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Abstract  46 

Anxiety disorders are characterized by excessive attention to threat. Several brain areas, 47 

including the orbitofrontal cortex (OFC), have been associated with threat processing, with more 48 

recent work implicating specialized roles for medial and lateral subregions of OFC in mediating 49 

specific symptoms of anxiety disorders. Virtually no causal work, however, has evaluated the 50 

role of these OFC subregions in regulating behavioral responses under threat. To address this 51 

gap, we compared male rhesus monkeys (Macaca mulatta) with bilateral excitotoxic lesions 52 

restricted to either lateral OFC, targeting Walker’s areas 11 and 13, or medial OFC, targeting 53 

Walker’s area 14, to a group of unoperated controls on behavioral responses to the presentation 54 

of a fake rubber snake, fake spider, and neutral stimuli. Both lesion groups showed heightened 55 

defensive and reduced approach responses, accompanied by longer latencies to retrieve a food 56 

reward, in the presence of the threatening stimuli. Compared to unoperated controls, the medial 57 

OFC lesion group also showed longer latencies to reach for rewards and a greater proportion of 58 

defensive responses (e.g., piloerection) in the presence of neutral stimuli. Thus, monkeys with 59 

medial OFC lesions displayed a greater tendency to express defensive responses even in the 60 

absence of threat. Overall, our data reveal that both medial and lateral OFC contribute to the 61 

attenuation of defensive responses. Notably, these findings, obtained following selective, 62 

excitotoxic lesions of OFC, are diametrically opposed to the effects of aspiration lesions of OFC 63 

observed in macaques.  64 
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Significance Statement  65 
 66 
Engaging in adaptive defensive responses under threat promotes biological fitness. Orbitofrontal 67 

cortex (OFC) has been implicated in regulating defensive responses to threat, with distinct 68 

subregions likely playing different roles. Here we tested the effects of excitotoxic damage 69 

restricted to either the lateral or medial subdivisions of OFC in rhesus macaques. We found 70 

significantly heightened defense and reduced approach responses to threatening stimuli in both 71 

lesion groups. Whereas lateral OFC lesions led to an increase in defense responses to the 72 

threatening stimuli, medial OFC lesions produced increases in defense responses to both 73 

threatening and neutral stimuli. Our findings provide insights into the neural regulation of 74 

defensive responses to threat and inform the etiology and treatment of anxiety disorders in 75 

humans.  76 

  77 
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Introduction  78 

Engaging in adaptive defensive responses under threat promotes biological fitness. In 79 

nonhuman primates, predators such as snakes, either fake or real, provoke a number of canonical 80 

defensive behavioral responses, including freezing, eye and head aversion, and withdrawal 81 

(Meunier et al., 1999; Nelson et al., 2003). Repeated encounters with a threat stimulus in the 82 

absence of aversive outcomes typically leads to extinction of these defensive responses (Nelson 83 

et al., 2003; Izquierdo and Murray, 2004; Izquierdo et al., 2005; Chudasama et al., 2008), 84 

demonstrating adaptability in the face of threat versus safety. Maladaptive responses present as 85 

either underresponding to immediate threat, leading to vulnerability to predation, or 86 

overresponding, leading to a reduced ability to engage in essential activities such as foraging. 87 

Because excessive attention or bias to threat characterizes individuals with anxiety disorders 88 

(Mogg and Bradley, 2018), identifying the brain areas involved in regulating responses to threat 89 

holds some clinical relevance.  90 

 Neuroimaging studies in humans and causal manipulation studies in monkeys implicate 91 

similar sets of brain regions in the adaptive response to threat, including amygdala, 92 

hippocampus, bed nucleus of the stria terminalis (BNST), and periaqueductal gray (PAG) (Fox et 93 

al., 2010; DesJardin et al., 2013; Forcelli et al., 2016; LeDoux and Pine, 2016; Forcelli et al., 94 

2017). Recent work also highlights a role for the orbitofrontal cortex (OFC) (Shiba et al., 2016; 95 

Patrick et al., 2019). The OFC is a large, heterogeneous structure, and some studies in humans 96 

suggest functional specializations of lateral and medial OFC in mediating the relationship 97 

between emotional reactivity and symptoms of anxiety disorders. For example, a comparison of 98 

the neural responses of spider phobic and nonphobic subjects to spider stimuli revealed 99 

decreased activity in lateral OFC which was normalized by Cognitive Behavioral Therapy 100 
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treatment (Schienle et al., 2007). In another study, relative to controls, individuals with 101 

generalized anxiety disorder (GAD) exhibited deficient recruitment of medial OFC during fear 102 

generalization (Greenberg et al., 2013). Recent lesion and stimulation studies in monkeys and 103 

humans, respectively, further reveal distinctions between OFC subregions in regulating 104 

responses to threat and mood (Shiba et al., 2014; Rao et al., 2018). 105 

Differences in the anatomical connectivity of lateral versus medial OFC may underlie the 106 

observed differences in threat and affective processing (Price, 2005). Lateral OFC (areas 11/13) 107 

projects directly to the amygdala, whereas medial OFC (area 14) projects to midbrain structures, 108 

including the hypothalamus and PAG, in addition to the amygdala (Carmichael and Price, 1995a, 109 

b). Whereas the amygdala is thought to regulate responses specifically in the context of predator-110 

specific threat (Martinez et al., 2011; Bindi et al., 2018), electrical, pharmacological, and 111 

optogenetic stimulation of the PAG has been shown to produce defensive behaviors even in the 112 

absence of a threat stimulus (Motta et al., 2017). Area 11/13 may therefore contribute to 113 

regulating defensive responses in the context of perceived threat only, whereas area 14 may play 114 

a more general role in emotional reactivity. Although subregional distinctions have been made 115 

with respect to OFC and reward-guided learning and decision making (Noonan et al., 2010b; 116 

