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Abstract

The cortical-striatal brain circuitry is heavily implicated in drug-use. As such, the present study 

investigated the functional role of cortical-striatal circuitry in modulating alcohol self-

administration. Given that a functional role for the nucleus accumbens core (AcbC) in modulating 

alcohol-reinforced responding has been established, we sought to test the role of cortical brain 

regions with afferent projections to the AcbC: the medial prefrontal cortex (mPFC) and the insular 

cortex (IC). Long-Evans rats were trained to self-administer alcohol (15% alcohol (v/v)+2% 

sucrose (w/v)) during 30 min sessions. To test the functional role of the mPFC or IC, we utilized a 

chemogenetic technique (hM4Di-Designer Receptors Exclusively Activated by Designer Drugs) to 

silence neuronal activity prior to an alcohol self-administration session. Additionally, we 

chemogenetically silenced mPFC➔AcbC or IC➔AcbC projections, to investigate the role of 

cortical-striatal circuitry in modulating alcohol self-administration. Chemogenetically silencing 

the mPFC decreased alcohol self-administration, while silencing the IC increased alcohol self-

administration, an effect absent in mCherry-Controls. Interestingly, silencing mPFC➔AcbC 

projections had no effect on alcohol self-administration. In contrast, silencing IC➔AcbC 

projections decreased alcohol self-administration, in a reinforcer-specific manner as there was no 

effect in rats trained to self-administer sucrose (0.8%, w/v). Additionally, no change in self-

administration was observed in the mCherry-Controls. Together these data demonstrate the 

complex role of the cortical-striatal circuitry while implicating a role for the insula-striatal circuit 

in modulating ongoing alcohol self-administration.
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1. INTRODUCTION

Cortical-striatal brain circuitry has been heavily implicated in “top-down” control of 

attentional and inhibitory behavioral processes, particularly in relation to drug-use (Kalivas, 

2008; Kim et al., 2017). To this end, the present work investigates the functional role of two 

cortical regions, the medial prefrontal cortex (prelimbic; mPFC) and the insular cortex 

(anterior; IC), and specifically the outgoing projections to the nucleus accumbens core 

(AcbC). The mPFC is necessary for several aspects of executive “top-down” control 

including action selection, behavioral inhibition, complex motor planning, and decision-

making (Dalley et al., 2004). Additionally, the mPFC plays an important role in modulating 

numerous drug-related behaviors, as the majority of preclinical studies implicate mPFC 

activity in driving seeking of various drugs of abuse including alcohol self-administration 

(Faccidomo et al., 2016; Lei et al., 2016; Moorman et al., 2015; Tapocik et al., 2014). The 

second focus of the present study, the IC, is proposed to integrate internal and external 

stimuli into interoceptive states to drive motivated behavior (Craig, 2009; Paulus and 

Stewart, 2014), which is highly relevant to drug-use (Naqvi and Bechara, 2010; Paulus and 

Stewart, 2014). Moreover, preclinical studies demonstrate that pharmacological inhibition of 

the IC decreased alcohol self-administration (Pushparaj and Le Foll, 2015; albeit caudal IC), 

as well as other addiction-related behaviors (Droutman et al., 2015).

Both the mPFC and the IC send glutamatergic projections to the AcbC (Ding et al., 2001; 

Jaramillo et al., 2016; Seif et al., 2013; Wright and Groenewegen, 1996), a region within the 

ventral striatum implicated in modulating instrumental learning and motivated decision-

making (Everitt et al., 1999; Salamone and Correa, 2012; Salamone et al., 2016). 

Furthermore, the AcbC is implicated in modulating motivational value to stimuli associated 

with reward (Meredith et al., 2008), such that incoming cortical information is integrated 

within the AcbC and results in a behavioral output. Thus, not surprisingly the AcbC has 

been shown to modulate aspects of drug-related behavior (Koob and Volkow, 2010). 

Moreover, lesions or pharmacological inactivation of AcbC have been shown to block the 

self-administration and reinstatement of drug-seeking of numerous drugs of abuse (Everitt 

and Robbins, 2005; Koob and Volkow, 2010). In regards to alcohol, the AcbC has been 

proposed to play a central role in modulating alcohol-seeking (Chaudhri et al., 2008; 

Chaudhri et al., 2010; Hodge and Cox, 1998) and the discriminative stimulus effects of 

alcohol (Besheer et al., 2003; Besheer et al., 2009; Hodge and Alken, 1996), likely through 

modulation via glutamatergic projections (Hwa et al., 2017). Furthermore, optogenetic 

silencing of mPFC or IC to AcbC projections (i.e., mPFC➔AcbC or IC➔AcbC) decrease 

shock-resistant alcohol self-administration, but not under non-shock conditions (Seif et al., 

2013), thus implicating the mPFC➔AcbC and IC➔AcbC in modulating behavior 

dependent on a goal-directed internal-state following extensive alcohol history.
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The goal of the present work was to test the functional role of the mPFC, IC, and the efferent 

projections to the AcbC in modulating maintenance of ongoing operant alcohol self-

administration. As such, male Long Evans rats were trained to self-administer alcohol and a 

chemogenetic strategy (i.e., hM4Di Designer Receptors Exclusively Activated by Designer 

Drugs [DREADDs]) was implemented to silence the mPFC, IC, mPFC➔AcbC, and 

IC➔AcbC projections. Based on the existing literature regarding the mPFC and the IC, we 

hypothesized that chemogenetic silencing of these regions and the projections to the AcbC, 

would decrease alcohol-reinforced behavior. Given the distinct roles of the IC and mPFC in 

modulating behavior, the present study is important for understanding the cortical-striatal 

circuitry modulating the maintenance of alcohol self-administration.

2. MATERIALS AND METHODS

2.1. Animals

Male Long Evans rats (Harlan Sprague–Dawley, Indianapolis, IN) were double housed, in 

ventilated cages. For Experiments 2–3, rats were initially double housed and then 

individually housed following cannulae implantation surgery. Water and food were available 

ad libitum in the home cage. The colony room was maintained on a 12-h light/dark cycle, 

with lights on at 07:00. All experiments were conducted during the light cycle. Animals 

were under continuous care and monitoring by veterinary staff from the Division of 

Laboratory Animal Medicine (DLAM) at UNC-Chapel Hill. All procedures were conducted 

in accordance with the NIH Guide to Care and Use of Laboratory Animals and institutional 

guidelines.

