively intact the DA release 446 

evoked by the higher frequencies associated with phasic activity in DA neurons. The preferential inhibition of 447 

DA release by low frequencies of activity parallels the effects of GABA input to DA axons (Lopes et al., 2019; 448 

Roberts et al., 2020; Roberts et al., 2021) and could indicate a preferential influence of striatal adenosine on 449 

DA functions that are proposed to be mediated by low frequencies of activity e.g. the ongoing monitoring of 450 

reward value and its changes (Wang et al., 2021). We identified an underlying change in the dynamic short-451 

term plasticity (STP) of DA output that corresponds to this change to frequency filtering, that again parallels 452 

the effect of GABA on STP in DA release (Lopes et al., 2019; Roberts et al., 2020). Elsewhere in the brain, A1R 453 

activation, including through ambient adenosine, can modulate STP of glutamate transmission through a 454 

presynaptic mechanism (Perrier et al., 2019; Qi et al., 2017; Yang et al., 2007; Moore et al., 2003; Wong et al., 455 

2006). A1Rs are Gi/o coupled, and so their activation causes inhibition of adenylyl cyclase, activation of 456 

potassium channels and inactivation of voltage-gated calcium channels (VGCCs) (Haas and Selbach, 2000). We 457 

have recently revealed that mechanisms that determine axonal excitability, particularly potassium-dependent 458 

processes, strongly gate STP of DA release (Condon et al., 2019) while calcium largely gates amplitude. We 459 

therefore hypothesise that A1Rs on striatal DA axons likely inhibit the overall amplitude of DA release via 460 

reduced VGCC activity while simultaneously gating the STP of DA release by modifying axonal excitability via 461 

potassium-dependent conductances. Future studies are needed to establish these potential mechanisms.  462 

ENT1 and astrocytes are key regulators of tonic A1R-inhibition of DA release 463 
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We established that ENT1 in NAcC limits ambient adenosine levels and tonic A1R-inhibition of DA axons, and 464 

thereby indirectly facilitates DA release. ENT1 usually facilitates adenosine uptake from the extracellular 465 

milieu, but can reverse to release adenosine (Parkinson et al., 2011), and ENT1 has been shown to facilitate 466 

adenosine release evoked by electrical stimulation in cultured hippocampal neurons (Wu et al., 2020). 467 

Intriguingly, we found that adenosine release driven by electrical stimulation was TTX-insensitive and sensitive 468 

to ENT1 inhibition. Together, our data show that ambient adenosine in NAcC is limited by uptake via ENT1, but 469 

can be released via ENT1 reversal in some conditions. There is an additional ENT in striatum, ENT2 (Jennings et 470 

al., 2001; Anderson et al., 2002), whose roles we did not explore. ENT1 is thought to be responsible for the 471 

majority of adenosine transport and, subsequently, the key regulator of extracellular adenosine levels across 472 

the brain (Young et al., 2008).  473 

We found a major role for ENT1 located to striatal astrocytes, although we did not test or exclude roles for 474 

ENT1 located on neurons. The glial metabolic poison fluorocitrate limited the effects of ENT1 inhibitors on 475 

adenosine tone, while overexpressing ENT1 in astrocytes boosted evoked DA release by limiting tonic A1R-476 

inhibition. This strategy for viral overexpression of ENT1 in striatal astrocytes has previously been shown to 477 

increase ENT1 expression by ~30%, but also increases striatal GFAP expression and modifies astrocyte 478 

morphology (Hong et al., 2020). ENT1 expression has also been shown to regulate astrocyte-specific excitatory 479 

amino acid transporter 2 (EAAT2) and aquaporin-4 expression in NAcC (Wu et al., 2010; Lee et al., 2013). These 480 

additional astrocyte-specific modifications might also contribute to boosted DA signalling in NAcC, beyond 481 

mechanisms involving tonic inhibition by adenosine tone. Regardless, astrocytic ENT1 in striatum has 482 

previously been reported to play key roles in reward-seeking behaviours (Hong et al., 2020; Kang et al., 2020), 483 

which our data suggest could be mediated by underlying changes to DA signalling.  484 