Rudebeck and Murray, 2011; Murray et al., 2015; Murray and Rudebeck, 2018), the individual 117 

contributions of OFC subregions to behavioral regulation under threat in rhesus macaques 118 

remain less well understood. 119 

To explore the contributions of OFC subregions in marshaling defensive responses under 120 

threat, we compared groups of rhesus monkeys (Macaca mulatta) that received bilateral, 121 

excitotoxic lesions of either lateral OFC or medial OFC to a group of unoperated controls. All 122 

monkeys were assessed for their behavioral responses to threat, as indexed by (1) their latency to 123 
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reach for a food reward and (2) observed approach and defense responses, during repeated 124 

presentations of a fake rubber snake and spider. We expected both experimental groups to 125 

display heightened defensive responses, with lateral OFC damage producing specific defensive 126 

responses to the threatening stimuli and medial OFC damage producing nonspecific heightened 127 

defensive responses to both threatening and neutral stimuli.   128 
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Materials and Methods 129 

Subjects 130 

Twenty adult rhesus monkeys (Macaca mulatta), three female, served as subjects. Four 131 

male monkeys sustained bilateral excitotoxic lesions of lateral OFC (targeting areas 11 and 13), 132 

and four male monkeys sustained bilateral excitotoxic lesions of medial OFC (targeting area 14). 133 

Data from the same operated monkeys on tests of learning and decision making have been 134 

previously reported (Rudebeck and Murray, 2011). The remaining 12 monkeys (nine males) 135 

were retained as unoperated controls (CON). Four were trained concurrently with the two 136 

operated groups (Rudebeck et al., 2011), and the remaining eight were historical controls studied 137 

by Rudebeck et al. (2013). The training histories of all the monkeys were highly similar. All 138 

monkeys had received training on tests of learning and decision making before beginning the 139 

experiments decribed here. No statistical test was run to determine the sample size a priori. The 140 

sample sizes we chose are similar to those used in previous publications. Monkeys weighed 141 

between 4.6 and 9.7 kg and all were at least four years old at the start of testing. Each animal was 142 

individually- or pair-housed, kept on a 12-h light-dark cycle (lights on at 7:00 A.M.), maintained 143 

on primate chow and fruit, and given access to water 24 hours a day. All procedures were 144 

reviewed and approved by the NIMH Animal Care and Use Committee. 145 

 146 

Surgery 147 

Eight monkeys received injections of the neurotoxin ibotenic acid which targeted either 148 

the lateral OFC (Walker’s areas 11 and 13) or the medial OFC (Walker’s area 14) bilaterally (for 149 

details, see Rudebeck et al., 2011). For the purpose of relating the location of our intended 150 

lesions to other commonly employed anatomical frameworks, we note that the lateral OFC 151 
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corresponds roughly to areas 13l, 13m, 13b, 11l, and 11m, and the medial OFC corresponds 152 

approximately to areas 14r, 14c, and 10m of Carmichael and Price (1994). Monkeys were given 153 

at least two weeks to recover from surgery before postoperative behavioral testing was initiated. 154 

 155 

Lesion Assessment 156 

Lesions were assessed using T2-weighted MRI scans obtained within one week of the 157 

surgery. The location and extent of excitotoxic lesions in cortex is reliably indicated by the white 158 

hypersignal on T2-weighted scans (Malkova et al., 2001; Basile et al., 2017). The details of the 159 

lesion assessment method are described in Rudebeck et al. (2011). Briefly, MR scan slices were 160 

matched to drawings of coronal sections from a standard rhesus monkey brain at 1-mm intervals. 161 

We then plotted the extent of the hypersignal onto standard sections and estimated the volume of 162 

the lesion in each operated monkey from those plots. The estimated extent and location of the 163 

lesions are shown in Figure 1A and 1B for the lateral OFC and medial OFC, respectively. Mean 164 

percent damage for intended and unintended (i.e., hypersignal that extended beyond the 165 

boundaries of the intended lesion) regions for each group is provided in Table 1. 166 

 167 

Apparatus and materials 168 

Monkeys were trained in a modified Wisconsin General Test Apparatus (WGTA) located 169 

in a darkened room. A clear Plexiglas box measuring 11.4 cm (width) x 71.1 cm (length) x 11.4 170 

cm (height) was placed within the test compartment of the WGTA. The box was hinged at the 171 

back, which allowed the experimenter to easily lift the back flap and place objects within the box 172 

in between trials. Test objects included the following: a grey/green colored rubber snake 173 

measuring 50.8 cm in length and ~2 cm in diameter, a black, “hairy” rubber spider measuring 10 174 
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cm in width x 13.5 cm in length x 2.5 cm in height, and eight neutral junk objects varying in size, 175 

shape, and color. Another three junk objects were dedicated to pretraining. Food rewards 176 

consisted of fruit snacks (Giant Food, Inc., Landover, MD).  177 

Monkeys’ behaviors during each session were recorded on videotape. The video 178 

recording set-up consisted of: two video cassette recorders (VCRs, SR-TS1U), two color video 179 

monitors (TM-H1375SU), and two video CCTV cameras (TK-CJ20U), all from JVC 180 

Professional Product Company, Denver, CO. The VCRs were equipped with SMPTE time code 181 

generators (TG-50; Horita, Mission Viego, CA), which were synchronized at the beginning of 182 

each session. The dual camera set-up enabled the test sessions to be videotaped from two vantage 183 

points: camera 1 provided a view of the test compartment from above, and camera 2 provided a 184 

frontal view of the monkeys’ behavioral reactions to the objects in the Plexiglas box. 185 

