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ABSTRACT 29 

Actions executed toward obtaining a reward are frequently associated with the probability of 30 

harm occurring during action execution. Learning this probability allows for appropriate 31 

computation of future harm to guide action selection. Impaired learning of this probability may 32 

be critical for the pathogenesis of anxiety or reckless and impulsive behavior. Here we designed 33 

a task for punishment probability learning during reward-guided actions to begin to understand 34 

the neuronal basis of this form of learning, and the biological or environmental variables that 35 

influence action selection after learning. Male and female Long-Evans rats were trained in a 36 

seek-take behavioral paradigm where the seek action was associated with varying probability of 37 

punishment. The take action remained safe and was followed by reward delivery. Learning was 38 

evident as subjects selectively adapted seek action behavior as a function of punishment 39 

probability. Recording of neural activity in the medial prefrontal cortex (mPFC) during learning 40 

revealed changes in phasic mPFC neuronal activity during risky seek actions but not during the 41 

safe take actions or reward delivery revealing that this region is involved in learning of 42 

probabilistic punishment. After learning, the variables that influenced behavior included 43 

reinforcer and punisher value, pretreatment with the anxiolytic diazepam, and sex. In particular, 44 

females were more sensitive to probabilistic punishment than males. These data demonstrate 45 

that flexible encoding of risky actions by mPFC is involved in probabilistic punishment learning 46 

and provide a novel behavioral approach for studying the pathogenesis of anxiety and 47 

impulsivity with inclusion of sex as a biological variable.  48 

 49 

Keywords 50 

Decision making, risk taking, medial prefrontal cortex, fiber photometry, anxiety, sex as a 51 

biological variable 52 

Significance Statement 53 

Actions we choose to execute toward obtaining a reward are often associated with the 54 

probability of harm occurring. Impaired learning of this probability may be critical for the 55 

pathogenesis of anxiety or reckless behavior and impulsivity. We developed a behavioral 56 

procedure to assess this mode of learning. This procedure allowed us to determine biological 57 

and environmental factors that influence the resistance of reward seeking to probabilistic 58 

punishment and to identify the medial prefrontal cortex as a region that flexibly adapts its 59 

response to risky actions as contingencies are learned.   60 
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INTRODUCTION 61 

Actions executed toward obtaining a desired outcome are often associated with varying 62 

risk of harmful consequences. For example, driving a car to go to a restaurant for dinner 63 

(reward) is associated with the probability of getting into a car accident (punishment). This 64 

probability increases if driving in a blizzard and increases even further if the driver is drunk. In 65 

these contexts, the desired outcome (or reward) is certain after the successful execution of the 66 

action. What changes is the probability that a punishment may occur during action execution. 67 

Importantly, the punishment probability associated with an action is often learned. In the above 68 

example, one is either taught, or learns by experience, the hazards of driving in bad weather or 69 

while drunk. After learning, computation of this probability is fundamental to making the optimal 70 

decision to execute, or to inhibit, reward-guided actions. Abnormalities in this computation may 71 

lead to an exaggerated assessment of punishment risk, which is a hallmark of anxiety disorders, 72 

or to attenuated calculation of this risk, which may be associated with reckless behavior or 73 

impulsivity (Bechara, Dolan, & Hindes, 2002; Hartley & Phelps, 2012; Ersche et al., 2016;  74 

Vanderschuren et al., 2017; Bressel, Killcross, & McNally, 2018).  75 

 76 

We sought to design a model for punishment probability learning during reward-guided actions 77 

with two aims in mind: 1) to begin to understand the neuronal basis of this form of learning and 78 

2) to characterize the biological and environmental variables that influence the decision to 79 

execute, or to resist, reward-directed actions after learning. We posited that neuronal 80 

ensembles in the medial prefrontal cortex (mPFC), a region extensively implicated in post-81 

learning risky decision making (St. Onge & Floresco, 2010; Orisini et al. 2018) and punishment 82 

representation (Pascoli et al., 2015), are dynamically involved in punishment probability 83 

learning.  Our choice to focus on the mPFC was further supported by a large literature 84 

implicating subregions of mPFC in fear conditioning (Baeg et al., 2001; Corcoran & Quirk, 2007) 85 

or tasks that assess the impact of punishment on rewarded action when alternative reinforcing 86 

outcomes are possible (Chen et al., 2013a; Friedman et al., 2015).   87 

 88 

Guided by previous work (Azrin et al. 1963; Pelloux et al., 2007; Simon et al., 2009; Park and 89 

Moghaddam, 2017), we designed a task for rats where actions taken toward obtaining the same 90 

reward were associated with changes in the risk of punishment. The focus on obtaining the 91 

same reward was critical because choosing different rewarding outcomes is not always an 92 

option in the real world and, in the case of addictive disorders, may no longer be salient or 93 

viable (Volkow et al., 2003). The task used a chained schedule of reinforcement where an initial 94 
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“seek” action preceded a “take” action, which then led to reward delivery. Seek and take actions 95 

were operationally similar but punishment (mild shock) probability was introduced, using an 96 

ascending design, only contingent on the seek action. Learning was quantified by changes in 97 

trial completion and seek action latency as a function of punishment risk.  98 

 99 

Using fiber photometry to measure real time changes in neuronal calcium activity, we find that 100 

learning is associated with changes in the phasic response of mPFC neuronal activity during the 101 

seek action but not during the take action, reward delivery, or shock. After learning, the 102 

variables that influenced behavior included reinforcer and punisher value, pretreatment with the 103 

common anxiolytic diazepam, and sex. The influence of sex as a biological variable was 104 

explored in detail to reveal critical similarities and differences on how risk of punishment is 105 

integrated into reward-guided actions.  106 

 107 

MATERIALS AND METHODS 108 

 109 

Subjects 110 

 111 

Adult Long-Evans rats, pair-housed on a reverse 12 h:12 h light/dark cycle, were used. 112 

All experimental procedures were performed during the rodents’ dark (active) cycle. Subjects 113 

were run in several cohorts with equal representation of males and females in each cohort. 114 

For task characterization, 28 adult rats (14 male, 14 female) were obtained from Charles 115 

River at postnatal day (PND) 50-55. About a week after arrival, they were handled and food 116 

restricted to 14 g/day. The food restriction was monitored throughout the study to maintain their 117 

weight at 90% of free feeding weight, with the target weight increasing by 5 g per week. Training 118 

began at PND 65-69, at which time males and females on average weighted, 278 g and 208 g, 119 

respectively. For fiber photometry experiments, 8 adult rats (4 male, 4 female) bred in house 120 

were used (♂- 330-380 g, ♀ - 230-242 g; >PND 86 at time of recording). All experimental 121 

procedures were approved by the OHSU Institutional Animal Use and Care Committee and 122 

were conducted in accordance with National Institutes of Health Guide for the Care and Use of 123 

Laboratory Animals. 124 

 125 

Overview of Experimental Design 126 

 127 
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The probabilistic punishment task paradigm is depicted in Figure 1a and 1b. For fiber 128 

photometry (n=2-4 per cohort) and task characterization studies (n=12-16 per cohort), separate 129 

cohorts with equal male-female representation were used to ensure replicability of performance. 130 

All cohorts were trained to learn the task similarly. After learning, two of the cohorts used for 131 

task characterization were treated differently as follows: one cohort (n=16) was tested with 132 

shock intensity adjusted for body weight (1 mA/kg, 300 ms), another cohort (n=12) was tested in 133 

the task after diazepam treatment followed by satiation, behavior titrated shock intensity, shock 134 

extinction, and progressive ratio after a washout period (see below).   135 

 136 

Surgery for fiber photometry 137 

 138 

Viral Infusion Surgery: Prior to task training, subjects were injected with a virus (AAV8-139 

hSyn-GCaMP6s-P2A-tdTomato, OHSU Vector Core, 5e13 ng/mL) to allow for pan-neuronal 140 

expression of fluorescent calcium indicator GCaMP6s in the prelimbic mPFC as well as a non-141 

calcium dependent fluorophore tdTomato. The coexpression of tdTomato allows for a motion 142 

artifact control signal to be used to correct GCaMP signals in noisy environments with rodents 143 

