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ABSTRACT

A variety of classic psychedelics and MDMA have been shown to enhance fear extinction in
rodent models. This has translational significance because a standard treatment for
posttraumatic stress disorder (PTSD) is prolonged exposure therapy. However, few studies
have investigated psilocybin’s potential effect in fear learning paradigms. More specifically, the
extents to which dose, timing of administration, and serotonin receptors may influence
psilocybin’s effect on fear extinction are not understood. In this study, we used an auditory delay
fear conditioning paradigm to determine the effects of psilocybin on fear extinction, extinction
retention, and fear renewal in male and female mice. Psilocybin robustly enhances fear
extinction when given acutely prior to testing for all doses tested. Psilocybin exerts long-term
effects to elevate extinction retention and suppress fear renewal in a novel context, though
these changes were sensitive to dose. Administration of psilocybin prior to fear learning or
immediately after extinction yielded no change in behavior, indicating that concurrent extinction
experience is necessary for the drug’'s effects. Co-treatment with a 5-HT 4 receptor antagonist
blocked psilocybin’s effects for extinction, extinction retention and fear renewal, whereas 5-HTa
receptor antagonism attenuated only the effect on fear renewal. Collectively, these results
highlight dose, context, and serotonin receptors as crucial factors in psilocybin’s ability to
facilitate fear extinction. The study provides preclinical evidence to support investigating

psilocybin as a pharmacological adjunct for extinction-based therapy for PTSD.
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INTRODUCTION

Post-traumatic stress disorder (PTSD) is a debilitating condition in which a traumatic experience
causes difficulty in distinguishing safe and unsafe contexts, resulting in exaggerated responses
to stimuli reminiscent of the initial trauma®. A standard treatment for PTSD is prolonged
exposure therapy, wherein patients learn to extinguish fearful responses through repeated
presentations of triggering stimuli in a safe setting®. While generally effective, many individuals
discontinue the therapy due to the challenging emotional reactions upon re-exposure®. Further,
extinction learning is often bound to the context in which it was learned*™®. In other words,
patients may respond well in the clinic but continue to experience PTSD symptoms in their daily
lives®. To overcome these limitations, a considerable amount of research has focused on

developing pharmacotherapies that can promote sustained and context-independent extinction”
9

Classic psychedelics and related psychoactive compounds may have therapeutic potential for
mental illnesses including PTSD'**2. The promise is highlighted by the Phase 3 clinical trials of
3,4-methylenedioxymethamphetamine (MDMA), where patients reported an enduring decrease
in PTSD symptoms following MDMA-assisted psychotherapy™***. Consistently, in preclinical
mouse models involving auditory cued fear conditioning, a single dose of MDMA reduced
conditioned freezing 30 minutes after administration. Importantly, this behavioral change
lasted 10 days later and persisted when mice were tested in an unfamiliar context. The
enhancing effect of MDMA on extinction was moderated by dose™® and required 5-HTa
receptors™®. Recently, classic psychedelics have been evaluated using preclinical mouse
models for fear learning. For instance, mice treated with 2,5-dimethoxy-4-iodoamphetamine
(DOI) showed less cue-conditioned freezing during fear extinction compared to controls 30
minutes after administration'’. However, these effects were lost when the mice were tested
again 24 hours later, suggesting that the effect of DOI on extinction was not retained. Similar
acute, immediate effects on cued fear extinction have been demonstrated for N,N-
dimethyltryptamine (DMT) in rats'®*°, 4-hydroxy-diisopropyltryptamine (4-OH-DiPT) in mice®,
and TCB-2 in mice”. However, the studies so far with classic psychedelics typically have limited
scope: testing a single dose, focusing on only acute effects, or omitting fear renewal, making it
unclear if the classic psychedelics can have enduring impact that is retained outside the initial

extinction context.
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Among classic psychedelics, psilocybin has advanced the most in clinical trials. Recent work
indicates that psilocybin administration with psychological support may be an effective treatment
option for major depression and treatment-resistant depression® 2>, Excitingly, some clinical

reports show reductions in symptom severity months after treatment®®?’

, suggesting that
psilocybin-based interventions promote long-term behavioral changes. It has been suggested
that psilocybin may have therapeutic potential for PTSD as well®®*. In a small open-label study,
PTSD severity declined in long-term AIDS survivors following psilocybin-assisted group
psychotherapy®. This early result is now followed by ongoing clinical trials of psilocybin in
people with trauma-related disorders from frontline clinical duty (NCT05163496), experience in

adulthood (NCT05312151), and combat for veterans (NCT05554094).

Less is known about the effects of psilocybin in rodent models of fear learning. In one report,
mice given low dose (0.1 - 0.5 mg/kg) psilocybin prior to fear conditioning extinguished
conditioned freezing more quickly than controls®. However, this dosing strategy makes it
difficult to discern whether psilocybin’s effect was due to a change in extinction learning or in the
consolidation and retrieval of the initial fear memory. More recent studies suggest that
psilocybin (1 - 2 mg/kg) reduces conditioned freezing when administered 30 minutes prior to

3233 and that this effect can persist 24 hours later®?, but used contextual and trace fear

extinction
conditioning paradigms. Thus, despite tantalizing hints from these recent studies, much remains
unknown regarding psilocybin’s effect on cued fear extinction. Crucially, the extent to which

psilocybin’s effects may depend on essential parameters such as dose, timing of administration,

and serotonin receptors are not well understood.

In this study, we used auditory delay fear conditioning and determined the effects of psilocybin
on fear extinction, extinction retention, and fear renewal with a total of 112 male and female
mice. We report that a single 1 mg/kg dose of psilocybin enhances fear extinction and
suppresses fear renewal in a novel context up to 8 days after drug administration. We found that
the persisting action of psilocybin is sensitive to dose, despite its acute impact being observed
at all doses tested. We varied the timing of administration to show that psilocybin was ineffective
at altering the acquisition of conditioned fear or consolidation of fear extinction. We tested the
role of 5-HT;4 and 5-HT,a receptors in supporting psilocybin’s effects on fear extinction and
renewal. Collectively, these results demonstrate that psilocybin facilities fear extinction in mice

and delineate the parameters under which its behavioral effects occur.
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MATERIALS AND METHODS

Animals. Male and female C57BL/6 mice were purchased from Jackson Laboratory (Stock No.
000664) and given 14 days to acclimate to the vivarium at Cornell University. Within the
vivarium, animals were kept in a climate-controlled room and were housed in groups of 4 mice
per cage with ad libitum access to food and water. Mice were kept on a 12-hour light/dark cycle
(lights on between 08:00 and 16:00 hours), with behavioral testing occurring between 08:30 to
13:00 hours. All mice were randomly assigned to different experimental groups prior to testing.
Animals were 7 - 8 weeks old at the start of behavioral studies. Animal care and experimental
procedures were approved by the Institutional Animal Care & Use Committee (IACUC) at

Cornell University.

