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Abstract

Survival depends on adaptation to shifting environmental risks and opportunities. Regarding risks, 

the mechanisms which permit acquisition, recall, and flexible use of aversive associations is poorly 

understood. Drawing on the evidence that the orbital frontal cortex is critical to integrating 

outcome expectancies with flexible appetitive behavioral responses, we hypothesized that OFC 

would contribute to behavioral flexibility within an aversive learning domain. We introduce a fear 

conditioning procedure in which adult male rats were presented with shock-paired conditioned 

stimulus (CS+) or a safety cue (CS−). In a recall test, rats exhibit greater freezing to the CS+ than 

the CS−. Temporary inactivation of the ventrolateral OFC with muscimol prior to conditioning did 

not affect later discrimination, but inactivation after learning and prior to recall impaired 

discrimination between safety and danger cues. This result complements prior research in the 

appetitive domain and suggests that the OFC plays a general role in behavioral flexibility 

regardless of the valence of the CS.
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INTRODUCTION

An animal’s prosperity and survival require flexible adaptation to a constantly changing 

environment. Past experience shapes decision making in part through the accumulation of 

learned associations between stimuli and their associated outcomes, which can be used to 

make predictions and decisions about future behaviors. Areas in the frontal cortex have been 

especially implicated in this type of associative learning and, of these, the orbital frontal 

cortex (OFC) seems to be important in mediating cognitive flexibility (Dalley et al., 2004; 

Murray et al., 2007; Rudebeck and Murray, 2014). There is a vast and rapidly growing body 

of literature in which the OFC appears to contribute to a wide array of cognitive functions, 
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from novel associative learning, reward valuation, reversal learning, and extinction 

(Stalnaker et al., 2015).

With the goal of resolving complexities regarding the role of OFC in cognitive flexibility, 

the ‘cognitive map’ hypothesis accounts for much of the empirical data regarding OFC 

function (Wilson et al., 2014). A cognitive map is the mental representation of the external 

environment (Gallistel, 1989). This theory proposes that the OFC maintains a cognitive map 

characterized by the current task state. For example, using a Pavlovian conditioning 

paradigm, a rat might be trained with repeated cue presentations to associate a conditioned 

stimulus (CS, like a flashing light) with the occurrence of an unconditioned stimulus reward 

(US, food pellet). As the rat begins to behaviorally distinguish between CS/no-CS trials, a 

reflection of differential reward expectancy, the cognitive map theory suggests that the two 

conditions become encoded as separate ‘task states’. Tracking task states, particularly those 

occurring in the same context but with opposing outcomes, is considered by this theory to be 

a key function of OFC activity (Wilson et al., 2014). Thus, loss of OFC function does not 

always impair state-relevant processing but does invoke noticeable impairments to 

performance of tasks requiring differentiation between perceptually similar states.

The cognitive map model captures a significant amount of data relating to the function of 

OFC but a limitation of the theory stems from the nearly exclusive reliance on behavioral 

tasks in which the outcome expectancies related to the value of desirable stimuli, such as 

food. Regarding aversively motivated behaviors, such as conditioned fear in which several 

contributions of the OFC are reported (e.g., Rodriguez-Romaguera et al., 2015; Zimmerman 

et al., 2018) but there are conflicting results (Shiba, Santangelo, & Roberts, 2016). A test of 

OFC function in a learning context in which the conditioned stimuli become associated with 

different expectations of aversive outcomes would provide a systematic test of the current 

theory’s generality and provide insight to the neural circuitry underlying cognitive flexibility 

in the face of environmental stimuli that predict danger. We recently reported that 

discriminative fear conditioning leads to differential freezing upon presentations of 

conditioned danger (shock paired CS+) and conditioned safety (unpaired CS−) cues (Chen et 

al., 2016; Foilb et al., 2016). In the danger and safety learning scenario, the CS+ and CS− 

could be argued to reflect distinguishable task states that can be called upon to guide 

behavioral responses, and therefore involve the OFC.

