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Abstract 21 

Psychedelic-assisted psychotherapy gained considerable interest as a novel treatment strategy for 22 
fear-related mental disorders but the underlying mechanism remains poorly understood. The 23 
serotonin 2A (5-HT2A) receptor is a key target underlying the effects of psychedelics on emotional 24 
arousal but its role in fear processing remains controversial. Using the psychedelic 5-HT2A/5-25 
HT2C receptor agonist 2,5-dimethoxy-4-iodoamphetamine (DOI) and 5-HT2A receptor knockout 26 
(KO) mice we investigated the effect of 5-HT2A receptor activation on emotional processing. We 27 
show that DOI administration did not impair performance in a spontaneous alternation task but 28 
reduced anxiety-like avoidance behavior in the elevated plus maze and elevated zero maze tasks. 29 
Moreover, we found that DOI did not block memory recall but diminished fear expression in a 30 
passive avoidance task. Likewise, DOI administration reduced fear expression in an auditory fear 31 
conditioning paradigm, while it did not affect retention of fear extinction when administered prior 32 
to extinction learning. The effect of DOI on fear expression was abolished in 5-HT2A receptor 33 
KO mice. Administration of DOI induced a significant increase of c-Fos expression in specific 34 
amygdalar nuclei. Moreover, local infusion of the 5-HT2A receptor antagonist M100907 into the 35 
amygdala reversed the effect of systemic administration of DOI on fear expression while local 36 
administration of DOI into the amygdala was sufficient to suppress fear expression. Our data 37 
demonstrate that activation of 5-HT2A receptors in the amygdala suppresses fear expression but 38 
provide no evidence for an effect on retention of fear extinction.  39 

  40 
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Introduction  41 

Post-traumatic stress disorder (PTSD) is a severe mental disorder, that can develop following 42 
exposure to a traumatic event [1], affecting between 1.3% and 12.2% of individuals during their 43 
lifetime [2]. Patients typically suffer from intrusive thoughts and re-experience the trauma, while 44 
suffering long-term changes in arousal, mood and cognition [1]. The first-line treatment for PTSD 45 
consists of trauma-focused psychotherapies, such as exposure-based therapy, and 46 
pharmacotherapy with selective serotonin reuptake inhibitors [3–5]. While psychotherapy 47 
typically yields greater effects than pharmacotherapy [4], dropout rates are high [6,7] and up to 48 
60-72% of patients fail to achieve full remission [3,6]. This has been conceptualized as a failure 49 
of fear extinction, the process in which subjects learn that a past fearful experience no longer poses 50 
an acute threat [8]. This has led to an ongoing search for pharmacological agents that improve the 51 
tolerability and efficacy of psychotherapy, especially of drugs that improve extinction [9,10] 52 

Psychedelic-assisted psychotherapy gained considerable interest for the treatment of mental 53 
disorders [11–15] and 3,4-methylenedioxymethamphetamine (MDMA) has given promising 54 
clinical results in patients with PTSD [16,17]. The main rationale behind MDMA-assisted 55 
psychotherapy is that it may reduce aversion to fear-provoking thoughts while promoting the 56 
extinction of fearful memories [15,18,19]. Fear extinction is the learning process by which 57 
exposure to fear-provoking cues reduces fear responses. As such, MDMA may influence memories 58 
associated with the traumatic events in a clinical setting [20]. Preclinical studies indicate that 59 
MDMA suppresses fear expression during extinction training, but its effects on extinction learning 60 
remain unclear [21–24]. MDMA shares several properties with psychostimulants, and classic 61 
psychedelics such as psilocybin, lysergic acid dimethylamide (LSD) and dimethyltryptamine 62 
(DMT) [25]. MDMA stimulates norepinephrine, serotonin and dopamine release by reversing the 63 
activity of their transporters [26–31]. Interestingly, 5-HT2A receptor antagonism was shown to 64 
attenuate the effects of MDMA on emotional arousal in humans [18,32,33] and reversed the effect 65 
of MDMA on fear processing in rats [23]. 66 

While classic psychedelics were explored in psychodynamic therapies of trauma, no formal 67 
clinical trial has examined their therapeutic potential in the treatment of PTSD [15]. In preclinical 68 
studies, the psychedelics psilocybin and TCB-2 enhanced the acquisition of trace fear extinction 69 
in mice [34,35]. However, the effect of these compounds on the retention of fear extinction remains 70 
unclear. Interestingly, a recent study showed that a single dose of DMT decreased fear expression 71 
during extinction training and improved the retention of extinction [36]. Moreover, while chronic 72 
intermittent administration of DMT did not affect fear expression, it enhanced extinction retention 73 
in rats [37]. However, given that besides the 5-HT2A receptor, most psychedelics, including DMT, 74 
also target other receptors such as the 5-HT1A receptor, the molecular targets that drive the effects 75 
of classic psychedelics on fear processing are not clearly established. 76 

In the present study, we explored the effects of the psychedelic 5-HT2A/5-HT2C receptor agonist 77 
2,5-dimethoxy-4-iodoamphetamine (DOI) in wild type and 5-HT2A receptor knockout (5-HT2A 78 
KO) mice to determine the impact of 5-HT2A receptor activation on anxiety and fear processing. 79 
We first studied the effects of DOI administration on exploratory behavior in a spontaneous 80 
alternation task, an elevated plus maze task and an elevated zero maze task. Next, we determined 81 
the effects of DOI treatment on memory recall and fear expression in passive avoidance task. 82 
Finally, we studied the effects of DOI in an auditory fear conditioning paradigm. We used c-Fos 83 
analysis and local administration of the 5-HT2A receptor antagonist M100907 to identify key 84 



Pre-print of accepted manuscript: https://www.nature.com/articles/s41386-022-01324-2 

 4 

anatomical substrates for the observed effect of DOI. In line with the psychedelic-assisted 85 
psychotherapy model, we hypothesized that administration of DOI, at a dose that leads to robust 86 
activation of 5-HT2A receptors, would rapidly reduce anxiety-like behaviors and would improve 87 
the retention of fear extinction in mice. 88 

