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Abstract

Background—Dopamine (DA) has been shown to play a central role in regulating motivated 

behavior and encoding reward. Chronic drug abuse elicits a state of hypodopaminergia in the 

mesocorticolimbic (MCL) system in both humans and preclinical rodent models of addiction, 

including those modeling alcohol use disorders (AUD).

Methods—Working under the hypothesis that reductions in the bioavailability of DA play an 

integral role in the expression of the excessive drinking phenotype, the COMT inhibitor 

Tolcapone was used as a means to amplify cortical DA efflux and drinking behaviors were then 

assessed. Sucrose and ethanol consumption were measured in P and Wistar rats in both a free 

choice drinking protocol and a novel cued access protocol.

Results—Tolcapone attenuated the consumption of ethanol, and to a lesser extent sucrose, in P 

rats in the cued access protocol, while no effect was observed in the free choice drinking protocol. 

Tolcapone also decreased ethanol consumption in high drinking Wistar rats. A follow-up 

experiment using the DA agonist D-amphetamine (AMPH) showed no change in ethanol 

consumption.

Conclusions—Collectively, these data suggest that COMT inhibitors may be capable of 

alleviating the extremely motivating or salient nature of stimuli associated with alcohol. The 

hypothesis is put forth that the relative specificity of Tolcapone for cortical DA systems may 

mediate the suppression of the high seeking/drinking phenotype.
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Introduction

Drugs of abuse are hypothesized to highjack the function of neural circuits that encode 

motivational and rewarding signals (Koob and LeMoal, 2001). The mesocorticolimbic 

(MCL) dopamine (DA) system plays a central role in motivated and reward-related 

behaviors (Kiyatkin, 1995) and is directly targeted by multiple drugs of abuse, including 

alcohol (Rossetti et al., 1992). Changes in DA receptor expression and the bioavailability of 

DA have been identified as both a predisposing factor for and consequence of drug abuse 

(Volkow et al., 1997; Engleman et al., 2006). Moreover, persistent reductions in the 

bioavailability of DA and DA neuron activity are observed during withdrawal (Wang et al., 

2012), which can be alleviated by alcohol administration (Martinez et al., 2005). In sum, 

numerous streams of evidence converge to suggest that, in addiction, the DA system is 

“profoundly dysregulated” (Volkow et al., 2007). While a number of pharmacotherapies 

exist that target this system, they have yet to provide a viable treatment option (George et 

al., 2002).

Environmental stimuli that are associated with, or explicitly signal, the availability of 

alcohol can powerfully evoke alcohol seeking and consummatory behaviors (Field et al., 

2008; Ryan et al., 2010). When individuals diagnosed with, or at risk for, an alcohol use 

disorder (AUD) are presented with drug-related stimuli, an enhanced hemodynamic 

response is observed across the MCL system, especially in the prefrontal cortex (PFC) 

(Grusser et al., 2004; Myrick et al., 2004; Kareken et al., 2004; 2010). Moreover, enhanced 

DA efflux to alcohol-paired cues is observed in preclinical rodent models (Melendez et al., 

2002) as well as addicted and heavy drinking individuals (Volkow et al., 2006; Oberlin et 

al., 2013) thus suggesting a role for DA in encoding drug-related stimuli.

The DA transporter regulates the bioavailability of DA in a number of limbic and 

mesencephalic structures, however, the majority of cortical DA is metabolized by the 

enzyme catechol-O-methyltransferase (COMT) and taken up by the norepinephrine 

transporter (Mazei et al., 2002). A functional polymorphism of COMT exists where a 

substitution of methionine (Met) in place of valine (Val) at codon 158 affects the 

thermostability and activity of the enzyme leading to differences in the bioavailability of 

PFC DA (Lotta et al., 1995). The relationship between the bioavailability of DA and 

cognitive performance is hypothesized to follow an inverted-U shaped function (Williams 

and Goldman-Rakic, 1995). In accordance with this theory, allelic differences in COMT 

activity are associated with altered performance of behaviors such as executive function 

(Farrell et al., 2012), cognition, and sensation seeking (Mattay et al., 2003; Yacubian and 

Buchel, 2009). Moreover, interactions between allelic variations in COMT and Tolcapone 

treatment are observed in a number of cognitive behaviors (Farrell et al., 2012). An 

association is also observed between allelic variations in COMT and alcohol drinking 

behavior (Tammimäki et al., 2008; Hendershot et al., 2012) as well as the propensity to 

relapse (Wojnar et al., 2009; but see Köhnke et al., 2003; Foroud et al., 2007).

