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ABSTRACT

While correlations between drug-induced cortisol elevation, self-reported anxiety, and treatment
outcomes have been reported for human studies during psilocybin-assisted psychotherapy, the
mechanistic relationship between psychedelic-associated alterations in plasma glucocorticoid
responses and the time course of anxious responsiveness remains unclear. Using rodents, both
time-bound manipulation of glucocorticoid concentrations and assessment of anxiety-like
behaviors can be achieved. Here, 3 mg/kg IP psilocybin was found to have anxiolytic-like effects
in C57BL/6 male mice at 4 h after treatment. These effects were not altered by pretreatment with
a 5-HT2a A antagonist but were blunted by pretreatment with a glucocorticoid receptor antagonist
or suppression of psilocybin-induced corticosterone elevations. Anxiolytic-like effects were also
observed at 4 h following treatment with the nonpsychedelic 5-HT2a agonist lisuride at a dose
causing a similar increase in plasma glucocorticoids as that seen with psilocybin, as well as
following stress-induced (via repeated injection) glucocorticoid release alone. Psilocybin’s
anxiolytic-like effects persisted at 7 days following administration. The long-term anxiolytic effects
of psilocybin were lost when psilocybin was administered to animals with ongoing chronic
elevations in plasma corticosterone concentrations. Overall, these experiments indicate that
acute, resolvable psilocybin-induced glucocorticoid release drives the post-acute anxiolytic-like
effects of psilocybin in mice and that its long-term anxiolytic-like effects can be abolished in the
presence of chronically elevated plasma glucocorticoid elevations.

In light of these findings, it is crucial to consider the pharmacokinetic properties of
psilocybin and its derivatives. Psilocybin is a Schedule | substance that is dephosphorylated in
vivo to form an active metabolite, psilocin. Psilacetin, also known as O-acetyl psilocin or 4-
acetoxy-N, N-dimethyltryptamine (4-AcO-DMT), is an unscheduled compound that has long been

suggested as an alternative psilocin prodrug. However, direct in vivo support for this hypothesis
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has thus far been lacking. This study employed liquid chromatography-tandem mass
spectrometry (LC-MS/MS) to assess the time-course and plasma concentrations of psilocin
following the intraperitoneal (IP) administration of psilacetin fumarate or psilocybin to male and
female C57BI6/J mice. Direct comparisons of the time courses for psilocin exposure arising from
psilocybin and psilacetin found that psilocybin led to 10-25% higher psilocin concentrations than
psilacetin at 15-min post-injection. The half-life of psilocin remained approximately 30 min,
irrespective of whether it came from psilocybin or psilacetin. Overall, the relative amount of
psilocin exposure from psilacetin fumarate was found to be approximately 70% of that from
psilocybin. These findings provide the first direct support for the long-standing assumption in the
field that psilacetin functions as a prodrug for psilocin in vivo. In addition, these results indicate
that psilacetin fumarate results in lower peripheral psilocin exposure than psilocybin when dosed
on an equimolar basis. Thoughtful substitution of psilocybin with psilacetin fumarate appears to
be a viable approach for conducting mechanistic psychedelic research in C57BI6/J mice.
Beyond these specific findings, there is considerable evidence from the literature that
psychedelics, such as N, and N-dimethyltryptamine (DMT), are safe and effective treatments for
depression. However, clinical administration to induce psychedelic effects and expensive
psychotherapy-assisted treatments likely limit accessibility to the average patient. There is
emerging evidence that DMT promotes positive behavioral changes in vivo at sub-hallucinogenic
dosages, and depending on the target indication, subjecting patients to high, bolus dosages may
not be necessary. Due to rapid metabolic degradation, achieving target levels of DMT in subjects
is difficult, requiring IV administration, which poses risks to patients during the intense
hallucinogenic and subjective drug effects. The chemical and physical properties of DMT make it
an excellent candidate for non-invasive, transdermal delivery platforms. This paper outlines the
formulation development, in vitro, and in vivo testing of transdermal drug-in-adhesive DMT

patches using various adhesives and permeation enhancers. In vivo behavioral and
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pharmacokinetic studies were performed with lead patch formulation (F5) in male and female
Swiss Webster mice. The resulting DMT levels in plasma and brain samples were quantified using
LC/MS/MS. Notable differences were seen in female versus male mice during IV administration;
however, transdermal administration provided consistent, extended drug release at a non-
hallucinogenic dose. The IV half-life of DMT was extended by 20-fold with administration of the
transdermal delivery system at sub-hallucinogenic plasma concentrations not exceeding 60
ng/mL. Results of a translational head twitch assay (a surrogate for hallucinogenic effects in non-
human organisms) were consistent with the absence of hallucinations at low plasma levels
achieved with our TDDS. Despite the reported low bioavailability of DMT, the non-invasive
transdermal DMT patch F5 afforded an impressive 77 % bioavailability compared to IV at two
dosages. This unique transdermal delivery option has the potential to provide an out-patient
treatment option for ailments not requiring higher bolus doses. It is especially intriguing for

therapeutic indications requiring non-hallucinogenic alternatives.
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CHAPTER 1: INTRODUCTION

1.1 Psychiatric Disorders and Antidepressant Use in the United States

Psychiatric disorders have become an increasingly prevalent concern, afflicting 47.6
million people in the United States (1,2). Among these, major depressive disorder (MDD) affects
17.3 million American adults, accounting for 7.1% of the total US adult population each year (3,4).
Figure 1 illustrates the prevalence of major depressive episodes among U.S. adults aged 18 or
older in 2021. In 2021, an estimated 21.0 million adults in the United States experienced at least
one major depressive episode, representing 8.3% of the total U.S. adult population (3,4). The
prevalence data presented here for major depressive episodes are from the 2021 National Survey
on Drug Use and Health (NSDUH). To understand the scale and impact of depression, it's
essential to look at how major depressive episodes are defined. The NSDUH study definition of
a major depressive episode is based mainly on the 5th edition of the Diagnostic and Statistical
Manual of Mental Disorders (DSM-5): “a period of at least two weeks when a person experienced
a depressed mood or loss of interest or pleasure in daily activities, and had a majority of specified
symptoms, such as problems with sleep, eating, energy, concentration, or self-worth” (3,4). Given
the high prevalence of depression, it is not surprising that more than 32 million individuals aged
12 and older take antidepressants daily, and one in ten Americans over 18 are on antidepressants
(5). Consequently, finding alternative and more effective treatment options for MDD have become
a significant concern, as first-line therapeutics fail to treat two-thirds of patients effectively (5-8).
These alarming statistics underscore the limitations of current antidepressant medications and
highlights the need for improved treatment strategies and the evaluation of current therapeutic

approaches.



Past Year Prevalence of Major Depressive Episode Among
U.S. Adults (2021)

Data Courtesy of SAMHSA
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Figure 1: Past Year Prevalence of Major Depressive Episodes Among U.S. Adults
(2021). This figure illustrates the prevalence of major depressive episodes among U.S. adults aged 18 or
older in 2021, categorized by sex, age, and race/ethnicity. The data courtesy of the Substance Abuse and
Mental Health Services Administration (SAMHSA) and the figure taken from the NMIH website on the

prevalence of depression.

To better understand and address these treatment challenges, The Sequenced Treatment
Alternatives to Relieve Depression (STAR*D) study, a large-scale clinical trial funded by the
National Institutes of Health, aimed to address the effectiveness of antidepressant treatments (6).
This study is one of the most comprehensive investigations into MDD treatments, enrolling 4,041
participants across various treatment settings. Remarkably, the study revealed that only 25% of
patients demonstrated a clinical response when taking antidepressants in conjunction with
therapy over a one-year period. Only about 30% of participants achieved remission after the first
treatment step. With subsequent steps, the cumulative remission rate increased to approximately
67%, indicating that multiple treatment attempts are often necessary (6,7). Furthermore, these
findings emphasize the necessity for continued research and development of more effective

treatment approaches. They also illustrate the importance of personalized and adaptive treatment



plans, acknowledging that multiple treatment attempts may be necessary to achieve remission.
The STAR*D study's multi-step process, involving various medication options and therapeutic
interventions, provides a valuable framework for understanding and improving the management
of MDD. The study underscores the complexity and challenges of treating MDD. In conclusion,
despite being one of the most comprehensive investigations into MDD treatment, it revealed that
a significant portion of patients do not achieve remission with initial antidepressant therapy.
Building on these findings, recent studies and meta-analyses have provided updated
insights into the efficacy of selective serotonin reuptake inhibitors (SSRIs) and other
antidepressant medications. Recent data suggest that the response rate to antidepressants is
around 50-60%, with remission rates varying between 30-50% depending on the population and
specific medication as seen in Table 1 (8—-10). SSRIs, such as fluoxetine and sertraline, remain
among the most commonly prescribed antidepressants. However, not all patients respond
adequately to these traditional medications, highlighting the need for alternative treatment
options. In response to this challenge, the introduction of novel antidepressants like Vortioxetine©
and Esketamine®© has provided alternative options and additional avenues for patients who do
not benefit from SSRIs (10,11). These medications have shown promise in clinical trials, with

response rates comparable to or slightly higher than older medications.



Efficacy of Various Antidepressant Medications

SSRls (e.g., fluoxetine, sertraline) 50-60% 30-40% Widely used, generally well-tolerated

Bupropion 50-60% 30-40% Favorable side effect profile

Esketamine 50-70% 40-50% Rapid-acting, used for treatment-resistant depression

Table 1: Efficacy of Antidepressant Medications. Presents the efficacy of various antidepressant
medications, comparing response and remission rates based on recent studies and meta-analyses. Recent
Efficacy of SSRIs and Antidepressants: Cipriani et al., (2018) in The Lancet. Newer Antidepressant
Medications: Thase et al., (2016) from ScienceDirect and Daly et al., (2019), from JAMA Psychiatry.

The STAR*D study and recent statistics underscore the complexity of treating MDD and
the inherent variability in patient response to antidepressant medications. While SSRIs and newer
medications offer valuable treatment options, the high rates of treatment resistance and partial
responses highlight the need for continued research and the development of more effective
therapeutic strategies. Given that traditional antidepressants fail to achieve effective outcomes
for approximately two-thirds of patients, there has been a growing interest in exploring new
therapeutic options. In this context, there has been a growing interest in exploring alternative
treatments. This search has led to the resurgence of psychedelic substances, which, despite long-
standing stigmatization and legal restrictions, have re-emerged as promising candidates for

psychiatric therapy.

1.2 Psychedelic-Assisted Therapy and It’s Promising Therapeutic Potential

Psychedelic substances, long stigmatized and restricted, have re-emerged as promising
candidates for psychiatric therapy. Compounds, such as psilocybin from ‘Psilocybe’ containing
mushrooms and N, N-Dimethyltryptamine (DMT) brewed from the Banisteriopsis caapi vine, have

a rich history of use spanning centuries in various traditional cultures (12—15). Indigenous peoples



in regions like the Amazon, Mexico, and North America have long harnessed the profound effects
these substances can have on consciousness, emotional well-being, and communal bonding.
Historically, shamans or healers in these cultural contexts employed psychedelics to facilitate
visionary experiences, promote psychological healing, and strengthen connections with the
spiritual world (16—18). These compounds were often integral to ceremonies and rituals, serving
as personal and communal transformation tools. In the Amazon, ayahuasca—a potent brew made
from the Banisteriopsis caapi vine and other plants—containing DMT has been used by
indigenous tribes for centuries. Shamans would lead ayahuasca ceremonies, guiding participants
through intense, often transformative journeys aimed at healing emotional wounds, gaining
spiritual insights, and connecting with the natural and spiritual realms (14,15,17). Similarly, in
Mexico, the Mazatec people have long incorporated psilocybin mushrooms into their religious
ceremonies, believing that these fungi opened channels to the divine and provided profound
personal revelations (18—20). These cultural practices underscore the significance of psilocybin,
which is predominantly found in mushrooms belonging to the genus Psilocybe, such as Psilocybe
cubensis and Psilocybe semilanceata (12,21).

In recent decades, there has been a renewed interest in these ancient medicinal plants,
driven by promising research into their therapeutic potential (22—28). This reemergence in modern
medicine, known as psychedelic-assisted therapy, involves the careful administration of these
substances under controlled, supportive conditions guided by trained professionals. The therapy
typically involves preparation sessions to set intentions and build trust, the psychedelic sessions
themselves, where the patient is supported in navigating their experience, and integration
sessions to help make sense of the insights gained and apply them to everyday life (22,29-33).
Clinical studies have demonstrated that psychedelic-assisted therapy can produce significant and
lasting improvements in mental health conditions such as depression (34-37), anxiety(35,38—40),

post-traumatic stress disorder (PTSD) (41-43), and substance use disorders (44—46). For



example, clinical trials with psilocybin have demonstrated remarkable success in reducing
symptoms of treatment-resistant depression. The benefits have been observed to last from one
month to a year after just a few therapeutic sessions (34,47). Similarly, MDMA-assisted therapy
has been highly effective in treating PTSD, with many participants experiencing profound relief
from their symptoms after just a few sessions (41-43). This innovative therapeutic approach
combines the therapeutic potential of psychedelics with contemporary clinical practices, offering
new options for treating psychiatric conditions.

Psychedelic-assisted therapy bridges the gap between traditional healing practices and
modern medicine, offering a new and promising approach to mental health treatment. This
therapy leverages the potential of psychedelic substances to alleviate symptoms and promote
profound personal growth and transformation. As research progresses, the potential of
psychedelic-assisted therapy to revolutionize psychiatric treatment options and mental health
care is becoming increasingly evident. This innovative approach provides hope for individuals
suffering from MDD and other psychological conditions, underscoring its promise in transforming
treatment options. The potential for this transformation has roots in the mid-20th century, a period
marked by a significant shift in the perception and understanding of psychedelic substances. This
shift brought psychedelics from obscurity to the forefront of cultural and scientific exploration,

laying the groundwork for their current resurgence in therapeutic contexts.

1.3 The Birth of Psychedelic Science: Hofmann, Huxley, and Osmond's Legacy

The mid-20th century underwent a significant shift in the perception and understanding of
psychedelic substances from obscurity to the forefront of cultural and scientific exploration. Albert
Hofmann's serendipitous discovery of the effects of ‘lysergic acid diethylamide’ (LSD) can be
considered the catalyst for this paradigm shift. Hofmann, a Swiss chemist, first synthesized LSD

in 1938 while researching lysergic acid derivatives at Sandoz Laboratories. Hofmann’s synthesis



was initially focused on developing a stimulant for the respiratory and circulatory systems
(analeptic) without affecting the uterus by incorporating this functional group into lysergic acid
(48,49). However, it was not until five years later, on April 19, 1943—a day now celebrated as
"Bicycle Day"—that Hofmann ingested a relatively small amount of LSD and experienced its
profound psychoactive effects (48). This accidental ingestion of LSD led to the serendipitous
finding of this compound’s profound mind-altering effects. As a result, this led to the scientific
inquiry into the psychological and potential therapeutic effects of LSD and other psychedelic
compounds. In addition, Hofmann's contributions to psychedelic research extended beyond LSD.
Fifteen years later, in 1958, Hofmann was the first to synthesize psilocybin, the active compound
in Psilocybe mushrooms, after isolating it from its natural form (50,51). This synthesis marked a
significant milestone in psychedelic research, as it allowed for more controlled and systematic
studies of psilocybin’s effects.

Building on the foundational work of Hofmann, Aldous Huxley, and Humphry Osmond
brought psychedelics to the attention of the public. Huxley documented his experiences with
mescaline in the highly influential and controversial book "The Doors of Perception” (52). When
the book was initially released, psychoactive substances like mescaline were primarily associated
with delinquency and unconventional behavior. However, Huxley's positive portrayal of mescaline
as a means to achieve higher states of consciousness challenged these societal norms and
conventions. Huxley's suggestions that psychedelics could offer profound insights and enhance
human understanding directly opposed the dominant view that such substances were merely
recreational drugs that caused harm, with no medicinal purpose (52—-54). His vivid and compelling
descriptions painted a picture of psychedelics as tools for expanding the mind and exploring the
depths of human consciousness.

Inspired by such perspectives, Humphry Osmond, a British psychiatrist, played a crucial

role in the development of psychedelic research (55). Moreover, his clinical investigations into the



therapeutic potential of psychedelics were groundbreaking. It was Osmond who coined the term
"psychedelic," derived from the Greek words for "mind-revealing,"to describe the mind-expanding
properties of these substances he observed in his clinical work. He believed that psychedelics,
such as LSD and mescaline, could be used to treat various mental health conditions, including
both alcoholism and schizophrenia (56,57). Osmond’s research began in the 1950s when he
conducted experiments with LSD and mescaline to explore their effects on the human psyche.
He hypothesized that these substances could induce a state similar to hallucinations, altered
stated of perception, and psychosis found with schizophrenia, allowing psychiatrists to understand
these positive symptoms better and treat the condition (56). In addition, Osmond’s studies showed
promising results, particularly in the treatment of alcoholism. In one notable study, Osmond and
his colleagues administered LSD to chronic alcoholics, resulting in a significant number of patients
achieving sobriety after their psychedelic experience (55,57).

Furthermore, Osmond's collaboration with Aldous Huxley was instrumental in bringing
psychedelics to public attention. It was Osmond who first introduced Huxley to mescaline in 1953,
leading to Huxley's profound experiences documented in "The Doors of Perception.” (55)This
collaboration between a psychiatrist and a literary figure helped bridge the gap between clinical
research and public understanding. Osmond’s clinical investigations and Huxley's literary and
ethnographic descriptions were major catalysts in initiating scientific and therapeutic discourse
around psychedelics (54,55). Their work also influenced the emerging counterculture movement
of the 1960s, which embraced these compounds as a means of personal and societal
transformation (32,58). However, the association of these compounds with radical and non-
conformist movements added to the controversy surrounding Huxley’s and Osmond’s research.
Despite this, their contributions remain pivotal points in the history of psychedelic research and

public perception, continuing to provoke discussion and debate to this day.



1.4 The Harvard Psilocybin Project and its Influence on Psychedelic Science

The 'Harvard Psilocybin Project,'spearheaded by Timothy Leary and Richard Alpert (later
known as Ram Dass), began in the early 1960s. The project’s aim and focus was in exploring the
potential therapeutic benefits of psilocybin, particularly its ability to alter perception, enhance
creativity, and provide profound spiritual insights (58—61). Based on early reports and data
collected from their research, participants reported that psilocybin induced intense subjective,
mystical experiences, which increased overall mood and well-being. These findings led them to
the overall hypothesis that psilocybin serves as a key to unlocking a new therapeutic avenue and
might be a powerful tool for psychological healing and personal growth (59,60,62). However,
unlike Osmond, they did not follow a strict code of research ethics and rigor in their efforts.

One of the most famous experiments conducted by the Harvard Psilocybin Project was
the Concord Prison Experiment. This study, led by Timothy Leary and his team, occurred between
1961 and 1963 at the Concord State Prison in Massachusetts (60). The primary objective was to
investigate whether psilocybin could reduce recidivism, relapsing back into crime rates among
inmates, by providing introspective and transformative life-changing experiences. Leary and his
colleagues hypothesized that the profound psychological and introspective insights induced by
psilocybin would lead to significant behavioral changes, fostering personal growth and
rehabilitation. They believed that by addressing the deeper psychological issues underlying
criminal behavior, psilocybin could help inmates reintegrate into society more successfully. The
experiment involved 32 prisoners, all of whom volunteered to participate. These participants were
divided into two groups: one that received psilocybin and another that served as a control group.
Once split into groups, the psilocybin sessions were conducted in a controlled and supportive
environment, often described as a therapeutic setting. During these sessions, inmates were

encouraged to enter deep states of introspection and explore their thoughts and emotions (60,63).
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The initial results of the Concord Prison Experiment were promising. Many participants
reported profound insights and a renewed sense of purpose, experiencing intense emotional and
spiritual revelations that they felt had a lasting impact on their attitudes and behaviors. Some
inmates gained clarity about their past actions and committed to positive changes in their lives.
Moreover, follow-up studies suggested that inmates who underwent psilocybin sessions had
lower recidivism rates compared to the control group. Leary and his team were optimistic about
psilocybin's potential as a rehabilitation tool, believing these early findings supported their
hypothesis that psychedelics could reduce criminal behavior and aid in reintegration (60,63).
Nevertheless, the experiment faced challenges and controversies. One of the most controversial
aspects was the unconventional use of psychedelics in a prison setting. This practice drew
significant criticism, raising ethical concerns about the consent and well-being of the participants.
Additionally, critics questioned the scientific rigor of the study, pointing to potential biases and
methodological flaws (63—65).

Drawing from the prison study and transitioning to the broader implications of their work,
the ethical concerns surrounding the psilocybin studies led by Leary and Alpert were multifaceted.
These concerns reflected the era's less stringent informed consent standards and the pioneering
nature of psychedelic research. Participants, which partially consisted of students of Leary and
Alpert, may not have fully comprehended the studies' experimental nature or associated risks,
partly due to skewed power dynamics between them and the professors. This issue was
exacerbated by uncertainties about the long-term effects of psilocybin, with potential risks not yet
fully understood. The most prominent is that psilocybin, along with other psychedelics, can trigger
latent predispositions to psychiatric illnesses such as psychosis or schizophrenia (66—68). These
fears of potential long-term negative impacts and Leary and Alpert’s narrative-focused approach,
emphasizing subjective experiences over empirical data, distanced their work from mainstream

scientific methods. In addition, this approach challenged the reproducibility and scientific value of
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their findings.

Compounding these issues, their decision to partake in some of the psilocybin studies
alongside the patients blurred the lines between observer and subject, introducing bias and
undermining objectivity. The lack of control groups and clear protocols for drug administration
further highlighted methodological shortcomings, complicating efforts to attribute observed effects
directly to psilocybin (64,65). The individual nature of psychedelic experiences also complicated
the reproducibility and verification of findings by other researchers, hindering broader scientific
acceptance. Adding to these complexities, Leary and Alpert's experimental design, methods, and
personal use of psychedelics were closely aligned with the countercultural movement of the
1960s. This alignment contrasted sharply with mainstream societal norms and scientific practices,
further contributing to the controversy and skepticism surrounding their work.

Their emphasis on personal experience and spiritual growth influenced the counterculture,
distancing them from the scientific community. The ethical and methodological issues ultimately
led to Leary and Alpert's dismissal from Harvard University in 1963 (63,69,70). The controversies
surrounding the Harvard Psilocybin Project finally prompted tighter regulations regarding human
subjects' research. Shortly after these influential studies, in July 1974, Institutional Review Boards
(IRBs) became crucial in safeguarding human subjects, mandating informed consent, voluntary
participation, and minimizing harm (71). The public outcry and reaction, combined with the overall
association of psychedelic compounds with the counter-cultural movement, significantly
influenced the legal stance on psilocybin. This ultimately led to its classification as a controlled
substance. Psilocybin was listed as a Schedule | drug under the United Nations 1971 Convention
on Psychotropic Substances, specifying they are considered to have a high potential for abuse
and no recognized medical potential (72). This cultural stigmatization and scheduling of psilocybin
halted psychedelic research in the Unites States for almost thirty years, further conflating these

substances with recreational drug use and undermining their potential therapeutic applications
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(25,26,73). Although Leary and Alpert's research provided valuable insights into the potential
benefits of psychedelics, the project's legacy also highlights the crucial importance of ethical and
methodological rigor in scientific research.

In recent years, however, there has been a renewed interest and significant research into
the therapeutic potential of psilocybin and psychedelic compounds. With modern advancements
in neuroscience and psychopharmacology, researchers are now uncovering and assembling the
pharmacological properties of action of psilocybin. These insights into the underlying mechanism
of action and cellular activation patterns, are shedding light on how psilocybin can be used to treat

various psychiatric disorders.

1.5 Psilocybin: Neuropharmacology, Pharmacokinetics, and Dosing

Psilocybin, a naturally occurring psychedelic compound found in certain species of
mushrooms, has garnered significant scientific interest due to its profound effects on
consciousness, potential therapeutic benefits, and relatively favorable safety profile. Psilocybin is
predominantly found in mushrooms belonging to the genus Psilocybe, such as Psilocybe cubensis
and Psilocybe semilanceata (12,21). Psilocybin (4-phosphoryloxy-N, N-dimethyltryptamine) is a
prodrug that is converted into its active form, psilocin (4-hydroxy-N, N-dimethyltryptamine), after
ingestion. Both psilocybin and psilocin share a structural similarity with serotonin (5-
hydroxytryptamine, 5-HT), which underlies their psychoactive effects.

Given its significant psychoactive properties and structural similarities to serotonin,
researchers have sought to understand the precise mechanisms through which psilocybin carries
out its neuropharmacological and psychological effects. In a groundbreaking study conducted in
1999, Swiss researchers were the first to identify the serotonin subtypes of psilocybin directly
involved with its pharmacological effects and receptor binding profile. At the time, the interaction

and modulating effects between serotonin and dopamine on neurotransmission in the brain were
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complex and not fully understood, especially during acute episodes of psychosis. The primary
aim of their study was to elucidate the role of serotonin (5-HT) receptors in modulating dopamine
neurotransmission, particularly in the context of acute psychotic states. For their study, they
investigated the effects of psilocybin on dopamine release in the striatum of healthy volunteers.
The research involved seven healthy male volunteers. Each participant underwent two PET scans
with [11C]raclopride: one after receiving a placebo and another after ingesting a psilocybin dose
of 0.25 mg/kg. The PET scans measured the occupancy of D2-dopamine receptors in the striatum
before and after psilocybin administration, providing insight into changes in dopamine levels.
Psychopathological ratings were also conducted immediately following the scans.

Psilocybin administration produced a ‘psychosis-like syndrome” characterized by mood
changes, disturbances in thinking, illusions, elementary and complex visual hallucinations, and
impaired ego functioning. The PET scan results revealed a significant decrease in the binding
potential of [11C]raclopride in the caudate nucleus (19%) and putamen (20%), which is indicative
of increased dopamine release. This effect was notably correlated with euphoria and
depersonalization symptoms. Based on these findings, they suggest that the psychotic effects of
psilocybin involve increased striatal dopamine release, mediated by the stimulation of 5-HT2a and
5-HT1a receptors. Building on this understanding of psilocybin's interaction with serotonin and
dopamine systems, it is essential to place psilocybin within the broader context of classic
psychedelics, which have become now known as “classic serotonergic psychedelics”.

As discussed in our review paper on the cellular neurobiology of psychedelics (24), classic
serotonergic psychedelics have a chemical structure similar to serotonin and are divided into two
broad categories that differ in their receptor subtype specificity. The indolealkylamines (e.g., LSD,
psilocybin, DMT, 5-MeO-DMT) include tryptamine- and lysergic acid derivatives and B-carbolines
and exhibit comparatively less specificity for the 5-HT type 2A receptor (5-HT2aR); in particular,

they show significant agonism at 5-HT1aRs as well as adrenergic and dopaminergic receptors
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(24,74,75). The phenylalkylamines (e.g., mescaline, DOM, DOI) bind more specifically to 5-
HT2aRs and 5-HTxcRs. DOI, in particular, is commonly used in animal studies, but there are no
published studies on its effects in human subjects.

Despite their expansive binding profile, the effects of psychedelics in humans strongly
correlate with 5-HT2aR occupancy in the central nervous system (CNS) and are almost entirely
blocked by 5-HT.a antagonists (66,76—78), thus motivating focus on the 5-HT.aR. Indeed,
psychedelics are typically defined as psychoactive agonists of the serotonin 5-HT2a receptor (5-
HT2aR). Although, it is important to note, however, that 5-HT2aR antagonists are not perfectly
selective either, and there is some evidence suggesting the involvement of other receptors in the
neurophysiological effects of psychedelics (79,80). Thus, the involvement of other receptors in
the behavioral and therapeutic effects in humans should not be entirely excluded.

Expression of 5-HT2aR mRNA and protein in the brain is widespread. It is most prevalent
in excitatory neurons in the neocortex but is also expressed in inhibitory interneurons (81,82).
Importantly, depression and other mood disorders are associated with increased 5-HT2aR density
in the brain, especially in the prefrontal cortex (PFC) (83,84), and antidepressant treatments are
associated with decreased density (85,86), as is the administration of psychedelics (87).

To better understand the role of this receptor, it is essential to examine its structural
characteristics and functionality. The 5-HT2a receptor is a Class A, rhodopsin-like, G-protein—
coupled receptor (88) for which 5-HT, the endogenous ligand, is a full agonist with a K of just
over 1 nM (89). Canonically, 5-HT2aRs couple with the G-protein G (Figure 2), catalyzing the
production of phospholipase C and inositol triphosphate to mobilize intracellular calcium, activate
calcineurin and inhibit type 1.2 voltage-gated calcium channels (90,91). Understanding the
canonical signaling of the 5-HT2a receptor provides a foundation for exploring its interaction with
other compounds. The molecular signaling pathways initiated by the activation of the 5-HTza

receptor by psychedelic drugs are indeed complex and essential for the nuanced effects these
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substances have on the brain and perception.