Materials and Methods  89 

Animals  90 

Male C57BL/6J wild type mice or 5-HT2A receptor KO mice on C57BL/6J background, aged 8-91 
12 weeks at the time of testing, were group housed (2-4 per cage) and maintained on a 12/12h day-92 
night cycle under standard laboratory conditions with controlled temperature (20-24°C) and 93 
humidity (30-60%). Food and water were available ad libitum. Mice were habituated to the 94 
housing facility for at least one week and to handling procedures on at least three consecutive days 95 
before starting the experiments. The experiments were performed between 9 a.m. and 5 p.m.. All 96 
procedures were in strict compliance with the animal use and care guidelines of Montpellier 97 
University (authorization A34-518/A34-172-13) and the guidelines of the Ethical Committee for 98 
Animal Experiments of the Vrije Universiteit Brussel (ECD 17-213-3 and 21-213-10). 99 

Drugs and administration 100 

Stock solutions of the 5-HT2A/5-HT2C agonist 2,5-Dimethoxy-4-iodoamphetamine 101 
hydrochloride (DOI, Tocris Bioscience) and the 5-HT2A receptor antagonist (R)-(+)-alpha-(2,3-102 
Dimethoxyphenyl)-1-[2-(4-fluorophenyl)ethyl]-4-piperinemethanol (M100907, Tocris 103 
Bioscience) were prepared in 99.9% dimethylsulfoxide (DMSO; Sigma-Aldrich Chemicals) and 104 
stored at -20°C. Working solutions were freshly prepared by diluting the stock solutions in sterile 105 
saline (0.9% NaCl, Baxter). We based these doses on previous studies showing robust effects on 106 
5-HT2A receptors in mice [38,39]. For intraperitoneal (i.p.) administration, DOI was diluted to a 107 
dose of 2 mg/kg for an injection volume of 10 ml/kg. The working solution contained 5% v/v 108 
DMSO in sterile saline and control mice received the same volume of 5% v/v DMSO in sterile 109 
saline. I.p. injections were carried out 30 min before the start of behavioral experiments. For 110 
targeted intracranial (i.c.) administrations, working solutions were prepared by diluting a stock 111 
solution to a final dose of 2.5 μg per site for DOI and 0.3 μg per site for M100907. Working 112 
solutions were adjusted to pH 5.5-6.5 and contained 20% DMSO. Control mice were injected with 113 
the same volume of 20% DMSO in sterile saline. Infusion needles (33G, PlasticsOne) with 0.5 114 
mm protrusion (medial prefrontal cortex, mPFC) or 1 mm protrusion (amygdala) were inserted 115 
into each guide cannulae for i.c. administration. DOI and the corresponding vehicle (Veh) were 116 
infused at a flow rate of 0.5 μl/min for 1 min. M100907 and the corresponding Veh were infused 117 
at a flow rate of 1 μl/min for 1 min. The injector was left in the cannulae for 1 min after infusion 118 
to allow for diffusion of the compounds and to avoid back-flow. I.c. infusions were carried out 30 119 
min before behavioral interventions and immediately prior to systemic administrations when 120 
relevant.  121 

Stereotactic surgery 122 

Cannula implantations were carried out as previously described [40]. Briefly, stainless steel guide 123 
cannulae (26 gauge, Plastics One) were implanted bilaterally above the medial prefrontal cortex 124 
(mPFC, coordinates: 2.00 mm anterior, 0.40 mm lateral, 2.00 mm ventral from bregma) or 125 
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amygdala (coordinates: 1.80 mm posterior, 3.40 mm lateral, 3.90 mm ventral from bregma). 126 
Correct cannula placement was evaluated post-mortem, using a dissecting microscope and 127 
anatomical reference atlas [41]. Animals with misplaced or blocked cannulae were excluded from 128 
analysis. 129 

Y-maze spontaneous alternation  130 

The apparatus consisted of three enclosed arms (LxWxH: 30x6x15 cm). No intramaze cues were 131 
provided while extramaze cues were placed in the room. Mice were placed in a random arm of the 132 
maze and explored it for 5 min with all three arms open. Trials were recorded using an overhead 133 
camera and video files were scored manually by an observer blinded to treatment. The percentage 134 
alternation (i.e., the number of alternations divided by the total possible alternations and multiplied 135 
by 100) was used as a measure of spatial working memory and executive function [42,43]. One 136 
alternation was counted when mice visited the three different arms consecutively. Immediate re-137 
entries were discounted. 138 

Elevated zero maze 139 

We used a circle-shaped maze (Diameter: 100 cm) divided into four distinct areas and elevated to 140 
a height of 50 cm above the floor. These quadrants are two opened and two closed areas facing 141 
each other respectively without any intermediate space between each area. Mice were placed in 142 
the center of one of the open sections to freely explore the maze for a total duration of 5 min. Trials 143 
were recorded using an overhead camera and the exploration behavior of each mouse was scored 144 
by an observer blinded to treatment.  145 

Elevated plus maze  146 

The apparatus consisted of a plus-shaped maze with two opposite open (LxW: 23.5x8 cm) and 147 
enclosed arms (LxWxH: 23.5x8x20 cm high). The arms extended from a central platform (LxW: 148 
8x8 cm) and the maze was elevated to a height of 50 cm above the floor. Each mouse was placed 149 
at the center of the maze and could freely explore it for a total duration of 10 min. Trials were 150 
recorded using an overhead camera and the behavior of mice was scored by an observer blinded 151 
to treatment. The time spent in open arms and the number of entries in both arms were recorded 152 
manually and expressed as a percentage of total time spent and total entries. Propensity of mice to 153 
explore the open arms was used as a measure of anxiety-like avoidance behavior.  154 

