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Abstract  27 

 28 

Background: Alterations in the corticostriatal system have been implicated in numerous 29 

substance use disorders, including alcohol use disorder (AUD). Adaptations in this neural 30 

system are associated with enhanced drug-seeking behaviors following exposure to cues 31 

predicting drug availability. Therefore, understanding how potential treatments alter neural 32 

activity in this system could lead to more refined and effective approaches for AUD. Methods: 33 

Local field potentials (LFPs) were acquired simultaneously in the prefrontal cortex (PFC) and 34 

nucleus accumbens (NA) of both alcohol preferring (P) and Wistar rats engaged in a Pavlovian 35 

conditioning paradigm wherein a light cue signaled the availability of ethanol. On test days, the 36 

COMT inhibitor tolcapone was administered prior to conditioning. Results: Stimulus-evoked 37 

voltage changes were observed following the presentation of the ethanol cue in both strains, 38 

and were most pronounced in the PFC of P rats. Phase analyses of LFPs in the theta band (5-39 

11 Hz) revealed that PFC-NA synchrony was reduced in P rats relative to Wistars, but was 40 

robustly increased  during drinking. Presentation of the cue resulted in a larger phase reset in 41 

the PFC of P rats but not Wistars, an effect that was attenuated by tolcapone. Additionally, 42 

tolcapone reduced cued ethanol intake in P rat but not Wistars. Conclusions: These results 43 

suggest a link between corticostriatal synchrony and genetic risk for excessive drinking.  44 

Moreover, inhibition of COMT within these systems may result in reduced attribution of salience 45 

to reward paired stimuli via modulation of stimulus-evoked changes to cortical oscillations in 46 

genetically susceptible populations.  47 

 48 

 49 

 50 
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Significance statement  51 

Alcoholism is highly heritable and genetic vulnerability is associated with increased likelihood of 52 

alcohol-use related problems. Presentation of environmental stimuli paired with alcohol are 53 

capable of inducing craving and relapse in alcohol dependent individuals. The work described 54 

here using a rodent model of cued ethanol availability suggests that altered corticostriatal 55 

activity may be associated with genetic vulnerability to abuse alcohol. Additionally, our data 56 

suggest that inhibition of the COMT enzyme activity may reduce the influence that alcohol-57 

conditioned stimuli elicit on behavior, resulting in a reduction of cued alcohol seeking in 58 

genetically susceptible individuals.  59 

 60 

  61 
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Introduction  62 

Environmental stimuli associated with drugs of abuse acquire motivational properties (Robinson 63 

and Berridge, 1993) capable of inducing drug craving (Myrick et al., 2004; Reid et al., 2006) and 64 

seeking (Katner et al., 1999; See, 2002). Exposure to these stimuli has been consistently shown 65 

to activate brain regions across the mesocorticolimbic (MCL) system, including the prefrontal 66 

cortex (PFC) and nucleus accumbens (NA; Myrick et al., 2004, Grusser et al., 2004; Oberlin et 67 

al. 2016). The activation of these structures by drug-paired cues (Schacht et al., 2013) is 68 

thought to reflect the neural processes required to assign salience to these cues (Berridge and 69 

Robinson, 1998; Di Chiara, 1999). Furthermore, altered PFC signaling to the NA is critical for 70 

the transition to compulsive drinking (Seif et al., 2013). The goal of the current study was to 71 

determine the influence of alcohol-associated cues on neural synchrony between the PFC and 72 

NA. 73 

 74 

Theta oscillations (5-11 Hz, in the rat) have been shown to facilitate plasticity (Abbott, 1992; 75 

Huerta and Lisman, 1996; Chauvette et al., 2012), as well as cognitive functions such as, 76 

stimulus evaluation (Başar and Güntekin, 2008) and reward processing (Kamarajan et al., 2008; 77 

van Wingerden et al., 2010a). Perturbations in theta activity are also associated with alcohol use 78 

(De Bruin et al., 2004; Kamarajan et al., 2004; Jones et al., 2006b; Kamarajan et al., 2012), 79 

exposure (Krause et al., 2002), and genetic vulnerability to alcohol dependence (Kamarajan et 80 

al., 2006; Rangaswamy et al., 2007; Andrew and Fein, 2010). Additionally, individuals with 81 

alcohol use disorder (AUD) show alterations in the P300 response (Cohen et al., 2002), which is 82 

evoked by exposure to salient environmental stimuli (Jones et al., 2006a) and is hypothesized to 83 

be driven by changes in delta and theta oscillations  (Jones et al., 2006a). Changes in theta 84 

synchrony between MCL structures may, therefore, convey risk for excessive drinking and 85 

provide a target to develop novel therapies for AUDs.  86 
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 87 

Alcohol preferring (P) rats are a validated preclinical model of AUD (Murphy et al., 2002; 88 

Froehlich, 2010; Bell et al., 2017). P rats are selectively bred for alcohol preference and display 89 

a robust alcohol seeking and drinking phenotype compared with their progenitor strain, Wistar 90 

rats (Murphy et al., 2002). Similar to individuals with a positive family history (FH+) for AUD, P 91 

rats exhibit lower P300 amplitudes relative to non-alcohol preferring rats (Ehlers et al., 1999). P 92 

rats also exhibit reduced neural phase locking (Criado and Ehlers, 2010), which is similar to 93 

impairments in phase locking observed in long-term abstinent alcoholics (Andrew and Fein, 94 

2010). Higher neural firing rates in the PFC of P rats vs control rats during a cued-alcohol task 95 