(Soares et al., 2016; Matias et al., 2017; Babayan et al., 2018; Menegas et al., 2018). Rats were 144 

anesthetized with isoflurane and placed in a stereotaxic apparatus. Following an incision and 145 

topical application of lidocaine, craniotomy was performed to lower a 10 μL syringe (Hamilton) 146 

for virus infusion into the mPFC. Two injections were made (325 nL/site @ 50 nL/min) at the 147 

coordinates AP +2.7, ML + 0.65, DV -2.5 and -3.5 mm (from dura) with the most ventral injection 148 

always performed first. A microcontroller (World Precision Instruments) was used for the 149 

injections. Virus was allowed to diffuse for 5 min after the most ventral injection. The needle was 150 

slowly raised and the second injection was performed and allowed 12 min to diffuse. After this 151 

the needle was removed, the incision was stapled, and animals were given a 5 mg/kg injection 152 

of carpofen subcutaneously. 153 

 154 

Fiber Implant Surgery: After allowing at least 6 weeks for virus expression and 155 

stabilization, subjects were implanted with an optical fiber (400 μm core) aimed at the prelimbic 156 

region of the mPFC (AP +2.7, ML + 0.65, DV -3.3 mm from dura) using the surgical procedures 157 

outlined above, with the exception that three additional bore holes were made for three skull 158 

screws which surrounded the craniotomy of the mPFC. The optical fiber was slowly lowered and 159 

was glued to the skull with light-curing epoxy (Tetric N-flow, Ivoclar Vivadent). Subjects were 160 

given 5 mg/kg of carpofen after this procedure and returned to ad libitum food for 5 d before 161 
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returning to food restriction. Subjects were given 1 week to recover from surgery before 162 

behavioral testing and were handled every other day to habituate them to being connected to 163 

the recording patchcord. 164 

 165 

Apparatus 166 

 167 

Operant chambers (Coulbourn Instruments, PA) were used for behavioral testing. They 168 

included two nose poke holes, which could be illuminated, on one wall located 2 cm above a 169 

grid floor. The grid floor was connected to a shock generator which delivered foot shocks. The 170 

food trough was on the opposite wall and was used to dispense 45 mg sucrose pellets (Bio-171 

Serv) and detect food trough entries. Chambers contained infrared activity monitors 172 

(Coulbourne Instruments, PA) located on the roof of the chamber which detected rodent body 173 

movements in arbitrary units. Graphic State software (version 3.03 and 4, Coulbourn 174 

Instruments) running on a windows PC was used for programming the task. For fiber 175 

photometry experiments, the operant chamber had an opening in the top of the box to permit 176 

entry for the recording patchcord.  177 

 178 

Chain schedule training  179 

 180 

After 1 d of habituation to the operant box and food trough (60 min, pellet dispensed 181 

every 45 s on average), subjects began chained schedule training. Subjects were first trained to 182 

respond on the "take" nose poke under a fixed ratio 1 (FR1) for 45 mg sucrose pellets. Daily 183 

sessions lasted until 90 pellets were delivered or 90 min elapsed. This phase of training lasted 6 184 

days. Subjects were then trained to respond on the "seek" nose poke. A FR1 response on the 185 

seek nose poke (first link of the chain) resulted in extinguishing of the seek nose poke light 186 

concurrent with a 750 ms delay. After this delay, the take nose poke was illuminated and 187 

completion of an FR1 on the illuminated take nose poke (second link of the chain) resulted in 188 

extinguishing of the take nose poke light concurrent with food delivery and food trough 189 

illumination. Subjects were required to retrieve the pellet to initiate the 10 s inter-trial interval 190 

(ITI). After the ITI, the seek nose poke was illuminated and a new trial began. Responding 191 

during the ITI was recorded but had no scheduled consequences. The side of seek and take 192 

nose pokes were counterbalanced across subjects. After the completion of 90 trials or 90 min 193 

the session was terminated. All subjects were given 4 d of training and were moved to no-shock 194 

baseline procedures.  195 
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 196 

 197 

No-Shock Baseline Procedures  198 

 199 

This procedure began after subjects reliably learned the chained reinforcement 200 

schedule. The schedule of reinforcement was identical to that in previous training with the 201 

exception that the 90 trials were broken into six 15 trial blocks that were 15 min in length. Each 202 

block began by a 3 min time-out (TO) period, where all lights were extinguished, followed by a 203 

12 min response period where subjects could earn up to 15 pellets. The nose poke light 204 

remained on until the subject made a response on the illuminated nose poke or until the end of 205 

the 12 min response period. If the 12 min response period ended before completion of the 15 206 

possible trials, then lights were extinguished, and the subject moved to the next block. If 207 

subjects completed 15 trials before the 12 min response period elapsed, all lights were 208 

extinguished and responding produced no programmed consequences for the duration of the 12 209 

min response period. Thus, these sessions served as a control to verify that subjects learned 210 

and could complete the sequential actions in a block-wise manner without punishment. These 211 

control sessions are hereafter referred to as “no-shock” sessions. After subjects performed this 212 

procedure for 4 d, they began the probabilistic punishment task.  213 

 214 

Probabilistic Punishment Task Procedures 215 

 216 

After no-shock baseline procedures, footshock contingencies were introduced for the 217 

probabilistic punishment task. The reinforcement schedule was identical to that used in the no-218 

shock baseline procedure but now each block was accompanied by an increase in probability of 219 

a mild footshock (0.25 mA, 300-ms) immediately after the seek action. As was the case in no-220 

shock procedures, subjects could complete up to 15 trials in a block. A trial ended upon reward 221 

retrieval after completion of the seek and take action sequence or after the 12 min response 222 

period elapsed in the absence of action execution. To prevent generalization of the shock to 223 

other blocks, the risk of the seek action contingent footshock increased with each successive 224 

block in the same ascending order for each session (0%, 6%, 10%, 18%, 30%, 60%). To assess 225 

learning of probabilistic punishment we performed the task for 12-consecutive sessions and 226 

monitored subject behavior. The task was considered learned when stable behavior was 227 

achieved for trial completion. We considered performance stable when two-way ANOVA 228 

analysis of trial completion in the last 5 consecutive sessions in either sex revealed no main 229 
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effect of session or interaction. This is a similar approach to that used in previous studies 230 

(Simon et al., 2009).  231 

 232 

The behavioral procedure was optimized for fiber photometry recording. This was done by 1) 233 

increasing the delay between the “seek” action and “take” cue illumination to 1.5 s to account for 234 

the relatively slow offset of GCaMP6s activity (Decay Time t1/2=1 s for 1 action potential; Chen 235 

et al., 2013b), 2) increasing the delay between take action and reward delivery to 1 s, 3) 236 

increasing the inter-trial interval to 15 s allow for increased samples for normalizing the control 237 

signal, 4) increasing the risk of shock from 0% to 18% in quarter log units (i.e. 4 blocks) to allow 238 

for increased signal to noise ratio for each block by allowing for 20 trials per block rather than 239 

15, and 5) shorter inter-block intervals of 2 min and less blocks decreased the task length down 240 

to 56 min, to prevent photobleaching of fluorophores that can occur of continuous exposure to 241 

light. Behavior was considered stable after a minimum of 4 sessions and when individual trial 242 

completion was within 25% of a 3 d mean for 3-consecutive sessions.  243 

 244 

Fiber Photometry Systems and Recording Procedures  245 

 246 

Two commercially available fiber photometry systems, Neurophotometrics Model: 247 

FP3001 (NPM) and Tucker-Davis Technologies RZ5 (TDT) were used. For NPM, recording 248 

(n=2) was accomplished by providing both 470 nm and 560 nm excitation light through the 400-249 

μm core patchcord to the mPFC for GCaMP6 and tdTomato signals, respectively. LEDs were 250 

reflected through a dichroic mirror and onto a 20X Olympus objective. Excitation power was 251 

measured at 240-260 μw at the tip of the patch cord. Emission at 510-530 and 630-660 nm, 252 

from 470 and 560 nm excitation light, respectively, were split with an image splitting filter and 253 

captured via a high quantum efficiency CMOS Pointgrey camera. Recordings were performed 254 

using bonsai open source software (Lopes et al., 2015) and recorded at 41 Hz.  255 

For TDT recording (n=5), excitation light was emitted from a 465 and 560 nm LED (Doric 256 

Instruments), sinusoidally modulated at 220 and 310-Hz, respectively, and controlled through an 257 

LED driver interfacing with the TDT RZ5 processor running Synapse software. Excitation light 258 

was passed through a 400 μm core patchcord connected to a dual fluorescence mini-cube 259 

(Doric Instruments). Light intensity at the tip of the patchcord was started at 10 μw but adjusted 260 

on an individual basis to optimize comparable levels of GCaMP and tdTomato signal and 261 

prevent photodetector clipping. This resulted in a range of 1-10 μw for light intensity for these 262 

subjects. GCaMP and tdTomato emission (500-540 nm and 580-680 nm, respectively) were 263 
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collected back through the patchcord to dichroic mirrors and bandpass filters within the Doric 264 

minicube. Fluorescence was converted to voltage through two femtowatt detectors (Newport 265 

2151). Synapse software demodulated fluorescence signals in real time at 1 kHz with a 6-Hz 266 

low pass filter.  267 

For both systems, timestamps of behavioral events were collected by 5 V TTL pulses 268 

that were read into an Arduino interfaced with bonsai software or the same RZ5 processor in the 269 

NPM and TDT systems, respectively, to allow for aligning calcium activity with specific 270 

behavioral events in the task.  Following behavioral training, but prior to shock contingency 271 

exposure, subjects were well acclimated to connection of the recording patchcord to assure 272 

changes in behavior were not due to distraction from the recording setup. The recording fiber 273 

was prebleached once over 12 h and for 30 min prior to recording sessions (constant 274 

illumination of both LEDs at about 300 μw power). To prevent slippage of patchcord connector 275 

from the implant the THOR ADAL3 connector was used instead of a standard ceramic ferrule. 276 

