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SUMMARY: 
This protocol details a method for measuring psychedelic-induced reopening of the social reward learning critical period in mice using the social conditioned place preference assay. 

ABSTRACT: 
The ability to learn from the social environment is a fundamental aspect of juvenile mouse development. Young mice are intrinsically motivated to seek peer-to-peer social interactions, which serve as natural rewards processed through neural reward circuitry. Previous studies demonstrated that this motivated behavior can be measured using the social conditioned place preference (sCPP) assay. Herein, mice are conditioned in two distinct environmental contexts, one social and one isolation-associated. During the post-test, juvenile mice exhibit a learned preference for the socially conditioned environment in the absence of the social reward itself. Previous work identified a critical period for social reward learning by demonstrating that sCPP is developmentally regulated in both male and female mice. Additional studies showed that pre-administration of psychedelic compounds can reopen this critical period and reinstate social reward learning in adulthood. This methods paper describes an updated sCPP protocol, including refinements to behavioral conditioning, environmental control, data acquisition, and analysis procedures. The protocol provides a standardized resource for measuring developmental social reward learning and psychedelic-mediated reopening of social reward learning in mice.

INTRODUCTION: 
Weaning in mice marks a transition from a highly dependent maternal phase to a more independent and exploratory phase of peer-to-peer social interactions1. Building upon previous rat literature2, Panksepp and Lahvis demonstrated that juvenile mouse sociality is mediated by the intrinsic reward value of social interactions, thereby providing the core motivational drive for young mice to seek them out3,4. For these studies, the authors adapted the conditioned place preference (CPP) behavioral assay, which was originally designed to measure drug reward learning3,5–7. In the modified protocol, social versus isolation contexts served as learning environments that were paired with novel bedding cues. Since its original description nearly 20 years ago, social CPP (sCPP) has been used extensively across species, including mice, rats, voles, birds, and humans8–12, and has been used to interrogate social reward learning across development, following a variety of drug and non-drug manipulations, and in multiple disease models13–18.

For example, the Dölen laboratory identified a critical period for social reward learning by measuring sCPP in male and female mice across 14 developmental ages14. As shown in Figure 1A, the developmental profile is characterized by robust social reward learning in juveniles (the “open state” of the critical period), followed by a gradual decline during late adolescence and early adulthood, and eventually the absence of social reward learning in mature adulthood (the “closed state” of the critical period). These behavioral studies were accompanied by characterization of the underlying synaptic, circuit, and molecular changes across development14,16–20, providing a mechanism for closure of the social reward learning critical period that shows remarkable overlap with previously described mechanisms underlying closure of other critical periods, such as ocular dominance plasticity21,22. Importantly, as shown in Figure 1B, behavioral assays such as the three-chambered social approach (3CSA) task, which measure social salience rather than social reward, are not constrained by a critical period23–26.

[Place Figure 1 here]

Psychedelic drugs, including psilocybin, 3,4-methylenedioxymethamphetamine (MDMA), ketamine, ibogaine, and lysergic acid diethylamide (LSD), have shown remarkable promise for the treatment of neuropsychiatric disorders ranging from post-traumatic stress disorder to traumatic brain injury and addiction27–32. Recently, the Dölen laboratory used the sCPP assay to investigate the ability of psychedelic compounds to reopen the social reward learning critical period. These studies revealed that five psychedelic compounds were able to reinstate social reward learning in adulthood, and that the duration of the reopened state was proportional to the duration of the acute subjective effects18. Moreover, these effects were not observed with cocaine and were dependent on the context in which the psychedelic was administered18, features shared with the therapeutic effects of these compounds33–40. Interestingly, insights gained from studying the social reward learning critical period using the sCPP assay appear to generalize across other critical periods, since psychedelics have also been shown to reopen critical periods for ocular dominance plasticity and orientation selectivity21,22,41. Here, an updated protocol describing refinements to the sCPP assay is presented to provide a standardized resource for future studies investigating social reward learning and psychedelic-mediated critical period reopening in mice.

PROTOCOL:
This protocol was performed in accordance with the guidelines of the University of California Berkeley Animal Care and Use Committee (ACUC).

1. Animal Preparation

1.1. Breed litters in-house by crossing C57BL/6J wild-type mice from The Jackson Laboratory and Charles River Laboratories and wean them into same-sex cages containing two to five animals at P21. House mice on a 12 h:12 h light/dark cycle with ad libitum access to food and water within a temperature range of 64°F–79°F (18°C–26°C) and a humidity range of 40%–70%. Maintain all animals according to institutional animal care and use committee guidelines. Additional husbandry details and specifications are provided in the Discussion.

1.2. Perform psychedelic-induced sCPP testing at postnatal day 98 (P98), which corresponds to the closed state of the social reward learning critical period. See previously published work for a developmental profile of the social reward learning critical period in male and female mice14. Do not use mice younger than mature adulthood (P90), as the critical period is not yet closed. Refer to Figure 2 for an overview of the experimental workflow for the social conditioned place preference assay.

