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Abstract  34 

The Lateral Orbito-Frontal Cortex (LOFC) is thought to encode information associated with 35 

consumption of rewarding substances and is essential for flexible decision making. Indeed, firing 36 

patterns of LOFC neurons are modulated following changes in reward value associated with an action 37 

outcome relationship. Damage to the LOFC impairs behavioral flexibility in humans and is associated 38 

with sub-optimal performance in reward devaluation protocols in rodents. As chronic intermittent 39 

ethanol (CIE) exposure also impairs OFC-dependent behaviors, we hypothesized that CIE exposure 40 

would alter LOFC neuronal activity during alcohol drinking, especially under conditions when the 41 

reward value of ethanol was modulated by aversive or appetitive tastants. To test this hypothesis, we 42 

monitored LOFC activity using GCaMP6f fiber photometry in mice receiving acute injections of 43 

ethanol and in those trained in operant ethanol self-administration. In naïve mice, an acute injection of 44 

ethanol caused a dose-dependent decrease in the frequency but not amplitude of GCaMP6f 45 

transients. In operant studies, mice were trained on an fixed-ratio one schedule of reinforcement and 46 

were then separated into CIE or Air groups. Following four cycles of CIE exposure, GCaMP6f activity 47 

was recorded during self-administration of alcohol, alcohol + quinine (aversive), or alcohol + sucrose 48 

(appetitive) solutions. LOFC neurons showed discrete patterns of activity surrounding lever presses 49 

and surrounding drinking bouts. Responding for and consumption of ethanol was greatly enhanced by 50 

CIE exposure, was aversion resistant, and was associated with signs of LOFC hyperexcitability. CIE 51 

exposed mice also showed altered patterns of LOFC activity that varied with the ethanol solution 52 

consumed.  53 

 54 

Significance Statement:  55 

These studies demonstrate that, in intact mice, LOFC neurons are acutely inhibited by alcohol and 56 

become hyperexcitable following CIE exposure. Furthermore, we report that unique patterns of LOFC 57 

neuronal activity occur during alcohol seeking and consumption. Interestingly, these patterns of 58 
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activity are modulated following CIE exposure, particularly when the rewarding properties of the 59 

alcohol solution are modulated through adulterations with quinine (aversive) or sucrose (appetitive). 60 

Conversely, control animals have considerably more stable patterns of LOFC activity following 61 

exposure to air. These unique effects of CIE exposure on LOFC activity likely contribute to the 62 

development of excessive alcohol consumption and behavioral inflexibility that are associated with 63 

the onset of alcohol dependence. 64 

 65 

 66 

Introduction  67 

Alcoholism is a chronically relapsing disorder that is characterized by excessive alcohol consumption 68 

and a lack of behavioral flexibility surrounding alcohol consumption. Indeed, addicted individuals will 69 

continue to consume excessive amounts of alcohol despite the development of a variety of negative 70 

social, legal and health related consequences. Furthermore, this behavioral inflexibility presents a 71 

significant barrier to the implementation of efficacious treatment strategies. Accordingly, it is important 72 

to obtain a deeper understanding of the brain systems that underly this behavior and to learn how 73 

chronic exposure to alcohol impairs neurons in these regions. 74 

 75 

Behavioral flexibility associated with alcohol drinking can be examined experimentally in rodent 76 

models using reward devaluation protocols where stimulus-reward relationships are unexpectedly 77 

manipulated (Hamilton and Brigman, 2015). Previous studies have shown that mice will self-78 

administer high levels of alcohol and then reduce consumption when the bitter tastant quinine is 79 

added to the alcohol solution or when mice are pretreated with lithium chloride to produce illness 80 

which is then associated with alcohol drinking (Lopez et al., 2014, den Hartog et al., 2016). However, 81 

animals exposed to repeated cycles of chronic intermittent ethanol (CIE) vapor show impaired 82 
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behavioral flexibility during these procedures and continue to drink high levels of alcohol even 83 

following reinforcer devaluation (Lopez et al., 2014, den Hartog et al., 2016).  84 

 85 

The lateral orbitofrontal cortex (LOFC), a subregion of the prefrontal cortex, plays important roles in 86 

associative reinforcement learning and modifying behavioral responses when action outcome 87 

relationships are changed or devalued (Teitelbaum 1964, Baltz et al., 2018). Accordingly, lesions or 88 

inactivation of the LOFC, impair the acquisition of associative learning, and the modification of 89 

learned behaviors following reward devaluation (Schoenbaum et al., 2002, West et al., 2011, Gourley 90 

et al., 2013, Gardner et al., 2017, Panayi and Killcross, 2018). Furthermore, studies using in vivo 91 

electrophysiology have shown that LOFC neurons fire in response to reward predictive cues, 92 

signaling the predictive value of the reward and also following reward consumption providing 93 

information about the actual value of the reward (Schoenbaum et al., 1998, 2003, Padoa-Schioppa 94 

and Assad, 2006). Additionally, LOFC neurons integrate reward value over time and modify their 95 

firing in accordance with new contingencies (Riceberg and Shapiro, 2017).  96 

 97 

Using slice preparations, we have previously shown that the intrinsic excitability of LOFC neurons is 98 

reduced by low concentrations of ethanol (Badanich et al., 2013, Nimitvilai et al., 2020) and that 99 

withdrawal from CIE results in enhanced current-evoked spiking (Nimitvilai et al., 2016, 2018). 100 

Furthermore, lesions to or chemogenetic inhibition of the LOFC promotes escalation of alcohol 101 

drinking in CIE exposed mice (den Hartog et al., 2016). Considering the important role of this brain 102 

region in behavioral flexibility and its sensitivity to the acute and chronic effects of alcohol, it is not 103 

surprising that CIE also impairs performance on LOFC dependent reversal learning (Badanich et al., 104 

2011) and reward devaluation tasks (den Hartog et al., 2016).  105 

  106 
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Despite these findings, little is known regarding how chronic alcohol exposure impairs the way that 107 

neurons in the LOFC modulate their activity when there is a change in the stimulus-outcome 108 

relationship during alcohol self-administration. The studies in this manuscript address this issue and 109 

use fiber photometry and a mouse model of alcohol dependence to assess LOFC neuronal activity 110 

during operant self-administration of ethanol in the absence and presence of aversive or rewarding 111 

tastants.  112 

 113 

Methods 114 

Animals 115 

Male C57BL/6J mice at 4 weeks of age were obtained from Jackson labs and allowed 1 week to 116 

acclimate to the MUSC housing facility prior to surgery and operant ethanol self-administration. Lights 117 

in the housing facility were set on a reverse light dark schedule with lights off at 9 AM and on at 9 PM. 118 

