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SUMMARY: 29 

Cat skin/fur odor exposure provides a reliable method to investigate neural circuits and 30 

mechanisms of defensive responses in rodents and may offer insight into mechanisms that 31 

mediate fear in humans. Here, we describe a protocol for investigating the role of the 32 

interoceptive cortex in threat responses in rats.  33 

 34 

ABSTRACT: 35 

Animals respond to threatening situations by exhibiting a number of defensive behaviors, 36 

including avoidance, freezing, and risk assessment. An animal model with an ethological 37 

approach offers a deeper insight into the biological mechanisms underlying threat 38 

responses. This paper describes a methodology to measure defensive behaviors toward 39 

both innate and learned aversive stimuli in rats. Animals were individually exposed to 40 

predator odor in an inescapable chamber to elicit a measurable, sustained, defensive state. 41 

The experimental design involved placing a rat in a familiar chamber for 10 min followed by 42 

exposure to cat odor for another 10 min in the same context. The next day, the rats were 43 

Manuscript Click here to access/download;Manuscript;63078_R2.docx

mailto:mcontreras@email.arizona.
mailto:mdomic@ucn.cl
mailto:fceric@udd.cl
mailto:ftorrealba@bio.puc.cl
mailto:maria.rodriguez@uoh.cl
https://www.editorialmanager.com/jove/download.aspx?id=1397258&guid=1c15c48b-fec1-461a-8042-b2619aabfe10&scheme=1
https://www.editorialmanager.com/jove/download.aspx?id=1397258&guid=1c15c48b-fec1-461a-8042-b2619aabfe10&scheme=1


re-exposed for 10 min to the same context chamber where cat odor exposure occurred. 44 

Sessions were video-recorded and defensive behaviors were assessed on both days.  45 

 46 

The behavioral test was coupled with reversible functional inactivation and c-Fos 47 

immunohistochemistry techniques to determine the role of the interoceptive cortex in 48 

threat responses. Rats exposed to cat odor on the first day and re-exposed to the context 49 

chamber on the second day displayed higher levels of defensive behaviors, and that cat 50 

odor elicited a robust increase in the neural activity of the interoceptive cortex. Moreover, 51 

muscimol inactivation of the interoceptive cortex reduced the expression of defensive 52 

behaviors in response to cat odor and impaired contextual threat memory. These results 53 

show that this behavioral assay is a useful tool for studying neural mechanisms of defensive 54 

behaviors and may offer insight into mechanisms that mediate fear in humans and its 55 

related disorders.   56 

 57 

INTRODUCTION: 58 

Defensive behaviors occur in response to stimuli that signal a potential threat to an animal's 59 

survival. These behaviors are highly conserved across mammals and rapidly associated with 60 

stimuli or circumstances related to threat1-3. In nature, the threatening stimuli for most 61 

animals are predators; therefore, the detection of predator cues, such as odor cues, is 62 

particularly advantageous for avoiding predation. Behavioral responses to predator cues 63 

have been widely investigated in rodents.  64 

 65 

For instance, stimuli, such as natural cat fur or skin odors, activate the olfactory and the 66 

vomeronasal system, inducing high levels of defensive behaviors4. These stimuli are 67 

accompanied by changes in neuronal and endocrine activity5-8, and they are strong, 68 

unconditioned, aversive stimuli for contextual threat conditioning in rats7-11. Studies have 69 

shown that at least 24 h after exposure to natural predator cues, rats display robust and 70 

long-lasting conditioned anxiety-like states7,12,13. This phenomenon is of particular interest 71 

for developing more realistic models of posttraumatic stress disorder (PTSD)14-17, 72 

generalized anxiety disorder (GAD)5, and panic disorder (PD)18,19.   73 

 74 

In laboratory settings, fear behavior is measured as flight, avoidance (e.g., retreat, hiding), 75 

or freezing. Additionally, anxiety can be measured as stretch postures and vigilant scanning 76 

directed toward monitoring a predatory stimulus—a set of responses broadly known as risk 77 

assessment behaviors6,9,20. Studies have shown that freezing behavior is the predominant 78 

defensive strategy in rats to an inescapable threat, whereas risk assessment is observed 79 

when the threat is ambiguous or non-localized12,21,32. Although it is known that an innate or 80 

learned stimulus can elicit defensive behaviors, there is a lack of laboratory behavioral 81 

paradigms that reliably capture defensive responses in a more ethological context. To fill 82 

this gap, we designed a protocol with an ethological approach that allows the measurement 83 

of sustained innate and contextual threat behaviors along with brain responses to 84 

naturalistic threat stimuli.   85 

 86 



Stressful experiences, such as exposure to an inescapable predator odor, cause perdurable 87 

alterations in behavioral and physiological response in rats14,22,23. These alterations reflect 88 

the symptom profile observed in fear and anxiety-related disorders such as PTSD. In the 89 

current model, a testing chamber is used without a safe hiding area to expose rats to an 90 

inescapable threat event and thus enhance defensive responses. Rats displayed robust 91 

freezing and risk assessment behaviors in response to both cat odor and the testing context. 92 

These findings support the use of this protocol as a reliable and valid method for exploring 93 

biological mechanisms underlying defensive behaviors and developing and refining new 94 

strategies for the treatment of fear disorders in humans.  95 

 96 

PROTOCOL: 97 

 98 

The following procedure was conducted according to the recommendations of the 99 

Institutional guidelines by the National Institutes of Health (USA) Guide for the Care and 100 

Use of Laboratory Animals (NIH Publication No. 80–23, revised 1996). The Institutional Bio-101 