[Place Figure 2 here]

1.3. Day 1: Handling and Injection Habituation

1.3.1. Four days before the pretest (~P94), habituate mice to handling and the injection procedure.

1.3.2. Place the home cage and two clean cages inside a workstation in a room with minimal noise and no distressing odors (e.g., blood from recent procedures or stress-inducing behavioral assays such as chronic restraint stress).

1.3.3. Sequentially transfer one mouse at a time from the home cage to the rightmost habituation cage, taking sufficient time to calmly lift and complete each transfer. Repeat this transition between the two habituation cages for a total of two rounds. Allow mice to remain in each cage for approximately 20 s (or for the time required to place all mice into the same cage). During the final transition out of the rightmost habituation cage, weigh each mouse and administer a saline injection (10 µL/g of 0.9% NaCl) before returning the mouse to the home cage.

1.4. Day 2: Handling and Injection Habituation

1.4.1. Repeat the handling and injection habituation procedure described in Steps 1.3.2–1.3.3.

1.5. Day 3: Psychedelic or Saline Administration

1.5.1. Inject experimental mice intraperitoneally at approximately P96 with the appropriate psychedelic compound according to the dosages listed in Table 1 and described previously14,18. Administer all compounds at an injection volume of 10 µL/g using saline vehicle (0.9% NaCl). Follow the safety data sheet (SDS) recommendations for light and temperature sensitivity of each compound.

[Place Table 1 here]

1.5.2. Administer the following dosages: MDMA, 10 mg/kg; psilocybin, 0.3 mg/kg; ibogaine, 40 mg/kg; LSD, 1 µg/kg; and ketamine, 3 mg/kg.

NOTE: Prepare MDMA, ketamine, LSD, and psilocybin in 0.9% NaCl in a black conical tube to protect the compounds from light and maintain the solutions at room temperature. Vortex for 10–15 min until all powder is dissolved or liquids are evenly distributed and use immediately. Invert the tube before each injection to ensure continuous mixing. For every 5 mg of ibogaine, add 438 µL of ultrapure water and vortex for 15 min in a black or opaque 5 mL conical tube. Secure the tube with parafilm and incubate in a 35°C water bath for 5 min. Add 812 µL of sterile saline (0.9% NaCl) and vortex for an additional 15 min until all powder is dissolved.

1.5.3. Perform all psychedelic administrations in a social setting. Previous reports demonstrated that MDMA failed to reopen the critical period when administered in isolation and that anesthetic doses of ketamine administered outside a social context also failed to reopen the critical period5,12.

NOTE: Return mice to the home cage with their cage mates immediately after psychedelic administration to maintain the required social context during drug exposure. Because the primary behavioral outcome is quantified automatically using infrared beam−tracking software, blinding is not required. However, blinding is routinely implemented in the Dölen laboratory and remains recommended for psychedelic studies.

1.5.4. Inject control animals with saline.

1.5.5. Return all mice to the home cage for 48 h.

CAUTION: Handle all Schedule I psychedelic compounds in accordance with institutional safety regulations, approved controlled-substance protocols, and local governmental guidelines. Use appropriate personal protective equipment during compound preparation and administration.

1.6. Day 4: Animal Identification

1.6.1. Repeat the handling habituation procedure described in Steps 1.3.2–1.3.3 without administering injections.

1.6.2. Label each mouse for individual identification before behavioral testing by marking the tail according to the following scheme: black marker at the base of the tail = mouse 1; black marker at the tip of the tail = mouse 2; red marker at the base of the tail = mouse 3; red marker at the tip of the tail = mouse 4; no marking = mouse 5. Maintain consistent identification throughout conditioning and posttest procedures to support within-subject experimental design and statistical analysis.

2. Equipment and Room Setup

2.1. Use an open-field activity chamber equipped with infrared (IR) beams and behavioral tracking software to perform psychedelic-induced sCPP testing. If manually assembling chambers, position IR beams to monitor locomotor activity across the x-, y-, and z-axes of the chamber.

NOTE: Position IR beams on the z-axis no higher than 4 in above the chamber floor to capture standing behavior without compromising locomotor detection. This protocol was performed using the Seamless Open Field Package; however, equivalent tracking systems from other manufacturers may be used.

2.2. Use chambers measuring 28 cm × 28 cm divided into two equal compartments by a clear Plexiglass divider containing a 5 cm diameter circular opening. Cover each chamber with a 30 cm × 30 cm Plexiglass lid.

2.3. sCPP Behavior Box Setup

2.3.1. Clean the open-field chamber, divider, and Plexiglass lid using disinfectant followed by water before each trial. Allow the disinfectant to remain in contact with the surfaces for at least 1 min before wiping, and remove any residual streaks that may interfere with IR beam detection.