Subjects were connected to a dummy fiber for non-recording days, on control no-shock and 277 

probabilistic punishment task sessions, which mirrored the recording fiber but did not emit any 278 

light. Recording was performed at 2-3 timepoints: in the third no-shock session before 279 

probabilistic punishment (n=5), at the first probabilistic punishment session when subjects first 280 

experience the footshock contingencies (Session 1; n=7), and after behavior had stabilized, i.e. 281 

the task was learned (Session 5-8; n=7). 282 

 283 

Body Weight and Behavior Titrated Shock 284 

 285 

Subjects in one cohort (n=16) were required to achieve stable performance (as indicated 286 

above) using a footshock which was titrated based on body weight (1.0 mA/kg, 300-ms; Cooper 287 

et al., 2014; Orsini et al., 2016). In another cohort (n=12), shock intensity was later titrated for 288 

each subject until animals showed comparable levels of action suppression of about 50% trial 289 

completion for the session (behavior titrated shock). This was done by increasing or decreasing 290 

the shock intensity by about 0.05 mA until stable behavior was acquired (three consecutive 291 

sessions within 25% of the session mean). This procedure allowed for comparisons of how 292 

punishment probability effects reward seeking when the shock intensity produced action 293 

suppression in all subjects.  294 

 295 

Diazepam Testing 296 

 297 
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Injectable diazepam (Pfizer/Hospira, Lake Forest, Il.) at a concentration of 5 mg/mL was 298 

used. Sterile saline (0.9% NaCl) was used for control injections. Diazepam (1.0 and 2.0 mg/kg) 299 

or saline was administered intraperitoneal 10 min prior to operant sessions with all injections 300 

given at a volume of 0.5 mL/kg or less. Doses of the same drug were separated by at least one 301 

day contingent on subjects performing within 25% of baseline (pre-diazepam) levels or after 302 

reestablishment of stable behavior (mean overall trials completed for three consecutive 303 

sessions within 25%).  304 

 305 

Satiety Testing 306 

 307 

Subjects had 22 h of unlimited access to standard lab chow before a probabilistic 308 

punishment task session.  309 

 310 

Shock Threshold Testing 311 

 312 

Procedures were performed similar to previously published methods (Soderpalm & 313 

Engels, 1988). Subjects were placed in the chamber under red light for 15 min with no 314 

scheduled consequences on day 1. On day 2, after 3 min of acclimation to the operant 315 

chamber, a footshock was applied about every 40 s (contingent on all 4 paws being on the 316 

shock grid). An ascending intensity (0, 0.05, 0.06, 0.08, 0.1, 0.13, 0.16, 0.2, 0.3 mA) was used 317 

until the subject responded to the stimulus with a flinch, defined as a sudden rearward jerk 318 

immediately after shock administration.  319 

 320 

Extinction of Shock Suppressed Behavior 321 

 322 

After a 3 week break, animals were tested for three sessions on probabilistic punishment 323 

task behavior using the behavior titrated shock intensities to ensure that behavior remained 324 

stable. They were then tested in extinction sessions where no footshock punishment was 325 

administered during the task.  326 

 327 

Progressive Ratio Behavior 328 

 329 

Progressive ratio (PR) procedures were performed after extinction of shock suppressed 330 

behavior in accordance to previously published methods (Richardson and Roberts, 1996). 331 
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Briefly, completion of a fixed ratio on what was previously the take nose poke resulted in a food 332 

pellet. The fixed ratio increased according to the following algorithm, response ratio = [(5xe0.2n)-333 

5], where n is the number of reinforcers earned for a given session. PR sessions ran for 5 h or 334 

until 45 min elapsed without the completion of a ratio. The last completed ratio was considered 335 

the subjects’ break point (BP). PR sessions were run for 6 d and all subjects reached a stability 336 

criterion of two consecutive sessions with a BP within two step sizes. 337 

 338 

Open Field Testing  339 

 340 

In cohort one, animals were tested on the open field 3 d after food restriction but before 341 

any operant training. The open field consisted of a gray box (36” x 36”) with grey walls (16” 342 

height). Sessions were performed during the rodent dark cycle under constant red-light 343 

conditions. Subjects were placed in the center of the open field and allowed 10 min to explore 344 

the field. Zone entries as well as total distance traveled was monitored by camera and analyzed 345 

using Smart software (Version 3.0, Harvard Apparatus). Dependent measures were percent 346 

time in the inner region, percent time in the outer region, and locomotor activity (total distance 347 

traveled). 348 

 349 

Task Characterization Data and Statistical Analysis 350 

 351 

We assessed both no-shock and probabilistic punishment task sessions. Trial 352 

completion was measured as the percentage of completed trials (of the 15 possible) for each 353 

block, while action latencies were defined as time from nose poke cue onset to action execution. 354 

Group mean values for each risk block or comparing risk and no-risk blocks are presented as 355 

mean ± SEM in all figures. In addition to assessing trial completion over each punishment risk 356 

we also analyzed overall trial completion to determine if subgroups emerged that were 357 

differentially sensitive to punishment based on an 80/30% trial completion split where >80% 358 

completion was resistant, 30-80% completion was moderate, and <30% completion was 359 

sensitive to punishment (Gabriel et al., 2019). For action latency measures an exclusion criteria 360 

was utilized where data were only included in analyses if the subjects completed two or more 361 

trials for a given block. Further non-complete actions were not included in latency analysis. This 362 

was done to prevent errant data points from skewing the data. Because the lack of some 363 

latency data from subjects not completing any trials complicates the ability to perform repeated 364 

measures ANOVA, latency behavior in risk associated trials was collapsed across the five 365 
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blocks with risk of shock (6%-60%) to yield values for behavioral indices of action latency 366 

changes when punishment risk was present versus the no risk (0% risk) block. 367 

Statistical procedures utilized either an ANOVA or mixed-effects model. Three-way 368 

ANOVA was used with factors of Risk Blocks, Sex, and Session type and followed up with two-369 

way or one-way ANOVA where appropriate. Because of smaller sample sizes in 370 

pharmacological, extinction, titration, and satiety procedures, we assessed these manipulations 371 

with two-way ANOVA using factors of Risk Block and Manipulation or Treatment. Tests were 372 

done with the Greenhouse-Geisser correction for sphericity violation where appropriate. Activity 373 

counts during the ITI and during the shock period (i.e. the 300-ms period during which the shock 374 

was administered) were also quantified and activity during blocks was collapsed and compared 375 

using two-tailed t-tests. Post-hoc comparisons were performed using the bonferroni correction. 376 

An alpha level of .05 was used for all tests. Behavior data files were processed using custom 377 

written scripts in Python (version 2.7 and 3.0) and all statistical analyses were performed in 378 

GraphPad Prism (Version 8, San Diego, CA) or R (Version 3.6.1, ez package).  379 

 380 

Behavioral Modeling: Behavioral modeling of punishment probability dependent changes 381 

in trial completion was performed by fitting a sigmoid using a four-parameter logistic regression 382 

equation (4PLR) with the least squares method to the three stability days when shock was 383 

titrated for behavioral output. The 4PLR utilized the following equation: 384 

 385 

Y=d + (a-d)/(1+10^((c-X)*b)) 386 

 387 

Where Y is the percent of trials completed, X is the log risk of shock, a is the top of the 388 

asymptote, constrained to be less than or equal to 100, d is the bottom asymptote, c is the X 389 

value associated with a 50% decrease in behavior, and b is the measurement of steepness of 390 

the curve. To assess the integration of increasing probabilistic punishment, we quantified the 391 

slope of the linear portion of the sigmoid between high and low action by fitting a linear trendline 392 

to the bend points of the sigmoid. Briefly, we used the estimates for the top and bottom 393 

asymptote (a and d, respectively) and applied the following formula: 394 

Upper= (a-d)/(1+k)+d  395 

Lower= (a-d)/(1+1/k)+d 396 
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Where k is a constant equal to 4.6805 (Sebaug and McCray, 2003). A linear trendline was then 397 

fit to the upper and lower values to yield a slope for the linear portion of the sigmoid. Modeling 398 

was performed in GraphPad Prism (Version 8). 399 

 400 

Fiber Photometry Data and Statistical Analysis 401 

 402 

Signals from the 465 (GCaMP6) and 560 (tdTomato) streams were processed in Python 403 

(Version 3) using custom written scripts. 465 and 560 streams were broken up based on the 404 

start and end of a given trial (for a given trial n: start of the ITI of trialn-1 to end of the ITI of trialn). 405 

This was done to fit the control 560 signal to the 465 signal on a trial by trial basis using a least 406 

squares linear fit (numpy polyfit function in Python), as fitting the control signal to the entire 407 

session recording can be difficult when high amounts of motion are present as in the current 408 

task or if bleaching rates are different between fluorophores (Soares et al., 2016; Matias et al., 409 