Alcohol preferring rats (P rats) provide a validated preclinical rodent model of AUD 

(Murphy et al., 2002). These rodents were selectively bred for alcohol preference and model 

at risk human populations for excessive drinking, such as individuals with a family history 
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of alcoholism (Froehlich, 2010). Additionally, P rats display pronounced deficits in basal 

extracellular DA levels in the PFC compared to their progenitor strain, Wistar rats 

(Engleman et al., 2006). P rats exhibit extremely high levels of ethanol seeking (Czachowski 

and Samson, 2002) as well as greater resistance to extinction and a more robust cue-induced 

reinstatement relative to alcohol non-preferring (NP) rats (Ciccocioppo et al., 2001), 

suggesting an enhanced response to alcohol paired cues. Considering the central role DA 

plays in integrating alcohol-paired cues and seeking behaviors and the altered PFC DA 

phenotype of P rats, we hypothesized that increasing the bioavailability of DA would 

suppress the excessive drinking phenotype of the P rat. To this end, Tolcapone and AMPH 

were used as separate approaches to enhance DA efflux. Brain penetrant COMT inhibitors, 

such as Tolcapone and Entacapone, have been used extensively as a noninvasive means to 

increase the bioavailability of DA (Kaakkola, 2000). Interestingly COMT inhibitors have 

not been observed to increase basal dopamine but rather accentuate evoked release 

(Tunbridge et al., 2004; Lapish et al., 2009). On the other hand, AMPH stimulates the 

release of catecholamines, especially DA, throughout the brain via its actions as a weak base 

(Sulzer et al., 2005). The current study assessed the effects of Tolcapone and AMPH on 

drinking in Wistar and P rats in a free choice drinking and a novel cued access protocol.

Materials & Methods

Subjects

Alcohol naïve adult male Wistar rats (Harlan, Indianapolis, IN) and Alcohol preferring (P) 

rats (71–74th generation; Indiana University, IN) were used for all experiments. Animals 

weighed approximately 250–300g upon arrival and were individually housed in a climate 

controlled room on a 12-hour reversed light/dark cycle. All animals were handled one week 

prior to experimental testing and were approximately 12 weeks of age at the start of testing. 

All procedures were approved by the IUPUI School of Science Institutional Animal Care 

and Use Committee and were in accordance with the National Institutes of Health guide for 

the care and use of laboratory animals.

Intermittent access drinking protocol (IAP)

A modified two-bottle free choice drinking protocol as described by Simms et al. (2008) was 

implemented to expose animals to the liquid solutions later used during conditioning and to 

initiate consumption. Subjects were Wistar and P rats divided into either 2% sucrose (N=16/

strain) or 20% ethanol (N=20/strain) groups. At the start of the dark cycle, all water bottles 

were replaced with two bottles, one containing water and the other containing either sucrose 

or ethanol. Fluid intake of both water and sucrose or ethanol was measured 30 minutes and 

24 hours after placement of bottles. Bottles were removed 24 hours after bottle placement, 

and replaced with the initial water bottle. Animals had access to their respective solutions 

for 24 hr 3 d/wk (M, W, F) over the course of a 4 week period. Animals were weighed 

immediately before bottle placement to calculate grams of sucrose or ethanol intake per 

kilogram of body weight.
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Two-way cued access protocol (2CAP)

Upon completion of IAP, animals were transitioned to the 2CAP, a Pavlovian conditioning-

based protocol. Subjects were a subset of Wistar and P rats previously exposed to either 2% 

sucrose (N=8/strain) or 20% ethanol (N=10/strain) in the IAP. Animals weighed 

approximately 400–500 g at the start of conditioning. Conditioning sessions were conducted 

in modular two compartment operant chambers divided by a movable guillotine door (20.3 

cm × 15.9 cm × 21.3 cm; Med Associates, St Albans, VT), which remained open for all 

conditioning sessions. All chambers were equipped with white noise generators, infrared 

photocell beams, stimulus lights, and retractable graduated cylinder tubes fitted with 

stainless steel spouts containing double ball bearings. At the beginning of each conditioning 

trial, a stimulus light (CS) 16.5 cm above the retractable sipper was illuminated for two 

seconds and after a one second inter-stimulus interval, ten seconds of access to either 

sucrose or ethanol (US) was granted via retractable sipper tube. Location of the CS/US was 

randomized across trials within a session between the left and right compartments of the 