The OFC receives polymodal sensory input and projects extensively to the limbic system 

and midbrain motor regions capable of governing behavioral output (Ongür and Price, 2000; 

Price, 2007). It is this intersection of polymodal sensory input and visceromotor outputs that 

makes the OFC relevant to reward processing but also positions it well to map the outcome 

expectancies of undesirable aversive stimuli. The rat OFC is subdivided into the medial 

(MO), ventral (VO), ventrolateral (VLO) and lateral (LO) and anterior agranular insular 

cortex (AI; Price, 2007; Price, 2007). Anatomical, mechanistic and recording experiments 

targeting these regions provide evidence for some regional functional specificity with regard 

to decision-making, with medial regions relating more to affective regulation with lateral 

regions more to sensory integration (Rempel-Clower, 2007; Izquierdo, 2017). The vast 

majority of prior research supporting the cognitive map theory entailed manipulations or 

electrode recordings from the LO and AI region (Murray et al., 2007; Rudebeck and Murray, 
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2014; Wilson et al., 2014). Here we use a fear discrimination test with multiple cue trials 

presented in a quasi-random order such that freezing, the behavioral expression of fear, 

appears to be under the flexible control of the danger or safe signals. This behavioral 

flexibility should entail the formation and use of a cognitive map and so provides a paradigm 

suitable to assess the generality of this role of the OFC in both learning and flexible control 

of behavior by aversive cues. The AI does not seem to be required for this task (Foilb et al., 

2016), therefore we targeted the LO/VO regions with pharmacological inactivation in fear 

discrimination acquisition or later recall.

EXPERIMENTAL PROCEDURES

Subjects

Forty-eight adult male Sprague-Dawley rats from Taconic (Hudson, NY), weighing 250–

300g upon arrival were used. Before surgery, all rats were housed 2 per cage and housed 

singly after surgery with a short piece of autoclaved manzanita wood for enrichment. All 

animals were maintained on a 12-hour light/dark cycle within the Boston College Animal 

Care Facility and allowed to habituate to their home cages for one week before the start of 

surgery or behavior. All experimental protocols were reviewed and approved by the Boston 

College Institutional Animal Care and Use Committee (IACUC). The fear discrimination 

acquisition and recall data from 8 rats in Experiment 1 receiving polymodal cues were 

included in a large N analysis of this fear conditioning paradigm published previously (Foilb 

et al., 2018).

Surgical Implantation of Microinjeciton Cannula

As previously (Foilb et al., 2016), rats were anesthetized using isofluorane (3% in O2) and 

mounted in a stereotaxic apparatus. An incision was made in the center of the scalp to 

expose bregma and lambda. Stainless steel guide cannula (22g; Plastics One, Roanoke, VA) 

were implanted bilaterally within the OFC (coordinates: +3.2mm anterior/posterior from 

bregma, ±2.2mm medial/lateral from midline, −3.4mm dorsal/ventral from dura) according 

to the atlas of Paxinos and Watson (George and Charles, 2013) to target the VO/LO area. 

Cannulas were fixed to the skull using stainless steel screws and acrylic cement. A stylet 

extending 1mm ventral to the tip of the cannula was guided into each side and tightened to 

the top of the fixture to ensure patency. After surgery, each rat received 1 dose each of 

loxicom (1mg/kg), penicillin G procaine (15,000 Units), and 5mL of lactated Ringers’ 

solution (Henry Schein, Albany, NY) to aide in recovery. The next day, rats were 

administered a second dose of loxicom in accordance with the policy of the Boston College 

IACUC. All animals were allowed one week of post-operative recovery before the start of 

behavioral testing. During the recovery period, each rat was periodically handled and stylets 

checked to acclimate the animals to this type of contact, and also to confirm that cannulas 

remained clear.

Fear Discrimination Conditioning

Conditioning occurred as previously (Chen et al., 2016; Foilb et al., 2016; Foilb and 

Christianson, 2016; Foilb et al., 2018) in black plastic boxes, 10 × 11 × 6-in (L × W × H) 

with shock grids (Model H10-11R-TC-SF, Coulbourn Intruments, Whitehall, PA), and wire 
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mesh tops placed inside a ventilated light and sound-attenuating enclosure, 15 × 12 × 27 in 

(L × W × H). Two commercially available arrays of infrared LED lights (CMVision Model 

IR30) illuminated the chamber. Behavior was recorded using overhead cameras (Model 

VX-5000, Microsoft, Redmond, VA) with infrared blocking filters replaced by infrared 

passing filters. Freezing was quantified by computer (ANY-Maze version 4.99, Stoelting, 

Wood Dale, IL), using the settings recommended by the manufacturer (as previously verified 

in Christianson et al., 2011). A white LED array (Model LPL620WTHD, Hampton Bay) and 

a speaker mounted at the top of the chamber were used for delivery of conditioned stimuli.