 186 

Experimental Design and Statistical Analysis 187 

 All monkeys were evaluated for their behavioral responses to objects known to be 188 

threatening (snake, spider) or nonthreatening (neutral objects) to macaques. In addition, before 189 

coming to the present study, all monkeys had experience in the test apparatus used here, as well 190 

as a general familiarity with approaching and displacing small junk objects (see Subjects). 191 

 192 

Pretraining  193 

All monkeys were first required to retrieve food rewards that were located on top of the 194 

Plexiglas box while the box was empty for 20 trials. For another 10 trials, one of the three 195 

pretraining objects was placed inside the box. This was repeated for at least one more day or 196 

until the monkey readily retrieved a food reward from the top, back edge of the Plexiglas box 197 
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with and without an object present. Thus, by the end of pretraining, monkeys were familiar with 198 

the Plexiglas box, and with the procedure of reaching for rewards in the presence of an object.  199 

 200 

Main task  201 

Monkeys performed five sessions composed of 10 trials each. A different object was used 202 

for each trial within a session, and no new objects were introduced from session to session. In 203 

eight trials, one of the neutral objects was placed on the surface of the test compartment in the 204 

center of the Plexiglas box. In the remaining two trials, the rubber snake or spider was placed in 205 

the center of the Plexiglas box. The snake and spider objects were static and presented 206 

pseudorandomly in the sequence of 10 trials with the constraint that neither the snake nor spider 207 

were presented on the first trial of the session. Trials were separated by 20 seconds. Sessions 208 

were administered every other day. 209 

On each trial, the opaque screen that separated the monkey from the test compartment 210 

was raised. The monkey was free to reach over the object to retrieve the food reward. Each trial 211 

lasted 30 seconds regardless of whether the food was retrieved. At the end of the trial, the opaque 212 

screen separating the monkey from the test compartment was lowered.  213 

 214 

Videotape analysis 215 

 Food-retrieval latencies were derived from analysis of the video recordings from camera 216 

1, which provided a top-down view of the compartment. Latencies were scored to the nearest 217 

frame and had a resolution of ~4 ms. Time for the latency measure was initiated when the 218 

opaque screen was raised ~15 cm above the test tray. This could be discerned in the videotape by 219 

a mark on the cage, visible in the view of camera 2, which provided a frontal view of the 220 
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monkeys’ reactions to the objects in the Plexiglas box. The response was considered complete 221 

when the monkey grasped the food reward just before it withdrew its arm. If no response was 222 

made within the trial limit of 30 seconds, a score of 30 seconds was recorded.  223 

 Behaviors expressed during each trial were scored from video recordings from camera 2. 224 

Two main categories were observed: approach and defense. Table 2 provides a list and 225 

definitions of the behaviors that comprised the approach and defense categories. Approach and 226 

defense behaviors are standard measures in this and other laboratories (Meunier et al., 1999; 227 

Izquierdo and Murray, 2004; Kalin et al., 2004; Machado and Bachevalier, 2008; Chudasama et 228 

al., 2009; Machado et al., 2009). Approach was scored if the monkey moved from the back to the 229 

front of the cage and stayed close to the Plexiglas box, obtained the reward, or touched the 230 

Plexiglas box in which the object was contained. Defense was scored when the monkey froze, 231 

showed piloerection, averted his/her eyes, shifted his/her whole head to avoid eye contact with 232 

the object, or moved away from the object and/or stayed in the back of the cage (withdrawal). 233 

We combined the eye and head aversion categories for the final analyses given that the 234 

occurrences of these behaviors highly overlapped. The front-facing (camera 2) video recording 235 

for the fourth session of a monkey (Case 2) in the lateral OFC group was missing. We therefore 236 

analyzed data from only four sessions for this monkey, instead of five.  237 

 Behaviors were scored by an observer who was naïve to group assignment. Each 238 

behavior listed in Table 2 was scored with either a “0” if it was absent in each trial or a “1” if it 239 

was present in each trial. It was possible for an approach behavior and defense behavior to have 240 

been present and scored simultaneously within the same trial. For example, the observer may 241 

have scored a “take/eat reward” behavior as a “1” if the monkey took the reward, in addition to 242 

scoring “move away/withdrawal” as a “1” if the monkey also moved away or withdrew from the 243 
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stimulus either before or after taking the food. A subset of sessions was subsequently scored 244 

independently by a second observer who was aware of the group assignments. Inter-observer 245 

reliability was obtained by calculating a Pearson’s correlation coefficient for the total proportion 246 

of behaviors averaged across all trials and all five sessions per monkey, for a sample of eight 247 

monkeys total (two monkeys from each of the experimental groups and four unoperated control 248 

monkeys). 249 

 250 

Statistical analysis 251 

 Because of the small sizes of our experimental groups, we tested for normality of our data 252 

and found that our data violated assumptions of normality. This was true regardless of the type of 253 

transformation used to normalize the distributions (log, square root, cube root transformation, 254 

Tukey’s Ladder of Power; all Shapiro-Wilk tests, p < 0.05). We therefore used nonparametric 255 

tests for all of our analyses.  256 

To test the effects of subtotal OFC lesions on responses to the stimuli, we ran a separate 257 

two-tailed Kruskal-Wallis test for each stimulus category, followed by post-hoc Mann-Whitney 258 

U tests to compare the experimental lesion groups to the intact control group and to each other. 259 

To determine whether animals habituated to the stimuli over repeated presentations, we next 260 

performed within-group comparisons of food-retrieval latencies between the first and fifth 261 

sessions (using the Wilcoxon signed-rank test for paired data) as well as between-group 262 

comparisons of latencies in the fifth session (Mann-Whitney U test).  263 

To test whether whole-body responses corroborated the effects observed from the food-264 

retrieval latency scores, we determined the proportion of trials with approach responses and 265 

proportion of trials with defense responses. We then calculated an Approach-Defense Index 266 
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(ADI) by computing the difference between the proportion of trials with approach (APP) vs. 267 

defense (DEF) behaviors and then normalizing the difference by the sum: 268 

 

