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Abstract

Background: A clinical hallmark of alcohol use disorder (AUD) is persistent drinking despite 

potential adverse consequences. The ventral (vmPFC) and dorsal (dmPFC) medial prefrontal 

cortex are positioned to exert top-down control over subcortical regions, such as the nucleus 

accumbens shell (NAcS) and basolateral amygdala (BLA), which encode positive and negative 

valence of EtOH-related stimuli. Prior rodent studies have implicated these regions in regulation of 

punished EtOH self-administration (EtOH-SA).

Methods: We conducted in vivo electrophysiological recordings in mouse vmPFC and dmPFC to 

obtain neuronal correlates of footshock-punished EtOH-SA. Ex vivo recordings were performed in 

NAcS D1-positive MSNs receiving vmPFC input to examine punishment-related plasticity in this 

pathway. Optogenetic photosilencing was employed to assess the functional contribution of the 

vmPFC and dmPFC, vmPFC projections to NAcS or BLA, to punished EtOH-SA.

Results: Punishment reduced EtOH-lever pressing and elicited aborted presses (lever approach 

followed by rapid retraction). Neurons in vmPFC and dmPFC exhibited phasic firing to EtOH-

lever presses and aborts, but only in vmPFC was there a population-level shift in coding from lever 

presses to aborts with punishment. Closed-loop vmPFC, not dmPFC, photosilencing on a post-

punishment probe test negated the reduction in EtOH-lever presses but not aborts. Punishment was 

associated with altered plasticity at vmPFC inputs to D1-MSNs in NAcS. Photosilencing vmPFC 
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projections to NAcS, not BLA, partially reversed suppression of EtOH-lever presses on probe 

testing.

Conclusions: These findings demonstrate a key role for vmPFC in regulating EtOH-SA after 

punishment, with implications for understanding the neural basis of compulsive drinking in AUDs.
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Introduction

Excessive alcohol drinking is the third leading cause of preventable death in the United 

States (1). By recent estimates, over fifteen million adults are afflicted by alcohol use 

disorders (AUD), while a quarter of the adult population reports recently engaging in either 

heavy alcohol use or binge drinking (1). A hallmark of AUDs is that drinking persists 

despite an awareness of the potential adverse consequences (2). Despite a large body of 

work describing brain mechanisms underlying alcohol-seeking, the neural circuits that exert 

control over the drive to use alcohol and other drugs in the face of potential negative 

outcomes remain poorly understood (3–10).

There is growing evidence from human and rodent studies that the medial prefrontal cortex 

(mPFC) modulates ethanol self-administration (EtOH-SA), and has been shown to either 

reduce or enable various measures of EtOH-seeking and drinking (4, 5). For instance, cue-

induced reinstatement of EtOH consumption is abolished by ablating neuronal ensembles in 

the ventromedial (vmPFC), but not dorsomedial (dmPFC) PFC (11, 12). The mPFC is also 

well-positioned, anatomically, to arbitrate between EtOH-seeking and avoidance via its 

connections with amygdaloid and striatal regions (13–17).

Prior studies have found that the development of resistance to EtOH-SA is associated with 

plasticity in mPFC projections to the NAc core (NAcC) (18), and that disconnecting dmPFC 

from NAcC biases rats towards making disadvantageous decisions (19, 20). Moreover, 

recent data has shown that the shell region of NAc (NAcS) and basolateral amygdala (BLA), 

as well as mPFC connections with these regions, play a key role in regulating responding to 

non-drug rewards in the presence of reward-associated cues and potentially aversive 

outcomes (21–27). These circuits are also affected by EtOH exposure. For example, EtOH 

dependence was accompanied by insertion of GluA2-lacking AMPA-receptors at 

glutamatergic synapses in NAc MSNs (28) and increased excitability and amplitude of 

NMDA receptor-mediated synaptic responses in D1-expressing NAc MSNs (29). 

Furthermore, NMDA receptors in the NAc and medial prefrontal cortex (mPFC) are 

implicated in punishment-resistant EtOH-drinking in rats (18, 30), and a recent elegant study 

found activity of NAc-projecting vmPFC neurons predicted lesser cocaine-seeking (27).

Taken together, these prior studies suggest that vmPFC, BLA, and NAc are part of an 

integrated circuit regulating the seeking, consumption and, in the face of negative outcomes, 

avoidance of EtOH and other drugs of abuse (31–36). Nonetheless, understanding of the 

contributions of the vmPFC and its downstream connections to BLA and NAcS to the 
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regulation of punished EtOH-SA remains incomplete. The aim of the current study was to 

clarify this role using a combination of in vivo and ex vivo neuronal recordings and 

optogenetic manipulations in a mouse assay for punished EtOH-SA.

Methods and Materials

Subjects

Subjects were male (7-8 weeks old) C57BL/6J and B6.Cg-Tg(Drd1a-tdTomato)6Calak/J 

mice obtained from The Jackson Laboratory, gradually reduced to 85% of their free-feeding 

body weight before testing.