Drugs. Psilocybin was obtained from the Usona Institute’s Investigational Drug & Material
Supply Program. The chemical composition of psilocybin was confirmed by high performance
liquid chromatography at Usona Institute. A stock 4 mg/mL solution was prepared by dissolving
solid in 0.9% saline, then diluted into working solutions of 0.05, 0.1, or 0.2 mg/mL the day before
injection. The 5-HT ;A receptor antagonist WAY100635 (4380, Tocris Biosciences) was diluted in
0.9% saline for a 5 mg/mL stock solution. The 5-HT,, receptor antagonist MDL100907 (4173,
Tocris Biosciences) was dissolved in a 0.9% saline solution containing 0.3% Tween 80 (P1754,
Sigma-Aldrich) for a 1 mg/mL stock solution. The day before injection, aliquots of WAY100635
or MDL100907 were diluted in 0.9% saline to produce working solutions of 0.2 mg/mL and 0.1
mg/mL respectively. For injections of two drugs, cocktails of psilocybin (0.1 mg/mL) and either
WAY100635 (0.2 mg/mL) or MDL100907 (0.1 mg/mL) were prepared using the same stock
solutions and diluting with 0.9% saline. This was done so that both drugs could be administered
as a single injection, mitigating stress induced by performing multiple injections. Injections,
including vehicle controls, were performed intraperitoneally (i.p.) at a volume of 10 mL/kg.
Methods for drug preparation and doses of psilocybin (0.5, 1, or 2 mg/kg), WAY100635 (2

mg/kg), and MDL100907 (1 mg/kg) were chosen based on prior work®*~%*.

Fear conditioning and extinction paradigms. The timeline for delay fear conditioning and
extinction tests was inspired by prior literature™*"8. All behavioral testing was conducted in a
near-infrared video fear conditioning system (MED-VFC2-SCT-M, Med Associates Inc). Prior to
each session, mice were brought into a side room separated from the fear conditioning system

where they habituated for 30 minutes. The near-infrared video camera was calibrated to record
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with the manufacturer’'s recommended average intensity of 130 a.u. so that conditions for
motion detection were held constant across all experimental days. On day 1 of testing (auditory
cued fear conditioning), the mouse was individually placed in the conditioning chamber, which
was prepared in “context A” (blank straight walls, metal grid floor, cleaned with 70% ethanol
before each session). Each conditioning trial began with a 3-minute habituation period, after
which the mouse was given 5 presentations of an auditory tone as the conditioned stimulus (CS;
4 kHz, 80 dB, 30 s duration). Each CS co-terminated with a foot shock unconditioned stimulus
(US; 0.8 mA, 2 s duration). A 90 s intertrial interval separated the CS + US pairings. On day 2,
mice were left undisturbed in their home cages. On day 3 (fear extinction), the mouse received
an i.p. injection of vehicle or drug solution and then were returned to their home cages for 30
minutes. After this, the mouse was placed in the conditioning chamber prepared in “context B”
(black A-frame, white plastic floor, cleaned with 1% acetic acid before each session). A 3-minute
habituation period was given, followed by 15 presentations of the CS without a US, each of
which was separated by a 15 s intertrial interval. On day 4 (extinction retention), the mouse
underwent the same procedure as day 3, except with no injection administered beforehand.
Mice were then left undisturbed until day 11 (fear renewal), at which point the mouse was
placed in the conditioning chamber prepared in “context C” (striped curved white wall, striped
plastic floor, cleaned with Peroxigard™ before each session) and subjected to the same
habituation and CS-only schedule used on days 3 and 4. On each experimental day, mice were
returned to their housing location immediately after testing. Variations of this general paradigm
were performed to determine the behavioral mechanisms supporting psilocybin’s effects. In one
set of these experiments (Fig. 3A), the mouse was administered 0.9% saline (10 mL/Kkg, i.p.) or
psilocybin (1 mg/kg, i.p.) then returned to their home cage for 30 minutes, after which they
underwent fear conditioning followed by extinction 48 hours later as described above. In another
set of experiments (Fig. 3D), the mouse underwent fear conditioning on day 1, then fear
extinction on day 3 with 0.9% saline (10 mL/kg, i.p.) or psilocybin (1 mg/kg, i.p.) administered

immediately after fear extinction, then tested for extinction retention 24 hours later.

Analysis. Conditioned freezing was used as the primary readout for behavior, and was defined
as a lack of detectable movement other than breathing for = 1 s. The videos captured by the
near-infrared camera were analyzed with automated procedures using the VideoFreeze™
software from Med Associates Inc (motion threshold: 18 au, detection method: linear, minimum
freeze duration: 30 frames = 1 s). For extinction, extinction retention, and fear renewal, we

binned the data to calculate the freezing responses, where bin “Hab” corresponds to the 3-
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minute habituation period with no tone, bin 1 corresponds to CS period during tones 1-3, bin 2
corresponds to CS period during tones 4-6, bin 3 corresponds to CS period during tones 7-9,
bin 4 corresponds to CS period during tones 10-12, and bin 5 corresponds to CS period during
tones 13-15.

Statistics. Statistical testing was conducted in SPSS. Conditioned freezing data were analyzed
with generalized linear mixed effects modeling. Fixed factors are listed in the corresponding
figure legends. Random factors of subject, cage, and sex were used to account for individual
differences in the overall model, and a heterogeneous autoregressive 1 (ARH1) covariance
structure was used in accounting for repeated measures. A sequential Bonferroni correction

was applied to between-groups comparisons.

RESULTS

Psilocybin enhances extinction and attenuates renewal of conditioned fear

Motivated by studies reporting the effects of MDMA on fear extinction*>*®

, We implemented a
delay fear conditioning protocol to test the effects of psilocybin on fear extinction (Fig. 1A; see
Materials and Methods). Briefly, on day 1, we trained a C57BL/6J mouse to associate an
auditory tone (conditioned stimulus; CS) with a noxious foot shock (unconditioned stimulus; US)
in context A. On day 3, the mouse was given psilocybin (0.5, 1, or 2 mg/kg, i.p.) or saline
vehicle. The animal was then placed back in its home cage for 30 minutes before being moved
to context B for fear extinction, which consisted of 15 CS presentations without the US pairing.
On day 4, retention of the extinction memory was tested by exposing the mouse to another 15
CS presentations in context B. Finally, on day 11, the mouse was exposed to another 15 CS
presentations in context C to determine if its conditioned fear would be renewed in an unfamiliar
environment distinct from the initial extinction context. For each drug condition, we tested 4

male and 4 female animals. The results are shown in Figs. 1B-J.
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Figure 1. Psilocybin drives persisting enhancement of fear extinction and suppression of fear renewal.

(A) Experimental timeline. (B) Fraction of time spent freezing during habituation (Hab) and different binned CS
periods during extinction on day 3. Black, vehicle. Red, 0.5 mg/kg psilocybin. Line, mean. Error bars, + s.e.m.
Shown is the p-value (if <0.05) for between-group post hoc analysis between vehicle and 0.5 mg/kg psilocybin
performed after generalized linear mixed effects model with fixed factors of dose, time, and 2-way interactions. (C)
Similar to (B) for extinction retention on day 4. (D) Similar to (B) for fear renewal on day 11. (E — G) Similar to (B) —

(D) for 1 mg/kg psilocybin. The data for vehicle is repeated from (B) — (D) for purpose of comparison. (H — J)
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Similar to (B) — (D) for 2 mg/kg psilocybin. The data for vehicle is repeated from (B) — (D) for purpose of
comparison. N = 32, including 4 males and 4 females for vehicle, and 4 males and 4 females for each of the

psilocybin conditions.

