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ABSTRACT: Psilocybin shows efficacy to alleviate depression in
human clinical trials for six or more months after only one or two
treatments. Another hallucinogenic drug, esketamine, has recently been
U.S. Food and Drug Administration (FDA)-approved as a rapid-acting
antidepressant. The mechanistic basis for the antidepressant effects of
psilocybin and ketamine appear to be conserved. The efficacy of these
two medications has not, however, been directly compared either
clinically or preclinically. Further, whether or not a profound subjective
existential experience is necessary for psilocybin to have antidepressant
effects is unknown. To address these questions, we tested psilocybin,
lysergic acid diethylamide (LSD), and ketamine in a rat model for
depression. As in humans, a single administration of psilocybin or LSD
produced persistent antidepressant-like effects in our model. In contrast,
ketamine produced only a transient antidepressant-like effect. Our
results indicate that classic psychedelics may have therapeutic efficacy that is more persistent than that of ketamine, and also suggest
that a subjective existential experience may not be necessary for therapeutic effects.
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■ INTRODUCTION

Currently marketed antidepressants are poorly efficacious,
requiring weeks of chronic dosing for symptomatic relief, and
many of those who suffer from major depressive disorder fail to
achieve complete remission.1,2 First-line pharmacotherapies,
frequently selective serotonin reuptake inhibitors, are poorly
efficacious, and nonpharmacological approaches such as bright
light therapy actually may have a greater antidepressant effect.3

Alternative pharmacotherapies such as tricyclic antidepressants
are associated with greater risk of adverse effects, including
weight gain, gastrointestinal and urinary retention, sexual
dysfunction, and cardiovascular problems. Furthermore, no
currently available antidepressants produce long-term anti-
depressant effects without chronic administration.
Recently, ketamine has been shown to have extremely rapid

antidepressant effects.4−7 Ketamine is an NMDA receptor
antagonist used as a sedative and anesthetic in human and
veterinary medicine. Ketamine infusion can produce sympto-
matic relief for major depression and suicidal ideation within
minutes,6 and it has been used off-label and in clinics across
the country to treat depression. Unfortunately, for patients
with treatment-resistant depression, ketamine is an efficacious
antidepressant only for approximately half of the people
infused, and the mean time to relapse of another depressive
episode is only 17 days.8 To prolong the antidepressant effect,

ketamine requires repeated clinical visits (typically 6 visits over
12 days),6 but symptomatic relief lasts only for about 5 weeks
before another round of infusion therapy is needed.
Significantly, in March 2019, the U.S. Food and Drug

Administration (FDA) approved clinical administration of
intranasal esketamine (the S-(+) enantiomer of ketamine)
through a restricted distribution system, and in conjunction
with standard antidepressants, for treatment-resistant depres-
sion.9 Although shown to be efficacious for treatment-resistant
depression, intranasal administration is similar to intravenous
infusion in that it requires repeated clinical administration.
Regardless, ketamine has provided a powerful context in which
to study pharmacological mechanisms that contribute to rapid
antidepressant effects of drugs.
Ketamine’s antidepressant effects are associated with

increased synaptic density in the hippocampus7 and medial
prefrontal cortex of rats7,10 and in rat cortical cell culture.11

These effects are consistent with neuroproliferation observed
with traditional antidepressants12−14 that has been associated
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with antidepressant effects. Additional recent studies indicate
that ketamine-related neuroproliferation and plasticity are
dependent on the mammalian target of rapamycin (mTOR)
signaling cascade,15,16 which is dysfunctional in humans
suffering from major depressive disorder.17 Like ketamine,
certain psychedelic compounds such as lysergic acid
diethylamide (LSD)18 and N ,N-dimethyltryptamine
(DMT)19 have been reported to have some antidepressant-
like behavioral effects in rodents, as well as to promote
neuroplasticity in rat cortical cell culture via a tropomyosin
receptor kinase B (TrkB) and mTOR-dependent mecha-
nism.11 All classic psychedelic compounds activate the
serotonin 5-HT2A receptor,20 several of which have been
shown to activate the Akt/mTOR pathway.21

