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Abstract   31 

 Inhalant (e.g. toluene) misuse is linked to behavioral and cognitive deficits in 32 

humans, yet preclinical studies of the effect of inhalants on higher-order cognition are 33 

limited. We addressed this gap in the literature by examining the effect of toluene vapor 34 

exposure on risk/reward decision making in male and female Sprague-Dawley rats 35 

using a probabilistic discounting task.  In this task, rodents chose a risky/large reward or 36 

a safe/small reward, with the odds of risky reinforcement descending or ascending 37 

throughout the test session. We observed a dose-dependent, sex-independent deficit in 38 

behavioral flexibility during probabilistic discounting caused by acute toluene exposure.  39 

Rats exposed to toluene vapor during adolescence and tested as adults performed 40 

comparably to air-treated controls and were susceptible to the effects of an acute 41 

toluene challenge. These behavioral flexibility deficits observed suggests dysfunctional 42 

medial prefrontal cortex (mPFC) activity. To address this hypothesis, we virally 43 

expressed the genetically encoded calcium sensor GCaMP6f in glutamatergic mPFC 44 

neurons and monitored calcium transients in real-time using in vivo fiber photometry.  45 

mPFC activity peaked prior to either lever press during free-choice trials in toluene- and 46 

air-treated animals.  During forced-choice trials, GCaMP6f transients shifted from pre-47 

risky to pre-safe choice, an effect mitigated by acute toluene exposure. mPFC activity 48 

decreased during rewarded trials, with larger decreases following risky/large wins 49 

compared to safe/small wins. Toluene-treated animals also had decreased mPFC 50 

activity during rewarded trials, but there was no distinction between risky/large wins and 51 

safe/small wins. These results provide physiological evidence for mPFC-dependent 52 

behavioral deficits caused by toluene.  53 
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Significance Statement  54 

 Inhalants (e.g. toluene) are an understudied class of drugs of abuse that cause 55 

devastating behavioral and cognitive deficits in humans. Understanding the 56 

neurobiological interactions of toluene vapor using animal models is important for 57 

developing effective treatment strategies for inhalant addicts. Here we find that toluene 58 

vapor reduces behavioral flexibility in rodents making risk/reward-based decisions. The 59 

medial prefrontal cortex (mPFC) drives behavioral flexibility during this type of decision 60 

making and we show that toluene reduces the ability of mPFC neurons to track optimal 61 

choices as reward probabilities change. Toluene also reduces these neurons ability to 62 

distinguish between small and large rewards. A combination of these factors likely leads 63 

to the impaired performance in probabilistic discounting following acute toluene 64 

exposure. 65 

 66 
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 77 

Introduction  78 

Volatile organic solvents like toluene induce euphoria and intoxication when 79 

inhaled at high concentrations (Balster et al., 2009; Gigengack, 2014). Their inclusion in 80 

common household products make inhalants easily accessible, likely contributing to an 81 

increasing rate of use among adolescent populations and a significant adult lifetime 82 

prevalence (9.7%) in the US alone (Wu and Ringwalt, 2006; Johnston et al., 2018). 83 

Inhalant users go on to develop personality, mood, anxiety, and substance use 84 

disorders at higher rates than non-inhalant users. (Wu and Howard, 2007; Howard et 85 

al., 2008; Marín-Navarrete et al., 2018).  These comorbidities could develop via toluene-86 

induced deficits in fronto-cortical function, resulting in reduced executive control 87 

observed in inhalant addicts (Howard et al., 2008; Dingwall et al., 2011; Takagi et al., 88 

2011; Scott and Scott, 2014; Yuncu et al., 2015).  89 

Preclinical models of toluene intoxication report that acute exposure to toluene 90 

impairs simple behaviors such as locomotion and object recognition (Batis et al., 2010; 91 

Huerta-Rivas et al., 2012; Montes et al., 2017). Deficits in more complex forms of 92 

cognition that are mediated by the medial prefrontal cortex (mPFC) have also been 93 

observed following chronic exposure to toluene vapor, despite varying lengths of 94 

abstinence (Baydas et al., 2005; Dick et al., 2014; Furlong et al., 2016; Braunscheidel et 95 

al., 2017). These effects may be mediated in part by neurophysiological perturbations 96 

within the frontal lobes, as previous work in our lab has shown that toluene causes long-97 

term depression of AMPA currents in mPFC neurons (Beckley and Woodward, 2011).  98 
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 Considerably less is known regarding the effects of inhalants on evaluative 99 

processes involving decisions under conditions of uncertainty or risk. One way to 100 

assess these functions in rats is with a probabilistic discounting task. In this task, rats 101 

are trained to choose between two levers, one a small, certain “safe” reward that always 102 

delivers a smaller reward, while the other delivers a large, uncertain “risky” reward 103 

under varying schedules of reinforcement probability. The neural circuitry that mediates 104 

this form of decision making has been studied in some detail and includes the 105 

basolateral amygdala, nucleus accumbens shell, lateral habenula, medial orbitofrontal 106 

cortex and notably, the mPFC (Ghods-Sharifi et al., 2009; St. Onge and Floresco, 2010; 107 

Stopper and Floresco, 2011, 2014; Stopper et al., 2014). Pharmacological inactivation 108 

of the mPFC impairs flexible decision making on this task, in that rats are slower to 109 

update choice biases as reward probabilities change (St. Onge and Floresco, 2010). 110 

This profile is distinct from those induced by inactivation of cortical or subcortical brain 111 

regions mentioned above.  Given these considerations, the present study used a 112 

probabilistic discounting task to test the hypothesis that acute toluene exposure induces 113 

a hypoactive mPFC, leading to behavioral inflexibility during probabilistic discounting. 114 

To identify toluene-induced changes in mPFC activity during the task, we virally 115 

expressed the genetically encoded calcium sensor GCaMP6f in glutamatergic mPFC 116 

neurons and monitored calcium transients in real-time using in vivo fiber photometry 117 

while rats performed the task. Our results provide physiological evidence for the 118 

mPFC’s theorized role in updating expected values of actions and implicates mPFC 119 

dysfunction in the decision making deficits caused by toluene. 120 

 121 
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Materials and Methods 122 

Animals 123 

 Sprague-Dawley Rats (45 male, 34 female, post-natal day (P) 32 on arrival; 124 

Envigo RMS, Indianapolis, IN) were housed in pairs in polypropylene cages on a 125 

reverse light cycle (lights off at 0900) in a climate-controlled room with food and water 126 

delivered ad libitum. At approximately P60, rodents were food restricted to maintain 85-127 

95% of their free feeding weight (weight at time of testing: males, 275-300g; females, 128 

200-230g). All procedures were performed in compliance with Medical University of 129 

South Carolina IACUC protocols. The behavioral training and testing schedule is 130 

outlined in Figure 1A.  131 

 132 

Lever Press Training 133 

 Rats were habituated to a reward of 20% sweetened condensed milk (SCM), by 134 

giving them free access to 10 ml SCM for two days prior to operant training. Over the 135 

course of two phases, rats (P60-70) were trained to lever press in operant chambers 136 

(Med Associates, St. Albans, VT) for SCM delivered to a central feeding well via a 137 

pump-activated syringe. Phase 1 (2-5 days; 30 min sessions) began with one lever (left 138 

or right, pseudo-randomly assigned) reinforced with 45 μl SCM on an FR1 schedule.  139 