For day 3, as expected for an extinction session, freezing response decreased as tones were
repeatedly presented (main effect of time: Fi, 420 = 2.568, p = 0.001; generalized linear mixed
effects model with fixed factors of dose, time, and 2-way interactions). Psilocybin reduced
conditioned freezing (main effect of dose: F3 420 = 6.223, p < 0.001), which was statistically
significant for all doses tested compared to vehicle controls (p < 0.001 in all cases; between-
group post hoc analyses), with no psilocybin dose significantly outperforming the others (Figs.
1B, E, H). By contrast, for retention on day 4, we detected the effect of psilocybin (main effect of
dose: F3 420 = 4.387, p = 0.005; main effect of time: Fi2 420 = 4.998, p < 0.001), however post
hoc analyses revealed only mice previously given 1 mg/kg psilocybin froze less than vehicle
controls (p < 0.001), while no significant differences were found between mice given 0.5 or 2
mg/kg psilocybin and vehicle (Figs. 1C, F, ). For fear renewal on day 11, we observed a drug
effect again (main effect of dose: F3 420 = 5.72, p < 0.001; main effect of time: Fi,, 420 = 5.665; p
< 0.001), which was driven by mice in the 1 mg/kg psilocybin group, as these mice froze less
than their counterparts injected with vehicle (p = 0.001), 0.5 (p = 0.005), or 2 mg/kg psilocybin (p
=0.022) (Figs. 1D, G, J). Together, the data indicate that psilocybin robustly enhances fear
extinction when given acutely prior to testing. Psilocybin also exerts long-term effects to elevate
extinction retention and suppress fear renewal up to 8 days later, though these changes were

sensitive to dose and were most reliably elicited by 1 mg/kg of psilocybin.

To explore potential difference in male versus female animals, we analyzed the dose-response
data using fixed factors of sex, dose, time, and all 2- and 3-way interactions. For fear
acquisition, we found a main effect of time (F3, 15, = 193.417; p < 0.001), but no sex effects were
detected (Fig. 2A, B). This changed in the extinction task (Fig. 2C), which showed a sex x dose
interaction (F3, 360 = 3.018; p = 0.03) and a main effect of time (F14, 360 = 2.965; p < 0.001). For
extinction retention, we detected main effects of dose (F3 350 = 5.298; p = 0.001) and time (F4,
360 = 4.915; p < 0.001) (Fig. 2D). Finally, for fear renewal, there was a significant sex x dose x
time interaction (F42, 360 = 1.42; p = 0.05) (Fig. 2E). These additional analyses suggest that sex

may be a factor in psilocybin’s dose-dependent effects on fear extinction.
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Figure 2. Interaction of dose and sex on psilocybin-enhanced fear extinction.

(A) Fraction of time spent freezing during different CS presentations during fear conditioning on day 1, for all
animals tested in Fig. 1 (N = 32). There was a main effect of time (F3 144 = 172.135; p < 0.001). Post hoc analyses
did not find any pre-existing difference in freezing between treatment groups prior to injection. Line, mean. Error
bars, + s.e.m. (B) Similar to (A) except plotted separately for females (yellow; N = 16) and males (blue; N = 16). No
sex difference was detected. (C) Fraction of time spent freezing in all CS presentations during extinction on day 3,
with females (yellow) and males (blue) plotted separately for each dosing group (n = 4 per sex and dose). Each
triangle or square represents an individual animal. Bar, mean. Error bars, + s.e.m. (D) Similar to (C) for extinction

retention on day 4. (E) Similar to (C) for fear renewal on day 11. For statistical test, we used a generalized linear

mixed effects model with fixed factors of sex, dose, time, and all 2- and 3-way interactions.

Psilocybin is only effective when administered prior to extinction context

How can psilocybin facilitate extinction? Classic psychedelics may boost learning through their
effects on neural plasticity, which have been demonstrated for psilocybin as it evokes structural
rewiring in the medial frontal cortex®* and induces plasticity-related gene expression®"®. Given
that learning and memory are linked to structural plasticity*>~*?, one possibility here is that
learning is enhanced broadly by psilocybin. If true, psilocybin should also improve fear memory
acquisition and extinction memory consolidation. An alternative possibility is that learning is
enhanced but only for specific contexts. Preclinical studies involving MDMA indicate that the
context immediately after drug administration is an important factor in determining the eventual

behavioral changes in mice'®, but it is unknown if this applies to psilocybin and extinction.

To disambiguate the possibilities, we devised two variants of the conditioned fear extinction

protocol. For the first variant, mice received 1 mg/kg psilocybin or vehicle 30 minutes prior to
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fear conditioning on day 1, then underwent fear extinction on day 3 (Fig. 3A). As expected, mice

readily acquired conditioned freezing during fear conditioning (main effect of time: F4, 70 =

105.696, p < 0.001; Fig. 3B) and progressively reduced conditioned freezing during extinction

(main effect of time: F14 210 = 2.641, p < 0.001; Fig. 3C). However, no difference was observed
between the psilocybin and vehicle-treated groups.
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Figure 3. Psilocybin does not enhance fear acquisition nor extinction consolidation.

(A) Experimental timeline to test psilocybin’s effect on fear acquisition. (B) Fraction of time spent freezing during
different CS presentations during fear conditioning on day 1. Black, vehicle. Red, 1 mg/kg psilocybin. Line, mean.
Error bars, = s.e.m. n.s., not significant for between-group post hoc analysis between vehicle and psilocybin
performed after generalized linear mixed effects model with fixed factors of dose, time, and 2-way interactions. (C)
Similar to (B) for freezing during habituation and different binned CS periods during extinction on day 3. (D)
Experimental timeline to test psilocybin’s effect on extinction consolidation. (E) Fraction of time spent freezing
during different CS presentations during fear conditioning on day 1, for all animals. Line, mean. Error bars, + s.e.m.
(F) Similar to (E) for freezing during habituation and different binned CS periods during extinction on day 3. (G)




247
248
249
250
251
252
253
254
255
256
257
258
259
260
261
262
263
264
265
266
267
268
269
270
271
272
273
274

Fraction of time spent freezing during different CS presentations during extinction retention on day 4. Black,
vehicle. Red, 1 mg/kg psilocybin. Line, mean. Error bars, £ s.e.m. N = 16, including 4 males and 4 females for
each of the vehicle and psilocybin conditions for fear acquisition, 4 males and 4 females for each of the vehicle

and psilocybin conditions for extinction retention.

For the second variant, mice underwent fear conditioning on day 1 (Fig. 3D). Instead of
administering psilocybin prior to extinction on day 3, the paradigm was modified such that 1
mg/kg psilocybin or vehicle was administered immediately after extinction. The mice were then
tested for extinction retention on day 4. Again, mice readily acquired conditioned freezing during
fear conditioning (main effect of time: F3 70 = 63.946; p < 0.001; Fig. 3E) and progressively
reduced conditioned freezing during extinction (main effect of time: Fi4 210 = 3.275; p < 0.001;
Fig. 3F), with no pre-existing differences between treatment groups prior to drug administration.
The post-extinction administration of 1 mg/kg psilocybin did not impact extinction retention on
day 4 compared to vehicle controls (Fig. 3G). Collectively, these experiments suggest that the
timing of psilocybin administration — shortly prior to the initial extinction experience — is key to its

effect on retention of the extinction memory.

