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Psychedelics

OPEN

EDITORIAL

Psychedelics, Yes—but Not Only: Redefining the boundaries of consciousness
research as part of humanity’s ongoing attempt to transcend our incompleteness

© The Author(s), 2025. This article is under exclusive and permanent license to Genomic Press

Psychedelics May 2025;1(3):1–2; doi: https://doi.org/10.61373/pp025d.0014

Launching a new journal is rarely the beginning people imagine it to be. It
is not the first word, but the latest entry in a conversation already unfold-
ing; in fits, in fragments, and in contradictions. Psychedelics enters the
scholarly domain not with a thesis, but with a question: How should we
think, write, and research consciousness in a landscape where definitions
erode faster than they are drawn?

From the outset, our journal’s indexed title, Psychedelics, has served a
practical purpose. It signaled the core of our focus: compounds that alter
perception, interrogate the self, and hint at pharmacological poetry once
dismissed as hallucination. But even in our earliest planning, we knew this
name alone could never hold the full scale of what we hoped to publish.

So we edited our subtitle. Not for flair, but because the original left
something unsaid. It is now:

The Journal of Psychedelic and Psychoactive Drug Research
This is not rebranding. It is a quiet correction of what was always slightly
misaligned. In truth, we were never just about psychedelics. We were al-
ways about the pharmacopeia of mind alteration: about those molecules,
interventions, and subjective thresholds that force psychiatry, neuro-
science, and the humanities to speak to one another, often uncomfortably.

There is, of course, precedent for this kind of reframing. The Diagnos-
tic and Statistical Manual of Mental Disorders (DSM) has passed through
successive editions in search of definitional coherence. Yet with each at-
tempt, as I have written elsewhere, it manages only to get ready an un-
finished and unconvincing edition (1). Borrowed from Drummond de An-
drade that metaphor states: “The problem is not to concoct [ourselves].
[The problem] is to be concocted hour after hour without ever attaining
our own convincing edition1” (2) (see Fig. 1). It is not only about the DSM.
It is about science. About our journals. It is about us. We are forever con-
cocting a version of ourselves that will never be a satisfying and finished
product. At a deeper level, are psychedelics the latest tools in our endless
search for the unattainable best version of ourselves?

And so, this editorial is not an announcement but an acknowledg-
ment. A statement of publishing continuity masquerading as change.
Psychedelics? Yes. But not only. Not only serotonergic. Not only hallucino-
genic. Not only the easily narrativized compounds that lend themselves
to funding cycles and headlines.

We are interested in MDMA. In ketamine. In ibogaine. Not because
they fit a model, but because they do not. They exist at the mar-
gins as compounds that resist categorization, pharmacologically unruly,
never quite settled within any taxonomy. What exactly makes something
“psychedelic”? Is it its receptor target? Its cultural trajectory? The kind
of story it provokes in the clinical encounter? Each of these is partly right,
and wholly insufficient. The boundaries we rely on are “concocted hour af-

1“O problema não é inventar. É ser inventado hora após hora e nunca ficar pronta
nossa edição convincente.”

Received: 21 April 2025. Accepted: 25 April 2025.
Published online: 6 May 2025.

Figure 1. The unfinished process of creation. The image illustrates the end-
less process of revision and reformulation described by Drummond de An-
drade, where humans continually attempt to compose definitive versions of
knowledge and self without ever reaching completion. From “Diagnosing Mad-
ness," by Julio Licinio, 2013, Science, 340(6139), p. 1406. Illustration by Joe
Sutliff/www.cdad.com/joe. Reprinted with permission from AAAS.

ter hour without ever attaining our own convincing edition.” Those bound-
aries may be useful, but they are never final. Ultimately, our compounds of
interest are part of humanity’s ongoing attempt to transcend our incom-
pleteness. We invite our readers to consider not just the classifications of
these substances, but their deeper meaning in human experience.

So we reframed a subtitle. Not to embellish, but because the original
title left something unsaid.

Let me then say this clearly, if not plainly. Our expectations remain
exactly where they have always been. The work we publish must show
its thinking. It must stand up, not through flourish, but through reason,
through structure, and through data that does not fall apart when looked
at closely.

But this is also true: ideas do not always resolve on schedule. Some ar-
rive half-shaped. Others take the long way around, circling the issue until
something more honest begins to take form.

We have room for writing that resists the urge to wrap things up.
Sometimes, staying with the discomfort tells us more than reaching a
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quick conclusion. It may take longer. It may feel unfinished. That, in
itself, can be a form of clarity as we accept the unattainability of “our own
convincing edition” – the permanently elusive ideal version of ourselves.

We know what it is to work inside incomplete systems: clinical, diag-
nostic, and epistemic. And we know that even in their perennial incom-
pletion, these systems shape lives. That is why we publish. Not to finalize,
but to keep going. To revise the conversation, rather than to end it.

So to our readers, authors, and critics: anticipate contradiction. Some
compounds will not fit. Some theories are still in the middle of becoming
something else. Because the mind, like the molecules we study, was never
meant to be confined to the box it arrived in.

Julio Licinio1

1Editor-in-Chief, Psychedelics, Genomic Press, New York, NY 10036, USA
e-mail: julio.licinio@genomicpress.com
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Psychedelics

OPEN

INNOVATORS & IDEAS: RISING STAR

Michael A. Wheeler: Psychedelics and neuroimmune circuits—what a
strange trip, indeed

© Genomic Press, 2025. The “Genomic Press Interview” framework is protected under copyright. Individual responses are published under exclusive
and permanent license to Genomic Press.

Psychedelics May 2025;1(3):3–6; doi: https://doi.org/10.61373/pp025k.0011

Keywords: Neuroimmunology, psychiatry, psychedelics, genomics, glia,
inflammation

In a thought-provoking Genomic Press interview, Dr. Michael Wheeler
emerges as a brilliant scientific innovator at the intersection of
neuroscience and immunology. As an Assistant Professor at Harvard
Medical School and an investigator at Brigham and Women’s Hospital,
Wheeler’s groundbreaking research explores how brain-immune
communication shapes our behaviors and emotions. His innovative
laboratory weaves together genomic screening, single-cell
technologies, and behavioral studies to unravel the fascinating
dialogue between peripheral immune cells and brain function. Most
remarkably, Wheeler’s NIH-funded research has shown that
psychedelics like psilocybin can reverse stress-induced fear behaviors
by targeting a previously hidden neuroimmune pathway connecting
inflammatory cells in the meninges to critical brain regions
controlling emotions and rewards. This groundbreaking work
has just been further validated in a Nature article (23 April 2025,
DOI: 10.1038/s41586-025-08880-9) showing how psychedelics
regulate the complex interplay between brain and immune cells in
fear responses. By revealing how psychedelics modulate not just
neurons but also immune responses, Wheeler’s paradigm-shifting
research opens exciting new therapeutic possibilities for depression,
addiction, and stress-related disorders. Through his warm, authentic
scientific approach and deep curiosity about mind-body connections,
Wheeler represents a new generation of researchers redrawing the
boundaries between psychiatry and immunology to transform our
understanding of mental health.

Part 1: Michael Wheeler – Life and Career
Could you give us a glimpse into your personal history, emphasizing
the pivotal moments that first kindled your passion for science?
My community growing up did not have a lot of resources, so I was not
exposed to bench research until I went to college. But I had incredible
teachers and mentors as a kid that exposed me to important ideas. In par-
ticular, I think the moment that inched me closer toward a career in sci-
ence rather than the humanities (which I loved) was during my Psychol-
ogy class in high school thinking about consciousness; both its essence
and subjectivity and thinking about the lack of control we have over our
conscious experiences. That early fascination with the involuntary nature
of thought eventually shaped my interest in how external forces—like
stress or trauma—can reshape our inner world. I also loved math. There-
fore in college, I pursued both the humanities and science/engineering,
and really had trouble selecting a path. I did internships in preparation
for law school, medical school, and graduate school. My first exposure to
basic science was as a college freshman. I was privileged to join the lab of
Hongjun Song at Johns Hopkins, training under Michael Bonaguidi, who

Received: 16 April 2025. Revised: 23 April 2025. Accepted: 24 April 2025.
Published online: 6 May 2025.

now runs his own lab at USC. Besides the techniques, I took 2 major lessons
from my time as an undergraduate in that lab. The first is that you cannot
do great science alone, everyone needs a great team. The second is how to
strategize building a scientific story from the ground up, which is probably
the aspect of science that most captivated me.

Please share with us what initially piqued your interest in your
favorite research or professional focus area.
Counterintuitively, when I decided to pursue a PhD in Neuroscience was
during my internship at the Public Defender’s office in the Baltimore City
Capital Defense Division. I felt that the actions of the people we defended
were so inextricably linked with their environmental circumstances, inclu-
sive of physical or emotional abuse beyond their control, that I was des-
perate to understand the inner workings of their minds. Since that experi-
ence, my long-term goal has always been to get at the environment-brain
interplay to try and, naively, remediate some of the socially inflicted hu-
man suffering that I witnessed there. However, I am more optimistic that
we can begin treading that path as I have learned more about neuroim-
mune mechanisms in a laboratory setting.

We would like to know more about your career trajectory leading up to
your current role. What defining moments channeled you toward this
opportunity?
I have been super fortunate to work in a Department that values devel-
oping and retaining former trainees and facilitating their independence.
Choosing mentors who care about me as a person and a scientist has been
the most career-defining factor. Whether it is the Song lab taking in an un-
dergraduate with zero knowledge of science, my graduate school mentors
Chris Deppmann and Ali Güler, who fostered my growth, or my postdoc-
toral mentor Francisco Quintana helping me during my transition to in-
dependence, or even my excellent bosses now like Vijay Kuchroo, Howard
Weiner, and Tracy Batchelor, I feel fortunate to have had these mentorship
experiences.

What is a decision or choice that seemed like a mistake at the time but
ended up being valuable or transformative for your career or life?
One of the most intimidating choices I made was joining the lab of an
Immunologist during my post-doc. I only trained in Neuroscience at that
point, so when I looked at Francisco’s papers on dendritic cells and T cells, I
was nervous about what I was getting into. However, I lucked out by having
extraordinary lab mates from different fields. Francisco allowed us to con-
nect and work together, allowing us to do some exciting things. This ex-
perience ultimately allowed me to learn a new scientific language. More-
over, now, I am a faculty member of the Gene Lay Institute of Immunology
and Inflammation, contributing to Neuroimmunology while continuing to
learn from some of the most respected figures in immunology.
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Figure 1. Michael A. Wheeler, PhD, Harvard Medical School, Brigham & Women’s Hospital, USA.

What habits and values did you develop during your academic studies
or subsequent postdoctoral experiences that you uphold within your
research environment?
Most important is to read, read, and read the literature to stay current
with the latest work, as you are never the first to find something. Related
to this, I also love incorporating new methods and analytical frameworks
to study problems I am interested in. It is crucial to use orthogonal (and
novel) methods to validate conclusions, perform time courses, and ana-
lyze independent variables through screening platforms. These types of
designs are what we like to do in my lab. On a personal level, it is important
to make every team member realize how much they offer and to empha-
size everyone’s unique skill sets. I have drawn this principle from every lab
I have trained in.

Please tell us more about your current scholarly focal points within
your chosen field of science.
We are deeply interested in establishing links between the brain and im-
mune system to uncover whole-body therapeutic targets in psychiatry and
inflammatory diseases. Just this week, we have published new findings in
Nature on 23 April 2025 (DOI: 10.1038/s41586-025-08880-9) that really
tie into this goal. We found that astrocytes in the amygdala use a specific
receptor called EGFR to limit stress-induced fear. When chronic stress dis-
rupts this signaling, it leads to a cascade involving brain-resident cells
and immune cells that ultimately increases fear behavior. What is fas-

cinating is that psychedelic compounds can reverse this entire process:
they reduce the immune cell accumulation in the brain meninges coin-
cident with reducing fear behaviors. It is part of our broader effort to
map these brain-body communication circuits, almost like creating that
wiring diagram I mentioned earlier. I am particularly excited about the
clinical validation aspects of this work. Altogether, this work suggests
that the immune system also controls psychedelic-induced brain plas-
ticity. It suggests psychedelics could be therapeutic not just for neu-
ropsychiatric conditions, but potentially for other inflammatory diseases
as well.

What impact do you hope to achieve in your field by focusing on
specific research topics?
I am excited about the prospect of identifying brain-body communication
loops as a fundamental feature of physiology. Often, we think of mental
health disorders based on their behavioral symptoms. However, we are
likely leaving much underlying biology on the table by focusing solely on
the brain. I am hopeful that we can bring structure to the field of Neuroim-
munology and define the topology of neuroimmune interactions—almost
like charting a wiring diagram for how mind and body stay in dialogue,
which we can do through many of the sensitive single-cell approaches
now available, some of which we helped develop. I hope that this leads
to a revolution in thinking about therapeutic agents to treat neuropsy-
chiatric disorders.
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Figure 2. Members of the Wheeler lab are out having dinner in Boston in early 2024.

What do you most enjoy in your capacity as an academic or research
rising star?
As a PI, my favorite part is bringing people into the lab and onto our team
with completely different scientific (and personal) backgrounds to have
everyone work together. This facilitates cross-pollination between ideas
that could only happen on the organizational level. Importantly, everyone
makes significant contributions, grows as a scientist, and drives us in new
directions. There is way too much for me to learn or know individually, so
relying on such a skilled and motivated team is exciting.

At Genomic Press, we prioritize fostering research endeavors based
solely on their inherent merit, uninfluenced by geography or the
researchers’ personal or demographic traits. Are there particular
cultural facets within the scientific community that warrant
transformative scrutiny, or is there a cause within science that you
feel strongly devoted to?
Now, as ever, one of the most important things we scientists must do
is engage with non-scientists about our work and explain how scientific
consensus is distinct from something akin to belief. We need effective
communicators to relay complex scientific findings authentically and
groundedly: What was done? What are its limitations? What is next? What
are the real-world implications? When “science” the discipline is pre-
sented as a monolithic, dogmatic enterprise, it may evoke suspicion. And
that is understandable—scientists thrive on skepticism, and we should
expect the same from the public.

Outside professional confines, how do you prefer to allocate your
leisure moments, or conversely, in what manner would you envision
spending these moments given a choice?
I learned to love movies from my mom and have been a regular at the
Coolidge Corner Theater in Brookline for years. I even have a personal-
ized seat there. I love watching movies that introduce avant-garde ideas
or new filmmaking styles.

Part 2: Michael Wheeler – Selected questions from the Proust
Questionnaire1

What is your most marked characteristic?
Openness to change.

Among your talents, which one(s) give(s) you a competitive edge?
Resilience in the face of failure.

If you could change one thing about yourself, what would it be?
To be more spontaneous.

What is your current state of mind?
Excited for the future.

1In the late nineteenth century, various questionnaires were a popular diversion
designed to discover new things about old friends. What is now known as the 35-
question Proust Questionnaire became famous after Marcel Proust’s answers to
these questions were found and published posthumously. Proust answered the ques-
tions twice, at ages 14 and 20. In 2003, Proust’s handwritten answers were auctioned
off for $130,000. Multiple other historical and contemporary figures have answered
the Proust Questionnaire, including among others Karl Marx, Oscar Wilde, Arthur Co-
nan Doyle, Fernando Pessoa, Stéphane Mallarmé, Paul Cézanne, Vladimir Nabokov,
Kazuo Ishiguro, Catherine Deneuve, Sophia Loren, Gina Lollobrigida, Gloria Steinem,
Pelé, Valentino, Yoko Ono, Elton John, Martin Scorsese, Pedro Almodóvar, Richard
Branson, Jimmy Carter, David Chang, Spike Lee, Hugh Jackman, and Zendaya. The
Proust Questionnaire is often used to interview celebrities: the idea is that by an-
swering these questions, an individual will reveal his or her true nature. We have con-
densed the Proust Questionnaire by reducing the number of questions and slightly
rewording some. These curated questions provide insights into the individual’s inner
world, ranging from notions of happiness and fear to aspirations and inspirations.
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What is your idea of perfect happiness?
I learned about a Japanese practice called “forest bathing,” which involves
spending time in nature. I love “city bathing,” which involves taking long
walks in Boston (and other cities), particularly in busy areas, to feel how
alive everything is.

When and where were you happiest? And why were you so happy then?
When my wife and I first visited Paris in the springtime, we wandered
through the streets, found a fantastic restaurant called La Mascotte,
and ate outside amidst the bustle. It was Hemingway’s “moveable feast,”
Godard’s Breathless, just dynamic bliss.

What is your greatest fear?
Not savoring the present.

What is your greatest regret?
I try not to regret anything—mistakes tend to be good teachers.

What are you most proud of?
My two kids it is the first thing I have done that will outlive me.

What do you consider your greatest achievement?
I am hopeful I have not done it yet, though building a thriving, collabora-
tive lab is something I am deeply proud of.