Additionally, the interaction of psychedelics with the 5-HT2a receptor leads to the activation
of Gg-family G proteins, the first step in a signaling cascade with wide-ranging effects on cellular
activity. Once activated, the Gg-protein stimulates phospholipase C (PLC), an enzyme that
catalyzes the conversion of phosphate 4,5-bisphosphate (PIP2) to the second messenger’s
trisphosphate (IP3) and Diacylglycerol (DAG) (90-93). IP3 is fundamental in increasing
intracellular calcium levels by binding to IP3 receptors on the endoplasmic reticulum, causing the
release of calcium ions into the cytoplasm (51,92-94). This increase in intracellular calcium plays
a significant role in neuronal excitability and the facilitation of neurotransmitter release; both are
thought to contribute to the cognitive and sensory alterations characteristic of the psychedelic
experience (51,95-97). At the same time, DAG activates protein kinase C (PKC), which
phosphorylates several target proteins, resulting in various changes in cellular functions and gene
expression. This pathway is essential for neuronal activity modulation and could lead to long-term
changes in brain function, which are associated with the lasting effects of psychedelic experiences
(98). In addition, 5-HT2aR signaling through G-proteins from the G; family and subsequent
inhibition of cAMP formation have also been observed (99). Either of these pathways can
contribute to neural plasticity (100,101). These changes in neural plasticity are further supported
by neuropeptide synthesis and release, structural changes to neuronal architecture, and altered
expression, localization, and phosphorylation of ionotropic glutamate receptors. Psychedelic-
induced, large-scale changes in brain activity and attendant perceptual and cognitive changes in
information processing modify the consequences of this neural plasticity. When psychedelic drugs
are given in the context of psychedelic-assisted therapy, they can facilitate and support long-term
changes in behavior and promotion of mental well-being.

Psychedelic agonists of 5-HT2aR are associated with profound changes in perception and

cognition, whereas other ligands such as 5-HT are not. The basis for this difference is commonly
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explained using the ternary complex model of receptor activity, which suggests that drug
molecules act to shift the equilibrium between a receptor’s different conformational states. As
each of these receptor states has a different affinity for various downstream binding partners, this
can result in a drug exhibiting “bias,” such as preference for activating G-protein—dependent
versus B-arrestin—dependent signaling (102). Long-standing evidence indicates that 5-HT2aR
signaling efficacy is ligand-dependent and prone to biased agonism across these pathways (103—
108). Molecular modeling, site-directed mutagenesis, and x-ray crystallography have identified
the distinct psychedelic and nonpsychedelic ligand binding sites that ultimately lead to these
differential functional signaling consequences (109—-111).

In the case of Gg-dependent signaling, both psychedelic (DOI) and nonpsychedelic
(lisuride) agonists of 5-HT2aR activate several shared downstream pathways, including pPLC,
pPKC, pERK, and pCREB; however, the magnitude of these Gg-mediated responses is greater
for psychedelic ligands (Figure 2) (112). Non-Gq pathways likely contribute to psychedelic effects
as well. For example, in mice lacking Gqg expression, the response to DOI is blunted but not
eliminated (113). Furthermore, psychedelic-dependent phosphoproteomic and transcriptomic
signatures are pertussis toxin—sensitive (114,115), suggesting the involvement of Gi/o signaling.
Notably, Gi/o-dependent outcomes may depend on participation of additional signaling partners,
as 5-HT2aRs do not appear to participate directly in functional coupling with Gi/o (116).

Beyond G-protein—coupled pathways, agonism at 5-HT2aRs can also engage in 3-arrestin
signaling (117) via PI3K, SRC, and AKT (Figure 2), although the relevance of such B-arrestin—
dependent signaling for promoting psychedelic effects is still unclear. For example, while LSD’s
ability to promote a B-arrestin—biased conformation at 5-HT2aRs supports its psychedelic effects
(116,118), other psychedelics are functionally insensitive to B-arrestin knockout in mice (119,120).
Close attention to differences in off-target binding profile (121,122) and time-dependent evolution

in signaling (118) is needed for future studies to yield a more comprehensive picture of B-arrestin—



induced effects across the full spectrum of psychedelic ligands.
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Figure 2: Molecular, cellular, and systems support for psychedelic-induced long-term

changes. Psychedelic compounds (LSD, psilocin, mescaline) and serotonin bind with high affinity to

serotonin 2A receptors. In mammalian systems, direct (solid arrows) and indirect (dashed arrows)

consequences of G-protein and B-arrestin signaling downstream of serotonin 2A receptor activation

intersect with glutamate release to yield enhanced neural plasticity. The relative engagement of intracellular
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signaling pathways (arrow weight) is distinct for psychedelics (red arrows) vs. serotonin (blue arrows).
Banks et al., (2021); 10.1091/mbc.E20-05-0340

In addition to the pharmacological and receptor binding profiles, it is fundamental to study
psilocybin’s pharmacokinetic profile, especially absorption and dosing. Pre-clinical and clinical
studies provide unique insights into these aspects, each contributing to our understanding of how
psilocybin exerts its effects. By examining these pharmacokinetic properties, we can gain a more
comprehensive understanding of the drug's behavior in the body, which is crucial for optimizing
its therapeutic potential and developing alternative prodrugs.

Pharmacokinetics and Dosing:

In clinical studies, psilocybin is typically administered orally at 5 to 30 mg for psychedelic-
assisted therapy sessions, translating to 0.1 to 0.4 mg/kg body weight. Upon ingestion, psilocybin
is rapidly absorbed by the gastrointestinal tract. The conversion of psilocybin to ‘psilocin’, its
psychoactive metabolite, occurs through dephosphorylation, a reaction facilitated by enzymes like
alkaline phosphatase. This process is influenced by factors such as the individual's metabolic rate
and the presence of other substances that may affect enzyme activity (47,123—-125). Moreover,
psilocybin is a prodrug that is metabolized into psilocin, its psychoactive metabolite. As seen in
Figure 3, the detection of psilocin in plasma between 20 to 40 minutes following oral intake points
to a rapid absorption and conversion process, with peak plasma concentrations observed within
80 to 105 minutes following ingestion of psilocybin (94,126). This timeframe and the peak
concentrations at 8.2 + 2.8 ng/mL indicate the rapid conversion of psilocybin into psilocin,
producing a significant bioavailability of approximately 50% (126). Likewise, intravenous
administration reveals a distinct aspect of psilocybin’s pharmacokinetics. Intravenous
administration peak plasma concentrations occur within approximately 1.9 + 1.0 minutes post-
injection (127,128). This rapid onset might be particularly beneficial in controlled therapeutic

settings where timing the onset of effects is critical for synchronizing with therapy sessions.
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An open-label study revealed psilocybin's safety profile, underscores its potential as a safe
therapeutic agent (129). The absence of psilocybin in plasma and urine after administration, along
with the minimal renal clearance of psilocin, highlights the body's efficient metabolism and
elimination of these compounds through non-renal pathways. The lack of severe adverse effects,
even at high doses (0.6 mg/kg), further supports the potential for psilocybin in therapeutic settings,

providing valuable data for establishing dosing guidelines (130).
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Figure 3: Psilocin concentration to session time curve using a standard psilocybin

dose. https://doi.org/10.3389/fpsyt.2022.1040217

Phase-I Metabolism:

Now that we have a time course for psilocybin and peak concentrations, how are they
achieved. During phase-l metabolism, psilocin undergoes various biochemical modifications to
increase its hydrophilicity. These reactions include oxidation, reduction, and hydrolysis, mediated

by liver enzymes, especially from the cytochrome P450 family. The oxidation of psilocin leads to
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formation of several metabolites, 4-hydroxyindole-3-acetaldehyde and, subsequently, 4-
hydroxyindole-3-acetic acid or alternatively 4-hydroxytryptophol. These transformations make
psilocin more water-soluble, facilitating its further metabolism and eventual elimination (131-133).

Phase-Il Metabolism:

Moving from phase-1 metabolism, psilocin enters phase-Il metabolism, undergoing
conjugation reactions. These reactions involve adding endogenous substances like glucuronic
acid, making the molecule even more polar and thus more readily excreted in urine. Enzymes
such as UDP-glucuronosyltransferases (UGTs) play pivotal roles, particularly UGT1A10 in the
small intestine and UGT1A9 in the liver. Conjugation products, including psilocin O-glucuronide,
represent the final metabolites ready for elimination from the body (134,135).

Renal Excretion:

Following glucuronidation, psilocin O-Glucuronide, is then ready for renal excretion. The
kidneys are the primary organs responsible for eliminating psilocin O-Glucuronide and its
metabolites. These water-soluble compounds are efficiently cleared from the bloodstream and
excreted in the urine through filtration and tubular secretion. Though, the efficiency of renal
excretion is influenced by factors such as the individual's hydration status, kidney function, and
urine pH, which can affect the ionization state and solubility of the metabolites (136).

Elimination Half-Life:

Based on the rate of metabolism, glucuronidation, and excretion, calculations for the half-
life of psilocin in healthy adults is approximately 3 hours. This metric represents the time it takes
for the concentration of the drug in the blood to reduce by half and is a critical determinant of the
drug's duration of action and helps guide dosing intervals for therapeutic use. However, it's
important to note that the half-life can vary significantly among individuals due to differences in

metabolic rates, liver and kidney function, and other physiological factors. Additionally, the route
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of administration of psilocybin (e.g., oral, intravenous) can influence the rate at which psilocin
reaches the systemic circulation and is subsequently metabolized and excreted (130,137).

Psilocin's Lipophilic Nature and The Blood-Brain Barrier:

Although, before psilocybin is eliminated from the body, it has to carry out its neurological
and pharmacological effects. This involves, passage of psilocin across the blood-brain barrier
(BBB) into the central nervous system (CNS), a critical event that underpins the psychoactive
effects of psilocybin. This process, complex and finely regulated, involves intricate interactions
between psilocin and the structural components of the BBB. Understanding this passage requires
an appreciation of the BBB's role in brain homeostasis, the properties of psilocin that facilitate its
transit, and the subsequent neuropharmacological interactions within the brain. The BBB is a
highly selective permeability barrier that separates circulating blood from the brain extracellular
fluid in the CNS. It comprises endothelial cells that line the cerebral microvasculature, astrocyte
end-feet that enwrap the capillaries, and pericytes embedded within the basement membrane.
This complex cellular arrangement is fortified by tight junctions between endothelial cells, which
restrict paracellular transport, thereby controlling the brain's internal environment and protecting
it from toxins, pathogens, and fluctuations in plasma composition.

Its lipophilic nature significantly influences psilocin's ability to cross the BBB. Lipophilicity,
a measure of a compound's affinity for lipids, is a critical determinant of a molecule's ability to
penetrate the BBB, which favors the diffusion of non-polar, lipid-soluble substances. Psilocin's
molecular structure facilitates its dissolution in the lipid bilayer of endothelial cell membranes,
allowing it to traverse the BBB efficiently through passive diffusion. This lipophilic characteristic
of psilocin is contrasted with hydrophilic molecules, which, due to their affinity for water, have
limited ability to cross the BBB without specific transport mechanisms (51,138). Building on this

understanding of psilocin's properties, pioneering studies by Vollenweider et al. used positron
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emission tomography (PET) to reveal psilocybin's effects after it has crossed the blood-brain

barrier and its impact on cerebral metabolism.

1.6 Therapeutic Potential of Psilocybin: Insights from Neuroimaging and Clinical Trials

Furthermore, a pioneering study by Vollenweider et al. (1997) used positron emission
tomography (PET) to reveal psilocybin's effects on cerebral metabolism. Their findings showed
global cerebral excitation, with notable increases in glucose metabolism in the brain's
frontomedial and frontolateral cortex, anterior cingulate, and temporomedial cortex. This
"hyperfrontal" metabolic pattern parallels acute psychotic episodes in chronic schizophrenia,
suggesting a shared pathway of 5-HT.a receptor-mediated cortical activation (139). Similarly,
Gouzoulis-Mayfrank et al.'s (1999) PET study mapped the nuanced neurometabolic landscape
under psilocybin's influence, showing increased metabolic rates in specific right hemispheric
frontotemporal regions and a dampening effect on the thalamus (140). This dual pattern of
activation and deactivation suggests psilocybin's ability to both stimulate and suppress brain
activity, orchestrating a delicate balance that underlies the psychedelic state.

Building on these foundational findings, Dr. David Nutt and Dr. Robin Carhart-Harris at
Imperial College London's Center for Psychedelic Research have been at the forefront of
exploring how psychedelics like psilocybin and LSD impact brain activity. Their notable discovery
is the reduction of activity in the brain's default mode network (DMN), which maintains the sense
of self. This reduction is linked to ‘ego-dissolution,'potentially resetting maladaptive neural circuits
related to mental health disorders like depression (141,142).

In a pivotal 2012 study, their team used task-free functional MRI (fMRI) to observe shifts
from a normal to a psychedelic state, employing techniques like arterial spin labeling and blood-
oxygen-level-dependent (BOLD) fMRI to track cerebral blood flow and oxygenation. They found

that psilocybin led to decreased activity in critical areas such as the thalamus and the anterior
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and posterior cingulate cortex (ACC and PCC), correlating with the intensity of reported
psychedelic experiences. Further analysis revealed how psilocybin disrupts the brain's network
connectivity, particularly diminishing the positive connection between the medial prefrontal cortex
(mPFC) and PCC (142). This shift in brain communication patterns suggests that changes in DMN
activity and connectivity might underpin the profound alterations in consciousness associated with
psychedelic experiences.

Building on these critical studies, these researchers aimed to assess and compare the
efficacy of psilocybin-assisted therapy and serotonin reuptake inhibitors. Therefore in 2021, Dr.
David Nutt and Dr. Carhart-Harris conducted an important Phase Il trial comparing psilocybin-
assisted therapy to the antidepressant escitalopram for treating depression, published in the New
England Journal of Medicine (143). Despite being one of the most comprehensive studies in the
field, the trial's outcomes were inconclusive about psilocybin's superiority over escitalopram,
highlighting the need for further, larger-scale research.

However, the study faced several criticisms, especially regarding the inconclusive results.
Firstly, critics have pointed out the study's relatively small sample size, involving only 59
participants. This limited number can affect the generalizability of the findings. Furthermore, the
study population consisted predominantly of white, highly educated individuals, which is not
representative of the broader demographic suffering from depression (144). This lack of diversity
raises concerns about the applicability of the results to a wider population. Another significant
critique revolves around the selection and choice of outcome measures. The primary measure
used was the Quick Inventory of Depressive Symptomatology—Self-Report (QIDS SR-16), which
showed no significant difference between psilocybin and escitalopram. However, secondary
measures like the Hamilton Depression Rating Scale (HAMD-17) indicated a more favorable
outcome for psilocybin. This lends itself to the argument that the primary outcome measure should

more closely align with clinically meaningful outcomes to provide a clearer understanding of the
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treatment's efficacy. Additionally, the placebo effect also comes under scrutiny. The study used a
very low dose of psilocybin (1 mg) as a placebo, which might not be a true inactive and inert
placebo. This could have influenced participants' expectations and potentially confounded the
results (145) .

Regarding the interpretation of results, the study concluded that psilocybin is non-inferior
to escitalopram. However, some critics believe this interpretation is overly simplistic (143,144). A
Bayesian reanalysis indicated that while psilocybin outperformed escitalopram on several
secondary measures, it did not do so to a clinically meaningful extent on the primary measure,
suggesting that a more nuanced interpretation and larger studies are necessary to understand
psilocybin's efficacy fully (144). Additionally, the psilocybin-assisted therapy and antidepressant
escitalopram groups in the study received psychological support during the trial, which could have
significantly contributed to the observed improvements in both groups. This psychological support
makes it challenging to isolate the specific, pharmacological, effects of psilocybin compared to
escitalopram (143,145). These critiques highlight the need for more and larger-scale studies with
diverse populations and rigorous methodologies to understand psilocybin's therapeutic potential
better and address the limitations identified in this trial.

Meanwhile, at Johns Hopkins University, Dr. Roland Giriffiths has been at the forefront of
exploring psilocybin's therapeutic potential, particularly for major depressive disorder (MDD) and
existential anxiety in terminally ill cancer patients. His research has shown that psilocybin can
lead to significant, rapid, and enduring alleviation of depressive and anxiety symptoms (35). In a
key 2016 study, participants with life-threatening cancer diagnoses received controlled doses of
psilocybin, resulting in substantial symptom relief that persisted for up to six months following
psilocybin-assisted therapy. This study involved administering psilocybin in two sessions, spaced
five weeks apart: the first session used a low dose of 1 or 3 mg per 70 kg as a placebo, and the

second session provided a moderate to high dose of 22 or 30 mg per 70 kg. Moreover, the
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outcomes highlighted psilocybin's effectiveness in significantly reducing depression and anxiety
levels while inducing major changes in mood, outlook, overall quality of life, sense of meaning,
and optimism among participants. In their studies, the research team used the GRID-Hamilton
Depression Rating Scale (GRID-HAMD) and the Hamilton Anxiety Rating Scale (HAM-A) to
assess depression and anxiety severity. The implementation of these standardized tools precisely
monitors treatment impacts and symptom changes over time. Six months post-treatment, 80% of
participants showed sustained reductions in depression and anxiety levels, with 60% reaching
symptom remission. Additionally, 83% reported enhanced well-being or life satisfaction, 67%
considered their experience among their top five most meaningful, and 70% rated it as one of
their top five spiritual events. Despite these positive outcomes, some participants experienced
side effects such as nausea, vomiting, psychological discomfort at higher doses, temporary blood
pressure increases, heightened levels of acute anxiety, and post-session headaches (35).
Building on this promising therapeutic potential for psilocybin-assisted therapy, in 2020,
Johns Hopkins Medicine conducted a study on adults with major depression, demonstrating that
two doses of psilocybin with psychotherapy significantly reduced depressive symptoms, with half
of the participants in remission by four weeks. Unlike their 2016 study, this 2020 study no longer
used exclusively terminally ill cancer patients and moved to treating those suffering from major
depression. Furthermore, this study enrolled 24 participants with a two-year history of depression,
predominantly white, who underwent a discontinuation of their current antidepressants before
receiving psilocybin. Treatment involved two psilocybin doses two weeks apart, in sessions lasting
five hours with sensory isolation via eyeshades and music, under clinical supervision. Depression
levels, measured using the GRID-Hamilton Depression Rating Scale, initially indicated moderate
to severe depression, but remarkably showed striking improvement post-treatment. A significant
portion of patients achieved remission by the four-week follow-up, highlighting psilocybin-assisted

therapy’s promising therapeutic potential.
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Based on these findings that psilocybin-assisted therapy had such a substantial effect on
reducing major depression at four-weeks following treatment, the Hopkins psychedelics research
team wanted to assess if this effect would last longer. Therefore, in 2022, their researchers found
that psilocybin-assisted therapy, can offer long-term antidepressant effects, extending at least a
year for some patients. For the study, 24 participants attended all follow-up visits throughout the
12-month period. The study observed significant reductions in GRID-HAMD scores from baseline
at each follow-up interval (1, 3, 6, and 12 months). Moreover, at the 12-month mark, 75% of
participants achieved a treatment response, defined as a reduction of 50% or more in their GRID-
HAMD scores from baseline. Furthermore, 58% of participants reached remission. Importantly,
there were no serious adverse events attributed to psilocybin during the long-term follow-up, and
none of the participants reported using psilocybin outside the study context.

The cumulative findings from these studies illustrate that psilocybin exerts a profound
impact on brain function and holds considerable promise as a therapeutic intervention for mental
health disorders, particularly depression. The research consistently shows that psilocybin induces
significant cerebral metabolic changes (139), reduces default mode network (DMN) activity (142),
and alters brain connectivity. These changes are linked to profound psychological experiences
and potential therapeutic benefits. Consequently, these neurophysiological effects are mirrored
by substantial clinical outcomes, with psilocybin demonstrating rapid and enduring reductions in
depressive and anxiety symptoms for 1 — 12 months following psilocybin-assisted therapy
(34,35,125). Given these promising outcomes, there is a growing interest in using psilocybin to
treat stress-related disorders such as depression, anxiety, and post-traumatic stress disorder
(PTSD). Despite this increasing focus, the interaction between psychiatric disorders, stress, and

psychedelics remains an understudied and largely unknown area of research.
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1.7 Psilocybin and Its Influence on Cortisol and Stress Hormones via the 5-HT System

As described in our review paper detailing the neurobiology of psychedelics (24), the
intersection between psychiatric disorders, stress, and psychedelics is an emerging area of
interest (146—151). Chronic stress is a major precipitating factor in the etiology of many psychiatric
disorders that psychedelics have shown clinical efficacy in treating (152). Animal models have
shown that chronic stress induces behavioral and neural changes that can be reversed by
antidepressants (153-160). Therefore, it is both surprising and intriguing that acute stress may
play a role in promoting the neuroplastic effects of psychedelics in the context of treating these
same disorders. Like psychedelics, acute stress is pro-neuroplastic (161-163), and signaling at
the 5-HT2aR plays a role in this neural plasticity (146,164—166). Along with this convergence on
neuroplastic mechanisms to modify behavior, psychedelics trigger an acute biochemical, drug-
induced, stress response consisting of catecholamine and glucocorticoid release (149,167—-170),
and it has been postulated that this stress response is critical for the transformative nature of the
psychedelic experience (147).

However, the mechanism underlying this stress response is unclear, but there are two
obvious (and not necessarily mutually exclusive) possibilities. First, psychedelics may act directly
at 5-HT2aRs in the hypothalamus to induce expression and/or release of corticotrophin-releasing
hormone, elevating plasma concentrations of stress-associated glucocorticoids (171,172). This
possibility is consistent with the established regulatory role of 5-HT in the hypothalamic—pituitary—
adrenal (HPA) axis, the primary system involved in stress regulation (167,173). As seen in Figure
4, the HPA axis controls the body's reaction to stress, with cortisol release being one of its end
products. Furthermore, when an individual perceives a situation as stressful, the hypothalamus
releases corticotropin-releasing hormone (CRH), signaling the pituitary gland to secrete

adrenocorticotropic hormone (ACTH), which stimulates cortisol release from the adrenal glands
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(Figure 5). Elevated cortisol levels impact various bodily functions, preparing the individual to
respond to stress through the "fight or flight" response. Although a critical aspect is that the HPA
axis is regulated via negative feedback mechanisms. Elevated cortisol levels can inhibit further
CRH and ACTH release, maintaining homeostasis. Importantly, chronic stress or dysregulation
of this axis can lead to altered cortisol levels, affecting mood, cognitive functions, and
susceptibility to mental health disorders (156,163).

To understand the complexities of this regulatory system, it is essential to explore the
underlying neurochemical pathways involved. One such pathway is the mechanistic link between
5-HT.a receptor activation and glutamate release in the hypothalamus. This process is
characterized by a sophisticated interplay of neurotransmitter systems and intracellular signaling
pathways. The 5-HT2a receptors, which are G protein-coupled receptors predominantly expressed
in the central nervous system, play a pivotal role in modulating neuronal activity (174). Upon
activation by serotonin, these receptors initiate a cascade of intracellular events through the
Gag/11 protein pathway, which is essential for various cellular responses (175). Activation of the
5-HT.a receptor stimulates phospholipase C (PLC), leading to the hydrolysis of
phosphatidylinositol 4,5-bisphosphate (PIP2) into two secondary messengers: inositol
trisphosphate (IP3) and diacylglycerol (DAG) (91,176). IP3 binds to its receptors on the
endoplasmic reticulum, causing the release of calcium ions into the cytoplasm. The increase in
intracellular calcium concentration is crucial for various cellular processes, including the
exocytosis of neurotransmitter-containing vesicles (177). Concurrently, DAG remains in the
plasma membrane and activates protein kinase C (PKC), which further modulates numerous
downstream targets involved in neurotransmission (177).

The rise in intracellular calcium levels is particularly significant for the release of glutamate,
the primary excitatory neurotransmitter in the brain. Calcium ions facilitate the fusion of glutamate-

containing vesicles with the presynaptic membrane, thereby promoting the release of glutamate



29

into the synaptic cleft (178). This process is vital for synaptic transmission and plasticity,
influencing numerous physiological functions regulated by the hypothalamus, such as stress
response, feeding behavior, and thermoregulation (179). In addition to the direct pathway, 5-HT2a
receptor activation modulates glutamatergic activity through indirect mechanisms. For instance,
it influences other neurotransmitter systems, such as GABAergic and dopaminergic pathways,
which can subsequently affect glutamate release (180). GABAergic neurons, which release the
inhibitory neurotransmitter GABA, can be inhibited by 5-HT2a receptor activation, leading to a
disinhibition of glutamatergic neurons and increased glutamate release (181) Similarly,
dopaminergic modulation by 5-HT2a receptors can influence glutamate release through complex
feedback mechanisms involving dopaminergic and glutamatergic neurons (182).

This intricate regulation underscores the role of 5-HT.a receptors in maintaining
hypothalamic neurotransmitter homeostasis. Dysregulation of 5-HT.a receptor signaling and
glutamate release has been implicated in various neuropsychiatric disorders, including
schizophrenia, depression, and anxiety (183—186). Therefore, understanding the mechanistic link
between 5-HT2a receptor activation and glutamate release not only provides insights into
fundamental brain functions but also highlights potential therapeutic targets for treating disorders
associated with dysregulated glutamate transmission (180,187).

The mechanistic link between 5-HT2a receptor activation and glutamate release in the
hypothalamus not only underscores fundamental neurophysiological processes but also plays a
critical role in the body's stress response. The hypothalamus, a key brain region involved in
maintaining homeostasis, orchestrates the stress response through the hypothalamic-pituitary-
adrenal (HPA) axis (Figure 4). Activation of 5-HT2a receptors in the hypothalamus influences this
process by modulating glutamate release, which in turn affects the secretion of corticotropin-

releasing hormone (CRH) and subsequent HPA axis activity (163,188—190).
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When 5-HT2a receptors are activated, the resultant increase in glutamate release
enhances the excitatory input to CRH-producing neurons in the paraventricular nucleus (PVN) of
the hypothalamus (191). Glutamate, acting through its ionotropic receptors, such as NMDA and
AMPA receptors, depolarizes these neurons, thereby increasing CRH transcription and release
(190,192). CRH then travels through the hypothalamic-hypophyseal portal system to the anterior
pituitary gland, where it stimulates the secretion of adrenocorticotropic hormone (ACTH) into the
bloodstream (Figure 4) (193). ACTH subsequently acts on the adrenal cortex, promoting the
release of glucocorticoids, primarily cortisol in humans. These glucocorticoids exert widespread
effects on various tissues, preparing the body to respond to stress by mobilizing energy reserves,
modulating immune function, and influencing brain function to enhance alertness and cognition
(192). The increase in glucocorticoids also exerts a negative feedback effect on the hypothalamus
and pituitary gland, helping to terminate the stress response and restore homeostasis once the
stressor is removed (194).

Additionally, the modulation of other neurotransmitter systems by 5-HT.a receptor
activation, such as the inhibitory GABAergic and dopaminergic systems, provides a fine-tuned
regulation of the stress response. For example, the inhibition of GABAergic interneurons can lead
to a disinhibition of CRH neurons, further amplifying the stress response (195). Conversely,
dopaminergic modulation can either enhance or inhibit CRH neuron activity depending on the
receptor subtypes involved and the specific brain regions affected (196). Thus, the activation of
5-HT.a receptors and the subsequent increase in glutamate release in the hypothalamus
constitute a crucial mechanism in the initiation and regulation of the stress response. This
pathway highlights the intricate neurochemical interactions that underpin the body's ability to
adapt to and cope with stress, emphasizing the importance of 5-HT.a receptors as potential

therapeutic targets for stress-related disorders (183)
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Alternatively, the psychedelic-induced altered state of consciousness itself may trigger the
acute stress response, as such states frequently include challenging components such as fear
and anxiety. This raises the possibility that the pro-neuroplastic effects of psychedelics depend in
part on the acute stress response that they induce, but whether the stressful components of the
psychedelic experience are hindrances to or foundational for therapeutic benefit is a matter of
debate (30,197—-199). In an effort to better understand this novel interaction between stress and
psychedelics Hasler et al. (2004) conducted a double-blind, placebo-controlled study involving
healthy volunteers (168). They found that psilocybin-assisted therapy dose-dependently
increased scores on all core dimensions of the Altered States of Consciousness (5D-ASC) rating
scale, especially at medium and high doses. These dimensions include "oceanic boundlessness”
(OB), "visionary restructuralization" (VR), and "anxious ego dissolution" (AED), with the latter just
missing statistical significance. Prominently, subjective effects of psilocybin included changes in

mood, sensory perception such as visual illusions and hallucinations, and altered perceptions of
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time and self. While higher doses (MD and HD) were generally associated with positive
retrospective experiences, only one subject experienced transient anxiety at the highest dose
(168).