Upon meeting criteria (50 presses for 2 consecutive days), the presented lever was 140 

switched, and rats were tested to criteria before moving on to phase 2. Phase 2 (6-7 141 

days; 60-minute sessions) consisted of 90 trials separated by 35s. Each session began 142 

with an illuminated house light and 2s later, the left or right lever extended in a pseudo-143 

random order.  When pressed, the lever retracted, and 45 μl SCM was delivered on 144 
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75% of trials.  If a lever was not pressed within 20s, it retracted, and the trial was 145 

recorded as an omission. Following completion of two consecutive days of training with 146 

less than 10 omissions per session, the time to omission was reduced to 10s. When 147 

rats met criteria again, the lever reward probability reduced to 50%. When rats met 148 

criteria a third time, a side preference test was performed as previously described 149 

(Brady and Floresco, 2015; Braunscheidel et al., 2017). Briefly, for each of 60 trials, 150 

both levers extended simultaneously and were reinforced on an FR1 schedule. A trial 151 

concluded when two presses occurred, which resulted in lever retraction for 20s. The 152 

preferred side was defined as the side that a rat pressed first most often across trials.  153 

Rodents then began training in the probabilistic discounting task.  154 

 155 

Probabilistic Discounting 156 

 Figure 1B illustrates the probabilistic discounting procedure used to assess 157 

risk/reward decision making in rodents (St. Onge and Floresco, 2009; Brady and 158 

Floresco, 2015).  This two-lever choice task consists of a “safe” lever that delivered a 159 

small reward (30 μl SCM) 100% of the time and a “risky” lever that delivered a large 160 

reward (90 μl SCM) with varying probability of reinforcement.  The risky lever was 161 

assigned to the non-preferred lever position as determined by the side preference test. 162 

Each session consisted of 90 trials separated into 5 blocks and each block started with 163 

8 forced-choice trials that set the probability of reinforcement for the following 10 free-164 

choice trials. The probability of obtaining a large reward was varied from low-to-high 165 

(“ascending”) or high-to-low (“descending”) with the following probabilities: 100%, 50%, 166 

25%, 12.5%, 6.25% (Figure 1C).  Each trial lasted 35s and began with an illuminated 167 
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house light and 2 s later  levers extended into the chamber. A press on either lever 168 

caused both of them retract and turned the house light off.  On rewarded trials, reward 169 

was delivered to the central feeding well. These “wins” were paired with a 170 

discriminative cue: a flashing light above the food well to indicate whether the reward 171 

was small or large (safe win: 2 pulses, 0.35 s pulse width, 0.5 Hz; risky win: 5 pulses, 172 

0.35 s pulse width, 0.5 Hz).  On non-reinforced “loss” trials, no cue light was provided.  173 

If a lever was not pressed in 10s, it was recorded as an omission and the houselights 174 

were extinguished for 25s.  Following ~20 days of training (5-6 days per week), rats 175 

exhibited stable responding (two-way ANOVA on three consecutive testing days yields 176 

no block x day interaction or main effect of day, p > 0.1) and were tested for 177 

probabilistic discounting following exposure to air or toluene vapor.  178 

 179 

Toluene Exposure 180 

 For acute intoxication studies, rodents underwent two days of probabilistic 181 

discounting with testing occurring 30 min after a brief (15 min) exposure to an air-filled 182 

chamber (30x30x30cm, 4 L/min, Figure 1D-E).  On toluene test days, the vapor 183 

chambers were filled with toluene vapor at concentrations relevant to human solvent 184 

abuse (Brouette and Anton, 2001; Bukowski, 2001; Gmaz et al., 2012) via a 185 

sevoflurane vaporizer (Penlon Limited; flow rate 4L/min) as previously described 186 

(Wayman & Woodward 2017). Toluene vapor concentrations within the chamber were 187 

intermittently monitored with a portable toluene gas detector (DOD Technologies, Cary, 188 

IL).  To establish a dose-effect, each rat was first tested following exposure to 10,500 189 

ppm toluene, given two weeks off, retrained to baseline performance, and tested again 190 
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following exposure to 6,000 ppm toluene. At these doses, rats exhibit lethargy after ~10 191 

minutes of exposure and were nearly immobile after 15 minutes. Rats fully regained 192 

ambulation following approximately 15 minutes of recovery in the home cage 193 

(unpublished observations).   194 

 195 

 A subset of rats were exposed to a binge-like regimen of, twice daily, 15 minute 196 

exposures to10,500 ppm toluene (12 male, 12 female) or air (12 male, 12 female) 197 

during adolescence (P39-P43) as described previously (Braunscheidel, et al, 2017). 198 

Rats were then tested with the descending odds probabilistic discounting task during 199 

adulthood. Rodents tested on the ascending odds version were not treated with air 200 

exposures during adolescence. 201 

 202 

Fiber Photometry 203 

 A subset of 11 rodents underwent stereotaxic surgery prior to lever press training. 204 

Deep anesthesia was achieved via an isoflurane vaporizer (Penlon Ltd, 1L/min, 5% 205 

induction, 2-3% maintenance) and  300 nl of AAV1-CaMKII-GCaMP6f (Addgene, 206 

Watertown MA) was injected into the prelimbic portion of the mPFC (AP: +2.95; ML: -207 

0.6; DV: -2.85 mm). A custom-made fiber optic ferrule (400 μm diameter patch cord in a 208 

2. 5 mm ferrule, ThorLabs, Newton NJ) was implanted at these coordinates and 209 

secured in place using dental cement (Land Dental Mfg., Wheeling, IL).  Post-mortem 210 

inspection revealed that two rats lacked viral expression under the fiber optic ferrule, 211 

and one ferrule terminated in the anterior cingulate cortex, leaving 8 rats with 212 

appropriate viral expression and ferrule placement. Rats recovered in their home cage 213 
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for 7 days before beginning lever press training. Following stable probabilistic 214 

discounting performance (~5-6 weeks), rats were tested in an operant chamber 215 

modified to permit fiber access. Rats performed in this chamber for two consecutive 216 

days before experimental testing and recording.  217 

 218 

 In order to test for an effect of our toluene exposure paradigm on baseline mPFC 219 

activity, rats were then given one month of home cage recovery and tested a final time 220 

in an inactive operant chamber. Probabilistic discounting test days were mimicked in 221 

that baseline testing occurred 30 minutes after a 15-minute exposure to air or 10,500 222 

ppm toluene (counter-balanced) with one week off in between testing. Calcium events 223 

were identified in MATLAB using the findpeaks function with the following filters: 224 

MinPeakProminence = 4, MinPeakDistance = 0.25, and MinPeakWidth = 0.5. One rat’s 225 

headcap dislodged during this test and data from this animal were not included in the 226 

analysis baseline mPFC activity.  227 

 228 

 Data were acquired using custom-built imaging equipment based on that 229 

described by the Deisseroth lab (Lerner et al., 2015), with modifications. Illumination 230 

was provided by 405 nm and 490 nm fiber collimated LEDs (Thorlabs; 30 μW per 231 

channel) connected to a four-port fluorescence mini-cube (Doric Lenses). The 232 

combined LED output passed through a 400 μm optical fiber (0.48 NA) pigtailed to a 233 

rotary optical swivel (FRJ_1x1_PT, Doric Lenses) and connected to the implanted fiber 234 

using a ceramic sleeve or pinch connector (Thorlabs). Emission light was focused onto 235 

a photodetector (Newport model 2151; DC low setting) and sampled at 6.1 kHz by a 236 
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RZ5P lock-in digital processor (TDT) controlled by Synapse software (TDT). Excitation 237 

light was sinusoidally modulated at 531 Hz (405 nm) and 211 Hz (490 nm) via software 238 

control of an LED light driver (Thorlabs). Real-time demodulated emission signals from 239 

the two channels were acquired at a frequency of 0.93084 kHz and stored offline for 240 

analysis. Lever press activity and resulting output were collected using TTL inputs to 241 

the digital processor. Data were processed using custom written functions in MATLAB 242 