Psilocybin, a psychedelic prodrug long excluded from
biomedical research due to legal restrictions and social stigma,
has been shown in multiple clinical trials to have rapid, long
lasting antidepressant22,23 and anxiolytic22,24,25 effects in
humans after only one or two acute treatment sessions.
These trials included strictly controlled and highly supervised
sensory environments incorporating several psychotherapy
sessions post drug administration to “integrate” the subjective
experience. There has been significant debate in the field as to
whether the therapeutic effects of psilocybin to treat
depression and anxiety are purely dependent on the
individuals’ subjective “peak” experience,26,27 or are physio-
logical in nature with the peak experience merely serving as a
biomarker for antidepressant efficacy.28

With psilocybin recently achieving Breakthrough Status by
the FDA for human Phase III clinical trials in the United
States, it is imperative that we gain a better understanding of
the mechanisms through which psychedelics can, after only
one or two treatments, produce positive and long lasting
antidepressant and anxiolytic effects persisting for six or more
months in patient populations. Further, in light of the recent
approval of esketamine to treat major depression, it is
unknown how the rapid and long lasting therapeutic effects
of psilocybin directly compare with ketamine. Ketamine also
has significant abuse liability, and there are certain safety issues
associated with its long-term use. Therefore, it is important to
determine comparative efficacy of psilocybin and ketamine
toward developing safe and effective therapeutic strategies in
the clinic for the treatment of depression.
In order to investigate these issues, we have tested the ability

of psilocybin, LSD, and ketamine to alleviate depressive-like
symptoms and anxiety in a rat model for depression.
Importantly, developing an animal model where psilocybin
and LSD have therapeutic effects similar to the human
demographic provides a context in which to investigate
fundamental biological mechanism(s) to elucidate the robust
and long lasting antidepressant and anxiolytic effects of
psilocybin and related drugs.

■ RESULTS AND DISCUSSION
Psilocybin, LSD, and Ketamine Do Not Cause

Persistent Stimulant or Sedative Effects. No differences
in overt locomotor activity (LCA) were observed between
treatment and control rats (Supplementary Figure S1).
Psychedelics Have Persistent Antidepressant-like

Effects. We performed a number of experiments in which
we administered intraperitoneal (IP) psilocybin (1 mg/kg),
LSD (0.15 mg/kg), ketamine (5.0, 20, or 100 mg/kg), or
saline, followed by evaluation for depressive-like behaviors at

various intervals between 1 and 5 weeks following injection
(Figure 1). Both psilocybin and LSD significantly reduced

depressive-like behaviors 5 weeks after administration,
although psilocybin’s effect size (d = 4.985) was far greater
than LSD’s (d = 0.863) (Figure 2A−C,G) at the doses we
used. Further, there was no indication of the effects decreasing
over time, suggesting that the therapeutic effects of a single
administration of psilocybin likely last far beyond the 5 weeks
we tested. In our first experiment, a nonsignificant trend of
reduced immobility by repeat measures psilocybin (rPSI, n =
8) rats in the forced swim test (FST) was observed 2 and 3
weeks following psilocybin administration, and rPSI rats were
significantly less immobile in the FST than saline (SAL, n = 8)
rats 4 weeks (p < 0.05) and 5 weeks (p < 0.05) following
psilocybin administration (Figure 2A). Interval psilocybin
(iPSI, n = 8) rats were significantly less immobile (p < 0.0001)
5 weeks following psilocybin treatment when compared to SAL
rats in their first FST analysis (Figure 2B). Immobility
reductions observed in iPSI rats were due to significantly
increased swimming (p < 0.0001) and climbing (p < 0.0001)
(Figure 2B). Consistent results were observed in our final
experiment, where psilocybin (PSI, n = 6) rats were
significantly less immobile than saline (SAL, n = 6) rats at 1
week (p < 0.0001) and 5 weeks (p < 0.001) following
psilocybin administration, due to increased swimming (p <
0.05 both weeks) (Figure 2G). LSD (n = 6) rats were
significantly less immobile in the FST 5 weeks following LSD
(p < 0.05) treatment, due to increased swimming (p < 0.05)
and climbing (p < 0.05) when compared to saline (SAL, n = 6)
rats (Figure 2C).