chamber. Each conditioning session was composed of 40 trials of CS/US pairings. The inter-

trial intervals (ITI) ranged from 20–180 seconds, with a mean of 90 seconds. Daily sessions 

lasted approximately 71 minutes. All animals received 12 conditioning sessions (2CAP-

same) prior to treatment. To confirm that animals were using the CS to predict the location 

of the US, all animals had four additional days of conditioning where the CS/US spatial 

relationship was reversed (2CAP-opposite). In these subsequent four sessions, the 

relationship between the CS and US was altered such that a CS on the right side of the 

chamber predicted availability of the US on the left side and vice versa. In each of these 

experiments, time spent at the sipper was measured using infrared photocell beams and 

solution intake (g/kg) was calculated using mls consumed and body weights.

Blood ethanol concentration (BEC)

On day five, at approximately trial 25 (~ 40 minutes), the conditioning session was 

prematurely stopped and animals were removed from the chambers. Blood samples were 

then collected from the tail to measure BEC. Bloods were centrifuged and a 5 µl plasma 

sample was analyzed using an AMI analyzer (Analox, Instruments, Lunenburg, MA).

Tolcapone and 2CAP

To assess the role of inhibiting the COMT enzyme on conditioned drinking and approach 

behavior, animals received counterbalanced ip injections of Tolcapone (Valeant 

Pharmaceuticals; 17.0 or 30.0 mg/kg and vehicle) one hour prior to testing after 12 days of 

2CAP.

AMPH and 2CAP

To assess differences in global DA modulation relative to PFC DA specificity, a separate 

group of ethanol P rats (N=8) received 4 weeks of IAP immediately followed by 2CAP, as 

described previously. Counterbalanced ip injections of AMPH (Sigma; 0.15 mg/kg) or 

vehicle were administered 20 minutes prior to testing after 12 days of 2CAP.
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Tolcapone and free choice drinking

The effects of Tolcapone on free choice drinking were assessed in a separate group of 

sucrose (N=7/strain) and ethanol (N=8/strain) animals who did not have any experience with 

the 2CAP task. Animals had four weeks of intermittent two-bottle drinking as described 

previously. Afterwards, animals had two additional weeks of the IAP in which they received 

drug or vehicle injections. On days where animals had access to solutions, all animals 

received an ip injection of Tolcapone (0, 3.0, 17.0, 30.0 mg/kg; balanced design) one hour 

prior to two-bottle placement. Intake was measured 30 minutes and 24 hours after placement 

of bottles. Sucrose or ethanol intake (g/kg) was calculated using solution consumed and 

body weights.

Data analysis and statistics

Statistical analyses were performed in R (http://www.r-project.org) and Matlab (Mathworks, 

Natick, MA). All group effects were first assessed by analysis of variance testing (ANOVA) 

and Tukey’s post-hoc was used for all multiple comparison procedures except where stated 

otherwise. Pearson’s correlation was used to determine the strength of the relationship 

between ethanol intake (g/kg) and BEC. To control for ethanol induced changes in 

locomotor activity and vigilance, time at sipper data were analyzed using the mean of the 

first 20 trials for each animal in a session. Data for time at the sipper across each trial are 

presented as a smoothed time-series via a moving average kernel with a span of 3 trials. All 

group stats were performed on non-smoothed data.

Results

Quantification of sucrose and ethanol intake during the IAP

After the first day, P rats consumed more sucrose than Wistars in the initial 30 min of the 

IAP [Two-way repeated measures ANOVA: strain × day interaction, F(11,330)=6.938, 

p<0.0001; Figure 1, A1]. P rats also consumed more sucrose than Wistars at the 24 hour 

reading [Two-way repeated measures ANOVA: strain × day interaction, F(11,329)=2.352, 

p=0.008; Figure 1, A2]. A Two-way repeated measures ANOVA with 2 levels of strain and 

12 levels of day also revealed a significant main effect of day in P rats at the 24 hour reading 

[F(11,180)=5.516, p<0.0001]. P rats consumed more total fluid [main effect of strain, 

F(1,24)=35.6, p<0.0001; Figure S2A] but not water [F(1,24)=0.01, p=0.922; Figure S2C], 

indicating that increased total fluid consumption observed in P rats is driven by greater 

sucrose intake. Together these data show that P rats increase their sucrose intake over days, 

especially at the 30 min measurement, compared with Wistars throughout the IAP.