Conditioning entailed 15 presentations of each the CS+ (the danger cue) and the CS− (the 

safety signal). A white noise pip sound (pip-duration = 10 ms, interval = 3 Hz, 75 dB), and 

flashing LED lights (264.0 Lux, on/off, 20Hz) were used as the conditioning cues. In one 

experiment these cues were compared to distinguishable auditory cues (described below). 

Assignment of light or pip as the CS+ or CS− was counterbalanced in each experiment. 

Each conditioning session began with 2 minutes of context exposure to habituate to the 

chamber alone. Conditioning trials began with a 5 s, 1kHz tone, followed immediately by a 

15s presentation of either the CS+ or CS−. The trials were presented in a quasi-random order 

such that no trial type was presented more than twice in succession. CS+ trials co-terminated 

with a 500 ms, 1.2 mA shock and CS− trials did not. A 70 s inter-trial interval followed the 

completion of the cue presentation before the next trial began. Recall tests were performed 

in the same apparatus and consisted of a 2 min exposure to the context followed by 10 CS+ 

and 10 CS− (30 s duration) presented in quasi-random order with a 30s inter-cue-interval.

Pharmacological inactivation of OFC

Microinjections of the GABAA agonist muscimol were made 1 h prior to either conditioning 

or recall tests as previously (Foilb et al., 2016). Muscimol was selected for its capacity to 

hyperpolarize cells through agonism of the GABAA chloride channel, and thus inhibit local 

neuronal activity in the region of interest (Majchrzak and Di Scala, 2000). Bilateral 

infusions of 50 ng muscimol (500 nL of 100 ng/μL musimol in 0.9% saline, Sigma, St. 

Louis, MO) or saline alone at a rate of 1 μL/min. Injectors (33g, Plastics One) were left in 

place for an additional minute to allow for diffusion. At the end of each experiment rats were 

overdosed with tribromoethanol. Brains were dissected and immediately flash frozen in 2-

methylbutane on dry ice and stored in a −80°C freezer. 40μm thick coronal slices were 

collected of the OFC, mounted onto gelatin-subbed slides, stained with cresyl violet, washed 

with histoclear, and allowed to dry before examination under a brightfield microscope. 

Cannula placements in the vlOFC were determined through comparison with the Rat Brain 
Atlas in Stereotaxic Coordinates (Paxinos & Watson, 2013).

Experiment 1: Effect of CS modality on fear discrimination—A key aim in our 

prior work was to investigate the interaction of CS+ and CS− when presented in compound, 

a goal that favored the use of CSs of different sensory modality (i.e. a light and a sound). 

However, much of the prior work regarding the contribution of the vlOFC has used only 

auditory cues. In establishing the behavioral protocol to test the function of vlOFC in fear 

discrimination learning and recall, we first compared our conditioning procedure, as in 

(Foilb et al., 2016), using multimodal cues to the same protocol using polyphonic auditory 
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CSs as in (Wright et al., 2015). On Day 1 all rats (N=16) were trained using the CS+/CS− 

conditioning program – half with the multimodal cues (light vs. pip) and half with the 

unimodal cues (a stapler sound vs. car horn). On Day 2 freezing behavior was quantified 

during recall tests. As previously (Foilb and Christianson, 2016), we repeated this cycle of 

conditioning and recall for 3 additional days to establish a learning curve. Cue modality did 

not appear to influence behavior as freezing to the CSs during conditioning and recall were 

equivocal when comparing between multimodal and unimodal conditions (Figure 1). We 

selected the multimodal CS preparation for the later inactivation experiments to be 

consistent with our prior work.

Experiment 2: Effect of pre-conditioning OFC inactivation on fear 
discrimination—To determine if the OFC contributes to the initial learning of the fear 

discrimination, 16 rats implanted with bilateral OFC cannula were given either muscimol or 

saline injections 1h prior to fear discrimination conditioning with the light and pip CSs. 

Behavioral freezing was quantified during the conditioning session and in a drug-free recall 

test 24 h later.

