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Figure 2  
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Figure 2. D2R upregulation in NAc CINs increases pause duration. A. ChAT-Cre x DAT-

IRES-Cre mice were injected into the VTA/SN with AAV-DIO-ChR2-mCherry and with either AAV-

DIO-EGFP or AAV-DIO-D2-IRES-mVenus or AAV-DIO-D2-P2A-EGFP into the NAc. Red arrow 

represents the ChR2-positive afferents contacting the NAc. B,i-ii. Double immunolabeling 

showing co-localization between of Chr2-mCherry and TH in a midbrain section. Scale = 150 and 

50 µm. B,iii. Sparse AAV-DIO-D2-IRES-mVenus-positive CINs in the NAc core (green) 

surrounded by ChR2-positive afferents (red) from the midbrain. Scale = 50 µm. C. Sample cell-

attached recording traces following one trial of light-evoked burst stimulation (blue bars, 5 x 5 ms 

pulses, 20 Hz). D. Pause duration, measured as the average duration of the interspike interval 

(ISI) immediately following the stimulus across 10 trials, was significantly increased in cells 

expressing either of the D2R AAVs (F(2,46) = 15.77, ***p < 0.0001. Bonferroni post hoc test: EGFP 

vs D2-IRES, **p < 0.001; EGFP vs D2-P2A, p < 0.0001; D2-IRES vs D2-P2A, p > 0.05). E. The 

average ISI duration was not altered by D2R upregulation (F(2,46) = 0.4685, p = 0.6289). F. Pause 

duration was also normalized using the ratio of the first ISI after the stimulus over the average ISI, 

and was also significantly increased by D2R upregulation (F(2,46) = 25.25, p < 0.0001. Bonferroni 

post hoc test: EGFP vs D2-IRES, p < 0.001; EGFP vs D2-P2A, p < 0.0001; D2-IRES vs D2-P2A, 

p > 0.05). G. In a smaller subset of neurons that received both ACSF and sulpiride (10 µM), pause 

duration was significantly reduced by sulpiride pretreatment. A 2-way ANOVA found a statistically 

significant difference in pause duration by treatment (F(1,19) = 31.617, p < 0.001) and by AAV (F(2,19) 

= 9.453, p < 0.001), and a significant treatment x AAV interaction (F(2,19) = 7.67, p =0.004). 

Bonferroni post hoc tests revealed no significant pairwise differences following sulpiride treatment 

between groups (all p’s > 0.05). H. Peristimulus histograms of mean firing from 10 consecutive 

trials (0.1s bins).   
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Figure 3 
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Figure 3. D2R upregulation in NAc CINs alters ACh levels in a continuous reinforcement 

(CRF) task. A. AAV-GRABACh3.0 (ACh3.0) was infused together with either AAV-DIO-D2R-IRES-

mCherry (or AAV-DIO-mCherry) into the NAc. An optic fiber was implanted to measure task-

evoked NAc ACh3.0 fluorescence signals. Inset, representation of expected cell targeting of D2R 

AAV to NAc CINs (red), with a broader expression of ACh3.0 signal (green). B. Press latency 

across days did not differ between the two groups (F(1,12) = 0.91, p = 0.36). C. Normalized mean 

ACh3.0 fluorescent signals aligned to the lever extension across 6 days of training (Days 2-7; 

signals were not recorded on the first day of training). D. Peak amplitude was decreased in both 

groups (day effect: F(5,12) = 3.06, * p = 0.016). Peak amplitude was reduced in D2R-OENacChAT mice 

(virus effect: F(1,12) = 10.52, ##p = 0.007). E. Dip amplitude increased with training (day effect: F(5,12) 

= 17.74, ***p = 0.0001). A main effect of virus was also observed (F(1,12) = 6.33, #p = 0.027). F. 

D2R upregulation biased the net A.U.C. towards more negative values (F(1,12) = 9.54, ##p = 0.009). 