Ethical considerations

All experimental procedures were approved by the NIAAA Animal Care and Use 

Committee and followed the NIH guidelines outlined in Using Animals in Intramural 

Research.

Behavioral testing

Mice were trained in a Med Associates operant chamber to respond on the left of 2 levers on 

a continuous schedule of reinforcement to earn sucrose pellets during 40-min sessions (right, 

‘inactive-lever’ had no programed consequences) until criterion was met (>35 rewards) as 

previously described (37–39). The pellet was then substituted with a progression of 10μL 

liquid-rewards (“sucrose fading”; 10% sucrose, 10% sucrose+10% EtOH, 5% sucrose+10% 

EtOH, 10% EtOH). Training at each EtOH-concentration stage continued until performance 

was stable (<20% coefficient between reward-lever responses over 3 sessions).

There was then a single punishment session consisting of a baseline-period (10 rewarded/

unpunished EtOH-lever presses) immediately followed (after the 10th press) by a 40-min 

punishment period (EtOH-lever presses alternatingly produced 10% EtOH or no-EtOH

+footshock). A probe test (identical to rewarded training sessions) was conducted 24hr later. 

For in vivo recordings, a second probe was conducted 24-hr following the first, with data 

collapsed across probes for analyses. EtOH-lever presses, inactive-presses, and head-entries 

into the reward receptacle were recorded by Med-PC software. Approaches to the EtOH-

lever with an elongated body posture, followed by rapid body-retraction without execution 

of press were scored manually (Supplemental Video 1) and referred to as ‘aborts,’ keeping 

with the definition of a similar behavior in rats (40).

In vivo neuronal recordings

Following training, fixed microelectrode arrays, were surgically implanted in bilateral 

vmPFC and dmPFC of the same mouse (41, 42). Recordings were conducted during 

punishment and probe testing using OmniPlex Neural Data Acquisition System combined 

with simultaneous CinePlex Behavioral Research Systems (41). Mean firing rate of recorded 

cells was 6.33±0.90 for vmPFC and 4.12±0.46 for dmPFC.

Spike timestamp information was integrated and analyzed using NeuroExplorer. For each 

unit, spikes were time-locked to the onset of behavioral events. Spiking activity 1s prior to 
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event onset was used as baseline. Using a sliding window (300ms) stepped in 10ms bins 

from −2.5s to +2.5s around each event, we computed t-tests to determine when the activity 

surrounding each event deviated from baseline; units with significant deviations were 

considered responsive to an event for that time bin.

Fluorescence in situ hybridization (FISH)

Immediately after probe testing, brains were collected to perform FISH using the RNAscope 

Multiplex Fluorescent Assay Kit (42) to label vmPFC fos (c-fos), Slc17a7 (vGluT1), Gad1 
(Gad67), Drd1a (DR1A), and Drd2 (DR2). We used ImageJ to calculate percentage of 

DAPI-labeled neurons positive for fos, and of those, the percentage that were Slc17a7−, 
Gad1−, Drd1a−, and Drd2-positive.

Ex vivo whole-cell recordings

AAV5/CaMKIIα-hChR2(H134R)-eYFP was bilaterally injected into the vmPFC of D1-

tdTomato mice. Mice underwent behavioral testing and were scarified on probe day. Cells in 

NAcS brain sections were voltage-clamped at +40mV (in gabazine). tdTomato-expressing 

D1-MSNs and non-fluorescent putative D2-MSNs were identified using blue light-pulses to 

optically evoke EPSCs. AMPA-mediated EPSCs were pharmacologically isolated using (R)-

CPP, and subtracted from combined EPSCs to obtain the NMDA-mediated EPSC 

component (28). AMPA:NMDA ratios were calculated by dividing peak receptor-mediated 

EPSC by peak NMDA-mediated EPSC. For rectification index, AMPA-mediated EPSCs 

were measured at both negative and positive (−55/+40 mV) holding potentials and spermine 

was included in the internal solution. Rectification index was calculated by dividing peak 

current at −55mV by peak current at +40 mV.

In vivo photosilencing

rAAV8/CAG-ArchT-GFP or rAAV8/CAG-GFP (local PFC-silencing) or AAV5/CaMKIIα-

eArchT3.0-eYFP or AAV5/CaMKII-eYFP (vmPFC projection-silencing) was bilaterally 

injected into vmPFC or dmPFC, and optic fiber-containing ferrules were implanted either 

locally or in terminal regions (NAcS/BLA) (43, 44). One month later, mice underwent 

reminder-training sessions, then punishment and probe testing. During the probe test, green 

light was shone when the mouse was in a zone (~2.75x4 inches) around the EtOH-lever, 

determined in real-time by CinePlex software.