All drinking and fiber photometry studies were conducted during the dark cycle.  All procedures were 119 

approved by the MUSC Institutional Animal Care and Use Committee and are consistent with NIH 120 

guidelines concerning the use of animals in research. We chose to focus these initial studies on male 121 

mice as they show robust and reproducible increases in alcohol drinking and self-administration 122 

following exposure to repeated cycles of CIE. In contrast, there is significant variability in CIE-induced 123 

drinking in female mice with many studies including our own (Zamudio et al., 2020) showing little to 124 

no change in drinking following CIE exposure. This may reflect the higher baseline levels of drinking 125 

usually observed in female mice or other as yet identified factors.  126 

 127 

Surgery 128 

Mice were deeply anesthetized with isoflurane vapor (Penlon vaporizer; 1 L/min, 3% induction, 1.5–129 

2% maintenance) and 300 nl of AAV1-CaMKII-GCaMP6f (Addgene) was injected into the lateral 130 

orbitofrontal cortex (AP: +2.4; ML: −1.35; DV: −2.4 mm). A custom-made optical fiber and ferrule (400 131 
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μm diameter patch cord in a 1.25 mm ferrule; Thorlabs) were implanted at these coordinates and 132 

secured in place using Herculite. Mice recovered in their home cage for 7 days before beginning 133 

lever-press training. All mice were inspected postmortem to ensure proper viral expression and 134 

implant location. Any mice with inaccurate placements or lacking viral expression were removed from 135 

the study. Mice with damaged fiber optic implants but accurate expression were excluded from 136 

photometry analysis due to poor signal quality, but were included in drinking microstructure analysis 137 

(n=3 Air, n=2 CIE). 138 

Post-Prandial Drinking 139 

Access to food and water was regulated throughout this experiment in order to increase ethanol 140 

consumption using a post-prandial drinking protocol similar to that described previously (King et al., 141 

2017). Mice were food restricted until 1 hour before the start of the daily drinking session. They were 142 

then allowed to eat ad libitum for 1 hour before and 1 hour after the drinking session. Water was 143 

continuously available until 1 hour before drinking sessions at the same time that mice were given 144 

access to food. The weight of the mice did not significantly change as a result of this feeding 145 

paradigm.  146 

 147 

Operant Ethanol Self-Administration 148 

Mice self-administered ethanol on an fixed ratio one schedule in daily 30-minute sessions, Monday 149 

through Friday. During these sessions, mice were placed in sound-attenuated Med Associates boxes, 150 

with a fan and house light turned on at the beginning of each session. Following an active lever press, 151 

mice received auditory (tone) and visual (house light off) cues for 1.5 seconds while 20 ls of 10% 152 

ethanol (v/v) solution were delivered to a drinking well using calibrated Med Associates pumps. The 153 

active lever had a 1.5 second timeout during the presentation of the cue and reward delivery. A 154 

second inactive lever was included in the box that when pressed produced no cues or delivery of the 155 

ethanol solution. Drinking at the alcohol well was monitored using Med Associates Lickomoters and 156 
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licking microstructure was analyzed by grouping bursts of licks into drinking bouts. A drinking bout 157 

was determined to be at least 3 licks occurring with less that 1 second in between similar to (Renteria 158 

et al., 2020). 159 

 160 

Fiber Photometry 161 

Data were acquired using custom-built imaging equipment based on that described by the Deisseroth 162 

laboratory (Lerner et al., 2015), with modifications. Illumination was provided by 405 and 490 nm fiber 163 

collimated LEDs (Thorlabs; 30 μW per channel) connected to a four-port fluorescence mini-cube 164 

(Doric Lenses). The combined LED output passed through a 400 μm optical fiber (0.48 NA) pigtailed 165 

to a rotary optical swivel (Doric Lenses) and connected to the implanted fiber using a ceramic sleeve 166 

or pinch connector (Thorlabs). Emission light was focused onto a photodetector (Newport, model 167 

2151; DC low setting) and sampled at 6.1 kHz by a RZ5P lock-in digital processor (Tucker-Davis 168 

Technology) controlled by Synapse software. Excitation light was sinusoidally modulated at 531 Hz 169 

(405 nm) and 211 Hz (490 nm) via software control of an LED light driver (Thorlabs). Real-time 170 

demodulated emission signals from the two channels were acquired at a frequency of 0.93084 kHz 171 

and stored off-line for analysis (Fig. 1B). Lever-presses, head entries and licking at the drinking port 172 

were time-locked to fiber photometry data using using inputs from the Med Associates hardware to 173 

the digital processor. . Data were processed using custom-written functions in MATLAB (MathWorks) 174 

software. The signals for each channel were first fitted to a polynomial versus time curve and then 175 

subtracted from one another to calculate the ΔF/F time series. Video of the test sessions were 176 

recorded using a C930e webcam (Logitech) affixed to the top of the operant chamber. 177 

 178 

Experimental Timeline 179 

Figure 1A shows the timing of experimental manipulations, operant self-administration training and 180 

fiber photometry sessions. Mice (5 weeks old) received surgery and were given 1 week to recover 181 
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before beginning ethanol drinking. Mice were then exposed to 30-minute non-contingent ethanol 182 

drinking sessions for 2 weeks to establish stable drinking of 10% ethanol prior to the establishment of 183 

operant responding for 10% ethanol. Mice then self-administered 10% ethanol for eight weeks; fiber 184 

optic recordings were taken weekly for each mouse. Mice were then separated into Air or CIE groups. 185 

These groups were counterbalanced by ethanol consumption during baseline drinking sessions. The 186 

CIE protocol was similar to those used in previous studies (Becker and Lopez, 2004; Zamudio et al. 187 

2020). Briefly, all mice were injected with the alcohol dehydrogenase inhibitor pyrazole (1 mmol/kg) 188 

prior to being exposed to either air or ethanol vapors for 16 hours per day, Monday through Friday. 189 