G. A.U.C. above baseline was significantly reduced by D2R upregulation (F(1,12) = 6.76, #p = 

0.023). H. A.U.C. below baseline was increased in D2R-OENacChAT mice (F(1,12) = 9.32, #p = 0.01).  
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Figure 4 

 

 

 

 

.CC-BY-NC-ND 4.0 International licenseavailable under a
(which was not certified by peer review) is the author/funder, who has granted bioRxiv a license to display the preprint in perpetuity. It is made 

The copyright holder for this preprintthis version posted September 7, 2020. ; https://doi.org/10.1101/2020.09.07.284612doi: bioRxiv preprint 

https://doi.org/10.1101/2020.09.07.284612
http://creativecommons.org/licenses/by-nc-nd/4.0/


42 
 

Figure 4. D2R upregulation in NAc CINs does not alter Pavlovian conditioning or Pavlovian-

to-instrumental transfer (PIT). A. Each of 25 trials of the Pavlovian conditioning session involved 

an 8-s feeder light CS which predicted subsequent presentation of a reward. Trials were 

separated by a variable ITI. B. Head entry responding was measured during the CS and during 

an ITI period of equal duration as a function of blocks of 2 training sessions. Repeated-measures 

ANOVA determined that head entry rate was significantly affected by trial phase (CS or ITI) (F(1,20) 

= 83.0, p < 0.0001) and by session block (F(7, 20) = 4.393, p < 0.0001). No main effect of virus 

(F(1,20) = 0.84, p = 0.37) or significant AAV x trial phase (F(1,20) = 0.55, p = 0.47) or AAV × session 

block (F(7,20) = 1.51, p = 0.17) interactions were observed. C. Head entry responding, expressed 

as a difference between responding during CS and preceding ITI, increased early on in training 

(F(7,20) = 10.8, p < 0.0001) but showed no effect of D2R upregulation (no AAV main effect, F(1,20) 

= 0.55, p = 0.47) and no AAV x session block interaction (F(7,20) = 0.45, p = 0.87). D. The average 

latency to make the first head entry during each CS increased with training (F(7,20) = 7.81, p < 

0.0001). No significant main effect of AAV (F(1,20) = 0.0009, p = 0.98) or AAV x block interaction 

(F(7,20) = 0.44, p = 0.88) was observed.  E. Pavlovian responding (CS-ITI) during the four quartiles 

of the 8-sec cue in each of 8 session blocks. An AAV x session block x CS quartile repeated 

measures ANOVA revealed a significant main effect of session block (F(7,20) = 11.7, p <0.0001) 

and of CS quartile main effect: F(3,20) = 36.1, p <0.0001), as well as a block x quartile interaction 

(F(21,20) = 3.71, p <0.0001). While this analysis did not show a significant AAV x quartile interaction 

(F(3,20) = 0.412, p = 0.20), analysis of the last 3 CS quartiles showed a significant influence of D2R 

upregulation on responding during the CS (AAV x CS quartile interaction: F(2,20) = 3.48, p = 0.04). 

F. Scheme of the 3 phases of the general PIT task. CS+ refers to a 2-min auditory CS paired with 

a reward, and CSØ refers to a different 2-min CS not associated with reward delivery. G. Pavlovian 

head entry responding during the CS+ vs ITI showed an increase during CS+ compared to ITI (CS 

period effect, F(1,33) = 111.5, p < 0.0001). No significant effect of D2R upregulation (AAV effect, 

F(1,33) = 0.115; AAV x CS period interaction, F(1,33) = 0.019; AAV x day interaction, F (6,33) = 0.54; 
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all p’s > 0.05) was found. The average Pavlovian head entry response rates were already high 

early on in training most likely because of the previous training on the Pavlovian conditioning task 

described above. H. Random ratio schedules used to examine instrumental responding showed 

no effect of D2R upregulation (ratio effect, F(2,33) = 6.60, p< 0.0001; AAV effect, F(1,33) = 0.67, p = 

0.42); AAV x ratio interaction, F(2,33) = 0.21, p = 0.81). I. Lever pressing increased significantly 

during CS+ as compared to during ITI and CSØ (CS period effect, F(2,33) = 15.4, p < 0.0001), but 

did not differ between groups (AAV effect, F(1,33) = 0.67, p = 0.42; AAV x CS period interaction, 

F(2,33) = 0.66, p = 0.52).  
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Figure 5 
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Figure 5. D2R upregulation in NAc CINs impairs No-Go responding. A. Schematic of first 

training phase consisting of 60 Go trials. Each Go trial is started with house light illumination and 

lever presentation, and mice must press the lever within 5 s to receive a reward. New trials begin 

after a variable ITI. B. Go responding was measured across 8 days and expressed as the average 

percent correct Go trials. This “hit rate” increased similarly in both groups with training (day effect: 

F(7,23) = 21.8, p < 0.0001; AAV effect: F(1,23) = 0.011, p = 0.91; AAV x day interaction: F(7,23) = 0.75, 

p = 0.63). C. In the second phase, which consisted of 30 days, 30 Go trials were intermixed with 