(MathWorks) software. The signals for each channel were first fitted to a polynomial 243 

versus time curve and then subtracted from one another to calculate the ΔF/F time 244 

series.  Video of the test sessions were recorded using a C930e webcam (Logitech) 245 

affixed to the top of the operant chamber. 246 

 247 

Experimental Design and Statistical Analysis 248 

 The primary dependent variable of the probabilistic discounting test was risky 249 

lever preference, expressed as proportion risky choice (number risky lever presses / 250 

total lever presses) during each of the 5 behavioral blocks separated by likelihood of a 251 

rewarded risky lever press. Additional performance variables including omissions, 252 

latency to choice, win-stay (number of risky lever presses following a risky win / total 253 

number of risky wins), and lose-shift (number of safe lever presses following a risky 254 

loss / total number of risky losses) were also recorded. Only free-choice trials were 255 

considered in behavioral analyses.  Probabilistic discounting data were analyzed with  256 

2-way ANOVA with reward probability and toluene exposure as repeated, within-subject 257 

factors using  Prism 8 (Graphpad Software San Diego, CA). A Greenhouse-Geisser 258 

correction was applied to account for repeated measures and Dunnett’s test corrected 259 
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for multiple comparisons. Win-stay, lose-shift, and omissions were analyzed with 260 

Sidak’s multiple comparison test.   261 

 262 

 Fiber photometry measures in air vs toluene conditions were compared with 263 

paired t-tests. Comparisons within treatment (i.e. air or toluene exposure) were Z-264 

normalized with MATLAB (MathWorks) software in order to compare signal before and 265 

after risky and safe choices. GCaMP6f activity preceding risky vs safe lever choice 266 

during discounting was analyzed with 2-way ANOVA with reward probability and choice 267 

as within-subject factors. Sidak’s multiple comparison test was used to directly 268 

compare activity during each reward probability block. An alpha value of 0.05 was used 269 

in all analyses.   270 

 271 

Results 272 

Sex differences in baseline probabilistic discounting 273 

Males and females reached similar levels of baseline probabilistic discounting: 274 

Figure 2 summarizes baseline probabilistic discounting behavior in male and 275 

female Sprague-Dawley following ~4 weeks of training. Males and females had similar 276 

risky lever preference (Fig. 2A) in the descending odds (two-way ANOVA, sex x block 277 

interaction F(4, 88) = 1.73, p = 0.15; main effect of sex F(1, 22) = 2.18, p = 0.15) and 278 

ascending odds tests (sex x block interaction  F(4, 72) = 0.22, p = 0.93; main effect of sex 279 

F(1, 18) = 0.26, p = 0.62). Choice data was then sorted on a trial-by-trial basis in order to 280 

study the effect of recent outcomes on subsequent choice. Figure 2B illustrates the 281 

effect of recent positive reinforcement on choice strategy, measured as the probability 282 
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of choosing the risky lever following a risky win (“win-stay”). Males and females showed 283 

similar levels of win-stay behavior in the descending (student’s t test, t(22) = 0.54, p = 284 

0.60) and ascending odds task (t(18) = 1.26, p = 0.22). Fig. 2C details the effect of recent 285 

negative feedback sensitivity on choice strategy, measured as the probability choosing 286 

the safe lever following a risky loss (“lose-shift”).  Males and females showed similar 287 

levels of lose-shift behavior in the descending (student’s t test, t(22) = 1.09. p = 0.29) and 288 

ascending odds task (t(18) = 0.13, p = 0.89). 289 

 290 

Choice Latency and Omissions: 291 

Choice latency and omission data may reflect decision speed, impulsivity and/or 292 

general motivation to lever press for reward. Females were significantly quicker than 293 

males in making a lever selection during probabilistic discounting in the descending 294 

odds task (two-way ANOVA, sex x block interaction F(4, 88) = 11.0, p < 0.0001; main 295 

effect of sex F(1, 22) = 25.6, p < 0.0001). The main effect of sex was also evident in the 296 

ascending odds task (F(1, 18) = 13.2, p = 0.0019) despite the lack of a sex x block 297 

interaction (F(4, 72) = 1.630, p = 0.1761). Females also omitted significantly fewer trials 298 

than males during the descending (student’s t test, t(22) = 3.94. p = 0.0007) and 299 

ascending odds task (t(18) = 2.12, p = 0.048). Taken together, these data suggest that 300 

females may be more engaged with the probabilistic discounting task than their male 301 

counterparts.  302 

 303 

Effect of acute toluene exposure on probabilistic discounting 304 

 305 
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Toluene impairs shifts in choice biases 306 

 Figure 3 shows the effect of toluene vapor on probabilistic discounting under 307 

conditions of descending (top two panels) or ascending odds (bottom two panels). 308 

Under control conditions, both males and females trained on the descending version of 309 

the task displayed a strong choice preference for the risky option during the early part of 310 

the session, when reward probabilities were relatively high, but preference gradually 311 

shifted towards the small certain option as reward probabilities decreased over a 312 

session. The opposite profile was observed in rats trained on the ascending version of 313 

the task (Fig. 3A). When odds of receiving a large reward decreased, acute exposure to 314 

toluene vapor 30 min prior to testing increased the proportion of risky choices made by 315 

male (two-way ANOVA, drug x block interaction,  main effect of drug, F(1.511, 16.62) = 15.7, 316 

p = 0.0003) and female rats (two-way ANOVA, main effect of drug, F(1.746, 19.20) = 16.8, p 317 

< 0.0001). Dunnett’s test revealed a significant effect of toluene dose on this effect, as 318 

exposure to 10,500 ppm toluene caused a more pervasive disruption in risk preference 319 

than 6,000 ppm toluene in male rats (10,500 ppm vs. baseline, 50%, 25%, 12.5% and 320 

6.25% block: all q(11) > 2.77, p < 0.034; 6,000 ppm vs. baseline, 50% block, q(11) = 2.72, 321 

p = 0.036). This dose-dependent effect was also evident in females (10,500 ppm vs. 322 

baseline, 50%, 25%, 12.5% and 6.25% block: all q(11) > 3.13 , p < 0.018; 6,000 ppm vs. 323 

baseline, 25% and 12.5% block, both q(11) > 3.49, p <0.010).   324 

 325 

In contrast to these results, rats trained on the ascending version of the task and 326 

exposed to toluene vapor showed a reduction in the proportion of risky choices when 327 

odds of receiving a large reward increased during the task (Fig. 3A, bottom panels).  328 
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This effect was observed in males (two-way ANOVA, main effect of drug, F(1.981, 17.83) = 329 

29.4, p <0.0001) and females (main effect of drug F(1.1861, 16.75)  = 11.1 , p = 0.0010).  330 

Dunnett’s test revealed a significant effect of dose of this effect in male (10,500 ppm vs. 331 

baseline, 6.25%, 12.5%, 25%, and 50% block: q(9) > 3.09, p < 0.024) ;  6,000 ppm vs. 332 

baseline, all blocks, q(9) < 1.32, p > 0.38) and in female rats (10,500 ppm vs. baseline, 333 

12.5%, 50% blocks, q(9) >  2.75, p < 0.041 ; 6,000 ppm vs. baseline,  all blocks, all q(9) < 334 