Mice underwent forced abstinence over the weekend. This pattern of exposure continued for four 190 

consecutive weeks. Beginning 72 hours after the final ethanol or air exposure mice, underwent 5 daily 191 

self-administration sessions during which they consumed different solutions. On the first 2 days mice 192 

drank 10% ethanol to re-establish drinking behavior, on the next 2 days they drank 10% ethanol + 60 193 

M quinine, and on the last day they drank 10% ethanol + 5% Sucrose (Fig. 1A). During drinking 194 

sessions, licking at the ethanol port was monitored using lickometer circuitry and this data was used 195 

to evaluate the drinking microstructure including lick rate and bout size.  196 

 197 

Statistical Analysis 198 

Data were analyzed using Prism 8 software (GraphPad Inc.). Average values were obtained from all 199 

drinking bouts or lever presses in each session and used for comparison across group and drink type. 200 

Outliers were identified using Grubb’s test. When appropriate, 1-way repeated measures ANOVAs 201 

with the Geisser-Greenhouse corrections were used to compare effects of different drinking solutions 202 

on calcium signals within groups. In other instances, 2-way repeated measures ANOVAs with the 203 

Geisser-Greenhouse corrections were used to compare data between groups with the repeated 204 

measure being within subject values. Post hoc tests corrected for multiple comparisons were 205 
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conducted following all ANOVA analyses with significant main effects or interactions. In all cases, 206 

values were considered statistically significant when p < 0.05.  207 

 208 

Results 209 

LOFC Activity During IP Injection of Alcohol  210 

Results from our previous studies using ex vivo slice preparations showed that low concentrations of 211 

ethanol reduce current-evoked spiking of LOFC neurons (Badanich et al., 2013). In the present study, 212 

we used in vivo fiber photometry to examine whether ethanol also reduces LOFC activity in the 213 

awake, freely moving animal. GCaMP6f activity was recorded in the homecage over a 10 min 214 

baseline period and then mice were given an intra-peritoneal injection of ethanol followed by an 215 

additional 20 minutes of recording. Mice showed spontaneous calcium transients during the baseline 216 

period that were detected and quantified using the findpeaks function in MATLAB. There was a sharp 217 

increase in the amplitude of the GCaMP signal at the time of ethanol injection followed by a decrease 218 

in activity within 10 minutes (Fig. 2A, 2D), consistent with the time course of distribution of ethanol to 219 

the brain following IP injection (Nurmi et al., 1994). A  dose of ethanol (2 g/kg, 20% v/v) that is 220 

associated with locomotor stimulation (Smoothy & Berry, 1985) reduced the frequency of GCaMP6f 221 

transients by ~25 % (Fig. 2C, RM 1-Way ANOVA, F(1.156, 4.624)=13.73, p=0.015, Dunnett’s multiple 222 

comparisons test was significant at 10 minutes: q=4.905, p=0.014 and 20 minutes: q=3.689, p=0.036, 223 

n=5). A higher dose of ethanol (3.5 g/kg, 20% v/v) that produces sedation (Aguayo et al., 2014) 224 

reduced the frequency of GCaMP6f peaks by ~80 % (Fig. 2F, RM 1-Way ANOVA, F(1.991, 7.965) =19.74, 225 

p<0.001, Dunnett’s multiple comparisons test was significant at 10 minutes: q=4.675, p=0.016, and 226 

20 minutes: q=5.818, p=0.008, n=5). Ethanol had no effect on the amplitude of GCaMP6f events at 227 

either the 2 g/kg (Fig. 2B, RM 1-Way ANOVA, F(1.181, 4.725) =2.518, p=0.18, n=5) or 3.5 g/kg dose (Fig. 228 

2E, RM 1-Way ANOVA, F(1.095, 4.380) =2.499, p=0.18, n=5). These data are consistent with those from 229 
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our slice electrophysiology studies showing an acute inhibitory effect of ethanol on LOFC neuron 230 

firing (Badanich et al., 2013).  231 

 232 

Operant Ethanol Self-Administration 233 

Mice were trained to lever press for 10% ethanol under an FR1 schedule of reinforcement. After 8 234 

weeks of baseline drinking in daily 30-minute sessions, they were separated into CIE or Air groups 235 

counter-balanced by baseline ethanol consumption. Mice were then exposed to 4 consecutive weeks 236 

of CIE or air exposure, as described in previous studies (Becker and Lopez, 2004, den Hartog et al., 237 

2016, Nimitvilai et al., 2016, Zamudio et al., 2020). CIE exposed animals reached an average blood 238 

ethanol concentration of 217.08 mg/dl (SEM=8.75). Three days after the final CIE exposure, mice 239 

returned to operant cages and underwent a week of self-administration trials. During the first two 240 

days, they lever pressed for 10% ethanol to re-establish self-administration behaviors. On days 3 and 241 

4, the ethanol solution was adulterated with the bitter tastant quinine (60 M) while on day 5, mice 242 

self-administered 10% ethanol sweetened with 5% sucrose. 243 

 244 

Consistent with previous literature (Lopez and Becker, 2005), mice exposed to repeated cycles of CIE 245 

exposure significantly increased their consumption of 10% ethanol (Fig. 3B; RM 1-Way ANOVA, 246 

F(1.951,21.47)=38.7, p<0.0001, Dunnett’s multiple comparisons test significant for post-CIE drinking: 247 

q=4.384, p=0.0029 n=12). Additionally, CIE exposed animals consumed significantly more 10% 248 

ethanol adulterated with 60 M (Fig. 3B; Dunnett’s q=6.505, p=0.0001) and sweetened with 5% 249 

sucrose (Fig. 3B; Dunnett’s q=12.93, p<0.0001) relative to baseline drinking. Conversely, Air exposed 250 

mice showed no change in ethanol consumption following air exposure, but consumed significantly 251 

less quinine+ethanol and no difference in sucrose+ethanol (Fig. 3A, RM 1-Way ANOVA, F(1.551, 252 

12.41)=4.569, p=0.0399 n=9, Dunnett’s multiple comparisons test was significant for quinine: q=3.7, 253 

p=0.0152). Figure 3C summarizes these findings and shows that CIE exposed mice had higher levels 254 
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of consumption of each solution as compared to Air control mice (RM 2-Way ANOVA, significant main 255 

effects of CIE: F(1,19)=30.82, p<0.0001, and drink: F(2.499, 47.47)=24.46, p<0.0001, significant interaction: 256 