Experiment 3: Effect of post-conditioning OFC inactivation on fear 
discrimination during recall—To determine if the OFC is involved in the behavioral 

responses to danger (CS+) and safety (CS−) 16 rats implanted with bilateral OFC cannula 

were given 3 consecutive days of fear discrimination conditioning, with a recall test each 

following morning. Three conditioning sessions were used to ensure that all rats exhibited 

differential freezing to the CS+ and CS− during recall tests. 24h after the third conditioning 

session, one half of the rats received bilateral muscimol infusions 1h before a recall test and 

the other half received a saline injection. Behavioral freezing was quantified during the 

recall test and the rats were returned to their vivarium. To allow a within-subjects 

comparison, 24h later all rats received a second round of microinjections but drug treatment 

was switched such that rats that received muscimol in the first test, received saline in the 

second test and vice versa.

Data Analysis

Time spent freezing during CS presentation was converted to a percent time and averaged 

into 3 trial bins for conditioning and into 2 trial bins for recall tests. Data were found to fit 

normal distributions (Shapiro-Wilk Normality Test) and homogeneity of variance was tested 

with Bartlett’s test. Sphericity was assumed for repeated measures designs. Analysis of 

variance (ANOVA) were used to examine the influence of the experimental variables on 

freezing. Post hoc tests were performed using the Sidak correction to control experiment-

wise type one error to α= 0.05 (Hsu, 1996). When only two experimental conditions were 

compared, paired or unpaired t-tests were used as noted.

RESULTS

Experiment 1

To assess fear discrimination learning and the possible influence of cue type we observed 

behavioral freezing over a series of 4 conditioning (Figure 1A) and recall tests (Figure 1B). 
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Each conditioning and recall test was analyzed by a 3-way ANOVA with Cue type 

(unimodal vs. polymodal) as a between-subjects variable and CS type (CS+ vs CS−) and 

Trial block as within-subjects variables. In conditioning there were significant main effects 

of Trial on Day 1, F(4, 56) = 7.32, p < 0.001, and Day 2, F(4, 56) = 3.23, p < 0.02, and a 

main effect of CS type on Day 4, F(1, 14) = 8.33, p = 0.01. In recall there were significant 

main effects of CS on test Day 1, F(1, 14) = 41.77, p < 0.001, Day 2, F(1, 14) = 54.82, p < 
0.001, Day 3, F(1, 14) = 103.20, p < 0.001, and Day 4, F(1, 14) = 97.92, p < 0.001; main 

effects of Trial on Day 1, F(4, 56) = 12.09, p < 0.001, Day 2, F(4, 56) = 15.23, p < 0.001, 
Day 3, F(4, 56) = 13.27, p < 0.001, and Day 4, F(4, 56) = 21.57, p < 0.001; and Trial by CS 

interaction on Day 1, F(4, 56) = 5.57, p < 0.001, and Day 2, F(4, 56) = 8.46, p < 0.001. No 

other main effect or interaction reached significance. Fear discrimination was evident as 

differential freezing to the CS− compared to the CS+ in all recall tests, but not during 

conditioning sessions. Regarding the role of stimulus modality on freezing and 

discrimination, in no cases did significant main effects of Cue type reach significance. 

Therefore, post hoc comparisons were made between the CS+ and CS− by Trial pooled 

across stimulus modality. During conditioning, there were significant effects of Trial on days 

1 and 2 which reflect great freezing in trial block 2 than blocks 1 or 3 (ps < 0.036), but no 

other trial comparisons reach significance. There was a significant main effect of CS on day 

4 indicating discrimination between the CS+ and CS−.

With regard to the recall tests, there were significant effects of CS and Trial on all test days 

which reflect clear behavioral discrimination between the CS+ and CS−. On days 1 and 2 

there were also significant CS by Trial interactions, which reflect increasing differential 

freezing to the CS+ and CS−. Post hoc tests were made to compare the CS+ CS− at each 

trial; because there were no effects of stimulus type, the unimodal and polymodal data were 

pooled. Freezing to the CS− was significantly less than freezing to the CS+ on every trial 

across 4 days, ps < 0.001 except for Test 1 trials 1 and 2, and Test 2 trial 1 in which ps = 

0.02, 0.01, and 0.018 respectively.