2017). The fitted 560 signal was then subtracted from the corresponding 465 signal to yield the 410 

change in fluorescent activity (∆F/F= 465 signal - fitted 560 signal/ fitted 560 signal) that is 411 

corrected for non-calcium dependent motion artifact and photobleaching from extended light 412 

exposure.  413 

To assess if changes in calcium activity were present after behavioral action execution 414 

(seek action and take action) and to normalize activity changes based on basal fluorescence, 415 

peri-event z-scores were computed by comparing the ∆F/F after the behavioral action to the 1.5 416 

s baseline ∆F/F prior to the behavioral action. For example, the changes in ∆F/F following the 417 

seek action was compared to mean of the ∆F/F 1.5-0.02 s prior to the seek action. Because 418 

data from the NPM was sampled at 41 Hz, we downsampled the TDT signals to 41 Hz as well 419 

for graphical purposes using Fourier method (scipy library in Python). We further separated 420 

punished (i.e. shock) trials from unpunished trials, to investigate differential activity that was 421 

seen during punishment administration and during anticipation of, but no actual administration 422 

of, punishment. To quantify positive or negative changes in calcium activity following action 423 

execution we performed net area under the curve analysis (trapezoidal method) for 1 s after the 424 

seek action or take action and for the 2 s after reward delivery. These values were analyzed 425 

using mixed effects model with factors Session and Risk Block. Post-hoc bonferroni corrections 426 

were used when comparing sessions to other sessions or comparing to the 0% risk block. To 427 

investigate individual differences, we performed correlational analyses between behavioral and 428 

mPFC activity changes before and after learning (i.e. between Session 1 and Session 5-8). To 429 

account for sex differences in behavior, we normalized behavior changes by taking the change 430 
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in trial completion (TrialsSession 5-8-TrialsSession1) and z-scoring it for each sex. Thus more negative 431 

values reflect subjects who showed greater decreases in resistance to probabilistic punishment. 432 

For mPFC activity we took the difference between risk block z-score AUCs for seek actions in 433 

the corresponding sessions (AUCSession 5-8-AUCSession1). After verifying no violations in normality 434 

with the Shapiro-Wilk test, we performed two-tailed Pearson correlations for punished and 435 

unpunished trials. All statistical tests were performed with an alpha level of .05 in GraphPad 436 

Prism (Version 8).  437 

 438 

Histology and Imaging 439 

 440 

Viral expression and fiber placements were verified after behavioral testing. Subjects 441 

were transcardially perfused with 0.01 M phosphate buffered saline followed by 4% 442 

paraformaldehyde (PFA). Brains were removed and post-fixated in PFA for 36 h before being 443 

placed in 20% sucrose solution and stored at 4°C. Forty-μm brain slices were collected on a 444 

cryostat (Leica Microsystems) and preserved in 0.05% phosphate buffered azide. Brain slices 445 

were mounted to slides and cover slipped with vectashield anti-fade mounting medium. A Zeiss 446 

Apotome.2 microscope was used to image brain slices for GFP (Zeiss Filter set 38: 470-nm 447 

excitation/525-nm emission) and tdTomato (Zeiss Filter Set 43: 545-nm excitation/605-nm 448 

emission) to validate expression of both fluorophores in cells near the fiber tip. Rat brain atlases 449 

(Paxinos and Watson, 1998) were overlaid onto brain slices to determine the location of viral 450 

expression and fiber placement. Fiber placement was determined by the brain slice 451 

demonstrating the most ventral fiber damage. 452 

 453 

Excluded Data 454 

 455 

Behavioral data from four individual subjects’ sessions were excluded due to feeder 456 

malfunctions. Fiber photometry data from one male were excluded from fiber photometry 457 

experiments due to injection of a differing GCaMP6 expressing viral construct from the other 458 

subjects, complicating his comparison to other subjects. This subject was included for 459 

behavioral analysis. Trials where the optical fiber patch cord fell off during action periods and 460 

needed to be reconnected were also excluded.  461 

 462 

RESULTS 463 

Learning of Probabilistic Punishment Task 464 
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Guided by other tasks (Pelloux et al., 2015; Park & Moghaddam, 2017), our task used a chained 465 

schedule of reinforcement involving two sequential actions. Rats first executed a “seek” 466 

instrumental action in one nose poke followed by a “take” instrumental action in a second nose 467 

poke, which then led to reward delivery (Figure 1a). The “seek” action was punished by 468 

delivering of a mild footshock after rats completed the action. The probability of the “seek” action 469 

being punished escalated in a blockwise manner throughout a single session (Figure 1b).  470 

Rats first learned to perform the sequential actions without punishment, which are designated 471 

as no-shock sessions, for at least four sessions. To validate task learning and to further mirror 472 

other procedures assessing risky choice, we determined stable probabilistic punishment task 473 

behavior after introduction of footshock punishment by identifying when five consecutive 474 

sessions produced no significant effect of session nor session by risk interaction in a two-way 475 

ANOVA for each cohort (Simon et al., 2009). These methods determined that stable behavior 476 

was observed in sessions 4-11 (range for all cohorts; main effect of session or session by risk 477 

block interaction: F values <1.97, p values >.13). After assessing the first 11 probabilistic 478 

punishment task sessions, we noted that task behavior differed in Session 1, when animals 479 

were first learning of the shock contingency, compared to Sessions 4-11 where the task was 480 

learned. In Session 1, there was an overall resistance to probabilistic punishment in the 6%-481 

18% risk blocks that decreased after subjects learned the task in Sessions 4-11 (session by risk 482 

block interaction: F (3.07, 83.05)=18.04, p <.01; post hoc p’s<.021; Figure 1c).   483 

Characterization of Probabilistic Punishment Task After Learning  484 

Collapsed data for the last two no-shock sessions and the probabilistic punishment task 485 

sessions when performance under shock risk was stable as determined by ANOVA are shown 486 

in Figure 2a-e. As noted earlier, trial completion decreased as a function of punishment 487 

probability (risk block by session type interaction: F (2.3,60.04)=32.27, p < .0001), with 488 

significant decreases for all risk blocks in probabilistic punishment (i.e. shock) sessions 489 

compared to the corresponding block in the no-shock sessions (post hoc p values<.029).  490 

Inspection of these data at the individual level revealed considerable between-subject variability 491 

in punishment resistance, with subjects showing anywhere from complete punishment 492 

resistance to little. Dividing subjects based on trial completion into punishment resistant (>80% 493 

trial completion), moderate (30-80% trial completion), and sensitive (<30% trial completion) 494 

subgroups resulted in 15/28 resistant, 8/28 moderate, and 5/28 sensitive subjects (Figure 2a, 495 

right).  496 
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The suppressive effects of probabilistic punishment were observed during the latency to 497 

complete the “seek” action, i.e. the risky action (risk by session type interaction:  F(1,26)=27.9, 498 

p<.001, Figure 2b). Increased seek action latency was observed in the risk blocks of 499 

probabilistic punishment sessions compared to the corresponding blocks in no-shock sessions 500 

(Figure 2b, right; post hoc p<.001). Overgeneralization of shock risk to the 0% risk block, i.e. 501 

first block, was not observed (post hoc p=.99 vs. no-shock). Of note, variability increased at 502 

higher risk blocks because fewer subjects completed more than one trial (21/28 subjects). 503 

Subjects also demonstrated anticipation of footshock as the latency to complete the first “seek” 504 

action of a block increased with punishment risk compared to no-shock sessions (risk by 505 

session type interaction: F(1,26)=29.08, p<.001; Figure 2c) and was also specific to blocks with 506 

a risk of shock (post hoc p<.01). Seek actions were followed by a small (<1 s) but significant 507 

increase in latency to complete the take action in probabilistic punishment sessions (risk by 508 

session type interaction: F(1,26)=9.45, p=.005, Figure 2d). Because in some trials, the take 509 

action is operationally preceded by footshock, we further investigated if the increase in take 510 

action latency is related to receiving a footshock. A one-way ANOVA was used to compare take 511 

action latency for take actions preceded by footshock (punished) and no footstock (unpunished) 512 

in punishment risk sessions with take actions from the corresponding blocks (i.e. blocks 2-6) in 513 

no-shock sessions. This analysis revealed take action latency increases seen in probabilistic 514 

punishment sessions were related to receiving the footshock punishment (main effect of trial 515 

type: F(1.07, 29.1 = 17.3, p <.01). Take action latency in punished trials was increased 516 

compared to the no-shock sessions and the unpunished trials of punished sessions (post hoc p 517 

values ≤ .001) while unpunished trial latencies were comparable to that of the no-shock 518 

sessions (post hoc p=.99, Figure 2d right). 519 

Reward retrieval latency was not influenced by risk of shock (risk by session type 520 

interaction: F(1,26)=0.31, p=.58; Figure 2e) but modestly increased in later blocks compared to 521 

earlier blocks regardless of whether shock risk was present (main effect of block: F(1,26)=27.6, 522 

p<.001). This suggests a lack of overgeneralization of punishment to the context. 523 