Figure 1. Experimental design. (A) Rats were injected with IP saline
or 1.0 mg/kg psilocybin (PSI) on day 0. Locomotor activity (LCA)
and forced swim test (FST) behaviors were assessed in SAL (n = 8)
and rPSI (n = 8) rats on days 7, 14, 21, 28, and 35, and elevated plus
maze (EPM) behaviors were assessed on day 41. (B) iPSI (n = 8) rats
were injected with 1.0 mg/kg PSI on day 0. LCA and FST behaviors
were assessed on day 35, and EPM behaviors were assessed on Day
41. The iPSI group was concurrent with SAL and rPSI shown above.
(C) Rats were injected with IP saline (n = 6) or LSD (n = 6) on day
0. LCA and FST behaviors were assessed on day 35, and EPM
behaviors were assessed on day 40. (D) Rats were injected with IP
saline, 5.0 mg/kg ketamine, or 1.0 mg/kg PSI on day 0. LCA and FST
behaviors were assessed on days 7 and 35, and EPM behaviors were
assessed on day 41.
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The reduced effect size of LSD may simply be due to
nonoptimization of dose size or to pharmacological differences
between these two drugs. We selected the psilocybin dose (1.0
mg/kg) using guidance from previously published literature,29

in which male rats given 1.0 mg/kg psilocybin displayed the
greatest behavioral changes without impaired locomotor
activity. Further, the results of a small pilot study we performed
in male Sprague−Dawley rats supported the antidepressant-
like efficacy of this dose. Our LSD dose (0.15 mg/kg) was
determined by estimations of relative potency at the target
receptor (5-HT2A), and potential off-target effects of LSD at
higher levels, with no pilot validating studies. All rats given
psilocybin or LSD displayed acute behavioral changes within
30 min of administration, such as limb abduction and forepaw
treading, that persisted less than 2 h. Both drugs elicited
substantial reduction of depressive-like behavior in the FST
several weeks after complete biological clearance of the drugs
(Figure 2A−C,G).
Low-Dose Ketamine Has a Transient Antidepressant-

like Effect. When comparing the antidepressant-like and
anxiolytic effects of psilocybin with the established anti-
depressant ketamine in a dose−response experiment, we found
only the lowest dose of ketamine (5.0 mg/kg) was efficacious
in our experimental system (Figure 2D), as 5.0 mg/kg, but not
20 or 100 mg/kg, ketamine significantly reduced immobility in
the FST 1 week (p < 0.001) and 2 weeks (p < 0.01) following
ketamine administration (Figure 2E). These results are
consistent with the human demographic,30 correlate to generic
allometric scaling of drug administration to rats,31 and are

consistent with literature reporting ketamine’s antidepressant-
like effect in WKY rats.32 However, the low dose ketamine is
inconsistent with the dosing strategy commonly used with
healthy rat strains such as Sprague−Dawley.10 In another
divergence from the literature, we did not observe FST
behavioral changes 24 h post ketamine treatment, but did 1
week and 2 weeks after, suggesting that the intrinsic behavioral
differences of WKY rats are due, at least in part, to neurological
structural deficiencies rather than simply reduced functionality.
Although low-dose ketamine significantly reduced depressive-
like behaviors, ketamine-related behavioral changes were
transient (Figure 2D) compared to those observed in iPSI
and LSD rats (Figure 2A,B). Immobility behaviors in the FST
displayed by rats given 5.0 mg/kg ketamine increased to
baseline by the third week following ketamine treatment
(Figure 2D). Consistent results were observed during our final
experiment, where ketamine (KET, n = 6) rats were
significantly less immobile than saline (SAL, n = 6) rats 1
week following ketamine administration (p < 0.0001), due to
increased swimming (p < 0.05) (Figure 2F), but 5 weeks after
ketamine treatment KET and SAL rats were statistically
indistinguishable from each other (Figure 2G). These results
are consistent with the human demographic,8,33 and they
support further investigation of the therapeutic properties of
drugs acting as 5-HT2A receptor agonists using appropriate
animal models.