2.3.2. Place four plastic stoppers (two per side) on the Plexiglass divider.

2.3.3. Position the divider to create two equally sized compartments within the chamber.

2.3.4. Fill each compartment with one of two novel bedding types until the bedding reaches a depth of approximately 0.5 in.

2.3.5. Use plastic trowels to evenly distribute and level the bedding.

2.3.6. Ensure that bedding completely covers the floor of each compartment.

NOTE: Example bedding combinations include Alpha Dri bedding, 1/8-inch corn cob bedding, and soft granule bedding.

2.3.7. Alternate left-versus-right bedding assignments between chambers to maintain an unbiased experimental design.

2.3.8. Place mice into the right compartment first to ensure an equal likelihood of initial exposure to either bedding type.

2.3.9. Clean all chambers, Plexiglass dividers, and lids using disinfectant followed by deionized water after each trial.

NOTE: Allow all chambers and dividers to dry completely before introducing the next cohort of mice to minimize olfactory cue bias.

2.3.10. Prepare five conditioning cages (7 in × 11 in) for each cohort of four mice, including one social conditioning cage and four isolation conditioning cages.

NOTE: Assemble conditioning cages before the pretest or immediately before conditioning trials.

2.3.11. Assign one bedding type to the social condition and the second bedding type to the isolation condition.

2.3.12. Place the social-associated bedding in the shared social conditioning cage.

2.3.13. Place the isolation-associated bedding in each isolation conditioning cage.

NOTE: Conditioning cages do not contain enrichment materials and may be returned to the standard husbandry room during the 24 h conditioning period. No additional isolation room or behavioral testing room is required during overnight housing.

2.3.14. Counterbalance bedding assignments between cohorts.

3. Software Setup

3.1. Program Configuration

3.1.1. Open the behavioral tracking software (Supplementary Figure 1). This protocol was performed using Med Associates Activity Monitor software version 7.0.5.10 (SOF-812), which is compatible with Windows 7, Windows 8, Windows 10, and Windows 11 (32-bit and 64-bit operating systems).

3.1.2. Select “New Protocol” under the “Create” menu.

3.1.3. Configure the protocol settings according to Supplementary Figure 2.

3.1.4. Select “Zone Settings” from the software menu.

3.1.5. Configure the open-field chamber into two equally sized zones according to Supplementary Figure 3.

3.2. Hardware Configuration

3.2.1. Select “File,” followed by “Configure Hardware,” “Advanced Test,” and “Start” (Supplementary Figure 4).

3.2.2. Verify that the software opens the Advanced Test window containing device and infrared beam-monitoring parameters (Supplementary Figure 5).

3.2.3. Start the Advanced Test to evaluate infrared beam activity within each chamber.

3.2.4. Confirm that the Tick Count increases at approximately 20 counts/s.

3.2.5. Confirm that all remaining beam-monitoring columns display zero values for at least 20 s during the test period.

3.2.6. Stop the Advanced Test after confirming the absence of infrared beam noise.

3.2.7. Close the Advanced Test window before proceeding to data acquisition.

NOTE: The Advanced Test verifies that the infrared beams do not produce false motion detections before behavioral testing.

3.2.8. Remove any object obstructing the infrared beams if noise is detected during the Advanced Test.

3.2.9. Restart the software and repeat Steps 3.2.1–3.2.5 if infrared beam noise persists.

3.3. Data Acquisition Setup

3.3.1. Select “Acquire Data” from the software home screen.

3.3.2. Navigate to the row beginning with “USB 1” in the acquisition window (Supplementary Figure 6).

NOTE: Each USB row corresponds to one behavioral chamber. Use one chamber per mouse within a cohort.

3.3.3. Enter the subject identifier into the “Subject” column. The software automatically saves this information when the pretest session begins.

NOTE: Example subject identifiers include cohort 1 mouse 1 formatted as “1.1.”

3.3.4. Enter the experimental group information into the “Group” column.

3.3.5. Select a naming convention to record the bedding assignment for each chamber side.

NOTE: Example naming conventions include “CCR” for corn cob bedding on the right side and “ADR” for Alpha Dri bedding on the right side.

3.3.6. Enter “pretrial” into the “Comment” column (Supplementary Figure 6).

3.3.7. Verify that the software assigns the acquisition session as “Session 1.”

NOTE: The software automatically changes the acquisition label to “Session 2” during posttest acquisition when identical subject and group identifiers are reused.

3.3.8. Pause the protocol after completing data acquisition setup. Proceed to the pretest procedure when the behavioral chambers and animals are prepared.

4. Pretest

4.1. Put on a coverall behavior suit, sleeves, and a mask before entering the behavior room.

4.2. Bring the home cage containing P98 mice into the behavior room.

NOTE: Perform sCPP behavioral testing during a consistent testing window across cohorts. In this study, behavioral testing was conducted between 7:00 AM and 12:00 PM or between 4:00 PM and 9:00 PM.