Safety and Ethical Committee at the Pontificia Universidad Católica de Chile approved all 102 

procedures. All experimental sessions were conducted during the active phase of the rat 103 

(dark phase). 104 

 105 

1. Preparation of the testing room and testing chamber 106 

 107 

NOTE: The overview of the apparatus is shown in Figure 1. The testing chamber was 108 

developed and modified according to previous studies24,25. 109 

 110 

1.1. Use a transparent rectangular poly (methyl methacrylate) testing chamber with the 111 

following dimensions: 60 cm (length) x 40 cm (width) x 40 cm (height). Cover the side and 112 

back walls of the testing chamber with any black paper. Ensure that the front of the testing 113 

chamber is transparent to record the animals’ behaviors. 114 

 115 

1.2. Fix a steel bracket to the floor at the bottom right corner of the testing chamber, 116 

and use it to attach the cat collars for the testing procedures. 117 

 118 

1.4. Clean the testing chamber with 5% (v/v) ethanol before and after the tests to remove 119 

any scent clues left by the subject rats and avoid the rat's aversion response. Allow 5 min 120 

between each session for the ethanol to evaporate fully. 121 

 122 

1.6. Perform the testing session in a quiet room dimly lit by an 80 W red light bulb located 123 

20 cm above the testing chamber. Use a video camera located in front of the chamber to 124 

record the animals’ behavior.  125 

  126 

[Place Figure 1 here]. 127 

 128 

2. Cat odor preparation 129 

 130 



2.1. Obtain a cat collar with a felt-lined inner face to better trap the cat odor. Ensure the 131 

availability of several collars for use as control collar (no odor) or testing collar (cat odor).  132 

 133 

NOTE: The crucial point is that the cat collar must have an internal lining for collecting and 134 

trapping odors. 135 

 136 

2.2. Put a collar on a domestic ovariectomized female cat and allow the cat to wear the 137 

collar for a week before testing. Try to keep the female cat indoors while wearing the testing 138 

collar.  139 

 140 

NOTE: Use the same cat throughout the study. 141 

 142 

2.3. Keep the worn cat collar in an airtight plastic container and store it at 4 °C. Replace the 143 

worn cat collar with a collar containing a fresh cat odor every three days. 144 

 145 

3. Preparing rats for the experimental procedure 146 

 147 

3.1. Use adult male Sprague-Dawley rats that weigh 270–290 g. House them in individual 148 

cages with chow and water available ad libitum.  149 

 150 

3.2. [Optional] Preparing rats for surgical procedure (optional)  151 

 152 

3.2.1. Perform the surgery under sterile conditions. Clean and disinfect the working area 153 

with a solution of 70% ethanol and sterilize all surgical materials and instruments. 154 

 155 

3.2.2. Anesthetize the rat with an intraperitoneal mixture of ketamine (100 mg/kg) and 156 

xylazine (20 mg/kg). Wait until the proper plane of anesthesia is achieved when the rat does 157 

not respond to a toe pinch stimulus or corneal stimulation. To maintain the anesthetic 158 

condition throughout the surgery, administer an additional dose of the anesthetic cocktail 159 

every 45 min.  160 

 161 

3.2.3. Gently shave the rat’s head from behind the ear to between the eyes, and disinfect 162 

the surgical area with a sterile alcohol preparation pad followed by a povidone-iodine 163 

solution. Apply lubricant eye ointment to avoid corneal drying during the surgical 164 

procedure.  165 

 166 

3.2.4. Place the rat in a stereotaxic apparatus, and hold the head by properly positioning 167 

the ear bars in the ear canals. Then, gently insert the rat’s incisors in the incisor bar and 168 

secure the nose clamp.  169 

 170 

3.2.5. Place a sterile 26 G stainless-steel guide cannula in the stereotaxic holder. Take a 171 

scalpel and make a midline incision along the scalp. Place 2 or more clamps around the 172 

incision (2–3 cm). 173 

 174 



3.2.6. Clear the skull completely of tissue until both bregma and lambda cranial sutures are 175 

visible.  176 

 177 

3.2.7. Verify the symmetrical positioning of the head by the alignment of the dorsoventral 178 

and anteroposterior axis of the skull using the incisor and ear bars, respectively. Identify the 179 

coordinates of the guide cannula for the brain region of interest. Keep the bregma and 180 

lambda in the same horizontal plane using the incisor bar. 181 

 182 

3.2.8. Calculate the coordinates of the guide cannula implantation site into the area of 183 

interest following the stereotaxic coordinates of Paxinos and Watson26 or Swanson atlas27.  184 

 185 

NOTE: For the primary interoceptive insular cortex, the following stereotaxic coordinates 186 

were used: Bregma -0.51 mm, midline 5.0 mm, depth from the cranial surface 4.5 mm, 187 

angled 10° medially from vertical. 188 

 189 

3.2.9. Check the guide cannula implantation coordinates by bringing it down until it touches 190 

the skull, and then drill a hole through the cranium on the verified site. Drill 3 additional 191 

holes around the target area to place 3 screws into the skull. 192 

 193 

3.2.10. Insert the cannula into the brain area of interest and use screws and dental acrylic 194 

to anchor the cannula to the skull. Pour dental acrylic on the dry skull and ensure that it 195 

covers the screws to fix the cannula in place. Allow the acrylic dental to harden and then 196 

remove the stereotaxic arm carefully, leaving the guide cannula in place.  197 

 198 

NOTE: This procedure immobilizes the implanted cannula and allows experimenters to 199 

perform multiple microinjections in the area of interest. 200 

 201 

3.2.11 Insert a stainless-steel stylet into the guide cannula to avoid obstruction and 202 

contamination. 203 

 204 

3.2.12. At the end of the surgery, administer a single dose of antibiotic (enrofloxacin 5%; 19 205 

mg/kg i.p) and antiinflammatory (ketophen 0.2 mg/kg i.p.). Repeat this step for three 206 