In one cohort we also assessed innate anxiety in the open field before task training to 524 

assess if individual patterns exploratory behavior would be associated with learned punishment 525 

related behavior in the probabilistic punishment task (n=16; Table 1). Individual variability in 526 

punishment resistance was not associated with exploratory behavior in the inner or outer zones 527 

of the open field or overall locomotor activity. Similarly, increases in seek latency during risk 528 
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blocks were not associated with increased time spent in the inner or outer zones of the open 529 

field, nor with activity as assessed through locomotor activity. 530 

Prefrontal cortex activity represents learning of probabilistic punishment 531 

The mPFC is implicated in risky choice, the representation of aversive stimuli, and action 532 

inhibition (Chen et al., 2013a; Pascoli et al., 2015; Friedman et al. 2015; Orsini et al., 2018; 533 

Verharen et al., 2019). Importantly, neurons in mPFC are sensitive to punishment risk as well as 534 

to the experience of a stressor or punisher (McEwen and Morrison, 2013 for review; Park & 535 

Moghaddam, 2017). Little is known, however, if the mPFC flexibly encodes probabilistic 536 

punishment during learning. Thus, we hypothesized that in our task, the mPFC processes risky 537 

action differently when probabilistic punishment is a factor. We used fiber photometry to record 538 

mPFC calcium activity in rats performing an optimized version of the probabilistic punishment 539 

task (see methods, Figure 3a) which focused on the risk blocks that deviated between Session 540 

1 and after learning as seen in earlier behavior studies (Figure 1c). Fiber photometry, 541 

compared to spike recording, provided the advantage of being able to record the mPFC 542 

response during footshock (i.e. punished trials).  543 

Viral expression was apparent in the mPFC and fiber placements were located within the 544 

prelimbic region (Figure 3b). Fiber placement in one subject was on the borderline of the 545 

prelimbic/infralimbic region. Inspection of the data, however, revealed that the patterns of 546 

activity for this subject was similar to the rest of the group (data not shown). Using an 547 

individualized method of determine task learning (see methods), we found that performance 548 

was stable by Sessions 5-8. After learning, punishment resistance decreased in Sessions 5-8 549 

compared to Session 1 (Figure 3c, main effect of session: F(1,7)=5.95, p=.04), mirroring the 550 

behavior seen in the full version of the probabilistic punishment task at the corresponding 0-18% 551 

risk blocks (Figure 1c). Further, increasing shock risk resulted in decreases in trial completion 552 

(main effect of risk block: F(1.2,8.8)=9.42, p=.01; post hoc p=.002 at 18% risk). While no risk 553 

block by session interaction was present (F(1.2,8.44)=1.614, p=.24) it is apparent that the 554 

differences between Session 1 and Session 5-8 were driven by the 6-18% risk blocks as all 555 

subjects completed 100% of the trials when risk was 0% for Session 1 and 5-8. 556 

After z-scoring calcium activity based on behavioral action, we noticed robust elevations 557 

in the mPFC following shock administration (Figure 3d,3e). This led us to divide trials into 558 

punished and unpunished trials focused around the seek action (i.e. the action with a risk of 559 

shock). Unpunished seek actions revealed a different response depending on session (main 560 
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effect of session: F(1.56,9.4)=5.9, p=.026).  We observed a decrease in activity during seek 561 

action execution in Session 1 that was similar to those observed in the no-shock session (post 562 

hoc p=.40, Figure 4a-b).  After learning (Session 5-8) the magnitude of decrease during seek 563 

action execution was attenuated (post hoc p<.01 vs no-shock, p<.01 vs session 1; Figure 4c, 564 

right). Near significant changes in calcium activity with increasing blocks were also observed 565 

(main effect of risk block: F(1.58,9.5)=3.7, p=.069).  566 

In contrast to the decrease in mPFC activity during seek action execution when animals 567 

did not receive shock, the same action executed when shock was received produced a large 568 

increase in mPFC activity (main effect of risk block (footshock): F(1.52,9.1)=6.5,p=.02). This 569 

increase was not different before or after task learning (paired t-test: t(6)=.89, p=.40; Figure 570 

4d). 571 

Analysis of individual differences in behavioral and neural activity changes before and 572 

after task learning (i.e. Session 1 and Session 5-8) revealed a significant negative correlation 573 

(pearson r = -.79,p=.03, two-tailed) between the magnitude of decrease in punishment 574 

resistance (behavioral change) with increases in the seek action mPFC activity state for risky, 575 

unpunished trials (Figure 4e, left). While individual differences in mPFC responsivity change to 576 

punishment were observed, these differences were not associated with behavioral changes 577 

(pearson r=-.12, p=.80, two-tailed; Figure 4e, right).  578 

Finally we examined whether learning related changes in mPFC calcium activity during 579 

seek action generalizes to execution of safe actions or to reward delivery. The advantage of the 580 

seek-take task structure is that the take response has the same mechanics but carries no 581 

punishment risk. Unlike seek trials, mPFC activity in unpunished trials did not change in Session 582 

1 compared to Session 5-8 during take action or reward delivery (effect of session or risk or 583 

interaction: unpunished take action F values < 1, p values>.48; Reward unpunished F values 584 

<1.2,p values>.33; Figures 5a-c). In punished trials, the take response appeared to show a 585 

more robust decrease in calcium activity than in unpunished trials. However this result was not 586 

significant (effect of risk block: F(1,6)=4.7, p=.073) and should be interpreted with caution as it 587 

may be confounded by the large multi-second increases in calcium activity seen from footshock 588 

administration (Figure 5d, top). Nevertheless significant effects of session (i.e. learning) were 589 

not observed for the take action (paired t-test: t(6)=1.2,p=.26) nor the reward retrieval (paired t-590 

test: t(6)=1.5,p=.17; Figure 5d, bottom) in punished trials. 591 
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Behavioral and Pharmacological Manipulations of Probabilistic Punishment Task 592 

Behavior 593 

Value of reward or punishment may change even after action-punishment contingencies are 594 

learned. Thus, animals must appropriately adapt their behavior to such changes. To assess if 595 

the current task is sensitive to shifting reward or punishment contingencies, we did three 596 

additional behavioral experiments to manipulate reinforcement and punishment values after task 597 

learning.  598 

To decrease the reinforcing value of the food reward, subjects were given 22 h of ad libitum 599 

access to standard chow in the home cage before the task. This manipulation decreased 600 

punishment resistance when there was 30%-60% risk of shock (risk block by satiety interaction: 601 

F(2.9,32.4)=3.02, p=.045; post hoc p values < .046; Figure 6a) but not during the 0%-18% risk 602 

blocks (post hoc p values>.24). Satiation also increased latency to complete the seek action 603 

(risk by satiety interaction: F (1,10)=24.04, p<.01; Figure 6b) an effect seen more profoundly in 604 

risk blocks (post hoc p<.01) but also in the 0% risk block (post hoc p=.045). 605 

To assess if the task was sensitive to the value of punishment, and to help produce comparable 606 

behavioral levels across subjects, we adjusted the shock intensity until levels of action 607 

suppression were similar between subjects. Stable behavior was acquired after 3-12 d of 608 

adjustment of shock intensity in approximately 0.05 mA increments. Subjects reliably responded 609 

to manipulation in the intensity of punishment which overall decreased punishment resistance 610 

(titration by risk block interaction: F(2.2,24.4)=22.8, p<.001; Figure 6c). Post hoc analyses 611 

revealed that, overall, task completion decreased after shock adjustment in 30-60% risk blocks 612 

(p<.01). Seek response latency during risk blocks also increased after titration of shock intensity 613 

(titration by risk interaction: F(1,11)=32.2, p<.01; Figure 6d), but no effect of titration was 614 

observed on seek latency in the 0% risk block (post hoc p=.21).  615 

To assess if subjects could flexibly adapt to the omission of punishment, subjects underwent 616 

extinction sessions in which the probabilistic footshock was no longer presented after the seek 617 

action. Extinction of shock risk increased task completion in risk blocks (extinction day by risk 618 

block interaction: F(3.1,33.6)=24.95, p<.001; Figure 6e). This was apparent for blocks with 619 

previous shock risk of 10% or greater for the first and second extinction session. Further, 620 

increases in trial completion were observed in the second extinction day compared to the first 621 

extinction day (main effect of session: F(1.47,16.1)=134.5, p values > .005). Extinction of 622 

probabilistic punishment also resulted in decreases in seek latency (extinction day by risk block 623 
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interaction: F(1.5,16.4)=15.46, p < .001; Figure 6f). As early as the first extinction sessions 624 

seek latency in risk blocks decreased non-significantly from 66 s to 26 s (post hoc p=.078 vs 625 

shock). However a continued significant decreases in seek latency to 4 s was observed in 626 

Extinction 2 (post hoc p>.001 Extinction 2 vs Shock). No changes were seen in the 0% risk 627 

block for seek latency between the shock risk sessions and either of the extinction sessions (all 628 

p values >.11). 629 

Finally, we asked if the behavioral responses to probabilistic punishment have relevance 630 

to anxiety states by testing the impact of the anxiolytic drug and GABAa receptor positive 631 

allosteric modulator diazepam (1 and 2 mg/kg) on the probabilistic punishment task. These low 632 

doses of diazepam were chosen so that motor behavior would not be impacted to the degree 633 

that animals could not complete the task. 1.0 mg/kg diazepam was first tested when all subjects 634 

were given the same 0.25 mA shock intensity and did not change trial completion or seek action 635 

latency  (main effect of treatment: F (1,11)=0.14, p=.71, F(1,11)=.23, p=.64; Figure 7a,b). 636 