Psilocybin Plus Repeated Open Field Exposure Has a
Persistent Anxiolytic Effect. Clinical researchers have
described the correlation between each individual’s subjective

Figure 2. Forced swim test. (A) Immobility in the FST by SAL (n = 8) and rPSI (n = 8) did not change significantly over time. However, t tests
found rPSI rats were less immobile than SAL rats on days 28 (p < 0.05) and 35 (p < 0.05). (B) iPSI (n = 8) rats were significantly less immobile
than SAL rats during their first FST session (p < 0.0001) and significantly more likely to swim (p < 0.0001) and climb (p < 0.0001) than SAL rats.
(C) LSD (n = 6) rats were significantly less immobile than SAL (n = 6, p < 0.05) rats, and significantly more likely to swim (p < 0.05) and climb (p
< 0.05). (D) Group 1 (n = 6) rats were given saline on day 0, and LCA and FST behaviors were assessed day 1 to establish control behaviors for
groups 1 and 2 (shown in E). 5.0 mg/kg KET did not alter immobility in the FST 1 day after injection (day 7), but it significantly reduced
immobility in the FST 1 week (p < 0.001) and 2 weeks (p < 0.01) after injection (days 21 and 28). No differences in immobility were observed 3,
4, or 5 weeks after injection when compared to saline (day 1). (E) Group 2 (n = 6) was studied concurrently with group 1 (shown in D) and
compared with group 1 saline (day 1) as control behaviors. No significant differences were observed within group 2 at 20 or 100 mg/kg, or between
group 2 and group 1 saline (day 1). (F) 5.0 mg/kg IP KET (n = 6) significantly reduced immobility (p < 0.0001), and increased swimming (p <
0.05) but not climbing in the FST 1 week after injection vs SAL (n = 6). 1.0 mg/kg IP PSI (n = 6) significantly reduced immobility (p < 0.0001),
and increased swimming (p < 0.05) but not climbing in the FST 1 week after injection vs SAL. (G) PSI significantly reduced immobility (p <
0.001), and increased swimming (p < 0.05) but not climbing in the FST 5 weeks (day 35) after injection vs SAL. No significant differences were
observed between PSI day 7 (shown in F) and PSI day 35. KET day 35 was not different from SAL days 7 or 35.
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experience and future outcomes as dependent upon “set and
setting”.26 Set and setting contextually contribute to each
individual’s comfort or sense of vulnerability during their
psychedelic experience and subsequent therapy sessions.
Although our experimental design was unable to quantify the
animals’ subjective experience, animals from all groups that
underwent weekly FST displayed progressively less locomotor
activity immediately prior to FST testing, but animals placed in
the open field arena weekly without subsequent FST
evaluation did not. rPSI, but not iPSI, rats spent significantly
more time in the open arms of the elevated plus maze (EPM)
(p < 0.05) and significantly less time in the closed arms of the
EPM (p < 0.05) than SAL rats (Figure 3A). LSD rats given a
single exposure to the open field arena (during LCA analysis
prior to FST) were indistinguishable from SAL rats given a
single exposure (Figure 3B). It is possible that the animals that
underwent weekly FST associated the open field arena with
FST analysis, which they dislike, and changed their locomotor
activity accordingly. Interestingly, weekly forays into the open
field arena, with or without subsequent FST, resulted in
psilocybin rats (rPSI and PSI) that displayed significantly less
anxiety-like behavior in the EPM than control rats (Figure
3A,C), whereas drug alone (Figure 3A,B) and ketamine with
weekly arena exposure did not (Figure 3C). PSI rats placed
within the open field arena during weekly 5 min sessions
(identical to LCA evaluation), but only those tested in the FST
the first and the fifth weeks following psilocybin treatment
spent significantly more time in the open arms (p < 0.05) and
significantly less time in the closed arms (p < 0.05) than SAL
rats. KET rats were not statistically different from SAL rats
(Figure 3C).
Antidepressant-Like Effects of Psilocybin Appear

