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ABSTRACT  

BACKGROUND: Habitual reward-seeking behavior is a hallmark of addictive behavior. 

The role of dorsomedial striatum (DMS) in regulating goal-directed reward-seeking 

behavior has been long appreciated. However, it remains unclear how the astrocytic 

activities in the DMS differentially impact the behavioral shift. 

METHODS: To investigate the astrocytic activity-driven neuronal synaptic events and 

behavioral consequences, we chemogenetically activated astrocytes in the DMS using 

GFAP promoter-driven expression of hM3Dq, the excitatory designer receptors 

exclusively activated by designer drugs (DREADDs). First, we confirmed the 

chemogenetically induced cellular activity in the DMS astrocytes using calcium imaging. 

Then, we recorded electrophysiological changes in the synaptic activity of the two types 

of medium spiny neurons (MSNs), direct and indirect pathway MSNs (dMSNs and 

iMSNs). To evaluate the behavioral consequences, we trained mice in nose-poke 

operant chambers that developed either habitual or goal-directed reward-seeking 

behaviors. 

RESULTS: The activation of DMS astrocytes reduced the frequency of spontaneous 

excitatory postsynaptic currents (sEPSCs) in the dMSNs, whereas it increased the 

amplitude of the sEPSCs and decreased the frequency of spontaneous inhibitory 

postsynaptic currents (sIPSCs) in the iMSNs. Interestingly, astrocyte-induced DMS 

neuronal activities are regulated by adenosine metabolism, receptor signaling, and 

transport. Importantly, mice lacking an astrocytic adenosine transporter, ENT1 

(equilibrative nucleoside transporter 1, Slc29a1) show no transition from habitual to 
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goal-directed reward-seeking behaviors upon astrocyte activation, while restoring ENT1 

expression in the DMS facilitated this transition.  

CONCLUSIONS: Our findings reveal that DMS astrocyte activation differentially 

regulates the MSNs’ activity and facilitates shifting from habitual to goal-directed 

reward-seeking behavior. 

 

  



 4

INTRODUCTION 

Maladaptive shifts in goal-directed to habitual actions may lead to severe 

psychopathologies such as obsessive-compulsive disorder, impulsivity, and addiction 

(1). Indeed, persistent habitual reward-seeking, characterized by insensitivity to reversal 

of action-outcome contingency, even after reward devaluation, is a common feature of 

addiction (1-3). However, neural mechanisms underlying these reward-seeking 

behavioral patterns are still not fully understood. 

The dorsal striatum (DS) has a critical role in shaping goal-directed and habitual 

actions, which are the main determinants for the reward-dependent decision-making 

process (1). Specifically, the medial part of the DS (DMS) contains neuronal populations 

responsible for goal-directed behavior. DMS neurons are mainly composed of D1R-

containing direct- and D2R/A2AR-containing indirect-pathway medium spiny neurons 

(dMSNs and iMSNs). Interestingly, these dMSNs and iMSNs have been frequently 

shown to diverse responses even by the same stimulus because of the different 

neuronal properties such as distinguishable circuits of excitatory/inhibitory 

neurotransmissions from upstream brain regions (4-7) and selective expression of 

GPCRs in the dMSNs and iMSNs (8-10). Since lesions or inactivation of the DMS 

prevents goal-directed behavior and promotes habitual behavior (11), the combinational 

modulation of those neurons has been implicated in the shaping of reward-seeking 

behavioral patterns. Indeed, shifts in neuronal activity in the DMS corresponds to 

transition between goal-directed and habitual actions (12-14).  

Recently, in addition to well-known neuro-supportive roles, astrocytes are 

emerging as a key determinant of neuronal synaptic function and consequent 
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behavioral changes (15-21). Astrocyte activity is attributed to behavioral consequences 

through the release of various gliotransmitters including ATP, adenosine, D-serine, and 

glutamate (18, 19, 22-25). Thus, the homeostatic role of astrocytes has been examined 

through the disruption of its molecular events to identify astrocyte regulation in the 

pathological neuronal activities and behaviors (26-28). However, it remains unknown 

how temporal astrocyte activity regulates the synaptic and circuit functions in the DMS 

underlying the transition between goal-directed and habitual reward-seeking.  

In the present study, using designer receptors exclusively activated by designer 

drugs (DREADDs), we were able to activate astrocytes temporospatially in the DMS. 

Using chemogenetic, optogenetic, electrophysiological, and behavioral approaches, we 

revealed a novel role of astrocytes in the regulation of dorsomedial neuronal activities in 

a purine-dependent manner and subsequent behavioral shift in reward-seeking 

behavior patterns. 
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METHODS AND MATERIALS 

Animals  

All experimental procedures were approved by the Mayo Clinic Institutional Animal Care 

and Use Committee and performed in accordance with NIH guidelines. Adenosine A2A 

receptor (A2AR: Adora2A, MMRRC:031168-UCD)-Cre mice were provided by Dr. 