consecutive days after the surgery. 207 

 208 

3.2.13. Allow the rats to fully recover for at least one week before starting the experiments. 209 

 210 

3.3. Keep the rats under a reversed 12/12 h light/dark cycle (lights on at 7:00 P.M.) for at 211 

least ten days before the start of the experiments (Figure 2).  212 

 213 

NOTE: If the experimenter needs to perform any surgical procedure, it would be necessary 214 

to do it before reversing the dark–light cycle. This allows for the reduction of stress after 215 

surgery.  216 

 217 



3.4. Handle all rats for 20 min/day for 2–3 days. Take one rat at a time, hold the animal 218 

securely by the torso (not by the tail), and pet them during this time. If animals show signs 219 

of stress, handle them for extended periods.  220 

 221 

NOTE: This step is critical to minimize handling stress that may affect the following steps. 222 

 223 

3.5. Preexpose the animals to the testing chamber (cat odor chamber with an unworn cat 224 

collar) for 30 min/day for three days before the experiments to allow the animals to 225 

acclimate to the testing context.  226 

 227 

NOTE: It is suggested that the experimenter should not wear scented perfumes or lotions.  228 

 229 

3.6. After placing the animal in the chamber, wait for approximately 10–15 min, introduce 230 

an arm into the testing chamber, and swap the cat collar for another cat collar with the 231 

same features.  232 

 233 

NOTE: This step is critical to simulate, as closely as possible, each step of the behavioral 234 

procedures to minimize stress, which may affect the behavioral performance of the rat in 235 

the last 10 min of the test. 236 

 237 

3.7. Clean the testing chamber with 5% (v/v) ethanol between sessions.  238 

 239 

[Place Figure 2 here]. 240 

 241 

4. Cat odor test procedures 242 

 243 

4.1. On Day 0 of the experimental protocol, assess threat responses to the cat odor. 244 

 245 

4.2. If necessary, administer cortical injections before the behavioral tests following the 246 

method described below. If performing a behavioral protocol only, skip this step and 247 

proceed to step 4.3. 248 

 249 

4.2.1. Insert a sterile 33 G injection cannula coupled to a 1 µL Hamilton syringe into the 250 

guide cannula after removing the occluder.  251 

 252 

4.2.2. Fill the Hamilton syringe with sterile saline (control rats) or the GABA-A receptor 253 

agonist, muscimol (treatment rats), and inject 0.5 µL/hemisphere over 2 min. Wait for 2 min 254 

to allow diffusion of the drug, slowly remove the injection cannula, and immediately insert 255 

the occluders.  256 

 257 

NOTE: Perform this step in a quiet, awake animal and inject the drugs slowly to minimize 258 

jitter of the injection cannula and consequent diffusion to adjacent brain areas.  259 

 260 



4.2.3. Once the cortical injection/hemisphere is completed, wait for 30 min and proceed to 261 

the next step. 262 

 263 

4.3. Place the animals in the testing chamber for 20 min. During the first 10 min, expose the 264 

animals to an unworn familiar collar. Introduce the collar impregnated with cat odor (TEST) 265 

or an unworn familiar collar (CONTEXT) by the next 10 min (Figure 3).  266 

 267 

[Place Figure 3 here]. 268 

 269 

4.4. Place a video camera in front of the testing chamber and record the animal’s behavior 270 

for later behavioral scoring by an experimenter blind to the experimental conditions. 271 

 272 

4.5. At the end of the cat odor session, return the animals to their home cages and put them 273 

back in the animal facility until the next session. 274 

 275 

4.6. Clean the testing chamber with 5% (v/v) ethanol between sessions. 276 

 277 

4.7. Twenty-four hours after the cat odor session (Day 1), assess defensive responses to the 278 

testing context.  279 

 280 

4.8. If needed, repeat step 4.2 before context exposure. 281 

 282 

4.9. Return the rats to the same testing chamber with the unworn familiar collar, and score 283 

for defensive behaviors to measure contextual threat memory during 10 min (Figure 4). 284 

 285 

4.10. Place a video camera in front of the testing chamber and record the animal’s behavior 286 

for later behavioral scoring by an experimenter blind to the experimental conditions. 287 

 288 

4.11. During the next 10 min, replace the unworn familiar collar, re-expose the animal to a 289 

collar with cat odor, and measure defensive behaviors.  290 

 291 

4.12. After the second exposure to cat odor, return the animal to its home cage, and clean 292 

the testing chamber with 5% (v/v) ethanol. Put the rat back in the animal facility. 293 

 294 

[Place Figure 4 here]. 295 

 296 

5. Immunohistochemical procedures  297 

 298 

5.1. Anesthetize the animal with an intraperitoneal mixture of ketamine (0.45 mg/kg) and 299 

xylazine (0.05 mg/kg) 90 min after completing the experiments. Then, euthanize the rat by 300 

transcardial perfusion with 4% paraformaldehyde.  301 

 302 

NOTE: If it is necessary to evaluate the first cat odor exposure, conditioned response to the 303 

context, or re-exposure to cat odor, perform this step after each of these experimental 304 



situations. Wear gloves and lab coat and handle paraformaldehyde with care under a 305 

chemical fume hood.  306 

 307 

5.2. After perfusion, fix the brain in the same fixative solution for 2 h and then transfer it to 308 

30% sucrose with 0.02% sodium azide in phosphate-buffered saline (PBS) until the brain 309 

sinks to the bottom. Store the brain at 4 °C. 310 

 311 

5.3. Freeze the brain using dry ice and cut it into 50-µm-thick serial coronal sections on a 312 

sliding microtome. Collect three sets of brain sections of the area of interest, leaving one 313 

for verification of cannula placement and two sets for the immunohistochemical procedure. 314 