Regarding physiological effects, high doses of psilocybin led to a transient and moderate
increase in mean arterial blood pressure (MAP), particularly noticeable 60 minutes post-
administration. However, neither electrocardiogram (EKG) parameters nor body temperature
were significantly affected by any dose of psilocybin. Intriguingly, one notable physiological finding
was the significant elevation in ACTH and cortisol plasma levels during the peak effects of high-
dose psilocybin. In more detail, these hormones were measured 105 minutes post-administration
of psilocybin and found ACTH levels increased significantly following the high dose (315 pg/kg).
In Table 2 and Figure 5, plasma levels rose from a baseline mean of 12 ng/l to 50 ng/I. Similarly,
cortisol levels significantly increased at high doses, rising from a baseline mean of 385 nmol/l to

567 nmol/l (168).
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Placebo  Psilocybin Psilocybin Psilocybin Psilocybin
VLD (45 pg/kg) LD (115pug/kg) MD (215 ug/kg) HD (315 ug/kg)
Sampling 1 (baseline, t 9-20 min)
Thyroid-stimulating hormone (TSH [mU/I])  1.30%0.15 1.62%0.13 1.54+0.13 1.40+0.16 1.27+0.14
Prolactin (PRL [ng/I1]) 16.7+5.5 16.0%5.4 14.6+4.3 15.5£5.7 14.8+2.8
Adrenocorticotropic hormone (ACTH [ng/I]) 21+6 17+5 17+4 18+6 12+2
(Cortisol (CORT[Mmol/) — — ™ ™ ™ "432+59 336454 _ _ 378s77 _ _ 382:50 _ _ 385471 _
Sampling2(tosros min) - -T-T-=-====
Thyroid-stimulating hormone (TSH[mU/I])  1.24%0.16 1.41+0.09 1.50+0.13 1.54+0.16 1.66+0.22%*
Prolactin (PRL [ug/1]) 9.5+2.0 12.8+4.6 14.5+5.3 22.447.7%* 28.0+7.5%**
Adrenocorticotropic hormone (ACTH [ng/l]) 20+5 19+4 25+5 4214 50+12%*
Comalom (o) — — . 30 5B ey T  mem T T mim T
Sampling 3 (t 0+300 mm)
Thyroid-stimulating hormone (TSH[mU/I])  1.16+0.15 1.38+0.19 1.15+0.09 1.20£0.13 1.18+0.18
Prolactin (PRL [ug/11) 12.4%2.7 9.0%1.6 9.1£1.7 9.7+2.0 12.9£2.9
Adrenocorticotropic hormone (ACTH [ng/l]) 1814 153 15+2 1412 15+2
[Cortisol (CORT (nmol/i) _ 353554 306+64  _ 289£60  _ 294357 _ 344161

Table 2: Neuroendocrine effects of psilocybin. Dose-dependent plasma concentrations of

hormones (mean + SEM, n=8). From Hasler et al., (2004).
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The increase in ACTH and cortisol levels suggests that psilocybin activates the HPA axis,
likely through 5-HT2a receptor stimulation as discussed previously. Moreover, the study concluded
that psilocybin, even at high doses, is not hazardous to healthy subjects. However, the transient
increase in blood pressure at high doses indicates that individuals with cardiovascular conditions
should avoid its use. Additionally, the psychological effects, though profound, were generally well-
tolerated and integrated by the subjects. This emphasizes the importance of a controlled clinical
setting to manage any potential adverse reactions, particularly anxiety. Based on these findings,
psilocybin activates the HPA axis, resulting in increased levels of ACTH and cortisol.

Building on these findings, a different study found that both LSD and psilocybin can induce
a temporary increase in cortisol levels. Interestingly, the increase in cortisol may be a direct result
of the heightened sensory and emotional experiences that characterize the psychedelic state,
which the body maybe interpreting as a form of stress. To further investigate this question, the
study from Holze et al. (2022) offers comprehensive insights into the subjective, autonomic, and
endocrine effects for both LSD and psilocybin (169). Conducted with a double-blind, randomized,
placebo-controlled, crossover design in 28 healthy subjects, this study provides robust evidence
for the comparative effects of these psychedelics.

The study found that LSD (at doses of 100 g and 200 pg) and psilocybin (at a dose of 15
and 30 mg) produced comparable subjective effects. Notably, the 200 pg dose of LSD induced
higher ratings of ego-dissolution, impairments in control and cognition, and anxiety than the 100
ug dose. Both doses of LSD had a significantly longer duration of effects compared to psilocybin,
which suggests a more prolonged alteration of consciousness. Both LSD and psilocybin exhibited
dose-proportional pharmacokinetics and first-order elimination. In terms of the pharmacokinetics,
the elimination half-life of LSD was approximately 4 hours, while psilocybin's active metabolite,
psilocin, had a half-life of around 2.5 hours. In addition, they found the 15 mg dose of psilocybin

produced weaker subjective effects compared to both doses of LSD and the 30 mg dose of
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psilocybin (169). The study also highlighted that ego-dissolution and ineffability were significantly
higher with the 200 pg dose of LSD compared to the 30 mg dose of psilocybin.

Regarding endocrine responses, their supplementary information (Figure 6 and Table 3)
presents a detailed analysis of plasma concentrations of cortisol, prolactin, oxytocin, and BDNF
over time following the administration of LSD (100 pg or 200 ug), psilocybin (15 mg or 30 mg), or
a placebo (169). The data reveal significant insights into the dose-dependent effects of these
substances on stress and endocrine responses. Both doses of LSD (100 pg and 200 pg) result in
a significant increase in cortisol levels over time, indicating a drug-induced stress response, with
the 200 pg dose slightly higher than the 100 pg dose. Similarly, both doses of psilocybin (15 mg
and 30 mgq) increase cortisol levels, with the 30 mg dose causing a more substantial rise than the
15 mg dose. In contrast, the placebo group shows a decrease in cortisol levels, serving as a
baseline and indicating no stress response. Furthermore, LSD administration also increased
prolactin levels, with the 200 pg dose showing a more pronounced effect than the 100 yg dose,
suggesting a dose-dependent response. Psilocybin similarly elevated prolactin levels, with the 30
mg dose having a higher impact than the 15 mg dose (169). The placebo group, however, showed
a slight decrease in prolactin levels, indicating no significant effect.

Although not measured in this study, ACTH measurements would further confirm the HPA
axis activation and its dose-dependent response to these substances. Corresponding increases
in ACTH levels likely mediate the observed increases in cortisol levels following LSD and
psilocybin administration. The increase in cortisol and prolactin levels following the administration
of LSD and psilocybin underscores the role of these hormones in the stress response and HPA-

axis activation.
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statistics are shown in Supplementary Table S5. From Holze et al., 2022; “Figure S5.”
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Table S5. Mean values and statistics for the acute autonomic and endorine effects of LSD, psilocybin, and placebo

15mg 15mg 15mg 30 mg 30 mg 100 pg
Psilo - Psilo - Psilo - Psilo - Psilo - LSD -

15 mg 30mg

Placeb: . .
acebo Psilocybin Psilocybin

100 ugLSD 200 g LSD Pla- Pla- Pla- Pla-

Fane  P= 1: Mg 30mg 100ug 20068 55mg  100ug  200ug  100ug  200pg 200 g
(mean + SEM) (mean + SEM) (mean + SEM) (mean + SEM) (mean + SEM) sio  Psilo LSD LSD o’ sp  LsD  LSD  LSD  LSD
Autonomic Effects
Systolic blood pressure (mmHg) Emex 13120 140£22 14627 138+24 14125 174 <0001 *** roxx *x il * NS NS il * NS
Diastolic blood pressure (mnmHg) Enmax 82+11 89116 93+1.6 86+ 1.6 87+1.7 234 <0.001 Fxk i * whx * * NS *hk i NS
Mean arterial pressure (mmHg) Emex 98+14 106 +1.5 110+£1.8 102+1.7 104+£19 253 <0001 *** ki x i * * NS Hkk ok NS
Heart rate (beats/min) Enax 74+20 78+2.1 82+3.1 83£25 90+32 148 <0001 NS ** bl bl NS NS b NS ** *
Rate pressure product (mmHg xbpm) Eq 9334327 104434372 11344523 11119£399 12097£470 152 <0001  * ek ek e NS NS wxx NS NS ()
Body temperature (°C) Enmax 371£01 376+007 379009 376+005 375:008 251 <0001 *** b i i el NS NS w* w* NS
Pupil dilation (mm) Enmax 58+0.2 6.5+02 66+0.2 66+0.2 67+0.2 53.0 <0.001 *** b i il NS NS NS NS NS NS
Enmin 40+01 49+02 54+0.2 50+0.2 51+0.2 624 <0001 *** Hoxk ok il rokk NS NS Fokk * NS
Pupil contratction (mm) Emin 15£01 1301 1.0£0.1 14+0.1 13+0.1 101 <0.001 NS i NS * bl NS NS hidd * NS
List of Complaints (LC Score)
Acute adverse effects 0-12h 19+06 89+14 1316 12+20 15620 2207 <0001 *** bl bl ok (%) NS *x NS NS NS
Subacute adverse effects 1224 h 13403 24+05 41£08 3106 48:08 653 <0001 NS b NS NS NS * NS NS NS
Adverse Effects Enmax 21+06 9014 14+16 13+19 15+2.0 23.04 <0001 *** b i i * NS el NS NS NS
Hormones and Markers
Cortisol (nmol/L) AChasaiine 162+ 22 43+288 168+ 36.3 96+ 22 180+£36 3028 <0001 *** o o bl * NS > NS NS NS
Prolactin (mU/L) ACiusaine 128+ 38 87+42 283+ 72 162+ 67 63+51 1110 <0.001 NS e * b NS NS NS b NS
Oxytocin (pg/mL) AChaseine 1418 83+49 31£12 51£13 5013 816 <0.001 NS e e NS * * NS NS NS
BDNF (pg/mL) AC 42:18 34£10 40£08 16£06 4509 045 NS
‘*’P<0.1, *P<0.05, **P<0.01, ***P<0.001; NS, not i DCpaseines ion dif from i N=28; BDNF, Brain-Derived Neurotrophic Factor.

Table 3: Mean values and statistics for the acute autonomic and endocrine effects of LSD,

psilocybin, and placebo. From Holze et al., (2022).

Moreover, this study provides noteworthy evidence that the acute effects of LSD and
psilocybin are largely similar in terms of subjective experiences, with differences in effect duration
being a primary distinguishing factor. In addition, both substances were found to induce a stress
response as evidenced by increased cortisol levels in a dose-dependent manner (Figure 6 and
Table 3). These findings contribute valuable information for dose finding and understanding the
therapeutic potential of these psychedelics in clinical research and treatment contexts.

Building in these findings, a study by Mason et al. (2023), explored the effects of psilocybin
on immune function, stress response, and psychological outcomes (170). This research aimed to
elucidate the mechanisms by which psilocybin exerts its therapeutic effects, particularly focusing
on its interaction with the immune system and the HPA axis. They found that acutely, psilocybin
administration led to a significant increase in cortisol concentrations, peaking around 80 minutes
post-administration. As seen in Figure 7, cortisol levels in the psilocybin group increased from a
baseline mean of 12.89 ng/mL to a peak of 17.15 ng/mL approximately 80 minutes post-

administration. This indicates an increase of 4.26 ng/mL in cortisol levels following psilocybin
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administration. In contrast, the placebo group showed a baseline mean cortisol level of 12.01
ng/mL, which decreased to 9.45 ng/mL at the same time, indicating a 2.56 ng/mL decrease (170).
Therefore, the data demonstrates a more pronounced cortisol response in the psilocybin group,
highlighting its HPA axis activation.

To further this novel intersection between stress and psychedelics, the study evaluated
participants' reactions to a psychosocial stressor seven days post-administration. This involved a
stress-induction protocol designed to elicit a robust stress response, including cortisol, blood
pressure, and heart rate measurements. Furthermore, the results showed that psilocybin did not
significantly alter these physiological stress markers compared to the placebo group (Figure 7).
Both groups exhibited similar increases in cortisol, blood pressure, and heart rate in response to
the stressor. However, a notable finding emerged in the subjective experience of stress.
Remarkably, participants who received psilocybin did not report increased anxiety following the
stress test, unlike those in the placebo group (170). This suggests that psilocybin may have an
anxiolytic effect, reducing the subjective experience of anxiety even if physiological stress

markers do not show significant differences.
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Figure 7: Neuroendocrine response (cortisol values) before, during, and after the
stress. (A) or the control (B) protocol, in those who received psilocybin or placebo. The left panel displays
the cortisol response across all time points. After the stress condition, both those who received psilocybin
or placebo showed a significant increase in cortisol up to 45 min after the stress test. There were no
significant changes in cortisol after the control condition. The right panel zooms in, displaying cortisol
concentrations before the stress/control protocol and during the stress/control protocol. The connecting
lines demonstrate how individual participant’s cortisol concentrations changed over these two time points
and are separated by drug treatment condition (placebo or psilocybin). Blue lines indicate a cortisol
increase. Although numerically more people in the placebo group showed increased cortisol concentrations

after stress compared to psilocybin, the group difference was not significant. From Holze et al., (2023).
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This novel interaction between stress and psychedelics could be significant for therapeutic
applications, indicating that psilocybin might help individuals manage stress more effectively by
activating the HPA axis and mitigating anxiety responses. Furthermore, while psilocybin acutely
activates the HPA axis, as evidenced by increased cortisol levels, it does not appear to have a
lasting impact on increased cortisol concentration or physiological stress responses. Instead, its
potential anxiolytic effects could provide stress resilience and a recalibration of the HPA axis and
glucocorticoid levels.

These studies indicate that the psilocybin-induced stress response and increase in cortisol
could be a critical factor driving reduction in depression and anxiety. While correlations between
drug-induced cortisol elevation, self-reported anxiety, and treatment outcomes have been
reported for human studies during psilocybin-assisted therapy, the mechanistic relationship
between psychedelic-associated alterations in plasma glucocorticoid responses and the time
course of anxious responsiveness remains unclear. Current research on psilocybin has primarily
focused on its psychological effects and therapeutic potential in treating various mental health
disorders. However, the specific interaction between psilocybin and the drug-induced stress
response mediated by the HPA axis remains poorly understood. This represents a significant
knowledge gap for the novel interaction between stress and psychedelics, as investigating this
relationship could further clarify the mechanisms underlying psilocybin's therapeutic benefits and
help optimize its use in clinical settings. More research is needed to fully understand its interaction
with the stress response. To address this gap in knowledge, my graduate thesis research has
provided valuable insights on the interaction between psilocybin and the stress response through
animal studies. My research explored how psilocybin influences glucocorticoid levels and anxiety-
like behaviors, providing evidence for a novel mechanism of action underlying its anxiolytic

effects.
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Sections of this chapter have been reprinted with the permission of the following:
Banks, M. I., Zahid, Z., Jones, N. T., Sultan, Z. W., & Wenthur, C. J. (2021). Catalysts for change:
the cellular neurobiology of psychedelics. Molecular biology of the cell, 32(12), 1135—1144.
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Chapter 2: Transient Elevation of Plasma Glucocorticoids Supports Psilocybin-

Induced Anxiolysis in Mice

2.1 Introduction:

Investigation into the clinical use of psilocybin-assisted psychotherapy has shown positive
results in the treatment of substance use disorders, end-of-life anxiety, major depressive disorder,
and treatment-resistant depression. (1-14) Although results from these clinical studies have
shown positive effects, the underlying mechanisms supporting these long-lasting effects are
unclear. To date, all clinical studies on psilocybin-assisted therapy have evaluated the
comprehensive effects of both compound action and psychotherapy interventions, encompassing
rigorous psychological preparation, debriefing sessions, guided support, and environmental
manipulations during the administration session. (4) In addition, nonpharmacological factors have
been shown to play a crucial role in determining the quality and nature of the subjective
experiences associated with psilocybin use in humans, as well as the potential therapeutic
outcomes arising from such use. (5-7) These factors have been referred to as "set and setting,"
where "set" refers to mindset and includes psychological and emotional components, such as
expectations, mood, personality, and past experiences, and "setting" includes physical
components such as the location, lighting, and comfort of the environment, as well as social
components such as the presence of other people and their relationship to the individual. (8)
Consequentially, including these nonpharmacological variables poses a significant challenge to
the isolation of the biological and pharmacological effects of psilocybin alone through human
studies. (9,10)

Animal models are one way to isolate these molecular effects of psychedelics without
additional psychological support. Studies assessing antidepressant-like and anxiolytic-like effects

following treatment with psychedelic 5-HT2a agonists in rodent behavioral tests like the forced
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swim test (FST), open field test (OFT), and elevated plus maze (EPM) have recently emerged.
(11-18) These studies have often identified results consistent with human trials, such as
demonstrating antidepressant-like or anxiolytic-like activity through reductions in FST immobility
time or increased open arm time in the EPM. However, some results have been inconsistent with
this interpretation, such as those demonstrating no effect on FST in Flinders' Sensitive Rats for
up to a week after single or repeated psilocybin dosing. (16) Notably, psilocybin is a prodrug that
is dephosphorylated by alkaline phosphatases to produce its active metabolite, psilocin, which
acts as a psychedelic compound through agonism at the 5-HT2a receptor subtype. (1-3) However,
some of the rapidly occurring antianhedonic behavioral effects of psilocybin in mice have been
proposed to be 5HT2aR-independent, suggesting that additional mechanisms may be relevant for
the behavioral profile induced by this compound in rodents. (19)

When considering additional or alternative biological modifiers of psilocybin's variable
effects, potential targets of interest include stress-associated hormones, such as cortisol and
other glucocorticoids, that are released following administration of psilocybin in humans. (20)
Recent work has uncovered correlations between acute cortisol release, psychological reports of
anxiety, and alterations of long-term therapeutic efficacy, but there is not yet consensus regarding
the role of acute stress-associated hormone release in long-term therapeutic outcomes
associated with psilocybin or other serotonergic psychedelics. (21) Multiple possible causal
relationships between these factors can be formulated; elevated plasma glucocorticoid
concentrations may lead directly to manifestation of psychological anxiety; they may exclusively
act as downstream biomarkers of an independently initiated psychological process; or there may
be mutually reinforcing feedback between these physiological and psychological processes.

Previous animal studies have made headway in assessing the impact of non-psychedelic-
induced acute increases in plasma glucocorticoids on subsequent behavior in tasks associated

with anxious-like responses. For example, "stress inoculation" effects have been observed in
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preclinical studies of rodent anxious responses, where repeated acute stressors reduce
subsequent anxious responses. (22,23) Likewise, animal research using ketamine, another
rapidly acting antidepressant (RAAD) with marked psychoactive effects, identified rapid transient
elevations in plasma and brain corticosterone following its administration to awake rodents. (24)
This was suggested to be a supportive mechanism for ketamine's behavioral effects and an
important confounding factor to consider in interpreting antidepressant-like outcomes in animal
models. Furthermore, ketamine's rapid antidepressant-like effects in rodents were recently
reported to be mediated by hypothalamic—pituitary—adrenal (HPA) axis activation, where
activation of corticotropin-releasing factor-expressing neurons specifically in response to the
scent of male experimenters was essential for ketamine to reduce immobility time in the FST. (25)
Together, these observations indicate a better understanding of the relationship between RAAD-
induced glucocorticoid release and subsequent behavioral changes is needed. In this work, we
test the hypothesis that the drug-induced release of plasma glucocorticoids is a necessary factor
for the post-acute (4 h) and long-term (7 days) anxiolytic-like effects of psilocybin in the novelty-

suppressed feeding assay (NSF) and OFT.

2.2 Materials and Methods:

Animals and Husbandry

All experimental procedures were approved by the University of Wisconsin, Madison
Animal Care and Use Committee (IACUC) and completed in full accordance with Research
Animal Resources and Compliance (RARC) guidelines. All mice used in this work were
acclimated to the University of Wisconsin vivarium conditions for at least seven days before
handling or experimentation. Unless otherwise noted, food pellets (LabDiet) and water (Inno-Vive)

were available ad libitum. All 554 C57BI6/J mice used (male; 6—8 weeks old; The Jackson
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Laboratory, ME, USA) were housed in groups of three or four under a 12 h artificial, reversed

light/dark cycle. The room temperature remained constant between 22 and 24 °C.

Drugs

All controlled substances were handled by authorized users on the Schedule | and
Schedule 1I-V DEA (Drug Enforcement Administration) research licenses and WI Special Use
Authorizations held by Dr. Cody Wenthur. Psilocybin powder (Usona Institute; Madison, WI) was
diluted in 0.9% sterile saline, then acidified to a pH of 1—-2 with 1 M HCI, sonicated for 30—60 s,
and brought to a pH of 6—7 using 1 M NaOH. This material was passed through a 0.2 um filter
and administered intraperitoneally (IP) at doses between 0.3 and 3 mg/kg. Ketamine
hydrochloride (Spectrum Chemical Mfg. Corp.; Gardena, CA) was diluted in 0.9% sterile saline,
passed through a 0.2 um filter, and administered at a dose of 30 mg/kg IP. All IP injections were
given at a volume of 10 mL/kg. No mouse was given more than one injection of psilocybin or
ketamine or re-used following a washout period. Corticosterone (Sigma-Aldrich) was diluted in
4.5% (2-hydroxypropyl)-beta-cyclodextrin (Biosynth-Carbosynth) in water, vortexed for 1 min, and
then sonicated for 3 min at 22 °C, before being diluted to 0.45% beta-cyclodextrin in the animals'
drinking water. For experimental batteries requiring chronic corticosterone exposure, mice were
given ad libitum access to either corticosterone water (0—80 ug/mL) or the vehicle [0.45% (2-
hydroxypropyl)-beta-cyclodextrin] in their home cage for 28-days. (26-28) Both vehicle and

corticosterone bottles were refreshed every 7 days for the 28-day period.

Tandem Mass Spectrometry

Tandem mass spectrometry (MS/MS) was performed by the Analytical Instrumentation
Center (AIC) in the UW-School of Pharmacy. Instrumentation consisted of a Waters Acquity UPLC
system coupled with an AB/Sciex Q-Trap 5500 for traditional triple quadrupole quantitation.

Briefly, all standards, quality controls, samples, and blanks were prepared with a 50 ng/mL
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concentration of dio-Psilocin (Cerilliant; Round Rock) before being subjected to acetonitrile
precipitation and filtration through a Sirocco plate (Waters Corp; Milford, MA). All samples were
run on a Kinetex Core—Shell Technology column (Phenomenex; Torrance, CA) with a 2.5 mM
aqueous ammonium formate/acetonitrile gradient. Samples were analyzed for both psilocybin and
psilocin transitions using the area under the curve for these analytes relative to the internal
standard via MultiQuant analysis software (SCIEX; Framingham, MA).

For full experimental details, the instrumentation consisted of a Waters Acquity UPLC
system coupled with an AB/Sciex Q-Trap 5500 for traditional triple quadrupole quantitation. All
reagents used, including water, were optima grade. Tandem mass spectrometry (LC-MS/MS)
began with mixing psilocybin powder with optima-grade methanol to obtain a concentration of 1.0
mg/mL. Dilutions of psilocybin (Usona Institute; Madison, WI) were prepared in ice-cold methanol
from 0.5 ng/mL to 600 ng/mL. The psilocin (Usona Institute; Madison, WI) stock solution used for
this analysis was diluted in ice-cold methanol at a concentration of 1 mg/mL. The d10-Psilocin
(Cerilliant; Round Rock, TX P-099- 1ML) stock solution at a concentration of 100 pg/mL was
diluted to 50 ng/mL (1:80). This dilution was utilized as the internal standard. Next, 60 pL of blank
mouse serum was pipetted into the calibration and quality control (QC) tubes. The psilocybin
dilutions were then spiked, 2.5 L, into the calibration and QC-labeled tubes. Experimental mouse
samples were pipetted into the Sirocco plate (Waters Corp; Milford, MA). After adding the
samples, 150 pl of precipitation mix (2 pL d10-Psilocin-, 1.5 pL formic acid-, 146.5 L acetonitrile-
per sample) was pipetted into all the Sirocco wells.

Samples precipitated for 2 minutes before being pushed through the plate at 7 — 12 PSI
(Waters; Positive Pressure-96 Processor). The samples were then transferred to 96-Well, 1 ml
plates and dried. Samples were resuspended in 98% 2.5 mM Ammonium formate in water/ 2%
acetonitrile/ 0.1% formic acid. Two running solvents were used. Solvent A; 2.5 mM Ammonium

formate in water/ 0.1% formic acid. Solvent B: acetonitrile/0.1% formic acid. For this analysis, a
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Kinetex Core-Shell Technology (Phenomenex; Torrance, CA) column was installed and used on
the I-Class UPLC (Waters Acquity UPLC system) coupled with AB/Sciex Q-Trap 5500. Ten blank
injections were set up in a sequence to equilibrate the column. The column temperature was held
at 28°C, and a flow rate of 0.35 mL/min was used. The numbered data acquisition files were
submitted randomized to avoid instrument performance bias. The samples were injected using a
3-minute gradient starting at 25% and going to 61% B in 1.4 minutes, then to 95% over 0.15 min
with a 0.6-minute hold at 95%, then back to 25% in 0.15 min and a re-equilibration hold for 0.25
minutes. Samples were injected in triplicate. Two samples were grouped, and each group
underwent six injections with six blanks. Transitions analyzed were Psilocybin parent ion — m/z
285.057, daughter ions — m/z 240, m/z 205.1, and m/z 115. Psilocin parent ion — m/z 205.123,
daughter ions —m/z 160.1, m/z 115, and m/z 89. d10-Psilocin parent ion — m/z 215.90, daughter
ions — m/z 164.1, m/z 117, and m/z 91. The standard curves all had R2 values > 0.995. The
MultiQuant analysis software (SCIEX; Framingham, MA) was used to process data obtained from
the LC-MS/MS run. A calibration curve was created using standards diluted in blank serum (0.5
to 600 ng/mL). Analyte concentrations in subject plasma were determined using the area under
the curve (AUC) of analytes relative to internal standards. The calibration curve was created using
a quadratic model with 1/x weighting. Any calibration curve points that showed more than 15%

variation in accuracy were removed.

Head Twitch Response and Surgery

To measure acute unconditioned responses to psilocybin, head twitch responses (HTRs)
were detected automatically via fluctuations in magnetic field strength signals from magnets
cemented to the animals' skulls using slight modifications from previously reported methods. (29)
In this study, mice were implanted with skull screws and anesthetized with isoflurane (1.5-2%) to

attach a neodymium magnet to the skull screw. Following an at least 7-day recovery period,
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individual animals were placed into a clear acrylic cylinder (15.24 cm height x 15.24 cm diameter)
wrapped with ~300 rotations of 30-gauge copper magnet wire (Essex, Fort Wayne, IN) inside a
dark sound-attenuating chamber. Magnetometer signals were amplified near the source with a
homemade custom circuit, and the signal was routed to an RZ5D (filtered at 0.2—1000 Hz and
then digitized at 3051.8 Hz). After this time, the animals were administered with 3 mg/kg IP
psilocybin and recorded for an additional 2 h. Changes in the local magnetic field induced by head
twitches (~60-90 Hz signal) were assessed using custom MATLAB software. Automated results
were compared to visually observed HTRs for internal validation. All HTR responses were

recorded between 1 and 4 PM.

Open Field Test

To test for drug-induced changes in locomotor, exploratory, and anxious behavior, mice
were assessed in the OFT. Mice were injected IP with psilocybin (0—3 mg/kg) and then individually
placed into a corner within an open-field apparatus (41 x 20 x 24 cm), within 5 min—7 days after
injection. The center zone was defined as the arena's middle one-third (6 x 27 cm). The apparatus
was illuminated at ~200-250 lux. Mice could explore freely for 10 min in acute experiments and
150 min in long-term experiments. Time spent in the center and total distance traveled were
automatically quantified using Any-Maze software. Each apparatus was cleaned before and after
each test with Trifectant. All OFT measurements were run between 1 and 4 PM. Where repeated
measurements were taken, data were normalized to show % of saline average activity at each
time point, with repeated measurement in the OFT at 15 min and 4 h. This was done to put both
time points on the same scale and highlight dose-dependent interactions that are independent of

repeated testing effects.
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Scheme 1: Open Field Test (OFT) apparatus with corresponding dimensions and set-up.

Novelty Suppressed Feeding

Mice were assessed in the NSF assay to measure animal behavior in a task combining
motivated behavior with environmentally mediated anxiety. Animals underwent a 16-hour period
of food deprivation. Mice then received an IP injection of saline or drug 4-h before performing the
NSF test. For the test, a food pellet soaked in 50% sucrose solution was placed into a glass petri
dish that served as the center zone (9 cm diameter) and centered within a novel cage environment
(60 x 40 x 40 cm) illuminated at 960 lux. Mice were then placed into a corner of the apparatus
and allowed to explore for 10 min. Latency to the first feed was recorded by a trained and blinded
observer, and movement and distance traveled were monitored by Any-Maze software. Pellet
weight was also obtained immediately before and after each test. After testing, the mice were
returned to their housing and given normal food and water. Each apparatus was cleaned before

and after each test with Trifectant. All NSF measurements were run between 1 and 4 PM.
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Scheme 2: Novelty Suppressed Feeding (NSF) apparatus with corresponding dimensions and set-up.