Jiang-Fan Chen at Wenzhou Medical University. Aldehyde dehydrogenase 1 family, 

member L1 (ALDH1L1)-Cre (Stock #023748), Dopamine D2 receptor (D2R: DRD2)-

eGFP (stock #030255), Dopamine D1 receptor (D1R: DRD1)-tdTomato (stock #016204) 

and C57BL/6J mice were purchased from Jackson Laboratory (Bar Harbor, ME). The 

ENT1 KO mice were generated as described (27). Mice were housed in standard 

Plexiglas cages and the colony room was maintained at a constant temperature (24 ± 

1°C) and humidity (60 ± 2%) with a 12 h light/dark cycle (lights on at 07:00 A.M.). We 

used 8- to 10-wk-old male mice for all experiments. 

 

Stereotaxic surgery for virus injection and behavior experiments 

Stereotaxic surgery was performed to infuse virus into the DMS (AP +0.6 mm, ML +1.35 

mm, DV -2.35 mm from bregma). 1) Instrumental behavior training. Mice were trained 

on a random interval or a random ratio context to develop habitual and goal-directed 

seeking, respectively. The detailed training procedures are provided in Supplemental 

Methods and Materials. 2) Extinction test. On the devalued day, mice were given 1h of 

ad libitum access to the outcome (sucrose) previously earned by nose poke (for 

devaluation), or food pellet and then underwent serial non-reinforced test sessions in 

each training context. The order of context exposure during testing was the same as 
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training exposure with the order of valuation day counterbalanced across mice. Tests in 

each context were 10 min in duration. The devaluation index were calculated based on 

nose-poking (NP) rate: (NP ratevalued – NP ratedevalued) / (NP ratevalued + NP ratedevalued) 

(29, 30). 

 

Electrophysiology 

The details in brain slice preparation, ex vivo/in vivo electrophysiology, and 

optogenetics are provided in Supplemental Methods and Materials. The dMSNs and 

iMSNs were identified with the expression of fluorescence including GFP and mCherry 

and electrophysiological properties (31, 32).  

 

Drugs  

We purchased common chemicals from Sigma Aldrich (St. Louis, MO, USA) except 

DPCPX, PSB12379, and NBTI (NBMPR) which were purchased from Tocris 

(Minneapolis, MN, USA). 

 

Statistical analysis 

All data represented as the mean ± S.E.M. and were analyzed by unpaired/paired two-

tailed student’s t-tests, one-way analysis of variance (ANOVA)/repeated measures one-

way ANOVA followed by Tukey’s or Bonferroni’s multiple comparisons tests, and two-

way ANOVA/repeated measures ANOVA followed by Tukey’s or Bonferroni’s multiple 

comparisons tests using Prism 8.0 (GraphPad Inc., San Diego, CA, USA). Statistical 
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significance was set at P < 0.05. Detailed statistical data with exact P values are listed 

in the Table S1.  
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RESULTS 

Selective Activation of Excitatory DREADDs Induces Calcium Signaling in the 

DMS Astrocytes. 

Previous studies have demonstrated that endogenous Gq-GPCRs induce calcium influx 

in astrocytes (33-36), thereby promoting astrocyte-neuron interaction and results in 

behavioral changes (18, 21, 37-40). In order to induce astrocyte activity, we selectively 

expressed the Gq-coupled DREADDs in GFAP-expressing cells in the DMS by 

microinjection of adeno-associated virus serotype 5 (AAV5) containing a GFAP 

promoter-driven gene that encodes the modified M3-muscarinic receptor fused to 

mCherry (hM3Dq-mCherry) (Figure 1A-D). We confirmed that DREADDs are expressed 

in astrocyte cells by co-immuno-labeling anti-GFAP with mCherry expression (Figure 

1B), while no co-localization was observed with the neuronal marker, anti-NeuN, or the 

microglial marker, anti-Iba1, antibodies in the DMS (Figure 1C,D). 

 We then examined calcium dynamics with the genetically encoded calcium-

sensitive fluorescent proteins, GCaMP6s (41). We first measured the effects of 

chemogenetic activation in the astrocyte calcium events in the DMS using ALDH1L1 

promoter-driven GCaMP6s expressing mice (Figure 1E,F). In ex vivo recordings, bath 

application of Compound 21 (C21, a DREADDs ligand, 10 µM) significantly triggered an 

intracellular Ca2+ increase in hM3Dq-expressing astrocytes in comparison to the 

recordings in which vehicle was applied to hM3Dq-expressing astrocytes or C21 was 

applied to non-hM3Dq expressing astrocytes [one-way ANOVA, F(2,37)=27.00, P<0.05; 

post-hoc: no-hM3Dq/C21 vs. hM3Dq/C21, P<0.05; hM3Dq/Veh vs. hM3Dq/C21, 

P<0.05, Figure 1G-I]. C21 application in the astrocytes without the expression of hM3Dq 
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had no difference compared to vehicle treatment [no-hM3Dq/C21 vs. hM3Dq/Veh, NS 

(not significant), Figure1I], indicating the changes in events were not due to the effects 

of C21 application itself. Importantly, systemic administration of C21 (1 mg/kg, i.p.) to 

free-moving mice also significantly increased calcium-indicating events in the DMS 

astrocytes as compared to those after saline injections (paired t-test; frequency: t=6.27, 

P<0.05, Figure 1J,K; total time: t=3.78, P<0.05, Figure 1J,L). Collectively, we confirmed 

the specific and selective expression as well as activation of hM3Dq in the DMS 

astrocytes. 