5-HT,a and 5-HT14 receptors contribute to psilocybin’s long-term behavioral effects

Upon entering the body, psilocybin is rapidly converted to its active metabolite, psilocin, which is
an agonist at various serotonin receptors®, including the 5-HT1 and 5-HT s subtypes which are
highly expressed in the neocortex**. To test the role of 5-HT;4 and 5-HT. receptors in
mediating psilocybin’s effects on fear extinction, we modified the auditory fear conditioning
protocol such that the mouse received an i.p. injection of a mixture containing MDL100907 (1
mg/kg; 5-HT,a receptor antagonist*>*®), WAY100635 (2 mg/kg; 5-HT1A receptor antagonist*’) or
vehicle, paired with psilocybin (1 mg/kg) or vehicle (Fig. 4A). For each of the 4 conditions in
MDL100907/vehicle + psilocybin/vehicle, we tested 4 male and 4 female animals. For each of
the 4 conditions in WAY100635/vehicle + psilocybin/vehicle, we tested 4 male and 4 female
animals. We did not find any notable difference in the results involving the vehicle +
psilocybin/vehicle conditions, therefore combined the data to produce Figs. 4B-D. The
remainder of the results are shown separately for MDL100907 + psilocybin/vehicle (Figs. 4E-G)
and WAY100635 + psilocybin/vehicle (Figs. 4H-J).
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Figure 4. Effects of 5-HT1a and 5-HT,a receptor antagonists on psilocybin-enhanced fear extinction.

(A) Experimental timeline. (B) Fraction of time spent freezing during habituation and different binned CS periods
during extinction on day 3. Black, vehicle + vehicle. Red, vehicle + 1 mg/kg psilocybin. Line, mean. Error bars, +
s.e.m.. Shown is the p-value (if <0.05) for between-group post hoc analysis between vehicle + vehicle and vehicle
+ 1 mg/kg psilocybin performed after generalized linear mixed effects model with fixed factors of antagonist,
psilocybin, time, as well as all 2- and 3-way interactions. (C) Similar to (B) for extinction retention on day 4. (D)
Similar to (B) for fear renewal on day 11. (E — G) Similar to (B) — (D) for MDL100907 + vehicle (teal) and
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MDL100907 + psilocybin (purple). Dashed line, the vehicle + vehicle data repeated from (B) — (D) for purpose of
comparison. (H —J) Similar to (B) — (D) for WAY100635 + vehicle (yellow) and WAY 100635 + psilocybin (orange).
Dashed line, the vehicle + vehicle data repeated from (B) — (D) for purpose of comparison. N = 64 including 8
males and 8 females for vehicle + vehicle, 8 males and 8 females for vehicle + psilocybin, and 4 males and 4
females each for MDL100907 + vehicle, MDL100907 + psilocybin, WAY100635 + vehicle, and WAY100635 +
psilocybin.

For extinction on day 3, the co-administration of a receptor antagonist altered the conditioned
freezing response (antagonist x drug interaction: F,, g70 = 3.604, p = 0.028; generalized linear
mixed effects model). Replicating our earlier result in Fig. 1E, vehicle + psilocybin mice froze
significantly less than vehicle + vehicle controls (p = 0.002; Fig. 4B). Mice with WAY100635,
regardless of whether they received psilocybin, froze less than vehicle + vehicle controls (p =
0.001; Fig. 4E). Conversely, mice with MDL100907, regardless of whether they received
psilocybin, increased freezing compared to vehicle + vehicle controls (p = 0.001; Fig. 4H). Our
interpretation is that, at the doses used, the receptor antagonists themselves significantly
altered the measurement of freezing response. Indeed, it has been shown that WAY100635
increases rearing in light box*” and MDL100907 reduces spontaneous motor activity in rats and
mice*®, which would affect the readout by our automated video analysis. In agreement with this
explanation, MDL100907-treated mice froze more than any other group during the 3-minute
habituation period prior to CS presentation (p < 0.01 in all cases; bin “Hab” in Fig. 4E).
Notwithstanding the confound of acute locomotor effects, mice that received receptor
antagonists appeared awake on day 3, and thus were expected to have still formed an

extinction memory.

For extinction retention on day 4, there was a significant antagonist x psilocybin x time
interaction (F2s s70 = 1.791; p = 0.007). Replicating our previous finding in Fig. 1F, vehicle +
psilocybin mice froze less than their vehicle + vehicle treated counterparts (p < 0.001; Fig. 4C).
MDL100907 + psilocybin and MDL100907 + vehicle animals froze at similar levels (Fig. 4F),
indicating that 5-HT,a receptor contributes to psilocybin’s effect on extinction retention. By
contrast, psilocybin remained effective relative to vehicle in mice that were co-administered with
WAY100635 (p = 0.025; Fig. 4l). For fear renewal on day 11, like Fig. 1G, vehicle + psilocybin
mice froze less than vehicle + vehicle mice (p = 0.002; Fig. 4D). No effect of psilocybin was
observed in MDL100907-treated mice, which froze at approximately control levels (Fig. 4G).
Similarly, no effect of psilocybin was observed in WAY100635-treated mice for fear renewal

(Fig. 4J). Collectively, these results provide evidence that psilocybin’s long-term effects on
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enhanced extinction relies on 5-HT, receptors, with the suppression of fear renewal in

unfamiliar context additionally dependent on 5-HT 4 receptors.

DISCUSSION

There are two main findings for this study. First, psilocybin enhances fear extinction, including
longer term effects in extinction retention and fear renewal in a novel context. Second, the effect
of psilocybin on fear extinction is dependent on dose, timing of administration, and contributions

from 5-HT,4 and 5-HT;4 receptors.

We found a dynamic dose-response relationship for psilocybin-enhanced extinction, as 0.5, 1
and 2 mg/kg psilocybin all reduced conditioned freezing for extinction acutely, but only the 1
mg/kg dose showed persisting effects in extinction retention and fear renewal. The dose
dependence may arise because fear extinction is a complex behavior moderated by concerted
changes in attention, arousal, and memory, which often exhibit U-shaped dose-effect
relationships*®*°. Interestingly, a previous study assessing psilocybin’s impact on acoustic
startle in rats came to a similar conclusion, identifying 1 mg/kg as the dose causing the greatest
extent of behavioral change, while doses beyond 4 mg/kg failed to elicit lasting effects™. We
explored potential sex difference in psilocybin’s dose-dependent behavioral effects. We
detected statistical differences but did not proceed to post hoc analyses because of few animals
per group when the data were fully segmented by sex and dose. Qualitatively, female mice had
a narrower dose-response relationship with 1 mg/kg as the optimal dose, whereas male mice
exhibited sensitivity to a wider range of psilocybin doses. These results highlight the importance
of testing different doses and sexes when evaluating psilocybin’s effects using preclinical

behavioral assays.

Psilocybin was only effective when administered prior to extinction, as injection before fear
conditioning or following extinction testing yielded no behavioral change. The timing of
administration, and by extension the context following drug administration, is therefore crucial
for psilocybin. The timing requirement is consistent with previous studies investigating the
effects of MDMA and low dose of scopolamine on fear extinction***, but differs sharply with
ketamine which can accelerate fear extinction and suppress fear renewal even when
administered well in advance®®. Moreover, the behavioral domain may matter because prior
work showed that psilocybin rescued stress-induced deficits in sucrose preference® and

learned helplessness® when administered 24 hours prior to testing. This raises an intriguing
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question of whether certain psychedelics and tasks may require concurrent behavioral
experience to produce their translationally important effects®**°. Thus, it is worth thinking
beyond the simple picture of drug-evoked synaptogenesis and ask how these novel synapses

are integrated into neural circuits in a behaviorally relevant manner for the appropriate context.