F(3,57)=12.05, p<0.0001. Sidak’s multiple comparisons test significant Post CIE/Air: t=2.977, 257 

DF=14.85, p=0.0374; quinine: t=5.293, DF=18.93, p=0.0002; sucrose: t=4.76, DF=10.9, p=0.0024). 258 

 259 

The micro-structure of alcohol drinking in Air and CIE exposed mice was assessed by analyzing the 260 

number of licks per bout, the number of bouts per session and the number of licks per second. Bout 261 

size in Air exposed mice varied significantly across the different drinking solutions (Fig. 3D, RM 1-262 

Way ANOVA, F(1.666, 13.33)=12.35, p=0.0014, Dunnett’s multiple comparisons test was significant for 263 

sucrose+ethanol: q=3.118, p=0.0352). Likewise, bout sizes were significantly changed following CIE 264 

exposure, primarily due to increased drinking of the appetitive solution (Fig. 3E, RM 1-Way ANOVA, 265 

F(1.648, 18.13)=24.4, p<0.0001, Dunnett’s multiple comparisons test was significant during 266 

sucrose+ethanol drinking, q=5.856, p=0.0003 and trended towards significance with quinine+ethanol 267 

drinking (Dunnett’s q=2.536, p=0.0681). When comparing between groups, bout sizes were not 268 

significantly altered by CIE exposure (Fig. 3F RM 2-Way ANOVA, significant main effect of Drink: 269 

F(1.755, 33.35)=32.41, p<0.0001; but not CIE: F(1, 19)=1.768, p=0.1994; or interaction: F(3, 57)=2.448, 270 

p=0.073, Sidak’s multiple comparisons test was insignificant across all solutions, p>0.05).  271 

 272 

There were no significant differences in the number of bouts per session in air exposed mice for the 273 

different drinking solutions (Fig. 3G, RM 1-Way ANOVA, F(2.102, 16.82)=3.339, p=0.0581). However, 274 

bout number was significantly increased following CIE exposure (Fig. 3H, RM 1-Way ANOVA, F(1.628, 275 

17.9)=23.34, p<0.0001, Dunnett’s multiple comparisons test was significant at post-CIE: q=5.338, 276 

p=0.0007, quinine: q=6.575, p=0.0001, and sucrose: q=11.04, p<0.0001). The number of bouts per 277 

session was greater in CIE exposed mice compared to Air exposed mice (Fig. 3I RM 2-Way ANOVA, 278 

Significant main effects of CIE: F(1, 19)=17.7, p=0.0005, and drinking solution: F(2.075, 39.43)=17.71, 279 
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p<0.0001, significant interaction: F(3, 57)=7.746, p=0.0002, Sidaks multiple comparisons test was 280 

significant for quinine: t=4.464, DF=18.94, p=0.0011, sucrose: t=5.454, DF=16.68, p=0.0002).  281 

 282 

Finally, there were no differences in lick rate across drinking solutions for Air exposed animals (Fig. 283 

3J, RM 1-Way ANOVA, F(2.203, 17.62)=0.3369, p=0.7384). CIE treatment produced a small but 284 

significant effect on lick rate (Fig. 3K, RM 1-Way ANOVA F(2.207, 24.27)=4.891, p=0.0142) that was 285 

driven by a decrease in lick rate during the Etoh+quinine drinking sessions (Dunnett’s multiple 286 

comparisons test, q=3.481, p=0.0134). However, this effect did not reach statistical significance when 287 

lick rates between Air and CIE treated mice were compared to one another (Fig. 3L; 2-way ANOVA 288 

nonsignificant main effects of CIE: F(1,19)=0.6308, p=0.4369, and Drink: F(1.851, 35.17)=0.2831, p=0.7384, 289 

interaction F(3, 57)=2.41, p=0.0763). Collectively, these findings demonstrate that CIE exposure alters 290 

both the consumption and drinking structure of ethanol containing solutions. 291 

 292 

LOFC Activity During Ethanol Drinking 293 

The genetically encoded calcium sensor GCaMP6f was combined with fiber photometry to measure 294 

LOFC neural activity during the same self-administration sessions described above.  Analysis of 295 

these recordings under baseline conditions revealed three main characteristics of the LOFC activity 296 

associated with drinking bouts.  As illustrated in Fig. 4A, LOFC activity increased immediately 297 

preceding the initiation of a drinking bout (Ramp), decreased during active drinking (Dip), and 298 

rebounded immediately after the bout ended (Spike). These characteristic patterns of activity are 299 

generally similar to those reported by other investigators during sucrose drinking in rats (Moorman 300 

and Aston Jones, 2014) and non-human primates (Tremblay and Schultz, 1999) and ethanol drinking 301 

in non-dependent rats (Hernandez and Moorman, 2020).  302 

 303 
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Differences in the magnitude of these three features from the pre-exposure baseline drinking 304 

sessions were calculated for each of the post-CIE/Air drinking sessions. CIE exposed mice had a 305 

significant increase in the size of the ramp-up in GCaMP6f signal, which occurred earlier in CIE 306 

exposed mice during drinking of either of the novel ethanol solutions (Fig. 4 C, RM 2-Way ANOVA, 307 

significant main effects of time: F(1.142, 10.28)=7.064, p=0.021, and drink: F(1.626, 14.63)=8.639, p=0.004, 308 

and a significant interaction, F(2.893, 26.04)=3.276, p=0.038, Dunnett’s multiple comparisons test 309 

revealed significant differences during sucrose drinking at 2s: q=4.256, p=0.0055, 3s: q=4.013, 310 

p=0.0079, 4s: q=2.898, p=0.0437 before the bout and during quinine drinking at 2s: q=4.163, 311 

p=0.0063 before the bout). Conversely, Air exposed mice had no significant differences in the pre-312 

bout ramp in any of the drinking sessions (Fig. 4B, RM 2-WAY ANOVA, nonsignificant main effects of 313 

time: F(1.925, 9.625)=1.411, p=0.2892, and drink: F(1.772, 8.861)=0.4914, p=0.6059, and no interaction: 314 