At the 30 min reading P rats consumed more ethanol than Wistars [Two-way repeated 

measures ANOVA: main effect of strain, F(1,38)=27.66, p<0.001; Figure 1, B1]. At the 24-

hour reading a similar pattern was also observed, where P rats also drank more than the 

Wistars [Two-way repeated measures ANOVA: main effect of strain, F(1,37)=54.34, 

p<0.001; Figure 1, B2]. Wistars consumed more total fluid [Two-way repeated measures 

ANOVA: main effect of strain, F(1,25)=10.926, p=0.002; Figure S1B] and water [Two-way 

repeated measures ANOVA: main effect of strain, F(1,31)=92.47, p<0.0001; Figure S2D] 

than P rats. Additionally, there was a reduction in water intake over days in both strains 
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[Two-way repeated measures ANOVA: main effect of day, F(11,455)=10.289, p<0.0001; 

Figure S2D].

Intake and behavioral profile of sucrose rats in 2CAP

Each strain progressively consumed more sucrose throughout the 2CAP task relative to day 

1. However, P rats exhibited a larger increase than Wistars [Two-way repeated measures 

ANOVA (day (1–12) × strain): strain × day interaction, F(18,252)=5.78, p<0.0001; Figure 

2A]. This pattern was also reflected in their behavior where the time at the sipper increased 

[Two-way repeated measures ANOVA day (1–12) × strain: main effect of day, 

F(15,5088)=33.87, p<0.001) throughout 2CAP-same (Figure 2B). On a given day, the trial-

to-trial pattern of sucrose intake was relatively stable within strains, which was measured as 

time spent at the sipper during each trial (Figure 2C). However, P rats consistently spent 

more time at the sipper during each trial [Three-way repeated measures ANOVA (day 

(1,12,16) × strain × trial (1–40): main effect of strain, F(1,5088)=516.61, p<0.001]. These 

data demonstrate that both strains in the sucrose groups learn that the CS predicts the US in 

the 2CAP, as evidenced by greater time at the sipper following presentation of the CS, and 

thereby increase their sucrose intake over days.

To further assess if each strain used the CS to predict the availability of the sucrose US, the 

spatial relationship between the CS and US was changed on day 16 such that the stimulus 

light (CS) on the opposite side of the active sipper was illuminated (2CAP-opposite). 

Changing this spatial relationship led to decreased time spent at sipper on day 16 in both 

strains [Bonferroni comparisons, days different from day 12, p<0.05; Figure 2B]. While 

Wistars’ time at sipper returned to levels observed in 2CAP-same, P rats remain impaired 

[Bonferroni comparisons, days different from day 12, p<0.05; Figure 2B]. This change in 

approach behavior was not influenced by administration of Tolcapone prior to the switch 

since animals who received saline or no injection still show a significant reduction in time at 

sipper (Figure S3).

Intake and behavioral profile of ethanol rats in 2CAP

No consistent, daily change in ethanol intake was observed throughout the 2CAP task in 

either strain (Figure 3A). A linear regression comparing 12 days of IAP and 12 days of 

2CAP was performed. IAP intake explained a significant portion of variance in 2CAP 

intake, R2=0.10, F(1,238)=26.48, p<0.001, significantly predicted intake during 2CAP, 

=1.28, t(238)=12.75, p<0.0001, and as seen in the IAP sessions, P rats drank more ethanol 

than Wistars overall [Two-way repeated measures ANOVA: main effect of strain, 

F(18,324)=3.67, p<0.0001]. During 2CAP, 100% of P rats (M=100, SD=0) and 

approximately 35% of Wistars (M=35, SD=26) consumed ethanol to levels shown to be 

discriminated by the oral route (>1.0 g/kg, Hodge et al., 2001) at least once per week. On 

day 1, progressive increases in the time spent at the sipper with each trial were observed in 

both P rats and Wistars (black line, Figure 3C), while on day 12 (green line, Figure 3C) a 

progressive decrease was observed in P rats [Two-way repeated measures ANOVA day 

(1,12,16) × trial (1–40): trial × day interaction, F(1,796)=49.28, p<0.0001; Figure 3C] but 

not Wistars [Two-way repeated measures ANOVA day (1,12,16) × trial (1–40): 

F(1,796)=0.01, p=0.053]. This transition reflects a change in drinking patterns where 
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animals are able to use the CS to predict the active sipper and then maximize ethanol intake 

in the first ~10–20 trials of the 2CAP. Thus, while P rats’ between session drinking shows 

no effect of day on intake, within session drinking assessed by time at sipper varies between 

trials over days. On day 16, after the change in the spatial relationship between the CS and 