(Linsenbardt and Lapish, 2015) are also consistent with increases in alcohol-paired stimuli-96 

evoked activity in the PFC of FH+ individuals and individuals diagnosed with an AUD (George et 97 

al., 2001; Myrick et al., 2004; Kareken et al., 2010; Cservenka and Nagel, 2019+2). These 98 

observed changes in neural activity of the P rat may be attributable to observed alterations in 99 

regulatory systems, such as reduced expression of the glutamate metabotropic receptor 2 100 

(Zhou et al., 2013) and dopamine (DA) levels in PFC (Engleman et al., 2006). Collectively, 101 

these data support the use of the P rat as a translational tool to investigate the relationship 102 

between neurophysiological alterations and excessive drinking.  103 

 104 

The catechol-o-methyl-transferase (COMT) enzyme metabolizes catecholamine’s including DA 105 

in cortical regions (Mazei et al., 2002; Morón et al., 2002). Using the COMT inhibitor tolcapone, 106 

we have observed reductions in cued ethanol consumption in P rats (McCane et al., 2014) and 107 

reinforcer seeking (McCane et al., 2018). Tolcapone enhances cued medial (m)PFC DA efflux 108 

(Lapish et al., 2009) and therefore may remediate mPFC DA deficits in P rats (Engleman et al., 109 

2006). The current experiments measured changes in neural activity in the mPFC and NA 110 

during cued alcohol seeking. We hypothesized that differences in theta oscillations between P 111 
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and Wistar rats would underlie differences in alcohol seeking behaviors and that tolcapone 112 

administration would normalize aberrant neural activity in the P rat. 113 

 114 

Materials & Methods 115 

Behavior:  116 

63 data sets were analyzed from 16 animals: Alcohol preferring P (N=10, 37 data sets; Indiana 117 

University, IN) and Wistar (N=6, 26 data sets; Harlan, Indianapolis, IN) rats. All animals arrived 118 

from both respective outside vendors within the same week to ensure habituation and rearing 119 

conditions were identical for both strains. Animals were single housed, weighed approximately 120 

250-300 g at the start of experiment, maintained on a reverse light dark cycle and supplied with 121 

food and water ad libitum. All animals initially received four weeks of intermittent two bottle 122 

access for 20% ethanol (EtOH) to pre-expose animals to ethanol (McCane et al., 2014; 123 

Linsenbardt and Lapish, 2015). Immediately following this induction phase, animals began 124 

training in the two-way cued access protocol (2CAP) as described previously (McCane et al., 125 

2014). Briefly, behavior was conducted in a two-compartment operant chamber equipped with 126 

two stimulus lights, and two retractable sippers, one on each side of the chamber. Illumination of 127 

a stimulus light (conditioned stimulus; CS) for two seconds (s) was followed by a 1 s inter 128 

stimulus interval and then 10 s access to 10% EtOH (unconditioned stimulus; US). Each 129 

session consisted of 40 CS/US pairings or trials, randomized between sides. All animals had a 130 

minimum of three weeks conditioning prior to electrophysiological recordings.   131 

 132 

Pharmacology:  133 

To assess the influence of COMT inhibition on corticostriatal network dynamics, animals were 134 

treated with tolcapone (30 mg/kg) or vehicle (counterbalanced) as described previously 135 

(McCane et al., 2014; McCane et al., 2018). 136 
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 137 

 138 

Electrophysiology:  139 

Following conditioning, animals were anesthetized with isoflurane and implanted with custom-140 

made electrophysiology probes. Probes were assembled using four 50 μm stainless steel wires 141 

(California Fine Wires, Grover Beach, CA) fed through silica tubing and then secured to custom-142 

made head caps via epoxy. Wires were externally referenced to a stainless steel skull screw 143 

over the cerebellum. Probes were implanted over the mPFC (AP: 3.0, ML: 0.5, DV: -3.2) and NA 144 

(AP: 1.6, ML: 1.5, DV: -6.7; Fig. 2).  Local field potentials (LFPs) were acquired with a 96 145 

channel Neuralynx Cheetah recording system. LFPs were sampled at 32,556 Hz, amplified 146 

2000 times, initially filtered between 0.01 and 1000 Hz, and then down sampled to 1017 Hz for 147 

analyses. Each session was recorded with video tracking software (Any-Maze, Wood Dale, IL) 148 

which was synchronized with the electrophysiological recoding system with sub millisecond 149 

precision. This allowed the location of the animals to be recorded as x,y coordinates in separate 150 

voltage traces. These voltage traces were then used to compute the velocity of the animal’s 151 

movement. Lastly, video recordings were manually scored to identify “drinking” versus “non-152 

drinking” trials, that is, the animals were clearly vigilant and capable of observing the CS and 153 

then either consumed or did not consume the ethanol presented 154 

 155 

Power frequency analyses:  156 

Power spectral densities from the mPFC and NA were computed via multi-taper spectral 157 

decomposition from voltage traces extracted 10 s prior to, and 32 s after the CS. A 95 % 158 

confidence interval was derived via normfit.m to test for significant differences between signals 159 

(Fig. 3A).  160 

 161 

Spectral coherence analyses:  162 
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Wavelet coherence was computed using the wcoher.m function in MATLAB using Morelet 163 

wavelets smoothed over 20 milliseconds (ms). Wavelet coherence spectra were calculated on 164 