One caveat of the study is that although WAY100635 is a potent 5-HT; receptor antagonist®’, it
has the off-target effect of activating D, receptors®. The results in the WAY100635 experiment
may therefore be due in part to agonism of D, receptors. That said, there are previous studies
which corroborate the potential role of 5-HT ;4 receptors in mediating psilocybin’s action. Mice
lacking the 5-HT 4 receptor show heightened fear responses when encountering previously
conditioned cues in novel contexts®>”*®. Attenuating 5-HT1 receptor activity in novel contexts,
but not familiar ones, blocks induction of long-term potentiation of medial perforant path inputs
to the dentate gyrus™’. Yohimbine has been extensively tested as a potential agent for
enhancing fear extinction, and a potential target for its mechanism of action is 5-HTa
receptors®®. Moreover, our results agrees generally with prior studies showing the importance of
5-HT.a receptors in mediating psychedelics’ effects on various fear-based assays*®!"19213361
but here more specifically we highlight the importance for extinction at the long time scale.
Another caveat is that we rely on conditioned freezing as the sole readout of learned fear. This
is advantageous because the measurement was automated to eliminate experimenter bias.
However, the readout ignores other potential response strategies, which may be differentially
employed by male and female rodents®. In the future, it will be useful to compare the effects of
psilocybin on fear extinction retention using other readout methods and in other species, such

as humans where MDMA has been tested in preliminary studies®*®,

In summary, this study shows that psilocybin enhances fear extinction and suppresses fear
renewal long after the drug has been administered. Dose, context, and serotonin receptors are
contributing factors to psilocybin’s effects. The suppression of fear renewal is particularly
relevant for translation because this is an unmet need in the clinic. Thus, the findings provide a
detailed characterization of psilocybin’s effects on behavioral processes relevant to prolonged
exposure therapy. Moreover, the work adds further preclinical support for investigating the utility

of psilocybin as a pharmacological adjunct for extinction-based therapy for PTSD.

Acknowledgements



371
372
373
374
375
376
377
378
379
380
381
382
383
384
385
386
387

We thank Renu Sah and Michael Fanselow for advice on the behavioral studies. Psilocybin was
provided by Usona Institute’s Investigational Drug & Material Supply Program; the Usona
Institute IDMSP is supported by Alexander Sherwood, Robert Kargbo, and Kristi Kaylo in
Madison, WI. This work was supported by NIH grants RO1IMH128217 (A.C.K.); One Mind —
COMPASS Rising Star Award (A.C.K.); Rawlings Cornell Presidential Research Scholars
program (C.M.L.).

Contributions
S.C.W. and A.C.K planned the study. S.C.W. performed experiments. C.M.L. and A.M.K.
assisted with the experiments. S.C.W. analyzed the data. S.C.W. and A.C.K. drafted the

manuscript. All authors reviewed the manuscript before submission.

Competing interests
A.C.K. has served as a scientific advisor for Empyrean Neuroscience, Freedom Biosciences,
and Psylo. A.C.K. has received research support from Intra-Cellular Therapies. The other

authors report no financial relationships with commercial interests.



388
389
390
391
392
393
394
395
396
397
398
399
400
401
402
403
404
405
406
407
408
409
410
411
412
413
414
415
416
417
418
419
420
421

REFERENCES

(1)
(2)

©)

(4)

(5)

(6)

(7)

(8)

(9)

(10)

(11)

APA. Diagnostic and Statistical Manual of Mental Disorders (5th Ed.); 2013.

Taylor, S.; Thordarson, D. S.; Fedoroff, I. C.; Maxfield, L.; Lovell, K.; Ogrodniczuk, J.
Comparative Efficacy, Speed, and Adverse Effects of Three PTSD Treatments: Exposure
Therapy, EMDR, and Relaxation Training. J. Consult. Clin. Psychol. 2003, 71 (2), 330-
338. https://doi.org/10.1037/0022-006X.71.2.330.

Amoroso, T.; Workman, M. Treating Posttraumatic Stress Disorder with MDMA-Assisted
Psychotherapy: A Preliminary Meta-Analysis and Comparison to Prolonged Exposure
Therapy. J. Psychopharmacol. 2016, 30 (7), 595—-600.
https://doi.org/10.1177/0269881116642542.

Dibbets, P.; Havermans, R.; Arntz, A. All We Need Is a Cue to Remember: The Effect of
an Extinction Cue on Renewal. Behav. Res. Ther. 2008, 46 (9), 1070-1077.
https://doi.org/10.1016/j.brat.2008.05.007.

Rodriguez, B. I.; Craske, M. G.; Mineka, S.; Hladek, D. Context-Specificity of Relapse:
Effects of Therapist and Environmental Context on Return of Fear. Behav. Res. Ther.
1999, 37 (9), 845-862. https://doi.org/10.1016/S0005-7967(98)00106-5.

Barry, T. J.; Griffith, J. W.; Vervliet, B.; Hermans, D. The Role of Stimulus Specificity and
Attention in the Generalization of Extinction. J. Exp. Psychopathol. 2016, 7 (1), 143-152.
https://doi.org/10.5127/jep.048615.

Fenster, R. J.; Lebois, L. A. M.; Ressler, K. J.; Suh, J. Brain Circuit Dysfunction in Post-
Traumatic Stress Disorder: From Mouse to Man. Nat. Rev. Neurosci. 2018, 19 (9), 535—
551. https://doi.org/10.1038/s41583-018-0039-7.

VanElzakker, M. B.; Kathryn Dahlgren, M.; Caroline Davis, F.; Dubois, S.; Shin, L. M.
From Pavlov to PTSD: The Extinction of Conditioned Fear in Rodents, Humans, and
Anxiety Disorders. Neurobiol. Learn. Mem. 2014, 113, 3-18.
https://doi.org/10.1016/j.nIm.2013.11.014.

Bukalo, O.; Pinard, C. R.; Holmes, A. Mechanisms to Medicines!: Elucidating Neural and
Molecular Substrates of Fear Extinction to Identify Novel Treatments for Anxiety
Disorders. Br. J. Pharmacol. 2014, 171, 4690-4718. https://doi.org/10.1111/bph.12779.
Kelmendi, B.; Kaye, A. P.; Pittenger, C.; Kwan, A. C. Psychedelics. Curr. Biol. 2022, 32
(2), R63—R67. https://doi.org/10.1016/j.cub.2021.12.009.

McClure-Begley, T. D.; Roth, B. L. The Promises and Perils of Psychedelic
Pharmacology for Psychiatry. Nat. Rev. Drug Discov. 2022, 21 (6), 463-473.
https://doi.org/10.1038/s41573-022-00421-7.



422
423
424
425
426
427
428
429
430
431
432
433
434
435
436
437
438
439
440
441
442
443
444
445
446
447
448
449
450
451
452
453
454
455

(12)

(13)

(14)

(15)

(16)

(17)

(18)

(19)

Vargas, M. V.; Meyer, R.; Avanes, A. A.; Rus, M.; Olson, D. E. Psychedelics and Other
Psychoplastogens for Treating Mental lliness. Frontiers in Psychiatry. Frontiers Media
S.A. October 4, 2021. https://doi.org/10.3389/fpsyt.2021.727117.

Mitchell, J. M.; Bogenschutz, M.; Lilienstein, A.; Harrison, C.; Kleiman, S.; Parker-guilbert,
K.; G, M. O.; Garas, W.; Paleos, C.; Gorman, l.; Nicholas, C.; Mithoefer, M.; Carlin, S.;
Poulter, B.; Mithoefer, A.; Quevedo, S.; Wells, G.; Klaire, S. S.; Woolley, J. D.; Marta, C.;
Gelfand, Y.; Hapke, E.; Amar, S.; Wallach, Y.; Boer, A. De; Yazar-klosinski, B.; Emerson,
A.; Doblin, R. MDMA-Assisted Therapy for Severe PTSD: A Randomized, Double-Blind,
Placebo-Controlled Phase 3 Study. Nat. Med. 2021, 27 (June).
https://doi.org/10.1038/s41591-021-01336-3.