Retrograde neuronal tracing

Retrograde tracers Cholera Toxin B (CTb555/488) were injected into NAcS and BLA of the 

same mouse. Seven days later, brain mPFC sections were inspected for cell bodies labeled 

with either or both fluorophore (45).

Statistical analysis

Data were analyzed using Student’s t-tests, ANOVA followed by Newman-Keuls and Šidák 

corrected post hoc tests, and bivariate correlation.
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Results

Punishment suppresses EtOH-SA

We first examined the behavioral profile of mice undergoing in vivo neuronal recordings. 

Replicating previous observations (37–39), the rate of EtOH-lever pressing was significantly 

suppressed during punishment and probe testing, compared to the unpunished baseline 

period of the punishment session (Figure 1B–C). The number of shocks received inversely 

predicted suppression on probe (i.e., positive correlation between EtOH-SA during 

punishment and probe; r=.61, P=.003), showing that the degree of suppression during probe 

testing was not due to the number of shocks received. Head-entries were also significantly 

reduced following punishment (Figure S2), whereas inactive-lever presses increased slightly 

during punishment, but returned to low levels on probe. Another important observation was 

the emergence of EtOH-lever press aborts during punishment and maintained on the probe 

tests (Figure 1B–C). This behavior reflects the development of a conflict between EtOH-

seeking and shock-avoidance, and has been described in rat punishment paradigms (40).

Neuronal correlates of punished EtOH-SA

We next tested for in vivo neuronal correlates of behavior by recording the activity of 191 

vmPFC and 195 dmPFC neurons in 20 mice (Figure 2A). In both brain regions, we detected 

examples of individual neurons exhibiting increases or decreases in firing around the time 

mice made either an EtOH-lever press or an abort (Figure 2B–C). We did not classify these 

behavior-related cells as putative glutamatergic projection neurons verses interneurons based 

on spiking characteristics. However, FISH-labeling of fos and mRNA markers for 

glutamatergic and GABAergic phenotypes (Figure 2D–E), showed that of those cells by 

probe testing, the vast majority were glutamatergic (Figure 2F). This echoes data from other 

EtOH-SA tasks (e.g., reinstatement) showing that most activated cells are glutamatergic 

(11).

vmPFC-coding punished of EtOH-SA

We next examined population-level mPFC-coding (46) by aligning neuronal firing in a 5-sec 

window around behavioral events during the pre-punishment baseline, punishment, and 

probe tests. During baseline, we found clear population-level representation of EtOH-lever 

presses in vmPFC (~30% of units, n=65); neuronal engagement increased over the 1.5sec 

prior to execution of a lever-press and peaked slightly after a press was made (Figure 2G). 

During the punished phase, press-related activity of vmPFC neurons was minimal (Figure 

2H) but there was strong coding of aborts (~38% of vmPFC units) beginning around 0.5sec 

prior to the mouse retracting away from the EtOH-lever (Figure 2I). Notably, this vmPFC 

neuronal coding of aborts was maintained during probe testing, while coding of EtOH-lever 

presses returned to levels evident during punishment, despite the fact that the number of 

presses was still much lower (Figure 2J–K). To determine whether EtOH-lever and abort 

events were encoded by distinct neural populations in vmPFC, we conducted a correlational 

analysis on units that were responsive to either event. Interestingly, only 2 of all units 

recorded exhibited firing rates during the two events that correlated significantly, suggesting 

that these behaviors are represented by separate ensembles in vmPFC.
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These in vivo neuronal data demonstrate that vmPFC neurons exhibit representations of the 

execution of a response for EtOH and avoidance of that same response in a manner that 

shifts depending on the prevailing task demands: pre-punishment=press, ongoing 

punishment=abort. This agrees with previous studies showing the vmPFC can contribute to 

the promotion or inhibition of reward-seeking across different experimental situations (31, 

34, 47–53). The current data also show that during probe testing, when there is prior 

knowledge of both the reward and punishment outcomes for responding, the vmPFC 

strongly codes for both lever-pressing and aborts, consistent with a role in arbitrating 

between opposing actions under conflict, but not a simple response-suppression function.

Silencing vmPFC abolishes punished-suppression of EtOH-SA

Our recording data demonstrate vmPFC neuronal correlates of punished-suppression of 

EtOH-SA, but do not address causal contribution of vmPFC to performance. Therefore, we 

devised a ‘closed-loop’ optogenetic approach to test the consequences of photosilencing 

ArchT-transfected vmPFC neurons when mice were near the EtOH-lever during the probe 

test (Figure 3A–C).