What or who is your greatest passion?
My family.

What is your favorite occupation (or activity)?
I love going out to nice restaurants.

What is your greatest extravagance?
It would not hurt if the restaurant adjoined a nice hotel.

What is your most treasured possession?
An autographed UFO drawing from Bob Lazar.

Where would you most like to live?
Paris.

What is the quality you most admire in people?
Grit and altruism.

What is the trait you most dislike in people?
Cruelty and hubris.

What do you consider the most overrated virtue?
The solitary genius.

What do you most value in your friends?
Authenticity.

Which living person do you most admire?
Werner Herzog – his work is bold, creative, and feels deeply human.

Who are your heroes in real life?
Santiago Ramón y Cajal. He was such a meticulous scientist and dominant
thinker whose observations are still alive today.

If you could have dinner with any historical figure, who would it be
and why?
Socrates—a deadly combination of brilliant and fun.

Who are your favorite writers?
I am enthralled by Robert Caro’s biographies of Lyndon Johnson and am
waiting impatiently for the fifth and final volume. I also just read The
Sellout by Paul Beatty, which is so densely brilliant that its only com-
parison is Infinite Jest. Two other books I recently read that I found pro-
found and unique were Barracoon by Zora Neale Hurston and The Twilight
World by Werner Herzog, both about how environments profoundly shape
identity.

Who are your heroes of fiction?
I have always been a Sherlock Holmes fan, and for that matter, Dr. House.

What aphorism or motto best encapsulates your life philosophy?
A jug fills drop by drop.

Boston, Massachusetts, USA
10 April 2025

Michael A. Wheeler1

1The Gene Lay Institute of Immunology and Inflammation, Ann Romney Center
for Neurologic Diseases, Brigham & Women’s Hospital, Harvard Medical School,

Boston, MA 02115, USA
e-mail: mwheeler0@bwh.harvard.edu

Publisher’s note: Genomic Press maintains a position of impartiality and neutrality
regarding territorial assertions represented in published materials and affiliations
of institutional nature. As such, we will use the affiliations provided by the authors,
without editing them. Such use simply reflects what the authors submitted to us and
it does not indicate that Genomic Press supports any type of territorial assertions.

Open Access. The “Genomic Press Interview” framework is copy-
righted to Genomic Press. The interviewee’s responses are licensed

to Genomic Press under the Creative Commons Attribution 4.0 International Public
License (CC BY 4.0). The license requires: (1) Attribution — Give appropriate credit
(creator name, attribution parties, copyright/license/disclaimer notices, and mate-
rial link), link to the license, and indicate changes made (including previous mod-
ifications) in any reasonable manner that does not suggest licensor endorsement.
(2) No additional legal or technological restrictions beyond those in the license.
Public domain materials and statutory exceptions are exempt. The license does not
cover publicity, privacy, or moral rights that may restrict use. Third-party content fol-
lows the article’s Creative Commons license unless stated otherwise. Uses exceeding
license scope or statutory regulation require copyright holder permission. Full
details: https://creativecommons.org/licenses/by/4.0/. License provided without
warranties.

Innovators & Ideas: Rising Star
Michael A. Wheeler

https://doi.org/10.61373/pp025k.0011
6

PSYCHEDELICS
Genomic Press

D
ow

nloaded from
 https://prim

e-pdf-w
aterm

ark.prim
e-prod.pubfactory.com

/ at 2025-10-25 via free access

https://pp.genomicpress.com
https://orcid.org/0000-0002-0689-6384
mailto:mwheeler0@bwh.harvard.edu
https://creativecommons.org/licenses/by/4.0/
https://doi.org/10.61373/pp025k.0011


pp.genomicpress.com

Psychedelics

OPEN

INNOVATORS & IDEAS: RISING STAR

Katarina Leão: Links between the auditory and limbic systems, with a focus on the
effects of unconventional novel treatment options, such as psychedelics and
cannabis extract
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Katarina E. Leão, PhD, is an associate professor at the Brain Institute
at the Federal University of Rio Grande do Norte, Natal, Brazil. She is
vice-coordinator of the postgraduate program in neuroscience
(2013–2017 and 2023 – current) and spent 2020 as a visiting professor
at the Karolinska Institute/Uppsala University, Sweden. She is head of
the Hearing and Neuronal activity lab researching neuronal
mechanisms of noise-induced tinnitus and tinnitus-related anxiety.
Dr. Leão recently joined the ongoing interview series by Genomic
Press, discussing her professional endeavors and personal
experiences.

The Genomic Press Interview Part 1: Katarina Leão – Life and career
Could you kindly offer a glimpse into your personal history,
emphasizing the pivotal moments that first kindled your passion for
science?
I grew up in a small steel factory town in Sweden, in a non-academic fam-
ily. I worked as a nanny in South Carolina, USA, straight after high school
to improve my English. In 1999 I started studying Pharmaceutical Bio-
science at Gothenburg University, Sweden, convinced I wanted to work
in the pharmaceutical industry. Having developed preclinical studies for
my master project, I had an opportunity to do my final project abroad
and by stitching together several travels grants I managed to make it to
Australia. Here I aimed to visit my aunt and cousins living in Canberra, and
thereby applied to the John Curtin School of Medical Research (JCSMR),
at the Australian National University (ANU). The two main research lines
at that institute were immunology and neuroscience, and knowing both
were competitive, I opted for neuroscience. This was a strike of sheer luck
as I ended up in a world renown neuroscience department, with particu-
larly strength in whole-cell patch clamp electrophysiology being applied
by almost every lab there. In this dynamic and very social research en-
vironment, I fell in love with neuroscience and specifically ion channels
and action potentials. Here is also were I became friends with a group of
Brazilians.

We would like to know more about your career trajectory, leading up
to your most relevant position. What defining moments channeled
you toward that responsibility?
I carried out my PhD in the lab of Professor Bruce Walmsley at JCSMR,
ANU, Australia, studying membrane properties of brainstem neurons from
deaf and sound stimulated mice. Returning to Sweden in 2007, I gave up
on the pharmaceutical industry plan, but had bureaucratic issues for get-
ting a postdoc stipend as a Swede. Finally, I ended up at Uppsala Univer-
sity, in a lab producing different transgenic mice lines for studying spinal
cord circuits. This was a humbling experience as I knew close to nothing
about genetic engineering and spinal cord physiology. However, the lab of
Dr Klas Kullander was well funded and I convinced the PI that they needed

Received: 11 January 2024. Accepted: 12 January 2024.
Published online: 25 January 2024.

Figure 1. Katarina Leão, PhD, Universidade Federal do Rio Grande do Norte,
Brazil.

to add electrophysiology as a core technique and was then entrusted to
order equipment and assembled their first patch clamp rig. The lab devel-
oped more transgenic lines than they had time to test but one caught my
attention, the Chrna2-cre mouse (now considered one of the most specific
cre-lines in neuroscience). This led to collaborative work together with
my then Brazilian husband, studying a particular hippocampal interneu-
ron, and a publication in Nature Neuroscience. After years as a postdoc, I
heard about the international neuroscience institute recently established
in Natal, Brazil, and the chance of getting tenured positions. With some
hard work this became reality in 2013. To have job stability as the industry
usually provide, and being able to do basic research on my terms without
paying for lab space, is a dream come true, actually more than I had dared
to hope as a young female PhD student. Now I am proud to be one of four
female PIs at the Brain institute, UFRN, Natal, and I enjoy living in a trop-
ical, sunny climate.
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Please share with us what initially piqued your interest in your
favorite area of research or professional focus.
My fundamental research interest is neuronal excitability and how it is
dynamically shaped by distinct voltage-gated ion channels regulated by
genes and sensory experiences. Specifically, my last project as a PhD stu-
dent has shaped my research interest, seeing how sound presented for
just one hour, dramatically changed gradients of ion channels in circuits
of sound localization. This showed me how plastic the brain is, where just
increased activity for one hour triggered distinct c-Fos activity and reor-
ganization of certain voltage-gated ion channels. As PI I returned to the
auditory field, focusing on the challenging question of mechanisms be-
hind perception of noise-induced tinnitus. Here, I carry with me my post-
doc experiences of working with transgenic animals and hippocampal
electrophysiology both in vitro and in vivo.

What kind of impact do you hope to achieve in your field through your
focus on your specific research topics?
Specifically, I hope to contribute towards treatments of tinnitus and
tinnitus-related anxiety. I study tinnitus without concurrent hearing loss,
often occurring in younger individuals and causing a life-long negative
impact on their quality of life due to increased stress and anxiety. I strive
to increase the level of detail in this field by identifying variations in sub-
types of neurons, specific ion channel perturbations, and alterations of
genes in specific areas. As I have worked in several anatomical areas, with
different cell types, I can often draw useful parallels from other fields,
leading to new ways of thinking.

Could you tell us more about your current scholarly focal points within
your chosen field of science?
My research focus is on the mechanisms of perception of noise-induced
tinnitus in a mouse model. Here we implement genetic tools and investi-
gating links between the auditory and limbic systems by studying the im-
pact of loud noise on cortical neurons and also on hippocampal circuits.
As noise-induced tinnitus is highly correlated to anxiety and stress, this is
also something we investigate looking at genetics, electrophysiology and
behavior, and also examining the effects of unconventional novel treat-
ment options, such as psychedelics and cannabis extract.

What habits and values did you develop during your academic studies
or subsequent postdoctoral experiences, that you uphold within your
own research environment?
We have weekly journal clubs, taking turn presenting current topics, of-
ten using the journal club to collectively tackle methodologically complex
papers. I speak mostly English in the lab to teach students the global sci-
entific language. We collaborate and help each other, and celebrate publi-
cations with cake and sparkling wine, all according to my PhD experience.

At Genomic Press, we prioritize fostering research endeavors based
solely on their inherent merit, uninfluenced by geography or the
researchers’ personal or demographic traits. Are there particular
cultural facets within the scientific community that you think warrant
transformative scrutiny, or is there a cause within science that deeply
stirs your passions?
This is a topic I have interest in and have given talks about. For example,
I believe women need to be mentored into leading positions in science,
and locally women need to support other women in science in a more out-
spoken manner. The recognition of maternity leave in the CV is a small but
crucial step towards accounting for lost years in science when applying for
competing positions with men. Cultural diversity in science needs to be
urgently increased, at grass root levels, with direct incentives. Removing
or decreasing publishing fees for a larger group of developing countries
is also fundamental for equal opportunities.

What do you most enjoy in your capacity as someone deeply engaged
in academic and research activities?
I enjoy seeing the transformation of students into researchers, see them
overcoming struggles, and gaining academic success. I am particularly
happy when I can help students towards international travel grants where

they can partake in neuroscience courses and conferences, networking by
making new friends, and at the same time see the world. I had the luck of
travelling considerably during my academic trajectory and now I try to pay
it forward. More so, I enjoy it when projects reach the point of becoming
manuscripts with complex figures. It gives me closure and a sense of or-
ganization in the otherwise often complex and surprising world of basic
research.

Outside professional confines, how do you prefer to allocate your
leisure moments, or conversely, in what manner would you envision
spending these moments given a choice?
I love spending time with my kids and friends, having everyone’s kids
around playing in the pool, while enjoying heartful conversations. I also
love to travel to/with my boyfriend and going out to small street-side bars
and listen to music.

The Genomic Press Interview Part 2: Katarina Leão – Selected
questions from the Proust Questionnaire1

What is your idea of perfect happiness?
Having a loving family and lots of friends, living in a comfortable home,
having a secure and interesting job in science and living in a democracy
that cares for its citizens and the environment.

What is your greatest fear?
Brazilian bureaucracy! No, that was a joke. I actually respect it, and it has
taught me patience and provided me with a greater understanding of this
large country that I live in and love.

Which living person do you most admire?
My parents. My dad is a rare mix of water purity expert, dyslexic, diving
instructor, sonar inventor, car mechanic, yoga instructor, hunter and car-
penter. I kind of grew up with MacGyver as my dad, and a mum with green
thumbs making the house and garden full of exotic plants, and always
with time to bake breads and cakes, despite having 3 kids, as my dad was
kept busy by his activities.

What is your greatest extravagance?
I am a bit fearless and constantly push my comfort zone, not always vol-
untarily so, but usually things work out in the end. I think growing up in a
safe and stable home in a small town gave me core resilience, and travel-
ing while young made me brave.

What are you most proud of?
My kids.

What is your greatest regret?
I have few regrets as I believe all experiences teach us something useful.
Perhaps I regret not going to the electrophysiology course at Stradbroke
Island, Australia, as a PhD student. I think it would have liked it a lot, but
then I thought it was too late to go as a second year PhD student. Little
did I know then that science is a constant learning.

1In the late nineteenth century various questionnaires were a popular diversion de-
signed to discover new things about old friends. What is now known as the 35-
question Proust Questionnaire became famous after Marcel Proust’s answers to
these questions were found and published posthumously. Proust answered the ques-
tions twice, at ages 14 and 20. Multiple other historical and contemporary figures
have answered the Proust Questionnaire, such as Oscar Wilde, Karl Marx, Arthur Co-
nan Doyle, Stéphane Mallarmé, Paul Cézanne, Martin Boucher, Hugh Jackman, David
Bowie, and Zendaya. The Proust Questionnaire is often used to interview celebri-
ties: the idea is that by answering these questions an individual will reveal his or her
true nature. We have condensed the Proust Questionnaire by reducing the number
of questions and slightly rewording some. These curated questions provide insights
into the individual’s inner world, ranging from notions of happiness and fear to
aspirations and inspirations.
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What is the quality you most admire in people?
Kindness and open-mindedness.

What do you consider the most overrated virtue?
If you had high grades in school as a kid. Paradoxically, it is often those
who achieve moderate grades, rather than stellar ones, who reach the
zenith of their professional journeys.

What is your favorite occupation?
Scientist and teacher.

Where would you most like to live?
By the ocean in a not too big city.

What is your most treasured possession?
Not sure I have one, but perhaps speakers and headphones of good quality.
I love music and I need good quality sound.

When and where were you happiest? And why were so happy then?
I guess I am happy now. Life is a journey full of adventures, but to feel
loved and secure, with a permanent university position, makes me very
happy.

What is your most marked characteristic?
Organized.

Among your talents, which one do you think gives you a
competitive edge?
I would say the combination of a mixed scientific background, enjoying
reading papers, having good collaborations and that I am organized.

What is a personality/characteristic trait you wish you had?
Charisma as a public speaker.

What do you consider your greatest achievement?
Publishing our research with cutting edge techniques in high impact jour-
nals while planning and waiting for our current institute being built. In
the first 8 years (that was supposed to be 4 years) we were in a suboptimal
rented institute with limited research space; we even had to use bathroom
space to fit equipment. Luckily, the spirit of all researchers was high and
students worked hard, doing shifts to use equipment and sharing desk
space. I am very proud of being part of the Brain institute of today and
to be based in the building that we designed according to the highest of
international standards.

What do you most value in your friends?
Sincere conversations and our wine-night gatherings.

Who are your favorite writers?
Salman Rushdie, William Gibson, Douglas Adams, Becky Chambers to
mention a few.

Who are your heroes of fiction?
Lisbeth Salander in the Millennium trilogy books is a great fictional hero.

Who are your heroes in real life?
Dr Kerstin Schmidt, leading our institute, Greta Thunberg for being so
prominent in the worldwide movement on ways of decreasing global
warming.

What aphorism or motto best encapsulates your life philosophy?
“Show me, don’t tell me.” This applies to me as a supervisor as well as to
my students.

Katarina Leão1

1Federal University of Rio Grande do Norte (UFRN),
59078-970 Natal, Rio Grande do Norte, Brazil

e-mail: katarina.leao@neuro.ufrn.br
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Professor Stephen Ross is a prominent faculty member in the
Departments of Psychiatry and Child and Adolescent Psychiatry at the
New York University (NYU) Grossman School of Medicine who has
transformed the landscape of psychedelic research since 2006. In this
Genomic Press Interview, Dr. Ross reveals how as co-director of the
NYU Langone Center for Psychedelic Medicine and director of its
research training program, he has spearheaded groundbreaking
clinical trials demonstrating the remarkable efficacy of
psilocybin-assisted psychotherapy for treating existential distress in
advanced cancer patients, alcohol use disorder, and major depressive
disorder. His 2016 landmark study showing rapid, substantial, and
enduring improvements in cancer-related anxiety and depression
following single-dose psilocybin treatment garnered global attention
with 1.7 billion media views. It rejuvenated a dormant field of
psychiatric research. Despite early career warnings that psychedelic
research was “a road to nowhere,” Dr. Ross persevered to secure the
first National Cancer Institute grant for psychedelic research in over
50 years, establishing NYU as a pioneering institution in psychedelic
medicine. Throughout his 25-year career at NYU, he has balanced
research innovation with clinical leadership, directing Bellevue
Hospital’s substance abuse division for 12 years, receiving numerous
teaching awards, and maintaining a compassion-driven approach
inspired by early experiences with hospice care. His current research
extends beyond psychiatry into pain management, early-stage cancer
interventions, and the potential anti-inflammatory properties of
psychedelics, reflecting his commitment to developing novel
therapeutics for conditions with substantial unmet needs and public
health burden.