Mitchell, J. M.; Ot'alora G, M.; van der Kolk, B.; Shannon, S.; Bogenschutz, M.; Gelfand,
Y.; Paleos, C.; Nicholas, C. R.; Quevedo, S.; Balliett, B.; Hamilton, S.; Mithoefer, M.;
Kleiman, S.; Parker-Guilbert, K.; Tzarfaty, K.; Harrison, C.; de Boer, A.; Doblin, R.; Yazar-
Klosinski, B. MDMA-Assisted Therapy for Moderate to Severe PTSD: A Randomized,
Placebo-Controlled Phase 3 Trial. Nat. Med. 2023, 29 (10), 2473—-2480.
https://doi.org/10.1038/s41591-023-02565-4.

Young, M. B.; Andero, R.; Ressler, K. J.; Howell, L. L. 3,4-
Methylenedioxymethamphetamine Facilitates Fear Extinction Learning. Transl. Psychiatry
2015, No. August, 1-8. https://doi.org/10.1038/tp.2015.138.

Young, M. B.; Norrholm, S. D.; Khoury, L. M.; Jovanovic, T.; Rauch, S. A. M.; Reiff, C. M.;
Dunlop, B. W.; Rothbaum, B. O.; Howell, L. L. Inhibition of Serotonin Transporters
Disrupts the Enhancement of Fear Memory Extinction by 3,4-
Methylenedioxymethamphetamine (MDMA). Psychopharmacology (Berl). 2017, 234 (19),
2883-2895. https://doi.org/10.1007/s00213-017-4684-8.

Pedzich, B.; Rubens, S.; Sekssaoui, M.; Pierre, A.; Schuerbeek, A. Van; Marin, P. Effects
of a Psychedelic 5-HT2A Receptor Agonist on Anxiety- Related Behavior and Fear
Processing in Mice. Neuropsychopharmacology 2022, 47, 1304-1314.
https://doi.org/10.1038/s41386-022-01324-2.

Cameron, L. P.; Benson, C. J.; Dunlap, L. E.; Olson, D. E. Effects of N,N
Dimethyltryptamine on Rat Behaviors Relevant to Anxiety and Depression. ACS Chem.
Neurosci. 2018, 9, 1582-1590. https://doi.org/10.1021/acschemneuro.8b00134.

Werle, |.; Nascimento, L. M. M.; dos Santos, A. L. A.; Soares, L. A.; dos Santos, R. G;
Hallak, J. E. C.; Bertoglio, L. J. Ayahuasca-Enhanced Extinction of Fear Behaviour: Role
of Infralimbic Cortex 5-HT2A and 5-HT1A Receptors. Br. J. Pharmacol. 2024, No.



456
457
458
459
460
461
462
463
464
465
466
467
468
469
470
471
472
473
474
475
476
477
478
479
480
481
482
483
484
485
486
487
488
489

(20)

(21)

(22)

(23)

(24)

(25)

December 2023, 1-19. https://doi.org/10.1111/bph.16315.

Kelly, T. J.; Bonniwell, E. M.; Mu, L.; Liu, X.; Hu, Y.; Friedman, V.; Yu, H.; Su, W.;
McCorvy, J. D.; Liu, Q. song. Psilocybin Analog 4-OH-DiPT Enhances Fear Extinction
and GABAergic Inhibition of Principal Neurons in the Basolateral Amygdala.
Neuropsychopharmacology 2023. https://doi.org/10.1038/s41386-023-01744-8.

Zhang, G.; Sgeirsdottir, H. N.; Cohen, S. J.; Munchow, A. H.; Barrera, M. P.; Stackman,
R. W. Stimulation of Serotonin 2A Receptors Facilitates Consolidation and Extinction of
Fear Memory in C57BL/6J Mice. Neuropharmacology 2013, 64, 403-413.
https://doi.org/10.1016/j.neuropharm.2012.06.007.

Davis, A. K.; Barrett, F. S.; May, D. G.; Cosimano, M. P.; Sepeda, N. D.; Johnson, M. W_;
Finan, P. H.; Griffiths, R. R. Effects of Psilocybin-Assisted Therapy on Major Depressive
Disorder: A Randomized Clinical Trial. JAMA Psychiatry 2021, 78 (5), 481-489.
https://doi.org/10.1001/jamapsychiatry.2020.3285.

Carhart-Harris, R.; Giribaldi, B.; Watts, R.; Baker-Jones, M.; Murphy-Beiner, A.; Murphy,
R.; Martell, J.; Blemings, A.; Erritzoe, D.; Nutt, D. J. Trial of Psilocybin versus
Escitalopram for Depression. N. Engl. J. Med. 2021, 384 (15), 1402-1411.
https://doi.org/10.1056/nejmoa2032994.

Goodwin, G. M.; Aaronson, S. T.; Alvarez, O.; Arden, P. C.; Baker, A.; Bennett, J. C.;
Bird, C.; Blom, R. E.; Brennan, C.; Brusch, D.; Burke, L.; Campbell-Coker, K.; Carhart-
Harris, R.; Cattell, J.; Daniel, A.; DeBattista, C.; Dunlop, B. W.; Eisen, K.; Feifel, D.;
Forbes, M.; Haumann, H. M.; Hellerstein, D. J.; Hoppe, A. I.; Husain, M. I.; Jelen, L. A.;
Kamphuis, J.; Kawasaki, J.; Kelly, J. R.; Key, R. E.; Kishon, R.; Knatz Peck, S.; Knight,
G.; Koolen, M. H. B.; Lean, M.; Licht, R. W.; Maples-Keller, J. L.; Mars, J.; Marwood, L.;
McElhiney, M. C.; Miller, T. L.; Mirow, A.; Mistry, S.; Mletzko-Crowe, T.; Modlin, L. N.;
Nielsen, R. E.; Nielson, E. M.; Offerhaus, S. R.; O'Keane, V.; Paleni¢ek, T.; Printz, D.;
Rademaker, M. C.; van Reemst, A.; Reinholdt, F.; Repantis, D.; Rucker, J.; Rudow, S.;
Ruffell, S.; Rush, A. J.; Schoevers, R. A.; Seynaeve, M.; Shao, S.; Soares, J. C.; Somers,
M.; Stansfield, S. C.; Sterling, D.; Strockis, A.; Tsai, J.; Visser, L.; Wahba, M.; Williams,
S.; Young, A. H.; Ywema, P.; Zisook, S.; Malievskaia, E. Single-Dose Psilocybin for a
Treatment-Resistant Episode of Major Depression. N. Engl. J. Med. 2022, 387 (18),
1637-1648. https://doi.org/10.1056/nejmoa2206443.

Raison, C. L.; Sanacora, G.; Woolley, J.; Heinzerling, K.; Dunlop, B. W.; Brown, R. T.;
Kakar, R.; Hassman, M.; Trivedi, R. P.; Robison, R.; Gukasyan, N.; Nayak, S. M.; Hu, X;;
O’Donnell, K. C.; Kelmendi, B.; Sloshower, J.; Penn, A. D.; Bradley, E.; Kelly, D. F.;



490
491
492
493
494
495
496
497
498
499
500
501
502
503
504
505
506
507
508
509
510
511
512
513
514
515
516
517
518
519
520
521
522
523

(26)

(27)

(28)

(29)

(30)

(31)

(32)

(33)

(34)

Mletzko, T.; Nicholas, C. R.; Hutson, P. R.; Tarpley, G.; Utzinger, M.; Lenoch, K.;
Warchol, K.; Gapasin, T.; Davis, M. C.; Nelson-Douthit, C.; Wilson, S.; Brown, C.; Linton,
W.; Ross, S.; Griffiths, R. R. Single-Dose Psilocybin Treatment for Major Depressive
Disorder A Randomized Clinical Trial. JAMA 2023, 330 (9), 843-853.
https://doi.org/10.1001/jama.2023.14530.