1.40, p > 0.31).   These findings reveal that the effect of toluene on risk preference is 335 

dependent on the order in which the odds of risky reinforcement are presented. 336 

Nonetheless, under both conditions, rats demonstrated impaired behavioral flexibility as 337 

they were slower to modify their choice biases in response to changes in probabilities of 338 

obtaining the large/risky reward. 339 

 340 

Choice Strategy 341 

  Choice data was sorted on a trial-by-trial basis in order to study the effect of 342 

recent outcomes on subsequent choice (Fig. 3 B-C).  Fig. 3B illustrates the effect of 343 

toluene on recent positive reinforcement, measured as win-stay behavior.  Toluene 344 

(10,500 ppm) produced a strong trend for an increase in win-stay behavior vs. baseline 345 

in males when odds were presented in descending order (top panels, Dunnett’s test, 346 

q(11) = 2.50, p = 0.053). This trend was also observed in females (Dunnett’s test, q(11) = 347 

2.16, p = 0.095). Interestingly, during the ascending phase of the task (bottom panels), 348 

6,000 ppm toluene increased win-stay behavior in female (Dunnett’s test, q(9) = 4.05, p 349 

= 0.0053), but not male rats (Dunnett’s test, q(9) =1.73, p = 0.20).   350 

 351 
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 Fig. 3C details the effect of toluene on recent negative feedback sensitivity, 352 

measured as lose-shift behavior. Exposure to both doses of toluene vapor decreased 353 

lose-shift behavior in male (Dunnett’s test, 10,500 ppm vs. baseline, q(11) = 3.89, p = 354 

0.0047; 6,000 ppm vs. baseline q(11) = 3.12, p = 0.018) and female rats (10,500 ppm vs. 355 

baseline q(11) = 3.17, p = 0.016) when odds descended during testing (upper panels). 356 

However, when the odds of receiving a large reward increased over the session (bottom 357 

panels), exposure to 10,500 ppm toluene enhanced lose-shift behavior in both male 358 

(Dunnett’s test, q(9) = 4.35 , p = 0.0034) and female rats (q(9) =3.18, p = 0.020).  Taken 359 

together, these data suggest that impaired flexible decision making induced by toluene 360 

exposure is driven by perturbations in negative feedback sensitivity, and that this is 361 

exacerbated (or mitigated, depending on task) by increased sensitivity to recently 362 

rewarded actions.   363 

 364 

Choice Latency and Omissions  365 

In the descending odds version of the task, choice latency (Fig. 3D, top panels) 366 

decreased following treatment with 10,500 ppm toluene in blocks where reinforcement 367 

was unlikely (Dunnett’s test, 10,500 ppm vs. baseline, 6.25% block, q(11) = 2.54, p = 368 

0.049) and females (Dunnett’s test, 50% block, q(11) = 3.11, p = 0.018, 6.25% block q(11) 369 

= 3.69, p = 0.0066).  Interestingly, exposure to 6,000 ppm toluene vapor increased 370 

choice latency in male rats during blocks when risky reinforcement was guaranteed 371 

(Dunnett’s test, 100% block, q(11) = 2.62, p = 0.043) (Fig. 3D, bottom panels). Toluene 372 

had no effect on choice latency in male or female rats in any block of the ascending 373 

odds version of the task (male, all q(9) < 2.13 , p > 0.10 ; female, all q(9) < 1.78 , p > 0.18, 374 
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Fig. 2E) Toluene exposure caused a minor, but statistically significant, decrease in the 375 

number of omissions in two instance during the descending odds task (Dunnett’s test, 376 

males, 10,500 ppm vs. baseline, q(11) = 2.58, p = 0.046; females, 6,000 ppm vs. 377 

baseline, q(11) = 3.91, p = 0.0054). There were no differences in omissions detected for 378 

the ascending odds task (all q(9) < 1.39 , p > 0.32). These data suggest that toluene can 379 

decrease choice latency and promote task engagement (decreased omissions), but 380 

other factors need to be taken in to consideration (sex, duration of task, task-type) when 381 

interpreting the effect of toluene on impulsivity and general motivation.  382 

 383 

Effect of adolescent toluene exposure on probabilistic discounting in adulthood 384 

Probabilistic discounting training in adults is not significantly affected by adolescent 385 

exposure to toluene 386 

 Previous studies suggest that toluene abuse during adolescence can impair 387 

cognitive performance in adulthood in humans (Dingwall et al., 2011; Scott and Scott, 388 

2014; Yuncu et al., 2015). and rodents (Dick et al., 2014; Furlong et al., 2016; 389 

Braunscheidel et al., 2017). Figure 4-1 shows that acute exposure to toluene vapor 390 

during adolescence did not significantly alter risk preference of adult rats in the 391 

descending odds probabilistic discounting task during any of the first four weeks of 392 

training (week average). Transient increases in choice latency were observed in 393 

toluene-treated rats vs. control (two-way ANOVA, main effect of treatment, males, week 394 

3, F(1,18) = 8.99, p = 0.0077; females, week 2 F(1,22) = 7.90, p = 0.010) but these 395 

differences were no longer significant by week 4 (main effect of treatment, males, F(1,18) 396 

= 3.43, p = 0.080; females, F(1, 22) = 1.66, p = 0.21). Likewise, a transient decrease in 397 
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lose-shift behavior was detected in male rats in week 3 (Welch’s test, t (17.37) = 2.36, p = 398 

0.030), but this recovered by week 4 (t(17.80) = 1.35, p = 0.20).  Lose-shift behavior also 399 

decreased in females during week 4 of training (t(19.53) = 2.19, p = 0.041). The average 400 

number of omissions transiently increased in female rats treated with toluene during 401 

adolescence compared to air-treated control (week 1, t(13.13) = 2.58, p = 0.023,  week 2, 402 

t(14.09) = 0.69, p = 0.50). 403 

 404 

A history of adolescent toluene exposure does not alter the effects of toluene on 405 

decision making in adulthood 406 

 To test whether prior exposure to toluene may sensitize or mitigate its effect on 407 

probabilistic discounting when animals are exposed again as adults, adolescent-408 

exposed rats were tested during adulthood following an acute exposure to 10,500 and 409 

6,000 ppm toluene (Fig. 4A). As shown above, toluene (10,500 ppm) shifted risk 410 

preference in male (main effect of drug, F(1.946, 21.41) = 6.45, p = 0.0068; Dunnett’s test, 411 

10,500 ppm vs. baseline, 50% and 25% block, both q(11) > 3.46, p < 0.0012) and female 412 

rats (F(1.847, 20.32) = 7.43, p = 0.0045;  50%, 25%, 12.5%, 6.25% blocks, all q(11) > 2.64, p 413 

< 0.042).  Interestingly, the lower dose of toluene (6,000 ppm) increased risky choice 414 

preference exclusively when reinforcement was guaranteed in male (Dunnett’s test, 415 

6,000 ppm toluene vs. baseline, 100% block, q(11) = 4.71 , p = 0.0012) and female rats 416 

(q(11) = 2.71, p = 0.037). (Fig. 4B) While toluene increased win-stay behavior in this 417 

cohort, this was in response to the lower dose of toluene (Dunnett’s test, 6,000 ppm 418 

toluene vs. baseline, male, q(11) = 2.48, p =0.055 ; female, q(11) 3.63 = , p = 0.0074).  419 