 

Chemogenetic Activation of DMS Astrocytes Differentially Regulates the 

Spontaneous Synaptic Events in Direct and Indirect MSNs and GPe Neurons. 

Based on previous observations (42-44), to determine the effects of astrocyte activation 

on the medium spiny neuron (MSN) subtypes that comprise >90% of all DMS neurons 

(Figure S1), we performed whole-cell recordings in the MSNs of mice expressing 

hM3Dq in the astrocytes of the DMS (Figure 2A,B). Since we targeted the neurons at a 

depth of more than 100 µm in the slice, the whole structure of both the recorded 

neurons and the surrounding astrocytes could be preserved. In the voltage-clamp 

whole-cell recordings, we found that C21 application resulted in decreased frequency of 

spontaneous excitatory postsynaptic currents (sEPSCs) in the direct-pathway MSNs 

(dMSNs, paired t-test, frequency: t=3.49, P<0.05; amplitude: t=1.10, NS, charge 

transfer: t=1.12, NS), while it increased the amplitude of sEPSCs in the indirect-pathway 

MSNs (iMSNs, paired t-test, frequency: t=0.19, NS; amplitude: t=4.63, P<0.05, charge 

transfer: t=1.38, NS). Importantly, the activation also induced a significant decrease in 
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spontaneous inhibitory postsynaptic currents (sIPSCs) in the iMSNs (paired t-test, 

frequency: t=4.45, P<0.05; amplitude: t=3.63, P<0.05, charge transfer: t=2.89, P<0.05).  

Next, we examined whether the astrocyte activation physiologically dampens the 

external globus pallidus (GPe),, the main output of DMS iMSNs (45). We employed 

A2AR-Cre mice to examine the activity of iMSNs because D2-containing iMSNs in the 

DMS are mostly co-expressing A2AR (>99%, Figure 3A). We co-injected GFAP 

promoter-driven hM3Dq expressing and Cre-dependent channelrhodopsin(ChR2)-

expressing AAV5 into the DMS of A2AR-Cre mice to measure the electrophysiological 

features in the GPe after the DMS astrocyte activation (Figure 3A,B). To confirm 

whether the neurons we recorded in the GPe were receiving a signal from DMS, we 

expressed ChR2 in the A2AR-expressing iMSNs in the DMS and recorded neuronal 

responses in the GPe (Figure 3A,B). Blue light stimulation in the DMS inhibited the 

spontaneous firing in the GPe (Figure 3C,D), verifying that the neurons measured in the 

GPe were receiving inhibitory signaling from the DMS iMSNs (45). Importantly, systemic 

application of C21 (1 mg/kg, i.p.) without light stimulation significantly reduced the 

spontaneous firing in the GPe of mice expressing astrocyte hM3Dq in the DMS 

compared to those without hM3Dq expression (unpaired t-test, t=3.98, P<0.05, Figure 

3E,F). This indicates that the local astrocytic activation-induced changes in the neuronal 

events could alter the activity of the downstream circuit. 

 

DMS Astrocyte Activation Abolishes Habitual Reward-Seeking Behaviors. 

Based on our findings that astrocyte activation is sufficient to induce cell-type specific 

changes in activities of MSNs in the DMS and also on the previous studies 
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demonstrating the contribution of the DMS toward reward and decision-making 

behaviors (11, 14, 44-47), we sought to test whether astrocyte activation can affect 

reward-seeking behaviors. We trained mice expressing hM3Dq in astrocytes of the 

DMS with an operant-conditioning method by random interval (RI) to establish habitual 

reward-seeking behavior (Figure 4A,B). In accordance with the training schedule, mice 

acquired nose-poking behavior through a fixed ratio 1 schedule (FR1) followed by 1 day 

of RI30 and 2 days of RI60, mice progressively chose the active hole compared to the 

inactive hole [two-way ANOVA, for group F(1,26)=20.93, P<0.001, Figure 4C] with 

reduced latency to magazine compared to the first FR1 session [one-way ANOVA, for 

group F(2,26)=4.17, P<0.05, post-hoc: FR1 1st day vs. 3rd day P<0.05, Figure 4D].  

