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Observational learning allows an individual to gain information about potential outcomes and is 
particularly advantageous when learning to actively avoid danger without risking harm to oneself. To 
assess observational learning of active avoidance, Observer rats witnessed Demonstrator rats undergo 
platform-mediated avoidance (PMA), in which rats learn to avoid a tone-signaled footshock by 
stepping onto a safe platform. We found that Observers’ avoidance was correlated with a Novice, but 
not an Experienced, Demonstrator, suggesting that Novice and Experienced Demonstrators transmit 
different information to the Observer that can be used to acquire active avoidance. Shock pre-exposure 
enhanced avoidance in male Observers and shifted their behavioral strategy toward avoidance-
preferring rather than reward-preferring responses, an effect not observed in females. We then used 
c-Fos immunohistochemistry to quantify neural activation in brain areas previously implicated in direct 
learning of active avoidance. Observers that witnessed Experienced Demonstrators showed more 
correlations in activation between brain areas than Observers that witnessed a Novice Demonstrator. 
Furthermore, these activation profiles scaled with behavioral strategy: avoidance-preferring Observers 
showed the greatest number of correlations, balanced Observers showed fewer, and reward-preferring 
Observers showed the least number of correlations. Taken together, these results provide insights into 
the behavioral mechanisms that promote observational avoidance learning.
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Observational learning allows individuals to learn about potential outcomes without directly experiencing those 
outcomes, thus reducing the risk of harm or missed opportunities. While observational learning has been studied 
for over a century1, little is known concerning how individuals learn to avoid threats through observation. Early 
research on observational learning of avoidance used hurdle jumping and shuttle avoidance tasks to investigate 
the behavioral mechanisms promoting observational avoidance2–4. These studies found that subjects performed 
more avoidance responses following observation compared to subjects that learned through direct experience 
alone. However, these studies manipulated different variables such as exposing Observers to a footshock prior 
to training4 or manipulating the Demonstrator’s experience with the task prior to being observed2. Because 
previous studies have not manipulated both exposure to footshock and Demonstrator experience in a single 
experiment, it is difficult to determine which behavioral conditions best promote observational avoidance 
learning. Furthermore, the previous studies did not investigate the neural mechanisms of observational 
avoidance, leaving much about this process unknown.

Although we do not yet know the neural mechanisms of observational avoidance, the neural mechanisms of 
direct avoidance have been well defined. In the platform-mediated avoidance (PMA) task, the prelimbic cortex 
(PL) bidirectionally mediates avoidance via projections to the nucleus accumbens (NAc) and to the basolateral 
amygdala (BLA), whose activity decreases or increases avoidance, respectively5. Avoidance circuitry, however, 
is not the same for all active avoidance tasks. Whereas projections from the BLA to the NAc are necessary for 
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avoidance expression in both PMA5 and shuttle avoidance6, the role of this projection is unknown in lever-
press avoidance. The infralimbic cortex (IL), however, is important for the expression of avoidance in both 
shuttle7–9 and lever-press avoidance tasks10,11 but not the PMA task12. Furthermore, recent work has shown that 
the context of avoidance acquisition influences the neural mechanisms involved as the anterior cingulate cortex 
(ACC) plays a role in the expression of avoidance during PMA that is acquired within a social, but not a solitary, 
context13. The ACC also serves a well-established role in observational learning14–16. Although these subregions 
of the medial prefrontal cortex are not recruited for the same avoidance tasks, they do share multiple projection 
sites including the BLA17–19 and the NAc20,21.

In this study, we developed a new task that allows rats to learn the PMA task through observation of a conspecific. 
We determined which behavioral conditions promote optimal acquisition of observational avoidance, including 
whether prior shock experience is necessary, and whether observing a Novice Demonstrator (performing Day 
1 of PMA training) versus an Experienced Demonstrator (performing Day 10 of PMA training) differentially 
affects avoidance learning. We hypothesized that rats witnessing an Experienced Demonstrator would acquire 
avoidance more readily than rats observing a Novice Demonstrator. We also hypothesized that shock pre-
exposure would lead to increased levels of avoidance when Observers witnessed either type of Demonstrator 
given that prior observational fear learning research has shown that shock pre-exposure enhances learning22–25. 
We then used an immunohistochemical approach to characterize neural activation across brain regions that 
are known to be recruited during active avoidance in the PMA task as well as during observational learning. 
We hypothesized that areas necessary for avoidance expression (PL, NAcC, and BLA) would show increased 
activation in Observers when they witnessed an Experienced versus a Novice Demonstrator performing the 
PMA task given that these areas are involved in regulating avoidance expression following multiple days of 
training5,12. We also identified activation profiles for each Observer group and behavioral clusters based on 
correlations in activation between areas. We hypothesized that behavioral clusters would also be characterized 
by unique activation profiles.

Materials and methods
Subjects
A total of 208 adult Sprague-Dawley rats (116 males and 92 females) were used in this study. All experimental 
rats were bred in-house from breeder rats purchased from Charles River Laboratories (Wilmington, MA). Rats 
were housed in same-sex dyads or triads in standard cages and kept on a reverse light-dark cycle (lights off at 
0830). Rats were handled at least twice weekly until females weighed 215 g and males weighed 300 g (2–3 months 
of age) at which point rats entered experiments and were handled daily. Rats were food-restricted to 16–18 g of 
standard laboratory rat chow per day to maintain at least 85% of their free-feeding weight while being trained to 
lever-press for sucrose pellets26. All procedures described here were approved by the Institutional Animal Care 
and Use Committee of Kansas State University in compliance with the National Institutes of Health guidelines 
for the care and use of laboratory animals. This study was reported in accordance with the ARRIVE guidelines.

Experimental design
In Observational PMA, an Observer rat witnessed a Demonstrator rat undergo PMA training as previously 
described12,13,26. Briefly, Demonstrators lever-pressed for sucrose reward (BioServ, Flemington, NJ) on a 
30-second variable interval schedule of reinforcement (VI-30) and experienced 9 presentations of a 30-second 
tone that co-terminated with a 2-second footshock (4 kHz tone, 0.4 mA shock) with an average inter-trial 
interval (ITI) of 3 min and underwent 10 training sessions (1 session per day). The Demonstrator could avoid 
the tone-signaled footshocks by stepping onto a safe platform located in the corner opposite the lever. While the 
Demonstrator performed PMA, a same-sex Observer from a different homecage witnessed an entire training 
session (9 tone-shock pairings) through a transparent acrylic barrier from an adjacent chamber (Fig. 1A, left). 
The barrier was perforated, allowing the Observer to receive sensory information from the Demonstrator’s 
chamber without interfering with the Demonstrator’s performance of the task. The Observer did not have access 
to a lever, food dish, or platform while watching the Demonstrator to limit distractions and encourage the 
Observer to focus their attention on the behavior of the Demonstrator. The side of the chamber in which the 
Demonstrator performed PMA (left or right) was counterbalanced across pairs to control for any potential effect 
the side of the chamber may have had on behavior.