Like toluene-naïve rats, acute 10,500 ppm toluene exposure decreased lose-shift 420 
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behavior (Fig. 4C) in this cohort (Dunnett’s test, male, q(11) = 3.06, p = 0.020 ; female, 421 

q(11)  = 4.06, p = 0.0035 ).    422 

 423 

 Choice latency (Fig. 4D) decreased when reinforcement was not guaranteed in 424 

male (Dunnett’s test, 10,500 ppm vs. baseline, 12.5 % block, q(11) = 3.23, p = 0.015; 425 

6,000 ppm, 6.25% block, q(11) = 3.54, p = 0.0085) and female rats (10,500 ppm vs. 426 

baseline, 50% block, q(11) = 3.27, p = 0.014; 12.5% block, q(11) =3.26, p = 0.014, 6.25% 427 

block q(11) =3.79, p = 0.0056).  Interestingly, 10,500 ppm toluene increased choice 428 

latency in male rats when risky reinforcement was guaranteed (Dunnett’s test, vs. 429 

baseline, 100% block, q(11) = 2.95 , p = 0.024). Omissions (Fig. 4E) were reduced in 430 

male (10,500 ppm, q(11) = 3.25 , p = 0.0144 ; 6,000 ppm, q(11) = 3.09 , p =0.019), but not 431 

female rats (all q(11) < 1.82, p > 0.16). 432 

 433 

Effect of toluene on in vivo mPFC activity measured using the genetically 434 

encoded calcium sensor GCaMP6f 435 

Baseline Activity 436 

The activity of prelimbic mPFC neurons was measured by fiber photometry in 437 

rats injected with AAV1-CaMKII-GCaMP6f and exposed to air or toluene and 30 min of 438 

home cage recovery (Figure 5). Paired t-tests of average GCaMP6f responses revealed 439 

no difference in event frequency (t(6) = 0.221, p = 0.832), event amplitude(t(6) = 0.342, p 440 

= 0.744), event width(t(6) = 1.41, p = 0.209), or inter-event interval (t(6) = 0.112, p = 441 

0.914).  442 

 443 



Braunscheidel et. al 

 

19 

19 

mPFC activity tracks deliberation and outcome during probabilistic discounting 444 

Figure 6A illustrates the average GCaMP6f signal across all trials during the 445 

probabilistic discounting task in air-treated rats (8 rats, 1081 trials total).  Visual 446 

inspection of these graphs revealed a peak of activity during deliberation, approximately 447 

1 to 2 s prior to lever press, and decreases in signal during outcome, 1-16 s following 448 

lever press. (Figure 6B) A one-way ANOVA revealed an effect of choice outcome on 449 

GCaMP6f signal (F(1.377, 9.638) = 37.9, p < 0.0001). This effect was due to differentiation 450 

between large/risky wins and small/safe wins (Sidak’s post-hoc, risky win vs safe win, 451 

t(7) = 4.27, p = 0.011) as well as losses vs any win (risky loss vs safe win t(7) = 4.81, p = 452 

0.0058; risky loss vs risky win, t(7) = 8.001, p = 0.0003). Choice outcome also affected 453 

putative consumption as measured by time spent in the food well (Fig. 6B, right, one-454 

way ANOVA, F(1.503, 10.52) = 588, p < 0.0001).  This effect was also driven by 455 

differentiation between large/risky wins and small/safe wins (Sidak’s post-hoc, risky win 456 

vs safe win, t(7) =13.5, p < 0.0001) as well as losses vs any win (risky loss vs safe win 457 

t(7) = 29.5, p < 0.0001; risky loss vs risky win, t(7) = 28.5, p < 0.0001). 458 

 459 

Z-normalization of data during deliberation (Fig. 6C) revealed that activity 460 

increased relative to baseline (one-sample t-test vs. baseline: before risky, t(500) = 6.92, 461 

p < 0.0001; before safe, t(522) = 6.71, p < 0.0001, data not shown.)  Traces were then 462 

sorted into forced-choice and free-choice trials. In forced-choice trials (Fig. 6C.i), there 463 

was a significant interaction between peak activity prior to lever press and behavior 464 

block (two-way ANOVA, upcoming choice x behavior block, F(4, 433) = 5.37, p = 0.0030). 465 

This was due to a relatively greater increase prior to risky choice during the 100% block 466 
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(Sidak’s test, t(433) = 2.73, p = 0.033) and prior to safe choice during the 6.25% block 467 

(t(433) = 3.06, p = 0.012). The interaction between activity prior to lever press and 468 

behavior block was not present during free-choice trials (Fig 6C.ii, F(4, 569) = 0.550, p = 469 

0.70).  470 

 471 

Toluene disrupts mPFC activity during deliberation and outcome 472 

Figure 7A shows the average fluorescence changes across all trials during the 473 

probabilistic discounting task on toluene test days (8 rats, 1081 trials each).  Like air-474 

treated control days, these graphs show a peak of activity during deliberation and 475 

troughs during outcome. (Figure 7B)  Further, A one-way ANOVA revealed an effect of 476 

choice outcome on GCaMP6f signal (F(1.698, 11.88) = 16.5, p = 0.0005). However, unlike 477 

controls, there was no differentiation between large/risky wins and small/safe wins 478 

(Sidak’s post-hoc, risky win vs safe win, t(7) = 0.05, p > 0.9999).  There was a distinction 479 

between GCaMP6f signal following losses vs wins (risky loss vs safe win t(7) = 4.56, p = 480 

0.0078; risky loss vs risky win, t(7) = 4.48, p = 0.0086). 481 

 482 

Choice outcome also affected putative consumption as measured by time spent 483 

in the food well (Fig. 7B, right, one-way ANOVA, F(1.811, 12.68) = 763, p < 0.0001).  This 484 

effect was also driven by differentiation between large/risky wins and small/safe wins as 485 

well as losses vs any win (all t(7) >17.9 , p < 0.0001). (Figure 7B, inset)  Toluene also 486 

caused a slight, but significant reduction in consumption time (two-way ANOVA, main 487 

effect of treatment, (F(1,21) = 4.43 , p = 0.048), an effect driven by consumption during 488 



Braunscheidel et. al 

 

21 

21 

large/risky wins (Sidak’s post hoc, t(21) = 2.83, p = 0.030) and not small safe wins (t(21) 489 

=0.318, p = 0.99) or risky losses (t(21) = 0.501, p = 0.96). 490 

 491 

Z-normalization of data during deliberation (Fig. 7C) revealed that mPFC activity 492 

increased relative to baseline (one-sample t-test vs 0% ΔF/F : before risky, t(424) = 6.24, 493 

p < 0.0001; before safe, t(611) = 10.7 p < 0.0001, data not shown.)  Traces were then 494 

sorted into forced-choice and free-choice trials.  Unlike control conditions, there was no 495 

interaction between activity prior to lever press and behavior block during forced-choice 496 

trials following toluene exposure (Fig. 7C.i,  two-way ANOVA, F(4, 442) = 1.48, p = 0.21).  497 

Similar to control conditions, this interaction did not exist during free-choice trials (Fig. 498 

6C.ii, F(4, 574) = 0.264, p = 0.90).  499 

 500 

Acute exposure to 10,500 ppm toluene vapor 30 min prior to testing disrupted  501 

descending odds probabilistic discounting in rats expressing GCaMP6f in the mPFC 502 

(Fig. 8A-E).  This included increased risky choice preference (Fig. 8A, two-way ANOVA, 503 

main effect of drug, F(1, 7) = 11.6, p = 0.011) and reduced lose-shift behavior (Fig. 8C, 504 

paired t-test,  t(7) = 2.52, p = 0.040). Finally, we directly compared signal during 505 

deliberation (Fig. 8G) and outcome (Fig. 8H).  mPFC activity increased in toluene 506 

exposed animals compared to air prior to a safe lever press (Fig. 8G; paired t-test, t(7) = 507 