30 s of the LFP signal extracted around the CS - fluid sequence (Fig. 3). For each animal, 165 

spectra were calculated for each trial, smoothed via Gaussian kernel over 0.5 s in each 166 

frequency, and then averaged over all animals for visualization and analysis.  167 

 168 

Phase analyses:  169 

The phase locking analyses methods have been described previously in detail (Park et al., 170 

2010a; Ahn et al., 2013). Briefly, signals were Kaiser windowed and digitally filtered using a FIR 171 

filter in the theta frequency band (5-11 Hz) at the sampling rate of 1017 Hz. Zero phase filtering 172 

was used to avoid phase distortions. Phase was extracted via Hilbert transform resulting in two 173 

signals;  and  (see Pikovsky et al., 2001; Hurtado et al., 2004). To clarify, let  be 174 

the filtered signal at the given frequency band. Then the complex analytic extension of  is 175 

given by  176 

 177 

 

 178 

where  is given by the Hilbert transform of the signal 179 

 180 

 

 181 

Then the analytic signal is projected on the unit circle 182 

 183 
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 184 

where  is the modulus of . The phase  was then extracted through the argument 185 

(angle) of  186 

 187 

Phase locking analyses:  188 

The following widely used measure of the strength of phase locking between these two signals 189 

was calculated:  190 

 191 

 

 192 

where  and  are two phases from the filtered signals, the phase difference 193 

,  are the times of data points, and  is the number of all data points during the 194 

given time interval. The values of this phase locking index vary from 0 (no phase locking) to 1 195 

(perfect phase locking). This kind of phase synchrony index has been shown to be appropriate 196 

to study neural oscillatory synchronization of widely varying strength (Lachaux et al., 1999; 197 

Pikovsky et al., 2001; Hurtado et al., 2004). To explore the changes of synchronized dynamics 198 

for each of the three events over the trials, we computed the phase synchrony index  for three 199 

epochs (before CS, during US, after US) at each trial. A total of 33 s windows was used. CS on 200 

occurred at 10 s, US on started 3 s after CS on and lasted for 10 s and US off started 10 s after 201 

the end of US on. 202 

 203 

Phase delay analyses:  204 

To investigate the impact of CS presentation on the phase of the signals, we analyzed the 205 

phase delay. Phase delay was calculated by first computing the averaged time difference 206 
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between peaks of LFP phases for 1 s before CS on for each brain region (mPFC, NA). Then, 207 

the time difference between the first peak right after the CS and the last peak right before the 208 

CS was computed. Phase delay was derived by computing the difference between the first 209 

value and second value. Positive values indicate that the CS causes a delay of peak while 210 

negative values suggest that the CS causes the advance of the peak.  211 

 212 

Inter-trial phase coherence:  213 

To measure the CS-evoked precision of phases across trials in the theta band, inter-trial phase 214 

coherence (ITPC) was calculated. Drinking trials were analyzed for 200 ms prior to, and 1 s 215 

after the CS. ITPC was calculated per Delorme and Makeig 2004: 216 

 217 

 

 218 

After calculating ITPC for each trial, averages across trials were taken in the theta band (5-11 219 

Hz) for each data set. Statistics were performed on the data set-averaged time series.  220 

 221 

Statistical analyses:  222 

All analyses were performed in MATLAB (Mathworks, Nautick, MA) and R (www.r-project.org). 223 

Unless specified otherwise, all comparisons were first subjected to analysis of variance testing 224 

(ANOVA) or mixed design ANOVA (a mixture of between subject factor and within subject 225 

factors) followed by post hoc tests for all multiple comparison procedures.  226 

 227 

Results 228 

Strain differences are observed in drinking and locomotor behavior:  229 



 

McCane 11 
 

Consistent with our previous findings (McCane et al., 2014), behavioral differences were 230 

observed between strains during 2CAP recording sessions. P rats consumed more EtOH than 231 

Wistars [independent samples t-test, t(36)=4.56, p=5.70x10-5; Fig. 1A]. However, P rats and 232 

Wistars did not differ in the percentage of drinking trials relative to non-drinking trials 233 

[independent samples t-test, t(36)=9.71x10-1, p>0.05; Fig. 1B]. Additionally, strain differences in 234 

locomotor activity were observed. Movement velocity differed between P rats and Wistars, on 235 

both drinking [main effect of strain: F(1,12073)=15.5, p=8.21x10-5] and non-drinking trials [main 236 

effect of strain: F(1,13748)=1972,p=9.21x10-6], trial × strain interaction [F(1,15792)=2.90x101, 237 

p=7.46x10-8; Fig. 1C].  238 

 239 

Theta synchrony between mPFC-NA increases when P rats drink: 240 

On trials that animals drank, a robust change in voltage of the mPFC and NA was observed 241 

following the presentation of the CS in both strains of animals (Fig. 2). The change in voltage 242 

response was characterized most prominently by a fast negative going peak that occurred ~150 243 

ms after the presentation of the CS (Fig. 2A). Additionally, a slower positive going peak was 244 

observed between 4 and 5 s following the CS that roughly corresponded to the ethanol 245 

becoming available. These peaks were observed in both strains of animals and in both the 246 

mPFC and NA recordings (Fig. 2). However, these peaks were not as prominent during non-247 

drinking trials (data not shown). P rats exhibited an enhanced response in the initial, negative 248 

going peak relative to Wistars in both the mPFC [strain × time interaction F(300,162239)=1.39, 249 

p=1.05x10-5; Fig. 2A] and the NA [main effect of strain F(1,162239)=2.78x102, p<1.00x10-16; 250 

main effect of time F(300,162239)=3.15, p<1.00x10-16; Fig. 2B].  251 

 252 

Time-frequency and synchrony analyses were also performed on the voltage responses. Peaks 253 

in theta band were observed in the PFC and NA power spectra (Fig. 3A). Wavelet coherence 254 

was used to initially assess synchrony between the mPFC and NA (Fig. 3B-C), as it is sensitive 255 
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to both phase and amplitude fluctuations and optimal for nonstationary signals (Lachaux et al., 256 