To test the effect of astrocyte activation on the behavioral patterns of reward-

seeking, C21 was administered 30 min before the extinction test, in which mice were 

tested in the same operant chambers for 10 min without the reward. C21 application (1 

mg/kg, i.p.) did not induce any changes in nose-poking rates in valued states (paired t-

test, t=0.41, NS, Figure 4E). In the devaluation test, which compares nose-poking 

between the valued and devalued condition, vehicle-treated mice did not show a 

decrease in nose-poking in the devalued condition, indicating a habitual behavior 

(paired t-test, t=0.94, NS, Figure 4F). This is consistent with previous studies showing 

that a RI schedule yields conditioned habitual reward-seeking behavior (1, 12, 13, 48). 

Interestingly, mice injected with C21 were markedly sensitive to outcome devaluation 

(paired t-test, t=2.83, P<0.05, Figure 4F), indicating that the activation of DMS 

astrocytes promoted goal-directed behavior. C21 application did not alter locomotor 

activity (paired t-test, distance traveled: t=0.35, NS; velocity: t=0.63, NS, Figure S2). 
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When we trained the mice to develop goal-directed behaviors through a random ratio 

paradigm (Figure S3), the astrocyte activation in the DMS did not induce behavioral 

changes (paired t-test, t=4.55, P<0.05, Figure S3D), indicating DMS astrocyte activation 

specifically reduces habitual, but not goal-directed behaviors toward a conditioned 

reward.  

 

Adenosine Signaling is Involved in DMS Astrocyte Activation-induced Neuronal 

activity and Habitual Reward-Seeking Behaviors. 

Gliotransmitters, including glutamate, D-serine, ATP, and adenosine, have been shown 

to modulate neuronal synaptic transmission (17, 49-52). Our previous data showed that 

adenosine signaling in the MSNs of the DMS modulates reward-seeking behaviors (45, 

46). Interestingly, direct bath application of adenosine ex vivo induces changes in 

synaptic events of dMSNs and iMSNs, which are similar to those induced by the 

astrocyte activation (paired t-test, in the dMSNs, frequency: t=7.43, P<0.05, amplitude: 

t=0.84, NS; in the iMSNs, frequency: t=0.15, NS, amplitude: t=2.86, P<0.05, Figure S4). 

Thus, to examine the role of adenosine signaling in the observed synaptic events, we 

first tested the pharmacological effects of inhibited adenosine signaling (Figure 5A-E, 

Figure S5). The pretreatment of a selective adenosine receptor A1R antagonist 

(DPCPX, 1 µM) abolished the astrocyte-induced reduction in the frequency of sIPSCs of 

the iMSNs [one-way ANOVA, for treatment F(3,23)=9.48, P<0.05, post-hoc: CON vs. 

DPCPX, P<0.05, Figure 5B-E]. Since extracellular adenosine levels are known to be 

regulated by both ectonucleotidases that metabolize ATP to adenosine and astrocyte 

adenosine transporters (46, 53, 54), we subsequently tested the roles of PSB12379, an 
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inhibitor of an ectonucleotidase, CD73, and NBTI, an inhibitor of equilibrative nucleoside 

transporter 1 (ENT1, the astrocyte adenosine transporter), respectively. The 

pretreatment of PSB12379 (10 µM) significantly reduced the C21-induced changes in 

the sIPSCs of iMSNs (post-hoc: CON vs. PSB12379, P<0.05, Figure 5E) although it 

was not completely blocked (paired t-test, t=2.48, P<0.05, Figure 5D). The C21-induced 

changes in the sIPSCs were also reduced by NBTI (10 µM, post-hoc: CON vs. NBTI, 

P<0.05, Figure 5E). Interestingly, the C21-induced changes in sIPSC were also reduced 

in the DMS of mice with the genetic deletion of ENT1 (ENT1 KO vs. ENT1 WT, 

Unpaired t-test, t=2.73, P<0.05, Figure 5F-H)(27). 

 Since the ablation of ENT1 inhibits the changes in synaptic events induced by 

the astrocyte activation in the DMS, we tested whether it also affects reward-seeking 

behaviors (Figure 6A-C). Indeed, during devaluation testing, the C21 application, even 

with a higher dose (3 mg/kg, i.p.), did not decrease nose-poking in the devalued 

condition, showing no significant devaluation effect in ENT1 KO mice (paired t-test, 1 

mg/kg: t=1.17, NS; 3 mg/kg: t=0.74, NS, Figure 6C, Figure S6). Collectively, these 

pharmacological and genetic validations suggest that adenosine signaling is, at least 

partly, required in the astrocyte-induced DMS neuronal adaptation and the shifting of 

reward-seeking behaviors.  

Other gliotransmitters also possibly alter the neuronal synaptic transmission 

induced by the astrocyte activation (55). Similar to our previous results showing no 

difference in the extracellular glutamate levels measured by microdialysis between 

ENT1 wild-type and KO in the dorsal striatum (46, 56), the systemic application of C21 

in mice expressing astrocyte hM3Dq in the DMS did not change the homeostatic levels 
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of glutamate (CON vs. C21, paired t-test, t=0.37, NS, Figure S7). This suggests that the 

neuronal adaptation and behavioral shifts are unlikely caused by the glutamate release 

from astrocytes. 