2.2. Viral Vectors and Stereotaxic Coordinates

hM4D-DREADDs (AAV8-hSyn-DIO-hM4Di-mCherry; UNC Vector Core, NC [lot 

#4980D:Experiment 1.1 and 1.2, and lot#4980H:Experiment 2.1 and 2.2] or Addgene, MA 

[lot#v4331:Experiment 3.2]) or mCherry-Controls (AAV8-hSyn-DIO-mCherry; UNC Vector 

Core, NC [lot#4981CD:Experiment 1.1, 2.2 and 3.1]) previously described by (Krashes et 

al., 2011; Roth, 2016) were combined with Cre recombinase (AAV8-CMV-Cre-GFP; Vector 

Biolabs, PA or Addgene, MA) in a ratio of 7:3 (v/v) and bilaterally infused into the mPFC (2 

μl/side; AP +3.2, ML ±0.6, DV −3.0 from skull) or IC (2 μl/side; AP +3.2, ML ±4.0, DV 

−6.0 from skull). This injection volume was selected based on a previous rat study that 

infused hM4D DREADDs into the mPFC (Kerstetter et al., 2016; 2μl/side), IC (albeit at a 

volume of 3 μl/side; Mizoguchi et al., 2015), and on previous studies in our lab (Jaramillo et 

al., 2017). This volume was necessary to ensure effective DREADD expression and is likely 

related to our approach in which two AAV viruses (i.e., DREADD+Cre) need to be co-

administered (Smith et al., 2016). Stereotaxic coordinates were based on Paxinos and 

Watson (2007). The coordinates used for the IC are based on previous work (Cosme et al., 

2015; Kesner and Gilbert, 2007; Pelloux et al., 2013) and our work showing projections 

from the IC to the AcbC (Jaramillo et al., 2017; Jaramillo et al., 2016); however, it is 

important to consider that there is likely anatomical overlap with the orbitofrontal cortex 

(Schoenbaum et al., 2006).
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2.3. Microinjection Procedures for Viral Vectors and Drug Infusions

Site-specific microinjections were delivered by a microinfusion pump (Harvard Apparatus, 

MA) through 1.0 μl Hamilton syringes (Hamilton Robotic, NV) connected to 33-gauge 

injectors (Plastics One, VA) as described in (Besheer et al., 2014; Jaramillo et al., 2017; 

Jaramillo et al., 2016). For Experiment 1–3, anesthetized rats received bilateral 

microinjection of viral constructs into the mPFC or IC at a 0.2 μl/min flow rate across 10-

min. Additionally, the injector was left in place for 10 min following the end of the 10 min 

infusion, as these are important strategies to further limit the spread of the viral injection 

(Smith et al., 2016). CNO microinjections were delivered in Experiment 2–3 through 

injectors extending 2 mm below the previously implanted (aimed to terminate 2 mm above 

the AcbC; AP +1.7, ML +1.5, DV −6.8 from skull), 26-gauge guide (Plastics One, VA) at a 

volume of 0.5 μl/side across 1 min. The injectors remained in place for an additional 2-min 

after the infusion to allow for diffusion.

2.4. Behavioral Training Procedures

2.4.1. Self-Administration Training—Rats were trained using the same two lever (i.e., 

active lever and inactive lever) chambers configured for self-administration and training 

procedures previously described in (Besheer et al., 2015; Randall et al., 2015). Self-

administration sessions (30 min) took place 5 days/week (M−F) with active lever responses 

on a fixed ratio 2 (FR2) schedule of reinforcement such that every second response on the 

lever resulted in delivery of alcohol (0.1 ml) into a liquid receptacle. Responses on the 

inactive lever were recorded, but produced no programmed consequences. Locomotor 

activity was measured during the self-administration sessions by infrared photobeams that 

divided the behavioral chamber into 4 parallel zones. A sucrose fading procedure was used 

in which alcohol was gradually added to a 10% (w/v) sucrose solution. The exact order of 

exposure was as follows: 10% sucrose (w/v)/2% (v/v) alcohol (10S/2A), 10S/5A, 10S/10A, 

5S/10A, 5S/15A, 2S/15A. There were one or two sessions at each concentration. Following 

sucrose fading, sweetened alcohol (2S/15A) was the reinforcer for the remainder of the 

study. Based on our previous findings using similar self-administration procedures, we 

typically observe moderate daily alcohol intake ranging from 0.5 to 0.8 g/kg (Besheer et al., 

2013; Randall et al., 2015). Sucrose self-administration trained rats did not receive alcohol 

and were faded to 0.8% (w/v) sucrose. The exact order of sucrose fading was as follows: 

10S, 5S, 2S, 1S, 0.5S, 0.3S, 0.8S, with one or two sessions at each concentration. The final 

sucrose concentration was 0.8% (w/v) because this concentration resulted in comparable 

lever responding as compared to the alcohol self-administration groups.

2.4.2. Self-administration Testing—For all experiments, viral vector surgeries 

(followed by a week of recovery) occurred immediately prior to or during acquisition of 

self-administration training. For Experiment 1, rats had approximately 2 months of alcohol 

self-administration training prior to testing. For Experiments 2–3, after 1–2 months of 

training following the viral vector surgery, animals received cannulae implantation surgery 

(followed by a week of recovery). Testing was only conducted following stable self-

administration behavior, (i.e., defined as no change greater than 15% in the total number of 

responses during the session prior to testing). For each experiment, a repeated measures 
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design was used such that each rat received each dose in a randomized order, with at least 

two training sessions between testing days.

2.5. Experimental Procedures

2.5.1. Experiment 1: Examination of the functional role of mPFC and IC on the 
maintenance of alcohol self-administration

2.5.1.1. mPFC-silencing: Rats trained to self-administer alcohol received bilateral infusions 

of hM4D-DREADDs (n=12) or mCherry-Controls (n=12) in the mPFC. To determine a 

functional role of the mPFC in modulating maintenance of alcohol self-administration, rats 

received CNO (0, 3 mg/kg, intraperitoneal [IP]), 45 min prior to a self-administration 

session.