30 No-Go trials. Unlike Go trials, No-Go trials were signaled by the presentation of the lever and 

LED lights above the lever without a house light. Withholding from pressing for 5 s during No-Go 

trial led to reward. D. D2R upregulation did not alter accuracy of responding during Go trials (AAV 

effect: F(1,23) = 0.005, p = 0.94); AAV x day interaction (F(29,23) = 0.73, p = 0.85). E. In No-Go trials, 

premature responding (false alarm rate) decreased with training in both groups (day effect: F(29,23) 

= 65.9, p < 0.0001), yet this transition was significantly delayed in D2R-OENacChAT mice (AAV x 

day interaction: F(29,23) = 1.98, *p = 0.0019). 
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Supplementary Figure 1 

 

 

 

Supplementary Figure 1. D2R upregulation in CINs does not alter ACh3.0 expression in the 

NAc. Representative images showing expression of AAV-ACh3.0 in the neuropil of NAc when co-

infused with AAV-DIO-mCherry (A) or AAV-DIO-D2-IRES-mCherry (B).  
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Supplementary Figure 2 
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Supplementary Figure 2. Analysis of ACh3.0 signals. A. The semi-raw demodulated 405nm 

(purple) and 465 nm (blueviolet) fluorescent signals from a single session (Veh Day 2, mouse ID 

# 2544) with trigger events at the start of each trial (red rectangles). Trials begin with lever 

extension and end 5 s after dipper presentation, which is triggered by the first lever press. Variable 

ITI (mean 42 s) separated trials. B. A panel containing a single-trial transformation from the semi-

raw demodulated signal to achieve: ∆F/F (%) = (F-F0)/F0) x 100. Bi An event window pulled from 

the semi-raw demodulated trace centered around the lever extension. 465 nm (blue violet), 405 

nm (purple), fitted 405 nm (magenta). Bii. ∆F/F0 (dashed, black), ∆F/F (%) (solid, green), and 

baselined ∆F/F (%)BL (solid, black). Biii. A heat map for the single trial representing the ∆F/F(%) 

signal. C. A session heat map representing ∆F/F (%) signal for each trial. D. A ∆F/F (%) trace 

displaying the session mean +/- S.E.M. E.  A trace displaying the mean +/- S.E.M.  for both the 

405 nm and 465 nm signals from all trials in the session as separate entities to visualize the 

relationship between the session mean+/- S.E.M. (shown in D) and the trial signal transformations 

(shown in B). 
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Supplementary Figure 3 

 

 

 

 

 

 

 

 

 

Supplementary Figure 3. Dopamine is released during CRF. Normalized mean dLight1.2 

fluorescent signals aligned to the lever extension across 3 days of training on CRF schedule.  
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Supplementary Figure 4 
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Supplementary Figure 4. Haloperidol shortens the decrease in ACh levels. A. Haloperidol 

(0.25 mg/kg, i.p.) increased press latency in both groups (F(2,12) = 19.3, p = 0.0001). Two-way RM 

ANOVA showed a significant virus x treatment interaction (F(2,12) = 6.62, p = 0.006). B,C. 

Normalized mean ACh3.0 signals aligned to the lever extension following vehicle (Veh) or 

haloperidol (Hal). D. Peak amplitude showed significant main effects of virus (F(1,12) = 11.7, ##p = 

0.006) and treatment (F(2,12) = 8.20, **p = 0.002). E. Dip amplitude was unaltered in D2R-OENacChAT 

mice. F-H. Haloperidol significantly affected the overall (F(2,12) = 3.68, p = 0.042) and negative 

A.U.C (F(2,12) = 10.72, p = 0.0006), but not the positive A.U.C. No effect of virus was detected in 

any of the A.U.C. measures.  
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Supplementary Figure 5 
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Supplementary Figure 5. Correlations between the different ACh signals and distinct 

behavioral measures. A. Schematic representation of a CRF trial, showing the behavioral 

measures used to perform correlations with the different ACh3.0 measures. Press latency 

(press_lat) was measured as the length of time between the lever extension and the initial press. 

Head entries were calculated by phase for each trial. he_iti = head entries during the ITI; he_lever 

= head entries during lever presentation; he_dipper = head entries during the 5-s period when the 

dipper was up. B. Correlation matrices for select training days (2, 4, and 7) showing the 

corresponding r coefficients for each comparison.  
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