Demonstrators underwent PMA training for 10 days (Fig. 1B). Across the 10 days of Demonstrator PMA 
training, 2 different groups of Observers witnessed either a Novice Demonstrator (undergoing Day 1 of PMA 
training) or an Experienced Demonstrator (undergoing Day 10 of PMA training; see Fig. 1). Prior to the 
Observation Session, a subset of Observers was pre-exposed to a footshock. Shock pre-exposure sessions began 
with a 5-minute habituation period on the side of the chamber in which the Demonstrator would undergo PMA, 
followed by a single unsignaled footshock (0.4 mA, 2 s). Shock pre-exposed rats were left in the chamber for an 
additional minute following the footshock and then placed on the observer side of the chamber and underwent 
their Observation Session. The platform was present during the shock exposure session and sucrose was 
available contingent upon lever-pressing on a VI-30 schedule. Shock-naïve Observers remained in the homecage 
until the beginning of the Observation Session. Rats were housed with cagemates of the same experimental 
group (Early versus Late PMA, shock pre-exposed versus shock-naïve) to limit social transfer of information in 
the homecage between rats experiencing different experimental conditions. Including both shock pre-exposed 
and shock-naïve Observers in this study allowed us to determine whether experience with footshock enhances 
observational learning as has previously been seen in observational fear learning22–25.

Twenty-four hours after observation, the Observers were placed into the chamber previously occupied by the 
Demonstrator and given a full PMA Test Session in which they experienced 9 tone-shock presentations (Fig. 1A, 
right). Observers that were used for c-Fos immunohistochemistry were sacrificed 90 min after Tone 1 of the Test 
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Session. This timepoint was chosen to capture the neural activation profile when Observers were required to 
recall the information learned through observation to perform avoidance themselves.

Behavioral data
Behavioral measures of time on platform, freezing, lever-pressing, and head orientation toward the Demonstrator 
were automatically scored using ANY-Maze (v7.51, www.any-maze.com) behavioral tracking software. Time on 
platform and freezing were automatically scored during the tone period (30s) of the Observer Test Session. The 
number of shocks avoided was calculated by identifying instances where the rat spent at least 1.75s of the 2s 
shock period on the platform. The number of lever-presses during the inter-trial interval (ITI) was measured 
during the 60s pretone period . The Observer was classified as oriented towards the Demonstrator when the 
barrier was within a 90-degree visual angle from the tip of the rat’s nose (i.e., 45 degrees to either side of the 
nose). This range of head orientation was used because rats have a nearly 200-degree field of view, but only 
approximately 40 to 110 degrees of binocular vision27,28. Head orientation was measured during the tone period 
(30s) of the Observation Session when critical task information is conveyed by the Demonstrator.

Tissue collection and immunohistochemistry
A subset of animals from each experimental group, as well as a group of homecage controls, were sacrificed 
for c-Fos immunohistochemistry (IHC). Ninety minutes following the presentation of Tone 1 of the Observer 
Test Session, Observers were deeply anesthetized with sodium pentobarbital (450 mg/kg i.p.) and transcardially 
perfused with 0.9% saline until all blood was cleared, followed by 4% paraformaldehyde. c-Fos is an immediate 
early gene commonly used as a marker for neuronal activation29,30. It is well established that protein expression 
peaks between 60 and 120 min following stimulation31, so the 90-minute time point was chosen to capture this 
peak expression32–35. Brains were removed from the skull and stored in 4% paraformaldehyde at 4 °C for 12 to 
24 h. Following fixation, brains were transferred to a 20% sucrose solution in 1X PBS for 24 h followed by a 30% 
sucrose solution in PBS for another 48 to 72 h. Samples were then gradually cooled to -20 °C and sliced on the 
coronal plane (40 μm) on a cryostat and stored in cryoprotectant at -20 °C until the immunohistochemical assay 
was conducted.

Prior to staining, the tissue was washed in PBS (3 × 10 min) to remove cryoprotectant, then blocked in a buffer 
containing 10% normal goat serum, 5% bovine serum albumin, and 0.5% triton-X in PBS at room temperature 
(RT) for 1 h. Sections were subsequently incubated in c-Fos rabbit monoclonal primary antibody (1:3200, Cell 
Signaling, Danvers, MA) at RT for 48 h and then washed in PBS (3 × 10 min). The tissue was then incubated in 
a secondary anti-rabbit antibody (1:500 AlexaFluor 588, Cell Signaling, Danvers, MA) at RT for 6 h followed by 
PBS washes (5 × 10 min) and stained with DAPI (10 min). Finally, the tissue was washed twice with PBS (1 min 
and 10 min) and stored in fresh PBS overnight. Sections were then mounted on slides and coverslipped with 
Fluoromount-G mounting medium (Southern Biotech, Birmingham, AL).

Fig. 1.  Experimental design. (A) Observer rats are first assigned to a shock pre-exposed or shock-naïve group 
(left). Shock pre-exposed rats are placed on the side in which the Demonstrator will undergo PMA training 
and receive 1 unsignaled footshock. During the Observation Session, the Demonstrator receives 9 tone-shock 
trials. The Observer does not have access to a platform, lever, or food dish, but can gain sensory information 
from the Demonstrator through a perforated transparent barrier (middle). 24 h later, the Observer is placed in 
the side of the chamber that the Demonstrator previously occupied and receives 9 tone-shock pairings (right). 
The Observer then undergoes a Direct PMA Test Session 24 h after witnessing the Demonstrator. Created in 
BioRender. https://BioRender.com/xwofx4e. (B) Demonstrators are trained in PMA across 10 days. Observers 
undergo an Observation Session, in which they witness either a Novice Demonstrator undergoing Early PMA 
(Day 1 of PMA training, purple) or an Experienced Demonstrator undergoing Late PMA (Day 10 of PMA 
training, blue).
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Tissue imaging and c-Fos quantification
Following IHC, coronal sections were imaged using an Olympus BX63F fluorescence microscope and digital 
camera at 10x magnification. Individual Z-stack images were stitched together using cellSens Dimension 
(v4.4.1, evidentscientific.com) software to create an X-Y composite image across the prefrontal cortex. Z-stacks 
were merged to create a single plane in which all c-Fos positive cells in the 40 μm thick section could be seen 
simultaneously. Quantification of c-Fos positive cells was conducted automatically using QuPath36 (v0.7.0, 
https://qupath.github.io). The areas of interest were delineated to calculate the total area of the region for each 
rat. Density of c-Fos positive cells was calculated by dividing the number of c-Fos positive cells by the total area 
of the brain region. c-Fos density was measured in both hemispheres from two to three non-consecutive slices 
and averaged to obtain a final c-Fos density for each rat33. Thresholding for counting was performed with the 
experimenter blinded to condition.