2.38, p = 0.049) but not a risky lever press (t(7) = 1.15, p =  0.29).  Toluene exposure 508 

resulted in a smaller mPFC activity trough compared to air following safe wins (Fig. 8H; 509 

t(7) = 2.80, p = 0.027) and risky wins (t(7) = 3.96 , p = 0.0055), but not risky losses (t(7) = 510 

0.536, p =  0.61). 511 
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 512 

Discussion 513 

Acute toluene impairs probabilistic discounting 514 

In order to understand how the abused inhalant toluene affects risk/reward 515 

decision making, we exposed animals highly trained in the probabilistic discounting task 516 

to air or two levels of toluene vapor. We found a dose-dependent effect of toluene on 517 

risky choice preference in both male and female rats. Toluene increased risky choice 518 

preference when the initial expected value of the risky lever was high (descending odds 519 

task), but decreased risky choice preference when the initial expected value of the risky 520 

lever was low (ascending odds task). These effects were driven primarily by a 521 

perturbation in sensitivity to negative feedback, although a reduction in positive 522 

feedback sensitivity was also observed.  We interpret these findings as a toluene-523 

induced failure to update expected values, resulting in behavioral inflexibility as the task 524 

progressed and reward probabilities changed.  525 

The alterations in choice and response latencies induced by toluene are similar 526 

to those induced by of amphetamine (St. Onge and Floresco, 2009; St. Onge et al., 527 

2010), one of only two known drugs for which toluene serves as a discriminative 528 

stimulus (Bowen, 2006). As first suggested by St. Onge and colleagues, enhanced 529 

mPFC dopamine signaling might be the cause of amphetamine-induced discounting 530 

impairments since (1) increasing dopamine perturbs complex cognitive functions 531 

mediated by the mPFC (2) pharmacologically silencing the mPFC caused the same 532 

procedural-dependent effects and (3) mPFC dopamine levels track reward rates during 533 
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probabilistic discounting (St. Onge and Floresco, 2010; St. Onge et al., 2010, 2012). 534 

Interfering with this dopamine signal might disrupt the ability to accurately encode 535 

reward value and/or act on choice valuation, resulting in more static patterns of choice. 536 

A similar mechanism should be considered for toluene, since it is known to increase 537 

extracellular levels of dopamine in the mPFC (Gerasimov et al., 2003; Koga et al., 2008) 538 

and as described in these studies, alters mPFC activity during probabilistic discounting. 539 

One caveat is that pharmacological activation of dopamine D2, but not D1,  receptors in 540 

the mPFC only serve to decrease risky choice preference during probabilistic 541 

discounting. (St. Onge et al., 2011). Interestingly however, simultaneous stimulation of 542 

mPFC D2 receptors while pharmacologically silencing the basolateral amygdala causes 543 

the same procedural-dependent effects on probabilistic discounting as acute toluene 544 

exposure (Jenni et al., 2017). Future studies on the effect of toluene on complex 545 

cognitive behaviors should take this circuit into consideration. 546 

The increase in task engagement (i.e. decreased latency and omissions) 547 

following toluene exposure was not universal across sex or task type (ascending or 548 

descending). Toluene’s effects on these measures is likely more to do with differences 549 

in the task and how these differences affect each sex than a general impairment in 550 

performance.  In fact, inactivating the mPFC causes a slight increase in latency during 551 

safe-optimal trials of descending odds probabilistic discounting (St. Onge and Floresco, 552 

2010). Furthermore, omissions during probabilistic discounting are unaffected by mPFC 553 

inactivation or disconnection of mPFC-nucleus accumbens circuitry (St Onge et al., 554 

2012). On the other hand, treatment with the adrenergic autoreceptor antagonist 555 

yohimbine (Montes et al., 2015) has been shown to produce an effect on choice 556 
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behavior during probabilistic discounting that is similar to that of toluene reported here, 557 

while at the same time reducing response latencies. Thus, although not currently 558 

known, toluene may simultaneously impair shifts in choice bias and enhance task 559 

engagement via alterations in catecholaminergic signaling.  560 

Effect of adolescent toluene exposure on future probabilistic discounting 561 

Drug abuse during adolescence can lead to future cognitive impairments, 562 

substance abuse issues, and mood disorders.  In fact, rodents show increased risk 563 

preference during probabilistic discounting following chronic adolescent alcohol 564 

exposure, despite a protracted abstinence (Boutros et al., 2015).  Unlike ethanol, we 565 

found that adult rats with a history of toluene exposure during adolescence performed 566 

the risk task similarly to air-treated controls. Some transient increases in choice latency 567 

were observed during training that could be the result of instrumental learning deficits 568 

observed despite abstinence from toluene (Dick et al., 2014; Braunscheidel et al., 569 

2017).  Another non-mutually exclusive possibility is that increased anxiety during 570 

toluene withdrawal (Bowen et al., 2018) led to increased indecisiveness, and thus 571 

deliberation time. This notion agrees with the increased choice latency observed 572 

following acute stress or infusions of corticotropin releasing factor effort-discounting 573 

tasks (Shafiei et al., 2012; Bryce and Floresco, 2016). Finally, while rats received 574 

multiple toluene exposures during adolescence, the experience was over a relatively 575 

brief time period (5 days).  A more extensive exposure period like that employed by 576 

Boutros and colleagues (2015) might cause a greater effect on the measured 577 

parameters.  578 
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In this study, an acute challenge with 10,5000 ppm toluene in adult rats with a 579 

history of toluene exposure during adolescence produced similar alterations in 580 

probabilistic discounting, lose-shift behavior, and choice latency as those only exposed 581 

to toluene as adults.  However, we did not observe any increase in win-stay behavior in 582 

the combined adolescent/adult exposed animals. Interestingly, the lower dose of 583 

toluene failed to produce an appreciable change in discounting but did increase win-584 

stay behavior in both male and female rats. This combination of sensitization to the 585 

reward-promoting effects of toluene at lower doses with simultaneous desensitization to 586 

cognitive impairments could contribute to inhalant relapse despite protracted 587 

abstinence.  588 

 589 

mPFC calcium activity encodes information about upcoming choice and outcome 590 

Neuronal activity within the mPFC is critical for tasks involving behavioral 591 

flexibility (Birrell and Brown, 2000; Marquis et al., 2007; Floresco et al., 2008) including 592 

probabilistic discounting (St. Onge and Floresco, 2010).  In the present study, we used 593 

in vivo fiber photometry to investigate the importance of mPFC activity on probabilistic 594 

discounting with temporal specificity and to provide physiological evidence for a mPFC-595 

dependent mechanism of toluene-induced deficits on probabilistic discounting. We 596 

observed increases in mPFC activity prior to any free-choice press, independent of the 597 

actual expected value of that press. This is consistent with previous reports showing 598 

that the firing rate of mPFC neurons increases prior to an action that is intended to 599 

generate reward (Sul et al., 2010).  Data from forced-choice trials indicate that this 600 



Braunscheidel et. al 

 

26 

26 

signal does not simply predict any action that might generate reward. Rather, increases 601 

in mPFC activity appeared to flexibly shift from predicting forced risky choice to forced 602 

safe choice throughout the session.  Since this pattern reflects the theoretical optimal 603 

choice to maximize expected outcome (risky early when risky reward probabilities are 604 

high, safe late when risky reward probabilities are low) we interpret this as a “preferred 605 

action” signal.  This interpretation is similar to the recently described “outcome-606 

prediction” activity discovered in mPFC neurons that fire specifically once an attentional 607 

set-shift is completed (Del Arco et al., 2017).   608 

In this study, we found a prominent decrease in mPFC calcium activity during 609 

rewarded outcome that was correlated with reward magnitude in air-treated animals. At 610 

first take, these data seem in stark contrast to many reports of increased mPFC 611 

electrical activity during reward outcome and consumption (McCoy and Platt, 2005; 612 