F(2.256, 11.28)=1.320, p=0.309).  315 

 316 

CIE exposed mice also showed a significantly larger dip in activity during the drinking bout that was 317 

most pronounced during Etoh+sucrose drinking (Fig. 4E, RM 1-Way ANOVA, F(1.929, 17.36)=11.02, 318 

p=0.0009, Dunnett’s multiple comparisons test was significant during sucrose drinking, q=4.045, 319 

p=0.0075, and was trending towards significant during quinine drinking, q=2.592, p=0.07). Air 320 

exposed mice had no significant differences in dip size during any drinking sessions (Fig. 4D, RM 1-321 

Way ANOVA, F(1.339, 6.695)=1.437, p=0.29). When these effects were compared across both groups, 322 

there was a significant interaction between CIE and drinking solution (Fig. 4F, 2-Way ANOVA, main 323 

effects of drink: F(2.4, 33.6)=4.287, p=0.017, CIE: F(1, 14)=1.645, p=0.22, interaction: F(3, 42)=6.653, 324 

p=0.0009, Sidak’s multiple comparisons test revealed significant no significant differences across 325 

drinking sessions). Together, these results indicate that exposure to CIE enhances the size of the dip 326 

in LOFC activity when tastants are added to ethanol solutions. 327 

 328 
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In both Air and CIE exposed mice, there were no within group differences in the size of the post-bout 329 

spike in GCaMP6f signal (air: Fig. 4G, RM 1-Way ANOVA, F(2.118, 10.59)=3.54, p=0.07, CIE: Fig. 4H, 330 

RM 1-Way ANOVA, F(2.199, 19.79)=1.979, p=0.16). However, when spike size was compared between 331 

groups, CIE exposed mice showed significantly larger spikes during Etoh+quinine and Etoh+sucrose 332 

drinking (Fig. 4I, 2-Way ANOVA, main effects of drink: F(2.382, 33.35)=1.394, p=0.26, CIE: F(1, 14)=0.6, 333 

p=0.45, interaction: F(3, 42)=4.8, p=0.0058, Sidak’s multiple comparisons test was not significant for 334 

any drinking solution). These data suggest that CIE exposure alters the activity of LOFC neurons 335 

after consuming alcohol with different gustatory properties.  336 

 337 

LOFC Activity During Lever Pressing 338 

Upon pressing the active lever, mice were presented with both auditory (1.5 second tone) and visual 339 

cues (house light off for 1.5 second) followed by delivery of 20 l of solution in the drinking well. Mice 340 

quickly learned to press the active lever in order to gain access to ethanol containing solutions.  341 

Consistent with the changes in drinking noted above, CIE exposed mice had more active lever 342 

presses compared to Air exposed mice during Etoh+quinine and Etoh+sucrose drinking (Fig. 5A, 2-343 

Way ANOVA, main effect of CIE: F(1, 14)=15.34, p=0.002, drink: F(1.737, 24.32)=1.158, p=0.32, interaction: 344 

F(3, 42)=1.383, p=0.26, Sidak’s multiple comparisons test revealed significant differences during 345 

quinine: t=3.639, p=0.0136, and sucrose drinking: t=4.319, p=0.0029). There were no differences in 346 

inactive lever responding for either group (Fig. 5B, 2-Way ANOVA, main effects of CIE: F(1, 14)=1.130, 347 

p=0.31, drink: F(2.362, 33.07)=55.35, p<0.0001, interaction: F(3, 42)=0.597, p=0.62; Sidak’s multiple 348 

comparisons test > 0.05). Interestingly, CIE exposed mice showed a decreased latency between the 349 

initiation of a lever press and the beginning of a drinking bout (Fig. 5D, RM 1-Way ANOVA, F(1.718, 350 

14.89)=12.06, p=0.0011, Dunnett’s multiple comparisons test was significant across all drinks, post-351 

CIE: q=3.554, p=0.0188, Quinine: q=3.345, p=0.0218, Sucrose: q=4.434, p=0.0043). Conversely, 352 

latencies to drink in Air exposed mice were not significantly different across any drinking solution (Fig. 353 



 

 15 

5C, RM 1-Way ANOVA, F(1.327, 6.637)=1.937, p=0.21). Examination of GCaMP6f signals of LOFC 354 

neurons of air exposed mice surrounding the lever press revealed no significant differences in LOFC 355 

activity before (Fig. 5E, RM 2-Way ANOVA, main effects of time: F(2.499, 49.98)=0.7178, p=0.52, drink: 356 

F(3, 20)=0.5083, p=0.68, interaction: F(15, 100)=0.4079, p=0.97) or after the lever press (Fig. 5G, RM 2-357 

Way ANOVA, main effects of time: F(2.918, 58.37)=8.474, p<0.001, drink: F(3, 20)=0.3644, p=0.77, 358 

interaction: F(15,100)=0.5895 p=0.87; Dunnett’s multiple comparisons test > 0.05). However, in CIE 359 

treated mice, there was a significant difference in LOFC activity that preceded the lever press with an 360 

increase occurring 2-3 seconds before pressing the lever during sessions of Etoh or Etoh+quinine 361 

drinking (Fig. 5F, RM 2-Way ANOVA, main effects of time: F(2.291, 82.46)=3.51, p=0.0288, drink: 362 

F(3,36)=2.941, p=0.046, interaction: F(15, 180)=2.62, p=0.001, Dunnett’s multiple comparisons test 363 

revealed significant differences during post-CIE drinking at the earliest 2 time points 3-2.5s: q=2.95, 364 

p=0.0028 and 2.5-2s: q=2.629, p=0.0094, and quinine drinking at the earliest 2 time points 3-2.5s: 365 

q=2.397, p=0.046 and 2.5-2s: q=2.521, p=0.033). There were no significant differences in LOFC 366 

activity following the lever press in CIE treated mice (Fig. 5H, RM 2-Way ANOVA, main effects of 367 

time: F(2.17, 78.11)=3.126, p=0.045, drink: F(3, 36)=0.5364, p=0.66, interaction: F(15, 180)=0.3267, p=0.99; 368 

Dunnett’s multiple comparisons test > 0.05). Together, these data suggest that CIE treatment may 369 

sharpen an anticipatory signal from LOFC neurons that predicts a subsequent lever press. 370 