However, it was possible that a ceiling effect precluded detection of significant changes for 637 

many of the subjects. We, therefore, tested diazepam after action suppression was titrated 638 

using shock intensity (as shown in Figure 5c). To control for the ascending dose order or 639 

additive effects we also analyzed an additional saline injection session that was at least 48 h 640 

after the last diazepam test. Diazepam produced increases in trial completion under probabilistic 641 

punishment (main effect of treatment: F(2.1,22.93)=6.9, p<.01) for both doses (post hoc p 642 

values <.022; Figure 7c). These anti-conflict effects of diazepam complicated interpretation of 643 

seek action latency changes, as subjects were completing trials at higher risk blocks than at 644 

baseline. Consequently, we assessed seek latency up to the 10% risk block as this was the risk 645 

block where all subjects were completing more than two trials (i.e. did not meet exclusion 646 

criteria) on the first saline day. Diazepam attenuated seek latency increases (risk by treatment 647 

interaction: F(1.57,17.3)=7.76, p=.02; Figure 7d) at the 6% risk block (post hoc p values <.04) 648 

and non-significantly at the 10% risk block for 2 mg/kg diazepam (post hoc p values= .07 1 mg/kg 649 

and .051 2 mg/kg). These effects were not observed at higher risk blocks, though there were 650 

increased amounts of variability (data not shown). Importantly, these low doses of diazepam 651 

had no effect on locomotor reactivity to the shock with comparable activity levels seen on the 652 

saline day (meanDiazepam±SEM:2.3±0.24, meanSaline±SEM:2.13±0.23; paired t-test: t(10)=0.52, 653 

p=.62). 654 

Sex as a biological variable in probabilistic punishment resistance 655 
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The work above was done in both male and female rats. After the completion of data 656 

collection, without a priori hypothesis, we analyzed behavioral data with sex as a factor. 657 

Although the aim of this study at the beginning was not to study sex differences, the constructs 658 

of anxiety and impulsive reward seeking relevant to this task show stark sex differences in 659 

prevalence. Overall the learning pattern of the task was similar between sexes, with stabilization 660 

of both male and female behavior after about 4-5 sessions as seen in Figure 8a (main effect of 661 

session: F(3.27, 84.8)=9.98, p<.001) which did not interact with sex (sex by session interaction: 662 

F (11,285)=1.67, p=.08).  663 

Once behavior was stable, however, females displayed increased sensitivity to probabilistic 664 

punishment compared to males with greater blockwise decreases in trial completion for females 665 

compared to males (sex by risk block by session interaction: F(5,130)=7.2, p<.001; Figure 8b). 666 

This difference was only present when the risk of shock was 10% or greater (post hoc p 667 

values<.03) and not during 0% or 6% risk blocks (post hoc p values>.07). Interestingly, the 668 

‘sensitive’ subgroup observed in Figure 2a exclusively included female subjects, whereas 669 

moderate and resistant subgroups contained both males and females albeit in different 670 

proportions (Figure 8c).  671 

Other task behaviors were also significantly different between males and females. While 672 

latencies to complete the punished seek action increased during risk blocks compared to no-673 

shock conditions, females showed heightened increases in in seek latency during risk blocks in 674 

probabilistic punishment sessions (sex by risk block by session interaction: F(1,26)=5.7, p=.02, 675 

post hoc p<.01; Figure 8d). No differences were observed for seek action latencies at the 0% 676 

risk block when no shocks were given (post hoc p=.99). Females were slower to complete the 677 

take action compared to males (main effect of sex: F(1,26)=7.03, p=.014). While these 678 

differences appeared to depend on receiving punishment  (sex by trial type interaction: F 679 

(2,52)=3.34, p=.043; Figure 8e), post hoc testing indicated no significant differences between 680 

males and females in the 0% risk block, and between unpunished or punished trials in risk 681 

blocks (post hoc p values >.088). Importantly, both males and females showed similar latencies 682 

to retrieve the food reward, suggesting comparable motivation to acquire the reward (main 683 

effect of sex or sex by risk block by session interaction: All F values< 1.1, p values >.29; Figure 684 

8f). To more directly assess underlying reward motivation differences, a cohort was also tested 685 

with a progressive ratio task following extinction of probabilistic punishment. Males and females 686 

displayed comparable motivation, as measured through PR break point, to obtain the food 687 

reward (unpaired t-test: t(10)=0.72,p=.48; Figure 8g).  688 
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To determine if these effects were due to differences in body size, in one cohort we 689 

tested performance after adjusting shock intensity for body weight (1 mA/kg). For males it was 690 

observed that trial completion decreased when the risk of shock was 30% or higher (effect of 691 

risk block: F(1.6,11)=6.45, p values <.04). Females however showed significant decreases at 692 

10% or higher shock risks (effect of risk block: F (1.6,11.4)=11.6, p values<0.001). Importantly 693 

body weight adjusted shock intensity had no effect on the amount of trial completion under 694 

probabilistic punishment for either sex (effect of shock intensity: F values <.1, p values>.7; 695 

Figure 8h), suggesting body weight is not a critical factor in punishment resistance. This was 696 

further supported by a second cohort exposed to a shock threshold procedure where no 697 

differences between sexes were seen in shock intensity required to elicit a flinch response 698 

(unpaired t-test: t(10)=.71, p=.49; Figure 8i). These data suggest differences in punishment 699 

resistance were not due to general sensory differences between males and females. Finally, 700 

both sexes showed similar activity in response to the shock and during ITI periods suggesting 701 

similar reactivity to the shock despite body weight differences (unpaired t-tests: t values< 2.06, p 702 

values >.05; Figure 8j).  703 

While estrous cycle was not systematically investigated in the present study, analysis of 704 

female subject data during the 5 consecutive stability sessions (the length of the estrous cycle) 705 

did not reveal any consistent fluctuations on a day to day basis (data not shown). To assess if 706 

overall trial completion or seek latency were differentially affected by sex in other tasks 707 

manipulations such as shock extinction, satiety tests, and diazepam treatment, we performed 708 

additional two-way ANOVAs using sex and manipulation or treatment as factors. No significant 709 

sex-by-treatment or sex-by-manipulation interactions were observed for overall trial completion 710 

(F values < 2.1, p values>.12) or mean seek latency in risk blocks (F values <1, p values>.46).  711 

Integration of Probabilistic Punishment in Males and Females After Titrating Shock 712 

Intensity 713 

Both males and females showed changes in task behavior when we adjusted shock intensity to 714 

produce similar overall levels of trial completion (Figure 9a). These procedures produced nearly 715 

identical probabilistic punishment resistance and seek latency increases between sexes (effect 716 

of sex or sex by risk block interaction: F values < 1.5, p values > .26; Figure 9b-c). However, 717 

the intensity of shock needed to achieve these comparable behavioral results was significantly 718 

higher in males compared to females (unpaired t-test: t(10)=3.47, p<.01; Figure 9b insert). To 719 

better understand if males and females integrate risk of punishment into reward guided actions 720 

differently, we modeled action suppression by risk of punishment using a 4 parameter logistic 721 
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regression (4PLR) similar to those used to assess cost-benefit decision making (Friedman et al. 722 

2017). We fit a sigmoid to individual data from titrated shock trials, when presumably the 723 

subjective suppressive effects of the shock were equal, and revealed three distinct phases; a 724 

high action phase, a transition phase, and a low action phase (Figure 9d-f). Effects of 725 

probabilistic punishment on action suppression (trial completion) was well predicted by the 726 

model (R2=0.64-0.97) and comparison of small sample size corrected akaike information criteria 727 

values between the 4PLR model and a linear regression revealed the 4PLR was the preferred 728 

model (paired t-test: t(11)=2.4, p=.03). The use of the 4PLR model allowed us to assess 729 

whether the integration of punishment risk into behavioral actions differed between sexes. This 730 

was achieved by fitting a straight line to the transition from high to low action (i.e. the linear 731 

portion of the sigmoid; Figure 9d). The similar slope steepness (unpaired t-test: t(10)=0.30, 732 

p=.76; Figure 9g) revealed that males and females demonstrated comparable patterns of 733 

integrating punishment risk when transitioning from high to low action.  734 

DISCUSSION 735 

Actions we execute to obtain a reward are often associated with the probability of harm 736 

occurring. Learning about this probability allows for appropriate computation of risk and guides 737 

future action by weighting that risk against the value of obtaining a reward. Impaired learning of 738 

this probability may be critical for the pathogenesis of anxiety or reckless and impulsive 739 

behavior. To investigate this mode of probability learning, we developed a seek-take 740 

instrumental task where the seek action was associated with varying probability of punishment 741 

while the take action remained safe and was followed by reward delivery. Animals learned to 742 

adapt to probabilistic punishment and exhibited a stable but individualized pattern for inhibiting 743 

reward-guided actions as a function of punishment probability. Recording of neural activity in the 744 

mPFC during the task revealed that risky action encoding in this region is involved in learning of 745 

punishment probability. In particular, the behavioral measure of learning was associated with 746 

changes in phasic mPFC neuronal activity during risky seek actions but not during the safe take 747 

actions or reward delivery. The task was further characterized by establishing that sex is a 748 

critical biological variable and that inhibition of behavior as a function of punishment probability 749 

is sensitive to manipulations in reinforcer and punisher value, and anxiolytic treatment.  750 