 315 

5.4. Incubate the free-floating brain sections in 0.3% H2O2 in PBS for 30 min, wash in PBS, 316 

and transfer these sections to the blocking (0.4% Triton X-100, 0.02% sodium azide, 3% 317 

normal goat serum in PBS) solution for 1 h. 318 

 319 

5.5. Transfer the sections to the primary antibody incubation solution containing c-Fos 320 

antibody diluted 1:20,000 in blocking solution and leave them overnight at room 321 

temperature.  322 

 323 

5.6. Rinse the sections in PBS for 1 h and then incubate them in the secondary antibody 324 

solution diluted 1:1,000 in 0.4% Triton X-100 and 1.5% normal goat serum in PBS.  325 

 326 

5.7 Rinse the sections for 40 min and incubate them for 1 h in the avidin/biotin-based 327 

peroxidase system (see the Table of Materials), diluted 1:500 in PBS. 328 

 329 

5.8. Rinse and incubate the sections in a 0.05% solution of 3-3′ diaminobenzidine 330 

hydrochloride (DAB) containing 0.003% H2O2 and 0.05% nickel chloride to obtain a dark blue 331 

reaction product. 332 

 333 

6. Cell counting 334 

 335 

6.1. Examine sections under a camera lucida using a low power (10x) objective to localize 336 

the c-Fos punctiform staining in the nuclei of neurons (Figure 5). 337 

 338 

6.2. Use a counting grid related to the size of the area of interest. For the pIC, for example, 339 

from Bregma 0.95 to -0.26, use a 0.25 mm x 1 mm counting grid; from Bregma -0.51 to -340 

2.45 mm, use a 0.5 mm x 1 mm counting grid. 341 

 342 

6.3. Quantify the number of c-Fos immunoreactive (Fos-ir) cells per section using a digit 343 

manual counter. 344 

 345 

6.4. Count all coronal sections of interest twice and ensure that the same observer, blind to 346 

the experimental conditions, performs the counting.  347 

 348 



6.5. Take a photograph using a microscope coupled with a digital camera. 349 

 350 

[Place Figure 5 here]. 351 

 352 

7. Data analysis 353 

 354 

7.1. Score defensive behaviors from the video-recorded experiments and analyze them 355 

using statistical software. 356 

 357 

7.2. Evaluate freezing by timing bouts, expressed as a percentage of the time spent freezing 358 

during 10 min. Calculate the percentage of freezing using Eq (1). 359 

 360 

% Freezing = (seconds spent freezing/600 s) × 100   (1) 361 

 362 

NOTE: Freezing was defined as the complete lack of movement except for respiration for at 363 

least 1 s28. 364 

 365 

7.3. Score risk assessment by timing vigilant scanning bouts and express it as a percentage 366 

of the time spent in risk assessment during 10 min. Calculate the percentage of risk 367 

assessment using Eq (2).  368 

 369 

% Risk assessment = (seconds spent in risk assessment/600 s) × 100 (2) 370 

 371 

NOTE: Risk assessment behavior was defined as vigilant scanning (observatory, side-to-side 372 

head movements, without locomoting) for at least 1 s29.  373 

 374 

7.4. Score these behavioral parameters manually and ensure that they are counted by an 375 

experimenter blinded to the experimental conditions (i.e., odor and drug conditions). 376 

Depending on the normality of the data sets, use parametric or nonparametric tests for 377 

comparing two or more groups.  378 

 379 

NOTE: In this study, all statistical tests were performed using SPSS software.  380 

 381 

7.4.1. Use the Kruskal-Wallis H-test with the Mann-Whitney U-test for pairwise comparisons 382 

between groups.  383 

 384 

7.4.2. Analyze intragroup comparisons over time with the Friedman test followed by the 385 

Wilcoxon signed-rank test for pairwise comparisons.  386 

 387 

NOTE: In all figures, significance levels were set to p < 0.05 (*) and p < 0.01 (**). 388 

 389 

7.5. For the analysis of c-Fos expression in specific brain areas, count the number of c-Fos-390 

positive cells per section by calculating the density of c-Fos-ir cells per mm2, and compare 391 

the mean number between control (no odor) and stimulated (cat odor) conditions.  392 



 393 

7.5.1. Depending on the normality of the data, use unpaired student's t-test or Mann-394 

Whitney U-test.  395 

 396 

NOTE: In this study, the Mann-Whitney U-test was used; differences were considered 397 

significant if p < 0.05 (*). 398 

 399 

REPRESENTATIVE RESULTS: 400 

In this protocol, the freezing and risk assessment percentages were measured as indicators 401 

of fear and anxiety-like states in rats, respectively. The timeline of the experimental design 402 

is shown in Figure 2. The results from the animals exposed to cat odor on day 0 are 403 

presented in Figure 3. Rats showed significantly higher levels of freezing (Figure 2A, Cat 404 

Odor group, Wilcoxon Signed-ranks test, Z = -2.201, p = 0.028) and risk assessment (Figure 405 

2B, Cat Odor group, Wilcoxon Signed-ranks test Z = -2.336 p = 0.018) in response to cat odor 406 

(TEST) than to familiar context (CONTEXT). Low levels of freezing (Figure 2A, no-odor group, 407 