Part 1: Stephen Ross – Life and Career
Could you give us a glimpse into your personal history, emphasizing
the pivotal moments that first kindled your passion for science?
I was born in South Africa and moved to Los Angeles with my family when
I was 7. Inspired by my parents and a black African woman who took care
of me in South Africa, as far back as I can remember, I wanted to pursue
a career in medicine to help others. On a track to be a cardiothoracic sur-
geon, the experiences of family members of mine motivated me to pursue
a clinical and research career in psychiatry and addiction medicine. As a
teenager, I spent several summers accompanying my mom, a hospice vol-
unteer worker. This had a profound impact on me and taught me the im-
portance of helping people die with psychological, emotional, and spiri-
tual well-being. This experience inspired me later in my career to pursue
clinical research in end-of-life care.

I went into medicine to help people. Early in my career, that would en-
tail helping one person at a time in my psychiatric practice. Inspired by
mentors at Bellevue Hospital, my focus evolved. I developed a desire to

Received: 30 April 2025. Accepted: 9 May 2025.
Published online: 10 June 2025.

Figure 1. Stephen Ross, MD, New York University School of Medicine, USA.

pursue clinical leadership that allowed me to help groups of people at
a time. This culminated in me directing the substance abuse division at
Bellevue Hospital for 12 years, overseeing a range of inpatient and out-
patient programs that cared for thousands of patients annually. This ex-
perience galvanized my passion to pursue clinical research as a tool to
help people on a larger scale by developing novel therapeutics to treat
neuropsychiatric disorders where there is a substantial unmet need and
public health burden.

Please share with us what initially piqued your interest in your
favorite research or professional focus area.
My interest in psychedelic clinical research began serendipitously one day
in 2006 when my supervisor at the time, Dr Jeffrey Guss, walked into my
office and asked me what I knew about the history of psychedelic research
in psychiatry. I told him that I did not know what he was talking about and
was unaware that psychedelics had ever been a significant part of psychi-
atry. Stimulated by our conversation, I was shocked to find out that, hidden
in plain sight, psychedelics were extensively studied in psychiatry from
the 1950s to the 1970s in the US and internationally with over 40,000
participants and over 1,000 articles published. Nowhere in my training,
from medical school to general psychiatry residency to addiction fellow-
ship training, did I ever hear about this exciting and significant part of
psychiatric history. My interest was further piqued when I found out that
the most promising therapeutic targets of psychedelic-assisted therapies
(mostly with LSD) were alcohol use disorder as well as depression, anxi-
ety, and existential distress in advanced cancer–since these were areas of
interest to me. I came to understand that the promise of psychedelic ther-
apy ended when the drugs escaped from the lab in the 1960s, were used
extensively by the general public in unsafe settings, leading to serious
adverse outcomes, and ultimately leading to this class of drugs becoming
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illegal with the passage of the Controlled Substances Act of 1970. This
prohibition effectively ended the promise of the first wave of psychedelic
research so extensively that it was absent from all of my education and
training. Soon after, Jeffrey Guss, MD, Anthony Bossis, PhD, and I formed
the NYU Psychedelic Research Group in 2006 with the goal of starting
a program of clinical research at NYU exploring the therapeutic poten-
tial of psychedelic-assisted psychotherapies. Our group was one of the
first psychedelic research programs that helped spark the second wave
of psychedelic research over the last 25 years.

We would like to know more about your career trajectory leading up to
your most relevant leadership role. What defining moments
channeled you toward that leadership responsibility?
In 2021, along with my colleague Dr Michael Bogenschutz, we established
the NYU Langone Center for Psychedelic Medicine, one of the first cen-
ters of psychedelic research to be established in the US, after receiving a
$10M philanthropic gift. I am co-director of CPM and director of the cen-
ter’s research training program. The mission of CPM is to develop novel
psychedelic therapies for some of the most difficult-to-treat conditions in
psychiatry and medicine. Although psychedelic research to date has been
concentrated within the field of psychiatry, the CPM seeks to expand this
focus through the pursuit of promising clinical applications across health-
related disciplines in medicine. As an example, we are actively researching
psychedelics as a treatment for various pain and inflammatory conditions.
Our pre-clinical branch investigates mechanisms by which psychedelics
impact physical and mental health, and we have developed a train-
ing program for research scientists interested in careers in psychedelic
medicine.

After forming the NYU Psychedelic Research Group in 2006 with sev-
eral colleagues, we embarked on a pilot randomized controlled trial (RCT)
assessing the safety and efficacy of single-dose psilocybin-assisted psy-
chotherapy (PAP) to treat anxiety, depression, and existential distress
associated with advanced cancer. We published our findings in 2016
and found that PAP produced rapid, substantial, and sustained (e.g.,
6.5 months) improvements in anxiety and depressive symptoms asso-
ciated with cancer. We also found that the intervention reduced exis-
tential distress and improved quality of life. Approximately 75% of the
participants rated the psilocybin experience as one of their life’s most
spiritual, meaningful, and memorable experiences. This publication was
considered a landmark in the field of psychiatry and psychedelic medicine.
It was covered extensively internationally, was one of the biggest news
stories in medicine in 2016–2017, garnering approximately 1.7 billion
views, and was featured on the front page of the New York Times on
1 December 2016. It has been cited approximately 2000 times since its
publication and is credited as one of the key events re-opening the field
of psychedelic clinical research. I was shocked at the results of this trial,
not expecting such rapid and robust clinical responses. This had a pro-
found impact on me, especially since I learned almost nothing about
palliative care during my medical training, and it reminded me of my
positive experiences as a teenager witnessing people dying with peace
and well-being in a hospice in Los Angeles. The findings from this trial
emboldened me to pursue clinical research further using psychedelic
therapies to help people with advanced cancer and other serious medi-
cal illnesses experiencing clinically significant psychiatric and existential
distress. Attempting to replicate the findings of our pilot trial, along with
colleagues, in 2022, we were awarded an RO1 from the National Cancer
Institute to conduct the largest clinical trial of psychedelics to treat ad-
vanced cancer-related emotional and spiritual distress to date. This was
the first grant ever given by NCI, one of the first awarded by NIH in over
50 years for psychedelic clinical research, and signaled an openness of
NIH to reconsider funding this novel area of therapeutics. If in the future,
psilocybin or other psychedelics were approved and prescribable medica-
tions in people with serious medical illnesses, such as advanced cancer, to
be used in the context of psychotherapeutic platforms, it could be a sig-
nificant development that opens up a pathway for clinical dissemination
and public health impact internationally. Examples of care delivery set-
tings would likely include cancer centers, palliative care programs, and
hospices.

Towards the end of our pilot RCT of PAP in advanced cancer, as an ad-
diction psychiatrist, I decided to tack in the direction of researching PAP
to treat substance use disorders. This was the most promising area of
clinical research during the first wave of psychedelic research, with data
from 5 RCTs suggesting the efficacy of single-dose LSD-assisted ther-
apy to treat alcohol use disorder (AUD). Teaming up with my colleague
Dr Michael Bogenschutz, who was recruited to NYU in 2015, we conducted
the first RCT assessing the efficacy of a two-dose psilocybin administra-
tion regimen, combined with psychotherapy, to treat AUD. Of all substance
use disorders, AUD arguably represents the greatest public health threat
in the US and globally when factoring in prevalence, preventable death,
premature death, disability, healthcare/societal costs, adverse medical
and neuropsychiatric complications, unintentional injuries, and its sig-
nificant causal link to suicidal and violent behaviors. Current treatment
approaches are limited in effectiveness. In 2022, we published our find-
ings in JAMA Psychiatry that PAP produced rapid, robust, and sustained
(e.g., 8 months) decreases in the percentage of heavy drinking days. This
publication was covered internationally in the media and recognized as
the pivotal psychedelic medicine breakthrough in 2022. Psychedelic ther-
apies for substance use disorders are one of the most promising areas
of clinical research with psychedelics. If larger trials continue to demon-
strate safety and efficacy, it potentially opens up a pathway for clin-
ical dissemination, including inpatient and outpatient SUD treatment
programs.

Our pilot RCT of PAP in advanced cancer-related anxiety and depres-
sion was the first RCT to demonstrate that psilocybin produced rapidly
acting and sustained (e.g., weeks to months) anti-depressant effects from
single-dose administration. This led several biotech companies to invest
in developing psilocybin therapy as a treatment for major depressive dis-
order (MDD), with two companies having received breakthrough status
from the US FDA for this approach. I was a senior author on a phase
2, multi-center trial published in JAMA in 2023 that demonstrated that
single-dose PAP in MDD is safe and produces rapid, clinically significant,
and sustained (up to 6 weeks) reductions in depressive symptoms and
functional disability. Several biotech companies are finishing up phase
3 trials of psilocybin therapy for MDD, with converging data suggesting
safety and efficacy. This is the leading edge of psilocybin drug develop-
ment and potentially opens up a pathway for psilocybin to become an
FDA-approved and prescribable treatment for MDD within a few years.
This could represent a paradigmatic shift and breakthrough in the ther-
apeutics of MDD, arguably the most disabling brain-based illness in the
world.

What is a decision or choice that seemed like a mistake at the time but
ended up being valuable or transformative for your career or life?
My decision to pursue a research career in psychedelic medicine seemed
like a big mistake in 2006 when I first started. Several of my research
mentors told me that it was a terrible idea due to the intense societal
and governmental stigma associated with the long shadow of the pro-
hibition against psychedelics after the first wave of psychedelic research
was shut down in the early 1970s. I was told that it was a road to nowhere,
a career killer, and an area that would never again attract federal fund-
ing. Intrigued by the areas of psychedelic clinical research that appeared
promising, such as addiction and end-of-life care, and perhaps being
young and naïve in my career, I decided to keep putting one foot in front
of the other and kept going. It was very challenging at first, but I slowly
and meticulously worked through all of the roadblocks and barriers. Our
first study with PAP in advanced cancer took a decade to complete, but
the experience completely transformed my career and set me on a path
to continue to focus on psychedelics as novel therapies for some of the
most intractable conditions in psychiatry and medicine.

What habits and values did you develop during your academic studies
or subsequent postdoctoral experiences that you uphold within your
research environment?
Habits: obsessive focus on achieving a goal; diligence; resilience- learning
from and finding opportunities in the face of setbacks or failure; going
deep into a topic.
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Values: Finding meaning and purpose in helping others; working col-
laboratively with others and the power of group dynamics in fostering sci-
entific creativity and innovation; the vital importance of ethical treatment
of research participants.

Please tell us more about your current scholarly focal points within
your chosen field of science.
Within my field of psychedelic psychiatry and medicine, I have several
main areas of scholarly interest focusing on the treatment of difficult-to-
treat disorders in psychiatry and medicine including: psychiatric and ex-
istential distress in advanced cancer and other serious medical illnesses;
mood disorders such as MDD; substance use disorders, personality dis-
orders, PTSD, and chronic pain. I am particularly active in the area of
psychedelic therapeutics for cancer and other serious medical illnesses.
I am more than halfway through my current NCI RO1 assessing the safety
and efficacy of PAP to treat anxiety, depression, and existential distress
in advanced cancer. Tacking from studying psychedelics in advanced can-
cer towards earlier staged cancers with substantial psychiatric morbidity,
I am hoping shortly to begin a pilot RCT of PAP, funded by NCI, to treat
clinically significant fear of recurrence in women with early-stage breast
cancer. I am also the site PI of a biotech-funded multi-center clinical trial
assessing the safety and efficacy of a short-acting novel psychedelic to
treat adjustment disorder in cancer and other serious medical illnesses,
which represents an extension of work I have done with PAP in cancer. I
am also expanding my research focus on psychedelics to target chronic
pain. I have developed a concept that I have submitted to NIH, picking
up from work conducted in the 1960s, of an RCT of LSD-assisted therapy
to treat metastatic cancer-induced bone pain. I am also focused on re-
search with psychedelic therapies for MDD, being part of a phase 3 multi-
center RCT (site PI) of psilocybin therapy for MDD, as well as a phase
2 multi-center RCT (site PI) of a short-acting novel psychedelic to treat
post-partum MDD. I plan to continue my focus on psychedelic therapeu-
tics for substance use disorders soon.

Apart from my clinical research with psychedelics as therapies for psy-
chiatric and medical conditions, I was Principal Investigator (PI) of a study
administering psilocybin to healthy volunteers, namely religious profes-
sionals. This RCT was conducted in conjunction with colleagues at Johns
Hopkins. It was a follow-up to the famous Good Friday Experiment, con-
ducted in 1962 by Walter Pahnke, that suggested that single-dose psilo-
cybin administration to divinity students in a group setting, as compared
to active placebo, produced mystical experiences and was associated
with increased positive changes in attitudes and behavior at 6-month
and 25-year follow-up. The study, published in May 2025 (DOI: 10.1089/
psymed.2023.0044), found that in population of psychedelic-naïve clergy
from various major world religions, psilocybin administration was safe
and increased multiple domains of overall psychological well-being in-
cluding positive changes in religious attitudes, including increased toler-
ance of other religions, and behavior as well as their vocation as a religious
leader.

What impact do you hope to achieve in your field by focusing on
specific research topics?
My goal is to continue to conduct rigorous clinical trial research with
psychedelics to determine if they are safe and efficacious. My focus has
been on research PAP as a novel treatment for three areas within psy-
chiatry and medicine where there is a substantial unmet need and public
health burden: major depressive disorder, existential distress in advanced
cancer and other serious medical illnesses, and alcohol addiction. I ap-
proach these efforts with equipoise and neutrality, not knowing the out-
come. Suppose the research continues to demonstrate safety and efficacy.
In that case, I hope there is a process, in particular drug development with
the FDA, that puts the interventions on track to be translated into clinical
care to impact the lives of as many people as possible positively.

What do you most enjoy in your capacity as an academic or research
leader?
I love the opportunity to delve deeply into a topic with the ultimate goal of
helping as many people as possible. I also greatly enjoy the opportunity to

mentor junior scientists and see them grow and flourish in their research
careers, with the ultimate goal of translating their passion for science into
alleviating suffering.

At Genomic Press, we prioritize fostering research endeavors based
solely on their inherent merit, uninfluenced by geography or the
researchers’ personal or demographic traits. Are there particular
cultural facets within the scientific community that warrant
transformative scrutiny, or is there a cause within science that you
feel strongly devoted to?
Within my field of psychedelic medicine, both historically and currently,
the response of the press, general culture, and even the scientific com-
munity has tended towards hyperbolic responses, ranging from unbridled
enthusiasm that psychedelics are a cure all for all ailments to beliefs that
they are so harmful and dangerous that they need to be prohibited. I hope
that through rigorous, unbiased, and meticulous scientific study, the truth
about psychedelic therapies emerges so that we can develop a rationale
and clear-eyed view of their therapeutic potential and risks.

Outside professional confines, how do you prefer to allocate your
leisure moments, or conversely, in what manner would you envision
spending these moments given a choice?
In my leisure time, I love spending time with my wife and our two beautiful
Boston Terriers. My favorite hobbies are travel, hiking, eating, and sailing.

Part 2: Stephen Ross – Selected questions from the Proust
Questionnaire1

What is your most marked characteristic?
Compassion towards others.

Among your talents, which one(s) give(s) you a competitive edge?
I am doggedly determined to achieve my objectives, never give up, and
have always been able to be resilient, find opportunities, and grow in the
face of adversity and failure.

If you could change one thing about yourself, what would it be?
I would like to be less anxious and fearful.

What is your current state of mind?
I feel a sense of stability and happiness that I have not experienced since
childhood. I credit this to my amazing wife and our beautiful dogs, as well
as being blessed by having two loving parents, a wonderful brother, and
an extended network of supportive family members, friends, and work
colleagues.

What is your idea of perfect happiness?
Snuggling in bed with my wife and our two dogs.