4.3. Allow mice to habituate to the behavior room for 30 min before testing.

NOTE: Use the same personal protective equipment throughout behavioral testing to minimize odor-related experimental variability.

4.4. Record the humidity, date, room-entry time, and treatment group information before beginning the pretest.

4.5. Start the behavioral tracking software after the habituation period.

4.6. Verify that each chamber appears divided into two compartments on the monitor screen (Supplementary Figures 7 and 8).

4.7. Place each mouse into its assigned behavioral chamber through the right compartment opening.

4.8. Position the Plexiglass lid on top of each chamber immediately after mouse placement.

4.9. Verify active infrared beam tracking for each mouse using the monitor display.

NOTE: Active tracking appears as a red trace following a black box representing the mouse position within the chamber. Contact the equipment manufacturer for assistance with software- or hardware-related tracking failures.

4.10. Record the time at which the final mouse enters the behavioral chamber.

4.11. Leave the behavior room for the duration of the pretest trial to maintain a quiet environment with minimal disturbances, including odors and unnecessary movement.

4.12. Continue the pretest trial for 30 min.

4.13. Reenter the behavior room wearing the same coverall behavior suit, sleeves, and mask at the conclusion of the pretest.


4.14. Retrieve the premade social conditioning cage immediately after completion of the pretest trial.

5. Conditioning Trials

5.1. Transfer mice into the social conditioning cage with their cage mates.

5.2. Maintain mice in the social conditioning cage for 24 h on the social-associated bedding with ad libitum access to food and water.

5.3. Record the time of transfer into the social conditioning cage.

5.4. Transfer each mouse into an individual isolation cage after 24 h of social conditioning.

5.5. Label each isolation cage using the corresponding mouse identifier to maintain subject identity throughout the conditioning procedure. Verify mouse identity using the tail-marking scheme described in Protocol Step 1.6.2.

NOTE: Example cage identifiers include cohort 1 mouse 1 formatted as “1.1.”

5.6. Perform isolation transfer procedures at the same time of day used for social conditioning transfer.

5.7. Record the time of transfer into isolation cages.

NOTE: Minor deviations in transfer time are acceptable; however, experimenters should avoid exceeding 1 h from the time mice were transferred into the social conditioning cage (Step 5.3).

6. Posttest

6.1. Clean each activity chamber, divider, and Plexiglass lid using disinfectant followed by deionized water before posttesting.

6.2. Assemble each behavioral chamber identically to the pretest configuration. Verify chamber setup by referencing the pretest bedding-assignment records described in Protocol Step 3.3.5.

6.3. Open the behavioral tracking software.

6.4. Repeat the hardware configuration procedure described in Steps 3.2.1–3.2.9.

6.5. Run the Advanced Test to confirm the absence of infrared beam noise before posttesting.

6.6. Select “Acquire Data” from the software home screen.

6.7. Enter the same subject, group, and bedding-assignment information used during the pretest acquisition procedure. Verify that the physical chamber configuration matches the information entered into the software.

6.8. Verify that the software assigns the acquisition session as “Session 2.”

6.9. Bring mice into the behavior room before posttesting at the same time of day as the pretest.

6.10. Allow mice to habituate to the behavior room for 30 min before testing.

6.11. Start the behavioral tracking software before placing mice into the behavioral chambers.

6.12. Return each mouse to the same behavioral chamber used during the pretest.

6.13. Verify active infrared beam tracking for each mouse before closing the chamber lid.

NOTE: Active tracking appears as a red trace following a black box representing the mouse position within the chamber.

6.14. Continue the posttest trial for 30 min. Leave the behavior room for the duration of the posttest trial to maintain a quiet environment with minimal disturbances (e.g., odors, movement, or noise).

6.15. Return mice to their home cage immediately after completion of the posttest trial.

7. Data Analysis

7.1. Reopen the behavioral tracking software after completion of behavioral testing.

7.2. Select “Analyze Data” from the software menu.

7.3. Select the pretest and posttest trial dates from the analysis window.

7.4. Select the appropriate protocol and subject identifiers before opening the dataset.

7.5. Save the exported dataset as an Excel workbook on an external storage device (Supplementary Figure 9).

7.6. Verify that the exported dataset contains subject information, protocol information, session details, chamber identifiers, session duration, and zone-based behavioral metrics.

NOTE: Zone-based behavioral metrics include duration, zone entries, resting time, and zone latency for the left and right compartments.