2.5.1.2. IC-silencing: Rats trained to self-administer alcohol received bilateral infusions of 

hM4D-DREADDs (n=12) or mCherry-Controls (n=10) in the IC. To determine a functional 

role of the IC in modulating the maintenance of alcohol self-administration, rats received 

CNO (0, 3 mg/kg, IP), 45 min prior to a self-administration session.

2.5.2. Experiment 2: Examination of the functional role of IC➔AcbC and 
mPFC➔AcbC on the maintenance of alcohol self-administration

2.5.2.1. mPFC➔AcbC silencing: Self-administration trained rats were infused with 

hM4D-DREADDs (n=10) in the mPFC and implanted with bilateral AcbC cannulae. To 

determine a role for the mPFC➔AcbC projections, rats received intra-AcbC infusion of 

CNO (0, 3 μM/side) 5 min prior to a self-administration session.

2.5.2.2. IC➔AcbC silencing: Self-administration trained rats were infused with hM4D-

DREADDs (n=10) in the IC and implanted with bilateral AcbC cannulae. To determine a 

role for the IC➔AcbC projections, rats received intra-AcbC infusion of CNO (0, 3 μM/side) 

5 min prior to a self-administration session.

2.5.3. Experiment 3: Examination of the functional role of IC➔AcbC on self-
administration, under control conditions

2.5.3.1. mCherry-Controls: To follow-up on findings from Experiment 2 implicating the 

IC➔AcbC circuit in alcohol self-administration, a mCherry-Control group (n=12) was run 

to examine potential nonspecific viral vector and CNO effects. Rats received intra-AcbC 

infusion of CNO (0, 3 μM/side) 5 min prior to a self-administration session.

2.5.3.2. Sucrose-Controls: To determine whether the reductions in alcohol self-

administration following silencing of the IC➔AcbC (Experiment 2) were specific to the 

alcohol reinforcer, a group of rats was trained to self-administer sucrose, infused with 

hM4D-DREADDs in the IC, and implanted with bilateral AcbC cannulae (n=11). Rats 

received intra-AcbC infusion of CNO (0, 3 μM/side) 5 min prior to a sucrose self-

administration session.
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2.6. Tissue Preparation for Viral Vector and Cannulae Confirmation

Tissue collection, immunofluorescent and Nissl staining were similar as previously 

described in (Besheer et al., 2014; Jaramillo et al., 2016). The brain regions examined were 

the mPFC (AP: +4.2 to +3.2 mm; Experiment 1–2) or the IC (AP: +2.8 to +1.9 mm; 

Experiment 1–3), and the AcbC (AP: +2.3 to +1.3; Experiment 2–3) according to (Paxinos 

and Watson, 2007). Free-floating coronal sections (40 μm) were incubated in rabbit anti-

DSRed (1:2,500; Clontech, CA) for 24 h at 4 °C. Sections were then incubated at RT in 

fluorescent conjugated secondary antibody (goat anti-rabbit 594; Life Technologies, MA). 

hM4D-mCherry or mCherry-Control expression was confirmed by immunofluorescence 

(individual expression represented as 20% opacity [Fig. 1a–b, 2a–b, 3a, 4a, 5a and 5f]) with 

a Nikon 80i Upright microscope (Nikon Instruments, NY) or Zeiss AxioZoom V16 (Carl 

Zeiss Inc., NY). For Experiment 2–3 cannulae placements were confirmed by Nissl staining 

and potential damage to the ventricles was also examined (injector placements represented 

by circles in Fig. 3b, 4b, 5b and 5g). Only rats with accurate viral injections and cannulae 

placements, and no ventricle damage, were included in the analyses and data presentation.

2.7. Drugs

Alcohol [95 percent (w/v); Pharmco-AAPER, Shelbyville, KY, USA] was diluted in distilled 

water to 15 percent (v/v). For systemic administration CNO, injected at a volume of 1 ml/kg 

(NIDA Drug Supply Program), was dissolved in 1% dimethyl sulfoxide in water (v/v), or in 

aCSF for intracranial administration. The CNO doses were chosen based on pilot studies and 

previous work from our lab (Jaramillo et al., 2017) and others (Krashes et al., 2011; Roth, 

2016; Stachniak et al., 2014).

2.8. Data Analysis

Alcohol intake (g/kg) was approximated based on body weight and number of 

reinforcements delivered. For Experiment 1 two-way analysis of variance (ANOVA) with 

DREADD condition as a between-subject factor and CNO dose as a within-subject factor, 

was used to analyze total alcohol lever responses, total inactive lever responses, alcohol 

intake, and locomotor rate. Three-way ANOVA with DREADD group as a between-subject 

factor, CNO treatment and time as within-subject factors, was used to analyze cumulative 

alcohol responses. For Experiments 2–3 paired t-tests were used to analyze total lever 

responses and locomotor rate. Two-way repeated measures ANOVA were used to analyze 

cumulative lever responses with CNO treatment and time as within-subject factors. Tukey 

post hoc analyses were used to explore significant main effects and interactions. Data are 

represented as means ± S.E.M. and significance was declared at p≤0.05.

3. RESULTS

3.1. Experiment 1: Examination of the functional role of mPFC and IC on maintenance of 
alcohol self-administration

3.1.1. mPFC-silencing—Two rats in the Control group had inefficient vector infusions 

(i.e., no mCherry expression) likely due to a clogged injector at the time of vector infusion. 