Statistical analyses
Behavioral measures of time spent freezing and time on platform were analyzed from the Observers’ Test 
Session using multilevel beta regressions. Head orientation was analyzed from the Observers’ Observation 
Session using a multilevel beta regression. Beta regressions were used because behaviors were measured as 
the proportion of each Tone spent performing that behavior, producing data bound between zero and one. 
Tone, condition (observed Novice or Experienced Demonstrator), shock pre-exposure status, sex, and all their 
interactions were specified as fixed effects in the regression models and subject ID was specified as a random 
effect. Planned contrasts were performed on the interaction of shock pre-exposure status and condition given 
that we hypothesized that shock pre-exposure, observing an experienced demonstrator, or a combination of the 
two would improve observational avoidance acquisition. A Sidak correction was used to maintain family wise 
error rate, and the pairwise comparisons were as follows: shock-naïve Observers, shock pre-exposed Observers, 
Observers witnessing Novice Demonstrators, Observers witnessing Experienced Demonstrators.

A Poisson regression was used to analyze the number of shocks avoided with the same fixed effect structure 
used for the beta regressions. A multilevel Poisson regression was used to analyze the number of lever presses 
made during the intertrial interval (ITI) of the Test Session with the same fixed and random effect structure used 
for the beta regressions. Planned contrasts for both Poisson regressions followed the same structure as those 
used for the beta regressions.

Correlations were conducted between Demonstrator behavior during the Observation Session and Observer 
behavior during the Observer Test Session. This analysis was done to assess the relationship between the 
behaviors the Observer witnesses and the behaviors they later perform in their Test Session. Behavioral measures 
were averaged across the nine tones to obtain a single data point for each subject. Additionally, correlations 
were conducted between the head orientation of Observers during the Observation Session and their time on 
platform or freezing during the Test Session.

A hierarchical cluster analysis was used to identify distinct behavioral phenotypes within Observational 
PMA. The variables used to define the clusters were time on platform, freezing, lever-presses during the 60s of 
the ITI immediately preceding the tone, and number of shocks avoided during the Observer Test Session. Time 
on platform, freezing, and pretone lever presses were averaged across the 9 tones of the Test Session to obtain 
a single value for each Observer. All variables were standardized to ensure equal weighting when defining the 
clusters. Euclidian distance was used to measure the dissimilarity between data points. The number of behavioral 
clusters was then determined from the resulting dendrogram. Fisher’s exact tests were then used to determine 
whether the clusters were independent from the Observers’ experience with footshock. We were unable to 
determine whether the interaction of shock pre-exposure and condition was independent from the behavioral 
cluster Observers fell into due to small samples from one of the clusters. We then used ANOVAs with Tukey’s 
corrected post-hocs to compare behavioral measures across each cluster.

ANOVAs with Sidak’s corrected planned contrasts were used to analyze the effect of shock pre-exposure and 
condition on c-Fos density. Separate ANOVAs were used for each brain area (PL, IL, ACC, NAcC, NAcS, BLA). 
We also conducted correlations of c-Fos density between the six brain areas measured in each Observer group. 
Separate ANOVAs (with Sidak’s corrected post-hocs) were used to analyze differences in c-Fos density between 
behavioral clusters. c-Fos density was then correlated between the brain areas for each behavioral cluster.

All statistical analyses were conducted in R (v4.4.2) using the glmmTMB37,38, corr39, and emmeans40 
packages. JMP Pro (v19.0, www.jmp.com) was used to create correlation matrices, and GraphPad Prism (v10.0.0; 
www.graphpad.com) was used to create violin plots. Operant box graphics were created using BioRender (www.
biorender.com).

Results
Shock pre-exposure enhances observational avoidance when Observers witness a Novice, 
but not an Experienced, Demonstrator
PMA requires multiple days of training in which rats transition from freezing and escape responses during early 
stages of PMA to avoidance of the tone CS by stepping onto the platform during late stages of PMA12,13,41,42. Due 
to the transition in behavioral responses over time, we were interested in whether Observers would acquire the 
task differently when they observed a Novice Demonstrator during early stages of PMA training (Day 1, when 
freezing and escape responses are high and avoidance is low) versus observing an Experienced Demonstrator 
during late stages of PMA training (Day 10, when avoidance is high and freezing and escape responses are low). In 
addition, prior work examining observational learning of aversive tasks, like observational fear conditioning, has 
found that pre-exposure to the footshock unconditioned stimulus (US) improves observational learning22–25. To 
examine how both shock pre-exposure and experience level of the Demonstrator influence Observational PMA, 
we used a two-by-two design, producing four separate Observer groups: shock pre-exposed and shock-naïve 
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Observers witnessing a Novice Demonstrator (light purple and dark purple respectively) and shock pre-exposed 
and shock-naïve Observers witnessing an Experienced Demonstrator (light blue and dark blue, respectively, 
refer to Fig. 1).

To assess avoidance learning across our different observer groups, we compared the percentage of time spent 
on the platform during each tone of the Test Session using a multilevel beta regression. Shock pre-exposed 
Observers spent significantly more time on the platform than shock-naïve Observers (z=-3.668, p < 0.001). 
The interaction between shock pre-exposure and experience of the Demonstrator trended toward significance 
(z=-1.660, p = 0.097). Sidak’s planned contrasts revealed that when observing a Novice Demonstrator, shock 
pre-exposed Observers spent a significantly higher percentage of time on the platform during the tone than 
shock-naïve Observers (Fig. 2A; z=-3.772, p < 0.001). Shock pre-exposure did not, however, alter the percentage 
of time spent on the platform when Observers witnessed an Experienced Demonstrator (Fig.  2D; z=-1.425, 
p = 0.488). There were no significant differences in time on platform between Observers who witnessed Novice or 
Experienced Demonstrators (z = 0.179, p = 0.858) in shock pre-exposed (Fig. 2A vs. D, light triangles; z = 1.249, 
p = 0.614) or shock-naïve Observers (Fig. 2A vs. D, dark circles; z=-1.095, p = 0.721).

We then analyzed the number of shocks avoided at Test using a Poisson regression. We found that shock 
pre-exposure led to an increased number of shocks avoided (z=-4.354, p < 0.001). Sidak corrected contrasts 
confirmed that this was the case when Observers witnessed either Novice (Fig.  2B; z=-3.632, p = 0.001) or 
Experienced Demonstrators (Fig.  2E; z=-2.531, p = 0.045). There were no differences in number of shocks 
avoided between Observers who witnessed Novice or Experienced Demonstrators (z = 0.936, p = 0.350) in either 
shock pre-exposed (Fig. 2B vs. E, light colors; z = 1.296, p = 0.580) or shock-naïve conditions (Fig. 2B vs. E, dark 
colors; z = 0.116 p = 0.999).