We found that silencing vmPFC neurons in this manner abolished punishment-induced 

suppression of EtOH-SA. Specifically, GFP-expressing control mice exhibited a significant 

decrease in EtOH-lever pressing during probe testing, relative to the last training day prior to 

punishment, whereas there was no significant change in ArchT animals such that their probe 

test lever-pressing was significantly higher than GFP mice (Figure 3D). Notably, despite this 

silencing-induced normalization of lever-pressing, aborts exhibited by the groups did not 

differ (Figure 3E), nor did the cumulative or average time spent in the light-on zone 

proximal to the EtOH-lever (Figure 3F), or inactive-lever presses (Figure 3G). There was a 

small but significant increase in head-entries in ArchT mice but not GFP controls (Figure 

3H), which likely reflects more frequent reward-collection/checking in the higher-pressing 

ArchT group, rather than greater motivation for the EtOH-reward following vmPFC-

silencing. Indeed prior studies in rats report negative (54, 55) or demotivating (56–59) 

effects on reward-seeking after vmPFC lesioning and pharmacological inactivation.

In a control experiment, mice underwent the same behavioral testing and surgical 

procedures, then on reaching training criterion, were given a pseudo-probe test (i.e., without 

punishment) during which the vmPFC was silenced (exactly as above). All behavioral 

parameters were similar between ArchT and GFP groups (Figure S13), demonstrating that 

vmPFC-silencing was insufficient to alter behavior in the absence of punishment, excluding 

the possibility that increased EtOH-SA in punished mice following vmPFC-silencing was 

due to a general increase in motivation for EtOH-SA.

dmPFC-coding of punished EtOH-SA

We next determined whether the contribution of the vmPFC to punished EtOH-SA was 

shared by neighboring dmPFC. Recorded units in the dmPFC did not show the same shifts in 

task-phase related population-coding seen in vmPFC, though there was moderate dmPFC 

activity associated with EtOH-lever and abort events during probe testing (Figure 4A–E). 

Prior work has suggested that dmPFC promotes reward-SA (31), a notion supported by 
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recent reports of in vivo calcium transients evident during sucrose-cue presentation in 

dmPFC and dmPFC→NAcC cells (60). Indeed, data here indicate an absence of clear 

neuronal correlates in dmPFC during punishment, but it remains possible that 

representations are extant but restricted to discrete dmPFC ensembles that are difficult to 

resolve with neuronal recordings. Related, a recent report found a small subset of shock-

activated NAcS-projecting dmPFC cells exhibited calcium correlates during avoidance of 

punished-reward (22).

dmPFC-photosilencing does not affect punished-suppression of EtOH-SA

We next assessed the consequences of photosilencing the dmPFC, employing the same 

closed-loop design described above (Figure 4F), anticipating that the lack of EtOH-SA 

correlates in dmPFC would correspond with minimal functional relevance. In contrast to 

vmPFC effects, following dmPFC-silencing, EtOH-lever press rates in ArchT and GFP 

groups were similarly decreased following punishment (Figure 4G). Likewise, aborts, time 

spent in the light-on EtOH-lever zone, inactive-lever presses, and head-entries were all 

unaffected by dmPFC-silencing (Figure 4H–K).

These optogenetic data show that, in contrast to the vmPFC, dmPFC is not necessary for the 

expression of punished-suppression.

Punished-suppression of EtOH-SA produces vmPFC→NAc plasticity

Our next step was to identify vmPFC outputs that modulate punished-suppression, focusing 

on the NAcS. We tested for plastic changes to synaptic inputs selectively from vmPFC to 

NAcS associated with punished EtOH-SA, focusing on D1-expressing MSNs given the cell-

specificity of EtOH-induced changes described in the introduction and the report that 

pharmacologically blocking D1-receptors in NAcS promotes EtOH-(and sucrose) SA 

elicited by conditioned cues/contexts (25, 62–66). Indeed, FISH-labeling of fos and mRNA 

markers for D1- and D2-expressing neuronal phenotypes, showed that the large majority of 

probe testing-activated (fos-positive) NAcS MSNs were D1-expressing (Figure S5).

After probe testing, glutamatergic synaptic responses (EPSCs) were evoked in D1-

expressing MSNs (red cells, D1-tdTomato reporter) and for comparison, putative D2-

expressing MSNs (non-red cells) in NAcS by ChR2-mediated light-stimulation of vmPFC 

inputs (Figure 5A, S7). These recordings revealed a significant decrease in AMPA:NMDA 

ratio at glutamatergic inputs to D1-expressing MSNs in the punished group, compared to 

unpunished controls (Figure 5B, S7), but no significant difference in AMPA:NMDA ratio at 

glutamatergic inputs to putative D2-expressing MSNs (Figure S7). This suggests preferential 

synaptic plasticity at vmPFC inputs to NAcS D1-MSNs following punishment and probe 

testing. Of further note, punishment did not change the rectification index, (i.e., contribution 

of GluA2 subunit to the AMPA response), in D1R or D2R-expressing MSNs (Figure 5C–D, 

S7), indicating that AMPA:NMDA ratio reductions were not associated with any obvious 

change in AMPA receptor subunit composition.