Blood Sample Collection and Corticosterone ELISA

To investigate the effects of psilocybin on corticosterone levels in C57BL/6 mice, repeated
retro-orbital bleeds were collected from each mouse at all time points other than the terminal time
point, where blood was collected via decapitation. Animals were anesthetized with isoflurane
before blood collection at all time points. After collection, the samples were centrifuged at 10,000
rpm (11,292g) for 10 min at 4 °C (Eppendorf-Centrifuge 5430 R). The serum fraction was
separated and stored at —-80 °C. Upon thawing, the plasma corticosterone concentrations were
assessed using a colorimetric ELISA analysis (Enzo-Life Sciences, Corticosterone ELISA Kit)
following the provided and established protocol. All independent biological samples were run in
technical duplicate or triplicate, and calculated concentrations were corrected for assay dilution

(40x).
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Statistical Analyses

Statistical analyses were performed using GraphPad Prism, version 9 (San Diego, CA).
All tests were run as two-tailed analyses, setting p < 0.05 as the threshold for significance. Data
analyzed across time were assessed using repeated-measures approaches; all samples were
otherwise considered independent for analysis purposes. All data were tested for normality and
processed using nonparametric tests where appropriate. Post-hoc tests for ANOVA and survival
analyses are reported with p-values corrected for multiple comparisons when follow-up tests were

run to assess differences between specific conditions.

2.3 Results:

To identify a dose of psilocybin that could reliably demonstrate behavioral effects following
a single drug exposure, 6—-8-week-old male C57BI/6 mice were given IP injections with 0-3 mg/kg
psilocybin, covering the usual range reported in previous animal experiments. (11-18) In these
animals, plasma psilocybin and psilocin concentrations at 15 min exhibited a robust dose-
dependent plasma exposure profile across this dose range, as measured by liquid
chromatography-tandem mass spectrometry (LC-MS/MS; Figure 1A). At the highest dose, plasma
concentrations of psilocybin returned to baseline by 60 min, and psilocin returned to baseline by
240 min (Figure 1B). The calculated half-life for psilocybin was 8 + 1 min, and that for psilocin was

35 + 4 min.
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Scheme 3: Determine psilocybin and psilocin time-course and half-life via blood collections.
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With this pharmacokinetic data to guide relevant time-point selection for acute exposure
and post-acute drug clearance, an OFT was next used to assess locomotion and time spent in
the center of the arena as an ethological test of approach-avoidance behavior. (30) Measurement
of these behaviors was assessed at the time of maximal measured plasma concentrations (15

min) and at the time of drug clearance from the plasma (4 h).

Acute Timepoint
Psilocybin Still in the System/Mouse

15 Minute

Vs
-

Inject Mice with Open Field Test
Psilocybin
(0.3, 1, and 3 mg/kg)

Post-Acute Timepoint
Absent from System/Mouse

%\ 4 hours |

—

Inject Mice with Open Field Test
Psilocybin
(0.3, 1, and 3 mg/kg)

v

Scheme 4: Using the Open Field Test (OFT) characterize psilocybin’s locomotor and anxiolytic effects.

(Top) Acute 15 minutes. (Bottom) Post-acute 4 hours.

Regarding distance traveled, while there was a significant dose x time interaction, with
higher doses trending toward a greater distance traveled at 15 min, no single dose was found to

have significantly different effects from saline at either time point (Figure 1C). Regarding time in
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the center of the arena, there was also a significant dose x time interaction for psilocybin (Figure
1D). A negative relationship between the dose and the time spent in the center of the open field
was seen at 15 min, with 3 mg/kg of psilocybin demonstrating significant suppression as
compared to 0.3 mg/kg. In contrast, a positive relationship between the dose and the time spent
in the center of the open field was observed at 4 h, with 3 mg/kg psilocybin demonstrating
significant enhancement of this measure compared to 0.3 mg/kg. Overall, it was observed that
increasing doses of psilocybin supported acute (15 min) anxiogenic-like and post-acute anxiolytic-
like behavior in this assay, both when accounting for repeated exposure effects (as in Figure 1)

and when using raw measures (Figure S1).
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Figure 1: Psilocybin's effects on anxiety-like behavior are inversely related during
acute exposure and post-acute clearance. (A) Plasma psilocybin and psilocin concentrations at
15 min after IP administration of psilocybin. Kruskal-Wallis (n = 5; psilocybin, p < 0.0001; psilocin, p <
0.0001) with Dunn's multiple comparisons test (**p = 0.0014, ***p = 0.0005). (B) Time course of psilocybin
and psilocin concentrations following administration of 3 mg/kg IP psilocybin (n = 4-5). (C) Dose—response
relationship of the distance traveled relative to the saline average during a 10 min exposure to an open-
field arena at 15 min and 4 h after IP administration of psilocybin. Two-way RM ANOVA (dose x time
interaction, p = 0.034; dose main effect, p = 0.65; time main effect, p = 0.025). (D) Dose-response
relationship of time in the center during a 10 min exposure to an open-field arena at 15 min and 4 h after
IP administration of psilocybin. Two-way RM ANOVA (dose x time interaction, p = 0.0019; dose main effect,
p = 0.95, time main effect, p = 0.50) with Sidak’s multiple comparisons (*p = 0.047, **p = 0.001). Data
shown as mean + SEM for all panels.
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The 3 mg/kg dose of psilocybin was selected for further observations, given its observed
significant effects on acute anxiogenesis and post-acute anxiolysis in this initial experiment.
Animals given this dose were assessed for HTRs, which are a classical proxy of hallucinogenic
activity in mice. Psilocybin-treated animals demonstrated a clear elevation in the number of HTRs
occurring in the first 10 min after IP administration, which rapidly returned to baseline (2A). Next,
animals given 3 mg/kg psilocybin IP were assessed for acute elevations in plasma corticosterone
at 15 min; this was observed to occur at significantly higher levels compared to saline
administration at 15 min postinjection, confirming that this dose would be adequate to test our
hypothesis about drug-induced corticosterone release (Figure 2B). This increase in plasma
corticosterone returned to baseline by 4 h following administration and remained there 7 days

later.
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Scheme 5: Sensitivity to Serotonergic Activity. Reliably indicates psilocybin's effects on 5HT-2A due to its

sensitivity to serotonergic activity.
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Scheme 6: Assess drug-induced stress response and CORT concentrations following IP psilocybin.
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With this evidence of meaningful in vivo pharmacologic activity and induction of plasma
corticosterone elevations occurring acutely after being treated with 3 mg/kg IP psilocybin, we next
looked at the NSF to confirm anxiolytic-like effects of this intervention at the 4 h post-acute period,
which follows drug clearance from the plasma. At this post-acute period, psilocybin was found to
reduce the latency to first consumption in the NSF assay (Figure 2C), while there was no
significant effect on the probability of feeding overall (Fisher's Exact Test, p = 0.24).

Animals treated with 3 mg/kg IP psilocybin also exhibited increased time in the center of
this assay at 4 h posttreatment (Figure 2D). No effects of this dose were seen post-acutely in
either the sucrose preference test or the FST (Figure S2), indicating that anhedonic and
behavioral despair-associated behaviors are not altered at 4 h after administering this psilocybin

dose.
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Scheme 7: Assess post-acute anxiolytic effects following IP psilocybin in the NSF. The time point of

4 hours was selected due to the absence of the drug and ongoing drug activity.
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Figure 2: IP administration of 3 mg/kg psilocybin induces acute head twitches and
elevations in plasma corticosterone and post-acute reductions in anxiety-like
behavior. (A) Head twitch counts across 10 min bins following psilocybin administration, mean + SEM.
Two-way RM ANOVA (n = 7-8; drug x time interaction, p < 0.0001; drug main effect, p <0.0001; time main
effect, p = 0.48) with Sidak's multiple comparisons (*p = 0.031). (B) Plasma corticosterone concentrations
at 15 min, 4 h, and 7 days after IP injection, mean + SEM. Two-way RM ANOVA (drug x time interaction,
p = 0.0441, time main effect, p < 0.0001, drug main effect, p = 0.066) with Sidak's multiple comparisons (*p
= 0.036). (C) Survival curves for feeding behavior in a 10 min exposure to a novelty-suppressed feeding
test at 4 h following IP injection. Mantel-Cox, values +95% CI (n = 30; ***p = 0.001). (D) Time in the center
of the novelty-suppressed feeding chamber under the same conditions, mean = SEM. t-test (n = 30; **p =
0.0047).
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After observing both psilocybin-induced acute glucocorticoid release and psilocybin-
induced post-acute anxiolysis occurring after treatment with 3 mg/kg IP, we next tested whether
blockade of either glucocorticoid release or glucocorticoid action could suppress the post-acute
anxiolytic effects of psilocybin. Adapting an established protocol previously used in rats,
corticosterone pretreatment at 2.5 mg/kg IP, 3 h before drug administration, was first conducted.
(31) This acute intervention was able to significantly blunt all administration-associated
glucocorticoid release at 15 min, with corticosterone concentrations from the psilocybin-treated
animals reduced such that they were now like those from untreated animals (Figure 3A). Passive
exposure to 80 ug/mL of chronic oral (PO) corticosterone in drinking water for 28-days (about 4
weeks) was next explored to establish suppression of the HPA axis response to drug treatment
over longer periods of time. Induction of negative feedback and HPA axis suppression were
observed following the time-course of plasma corticosterone without drug treatment. This passive
corticosterone exposure successfully led to significant elevations in plasma corticosterone
concentrations, as measured on the 20th day of exposure, one day prior to drug administration.
Importantly, it also resulted in a complete blockade of injection-induced corticosterone elevations
in response to either saline or 3 mg/kg psilocybin injected IP at 15 min after administration these
values were not significantly different from those measured on the previous day (Figure 3B).
Furthermore, evidence of chronic HPA axis suppression was seen with this paradigm, as
corticosterone concentrations fell significantly below the baseline on day 7 after drug treatment,

following an 8 h period of withdrawal from passive exposure (Figure 3B).
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Figure 3: Acute or chronic pretreatment with corticosterone suppresses HPA axis
function and blocks psilocybin-induced corticosterone elevations. (A) Plasma
corticosterone concentrations at 3 h after pretreatment with IP corticosterone and 15 min after IP injection
of saline or psilocybin. Two-way ANOVA (drug x pretreatment interaction, p = 0.66, drug main effect, p =
0.028, pretreatment main effect, p < 0.0001) with Sidak's multiple comparisons (*p = 0.026, **p = 0.004).
(B) Plasma corticosterone concentrations at baseline (-21 days), following 20-days of treatment with oral
corticosterone (-1 day), at 15 min after drug administration, or 7 days after treatment, following withdrawal
of oral corticosterone. Two-way RM ANOVA (drug x time interaction, p = 0.79, drug main effect, p = 0.58,
time main effect, p < 0.0001) with Sidak's multiple comparisons for all groups between time points (*p <
0.05). Data is shown as mean + SEM for all panels.

To assess whether such suppression of drug-induced corticosterone release would block
the post-acute reductions in latency to feed previously seen with psilocybin, behavior in the NSF
was measured in animals either during an ongoing period of chronic glucocorticoid exposure (80
png/mL x 21 days) or following withdrawal after a prior period of chronic glucocorticoid exposure
(50 pg/mL x 28 days). Crucially, the ability of psilocybin to induce post-acute anxiolysis was
blocked in both cases (Figure 4A, B). This pretreatment had no significant effects on the overall

probability of feeding (Fisher's Exact Test; 4A, p = 0.30; 4B, p = 0.21).
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Next, the post-acute effects of psilocybin in the NSF were measured following
pretreatment with mifepristone, a glucocorticoid, mineralocorticoid, and progesterone receptor
antagonist. While mifepristone treatment alone had no significant effects on feeding latency as
compared to saline at the 10 mg/kg dose used, mifepristone-induced steroid receptor blockade
was found to significantly blunt the effect of subsequent psilocybin administration, as compared
to psilocybin alone (Figure 4C), without modifying the overall probability of feeding (Fisher's exact
test; Psil. vs Psil. + Mifep., p > 0.999). In contrast, pretreatment with 1 mg/kg of ketanserin, a 5-
HT.a receptor antagonist, had no effect on the post-acute NSF feeding profile of animals treated
with psilocybin (Figure 4D). This pretreatment also did not modify the overall probability of feeding

(Fisher's exact test; Psil. vs Psil. + Ketans., p> 0.999).
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Scheme 10: Chronic CORT or vehicle exposure in drinking water prior to psilocybin injection. Injected on
day 21, following an 16 hour food deprivation. Tested in the NSF 4 hours post-injection. Then tested in the

OFT 7 days following injection to assess the long-term anxiolytic effects.
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Figure 4: Suppression of psilocybin-induced CORT elevations or blockade of CORT
binding to glucocorticoid receptors blocks psilocybin's post-acute reductions in
anxiety-like behavior. Survival curves for feeding behavior in a 10 min exposure to a novelty-
suppressed feeding test at 4 h following IP injection of 3 mg/kg psilocybin and (A) 21-day pretreatment with
80 pg/mL oral corticosterone. Mantel-Cox (p = 0.16), values = 95% CI. (B) 4 days after withdrawal of a 28-
day pretreatment with 50 pug/mL of oral corticosterone. Mantel-Cox (p = 0.59), values + 95% CI. (C) 15 min
pretreatment with 10 mg/kg of mifepristone administered IP. Mantel-Cox (all curves, p = 0.0003) and
multiple comparisons (Psil. vs. saline, **p = 0.0075; Psil. vs Psil. + Mifep., *p = 0.0174; Mifep. vs saline, p
= 0.95). (D) 15 min pretreatment with 1 mg/kg of ketanserin administered IP. Mantel-Cox (all curves, p =
0.041) and multiple comparisons (Psil. vs. saline, *p = 0.05; Psil. vs Psil. + Ketans., p = 0.45; Ketans. vs

saline, p = 0.78).

With these indications that blockade of glucocorticoid release or binding could mitigate the
post-acute effects of psilocybin in the NSF assay, we next assessed whether alternative

interventions that induce glucocorticoid release but do not share either the perception-altering
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effects or the receptor-binding profile of psilocybin would still be sufficient to demonstrate similar
post-acute anxiolytic effects to those of psilocybin. To this end, a group of animals were given
0.25 mg/kg of lisuride, a compound with robust 5-HT2a agonist activity but no overt alterations in
conscious perception that has recently been reported to be a RAAD. (32) Another group of
animals was given 30 mg/kg of ketamine, a RAAD compound that acts independently of 5-HT2a
activation but does induce alterations in conscious perception. (33)

At these doses, both compounds were found to induce elevations in plasma corticosterone
at 15 min after administration, with lisuride having a significantly greater effect than ketamine.
Notably, two injections of saline separated by 15 min showed similar elevations in plasma
corticosterone to the ketamine injection, though not as much as lisuride (Figure 5A). Plasma
corticosterone concentrations returned to baseline by 4 h for both the lisuride and ketamine
conditions (Figure S3). Injection of lisuride or double injections of saline also generated significant
reductions in latency to feed in the NSF assay at 4 h post-administration, as compared to a single
saline injection, mimicking the profile seen with psilocybin (Figure 5B). Furthermore, when
repeated saline injection stress-was preceded by treatment with mifepristone, there was a
significant reversal of the dual-injection anxiolytic-like effects (Figure S4). Overall, these results
indicated that repeated glucocorticoid release, downstream of either drug-induced effects or

injection-associated stress, was sufficient to induce post-acute anxiolysis.


javascript:void(0);
javascript:void(0);
https://pubs.acs.org/doi/10.1021/acsptsci.3c00123#fig5
https://pubs.acs.org/doi/suppl/10.1021/acsptsci.3c00123/suppl_file/pt3c00123_si_001.pdf
https://pubs.acs.org/doi/10.1021/acsptsci.3c00123#fig5
https://pubs.acs.org/doi/suppl/10.1021/acsptsci.3c00123/suppl_file/pt3c00123_si_001.pdf

102

N

__(,\%

v

Blood Collection 15 4 hr
min Post-Injection —_—)
| >
[ >
Lisuride a Novelty-Suppressed
0.25 mg/kg ] Feeding Test
% ]
Blood Collection 15 4hr I°
p min Post-Injection —
|
|

|
Ketamine a Novelty-Suppressed
30 mg/kg ] Feeding Test

V4 -
- )

15 min

I Blood Collection 15 4hr I~

min Post-Injection —_—
| | >

| "

__f\%

Saline Saline s Novelty-Suppressed
] Feeding Test

Scheme 13: Lisuride — Non-hallucinogenic 5HT-2A agonist. Ketamine — NMDA antagonist rapidly acting
antidepressant (RAAD) with marked psychoactive effects. Double — saline injections 15 min apart. With

blood collected at 15 min post-injection and then tested in the NSF at 4 hours.



103

>
vy

* %k *
—~ 4007 | |
- 2 100-
£ 9 o
> v =
& 3001 v b 804
g )
) a s
c 60-
© 200+ o 9p S
] QTB 2
§ g 7 40~ Saline + Saline
O 100 0o 3 — Lisuride 0.25 mg/kg
t g 20+ Ketamine 30 mg/kg
S — Saline
c L L 0 1 L] L] 1 1 L] L] 1 ] 1
Saline + Saline Ketamine  Lisuride 0 60 120 180 240 300 360 420 480 540 600

Time (s)
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comparisons (saline + saline vs saline, x2 = 8.741, **p = 0.009; lisuride vs saline, x2 = 5.776, *p = 0.049;

ketamine vs saline, x2 = 3.634, p = 0.17).

Finally, to see if the anxiolytic-like effects of psilocybin were persistent beyond this post-
acute period, we assessed behavior in an open field 7 days following drug administration.
Although no significant difference was seen for drug treatment within the first 10 min of the assay,
significant psilocybin-induced increases in time spent in the center of the chamber were apparent
when mice were allowed to explore the apparatus for a longer (2.5 h) period Additionally, in mice
that were exposed to chronic oral corticosterone in their drinking water (80 ug/mL x 28 days),
psilocybin did not demonstrate an anxiolytic-like effect at 7 days later. Instead, there was a trend
toward reducing the time in the center for psilocybin-treated animals compared to animals treated
with saline. This behavioral pattern yielded a significant psilocybin—corticosterone treatment
interaction for time in the center of the OFT at 7 days (Figure 6A). In contrast, there was no

significant interaction effect for psilocybin and corticosterone treatment regarding overall distance
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traveled (Figure 6B), indicating that alterations in time spent in the center were not due to long-

term modification of locomotor activity.
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Figure 6. Psilocybin's long-term anxiolytic effects are sensitive to chronic elevations
in plasma corticosterone concentration. Behavioral effects in an open-field apparatus during a
150 min exposure at 7 days following IP administration of saline or psilocybin (3 mg/kg) + 28 days (about 4
weeks) of 80 pg/mL oral corticosterone. (A) Time in the center. Two-way ANOVA (psilocybin x
corticosterone interaction, p = 0.0115; drug main effect, p <0.0001; chronic corticosterone main effect, p =
0.50) with Sidak's multiple comparisons vs saline (*p = 0.046). (B) Distance traveled. Two-way ANOVA
(psilocybin x corticosterone interaction, p = 0.27; drug main effect, p = 0.87; chronic corticosterone main
effect, p = 0.0003). All data shown as mean = SEM.

2.4 Discussion:

The results of these experiments suggest that psilocybin-induced glucocorticoid release
is a key mechanism for inducing post-acute anxiolytic-like effects in mice and that transient
psilocybin-induced plasma glucocorticoid elevations are a necessary factor for generating long-
term anxiolytic-like effects in mice as well.

Notably, the psilocybin-induced post-acute anxiolysis observed here was also induced by
alternative interventions that also cause plasma corticosterone increases through mechanisms

independent from either overt perceptual alterations or direct 5-HT2a receptor activation. Indeed,
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even repeated handling and injection stress separated by 15 min could induce a similar outcome.
However, this effect of repeated handling and injection was blocked when glucocorticoid receptors
were antagonized with mifepristone. To help contextualize these findings, it is notable that
repeated corticosterone administration alone has recently demonstrated bidirectional effects on
stress-associated behavioral adaptation in rodents; a single corticosterone exposure can
enhance future anxiety-like responses, but rapid stress or second corticosterone increase
postexposure is sufficient to prevent this behavioral change. (27,28)

In this instance, IP psilocybin administration may be acting similarly to generate a
corticosterone response profile that provides resilience to subsequent exposure to post-acute
stress. Given our findings here, we suggest that the interpretation of both acute and post-acute
effects of psilocybin or other psychedelics on anxiety-like behaviors in mice should routinely
account for multiple injection-associated glucocorticoid release as a potential confounding factor,
particularly when performing antagonist blockade experiments. As the anxiety-modifying effects
of repeated corticosterone injections have been hypothesized to be dependent on delayed
glutamate-sensitive neuroplastic effects occurring in the basolateral amygdala, future
investigations into the mechanistic basis for the observed interaction between psilocybin (as well
as other RAADs, like ketamine and other classical psychedelics) and corticosterone will benefit
from monitoring both immediate and long-term changes in cortical and amygdalar glutamate
concentrations following 5-HT2a agonist administration. (28,34)

Furthermore, these results indicate that the chronic glucocorticoid plasma concentration
profile is a crucial factor in modifying long-term anxiety-associated outcomes. Specifically, when
glucocorticoid plasma concentrations were chronically experimentally elevated before, during,
and after psilocybin administration, the long-term anxiolytic profile of psilocybin was lost This
observation of psilocybin's sensitivity to exogenous glucocorticoid manipulation will likely be

useful for future experiments measuring the functional impact of stress paradigms applied at
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different times in relation to psychedelic drug administration, including paradigms that manipulate
stress via changes to the dosing environment itself. Intriguingly, such environmentally dependent
drug effects have already been observed in mice regarding the effects of other antidepressants,
such as selective serotonin reuptake inhibitors. (35)

Finally, these findings demonstrate that chronic oral corticosterone suppression of drug-
induced acute glucocorticoid release is a beneficial model for the study of neuroendocrine
modulation of psychedelic effects in rodents. Future directions include an assessment of whether
the interaction of chronic corticosterone-induced HPA axis suppression and psilocybin effects on
long-term anxiety-like behaviors generalizes to other means of manipulating HPA axis function
and to other psychedelic drugs. Measurement of functional and structural neuroplastic outcomes
following manipulation of acute and long-term glucocorticoid release in the presence of 5-HTza
activation will also be important.

One notable limitation of these studies is the use of male mice only; direct assessment of
sex differences in this response is being pursued, given well-established knowledge regarding
differential stress responses (26,36) and emerging evidence of differential psychedelic responses
in male and female rodents. (37,38) Another limitation is that the roles of IP injection-related stress
versus drug-related stress in the treated animals were not fully isolated from one another; the use
of minimally stressful administration techniques for psilocybin (such as infusion through a pre-
implanted IV catheter) could lend further clarity to this dimension in future studies. A final
consideration is that a longer period was required to observe the long-term effects of drug
administration in the OFT, potentially making measurements at this time point more reflective of
perseverative exploratory behaviors than of behavioral response to a novel, anxiety-provoking
environment.

Notably, the enduring effects seen here occurred in the absence of psychedelic

messaging and a species with more limited evidence for self-awareness and narrative
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metacognition. (39,40) This indicates that psilocybin's long-term behavioral effects are at least
partially independent of the expectation biases surrounding psychedelics in humans. Further
studies undertaking explicit measurement of neuroplasticity would be valuable in addressing this
translationally relevant issue. (20,41-44)

Additionally, the observations made here demonstrate that the progression from acute
anxiogenesis, through post-acute anxiolysis, to the long-term effects of psilocybin on anxiety-like
behavior in mice was supported by and sensitive to the temporal profile of plasma glucocorticoids.
These findings indicate that repeated measurement of cortisol concentrations in the blood before,
during, and after psychedelic exposure could be employed as a human biomarker. This would
help improve our understanding of how environmental conditions, including set and setting,
preparation, and integration, can modify the progression and resolution of both biological stress-
associated hormonal responses and anxious behavior following psilocybin-assisted therapy.

Such biomarker measurement could also help resolve existing tensions and controversies
in best practices for how to approach acute drug-induced stress and anxiety occurring during
psychedelic administration. On one hand, both self-reported anxiety and plasma cortisol
concentrations have been reported to be transiently elevated by high-dose psilocybin treatment
in healthy human subjects (45), and a particular form of acute anxiety, "dread of ego dissolution",
has also been negatively associated with therapeutic efficacy in individuals with treatment-
resistant depression. (46) On the other hand, observational studies have identified a positive
correlation between acutely challenging psychedelic experiences and long-term well-being, and
at least one model of psychedelic efficacy proposes that overcoming difficult experiences through
acceptance is of therapeutic benefit overall. (47,48) The "pivotal mental states" model further
proposes that stress-induced upregulations of the 5-HT2a system, such as those generated with
the application of psychedelics, are essential for the generation of time-bound opportunities for

transformative change. (49)
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Whether, as seen here in rodents, acute psychedelic-induced glucocorticoid release
similarly supports post-acute enhancement of stress resilience in clinical trials for anxiety-
associated psychiatric indications remains an important question for translational consideration.
Likewise, examination of whether the return to baseline from transiently elevated cortisol
concentrations directly interacts with long-term anxiety outcomes in humans, as was seen here
with rodents, is another critical area for clinical and translational study. Such studies would be
particularly informative if undertaken in concert with an assessment of basal HPA axis function
across different treatment populations to address the identification of psychiatric diagnostic

subpopulations that may be most likely to respond to psychedelic-assisted therapy approaches.

(50-53).
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Scheme 14: Psilocybin’s anxiolytic-like effects persisted at 7 days following administration. The long-term
anxiolytic effects of psilocybin were lost when psilocybin was administered to animals with ongoing chronic
elevations in plasma corticosterone concentrations. Overall, these experiments indicate that acute,
resolvable psilocybin-induced glucocorticoid release drives the post-acute anxiolytic-like effects of
psilocybin in mice and that its long-term anxiolytic-like effects can be abolished in the presence of

chronically elevated plasma glucocorticoid elevations.
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2.5 Impact Statement:

This study demonstrates that psilocybin-induced corticosterone release is a critical factor
driving reductions in anxiety-like behavior in mice in the hours following drug clearance and that
ongoing, unresolved glucocorticoid elevations can invert the long-term outcome of psilocybin
administration on anxiety-like behavior up to seven days later. These findings point to HPA axis
activation and changes in glucocorticoid concentration profiles over time as important translational
factors for mechanistic consideration when investigating classical serotonergic psychedelic-

assisted therapy for the treatment of psychiatric disorders.
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Figure S1. Dose-response relationship of distance traveled relative to saline average during
a 10- minute exposure to an open field arena at A) 15 min and B) 4 h after IP administration of psilocybin.
Dose-response relationship of time in center during a 10-minute exposure to an open field arena at C) 15

min and D) 4 h after IP administration of psilocybin.
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Figure S2. Effects at 4 h following administration of saline or 3mg/kg psilocybin IP on

A) Sucrose Preference or B) Forced Swim Test.
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Figure S3. Time course of plasma corticosterone following administration of saline, 30

mg/kg ketamine IP, psilocybin 3 mg/kg IP, or lisuride 0.25 mg/kg IP. Two-Way ANOVA with Sidak's Multiple
Comparisons: Baseline vs. 4 h, p > 0 .05 for all conditions.



113

— Mifepristone 10 mg/kg + Saline x
— Vehicle + Saline
100+
o
= [
S 80~
(<)
18
% 60-
2
= 404
©
Ko
© 20-
o
0 1 I | || || || || | 1 1
0 60 120 180 240 300 360 420 480 540 60
Time (s)

Figure S4. Survival curves for latency to feed in a novelty suppressed feeding assay
assessing Mifepristone and Saline at 4 h prior to IP administration of saline, in the presence of 15

min pretreatment with either vehicle or mifepristone 10 mg/kg, values + 95% CIl. Mantel Cox (p = 0.0059).
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CHAPTER 3: IN VIVO, VALIDATION OF PSILACETIN AS A PRODRUG YIELDING

MODESTLY LOWER PERIPHERAL PSILOCIN EXPOSURE THAN PSILOCYBIN

The intricate mechanisms underlying psilocybin's effects on anxiety-like behavior have
significant implications for the broader field of psychedelic-assisted therapy. Specifically, the first
part of my thesis work, highlights the pivotal role of psilocybin-induced corticosterone release in
mitigating anxiety-like behaviors in mice shortly after drug clearance. Conversely, it also
underscores that sustained, unresolved glucocorticoid elevations can negatively impact the long-
term efficacy of psilocybin in reducing anxiety-like behaviors up to a week post-administration.
These observations suggest that the HPA axis activation and the dynamic changes in
glucocorticoid concentration over time are crucial translational factors that need to be considered
when investigating the fundamental pharmacology and underlying mechanism of action for
classical serotonergic psychedelic-assisted therapy in treating psychiatric disorders (200). To
continue exploring novel mechanisms of action for psilocybin and other serotonergic psychedelic
compounds, it is crucial to provide more scientists with access to these substances, fostering a
multidisciplinary approach.