Horst and Laubach, 2013; Petykó et al., 2015; Del Arco et al., 2017). However, these 613 

studies refer to a very short time scale following reward delivery (0 – 2 seconds) 614 

compared to the duration of reward consumption during which we recorded mPFC 615 

calcium transients (0 – 20 seconds). Increases in mPFC spiking is tightly linked with 616 

initiation of consumption behavior (i.e. licking), activity which desensitizes over time 617 

(Horst and Laubach, 2013). Further, a majority of mPFC activity during outcome 618 

switches from excitatory to inhibitory around 1.5 seconds post reward delivery (Del Arco 619 

et al., 2017). Combined, these factors could explain the sustained dip in mPFC calcium 620 

activity we observed during reward consumption and might represent portions of the 621 

brain’s executive functions “going offline” while engaging in a habitual or automatic 622 

behavior. It is clear however that this is not a global effect as Passeker and colleagues 623 
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recently identified two dorsal mPFC ensembles that actively relay information about the 624 

value of the current reward, and influence upcoming choice (Passecker et al., 2019).   625 

 626 

Effect of toluene on mPFC activity during probabilistic discounting 627 

Toluene disrupted flexible risk/reward decision making in a manner similar to 628 

pharmacological inactivation of the mPFC (St. Onge and Floresco, 2010). As such, it is 629 

possible that the effects of toluene were driven by a general suppression of PFC  in 630 

neural activity. Yet, when we measured baseline mPFC calcium activity in animals 631 

treated with the same toluene exposure protocol as during behavioral tests, we failed to 632 

detect any significant differences in magnitude or frequency of spontaneous calcium 633 

transients compared to air-treated controls. Thus, although it is clear that toluene can 634 

disrupt mPFC function, this does not appear to result from a global reduction in neural 635 

activity, but rather, may be mediated by disruptions in task-dependent patterns of mPFC 636 

activity.  637 

mPFC activity increased during epochs prior to lever selection (i.e. deliberation). 638 

Acute administration of toluene blunted this increase, an effect that was driven by 639 

activity specifically prior to an upcoming safe, but not risky choice when collapsed 640 

across all trials. However, whereas increases in mPFC activity shift from pre-risky to 641 

pre-safe press during forced-choice trials in air treated controls, activity in toluene-642 

treated animals display a slightly different activity profile: (1) activity prior to either lever 643 

press did not increase in the first probability block and (2) the shift in activity from pre-644 

risky to pre-safe was disrupted. Further, toluene-treated animals still show strong 645 
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increases prior to safe lever presses in free-choice trials. Taken together, these results 646 

suggest a toluene-induced failure to recognize changes in relative value of both levers 647 

as the task progresses rather than a nonspecific reduction in signaling preceding a low-648 

risk decision.  649 

As with air-treated controls, toluene exposed rats showed a sustained dip in 650 

mPFC calcium activity across all rewarded trials. This dip was mitigated by toluene 651 

during both safe and risky wins, suggesting reduced mPFC silencing during 652 

consumption. Further, mPFC activity during a safe win was indistinguishable from a 653 

risky win following toluene treatment. While this could be explained by a general deficit 654 

in reward magnitude discrimination, toluene-treated animals did show appropriate 655 

discrimination (i.e. large reward preference) when the risky lever was reinforced 100% 656 

of the time. It is more likely that the deficit reflects impaired function of a subpopulation 657 

of neurons responsible for updating current outcome in order to influence future 658 

decision, like those recently discovered by Passecker and colleagues (2019).  One such 659 

subpopulation might be  deep-layer mPFC neurons projecting to the nucleus 660 

accumbens core, that are hypo-excitable following toluene treatment (Wayman and 661 

Woodward, 2017).  Alterations in the activity of these neurons by toluene could explain 662 

the drug’s effect on mPFC activity during choice outcome.  663 

 664 

Sex differences in baseline probabilistic discounting 665 

Sex differences have been reported in other preclinical models of decision 666 

making involving risk (for review, see Orsini and Setlow, 2017). In these studies, we 667 
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found that male and female rats acquired similar levels of probabilistic discounting, 668 

largely consistent with a recent report (Westbrook et al., 2018). Males and females were 669 

similarly sensitive to recent positive and negative feedback as measured by win-stay 670 

and lose-shift behavior, respectively. Females made much quicker decisions and fewer 671 

omissions than males. It is possible that females were hungrier than males during task 672 

performance, leading higher relative value of the food reward and thus greater task 673 

engagement. However, the food-restriction protocol whereby animals are limited based 674 

on their individual free-feeding weight should control for this possibility. The sex-675 

differences in task-engagement are in stark contrast to probabilistic discounting under 676 

risk of footstock, where females omit significantly more than males (Orsini et al., 2016).  677 

This indicates that females and males utilize different strategies regarding the decision 678 

to engage a risky situation when the punishment is neutral (reward omission) compared 679 

to aversive (foot shock. These sex differences should be taken into consideration when 680 

testing the effects of other experimental factors on probabilistic discounting.  681 

Conclusion 682 

The studies herein describe the effect of abuse-levels of toluene vapor exposure 683 

on risk/reward decision making and strongly implicate mPFC dysfunction as a source of 684 

impaired flexible adjustments in choice biases. This deficit might be caused by 685 

perturbed task-related activity in sub-populations of projection specific mPFC neurons 686 

(e.g. BLA-projecting D2+ or nucleus accumbens core-projecting deep-layer pyramidal 687 

neurons) failing to integrate reward magnitude information to inform and/or execute 688 

future decisions. Future studies should attempt to identify these populations with 689 

molecular and circuit-level specificity and how they are specifically impaired by toluene.  690 
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Figure Legends 910 

 911 

Figure 1.   Probabilistic discounting training and test design.  (A) Behavioral 912 

timeline and corresponding rat age. (B) Flow chart detailing a single trial of the 913 

probabilistic discounting task. (C) Breakdown of the 10 different behavioral blocks within 914 

the probabilistic discounting task. Odds were presented either in ascending or 915 

descending order. (D) Toluene inhalation chamber schematic. (E) Test day progression.  916 

 917 

 918 
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Figure 2. Male and female Sprague Dawley rats acquire similar levels of 919 

probabilistic discounting. Rats were trained at least twenty days on the probabilistic 920 

discounting task with descending odds (top panels) or ascending odds (bottom 921 

panels) until responding stabilized.  Performance over the final three days of training 922 

were averaged and compared to test for sex differences in baseline task performance. 923 

(A) Proportion of risky choice within each probability block (B, C) Choice strategy 924 

across all trials.  Win-stay (C) indicates choice of risky lever after risky win while lose-925 

shift (D) indicates choice of safe lever after risky loss. (D) Time to choice selection 926 

within each probability block. Omissions across all trials (E) indicate no lever press 927 

within 10 s time period. Data shown are mean ± sem; descending odds, all n = 12; 928 

ascending odds, all n = 10; two-way ANOVA and Sidak’s test, *p<0.05, **p<0.01. 929 