Experiment 2

To determine the role of the OFC in the acquisition of a conditioned fear discrimination, 

muscimol or vehicle was injected 60min prior to the conditioning phase on day 1, n = 8/

group and freezing was observed during fear discrimination conditioning and a recall test 

24h later (Cannula placements are depicted in Figure 2). Freezing during conditioning 

(Figure 3A) and recall phases (Figure 3B) was analyzed with separate 3-way ANOVAs with 

drug condition as a between-subjects factor, and CS type and Trial as within-subjects 

factors. In neither phase did the main effect of drug reach significance, conditioning: F(1, 
14) = 1.00, p = 0.36, recall, F(1, 14) = 0.11, p = 0.75, and there were no significant 

interactions with drug (ps > 0.05). In the conditioning phase there was a significant main 

effect of Trial, F(4, 56) = 2.91, p = 0.03, but no other effects or interactions reached 

significance; no post hoc comparisons between trials reached significance. In the 

discrimination recall test there was a significant main effect of Cue, F(1, 14) = 85.91, p < 
0.001, and a significant Trial by Cue interaction, F(1, 14) = 6.12, p < 0.03. Post hoc 

comparisons revealed significantly less freezing to the CS− compared to the CS+ at each 

trial, ps < 0.001. To summarize discrimination behavior, and facilitate the display of 
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individual subjects, a discrimination index was computed as a ratio of total freezing to the 

CS− divided by freezing to the CS+ multiplied by 100 (Figure 3C). There was no difference 

between drug conditions, tunpaired(14) = 0.39, p = 0.70.

Experiment 3

To determine whether OFC contributes the flexible use of learned danger and safety signals, 

rats received fear discrimination conditioning on days 1 and 2, with discrimination recall 

tests on the morning of day 2 and day 3 (Tests 1 and 2; Figure 4A). Two rats were excluded 

from analysis because of misplaced cannula resulting in N = 14. A discrimination index was 

computed on day 3 and rats were rank-ordered and then assigned in alternating order to 

either vehicle or muscimol treatments. On day 4 rats received drug injection 60 min before a 

fear discrimination test (Test 3) based on group assignment. On day 5, rats received a 4th 

discrimination test (Test 4) after receiving the opposite drug treatment for a within subjects 

control. In other words, rats that received muscimol in Test 3, were tested 24h later in Test 4 

with vehicle (Figure 4B). As expected, there was robust differential freezing to the CS+ and 

CS− in the first and second discrimination recall tests (drug-free), which was confirmed by 

2-way ANOVAS with CS type and Trial as within-subjects factors. In Tests 1 and 2 there 

were main effects of Trial, F(4, 52) = 6.11, p < 0.001 and F(4, 52)=8.97, p < 0.001, 
respectively, and main effects of Cue, F(1, 13) = 52.26, p < 0.001 and F(1, 13) = 58.74, p < 
0.001, respectively. Post hoc comparisons revealed significantly different freezing between 

the CS+ and CS− on all trial blocks with ps < 0.004.

Muscimol prior to recall testing appeared to interfere with fear discrimination especially in 

the later trials of each test (Figure 4B). Data from Test 3 and Test 4 were analyzed with 

separate 3-way ANOVAs with Drug group as a between-subjects factor with CS type and 

Trial as within-subjects factors. In Test 3 there were significant main effects of Drug, 

F(1,12)=5.28, p = 0.04, CS type, F(1,12)=103.02, p < 0.001, Trial, F(4, 48) = 2.73, p = 0.04 
and a significant CS type by Drug interaction, F(1, 12) = 5.97, p = 0.03. In Test 4 there were 

significant main effects of Drug, F(1, 12) = 10.45, p = 0.007, CS type, F(1, 12) = 45.18, p < 
0.001 and a significant CS type by Trial interaction, F(4, 48) = 8.34, p < 0.001. To explore 

these effects, we compared freezing to the CSs by drug treatment, by trial (e.g. Trial 1, CS+, 

Muscimol vs. Vehicle) and we compared to freezing to CS type by drug treatment for each 

trial (e.g. Trial 1, Muscimol, CS+ vs. CS−). In Tests 3 and 4, There was significantly less 

freezing to the CS− in the vehicle group compared to muscimol on Trials 4 and 5, ps < 

0.019. Discrimination was evident in both drug groups with CS+ differing from CS− on all 

trials in the vehicle condition in both Tests 3 and 4 (ps < 0.028) and in the muscimol 

condition in Test 3 trials 1, 2, 3, and 4 (ps < 0.012) and Test 4 trials 1, 2, 3, and 5 (ps < 

0.027).