Nevertheless, one of the major barriers in working with psilocybin is its classification as a
Schedule 1 drug, as discussed in Chapter 1. This designation, under the Controlled Substances
Act in the United States, categorizes psilocybin alongside other substances deemed to have a
high potential for abuse, no currently accepted medical use, and a lack of accepted safety for use
under medical supervision (201-205). As a result, obtaining the necessary approvals and licenses
for research involving psilocybin is a complex and time-consuming process. Researchers must
navigate through a series of stringent regulatory hurdles, including obtaining a Schedule 1 license
from the Drug Enforcement Administration (DEA). This process requires extensive documentation

to demonstrate the legitimacy and safety of the proposed research. Institutions must also have
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secure storage facilities that meet DEA specifications, that not all institutions have, to handle
Schedule 1 substances. Additionally, the approval process involves multiple layers of review,
including institutional review boards (IRBs) and possibly the Food and Drug Administration (FDA)
(201-203). These regulatory barriers can significantly delay the initiation of research projects and
increase the costs associated with conducting studies. Furthermore, the stigma attached to
Schedule 1 substances can deter funding from public and private sources, limiting the resources
available for psychedelic research. This challenging regulatory landscape not only hinders
scientific progress but also restricts the opportunities for new investigators to enter the field and
contribute to the growing body of knowledge on psilocybin and its potential therapeutic benefits.

Enabling more researchers to investigate the effects of psilocybin's active metabolite,
Psilocin, through alternative prodrugs holds significant promise for advancing our understanding
of psilocin's pharmacology and therapeutic effects (206,207). By providing a more accessible and
efficient means of studying psilocin, we can incorporate a multidisciplinary approach and gain a
more comprehensive understanding of its pharmacology and therapeutic potential. One promising
approach to facilitating this research is the use of synthetic prodrug for Psilocin (208—-211).
Synthetic prodrugs are compounds designed to metabolize into the active substance, in this case,
psilocin, after administration (212,213). This method not only offers an alternative route to study
Psilocin but also provides several significant advantages in research settings.

One key advantage of using synthetic prodrugs for psilocin is the enhanced control over
their production and dosing. Synthetic prodrugs are manufactured under strict quality control
protocols, ensuring a high degree of consistency in their chemical composition and purity. This
consistency allows researchers to conduct studies with highly standardized compounds, thereby
reducing variability and increasing the reliability of their findings (208-213). Such control is
particularly important in pharmacological research, where precise dosing and compound purity

are essential for obtaining accurate and reproducible results. When working with natural
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compounds like psilocybin, variability in the source material can lead to fluctuations in the
concentration of the active ingredient, potentially skewing results and making it difficult to replicate
studies. In addition, the synthesis for psilocybin is rather complex, difficult, and more expensive
(214). Synthetic prodrugs eliminate these issues by providing a simpler synthesis, consistent
purity, and controlled means of delivering psilocin (212—214). Furthermore, synthetic prodrugs
can be designed to have specific pharmacokinetic properties, such as improved bioavailability or
extended-release profiles, which can enhance their therapeutic potential and make them more
suitable for clinical use, a concept that will be explored further in Chapter 4. This ability to fine-
tune the properties of the prodrug also allows researchers to explore different dosing regimens
and treatment protocols, contributing to a more comprehensive understanding of psilocin's effects
and mechanisms of action.

Furthermore, by making these advanced tools and techniques more accessible, we
democratize research, enabling a greater diversity of scientific inquiry and innovation. Therefore,
expanding the number of researchers able to investigate psilocin accelerates the exploration of
its pharmacodynamics and pharmacokinetics. A better understanding of how Psilocin interacts
with serotonin receptors, the time course of its effects, and its metabolic pathways can provide
deeper insights into its therapeutic mechanisms. This knowledge is crucial for optimizing dosing
regimens, minimizing potential side effects, and enhancing the overall efficacy of psilocin-based
treatments. This could lead to more personalized treatment approaches tailored to the specific
needs of patients with conditions such as major depressive disorder, anxiety, PTSD, and other

mental health issues.
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3.1 Introduction:

Comparison of Psilocybin and Psilacetin

Psilocybin is a Schedule 1 compound being investigated for the treatment of major
depressive disorder and other psychiatric conditions (129,215-223). Psilocybin is rapidly
dephosphorylated in the body and is thought to predominantly act as a prodrug to deliver the
active metabolite psilocin, another Schedule 1 substance (206,207). In human studies, the
pharmacokinetics and exposure of Psilocin have been well validated in vivo after administering
psilocybin in accordance with both fixed-dose and weight-based protocols (137,224—-226). While
psilocybin has the longest history of human consumption of any known psilocin prodrug, as this
natural product found in Psilocybe mushrooms has been available since antiquity, it is not the
only psilocin prodrug known (Figure 1) (51,201,202,227,228)

Another notable example is the synthetic tryptamine psilacetin, also known as O-
acetylpsilocin and 4-acetoxy-N,N-dimethyltryptamine (4-AcO-DMT). Psilacetin was first disclosed
in a patent by Hofmann and Troxler in 1961, with an improved synthesis disclosed by Nichols and
Frescas in 1999 (210,229). Recently, both fumarate and hemifumarate crystalline forms of
psilacetin have been isolated (230,231). Although psilacetin induces psychedelic effects in
humans, it is not presently included in any international drug schedules, including the UN 1971
Convention on Psychotropic Substances, which established a system for classifying controlled
psychoactive drugs into four schedules based on their potential for abuse and therapeutic value
(51,203,232,233)

In recent years, there has been a growing interest in studying psilacetin as an alternative
to psilocybin, for several reasons. First, due to its entirely synthetic nature, psilacetin offers
researchers greater control over its production, distribution, and dosing compared to the variability

inherent in extractions of psilocybin from naturally occurring psilocybin-containing mushrooms
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(208,210,234-237). Even when comparing the synthetic production of psilacetin versus
psilocybin, the production of psilacetin is notably simpler, with superior atom economy and fewer
steps. This is primarily due to the difficulty encountered in the installation of the phosphate group
of psilocybin (208,235,238). Additionally, substituting psilacetin for Psilocin may reduce regulatory

access barriers for researchers who do not hold a Schedule | DEA research license.

Psilacetin Usage, Effects. and Pharmacology

Investigation of psilacetin is also of significant public health relevance due to its
recreational use. Synthetic tryptamines have been available on the designer drug market since at
least the late 1990s (239), with psilacetin being a notable contributor to this marketplace. In Spain,
the drug testing organization Energy Control has identified psilacetin as the most prevalent non-
regulated tryptamine in samples submitted between 2006 and 2015 (240). Furthermore, the
prevalence of psilacetin use has even been suggested to surpass that of psychedelic mushroom
use in recent years (241). Individuals taking psilacetin describe its effects as comparable to those
of psilocybin, yet without the adverse side effects associated with the use of whole Psilocybe
mushrooms, such as nausea (241,242). Nevertheless, there remains a paucity of academic
studies concentrating on psilacetin (243) in comparison to the numerous research efforts on the
pharmacological impacts and metabolism of psilocybin and Psilocin (244—-247).

While metabolism to Psilocin has been suggested as the likely source of psilacetin's
psychoactivity, there remains ambiguity as to whether the parent drug itself exerts additional
behaviorally meaningful pharmacologic effects of its own across species (51,243). Some 4-
acetoxy-N,N-dialkyltryptamines have been reported in humans to exhibit effects reminiscent of
lysergic acid diethylamide (LSD) and have been suggested to have enhanced passive access to
the brain due to the acetoxy group enhancing lipid solubility, thereby aiding in crossing the blood—

brain barrier (238). The 5-HT2a receptor is viewed as a significant target for psychoactive
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tryptamines such as psilacetin, as it is with other classical psychedelics such as psilocybin. /In
vitro, psilacetin's receptor potency is approximately 10- to 20-fold lower than that of Psilocin,
though this difference has little apparent influence on HTR potency in vivo (235,238). Psilacetin
induced equivalent head twitch responses to psilocin on an equimolar basis: psilocin at
0.81 umol/kg and psilacetin at 1.12 umol/kg (238). Psilacetin has also demonstrated overlapping
95% confidence intervals with psilocybin regarding potency for inducing head twitch,
hypolocomotion, and hypothermia in rodents, despite psilacetin having substantially higher affinity
and potency at 5-HT.a than psilocybin (235). Together, these results are consistent with

psilacetin's behavioral effects in animal models being predominantly driven by psilocin liberation

in vivo.
Psilocybin Psilocin Psilacetin Fumarate
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Figure 1. Psilocybin and psilacetin (in fumarate salt form) as prodrugs for Psilocin.
The relevant protecting groups for Psilocin's hydroxyl group are shown in blue for psilocybin and red for
psilacetin fumarate. Based on relative molecular weights, doses of 1.39 mg/kg of Psilocin or 1.77 mg/kg of

psilacetin fumarate by weight are needed to yield a 1 mg/kg equivalent dose of Psilocin.

The Present Study

There is a standing call in the field for direct evidence of psilacetin's in vivo conversion to
Psilocin to confirm its long-assumed prodrug status; evidence for this transformation has come
only from in vitro studies to date (235,238). In this study, we directly respond to this request. A

liquid chromatography—tandem mass spectrometry method suitable for the quantitative analysis
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of psilocin concentrations is assessed for accuracy and applied to determine the plasma
concentrations of liberated Psilocin following the administration of psilacetin fumarate and

psilocybin to mice.

3.2 Materials and Methods:

Animals and Husbandry

All experimental procedures were approved by the University of Wisconsin — Madison
Animal Care and Use Committee (IACUC) and completed in full accordance with Research
Animal Resources and Compliance (RARC) guidelines. All 115 mice used in this study were
acclimated to the University of Wisconsin vivarium conditions for at least 7 days prior to handling
or experimentation. Food pellets (LabDiet) and water (Inno-Vive) were available ad libitum, unless
otherwise noted. All C57BI6/J mice used (male and female; 6-8weeks old; The Jackson
Laboratory, ME, USA) were housed in groups of three or four while under a 12 h artificial, reversed

light/dark cycle. The room temperature remained constant between 22 and 24°C.

Drugs

All controlled substances were handled by authorized users on Schedule | and Schedules
II-V DEA research licenses and WI Special Use Authorizations held by Dr. Cody Wenthur. For
in vivo injections, psilocybin powder (Usona Institute; Madison, WI; > 99% purity) was diluted in
0.9% sterile saline, then acidified to a pH of 1-2 with 1 M HCI, sonicated for 30—60s, and brought
to a pH of 6—7 using 1 M NaOH. Psilacetin fumarate (1:1) (Usona Institute; Madison, WI; >99%
purity) was diluted in 0.9% sterile saline at pH 6—7. These materials were passed through a 0.2 um
filter and administered intraperitoneally (IP). All IP injections were given at a volume of 10 mL/kg.

Chemical purity was assessed for all compounds using high-resolution LC—MS, and the fumarate
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anion 1:1 molar ratio for psilacetin fumarate was verified using 1H NMR. No mouse was given

more than one injection of psilocybin or psilacetin fumarate or re-used following a washout period.

Blood Sample Collection

Animals were briefly anesthetized with isoflurane (to prevent loss of righting reflex) prior
to decapitation and trunk blood collection. Collections occurred at time points between 15 and
240 min after drug administration using EDTA-coated microcentrifuge tubes. Following collection,
the samples were then centrifuged at 10,000 rpm (11,292 g) for 10 min at 4°C. The plasma fraction

was separated and stored in the dark at —80°C until LC-MS/MS analysis.

Liquid Chromatography/Tandem Mass Spectrometry (LC—MS/MS)

LC-MS/MS analysis and quantitation occurred in the Analytical Instrumentation Center
(AIC) at the University of Wisconsin-Madison School of Pharmacy. For the preparation of
analytical standards, Psilocin (Usona Institute, Madison, WI; > 99% purity) was prepared in
Optima LC—MS-grade methanol (Fisher Scientific, Hampton, NH). d10-Psilocin solution was
purchased from Cerilliant (Round Rock, TX) for use as an internal standard (ITSD). Blank mouse
plasma for preparing calibration curves and quality control samples (QCs) was purchased from
Innovative Research (Novi, Ml). All solvents for liquid chromatography were Optima LC/MS grade
(Fisher Scientific, Hampton, NH). Additives for LC/MS analysis were purchased from Sigma
Aldrich (St. Louis, MO).

Calibrators and QCs were prepared from stock methanol solutions of active
pharmaceutical ingredients diluted to between 0.5 and 400 ng/mL in blank plasma. Samples,
calibrators, and QCs were prepared for LC-MS/MS by protein precipitation and filtration using
Waters Sirocco plates (Milford, MA) according to the manufacturer's instructions. A precipitation
mix containing the ISTD was prepared and aliquoted to a Sirocco plate mounted on a 96-well

receiver. Samples, QCs, and calibrators were added to the plate, incubated for 2 min, and pushed
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through the plate using a positive pressure manifold (Waters, Milford, MA). Processed samples
were then dried under nitrogen and resuspended in 100 uL of 98% A/2% B solvent prior to
LC/MS/MS analysis.

Quantitative LC-MS/MS was performed using a Waters Acquity I-Class binary pump
(Waters Corp., Milford MA) coupled to a Sciex QTRAP 5500 mass spectrometer (Sciex Corp.,
Framingham MA). Samples were separated on a Kinetex Core-Shell phenyl-hexyl 2.1 x 100mm
column (Phenomenex, Torrence, CA) using a 3-min gradient with a flow rate of 0.4 mL/min and a
column temperature of 28°C. The initial conditions consisted of 95% solvent A (2.5 mM ammonium
formate in water with 0.1% formic acid) and 5% solvent B (acetonitrile with 0.1% formic acid). The
elution gradient began at 5% B, increased to 8.6% B over 1.8 min, and then quickly increased to
95% B in 0.15min. This was held for 0.6 min, then decreased to 5% B in another 0.15 min, followed
by a 0.25-min re-equilibration period. The column temperature was maintained at 28°C with a flow
rate of 0.4 mL/min. All samples were injected in triplicate in randomized order, and the average of
these injections was used for analysis. Blanks were injected between each calibrant, QC, or
sample injection. For quantitation, the area under the curve of analyte peaks relative to ISTD
peaks was modeled for each identified transition using a quadratic curve fit with 1/x2 weighting.
Data was processed using MultiQuant software (Sciex, Framingham, MA). Any calibrator points

differing by more than 15% from theoretical values were eliminated from the model.

Pharmacokinetic Calculations

The elimination rate (Ke) for Psilocin was determined by fitting a linear regression to the
plots of the natural log of psilocin concentration over time for each tested condition, then averaging
the values of the reported slopes. The elimination rate was reported as the inverse of this average
slope. Half-life was calculated from this elimination rate using T1/2=Ln (2)/Ke. Relative exposure

of Psilocin was calculated for each pairwise comparison between psilacetin (A) and psilocybin (B)
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doses using F=(AUCA/Dose A)/(AUCB/Dose B). Relative exposure was then reported from the

average of the four pairwise dose comparisons.

Statistical Analysis

Statistical analyses were performed using GraphPad Prism, version 10 (San Diego, CA).
All tests were run as two-tailed analyses, with a value of p of <0.05 as the threshold for
significance. Post-hoc tests for ANOVA are reported with p-values corrected for multiple
comparisons when follow-up tests were run to assess differences between specific conditions.
Tests for outliers in biological data were run using ROUT at a 1% threshold, and one outlier was

removed based on this threshold overall.

3.3 Results:

Analytical Methodology Assessment

The LC-MS/MS method used for the identification of Psilocin in mouse plasma samples
yielded three distinct transitions for Psilocin at 205/160, 205/115, and 205/89 m/z. Curve fits for
each independent transition, as well as a total fit weighted across the three transitions, yielded
suitable standard curves for analytical application with R2 values >0.995 and coefficients of
variation <10% across all QC samples, injections, and transitions (Figure 2). The total weighted
curve fit was selected for use in the assessment of biological samples, as it had the highest R2

value overall at 0.9968.
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Figure 2. Performance of the tandem LC-MS/MS method for psilocin detection in
mouse plasma. (A) Standard curves for observed psilocin transitions. R2 is shown as the average of all
four curves (range, 0.9951-0.9968). (B) Quality control samples show variation for multiple injections and
across multiple samples at low, medium, and high concentrations. Coefficients of variation (CV%) are
shown across all transitions, injections, and samples at each concentration. Data are shown as

mean +SEM.

Verification of in vivo Production of Psilocin from Psilacetin and Psilocybin

This LC-MS/MS approach was used to assess plasma samples collected from animals
treated with psilocybin and psilacetin fumarate at 15min after administration (Figure 3). To look
at relative concentrations of Psilocin liberated into the plasma, the doses were administered on
an equimolar basis and were selected to be equivalent to the administration of either 1 mg/kg of
Psilocin or 3mg/kg of Psilocin. Notably, micromolar concentrations of Psilocin were found in the
plasma of animals treated with psilacetin at both doses, indicating robust metabolic transformation
in vivo. The psilocin concentration resulting from the 1 mg/kg equivalent dose of psilacetin was
225ng/mL, which was 90% of that from psilocybin (250 ng/mL). For the 3 mg/kg equivalent dose,

the psilacetin concentration was 860 ng/mL, or 75% of that from psilocybin (1,145ng/mL). These
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psilocin concentrations were not found to be significantly different between prodrugs at these
sample sizes (Student's t-test: 1 mg/kg, p=0.37; 3mg/kg, p=0.08).

The trend showing a lower fraction of psilocin exposure following psilacetin exposure than
following psilocybin exposure was supported in a second experiment using doses of psilacetin
fumarate and psilocybin that were interleaved across an escalating dose scale. As expected,
these doses resulted in significantly different concentrations of plasma psilocin overall (ANOVA,
F=45.74, p<0.0001). However, there was not a smoothly increasing concentration of Psilocin
across escalating doses, as would be expected if psilocin exposure from both prodrugs was equal.
Instead, the 5.63 umol/kg dose of psilacetin fumarate had a lower psilocin concentration than that

from the 4.90 umol/kg dose of psilocybin.
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Figure 3. Metabolically derived Psilocin is rapidly detectable following psilocybin and
psilacetin fumarate injections in mice. Psilocin concentrations were detected in plasma 15min
after intraperitoneal injection. (A) Matched equimolar doses equivalent to either 1mg/kg psilocin
(4.90 umol/kg) or 3 mg/kg psilocin (14.68 pmol/kg). One outlier was removed for psilacetin at 14.68 umol/kg
(ROUT, 1%). (B) Interleaved doses of psilacetin fumarate (1.88 umol/kg; 5.63 umol/kg) and psilocybin

(4.05 umol/kg; 12.17 umol/kg) across an escalating range. Data are shown as mean +SEM.
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Time Course and Magnitude of Psilocin Exposure from Psilacetin and Psilocybin

Given the relatively smaller sample size used and higher variability observed for the single
time point dose escalation experiment, a follow-up assessment of psilocin concentrations over
time was also undertaken to further illuminate the full profiles of psilocybin and psilacetin fumarate
as prodrugs. This analysis was undertaken using a separate cohort of animals from the single
time point experiments (Figure 4). The relative plasma profiles of Psilocin liberated from either
psilacetin fumarate or psilocybin demonstrated dose-dependency between 15 and 240 min that
was consistent with the observations at 15min. The elimination of Psilocin liberated from either
source was observed to adhere to first-order kinetics across doses. The terminal elimination rate
was found to be 0.026 min—1 (range, 0.020-0.038 min1). This corresponds to a psilocin half-life
of approximately one-half hour, aligning with previously reported results for the clearance of this
molecule (200). Plasma psilocin concentrations fell to near or below the lower limit of quantitation
for the LC/MS/MS assay (0.1 ng/mL) by 4 h after administration, or approximately 6 half-lives.

Notably, in an observation consistent with the single time point experiments, psilacetin
fumarate generated lower levels of plasma exposure to Psilocin than psilocybin on an equimolar
basis. When relative psilocin bioavailability was calculated using dose-corrected areas under the
curves (AUCs) between 15 and 60min, there were significant differences in AUCs across all
groups (ANOVA, F=107.6, p<0.0001), and both drugs also independently demonstrated their
own dose-dependent exposure trends (Sidak's, psilacetin, p=0.0002; psilocybin, p<0.0001).
However, psilacetin was found to yield only between 67 and 89% as much psilocin exposure in
comparison to psilocybin. On average, across all possible pairwise dose comparisons, psilacetin
resulted in approximately 30% less psilocin exposure than psilocybin on an equimolar basis. This
is effectively demonstrated by comparing the profiles from the 5.63 umol/kg dose of psilacetin

fumarate and the 4.05umol/kg dose of psilocybin—these two conditions generated nearly
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identical psilocin exposure (Sidak's, p=0.95) despite the psilocybin dose being approximately

30% smaller than the psilacetin dose in terms of molar equivalents.
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Figure 4. Metabolism of psilacetin fumarate in mice yields a lower psilocin plasma
exposure as compared to the metabolism of psilocybin. Psilocin plasma concentration time
courses from (A) doses of psilocybin (12.17 umol/kg; n=12, 4/timepoint) and psilacetin fumarate
(5.68 umol/kg; n=9, 3/timepoint) between 15 and 60 min after intraperitoneal injection and (B) doses of
psilocybin (4.05umol/kg; n=9, 3/timepoint) and psilacetin fumarate (1.88 umol/kg n=9, 3/timepoint)
between 15 and 240 min after intraperitoneal injection. Lines show best-fit linear regressions for a first-order
elimination model. (C) Comparison of areas under the curves from 15 to 60 min following intraperitoneal
injection for all doses in panels (A,B). (D) Elimination rate and half-life of liberated Psilocin, as well as
relative bioavailability of Psilocin from psilacetin fumarate in comparison to psilocybin. Data are shown as
mean +SEM.
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3.4 Discussion:

Summary of the Findings

The results of these experiments demonstrate that psilacetin fumarate acts as a prodrug
for Psilocin in both male and female C57BI6/J mice. There was no sexual dimorphism in the
production of Psilocin from either psilacetin or psilocybin. While the in vivo action of psilacetin as
a psilocin prodrug has long been hypothesized, this is the first formal, publicly available

pharmacokinetic report validating this status in vivo of which we are aware.

Theoretical and Practical Implications

This validation has important implications for pre-clinical psychedelic research programs.
Most notably, regular substitution of psilacetin fumarate as an unscheduled (240) alternative to
psilocybin in pre-clinical studies may enable broader access and more rapid progress on
mechanistic questions surrounding Psilocin's effects. For clinical studies using human
participants, there is less likelihood of accelerating progress through substitution alone, given the
additional regulatory considerations involved. However, there may be other compensatory
benefits to the pursuit of psilacetin or other novel psilocin prodrug strategies as alternatives to
psilocybin for human research studies, such as the possibility of reduced ethical, legal, and
sustainability concerns by avoiding the commercialization of a natural product with a long-

documented history of sacramental use by indigenous peoples (201,204,248).

Limitations and Future Directions

There are several limitations to this study worth noting when considering psilacetin
fumarate substitution for psilocybin in C57BI6/J mice. First, while these data support the liberation
of Psilocin as an active metabolite that contributes to the actions of psilacetin, they do not address

the relevant intrinsic pharmacologic activity of psilacetin, which may occur alongside Psilocin.
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Second, these studies were limited to plasma, and central nervous system exposure may be
different. Together, these factors mean that pharmacodynamically equivalent doses are not likely
to be the same as the peripherally pharmacokinetically equivalent doses noted here. Furthermore,
this effort used the fumarate, rather than hemifumarate, crystalline form—if using the
hemifumarate form, equimolar dosage adjustments will be required to account for the half-weight
of fumarate complexed with each psilacetin molecule. Finally, while this study aimed to explore
dose ranges (0—5mg/kg) for psilocybin and psilacetin that are commonly employed in pre-clinical
studies, the resulting plasma concentrations observed (100-1,200 ng/mL) are significantly larger
than those seen in human pharmacokinetic studies of psilocybin (5-50ng/mL). This notable
difference means that attempts to translate relative exposure outcomes across species are likely

premature.

3.5 Conclusion:

In summary, the results of the experiments reported here provide direct evidence to
validate the long-standing assumption that psilacetin acts as a psilocin prodrug in vivo. They also
provide initial evidence suggesting that psilacetin fumarate leads to a quantifiably lower psilocin
peripheral exposure as compared to psilocybin on an equimolar basis. Together, these findings
provide an empirical basis for pre-clinical investigators to thoughtfully substitute the unscheduled
compound psilacetin for the Schedule 1 compound psilocybin as a pharmacokinetically
reasonable means to address a significant regulatory barrier to entry for new scientists interested

in contributing to the growing field of psychedelic studies.
3.6 Temporal Dynamics of Corticosterone Release Following Psilocybin and Psilacetin
Administration in Mice

Given the structural and functional similarities between psilocybin and psilacetin, it is

important to understand how psilacetin influences corticosterone levels. To investigate the effects
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of psilocybin and psilacetin on corticosterone levels in C57BL/6 mice, plasma corticosterone
concentrations were measured at 5-, 15-, 30-, and 240- minutes in both male and female mice.
The number of mice in each treatment group was as follows: 5 minutes (n=2), 15 minutes (n=4),
30 minutes (n=12), and 240 minutes (n=4). Repeated retro-orbital bleeds were collected from
each mouse at all timepoints except for the terminal 240-minute timepoint, where blood was
collected via decapitation. The mice were anesthetized with isoflurane prior to blood collection,
and the samples were centrifuged to separate the serum, which was then stored at -80°C. Plasma
corticosterone concentrations were assessed using a colorimetric ELISA analysis, and
concentrations were corrected for assay dilution (200,209).

The results indicated that psilocybin treatment led to a significant increase in
corticosterone levels compared to controls (p = 0.0086), while psilacetin did not produce a
statistically significant change (p = 0.1198) at the 30-minute timepoint post-injection. At the 5-
minute mark, both treatments showed a slight increase in corticosterone levels. By 15 minutes, a
substantial rise in corticosterone concentration was observed in the psilocybin-treated group,
peaking at 30 minutes, and returning to baseline by 240 minutes post-injection. These findings
suggest that psilocybin induces a robust stress response in C57BL/6 mice, as evidenced by the
significant elevation in corticosterone levels, indicating activation of the hypothalamic-pituitary-
adrenal (HPA) axis. These findings reaffirm our previous observations that psilocybin induces a
transient increase in corticosterone levels at a dose of 3 mg/kg, as described in Chapter 2 (200).
Psilacetin, did not elicit a statistically significant increase in corticosterone concentrations. Further
research is needed to understand the differential effects of these compounds on stress-related
hormonal pathways and their underlying mechanisms. Furthermore, the finding that a 1 mg/kg
dose of psilacetin did not significantly increase corticosterone levels suggests that this dosage

may be below the threshold required to elicit a notable stress response in C57BL/6 mice. It is
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possible that a higher dose, such as 3 mg/kg, might be necessary to observe significant changes

in corticosterone concentration.
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Figure 5: Effects of Psilocybin and Psilacetin on Plasma Corticosterone
Concentrations in C57BL/6 Mice: (A) Plasma corticosterone concentrations measured at 30-
minutes post-administration. Bars represent the mean corticosterone levels for each treatment group, with
error bars indicating the standard error of the mean (SEM). Individual data points are shown as symbols:
circles for control no-injection (n=12), squares for saline (n=11), triangles for psilocybin (n=12), and
diamonds for psilacetin (n=12). Psilocybin (0.0086) treatment resulted in a significant increase in
corticosterone levels compared to control, while psilacetin (0.1198) did not show a significant effect. (B)
Time-course of plasma corticosterone concentrations measured at 5-, 15-, 30-, and 240-minutes post-
administration. Each line represents the mean corticosterone levels for a different treatment group: black
(control), gray (vehicle), blue (psilocybin), and red (psilacetin). Error bars indicate SEM. Psilocybin-treated
mice exhibited a significant increase in corticosterone levels, peaking at 30-minutes, while psilacetin-treated
mice did not show significant changes at any time points compared to controls. For the time course study,
the number of mice in each treatment group was as follows: 5 minutes (n=2), 15 minutes (n=4), 30 minutes
(n=12), and 240 minutes (n=4).
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CHAPTER 4: NOVEL EXTENDED-RELEASE TRANSDERMAL FORMULATIONS OF

THE PSYCHEDELIC N,N-DIMETHYLTRYPTAMINE (DMT)

In clinical settings, classical serotonergic psychedelics are administered under strict
medical supervision to ensure patient safety and optimize therapeutic outcomes. The method of
administration and dosage varies depending on the specific psychedelic compounds, the purpose
of the treatment, and the individual characteristics of the patient (34,248—253). Psilocybin and
LSD are typically administered orally, with psilocybin given in the form of capsules
(34,168,198,222,254-256) and LSD often delivered via blotter paper or liquid form (250-252).
Whereas DMT, due to its short duration of action, is commonly administered intravenously,
allowing for precise control over the onset and duration of the psychedelic experience
(251,258,257-262).