2002). Increases in theta synchrony were observed between the mPFC and NA on drinking 257 

trials in both strains [Wistar, trial × time interaction, F(4,170)=6.75, p=4.6x10-6; P rat,  trial × time 258 

interaction, F(4,190)=6.82, p=4.1 x10-6]. The increase in mPFC-NA synchrony was more robust 259 

in P rats (Fig. 3D).  260 

 261 

Phase synchrony during the US but not before the CS was observed (Fig. 4 A-C). To directly 262 

assess phase synchrony between the mPFC and the NA, the synchrony index (γ) was 263 

computed (Fig. 4 D-E) for three behavioral epochs of the 2CAP (before the CS, during the US, 264 

and after the US) across the first 15 drinking and non-drinking trials. To investigate the trial by 265 

trial changes in γ, a mixed design ANOVA (between subject factors strain (Wistar, P) and within 266 

subject factors epoch (before CS, during US, or after US), drinking status (drinking, non-drinking 267 

trials), and trial number (1-15)). There was a significant main effect of drinking status [F(1, 268 

21)=1.39x101, p=1.26x10-3 ], indicating that, overall, synchrony differed for trials in which 269 

animals chose to drink versus trials where animals abstained. 270 

 271 

Synchrony was next analyzed for drinking and non-drinking trials separately. A mixed-design 272 

ANOVA on non-drinking trials revealed a significant main effect of trial number [F(14, 273 

378)=2.42, p=2.97x10-3; Fig. 4D). However, no effects of strain [F(1, 27)=4.00, p>0.05] or epoch 274 

[F(2, 54)=2.63x10-1, p>0.05] were observed. Additionally, no two-way or three-way interactions 275 

were detected [p’s>0.05]. Collectively, these data indicate that, on non-drinking trials, the 276 

observed synchrony is influenced by trial number but not strain or epoch.  277 

 278 

On drinking trials, significant main effects of strain [F(1, 29)=4.64, p=3.97x10-2], epoch [F(2, 279 

58)=1.50x102, p=5.45x10-6], and trial number [F(14, 406)=4.61, p=8.72x10-8] were observed. 280 

Post-hoc tests indicated that phase synchrony for Wistars was significantly higher overall 281 
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compared to P rats [Tukey’s HSD, p=4.40x10-2; Fig. 4E]. Also, synchrony during the US was 282 

significantly higher compared to a baseline period that occurred immediately before the CS 283 

[Tukey’s HSD, p=6.16x10-4] and immediately after the sipper was removed from the chamber 284 

[Tukey’s HSD, p=4.01x10-3]. Additionally there were significant strain × epoch [F(2, 285 

58)=1.10x101, p=8.69x10-5], and strain × trial [F(14, 406)=2.89, p=3.52x10-4] interactions, 286 

indicating the pattern of phase synchrony across trials and epochs was different across rat 287 

strain. Therefore, drinking trials were analyzed separately for Wistar and P rats to determine 288 

differences in synchrony across each epoch and trial. 289 

 290 

In Wistars, synchrony decreased across drinking trials [main effect of trial number, F(14, 291 

182)=5.18, p=3.48x10-8], but neither a main effect of epoch [F(2, 26)=1.76x10-1, p>0.05] nor an 292 

epoch × trial interaction [F(28, 364)=1.33, p>0.05] were observed [Fig. 4 E1]. These data 293 

indicate that, in Wistars, while synchrony changes across drinking trials, it is not influenced by 294 

epoch. 295 

 296 

In P rats, synchrony did not change across drinking trials [main effect of trial number, F(14, 297 

224)=1.40, p>0.05]. However, synchrony differed by epoch [main effect of epoch, F(2, 298 

32)=2.62x101, p=1.82x10-7, Fig. 4 E2]. Post-hoc tests indicated that synchrony during drinking 299 

(US) was significantly higher than synchrony before CS presentation [Tukey’s HSD, p=1.43x10-300 

4] and after drinking [Tukey’s HSD, p=3.27x10-4]. There was no difference in synchrony before 301 

CS on and after drinking [Tukey’s HSD, p>0.05]. In summary, consistent with wavelet 302 

coherence analyses, increases in theta band synchrony were observed when alcohol was 303 

available during drinking trials [Fig. 4]. The time-scale of increases in drinking suggest that 304 

increases in the theta synchrony correspond to when P rats are consuming alcohol since the 305 

increase was consistently observed over trials during the drinking epoch.  306 
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Presentation of the conditioned stimulus affects oscillatory dynamics  307 

To determine how the presentation of the CS influenced oscillatory dynamics, changes in theta 308 

phase over time in the mPFC and NA were assessed (Fig. 5). To determine how the CS affects 309 

the phase of the signals, we assessed the phase-response curve. This measures the time 310 

difference between peaks of an oscillation, thus providing an index of phase precision within a 311 

trial and a way to detect phase resets. Phase-response curves were computed for the theta 312 

filtered LFP signal around the CS for each brain region (mPFC and NA separately). In both 313 