These ex vivo recording data show evidence of plasticity at vmPFC→D1 MSNs inputs in 

the NAcS as a consequence of punishment.
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Silencing vmPFC→NAcS, not vmPFC→BLA, attenuates punished-suppression of EtOH-SA

We next asked whether the punishment-related plastic changes in the vmPFC→NAcS reflect 

a causal contribution of this pathway. Employing the same closed-loop photosilencing 

procedure used for local PFC-silencing, we shone green light into the NAcS to inhibit 

ArchT-transfected fibers originating from vmPFC during probe testing (Figure 5E). YFP 

controls showed a significant decrease in EtOH-lever pressing, but the corresponding 

decrease in ArchT animals was comparably smaller and non-significant, such that YFP and 

ArchT groups differed significantly (Figure 5F). The rate of aborts, inactive-lever presses, 

and time spent in the EtOH-lever zone did not differ between groups, but head-entry rate 

was slightly higher in the ArchT group, in line with their slightly higher rate of EtOH-lever 

pressing (Figure 5G–H, S9).

We compared the behavioral effects of vmPFC→NAcS-silencing with those of a parallel 

pathway, vmPFC→BLA (Figure 5I). Silencing vmPFC→BLA projections did not affect any 

measure for YFP or ArchT groups (Figure 5J–L, S11).

These data extend our recording and optogenetic data implicating the vmPFC in punished-

suppression of EtOH-SA by showing that vmPFC interacts with NAcS to some extent to 

modulate this behavior.

Minimal collateralization of vmPFC neurons to NAcS and BA

While optogenetics experiments were designed to selectively target vmPFC→NAcS/BLA, it 

is possible that non-selective effects occurred through inhibition of vmPFC neurons sending 

collaterals to both regions. To address this, Alexa-conjugated CTb (555/488) were injected 

into NAcS and BLA to retrogradely-label neurons in mPFC. Consistent with recent, 

methodologically similar work quantifying vmPFC collateralization to NAcS and BLA (45), 

we saw very few double-labeled cells in vmPFC or dmPFC (Figure S12), suggesting the 

attenuated punished-suppression effect of vmPFC→NAcS-silencing is unlikely to stem from 

effects on vmPFC→NAcS/BLA collaterals, though we cannot exclude the contribution of 

vmPFC collaterals to other brain regions.

Discussion

Collectively, these data provide correlative and causal evidence supporting an important 

contribution of the vmPFC in regulating EtOH-SA in the face of potential punishment.

Two key findings in the current study were that 1) following punishment, vmPFC neurons 

coded EtOH-lever pressing and were behaviorally required for the suppression of lever-

pressing, and 2) while vmPFC neurons also strongly coded for aborting EtOH-lever pressing 

after punishment, vmPFC was not necessary for expression of this avoidance beahvior. 

These data fit with the long-standing view of the importance of this region for inhibitory 

control over various processes at play in the current task, most pertinently reward-seeking 

and threat-avoidance (61, 62).

As noted, a striking observation was that despite clear evidence for neural representation of 

abort-behavior within vmPFC, optogenetically silencing vmPFC did not reduce the number 
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of aborts made during probe testing. This dichotomy suggests that despite the disinhibited 

EtOH-seeking induced by vmPFC-silencing, the association between the EtOH-lever 

response and the punished outcome was retained and expressed. A related conclusion is that 

brain regions other than vmPFC (e.g., periaqueductal gray or certain amygdaloid nuclei) 

either normally mediate abort expression, or can maintain abort-behavior when the vmPFC 

is non-functional. These data support a model in which rather than being a simple substrate 

for inhibiting EtOH-SA, the role of vmPFC is more complex in signaling changes in 

response-outcome relationships after punishment, which, in turn, enables appropriate 

modification of some (lever-pressing) but not all (aborts) behaviors.

It is becoming increasingly clear that the vmPFC and dmPFC can contribute to reward-

related behaviors in complementary or contrasting ways, depending on factors not limited to 

the testing context and history with or type of drug/reward (53). Further speaking to this 

complexity, we found that, in contrast to vmPFC-silencing, silencing the dmPFC using the 

same experimental design was without effect. On the one hand, these negative findings 

concur with recent work showing that pharmacologically inactivating rat dmPFC did not 

affect punished EtOH-lever pressing (55) or conditioned avoidance-behavior (63). On the 

other hand, a lack of dmPFC-silencing effects is perhaps surprising in view of the neural 

correlates of probe performance we detected in dmPFC, as well as earlier data from rats 

showing that dmPFC-inactivation or photosilencing increased punished licking for water 

(64) and promoted punished cocaine-seeking (65, 66).

There may be technical reasons for these discrepancies, such as species idiosyncrasies or 

differences in drug or behavioral assays used. A more interesting possibility, however, is that 

dmPFC does indeed contribute to punished EtOH-SA, but this effect is difficult to uncover 

due to functional heterogeneity across dmPFC neurons: our neuronal recordings indicated 

the presence of both inhibitory and excitatory coding of presses and aborts in dmPFC during 

probe testing. In this regard, a recent study found that photoexcitation of dmPFC→NAcS 

only reduced punished responding for a milkshake reward (albeit partially) when shock-

activated dmPFC neurons were selectively manipulated (22). Thus, similarly targeted 

manipulations of task-related neuronal ensembles may be required to unmask a role for the 

dmPFC in punished EtOH-SA.