 371 

CIE Increases LOFC Activity 372 

We have previously shown using slice electrophysiology that CIE exposure enhances the intrinsic 373 

excitability of LOFC neurons (Nimitvilai et al., 2016; 2018). To determine whether a similar 374 

phenomenon is observed in vivo, the mean frequency of peaks in the GCaMP6f signal was measured 375 

over the entirety of each drinking session. Consistent with the ex vivo slice studies, CIE exposed mice 376 

showed a higher frequency of GCaMP6f calcium spikes, lower interevent interval, relative to pre-CIE 377 

baseline values (Fig. 6B, RM 1-Way ANOVA, F(1.442, 12.97)=6.976, p=0.0135, Dunnett’s multiple 378 
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comparisons test was significant for post-CIE: q=2.835, p=0.048, quinine: q=2.911, p=0.043, and 379 

sucrose: q=2.839, p=0.048). In contrast, there was no difference in GCaMP6f peak frequency relative 380 

to baseline in Air treated mice (Fig. 6A, RM 1-Way ANOVA, F(1.772, 8.858)=1.201, p=0.34). In addition, 381 

relative to the pre-treatment baseline, there was no difference in the amplitude or event width of 382 

GCaMP events in Air (Fig. 6C, amplitude, RM 1-Way ANOVA F(1.074, 5.369)=3.134, p=0.13; Fig. 6E, 383 

event width, RM-1-Way ANOVA, F(1.413, 7.063)=0.495, p=0.57) or CIE (Fig. 6D, amplitude, RM 1-Way 384 

ANOVA, F(2.161, 21.61)=0.4992, p=0.63; Fig. 6F, event width, RM 1-Way ANOVA, F(1.821, 16.39)=0.6187, 385 

p=0.54) exposed animals.  386 

 387 

Discussion 388 

In this study, we examined the signaling characteristics of LOFC neurons in awake behaving mice 389 

using GCaMP6f fiber photometry. We report that LOFC neurons are acutely inhibited by non-390 

contingent alcohol administration and become hyperactive following CIE exposure. We also found 391 

that LOFC neurons are responsive during both the seeking and consummatory phases of alcohol 392 

self-administration. The findings suggest that exposure to CIE may prime the LOFC to engage in the 393 

evaluation of gustatory stimuli associated with alcohol while air exposed animals may rely on regions 394 

outside of the LOFC to guide their changes in consummatory behavior.  395 

 396 

There is some disagreement in the literature about the effects of acute and chronic alcohol on 397 

orbitofrontal cortex activity. Some studies measuring immediate early genes or c-Fos expression 398 

have concluded that acute ethanol exposure increases OFC activity (Knapp et al., 2001, Liu and 399 

Crews, 2015), while functional studies show that OFC neurons are inhibited by acute ethanol 400 

exposure (Badanich et al., 2013). Some of these differences may be attributable to technical 401 

differences between studies, such as route of administration (e.g., bath application, intragastric 402 

infusion, intraperitoneal injection), time after last ethanol exposure (hours vs days), specificity of effect 403 
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(individual glutamatergic neurons vs whole brain region) and preparation (in vivo vs. ex vivo).  404 

Previous studies from our lab, using electrophysiological recordings from ex vivo slice preparations, 405 

have shown that LOFC neurons are acutely inhibited by bath application of ethanol at concentrations 406 

associated with voluntary consumption (Badanich et al., 2013, Nimitvilai et al., 2020). In order to 407 

determine if these effects persist in glutamatergic LOFC neurons in vivo, we examined whether IP 408 

injections of ethanol would inhibit LOFC activity. Using fiber photometry, we found that both locomotor 409 

stimulating (2 g/kg) or sedating (3.5 g/kg) doses of ethanol significantly reduced the frequency of 410 

GCaMP6f peaks with the higher dose inhibiting approximately 80% of activity. In further agreement 411 

with previous in vitro studies (Nimitvilai et al 2016, Radke et al., 2017), we found that CIE exposure 412 

and withdrawal increased LOFC activity in vivo as reflected by the increase in the frequency of 413 

detected GCaMP6f events. 414 

 415 

In this study, mice showed an escalation in drinking following repeated exposures to ethanol vapor 416 

but not air. Additionally, we found that while air exposed mice were sensitive to the devaluing effects 417 

of quinine adulteration, CIE exposed mice were not and actually showed increased drinking of this 418 

solution relative to ethanol alone. These data are consistent with previous reports (Becker and Lopez, 419 

2004, Rose et al., 2015, den Hartog et al., 2016). In the current study, we used a relatively low 420 

concentration of quinine (60 M) compared to other studies (Hopf et al., 2010, Timme et al., 2019), as 421 

we have previously shown (den Hartog et al., 2016) that it clearly separates the groups without 422 

completely eliminating drinking in air exposed mice. Interestingly, CIE but not air exposed mice also 423 

increased consumption when sucrose was added to the alcohol solution, potentially due to the order 424 

that the solutions were presented, with sucrose following quinine. Air exposed mice may have 425 

developed an aversion during the quinine drinking that blunted any effect of sucrose. Although 426 

additional sessions might have revealed an effect of sucrose on drinking in the Air exposed mice, CIE 427 
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induced increases in drinking begin to return to control levels within 7 days following the last CIE 428 

exposure thus limiting the period of comparison between groups.   429 

 430 

We also examined the microstructure of drinking episodes and found that CIE exposure increased the 431 

number of drinking bouts per session, consistent with some previous findings (Robinson & McCool, 432 

2015). Interestingly, a human laboratory drinking study found that an increase in the number of 433 

drinking bouts was highly correlated with reported levels of liking a drink (Gero et al., 2019). However, 434 

Barkley-Levinson and Crabbe (2015) found that two different strains of mice, selected for high alcohol 435 

consumption, consumed high levels of alcohol through either larger bouts or a higher frequency of 436 

bouts. Indeed, others have shown that CIE treatment of C57BL/6J mice increases the size of their 437 

drinking bouts without any effect on the number of bouts (Renteria et al., 2020). However, these 438 

differences may be due to the amount of access that the mice were given; 30 minutes in our study 439 

and 16 hours in the study by Renteria and collages (2020) or the concentration of the ethanol solution 440 

10% in our study compared to 15% (Renteria et al., 2020). Further, the addition of sucrose to the 441 

ethanol solution in the present study increased the size of drinking bouts in both Air and CIE exposed 442 

mice, consistent with an increased preference for the sweetened solution (Barkley-Levinson and 443 