US, the initial spike in time at the sipper in the first ~20 trials of the 2CAP was not as robust 

as observed on day 12 [Two-way repeated measures ANOVA day (1,12,16) × trial (1–40): 

trial × day interaction, F(1,796)=15.55, p<0.0001; Figure 3C], thus providing evidence that 

these animals use the CS to predict the location of the ethanol US. Similar to sucrose 

animals, ethanol P rats remain impaired during 2CAP-opposite whereas Wistars’ time at 

sipper was not altered by the switch from 2CAP-same to 2CAP-opposite [Bonferroni 

comparisons, days different from day 12, p<0.05; Figure 3B].

Quantification of BEC in 2CAP

A significant relationship between ethanol intake (g/kg) and BEC, r2=0.675, p<0.01 was 

observed (Figure 4A), indicating that ethanol intake reliably predicts BEC in the 2CAP 

protocol. A linear regression was performed to predict BEC’s based on intake during each 

2CAP session. Based on these data, ~100% of P rats (M=98, SD=5) and ~ 40% of Wistars 

(M=35, SD=26) drink to pharmacologically relevant levels (>40 mg%) and ~50% of P rats 

(M=53, SD=15) and ~ 15% of Wistars (M=15, SD=6) drink to binge levels (>80 mg%; 

NIAAA, 2004) at least once a week. Time at sipper on the day when bloods were taken (day 

5, brown line, Figure 4B) was less than day 12 (green line, Figure 4B, trial × day interaction, 

F(1,196)=7.88, p=0.006) in the first 10 trials suggesting that animals were not yet at optimal 

responding in the 2CAP task when blood samples were taken, and leaves open the 

possibility that higher BECs might have been observed on subsequent days.

The effect of Tolcapone and AMPH on intake and behavior in 2CAP

A factorial ANOVA of intake by strain, dose and treatment in the sucrose group revealed a 

main effect of strain, F(1,40)=27.63, p<0.001, showing that P rats consumed more sucrose 

than Wistars in general. Based on this finding, data were stratified by strain and two 

ANOVAs with Bonferroni corrected alpha levels adjusted for 2 comparisons (P rat and 

Wistar) were used to assess intake by treatment and dose within each strain. There was a 

main effect of treatment in P rats [F(1,20)=4.67, p=0.014] but not Wistars [p=0.68]. In the P 

rats, the observed decrease in sucrose consumption was observed following the 17.0 mg/kg 

dose [p=0.022, Bonferroni corrected planned comparison; Figure 5, A1]. Similarly, in the 

ethanol group, a factorial ANOVA of intake by strain, dose and treatment revealed a main 

effect of strain [F(1,40)=6.57, p=0.014], which prompted subsequent Bonferroni corrected 

two-way ANOVAs of intake by treatment and dose in each strain. There was a main effect 

of treatment in P rats [F(1,20)=10.01, p=0.019] but not Wistars [p=0.33]. A decrease in 

intake was observed in ethanol drinking P rats following the 30.0 mg/kg dose [p=0.007, 

Bonferroni corrected planned comparison, Figure 5, B1].

Time at sipper was not altered in sucrose-reinforced P rats treated with either dose of 

Tolcapone (Figure 5, A2). However, in ethanol-reinforced animals, time at sipper decreased 

[Two-way ANOVA main effect of treatment, F(3,1592)=4.65, p<0.001]. Post hoc testing 

indicated differences in Tolcapone treated P rats at both doses (Figure 5, B2).
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Ethanol animals were split into high and low drinking groups via median split (Table 1). 

Drinking was suppressed in high drinking, but not low drinking P’s at the 17 mg/kg dose 

[Factorial ANOVA (group, strain, treatment: group × treatment interaction F(1,16)=7.344, 

p=0.0155] and both the low and high drinking P and Wistar rats in the 30 mg/kg group 

exhibited a decrease in drinking [Factorial ANOVA (group, strain, treatment: main effect of 

treatment, F(1,20)=10.61, p=0.004; Figure 5, C].

A student’s t-test revealed no effect of AMPH on ethanol consumption [t(7)=0.3, p=0.75] or 

time at sipper t(7) = 0.35, p = 0.73; Figure 5D] in the 2CAP.