We ran separate two-tailed Kruskal-Wallis tests for each stimulus category, followed by post-hoc 269 

Mann-Whitney U tests for between-group comparisons. Behavioral data were collapsed across 270 

all sessions for each stimulus category.   271 
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Results 272 

Food-retrieval latencies  273 

To establish the effect of lateral and medial OFC lesions on responses to the threatening 274 

stimuli, we first analyzed food-retrieval latencies. For our initial analysis, the data for all three 275 

stimulus categories were averaged across session and the main effect of group was determined 276 

for each category (Figure 2). There was an overall significant effect of group on food-retrieval 277 

latency for the spider ( 2 = 12.23, p = 0.002) and snake ( 2 = 7.80, p = 0.02) stimuli. Between 278 

group comparisons indicated that both operated groups took longer to reach for the food reward 279 

in the presence of both the spider (lateral OFC: U = 2, p = 0.004; medial OFC: U = 1, p = 0.002) 280 

and the snake (lateral OFC: U = 6, p = 0.03; medial OFC: U = 8.5, p = 0.06, approaching 281 

significance) compared to controls, whereas the operated groups did not differ from each other 282 

(spider: U = 5, p = 0.49; snake: U = 10, p = 0.45). There was also a significant effect of group on 283 

food-retrieval latency for the neutral stimuli ( 2  = 7.88, p = 0.02), which was driven by a 284 

difference between the medial OFC lesion group and controls (U = 0, p = 0.001), but not the 285 

lateral OFC lesion group and controls (U = 20, p = 0.68). Thus, the medial OFC lesion group 286 

showed significantly longer food-retrieval latencies compared to controls in the presence of the 287 

neutral stimuli. To isolate these effects, we subtracted the mean food-retrieval latency for trials 288 

with neutral objects from the mean for each threat stimulus and found that the medial OFC group 289 

did not differ from either the lateral OFC (spider vs. neutral: U = 8, p = 1.00; snake vs. neutral: 290 

U = 13, p = 0.20) or controls (spider vs. neutral: U = 13, p = 0.21; snake vs. neutral: U = 21, p = 291 

0.77). The lateral OFC group, however, did differ from controls (spider vs. neutral: U = 2, p = 292 

0.004; snake vs. neutral: U = 4, p = 0.01), which shows that any differences between the 293 
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experimental groups are due to a difference in how the medial OFC group is responding to the 294 

neutral stimuli. 295 

The long food-retrieval latencies displayed by the medial OFC lesion group on trials with 296 

neutral stimuli raised a question, specifically, whether the increased latency in the presence of 297 

the neutral stimuli might be a by-product of a prolonged affective reaction following exposure to 298 

the fake snake. To determine whether the heightened food-retrieval latency effects for the medial 299 

OFC group were more pronounced on neutral trials immediately following the snake trial, we 300 

performed two Kruskal-Wallis tests on the food-retrieval latencies for neutral trials immediately 301 

before and after the snake trial. If there was an influence of the snake presentation on food-302 

retrieval latencies for the medial OFC group, we would have expected to see a significant effect 303 

of group for the trials after, but not before, the snake. Instead, however, we found a significant 304 

effect of group for the trials with neutral objects both immediately before ( 2  = 8.01, p = 0.02) 305 

and immediately after ( 2  = 7.09, p = 0.03) the snake trial (Figure 3). Post-hoc tests revealed 306 

that this effect was carried by monkeys with medial OFC lesions. Relative to controls, this group 307 

showed significantly longer food-retrieval latencies for the neutral trials both before (U = 0, p = 308 

0.001) and after (U = 3, p = 0.008) the snake trial. There was no significant difference between 309 

the lateral OFC group and controls (before: U = 19, p = 0.60; after: U = 15, p = 0.32) or between 310 

the operated groups (before: U = 3, p = 0.20; after: U = 3, p = 0.20). Lesions of medial OFC 311 

therefore seemed to have a pervasive effect on retrieval latencies on all neutral trials, and the 312 

monkeys’ behavior could not simply be explained by carryover effects from snake trials. 313 

We next assessed how retrieval latencies changed over the course of the five test sessions 314 

conducted on separate days. Figure 4 shows the mean food-retrieval latencies plotted across all 315 

five sessions for each stimulus type. Within-group analyses showed that, as expected, the control 316 
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group habituated to the threatening stimuli, as evidenced by shorter food-retrieval latencies in the 317 

fifth session compared to the first session in the presence of the spider (V = 78, p = 0.0005) and 318 

the snake (V = 44, p = 0.01). By contrast, neither operated group habituated to the presence of 319 

the spider (lateral OFC: V = 6, p = 0.18; medial OFC: V = 10, p = 0.13) or the snake (lateral 320 

OFC: V = 10, p = 1.00 ; medial OFC: V = 10, p = 1.00). Between-group analyses showed that, 321 

over repeated exposures, the medial and lateral OFC lesion groups continued to show 322 

significantly longer food-retrieval latencies in the presence of the snake compared to controls (by 323 

the fifth session, lateral OFC: U = 6, p = 0.03; medial OFC: U = 7.5, p = 0.05). For the trials 324 

with neutral objects, the medial OFC group continued to show longer food-retrieval latencies by 325 

the fifth session compared to the controls (U = 8, p = 0.058, approaching significance). For each 326 

category, the operated groups did not differ from each other by the fifth session (spider: U = 4, p 327 