Both Biological and Context-Dependent. Despite having
a rudimentary default mode network,34 and showing interest in
mirrors, video feed, and still images of other rats,35 rats are not
commonly believed to be among the menagerie of self-aware
animals. Thus, as far as modern science is able to determine,
rats do not have a sense of self and are incapable of having
existential anxiety, pondering the meaning behind their own
existence or fearing a reality in which they, as individuals, do
not exist. No one knows what the subjective experience of a rat
is after being given a psychedelic, but it is highly unlikely that
they are able to place that within the context of their life
experiences and utilize that knowledge therapeutically to

improve their affective state. Therefore, because psilocybin has
robust effects similar to those of other antidepressants in rats
that is very long lasting, which is similar to the long lasting
antidepressant effects of psilocybin to alleviate the symptoms
of depression in humans, we posit that the basis for the
antidepressant effects in humans is at its core biological in
nature, and that while correlated to antidepressant effect27 peak
ego dissolution subjective experiences following psilocybin
administration is not causational to antidepressant effect. These
biological processes could include cellular proliferation,
increased synaptic connectivity, and anti-inflammatory effects.
Drugs like LSD and psilocybin have been demonstrated to
elicit these types of changes in preclinical models, and these
types of physiological effects have each been associated with
antidepressant-like behavioral outcomes.32,36

Although we propose that the antidepressant-like effects are
primarily rooted in biological processes, our data suggest that
post drug administration environmental factors also play a
critical role in overall drug effects. Our results suggest that
psilocybin facilitates a period of behavioral flexibility in which
exploration of a non-home-cage environment reduces their
anxiety during future exploration of a novel environment (the
EPM, Figure 3A), but FST evaluation 1 week after psilocybin
blunts the antidepressant-like effect in the FST (Figure
2A,F,G). In this context, psilocybin may open a window
during which time certain experiences are salient to the
development of new coping strategies, similar to MDMA-
facilitated social learning reported in mice.37 As the FST
measures the coping strategies of rodents challenged with the
threat of drowning, successfully surviving the first trial by
floating may make rats given psilocybin more likely to use this
coping strategy in the future, whereas rats given psilocybin and
not subjected to FST for 5 weeks choose active coping
strategies. Interestingly, that is not true of ketamine, as
ketamine’s antidepressant-like effect was independent of
repeated FST, but transient (Figure 2D,G) and no anxiolytic
effect was observed (Figure 3C). Therefore, overall efficacy in
humans is likely a combination of both the acute neurological
effects of the drug and subjective, contextual experiences
during and/or immediately following the drug administration
session.

Figure 3. Elevated plus maze. (A) rPSI (n = 7 due to exclusion) spent significantly more time in the open arms of the EPM (p < 0.05) and
significantly less time in the closed arms of the EPM (p < 0.05) than SAL (n = 8). No differences were observed between iPSI and SAL rats. (B) No
differences were observed between LSD (n = 6) and SAL (n = 6) rats. C) PSI (n = 6) rats spent significantly more time in the open arms (p < 0.05)
and significantly less time in the closed arms (p < 0.05) than SAL rats. KET (n = 6) rats were not statistically different from SAL (n = 6) rats.
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■ CONCLUSIONS
The antidepressant-like and anxiolytic effects of psychedelics
are measurable and significant in males of a rat experimental
system that has been used by several other groups over many
decades for the study of mood disorders in humans. These
effects are evident many weeks after administration, are more
persistent than those of ketamine, and are modulated by the
rats’ experiences in the first week following administration. The
more persistent therapeutic effects of a single administration of
psilocybin compared to ketamine in our experimental system
support the notion that serotonin 5-HT2A receptor directed
therapeutic strategies may be superior to ketamine-based
treatments in the clinic for depression. Finally, our
experimental rodent system, which recapitulates the major
features of psilocybin to treat depression in human patients,
may represent a valuable system to utilize for the elucidation of
molecular, cellular, and genetic mechanisms underlying the
ability of psilocybin to produce the robust and long lasting
antidepressant effects found in human clinical trials toward
developing new and effective therapeutic strategies for treating
depression.