7.7. Download the Excel spreadsheet provided in Supplementary Table 1 for sCPP behavioral analysis.

7.8. Open the “Raw Data Sum Bin” worksheet within the spreadsheet.

7.9. Copy and paste the raw behavioral data exported in Step 7.6 into the worksheet (Supplementary Figure 10).

7.10. Open the “Duration Sum Bin” worksheet within the spreadsheet.

7.11. Copy and paste subject identifiers and start times for pretest and posttest trials into the worksheet (Supplementary Figure 11).

7.12. Enter the experimental-condition and behavioral-condition information into the worksheet.

7.13. Copy and paste the pretest and posttest behavioral values into the worksheet using “Paste Values” formatting (Supplementary Figure 12).

7.14. Verify that the spreadsheet automatically populates the remaining analysis fields using the preset formulas.

7.15. Calculate the normalized social preference score by dividing the duration spent on the social-associated bedding during the posttest by the duration spent on the social-associated bedding during the pretest (Timepost-social / Timepre-social).

NOTE: A normalized social preference score greater than 1 indicates a learned preference for the bedding associated with social interactions, whereas a score of 1 indicates no learned preference between the social- and isolation-associated bedding conditions.

7.16. Calculate the subtracted social preference score by subtracting the duration spent on the social-associated bedding during the pretest from the duration spent on the social-associated bedding during the posttest (Timepost-social − Timepre-social). This value may be normalized for comparisons across groups.

7.17. Verify that the manually calculated values match the automatically generated spreadsheet values.

NOTE: Manual calculations are optional because the spreadsheet automatically calculates these values.

7.18. Calculate the average normalized social preference score and average subtracted social preference score for each cohort.

7.19. Perform statistical analyses using appropriate statistical-analysis software.

7.20. Download the R analysis script from the GitHub repository associated with the assay.

7.21. Use the R script provided in Supplementary File 1 to plot social conditioned place preference data against the developmental critical-period profile shown in Figure 1. Multivariate behavioral analyses may be reproduced using the R script provided in Supplementary File 2. Transcriptomic and RNA sequencing analyses associated with this study may be reproduced using the R Markdown workflow provided in Supplementary File 3.

NOTE: The GitHub repository contains the R script “SupCode1_CPPanalysis4RomainEtal2023.R” for plotting behavioral data against the developmental critical-period curve. Additional information regarding the repository and analytical framework is available in previously published studies14,18.

RESULTS: 
Representative results demonstrating psilocybin- versus saline-treated adult mice in the sCPP assay are shown in Figure 3. Figure 3A illustrates the experimental timeline, including psychedelic administration 48 h before behavioral testing.

[Place Figure 3 here]

A successful behavioral outcome is characterized by increased time spent on the social-associated bedding during the posttest compared to the pretest in psychedelic-treated mice, indicating the formation of a contextual social preference. Before conditioning, mice typically display no inherent preference for either bedding type during the pretest session. Because the pretest duration is 30 min (1800 s), mice without baseline chamber bias are expected to spend approximately equal time in each compartment (~900 s per chamber). Baseline preference scores can be calculated by dividing the pretest duration spent on the social-associated bedding by 900 s. Mice with baseline preference scores below 0.5 or above 1.5 may be excluded because these values indicate strong baseline aversion or preference before conditioning.

Representative individual behavioral traces and averaged group responses for saline- and psilocybin-treated mice are shown in Figure 3B and 3C. Individual traces compare the duration spent on the social-associated bedding during pretest and posttest sessions for each mouse. Averaged behavioral responses are presented as mean ± s.e.m. Saline-treated mice did not demonstrate significant changes in social preference between pretest and posttest sessions, whereas psilocybin-treated mice exhibited increased preference for the social-associated bedding following conditioning.

Normalized and subtracted social preference scores for saline- and psilocybin-treated mice are compared in Figure 3D. Psilocybin-treated mice demonstrated significantly increased social preference scores relative to saline-treated controls. Figure 3E shows normalized social preference scores plotted against the developmental spline-regression model of the social reward learning critical period. Code used for multivariate behavioral analyses is provided in Supplementary File 2. Psilocybin-treated mice exhibited social preference scores corresponding to the developmental open-state range of the critical period, whereas saline-treated mice remained within the closed-state range.

The R analysis code used to reproduce the spline regression model and developmental critical-period analysis is provided in Supplementary File 1 and described in protocol Steps 7.20–7.21.

FIGURE AND TABLE LEGENDS:
Figure 1. Critical period for social reward learning. (A) Natural spline regression of normalized social preference scores across developmental stages in mice. Social preference scores peak during juvenile development and decline progressively through adolescence into adulthood, corresponding to closure of the social reward learning critical period. Shaded region represents confidence intervals surrounding the regression model. (B) Representative data compiled from Moy et al.23, Tsai et al.24, and Portmann et al.25 demonstrating performance in the three-chamber social approach assay across development. Bar graphs show time spent in each chamber during testing at postnatal day (P) 35–42, P49–63, and P60–84. Black bars indicate the chamber containing a novel mouse, green bars indicate the center chamber, purple bars indicate the chamber containing a novel object, and gray bars indicate the empty chamber. Mice across all developmental stages demonstrated increased time spent in the chamber containing the novel mouse. Data are presented as mean ± s.e.m. Statistical analyses are reported in the original cited studies.