Gukasyan, N.; Davis, A. K.; Barrett, F. S.; Cosimano, M. P.; Sepeda, N. D.; Johnson, M.
W.; Griffiths, R. R. Efficacy and Safety of Psilocybin-Assisted Treatment for Major
Depressive Disorder: Prospective 12-Month Follow-Up. J. Psychopharmacol. 2022, 36
(2), 151-158. https://doi.org/10.1177/02698811211073759.

Barrett, F. S.; Doss, M. K.; Sepeda, N. D.; Pekar, J. J.; Griffiths, R. R. Emotions and Brain
Function Are Altered up to One Month after a Single High Dose of Psilocybin. Sci. Rep.
2020, 10 (1), 1-14. https://doi.org/10.1038/s41598-020-59282-y.

Khan, A. J.; Bradley, E.; O’'Donovan, A.; Wooley, J. Psilocybin for Trauma-Related
Disorders. Disruptive Pharmacol. 2022, 319-332.

Chi, T.; Gold, J. A. A Review of Emerging Therapeutic Potential of Psychedelic Drugs in
the Treatment of Psychiatric llinesses. J. Neurol. Sci. 2020, 411 (August 2019), 116715.
https://doi.org/10.1016/j.jns.2020.116715.

Anderson, B. T.; Danforth, A.; Daroff, P. R.; Stauffer, C.; Ekman, E.; Agin-Liebes, G.;
Trope, A.; Boden, M. T.; Dilley, P. J.; Mitchell, J.; Woolley, J. Psilocybin-Assisted Group
Therapy for Demoralized Older Long-Term AIDS Survivor Men: An Open-Label Safety
and Feasibility Pilot Study. EClinicalMedicine 2020, 27, 100538.
https://doi.org/10.1016/j.eclinm.2020.100538.

Catlow, B. J.; Song, S.; Paredes, D. A,; Kirstein, C. L.; Sanchez-Ramos, J. Effects of
Psilocybin on Hippocampal Neurogenesis and Extinction of Trace Fear Conditioning.
Exp. Brain Res. 2013, 228 (4), 481-491. https://doi.org/10.1007/s00221-013-3579-0.
Rogers, S. A.; Heller, E. A.; Corder, G. Psilocybin-Enhanced Fear Extinction Linked to
Bidirectional Modulation of Cortical Ensembles. biorxiv 2024.
https://doi.org/10.1101/2024.02.04.578811.

Hagsater, S. M.; Pettersson, R.; Pettersson, C.; Atanasovski, D.; Naslund, J.; Eriksson,
E. A Complex Impact of Systemically Administered 5-HT2AReceptor Ligands on
Conditioned Fear. Int. J. Neuropsychopharmacol. 2021, 24 (9), 749-757.
https://doi.org/10.1093/ijnp/pyab040.

Shao, L. X.; Liao, C.; Gregg, |.; Davoudian, P. A.; Savalia, N. K.; Delagarza, K.; Kwan, A.

C. Psilocybin Induces Rapid and Persistent Growth of Dendritic Spines in Frontal Cortex



524
525
526
527
528
529
530
531
532
533
534
535
536
537
538
539
540
541
542
543
544
545
546
547
548
549
550
551
552
553
554
555
556
557

(35)

(36)

(37)

(38)

(39)

(40)

(41)

(42)

(43)

(44)

in Vivo. Neuron 2021, 109 (16), 2535-2544.e4.
https://doi.org/10.1016/j.neuron.2021.06.008.

Singh, S.; Botvinnik, A.; Shahar, O.; Wolf, G.; Yakobi, C.; Saban, M.; Salama, A.; Lotan,
A.; Lerer, B.; Lifschytz, T. Effect of Psilocybin on Marble Burying in ICR Mice: Role of 5-
HT1A Receptors and Implications for the Treatment of Obsessive-Compulsive Disorder.
Transl. Psychiatry 2023, 13 (1). https://doi.org/10.1038/s41398-023-02456-9.

Gruene, T. M.; Flick, K.; Stefano, A.; Shea, S. D.; Shansky, R. M. Sexually Divergent
Expression of Active and Passive Conditioned Fear Responses in Rats. Elife 2015, 4, 1-
9. https://doi.org/10.7554/elife.11352.

Davoudian, P. A.; Shao, L. X.; Kwan, A. C. Shared and Distinct Brain Regions Targeted
for Immediate Early Gene Expression by Ketamine and Psilocybin. ACS Chem. Neurosci.
2023, 14 (3), 468-480. https://doi.org/10.1021/acschemneuro.2c00637.

Martin, D. A.; Nichols, C. D. Psychedelics Recruit Multiple Cellular Types and Produce
Complex Transcriptional Responses Within the Brain. EBioMedicine 2016, 11, 262-277.
https://doi.org/10.1016/j.ebiom.2016.08.049.

Lai, C. S. W.; Franke, T. F.; Gan, W. B. Opposite Effects of Fear Conditioning and
Extinction on Dendritic Spine Remodelling. Nature 2012, 483 (7387), 87-92.
https://doi.org/10.1038/nature10792.

Xu, Z.; Geron, E.; Pérez-Cuesta, L. M.; Bai, Y.; Gan, W. B. Generalized Extinction of Fear
Memory Depends on Co-Allocation of Synaptic Plasticity in Dendrites. Nat. Commun.
2023, 14 (1). https://doi.org/10.1038/s41467-023-35805-9.

Marrone, D. F. Ultrastructural Plasticity Associated with Hippocampal-Dependent
Learning: A Meta-Analysis. Neurobiol. Learn. Mem. 2007, 87 (3), 361-371.
https://doi.org/10.1016/j.nim.2006.10.001.

Kleim, J. A.; Barbay, S.; Cooper, N. R.; Hogg, T. M.; Reidel, C. N.; Remple, M. S.; Nudo,
R. J. Motor Learning-Dependent Synaptogenesis Is Localized to Functionally
Reorganized Motor Cortex. Neurobiol. Learn. Mem. 2002, 77 (1), 63-77.
https://doi.org/10.1006/nime.2000.4004.

Kwan, A. C.; Olson, D. E.; Preller, K. H.; Roth, B. L. The Neural Basis of Psychedelic
Action. Nat. Neurosci. 2022, 25 (11), 1407-1419. https://doi.org/10.1038/s41593-022-
01177-4.

Savalia, N. K.; Shao, L. X.; Kwan, A. C. A Dendrite-Focused Framework for
Understanding the Actions of Ketamine and Psychedelics. Trends Neurosci. 2021, 44 (4),
260-275. https://doi.org/10.1016/j.tins.2020.11.008.



558
559
560
561
562
563
564
565
566
567
568
569
570
571
572
573
574
575
576
577
578
579
580
581
582
583
584
585
586
587
588
589
590
591

(45)

(46)

(47)

(48)

(49)

(50)

(51)

(52)

(53)

Kehne, J. H.; Baron, B. M.; Carr, A. A.; Chaney, S. F.; Elands, J.; Feldman, D. J.; Frank,
R. A.; Van Giersbergen, P. L. M.; Mccloskey, T. C.; Johnson, M. P.; Mccarty, D. R.;
Poirot, M.; Senyah, Y.; Siegel, B. W.; Widmaier, C. Preclinical Characterization of the
Potential of the Putative Atypical Antipsychotic MDL 100,907 as a Potent 5-HT2A
Antagonist with a Favorable CNS Safety Profile. J. Pharmacol. Exp. Ther. 1996, 277 (2),
968-981.