= 0.34; snake: U = 10, p = 0.45; neutral: U = 4, p = 0.34). In summary, both lateral OFC and 328 

medial OFC lesion groups exhibited longer latencies to retrieve food in the presence of the 329 

threatening stimuli. Notably, the heightened defensive responses were manifest as a failure to 330 

habituate to the snake and spider stimuli over repeated exposures. Because longer food-retrieval 331 

latencies could be products of other behaviors (e.g., indifference/inattentiveness, overall 332 

slowness, etc.), we also assessed the monkeys’ whole-body behavioral responses in the presence 333 

of the stimuli.  334 

 335 

Behavioral responses 336 

To better characterize how subtotal lesions of OFC affect behavior in response to 337 

threatening stimuli, we conducted ethological assessments of each monkey’s behavior. Table 2 338 

provides a description of all the behaviors scored for the approach and defense behavioral 339 
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categories. There was good inter-observer reliability (r = 0.92; p = 0.001). We investigated the 340 

proportion of trials that monkeys engaged in approach and defense behaviors and calculated an 341 

Approach-Defense Index (ADI) to characterize behavioral responses for each stimulus category 342 

(Figure 5). Overall, a positive ADI represents greater approach and fewer defense responses, and 343 

a negative ADI represents fewer approach and greater defense responses. There was a significant 344 

effect of group for the spider ( 2  = 10.12, p = 0.006) but not the snake trials ( 2  = 3.49, p = 345 

0.17), though a pattern of reduced ADI scores for the subtotal lesion groups is observed. 346 

Compared to the controls, both operated groups had lower ADI scores (lateral OFC: U = 44, p = 347 

0.02; medial OFC: U = 45, p = 0.01) for the spider trials. The operated groups did not differ from 348 

each other (spider: U = 7, p = 0.89; snake: U = 7.5, p = 1.00). Consistent with the food-retrieval 349 

latency data, a main effect of group ( 2  = 8.01, p = 0.02) and subsequent between group analyses 350 

revealed that the medial OFC group had a significantly lower ADI compared to controls (U = 47, 351 

p = 0.006), but not compared to the lateral OFC group (U = 14, p = 0.11), in the presence of the 352 

neutral stimuli. The lateral OFC group and controls did not differ from each other (U = 31.5, p = 353 

0.38).  354 

In sum, relative to controls and consistent with the food-retrieval latency data, both 355 

lateral and medial OFC lesion groups showed fewer approach and greater defense responses in 356 

the presence of threatening stimuli (Table 3). The medial OFC group also showed fewer 357 

approach and greater defense responses in the presence of the neutral stimuli. Notably, the two 358 

operated groups differed in their expression of defensive behaviors. Whereas the lateral OFC 359 

group withdrew or moved away from the spider more than controls (U = 21, p = 0.01), the 360 

medial OFC group displayed more instances of freezing (U = 7.5, p = 0.01), eye and head 361 

aversion (U = 7.5, p = 0.04), and piloerection (U = 12, p = 0.02) (Table 4). Whole-body 362 
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responses throughout the entire stimulus presentation period therefore provided additional 363 

evidence that the experimental groups’ increased food-retrieval latencies were due to a 364 

combination of reduced approach and increased defense responses to the threatening stimuli. 365 
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Discussion  366 

We found that monkeys with selective, excitotoxic lesions of distinct subdivisions of 367 

OFC—either lateral OFC (areas 11/13) or medial OFC (area 14)—showed altered patterns of 368 

defensive responses. Relative to controls, both operated groups exhibited increased food-retrieval 369 

latencies in the presence of the threatening stimuli. Consistent with this finding, both groups also 370 

displayed a pattern of increased defense and decreased approach responses. Strikingly, compared 371 

to unoperated controls, monkeys with medial OFC damage also showed increased food-retrieval 372 

latencies in the presence of the neutral objects. This effect in the neutral condition could not be 373 

attributed to the lingering influence of exposure to the fake snake on food-retrieval latencies in 374 

subsequent trials with neutral objects. Instead, the effect was due to an overall reduction in 375 

approach and increase in defense responses in the presence of the neutral stimuli. Taken together, 376 

these findings suggest that medial and lateral sectors of OFC in intact monkeys serve to 377 

downregulate defensive responses.  378 

 379 

Role of OFC subregions in responding to threat  380 

Others have tested the effects of subtotal OFC lesions in macaques on tasks involving 381 

predator stimuli and obtained equivocal results (Machado et al., 2009; Noonan et al., 2010a). 382 

Several differences between these earlier studies and the present one, including variability in 383 

how the lesions were created (e.g., aspiration, which damages cell bodies and underlying fibers 384 

of passage, vs. excitotoxic, which affects cell bodies only) and differences in testing parameters, 385 

preclude identification of the precise factors that account for the different outcomes. Whatever 386 

the reasons, our results differ from these earlier reports in macaques and are instead more in line 387 

with recent work showing that excitotoxic lesions of anterior lateral OFC (primarily area 11) and 388 
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ventrolateral prefrontal cortex (area 12) in marmosets resulted in heightened defensive responses 389 

to a toy snake (Shiba et al., 2014).  390 

The independent contributions of frontal cortical regions to regulating defensive 391 

responses both in the marmoset study and the present study would appear to contradict the 392 

finding that combined damage to medial and lateral OFC (i.e., excitotoxic lesions of OFC areas 393 

11, 13, and 14) produces no alterations in behavioral responses to threatening stimuli (Rudebeck 394 

et al., 2013). However, differences in anatomical connections of lateral and medial OFC with 395 

other brain regions may explain both the differences between effects of the medial and lateral 396 