Figure 2. Experimental workflow for the social conditioned place preference (sCPP) assay. Mice undergo a 30 min pretest, followed by 24 h of social conditioning and 24 h of isolation conditioning, before a 30 min posttest. Preference for the social-associated contextual cue is assessed by comparing behavioral performance between the pretest and posttest sessions. Adapted from Nardou et al.18 under the terms of the Creative Commons Attribution 4.0 International License (CC BY 4.0).

Figure 3. Representative results. (A) Experimental timeline for the psychedelic-mediated social conditioned place preference assay, including psychedelic administration 48 h prior to pretest. (B) Representative individual traces (top) and averaged behavioral responses (bottom) from saline-treated mice comparing time spent on the social-associated bedding during pretest and posttest sessions (n = 17, t(16) = −0.441, P = 0.665). (C) Representative individual traces (top) and averaged behavioral responses (bottom) from psilocybin-treated mice comparing time spent on the social-associated bedding during pretest and posttest sessions (n = 15, t(14) = −3.741, P = 0.002). (D) Comparisons of normalized and subtracted social preference scores between saline- and psilocybin-treated mice (normalized score: t(30) = −2.800, P = 0.009; subtracted score: t(30) = −2.401, P = 0.023). (E) Normalized social preference scores from saline- and psilocybin-treated mice plotted against the developmental spline-regression model of the social reward learning critical period. Psilocybin-treated mice exhibited social preference scores corresponding to the developmental open-state range of the critical period, whereas saline-treated mice aligned with the closed-state range. Rx indicates psychedelic administration. Data are presented as mean ± s.e.m., and n indicates the number of biologically independent mice. Adapted from Nardou et al.18 under the terms of the Creative Commons Attribution 4.0 International License (CC BY 4.0).

Table 1. Dosage guide for psychedelic administration in mice. Psychedelic compound dosages used for intraperitoneal administration during the social conditioned place preference (sCPP) assay in adult mice. Dosages assume a 28 g adult male mouse receiving an injection volume of 10 µL/g.

SUPPLEMENTARY FILES:
Supplementary Figure 1. Activity Monitor home screen. Representative image of the Activity Monitor software home screen. The “File” tab and corresponding drop-down menu used for hardware configuration are highlighted.

Supplementary Figure 2. Activity Monitor protocol settings. Representative image of the protocol settings used for the social conditioned place preference (sCPP) assay. The protocol duration is set to 30 min with default analysis parameters configured for a two-chamber forced-choice assay. Default analysis settings include Stereotypic Box = 4, Ambulatory Trigger = 3, Resting Delay = 0.5 s, Top Beams = 6.35 cm, Bottom Beams = 4.7625 cm, Bins = 1, and Session Duration = 1800 s. Protocol settings may be modified as needed to accommodate specific experimental requirements.

Supplementary Figure 3. Activity Monitor zone settings. Representative image of the open-field chamber configured into two equal zones for behavioral activity tracking. The left and right compartments are equal in area and are defined using the “Pre-Defined Zones” configuration tool within the Activity Monitor software.

Supplementary Figure 4. Hardware configuration window. Representative image of the hardware configuration window showing connected behavioral chambers before initiation of the Advanced Test. Connected devices display “Yes” under the connection status column. 

Supplementary Figure 5. Advanced Test window. Representative image of the Advanced Test window displaying infrared beam-monitoring parameters for each behavioral chamber during hardware validation. The interface displays beam activity across the X, Y, and Z axes for each connected chamber. 

Supplementary Figure 6. Data acquisition window. Representative image of the data acquisition interface showing subject identifiers, experimental group information, comments, and session assignments used during behavioral acquisition. Group identifiers correspond to bedding assignments within the behavioral chamber.

Supplementary Figure 7. Activity Monitor test screen. Representative image of the behavioral chamber display immediately before testing. Chambers are divided into two equal compartments before introduction of experimental mice. 

Supplementary Figure 8. Activity tracking. Representative image demonstrating active behavioral tracking within a testing chamber. The moving black box indicates the current position of the mouse, while the red trace indicates previous movement trajectories recorded by the infrared beam system. 

Supplementary Figure 9. Data export window. Representative image of the data analysis interface showing pretest and posttest session selection before exporting behavioral data for downstream analysis. Behavioral metrics for each chamber are displayed in the lower panel of the interface. 

Supplementary Figure 10. Raw data collection spreadsheet. Representative image of the “Raw Data Sum Bin” worksheet used for behavioral data entry following posttest acquisition. The worksheet includes subject identifiers, session information, and zone-duration measurements exported from the activity-monitoring software. 