1In the late nineteenth century, various questionnaires were a popular diversion
designed to discover new things about old friends. What is now known as the 35-
question Proust Questionnaire became famous after Marcel Proust’s answers to
these questions were found and published posthumously. Proust answered the ques-
tions twice, at ages 14 and 20. In 2003 Proust’s handwritten answers were auctioned
off for $130,000. Multiple other historical and contemporary figures have answered
the Proust Questionnaire, including among others Karl Marx, Oscar Wilde, Arthur Co-
nan Doyle, Fernando Pessoa, Stéphane Mallarmé, Paul Cézanne, Vladimir Nabokov,
Kazuo Ishiguro, Catherine Deneuve, Sophia Loren, Gina Lollobrigida, Gloria Steinem,
Pelé, Valentino, Yoko Ono, Elton John, Martin Scorsese, Pedro Almodóvar, Richard
Branson, Jimmy Carter, David Chang, Spike Lee, Hugh Jackman, and Zendaya. The
Proust Questionnaire is often used to interview celebrities: the idea is that by an-
swering these questions, an individual will reveal his or her true nature. We have con-
densed the Proust Questionnaire by reducing the number of questions and slightly
rewording some. These curated questions provide insights into the individual’s inner
world, ranging from notions of happiness and fear to aspirations and inspirations.
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Figure 2. Dr. Stephen Ross sailing on the Hudson River with his two Boston
Terriers, one of his favorite leisure activities. In the background is the Hudson
River Park’s pier 40, with its ‘I want to thank you’ mural by Stephen Powers,
an internationally recognized contemporary artist, Fulbright scholar and local
resident.

When and where were you happiest? And why were so happy then?
I am most happy currently. See ‘what is your current state of mind’
question.

What is your greatest fear?
Despite dedicating myself to helping people with serious medical ill-
nesses who have a fear of dying, I am very fearful of sickness and death.

What is your greatest regret?
When I was younger, I was a star athlete in soccer and baseball. In my mid-
teens, I decided that I needed to focus all of my efforts on academics and
felt that there was no room for anything else, and so I stopped all of my
organized sports activities that I loved. I regret this decision and wish I
could have balanced academics and sports at the time.

What are you most proud of?
I am most proud of the clinical care I have provided to my patients, some
of whom I have treated for approximately a quarter century.

What do you consider your greatest achievement?
My greatest achievement is reducing the suffering of others through my
work as a physician and researcher.

What or who is your greatest passion?
I love sailing (see Fig. 2). It reminds me a lot of research filled with end-
less complexities, depth, and opportunities to learn and grow. I love the
euphoria and calm I get after sailing for several hours on a beautiful sunny
day with great wind.

What is your favorite occupation (or activity)?
I love being a clinical psychiatrist and find the work meaningful, reward-
ing, humbling, and sacred.

What is your greatest extravagance?
I am a foodie and love eating amazing food, abundant in New York City,
with my wife.

What is your most treasured possession?
My sailboat.

Where would you most like to live?
Besides New York City, where I have lived for the past 30 years, I would
most like to live in Hawaii or Italy.

What is the quality you most admire in people?
The quality I most admire in people is kindness.

What is the trait you most dislike in people?
The trait I most dislike in people is a mix of hatred and cruelty.

What do you most value in your friends?
What I most value in my friends is the long-term bonds of mutual care and
respect that we have formed, some of which I have known all of my life.

Which living person do you most admire?
My wife, Adriane Giebel, is the kindest, sweetest, most beautiful, intelli-
gent, and loving person I know.

Who are your heroes in real life?
My parents are my heroes. I feel so lucky to have two of the most loving,
supportive, and kind parents a child could ever ask for. They instilled in
me the values of hard work, resilience, compassion, and service to others.
My parents have been together for close to 60 years, and their love and
bond have been a source of inspiration to me my entire life.

If you could have dinner with any historical figure, who would it be
and why?
I love Carl Sagan because he has a special talent for explaining the com-
plexities of astrophysics in a way that is understandable to those of us
who are not astrophysicists.

Who are your favorite writers?
Sigmund Freud, Carl Jung, and Victor Frankl.

What aphorism or motto best encapsulates your life philosophy?
“Our greatest glory is not in never falling, but in rising every time we fall.”
— Confucius

New York City, New York, USA
30 April 2025

Stephen Ross1

1New York University (NYU) Langone Center for Psychedelic Medicine, Bellevue
Hospital Center & NYU Langone Health, NYU Neuroscience Institute, NYU Grossman
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Psychiatric illness, particularly stress-related disorders including
depression, anxiety and posttraumatic stress disorder, presents a
considerable health burden worldwide with high prevalence,
disabling symptoms, and scant efficacy of available treatments.
Chronic stress is a major contributor to the origin and development of
these conditions, to the detriment of both individual and, by
extension, public health. More recently, psychedelics such as
psilocybin, lysergic acid diethylamide, and
3,4-methylenedioxymethamphetamine (MDMA) have gained
attention as potential therapeutic tools, mainly because of their
ability to elicit altered states of consciousness and their impact on
neuroplasticity, emotional processing, and serotonin pathways. This
perspective paper discusses the mechanisms underlying the
therapeutic effects of these substances, their potential utility for
treating stress-related psychiatric disorders, and the need for a
paradigm shift in the prevailing view of the intricate relationship
between psychedelics, stress, and mental well-being.

Introduction
Stress is a natural component of human life with adaptive and dysfunc-
tional health aspects. Whereas acute stress can improve cognitive func-
tion and initiate a cascade of physiological changes conducive for sur-
vival (1), chronic or excessive types of stress degrade the way that the
brain works and disrupt mental health. It has a known risk factor for
multiple mental health conditions—depression, anxiety, and posttrau-
matic stress disorder (PTSD), among them. Persistent activation of the
hypothalamic-pituitary-adrenal (HPA) axis with chronic stress results in
extended increase in cortisol exposure which damage brain areas involved
in mood regulation and memory like the hippocampus and amygdala
(2). Such neurobiological disturbances contribute to the development
and maintenance of psychiatric disorders and emphasize the develop-
ment of creative pharmacological strategies to limit the consequences of
stress.

While existing treatments such as selective serotonin reuptake in-
hibitors and cognitive behavioral therapy work for some, they are not
universally successful. Residual symptoms or side effects affect many
patients. These limitations have reignited interest in nonconventional
treatments including psychedelics, in stress-related disorders.

Psychedelics, which were used in traditional religious and healing
practices, captured Western medical interest in the mid-20th century
as a possible treatment for alcoholism, anxiety, and depression. How-
ever, most studies were suspended after these substances were out-
lawed in the 1970s. Scientific developments in the field of neuroscience
have contributed to renewed interest in psychedelics in recent years,
particularly for their potential to support neuroplasticity and enable
emotional and cognitive change. If this is the case, psychedelics may

Received: 20 September 2025. Revised: 26 September 2025. Accepted: 26 September 2025.
Published online: 14 October 2025.

represent a new class of therapeutics, uniquely positioned to address
the biological underpinnings of psychiatric disorders such as depression,
PTSD, and anxiety (3). There is now a growing contingent of individuals
calling for the consideration of psychedelics as medication-assisted ther-
apies for stress-related psychiatric disorders, the subject of the present
perspective paper, which will discuss where we stand based on modern
psychedelic-related research, and outline what next steps may be for the
field of psychedelic research in clinical psychiatry.

Neurobiological mechanisms of psychedelics in stress and psychiatric
disorders
Stress-related psychiatric diseases, including depression, anxiety, and
PTSD are often associated with aberrant emotional processing, including
an enhanced reaction to negative stimuli, a defect in emotion regulation,
and the impairment of traumatic memory processing. Long-term stress
leads to a reduction in neuroplasticity, which decreases synaptic connec-
tivity as well as cognitive and emotional flexibility. It also evokes elevated
inflammation, which is implicated in the etiopathogenesis of these psy-
chiatric disorders (4). Addressing these neurobiological changes is essen-
tial for effective treatment.

Psychedelics offer a potential in counteracting the damaging effects
from prolonged exposure to stress. One of their key modes of action is to
foster neuroplasticity, perhaps allowing a recovery of function of brain re-
gions, such as the hippocampus and amygdala, that have been impacted
by excessive exposure to cortisol. Through an easing of the grip of un-
met emotional needs and trauma, psychedelics enable individuals to con-
front and integrate unsolved stressors, contributing to a more rounded
form of treating mental health. While conventional treatments generally
treat symptoms, psychedelic therapy treats the roots of stress-based dis-
orders, bringing about the prospect of sustained relief. Consistent with
the HPA axis signals noted above, some human trials and laboratory ses-
sions have paired psychological change with endocrine modulation—for
example, acute cortisol elevations during dosing (interpreted as state
arousal/engagement) followed by normalization or improved diurnal reg-
ulation at follow-up—suggesting that stress-system recalibration may
accompany therapeutic gains.

Psychedelics predominantly affect the serotonergic system in the
brain, and they do so by primarily acting through serotonin 2A (5-HT2A)
receptors, which are highly expressed in brain areas involved in mood,
emotion, and cognition, such as the prefrontal cortex (Figure 1). This re-
ceptor activation promotes neuroplasticity, functional connectivity within
the brain and emotional processing that could, in turn, counteract the
structural and functional damage induced by chronic stress. Preclini-
cal studies indicate that psilocybin microdosing can upregulate brain-
derived neurotrophic factor and enhance dendritic arborization in the
prefrontal cortex of animal models, processes implicated in mood reg-
ulation (5). While these findings offer mechanistic insights, direct evi-
dence in humans with alcohol use disorder remains scarce. It has been
hypothesized, however, that such neuroplastic effects could contribute to

D
ow

nloaded from
 https://prim

e-pdf-w
aterm

ark.prim
e-prod.pubfactory.com

/ at 2025-10-25 via free access

https://pp.genomicpress.com
https://doi.org/10.61373/pp025v.0038


pp.genomicpress.com

Figure 1. Psychedelics activate the 5-HT2A receptor, upregulate brain-derived
neurotrophic factor, and enhance synaptic plasticity, leading to therapeutic
potential for stress and psychiatric disorders.

resetting maladaptive neural circuits and thereby support the sustained
symptom improvements observed in some clinical trials.

Classic psychedelics, including psilocybin and lysergic acid diethy-
lamide (LSD), also dismantle fixed, maladaptive thought patterns char-
acteristic of disorders such as depression, anxiety, and PTSD. They ac-
complish this by activating 5-HT2A receptors and their effects produce
precisely described states of consciousness involving changes in percep-
tion, affect, and cognition. This activation of the receptor leads to de-
creased neuronal rigidity, enabling people to reframe experiences and
learn more appropriate coping mechanisms. For example, psilocybin has
been shown to decrease activity in the amygdala—a structure involved
in the processing of anxiety and fear—resulting in decreased emotional
reactivity to stressors and enhanced emotional regulation.

3,4-Methylenedioxymethamphetamine (MDMA) is a nonclassical (en-
tactogenic) agent. In PTSD, its primary therapeutic signal appears to de-
rive from acute prosociality, reduced fear reactivity, and enhanced mem-
ory reconsolidation during psychotherapy rather than from 5-HT2A–driven
phenomenology. Pharmacologically, it acts as a monoamine-releasing
agent (serotonin > dopamine ≈ norepinephrine) and promotes emo-
tional openness, empathy, and decreased fear. Pharmacologically, it func-
tions as a monoamine-releasing agent, inducing session-specific state
changes that in a therapeutic context make it easier for patients to ac-
cess traumatic memories without being overwhelmed, facilitating adap-
tive reconsolidation and reintegration. Framing MDMA-assisted ther-
apy as a synergy between these pharmacological state effects and
structured psychotherapy is critical to disrupt the vicious cycle of
stress and psychiatric symptomatology and to support durable symptom
improvement.

Recent evidence indicates that psychedelics may also have anti-
inflammatory effects that likely contribute to the success of their ther-
apeutic trials. For example, psilocybin has been shown to decrease proin-
flammatory cytokines both in preclinical and preliminary clinical studies
(6). Given that psychedelics reduced inflammation, they may have addi-
tional protective benefits for the brain and body from the harmful effects
of stress as they pertain to mental health. Because inflammatory tone and
HPA axis function are tightly coupled, concurrent monitoring of cytokines

and diurnal cortisol in future trials could clarify whether immune changes
mediate, moderate, or merely accompany endocrine normalization.

In closing, the exceptional capacity of psychedelics to support neuro-
plasticity, improve emotion processing and decrease inflammation indi-
cates that they might provide a new and perhaps valuable treatment for
stress-related psychiatric disorders. These processes are not only critical
to the symptomatic improvement of the person, but also allow the person
to modify their maladaptive thought patterns and put into place new and
improved mood and resilience responses to future stress exposure.

Clinical applications of psychedelics in psychiatric disorders
The therapeutic potential of psychedelics is perhaps best illustrated in
the treatment of depression. Psilocybin has been studied extensively
for its antidepressant effects, particularly in individuals with treatment-
resistant depression. Psilocybin was administered to patients with de-
pression who had not responded to traditional therapies (7). The results
were striking: a single dose of psilocybin produced significant reductions
in depressive symptoms over a period of 3 weeks, with some patients
maintaining these improvements for 6 months after the treatment. Sim-
ilar results have been observed in patients with anxiety associated with
life-threatening illnesses, where psilocybin significantly reduced anxiety
and improved quality of life. Psilocybin appears to work by reducing ac-
tivity in the default mode network (DMN), a collection of brain regions
that are typically overactive in individuals with depression. By quieting
the DMN, psilocybin enables patients to break free from the repetitive
negative thought patterns that characterize depression.

MDMA has shown remarkable promise in treating PTSD, a disorder
characterized by intrusive memories, hyperarousal, and emotional numb-
ing following trauma. In a landmark study by Mithoefer et al (8), MDMA-
assisted psychotherapy significantly reduced PTSD symptoms in patients
with chronic, treatment-resistant PTSD, with many experiencing long-
term remission. MDMA’s ability to dampen the amygdala’s fear response
enables patients to safely reprocess traumatic memories during therapy.
A recent phase 3 clinical trial further demonstrated significant reductions
in PTSD symptoms, with 67% of participants no longer meeting diagnostic
criteria for PTSD after treatment (9). However, on June 4, 2024, a U.S. Food
and Drug Administration (FDA) advisory committee voted overwhelmingly
against approval, citing concerns over methodological limitations (e.g.,
challenges with blinding), variability in psychotherapy delivery, and in-
sufficient long-term safety reporting. While this regulatory decision rep-
resents a significant hurdle, it underscores the need for more rigorous
trial designs, standardized therapeutic protocols, and enhanced monitor-
ing frameworks. Despite these challenges, MDMA remains one of the most
promising novel interventions for PTSD and continues to warrant careful
investigation and development.

LSD, while studied less extensively than psilocybin and MDMA, has also
demonstrated potential in the treatment of anxiety and mood disorders.
In a randomized, double-blind, placebo-controlled study by Gasser et al
(10), patients with anxiety related to life-threatening illness received
LSD-assisted psychotherapy. The study reported significant reductions
in anxiety, with effects persisting for up to 12 months posttreatment.
LSD’s capacity to enhance emotional openness and diminish fear-based
responses suggests it may be especially effective in addressing existential
anxiety, a frequent challenge for patients facing terminal illness. Further-
more, the FDA has recently granted LSD a breakthrough therapy designa-
tion for the treatment of anxiety, highlighting its therapeutic promise in
this area.

In addition to depression and anxiety, psychedelics have shown po-
tential in treating other psychiatric conditions, including obsessive-
compulsive disorder (OCD) and addiction. Early-phase studies involving
small human samples suggest that psilocybin may alleviate OCD symp-
toms by disrupting the repetitive thought patterns that characterize the
disorder. Similarly, psychedelics have been explored as potential treat-
ments for substance use disorders, with promising results for reducing al-
cohol and nicotine dependence. These findings suggest that psychedelics
may have broad applicability across a range of psychiatric disorders, par-
ticularly those involving rigid or maladaptive patterns of thought and
behavior.
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The therapeutic effects of psychedelics have frequently been linked
to a “mystical-type experience,” characterized by feelings of unity, tran-
scendence, and a sense of interconnectedness (11). Such experiences
may contribute to the therapeutic process by allowing individuals to ac-
cess new insights, reframe negative thought patterns, and develop a
sense of acceptance and meaning. Studies have shown that the inten-
sity of these mystical experiences is positively correlated with the de-
gree of symptom improvement in patients with depression and anxiety
(12). Importantly, these experiences are neither necessary nor sufficient
to account for clinical benefit; independent lines of evidence associate
symptom improvement with enhanced cognitive and emotional flexibil-
ity and with measurable network-level neuroplastic changes (e.g., altered
DMN dynamics and large-scale connectivity). Additionally, preliminary
anti-inflammatory and immunomodulatory signals have been reported,
and contextual factors—such as the therapeutic alliance, expectancy,
and set/setting—may further shape outcomes, warranting systematic
study.

Psychedelic-assisted treatments, including serotonergic agents and
ketamine, can produce predictable, generally transient adverse effects
such as nausea, headache, dizziness, and dissociation. Safety considera-
tions also include cardiovascular and autonomic changes (elevations in
blood pressure and heart rate), anxiety or panic in vulnerable settings,
and variability in adverse event reporting across studies. Accordingly,
best practice includes careful medical screening, real-time physiologi-
cal monitoring, and standardized “set and setting” procedures, alongside
transparent, harmonized safety reporting (13). Finally, trials in this space
face well-recognized blinding and expectancy challenges due to notice-
able drug effects; interpretations of efficacy should therefore incorporate
strategies to mitigate and quantify expectancy (e.g., active controls and
credibility checks) and report blinding integrity.