Circular corridor 155 

Horizontal and vertical activity were measured in a circular corridor (Imetronic, Pessac, France). 156 
Counts for horizontal activity were incremented by consecutive interruption of two adjacent beams 157 
placed at a height of 1 cm per 90° sector of the corridor (mice moving through one-quarter of the 158 
circular corridor) and counts for vertical activity (rearing) corresponding to interruption of beams 159 
placed at a height of 7.5 cm along the corridor (mice stretching upwards) were used as an additional 160 
measure for exploratory activity. Mice were habituated to handling and to the test apparatus before 161 
on three consecutive days before the actual experiment. In this habituation procedure mice were 162 
injected with saline (0.9% NaCl) 30 min before being placed in the activity box for a duration of 163 
60 min. On the test day, mice were placed in the activity box 30 min after treatment with Veh or 164 
DOI and their activity was monitored for 10 min. 165 
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Passive avoidance  166 

The procedure comprised training, short-term memory (STM) performed 60 min after the training, 167 
and long-term memory (LTM) performed 24 h after training. Mice were placed in a dark room for 168 
30-180 min before the start of the experiments. The training sessions began by placing the mice in 169 
a brightly lit (700 lux) corridor (LxWxH: 50x10x40 cm Plexiglas walls), separated from a dark 170 
chamber (LxWxH: 10x10x40 cm) by a guillotine door. When mice entered the dark chamber, the 171 
door was shut followed by foot-shock (2 s, 0.6 mA) delivery. Training ended immediately after 172 
foot-shock delivery. STM and LTM lasted 5 min. STM and LTM sessions were identical to the 173 
training session, but no foot-shock was given in these trials. Latency to chamber entry was 174 
recorded for all mice. Additionally, the light corridor was divided into 4 areas (L1-L4) based on 175 
their distance from the dark chamber (L1: closest, L4: furthest). Mice began each session in the 176 
area of the corridor placed the furthest from the chamber (L4). Latency to explore, time spent in 177 
each area and freezing were quantified. Freezing time was expressed as a percentage of the total 178 
trial duration. An overhead camera recorded all trials and behavior was analyzed using an 179 
automated video monitoring system (Ethovision XT, Noldus).  180 

Auditory fear conditioning 181 

Auditory fear conditioning followed a previously described protocol with minor modifications 182 
[44]. Different context configurations were used for fear conditioning (context A: metal grid on 183 
black floor, gray walls, cleaned with 1% acetic acid between trials) and for fear extinction, 184 
extinction recall or fear recall tests (context B: white rubber floor, checkerboard-pattern walls, 185 
cleaned with 3% hospital antiseptic concentrate between trials). Each session began with 2 min 186 
habituation (Hab) to the context and ended with 1 min cool down. During conditioning, mice 187 
received 3 (moderate conditioning) or 5 (strong conditioning) pairings (60 s inter-stimulus interval: 188 
ITI) of the conditional stimulus (CS, 4 kHz, 80 dB, 30 s tone) co-terminating with a 0.6 mA 189 
(moderate conditioning) or 1.0 mA (strong conditioning) unconditional stimulus (US, 2 s, 190 
scrambled footshock). Fear extinction followed one day after conditioning and consisted of 40 CS 191 
presentations (5 s ITI) in context B. Extinction control mice were treated identically but were 192 
placed in a novel open field (30x30x30 cm Plexiglas walls) instead of context B and were not 193 
exposed to CS presentations. Efficacy of extinction was examined by exposing the animals to 4 194 
CS presentations (60 s ITI) in context B, either one day after extinction training (early extinction 195 
recall) or three weeks after extinction training (late extinction recall). In experiments without fear 196 
extinction, fear recall was tested one day after fear conditioning by 2 CS presentations (60 s ITI). 197 
Freezing behavior was defined as a lack of detectable movements other than breathing for 1 s or 198 
more and was scored with an automated video monitoring system (Ethovision XT, Noldus: Fig 199 
1E, 1F, 1G, 2D, 3B, 4C, 4E) or load-cell coupler detection system (Freezing, Panlab: Fig 2B, 2C, 200 
4G). We expressed freezing behavior as the percentage of time mice spent freezing relative to the 201 
total amount of time of Hab or CS presentation. Freezing behavior during Hab and ITI was not 202 
included in the statistical analysis but freezing during Hab was plotted for reference. 203 

Immunofluorescence and confocal microscopy  204 

Tissue processing and image acquisition were carried out as previously described [45]. In brief, 205 
mice were anaesthetized with sodium pentobarbital i.p. (200 mg/ml) and transcardially perfused 206 
with phosphate-buffered saline (PBS, Sigma-Aldrich) and ice-cold 4% paraformaldehyde (PFA, 207 
VWR Chemicals), 90 min after the behavioral procedure. 40-um thick slices were prepared on a 208 
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vibratome (Leica VT1000S, Leica Biosystems) and stored in anti-freeze solution (TBS solution 209 
(50 mM Tris, pH 7.6, Sigma-Aldrich, Germany) containing 30% glycerol (Millipore, Merck, 210 
Germany) and 30% ethylene glycol (VWR Chemicals, Belgium)) at -20°C until further processing. 211 
Slices were rinsed and incubated with primary rabbit anti-c-Fos (1:500; #2250, Cell Signaling), 212 
mouse anti-parvalbumin (1:1000; #PV235, Swant) or rabbit anti-5-HT2A antibodies (1:100; 213 
#24288 ImmunoStar Inc.) followed by rinsing and incubation with secondary antibodies (Jackson 214 
ImmunoResearch Laboratories) as outlined in the Supplemental Methods. Confocal microscope 215 
images (Zeiss, Axio Observer with LSM 710-6NLO configuration, Zeiss International) were 216 
processed and analyzed with ImageJ software (v. 1.53b). Prefrontal cortex (coordinates: +2.0 mm 217 
anterior-posterior) and amygdala nuclei (-1.8 mm anterior-posterior) were manually marked after 218 
applying an automatic Li threshold algorithm using the channel corresponding to parvalbumin 219 
(PV) [41,46]. Expression of c-Fos was analyzed using the Find Maxima ImageJ plugin, after 220 
preprocessing the images with a median filter [46,47]. Cells expressing PV were counted 221 
manually. For quantitative image analysis, each data point corresponds to the mean result of 2-4 222 
images per region per mouse. 223 