Supplementary Figure 11. Duration Sum Bin spreadsheet. Representative image of the “Duration Sum Bin” worksheet used for entry of pretest and posttest behavioral-condition information.

Supplementary Figure 12. Pretest and posttest duration data. Representative image showing duration values recorded for the left and right behavioral compartments during pretest and posttest sessions. The worksheet automatically calculates pretest preference scores used to assess baseline chamber bias before conditioning analysis.

Supplementary Table 1. Behavioral data analysis spreadsheet. Excel worksheet used to calculate normalized and subtracted social preference scores for social conditioned place preference (sCPP) behavioral analysis. The spreadsheet contains preconfigured formulas for automated calculation of preference metrics from exported behavioral tracking data.

Supplementary File 1. Critical period spline regression analysis code. R script used to reproduce the spline regression analysis and developmental critical period curve shown in Figure 1A.

Supplementary File 2. Multivariate behavioral analysis code. R script used for multivariate statistical analysis of social conditioned place preference (sCPP) behavioral datasets.

Supplementary File 3. RNA sequencing analysis code. R Markdown file containing code used for transcriptomic and RNA sequencing analyses associated with the study.

A README document is provided containing a general overview of the supplementary analysis scripts and associated files included with the study. The document describes the organization of the code files and provides guidance for reproducing the computational analyses and figures associated with the manuscript.

DISCUSSION:
Measuring social reward learning in adult animals following psychedelic treatment depends on several critical steps within the protocol. Although these steps may be considered limitations because they increase sensitivity to uncontrolled variables and reduce tolerance for inter-laboratory modification, they also represent important features of the assay. When carefully controlled, these variables allow sensitive detection of biologically relevant factors, including genetic background, developmental stage, sex, and environmental context3,13,15,42. To obtain reliable and reproducible results using the sCPP assay, the most important experimental variables requiring careful control, as well as protocol modifications that may improve assay robustness, are discussed below.

First, socially cohoused animals should remain in stable social groups following weaning because alterations in group size or composition may modify social reward learning behavior by introducing stress, altered social hierarchy dynamics, and microbiome changes8,13,42–46. To maximize consistency of animal rearing and social history, wild-type (WT) mice should be bred in-house and weaned at 3 weeks of age into same-sex cage-mate cohorts. Cohorts of four to five mice are recommended, although dyads have also been reported to exhibit sCPP14. In addition, female mice have been reported to be particularly sensitive to cage-mate identity4. A methodological limitation of the assay is that mice younger than postnatal day 21 exhibit diminished locomotor activity, which may confound interpretation of sCPP results because animals must robustly explore the entire behavioral arena for valid assessment of social preference. Therefore, this assay is not recommended for younger animals, and all experiments should control for the locomotor effects of experimental manipulations, including genetic and pharmacological interventions. Pilot studies also demonstrated that housing mice under a reverse light cycle reduced the strength of sCPP, potentially because reverse light cycles disrupt circadian rhythmicity by selectively altering light-associated zeitgebers while leaving temperature, auditory, and olfactory cues unchanged. This observation is consistent with previous findings demonstrating entrainment of social rhythms to the light-dark cycle47 and the importance of sleep for consolidation of affective-state memories48–51. 

Second, because mice are a prey species, they are highly sensitive to predator-associated stressors, including handling, olfactory cues, and novel environments. Therefore, before beginning behavioral experiments, mice should be extensively habituated to handling, injections, and the behavioral testing room if testing is performed outside the husbandry environment. To minimize handling stress, mice should not be picked up by the tail and instead should be transferred by scooping or using a plastic handling device. For studies involving drug administration, at least 3 days of once-daily saline injections are recommended before behavioral testing (see Protocol Step 1). Mice should also be habituated to the testing room for a minimum of 30 min before behavioral acquisition (see Protocol Steps 4 and 6). The testing room should be cleaned thoroughly between experiments using odor-eliminating cleaning solutions, and behavioral chambers should not be used for stress-inducing paradigms such as chronic restraint stress because these manipulations may leave persistent olfactory traces that are undetectable to humans. In addition, exposure of experimenters to predator-associated odors may influence mouse behavior. Because cats and dogs are natural predators of mice, experimenters should minimize transfer of pet-associated odors into the testing environment. Similarly, perfumes and scented hygiene products containing musk-associated odors should be avoided during behavioral testing. Without adequate habituation and environmental control, mice may exhibit reduced locomotion or increased freezing behavior, confounding both chamber preference measurements and contextual associative learning.