Providing initial insight into downstream targets of the vmPFC that are recruited to regulate 

punished EtOH-SA, we found evidence of plasticity of vmPFC inputs to NAcS D1-MSNs 

suggestive of a punishment-induced change in synaptic strength of these inputs. This 

plasticity appeared restricted to input onto D1-MSNs, but not putative D2-MSNs. Incubation 

of cocaine-seeking has been associated with strengthening of vmPFC inputs onto NAcS D1-

MSNs, as evidenced by the formation of silent synapses, which when optogenetically 

reversed, produces either increased or decreased cocaine-responding (67, 68).

If the vmPFC reduced EtOH-lever pressing after punishment via downstream connections to 

NAcS, the most parsimonious prediction would be behavioral suppression associated with 

strengthening of vmPFC inputs to NAcS D1-MSNs. Our finding of reduced D1-MSN 

AMPA:NMDA ratios, however, appears more in-line with a depotentiation in this pathway. 

One possible explanation is that this change is indicative of a postsynaptic homeostatic 
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change in NAcS MSNs that could relate to the recruitment of the vmPFC and increased 

drive onto these cells with punishment. Equally plausible is the interpretation that the 

changes result from altered inputs from other regions, or in microcircuits within the NAcS 

itself. Further work will be needed to parse these possibilities.

Prior work has shown that ablating mPFC→NAcS neurons reduces EtOH-reinstatement 

(17), while activating vmPFC→NAc reduces cocaine-seeking (27), and disconnecting the 

vmPFC→NAcS pathway produces heroin-relapse (69). We found that silencing the 

vmPFC→NAcS pathway attenuated a punishment-induced decrease in EtOH-lever pressing. 

Of note, this effect was characterized by a partial reversal of suppression, rather the full 

reversal seen with local vmPFC-silencing. This difference could be explained in various 

ways. One reason could be the use of a CaMKII-promoter to express ArchT in vmPFC. This 

promoter prefers, but is not exclusive to, glutamatergic neurons, leaving open the possible 

contribution of silencing long-range GABAergic interneurons, which could have different or 

opposite effects to those produced by glutamatergic projection-silencing (70). Another 

explanation is that vmPFC→NAcS silencing does not fully recapitulate the effects of local 

vmPFC-silencing because of the contribution of other efferent projections of vmPFC. 

Although the identity of these is unclear, our negative optogenetic data indicate that 

vmPFC→BLA does not critically mediate punished-suppression in the current task, despite 

evidence supporting a role for the BLA in other assays of punished reward-seeking (23, 71).

A third, particularly intriguing possibility again raises the issue of functional heterogeneity 

at the level of the NAcS itself. If distinct subpopulations of NAcS cells promote EtOH-SA, 

while others mediate suppression, it would not be surprising that the net effect of non-

discriminately silencing vmPFC inputs to NAcS would be mixed. In this context, vmPFC-

inactivation has been found to disinhibit a subpopulation of NAcS neurons encoding reward-

seeking suppression, while simultaneously inhibit another population of reward-encoding 

NAcS cells (72). Recent work also shows that with VTA-DA inputs to NAcS, effects on 

reward-seeking and aversion can be opposite, depending on the sub-compartment and cell-

type targeted (26, 73). Finally, in terms of their outputs, NAcS cells targeting the VTA 

versus lateral hypothalamus have opposite effects on context-induced EtOH-relapse (74). 

Thus, the vmPFC→NAcS circuit is positioned to exert inhibitory and excitatory influences 

on consumption and responding for rewards including EtOH (75–78). An important future 

question will be defining the contribution of inputs from vmPFC,(as well as BLA) (17, 79, 

80) to specific functional classes of NAcS neurons involved in punished-suppression of 

EtOH-SA.

Functional perturbation of the PFC has been consistently reported in AUDs and in animal 

models of EtOH-exposure, which can lead to a shift towards less-flexible behaviors 

mediated by subcortical structures (81–83). These shifts are thought to contribute to the 

progression from moderate drinking to uncontrolled, compulsive alcohol abuse. Consistent 

with this, the current study shows that the vmPFC codes for behaviors associated with the 

avoidance of a punished response for EtOH and is required for the suppression of EtOH-SA 

after punishment. Further, the current results show that vmPFC interacts with the NAcS to 

modulate punished EtOH-SA behavior. Collectively, these findings advance our 

understanding of the neural circuits that may underlie compulsive drinking.
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Figure 1: Punished-suppression of EtOH self-administration.
(A) Mice were first trained to reliably press 1 of 2 levers for EtOH reward. Following 

training, there was a punishment session in which, after the first 10 rewarded/unpunished 

presses (=pre-punishment baseline), presses alternatingly produced either EtOH-reward and 

no shock, or EtOH-reward and footshock. The day after punishment, there was a probe test 

in which all presses were rewarded, without shock (i.e., same procedure as during training). 