The role for ENT1 on astrocytes in gating DA output parallels our recent finding that GABA transporters (GAT1 485 

and GAT3) on astrocytes in dorsal striatum set the level of tonic GABAergic inhibition of DA release (Roberts et 486 

al., 2020). Furthermore, EAAT2, enriched on astrocytes, limits glutamate-mediated inhibition of DA release 487 

(Zhang and Sulzer, 2003), and thus, our collective findings point to astrocytic transporters across 488 

neurotransmitter categories as regulators of DA release.  489 

Dysregulation of A1R-inhibition of DA release by ethanol  490 

To probe the wider potential significance of the regulation of DA in NAcC by adenosine tone and ENT1, we 491 

explored whether A1R inhibition of DA release was modified by ethanol. Ethanol has been shown to increase 492 

extracellular adenosine levels by impairing adenosine uptake via ENT1 after acute exposure (Nagy et al., 1989, 493 

1990; Choi et al., 2004), and separately, to reduce DA release following acute application (Yorgason et al., 494 

2014, 2015) or following chronic intermittent exposure in mice (Karkhanis et al., 2015; Rose et al., 2016). Here 495 

we bridge these different findings by revealing that ethanol can reduce DA output via a boosted tonic A1R-496 

inhibition. While pre-treating slices with 50 mM ethanol to understand disruption to cellular and circuit 497 

function has limitations in informing effects on behaviour, we speculate that this mechanism could help to 498 

explain how striatal A1Rs contribute to the ataxic and hypnotic effects of ethanol (Meng and Dar, 1995; Phan et 499 
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al., 1997; Dar, 2001), as well as how acute ethanol exposure attenuates concurrent GABA co-release from DA 500 

axons in dorsal striatum (Kim et al., 2015).  501 

Chronic ethanol exposure is thought to evoke an adaptive response, resulting in decreased ENT1 expression, 502 

and therefore a reduced ability for ethanol to increase extracellular adenosine (Nagy et al., 1989). Indeed, rats 503 

permitted daily access to ethanol for 8 weeks exhibit downregulated ENT1 gene expression in NAc (Bell et al., 504 

2009). ENT1-null mice exhibit reduced hypnotic and ataxic responses to ethanol, increased ethanol 505 

consumption, and decreased adenosine tone in NAc, while viral-mediated rescue of ENT1 expression in NAc 506 

reduces ethanol consumption (Choi et al., 2004; Jia et al., 2020). Furthermore, growing evidence implicates 507 

striatal adenosine signalling in the neurobiological adaptations of other drugs of abuse (Bachtell, 2017; 508 

Ballesteros-Yáñez et al., 2018). Repeated cocaine administration enhances adenosine uptake, reduces 509 

adenosine tone, and reduces plasma membrane A1R expression in NAcC (Manzoni et al., 1998; Toda et al., 510 

2003), while striatal μ-opioid receptor activation by opioids results in reduced striatal adenosine tone in 511 

dorsomedial striatum (Adhikary and Birdsong, 2021). Dysregulated tonic A1R-inhibition of glutamate afferents 512 

in NAc is thought to be a key circuit adaptation underlying ethanol abuse and other drugs of abuse (Choi et al., 513 

2004; Chen et al., 2010; Wu et al., 2010; Nam et al., 2011); however, given the role adenosine tone plays in 514 

setting the level and activity-dependence of DA output we describe here, we speculate that dysregulated tonic 515 

A1R-inhibition of DA release in NAcC might also be an important circuit adaptation underlying drug abuse. 516 

In conclusion, we show here that A1Rs can tonically inhibit DA output though an ambient adenosine tone, and 517 

that A1Rs additionally regulate the activity-sensitivity of DA release, preferentially impacting on release by low 518 

frequencies. Furthermore, we find that tonic A1R-inhibition of DA release is regulated by ENT1 and astrocytes, 519 

and dysregulated by ethanol. These data provide a further mechanism through which ethanol modulates 520 

striatal DA function, and corroborate emerging data highlighting astrocytic transporters as important 521 

regulators of striatal function.  522 

 523 
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Table 1. Comparison of effects of adenosine A1 receptor agonists and antagonists 
on evoked mean peak [DA]o between sexes  