Challenges and future directions
There remain significant hurdles before psychedelics can be integrated
into mainstream psychiatric practice. Chief among these is the current
legal framework, which classifies most psychedelics as Schedule I con-
trolled substances, severely restricting clinical research and therapeu-
tic implementation. While some U.S. municipalities have moved to depri-
oritize enforcement of possession laws, and a few states have enacted
forms of decriminalization, these measures do not equate to regulated
medical access. More structured models are emerging in Oregon and Col-
orado, where statewide initiatives have established licensed service pro-
grams that allow supervised psilocybin use within defined therapeutic
settings. As the clinical evidence base grows (14), these evolving pol-
icy experiments highlight both opportunities and challenges in making
psychedelic-assisted therapies safely and responsibly accessible.

Further effort may be invested to optimize such treatments, by eval-
uating the most effective doses, treatment length, and patient genomes.
Longitudinal studies comparing the effects of psychedelic-assisted ther-
apy and conventional therapies for stress-related disorders are also
required. Finally, larger clinical trials are necessary to validate the safety
and efficacy of psychedelics over a range of psychiatric diagnoses. The
development of novel psychedelic compounds that have improved safety
and tolerability could overcome at least some of these limitations and im-
prove the therapeutic efficacy of psychedelic-assisted therapy.

In addition, attempts are needed to discover and validate reliable
biomarkers that can be used to enhance diagnostic accuracy and person-
alize treatments for stress-related psychiatric disorders (e.g., neuroimag-
ing markers, cytokine levels, and microRNAs). The application of big data
and artificial intelligence approaches could additionally lead to enhanced
individualized therapeutic strategies, prediction of treatment responses,
and minimization of adverse effects. To move forward in understanding
stress mechanisms, promoting innovation, and translating discoveries to
new therapeutic tools, interdisciplinary interaction at the levels of neuro-
science, psychology, engineering, and pharmacology is required. Insights
into stress-activated neural circuits and the molecular mechanisms of
plasticity and receptor function may offer new targets for intervention
to prevent or treat psychiatric disorders.

In order to bring these substances into the fold of mainstream psy-
chiatry, specialized training programs for therapists will be necessary.
Psychedelic therapy is qualitatively different from traditional forms of
psychotherapy which rely on solely verbal interactions between the pa-
tient and doctor, in much the way that taking penicillin for a sore throat
is very different from getting a throat massage. These therapists should
not only have a solid understanding of psychedelic pharmacology, but also
experience in working with patients through the psychedelic process,
handling difficult emotions, and help in integrating these sessions into
life (15).

While obstacles are significant, the promise of psychedelics to change
the face of stress and psychiatric treatment is great. The profound, rapid,
and sustained impact that these agents have demonstrated in numerous
patients highlights their therapeutic promise for treatment-refractory or
recalcitrant patients. Overcoming barriers to optimizing treatment inter-
ventions, patient screening, and safety will be critical for the clinical use
of psychedelics. Their distinct modes of action as mediators of neuroplas-
ticity, modulators of emotional plasticity, and as immune regulators un-
veil a fresh lens on the treatment of stress related psychiatric disorders
based on the pathogenesis of these diseases.

Conclusion
Psychedelics are a potential new frontier for stress-related psychiatric
disorders as they point us in a direction for treating the root cause of con-
ditions such as depression, PTSD, and anxiety. By engaging critical neu-
robiological systems implicated in stress and emotion regulation, such
as 5-HT2A receptor activation, neuroplasticity, modulation of the DMN,
and anti-inflammatory properties, psychedelics enable significant posi-
tive changes in how we process emotions, help us integrate traumas we
haven’t resolved, give patients different perspectives on underlying stres-
sors, and enable the development of more adaptive coping strategies—
especially when used in the context of psychotherapy. Even with obsta-
cles, including safety, regulatory hurdles and the requirement for more,
bigger clinical trials and specialized training programs for therapists, the
evidence is accumulating that psychedelics could one day be a mainstay
of psychiatric treatment that could change mental health care—and of-
fer hope for patients who have not benefited from conventional thera-
pies. There is, however, a need for continued research, and it is important
to acknowledge the possible positive (and negative) side effects of these
compounds, as their promise lies not only in their ability to help alleviate
symptoms, but also in enabling us to gain greater insight into the human
mind and to facilitate personality transformation.
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MDMA in Psychiatry: From PTSD to emerging indications, safety, and future directions

Ming-Ming Zhao1, Jian-Jun Yang1,2, and Kenji Hashimoto1,3,4

MDMA, 3,4-methylenedioxymethamphetamine (“ecstasy,” “molly”), is a distinctive entactogen that reverses the serotonin (5-HT) transporter
to increase synaptic 5-HT, while also engaging catecholaminergic and oxytocinergic pathways. In clinical trials, MDMA-assisted psychotherapy
has yielded substantial improvements in treatment-resistant posttraumatic stress disorder (PTSD), although regulatory approval has been
delayed over concerns about functional unblinding and protocol rigor. Early randomized, placebo-controlled studies also suggest benefits in
autism spectrum disorder, eating disorders with comorbid PTSD, and anxiety related to life-threatening illness. Large epidemiological and
naturalistic studies associate MDMA use with lower rates of depression, reduced suicidal ideation, and improved posttrauma coping, though
causal inference is limited. MDMA-associated hyponatremia appears primarily linked to oxytocin-mediated antidiuresis (elevated plasma
oxytocin without a copeptin rise), with arginine vasopressin potentially contributing under hyperthermia or polydipsia. In rodents, MDMA
pretreatment enhances stress resilience and preserves adaptive neuroplasticity via a vagus-dependent gut–brain axis. This review traces
MDMA’s history; synthesizes evidence on acute risks (hyperthermia, hyponatremia, sympathomimetic overstimulation, and transient cognitive
effects); and evaluates long-term outcomes and putative resilience mechanisms. Future work should standardize dosing and psychotherapeutic
protocols, incorporate biomarkers to guide patient selection, and conduct adequately powered trials across emerging indications, alongside
long-term safety monitoring and multidisciplinary collaboration.

Psychedelics May 2025;1(3):18–28; doi: https://doi.org/10.61373/pp025i.0035

Keywords: Entactogen, gut–brain axis, MDMA, oxytocin, resilience, serotonin

Introduction
MDMA (3,4-methylenedioxymethamphetamine), commonly known as ec-
stasy or molly, is a derivative of psychostimulant methamphetamine first
synthesized by Merck chemist Anton Köllisch in 1912 as an “anorectic”
under the names “Methylsafrylamin” and “Safrylmethylamin” (Figures 1
and 2) (1, 2). It is widely classified as an entactogen, reflecting its po-
tent empathogenic effects in humans. Although Merck never developed it
beyond a chemical precursor, Alexander Shulgin rediscovered its unique
psychoactive effects in the 1970s (Figure 2). In the late 1970s and early
1980s, several psychotherapists began using MDMA to augment talk
therapy (3). Early open-label pilot studies—most notably by Greer and
Tolbert—reported pronounced and lasting improvements in mood, social
functioning, and insight following a single MDMA-assisted session (3, 4).

By the mid-1980s, rising recreational use and concerns about neu-
rotoxicity and dependence led to MDMA’s classification as a Schedule I
substance in 1985, effectively halting clinical research (Figure 2). Inter-
est reemerged in the early 2000s when pilot trials demonstrated that
MDMA-assisted psychotherapy could benefit treatment-resistant post-
traumatic stress disorder (PTSD), prompting the Food and Drug Adminis-
tration (FDA) to grant Breakthrough Therapy designation in August 2017
(Figure 2). Since then, controlled trials have investigated optimal dosing,
safety profiles, and mechanisms of action, positioning MDMA as a poten-
tial paradigm shift in psychiatric treatment (5, 6).

Unlike classical stimulants, MDMA enhances monoaminergic
transmission—particularly serotonin (5-HT) release—and stimulates
oxytocin secretion, producing empathogenic effects such as increased
sociability, emotional openness, and reduced fear responses (7–9). These
interoceptive effects distinguish MDMA from both psychostimulants and
classical hallucinogens. Today’s research sits at the intersection of neuro-
science, psychopharmacology, and psychotherapy, with ongoing studies
clarifying long-term safety, refining therapeutic protocols, and exploring
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Japan; 4Basic Medicine Research Innovation Center for Cardiometabolic Diseases, Ministry of Education, Southwest Medical University, 646000 Luzhou, Sichuan, China.
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Published online: 14 October 2025.

applications beyond PTSD—including autism spectrum disorder (ASD),
eating disorders (EDs), depression, social anxiety, and substance use
disorders (10).

This review traces MDMA’s journey—from its chemical origins and
early clinical promise through prohibition and resurgence—to summarize
current evidence, highlight unresolved questions, and outline future di-
rections for harnessing its therapeutic potential.

Pharmacology of MDMA
Serotonin and catecholamine systems
MDMA’s primary action is to reverse the serotonin transporter (SERT),
causing a massive efflux of 5-HT into the synaptic cleft that underlies its
acute mood elevation, anxiolysis, and prosocial (empathogenic) effects
(11–13). In rodents, genetic or pharmacological blockade of SERT or 5-
HT1B receptors in the nucleus accumbens (NAc) abolishes MDMA-induced
social affiliation, whereas its rewarding (reinforcing) effects depend on
dopaminergic signaling (14, 15). The new study shows that MDMA’s
strong 5-HT release in the NAc actively restrains its own dopamine (DA)-
mediated reinforcement, helping explain why MDMA has lower abuse lia-
bility than methamphetamine despite similar DA-releasing capacity (16).
In mice, NAc DA release scaled with conditioned place preference (CPP);
knocking out SERT (or locally blocking SERT with escitalopram) or an-
tagonizing 5-HT2C receptors each boosted DA release and shifted CPP
leftward, indicating that 5-HT tone in the NAc suppresses reinforcement.
By contrast, blocking 5-HT1B receptors—which mediate MDMA’s proso-
cial effects—did not enhance reinforcement, suggesting distinct circuits
for prosocial versus abuse-linked actions. Using this assay platform, (R)-
MDMA is predicted to retain prosocial effects with low abuse potential.

Both systemic MDMA and direct optogenetic stimulation of NAc 5-
HT inputs rescue social and empathy-like deficits in multiple ASD mod-
els, highlighting NAc 5-HT as a core mediator of its empathogenic profile
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Figure 1. Chemical structures of MDMA and methamphetamine. Structures of 3,4-methylenedioxy-N-methylamphetamine (MDMA) and N-methylamphetamine
(methamphetamine), illustrating their shared phenethylamine core and highlighting MDMA’s unique 3,4-methylenedioxy bridge.

(17, 18). Using dynamic [11C]DASB positron emission tomography (PET),
Ionescu et al. (19) revealed clear changes in molecular connectivity after
a single dose of MDMA in rats, establishing a direct link between SERT
occupancy and alterations in the functional brain network.

In human volunteers, pretreatment with selective serotonin reuptake
inhibitors such as citalopram markedly blunts MDMA’s subjective “entac-
togenic” and cardiovascular effects (20–22), and the 5-HT2A receptor an-
tagonist ketanserin selectively reduces its perceptual changes and emo-
tional excitation (22). Together, these findings confirm that 5-HT release
is both necessary and largely sufficient for MDMA’s psychoactive effects.

Beyond 5-HT, MDMA acts as a releaser and reuptake inhibitor of
norepinephrine—and to a lesser extent DA—fueling its sympathomimetic,
stimulant, and reinforcing properties (23, 24). It also binds multiple re-
ceptors (5-HT1A/1B/2A, M1 muscarinic, H1 histamine, α/β-adrenergic, and
DA receptors), enriching its subjective and physiological profile. Micro-
dialysis studies in mice demonstrate that MDMA elevates striatal DA via
both DAT (DA transporter) and SERT, since increases are abolished only in
DAT/SERT double knockouts (25).

Finally, MDMA provokes robust neuroendocrine responses: chronic
users show 100%–200% higher basal cortisol (26), while acute “dance-
floor” exposures can spike cortisol up to 800% (27). Transient prolactin
surges and inappropriate vasopressin release also occur, occasionally pre-
cipitating hyponatremia (Figure 3) (28–32).

Oxytocin system and hypothalamic–pituitary–adrenal axis
Oxytocin is a hypothalamic peptide hormone and neuromodulator that
promotes social bonding, trust, and prosocial behaviors by acting on lim-
bic and reward circuits. It also modulates stress and anxiety responses,
dampening the hypothalamic–pituitary–adrenal (HPA) axis and exert-
ing anti-inflammatory effects (33–36). MDMA powerfully engages the
oxytocin system, a key mediator of social bonding, trust, and empathy.
In humans, a single oral dose produces rapid plasma oxytocin rises at

90–120 min that correlate more strongly with sociability and closeness
than with blood MDMA levels (37–40). Genetic variation in the OXTR gene
(rs53576) further modulates the prosocial effects of MDMA in humans
(41).

Enantiomer-specific studies reveal that (S)-MDMA (125 mg) elicits
greater stimulant-like subjective effects, cardiovascular activation, and
elevations in prolactin, cortisol, and oxytocin than (R)-MDMA or the race-
mate, underscoring distinct pharmacological profiles (42). Neurophysin I,
a stable surrogate for oxytocin, rises 20-fold after MDMA in healthy con-
trols but not in patients with hypothalamic–pituitary dysfunction, validat-
ing its use as a biomarker and linking oxytocin surges to euphoria, trust,
and fear reduction (43).

Additionally, a single 100 mg dose of MDMA in healthy control sub-
jects stimulated the HPA axis, producing significant increases in plasma
adrenocorticotropic hormone levels from baseline to 120 min (44). This
was accompanied by a significant rise in cortisol levels. In contrast, MDMA
did not alter levels of thyroid-stimulating hormone, luteinizing hormone,
prolactin, growth hormone, free thyroxine, testosterone, or estradiol.
These findings suggest that MDMA strongly activates the HPA axis in
humans.

In rodents, MDMA activates oxytocin neurons in the paraventric-
ular and supraoptic nuclei of the hypothalamus via 5-HT1A recep-
tor stimulation—effects that, along with associated social behaviors,
are blocked by the 5-HT1A antagonist WAY-100635 (45, 46). Drug-
discrimination studies further show that the oxytocin analog carbetocin
partially substitutes for MDMA’s subjective cue, whereas the oxytocin
antagonist atosiban disrupts MDMA-appropriate responding, underscor-
ing oxytocin receptor activation as a key interoceptive component of its
prosocial effects (47).

In a PTSD model, Avgana et al. (48) demonstrated that microinject-
ing MDMA into the medial prefrontal cortex (mPFC) of male rats en-
hanced fear extinction and reversed both the shock-induced increase in

Figure 2. Timeline of MDMA’s development and clinical research milestones. A chronological overview of pivotal events: (1) First synthesis of MDMA in 1912. (2)
Rediscovery and early psychotherapeutic applications in the 1970s-1980s. (3) Drug Enforcement Administration (DEA) classifies MDMA as a Schedule I substance
in 1985. (4) Launch of Phase I safety trials for MDMA-assisted psychotherapy in the early 2000s. (5) FDA grants Breakthrough Therapy Designation in 2017. (6)
Publication of positive phase III trial results in 2021 and 2023. (7) FDA issues a non-approval decision for MDMA-assisted psychotherapy. (8) Emerging evidence of
MDMA-induced resilience in humans and rodent studies from 2022. (9) Australia’s Therapeutic Goods Administration approved MDMA for PTSD under Schedule
8, and key findings of gut–brain axis in MDMA resilience in 2023. (10) Ongoing controlled trials in PTSD, ASD, and EDs. Each milestone is annotated with the year
and a brief descriptor of its impact on MDMA’s therapeutic trajectory.
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Figure 3. Mechanisms of MDMA-induced dilutional hyponatremia. MDMA acutely increases synaptic serotonin, promoting antidiuresis through two pathways.
Primary evidence indicates an oxytocin-mediated effect: plasma oxytocin rises ∼4- to 5-fold without a concomitant increase in copeptin (a vasopressin precursor
fragment), consistent with enhanced free-water reabsorption. In parallel, nonosmotic vasopressin (ADH) release may contribute under heat stress, hyperthermia,
or excessive water intake. Both pathways increase aquaporin-2 insertion in renal collecting ducts, reducing free-water clearance. When combined with high fluid
intake, plasma becomes diluted and serum sodium falls, producing hyponatremia. Controlled trials show an average ∼3 mEq/L sodium reduction and ∼31%
hyponatremia incidence with unrestricted fluids; fluid restriction mitigates risk. This illustration was created using BioRender.com.

freezing and deficits in social behavior. Shock exposure disrupted oxy-
tocin receptor gene expression and triggered neuroinflammation in the
mPFC and basolateral amygdala; MDMA treatment normalized these al-
terations. Importantly, the oxytocin receptor antagonist L-368,899 abol-
ished MDMA’s beneficial effects on extinction and freezing. Together,
these findings suggest that MDMA’s therapeutic actions in this PTSD
model depend on modulating oxytocin receptor expression and neuroin-
flammatory processes, with oxytocinergic signaling mediating its impact
on extinction and anxiety.