■ METHODS
Animals. Results of a small pilot study we performed in healthy

Sprague−Dawley rats indicated that although psilocybin’s antide-
pressant-like effects persist for at least a month or longer after drug
administration, they may not appear for a week or more after drug
administration. This potential delayed efficacy excluded the use of
chronic stress models of depression for evaluation in a model of
depression because these models require testing immediately after 21
consecutive days of stress.38,39 We chose to use a selectively bred rat
strain, but we excluded the more commonly used Flinders Sensitive
Line (FSL) rats, as FSL rats have abnormally low central 5HT2A
mRNA expression40,41 and esketamine-related changes in the
depressive-like behavior of that strain has been shown to be
independent of the 5HT2A receptor and instead be 5HT1B-
dependent.36 Given that the antidepressant effects of psychedelics
are believed to be directly related to 5HT2A agonism,20 it is
unsurprising that a recent study found no antidepressant-like effects of
psilocybin in FSL rats.42 Therefore, we chose to use the Wistar−
Kyoto (WKY) rat, a less frequently used but well established and
validated intrinsic model for the study of depression and anxiety
vulnerability.32,43−52 WKY rats display high immobility in the
FST,32,43,45−47,51,53 increased anxiety-like behaviors,44,54 and an
elevated stress response compared to control rats.48,51,52 As very
few publications have reported measures of baseline behaviors in
female WKY rats, or their response to antidepressants, females were
excluded from this study, but will be examined in future studies.
Male WKY rats aged 50−56 days were obtained from Charles River

and allowed to habituate to the colony room for at least 7 days prior
to drug administration. Rats were pair-housed with a standard 12:12
light−dark cycle, handled daily, and given ad libitum access to water
and food. All protocols were approved by the Institutional Animal
Care and Use Committee and were consistent with the Guide, eighth
edition.
Drugs. Psilocybin (PSI) and lysergic acid diethylamide tartrate

(2:1) (LSD) were provided by the National Institute on Drug Abuse
(Bethesda, MD), and ketamine (KET) was obtained from the
LSUHSC Division of Animal Care and supplied by Henry Schein
Animal Health (Dublin, OH). A single bolus injection of sterile saline
or drug in saline vehicle was administered in a volume of 1 mL/kg
intraperitoneally (IP) to each rat corresponding to their assigned
treatment groups (day 0) (PSI = 1.0 mg/kg; LSD = 0.15 mg/kg; KET
= 5.0, 20, or 100 mg/kg). Route of administration and dosing regimen
were chosen using guidance from the literature,10,29,32,55 a small pilot
study, and in consultation with Dr. David E. Nichols (Purdue
Univeristy).

Experimental Design. Persistent Antidepressant-like and
Anxiolytic Effects of Psilocybin. To evaluate the antidepressant-like
effects of a single injection of psilocybin in male WKY rats, three
treatment groups were defined as saline (SAL, n = 8), repeat measures
psilocybin (rPSI, n = 8), and interval psilocybin (iPSI, n = 8). Rats
were treated on day 0. SAL and rPSI groups underwent a single FST
pre-exposure on day 6 post-treatment and were tested in the FST on
days 7, 14, 21, 28, and 35. The iPSI group was pre-exposed to the FST
on day 34 post-treatment and was tested in the FST on day 35. All
rats were tested for anxiety-like behaviors in the EPM on day 41. iPSI
FST scores were compared with SAL FST scores from day 7 to avoid
potential confounding by repeat measures. An interval-saline group
was determined to be redundant, as there is no evidence that the
slight age difference in these rats affects FST behavior, and previously
published literature has established that FST behaviors throughout
this age range is consistent.56,57 Thus, we excluded the redundant
control group for ethical animal resource use.58 Further, our design
allowed for within-subject comparison. LCA was assessed in the open
field immediately prior to each FST (Figure 1A,B).

Persistent Antidepressant-like Effects of LSD. To evaluate the
long-term antidepressant-like effects of a single injection of LSD in
male WKY rats, two treatment groups were defined as saline (SAL, n
= 6) and LSD (LSD, n = 6). Rats were treated on day 0, pre-exposed
to the FST on day 34 post-treatment, and then tested for depressive-
like behaviors in the FST on day 35. LCA was assessed in the open
field immediately prior to the FST. Rats were tested for anxiety-like
behaviors in the EPM on day 40 (Figure 1C).

Ketamine Dose−Response. To determine an antidepressant-like
dose of ketamine in male WKY rats and to determine the persistence
of ketamine’s antidepressant-like effect, rats were given saline or
ketamine (5, 20, or 100 mg/kg) IP and tested weekly in the FST.
Group 1 rats (n = 6) were given saline 2 days prior to the first FST
and 5 mg/kg a day prior to the second FST. Group 2 rats (n = 6)
were given 20 mg/kg ketamine 2 days prior to the first FST and 100
mg/kg a day prior to the fifth FST (Figure 2D-E).