Wilcoxon Signed-ranks test, Z = -0.184, p = 0.854) and risk assessment (Figure 2B, no-odor 408 

group, Wilcoxon Signed-ranks test, Z = -1.753, p = 0.08) were observed in rats exposed to 409 

an unworn collar during the second part of the test.  410 

 411 

Additional analysis revealed that the levels of freezing (Figure 2A, Mann–Whitney test, U = 412 

0.000, p = 0.004) and risk assessment (Figure 2B, Mann-Whitney test, U = 4.000, p = 0.025) 413 

were higher in the Cat Odor group than the no-odor group during the second part of the 414 

test. There were no significant differences in freezing (Figure 2A, Mann–Whitney test, U = 415 

11.000, p = 0.256) and risk assessment (Figure 2B, Mann-Whitney test, U = 15.00, p = 0.627) 416 

between the two groups during the first 10 min of exposure to a familiar context (CONTEXT). 417 

These results demonstrate that the protocol is suitable for testing defensive behaviors in 418 

response to cat fur/skin odor. 419 

 420 

The conditioned threat response to the testing context (CONTEXT) on day 1 is shown in 421 

Figure 4. Rats exposed to cat odor were returned to the testing chamber 24 h after the first 422 

predator's odor encounter. On day 1, animals exhibited higher freezing (Wilcoxon Signed-423 

ranks test, Z = -2.366, p = 0.018) and risk assessment (Wilcoxon Signed-ranks test, Z = -2.201, 424 

p = 0.028) levels in response to the testing context than on day 0. In addition, there were 425 

no differences in freezing (Wilcoxon Signed-ranks test, Z = -0.841, p = 0.400) or risk 426 

assessment (Wilcoxon Signed-ranks test, Z = -0.943, p = 0.345) levels between CONTEXT and 427 

RETEST. The rats showed the same freezing levels (Wilcoxon Signed-ranks test, Z = -0.105, 428 

p = 0.917) and risk assessment (Wilcoxon Signed-ranks test, Z = -0.980, p = 0.327) during 429 

RETEST and TEST. These results demonstrated that a single 10 min cat fur/skin odor 430 

exposure resulted in a learned threat response to the context in which the animals were 431 

confronted with predator odor. 432 

 433 

Figure 5 and Figure 6 show two sets of experiments using the protocol presented in this 434 

article. We tested whether the primary interoceptive cortex (pIC), a brain region involved 435 

in emotion processing8,30-32, is necessary for the expression of defensive behaviors. Cat 436 



odor-induced neuronal activation was assessed in the pIC by counting c-Fos-ir cells in 437 

separated animal groups: no-odor and cat odor conditions. These rats were euthanized 90 438 

min after the completion of the TEST. A significant increase was observed in the number of 439 

c-Fos-ir neurons in the pIC in the cat odor group (Mann-Whitney test, U = 3.000, p = 0.016) 440 

compared with the control group (Figure 5).  441 

 442 

[Place Figure 6 here]. 443 

 444 

We also measured the effect of muscimol inactivation of the pIC on contextual threat 445 

memory (Figure 6). The treatment group (sal-mus rats) received a saline injection in the pIC 446 

on day 0 and GABA-A agonist muscimol on day 1. This group of animals did not show any 447 

differences in freezing (Figure 6A, Wilcoxon Signed-ranks test, Z = -0.140, p = 0.889) or risk 448 

assessment (Figure 6B, Wilcoxon Signed-ranks test, Z = -0.700, p = 0.484) levels on day 1 in 449 

response to the familiar context compared to day 0, indicating an impairment in contextual 450 

threat memory. Interestingly, freezing (Figure 6A, Wilcoxon Signed-ranks test, Z = -2.100, p 451 

= 0.036), but not risk assessment (Figure 6B, Wilcoxon Signed-ranks test, Z = -0.980, p = 452 

0.327), was significantly reduced during RETEST compared to TEST. This last finding 453 

indicates that silencing the pIC on day 1 selectively impaired the fear, but not anxiety, 454 

response to the predator scent. Taken together, these results support that the experimental 455 

protocol described above is suitable for the study of innate and learned defensive responses 456 

to predatory threats. 457 

 458 

FIGURE AND TABLE LEGENDS: 459 

Figure 1: Schematic overview of the testing chamber. The apparatus consists of a test 460 

compartment with: (1) ventilation holes, (2) side, and (3) back walls darkened, and a steel 461 

bracket locked at the left corner floor (4) to attach the cat collar (dimensions: width 15 mm, 462 

thickness 5 mm, length 300 mm). Chamber dimensions are indicated on the cartoon (60 L x 463 

40 W x 40 H cm).  464 

 465 

Figure 2: Timeline of the experimental design. Rats were exposed to a reversed dark–light 466 

cycle for 10 days and then habituated to the testing chamber containing a control (unworn) 467 

cat collar for 30 min for the last three days. On day 0, rats were first exposed to a familiar 468 

testing chamber (CONTEXT) for 10 min and then exposed to a collar with or without cat 469 

odor for an additional period of 10 min (TEST) in the same context. On day 1, rats exposed 470 

to cat odor (TEST) on day 0 were returned to the same testing chamber for 10 min 471 

(CONTEXT) and re-exposed to cat odor (RETEST) for an additional period of 10 min. This 472 

figure has been modified from 8. Abbreviation: R-Dark/light = reverse dark–light cycle.  473 

 474 

Figure 3: Cat odor encounter increases innate defensive behaviors. (A, B) Rats were first 475 

exposed to the familiar testing chamber (CONTEXT) for 10 min and then exposed to a collar 476 

with cat odor (cat odor group, black circles) or without cat odor (no-odor group, open 477 

circles) for an additional period of 10 min (TEST) in the same context. The circles show the 478 

percentage of time spent in freezing (B) and risk assessment (C) displayed by naïve rats. 479 