Wistars and P rats, the mean phase-response curve values for both brain regions were positive, 314 

indicating that presentation of the CS is associated with increases in the latency to the next 315 

peak of the theta phase following the CS thus indicating a phase reset (Fig. 5 A-B). To further 316 

investigate the CS-evoked phase reset, a mixed-design ANOVA (between subject factor strain 317 

and within subject factors brain region and trial numbers) was performed. During drinking trials, 318 

there was a significant main effect of strain [F(1, 29)=4.37, p=4.54x10-2] but not brain region 319 

[F(1, 29)=3.48, p>0.05] or trial number [F(14, 406)=5.97x10-1, p>0.05]. Both two-way and three-320 

way interactions were not significant [p’s>0.05]. Next, the difference of the phase delays was 321 

assessed for both strains in each brain region separately. In the mPFC, the phase delay of P 322 

rats was significantly longer compared to Wistars [Tukey’s HSD, p=3.52x10-2, Fig. 5B]. 323 

However, there was no difference between Wistar and P rats in the NA [Tukey’s HSD, p>0.05]. 324 

During non-drinking trials, a mixed-design ANOVA was employed to investigate the change in 325 

the phase of the signals due to CS presentation. There was no main effect of strain [F(1, 326 

28)=1.36x10-1, p>0.05], brain region [F(1, 28)=1.51x10-1, p>0.05] or trial number [F(14, 327 

392)=1.39, p>0.05; Fig. 5 B1]. Both two-way and three-way interactions were not significant 328 

[p’s>0.05]. Collectively these analyses indicate that the phase resets are most robust in P rats in 329 

the mPFC on drinking trials. 330 

 331 
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Stimulus evoked correlations in neural activity have been suggested to play a role in encoding 332 

of environmental stimuli and neural plasticity (Mazzoni et al., 2008). To determine if the phase 333 

resets detected in the previous analyses lead to stimulus-evoked synchrony in the phases of 334 

mPFC LFP’s, inter-trial phase coherence (ITPC) was assessed across drinking and non-335 

drinking trials. Transient increases in ITPC were observed in both Wistars [repeated measures 336 

ANOVA, main effect of time, F(23,391)=3.02, p= 5.50 x 10-6] and P rats [repeated measures 337 

ANOVA, main effect of time, F(23,437)=3.73, p=0.1 x 10-6]. CS-evoked changes in ITPC were 338 

assessed by comparing ITPC values 200 ms prior to stimulus onset to values 1 s after CS 339 

presentation (Fig. 5 D). Wistars exhibited increases in ITPC 50 ms following the CS, whereas P 340 

rats exhibited increases for 200 ms following ITPC (Fig. 5 D). Collectively these data indicate 341 

that CS-evoked increases in ITPC are observed in both strains of animals. 342 

 343 

Tolcapone reduces ethanol intake and number of drinking trials in P rats 344 

Following treatment with either saline or tolcapone, the amount of EtOH consumed and the 345 

number of drinking trials were assessed. For intake, there was a significant main effect of 346 

treatment [F(1, 22)=1.47x101, p=9.01x10-4] but no effect of strain [F(1, 22)=7.23x10-1, p>0.05]. 347 

There was also a significant strain × treatment interaction [F(1,22)=4.39, p=4.79x10-2]. Post-hoc 348 

test indicated that tolcapone decreased intake of EtOH [Tukey’s HSD, p=9.01x10-4]. In 349 

particular, tolcapone decreased intake in P rats [Tukey’s HSD, p=1.35x10-3] but not Wistars 350 

[Tukey’s HSD, p>0.05; Fig. 6 A]. For the percentage of drinking trials, a significant main effect of 351 

treatment [F(1, 18)=6.19, p=2.28x10-2] was observed, but no main effect of strain [F(1,18)=1.14, 352 

p>0.05] or strain × treatment interaction [F(1,18)=8.39x10-1, p>0.05] were observed. Post hoc 353 

testing indicated that treatment with tolcapone resulted in fewer drinking trials compared to 354 

treatment with saline [Tukey’s HSD, p=2.28x10-2; Fig. 6 B].  355 

 356 
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Tolcapone attenuates mPFC-NA synchrony  357 

In the following analyses, data are collapsed across trial number due to the few drinking trials 358 

observed following tolcapone treatment in P rats. There was no effect of tolcapone on CS-359 

evoked changes in voltage (e.g. Fig 2) in either strain or brain region [p’s>0.05; data not shown]. 360 

To investigate the effects of tolcapone on mPFC-NA synchrony (γ), we performed a four-way 361 

ANOVA with treatment (saline or tolcapone), strain, epoch, and drinking status (drinking or non-362 

drinking trials) as factors. There were significant main effects of treatment [F(1, 1635)=3.16x101, 363 

p=2.27x10-8], strain [F(1,1635)=1.72x102, p<1.0x10-16], and drinking status [F(1,1635)=5.24, 364 

p=2.21x10-2], but not epoch [F(2, 1635)=1.47, p>0.05]. There was also a significant treatment × 365 

strain interaction [F(1, 1635)= 2.83x101, p=1.17x10-7] while all other two-way, three-way or four-366 

way interactions were not significant [p’s>0.05]. Post-hoc tests indicated that administration of 367 

tolcapone resulted in reduced mPFC-NA synchrony [Tukey’s HSD, p=1.95x10-8; Fig. 6C], an 368 

effect driven by a tolcapone mediated reduction in Wistars [Tukey’s HSD, p=1.06x10-10] but not 369 