Crabbe, 2012).  444 

 445 

In this study, we identified a characteristic response of LOFC neurons during alcohol seeking and 446 

consumption. We demonstrated that activity increases preceding the initiation of a drinking bout, 447 

decreases during active alcohol consumption and spikes immediately after drinking. These patterns 448 

of activity in the LOFC are similar to those shown by other investigators, using in vivo 449 

electrophysiology, during sucrose drinking (Tremblay and Schultz, 1999, Moorman and Aston Jones, 450 

2014, Hernandez and Moorman, 2020). Interestingly, in the present study, exposure to CIE primed 451 

LOFC neurons to alter the magnitude of their activation in response to changes in the gustatory 452 
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properties of the alcohol solution. Conversely, mice exposed to air did not have significant changes in 453 

neuronal activity surrounding alcohol drinking. Considering the important role of the LOFC in 454 

processing gustatory stimuli (Rolls et al., 2015), we were surprised to see that LOFC signaling was 455 

unchanged in air exposed animals during the introduction of appetitive or aversive tastants. One 456 

possible explanation is that CIE exposure increases the salience of alcohol and its associated 457 

gustatory properties, and that the LOFC is more heavily involved in situations with higher salience. 458 

CIE exposed mice consumed significantly more alcohol following exposure while Air mice showed a 459 

trend towards decreased drinking. Considering that the OFC appears to be especially involved in 460 

situations integrating novelty and reward (Elliott et al., 2000), LOFC neurons may be more engaged 461 

when the reward is perceived as being higher, such as when alcohol is available following the 462 

development of dependence. 463 

 464 

A growing number of studies have reported that high concentrations of alcohol (achieved through 465 

binge models or vapor exposure) alter the structural, molecular and physiological framework of the 466 

LOFC (Coleman et al., 2011, 2014, McGuier et al., 2015) as well as behaviors that are dependent on 467 

LOFC function (Obernier et al., 2002, Badanich et al., 2011, Kroener et al., 2012, Fernandez et al., 468 

2017). While the LOFC is acutely sensitive to ethanol even at low concentrations (Knapp et al., 2001, 469 

Badanich et al., 2013), disruption of LOFC dependent behaviors appears to require higher levels of 470 

drinking or chronic ethanol exposure (McMurray et al., 2014, 2016, den Hartog et al., 2016). 471 

Furthermore, lesions or chemogenetic inhibition of the LOFC had no effect on drinking in air exposed 472 

non-dependent mice but increased consumption in CIE treated animals (den Hartog et al., 2016). 473 

These findings support the theory that high levels of alcohol exposure are necessary to disrupt LOFC 474 

function, or fully engage it in the evaluation of alcohol related cues.  475 

 476 
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The LOFC is thought to maintain a pliable representation of the anticipated value of a reward (Yan et 477 

al., 2016). In this study we found that CIE treatment resulted in enhanced LOFC activity in the 478 

seconds preceding active lever pressing during ethanol and ethanol+quinine drinking sessions, an 479 

effect that was not seen during baseline drinking or in air exposed mice. Accordingly, CIE exposed 480 

mice may have increased anticipation or motivation of obtaining the ethanol reward leading to 481 

elevated LOFC activity just prior to the lever press. Following CIE exposure, mice had a decreased 482 

latency between lever pressing and alcohol consumption likely reflecting a difference in reward 483 

anticipation. Interestingly, this anticipatory pre-lever activity returned close to baseline by the last day 484 

of testing with the ethanol+sucrose solution, although there remained a small but nonsignificant 485 

increase in activity during the second before lever pressing during these sessions. There are several 486 

studies that have shown that 4 cycles of CIE produce a number of effects which return to baseline 487 

within a week or two of the final exposure. For example, AMPA/NMDA ratios in LOFC neurons return 488 

to baseline levels by 7 days after CIE (Nimitvilai et al., 2016) and c-Fos activity in the LOFC is similar 489 

to air controls by 7 days of withdrawal (Smith et al., 2019). Also, CIE-induced escalations in drinking 490 

are attenuated the second week after the final CIE exposure (Lopez & Becker, 2005). Therefore, it is 491 

possible that the reduction in pre-lever activity during ethanol+sucrose drinking is related to the timing 492 

of these sessions 7 days after the last vapor exposure. 493 

 494 

In conclusion, the results of this study show that repeated cycles of CIE exposure increase alcohol 495 

consumption, decrease the devaluing effect of quinine and produce time-locked alterations in the 496 

activity of LOFC neurons during operant ethanol self-administration. While these studies did not 497 

distinguish between projection specific sub-populations of LOFC neurons, future studies should 498 

examine how CIE alters the signaling characteristics of LOFC neurons in neural circuits involved in 499 

anticipation of reward delivery, evaluation of reward value, and implementation of flexible behavior. 500 

  501 
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Fig. 1 Experimental Design A) Timeline of operant training, drinking sessions and CIE/Air exposure. 687 

B) Schematic of fiber photometry set up with operant drinking chamber. C) Image from Allen Brain 688 

Atlas showing orbitofrontal cortex and location of fiber photometry recordings. Inset shows 689 

representative image of fiber optic track and AAV-mediated GCaMP6f expression. 690 

 691 

Fig. 2 LOFC Activity During IP Ethanol Injection A) Example trace of 30-minute LOFC GCaMP6f 692 

activity before and after intraperitoneal (i.p.) injection of 2 g/kg ethanol. The ethanol injection causes a 693 

large spike in activity followed by recovery. B) 2 g/kg ethanol does not alter the amplitude of 694 

GCaMP6f events.  C) 2 g/kg ethanol significantly decreases the frequency of GCaMP6f mediated 695 

events. D) Example trace of 30-minute GCaMP6f activity before and after i.p. injection of 3.5 g/kg 696 

ethanol. The ethanol injection causes a large spike in activity followed by a sutained reduction in 697 

activity. E) 3.5 g/kg ethanol does not alter the amplitude of GCaMP6f events. F) 3.5 g/kg ethanol 698 

injection inhibits the frequency of GCaMP6f events. Symbols: * indicates significant main effects, (*) 699 

p<0.05, (* * *) p<0.001, # indicates significant post hoc tests (#) p<0.05, (# #) p<0.01. 700 