Salience of Experience to Behavioral End points of Psilocybin
and Ketamine. To evaluate the contribution of experience to
anxiolytic effect and apparent reduction in antidepressant-like effect of
psilocybin observed in rPSI rats, three treatment groups of male WKY
rats were defined as saline (SAL, n = 6), ketamine (KET, 5.0 mg/kg, n
= 6), and psilocybin (PSI, n = 6). Rats were treated on day 0, pre-
exposed to the FST on day 6, and tested for depressive-like behaviors
in the FST on day 7. All rats were placed individually in the open field
arena for 5 min sessions once per week for the next 3 weeks, pre-
exposed to the FST for a second time on day 34, and tested for
depressive-like behaviors at day 35. LCA was assessed in the open
field arena immediately prior to each FST. Rats were tested for
anxiety-like behaviors in the EPM on day 41 (Figure 1D).

Forced Swim Test. To test for the effects of psilocybin on
depressive-like behavior, we used the FST as our primary outcome
measure. The FST is a behavioral despair paradigm often used to
measure depressive-like behavior and to screen for antidepressant-like
effects in rats.59 The FST interprets immobility, a passive coping
strategy, as a depressive-like behavior, and reductions in immobility as
evidence of antidepressant-like effect.57,59 The FST measures coping
strategies that are not solely mediated by neurocircuits known to be
dysfunctional in the human demographic and thus lacks construct
validity. However, it remains the most reliable measure of passive
coping strategy, a depressive-like behavior, in both male and female
rats,60,61 as measures of anhedonia like the sucrose preference test
have been shown to be inconsistent in females60,61 and negatively
correlated to behavioral despair independent of chronic stress
paradigms.62 The FST can be used to screen for antidepressant-like
action of drugs given to otherwise healthy rats,57,60 for depressive-like
behaviors in animal models of depression,63,64 or for antidepressant-
like action of drugs given to animals modeling depression.63−65 Our
use of the term “antidepressant-like” when referring to the effects of
psilocybin here are in reference to the published effects of
antidepressants typically used to treat humans on rat behaviors, and
not to the effects of antidepressants on human behaviors. As the FST
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measures active behaviors, overall locomotor activity also must be
assessed immediately prior to the FST to control for nonspecific
sedative or stimulant effects that might otherwise lead to false positive
or negative results.57 Increased immobility or activity in the FST is
only meaningful if overall locomotor activity is unchanged, which we
found to be the case in each of our experiments. A 15 min pre-
exposure to the paradigm is required to elicit measurable depressive-
like behavior in otherwise healthy rats. It had been widely assumed
that each subsequent/additional exposure to an FST would increase
immobility.66 This assumption was shown to be false in a 2011 study
that used a single 15 min pre-exposure and weekly FST.66 Multiple
experiments were performed during our study, using both repeat
measures and interval testing. While there is evidence of differences in
FST behavior between distinct phases of a rat’s life, prepubertal (<4
weeks), adult (2−18 months), and aged rats (18 months),56 all tests
in this study occurred during the same phase, young adulthood (9−15
weeks),67 during which time FST behaviors are known to be
consistent. Thus, we chose to reduce animal resources in studies with
repeat measures by comparing our interval-tested treatment groups
with the first FST of the repeatedly tested saline groups. Although our
intent was not to confirm the validity of repeat measures FST, our
results are consistent with those of Mezadri et al.,66 in that we found
repeated exposure to the FST did not increase or decrease immobility
in control rats. However, antidepressant-like effects in animals given
psilocybin and repeatedly exposed to the FST were not as robust as in
those given the same drug, but only exposed to a single FST. We
address this finding in the Results and Discussion section.
FST was conducted as previously described with some