Once administered, the time to reach peak plasma concentrations and the duration of the
psychedelic-induced experience vary quite a lot. For psilocybin, peak concentrations are typically
achieved approximately two hours after oral ingestion, with the effects generally lasting for about
4 to 6 hours (226,254,263). LSD reaches its peak plasma concentration at around 1.5 to 2 hours
post-administration, with the experience extending between 8 to 12 hours (226,250,264). In
contrast, when administered intravenously, DMT reaches peak concentrations within minutes,
leading to a rapid onset of effects that typically last for only 15 to 30 minutes (265,266). Despite
these differences in duration, all three of these compounds induce profound and intense
psychedelic, hallucinogenic, experiences. Regardless of the varying durations of their effects, the
psychedelic experience induced by these substances is often intense and deeply impactful,
characterized by a variety of perceptual, emotional, and cognitive changes (256,259,267—-274).

One of the most notable aspects of the psychedelic experience is the alteration of sensory

perceptions. Among these, patients commonly report visual hallucinations, which can range from



146

simple geometric patterns to complex, vivid images. These visuals often feature bright, shifting
colors and intricate designs that seem to move and evolve, creating dynamic and captivating
patterns (95,249). In addition, patients often report auditory hallucinations, such as hearing music
or sounds that are not present in the environment. These sensory alterations can be profoundly
engaging, frequently leading to a sense of awe and wonder. Beyond these hallucinations, patients
often experience changes in their perception of time and space. Time may seem to slow down,
speed up, or even stand still, creating a sense of timelessness. Spatial perceptions can also be
distorted, with objects appearing larger or smaller than they are or distances between objects
seeming to expand or contract (256,259,267-274). Moreover, these changes in perception can
create a sense of detachment from reality, contributing to the overall intensity of the experience.

To manage these intense experiences safely, administering these psychedelics requires
a controlled clinical environment with specific logistical considerations to ensure safety and
efficacy (30,147). Consequently, patients undergo thorough screening for contraindications,
which are specific conditions or factors that can increase the risks associated with the procedure
or make it unsuitable for certain individuals. They are also prepared for the experience through
pre-session counseling, which helps to set expectations and reduce anxiety (22,32,275,276).
During the session, one or two trained psychiatrists must be present to monitor the patient and
provide support. This supervision is crucial for managing any challenging experiences that may
arise, such as intense emotional reactions or distressing hallucinations. After the session, post-
session integration therapy is provided to help patients process and make sense of their
experiences, facilitating long-term therapeutic benefits (251,276-280).

However, this comprehensive therapeutic process is not without financial implications.
The need for extensive pre-session counseling, continuous monitoring by trained professionals,

and post-session integration therapy can significantly increase the cost of treatment. As a result,
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the economic burden of such interventions may limit accessibility for some patients, underscoring
the importance of exploring cost-effective solutions and insurance coverage to make these
potentially life-changing treatments more widely available (251,280-283). Despite these high
costs, the potential therapeutic benefits make these treatments a promising area for research and
clinical practice.

Nevertheless, while these serotonergic psychedelics offer profound therapeutic potential,

this may not be the best treatment approach for all patients. The intense nature of the psychedelic
experience can be overwhelming for some individuals, and the hallucinogenic effects may not be
suitable for those seeking non-hallucinogenic alternatives (248,284,285). For example, elderly
patients (285-287) or veterans with PTSD (43,280,284,288,289) may find the intensity of the
psychedelic experience distressing rather than therapeutic. Elderly patients often have multiple
comorbidities and may be more vulnerable to the side effects of hallucinogenic substances (285—
287,290). They might benefit more from treatments that offer therapeutic benefits without altering
their state of consciousness.
Similarly, veterans with PTSD may have heightened sensitivity to altered perceptions, which can
exacerbate their symptoms rather than alleviate them. For these individuals, a novel approach is
required, such as using transdermal patches to deliver psychedelic compounds offers a promising
alternative.

Transdermal patches allow for the slow and controlled release of medication through the
skin and into the bloodstream, ensuring steady and consistent therapeutic levels of the drug over
time. These patches deliver medication through the skin and into the bloodstream and have been
used to treat neurological conditions such as schizophrenia (291-294), Parkinson's disease (295—
297), Alzheimer's disease (298-301), and nicotine addiction (302—-306). Similarly, transdermal
patches could be used to administer classical serotonergic psychedelics in a controlled manner.

This method has several advantages. Firstly, it can minimize the peak concentrations of the drug
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in the bloodstream that are often responsible for the intense hallucinogenic effects. By maintaining
stable plasma levels, transdermal patches can potentially deliver the therapeutic benefits of
psychedelics without inducing a psychedelic experience. By identifying the optimal dose, this
method could achieve antidepressant efficacy without eliciting an experience (307-313). This is
particularly beneficial for patients who require the therapeutic properties of psychedelics, such as
their antidepressant or anxiolytic effects, without the associated alterations in consciousness.
Additionally, transdermal patches bypass the gastrointestinal system, reducing the risk of
nausea and other digestive side effects commonly associated with oral administration (314-316).
This mode of delivery can enhance patient comfort and adherence to the treatment regimen.
Furthermore, the non-invasive nature of patches makes them a convenient and discreet option,
especially for patients who may be reluctant to take oral medications or undergo comprehensive
treatment regimens. By offering a controlled and gradual release of the medication, transdermal
patches can provide a more manageable and predictable therapeutic experience (317-319).
Moreover, the use of transdermal patches can enhance the safety, tolerability, and therapeutic
potential of these compounds, allowing them to benefit a broader range of patients. This approach
helps mitigate the risk of intense psychedelic experiences that may be distressing for some
individuals (251,284,285,312). Consequently, studies have shown that low-dose psychedelic
treatments can exert antidepressant effects through mechanisms that are not necessarily
dependent on the hallucinogenic properties of these drugs (309—313). By administering the drug
at non-hallucinogenic levels, patients can receive the therapeutic benefits associated with
serotonergic psychedelics, such as mood enhancement (313,320) and neuroplasticity (321),
without undergoing significant alterations in perception, cognition, or emotion (309-313). These
findings open the possibility of using transdermal patch applications for psychedelics as a
treatment for depression and other mental health disorders, broadening their accessibility to a

wider range of patients.
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4.1 Introduction:

Psychedelic compounds, largely overlooked as therapeutic approaches by industrialized
nations since the 1960s, have emerged again as promising drug classes for psychiatric (322) and
addiction disorders (275). The tryptamine or “classic psychedelic” compound class is being
evaluated in several late-stage clinical trials (252,253,323—-325) showing sustained efficacy in
patients after only one or two doses. The doses selected in these trials are typically designed for
maximum psychedelic subjective effects which require the use of therapists to observe patients
within a clinical setting. This is a similar model to the now approved Spravato (esketamine) for
treatment-resistant depression; (326) however, the methods of drug delivery to patients have not
been optimized for non-orally active psychedelic drugs or those with low bioavailability.

One of these drugs, N,N-dimethyltryptamine (DMT), can produce rapid, intense, and short-
lived psychedelic effects via serotonin 2A receptor (5-HT2aR) agonism (260) Despite its potent
nature, DMT is rapidly degraded by monoamine oxidase (MAQO) enzymes limiting any potential of
oral dosing (327-329). The use of ayahuasca, a plant-based aqueous extract consisting of
naturally derived DMT and MAO inhibitors, has been used for ritualistic, spiritual (330), and
therapeutic (331) purposes. Pure DMT formulations must be administered via intravenous,
intramuscular, inhalation, and insufflation methods to reduce gastrointestinal first-pass effects.
Definitive biological and ecological roles of DMT are unknown, but research shows it is
ubiquitously produced throughout nature (262) and has been found in the brains of rats (332) and
in human biological fluids (333). Given its structural similarities to serotonin and the amino acid
tryptamine, its biosynthetic precursor, DMT is also hypothesized to be the endogenous ligand to
5-HT2a (334). Despite these intriguing developments, DMT remains a schedule 1 drug in the

United States and a highly controlled substance in most countries worldwide.
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The therapeutic promise of DMT is currently being assessed in several FDA clinical trials
including a phase | study (NCT05559931) with a focus on stroke and traumatic brain injury (TBI)
and a phase I/lla study for major depressive disorder (NCT04673383) (335). To date, most clinical
DMT studies have incorporated individualized therapy alongside higher doses of 0.2-0.4 mg/kg,
which are sufficient to induce psychedelic and hallucinogenic effects (258,336). Studies
incorporating this approach include the use of ayahuasca for addiction (337). It is presumed that
drug-induced neuroplasticity, increasing dendritic spines and formation of new neural pathways
contribute to the therapeutic effects of these drugs and there has also been increasing use of
preclinical models to study the impact of DMT on these potential mechanisms, both together with,
and apart from, hallucinogenic effects.

Given the challenges in assessing altered states of consciousness in non-human species,
the head-twitch response assay (HTR) has been used as a predictive pre-clinical method to define
hallucinogenic and sub-hallucinogenic doses, as the plasma levels of drug required to induce
head twitch in rodents has been demonstrated to be strongly correlated to the amount of drug
required to induce subjective effects of psychedelic compounds in humans (338). In this assay,
mice will repeatedly shake or twitch their head under the influence of strong 5-HT2a agonists, like
DMT, which can be accurately measured in real-time using an automated magnetometer
approach to count head twitches. Sub-hallucinogenic doses (i.e., 10 % of hallucinogenic dose) of
DMT produced similar synaptic signatures measured in rat brains to that of a larger, psychedelic
dose (339). Furthermore, preclinical data suggests sub-hallucinogenic doses can be effective for
ischemic stroke (340,341), mood disorders such as anxiety (342), and Alzheimer's disease (343).

A functional study showed that using an antagonist to block DMT's effects at the sigma-1
receptor, a transmembrane protein located on the endoplasmic reticulum, abolished
neuroplasticity, but 5-HT2aR antagonism still achieved DMT-induced neuroplasticity (344). These

results indicate there are multiple cellular pathways affected by DMT and that higher doses of
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DMT and 5-HT2AR mediated hallucinations are not solely responsible for therapeutic effects (345).
Therefore, non-invasive low-dose DMT dosage forms could offer a new paradigm to achieve
therapeutic effects with fewer side effects such as hallucinations.

Transdermal drug delivery systems (TDDS) of psychedelics have only been postulated
with no peer-reviewed literature supporting viable technology in this field despite the positive
application of TDDS in psychiatry with Emsam (selegiline) and Secuado (asenapine)
(294,315,346,347) as well as Adlarity (donepezil) for Alzheimer's disease (299). The physical
properties of DMT (small molecule, low molecular weight, low boiling point, and suitable
lipophilicity) make it an attractive candidate for transdermal delivery. Given that transdermal
delivery is a direct route to the bloodstream without exposure to first-pass metabolism, it could
offer a non-invasive alternative to intravenous administration. The major challenge to the
druggability of DMT s its short half-life of about six minutes (348). Therefore, a drug delivery
system must be designed to overcome the kinetics of metabolism to drive steady-state drug
plasma concentrations with fewer fluctuations and blunting of maximum concentration (Cmax) t0
avoid hallucinations.

This study outlines the design and development of single layer drug-in-adhesive (DIA)
patches containing DMT freebase. Various formulations were trialed modifying adhesives,
permeation enhancers, and concentrations of DMT to maximize drug loading and release
characteristics. Franz cell diffusion was used as an initial tool to assess DMT release and flux. An
optimized patch formulation was reproduced under good laboratory practices (GLP) and tested in
both male and female mice for pharmacokinetic (PK) measurement of blood and brain
concentrations of DMT, while the head-twitch response assay (HTR) was utilized to measure
hallucinogenic potential. The goal of the study was to maintain plasma concentrations below that
of 60 ng/mL, a concentration that has been clinically defined to cause subjective hallucinogenic

and psychedelic effects in humans (258,336).
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4.2 Materials and Methods:

Materials

DMT freebase (non-GLP) was synthesized for formulation screening and in vitro Franz
cell release testing using the Speeter-Anthony method (349). DMT freebase (GLP) utilized in
patches for dose-response in mice was purchased from Organix Inc., Boston, MA, USA with a
purity of 98.5 %. Tryptamine, methanol, ethanol, ethyl acetate, water, acetonitrile (ACN), and
formic acid (FA) were purchased from Fisher Scientific, Hampton, NH, USA. Duro-Tak 4098 and
6098 were provided by Henkel Corporation, Dusseldorf, Germany. Bio PSA 7-4302 and 4202
were provided by DuPont Inc., Missuagua, ON, Canada. Isopropyl myristate was provided by
Croda International Plc, Edison, NJ, USA. Scotchpak 9709 and 9733 were provided by 3M
Corporation, Saint Paul, MN, USA. Mylar packaging was purchased from Impak Corporation,

Sebastian, FL, USA.

Formulation of DMT patches

A total of six formulations were trialed to optimize drug loading in the DIA matrix. To make
the DIA formulations, non-GLP DMT was dissolved in either ethanol or ethyl acetate before the
addition of adhesive and/or permeation enhancers. Once combined, an overhead stirrer (IKA
RW20, Wilmington, NC, USA) was used to blend the formulation at 500 rpm and allowed to degas.
The formulations were placed on the siliconized side of a Scotchpak 9709 liner and coated using
a thin film applicator (150 mm, MTI Corporation, Richmond, CA, USA) at a thickness of 150-250
pm. Formulations were dried in an oven (Quincy Lab 10-180, Burr Ridge, IL, USA) for 2 h at 70
°C before lamination onto a Scotchpak 9733 backing. Patches were cut to size based on desired

dose, heat sealed within Mylar packaging, and stored at room temperature until use.
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The patches used for the in vivo studies were manufactured under Phase 1 GLP
conditions at the Zeeh Pharmaceutical Experiment Station at the University of Wisconsin,
Madison. The GLP DMT freebase from Organix was placed under stability and used to create two

patch dosages at 0.4 mg/cm? using the same procedure for non-GLP DMT patches.

Quantification and stability sample preparation of All DMT patches

The release liner was removed, and patches folded in half onto itself with adhesive sides
touching. The patch was cut into four pieces, placed into a vial, and 10 mL of ethyl acetate added
to cover the material for thorough extraction. Vials were submerged in a sonicator (Branson 2510,
Emerson Electric, Round Rock, TX, USA) to extract the DIA from the patch backing into the
solvent for 15 min. Once complete, the DIA-less backing pieces were removed, and the resulting
ethyl acetate extract was dried under an inert stream of nitrogen. The dried residue was
reconstituted with 5 mL of methanol and sonicated for another 15 min. The resulting slurry was
transferred into an Eppendorf tube and placed into a centrifuge (Mini Centrifuge, Fisher Scientific,
Hampton, NH, USA) for 10 min at 6,000 rpm. The supernatant was pipetted into a 2 mL amber

glass autosampler vial along with a tryptamine (50 pg/mL) internal standard.

In vitro release of non-GLP DMT patches

To determine the rate and quantity of non-GLP DMT released from patches, Franz cell
apparatuses (10 mL unjacketed, PermeGear, Hellertown, PA, USA) were equipped with Strat-M
membranes (25 mm, Millipore Sigma, Darmstadt, Germany). In our experience, these
membranes provide a more consistent platform to analyze different formulations without changes
in thickness and follicle density from excised skin. Inconsistencies in these factors can

significantly alter drug flux parameters necessitating greater replicates along with extra
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processing techniques (i.e. dermatome and stratum corneum removal). Strat-M membranes have
excellent correlations to human skin across a number of different drugs further validating their
usage (350).

Due to low aqueous solubility of freebase DMT, 10 % ethanol in water was used in the
receiving well which was incubated in a 37 °C water bath to simulate human biological
temperatures with continuous stirring at 500 rpm. Patches were stored at room temperature for
at least one-week post-production to equilibrate before testing. Single replicates (n =1) from each
formulation were analyzed at multiple sampling times (0.5, 1, 2, 4, 8, 24, 30, 48, 72 hrs) whereby
the entire contents of the receiving well were emptied into a vial and fresh 10 % ethanol solution
was added to the receiving well. Each sample was homogenized with a vortexer (Standard Vortex
Mixer, Fisher Scientific, Fisher Scientific, Hampton, NH, USA) before pipetted into a 2 mL amber

glass autosampler vial along with a tryptamine (50 pg/mL) internal standard.

DMT patch quantitative analysis — in vitro and in vivo

An HPLC method was adopted (351) on an Agilent 1200 system to quantify DMT from
patch formulations and Franz cell time points. A binary solvent system with water and ACN, each
spiked with 0.1 % FA, was employed at a flow rate of 1.3 mL/min initially at 5 % ACN, ramping to
40 % ACN at 3.5 min, then up to 100 % ACN at 6 min and held for 1 additional minute. The
stationary phase column, C18 InfinityLab Poroshell 120 (4.6 x 30 mm x 2.7 mm), was maintained
at 35 °C. The sample injection volume was 5 pL and quantification was done at 280 nm. Samples
were analyzed using Agilent ChemStation software whereby DMT peak areas were first
normalized to a peak ratio of an external standard tryptamine vs. DMT at 50 pg/mL. The
normalized DMT peak area was then divided by the peak area of tryptamine internal standard

and multiplied by its concentration of 50 ug/mL.
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Studies to determine recovery of DMT from the patch DIA were assessed by spiking 50
pg/mL DMT into the patch extraction protocol of Section 2.3. The DIA patch matrix did retain a
portion of DMT with recovery determined to be 92 %. Reproducibility of DMT peak areas
compared to the standard was 99.8 %. The lower limit of quantification for DMT was 20 ng/mL.
Flux (pg/hr) was calculated from Franz cell (4.91 cm? active area) studies as the linear regression

of the DMT concentration vs. time plot.

In vivo delivery of GLP DMT in mice

Animal experiments were approved by the University of Wisconsin, Madison Animal Care
and Use Committee (IACUC). All procedures were followed in compliance with the Research
Animal Resources and Compliance (RARC) guidelines. All mice (Swiss-Webster; male and
female; 6-8 weeks; 30—40 g; Charles River Laboratories, Wilmington, MA) were handled for 7
days prior to experimentation to acclimate to both the experimenter and vivarium. Mice were
housed in groups of two or three under a 12h reverse light/dark cycle; temperature was
maintained between 22 and 24 °C. All food (LabDiet) and water (Inno-Vive) were available to the
mice ad libitum unless stated otherwise.

For patch application, animals were initially anesthetized under a nose cone with 5 %
isoflurane in oxygen flowing at 2 L/min, with maintenance anesthesia levels at 1.5-2 % isoflurane.
Electric clippers (Fisher Scientific, Pittsburg, PA) were used to shave the dorsal neck area
between the ears and shoulder blades. Veet hair removal cream (Andwin Scientific Industrial,
Simi Valley, CA) was applied on the shaved portion and removed after 5 min using 70 % ethanol.
Patches were cut to size prior to application. to deliver either 1 or 5 mg/kg of DMT. Patches
containing either GLP DMT or vehicle (Psilera Inc., Tampa, FL) were placed on the hairless area

and secured to the animals with jackets (Lomir Biomedical Inc, Malone, NY). All mice were placed
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in a recovery chamber until they were fully awake before administering an IV tail vein injection of
either DMT or vehicle and remained in their home cage for 60 min prior to experimentation. While
all animals received both manipulations, an injection and patch, to control for differences in
handling arising from these manipulations, active drug was only delivered through one of these
routes for each group. Post-administration blood samples were collected at 5, 10, 15, 30, 60-,
240-, 480-, or 1440-min using microcentrifuge tubes. Following collection, the samples were then
centrifuged at 10,000 rpm (11,2929) for 10 min at 4 °C. The plasma fraction was separated and
stored in the dark at —-80 °C until LC-MS/MS analysis. Brain tissues were collected post-
administration at 15 or 60 min and were flash frozen in liquid N2 and stored in the dark at —-80 °C
until LC-MS/MS analysis. Tissue extracts for DMT quantitation were prepared by placing weighed
brains in a 2-ml screw-cap tube with 1.4 mm ceramic beads (Fisherbrand cat. no. 15-340-153),
adding 2 volumes of 150 mM ammonium bicarbonate per gram of tissue and homogenizing in an

Omni Bead Mill Elite homogenizer.

DMT quantitative analysis — in vivo

For LC/MS/MS analysis plasma samples were prepared by precipitation and filtration.
Briefly, 50 pl of plasma was precipitated with 150 ul ACN/1 % formic acid containing internal
standard (6-methoxy DMT, Sigma Aldrich, St. Louis MO) in a 96-well format Sirocco plate (Waters
Corp. Milford, MA) according to the manufacturer's protocol. Samples were pushed through the
plate to a 2-ml receiver plate containing 800 ul of water. A similar protocol was used for
preparation of brain extracts except that instead of a simple filtration plate, brain samples were
processed through a Waters Ostro plate to reduce phospholipid content of the extracts. For both
brain and plasma, calibration curves (1 ng/mL-2000 ng/mL) and QC samples for DMT were

prepared in blank matrix and processed with unknown samples.
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After processing samples were briefly vortexed then analyzed using a liquid
chromatography tandem mass spectrometry (LC/MS/MS). Sample (2 ul) were injected onto a
Phenomenex Kinetex Phenyl-Hexyl 2.1 x 100 mm column packed with 1.7 um patrticles using a
Waters Acquity UPLC system (Waters, Milford MA). The column was held at 35 °C and the flow-
rate was 0.375 ml/min. Solvent A was water/0.1 % FA and solvent B was ACN/0.1 % FA. Analytes
were eluted from the column with an increasing gradient of ACN from 5-40 % B in 1.75 min then
to 95 % B in 0.35 min with a 0.4 minute hold at 95 % then a return to 5 % B in 0.25 min. Eluate
from the column was analyzed in positive ion mode using a QTrap 5500 hybrid triple quadrupole
mass spectrometer (SCIEX, Framingham MA) operating in multiple-reaction-mode (MRM) under
conditions optimized for detection of the analyte and internal standard. For DMT the transitions
were: parent ion 189.1/product ions 58, 144.1 and 91.1. The transitions for 6-methoxy DMT were:
parent 219.1/product ions 77, 130.1 and 174.1. All transitions had a 50 msec dwell time. Triplicate
injections of samples, calibrators and QCs were used for quantitative analysis allowing calculation
of mean and standard deviation. The mean area under the curve (AUC) of the analyte relative to
ISTD was used to construct a quadratic fit for the calibration curve in MultiQuant software (SCIEX,
Framingham, MA). Calibrators were excluded from quantitation models if their calculated
concentrations were >15 % different from theoretical. For all calibrators, samples, or QCs if the
calculated %RSD of the triplicate injections was >15 % samples were not considered valid. All
calibration curves had R-values = 0.995. For all assays QC samples at each concentration fell
within 15 % of theoretical concentrations. The lower limit of detection was based on a signal to
noise value of three (determined in MultiQuant). The lower limit of quantitation for each assay was
based on either a signal to noise value of ten, or set at a DMT concentration equal to the lowest
concentration calibrator, whichever was higher. The upper limit of quantitation for each assay was

set at the highest calibrator meeting the +15 % of theoretical metric.
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Head twitch response (HTR)

To assess the dose-dependent effects of DMT on HTR, male and female Swiss Webster
mice, 6-8 weeks, were separated into two cohorts (cohort 1: DMT IV + vehicle patch; cohort 2:
vehicle IV + DMT patch) and compared to animals receiving Saline IV + vehicle patch. All mice
underwent a magnet implantation procedure and HTR analysis using procedures in previously
reported methods (200).

Briefly, in this protocol, mice were anesthetized with isoflurane, as described above, and
a nickel magnet (Eokoaiee multi-use fridge magnets; 4 x 2 mm) was cemented (DentalWorld,
Bahadurgarh, India) to the skull attached to an anchor screw. All animals were allowed to recover
for at least 5-7 days prior to any behavioral experimentation.

On the experimental day, mice were placed in a magnetometer cage (15.24 cm height x
15.24 cm diameter) containing ~300 rotations of 30-gauge copper wire (Essex, Fort Wayne, IN).
All mice were initially analyzed for 60 min with jackets applied for baseline activity. After the initial
habituation period, mice were administered the active treatment and placed immediately back into
the magnetometer cage for another 60 min trial period.

All signals were transmitted through a Molecular Devices (Digidata 1440A) digitizer and
analyzed with Clampex software. The sampling rate used in this study was set at 3003 Hz. All
data analysis was performed with MATLAB software and Prism GraphPad. HTR was assessed

at each timepoint as a percent of the corresponding saline response.

Pharmacokinetic calculations and statistical analysis

Elimination rate constants and half-lives were calculated from the slope of the best fit line
for Ln (Concentration) over time. Y-intercepts were calculated for IV plots from this best fit. AUCs

are reported for t = 0 — terminal collection, using the best fit Y-intercept value at t = 0 for IV plots,
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and 0 at t = 0 for transdermal (TD) plots. Relative bioavailability (F) was calculated as: F = (AUCa
/ Dosea) / (AUCeg / Doses). All statistical analyses were performed using GraphPad Prism, version
10 (San Diego, CA). In all cases, statistical significance threshold was set as p < 0.05. All data

presented as Mean + SEM.

4.3 Results:

Formulation of non-GLP DMT patches

Formulation screenings were undertaken with DMT freebase and the three most common
types of transdermal adhesives (acrylate, polyisobutylene, and silicone) and isopropyl myristate,
a known permeation enhancer (352). The formulations F1-F6 are listed in Table 1. The aim of
screening was to maximize DMT concentrations in the adhesive-solvent system for in vitro drug
release comparison. Ethanol was determined as the ideal solubilizer for DMT and was compatible
across all adhesive systems. Ethyl acetate, used in F1, required the addition of ethanol to
adequately solubilize DMT. Further formulations F2-F6 used ethanol as the sole solubilizer with
greater DMT solvation capacity and increased drug loading. No crystallization was observed in
any formulation (F1-F6). Solubility ranking of the adhesives (highest to lowest) are as follows:
acrylate (Duro-Tak 4098) > silicone (Bio-PSA) > polyisobutylene (Duro-Tak 6098). The use of
isopropyl myristate greatly increased solubility of DMT in the acrylate (Duro-Tak 4098) adhesive
matrix. While DMT has a relatively low boiling point, care was taken to not evaporate DMT from

the adhesive during the DIA drying process but did not pose problems for scale-up manufacturing.



Formulation

F1

F2

F3

F4

F5

F6

Ingredient (wet weight %)

DMT Ethanol Ethyl

1.8

2.0

2.0

2.0

3.8

4.2

7.2

8.0

8.0

4.0

15.9

11.2

Acetate Myristate

7.2

Isopropyl

7.1

Duro-
Tak
4098

83.8

90.0

80.3

77.5

Duro-

Tak

6098

94.0

Bio-

PSA

4302

45.0

Bio-
PSA
4202

45.0

Coating

Thickness

(um)
150
250
250
150
200

200

Table 1. Wet weight concentration of DMT transdermal formulations (F1-F6).

Dried

Appearance
Cloudy
Clear
Cloudy
Cloudy
Clear

Clear

Table 1: Wet weight concertation of DMT transdermal formulations (F1-F6).

Characterization and quantification of non-GLP DMT patches
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After drying the DIA laminate, each patch from formulations F1-F6 were weighed,

thickness assessed, and average DMT content (dry w/w %) determined. The averages of these

values are reported in Table 2. After removal of the outer edges of the laminate, which results in

uneven coating due to edge effect, the intra-batch results for patches were consistent with coat

weight variability rarely exceeding 10 %. In light of this, one patch from each formulation was

quantitatively tested within the average thickness and coat weight.
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Table 2. Average thickness, mass, and DMT concentration in dried drug-in
adhesive (DIA) for each formulation (F1-F6).

Formulation  Average DIA Thickness (pm) Average DIA Mass (mg) DMT Dried Weight (%)

F1 50+8 53+3 24

F2 53+8 58+ 4 6.4

F3 53+3 52+5 39

F4 35+7 25+5 0.5

F5 40+3 38+4 10.5

F6 47+6 44+4 16.1

Table 2: Average thickness, mass, and DMT concertation in dried drug-in adhesive
(DIA) for each formulation (F1-F6).

Polyisobutylene adhesive (F4) had the lowest DMT content, thickness, and DIA mass as
its solubility hindered formulation. The characteristics of silicone adhesive formulation (F3) were
similar to that of acrylate (F2), though higher DMT concentrations were achieved with F2. High
drug loading of DMT is achievable with the acrylate adhesive, making Duro-Tak 4098 the ideal
candidate for further formulation screening. The highest drug concentration without additives was
F5, achieving 10.5 % w/w DMT. The addition of isopropyl myristate, a solubility and permeation

enhancer, in F6 aided DMT dry weight concentrations up to 16.1 % w/w.

In vitro release of DMT from patches

Within two weeks of production and storage, each formulation was subjected to Franz cell
diffusion studies to quantify in vitro release of DMT (Fig. 1). All formulations were able to achieve
linear, zero-order DMT delivery over 72 h (R? > 0.98), except F4, under the tested conditions. The

multiple timepoints for sampling (n = 8) add replicates for the flux calculations for a single Franz


https://www.sciencedirect.com/science/article/pii/S0928098724001155#fig0001
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cell diffusion analysis. This is congruent with prior experiments with the Strat-M membranes

(unpublished data).
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Figure 2: Time-based cumulative DMT delivered in Franz cell diffusion assay for
formulations F1-F6.