These rats are not included in any analyses or figures and the data presented in Figure 1 are 
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based on hM4D-DREADD (n=12) and mCherry-Control (n=10) groups, with similar 

baseline self-administration performance (i.e., two sessions prior to initiation of testing): 

hM4D group – alcohol-reinforced responses: 74.2±6.0 alcohol reinforced responses, alcohol 

intake: 0.87±0.06 g/kg; mCherry-control group – alcohol-reinforced responses: 70.1±5.1, 

alcohol intake: 0.89 ± 0.05 g/kg. Representative hM4D-mCherry and mCherry-Control 

expression is represented in Figures 1A and 1B, respectively. Total session alcohol responses 

and total alcohol intake (g/kg; text on bars) are shown in Figure 1C. The two-way ANOVA 

on total alcohol responses showed a significant CNO by group interaction (F[1,20]=11.16, 

p<0.01), with a significant reduction in alcohol responses in the hM4D group following 

CNO relative to vehicle (p≤0.05) and relative to the Control group (p≤0.05). Furthermore, 

there was a significant CNO by group interaction on alcohol intake (F[1,20]=7.11, p<0.05), 

whereby CNO decreased intake in the hM4D group relative to vehicle (p≤0.05) and relative 

to the Control group (p≤0.05). There was no significant main effect of CNO or group. In 

examining the pattern of alcohol lever responses during the session (Figure 1D), the three-

way ANOVA showed a significant main effect of time (F[5,190]= 94.26, p<0.05), and a 

CNO by group interaction (F[1,38] = 2.85, p<0.05). There was a significant three-way 

interaction (time X CNO X group) (F[5,190]=3.24, p<0.01), with attenuated alcohol 

responses across time in the hM4D group following CNO treatment beginning 10 min into 

the session and remaining for the remainder of the session relative to vehicle. Furthermore, 

CNO decreased responding in hM4D group relative to Control group (following both vehicle 

and CNO conditions) beginning at 15 min until the remainder of the session. These findings 

suggest that mPFC projections are at least partially involved in motivating alcohol self-

administration as silencing these projections decreased alcohol responding. There were no 

effects of CNO on inactive lever responses (Table 1) or locomotor rate (Figure 1E) in either 

group, indicating that changes in self-administration were likely not due to locomotor 

suppression.

3.1.2. IC- silencing—Four rats had inefficient vector infusions (i.e., only unilateral 

expression; 3 in hM4D and 1 in Control group), and 3 rats had no mCherry expression (1 in 

hM4D and 2 in Control group), likely due to a clogged injector at the time of vector 

infusion. These rats are not included in any analyses or figures and the data presented in 

Figure 2 are based on hM4D-DREADD (n=8) and mCherry-Control (n=7) groups, with 

similar baseline self-administration performance (i.e., two sessions prior to initiation of 

testing): hM4D group – alcohol-reinforced responses: 77.8±7.6 ; alcohol intake: 0.8±0.1 

g/kg; mCherry-Control group – alcohol-reinforced responses: 74.9±6.2; alcohol intake: 

1.0±0.1 g/kg. Representative hM4D-mCherry and mCherry-Control expression is 

represented in Figures 2A and 2B, respectively. Total session alcohol responses and total 

alcohol intake (g/kg; text on bars) are shown in Figure 2C. The two-way ANOVA on total 

alcohol responses showed a main effect of group [F(1,13)=6.70, p≤0.02; Fig. 2C], with 

increased alcohol responses in the hM4D group. There was no significant main effect of 

CNO treatment or interaction. The two-way ANOVA of total alcohol intake demonstrated a 

significant CNO by group interaction [F(1,13)=5.10, p≤0.04; Fig. 2C text on bars], with 

increased alcohol intake following CNO in the hM4D group relative to vehicle (p≤0.05) and 

relative to the Control group (p≤0.05), showing that silencing the IC potentiated alcohol 

intake. There was no significant main effect of CNO or group. Figure 2D shows the pattern 
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of alcohol-reinforced responses across the self-administration session. The three-way 

ANOVA of alcohol responses showed a significant main effect of time [F(5,65)=5.22, 

p<0.001; Fig. 2D], a significant main effect of CNO treatment [F(1,13)=58.58, p<0.001], 

and a CNO by time interaction [F(5,65)=7.88, p<0.001]. There was a significant main effect 

of group [F(1,13)=5.06, p≤0.04], a significant group by CNO interaction [F(1,13)=6.67, 

p≤0.02], and a trend for a group by time interaction [F(5,65)=3.62, p≤0.06]. There was a 

significant three-way interaction (time X CNO X group) [F(5,65)=2.81, p≤0.02], with 

elevated alcohol responses across time in the hM4D group following CNO treatment 

beginning 15 min into the session and remaining elevated for the remainder of the session 

relative to Control group (following vehicle and CNO conditions) and elevated relative to the 

hM4D under vehicle condition at 25 and 30 min (p<0.05). These data show that silencing 

the IC outgoing projections results in an increase in alcohol self-administration. Inactive 

lever responses (Table 1) and locomotor rate (Fig. 2E) were unchanged by CNO.

3.2. Experiment 2: Examination of the functional role of IC➔AcbC and mPFC➔AcbC on 
maintenance of alcohol self-administration

3.2.1. mPFC➔AcbC silencing—Three rats had inefficient vector infusions (i.e., no 

hM4D-mCherry expression), likely due to a clogged injector at the time of vector infusion. 

These rats are not included in any analyses or figures and the data presented in Figure 3 

represent hM4D-DREADD (n=7). Representative hM4D-mCherry expression and AcbC 

injector tip placements are represented in Figure 3A and 3B, respectively. Total session 

alcohol responses and total alcohol intake (g/kg; text on bars) are shown in Figure 3C. 

Baseline self-administration performance is shown to the left of the x-axis break (Fig. 3C) as 

a visual reference (i.e., not included in overall analyses). Intra-AcbC CNO treatment did not 

affect total alcohol responses, alcohol intake, pattern of alcohol responding, inactive lever 

responses, or locomotor rate. These findings suggest that mPFC projections to AcbC do not 

directly modulate alcohol self-administration.