Sex Mean [DA]o (% pre-drug) SEM n unpaired t test 

Figure 1B: A1 agonist (CPA), electrically-evoked DA release 

Male 39.6 6.8 3 
t(4) = 0.467, p = 0.665 

Female 43.2 3.9 3 

Figure 1G: A1 agonist (CPA), optogenetically-evoked DA release 

Male 59.4 2.9 4 
t(6) = 1.141, p = 0.297 

Female 53.4 4.4 4 

Figure 3A: A1 antagonist (CPT), electrically-evoked DA release 

Male 140.8 7.8 4 
t(5) = 0.181, p = 0.864 

Female 142.6 5.4 3 

Figure 3C: A1 antagonist (Caffeine), electrically-evoked DA release 

Male 117.4 8.0 3 
t(4) = 0.304, p = 0.777 

Female 114.9 2.2 3 

Figure 3E: A1 antagonist (CPT), optogenetically-evoked DA release 

Male 126.6 16.7 3 
t(6) = 0.258, p = 0.805 

Female 130.0 3.8 5 
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 755 

 756 

 757 

 758 

 759 

Figure 1. Adenosine A1R agonists inhibit DA release in NAcC. A, Experimental setup for FSCV for DA detection in wild-type 760 
mouse NAcC in acute slices. Inset, typical evoked DA voltammogram. B-D, Left, Summary of mean peak [DA]o evoked by a 761 
single electrical pulse (1p) before and after application of A1R agonist CPA (15 µM) normalised to pre-drug baseline (dotted 762 
line). Shaded areas represent time points used to obtain data on right, mean [DA]o transients in either drug-free ACSF (blue 763 
n = 6 experiments/4 mice), or in the presence of A1R antagonist DPCPX (2 µM) (B, green, n = 8 experiments/5 mice), or 764 
nAChR antagonist DHβE (1 μM) (C, dark blue, n = 5 experiments/4 mice), or GABAA and GABAB antagonists (+)-bicuculline 765 
(10 μM) and CGP 55845 (4 μM) (D, purple, n = 5 experiments/4 mice). Control data in (C) and (D) are from (B). E, Mean 766 
peak [DA]o following application of CPA (15 µM) (as a % of pre-drug baseline, data summarised from (B-D)). F, 767 
Viral injection into midbrain of Slc6a3IRES-Cre mice for expression of ChR2-eYFP in DA axons for optogenetic-evoked DA 768 
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release. G, As in (B) but [DA]o evoked optogenetically by single light pulses (1p) or five pluses of light (5p) at 25 Hz (n = 8 769 
experiments/5 mice). H, Ratio of peak [DA]o evoked by 5p:1p at 25 Hz before (grey) and after (blue) application of CPA (15 770 
µM). Statistics: ***p<0.001, paired t tests (B,C,D,G,H), unpaired t tests (E) and two-way repeated measures ANOVA (B,C,D). 771 
Error bars indicate SEM.  772 

 773 

 774 

Figure 2. Adenosine A1R agonists modify the frequency- and activity-sensitivity of DA release in NAcC. A, Mean [DA]o 775 
transients evoked by 1 or 5 electrical pulses in control conditions (grey) or in A1R agonist CPA (15 µM) (blue) in NAcC (n = 7 776 
experiments/5 mice). B, Mean peak [DA]o from (A) normalised to control conditions versus stimulation frequency. C, Mean 777 
peak [DA]o from (A) normalised to 1p in each condition versus stimulation frequency. D, Mean [DA]o transient evoked by 1-778 
20 pulses (50 Hz) of electrical trains in control conditions (grey) or in A1R agonist CPA (15 µM) (blue) in NAcC (n = 7 779 
experiments/5 mice). E, Mean peak [DA]o from (D) normalised to control conditions versus pulse number. F, Mean peak 780 
[DA]o from (D) normalised to 1p in each condition versus number of pulses. Statistics: *p < 0.001, one-way repeated 781 
measures ANOVA with Sidak’s multiple comparisons to 1p (B,E), two-way repeated measures ANOVA with Sidak’s multiple 782 
comparisons (C,F). Sigmoidal non-linear curve fits. Error bars indicate SEM. DHβE (1 μM) present throughout. 783 