Vagus nerve plays a role in the communication between the brain and
peripheral organs including gastrointestinal tracts (49–52). Finally, sub-
diaphragmatic vagotomy in rats drastically reduces both baseline and
MDMA-induced oxytocin release and c-Fos activation in hypothalamic nu-
clei, demonstrating the vagus nerve’s critical role in gut–brain mediation
of MDMA’s oxytocinergic effects (53).

Other systems
MDMA also modulates glutamatergic neurotransmission. It triggers a
rapid extracellular glutamate surge in the dentate gyrus via 5-HT2A re-
ceptor activation, causing parvalbumin interneuron loss that is prevented
by N-methyl-D-aspartate receptor (NMDAR) antagonists (MK-801) or se-
lective 5-HT2A blockade (MDL100907) (54). Both NMDAR and AMPAR
(α-amino-3-hydroxy-5-methyl-4-isoxazole propionic acid receptor) con-
tribute to MDMA’s modulation of social defeat stress in mice (55).

In summary, MDMA’s multifaceted pharmacology—spanning mono-
amines, neuroendocrine hormones, the oxytocin system, and glutamater-
gic circuits—underpins its distinctive therapeutic profile and highlights
diverse targets for probing its clinical benefits and potential risks.

Adverse events of MDMA
Hyperthermia and hyponatremia are the most significant acute adverse
effects of MDMA use. MDMA can cause dangerous elevations in body tem-

perature and dilute blood sodium—even when taken alone—and these
risks are amplified by vigorous activity and excessive fluid intake (Table 1)
(24, 56–59). Sympathomimetic overstimulation produces tachycardia, hy-
pertension, sweating, jaw clenching (bruxism), nausea, and blurred vision
(Figure 4). In severe cases, this overstimulation can progress to serotonin
syndrome, rhabdomyolysis, acute liver injury, multiorgan failure, or sud-
den death (Figure 4). Headache, difficulty concentrating, insomnia, and
fatigue frequently occur in the hours to days following MDMA ingestion
(Table 1) (60, 61).

Acute hyponatremia is a potentially serious complication after even
a single dose of MDMA. Across four placebo-controlled crossover trials
(100–125 mg), MDMA lowered plasma sodium by ∼3 mEq/L; with unre-
stricted fluids, ∼31% developed hyponatremia. Concurrently, plasma oxy-
tocin rose ∼4- to 5-fold without an accompanying increase in copeptin
(a vasopressin precursor fragment), implicating oxytocin-mediated an-
tidiuresis as the principal mechanism. Arginine vasopressin (ADH) cannot
be excluded under heat stress, hyperthermia, or excessive water intake,
where nonosmotic ADH release may occur. Importantly, fluid restriction
mitigated this risk (Figure 3) (62).

A recent study by Rana et al. (63) demonstrated that bile acids and
the gut microbiota contribute to MDMA-induced hyperthermia. A sin-
gle injection of MDMA (20 mg/kg) altered serum levels of primary un-
conjugated bile acids (cholic acid and chenodeoxycholic acid) and the
secondary bile acid deoxycholic acid in control rats. Five days of micro-
biome depletion—via vancomycin, bacitracin, and neomycin in the drink-
ing water—abolished these bile acids and converted MDMA’s hyperther-
mic effect into a hypothermic response. These findings suggest that gut
microbiota-derived bile acids are key mediators of MDMA-induced hyper-
thermia (Figure 4) (63).

Heavy, prolonged recreational MDMA use has been linked to persis-
tent sleep disturbances, depressed mood, anxiety, impulsivity, and hostil-
ity. Cognitive deficits—particularly in episodic memory, working memory,
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Table 1. Adverse events in humans after acute and chronic treatment of MDMA (3,4-methylenedioxymethamphetamine)

Acute adverse events of MDMAa Symptoms

Cardiovascular effects Tachycardia, hypertension, and, less frequently, arrhythmias or chest pain
Thermoregulatory disturbances Hyperthermia or, paradoxically, hyponatremia due to inappropriate vasopressin release and

excessive water intake
Neuropsychiatric and somatic symptoms Anxiety, agitation, confusion, jaw clenching (bruxism), nausea, headache, sweating, and, in rare

cases, serotonin syndrome

Adverse events with chronic MDMA use Symptoms

Cognitive and mood disturbances Persistent memory impairments, deficits in attention and executive function, as well as
increased risk of depression and anxiety during withdrawal

Neurotoxicity indicators Evidence of long-term serotonergic axon damage and reduced serotonin transporter density on
neuroimaging

Other health issues Sleep disorders, dental problems (from bruxism), potential liver strain, and the development of
substance-use disorder patterns

a3,4-methylenedioxymethamphetamine.

and attention—may last 6 months or longer after cessation (Table 1)
(59, 64).

Neurotoxicity in the brain of MDMA users
Human neuroimaging and cognitive findings
PET studies in abstinent MDMA users consistently show reduced SERT
availability throughout cortical and subcortical regions, alongside com-
pensatory upregulation of postsynaptic 5–HT2A receptors (65–68). These
parallel presynaptic and postsynaptic changes suggest serotonergic ter-
minal damage may underlie the mood, cognitive, and impulse-control
disturbances observed in chronic users. Structural magnetic resonance

imaging (MRI) further reveals hippocampal volume losses and cortical
thinning (notably in orbitofrontal and parietal areas), while diffusion-
and functional-MRI studies document white-matter microstructural al-
terations and aberrant activation during memory and attention tasks
(69, 70). Neuropsychological testing corroborates these imaging findings,
showing deficits in verbal/visual memory, sustained attention, and exec-
utive function that often correlate with individual SERT reductions (71).
However, variability in polydrug exposure and abstinence duration under-
scores the need for longitudinal, controlled studies to distinguish lasting
neurotoxicity from reversible neuroadaptations.

Figure 4. Sympathetic activation and thermoregulatory dysregulation in MDMA-induced hyperthermia. MDMA acutely elevates central monoamines (serotonin,
norepinephrine, and dopamine), producing sympathetic hyperactivation that increases heart rate and blood pressure, induces peripheral vasoconstriction, and
amplifies muscle activity (e.g., jaw clenching and tremor), thereby raising metabolic heat production. Concurrent thermoregulatory impairment—including re-
duced sweating and cutaneous heat loss—combined with environmental/behavioral stressors (crowded, warm venues; prolonged exertion) limits heat dissipa-
tion and precipitates hyperthermia. Emerging evidence also links MDMA to gut microbiota dysbiosis and altered bile acid profiles, which may further influence
thermogenesis and heat clearance. This illustration was created using BioRender.com.
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Preclinical rodent studies
In rodent models, high-dose MDMA triggers an acute phase of mas-
sive 5-HT depletion and tryptophan-hydroxylase inactivation, followed
by a delayed, sustained reduction in tissue 5-HT levels, SERT binding,
and synthetic-enzyme activity lasting months (11, 72–76). Histology
reveals swollen, fragmented (“dystrophic”) serotonin axons—especially
from the dorsal raphe—consistent with distal axotomy without cell-body
loss (77). MDMA-induced hyperthermia exacerbates oxidative stress and
free-radical formation, and interventions that lower core temperature or
scavenge radicals attenuate these serotonergic injuries (78).

Nonhuman primate studies
Squirrel monkeys and macaques display a similar but more protracted
neurotoxic profile: forebrain 5-HT depletions and SERT losses persist
for years, and histopathology shows argyrophilic axonal degeneration
and microglial activation within serotonergic projection areas—while
dopaminergic and other monoaminergic systems remain relatively intact
(79–82).

Together, human imaging and behavioral data, rodent models, and
primate studies converge to demonstrate that MDMA selectively injures
serotonergic nerve terminals via mechanisms amplified by hyperthermia
and oxidative stress. These findings have critical implications for bal-
ancing MDMA’s therapeutic promise against its potential for long-term
neurotoxicity.

MDMA-assisted psychotherapy
Posttraumatic stress disorder
Renewed interest in MDMA-assisted psychotherapy began in 1986 when
Rick Doblin founded the Multidisciplinary Association for Psychedelic
Studies (MAPS) to explore its therapeutic potential. Early Phase I safety
trials around 2000 paved the way for Phase II work: the first randomized,
controlled trial in 2010 treated 20 patients with treatment-refractory
PTSD, reporting an 80% remission rate that persisted at 3 years (83, 84).
A subsequent double-blind Phase II trial in military veterans showed that
MDMA doses of 75 mg and 125 mg yielded significantly greater reduc-
tions in PTSD symptom severity than a low-dose (30 mg) comparator (85).

In August 2017, the FDA granted Breakthrough Therapy designation
to MDMA-assisted psychotherapy, accelerating its clinical development
(Figure 2). MAPS Public Benefit Corporation (now Lykos Therapeutics)
completed two pivotal Phase III trials (86, 87) in December 2023 and
submitted a New Drug Application; however, in August 2024 the FDA
requested an additional Phase III study, citing concerns over trial con-
duct and data integrity (88, 89). Table 2 summarizes the frequencies of
treatment-emergent adverse events (TEAEs) from two clinical trials (88,
89). Most participants experienced at least one TEAE during the stud-
ies. No serious TEAEs were reported. The most frequently reported TEAEs
were muscle tightness, nausea, decreased appetite, and hyperhidrosis.

Australia’s Therapeutic Goods Administration reclassified MDMA and
psilocybin to Schedule 8, effective July 1, 2023, permitting trained
psychiatrists to prescribe them alongside psychotherapy under ethics-
committee oversight (Figure 2) (90–92). Critics argue this move is pre-
mature given the lack of standardized treatment protocols and limited
high-quality evidence on real-world safety and efficacy. Recent system-
atic reviews report symptom, response, and remission benefits for PTSD,
but rate the certainty of efficacy as low to very low due to bias, small sam-
ples, and short follow-up; safety conclusions remain constrained by incon-
sistent adverse event reporting (93). Future work must rigorously assess
study bias, therapy protocols, dosing regimens, and long-term outcomes
to inform clinical adoption.

When the FDA ultimately rejected the application, it highlighted per-
vasive functional unblinding—90% of active-drug and 75% of placebo
participants correctly guessed their assignment—and inadequately de-
fined psychotherapeutic protocols. Serious safety and data-integrity is-
sues (including under-reported adverse events, compromised informed
consent, mishandled sexual-misconduct allegations, and missing abuse-
liability data) further undermined the submission (94). In draft guidance,
the FDA recommended more rigorous blinding strategies (e.g., low-dose
comparators) and clearer metrics for evaluating therapy’s contribution to
outcomes. Despite this setback, MDMA-assisted psychotherapy remains

Table 2. Adverse events in clinical trials of MDMA
(3,4-methylenedioxymethamphetamine) for PTSD (posttraumatic
stress disorder) (Mitchell et al. 2021 and 2023)

Adverse event MDMAa (n = 46) Placebo (n = 44)

Muscle tightness 29 (63.0%) 5 (11.4%)
Decreased appetite 24 (52.2%) 5 (11.4%)
Nausea 14 (30.4%) 5 (11.4%)
Hyperhidrosis 9 (19.6%) 1 (2.3%)
Feeling cold 9 (19.6%) 3 (6.8%)
Restlessness 7 (15.2%) 0
Mydriasis 7 (15.2%) 0

Adverse event MDMA (n = 53) Placebo (n = 51)

Muscle tightness 31 (58.5%) 13 (25.5%)
Nausea 24 (45.3%) 11 (21.6%)
Nausea 19 (35.8%) 5 (9.8%)
Hyperhidrosis 18 (34.0%) 3 (5.9%)
Feeling hot 14 (26.4%) 6 (11.8%)
Feeling cold 11 (20.8%) 3 (5.9%)
Paresthesia 10 (18.9%) 1 (2.0%)
Chest discomfort 9 (17.0%) 2 (3.9%)
Dry mouth 9 (17%) 4 (7.8%)
Chills 8 (15.1%) 1 (2.0%)
Feeling jittery 8 (15.1%) 0
Restlessness 8 (15.1%) 2 (3.9%)
Vision blurred 8 (15.1%) 0

a PTSD: posttraumatic stress disorder
NOTE: The most common treatment-emergent adverse events with
incidence >15%. From the data of Mitchell et al. (86, 87).

one of the most promising treatments for refractory PTSD; the field must
now establish consensus on acceptable unblinding thresholds, standard-
ized therapy protocols, and integrated trial designs that combine drug
and psychotherapeutic elements (94).

In a double-blind, placebo-controlled crossover trial in 16 adults with
subthreshold PTSD symptoms, participants were first stratified by base-
line nonconscious threat-evoked functional magnetic resonance imaging
(fMRI) responses into high (NTNA+) and low (NTNA–) amygdala reactivity
groups (95). After 120 mg MDMA versus placebo, only the NTNA+ sub-
group showed acute normalization of negative-affect circuitry—marked
by significant reductions in amygdala and subgenual anterior cingu-
late cortex (sgACC) activity, enhanced sgACC–amygdala connectivity, and
greater likability of threat expressions. These findings demonstrate that
pre-treatment neural profiling can predict MDMA’s capacity to modulate
threat processing, suggesting neuroimaging biomarkers may guide per-
sonalized MDMA-assisted therapies (95).

Autism spectrum disorder
Individuals with ASD often struggle with nonverbal communication—eye
contact, facial expressions, and gestures—and pragmatic language,
which impairs reciprocal social interaction (96). MDMA’s entactogenic
profile—emotional openness, reduced social fear, and enhanced
empathy—suggests therapeutic potential in ASD (97–100). In a ran-
domized, double-blind, placebo-controlled trial, adults with ASD who
received MDMA-assisted psychotherapy showed significant reductions in
social anxiety compared with placebo, as measured by the Liebowitz So-
cial Anxiety Scale (primary endpoint) (101). Since MDMA drives oxytocin
release, which may ameliorate social deficits in ASD, larger studies are
needed to confirm its safety and efficacy in this population.

Eating disorders
Individuals with EDs often experience social withdrawal, heightened
social anxiety, and impaired social cognition—such as difficulty interpret-
ing others’ emotions and intentions—which can erode their support net-
works (102, 103). MDMA-assisted psychotherapy offers reduced fear, self-
criticism, and increased compassion, trust, and sociability (104), making
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it a promising intervention for patients with ED, especially those with co-
morbid PTSD. In a randomized, placebo-controlled trial of patients with
severe PTSD and comorbid eating pathology, MDMA-assisted therapy sig-
nificantly reduced ED symptoms (105). The primary endpoint was CAPS-
5, with ED measures as secondary endpoints. While encouraging, these
findings require confirmation in larger, well-powered trials to establish
efficacy and safety in ED populations.

Life-threatening illness
Depression, anxiety, and existential distress are common in patients with
life-threatening illnesses and can undermine quality of life and treatment
adherence (106). Early clinical work indicates that MDMA-assisted psy-
chotherapy may relieve this psychological burden (107–110). In a Phase II
Australian trial, up to 32 individuals with stage III–IV cancer were random-
ized to receive MDMA-augmented therapy versus placebo, with primary
endpoints of anxiety, depression, and quality of life. In a double-blind co-
hort of 18 patients, those in the MDMA group (two 8-h sessions at 125 mg)
experienced a mean 23.5-point reduction in State-Trait Anxiety Inventory
scores 1-month posttreatment—compared to an 8.8-point reduction in
the placebo group—with benefits sustained at 6 and 12 months following
crossover sessions (111). Earlier pilot data in mixed cancer and neurolog-
ical disease cohorts also demonstrated significant improvements in anxi-
ety, depression, and sleep quality. These promising results underscore the
need for larger, controlled trials to establish MDMA’s efficacy and safety
in relieving distress associated with life-threatening illnesses.

MDMA as a resilience enhancer
Epidemiological evidence
In a 2008–2019 sample of 484,732 U.S. adults, lifetime MDMA/ecstasy
use was linked to lower odds of past-year suicidal thinking and planning,
while psilocybin use was associated with reduced risk of past-month psy-
chological distress and suicidal thoughts; by contrast, LSD use showed a
modest increase in suicidal thinking (112). Similarly, analysis of 213,437
adults found that lifetime MDMA/ecstasy and psilocybin users had sig-
nificantly lower odds of lifetime and past-year severe major depressive
episodes, whereas other substances conferred no protection (113). In a
nationally representative cohort of 241,675 adults (2015–2020), MDMA
(ecstasy/molly) use corresponded with reduced rates of serious psycho-
logical distress, depression, and suicidal ideation (114). Together, these
observational data suggest that MDMA and psilocybin use correlates with
lower depression and suicidality, underscoring the need for controlled
trials to establish causality.

