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SUPPLEMENTARY MATERIALS  

Fig. S1. Astrocyte motility and GLT-1 expression were unchanged during reinstated 

sucrose seeking. Co-registration of labeled NAcore astroglia with Synapsin I was not changed 

after extinction of sucrose self-administration or during 15 min of cue-reinstated sucrose seeking 

(A, Kruskal-Wallis=2.153, p=0.341). (B) GLT-1 expression was unchanged after operant training 

with sucrose (Kruskal-Wallis=0.7336, p=0.693). (C) Surface-proximal GLT-1, shown as percent 

of total GLT-1 from each astrocyte, was reduced after extinction from sucrose self-administration 

(Kruskal-Wallis=8.056, p<0.05). (D) Cued reinstatement of sucrose seeking did not change the 

proportion of astroglia expressing high levels of surface-proximal GLT-1 (<10%: Kruskal-

Wallis=1.464, p=0.4865; 10-20%: Kruskal-Wallis=1.298, p=0.5428; 20-30%: Kruskal-Wallis=2.75, 

p=0.2667). (E) Co-registration of GLT-1 with the presynaptic marker Synapsin I was not changed 

by sucrose training (Kruskal-Wallis=0.3724, p=0.830). When synaptic (F, Kruskal-Wallis=2.950) 

and extrasynaptic (G, Kruskal-Wallis=2.950) fractions of surface GLT-1 were analyzed 

separately, we found no change in sucrose-trained rats compared with yoked controls. (H) shows 

ratio of extrasynaptic:synaptic GLT-1 (Kruskal-Wallis=2.950). N shown in (A) as cells/animals. 

*p<0.05 compared to yoked control using Dunn’s test. Yoked, yoked cues; Ext, extinguished; 15m

Cue, 15-min cued reinstatement. 



 Fig. S2. Heroin self-administration and extinction training did not impact Synapsin I  

immunoreactivity in the NAcore. Kruskal-Wallis=0.4046, p=0.9393. N shown in bars as  

frames/animal. 



Fig. S3. (A) Principal component analysis showing individual data points organized according to 

dimensions 1 and 2, which account for 50.3% and 49.7% of the data variance, respectively. (B) 

Dendrogram shows three clusters representing type 1 (blue), type 2 (gray), and type 3 (orange) 

astroglia. 



Fig. S4. Astroglial subpopulations were not altered by operant training with sucrose, but 

were abolished by ezrin or GLT-1 oligo treatment. (A) Astroglial clusters were not altered by 

operant training with sucrose (Chi2=2.818 p=0.2444 Yoke vs. Ext, Chi2=4.535 p=0.1036 Yoke vs. 

15m). (B) Compared with astroglial subpopulations during reinstatement after control oligo 

treatment (left), ezrin or GLT-1 oligo treatment abolished subpopulations characterized by high 

synaptic adjacency (blue) or high surface-proximal GLT-1 (gray), respectively (Chi2=17.87 

*p=0.0002 Ez vs. Con, Chi2=23.60 *p<0.001 GLT-1 vs. Con, Chi2=13.01 #p=0.003 GLT-1 vs. Ez).

In (A, right panel), Yoke, yoked cues; Ext, extinguished; 15m, 15-min cued reinstatement. In (B, 

right panel), Con, control oligo; Ez, ezrin oligo; GLT-1, GLT-1 oligo. 



Fig. S5. Astroglial transduction with AAV5/GfaABC1D-Lck-GFAP labeled the astroglial 

membrane (green). Astrocytes identified using this marker are outlined in white (left panel). (Right 

panel) In the same frame, immunolabeling for GLT-1 (yellow) shows astrocytes with high (red 

outline) and low levels of GLT-1 expression (white outline). 



Fig. S6. Cell-type specific dynamics in astrocyte-synapse and GLT-dendrite association 

are largely independent of sex. (A) No sex differences were detected in D1- or D2-synaptic co-

registration by NAcore astroglia after operant training with heroin (D1-Cre: Kruskal-Wallis=49.82, 

p<0.0001, Dunn’s post-hoc test for sex>0.05 for all treatments; D2-Cre: Kruskal-Wallis=13.05, 

p=0.0229, Dunn’s post-hoc test for sex>0.05 for all treatments). (B) Dendritic association of GLT-

1 did not differ by sex, except in D1-Cre rats after extinction training (D1-Cre: Kruskal-

Wallis=13.46, p=0.0194, **p<0.01 Male Ext vs. Female Ext; D2-Cre: Kruskal-Wallis=30.60, 

p<0.0001, Dunn’s post-hoc test for sex>0.05 for all treatments). Sal, yoked saline; Ext, 

extinguished; Rst, 15-min cued reinstatement. Animal N shown below bars in (A) as (male, 

female). 



Fig. S7. Synapse-selective proximity of astrocytes regulates seeking. Extinguished heroin 

seeking is characterized by astrocytes exhibiting a high degree of association with synapses from 

D1-MSNs (left), but retraction from synapses from D2-MSNs (right). High synaptic co-registration 

by astroglial processes low in GLT-1 (orange) is predicted to induce autoinhibition through spatial 

buffering of glutamate toward presynaptic inhibitory autoreceptors (36). The high co-registration 

of astroglia with D1-MSN synapses during extinction training is also predicted to shield post-

synaptic NR2B receptors (yellow) that produce postsynaptic potentiation when stimulated by 

glutamate (33). These two functions would suppress D1-MSN potentiation during extinction 

training. Instead, retraction from D2-MSNs after extinction of heroin seeking engages post-

synaptic potentiation of D2-MSNs through stimulation of postsynaptic NR2B (33), synaptic 



recruitment (41), and loss of autoinhibitory mechanisms at terminals synapsing onto D2-MSNs 

(36). These hypotheses are supported by data showing potentiation of D2-MSNs, but not D1-

MSNs during extinction training (26, 46). Reversal of this pattern during cued reinstatement would 

permit potentiation of D1-MSNs and block signaling through D2-MSNs, permitting seeking 

behavior (10). 



 

 Table S1. Dendrite-specific co-registration values. Triple co-registration of astroglia with  

Synapsin I and labeled dendrites, as well as triple co-registration of astroglia with GLT-1 and  

labeled dendrites from D1- and D2-Cre rats are presented as % astrocyte volume.  
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