Statistical analysis  224 

Data were expressed as mean values ± SEM. Statistical analysis was performed using Graphpad 225 
Prism (v. 9.1.1). Threshold for statistical significance was set at alpha = 0.05. Data were analyzed 226 
by unpaired two-tailed t-tests (with Welsch’s correction if the compared datasets had significantly 227 
different variations),  or by two-way ANOVA, for independent and repeated measures (RM) (with 228 
Greenhouse-Geisser correction for interpretation of within-group effects [48] and Bonferroni 229 
adjustment for post-hoc analysis) as appropriate. The complete results of the statistical analysis 230 
can be found in the Supplemental Tables 1-7. 231 

 232 

Results  233 

DOI does not impair exploratory behavior and aversive memory recall but suppresses innate 234 
and conditioned anxiety-like avoidance behavior 235 

We selected a dose of DOI (2 mg/kg i.p.) that was previously shown to induce a robust 5-HT2A-236 
dependent head-twitch response in C57BL/6J mice [49]. DOI had no significant effect on 237 
spontaneous alternation (Fig. 1A, Supplemental Table 1; t(21) = 0.77, p = 0.4528), demonstrating 238 
intact executive performance, but increased exploratory activity in the Y-maze (Fig. 1A, 239 
Supplemental Table 1; t(21) = 2.27, p = 0.0146). In the elevated zero maze, DOI significantly 240 
increased the time spent in the open zones (t(20) = 6.01, p < 0.0001) and the overall number of 241 
zone entries (t(20) = 6.02, p < 0.0001). The configuration of elevated zero maze implies that an 242 
overall increase in activity results in an equivalent increase in open zone and closed zone entries 243 
(Fig. 1B; Supplemental Table 1; open zone: t(20) = 6.01, p < 0.0001; closed zone: t(20) = 5.99, p 244 
< 0.0001). In the elevated plus maze task, DOI increased open arm entries (Fig. 1C; Supplemental 245 
Table 1;  t(15) = 3.33, p = 0.0046) and time spent in the open arms (Fig. 1C, Supplemental Table 246 
1; t(15) = 3.25, p = 0.0054). Moreover, we observed no significant effect of DOI on the number of 247 
closed arm entries (Fig. 1C, Supplemental Table 1; t(15) = 1.52, p = 0.1501). We further 248 
investigated whether the observed increase in exploratory activity was the result of a 249 
psychostimulant-like hyperlocomotor effect. When mice were thoroughly habituated to a circular 250 
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corridor, an experimental setup in which psychostimlulants induce a clear hyperlocomotor 251 
response [50,51], DOI had no significant effect on locomotor activity (Fig. 1D, Supplemental 252 
Table 1; treatment: F(1, 18) = 0.001, p = 0.97). This suggests that the effects of DOI on exploratory 253 
behavior are dependent on novelty and anxiogenic properties of the testing environment.  254 

Importantly, in 5-HT2A KO mice, DOI did not affect spontaneous alternation or exploratory 255 
activity in the Y-maze and had no significant effect on anxiety-like behavior or exploratory activity 256 
in the elevated plus maze (Supplemental Fig. 1, Supplemental Table 1). In the passive avoidance 257 
task, mice were placed in a brightly lit corridor and trained to avoid an adjacent dark chamber (Fig. 258 
1E). During the short-term memory test (STM), one hour after training, none of the mice entered 259 
the dark chamber (Fig. 1F). There were no significant differences between experimental groups in 260 
freezing behavior (Supplemental Table 1; t(31) = 0.68, p = 0.4992), the amount of time spent in 261 
different areas of the corridor (Supplemental Table 2; treatment: F(1, 31) = 1.436, p = 0.2685) or 262 
the latency to explore the areas closer to the chamber (Supplemental Table 2; treatment: F(1, 31) 263 
= 0.5855, p = 0.4500). This demonstrates effective randomization of mice. One day later, mice 264 
were injected with Veh or DOI and subjected to a long-term memory test (LTM). During LTM, 265 
none of the mice entered the dark chamber (Fig. 1F), demonstrating intact aversive memory recall. 266 
Interestingly, DOI significantly lowered freezing (Fig. 1G, Supplemental Table 1; t(20.19) = 5.20, 267 
p < 0.0001), decreased the latency to explore areas of the corridor closest to the dark chamber (Fig. 268 
1H, Supplemental Table 2; treatment: F(1, 31) = 3.91, p  = 0.0571, area: F(1.314, 40,73) = 14.08, 269 
p = 0.001, interaction: F(2, 62) = 6.22, p = 0.0034) and decreased time in the area furthest away 270 
from the dark chamber (Fig. 1I, Supplemental Table 2; treatment: F(1, 31) = 0.20, p = 0.6559, 271 
area: F(1.171, 36.29) = 416.4, p < 0.0001, interaction: F(3, 93)  = 7.94, p < 0.0001). This shows 272 
that DOI decreases innate and conditioned anxiety-like avoidance behavior, while it does not 273 
disrupt aversive memory recall.  274 