Naturalistic trauma study in israel
On the morning of October 7, 2023, around 3500 festivalgoers at Is-
rael’s Nova event—many of whom were under the influence of MDMA
or LSD—were caught in a Hamas gun attack that killed hundreds. Re-
searchers at the University of Haifa followed more than 650 trauma sur-
vivors, about two-thirds of whom had used recreational drugs. Primary
outcomes included the PTSD Checklist for DSM-5 (PCL-5; cutoff ≥ 33) and
the Kessler Psychological Distress Scale (K6; cutoff ≥ 13). Survivors who
had used MDMA alone showed notably better psychological outcomes
over the critical 5 months posttrauma—improved sleep quality, lower dis-
tress, stronger social bonding, and greater openness to support (115). The
authors attribute these benefits to MDMA’s enhancement of prosocial
hormones like oxytocin and its promotion of neural plasticity, despite on-
going legal and ethical challenges.

Although these observational studies suggest that MDMA and clas-
sic psychedelics may foster resilience, causality cannot be established.
Unmeasured factors—such as baseline personality traits, social support
networks, or self-selection into surveys—could partially explain the as-
sociations. Longitudinal, prospective research is needed to disentangle
drug effects from pre-existing individual differences and to elucidate the
mechanisms underlying these epidemiological observations.

Gut–brain axis and oxytocin-mediated mechanisms
Approximately 90% of the body’s 5-HT is synthesized by enterochro-
maffin cells in the gastrointestinal mucosa, where it regulates intesti-
nal motility, secretion, and blood flow (116–118). Beyond local effects,
gut-derived 5-HT signals to the enteric and central nervous systems—

via neural pathways and the circulation—modulating appetite, mood, and
overall gut–brain communication (52). Preclinical studies in rodents have
demonstrated that MDMA can promote stress resilience across multi-
ple paradigms. Pretreatment with MDMA did not produce systemic in-
flammation and depression-like behaviors in mice exposed to chronic so-
cial defeat stress (CSDS) (119) or chronic restraint stress (CRS) models
(120). In the CSDS paradigm, repeated MDMA administration preserved
sucrose preference, normalized splenomegaly, and prevented stress-
induced shifts in gut microbiota composition—findings that link MDMA’s
prophylactic effects to modulation of the microbiota–brain axis. In a CRS
model, daily MDMA pretreatment (10 mg/kg for 14 days) prevented the
onset of anhedonia-like behavior and restored levels of synaptic proteins
and BDNF in the prefrontal cortex—effects that were abolished by sub-
diaphragmatic vagotomy, implicating a critical role for the gut–brain axis
via the vagus nerve in MDMA’s resilience-enhancing actions (120).

Repeated intermittent MDMA administration (10 mg/kg, three times
weekly for 6 weeks) significantly reduced demyelination in the corpus cal-
losum of cuprizone-treated mice (121). Gut microbiota and nontargeted
metabolomics analyses revealed notable differences in specific gut bacte-
ria and plasma (β-D-allose and L-sorbose) or fecal metabolite (carnitine)
levels between MDMA-treated and vehicle-treated cuprizone-exposed
mice. Negative correlations were found between the levels of metabo-
lites (β-D-allose, L-sorbose, and carnitine) and the relative abundance
of Romboutsia and Romboutsia timonensis. These findings suggest that
intermittent MDMA administration may alleviate brain demyelination of
cuprizone-treated mice via the gut–brain axis (121). Moreover, repeated
intermittent MDMA administration (10 mg/kg, three times weekly for
6 weeks) significantly reduced bone mineral density of ovariectomized fe-
male through a gut–microbiota–bone axis (122).

Additionally, repeated oral MDMA administration to male rats caused
significant changes in the gut microbiota across these regions (small in-
testine, cecum, and colon), with distinct effects observed in each (123).
Untargeted metabolomics analysis revealed that MDMA significantly al-
tered levels of two metabolites-ferulic acid and methylmalonic acid-in
the colon, without changes in the blood, small intestine, or cecum. No-
tably, methylmalonic acid levels in the colon positively correlated with
Lawsonibacter and Oscillibacter. These findings suggest that repeated
oral MDMA treatment can alter gut microbiota composition across intesti-
nal regions, potentially contributing to its pharmacological effects (123).

In addition, MDMA triggers the release of oxytocin—a hormone that
enhances social bonding, trust, and emotional openness—which likely
contributes to its therapeutic benefits by reducing stress and facilitat-
ing trauma processing (28, 37). Oxytocin is synthesized in the hypotha-
lamus, particularly in the paraventricular and supraoptic nuclei, and is
released via the posterior pituitary to regulate social bonding, stress
responses, and emotional behaviors. Recent research has revealed that
the human intestinal epithelium produces oxytocin and that Limosilacto-
bacillus reuteri promotes its secretion via secretin from enteroendocrine
cells, thereby identifying oxytocin as an intestinal hormone and reveal-
ing a mechanism by which gut microbes enhance host health (124). Fur-
thermore, another study demonstrated that the subdiaphragmatic vagus
nerve is critical for MDMA’s effects on the oxytocin system in rats, as sub-
diaphragmatic vagotomy significantly reduced both baseline and MDMA-
induced increases in plasma and hypothalamic oxytocin levels (53). Col-
lectively, these findings suggest that brain–body communication via the
vagus nerve plays a key role in MDMA-induced resilience (Figure 5).

Conclusion and future perspectives
MDMA’s unique pharmacology—marked by robust 5-HT and oxytocin re-
lease, engagement of the HPA axis, and modulation of glutamatergic
circuits—underlies its rapid and potent psychological effects (125, 126).
These actions converge on limbic and reward pathways to foster emo-
tional openness, reduced fear, and enhanced social cognition. Preclini-
cal and early-phase clinical data collectively demonstrate that MDMA can
both acutely alleviate distress and, with repeated dosing, confer durable
resilience to stressors via vagus nerve-mediated gut–brain axis.

Clinical evidence in treatment-resistant PTSD is the most mature, with
Phase II and III trials showing high remission rates and durable benefits
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Figure 5. Vagus-dependent gut–brain signaling in MDMA-induced stress resilience. MDMA elevates central 5-HT and stimulates peripheral release of 5-HT from
enterochromaffin cells, alongside oxytocin from enteroendocrine cells and the posterior pituitary. These gut-derived signals—together with bile acid changes—
activate vagal afferents in the intestinal wall, relaying to brainstem nuclei. Downstream modulation of limbic and cortical circuits enhances neuroplasticity,
stress resilience, and adaptive behaviors. This illustration was created using BioRender.com.

after MDMA-assisted psychotherapy. Emerging indications—including
ASD, EDs, and existential distress in life-threatening illness—have shown
promising initial signals of efficacy, particularly in improving social func-
tioning and reducing anxiety. Observational studies further suggest that
MDMA use may correlate with lower rates of depression and suicidality
at the population level, pointing to broader resilience-enhancing proper-
ties.

Despite its therapeutic promise, MDMA carries clear risks. Acute
adverse events such as hyperthermia, hyponatremia, sympathomimetic
overstimulation, and potential progression to serotonin syndrome neces-
sitate stringent monitoring and risk mitigation (e.g., fluid restriction and
temperature control). Long-term neuroimaging and cognitive data indi-
cate selective serotonergic terminal injury—amplified by hyperthermia
and oxidative stress—underscoring the importance of dosing limits, con-
trolled settings, and posttreatment follow-up to safeguard neurocogni-
tive health.

Harmonizing dosing schedules, therapeutic modalities, and blinding
approaches—such as using active low-dose comparators—will be essen-
tial to reduce bias and improve reproducibility in future trials. Incorporat-
ing biomarkers like threat-evoked fMRI, OXTR genotyping, and gut–brain
axis profiles could enable patient stratification and more precise pre-
diction of who will benefit from MDMA-assisted therapy. Well-powered,
rigorous studies are required across ASD, EDs, resilience enhancement,
and life-threatening illness populations, paired with mechanistic work on
microbiota-mediated effects, vagal signaling, and receptor-specific ac-
tions. Longitudinal monitoring of cognition, neuroimaging changes, and
adverse-event patterns will help define the long-term risk–benefit profile
and guide clinical practice.

Achieving MDMA’s full therapeutic promise will require close col-
laboration among neuroscientists, clinicians, psychotherapists, and reg-
ulators. By marrying mechanistic insights with high-quality clinical
data and robust safety protocols, the field can responsibly transition
MDMA-assisted treatments from research settings to approved thera-
pies, offering new hope for patients with treatment-resistant psychiatric
disorders.
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Psychedelic compounds have demonstrated remarkable therapeu-
tic potential for treating neuropsychiatric disorders by promoting
sustained neuroplasticity in the prefrontal cortex (PFC). Cognitive
flexibility—the ability to adapt previously learned rules to novel
situations—represents a critical PFC function that is frequently im-
paired in depression, PTSD, and neurodegenerative conditions. In
this study, we demonstrate that a single administration of the se-
lective serotonin 2A receptor agonist 25CN-NBOH produces signifi-
cant, long-lasting improvements in cognitive flexibility in both male
and female mice when measured 2–3 weeks posttreatment. Using a
novel automated sequential learning paradigm, psychedelic-treated
mice showed superior adaptability in rule reversal tasks compared
to saline controls, as evidenced by enhanced poke efficiency, higher
percentages of correct trials, and increased reward acquisition. These
behavioral findings complement existing cellular research showing
psychedelic-induced structural remodeling in the PFC and uniquely
demonstrate sustained cognitive benefits persisting weeks after a
single psychedelic dose. Our automated behavioral task provides a
high-throughput method for evaluating cognitive flexibility effects of
various psychedelic compounds, offering important implications for
therapeutic applications in conditions characterized by cognitive rigi-
dity, including depression, PTSD, and potentially Alzheimer’s disease.

Keywords: Cognitive flexibility, neuroplasticity, psychedelic therapy,
reversal learning, serotonin 2a receptor.

Introduction
Psychedelic drugs have been used to treat multiple neuropsychiatric dis-
orders, including major depressive disorder, posttraumatic stress disor-
der (PTSD), and substance use disorders (1–14). These neuropsychiatric
disorders are precipitated by chronic stress, which leads to both struc-
tural and functional changes in the prefrontal cortex (PFC) in humans and
rodents (15–22). The therapeutic potential of psychedelics may be due to
their ability to restore neural circuits damaged in these pathologies by
boosting synaptic activity (23–31).

The PFC contributes to the control of many cognitive functions, includ-
ing working memory, memory retrieval, decision-making, and executive

Received: 18 November 2024. Revised: 15 December 2024 and 30 March 2025. Accepted: 2 April 2025.
Published online: 22 April 2025.

function (32, 33). One key aspect of executive function is the ability to ap-
ply previously learned rules to novel situations, also known as cognitive
flexibility (33, 34). Flexibility disruptions are associated with neuropsy-
chiatric disorders, such as depression and PTSD, as well as neurodevel-
opmental and neurodegenerative disorders (34, 35). Cognitive flexibility
has been examined using tasks such as the Flanker Task, Stroop Task, and
the Wisconsin Card Sorting Task; however, these kinds of tasks are largely
limited to humans (36). In contrast, most cognitive flexibility tasks for ro-
dents can be classified as either attentional set-shifting paradigms, which
involve the learning of two separate rules and associated cues, or rever-
sal learning, which involves applying a learned rule to a reversed scenario
(37, 38). Reversal learning is an effective method for studying cognitive
flexibility in rodents, including mice (38–40). Reversal learning paradigms
can be extremely diverse, varying in the kind of tasks being taught to the
number and timing of reversals involved in the paradigm. These details
are critical when evaluating the existing literature’s examination of cog-
nitive flexibility through reversal learning.

25CN-NBOH is a psychedelic agent with high affinity and selectiv-
ity for the serotonin 2A (5-HT2A) receptor (41–43). It has demonstrated
psychedelic-like effects and is commonly used in the study of psychedelic
mechanisms in rodents (44–46). 25CN-NBOH has much stronger affin-
ity for 5-HT2A receptors (50–100x higher affinity) in comparison to the
closely related 5-HT2B and 5-HT2C receptors. Compared to 25CN-NBOH,
other psychedelic drugs have a lower ratio of 5-HT2A to 5-HT2B or 5-HT2C
affinity (47–49). As 5-HT2A receptor activation, specifically, has previously
been shown to be required for psychedelic-induced synaptogenesis that
might contribute to behavioral changes, this high affinity and high selec-
tivity 5-HT2A receptor agonist was chosen as the psychedelic drug for the
present study of psychedelic effects on cognitive flexibility.

As single psychedelic administrations promote structural changes in
the PFC that last for several weeks (24, 29, 31), here we asked whether
a single psychedelic administration could also induce a weeks-long en-
hancement of flexible learning ability in mice. We conducted a reversal
learning task in which female and male mice were administered a single
dose of a psychedelic drug or saline and found enhanced performance on
the reversal task which persists for at least 3 weeks after one psychedelic
dose

Results
To determine whether psychedelic treatment induces long-lasting
changes in flexible learning ability, we treated female and male mice
with a single dose of the selective serotonin 2A (5-HT2A) receptor ago-
nist 25CN-NBOH (41–45) or saline via intraperitoneal injection. Following
a waiting period of one day, light food restriction for 2 days, and 5 days
of training with the Feeding Experimentation Device version 3 (FED3) de-
vice, we utilized a forward sequence learning protocol (Figure 1A). Mice
learned to initiate a trial with a left poke and then had to poke right within
the subsequent 30 s to receive a food pellet (Figure 1B). Following 6 days
of 4 h/day forward protocol sessions, the required sequential poking pat-
tern was reversed. For another 6 days of 4-h sessions, mice were then re-
quired to poke right and then poke left within 30 s to receive the food
pellet (Figure 1C). This reversal of the experimental protocol is indicative
of flexible learning: we measured the degree to which a mouse is able to
adapt the previously learned 1 poke/hole sequence rule to a novel situa-
tion, which, in this case, was the reversed direction.

We found that psychedelic and saline-treated mice learned the for-
ward task at similar rates, as reflected by the poke efficiency, which repre-
sents the proportion of pellets dispensed out of all pokes (Figure 2A), and
the percentage of correct trials initiated out of all trials initiated (Figure
2B). While the change in forward learning poke efficiency and percent-
age correct was not affected by psychedelic treatment (poke efficiency:
saline R2 = 0.25, NBOH R2 = 0.20; F(1,557)=.1721, P = 0.6784; percent cor-
rect: saline R2 = 0.16, NBOH R2 = 0.13; F(1,431) = .7771, P = 0.3785), the

D
ow

nloaded from
 https://prim

e-pdf-w
aterm

ark.prim
e-prod.pubfactory.com

/ at 2025-10-25 via free access

https://pp.genomicpress.com
https://orcid.org/0009-0002-9820-0504
https://orcid.org/0000-0002-9801-4843
https://orcid.org/0000-0003-3300-7658
mailto:ojahmed@umich.edu
https://doi.org/10.61373/pp025r.0002


pp.genomicpress.com

��������	���
�
�
�
��
���

��������

�����
�	���
�
�
�
��
���

��������

�
��
���
	
��
��
�

�
������
��
�

���
��
����
�
�
�� ���!

��

�

�
�

�
�
�

�

�
�

���
��

�
�
��
��

�
�
������

�
 
�

" �

�

	����
�
��� #��
�
������$� %

��&����
!
��'��� 	()%�*+%
��������
�
�
�%(,-�.�������

/��
���

��-
� 0

����# *���# 1���# 
	()%�*+�
�
� �����
�
�
�

2���# 2���# ,�# �
����
�
�
���

��������	���
�
�
�
��
���

��������

�����
�	���
�
�
�
��
���

��������

�
��
���
	
��
��
�

�
������
��
�

���
��
����
�
�
�� ���!

��

�

�
�

���
��

�

�
�

�
�
�

�
�
������

�
�
��
��

�
 
�

/��
���

��-
� 0

%
��������
�
�
� �
�
� �����
�
�
�

����#,�# �3
 �+��$
���
�� *+-���# 4+5���# 6+�4���# �1+*����# 

Figure 1. Experimental timeline and overview. (A) Experimental timeline (65). (B) Schematic of the SEQFR2-forward protocol. Mice have to sequentially poke
left and then right within 30 s to earn a reward pellet. (C) Schematic of the SEQFR2-reversal protocol. Mice now are required to poke right and then left within
30 s to get a reward pellet.