The pattern of behavior in Tests 3 and 4 was consistent except for a slight reduction in 

overall freezing in Test 4 as seen in Figure 4B, therefore we pooled data from Tests 3 and 4, 

averaged freezing across trials, and freezing was analyzed with a 2-way ANOVA with Cue 

type and Drug as within-subjects factors (Figure 4C). Here there was a significant main 

effect of CS type, F(1,13) = 97.92, p < 0.001, Drug, F(1, 13) = 13.68, p = 0.002, and CS type 

by Drug interaction, F(1, 13) = 5.00, p = 0.043. All pairwise comparisons were made and 
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revealed significant differences between all possible groups (ps < 0.001) except for CS+ 

muscimol vs. CS− muscimol which approached significance, p = 0.056. The apparent 

discrimination impairment after muscimol could reflect a generalized effect of muscimol on 

freezing per se. To isolate the discrimination component, discrimination ratios were 

computed for the pooled data in Figure 4C. The discrimination ratio was significantly 

greater after muscimol than after vehicle indicating weaker inhibition of freezing to the CS−, 

paired t(13) = 4.03, p = 0.001 (Figure 4D). In visual inspection of freezing during Tests 3 

and 4 (Figure 4B) it appeared that in the muscimol treated group, freezing to the CS− was 

initially similar to the vehicle group, but drifted toward the CS+ level over repeated trials. To 

quantify this trend, we computed discrimination ratios for the first and last trial blocks. The 

discrimination index was greatest in the muscimol trial 5 conditioning (Mean = 71.55) 

which was greater than vehicle at both trial 1 (Mean = 32.95) and trial 5 (Mean = 31.37) but 

not from muscimol trial 1 (Mean = 40.65). However, a 2-way ANOVA with Trial and Drug 

as within-subjects factors only detected a significant effect of Drug, F(1, 13) = 6.53, p = 
0.024; the interaction of Trial and Drug did not reach significance, F(1, 13) = 4.05, p = 
0.065. Thus, the trend that OFC muscimol effects occurred primarily in the test trials 

requires additional investigation.

DISCUSSION

To test the hypothesis that the OFC is involved in the flexible responses to cues signaling 

danger and safety we established a discriminative fear conditioning paradigm in which a 

shock paired CS+ led to robust behavioral freezing and an unpaired, safe CS− did not. In a 

recall test in which the CS+ and CS− cues were presented in a quasi-random, alternating 

series, rats modulated behavioral freezing to the CSs indicating discrimination. Using this 

paradigm, pharmacological inactivation of the VO/LO region of the OFC prior to 

conditioning did not appear to influence any aspect of the fear discrimination conditioning, 

or the later flexible response to the CSs. In contrast, when VO/LO was inactivated prior to a 

recall test, discrimination was impaired. The impairment was more prominent in the later 

test trials in which freezing responses to the CS− increased which suggests that OFC is not 

involved in the initial recall of the discrimination. These results are generally consistent with 

the literature implicating the OFC and its outputs in tasks requiring cognitive flexibility. 

Importantly, the demonstration of a role for OFC in flexible responses in an aversively 

motivated learning paradigm suggests that the “cognitive map” theory of OFC function 

generalizes to many types of learning.

Although the OFC contributes to attention and salience assignment (Kahnt and Tobler, 2013; 

Ogawa et al., 2013) which would suggest a role for the OFC in the initial danger learning 

and discrimination, there are a number of reports using appetitively-motivated behavioral 

paradigms in which OFC manipulations left related learning processes intact. For instance, 

OFC lesions or inactivation do not consistently interfere with simple Pavlovian conditioning 

(Gallagher et al., 1999; Gremel and Costa, 2013; McDannald et al., 2005; Ostlund and 

Balleine, 2007) or discrimination learning in which a CS is paired with a desired stimulus 

such as sucrose (Izquierdo et al., 2004; McDannald et al., 2005; Schoenbaum et al., 2002; 