(B) Example behavioral raster plots showing patterns of EtOH-lever presses, inactive-lever 

presses and aborts during the last session of training, punishment session (including the pre-
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shock baseline period) and probe test. (C) The average rate of EtOH-lever presses was 

significantly lower on the punishment session and probe tests, relative to the pre-punish 

baseline of the punishment session (repeated measures ANOVA: F(2,40)=29.00, P<0.001, 

followed by post hoc tests). The rate of inactive-lever presses was slightly but significantly 

elevated on the punishment session, but not probe tests, relative to pre-punishment baseline 

(repeated measures ANOVA: F(2,38)=3.31, P=0.047, followed by post hoc tests). Aborts 

were evident on the punishment session and were maintained, at a significantly lower rate, 

during the probe tests (paired t-test: t(19)=4.83, P<0.001). For corresponding head-entry 

rates, see Figure S1. Data in panel C are means ± SEM from n=19-20 mice. *P<.05 versus 

pre-punishment baseline or, in the case of aborts, versus punishment.
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Figure 2: vmPFC encoding of punished-suppression.
(A) Location of multi-channel electrode arrays implanted in the vmPFC (open circles) and 

dmPFC (open circles, for corresponding data, see Figure 4) for in vivo neuronal recordings. 

Example raster plots and peri-event histograms of PFC neurons exhibiting increased or 

decreased firing as mice made (B) EtOH-lever presses and (C) aborts. (D-E) Following 

probe testing, vmPFC neurons were labeled for fos (c-fos), Gad1 (Gad67) and Slc17a7 
(vGluT1) mRNA via fluorescence in situ hybridization (RNAscope). (F) Around 6% of 

DAPI-labeled neurons in the vmPFC were fos-positive after punishment. Of the fos-positive 

cells, the vast majority (91%) were positive for the glutamatergic marker, Slc17a7, rather 

than the GABAergic maker, Gad1 (7%). Around 2% of fos-positive cells were not clearly 

labeled (n/a) for either marker. (G) vmPFC neurons displayed population-level coding for 
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EtOH-lever presses during the pre-punishment baseline period. (H) During the punishment 

period, there was minimal coding of presses, as a significantly smaller proportion of neurons 

encoded EtOH-lever pressing during punishment compared to the baseline period (Z=3.36, 

P<.001). (J) vmPFC neurons preferentially encoded aborts during the punishment period; a 

significantly greater proportion of vmPFC neurons encoded abort versus EtOH-lever 

pressing (Z=4.22, P<.0001). There was vmPFC representation of EtOH-lever pressing (I) 

and aborts (K) during the probe tests. Data are means ± SEM from a total of n=129 

(punished session) and 124 (probe tests) neurons in n=20 mice.
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Figure 3: Closed-loop vmPFC-silencing reverses punished-suppression.
(A) Optical fibers were bilaterally directed at vmPFC neurons transfected with rAAV8/

CAG-ArchT-GFP (ArchT). (B) In vivo recordings showing vmPFC neuronal inhibition in 

response to green light. (C) Green light was shone to silence vmPFC neurons when mice 

approached the EtOH-lever during probe testing. (D) Difference in EtOH-SA between 

ArchT and GFP groups (two-way ANOVA, group main effect: F(1,12)=5.91, P=. 03). 

Significant suppression of EtOH-lever pressing during the probe test in GFP controls 

(mean=22.6 train, 9.3 punishment, 6.6 probe) (paired t-test: t(6)=4.09, P<0.01), but not 

vmPFC-silenced ArchT group (mean=29.5 train, 7.4 punishment, 30.6 probe) (paired t-test: 

t(6)=0.08, P=0.93), such that the rate on the probe test was significantly higher in the ArchT 

group than the controls (unpaired t-test: t(12)=2.30, P=0.04). GFP and ArchT groups did not 

differ in (E) aborts (unpaired t-test: t(11)=0.52, P=0.61) or (F) cumulative duration in the 

light-on zone (unpaired t-test: t(12)=0.88, P=0.40). (G) The rate of inactive-lever pressing 

was unaffected by punishment (two-way ANOVA, session main effect: F(1,12)=.001, 

P=.98), but the ArchT group pressed the inactive-lever more than GFP (group main effect: 

F(1,12)=7.93, P=.02). (H) The rate of head-entries into the reward-receptacle was unaffected 

by punishment (two-way ANOVA, session main effect: F(1,12)=2.75, P=.12) or group 

(group main effect: F(1,12)=2.75, P=.12). Data are means ± SEM from n=7 mice/group. 