 

Restoring of Astrocyte ENT1 Expression in the DMS Normalizes the Astrocyte-

Induced Reward-Seeking Behaviors 

Since the reward-seeking behavioral shift induced by the DMS astrocyte activation was 

not observed in the ENT1 KO mice (Figure 6A-C), we sought to determine if the 

restoring of ENT1 expression in the DMS reinstates the behaviors (Figure 6D-G). We 

injected a virus to express ENT1 in astrocytes utilizing the GFAP promoter (Figure 

6D,E). ENT1 rescue in the DMS did not affect the expression of adenosine receptors in 

the DMS (Figure S8). During the devaluation test, the mice expressing astrocyte ENT1 

became markedly sensitive to the outcome devaluation through decreased nose-poking 

after C21 application (paired t-test, 1 mg/kg: t=6.08, P<0.05; 3 mg/kg: t=6.20, P<0.05, 

Figure 6G). The C21-induced changes in reward-seeking behavioral patterns were 

significantly different from those of ENT1KO mice without ENT1 overexpression in the 

DMS [two-way ANOVA, for genotype F(1,45)=12.13, P<0.05, Figure 6H], indicating that 

ENT1 overexpression in the DMS of ENT1 KO mice abolished the astrocyte-driven 

habitual actions as observed in wild-type mice. 

Taken together, our finding supports the hypothesis that the GPCR Gq-pathway 

driven increase in astrocyte calcium signaling of the DMS alters the microcircuits 

between astrocytes and neurons, leading to the shift in patterns of reward-seeking 

behaviors, at least partly, via adenosine signaling. 
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DISCUSSION 

In the present study, we provide a novel aspect of the interaction between astrocytes 

and neurons in the DMS, which regulates habitual and goal-directed behaviors. This is, 

to the best of our knowledge, the first time showing that the activation of astrocytes 

abolishes habitual reward-seeking behavior and promotes a transition to goal-directed 

reward-seeking behavior as summarized in Figure 7. For this study, we took advantage 

of a chemogenetic DREADDs approach that allows us to spatiotemporally activate the 

astrocytes in the DMS, which can mimic the GPCR-Gq pathway-driven activation of 

astrocytes. Our data showed that the behavioral shifts from habitual action to goal-

directed behaviors were evoked by activating astrocytes but were blunted by 

pharmacological and genetic depletion of adenosine signaling. In addition, we provide 

evidence that DMS astrocytes could alter the neuronal activities in the downstream 

circuit, indicating the importance of local microcircuits in broad brain activities and 

behavioral consequences. Thus, this study reveals the direct role of astrocytes as 

determinants of neuronal activities and behavioral outcomes in reward-seeking. 

Our data indicate that astrocytes in the DMS are functional components of the 

adenosinergic system. Consistent with the reports of other brain regions, the 

adenosinergic system is one of the key determinants of astrocytes regulating synaptic 

transmission through Ca2+ influx in the astrocytes, which induces subsequent calcium 

mobilization and the stimulation of gliotransmitter release (57, 58). The synaptic 

regulation observed in this study parallelly happens with the astrocyte calcium activity 

that stimulated the release of ATP/adenosine, which is acting as a gliotransmitter. Thus, 

it evokes the effects of the occupation of the neuronal adenosine receptors in the DMS 
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synapses similar to what we observed in recent studies demonstrating pharmacological, 

optogenetic, and genetic modification of adenosine A2AR in the DMS has an important 

role in reward-seeking behaviors (45, 46). In addition, the ATP-derived adenosinergic 

system regulates synaptic transmission and plasticity through the metabolism in the 

extracellular area by the activities of ectonucleotidase, which can hydrolyze ATP to 

adenosine (16, 50). However, the direct release of adenosine by adenosine transporters 

has not been fully studied. Thus, the present results add to the accumulating evidence 

indicating that the adenosine transporter may have additional synaptic regulatory effects 

in the context of activated astrocytes. These transporters can expand the signaling 

range and regulate synapses distant from the homeostatic extracellular adenosine 

levels, which affects the neuronal activities slowly (59). Interestingly, whereas the 

pretreatment of ectonucleotidase inhibitor, which potentially prevents the metabolism of 

ATP to adenosine, reduces the astrocyte-activation induced changes in the GABAergic 

synaptic events mainly in post-synapses, the pretreatment of ENT1 inhibitor that blocks 

the transport of adenosine reduces mainly the events in pre-synapses. This raises the 

possibility that the purinergic signaling has been modulated by several layers in a 

spatially- and temporally-dependent manner and those layers have different 

characteristics according to what proximity they have in the connections with synapses. 