To assess differences in freezing and reward seeking across observer groups, we analyzed the percentage 
of time spent freezing during each tone using a multilevel beta regression and the number of ITI lever presses 

Fig. 2.  Shock pre-exposure enhances avoidance learning after observing Novice, but not Experienced, 
Demonstrators. (A) Shock pre-exposure increased Observer time on platform (z = − 3.772, p < 0.001) and (B) 
number of shocks avoided (z = − 3.632, p = 0.001) after observing a Novice Demonstrator. (C) After witnessing 
a Novice Demonstrator, Observers’ time spent on the platform at Test was positively correlated with the 
Demonstrator’s time on platform for shock pre-exposed Observers (light triangles; r = 0.484, p = 0.011) and 
negatively correlated for shock-naïve Observers (dark circles; r = − 0.693, p < 0.001). (D) Shock pre-exposure 
did not alter Observer time on platform (z = − 1.425, p = 0.488), but increased (E) number of shocks avoided 
(z = − 2.531, p = 0.045) after observing an Experienced Demonstrator. (F) After witnessing an Experienced 
Demonstrator, there were no significant correlations between Observers’ Test Session time on platform and 
their Demonstrator’s training time on platform in shock pre-exposed (light triangles; r = − 0.040, p = 0.865) 
or shock-naïve Observers (dark circles; r = 0.272, p = 0.133). n = 27 shock pre-exposed Observers witnessing 
a Novice (light purple), n = 24 shock-naïve Observers witnessing a Novice (dark purple), n = 21 shock pre-
exposed Observers witnessing an Experienced Demonstrator (light blue), n = 32 shock-naïve Observers 
witnessing an Experienced Demonstrator (dark blue). Data shown as mean +/− SEM. #p < 0.10, *p < 0.05, 
**p < 0.01, ***p < 0.001.
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using a multilevel Poisson regression. There were no significant differences in freezing or lever-pressing between 
shock pre-exposed and shock-naïve Observers witnessing Novice (Figure S1A; z=-2.313, p = 0.080; Figure S1C; 
z = 2.384, p = 0.067) or Experienced Demonstrators (Figure S1E; z=-0.329, p = 0.996; Figure S1G; z = 1.335, 
p = 0.552). There were also no differences in freezing or lever-pressing between Observers who witnessed either 
Demonstrator type in either shock pre-exposed (Figure S1A vs. E, light colors; z = 1.722, p = 0.299; Figure S1C vs. 
G, light colors; z=-2.094, p = 0.137) or shock-naïve Observers (Figure S1A vs. E, dark colors; z=-0.883, p = 0.849; 
Figure S1C vs. G, dark colors; z=-1.173, p = 0.668). Taken together, these results show that shock pre-exposure 
increased observational avoidance when Observers witness a Novice, but not an Experienced, Demonstrator.

To better understand the relationship between Demonstrator and Observer behaviors, we correlated the 
Observer’s time on platform, freezing, and ITI lever-pressing at Test with their Demonstrator’s behavior during 
the Observation Session. Correlating Observer and Demonstrator behaviors provides greater insight into how 
specific Demonstrator behaviors influence the Observer as opposed to general differences between Observer 
groups. Experienced Demonstrators exhibited increased avoidance compared to Novice Demonstrators (Figure 
S2A, time on platform, p < 0.001; Figure S2B, shocks avoided, p < 0.001) without showing differences in freezing 
(Figure S2C, p = 0.289). Time on platform was positively correlated between shock pre-exposed Observers and 
Novice Demonstrators (Fig. 2C, light purple triangles; r = 0.484, p = 0.011). Conversely, time on platform was 
negatively correlated between shock-naïve Observers and Novice Demonstrators (Fig. 2C, dark purple circles; 
r=-0.693, p < 0.001). Time on platform was not correlated between Observers and Experienced Demonstrators 
(Fig. 2F, light blue triangles; r=-0.040, p = 0.865; dark blue circles; r = 0.272, p = 0.133). There was a significant 
correlation in freezing between shock pre-exposed (Figure S1B, light purple triangles, r = 0.588, p = 0.001), but 
not shock-naïve, Observers and Novice Demonstrators (Figure S1B, dark purple circles, r=-0.048, p = 0.823). 
Conversely, shock-naïve Observers’ freezing (Figure S1F, dark blue circles, r = 0.482, p = 0.005), but not shock 
pre-exposed Observers’ freezing (Figure S1F, light blue triangles, r = 0.265, p = 0.246), was correlated with that of 
Experienced Demonstrators. ITI lever-pressing was not correlated between Observers and Novice (Figure S1D, 
light purple triangles, r = 0.175, p = 0.384; dark purple circles, r=-0.100, p = 0.641) or Experienced Demonstrators 
(Figure S1H, light blue triangles, r = 0.175, p = 0.447; dark blue circles, r = 0.205, p = 0.261). Taken together, 
these findings suggest that Observers’ avoidance and freezing, but not lever-pressing, are influenced both by the 
Demonstrator’s behavior and whether Observers have prior shock experience.

Shock pre-exposure enhances avoidance in male, but not female, Observers
Prior work has shown that females exhibit increased avoidance compared to males during direct learning of 
PMA13. We were therefore interested in whether there were any behavioral sex differences during observational 
PMA. Using the same data and models from Fig. 2, we conducted Sidak corrected planned contrasts to determine 
whether shock pre-exposure differentially impacts males and females. Shock pre-exposed males that witnessed a 
Novice Demonstrator spent significantly more time on the platform at Test compared to shock-naïve males (Fig. 
3A, z=-2.953, p = 0.013); however, although it trended in the same direction, this was not the case for female 
Observers (Fig. 3C, z=-2.422, p = 0.060). Likewise, shock pre-exposure led to an increased number of shocks 
avoided in male (Fig. 3B, z=-3.345, p = 0.003), but not female Observers (Fig. 3D, z=-1.693, p = 0.316). After 
watching an Experienced Demonstrator, shock pre-exposure led to an increase in time on platform as well as 
the number of shocks avoided in male (Fig. 3G, z=-2.779, p = 0.022; Fig. 3H, z=-3.192, p = 0.006) but not female 
Observers (Fig. 3I, z = 0.532, p = 0.973; Fig. 3J z=-0.427, p = 0.988). Shock-naïve females also avoided more than 
shock naïve males after watching an Experienced Demonstrator (Fig. 3G and I, dark pink circles compared to 
dark green circles; z=-2.743, p = 0.024). Shock pre-exposure did not affect freezing in either sex when witnessing 
Novice (male, z=-2.428, p = 0.072; female, z=-0.914, p = 0.797) or Experienced Demonstrators (male, z = 0.315, 
p = 0.989; female, z = 0.162, p = 0.999).

Given that shock pre-exposure had a sex-dependent effect on avoidance, we were interested in how shock 
pre-exposure may have differentially affected correlations between Demonstrator and Observer avoidance 
in males and females. When witnessing Novice Demonstrators, time on platform was negatively correlated 
between shock-naïve males and the Demonstrator (Fig. 3E, dark green circles, r=-0.728, p = 0.007) and positively 
correlated between shock pre-exposed males and the Demonstrator (Fig.  3E, light green triangles, r = 0.692, 
p = 0.003). Whereas shock-naïve females exhibited the same behavioral correlation as the shock-naïve males 
(Fig.  3F, dark pink circles, r=-0.711, p = 0.010), the shock pre-exposed females showed no correlation with 
the Demonstrator’s time on platform (Fig.  3F, light pink triangles, r=-0.030, p = 0.930). When witnessing an 
Experienced Demonstrator, time on platform was not correlated between the Observer and Demonstrator in 
either sex (Fig. 3K, dark green circles, r = 0.016, p = 0.951; light green triangles, r=-0.366, p = 0.242; Fig. 3L, dark 
pink circles, r = 0.497, p = 0.070; light pink triangles, r = 0.558, p = 0.118). Together with results from Fig. 2, these 
findings suggest that shock pre-exposure may be necessary for males, but not females, to effectively acquire 
Observational PMA.