3.2.2. IC➔AcbC silencing—Two rats had inefficient vector infusions (i.e., no hM4D-

mCherry expression), likely due to a clogged injector at the time of vector infusion. These 

rats are not included in any analyses or figures and the data presented in Figure 3 are based 

on hM4D-DREADD (n=8). Representative hM4D-mCherry expression and AcbC injector 

tip placements are represented in Figure 4A and 4B, respectively. Total session alcohol 

responses and total alcohol intake (g/kg; text on bars) are shown in Figure 4C. Baseline self-

administration performance is shown to the left of the x-axis break (Fig. 4C) as a visual 

reference (i.e., not included in overall analyses). Intra-AcbC CNO did not affect total alcohol 

responses, albeit a trend was noted (p=0.068). However, total alcohol intake (g/kg) was 

significantly attenuated following CNO treatment [t(7)=2.67, p=0.03; Fig. 4C text on bars], 

indicating that silencing IC➔AcbC projections decreased alcohol intake. Examination of 

the pattern of alcohol-reinforced responses across the self-administration session (Figure 

4D), with a two-way ANOVA, showed a significant main effect of time [F(5,35)=35.53, 

p≤0.001] and a significant main effect of CNO [F(1,7)=7.82, p≤0.03; Fig. 4D], with 

decreased alcohol responses following intra-AcbC CNO treatment. These results show that 

silencing the IC➔AcbC projections resulted in a reduction in alcohol self-administration. 
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There was no significant time by CNO interaction. Inactive lever responses (Table 1) and 

locomotor rate (Fig. 4F) were unchanged by CNO.

3.3. Experiment 3: Examination of the functional role of IC➔AcbC on self-administration, 
under control conditions

3.3.1. mCherry-Controls—To follow up the significant findings showing IC➔AcbC 

silencing decreased alcohol self-administration, an additional group of rats trained to self-

administer alcohol served as mCherry-Controls and were infused with mCherry in the IC 

and implanted with bilateral cannulae in the AcbC. Four rats had inefficient vector infusions 

(i.e., no mCherry expression), likely due to a clogged injector at the time of vector infusion. 

These rats are not included in any analyses or figures and the data presented in Figure 5A – 

5E are based on mCherry-Controls (n=8). Representative mCherry-Control expression and 

AcbC injector tip placements are represented in Figure 5A and 5B, respectively. Baseline 

self-administration performance is shown to the left of the x-axis break (Fig. 5C) as a visual 

reference (i.e., not included in overall analyses). Total session alcohol responses and total 

alcohol intake (g/kg; text on bars) are shown in Figure 5C and demonstrate no significant 

effect of intra-AcbC CNO treatment. Figure 5d shows the pattern of alcohol-reinforced 

responses across the self-administration session. The two-way ANOVA of alcohol responses 

showed a main effect of time [F(5,35)=54.09, p≤0.001; Fig. 5D]. There was no main effect 

of intra-AcbC CNO treatment or interaction, suggesting no off-target effects of CNO in the 

non-DREADD expressing group. Inactive lever responses (Table 1) and locomotor rate (Fig. 

5E) were unchanged by intra-AcbC CNO.

3.3.2. Sucrose-Controls—To examine if the reduction of alcohol self-administration 

following IC➔AcbC silencing was reinforcer-specific, a group of rats trained to self-

administer sucrose were infused with hM4D-mCherry in the IC and implanted with cannulae 

in the AcbC. Three rats had inefficient vector infusions on one side (i.e., unilateral 

expression), and 2 rats had no hM4D-mCherry expression. These rats are not included in any 

analyses or figures and the data presented in Figure 5F – 5J are based on hM4D-mCherry 

(n=6). Representative hM4D-mCherry expression and AcbC injector tip placements are 

represented in Figure 5F and 5G, respectively. Baseline self-administration performance is 

shown to the left of the x-axis break (Fig. 5H) as a visual reference (i.e., not included in 

overall analyses). Total session sucrose responses are shown in Figure 5h and show no 

significant effect of intra-AcbC CNO treatment. Figure 5I shows the pattern of sucrose-

reinforced responses across the self-administration session. The two-way ANOVA of 

sucrose responses showed a significant main effect of time [F(5,25)=14.97, p≤0.001; Fig. 

5I]. There was no main effect of intra-AcbC CNO treatment or interaction, indicating that 

silencing the IC➔AcbC does not decrease sucrose self-administration. Inactive lever 

responses (Table 1) and locomotor rate (Fig. 5J) were unchanged by intra-AcbC CNO.

4. DISCUSSION

The present findings demonstrate that global silencing of the IC and mPFC (i.e., systemic 

CNO administration) and efferent projections to the AcbC differentially affected ongoing 

alcohol self-administration. First, silencing the mPFC decreased, while silencing the 
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mPFC➔AcbC projections did not alter alcohol self-administration. Second, silencing the IC 

increased, while silencing IC➔AcbC projections decreased alcohol self-administration. 

Lastly, silencing IC➔AcbC projections did not affect sucrose self-administration, 

suggesting alcohol-reinforcer specificity. Together these findings demonstrate an important 

role for these cortical regions and their projections to the AcbC in modulating ongoing 

alcohol self-administration, and emphasize circuit-specificity in regulating the maintenance 

of ongoing alcohol self-administration.

4.1. Silencing the mPFC and mPFC➔AcbC projections

There is an extensive literature demonstrating a role for the mPFC in reinforcement learning 

and drug self-administration (Tzschentke, 2000; Van den Oever et al., 2010). Moreover, 

numerous studies have demonstrated the effects of lesions or inactivation of mPFC on drug-

seeking and -intake (Di Pietro et al., 2006; LaLumiere and Kalivas, 2008; McFarland and 

Kalivas, 2001; Rocha and Kalivas, 2010; Seif et al., 2013). Consistent with these studies, we 

show that chemogenetic silencing of mPFC (i.e., following systemic CNO) decreased 

alcohol reinforced-responding. Due to the nature of this strategy (i.e., silencing the region as 

a whole with systemic CNO), this effect is likely the result of affecting both incoming and 

outgoing projections. For example, incoming dopaminergic afferents from ventral tegmental 

area that regulate glutamatergic pyramidal cells in mPFC are potentially affected which 

could have effects on alcohol intake. Indeed, it has been shown previously that differentially 

modulating dopamine D2 and D3 receptor signaling in mPFC decreases alcohol self-

administration (Hodge et al., 1996; Samson and Chappell, 2003). Moreover, outgoing 

projections to nucleus accumbens would also be affected by silencing these cells as lesion/

inhibition studies have demonstrated decreased glutamate release in AcbC (McFarland et al., 

2004; McFarland et al., 2003). Together, these findings demonstrate that mPFC plays an 

important role in modulating behavioral output in response to drugs and drug-related cues.