Student’s t-test, *p<0.05, ***p<0.01. 930 

 931 

 932 

Figure 3. Toluene impairs flexible decision making during probabilistic 933 

discounting. Male and female rats were trained at least twenty days on the 934 

probabilistic discounting task with descending odds (top panels) or ascending odds 935 

(bottom panels) until responding stabilized. (A) Proportion of risky choice within each 936 

probability block following acute exposure to air or toluene (6,000; 10,500 ppm). (B, C) 937 

Choice strategy across all trials.  Win-stay (C) indicates choice of risky lever after risky 938 

win while lose-shift (D) indicates choice of safe lever after risky loss. (D) Time to choice 939 

selection within each probability block. Omissions across all trials (E) indicate no lever 940 

press within 10 s time period. Data shown are mean ± sem; descending odds, all n = 941 
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12; ascending odds, all n = 10; two-way ANOVA and Dunnett’s test comparing each 942 

dose to baseline, *p<0.05, **p<0.01, ***p<0.001, colored to match dose. 943 

 944 

 945 

Figure 4. Toluene impairs behavioral flexibility in the probabilistic discounting 946 

task in adult rats treated with toluene vapor during adolescence.  Adolescent rats 947 

were treated with a 10,500 ppm toluene for 15 min, twice daily, over five days followed 948 

by home cage recovery until adulthood. (Extended Figure 4-1) Adult male and female 949 

rats were trained at least twenty days on the probabilistic discounting task with 950 

descending odds until responding stabilized. (A) Proportion of risky choice within each 951 

probability block following acute exposure to air or toluene (6,000; 10,500 ppm). (B, C) 952 

Choice strategy across all trials.  Win-stay (C) indicates choice of risky lever after risky 953 

win while lose-shift (D) indicates choice of safe lever after risky loss. (D) Time to choice 954 

selection within each probability block. Omissions across all trials (E) indicate no lever 955 

press within 10 s time period. Data shown are mean ± sem; all n = 12; two-way ANOVA 956 

and Dunnett’s test comparing each dose to baseline, *p<0.05, **p<0.01, colored to 957 

match dose) 958 

 959 

 960 

Figure 5. Basal prelimbic mPFC calcium activity is unaffected by acute toluene. 961 

Activity was measured in prelimbic mPFC neurons with fiber photometry in rats injected 962 

with AAV1-CaMKII-GCaMP6f and exposed to air or toluene (A) Exemplar viral 963 

expression (left) and fiber optic ferrule placement (right, black bars). (B) Representative 964 
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15 minute photometry recording following air (black) or toluene (red) treatment with 965 

detected calcium peak (blue arrows). Paired comparison of (C) GCaMP6f event 966 

frequency, (D) mean amplitude, (E) mean width, and (F) mean inter event interval in 967 

toluene and control conditions in seven rats.  968 

 969 

 970 

Figure 6.  PrL mPFC pyramidal activity tracks choice tracks choice selection and 971 

outcome during probabilistic discounting. (A)  Aggregate calcium response (8 rats; 972 

1081 trials) during entire probabilistic discounting task from air-treated controls. Lines 973 

represent average ± sem ΔF/F for safe choice/win (green), risky choice/win (blue), risky 974 

loss (pink). An increase in calcium activity was detected during deliberation, ~1.5 s prior 975 

to choice (shaded column throughout figure).  (B) Average Z-normalized ΔF/F% (left) 976 

and consumption time (right) during choice outcome for each rat with paired 977 

comparison: safe win vs risky win, ^p<0.05; risky loss vs safe win or risky win, *p<0.05. 978 

(C) Traces during deliberation were sorted on probability of rewarded risky choice (i.e. 979 

100%, 50%, 25%, 12.5%, and 6.25%) and choice type (i.e. free and forced); aggregate 980 

Z-normalized mean ± sem ΔF/F with average peaks summarized (right).  Average 981 

calcium response during forced-choice (C.i, 443 traces, 8 rats)  and free-choice  (C.ii, 982 

560 traces, 8 rats). Summary traces exclude instances with < 10 traces across < 3 rats. 983 

Sidak’s multiple comparison of mean value, safe vs risky choice, *p<0.05. Arrow 984 

indicates moment of lever press. 985 

 986 

 987 



Braunscheidel et. al 

 

43 

43 

Figure 7.   Toluene disrupts PrL mPFC pyramidal activity responsible for 988 

predicting preferred choice and encoding consumption during probabilistic 989 

discounting. (A)  Aggregate calcium response (8 rats; 1081 trials) during entire 990 

probabilistic discounting task on toluene treated test days.  Lines represent average ± 991 

sem ΔF/F for safe choice/win (green), risky choice/win (blue), risky loss (pink). An 992 

increase in calcium activity was detected during deliberation, ~1.5 s prior to choice 993 

(shaded column throughout figure).  (B) Average Z-normalized ΔF/F% (left) and 994 

consumption time (right) during choice outcome for each rat with paired comparison: 995 

safe win vs risky win, ^p<0.05; risky loss vs safe win or risky win, *p<0.05. (C) Traces 996 

during deliberation were sorted on probability of rewarded risky choice (i.e. 100%, 50%, 997 

25%, 12.5%, and 6.25%) and choice type (i.e. free and forced); aggregate z normalized 998 

mean ± sem ΔF/F). Average calcium response during forced-choice (C.i, 452 traces, 8 999 

rats)  and free-choice  (C.ii, 566 traces, 8 rats). Summary traces exclude instances with 1000 

< 10 traces across < 3 rats.  Paired t-tests *p <0.05, **p<0.01. Arrow indicates moment 1001 

of lever press.  1002 

 1003 

Figure 8.  Probabilistic discounting during fiber photometry recordings following 1004 

acute air or toluene exposure.  Fiber-tethered rodents expressing GCaMP6f 1005 

performed the probabilistic discounting task following exposure to toluene and air. (A) 1006 

Proportion of risky choice within each probability block following acute exposure to air or 1007 

10,500 ppm toluene. (B, C) Choice strategy across all trials.  Win-stay (B) indicates 1008 

choice of risky lever after risky win while lose-shift (C) indicates choice of safe lever 1009 

after risky loss. (D) Time to choice selection within each probability block. Omissions 1010 
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across all trials (E) indicate no lever press within 10 s time period. (F) Paired 1011 

comparison of consumption time on air vs toluene treatment days across all outcomes. 1012 

(G) Mean ΔF/F% +/- sem for all 8 rats on air vs toluene treatment days during 1013 

deliberation: prior to safe choice (air, 501 traces; toluene, 425 traces) and prior to risky 1014 

choice (air, 523 traces; toluene, 610 traces) with paired comparison summaries (right).  1015 

(H) Mean ΔF/F% +/- sem during choice outcome: during a safe win (air, 501 traces; 1016 

toluene, 425 traces), during a risky win (air, 264  traces; toluene, 282 traces), and 1017 

during risky loss (air, 276  traces; toluene, 330 traces) with paired comparison 1018 

summaries (right). Data shown are mean ± sem; n = 8; 2-way ANOVAs with Sidak’s 1019 

post hoc, n.s. = not significant, *p<0.05, **p<0.01, *p<0.001). Arrows indicate moment of 1020 

lever press. 1021 

 1022 

 1023 

Figure 4-1. First four weeks of probabilistic discounting training in adult rats treated 10x 1024 

with 10,500 ppm toluene vapor during adolescence vs. air treated controls. Proportion 1025 

risky choice and choice latency were compared over five blocks with the probability of 1026 

risky reward equal to 100%, 50%, 25%, 12.5%, and 6.25%.  Win-stay, lose-shift, and 1027 

omissions were compared across the entire session.  1028 


