These complementary mechanisms of adenosine-driven astrocyte-neuron interaction 

reveal a complex neural network which is required for the fine regulation of reward-

seeking behavior. 

The selective signaling of astrocytes to specific synapses from distinct neuronal 

populations has been reported recently in basal ganglia circuits (4). The synapse 
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specificity of astrocyte signaling is further supported by the present results, which show 

that adenosine derived from astrocytes distinctly regulates excitatory and inhibitory 

synaptic transmission in the DMS by activating specific adenosine receptors. Our 

findings indicate that while the astrocytic activation in the DMS induces the decrease in 

sEPSCs in the dMSNs, it induces the increase in sEPSCs and the decrease in sIPSCs 

(disinhibition) in the iMSNs that may simultaneously drive the increased neuronal 

activities. Interestingly, astrocyte activation tremendously reduces the GABAergic 

signaling in the iMSNs but not in the dMSNs. Therefore, rather than triggering broad 

and non-specific effects, astrocytes exert their regulatory actions through selective 

interaction with specific synapses via the activation of the signaling pathways. In 

addition, since we show that the MSN-specific regulation by astrocytes yields critical 

behavioral consequences, further characterization of the pre- and post-synapses is also 

warranted to resolve the different mechanisms of modulation following activation of 

astrocytes in the DMS. For example, it would be intriguing to investigate whether the 

observed differences in MSNs’ GABAergic signaling is from local interneurons or 

upstream brain regions (60, 61). 

Besides adenosine, astrocytes are able to release different neuroactive 

substances. Indeed, other gliotransmitters, including glutamate and D-serine, are also 

identified as regulators of specific behaviors and synaptic transmission in brain areas 

(17, 19, 49-52). For example, several GPCRs and ion channels including µ-opioid 

receptors, CB1 receptors, and TWIK-1/TREK-1 heterodimers mediate astrocyte 

activation and glutamate release from astrocytes (4, 55, 62). However, our microdialysis 

data does not show the significant changes in the glutamate in the DMS after the 
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activation of astrocytes, suggesting that the regulation of the gliotransmitter glutamate in 

astrocytes is not implicated in this context. Instead of the changes in the amount of 

extracellular glutamate and also potentially GABA, the observed changes in synaptic 

events seem to be involved in the modulation of the potential of the receptors in 

synapses. Thus, in our experimental paradigm, it is unlikely that other gliotransmitters 

might be the major determinant for the observed behavioral outcomes.  

The cell-type specificity was demonstrated by showing that hM3Dq-mCherry was 

expressed in only GFAP-positive cells, but not in NeuN- or Iba-expressing cells. In the 

CNS, GFAP expression is commonly used to identify differentiated astrocytes. Although 

we cannot conclusively exclude the existence of GFAP-positive progenitor cells who 

produce neurons and oligodendrocytes throughout the CNS (63), the relatively fast 

responses in the neurons after activation of GFAP-positive cells suggest to us a rare 

possibility that the population of GFAP positive are progenitor cells. Thus, our data 

suggest that astrocytes are the major cells activated by DREADDs. In addition, although 

astrocytes are ubiquitous in the brain, region-specific characteristics have been 

previously reported (36). It would be interesting to further characterize the detailed role 

of astrocytes using the DREADDs with different promoters such as ALDH1L1 or mu-

crystallin (64). 

Behavioral flexibility is the process of responding and adapting to associated 

stimuli appropriately, thereby inhibiting maladaptive actions (65). This action-outcome 

process that influences decision making and reward-seeking behaviors is associated 

with the combined activity of dMSNs and iMSNs in the DMS (12, 14). In our animal 

model, astrocyte activity in the DMS “during the extinction test” facilitates the transition 
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from habitual action to a goal-directed behavioral state. Since many psychiatric 

disorders, including addiction, are normally accompanied with the formation of 

maladaptive habitual behavior, it is common for patients to be treated with exposure 

therapy which is designed to extinguish the developed habitual behavior (66). These 

findings may direct attention toward astrocyte activity as a potential component in 

therapeutic treatment that could facilitate extinction in maladaptive habitual behavior. 

However, despite the role of astrocyte activity during the extinction process, the precise 

role of astrocytes in the development of habitual behaviors during repeated exposures 

to motivating stimuli is still unclear. The time- or stage-dependent astrocyte activation is 

necessary to determine the role of astrocytes during the development and extinction of 

reward-seeking patterns. 