 701 

Fig. 3 Drinking Microstructure A) Air exposed mice are sensitive to the devaluing effects of 60 M 702 

quinine and consumed significantly less of that solution compared to baseline. B) Following CIE 703 

exposure, mice consumed significantly more ethanol, ethanol+quinine and ethanol+sucrose solutions. 704 

C) Compared to Air exposed mice, CIE mice consumed significantly greater amounts of the ethanol, 705 

ethanol+quinine and ethanol+sucrose solutions. D) In Air exposed mice, drinking bout size changed 706 

depending on the drinking solution posttests revealed that this was driven by larger bouts during 707 

ethanol+sucrose drinking. E) In CIE exposed mice, drinking bout size changed depending on the 708 

drinking solution posttests revealed that this was driven by larger bouts during ethanol+sucrose 709 

drinking. F) Bout sizes were significantly larger in CIE animals, posttests revealed that this was driven 710 

by increased bout sizes in ethanol+quinine and ethanol+sucrose drinking. G) The number of bouts 711 
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during a drinking session were not significantly different in any of the drinking solutions for air 712 

exposed mice. H) CIE mice initiated significantly more drinking bouts following CIE exposure when 713 

drinking any of the ethanol solutions. I) Compared to Air exposed mice, CIE mice initiated significantly 714 

more drinking bouts following CIE exposure when drinking ethanol+quinine or ethanol+sucrose. J) 715 

Lick rates during drinking sessions were not significantly different in any of the drinking solutions for 716 

air exposed mice. K) Lick rates were significantly different in CIE exposed mice with slower rates 717 

during ethanol+quinine. L) When compared to Air exposed mice, lick rates were not significantly 718 

different during any of the drinking solutions. Symbols: * indicate significant main effects or 719 

interactions (* *) p<0.01, (* * *) p<0.001, (* * * *) p<0.0001, # used for significant post hoc tests (#) 720 

p<0.05, (# #) p<0.01, (# # #) p<0.001, (# # # #) p<0.0001. 721 

 722 

Fig. 4 LOFC Activity During Operant Ethanol Self-Administration A) Representative trace 723 

showing LOFC GCaMP6f signal during operant drinking. Orange ticks are TTL pulses generated 724 

during licking at the ethanol port. A characteristic pattern of activity surrounded drinking bouts, with an 725 

increase in activity before drinking (Ramp) a decrease in activity during drinking (Dip) and an increase 726 

in activity after a drinking bout (Spike). B) No significant differences in the ramp up of activity 727 

preceding a drinking bout in Air exposed animals. C) The pre-bout ramp is significantly different in 728 

CIE animals with an earlier and larger increase in activity preceding drinking bouts with 729 

ethanol+quinine and ethanol+sucrose. D) There are no significant differences in the size of the dip 730 

during drinking bouts in air exposed animals.  E) The size of the dip is significantly different in CIE 731 

animals with a significantly larger dip during ethanol+sucrose drinking.  F) There was a significant 732 

main effect of drink and a significant interaction showing larger dip size in CIE animals. G) The size of 733 

the after drinking bout spike was not significantly different across drinking sessions in Air exposed 734 

mice. H) The size of the after-drinking bout spike was not significantly different in CIE exposed mice. 735 

I) There was a significant interaction indicating increased spike size in CIE animals. J) Exemplar 736 
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traces of LOFC GCaMP6f activity in from the same Air exposed mouse during sessions of ethanol 737 

(left), ethanol + quinine (middle) and ethanol + sucrose (right) solutions. Exemplar traces of LOFC 738 

GCaMP6f activity in the same CIE exposed mouse during sessions of ethanol (left), ethanol + quinine 739 

(middle) and ethanol + sucrose (right) solutions. Symbols: * indicate significant main effects or 740 

interactions (*) p<0.05, (**) p<0.01, (***) p<0.001, # used for significant post hoc tests (# #) p<0.01. 741 

 742 

Fig. 5 LOFC Activity During Lever Pressing A) Compared to Air exposed mice, CIE exposed mice 743 

had significantly more lever presses during ethanol+quinine and ethanol+sucrose drinking sessions. 744 

B) Inactive lever pressing was not significantly different between Air and CIE exposed mice during 745 

any of the drinking sessions but there was a main effect of drinking session. C) Latency between a 746 

lever press and the initiation of a drinking bout was not significantly different across drinking sessions 747 

in air exposed mice. D) In CIE exposed mice, the latency between a lever press and initiation of a 748 

drinking bout was significantly shorter during ethanol, ethanol+quinine and ethanol+sucrose drinking 749 

sessions than baseline drinking sessions. E) In Air exposed mice, there were no differences in LOFC 750 

GCaMP6f activity preceding the lever press during any drinking sessions. F) In CIE exposed mice, 751 

there was an increase in LOFC GCaMP6f activity preceding a lever press following CIE exposure 752 

during ethanol or ethanol+quinine drinking. G) In Air exposed mice, there was no difference in LOFC 753 

GCaMP6f activity immediately after a lever press during any drinking session. H) In CIE exposed 754 

mice, there was no difference in LOFC activity immediately after a lever press during any drinking 755 

session. Symbols: * indicate significant main effects or interactions  (* *) p<0.01, (* * * *) p<0.0001, # 756 

used for significant post hoc tests (#) p<0.05, (# #) p<0.01, 757 

 758 

Fig. 6 Background LOFC Activity During Drinking Sessions A) In Air exposed mice, there was no 759 

difference in the interevent interval of GCaMP6f calcium transients during any of the drinking 760 

sessions. B) In CIE exposed mice, interevent intervals of GCaMP6f calcium transients were 761 
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significantly shorter following CIE exposure during all drinking sessions relative to pre-CIE activity. C) 762 

In Air exposed mice, there were no differences in the amplitude of GCaMP6f calcium transients 763 

during any drinking session. D) In CIE exposed mice, there were no differences in the amplitude of 764 

GCaMP6f calcium transients during any drinking session. E) In Air exposed mice, there were no 765 

differences in the widths of GCaMP6f calcium transients during any drinking session. F) In CIE 766 

exposed mice, there were no differences in the widths of GCaMP6f calcium transients during any 767 

drinking session. Symbols: * indicate significant main effect (*) p<0.05, # used for significant post hoc 768 

test, (#) p<0.05. 769 