Data are expressed as means +SEM. *p < 0.05. This figure has been modified from 8.  480 



 481 

Figure 4: Cat odor encounter induces contextual threat learning. The circles show the 482 

percentage of time spent in freezing (black circles) and risk assessment behavior (gray 483 

circles). The dashed line separates the innate fear test (Day 0, left) from the contextual fear 484 

test (Day 1, right). Data are expressed as means + SEM. *p < 0.05. This figure has been 485 

modified from 8. 486 

 487 

Figure 5: Cat odor elicits neuronal activation in the primary interoceptive cortex. (A) 488 

Representative photomicrograph of the pIC showing a near absence of c-Fos-ir cells (black 489 

arrowheads) in rats exposed to an unworn cat collar (no odor, left) compared with a 490 

remarkably increased number of c-Fos-ir cells in rats exposed to cat odor (right). (B) 491 

Quantification of c-Fos-ir cells in the pIC in both experimental conditions. Data are 492 

expressed as means + SEM. *p < 0.05. Scale bars = 200 µm. This figure has been modified 493 

from 8. Abbreviations: pIC = primary interoceptive cortex; c-fos-ir = c-Fos-immunoreactive.  494 

 495 

Figure 6: Muscimol inactivation of the primary interoceptive cortex impairs contextual 496 

threat memory. (A, B) Treatment group was injected with saline on day 0 and muscimol on 497 

day 1 in the pIC (Treatment group). Control rats were injected with saline in the pIC on both 498 

days. On day 1, animals were returned to the familiar testing chamber and exposed to the 499 

CONTEXT for 10 min and re-exposed to cat odor (RETEST) for an additional period of 10 min. 500 

The circles show the percentage of time spent in freezing (black circles) and risk assessment 501 

behavior (open circles). The dashed line separates the innate fear test (Day 0, left) from the 502 

contextual fear test (Day 1, right). Data are expressed as means + SEM. *p < 0.05. This figure 503 

has been modified from 8. Abbreviations: pIC = primary interoceptive cortex; Sal-Sal = saline 504 

injected on day 0 and day 1; Sal-Mus = saline injected on day 0 and muscimol on day 1.  505 

 506 

DISCUSSION: 507 

The protocol described here offers an innovative approach to assess defensive behaviors 508 

evoked by innate and learned aversive stimuli. A testing chamber without a safe hiding area 509 

(Figure 1) and a collar impregnated with skin/fur odor from an ovariectomized female 510 

domestic cat were used to elicit a strong and sustained threat state in rats that may be 511 

useful to investigate neural circuits underlying adaptive and maladaptive defensive 512 

reactions.  513 

 514 

It is well known that the display of specific defensive reactions depends on the features of 515 

both the threat stimulus and the situation/environment in which the animal is 516 

encountered21,33. Avoidance, risk assessment, and freezing are part of a vast repertoire of 517 

animal defensive reactions that can be evoked by threatening stimuli9,19. However, the 518 

selection of the predominant defensive reaction depends on the environmental conditions 519 

such as the distance from the threat33 or the presence of a safe place inside the testing 520 

chamber21,33. For instance, when rats are placed in the arena with a hiding box, in the 521 

presence of cat odor, they display defensive behaviors such as stretch/attend postures, 522 

head-out-of-the-hide box, and avoidance6,24,25. In contrast, freezing behavior, vigilant 523 



scanning, and stretch/attend postures are strongly elicited in situations when escape is not 524 

possible, and the distance to the threat is not overly short33,34.  525 

 526 

Studies have shown that exposure to an uncontrollable stressor produces a variety of 527 

behavioral consequences that are different from those that occur when the stressor is 528 

controllable35-38. For example, inescapable, but not escapable, tail shock leads to large 529 

increases in serotonin in the dorsal raphe nucleus35 and anxiety-like behaviors measured 24 530 

h after the aversive experience36. Moreover, uncontrollable stressors enhance fear 531 

conditioning in animals36,37 and humans38. Our initial rationale for developing the protocol 532 

was to expose rats to a situation where they cannot control the aversive stimulus, and 533 

therefore display strong and sustained threat responses and develop enhanced contextual 534 

learning after a single and short cat odor exposure.           535 

 536 

In the experimental design described here, the absence of a hiding box evoked a strong and 537 

sustained defensive state that alternated between freezing (i.e., complete immobility 538 

except breathing28) and risk assessment (i.e., vigilant scanning and stretch/attend 539 

postures29) behaviors, which are usually considered as behavioral manifestations of fear 540 

and anxiety-like states in rodents, respectively (Figure 3). Notably, the same pattern of 541 

defensive reactions occurred 24 h later when the rats were re-exposed to the testing 542 

context, indicating that a single 10 min cat fur/skin odor exposure is sufficient to induce 543 

long-lasting contextual threat learning, as previously reported7,10,11,14,15,34,39 (Figure 4).   544 