Punishment Probability Learning During Reward-Guided Actions  751 

Our task provided a tool to measure punishment probability learning. During the first 752 

session where animals were exposed to the risk of punishment during the seek action, their 753 
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behavior remained unchanged until the risk increased to 18%. But in subsequent sessions, 754 

animals adjusted their behavior earlier. A critical aspect of this learning process was that a 755 

robust change in behavior was only seen for the risky seek actions, and not for risk-free take 756 

actions or reward retrieval actions. This supports the notion that changes in behavior as training 757 

progressed were not due to reduced motivation or general motor effects, and were due to 758 

punishment probability learning.  759 

The stability of performance after learning allowed us to examine the effect of several 760 

manipulations on performance. This led to several key observations on how reward-guided 761 

actions are impacted by punishment probability. First, although behavior stabilized, there was a 762 

high level of individual variability, in particular with respect to when subjects stopped 763 

responding. Some subjects displayed complete resistance to the risk of punishment while others 764 

were more sensitive. Open field behavior, a traditional method of assessing anxiety, was not 765 

associated with these individual differences. This indicates that individual differences observed 766 

in our task are not due to inherent trait anxiety but relate to learning and expression of 767 

punishment probability. Behavioral differences were also absent in the no-shock trials indicating 768 

that motivation to work for reward, in the absence of punishment risk, was not a factor in 769 

differences to risk of punishment. Thus, the present task provides a valuable behavioral tool for 770 

future investigation of individual differences in the emergence of phenotypes related to anxiety 771 

and impulsivity.  772 

Second, after learning, behavior was flexibly influenced by changes in the value of the reinforcer 773 

or punisher. The sensitivity of behavior in the current task to value manipulation is consistent 774 

with human behavior providing a valid clinical model for assessing physiological or maladaptive 775 

reward and punishment valuation or risk depreciation (Bechara et al., 2002; Hartley & Phelps, 776 

2012).  777 

Third, the increases in the latency of the seek action may provide a novel model for the anxious 778 

apprehension state commonly associated with some anxiety disorders.  Anticipation of, and 779 

adaptation to, potential harm are fundamental features of anxiety (Grillon et al., 2009). 780 

Consistent with this notion, the anxiolytic diazepam reduced the impact of punishment risk on 781 

seek action execution and latency. In the context of anxiety, another interesting and clinically 782 

relevant observation was that when the risk of shock was removed after learning, seek action 783 

latency remained elevated until the second extinction session. The sustained anxiety-like 784 

behavior despite extinction of punishment may provide a useful model for assessing normal or 785 

pathological coping with changes in punishment risk over time.  786 
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Medial Prefrontal Cortex and Learning of Punishment Probability 787 

Localized lesions and manipulations of neuronal activity have demonstrated that learning 788 

of action-outcome associations involves the mPFC (Balleine and Dickinson, 1998; Oslund and 789 

Balleine, 2005). Electrophysiological recordings during instrumental learning show that this 790 

learning is expressed at a dynamic level throughout the PFC by emergence of a phasic 791 

response during action execution (Sturman and Moghaddam, 2011; del Arco et al., 2017). 792 

Moreover, while the adaptive response of individual neurons is both inhibitory and excitatory, 793 

the net population response following action execution is largely inhibitory (Mulder et al., 2003; 794 

Homayoun and Moghaddam, 2009). After learning, phasic response of mPFC neurons during 795 

action execution is flexible and changes with learning of new rules about outcome contingencies 796 

(Simon et al., 2015; del Arco et al., 2017). Given these studies, and that mPFC is implicated in 797 

fear conditioning and other models of punishment representation (Corcoran & Quirk, 2007; Park 798 

and Moghaddam, 2017), we had hypothesized that learning of punishment probability is, in part, 799 

represented in mPFC. Fiber photometry was used to assess changes in population activity 800 

because it allows for evaluation of mPFC encoding of shock during learning.  801 

The inhibitory response during peri-seek action periods of the no-shock blocks was consistent 802 

with previous unit recordings during action execution in various instrumental goal-directed tasks 803 

(Simon et al., 2015; Hong et al., 2018) suggesting that our output measure reflects phasic 804 

neuronal activity. Alternatively, these inhibitory responses may represent disengagement of 805 

prefrontal cortical regions when motor actions become automatic or well learned (Wu et al., 806 

2004; Sturman and Moghaddam, 2011; Kupferschmidt et al., 2017). We observed a significant 807 

reduction in this peri-seek action phasic response as punishment risk was learned. Importantly, 808 

this change in neuronal activity, similar to the change in behavior, was selective to the seek 809 

action. Responses to events that were not associated with risk, i.e., take action and reward 810 

delivery, did not significantly change with learning strengthening the notion that mPFC 811 

ensembles are selectively encoding learning of punishment risk. This is a novel learning role for 812 

the PFC and consistent with its established role in mediating punishment related decision 813 

making after learning (Friedman et al., 2015; Orsini et al., 2018).  814 

Further studies are needed to establish the neuronal basis of the reduced inhibitory response in 815 

calcium activity seen during probabilistic punishment learning. One possible mechanism is 816 

changes in the recruitment of inhibitory interneurons, which then influence the activity of the 817 

excitatory pyramidal cells. Another possibility is changes in the recruitment of neuromodulators 818 

such as dopamine and norepinephrine, which generally inhibit the firing rate of spontaneously 819 
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active neurons.  Dopamine and norepinephrine projections to the mPFC are sensitive to stress 820 

and anxiety provoking contexts (Duetch et al., 1990; Pezze & Feldon, 2004; Morilak et al., 821 

2005).  While these modulators generally do not produce overt excitatory or inhibitory responses 822 

on their target cells, they may influence ongoing responses.  823 

The excitatory response to shock was consistent with previous studies showing that PFC 824 

responds strongly to stressors by increasing glutamate release (Moghaddam, 1993). While it 825 

has been proposed that mPFC may adapt and desensitize its response to known stressors 826 

(McKlven et al., 2015), we did not observe an overt reduction in phasic response to the 827 

footshock suggesting that any PFC mediated learning of probabilistic punishment in this task 828 

may be unrelated to adaptation to pain perception.  It is, however, important to consider that 829 

population level activity measured in fiber photometry may arise through a variety of processes. 830 

For example, while no change in population level response may indicate a stable response of a 831 

brain region, it may also reflect a bidirectional change in both excitatory and inhibitory 832 

responses. Consequently, future studies with cell-specific and functional manipulations will 833 

advance our understanding of punishment learning.  834 

Sex as a biological variable in Probabilistic Punishment Resistance  835 

Male and female rats learned the probabilistic punishment task at the same rate, but 836 

after learning, sex differences indicated greater risky action apprehension and sensitivity to 837 

punishment in females. This effect was not related to motivation to obtain reward, body size 838 

differences or basic shock reactivity as adjusting shock for body weight failed to alter 839 

punishment resistance. These findings are consistent with, and complement, the emerging data 840 

involving sex related differences in risk taking during reward seeking behavior (Van den Bos et 841 

al., 2013; Orsini & Setlow, 2017; Becker & Charthoff, 2018).  842 

The sex differences in seek action latency, however, dissipated when shock intensity 843 

was individually adjusted to produce comparable levels of overall trial completion. This 844 

suggested that if the subjective value of the punishment is normalized, there is no sex difference 845 

in transition from resisting punishment to inhibiting behavioral responding.  This concept was 846 

verified using a four-parameter sigmoid model, where we observed that the transition from high 847 

to low action states had a similar steepness in both sexes. The sigmoidal pattern revealed in 848 

this model is similar to that reported in choice-based decision making tasks (Friedman et al., 849 

2017).  850 
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Given the sexual dimorphisms seen in symptoms of psychiatric illnesses, including 851 

impulsivity and anxiety, our overall observation on sex differences in punishment resistant 852 

behavior highlights the importance of using biological sex as a variable to inform our 853 

understanding of the neuronal basis of reward-motivated actions.   854 

Conclusion  855 

The present study provides a powerful model for determining biological and 856 

environmental factors that influence the resistance of reward seeking behavior to probabilistic 857 

punishment. The learning of this form of probabilistic contingencies appears to involve changes 858 

in the mPFC as this region flexibly adapted its response to risky actions as contingencies were 859 

learned. Our data further emphasizes the importance of studying the impact of sex as a 860 

biological variable. 861 

  862 
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 1025 

FIGURE LEGENDS 1026 

FIGURE 1: Outline and characterization of learning in the probabilistic punishment task. a. A 1027 

schematic demonstrating a given trial and (b.) structure of a given session for the probabilistic 1028 

punishment task. c. Probabilistic punishment related decreases in task behavior differed before 1029 

learning (Session 1, black) compared to after subjects had learned the task (Sessions 4-11, red) 1030 

as trial completion perseverated for the first 3 risk blocks in Session 1 compared to Sessions 4-1031 