The effect of Tolcapone on intake in IAP

No effect of treatment on intake for either strain in either sucrose [repeated measures 

ANOVA treatment(0,3,17,30), time (30min, 24hr), strain): F(3,32) >0.177, p>0.52] or 

ethanol [repeated measures ANOVA treatment(0,3,17,30), time (30min, 24hr), strain): 

F(3,39)>0.31, p>0.22] at any of the time points measured was observed (Figure 6).

Discussion

An enhanced response to alcohol-paired cues may be a critical aspect of excessive drinking. 

Working under the hypothesis that the PFC DA system plays a central role in processing 

alcohol-paired cues, we targeted this system with the COMT inhibitor, Tolcapone. 

Tolcapone suppressed alcohol intake in a cued access protocol, with no effects in a free-

access paradigm. These findings were in contrast to AMPH, which had no effect on ethanol 

intake in the cued access protocol. These data underscore the importance of tasks that 

engage drug seeking behaviors and also recommend further assessment of COMT as a 

potential target capable of suppressing excessive reward seeking.

The primary advantage of using the IAP to induce consumption is that animals will consume 

20% ethanol in the absence of any added sweetening, thus the motivation to drink is solely 

attributable to an association with the solution and its pharmacological properties (Simms et 

al., 2008). While increases in ethanol intake in Wistars have been reported throughout the 

IAP (Simms et al., 2008), this was not observed in the current study (Figure 1B). This was 

likely attributable to high intake levels on the first day of the IAP, which may have impaired 

our ability to detect a subsequent increase. Importantly, the intakes of the Wistars after 4 

weeks of the IAP correspond to intake ranges previously observed at the same time point 

(Simms et al., 2008). Moreover, in the first 30 min of the IAP, both P rats and Wistars 

consumed amounts of alcohol shown to be discriminated orally (>1.0 g/kg; Hodge et al., 

2001), which suggests that drinking was motivated by the pharmacological properties of 

ethanol.

In the 2CAP task, progressive increases in volume consumed and time at sipper indicate that 

both strains increasingly seek and drink sucrose (Figure 2). With respect to ethanol intake, 

the overall amount consumed did not change over days (Figure 3A), but it appears that it 

was consumed faster each day, which reflects a transition to a binge-like pattern of intake 

throughout 2CAP-same. Both Wistars and P rats consumed comparable levels of sucrose in 

2CAP relative to the IAP. However, only P rats consumed comparable amounts of ethanol in 
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the 2CAP as measured at the 30 min reading of the IAP. Therefore, a compelling case 

cannot be made that Wistar rats, as a group, actually acquired the 2CAP task with ethanol as 

their intake values decreased ~1.0 g/kg relative to the 30 min IAP reading, and 

measurements of time at the sipper were sporadic.

After the transition from 2CAP-same to 2CAP-opposite (Days 16–19), P rats exhibited a 

reduction in time at sipper in both the sucrose and ethanol groups. The inability of P rats to 

perform at pre-switch levels may have been a result of their continued approach to the CS, 

even though it signaled availability of solution on the opposite side of the chamber. Future 

uses of the 2CAP paradigm will utilize video monitoring in order to accurately quantify the 

time to approach the sipper that takes into account the location and orientation of the 

subjects at the moment that the CS is initiated.

While sucrose and ethanol can generate a number of similarities in motivated behavior, the 

pharmacological/intoxicating effects of ethanol can lead to a number of differences. In 

contrast to the sucrose group, the trial-to-trial variance in time spent at the sipper on a given 

day was much different in the ethanol group. With each day, P rats spent progressively more 

time at the sipper in the first 10–20 trials of 2CAP-same (Figure 3C2). On day 16, after the 

switch, time at the sipper was altered in P rats in the ethanol group in a consistent manner to 

that observed with sucrose, albeit less robustly (Figure 3B). Moreover, the binge-like pattern 

in time at the sipper observed in the early trials of the task was not observed on the day of 

the switch (day 16, Figure 3C2). Collectively, these data provide further evidence that P rats 

responded to the alcohol-paired CS and when this relationship was altered it prevented the 

expression of the binge-like pattern that emerges as animals acquire 2CAP.

Tolcapone reduced consumption in the 2CAP but not the IAP, suggesting that separate 

neural systems may be engaged during free choice versus cued access behavioral protocols. 