 545 

A cat collar with an internal felt lining was used for collecting and trapping odors/scents 546 

efficiently and thus obtain a reliable sample of the threat stimulus to evoke a strong 547 

defensive response. Researchers have used aversive stimuli such as cat feces, urine, or 548 

trimethylthiazoline (TMT, a component of fox feces) in similar work. Nevertheless, these 549 

stimuli seem to be less predictive of the immediate presence of a predator because they 550 

are less capable of inducing contextual learning40-41. According to previous findings2,4,8-551 
11,20,34,39, cat odor is a reliable innate aversive stimulus that can induce sustained defensive 552 

reactions and contextual threat memory in rats. Over the years, this kind of ethological 553 

behavioral animal model has increasingly captured the interest of researchers to study 554 

stress and stress-related disorders13-17,23,42 like those associated with maladaptive fear 555 

memories such as PTSD.  556 

 557 

This protocol is intended to be used in conjunction with a variety of experimental 558 

techniques, including, for example, molecular and cell biology approaches and 559 

electrophysiology in awake and behaving animals, which offer the opportunity to answer 560 

open questions and improve our understanding of adaptive and maladaptive threat 561 

responses. In this study, we tested the idea that the pIC, a brain region involved in emotion 562 

processing, is necessary for the expression of defensive behaviors. Behavioral experiments 563 

were coupled with c-Fos immunohistochemistry to map patterns of neuronal activity in the 564 

pIC in response to cat odor and intracerebral infusions of the GABA-A receptor agonist, 565 

muscimol, to reversibly silence the pIC and determine its involvement in innate and learned 566 

threat reactions to predator odor. These findings revealed that cat odor elicited an increase 567 



in neuronal activity in the pIC (Figure 5), and that silencing the pIC led to a severe deficit of 568 

contextual threat memory (Figure 6).  569 

 570 

Although the protocol described here is technically simple to implement and perform, a few 571 

complications may arise. For example, cat odor cross-contamination may occur if the 572 

unworn collar comes in contact with the worn cat collar. Thus, the collars must be kept 573 

separately during all procedures, and gloves should be changed after placement of the worn 574 

collar in the testing chamber. If the experimenter wants to conduct odor and no-odor 575 

conditions using the same testing chamber, the experiments must be performed on 576 

different days. Two identical testing chambers could be used for these experiments34, and 577 

the rats should be maintained in separate rooms to avoid social communication43. The 578 

stress elicited by exposure to novel stimuli in unfamiliar environments may also be an issue. 579 

Hence, the animals must have at least three days of habituation to the testing environment 580 

and procedures to reduce the stress and defensiveness commonly displayed by rats in novel 581 

situations. In addition, the time required for the habituation period should be longer than 582 

the test period. For instance, if the test takes 10 min, 20 or 30 min should be assigned for 583 

the habituation period.  584 

 585 

Finally, defensive behaviors should be preferably evaluated during the dark phase of the 586 

cycle, when rats are active. The rats must be maintained under a reverse light/dark cycle to 587 

allow the experimental procedures to be performed while both the rat and the 588 

experimenter are in their active phases34. The change in the light/dark cycle takes no more 589 

than 10 days to be settled, and based on experience, most rats under this condition respond 590 

adequately to the cat odor. However, there are a few studies that show that the Sprague-591 

Dawley rats are less vulnerable to long-lasting threat conditioning and anxiety than Wistar 592 

rats44. Thus, it is possible that the use of Wistar rats instead of Sprague-Dawley strain rats 593 

could yield more robust results.  594 

 595 

In conclusion, cat odor is an ethologically relevant threatening stimulus that elicits reliable 596 

neuronal, endocrine, and behavioral responses in rats. The encounter with cat odor in an 597 

inescapable chamber leads to a robust and prolonged fear/anxiety response in rats, which 598 

results in rapid and durable contextual threat learning. The protocol described above could 599 

be a useful tool for studying fear and adaptive and maladaptive threat memory encoding 600 

mechanisms.  601 
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An Inescapable Cat Odor Exposure Protocol for Studying Innate and Contextual 

Threat Conditioning in Rats 

Responses to reviewers 

 

We thank the reviewer for his/her helpful comments. Please find below a point-by-point reply. 

________________________________________________________________________ 

Reviewer #1: 

Major Concerns: 

1. Which brains regions are used?  

ANSW: The target region for our study was the primary interoceptive cortex. This region 

is located in the posterior segment of the insular cortex.  

2.  What are the co-ordinates? 

ANSW: The stereotaxic coordinates used were: Bregma -0,51 mm, midline 5,0 mm, depth 

from the cranial surface 4,5 mm, angled 10° medially from vertical. 

3. How much injection was given (volume)? 

ANSW: We injected 0.5 µl/hemisphere over 2 min.  

4. What is the dose of muscimol? 

ANSW: GABA agonist muscimol (0.5 μg/μl). 

5. Muscimol is light sensitive, did the authors take pre-cautions during injections? 

ANSW: Muscimol solution was kept in a 1.5 ml Eppendorf tube covered with aluminum foil 

during microinjection. The injection procedure was performed in the testing room which 

was dimly lit by 80 W red-light bulb.  

Note:  We added text in the protocol section that contains the information requested by the 

reviewer.  

Minor Concerns: 

1. The controls in the figures should be open circles and the tests should be shaded. 

ANSW: Figures were edited and corrected.  

2. Abstract should contain muscimol data as well. 

ANSW: We have edited the text in the Abstract section to clarify this point.   
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Reviewer #2: 

Major Concerns: 

1. Introduction: I failed to understand fully the justification on how this protocol improves upon 

previous ones. There is a lot of emphasis placed in "inescapable threads" and their link to 

anxiety type behaviors, as a justification for removing the Hide box. However, previous 

protocols where a hide box is use, still show reliable and robust contextual conditioning 

and anxiety type behaviors. I would like to know what is the real advantage of removing 

the hide box. 