OFC lesions, as well as the difference from the combined lesion, on behavioral responses to 397 

threatening stimuli. Another possibility suggested by the pattern of results, one not mutually 398 

exclusive with the first, is that each OFC subregion has an inhibitory influence on the other, 399 

either directly or indirectly via a downstream target. This inhibitory interaction could explain the 400 

counterintutitive finding that removal of either OFC subregion alone facilitates defensive 401 

responses to threat, whereas their combined removal has no effect.  402 

Whereas intact controls habituated to the presence of the threatening stimuli following 403 

repeated exposures, monkeys with subtotal OFC damage failed to habituate. Our overall pattern 404 

of results therefore suggests a critical role for these two distinct subregions in adaptively 405 

attenuating defensive behaviors over time or repeated presentations of a threat stimulus in the 406 

absence of overt negative outcomes. These findings should be considered within the context of a 407 

larger network of regions known to be involved in the expression and regulation of defensive 408 

responses, such as the amygdala, periaqueductal gray, and bed nucleus of the stria terminalis 409 

(Fox et al., 2010; DesJardin et al., 2013; Forcelli et al., 2016; LeDoux and Pine, 2016; Forcelli et 410 

al., 2017). With OFC damage or dysfunction, the areas in this network that are critically involved 411 
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in sustaining arousal and/or marshaling defensive responses may not receive the input necessary 412 

to downregulate their activity during multiple exposures to the same threat.  413 

 414 

Alternative interpretations 415 

 Although we discuss our findings in the context of OFC playing a direct role in inhibiting 416 

responses to threat, an alternative interpretation is that OFC subregions guide adaptive learning 417 

about safety in the absence of experienced aversive outcomes. This interpretation is in line with 418 

the observation that the experimental lesion groups failed to habituate to the predator stimuli 419 

following repeated presentations, whereas the control group, on average, showed a significant 420 

reduction in defensive responses to the stimuli over time. Further support of this interpretation 421 

comes from work showing that defensive responses to snake stimuli but not neutral stimuli can 422 

be conditioned through observational learning, indicating that defensive responses to snakes in 423 

macaques, although innate, are capable of being modified through experience (Mineka et al., 424 

1984; Cook et al., 1985; Cook and Mineka, 1989). The exact mechanisms by which the macaque 425 

OFC might contribute to learning about safety remain unknown. One possibility is that 426 

information about the absence of negative outcomes following their expectation, as a prediction 427 

error signal of sorts, may be integrated in areas of the brain described above (e.g., amygdala, 428 

periaqueductal gray, etc.) to downregulate behavioral and physiological responses to stimuli. 429 

Although all monkeys were maintained on a controlled diet to ensure motivation to 430 

obtain food rewards, yet another possibility is that the lesions disrupted the monkeys’ abilities to 431 

represent food reward value, and that this biased their behavior toward defensive responses. This 432 

may especially apply to the medial OFC lesion group, which exhibited longer food-retrieval 433 

latencies in the presence of neutral stimuli. Such an interpretation is consistent with 434 
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physiological studies in macaques showing that neuronal activity in lateral (Wallis and Miller, 435 

2003; Padoa-Schioppa and Assad, 2006; Rudebeck et al., 2013a) and medial (Bouret and 436 

Richmond, 2010; Strait et al., 2014) OFC reflects reward value. Against this idea, our analysis of 437 

whole-body responses suggest that the observed increase in food-retrieval latencies is 438 

independent of reward valuation. Monkeys with medial OFC damage showed increased defense 439 

behaviors to neutral stimuli, specifically freezing in the first session (mOFC vs. controls, U = 42, 440 

p = 0.03; mOFC vs. lOFC, U = 15, p = 0.05) and an overall trend towards increased piloerection 441 

(mOFC vs. controls, U = 11, p = 0.08), which is difficult to explain on the basis of altered food 442 

valuation. Nevertheless, several studies now suggest a role for medial OFC and adjacent regions 443 

of medial frontal cortex in integrating value signals (Bouret and Richmond, 2010; Noonan et al., 444 

2010b; Rudebeck and Murray, 2011; Strait et al., 2014; Howard and Kahnt, 2017; Suzuki et al., 445 

2017), suggesting a role for this area in biasing action selection. Therefore, although an 446 

explanation of heightened defensive responses in terms of reduced sensitivity to food value 447 

seems unlikely, we cannot rule this possibility out entirely. Future studies will be necessary to 448 

isolate the effects of perceived threat from food reward valuation. 449 

 450 

Contribution of OFC subregions to anxiety disorders 451 

Our data inform findings in humans with anxiety disorders. Human neuroimaging studies 452 

have pointed to functional specializations of prefrontal structures in mediating the relationship 453 

between emotional reactivity and symptoms of different anxiety disorders (Etkin and Wager, 454 

2007). Based on our pattern of results, it is plausible that dysfunction of specific subdivisions of 455 

OFC may underlie the etiology and symptomatology of different types of anxiety disorders. 456 

Generalized defense and hypervigilance consequent to medial OFC damage present similarly to 457 
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symptoms seen in GAD (Newman et al., 2013) or panic disorder (Lieberman et al., 2015). On the 458 

other hand, stimulus-specific hyperreactivity following lateral OFC damage appears to be more 459 

akin to the symptoms of PTSD (Lazarov et al., 2018), specific phobia (Hermann et al., 2009), or 460 

obsessive-compulsive disorders (Sizino da Victoria et al., 2012) (e.g., defensive responses in 461 

response to specific “triggering” events or stimuli). Though this interpretation oversimplifies the 462 

complexity of anxiety disorder subtypes, it highlights the need for frameworks that propose 463 

unique neural substrates underlying distinct symptoms within a common class of disorders (e.g., 464 

anxiety). 465 

 466 

OFC and responding to threat: generative vs. regulatory role? 467 

For decades, OFC damage in humans and macaques has been associated with blunted 468 

affect (Kleist, 1934; Butter et al., 1970; Blumer and Benson, 1975; Izquierdo et al., 2005; Kalin 469 

et al., 2007; Jenkins et al., 2018). The classic blunting or diminished responses to threatening 470 

stimuli following OFC damage implies that the OFC is necessary for generating, or expressing, 471 

adaptive defensive responses (Hiser and Koenigs, 2018). Blunted affect following OFC damage 472 

would therefore appear to contradict models that posit a “top-down” inhibitory role of prefrontal 473 

cortex on limbic and midbrain areas to attenuate defensive responses to perceived threat in 474 

animals or fear expression in humans (Likhtik et al., 2005; Thayer and Lane, 2009). The current 475 

finding of heightened defensive responses following selective, excitotoxic OFC damage is more 476 

consistent with these models. In other words, the results presented here suggest regulatory, as 477 

opposed to generative or expressive, roles in defensive behaviors for individual subregions of 478 