In addition, although not explored in the present study, an important consideration when 

studying factors that can impact drinking is the influence of the pharmacological and 

interoceptive effects of alcohol. That is, pre-session administration of alcohol (e.g., preload) 

can decrease ongoing alcohol consumption and self-administration (Randall et al., 2015; 

Samson et al., 2002), which is evidence that rats can titrate intake based on the preload dose 

(Czachowski et al., 2003; Czachowski et al., 2006). Our lab has previously shown that 

preload of 1 g/kg alcohol decreases alcohol self-administration (Randall et al., 2015). 

Interestingly, pharmacological inhibition of the mPFC, fully substitutes for the interoceptive 

effects of alcohol (1 g/kg) (Jaramillo et al., 2016). To this end, a possible explanation for the 

decrease in alcohol self-administration is that silencing the mPFC produced interoceptive 

effects similar to an alcohol preload resulting in decreased self-administration.

mPFC➔AcbC circuity has been implicated in various aspects of drug-related behavior and 

is believed to modulate drug-seeking responses (Koob and Volkow, 2010). Our present 

findings showed that silencing this projection did not affect alcohol self-administration. 

Previous studies have shown that alcohol self-administration increases extracellular 

dopamine in both the mPFC (Doherty et al., 2016) and the AcbC (Doyon et al., 2003). This, 

considered in the context of our current findings, would suggest that independent dopamine 
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release in AcbC in response to alcohol is sufficient to maintain alcohol self-administration in 

the absence of input from mPFC. However, Seif et. al., 2013 have demonstrated a functional 

role for mPFC➔AcbC projections in modulating compulsive (i.e., shock-resistant) alcohol 

self-administration via adaptations in NMDA receptors. Together this suggests that while 

mPFC➔AcbC activity is not necessary to maintain alcohol self-administration, enhanced 

recruitment of mPFC➔AcbC activity is necessary for alcohol self-administration under 

aversive conditions. Alternatively, these findings may suggest that mPFC➔AcbC may be 

more important for drug-seeking behavior under non-reinforced conditions (i.e., extinction). 

For example, Sparta et al., (2014) showed that inhibition of this projection did not affect 

consummatory behavior during reinforced training sessions, but enhanced the rate of 

extinction. Similarly, silencing this projection also blocks cue-induced reinstatement for 

cocaine and heroin (LaLumiere and Kalivas, 2008; Stefanik et al., 2013). An important 

consideration is that alcohol self-administration in this cohort of rats was generally lower 

than the other groups. Consequently, it is possible that under conditions with a lower rate of 

behavior it is more difficult to observe a CNO-induced reduction in self-administration 

behavior, than under conditions with a higher rate of behavior. Therefore, it will be 

important to replicate this finding in a cohort of animals with higher levels of self-

administration. Taken together, our findings investigating the mPFC demonstrate that the 

region is involved in modulating alcohol intake; however, the role of its projections is less 

clear and may depend on the drinking behavior and/or the behavior being tested (i.e., 

alcohol-seeking vs. ongoing drinking).

4.2. Silencing the IC and IC➔AcbC projections

Previous work has found that inactivation of the caudal granular IC by intra-IC infusion of a 

muscimol+baclofen (GABAA agonist + GABAB agonist) cocktail reduced alcohol self-

administration (Pushparaj and Le Foll, 2015). Interestingly, in the present work, we find an 

escalation in alcohol self-administration following chemogenetic silencing of the IC. One 

difference between the two studies are the techniques used to inactivate the IC. The use of 

pharmacological inhibition (GABA agonists) likely results in complete suppression of neural 

activity, whereas activation of the inhibitory DREADDs results in a reduction, not 

elimination of neural activity (Smith et al., 2016). Furthermore, the neuronal populations 

affected by each procedure may differ as pharmacological and chemogenetic manipulations 

are limited to neurons expressing GABAergic and DREADD receptors, respectively. To this 

end, it is possible, that some neuronal activity still occurred following chemogenetic 

silencing or two distinct neuronal populations exist in the IC which differentially regulate 

drinking. Another difference between the two studies is the targeted area of the IC. In the 

present work, manipulations were aimed at the anterior IC as this region has projections to 

the AcbC, as we have previously confirmed (Jaramillo et al., 2016). Accordingly, these 

findings suggest differences in the functional importance of the anatomical subregions of the 

IC. Indeed, interoceptive information (e.g., nociceptive, viscerosensory) initially integrated 

in the caudal granular IC is relayed and further integrated before reaching the anterior IC 

which is considered a high-order multimodal cortical region (Allen et al., 1991; Shi and 

Cassell, 1998). Further, previous work in the anterior IC (same coordinates as used in this 

work) has shown that pharmacological inhibition, does not fully substitute for alcohol (as 

observed in the mPFC), but rather induces partial alcohol-like interoceptive effects 

Jaramillo et al. Page 11

Neuropharmacology. Author manuscript; available in PMC 2019 March 01.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



(Jaramillo et al., 2016) and chemogenetic silencing increases sensitivity to low alcohol doses 

(Jaramillo et al., 2017). Therefore, a possible explanation for the escalation in alcohol self-

administration is that the partial alcohol-like effects induced by silencing the IC may have 

stimulated or primed further alcohol self-administration. To this end, it is interesting that 

silencing the IC➔AcbC projections decreased alcohol self-administration, as silencing this 

projection has been shown to fully substitute for the interoceptive effects of 1 g/kg alcohol 

and potentiate the effects of alcohol (Jaramillo et al., 2017). Further, there is evidence for an 

IC➔AcbC role in the execution of choice based on incentive value, as pharmacological 

disconnection of IC➔AcbC projections disrupts satiety-induced decreases in instrumental 

responding for food (Parkes et al., 2015). Interestingly, in another study investigating 

IC➔AcbC projections, optogenetic inhibition of IC➔AcbC circuitry decreased shock-

resistant alcohol self-administration (e.g., compulsive), but had no effect on alcohol self-

administration (i.e., under non-shock conditions; Seif et al., 2013). This latter outcome is in 

contrast to the present findings in which we observe a reduction in alcohol self-

administration. This discrepancy could be attributed to differences in alcohol training as the 

intermittent alcohol drinking model, which produces aversion resistant intake through 

synaptic changes (Seif et al., 2013), was not utilized in the present study. However, this 

finding along with (Parkes et al., 2015) demonstrating a role for the IC➔AcbC in outcome 

devaluation, implicate a specific role of the insular-striatal projections in modulating goal-

directed behavior in conditions under strong interoceptive control.