 784 

 785 

 786 
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 790 

 791 
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 793 

 794 

Figure 3. Adenosine A1R antagonists enhance DA release and correspondingly reduce the activity-sensitivity of DA 795 
release in NAcC. A, Left, summary of mean peak [DA]o before (grey) and after application of A1R antagonist CPT (10 µM) 796 
(green) normalised to pre-drug baseline (dotted line) and right, corresponding mean [DA]o transients evoked by a single 797 
electrical pulse (1p) and five pulses (5p) at 50 Hz in NAcC (n = 7 experiments/4 mice). Shaded areas are used to obtain 798 
illustrated transients of [DA]o and for statistical comparisons. B, Ratio of peak [DA]o evoked by 5p:1p at 50 Hz before (grey) 799 
and after (blue) application of CPT (10 µM). Data summarised from (A). C-D, As in (A-B) but before (grey) and after 800 
application caffeine (20 µM) (green) (n = 6 experiments/4 mice). E-F, As in (A-B) but [DA]o evoked optogenetically by single 801 
light pulses (1p) or five pulses (5p) of light at 25 Hz in Slc6a3IRES-Cre mice (n = 8 experiments/5 mice). Statistics: *p<0.05, 802 
**p<0.01, ***p<0.001, Paired t tests. Error bars indicate SEM.  803 
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 806 

Figure 4. Adenosine uptake by ENT1 on striatal astrocytes regulates tonic A1R-mediated inhibition of DA release. A, 807 
Mean [DA]o transients (left) and corresponding mean peak [DA]o (right) evoked by a single electrical pulse (1p) or five 808 
pulses (5p) at 50 Hz in NAcC in the absence (grey; n = 6 experiments/5 mice) or presence of ENT1 inhibitor NBTI (10 µM) 809 
(orange; n = 8 experiments/5 mice). B, Summary of mean peak [DA]o before (grey) and after application of A1R antagonist 810 
CPT (10 µM) normalised to pre-drug baseline (dotted line) (left) and right, corresponding mean [DA]o transients evoked by 811 
a single electrical pulse (1p) and five pulses (5p) at 50 Hz in NAcC in the absence (green, n = 6 experiments/5 mice) or 812 
presence of ENT1 inhibitor NBTI (10 µM) (orange; n = 8 experiments/5 mice). C-D, Ratio of peak [DA]o evoked by 5p:1p at 813 
50 Hz (C) and Δ 5p/1p (D) before (grey) and after application of CPT (10 µM) in absence (left, green) or presence of ENT1 814 
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inhibitor NBTI (10 µM) (right, orange). Data summarised from (B). E, Delivery to NAcC of viral fluorescence-tagged ENT1 815 
driven by an astrocytic promoter to test impact of increased astrocyte-specific expression of ENT1 on DA release detected 816 
locally in NAcC. F, Immunofluorescence for mCherry (top, red), mCherry-tagged ENT1 (bottom, red) and neuronal marker 817 
NeuN (cyan) in NAcC. Scale bars: 40 µm. ac, anterior commissure. G, Mean [DA]o transients (left) and corresponding mean 818 
peak [DA]o (right) evoked by a single electrical pulse (1p) or five pulses (5p) at 50 Hz in NAcC in slices overexpressing ENT1 819 
(ENT1-OX; red; n = 9 experiments/4 mice) or expressing control fluorophore mCherry (dark grey; n = 8 experiments/4 mice) 820 
under an astrocyte-specific promoter. H, Summary of mean peak [DA]o before (grey) and after application of A1R 821 
antagonist CPT (10 µM) normalised to pre-drug baseline (dotted line) (left) and right, corresponding mean [DA]o transients 822 
evoked by a single electrical pulse (1p) and five pulses (5p) at 50 Hz in NAcC in slices overexpressing ENT1 (ENT1-OX; red; n 823 
= 9 experiments/4 mice) or expressing control fluorophore mCherry (dark grey; n = 8 experiments/4 mice). I-J, Ratio of 824 
peak [DA]o evoked by 5p:1p at 50 Hz (I) and Δ 5p:1p (J) before (light grey) and after application of CPT (10 µM) in slices 825 
overexpressing ENT1 (right, red) or expressing control fluorophore mCherry (left, dark grey). Data summarised from (H). 826 
Statistics: p<0.05, **p<0.01, ***p<0.001, unpaired t test (A,D,G,J), two-way repeated measures ANOVA (B,C,H,I) with Sidak 827 
multiple comparisons (C,I). Error bars indicate SEM.  828 
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 844 