Unsurprisingly, higher DMT concentrations tended to increase overall DMT permeation
through the Strat-M membrane into the receiving well. Though there was one notable exception
with F1 (2.4 % DMT w/w) having slightly greater diffusion than F3 (3.9 % w/w). This demonstrates
that acrylate is a superior adhesive for drug delivery over silicone or polyisobutylene systems.
Optimized formulation F5 (10.5 % DMT w/w) was able to deliver 520 pg/cm? over 72 h without
any permeation enhancers. Only F6 (16.1 % w/w), with the addition of isopropyl myristate,
bettered F5 with 775 pg/cm? cumulative DMT delivery. The flux values for all formulations F1-F6

are listed in Table 3.
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Table 3. Flux values for each formulation F1-F6.
Formulation Flux (pg/(cm2*hr)™)
F1 430 +1.00
F2 3224192
F3 219+134
F4 0.29 +0.28
F5 6.54 +2.73
F6 13.3+237

Table 3: Flux values for each formulation F1-F6.

This initial dataset confirms that transdermal delivery systems offer a plausible and novel
administration route for DMT. Based on the in vitro diffusion data, it was determined that
formulation F5 would be trialed in vivo to test the hypothesis that a transdermal delivery system,
without permeation enhancers, could offer sustained DMT delivery. Patches from the F5 batch
were subjected to Franz cell diffusion at one week, one month, and two months to determine
stability. All of the resulting fluxes were within the range of F5 (6.54 + 2.73 pg/(cm2*hr)-') listed in

Table 3, indicating suitable stability for in vivo testing.

In vivo delivery of DMT from intravenous or transdermal administration in mice

To quantify concentrations of DMT present in plasma and brain samples following delivery
through both intravenous and transdermal routes, male and female mice were administered DMT
doses of either 1 or 5 mg/kg. In these animals, samples were collected at 5-, 10-, 15-, 30-, 60-,
and 240-min post-drug administration for IV DMT, and at 60-, 240-, 480-, and 1440- min post-
drug administration for TD DMT. Precision and accuracy for the LC/MS/MS method was

acceptable and reproducible (Table 4, Fig. 2) across runs.
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Table 4. Analytical parameters for LC/MS/MS quantification of DMT
concentration-time profiles.
Run Tissue Route Doses (mg/ LLOQ LOD ULOQ Average %RSD
Type kg) Concentration
1 Plasma I\Y 5 1 ng/ 03ng/ 2000ng/ 439%
mL mL mL
2 Plasma I\% 1 1 ng/ 0.3ng/ 2000ng/ 3.16%
mL mL mL
3 Plasma TD 51 1ng/ 03ng/ 2000ng/ 250%
mL mL mL
4 Brain \Y% 51 150 ng/ 45ng/g 6000 ng/g 1.08%
g
5 Brain TD 51 150 ng/ 45ng/g 6000 ng/g 0.93 %
g

%RSD
Range

(0.04-
12.04)

(0.52-
11.53)

(0.22-
10.84)

(0.01-
4.98)

(0.07-4.16)

Table 4: Analytical parameters for LC/MS/MS quantitation of DMT concertation-time

profiles.
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Figure 3: Validation of LC-MS/MS method development. (A, B) Quality controls (QCs) for the
analysis of mouse plasma and brain samples. Each individual point represents an average of 3 technical
replicates for each QC value on a plate. (C, D) Standard curves for plasma and brain concentration

quantification with a second-order polynomial fit.

Regarding the pharmacokinetic profile for the IV infusion, this route exhibited rapid and
robust maximum plasma concentrations (Cmax) of 597 ng/mL for males and 1437 ng/mL for
females with a 5 mg/kg dose (Fig. 3). All concentrations administered through 1V infusions peaked
at the initial 5-minute time point, irrespective of sex, and demonstrate a dose dependent plasma
exposure profile. For the lower doses of DMT (1 mg/kg) administered to males, the average Cmax

reached 372 ng/mL, while the same dose in females achieved a concentration of 528 ng/mL.


https://www.sciencedirect.com/science/article/pii/S0928098724001155#fig0003
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Figure 4: Plasma pharmacokinetics of intravenously administered DMT. (A) Plasma
concentration time courses at 1 mg/kg (n = 18; 3/timepoint) and 5 mg/kg (n = 22; 3-5/timepoint). (B) Log-

transformed concentration time-profiles by dose for males and females.

The transdermal DMT patch F5, on the other hand, demonstrated a sustained release
profile, resulting in a prolonged time to peak concentration (Fig. 4), and much lower maximum
concentrations overall. The average Cnax for male animals reached 37.0 ng/mL at 5 mg/kg and
8.0 ng/mL at 1 mg/kg, both occurring at the 1-hour time point. Interestingly, female animals
achieved a Cmax Of 54.8 ng/mL at the 4-hour time point with a 5 mg/kg dose. Average Cmax for the

1 mg/kg dose was achieved at 1-hour post administration, peaking at 15.7 ng/mL.
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Figure 5: Plasma pharmacokinetics of transdermally administered DMT. (A) Plasma

concentration time courses at 1 mg/kg (n = 12; 3/timepoint) and 5 mg/kg (n = 12; 3/timepoint). (B) Log-

transformed concentration time-profiles by dose for males and females.

In addition to the DMT patch F5 blunting the peak concentrations of DMT achieved, these

results reveal distinct prolongation of the apparent half-life (ti2) by the transdermal delivery

system, as calculated using the transformed concentration-time profiles of plasma samples from

the 1 mg/kg and 5 mg/kg doses. For the IV cohort, the average ti» across was calculated to be

10.8 £ 2.5 min for males and 10.0 + 0.1 min for females, whereas for the transdermal cohort, the

ti2 was calculated to be 273 + 10.5 min for males and 210 = 14.6 min for females. Despite the

quite different plasma concentration profiles demonstrated by the transdermal patch versus IV
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administration, the relative plasma bioavailability of DMT following transdermal delivery remains

77 £ 10 % of that for IV administration across the 1 mg/kg and 5 mg/kg doses (Fig. 5).
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Figure 6: Relative Bioavailability of Transdermal versus Intravenous DMT. Areas under

the concentration response curves are presented by dose, sex, and route of administration.

Concentrations of DMT were next assessed in brain samples taken from animals dosed
with either IV or transdermal DMT (Fig. 6). In animals given IV DMT, brain concentrations of DMT
were consistently found to be above the LLOQ only at the 15-minute time point. Interestingly, at
15 min, the 5 mg/kg IV dose induced the highest difference in brain DMT levels compared to
plasma, with male and female brain samples reaching an average Cmax 0f 4503 and 8080 ng/g,
respectively. In contrast, at a dose of 1 mg/kg IV, brain DMT concentrations were lower than those
found in plasma; males achieved an average Cmax Of 353 ng/g, and female animals reached a
Cmax of 250 ng/g. In animals given transdermal DMT, brain concentrations of DMT were
consistently found to be above the LLOQ only at the 1-hour time point, reaching 156 ng/g in both
male and female animals administered 5 mg/kg transdermally. The brain concentrations following

5 mg/kg transdermal DMT were significantly lower than those from 5 mg/kg IV DMT administration


https://www.sciencedirect.com/science/article/pii/S0928098724001155#fig0005
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(Two-Way ANOVA: Froue [1,20] = 18.03, p = 0.0004). Brain concentrations of DMT were below
the LLOQ at all timepoints for all animals given 1 mg/kg DMT transdermally. Overall, these data
demonstrate that the transdermal preparation yielded a pharmacokinetic profile with dramatically
reduced peak DMT concentrations in the periphery and CNS as compared to IV administration,

while drug exposure is maintained at similar levels to IV due to a substantially prolonged half-life

(Table 5).
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Figure 7: Maximum brain concentrations observed following IV (15 min) or transdermal
(1 h) DMT administration at 1 or 5 mg/kg. BLQ = Below lower limit of quantitation. Symbols with

X denote samples above top point of calibration curve.
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Table 5. Summary of DMT pharmacokinetic parameters by route, dose, and sex.

Transdermal Intravenous

Male Female Male Female

5mg/kg 1mgkg 5 mgkg 1mg/kg 5mgkg 1mg/kg 5 mgkg 1 mg/kg

Plasma Cmax 37 8 55 16 597 372 1437 528
(ng/mL)*

Brain Cmax (ng/ 156 BLQ 156 BLQ 4503 353 >6000* 250
g)

t1/2 (min)® 263+36 284+61 225+29 195+15 13 8 10 10

AUC (ng/mL * 13940 4817 + 33024 + 3805+ 19686 * 6693+ 29990 + 7130 +
min) 3898 2975 17127 875 3048 604 3168 1639

Values rounded to nearest whole unit b: SEM not shown where < 1 min.

Above ULOQ; estimate — 8080 ng/g.

Table 5: Summary of DMT pharmacokinetic parameters by route, dose, and sex.

Assessing the hallucinogenic activity of DMT by administration route

To measure acute unconditioned responses to DMT mice were intravenously or transdermally

dosed at 5 mg/kg (or given saline/vehicle) and assessed for HTR (338) (Fig. 7).


https://www.sciencedirect.com/science/article/pii/S0928098724001155#fig0007
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Figure 8: Head Twitch Responses due to intravenously (n = 5) or transdermally (n = 12)
administered DMT at 5 mg/kg.

The IV cohort demonstrated significant variation in HTR responding by time (Two-Way
RM ANOVA: Froutextime (11, 99) = 3.69, p =0.0002), including a significant 18-fold increase in head
twitches relative to animals receiving IV saline at 0-10 min post-administration (Sidak's Multiple
Comparisons, p =0.0214). This robust increase was observed transiently with only a 2.4 and 1.2-
fold increase in HTR's relative to animals receiving IV saline within the next two chronological
bins. In contrast, the transdermal cohort did not show any significant variation in HTR's, as
compared to animals receiving a TD vehicle patch, within 1-hour post-drug administration at the

same dose (Two-Way RM ANOVA: Froutextime (11, 242) = 0.66, p =0.77).

4.4 Discussion:

This work herein demonstrates the first evidence of transdermal delivery of DMT, a
notoriously low bioavailability and short half-life drug using oral administration. Despite increasing
evidence of DMT's therapeutic potential, drug delivery for low or non-orally bioavailable
psychedelic drugs have not been optimized. The development of a TDDS could offer a non-
invasive and low-dose delivery option for DMT, inducing fewer hallucinations, and circumventing

a side effect that requires therapists to continuously observe patients in clinical settings. A low-
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dose DMT patch can also reduce abuse potential or product misuse relative to the current high,
psychedelic dose administration of DMT including intravenous or inhalation.

The initial formulation strategy was to determine solvent systems which could maximize
DMT drug loading into the DIA matrix. It was theorized that high drug loading of DMT would be
necessary to increase flux and overcome the rapid metabolism of DMT. A solvent screening was
employed to test DMT solubility in ethanol and ethyl acetate, two solvents which are both generally
regarded as safe for topical use and are compatible with the adhesive systems. The first
formulation (F1) was trialed using both solvents in a 1:1 ratio resulting in a cloudy formulation with
a modest DMT concentration (2.4 %, dry w/w %). An optimized formulation (F2) was then tested
using only ethanol in the same acrylate (Duro-Tak 4098) adhesive achieving a clear appearance
with a much higher DMT concentration (6.4 %). Based on these initial results, ethanol was chosen
for further screenings as the superior solvent with DMT solubility of ~400 mg/mL thereby reducing
solvent evaporation and increasing DMT drug loading.

The next steps were to determine the optimal adhesive system to increase DMT drug
loading. Nearly all commercial transdermal patches contain either acrylate, polyisobutylene, or
silicone-based adhesives so a representative from each adhesive was trialed using ethanol as a
drug solubilizer. Polyisobutylene (Duro-Tak 6098, F4) had significant solubility issues with the
ethanolic DMT solution, leading to a cloudy formulation with the lowest DMT concentration (0.5
%). Compared to F4, silicone (Bio-PSA, F3) achieved a higher DMT concentration (3.9 %) with a
cloudy appearance post-drying. Comparing the three adhesive types, acrylate-based F2 had the
highest DMT concentrations with a clear formulation. Therefore, acrylate was chosen as the ideal
adhesive for further analysis. DMT concentration was scalable from F2 into F5 achieving a 10.5
% DMT concentration with only DMT, ethanol, and the acrylate adhesive. Lastly, the addition of

isopropyl myristate in F6 increased the DMT concentration to 16.1 %.



173

Franz cell diffusion assays, a common tool for transdermal formulation development, were used
to test DMT drug flux for each formulation. A direct correlation was observed between DMT drug
loading and flux and all formulations F1-F6 displayed the ability to permeate DMT through a skin-
like membrane, with notable differences seen with adhesive types. When comparing adhesive
types directly, acrylate (F2) displayed greater flux, though not significant, over silicone (F3) while
both had significantly greater DMT fluxes over polyisobutylene (F4). This correlation could be
driven by polarity with acrylate being the most polar, followed by silicone, then polyisobutylene
being the most nonpolar. Increasing DMT concentration of F5 had a 2-fold greater impact on flux
than F2 without the use of any permeation enhancers. Isopropyl myristate expectedly increased
the flux in F6 over F5.

DMT patch F5 was chosen for in vivo screening to show the applicability of a simple DIA
formulation, without the use of permeation enhancers, to deliver DMT transdermally. Furthermore,
the drug loading (10.5 % DMT) and DMT flux of 6.54 + 2.73 ug/(cm?*hr)-' of F5 in Franz cell
testing were theorized to show meaningful plasma concentrations in mice without hallucinogenic
effects, measured by the HTR.

Compared to IV administration, DMT patch F5 elicited a dramatically lower Cmax in both
plasma and brain samples of Swiss-Webster mice. Additionally, while all DMT was cleared from
the system within 1 h of IV administration, the DMT patch F5 resulted in measurable
concentrations of peripheral DMT for at least 8 h, with a 20-fold increase in the apparent half-life
of DMT at doses of 1 to 5 mg/kg. Interestingly, there were notable sex differences observed in
drug exposure, with DMT reaching higher plasma concentrations at the 5 mg/kg and 1 mg/kg
doses in female animals as compared to males, regardless of route of administration. Human
clinical trials would be wise to monitor PK differences in male and female patients especially with
high bolus dosages. Previous studies have shown variations in DMT effects in male versus female

rats that correlate with weight (342) as well as efficacy differences in mice with the similar 4-



174

substituted tryptamine psilocybin (353). Future studies to address the source of this difference
should be undertaken.

The rapid onset of DMT patch F5 is shown through detectable plasma concentrations in
vivo at the first timepoint of 60 min. Peak plasma concentrations for DMT patch F5 were also
detected at the first timepoint at both 1 mg/kg and 5 mg/kg. While initial drug onset and peak
plasma concentration may be higher at timepoints prior to 1 h with TDDS, it is unlikely they
approach levels seen in IV administration. This is especially true given the distinct lack of HTR
response from the transdermal treatment group up through 1 h. There were notable differences
between the in vitro Franz cell diffusion and the in vivo results for patch F5. The patches continued
to show continuous delivery of DMT up to 72 h, however, the in vivo results showed no detectable
DMT after 8 h. Presumably the lack of enzymes to metabolize DMT in the Franz cell led to these
prolongated results in vitro. Rodents are known to be rapid metabolizers of drugs, often more than
humans or pigs, the ideal species for transdermal drug development. In spite of this, Franz cell
diffusion represents a good screening tool for transdermal formulation development, but durability
of drug effects can only be accurately monitored in vivo.

Transdermal delivery is common to overcome the first-pass effect for drugs with low oral
bioavailability as is the case with DMT. The plasma AUC for both IV and transdermal DMT were
compared to show an apparent 77 + 10 % bioavailability for DMT patch F5 across 1 and 5 mg/kg
doses in males and females. The PK results obtained with DMT patch F5 are notably higher than
expected given the lack of permeation enhancers or MAOIs to reduce drug metabolism. This is
an incredibly efficient delivery method of DMT with high bioavailability for a drug which is
commonly administered therapeutically in non-ideal delivery formats (intravenous, smoked or
inhaled, or aqueous phytoid extracts of ayahuasca). It is yet to be seen if the level of drug
exposure we achieve relates to DMT's efficacy or if the subjective psychedelic experience, a Cmax

driven effect, leads to enduring therapeutic effects. A 39-day study of non-hallucinogenic 1 mg/kg
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subcutaneous DMT doses every third day did provide anxiolytic properties of fear extinction in
both male and female Sprague Dawley rats; however, only females benefitted from
antidepressant effects via the forced swim test (342). Our dataset also supports the key
differences in rodent gender, with notably higher Cmax and AUCs observed in females at 5 mg/kg.
During the HTR assay, intravenously administered DMT showed an increase in head
twitches relative to saline within the first 10 min of drug administration. This is consistent with
DMT IV administration leading to hallucinogenic-like activity in rodent models. In contrast, DMT
patch F5 did not show significant increases in HTR relative to saline, suggesting that use of TDDS
to avoid a rapid rise in plasma and brain DMT concentrations are also sufficient to avoid induction
of hallucinogenic-like activity in mice. The average peak plasma concentrations of the 5 mg/kg
DMT patch F5 did not exceed 60 ng/mL, a proposed threshold for the psychedelic or
hallucinogenic effects of DMT (258). Taken together these characteristics address possible
limitations of DMT administration including the opportunity for unsupervised or take-home dosing.
Future studies could assess higher doses to see if the HTR could be elicited through TDDS or if
permeation-enhanced formulations such as F6 can exceed DMT's psychedelic threshold.
Increased neural activity and dendritic densities are correlated with neuroplasticity, a
proposed mechanism of action for DMT and other psychedelic 5-HT2a agonists. Previous studies
did not show increased dendritic spine densities with repeated 1 mg/kg doses (342) despite
showing similar spontaneous excitatory postsynaptic currents for both 10 mg/kg and 1 mg/kg
doses (339). However, a single 10 mg/kg dose did achieve psychedelic effects via HTR and
increased spine density. It is still unclear whether lower repeated doses, often referred to as
microdosing, can lead to therapeutic effects in animals and humans (354). The screening efforts
landed on a novel TDDS formulation which was able to deliver a sustained dose of DMT through
in vitro and in vivo models. This work provides evidence supporting the design and development

of a single layer DIA system containing DMT freebase to achieve long-lasting peripheral exposure
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to DMT without inducing hallucinogenic-like activity in rodent models, a condition that was
achieved at a 5 mg/kg dose. While the results are quite surprising, the physical properties and
lipophilicity of DMT make it an attractive drug for TDDS. These results demonstrate the adequacy
of DMT as a transdermal drug candidate without using enhancers or techniques such as
microneedles to bypass the stratum corneum, the outermost skin layer that can be impermeable
for some drugs. Despite the promise of microneedles to aid the delivery of drugs, such as
ketamine (316), challenges remain to manufacture these products reproducibly under strict
regulatory guidelines, and to date, only a few microneedle transdermal patches have been
approved by the FDA. The Franz cell and in vivo results of DMT patch F5 clearly validate the non-
invasive approach of DMT TDDS.

Psychedelic compounds remain a promising class of drugs for a wide variety of
neurological disorders. However, challenges remain to treat large numbers of patients with
medical observation and limited options are available for patients unable or unwilling to undergo
a psychedelic treatment. New drug delivery methods can reduce peak drug exposures to reduce
or eliminate hallucinogenic side effects and improve overall patient compliance. Notably, many
neuropsychiatric researchers still debate whether or not subjective effects like hallucinations are
necessary for efficacy. For the first time, this research demonstrates a highly effective TDDS for
DMT to extend half-life, reduce peak drug concentrations likely to limit hallucinogenic-like effects
correlated with a rodent HTR. Further work dosing larger animals and humans will allow a better
understanding of the translatability and therapeutic potential of low-dose DMT regimens. Non- or
sub-hallucinogenic delivery systems capable of enabling neuroplasticity would expand patient
populations beyond psychiatry to include neurodegenerative disorders. Convenient TDDS of DMT
could significantly reduce medical burdens and provide new tools for physicians and patient

treatments.
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4.5 Conclusion:

A low-dose DMT product can offer new solutions for psychiatric and neurological disorders
without inpatient dosing and supervision required for higher, psychedelic DMT doses. The primary
goal was to demonstrate the viability of TDDS of DMT given general bioavailability concerns and
rapid plasma clearance. The study was successful in producing optimized transdermal patch
formulations of DMT with high bioavailability. The initial in vitro Franz cell diffusion screening
provided examples of DMT in several commercially available adhesives and patch materials with
increasing drug concentrations and drug fluxes with or without permeation enhancers. The
optimized DMT patch F5 had suitable drug loading and flux to advance into in vivo studies in mice.
Brain concentrations and pharmacokinetics of DMT along with the HTR were monitored to
understand PK/PD drug effects with this novel TDDS. The IV half-life of DMT was extended by
20-fold with administration of the TDDS while plasma concentrations did not exceed 60 ng/mL,
eliminating the HTR. Research to establish the therapeutic potential and neural effects of this
delivery method along with PK profiling in further species will provide better value to this initial

discovery of transdermally administered DMT.
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Chapter 5: Conclusions and Future Directions

5.1 Psilocybin-Induced Stress Response: Elucidating the Role of CORT Signaling and

Implications for Future Clinical Applications

In Chapter 2, and my first author publication, the study provides strong evidence that
psilocybin-induced transient elevations in plasma glucocorticoids, more specifically corticosterone
(CORT), play a crucial role in mediating both the post-acute and long-term anxiolytic effects of
psilocybin in mice (200). Our findings show that administering psilocybin significantly increases
plasma CORT levels. This increase is associated with reduced anxiety-like behaviors in the
novelty-suppressed feeding (NSF) assay, assessed 4 hours post-injection. Notably, the anxiolytic
effects observed 4 hours post-administration were reduced when glucocorticoid receptor activity
was blocked or when CORT levels were suppressed by chronic oral CORT in drinking water or
an acute bolus of CORT. This indicates that CORT release is a critical factor driving reductions in
anxiety-like behavior in mice in the hours following drug clearance.

Additionally, chronic elevations in plasma glucocorticoids negated the long-term anxiolytic
effects of psilocybin, underscoring the importance of a transient increase in CORT and the acute
stress response for sustaining these benefits. Our research suggests that the mechanisms
underlying psilocybin's therapeutic effects are intricately linked with the body's stress response
system, specifically the hypothalamic-pituitary-adrenal (HPA) axis. The induction of a transient
glucocorticoid surge appears to be a critical factor for the observed anxiolysis, supporting the
hypothesis that psilocybin and similar serotonergic psychedelics may exert their therapeutic
effects through modulation of the body's stress response (200). These findings point to HPA axis
activation and changes in glucocorticoid and CORT concentration profiles over time as important
translational factors for mechanistic consideration when investigating classical serotonergic

psychedelic-assisted therapy for the treatment of psychiatric disorders. Given these insights, the
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implications of these findings are multifaceted and pave the way for several future research
directions. This research presents an exciting frontier in the quest for innovative treatments for
stress-related disorders. A deeper understanding of this interaction can pave the way for more
targeted and effective interventions, offering hope to countless individuals struggling with
conditions like major depression, PTSD and generalized anxiety disorders.

In this context, Brouwer and Carhart-Harris (2021) introduce the concept of Pivotal Mental
States (PiMS) as a groundbreaking construct for understanding rapid and profound psychological
transformations. These states are described as hyper-plastic, meaning they are highly adaptable
and conducive to learning, particularly under significant environmental pressures and stressors.
The PiIMS model suggests that chronic stress acts as a primer, preparing the brain for these
states, while acute stress serves as a trigger (147). This interplay between stressors is crucial in
facilitating psychological changes that can lead to either wellness or pathology.

Central to the PIMS model is the role of the serotonin 2A receptor (5-HT2aR). Chronic
stress is known to upregulate this receptor, enhancing its availability in the brain, while acute
stress triggers serotonin release, activating this primed system (24,146,147,164,165,334).
Psychedelic substances, which act as agonists of the 5-HT2aR, can reliably induce PiMS. These
drugs essentially hijack a natural mechanism that has evolved to facilitate significant
psychological shifts when necessary.

PiMS are characterized by three key features: elevated cortical plasticity, an enhanced rate of
associative learning, and a heightened capacity to mediate psychological transformation. These
attributes make PiMS a powerful state for inducing change, but they also highlight the importance
of the context in which these states occur. The outcomes of PiMS are highly dependent on both
the immediate and broader environmental and psychological context (147). Properly managed,
PIMS can lead to profound positive changes, but if mishandled, they can result in severe

psychological distress or disorders.
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The social and psychological context plays a critical role in determining the outcome of
PiMS. Factors such as social isolation, feelings of defeat, and disconnection are significant in
priming individuals for these states. When these contexts are managed therapeutically, such as
through supportive environments and guided experiences, the potential for positive
transformation increases (147). This understanding has significant implications for therapeutic
practices, particularly in the realm of psychedelic therapy. Psychedelic therapy is viewed as a
prototypical PiMS-focused intervention. By using controlled psychedelic experiences, therapists
can facilitate psychological breakthroughs that might not be achievable through conventional
methods. The success of such therapies underscores the importance of context, including the
therapeutic setting, the intentions of the patient, and the integration of the experience into the
patient’s life. Proper contextual engineering can help guide the psychological changes induced
by PiMS towards wellness rather than pathology.

From an evolutionary perspective, PIMS are seen as an adaptation designed to facilitate
major psychological changes when necessary for survival. This model helps explain why these
states can lead to such divergent outcomes, depending on the context. By understanding the
biological and psychological mechanisms underlying PiMS, researchers and therapists can better
harness these states for therapeutic purposes. Moreover, the PiIMS model provides a
comprehensive framework for understanding significant psychological transformations. It
emphasizes the interplay between chronic and acute stress, the central role of the 5-HT2aR, and
the critical importance of context in shaping outcomes. This model not only enhances our
understanding of psychological change but also offers practical insights for therapeutic
interventions, particularly in the emerging field of psychedelic therapy.

In light of this PIMS model and the resulting insights, we can explore a couple of studies
conducted after the publication of Chapter 1. These studies further investigate the role of acute

physiological responses induced by psychedelic drugs and their increased potential contribution
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to therapeutic efficacy. As we inquire further into this research, another critical question arises:
whether the subjective experience of psychedelic drugs can occur without the stress response
and, if absent, whether the experience retains its lasting effects.

This evidence of memory enhancement aligns with investigations into stress modulation
through pharmacological interventions. For instance, the comprehensive study by Mason et al.
(2023) examines the influence of psilocybin on the body's stress response, specifically focusing
on its effect on the cortisol response to psychosocial stress in humans (170). The study observed
a significant blunting of cortisol response to psychosocial stress in participants who received
psilocybin compared to those who received a placebo. Typically, cortisol, a stress hormone
released by the adrenal glands, spikes in response to stress as part of the body's fight-or-flight
mechanism. The reduced cortisol response in the psilocybin group suggests a dampened stress
response, indicative of a less reactive HPA axis (170). The study's findings suggest that psilocybin
may recalibrate or suppress the activity of the HPA axis. This modulation potentially reflects a
more balanced physiological response to stress, which could have implications for individuals with
stress-related disorders. The study highlights that the modulation of the stress response by
psilocybin is not merely transient but persists over time. This persistent effect suggests a long-
term recalibration of the body's response to stress.

Building on the therapeutic insights gained from classical serotonergic psychedelics, such
as psilocybin, the study of non-psychedelic substances that also influence stress responses, like
ketamine, presents a fascinating parallel. Ketamine, a compound initially synthesized in 1962 and
widely used as an anesthetic (355,356), has gained significant attention for its pharmacological
versatility and therapeutic potential, particularly in psychiatry (357-362). Ketamine, recognized
for its quick-acting antidepressant properties, acts as an NMDA receptor antagonist and is
associated with elevated serum cortisol levels, suggesting it activates the HPA axis (363—-369).

This connection between ketamine and the HPA axis is particularly significant given that chronic
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stress is widely recognized as a significant risk factor for depression, primarily through the HPA
axis, which orchestrates the body's hormonal response to stress (163,189,370-373).

Building on this understanding, it is important to note that research has shown that
individuals vary in their resilience or susceptibility to depression following stress, a process not
entirely understood but linked to HPA axis activity (190,374,375). In a notable study on chronic
social defeat stress (CSDS) in mice, an increase in plasma corticosterone (CORT) levels was
observed shortly after exposure to stress, serving as a predictor of susceptibility to depression
after prolonged stress. Mice classified as susceptible maintained higher CORT levels compared
to their resilient counterparts, underscoring the role of this hormone in stress-related disorders.
Interventions such as administering CORT directly or blocking glucocorticoid receptors (GR) with
mifepristone altered susceptibility, with mifepristone notably reducing it. Furthermore, treatment
with a single dose of ketamine not only countered depressive-like behaviors but also normalized
CORT levels and restored GR function in the hippocampus, highlighting its potential for rapid
therapeutic effects by modulating the HPA axis (159).