DOI suppresses conditioned freezing through activation of 5-HT2A receptors  275 

We next investigated the effects of DOI (2 mg/kg i.p.) in an auditory fear conditioning paradigm. 276 
Following conditioning (day 1), mice were subjected to fear extinction training (day 2) and an 277 
early (day 30 and late (day 29) extinction recall test (Fig. 2A). Effective randomization was 278 
demonstrated by the lack of significant group differences during conditioning on the first day (Fig. 279 
2, Supplemental Table 3). Mice received treatment before extinction training on day 2. In mice 280 
that underwent moderate conditioning (3 CS-US pairings at 0.6 mA), the administration of DOI 281 
before extinction training significantly reduced conditioned freezing in wild type mice (Fig. 2B, 282 
Supplemental Tables 3 and 4; treatment: F(1, 17) = 23.37, p = 0.0002) but not in 5-HT2A KO 283 
mice (Fig. 2C, Supplemental Tables 3 and 4; treatment: F(1, 16) = 1.037, p = 0.3236). During 284 
early extinction recall (day 3) we observed no significant treatment effect in wild type (Fig. 2B, 285 
Supplemental Table 3; t(17) = 0.28, p = 0.7858) or 5-HT2A receptor KO mice (Fig. 2C, 286 
Supplemental Table 3; t(16) = 0.32, p = 0.7559). This demonstrates that DOI had no significant 287 
effect on the extinction learning process. Given that potential beneficial effects of DOI on the 288 
retention of fear extinction may have been diminished by a floor effect, we carried out an additional 289 
experiment with strong conditioning (5 CS-US pairings at 1 mA), followed by an early extinction 290 
retrieval test one day after extinction training and a late extinction retrieval test three weeks after 291 
extinction training. In this experiment we included additional control groups of mice that that were 292 
treated identically but were placed in a novel open field without cue exposure following treatment 293 
rather than undergoing extinction training. The extinction training significantly reduced freezing 294 
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in control mice during early extinction recall (Fig. 2D, Supplemental Table 3; extinction effect 295 
F(1, 51) = 10.35, p = 0.0023), but not during late extinction recall (Fig. 2D, Supplemental Table 296 
3; extinction effect F(1, 51) = 0.3735, p = 0.5438). This demonstrates that while extinction training 297 
reduced cued fear expression one day later, this effect of extinction training was lost three weeks 298 
later. DOI significantly suppressed freezing during extinction training (Fig. 2D, Supplemental 299 
Tables 3 and 4; treatment: F(1, 27) = 49.29, p < 0.0001). In extinction control mice that were 300 
placed in an open field, we observed a significant effect of DOI on exploratory activity, measured 301 
by traveled distance (Supplemental Fig. 2, Supplemental Table 3; treatment effect: F(1, 24) = 302 
15.89, p = 0.0005). We found no significant differences, between mice treated with DOI and their 303 
respective Veh controls during the early (Fig. 2D, Supplemental Table 3; treatment effect: F(1, 304 
51) = 0.05487, p = 0.8157) or late (Fig. 2D, Supplemental Table 3, treatment effect: F(1, 51) = 305 
0.8373, p = 0.3645) extinction recall sessions. Taken together, our data demonstrate that DOI does 306 
not affect the retention of auditory fear extinction.  307 

 308 
DOI increases c-Fos expression in the amygdala upon auditory fear memory recall  309 

To identify potential brain regions involved in the observed effects on fear expression, we 310 
administered DOI (2 mg/kg i.p.) or Veh before fear recall (Fig. 3A) and sacrificed mice 90 min 311 
later for analysis of c-Fos expression used as a proxy for neuronal activity [52]. We focused our 312 
analysis on brain regions expressing 5-HT2A receptors (Supplemental Fig. 3) and involved in 313 
auditory fear conditioning [53], namely the prelimbic (PL) and infralimbic (IL) subregions of the 314 
mPFC and the lateral amygdala (LA), basolateral amygdala (BLA), lateral (CeL) and medial 315 
(CeM) division of the central amygdala. As expected, DOI suppressed conditioned freezing (Fig. 316 
3B, Supplemental Table 5; t(12) = 5.46, p = 0.0001). DOI also induced an overall increase in c-317 
Fos expression (Fig. 3C, Supplemental Table 5; treatment: F(1, 12) = 16.28, p = 0.0017) and post-318 
hoc analysis (Supplemental Table 6) revealed a significant increase in the LA (Fig. 3C; t(9.747) = 319 
4.89; p = 0.0041) and CeL (Fig. 3C; t(7.735) = 3.70; p = 0.0383). Activation of 5-HT2A receptors 320 
was previously reported to increase firing of PV interneurons in the amygdala, suggesting a 321 
potential mechanism through which 5-HT2A receptor activation may suppress fear expression 322 
[54,55]. Further analysis (Supplemental Tables 5 and 6) showed that the number of PV+ per mm2 323 
was dependent on the examined region (F(2.436, 29.55) = 37.01, p < 0.0001) while no significant 324 
treatment or interaction were noted. Analysis of c-Fos expression in PV+ interneurons (Fig. 3D, 325 
Supplemental Tables 5 and 6) showed no significant treatment effect (F(1, 12) = 1.33, p = 0.2710), 326 
but significant regional differences (F(2.314, 27.77) = 25.79, p < 0.0001) and a significant 327 
treatment by region interaction  (F(3, 36) = 4.88, p = 0.0060). This suggests that DOI may increase 328 
c-Fos expression in PV+ interneurons in some brain regions, but this was not confirmed in post-329 
hoc analysis (Supplemental Table 6) given the low number of co-labeled cells (Fig. 3D and E). 330 
When DOI was administered to naive mice or to mice that were previously subjected to fear 331 
conditioning but that did not undergo auditory fear memory recall, a similar pattern of c-Fos 332 
expression was observed (Supplemental Fig. 4; Supplemental Table 5). Interestingly, in these 333 
experiments where mice did not show fear expression, DOI-induced changes in c-Fos expression 334 
in the CeL did not reach statistical significance (Supplemental Fig. 4; Supplemental Table 6).  335 

5-HT2A receptors in the amygdala drive the effect of DOI on conditioned freezing 336 