The findings that silencing the IC➔AcbC projections decreased alcohol self-administration, 

but not sucrose self-administration, suggests reinforcer specificity. The lack of effect on 

sucrose self-administration is consistent with self-administration studies, finding no effect 

on food self-administration or reinstatement of food-seeking following pharmacological 

inactivation of the posterior IC (Forget et al., 2010) or anterior IC (Cosme et al., 2015), 

respectively. However, the IC is implicated in cue-triggered food approach (Kusumoto-

Yoshida et al., 2015) and taste processing (Carleton et al., 2010). Moreover, to our 

knowledge, the functional involvement of the IC➔AcbC pathway in sucrose or food self-

administration has not been determined. While we did not find a change in sucrose self-

administration following silencing of IC➔AcbC projections, it may be premature to 

conclude that this circuit is not involved in regulating sucrose self-administration, as it is 

possible that this circuit may be recruited at a different sucrose concentration, reinforcement 

schedule, or under extinction conditions. Furthermore, it has been shown that IC➔AcbC 

inhibition decreases intake of alcohol adulterated with the bitter tastant quinine (Seif et al., 

2013), which provides evidence for an insular-striatal role in taste under conditions of 

conflict. Lastly, considering that silencing the IC➔AcbC produces alcohol-like 

interoceptive effects (Jaramillo et al., 2017), within this framework, it is interesting to note 

that sucrose self-administration was unchanged in alcohol-naïve rats. This suggests that 

alcohol-like effects (induced by IC➔AbC silencing) do not alter ongoing sucrose self-

administration and may depend on previous experience with the pharmacological effects of 

alcohol (i.e., alcohol experienced).

Silencing the IC and the IC➔AcbC projections produced opposite effects (increase and 

decrease, respectively) on self-administration, suggesting the functional role for the 

IC➔AcbC projections to reduce alcohol self-administration was overshadowed following 
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general silencing of all IC outgoing projections. Together these findings suggest that 

suppression of neuronal activity within this IC➔AcbC circuit is, in part, sufficient to 

terminate ongoing alcohol self-administration, whereas it is likely that other IC-related 

circuits may be more prominent to drive escalations in alcohol self-administration. 

Accordingly, it will be important for future work to investigate other IC-related circuits that 

may promote escalations in alcohol self-administration (e.g., IC projections to amygdala, 

mPFC). Although strategies were taken to localize chemogenetic manipulations to the IC 

(and the mPFC), the potential for the functional contribution of neighboring regions needs to 

be considered. For example, given the close proximity of the piriform cortex, primary 

somatosensory cortex, and orbitofrontal cortex (a region often encompassed in IC studies) to 

the IC, it is possible that neuronal populations within these regions were recruited following 

systemic CNO administration.

4.3. Consideration of the mCherry controls

Inclusion of the mCherry-Control group is an important feature of the present work. 

Silencing the IC or mPFC did not disrupt alcohol self-administration behavior in the 

mCherry-Control group, indicating that the increases and decreases in self-administration, 

respectively, in the hM4D groups were not due to non-specific effects of systemic CNO 

pretreatment. These are important findings as CNO, a major metabolite of the anti-psychotic 

drug clozapine, can convert to clozapine and therefore have biological effects which may 

depend on animal, strain, and CNO dose (Chang et al., 1998; Gomez et al., 2017; Jann et al., 

1994; MacLaren et al., 2016). Additionally, clozapine can serve as a discriminative stimulus 

in drug discrimination experiments (Goudie et al., 1998; Prus et al., 2016) and has been 

shown to decrease alcohol-stimulated activity (Thrasher et al., 1999). Of direct relevance to 

the present work are findings that a high dose of clozapine (12 mg/kg/day) decreased home 

cage alcohol consumption, but did not affect the maintenance of alcohol consumption in 

alcohol-preferring rats (Chau et al., 2013). Further, clozapine has also been shown to 

decrease home cage alcohol drinking in Syrian golden hamsters (Chau et al., 2010; Green et 

al., 2004). Thus, the inclusion of these CNO-only control groups (i.e., mCherry-Controls) 

and the absence of behavioral effects within the context of this study are highly relevant. 

Although a sucrose self-administration mCherry-Control group was not tested in the present 

study, the lack of a behavioral effect following intra-AcbC CNO in the sucrose self-

administration trained rats suggests that CNO did not have a general effect on behavior. 

However, future studies testing the effects of intra-AcbC CNO on sucrose self-

administration in mCherry-Controls will be important.

4.4. Conclusions

Here, we demonstrate differential roles for the mPFC and IC and their projections to the 

AcbC in regulating ongoing self-administration. These cortical projections are 

predominantly glutamatergic, which is highly relevant given the extent of glutamatergic 

adaptations during different phases of the development and progression of alcohol use 

disorder (Hwa et al., 2017). Accordingly, while rats in this self-administration model have an 

extensive alcohol drinking history, it will be important for future work to determine whether 

these circuits show differential recruitment following alcohol dependence. Further, it will be 

important to examine the contribution of these circuits in relapse-like behavior. In summary, 
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the present findings demonstrate a role of cortical-striatal circuits involving the mPFC and 

IC and the AcbC, while showing that suppression of the insular-striatal circuit decreases 

alcohol-reinforced behavior.
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Highlights