modifications.57 During the pre-exposure, rats were placed into a
plastic cylindrical tank (114 cm × 30.5 cm) that contained 30 cm of
water at 28−30 °C. The water depth was such that the rats could not
support themselves by touching the bottom of the tank with their
hind paws, and their tails could not touch the bottom of the tank
while keeping their noses above water. After a 15 min swim, the rats
were removed, dried with paper towels, and replaced in their home
cages. Fresh water was used for each animal. At the time of testing, a
video camera was mounted to the side of the tank, and the rats were
exposed to a 5 min swim under the conditions described above and
then removed, dried with paper towels, and returned to their home
cages. The 5 min swim was recorded for later scoring for immobility,
swimming, climbing, or diving. FST scoring was performed by trained
scorers blind to the treatment options and employed the modified
sampling technique.57 Immobility was defined as no active attempts to
escape while maintaining a floating posture in which the rats make
only the movements necessary to keep their heads above water.
Swimming was defined as actively attempting escape with motions
directed outward against the wall of the cylinder. Climbing was
defined as actively attempting escape with motions directed upward
against the wall of the cylinder. Diving was defined as actively
attempting escape with motions directed downward below the water
and the head of the rat submerged. Significantly greater immobility
than control (SAL) rats indicates depressive-like behavior, and
significantly less immobility indicates an antidepressant-like effect.
Significantly increased swimming may suggest increased serotonergic
signaling, and significantly increased climbing may suggest increased
noradrenergic signaling. Diving is rarely observed and not correlated
with specific neurotransmitter activity or drugs known to influence
specific neurotransmitter activity.57 No diving was observed during
this study; thus, the behavior was not included in our results or
analyses. Behaviors were manually scored by two independent
observers blind to the treatments.
Locomotor Activity. Locomotor activity was assessed immedi-

ately prior to each FST in order to prevent confounding by
nonspecific sedative or stimulant effects. LCA assessment was
performed by placing each rat into a square open field arena (61 ×
61 cm2) with opaque walls 45 cm high and allowing the rats to explore
freely for 5 min. The rats’ movements within the arena were recorded
and later scored for distance traveled (cm) using EthoVision XT 8.5
tracking software (Noldus Information Technology).

Elevated Plus Maze. To test for anxiety-like behavior we used the
EPM, a widely used approach-avoidance assay that exploits the
conflict between exploration behaviors and defensive thigmotaxis in a
novel environment.68 The EPM was conducted as previously
described.68 The maze apparatus consists of four equally sized arms,
two of which are open runways and two of which are enclosed by
walls. Each rat was allowed to habituate to the testing room for at least
15 min prior to exposure to the maze. After habituation, rats were
placed at the junction (10 × 10 cm2) of the four arms of the maze
(114 × 114 × 114 cm3 externally, runways 50 × 10 cm2) facing an
open arm and allowed to explore freely for 5 min during which time
an overhead camera recorded their movements. Video recordings of
the sessions were scored for time spent in the open arms, the closed
arms, and the junction of the open and closed arms using EthoVision
8.5 (Noldus Information Technology). Although EPM data are
traditionally presented as a ratio of open/closed arms, two rPSI rats
never entered the closed arms. Thus, we chose to present EPM data
as time spent in the open and closed arms during the 5 min (300 s)
assay and to not report time spent in the hub/center of the EPM.

Statistical Analyses. Group sizes were determined using power
analysis for a two-tailed t test, and conservative estimates based upon
previously published literature53 (μ0 = 45, μ1 = 35, σ = 7, α = 0.05,
power = 0.80). Data were compared by t test or two-way ANOVA
with repeated measures and Holm−Sidak posthoc using Prism
software (Graphpad, La Jolla, CA), and significant results from
relevant comparisons are summarized in Supplementary Table 1. Data
are expressed in figures as mean ± standard error of the mean.

Exclusions. During our first experiment, one rPSI rat was excluded
from the EPM analysis due to confounding environmental disruptions
during his trial. Thus, rPSI n = 7 for EPM behavior for that
experiment. However, because FST and EPM behaviors are
independent of each other, the rat excluded from EPM analysis was
not excluded from the FST analysis, so that for FST n = 8 for all
groups in that experiment. During the ketamine dose−response study,
the first two LCA sessions suffered from equipment failure that
resulted in exclusion of LCA data for those sessions. However, as no
differences were observed in FST behavior corresponding to the
excluded LCA sessions, the excluded LCA data were not needed for
accurate FST analysis.
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