P rats [Tukey’s HSD, p>0.05]. Consistent with non-treatment sessions, overall mPFC-NA 370 

synchrony in Wistars was higher compared to P rats [Tukey’s HSD, p=1.67x10-10]. Moreover, 371 

mPFC-NA synchrony during drinking trials was significantly higher than during non-drinking 372 

trials [Tukey’s HSD, p=2.20x10-2].  373 

 374 

Tolcapone reduces CS-evoked phase delays in P rats 375 

Phase-response curves were computed to assess CS-induced phase resets following treatment 376 

and were collapsed across trials. A four-way ANOVA (factors: treatment, strain, drinking status, 377 

brain region) was performed. There was a significant main effect of strain [F(1, 1168)=7.31, 378 

p=6.96x10-3]. Post-hoc testing indicated that the phase delays of P rats were significantly 379 

shorter compared to Wistars [Tukey’s HSD, p=6.86x10-3; Fig. 7A]. There were no other main 380 

effects of treatment [F(1, 1168)=3.07x10-1, p>0.05], drinking [F(1, 1168)=1.37, p>0.05] or brain 381 

region [F(1, 1168)=2.30x10-1, p>0.05]. However, there was a significant treatment × strain 382 
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interaction [F(1, 1168)=4.24, p=3.97x10-2]. Post-hoc testing indicated that tolcapone reduced the 383 

phase delay in the mPFC of Prats during drinking trials [Tukey’s HSD, p=7.48x10-3; Fig. 7 A2]; 384 

an effect not observed during non-drinking trials, in Wistars or in the NA [p’s>0.05]. Similar to 385 

non-treatment sessions, a main effect of strain was observed [F(1, 464)=1.08x101, p=1.08x10-3] 386 

with post hoc test indicating a shorter phase delay in P rats, relative to Wistars [Tukey’s HSD, 387 

p=1.00x10-3].  388 

To further determine how changes CS-evoked synchrony were influenced by treatment, ITPC 389 

was assessed following saline and tolcapone injections on drinking trials. In Wistars, no main 390 

effect of time was observed following saline administration [repeated measures ANOVA, 391 

F(23,69)=1.09, p=0.37], whereas a main effect of time was observed following tolcapone 392 

administration [repeated measures ANOVA, F(23,92)=3.00, p=1.04x10-4; Fig. 7B]. In P rats a 393 

main effect of time was observed following saline [repeated measures ANOVA, F(23,115)=2.95, 394 

p=7.41x10-5], but not Tolcapone [repeated measures ANOVA, F(23,161)=1.30,p=0.178].  395 

 396 

Discussion 397 

These experiments investigated the neural mechanisms by which drug paired stimuli elicit 398 

reward seeking in a rodent model of addiction vulnerability. Relative to Wistars, P rats exhibited 399 

an increase in mPFC-NA synchrony when drinking and a greater CS-induced phase delay in 400 

mPFC. Following tolcapone administration, a reduction in ethanol intake in P but not Wistar rats 401 

was observed. While no effect of tolcapone on synchrony in P rats was observed, a tolcapone-402 

mediated suppression of the mPFC phase delay was observed in P rats but not Wistars during 403 

drinking trials only. These data suggest a novel neural mechanism whereby tolcapone 404 

suppresses drinking in genetically susceptible populations. These data also further elucidate the 405 

modulatory role of catecholamines in the corticostriatal system on alcohol seeking behaviors. 406 

 407 
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Corticostriatal synchrony is associated with drug-seeking phenotypes 408 

Theta oscillations in the mPFC are hypothesized to play a critical role in encoding reward value. 409 

MPFC theta phase locking was shown to be present during both reinforced and non-reinforced 410 

licks in a high-value context while phase locking was notably weaker during both reinforced and 411 

non-reinforced licks in a low-value context, suggesting that the strength of mPFC theta activity 412 

corresponds to reward value (Amarante et al., 2017). Stronger frontal cortex theta-phase locking 413 

was observed in anticipation of sucrose compared to quinine (van Wingerden et al., 2010b), 414 

further suggesting theta oscillations encode subjective value of a reward.  415 

 416 

In the present experiment, P rats exhibited lower mPFC-NA theta synchrony than Wistars 417 

overall (Fig. 4 D-E). Low synchrony may reflect impairments in corticostriatal connectivity and 418 

contribute to the excessive drinking phenotype of the P rat. Reduced corticostriatal synchrony is 419 

associated with impaired executive function in AUD (Courtney et al., 2013). Moreover, deficits in 420 

corticostriatal connectivity are hypothesized to result in a reduction in inhibitory control of the 421 

mPFC over the striatum, resulting in poor control over behavioral responding and, possibly, a 422 

precursor to compulsive behaviors (Forbes et al., 2014). Poor frontal-striatal synchrony is also 423 

associated with alcohol craving (Park et al., 2010b) and dependence severity (Courtney et al., 424 

2013). While the current study is not able to differentiate whether strain differences in 425 

corticostriatal synchrony are a consequence of alcohol exposure, genetic background, or an 426 

interaction of the two, human imaging studies suggest that impaired connectivity may be 427 

associated with genetic vulnerability to addiction disorders. Alcohol naïve youth with a family 428 

history of alcohol showed reduced corticostriatal synchrony relative to youths with no family 429 

history (Cservenka et al., 2014). FH+ individuals also exhibit reduced cortical activation during 430 

behavioral inhibition (Schweinsburg et al., 2004) and greater frontal response to alcohol paired 431 

stimuli (Kareken et al., 2010), which further suggests that altered activity in the PFC and 432 

striatum may be associated with genetic vulnerability for addiction. Importantly, these data 433 
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support the hypothesis that impaired frontal-striatal connectivity may be an endophenotype for 434 

alcohol addiction and lend further credibility to the use of the P rat as a translational model of 435 