ANSW: The reviewer raises an important point. The presence or absence of a safe place 

inside the testing chamber determines the degree of behavioral control that animal has 

over the stressor. Studies have shown that exposition to an uncontrollable stressor 

produces a variety of behavioral consequences that do not occur if the stressor is 

controllable. For example, inescapable tail shock leads to large increases in serotonin in 

the brain and anxiety-like behaviors measured 24 h after shock. Moreover, uncontrollable 

stressors enhance fear conditioning in animals and humans (Maier, S.F. et al, 1993, 1995; 

Hartley, C.A. et al, 2014). Our initial rationale for developing the protocol was to expose 

the rats to a situation where they cannot have control over the aversive stimulus, and 

therefore display a strong and sustained threat responses that alternate between fear and 

anxiety-like behaviors. Also, we wanted that the animals develop an enhanced contextual 

learning after a single and short cat odor exposure.           

2. Methods: Lines 105 to 106 are very confusing. Is a single sentence referring to a separate 

experiment? No details are explained about the experimental procedure and yet there are 

detail results in the result section. If this particular example of the use of this protocol is 

going to be explain in such detail in the results and discussion section, it should be 

described in the methods too. 

ANSW: We have included additional text in both the methods and discussion sections in 

the revised manuscript that explains the experiments that were performed using the 

described protocol. Briefly, we aimed to determine the role of the primary interoceptive 

cortex in threat responses. In order to do this, we coupled the behavioral protocol with c-

Fos immunohistochemistry to map patterns of neuronal activity in the pIC in response to 

cat odor, and intracerebral infusions of GABA-A receptor agonist muscimol to reversible 

silencing the pIC and determine whether or not it is involved in innate and learned threat 

reactions to predator odor.     

3. Methods: Lines 145 to 153: Once again, because there is no complete descriptions of the 

example experiments described in the results, this section seems to make no sense. Why 

do the rats need to go through surgery? Once I read the results I understood that this refer 

to the example experiments, but there is no mention of that in the description of the 

protocol. This section is a modification from the original protocol, not part of the protocol 

itself. 

ANSW: We take the point of the reviewer and agree that we have not explain the example 

experiments. We have included additional text in both methods and discussion sections 

that clarify this point.  



4. Methods: Lines 189 to 200. There are no details about the statistical analyses used, only 

the data used. 

ANSW: We have included the statistical analyses that were used to analyze the data 

shown in the figures of the article. Comparisons between groups were made using the 

Kruskal–Wallis H-test with the Mann–Whitney U-test for pairwise comparisons. The intra-

group comparisons over time were analyzed with the Friedman test followed by the 

Wilcoxon signed-rank test for pairwise comparisons.  

5. Results: Lines 236 to 256: If there is going to be this level of detail about this experiment 

in the result section, the experiment should be describe in more detail in the methods 

section. 

ANSW: We entirely agree that that we should include a more detailed description of the 

example experiments. We have added additional text in the methods section to clarify this 

point.  

6. Discussion: Lines 320 to 323: Citations for both of these sentences are missing. 

ANSW: References have been added to reference list. We added Blanchard RJ et al., 

2001; Blanchard DC et al. 2011 and McNaughton N and Corr PJ, 2004.  

7. Lines 325 to 332: With the hiding box rats still exhibit robust contextual conditioning. With 

head out of the hid box as a robust measurement of anxiety, and is arguably easier to 

measure than freezing behavior. I am still not sure if removal of the hide is such a 

innovative modification. 

ANSW: We understand the concerns of the reviewer in this matter. As we explained 

above, we develop the protocol aiming to expose the rats to an uncontrollable stressor for 

short time to induce sustained threat responses and durable contextual threat memory. 

We reasoned that removing the hiding box from the testing chamber would allow us to 

achieve this objective.    

Minor Concerns: 

1. Lines 184 to 186: Is this step done with a collar worn by the same cat as the test during 

the previous day? This should be specify, since rats are known to habituate to the odor of 

individual cats after several exposures, meaning that if the same cat is use both day 

freezing behavior might diminish due to habituation and it would be a flawed control. I 

suggest a caveat should be added where different cats are use for each exposure. 

ANSW: The cat was the same for all the experiments. We performed additional 

experiments (data not shown in the article) where we found that rats showed habituation 

to the cat odor after approximately 4 days of repeated tests.  

2. Lines 195 to 196: Drug treatment? do you mean cat worn collar? If so change to treatment. 

A cat collar is not a "drug" 

ANSW: Drug treatment refers to the microinjection of muscimol or saline into the primary 

interoceptive cortex performed in the example experiments. We have edited the sentence 

changing drug treatment by experimental condition to clarify that the experimenter should 

be blind to odor (worn cat collar or unworn cat collar) and drug (muscimol or saline) 

conditions.  
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I am sending you our revised manuscript entitled “An Inescapable Cat Odor Exposure Protocol 

for Studying Innate and Contextual Threat Conditioning in Rats” by María de los Angeles 

Rodríguez, Marco Contreras, Francisco Ceric and Fernando Torrealba to be considered for 

publication in JoVE as a video article.  

We would like to thank the editor for his/her helpful comments and editions. We have 

incorporated all suggested changes in the revised manuscript.  

We wish to confirm that there are no known conflicts of interest associated with this publication. 

The manuscript has been read and approved by all named authors.  

We hope you find our manuscript suitable for publication and look forward to hearing from you.  
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María de los Angeles Rodríguez, Ph.D. 
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Dear Dr. Vineeta Bajaj, 

I am writing you to clarify that for developing the manuscript submitted to JoVE, we 

adapted data published in Rodríguez M, Ceric F, Murgas P, Harland B, Torrealba F and 

Contreras M (2020), “Interoceptive Insular Cortex Mediates Both Innate Fear and 

Contextual Threat Conditioning to Predator Odor”, Front. Behav. Neurosci. 13:283. The 

original data were published under a Creative Commons CC-BY license. Please, see the 

screenshot below which was taken from the final section of the article in Frontiers of 

Behavioral Neurosciences. 
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