OFC and are diametrically opposed to those that follow OFC aspiration lesions in macaques 479 

(Butter et al., 1970; Izquierdo et al., 2005; Rudebeck et al., 2006; Kalin et al., 2007). The reasons 480 
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underlying this difference could be key to understanding the regulation of affect and remain a 481 

topic for empirical investigation.  482 

483 
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Tables 484 

Table 1. Estimated percent damage to lateral and medial OFC 485 

Monkey   

(Group-Case) 

lOFC mOFC 

Left Right Mean Left Right Mean 

lOFC-1 80.8 82.7 81.7 7.5 4.1 5.8 

lOFC-2 89.7 93.8 91.8 3.8 3.0 3.4 

lOFC-3 79.4 86.7 83.1 1.7 3.0 2.3 

lOFC-4 89.6 84.1 86.8 3.9 5.2 4.6 

Mean 
  

85.9 
  

4.0 

mOFC-1 12.7 17.0 14.9 98.6 93.4 96.0 

mOFC-2 7.7 8.2 8.0 77.8 76.5 77.1 

mOFC-3 29.3 3.6 16.4 42.3 75.2 58.7 

mOFC-4 13.2 4.1 8.7 90.6 79.8 85.2 

Mean     12.0     79.3 

 486 
Lateral OFC (lOFC), Cases 1-4: monkeys with injections of ibotenic acid targeting areas 11 and 487 
13. Medial OFC (mOFC), Cases 1-4: monkeys with injections of ibotenic acid targeting area 14. 488 
Left, Left hemisphere; Right, right hemisphere; Mean, average of the damage to left and right 489 
hemispheres. 490 
  491 
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Table 2. Description of behaviors scored 492 
 493 
Category Behavior Description 

Approach 

Move forward Shifts body forward, closer to stimulus 

Touch Handles Plexiglas box with hand or foot 

Take/eat reward Picks up or mouths the food reward 

Defense 

Freezing Motionless for 3 seconds or longer 

Startle Jerks suddenly 

Eye/head aversion Avoids eye contact or turns head away for at least 3 seconds 

Piloerection Hair stands on end 

Move away/ 
Withdrawal 

 

Retreats to back of the cage, away from stimulus, standing 
with a tense posture 

 
 494 
Definitions for each behavior scored within approach and defense behavior categories.  495 
 496 
 497 
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Table 3. Summary statistics for approach and defense behaviors 498 
 499 

Condition Type 
Behavioral 

Category 

CON (n=12) lOFC (n=4) mOFC (n=4) p values 

Mean SEM Mean SEM Mean SEM 

lOFC 

vs. 

CON 

mOFC 

vs. 

CON 

lOFC 

vs. 

mOFC 

Neutral 
Approach 0.42 0.02 0.41 0.04 0.33 0.02 0.76 0.01 0.20 

Defense 0.01 0.00 0.01 0.00 0.02 0.01 0.49 0.01 0.14 

Spider 
Approach 0.41 0.05 0.20 0.05 0.18 0.03 0.01 0.01 0.88 

Defense 0.08 0.03 0.24 0.08 0.24 0.06 0.03 0.02 1.00 

Snake 
Approach 0.23 0.05 0.02 0.02 0.07 0.07 0.08 0.11 1.00 

Defense 0.23 0.05 0.36 0.07 0.38 0.14 0.16 0.27 1.00 

 500 
Approach and defense behavioral data for each group and each stimulus type collapsed across all five sessions. p values < 0.05 501 
have been emphasized with bold text. Abbreviations: lOFC, monkeys with lesions of the lateral orbitofrontal cortex; mOFC, 502 
monkeys with lesions of the medial orbitofrontal cortex; CON, unoperated control monkeys. 503 
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Table 4. Summary statistics for sub-behaviors scored 504 
 505 

Condition 

Type 
Behavior 

CON (n=12) lOFC (n=4) mOFC (n=4) p values 

Mean SEM Mean SEM Mean SEM 

lOFC 

vs. 

CON 

mOFC 

vs. 

CON 

lOFC 

vs. 

mOFC 

Neutral 

Move forward 0.00 0.00 0.02 0.01 0.01 0.01 0.002 0.002 0.44 

Touch 0.25 0.07 0.25 0.10 0.03 0.01 1.00 0.005 0.03 

Take/eat reward 1.00 0.00 0.97 0.03 0.93 0.04 0.66 0.001 0.03 

Freezing 0.01 0.00 0.00 0.00 0.02 0.01 0.33 0.37 0.19 

Startle 0.00 0.00 0.01 0.01 0.01 0.01 0.79 0.79 1.00 

Eye/Head Aversion 0.00 0.00 0.01 0.01 0.01 0.01 0.11 0.11 1.00 

Piloerection 0.01 0.01 0.01 0.01 0.06 0.03 1.00 0.08 0.28 

Move away/withdrawal 0.00 0.00 0.01 0.01 0.01 0.01 0.46 0.46 1.00 

Spider 

Move forward 0.00 0.00 0.05 0.05 0.00 0.00 0.11 1.00 0.45 

Touch 0.30 0.12 0.00 0.00 0.00 0.00 0.16 0.16 1.00 

Take/eat reward 0.93 0.04 0.54 0.14 0.55 0.10 0.006 0.005 1.00 

Freezing 0.02 0.02 0.05 0.05 0.25 0.13 0.46 0.01 0.21 
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Startle 0.05 0.03 0.10 0.10 0.10 0.06 0.87 0.41 0.87 