Figure 5. Striatal adenosine tone is regulated by ENT1 activity on striatal astrocytes. A, Viral delivery of GRAB-Ado to 845 
striatum for imaging extracellular adenosine levels ex vivo in acute striatal slices. B, Peak ΔF/F0 in response to increasing 846 
concentrations of exogenously applied adenosine (0 – 100 µM) (n = 9 – 11 slices/4 – 6 mice). C, Non-stimulated ΔF/F0 847 
GRABAdo signal in NAcC normalised to before drug application (dotted line) in control conditions (dark grey, n = 10 848 
experiments/5 mice) or before and after application of NBTI (10 µM) (orange, n = 10 experiments/5 mice). D, As in (C) but 849 
in the presence of gliotoxin fluorocitrate (100 µM) (pink, n = 6 experiments/ 4 mice). E, Mean transients (left) and mean 850 
peak (right) ΔF/F0 GRABAdo signal evoked by 100 electrical pulses (50 Hz) in drug-free control conditions (n = 9 slices / 5 851 
mice) or the presence of NBTI (10 µM) (orange; n = 7 experiments/5 mice), TTX (1 µM) (blue; n = 9 experiments/5 mice) or 852 
fluorocitrate (100 µM) (pink; n = 8 experiments/5 mice). F, Mean ΔF/F0 decay phase normalised to peak from (E). Statistics: 853 
*p<0.05, **p<0.01, ***p<0.001, two-way repeated measures ANOVA (C,D), and one-way ANOVA with Sidak multiple 854 
comparisons (E). Nonlinear regression with extra-sum-of-squares F test; τ = decay time constant (F). Error bars indicate 855 
SEM.  856 

 857 

 858 

 859 

 860 

 861 

 862 

 863 

 864 

 865 

preprint (which was not certified by peer review) is the author/funder. All rights reserved. No reuse allowed without permission. 
The copyright holder for thisthis version posted November 27, 2021. ; https://doi.org/10.1101/2021.11.27.470186doi: bioRxiv preprint 

https://doi.org/10.1101/2021.11.27.470186


Roberts et al.  

29 

 

 866 

 867 

Figure 6. EtOH enhances tonic adenosine A1R-mediated inhibition of DA release. A, Mean [DA]o transients (left) and 868 
corresponding mean peak [DA]o (right) evoked by a single electrical pulse (1p) or five pulses (5p) at 50 Hz in NAcC in the 869 
absence (grey; n = 7 experiments/4 mice) or presence of 50 mM EtOH (pink; n = 7 experiments/4 mice). B, Summary of 870 
mean peak [DA]o before (grey) and after application of A1R antagonist CPT (10 µM) normalised to pre-drug baseline (dotted 871 
line) (left) and right, corresponding mean [DA]o transients evoked by a single electrical pulse (1p) and five pulses (5p) at 50 872 
Hz in NAcC in the absence (green, n = 7 experiments/4 mice) or presence of 50 mM EtOH (pink; n = 7 experiments/4 mice). 873 
C-D, Ratio of peak [DA]o evoked by 5p:1p at 50 Hz (C) and Δ 5p/1p (D) before (grey) and after application of CPT (10 µM) in 874 
absence (left, green) or presence of 50 mM EtOH (right, pink). Data summarised from (B). E, Summary (left) and mean peak 875 
(right) of unstimulated ΔF/F0 GRAB-Ado signal in NAcC normalised to pre-drug baseline (dotted line) before and after 876 
application of ENT1 inhibitor NBTI (10 µM) in the absence (grey; n = 10 experiments/5 mice) or presence of 50 mM EtOH 877 
(pink; n = 9 experiments/5 mice). Statistics: p<0.05, **p<0.01, ***p<0.001, unpaired t test (A,D), two-way repeated 878 
measures ANOVA (B,C,E) with Sidak multiple comparisons (C). Error bars indicate SEM.  879 
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