To further expand on these findings, another investigation using Wistar-Kyoto (WKY) rats
examined the CORT response to ketamine administered at different times of the day. Employing
an automated blood sampling system, researchers tracked CORT levels every 10 minutes for 28
hours post-ketamine infusion during both active and inactive phases. The findings indicated that
ketamine consistently increased CORT levels regardless of the timing of administration, with a
more significant, dose-dependent increase during the inactive phase. These results not only
reinforce the understanding of ketamine’s rapid influence on the HPA axis but also suggest that
the timing of ketamine administration could be crucial for optimizing its glucocorticoid-mediated
effects in the treatment of depression (376).

The groundbreaking research by Georgiou et al. (2022) adds a novel dimension to our

understanding of ketamine's pharmacological impact on depression by exploring the interaction



196

between the drug's effects and the HPA axis, specifically focusing on corticotropin-releasing factor
(CRF) modulation in response to acute stress. The research highlights that the presence of male
experimenters induces heightened stress in mice through the activation of CRF pathways in the
entorhinal cortex, which in turn affects the behavioral and neural responses to ketamine.
Intriguingly, this sex-dependent modulation of CRF can influence the antidepressant efficacy of
ketamine. Through plasma corticosterone measurements, they found that exposure to male
experimenters before ketamine administration significantly affected the CORT levels and the
drug's antidepressant impact. This suggests a complex interplay where the environmental context
(sex) interacts with pharmacological treatment (ketamine), mediated by acute stress responses
involving CRF activation (377,378).

Moreover, these results reinforce the understanding of ketamine’s rapid influence on the
HPA axis but also suggest that the timing of ketamine administration could be crucial for
optimizing its glucocorticoid-mediated effects in the treatment of depression. The findings imply
that not only are the neural and hormonal responses crucial in understanding ketamine's effects
but also the conditions under which treatments are administered, thereby providing a nuanced
perspective on how environmental factors can affect pharmacological outcomes. These research
findings support and emphasize the importance of considering various environmental variables in
preclinical studies to enhance the reproducibility and interpretation of pharmacological effects.

This emphasis on environmental factors is crucial because the complex interplay between
psychedelic drugs, stress responses, and therapeutic outcomes offers a compelling avenue for
psychiatric research and treatment strategies. Empirical evidence suggests that the stress
induced by psychedelic drugs, notably through heightened physiological responses, may
enhance memory encoding and the emotional impact of the experiences they induce, suggesting
a potential mechanism through which these substances exert their lasting therapeutic effects.

Moreover, parallels are drawn with non-psychedelic drugs like ketamine, which also modulate the
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HPA axis but through different pharmacological pathways, underscoring the potential for diverse
approaches in treating mood disorders. The modulation of stress responses, whether through
psychedelics or alternatives like ketamine, represents a promising strategy in psychotherapy,
potentially broadening the scope of effective treatments. Integrating neurobiological insights with
clinical practice deepens our understanding of drug impacts on brain function. It paves the way
for innovative treatments considering individual stress responses and environmental factors,
ensuring more personalized and effective therapeutic interventions.

Further investigation is warranted to investigate and delineate the precise molecular and
cellular mechanisms through which glucocorticoid signaling facilitates the anxiolytic effects of
psilocybin. This could involve examining the role of specific glucocorticoid receptors in different
brain regions and their interaction with serotonergic systems. Detailed studies could map the
distribution and activity of these receptors in the hippocampus, amygdala, and prefrontal cortex,
regions known to be critical in stress and anxiety responses. Additionally, investigating the
downstream signaling pathways activated by glucocorticoid receptors and their cross-talk with
serotonergic signaling can reveal more about the molecular underpinnings of psilocybin's effects.

Building on the need for mechanistic insights, our results highlight the potential of using
glucocorticoid levels as biomarkers to predict and possibly enhance the therapeutic efficacy of
psilocybin in clinical settings. Monitoring cortisol levels before, during, and after psilocybin
administration could provide valuable insights into individual responses to treatment, helping
identify patients more likely to benefit from the therapy. Future clinical trials could incorporate
these measurements to tailor and optimize psilocybin-assisted therapies for anxiety and other
stress-related disorders, potentially adjusting dosages and administration protocols based on
cortisol responses to maximize therapeutic outcomes.

The development of biomarkers is crucial for advancing psilocybin research, but it is

equally important to consider the context of 'set and setting' in psychedelic experiences. 'Set'
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refers to the mental state and expectations of the individual, while 'setting' encompasses the
physical and social environment in which the experience occurs. Given the profound impact these
factors have on the outcomes of psychedelic therapy, future research needs to delve deeper into
how various environmental stressors and psychological states, both before and during psilocybin
administration, affect glucocorticoid responses and overall therapeutic results. To achieve a
comprehensive understanding, studies should investigate specific environmental stressors such
as noise, lighting, interpersonal interactions, and individual psychological conditions like anxiety,
mood, and mindset. By examining how these variables influence the body's glucocorticoid
responses—hormones critical in stress regulation—researchers can better grasp the complex
interplay between the external environment, internal psychological state, and biological
mechanisms activated by psilocybin.

Moreover, this understanding could lead to the refinement of therapeutic protocols. For
instance, identifying optimal environmental conditions could involve creating a calm, supportive
setting with controlled lighting and soothing music. Additionally, ensuring psychological support
through pre-session counseling, real-time guidance during the session, and post-session
integration could further enhance therapeutic outcomes. By tailoring these factors, therapists can
maximize the therapeutic benefits of psilocybin while reducing the risk of adverse effects. This
holistic approach not only emphasizes the importance of biomarkers but also recognizes the
critical role of 'set and setting' in the efficacy of psychedelic treatments. Ultimately, such
comprehensive research could pave the way for standardized, evidence-based protocols that are
personalized to each individual's needs, thereby improving the safety and effectiveness of
psilocybin-assisted therapies.

Furthermore, expanding the scope of our research, comparative studies involving other
psychedelics such as LSD, DMT, and mescaline, which also influence the HPA axis, could provide

broader insights into the generalizability of our findings across different substances. These studies



199

could examine whether similar glucocorticoid-mediated mechanisms underlie the anxiolytic
effects of these psychedelics, helping to identify common therapeutic pathways. Understanding
the commonalities and differences in their mechanisms of action could inform the development of
more targeted and effective treatments, potentially leading to personalized therapeutic strategies
based on individual neuroendocrine profiles.

To ensure the long-term safety and efficacy of these treatments, long-term studies are
needed to assess the sustainability of psilocybin's anxiolytic effects and the role of glucocorticoids
in maintaining these effects over extended periods. Such studies could investigate the persistence
of therapeutic benefits and potential side effects associated with repeated or prolonged use of
psilocybin. They could also explore how chronic alterations in glucocorticoid levels impact long-
term outcomes, providing a comprehensive understanding of the balance between therapeutic
efficacy and safety. Moreover, this study underscores the critical interplay between psilocybin and
the body's glucocorticoid response in mediating its anxiolytic effects. By advancing our
understanding of these mechanisms, we can better harness the therapeutic potential of psilocybin
and other psychedelics for treating anxiety and related disorders. We have identified and provided
a novel and potentially critical underlying mechanism of action for psilocybin. This not only
broadens our scientific perspective but may also lead to more effective and even tailored

therapeutic strategies for psychiatric disorders.

5.2 In Vivo Validation of Psilacetin as a Prodrug: Implications for Psychedelic Research

and Future Clinical Applications

In Chapter 3, my second first-author publication, this study presents the first direct
evidence supporting the hypothesis that psilacetin (O-acetyl psilocin) acts as a prodrug for psilocin

in vivo (209). Our findings demonstrate that, when administered to C57BI6/J mice, psilacetin leads
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to robust metabolic conversion to psilocin, albeit with lower peripheral psilocin exposure
compared to psilocybin on an equimolar basis. Specifically, psilacetin resulted in approximately
70% of the psilocin exposure observed with psilocybin (209). This confirms that psilacetin can be
a viable alternative to psilocybin in pre-clinical research settings, offering the potential for more
straightforward regulatory approval and broader accessibility for researchers.

The validation of psilacetin as a prodrug opens new avenues for pre-clinical psychedelic
research. lts status as an unscheduled compound simplifies access and reduces regulatory
barriers, facilitating broader and more rapid exploration of psilocin's mechanisms of action and
therapeutic potential. Consequently, researchers can conduct more extensive and diverse studies
without the complications associated with Schedule | substances. This advantage is crucial for
accelerating the pace of discovery and understanding in the field of psychedelic science.

Building on this, future studies should focus on the comprehensive pharmacokinetic and
pharmacodynamic profiling of psilacetin across different species, including humans. This will help
understand the exposure of the central nervous system and the intrinsic pharmacological activity
of psilacetin alongside its metabolite, psilocin. Such detailed profiles are crucial for effectively
translating pre-clinical findings into clinical settings. Understanding these dynamics will ensure
that researchers can optimize dosing regimens and maximize therapeutic efficacy.

Moreover, direct comparisons of psilacetin and psilocybin in clinical settings could offer
valuable insights into their relative efficacies, safety profiles, and potential side effects. The subtle
molecular differences between these compounds may lead to variations in their
pharmacodynamics and pharmacokinetics, potentially influencing their therapeutic outcomes and
side effect profiles. By conducting rigorous comparative studies, researchers can systematically
evaluate the relative strengths and weaknesses of psilacetin and psilocybin. These studies should
focus on various dimensions, including onset and duration of action, subjective experience,

physiological responses, and long-term therapeutic effects. Such research will help determine if
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psilacetin can match or surpass psilocybin in terms of efficacy for treating conditions like
depression, anxiety, PTSD, and other psychiatric disorders.

Furthermore, this study's findings encourage exploring other novel psilocin prodrugs that
might offer improved pharmacokinetic profiles, reduced side effects, or simpler synthetic
pathways. By identifying and developing these alternatives, the therapeutic utility and accessibility
of psychedelic treatments can be significantly enhanced. This continuous development is
essential for addressing diverse patient needs and optimizing therapeutic outcomes. The search
for better alternatives is a key driver of innovation in psychedelic therapy. In addition, the use of
psilacetin and other synthetic alternatives to naturally derived psilocybin may alleviate ethical and
sustainability concerns associated with the commercial exploitation of Psilocybe mushrooms.
Researchers and clinicians can respect indigenous cultural practices and contribute to biodiversity
conservation by opting for synthetic compounds. This approach aligns with the growing emphasis
on ethical and sustainable research practices. The shift towards synthetic alternatives represents
a responsible and forward-thinking strategy. By focusing on synthetic compounds like psilacetin,
we can reduce reliance on natural sources, thereby promoting sustainability and ensuring a
consistent supply for research and therapeutic use.

Finally, extensive research on the safety, efficacy, and optimal dosing regimens of
psilacetin in human subjects is needed for clinical translation. Such research is crucial for
validating psilacetin as a viable therapeutic option and for developing safe and effective treatment
protocols. Additionally, the regulatory framework should evolve to accommodate the unique
characteristics of synthetic psychedelics, promoting safe and effective use in medical settings.
This regulatory evolution will be crucial for integrating psychedelic therapies into mainstream
medical practice. Ensuring regulatory clarity and support will pave the way for broader acceptance
and utilization of these therapies. This study not only substantiates the prodrug status of psilacetin

but also highlights its potential as a research and therapeutic tool. By reducing regulatory hurdles
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and expanding scientific understanding, psilacetin can significantly contribute to the advancement
of psychedelic science and its application in mental health treatment. The findings underscore the
importance of continued research and development in this promising field. These advancements

represent a pivotal step towards unlocking the full therapeutic potential of psychedelics.

5.3 Transdermal Delivery of DMT: Advancements and Future Implications

In Chapter 4, and my third publication as co-second author, the development of a
transdermal drug delivery system (TDDS) for N, N-dimethyltryptamine (DMT) represents a
significant advancement in the field of psychedelic medicine (379). Our study successfully
formulated and tested an extended-release transdermal patch (F5), demonstrating its capability
to provide consistent, sub-hallucinogenic plasma concentrations of DMT over an extended period.
This method of delivery addresses the challenges associated with rapid metabolic degradation
and the need for invasive intravenous administration, making DMT therapy more accessible and
potentially safer for outpatient use.

Moreover, the F5 formulation, with a bioavailability of 77% compared to intravenous
administration, achieved a 20-fold extension in DMT half-life, maintaining plasma concentrations
below 60 ng/mL. This concentration is crucial as it is below the threshold known to induce
hallucinogenic effects, as confirmed by the translational head twitch response (HTR) assay in
mice. Consequently, the ability to maintain therapeutic levels without hallucinogenic side effects
opens new avenues for treating conditions like depression, anxiety, and potentially
neurodegenerative disorders with fewer risks and lower medical supervision (379). This
innovation not only broadens the potential applications of DMT but also makes it a more viable

option for a broader range of patients, enhancing its appeal as a versatile therapeutic agent.
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Given these promising results, several future directions and implications emerge. The next
logical step is to conduct clinical trials to evaluate the efficacy, safety, and pharmacokinetics of
the DMT transdermal patch in human subjects. These trials will be critical in validating the pre-
clinical findings and ensuring that the benefits observed in early studies translate effectively to
clinical settings. By delving into these aspects, researchers aim to establish a solid foundation for
the safe and effective use of DMT in medical settings. Furthermore, beyond psychiatric disorders,
the non-hallucinogenic dosing strategy could be explored for neuroprotective roles in conditions
such as stroke and traumatic brain injury, as suggested by preliminary studies. This expansion of
potential applications signifies a broader horizon for DMT, illustrating its versatile therapeutic
promise beyond its traditional use. This expansion into neuroprotective applications could lead to
significant breakthroughs in treating various neurological conditions, highlighting the versatility of
DMT therapy. The potential to aid in recovery from stroke and traumatic brain injury underscores
the importance of continuing this line of research, which could revolutionize current treatment
paradigms.

Moreover, the observed variations in drug absorption and efficacy between males and
females indicate a need for personalized approaches in dosing and administration. Recognizing
and addressing these differences is crucial for optimizing therapeutic outcomes and ensuring
patients receive the most effective and safe treatment tailored to their specific needs. Therefore,
further research should focus on optimizing the formulation for different demographics to ensure
maximum efficacy and safety for all patients, enhancing the therapeutic outcomes of DMT
treatment. Tailoring these formulations to accommodate various physiological differences will be
a key step in advancing personalized medicine and maximizing the benefits of DMT therapy for a
broader patient population. Additionally, future research could explore the incorporation of
permeation enhancers and alternative adhesives to improve the efficiency and consistency of

drug delivery. Innovations in these areas could lead to more reliable and effective administration
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methods, further solidifying the role of DMT in modern medical treatments. By investigating the
potential of combining DMT with other therapeutic agents in a single patch, the treatment
outcomes and patient convenience could be significantly enhanced, offering a more
comprehensive approach to therapy. This integrated strategy could streamline treatment
regimens, making it easier for patients to adhere to their therapies and potentially improving
overall efficacy.

Lastly, with the growing interest in psychedelics for therapeutic use, establishing
regulatory pathways will be essential to ensure that safe and effective products reach the market.
Creating clear guidelines and standards will be crucial for successfully integrating these
innovative treatments into mainstream medicine, ensuring patient safety, and fostering trust in
these new therapeutic options. Collaboration with regulatory bodies will be crucial to navigate the
approval process for this novel delivery system, ensuring it meets all safety and efficacy standards
and facilitating its acceptance and use in mainstream medical practice. By addressing these future
directions, the transdermal delivery system for DMT could significantly impact the field of mental
health and beyond. This innovative approach provides a new, non-hallucinogenic treatment
modality that aligns with the evolving landscape of psychedelic therapy, potentially offering

significant benefits to a wide range of patients.
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APPENDIX

Supplementary Methods and Materials

Surgery

Skull screw EEG electrodes were chronically implanted in animals under isoflurane
anesthesia (1.5 - 2%) using aseptic technique. Electrodes were placed bilaterally in the frontal
(1.5 mm anterior to Bregma, 1.5 mm lateral to midline) and parietal (2.0 mm posterior to Bregma,
2.0 mm lateral to the midline) plates. Bilateral reference electrode screws were placed through
the occipital plate and tied together to ground. EEG wires were stranded copper (0.012” diameter,
0.022” diameter including insulation; Cooner Wire, Chatsworth, CA). Wires were soldered to a 1-
cm2 electrode interface board (EIB-16; Neuralynx, Bozeman, MT), which was fixed into place
using dental cement (Fusio A3; Pentron; Orange, CA). Animals recovered for at least 5 days prior

to the first recording day and were housed individually.

Drug Preparation and Administration

Psilocybin powder (Usona Institute; Madison, WI) was diluted in 0.9% sterile saline, then
acidified to a pH of 1-2 with 1 M HCI, sonicated for 30-60s, and brought to pH 6-7 using 1 M
NaOH. This material was filtered through a 0.2 um filter and administered intraperitoneally (IP) at
doses between 0.3 — 3 mg/kg. Ketamine Hydrochloride (Spectrum Chemical Mfg. Corp.; Gardena,
CA) was diluted in 0.9% sterile saline, filtered through a 0.2 um filter, and administered at a dose
of 30 mg/kg IP. All IP injections were given at a volume of 10 mL/kg. Corticosterone (Sigma-
Aldrich) was diluted in 10% ethanol (EtOH) or 4.5% (2-hydroxypropyl)-Beta-Cyclodextrin
(Biosynth-Carbosynth) in water, vortexed for 1 min, and then sonicated for 3 min at 22 °C, before

being diluted to either 1% EtOH or 0.45% Beta-cyclodextrin in the animals’ drinking water. For
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experimental batteries requiring chronic corticosterone exposure, mice were given ad libitum
access to either corticosterone water (0 - 80 pg/mL) or vehicle (1% EtOH o0r0.45% (2-
hydroxypropyl)-Beta-Cyclodextrin) in their home cage for 28 days. Both vehicle and

corticosterone bottles were refreshed every 7 days for the duration of the 28-day period.

Open Field Test (OFT)

To test for drug-induced changes in locomotor, exploratory, and anxious behavior, mice
were assessed in the OFT. Mice were injected IP with psilocybin (0 - 3 mg/kg) and then
individually placed into a corner within an open-field apparatus (41x20x24 cm), at a time period
from 5 min to 7 days afterward. The center zone was defined as the middle one-third (6x27cm)
of the arena. The apparatus was illuminated at ~200 - 250 lux. Mice were allowed to explore freely
for 10 minutes in acute experiments and 150 min in long-term experiments. Time spent in the
center and total distance travelled were automatically quantified using the Any-Maze software.
Each apparatus was cleaned before and after each test with Trifectant. All OFT measurements
were run between 1-4 PM. For all stand-alone OFT experiments, this represented the dark phase
of the cycle. In behavioral batteries where the OFT was given subsequent to the NSF, this

represented the light phase of the cycle.

Head Twitch Response (HTR)

To measure acute unconditioned responses to psilocybin, mice were assessed using an
automated HTR detection platform adapted from previous approaches (Chakraborty et al., 2020;
Yasmin et al., 2020). In this study, mice already implanted with chronic skull screw EEG
electrodes were anesthetized with isoflurane (1.5 - 2%) to attach a neodymium magnet to the

exposed dental cement from the EEG implant, at least 1 day prior to recording. Following
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recovery, individual animals were placed into a clear acrylic cylinder (15.24 cm height x 15.24 cm
diameter) wrapped with ~300 rotations of 30 Gauge copper magnet wire, (Essex, Fort Wayne, IN)
inside of a dark sound-attenuation chamber, connected to a flexible tether (ZC16) to record EEG
while allowing free range of motion, and their behavior was recorded using an infrared camera
(240x320 pixels) controlled by Synapse (Tucker Davis Technologies, Alachua, FL [TDT]) for 1 h
prior to drug administration. Magnetometer signals were amplified near the source with a
homemade custom circuit, and the signal was routed to an RZ5D (filtered at 0.2-1000 Hz, then
digitized at 3,051.8 Hz). After this time period, the animals were administered 3 mg/kg IP
psilocybin and recorded for an additional 4 h. Changes in the local magnetic field induced by head
twitches (~ 60-90 Hz signal) were assessed using in-house MATLAB code. Automated results
were compared to observed HTRs for internal validation. All HTR responses were recorded during

the dark phase of the light cycle.

Forced Swim Test (FST)

To measure the post-acute effects of drug treatment on immediate threat response, mice
were assessed in the FST. Mice were injected IP with either psilocybin (3 mg/kg), ketamine (30
mg/kg) or saline. Animals were individually placed into a clear Plexiglas swim tank (46x10cm) for
a period of 6 min. Water temperature was maintained at 26°C and the tanks were illuminated at
40-42 lux. Immobility time and distance travelled were quantified for the final 4 min of the test
using Any-Maze software. At the completion of the testing period, animals were removed from
the water, dried and placed into a clean cage with a heating pad to facilitate rapid recovery of
normal body temperature. The animals were monitored in this chamber for 15-minutes before
being placed back into group housing. All FST measurements were run between 1-4 PM, during

the dark phase of the cycle.
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Sucrose Preference Test (SPT)

The SPT was conducted as a measure of hedonic responding both acutely and
chronically. In this test, mice were placed into individual housing (41x20x24cm) to habituate for
48 h and then provided two identical bottles with either a 1% sucrose solution or water. At this
time, mice had ad libitum access to standard chow and the 2 bottles provided. Animals underwent
three 16 h restriction periods during which they had access to the 1% sucrose solution and water,
with food and water provided between these periods. Immediately after the final restriction period,
two identical bottles containing either 1% sucrose solution or water were placed into each cage
and consumption was measured for a period of up to 15 days. The bottles were weighed at each
test period, and sucrose preference was calculated as: sucrose weight / (sucrose weight + water

weight) *100.

Novelty Suppressed Feeding (NSF)

In order to measure animal behavior in a task combining motivated behavior with anxious
responding, mice were assessed within the NSF. Animals underwent a sequential food reduction
of 2-Days at 20% and 1-day at 80% and food deprivation (16 - 24 h,). Mice then received an IP
injection of saline or drug 4-5 h prior to performing the NSF test. For the test, a food pellet soaked
in 50% sucrose solution was placed into a glass petri dish that served as the feeding zone
(9%0.375 cm) and centered within a novel cage environment (61x41x37cm) that was brightly
illuminated. Mice were then placed into a corner of the apparatus and allowed to explore for 10
minutes. Latency to first feed was recorded by a trained and a blinded observer, and movement
and distance traveled were monitored via the Any-Maze software. Pellet weights were also
obtained immediately before and after each test. After testing, the mice were returned to their

housing and given normal food and water. Each apparatus was cleaned before and after each
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test with Trifectant. All NSF measurements were run between 11-4 PM, during the light phase of

the light cycle.
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Appendix Figure 1: Light Cycle Reversal Increases Signal Window for Locomotor and

Center Time Measurements Across Treatment Conditions.
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Appendix Figure 1: A) Distance traveled across 5 min time periods for 60 min prior to and 90 min after
saline injection, across different light cycle conditions. (Standard, n = 30, Reversed, n = 32). *: p<0.05, **
p<0.01, Two-Way ANOVA with Sidak’s. B) Total distance traveled in the same test. ***: p<0.001, Student’s
t-test. C) Time in center of open field apparatus in the same test. **: p<0.01, Student’s t-test. D) Total
distance traveled in an open field test from 5-155 min after drug administration to corticosterone-exposed
animals, across light cycle conditions. **: p<0.01, ANOVA with Sidak’s. E) Time in center for the open field
apparatus in the same test. One outlier removed from CORT + Psilocybin (ROUT). All error bars presented

as Mean + SEM.



Appendix Figure 2: Chronic Corticosterone Exposure Via

Behavioral and Physiologic Changes in Mice.
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Appendix Figure 2: A) Weight measurements across the 28-day corticosterone exposure period (Vehicle,
n = 30; Corticosterone, n = 30). B) Baseline-normalized changes in weight across the same period. C) Time
spent in the center of the open field apparatus following 28-day corticosterone exposure period. **: p<0.01,
T-test. D) Total distance traveled in the same open field test. E) Sucrose preference following a 28-day
corticosterone exposure period. ***: p<0.001, T-test. F) Average of total liquid consumed on days 30 — 31
after chronic corticosterone exposure. All error bars presented as mean = SEM.
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Appendix Figure 3: Chronic Corticosterone Exposure Suppress Stress and Psilocybin-

Induced Acute Glucocorticoid Release.
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Appendix Figure 3: A) Experimental timelines for measurement of plasma corticosterone. IP In;:
intraperitoneal injection, ELISA: enzyme linked immunosorbent assay, OFT: Open Field Test; CORT:
corticosterone. Vertical lines indicate acute intervention; horizontal lines indicate ongoing exposure. B)
ELISA for plasma corticosterone concentrations at baseline and at various time-points following drug
administration. Dotted line denotes open field test. Two-Way ANOVA with Sidak’s, * = p < 0.05 vs. Saline,
15 min. (n = 16 baseline, n = 10, saline, psilocybin). C) ELISA for plasma corticosterone concentrations at
15 min following drug administration in the presence of IP corticosterone pretreatment. Two-Way ANOVA
with Sidak’s, * = p <0.05, *** = p <0.001 vs Saline + 0 mg/kg Corticosterone. D) ELISA for plasma
corticosterone concentrations at baseline, following chronic oral corticosterone exposure (80 ug/mL), at 15
min following drug administration, and following exogenous corticosterone withdrawal. Student’s t-test, **
=p < 0.01 vs Baseline. ## = p <0.01 vs Vehicle. Dotted line denotes drug injection. (n = 16 baseline, day
20; n = 8, day 21 and 28). E) Normalized weight during oral corticosterone exposure. (n = 8) * = p <0.05
vs. Vehicle. F) Time spent in the center of an open field arena following 28 days of oral corticosterone
exposure. ** = p < 0.01. G) Sucrose preference following 28 days of oral corticosterone exposure. *** = p
< 0.001. All experiments use 3 mg/kg psilocybin IP. All data presented as mean + SEM.
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Appendix Figure 4: Brief Isoflurane Anesthesia Eliminates the Interaction Between

Corticosterone Exposure and Psilocybin’s Long-Term Effects on Anxious Responding.
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Appendix Figure 4: A) Time spent in the center during a 150 min open field test at 7 days after psilocybin
treatment. B) F) Time spent in the center during a 150 min open field test following oral corticosterone or
vehicle exposure at 7 days after psilocybin treatment. C) Difference between psilocybin mean response
and saline mean response for time in center during a 150 min open field test at 7 days after psilocybin
treatment. * = p < 0.05. D) Difference between psilocybin mean response and saline mean response for
time in center during a 150 min open field test at 7 days after psilocybin treatment., in animals exposed to
brief (3-5 min) isoflurane anesthesia at 15 min after psilocybin treatment. All experiments use 3 mg/kg
psilocybin IP. Data presented as Mean + SEM. For C and D, this represents the difference between the
means of the psilocybin and saline treated animals, with the errors for these means added in quadrature.
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Appendix Figure 5: Psilocybin Acutely Blocks Avoidance of Corticosterone Water

Rather Than Decreasing Preference for Sucrose Water.
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Appendix Figure 5: A) Sucrose preference on Days 1 — 5 of exposure to two-bottle choice with water
containing either Vehicle / Vehicle+Sucrose or Corticosterone / Corticosterone+Sucrose (n = 15-16). * =p
< 0.05, ™ = p < 0.01, Two-Way RM ANOVA with Sidak’s. B) Difference in sucrose preference between
animals treated with 3 mg/kg of psilocybin vs saline, starting 15 min after drug administration, during
exposure to two-bottle choice with water containing either Vehicle / Vehicle+Sucrose or Corticosterone /
Corticosterone+Sucrose (n = 16, vehicle; n = 8, corticosterone). * = p<0.05, Student’s t-test. All error bars
presented as Mean + SEM.



Appendix Figure 6: No Long-Term Effects
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Appendix Figure 6: A) Sucrose preference for 1-7 days in drug-treated animals with ongoing chronic
vehicle or corticosterone exposure (n=7-8). B) Sucrose preference of vehicle-treated animals upon retest
beginning at 1, 3, 5, and 7 days after treatment (n= 2-3). C) Sucrose preference for 0-24 h period in drug-
treated animals with prior chronic corticosterone exposure (n= 2-3). All error bars presented as Mean +

SEM.
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Appendix Figure 7: Effects of 30 mg/kg Ketamine on Study Measures.
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Appendix Figure 7: A) Time course of automated head twitch response detections across each 10 min
time period from 1 h before to 2 h after drug administration. (n=8, saline, ketamine) B) Immobility time in
the forced swim test at 4 h following drug administration. ****: p < 0.0001. C) ELISA for plasma
corticosterone concentrations at baseline and at various time-points following drug administration. Dotted
line denotes open field test. Two-Way ANOVA with Sidak’s, * = p <0.05 vs. Saline, 15 min. (n = 16 baseline,
n = 10, saline, ketamine). D) ELISA for plasma corticosterone concentrations at 15 min following drug
administration in the presence of IP corticosterone pretreatment. Two-Way ANOVA with Sidak’s, * = p
<0.05. E) Survival curves of latency to feed for saline and ketamine as matched across corticosterone
exposure conditions (n = 10, ketamine; n = 20, all others). F) Sucrose preference following vehicle or

corticosterone-exposure at 0 — 24 h after ketamine administration. All data presented as Mean +SEM.