Walton et al., 2010). With regard to danger learning process, in a discriminative contextual 

fear conditioning task, pre-training OFC lesions impaired later discrimination between a 
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shock paired chamber and an unpaired chamber (Zelinski et al., 2010) but this effect may be 

attributed to generalization (Trow et al., 2017). That OFC inhibition did not influence any 

aspect of fear discrimination learning is in agreement with the wealth of prior studies. In 

light of these data, we must ask: If not in the VO/LO OFC, where does fear discrimination 
learning occur? Neither ventral hippocampus (Chen et al., 2016), posterior insular (Foilb et 

al., 2016), prelimbic or infralimbic cortex inactivations impair fear discrimination, although 

infralimbic inactivation prevented conditioned inhibition (Sangha et al., 2014). In the 

amygdala, fear versus safety conditioning lead to a substantial population of CS− responsive 

single units within the basolateral amygdala (Sangha et al., 2013), differential cue evoked 

responses (Rogan et al., 2005), and altered the structure of excitatory synapses (Ostroff et 

al., 2010) in the lateral amygdala. Thus, the CS-US associations underlying the flexible 

response to the CS+ and CS− observed here are likely encoded in a circuit that includes the 

amygdala and its inputs which are relayed to the OFC (Lichtenberg et al., 2017) which may 

interact with the IL to regulate freezing expression.

In Experiment 3, pharmacological inhibition of the OFC both increased fear expression per 
se (Main effect of Drug, Figure 4C) and interfered with behavioral flexibility in the 

discrimination recall test (Figure 4D). This task involves sequential presentations of danger 

and safety cues, in an order such that the same cue is never presented more than twice in 

succession. That behavioral freezing levels reliably modulate according to the CS type 

suggests one of two possibilities: that the OFC plays a general role in the inhibition of 

freezing or that it tracks the changing expectations of danger. Interference with either 

function would manifest as a deficit in fear discrimination. A direct role of VO/LO region of 

the OFC in control of freezing is certainly plausible given the reciprocal connections 

between the orbital cortex and the amygdala (Ongür and Price, 2000). Interestingly, OFC 

inhibition did not influence overall fear levels or fear discrimination in the first few safety 

trials. One would expect that if fear inhibition was the prevailing contribution of OFC in the 

current task, then the discrimination impairment would be evident in the early recall trials. 

On the other hand, over the course of the test, which would involve toggling between 

relatively high and low freezing levels several times, OFC inhibition appeared to bias the 

behavioral response to the danger signal. Our finding is consistent with two procedurally 

different, but conceptually related, reports in which OFC lesion (Clarke et al., 2015) or 

chemogenetic inhibition (Zimmermann et al., 2018) did not acutely alter aversively 

motivated behavior (punishment and conditioned fear, respectively), but did increase the 

influence of the aversive CS on behavior in later tests (i.e. fear extinction recall). The 

cognitive map hypothesis proposes that the major function of the OFC is to encode and 

mediate the shifts between ‘states’ on a cognitive map of task space which is especially 

relevant when the available predictive cues are perceptually similar but conceptually 

disparate (Wilson et al., 2014; Wilson et al., 2014). Because the CSs are presented in same 

apparatus and at the same trial intervals, behavioral flexibility throughout the test would 

require frequent alterations between of shock expectation with the output of the fear 

circuitry. Importantly, the test itself contains many cues (CS+, odors, and context) that have 

excitatory associations with the shock US and so disruption of the OFC likely leads to a bias 

in which the most salient stimuli, i.e. those that predict danger, gain control over behavior 

even in the presence of well-established safety signal; which is consistent with the inference 
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proposed by Clarke et al. (2015). Thus, we speculate that the impairment in fear 

discrimination observed here may be a consequence of interference with this task switching 

function rather than a role in fear inhibition per se.

Heightened fear is a hallmark symptom of PTSD (Yehuda et al., 2015) and failure to utilize 

learned safety cues has been suggested as a biomarker of PTSD (Grillon and Morgan, 1999; 

Jenewein et al., 2016; Jovanovic et al., 2009; Jovanovic et al., 2012). What is striking about 

this phenomenon is that while individuals with PTSD understand the meaning of the safety 

cue, fear enhanced startle and other biomarkers of anxiety appear insensitive to regulation by 

the safety cue (Jovanovic et al., 2009). Similarly, in Experiment 3, it was clear that 

inactivation of the OFC did not impede the initial recall of the danger/safety discrimination 

but did impair the use of this information over time. Our results suggest that a consequence 

of reduced OFC volume and hypoactivity, which are well documented in PTSD (Hakamata 

et al., 2007; Liberzon and Martis, 2006), is an impairment in switching out of a fearful state 

even when well-established safety cues are available.