*P<.05 versus train in the ArchT group; #P<.05 versus probe in GFP controls.
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Figure 4. dmPFC encoding of events related to punished-suppression.
dmPFC neurons did not display clear representations of EtOH-lever presses (A) during the 

baseline period before punishment, nor coding of presses (B) or aborts (C) in the 

punishment period itself, though there was evidence of some level of press-related coding 

during the probe trial (D-E). (F) Optical fibers were bilaterally directed at dmPFC neurons 

transfected with rAAV8/CAG-ArchT-GFP (ArchT). Green light was shone to silence vmPFC 

neurons when mice approached the EtOH-lever during probe testing. (G) Significant 

suppression of EtOH-lever pressing during the probe test (two-way ANOVA, session main 

effect: F(1,12)=25.50, P=.0003) that did not differ between GFP and ArchT groups (GFP 

mean= 33.7 train, 8.2 punishment, 9.4 probe; ArchT mean=33.3 train, 6.6 punishment, 6.7 

probe) (group main effect: F(1,12)=.053, P=.82). (H) GFP and ArchT groups did not differ 

in the rate of aborts (unpaired t-test: t(12)=0.43, P=0.67) or (I) time in the light-on zone 

(unpaired t-test: t(12)=1.09, P=0.30). (J) The rate of inactive-lever presses was higher in 

GFP versus ArchT groups (two-way ANOVA, group main effect: F(1,12)=14.37, P=.003) 

and decreased in all animals following punishment (session main effect: F(1,12)=5.10, 

P=.04) (K) Rate of head-entries decreased for both groups following punishment (two-way 
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ANOVA, session main effect: F(1,12)=14.21, P=.049), but did not differ between groups 

(group main effect: F(1,12)=.78, P=.39). Data are means ± SEM from a total of n=129 

(punished session) and 124 (probe tests) neurons in n=20 mice for A-E, and n=7 mice/group 

for F-K. *P<.05 versus train in the ArchT group; #P<.05 versus probe in GFP controls.
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Figure 5: Punishment-related plastic changes in the vmPF→NAcS pathway.
(A) Following probe testing, ex vivo recordings measured responses of tdTomato-labeled 

NAcS D1-positive medium spiny neurons to blue light-evoked, ChR2-mediated stimulation 

of vmPFC inputs. (B) There was a significant decrease in AMPA:NMDA ratio in the 

punished group, as compared to unpunished controls (unpaired t-test: t(17)=2.32, P=0.03). 

(C) The rectification index of the AMPA receptor mediated response was not different 

between groups (unpaired t-test: t(13)=1.09, P=0.29). (D) Representative traces of AMPA 

and NMDA synaptic currents evoked by ChR2 stimulation. (E) Optical fibers were 
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bilaterally directed at the NAcS to silence fibers originating from vmPFC neurons 

transfected with AAV5/CamKII-eArchT3.0-eYFP (ArchT) when mice approached the 

EtOH-lever during probe testing. (F) Punishment reduced EtOH-lever pressing (two-way 

ANOVA, session main effect: F(1,12)=8.38, P=.01). YFP-expressing controls showed a 

significant decrease in EtOH-lever pressing rate on the probe test, relative to training 

(mean=36.4 train, 5.5 punishment, 8.3 probe) (paired t-test: t(5)=5.41, P<0.01), whereas the 

decrease in the ArchT group was modest and non-significant (mean=32.46 train, 8.4 

punishment, 21.3 probe) (paired t-test: t(7)= 1.02, P=0.34). Further, probe test pressing rates 

differed significantly between YFP-expressing and ArchT mice (unpaired t-test(12)=1.69, 

P=.034). Neither the rate of (G) aborts (unpaired t-test: t(11)=1.07, P=0.31) nor the (H) time 

spent in the EtOH-lever zone (unpaired t-test: t(11)=0.54, P=0.60) was different between 

groups. (I) Optical fibers were bilaterally directed at the BLA to silence fibers originating 

from vmPFC neurons transfected with AAV5/CamKII-eArchT3.0-eYFP (ArchT) when mice 

approached the EtOH-lever during probe testing. (J) The rate of EtOH-lever pressing was 

significantly lower, as compared to training (two-way ANOVA, session main effect: 

F(1,10)=17.14, P=.002) in both YFP-expressing controls (mean=35.8 train, 12.5 

punishment, 7.6 probe) (paired t-test: t(3)=3.31, P<0.05) and the ArchT-expressing group 

(mean=27.0, 7.6 punishment, 14.7 probe) (paired t-test: t(7)=2.32, P=0.05). There were no 

group differences in the rate of (K) aborts (unpaired t-test: t(10)=0.12, P=0.91) or (L) the 

time spent in the EtOH-lever zone (unpaired t-test: t(10)=1.33, P=0.21). Data are means ± 

SEM from n=7-12 cells in n=4-9 mice/group in A-D, n=6-8 mice/group for E-H and n=4-8 

mice/group in I-L.
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