We manipulated the activity of DMS astrocytes in free-moving mice by utilizing a 

combination of AAV-driven overexpression of hM3Dq DREADDs in the DMS and 

systemic administration of DREADDs’ ligand. Notably, we showed that C21 induces a 

significant increase in Ca2+ signaling in the DMS astrocytes of mice expressing hM3Dq 

in astrocytes, indicating that systemic administration of C21 activates the brain regional 

activities. In regard to DREADDs system in vivo, some recent studies discussed 

potential complications of utilizing chemogenetics, which include brain penetrance and 

off-target metabolite effects. For example, clozapine, a metabolite of DREADDs 

activator, mediates the effects on non-DREADDs receptors in the brain (67-69). Thus, in 

this study, we utilized compound 21 (C21) (11-(1-piperazinyl)-5H-

dibenzo[b,e][1,4]diazepine) instead of CNO (clozapine-N-oxide), since C21 is a potent 

and selective agonist at both excitatory (hM3Dq) and inhibitory (hM4Di) DREADDs and 
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has excellent bioavailability, pharmacokinetic properties, and brain penetrability. 

Particularly, C21 represents an alternative to CNO for in vivo studies where the 

metabolic conversion of CNO to clozapine is a concern (70). We employed the doses of 

C21 that are known not to affect animal behavior (68, 69). To avoid possible off-target 

effects of C21, we also validated the C21 effects in mice without DREADDs expression.  

In summary, the characterization of the synaptic events and reward-seeking 

patterns according to the astrocyte activation in the DMS provides a possible signaling 

pathway that demonstrates how adenosine signaling alters the activities of the DMS and 

DMS-GPe circuit. Together, our findings provide a novel aspect of reward-seeking 

behavior as a result of the interaction between astrocytes and neurons.  
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FIGURE LEGENDS 

 

Figure 1. The selective expression and activation of DREADDs induce calcium 

signaling in the astrocytes of the DMS. (A) A representative image of GFAP promoter-

driven hM3Dq-mCherry expression in the dorsomedial striatum (DMS). Scale bar = 500  

µm. (B-D) Immunostaining of GFAP (B), NeuN (C), Iba (D) in the DMS after the GFAP 

promoter-driven expression of hM3Dq-mCherry. Scale bar = 20 µm. (E) Experimental 

scheme explaining injection of GFAP-promoter driven hM3Dq expressing virus in the 

DMS of the mice expressing GCaMP6s in the ALDH1L1 positive cells. (F) A 

representative image of expression of hM3Dq-mCherry in the DMS of Aldh1L1-specific 

GCaMP6s-expressing mice. Scale bar = 50 µm. (G-I) The representative figure (G), 

traces (H) and pooled data (I) showing that bath application of compound 21 (C21, 10 

µM) increases the intracellular Ca2+ in the astrocyte of DMS. One-way ANOVA followed 

by Tukey's multiple comparisons test. Ncell = 10 (2 mice)/group (C21 without hM3Dq and 

Veh with hM3Dq) and 20 (3 mice, C21 with hM3Dq). Data represented as mean ± SEM. 

*P<0.05. Scale bar = 10 µm. (J-L) The representative traces (J) and pooled data (K-L) 

showing that systemic administration of C21 (1 mg/kg, i.p.) increase the intracellular 

Ca2+ in the astrocytes in the DMS of freely moving mice. Nmice = 4/group. Data 

represented as mean ± SEM. paired t-test, *P<0.05. 

 

Figure 2. Chemogenetic activation of the DMS astrocytes regulates the synaptic events 

in the direct and indirect MSNs differently. (A,B) CCD camera (A) and confocal (B) 

captured images showing the condition of recordings in the DMS indirect medium spiny 
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neurons (iMSNs). Scale bars = 250 µm (A left), 50 µm (A right), and 20 µm (B). (C-F) 

The effects of bath application of C21 (10 µM) on the spontaneous excitatory 

postsynaptic currents (sEPSCs, C, D, Scale bars = 250 ms, 20 pA) and inhibitory 

postsynaptic currents (sIPSCs, E, F, Scale bars = 500 ms, 30 pA) in the dMSNs and the 

iMSNs. dMSNs sEPSCs: Ncell = 6 (3 mice), iMSNs sEPSCs: Ncell = 7 (4 mice), dMSNs 

sIPSCs: Ncell = 6 (3 mice), iMSNs sIPSCs: Ncell = 7 (3 mice). Data represented as mean 

± SEM. paired t-test, *P<0.05. 

 

Figure 3. Local activation of the DMS astrocytes regulates the neuronal activities in the 

downstream of the DMS. (A) The representative figure showing the co-localization of 

D2R and A2AR in the DMS. Scale bars = 100 µm (Left) and 20 µm (Right). (B) 

Experimental scheme. (C,D) Traces of GPe spontaneous firing that is inhibited by light 

stimulation of the iMSNs in the DMS. Scale bar = 0.3 ms, 200 µV. (E, F) The 

representative figure (E) and pooled data (F) showing the firing rate of the GPe neurons 

before and after systemic administration of C21 (1 mg/kg, i.p.). Nmice = 8-9/group. Data 

represented as mean ± SEM. unpaired t-test, *P<0.05. 