Differences in Observational PMA acquisition cannot be explained by differences in visual 
attention
Prior work has shown that blocking visual information impairs observational learning43–46, and we were 
thus interested in whether visual attention as measured by head orientation toward the barrier in front of 
the Demonstrator affected acquisition of Observational PMA (Figure S3A). There were no differences in 
orientation towards the Demonstrator between shock pre-exposed and shock-naïve Observers when witnessing 
a Novice (Figure S3B, z=-0.575, p = 0.964) or Experienced Demonstrator (Figure S3H, z=-1.487, p = 0.445). 
There were also no significant correlations between orientation and time on platform after witnessing a Novice 
Demonstrator (Figure S3C, light purple triangles, r = 0.109, p = 0.596; dark purple circles, r = 0.157, p = 0.465) 
or in shock-naïve Observers that witnessed an Experienced Demonstrator (Figure S3I, dark blue circles, r = 
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0.237, p = 0.191). However, orientation and time on platform were positively correlated in shock pre-exposed 
Observers that witnessed an Experienced Demonstrator (Figure S3I, light blue triangles, r = 0.596, p = 0.004). 
This positive correlation was driven by male Observers (Figure S3K, light green triangles, r = 0.861, p < 0.001). 
These results together with those from Fig. 3 suggest that male and female rats may utilize different information 
to acquire Observational PMA.

Observers exhibit three distinct behavioral phenotypes regardless of experimental condition
To better understand the different behavioral strategies that Observers may employ during Observational PMA, 
we conducted a hierarchical cluster analysis (see Methods). Previous work using a version of the PMA task has 
identified three behavioral phenotypes based on avoidance and lever-pressing33. We included avoidance (time 

Fig. 3.  Shock pre-exposure enhances avoidance in male, but not female, rats. (A) Shock pre-exposure 
increased male Observer time on platform (z = − 2.953, p = 0.013) and (B) number of shocks avoided 
(z = − 3.345, p = 0.003) after observing a Novice Demonstrator. (C) Shock pre-exposure did not alter female 
Observer time on platform (z = − 2.422, p = 0.060) or (D) number of shocks avoided (z = − 1.693, p = 0.316) after 
observing a Novice Demonstrator. (E) Male Observers’ time on platform during the Test Session was positively 
correlated with their Demonstrator’s time on platform during training for shock pre-exposed Observers 
(light green triangles, r = 0.692, p = 0.003) but negatively correlated for shock-naïve Observers (dark green 
circles, r = − 0.728, p = 0.007). (F) Shock-naïve female Observers showed a negative correlation between their 
time on platform and that of their Demonstrator (dark pink circles, r = − 0.711, p = 0.010), but there was no 
relationship for shock pre-exposed female Observers (light pink triangles, r = -0.030, p = 0.930). (G) Shock pre-
exposure increased Male Observer time on platform (z = − 2.779, p = 0.022 ) and (H) number of shocks avoided 
(z = − 3.192, p = 0.006) after observing an Experienced Demonstrator. (I) Shock pre-exposure did not alter 
Female Observer time on platform (z = 0.532, p = 0.973) or (J) number of shocks avoided (z=-0.427, p = 0.988) 
after observing an Experienced Demonstrator. (K) There were no relationships between Observer and 
Demonstrator time on platform in either shock-naïve or shock pre-exposed male (dark green circles, r = 0.016, 
p = 0.951; light green triangles, r=-0.366, p = 0.242) or (L) female Observers (dark pink circles, r = 0.497, 
p = 0.070; light pink triangles, r = 0.558, p = 0.118). n = 16 shock pre-exposed males witnessing a Novice 
(light green), n = 12 shock-naïve males witnessing a Novice (dark green), n = 11 shock pre-exposed females 
witnessing a Novice (light pink), n = 12 shock-naïve females witnessing a Novice (dark pink), n = 12 shock 
pre-exposed males witnessing an Experienced Demonstrator (light green), n = 18 shock-naïve males witnessing 
an Experienced Demonstrator (dark green), n = 9 shock pre-exposed females witnessing an Experienced 
Demonstrator (light pink), n = 14 shock-naïve females witnessing an Experienced Demonstrator (dark pink). 
Data shown as mean and SEM. #p < 0.10, *p < 0.05, **p < 0.01.
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on platform and number of shocks avoided) and ITI lever-pressing in addition to freezing in our cluster analysis 
and identified three distinct behavioral phenotypes in the Observers regardless of their experimental condition 
(Fig. 4A).

Observers in Cluster 1 spent more time on the platform (Fig. 4B, Cluster 1, yellow, compared to 2, orange, 
t = 13.37, p < 0.001; Cluster 1, yellow, compared to 3, red, t = 14.39, p < 0.001) and avoided more shocks than the 
other clusters (Fig. 4C, Cluster 1, yellow, compared to 2, orange, t = 15.37, p < 0.001; Cluster 1, yellow, compared 
to 3, red, t = 16.33, p < 0.001) and were therefore labeled as Avoidance-Preferring Observers. Observers in 
Cluster 3 exhibited less freezing (Fig. 4D, Cluster 3, red, compared to 1, yellow, t = 6.11, p < 0.001; Cluster 3, red, 
compared to 2, orange, t = 4.63, p < 0.001) and performed a greater number of ITI lever-presses (Fig. 4E, Cluster 
3, red, compared to 1, yellow, t = 14.90, p < 0.001; Cluster 3, red, compared to 2, orange, t = 12.36, p < 0.001) than 
the other clusters and were thus labeled as Reward-Preferring Observers. Observers in Cluster 2 were labeled as 
Balanced Behavior Observers because they showed levels of avoidance and lever-pressing between those of the 
Avoidance-Preferring and Reward-Preferring Observers.