To further investigate the neuroanatomical substrate for the observed effect of DOI on conditioned 337 
freezing, we carried out an experiment where we administered DOI (2 mg/kg i.p.) systemically 338 
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and the selective 5-HT2A receptor antagonist M100907 (0.3 μg per injection site) [54] or Veh 339 
locally either in the mPFC or the amygdala 30 min before fear recall (Fig. 4, Supplemental Fig. 5, 340 
Supplemental Table 7). Low freezing following DOI administration was not significantly affected 341 
when M100907 was infused into the mPFC (Fig 4B and 4C; t(8) = 0.85, p = 0.4209) but was 342 
reversed when M100907 was delivered into the amygdala (Fig. 4D and 4E; t(4.030) = 3.40, p = 343 
0.0216). Finally, we demonstrate that local infusion (Fig. 4F) of DOI (2.5 μg per injection site) 344 
into the amygdala 30 min before fear recall significantly suppressed freezing (Fig. 4G; t(18) = 345 
4.47, p = 0.0003).  346 

Discussion  347 

We found that the psychedelic 5-HT2A/5-HT2C receptor agonist DOI decreased anxiety-like 348 
avoidance behavior the in elevated plus maze and conditioned passive avoidance tasks. In addition, 349 
DOI suppressed conditioned freezing during extinction training without significant effects on the 350 
retention of extinction. The effect of DOI on conditioned freezing was mediated by activation of 351 
5-HT2A receptors in the amygdala.  352 

We found no evidence for impaired execution of the spontaneous alternation task following the 353 
administration of DOI at the selected dose. While other studies have found effects of DOI on 354 
executive functions in a similar task in rats [56,57] and on spontaneous alternation in mice [58], 355 
these effects appear to be dependent on serotoninergic tone and activation of 5-HT2C receptors by 356 
the high DOI doses [58]. Consistent with this notion, the selective 5-HT2A receptor agonist 25CN-357 
NBOH did not affect spontaneous alternation in mice but restored deficits induced by the 5-HT1A 358 
receptor agonist 8-OH-DPAT [58]. Similarly, spontaneous alternation impairments induced by the 359 
non-selective 5-HT receptor agonist meta-chlorophenylpiperazine (mCPP) were reversed by the 360 
5-HT2C receptor antagonist SB242084 but not by the 5-HT2A receptor antagonist M100907 in 361 
rats [59]. 362 

We  found a significant increase in Y-maze exploration, confirming previous observations [58]. 363 
We also found a significant increase in activity in the elevated plus maze and zero maze tasks.  364 
While DOI decreases open field exploration in rats [60–63] it appears to have dose-dependent 365 
effects in mice, with lower doses (up to 1 mg/kg) increasing exploration through activation of 5-366 
HT2A receptors and higher doses (from 10 mg/kg) decreasing exploration through 5-HT2C 367 
receptors [64]. In previously conditioned mice, we also observed a significant increase in open 368 
field exploration after administration of DOI. In contrast, we found no significant effect of DOI 369 
on locomotor activity in mice that were extensively habituated to a circular corridor. We therefore 370 
propose that the observed increase in activity reflects decreased anxiety and increased novelty-371 
dependent exploratory drive rather than a psychostimulant-like hyperlocomotor effect. Indeed, we 372 
found that DOI administration selectively increased the fraction of time mice spent in the open 373 
arms of the elevated plus maze or in the open sections of the elevated zero maze. This indicates an 374 
anxiolytic effect. Our observations are in agreement with previous literature showing that DOI 375 
decreases anxiety-like avoidance behavior in naive mice and rats [65,66]. These effects are dose-376 
dependent, with 5-HT2A receptor-dependent anxiolytic effects for lower doses of DOI and 377 
potential 5-HT2C-dependent anxiogenic effects for higher doses of DOI [65]. In contrast with 378 
these anxiolytic effects of DOI in the elevated plus maze and in other behavioral tests [67], 379 
psychostimulants such as amphetamine increase locomotor activity in the open field test but reduce 380 
open arm entries and exploration in the elevated plus maze test [68–70]. 381 
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The notion that DOI reduces anxiety-like avoidance behavior was further confirmed in the passive 382 
avoidance task. Surprisingly, we found that DOI had no effect on aversive memory retention, given 383 
that none of the mice entered the compartment where they previously received a shock. 384 
Nevertheless, DOI significantly increased exploratory behavior and suppressed conditioned 385 
freezing. In the auditory fear conditioning paradigm, we also found that DOI suppressed 386 
conditioned freezing. While a previous study suggested that stimulation of 5-HT2A receptors may 387 
facilitate the acquisition auditory fear extinction, retention of extinction was not investigated [37]. 388 
Contrary to our initial hypothesis, we found no significant effect on the retention of fear extinction 389 
at early or late time points. Importantly, activation of 5-HT2A receptors in the amygdala is 390 
necessary and sufficient to recapitulate the effects of systemic administration of DOI on 391 
conditioned freezing behavior. The fact that nuclei of the amygdala are well established neural 392 
hubs orchestrating aversive behaviors such as freezing [71], further supports the notion that the 393 
effect of DOI on conditioned freezing reflects suppression of fear expression rather than a non-394 
specific hyper-locomotor effect. Taken together, our findings indicate that 5-HT2A activation by 395 
the psychedelic DOI suppressed fear expression without significant effects on the retention of fear 396 
extinction.  397 