The critical difference between the IAP and 2CAP is likely the manner by which 

environmental cues are used to motivate drinking bouts in a limited period of time. Drinking 

in the IAP is largely self-paced over a 24hr period and does not require the animal to attend 

to the presentation of a CS prior to solution availability and, as such, the requirement to seek 

the solution is minimal. In contrast, in the 2CAP, access to the solution is restricted to 10 sec 

bouts that are each preceded by a CS and requires that the animal engage in repeated seeking 

behavior prior to each solution presentation. Considering that consumption in the IAP does 

not heavily engage seeking behaviors, it is possible that Tolcapone retains some specificity 

for the neural systems supporting seeking behaviors, possibly explaining the lack of effect in 

the IAP.

Lapish et al., (2009) found that a 30.0 mg/kg dose of Tolcapone amplified PFC DA efflux 

by ~100% during anticipation and consumption of a small amount of food, which is 

comparable to the amount of DA released after treatment with a low dose (0.15 mg/kg) of 

the DA-releasing agent, AMPH (Berridge and Stalnaker, 2002). The findings with 

Tolcapone in 2CAP, therefore, prompted the assessment of AMPH in 2CAP to examine if 

the differential manner that the two drugs target the DA system would yield different 

behavioral outcomes. Because there was no effect of Tolcapone on Wistars, we chose to not 

use Wistars in the AMPH experiment. Importantly, we found no effect of AMPH treatment 
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on ethanol intake in 2CAP protocol, which is consistent with previous studies assessing 

ethanol drinking in High Alcohol Preferring mice (Oberlin et al., 2010). The null effects of 

AMPH in the current experiment may be influenced by a number of factors such as AMPH’s 

differential effects in various brain regions and neurotransmitters. Importantly, this further 

underscores the utility of COMT inhibitors in selectively targeting cortical DA.

Both COMT knockout and COMT deficient mice possess elevated extracellular DA levels 

within the PFC whereas striatal DA levels in these animals are comparable to wild-type 

mice (Yavich et al., 2007; Käenmäki et al., 2010). Similarly, COMT inhibitors enhance 

extracellular PFC DA levels (Tunbridge et al., 2004; Lapish et al., 2009) and DA content in 

the hippocampus with minimal effects on striatal DA (Huotari et al., 1999; Laatikainen et 

al., 2013). This is likely due to different reuptake mechanisms in cortex and striatum (Mazei 

et al., 2002; Käenmäki et al., 2010). Based on these observations, we speculate that the 

ability of Tolcapone, but not AMPH, to suppress drinking in the 2CAP may be mediated by 

its relative specificity for the cortical DA system. Lastly, Tolcapone does not appear to 

affect extracellular levels of other catecholamines in the PFC (Tunbridge et al., 2004; 

Laatikainen et al., 2013).

The P rat was used in the current study for their high ethanol intake and because reduced 

basal levels of PFC DA are observed in these animals prior to alcohol consumption 

(Engleman et al., 2006). The fact that ethanol consumption was not completely abolished by 

Tolcapone, but reduced in P rats such that they were not different from Wistars, suggests 

that ethanol retains motivational salience, albeit reduced. In this way, Tolcapone may have a 

“normalizing” effect on P rats via rebalancing DA signaling. P rats will also seek alcohol to 

a greater extent than other rodent strains suggesting that the incentive motivational 

properties of ethanol are greater in these animals (Czachowski and Samson, 2002). Phasic 

increases of DA neuron firing are observed in response to a CS predicting the availability of 

a reward and scale as the magnitude of the reward increases (Tobler et al., 2005). For this 

reason, it would be expected that P rats would exhibit larger increases in DA efflux in 

response to ethanol cues than Wistars. When this is considered in combination with 

reductions in basal DA observed in the P rat, these two observations suggest that the PFC 

DA system of the P rat would operate in a very wide dynamic range. Since Tolcapone would 

prolong the bioavailability of cue-evoked DA released via preventing metabolism, this could 

increase tone on the D2 receptor and blunt subsequent DA release events (Del Arco and 

Mora, 2008). It is tempting to speculate that the net effect of Tolcapone would be to reduce 

the dynamic range of the PFC DA system, thus blunting the motivational salience of alcohol 

associated conditioned stimuli.