Fig. 4.  Shock pre-exposed Observers adopt an avoidance-preferring strategy whereas shock-naïve Observers 
adopt a reward-preferring strategy. (A) Dendrogram of behavioral clusters. (B) Avoidance-Preferring 
Observers (n = 40) spent more time on the platform than the other clusters (Balanced Behavior, t = 13.37, 
p < 0.001; Reward-Preferring, t = 14.39, p < 0.001), and Balanced Behavior Observers (n = 39) spent more time 
on the platform than Reward-Preferring Observers (n = 14) (t = 4.74, p < 0.001). (C) Avoidance-Preferring 
Observers avoided more shocks than the other clusters (Balanced Behavior, t = 15.37, p < 0.001; Reward-
Preferring, t = 16.33, p < 0.001), and Balanced Behavior Observers avoided more shocks than Reward-
Preferring Observers (t = 5.24, p < 0.001). (D) Reward-Preferring Observers froze significantly less than the 
other clusters (Avoidance-Preferring, t = 6.11, p < 0.001; Balanced Behavior, t = 4.63, p < 0.001). (E) Reward-
Preferring Observers made significantly more lever presses than the other clusters (Avoidance-Preferring, 
t = 14.90, p < 0.001; Balanced Behavior, t = 12.36, p < 0.001). Balanced Behavior Observers lever-pressed more 
than Avoidance-Preferring Observers (t = 3.30, p = 0.004). Center radar plot depicts the behavioral profile of 
each cluster across the four measures. Variables were scaled to be comparable within a range from − 2 to 2. (F) 
Shock pre-exposure and behavioral cluster were not independent (Fisher’s Exact Test, p = 0.006). There were 
more shock pre-exposed Observers in the Avoidance-preferring cluster (n = 47, yellow, top) and fewer shock 
pre-exposed Observers in the Reward-preferring cluster (n = 15, red, bottom) than expected while the number 
of Balanced Behavior Observers did not deviate from expectation (n = 42, orange, middle). Data shown as mean 
and SEM. **p < 0.01, ***p < 0.001.
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We were next interested in exploring the composition of the three behavioral clusters in terms of experimental 
groups. We used a Fisher’s Exact Test and determined that an Observer’s behavioral cluster was dependent on 
their experience with footshock prior to the Test Session (p = 0.006). The Avoidance-Preferring cluster was 
comprised of moderately more shock pre-exposed Observers (standardized residual = 1.57) and fewer shock-
naïve Observers (standardized residual=-1.45) than expected (Fig.  4F, top right). Conversely, the Reward-
Preferring cluster was comprised of moderately fewer shock pre-exposed (standardized residual=-1.49) and 
more shock-naïve Observers (standardized residual = 1.38) than expected (Fig. 4F, bottom right). These results 
suggest that shock pre-exposure led Observers to adopt an avoidance-focused strategy during Observational 
PMA as opposed to a reward-focused strategy or a balance between the two.

Because we found both sex differences (Fig. 3) and differences in behavioral clusters following shock pre-
exposure (Fig. 4), we further divided the clusters by sex (Fig. 5). A Fisher’s Exact Test revealed that sex and 
behavioral cluster were dependent upon each other (p = 0.021). This effect was moderately driven by Cluster 3 
in which there were fewer females (standardized residual=-1.80) and more males (standardized residual = 1.60) 
than expected (Fig. 5A left compared to B left). We next ran Fisher’s Exact Tests within each sex and found that 
experience with footshock and behavioral cluster were dependent in male Observers (Fig. 5A, p = 0.010). This 
effect was moderately driven by an increased number of shock pre-exposed (standardized residual = 1.65) and a 
decreased number of shock-naïve Observers (standardized residual=-1.59) in the Avoidance-Preferring cluster 
(Fig. 5A, top right, light blue and purple (27 + 41 = 68%) compared to dark blue and purple (23 + 9 = 32%)). There 
were also fewer shock pre-exposed (standardized residual=-1.31) and more shock-naïve Observers (standardized 
residual = 1.26) than expected in Cluster 1 (Fig. 5A, bottom right, light blue and purple (8 + 15 = 23%) compared 
to dark blue and purple (54 + 23 = 77%)).Conversely, experience with footshock and behavioral cluster were 
independent in female Observers (Fig. 5B, p = 0.364). These results show that the behavioral phenotype of male, 
but not female, Observers was dependent upon their experience with footshock. Shock pre-exposure led males to 
adopt the Avoidance-Preferring strategy when they may otherwise have adopted the Reward-Preferring strategy, 
but females had a high percentage of Avoidance-Preferring individuals, regardless of prior shock experience.

mPFC connectivity extends to subcortical circuits when Observers witnessed an Experienced 
Demonstrator
We next wanted to gain insight into the neural substrates guiding Observational PMA using c-Fos 
immunohistochemistry (Fig. 6A). The ACC is a central hub for observational learning14,24,46–49 and shares 

Fig. 5.  Shock pre-exposure shifts male, but not female, behavioral strategies toward the avoidance-preferring 
strategy. (A) Left: Proportion of male Observers in each behavioral cluster. Sex and behavioral cluster were 
dependent upon each other (Fisher’s Exact Test, p = 0.021), and this was driven by more males and fewer 
females than expected falling into Cluster 3. Right: Shock pre-exposure and behavioral cluster were dependent 
upon each other in male Observers (Fisher’s Exact Test, p = 0.010). There were more shock pre-exposed male 
Observers in the Avoidance-preferring cluster and fewer shock pre-exposed male Observers in the Reward-
preferring cluster than expected. Avoidance-Preferring males (n = 22, yellow, top) were mostly shock pre-
exposed while Balanced Behavior (n = 23, orange, middle) and Reward-Preferring (n = 13, red, bottom) males 
were mostly shock-naïve. (B) Left: Proportion of female Observers in each behavioral cluster. Right: Shock 
pre-exposure and behavioral cluster were independent in female Observers (Fisher’s Exact Test, p = 0.364). 
Avoidance-Preferring females (n = 25, yellow, top) were evenly distributed between shock-naïve and shock 
pre-exposed. Balanced behavior (n = 19, orange, middle) females were mostly shock-naïve. There were no shock 
pre-exposed females that were Reward-Preferring (n = 2, red, bottom).
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Fig. 6.  Observers exhibit distinct neural activation patterns that depend on Demonstrator experience and 
Observer’s shock experience. (A) Schematic showing Test Session and perfusion timeline. (B) Example images 
of cFos quantification in PL and IL (left), Cg 1/2 (part of ACC), NAcC, and NAcS (middle), and the BLA (right). 
(C) There were no differences in c-Fos Density between shock-naïve and shock pre-exposed Observers who 
watched a Novice Demonstrator (left, PL, t = 1.440, p = 0.496; IL, t = 1.183, p = 0.673; ACC, t = 2.128, p = 0.149; 
NAcC, t = 0.871, p = 0.861; NAcS, t = 1.243, p = 0.632; BLA, t = 0.837, p = 0.877) or an Experienced Demonstrator 
(right, PL, t = − 1.027, p = 0.774; IL, t = − 1.345, p = 0.555; ACC, t = − 0.653, p = 0.946; NAcC, t = 0.176, p = 0.999; 
NAcS, t = − 0.054, p = 0.999; BLA, t = 0.405, p = 0.991). (D) Shock-naïve Observers that watched a Novice 
Demonstrator showed stronger correlations in activation between medial prefrontal subregions (left) than 
shock pre-exposed Observers (left middle). After watching an Experienced Demonstrator, shock pre-exposed 
Observers (right) showed more correlations in activation between brain areas than shock-naïve (right middle) 
Observers. n = 11 shock pre-exposed Observers witnessing a Novice (light purple), n = 11 shock-naïve 
Observers witnessing a Novice (dark purple),, n = 11 shock pre-exposed Observers witnessing an Experienced 
Demonstrator (light blue), n = 12 shock-naïve Observers witnessing an Experienced Demonstrator (dark blue). 
Width and color of lines indicate significance level of correlation. Dotted lines indicate a trending correlation 
(p < 0.100).
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connections with the direct PMA circuit through its projections to the nucleus accumbens core (NAcC)21 
and BLA17,18. The IL is necessary for avoidance responses during direct learning of both shuttle7–9 and lever-
press avoidance10,11 and projects to the BLA19 and the shell of the nucleus accumbens (NAcS)20. Furthermore, 
the BLA projects to both the NAcC and NAcS50, creating a map of areas that are potentially activated during 
Observational PMA.