Third, selection of bedding cues is a critical determinant of assay performance and should account for both the olfactory and somatosensory preferences of mice, which may vary across development. Bedding that is insufficiently distinct from the home-cage environment may introduce baseline pretest bias toward the more familiar context. Conversely, bedding with strong scents may overpower the salience of the social or isolation-associated contextual cues. For example, incorporation of a lavender scent by manufacturers into a previously used bedding type reduced the robustness of sCPP measurements in our experiments. In addition, bedding materials derived from natural wood products may undergo unannounced compositional changes by manufacturers, potentially altering pretest preferences. Therefore, bedding materials with reduced seasonal variability, including paper pulp and corn cob bedding, are recommended (see Protocol Step 2). Bedding lacking olfactory properties, such as plastic flooring inserts, may substantially impair contextual learning in the assay. Because the protocol includes overnight conditioning sessions, bedding materials should also provide adequate urine absorption, insulation, and cushioning to support animal welfare52–54. Experimenters should additionally ensure that infrared beam height is adjusted appropriately to accommodate bedding depth compared to plastic floor inserts. Environmental humidity should be monitored carefully because low humidity conditions (<40%) may impair olfactory cue detection in mice55,56. This consideration is particularly important during winter months when indoor humidity levels may decrease because of heating systems. Mouse paws are also sensitive to texture differences52 making careful selection of bedding combinations essential for avoiding aversive responses while maintaining sufficient contextual distinction between conditioning environments. Finally, a balanced (unbiased) pretest design is recommended over a weighted (biased) design14,18,19 because pre-conditioning bedding preferences may vary across development, and adult mice often exhibit stronger baseline bedding preferences than juvenile mice16.

Finally, the duration, sequence, and drug-administration context are critical components of the assay design. Panksepp and Lahvis previously demonstrated that sCPP could be induced using multiple conditioning schedules, including 10-day paradigms consisting of either 24 h conditioning sessions or 30 min conditioning sessions per day, as well as an abbreviated 4-day protocol using 24 h conditioning sessions3,4. Subsequent studies further shortened the protocol by demonstrating that two 24 h conditioning sessions, consisting of one social-conditioning session and one isolation-conditioning session, were sufficient to produce robust sCPP behavior14,17,18. This abbreviated design facilitates experiments requiring shorter timelines, including studies involving cumulatively neurotoxic viral-vector approaches. Importantly, the behavioral outcome measured in this assay reflects a combination of social conditioned place preference and isolation conditioned place avoidance. Although these components may be measured independently through inclusion of a third neutral cue, the assay is most robust when social and isolation conditions are compared directly2. Previous studies also demonstrated that the sequence of alternating social and isolation conditioning sessions strongly influences behavioral outcomes, with maximal expression of social reward learning occurring when isolation conditioning immediately precedes the posttest session. This effect may reflect the state-dependent nature of social reward, which, similar to other natural rewards, depends on prior deprivation states57–65. Previous work additionally demonstrated that psychedelic-mediated reopening of the social reward learning critical period requires pairing drug administration with a social context because psychedelic administration during isolation conditions failed to reinstate social reward learning14,18. Moreover, the duration of the reopened critical-period state persists for up to one month beyond the acute subjective effects of psychedelic compounds14,18. Consequently, modifications to conditioning duration, environmental context, or post-drug social experience may substantially alter behavioral outcomes. For example, prolonged isolation following psychedelic administration may impair reinstatement of social reward learning because the drug experience becomes associated with an isolation context rather than a social environment. Collectively, these findings emphasize the importance of careful adherence to protocol parameters because even modest experimental modifications may substantially influence assay interpretation and reproducibility.

The adapted sCPP assay described here has enabled investigation of psychedelic-mediated critical period reopening as a potential mechanism underlying the transdiagnostic therapeutic effects of psychedelic compounds. Emerging evidence further suggests that these findings may generalize across multiple forms of developmental plasticity. Code associated with transcriptomic and RNA sequencing analyses from related studies is provided in Supplementary File 3. Similar to the sCPP assay, assays used to measure visual-system critical periods are highly sensitive to environmental and experimental parameters. For example, measurements of ocular dominance plasticity (ODP) are influenced by rearing conditions, including the visual, sensorimotor, and social complexity of the home-cage environment66–70, as well as by the age and genetic background of the animals71–74. ODP measurements are also sensitive to characteristics of the visual stimuli used during testing, including spatial frequency, luminance, orientation, and whether stimuli are presented under static or locomotion-associated conditions75–77. In addition, the duration, sequence, and environmental context of visual manipulations strongly influence ODP expression. Previous studies have varied monocular deprivation duration71,78,79, dark-exposure timelines, and visual or somatosensory contextual conditions to modulate reopening of the ODP critical period80–83. The context dependence of psychedelic-mediated critical period reopening14,18, therefore represents not only a methodological consideration, but also a potentially important biological feature that parallels the context dependence of psychedelic therapeutic effects observed clinically84. Collectively, these findings emphasize the importance of maintaining consistent experimental conditions and carefully controlling environmental variables when studying critical period plasticity using behavioral paradigms such as the sCPP assay.
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