Reduced alcohol consumption observed in the P rat following Tolcapone suggests that 

inhibition of COMT may provide a therapeutic option capable of reducing the motivational 

salience of alcohol-paired, and to a lesser extent, sucrose-paired cues. While therapeutic 

options for AUD exist that target the DA system, most are not viable treatment options 

considering their dangerous side effect profile (Swift, 2010), which is thought to be 

mediated largely by effects on the DA system in the ventral midbrain and striatum. COMT 

inhibitors may provide an attractive therapeutic option for AUD because they provide some 

level of selectively for the cortical DA system (Yavich et al., 2007; Käenmäki et al., 2010), 
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do not directly target DA receptors, and do not evoke but rather accentuate naturally 

occurring DA release (Tunbridge et al., 2004). While the current study strongly recommends 

further exploring COMT as a potential therapeutic target for AUD and possibly other 

addictions, dangerous side effects have been observed with extended treatment of Tolcapone 

(Colosimo, 1999) which may prevent its use in this context. However, if novel and safer 

translational approaches to target COMT or the PFC DA system can be developed, they may 

provide an effective strategy to mitigate the motivating effects of stimuli associated with 

drugs of abuse.

Supplementary Material

Refer to Web version on PubMed Central for supplementary material.
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Figure 1. 
The volume of sucrose (A) and ethanol (B) consumed at 30 minutes (1) and 24 hours (2) 

post bottle placement during the IAP. All animals in the ethanol groups drink > 1.0 g/kg 

within 30 minutes (B1), indicating that both P’s and Wistars achieve pharmacologically 

relevant levels of intoxication in this protocol. Values are means + SEM. * p <0.05, 

Bonferroni comparisons, days different from day 1.
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Figure 2. 
Sucrose consumption and associated behavioral measures during 2CAP. P rats drink more 

sucrose in the 2CAP protocol than Wistars (A). In panel B, the mean time spent at the sipper 

for the first 20 trials is shown; alterations in each measure are observed on day 16 where the 

switch from 2CAP-same to 2CAP-opposite occurs. In panels C1–2, the time spent at the 

sipper for each trial in each line is shown on three days. Note the time spent at the sipper is 

relatively stable across trials for sucrose (c.f. Figure 3C). Values are means +SEM. * 
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p<0.05, main effect of strain, # p<0.05 Post hoc Bonferroni comparisons, days different 

from day 1,✠ p<0.05 Post hoc Bonferroni comparisons, days different from day 12.
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Figure 3. 
Ethanol consumption and associated behavioral measures during 2CAP. P rats drink more 

ethanol (A) and spend more time at the sipper (B) than Wistars in the 2CAP. Transitioning 

from 2CAP-same to 2CAP-opposite (day 16) reduced time at sipper in P rats (B). In contrast 

to sucrose reinforced animals, P rats developed a binge-like pattern of ethanol intake where 

they spent more time at the sipper in the early trials of 2CAP-same (C2). This binge-like 

pattern was not observed on day 16 when the switch to 2CAP-opposite occurred. Values are 
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means +SEM. * p<0.05, main effect of strain, ✠ p<0.05 Post hoc Bonferroni comparisons, 

days different from day 12.
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Figure 4. 
BEC is positively correlated with intake in the 2CAP protocol (A). The time spent at the 

sipper for both Wistars (B1) and P rats (B2) is shown for the day bloods were collected (day 

5, brown line) and the last day of 2CAP-same for reference (day 12, green line).
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Figure 5. 
Tolcapone suppresses ethanol intake and drinking behavior in the 2CAP protocol. In sucrose 

animals, Tolcapone (17 mg/kg) suppresses sucrose consumption in P rats with no effect in 

Wistars (A1). No changes in time at sipper were detected in sucrose animals after Tolcapone 

(A2). Tolcapone (30 mg/kg) suppresses ethanol consumption in P rats with no effects 

observed in Wistars (B1). Both doses of Tolcapone decrease time spent at the sipper in P 

rats (B2). A median spilt was performed in each group of animals and it was observed that 

30 mg/kg Tolcapone suppressed drinking in each of the high drinking subgroups while the 

17 mg/kg dose only suppressed ethanol consumption in high-drinking animals (C). No 

measureable effect on ethanol consumption after AMPH injection was observed in a group 
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of ethanol reinforced P rats (D). * p<0.05, ** p<0.01 Bonferroni corrected planned 

comparison.
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Figure 6. 
No measurable changes in ethanol or sucrose intake were detected in the IAP after 

Tolcapone treatment. Sucrose intake after 30 min and 24 hr is shown in A1 and A2, 

respectively. Ethanol intake after 30 min or 24 hr is shown in B1 and B2, respectively.

McCane et al. Page 23

Alcohol Clin Exp Res. Author manuscript; available in PMC 2015 September 01.

N
IH

-P
A

 A
uthor M

anuscript
N

IH
-P

A
 A

uthor M
anuscript

N
IH

-P
A

 A
uthor M

anuscript