Systemic administration of DOI in naive mice elicits an increase in c-Fos expression in diverse 398 
brain regions including the mPFC and the amygdala. While this effect may also occur in cells and 399 
brain regions that do not express the 5-HT2A receptor [72,73], the c-Fos expression pattern was 400 
largely congruent with that of the widely distributed 5-HT2A receptor (Supplemental Fig. 3). In 401 
mice that were subjected to fear conditioning, the administration of DOI prior to fear memory 402 
recall only significantly increased c-Fos expression in the LA and CeL. We propose that 5-HT2A 403 
receptors in the LA may be a critical target through which psychedelics affect fear expression. 404 
Indeed, local antagonism of 5-HT2A receptors in the amygdala reversed the effect of systemic 405 
DOI administration on fear expression. Corroborating this observation, direct infusion of DOI into 406 
the amygdala similarly suppressed fear expression. Given that we observed no 5-HT2A expression 407 
in the CeL, changes in c-Fos expression in this brain area may indeed reflect altered fear expression 408 
following administration of DOI rather than a direct effect of DOI on cells in the CeL. 409 
Interestingly, a previous study found that reduced 5-HT2A receptor signaling in PV interneurons 410 
in the amygdala may drive stress-induced changes in GABAergic transmission and behavior [55]. 411 
However, we found no significant effects of DOI on c-Fos expression in PV interneurons. This 412 
may be due to the low number of PV interneurons in the amygdala and relatively small group sizes. 413 
Further experiments, in which the effects of DOI on c-Fos expression in discrete neuronal 414 
populations are compared directly between mice that express fear and mice that do not, may further 415 
help to unravel the cellular basis for the effects of DOI on fear expression. Importantly, 5-HT2A 416 
receptors expressed in other brain regions, such as the ventral hippocampus or periaqueductal gray 417 
matter may contribute to the anxiolytic effects of DOI [74,75], while direct activation of 5-HT2A 418 
receptors in the BNST was recently reported to increase conditioned freezing behaviour [76]. This 419 
suggests that activation of 5-HT2A receptors in different brain areas may have different effects on 420 
defensive behaviours. Moreover, the effects of psychedelics may depend on the activity state of 5-421 
HT2A receptors in discrete brain areas. Nevertheless, in agreement with our findings, the 422 
psychedelic 5-HT2A/5-HT2C receptor agonists TCB-2, 2CN-NBOH and psilocybin were all 423 
shown to reduce conditioned freezing when administered systemically in mice [34,35]. 424 

To the best of our knowledge, no formal clinical trials have presently investigated classic 425 
psychedelics in PTSD. However, psilocybin and LSD showed promising effects in cancer-related 426 
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depression and anxiety [77–81]. Interestingly, psilocybin reduced threat-induced modulation of 427 
amygdala connectivity in healthy volunteers [82]. Similarly, LSD suppressed amygdala reactivity 428 
to fearful stimuli [78] and impaired fear recognition in healthy volunteers [83]. This suggests that 429 
classic psychedelics affect fear processing and may be useful for treating fear-related disorders 430 
such as PTSD. Few studies have directly investigated the role of 5-HT2A receptors in the putative 431 
effects of psychedelics on fear extinction. Recently, DMT, a psychedelic 5-HT2A/5-HT1A 432 
agonist, was shown to facilitate auditory fear extinction in rats [36]. However, 5-HT1A receptors 433 
may have contributed to this effect of DMT given that 5-HT1A receptor activation was previously 434 
shown to reduce auditory fear expression and to facilitate fear extinction in rodents [84–87].  435 
Interestingly, activation of 5-HT2A receptors may induce delayed improvement in the acquisition 436 
of contextual fear extinction through long-term epigenetic and synaptic plasticity [88]. Together, 437 
this suggests that 5-HT2A receptors are a key target for the acute effects of psychedelics on fear 438 
expression, but other receptors or delayed mechanisms may contribute to effects of psychedelics 439 
on fear extinction.  440 

It was recently proposed that the clinical effect of MDMA-assisted psychotherapy for PTSD 441 
treatment may result from reduction of fear during fearful memories [15,17,18] or from enhanced 442 
extinction of fearful memories [20]. In line with this notion, MDMA was reported to suppress 443 
freezing during extinction training and to improve retention of fear extinction in mice [21,22]. 444 
However, a recent study showed that while MDMA suppressed fear expression during extinction 445 
training, it interfered with the retention of extinction in rats [24]. Therefore, it remains unclear 446 
whether facilitation of extinction is the underlying mechanism of MDMA-assisted psychotherapy 447 
[20]. Moreover, it remains uncertain whether the psychedelic properties of MDMA are required 448 
for its therapeutic effects. While MDMA is not a classic psychedelic, many of its psychotropic 449 
effects involve 5-HT release and activation of 5-HT2A receptors [33,89–93]. In this context, 450 
activation of 5-HT2A receptors may indeed be a mechanism through which MDMA modulates 451 
fear processing [23], consistent with our data demonstrating that direct 5-HT2A receptor activation 452 
by a psychedelic suppresses fear expression.  453 

We conclude that the psychedelic DOI suppresses fear expression in mice through activation of 454 
amygdala 5-HT2A receptors while it has no significant effect on the retention of extinction. Our 455 
study is limited to a single administration of DOI, but it provides insight into the mechanism 456 
through which acute psychedelic effects may yield therapeutic outcomes for psychedelic-assisted 457 
psychotherapy. Indeed, if psychedelics suppress fear expression without impairing recall and 458 
extinction of fearful memories, this may enable psychotherapy in patients for whom the experience 459 
would otherwise be too aversive as described by a PTSD patient who underwent MDMA-assisted 460 
psychotherapy: "It allowed me to see my trauma without fear or hesitation and finally process 461 
things and move forward"[20].462 
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Figures and legends 747 
 748 