• mPFC silencing decreased alcohol self-administration

• No effect following mPFC➔AcbC silencing

• IC silencing increased alcohol self-administration

• IC➔AcbC silencing decreased alcohol self-administration

Jaramillo et al. Page 19

Neuropharmacology. Author manuscript; available in PMC 2019 March 01.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



Figure 1. Chemogenetic silencing of mPFC decreases alcohol self-administration
(A) Representative intra-mPFC hM4D-mCherry expression and (B) intra-mPFC mCherry-

Control expression (2X, 1 mm scale bar) with schematic demonstrating individual bilateral 

expression in rats trained to self-administer alcohol. (C) Total session alcohol responses 

show decreased responding in the hM4D group, with decreased alcohol intake (g/kg, text on 

bars) following mPFC silencing. (D) The pattern of alcohol-reinforced responses across the 

self-administration session demonstrate decreased responses in the hM4D group after 

silencing the mPFC by CNO, beginning 10 min into the session (relative to vehicle), 15 min 

into the session relative to both m-Cherry control groups, and remaining decreased for the 

remainder of the session. (E) Locomotor rates were unaffected. *Significant difference from 

hM4D-vehicle, ^Significant difference from Control-CNO, +Significant difference from 

Control-vehicle (Tukey). Values on graphs represent mean ± S.E.M. (n=10–12/group; 

p≤0.05).
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Figure 2. Chemogenetic silencing of IC increases alcohol intake in rats trained to self-administer 
alcohol
(A) Representative intra-IC hM4D-mCherry expression and (B) intra-IC mCherry-Control 

expression (2X, 1 mm scale bar) with schematic demonstrating individual bilateral 

expression in rats trained to self-administer alcohol. (C) Total session alcohol responses 

show increased responding in the hM4D group, with increased alcohol intake (g/kg, text on 

bars) following IC silencing. (D) The pattern of alcohol-reinforced responses across the self-

administration session demonstrate potentiated responses in the hM4D group after silencing 

the IC by CNO, beginning 15 min into the session and remaining elevated for the remainder 

of the session. (E) Locomotor rates were unaffected. #Significant main effect of group (two-

way RM ANOVA). #Significant main effect of group, *Significant difference from hM4D-

vehicle, ^Significant difference from Control-CNO, +Significant difference from Control-

vehicle (Tukey). Values on graphs represent mean ± S.E.M. (n=7–8/group; p≤0.05).
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Figure 3. Chemogenetic silencing of mPFC➔AcbC projections does not affect alcohol self-
administration
(A) Representative intra-mPFC hM4D-mCherry expression and (B) bilateral AcbC injector 

tip placements (depicted as red circles) from individual rats trained to self-administer 

alcohol, with corresponding photomicrograph (4X, 200 μm scale bar) inset showing an 

injector tip (arrow). (C) Total session alcohol responses and alcohol intake (g/kg, text on 

bars) were unchanged following mPFC➔AcbC silencing. (D) The pattern of alcohol-

reinforced responses across the self-administration session was not affected by silencing 

mPFC➔AcbC projections with CNO. (E) Locomotor rates were unaffected. Baseline self-

administration performance shown to the left of x-axis break. Values on graphs represent 

mean ± S.E.M. (n=7).
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Figure 4. Chemogenetic silencing of IC➔AcbC projections decreases alcohol intake in rats 
trained to self-administer alcohol
(A) Representative intra-IC hM4D-mCherry expression and (B) bilateral AcbC injector tip 

placements (depicted as red circles) from individual rats trained to self-administer alcohol, 

with corresponding photomicrograph (4X, 200 μm scale bar) inset showing an injector tip 

(arrow). (C) Total session alcohol responses show a trend (p=0.068) for increased 

responding, with increased alcohol intake (g/kg, text on bars) following IC➔AcbC 

silencing. (D) The pattern of alcohol-reinforced responses across the self-administration 

session demonstrate potentiated responses after silencing the IC➔AcbC by intra-AcbC 

CNO. (E) Locomotor rates were unaffected. Baseline self-administration performance 

shown to the left of x-axis break. *Significant difference from vehicle (paired t-test). 

%Significant main effect of intra-AcbC CNO (two-way RM ANOVA). Values on graphs 

represent mean ± S.E.M. (n=8; p≤0.05).
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Figure 5. Intra-AcbC CNO treatment does not affect alcohol self-administration in controls or 
sucrose self-administration following chemogenetic silencing of IC➔AcbC projections
(A) Representative intra-IC mCherry-Control expression and (B) bilateral AcbC injector tip 

placements (depicted as blue circles) from individual rats trained to self-administer alcohol. 

(C) Total session alcohol responses, alcohol intake (g/kg, text on bars) show no effect of 

intra-AcbC CNO. (D) The pattern of alcohol-reinforced responses across the self-

administration session (E) and locomotor rate were unaffected following intra-AcbC CNO. 

(F) Representative intra-IC hM4D-mCherry expression and (G) bilateral AcbC injector tip 

placements (depicted as red circles) from individual rats trained to self-administer sucrose. 

(H) Total session sucrose responses, sucrose intake (ml/kg, text on bars) show no effect of 

intra-AcbC CNO. (I) The pattern of alcohol-reinforced responses across the self-

administration session (J) and locomotor rates were unaffected following intra-AcbC CNO. 

Baseline self-administration performance shown to the left of x-axis break. Values on graphs 

represent mean ± S.E.M. (n=6–8/group; p≤0.05).
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Table 1

Total inactive lever responses following CNO-induced silencing

Vehicle CNO

Experiment 1

mPFC silencing

hM4D 1.9±0.7 2.4±0.7

mCherry-Controls 1.8±0.9 3.7±2.3

IC silencing

hM4D 1.0±0.4 2.1±0.7

mCherry-Controls 0.7±0.1 0.7±0.1

Experiment 2

mPFC➔AcbC silencing 0.4±0.2 0.1±0.1

IC➔AcbC silencing 1.1±0.5 0.6±0.3

Experiment 3

IC➔AcbC silencing

mCherry-Controls 2.0±1.1 1.1±0.6

Sucrose-Controls 0.2±0.2 0.3±0.2

Data represent mean ± standard error of the mean (p≤0.05)
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