Eye/Head Aversion 0.17 0.08 0.35 0.24 0.45 0.05 0.54 0.04 0.54 

Piloerection 0.00 0.00 0.00 0.00 0.20 0.12 1.00 0.02 0.18 

Move away/withdrawal 0.17 0.07 0.68 0.14 0.20 0.12 0.01 0.74 0.05 

Snake 

Move forward 0.03 0.03 0.05 0.05 0.00 0.00 0.53 0.67 0.45 

Touch 0.02 0.02 0.00 0.00 0.00 0.00 0.67 0.67 1.00 

Take/eat reward 0.63 0.14 0.00 0.00 0.20 0.14 0.04 0.10 0.45 

Freezing 0.15 0.09 0.20 0.12 0.20 0.14 0.53 0.62 1.00 

Startle 0.05 0.04 0.20 0.20 0.10 0.10 0.66 0.72 1.00 

Eye/Head Aversion 0.42 0.11 0.51 0.23 0.65 0.17 0.71 0.30 0.88 

Piloerection 0.13 0.05 0.10 0.06 0.50 0.21 0.95 0.09 0.18 

Move away/withdrawal 0.40 0.11 0.79 0.14 0.45 0.26 0.11 1.00 0.46 

 506 
Data for each behavior for each group and each stimulus type collapsed across all five sessions. p values < 0.05 have been 507 
emphasized with bold text. Abbreviations: lOFC, monkeys with lesions of the lateral orbitofrontal cortex; mOFC, monkeys with 508 
lesions of the medial orbitofrontal cortex; CON, unoperated control monkeys. 509 
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Figure Legends 654 

 655 
Figure 1.  Excitotoxic lesions of lateral OFC (lOFC) area 11/13 (A) and medial OFC (mOFC) 656 

area 14 (B). The left column in each panel shows the extent of the intended lesion area (lOFC in 657 

blue; mOFC in red) on standard coronal sections through the frontal lobe of a macaque brain 36-658 

28 mm rostral to the interaural plane. The middle and right columns in each panel show coronal 659 

images at corresponding levels taken from T2-weighted MRI scans obtained within 1 week of 660 

surgery from cases 1 and 4 from the lOFC group and cases 2 and 4 from the mOFC group. White 661 

hypersignal is associated with edema that follows injections of the excitotoxin ibotenic acid and 662 

typically corresponds to the extent of the lesion.  663 

Figure 2.  Average food-retrieval latencies collapsed across all five sessions are plotted for each 664 

group for the neutral, spider, and snake trial types separately. The lOFC group, area 11/13, is 665 

represented in light gray on a standard coronal section below each corresponding bar. The mOFC 666 

group, area 14, is represented in dark gray on a standard coronal section below each 667 

corresponding bar. Unoperated controls are labeled CON and represented in white. Error bar = 668 

SEM; *p < 0.05 for a comparison of each subtotal OFC lesion group compared to the control 669 

group. 670 

Figure 3.  Average food-retrieval latencies collapsed across all five sessions plotted for each 671 

group for all neutral object trials preceding the presentation of the fake rubber snake (left panel) 672 

and all neutral object trials following the presentation of the fake rubber snake (right panel). 673 

Labeling conventions as in Figure 2. Error bar = SEM; *p < 0.05 for a comparison of each 674 

subtotal OFC lesion group to the control group. 675 

 676 
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Figure 4.  Average food-retrieval latencies plotted for each session for each group separated by 677 

trial type (neutral objects, spider, snake). Labeling conventions as in Figure 2. Error bar = SEM; 678 

*p < 0.05 for a comparison of lOFC group to the control group; ^p < 0.05 for a comparison of 679 

the mOFC group to the control group.  680 

Figure 5.  Approach-Defense Index (ADI) plotted for each group, separated by trial type (neutral 681 

objects, spider, snake). Labeling conventions as in Figure 2. Error bar = SEM; *p < 0.05 for a 682 

comparison of each subtotal OFC lesion group to the control group. 683 

 684 
Table Legends 685 
 686 
Table 1.  Lateral OFC (lOFC), Cases 1-4: monkeys with injections of ibotenic acid targeting 687 

areas 11 and 13. Medial OFC (mOFC), Cases 1-4: monkeys with injections of ibotenic acid 688 

targeting area 14. Left, Left hemisphere; Right, right hemisphere; Mean, average of the damage 689 

to left and right hemispheres. 690 

Table 2.  Definitions for each behavior scored within approach and defense behavior categories.  691 

Table 3.  Approach and defense behavioral data for each group and each stimulus type collapsed 692 

across all five sessions. p values < 0.05 have been emphasized with bold text. Abbreviations: 693 

lOFC, monkeys with lesions of the lateral orbitofrontal cortex; mOFC, monkeys with lesions of 694 

the medial orbitofrontal cortex; CON, unoperated control monkeys. 695 

Table 4.  Data for each behavior for each group and each stimulus type collapsed across all five 696 

sessions. p values < 0.05 have been emphasized with bold text. Abbreviations: lOFC, monkeys 697 

with lesions of the lateral orbitofrontal cortex; mOFC, monkeys with lesions of the medial 698 

orbitofrontal cortex; CON, unoperated control monkeys. 699 
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