749 
Figure 1. Effects of DOI on innate and conditioned anxiety-like avoidance behavior. A 750 
Effect of DOI (nVeh = 13, nDOI = 10) on the number of alternations (p = 0.4528) and count of arm 751 
entries (p = 0.0146) in the Y-maze spontaneous alternation test. B Effect of DOI (nVeh = 11, nDOI 752 
= 11) on performance in elevated zeromaze: percentage of time spent in open zones (p = 0.0023) 753 
and count of zone entries (open zones: p < 0.0001; closed zones: p < 0.0001).  C Effect of DOI 754 
(nVeh = 9, nDOI = 8) on performance in elevated plus maze: percentage of time spent in open arms 755 
(p = 0.0054) and count of arm entries (open arms: p = 0.0046; closed arms: p = 0.1501). D Effect 756 
of DOI (nVeh = 9, nDOI = 10) on activity of mice in circular corridor apparatus: vertical activity 757 
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(treatment: p = 0.4690; time:  p = 0.5593; interaction:  p = 0.8317), horizontal activity 758 
(treatment: p = 0.8823; time: p = 0.2521; interaction: p = 0.6075). E Schematic representation of 759 
the experimental design for passive avoidance testing in a light corridor and dark chamber setup. 760 
Areas of the light compartment were designated L1-L4 from closest to furthest away from the 761 
dark compartment. F Following training, none of the mice (nVeh = 17, nDOI = 16) entered the dark 762 
chamber. G Effect of DOI on freezing during the long-term memory test (p = 0.0001). H Effect 763 
of DOI on latency to enter areas of the brightly-lit corridor (treatment effect: p = 0.0571, area 764 
effect: p = 0.001; interaction: p = 0.0034). I Effect of DOI on time spent in areas of the brightly-765 
lit corridor (treatment effect: p = 0.6559; area effect: p < 0.0001, interaction: p < 0.0001). Data 766 
are presented as mean values ± SEM (* p < 0.05; # p < 0.05; ## p < 0.01; #### p < 0.0001 vs. 767 
Veh group).  768 

 769 

  770 
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 771 

Figure 2. Effects of DOI on auditory fear extinction. A Schematic representation of the 772 
experimental design for testing the effect of DOI on auditory fear extinction. B Effect of DOI on 773 
fear extinction following moderate conditioning in wild type mice (nVeh = 12, nDOI = 7). Fear 774 
conditioning: (CS effect: p < 0.0001; treatment effect: p = 0.5088; interaction: p = 0.8382). Fear 775 
extinction (CS effect: p = 0.0045; treatment effect: p = 0.0002; interaction: p = 0.3472).  Early 776 
extinction recall (p = 0.7858). C Effect of DOI on fear extinction following moderate conditioning 777 
in 5-HT2A receptor KO mice (nVeh = 10, nDOI = 7). Fear conditioning (CS effect: p < 0.0001; 778 
treatment effect: p = 0.5650; interaction: p = 0.7400). Fear extinction: (CS effect: p < 0.0001; 779 
treatment effect: p = 0.3236; interaction: p = 0.0652). Early extinction recall (p = 0.7559). D Effect 780 
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of treatment with Veh (V) or DOI (D) on fear extinction following strong conditioning in wild 781 
type mice (nVeh- = 13, nDOI- = 13, nVeh+ = 13, nDOI+ = 14). Fear conditioning (CS effect: p < 0.0001; 782 
group effect: p = 0.9984; interaction p = 0.9879). Fear extinction (CS effect: p < 0.0001; treatment 783 
effect: p < 0.0001; interaction: p < 0.0001). Early extinction recall (extinction effect: p = 0.0023; 784 
treatment effect: p = 0.8157; interaction: p = 0.2308). Late extinction recall (extinction effect: p = 785 
0.5438; treatment effect: p = 0.3645; interaction: p = 0.4390). Data are presented as mean values 786 
± SEM (* p < 0.05; ** p < 0.01; *** p < 0.001; **** p < 0.0001 vs. Veh group). 787 

 788 

  789 
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 790 

Figure 3. Effects of DOI on neuronal activity during fear memory recall. A. Schematic 791 
representation of the experimental design for investigating the effect of DOI on c-Fos expression 792 
in mice subjected to fear conditioning. Regions examined: prelimbic (PL) and infralimbic (IL) 793 
cortices of the medial prefrontal cortex; lateral (LA), basolateral (BLA), lateral (CeL) and medial 794 
(CeM) division of the central amygdala. B Effect of DOI on freezing during fear memory recall 795 
(nVeh = nDOI = 7; p = 0.0001). C Effect of DOI on c-Fos expression during fear memory recall 796 
(treatment effect: p = 0.0017; region effect: p < 0.0001; interaction: p < 0.0001). D Effect of DOI 797 
on c-Fos expression in PV+ interneurons during fear memory recall (treatment effect: p = 0.2710; 798 
region effect: p < 0.0001; interaction:  p = 0.006). PV+ neuron count (treatment effect: p = 0.1396; 799 
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region effect: p < 0.0001; interaction: p = 0.2345). E Representative confocal microscopy images 800 
labeled for c-Fos (red) and PV (cyan). Scale bar = 200 μm. Data are presented as mean values ± 801 
SEM (* p < 0.05; ** p < 0.01; ### p < 0.001. vs Veh group). 802 
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 805 

Figure 4. Brain region-specific role of 5-HT2A receptors in the effects of DOI on freezing 806 
during fear memory recall. A Schematic representation of the experimental design used to 807 
investigate how 5-HT2A receptors expressed in discrete brain regions control freezing behavior 808 
during fear memory recall. B Cannula placement sites for infusion of M100907 (black) or the 809 
corresponding Veh (white) in the mPFC. C Modulation of freezing during fear memory recall by 810 
systemic DOI (2 mg/kg i.p.) and local infusion of M100907 (0.3 μg per injection site) or the 811 
corresponding Veh (nVeh = nDOI = 5; p = 0.4209). D Cannula placement sites for infusion of 812 
M100907 (black) or the corresponding Veh (white) in the amygdala. E Modulation of freezing 813 
during fear memory recall by systemic DOI (2 mg/kg i.p.) and local infusion of M100907 (0.3 μg 814 
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per injection site) or the corresponding Veh into amygdala (nVeh/DOI = 6; nM100907/DOI = 4; p = 815 
0.0216). F Cannula placement sites for infusion of DOI (black) or the corresponding Veh (white) 816 
in the amygdala. G Modulation of freezing during fear memory recall by local infusion of DOI 817 
(2.5 μg per injection site) or the corresponding Veh into the amygdala (nVeh = 6; nDOI = 4; p = 818 
0.0003). Data are presented as mean values ± SEM (## p < 0.01, ### p < 0.001 vs Veh group). 819 

 820 
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