The present study established a paradigm that allowed us to quantify recall of fear 

discrimination between safety and danger cues by measuring behavioral freezing. We used 

this model to investigate the function of the VO/LO region of OFC during aversive 

conditioning, an area that is sparse within current OFC literature. The current results 

reinforce a prevailing view of OFC function in the flexible use of learned associations to 

modulate behavioral responses. Importantly, our results reveal an effect of OFC inactivation 

specifically when rats have had to endure numerous switches between danger and safe state. 

In this case, the danger response prevailed and this may explain why impairments in OFC 

function are commonly observed in PTSD.
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Highlights

• The neural mechanisms that allow for differential responses to alternating 

danger and safety signals are unknown.

• Inactivation of ventrolateral orbitofrontal cortex impaired fear inhibition 

during fear discrimination.

• Ventrolateral orbitofrontal cortex is critical to fear inhibition by safety signals.
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Figure 1. 
Freezing to conditioned stimuli (CS) during daily conditioning sessions and recall tests. Rats 

(n = 8/group) were assigned to conditioning with auditory stimuli (unimodal) or auditory 

and visual stimuli (polymodal). Each day of conditioning entailed 15 CS+ and 15 CS− 

presentations and occurred in the afternoon. Recall tests entailed 30s presentations of the 

CSs with a 30s inter-trial-interval and were given each morning, beginning on Day 2. 

Although discrimination was not evident during conditioning sessions, rats demonstrated 

behavioral flexibility in response to alternating CS+ and CS− trials in which freezing levels 

modulated with the expectation of shock. Cue modality did not significantly influence 

freezing during conditioning or recall. (A) Mean(+/−S.E.M.) freezing in blocks of 3 CS 

presentations during conditioning sessions. *p < 0.05 Trial 2 compared to trials 1 and 3. (B) 
Mean(+/−S.E.M.) freezing in blocks of 2 CS presentations during recall tests. *p < 0.05, 

***p < 0.001 freezing to CS− significantly less than CS+.
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Figure 2. 
Microinjection cannula tip locations of rats included in Experiment 2 (blue circles) and 

Experiment 3 (red circles).
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Figure 3. 
Behavioral freezing in Experiment 2. Rats (n = 8/group) were assigned to either intra-OFC 

muscimol or vehicle injections which were made 60 min before fear discrimination 

conditioning. (A) Mean(+/− S.E.M.) freezing to the CSs during blocks of 3 conditioning 

trials. Pretreatment with muscimiol did not alter freezing compared to vehicle controls. (B) 
Mean(+/−S.E.M.) freezing to the CSs (2 trials per block) in a recall test given 24h after 

discrimination conditioning. There was no effect of pre-conditioning muscimol on later 

discrimination in the recall test. ***p < 0.001 freezing to the CS− was significantly less than 

the CS+ across all trial blocks. (C) Mean (individual replicates) discrimination index 

(Freezing to the CS− divided by the CS+ times 100). Muscimol and vehicle treated rats 

behaved equivocally in the discrimination task.
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Figure 4. 
Inactivation of the OFC interfered with recall of conditioned fear discrimination. (A) 
Mean(+/−S.E.M) freezing to the CS+ and CS− in blocks of 2 discrimination recall trials in 

tests 1 and 2 prior to drug administration. Robust discrimination was evident with 

significantly reduced freezing to the CS− at every trial, ps < 0.004. Legend identifies 

treatments in both Fig. 4A and 4B; in Fig 4A “vehicle” treatment indicates behavior prior to 

any drug administration. (B) Mean(+/−S.E.M.) freezing to the CS+ and CS− in blocks of 2 

trials 60 min after injection of muscimol or vehicle (ns = 7/group/test). Discrimination was 

evident in both tests (see text for significant contrasts), but greater discrimination was 

evident in the vehicle groups in the later trials. *ps < 0.019 CS− vehicle vs. CS− muscimol. 

(C) Mean(+S.E.M.) freezing to the CS+ and CS− pooled across test days 3 and 4, and trials. 

Differential freezing was significant in both vehicle and muscimol conditions but there was 

greater freezing expressed to the CS− in muscimol treated animals. ***p < 0.001 differences 

between means as indicated by overhead lines. (D) Mean fear discrimination index (lines 

indicate individual replicates). ***p < 0.001 suppression of freezing to the CS− was 

significantly better in the vehicle group.
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