There were no differences in c-Fos density between shock-naïve and shock pre-exposed Observers who 
witnessed either a Novice or an Experienced Demonstrator for any of the brain regions (PL, IL, ACC, NAcC, 
NAcS, BLA; Fig. 6C). To visualize neural activation profiles during Observational PMA, we correlated c-Fos 
densities of the brain regions for each experimental group. After witnessing a Novice Demonstrator, shock-
naïve Observers showed stronger correlations in activation between medial prefrontal subregions (PL, IL, ACC; 
Fig. 6D, left; Figure S4A) compared to shock pre-exposed Observers (Fig. 6D left middle, Figure S4B). After 
witnessing an Experienced Demonstrator, shock-naïve Observers exhibited significant correlations between 
medial prefrontal subregions (Fig.  6D, right middle; Figure S4C) similar to those observed in shock-naïve 
Observers that witnessed a Novice Demonstrator. Shock pre-exposed Observers, however, exhibited positive 
correlations between all anatomically connected areas (Fig. 6D, right; Figure S4D).

We then examined differences in neural activation between behavioral clusters in a similar manner. BLA 
activation was significantly increased in Reward-Preferring compared to Avoidance-Preferring Observers 
(Fig.  7A, t=-3.161, p = 0.009), but no other differences in neural activation were observed. However, neural 
activation profiles varied greatly between clusters. The Avoidance-Preferring Observers showed positive 
correlations between all anatomically connected brain regions (Fig. 7B; Figure S4E). Likewise, the Balanced 
Behavior Observers were only lacking one positive correlation between the NAcC and BLA (Fig. 7C; Figure 
S4F). The Reward-Preferring Observers showed fewer correlations than either the Avoidance-Preferring or 
Balanced Behavior Observers. Notably, the Reward-Preferring Observers showed no significant correlations in 
activation involving the BLA despite showing increased activation in the BLA compared to Avoidance-Preferring 
Observers (Fig. 7D; Figure S4G).

Fig. 7.  Avoidance-Preferring and Balanced Behavior Observers show similar neural activation profiles that are 
more correlated compared to Reward-Preferring Observers. (A) There were no differences in neural activation 
between behavioral clusters (PL: 1 vs. 2 t = 0.629, p = 0.898, 2 vs. 3 t = − 0.251, p = 0.992; 1 vs. 3 t = − 0.694, 
p = 0.869; IL: 1 vs. 2, t = 0.332, p = 0.983, 2 vs. 3, t = − 0.483, p = 0.950; 1 vs. 3, t = − 0.721, p = 0.855; ACC: 1 vs. 2, 
t = 1.359, p = 0.452, 2 vs. 3, t = − 0.739, p = 0.846, 1 vs. 3, t = − 1.697, p = 0.264; NAcC: 1 vs. 2, t = 0.470, p = 0.954, 
2 vs. 3, t = − 0.682, p = 0.874; 1 vs. 3, t = − 1.029, p = 0.671; NAcS: 1 vs. 2, t = 0.691, p = 0.870, 2 vs. 3, t = − 0.244, 
p = 0.993; 1 vs. 3, t = − 0.739, p = 0.846; BLA: 1 vs. 2, t = 1.962, p = 0.160, 2 vs. 3, t = − 1.769, p = 0.232; 1 vs. 3, 
t = − 3.161, p = 0.009). Correlations in neural activation for (B) Avoidance-Preferring, (C) Balanced Behavior, 
and (D) Reward-Preferring Observers. n = 21 Avoidance-Preferring (yellow), n = 18 Balanced Behavior 
(orange), n = 6 Reward-Preferring (red). Width and color of lines indicate significance level of correlation. 
Dotted lines indicate a trending correlation (p < 0.100).

 

Scientific Reports |        (2026) 16:21738 11| https://doi.org/10.1038/s41598-026-50571-6

www.nature.com/scientificreports/

http://www.nature.com/scientificreports


Discussion
We developed a novel task for the study of observational active avoidance. Overall, we found that Observers’ 
avoidance was affected by several factors including sex, exposure to footshock, and Demonstrator experience. 
Additionally, we examined neural activation in several brain areas previously implicated in avoidance. Although 
there were minimal differences in activation across Observer groups, each Observer group displayed neural 
activation profiles. We discuss below how Observers witnessing Demonstrators with different experience levels 
may utilize different social information and may recruit distinct neural circuits to acquire active avoidance as 
well as provide future directions for directly testing these hypotheses.

We exposed half of the Observers to footshock prior to the Observation Session, as previous studies on 
observational avoidance had not used both shock pre-exposed and shock-naïve Observers in the same study2–4. 
In addition, previous observational fear learning (OFL) studies are inconsistent in the use of shock pre-exposure. 
Some studies find evidence that experience with footshock is necessary for OFL22–24,51, while others only include 
shock-naïve46,48,52–55 or shock pre-exposed Observers56. These discrepancies in methodology leave much about 
the effects of shock pre-exposure on learning unclear. In previous OFL studies that included both groups, shock-
naïve Observers did not increase their freezing from baseline during a recall session 24 h later, indicating that 
they did not acquire OFL to the same extent as shock pre-exposed Observers22,24. A similar effect was noted in 
the present study when Observers witnessed a Novice Demonstrator: shock-naïve Observers did not increase 
their avoidance to the same extent as shock pre-exposed Observers during their Test Session (Fig. 2A). Shock 
pre-exposure improving both OFL and Observational PMA when witnessing a Novice Demonstrator may be 
explained by behavioral similarities between classical fear conditioning and early stages of PMA training. Prior 
work using the PMA task shows that early stages of training resemble classical fear conditioning as rats have not 
yet learned to actively avoid a tone-signaled footshock and instead freeze12,13,41,57,58.

Unlike OFL studies, however, we found that shock pre-exposure increased avoidance in male Observers (Fig. 
3A-D). Previous OFL studies have found that both male23,24,51 and female22,23 shock pre-exposed Observers 
exhibit increased freezing compared to shock-naïve Observers. Our findings are consistent with the idea 
that females avoid more than males when PMA is learned through direct experience13. Because females are 
predisposed to increased avoidance, observation alone may be sufficient for them to acquire PMA whereas males 
require shock pre-exposure to acquire avoidance through observation. This explanation is further supported by 
the findings that shock pre-exposure increased avoidance in males that observed an Experienced Demonstrator 
(Fig. 3G-J) and caused males to adopt an Avoidance-Preferring over a Reward-Preferring behavioral strategy 
during the Test Session (Fig. 5A).