NBOH-treated group accumulated more reward pellets than the saline
group (Figure 2C; saline: R2 = 0.18, NBOH: R2 = 0.27; F(1,620) = 7.513,
P = 0.0063), indicating an increased initiation of trials per hour with the
FED3 (Figure 2C), as the baseline and learning rates were similar between
groups (Supplemental Figure 1).

Importantly, during the reversal phase, measured 15–20 days after
the single injection, psychedelic treatment resulted in significantly in-
creased learning ability. This is indicated by the increased the efficiency
of nose pokes (Supplemental Figure 2; Figure 2D; saline: R2 = 0.11,
NBOH: R2 = 0.32; F(1,528) = 21.91, P < 0.0001), the percent correct tri-
als initiated (Figure 2E; saline: R2 = 0.11, NBOH: R2 = 0.23; F(1,401) =
6.629, P = 0.0104), and again by the higher total number of pellets ob-
tained (Figure 2F; saline: R2 = 0.10, NBOH: R2 = 0.37; F(1,620) = 20.74,
P < 0.0001).

We confirmed the robustness of these findings by conducting Welch’s
one-sided t-tests after calculating individual linear regression curves for
each animal, and found that NBOH-treated mice (poke efficiency: M =
0.036, SD = 0.026; percent correct: M = 0.084, SD = 0.052), relative to
saline treated mice (poke efficiency: M = 0.016, SD = 0.015; percent cor-
rect: M = 0.043, SD = 0.049) perform better on average in the rever-
sal phase (reversal poke efficiency: t(17.40) = 2.29, p = 0.017, Cohen’s
d = 0.928; reversal percent correct: t(22.92) = 2.07, p = 0.0252, Cohen’s
d = 0.814). This was consistent with the aforementioned results. Also
consistent with the above findings, the individual linear regression analy-
sis showed that there were no significant differences in both the forward
poke efficiency (t(22.58) = 0.380, p = 0.354, Cohen’s d = 0.152) and for-
ward percent correct (t(23.78)= −0.729, p = 0.763, Cohen’s d=-0.286)
metrics between NBOH (forward poke efficiency: M = 0.035, SD = 0.026;
percent correct: M = 0.049, SD = 0.050) and saline-treated mice (for-
ward poke efficiency: M = 0.031, SD = 0.026; percent correct: M = 0.063,
SD = 0.053).

Finally, we considered sex as a biological variable to determine
whether NBOH improved learning in both sexes. We found that, consis-

tent with our sex-independent results (Figure 2), NBOH treatment did not
affect poke efficiency during the forward phase (Female: F(1,334) = 0.986,
P = .322; Male: F(1,219) = 0.004, P = 0.952), but significantly enhanced
poke efficiency during the reversal phase (Figure 3; Female; F(1,319) = 16,
P < .0001; Male: F(1,205) = 8.3, P = 0.0044). Thus, psychedelic treatment
induced a weeks-long lasting enhancement of reversal learning in both
male and female mice. When comparing male and female poke efficiency,
we found that male mice treated with saline performed slightly better
than female mice in both the forward and reversal phases (P = .0011;
P = 0.0218), and male mice treated with NBOH performed better in the
reversal phase than female mice (P = 0.0206).

Discussion
This study sought to examine the effects of a single psychedelic dose
on flexible learning. We found that even 2–3 weeks after a single dose,
NBOH significantly enhanced reversal learning ability. Poke efficiency,
percentage of correct trials, and cumulative pellets dispensed were all im-
proved during the reversal phase in mice that received NBOH compared to
mice that received saline. Both male and female mice displayed improved
learning during the reversal phase with psychedelic treatment, highlight-
ing the therapeutic potential of psychedelic medicine to boost cognitive
flexibility in both sexes. The estrous cycle can influence cognitive flexibil-
ity performance in rodents (50). The task design utilized in our study (6
days for each of the forward and reversal phases) encompasses more than
the full length of a mouse estrous cycle (4–5 days) and the analysis metric
utilized here examines changes in the slope of learning across the full 6
days, thus calculating learning rates over the course of at least one full
estrous cycle. Future work will help to better understand the precise in-
fluence of estrous cycle on higher temporal resolution changes in reversal
learning properties.

This study contrasts with previous preclinical psychedelic reversal
learning studies in terms of drug administration timepoints (46, 51–54).
We administered the psychedelic or saline control 15 days before the
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Figure 2. Single-dose psychedelic treatment induces a lasting reversal learning enhancement. (A) Group forward phase poke efficiency, with no significant effect
of NBOH treatment. Each day has 4 points plotted corresponding to each hour of the 4-h per day sessions. (B) Group forward phase percentage of correct trials,
indicating no significant effect of NBOH treatment. (C) NBOH treatment significantly increased the number of reward pellets dispensed during the forward phase.
(D) NBOH treatment significantly increased poke efficiency during the reversal phase compared to saline injection, indicating enhanced cognitive flexibility. (E)
NBOH increases the percentage of correct trials. (F) NBOH treatment significantly increased the number of reward pellets dispensed during the reversal phase.
Shaded regions represent standard error of the mean (SEM), linear regressions shown in pink for NBOH and black for saline; ns, not significant; ∗∗p < 0.01;
∗∗∗∗p < 0.0001.

start of the reversal protocol. Thus, our study focuses on the longer-term
therapeutic effects of the psychedelic drug. It is important to distinguish
such longer-term effects from immediate or short-lasting acute effects,
that may be more related to the mind-altering impact of psychedelics
and not to their longer-term therapeutic effects. In a two-choice visual
discrimination task, 25CN-NBOH (1–2 mg/kg) was found to have no sig-
nificant effects on reversal learning in mice when administered acutely,
immediately before testing (46). Other previous rodent studies using at-
tentional set-shifting and T-maze paradigms found impairment of flexi-

ble learning with acute administration of the psychedelics DOI (1 mg/kg)
or 25CN-NBOH (1 mg/kg) on cognitive flexibility (53, 54). However, one
study found acutely enhanced cognitive flexibility with acute psilocybin
(1 mg/kg) in the same attentional set shifting paradigm that found im-
pairment following administration of DOI (54). The differences in the
acute effects of psychedelics on reversal learning may be due to the study
design, discussed below, as well as a combination of drug and dose. DOI
and 25CN-NBOH are much more potent (>10x) than psilocybin (41, 42,
47–49). Concentration-dependent acute suppression of working memory
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Figure 3. Lasting psychedelic enhancement of reversal learning ability in male and female mice. (Top) Forward and reversal phase changes to poke efficiency
indicating NBOH treatment significantly improves reversal learning in female mice weeks after a single dose. (Bottom) Forward and reversal phase changes to
poke efficiency in male mice indicating NBOH treatment significantly improves reversal learning weeks after a single dose. Shaded regions represent standard
error of the mean (SEM), linear regressions shown in pink for NBOH and black for saline; ns, not significant; ∗∗p < 0.01; ∗∗∗∗p < 0.0001.

(27, 55–57) likely explains why the relatively less potent psychedelic
psilocybin doesn’t acutely impair behavioral performance at this dose.
As the long-term effects of psychedelics on cognition are the effects
that are more relevant therapeutically, it is important that future work
continues to examine the sustained, in addition to acute, effects of
psychedelics.

The current study also contrasts with previous studies in protocol de-
sign. We selected a reversal learning paradigm that is sufficiently com-
plicated and somewhat easier to interpret compared to attentional set-
shifting or T-maze paradigms. Two recent studies have also made use of
reversal learning paradigms and have found long-term (study 1: 3 days;
study 2: 14 days) positive effects of psychedelics on cognitive flexibility
in female rats, but there are a few notable differences in behavioral pro-
tocols compared to the current study (51, 52). As opposed to conducting
a sequential FR2-style task with only one reversal of the task, the 14-day
long reversal study implemented an FR1 task that repeatedly reversed
every 10 successful trials (51). While this study demonstrated that psilo-
cybin increases the number of successes over time, it did not show if psilo-
cybin improves accuracy, or if this is a function of increased trial initia-
tions after psilocybin (51). Our FR2 style task with a single reversal after
many days of training highlights the different effects psychedelics have
on initial (forward) learning and reversal learning separately, which we

would have otherwise been unable to do in a paradigm that frequently
reverses. Our paradigm also likely results in fewer random successes that
could inflate an animal’s actual performance as we require precisely two
sequential pokes in two separate holes. In addition, we conducted the task
in both female and male mice. A similar study testing the long-term ef-
fects of DOI on reversal learning found that, depending on task structure,
DOI has mixed effects on reversal learning ability (58). A week-long eval-
uation of initial learning after dosing appeared to assist in the enhance-
ment of flexible learning, but if the animals were not exposed again to
the task prior to reversal after dosing, DOI appears to have a negative ef-
fect on reversal learning ability. This finding suggests that further work
needs to be done to evaluate what role practice following dosing has on
cognitive flexibility.

In humans, psilocybin treatment has been found to improve cognitive
flexibility up to 1 month after dosing (13, 14). However, these studies uti-
lized a within-subject repeated measures design with no non-psilocybin
control group (13), or with low dose psilocybin (1 mg) as the control group
(14). Although promising, it is possible that behavioral performance was
improved through familiarity with the task design rather than a direct re-
sult of the psychedelic treatment. It is currently unknown whether a single
psychedelic dose would improve cognitive flexibility measured in a human
study using independent measures.
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PFC neurons have been shown to undergo spinogenesis and synapto-
genesis after a single psychedelic administration through a pathway re-
quiring 5-HT2A receptor activation (23–31), but the precise mechanisms
of 5-HT2A receptor induced flexible learning and how long these benefits
can last are still unknown. Here, we use 25CN-NBOH, which is 50–100x
more selective for 5-HT2A receptors over 5-HT2B and 5-HT2C receptors
and has even weaker affinity for other 5-HT receptors (41, 42, 49). Future
research into the long-term effects of other psychedelic drugs on cogni-
tive flexibility will need to be conducted to examine whether psychedelics
that target additional 5-HT receptor subtypes have similar long-lasting
effects, or to determine whether the interaction with other 5-HT recep-
tors abolishes the ability to enhance long-lasting flexibility. In addition, it
remains unknown if non-hallucinogenic 5-HT2A receptor agonists such as
2-bromo-LSD, lisuride, and 6-fluoro-diethyltryptamine (59–61), are also
able to induce a lasting enhancement of flexible learning.

Psychedelic-mediated weeks-long enhancement of reversal learning
ability allows for many further directions of research. Future studies will
examine the effects that psychedelics have on mice across different ages.
Additional studies will also determine the effects of different psychedelic
drugs, dose levels, number of doses, or dose timing in this behavioral
paradigm. While we did find an enhancement in a mouse model of cog-
nitive flexibility with a 5-HT2A receptor agonist, we did not use 5-HT2A
knockout mice to see if the absence of 5-HT2A receptors would cause any
deficits in this behavior, or if psychedelics would improve this behavior
without the engagement of 5-HT2A receptors.

A long-term positive psychedelic-induced enhancement of cogni-
tive flexibility has several implications for future human psychedelic
medicine, specifically for pathologies that involve deficits in executive
function or synaptic loss. Cognitive flexibility is impaired in many disor-
ders, including depression, PTSD, and Alzheimer’s disease (AD) (62–64).
While clinical trials evaluating the impact of psychedelic medicine on
depression and PTSD are already underway and have shown promising
results (13, 14), psychedelics have not yet been used to try to treat
cognitive flexibility in AD and related neurodegenerative diseases. Addi-
tional research using mouse models of AD would be important to mech-
anistically demonstrate that psychedelics can indeed boost flexibility
in these models and to confirm that psychedelics can also boost long-
term synaptic activity in brain regions related to cognitive flexibility,
such as the PFC in these same preclinical models. The task design pre-
sented here will facilitate future studies that can address these and other
questions. This will allow for an even greater mechanistic understand-
ing of the relationship between psychedelic treatment and cognitive
flexibility.

Materials and Methods
Animals and Behavioral Apparatus
The open source, programmable FED3 device was used for all behavioral
experiments. We programmed the FED3 via Arduino to deliver a 10 mg
reward pellet if an animal successfully pressed the correct sequence of
nose poke holes (left-then-right or right-then-left within 30 s, depend-
ing on the forward or reversal phase of the task). The reward pellets used
in this study were 10 mg Bio-Serv Dustless Precision Pellets in the choco-
late flavor. The cages used with the FED3 devices were modified standard
mouse housing cages, with holes drilled into the front of the cage and
magnets affixed to the cage’s front to allow the animal to interact with
the reward well and nose poke holes and ensure the device stays flush to
the side of the cage during data collection. Data were collected within the
animals’ vivarium on a static shelf to minimize any effect of changing lo-
cations on stress and ensure ample room for both the cage and the device
on the shelf. Each animal had their own experimentation cage and FED3
used for the duration of the experiment to minimize the stress of unfamil-
iar environment and odors. The animals’ vivarium ran on a reversed light
cycle with lights off (dark phase) from 7:00 AM to 7:00 PM. Each day, data
were collected from approximately 10:00 AM to 2:00 PM, within the vi-
varium’s dark phase. After each 4-h session, the animals were returned to
their home cages until the next day. A total of 27 adult male and female
C57BL/6 mice with a mean age of ∼6 months were used in experiments,
but the data from one mouse were excluded because the mouse did not

interact with the FED3 device. All procedures were approved by the Uni-
versity of Michigan Committee on the Use and Care of Animals.

Procedure
Animals were injected intraperitoneally with either saline to function as a
control (N = 14), or 25CN-NBOH (N = 12 mice) a 5-HT2A receptor agonist,
purchased from Tocris Bioscience, at a dose of 10 mg/kg (a dose previ-
ously shown to induce psychedelic-like effects in mice (44)), dissolved in
sterile saline and brought up to a total volume less than 1% of the mouse
weight. To allow the blinding of the main experimenter, these injections
were done by another experimenter, and the main experimenter remained
blinded until after the protocol had been completed. After injection, the
animals were left to rest for 24 h in their home cage before beginning an
85% free feeding weight schedule for 2 days. During those 2 days, a few
reward pellets were dropped into each animal’s cage. This was done to
ensure proper food motivation and acclimation to the pellets.

After 2 days of food restriction, animals were introduced to a training
period to acclimatize to the FED3. After this point, most of the daily food
was obtained through the FED3 device; chow was added to home cages
supplementally as needed to maintain at least 85% free-feeding weight.
However, most mice returned to free-feeding weight over the course of
the full protocol. For 2 days, the animals underwent the habituation phase
of the protocol, in which the animals were introduced to the FED3 and
experimentation cages. Over the course of two separate 4-h sessions, the
FED3 automatically delivered a reward pellet every 4 min and in response
to any pokes to either nose poke hole. After the 2 days of habituation,
the animals began fixed-ratio 1 (FR1) training phase in which a reward
pellet would be delivered any time the mouse poked the left nose poke
hole. Similarly, these sessions were 4 h long each and took place over the
course of 3 days.

After the 5 days of training were completed, the mouse was then in-
troduced to the sequential fixed-ratio 2 (SEQFR2)-forward and SEQFR2-
reversal phases. To receive a reward pellet in the SEQFR2-forward phase,
the animal must poke the left nose poke hole followed by the right nose
poke hole within 30 s. Should the animal poke the right hole in isolation,
the left hole twice in a row, or not follow a left poke with a right poke, the
device entered a 10-s timeout phase in which no further pokes would be
registered and any nose pokes during this timeout period were ignored.
Like all other sessions, these sessions lasted for 4 h each over the course of
6 days. After those 6 days elapsed, the SEQFR2 rule was reversed, mean-
ing the animal had to poke the right nose poke hole first followed by the
left to receive a reward pellet. Like the forward phase, the reversal phase
lasted for 6 days. After the protocol was completed, mice were returned
to their normal feeding schedules, cages were cleaned and sanitized
with Liquinox lab detergent, and FED3s were sanitized with 70% ethanol.
The experimental timeline and protocol overviews are summarized in
Figure 1.

Behavioral Analysis
In the SEQFR2 task, poke efficiency is the main measure of performance.
This was calculated by finding the proportion of pellets dispensed out of
all pokes carried out by the animal in each hour. As additional metrics
of behavioral performance, we examined cumulative pellets dispensed
over the course of each phase, as well as the proportion of correct trials
initiated out of all trials (“percent correct”). Together, these three met-
rics reflect the absolute performance animals over the course of the task
(cumulative pellets), as well performance relative to the amount of en-
gagement with the device (poke efficiency and percent correct).

Statistics
Statistical procedures were performed with Prism GraphPad (version
10.3.0) and R. We conducted multiple linear regression analyses as our
primary statistical method, which has also been used as the analysis
method in other reversal learning paradigms (66–68). To ensure the ro-
bustness of our results, we conducted additional analyses by calculating
each individual animal’s regression curve and conducting Welch’s one-
sided t-tests to compare the saline and NBOH cohorts. Further statistical
test information and significance are provided in the results section and
figure legends.
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