Sorensen, S. M.; Kehne, J. H.; Fadayel, G. M.; Humphreys, T. M.; Ketteler, H. J.;
Sullivan, C. K.; Taylor, V. L.; Schmidt, C. J. Characterization of the 5-HT2 Receptor
Antagonist MDL 100907 as a Putative Atypical Antipsychotic: Behavioral,
Electrophysiological and Neurochemical Studies. J. Pharmacol. Exp. Ther. 1993, 266 (2),
684—691.

Fletcher, A.; Forster, E. A; Bill, D. J.; Brown, G.; Cliffe, I. A.; Hartley, J. E.; Jones, D. E;
McLenachan, A.; Stanhope, K. J.; Critchley, D. J. P.; Childs, K. J.; Middlefell, V. C.;
Lanfumey, L.; Corradetti, R.; Laporte, A. M.; Gozlan, H.; Hamon, M.; Dourish, C. T.
Electrophysiological, Biochemical, Neurohormonal and Behavioural Studies with WAY-
100635, a Potent, Selective and Silent 5-HT1A Receptor Antagonist. Behav. Brain Res.
1995, 73 (1-2), 337-353. https://doi.org/10.1016/0166-4328(96)00118-0.

Baldi, E.; Bucherelli, C. The Inverted “U-Shaped” Dose-Effect Relationships in Learning
and Memory: Modulation of Arousal and Consolidation. Nonlinearity Biol. Toxicol. Med.
2005, 3 (1), nonlin.003.01.0. https://doi.org/10.2201/nonlin.003.01.002.

Calabrese, E. J. U-Shaped Dose Response in Behavioral Pharmacology: Historical
Foundations. Critical Reviews in Toxicology. August 2008, pp 591-598.
https://doi.org/10.1080/10408440802026307.

Davis, M.; Walters, J. K. Psilocybin: Biphasic Dose-Response Effects on the Acoustic
Startle Reflex in the Rat; 1977; Vol. 6.

Zelikowsky, M.; Hast, T. A.; Bennett, R. Z.; Merjanian, M.; Nathaniel, A.; Ponnusamy, R.;
Fanselow, M. S. Cholinergic Blockade Frees Fear Extinction from Its Contextual
Dependency. Biol. Psychiatry 2013, 73 (4), 345-352.
https://doi.org/10.1016/j.biopsych.2012.08.006.Cholinergic.

Girgenti, M. J.; Ghosal, S.; LoPresto, D.; Taylor, J. R.; Duman, R. S. Ketamine
Accelerates Fear Extinction via MTORC1 Signaling. Neurobiol. Dis. 2017, 100, 1-8.
https://doi.org/10.1016/j.nbd.2016.12.026.

Hesselgrave, N.; Troppoli, T. A.; Wulff, A. B.; Cole, A. B.; Thompson, S. M. Harnessing

Psilocybin: Antidepressant-like Behavioral and Synaptic Actions of Psilocybin Are



592
593
594
595
596
597
598
599
600
601
602
603
604
605
606
607
608
609
610
611
612
613
614
615
616
617
618
619
620
621
622
623
624
625

(54)

(55)

(56)

(57)

(58)

(59)

(60)

(61)

(62)

(63)

Independent of 5-HT2R Activation in Mice. Proc. Natl. Acad. Sci. U. S. A. 2021, 118 (17),
1-7. https://doi.org/10.1073/pnas.2022489118.

Yaden, D. B.; Griffiths, R. R. The Subjective Effects of Psychedelics Are Necessary for
Their Enduring Therapeutic Effects. ACS Pharmacol. Transl. Sci. 2021, 4 (2), 568-572.
https://doi.org/10.1021/acsptsci.0c00194.

Olson, D. E. The Subjective Effects of Psychedelics May Not Be Necessary for Their
Enduring Therapeutic Effects. ACS Pharmacol. Transl. Sci. 2021, 4 (2), 563-567.
https://doi.org/10.1021/acsptsci.0c00192.

Chemel, B. R.; Roth, B. L.; Armbruster, B.; Watts, V. J.; Nichols, D. E. WAY-100635 Is a
Potent Dopamine D4 Receptor Agonist. Psychopharmacology (Berl). 2006, 188 (2), 244—
251. https://doi.org/10.1007/s00213-006-0490-4.

Gross, C.; Santarelli, L.; Brunner, D.; Zhuang, X.; Hen, R. Altered Fear Circuits in 5-HT1A
Receptor KO Mice. Biol. Psychiatry 2000, 48 (12), 1157-1163.
https://doi.org/10.1016/S0006-3223(00)01041-6.

Klemenhagen, K. C.; Gordon, J. A.; David, D. J.; Hen, R.; Gross, C. T. Increased Fear
Response to Contextual Cues in Mice Lacking the 5-HT1A Receptor.
Neuropsychopharmacology 2006, 31 (1), 101-111.
https://doi.org/10.1038/sj.npp.1300774.

Sanberg, C. D.; Jones, F. L.; Do, V. H.; Dieguez, D.; Derrick, B. E. 5-HT1a Receptor
Antagonists Block Perforant Path-Dentate LTP Induced in Novel, but Not Familiar,
Environments. Learn. Mem. 2006, 13 (1), 52—-62. https://doi.org/10.1101/Im.126306.
Holmes, A.; Quirk, G. J. Pharmacological Facilitation of Fear Extinction and the Search
for Adjunct Treatments for Anxiety Disorders - the Case of Yohimbine. Trends
Pharmacol. Sci. 2010, 31 (1), 2—7. https://doi.org/10.1016/j.tips.2009.10.003.

de la Fuente Revenga, M.; Zhu, B.; Guevara, C. A.; Naler, L. B.; Saunders, J. M.; Zhou,
Z.; Toneatti, R.; Sierra, S.; Wolstenholme, J. T.; Beardsley, P. M.; Huntley, G. W_; Lu, C.;
Gonzélez-Maeso, J. Prolonged Epigenomic and Synaptic Plasticity Alterations Following
Single Exposure to a Psychedelic in Mice. Cell Rep. 2021, 37 (3).
https://doi.org/10.1016/j.celrep.2021.109836.

Vizeli, P.; Straumann, |.; Duthaler, U.; Varghese, N.; Eckert, A.; Paulus, M. P.; Risbrough,
V.; Liechti, M. E. Effects of 3,4-Methylenedioxymethamphetamine on Conditioned Fear
Extinction and Retention in a Crossover Study in Healthy Subjects. Front. Pharmacol.
2022, 13 (July), 1-12. https://doi.org/10.3389/fphar.2022.906639.

Maples-Keller, J. L.; Norrholm, S. D.; Burton, M.; Reiff, C.; Coghlan, C.; Jovanovic, T.;



626
627
628
629
630

Yasinski, C.; Jarboe, K.; Rakofsky, J.; Rauch, S.; Dunlop, B. W.; Rothbaum, B. O. A
Randomized Controlled Trial of 3,4-Methylenedioxymethamphetamine (MDMA) and Fear
Extinction Retention in Healthy Adults. J. Psychopharmacol. 2022, 36 (3), 368-377.
https://doi.org/10.1177/02698811211069124.