In addition to influencing Observers’ behavioral strategies at Test (Figs. 4F and 5A), shock pre-exposure 
altered relationships between Demonstrator and Observer behaviors. Shock pre-exposed Observers spent 
more time on the platform when their Novice Demonstrator did as well. This relationship was reversed in 
shock-naïve Observers (Fig. 2C). Novice Demonstrators were not yet familiar with the task and received more 
footshocks compared to Experienced Demonstrators (Figure S2B). When a shock pre-exposed Observer 
witnessed a Novice Demonstrator receive shock, the aversive reactions may have been familiar to them due 
to auto-conditioning51,59,60. Auto-conditioning occurs when rodents associate their aversive reactions (often 
vocalizations) with distress and these associations later enhance OFL51,59,60. The lack of aversive reactions 
when a Demonstrator avoided shock can therefore be informative to shock pre-exposed Observers, leading the 
Observer to avoid more during their Test Session. Shock-naïve Observers had no context for the Demonstrator’s 
aversive reactions to shock and likely needed to observe more shock trials (less avoidance) to understand the 
motivation of the avoidance response, leading to a negative correlation between Demonstrator and Observer 
avoidance. These effects were also largely driven by male Observers who required shock pre-exposure to acquire 
PMA. Future work could include ultrasonic vocalization monitoring to further investigate the auto-conditioning 
hypothesis as well as further investigate sex differences in Observational PMA.

In contrast to observing a Novice Demonstrator, Observers that witnessed an Experienced Demonstrator 
showed no correlation between their avoidance and that of their Demonstrator (Fig. 2F). This suggests that 
other social information may be used to acquire Observational PMA. Experienced Demonstrators avoided more 
shocks compared to Novice Demonstrators (Figure S2B), so effects from auto-conditioning during shock pre-
exposure likely did not aid in Observational PMA acquisition. Instead, we found that shock-naïve Observers 
showed more freezing as Experienced Demonstrators showed more freezing (Figure S1F). Prior work has 
shown that silence and lack of movement caused by freezing are informative danger signals within a social 
context61. Given that Experienced Demonstrators show high avoidance and low freezing, freezing may be more 
salient and thus convey more information than the avoidance response. Shock pre-exposed Observers that 
visually attended more to an Experienced Demonstrator also avoided more during their Test Session (Figure 
S3I), further suggesting that social information other than Demonstrator avoidance promotes Observational 
PMA acquisition. Future work could determine which Demonstrator behaviors trigger Observer visual attention 
as well as which auditory signals influence Observational PMA acquisition.

We did not find differences in neural activation across Observer groups (Fig. 6), suggesting that neither shock 
pre-exposure nor observing an Experienced Demonstrator is associated with increases in neural activation 
in areas necessary for active avoidance. We did, however, find a significant increase in BLA activation in the 
Reward-Preferring cluster compared to the Avoidance-Preferring cluster (Fig. 7). The BLA is well-known for 
its role in aversive learning58,62,63, but the BLA is also important for learning the value of a reward64. Increased 
BLA activation may therefore indicate an increased value assigned to sucrose by Reward-Preferring Observers. 
Importantly, this finding cannot be attributed to differences in hunger levels because all Observers were food-
restricted according to weight during experiments.

The lack of differences in neural activation may have resulted from a variety of factors including task complexity 
and limitations of c-Fos IHC. Observers performed a variety of behaviors throughout the Test Session, and c-Fos 
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IHC lacks the temporal precision31,65 needed to determine which specific behaviors may be tied to activation. 
There is also a range of time in which protein expression peaks (60–120 minutes31, so it is possible that we 
captured fluctuations in activation that represent multiple behaviors that occurred during the Test. Future 
work could employ techniques such as single-unit electrophysiology or fiber photometry to determine which 
Observer behaviors are tied to changes in activation in these areas. Finally, c-Fos is also not cell-type specific65. 
Future work could utilize c-Fos co-labeling to determine which cell types are activated during Observational 
PMA or combine anatomical tract tracing with c-Fos IHC to determine which projections are activated during 
Observational PMA. Overall, the use of this method was intended to provide an initial framework for future 
investigations into the necessary circuitry for observational avoidance. The information gained from this study 
can help narrow the areas of interest for future studies using neural recordings or manipulations to determine 
the circuits necessary for observational avoidance.

While we did not investigate specific projections in this study, we correlated neural activation between 
areas and found that Observers exhibited unique activation profiles when classified by experimental group 
or behavioral cluster (Figs. 6 and 7). Observers of Novice Demonstrators exhibited similar activation profiles 
regardless of shock pre-exposure. Activation profiles differed greatly, however, between shock-naïve and shock 
pre-exposed Observers of Experienced Demonstrators. This effect can potentially be explained by a combination 
of the complexity of the task that Observers witnessed at this timepoint and that the shock pre-exposure from 
the prior day may have acted as an acute stressor that increased brain-wide plasticity and led to changes in 
the activation profile66,67. Future work should examine neural activation during both the Observation and 
Test Session to determine whether the same or separate neural populations are responsible for observing and 
executing avoidance.

The Avoidance-Preferring Observers exhibited more correlations in activation between brain areas known 
to constitute the direct PMA circuit (PL, NAcC, BLA)5. The activation profile of the Balanced Behavior 
Observers notably lacked a correlation between BLA and NAcC, a projection known to promote avoidance 
expression in PMA5. Furthermore, the activation profile of the Reward-Preferring Observers did not exhibit 
correlations between any of the areas of the direct PMA circuit. Given that two of the three clusters showed a 
positive correlation between PL and NAcC, a projection known to inhibit avoidance expression in PMA5, future 
work could investigate whether the density of this projection or the level of activation of this projection differs 
between behavioral clusters. Alternatively, future work could manipulate PL-NAcC projection neurons using 
optogenetics or chemogenetics to determine whether it has the same role in Observational PMA as in direct 
learning of PMA5 and whether the role of this projection differs between clusters.

We were also intrigued by the correlations involving IL observed in multiple groups given that this area 
is not necessary for avoidance expression in PMA12. IL is, however, implicated in shuttle6–9 and lever-press 
avoidance10,11,58,68. In the shock pre-exposed Observers, IL may be suppressing freezing responses learned on 
the previous day to perform avoidance due to its role in inhibiting previously learned information to allow the 
formation of new stimulus-outcome associations11,69–72. Likewise, IL may also be suppressing freezing or other 
behaviors that could interfere with avoidance in the Avoidance-Preferring and Balanced Behavior clusters. Future 
work should investigate whether IL activation is necessary for avoidance expression in Observational PMA to 
determine how the neural mechanisms of observational learning differ from those of direct PMA acquisition.

Taken together, this work furthers our understanding of observational avoidance learning by comparing 
the effects of Demonstrator experience, exposure to shock, and sex within a single study. Interestingly, we 
found that Observers rely on different sources of information depending on their sex and Demonstrator type. 
Findings from this study also add to the growing body of literature investigating sex differences in avoidance 
learning. Future work using the Observational PMA task should investigate additional aspects such as darting 
and USV emission to further understand why males and females acquire avoidance differently. This work also 
provides insight into neural activation during Observational PMA and how activation profiles differ depending 
on shock pre-exposure and Demonstrator experience. Future studies will investigate the circuitry necessary for 
Observational PMA in order to understand how individuals may learn complex and adaptive tasks, like active 
avoidance, by observing others.

Data availability
Data will be made available upon request.
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