AUD symptoms.  436 

 437 

Alcohol is hypothesized to disrupt the structure of oscillations by making them asynchronous 438 

(Ehlers et al., 1998; Rangaswamy and Porjesz, 2014). Alcohol exposure decreases the 439 

prevalence of theta oscillations (Givens, 1995) and theta power (Ehlers et al., 1992). Because P 440 

rats typically consume more ethanol than Wistars, reduced overall mPFC-NA synchrony may be 441 

linked to differences in ethanol exposure. In line with this view, ethanol administration reduced 442 

phase locking to an auditory stimulus in both rats and humans and these ethanol-induced 443 

changes were correlated with blood ethanol concentrations and subjective measures of ethanol 444 

intoxication (Ehlers et al., 2012). However, while no differences in mPFC-NA synchrony were 445 

observed over trials in P rats, a decrease was observed in Wistars. Similarly, our group has 446 

shown that the effects of alcohol on neural firing in the mPFC are influenced by rat strain 447 

(Linsenbardt and Lapish, 2015). These findings add complexity to the perhaps too simplified 448 

view that the pharmacological effects of ethanol are disruptive to synchrony. Rather, these data 449 

indicate that effects of ethanol on mPFC-NA synchrony can be influenced by genetic 450 

background.  451 

 452 

A wealth of literature supports the hypothesis that PFC-NA connections are important for reward 453 

seeking, especially in the presence of conditioned stimuli (e.g., McGlinchey et al. 2016; Stefanik 454 

et al. 2013). In the current study, tolcapone administration led to modest reductions in mPFC-455 

NA synchrony in Wistars but not P rats. In contrast, tolcapone reduced ethanol intake in P rats 456 

but not Wistars. These data suggest a dissociation between mPFC-NA synchrony and ethanol 457 

consumption and that increases in catecholamine efflux evoked by tolcapone do not prevent 458 
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synchrony between the mPFC and NA. Moreover, these data further suggest that the critical site 459 

of action of tolcapone is in mPFC.  460 

 461 

Cue-evoked alterations in theta phase is associated with alcohol seeking in P rats 462 

A robust theta phase reset was observed in mPFC following cue presentation (Fig. 5 B2). Phase 463 

resets have been shown to provide a timing mechanism that ensures optimal processing of 464 

inputs coming into a brain region by temporally aligning an oscillation to enhance information 465 

processing (Lakatos et al., 2007; Rajkai et al., 2007; Melloni et al., 2009). They are often 466 

observed in response to exposure to a salient environmental stimulus. Furthermore, phase 467 

resets are associated with expression of conditioned responses (Courtin et al., 2014) and 468 

emerge as the relationship between a conditioned stimulus and response is learned (Taub et 469 

al., 2017). Presentation of a CS also results in an increase in amplitude and phase reset of theta 470 

oscillations (Courtin et al., 2014). Therefore, it is not surprising that a theta phase reset was 471 

observed following cue presentation in the current study and the phase reset is not likely 472 

specific to processing an alcohol-associated cue but, more generally, reflects an 473 

environmentally salient stimulus. However, the fact that the phase reset was more pronounced 474 

in P rats on drinking trials (Fig. 5 B2) indicates that it contributes in some way to the motivating 475 

effects of the cue to elicit drinking and is possibly associated with an enhanced risk for 476 

excessive drinking.  477 

 478 

Tolcapone-mediated reduction of CS-evoked responses is associated with reduced 479 

ethanol consumption  480 

Alcohol associated cues elicit increases in the frontal BOLD response (Oberlin et al., 2016) and 481 

the extent of activation of these regions is correlated with alcohol craving (Myrick et al., 2004). 482 

Stimuli paired with reward come to possess motivational properties (Robinson and Berridge, 483 

2001) and are themselves capable of inducing drug wanting or craving in drug dependent 484 
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individuals (Reid et al., 2006; Vollstadt-Klein et al., 2012). In the experiments presented here, 485 

tolcapone administration blunted the CS-evoked phase reset in P rats, which may have led to a 486 

reduction in the motivational salience of the CS. In human subjects, tolcapone reduced reaction 487 

time and the ability of subjects to make the correct saccade following a visual cue (Cameron et 488 

al., 2018) suggesting that COMT inhibition may dampen salience attribution and subsequent 489 

attention to stimuli. We have previously reported null effects of tolcapone on free-choice drinking 490 

but reduced cued ethanol consumption, supporting the hypothesis that tolcapone-mediated 491 

changes in ethanol intake observed here are cue-dependent (McCane et al., 2014). Therefore, 492 

we hypothesize that tolcapone-mediated disruption of the phase reset may contribute to blunted 493 

incentive motivational properties of the cue. 494 

 495 

Strain differences in tolcapone’s ability to reduce the phase reset may be associated with 496 

differences in basal DA tone and subsequent differences in cue-evoked DA transmission. 497 

Alcohol-paired cues elicit increases in DA concentrations in both clinical (Volkow et al., 2006; 498 

Oberlin et al., 2013) and preclinical subjects with a history of drinking (Melendez et al., 2002). 499 