11. * p<.05 vs Session 1, n=28. 1032 

 1033 

FIGURE 2: Assessing the effects of probabilistic punishment on task behaviors after learning. a. 1034 

The number of trials completed in each block decreased on average in the probabilistic 1035 

punishment task sessions where shock risk was present (S-blue) but not in no-shock sessions 1036 

(NS-white). Subgroups with differing levels of punishment resistance emerged, blue area= 1037 

punishment resistant, grey area = moderate, red area=punishment sensitive (a-right). b-c. 1038 
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Increasing risk of shock was also associated with an increase in latency to complete the risky 1039 

“seek” action during and at the start of risk blocks. d. The take response modestly but 1040 

significantly increased under shock risk, an effect that was related to punishment administration. 1041 

e. Latency to retrieve the food reward was not affected by shock risk. NS= no-shock, S=shock. * 1042 

p<.05 vs no-shock. n=28 for trials completed and for mean risk block latencies. Individual data 1043 

points are depicted as grey symbols.  1044 

 1045 

FIGURE 3: Recording neuronal calcium activity with GCaMP6 in mPFC during the probabilistic 1046 

punishment task. a. Subjects performing a modified version of the probabilistic punishment task 1047 

while neuronal calcium activity in the mPFC was recorded via GCaMP6s. b. GCaMP6s (green) 1048 

and tdTomato (red) was readily expressed in the mPFC, with optical fibers (grey dots) targeting 1049 

the prelimbic region (scale bar: 500 μm). c. Subjects showed higher levels of trial completion 1050 

under probabilistic punishment before learning the task (Session 1, black) compared to after 1051 

learning (Session 5-8, red). d. A representative raw trace depicting GCaMP6s and tdTomato 1052 

signals and e. representative z-score calculations surrounding the seek action. Each row is a 1053 

trial with time 0 being the seek action time. Green s indicates punished (i.e. shocked) trials. 1054 

*p<.05. n=8. 1055 

 1056 

FIGURE 4: Changes in mPFC neural calcium activity following seek action execution before and 1057 

after probabilistic punishment task learning. a-c. Seek actions that were unpunished resulted in 1058 

decreases in calcium activity at the time of action execution both before introduction of 1059 

probabilistic punishment (no-shock, grey), and in the Session 1 (black) before probabilistic 1060 

punishment was learned. These decreases were attenuated following stabilization (learning) of 1061 

the probabilistic punishment task in Session 5-8 (red). d. Footshock punishment administration 1062 

(red bar) for a seek action produced robust increases in calcium activity in the mPFC in Session 1063 

1 and Session 5-8 that was significantly greater than the 0% risk block. d-bottom. mPFC 1064 

responses to punishment did not change after learning of the probabilistic punishment task. e. 1065 

Individual changes between Session 5-8 and Session 1 revealed that greater decreases in 1066 

punishment resistance (shaded black arrow) were associated with greater increases in mPFC 1067 

activity following risky, unpunished seek actions, but were not associated with changes in mPFC 1068 

response to the footshock after punished seek actions. Black line represents the linear trendline 1069 

for the data. * p<.05 Session 5-8 vs Session 1 or no-shock, # p<.05 vs 0% risk of shock, ns = not 1070 

significant, n=5-7. Individual data points are depicted as grey circles.  1071 

 1072 
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FIGURE 5: Neural calcium activity in the mPFC for the take action (blue vertical line) and 1073 

reward delivery (brown vertical line). a-c. Take actions and reward delivery produced little effect 1074 

on mPFC calcium activity and were not influenced by task learning. d. Punished trials were not 1075 

significantly different between Session 1 and Session 5-8 for the take action nor for reward 1076 

delivery. ns=not significant, n=5-7. Individual data points are depicted as grey circles.  1077 

 1078 

FIGURE 6: Behavioral effects of manipulation of reinforcer and punisher value. a. Decreasing 1079 

reward value with 22 h of home cage access to ad libitum food prior to a session (blue) 1080 

decreased trial completion under probabilistic punishment and (b.) potentiated increases in 1081 

latency to complete the punished seek action compared to the session prior (white). One 1082 

subject (female) was excluded from seek latency analysis in figure b due to inability to complete 1083 

more than one trial in any of the risk blocks. c.-d. Adjusting the subjective value of the footshock 1084 

punishment by changing shock intensity (blue) resulted in changes in trial completion under 1085 

probabilistic punishment and seek action latency. e. Extinguishing the risk of punishment by 1086 

omission of the footshock presentation resulted in increase in trial completion and (f.)  1087 

decreases in seek action latency over the two extinction sessions (blue/light-blue). *p<.05 vs. 1088 

white symbols, #p <.05 extinction 1 vs extinction 2. n=12 except where noted otherwise. 1089 

Individual data points are depicted as grey circles.  1090 

 1091 

FIGURE 7: Effects of systemic diazepam treatment. a.-b. Under conditions where the shock 1092 

intensity was fixed at 0.25 mA for all subjects no effects of 1.0 mg/kg diazepam (light blue) were 1093 

observed on trial completion nor seek action latency compared to saline (light grey). c. After 1094 

behavior was titrated such that all subjects showed sensitivity to probabilistic punishment, 1.0 1095 

and 2.0 mg/kg diazepam increased resistance to punishment and (d.) attenuated increases in 1096 

seek action latency at lower risks. Importantly task behavior returned to saline levels after 1097 

diazepam testing (dark grey). *p<.05 1.0 and 2.0 vs 0.0 mg/kg. n=12.  1098 

 1099 

FIGURE 8: Assessment of sex differences in the probabilistic punishment task. Male data are 1100 

shown in green while female data are shown in orange. a. Patterns of task acquisition were 1101 

similar between males and females, both of which showed stable behavior after about session 1102 

4-5. b. Generally, males were less sensitive to punishment compared to females, i.e. males 1103 

completed more trials than females after task behavior stabilized (circles) though they did not 1104 

differ when no footshock risk was present (triangles) c. Individual data demonstrating 1105 

punishment resistant (blue lines) and moderate (grey lines) subcategorized males were 1106 
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observed but only females were observed to be resistant, moderate, and sensitive (red lines) to 1107 

punishment. d. Females showed increased latencies to complete the seek action compared to 1108 

males when the risk of shock was present. e. Take action latency was also increased in females 1109 

compared to males, though this effect was not uniquely attributed to risk nor if the take action 1110 

was preceded by a punished (P) or unpunished outcome (UP).  f. Latency to retrieve the reward 1111 

did not differ between sexes. g. Motivation for sucrose pellets was similar as assessed through 1112 

a progressive ratio task. h. Titrating shock intensity based on body weight failed to exert a 1113 

significant effect in males or females. i. Flinch sensitivity to the shock did not differ between 1114 

sexes. j. Sex differences did not appear to be related to general locomotor activity nor shock 1115 

reactivity during the task. *p< .05 male vs. female, #p<.05 vs Session 1, +p<.05 vs 0% risk block, 1116 

ns= non-significant, n=12-28. M=male, F=female. Individual data points are depicted as grey 1117 

symbols and x’s. 1118 

 1119 

FIGURE 9: Titration of behavior using shock intensity and modeling for males (green) and 1120 

females (orange). a. Altering shock intensities produced increases or decreases in task 1121 

completion to result in near 50% suppression of task completion. b-c. These procedures 1122 

produced near identical changes in trial completion and seek action latency in males and 1123 

females. b-insert. Higher shock intensity for males was required to produce comparable male 1124 

and female behavior. d. A representative subject’s data showing high, low, and transition states 1125 

and the fit of the 4PLR model (dashed line). The linear portion of the sigmoid was determined by 1126 

fitting a linear line (red line) to the bend points of the sigmoid (red squares). e-f. Individual risk 1127 

effect curves revealed that task behavior was well captured using a 4PLR to assess high action, 1128 

low action and transition states for behavior during risk of punishment for both males and 1129 

females. g. The steepness of the transition state (i.e. the linear portion of the sigmoid) was not 1130 

different between males and females. M=male, F=female. Individual points are depicted as grey 1131 

symbols. n=6/sex, *p<.05, ns = not significant. 1132 
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Table 1 Pearson Correlation (r) values of Open Field Behavior with Probabilistic Punishment 

Task Measures 

    

 

 

 

 

OF= Open field, all p values>.06 uncorrected. 

 

 Trial 
Completion 

Seek 
Latency 

Take 
Latency 

Reward 
Retrieval 

OF Inner -.17 .18 -.06 -.21 

OF Outer .03 -.09 .01 .24 

OF Activity -.49 .39 .32 .38 