 

Figure 4. Astrocytic activation shifts the reward-seeking patterns from habitual action to 

goal-directed behaviors. (A,B) Experimental scheme. (C,D) Nose-poking behavior (C) 

and Latency to Magazine (D) during operant conditioning. two-way ANOVA followed by 

Tukey's multiple comparisons test. Data represented as mean ± SEM. *P<0.05. (E) The 

total amount of nose-poking in the valued state. Data represented as mean ± SEM. 

paired t-test, P>0.05. (F) Comparison of nose-poking changes between the valued 
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(chow) and the devalued (20% sucrose) states after the application of Vehicle or C21 

(i.p., 1 mg/kg). Nmice = 14/group. Data represented as mean ± SEM. paired t-test, 

*P<0.05. 

 

Figure 5. Adenosinergic signaling is involved in the astrocytic activation-induced 

adaptation of the DMS neurons and behaviors. (A) CCD camera and fluorescence-

filtered images showing the recorded DMS indirect medium spiny neurons (iMSNs). 

Scale bar = 20 µm. (B) Experimental Scheme. (C) The representative traces showing 

the effects of bath application of C21 (10 µM) on the spontaneous inhibitory 

postsynaptic currents (sIPSCs) in the iMSNs with or without pretreatment of DPCPX 

(A1R antagonist, 1 µM). (D) Pooled data showing the effects of the pretreatment of 

DPCPX [1 µM, Ncell = 6 (3 mice)], PSB12379 [CD73 inhibitor, 10 µM, Ncell = 7 (4 mice)], 

and NBTI [ENT1 inhibitor, 10 µM, Ncell = 7 (3 mice)] on the frequency of sIPSCs in the 

iMSNs of the DMS. Data represented as mean ± SEM. Paired t-test, *P<0.05. (E) The 

comparison of the C21-induced changes in the sIPSCs in the iMSNs of the DMS by the 

drug pretreatment with CON. Ncell = 6-7 (3-4 mice)/group. Data represented as mean ± 

SEM. one-way ANOVA followed by Tukey's multiple comparisons test. *P<0.05. (F) A 

representative image of GFAP promoter-driven hM3Dq-mCherry and DRD2 promoter-

driven eGFP expression in the dorsomedial striatum (DMS) of ENT1 transgenic mouse. 

Scale bar = 50 µm. (G) Pooled data showing the effects of the C21 application on the 

sIPSCs in the iMSNs of ENT1 WT and KO mice. Ncell = 7 (3 mice)/group. Data 

represented as mean ± SEM. Paired t-test, *P<0.05. (H) The comparison of the 
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changes in the sIPSCs. Ncell = 7 (3 mice)/group. Data represented as mean ± SEM. 

Unpaired t-test, *P<0.05. 

 

Figure 6. DMS ENT1 rescue in ENT1 KO mice can restore the behavioral shift in the 

reward-seeking induced by astrocytic activation. (A) Experimental scheme explaining 

injection of GFAP-promoter driven hM3Dq expressing virus in the DMS of ENT1 KO 

mice. (B) The total amount of nose-poking in the valued state. One-way ANOVA 

followed by Tukey's multiple comparisons test, NS. (C) Comparison of nose-poking 

changes between the valued (chow) and the devalued (20% sucrose) states after 

application of Vehicle or C21 (i.p., 1 and 3 mg/kg) in the ENT1 KO mice. Nmice = 6-

15/group. Data represented as mean ± SEM. Paired t-test, NS. (D,E) Experimental 

scheme (D) and representative image (E) showing injection of GFAP promoter-driven 

hM3Dq and mENT1 expressing viruses in the DMS of ENT1 KO mice. Scale bar = 40 

µm. (F) The total amount of nose-poking in the valued state. One-way ANOVA followed 

by Tukey's multiple comparisons test, NS. (G) Comparison of nose-poking changes 

between the valued (chow) and the devalued (20% sucrose) states after application of 

Vehicle or C21 (i.p., 1 and 3 mg/kg) in the ENT1 rescued mice. Nmice = 7/group. Data 

represented as mean ± SEM. Paired t-test. *P<0.05. (H) Devaluation Index showing the 

differences between ENT1 KO and ENT1 rescued mice. Nmice = 6-15/group. Data 

represented as mean ± SEM. two-way ANOVA followed by Tukey's multiple 

comparisons test. *P<0.05. 
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Figure 7. The chemogenetic activation of astrocytes in the dorsomedial striatum 

modulates the synaptic activities of direct and indirect medium spiny neurons (dMSNs 

and iMSNs) differentially and those of downstream via adenosine signaling, which leads 

to a transition to goal-directed reward-seeking behavior. hM3Dq, modified form of the 

human M3 muscarinic (hM3) receptor; ENT1, equlibrative nucleoside transporter type 1; 

Ado, adenosine; sEPSCs, synaptic excitatory post-synaptic currents; sIPSCs, synaptic 

inhibitory post-synaptic currents; GPi, internal globus pallidus; GPe, external globus 

pallidus.  

 

 
