Repeated presentation of reward-paired stimuli can strengthen both cortical stimulus 500 

representation and neural responses to these stimuli, an effect enhanced when paired with DA 501 

efflux (Bao et al., 2001; Frankó et al., 2010). Tolcapone has no effect on basal DA tone but 502 

instead enhances evoked DA release (Tunbridge et al., 2004; Lapish et al., 2009). In P rats, 503 

tolcapone may diminish the influence that stimuli have over behavior by preventing the 504 

metabolism of cortical DA and increasing tone on DA auto receptors. The effect of increased DA 505 

would be blunted in Wistars who already exhibit greater levels of extracellular DA coupled with 506 

increased expression of COMT in mPFC and therefore a greater capacity to buffer changes in 507 

DA efflux (Engleman et al., 2006; McCane et al., 2018). 508 

 509 
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The results obtained here highlight the heterogeneity of factors which may contribute to 510 

excessive drinking phenotypes. Whereas alterations in corticostriatal synchrony may be 511 

associated with excessive drinking, catecholamine activity in the PFC appears to more strongly 512 

influence attribution of motivational salience to drug paired stimuli in addiction vulnerable 513 

organisms. These results highlight the role that catecholamines play on shaping how motivating 514 

stimuli are processed by PFC. Furthermore, these results suggest that targeting the 515 

catecholamine system in PFC may provide an effective way to blunt the incentive motivational 516 

properties of drug-associated stimuli. In this way, novel treatments that target this system might 517 

be effective in preventing craving and relapse.  518 

(1483/1500 words) 519 

 520 

 521 
 522 
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Figure 1. P rats consume more ethanol across sessions relative to Wistars (A) but do not differ 523
in percentage of drinking trials (B).  Overall movement velocities differ by strain for both drinking 524
and non-drinking trials but both strains show a reduction in locomotor activity during drinking 525
(C2) but not non-drinking trials (C1). All values are mean + sem. #p<0.05, independent 526
samples t-test;*p<0.05, main effect of strain. 527

 528
529

Figure 2. Voltage traces (1) and electrode placements (2) in the mPFC (A) and NA (B) during 530
drinking trials. P rats (red) exhibit an augmented mPFC response to the CS (A1, inset) 531
compared to Wistar rats (blue). All values are mean + sem. Bar depicts time when strains are 532
different, p>0.05.  533

534
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 535
Figure 3. Theta oscillation are present in the 2CAP and are associated with drinking behaviors. 536
Power spectral densities (A) in the mPFC (1) and NA (2) show a prominent peak in the theta 537
frequency. Mean traces of mPFC-NA spectral coherence during non-drinking (1) and drinking 538
(2) trials in Wistars (B) and P rats (C). Theta band wavelet coherence between the mPFC and 539
NA for non-drinking (cyan, pink) and drinking (blue, red) trials in Wistars (D1) and P rats (D2). 540
*p<0.05 Bonferroni post hoc, drinking vs non-drinking 541

542
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 543 
 544 
Figure 4.  Physiological differences are observed in the phase domain. Phase synchrony 545 
between the mPFC (black) and NA (grey) before drinking (A1) and during drinking (A2) indicate 546 
oscillations are more in phase during drinking, relative to before drinking. The difference in 547 
phase during (purple) and before (orange) drinking (B). Histogram of phase difference during 548 
drinking trials, notice more pronounced peak at zero indicating more synchronized phases (C). 549 
Theta band synchrony index (γ) for Wistar (D-E,1) and P rats (D-E,2) before the CS (orange), 550 
during the US (purple), and after the US (green) over 15 non-drinking (D) and drinking trials (E).  551 
Values are mean±SEM.   552 
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 553 
 554 

 555 
 556 
Figure 5.  A pronounced phase reset is observed in the mPFC following presentation of the CS 557 
(A). MPFC and NA phase delay duration during non-drinking (B1) and drinking (B2) trials in 558 
Wistar (blue) and P rats (red). During non-drinking trials, there was no effect of the CS on the 559 
phase of the oscillation (B1). During drinking trials, P rats exhibit a greater CS-evoked phase 560 
delay in the mPFC, relative to Wistars (B2). There was no effect of the CS on phase delay in the 561 
NA. Inter-trial phase coherence spectrograms (C) and phase coherence (D) for Wistar (1) and P 562 
rats (2). Both strains exhibit increases in inter-trial phase coherence following the CS. # p<0.05, 563 
main effect of strain. * p<0.05, Bonferroni post hoc, time different from baseline (200 ms before 564 
CS).  565 
 566 
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 567 
 568 
 569 
Figure 6. The behavioral and physiological effects of tolcapone. Tolcapone decreases ethanol 570 
intake (A) in P rats but not Wistars and number of drinking trials in both strains (B). Tolcapone 571 
reduces mPFC-NA synchrony in Wistars. *p<0.05, Bonferroni post hoc, main effect of treatment 572 
in P rats; #p<0.05 main effect of treatment  573 
 574 
 575 
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 576
577
578

Figure 7. The effects of tolcapone on the phase delay in Wistar (A1; blue) and P rats (A2; red) 579
in the mPFC. Mean phase coherence (B) in Wistar (left) and P rats (right) under saline or 580
tolcapone treatment. Tolcapone reduces the phase delay in P rats but not Wistars (A2). 581
Tolcapone results in increased phase coherence following the CS in Wistars (B1) but not P rats 582
(B2). #p<0.05 Tukey’s HSD post hoc. *p<0.05, time different from baseline.  583

584
585
586
587
588
589

590
 591
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